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Institute of Neuropathology,
University Medical Center Freiburg

5

General information

1.2

Research profile of the Collaborative Research Centre

1.2.1

Summary of the research programme

In recent years, we have witnessed an explosion of research into understanding the role of myeloid cells in
the developing, healthy, aging and diseased brain. Seminal work showed that microglia, central nervous
system (CNS)-associated macrophages, dendritic cells and monocyte-derived cells are critical effectors and
sculptors of changes in their environment and are able to respond to them. Furthermore, sessile myeloid
cells in the CNS unexpectedly have major roles in the maintenance of the tissue and critically shape
neuronal wiring during development. Disturbances of these processes are suggested to play a central role in
the development of many neurological and psychiatric disorders. However, the complex mechanisms that
underlie the contributions of myeloid cells in health and disease are not well defined yet.
For example, it was assumed for a long time that all tissue macrophages originate from populations of bone
marrow-derived myeloid cells that circulate in the blood as monocytes and seed organs as macrophages in
the steady state and during inflammation. This simplified view has changed dramatically due to the recent
discovery of new subtypes of mononuclear phagocytes and their distinct and non-redundant roles in CNS
disorders. In fact, it has become clear that microglia and myeloid cells, such as monocytes, macrophages,
dendritic cells are ontogenetically and also functionally distinct innate immune cell populations in the brain.
Substantial research efforts have been made over the last decades to elucidate the role of myeloid cells
including microglia during brain diseases, but these attempts were hampered by technical limitations. Due to
the recent availability of new techniques in cell imaging, gene targeting and molecular biology, the research
on myeloid cells has gained momentum in both neuroscience and immunology. The DFG-funded Research
Unit (FOR) 1336 (coordinators: Marco Prinz & Josef Priller), which was established in 2010, represented one
initial approach effort to study the conditions that influence the fate of myeloid cells in the CNS with the
establishment and use of these new tools. Overall, the Research Unit FOR1336 was very successful and
gained worldwide recognition, resulting in several mile stone discoveries in neuroimmunology. The FOR1336
paved the way for future investigations in both basic and disease-oriented research for years to come.
In this Collaborative Research Centre/Transregio (CRC/TRR) initiative, we would like to draw on the
resources of the FOR1336, and extend the investigations to new fields with the aim of elucidating the
functions of myeloid cells in the nervous system during development, health and disease (NeuroMac). A
special focus will be on parenchymal macrophages (microglia), non-parenchymal CNS macrophages,
circulating monocytes and bone marrow myeloid cells (e.g. myeloid progenitors). Ultimately, we strive to
translate the findings made in animal models to the human condition. The NeuroMac initiative will therefore
address a variety of neurological, psychiatric and immunological disorders, including stroke, multiple
sclerosis (MS), meningitis, Alzheimer’s disease (AD), Huntington’s disease (HD), obesity and graft-versushost disease. We aim to provide sufficient preclinical evidence for later 'bench-to-bedside' translation.
New insights into the universe of brain myeloid cells are likely to have significant clinical implications for the
treatment of severe brain diseases such as AD, stroke, multiple sclerosis, but also psychiatric disorders such
as schizophrenia, autism, and many others. In theory, if the practical hurdles can be overcome, specific
myeloid populations such as phagocytes from the yolk sac, bone marrow or blood, might be used to exert
neuroprotective functions or deliver therapeutic molecules into the CNS. In the NeuroMac initiative, we
therefore aim to significantly extend our understanding of the origin, fate and function of microglia compared
to other macrophage populations. This will help to design new strategies to promote restoration of tissue
homeostasis in the CNS.
The long-term goal of the NeuroMac initiative is to facilitate the transfer of knowledge obtained from basic
research on brain myeloid cells to the improvement of patient care. To achieve this ambitious long-term goal,
we first need to provide the scientific basis by deciphering the fundamental mechanisms of myeloid cell
biology in the CNS during health and disease.

1.2.2

Detailed presentation of the research programme

Research goals
The goal of the NeuroMac initiative is to obtain insights into the diverse functions of myeloid cells in the CNS
during development, health and disease. A particular focus will be on parenchymal macrophages (microglia),
circulating monocytes and bone marrow myeloid cells (e.g. myeloid progenitors). Combining studies of brain
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myeloid cell development and homeostasis, neurobiology, cell migration and neuropathology in one research
initiative will enable a fruitful and productive interaction between the groups involved.
To this end, this CRC/TRR initiative aims to:
•
•
•

define common and distinct genetic pathways for the development of different sets of myeloid cells
in the brain,
identify the cellular mechanisms of myeloid cell function during the onset, resolution and recovery of
disease in models of neurodegeneration and neuroinflammation,
investigate the therapeutic potential of myeloid cells in preclinical models of CNS diseases.

Previous work of the members of the NeuroMac initiative in the field
Members of this initiative have a longstanding history of studying the development, fate and function of
macrophages/microglia and other innate immune cells in the CNS. The NeuroMac initiative emphasizes the
requirement of interdisciplinary approaches. Our complementary expertise works synergistically to help
achieve the specific aims of the initiative. All of us benefit for example from novel transgenic mouse models
that allow for conditional gene targeting in microglia/brain macrophages (in particular using the split Cre-loxP
or the CRISPR/Cas systems). Next generation sequencing has revolutionized our understanding of the
molecular mechanisms that control the proliferation, differentiation and activation of innate immune cells in
the CNS. This consortium specifically builds on deep sequencing approaches, including recent technological
breakthroughs like massively parallel RNA sequencing (MARS-seq) for single cells. These tools and ideas
are essential collaborative elements in this proposal. Detailed descriptions of the scientific interactions within
the NeuroMac initiative are provided below. Many members of the NeuroMac initiative have previously
collaborated successfully in the FOR1336 and beyond, which is documented by numerous joint publications
in high impact journals, a selection of which are listed below.
The Prinz group explored the basic conditions of monocyte recruitment to the CNS, and together with the
Priller group described the molecular mechanisms of myeloid cell engraftment in the diseased CNS [1].
Further achievements during the funding period of the FOR1336 were the description of new negative
regulators of CNS inflammation [2], the definition of an erythromyeloid progenitor acting as a direct microglia
precursor [3], and the discovery of a distinct type of yolk sac-derived tissue macrophages together with the
Geissmann group [4]. Just recently, his group discovered that microglia maturation and function is critically
modulated by the presence of host microbiota [5].
As one of the leaders in the mononuclear phagocyte field, Jung first described in 2003 the dichotomy of
GFP
reporter mouse, a key tool in
monocyte subsets in rodents [6]. Furthermore, he developed the CX3CR1
microglia research [7]. In the frame of the last funding period of the FOR1336, his group was able to
CreER
, [8, 9]) that will be an
establish together with the Prinz group a novel microglia-specific Cre line (CX3CR1
essential tool for several projects within the NeuroMac initiative. Together with the Amit lab, he recently
described the microglia-specific enhancer landscape [10].
The Amit lab is studying the genomic code enabling immune cells to differentiate to specific subtypes. His
group pioneered and applied state-of-the-art high-throughput genomic tools to address these critical
biological and therapeutic questions. In detail, they mapped genomic circuits in a cell utilizing a new method,
HT-ChIP, and found that the epigenetic and transcriptional state is established by a hierarchical division of
labour among transcriptional regulators [11, 12]. Just recently he established high throughput RNA-seq
measurements on single cell level [10, 13].
The Krüger group has outstanding experience in post-translational modifications of proteins by the ubiquitin
proteasome system (UPS), and more specifically the immunoproteasome (IP). They were able to show that
increased intracellular accumulation of oxidant-damaged proteins in inflammation can be compensated by
their enhanced degradation by interferon-induced IPs [14]. Conversely, impairment of IP function can cause
chronic inflammation, and autoinflammation, such as autoimmune encephalomyelitis in mice [15].
Sieweke is one of the leading experts on macrophage homeostasis and the role of transcription factors in
macrophage development, in particular MafB and cMaf. Both transcription factors are key determinants of
macrophage proliferation and their deletion enables unlimited self-renewal of mature macrophages in culture
[16]. Very recently he reported that this mechanism also controls macrophage proliferation in vivo and that
MafB repress a macrophage-specific enhancer repertoire associated with a self renewal gene network
7
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shared with stem cells [17]. In collaboration with the Jung and Prinz group he also discovered that
macrophage proliferation declines with age [18]. Furthermore his group found that macrophage colonystimulating factor (M-CSF) can directly instruct myeloid cell fate change already at the level of HSCs,
independent of selective survival or proliferation [19].
Erny and Blank share their interest in the regulation of microglia homeostasis during health and disease.
CreER
Blank participated in the description of microglia expansion kinetics upon deletion using the CX3CR1
DTR system [20]. Blank has a long-standing expertise in the exploration of behavioural changes in mice [21].
In a pioneering study, Erny described that host microbiota essentially shape microglia maturation and
function, and that microbiota-derived short-chain fatty acids are modulating these effects [5].
Schachtrup and Fernández-Klett are experts in neurovascular and regenerative responses to brain injury.
Schachtrup recently identified Id3 as the BMP-2-induced transcriptional regulator that promotes adult neural
stem/precursor cell (NSPC) differentiation upon CNS injury, thereby providing a molecular link between
environmental changes and NSPC differentiation [22]. By using sophisticated in vivo imaging methods,
Fernández-Klett has been investigating the interactions of pericytes and perivascular stromal cells with
myeloid cells after cerebral ischemia [23].
The Lange group focussed on the role of myeloid cells in age-related macular degeneration (AMD). Recent
studies suggested that the hypoxia-inducible transcription factor (Hif1a) is a key factor for microglial
activation in AMD. They found that Hif1a is activated in myeloid cells under hypoxic and inflammatory
conditions, and orchestrates the consecutive cascade of cell proliferation, migration, survival and the
expression of proinflammatory and angiogenic molecules [24, 25]. Hilgendorf has an outstanding expertise
in myeloid cell biology in various vessel diseases [26].
The Lehnardt group was one of the first who showed that activation of innate immunity in the CNS can lead
to severe neurodegeneration through Toll-like receptor (TLR)-dependent pathways [27]. They also
demonstrated for the first time that microRNAs (miRNAs) act as signaling molecules in the context of
inflammation. Specifically, the miRNA let-7b is released from injured neurons and activates TLR7 expression
in CNS and immune cells, thereby accelerating the spread of CNS damage [28].
The Henneke group has long-standing experience in studying macrophage activation by danger signals.
They convincingly demonstrated that recognition of group B streptococcus Gram-positive bacteria by
macrophages and monocytes relies on bacterial single-stranded RNA (ssRNA) [29]. In another pivotal study,
they demonstrated that Mal specifically connects TLR2/6 to activation of the phosphatidylinositol pathway
and macrophage polarization [30].
The Priller group had a pioneering role in targeting genetically modified hematopoietic cells to sites of
neurodegeneration in the adult CNS [31]. Further studies during the funding period of the FOR1336
highlighted the distinct and non-redundant roles of microglia and myeloid subsets in mouse models of AD
[32]. Alexander Mildner now holds an independent Heisenberg fellowship. Just recently, Böttcher and
colleagues optimized the conditions for targeting myeloid cells to the injured CNS [33].
The Meyer-Luehmann group has pioneered the in vivo imaging of the CNS during neurodegeneration [34].
Using intravital two-photon microscopy to visualize plaques at different stages of development and to detect
newly emerged plaques, they provided important insights into the reaction of CX3CR1GFP microglia during
amyloid plaque deposition. They further demonstrated that exogenous induction of cerebral betaamyloidogenesis is governed by endogenous factors of the host [35], and that an interaction between Aβ
and α-synuclein leads to inhibition of Aβ deposition and to reduced plaque formation [36].
The focus of the Zeiser group is on the disease-modulating role of the innate immune system during acute
graft-versus-host disease (GvHD). In their previous ground-breaking work, bacterial translocation [37],
release of damage-associated molecular patterns (DAMPS) [38] and infiltration of myeloid cell populations
releasing tissue-damaging factors [39] were found to be major factors contributing to disease development in
classical GvHD target organs. In a set of pilot experiments he could show that the CNS is involved as well in
the pathogenesis of GvHD.
Heppner is an international expert on microglia function during CNS diseases. His group developed
important transgenic tools to selectively modify myeloid cells in vivo [40, 41]. His recent work challenged the
view on microglia function during neurodegeneration [42], and he was able to decipher the pathogenic role of
the p40 cytokines IL-12 and IL-23 for AD pathology and disease-associated cognitive deficits [43].
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The Pospisilik group is internationally recognized for their expertise on the epigenetic regulation of obesity.
The group is interested in defining epigenetic regulatory systems that contribute to the susceptibility and
development of the complex disease. These paradigms are broad and include, among others, posttranslational modifications of histones, non-coding RNAs, and modifiers of chromatin stability. They recently
found that that the obese-'on' state in Trim28 haploinsufficient mice is characterized by reduced expression
of an imprinted gene network 1 [44], and that paternal diet defines offspring chromatin state and
intergenerational obesity [45]. His expertise will be essential to analyze metabolic changes in microglia
during obesity.
Schönheit and Leutz are experts on the function of transcription factors in myeloid cells. Their major
interests include the role of transcription factors of the CCAAT Enhancer Binding Protein family (C/EBPs),
Myb, and Tal1/Scl during gene regulation and chromatin remodeling, and the signaling events that mediate
transcription factor regulation. Using mouse genetics and a BCR-ABL model of chronic myeloid leukemia,
they recently observed cross talk between Wnt/β-catenin signaling and the interferon-regulatory factor 8
(Irf8) [46]. During the funding period of the FOR1336, they decribed the importance of Irf8 and PU.1
interaction for dendritic cell commitment [47].
Meisel and Meisel have a common interest in the investigation of the immune system in stroke. They were
among the first to show that stroke-associated pneumonia results from stroke-induced immunodeficiency
[48]. They were recently able to show that cholinergic pathways play a pivotal role in the development of
pulmonary infections after acute CNS injury [49]. Furthermore, inhibiting stroke-induced immunodeficiency
by pharmacological blockade of the body's stress axes increases autoreactive CNS antigen-specific T-cell
responses in the brain, but does not worsen functional long-term outcome after experimental stroke [50].
In the past years, a variety of bioinformatic analysis methods for several functional assays based on novel
genomics methods have been developed and implemented in the Backofen lab. His research interests
include constraint programming, structure prediction in simplified protein models, investigation of protein
energy landscapes, detection of RNA sequence/structure motifs, prediction and evaluation of alternative
splice forms, description and detection of regulatory sequences [51, 52]. He has broad experience in using
Galaxy servers, using a virtualization technique that has been developed in the Backofen lab.
Taken together, all scientists of
credentials in the topics described
have collaborated successfully in
strengthen and significantly extend
topics using new techniques.

the NeuroMac initiative are internationally recognized experts with
in their subprojects. Of note, many members of the NeuroMac initiative
the past. The new establishment of a NeuroMac cluster will further
the existing scientific interactions by allowing the groups to explore novel
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Research programme
Project area A: Factors regulating the fate and function of brain macrophages
Project area A aims to decipher common and distinct genetic pathways for the development and
homeostasis of different sets of CNS myeloid cells. Key factors ensuring myeloid integrity and diversity shall
be determined to better understand how myeloid cells execute their functions within the brain. Data obtained
from this project area are the vital basis for the research on neurodegenerative and inflammatory disease
models in project area B.
Local microglia diversity likely required to ensure their defined regulatory functions for neural cells in
specialized brain regions during development, health and disease. However, the mechanisms that underlie
spatial heterogeneity are poorly understood and will be explored in project A01 (Prinz). The hypothesis that
microglia expansion is a highly heterogeneous stage in which microglial activities are altered to respond to
the specific environmental cues will be tested by applying genome profiling of microglia from different time
points of development and neurodegeneration in distinct brain regions. A newly developed yolk sac
progenitor-specific fate mapping approach will be used to decipher the ontogenetic relationship of microglia
to other tissue macrophages. Further, temporal and spatial kinetics of microglia expansion will be monitored
GFP
mice by using intravital 2-photon microscopy during development and neurodegeneration.
in CX3CR1
Finally, a novel multicolour fluorescence fate mapping system will be applied to explore the mode of
microglia expansion in vivo. Combining detailed transcriptome databases with in vivo imaging will provide
new insights into microglia biology during health and disease.
Project A02 (Jung) aims to test whether microglia of adult mice harbour molecular memories from prior
traumata that occurred either during embryonic development or during young adulthood. The impact of these
experiences on adult microglia will be examined on a molecular level (transcriptome, translatome, epigenetic
landscape, function). The rigorous investigation of this goal will require the establishment and optimization of
new experimental approaches to study microglia in context, such as the 'split-cre' strategy and Ribo-Tag
profiling. The novel 'split-cre'-based transgenic system will allow future genetic manipulation of microglia
subsets displaying distinct activation states or anatomic location.
Project A03 (Amit) intends to apply an alternative to marker-based cellular dissection of complex tissues to
characterize in vivo myeloid cell compositions through unsupervised sampling and modelling of
transcriptional states in single cells. The used methods will include the analyses of RNA-seq, ChIP-seq,
ATAC-seq and single cell RNA-seq to relate the developmental phases to the epigenetic profiles and to
study the heterogeneity in each temporal phase using single cell RNA-seq technology. Finally, the regulatory
factors controlling the epigenetic state and gene expression will be examined.
The project A04 (Krüger) will investigate the role of the ubiquitin proteasome system (UPS), and more
specifically the immunoproteasome (IP), in myeloid cell function in the brain during health, inflammation and
neurodegeneration. The group will first characterize the expression and spatiotemporal regulation of UPS
components in several myeloid cell populations in the brain as well as monocytes. Functional assays will be
performed using pharmacological proteasome inhibitors and mice deficient in proteasome subunits, including
microglia-specific deletion of LMP7. In collaboration with the group of Amit, they will investigate epigenetic
mechanisms of IP regulation in microglia versus brain macrophages. Finally, they will study the impact of IP
activity on CNS myeloid cell function in HD models in collaboration with the group of Priller.
The project A05 (Sieweke) proposes to establish the function of the transcription factors MafB and cMaf as
key determinants of microglia proliferation. These factors are required for cell cycle exit upon full
differentiation and their deletion enables unlimited self-renewal in culture. In this project, Sieweke wants to
address how these mechanisms affect microglia proliferation in vivo by applying microglia-specific
CreER
mice) and introducing gain of function
inactivation of MafB and cMaf (intercrossing with CX3CR1
mutants (using CRISPR/Cas9 technology) of both transcription factors followed by subsequent functional
analysis in normal development and disease (animal models of multiple sclerosis, AD and stroke). In further
experiments, this group will perform a detailed characterization of Maf- and Fos-mediated gene expression in
microglia and will analyse the consequences of altered Maf/Maf and Maf/Fos complex formation for myeloid
cell function.
Project A06 (Lämmermann) aims to investigate the functional importance of integrin receptors for the
physiological development, homeostasis and motility of macrophages and microglia in the CNS parenchyma.
Cre
fl/fl
CreER
fl/fl
Tln1 mice, they will have unique models to analyze
By generating CX3CR1 Tln1 and CX3CR1
macrophages and microglia that lack functional high-affinity conformation of all expressed integrins, while
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still maintaining the inactive integrin receptors on their surface. More specifically, they will use flow
cytometry, static and dynamic in situ imaging in combination with mouse genetics to investigate the role of
integrin function for the different paradigms, namely microglia development, homeostasis and anatomical
positioning within the healthy brain and in the diseased CNS after damage and amyloid plaque removal.
The impact of signals derived from host microbiota on microglia functions during normal aging and
pathological aging (neurodegeneration) is investigated in project A07 (Erny/Blank). In detail, the microglial
morphological and transcriptional profiles during the aging process under healthy conditions will be
examined in different mouse strains, which differ in their microbiome (e.g. germ-free [GF], specific-pathogen
free [SPF], reduced diversity [altered Schaedler flora, ASF], recolonized GF mice, or temporal eradication of
host microbiota by antibiotics [ABX], respectively). Furthermore, defined short-chain fatty acids will be given
to define the essential microbiota-derived product modulating microglia maturation and function. Finally,
5xFAD mice and aged mice will be kept under GF conditions to decipher the role of microbiota-derived
metabolites on neurodegeneration and behavior.
Project area B: Myeloid cells in brain diseases
Studies in project area B will benefit from the methodological expertise, and insights into the ontogeny and
physiological functions of CNS myeloid cells obtained in project area A. The groups in project area B will use
state-of-the-art genomic and transcriptomic techniques, as well as cell-specific genetic models to elucidate
functional features of microglia, monocytes and macrophages in different CNS disorders.
The interaction of myeloid cells and neural stem/precursor cells (NSPCs) during regeneration following
cortical ischemia will be investigated in project B01 (Schachtrup/Fernández-Klett). First, they will use
intravital 2-photon microscopy to examine the spatial and temporal frame of NSPC-myeloid cell interactions
after a cortical lesion, and describe the phenotype of myeloid cells present in different brain compartments
relevant to neuro- and gliogenesis. To further dissect the specific contributions of microglia and blood borne
monocytes, they will employ pharmacological and genetic tools to specifically deplete these populations.
Using cell-specific genetic labelling of microglia, peripherally derived myeloid cells and NSPCs, they
ultimately aim to identify the molecular mediators of NSPC-myeloid cell crosstalk.
The role of myeloid cells in the aging retina and for choroidal neovascularisation is a central theme of project
B02 (Lange/Hilgendorf). In the past, myeloid cells have been implicated in the development of drusen and
choroidal neovascularisation (CNV) in age-related macular degeneration (AMD), which is one of the leading
causes of blindness worldwide. However, the absence of suitable genetic tools has hampered the
characterisation of myeloid subset-specific roles in disease pathogenesis. In order to uncover the
contribution and kinetics of monocytes, macrophages and microglia in the healthy and diseased retina, adult
CreER
:R26yfp mice will be examined. In the next step, the microglia-specific contribution of TAK1CX3CR1
mediated inflammation and Hif1a for the development of CNV will be studied in the respective floxed mutants
and in Irf8-deficient animals. Pharmacologic inhibition of TAK1 in the CNV model will confirm the feasibility of
this approach.
The role of miRNAs as signalling molecules in CNS inflammation via TLRs is central to project B03
(Lehnardt). In order to determine the identity and function of miRNAs as signalling molecules, candidate
miRNAs will include 1) the nine let-7 family members, containing a varied GU content, 2) miRNAs,
regardless of their sequence, that are strongly expressed in the brain and are involved in the innate immune
response in the context of AD (e.g. miR-146-a, miR-155, miR-107, miR-125b, miR-9, miR-124), and 3)
mutant control RNAs. To ultimately confirm the respective miRNAs as TLR ligands, electrophoretic mobility
shift assays and RNA pull-down assays will be performed. The biological function of miRNAs as TLR ligands
in neurodegeneration will be tested in neuron/microglia co-cultures systems in vitro as well as by applying
miRNA identified as TLR ligands intrathecally to wild-type or respective TLR-deficient animals. Lastly, the
potential role of extracellular miRNAs for AD will be studied in APP23 and APP/PS1 mouse models on both
expression and functional levels by applying miRNAs or inhibitors thereof during disease.
The central question in project B04 (Henneke) is how myeloid cells in general, and microglia in particular
contribute to streptococcal meningitis induced by group B streptococci (GBS). Here, his group will make use
CreER
mice to generate cell-specific knockouts for the key inflammatory
of the recently established CX3CR1
molecules, TAK1 und TRAF6, and of a transgenic NF-κB reporter mouse, for studying microglia in GBS
meningitis. To decipher what GBS effectors mediate microglia activation and blood-brain barrier alterations,
eGFP
reporter mice and microglia responses will be examined using
GBS ssRNA will be injected in cis-NF-κB
14

General information
2-photon microscopy. Furthermore, a new enteral colonization-meningitis model will be applied to clarify the
role of GBS gut colonization for disease dissemination by macrophages and monocytes.
The exploration of the therapeutic potential of bone marrow-derived myeloid cells in CNS diseases is the
major task in project B05 (Böttcher/Priller). The group wants to characterize murine and human myeloid
progenitors as a source of brain macrophages in mouse models of MS, amyotrophic lateral sclerosis (ALS)
and AD. They will perform lineage tracing, flow cytometry and RNA-seq analysis to investigate the
differentiation and functional activation of adoptively transferred myeloid progenitor cells and their progeny in
a tissue-specific manner. Long-term improvement of functional outcome will be determined by motor,
cognitive and behavioural testing of the animals. Neuroinflammation will be assessed using
immunohistochemistry, flowcytomix and multiplexing. In parallel, the findings will be translated to the human
condition by characterizing monocytes from AD, ALS and MS patients using the innovative CyTOF
technology.
The project B06 (Zeiser) challenges the traditional view that acute graft-versus-host disease (GvHD) is
restricted to the intestines, liver and skin by revealing CNS involvement in this disease. His group aims to
clarify the role of myeloid cell populations, including microglia, during CNS-GvHD. In order to analyze the
functional contribution of microglia to CNS-GvHD and allogeneic T cell priming, mice with microglia-specific
deletion of MHC class II or TNF will be generated and subjected to GvHD. To further investigate the
CreER
TAK1fl/fl mice will be used with TAK1proinflammatory potential of microglia for CNS-GvHD, CX3CR1
deficient microglia. The group will also examine whether the sickness-related behavioural changes are
+
+
+
reversed by the transfer of known tolerogenic cell populations, such as Gr-1 CD115 CD49d myeloid
suppressor cells. Finally, the project will bridge the gap between the mouse und the human situation by
examining myeloid cell subsets in post-mortem CNS tissues from GvHD patients.
The project B07 (Priller) will explore the differential roles of microglia and peripheral myeloid cells in HD. To
this end, conditional HD mice will be generated that express a neuropathogenic fragment of mutant
huntingtin (mHTT) selectively in microglia or in peripheral myeloid cells. Cell-autonomous effects of mHTT on
microglia and monocyte/macrophage function in the CNS, peripheral blood, liver and spleen will be
determined by cytometric and transcriptomic analysis. The role of C/EBP and NF-κB transcription factors will
be assessed by microglia-specific ablation of C/EBP-α,β and A20, respectively. The results obtained in
conditional HD mice will be compared with myeloid cells from transgenic mice that ubiquitously express
mHTT, as well as with monocytes and monocyte-derived macrophages from individuals with HD.
Pathological cell-cell interactions in the brain will be assessed by behavioural analysis of the animals, as well
as transcriptomic and neuropathological studies. A potential role of microglia in intercellular transmission of
mHTT will be examined in brain slice cultures.
The role of microglia in Aβ plaque formation will be studied in project B08 (Meyer-Luehmann) where wildGFP
type neuronal grafts are transplanted into 5xFADxCX3CR1 mice. A spatio-temporal analysis of Aβ plaque
formation and microglia interactions will be performed using hippocampal brain slices. In particular, microglia
migration properties toward the Aβ plaque will be compared to the surrounding glial scar. Having shown that
GFP
microglia migrate into the wild-type grafts, the group will monitor migration in FADxCX3CR1 mice using in
vivo 2-photon microscopy. Additionally, they will determine the rate of microglia Aβ phagocytosis and the fate
of Aβ-loaded microglia entering the grafts. To further explore the impact of microglia on Aβ plaque formation
within wild-type grafts, they will take advantage of Irf8-deficient mice that have functionally impaired microglia
or CD11b-HSVTK mice that are devoid of any microglia.
The project B09 (Heppner) will be investigating the role of myeloid cells in the AD-diseased brain. More
specifically, since mutations in microglia/myeloid cell genes involved in innate immunity, such as Trem2 have
been identified as risk factors for developing AD, and global Trem2 deficiency in AD-like mouse models
resulted in inconsistent data, they will analyze alterations in AD pathology along with functional changes of
microglia in vivo and ex vivo in Aβ-overexpressing AD mice that either harbour the pathogenic TREM2
(R47H)-mutation, or lack TREM2, or overexpress TREM2 exclusively in myeloid cells/microglia. Moreover,
the capacity of pathogenic protein seeding upon intracerebral injection of Aβ seeds in Aβ-overexpressing AD
mice harbouring Trem2-alterations will be tested and the genomic signature will be assessed to identify
altered pathways upon TREM2 modification. Finally, they will characterize the genomic signature upon Aβimmunotherapy in vivo allowing determination of functionally important pathways and molecules that mediate
microglia effector functions.
How microglia may shape obesity and diabetes is the main question of project B10 (Pospisilik). This project
sets out to dissect the role of microglia in regulating diet-induced metabolic disease. In particular, they aim to
provide first insights into the energetic, signaling and cis-regulatory requirements of hypothalamic microglial
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inflammation and directly test their in vivo role in triggering and sustaining type-2 diabetes and insulin
resistance. They we will combine single cell and population based RNA- and ChIP-seq to define the
dynamics of transcriptional control that characterize acute (hours) and chronic (days to weeks) activation
responses to high fat diet. Further, they aim to survey the metabolic basis of hypothalamic inflammation.
CreER
:Tak1fl/fl and CX3CR1CreER:Aif fl/fl mice to study the deletion of activating
Lastly, they will utilize CX3CR1
and apoptotic pathways in microglia, and subsequently probe the consequences for diet-induced obesity and
metabolic disease.
Transcription factors of the CCAAT-enhancer binding protein (C/EBP) family are key regulators of the
formation and function of myeloid cells that will be investigated in depth in project B11 (Schönheit/Leutz).
They will elucidate the role of C/EBP in microglia using a two-tiered molecular genetic- and proteomics
approach, in combination with functional analysis. To decipher C/EBP-dependent gene expression and
functions during health and disease in microglia, monocytes, and macrophages, they will perform loss of
function / isoform deficiency studies employing murine C/EBPα,β mutants and conditional floxed gene
Cre
CreER
deleter strains. To this end, they will employ two
deletion approaches using CX3CR1 and CX3CR1
models of CNS inflammation with different properties, either focusing on M2-type associated healing
functions, or M1-type associated inflammatory functions to decipher the role of C/EBP-deficient/mutated
microglia under pathological conditions.
The project B12 (Meisel/Meisel) aims at elucidating the role of myeloid cells in B-cell responses and
delayed cognitive decline in stroke. Stroke-induced immunodepression is a key mechanism of strokeassociated pneumonia, which worsens stroke long-term outcome. They hypothesize that activated microglia
and infiltrating monocytes/macrophages are essentially involved in the induction of humoral immune
responses against CNS antigens after stroke by providing important cues for the recruitment, activation and
differentiation of T and B cells, and the development of ectopic lymphoid structures in the ischemic brain. In
the MCAo mouse model of stroke they will investigate the functional roles of resident and blood borne
myeloid cells for the development of CNS autoimmune responses and delayed neurological deficits by
depleting microglia and peripheral myeloid cells using transgenic mouse models as well as pharmacological
tools.
Core project: Genomics and Bioinformatics Core
This supporting core project Z01 (Backofen) will provide the bioinformatics support for high-throughput
sequencing data from the entire consortium. They will setup a data management centre based on Galaxy to
provide access to the data generated by the consortium. Within this centre, they will provide standardized
computational workflows and develop data analysis standards. On each site of the CRC/TRR (Freiburg and
Berlin), one instance of the Galaxy server will be installed, using a virtualization technique that has been
developed in the Backofen lab. The Z-project will also work in close collaboration with experimental groups
and provide in-depth support on non-standards tasks. Furthermore, the core project provides access to the
data by the consortium and allows for easy interpretation and visualization. They will also provide training
courses for members of the consortium to perform standard analysis task, and will develop specialized
workflows for the non-standard tasks.
Overall, the groups work on a coherent concept that is based on a variety of different technologies and
propelled by a uniting aim: to understand the developmental, functional and spatial heterogeneity of myeloid
cells within the brain. The unique combination of neuroscientists, immunologists, clinicians, and molecular
biologists within the NeuroMac initiative creates a network in Germany and Israel, which is able to perform
highly innovative research in this emerging field at an internationally competitive level.

Added scientific value of the collaboration inside the CRC/TRR
The members of the NeuroMac initiative are joined by their (i) interest in studying the origin, fate and function
of microglia compared to other macrophage populations in the CNS, (ii) highly specialized, but
complementary expertise in microglia/myeloid cell development (Prinz, Jung, Amit, Sieweke, Böttcher/Priller,
Hilgendorf), disease models/pathology (all groups), imaging of cell migration/cell engraftment (Lange,
Henneke, Zeiser, Böttcher/Priller, Schachtrup/Fernández-Klett, Lämmermann and Meyer-Luehmann), as
well as genomics and proteomics (Prinz, Jung, Amit, Krüger, Sieweke, Erny/Blank, Lange, Pospisilik,
Schönheit/Leutz, Meisel/Meisel, Lehnardt, Zeiser, Böttcher/Priller, Priller, Heppner). All members of the
NeuroMac initiative are willing to share methods/tools and engage in scientific collaborations to generate
added value.
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The NeuroMac initiative will deal with a wide spectrum of disease models: Alzheimer’s disease (Prinz, Amit,
Sieweke, Lehnardt, Böttcher/Priller, Meyer-Luehmann, Heppner), stroke (Meisel/Meisel, Prinz, Sieweke,
Schachtrup/Fernández-Klett), amyotrophic lateral sclerosis (Böttcher/Priller), multiple sclerosis (Prinz,
Sieweke, Böttcher/Priller), meningitis (Henneke), Huntington’s disease (Krüger, Priller), retinal degeneration
(Lange/Hilgendorf), GvHD (Zeiser), obesity/diabetes (Pospisilik), and VS virus infection (Jung). A direct link
to the human pathology will be provided by studying blood and CSF samples from patients with AD, ALS,
HD, MS (Böttcher/Priller, Priller), and post-mortem brain tissue from individuals with AD, GvHD (Prinz,
Zeiser, Heppner). Moreover, Böttcher/Priller will be performing preclinical tests with human hematopoietic
precursors. The majority of the projects (Prinz, Jung, Amit, Krüger, Priller, Sieweke, Pospisilik,
Lange/Hilgendorf, Lehnardt, Schönheit/Leutz, Zeiser, Böttcher/Priller, Heppner) will greatly benefit from the
innovative (epi)genomic tools developed by the Amit group, which include massively parallel sequencing
approaches coupled to automation and computational analysis. This will enable members of the NeuroMac
initiative for the first time to establish transcriptional landscapes of microglia versus other brain macrophages
CreER
transgenic mice generated by the Jung group as part of
in health and disease. Moreover, the CX3CR1
the Brain Macrophage Research Unit (FOR 1336) will be an invaluable tool to genetically engineer microglia
in many projects of the NeuroMac initiative (Prinz, Jung, Amit, Krüger, Priller, Sieweke, Lange/Hilgendorf,
Meisel/Meisel, Schachtrup/Fernández-Klett, Henneke, Zeiser, Heppner). Finally, a central project Z01 will
provide bioinformatics support for high throughput sequencing data for the entire consortium. Furthermore,
project Z01 will also coordinate data storage and exchange within the consortium.

Figure 1. Overview of the prospective scientific interactions within the NeuroMac initiative. For details,
please see the individual projects in chapter 3.
Despite the fact that all applicants work on myeloid cells and/or microglia, we decided to divide the
NeuroMac initiative into two major functional units emphasizing the strengths and foci of the respective
projects. As shown in Figure 1, the two project areas are tightly connected by the specific collaborations of
the individual subprojects. Many research groups have already interacted successfully in the past (e.g. within
the Research Unit FOR1336). We’ll strive to promote future collaborations within the NeuroMac initiative by
the following means:
1) We shall have regular telephone or Skype conferences to share preliminary data, discuss the results and
plan future experiments.
2) We shall share research protocols, lists of available reagents, transgenic mouse lines, as well as disease
models (e.g. middle cerebral artery occlusion, experimental autoimmune encephalomyelitis, GvHD) within
the groups.
3) Our laboratory members, including PhD students and postdoctoral fellows, will travel between the
laboratories in order to learn relevant new techniques, promote scientific collaborations and discuss their
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ongoing research projects. The Integrated Research Training Group (IRTG) NeuroMac School will help to
engage young researchers in this process.
4) We shall have annual retreats of the CRC/TRR at one of the participating sites and bring together the
involved scientists to discuss progress, share data and intensify collaboration. This will also be an
opportunity for young scientists to present their work and make contacts with established scientists.
Moreover, these meetings will be used to serve the educational activities of the NeuroMac School.

1.2.3

Positioning of the Collaborative Research Centre within its general research area

The topic of this CRC/TRR is timely and has attracted a great deal of attention over the last few years, as
documented by several recent review articles on the issue of myeloid cell engraftment and function in the
CNS [1-5]. The initial reports on myeloid cell engraftment in the adult rodent brain [6, 7] have fuelled
investigations into the differential roles of microglia and blood-/bone marrow-derived myeloid cells in a
variety of neuropathological conditions, including trauma, ischemia, neoplasia, neurodegeneration, infection
and inflammation. Importantly, regulating microglia and macrophage recruitment into the brain was
suggested to have great potential as a novel therapeutic strategy to delay or stop the progression of
neurodegenerative diseases, such as AD and ALS [1, 4, 5, 8].
Furthermore, the origin and maintenance of tissue macrophages in general, and with special focus on CNS
macrophages was of major interest in the recent years [9]. Principal investigators of the NeuroMac initiative
actively contributed to this emerging topic [10-13].
The differentiation and tissue-specific activation of macrophages in the CNS require precise regulation of
gene expression, a process governed by epigenetic mechanisms such as DNA methylation, histone
modification and chromatin structure. Investigators of the NeuroMac initiative showed that epigenetic
regulation of macrophages is determined by lineage- and tissue-specific transcription factors controlled by
the built-in programming of myeloid development in combination with signaling from the tissue environment
[14, 15].
The members of the NeuroMac initiative closely interact with other leading groups worldwide, including
Adriano Aguzzi/Zurich, Roger Barker/Cambridge, Alain Bessis/Paris, Burkhard Becher/Zurich, Thorsten
Buch/Zurich, Frédéric Geissmann/New York, Brad Hyman/Boston, Jonathan Kipnis/Charlottesville, Dan
Littman/ New York, Thomas Möller/Seattle, Mami Noda/Kyushu, Alexandre Prat/Montreal, Richard M.
Ransohoff/Cleveland, Michal Schwartz/Rehovot, Tony Wyss-Coray/Palo Alto, Geert van Loo/Ghent and
others. These groups also focus on hematopoietic cells, monocytes/microglia/macrophages or
neuroinflammation, and thereby support the goals of this CRC/TRR.
Within Germany, successful collaborations have been established with Ingo Bechmann/Leipzig, Knut
Biber/Freiburg, Wolfgang Brück/Göttingen, Ulrich Dirnagl/Berlin, Klaus Fassbender/Homburg, Alexander
Flügel/Göttingen, Matthias Heikenwälder/Munich, Ulrich Kalinke/Langen, Helmut Kettenmann/Berlin, PeterMichael Kloetzel/Berlin, Klaus-Armin Nave/Göttingen, Harald Neumann/Bonn, Manolis Pasparakis/Cologne,
Frank Rosenbauer/Münster and Ari Waisman/Mainz. These centres are known for their expertise in the
research areas, methods and techniques of the NeuroMac initiative.
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Demarcation from other consortia:
To our knowledge, the scientific concept of this CRC/TRR initiative is unique and does not overlap with
already existing or planned research consortia. In particular, there is a clear delineation from the following
research clusters:
The terminating CRC/TRR43 (Berlin-Göttingen; coordinator: Frank Heppner) was exploring innate and
adaptive immune responses in the brain with a particular focus on the (bidirectional) crosstalk between the
immune and the nervous systems. The CRC/TRR43 did not devote itself specifically to defining pathways for
the development of different sets of brain macrophages, identifying the cellular mechanisms of myeloid cell
engraftment in the brain, or exploring the functional integration of different brain macrophage subsets.
Importantly, some members of the NeuroMac initiative also participated in the CRC/TRR43 (Heppner,
Krüger, Lehnardt, Priller), which represents an added value. The CRC/TRR43 terminates at the end of 2016.
During the last funding period of the FOR1336, many successful interactions with the CRC/TRR43 took
place, e.g. the joint organization of lectures and the active participation of CRC/TRR43 members in the
International Symposium of the FOR1336 „Brain myeloid cells: New light on old friends“, which was held in
Potsdam in September 2011. Similar synergisms are to be expected with the newly funded CRC/TRR128
(Mainz/Frankfurt-Münster-München; coordinator: Frauke Zipp), which will explore initiating, effector and
regulatory mechanisms in MS. No member of the NeuroMac initiative is participating in the CRC/TRR128.
Only one group of the CRC/TRR128 (Johannes Roth) deals with the role of the innate immune molecules,
S100A8 and S100A9, in autoimmune CNS inflammation. The overall scientific focus is particularly on
adaptive immune cells during MS and therefore clearly different from the NeuroMac initiative. In the Cluster
of Excellence NeuroCure (Berlin; coordinator: Christian Rosenmund), the research areas ‘Regeneration’
(coordinators: Josef Priller, Britta Eickholt) and ‘Crosstalk between the nervous and immune systems’
(coordinators: Frank Heppner, Andreas Meisel) also do not specifically address the diversity of brain
macrophages and microglia. The Cluster of Excellence SyNergy (Munich; coordinator: Christian Haass)
has been studying how inflammatory reactions influence neurodegenerative processes, how microvascular
and degenerative mechanisms combine to cause tissue damage, and how immune cells interact with the
blood-brain barrier. There is no special focus on myeloid cells in SyNergy. The Clinical Research Unit 177
(Bonn; coordinators: Thomas Klockgether, Michael Heneka) ended in 2013, and was examining how innate
immunity affects the integrity of neuronal axons and synapses in multiple sclerosis and AD. The CRC 992
(Freiburg; coordinator: Roland Schüle) investigates the role of epigenetic factors in basic science and in
several disease models, such as cancer and leukemic diseases. None of the projects focus on epigenetic
factors in brain macrophages. The CRC1160 (Freiburg, coordinator: Stephan Ehl) focusses on impaired
immune reaction especially induced by T-and B cell dysfunction. Marco Prinz and Robert Zeiser are part of
these CRCs. It is important to note that the aims of the NeuroMac initiative are distinct from the earlier
Priority Programme SPP1029 (coordinator: Helmut Kettenmann), in particular with respect to bone marrowderived phagocytes. Finally, the primary goal of the SPP1757 (Homburg-Düsseldorf; coordinators: Frank
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Kirchhoff, Christine R. Rose) is to understand glial cell specialization and to elucidate its role in the
mammalian brain. Projects on myeloid cells/microglia are explicitly excluded from this SPP.

Other consortia
CCI: Center for Chronic Immunodeficiency (Prof. Ehl, Freiburg)
This BMBF-funded integrated research and treatment centre was founded at the University Medical Center
Freiburg in 2008 to bridge the gap between basic research (as represented in this CRC initiative) and clinical
care in the field of primary immunodeficiencies. The CCI is primarily a clinical institution centered on patient
cohorts with immunodeficiency. BMBF support finances professorships and junior groups, advanced
diagnostic units and a clinical research unit with an epidemiology unit, a clinical trials unit, associated patient
databases and biobanking. It also supports career development, in particular of physician scientists. The
Henneke group is a member of the CCI, but their translational research projects have no overlap with the
NeuroMac initiative.
TRR 130: B cells: Immunity and Autoimmunity (Prof. Nitschke, Erlangen).
This TRR investigates B cell activation, the B cell-mediated antibody response and its abnormal function in
autoimmune diseases. Thus, there is no thematic overlap with this TRR.
CRC 633: Induction and modulation of T cell-mediated immune responses in the gastrointestinal tract (Prof.
Siegmund, Berlin).
The overall aim of this CRC is the analysis of the activation and differentiation of T cells in the
gastrointestinal mucosa. Myeloid cell-related immunopathology in the context of impaired immunity is not
addressed in any project of the CRC 633.
CRC 643: Strategies of cellular immune intervention (Prof. Schuler, Erlangen).
This CRC explores and implements new immunological treatment protocols with a clear focus on dendritic
cell vaccination and malignancies. None of these topics are present in our initiative.
CRC 650: Cellular approaches for the suppression of unwanted immune reactions - from bench to bedside
(Prof. Volk, Berlin).
The CRC 650 uses novel strategies to modulate undesired immune reactions. None of these topics are
present in our initiative.
CRC 670: Cell-autonomous immunity (Prof. Krönke, Köln).
This CRC is devoted to cell type-specific and autonomous defense reactions in immune and nonimmune
cells. The key objectives are to understand the activation requirements for autophagy and phagocytosis, to
determine ligand specificity of cytosolic DNA/RNA receptors, characterize cellular stress responses and to
define molecular cooperations of various pattern recognition receptors. These topics are not covered in our
CRC initiative.
CRC 685: Immunotherapy: molecular basis and clinical application (Prof. Rammensee, Tübingen).
The mission of this CRC is to gain insight into the molecular mechanisms of immunity and translate this
knowledge to clinical application. Special emphasis is laid on the development of cancer immunotherapy,
which is not covered in our initiative.
CRC 704: Molecular mechanisms and chemical modulation of local immune regulation (Prof. Kolanus,
Bonn).
The key objective of the CRC 704 is to decipher important pathways of local or organ-dependent immune
regulation. A particular focus is the study of organ-adapted functions of antigen-presenting cells and their
interactions with T cells and the underlying immune signalling processes. CNS myeloid cells are not a focus
of this CRC.
CRC 841: Liver inflammation: infection, immune regulation and consequences (Prof. Lohse, Hamburg).
This CRC investigates the underlying mechanisms and the clinical outcomes of liver inflammation. In
particular, the consortium focuses on the key question of how repair of damaged liver tissues may trigger
cancer formation. Topics proposed in our initiative are clearly distinct from the scientific work performed in
the CRC 841.
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CRC 854: Molecular organization of cellular communication in the immune system (Prof. Schraven,
Magdeburg).
This CRC focuses on inter- and intracellular communication in the immune system at the molecular level.
Two projects deal with CNS inflammation, but CNS myeloid cells are not addressed.
CRC 900: Chronic infections: microbial persistence and its control (Prof. Schulz, Hannover).
Chronic infections by HIV, HCV, Herpes viruses, MTB and Helicobacter pylori represent the main interests of
this CRC. The aim is to elucidate the mechanisms of these pathogens that allow them to persist in the host.
This scientific focus is clearly different from our initiative although Steffen Jung also uses viral pathogens that
cause CNS infections.
CRC 914: Trafficking of immune cells in inflammation, development and disease (Prof. Walzog, München).
This consortium investigates the molecular and cellular determinants that control and orchestrate the
migratory behaviour of immune cells under steady-state conditions as well as during inflammation. Two
projects within this CRC deal with innate immune cells but none of those within the CNS.
CRC 938: Environment specific control of immune reactivity (Prof. Meuer, Heidelberg).
This CRC examines the processes that occur when immune cells adjust their phenotype and function
according to the respective microenvironment. The interplay of immune cells with its microenvironment also
plays an important role in a number of projects in our CRC. One project within this CRC deals with the CNS
but with a focus on T cells in CNS tumors.
CRC 1009: Breaking barriers - immune cells and pathogens at cell and matrix barriers (Prof. Peters,
Münster).
The projects of this CRC analyze immune cells and pathogens at cell and matrix barriers. In one project CNS
autoimmune inflammation is examined, but without focusing on myeloid cells and their role in pathogenesis.
CRC 1021: RNA viruses: RNA metabolism, host response and pathogenesis (Prof. Becker, Marburg). This
CRC sets off to investigate RNA viruses at three different levels: i) synthesis and metabolism of viral RNA, ii)
viral factors determining pathogenicity, and iii) cellular responses to combat RNA virus infections. The
scientific concept of this CRC is thus clearly distinct from our initiative.
CRC 1054: Control and plasticity of cell-fate decisions in the immune system (Prof. Brocker, München). This
recently established CRC explores the signals that control stability and flexibility of immune cell
differentiation. Immune cell differentiation and cell fate decisions also represent important processes in some
of the systems we are studying. However, cell fate decisions of CNS myeloid cells are not investigated in the
CRC 1054.
TRR 22: Allergic immune responses in the lung (Prof. Renz, Marburg).
This consortium investigates various aspects of airway allergies. Allergic reactions in the airway are not
studied in our CRC.
TRR 36: Principles and applications of adoptive T cell therapy (Prof. Blankenstein, Berlin). The goal of this
consortium is to pave the way for the clinical application of adoptive T cell therapy mainly for malignancies.
This approach is not undertaken in our initiative.
TRR 60: Mutual interaction of viruses with cells of the immune system: from fundamental research to
immunotherapy and vaccination (Prof. Roggendorf, Essen).
The TRR 60 tries to gain at a better understanding of the transition from acute to chronic infection, and
wishes to clarify how viruses are capable of evading the body's defence mechanism. In clear distinction to
the our initiative, the emphasis of the TRR 60 is on tissues other than the CNS.
TRR 84: Innate immunity of the lung: mechanisms of pathogen attack and host defence in pneumonia (Prof.
Suttorp, Berlin).
This consortium focuses on organ-specific molecular pathways and cellular interplays underlying infection
and inflammation in the lung. Meisel & Meisel are members of the TRR 84, but none of the projects in our
initiative use models of pulmonary immunopathology.
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1.2.4

National and international cooperation and networking

The researchers of the NeuroMac initiative are very well connected and integrated into the scientific
community. As evident from their publication record, the principal investigators of the CRC/TRR167 are
collaborating with many excellent national and international scientists. Below, we highlight some of the
important networks, in which CRC/TRR167 scientists play a major role.

National cooperations
RNA Bioinformatics
Rolf Backofen (Z01) is coordinating the centre of excellence in RNA bioinformatics (RBC), which is part of
the German Network for Bioinformatics (de.NBI). This is a BMBF-funded initiative that provides
bioinformatics service and support for experimental groups in Germany. De.NBI and the RBC are
collaborating with ELIXIR, which unites Europe’s leading life science organisations to handle the massive
amount of data produced by publicly funded research.
Competence Network on Multiple Sclerosis
MS is diagnosed in about 2,500 German citizens every year. The total number of patients suffering from MS
in Germany is between 120,000 – 150,000. The etiology and the heterogeneity of the disease are still not
completely understood today. In order to change this and to improve the diagnostic and therapeutic
possibilities, the German Federal Ministry for Education and Research (BMBF) is funding the important
disease-related competence network multiple sclerosis, which took up its work at the end of 2009. Marco
Prinz (A01) is a member of this network.
German Epigenome Project (DEEP)
The German Epigenome Project (Deutsches Epigenom Programm, DEEP)", is focusing on the analysis of
metabolic diseases, inflammation, neurodegeneration, and epigenetic therapies. DEEP generates reference
epigenomes of primary cells/tissue types from normal and diseased states. Comparison of the epigenomes
being mapped by DEEP might provide novel insights into epigenetic pathways. DEEP operates under the
umbrella of IHEC (see below). Andrew Pospisilik (B10) is a member of DEEP.
DZNE (German Centre for Neurodegenerative Diseases)
Researchers at the DZNE are engaged in understanding commonalities and differences between various
neurodegenerative diseases with the aim of developing new preventive and therapeutic approaches. At the
DZNE, fundamental research is tightly interconnected with clinical, epidemiological and health sciences with
the aim of finding new diagnostic markers and enabling rapid development of new cures. Josef Priller (B05,
B07) is a principal investigator of the DZNE.
BIH (Berlin Institute of Health)
In the BIH, the MDC and the Charité – Universitätsmedizin Berlin have joined forces. The core idea is to
combine translational research with an overarching systems medicine approach to bridge the gap between
basic research and clinical application. The BIH brings these two worlds of science together in a shared
research space, since close exchange between experimental research and medical practice is crucial when
it comes to developing improved diagnostic, therapeutic, and preventive procedures for the sake of human
health. Michael Sieweke (A05), Elke Krüger (A04), Seija Lehnardt (B03), Josef Priller (B05, B07), Chotima
Böttcher (B05) and Frank Heppner (B09) are part of the BIH.

International cooperations
Neuro IFN (ERANET-NEURON)
Aicardi-Goutières syndrome (AGS) is a childhood-onset brain disease. The associated neurological damage
results from an inflammatory process involving the production of the major anti-viral cytokine, type I
interferon. Under normal circumstances, interferon is produced following a viral infection. In AGS, however, a
primary genetic defect leads to the accumulation of excess interferon, which causes brain dysfunction and
possible permanent neurological damage. Given the severity of the condition there is an urgent need to
develop new treatments for AGS. To do so, a better understanding of how the genetic changes responsible
for AGS drive interferon production is essential. Neuro-IFN will use the latest technologies to understand
how brain cells are damaged by inflammation in AGS. We will study pathology samples from AGS patients,
make use of state-of-the-art methods for creating ‘brain cells’ in a test-tube (derived from the cells of AGS
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patients), and analyse a mouse strain that has undergone changes in one of the AGS-related genes. Marco
Prinz (A01) is a member of this network.
International Human Epigenome Consortium (IHEC)
The International Human Epigenome Consortium has been set up to coordinate the production of reference
maps of human epigenomes for key cellular states relevant to health and diseases. To have a substantial
coverage of the human epigenome, the IHEC set the ambitious goal to decipher at least 1000 epigenomes.
Andrew Pospisilik (B10) is a member of this consortium.
EpiGeneSys
EpiGeneSys is a EU FP7-funded Network of Excellence that is conducting research between the fields of
epigenetics and systems biology. The network contains different work packages such as “Dynamics of
Epigenetic Regulators” or “Linking Genotype to Epigenotype”. Andrew Pospisilik (B10) is a member of this
consortium.
EuroHYP-1
EuroHYP-1 is a EU FP7-funded pan-European, open, randomised, phase III clinical trial which will assess
the benefit of therapeutic cooling in adult patients with acute ischaemic stroke. Andreas and Christian Meisel
(B12) are members of this consortium.

1.3

Research profile of the applicant universities

Freiburg and Berlin have a strong focus on immunology and neurosciences with particular strengths in the
basic sciences and in translational medicine, respectively. The NeuroMac initiative will benefit from close
interactions with many prestigious institutions and consortia at both sites.

Freiburg
Neurosciences and immunology are high priorities of the Medical Faculty of the University of Freiburg and
the Max Planck Institute of Immunobiology and Epigenetics. The Cluster of Excellence BIOSS Centre for
Biological Signalling Studies is focusing on biological signalling processes as key regulators of cellular
activity, including the Nlrp3 inflammasome by a associated member of the NeuroMac initiative (Zeiser).
Further BIOSS-associated members within the NeuroMac inititative are Prinz and Backofen. The Centre for
Biological Systems Analysis (ZBSA) combines systems biological data acquisition in the fields of
genomics, proteomics, metabolomics, live imaging and modelling, which will be very useful for the NeuroMac
initiative. The CRC992 investigates the role of epigenetic factors in disease, in particular cancer and
leukemia. The speaker of the NeuroMac initiative (Prinz) and Backofen are also members of the CRC992.
The CRC992 has an excellent infrastructure on epigenetic regulation of cell processes but not on single
myeloid cell levels that is essential for NeuroMac and will be provided by the Amit group. There will be a vivid
exchange of epigenetic methods with the CRC992 and NeuroMac. The Centre of Chronic
Immunodeficiency (CCI), funded by the federal ministry of education and Research (BMBF) focusses in
more clinical aspect of immunity. One project leader of this CRC/TRR-initiative (Henneke) also holds
positions within the CCI, and this association will be of importance for the long-term incorporation of
concepts from NeuroMac into the clinical situation. The recently funded CRC/TRR130 will address the
mechanisms of B cell activation and B cell-induced antibody responses.
The Spemann Graduate School of Biology and Medicine (SGBM) offers an interdisciplinary training
programme that includes neurosciences, immunology and molecular medicine. The Freiburg Institute for
Advanced Studies (FRIAS) is the centre-piece of the Albert-Ludwigs-University’s institutional strategy to
promote top level research, develop new interdisciplinary areas of competence and knowledge, and foster
the advancement of outstanding junior scholars.

Berlin
The Cluster of Excellence NeuroCure represents an interdisciplinary consortium of neuroscientists,
biochemists, immunologists, and clinicians who are strongly committed to translational research. The focus
of the cluster is on stroke, multiple sclerosis, epilepsy and psychiatric disorders. The vice speaker (Priller)
and many members of the NeuroMac initiative (Heppner, Lehnardt, Meisel) are also principal investigators of
NeuroCure. The Charité and the MDC have recently joined forces in the Berlin Institute of Health (BIH), a
novel translational research structure. The overall thematic framework of research at the BIH is systems
medicine. Notably, joint translational research facilities are being generated between Charité and MDC.
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Three members of the NeuroMac initiative (Heppner, Krüger, Priller, Lehnardt, Böttcher) are principal
investigators of the BIH, where they are elucidating the proteostasis network to control AD. The Center for
Stroke Research Berlin (CSB) is an Integrative Research and Treatment Center (IFB) that follows a large
number of stroke patients from acute to chronic stages. Meisel holds a key position in the CSB. The CRC740
is studying functional modules, and Krüger investigates the modes of proteasome biogenesis in this
consortium. The terminating CRC/TRR43 is exploring innate and adaptive immune responses in the brain
with a particular focus on the crosstalk between the immune and the nervous systems. Several members of
the NeuroMac initiative also participate in the CRC/TRR43 (Heppner, Krüger, Lehnardt, Priller). Finally, the
Berlin Brandenburg Center for Regenerative Therapies (BCRT) is an interdisciplinary programme with
basic and clinical research areas that are closely linked within an innovative translational infrastructure.
Achim Leutz is a principal investigator of the BCRT. In conclusion, the NeuroMac initiative will be embedded
in a strong translational research environment in Berlin.
The IRTG of the NeuroMac initiative will join the ranks with several well-established training programmes in
Berlin. Notably, the International Graduate Program Medical Neurosciences at the Charité is offering
MSc, MD/PhD and PhD programmes with the main objective to bridge the gap between basic neurosciences
and clinical translation. The Graduate School Mind & Brain provides an interdisciplinary education
involving the humanities and neurosciences. The Bernstein Center for Computational Neuroscience
Berlin (BCCNB) links theoretical, neurobiological and clinical research. Finally, the ZIBI Graduate School
Berlin brings together scientists aiming to elucidate the genetic, biochemical and cellular basis of immune
reactions. Several investigators of the NeuroMac initiative (Heppner, Lehnardt, Priller, Meisel) are faculty
members of these graduate schools.

1.3.1

Strategy and planning

The topic of the NeuroMac initiative being both neuroscience and immunology plays an important role within
the life sciences of the Universities of Freiburg and Berlin.
The CRC/TRR167 principal investigators in Freiburg are well integrated in many different institutions and
centres of the University and the University Medical Center. The Spemann Graduate School of Biology and
Medicine (SGBM) and the excellence cluster Centre for Biological Signalling Studies (BIOSS) are funded by
the German Research Foundation as part of the Excellence Initiative. Within the University of Freiburg, the
research profile of the Faculty of Medicine is based on several Collaborative Research Centres. The CRCs
that are interconnected with the CRC/TRR167 are:
CRC 850 “Control of Cell Motility in Morphogenesis, Cancer Invasion and Metastasis”
Speaker: Christoph Peters
Joint PI with CRC/TRR167: Robert Zeiser (B06)
CRC 992 “Medical Epigenetics”
Speaker: Roland Schüle
Joint PIs with CRC/TR167: Marco Prinz (A01), Rolf Backofen (Z01)
CRC 1160 “Immune-mediated pathology as a consequence of impaired immune reactions”
Speaker: Stephan Ehl
Joint PIs with CRC/TR167: Marco Prinz (A01), Robert Zeiser (B06)
The CRC/TRR167 principal investigators in Berlin are also well integrated in many different institutions. The
Cluster of Excellence NeuroCure and the BIH provide added value by linking the clinical and basic science
research groups of the Charité and the MDC. The newly founded Einstein Center for Neurosciences will
become a prime institution for the recruitment of excellent graduate students. The research profile of the
Charité – Universitätsmedizin Berlin is based on several Collaborative Research Centres/Cluster of
Excellence that are interconnected with the CRC/TRR167:
EXC 257 “NeuroCure – towards a better outcome of neurological disorders”
Speaker: Christian Rosenmund
Joint PIs with EXC 257: Seija Lehnardt (B03), Josef Priller (B05, B07), Frank Heppner (B09), Andreas Meisel
(B12)
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CRC/TRR 43 “The brain as a target of inflammatory processes”
Speaker: Frank Heppner
Joint PIs with CRC/TRR167: Elke Krüger (A04), Seija Lehnardt (B03), Josef Priller (B05, B07), Frank
Heppner (B09), Andreas & Christian Meisel (B12)
CRC/TRR 84 “Innate immunity of the lung: mechanisms of pathogen attack and host defence in pneumonia”
Speaker: Norbert Suttorp
Joint PIs with CRC/TR167: Andreas & Christian Meisel (B12)
CRC 740 “From Molecules to Modules: Organisation and Dynamics of Functional Units in Cells”
Speaker: Christian Spahn
Joint PI with CRC/TR167: Elke Krüger (A04)
The NeuroMac initiative further benefits from core facilities that have been established within the Life
Sciences network of the University of Freiburg and the Max Planck Institute of Immunobiology and
Epigenetics (MPI-IE). At the MPI-IE core facilities exist for fish, fly and mouse genetics, microscopic imaging,
flow cytometry, and proteomics. These facilities offer state-of-the-art technologies and complement the
central projects within this CRC/TRR. In addition, the Center for Biological Systems Analysis of the
University of Freiburg (ZBSA) offers CRC/TRR167 members access to the core facilities in proteomics,
metabolomics, and to the Life Imaging Center (LIC). The Life Imaging Center is a central core facility of the
University of Freiburg open to all CRC/TRR167 investigators. The LIC has a major focus on live-cell imaging
of multiple cell types, organisms, and culture systems used in cell signalling research, developmental
biology, and epigenetics. The Advanced Molecular Imaging Research (AMIR) unit at the University of
Freiburg Medical Center, which conducts non-invasive animal MRI and micro-PET is used by CRC/TRR167
members for innovative in vivo analyses. High capacity state-of-the-art central animal facilities are located at
the Centre for Biochemistry and Molecular Cell Research (ZBMZ), Centre for Clinical Research (ZKF), and
the MPI-IE.
In Berlin, the NeuroMac initiative will benefit from the core facilities established by the Cluster of Excellence
NeuroCure, namely the animal outcome core facility; the 7Tesla experimental MRI; the microscopy core
facility with in vivo and in vitro multi-photon setup, confocal setup and gated STED setup; the viral core
facility for adenovirus, AAV, retrovirus and lentivirus; and the NeuroCure Clinical Research Center. In
addition, Elke Krüger has established a high resolution LC-MS system with funding from the German
Research Foundation. The BIH will provide the following state-of-the-art core facility services: biobanking,
bioinformatics, genomics, imaging, IT, metabolomics, proteomics, stem cells and transgenic techniques.
Notably, the chemical biology platform (FMP) will allow for high-content screening with automated
microscopes, with FLIPR-Tetra System for high-speed kinetics by cellular imaging plus reader-based
detections of fluorescence and luminescence.
Most principal investigators of the NeuroMac initiative are actively involved in teaching activities at their
institutions. They give lectures and practical course in their relevant disciplines, and will become the faculty
of the NeuroMac School.

1.3.2

Staff situation

Diversity of participating institutions and future opportunities
Freiburg has a long-standing tradition of research in both neuroscience and immunology and it is therefore
no surprise that diverse clinical departments host strong research groups with an interest in these fields.
Thus, groups from Neuropathology (Prinz A01, Erny/Blank A07), Neurology (Meyer-Luehmann B08),
Neuroanatomy/Embryology (Schachtrup, B01), Ophthalmology (Lange, B02), Hematology/Oncology (Zeiser,
B06), Heart Centre (Hilgendorf, B02), Computer Science (Backofen, Z01) and the Centre of Chronic
Immunodeficiency (CCI, Henneke, B04) contribute to this CRC from the Freiburg site.
The strength of clinical neuroscience and immunology in Freiburg has always been fueled by excellent
research groups in experimental neuroscience and immunology, from the Faculty of Medicine, the Faculty of
Biology and, in particular, the Max Planck Institute of Immunobiology and Epigenetics. This is also reflected
in the NeuroMac initiative. The preclinical Departments of the Faculty of Medicine represented in the
CRC/TRR include the Institutes for Neuroanatomy/Embryology (Schachtrup, B01) and Neuropathology
(Prinz, A01). The Faculty of Biology teaches a master curriculum in immunobiology coordinated by Wolfgang
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Schamel. Three members of the CRC/TRR initiative are members of this master curriculum (Marco Prinz,
Philipp Henneke, Robert Zeiser).
The Max Planck Institute of Immunobiology and Epigenetics is represented in the CRC/TRR by two junior
groups of Tim Lämmermann (A06) and Andrew Pospisilik (B10). The Institute is currently recruiting new
principal investigators with a focus on immunology at several levels (director, junior groups) and we expect
future contributions to NeuroMac arising from these novel research groups. Overall, the diversity of
departments contributing to the CRC/TRR guarantees a solid basis that is not easily weakened by the
potential recruitment of individuals to other universities.
The Charité is one of the largest university hospitals in Europe, extending over four campuses with close to
100 different departments and institutes. Among the six main research areas are neuroscience and
immunology. The NeuroMac initiative combines contributions from the preclinical departments of
Biochemistry (Krüger A04) and Anatomy (Lehnardt B03) with contributions from Psychiatry (Fernández-Klett
B01, Böttcher/Priller B05, Priller B07), Neurology (Lehnardt B03, Meisel/Meisel B12), and Neuropathology
(Heppner B09). In addition, two strong basic research groups from the MDC (Sieweke A05, Schönheit/leutz
B11) will strengthen the consortium. The Berlin part of the CRC/TRR will keep with the tradition of
translational research, and interact closely with the clinical research centres of the Cluster of Excellence
NeuroCure (NCRC) and the BIH.

Faculty Commitment
The University of Freiburg and in particular the Faculty of Medicine have made a strong investment into
research of neuroscience and immunology during the last 10 years and have made it a clear strategic
priority. One important step was the recruitment of Marco Prinz as chair in Neuropathology in 2008. He
immediately started to establish together with Josef Priller from Berlin the Research Unit FOR1336 on
myeloid cells that was prolonged successfully (2010-2015). The successful neuroimmunological research of
Marco Prinz (A01) was recently awarded the prestigious Reinhart-Koselleck-Research Grant in 2015. The
Faculty of Medicine strongly supports the basic research in neuroimmunology by the current advertisement
of a W1 Professorship in Neuroimmunology and a W3 Professorship in Experimental Neuropathology. Both
groups will be strong candidates to be included in the CRC/TRR167. Excellent neurodegenerative research
is clearly covered by Melanie Meyer-Luehmann (B08) who was successfully recruited from Munich in 2011.
Immunology in general is very strong in Freiburg. One major step was the founding of the BMBF-funded
Center for Chronic Immunodeficiency (CCI) in 2008. Four new full professorships have been created to
develop a strong scientific faculty at the CCI. Philipp Henneke (B04) was appointed as Professor of Clinical
Infection and Immunity in 2012, extending the CCI research portfolio to host-microbe interactions including
deficiencies in innate immunity. In addition to foundation of the CCI, existing positions in departments with
significant immunological activities have recently been filled with excellent scientists including
Gastroenterology (recruitment of Robert Thimme, in 2009), Virology (recruitment of Hartmut Hengel from
Düsseldorf in 2012), and Hematology/Oncology (recruitment of Justus Duyster from Munich in 2012).
The Charité has recently strengthened the neuroscience research field by awarding a W3
Professorship/Chair in Neuropsychiatry to Josef Priller (B05, B07). In addition, Seija Lehnardt (B03) was
appointed to a W2 Professorship in Neurodegeneration. Similarly, Golo Kronenberg (Psychiatry) and
Christoph Harms (CSB) received tenured W2 Professorships. Both groups are interested in microglia and
stroke research. Ferah Yildirim was recently recruited from the Massachusetts Institute of Technology to
NeuroCure and the Department of Neuropsychiatry as a W1 Professor of Neuropsychiatry. She is
investigating the dysfunction of neuronal gene expression in neuropsychiatric conditions with a particular
focus on epigenetic and transcriptional mechanisms.
Within the field of immunology, Anja Hauser joined the German Rheumatism Research Center Berlin (DRFZ)
and NeuroCure as a W3 Professor in 2012. She focuses on the dynamics of the immune system using
intravital microscopy. In addition, Max Löhning recently became W3 Professor of Osteoarthritis Research and
Immunology at Charité and Head of Pitzer Laboratory of Osteoarthritis Research at DRFZ.

Heisenberg professorships, fellowships and Emmy Noether Groups
Heisenberg professorship (W3) in Tumor immunology and immune regulation
Robert Zeiser (B06) was recruited on a W3 Heisenberg professorship in 2013 to specifically support and
develop the field of immunoregulation. As a physician-scientist, Robert Zeiser cares for patients with
immunodeficiency and acute graft-versus-host disease after allogeneic hematopoietic cell transplantation
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and experimentally addresses how to overcome immune dysregulation by myeloid cells, which is an
important topic for the CRC/TRR167.
Emmy Noether group in macrophage proliferation
Ingo Hilgendorf (B02) received Emmy Noether funding in 2015 and has since established a Junior Group
focusing on macrophage proliferation in disease vessels. In particular, monocytes expand during disease,
infiltrate lesions and give rise to inflammatory macrophages. Macrophages also accumulate via local
proliferation. In this respect, cardiovascular disease progression likely results from an imbalance of pro- and
anti-inflammatory forces. Consequently, shifting the balance towards anti-inflammatory immune responses
has the potential to slow or even revert disease without jeopardizing the immune system’s ability to fight
infections or malignancies. Two additional members of CRC/TRR167, Lämmermann (A06) and MeyerLuehmann (B08), were previously supported by the Emmy Noether Program of the German Research
Foundation.
ERC grants
Several members of CRC/TRR167 were awarded with prestigious ERC grants: Ido Amit (A03) with an ERC
starting grant, Andrew Pospisilik (B10) and Robert Zeiser (B06) with an ERC consolidator grant and Steffen
Jung (A02) and Michael Sieweke (A05) with an ERC advanced grant.
Heisenberg stipends
Since this year, Christian Schachtrup (B01) has been receiving a Heisenberg Stipend. Similarly, Alexander
Mildner has been awarded a Heisenberg Stipend in Berlin.

1.3.3

Research infrastructure

The CRC/TRR167 investigators are centrally located in Freiburg in a triangle between the Max Planck
Institute, the Faculty of Medicine and the Technical Faculty with distances of no more than 2 kilometers apart
from each other. Access to animal housing is prioritized according to third-party funding acquired for animal
research as determined by an animal commission. It operates on a fee-for-service basis. Access to cell
sorting and imaging is provided on the basis of a fee-for service concept, supported in part (position of sort
operator) by funding of the Center for Chronic Immunodeficiency (CCI; BMBF funding) and the
Comprehensive Cancer Center Freiburg (CCCF; funding by Deutsche Krebshilfe). Access to the core
facilities of the “Signalhaus” and the MPI-IE is organized according to institutional guidelines. A new building
has been built that will integrate all of the CCI core research groups (ZTZ, Center for Translational Cell
Research, including Philipp Henneke B04). Overall, the infrastructure, core facility and equipment situation in
Freiburg is excellent for the proposed initiative (see Table in chapter 2.1.3) and is currently further improved
with a new building.
The Charité and MDC are tightly connected research institutions with state-of-the-art equipment that can be
used by local CRC/TRR167 investigators. Next generation sequencing is provided by the BIH, MDC and
BCRT. Cell sorting is performed by core facilities at the DRFZ and BCRT on a fee-for-service basis. State-ofthe-art imaging facilities are available through NeuroCure, the BIH and MDC. Animal housing operates on a
fee-for-service basis at the Charité Breeding Facility (FEM, Berlin, Germany), or at the MDC.

1.4

Support structures

1.4.1

Early career support

The CRC/TRR167 is devoted to promoting the careers of young researchers by encouraging early
independence and by providing good education. The NeuroMac initiative brings together young and senior
scientists, and the average age of all members is 44 years, which is low by German standards. Most
members achieved independence at an early stage of their careers. This will likely create an atmosphere, in
which young researchers can develop independent ideas and pursue their individual professional goals.
Along these lines, we have included Daniel Erny (A07, Prinz lab), Francisco Fernández-Klett (B01, Priller
lab) and Jörg Schönheit (B11, Leutz lab) as principal investigators in the CRC/TRR167. In addition, we aim
to promote the careers of young group leaders (Chotima Böttcher, B05; Ingo Hilgendorf and Clemes Lange,
B02) by preparing them for their next career steps.
As for the students, the CRC/TRR167 will include an international Integrated Research Training Group
(IRTG) called the ‛NeuroMac School’. The faculty of the NeuroMac School will consist of the principal
investigators of the CRC/TRR167. The NeuroMac School will offer a structured educational programme
along with mentoring and career development concepts. This will help to recruit excellent students, facilitate
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the transition from graduate training to the doctoral training phase, and foster interactions between the sites
in Germany and Israel. The programme is decribed in detail below (cf. IRTG), and will integrate into the
existing educational programmes in Freiburg, Berlin and Rehovot, such as the International Graduate
Program Medical Neurosciences and the Einstein Center for Neurosciences Berlin, the International
Graduate Academy and the Spemann Graduate School of Biology and Medicine Freiburg, as well as the
Feinberg Graduate School of the Weizmann Institute.

1.4.2

Gender equality and family-friendly policies

All of the participating institutions in this initiative have established programs to prepare women for
independent positions of scientific leadership, which meet the demands of the DFG’s Research-Oriented
Standards on Gender Equality. These programs include mentoring programs, networking, or dual-career
opportunities, but also professional training programs and continuing education providing skills in different
areas such as project management, personnel management, leadership, and teaching. Moreover, all
institutions promote attempts to ensure the compatibility of family and scientific career with flexible working
hours and ensured day care for children.

A. The University of Freiburg

The University of Freiburg is strongly committed to equal treatment, employment and career opportunities for
men and women. Implementing gender equality policies is a key issue at the University of Freiburg and the
University Medical Center Freiburg. With respect to the the Research-Oriented Standards on Gender
Equality of the DFG, the University of Freiburg reached level 4, thus, already implemented the standards for
gender equality and a family friendly environment with an outstanding rating. The University of Freiburg has
been awarded with the “Total E-Quality Certificate” provided by the German Ministry of Education (BMBF) for
efforts to foster equal opportunity in business, science, politics and administration since 2010. In addition, the
University of Freiburg was awarded with “excellent” for the German “Diversity-Prize”, funded by the
“Wirtschaftswoche” and the company McKinsey & Company und Henkel in 2012. The University of Freiburg
signed the code of practice of the “Charta der Vielfalt” confirming to integrate diversity as an integral part of
the institution and is member of the program “Erfolgsfaktor Familie”, established by the “Bundesministerium
für Familie, Senioren, Frauen und Jugend”. The rectorate of the University of Freiburg, has appointed a ViceRector for Research Integrity, Gender, and Diversity for the first time in order to further advance gender
equality and diversity throughout the university.
According to the report of the equal opportunity representative 2014/2015 the proportion of female students
is still constant in the last years with 53 % and as well the share of female graduates with 57 %. Female PhD
students are represented with 45 % in 2014 with a decreasing tendency since 2012. The number of
habilitations increased from 9 to 13 in 2014 and the percentage of female professorships increased up to 22
%. Nevertheless, female professors are still clearly under-represented. To counteract this still continuing
under-representation at the University of Freiburg, several individual and structural measures have been
taken. An “Equal Opportunities Office” has been established already in 1988, offering advice for women on
career planning and questions of compatibility of family and career. On the basis of the “Strategic Concept
for Equal Opportunity” (2008-2011) and the “Staff Equal Opportunity Plan” (2006-2011) the “Equal
Opportunity Plan 2008-2014 has been established. This plan has been continued with the current
“Structural and Development Plan 2014-2018 – Equality and Diversity” presenting the realization of the
comprehensive Gender- and Diversity process at the University of Freiburg. The Structural and Development
Plan describes in detail the status quo, aims and specific measures with respect to gender equality and
diversity on different levels: “University Management”, “HR policy”, “Study and Teaching”, “Research” and
“Framework Conditions”. A detailed description of some of these specific measures taken and planned can
be found below. The aims to reach an increase of the number of women in science and central committees
until 2018 have been quantified and documented.
I. Extract of established and planned measures:
University Management and HR-Policy
• Since the share of young female scientists receiving prizes is only 30% in the last years, a “Taking
Account of Gender and Diversity in Awarding Prizes” has been established in 2011.
• According to the Landeshochschulgesetz (LHG) the equal opportunity representative has now the right
to vote in the appointment procedure for professorships (see “Code of Practice for Professional
Appointments 2014”).
• Establishment of a flexible quote in all decision-making and advisory committees (in progress).
28

General information
•
•
•
•

Development of a Training concept for disseminators in gender and diversity-sensitive recruiting
procedures in science (planning phase)
Contact persons for women and men have been appointed for cases of sexual harassment.
Realization of the concepts for Training and Coaching programs (Magda Staudinger Coaching Program,
in progress)
Developing flexibility and extending the Scholarship STAY!, supported by the “New University
Foundation initiative” (NUS), which provides 12 months of financial support for female scientists
following the completion of their doctoral degree to allow time in order to prepare proposals (new
concept in preparation)

Study and Teaching
• To acquire more female students for the field of MINT the University of Freiburg established a yearly
“orientation study” for 120 pupils (class 10-13) in 2004. The Faculties of Mathematics, Physics.
Microsystems Technology, Computer Science and Chemistry are involved in this program.
• The summerschool “Informatica Feminale” is organized by the Technical Faculty in cooperation with the
Network “Women.Innovation.Technology Baden Württemberg” (F.I.T) every two years since 2002
• A mentoring program between professors and secondary schools in Freiburg has been established by
the Technical Faculty, to raise enthusiasm for Science and Technology.
• The University of Freiburg is participating at the Science Day yearly organized by the “Europapark
Rust”.
• A “Qualitätszirkel Studienorganisation” has been established and a gender- and diversity sensitive
marketing concept for students has been developed.
• A gender and diversity sensitive student mentoring for all faculties started successfully with specific
offers for women. The program will be developed further.
Research
• The “Centre for Anthropology and Gender Studies (ZAG)” established in 2000 is coordinating the
Gender Studies at the University Freiburg. A scientific evaluation of the ZAG is planned in 2016.
• The “Gender Studies Freiburg (FGS)“ is providing scientific lecture series and the Journal “Freiburger
Zeitschrift für GeschlechterStudien“ presenting articles with current topics regarding gender and family.
• To increase the quality and coordination of gender equality measures applied for in research
associations (Forschungsverbünden) the project leaders are supported and advised by the “Gender and
Diversity” office.
• A “Concept for a statistical documentation” of the increase of women with habilitations at the University
of Freiburg should be generated. (in progress)
• A Controlling unit within the scientific institutes and departments including advise and support through
the office of “Gender and Diversity” is planned until the end of 2017.
Framework Conditions
• A central point for family-friendly working conditions are flexible working time models. The flextime
model is possible in all institutes and administrative departments of the University since 2006 and this
model is already realized in various institutes. According to their demand further institutions can
establish this model.
• In addition, Teleworking with alternating work at home has been established since 2009, facilitating the
accomplishment of family and profession.
• Various other working time models (20-100% distributed between 1-5 days/week) are implemented at
the University of Freiburg.
• Family friendly meeting times are as well realized by many faculties and as well by the Senate of the
University.
• Sabbatical for single fathers or mothers. In this period the researcher is exempted from teaching
obligations.
• New buildings of the University of Freiburg are arranged in a family-friendly way, e.g. an easy access is
provided for baby carriages. Parents rooms and the possibility to change diapers and nursing the child
are established
• A concept for the compatibility of work and care will be elaborated until 2016.
• A “Day of Diversity” is being organized regularly since 2012 to sensitize the different dimensions of this
topic within the University of Freiburg.
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The Faculty of Medicine
Equal Opportunity is a central goal of the Faculty of Medicine. Therefore an Equal Opportunity Plan 20092014 was established as an integral element of the Structural and Development Plan of the Faculty of
Medicine. Regarding the share of female medical students and dissertations the aim to reach 50 % until
2014 has been achieved. The share of women finishing their habilitation reached 30 % in 2011 and an
increase is expected until 2018. To foster this trend the Faculty of Medicine implemented a “Guideline for
proactive search”. Female candidates are actively searched at the end of the application period and
requested to apply for the positions. This proactive search has been complemented by a documentation of
the search results in order to find the best candidates and therewith foster Equal Opportunity. Within the
scope of the Structural and Development Plan of the Faculty of Medicine 2013-2018 various measures
will be taken and already have been implemented to support women in science and to enhance the share of
female researchers: e.g. a personal assistant for the Equal Opportunity Officer has been employed to
organize mentoring programs, overview and distribute the child care facilities for female researchers and to
maintain important network and career contacts. The EIRA mentoring program (see below) is planned to be
continued on a permanent basis, the “Audit Beruf und Familie” is intended to be implemented together with
the University Hospital Freiburg, the number of places for childcare will be increased and childcare for
emergency cases will be established as well as networking and consulting for female physicians and medical
students will be available to support young female scientists with proposal writing to receive funding for their
projects.
II. Supporting measures for female scientists at the University of Freiburg
1. Financial Support
Several programs supported by different funding bodies are noteworthy in relation to gender equality, and
can be used by NeuroMac members. Depending on the individual demand, suitable programs will be
considered, the principal investigators and NeuroMac women’s representative will support the female
scientists to prepare the applications.
a) Scholarship STAY!, supported by the “New University Foundation initiative” (NUS) supports female
scientists following the completion of their doctoral degree to allow time for the preparation of proposals
for scientific posts in projects or scholarships.
b) Brigitte-Schlieben-Lange Program (supported by the Ministry of Science, Research and the Arts of
Baden-Württemberg, MWK) targets female scientists with children during their writing phase of their
PhD thesis or habilitation.
c) The Margarete von Wrangell-Program (founded by the University and the MWK) supports female
scientists to enable their “Habilitation”.
d) The UNESCO-L’Oréal founding program provides 20.000 EUR for childcare, coaching, mentoring and
participation at seminars and conferences for outstanding female PhD students with children.
e) The Bertha-Ottenstein Professorship supports preferably female group leaders encouraging them to
continue their scientific career by providing the possibility to set up a junior research group.
f) The Barbara-Hobom Prize of the Center for Biological Signaling Studies (BIOSS, excellence cluster of
the University of Freiburg) rewards female scientists of the natural and life sciences for outstanding
doctoral theses with funds for lab consumables or for the cooperation in a project at an international
partner laboratory.
Furthermore the Equal Opportunity Officer of the Faculty of Medicine and her personal assistant introduced
the program “KaNeF (Karriere und Networking für Frauen in der Medizin), a program with different tools to
support young female scientists of the faculty of Medicine. The tools are
• Student helper positions for female scientists with young children.
• Fill-in-the-gap, a scholarship for 6 months which supports female PhD students of the faculty to
complete their thesis.
• Mathilde-Wagner-Habilitationspreis with 10.000 € is given once a year for the best female habilitation of
the faculty.
2. Mentoring Programs
The Medical Center and the University of Freiburg established several mentoring programs for female
researchers at different career stages. These and other programs are open also for NeuroMac members.
a) EIRA
The EIRA mentoring program was established in 2010 by the Faculty of Medicine to support young
female scientists on their way to a “Habilitation” and an independent academic career. Excellent female
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postdocs during their habilitation are integrated in a curriculum of 18 months, including a kick-off event,
regular one-to-one meetings with mentors for guidance and advice on career progression, a series of
workshops on management, leadership and scientific writing and a concluding event.
b) KITE
The KITE mentoring has been established by the excellence cluster BrainLinks-BrainTools in 2013.
Female PhD students are coached by scientists with an extensive experience regarding research and
the associated structures at higher education institutions or in industry. The mentors support the young
researchers with their career planning, professional skills, proposal writing, transfer to industry etc.
c) MuT
MuT is a mentoring and training program for women at all career stages: junior professors, during the
habilitation, postdocs and PhD students. The program is funded by the MWK and female researchers
are supported in making more use of their career opportunities and gaining knowledge and experiences
in the academic field.
3. Courses, seminars and workshops
At the Medical Center and the University of Freiburg various possibilities are open for female researchers to
promote and extend their skills. Seminars and courses for soft skills in the general context of a scientific
career (e.g. writing publications, preparing presentations, time management, entrepreneurship etc.) and as
well gender-specific events will be provided.
a) The Faculty of Medicine will establish a new comprehensive Gender Equality Network Platform. This
network will provide an overview of all current gender equality programs at the University and the
Medical Center of Freiburg. A website will be created informing about events like workshops, seminars,
and as well about funding opportunities and mentoring programs. In this way, women can inform
themselves about appropriate offers and compile their individual scheme.
b) The Training Center (“Schulungszentrum”) of the University Medical Center and the International
Graduate Academy (IGA) of the University of Freiburg provide soft skill courses covering the field of
dynamic social interactions in the workplace (e.g. de-escalation training, exposure to criticism,
facilitation of team work, conflict management, etc.)
c) Coaching groups for physicians and scientists are established at the Faculty of Medicine. They include
specific issues within the context of communications with colleagues and superior authorities, work-life
balance, workload limit and other.

B. Charité-Universitätsmedizin Berlin - Freie Universität (FU)/Humboldt Universität (HU)
The Charité – Universitätsmedizin Berlin aims at gender balance and optimizing the possibility for women,
men and families to combine work or study and family. To reach these goals the Charité published statues
on 18.12.2012 based on the “Berliner Hochschulgesetz“ § 5a BerlHG covering aspects related to:
•
•
•
•
•
•
•
•
•
•

discrimination related to personnel decisions
compatibility of family and work
training and study
allocations of funds
gender research in medicine
women’s representative
sexualised discrimination and violance
gender specific language
reporting obligation
the equal opportunity plan for women

As a consequence the Charité takes various measures to promote the career development of female
scientist. With respect to the the Research-Oriented Standards on Gender Equality of the DFG, the Charité
reached level 4. The Charité has received the certifications “Audit berufundfamilie” and the “audit
familiengerechte hochschule” by the Hertie foundation to foster family consciousness in institutions and
higher education. In addition, the competition “Family Consciousness at the Charité" has been carried out
successfully in 2014 to attract new input and new ideas to further improve and adapt the existing programs.
The Charité signed the code of practice of the “Charta der Vielfalt” and the Freie Universität Berlin (FU) has
been awarded with the “Total E-Quality-Certificate” provided by the German Ministry of Education (BMBF)
for efforts to foster equal opportunity in business, science, politics and administration.
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As described in the Equality Report Charité - Universitätsmedizin Berlin 2012-2014 the share of women
at the stage of habilitation and W3/W4 professorships decreased from 2012 to 2014 at the Charité (30% to
24% and 29% to 7%, respectively). Therefore existing measures within the context of gender equality as
described above will be continued and new actions are taken to support female scientist with their career
(e.g. extending childcare also in emergency cases, increasing working time flexibility, providing projects and
workshops for nursing relatives etc.) In addition, specific programs for female researchers are supported by
the Charité:
The Rahel Hirsch research grant supports outstanding female scientists that are about to finish their
habilitation and who seek a career in academia. This fellowship covers consumables but also allows to hire
staff and create an own little research group.
The Lydia Rabinowitsch grant supports female scientists at the stage of PhD, habilitation or W2 professors
with fixed-term positions, who had to interrupt their careers for parenthood or other family care reasons and
who want to qualify for further scientific career as professor.
The Mentoring Competence Center Charité is a successful mentoring program and has been established
in 2014 to offer mentoring and coaching for women at different career levels. Acknowledged mentors attend
female students and postdocs and support them during the development of their scientific careers.
The popular program “Rotunda habilis” is offered for all women who qualify for or finished their habilitation,
or aim at a professorship in medicine. Colleagues meet and exchange their experiences and knowledge as
well as discuss perspectives and strategies for their careers.
“ProFil" (“Professionalisierung für Frauen in Forschung und Lehre“) is a program for excellent female
researchers at HU headed for professorship. Mentoring, training, seminars and networking are offered by the
Berlin universities (HU, FU, TU) for one year to support the female scientists for the future planning and
development of the their career.
FiNCA - Frauen in den Naturwissenschaften am Campus Adlershof” is a program of the HU to promote
women at HU in natural sciences. It offers special seminars and courses for pupils, students, PhD students
and postdocs.
The Dual Career Network Berlin is a joint project sponsored by all of the higher education institutions in
Berlin. It is a comprehensive, service-oriented support network for scientists and scholars at an institution of
higher education or research institute in Berlin.
The Charité implemented the possibility for young or future fathers to inform themselves about part-time
work, parental leave and allowance etc. For this purpose four “father representatives” are offering special
advisory service.
Workshops and Training:
A wide range of workshops and seminars are offered at the Charité and partner organizations to support
female scientists. According to the effective demand of the researchers these events vary from year to year.
Some examples of 2013/2014 are: Girls‘ and Boys‘ Day, panel discussion “ With women in lead”, interactive
sessions with Dr. Peter Modler “arrogance principle”, Workshop “Starter Kit” for newly appointed female
professors, and networking events. In addition, several events are organized within the context of sexual
harassment: “Network meeting against violence”, “International Day against violence against women”,
conferences “Exceeding personal limits-personal distance”.

C. Max-Planck Institute of Immunobiology and Epigenetics
The Minerva-Femme Net mentoring program Of the Max-Planck-Society offers support for female junior
scientists tailored to their specific demands. This program covers training events and networking within the
context of funding programs, career planning and opportunities, optimization of lecturing and presentation
skills etc.)
SIGN Up! is a career building program for female postdocs of the Max Planck Society. This program is
organized by the European Academy for Women in Politics and Business (EAD) and comprises an intensive
training and workshop program and supports contact with successful scientists and experts.
The Child-Care Facility of the MPI-IE provides child care premises run by the Concept Maternal
organization. This facility offers slots for two groups (one for children aged between 6 months and 3 years
and a second group for children aged between 3 and 6 years). Due to the high request, a building extension
it is planned for new childcare places. The earliest begin of the construction will be in September 2017.
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A parent-child room is available with playing facilities, a “Leseecke” and the possibility for the researchers to
rest or use computers.
The Equal Opportunity Commissioner of the institute provides support and information on leadership training
opportunities for female scientists.

D. Max Delbrück Center Berlin (MDC)
The MDC established an „Equal Opportunity Plan 2014-2020” with the aim to ensure equal opportunity for
women and men. This goal should be reached by securing professional equality and through an increase of
the share of women in leading positions and decision making bodies on the basis of the cascade model. The
MDC is actively involved in the W2/W3 program and the recruiting initiative of the Helmholtz Association,
which are decisive measures to increase the number of female professorships. In addition, various actions
are taken to increase the numbers of women in appointments to professorships and other important
committees (e.g. “Wissenschaftlicher Rat”). Training and mentoring programs for women are established at
the MDC (see below). Furthermore the compatibility of family and work should be facilitated and any form of
inequalities and discrimination will be counteracted. To prevent sexual harassment, mobbing and
discrimination, and to sensitize to this topic, informative meetings are organized regularly. The MDC has
been assigned the certificate “Audit Career and Family” by the Hertie Foundation since 2009. In this
context the MDC offers a variety of practical solutions, for example in the areas of work organization, working
hours, child care and human resources development.
The MDC offers various return-to-work options after parental/maternity leave. The Reintegration Program,
which will be continued in 2017, facilitates employees’ re-entry into their profession following maternity leave and
parental leave (this explicitly applies to fathers as well). Prequisites, contract conditions and application
procedure are defined in an internal agreement (Dienstvereinbarung).
1. Mentoring:
The MDC-Mentoring-Program for female postdocs attends excellent scientists for 18 months to support
them with their individual careers and perspectives and fosters the development of strategies for professional
ambitions.
The MDC is participating at the Helmholtz-Mentoring-Program “In Führung gehen-Taking the Lead”. This
program aims at preparing motivated female postdocs in research and administration for leading positions
and to foster networking in and outside the Helmholtz Association.
2. Events
Elena-Timofeeff-Ressovsky-Lecture Series (2x/year; excellent female scientists present their work and
provide the possibility for young female researchers to discuss with the speakers) Aim: increase visibility of
femaile scientists, personal career counseling
The MDC organizes the annual lecture series “Career Day” and “Career Pathways” providing information
related to career development in academia, industry or public sector.
3. Financial Support
Christiane-Nüsslein-Vollhard foundation (supports female Scientists with children)
4. Family friendly measures
a) Working Time:
The MDC will enable a reduction or an increase of working time and sharing of positions within the realms of
possibility. Employees have the possibility to organize their work in accordance with family responsibilities
and will be advised on the given rules (law, collective agreements etc.). Requests for specific vacation times
of parents with school-age children during school holidays should be considered. The MDC provides flexible
individual working time models (e.g. the change between full and part time work, Teleworking, or
Teleworking and leave of absent alternating).
b) Child and Family Care:
Employees will be continuously informed about the supporting measures in the case of long-term nursing
care in families. A “family-room” is available on the campus, where members of the MDC can stay with their
children (or elder person who needs care) in case of an urgent situation. Financial support is provided by the
MDC in cooperation with the “Freundeskreis MDC” for childcare measures during congresses and symposia.
In addition, costs for childcare during training events will be reimbursed by the MDC (according to the
provisions of the Federal Government).
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Weizmann Institute of Science Rehovot
The Weizmann Institute provides various gender specific measures to support women in science:
The Israel National Postdoctoral Award Program has been established for outstanding female PhD
graduates just finished their PhD and starting with the postdoctoral work. The Program offers additional
financial support for a biennial postdoctoral training in leading international institutions abroad to foster the
individual career and internationality.
Combined Weizmann - Abroad Postdoctoral Program for Advancing Women in Science is a joint
program of the Feinberg Graduate School of the Weizmann Institute of Science and the Advancing Women
in Science platform. It provides postdoctoral fellowships combining research in a laboratory of a Weizmann
Institute and a leading laboratory in another country.
Various scholarships for BSc, MSc and PhD students are offered for women in Israel: The Google Anita
Borg Memorial Scholarship (BSc, MSc, PhD in computer science), the UNESCO-L’OREAL Israel
Scholarships (PhD in life sciences), Shulamit Aloni Scholarships for Advancing Women in Exact Science and
Engineering (Ministry of Science and Technology, PhD students).
A mentoring program for female graduate and postdoctoral students is established at the Weizmann
Institute. Mentors are male and female professors providing support and encouragement in all matters
concerning career advancement.
In parallel to the PhD and postdoctoral programs the Weizmann Institute offers a variety of events to provide
tools for women to facilitate their career advancement. Workshops, lectures and soft skill courses for female
PhD students and women in leading positions with varying topics in relation to e.g. combining work and
family life, sexual harassment, tension between sexes, communication, networking, negotiation skills etc. In
addition, symposia, meetings and round tables are organized with current topics.
Child Care at Freiburg, Berlin and Rehovot
The University of Freiburg is committed strongly on promoting the compatibility of family and career. The
Central Family Service of the University of Freiburg is responsible for the various childcare measures and
the organization of childcare during holidays and University related events. The service supports new
members of the University to find the appropriate facility. To support especially young mothers and fathers
with small children the child care facilities have been significantly extended in the last years. Now 270 places
are available for children in day care centres run by the university or the Studierendenwerk Freiburg,
including children younger than three years. Additionally, there are 90 places for students and staff of the
university hospital. The Faculty of Medicine has rented 18 childcare places and assumes half of the costs. All
these facilities are centrally located, with longer opening hours than normal facilities, in order to enable the
specific working schedules of scientists. In addition, the University Medical Center supports its employees by
offering childcare during vacation time in collaboration with ‘COGO’ a local provider (https://agenturcogo.de/). Conferences, seminars and regular meetings are scheduled in a family friendly manner within
regular childcare hours between 9:00 and 16:00, to allow attendance to parents who need to pick up young
children from childcare facilities.
Currently, the following child-care options are available at the University of Freiburg (including the Medical
Center), the Charitè – Universitätsmedizin Berlin, the MPI-IE in Freiburg, the MDC Berlin and the WeizmannInstitut in Rehovot:
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Table: Overview of places for child care suitable for NeuroMac members
Number of
Age 0-3
places
University of Freiburg/Medical Center/Faculty of Medicine

Age 3-6

opening
hours

10

-

07:30-14:30

20

-

05:45-18:00

10

40

07:30-17 :30

10

-

08:00-13:00

10

-

08:00-17:30

10
3

-

08:00-18:00
07:00-18:00

10

-

07:30-14:30

30

-

07:30-17:30

10
10

40
65
-

07:00-17:30
06:15-18:00
06:15-18:00
07:30 -16:15
07:30 - 16:30

Institution Name

Kita Wolkengarten (Cooperation with
University, Medical Center and
Studentenwerk Freiburg)

30

Uni Kita Zaubergarten

50

Uni Kita Wichtelgarten

20

Uni Kita Blütengarten
Junikäfer

10
3

Uni Kita Murmelgarten

40

Kita Shalom
Kita Medical Center
Kik Medical Center
Pentecost pause (2 weeks), 6-12 years
Summer pause (4 weeks), 3-12 years
Charité - Universitätsmedizin Berlin
Charité Kindergarten

10
65
10

INA.KINDER.GARTEN Kindertagesstätte
Augustenburger Platz (Virchow-Klinikum)

newly installed, opening planned at the end of 2016
5:45-20:15
overnight and
118 total
118
weekend for
special groups

INA.KINDER.GARTEN Habersaatstraße,
85 total
Campus Mitte
Campus Benjamin Franklin:
Cooperations with different child care institutions in Berlin

85

06:00-20:30

Fröbel Kindergarten

140 total

140

Kindergarten Zwergenwiese

30 total

30 (1-6 years)

KLAX-Bildungsfindergarten

53 total

Kindergarten Tinkerbell

60 total

MPI-IE Freiburg
Concept Maternel/Kindergarten MPI-IE
Kita Kleine Forscher
MDC Berlin
Kita Campusstern
(MDC Berlin/SEHstern e.V.)
MDC Berlin /BBB (Holiday Courses)
MDC Berlin /BBB
(Holiday Camp)

15
30

53

06:00 – 18:00
0

60
5
10

06:00 – 18:00
10
20

Anixter and Siem Family Foundation
Early Childhood Villages

08:00-17:00
07:30-17:30

10

6-16 years

06:00-18:00
(and later)
09:00-17:00

10

11-14 years

1 week

29 for MDC

Kids Mobile
Deutscher Pflegering e.V.
Weizmann Institut Rehovot

06:30 – 17:30

Elder Care
85 places
aged 1 year and 9 months to 4 years and 8
months (in three groups)

Emergency
Cases
-

-

35

General information

NeuroMac Gender Equality program
A. Research Staff
First Funding Period
intended female share [%]
Doctoral students

60 %

Postdoctoral researchers

60 %

B. Principal Investigators
Position
Postdoctoral researchers,
residents
Group leaders,
junior group leaders,
junior professors
assistant professors
Professors C3/W2,
associate professors
Professors C4/W3
Total

First Funding Period
Number
Female share [%]
m
f
3

1

33

8

0

0

2

2

50

8
21

1
4

13
19

To support young female researchers within the CRC/TRR and to increase the number of female
investigators NeuroMac will take specific actions. 1. The employment of women for suitable candidates (see
Table A: Research Staff) will be encouraged. 2. Female researchers will have the possibility to take a
responsible position in conferences and symposia organized by NeuroMac (chair person, plenary speaker)
3) Accompanying measures are planned to support female researchers, These measures are based on the
personality and the career level of the CRC/TRR members. The Project Manager of NeuroMac will
collaborate closely with the elected women’s representative and be responsible for the organization of the
Gender and Family program. He/she will be located at the University Medical Center Freiburg and coordinate
the gender specific events centrally. Female CRC/TRR members can participate at the above mentioned
events and programs implemented at their institutions. In addition, in house or individual seminars/courses
will be organized at all locations upon request. To bring together all female NeuroMac members as a
community, regular meetings will take place (in person and via online conferences). The NeuroMac Gender
program involves the following activities:
2017
In the first project year we will evaluate the individual demand of the female NeuroMac scientists and
establish a program on the basis of an evaluation and the personal feedback of the researchers.
An information flyer covering available supporting measures at the three different locations Freiburg, Berlin
and Rehovot will be produced. Seminars, courses, workshops as well as mentoring, individual coaching
and funding possibilities for women offered by programs of the Universities and research institutions open
also for NeuroMac members will be listed and described. Additional events not integrated in the various
programs but optionally organized for NeuroMac members will be presented.
The individual demand of the NeuroMac members will be evaluated by a report based on the analyses of
specific questions regarding the personality, the career level and planning, family, experiences with the
research situation in higher education or industrial institutions as well as regarding to equal opportunity for
women during study and work. New NeuroMac members starting later in the project will be integrated in
the Gender program continuously.
On the basis of this information the course program for 2017 will be arranged and candidates for
mentoring programs will be selected. According to experiences of other programs and projects, young
female researchers are very interested in courses with focus on communication, sovereignty, how to find
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the own research profile, and also in softskill courses like scientific writing and applying for third party
projects. In addition, the NeuroMac board will decide on the use of the funds for family supporting
measures (e.g. personnel assistance for project members with family responsibilities, child care, cofinancing of day care centers etc.). Female scientists and young parents will be additionally supported by
the possibility to finance home office computers. This represents an excellent measure to make scientific
jobs more family friendly.
The NeuroMac women will meet for a “Welcome get-together” during the Kick-off meeting to get to know
each other, to exchange experiences in their working groups and the home institutions, to talk about
specific conflicts and problems, to find new ideas for gender equality and family friendly activities which
can be implemented within NeuroMac and to promote network activities. In addition, a NeuroMac women’s
representative will be elected for one year.
On the NeuroMac Website a separate page will be available for all issues concerning gender equality and
family friendly measures. This Website integrates all current programs for women working at the three
locations Freiburg, Berlin and Rehovot and provides further information about participation, prerequisites,
contact persons etc.
Further meetings for women will take place during 2017 (also by means of online conferences if required).
These meetings will provide the possibility to exchange new information and to counteract possible
problems and conflicts of the NeuroMac members with their social and research environment.

2018
The course program will be updated and the program planned in 2017 will be continued and adapted to
newly established events and upon requests of the NeuroMac members
A second plenary meeting will take place in parallel with the NeuroMac rehearsal. The women’s
representative will be elected for the next year.
We plan a special NeuroMac event for schoolgirls or students, e.g. a “Schnuppertag” for high school
students to get in touch with science. This event can be organized in Freiburg or Berlin or both according
to the demand. As an example this event could take place at one or two weekends with the following
schedule:
• Introduction meeting
• Personal talk with the responsible mentor/scientist
• Hereinafter in parallel:
a) Visit of laboratories (with different research foci) and performing experiments
b) Seminars with focus on project management, rhetoric, communication etc.
• Final meeting (questions and experiences, academic/industrial career development etc.)
Alternatively we plan a joint seminar/workshop with the Faculty of Medicine of the University of Freiburg
for female students and PhD students, providing information and exchange of experiences regarding
financial support, networking, events for female students, paper/proposal writing, leading etc.
In addition, the Gender and family program for the years 2019 and 2020 will be discussed and planned by
the NeuroMac board.
2019+2020
To increase the share of female principal investigators within the CRC/TRR we will try to find excellent
female candidates who could act as project leaders in the next project funding period (2021-2024). If we
can acquire a person who comes into question, we plan -in compliance with the DFG office- to use parts of
the Gender and family budget of 2019 and 2020 to co-finance this person in order to facilitate the affiliation
to NeuroMac.
If no suitable female researcher can be found we will use the resources to continue and supplement the
Gender and family program as planned for 2017 and 2018.
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1.4.3

Management of research data and knowledge

Protection, storage and long-term availability of research data
As this CRC/TRR167 initative unites basic and clinical research, our considerations refer to patient-related
and non-patient-related data.
• Primary documentation of patient-related data is performed in the documentation systems of the Medical
Center - University of Freiburg and the Charité – Universitätsmedizin Berlin according to GCP criteria and
local regulations. Cohort-specific databases will employ pseudonyms. Anonymization is not preferable for
most data analyses, since it would prohibit the return of health-relevant data to the patient. In addition,
patients have the right to get reports on their research results, therefore, the pseudonymization (meaning the
treating physician knows the patient's name and the pseudonymization identifier (ID), the researcher handles
patients’ data just with the pseudonymization ID) is standard in both hospitals. All data are stored on accesscontrolled servers within the Medical Center - University of Freiburg and the Charité – Universitätsmedizin
Berlin with regular back-ups on servers and tapes.
• Non-patient-related data are stored in the IT system of the individual working groups, these are
networked to a central server at the University Medical Center, Charité – Universitätsmedizin Berlin,
MDC, or Weizmann Institute (network drives). The data are secured incrementally on a daily basis
on central data storage devices at two spatially separated locations. In addition, a monthly full backup on respective tapes takes place. The tapes are stored in a safe in fire-protected rooms. The
retention period of the back-ups is at least three years.
• Large amount of raw data of the imaging facilities (Live Cell Imaging) are routinely produced within
the CRC/TRR. The working groups receive the data sets for analysis through a RAID 6 secured file
server. The adjusted raw data, as well as further analysis data are additionally secured on LTO5
tapes.
• Data of the sequencing efforts will be stored at core project Z01 by sequencing service providers.
The working groups receive the pseudonymized data sets in fastq format from the provider and save
them on a secured file server with RAID 6. For the analysis, the data are transferred and processed
on a high-performance Linux system. The results of the data analysis, as well as the raw data are
additionally secured on LTO5 tapes and stored in a fireproof cabinet in the University Medical
Center.
The University Medical Center can make use of the services provided by the Data Center of the University of
Freiburg. The Hospital Data Center is responsible for the entire area of information processing within the
clinics and patient-related data. The on-site supervision of the respective clinics is carried out by
departmental or divisional coordinators or the Central IT Support of the Hospital Data Center. Within the
University Medical Center, a dedicated data protection officer is the contact person for all matters of data
protection. At the Charité, the IT department is responsible for the entire area of information processing
within the clinics and patient-related data.

1.4.4

Knowledge transfer and public outreach

A. Exlpoitation of NeuroMac-Results
During the run-time of the NeuroMac the current stage of research and - if suitable - an exploitation-strategy
will be developed and monitored. Based on the outcome of this evaluation and essential subsequent
activities, the Principal Investigators and the NeuroMac coordination office will get in contact with the
appropriate departments of their institutions:
1. University of Freiburg
I.

The Technology Transfer Office of the University of Freiburg (ZFT, www.zft.uni-freiburg.de).
The ZFT is providing the following services:

a. The Patent Office (Inventor’s consultation, state-of-the art and patent searches, patent applications,
commercialization and licensing)
b. Contract Office (R&D contracts with the industry, Liability, IPR, Clinical Trials, Material Transfer
Agreements, Confidentiality Disclosure Arrangements)
c. Founders Office (Business Start-ups, Corporate planning and business plans, Business simulation,
Funding opportunities)
d. Technology Marketing (Licensing offers, Marketing, Technology assessment, Funding opportunities)
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II.

The Founders’ Office of the University of Freiburg (http://www.gruenden.uni-freiburg.de/) provides
the following services:

a. Consultation with respects to new ideas for spin-offs (ways to professional independence,
elaborating product ideas, market search, applying for funds)
b. A Business developer elaborates sustainable business models in close cooperation with experts
c. Training for students and employeers
III.
a.
b.
c.
d.
e.

In addition, the Z01 project (Backofen) is supported by the Transfer Coach of the University of
Freiburg (Freiburg Research Service, www.frs.uni-freiburg.de/abteilungen/transfercoach). The
Transfer Coach provides the following services:
Consultations to clarify if and how the research results can be exploited (especially with respect to
staring a business)
Support for proposal writing regarding to exploiting strategies for application-orientated third party
projects
Support with the implementation of the exploitation strategy for spin-offs
Establishment of contacts with exploitation partners as well as attendance and moderation of
meetings with these partners
Finding exports for exploitation processes (patent offices, founders’ offices, contracting units etc.)

2. Charité Universitätsmedizin – Berlin
Technology Transfer Charité Berlin (http://technologietransfer.charite.de)
The Technology transfer Charité Berlin provides advice on issues related to intellectual property rights,
consultation on grant applications, and supports guide scientists in the process of creating spin-off
companies as well as scientists in the area of contract administration. The technology transfer office works
closely together with the Ascenion GmbH (www.ascenion.de) in the evaluation and commercialization
process of intellectual properties. For Charité employers the following services are provided:
•
•
•
•
•
•
•
•
•

Contacts to Charité-internal Invention-Office
Information on “patents”
Information on intellectual property rights – queries on contract administration and management
Information on subsidiary programs and funds
Assistance in filing an application
Contact to companies
Information on “spin-off creation”
Information on “regulatory affairs”
External (industry) experts

3. MDC Berlin
Technology Transfer MDC Berlin (www.mdc-berlin.de/8006038/de/about_the_mdc/technology_transfer)
The Technology Transfer MDC Berlin supports scientists with various measures: Scientific results are
evaluated with respect to their potential for exploitation in close cooperation with the researchers and experts
from Industry. All persons concerned identify the best exploitation strategy and decide if patenting is
reasonable. Since research results achieved at the MDC are in general basic research, the Technology
Transfer MDC is supporting the process towards license agreement, industrial cooperations and foundations
of Start-ups with seminars, individual coaching and mentoring, finding partners for product development,
acquiring funding and the identification of partners for exploitation. The Technology Transfer MDC Berlin is
working in close cooperation with the Technology Transfer Charité Berlin and the Ascenion GmbH.
4. MPI-IE Freiburg
The Max-Planck Innovation GmbH (MI, www.max-planck-innovation.de)
Max Planck Innovation is responsible for technology transfer from the research institutes of the Max Planck
Society. The transfer of basic research results into products, which contribute to the economic and social
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progress is performed with the help if the MI. as a partner of science and industry. The MI provides the
following services
• Advising and supporting scientists at Max Planck Institutes in evaluating their inventions and filing
patents.
• Mediating the transfer of inventions from Max Planck Institutes to industry.
• Supporting scientists at Max Planck Institutes in founding companies.
5. Weizmann Institute Rehovot
Yeda Research and Development Company Ltd. (http://www.yedarnd.com/) is the commercial arm of the
Weizmann Institute of Science. Yeda holds an exclusive agreement with the Weizmann Institute to
commercialize the unique intellectual property developed by the scientists. The income generated serves to
support further basic research and science education. The following aims are persued:
• Identify and assess research projects with commercial potential
• Protect the intellectual property of the Institute and its scientists
• Create business relationships and license the Institute’s inventions and technologies to the industry.
• Channel funding from industry to research projects
Yeda serves as the gateway to licensing inventions and scientific innovations from the Weizmann Institute.
Researchers receive also information on the various forms, agreements and procedures involved in patent
filing and prosecution, technology commercialization and royalty distribution.

B. Public relations
All NeuroMac institution have public relation offices supporting the principal investigators and the NeruroMac
management with all questions related to the possibility to publish the NeuroMac results via Journals, press
releases and other media. The NeuroMac groups will work in close cooperation with these offices.
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1.5

Other sources of third-party funding for principal investigators

Principal
Project
investigator

Project title

Funding
period
07/2016 –
06/2020
under
evaluation

Funding
agency
DFG
(SFB 992,
TP C02)

Prinz

A01

CRC 992 Medical Epigenetics

Prinz

A01

Antigenpräsentierende Funktionen von
myeloischen Zellen während der ZNSAutoimmunität

04/2015 –
03/2018

DFG PR
577/6-3

Prinz

A01

Role of myeloid-specific IRF-8 for T-cellmediated autoimmune inflammation

07/2015 –
06/2019

DFG
(SFB 1160,
TP A11)

Prinz

A01

Verbundvorhaben Kompetenznetz Multiple
Sklerose; TP B3 Models and Measurements;
Module VI-VIII

03/2015 –
02/2018

BMBF, DLR
01GI1303B

Origin and fate of CNS myeloid cells

05/2015 –
04/2018

DFG,
ReinhartKoselleckGrant

pending

EU Horizon
2020 ITN

Prinz

A01

Jung

A02

Jung

A02

Definition of common molecular signatures of
macrophages associated with chronic
diseases – from basic knowledge to
translational
Macrophages in control of brown fat function

Jung

A02

ABIR - Anti-Bacterial Immune Regulation

Jung

A02

The role of non-classical monocytes in the
pathogenesis of sterile autoimmune disease

Jung

A02

Amit

A03

Amit

A03

Amit

A03

Amit

A03

Amit

A03

Amit

A03

Amit

Studying in vivo differentiation of monocytes
into intestinal macrophages and their impact
on gut homeostasis
BluePrint-A blueprint of haematopoietic
epigenomes

pending
1.9.2014 31.8.2017
1.9.2014 31.8.2018

ISF
IMOH-EU
ERANET
US-Israel
Foundation
(BSF)

1.1.2014 31.12.2019

Adv ERC

2016-2019

ERC-poC

Regulatory roles for RNA and chromatin

(Under
evaluation)

ICORE

Center for cell circuits

2013-2018

NIH

2013-2018

ISF

2015-2020

Minerva

Large non-coding RNAs in innate immunity

2015-2018

FET Open
Research
Proposal

A03

Building an engine for cell lineage discovery

2012-2017

Marie Curie
grant

Krüger

A04

Regulation of Proteasome modules

01/201512/2018

DFG,SFB
740 TPB03

Krüger

A04

Analysis of perturbations of proteostasis
networks in Alzheimer’s disease: a focus on
the UPS

05/14-12/17

BIH –
Helmholtz

Uncovering principles and mechanisms of
blood development
Characterization of hematopoiesis progenitors
and the molecular circuits controlling
hematopoiesis
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investigator

Project

Project title

Krüger

A04

Elucidating the redox-proteolysis switch for
transcriptional induction of the ubiquitin
proteasome system in space and time

A04

Transcription factor 11 (TCF 11) is a
transcriptional regulator of proteasome
subunit genes - what in turn regulates TCF 11
activation?

Sieweke

A05

Exploring Self Renewal Mechanism in
Macrophages for Novel Approaches in
Regenerative Medicine

Sieweke

A05

Sieweke
Sieweke

A05
A05

Sieweke

A05

Sieweke

A05

Lämmermann

A06

Schachtrup

B01

Schachtrup

B01

Krüger

Schachtrup

B01

Hilgendorf

B02

Hilgendorf

B02

Lehnardt

B03

Henneke

B04

Henneke

B04

Henneke

B04

Priller

B05

Priller

B05

Zeiser

B06

42

Control of macrophage numbers by
endogenous self renewal mechanisms
M-CSF Stem cell therapy
Macrophage Aging
Probing Hematopoietic stem cell (HSC)
directed immune response and memory
Identification of cancer-specific Myc functions
Extravascular dynamics and positioning of
innate leukocytes and their functional impact
for the immune system
The role of p75 neurotrophin receptor
(p75NTR) in nuclear pore complex structure
and function in neural stem cells
Heisenberg-Programme
Molecular mechanisms of Id transcriptional
regulator function in neural stem cell fate
decisions affecting Multiple Sclerosis disease
progression
Beitrag von Adventitia-Makrophagen zur
Plaquebildung
Macrophage proliferation, the engine of plaque
progression
W1 and W2-Professorship
TLR-dependent foration of multinucleated
giant cells
Macrophage polarization in Hyper IgEsyndrome

Funding
period
under
evaluation
site view 22/23
March 2016
under
evaluation

Funding
agency
DFG
SFBTR 186

KR 1915/5-2

2015-2017
pending

INSERM/
Helmholtz
Gemeinschaft
Einstein/BIH
Foundation
SATT
ERC

pending

ANR

pending

ARC

01.09.2015 –
31.08.2018

DFG

05/201604/2019

DFG

05/201604/2019

DFG

under
evaluation

Fritz
Thyssen
Stiftung

2012-2017
2015-2018

04/201604/2018
12/201412/2017
01.08.2013 31.10.2017
2014 - 2017

DGK
DFG
HI 1573/2
DFG
NeuroCure
Exc 257
DFG
HE3127/ 7-1

2015 - 2018

BMBF

Macrophage development in staphylococcal
skin infection

2016 - 2019

DFG
HE3127/
11-1

Addiction: Early Recognition and Intervention
Across the Lifespan
Repurposing of approved drugs for the
treatment of Alzheimer’s disease

03/201601/2020
07/201406/2017

The role of biglycan in cancer invasion and
metastasis

01.01.2014 31.12.2017

BMBF
BIH
DFG
(SFB850
TP C6)

General information
Principal
Project
investigator
Zeiser

B06

Project title
Function of IL-33 and its receptor ST2 in the
intestinal immune system during GvHD
ZE872/1-2.

Zeiser

B06

Heisenberg-Professorship

Zeiser

B06

Enhancing IL-2 signaling while suppressing
pathogenic Syk activity to reduce GvHD
immunopathology

Zeiser

B06

The role of neutrophils for intestinal GvHD

Zeiser

B06

Priller

B07

Priller

B07

MeyerLuehmann

B08

Heppner

B09

Heppner

B09

Heppner

B09

Pospisilik

B10

Dismantling Noise

Pospisilik

B10

EpiTriO

Pospisilik

B10

Pospisilik

B10

Leutz

B11

Meisel A+C

B12

Meisel A

B12

Meisel A

B12

Meisel C

B12

Understanding the dynamics of the immune
system to cure graft-versus-host disease
Addiction: Early Recognition and Intervention
Across the Lifespan
Repurposing of approved drugs for the
treatment of Alzheimer’s disease
TransReelinSys –Systems biology of reelinassociated neuropsychiatric disorders
Repurposing, validating and mechanistically
understanding IL-12/23 and NLRP3 inhibitors
as novel preclinical and clinical Alzheimer’s
disease modifiers
Biopolymer-based nanotechnological
platforms for advanced target delivery of
biologics for Alzheimer’s disease therapy
(ADELA)
Targeting TREM2 and CD33 of phagocytes for
treatment of Alzheimer’s disease (PHAGO)

eCLASH – Towards defining the small RNA
interactome
ChRoMe
Post-translationale Modifikationen von
C/EBPβ und funktionelle Implikationen
Paralysis of pulmonary immunity after
cerebral ischemia by parasympathetic nervous
system
Management Aftercare Stroke Phase II
Identification of novel antigenic targets and
disease mechanisms in patients with
autoantibody-mediated brain disorders
Immunodepression after subarachnoid
hemorrhage

Funding
period

Funding
agency

01.02.2014 31.01.2017

DFG

01.10.2013 30.09.2016

can be
prolonged until
30.9.2018

01.07.201530.06.2019
1.5.2016 30.4.2019
1.4.2016 30.3.2021
03/201601/2020
07/201406/2017
under
evaluation

DFG
DFG
(SFB1160,
TP14)
Deutsche
Krebshilfe
ERC (EU)
BMBF
BIH
BMBF

06/201405/2018

BIH

proposal in
preparation

EU

proposal in
preparation
Requested
2016-2020
Requested
2016-2018

EU (IMI-JU)
ERC-CoG
BMBF

2016- 2018

DFG

2016-2019
07/201507/2018

EU-ITN
DFG
LE 770/4-2

07/201406/2018

DFG
TRR84

06/201605/2018

BMBF
IFB
01EO0801

04/201503/2017

DFG EXC
257

01/201406/2017

ME 2031/4-1

DFG
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Principal
investigator

Project

Project title

Backofen

Z01

CRC 992 Medical Epigenetics

Backofen

Z01

Backofen

Z01

Backofen

Z01

Backofen

Z01

Backofen

Z01

Backofen

Z01

Backofen

Z01

Backofen

Z01
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A Flexible and Efficient System for the
Detection of RNA Sequence/Structure Motifs
SPP InKoMBio: MiRNA and RNA-binding
proteins as integral part of cell
communication: context-based target
prediction and validation
FOR 1680: Bioinformatic analyses of CRISPR
elements
SPP 1738: Isolierung und funktionelle
Charakterisierung von nicht-kodierenden
RNAs in der FOXG1-abhängigen
Vorderhirnentwicklung und im Rett-Syndrom
SPP 1590 Probabilistic Structures
in Evolution
Determinanten der Interaktion Nichtkodierender RNAs mit
regulatorischen Zielmolekülen
ATP – Automatisierte intra-annuelle
Jahrringanalyse für Dendroökologische
Forschung
de.NBI – Etablierungsphase –
Leistungszentrum: RBC – RNA Bioinformatics

Funding
period
07/20166/2020
under
evaluation
01/201601/2019

Funding
agency
DFG
DFG

01/201501/2017

DFG

08/201507/2018

DFG

01/201512/2017

DFG

10/201509/2018

DFG

10/201509/2018

Landesstiftung

01/201512/2017

DFG

03/201502/2018

BMBF

Existing funds and requested funds

2

Existing funds and requested funds

2.1

Existing funds

2.1.1

Overview of direct costs available

Core support provided
by applicant
university(-ies)
2017
168.5
2018
169
2019
169
2020
169
Total
675.5
(All figures in thousands of euros)
Financial
year

2.1.2

Core support provided by
other participating
institutions
125
125
125
125
500

Total

-

293.5
294
294
294
1,175.5

Overview of existing staff
Number of persons

Category

at the applicant university(-ies)

at other participating institutions

10
5
8
2
0
10
0

3
3
1
0
2
5
0

Professors
Junior Group Leaders
Postdocs
Doctoral Students
Other Research Staff
Non-Research Staff
Research and Student Helpers

2.1.3

Other funds

List of existing instrumentation

Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

A01,
A07

UK Freiburg

2-Photon microscope

2010

450

DFG

A03

Rehovot

BD FACSARIA FUSION

2015

1,000

Weizmann
Institute

A03

Rehovot

Bravo Automated Liquid
Handling Platform

2012

200

Weizmann
Institute

A04

Charité,
CCM

Biotek Synergy HT, Multidetection microplate reader,
Fluorescence filters

2005

40

SFB421, DFG

A04

Charité,
CCM

FACS Calibur, Flow Cytometry,
no sorter

2010

60

DFG/ Charité

A04

Charité,
CCM

nanoHPLC, Ultimate 3000 RSLC
nano, Thermo

2011

93

Charité

A04

Charité,
CCM

LTQ Orbitrap XL (Thermo
Scientific) used

2014

132

BIH, Charité

A04

Charité,
CCM

Fusion FX7 Imaging System,
Peqlab

2012

36

SFB740, DFG
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Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

A04

Charité,
CCM

Slice Scope Pro 1000,
Micromanipulator, swinging desk
(Multichannel Systems)

2012

42

SFBTR43, DFG

A04

Charité,
CCM

Leica VT1200 S (motorized
vibrotome slicer with cooling
unit)

2012

16

SFBTR43, DFG

A04

Charité,
CCM

StepOne Plus™ Real Time PCR
System (Life Technologies)

2013

26

SonnenfeldStiftung

A04

Charité,
CCM

Tisch-Ultrazentrifuge BioSafe
TM
OPTIMA MAX-XP (Beckman
Coulter)

2014

41

Charité

A04

Charité,
CCM

®
Odyssey CLx Imaging System

2014

65

Charité

A04

Charité,
CCM

Singulex Erenna Immunoassay
System.

2015

56

BIH

A04

Charité,
CCM

LTQ Orbitrap QExactive LC-MS
System (Thermo Scientific)

2015

475

DFG/Charité

A05,B11

MDC/core
facility

FACS Aria II flow-sorter

2008

>300

Helmholtz/MDC

A05,B11

MDC/core
facility

FACS ARIA III flow sorter

2010

>300

Helmholtz/MDC

A05,B11

MDC/core
facility

Aria Fusion (BD) flow-sorter

2015

>300

Helmholtz/MDC

A05,B11

MDC/core
facility

LSR Fortessa (BD) Analyzer

2012

250

Helmholtz/MDC

A05,B11

MDC/core
facility

SPE (Leica)

2012

145

Helmholtz/MDC

A05,B11

MDC/core
facility

LSM710 (Zeiss)

2010

278

Helmholtz/MDC

A05,B11

MDC/core
facility

510 NLO (Zeiss)

2008

570

Helmholtz/MDC

A05,B11

MDC/core
facility

SP5 (Leica)

2006

310

Helmholtz/MDC

A05,B11

MDC/core
facility

LSR Fortessa (BD) Analyzer

2012

250

Helmholtz/MDC

A05,B11

Flow sorter and confocal 2-photon microscope are part of the respective MDC-core facilities.
Access to these devices can be granted for NeuroMac members.

A06

MPI-IE
Freiburg

Zeiss LSM780 confocal
microscope with NLO

2014

800

Max Planck
Society

A06

MPI-IE
Freiburg

Spinning Disc confocal
microscope

2006

250

Max Planck
Society

A06

46

®

Since both microscopes belong to the Imaging Facility of the Max Planck Institute of
Immunobiology and Epigenetics, access to the microscopes would be through collaborative
work with Tim Lämmermann.

Existing funds and requested funds

Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

A06

MPI-IE
Freiburg

Vibratome

< 2000

12

Max Planck
Society

A06

MPI-IE
Freiburg

BD LSR Fortessa
Flow Cytometer

2014

210

Max Planck
Society

A06

MPI-IE
Freiburg

BD FACS Aria Fusion
Cell Sorter

2014

350

Max Planck
Society

B01

ALU
Freiburg

Leica TCS SP8 confocal laser
scanning microscope*

2013

260

Institutional
funding

B01

ALU
Freiburg

Photometer/Plate Reader
VictorX3

2012

20

Institutional
funding

B01

ALU
Freiburg

Operation Microscope Olympus
OME 5000

1990

25

Institutional
funding

B01

Charité
Berlin

Leica TCS SP5 confocal laser
scanning microscope**

2009

450

NeuroCure/
Charité Berlin

B01

Charité
Berlin

BD FACSCanto II**

2009

150

NeuroCure/
Charité Berlin

B01

Charité
Berlin

Nikon two photon microscope at
the AMBIO imaging Facility***

2015

750

Charité

B01

Charité
Berlin

Image analysis workstation
equipped with Imaris v. 8.2
software ****

2015

25

Institutional
Funding

B01

*The confocal microscope is used by members of the Institute of Anatomy and Cell Biology only
and is fully utilized. Access to the equipment can be provided through contact with Dr. Christian
Schachtrup.
** Multi-user, no fees, *** Multi-user, hourly fee, **** The workstation is located in the Laboratory
for Molecular psychiatry and will be made available for members of the consortium.

B02

UK Freiburg

Micron 3 - small animals in vivo
imaging camera

2013

80

Institutional funds

B02

UK Freiburg

Murine Ganzfeld ERG system

2013

60

Institutional funds

B02

UK Freiburg

Slit-lamp based Argon laser
system

2008

40

Institutional funds

B02

Heart Center Flow cytometer BD FACS Canto
Freiburg
II

2013

150

Institutional funds

B03

Charité
Berlin

FACSCanto II

2008

330

DFG

B03

Charité
Berlin

Confocal microscope

2006

150

University

B03

Charité
Berlin

2-Photon microscope

2006

350

University

B03

Charité
Berlin

Taqman PCR

2006

25

University/DFG

B04

Center for
translational
Cell Research,
UK Freiburg

Zeiss LSM 880 confocal
microscope

2016

700

DFG
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Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

B04

Center for
translational
Cell Research,UK
Freiburg

High speed cell sorter
BD Aria Fusion

2015

600

BMBF

B04

The equipment of the core facility of the Center for Chronic Immunodeficiency and the
Comprehensive Cancer Center Freiburg, which is available to the CRC groups, comprises 7
FACS analyzers, 3 FACS sorters, a digital droplet PCR, and 3 confocal microscopes.

B05

BCRT,
Charité
Berlin

FACSCanto II,
Durchflußzytometer, 3 Laser

2008

B05

BCRT,
Charité
Berlin

LSRII, Durchflußzytometer,
4 Laser

2008

B05

BCRT,
Charité
Berlin

AriaII, Durchflußzytometer,
Zellsortierung

2008

B05

BCRT,
Charité
Berlin

MACSQuant,
Durchflußzytometer, 3 Laser, S2
Bereich

2009

95.5

BMBF/Land Berlin

B05

BCRT,
Charité
Berlin

MACSQuant,
Durchflußzytometer, 3 Laser,
gebraucht

2014

50

BCRT

B05

BCRT,
Charité
Berlin

CyTOF2, Massenzytometer

2014

∼550

DFG
Forschungsgroßg
erät nach §91b

B05

BCRT,
Charité
Berlin

CyTOF2 - Helios Aufrüstung

2015

90

Charité

A01,B06

UK Freiburg

Aria FACS sorter

2014

430

DFG/BMBF

B06

UK Freiburg

BLI camera (IVIS spectrum)

2010

450

DFG

B07

Charité,
Berlin

Leica CTR HS with incubation
chamber BL TLB083, software
for time lapse experiments,
FRET, TIRF & Ca2+ imaging

2008

214

NeuroCure (DFG)

B07

Charité,
Berlin

Leica TCS SP5 confocal laser
scanning microscope

2009

450

NeuroCure (DFG)

B07

Charité,
Berlin

BD FACSCanto II

2009

150

NeuroCure (DFG)

B07

Charité,
Berlin

Image analysis workstation
equipped with Imaris v. 8.2
software

2015

25

Charité

B08

UK Freiburg

Two-Photon Microscope

2009

535

DFG/FIL
Foundation

B08

UK Freiburg

AxioImager M2

2013

64

University

B08

UK Freiburg

BioRad ChemiDoc MP

2014

24

Hans and Ilse
Breuer Foundation

48

BMBF/Land Berlin

751

BMBF/Land Berlin

BMBF/Land Berlin

Existing funds and requested funds

Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

B09

Charité
Berlin

2x Cryostat Microm HM560

1998/2000

40

Charité

B09

Charité
Berlin

FACSCanto II Typ3 Laser 4-2-2

2009

143

Charité

B09

Charité
Berlin

Stereo Investigator #SI-15

2011

50

Charité

B09

Charité
Berlin

SECTOR Imager 2400 A
(MesoScale)

2010

68

Charité

B09

Charité
Berlin

Optima MAX-XP TischUltrazen.+2 Rotors

2015

39

Charité

B09

The access to the equipment will be made available for NeuroMac members on the basis of an
explanation of the purpose in the frame of the NeuroMac project and experiments. Furthermore,
time slots will be defined in order not to interfere with other research groups of the department.

B10

MPI-IE
Freiburg

TSE- Phenomaster – in vivo
phenotyping system,
(access via PI/collaboration)

2011

~250

ERC/Max- PlanckSociety

B10

MPI-IE
Freiburg

Seahorse XF96
(access via PI/collaboration)

2011

~130

ERC

B10

MPI-IE
Freiburg

Unionbio Biosorter
(access via PI/collaboration)

2014

~500

Max-Planck
Society

B11

MDC Berlin

QuantStudio6-Realtime PCR
(AplliedBioSystems)

2015

47.5

Helmholtz/MDC

B11

MDC Berlin

Western apparatus

2015

50

Helmholtz/MDC

B11

MDC Berlin
(Core
Facility)

Q-Extactive Plus (3 units)

2014

500

Helmholtz/MDC

B11

MDC Berlin
(Core
Facility)

Q-TRAP 6500

2014

350

BIH

B11

MDC Berlin
(Core
Facility)

Q-TRAP 5500

2010

450

Helmholtz/MDC

B11

MDC Berlin
(Core
Facility)

Q-TRAP 4000

2007

400

Helmholtz/MDC

B11

MDC Berlin
(Core
Facility)

Velos-Orbitrap ETD

2010

1,100

Helmholtz/MDC

B11

MDC Berlin
(Core
Facility)

Orbitrap XL

2009

600

BMBF

B11

Real-time PCR machine and Western micro-capillary apparatus are equipment of the Leutz
laboratory and can be used by NeuroMac members. Mass-spectrometry devices are part of the
respective MDC-core facilities. Access to these devices can be granted for NeuroMac members.

B12

Charité
Berlin

Single cell transcriptomics
(C1/Biomark Fluidigm)

2014

266

Charité

B12

Charité
Berlin

ViiA7 qPCR Cycler (Applied
Biosystems)

2011

80

EFRE
49

Existing funds and requested funds

Project

Location

Description of instrumentation

Year of
purchase

Cost of
purchase

Source
of funding

B12

Charité
Berlin

Odyssey Imager (LI-COR)

2010

70

Charité

B12

Charité
Berlin

Leica DMi8 Microscope

2015

129

DZNE/ Charité

B12

Charité
Berlin

LSRII

2003

185

Charité

B12

Charité
Berlin

LSRFortessa

2011

419

EFRE

B12

Charité
Berlin

Luminex

2011

77

EFRE

B12

Charité
Berlin

Cytoflex

2016

128

Charité

Z01

ALU FR

Computer Cluster

2011

350

DFG

(All figures in thousands of euros)
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Existing funds and requested funds

2.2

Requested funds

2.2.1

Overview
Fellowships

Global Funds

845.3

Funding for
Major research
instrumentation
14.5

44.5

134

2,743.4

1,705.1

864.9

0

44.5

153

2,767.5

2019

1,705.1

826.9

0

44.5

153

2,729.5

2020

1,705.1

785.4

0

44.5

167

2,702

14.5

178

607

10,942.4

Financial
year

Staff

Direct costs

2017

1,705.1

2018

Total
6,820.4
3,322.5
(All figures in thousands of euros)

Overview of funds requested for staff

A01
A02
A03
A04
A05
A06
A07
B01
B02
B03
B04
B05
B06
B07
B08
B09
B10
B11
B12
IRTG
Z01
Z02

1
2
2

1

1
2
2

1
1
1

1

1

3.7

3.7

student assistants

Non-research staff

1
1
1
1
2
1

1

1

1
1
1
2
2

1

Doctoral
researchers

Postdocs/
physicians

student assistants

Non-research staff

2
2

1
1
1

1
2
3

1

1
1
1

1
2
1

2
2
1
2
3

1
2
2

2
2

1
1
1
2
2

1

1
1
1
1
2
1

1

2020

1
1
1

1
1
1

1
1
1

Doctoral
researchers
1
2
2

2
2

1
1
1
1
2
1

Postdocs/
physicians

student assistants

1

1
1
1
2
2

1
2
3

2019

Non-research staff

Postdocs/
physicians

student assistants

2018

Non-research staff

Doctoral
researchers

Project

Postdocs/
physicians

2017

Doctoral
researchers

2.2.2

Total

2
2

1

3.7

1
2
3

1

3.7

Total
15
17
3
3.7
15
17
3
3.7
15
17
3
3.7
15
17
3
3.7
With the exception of A02 and A03 (98% position for a PhD student) in the individual projects, funding is
requested for 65% positions of PhD students.
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Existing funds and requested funds

2.2.3

Overview of funds requested for major research instrumentation

Project

Description of instrumentation

A02

Nexus Master cycler for 96 well
processing
(RNA library-preparation)

2017

Funds requested for
2018
2019
0

0

0

Total
14.5
0
(All figures in thousands of euros, including VAT, transportation, etc.)

0

0

2.3

14.5

2020

Upkeep of laboratory animals

Project Species Quantity

Average
number of
weeks kept

Requested
housing costs
per animal and
week
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

Purchasing
costs per
animal

A01
mice
680
50
A02
mice
1,200
50
A03
mice
500
40
A04
mice
730
80
A05
mice
2,400
52
A06
mice
600
50
A07
mice
1,000
50
B01
mice
245
192
B01
mice
620
32
B02
mice
800
35
B02
mice
900
14
B03
mice
800
52
B04
mice
800
52
B05
mice
1,600
36
B06
mice
600
50
B07
mice
150
108
B07
mice
600
144
B08
mice
800
52
B09
mice
3,200
36
B10
mice
1,080
26
B11
mice
680
52
B12
mice
460
8
B12
mice
1,380
28
Total
(All figures in euros), *plus purchasing costs of mice (see project details)

52

0
17.00
17.00
30.00
0
0
0
0
0
0
0
0
21.00
22.28
0
0
0
0
0
0
0
29
0

Requested
funds

(incl. purchasing
costs)

23,600
60,000
20,000
45,600
87,200
20,000
34,000
32,000
14,000
19,000
9,000
28,000
40,400
45,100
20,000
11,400
60,800
28,000
80,000
19,600
24,000
15,600
27,200
764,500

Existing
funds
19,200
60,000
20,000
8,300
95,000
17,800
29,000
17,200
7,500
16,300*
6,900*
6,900*
24,400
8,400
17,800
2,200
11,800
24,400*
16,800
15,800
27,600
700
5,300
459,300

3

Project details
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3.1

General information about Project A01

3.1.1

Project Title: Genomic and spatial analysis of myeloid cell expansion in the CNS

3.1.2

Research areas: Neuroscience, Immunology

3.1.3

Principal investigator

Prinz, Marco, Prof. Dr.
*29.07.1970, German
Institute of Neuropathology
University Medical Center Freiburg
Breisacher Str. 55
79106 Freiburg
Phone: +49-761-270-51060
E-Mail: marco.prinz@uniklinik-freiburg.de
Do the above mentioned persons hold fixed-term positions? No.

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

yes
yes
no
N/A
yes
no
no
N/A
no

Summary

Microglia proliferation and expansion are key determinants that enable functional heterogeneity of microglia
in distinct brain regions. Local microglia diversity is essentially required to ensure their defined regulatory
functions for neural cells in specialized brain regions during development, health and disease. However, the
mechanisms that underlie their spatial heterogeneity are poorly understood. To better understand how and
when microglia multiplicity in the CNS occurs we will (1) analyze the transcriptional landscape of these cells
at conditions of high cell expansion, namely during ontogeny and in diseases. In detail, we will apply a yolk
sac progenitor-based fate mapping system to follow microglia development until adulthood related to other
tissue macrophages. These microglial transcriptional profiles will (2) be compared with spatial and temporal
aspects of microglia spreading in living animals during development and in disease models by using 2Photon in vivo imaging. Finally, (3) the mode of microglia expansion will be examined in vivo using a novel
multicolour fluorescence fate mapping system. We hypothesize that microglia expansion is a highly
heterogeneous state in which microglia activities are altered to respond to specific environmental cues.
Combining detailed transcriptome databases with in vivo imaging will provide us with new insights into
microglia biology during health and disease.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Determining the genetic basis of microglia heterogeneity is key for understanding how distinct microglia
subtypes can differentially respond to injuries [1, 2]. Local and functional subtypes of microglia exist in the
physiological context of ontogeny and as a reaction to brain injuries [3]. Reactive microglia undergo dramatic
morphological changes, and various alterations in gene expression have been observed [1]. It has long been
debated whether expanding microglia are harmful or beneficial. For example, reactive and proliferating
microglia can potentially promote neurogenesis by synaptic pruning [4-6] or, alternatively, they can produce
inflammatory cytokines that exacerbate spinal cord injuries [1]. Just recently, a remarkable impact of the
tissue environment on tissue macrophage signature has been described [7, 8]. These findings demonstrate
that microglia can play both beneficial and detrimental roles and raise the question of whether there might be
different subtypes of disseminating microglia with differing molecular signatures, which develop depending
on the nature of the environmental stimuli.
Lineage of microglia from the yolk sac
Two different types of hematopoietic cells can give rise to macrophages in vertebrates. In mice, microglia
develop in the yolk sac (YS) from embryonic day 8.0 (E8.0) [9] [#8]. In contrast, definitive hematopoietic stem
cells appear within the hematogenic endothelium of the aorto-gonado-mesonephros region at E10.5 and
migrate to the fetal liver where they expand and differentiate starting from E12.5 [10]. Macrophages and
dendritic cells (DCs) are present in all tissues and are critical effectors and regulators of immune responses.
However, bone marrow (BM) transplantation leads to relatively inefficient replacement of tissue
macrophages as shown by us and several other groups in the past. We recently reinvestigated microglia
development in vivo [#8]. We found that the transcription factor Myb was required for development of
high
monocytes and macrophages, but was dispensable for
haematopoietic stem cells (HSCs) and all CD11b
bright
macrophages in several tissues, such as
YS macrophages and for the development of YS-derived F4/80
liver Kupffer cells, epidermal Langerhans cells and microglia that all can persist in adult mice independently
of HSCs [#8]. We have lately characterized the early yolk sac progenitor that gives rise to microglia in the
+
+
brain: c-kit lineage progenitor cells that have the ability to differentiate into CX3CR1 microglia in vitro as
+
well as in vivo [#5] (Figure 1). These cells also generate Ter119 erythrocytes, indicating that there is a
common erythromyeloid progenitor (EMP) in the yolk sac for both lineages [#5]. The uncommitted EMPs
+
+
+
subsequently disappear and immature F4/80 CX3CR1 (A1 type) and F4/80 CX3CR1 (A2 type)
macrophages develop and can be located on the surface of the developing brain at E9.0. At E13.5, when the
fetal liver is already the primary hematopoietic organ and the main site of HSC expansion and differentiation,
A2 macrophages as microglial precursors can be detected in significant numbers within the ventricular lining
of the fourth ventricle. In collaboration with the Jung lab we furthermore established recently a novel
CreER
line, that is able to target long-living CX3CR1+
tamoxifen (TAM)-inducible Cre mouse model, the CX3CR1
cells such as microglia within the CNS [11] [#6].

Figure 1: Current view on the origin of microglia. Adapted from [#4].
Microglia derive from immature uncommitted c-kit+ erythromyeloid progenitors (EMP), stem cells formed during
primitive hematopoiesis, which begins at embryonic day (E) 7.5 – 8.0 in the yolk sac in mice [#5]. These cells start to
up-regulate the leukocyte common antigen (also known as CD45) but do not express myeloid markers yet. They will
give rise to myeloid cells (A1 stage). Later, myeloid cell markers, such as F4/80, CX3CR1 and Csf1r are expressed
by migrating A2 cells (differentiated from A1 cells) that populate the brain mesenchyme. These early microglia reside
in the brain throughout life and are thought to sustain the microglia population locally.
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Myeloid cell engraftment in the diseased brain
Myeloid cell recruitment to the brain is a characteristic feature of several diseases. However, the manner by
which myeloid cells selectively accumulate in central nervous system (CNS) lesions is largely unknown. In
previous studies using bone marrow (BM) chimerisms (BMCh) we have examined the engraftment of BMderived phagocytes (BMDP) under physiological and pathophysiological conditions. We have demonstrated
enhanced BMDP engraftment in several disease models, such as stroke and facial nerve axotomy [#10],
spongiform encephalopathies and bacterial meningitis induced by S.pneumoniae [#4] All these chimeric mice
studies used total body irradiation as the condition regimen for the BM transplantation, thereby exposing the
brain to potential irradiation-induced changes in the local microenvironment. We therefore designed a set of
experiments using CNS protected and unprotected BMCh. By doing so we could clearly show that BMDP
engraftment in CNS pathologies, which are not associated with overt blood-brain barrier disruption, required
previous conditioning of the brain (for example, by direct tissue irradiation) [#9] We further defined BM+
derived C-C chemokine receptor (CCR) 2 myeloid cells as the direct precursor cell of BMDP and described
the local conditions within the brain, that are necessary for monocyte engraftment into the CNS [#9]. Similar
results were obtained from the Rossi group [12] [13]. To elucidate the spatiotemporal roles of mononuclear
phagocytes during Alzheimer`s disease (AD), we targeted myeloid cell subsets from different compartments
swe
swe
and
and examined disease pathogenesis in three different mouse models of AD (APP /PS1, APP
APP23 mice). We identified CCR2-expressing myeloid cells as the population that was preferentially
recruited to β-amyloid (Aβ) deposits [#4]. Unexpectedly, AD brains with dysfunctional microglia and devoid of
parenchymal BMDP did not show overt changes in plaque pathology and Aβ load. In contrast, restriction of
CCR2-deficiency to perivascular myeloid cells drastically impaired β−amyloid clearance and amplified
vascular Aβ deposition, while parenchymal plaque deposition remained unaffected. Taken together, these
data advocate selective functions of CCR2-expressing myeloid subsets in AD. We furthermore demonstrated
lo
+
hi
that CX3CR1 CCR2 Ly-6C monocytes are rapidly recruited to the inflamed brain and were crucial for the
lo
+
hi
effector phase of autoimmunity in the CNS. In contrast, CX3CR1 CCR2 Ly-6C monocytes play a redundant
role for the host defence during bacterial meningitis and that predominantly neutrophils recruited to the
damaged brain where they can accomplish a disease-promoting role during diseases of the CNS [14]. In
sum, microglia are considered to be long living with high capacity for self-renewal [11, 13, 15, 16]
Microglia and innate immunity of the brain
The IκB kinase (IKK) complex induces NF-κB activation and has recently been recognized as a key player of
autoimmunity in the CNS. Surprisingly, we found that brain-specific IKK2 expression is dispensable for
proper myelin assembly and repair in the CNS, but instead plays a fundamental role for the loss of myelin
[#6]. Importantly, IKK2 depletion in glial cells, but not in oligodendrocytes, was sufficient to protect mice from
myelin loss. These results revealed a crucial role of glial cell-specific IKK/NF-κB signaling for CNS damage.
Furthermore, we found distinct macrophage/microglia-restricted responses essential for innate immunity in
the CNS. The action of cytosolic RIG-I-like helicases (RLHs) in the CNS during autoimmunity was largely
unknown. In a former report we showed that during EAE, mice lacking the RLH adaptor IPS-1 developed
exacerbated disease accompanied by markedly higher inflammation [#7]. Furthermore, activation of RLH
ligands such as 5´- triphosphate RNA oligonucleotides decreased CNS inflammation and improved clinical
signs of disease. RLH stimulation repressed maintenance and expansion of committed TH1/TH17 cells
whereas T-cell differentiation was not altered. Notably, TH1/17 suppression required type I IFN receptor
(IFNAR) engagement on dendritic cells but not macrophages or microglia [#7].
The definition of microglia functions has so far been hampered by the lack of genetic in vivo approaches that
allow discrimination of microglia from closely related peripheral macrophage populations in the body. In a
joint project with the Jung lab we recently introduced a novel murine experimental system that specifically
targets microglia to examine the role of the MAP-3 kinase TGF-β-activated kinase 1 (TAK1) during
CreER
autoimmune inflammation, namely the constitutive CX3CR1 Cre and the tamoxifen-inducible CX3CR1
line [11] [#6]. Conditional depletion of TAK1 only in microglia but not in neuroectodermal cells suppressed
disease, significantly reduced CNS inflammation and diminished axonal and myelin damage by cellautonomous inhibition of the NF-κB, JNK, and ERK1/2 pathways. Thus, we revealed a pivotal role of TAK1
in CNS autoimmunity. By taking advantage of unique microglia features such as their constitutively high
expression of CX3CR1 and their longevity that distinguishes these cells from their peripheral blood
counterparts, we presented, with the inducible CX3CR1CreER line, the first in vivo model that allows for the
investigation of microglia-specific genes during health and disease at defined time points (Figure 2). This
novel valuable instrument will also be used in the current proposal when investigating microglia biology
CreER
line allowed us to decipher the origin,
during ontogeny and pathology. Just recently, the CX3CR1
kinetics and fate of non-parenchymal macrophages in the CNS [#1].
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CreER

Figure 2: CX3CR1
mice allow to target long-living CNS cells like microglia but not monocytes. Adapted
from [#6].
CreER
A) Scheme for the induction of recombination in inducible CX3CR1
R26-YFP animals. Tamoxifen (TAM) was
CreER
given subcutaneously to five to seven week old animals. B) Ex vivo-isolated microglia from inducible CX3CR1
R26-YFP mice were characterized by surface expression of CD45 and CD11b and concomitant YFP expression one
week after TAM application. C) Kinetics of YFP-positive cells in the circulation by FACS. Data are expressed as
mean ± SEM. Four mice were examined in each experimental group.

Regulation of microglia homeostasis in vivo
Microglia are the local tissue macrophages in the CNS belonging to the broadly distributed and highly
heterogeneous group of mononuclear myeloid cells in the body that mediate the local immune response
during development, health, inflammatory and degenerative diseases [17] [#4]. Microglia dysregulation is
thought to be causal for a group of neuropsychiatric, neurodegenerative and neuroinflammatory diseases,
called ‘microgliopathies’ [#4]. However, how the intracellular stimulation machinery in microglia is controlled
is poorly understood. We recently identified the ubiquitin-specific protease (Usp) 18 in white matter microglia
that essentially contributes to microglial quiescence [#3]. We further found that microglial Usp18 negatively
regulates the activation of Stat1 and concomitant induction of interferon-induced genes thereby disabling the
termination of IFN signaling. The Usp18-mediated control was independent from its catalytic activity but
instead required the interaction with Ifnar2. Additionally, the absence of Ifnar1 restored microglial activation
indicating a tonic IFN signal which needs to be negatively controlled by Usp18 under non-diseased
conditions. These results identified Usp18 as a critical negative regulator of microglia activation, demonstrate
a protective role of Usp18 for microglia function by regulating the Ifnar pathway, and establish Usp18 as new
molecule causing a destructive microgliopathy.
We furthermore demonstrated recently significant contributions of host microbiota to microglia homeostasis
as germ-free (GF) mice displayed global defects in microglia with altered cell proportions and an immature
phenotype leading to impaired innate immune responses [#2]. Together with the Amit lab we established
+
lo
single cell genome-wide mRNA expression profiles on flow cytometry-isolated CD11b CD45 microglia by
using quantitative deep sequencing of the RNA transcripts (RNA-Seq) [#2]. We observed striking differences
in the mRNA profiles of microglia genes between SPF and GF animals. In total, 198 genes were significantly
down-regulated and 173 genes were up-regulated (P < 0.01, and two fold change) in microglia from GF mice
compared to colonized SPF controls.
Temporal eradication of host microbiota severely changed microglia properties. Limited microbiota
complexity also resulted in defective microglia. In contrast, recolonization with a complex microbiota partially
restored microglia features. We determined that short-chain fatty acids (SCFA), microbiota-derived bacterial
fermentation products, regulate microglia homeostasis. Accordingly, mice deficient for the SCFA receptor
FFAR2 mirrored microglia defects found under GF conditions. These findings revealed that host bacteria
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vitally regulate microglia maturation and function, whereas microglia impairment can be restored to some
extent by complex microbiota.
Taken together, we intend to establish a transcriptional landscape that correlates with microglia function in
vivo in order to fully characterize the complex molecular and cellular changes that ensure microglia diversity
in health and disease.
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3.4

Project plan

3.4.1

Work Program and Methods

In order to more fully characterize the complex spatial, temporal and molecular changes that ensure
GFP
and CX3CR1CreER mouse lines because CX3CR1
microglia heterogeneity we will focus on CX3CR1
expression in the CNS is restricted to microglia/macrophages from early stages of development in the yolk
sac (YS) throughout adulthood [#5]. Specifically, we want to
•
•
•
•

Apply a yolk sac progenitor-specific fate mapping system for the analysis of microglial genomic
landscape during physiology (ontogeny) compared to other tissue macrophages,
Characterize microglia expansion in vivo in a time- and spatial-dependent manner,
Investigate microglia clonality during ontogeny and disease and finally,
Examine microglia expansion in the CNS of Alzheimer’s disease (AD) patients.

Aim 1: Genomic landscape of microglia expansion
A) During development: We want to prove first the hypothesis that microglia have a unique genomic
lo
hi
signature compared to other CD11b F4/80 tissue macrophages such as Kupffer cells in the liver,
Langerhans cells in the skin, alveolar and kidney macrophages. We will therefore adapted our recently
established CX3CR1CreER fate mapping system (Figure 2) [#6] [11] to unequivocally determine the temporal
and spatial origin of tissue macrophages and to investigate their full transcriptional program during ontogeny
from the YS until adulthood.
In detail, we will first use CX3CR1GFP mice to follow the fate of myeloid cells during early embryogenesis.
CX3CR1 is expressed in mature monocytes as well as many tissue macrophages and their precursors [11].
To determine at which time point the YS contains progenitor cells with macrophage features, we will analyse
E9.0 embryos by thorough confocal microscopy. We will focus on two distinct populations in the YS at this
+
+
+
+
time point: CD31 -c-kit EMPs and CX3CR1 F4/80 early macrophages. We will investigate the exact
location, where early macrophages can be found, with a particular focus on the YS and the para-aortic
splanchno-pleural region.
From our previous studies we know that microglia derive from the A2 progenitors of the YS [#5]. However,
our hypothesis is that F4/80hi macrophages in liver, kidney and skin derive from the A2 progenitors of the YS
as well. In order to address this issue we will perform fate mapping and subsequent gene-profiling of tissue
CreER
macrophages during ontogeny. Together with Jung [A02] we will adapt our recently developed CX3CR1
CreER
mouse system (Figure 2) to target A2 progenitors in the YS only. Male CX3CR1
:Rosa26-YFP mice will
be crossed to female wild-type mice and plug-positive animals shall be injected with a single intraperitoneal
dose of tamoxifen (TAM) at E 9.0 (Figure 3A). The application of TAM at E9.0 induces the recombination of
+
CX3CR1 progenitor cells. Importantly, this approach will evoke a rapid and time-limited recombination in A2
precursors and at a defined time point of development. Targeting A2 progenitors by TAM injection at E9.0
hi
hi
will induce efficient YFP labelling of brain microglia, F4/80 Kupffer cells, F4/80 kidney macrophages and
+
+
MHC II CD11b skin macrophages.
After having established this A2 YS-dependent labeling system, we will isolate EMP from E8.0 YS, A1 and
hi
A2 cells from E9.0 YS and embryonic F4/80 macrophages from E14.5 brain, liver and kidney and performed
a whole-genome expression analysis using RNA-Seq as described before [#2]. These comparisons will allow
us to assess microglia position in the universe of myeloid cells in the body and to define developmental and
environmental influences on microglia. Subsequent investigation of the 1.000 most variable transcripts by
hierarchical clustering (Figure 3B) and generating a co-regulation network based on all expressed
transcripts (Figure 3C) will then subsequently be applied.
Together with the Amit [A03] group we will perform single cell genome-wide mRNA expression profiles on
hi
flow cytometry-isolated EMP from E8.0 YS, A1 and A2 cells from E9.0 YS and embryonic F4/80
macrophages from E14.5 brain, liver and kidney. For RNA-seq analysis single cells will be FACS-sorted
directly into a 384-well plate containing 4 µl lysis buffer (dd H2O, 0.1 % Triton-X and 0.4 U/µl RNasin as
described above. Thereafter, the plate is centrifuged, snap frozen on dry ice and stored at -80°C. RNA-Seq
library production, following sample preparation and analysis will be carried out as described previously [18].
Expression profiling will enable us to establish the tissue macrophage pedigree with the exact position of
microglia in the universe of tissue macrophages.
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Figure 3: Strategy for microglia and tissue macrophage fate mapping.
CreER
A) Fate mapping strategy to target the A2 progenitor population preferentially in the YS. Male CX3CR1
:R26YFP mice will be bred to wild-type animals and plug positive mice will be injected at E 9.0 with tamoxifen (TAM).
Offspring shall be analyzed at defined time points. B) Hierarchical clustering of most variable probes within the
dataset of embryonic development of yolk sac-derived tissue macrophages. C) Sample-wise co-regulation network of
embryonic macrophage development.

B) During disease: It is currently unclear, whether similar changes in the microglia genome occur during
development and specific diseases. We will therefore use FACS-sorted CD11b+CD45loLy-6Clo microglia from
CreER
:Rosa26Tomato mice (4 weeks after injection of TAM) under normal or diseased conditions,
CX3CR1
namely neurodegeneration (5xFAD and control mice as model of Alzheimer’s disease at three and six
months of age (together with Meyer-Luehmann [B08]) and stroke (MCAO model with the Priller [B07] group
at stroke maximum) and compare them to microglia from the developmental group. Biostatistical analysis to
define co-regulation networks for microglia activation will be performed with the Z-project (Backofen [Z01]
group). In detail, to describe the structure within the data set, we will perform co-regulation analysis (CRA)
based on Pearson’s correlation coefficients by using BioLayout Express3D. We shall further determine the
ANOVA model for defined variable or differentially expressed genes. To corroborate a developmental
specific structure in the data set we will determine self-organizing maps (SOM) and visualize them after
hierarchical clustering (HC) (SOM-clustering). On the basis of the 1.000 most variable genes within the data
set, we will calculate Pearson’s correlation coefficient for all conditions and visualize the resulting correlation
coefficient matrices (CCM) after HC as a heat map. The model of macrophage activation will be established
by grouping the samples according to the clusters obtained by the CCM analysis, utilizing the 3D coordinates
of the individual macrophage samples determined by CRA, calculating mean vectors for the clusters and
plotting the information in a 3D graph using the coordinates of the baseline macrophages as the origin.
These procedures will allow us to assess the establishment of microglia subtypes during disease stages.
In order to achieve these two aims, we will furthermore:
1. determine a) the proliferation peak in these model systems by application of proliferation markers on
tissue sections such as Ki-67 (MKI67), incorporation of bromodeoxyuridine (5-bromo-2'-deoxyuridine,
BrdU) and b) the expression of proliferating cell nuclear antigen (PCNA) and phospho-histone H3
+
+
(pHH3) for parenchymal Iba-1 CX3CR1 cells.
2. investigate dynamic protein binding to DNA elements that regulates genome function, cell fate and
specificity. In addition to the expression profiles of different macrophage populations including
microglia during distinct developmental stages and the two pathological conditions (5xFAD model of
AD and MCAO), we will examine the chromatin landscape and determine the contributions of
ontogeny and environment to tissue-resident macrophage identity. Based on the distribution of histone
modifications, we will map the regulatory elements including promoters, active enhances and poised
enhancers. In detail, FACS-sorted macrophages for chromatin immunoprecipitation (Chip)-seq will be
crosslinked upon single-cell suspension, prior to sorting, to minimize the impact of the chromatin state.
Cross-linked samples of each population shall be used for profiling histone modifications, such as
H3K1me1 (candidate enhancers), H3K4me2 (promoters and enhancers), H3K4me3 (promotors) and
H3K427ac (active enhancers). It is expected that these genome-wide histone modifications will shed
light on the current regulatory state if a cell type. Technical expertise will be shared with Ido Amit [A03]
[18].
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Aim 2: Real-time examination of spatial and temporal expansion of microglia
We will fist apply intravital 2-Photon microscopy during development (E9.5, E18, P60) to monitor microglia
GFP
and CX3CR1CreER:Rosa26m:Tomato:GFPflox mice. We have recently
expansion kinetics in CX3CR1
successfully established in vivo imaging of living embryos (Figure 4). For adult animals cranial window
preparations will be used in collaboration with the Meyer-Luehmann group as described before [19]. We will
compare microglia migration and surveying capacity (total fine process turnover rate, TOR) during different
developmental stages. In a next step, kinetics of microglia cell division will be measured. Myeloid cell
expansion in vivo will be performed in cooperation with the Lämmermann group [20]. We hypothesize that
during development microglia populations can be discriminated based on their movements characteristics.
To further characterize these microglia subsets, brain sections will be analyzed on a histological level for
microglia-specific expression of the surface molecules MHC class II, CD44, CD45, ILB4, and correlated with
the genomic signatures obtained from aim 1.
Figure 4. In utero multiphoton imaging of yolk sac
macrophage dynamics.
(A) Experimental workflow of
surgery, time-lapse recording,
data analysis, and immunohistochemistry.
Using
the
CX3CR1CreER:
Rosa26m:Tomato:GFPflox
mouse, microglia are GFPlabelled (green) and Tomato
signals (red) are ubiquitous. (B)
volume
Three-dimensional
showing migration of GFP+
precursors from yolk sac to the
brain mesenchyme at E9.5.
Right panel depicts the crosssection indicated by the grey
slicing plane on the left. (C)
Single-plane image depicting
migration of E11.5 embryonic
Microglia from the mesenchyme
into the neuroectoderm within
15 minutes. Broad open arrows
in (B) and (C) highlight the
“chain-of-cells”
morphology.
Scale bars, 100 µm. Image by
TL
Tay
(Neuropathology
Freiburg).

For intravital 2-Photon microscopy in healthy, AD or MCAO adult mice, a cranial window over the right
GFP
mice as
cortical hemisphere will be surgically implanted as previously described [19]. 5xFAD CX3CR1
model of Alzheimer’s disease and control mice will be used at three and six months of age (in cooperation
with the Meyer-Luehmann [B08] group). Similarly, MCAO mice, as model for stroke, will be prepared and
analyzed at stroke maximum together with the Priller group [B07]. Mice will subsequently be anesthetized
with an intraperitoneal injection of ketamine/xylazine. Additionally, dexamethasone is intraperitoneally
administered immediately before surgery. A circular piece of the skull over the somatosensory cortex (4 mm
in diameter) is removed using a dental drill. Special care will be taken to leave the underlying dura intact.
The dura is covered with PBS. Immediately, a round coverslip (5 mm diameter) is glued to the skull using
dental acrylic to close the craniotomy. A small metal bar, containing a screw thread, shall be glued next to
the coverslip to allow repositioning of the mouse during subsequent imaging sessions. After surgery, mice
receive a subcutaneous analgesic dose of carprophen for 3 days. Imaging in adult mice will begin following a
21 day rest period after surgery for the window to become stable. Two-photon imaging will be performed
using an upright Zeiss Axioskop 2Fs mot LSM5MP setup, equipped with a MaiTai HP two-photon laser. All
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fluorophores are excited at 880 nm and the fluorescence emission is detected by two non-descanned
detectors with large aperture detection optics. Prior to each imaging session, mice are anesthetized by an
intraperitoneal injection of ketamine/xylazine. To label the blood vessels a tail vein injection with 5 mg/kg
body weight of Texas Red dextran in sterile saline is carried out. Imaging sessions last for no longer than 60
minutes. Image acquisition is performed with the Zeiss LSM510 Rel3.5 software.
To measure the microglia surveying capacity (turnover rate, TOR) and migration time-lapse image stacks
with 512 x 512 pixels per image frame are generated. The TOR of microglial fine processes will be
determined by overlaying subsequent maximum intensity projected z stack-images spanning 40 μm in zdirection. These will be pseudocolored in green and red, which will allow us to measure the area of gained
processes in green, lost in red and stable in yellow. The TOR is then calculated as the sum area of gained
and lost processes, divided by the whole area occupied by the microglial cells in percent. Moreover, we will
finally measure microglia density and cell movement velocity in the different experimental conditions. The
combination of the data obtained from aim 1 (genomic landscape of microglia expansion during physiology
and pathophysiology) and aim 2 (analysis of spatial and temporal expansion of microglia during physiology
and pathophysiology) will allow to define several distinct characteristics of microglia under defined
conditions.
Aim 3: Microglia clonality in vivo
Microglia constitute a network of immune sentinels in the brain that is seeded during embryogenesis.
Whereas the development of microglia has been extensively studied by many groups including ours [9] [#5,
#8], much less is known about the homeostatic renewal of microglia under steady-state and disease
conditions. Nowadays, microglia are considered to persist throughout the entire life of the organism under
homeostasis without any significant input from circulating blood cells due to their longevity and their capacity
of self-renewal [13, 16] [#6]. However, dynamics of microglia networks could not be investigated before due
to technical limitations. The usage of only a single gene reporter for labelling the whole microglia population
[#6] does not allow the differentiation of microglia dynamics over time consisting of expanding cells and their
progeny.
To distinguish microglia subsets in the brain parenchyma with multicolor reporters, we already crossed the
CreER
[11] [#6] and R26RConfetti mouse lines to generate CX3CR1CreER:R26R Confetti, a confetti reporter
CX3CR1
CreER
:R26RConfetti mice individual microglia can randomly
strain. Upon application of tamoxifen in CX3CR1
express one of four possible fluorescence reporter proteins encoded by the confetti construct: nuclear green
fluorescent protein (nGFP), cytoplasmic yellow fluorescent protein, cytoplasmic red fluorescent protein, and
membrane-tagged cyan fluorescent protein (mCFP) (Figure 5).
Thus, we are able to tag long-living tissue macrophages such as microglia in the CNS. Microglial cells
marked by confetti are phenotypically indistinguishable from non-transgenic wild-type microglia by Iba-1
immunoreactivity and their expression of myeloid (CD45, Ly-6C and CD115) and activation markers (CD44,
CD62L and MHC class II) (data not shown). Thorough histological analyses of other brain cell types revealed
no confetti expression in neurons, astrocytes or oligodendrocytes (data not shown). In collaboration with
Fernández-Klett [B01] group we already optimized the RFP signal for intravital multiphoton imaging via a
cranial window to capture microglia cell division upon laser lesion in vivo over two days (data now shown).
This newly established multicolour fluorescent fate mapping system will allow us to examine microglia
dynamics in vivo. In detail, we shall examine the kinetics of the microglia network during development (E14,
E18, P4), homeostasis (adulthood, P60) and disease. The 5xFAD CX3CR1CreER:R26R Confetti and control mice
as model of Alzheimer’s disease at three and six months of age (in cooperation with the Meyer-Luehmann
group) and stroke (MCAO model with the Priller group [B07] at stroke maximum) will be used.
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Figure 5. Generation of CX3CR1CreER:R26RConfetti mice for labelling of microglia. (A) The resulting confetti-labelled
microglia can be detected by (B) nuclear green fluorescent protein (nGFP, green), (C) cytoplasmic yellow fluorescent
protein (YFP, yellow), (D) cytoplasmic red fluorescent protein (RFP, red), and (E) membrane-tagged cyan fluorescent
protein (mCFP, cyan). Iba-1 immunohistochemistry is shown in magenta (inset). Image by TL Tay (Neuropathology
Freiburg).

We expect to achieve data on the microglia network dynamics over time and whether microglia expansion
under distinct conditions is random or clonal. Under all paradigms tested Monte-Carlo-simulated data sets
will be used. Computations will be performed on standard hardware running Microsoft Windows 7 64-bit. In
the final step, we will use Monte-Carlo-simulations based on the cell numbers present in the corresponding
experimental image data. In addition to significance evaluation using Monte-Carlo-simulations for each
CreER
:R26RConfetti mice two days after
dataset, we will compare the cluster formation differences in CX3CR1
tamoxifen in different settings and time points using standard t test statistics.
To extend our observations of the environment-associated differences in the rate of microglia expansion, we
take an additional approach to pulse-label actively dividing microglia in steady-state. For that purpose adult
GFP
mice will be challenged injected with the thymidine analogs 5-ethynyl-2'-deoxyuridine (EdU) and
CX3CR1
5-bromo-2’-deoxyuridine (BrdU). Any microglia precursors present in potential microglial proliferative niches
should incorporate both analogs. Microglia were subsequently compared to all other brain cells, such DCX+
immature hippocampal neurons. For EDU experiments, mice will be injected i.p. with 1 mg of EDU and killed
14 h later and subjected to flow cytometric analysis.
These experiments will reveal new insights on how microglia ensure their complex distribution throughout the
healthy (E14, E18, P4, P60) and diseased brain (MCAO, 5xFAD).
Aim 4: Microglia expansion in the CNS of Alzheimer’s disease (AD) patients
Here we intend to verify microglial dynamic changes, identified in the 5xFAD mouse model, in brains of
Alzheimer`s patients. Importantly, classical immunohistochemical (IHC) studies in human AD brains revealed
prominent microglial reactions. But whether this pathological feature is due primarily to cell proliferation or to
a phenotypic change of resting cells remains controversial.
This study will involve cohorts of ten patients each, of mild (Braak and Braak stage 3-4) and severe
Alzheimer`s disease (Braak and Braak stage 5-6). We propose to examine microglia in the Alzheimer brains
using morphometric analysis and quantitative analysis of cell proliferation.
We will therefore perform double-fluorescence IHC studies of microglia proliferation (Ki-67, Iba-1), followed
by unbiased stereology-based quantification in temporal cortices of AD patients and age-matched nondemented subjects. Quantitative morphometric measurements of microglia shall be performed by 3DIMARIS-based measurements of Iba-1 immunostained sections. Z-stacks will be recorded and subsequently
analysed using IMARIS software as described before [#2]. At least twenty hippocampal and cortical
microglial cells will be reconstructed per analysed individual and the number of branching points, segments
and terminal points, and the dendrite lengths will be assessed as described by us before [#2].
This study will allow us to evaluate whether microglial dynamics identified in the animal model of Alzheimer`s
disease are present in human disease as well. We will further evaluate how this dynamics correlate with
different stages of Alzheimer`s disease and whether determination of microglia proliferation can play a role in
staging neurodegenerative disease.
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3.4.2

Work Plan
2017

2018

2019

Aims

2020
1+3

2

Aim 1: Analysis of microglia and
tissue macrophage expression
profiles during development
Aim 1: Microglia expression profile in
disease (AD, MCAO)
Aim 1: Microglia enhancer landscape
during development and diseases

1+2

Aim 1: Microglia proliferation in
health and disease
Aim 2: Microglia expansion by 2PM
during development
Aim 2: Dynamics of microglia by 2PM
during disease
Aim 3: Analysis of microglia clonality
during development and disease
Aim 4: Expansion of microglia in AD
samples

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner
ID

PI

A03

Amit

A06

Lämmermann

ID

MeyerLuehmann
PI

B09

Heppner

B07

Priller

Z01

Backofen

B08
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Collaborations
Research interactions
Single cell RNA-Seq and Chip-Seq from microglia.
2-Photon microscopy analysis of myeloid cell migration during development.
2-Photon microscopy analysis of microglial expansion during
neurodegeneration.
Methodological interactions
Microglia in human AD samples (tissue and technical exchange).
The Priller group will help with the MCAO model for microglia activation.
Will provide support for RNA-Seq and Chip-Seq analysis.

4

Project A01

3.6

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

CRC 992 Medical Epigenetics

DFG
(SFB 992, TP C02)

07/2016 – 06/2020
under evaluation

Microglial histon acetylation and methylation marks during Alzheimers disease models are investigated in
my project within the SFB992.
Role of myeloid-specific IRF-8 for T-cell-mediated
autoimmune inflammation

DFG (SFB 1160,
TP A11)

07/2015 – 06/2019

In the project A11 we are studying the role of Irf-8 for autoimmune inflammation.
Antigenpräsentierende Funktionen von myeloischen
Zellen während der ZNS-Autoimmunität

DFG PR 577/6-3

04/2015 – 03/2018

BMBF, DLR
01GI1303B

03/2016 –1 02/2019

DFG, ReinhartKoselleck-Grant

01/2016 – 12/2019

This project deals with antigen presentation in EAE.
Verbundvorhaben Kompetenznetz Multiple Sklerose;
TP 5 Modeling MS
The role of myeloid cells in EAE is investigated here.
Origin and fate of CNS myeloid cells

The origin and fate of CNS macrophages other than microglia are examined.

There is no thematic overlap of any of these projects with the work proposed here.

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
PhD, 65%
TA, 100%
Total

2017

Grand total
(All figures in euros)

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
40,200
1
40,200
1
40,200
1
40,200
1
45,900
1
45,900
1
45,900
1
45,900
86,100
86,100
86,100
86,100

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total

2018

Sum
30,000
5,900
22,000
57,900

Sum
30,000
5,900
22,000
57,900

Sum
30,000
5,900
22,000
57,900

Sum
30,000
5,900
22,000
57,900

Sum

Sum

Sum

Sum

144,000

144,000

144,000

144,000

none
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Requested funding for staff
Sequential
no

Existing staff
Research staff 1
Non-research
staff

2

Requested staff

Name,
academic
degree,
position
Marco Prinz,
MD,
Professor,
Chairman
Margarete
Ditter
(technician)

Research staff 3

N.N.
(PhD
student)

Non-research
staff

Katrin Seidel
(Technician)

4

Field of
research

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Category

3.7.3

Funding
source

NeuroInstitute for
immunology,
Neuropathology
Neuropathology

10

University

Institute for
Neuropathology

4

University

NeuroInstitute for
immunology,
Neuropathology
Neuropathology
Institute for
Neuropathology

PhD
student
Technician

Job description of staff (supported through existing funds):
1.
Marco Prinz is the principal investigator (PI) of this project. He is responsible for coordination,
experiment planning, supervision of the technical staff and the PhD student and for writing
manuscripts. He will spend 20 % of his working time on this project.
2.

Margarete Ditter (technician)
This position is funded by the Institute for Neuropathology, Medial Center – University of Freiburg. She
will spend 10 % of her working time on this project by helping with mouse histology (perfusion of
animals, preparing of the CNS tissue, embedding, providing paraffin sections).

Job description of staff (requested funds):
3.
PhD (N.N.)
This PhD student will perform all the microglia-related molecular biology experiments such as
advanced FACS analysis and sorting, immunohistochemistry, qRT-PCR, RNA extraction. The PhD
student will also perform RNA-Seq and Chip-Seq experiments planned together with the Amit group
[A03]. She/he will be supported by the technician Katrin Seidel who will help her/him to learn and
apply experimental techniques of immunohistochemistry and PCR for genotyping. Specific aims 1, 4.
The PhD student will also perform the in vivo studies using 2-Photon microscopy (2-PM). These
studies are very sophisticated and require a long learning phase and a significant amount of technical
experience. The usage of the 2-PM is established at the Institute for Neuropathology. However, the
experiments for a new student are very time consuming and will be conducted in collaboration with the
Lämmermann [A06] and Meyer-Luehmann [B08] groups. 2-PM analysis is followed by extensive
quantitative evaluation of the data and subsequent histology. Specific aims 2, 3.
4.
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Technician (Katrin Seidel)
Katrin Seidel is currently a research technician at the Institute of Neuropathology, University of
Freiburg. She has profound experiences in genotyping and histology/immunohistochemistry. She will
mainly perform histology, genotyping and RT-PCR. She is essential because intravital 2-PM analysis
is followed by extensive quantitative evaluation of the data and subsequent histology. Specific aims
2,3.
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3.7.4

Requested funding of direct costs

Existing funds from the Institute of
Neuropathology
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

10,000

10,000

10,000

10,000

57,900

57,900

57,900

57,900

Requested Consumables
Cell culture media
Oligonucleotides, restriction enzymes
Taq-polymerase, fluorescent detection dyes
Primary antibodies for flow cytometry
Secondary antibodies for flow cytometry
Primary antibodies for immunohistochemistry
Secondary antibodies for immunohistochemistry
Chemicals
Material for H&E staining, tissue processing
Total per year
(All figures in euros)

Requested Animal Costs
Calculation
680 mice x 50 weeks x 0.7 EUR = 23,800.
Per year 23,800/4 = 5,950, 5,900 per year
Total per year
(All figures in euros)
Requested Other Costs
Chip + RNA Sequencing
Total per year
(All figures in euros)

3.7.5

2017

2,000
4,000
4,000
3,500
3,500
4,000
4,000
2,000
3,000

2018

2,000
4,000
4,000
3,500
3,500
4,000
4,000
2,000
3,000

2019

2,000
4,000
4,000
3,500
3,500
4,000
4,000
2,000
3,000

2020

2,000
4,000
4,000
3,500
3,500
4,000
4,000
2,000
3,000

30,000

30,000

30,000

30,000

2017

2018

2019

2020

5,900

5,900

5,900

5,900

5,900

5,900

5,900

5,900

2017
22,000
22,000

2018
22,000
22,000

2019
22,000
22,000

2020
22,000
22,000

Requested funding of major research instrumentation

None. All equipment is already available at the Institute of Neuropathology
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3.1

General information about Project A02

3.1.1

Project Title: Probing microglial memory - a longitudinal analysis of the microglia
compartment

3.1.2

Research areas: Immunology, Study of Mononuclear Phagocytes

3.1.3

Principal investigator

Jung, Steffen, Prof.
*16.05.1961, German, Israeli
Department of Immunology
Weizmann Institute of Science
Herzl 1
76100 Rehovot, Israel
Phone: +972-8-934-2787
E-Mail: s.jung@weizmann.ac.il
Does the above mentioned person hold a fixed-term position? Yes
End date 31.08.2028

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
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Summary

Microglia are established early during embryonic development from precursors with erythro-myeloid potential
that arise independent from definitive hematopoiesis. These cells subsequently persist throughout adulthood
due to longevity and limited self-renewal potential. Recent works in zebra fish and mice have shown that
microglia contribute in the embryo and during the early postnatal period actively to axon guidance and the
pruning of excess neuronal synapses. These activities are associated with pronounced microglial activation
and signs of physiological 'sterile' inflammation. In stark contrast, adult microglia display a robust state of
quiescence that resists activation. Distinct activity states of microglia of the developing and adult brain are
reflected in highly distinct gene expression signatures and discrete enhancer landscapes. Here, we intend to
use an advanced fate mapping approach to investigate, the fraction of adult microglia that derives from cells
that underwent transient activation or alternatively arises from cells that retained quiescence through the
developmental embryonic activation period. Specifically, we will employ a novel two component 'split' Cre
system to probe brain macrophage heterogeneity and permanently mark microglia that underwent activation.
Labeled cells will be isolated and subjected to transcriptome and epigenome profiling to define the impact of
the early developmental trauma on the adult microglia signature. In a broader context, our study aims to
probe the existence of “microglial memory” and “scars” of past traumata in the microglia compartment.
Epidemiological studies suggest an association of maternal infection and schizophrenia or autism in the
progeny. Moreover, this observation has been reproduced in small animal studies that established that
following maternal immune activation (MIA) offspring displays signs of autism spectrum disorder (ASD). MIA
has been proposed to result in microglial priming and the persistent microglia might represent a critical
causal link between the early trauma, delayed neuronal dysfunctions and behavioral phenotypes observed in
the adult or aged offspring. To specifically investigate the role of microglia in MIA, we will challenge mice that
harbor the stimulus-sensitive reporter system during pregnancy with a poly(I:C) challenge and investigate the
impact on the microglia compartment.
71

Project A02

3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
Recent studies, by us and others, have established two discrete routes for the generation of macrophages.
Specifically, fate mapping analysis revealed that most tissue macrophages are generated during embryonic
development from erythro-myeloid precursors that arise during primitive or early definitive hematopoiesis in
yolk sac and fetal liver, respectively [#3]. Once macrophages seeded the embryonic tissues, the
compartments develop locally within their respective host organ, independent from each other and ongoing
hematopoiesis. Rather, the cells give under the influence of local factors rise to functionally specialized
populations with distinct transcriptomes and enhancer landscapes [1] [#4], and provide critical tissue-specific
functions [2] [#1]. Under conditions of sterile and infectious challenge and inflammation, these tissue-resident
macrophages can be complemented by macrophages that arise from monocyte infiltrates. Monocytes and
their descendants are highly plastic and contribute, depending on when they arrive and what environment
they encounter, to both promotion and resolution of the inflammatory reaction [#7]. With few exceptions,
monocyte-derived cells, however, only transiently seed the tissue and disappear once homeostasis is
restored [3]. Pioneering studies of microglia have significantly contributed to the establishment of this new
paradigm, not the least because the brain tissue represents an extreme with microglia secluded behind the
blood-brain barrier (BBB). Together with exciting reports on novel homeostatic microglia activities in the
developing and even adult brain [4], these studies have led a to a major shift in our view of these brainresident macrophages. Classically considered merely critical for the brain immune defence, microglia are
now - together with other glial cells - regarded integral CNS components and appreciated for their
contributions to the fitness of neuronal circuitries in the healthy organism.
The finding that microglia of the adult are already established during embryonic development had
been suggested earlier. However, the fact that this cellular compartment is not renewed by ongoing
hematopoiesis introduces an intriguing temporal aspect into microglia biology that could have major
physiological implications. First and similar to other CNS-resident cells, the microglia compartment of the
individual is subjected to aging and its inherent impact on fitness. Secondly, the above scenario raises the
question whether the microglia compartment bears and accumulates memory of the individual's past - the
central topic of this proposal. Of note, both of these aspects could have major clinical implications for our
understanding of CNS-related disorders, including Alzheimer’s disease (AD) and Amyotrophic lateral
sclerosis (ALS).
Microglia precursors seed the murine neuroepithel on embryonic day 9 (E9), undergo massive
proliferation and display an amoeboid and phagocytic morphology, indicative of their active involvement in
the establishment of the brain. This pronounced activity and proliferation of the microglia compartment
persists until postnatal day 14 (P14), when the cells are evenly distributed throughout the brain parenchyma.
Development of microglia depends on CSF1-receptor engagement by CSF-1 or its analogue IL-34, which
are differentially expressed in specific CNS regions [5, 6]. Around P20, microglia cease to proliferate and
adopt a characteristic ramified morphology. Since microglia stimulation induces loss of this feature, ramified
morphology can serve as proxy of microglial quiescence. Acquisition of microglial quiescence has been
attributed to the exposure of these cells to TGFβ [7], which results in the establishment of a robust and
unique expression signature and enhancer landscape [8] [#4] that is compatible with CNS homeostasis.
However, while microglia cell bodies indeed no longer move in the adult parenchyma at this stage, intra-vital
GFP
mice, has established that even in the steady-state, microglia very actively probe
microscopy of CX3CR1
their immediate environment and are thus far from 'resting'.
Fate mapping studies show that at least in mice, there is no appreciable monocytic input into the
microglia pool and the cellular compartment persists throughout adulthood [5, 9]. Notably though, this does
not necessarily imply that all cells survive throughout this time window. Rather, the compartment could rid
itself of cells that got harmed or underwent extreme activation and there could be a considerable turnover
and replacement of cells. The rate of steady-state microglial cell division in the adult is low but measurable
[10]. Indeed, microglia harbor also a striking potential for acute self-renewal, as recently shown by us and
others [11-13]. Specifically, using a diphtheria toxin-based conditional cell ablation strategy
CreER
:iDTR mice) we showed that following the acute ablation all microglia are restored within 10
(CX3CR1
days. Importantly, provided the BBB remained intact, regeneration originated exclusively from brain-resident
+
CX3CR1 cells, most likely microglia, without significant contribution of circulating blood monocytes [13].
Given this inherent renewal potential, the fundamental question remains, whether microglia cells that
underwent activation during a development or an infection-associated inflammatory episode can revert to
quiescence and are retained in the microglia pool? While this is likely and hence would imply potential
accumulation of “scars”, the ability of cells to persist will depend on an activation threshold.
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Preliminary work
Differential impact of dicer deficiency on microglia in the developing and adult brain
We recently developed experimental systems that allow to investigate microglia functions during
development and adulthood [#5, #6]. Specifically, we take advantage of the uniquely high and robust
expression of the chemokine receptor CX3CR1 in microglia cells [#10], to target expression of constitutive
(Cre) or tamoxifen (TAM)-inducible (Cre-ER) Cre recombinase expression to these cells [#6]. When
compared to other tissue macrophages, microglia are defined by a unique gene expression signature and
enhancer usage [#4], but also microRNA expression profiles (Figure1 A). The latter short non-coding RNAs
are believed to be critical for the establishment and maintenance of cell identities and fine-tune activation
states [14].

Figure 1: (A) Microglia display distinct
gene and microRNA expression profiles;
(B) Strategy to introduce dicer deficiency
into the developing and adult microglia
compartment (C) Confirmation of absence
of microRNAs in brain microglia (sorted
hi
+
CD11b cells) of TAM-treated
CD45
mutant animals. (D) Hyper-response of
dicer-deficient microglia to in vivo LPS
challenge. (E) Differential transcriptome
signature of microglia of developing an
adult brain, (dominant ingenuity pathways).
(F) Radiosensitivity of dicer-deficient
microglia: example FACS analysis and
graphical summary of the microglia
distribution after engraftment of newborn or
+
gfp
adult mice with CD45.1 CX3CR1 BM.
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To investigate the role of microRNAs in microglia we recently generated CX3CR1CreER:dicer-/fl mice that
harbour following TAM treatment a microglia-restricted deficiency of the enzyme that is required for
microRNA maturation (Figure1B, C). Surprisingly, we found that microRNAs were dispensable for microglial
maintenance and steady-state quiescence, but required to curb microglia responses to challenge. Thus,
following peripheral LPS exposure of mutant animals, dicer-deficient microglia overexpressed proinflammatory cytokines (Figure1D), which led to exacerbated acute impairment of hippocampal neuronal
functions. Microglia of the developing adult brain exhibit distinct gene expression signatures (Figure1E).
Cre
-/fl
Indeed, early microglial dicer ablation in CX3CR1 :dicer mice (Figure1B) resulted in profound
spontaneous microglia hyperactivation. Moreover, transcriptome analysis of mutant microglia revealed a
prominent DNA damage response with associated cycle arrest. Indeed, using BM transplantation we found
that dicer-deficient microglia had lost their characteristic radio-resistance (Figure1F), in line with a proposed
Cre
-/fl
role of dicer products in double strand break repair (DSB) [15]. Finally, adult CX3CR1 :dicer mice
displayed astrocytosis and eventually succumbed to an ALS-like motor neuron defect (Figure1E, F)
(unpublished results). Collectively, these data establish the differential sensitivity of embryonic and adult
microglia to dicer absence and highlight the fundamental changes the microglia compartment undergoes
CreER
- and CX3CR1Cre:dicer-/fl mice provide a unique system to
with time. Furthermore, we believe CX3CR1
study the impact of accumulating DNA damage on the microglia compartment and the mechanisms
underlying microglial radioresistance.
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3.4

Project plan

3.4.1

Work Program and Methods

The overall goal of this project is to test whether the microglia compartment of adult mice harbors “scars”
from traumata the organism encountered during embryonic development (MIA) or young adulthood (viral
challenge), and to define the impact of these experiences on the adult microglia (transcriptome, translatome,
epigenetic landscape, function). The rigorous investigation of this goal will require the establishment and
optimization of new experimental approaches to study microglia in context, such as the 'split-cre' strategy
and Ribo-Tag profiling (Aims 1a, 1b). As they come available, these novel read-outs will be added to the
already established approaches and incorporated into the two complementary experimental paradigms of
immune challenge that we propose to use in this application (Aims 2, 3).
Aim 1a: Genetic in situ Manipulation of Microglia - using the Split-Cre approach to improve the
specificity of microglial gene targeting and establish mice that will report on past inflammatory
episodes
We recently introduced a novel Cre recombinase-based mouse model that allows the efficient conditional
genetic manipulation of microglia in otherwise intact animals [#5, #6]. Our approach capitalized on the
unique high expression of the CX3CR1 chemokine receptor by all microglia cells, including their precursors,
the primitive macrophages. Moreover, the CreER system takes additional advantage of the fact that
microglia are long-lived, as opposed to monocytes that progressively loose rearrangement due to their
replacement.

Figure 2:
The split-cre approach
(A) General schematic; (B) In
vitro co-transfection assay of
293T cells harboring a switchable
reporter
transgene
with
expression vectors encoding CCre, N-Cre or Cre (vector were
kindly provided by J. Hirrlinger);
C-Cre
locus (D, E) N(C) CX3CR1
transgenes
to
target
Cre
microglia (Sall1) vs. perivascular
macrophages
(Slc40a1)
or
monitor microglial past.

CreER
system targets long-lived CX3CR1-expressing cells, excluding most
In summary, the current CX3CR1
tissue resident macrophages and other immune cells, but notably including additional rare populations inside
and outside the CNS, such as non-parenchymal CNS macrophages [16]. The specific targeting of microglia,
and region-specific microglia subpopulations that will likely to arise from ongoing single gene expression
profiling efforts, will require the development of systems that place expression of Cre recombinase under the
combinatorial control of two promoters. One such approach is based on the expression of two inactive 'N'
and 'C'-Cre fragments that gain recombinase activity by overlapping co-expression ('split cre' system) [17]
(Figures 2 A, B). We recently used CrispR/Cas9 technology, in combination with embryonic stem (ES) cell
manipulation to generate C57Bl/6 animals that harbor a C-Cre transgene under the CX3CR1 promoter
(Figure 2 C).
These mice will be used in this study twofold:

(1) To raise the specificity of our targeting approaches and differentiate between non-parenchymal and
+
C-Cre
mice to animals that harbor an Nparenchymal CX3CR1 brain macrophages, we will cross the CX3CR1
Cre transgene under control of either a microglia-restricted promoter, such as the one driving the
transcriptional repressor Sall1 which is absent from peripheral and non-parenchymal brain macrophages [#4]
C-Cre
N-Cre
:Sall1
mice will display Cre recombinase activity restricted to
[16] (Figure 2 D). The resulting CX3CR1
parenchymal microglia. To complementary target perivascular brain macrophages we will combine the
C-Cre
mice with mice harboring the N-Cre transgene inserted into the gene locus of the Solute Carrier
CX3CR1
Family 40 gene, which is not expressed by parenchymal microglia (Moshayev, unpublished observation).
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(2) To monitor microglia memory, we will cross CX3CR1C-Cre mice with animals that harbor transgenes
encoding N-Cre expression under promoters that report on inflammatory episodes (Figure 2 D). Specifically,
we will place N-Cre transgenes under control of an NF-κB-driven promoter (HIV-LTR; and a promoter
harboring an IFNβ-stimulation responsive element (ISRE). To obtain robust expression, we intend to
generate conventional transgenic mice by oocyte pronuclei injection, but also consider targeted insertion of
the respective constructs into the Rosa26 loci using the Crispr/Cas9 approach in ES cells. Once established
C-Cre
:HIV-LTR-N-Cre and CX3CR1C-Cre:ISRE-N-Cre animals will be used under
and characterized, CX3CR1
Aim 2 and 3 in combination with reporter and Ribotag alleles (see below) to report on “scars” of challenges in
the microglia compartment, isolate and profile cells that are permanently marked.
Aim 1b: Translatome profiling of Microglia - using the RiboTag approach
One of the inherent problems of the study of tissue macrophages including microglia, lies in the fact that it
relies on the efficient isolation of these cells from the tissue context. Yet, only fractions of macrophages are
usually retrieved with the currently available protocols, even after extensive collagenase digest, which bears
the caveat of introducing experimental artifacts. Moreover, it remains unclear, whether the cells that can be
isolated for a flow cytometer sort accurately reflect all tissue-resident microglia or are biased towards more
readily retrievable specific subpopulations. To circumvent this potential pitfall we established an alternative
approach based on the specific expression of epitope-tagged ribosomal subunits in microglia. RiboTag mice
tm1.1Psam/J
) carry an allele of the core ribosomal subunit Rpl22 with a 'floxed' wt exon 4 followed
(B6.129-Rpl22
by a modified hemagglutinin (HA) epitope-tagged exon 4 inserted before the stop codon [18]. We have
CreER
background. TAM-induced Cre expression in microglia of these
crossed this allele onto the CX3CR1
animals leads to expression of the HA-epitope-tagged RPL22
(Figure 3A) that is then incorporated into actively translating
ribosomes. Immuno-precipitation of polyribosomes with antiHA antibodies co-precipitates other ribosomal proteins, such
as RPL7 (Figure 3B), and yields ribosome-associated mRNA
transcripts. RNAseq analysis of the IP-ed RNA and
comparison to published reference data revealed significant
enrichment of a microglial signature and de-enrichment
neuronal and other glial signatures (Figure 3C). The method
thus allows retrieval of mRNAs actively translated specifically
in microglia from crude tissue extracts. Of note, by bypassing
the need for cell isolation, the method is highly sensitive and
suited to work with exceedingly low cell numbers or microglia
from defined brain regions. We are currently in the process of
comparing transcriptomes and translatomes of unchallenged
CreER
:RiboTag mice. To
microglia using TAM-treated CX3CR1
profile the changes introduced by a prior immune challenge,
C-Cre
:HIV-LTR / ISRE-N-Cre:RiboTag
we will generate CX3CR1
mice and subject them to MIA or the viral infection protocol
(Aims 2, 3).

Figure 3: The RiboTag approach (A) Immunohistochemistry of TAM-treated CX3CR1CreER:RiboTag mice for HA-RP22
expression in microglia; (B) Schematic of ribosome and western blot analysis of IP documenting IP of intact ribosomes;
(C) Enrichment of microglia signature
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Aim 2: Defining the potential role of microglia in the cognitive impact of Maternal Immune Activation
As highly abundant and strategically positioned immune cells in the brain parenchyma, microglia are
uniquely suited to mediate crosstalk between the immune and the nervous system. Indeed, emerging
evidence suggests that microglia direct and maintain neuronal differentiation and maturation, while playing a
pivotal role in synaptic pruning, neural circuit formation and homeostasis. A particular showcase for the
impact of an immune activation on cognitive performance and behavior is the fact that maternal infection
represents for their children a risk factor for autism spectrum disorder (ASD) and schizophrenia (SZ) [19].
Indeed, this paradigm can be readily reproduced in mice that underwent maternal immune activation (MIA).
Offspring of pregnant females that were challenged during their pregnancy with virus or the viral mimic,
synthetic double-stranded RNA (poly(I:C)) develop as adults profound behavioral deficits that can be
measured and quantified in a battery of assays (Figures 4A, B). The trigger of the behavioral deficits has
been linked to a rapidly induced cytokine and chemokine storm, measurable both in prenatal maternal serum
and in fetal brain. Moreover, maternally-derived IL-6 was shown to be critical for mediating the MIA effects.
The activation however likely involves multiple factors, incl. changes in gut microbiota, and its mechanism
are currently are intense study.

Figure 4:
Maternal Immune Activation
(MIA). (A) Schematic of the
challenge protocol and the
behavioral assays. (B) Results of
pilot MIA experiment on WT
C57Bl/6 animals (saline n=13, poly
I:C, n=8 ). data were generated by
N. Barashi, with help of M Tzoori,
Dept. of Veterinary Resources,
WIS. (C) Flow cytometric analysis
of microglia compartment of
MxCre:R26-STOP-YFP mice with
and without MIA, note higher level
of rearrangement rate in nonparenchymal macrophages and
unchanged frequency of label in
microglia isolated from offspring of
polyI:C challenged mothers.

A key question is, which cellular compartment in the brain maintains the memory of the MIA episode. Here,
we intend to investigate the role of microglial memory in MIA. Specifically, we will perform a comparative
analysis of microglia of mice, whose mothers underwent prenatal saline or polyI:C challenges, with respect
to transcriptomes, translatomes and enhancer landscapes. Changes might be restricted to subpopulations,
or specific brain regions. We hence intend to focus in a second series of experiments on microglial cells that
were present in the fetal brain at the time of challenge and persisted to adult hood. To this end we will take
advantage of a fate mapping approach. In pilot experiments we analyzed Mx-Cre animals [20], that harbor
Cre under the control of the Mx1 promoter which carries multiple ISREs, responds to physiological cytokine
levels and can hence report on inflammatory episodes. Analysis of MxCre:R26-STOP-YFP animals revealed
distinct rearrangement frequencies in non-parenchymal and parenchymal macrophages, highlighting the
distinct past of these cells (Figure 4C). However, analysis of MxCre:R26-STOP-YFP animals revealed
significant spontaneous background rearrangement in microglia (> 20% YFP+ cells) which did not allow us to
detect an increase in labeled cells obtained from polyI:C- vs. saline-treated mothers (Figure 4C). To
C-Cre
:HIV-LTR-N-Cre and CX3CR1Covercome this problem we will perform the MIA experiment with CX3CR1
Cre
:ISRE-N-Cre mice harboring the conditional reporter genes that are expected to have low background.
+
int
YFP CD45 microglial cells will then sorted and profiled. To circumvent the sort and focus on microglia, we
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will incorporate the above-mentioned 'split-cre' system into the model. As the reporter gene activation with be
microglia-specific, we will also be able to use immuno-histochemistry to locate the microglial cells that
underwent activation and returned to quiescence in specific CNS region, such as the hippocampus, frontal
lobe or cerebellum. This might be interesting giving the emerging evidence for regional diversity among
microglia [21]. Furthermore, in combination with the RiboTag locus, it will enable us to perform a translatome
analysis of these cells. Collectively, these efforts are aimed to 'zoom in' on microglia and expected to
considerably improve the resolution of our analysis.
Aim 3: Studying scarring of the microglia compartment following intranasal viral challenge
As outlined above, a key question for our understanding of the dynamics of the microglia compartment over
time is, whether microglia cells that underwent activation during an inflammatory episode can revert to
quiescence and are retained in the microglia pool? The exact mechanism of immune activation in the
pregnant mothers remains unclear and we hence intend to complement our studies with an experimental
infection models. Upon intranasal (i.n.) instillation of vesicular stomatitis virus (VSV), an infection mode that
models aspects of airborne infections, the neurotropic virus moves via the olfactory nerves to the olfactory
bulb and further spreads over the whole CNS. Mice are, however, protected from lethal encephalitis by
astrocytes in the olfactory bulb that are critical producers of IFNβ [22]. VSV antigen positive regions are
transiently associated with strong astrocytosis and microgliosis. WT mice, however, efficiently clear VSV
from the brain by virtue of strong innate and antibody-mediated immune responses [23]. The long-term
impact of the infectious episode on the CNS, and specifically the microglia remains however undefined. In
collaboration with the group of U. Kalinke (Twincore, Hannover, Germany), we will establish the VSV
C-Cre
:ISRE-NCre: R26-STOP-YFP
infection model at the Weizmann Institute. We then will challenge CX3CR1
and :RiboTag mice with VSV via the olfactory route. At defined time points following viral challenge, brains of
the animals will be harvested and analyzed as described above. Specifically, we will screen the VSVchallenged mice for the presence of reporter gene expressing cells. Given the olfactory route, we anticipate
these cells to be concentrated in that region, although IFNβ was shown to exhibit a long-distance effects on
distal brain areas [22]. Importantly, the fate map approach will also allow us to investigate, whether rare cells
that experienced trauma and survived divide, as this might be evident from identifiable expanding clones.
C-Cre
:ISRE-N-Cre: with a confetti
The latter point will also be specifically addressed by combining the CX3CR1
allele. In parallel to the VSV model we will in collaboration with P. Henneke analyze mice subjected to
C-Cre
:ISRE-N-Cre:RiboTag mice will be used to study the impact of the past
streptococcal meningitis. CX3CR1
trauma on the translatome. Collectively these results should allow us to define the molecular “scars” that
remain in the microglia compartment following an inflammatory episode.
Mouse lines to be used in this study
mouse line

purpose

CX3CR1C-Cre:Sall1N-Cre
with respective 'floxed alleles

fate mapping and microglia-restricted mutagenesis

C-Cre

N-Cre

CX3CR1
:Slc40a1
with respective 'floxed alleles

fate mapping and perivascular macrophage-restricted
mutagenesis

CX3CR1C-Cre:ISREN-Cre
:R26tdTomato

fate mapping of IFN-exposed microglia (specific)

CX3CR1C-Cre:ISREN-Cre
:RiboTag

translatome profiling of IFN-exposed microglia
(specific)

C-Cre

N-Cre

fate mapping and imaging of microglia that received
NFkappa B stimulation (specific)

C-Cre

N-Cre

translatome profiling of microglia that received
NFkappa B stimulation (specific)

CX3CR1
:HIV-LTR
:R26tdTomato
CX3CR1
:HIV-LTR
:RiboTag
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3.4.2

Work Plan
2017
Aims

2018
1b

2019

1a

Aim 1a: Generation and
Characterization of Sall1 and
Slc40a1-N-Cre mice
Aim 1a: Generation and
Characterization of HIV-LTR and
ISRE-N-Cre animals
Aim 1b: Optimization of RiboTag
approach
Aim 2:Establishment of MIA challenge
and readouts
Aim 2: microglia profiling od MIA
challenged animals
Aim 2:MIA challenge of CX3CR1-CCre:HIV-LTR and ISRE-N-Cre
animals
Aim 2: microglia transcriptome and
translatome profiling
Aim 3: VSV infection of WT mice and
mice harboring microglia mutations
Aim 3: VSV infection of CX3CR1-CCre:HIV-LTR and ISRE-N-Cre
animals
Aim 3: imaging and microglia
transcriptome and translatome
profiling

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A01

Prinz

Microglia histology and morphometric assessments

A03

Amit

Chromatin immuno-precipitations and epigenome analysis

A05

Sieweke

Analysis of challenge induced microglia proliferation

B04

Henneke

Analysis of microglia “scars” following streptococcal meningitis

B10

Pospisilik

Microglia translatome analysis under obesity and diabetes

80

Research interactions

2020
2+3

Project A02

3.6

Differentiation from other funded projects
Project Title

Funding Agency

Definition of common molecular signatures of
macrophages associated with chronic diseases –
from basic knowledge to translational

Funding Period

EU Horizon 2020
ITN

pending

In this project we study tissue macrophages functions under challenge.
Macrophages in control of brown fat function

ISF

pending

In this project we study interactions of macrophages with adipocytes and neurons
ABIR - Anti-Bacterial Immune Regulation

IMOH-EU ERANET

1.9.2014 - 31.8.2017

In this project we study the host pathogen interface in the intestine.
The role of non-classical monocytes in the
pathogenesis of sterile autoimmune disease

US-Israel
Foundation (BSF)

1.9.2014 - 31.8.2018

In this project we study monocyte subsets in a rheumatoid arthritis model.
Studying in vivo differentiation of monocytes into
intestinal macrophages and their impact on gut
homeostasis

Adv ERC

1.1.2014 - 31.12.2019

In this project we investigate the fates of monocytes in small and large intestine.

There is no thematic overlap of any of these projects with the work proposed here.

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
PhD, 98%
Total
Direct costs
Consumables
Animal Costs
Equipment (<10,000 EUR)
Other Costs
Total
Major research
instrumentation
10,000-50,000 EUR
Total
Grand total
(All figures in euros)

2017

2018

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
2
32,000
2
32,000
2
32,000
2
32,000
32,000
32,000
32,000
32,000
Sum
24,900
15,000
5,500
6,000
51,400

Sum
24,900
15,000
0
6,000
45,900

Sum
24,900
15,000
0
6,000
45,900

Sum
24,900
15,000
0
6,000
45,900

Sum

Sum

Sum

Sum

14,500
14,500

0
0

0
0

0
0

97,900

77,900

77,900

77,900
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Staff
SeName,
quenacademic
tial
degree, position
no.

Field of
research

Steffen Jung
PhD, Professor,
Research group
leader

Mononuclear
Phagocyte
Biology, IBD,
microglia,
monocytes

2

Zhana
Moshayev
(PhD student)

3

N.N.
(PhD student)

microglia studies
(RiboTag,
genetic profiling)
microglia studies
mouse
transgenesis
(Crispr/ Cas9)

Existing staff
Research Staff 1
Requested staff

Research staff

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Dept of
Immunology

8

Category

3.7.3

Funding
source

University

Dept of
Immunology

PhD
student

Dept of
Immunology

PhD
student

Job description of staff (supported through existing funds):
1 Steffen Jung is the principal investigator (PI) of this project. He is responsible for coordination, teaching,
experiment planning, PhD students and writing manuscripts. He will spend 20 % of his working time on
this project.
Job description of staff (requested funds):
2 PhD 1 (Zhana Moshayev)
This PhD student has established the RiboTag approach in the Jung laboratory and will optimize its use
for the study of the microglia to perform the translatome profiling and focus on the analysis of the
microglia epigenome (Aim 1b). Together with PhD student 2, this student will also perform the intranasal
viral challenges and isolate and analyse microglia and various time post viral clearance and then mainly
focus on the MIA experiments (Aim2).
3

PhD 2 (N.N.)
This PhD student will focus on the generation of the new transgenic animals outlined under Aim 1a and
characterize the animals with respect to there specificity for parenchymal and non-parenchymal brain
macrophages. Together with PhD student 1, this student will also perform the intranasal viral challenges
and isolate and analyse microglia and various time post viral clearance (Aim 3).

3.7.4

Requested funding of direct costs

Existing funds from Weizmann
Institute of Science (lab infrastructure
and core support)
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

35,000

35,000

35,000

35,000

51,400

45,900

45,900

45,900

Requested Consumables
Antibodies for Flow cytometry and immuno-histochemistry
Cell culture material, media
Reagents for expression profiling, RiboTag approach
PCR reagents, agarose and oligonucleotides for mouse
genotyping and RNA analysis, cDNA Library preparation
Total per year
(All figures in euros)
82

2017

2018

2019

2020

9,500

9,500

9,500

9,500

7,000

7,000

7,000

7,000

8,400

8,400

8,400

8,400

24,900

24,900

24,900

24,900
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Requested equipment < 10,000 EUR
For library preparation we need to equip a dedicated RNA
room and purchase as equipment a centrifuge with swing
bucket rotor for microplanes with rotor lid
Total per year
(All figures in euros)
Requested Animal Costs
Maintenance. calculation: 1200 mice x 50 weeks x 0.7 EUR =
42.000. per year 42.000/4 = 10.500 per year
Charges of in house transgenic unit for production of mice and
assistance with Crispr/Cas9 approach and initial screening,
purchase of mice ( 17 EUR / C57Bl/6 WT mouse)
Total per year
(All figures in euros)
Requested Other Costs
service charges (flow cytometry, histology, sequencing)
Total per year
(All figures in euros)

3.7.5

2017

2018

2019

2020

5,500

0

0

0

5,500

0

0

0

2017

2018

2019

2020

10,500

10,500

10,500

10,500

4,500

4,500

4,500

4,500

15,000

15,000

15,000

15,000

2017
6,000
6,000

2018
6,000
6,000

2019
6,000
6,000

2020
6,000
6,000

Requested funding for major research instrumentation

All major equipment (> 50,000 EUR) required for the planned experiments is available in the laboratory of
Steffen Jung, or in the interdepartmental services of the Weizmann Institute.
Requested Equipment Costs (10,000-50,000 EUR)
For library preparation we need to equip a dedicated RNA
room and purchase as equipment a Nexus Master cycler for
96 well processing
Total per year
(All figures in euros)

2017

2018

2019

2020

14,500

0

0

0

14,500

0

0

0
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3.1

General information about Project A03

3.1.1

Project Title: Single cell genomics analysis and characterization of microglia in
normal brain physiology and in neurodegenerative diseases

3.1.2

Research areas: Immunology, Neurobiology

3.1.3

Principal investigator

Amit, Ido, Prof. Dr.
*19.09.1971, Israel
Department of Immunology
Weizmann Institute of Science
Rehovot, 76100
Phone: +972-8-934-3338
E-Mail: ido.amit@weizmann.ac.il
Does the above mentioned person hold a fixed-term positions? Yes
Further employment is planned until at least 31.12.2020

3.1.4

Legal issues

This project includes
1. Research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. Experiments involving vertebrates.
4. Experiments involving recombinant DNA.
5. Research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. Research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

Microglia are the resident myeloid cells of the central nervous system (CNS) that play important roles in lifelong brain maintenance at steady state and in pathology. Microglia originate in the yolk sac from erythromyeloid progenitors that migrate to the brain starting at embryonic day 8.5 and continuing until the bloodbrain barrier is formed; yet their regulatory dynamics during development and disease have not been fully
elucidated. Any pathologic or trauma event in the brain leads to the activation of microglia to clear damaged
cells, pathogens, hence microglia are essential for proper brain function. The immune system is significantly
involved in multiple neurodegenerative diseases such as Alzheimer's disease (AD). Yet many of the immune
“cell-types” are heterogenic and currently remain uncharacterized. A global and unbiased in vivo
characterization of immune cell types involved in neuropathology is crucial for understanding disease
progression and the cells, pathways and genes involved in diseases. In recent studies, we used massively
parallel single cell RNA sequencing technology (MARS-seq) for ab initio characterization of immune and
stem cells in various tissues. Here, we propose to systematically study the transcriptional and epigenomic
regulation of microglia throughout brain development and in AD models and to uncover the immune cells and
regulatory mechanisms involved in neurodegenerative diseases using single cell genomic and epigenomic
technologies. Preliminary results show expression dynamics of specific pathways during microglia
development and the involvement of the microbiota. Further, we identify new cell states and pathways that
are perturbed during disease onset. Unbiased classification of immune cells at different stages will enable
better understanding of the course of the disease and will enable to explore novel therapeutic options. Our
vision is that this technology will enable better understanding of the course of the disease, the cells involved,
and the molecules that are being deregulated. This knowledge will allow exploring novel diagnostics and
therapeutic options that can potentially be tailored to each patient. Finally, our approach, if successful, can
be further applicable to other neurodegenerative diseases as well.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

a) Microglia in the developing brain
Microglia are the resident myeloid cells of the central nervous system (CNS) that control the patterning and
wiring of the brain in early development and contribute to maintenance throughout life [1, 2]. Myeloid cells,
particularly macrophages, are endowed with a higher plasticity than was previously appreciated. They
engage in a bi-directional dialogue with their microenvironment, which, on the one hand, shapes their fate,
and, on the other hand, is influenced by their activity [#4]. Previous work has shown that the tissue
environment is essential in establishing the regulatory networks of macrophages [#4]. As the brain matures,
the environmental signals are likely to change as well. The microglial programming must be dynamic enough
to accommodate different functions in fulfilling the brain’s needs throughout development. It is still unknown
how one cell type displays such functional diversity to meet the needs of the developing brain as well as the
life-long maintenance in the adult.
Therefore, we put forward a working hypothesis suggesting that microglia may acquire specialized functions
tailored to the brain’s immediate needs, which vary along with the developmental processes. As of yet, the
expression programs and regulatory networks at the two extreme ends of the process, either early yolk sac
progenitors or mature microglia, have had the most focus [#4] [3-5]. Microglia have been shown to function in
modulation of synaptic transmission, formation, and elimination, and to shape embryonic and postnatal brain
circuits [6]. However, many of these processes, such as synaptic pruning and neuronal maturation, peak in
mice during the first week after birth: a developmental time point at which microglia have not been profiled [6,
7]. Perturbation of these processes may provide the underlying cause of several brain disorders [6]. The
transcriptional state of microglia during brain development and how their plasticity is regulated is still
unknown, although it is crucial to understanding the etiology of many neurodevelopmental diseases. In order
to study the dynamics of the gene programs involved in microglia development, we will perform bulk RNAseq, chromatin profiling and single cell RNA-seq to measure the gene expression of myeloid progenitors
from the yolk sac and microglia from the brain at multiple time points throughout microglia development. All
these advanced technologies are established in our lab and used routinely for biological discovery [#2, #4]
#6, #7] [8]. For example, in our manuscript by Lavin et al. [#4], we elucidated the transcriptional and
epigenomic networks in tissue-resident macrophages using high-throughput sequencing technologies: RNAseq, Chromatin immunoprecipitation (ChIP-seq), and an assay for transposase- accessible chromatin
(ATAC-seq) (Figure 1A). Using these technologies, we inferred on the gene expression profile of seven
macrophage and monocyte populations (Figure 1B-C). We believe that our work can identify a stepwise
developmental program of microglia in synchrony with the developing brain that may be associated with
several neurodevelopmental and neurodegenerative disorders.
b) Immunopathology in Alzheimer's disease
Recently it is becoming clear that neurodegenerative diseases are associated with chronic
neuroinflammation, which can be mitigated by harnessing peripheral immune cells that display an antiinflammatory phenotype when recruited to the CNS [9] [#1, #9]. The key questions, however, are to
understand the dynamics and complexity of the immune response within the brain that lead to chronic
neuroinflammation, how it contributes in a self-perpetuating way to disease escalation, and how recruitment
of immunoregulatory cells from the circulation to the diseased parenchyma affects the inflammatory process.
Alzheimer's disease (AD) is an age-related neurodegenerative disease characterized by progressive loss of
cognitive function, in which accumulation of amyloid-beta (Aβ) aggregates was suggested to play a key role
in the inflammatory cascade within the central nervous system (CNS), eventually leading to neuronal
damage and tissue destruction [10]. AD is the most common cause of dementia globally, affecting
approximately 36 million people currently and 115 million by 2050. Importantly, evidence suggest that the
role of inflammation may predate the deposition of amyloid [11], but in all cases it augments it. Interestingly,
despite the chronic inflammation, systemic anti-inflammatory drugs failed in mitigating it, whereas circulating
myeloid-derived cells play a role in mitigation of the local neuroinflammatory response [12], especially when
the tissue resident myeloid-derived cells of the CNS, the microglia, fail to ultimately clear the Aβ deposits
[13]. In this context, it is important to mention that immune cell infiltration to the brain's territory was
considered for decades to reflect a pathological process in which immune cells attack the CNS. However,
over the past decades, circulating monocytes [14] and T cells [15] have been shown to have a pivotal role in
supporting CNS maintenance and tissue repair following damage [16]. In line, we show that treatment with
immune checkpoint blockade leads to improved cognition [#1]. It is clear that a greater understanding of the
spatial as well as temporal, dynamics and diversity of the immune cell types involved in the development and
progression of AD, and of the communicating pathways between the systemic and central innate immune
systems, is required in order to develop novel therapeutic approaches.
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Currently, state-of-the-art approaches to characterize the immune cell types and pathways that are
deregulated or malfunctioning in neurodegenerative diseases fall short in untangling the heterogeneity in
various immune cell types and activation states involved in neuropathology. Understanding the
heterogeneous and stochastic nature of multi-cellular tissues is currently approached through a priori defined
cell-types, based mostly on surface markers that are used to dissect cell populations along developmental
and functional hierarchies [17]. However, a collection of cells does not represent the expression profile of
each individual cell. Furthermore, cells can be dynamic within the same organ or even in the same subregion of an organ and a particular cell type may, in fact, represent a plethora of sub-behaviours; for
example, hidden stem-cell niches or diverse phenotypes. Hence a major bottleneck for research discovery is
a global and unbiased in vivo characterization of cell types and pathways [18, 19]. An alternative to markerbased cellular dissection of complex tissues is to characterize in vivo cell type compositions through
unsupervised sampling and modeling of transcriptional states in single cells [#2, #7]. We have recently
developed an automated massively parallel RNA single cell sequencing framework (MARS-Seq; see Figure
4) that is designed for in vivo sampling of thousands of cells by multiplexing RNA sequencing while
maintaining tight control over amplification biases and labeling errors. We have used this technique to model
transcriptional states in cells from the immune and hematopoietic system [20] [#2, #7, #3] This approach
provides the ability to perform
unbiased characterization of in
vivo
cell-type
landscapes
independent of cell markers or
prior knowledge.

Figure 1: Tissue-Resident
Macrophages
Can
Be
Distinguished by Expression
Patterns.
Adopted from [#4]
(A) Schematic for defining the
global regulatory elements of
tissue-resident macrophages,
monocytes, and neutrophils
isolated by the gating strategy
and analyzed by sequencing
data from high-throughput
and
RNA-seq,
ChIP-seq,
ATAC-seq. A representative
genome browser output is
shown.
(B) K-means clustering (K =
11) of 3,348 differentially
expressed genes in macrophages (MΦ) and monocytes.
(C) Bar graphs of individual
gene expression in arbitrary
units (a.u.). Error bars indicate
SEM.
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Recently, we integrated advanced genomics with in-depth understanding of the cross-talk between the CNS
and the immune system to uncover that type I interferon signature is chronically induced in aging, in the
interface between the brain and the circulation, called the choroid plexus (CP) [#9] Importantly, we observed
that age-related changes are conserved among species, as they were also found in human brain sections of
aged individuals. We will use similar approaches to investigate the immunopathology in AD, an age-related
disease.
In order to investigate the immunopathology in AD, we will use the 5XFAD transgenic mouse model of AD,
which co-expresses five mutations associated with familial AD. We will collect single cells and sequence
libraries for RNA-seq analysis as well as bulk RNA to generate population data along the time course of the
disease, examining different parts of the brain: cerebellum, cortex, hippocampus and CP, in WT and AD
mice at several different time points throughout the course of the disease. In our pilot studies, using this
model, we initially collected RNA from WT and AD mice at 4 and 6 months of age. In the experimental
process, mice were transcardially perfused with PBS, and tissues were treated as previously described [#9].
Brains were dissected and the indicated regions were removed under a dissecting microscope. Choroid
plexus tissues were isolated from the lateral, third and fourth ventricles of the brain, and processed for single
cell suspension. Cells were stained for CD45+ leukocytes, and PI to select only live cells. Between 1,000 to
20,000 cells were collected for every region and RNA-seq was processed for 2-3 independent mice for each
condition [#7]. Preliminary analysis of the sequencing results reveals differential gene expression in the AD
cells compared to WT in various regions in the brain. Some of the genes discovered are known to play a role
in AD pathology. Our results are in line with recently published data showing the kinetics of the
neuroinflammatory response in 5XFAD AD-Tg mice [21]. We hypothesize that the interplay between a
systemic inflammatory response and the brain is an important mechanism in AD progression. Further, single
cell genomics and epigenetic analysis will greatly help in uncovering the cell types and pathways underlying
disease, will shed new light on the mechanisms and molecules involved in the process and suggest novel
diagnostic markers and therapeutic targets.
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3.4

Project plan

3.4.1

Work Programme and Methods

Aim 1: Profiling and modelling the transcriptional and epigenomic regulation of microglia
development using single cell genomics
In this project, we aim to characterize the regulation of microglia throughout development at the molecular
level using advanced single cell genomic methods at high temporal resolution from yolk sac precursors
through the embryo, newborn and adult mouse brain. The method will include the analyses of RNA-seq,
ChIP-seq, ATAC-seq and single cell RNA-seq as illustrated in Figure 2. The specific aims are 1. To
investigate gene expression profile throughout the different development phases of microglia, 2. To relate
the developmental phases to the epigenetic profiles, 3. To study the heterogeneity in each temporal phase
using single cell RNA-sequencing technology and 4. To mechanistically study the regulatory factors
controlling the epigenetic state and gene expression.

Figure 2: A cartoon showing the holistic system approach we will use to
study the dynamics of microglia development.

a) Investigating temporal expression profiles during microglia development. We will investigate
temporal expression profiles during microglia development by collecting samples of myeloid progenitors from
+
+
+
int
int
+
the yolk sac (CD54 CD11b Cx3cr1 ) and microglia from the brain (CD54 CD11b Cx3cr1 ) at 9 time points
throughout microglia development. Each time point will be consisted of at least 3 replicates. To account for
differences across the brain regions, we will divide adult microglia based on their origin in either the cortex,
hippocampus, or spinal cord. For the analysis, we will use our existing pipelines for identifying differentially
expressed genes and pathways across time points as well as new tools we are developing for integration of
multiple genomic measurements from the same time point.
b) Examining how different developmental phases are related to changes in chromatin landscape.
The changing chromatin landscape across developmental time points can provide a view into the regulatory
mechanisms underlying the gene expression profiles. In particular, accessible or ‘open’ chromatin regions
contain regulatory elements that influence transcription in a cell-type-specific or condition-specific manner.
To characterize the chromatin remodeling associated with the transitions in microglia development, we will
perform chromatin immunoprecipitation followed by high-throughput sequencing, as well as the assay for
transposase accessible chromatin (ATAC-seq) for each transcriptional transition stage: yolk sac, early
microglia, pre-microglia, and adult microglia. In order to confirm that the chromatin changes are related to
transitions in microglia development, we will assess whether the different enhancer dynamics are associated
with the global expression patterns. Enhancers will be linked to genes by proximity to the transcription start
site.
c) Applying single cell RNA-seq to examine the heterogeneity at each temporal phase in microglia
development. Since both RNA-seq and chromatin data represent bulk cell populations that may be
heterogeneous mixtures of multiple microglia phases, and not homogenous populations where each cell
exhibited the relevant temporal profile, we will assess the heterogeneity at each temporal phase in microglia
development by performing massively parallel single cell RNA-seq (MARS-seq). For each time point in the
developmental scheme we are collecting at least 2,000 single cells. We initially combined the data for cells
from all phases and cluster them based on their gene expression profiles using a previously published
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expectation-maximization algorithm. In order to correct for batch effects, each sample is normalized
separately prior to clustering across time points. Clustering analysis of preliminary data of 2831 single cell
profiles (696 from yolk sac, 734 from early, 705 from pre-, and 696 from adult) created a detailed map of
2071 differential genes across 16 transcriptionally homogeneous subpopulations (Figure 3A). We will
examine key marker genes and global correlation analysis to arrange the transcriptional subpopulations and
further examine their inter-cluster relationships. For example, by assessing the membership of individual
cells in the subpopulations, we determined that each cluster originated almost entirely from a specific stage,
confirming that the temporal dynamics of microglia development are the dominant discriminative feature
(Figure 3B). These subpopulations will be further investigated based on their unique gene signatures.
Candidate genes will be further validated by immunohistochemistry.

Figure 3. Single cell RNA-seq shows homogeneity within phases of development (A) Heatmap showing
clustering (k=16) of standardized expression of 558 most variable genes out of the 2071 total differential genes
(methods) in 2831 individual cells isolated from yolk sac (E12.5), early microglia (E12.5), pre-microglia (E18.5)
and adult microglia (8wk). (B) Illustration of the number of cells from each sorted population that aligned to a
given cluster defined in A. Percent of each population is given below.

d) Evaluation of the transcription factors regulating chromatin state and gene expression.
Transcription and chromatin factors play important roles in regulating the chromatin state and gene
expression of a cell. To investigate possible regulatory genes that play a role in defining the temporal stages
of microglia development, we will specifically focus our analysis on the expression of genes known to have a
DNA binding or chromatin remodeling function. Up to a dozen candidate regulators in each stage will be
validated and analyzed for their motifs. Potential regulatory candidates will then be functionally evaluated
using knock out models. These results can shed light on how changes in microglia function throughout
development are linked to synchronized changes in underlying regulatory networks.
Aim 2: Characterizing the immunopathology in Alzheimer's disease using single cell RNA
sequencing technology
In this project, we would like to systematically uncover the immune cells and pathways involved in the
chronic unresolved neuroinflammatory response associated with neurodegenerative diseases. We will use
our single-cell measurement platform (MARS-seq) to classify the subtypes present in the brain of an AD
model system aiming at elucidating the individual changes in neurogenic niches (Figure 4). The specific
aims are: 1. To systematically characterize the immunopathology in AD using single cell RNA-seq. 2. To
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analyse the expression profile obtained from the single cell RNA-seq and identify potential candidates and
specific cell types that define AD. 3. To perturb the immune – pathological cycle by targeting candidate cell
types, genes and pathways.

Figure 4: Massively parallel RNA single-cell sequencing framework (MARS-Seq).
Schematic diagram of the massively parallel approach to single-cell RNA-seq.

a) Characterizing the immunopathology in Alzheimer's throughout the course of the disease. We will
fully characterize the neuroinflammatory response in the different affected brain regions and during disease
low
progression in AD transgenic 5XFAD mice. We will analyse RNA collected from microglia (CD45 CD11b+)
high
and monocytes myeloid cells (CD45 CD11b+) from the cerebellum, the cortex, the hippocampus, and the
choroid plexus at 7 time points throughout the course of the disease: 1 week, 2 weeks, 4 weeks as well as 4,
6, 9, and 12 months. Each sample will be collected in at least 3 biological replicates in WT and 5XFAD. We
will generate libraries for RNA-sequencing from these samples and data analysis will be performed focusing
on significantly differentially expressed genes between WT and AD along the course of the disease.
b) Applying single cell RNA-seq to characterize the immunopathology in Alzheimer's disease. We will
continue characterizing the neuroinflammatory response in the different affected brain regions and during
disease progression in AD transgenic 5XFAD mice moving forward to our planned single cell analysis. From
the samples that will present the most differential gene expression data in the population studies we will
collect at least 2,000 single cells from which we will generate single cell RNA-seq libraries using the MARSseq protocol. We will then analyse the data and compare the resulting expression and functional profile
between healthy and diseased mice similarly to what is shown in Figure 3. It is our expectation to find a
heterogeneous population of characterized and uncharacterized immune cells and pathways. The single cell
data will be compared with the population expression profile. In order to verify our results and to rule out any
line specific bias, we will repeat this experiment in another mouse model for AD - double transgenic
APP/PS1 mice.
c) Analysis of single cell RNA-seq data of the variance between Alzheimer's and WT mice. In order to
define in an unbiased manner the states of the different AD and WT samples from the single cell RNA-seq
data we will use our current unsupervised approaches as well as newly developed supervised approaches.
We developed a computational framework that aggressively filters noise and biases in single cell data using
unique molecular identifiers (UMI), which controls for several notorious sources of amplification and inter-cell
contamination errors. This leads to robust sampling of the mRNA pool in individual cells. Importantly, our
protocol and associated computational procedures provide identification of thousands of RNA molecules per
thousands of cells with minimal biases associated with amplifications which allow for detailed
characterization of molecules and pathways in previously characterized or uncharacterized cell populations.
To characterize cell states in a principled fashion that is compatible with the experiment, we employ a
probabilistic mixture model emitting discrete vectors of molecular counts. This approach naturally models our
experimental process (i.e. sampling labeled molecules from single cell RNA) and allows inference of the cell
states directly from the data. We expect that, A. AD brain cells will have unique signature of immune genes
and pathways, as a function of the disease's progression and B. As a function of the disease's course,
immune cells infiltrating the brain will be found. Comparison to the population (bulk) data will assist in finding
target genes and markers for human studies. We will also use the index sorting feature of the FACS, which
enables recording of fluorescence levels of an indicated single cell, to correlate between the levels of CD45
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expression level to the gene expression resulting from the single cell analysis (we already have AD and WT
single cells sorted using this feature).
d) Perturbing the immune – pathology cycle by immune gene targets. We believe that the
comprehensive analysis of the single cell and population RNA data will enable us to identify target genes
and specific affected pathways in AD. We will generate knock out models for identified potential regulatory
target genes and measure the effect on the pathology. We will specifically determine how perturbing these
genes/pathways will affect the neuroinflammatory response during disease progression. It is important to
note, that in our recent publication in Science, we applied a similar work plan, first we uncovered a unique
immunological signature in aged mice, and then neutralized it and examined the effect on aged associated
dementia. We are confident that applying a similar work plan in studying neurodegenerative disease will
result in the identification of novel immunological pathways for intervention in these conditions.

3.4.2

Work Plan
2017
Aims

1

2018

2019
2

2020
3

4

Analyzing mictoglia in the developing brain:
Bulk RNA-seq + analysis
HT-ChIP-seq, ATAC
Single cell RNA-seq
Transcription factor analysis
Characterizing immunopathology in AD:
Bulk RNA-seq for AD disease
kinetics
single cell RNA-seq
Analysis of data and selecting
targeted genes/pathways
Validation of targeted
genes/pathways
Administration of potential
molecules to AD's mice and
analysis of the response
Single cell RNA-seq and analysis
of treated mice
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3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

3.6

Collaborations

ID

PI

Research interactions

A01

Prinz

A02

Jung

A05

Sieweke

Studying microglia dynamics and epigenetic regulation
Investigation of microglia function and activation including knockout mouse
models
TF and chromatin regions associated with microglia function

A07

Erny

Effect of microglia on aging

B07

Priller

Genomic analysis of myeloid cells in Huntington’s disease

B11

Leutz

Genomic analysis for studying the role of Cebp’s in myeloid function

Z01

Backofen

Providing guidance and support for Genomics and bioinformatics Core

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

BluePrint-A blueprint of haematopoietic
epigenomes

ERC-poC

2015-2017

Regulatory roles for RNA and chromatin

ICORE/
ISF

2013-2018

Center for cell circuits

NIH

Uncovering principles and mechanisms of blood
development

ISF

2015-2020

Characterization of hematopoiesis progenitors and
the molecular circuits controlling hematopoiesis

Minerva

2015-2018

Large non-coding RNAs in innate immunity

Marie Curie grant

2012-2017

Building an engine for cell lineage discovery

FET Open
Research
Proposal

None of the grants listed deals with microglia research
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
PhD, 98%
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
2
32,000
2
32,000
2
32,000
2
32,000
32,000
32,000
32,000
32,000

Direct costs
Consumables
Animal Costs
Small Equipment <10,000 EUR
Other Costs
Total
Major research
instrumentation
Total

Sum
42,900
5,000
9,000
6,000
62,900

Sum
42,900
5,000
0
6,000
53,900

Sum
36,900
5,000
0
6,000
47,900

Sum
36,900
5,000
0
6,000
47,900

Sum

Sum

Sum

Sum

94,900

85,900

79,900

79,900

none

Grand total

3.7.3

2018

Requested funding for staff
SeName,
quen
academic
-tial
degree, position
no.

Existing staff
Research staff

1

Requested staff

Field of
research

Ido Amit, PhD,
Associate
Immunology,
Professor,
system
Research group biology
leader

2

Orit Matcovitch

3

Amir Giladi

Research staff

Microglia
development
in the brain,
monocytes,
Computation
analysis of
data

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Dept of
Immunology

8

Category

3.7.2

Funding
source

Weizmann
Institute of
Science

Dept of
Immunology

PhD
student

Dept of
Immunology

PhD
student

Job description of staff (supported through existing funds):
1.
Ido Amit is the principal investigator (PI) of this project. He is responsible for coordination, teaching,
experiment planning, supervision PhD students and writing manuscripts. He will spend 25% of his
working time on this project.
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Job description of staff (requested funds):
2.
Orit Matcovitch (PhD)
Orit Matcovitch will pursue the studies of microglia in the developing brain which include gene
expression analysis, chromatin immunoprecipitation and single cell RNA-sequencing (aim 1).
3.

3.7.4

Amir Giladi (PhD)
Amir Giladi will be responsible for analysing all transcriptional data, bulk and single cell, as well as
assessing chromatin landscape profiling (aims 1 and 2).

Requested funds of direct costs

Existing funds from Weizmann
Institute of Science (lab infrastructure
and core support)
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

35,000

35,000

35,000

35,000

62,900

53,900

47,900

47,900

Requested Consumables
Reagents for single cell RNA-seq library generation,
sequencing kits
Antibodies for Flow cytometry
Reagents for ChIPseq and ATACseq
Hard discs (large memory capacities for single cell analysis)
Total per year
(All figures in euros)
Requested equipment < 10,000 EUR
Single cell analysis needs heavy processing of data and
storage, therefore it requires the use of a server
Total per year

Requested Animal Costs
Calculation
Maintenance. Calculation: 500 mice x 40 weeks x 0.7 EUR =
14,000. Per year 14,000/4 = 3,500 per year
Charges of in house transgenic unit for production of mice and
assistance with Crispr/Cas9 approach and initial screening,
purchase of WT mice and 5XFAD
Total per year
(All figures in euros)
Requested Other Costs
service charges (flow cytometry, histology, sequencing)
Total per year

2017

2018

2019

2020

22,900

22,900

22,900

22,900

7,600
6,400
6,000

7,600
6,400
6,000

7,600
6,400
0

7,600
6,400
0

42,900

42,900

36,900

36,900

2017

2018

2019

2020

9,000

0

0

0

9,000

0

0

0

2017

2018

2019

2020

3,500

3,500

3,500

3,500

1,500

1,500

1,500

1,500

5,000

5,000

5,000

5,000

2017
6,000
6,000

2018
6,000
6,000

2019
6,000
6,000

2020
6,000
6,000

(All figures in euros)

3.7.5
none
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3.1

General information about Project A04

3.1.1

Project Title: Impact of proteostasis and the ubiquitin proteasome system on
myeloid cell function in the CNS

3.1.2

Research areas: Biochemistry, immunology, molecular and cellular biology

3.1.3

Principal investigator

Krüger, Elke Beate, Prof. Dr.
* 02.04.1968, German
Institute of Biochemistry
Charitè- Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin
Phone: +49-30–450-528317
E-Mail: elke.krueger@charite.de
Does the above mentioned person hold a fixed-term position? no

3.1.4

Legal issues

This project includes
1. research on human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

During innate immune responses, proteostasis is severely challenged by inflammatory damage through
radicals or other tissue damaging molecules. This is particularly important for myeloid cells of the central
nervous system (CNS) as their function is closely connected with phagocytosis, radical production and
profound changes of their phenotype during activation. The ubiquitin proteasome system (UPS) plays a
pivotal role in this proteostasis network. Impairment of proteasome function cause the induction of type I
interferons, which drive a vicious cycle of protein damage by radical production and dysfunction in clearance
of these damaged proteins in (auto)inflammation. Nevertheless, our understanding of the molecular
processes that control the biogenesis, folding, trafficking and degradation of proteins in microglia is very
limited. In this project, we investigate the role of the UPS in myeloid cell function in the CNS. In particular, (I)
we aim to profile the expression of UPS components in microglia during development, differentiation and
inflammation as well as elucidate their role in these gene expression programs, (II) to determine the impact
of proteasome activity on the cellular functions of microglia, and (III) to elucidate the impact of proteasome
activity on CNS myeloid cell function in Huntington’s disease. Microglia will be examined in vitro, in
organotypic slice cultures and in vivo under physiological conditions, as well as in response to systemic
inflammation (lipopolysaccharide/polyI:C) and neurodegeneration (polyQ peptides; Huntington’s disease
transgenic mice). Functional assays will be performed using proteasome inhibitors and immunoproteasomedeficient mice. These studies will also reveal whether proteotoxic stress in myeloid cells of the brain will
induce type I interferons.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

a) Proteostasis and the ubiquitin proteasome system in immune responses
Proteostasis is vital for cells and tissues to maintain the delicate balance between protein synthesis, quality
control and degradation. During innate immune responses proteostasis is severely challenged by the
production of radicals and/or the massive synthesis of pathogen protein [#4]. Thus, inflammation and
cytokine signaling represent not only potent innate responses to pathogens, but also confer severe
proteotoxic stress to cells and tissues by radicals or other damaging molecules [#9]. An adequate adaptation
of cellular clearance pathways to the increased burden of damaged proteins is thus of fundamental
importance to prevent protein aggregation, inclusion body formation and ultimately cell death [1]. Important
clearance pathways via regulated proteolysis for aggregate detoxification are represented by the ubiquitin
proteasome system (UPS), autophagy, and/or phagocytosis. Of note, the UPS and autophagy are closely
interconnected. Main intercrossing signaling cascades are the Unfolded Protein Response (UPR), the
PI3K/Akt/mTOR pathway, and the formation of aggresomes [2].
The UPS is the major non-lysosomal regulated protein degradation system of cells [3]. By degrading
covalently poly-ubiquitin-tagged proteins from self and non-self origin in an energy–dependent manner it
determines the availability of regulatory proteins, controls a large number of cellular processes, clears
damaged proteins, and provides ligands for MHC class I antigen presentation [4, 5].
The UPS in cells can be adapted to changing proteolytic requirements by gene expression and other
regulatory mechanisms including innate immune signaling [#6-#8] [6]. In response to certain signals cells
induce the expression of distinct proteasome subtypes as well as subsets of UPS-related factors for
ubiquitin-recognition, -conjugation or -deconjugation to fine-tune the proteostasis network [#3, #5].
In line with its multitude of functions the proteasome in mammals appears in a variety of compositions and
thus functional properties [#3, #5]. The 20S core proteasome with the active sites β1, β2 and β5 [7] plus
attached 19S regulatory caps, which recognize ubiquitin-conjugates, form 26S standard proteasomes (SP)
expressed in any cell. It turned out that roughly 50 genes contribute to different proteasomes [#3] and almost
1000 genes encode components of the UPS [#9].The immunoproteasome (IP), an isoenzyme of the SP with
enhanced proteolytic capacity, can improve the immune function of the UPS. IPs are constitutively
expressed in immune cells and be induced by infection, inflammation, differentiation signaling, aging and
during different pathologies including brain pathologies in other cell types [#9] [8]. These signaling cascades
induce the expression of alternative active site subunits (ß1i/LMP2; ß2i/Mecl-1; ß5i/LMP7), which are
preferentially incorporated into proteasomes [#10]. Concomitantly, also the 11S (PA28) regulator cap is
induced to form hybrid proteasomes (HP, 19S-20S-PA28), whose function is correlated to antigen
presentation and oxidative stress resistance [#5, #6].
Like dendritic cells (DCs) and macrophages in the periphery, microglia are myeloid cells of the CNS and act
at the first line of defense in immune responses, but also play an important role in tissue homeostasis [9]. In
contrast to peripheral myeloid cells, however, microglia derive from progenitor cells of the yolk sac [10, 11].
In response to endogenous and environmental stimuli myeloid cells develop along distinct differentiation
programs. To sense tissue damage or invaders they are equipped with a battery pattern recognition
receptors. In this context it is important to note, that many differentiation or innate signaling cascades
including NFκB signaling depend on the timely degradation of factors by the UPS [#7] [12] [13]. For the
adaptive immune response myeloid cells like DCs are specialized in antigen capture, UPS-dependent
processing and (cross)-presentation of antigens to initiate T cell responses. Herein the UPS is adapted to
different maturation stimuli by expression of distinct subsets of UPS-factors [#9]. This function is generally
aided by induction of IP, which enhance antigen presentation by improved antigen processing [#5].
An additional IP function has been uncovered in maintaining protein homeostasis under cytokine-induced
oxidative stress [#7]. Cytokine or pattern recognition signaling induce the intracellular production of radicals
thus increasing the content of oxidant-damaged proteins and increased sensitivity to cytokine-induced cell
death. Such oxidant-damaged proteins are immediately ubiquitylated and require the high proteolytic
capacity of IP for their efficient removal. As nascent polypeptides are particularly sensitive to oxidation,
interferon (IFN)-signaling enhances the rate of defective nascent proteins and concomitantly MHC class I
antigen presentation, placing IP function at the interface of innate and adaptive immune response. Myeloid
cells including microglia constitutively express IP and are thus better armed to handle cytokine-induced
oxidative stress and the concomitant protein aggregation. [14] [15].
We have shown that IP deficiency results in the accumulation of oxidant-damaged proteins and ubiquitin-rich
aggregates in different tissues of the CNS and the periphery during the course of inflammatory or infectious
diseases [#4, #5, #9, #7] [12, 16] (Figure 1). Enhanced intracellular accumulation of oxidant-damaged
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proteins during inflammation can thus be compensated by the enhanced degradation capacity of
concomitantly induced IPs. Impairment of IP function can cause chronic inflammation, autoimmunity, and
autoinflammation such as autoimmune encephalomyelitis (for review see [8]).
Figure 1.
Immunoproteasomes
preserve
proteostasis during inflammationinduced oxidative stress.
In wild-type cells cytokine signaling
induced by infection or inflammation
triggers the production of ROS and the
concomitant damage of nascent protein
chains (DRiPs). The high degradation
capacity of IPs in wild-type cells
prevents the accumulation of large
protein aggregates and improves the
production of antigenic peptides for
MHC class I antigen presentation.
Under the same conditions LMP7deficiency results in the formation of
ubiquitin-rich aggregates (ALIS) and
ultimately apoptosis (see [#4 , #7] for
details).Phagocytes as actively ROSproducing cells contain mainly IPs and
are thus better armed to handle their
activation by invadors or tissue damage.

Preliminary work
b) Epigenetic regulation of proteasomes
It is known that IP in the CNS is upregulated by inflammation, by neurodegeneration, and during the course
of aging, however the regulation of IP in the CNS is poorly defined. We and others could show that IP are
expressed in microglia [14] (Figure 2). There is controversial discussion, whether healthy neurons can
express IP or not. Indeed, we could not detect IP expression in response to IFN-γ in post-natal neuronal
cultures directly in neurons, but in astrocytes and microglia. Further investigation of IP function in the CNS
revealed an involvement of IP in neuronal activity likely regulated by epigenetic mechanisms or induction by
injury (Schröter, Aktas et al., unpublished). Analysis of the LMP7/ß5i promoter revealed that transcriptional
activity of LMP7 is epigenetically silenced in neurons, but not in microglia involving DNA methylation at the
IRF1 binding site in the promoter. The suppression of neuronal activity by tetrodotoxin (TTX) restores LMP7
responsiveness to IFN-γ and permit formation of functional IP in neurons (Figure 2).

Figure 2. Epigenetic regulation of IP in neurons but not in microglia. (A) IP expression in microglia in brains of
EAE- diseased mice by costaining of Iba1 (red) and LMP7/β5i or LMP2/β1i (green). (B) LMP7 in neurons is
transcriptionally silenced by methylation. Pre-treatment with TTX restores IFN-γ induction of LMP7/β5i in neurons.
LMP7 induction in primary neurons pretreated for 3 days with TTX (1 µM) and subsequent treatment with IFN-γ (100
U/ml) or PBS. Immunofluorescence analysis shows induction of LMP7 (red) in neuronal cells co-labelled with Map2
(green, upper panel) and GFAP-positive astrocytes (green, low panel). Scale bar: 10 µm. (C) 72 hours treatment with
the methylase inhibitor 5-Aza restores IFN-γ-mediated LMP7 transcription in HT22. Cells were treated with IFN-γ for 24
hours.
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In addition, we found that proteasome formation is controlled by the micro-RNA miR-101, which targets the
mRNA encoding the proteasome maturation protein POMP. miR-101 binds to the 3’ untranslated region of
the POMP mRNA and targets their degradation. This miRNA is down-regulated in tumor cells to keep high
proteasome content and thus proliferation capacity [#2]. With the help of the Lehnardt group [B03] we
screened expression databases and the literature for expression of miR-101. The expression of miR-101 has
been shown for cells of the CNS like neurons or glia cells and is up-regulated by hypoxia, B-cell
development, influenza virus infection, or in autism (data not shown).
c) Proteasome dysfunction and autoinflammation
IP function in the innate immune response becomes particularly evident in patients with proteasomeassociated autoinflammatory syndromes (PRAAS). Several previously described autoinflammatory
syndromes, were found to have a mutated PSMB8/β5i in common. We have reported mutations in different
other subunit encoding genes with different impacts on modulation of gene expression, subunit folding and
maturation, assembly of the core complex, and/or structural alterations of the proteolytic pocket. All of them
result in reduced proteasome activity, which is probably insufficient to cope with higher load of damaged
proteins [#1, #3]. The patients present with systemic inflammation including periodic fever, episodes of
aseptic meningitis, basal ganglia calcification, ubiquitin-accumulation in inflamed tissues and a very typical
IFN-signature in the blood [#1, #3] [8, 17] (Figure 3).

Figure 3. Proteasome dysfunction induces a typical type I IFN-signature in myeloid cells. (A) Heat map of RNAsequencing of PBMCs of 7 CANDLE patients their parents and healthy controls reveals a significant increase of ERstress and IFN-stimulated genes such as the chemokine IP10/CXCL-10. (B) Proteasome impairment by the
proteasome inhibitor bortezomib induced IFN-α and –ß genes as well IP10/CXCL-10 in PBMCs, but not IL-1, IL-6 or
TNF-α determined by qPCR. The induction of the chemokine IP-10/CXCL-10 indicates an autocrine loop by released
type I IFN. (C) Different myeloid cells from PRAAS patients or healthy DCs treated with the proteasome inhibitor
epoxomicin produce IFN-α. (D) Neutrophiles from PRAAS patients display impaired maturation. (E) Proteasome
inhibition by epoxomicin induces ER-stress as shown by XBP-1 splicing in culture cells.

Our functional data show that proteasome impairment resulted in increased type I IFN-production both in
hematopoietic and non-hematopoietic cells. This type I IFN-production induces IFN-stimulated genes (ISGs),
such as the ubiquitin-like modifier ISG15, the chemokine IP10/CXCL-10 or the transcription factor ATF-3 as
determined by RNA-sequencing analysis (Figure 3A). Thus, proteasome inhibition by either chemical
inhibitors, depletion of subunits by siRNAs, or mutations/deletions of proteasome subunits results in a
defined cellular stress response program. This program is first characterized by induction of proteotoxic
stress responses comprising the TCF11/Nrf1-antioxidant response element (ARE)-driven activation of SP
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gene expression [#7], followed by the induction of ER-stress and by up-regulation of type I IFN production as
a more chronic inflammatory response and seen in patients with proteasome mutations (Figure 3, #1). The
exact mechanism inducing IFNs by proteotoxic stress remains to be determined.
d) Immunoproteasome expression in response to proteotoxic stress and neuroinflammation
As described above IPs are expressed in the CNS in the course of aging, in response to neuroinflammation
and during neurodegenerative diseases [14, 15]. The induction of IP follows proteotoxic stress and type I IFN
induction. In organotypic brain slice culture (OBSCs) we started to apply proteasome inhibitors or Aß1-42
oligomers (not shown) that induce proteotoxic stress and the induction of type I IFN, IP- subunits (not shown)
and the chemokine IP-10/CXCL-10 (Figure 4A). This type I IFN induction was also observed in IP-deficient
brains during aging (Figure 4B). In this context it is important to note that IP10/CXCL-10 is a chemokine
important for microglia activation via the CXCR3 receptor pathway and can become detrimental in different
diseases of the CNS [18-20].
To assess IP expression in the glia cells we established an mixed glia culture model, which was treated with
the toll-like receptor (TLR) ligands polyI:C or lipopolysaccharide (LPS) to simulate neuroinflammation. Both
treatment strategies induce i-proteasomes (Figure 4) and the amount of oxidant-damaged proteins (not
shown). After depletion of microglia by 2-Deoxy-D-Glucose (2DDG) we could hardly detect the IP-subunit
LMP7/ß5i indicating that most of IP expression in the CNS is located in microglia (Figure 4).
In collaboration with the Heppner group (B09) we further observed altered cytokine patterns in in vitro
cultured microglia isolated from mouse brains of IP-deficient mice compared to wild type mice. In Figure 4C
the phenomenon is exemplified by IL-1ß production, but other proinflammatory cytokines show similar
pattern (IL-6; TNF-α, not shown).

Figure 4. Impairment of proteasome capacity alters cytokine pattern. (A) Schematic representation of OBSCs and their
treatment strategies. OBSCs from were treated with bortezomib for different time points and concentrations, which
induced the gene expression of IFN-ß and the IFN-inducible chemokine CXCL10/IP-10. This IFN-ß induction is more
pronounced in LMP7-deficient mice. (B) Type I IFN expression during the course of aging is more pronounced in the
CNS of IP-deficient mice. (C) Cytokines from in vitro cultured microglia show an increased Il1-ß production in the IPdeficient background in response to 14h LPS. (D) Mixed glial cultures were treated with LPS and depleted or not for
microglia with 2-Deoxy-D-Glucose. The signal of the IP-subunit LMP7 disappears along with the Iba-1 signal showing
that most IP expression comes from microglia. Microglia integrity in the culture is shown by Iba1 staining (red, nuclei
DAPI, blue).
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In pilot experiments we started to investigate the role of IP in a mouse model of HD in close collaboration
with the Priller group [B05 and B07]. We could verify that that IP expression is induced in the course of HD in
brains of R2/6 mice. In addition, we observe IP specific staining in microglia as shown by costaining with
isolectin IB4 (Figure 5). We also observed CXCL-10 induction (data not shown).
Collectively these data point to an important role of UPS function in myeloid cells of the CNS. To
characterize this relationship in its sophisticated molecular programs will be a future challenge of this
consortium.

Figure 5: IP are induced in the course of HD in R6/2 mice. (A) LMP7 mRNA expression in brains of R6/2 wild-type
(wt) versus transgenic (Tg) mice at 3-6 weeks or 10-12 weeks (diseased) by qPCR shows induction in the course of
aging but more pronounced in the course of HD. (B) LMP7/ß5i is co-localized with the isolectin IB4 in microglia (red:
IB4; green: LMP7/ß5i; blue: nuclei by DAPI)
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3.4

Project plan

3.4.1

Work Programme and Methods

All known data provide evidence for an important role of the UPS, and more specifically of IPs, in myeloid
cell function in the CNS, however their particular role herein remains elusive. We hypothesize that
impairment of UPS function in myeloid cells of the brain will induce an interferon response with IP-10/CXCL10 production and CXCR3-dependent microglia activation and thereby contribute to neuroinflammation.
Here, we will characterize the expression and composition of proteasomes in microglia during physiological
and pathological situations. Moreover, we shall assess the functional impact and dynamic responses of IPs
in mouse models of HD.
The project pursues three major aims. We will study the:
1. Expression profiling and regulation of UPS components in microglia during development,
inflammation and their impact on different gene expression programs
2. Role of IP activity on the cellular integrity and function of microglia
3. Impact of IP activity on CNS myeloid cell function in HD
Methods and Tools
To define the role of IP in the CNS we will take advantage of the recently generated conditional IP-knock-out
mouse line LMP7fl/fl (collaboration with Frank Heppner B09) and cross-breed them with the Cx3cr1CreER [21]
mouse line (Steffen Jung A02) (Lmp7fl/fl x Cx3cr1CreER) and induce the Cre-mediated gene knock-out (exon 3)
by tamoxifen treatment in order to specifically interfere with IP activity in microglia. The impact of this
conditional gene ablation on CNS myeloid cell function will be assessed in vitro, in vivo and in an organotypic
brain slice culture model (OBSC) (see Figure 4).
A control for these experiments will be the germ-line knock-out derived from cross breeding of the floxed
LMP7 mouse with a CMV-Cre–deleter strain (Lmp7fl/fl x CMV-Cre). The conventional IP knock out mouse line
-/(LMP7/ß5i [22]) will serve as a “proof of principle”-control as long as we have to characterize the newly
flox/cre mouse line. To answer our questions in terms of UPS adaptation and cytokine production, in
particular type I IFN we will focus on the R6/2 mouse model [23] with an intracellular protein deposit
pathology in close collaboration with the Priller group [B07]. The mouse lines are currently bred by the Priller
group and experiments will be performed in comparison to the corresponding age-matched controls. In
addition we will take advantage of the ex vivo OBSC model as a complementary approach, which can be
further supplemented with primary neural cell cultures. The OBSC has the advantage that we can challenge
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or treat the tissue with different compounds or polyQ peptides containing polyQ stretches of different length
without major effects of the periphery or the blood brain barrier.
Cytokine profiles will be assessed by either qRT-PCR or the Singulex single molecule counting (SMC)
technology using commercially available cytokine arrays or will be developed with the help of the company.
To monitor the UPS activity we will study the amount of oxidant-damaged and ubiquitin modified proteins as
well as the accumulation of ubiquitin-rich aggregates in the brains of these mice, in isolated microglia or in
OBSCs. We will further support our data using proteasome activity-based probes and conventional
immunofluorescence microscopy.

Aim 1: Expression profiling and regulation of UPS components in microglia during
development, inflammation and their impact on different gene expression programs
Myeloid cells undergo developmental and differentiation programs from embryonic to adult states and upon
their activation. Many of these programs are controlled by the UPS, because the availability of regulatory
factors including transcription factors are often controlled by their timely degradation. To asses this
assumption, we will perform transcriptional profiling, epigenetic regulation and protein expression studies of
UPS components in microglia of wild-type and IP-deficient mice.
a) Transcriptional profiling of UPS genes in microglia upon development, differentiation and activation
To determine the transcriptional profiles of UPS-related genes in myeloid brain cells we will isolate microglia
at different developmental stages (E8, E9.5, E12.5, newborn, and adult) by FACS sorting using CD45, c-kit,
CD11b, Ly-6C, F4/80, Fc receptor, MHC class II labeling ([24, 25] from wild-type and IP-deficient mice (wt,
-/fl/fl
CreER
) in collaboration with the Priller group (B07).
β5i/LMP7 , or in the medium term: Lmp7 x Cx3cr1
Alternatively, the established MACS-sorting of CD11b+ microglia from these mouse strains will be applied to
ensure the respective cell counts for the RNA Seq experiments.
Our expertise in focused UPS-microarray analyses with all gene annotations of directly UPS-related genes
[#7, #8, #9] will be used in close collaboration with the other groups and the experts in bioinformatics (Z1,
Backofen) for expression profiling of UPS components under different conditions, mouse lines, or cell types.
These data will give us information about differential expression of UPS components during development,
differentiation, and aging using data from the consortium and those obtained in A04.
Expression profiling of SP, IP subunits and other UPS components applying the annotated UPS gene set will
be performed by either RNAseq or quantitative real-time PCR (qRT-PCR) for verification of data.
We have reported impaired myeloid cell function in PRAAS patients and observed altered cytokine patterns
in microglia from IP-deficient mice. Thus, we will compare expression profiles of IP-deficient microglia with
the respective wild-type counterpart. These data will provide evidence for the involvement of the IP in
microglia gene expression programs using pathway clustering. Striking differences will be confirmed by qRTPCR and immunoblots. These experiments will be done in close collaboration with groups investigating
signaling pathways in the consortium (A01 Marco Prinz, A05 Michael Siewecke, B10 Andrew Pospisilik, B11
Jörg Schönheit/Achim Leutz) and the bioinformatics group (Z01 Rolf Backofen).
In a second step, we will challenge isolated microglia with either LPS or polyI:C, followed by expression
profiling of UPS components as described above.
In addition, the expression of the endogenous proteasome inhibitor miR-101 will be correlated with the
expression of proteasome genes. This will give further information whether miR-101 is involved in
differentiation of myeloid cells in the brain. The epigenetic control by miRNA will be performed in
collaboration with the groups of Steffen Jung [A02] or Seija Lehnardt [B03].
b) Regulation of proteasome activity in myeloid cells of the brain
Transcriptional profiling does not always give a complete picture of protein expression. Thus, we will verify
data from transcriptional profiling for protein expression in isolated microglia (see above).
Immunohistochemical analysis will help to identify the spatio-temporal expression of different proteasome
subunits in microglia and blood-borne monocytes in the brain or in OBSCs by staining for α6 (SP), S1 (19S
regulator); IP (LMP7), HP (PA28) and co-staining with cell specific markers (GFAP: astrocytes; NeuN
Neurons; Iba-1, microglia; MAC-3, macrophages) using the aforementioned developmental time points and
mouse strains. A more elegant method to detect proteasome types and their activity also in situ represents
the staining with activity site probes consisting of a peptide-based inhibitor warhead coupled to a fluorophor
[14]. The activity site probes will be applied in microscopy, gel-analysis and FACS analysis (currently being
established). In isolated microglia proteasome activity assays will be further performed with established
methods like AMC-conjugated peptides and measurements of MHC class I surface molecules. Although IP
expression was shown in microglia ([14] Figure 4), the proteasome complex composition remains obscure in
microglia. Proteasome complex composition (SP:19S-20S-19S, IP: 19S, i20S, 19S; or HP:19S-20S-PA28)
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and activity can most easily be assessed by separating whole cell extracts by non-denaturing gel
electrophoresis (native-PAGE). Using this approach, we shall analyze proteasome complex formation and
composition as well as activity in isolated microglia cells as described above. Activity of the different
proteasome complexes can be assayed by fluorogenic substrate overlay, whereas the presence of defined
subunits or assembly factors will be determined by immunoblotting using the respective antibodies (fully
established). We will perform proteomics experiments using SILAC (stable isotopic labeling with amino acids
in cell culture). Here, we will establish the method with immortalized BV-2 microglia and treated or not with
proteasome inhibitors (bortezomib, ONX-0914). Protein will be extracted and digested with LysC and trypsin
and applied to mass spectrometry (LC-MS) in our mass spec facility (Charité). Heavy amino acid label will be
then a measure for proteins expressed in response to the proteasome inhibition or other insults.
To monitor dynamic changes of IP expression in response to environmental cues we will activate isolated
microglia from adult wild type or IP-deficient mice (strains see above) or microglia in OBSCs with the TLR
ligands LPS or PolyI:C to mimic bacterial or viral infections. In the long, we will also perform these
experiments in vivo. Thus, we shall challenge wild type and IP-deficient mice with either LPS or polyI:C
peripherally, followed by expression/activity profiling of UPS components in CNS myeloid cells as described
above.

Aim 2: Role of IP activity on the cellular integrity and function of microglia
Impairment of proteasome activity results in the induction of ER-stress and IFN-genes (see Figs. 3-5).
However, the molecular details of this signaling cascade remain elusive. We provide clear evidence by RNA
Seq from human PBMCs that the PERK-ATF4-ATF3-CHOP, GADD34 axis is induced by proteasome
impairment [#1]. We hypothesize that proteasome-inhibitor mediated ER-stress is integrated by this axis,
which finally results in the induction of type I IFN genes. Thus, we aim to investigate the interconnection of
ER-stress and type I IFN-induction in microglia as well as its function in the cross talk between neurons and
glia cells.
a) Elucidating the signaling cascade leading from proteasome impairment to type I IFN-Induction
Thus, we aim to investigate the mechanism(s) by which the accumulation of damaged proteins leads to ERstress mediated induction of type I IFN signaling using cell culture or OBSC models treated with proteasome
inhibitors or cells and OBSCs derived from IP-deficient mouse lines. Three intracellular ER-stress
transducers govern the induction of the unfolded protein response (UPR): the ATF6, PERK, and IRE-1
pathways. The markers pPERK, pIRE1α and BiP will be our measures for UPR induction using isolated
microglia (see aim 1), OBSCs, or cultured immortalized microglia (such as BV-2 cells) treated with
proteasome inhibitors (bortezomib, epoxomicin, BS-2118, or ONX-0914) at doses inducing an IFN-response.
Furthermore, the activation of PERK down-stream genes ATF4, CHOP, and ATF3 as well as the IRE-1
down-stream factor XBP-1 will be assessed by RT-PCR and immunoblots. To monitor proteasome
dysfunction the accumulation of protein-carbonyls and ubiquitin-conjugates along with active site probes for
direct assessment of the proteolytic activity will be applied using native PAGE, immunoblots, FACS, and
immunohistochemistry (described above).
As proof of principle we will interfere with chemical inhibitors for the UPR pathways (PERK Inhibitor
GSK2606414; GADD-34 inhibitors Sephin-1 or Guanabenz; IRE-1 inhibitors APY29 or sunitinib; 4-(2aminoethyl)benzenesulfonyl fluoride inhibits SP1 proteases and thus the activation of ATF6) to test which
pathway(s) directly contribute(s) to the type I IFN induction. The aforementioned cells and OBSCs will be
treated with proteasome inhibitors to induce an IFN-response and cotreated or not with the UPR-inhibitors.
Moreover, we will interfere with innate signaling pathways by depletion of intracellular TLRs (TLR3, 7, 9),
cells from TLR3, 7, 9 deficient mice (collaboration with project B03, Seija Lehnardt), or STING and MAVS by
siRNA using a protocol established for DCs [#9]. IFNα, IFN–ß, and ISG gene expression will be measured by
qRT-PCR as a general read out for IFN-induction in pilot experiments to establish the protocols.
Ultimately we will determine type I IFN production in the context of OBSCs, microglia cultures and mixed glia
cultures by ELISA (Luminex) or by the Singulex single molecule counting (SMC) technology (to be
established). In addition, we will determine phospho-STAT, LMP2, LMP7, or transcription factor IRF3
phosphorylation in immunoblots as a sign of intracellular signal transduction.
To define the effects of proteotoxic stress on activated microglia we will challenge LPS or poly I:C activated
microglia by proteasome inhibitors. Microglia activation will be detected by Iba-1-staining and their function
will be determined by cytokine production such as IL-1ß, IL-6, or TNF-α. In addition to IFN-signaling, the
contribution of the NF-κB signaling pathway will be assessed by detecting IκBα degradation and processing
of NF-κB (both proteasome-dependent) in immunoblots.
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b) Elucidating the cross-talk of neurons and glia with respect to type I IFN-signaling
We hypothesize that microglia might be activated by the CXCL-10/ CXCR3 axis in the CNS either by
autocrine or paracrine action. Our so far obtained data indicate that the chemokine CXCL-10 acts as a kind
of danger signal to activate microglia at the CXCR3 receptor in response to proteotoxic stress. To verify
receptor ligand interaction on microglia we first will activate BV-2 cells, isolated microglia, and OBSCs with
recombinant CXCL10/IP-10 protein and monitor microglia activation (Iba-1, IB4, CX3CR1, CD11b, MHC
class II, CD86). To verify CXCL-10/CXCR3 interaction we will interfere with CXCL-10 neutralizing antibodies
(RD-Systems) or with inhibitors. Suitable inhibitors such as the CXCL-10 inhibitor Ganodermycin or the
CXCR3 antagonist GW766944 will be applied to test this hypothesis coupled with staining for microglial
activation markers as a read out.
To detect autocrine and paracrine effects of type I IFNs and to identify the IFN producing cells we will
interfere with the IFN-signaling pathway by Jak-Inhibitors (Baricitinib) or by a monoclonal antibody blocking
the type I IFN receptors. All these chemicals will be tested in cell cultures first and working strategies will be
later applied in OBSCs.
Intracellular aggregate signaling for phagocyte clearance will be assessed using a combination of the
experiments above. We will apply these data ex vivo in OBSCs depleted or not from microglia. Depletion of
myeloid cells will be done by published protocols either by PLX3397, clodronate, 2-Deoxy-D-Glucose
(2DDG) for that a good protocol will be revealed in pilot experiments first. Myeloid cells isolated from wild-/fl/fl
CreER
) will be adoptively transferred onto microglia-free
type or IP-deficient mice (LMP7 , LMP7 xCX3CR1
OBSCs (best depletion protocol from the pilot experiment) treated or not with proteasome inhibitors to induce
an IFN-response and the production of CXCL-10. The type I IFN-response including induction of CXCL-10
will be monitored by qRT-PCR, the CXCL-10/CXCR-3 interaction will be detected by microglia activation
markers in IHC and by immunoblot. Comparison of wild type and IP-deficient microglia will reveal the direct
impact of IP in microglia activation. In order to dissect the impact of CXCL-10 in microglia activation we will
interfere with CXCL-10 neutralizing antibodies (RD-Systems) or with Ganodermycin or GW766944 as
described above. CXCL-10/CXCR3-activation is integrated by phosphatidylinositide 3-kinases (PI3Ks) or
mitogen-activated-kinases (MAPK). Upon to CXCL10 binding, CXCR3 was shown to activate the Erk1/2,
JNK and PI3K/AKT pathways. Thus, activation of different kinases will be visualized additionally by
immunoblotting with phosphospecific antibodies against the kinases or their down-stream targets
(exemplified by pCJun, pS6, or NF-κB).
We expect that that IP-deficiency will result in higher levels of proteotoxicity, more type I IFN and radical
production, as well as higher levels of CXCL-10. High levels of CXCL-10 have been shown to induce
apoptosis cascades and to contribute to neurodegeneration [18]. Thus, we will also measure apoptosis rates
by assaying caspase 3/7 activity, processing of caspase 3, or by TUNEL-stain. Moreover, the production of
radicals established by DCFDA or DHE staining together with the staining of oxidant-damaged proteins by
detection of carbonyls along with ubiquitin staining over time will provide a better understanding of the radical
damage in these neuroinflammatory set-ups. Co-staining for marker proteins (Iba-1: microglia; GFAP:
astrocytes; Map-2 or NeuN: neurons) will give rise to the cell types affected in OBSCs.
In summary these data will contribute to our understanding of the pathomechanism connecting perturbed
proteostasis systems with innate signaling and microglia activation in neuroinflammation.

Aim 3: Impact of IP activity on CNS myeloid cell function in HD
In neurodegenerative diseases like HD microglia play a pivotal role in either removal of damaged neurons
and tissue repair (more M2) on the one hand, or by releasing of proinflammatory cytokines as well as by
production of radicals and other damaging agents (more M1) on the other hand. PolyQ diseases such as HD
are proteinopathies with intracellular deposits of aggregated mutant Huntingtin, which cannot be cleared by
the UPS or autophagy. These aggregates are known to activate microglia, however the molecular details are
still unknown. We hypothesize that damaged neurons and astrocytes signal their damage by the CXCL10/CXCR3 axis to microglia in HD. Thus, we aim to elucidate the impact of (Immuno)proteasome function on
myeloid cells in a mouse model for HD.
In analogy to experiments in aim 2, we will determine the spatio-temporal kinetics of IP expression and
activity in microglia of R6/2 transgenic mice in close collaboration with the Priller group [B07]. In particular,
we will to correlate disease progression and deposition of mutant huntingtin aggregates in the brain with
UPS expression/activity in neural and myeloid cells by immunohistochemistry, by FACS and active-site
probe staining, and biochemical methods as described above.
Furthermore, we will confirm the data from our pilot experiments showing induction of IP in microglia and upregulation of CXCL-10 in total brain lysates upon disease progression to determine the IFN-response
(Figure 5). Moreover, the composition of proteasomes along with their activity and function by native PAGE,
active site probes, and accumulation of ubiquitin conjugates will be determined in R6/2 mice and the
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corresponding wild type at two time points (3-6 weeks; before disease; 10-12 weeks at established disease).
In addition, we will determine the pattern of proinflammatory cytokines in the course of HD and in
dependence of i-proteasome-function with the methods explained for aim 2. We further aim to elucidate the
degree of oxidant damage in dependence on i-proteasome function in the HD disease model. We will detect
protein carbonyls as a measure for irreversibly damaged proteins. We will also detect the level of radical
producing enzymes such as NOS, iNOS, and different NADPH-oxidases (NOX1, NOX2, NOX4), which are
known to be induced by innate signaling cascades.
Once established the induction of an IFN-response, we will test the vitality of microglia upon treatment with
polyQ peptides in vitro and in OBSCs. It was shown that polyQ peptides are taken up by cells without any
further carrier substance in a “prion-like” spreading mechanism [26]. The uptake of the oligomeric polyQ
peptides with different polyQ stretches (Q19, Q45) (prepared using an established protocol similar to that for
aß), is monitored by coupled fluorophores (Peptide facility, Charité). Alternatively, we will apply mutant
Huntingtin-variants with polyQ stretches of different length [26, 27] by mRNA transfection adapting a protocol
established for DCs [#9].
To elucidate the cross-talk of neurons and microglia in R6/2, we shall collaborate with project B07 (Priller).
We will treat their mixed-genotype slice cultures with the inhibitors and read-out systems described in aim 2
(UPR, type I IFN, CXCL-10, microglia activation markers, oxidative stress). These experiments will explore
the involvement in polyQ aggregates in induction of proteotoxic stress and an IFN-response, which maybe
more pronounced in the IP-deficient context.
To monitor dynamic changes of proteins in microglia challenged by polyQ aggregation we will perform
proteomics experiments using SILAC as described in aim 1. To do so BV-2 cells will be transfected using
electroporation of mRNA or plasmid encoding huntingtin exon 1 with Q19 or Q44-YFP [26, 27] over night and
processed as described above. The heavy amino acid label will be then a measure for proteins expressed in
response to the polyQ challenge and proteasome inhibition. In case the amount primary microglia will be
enough for these experiments we will use CD11+ microglia from R6/2 mice (transgenic or not) at the time
points 3-6 weeks and 10-12 weeks (before and after established disease and treat them with proteasome
inhibitors (bortezomib, ONX-0914).

3.4.2

Work Plan
2017
Aims
Transcriptomics of UPS
genes in microglia

Proteasome composition/
Proteomics in microglia
UPR, IFN signaling and
microglial function
CXCL-1/CXCR3 axis
Dissection of IP induction in
HD
Impact of IP on microglia
function in HD
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2018
1a

2019
1b

2a

2020
2b

3
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3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner

3.6

Collaborations

ID

PI

Research interactions

A01

Prinz

B03

Lehnardt

B07

Priller

ID

PI

B05

Böttcher/Priller

A02

Jung

B09

Heppner

Lmp7fl/fl and Lmp7fl/fl x CMV-Cre mouse lines

Z01

Backofen

Support for bioinformatics in RNA Seq studies

Type I IFN responses in neuroinflammation
Epigenetic control of gene expression in microglia
Microglia in HD
Methodological interactions
Isolation and handling of microglia
Cx3cr1CreER mouse line

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

DFG,SFB 740
01/2015-12/2018
TPB03
This project aims to define the pathways of proteasome biogernesis in molecular details, there is no
overlap to NeuroMac
Regulation of Proteasome modules

Analysis of perturbations of proteostasis networks
BIH – Helmholtz
05/14-12/17
in Alzheimer’s disease: a focus on the UPS
This project aims to investigate neuronal damage in AD and the impact of the UPS in AD development to
ultimately identify new therapeutic targets, there is no significant overlap to A04
Elucidating the redox-proteolysis switch for
under evaluation
DFG
transcriptional induction of the ubiquitin
site view 22/23 March
SFBTR 186
proteasome system in space and time
2016
The main objective in this project is the dissection of the molecular switch for activation of the transcription
factor TCF11/Nrf1 in space and time, there is no overlap to A04
Transcription factor 11 (TCF 11) is a transcriptional
regulator of proteasome subunit genes - what in
KR 1915/5-2
under evaluation
turn regulates TCF 11 activation?
This project investigates the translational regulation of the transcription factor TCF11/Nrf1 by the RNAbinding protein GRSF1, there is no overlap to A04
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc 100%
Total

2020

Sum
15.000
12,600
2,500
30,100

Sum
15.000
12,600
3,800
31,400

Sum
15.000
10,200
3,800
29,000

Sum
15.000
10,200
2,500
27,700

Sum

Sum

Sum

Sum

96,700

98,000

95,600

94,300

none

Grand total
(All figures in euros)

Requested funding for staff
SeName,
quen
academic
-tial
degree, position
no.

Existing staff

Research staff

Non-research
staff

1

Elke Krüger,
PhD, PI,
professor

2

Anja Brehm,
PhD

3

Petra Henklein,
PhD

4

Katharina
Janek, PhD

5

Elke Bürger,
technician

Requested staff
Research staff
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2019

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
66.600
1
66.600
1
66.600
1
66.600
66.600
66.600
66.600
66.600

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total

3.7.3

2018

6

N.N.

Field of
research

Biochemistry,
Molecular
and cellular
biology,
immunology
Molecular
and cellular
biology,
biochemistry
and genetics
Chemistry,
peptide
synthesis
Chemistry,
Mass
spectrometry

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Charité,
Institute of
Biochemistry

5

Charité

Charité,
Institute of
Biochemistry

5

Charité

2

Charité

2

Charité

16

Charité

Charité,
Institute of
Biochemistry
Charité,
Institute of
Biochemistry
Charité;
Institute of
Biochemistry

Neurobiology, Charité Institute
Immunology of Biochemistry

Category

3.7.2

Postdoc

Funding
source
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Job description of staff (supported through existing funds):
1.
The principal investigator Elke Krüger will coordinate the project and plan the experiments by
providing her experimental and theoretical expertise in the gene expression regulation of UPScomponents during inflammation and the role of the UPS in immune responses. Moreover, she will be
responsible for the publication of the scientific results. In the first phase of the project she will also
supervise directly critical experiments.
2.

Anja Brehm is an experienced postdoc in genetics, molecular and cellular biology, proteasome
biochemistry, who was pioneering in establishing methods with patients material from PRAAS
patients. She also has started to set up iPSC culture in the lab. She will particularly support the
experiments in aim 2 and 3.

3.

Petra Henklein is a trained organic chemist and very skilled in peptide systhesis. Her expertise is
essentially required for synthesis of different polyQ peptides, their labeling with fluorophores, and
synthesis of proteasome inhibitors and their coupling to fluorophors.

4.

Katharina Janek is an expert in mass spectrometry and proteomics. She will support the pilot
experiment in microglia proteomics with her expertise. The mass spectrometry measurements will be
performed in the Core Facility.

5.

Elke Bürger is an experienced technician in the Krüger Lab with excellent hands on expertise in
molecular biology (RNA and cDNA, preparation, qPCR, cloning), immunoblotting, and mammalian cell
culture as well as organization of the laboratory.

Job description of staff (requested funds):
6.
N.N. (Postdoc): To ensure the competitive position of the project in this research area we will need an
experienced and motivated Postdoc, who is preferably qualified in the field of neurobiology with an
excellent background in molecular and cellular biology, immunology, mouse handling, and tissue
culture of neuronal cells and brain slices. Moreover, she/he will be additionally engaged in establishing
new methods and tools, will plan and perform experiments, supervise the technician, collect and
analyze data as well as help to write paper manuscripts.

3.7.4

Requested funding of direct costs

Existing funds from Charité
Sum of requested funds
(All figures in euros)

2017
6,000
30,100

Requested Consumables
Cell culture material, flasks, sterile filters, pipettes, media,
sera, transfection reagents, inhibitors, drugs, surgery material,
tamoxifen, LPS, polyI:C, MACS reagents etc.
Molecular biology kits (RNA purification, cDNA synthesis, qRT
PCR, RNA Seq.)
Div. chemicals (ATP, ADP, buffers, salts, detergents,
electrophoresis materials, precasted native PAGE gels,
fluorogenic substrates, inhibitors)
Immune chemicals (antibodies, fluorescence-labelled
antibodies, ECL-kits, Cytokine ELISA, FACS reagents etc.)
Total per year
(All figures in euros)

2018
6,000
31,400

2019
6,000
29,000

2020
6,000
27,700

2017

2018

2019

2020

5,000

5,000

5,000

5,000

5,000

5,000

5,000

5,000

2,000

2,000

2,000

2,000

3,000

3,000

3,000

3,000

15,000

15,000

15,000

15,000
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Requested Animal Costs
Wild type controls and others, 100 mice for 20 weeks
LMP7/β5i-/-; LMP7fl/fl x CMV-Cre 100 mice for 20 weeks
LMP7fl/fl , 150 mice for 20 weeks
Cx3cr1-Cre-ERT2 150 mice for 20 weeks
LMP7fl/fl x Cx3cr1-Cre-ERT2 150 mice for 20 weeks
B6CBA-R6/2 (CAG 120 +/- 5) 80 mice for 20 weeks
Purchasing costs for embryonic mice E8, E9.5, E12.5,
newborn wild type for microglia preparation (20 embryos and
neonates each; 40x 30,- Euro)
Total per year
(All figures in euros)
Requested Other Costs
User time core facility microscopy Charité 25,- Euro/hour (100
h/year) for immunocytochemistry and proteasome staining
with active site probes
User time core facility proteomics (Charité) (90h/year)
SILAC experiments require about 3 hours per run (12 Euro/
hour); 60 experiments (2 controls plus 3 different conditions, 4
mouse strains) in triplicate plus 10 hours bioinformatics (20
Euro/ hour)
Total per year
(All figures in euros)

2017
1,400
1,400
2,100
2,100
2,100
1,100

2018
1,400
1,400
2,100
2,100
2,100
1,100

2019
1,400
1,400
2,100
2,100
2,100
1,100

2020
1,400
1,400
2,100
2,100
2,100
1,100

2,400

2,400

-

-

12,600

12,600

10,200

10,200

2017

2018

2019

2020

2,500

2,500

2,500

2,500

1,300

1,300

3,800

3,800

2,500

RNA sequencing: will be carried out in the BCRT Facility of the Charité (costs see consumables)
3.7.5
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3.1

General information about Project A05

3.1.1

Project Title: Transcriptional control of microglia proliferation and activation in the
CNS

3.1.2

Research areas: Immunology, Molecular Neuroscience und Neurogenetics

3.1.3

Principal investigator

Sieweke, Michael, Dr.
*
24.02.1963, German
Max Delbrück Center for Molecular Medicine in the
Helmholtz Association (MDC)
Robert-Rössle-Str. 10
D-13125 Berlin-Buch
Phone: 030 94063634
E-mail: Michael.Sieweke@mdc-berlin.de
Do the above mentioned person hold fixed-term positions? No

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

Ground breaking recent finding have demonstrated that macrophages, particularly microglia, can self renew
and be maintained in tissues independent of HSC derived leukocyte influx, but the functional significance
and molecular basis of this developmental pathway is still poorly understood. Furthermore, it has been
shown that the up-regulation of the macrophage transcription factors MafB and cMaf is required for cell cycle
exit upon full differentiation and that their deletion enables unlimited self-renewal in culture. Furthermore,
resident macrophage proliferation in vivo correlates with absence of MafB expression. In this project we want
to address how this mechanism affects microglia proliferation in vivo. Towards this end we will create several
mouse lines that permit the manipulation of Maf proteins specifically in microglia cells. These alleles will
allow deletion, stabilization or ‘freezing’ in a specific activation state of these transcription factors. Our
approach will make it possible to positively or negatively control microglia proliferation or to render it
sensitive to specific inflammatory signals. Using these tools we will study the functional significance of
microglia proliferation during development and in response to injury or neuropathology. The project will
enable us to resolve the important question, whether in different disease settings microglia proliferation is
detrimental or beneficial, depending on the stimulus, and will provide critical guidance for future therapeutic
strategies.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

a) Microglia proliferation in health and disease
Control of cell number and activation state of microglia is a critical determinant of normal CNS development,
regeneration and pathology [1-5]. Microglia develop from early yolk sac progenitors and colonize the
developing brain, where they are maintained into adulthood with no or little contribution from circulating cells
under homeostatic conditions [6, 7]. Microglia cells thus represent the clearest example of the recent
observation that tissue macrophages can be derived from early embryonic progenitors rather than infiltrating
monocytes, previously assumed to be the principal source of tissue macrophages [8-10]. In this context it
has become evident that local self-renewal of tissue macrophages, including microglia, is a major
mechanism for the generation of appropriate cell numbers in homeostasis or in response to challenge and is
a critical determinant of disease outcome [#4, #6]. This is particularly the case for microglia cells, which
undergo massive proliferation and expansion during normal development, during diverse CNS pathologies or
in response to injury [2, 11]. Whereas during homeostasis the blood brain barrier prevents influx of myeloid
cells from the blood, inflammation and certain pathological conditions can induce the infiltration of bone
marrow-derived microglia progenitors. Microglia cells developing via this pathway appear phenotypically
similar but have distinct activities and compete with microglia cells generated by local self-renewal [12, 13].
Despite the importance of proliferation for microglia biology the underlying molecular mechanisms remain
elusive. Furthermore it is unknown, whether microglia proliferation is beneficial or detrimental in various
disease settings.
b) Regulation of microglia proliferation by Maf factors
We have shown previously that the macrophage transcription factors MafB and cMaf are key determinants of
macrophage proliferation [#1, #9, #10] and that their genetic deletion or naturally low expression enables
unlimited self-renewal of mature macrophages in culture [#1, #9]. Furthermore, resident macrophage
proliferation in vivo in the steady-state or upon immune stimulation correlates with low MafB levels [#1]. MafB
and cMaf form a core module of the macrophage transcriptional network [14] and repress a set of selfrenewal genes that macrophages share with embryonic stem cells [#1]. Since MafB and cMaf are also
expressed in microglia cells [14], we hypothesize that Maf-transcription factor activity needs to be inhibited to
enable microglia proliferation and that they are required to arrest the cell cycle at the end of proliferative
episodes. Maf transcription factor inactivation or stabilization should thus provide the possibility to study the
role of microglia cell proliferation during homeostasis or under pathological conditions and to manipulate it for
therapeutic benefit. So far, however, the role of these transcription factors in microglia proliferation and selfrenewal could not be addressed in vivo, because their deficiency causes neonatal death due to
developmental defects [15]. We previously used bone marrow chimeras to study Maf deficiency in
monocytes and macrophages in adult mice [#9]. However, these cannot be used to study microglia cells,
which develop from yolk sac progenitors in the embryo [6] and become only minimally replaced by
monocytes after bone marrow transplantation [11, 16].
c) Selective deletion of Maf factors in microglia
Cre
We have generated mice containing MafBloxP and cMafloxP alleles and crossed them to CX3CR1 and
CreER
animals [9]. In these crosses we have now obtained combined MafBf/+;cMaf f/f;CX3CR1Cre ,
CX3CR1
CreER
mice, which are currently being crossed to homozygocity. As
and MafBf/+;cMaf f/f;CX3CR1
Cre
demonstrated in previous publications from members of the consortium the CX3CR1 allele should allow
CreER
has been
efficient deletion of Maf factors in microglia cells from early development on [7] and CX3CR1
shown to be efficient for selective inducible microglia deletion in the adult [17]. In addition we already
Cre
obtained MafBf/f;cMaf f/f;LysM mice, which we used to generate bone marrow-derived macrophages and
demonstrated efficient deletion of MafB and cMaf genes (Figure 1) and reproduction of the extended self
renewal phenotype previously observed for direct MafB/cMaf deficient macropahges [#9] (data not shown).
Together these data indicate that it should be possible to achieve selective and functional deletion of MafB
and cMaf in microglia cells in vivo.
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Figure 1: Fourteen day bone marrow
derived macrophage cultures were derived
f/f;
f/f
+/Cre
mice and
from MafB cMaf ;LysM
analyzed fort he presence of loxP or deleted
Maf alleles.

d) Selective stabilization of MafB factors in microglia
We have recently observed that MafB activity can be regulated on the level of protein stability and have
identified a point mutation that delays protein degradation and inhibits cell cycle entry of macrophages
expressing this Maf variant (Figure 2). Tissue specific expression of this mutant in microglia cells could thus
serve to prevent Maf inactivation during proliferative episodes of microglia cells in vivo and thus prevent or
inhibit their expansion.

Figure 2: WT MafB or a phosphorylation deficient and protein-stabilizing mutant was expressed from an inducible TetON
system in MafB/cMaf deficient macrophages. Protein levels were analyzed by WB against a flag tag after indicated hours
of Doxycyclin addition. Whereas WT MafB becomes phosphorylated and starts to be degraded at 24h, the mutant protein
continues to accumulate.

d) Stabilization of different macrophage activation states by MafB transcription complex manipulation
Transcription factors do not act as isolated entities but interact with other factors, forming different
complexes with distinct activities and functional readouts. MafB and cMaf can form both homodimers and
heterodimers with cFos, another bZip transcription factor. Whereas MafB is constitutively expressed in
quiescent macrophages and microglia cells, cFos is induced transiently by multiple inflammatory signals.
Whereas cFos induction is a well-known consequence of neuronal activation [18], its role in microglia cells
has been less studied so far. Nevertheless studies in macrophages indicate, that several inflammatory
stimuli induce c-Fos expression. As indicated by our own and other data this is particularly the case for the
activation of TLR signaling. Chronic inflammation has been recognized to be a major hallmark of prevalent
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Amyothrophic
lateral sclerosis (ALS) and multiple sclerosis (MS), where stimulation of TLR signaling cascades plays a
prominent role both in initiation of the disease and maintenance of destructive feedback loops [1, 19]. As one
of the major downstream events of TLR signaling cFos activation is thus likely to be important in the
development of these diseases.
In collaboration with the group of Matthias Willmanns, EMBL Hamburg, we have resolved the structure of
MafB/MafB homo-dimer and MafB/cFos hetero-dimer complexes (Figure 3) [#5]. Based on these data we
could identify a point mutation strongly favoring the MafB/cFos complex over the MafB/MafB complex
(Figure 4) [#5].
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Figure 3: Structures of MafB/MafB homo-dimer and MafB/cFos hetero-dimer transcription factor complexes

Figure 4: MafB WT and hetero-dimer favoring mutant E269R in homo-dimer (left) or MafB/cFos hetero-dimer (right)
complex, indicating lost leucine zipper interactions in MaffB/MafB homo-dimer and newly gained interactions in
MafB/cFos heterodimer.

By expressing this mutant in Maf-DKO macrophages and performing ChIP-seq and gene expression
analysis we could identify MafB/cFos and MafB/MafB specific binding repertoires and target genes (data not
shown). These data indicate that the two complexes mediate opposing immuno-suppressive and proinflammatory states of macrophages, respectively. Crossing our data with gene expression modules that
have been identified after stimulation of human macrophages with a spectrum of agonists [20], we observed
that MafB/MafB homodimer specific gene expression was enriched for M2-like activation states, whereas
MafB/Fos heterodimer specific gene expression was enriched for the response to inflammatory or pathogen
signals, such as LPS. It thus appears that Maf transcription factors cannot only regulate macrophage
proliferation but also their activation state, dependent on the presence of the transiently induced interaction
partner c-Fos.
Together these results provide a platform to control microglia proliferation and activation states in vivo. They
will enable us to inhibit entry or exit of the cell cycle at the initiation or the end of proliferative episodes,
respectively, or to selectively favor specific activation states during normal development, after injury or during
diverse neuropathologies.
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Progressive replacement of embryo-derived cardiac macrophages with age. J Exp Med 211, 21512158 (2014).
#4. Gentek R, Molawi K, and Sieweke MH: Tissue macrophage identity and self-renewal. Immunol Rev
262, 56-73 (Review) (2014).
#5. Pogenberg V, Textor LC, Vanhille L, Holton SJ, Sieweke MH, and Wilmanns M: Design of a bZip
transcription factor with homo/heterodimer-induced DNA-binding preference. Structure 22, 466-477
(2014).
#6. Sieweke MH, and Allen JE: Beyond stem cells: Self-renewal of differentiated macrophages. Science
342, 12429741-12429747 (Review) (2013).
#7. Mossadegh-Keller N, Sarrazin S, Kandalla PK, Espinosa L, Stanley ER, Nutt SL, Moore J, and
Sieweke MH: M-CSF instructs myeloid lineage fate in single haematopoietic stem cells. Nature 497,
239-243 (2013).
#8. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, and Ley K: Development of monocytes,
macrophages, and dendritic cells. Science 327, 656-661 (Review) (2010).
#9. Aziz A, Soucie E, Sarrazin S, and Sieweke MH: MafB/c-Maf deficiency enables self-renewal of
differentiated functional macrophages. Science 326, 867-871 (2009).
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transcriptional repression. Mol Cell Biol 27, 5554-5564 (2007).

(B) Other publications: none
(C) Patents (project related):
•

Pending:
MafB mutants and uses thereof
European patent No. 13306661.3, filed: 3.12.2013

•

Granted:

1. A method for inducing extended self-renewal of functionally differentiated somatic cells.
a. United States patent, No. 9,175,265, delivered 03.11.2015
b. European patent No.09305661.2 : filed 08.07.2009
2. Method for expanding monocytes
a. United States patent No. 8,574,903 B2, delivered 05.11.2013
b. Japanese patent No. 5579442, delivered 18.07.2014
c. Singapore patent No.154039, delivered 15.02.2012
3. Method for generating, maintaining and expanding monocytes, and/or macrophages and/or dendritic cells
in long term culture.
a. United States patent No. 8,691,964 B2, delivered 08.04.2014
b. European patent No. pub 1944361, 16.07.2008, filed 10.01.2007
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3.4

Project plan

3.4.1

Work Programme and Methods

We propose to manipulate the activity of Maf proteins specifically in microglia cells using various Maf loxP
Cre
CreER
animals. CX3CR1 is expressed from developmental stage
flanked alleles and CX3CR1 and CX3CR1
E8.5 in microglia progenitors in the yolk sac before they colonize the brain primordia, and continues to be
Cre
expressed in the microglia of the developing brain [6, 7]. Lineage tracing with CX3CR1 ;loxPstop-YFP mice
CreER
in adult mice makes it
revealed quantitative microglia labeling [9] and Tamoxifen induction of CX3CR1
possible to specifically target loxP alleles in microglia cells without affecting bone marrow derived myeloid
cells [17]. Using these tools we want to address the following questions:
Aim 1: Transcriptional control of microglia proliferation
Our project is based on the observation that MafB and cMaf arrest macrophage proliferation upon full
differentiation and that their deletion enables unlimited proliferation [#1, #9, #10]. If the same mechanisms
operate in vivo in microglia cells, as can be expected from the expression of the factors in these cells [14],
this predicts that microglia need to shut down Maf activity for proliferative expansion during development or
pathological conditions and reactivate them to cease proliferation when returning to homeostatic conditions.
To test this hypothesis we will analyse the effect of deletion or stabilization of these transcription factors
according to the following research plan.
1. Generation of mice with microglia-specific inactivation of MafB and cMaf
fl/f
fl/fl
As outlined in the preliminary data section we have created MafB ; cMaf mice and started to cross them to
Cre
CreER
mice to generate mice with microglia specific deletion of these Maf proteins.
CX3CR1 and CX3CR1
Cre
CX3CR1 mediated deletion of Maf genes will be used to study their role in microglia proliferation during
CreER
mediated deletion to study the effect of Maf deletion in adult microglia under
development and CX3CR1
homeostatic and disease conditions.
2. Generation of mice with microglia-specific stabilization of MafB
We observed that activation of macrophage proliferation involves the degradation of MafB and cMaf and
identified a mutant for a phosphorylation site that is not degraded and prevents cell cycle entry (see
preliminary results). Although the homologous phosphorylation site also exists in cMaf, we observed that a
stabilized mutant MafB is sufficient to delay cell cycle entry in macrophages. Two strategies are envisaged to
study the effect of this mutant on microglia proliferation. As the gain of function mutant might not be
embryonic lethal it might be sufficient to introduce it into the germ-line by new CRISPR technology [20].
Genome editing by zygotic injection of CRISPR/Cas9 vectors is established at the MDC [21] and we will use
the efficient MDC transgenic core facility headed by Ralf Kühn. The method is particularly adapted for the
generation of point mutant alleles and significantly accelerates the generation of mutant mice to about 6
months. A generation of these mice in the first year of the project should therefore be possible. Although
mice with a constitutive mutant allele could rapidly provide first indications, we will also pursue a Cre/loxP
based strategy to replace WT MafB with a stabilised mutant allele specifically in microglia cells. In this
approach expression of the mutant allele will be under the control of a loxP-Stop cassette and could thus be
activated by microglia specific Cre expression (Figure 5). Since a mouse of this design is currently already
being generated in the lab for a different MafB mutant allele it can be used as source for zygotes and
targeting substrate for the same CRISPR/Cas9 vectors used for the constitutive allele.

Figure 5: Strategy for microglia specific expression of MafB mutant proteins
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3. Analysis of effects on proliferation during normal development
Microglia cells show the highest rate of proliferation during a massive expansion phase between E10.5 and
E12.5, after which proliferation declines during later development up to birth and nearly ceases in the adult
under homeostatic conditions [6, 7].
We hypothesize that Maf-deletion might extend the proliferative phase in the embryo, perhaps into
adulthood. Conversely we will analyze whether a stabilized MafB allele would reduce the extent or shorten
the period of microglia proliferation in the embryo. It will be important to determine, whether reduced or
excessive microglia cell proliferation during development will affect the final absolute number of microglia
cells or whether compensatory mechanisms affecting life span or apoptosis might maintain the same
homeostatic number of microglia cells.
Microglia cell proliferation will be analysed in embryogenesis, when microglia proliferation is high and in
juveniles after birth, when it ceases. We will use EdU incorporation and Ki-67 staining in FACS analysis or
Ki-67 and phosphor-histone H3 (pHH3) staining by immunofluorescence on tissue sections. This will permit
both quantification over time and histological localization of microglia cell proliferation. We will quantify
potential differences in the number of microglia by calculating the total number of microglia per brain using
FACs and reference beads and the density of microglia per microscopy field in immunofluorescence
analysis. Furthermore we will investigate, whether the experimental manipulation of microglia cell expansion
will have major general effects on microglia distribution and morphology in collaboration with the Marco Prinz
[A01].
We have recently identified a network of self-renewal genes [#1] that become activated in the absence of
MafB and cMaf. We will sort WT, Maf-deficient and Maf mutant microglia and perform gene expression
analysis at various stages of development by RNAseq to identify potential changes in these self-renewal
network and other cell cycle related genes. We will also analyse, whether this is related to changes in MafB
binding sites that were identified in other macrophage populations in [#1] in collaboration with Ido Amit [A03].
Aim 2: Control of microglia proliferation under pathological conditions
It will be particularly informative to compare the effect of reduced or increased (embryonic progenitor
derived) microglia cells in situations where a disturbed blood-brain barrier (BBB) allows competition from
monocyte/bone marrow-derived microglia cells (stroke, MS) or where this is not the case (AD, normal
development). This should provide insight into the important question under which conditions microglia cell
proliferation may be beneficial or detrimental.
1. Analysis of effects of microglia proliferation in pathologies with disturbed BBB
Under pathological conditions that involve disruption of the BBB such as MS or stroke, resident microglia
cells are in competition with infiltrating monocytes that develop into macrophages phenotypically resembling
microglia cells. In experimental autoimmune encephalomyelitis (EAE), a commonly accepted mouse model
of MS, the respective contribution of these two myeloid cell populations to disease progression has remained
unclear. Whereas on the one hand severity of disease progression correlates with monocyte infiltration [11],
selective ablation of inflammatory signalling in resident microglia cells improves disease development [17].
Induction of EAE results in massive microglia proliferation [11, 13], but it has remained unclear, whether this
is beneficial or detrimental to disease development. The outlined models now provide the possibility to
CreER
mice make it possible to selectively delete or stabilize
clearly address this question. Since the CX3CR1
Maf activity in microglia cells without affecting bone marrow derived cells, we will be able to analyse the
effect of selectively stimulating or inhibiting proliferation of resident microglia cells by Maf deletion or by
expression of the stabilized MafB mutant, respectively. We hypothesize that the stimulation or inhibition of
resident microglia proliferation will positively or negatively affect the competition with infiltrating monocytes
and thus allow determining whether local microglia cell proliferation is beneficial or detrimental to disease
development. EAE will be induced by immunization with myelin peptides as described [11-13, 17]. Microglia
proliferation will be assessed as described in the previous sections. For histological, immune-histochemical
(IHC) and immunofluorescence (IF) analysis of tissue samples that can be easily shipped between the two
locations of the consortium, we will collaborate with Marco Prinz [A01] at Freiburg University , who has a
long experience with the EAE model.
To complement these studies we will also analyze the role of microglia proliferation in response to middle
cerebral artery occlusion (MCAO), a model of stroke. Using analogous approaches as described for EAE we
will analyze whether resident microglia cell proliferation at the expense of infiltrating monocytes is beneficial
or detrimental for regeneration after ischemia. These experiments will be performed in collaboration with the
Böttcher and Priller groups [B05, B07] at the Charité, Berlin. Functional (automated gait analysis), imaging
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(magnetic resonance imaging) and histological IHC readouts of disease severity are well established in
these labs.
2. Analysis of effects of microglia proliferation in neurodegenerative disease with intact BBB
In contrast to the conditions described above many neuro-degenerative diseases including AD occur without
affecting the BBB. Microglia cells accumulate around β-amyloid plaques but it is unclear, whether this is
aggravating the disease, for example by establishing chronic inflammation or spreading β-amyloid protein, or
whether plaques accumulate with age due to the decreasing ability of microglia to clear β-amyloid protein
aggregates. We have also demonstrated that the ability of resident macrophage to self-renewal declines with
age [#3]. Such a decline might be particular serious in a tissue such as CNS that under homeostatic
conditions with an intact BBB cannot be replenished from blood borne progenitors. The number of microglia
might thus become insufficient to perform their normal surveillance and clearance tasks. We will therefore
analyze whether experimentally controlled Maf activity and microglia proliferation will be beneficial or
detrimental for disease development by crossing Maf-deficient and MafB-stabilized mice to mouse models of
AD. We will perform these experiments in collaboration with the Böttcher and Priller groups [B05, B07].
Models of AD are available in Berlin in these groups (FAD model) and in the Heppner group [B09] (APP23
and Tg 2576 mice). Expertise on Alzheimer disease is also available in Freiburg (Meyer-Luehmann, [B08]).
Aim 3: Control of microglia activation during development and disease
Our preliminary data indicate that Maf proteins have distinct immunosuppressive or inflammatory activities
depending on whether they target genes via homo-dimer complexes or as hetero-dimers with Fos. We will
investigate how these activation states relate to microglia proliferation and inflammatory conditions in the
CNS according to the following research plan.
1. Analysis of Maf and Fos expression during microglia proliferation and activation
Maf proteins are stable and expressed constitutively in macrophages under homeostatic conditions, whereas
cFos is induced transiently via various activation pathways. We will therefore analyse by
immunofluorescence under which proliferative or inflammatory conditions cFos is induced in microglia cells
and co-expressed with MafB and cMaf. We will also generate fluorescent protein reporter mice for MafB and
cFos expression). Genome editing by zygotic injection of CRISPR/Cas9 vectors is established at the MDC
[21] and we will use the efficient MDC transgenic core facility headed by Ralf Kühn. This will make it possible
to sort microglia co-expressing the two factors for gene expression analysis, including on the single cell level.
2. Analysis of Maf/Maf and Maf/ Fos complex specific gene expression
We have obtained preliminary data of complex specific target genes by ChIP-Seq and transcriptomic
analysis in macrophages. We will complete these studies and compare them to microglia cell gene
expression under homeostatic or proliferative conditions during normal development or in response to
activation during neuropathologies. The Maf and Fos fluorescent reporter constructs will allow to sort
microglia cells expressing both Maf and Fos or only Maf proteins. This will make it possible to analyze genes
identified by genome wide analysis in relation to Maf complex specific activity during specific physiological
and pathological conditions. Finally it will be possible to achieve this at single cell resolution by sorting and
gene expression analysis of individual cells, a technique where we have considerable previous experience
[#1, #7].
3. Manipulation of Maf/Maf and Maf/Fos complex formation in microglia cell activation
Based on the resolution of the crystal structures of Maf/Maf and Maf/ Fos complexes we could identify point
mutations that strongly favour hetero-or homo-dimer formation. One of the mutant allele with a targeting
strategy shown in fig.5 is currenly being generated in the lab. Using this allele as a substrate the other
mutant will be generated using zygotic injection and CRISPR/Cas9 targeting MDC in the transgenic core
facility headed by Ralf Kühn. We will use the same approaches as described under I.2 to selectively express
these Maf mutants in microglia cells and analyse the effect of facilitating or preventing a defined activation
state on specific inflammatory conditions in the CNS.
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3.4.2

Work Plan
2017
Aims

2018

2019

1

2020
2

3

1.1 Generation of Maf f/f
mice crossed to CX3CR1Cre mice
1.2 Generation of stabilized
MafB mutant allele
1.3 Microglia proliferation in
development and
homeostasis
2.1 Generation microglia
specific stabilized MafB
mutant allele
2.2 Microglia proliferation in
MS and stroke models
3.1 Generation microglia
specific MafB-dimer favoring
mutant alleles
3.2 Analyis of MafB-dimer
specific gene expression in
microglia
3.3 Analyis of microglia
proliferation and activation in
Alzheimer’s disease

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A01

Prinz

B07

Priller

B09

Heppner

ID

PI

A01

Prinz

B08

MeyerLuehmann

Support for analysis of Alzheimer disease phenotypes

Z01

Backofen

Support for gene expression analysis
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Research interactions
The Prinz group has extensive experience in the EAE model of MS. Tissue
material will be exchanged with this group for IF and IHC evaluation of disease
progression.
We will set up the MCAO model of stroke/ischemia in Berlin together with the
Priller group, who has a strong experience in the area.
We will collaborate with the Heppner group to cross our mouse models with
altered Maf activity to Alzheimer disease models and evaluate disease
progression
Methodological interactions
Support for analysis of MS disease phenotypes
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3.6

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

Exploring Self Renewal Mechanism in
Macrophages for Novel Approaches in
Regenerative Medicine

INSERM/Helmholtz
Gemeinschaft

2012-2017

Delineation of molecular mechanisms governing macrophage self-renewal using genome wide analysis of
epigenetic modifications. Analysis of macrophage differentiation mechanisms. No analysis of microglia
cells.
Control of macrophage numbers by endogenous
self renewal mechanisms

Einstein/BIH
Foundation

2015-2018

Analysis of macrophage self-renewal mainly using cell culture techniques. Focus of in vivo work on
alveolar macrophages.
M-CSF Stem cell therapy

SATT

2015-2017

ERC

pending

Exploration of therapeutic potential of M-CSF on HSC
Macrophage Aging

Analysis of age-related changes in macrophages. No analysis of microglia cells.
Probing Hematopoietic stem cell (HSC) directed
immune response and memory

ANR

pending

ARC

pending

Immune response in HSC
Identification of cancer-specific Myc functions

Molecular mechanism distinguishing self renewal and transformation in macrophages

There is no thematic overlap of any of these projects with the work proposed here.

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
Postdoc, 100%
Total

2017
Quantity
1

Direct costs
Consumables
Animal Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

Sum
66,600
66,600

2018

2019

2020

Quantity Sum Quantity Sum Quantity Sum
1
66,600
1
66,600
1
66,600
66,600
66,600
66,600

Sum
35,000
36,300
71,300

Sum
35,000
29,300
64,300

Sum
35,000
21,800
56,800

Sum
35,000
21,800
56,800

Sum

Sum

Sum

Sum

137,900

130,900

123,400

123,400

none

123

Project A05

Requested funding for staff
SeName,
quen
academic
-tial
degree, position
no.

Field of
research

Department of
university or
non-university
institution

1

Michael
Sieweke
Ph.D.,
Group leader

Immunology,
Stem cell
research

Max-Delbrueck
Center

2

Jeremy Favret
Research
Engineer

Immunology,
Molecular
Cell biology

Max-Delbrueck
Center

N.N.,
Postdoc

Immunology, Max-Delbrueck
Neuroscience
Center

Existing staff

Research staff

Requested staff
Research staff

3

Project
commitment in
hours/
week

Category

3.7.3

Funding
source

INSERM/
Helmholtz
Programme

8

BIH/
Einstein
Foundation

6

Postdoc

Job description of staff (supported through existing funds):
1.
Michael Sieweke directs the group “Macrophage and stem cell biology” at the MDC. He is responsible
for coordination of the project, strategic and experimental planning and writing of manuscripts. He will
spend 20% of his working time on this project.
2.

Jeremy Favret is an experienced engineer of the Sieweke lab with 6 years of laboratory experience in
cell culture, molecular biology, mouse experiments and FACS analysis. He will provide technical
support .for various parts of the project.

Job description of staff (requested funds):
3.
Postdoc to be recruited
Our laboratory has a strong background in macrophage biology and the related genetic, molecular,
cell biological and immunological assays. We have created mouse genetic tools to analyze
macrophage self-renewal and activation that could resolve important questions in the microglia field.
With the analysis of microglia cells we are venturing into a new organ system that we did not
previously investigate. It will therefore be essential to recruit a team member with previous experience
in neurobiology and/or microglia cells and who is both conceptually and technologically autonomous in
these areas. As some experiments will also require microscopy, previous experience in this area
would also be desirable. Based on these job requirements the recruitment of a postdoc will be
essential to achieve the project goals.
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3.7.4

Requested funding of direct costs

Sum of existing funds from MDC
Berlin
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

10,000

10,000

10,000

10,000

71,300

64,300

56,800

56,800

Requested Consumables
Antibodies for FACS staining. Monocyte, microglia, lineage,
isotype control and proliferation markers (15/ year, ~ 350
Euros per Ab)
MACS depeletion kit
Edu-proliferation kit
Methocult colony assay kit
IF and IHC antibodies/ histology reagents
PCR reagents, agarose and oligonucleotides for mouse
genotyping
Low quanitity RNA isolation kits
Taqman probes for low quantity/ single cell gene expression
analysis (25/year ~ 100 Euro)
Fluidigm Chips (5/year ~ 700 Euro)
Molecular biology reagents (enzymes, kits, high purity
reagents)
Molecular biology plastic ware and general lab supplies
Consumables for RNA Sequencing (Core Facility)
Total per year
(All figures in euros)
Requested Animal Costs
Required mice:2,400 mice x 0.7 Euro x 52 weeks =
87,360 EUR/4 = 21,840 EUR = 21,800 EUR/year
Transport and decontamination costs. 2 lines in first year, 2
lines in second year.
Transgenic Service
Total per year
(All figures in euros)

3.7.5

2017

2018

2019

2020

5,000

5,000

5,000

5,000

2,000
2,000
2,000
2,000

2,000
2,000
2,000
2,000

2,000
2,000
2,000
2,000

2,000
2,000
2,000
2,000

3,000

3,000

3,000

3,000

2,000

2,000

2,000

2,000

2,500

2,500

2,500

2,500

3,500

3,500

3,500

3,500

2,000

2,000

2,000

2,000

2,000
7,000
35,000

2,000
7,000
35,000

2,000
7,000
35,000

2,000
7,000
35,000

2017

2018

2019

2020

21,800

21,800

21,800

21,800

4,000

4,000

-

-

10,500
36,300

3,500
29,300

21,800

21,800

Requested funding of major research instrumentation

none
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3.1

General information about Project A06

3.1.1

Project Title: Role of integrin receptors for myeloid cell trafficking and motility in
the CNS

3.1.2

Research areas: Cell biology, Immunology

3.1.3

Principal investigator

Lämmermann, Tim, Dr. rer. nat.
*
27.11.1978, German
Max-Planck Institute of Immunobiology and Epigenetics
Max Planck Research Group “Immune Cell Dynamics”
Stübeweg 51
79108 Freiburg
Phone: +49 761-5108-717
E-mail: laemmermann@ie-freiburg.mpg.de
Do the above-mentioned persons hold fixed-term positions? Yes
End date 31.12.2019. Further employment is planned until 31.12.2021

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

Microglia represent the primary innate immune effector cell of the CNS and act as sentinels for the detection
of pathogen invasion or CNS damage. In healthy brain tissue, they appear as highly branched cells
(“ramified” morphology) with pronounced cell protrusions, which are extremely dynamic and survey the
surrounding microenvironment for cell debris. Upon brain injury, microglia undergo shape changes and adopt
a roundish “amoeboid” morphology, sometimes followed by cell displacement and movement through the
tissue. To date, the detailed mechanisms that determine these shape changes and microglia migration in
vivo have remained largely unclear. Cell morphology and movement results from the interplay of actin
polymerization, actomyosin contraction and cell adhesion, the latter mainly mediated by adhesion receptors
of the integrin family. Although it is well known that microglia express several members of the integrin
receptor family, their roles for microglia function in vivo have remained unsolved. We will use flow cytometry,
static and dynamic in situ imaging in combination with mouse genetics to investigate the role of integrin
function for (a) microglia development, homeostasis and anatomical positioning within the healthy brain and
(b) microglia activation, migration and phagocytosis in the diseased CNS after damage, inflammation and
amyloid plaque formation.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
Microglia are homogenously distributed throughout adult CNS tissues where they survey the environment by
actively probing cell protrusions. Upon activation, microglia can switch cell morphologies from a dendritic to
an amoeboid phenotype, which is sometimes followed by movement through the CNS parenchyma [1, 2].
Although these morphological shape changes are major hallmarks of microglial biology, we are still lacking a
detailed understanding of the underlying mechanisms that (a) mediate the tissue distribution and protrusive
sampling of microglia in the healthy CNS and (b) promote microglia shape changes, migration, activation and
phagocytosis in the diseased brain [3, 4]. Similar to other macrophages, resident microglia are considered
very adhesive which is reflected by their expression of several receptors from different integrin families: β1
integrins (α4β1, α5β1, α6β1), β2 family (LFA-1, Mac-1) and αv family (αvβ3, αvβ5) [5]. Integrins are
heterodimeric receptors (α and β subunit) that allow bidirectional signaling across the plasma membrane and
serve as important cellular elements to integrate the extracellular with the intracellular environment and
shape cellular morphology and migration [6]. While the extracellular integrin domains bind a wide variety of
cellular and extracellular matrix (ECM) ligands, the cytoplasmic domains mechanically couple the cell to the
actin cytoskeleton and trigger intracellular signaling pathways. The interaction of the high-molecular weight
protein talin with integrin cytoplasmic domains is hereby crucial for integrin activation, extracellular substrate
binding and coupling of filamentous actin to adhesion sites [6]. Depending on the exact α and β heterodimer
combination, integrin-mediated binding of extracellular ligands can ultimately determine the stability of cell
protrusions, cell shape, motility and transcriptional programs for differentiation and survival. Moreover,
integrins have also been implicated in the uptake of apoptotic material and phagocytosis. While several in
vitro findings (see below) point to crucial roles for integrins in microglia, their exact in vivo functions have yet
to be explored.
a) Role of integrin receptors in immune cell migration
Over the last decade, much progress has been made in understanding the role of integrin receptors in
physiological leukocyte migration, but several important questions are still unanswered. It is now widely
accepted that leukocytes acquire integrin-dependent and integrin-independent modes of migration. For
example, most blood-circulating leukocytes require integrins when interacting with an inflamed vascular
endothelium to exit the vessel and traverse into the underlying tissue. For movement outside the vessel
(interstitial motility), both integrin-dependent and –independent modes have been reported [#2, #6]. The
specific geometry and composition of the interstitial environment plays thereby an instructive role: Movement
along two-dimensional (2D) surfaces (e.g. vascular linings, basement membranes) generally requires
integrin-mediated adhesion, while migration in three-dimensional (3D) fibrillar (e.g. collagen networks) or
channel-like (2D/3D) environments rather favors integrin-independent motility modes [#2, #3, #9]. Some
immune cell types have even been shown to switch migration modes when the physiological environment
changes [#1, #2]. As an example, neutrophils do not require high-affinity integrin receptors when migrating
through the fibrillar connective tissue of the skin, but activate integrin function when transitioning into the
dense inflammatory cell cluster of a mini-abscess [#1, #2, #3]. Given the flexibility of leukocytes in switching
migration modes and the instructive role of tissue geometry and components, current research in the field of
leukocyte migration aims at deciphering the exact 3D geometries of physiological tissues and how they
influence in situ immune cell motility, potentially favoring one migration mode over the other. It is expected
that different immune cell subtypes have evolved specialized migration strategies according to their
physiological function and tissue residence.
While the before mentioned concepts largely derive from in vivo studies on low-adhesive leukocytes
(neutrophils, T cells, mature dendritic cells) migrating in connective and lymphoid tissues [#2, #10], it is
currently unknown if these concepts apply to all other immune cell types. In discussions on classical
leukocyte migration, macrophages and microglia are often left aside. Given that most resident macrophages
and microglia have a different developmental origin than most other hematopoietic cell lineages [7], it is likely
that they developed distinct migration strategies. Morphologically, macrophages and microglia resemble
mesenchymal cells (e.g. fibroblasts, endothelial cells, tumor cells) much closer than other immune cells.
Similar to mesenchymal cells, macrophages and microglia develop integrin-rich adhesive structures and
show proteolytic activity in vitro [8, 9]. Given that integrins influence cell shape, migration, differentiation and
survival in mesenchymal cell types, these receptors may have similarly important roles in macrophages and
microglia. However, we have very limited insights into (i) how integrin receptors control the in vivo dynamics
of microglia and CNS macrophages, (ii) how myeloid cells have evolved specific migration strategies in the
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CNS, and (iii) how the specialized geometry and composition of the healthy and diseased CNS influence the
migration modes of these cells.
b) Role of integrin receptors and their potential functions in microglia and macrophages of the CNS
Several in vitro studies point to important roles of integrins for microglia biology. Microglia express several
integrin heterodimers from the major families β1, β2 and αv [5]. Upon activation, microglia upregulate the cell
surface expression of integrin receptors together with their proteolytic activity [10, 11]. Microglia can form
strong adhesive interactions with underlying ECM, so called ‘podosomes’. These special adhesion structures
are observed in vitro and consist of a central actin core, which is surrounded by a ring enriched in integrins,
talin and phosphotyrosine residues. ‘Podosomes’ are currently viewed to promote adhesion and degrade
ECM components such as fibronectin, which has also been observed in microglia [8, 9]. While it is not clear if
these integrin-dependent structures really exist within physiological tissues, recent in vivo observations of
pronounced flat lamellopodia (“jellyfish” morphology) at sites of traumatic brain injury suggest their presence
within living tissues [12]. By binding to ECM molecules, integrins seem to further promote microglial
activation, which is likely relevant when ECM molecules such as fibronectin, vitronectin or fibrinogen are
deposited in the cerebral parenchyma under pathological conditions [10, 13]. In situations of brain
conditioning (e.g., direct tissue irradiation), blood-derived monocytes are recruited to the brain and
complement the microglial pool. Similar to microglia, these monocytes express integrin receptors of the β1,
β2 and αv family (unpublished results, Prinz group), which might mediate the recruitment and migration into
the injured brain. For perivascular, meningeal, supraependymal and choroid plexus macrophages, the exact
integrin expression profile has not yet been determined.
To date, we have very limited knowledge about how integrin receptors control microglia and CNS
macrophage physiology. In vitro studies have implicated a functional role for β1 integrins during microglia
migration in response to neuron-released α-synuclein [14], ATP-induced extension of microglial processes
[15] and phagocytosis of fibrillar β-amyloid [16]. Of all integrin members, the integrin αMβ2 (also known as
Mac-1, CR-3, CD11b/CD18) has probably gained highest attention. Not only has it long been used as
microglia surface marker, but also been implicated by several in vitro studies in the phagocytosis and
clearance of β-amyloid peptides and fibrils [17-21]. However, the physiological relevance of these findings
and the exact role of integrins for Aβ formation and removal in vivo are still unclear [3, 22].
c) Migration routes of microglia: Integrin-dependent or –independent?
Microglia originate from myeloid precursors that migrate from the yolk sac into the neuroepithelium between
E9.5 and E10.5. During this process, microglial progenitors associate with radial glia and blood vessels
ingressing into the brain from the pial surface [23]. After migration into the brain, microglia proliferate
dramatically and colonize the developing cortex, optic vesicles and the developing spinal cord [24]. Microglia
then widely distribute throughout the adult brain, except in areas of densely packed neuron cell bodies. While
the role of blood vessels for microglial colonization is controversial, microglia seem to shape the developing
CNS vasculature [23]. In the healthy adult brain tissue, microglia form arborized and pronounced cell
protrusions, which dynamically survey the surrounding microenvironment for cell debris. Upon tissue injury,
microglia quickly re-direct their protrusions toward the site of tissue damage [1, 2]. They might also adopt a
roundish morphology, which can then be followed by cell displacement and migration through the tissue.
Microglia movement and long-term repositioning has been observed under several conditions of a diseased
CNS (brain inflammation, compression injury, neurodegeneration, demyelination) [4, 24-26]. In contrast to
the fibrillar architecture of connective tissues, CNS tissues are mainly composed of cellular networks and
lack pronounced matrix structures. Instead of moving within a stiff collagenous mesh (e.g. skin), leukocytes
in the CNS parenchyma need to navigate through a more elastic interstitium in contact with other denselypacked cell types. It is currently unclear if (i) specific CNS structures provide trafficking paths for microglia or
impose special motility modes and (ii) microglia adopt migration strategies that are specific for the CNS and
not seen in other physiological tissues. Since the healthy and diseased CNS can markedly differ in its
composition and geometry, it is likely that this will also influence the exact mode of migration and the
requirement for integrin receptors. For example, T lymphocytes preferentially migrate along a reticular fiber
network, which is only induced upon brain infection, but not observed in the healthy brain [27]. Unlike in
disease models where the blood-brain barrier (BBB) stays intact [25], pathological situations of defective
BBB will have additional depositions of blood plasma-derived matrix molecules (e.g. fibronectin, vitronectin,
fibrinogen) that might affect microglia activation and the exact mode of migration [13, 26].
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Preliminary work
Over the last 10 years, we have contributed to the current understanding that leukocytes can adopt integrindependent and -independent migration modes and even switch between them [#1 - #10]. While it had long
been established that immune cells require integrin receptors when they stop and crawl along the inflamed
vascular endothelium during extravasation, we had made the unexpected finding that neutrophils and mature
dendritic cells do not require integrins when migrating in fibrillar stiff connective tissues [#3, #9]. Since then,
several studies have contributed to a more fine-grained picture on leukocyte migration: It is now generally
assumed that each immune cell subtype acquires a specific mode of migration depending on (a) the exact
expression levels of adhesion receptors and cytoskeletal regulators and (b) the exact extracellular tissue
context [#2].
While most of our current knowledge on leukocyte tissue migration stems from some low-adhesive and fastmoving model cell types (T cells, neutrophils) [#1, #2], there has only been little attention on the resident and
statically appearing cells of the innate immune system. Over the last years, we have started a systematic
analysis on how integrin function impacts the slow-moving innate immune cells with a particular focus on
tissue-resident macrophages, mast cells and immature dendritic cells. Since it has been shown that the loss
of one integrin family can sometimes be compensated by an upregulated expression of integrins from
another family, we analyzed mice with a double-deficiency for the two major integrin families (β1 and β2) in
+/the hematopoeitic system. Our unpublished results on tissue-resident macrophages in adult Vav-iCre
fl/fl
-/Itgb1 Itgb2 mice show dramatic morphological changes and positioning defects in almost all analyzed
tissues, including skin, liver, spleen, thymus (Figure 1, and data not shown). Quadruple deficiency for all four
+/fl/fl
fl/fl
-/-/integrin families (β1, β2, β7, αv) in the hematopoeitic system (Vav-iCre Itgav Itgb1 Itgb7 Itgb2 mice)
resulted in postnatal death around day 10 (data not shown). Since Vav-iCre mediated deletion was believed
not to occur in microglia, we had not included them in our broad tissue analysis.

Figure 1: Tissue macrophages and their dependence on integrin function.
Our unpublished results reveal important roles of integrins for the morphology and exact positioning of tissue
+/fl/fl
macrophages in several tissues. We compared tissue macrophages in control mice (left panels) with Vav-iCre Itgb1
Itgb2-/- mice (right panels) in (a) skin, (b) liver, (c) red pulp of the spleen. While resident macrophages in control mice
show very elongated morphology and align along vessels in skin and liver, macrophages in knockout animals remained
roundish and were mostly detached from vascular structures. Immunofluorescence staining: collagen IV (basement
membranes, green), CD169 (macrophages, red; a, b), F4/80 (macrophages, red; c).
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In past and current projects, we have also used conditional gene deletion of talin-1 in myeloid cells and have
confirmed that talin-1 depletion leads to the loss of the high-affinity conformation of all expressed integrin
receptors and the loss of extracellular ligand binding [#3, #9]. Talin is considered an essential cytoplasmic
activator for the function of all integrin families (β1, β2, β7, αv), and constitutive knockout of the talin-1 gene
is embryonic lethal [6]. Our unpublished results with conditional gene deletion of talin-1 in connective tissue
mast cells (Mcpt5-Cre+/- Tln1fl/fl) and dendritic cells (CD11c-Cre+/- Tln1fl/fl) point to integrin functions beyond
cell motility, with regulatory roles in anatomical cell positioning, differentiation and survival (Figure 2, and
data not shown). Talin-1-deficient mast cells in the skin do not align anymore along vessels and form cell
clusters in the tissue (Figure 2a, b). Dendritic cells that lack talin function show crippled morphologies and
altered positioning in lymph node, spleen and thymus (Figure 2c, d; and data not shown). Given the
protrusive and elongated morphologies of resident microglia and CNS macrophages, which is sometimes
accompanied by close association to vessels (Figure 3), we expect to find similarly important roles for
integrin function in these cell types.

Figure 2: Innate immune cells and their dependence on talin-1 function.
Our unpublished results reveal important roles of talin-1 for the morphology and exact positioning of tissue mast cells
and dendritic cells in diverse tissues. (a, b) We compared connective tissue mast cells in control mice (a) with talin-1+/fl/fl
depleted mast cells in Mcpt5-Cre Tln1 mice (b). Talin-1 depleted mast cells do not align along arterioles or distribute
in the tissue homogeneously anymore, but instead form little cell clusters. Immunofluorescence staining: collagen IV
(green), avidin (mast cells, red). (c, d) Talin-1 depleted dendritic cells do not position in the thymic medulla when
competing with WT dendritic cells. (c) In 50:50 bone marrow chimeric mice with 50% WT cells and 50% WT CD11c-YFP
cells, YFP-positive cells distribute in both outer cortex and inner medulla of the thymus. (d) In 50:50 bone marrow
+/fl/fl
chimeric mice with 50% WT cells and 50% CD11cCre Tln1 CD11c-YFP cells, talin-1 deficient YFP-positive cells do
not localize in the thymic medulla anymore. Immunofluorescence: smooth muscle actin (medulla, blue), CD11c
(unlabelled WT dendritic cells, red), YFP (WT or KO dendritic cells, green).
Figure 3: Localization of microglia and macrophages
in relation to the CNS vascular network.
Ramified microglia (yellow) with pronounced protrusive
processes locate next to CNS macrophages (red) that
align with very elongated morphology along blood
vessels and capillaries (blue) in the healthy adult brain of
GFP
(yellow),
control mice. Immunofluorescence: Cx3cr1
CD68 (red), collagen IV (blue).
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3.4

Project plan

3.4.1

Work Programme and Methods

We aim to investigate the functional importance for integrin receptors during the physiological development,
homeostasis and motility of resident macrophages and microglia in the CNS parenchyma. We will hereby
explore if resident myeloid cells of the CNS have evolved specific migration strategies adapted to the
physiological environment of the healthy or diseased CNS. To explore the relevance of integrin-mediated
adhesion and signaling, it is necessary to rule out compensatory mechanisms between different integrin
heterodimers. Since microglia and CNS macrophages express several integrin receptors from different
integrin families (β1, β2, αV) [5], one would favor an approach where integrins from all three families were
depleted by gene deletion (e.g. Cx3cr1CreER:Itgb1fl/fl Itgb2-/- Itgavfl/fl mice). However, this crossing scheme is
very time-consuming and would yield additional gene defects in other hematopoeitic cells due to the
constitutive knockout of β2 integrins (Itgb2-/-). To circumvent these problems, we will generate more cellspecific knockouts for talin-1, the essential cytoplasmic regulator for switching integrins of all families to a
Cre
fl/fl
high-affinity conformation that mediates extracellular ligand binding. By generating Cx3cr1 :Tln1 and
CreER
fl/fl
Cx3cr1
:Tln1 mice, we will have unique models to analyze macrophages and microglia that lack
functional high-affinity conformation of all expressed integrins, while still maintaining the inactive integrin
receptors on their surface. This is very advantageous for our analysis, because the β2 integrin CD11b
remains present on the cell and can still be used as microglia marker.
Aim 1: Investigating the role of high-affinity integrins for the development and homeostasis of
resident microglia and CNS macrophages
a) Generating and characterizing Cx3cr1Cre:Tln1fl/fl and Cx3cr1CreER:Tln1fl/fl mouse strains
We will employ two mouse models of talin-1 depletion in microglia: (1) Cx3cr1Cre:Tln1fl/fl mice for early
deletion of talin-1 in myeloid progenitors to study microglial development and (2) Cx3cr1CreER:Tln1fl/fl mice for
inducible and late gene deletion of microglia in adult mice.
Since the Cx3cr1 promoter is already active during embryonic development at E9.5 [24], we will employ
Cx3cr1Cre:Tln1fl/fl mice to study how early gene deletion of talin-1 affects the migration of myeloid progenitors
from the yolk sac into the neuroepithelium and the colonization of microglia within the adult CNS tissue. In
this mouse model, gene deletion will also occur in cells other than developing microglia (including fractions of
resident CNS macrophages, Ly6Clo monocytes, Ly6Chigh monocytes, NK cells, dendritic cell subtypes) [26].
In parallel, we will also generate Cx3cr1CreER:Tln1fl/fl mice that will allow us to induce microglia-specific gene
deletion in adult mice. After s.c. administration of tamoxifen into 5-7 week old Cx3cr1CreER:Tln1fl/fl mice, we
will wait 6-8 weeks to obtain microglia-specific deletion of talin-1 [26]. Both mouse models will be thoroughly
characterized by comparing knockout animals to littermate controls. We will perform immunofluorescence
analysis of microglia and CNS macrophages in cortex, cerebellum, hippocampus, spinal cord and retina of
adult mice. Using multiplex confocal immunofluorescence imaging of Iba1, CD11b (microglia), with GFAP
(astrocytes), NeuN (neurons), Mac-3 (macrophages), collagen IV (vascular basement membranes) and
CD31 (vascular endothelium), we will assess 100-200 microglial cells per brain region and analyze cell
numbers, morphology, distribution and positioning in relation to other cell types and brain structures by
histomorphometric analysis. By staining thick vibratome slices of brain regions, we will particularly focus on
the morphology of microglial cell bodies and arborization patterns. We will also isolate microglia by Percoll
gradients to compare microglia numbers between control and knockout animals by flow cytometric analysis
(CD45lo CD11bhigh) and to confirm the efficiency of talin-1 knockout by Western Blot analysis.
Recent reports on microglia-depleted mice revealed rapid repopulation of the CNS microglia pool by a yet
unknown cell type [28]. Based on these findings, defects of myeloid progenitor homing during embryonic
development might be masked by repopulating the microglia niche through other cell sources. To delineate
the role of talin-1 for the migration of myeloid progenitors from the yolk sac into the neuroepithelium to
colonize the adult CNS, we will make use of a fate mapping approach. We will intercross Cx3cr1CreER:Tln1fl/fl
mice with Ai14 reporter mice (JAX line 007908) to generate CX3CR1CreER:Tln1fl/fl:R26TdT/+ mice. Upon
tamoxifen injection, myeloid progenitors and microglia in these mice will lack talin-1 and express the red
fluorescent protein TdTomato for fate tracking. When administering a single dose of tamoxifen into pregnant
females at E9.5 to E10.5, this model system will allow the tracking of talin-1 depleted early myeloid
progenitors in offspring animals. By assessing the contribution of fluorescently tagged microglia to the
developing and adult CNS in control and knockout mice, we will be able to dissect the functional role of talin1 for early homing events.
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b) Real-time analysis of microglia cytoskeletal dynamics in healthy brains
To gain more detailed insight into how integrins regulate protrusion dynamics in microglia, we will perform
live imaging of resident microglia in brains of anesthetized mice and brain tissue slices. We will hereby built
on our experience in visualizing myeloid cell dynamics in living tissues by employing two-photon intravital
microscopy (2P-IVM) or spinning-disk confocal microscopy of tissue explants [#3, #8, #9]. To visualize
endogenous microglia, we will use tamoxifen-induced CX3CR1CreER:Tln1fl/fl:R26TdT/+ mice, which express the
red fluorescent protein TdTomato for the live visualization and tracking of cell behavior in mouse brains or
tissue slices. In earlier experiments, we have already confirmed that heterozygous R26TdT/+ mice yield bright
red fluorescence and allow optimal visualization of myeloid cells by 2P-IVM (data not shown). Based on our
hypothesis that integrins stabilize actin-driven protrusions, we will perform 2P-IVM on brains of knockout and
control mice and compare the maximal length of protrusions, their duration rates and the microglial sampling
radius. These in vivo 2P-IVM experiments will be complemented by spinning-disk confocal microscopy of
microglia in brain slices to gain more detailed structural information on protrusion formation at higher optical
resolution. Since we have observed that lack of high-affinity integrins causes other leukocyte cell types to
“slip” and increase their intracellular retrograde actin flow [#7], we want to explore if this is also true for talindepleted microglia plated on fibronectin or fibrinogen. To obtain a more molecular view how microglia
stabilize their protrusions and leading edges, we will also visualize actin dynamics by transducing Percollisolated microglia from tamoxifen-induced CX3CR1CreER:Tln1fl/fl:R26TdT/+ mice with a lentiviral vector coding
for Lifeact-GFP. As we have published before [#7, #8], we will perform total interference reflection (TIRF)
microscopy to visualize retrograde actin flow in control and talin-deficient cells. By visualizing actin dynamics,
we will also be able to assess podosome formation in talin-depleted and control microglia. Since the
formation of podosomes is indicative of proteolytic activity of microglia, we will complement these studies by
measuring ECM degradation in vitro. These studies will provide important information for our understanding
how microglia couple extracellular ligand binding to the intracellular actin cytoskeleton and will give important
groundwork to dissect potential cell-intrinsic and contextual effects on microglial shape changes.
Aim 2: Investigating the functional roles of integrins for microglia re-positioning and migration in the
diseased brain
To investigate the functional importance of high-affinity integrins in situations when microglia are known to
re-position or migrate in the diseased CNS, we will address microglia dynamics in models of (a) laserinduced micro-damages [1, 2, #3], (b) unilateral facial nerve axotomy (model of intact BBB) [25], and (c)
experimental autoimmune encephalitis (model of defective BBB) [13, 26]. It will be of particular interest to
compare the dynamic behavior of microglia in these situations and investigate how their motility depends on
integrin receptors. Since the composition and geometry of the tissues will differ between these diseased
CNS states, we expect microglia to acquire specific modes of migration adapted to the specific extracellular
environment.
a) Real-time analysis of microglia protrusion dynamics after laser-induced micro-damage
Unlike in healthy brain when resting microglia send protrusions in all directions, a local laser-induced microdamage causes microglia to quickly induce chemotactic protrusions toward the injured tissue area [1, 2]. To
address if high-affinity integrins are required to stabilize these protrusions in situ, we will build on our earlier
expertise on 2P-laser-induced injury models [#3] and induce a local laser-induced damage of 10-20µm in
size and follow the dynamic response in living brains or brain slices of CX3CR1Cre:Tln1fl/fl:R26TdT/+ or
tamoxifen-induced CX3CR1CreER:Tln1fl/fl:R26TdT/+ mice. Moreover, we will also monitor in brain slices how
control and talin-depleted microglia move in relation to neighboring stroma, including extracellular matrix
structures that will be visualized with fluorescent dyes (SR101, Syto dyes), lectins (FITC-IB4) or antibodies
(collagen IV-A647). By comparing length, stability, speed and exact paths of protrusion formation between
control and knockout animals, these ex vivo and intravital imaging studies will clarify the role of integrins for
microglia protrusion formation in living brain tissue. These microglia dynamics will be compared with the
response of retinal microglia after laser-induced retinal damage, which will be done in collaboration with the
Lange/Hilgendorf group [B02].
b) Investigating the role of integrins when microglia migrate in situations of intact BBB
Next, we will address how the loss of high-affinity integrin function affects microglial long-term re-positioning
in a disease model where the BBB is intact and no additional deposits of plasma-derived matrix molecules
are to be expected. We will induce neurodegeneration in adult CX3CR1CreER:Tln1fl/fl:R26TdT/+ mice 6-8 weeks
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after tamoxifen injection using the unilateral facial nerve axotomy model [25]. In this experimental procedure,
the blood-brain barrier is intact, and a remote degeneration of the facial nucleus leads to local microglial
activation and accumulation at the lesioned facial nucleus. 14 days after axotomy, we will perform
immunofluorescence stainings for microglia (Iba-1, CD11b) and neurons (NeuN) in sections of lesioned brain
regions of control and knockout mice, followed by histomorphometric analysis for microglia numbers at the
lesion site, their exact positioning in relation to other cells (astrocytes, neurons) and vascular structures,
microglial shape and protrusion formation. These experiments will give important insights into the functional
role of integrin-dependent adhesion and migration for microglia dynamics in the diseased CNS parenchyma,
albeit plasma-derived matrix molecules are absent.
c) Investigating the role of integrins when microglia migrate in situations of defective BBB
In models of defective BBB, additional depositions of blood plasma-derived matrix molecules (e.g.
fibronectin, vitronectin, fibrinogen) might affect microglia activation and shift microglia motility to an integrinand proteolysis-dependent mode. In experimental autoimmune encephalomyelitis (EAE), an established
mouse model for multiple sclerosis, activation of microglia precedes infiltration of peripheral macrophages
and occurs before disease onset. In this model, plasma-derived fibrinogen is deposited in the CNS
parenchyma and induces perivascular clustering of microglia and pial macrophages before disease onset.
Already at pre-onset EAE (clinical score 0, day 5-10), perivascular microglia clusters can be observed, which
dramatically grow by peak EAE (clinical score 3, day 17-20) [13]. While these findings are highly suggestive
for a role of β2 integrins in microglia positioning, the exact functional roles of microglial integrins in EAE and
relevance for disease progression are unclear. To address how lack of high-affinity integrins in microglia
impacts EAE disease progression, we will immunize adult tamoxifen-induced CX3CR1CreER:Tln1fl/fl:R26TdT/+
and littermate control mice with myelin oligodendrocyte glycoprotein (MOG) 35–55 peptide and monitor
disease progression by clinical assessment [26]. We will examine spinal cord sections by
immunohistochemistry at day 8-9, 17-18 and 25 after immunization with special focus on microglia
accumulation around pial vessels, inflammatory cell infiltrates (Mac-3+ macrophages, CD3+ T cells, B220+ B
cells) in spinal cord parenchyma at day 25, accompanied by histological analysis for demyelination in the
white matter (Luxol blue staining) and axonal damage (amyloid precursor protein). In case our hypothesis
tests right and lack of talin-1 in microglia alters EAE onset or disease progression, we will further quantify the
expression of inflammatory chemokines (CCL2, CCL3, CCL5, CCL12) and microglial effector molecules
(TNF, IL1β, NOS2).
Aim 3: Investigating the role of high-affinity integrins in Aβ plaque formation
Based on earlier in vitro findings that microglial β1 integrins and the integrin αMβ2 (CR-3, CD11b/CD18)
control the phagocytosis and clearance of β-amyloid peptides and fibrils [16-20] and microglial activation [10,
11], we hypothesize that talin depletion in microglia affects the formation of amyloid-β (Aβ) plaques, a
neuropathological hallmark of Alzheimer’s disease. In close collaboration with the group of Melanie MeyerLuehmann, we will test how talin-depleted microglia influence Aβ plaque development in WT neuronal grafts
that have been transplanted into mice on the FAD background (a mouse model of Alzheimer’s disease) [3,
22]. In this model, microglia act as Aβ ‘couriers’ that phagocytose Aβ, migrate toward the grafted WT tissue
where they deposit Aβ and contribute to plaque formation in the graft. Since this model of Aβ plaque
formation involves a sequence of events where integrin function has been implicated for each step, we will
test how talin depletion affects microglial Aβ phagocytosis, microglial activation, relocation within the brain
parenchyma and invasion into WT grafts. Given that other leukocytes depend on integrins during invasion
events [#3, #6], we expect integrin-mediated adhesion to play a major role when microglia invade the tissue
graft and deposit β-amyloid. To investigate how loss of high-affinity integrins in microglia influences
Aβ phagocytosis and formation of Aβ plaques in WT grafts, we will first generate CX3CR1CreER:Tln1fl/fl:R26TdT/+
FAD+/- mice and control mice. At 2-3 weeks of age, mice will be injected with tamoxifen to yield microgliaspecific deletion of talin-1 another 5-8 weeks later. We will then graft suspension of embryonic WT
neocortices and hippocampi into the respective brain regions of recipient mice. By 8-12 weeks of age, mice
on the FAD background will start developing Alzheimer’s plaques. To investigate if loss of talin alters Aβ
uptake of microglia outside the tissue graft, we will analyse brain tissues of mice 1-2 months after
intracerebral grafting by immunofluorescence co-staining of Aβ and microglia. To determine how talin
depletion in microglia impacts Aβ plaques within the grafted area, we will histologically analyse brain tissue
of mice 3-6 months after graft injection and perform histomorphometric analysis of microglia shape,
protrusion index and positioning in relation to the graft. Since our mouse strains also carry a microgliaspecific endogenous TdTomato reporter, we can visualize the living dynamics of microglia inside and outside
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the graft at selected time points by using either 2P-IVM or spinning-disk confocal microscopy of brain slice.
These experiments will provide new insights into the relevance of integrin function and signaling in microglia
phagocytosis, migration and Aβ plaque formation.

3.4.2

Work Plan
2017
Aims

2018
1a

2019
1b

2a

2b

2020
2c

3

Activated integrins in
development and healthy
CNS
Activated integrins on
microglia in diseased CNS
Activated integrins on
microglia in amyloid plaque
formation

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

Research interactions

A01

Prinz

Collaboration on Aim 2: Will help monitoring the clinical disease score in EAE

B02

Lange/Hilgendorf

Collaboration on Aim 1 and 2: Will analyze microglia in the retina
Collaboration on Aim 3: Will work together on the role of talin-depleted
microglia in Aβ plaque formation within tissue grafts
Methodological interactions
Will provide initial help in Percoll-isolating microglia
Will provide initial help in characterizing embryonic CNS anatomy
Will provide initial help in setting up the facial nerve axotomy model in our lab
Will provide CX3CR1Cre and CX3CR1CreER mice

ID

MeyerLuehmann
PI

A01

Prinz

A02

Jung

B02

Lange/Hilgendorf
MeyerLuehmann

B08

B08

3.6

Will perform laser-induced retinal damage
Will assist in 2P-IVM of microglia in brains of anesthetized mice (upright
microscope at University Freiburg)

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

Extravascular dynamics and positioning of innate
leukocytes and their functional impact for the
DFG
1.9.2015 – 31.8.2018
immune system
In project LA 3465/1-1 we are analyzing how myeloid immune cell dynamics change within skin tissue
upon mast cell degranulation and how the depletion of talin-1 affects positioning of dendritic cells in
lymphoid organs. This project does not address immune cell dynamics and positioning in the CNS.

There is no thematic overlap with the work proposed here.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc, 100%
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
66,600
1
66,600
1
66.600
1
66.600
66,600
66,600
66.600
66.600

Direct costs
Consumables
Animal Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

3.7.3

2018

none

Sum
15,000
5,000
20,000

Sum
15,000
5,000
20,000

Sum
15,000
5,000
20,000

Sum
15,000
5,000
20,000

Sum

Sum

Sum

Sum

86,600

86,600

86,600

86,600

Staff
SeName,
quen
academic
-tial
degree, position
no

Existing staff

Research staff

Non-research
staff

1

Tim
Lämmermann,
Dr. rer. nat.,
Max Planck
Research
group leader
(MPRGL)

2

Alina Gavrilov
(technical
assistance)

Requested staff
Research staff

3

N.N.
(PostDoc)

Field of
research

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Innate
immune cell
dynamics,
cell
migration,
intravital
microscopy

Max Planck
Institute of
Immunobiology
and Epigenetics
(independent
research group)

12

Max Planck
Society

Max Planck
Institute of
Immunobiology
and Epigenetics

12

Max Planck
Society

Max Planck
Institute of
CNS Integrin
Immunobiology
and Epigenetics

Category

3.7.2

Funding
source

PostDoc

Job description of staff (supported through existing funds):
1.
Dr. rer. nat. Tim Lämmermann is the principal investigator (PI) of this project. He will teach vibratome
sectioning, 2P-IVM, spinning-disk confocal microscopy and flow cytometry. He will also assist in
microscopical analysis and interpretation. He is responsible for coordination, experiment planning,
supervision of the postdoctoral work and technical staff, and writing manuscripts. He is also
responsible in coordinating the scientific exchange with the Department of Neuropathology (Prinz,
A01), Neurology (Meyer-Luehmann, B08) and Experimental Ophthalmology (Lange/Hilgendorf, B02)
in the course of this project. He will spend 30% of his working time on this project.
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2.

Alina Gavrilov (supported through Max Planck Research Group funding) will help with histology,
immunofluorescence stainings, PCRs for genotyping, mouse breeding and monitoring mice for
potential health burdens.

Job description of staff (requested funds):
3.

3.7.4

The Postdoc will initially characterize the newly generated mouse strains by immunofluorescence and
static flow cytometry. If required, she/he will analyze microglia positioning in embryonic development.
Together with Tim Lämmermann, she/he will perform the analysis of in situ dynamics in brain slices
with an inverted two-photon or spinning-disk confocal microscope at the MPI-IE. In tight collaboration
with the group of Marco Prinz, she/he will learn the disease models and work together with colleagues
from the Prinz lab [A01] to apply them to the mutant mouse strains and analyze the results. Together
with Melanie Meyer-Luehmann’s group [B08], she/he will assist/perform the analysis of in vivo
CreER
/+
dynamics in anesthetized mice at the University Freiburg, including the CX3CR1
:Tln1fl/fl R26TdT
+/FAD model.
Since this project is at the interdisciplinary interface of cell biology, immunology and neurobiology, it
requires a Postdoc who can build on previous research expertise, motivated to learn novel techniques
and work in collaborative and productive efforts with members of the Prinz [A01], Meyer-Luehmann
[B08] and Lange/Hilgendorf [B02] lab.

Requested funding of direct costs

Existing funds from the Max Planck
Society, Munich
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

5,000

5,000

5,000

5,000

20,000

20,000

20,000

20,000

Requested Consumables
Directly labeled fluorescent antibodies for flow cytometry, e.g.
CD45, F4/80, Ly6G, Ly6C, CCR2, CD11b, CD29, Mac-3,
CD115, CD11c
Primary antibodies for immunofluorescence of tissues, e.g.
Iba-1, Collagen IV, fibronectin, fibrinogen, Pecam-1, GFAP,
NeuN, CD3, B220, Mac-3, CD68, talin, phosphotyrosine
Secondary antibodies for immunofluorescence of tissues
Histology equipment and reagents
Dyes and Labeling reagents (e.g. A488-IB4, A647-IB4,
Phalloidin-A647, fluorescent dextran for 2P-IVM)
PCR reagents, agarose and oligonucleotides for mouse
genotyping
Ubi
rLV -Lifeact-TagGFP2 (lentivirus; Ibidi)
Cell culture and imaging plastic ware, cell medium, for
microglia and brain slice microscopy, purified fibronectin and
fibrinogen
Western blot reagents (ECL kit, buffers, SDS electrophoresis)
and Abs (talin, 2nd antibody)
Total per year

2017

2018

2019

2020

3,000

3,000

3,500

3,500

3,000

3,000

3,500

3,500

2,000
1,000

2,000
1,000

2,000
1,000

2,000
1,000

2,000

2,000

2,000

2,000

1,500

1,500

1,500

1,500

1,000

1,000

-

-

1,000

1,000

1,000

1,000

500

500

500

500

15,000

15,000

15,000

15,000

(All figures in euros)
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Requested Animal Costs
Calculation
600 mice x 50 weeks x 0.7 EUR = 21.000.
Per year 21.000/4 = 5.250, 5.000 per year
Cre
fl/fl
The following mouse strains will be kept: CX3CR1 :Tln1 ,
CreER
fl/fl
Cre :
fl/fl
TdT/+
:Tln1 , CX3CR1 Tln1 :R26
,
CX3CR1
CreER:
Tln1fl/fl:R26TdT/+, CX3CR1CreER:Tln1fl/fl:R26TdT/+
CX3CR1
FAD+/-.
Total per year
(All figures in euros)

2017

2018

2019

2020

5,000

5,000

5,000

5,000

5,000

5,000

5,000

5,000

RNA-Sequencing: Not planned for this funding period. Given that we expect a deregulated migration or
positioning of microglia in our mouse models, RNA-sequencing provides a future option to reveal potential
transcriptional changes in talin1-deficient microglia.
Flow cytometry and imaging experiments will be performed at instruments of the Max Planck Institute of
Immunobiology and Epigenetics. The flat user fees at these instruments will be covered by own resources.

3.7.5

Requested funding for major research instrumentation

None. All equipment required for the planned experiments is already available at the Max Planck Institute of
Immunobiology and Epigenetics, at the Institute of Neuropathology (Prinz) or Department of Neurology
(Meyer-Luehmann) of the University Medical Center Freiburg.
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3.1

General information about Project A07

3.1.1

Project Title: Impact of host microbiota on microglia during normal and
pathological aging

3.1.2

Research areas: Cellular neuroscience

3.1.3

Principal investigators

Erny, Daniel, Dr.
20.07.1984, German
Institute of Neuropathology
University Medical Center Freiburg
Breisacher Str. 64
D-79106 Freiburg
Tel: +49-761-270-51090
E-Mail: daniel.erny@uniklinik-freiburg.de

Blank, Thomas, Dr.
07.08.1965, German
Institute of Neuropathology
University Medical Center Freiburg
Breisacher Str. 64
D-79106 Freiburg
Tel: +49-761-270-50640
E-Mail: thomas.blank@uniklinik-freiburg.de

Do the above mentioned persons hold fixed-term positions? Yes.
Erny, Daniel
End date 31.07.2017; Further employment is planned until at least December 31, 2020
Blank, Thomas
End date 30.06.2019; Further employment is planned until at least December 31, 2020

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
no
no
N/A
no

Summary

Microglial cells are located behind the blood-brain barrier in the so-called immune-privileged brain. Until
recently it was unclear, whether environmental factors could control their maturation and activation status
under homeostatic conditions. We recently observed substantial contributions of the host microbiota to
microglial features as germ-free (GF) mice displayed global defects in microglia with altered cell proportions
and an immature phenotype, leading to impaired innate immune responses. These effects were mainly
mediated through short-chain fatty acids (SCFA), microbiota-derived bacterial fermentation products.
Here, we want to determine (i) the impact of host microbiota on microglial morphological and transcriptional
profiles during the aging process under healthy conditions by using mice, which differ in their microbiome
(e.g. GF, specific-pathogen free [SPF], reduced diversity [altered Schaedler flora, ASF], recolonized GF
mice, or temporal eradication of host microbiota by antibiotics [ABX], respectively). We will further focus on
how host microbiota is influencing brain function and cognitive processing in young and aged mice. Another
aspect shall be (ii) to address the impact of the resident microbiome on the age-dependent
neurodegenerative disorder Alzheimer’s disease (AD). Since the immune response of microglia is impaired
in GF mice, we will investigate the influence of host microbiota on microglia in 5xFAD transgenic mice, which
recapitulate major features of AD.
With the new findings of this project we will be able to determine a) whether age-dependent learning and
memory decline along with microglial changes under pathological- and non-pathological conditions can be
attributed to narrowing in microbial diversity and b) whether impaired microglial function and cognitive
abilities can be restored by targeting microbiota or their communication between the gut and brain.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
a) Host microbiota and brain function
From recent research data it has become increasingly evident that host-microbe interactions play a key role
in maintaining brain homeostasis. Dysfunction of the so-called gut-brain-axis has been implicated in social
interaction [1], stress responsiveness [2], depression [3], anxiety [4], nociceptive responses [5] and metabolic
consequences [6]. The modulatory effects of gut microbiota on gut-brain interactions have been studied with
the help of several experimental approaches, including gut microbial manipulation with antibiotics or fecal
microbial transplantation [7], or with germ-free (GF) animals [8]. Up to now, behavioral changes were
correlated with alterations in the neurotransmitter system of the brain. How compositional changes in the gut
microbiota induce changes in brain neurotransmitter levels, signaling and ultimately behavior is still under
consideration. It is conceivable that neurotransmitters common to both, the gut and brain, play some role in
microbiota-mediated changes in brain function. There is already a number of signaling molecules identified
through which the gut microbiota might communicate with host systems. These include short-chain fatty
acids (SCFA), metabolites of bile acids, and neuroactive substances such as γ-Aminobutyric acid (GABA),
tryptophan precursors and metabolites, serotonin, catecholamines and cytokines [9, 10]. A further gut–brain
signaling system might exist for microbial signaling molecules by direct interaction with nerve terminals of
vagal afferents. Their signal can be relayed to afferent nerve terminals within the intestinal wall by
enterochromaffin cells in the epithelium and ultimately regulate neuronal excitability in the brain [11]. Since
communication via different routes between the cells of the gastrointestinal (GI) tract, the central nervous
system and endocrine systems modifies behavior, age-related changes in the gut microbiome [12] and in GI
function might in turn be responsible for non-pathological brain aging as well as brain disorders associated
with increased age-dependent mood changes, dementia and neurodegenration.
b) Microglia, sensors in the young and aged central nervous system
Being endowed with numerous receptors, microglial cells are capable of detecting physiological disturbances
and can act as a sensor for neuronal loss, brain injury and during aging. When the homeostasis is disturbed,
microglia become activated via the release of ATP, neurotransmitters, growth factors or cytokines, ion
changes in the local environment, or loss of inhibitor molecules displayed by healthy neurons [13]. Even
signals from the periphery are able to activate microglial cells as seen in the case of peripheral organ
inflammation, where circulating monocytes activate cerebral endothelial cells, which then cause microglia
activation [14]. If the disturbance poses a serious threat, such as a pathogen invasion, microglia may release
toxic factors to kill the pathogen and recruit help by releasing cytotoxic factors such as superoxide [15], nitric
oxide [16], and pro-inflammatory cytokines like tumor necrosis factor (TNF)α [17]. If the disturbance is
relatively minor (e.g., during cognitive processing), microglia may secrete anti-inflammatory cytokines and
supportive growth factors [18].
In a recent study we demonstrated that gut microbiota influence the central nervous system (CNS) immune
system by regulating activation of microglia [19], representing the resident immune cells of the CNS and
distributed within the brain parenchyma [20]. When we compared the number of microglia in the cortex of
specific pathogen free (SPF) and GF mice, we found an increased microglial density (Figure 1 B) under GF
+
+
conditions in several brain regions, accompanied by increased Iba-1 Ki67 microglia in GF animals [19]. This
phenotype was rescued after recolonizing with a complex microbiota, whereas a limited diversity was not
able to conduct microglial maturation [19]. Furthermore, microglia displayed marked morphological changes
in GF mice and increased expression of various surface proteins (CSF-1R, F4/80 and CD31), which are
usually downregulated during microglial development (Figure 1 F). Notably, this immature phenotype could
be largely restored by the application of SCFA (Figure 1 A-E). Moreover, in GF mice, microglia displayed an
immature transcriptional profile and impaired innate immune responses (Figure 2).
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Figure 1. SCFA restore microglia malformation and immaturity in GF mice. (a) Relative cecal weight of six SPF
(SPF contr.), six GF mice fed with sodium-matched water (GF contr.) or nine GF mice treated with SCFAs (GF SCFA) for
4 weeks. Symbols represent data from individual mice. Data are presented as mean ± s.e.m. Significant differences were
determined by an unpaired t test (***P < 0.001). (b) CNS histology of the cerebral cortex that was subjected to
immunohistochemistry for Iba-1 to detect microglia (left) and quantification (right). Scale bars represent 50 µm.
Representative pictures of six examined control mice and nine SCFA-treated mice are displayed, respectively. Each
symbol represents one mouse and three to four sections per mouse were examined. Data are presented as mean
± s.e.m. Significant differences were determined by an unpaired t test (*P < 0.05). (c) Expression of Ddit4 mRNA
measured by qRT-PCR in microglia isolated from SPF (contr.) (black bar), GF (contr.) (white bar) or GF mice treated with
SCFA (gray bar). Data are presented as mean ± s.e.m. with six control samples and nine SCFA-treated samples.
Significant differences were determined by an unpaired t test (*P < 0.05, **P < 0.01). (d) Morphology of representative
cortical microglia (scale bars represent 15 µm, d) and Imaris-based quantification of cellular parameters (e). Each symbol
displays one mouse with three measured cells per animal. Six SPF and GF control animals and nine SCFA-treated GF
animals were investigated. Data are presented as mean ± s.e.m. Significant differences were determined by an unpaired
t test (*P < 0.05, **P < 0.01, ***P < 0.001). (f) Quantifications of the percentages of positively labeled cells and MFIs for
CSF1R, F4/80 and CD31 on microglia from six SPF (contr.), six GF (contr.) and nine GF (SCFA) mice. Each symbol
represents one mouse. Data are presented as mean ± s.e.m. Significant differences were determined by an unpaired t
test (*P < 0.05, **P < 0.01, ***P < 0.001). Figure adapted from [#3].

Considering the present data we will continue to investigate the impact of host microbiota on physiological
and pathological brain aging. During the aging process, microglia are primed to be more reactive to
inflammatory stimuli, overproducing pro-inflammatory cytokines for a longer period of time resulting in
maladaptive sickness responses [21]. A higher proportion of aged microglial cells stains positive for the
major histocompatibility complex class II, expresses less IL-4 receptors [22] and produces increased levels
of IL-1β, IL-6 and TNFα when compared to young adult microglia [23]. Interestingly, direct RNA sequencing
of microglia isolated from healthy adult and aged mice showed that during aging genes of neurotoxic
pathways were downregulated, whereas the most upregulated genes in aged microglia belonged to
neuroprotective pathways [24]. As to how host microbiota contributes to this gene regulation will be
addressed within the framework of the current research proposal.
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During the course of Alzheimer`s disease (AD), microglia also seem to play a crucial role in clearing amyloidβ (Aβ) aggregates, which are assumed to regulate the development and progression of Alzheimer`s disease
[25]. Aβ deposits can be recognized by microglia via various cell-surface receptors, including SCARA1,
CD36, CD14, α6β1 integrin, CD47, and Toll-like receptors, leading to microglia activation and accumulation
around Aβ plaques.
The actual implications and consequences of microglial congregation for the plaque load have not been
determined. In order to verify the impact of gut microbiota on microglia and Aβ deposit formation during
pathological aging, we acquired 5xFAD transgenic mice, which develop several features of AD, under SPF
and GF housing conditions. We will analyze the Aβ deposits, the microglial transcriptome and the impact on
hippocampus-related behavior in these mice. Additionally, we will characterize 5xFAD mice, harboring only
certain potential harmful intestinal bacteria (altered Schaedler flora ASF mice) or following microbiome
manipulations by different strategies (ABX, recolonization).

Figure 2. Diminished microglia response to infection under GF conditions. (a) Venn diagram depicting the different
regulated and overlapping genes between sorted microglia from GF and SPF animals (P < 0.01) 6 h after LPS treatment
compared with PBS-treated controls of the same housing conditions (GF/SPF). (b) Heat map of the mean centered and
s.d. scaled expression values for genes that were significantly and at least twofold up- or downregulated in GF compared
with SPF microglia 6 h after i.c. treatment with LPS. Only genes that were also significantly up- or downregulated by LPS
treatment compared with PBS-treated controls of the same housing conditions (GF and SPF, respectively) were included
to account for differences in basal gene regulation. Expression levels exceeding the mean value are colored in red and
expression levels below the mean are colored in green (standardized and scaled to linear expression). Values close to
the median are colored black. Random variance two-sample t test as implemented in BRB-Tools was performed to test
significance at P < 0.01. (c) qRT-PCR in microglia 6 h after i.c. LPS exposure. Data are expressed as the ratio of the
mRNA expression compared with endogenous Actb relative to SPF controls and are presented as mean ± s.e.m. At least
three mice per group were analyzed. Data are representative of two independent experiments. Significant differences
were examined by an unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001). ns, not significant. Figure adapted from [#3].

c) Microglia regulate brain function and behavior in young and aged animals
Microglial activation has been linked to behavioral alterations and regulation of central neural excitability.
This assumption has been proven in mice with elevated serum cytokines (e.g.:TNFα, IL-6), which displayed
reduced social interaction and reduced hippocampal excitability due to activated microglia [14]. Genetic
depletion of BDNF from microglia resulted in impaired cognitive processing and recapitulates many of the
phenotypes generated by deletion of microglia, indicating that microglial BDNF is an important factor for
synaptic remodeling associated with learning and memory [26]. In addition to this indirect process, microglia
can also directly interact with neuronal structures and refine the neuronal circuit by pruning synapses and
axonal terminals [27-29]. Another way for microglia to interact with neuronal function and hippocampal
learning and memory is their impact on adult hippocampal neurogenesis. Microglia are supposed to impair
+
proliferation of doublecortin positive cells (DCX , labeling neuronal precursor cells and immature neurons) in
the subgranular zone of the dentate gyrus (DG) by releasing IL-1β [30, 31]. Since microglial features were
altered under GF conditions (Figure 1; [19]), we analyzed the number of DCX+ cells in the DG of adult, 2
+
months old, SPF and GF mice. Surprisingly, the number of DCX cells was elevated in the DG of GF mice in
+
comparison to SPF mice (Figure 3). Quantification of DCX cells in aged (12 mo.) mice revealed significantly
+
reduced cell numbers for SPF and GF mice. In contrast to the situation in adult mice, DCX cell numbers
were identical for mice kept under both holding conditions (Figure 3). It still remains to be clarified, how
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microglial cells modulate DCX+ cell numbers in an age-dependent and microbiota-dependent fashion as well
as during neurodegenerative disorders like AD. Besides different production of pro-inflammatory mediators
+
affecting proliferation of DCX cells, microglial phagocytosis seems to be involved. There is some evidence
+
that DCX cells are involved in spatial memory retrieval and pattern separation indicating the important
functional consequences on hippocampal cognitive processing [32, 33]. We will determine further, whether
manipulating host microbiota affects the rate of adult hippocampal neurogenesis and how hippocampal
information processing will be influenced. Considering that over the subject's lifetime, the rate of adult
neurogenesis decreases dramatically, this phenomenon may contribute to a dysfunctional hippocampus as
seen during normal and pathological aging. We will employ healthy wildtype mice and 5xFAD, which serve
as an AD model considering that in the course of AD altered neurogenesis in the adult hippocampus
represents an early critical event [34]. Different housing conditions (GF, SPF and ASF) and microbiome
manipulations by different strategies (ABX, recolonization) will be incorporated.

+
Figure 3. Increased number of DCX -positive cells in the dentate gyrus of young GF mice. Immunofluorescence of
DCX-expressing neural precursors within the subgranular zone (SGZ) of young adult (2 mo.) and middle-aged (12 mo)
mice demonstrates elevated cell numbers in young adult kept under GF conditions when compared to middle-agematched controls under SPF conditions. DCX+ cell numbers were decreased in the SGZ of middle-aged mice with no
difference between GF and SPF housing conditions. Each symbol represents one mouse. Data are presented as mean
± s.e.m. Significant differences were examined by one-way ANOVA with Bonferroni post-hoc testing (*P < 0.05, ***P <
0.001). ns, not significant. Unpublished data by Erny and Blank.
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3.4

Project plan

3.4.1

Work Programme and Methods

With this project we will test the following hypotheses: (i) Steady-state function and maturation of microglia
will be affected by the lack of host microbiota in an age-dependent fashion. (ii) Composition or absence of
host microbiota will influence plaque load in 5xFAD mice. During the period of this project we will address the
following aspects in detail:
i. Are microglial properties influenced by the host microbiota during non-pathological aging? Do microglial
cells exhibit different gene expression profiles, cell density, morphology and phagocytic capacity during
aging depending on the diversity of the host microbiota? Does the temporal reduction of the gut microbiota
by antibiotics influence the microglial aging process in the brain? Does the recolonization of former GF mice
impact the microglial aging process? Are certain bacterial strains or bacterial molecules responsible for
microglial aging effects? Does the altered microglial features in the above mentioned groups influence adult
hippocampal neurogenesis and behavior?
ii. Are there microbiome-dependent changes in microglia from 5xFAD mice when compared to age-matched
control mice regarding cell number, phagocytosis, proliferation and transcriptional profiles? Will the plaque
load in 5xFAD mice differ when kept under ASF, SPF, GF and antibiotic-treated conditions? What are the
consequences of altered gut microbiota composition in these mice for adult hippocampal neurogenesis and
hippocampus-dependent behavior?
Mouse models/housing conditions/microbiome manipulations strategies
•
•
•
•
•
•

SPF (specific pathogen free) mice, free of potential pathological bacteria and viruses
GF (germ-free) mice which are sterile
ASF (altered Schaedler flora) mice harboring defined single bacterial strains in the gut
GF mice recolonized with a complex flora of SPF donors by co-housing
SPF mice treated with antibiotics in order to deplete the host microbiota
GF mice treated with short-chain fatty acids (SCFA)

Specific Aim i: Determine the influence of host microbiota on microglia during non-pathological
aging
Microglia activation has been described in several species including humans during the physiological aging
process. Since microglial maturation, activation and function are controlled by the host microbiota, we will
further characterize the microglia phenotype in young (2 months), middle-aged (12 months) and aged (24
months) WT C57Bl/6J mice, kept under SPF or GF conditions, respectively.
(1) As a first step, we will compare the microglial activation in young (2 months), middle-aged (12 months)
and aged (24 months) by characterizing the activation status of microglia by FACS (A) histology (B) and
gene expression analysis (C):
148

Project A07

(A) For FACS analysis the left hemisphere will be removed at the indicated time points and myeloid cells
+
lo
will be harvested using density gradient separation. Microglia will be gated as CD11b CD45 cells.
Subsequently, the percentage of marker expression as well as the mean fluorescence intensity of
the following markers will be examined (MHC class II, CSF-1R, F4/80, CD31, CD16, CD64).
(B) For histology the right hemisphere will be used and fixed with 4 % paraformaldehyde. The paraffinembedded tissue will be sliced in 3 µm thin sections. Microglial density will be ascertained by
+
counting Iba-1 microglia in the brain parenchyma in several brain regions. Further antibodies will be
used in order to estimate microglial activation (F4/80, MHC class II, Lamp-2, CD68, Ki67). In
addition, we will determine morphological changes in microglia at the mentioned time points and with
the same groups. Brains will be removed at the indicated time points and fixed with 4 %
paraformaldehyde for 24 hours, followed by dehydration with 30 % sucrose for 24 hours. The tissue
will be embedded with embedding medium and stored at -80°C until use. Brains will be sliced with a
30 μm thickness. Slices will be immunolabeled with anti-Iba1 and images will be obtained by using a
laser scanning confocal microscope (FV-1000, Olympus) under the same illumination and collection
conditions. Imaris software (Bitplane, Zurich, Switzerland) will be used for the three-dimensional
analysis of microglial processes, volume and branch points.
(C) Further, we aim to get insights into the molecular biological processes proceeding in microglia during
the aging process. We intend to analyze the mRNA expression profile by performing RNA-seq of
microglia from young, middle-aged and aged wildtype mice kept under both housing conditions
+
lo
(SPF, GF). For that reason, RNA will be isolated from FACS-sorted Cd11b CD45 microglia at the
defined time points from hippocampus and cortex. Following the isolation, the RNA integrity will be
controlled by a Bioanalyzer and only samples with a RNA Integrity Number (RIN) value ≥ 8 will be
further processed. From the RNA, cDNA libraries will be created by the TruSeq Stranded mRNA
Library Prep Kit and sequenced by an Illumina HiSeq System. Differential expression of specific
genes will be confirmed by qRT-PCR, FACS or immunohistochemistry. In unsupervised clustering
analysis, we seek to compare the genetic profile of microglia during aging under GF and SPF
conditions, which will reveal key molecules and important regulating factors depending on age and
host microbiota. Furthermore, gene ontology (GO) enrichment analysis will allow us to identify
important microbiota-dependent signaling cascades active during the aging process.
+
(2) In addition, we will further determine DCX cell numbers in the dentate gyrus of young and aged
animals raised under GF and SPF conditions and the impact of microglia on the neurogenic niche.

(A) To obtain total relative numbers of Iba-1- and DCX-stained cells within the dentate gyrus, the entire
hippocampus will be sectioned and every tenth section will be stained. The number of positive cells
will then be multiplied by 10 (to compensate for sampling frequency) to obtain the total relative
number of DCX-positive cells in the subgranular zone (SGZ) of the dentate gyrus. The SGZ will be
defined as the two cell layers beneath the granular cell layer of the hippocampus. We will further
assess whether the neurogenic phenotype observed in young adult and middle-aged mice is due to
changes in the numbers and proliferation of stem cells, progenitor cells, or both. Thus, we will
examine co-expression of GFAP with Nestin, which together mark stem cells, and Nestin with DCX,
which together mark progenitors, in combination with the proliferation marker Ki67. Besides changes
+
in proliferation changes in DCX cell numbers can result from various degrees of apoptosis. To this
end we will immunostain and quantify the number of terminal deoxynucleotidyl transferase dUTP
+
+
nick end labeling (TUNEL)-positive and apoptosis marker cleaved caspase-3-positive GFAP /Nestin
+
+
and Nestin /DCX cells. It is known that the apoptotic cells in the SGZ are removed through
phagocytosis performed by resident microglia. This effect might be altered under GF conditions and
during aging. The efficiency of the microglial phagocytosis will be determined by the percentage of
apoptotic cells undergoing microglial phagocytosis. We will use immunofluorescent labeling with an
antibody against Iba-1 and quantify cells with co-localized positive signals for TUNEL and the
lysosomal marker LAMP-2.
+

(B) In order to understand the cross-talk between microglia and DCX cells on a molecular level during
+
the aging process, we will analyze the mRNA expression profile of DCX cells by performing RNA+
seq of DCX cells from young, middle-aged and aged wildtype mice kept under both housing
+
conditions (SPF, GF). For that reason, RNA will be isolated from FACS-sorted DCX cells at the
defined time points from dissected hippocampi and following gene ontology (GO) enrichment
analysis results will be compared with data obtained from hippocampal microglia as described under
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1 (C). With this approach we will identify potential signaling molecules (e.g. chemokines, growth
factors) secreted by microglia to interfere with the proliferation of DCX+ cells.
(3) To verify whether potential differences in microglia function during aging in SPF and GF mice affect
behavior, we will conduct several behavioral tests like T-maze, forced-swim-test and rotarod test in the
mentioned groups at the indicated time points.
(A) T-maze spontaneous alternation: With this test we will measure exploratory behavior of the animals,
which involves several parts of the brain including hippocampus and prefrontal cortex. There exists
also a strong correlation between hippocampal neurogenesis and exploratory behavior. Subjects
are first placed in the start arm of the T-maze. Upon leaving the start arm, subjects choose between
entering either the left or the right goal arm. With repeated trials, the animals should show less of a
tendency to enter a previously visited arm. The percentage of alternation (number of turns in each
goal arm) and total trial duration are recorded. The test is used to quantify reference and working
memory.
(B) Forced swim test: The (Porsolt) forced swim test, also known as the behavioral despair test, is used
to test for depression-like behavior. The test includes placing a mouse inside a cylinder filled with
water. The mobility of the animal is measured. Traditionally, ‘floating behavior’ (the animal remains
almost immobile and with its head above water) is used as a parameter to analyze depression-like
behavior. Brain regions implicated with the investigated depressive-like behavior include the
prefrontal cortex, lateral septum, bed nucleus of the stria terminalis, hippocampus, hypothalamic
paraventricular nucleus and the central nucleus of the amygdala.
(C) Rotarod test: The accelerating rotarod test is widely used to evaluate the motor coordination of
rodents, and is especially sensitive in detecting cerebellar dysfunction. It requires rodents to balance
on a rotating cylinder, the speed of which can be altered. The amount of time a mouse will remain
on the rotarod before falling from the rotating rod will be recorded.
(4) As a last step, we will manipulate the gut microbiome by four different strategies. Microglia, adult
neurogenesis and behavior will be analyzed afterwards as mentioned above:
(A) One strategy will be to recolonize GF mice at the age of 10 and 22 months by adding a donor SPF
WT mice with complex gut flora for 2 months to the respective cages in order to investigate whether
it is possible to rescue the microglial features that might be observed in GF mice at the mentioned
different ages.
(B) Another strategy that will be followed is the analysis of microglia derived from mice harboring a
simple gut flora (only one single defined bacterial strain or a simple combination of single defined
bacterial strains (ASF mice)
(C) In order to validate whether the continuous input of the host microbiome to microglia is influencing
the aging process we will apply a cocktail of antibiotics 1 mg/ml cefoxitine, 1 mg/ml gentamicin, 1
mg/ml metronidazole, and 1 mg/ml vancomycin ad libitum) for 2 months to 10 months and 22
months old mice, which are housed under SPF conditions. The eradication of the resident flora will
be confirmed by qPCR for intestinal bacteria. Cecum tissue samples will be first homogenized and
then bacterial DNA is extracted with the powersoil DNA isolation kit. SYBR green-based quantitative
real-time PCR (qPCR) will be performed with universal eubacterial or group-specific primers for 16S
rRNA targeting common bacterial taxa of the mouse intestinal tract, as described previously [35].
For total bacterial load eubacterial 16S rRNA gene copies are normalized to DNA content.
(D) Finally, the aim is to evaluate whether the microglial changes found in GF mice can be manipulated
by SCFA. Therefore, we plan to administer SCFA (25.9 mM sodium propionate, 40 mM sodium
butyrate and 67.5 mM sodium acetate) via the drinking water to 11 months and 23 months old GF
mice for 4 weeks.
The obtained data will deepen our understanding of microglia function and how this function is regulated by
environmental factors, which will offer new possibilities to manipulate microglia function.
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Specific Aim ii: Understand microglia function and the impact of the host microbiota during
neurodegeneration.
Among other pathophysiological events, microglia activation has been described in humans as well as in
various animal models of AD. However, neither the exact contribution of microglia to the Aβ depositions
during AD nor the underlying molecular machinery in microglia depending on the host microbiota is known so
far. It is currently accepted that chronic microglial activation during disease progression aggravates AD
pathology. Based on our recent observation that, upon bacterial and viral challenges, microglial immune
responses of GF mice (Figure 2, [19]) are diminished, we hypothesize that Aβ deposition or phagocytosis of
Aβ plaques by microglia during AD is highly influenced by the host microbiota.
Therefore, we will further characterize the microglial phenotype in 5xFAD mice aged 4 and 10 months and
housed either under SPF or GF conditions, respectively. The 5xFAD mouse line is already bred under GF
conditions at the Department of Clinical Research, University of Bern, Switzerland, and available to us. The
time points of analyses are chosen based on the fact that 4 months of age represent an early stage of
neurodegeneration with microglial activation and Aβ plaque depositions including the appearance of
behavioral changes. A more advanced stage of neurodegeneration and microglial activation is found at 10
months of age.
(1) First, we will estimate the Aβ depositions by histology (6E10) and ELISA. To do so, the right hemisphere
will be removed at the indicated time points, fixed with paraformaldehyde for 24 hours and dehydration
with 30 % sucrose for 24 hours and sliced in 30 µm thick sections with a microtome. Every tenth section
+
will be stained with an antibody (6E10) that visualizes Aβ. The number of 6E10 plaques and the
percentage of 6E10 positive area will be determined automatically with the Keyence analysis software in
the hippocampus and cortex. The Aβ burden will be confirmed by the measurement of soluble and
insoluble Aβ40- and Aβ42 fractions by ELISA from different brain regions (hippocampus, cortex and
cerebellum).
(2) Next, we aim to get insights into the molecular biological processes taking place in microglia during the
degenerating process. Therefore, we will investigate microglia in 4 months and 10 months old 5xFAD
animals and age-matched wildtype controls housed either under SPF- or GF conditions by
characterizing the activation status and function of microglia by histology (A) and gene expression
analysis (B) FACS (C) and western blot (D):
(A) For histology the right hemisphere will be used and fixed with 4 % paraformaldehyde and
dehydration with 30 % sucrose for 24 hours and sliced in 30 µm thick sections with a microtome.
Every tenth section will be stained with an antibody (6E10) that visualizes Aβ and anti-Iba-1.
Microglial density will be estimated by counting Iba-1+ microglia in the brain parenchyma in different
brain regions (cortex, hippocampus). In addition, Plaque-associated microglia will be determined in
all mentioned groups and time points. Further antibodies will be used in order to estimate microglial
activation and phagocytosis (Lamp-2, CD68).
(B) We intend to analyze the mRNA expression profile by performing RNA-seq of microglia from 5xFAD
and age-matched control mice kept under both housing conditions (SPF and GF, respectively).
+
lo
Therefore RNA will be isolated from FACS-sorted CD11b CD45 microglia at 4 months of age and
10 months of age from the hippocampus, cortex and cerebellum. Following the isolation, the RNA
integrity will be determined by a Bioanalyzer and only samples with a RNA Integrity Number (RIN)
value ≥ 8 will be further processed. From the RNA, cDNA libraries will be created by the TruSeq
Stranded mRNA Library Prep Kit and sequenced by an Illumina HiSeq System. Differential
expression of specific genes will be first confirmed by qRT-PCR and by available antibodies via
FACS or immunohistochemistry. In unsupervised clustering analysis, we seek to compare the
genetic profile of microglia during AD and in healthy controls, which will reveal key molecules and
important regulating factors depending on the host microbiota. Furthermore, gene ontology (GO)
enrichment analysis will allow us to identify main signaling cascades active during the degenerating
process.
(C) For FACS analysis the left hemisphere will be removed at the indicated time points and myeloid
+
lo
cells will be harvested using density gradient separation. Microglia will be gated as CD11b CD45
cells. Subsequently, the percentage of marker expression as well as the mean fluorescence
intensity of the following markers will be examined (MHC class II, CSF-1R, F4/80, CD36, CD16,
CD64). Further, we aim to get insights into the molecular biological processes taking place in
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microglia during the degenerating process. We will compare the Aβ uptake by microglia in SPF and
GF 5xFAD mice at the indicated time points by labelling Aβ with Methoxy-O4 (10mg/KG bodyweight
Methoxy-O4 will be applied i.p. for 3 hours) combined with subsequent FACS analysis of the
CD11b+CD45low Methoxy-O4+ microglia.
(D) In microglia, the proteases neprilysin and insulin-degrading enzyme (IDE) are of major importance
to degrade Aβ. Therefore, we will measure neprilysin and IDE amounts in FACS-sorted microglia by
western blot.
(3) Working memory is perhaps one of the most well modeled aspects of the memory deficits in AD. To
validate, whether potential differences in AD pathology in SPF and GF 5xFAD mice are also affecting
spatial working memory we will perform the T-maze alternation test with mice 4 and 10 months of age
and housed under SPF or GF conditions. We will further determine motor coordination and motor skill
learning in the accelerated rotarod test. Animals will learn a novel and highly stereotypical sequence of
movements that will allow them to maintain equilibrium on a rotating rod accelerating at a constant rate.
Animals will be trained in a single session of 5 trials per day (both tests are also described under Spec.
Aim 1, 3 A+C).
(4) Finally, we will manipulate the gut microbiome of the 5xFAD mice by four different strategies. Microglia,
Aβ plaque depositions and behavior will be analyzed afterwards as mentioned above:
(A) The first strategy will be to recolonize the GF housed mice at the age of 2 and 8 months by adding a
donor SPF WT mice with complex gut flora for 2 months to the respective cages in order to
investigate whether it is possible to influence the microglial features at the mentioned different ages
in GF 5xFAD mice.
(B) Another strategy that will be followed is the analysis of mice harboring a simple gut flora (only one
single defined bacterial strain or a simple combination of single defined bacterial strains (ASF mice)
(C) In order to validate whether the continuous input of the host microbiota to microglia is influencing the
disease pathology we will apply a cocktail of antibiotics 1 mg/ml cefoxitine, 1 mg/ml gentamicin, 1
mg/ml metronidazole, and 1 mg/ml vancomycin ad libitum) for 2 months to 2 months and 6 months
old 5xFAD mice and wildtype controls, which are housed under SPF conditions. The eradication of
the resident flora will be confirmed by qPCR for intestinal bacteria. Cecum tissue samples will be
first homogenized and then bacterial DNA is extracted with the powersoil DNA isolation kit. SYBR
green-based quantitative real-time PCR (qPCR) will be performed with universal eubacterial or
group-specific primers for 16S rRNA targeting common bacterial taxa of the mouse intestinal tract,
as described previously. For total bacterial load eubacterial 16S rRNA gene copies are normalized
to DNA content.
(D) Finally, the aim is to evaluate whether the microglial changes found in GF 5xFAD mice can be
manipulated by SCFA. Therefore, we plan to administer SCFA (25.9 mM sodium propionate, 40 mM
sodium butyrate and 67.5 mM sodium acetate) via the drinking water to 3 months and 7 months old
GF mice for 4 weeks.

Long-standing clinical observations have shown that a subset of patients with brain disorders commonly
experience dysfunctions in the gastrointestinal site. Research insights in recent years have contributed to the
further understanding that the gastrointestinal dysfunctions are characterized with barrier compromise and
structural changes of the microbiota, which are closely correlated with systemic immune disturbances in
brain disorders. Of note, the pathological roles of structurally-altered microbiota have been validated in a
remarkably large spectrum of brain disorders ranging from anxiety, depression to cognition and pain. In the
current research proposal, the effect of microbiota on cognitive processing and age-dependent cognitive
decline under healthy and pathological conditions (AD) will be the focus of interest to investigate possible
therapeutic effects of targeting and modulating the microbiota composition as potential therapy to these
complex CNS disorders.
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3.4.2

Work Plan
2017

2018

Aims

2019
1+2

3

2020
3

i+ii

Aim i: Analysis of WT microglia from 2
mo. old SPF, GF, ABX, ASF mice
(gene expression/IHC/FACS/behav.)
Aim i: Analysis of WT microglia from 12
& 24 mo. old SPF, GF, ABX, ASF mice
(gene expr./IHC/FACS/behav.)
Aim i: Analysis of WT microglia from 2,
12 & 24 mo. old GF+SCFA and
GF+recol.mice
(gene expression/IHC/FACS/behav.)
Aim ii: Analysis of WT and 5xFAD
microglia and plaque load from 4 & 10
mo. old SPF, GF, ABX, ASF mice
(gene expression/IHC/FACS/behav.)
Aim ii: Determine microglial
phagocytosis of WT and 5xFAD
microglia and plaque load from 4 & 10
mo. old SPF, GF, ABX, ASF mice
(IHC/FACS/behav.)
Aim ii: Analysis of WT and 5xFAD
microglia and plaque load from 4 & 10
mo. old GF+SCFA and GF+recol.mice
(gene expression/IHC/FACS/behav.)

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner
ID

PI

A03

Amit

B04

Henneke

B06

ID

Zeiser
MeyerLuehmann
PI

A01

Prinz

A05

Sieweke

B08

3.6

Collaborations
Research interactions
Comparison of our gene expression data of microglia obtained from SPF, GF,
ABX and ASF wt and 5xFAD mice with physiological normal and diseased
macrophages obtained by Amit group.
Characterization of mouse behavioural phenotypes in response to
streptococcal meningitis.
Perform behavioral analysis during GvHD.
Seeding in ABX-treated 5xFAD mice.
Methodological interactions
Provides access to confocal microscope, FACS, analysis of RNAseq-Data.
Promoter-region analysis of genes involved in microglial proliferation.

Differentiation from other funded projects

N.A.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
PhD student, 65%
Total

Sum
19,500
8,500
11,000
39,000

Sum
19,500
8,500
11,000
39,000

Sum
19,500
8,500
11,000
39,000

Sum
19,500
8,500
11,000
39,000

Sum

Sum

Sum

Sum

119,300

119,300

119,300

119,300

Staff
SeName,
quen
academic
-tial
degree, position
no

Existing staff
1

Daniel Erny,
Dr. med.
Resident

2

Thomas Blank,
PhD, Research
group leader

3

Alexandra
Müller
(technical
assitant)

Research staff

Non-research
staff

Requested staff
4

N.N.
(PhD student)

5

N.N.
(PhD student)

Research staff
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2020

none

Grand total
(All figures in euros)

3.7.3

2019

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
2
80,300
2
80,300
2
80,300
2
80,300
80,300
80,300
80,300
80,300

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total

2018

Field of
research

Innate
immunity,
microglia and
neurodegenera
tion
Innate
immunity,
microglia and
behaviour

Microbiota and
microglial
function
Microbiota and
microglia in
neurodegenera
tion

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Category

3.7.2

Funding
source

Institute of
Neuropathology

12

University

Institute of
Neuropathology

12

University

Institute of
Neuropathology

4

University

Institute of
Neuropathology

PhD
student

Institute of
Neuropathology

PhD
student

Project A07
Job description of staff (supported through existing funds):
1.
Daniel Erny
is the principal investigator (PI) of this project. He will coordinate and supervise the experiments
involving FACS and the sample preparation for RNA-sequencing. Besides immunohistochemical
techniques, he will instruct the PhD students to isolate microglia from brain tissue and to apply
molecular biological techniques for transcriptome analyses and protein/DNA interactions. He will
mainly be responsible for all experiments regarding the impact of microbiota on microglia under
pathological conditions and will spend 30% of his working time on this project.
2.

Thomas Blank
is the second principal investigator of this project. He will coordinate and supervise the behavioral
experiments of this project as well as immunohistochemical aspects. He will instruct the PhD students
to learn the behavioural techniques and the analysis of inherent behaviour and learning-dependent
changes in the brain. He will mainly be responsible for all experiments regarding the impact of
microbiota on microglia under physiological conditions and will spend 30% of his working time on this
project.

3.

Alexandra Müller
The technician will fix and embed the required tissue in formalin and paraffin and prepare the tissue
for the histological analysis. After slicing the tissue she will be involved in performing the
immunohistochemical stainings. Further, she will prepare required buffer solutions like PBS, FACSbuffer, etc.

Both PIs will be involved in presenting the data on scientific meetings and writing the manuscripts.

Job description of staff (requested funds):
4.
PhD 1 (N.N.)
This PhD student will focus on aim (i) and characterize microglia and microglia/neuron-interaction.
She/he will analyze microglia from adult and aged wt mice under SPF, GF, ASF and ABX conditions.
She/he will conduct the behavioural experiments and the immunohistochemical analysis of the brains
including morphological 3-D reconstruction of microglial cells. In addition, the candidate will isolate
RNA from microglia for subsequent RNA-seq and will be involved in bioinformatics analysis..
5.

PhD 2 (N.N.)
This PhD student will analyse microglia during neurodegeneration and focus on the specific aim (ii).
She/he will perform immunohistochemistry and FACS-analysis of microglia and quantification of Aβplaque load at different ages using 5xFAD mice housed under SPF, GF and ABX conditions. She/he
will isolate RNA from microglia, prepare samples for RNA-seq and will be involved in the analysis.
Furthermore, the PhD student will be responsible for analysis of behavioral changes during the
progression of neurodegeneration in these mice.
It is expected that both PhD students strongly interact and support each other regarding molecular and
behavioral experiments. Both PhD students will contribute to data presentations on international
conferences as well as in the preparations of manuscripts.
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3.7.4

Requested funding of direct costs

Existing funds from the Institute of
Neuropathology
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

10,000

10,000

10,000

10,000

39,000

39,000

39,000

39,000

Requested Consumables
Antibodies for FACS (CD11b, CD45, CSF-1R, F4/80, CD31,
MHC class II, CD16, CD64)
Antibodies for immunohistochemistry (CD11b, Iba-1, MHC
class II, CD68, F4/80, Lamp-2, DCX, Ki67, 6E10) + sec. AB
Labeling reagents (TUNEL, Methoxy-O4,)
PCR reagents for genotyping/qPCR
(polymerase/sybrgreen/agarose/oligonucleotides)
Bioanalyzer
Reagents (antibiotics, narcotics)
ELISA (Aβ40, Aβ42)
Total per year
(All figures in euros)
Requested Animal Costs
1000 mice x 50 weeks x 0.7 EUR = 35,000.
Per year 35,000/4 = 8,750 EUR
Total per year

2017

2018

2019

2020

4,000

4,000

4,000

4,000

5,000

5,000

5,000

5,000

1,500

1,500

1,500

1,500

4,000

4,000

4,000

4,000

500
2,500
2,000
19,500

500
2,500
2,000
19,500

500
2,500
2,000
19,500

500
2,500
2,000
19,500

2017

2018

2019

2020

8,500

8,500

8,500

8,500

8,500

8,500

8,500

8,500

2017
10,000
1,000
11,000

2018
10,000
1,000
11,000

2019
10,000
1,000
11,000

2020
10,000
1,000
11,000

(All figures in euros)
Requested Other Costs
RNA sequencing
FACS-sorting (Core Facility UK Freiburg)
Total per year
(All figures in euros)

3.7.5
none
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Requested funding for major research instrumentation

Project B01

3.1

General information about Project B01

3.1.1

Project Title: Crosstalk of myeloid cells and neural stem cells during regeneration
after stroke

3.1.2

Research areas: Neuroscience, cellular Neuroscience

3.1.3

Principal investigators

Schachtrup, Christian Dr.
* 21.12.1973, German
Department of Molecular Embryology
University of Freiburg
Albertstraße 17
79104 Freiburg
Phone: +49-(0)761–203-5101
E-Mail: christian.schachtrup@anat.uni-freiburg.de

Fernández-Klett, Francisco Dr.
* 22.07.1974, Spanish
Laboratory of Molecular Psychiatry
Charité – Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin
Phone: +49-(0)30-450-517154
E-Mail: francisco.fernandez@charite.de

Do the above mentioned persons hold fixed-term positions? Yes
Dr. Christian Schachtrup:
End date 31.03.2019. Further employment is planned until at least 31.12.2020.
Dr. Francisco Fernández Klett:
End date 31.8.2017. Further employment is guaranteed by the Charité until the end of 2020.

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
no
no
N/A
no

Summary

In ischemic stroke, adult neural stem/precursor cells (NSPCs) of the subventricular zone redirect their
migration path to the lesion area and contribute to the remodeling of the injured brain. Along their trail to the
lesion area, NSPCs encounter different central nervous system (CNS) resident and infiltrating myeloid cell
subsets, on which they may exert an immunomodulatory effect, and which may in turn affect their
regenerative potential. In order to establish the functional significance of NSPC-myeloid cell crosstalk, we
propose to use novel pharmacological or genetic tools (CSF1R inhibition, conditional diphtheria toxin
expression) to specifically ablate different myeloid cell populations. The effect of either manipulation on the
immune response and the migration and cellular fate of NSPCs will be assessed using
immunohistochemistry, flow cytometry, as well as longitudinal two-photon imaging of isolated tissue or in
vivo. Whole-transcriptome analysis of isolated NSPC and myeloid cell subtypes, focusing on receptor-ligand
pairs, will enable us to identify molecules responsible for NSPC-myeloid cell crosstalk. This study will identify
the contribution of the NSPC-myeloid cell communication on regeneration after stroke, potentially
discovering mechanisms applicable to other inflammatory conditions of the CNS.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Stroke is one of the leading causes of death and a major cause of disabilities in adults. Stroke refers to an
umbrella of conditions caused by hemorrhage or the occlusion of blood vessels and is characterized by a
rapid loss of brain function and localized neuronal cell death. Stroke is accompanied by astrocyte scar
formation in the lesion area, which demarcates the injury site from healthy tissue. Also, stroke leads to a
robust activation of brain resident microglia and infiltrating peripheral monocytes, which play an active role in
the acute and chronic phases of the injury, as well as in subsequent reorganisation and repair processes [1].
The discovery of neural stem/precursor cells (NSPCs) in the adult mammalian brain has raised hopes
towards harnessing endogenous neurogenesis for therapeutic goals after stroke [2, 3]. The subventricular
zone (SVZ) serves as a stem cell niche in the adult mammalian brain [4]. Upon CNS disease, such as
stroke, adult NSPCs of the SVZ redirect their migration path to the lesion area, where they contribute to the
remodeling of the injured brain (Figure 1A). NSPCs in the SVZ constitute a heterogeneous cell population
[5]. DCX+ neuroblasts, which are thought to be already fate-restricted to become neurons, have been shown
to generate mature neurons in the lesion area after stroke, albeit at very low efficacy [6, 7]. In addition to
neurogenesis, gliogenesis contributes to brain repair following stroke [8, 9]. Interestingly, SVZ-generated
Thbs4+ astrocytes have been shown to contribute to blood-brain barrier (BBB) repair and integrate into the
cortical injury-induced scar formation [8]. Intriguingly, our results revealed that Olig2+ C cells also contribute
to the cortical lesion astrocyte population 10 days after cortical brain injury (Figure 1B). These cells are
capable to differentiate into oligodendrocytes and astrocytes [10]. Yet, neither the molecular mechanism
driving their differentiation into oligodendrocytes or astrocytes nor their contribution to brain repair after
stroke are known. The majority of SVZ-derived NSPCs succumbs to apoptosis or remains in a precursor
state instead of differentiating into functionally integrated neurons or glial cells [11]. Thus, although NSPCs
participate in the remodeling of stroked tissue, cellular loss and tissue destruction are not matched by the
capacity of endogenous neural stem cells to replace and regenerate CNS tissue.

Figure 1: NSPC differentiation potential contributing to brain repair after stroke
+
+
+
A: Scheme illustrating SVZ-derived DCX , Olig2 and Thbs4 NSPCs with the potential to differentiate into
neurons, oligodendrocytes and reactive astrocytes in the lesion area after CNS injury [7, 8, 10, #2]. B: Tripleimmunohistochemistry (IHC) for BrdU (green), and GFAP (blue) in combination with marker for SVZ-generated
astrocytes (Thbs4, red), and a subpopulation of C cells (Olig2, red) in the lesion area in WT mice 10 days after
cortical injury [#2]. Scale bar: 18 µm.
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Figure 2: Rapid extracellular environmental changes and altered cellular composition in the SVZ after
cortical injury
A: Scheme illustrating gradient of fibrinogen deposition after stab wound injury (SWI), a model of cortical brain
trauma. B: Double-IHC for fibrinogen (red), in combination with GFAP (green, left) and CD31 (green, right) revealing
blood-brain barrier opening and leakage of blood proteins into the NSPC extracellular environment upon cortical
injury. C: Immunolabeling for GFAP (red) in combination with DAPI (blue) in the ipsilateral SVZ niche in WT mice 1,
3, 8 and 10 days after cortical injury [adapted from #2]. D: Quantification of GFAP+ cells and Thbs4+ cells per total
DAPI+ cells in the SVZ niche revealed a rapid change in the SVZ NSPC subpopulation composition after cortical
injury [#2]. Scale bars: 40 µm (B, left); 7 µm (B, middle); 5 µm (B, right); 27 µm (C). *: p<0.05^; **: p<0.01

In the healthy uninjured brain, continuous neurogenesis of NSPCs in the SVZ niche is critically affected by
cell-to-cell and cell-to-vasculature contacts as well as by the molecular environment. Shifts in the cellular and
molecular composition of the SVZ niche are thought to alter NSPC fate decisions during CNS disease [12].
After CNS disease, SVZ-derived NSPCs migrate through different anatomical compartments, e.g. the normal
striatum and white matter, before reaching areas of ischemic damage, and distinct cell-cell and molecular
interactions are present in each zone [13]. The extracellular environment within the damaged brain
parenchyma changes due to the increased leakage of blood factors, robust activation of brain resident
microglia and infiltrating peripheral monocytes, as well as locally produced cytokines and growth factors [#6,
#9]. Unexpectedly, we detected rapid changes of the NSPC microenvironment in the SVZ stem cell
compartment after cortical injury, suggesting that a cortical injury can lead to an opening of the blood-brain
barrier (BBB) not only in the cortical lesion area as expected, but also at a far distance in the dorsal horn
(DH) and the medial region of the SVZ (Figure 2A and B). These changes might alter the NSPC cell-cell
and molecular interactions in different anatomical compartments en route to the lesion area. Indeed, we
revealed that a cortical injury can lead to profound changes in the composition of NSPC subpopulations in
the SVZ stem cell niche (Figure 2C and D).
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Figure 3: Inflammatory cell compartments and myeloid-NSPC cell-cell contact
A: IHC staining for GPAP in a Cx3cr1GFP/+ mouse reveals the presence of a dense microglial population amongst
the reactive hypertrophic astrocytes 10 days after focal cortical ischemia. B: Left IHC for the neuroblast marker
GFP/+
mouse reveals close cell-cell
doublecortin (DCX, red) and the proliferation marker Ki67 (white) in a in Cx3cr1
contacts between microglial cells and proliferating neuroblasts in the lesioned tissue 10 days after a focal cortical
+
ischemia. Right 3D-rendering of the tissue volume showing wrapping of the DCX neuroblast by a microglial cell. C:
RFP/+
mouse shows prominent infiltration of RFP+ monocytes in the lesion core
IHC staining for GPAP in a Ccr2
(arrow), and scattered presence in the astroglial scar tissue (arrowheads) 10 days after focal cortical ischemia. D:
RFP/+
Left IHC for the neuroblast marker doublecortin (DCX, green) and the proliferation marker Ki67 (white) in a Ccr2
mouse reveals close cell-cell contact between monocytes and a proliferating neuroblast in the perilesional scar
tissue 10 days after a focal cortical ischemia (arrow). Right 3D-rendering of the same tissue volume showing
+
+
contacts of RFP monocytes with the DCX neuroblast (arrow). Scale bars: 250 µm (A,C); 50 µm (B,D). Dashed
lines enclose the astroglial scar tissue surrounding the lesion core.

Stroke results in a robust activation of brain resident microglia and of infiltrating peripheral monocytes.
Microglia- and monocyte-induced inflammation is known to elicit a complex influence on both, homeostatic
and lesion-induced neurogenesis [14-17] . The impact of microglia- and monocyte-induced inflammation on
NSPC fate is incompletely understood. Initial studies highlighted the detrimental effect of inflammation on
adult neurogenesis, as inflammation elicited by LPS administration or irradiation reduced neurogenesis in the
hippocampus, an effect that might be mediated by IL-6 produced by microglia [18]. Similarly, chronic
autoimmune neuroinflammation impairs SVZ neurogenesis [19]. However, more recent studies showed that
depending on the activation stimulus, myeloid cell subsets might have opposing effects on the NSPC fate. In
vivo and in vitro studies revealed that activated microglia can differentially alter NSPC viability and
differentiation through the secretion of soluble molecules such as IFN-y, IL-1β, IL-6, TNF-α and insulin like
growth factor-I [20]. Additionally, the importance of myeloid cells in directing endogenous neurogenesis for
the reorganisation and repair processes is revealed by their potential involvement in the attraction of SVZderived NSPCs to the lesion area [15]. Inflammatory chemokines, expressed by microglial cells or monocytederived macrophages, such as SDF-1α (CXCL12), CCL1, CCL2, HGF and MIF likely promote the
recruitment of SVZ-derived NSPCs to ischemic brain after stroke [21, 22].
After stroke, SVZ NSPCs traverse along a sequence of different anatomic compartments towards the lesion
area, i.e. the neurogenic niche (SVZ), and the uninjured but permissive CNS tissue en route to the lesion,
before reaching areas of ischemic damage. Within these different anatomic compartments distinct microglia
and infiltrating myeloid cell subsets might be present in each zone directing NSPC fate by distinct cell-cell
and molecular interactions. Using reporter mouse strains to observe different CNS-resident and blood borne
myeloid cell subsets [23], we found that, while reactive microglia accumulate in the perilesional tissue, blood+
borne CCR2 inflammatory macrophages settled predominantly, but not exclusively, in the extraneural tissue
in the fibrotic core of the ischemic scar [#4] (Figures 3A and C). Importantly, both microglia and blood borne
+
+
macrophages establish intimate cell-cell contacts with proliferative ectopic Ki67 DCX neuroblasts in the
perilesional area (Figures 3B and D), suggesting that myeloid cells might provide signals to individual
NSPCs during tissue remodeling.
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Figure 4: Isolation and whole-transcriptome microarray analysis of myeloid cells during neuroinflammation
+
high
+
low
A: FACS-sort of monocytes (Ly6G CD11b CD45 , light green) and microglia (Ly6G CD11b CD45 , dark green),
from the spinal cord of mice at the peak of disease in experimental autoimmune encephalomyelitis. B: Unsupervised
hierarchical clustering of the two cell populations from (A) based on the expression of 49 genes putatively
modulating stem cell proliferation, migration and differentiation separates microglia and monocytes, suggesting a
distinct expression profile of genes involved in myeloid-NSPC crosstalk.

CNS-resident microglia and blood borne macrophages exert different functions during CNS pathology. It is
unknown how the activation status and molecular phenotype of these two populations might affect the neuroand gliogenic response of endogenous, SVZ-derived NSPCs after cortical lesions. Using our whole
transcriptome microarray data, we have interrogated the expression of a set of genes putatively involved in
myeloid cell-NSPC communication [24-26] at the peak of neuroinflammation in the spinal cord, a setting in
which endogenous NSPCs are recruited from the ependymal cell layer. The expression of these genes
separates microglia and monocytes, suggesting a distinct NSPC crosstalk profile. For instance, microglia
and monocytes showed differential gene expression of soluble molecules, such as SDF-1α (Cxcl12), IGF1,
Ccl2, and TNF, relevant to NSPC survival, chemotaxis and differentiation (Figure 4).
Because of the putative compartmentalization of microglial and monocyte responses with respect to NSPCs,
as well as their different cytokine and chemokine expression repertoires, these results suggest that either
myeloid cell type might have different effects on the fate of NSPCs after CNS lesions (Figure 5). Due to the
relevance and complexity of NSPC-myeloid cell crosstalk, we believe that a better understanding of the
precise cellular and molecular interactions is necessary to meet the prospect of therapeutically exploiting
endogenous CNS regeneration.
Figure 5: NSPC-myeloid cell cross-talk after a
cortical ischemic lesion
The SVZ generates DCX+, Olig2+ and Thsb4+
NSPCs with the potential to differentiate to a limited
extent into neurons and glia in the glial scar
surrounding the lesion [7, 8, 10, #2]. Activated
microglial cells in the SVZ might boost and
modulate the proliferation and differentiation of
NSPCs in the SVZ. In addition, inflammatory
mediators may reach the SVZ via the ventricular
system, or are produced by macrophages in the
choroid plexus. Progenitor cells migrate along
vascular scaffolds to the lesion. Microglia and
macrophages might produce chemokines driving
the migration, and modulate the expression of
vascular chemokines and adhesion molecules
contributing to the migration. In the area
surrounding the lesion, NSPCs are exposed to
signals produced by activated microglia and bloodborne macrophages, which may condition their
differentiation and survival.
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Schachtrup C, Ryu JK, Mammadzada K, Khan AS, Carlton PM, Perez A, Christian F, Le Moan N,
Vagena E, Baeza-Raja B, Rafalski V, Chan JP, Nitschke R, Houslay MD, Ellisman MH, Wyss-Coray T,
Palop JJ, and Akassoglou K: Nuclear pore complex remodeling by p75(NTR) cleavage controls TGF-β
signaling and astrocyte functions. Nat Neurosci 18, 1077-1080 (2015).
Bohrer C, Pfurr S, Mammadzada K, Schildge S, Plappert L, Hils M, Pous L, Rauch KS, Dumit VI,
Pfeifer D, Dengjel J, Kirsch M, Schachtrup K, and Schachtrup C: The balance of Id3 and E47
determines neural stem/precursor cell differentiation into astrocytes. EMBO J 34, 2804-2819 (2015).
Schönheit J, Kuhl C, Gebhardt ML, Klett FF, Riemke P, Scheller M, Huang G, Naumann R, Leutz A,
Stocking C, Priller J, Andrade-Navarro MA, and Rosenbauer F: PU.1 level-directed chromatin structure
remodeling at the irf8 gene drives dendritic cell commitment. Cell Rep 3, 1617-1628 (2013)
Fernández-Klett F, Potas JR, Hilpert D, Blazej K, Radke J, Huck J, Engel O, Stenzel W, Genove G,
and Priller J: Early loss of pericytes and perivascular stromal cell-induced scar formation after stroke. J
Cereb Blood F Met 33, 428-439 (2013).
Böttcher C, Fernández-Klett F, Gladow N, Rolfes S, and Priller J: Targeting myeloid cells to the brain
using non-myeloablative conditioning. PLoS One 8 (2013).
Schachtrup C, Ryu JK, Helmrick MJ, Vagena E, Galanakis DK, Degen JL, Margolis RU, and
Akassoglou K: Fibrinogen triggers astrocyte scar formation by promoting the availability of active TGFβ after vascular damage. J Neurosci 30, 5843-5854 (2010).
Fernández-Klett F, Offenhauser N, Dirnagl U, Priller J, and Lindauer U: Pericytes in capillaries are
contractile in vivo, but arterioles mediate functional hyperemia in the mouse brain. Proc Natl Acad Sci
USA 107, 22290-22295 (2010).
Rius J, Guma M, Schachtrup C, Akassoglou K, Zinkernagel AS, Nizet V, Johnson RS, Haddad GG,
and Karin M: NF-kappa B links innate immunity to the hypoxic response through transcriptional
regulation of HIF-1 alpha. Nature 453, 807-U809 (2008).
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#9.
10.

Schachtrup C, Lu P, Jones LL, Lee JK, Lu J, Sachs BD, Zhengt B, and Akassoglou K: Fibrinogen
inhibits neurite outgrowth via beta 3 integrin-mediated phosphorylation of the EGF receptor. Proc Natl
Acad Sci USA 104, 11814-11819 (2007).
Priller J, Flugel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernández-Klett F, Prass K, Bechmann
I, de Boer BA, Frotscher M, Kreutzberg GW, Persons DA, and Dirnagl U: Targeting gene-modified
hematopoietic cells to the central nervous system: Use of green fluorescent protein uncovers microglial
engraftment. Nat Med 7, 1356-1361 (2001).

(B) Other publications: none
(C) Patents: none

3.4

Project plan

3.4.1

Work Programme and Methods

We propose the following hypotheses: (i) After a cortical ischemic lesion, myeloid cells shape distinct cellular
environments for SVZ-derived NSPCs and are actively engaged during NSPC proliferation, migration and
engraftment (ii) The presence of distinct CNS myeloid cell types in different CNS compartments determines
the proliferation, migration and fate of NSPCs (iii) Myeloid cells in the CNS express a distinct molecular
signature for crosstalk with NSPCs and (iv) Myeloid-NSPC signalling pathways can be exploited to enhance
CNS endogenous regeneration after stroke.
Aim 1: To investigate the spatial and temporal frame of NSPC-myeloid cell crosstalk in stroke
To gain insight into the NSPC-myeloid cell crosstalk, we will first examine the spatial and temporal frame of
NSPC-myeloid cell interaction after a cortical lesion, and describe the phenotype of myeloid cells present in
different brain compartments relevant to neuro- and gliogenesis. To do so, we will utilize a mouse model for
stroke, namely photothrombotic ischemia [27]. This model results in an infarction of small size with welldefined boundaries, which initiates a robust migration of SVZ-derived NSPCs to the lesion area as well as
microglia activation and blood borne myeloid cell infiltration. We have shown that brain injury leads to an
immediate activation of the SVZ niche, altering the cellular composition of the SVZ as early as 1-3 days after
the lesion [#2]. At later time points (from day 4 to day 28), NSPCs leave the SVZ stem cell niche towards the
cortical injury lesion site and either succumb to apoptosis, stay in a precursor state, or differentiate mainly
into glial cells [#2]. Using this well established model, together with genetic labelling of myeloid cell subtypes
and NSPCs, we shall explore the following hypotheses:
Hypothesis 1a: Myeloid cells shape distinct cellular environments for NSPC proliferation, migration and
differentiation
CreER

TdTomato

:Rosa26
mice, in which recombination will be induced at 2 weeks of age
We will employ Cx3cr1
RFP/+
mice [23] to label microglial cells or blood borne macrophages, respectively. We will
[28], or Ccr2
perform immunohistochemical (IHC) analysis of tissue obtained at 1,3,10 and 28 days post-ischemia (dpi).
The immune phenotype and activation of either cell class will be analyzed using markers such as CD86,
MHCII, TREM2, and the expression of M1-M2 polarization markers such as Arginase or NOS2. To track
NSPCs originating from the SVZ, mice will be treated with 5-ethynyl-2′-deoxyuridine (EdU) for 3 consecutive
days before focal stroke, which selectively labels cycling NSPCs in the SVZ and their progeny [#2]. The
+
+
lesion area will be identified by markers for cortical resident astrocytes (EDU GFAP ; EDU S100β ) and scar
formation (fibronectin, chondroitin sulfate proteoglycan (CSPG)) as we recently described [#1, #6]. Using
confocal imaging of triple IHC-labelled tissue and analysis of 3D-reconstructed tissue volumes, we will
characterize the relative frequency of immune cell phenotypes in the SVZ, the interposed non-lesioned but
permissive tissue, and the areas of NSPC engraftment. Conversely, we will characterize NSPCs engaging in
cellular contacts with myeloid cells at different time points and in different compartments using NeuN,
Calbindin, GFAP, S100β, Thbs4, DCX, Olig2 as markers for their neuronal, astroglial, oligodendroglial or
neuroblastic phenotype.
Hypothesis 1b: Myeloid cells engage dynamically with NSPCs during proliferation, migration and
differentiation
In order to understand the dynamics of cellular interaction, we shall employ two-photon imaging on acute
slices containing the SVZ and ischemic lesion [16] [#7]. To image NSPCs in conjunction with microglia and
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monocytes, we will use NestinCreER:Rosa26TdTomato:Cx3Cr1GFP or NestinCreER:Rosa26YFP:Ccr2RFP mice. In
these mice, recombination will be induced prior to ischemia to label Nestin-expressing NSPCs of the SVZ
and their progeny by the expression of TdTomato/YFP [29]. In this setup, we will focus on the different
anatomical compartments involved in the neurogenic response as described in (a). We shall detect the
tracks of migrating NSPCs and myeloid cells and quantify the frequency and duration of cell-to-cell contacts
between NSPCs and myeloid cells using 3D volume reconstruction and analysis software (Imaris). This
information shall reveal significant patterns between the myeloid-NSPC cell-cell encounters and the
behaviour of individual NSPCs.
In addition to the above described ex vivo experiments, we shall perform longitudinal in vivo imaging of the
ischemic cortex to assess the development of individual NSPCs in the perilesional area with respect to the
inflammatory microenvironment. For this purpose, we will implant a chronic, thinned skull cranial window
over the somatosensory cortex and generate a photothrombotic insult in the imaging area. This technique
will enable us to visualize the fate of individual cells in repeated imaging sessions over the entire span of
post-stroke remodeling, and characterize the reaction of microglial cells or inflammatory monocytes to the
engraftment of SVZ-derived NSPCs and their progeny.
Aim 2: To characterize the functional impact of NSPC-myeloid cell crosstalk on NSPC fate in stroke
Myeloid cell activation leads to the release of cytokines, chemokines and trophic factors critically affecting
the differentiation of NSPCs. However, the role of different CNS myeloid cell subsets on NSPC-derived
neuro- and gliogenesis after lesion is incompletely understood. To dissect the specific contributions of
microglial and blood borne monocytes, we shall employ pharmacological and genetic tools to specifically
deplete these populations. We will employ the information gained under aim 1 to define an early and late
time point for myeloid cell depletion, in order to assess its impact on different stages and compartments of
the neuro- and gliogenic response. We will address the following hypotheses:
Hypothesis 2a: Myeloid cells shape NSPC proliferation and fate after CNS lesion
We shall employ three different models of myeloid cell depletion: In order to deplete microglia, we will
administer the CSFR-1 kinase receptor antagonist BLZ945 at an early and late time point after
photothrombotic stroke [30]. In our experience, this treatment leads to microglia depletion with little effect on
monocytes in the blood compartment. Additionally, to control for off-target effects of the BLZ945 inhibitor, we
will employ a second strategy to deplete microglia, namely the administration of Diphtheria-toxin (DT) in mice
CreER
:iDTR [31]. Lastly, using the LysMCre/+:iDTR mice [32],
expressing the DT-receptor in microglia (Cx3cr1
we will deplete blood borne monocytes and neutrophils. Flow cytometric analysis of brain, spleen and
peripheral blood as well as IHC analysis of brain tissue using myeloid cell markers will be employed to
validate depletion efficiency. After each intervention, we will analyse the density and phenotype of EdUlabeled NSPC-derived cells as described under aim 1. Littermate mice treated with vehicle instead of
BLZ945 or DT will serve as controls.
Hypothesis 2b: Microglia steer NSPC migration
Migration of NSPC subpopulations into the ischemic lesion area is a prerequisite for their contribution to
tissue remodeling. Microglia are an integral component of the SVZ and the other compartments (striatum,
corpus callosum) traversed by NSPCs on their way to the lesion site. We will thus investigate the migratory
behaviour of SVZ-derived NSPCs following microglia depletion after ischemic injury. For this purpose, we will
CreER
TdTomato
GFP
:Rosa26
:Cx3Cr1
mice at a defined time point after
administer BLZ945 or vehicle to Nestin
photothrombotic ischemia. The velocity and directedness of NSPC migration will be quantified by two-photon
microscopy imaging of acute brain slices of the reporter mice as described under aim 1.
Aim 3: To investigate the molecular mechanism mediating NSPC-myeloid cell crosstalk
Due to the multiple cellular stages and anatomic compartments covered by NSPCs until their differentiation
to glia and neurons at the lesion site, the effect of single inflammatory molecules on NSPC fate
determination might not be univocal. Using genetic labelling of either microglia, myeloid cells and NSPCs, we
aim to break down the analysis of NSPC-myeloid cell molecular interaction to single cellular populations,
niches and time points:
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Hypothesis 3: Microglia and infiltrating myeloid cells express a distinct molecular signature for crosstalk with
NSPCs
To gain insight into the molecular mechanisms of NSPC-myeloid cell interaction upon CNS injury, we will
CreER
:Rosa26YFP:Ccr2RFP/+ mice
isolate genetically-labeled microglia and blood borne monocytes from Cx3cr1
CreER
TdTomato
:Rosa26
mice after stroke using fluorescence-activated cell sorting
and NSPCs from Nestin
(FACS). Microglia, monocytes and NSPCs from mice not subjected to ischemia will serve as controls. We
will investigate the underlying molecular mechanisms of NSPC-myeloid cell subset crosstalk at the relevant
early and late time points after photothrombosis defined under aim 1, and cells will be isolated from two
anatomic compartments, namely the SVZ/striatum and the ischemic cortex. We will employ microarray (in
collaboration with the Genomics Lab Pfeifer, Freiburg) analysis to reveal the transcriptomes of myeloid cell
subsets and NSPCs in the different compartments and at the different time points after photothrombosis.
Using a computational crosstalk-signaling discovery model (Cell Cell Communication Explorer; [33]), we
shall identify potential NSPC-myeloid cell subset paracrine and autocrine signaling pathways.
Upon identification of interaction candidates, differential expression of the receptor-ligand pairs will be
confirmed at the protein level and in situ on NSPC subpopulations and myeloid cell subsets. To do so, the
expression of the candidate receptor/ligand pairs will be analysed using flow cytometry, western blotting or
cytokine arrays on isolated cells from the reporter mouse lines as described above. IHC of brain tissue from
mice subjected to photothrombotic stroke will enable us to assess the differential expression of the
receptor/ligand pairs in the different NSPC and myeloid cell subsets and in the relevant anatomical
CreER
:Rosa26YFP, Cx3cr1CreER:Rosa26YFP or Ccr2RFP/+ mice as
compartments of the brain using the Nestin
described above. To examine the function of the newly identified receptor-ligand pairs on NSPC
differentiation, we will perform in vitro differentiation assays as already established by our group [#2].
Therefore, we will isolate and culture SVZ NSPCs and induce the differentiation of the neurosphere culture
towards neuronal and glial cells. Upon initiation of differentiation of the NSPCs, we will treat the cells with
conditioned medium of activated microglia/monocytes and either add or omit specific inhibitors or blocking
antibodies to the previously identified secreted factors, membrane bound ligands or receptors. Using IHC we
will quantify the percentage of neurons, oligodendrocytes and astrocytes 5 days after initiation of
differentiation as previously described by our group [#2]. To determine the role of the identified receptorligand interaction pairs on NSPC migration in an organotypic setting, we will again employ the acute brain
CreERT2
::Rosa26YFP transgenic mice after focal stroke induction. We will add
slice preparation from Nestin
blocking reagents or recombinant protein of the identified receptor-ligand pairs and analyse the migratory
phenotype and survival of NSPCs as described above.

3.4.2

Work Plan
2017
Aims

1. Localization of NSPCmyeloid cell crosstalk
2. Effect of NSPC-myeloid
cell crosstalk on NSPC fate
3. Molecular mechanism of
NSPC-myeloid cell crosstalk
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2018

2019
2

3

2020
3
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3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner
ID

PI

B12

Meisel/Meisel

ID

PI

A01

Prinz

A06

Lämmermann

B05

Böttcher /
Priller

Z01

Backofen

3.6

Collaborations
Research interactions
Mouse ischemia model
Methodological interactions
CreER

M. Prinz will provide the Cx3Cr1

mouse line to C.S.

In situ imaging of myeloid cell populations
Development of myeloid cell depletion protocols
We will receive support by the Backofen group with evaluation of gene
expression analysis performed on neural stem/precursor and myeloid cells.

Differentiation from other funded projects
PI

Project Title

Funding
Agency

Funding
Period

DFG

05/2016-04/2019

The role of p75 neurotrophin receptor (p75NTR) in
04/2016-03/2019
nuclear pore complex structure and function in
DFG
neural stem cells
In this project the role of p75 in the nuclear pore structure and function in neural stem cells is investigated.
Schachtrup

Schachtrup

Heisenberg-Programme

The Heisenberg-Programme is funding my position and no funding for a specific project is given.
Molecular mechanisms of Id transcriptional
Fritz
regulator function in neural stem cell fate
07/2016-06/2018
Schachtrup
Thyssen
decisions affecting Multiple Sclerosis disease
Stiftung
progression
In this project we investigate the role of Id proteins in the transcriptional regulation of neural stem cells.
There is no thematic overlap of any of these projects with the work proposed here.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Funds requested

Funding for

2017

Staff
PhD 65% ALU Freiburg
PhD 65% Charité
Total

2018

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
40,200
1
40,200
1
40,200
1
40,200
1
40,200
1
40,200
1
40,200
1
40,200
80,400
80,400
80,400
80,400

Direct costs
ALU Consumables
ALU Animal Costs
Charité Consumables
Charité Animal Costs
Charité Other Costs
Charité Equipment up to

Sum
14,000
6,000
8,500
5,500
3,800

Sum
14,000
6,000
8,500
5,500
3,800

Sum
14,000
6,000
6,000
5,500
3,800

Sum
14,000
6,000
6,000
5,500
3,800

8,700

0

0

0

Total

46,500

37,800

35,300

35,300

Sum

Sum

Sum

Sum

126,900

118,200

115,700

115,700

10.000 EUR/Software

Major research
instrumentation
Total
Grand total
(All figures in euros)

Requested funding for staff
Sequential
no

Existing staff
1

Christian
Schachtrup,
HeisenbergProgramme,
Research group
leader

2

Francisco
Fernández Klett, Dr.
med., senior
research fellow

3

Meike Ast-Dumbach
(technician)

Research staff

Non-research
staff
Requested staff

Research staff
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Name, academic
degree, position

4

5

Department
of university
or nonuniversity
institution

Project
commitment in
hours/
week

neural stem
cells, neuronal
regeneration,
neurovascular

Dept of
Anatomy and
Cell Biology

10

Heisenberg
Programme

CNS
inflammation,
neurovascular
biology,
imaging and
image analysis

Molecular
Psychiatry,
Charité −
Universitätsmedizin Berlin

10

University

Dept of
Anatomy and
Cell Biology

7.5

University

Field of
research

N.N.
(PhD student)

CNS stroke

N.N.
(PhD student)

Neuroimmunology

Dept of
Anatomy and
Cell Biolog,
ALUy
Molecular
Psychiatry,
Charité

Category

3.7.3

none

PhD
student
PhD
student

Funding
source
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Job description of staff (supported through existing funds):
1.
Christian Schachtrup is one of the two principial investigators (PI) of this project. He is responsible for
coordination, teaching techniques of murine ischemic stroke, experiment planning, supervision of
technical staff, PhD student and writing manuscripts. He will spend 25 % of his working time on this
project. The protected time from teaching duties is made possible based through the Heisenberg
Fellowship.
2.

Francisco Fernández Klett: Co-principal investigator in Berlin, he will coordinate the project with the
Freiburg site and other collaborators, plan and supervise the work, and write the manuscripts. He will
teach
techniques
and
supervise
the
PhD
student
(e.g.
photothrombosis,
histology/immunohistochemistry, two-photon and confocal imaging, imaging analysis). He will manage
the laboratory animal tasks (licensing, breeding),

3.

Meike Ast-Dumbach (65%, paid by institutional funding)
Ms Ast-Dumbach will help the PhD student in laboratory organization, mouse breeding and genotyping
of the transgenic mice, technical support with the immunohistochemical and molecular biological
analysis, maintaining cell cultures and administrative work.

Job description of staff (requested funds):
4.
PhD 1 (N.N.)
This PhD student will perform the immunohistochemical analysis of the NSPC-myeloid cell crosstalk in
CreER
:Rosa26TdTomato and the Ccr2RFP/+ mice to identify the
stroke. She/he will use the Cx3cr1
contribution of myeloid cell subsets on shaping the distinct cellular compartments for NSPC
proliferation, migration and differentiation (Aim 1a). In addition, the molecular biological analysis of
NSPC-myeloid cell crosstalk will be performed by this student. She/he will isolate the geneticallylabeled microglia, blood borne monocytes and NSPCs using FACS and process the samples for
microarray analysis. Confirmation of the differential expression of the newly identified receptor-ligand
interaction pairs by flow cytometry, Western blotting, cytokine arrays and immunohistochemistry will
be a task of this student (Aim 3). In vitro experiments on the direct function of the newly identified
receptor-ligand interactions between NSPCs and myeloid cells will be examined by NSPC
differentiation assays, which will be a task of the student. For the genotyping of the transgenic mice
the student will have the support of my technician M. Ast-Dumbach.
5.

3.7.4

PhD 2 (N.N.)
This PhD student will be trained by FFK in the ischemia model and she/he will carry out two photon in
vivo and in situ imaging experiments. She/he will be also trained in image processing and the analysis
to assess the dynamic behaviour of myeloid and NSPCs (Aims 1b, 2b, and 3). She/he will perform
the experiments employing different myeloid cell depletion paradigms and assess its impact on neuroand gliogenesis with immunohistochemical techniques, confocal imaging and image analysis, as well
as flow cytometry (Aim 2a).

Requested funding of direct costs

ALU Freiburg: existing funds from the
institute, University of Freiburg
Charité Berlin: existing funds from
Charité
ALU Freiburg: sum of requested funds
Charité Berlin: sum of requested
funds
(All figures in euros)

2017

2018

2019

2020

5,000

5,000

5,000

5,000

5,000

5,000

5,000

5,000

20,000

20,000

20,000

20,000

26,500

17,800

15,300

15,300
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Requested Consumables
ALU Freiburg:
IHC, ICC and FACS antibodies for CD86, MHCII, TREM2,
Arginase, NOS2, EDU, GFAP, S100β, fibronectin, CSPG,
Thbs4, DCX, Olig2, β3-Tubulin, antibodies against newly
identified receptor- ligand interaction pairs, isotype control
Abs, secondary Abs
Affymetrix WT Mouse Gene 2.0 ST arrays
Tissue culture media, sera, antibiotics, cytokine, inhibitors,
blocking antibodies
PCR reagents, agarose and oligonucleotides for mouse
genotyping
Western blot reagents, ELISA (ECL kit, membranes, ELISA
kits, Abs against newly identified receptor- ligand interaction
pairs)
Material for animal model/surgery
Total per year ALU
Charité Berlin:
IHC /FACS antibodies
Material for ischemia model / surgery
Pharmaceuticals for microglia depletion
PCR reagents, agarose and oligonucleotides for mouse
genotyping
Total per year Charité
Total per year
(All figures in euros)

Requested Animal Costs
ALU FREIBURG:

2017

2018

2019

2020

6,000

6,000

6,000

6,000

2,500

2,500

2,500

2,500

2,000

2,000

2,000

2,000

1,000

1,000

1,000

1,000

1,500

1,500

1,500

1,500

1,000
14,000

1,000
14,000

1,000
14,000

1,000
14,000

4,000
1,000
2,500

4,000
1,000
2,500

4,000
1,000
0

4,000
1,000
0

1,000

1,000

1,000

1,000

8,500
22,500

8,500
22,500

6,000
20,000

6,000
20,000

2017

2018

2019

2020

6,000

6,000

6,000

6,000

-

-

-

-

Mouse lines:
CreER
:Rosa26YFP (90 mice)
Nestin
CreER
TdTomato
:Rosa26
(30 mice)
Nestin
CreER
Cx3cr1
:Rosa26YFP 60 mice)
CreT
TdTomato
(60 mice)
Cx3cr1 :Rosa26
RFP/+
(90 mice)
Ccr2
CreER
:Rosa26YFP:Ccr2RFP/+ (30 mice)
Cx3cr1
Maintenance costs
Breeding of mice for experiments; on average we need 5 breeding cages for
each of the mouse lines for four years (200 weeks).
120 mice x 0.7 € / week x 200 weeks = 16800.
Per year 16800/4 = 4200 ~4000€ per year
Experimental mice (Animals directly used for experiments)
Housing of experimental mice, including the timeframe of the experiment and
the housing until mice reached proper age for the experiment (average
housing time 16 weeks). We will need for Aim 1a and Aim 3 the following
mouse stains and number of mice:
Housing of 360 x 32 weeks x 0.7 EUR = 8000.
Per year 8000/4 = 2.000 € per year

ALU FREIBURG:
Purchasing of WT mice for NSPC isolation and culture and
microglia/monocyte isolation and culture
This will be covered by the institutional funds of the applicant
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Requested Animal Costs
Charité:
Mouse lines:
CreER
TdTomato
GFP/+
:Rosa26
:Cx3Cr1
(64 mice)
Nestin
CreER
YFP
RFP/+
Nestin
:Rosa26 :Ccr2
(40 mice)
CreER
:iDTR (48 mice)
Cx3cr1
Cre/+:
iDTR (48 mice)
LysM
CreER
:Rosa26YFP (60 mice)
Nestin

2017

2018

2019

2020

5,500

5,500

5,500

5,500

11,500

11,500

11,500

11,500

2017

2018

2019

2020

8,700

0

0

0

8,700

0

0

0

2017

2018

2019

2020

3,800

3,800

3,800

3,800

3,800

3,800

3,800

3,800

Maintenance costs
Breeding of mice for experiments; on average we will maintain a breeding
colony of 40 mice for each of the mouse lines for two years (104 weeks).
200 mice x 0.7 € / week x 104 weeks = 14,560.
Per year 14,560/4 = 3,640 € ~4,000 € per year
Mice employed in experiments:
Housing of 260 x 32 weeks x 0.7 EUR = 5,864
per year = ~1,500

Total per year
(All figures in euros)

Requested Equipment (up to 10.000 EUR) /Software
Charité Berlin:
Imaris Filament Tracer Package (Analysis of cell morphology
and dynamics)
Total per year
(All figures in euros)
Requested Other Costs
Charité Berlin:
Two-Photon Imaging in the AMBIO - Advanced Medical
BioImaging Core Facility / Group Leader Jan Schmoranzer
(jan.schmoranzer charite.de)
Slice 2ph: 2h/experiment, 102 mice and chronic in vivo 2ph:
20h/experiment, 20 mice = 604h å 25 €/h
Total per year
(All figures in euros)

3.7.5

Requested funding for major research instrumentation

Freiburg: None. All equipment required for the planned experiment is already available in the laboratory of
Christian Schachtrup.
Berlin: None. All required equipment is either available at the Laboratory for Molecular Psychiatry or as multiuser equipment in the Charité campus.
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3.1

General information about Project B02

3.1.1

Project Title: Myeloid cells in the development of choroidal neovascularisation in
the eye

3.1.2

Research areas:
Ophthalmology

3.1.3

Principal investigators

Cell

biology,

Molecular

Lange, Clemens, MD, PhD
*08.10.1980, German
Eye Center
University Medical Center Freiburg
Killianstr.5
D-79106 Freiburg
Tel: +49-761-270-40511
E-Mail: clemens.lange@uniklinik-freiburg.de

Neuroscience

and

Neurogenetics,

Hilgendorf, Ingo, MD
*19.07.1981, German
Heart Center
University Medical Center Freiburg
Hugstetter Str. 55
D-79106 Freiburg
Tel: +49-761-270-34010
E-Mail: ingo.hilgendorf@uniklinik-freiburg.de

Do the above mentioned persons hold fixed-term positions?
Yes: Clemens Lange: End date: 31.12.2020.
Ingo Hilgendorf: permanent position

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
no
no
N/A
No

Summary

Myeloid cells have been implicated in the development of choroidal neovascularisation (CNV) in age-related
macular degeneration (AMD), which is one of the leading causes of blindness worldwide. Resident microglial
cells (MG) constitute the major myeloid cell population in the retina and subretinal space. They are
complemented by recruited myeloid cells (macrophages (Mac)) derived from the blood during disease and
inflammation when the blood-brain barrier is breached. However, the differential function and biology of
resident MG and recruited Mac in health and CNV development remain ill defined. The ultimate goal of this
study is to explore the role of MG and Mac in four cardinal aspects of CNV pathology: i) the origin and
dynamics of myeloid cell accumulation in the retina and subretinal space with ageing and (ii) during CNV
development, (iii) the relative contribution of MG vs. Mac to the development of CNV, and (iv) the prospect of
MG and Mac manipulation to modulate CNV development. To achieve these goals we will study the temporal
and spatial distribution of MG and Mac in the retina and subretinal space in health and in two mouse models
of CNV by in vivo imaging, immunohistochemistry, flow cytometry and fate mapping. Next, we will investigate
the expression profile of isolated quiescent and activated MG and Mac using RNA sequencing. Functionally,
we will explore the specific roles of three key factors involved in myeloid cell activation, maturation and
M1/M2 polarization, namely the hypoxia-inducible transcription factor 1α (HIF1α), the interferon-regulating
factor 5 (IRF5) and the interferon-regulating factor 8 (IRF8). Finally, we will examine the potential of
pharmaceutical inhibition of MG and Mac activation and recruitment for treating CNV. Together, these
studies may establish a platform for the development of innovative therapeutic approaches in neovascular
AMD that are directed against pathologic MG/Mac activation without compromising homeostatic functions.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Choroidal neovascularisation in mice and men
Choroidal neovascularisation (CNV) is a common cause of irreversible vision loss in patients with agerelated macular degeneration (AMD), which is the leading cause of blindness in the elderly, affecting
approximately 170 million people worldwide [1]. The early non-exudative form of AMD is characterized by
accumulation of extracellular deposits (Drusen), thickening of Bruch’s membrane, cell loss and hypertrophy
of the retinal pigment epithelium (RPE) and ultimately by irreversible photoreceptor and RPE degeneration.
About 20 % of patients with non-exudative AMD progress to the aggressive neovascular form of AMD, which
is characterized by fast developing CNV causing edema, fibrovascular scar formation and irreversible loss of
vision. The introduction of anti-angiogenic therapy has brought significant advances to the management of
neovascular AMD. However, the success of this treatment is limited by the relatively short half-life of
antibodies in the eye and depends on frequently repeated intraocular injections that pose a significant
cumulative risk of local complications. The pathogenesis of choroidal neovascularisation is poorly
understood and the cellular and molecular mechanisms in the cascade of events leading to CNV have not
been identified in detail. Considering the ageing population and increasing disease prevalence, neovascular
AMD imposes a significant burden on social and public health systems. This prompts for an urgent need to
decipher the underlying cellular and molecular mechanisms of AMD and CNV pathogenesis to develop more
efficient therapeutic approaches in the future.
Neovascular AMD is a multifactorial disease that involves a continuous interaction of environmental and
genetic risk factors. These risk factors include increasing age, environmental factors such as smoking and
dietary habits as well as mutations in susceptibility genes, which predispose an individual to develop AMD.
The majority of these genes are involved in inflammatory processes, such as genes encoding for
chemokines, chemokine receptors, interleukins and factors of the complement system highlighting a pivotal
role of the immune system and inflammation in the pathogenesis of AMD [2]. Clinical and
immunohistochemical observations have led to the hypothesis that a reduced choroidal blood flow and a
thickened Bruch’s membrane in AMD patients cause hypoxia and inflammation at the level of the outer
retina, which promotes the expression of angiogenic mediators, such as the vascular endothelial growth
factor (VEGF) to induce CNV development. Most of our understanding of the cellular and molecular
mechanisms underlying CNV development is based on experimental CNV models. The mouse model of
laser-induced CNV is a reliable way to generate experimental CNV in rodents and has been used
extensively in studies exploring the pathogenesis of neovascular AMD. In this model, 3 focal Argon laser
burns are applied to each eye, which ruptures the outer blood-retina barrier and leads to acute local
inflammation and growth of new vessels from the choroid into the subretinal space. More lesions can be
easily induced to obtain larger areas of disease for cell and RNA retrieval. Laser-induced CNV was reported
to peak in size about 1 week after laser injury and resolves spontaneously within the following 6 weeks [3]. In
addition, the recently discovered JR5558 mutant mice develop multiple spontaneous and progressive CNV
lesions starting at 2 weeks of age, which are associated with retinal edema, gliosis and focal neuroretinal
dysfunction thus recapitulating many of the key features of human neovascular AMD [4]. Unlike laserinduced CNV lesions, spontaneous CNV lesions in JR5558 mutant mice persist for more than 3 months
allowing to explore the long-term consequences of CNV to retinal architecture and function [4]. Although
none of these models reflects the full spectrum of pathology in human disease, they recapitulate important
features in the development of CNV and have proven invaluable in proof-of-concept experiments for antiangiogenic drug development.

Myeloid cells in the eye
Myeloid cells are a heterogeneous group of innate immune cells at the interface of inflammation,
angiogenesis and wound healing. The resident myeloid cells of the retina are the microglia cells (MG), which
reside in proximity to retinal blood vessels in the inner layers of the neural retina. Changes in neuroretinal
homeostasis immediately alert retinal MG to initiate repair and remodeling mechanisms. Monocytes and their
descendants macrophages (Mac) are normally absent in the retina but patrol the blood system and reside in
the underlying choroid. In cases of blood–retinal barrier breakdown, monocytes/macrophages are recruited
from the underlying choroid and the systemic circulation into the retina where they modulate disease. In the
ageing retina myeloid cells translocate to the subretinal space, which is physiologically devoid of myeloid
cells in healthy young adults [5]. Subretinal myeloid cells were shown to eliminate phototransduction by174
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products most likely to maintain vision in the ageing retina but also to contribute to parainflammatory
processes [6]. Whether these cells are MG cells that migrate to the subretinal space with ageing or recruited
blood-derived infiltrating Mac is not clarified due to insufficient cell specific markers.
In general, the origin and dynamics of retinal MG and Macs is still a matter of debate. For a long time it was
assumed that retinal MG derive from bone marrow cells and that circulating myeloid cells constantly infiltrate
the retina and differentiate into retinal MG cells. Bone marrow transplantation experiments into irradiated
recipients demonstrated a full turnover of all microglial cells within 6 months [7] proposing rapid
replenishment of retinal MG from peripheral myeloid cells. These experiments, however, were clearly biased
by transplantation efficacy, radiation-induced apoptosis and impairment of the blood-retina barrier. Instead,
we propose that steady state retinal MG derive from yolk sac progenitors early during embryogenesis as was
recently shown for microglia in the brain [8]. Microglia in the brain express Cx3cr1 [9]. Preliminary data from
our laboratories using MG- and Mac-specific transgene reporter mice are in support of our hypothesis.
CreER
tomato
:R26
mice activates Cre recombinase and induces tomato red
Tamoxifen injection of Cx3cr1
expression in all Cx3cr1 expressing cells. Within 8 weeks following tamoxifen application, however, the
labelling of circulating cells completely subsides due to rapid cell turnover in the bone marrow while intense
tomato expression persists in resident brain microglial cells [9]. Using these mice we found that more than 95
% of retinal MG expressed tomato red while circulating tomato positive myeloid cells were virtually
undetectable in the blood at 3 months of age and 2 months following tamoxifen induction (Figure 1A). In
Cre
tomato
mice constitutively express tomato red in bone marrow derived cells, including
contrast, adult Flt3 :R26
monocyte dependent macrophages [10]. Consequently, more than 90 % of circulating leukocytes were
tomato positive in these mice whereas retinal MG lacked tomato expression in the steady state, a finding
consistent with the presumed embryonic origin of MG in the retina (Figure 1B). Our preliminary studies
challenge the current concept of microglial origin and turnover in the steady state retina and provide us with
an excellent tool to study the contribution from circulating cells to the retinal myeloid cell pool during ageing
and disease.

Figure 1: Microglia- and macrophage-specific reporter mice used in this proposal. A) The microglia-specific
CreER
tomato
:R26
reporter mouse model is characterized by a high recombination efficacy and labeling in >95 % of
Cx3cr1
resident microglial cells and the absence of tomato expression in hematopoietic cells 8 weeks following tamoxifen
induction as shown by immunohistochemistry of the inner plexiform layer (IPL) of the retina and flow cytometry of the
Cre
tomato
transgenic mouse model is characterized by absent Cre expression in retinal microglia
blood. B) The Flt3 :R26
and high recombination efficacy in hematopoietic cells resulting in selective tomato expression in circulating leukocytes
Cre
tomato
mice as shown by immunohistochemistry of the retina and flow cytometry of the blood.
of Flt3 :R26
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Myeloid cells in AMD
Recent advances in our understanding of the pathogenesis of AMD have identified myeloid cells as key
modulators for disease progression and CNV development. Myeloid cells are activated and accumulate in
the subretinal space in patients with non-exudative AMD [5] and are hypothesized to contribute to Drusen
formation and resolution and thereby to AMD progression [11]. Studies in mice suggest that a prolonged
presence of myeloid cells in the subretinal space is associated with chronic inflammation and irreversible
injury of otherwise healthy retinal cells in mice [12]. Furthermore, myeloid cells accumulate around CNV in
patients with AMD [13] and in experimental CNV models. In the laser-induced CNV model the total number
of myeloid cells peaks at day 3 after laser injury and precedes the development of CNV [14]. The relative
spatial and temporal distribution of resident MG and infiltrating Macs around CNV, however, has hitherto not
CreER
:R26tomato mice, we
been clarified due to insufficient cell specific markers. Using MG-specific Cx3cr1
found that both resident MG and infiltrating Macs contribute to the myeloid cell population in the vicinity of
CreER
:R26tomato mice 8 weeks following tamoxifen injection and 7
CNV lesions. In vivo imaging of adult Cx3cr1
days after laser-CNV induction showed accumulation of tomato positive retinal MG cells around the site of
laser injury and CNV (Figure 2A-C). Notably, flow cytometry analysis at the time of laser-CNV induction
confirmed the absence of circulating tomato positive myeloid cells in the blood. Immunohistochemical
analysis of the retina and RPE allowed to distinguish between tomato positive retinal MG and tomato
negative recruited Macs in CNV lesions. Our data show that both cell types were readily detectable (Figure
2D). There is conflicting data on whether myeloid cells promote or inhibit the development of CNV.
Experimental depletion of retinal myeloid cells and circulating monocytes by clodronate liposomes decreases
high
monocytes
CNV in laser-injured mice [14]. Similarly, depletion of inflammatory CCR2-positive Ly6C
results in attenuated CNV formation indicating a pro-angiogenic role of macrophages in CNV development
[15]. In contrast, other studies suggest that myeloid cells may exert anti-angiogenic properties in the context
of experimental CNV. Mice that are deficient in the anti-inflammatory cytokine IL-10 exhibit both an increased
accumulation of myeloid cells in neovascular lesions and attenuated CNV [16]. Moreover, intravitreal transfer
of myeloid cells inhibited CNV formation [16]. These seemingly contradictory contributions of myeloid cells to
CNV development may be reconciled by potentially differential roles of resident MG and infiltrating Macs.
However so far, the differential functions of resident MG versus recruited Macs and the underlying molecular
mechanisms during CNV development remain ill-defined due to insufficient cell specific in vivo models.
Figure 2: Resident microglia and
blood-derived recruited myeloid
cells accumulate at sites of laserinduced
CNV.
A)
Fundus
photography, (B) in vivo MG
imaging and (C) fluorescein
angiography
in
Cx3cr1CreER:R26tomato mice 8 weeks
following tamoxifen induction and 7
days after laser-CNV induction
demonstrating three focal areas of
CNV co-localizing with microglia.
D) Immunohistochemistry depicting
resident
microglia
in
yellow
(merged Iba1-GFP+ and tomato+)
and recruited macrophages in
green (Iba1GFP+ but tomato–) in
the vicinity of CNV 7 days after
laser-CNV induction.

Mechanisms of myeloid cell activation during CNV development
It has been postulated that exogenous and endogenous triggers, such as tissue damage, inflammation and
hypoxia, alert resident MG rapidly in the retina, leading to local proliferation, migration and secretion of
cytokines and chemoattractants. This amplified immunological cascade and the loss of limiting control
mechanisms have been proposed to contribute to the recruitment of blood-derived myeloid cells, the
progression of retinal degeneration and ultimately to the development of choroidal neovascularisation [11].
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Figure 3: Proposed intracellular pathways
contributing to myeloid cell activation
following laser CNV induction. Hypoxia and
inflammation cause intracellular activation of
hypoxia-inducible transcriptions factors (HIFα),
which bind to hypoxia-response elements (HRE)
and induce the expression of angiogenic and
inflammatory mediators. Activation of interferon
receptors (IFNR) and toll-like receptors (TLR)
activate IRF5 and IRF8 transcription factors,
which bind to promotors containing the IFNstimulated response elements (ISRE), thereby
inducing gene expression essential for myeloid
cell maturation, migration and polarization,
respectively. Illustrated by Hilgendorf/Lange.

Recent studies in wound healing models indicate that the hypoxia-inducible transcription factor (HIF1α) is a
key regulator of myeloid cell activation. HIF1α is activated in myeloid cells under hypoxic and inflammatory
conditions and orchestrates cell proliferation, migration and expression of inflammatory and angiogenic
molecules including VEGF. Immunohistochemical studies demonstrate that HIF1α is activated in myeloid
cells around CNV membranes in patients with AMD [17]. Deletion of the hypoxia-response element from the
Vegf promotor in mice results in a significant reduction of Vegf levels and laser-induced CNV [18]
underscoring the importance of HIF1α in the development of CNV. We could demonstrate that tissue
hypoxia precedes the development of CNV in the laser-induced CNV model, and that activation of HIF1α in
the RPE causes spontaneous development of CNV [#8]. Interestingly, our recent data suggests that HIF1α
expression in peripheral myeloid cells plays a minor role in the development of CNV [#2]. However, the
specific role of HIF1α in resident MG cells versus infiltrating Macs in the context of CNV formation and
resolution needs to be investigated.
Macrophage polarization between M1 (pro-inflammatory) and M2 (reparative) phenotypes represents an
interesting concept of how retinal myeloid cells may engage in both CNV formation and resolution. One
report identified increased expression of inflammatory M1 markers compared with M2 markers in the retina
of individuals with AMD compared to unaffected individuals [19]. In line with these results, histological
studies revealed increased numbers of choroidal M1 macrophages in proximity to neovascular AMD lesions
[20]. These data indicate that inflammatory M1 polarization may contribute to AMD and CNV pathogenesis
and suggest that persistence of M1 myeloid cells may derail healing and compromise organ function. A
pivotal transcription factor that regulates the polarization of myeloid cells towards a M1 phenotype is the
interferon-regulating factor 5 (IRF5). IRF5 is a transcription factor with dual function, both activating M1
genes while repressing M2 genes. Silencing of IRF5 was shown to favor M2 myeloid cell differentiation and
healing in myocardial infarction [21]. Inhibition of IRF5-expression in myeloid cells may therefore enforce a
local phenotype switch from M1 towards reparative M2-type macrophages and ameliorate neovascular scar
formation in AMD.
Finally, the interferon-regulating factor 8 (IRF8) regulates lineage commitment, cell maturation and
differentiation in myeloid cells [22]. The role of IRF8 in the eye, however, has not been examined so far.
Preliminary data of our groups demonstrate that IRF8 is essential for microglia cell homeostasis, migration
and CNV development. Using the IRF8-venus reporter mouse we found that IRF8 is readily expressed by
resident microglia cells in the retina (data not shown). IRF8 deficient mice demonstrate a striking retinal
microglial phenotype with reduced numbers of retinal MG by about 50 % and altered MG morphology
exhibiting reduced numbers of dendrite segments, filament lengths and branching points (Figure 4A,B).
Following laser CNV-induction less of these defective myeloid cells accumulated in CNV lesion of IRF8deficient mice, which was associated with an increased area of CNV (Figure 4C,D). Again, these results
point to a likely dual role of myeloid cells in CNV pathology. Importantly, whether the effect on CNV formation
was mediated by IRF8-signaling in resident MG or infiltrating macrophages remains to be addressed.
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Figure 4: IRF8 in retinal myeloid cells and the development of CNV. Column A) IRF8 deficiency results in a reduced
-/GFP
and Cx3cr/GFP control mice in the steady state.
number of retinal MG as shown here in the OPL of adult Irf8 Cx3cr1
Column B) IRF8 deficiency is associated with reduced numbers of filaments and dendrite segments as shown by
+
IMARIS reconstruction. Column C) IRF8 deficient Cx3cr1 myeloid cells accumulate less frequently around sites of laser
injury (dotted line) 3 days following laser-CNV induction. Column D) The area of CNV is reduced in IRF8 deficient mice
GFP
as shown in this IMARIS reconstruction of CNV (red) and Cx3cr1 myeloid cells (green).
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3.4

Project plan

3.4.1

Work Programme and Methods

Aim 1: Origin and dynamics of myeloid cells in the ageing retina
Previous studies on the dynamics of retinal myeloid cells were flawed by bone marrow transplantation
approaches, which cause an artificial radiation-induced breach of the blood-retinal barrier. Here we take
advantage of Cx3cr1CreER:R26tomato and Flt3Cre:R26tomato reporter mice that allow for unbiased lineage tracing.
We will explore the origin, distribution and turnover of resident MG in the retina and subretinal space as well
as any contribution from hematopoietic cells to the retinal myeloid cell population during natural ageing.
a) Origin of myeloid cells in the retina
We hypothesize that retinal microglia, that are typically located within the inner retinal layer of young
animals, are of yolk sac origin and that these cells migrate to the subretinal space with age. To this end,
CreER
:R26tomato females are treated with tamoxifen at E9.0, which will label yolk sac-derived
pregnant Cx3cr1
microglia during embryonic hematopoiesis but not cells derived from fetal liver monocytes (>E12) or the
bone marrow. The offspring will be analyzed for tomato red expression at 3, 6, 12 and 24 months of age by
+
in vivo imaging, immunohistochemistry and flow cytometry. MG are identified as Iba1 cells by histology and
int
+
as F4/80 CD11b cells by flow cytometry.
b) Dynamics of myeloid cells in the retina
CreER
:R26tomato mice are treated with tamoxifen post partum, however, we achieve near
When Cx3cr1
complete labeling of resident retinal MG at 8 weeks while labeling of circulating cells has subsided (see
Figure 1a). Therefore, this approach allows us to assess both qualitative and quantitative changes to the
myeloid cell compartment in the retina and subretinal space over time. We will induce microglial labeling with
tamoxifen starting at age 4 weeks when postnatal retina maturation is completed in mice, and sacrifice at 3,
6, 12 and 24 months of age. Using in vivo imaging, immunohistochemistry and flow cytometry we will
+
–
+
investigate whether tomato MG residing in the inner layer of the retina are complemented by tomato , Iba1 ,
high
+
F4/80 , CD11b macrophages (Mac) of presumed medullary origin as mice grow older. In analogy, we can
quantify the relative contribution of tomato+ retinal MG and tomato– recruited Mac to the Iba1+ cell
Cre
tomato
mice allow for
compartment found in the subretinal space in aged mice. Complementary, Flt3 :R26
direct visualization of any bone marrow cell contribution to the retinal and subretinal myeloid cell pool over
time.
To monitor the kinetics and potential expansion of retinal microglia in ageing mice, cell numbers will be
quantified by histologic staining and manual counting combined with flow cytometry of retinal tissue lysates.
In addition, we will determine whether retinal microglia are long-lived or turn over rapidly. Microglia are
CreER
:R26tomato mice at age 4 weeks by tamoxifen injection. Starting at the age of 12 weeks,
labelled in Cx3cr1
after the labelling of circulating cells has subsided due to rapid cell turnover, bromodeoxyuridine (Brdu) is
continuously applied over the course of 3 months via subcutaneous placement of osmotic pumps as
previously described [#6]. BrdU, a thymidine analog, incorporates into newly synthesized DNA during cell
+
proliferation thereby marking newly made cells and their descendants. Costaining of resident tomato retinal
MG with anti-BrdU therefore indicates self-renewal by local proliferation. The rate of proliferation can be
determined by Ki67-staining and doubling of the cellular DNA content during S/G2/M phases of the cell cycle
as assessed by immunohistochemistry and flow cytometry, respectively.

Aim 2: Origin and dynamics of retinal myeloid cells during CNV development
CreER
tomato
In analogy to the studies of the ageing retina we will use microglia- (Cx3cr1
:R26
) and macrophageCre
tomato
mice) reporter mice for fate mapping studies in models of laser-induced and
specific (Flt3 :R26
spontaneous (JR5558 mutant) CNV development.
a) Dynamics of the retinal myeloid cell compartment in laser-induced CNV
We will define the temporal and spatial distribution of resident retinal microglia versus recruited
CreER
tomato
Cre
tomato
:R26
and Flt3 :R26
mice during laser-induced CNV formation
macrophages in adult Cx3cr1
and resolution.
CreER
:R26tomato mice will be treated with tamoxifen and choroidal
For this purpose, 4 weeks old Cx3cr1
neovascularisation will be induced by argon-laser photocoagulation of the retina at 12 weeks of age. At this
time tomato red expression will be restricted to resident retinal microglia while circulating cells are not
labeled. The retinas will be analyzed by in vivo imaging (in vivo fluorescence and two-photon imaging),
immunohistochemistry and flow cytometry on days 3, 7, 14, 28 and 84 after laser CNV induction to
+
+
int
+
determine the absolute and relative accumulation of resident MG (tomato Iba1 F4/80 CD11b ) and
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recruited Mac (tomato– Iba1+ F4/80high CD11b+) in lesions and how these cells relate to areas of
neovascularisation and scar formation. We also ask whether monocyte-derived macrophages contribute
temporarily or permanently to the retinal myeloid cell pool after laser-CNV induction by following up these
Cre
tomato
mice will be lasered at 4 weeks of age and the ratio of retinal
mice for 3 months. Similarly, Flt3 :R26
–
+
+
int
+
+
+
high
CD11b+) will be
MG (tomato Iba1 CD45.2 F4/80 CD11b ) to recruited Mac (tomato Iba1 F4/80
assessed as described above. All studies are complemented by stainings for Ki67, TUNEL and cell cycle
staining to determine rates of proliferation and apoptosis for each cell type at each time point during CNV
lesion formation and resolution since these processes may influence the composition of the retinal myeloid
cell pool apart from cell recruitment.
The reporter mice enable us to estimate the time point of maximum quantitative contribution of recruited
macrophages to myeloid cells in CNV lesions. These macrophages likely derive from invading blood
monocytes. Circulating monocytes comprise two major subsets that are distinguished by high versus low
high
and Ly6Clow monocytes from gfp+ donor mice and adoptively
Ly6C expression in mice. We will sort Ly6C
transfer them separately intravenously into lasered C57Bl/6 mice on the day prior to peak macrophage
accumulation in CNV lesions. The retinas will be analyzed by immunohistochemistry and flow cytometry for
+
high
the presence of gfp cells and their expression of macrophage markers. We hypothesize that Ly6C
+
high
CD11b+
monocytes are preferentially recruited to CNV lesions and differentiate into Iba1 F4/80
macrophages.
b) Dynamics of the retinal myeloid cell compartment in spontaneous CNV
CreER
:R26tomato and Flt3Cre:R26tomato mice to JR5558 mice,
To generalize our findings we will cross Cx3cr1
which develop spontaneous choroidal neovascularisation starting at 2 weeks of age. Therefore,
CreER
:R26tomato mice will receive tamoxifen on their first day post partum (P1) in order to label
JR5558;Cx3cr1
resident retinal microglia prior to spontaneous CNV lesion formation. Preliminary experiments show that P1
CreER
:R26tomato mice. Importantly, the first CNV
induction will label >95 % of resident microglia in Cx3cr1
lesions are expected to occur as early as 2 weeks after Cre-induction, a time point when a proportion of
low
high
monocytes would still be labeled as well [9]. Since we do not
circulating blood Ly6C but not Ly6C
low
expect Ly6C monocytes to contribute significantly to the macrophage cell pool in CNV lesions – which we
intend to address with our adoptive transfer experiment described above – we do not regard the residual
Cre
tomato
mice hematopoietic cells and their
labeling as a problematic confounder. In JR5558;Flt3 :R26
high
monocytes, the presumed precursors of recruited
descendents are fluorescent, including circulating Ly6C
macrophages in CNV lesions. In these mice, resident MG are identified as tomato– Iba1+, F4/80int CD11b+
cells and recruited Mac can be readily identified based on their tomato red expression. In both mouse strains
the spatial and temporal distribution of resident microglia and recruited macrophages will be analyzed by in
vivo imaging, immunohistochemistry and flow cytometry at 2, 6 and 12 weeks of age as described above.
Furthermore, the rate of local cell proliferation and cell death is assessed by staining for Ki67, TUNEL and
DNA content.

Aim 3: Functional contribution of resident microglia and recruited macrophages to CNV
In the previous aims we have focused on quantitative changes in the retinal myeloid cell compartment. Here
we aim to investigate qualitative changes. First, we ask how gene expression shifts in resident MG and
recruited Mac during CNV development in order to identify myeloid-cell derived mediators of CNV. Secondly,
we have prespecified HIF1α, IRF5 and IRF8 as potential mediators of microglia and macrophage activation,
polarization and maturation, respectively, and will assess how microglia- or macrophage-restricted deletion
of these target genes affects CNV lesion formation and resolution.
a) Genetic profiling of microglia and macrophages in the retina
First, we aim to determine the transcriptional profile of resident microglia and recruited macrophages in
health and during CNV development and resolution. Is one population more inflammatory or reparative than
the other? These studies will help to clarify whether and at what time point therapeutic targeting of distinct
CreER
:R26tomato mice are treated with tamoxifen at the age of
cell populations is desirable. To this end, Cx3cr1
4 weeks. 8 weeks later, when labeling of shorter-lived circulating monocytes has subsided, resident MG
+
–
(tomato ) and recruited Mac (tomato ) are sorted from excised retinas before and at 3, 7, 14, and 28 days
after laser-induced CNV. Subsequently we will isolate RNA from the separately sorted cell populations for
subsequent RNA sequencing and transcriptional analysis in collaboration with the Backofen group [Z01]. In
our experience 8 laser-induced lesions per retina and pooling of 10 mice will yield enough cells and sufficient
RNA (~2.0 ng) for RNA sequencing (Figure 5). We plan on analyzing 3 pooled samples per time point. Next,
we will deplete retinal myeloid cells by intraocular clodronate liposome injections starting on day 3 after laser
injury when myeloid cells have already accumulated in the retina but neovascularisation has not yet fully
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developed. PBS liposome injected mice will serve as controls. Retinas are excised on day 7 post laser injury
when neovessel formation is usually expected to peak and RNA is isolated from whole retina tissue lysates
for subsequent RNA sequencing. These tissue-specific results are compared to the cell-specific
transcriptomic datasets described above to support a causal relationship for retinal MG and recruited Mac,
respectively. This approach allows us to identify candidate genes that are likely involved in myeloid cell
dependent CNV formation and may further help to identify new therapeutic targets for future studies.

Figure 5: Heat map derived from RNA sequencing data of corneal myeloid cells (MC), bone-marrow-derived myeloid
cells (BMD MC), brain microglia and retinal microglia (MG) sorted from adult C57Bl/6J mice in the steady state. Our
preliminary data indicate that retinal and brain microglia are closely related whereas MC and BMD MC have clearly
different signatures.

b) The cell specific role of HIF1α, IRF5 and IRF8 in CNV development
Our preliminary results suggest that HIF1α- and IRF8-signalling directly contribute to myeloid cell activation,
maturation and expansion during CNV development. The IRF5 transcription factor mediates M1 polarization
in macrophages, which favors an inflammatory instead of reparative immune response. It is unknown
whether IRF5 directs microglial immune responses in a similar way and whether modulation of the
macrophage phenotype has beneficial effects on CNV formation. The aforementioned Cre-mouse models
provide us with an elegant tool to investigate the specific roles of these factors in resident MG and recruited
Mac in the context of CNV.
CreER
:R26tomato mice. In
Mice in which HIF1α, IRF5 or IRF8 are flanked by loxP sites are crossed with Cx3cr1
the offspring with homozygous floxed gene expression both tomato red fluorescent protein expression and
deletion of the gene of interest are induced in resident retinal MG at the age of 4 weeks by tamoxifen
injection. Recruited non-fluorescent macrophages will retain target gene expression. Conversely, when
Cre
tomato
mice, the genes of interest are constitutively deleted in
floxed mice are crossed with Flt3 :R26
hematopoietic cells including recruited macrophages but not in resident MG. Littermates without floxed
genes serve as controls. Retinal microglia will be imaged by in vivo 2-photon microscopy and by ex vivo 3-D
reconstruction of confocal z-stack-imaging at 12 weeks of age to assess baseline effects of cell-specific gene
deletion on microglia morphology and distribution. This is followed by phenotypic and transcriptional analysis
via flow cytometry and cell sorting for subsequent qRT-PCR-mediated expression profiling for inflammatory
and pro-angiogenic genes. Retinal myeloid cells are similarly analyzed at 3, 7, 14 and 28 days following
laser-CNV induction for I) the extent of myeloid cell accumulation and their distribution in and below the
retina, II) changes in the fraction of resident MG and recruited Mac within the retinal myeloid cell pool, III)
changes to the inflammatory and pro-angiogenic gene expression profile and IV) how these changes
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correlate with the extent of CNV lesion formation and its resolution as assessed by in vivo fluorescein
angiography and immunohistochemical studies.
Aim 4: Myeloid cell-targeted therapeutic intervention in CNV development
Due to its accessibility, the eye is an ideal system to study the effects of pharmacotherapy on microglia and
macrophage homeostasis, migration and activation in the central nervous system. Pharmaceutical
compounds can be precisely administered intravitreally with the contralateral vehicle-injected eye serving as
a control in both the laser-induced and spontaneous CNV models. This approach has been frequently used
to test the effects of blocking antibodies, siRNA and small molecular inhibitors on CNV development [#5]. We
aim to target both inflammatory cell recruitment and inflammation itself.
a) Local inhibition of cell recruitment
Lesional macrophages at sites of inflammation in general derive from infiltrating monocytes that are attracted
by a set of chemokines. Key monocyte chemoattractants in the context of acute inflammation are CCL2 ,
CCL5 and CX3CL1. To block cell recruitment during CNV formation we will inject antagonists to CCR2
(RS504393), CCR5 (DAPTA) and CX3CR1 (AZD8797) intravitreally in adult WT mice after laser injury of the
retina and in 2 weeks old JR5558 mice when CNV lesions develop spontaneously. WT mice are sacrificed
on day 7 post laser injury and JR5558 mice at the age of 4 weeks when CNV formation is expected to peak
in the respective models. Retinas of the antagonized and contralateral vehicle-treated eye are analyzed for
CNV formation and myeloid cell accumulation by in vivo imaging, immunohistochemistry and flow cytometry.
In addition, RNA is isolated from excised retinas to assess global changes in inflammatory and proangiogenic gene expression. We will compare the effects of singular or combined chemokine receptor
antagonism on CNV size.
b) Local inhibition of inflammation
Many tissue macrophages and monocyte-derived macrophages at least partially depend on M-CSF for
differentiation and survival including microglia in the CNS. Moreover, M-CSF has been reported to influence
microglia activation in the adult. It may therefore represent an excellent therapeutic target to ameliorate an
inflammatory myeloid cell response in CNV development. To this end, the blocking anti-M-CSF receptor
antibody (clone AFS98) will be injected intravitreally in adult WT mice after laser injury of the retina and in 2
weeks old JR5558 mice when CNV lesions develop spontaneously. In addition, and building on the knockout
experiments described in aim 3, we will pursue gene expression silencing of HIF1α, IRF5 and IRF8 by
intravitreal injection of specific anti-sense oligonucleotides (EZN-2968 directed against HIF1α) and small
interfering RNAs (Life technologies #158209, #188320) into lasered WT mice and 2 week old JR5558 mice.
IgG isotype control or scrambled nucleotides are injected into the contralateral eyes. WT mice are sacrificed
on day 7 post laser injury and JR5558 mice at the age of 4 weeks when CNV formation is expected to peak
in the respective models. CNV expansion and retinal myeloid cell accumulation are quantified by in vivo
imaging and immunohistochemistry. Retinas are excised for RNA isolation and gene expression profiling.
Retina tissue lysates will be subjected to flow assisted cell sorting of myeloid cells for subsequent RNA
isolation and transcriptional assessment of changes to the cell phenotype.
Taken together our studies will provide a better understanding of the origin and fate of myeloid cell
accumulation at sites of CNV lesions and how these cells engage in the formation and resolution of CNVs.
This is an important prerequisite for identifying novel therapeutic targets and strategies for a serious disease
that imposes a significant and increasing burden on affected individuals and the healthcare system.
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3.4.2

Work Plan
2017

2018

Aims

2019
1+2

2020
3

4

1. Origin and dynamics of
myeloid cells in the ageing
retina
2. Origin and dynamics of
myeloid cells during CNV
development
3. Functional contribution of
MG and Macs to CNV
4. Myeloid cell targeted
therapeutic intervention in
CNV development

3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner
ID

PI

A01

Prinz

B08

Meyer-Luehmann

ID

PI

A06

Lämmermann

Z01

Backofen

3.6

Collaborations
Research interactions
Experiments with Cx3cr1CreER and Irf8fl/fl:Cx3cr1CreER animals will be
performed in close collaboration with the Prinz group
Two-photon microscopy based analysis of microglia process
movements during CNV development will be achieved with the
Meyer-Luehmann group
Methodological interactions
We will provide help with in vivo and ex vivo imaging of retinal
microglia cells and measurement of electroretinal function
We will receive support with evaluation of the differential gene
expression in resident MG and infiltrating macs during CNV
development

Differentiation from other funded projects

Funding
Funding Period
Agency
Macrophage proliferation, the engine of plaque
DFG
Hilgendorf
12/2014-12/2017
progression
HI 1573/2
This project investigates how macrophage proliferation is triggered in established atherosclerotic plaques
and how it contributes to disease progression. There is no overlap with the NeuroMac project with regard
to content. However there is synergism regarding common techniques in the analysis of cell turn over and
fate mapping.
Beitrag von Adventitia-Makrophagen zur
Hilgendorf
DGK
04/2016-04/2018
Plaquebildung
This project investigates the contribution of aortic macrophages residing in the adventitia to the monocytederived macrophage pool in intimal atherosclerotic plaques. There is no overlap with the NeuroMac project
with regard to content. However there is synergism regarding mouse models and fate mapping strategies.
PI

Project Title

There is no thematic overlap of any of these projects with the work described in this proposal.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc, 100 %
Total

Quantity
1

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

3.7.3

Sum
66,600
66,600

2018
Quantity
1

Sum
66,600
66,600

Quantity
1

2020

Sum
66.600
66.600

Quantity
1

Sum
66.600
66.600

Sum
17,000
7,000
6,000
30,000

Sum
17,000
7,000
6,000
30,000

Sum
15,000
7,000
6,000
28,000

Sum
15,000
7,000
6,000
28,000

Sum

Sum

Sum

Sum

96,600

96,600

94,600

94,600

None

Requested funding for staff
SeName,
quenacademic
tial
degree, position
no

Existing staff

1
Research staff
2

Non-research
staff

3

Field of
research

Immunemediated
neurodegene
rative eye
disease,
angiogenesis
Innate and
Ingo Hilgendorf,
adaptive
MD, Emmy
immunity in
Noether
cardioResearch Group
vascular
Leader
disease
Clemens Lange,
MD, PhD,
Research group
leader

Marc Leinweber
(technician)

Requested staff
Research staff
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2019

4

N.N.
(PostDoc)

Ocular
immunology

Department of
university or
non-university
institution
Eye Center,
University
Medical Center
Freiburg

Project
commitment in
hours/
week

Category

3.7.2

Funding
source

8

University

Heart Center,
University of
Freiburg, Dept.
Cardiology and
Angiology I

8

DFG
Emmy
Noether

Eye Center
University
Medical Center
Freiburg

16

University

Eye Center
University
Medical Center
Freiburg

PostDoc
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Job description of staff (supported through existing funds):
1./2. Clemens Lange and Ingo Hilgendorf are joint principal investigators (PI) of this project and responsible
for coordination, experimental planning, supervising and teaching of research staff and writing
manuscripts. Clemens Lange has in-depth experience in age-related macular degeneration and
mouse models of choroidal neovascularisation. Ingo Hilgendorf provides expert knowledge in myeloid
cell biology, flow cytometry and cell sorting. He is especially skilled in the assessment of resident
tissue macrophage turnover and monocyte recruitment in cardiovascular and various other models of
chronic and acute inflammation.
Each PI will spend 20 % of his working time on this project. The protected time from clinical work for
Clemens Lange is guaranteed by Prof Reinhard, Head of the Eye Center in Freiburg, and made
possible by an Emmy-Noether fellowship for Ingo Hilgendorf.
3.

Marc Leinweber (supported through Grundausstattung der Universität)
Mr Leinweber will assist the PostDoc with surgical procedures, isolation of RNA, PCR analysis,
imaging and immunohistochemical stainings. He will breed knockout mice, perform genotyping of
transgenic mice and tamoxifen injections. He will be in charge of administrative work and ordering of
consumables and mice.

Job description of staff (requested funds):
4.
Postdoc (N.N.)
Since the proposed experiments require elaborated technical skills and experience in the field of
immunology, an experienced postdoctoral fellow will be required to achieve the goals of this project
within the proposed timeframe. He/she will perform laser-photocoagulation of the eye and intravitreal
injection, which are both delicate techniques and critical for the proposed work to succeed. The
postdoc will first study the origin and dynamics of retinal myeloid cells in ageing and CNV
development. He/She will supervise the breeding and genotyping of transgenic mice, perform in vivo
imaging, tissue dissection, immunohistochemistry, RT-PCR and flow cytometry as well as the adoptive
transfer experiments. In addition he/she will establish a protocol for two-photon microscopy of retinal
MG cells in collaboration with the Meyer-Luehmann group [B08]. To study the genetic profile of
resident MG and Macs in the steady state and during CNV development he/she will perform cell
sorting and RNA extraction of sorted cells.

3.7.4

Requested funding of direct costs

Existing funds from internal funds of
the medical departments
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

10,000

10,000

10,000

10,000

30,000

30,000

28,000

28,000

Requested Consumables
Antibodies for flow cytometry including CD11b, CD11c, CD45,
Cx3Cr1, F4/80, Ly6C, Ly6G, Ki67, isotope control Abs
Antibodies and compounds for immunohistochemistry
including fluorescein, CD11b, CD11c, CD45, F4/80, Iba1,
IsolectinB4, Ki67, TUNEL
RNA isolation kit, RT-PCR reagents, agarose and
oligonucleotides for mouse genotyping
Chemical compounds (clodronate liposomes, tamoxifen,
siRNA, antagonists, narcotics)
BrdU kit and osmotic pumps
Total per year

2017

2018

2019

2020

5,000

5,000

5,000

5,000

4,000

4,000

4,000

4,000

4,000

4,000

4,000

4,000

2,000

2,000

2,000

2,000

2,000

2,000

-

-

17,000

17,000

15,000

15,000

(All figures in euros)
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Requested Animal Costs
Aim 1, 2: Housing of 800 mice x 0.7 EUR/week x in average
35 weeks = 19,600 EUR (Cx3cr1CreER:R26tomato;
Flt3Cre:R26tomato; JR5558)
Aim 3: Housing of 900 mice x 0.7 EUR/week x 14 weeks =
8,820 EUR (Cx3cr1CreER:R26tomato; Flt3Cre:R26tomato;
Hif1afl/fl; IRF5fl/fl)
28,420 EUR/4 = 7,105 EUR, i.e. 7,000 EUR per year
Aim 4: Purchasing costs for 300 C57Bl6/J mice and GFP
donor mice will be covered by institutional funds of the
applicants
Total per year

2017

2018

2019

2020

7,000

7,000

7,000

7,000

7,000

7,000

7,000

7,000

(All figures in euros)
Requested Equipment (up to 10.000 EUR) /Software
2017
2018
2019
2020
All equipment’s required for the planned experiments are already available in the laboratories of Clemens
Lange and Ingo Hilgendorf or provided by collaborators.
Total per year
Requested Other Costs

2017

2018

2019

2020

RNA Sequencing

5,000

5,000

5,000

5,000

1,000
6,000

1,000
6,000

1,000
6,000

1,000
6,000

Cell sorting (Core Facility)
Total per year
(All figures in euros)

3.7.5

Requested funding for major research instrumentation

All equipments required for the planned experiments are already available in the laboratories of Clemens
Lange and Ingo Hilgendorf.
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3.1

General information about project B03

3.1.1

Project Title: microRNAs as signaling molecules in CNS inflammation

3.1.2

Research areas: Clinical Neuroscience II (Neurology), Immunology, Neurodegeneration

3.1.3

Principal investigator

Lehnardt, Seija, Prof. Dr. med.
*22.02.1977, German
Institute of Cell Biology and Neurobiology and
Department of Neurology
Charité-Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin
Phone: +49-30-450-528090
E-Mail: seija.lehnardt@charite.de
Does the above mentioned person hold a fixed-term position? Yes.
End date 31 July 2020. Further employment is planned until 2025 (W2 position).

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials.
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

yes
yes
no
N/A
yes
yes
no
N/A
no

Summary

Activation of innate immunity by host-derived factors may exacerbate central nervous system (CNS)
damage, but the identity of such factors and the cellular mechanisms involved remain elusive. MicroRNAs
(miRNAs) are small non-coding RNAs abundantly expressed in the brain that exhibit gene regulatory
functions. The expression pattern of miRNAs is characteristically altered in CNS diseases including
neurodegenerative disorders. There is increasing evidence that miRNAs mediate functions beyond gene
regulation, since they circulate in blood and cerebrospinal fluid and are transferred from cell to cell. Based on
our recent findings, we hypothesize that extracellularly delivered miRNAs bind to innate immune receptors
such as Toll-like receptors (TLRs), thereby activating microglia and macrophages. In this context, we
propose a novel mechanism of action for miRNAs as signaling molecules in neurodegenerative diseases.
The project’s aim is to identify miRNAs as ligands of TLRs expressed in immune cells of the brain and to
determine their function in CNS inflammation and neurodegenerative processes. Identification of such
miRNAs and their role in immune activation of the CNS may open the way to the development of new
diagnostic and therapeutic strategies for CNS diseases.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

a) Inflammation and innate immunity in the CNS
The predictable advantage of an inflammatory response in the CNS is protection from pathogens and
neoplasms and clearing of nonviable cellular remnants. A drawback of inflammation is the possibility of
accelerated tissue damage. The CNS is uniquely vulnerable to injury associated with inflammation due to
unstable oxygen and nitrogen species, to a lack of regenerative capacity in the CNS, and to suboptimal
repopulation by neuronal precursors. The significance of the relationship between CNS injury and
inflammation is gradually emerging as various models of CNS injury suggest that neurodegeneration is not
exclusively cell-autonomous but is also mediated by immune cells. Thus, anti-inflammatory strategies may
be beneficial. Activation of microglia, the major innate immune cell in the brain, and subsequent inflammation
occur in essentially all diseases of the CNS. Although inflammation is a near universal response to CNS
injury, it is unclear how the inflammatory response is evoked after brain injury. Immune receptors and
associated signaling pathways are important for the cross talk between the immune system and the CNS [1].
In particular, Toll-like receptors (TLRs) may play a major role in CNS disorders. These membrane-bound
receptors are expressed in various immune and non-immune cells, detect evolutionary conserved structures
expressed by different groups of microbes, and initiate an innate immune response. TLRs are composed of
an ectodomain of leucin-rich repeats, which are involved in ligand binding, a transmembrane domain, and a
cytoplasmic Toll/IL-1 receptor (TIR) domain that interacts with TIR domain-containing adaptor molecules.
The signaling pathways activated by different TLRs involve a family of 5 adaptor proteins including MyD88,
which couple to downstream protein kinases and ultimately lead to the activation of transcription factors such
as NF-κB, MAPKs, and IFN-regulatory factor family members that in turn induce genes involved in
inflammatory responses. The TLR family consists of 10 members in humans and 12 members in mice. TLRs
1-9 are highly conserved in both species [2]. The mammalian TLRs located in the plasma membrane such
as TLR2 and TLR4 recognize bacterial membrane components, whereas TLRs predominantly located within
the endosomal compartment detect nucleic acid-based ligands. The nucleic acid-sensing TLRs include
TLR3, TLR7, TLR8, and TLR9. In particular, TLR7 and TLR8 recognize viral single-stranded RNA (ssRNA)
and synthetic imidazoquinoline compounds. Microglia express all known TLRs, and activation of these
receptors leads to an inflammatory response in CNS infection [#5].
b) Activation of Toll-like receptors by host-derived factors in the CNS
TLRs play a crucial role not only in regulating immunity against pathogens but also in cellular responses to
host-derived stimuli. Inflammatory responses can be triggered in the apparent absence of microbial agents,
as is observed in the inflammatory response to tissue damage in autoimmune diseases. Injured cells release
host-derived molecules such as heat shock proteins and components of the extracellular matrix, which act as
endogenous ligands for various TLRs in immune cells outside of the CNS. The recognition of endogenous
molecules by TLRs and the subsequent inflammatory response may have important pathological
implications. The induction of proinflammatory cytokines by endogenous factors released from injured cells
contributes to chronic inflammation and the pathogenesis of a number of autoimmune diseases. Several
studies suggest a role for TLRs not only in infectious but also in non-infectious CNS injury, in which
pathogen-associated molecules are not detectable. Contribution of TLRs to non-infectious CNS damage
including neurodegenerative diseases was reported in mouse models of Alzheimer’s disease (AD),
Parkinson’s disease, frontotemporal dementia, and amyotrophic lateral sclerosis [1], among others. Although
chronic activation of microglia and chronic neuroinflammation are observed at early stages of these
neurodegenerative diseases, the endogenous ligands involved in TLR activation and the cellular
mechanisms through which TLRs lead to tissue injury in these different pathological contexts remain unclear.
TLRs may play different roles in the CNS under various pathologic conditions, especially since beneficial
effects mediated by TLRs are also clearly present in the CNS. Specific endogenous activators of TLRs likely
trigger multiple pathways and induce distinct subsets of effector genes, as seen with different pathogenderived ligands. We demonstrated in previous work that TLR activation induced by both microbial and
endogenous ligands leads to neurodegeneration [#6, #9]. It follows that processes triggered by endogenous
ligands, which are potentially derived from injured CNS cells, may contribute to further neuronal injury in
various forms of (inflammatory) neurodegenerative diseases independently of the initial cause of the
respective disease. Therefore, understanding the identity and the function of innate immune receptors and
their endogenous ligands in CNS injury may be the key to improving concepts of neuroprotection and
neuroregeneration.
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c) Emerging roles of miRNAs in neurodegeneration
MicroRNAs (miRNAs) are small noncoding RNAs of 20-24 nucleotides that bind predominantly to the 3’
untranslated regions of targeted mRNAs and regulate their expression post-transcriptionally, thereby
affecting many aspects of cellular physiology. They are initially transcribed from genomic DNA to primary
miRNA transcripts [3]. These pri-miRNAs form secondary structures that contain stem-loops, which in turn
are recognized and cleaved by the endonuclease Drosha. Subsequently, the precursor miRNA is liberated
from the pri-miRNA. The protein exportin-5 mediates the translocation of the pre-miRNA from the nucleus
into the cytoplasm, where Dicer and TAR RNA-binding protein process it, thereby generating a duplex of the
mature miRNA strand and a complementary strand, termed miRNA*. The mature miRNA strand is generally
biologically active, whereas the miRNA* strand is not and, as a consequence, is degraded. The RNAinduced silencing complex contains members of the Argonaut family, which exert a key role in mediation of
RNA interference, and facilitates targeting and binding of the miRNA to mRNA. Presence of the miRNAmRNA complex leads to decreased protein production, since translation and stabilization of the mRNA is
inhibited.
The human brain expresses several hundred miRNAs that are specific to a given lineage or cell type. They
exert key roles in physiologic CNS development and function, as well as in various CNS disorders including
traumatic brain injury, stroke, brain tumors, and neurodegenerative diseases such as AD [4]. Several authors
described differences in miRNA levels in the brain of AD patients compared to control individuals [5]. In
addition, several miRNAs in neurons are specifically regulated in response to amyloid-β peptide, suggesting
that aberrant miRNA expression and function contribute to the elusive toxic effects of amyloid-β in patients
with AD [6].
d) Extracellular miRNAs act as signaling molecules in the CNS
Extracellular RNA is commonly detected in brains of patients with diverse progressive neurodegenerative
disorders, such as AD [7]. Cytoplasmic RNA may act as a pathologic chaperone for the deposition of CNS
lesions and may subsequently exert toxic effects in neurodegenerative diseases. Single-stranded RNA
(ssRNA) is sensed by TLR7 located in the endolysosomal compartment of immune cells [2]. We have
demonstrated recently that various TLR7 ligands including ssRNA40 derived from HIV induce an
inflammatory response and neuronal injury in the CNS [#4]. Microglia release various inflammatory cytokines
in response to ssRNA40, and this effect is dependent on TLR7. Neurotoxic effects induced by ssRNA40 in
vitro and in vivo are sequence-specific since mutant oligoribonucleotides of the same size do not affect
neuronal survival.
Similar to ssRNA40, the miRNA let-7b, one of nine family members of mouse let-7, is 21-22 nucleotides
long, GU-rich, and contains the motif GUUGUGU. This resembles the core of the GU-rich sequence (5’GUCUGUUGUGUG), which is responsible for sequence-specific activation of murine TLR7 by ssRNA40 [8].
The highly conserved let-7 represents one of the most abundant miRNAs expressed in the brain.
Conventional functions of the let-7 family include regulation of stem-cell differentiation, neurogenesis, and
tumorigenesis. However, there is growing evidence that miRNAs do not only exist intracellularly, but are also
present in various body fluids including blood, plasma, and cerebrospinal fluid (CSF). Moreover, circulating
miRNAs are increasingly recognized as potential biomarkers in specific diseases including CNS disorders
such as multiple sclerosis and AD [9]. In addition, there is recent evidence for intercellular transfer of active
miRNAs [10], and miRNAs may contribute to the spread of neurodegenerative diseases [11]. However,
although miRNAs are clearly involved in neurodegenerative processes, are secreted [12], and are present
extracellularly, their roles beyond post-transcriptional regulation remain largely unexplored.
We have demonstrated in recent work for the first time that miRNAs can act as signaling molecules in the
context of CNS inflammation [#3]. Stimulation of TLR7 in microglia by let-7b results in NF-κB activation and
TNF-α release. The stimulatory effect of let-7b depends on the GU-rich core, as control oligoribonucleotides
with reduced GU content abolish the release of TNF-α from microglia (Figure 1A), RAW 264.7
macrophages, and bone marrow-derived macrophages (BMDMs) [#3]. The response of TLR2/4 doubledeficient microglia, which served as a control to rule out contamination of let-7b with endotoxin or TLR2
ligands, showed similar results as wild-type cells after exposure to let-7b. Both the inability of let-7b to induce
the release of TNF-α from TLR7-deficient microglia and the capacity of inducing NF-κB in wild-type cells
strongly suggest that let-7b directly stimulates the TLR7 pathway and does not act by influencing gene
expression. Not only let-7b, but also other members of the let-7 family contain conserved GU-rich 3’
sequences, although not the exact GUUGUGU motif. We tested synthetic oligoribonucleotides
corresponding to let-7a, let-7c, let-7e, let-7g, and let-7h for induction of TNF-α secretion using microglia or
immortalized BMDMs ([#3], Figure 1, in part unpublished data). Most of the let-7 sequences induced a
-/release of TNF-α in the respective wild-type, but not TLR7 cells. Incubation with synthetic miR-599, which
does not belong to the let-7 family, but does contain the GUUGUGU sequence, also induced a TLR7dependent TNF-α response [#3]. Thus, TLR7 activation in microglia and macrophages by miRNAs requires a
GU-rich element, but not the exact GUUGUGU motif.
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Figure 1: Various members of the let-7 miRNA family induce the release of TNF-α from microglia and
macrophages through TLR7. (A) Microglia from C57BL/6 (WT) and TLR7KO mice were incubated with 5 µg/ml of let7a, let-7b, let-7c, let-7e, or let-7h complexed with LyoVec for various time periods, as indicated. Amounts of TNF-α in the
culture supernatants were determined by ELISA. (B) Immortalized WT and TLR7KO bone marrow-derived macrophages
(BMDMs) were incubated for 12 h with various doses of let-7a, let-7c, or let-7g complexed with LyoVec, as indicated. 10
µg/ml mutant oligoribonucleotide were used as negative control. Doses of other compounds used: LPS 100 ng/ml,
loxoribine (Lox) 1 mM, 5 µg/ml LyoVec alone. Results are presented as mean ± SD. n.d.: not detected.

Like synthetic let-7b, endogenous let-7b released from injured neurons activates TLR7 expressed in
microglia, thereby accelerating the spread of CNS damage. Extracellular presence of let-7b in the CSF of
-/wild-type mice applied by intrathecal injection results in axonal injury and loss of neurons. TLR7 mice are
resistant to these neurotoxic effects (Figure 2), but this susceptibility to let-7b is restored in neurons
-/transfected with TLR7 by intrauterine electroporation of TLR7 fetuses [#3].

Figure 2: Intrathecal let-7b induces neurodegeneration through TLR7. (A) 10 µg of let-7b or mutant
oligoribonucleotide were intrathecally injected into C57BL/6 (WT, let-7b n=10, mut. oligo n=8) or TLR7KO (let-7b n=10,
mut. oligo n=9) mice. After 3 d, brain sections were immunostained with Neurofilament Ab or NeuN Ab, as indicated. The
+
image depicts a partial view of the cerebral cortex. Scale bar, 50 µm. NeuN cortical cells were quantified. (B) 125 pmol
of let-7 family inhibitor (FI) or non-specific inhibitor (neg. co) were injected intrathecally into WT mice. After 16 h, mice
were injected intrathecally with 10 µg of let-7b, 10 µg mutant oligoribonucleotide, or water (for let-7 FI: let-7b, n=4; mut.
oligo, n=4; water, n=4; for neg. co: let-7b, n=5; mut. oligo, n=5; water, n=4). After 3 d, brain sections were immunostained
+
with NeuN Ab, and NeuN cortical cells were quantified. P values were determined by Mann-Whitney U test.

Consistent with the role of let-7b as an extracellular signaling molecule, CSF from patients with Alzheimer’s
disease contain higher let-7b copy numbers than control individuals, as determined by TaqMan PCR (Figure
3, [#3]).
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Figure 3: CSF of Alzheimer’s disease patients contains increased
amounts of let-7b. CSF from patients with Alzheimer’s disease and control
subjects were assayed by TaqMan PCR using primers specific for let-7b and
normalized to a standard dosage of synthetic let-7b. Results are presented as
mean +/- s.d. Statistical analysis was performed using Student’s t test.

In accordance with our findings, miRNAs and proteins do interact directly [13]. Furthermore, miRNAs such as
miR-21 and miR-29a are released from lung tumor cells and activate TLR7 and TLR8 expressed in immune
cells. The subsequent inflammatory response results in tumor growth and metastasis [14]. Also, an
interaction between circulating miRNAs and TLR1 in natural killer cells was described [15]. In the periphery,
miRNAs located in exosomes and targeted for secretion can be transferred from cell to cell and may
therefore be involved in intercellular communication and spreading of disease [16]. However, it is unclear
whether extracellular miRNAs are associated with exosomes in the CNS and whether these extracellular
particles contribute to CNS inflammation and injury.
Taken together, miRNAs may not only regulate genes but may also act as TLR ligands on innate immune
cells, thereby modifying the inflammatory microenvironment. In a state of CNS disease, miRNAs released
from injured CNS cells may be recognized by TLRs expressed in microglia and brain macrophages, resulting
in an inflammatory response and subsequent spread of CNS damage.
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3.4

Project plan

3.4.1

Work Programme and Methods

The central aim of this project is to determine the identity and function of miRNAs as signaling molecules in
CNS inflammation and injury. In particular, their impact on the brain’s major innate immune cells, namely
microglia, via TLR activation will be examined. Intrathecal injection of miRNAs into wild-type and TLRdeficient mice will allow the characterization of neuroinflammatory and neurodegenerative effects caused
specifically by such ligand-induced TLR activation. Studies in Alzheimer’s disease (AD) mice as well as postmortem brain tissue and CSF of AD patients will link general mechanisms of TLR-induced neuronal injury to
a classical neurodegenerative disease, namely AD. Employing these in vivo approaches, we plan to
determine the identity of miRNAs as host-derived ligands that stimulate innate immune receptors in the CNS
and to characterize the cellular mechanisms leading to CNS inflammation and injury. In detail, the following
aims will be addressed:
1.
2.
3.

Identification of miRNAs as ligands of TLRs expressed in microglia and macrophages
Determining the biological function of miRNAs as TLR signaling molecules in neurodegeneration
Determining the role of extracellular miRNAs as TLR ligands in Alzheimer’s disease

Aim 1: Identification of miRNAs as ligands of TLRs expressed in microglia and macrophages
Hypotheses:
•
•
•
•
•

Several members of the miRNA family let-7 are ligands of TLR7 expressed in microglia and
macrophages.
Brain-associated and neuronal miRNAs are, regardless of their sequence, ligands of different TLRs.
miRNAs specifically expressed in AD and injured neurons are ligands of different TLRs.
Microglia and macrophages activated by such extracellularly delivered miRNAs mount a specific
inflammatory response.
Extracellularly delivered host-derived miRNAs modulate TLR-associated signaling pathways in microglia.
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Working program:
a) Do extracellularly delivered miRNAs stimulate different TLRs in microglia and macrophages, thereby
causing an inflammatory response?
The miRNA let-7b is 21-22 nucleotides long, GU-rich, and contains the motif GUUGUGU, which resembles
the core of the GU-rich sequence responsible for activation of TLR7 by ssRNA40. We have demonstrated
recently that C57BL/6 microglia release TNF-α in response to synthetic let-7b oligoribonucleotide. The
stimulatory effect of let-7b on microglia and macrophages requires a GU-rich sequence, as control RNAs
with reduced GU content or scrambled sequences abolish TNF-α release [#3]. The inability of let-7b of
inducing TNF-α release from TLR7-lacking microglia and the ability to activate NF-κB in wild-type cells
indicate that let-7b directly stimulates the TLR7 pathway and does not act by influencing gene expression.
Besides TLR7, other TLRs such as TLR1 and TLR8 were reported to respond to extracellular miRNAs [14,
15], suggesting that recognition of miRNAs by TLRs can occur through various sequence motifs. We aim at
identifying brain-associated miRNAs as agonists for TLRs, at determining the exact sequence and structure
required for the stimulatory effect of extracellular miRNAs on TLRs, and at characterizing the inflammatory
response pattern induced by miRNAs through TLRs. The candidate miRNAs (custom-made by Purimex
DNA/RNA-Oligonucleotide, Grebenstein, Germany) will include 1) the nine let-7 family members, containing
a varied GU content, 2) miRNAs, regardless of their sequence, that are strongly expressed in the brain and
are involved in the innate immune and inflammatory responses in Alzheimer’s disease (e.g. miR-146-a, miR155, miR-107, miR-125b, miR-9, miR-124), and 3) mutant control RNAs. First, these miRNAs will be
delivered extracelllularly as synthetic oligoribonucleotides complexed with the transfection agent LyoVec and
will be compared by ELISA for the induction of TNF-α in microglia isolated from C57BL/6 mice and mice
lacking various TLRs. In particular, microglia from mice deficient in the endosomal receptors TLR3, TLR7,
TLR8, or TLR9, and non-endosomal TLRs such as TLR2 and TLR4, which are routinely bred at our animal
facility, will be included in this approach. Second, as a reference cell system for TLR activation immortalized
bone marrow-derived wild-type macrophages and the respective TLR-deficient macrophages (C57BL/6
background) provided by Douglas Golenbock, University of Massachusetts Medical School, Worcester, USA,
will be analyzed for the release of numerous cytokines in response to the miRNA candidates named above,
testing various doses and various incubation periods. Poly(I:C) as the TLR3-specific ligand, loxoribine as the
TLR7-specific ligand, resiquimod as the TLR7/8-specific ligand, and further TLR-specific agonists, e.g.
Pam3CysSK4 (TLR2), LPS (TLR4), and CpG ODN (TLR9), will serve as positive controls for TLR-mediated
signaling. Third, the pattern of the inflammatory response induced by extracellular miRNAs named above will
be determined. To this end, microglia from C57BL/6 mice will be incubated with various doses of the
respective miRNAs identified as potential TLR ligands in the first part of this study for various time periods.
TM
Resulting supernatants will be analyzed comparatively by multiplex immunoassays (ProcartaPlex ,
eBioscience) for the presence of various cytokines such as IL-1β, IL-6, IL-12p40, IL-10, CCL5, CCL2, and
IFN-α, among others.
Besides testing the selected miRNA candidates named above, we will conduct a parallel approach to identify
unanticipated miRNAs as agonists for TLRs. To this end, lysates of injured primary cortical neurons (for
induction of apoptosis see [#3]) derived from C57BL/6 mice will be used for the incubation of HEK293 cells
transfected with TLR7 or FLAG-TLR7. Subsequently, HEK293 cell lysates will be used for RNA
immunoprecipitation using anti-TLR7 (clone IMg4G6, Imgenex [#3]) or anti-FLAG antibodies.
Immunoprecipitation will be conducted with the help of Elke Krüger (A04, [17]) and Markus Landthaler [18],
Max-Delbrück-Centrum für Molekulare Medizin, Berlin. We plan to employ crosslinking (CLIP), should
enhanced specificity regarding RNA-protein binding be required. RNA sequencing and bioinformatic analysis
focusing on miRNAs bound to TLR7 will be performed in the Next generation sequencing core facility at the
Berlin-Brandenburger Centrum für Regenerative Therapien, Berlin, and by Rolf Backofen [Z01], respectively.
miRNAs identified as ligands for TLR7 will be subsequently synthesized and tested as functional TLR
agonists, as described above. Depending on the results of the first part of this study, further TLRs besides
TLR7 will be included in this approach.
b) Do miRNAs specifically expressed in neurons of AD mice stimulate TLRs in immune cells?
Several miRNAs were detected specifically in the CSF and brain tissue derived from AD patients [9]. We
have demonstrated recently that extracellularly delivered miRNAs contribute to neuroinflammation and CNS
injury [#3]. On the basis of these data, we hypothesize that miRNAs are released during neurodegenerative
processes, such as AD, and activate TLRs expressed in microglia, thereby exacerbating the inflammatory
response and perpetuating CNS injury. Thus, we will perform comparative transcriptome analysis of isolated
neurons derived from cortices of APPPS1 mice, a mouse model for AD, and control mice. miRNAs
specifically expressed in AD neurons will be synthesized and tested in this form as agonists of TLRs, as
described above. Transcriptome analysis will be conducted in close collaboration with Marco Prinz [A01],
[19], the Next generation sequencing core facility at the Berlin-Brandenburger Centrum für Regenerative
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Therapien, Berlin, and Rolf Backofen [Z01]. APPPS1 and control mice will be provided by Frank Heppner
[B09] [20].
c) Do extracellular miRNAs directly activate TLRs in microglia and macrophages?
The canonical TLR pathway results in activation of the transcription factor NF-κB [2]. In close interaction with
Philipp Henneke [B04], who has a scientific focus on phagocyte subset-specific signal activation, we aim at
determining how the candidate miRNAs named above impact on TLR-mediated signaling events in
microglia. To this end, microglia from wild-type and the respective TLR-deficient mice will be incubated with
the miRNAs identified as TLR ligands above, and NF-κB expression and activation will be analyzed via IκB
phosphorylation and degradation (FACS, Western blot) as well as p65 translocation (immunofluorescence).
Furthermore, TLR downstream pathways in response to extracellular miRNAs including MAP kinases and
the AKT pathway in microglia and BMDMs will be investigated. In addition, within this collaboration we will
determine whether - and if so how - extracellular miRNAs modulate TLR activation induced by bacterial RNA
molecules, which are putative effectors in bacterial meningoencephalitis.
Aim 2: Determining the biological function of miRNAs as ligands of TLRs in neuroinflammation and
neurodegeneration
Hypotheses:
•
•
•
•
•
•

Extracellularly delivered miRNAs identified as TLR agonists induce neuronal injury in a cell-autonomous
and microglia-mediated fashion in vitro.
Intrathecally applied miRNAs induce neuroinflammation and CNS injury through TLRs expressed in
microglia in vivo.
Injured neurons release miRNAs alone, associated with the Argonaute protein Ago2, and/or within
exosomes, thereby leading to a microglia-mediated inflammatory response and further neuronal injury.
Extracellular miRNAs are able to enter microglia without chemical modification.
In microglia, miRNAs are taken up by endocytosis and interact with TLRs in endosomes.
Ago2, its functional partner GW182, and UNC-93B1 involved in TLR trafficking are required for activation
of microglia by extracellular miRNAs.

Working program:
a) Do extracellularly delivered miRNAs induce neuronal injury through TLRs in vitro?
In the context of their function as genetic regulators, miRNAs participate in various neurodegenerative
processes [21], but a direct signaling role in cellular activation within the context of CNS injury has not been
established to date. However, there is evidence for extracellular exposition of various RNA species in
neurofibrillary tangles and senile plaques in postmortem brain samples [7], and our recent studies indicate a
role for extracellularly delivered ssRNA in CNS damage mediated through TLR7 [#3, #4]. Based on our
recent findings that TLR7 is expressed in both microglia and neurons, we will test the effect of extracellularly
delivered miRNAs identified as TLR ligands in the first set of experiments comparatively on both purified
neurons and co-cultures of neurons and microglia isolated from C57BL/6 mice and the respective TLRdeficient mouse. Cells will be incubated with increasing doses of the candidate miRNA for various time
periods. Control oligoribonucleotides containing core motifs that are disrupted or exchanged by other
nucleotides (see above) will be included in this approach. Subsequent immunostaining with neuronal and
axonal markers including NeuN, MAP-2 and neurofilament antibodies and quantification of neurons will
determine whether extracellularly delivered miRNAs induce neuronal injury and cell death dependent on a
functional TLR signaling in vitro, and if so, whether this effect occurs time- and dose-dependently. In
addition, we will analyze neuronal injury and cell death induced by extracellular miRNAs using caspase-3
immunostaining, DAPI staining, and TUNEL assay. TLR ligands commonly known to induce neuronal injury
and microglial activation such as loxoribine and LPS [#4, #9] will be included as positive controls in the
experiments outlined above. Both isolation of the indicated CNS cell types and generation of co-cultures are
methods routinely performed in our laboratory [#9]. In order to ensure cell specificity and to rule out
contamination of neuronal cultures with other TLR-expressing cells, e.g. microglia or astrocytes, cells will be
stained with IB4 and antibodies for the specific markers GFAP and NeuN to identify microglia, astrocytes,
and neurons, respectively. Finally, employment of the human neuroblastoma cell line SH-SY5Y in the
experiments described above will allow to further investigate the aspect of cell-autonomous neuronal injury
and neurotoxic effects induced by extracellular miRNAs in a human cellular system in vitro.
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b) Do intrathecal miRNAs cause neurodegeneration through TLRs in vivo?
We have demonstrated recently that let-7b is an endogenous agonist of TLR7 in microglia and causes
neuronal injury [#3]. To evaluate the role of extracellularly delivered miRNAs in neuroinflammation and
neurodegeneration in vivo, we will inject C57BL/6 mice intrathecally with synthesized miRNAs identified as
TLR ligands in the first part of the study and control oligoribonucleotides, respectively. Immunohistochemical
analysis of the cerebral cortex at various time points after injection (e.g. 1, 3, and 14 days) with a focus on
microglial activation (Iba1, CD11b, MHC class II, TLR7 antibodies), axonal and dendritic integrity
(Neurofilament, MAP-2 antibodies), and cell death of neurons (NeuN, caspase-3 antibodies, DAPI staining,
TUNEL assay) will be performed, as previously described [#3]. The functional role of microglia in this form of
CNS injury will be investigated by repeating the experiment described above in mice depleted of microglia
(e.g. PLX3397 mouse model) in collaboration with Frank Heppner (see project B09 for further details).
Immunohistochemical analysis and quantification of cortical neurons at various time points after injection of
miRNAs will allow the comparison between neuroinflammatory and neurotoxic effects in animals depleted of
microglia and control mice. Sham-operated mice will serve as a further negative control. These experiments
will allow to determine whether neuronal injury induced by intrathecal miRNAs requires microglia and/or
occurs cell-autonomously in vivo. To explore the role of the respective TLR in CNS injury induced by
extracellular miRNAs in vivo, we will include TLR-deficient mice described above in the experiments and
compare the effect on their brains with wild-type animals.
c) Do miRNAs released from injured CNS cells induce an inflammatory response and neuronal injury?
Recent studies on cell lines and plasma from human individuals indicate that extracellular miRNAs are
associated with Argonaute2 (Ago2), a central component of the RNA-induced silencing complex and
expressed at high levels in the brain, and/or are packaged within exosomes [22, 23]. Given that miRNAs are
secreted [12] and that injured and dying cells release molecules into their local environment, thereby
activating innate immunity, we hypothesize that RNA oligoribonucleotides, either alone, associated with
Ago2, or within exosomes are released during neuronal injury and act on neighboring neurons through
activation of immune cells of the CNS. To test this hypothesis, the miRNAs identified as TLR agonists in the
experiments above will be overexpressed in HEK293 cells, a cell line with low endogenous let-7 expression.
Subsequently, cells will be lysed, and lysates will be added to both freshly isolated cortical neurons and
microglia as well as to co-cultures of neurons and microglia for various time periods. Immunocytochemical
analysis employing neuronal markers, quantitation of neuronal viability, and ELISA (e.g. TNF-α, IL-6, IL-1β)
assays will allow to distinguish neurotoxic and inflammatory effects induced by lysates from HEK293 cells
overexpressing the respective miRNAs from effects mediated by lysates derived from control-transfected
cells. In a second step, we will investigate whether injured CNS cells, especially neurons, release the
respective miRNAs. To this end, apoptosis and necrosis will be induced in both purified neurons and mixed
CNS cells from C57BL/6 mice, as previously described [#6]. After various time periods, complete
supernatants, exosomes purified by ExoRNeasy Kit (Qiagen, Hilden, Germany), and the remaining proteinrich fractions (exosome-free fraction) isolated from the supernatants will be tested for the presence of the
respective candidate miRNA and Ago2 by TaqMan MicroRNA assay (Applied Biosystems/Life Technologies,
Darmstadt, Germany) and western blot, respectively. In addition, RNA immunoprecipitation using an
antibody against Ago2 will be performed with the help of Elke Krüger [A04]. Next, supernatants
supplemented with the respective antisense RNA (e.g. let-7 family inhibitor, miRCURY LNA inhibitors for let7a-i provided by Exiqon, Vedbaek, Denmark) and untreated supernatants harvested from cultures of injured
CNS cells will be added to both freshly isolated cortical neurons and microglia from wild-type and the
respective TLR-deficient mice as well as to co-cultures of neurons and microglia in various dilutions and for
various time periods. Subsequent comparison between the viability of neurons and the inflammatory
response with and without oligonucleotide inhibitor treatment by immunostaining for neuronal markers and
ELISA will allow to determine whether miRNAs released from injured CNS cells are specifically capable of
causing neuroinflammation and neurodegeneration dependent on TLRs in vitro.
d) Do native oligoribonucleotides enter and stimulate microglia?
The TLR7 ligand ssRNA40 usually requires lipofection for stabilization [8]. However, recent studies detected
large amounts of stable RNA derived from various tissues in serum and plasma of both humans and various
animal species. Although the authors observed a distinct resistance of host-derived extracellular RNA, in
particular miRNAs, towards RNase A digestion and other degrading conditions, the exact mechanism that
provides stability remains unclear [24]. As in the case of ssRNA40 in other studies, we will begin our
investigations with miRNAs that are stabilized by phosphorothioate linkages and complexed with LyoVec. In
a second step, we will analyze whether these chemical modifications are indeed required for the effect on
microglia. Thus, native and modified oligoribonucleotides will be tested for their capacity to induce the
release of inflammatory molecules and their ability to induce neuronal injury as described above in
comparative studies. To investigate the capacity of native and modified oligoribonucleotides of entering
microglia, biotinylated oligoribonucleotides (custom-made by Purimex DNA/RNA-Oligonucleotide) will be
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used for the incubation of these cells and will be visualized by fluorescence microscopy. Furthermore, the
time course of the cellular uptake of the respective miRNA in microglia will be investigated. To determine the
subcellular distribution of incorporated miRNAs and to determine the site of interaction between these
oligoribonucleotides and TLRs, purified C57BL/6 microglia and sections of mouse brains will be analyzed by
in situ hybridization employing probes against the tested miRNA. In parallel, cells and sections will be
stained with antibodies directed against the respective TLR and compartment-specific molecules, e.g. EEA1
as an endosomal marker, and will be analyzed by confocal microscopy [#3]. In addition, co-immunostaining
with antibodies against Ago2, its functional partner GW182, and UNC-93B1, a key regulatory factor that
controls TLR trafficking from the endoplasmic reticulum to the endolysosome [25], will be performed. The
functional relevance of the latter three molecules for microglial activation by extracellular miRNAs and the
subsequent inflammatory response will be determined by analyzing the release of cytokines, as described
above, using cell cultures derived from the respective knock out mouse, e.g. UNC-93B1KO mice provided by
Philipp Henneke [B04], and by employing siRNAs against Ago2 and GW182 (Life Technologies, Carlsbad,
USA).
Aim 3: Determining the role of miRNAs identified as TLR ligands in Alzheimer’s disease
Hypotheses:
•
•
•
•

miRNAs identified as TLR ligands are localized extracellularly in brains of APPPS1 mice, a mouse model
for AD, and in post-mortem brain tissue of AD patients.
The amount of such extracellular miRNAs in APPPS1 mouse brains changes with the disease progress.
Intrathecal application of miRNAs aggravates AD pathology in APPPS1 mice.
Copy numbers of such miRNAs are elevated in the CSF of APPPS1 mice and AD patients compared to
control animals and control individuals, respectively.

Working program:
a) Determining the expression pattern of miRNAs identified as TLR ligands in APPPS1 mice and in postmortem cortex tissue of AD patients
Although reports exist on specific changes in the expression of miRNAs in AD [26], studies focusing on
miRNAs acting as signaling molecules in this neurodegenerative disease are lacking. In collaboration with
Frank Heppner [B09], we aim at analyzing the expression of extracellular miRNAs identified as TLR agonists
in the first part of the study in APPPS1 mice, which represent a mouse model for AD (see project B09 for
further details, [20]). To determine the (extracellular) presence of such miRNAs in AD lesions, brains from
APPPS1 mice will be analyzed by in situ hybridization (e.g. using probes against the let-7 family, Exiqon)
and immunohistochemistry including co-staining with antibodies against amyloid-β, extracellular matrix
proteins such as chondroitin sulphate proteoglycan, and miRNA-binding proteins such as Ago2 and GW182,
in a time course experiment. In addition, we will perform the histochemical studies described above in postmortem brain tissue of AD patients and age-matched non-demented subjects. Human tissue will be provided
by Frank Heppner [B09] (EA1/144/13).
b) Do extracellular miRNAs play a role in AD pathology?
To investigate the functional relevance of extracellular miRNAs identified as TLR ligands in AD pathology,
naïve APPPS1 mice and APPPS1 mice injected intrathecally with such miRNAs or with exosome fractions
isolated from the CSF of APPPS1 mice will be treated with the respective LNA-based miRNA inhibitors (see
above, Exiqon) or placebo and subsequently analyzed for AD pathology in collaboration with Frank Heppner
[B09]. In addition, the effect of intrathecal GW4869 (provided by Sigma-Aldrich), an inhibitor of exosome
secretion, will be tested regarding its effect on the spread of AD pathology in APPPS1 mice. Histochemical
analysis of the mouse brains will include staining for Aβ deposition with 4G8 antibody, staining of congophilic
amyloid with Congo red, and immunostaining of microglia with Iba1. Furthermore, disease state and
progress will be assessed by behavioral analyses.
To confirm and quantify the extracellular miRNAs identified as TLR ligands, CSF of AD mice will be analyzed
for the presence of miRNAs by Taqman miRNA assay (Applied Biosystems/Life Technologies) using primers
against the respective miRNA. GAPDH and ribosomal RNAs will serve as housekeeping controls,
respectively. In addition, absolute quantification of the candidate molecules will be assessed by comparison
with standards of defined RNA content. Subsequently, contents of the candidate miRNAs in the CSF of AD
mice will be compared with healthy control mice. Finally, miRNA copy levels will be comparatively assessed
in the CSF of AD patients and control individuals. Human CSF probes will be obtained from Oliver Peters,
Klinik für Psychiatrie, Charité-Universitätsmedizin Berlin (Kompetenznetz Demenzen, Part E1, 01GI0420).
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3.4.2

Work Plan
2017

2018

2019
1

Aims

2020
2

ELISA, multiplex immunoassays,
signaling studies (Aim 1)
RIP, RNA-sequencing, and
bioinformatic analysis (Aim 1)
Functional analysis in vitro (cell death
assays; immunocyto-chemistry;
transfection experi-ments; RIP;
exosome, LNA, and miRNA uptake
studies) (Aim 2)
Functional analysis in vivo (intrathecal
injections; microglia-depleted mice;
immunohistochemistry) (Aim 2)
Expression and functional studies in
AD mouse model and CSF / brain
tissue from AD patients (Aim 3)

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner
ID

PI

A01

Prinz

A04

Krüger

Collaborations
Research interactions
Transcriptome analysis of AD neurons
Analyzing chemical interaction between miRNAs and TLRs
Determining the miRNAs’ capacity of inducing TLR-associated downstream
signaling pathways in macrophages and microglia. Further, interactions
between extracellular miRNAs and bacterial components in the state of
infection will be investigated.
Analyzing the expression and function of extracellular miRNAs in an animal
model of AD and dissecting the role of microglia in miRNA-induced
neuroinflammation using microglia-depleted mice

B04

Henneke

B09

Heppner

ID

PI

A01

Prinz

A04

Krüger

B04

Henneke

Signaling studies, UNC93B1KO mice

B09

Heppner

APPPS1 and microglia-depleted mouse models

Z01

Backofen

Bioinformatic analyses focusing on miRNAs bound to TLRs
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Methodological interactions
Laser microdissection
RNA immunoprecipitation

3

Project B03

3.6

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

W1- and W2-Professorship

DFG NeuroCure
Exc 257

01.08.2013 - 31.10.2017

The professorship was/is funding my position and equipment without reference to a specific project.
There is no thematic overlap of this project with the work proposed here.

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded, and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
Postdoc, 100%

2017

2018

2019

2020

Quantity

Sum

Quantity

Sum

Quantity

Sum

Quantity

Sum

1

66.600

1

66.600

1

66.600

1

66.600

Total

66.600

66.600

66.600

66.600

Direct costs

Sum

Sum

Sum

Sum

Consumables
Animal Costs

23,000
7,000

23,000
7,000

23,000
7,000

23,000
7,000

Total

30,000

30,000

30,000

30,000

Sum

Sum

Sum

Sum

96,600

96,600

96,600

96,600

Major research
instrumentation
Total
Grand total

none
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Requested funding for staff
SeName,
quen
academic
-tial
degree, position
no.

Field of
research

Existing staff
1

Seija Lehnardt,
Prof. Dr. med.,
Principal
investigator

Neuroimmunology,
Neurodegeneration

2

Katja Derkow,
Dr. rer. nat.,
Diploma in
Biology, Postdoc

Neuroimmunology,
Immunology

Research staff

Requested staff
Research staff

3

N.N.
Post-doc

Department of
university or
non-university
institution
Institute of Cell
biology and
Neurobiology,
Department of
Neurology
Institute of Cell
biology and
Neurobiology

Institute of Cell
biology and
Neurobiology

Project
commitment in
hours/
week

Category

3.7.3

Funding
source

12

University,
NeuroCure
Exc 257

20

University,
NeuroCure
Exc 257

Postdoc

Job description of staff (supported through existing funds):
1.
Prof. Dr. med. Seija Lehnardt
Seija Lehnardt is a principal investigator at the Institute of Cell biology and Neurobiology / NeuroCure
excellence cluster and a physician at the Department of Neurology, Charité-Universitätsmedizin Berlin.
She will be responsible for supervising the experiments, evaluating results, performing statistical
analysis, publication of results, and planning of further experiments. She will also determine the
ongoing strategy and interaction with collaboration partners. She will add approximately 30% of her
time to the project.
2.

Dr. rer. nat. Katja Derkow
Katja Derkow completed her studies in Biology and her PhD thesis at the Humboldt-Universität zu
Berlin and is a Post-doc in our laboratory investigating the role of innate immune receptors in CNS
injury models. She has long-standing experience in all common molecular and biological methods
including cell culture, miRNA Taqman-PCR, FACS, immunoblotting, multiplex immunoassays, and
animal surgery. She will support Seija Lehnardt by supervising the experiments, evaluating results,
and performing statistical analysis. She will also contribute to the project particularly by conducting
parts of the experiments involving protein expression analysis, miRNA Taqman-PCR, and RIP to
identify unanticipated miRNAs as ligands of TLRs. Also, she will conduct transcriptome analysis of AD
neurons and will perform expression studies in CSF and brain tissue of AD patients.

Job description of staff (requested funds):
3.
NN (Post-doc)
The respective scientist will be one of the two main team members to conduct the outlined
experiments. In particular, she/he will perform activation and signaling assays of immune cells and
transfected cell lines. Also, she/he will focus on the role of miRNAs in microglia, neurons and cocultures in the context of neuroinflammation and neuronal injury. Further, she/he will be responsible
for the in vivo approaches performing intrathecal injections and focusing on the expression and
functional role of extracellular miRNAs and associated TLR pathways in the AD mouse model. She/he
will analyze the mechanism of uptake of extracellular miRNAs into immune cells and investigate both
the subcellular compartments involved in the interaction between TLRs and miRNAs and associated
signaling/trafficking pathways. The still to be nominated candidate will hold a degree in Biology,
Biochemistry, Biotechnology, or related fields. Experience in cellular and molecular work is a
prerequisite.
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3.7.4

Requested funding of direct costs
2017

Existing funds from NeuroCure Exc
257 (DFG) (remedies for appeal,
Berufungsmittel)
Existing funds from the Faculty,
Charité
Sum of existing funds
Funds requested
(All figures in euros)

2018

2019

2020

7,000

7000

7,000

7,000

7,000

7,000

7,000

30,000

30,000

30,000

30,000

7,000

Requested Consumables
Plastics
Synthetic oligoribonucleotides
Multiplex immunoassays, ELISA
TaqMan PCR reagents (primer, master mix, cDNA synthesis
kit)
Cell culture media
Cell culture media supplements (FCS and others)
Antibodies (primary, secondary)
In situ hybridization, blotting reagents
Exosome purification kit
Reporter cell lines
LNA, siRNA
TLR agonists, transfection reagents
RNA-sequencing
Total per year
(All figures in euros)
Requested Animal Costs
Up-keeping of 800 knock out and wild-type mice x 52 weeks x
0.7 EUR = 29,120.
Per year (29,120/4) = 7,280 EUR, 7.000 EUR/per year
Purchasing costs for additional adult C57BL/6 mice will be
covered by the institutional funds of the applicant.
Total per year
(All figures in euros)

3.7.5

2017
2,000
5,500
3,000

2018
2,000
4,500
1,500

2019
2,000
4,000
0

2020
2,000
4,000
0

1,000

2,000

3,000

4,000

1,000
1,000
2,000
1,000
0
2,500
0
1,000
3,000
23,000

1,000
1,000
1,500
1,000
2,000
1,800
1,000
700
3,000
23,000

1,000
1,000
2,000
3,000
2,000
2,000
2,000
1,000
0
23,000

1,000
1,000
2,000
3,000
3,000
2,000
1,000
0
0
23,000

2017

2018

2019

2020

7,000

7,000

7,000

7,000

0

0

0

0

7,000

7,000

7,000

7,000

Requested funding for major research instrumentation

none

203

204

Project B04

3.1

General information about Project B04

3.1.1

Project Title: Role of microglia in inflammation control during streptococcal
meningitis

3.1.2

Research areas: Molecular infection biology, Immunology

3.1.3

Principal investigator

Henneke, Philipp, Prof. Dr.
*15.05.1966, German
Center for Pediatrics and Adolescent Medicine and
Center for Chronic Immunodeficiency
University Medical Center Freiburg
Breisacher Str. 117
79106 Freiburg
Phone: +49-761-270-77640
E-Mail: philipp.henneke@uniklinik-freiburg.de
Does the above mentioned person hold a fixed-term position? Yes
W3 Tenure Track Professorship, evaluation for tenure in April 2017
Further employment is planned until 31.12.2020 at least.

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

Under physiological conditions, microglia (MG), the CNS macrophages, persist life-long without substantial
cellular input from the bone marrow. Yet, in bacterial meningitis and meningoencephalitis, myeloid cells are
recruited from the bone marrow to the CNS. Accordingly, the contribution of MG, as opposed to circulating
myeloid cells, to inflammation in meningoencephalitis remains unclear, despite the established potent
response of MG to bacteria such as group B streptococci (GBS) in vitro. A major obstacle has been the lack
of animal models, where MG number and function can be specifically modulated. In order to address this
issue, we will analyze mouse models, where MG are targeted by Cx3cr1 promoter driven Cre recombinase,
or ablated by ganciclovir (CD11b-HSVTK). Next, MG activation in GBS meningitis will be studied in
transgenic ΝF-κΒ reporter mice by intravital imaging. Moreover, the capacity of the potent GBS effectors
RNA and lipopeptides to activate MG and perturb the blood-brain barrier in states of GBS colonization and
invasive infection will be analyzed. Finally, we will explore the role of myeloid cells in containment and
dissemination of GBS colonizing the mouse intestine. In all of these areas a strong focus will be laid on
developmental aspects, since GBS meningoencephalitis is particularly important at the in the first months of
life. In summary, we aim at defining the role of MG and peripheral mononuclear phagocytes in CNS
inflammation control by combining novel gene targeting and GBS meningitis models.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

At the beginning of life, 10% of infants get colonized with group B streptococci (GBS), which are the most
frequent cause of neonatal meningoencephalitis and the 3rd most important cause of bacterial meningitis/
meningoencephalitis altogether. Notably, despite wide implementation of the GBS-targeting perinatal
antibiotic prophylaxis, the incidence of neonatal GBS meningoencephalitis has increased in several countries
over the last years [1, 2]. The major site of GBS colonization, and therefore its reservoir, is the intestine, in
particular the colon. From there, GBS can be assumed to spread, leading in 1% of colonized infants to the
development of meningoencephalitis. This is caused in > 80% of cases by one serotype III clone, the so
called sequencing type 17 [3]. Whereas lethality of GBS meningoencephalitis is below 10%, long term
neurological impairment of variable degree affects up to 50% of surviving infants. Thus, GBS
meningoencephalitis is a well-defined infectious disease of substantial medical importance.
The concept that GBS dissemination to the central nervous system (CNS) occurs from the intestine, is
supported by data from Claire Poyart et al. in mice [4]. In this model, intestinal GBS colonization in the first 3
weeks of life, but not thereafter, leads to systemic invasion and meningoencephalitis [4]. The developmental
aspects of susceptibility to invasive GBS infection mimic the situation in humans, where GBS infections of
the CNS are confined to the first three months of life and very rarely occurs thereafter [5]. The discrepancy
between life long intestinal GBS colonization in 20 – 30 % of the population, but drastic overrepresentation of
invasion from the intestine in early infancy indicates that the developing immune system is rate limiting for
invasive GBS infections. Once in the CNS, GBS are likely to interact with microglia (MG). We have
previously shown that MG respond to GBS in vitro in a cell autonomous fashion with the formation of
cytokines and nitric oxide (NO), eventually resulting in the apoptosis of both MG and cocultured neurons [#1,
#9, #10]. Phagocyte activation by GBS and other Gram-positive bacteria depends on bacterial lipopeptides via Toll-like receptor (TLR) 2 and single-stranded RNA - via TLR13 and its associated endoplasmatic
reticulum protein UNC-93B [5-7]. In additional collaborative work we have found that GBS RNA furthermore
induces the NLRP3 inflammasome in myeloid cells, which mediates inflammation and death in GBS sepsis
[8, 9]. Upon contact with macrophages (MΦ), GBS are taken up within minutes and are subsequently
processed via the phagolysosomal route. Phagolysosomal GBS processing is a prerequisite for a proper
inflammatory MΦ response [#5]. Moreover, GBS have been shown to persist for several hours in
macrophages [10], which provides ample opportunities for the interaction between bacteria and the host cell.
Yet, whereas the role of RNA and lipopetide sensing in the activation of phagocytes is well established, the
specific contribution of MΦ at the colonizing site, e.g. in the intestine, and MG to host resistance and
immunopathology in GBS meningoencephalitis are unclear. Importantly, in experimental CNS infection with
Streptococcus pneumonia (pneumococci), the morphology of MG changes as early as 1h after blood
infection, when physical interaction of MG with bacteria cannot be observed. This indicates that MG cells are
activated by either bacteria- or host-derived soluble mediators at the onset of disease [11], although the
functional consequences of this activation remain unclear at this stage.
The phagocyte response to GBS is regulated on several levels, e.g. insulin receptor-dependent signaling, Itype lectins, nitric oxide, phosphatidylinositol 3-kinase, Rho-GTPases and NF-κB, just to name a few [#5, #6]
[5, 6, 12, 13]. Proper NF-κB signaling appears to be essential for human CNS immunity against bacteria,
since we recently identified four patients with a novel IKKβ defect, two of whom suffered from bacterial
meningoencephalitis [#4]. The MAP kinases cJNK and p38 and therefore most likely the upstream MAP3K
Tak1, constitute an important signaling knot in the MΦ response to whole GBS. They modulate the activity of
several transcription factors, including c-Fos/AP-1, Egr-1, and NF-κB [14]. In neonatal mice with GBS sepsis,
inhibition of JNK inhibits the inflammatory response and improves survival [15].
Next to regulation of inflammation and bacterial recognition on the host cell side, GBS has well defined
mechanisms to control virulence and adapt to the colonizing niche. CovS/CovR (Control of virulence
Sensor/Regulator) is probably the best defined regulatory system in GBS. It tightly regulates the expression
of many virulence factors such as pili, β-hemolysin and adhesins like HvGA [4].
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Figure 1: Intestinal macrophages and MG sense GBS via bacterial nucleic acids in a TLR13/ UNC-93Bdependent fashion. MΦ, isolated from the colon and small intestine of 8 week old mice (A) and MG, isolated from the
brain of 3d old mice (B), were stimulated ex vivo as indicated including with GBS deficient in protein acylation (Δlgt,
abrogated activation of TLR2) and TNFα formation was determined by qPCR and intracellular staining (A) or ELISA (B).

Recently we have focused on tissue specific recognition of Gram-positive bacteria, in particular
staphylococci and streptococci, by MΦ. We have found that TLR-dependent activation of resident dermal
MΦ is key for initiation and termination of inflammation in soft tissue infections [#1, #3]. MΦ, isolated from
the mouse colon and small intestine, identify GBS through the nucleic acid sensing TLR13 and the
endoplasmatic reticulum protein UNC-93B, both for the induction of TNF and of proIL-1β, the substrate of the
inflammasome (Figure 1 and data not shown). Depending on the bacterial inoculum, activation of TLR2 by
GBS lipopetides, which mainly occur as extracellular effectors, synergizes with TLR13 activation. In MG the
role of TLR13 in GBS sensing was even more prominent (Fig 1B.). The strict TLR13-dependence in single
cell activation by GBS is in striking contrast to the situation in circulating monocytes, which are activated by
GBS in a largely TLR13 and UNC-93B-independent fashion (Figure 2 and [#1]).
Macrophage renewal is driven by the development of the microflora in the newborn mouse. Inflammatory
monocytes in the blood are the major source of postnatal intestinal macrophage renewal [16]. In this context
our observation on the clear differences in GBS sensing between intestinal macrophages (TLR13/ UNC-93Bdependent) and inflammatory monocytes (TLR13/UNC-93B independent) are intriguing (Figure 2 and [#1]).
The events that reprogram monocytes, which have invaded the intestine and differentiate at site, to sense
GBS via their RNA, are currently unknown. However, it remains to be determined, whether yolk sac-derived
and monocyte-derived intestinal macrophages qualitatively differ in their response to pathobionts like GBS,
i.e. whether the single macrophage response to GBS, and hence the mucocutaneous immunity of the colon
and the small intestine, changes as a consequence of the physiological exchange of the macrophage
population. Notably, MG from newborn mice, which are exclusively derived from the yolk sac, are particularly
polarized towards nucleic acid sensing (via UNC-93B) for a proper cytokine response to GBS. However, the
knowledge on differences in phagocyte subset specific GBS recognition and the consequences for disease
manifestation are still very incomplete [#1].

Figure 2: The TNF-response of
circulating mouse monocytes and
granulocytes (PML) to GBS is
independent of TLR13/ UNC-93B.
Blood was drawn from wt and
TLR13-deficient mice (n = 3 for each
genotype), red cells were lysed,
leukocytes
were
washed
and
resuspended in tissue culture
medium containing GolgiPlug™.
Then,
they
were
immediately
stimulated for 5 h as indicated, and
then stained i.c. for TNF-α and
analyzed by FACS. Ns: not
significant
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Figure 3: Monocyte infiltration in the developing intestine. A. Physiological surge of intestinal monocytes (Ly6Chi
neg
hi
hi
MHCII ) and intermediate cells (Ly6C MHCII ) at the time of weaning (3 weeks of age). B. Age-dependent
contribution of bone marrow-derived cells, which are FLT3 positive, to the macrophage pool (6 and 18 weeks of age).

Whereas the specific role of MG in streptococcal meningoencephalitis is uncertain, important evidence for
the role of monocytes in this context has been generated. Ly-6Chigh inflammatory monocytes are recruited in
high numbers to the brain as early as 12 h after pneumococcal infection [17, 18]. Yet, while monocytes
modulate the CXCL2 and IL-1beta production in the meninges, they do not provide protection against the
acute bacterial infection [17, 18]. A related intriguing recent observation was reported by Randolph et al.,
who found that inflammatory monocytes have the capability to survey tissue and transport antigen from there
to distant sites [19], although this has not been demonstrated for bacteria colonizing the intestine.
Accordingly, it is tempting to speculate that inflammatory monocytes, which upon weaning infiltrate the
neonatal lamina propria (Figure 3), carry ingested GBS to the CNS, which may eventually contribute to the
development of meningoencephalitis.
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3.4

Project plan

3.4.1

Work Program and Methods

The model underlying this proposal is that myeloid cells essentially contribute to streptococcal
meningoencephalitis pathogenesis via three mechanisms. First, MG sense and respond to spurious amounts
of bacterial effectors, in particular RNA and lipopeptides, with the formation of inflammatory mediators. This
leads to escalation of the inflammatory response and vascular and neuronal damage. Second, circulation of
the same effectors in the blood perturbs the blood brain barrier, thereby allowing for bone marrow-derived
myeloid cells to enter the CNS. Finally, myeloid cells disseminate GBS that have breached the
mucocutaneous barrier of the colonization site in the intestine.
Aim 1: To define the role of the inflammatory microglia response in GBS meningoencephalitis
The hypothesis underlying this aim is that direct activation of MG by GBS essentially contributes to GBS
meningoencephalitis. Here we will employ 1) GBS meningoencephalitis models involving either enteral
CreER
Tak1fl/fl/ Traf6fl/f/ and CD11bcolonization or i.v. infection of mice with induced targeting of MG (Cx3cr1
HSVTK), 2) signaling reporter mice with real-time imaging, and 3) chimeric mice, which allow to distinguish
circulating myeloid cells and MG [20].
Work program and methods:
a) First, we will analyze the kinetics of MG activation in the enteral GBS meningoencephalitis model in very
young mice. We will employ two reporter mouse strains, a) cis-NF-κB eGFP reporter mice (gift of Christopher
Jobin, Gainesville, Florida, USA (19)), and b) ASC-citrine mice, where myeloid cells respond with a strong
fluorescence signal to inflammasome activation by GBS (gift of Douglas Golenbock, Worcester,
Massachusetts, USA). Three-week old reporter mice (n = 4 per condition) will be infected by gastric gavage
8
with 5 x 10 CFUs of BM110 (serotype III, sequence type 17) diluted in 200 μL of PBS supplemented with
300 μL of CaCO3 (50 mg/ ml). This bacterial inoculum leads to robust CNS invasion by GBS without deaths
in the first 12h after infection. 6 and 12h after infection we will determine MG activation via histology (reporter
activity, morphology) and FACS as endpoint analysis in sacrificed mice. Furthermore, blood will be drawn,
and GBS will be quantified by plating serial dilutions onto selective Granada agar.
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b) Next, will use an i.v. infection model with GBS in the two reporter mouse strains. In addition to the
endpoint analysis outlined above, we will perform intravital 2-Photon microscopy in collaboration with
Melanie Meyer-Luehmann [B08]. Accordingly, we will surgically install a glass window of 6 mm in diameter
on top of the brain in order to monitor MG activation in real time by 2 photon microscopy. In order to avoid
inflammatory artefacts resulting from surgery, i.v. infections with GBS strain BM110 will be performed three
weeks after the procedure. It is essential, to perform repeated i.v. infections (every 12h) with a relatively low
6
inocculum (BM110, 5 x 10 CFUs/ mouse) in order to avoid unspecific opening of the blood brain barrier [4].
eGFP

c) Once we have established the kinetics of MG activation, we will create bone-marrow chimeras: NF-κB
eGFP
recipients. Chimeric mice will be
bone marrow CD45.1 recipients and CD45.1 bone marrow  NF-κB
infected with GBS i.v. in order to determine by FACS and immunohistochemistry, whether MG cells are the
initially activated phagocyte type in the CNS. It is essential to shield the head during irradiation in order to
protect the brain from radiation-induced CNS inflammation and cell turnover. In addition, we will monitor MG
activation in tissue sections by staining for nitrotyrosine as a parameter for nitric oxide (NO) formation. NO is
a recognized MG factor that induces neuronal cell death upon activation with GBS in vitro [#9].

d) We will analyze the inflammatory contribution of MG to meningoencephalitis with the help of Cx3cr1CreER
Tak1fl/fl mice. In these mice, application of tamoxifen results in persistently TAK1 negative MG, whereas other
resident and circulating mononuclear phagocytes are replaced within two weeks by TAK1-positive cells,
resulting effectively in mice with a MG specific TAK1 knock-out [20]. We will use both the enteral colonization
model in 2 – 3 week old mice (where cre is induced at E9.5 in the pregnant mice), and the i.v. infection in 8
CreER
Traf6fl/fl mice, which we will breed
week old mice. Next, we will perform similar experiments with Cx3cr1
for this purpose. TRAF6 is an essential TLR and IL-1R signaling intermediate upstream of TAK1. The studies
CreER
mice will be performed in close collaboration with Marco Prinz [A01], who has large
involving Cx3cr1
experience with this mouse strain [20].
e) We will complement the studies on the role of MG in GBS meningoencephalitis by infecting 8 week old
CD11b-HSVTK mice, in which intracisternal ganciclovir treatment (2 weeks) leads to deletion of > 90% of
MG in the neocortex [21]. These mice will be analyzed in collaboration with Frank Heppner [B09] from the
consortium.
In this case,
endpoint
analysis
involves
1)
number
of
GBS/g
CNS,
2) recruitment of granulocytes and monocytes, 3) time to recovery/ lethality, and 4) spatial memory after full
recovery (Morris water maze, collaboration with Thomas Blank [A07]).
Aim 2: To analyze the role of GBS effectors in microglia activation and blood brain barrier
perturbation
The hypothesis underlying this aim is that the GBS effectors RNA and bacterial lipopeptides activate MG and
perturb the blood brain barrier early in the infection through interaction with cognate cellular receptors. This
high
monocytes to the CNS, which promotes local inflammation. This
will direct inflammatory cells like Ly6C
hypothesis will be tested in reporter mice, bone-marrow chimeras and with the help of cell transfer models.
Work program and methods:
eGFP
a) We will inject GBS ssRNA (as outlined in [7]) and synthetic diacylated lipopeptides i.v. into cis-NF-κB
reporter mice with an installed glass window. In this way, MG activation can be observed in real time.
b) Moreover, we will isolate MG after infection and analyze activation, both via the reporter induction and
endogenous mediators (intracellular cytokine staining, qPCR for cytokines, nitroyrosine staining).
eGFP
reporter mice into UNC-93B and NLRP3 deficient mice, in which
c) Next, we will breed cis-NF-κB
macrophages fail to respond to GBS RNA with TNF or inflammasome activation, and TLR2 deficient mice,
that lack the receptor for GBS lipopeptides. We will analyze MG activation in the enteral colonizationmeningoencephalitis model and in response to injected GBS effectors (confocal microscopy, FACS). We will
further explore the role of cognate MG receptors in GBS meningoencephalitis (i.v. infection) in chimeric
UNC-93B, NLRP3 and TLR2 deficient mice that have been transplanted with wt bone-marrow.
hi
d) We will inject CD115 monocytes from β-actin GFP mice into mice that have been challenged with GBS
RNA and synthetic diacylated lipopeptides i.v.. Entry of labeled cells will be monitored by FACS,
imunohistochemistry and 2P microscopy. LPS injected i.v. will serve as a control. These studies will be
hi
complemented by injecting CFSE-labeled CD115 monocytes from UNC-93B, NLRP3 and TLR2-deficient
mice into wild type mice, which have been infected with GBS, in order to determine the contribution of TLRmediated signal activation to the infiltrative behavior of monocytes. For these experiments, the collaboration
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with Melanie Meyer-Luehmann [B08] is essential. Furthermore, we will continue to closely interact with both
Marco Prinz [A01] and Seija Lehnardt [B03], both of whom have substantially contributed to understanding
monocyte and microglia activation by strepotococci [17, 18] [#9, #10]
Aim 3: To define the contribution of intestinal MΦ and circulating monocytes to GBS colonization
and dissemination to the CNS
The hypothesis underlying this aim is that myeloid cells have ambivalent roles in host resistance during
intestinal colonization with GBS. They may scavenge and destroy invading GBS, thereby containing GBS at
the colonizing site, or disseminate GBS to the CNS, since monocytes are capable in general of transporting
foreign material from tissue to distant sites [19]. The intestinal macrophage population is subject to dramatic
changes in the first week of life. MΦ of yolk sac origin are rapidly replaced by monocyte-derived
macrophages. The impact of these developmental changes on the potentially ambivalent interaction between
monocytes/ macrophages and colonizing GBS is unknown. Here, we will analyze, how innate cellular
immunity stabilizes intestinal GBS colonization, and whether monocytes can be Trojan horses for GBS to
enter the CNS in neonates. This work will be performed in close collaboration with Steffen Jung [A02] from
the consortium, who has been spearheading the understanding the development of intestinal macrophages.
Work program and methods:
eGFP
citrine
and ASC
reporter mice to enteral colonization with
a) First, we will subject 2 – 3 week old cis-NF-κB
GBS and analyze the activation kinetics of lamina propria MΦ (and immune cells in the intestinal wall), both
with histology and by FACS. We will extend this study by treating the mice with an antibiotic cocktail that
does not affect GBS BM110, but suppresses the microbiome: Metronidazol plus Tetracycline. Alternatively,
we will work with GBS isolates, which are resistant to fluoroquinolones. Fluoroquinolone resistance is an
emerging problem in GBS. In connection with this topic, we will utilize fluoroquinolone resistant strains
provided by our long standing collaborator Claire Poyart (French reference center for streptococci, Paris) and
suppress the neonatal flora with metronidazole and levofloxacine.
b) We will purify yolk sac-derived and bone marrow-derived lamina propria macrophages from 4 week old
mice based on Ly6C, CD11b, F4/80 and MHC II expression [16]. Then, we will perform RNAsequencing in
both unstimulated and GBS-stimulated macrophage lamina propria subsets in order to determine their origindependent transcriptome. The sequencing will be performed on a fee for service basis by the
Kompetenzzentrum Fluoreszente Bioanalytik Regensburg, Germany (www.uni-regensburg.de/biologievorklinische-medizin/kompetenzzentrum-fluoreszente-bioanalytik/index.html) and the bioinformatics analysis
will be performed in the Z-project by Rolf Backofen [Z01]. Finally, we will determine enhancer activity (e.g. for
Runx3, Sall1, Tgfbr1, Clelc4f, Il1r2, Gata6) by ChiP analysis (with Ido Amit, A03) both in yolk sac-derived
lamina propria MΦ as compared to bone marrow-derived MΦ from 3 week old mice.
c) Next, we will analyze, whether bacteria containing monocytes and or granulocytes can be found in the
eGFP
[22] by
blood of 3 week old wt B6 mice, which have been colonized with highly fluorescent GBS
Multispectral Imaging Flow Cytometry (ImageStream) analysis. It seems important to note that blood is
drawn by intracardial puncture and immediately diluted in PFA for fixation without centrifugation to avoid cell
lysis or cross infection [23]. The analysis will be performed as a “fee for service” at the core facility of the
Medical Center Tübingen (ISCF). Next we will analyze, whether circulating monocytes disseminate GBS,
GFP/wt
mice will be
which can persist in monocytes for > 24h, to the CNS. Accordingly, monocytes from Cx3cr1
high
high
Ly6C
cells, infected with GBS for 1h, then washed and incubated in
purified by cell sorting for CD11b
gentamycin for 60 minutes. Then cells will be injected i.v. into mice with an installed glass window and
trafficking of macrophages to the CNS will be tracked by 2P microscopy and histopathology. Next, we will
high
analyze the role of inflammatory monocytes in the dissemination of GBS. Hence we will deplete Ly6C
monocytes during the enteral infection by daily injection of CCR2 antibodies (provided by Matthias Mack,
Regensburg) and, as a complementary approach, perform the infections in CCR2-deficient mice.
d) We will time the point of GBS invasion with the help of transgenic GBS, where HvGA expression is
controlled by the Pxyl promoter (Pxyl-hvgA) and can be induced in vitro and in vivo in a linear fashion with
anhydrotetracycline/ ATc. HvGA is the signature adhesion molecule in GBS sequencing type 17, the clone
which can be isolated in > 80% of GBS meningoencephalitis cases [3]. HvGA expression essentially
mediates adhesion of GBS to the intestinal epithelium [4]. This transgenic GBS strain will be supplied by our
close collaborator Patrick Trieu-Cuot, Paris [24]. Required ATc concentrations in the drinking water (< 500
ng/ml) are < 10% of those with antimicrobial activity. A substantial effect of ATc at these concentrations on
the gut microbiome will be excluded by Ion Torrent 16S rRNA Gene Amplicon Sequencing. With these GBS
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variants, we can longitudinally determine, whether MG (and macrophages and monocytes) are already
activated in states of GBS colonization (without ATc).

3.4.2

Work Plan
2017

2018

2019
1

Aims

2020
2

3

1. Role of the microglia
response in GBS
meningoencephalitis
2. Role of GBS effectors in
microglia/ blood brain barrier
perturbation
3. Contribution of intest. MΦ
and monocytes to GBS
colonization and dissemination
to CNS

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

Research interactions

B03

Lehnardt

Analysis of microglia autonomous signalling control by miRNAs in response to
bacterial lipopeptides and nucleic acids (MAP kinases, NF-kappaB activation)

A01

Prinz

Interaction of streptococci with microglia and mononuclear phagocyte subsets
during streptococcal meningoencephalitis in the mouse

A02

Jung

Postnatal development of intestinal macrophages

A03

Amit

Enhancer landscapes in intestinal macrophages in colonization with GBS

A05

Sieweke

B08

MeyerLuehmann

ID

PI

A06

Lämmermann

A07

Erny/ Blank

B09

Heppner

Microglia depletion in CD11b-HSVTK mice

Z01

Backofen

RNA-Sequencing of intestinal macrophages

Role of MafB and c-Maf in intestinal macrophage development
Analysis of MG activation and spatial and temporal interaction with bacteria in
vivo (2P microscopy)
Methodological interactions
Role of integrin receptors for myeloid cell trafficking and motility in the CNS
Neurodevelopmemtal consequences of colonization with GBS
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Differentiation from other funded projects
Project Title

TLR-dependent foration of multinucleated giant cells

Funding Agency

Funding Period

DFG HE3127/ 7-1

2014 - 2017

Area of study: Mechanisms underlying mycobacteria-induced formation of multinuclear giant cells:
No overlap with NeuroMac proposal.
Macrophage polarization in Hyper IgE-syndrome

BMBF

2015 - 2018

Area of study: Analysis of STAT3 in differentiation of macrophages:
No overlap with NeuroMac proposal.
Macrophage development in staphylococcal skin
DFG HE3127/12-1
2016 - 2019
infection
Area of study: Analysis of dermal macrophage differentiation with focus on staphylococcal infection:
No overlap with NeuroMac proposal.
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Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
Postdoc, 100%
Total

2017

Grand total
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2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
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66,600
1
66,600
1
66,600
1
66,600
66,600
66,600
66,600
66,600

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total

2018

Sum
18,000
10,100
0
28,100

Sum
18,000
10,100
4,000
32,100

Sum
18,000
10,100
4,000
32,100

Sum
18,000
10,100
0
28,100

Sum

Sum

Sum

Sum

94,700

98,700

98,700

94,700

None

Project B04

Requested funding for staff
Sequential
no.

Name,
academic
degree,
position

Existing staff
Research
staff

1

Philipp
Henneke,
MD,
Professor

Non-research
staff

2

Anita Imm,
technician

Requested staff
Research
staff

3

N.N.
Postdoctoral
scientist

Field of
research

- Mononucl.
phagocyte
developmentImmunity to
Gram-pos.
bacteria

- Mononucl.
phagocyte
developmentImmunity to
Gram-pos.
bacteria

Department of
university or nonuniversity
institution
Centers for
Chronic Immunodeficiency
Pediatrics Univ.
Medical Center
Freiburg
Centers for
Chronic Immunodeficiency
Pediatrics Univ.
Medical Center
Freiburg

Center for
Chronic Immunodeficiency

Project
commitment in
hours/
week

Category

3.7.3

Funding
source

8

University,
State

12

University
Medical
Center

Postdoc

Job description of staff (supported through existing funds):
1. Pillipp Henneke
As the leader of the research group “Innate Immunity”, Philipp Henneke will design experiments,
supervise the post doc and the technician, analyse and interpret data, and write manuscripts.
2. Anita Imm (technician, staff)
Highly experienced technician with a focus on animal handling and molecular biology. Anita Imm will aid
the post doc in the mouse infection experiments including genotyping of mice and culture of bacteria, in
histopathological analysis and immuophenotyping.

Job description of staff (requested funds):
3. One postdoctoral fellow N.N.
Given the complexity of the studies with respect to a) CNS pathology and immunology (e.g. 2P
microscopy; titration of infection model) and b) “peripheral” pathology and immunology (enteral model in
the mouse; bone-marrow transfer; characterization of intestinal macrophages etc.) an experienced
scientist is required to fulfill the ambitious aims.

3.7.4

Requested funding of direct costs

Existing funds from the University of
Freiburg
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

6,000

6,000

6,000

6,000

28,100

32,100

32,100

28,100
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Antibodies for immunofluorescence, sorting, depletion
Antibiotics, ganciclovir, tamoxifen, etc. for usage in mice
Diverse molecular biology reagents for mouse genotyping,
RNA purification, cloning
Image Stream analysis
Cytokines, growth factors, stimulants
Cell culture media, sera, bacteriological media
Total per year
(All figures in euros)
Requested Animal Costs
200 ko & transgenic mice: breeding etc.
(800 mice x 52 weeks x 0.70 EUR=29,100 EUR=7,280/year)
Purchase of 150 wt mice à 21 EUR =3,150 EUR
Total per year

2017
6,000
1,000

2018
6,000
1,000

2019
6,000
1,000

2020
6,000
1,000

3,000

3,000

3,000

3,000

1,000
3,000
4,000
18,000

1,000
3,000
4,000
18,000

1,000
3,000
4,000
18,000

1,000
3,000
4,000
18,000

2017

2018

2019

2020

7,000

7,000

7,000

7,000

3,100
10,100

3,100
10,100

3,100
10,100

3,100
10,100

2017
0
0

2018
4,000
4,000

2019
4,000
4,000

2020
0
0

(All figures in euros)
Requested Other Costs
Chip/RNASequencing
Total per year
(All figures in euros)

3.7.5
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216

Requested funding for major research instrumentation

Project B05

3.1

General information about Project B05

3.1.1

Project Title: Functional characterization of monocytes and macrophages in
neuropsychiatric disorders

3.1.2

Research areas: Psychiatry, Neuroimmunology

3.1.3

Principal investigators

Böttcher, Chotima, Dr.
* 12.04.1974, Thai & German
Laboratory of Molecular Psychiatry
Charité – Universitätsmedizin Berlin
Charitéplatz 1
D-10117 Berlin
Phone: +49-30-450-517154
E-Mail: chotima.boettcher@charite.de

Priller, Josef, Prof. Dr.
* 26.09.1970, German
Department of Neuropsychiatry
Charitè – Universitätsmedizin Berlin
Charitéplatz 1
D-10117 Berlin
Phone: +49-30–450-517209
E-Mail: josef.priller@charite.de

Do the above mentioned persons hold fixed-term positions? No (JP)
Yes: Chotima Böttcher:
End date 10.09.2016 Further employment is planned until at least 31.12.2020

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.
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Summary

Innate immunity in the central nervous system (CNS) comprises resident microglia, perivascular and
meningeal macrophages, as well as blood-derived monocytes/macrophages. The differential roles of these
heterogenous myeloid cell populations in neuropsychiatric disorders are increasingly recognized. The
recruitment of monocytes into the CNS can exacerbate neuroinflammation, and trigger neuron injury or
death. On the other hand, the integration of peripherally-derived myeloid cells into the pool of CNS
phagocytes can also contribute to the resolution of CNS inflammation. We recently discovered that the
adoptive transfer of the monocyte/macrophage progenitors attenuates disease in mouse models of
Alzheimer´s disease (AD) and amyotrophic lateral sclerosis (ALS). We also identified human progenitors that
efficiently target the damaged CNS. In this study, we shall evaluate the therapeutic potential of the human
monocyte/macrophage progenitors in mouse models of AD, ALS and multiple sclerosis (MS). We shall use
genetic lineage tracing, flow and mass cytometry, as well as transcriptomic analysis to investigate the
differentiation and functional activation of human-derived cells in a tissue-specific manner. In addition, we
shall assess the phenotypic and transcriptional changes of peripherally-derived monocytes/macrophages in
patients with neuropsychiatric disorders, and expose monocytes/macrophages to CNS environment (e.g.
cerebrospinal fluid). The project aims to provide preclinical evidence for the use of monocyte/macrophage
progenitors in the treatment of AD, ALS and MS. The experiments will contribute to a better understanding of
the function of monocytes/macrophages in neuropsychiatric disorders.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
The CNS is host to a unique parenchymal macrophage known as microglia, as well as a diverse array of
myeloid cells that reside in meningeal and perivascular sites, or are recruited from the periphery. Although all
of these cells share some morphological and phenotypic characteristics, they exhibit great functional
diversity and differential responses to neuropathology. Dysfunction of microglia and brain macrophages is
increasingly recognized as a pathogenic event in neurological and psychiatric disorders [#4]. In contrast to
+
most other tissue-resident macrophages, microglia arise embryonically from c-kit erythromyeloid precursors
in the yolk sac and self-sustain throughout life independent of hematopoietic progenitors [1-3]. When
microglia are affected by pathology, hematopoietic cells such as bone marrow-derived cells (BMCs) can be
targeted to the CNS including retina by appropriate conditioning, e.g. irradiation or chemotherapy [5, #3, #7,
#8, #10] (Figure 1).

Figure 1: Myeloid cells in the CNS, their origin and their involvement in neurodegeneration. Microglia are predominantly
yolk sac-derived during early embryonic development. In neurodegenerative diseases, BMCs can engraft in the brain
(green ramified cells). They may be functionally distinct from microglia. In models of Alzheimer’s disease, endogenous
microglia (orange ramified cells) degenerate, whereas BM-derived phagocytes can decrease amyloid burden. In genetic
models of ALS, motor neuron death is propagated by endogenous microglia expressing the mutant SOD1 protein,
whereas wild-type BMCs can alleviate the disease course. Microglia, bone marrow-derived phagocytes and invading
lymphocytes (yellow round cells) also partake in neuroinflammation in models of Parkinson’s disease [from #4].

Following CNS conditioning, BMCs engraft within the parenchyma and/or perivascular compartment. They
differentiate into brain macrophages that appear morphologically and phenotypically similar, but are
functionally distinct from resident microglia. These hematogenous macrophages have long been proposed
as candidates for cell therapy in neuropsychiatric disorders, including AD [6], ALS [7-9] and obsessivecompulsive disorder [10]. Compared to the resident microglia, they were found to possess higher phagocytic
activity, thus being more efficient in restricting amyloid deposits [6]. Similarly, the replacement of the resident
mutant microglia with wild-type hematogenous macrophages slowed the disease progression in SOD1-G93A
transgenic mice, a mouse model of ALS [7-9]. Finally, transplantation of wild-type bone marrow into Hoxb8
mutant mice resulted in an amelioration of the compulsive behaviour [10]. In humans, transplantation of
genetically corrected hematopoietic stem cells (HSCs) after myeloablative chemotherapy stopped the
progressive cerebral demyelination in two patients with X-linked adrenoleukodystrophy [11]. However, the
BM progenitor responsible for the repopulation of the macrophage compartment in the CNS still remains
hi
+
enigmatic. Circulating Ly6-C monocytes [#8], HSCs and myeloid-committed CX3CR1 progenitor cells [12,
13] have been suggested. A limitation of the clinical application of BMCs is the requirement of brain/host
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conditioning, such as total body irradiation or high dose chemotherapy. Nevertheless, depending on the
nature of the disease and where the degeneration occurs, CNS conditioning may be omitted [14].
Macrophages and monocytes have been recognized as key regulators in the pathogenesis of
neuropsychiatric disorders, including AD [15], MS [13, #6], stroke [16], and Huntington´s disease [17]. In the
latter case, phenotypic and/or functional changes of myeloid cell populations were already detected in the
presymptomatic phase. Also, results from a study on the functional consequences of disease-associated
+
genetic variation showed that AD trait-associated variants were only found in CD14 CD16 classical
monocytes [18]. This finding coincides with the report of functional alterations of monocytes derived from
individuals carrying the CD33 AD susceptibility locus [19]. Thus, the myeloid compartment potentially drives
the susceptibility to neurodegenerative diseases such as AD [18]. In the experimental autoimmune
encephalomyelitis (EAE) model of MS, monocyte infiltration was found to strongly correlate with the paralytic
stage of EAE pathology. The monocyte-derived brain macrophages are transiently recruited to the
parenchyma, and do not ultimately contribute to the resident microglia pool. Importantly, inhibition of CCR2dependent recruitment of monocytes to the CNS alleviated EAE progression [13, #6] (Figure 2).

Figure 2: CD11b+Ly-6Chi monocytes cells are critical for the effector phase of EAE. (A) Long-term inhibition of monocyte
infiltration into the CNS by the administration of an anti-CCR2 antibody improved clinical disease course. (B)
hi
Immunohistochemical analysis of spinal cord infiltrates at 34 d.p.i. after Ly-6C monocyte depletion. Sections were
stained with LFB, Mac-3 and CD3 (left). Quantification is shown on the right. Means and SEM are shown. *P < 0.05 [from
#5].

In conclusion, both CNS and peripheral myeloid cells are able to modulate the pathogenesis of
neuropsychiatric disorders. An improvement in our understanding of the nature and mode of action of BMCs
in these disorders will facilitate clinical translation. On the other hand, phenotypic alterations of endogenous
myeloid cells may mirror disease progression, and help to unravel causative relationships between
immunological dysfunction and neuropsychiatric disorders.
Preliminary work
Using a non-myeloablative conditioning protocol (focal head irradiation: HI) [#3], we found that
macrophage/dendritic cell progenitors (MDPs) can give rise to macrophages in the adult CNS (Figure 3)
hi
(unpublished data). Importantly, HSCs, MPs, CDPs, pre-DCs, cMoPs and LyC6 monocytes failed to target
the CNS in this experimental paradigm. Following focal HI and facial nerve axotomy (FNA), the adoptive
transfer of MDPs gave rise to hematogenous macrophages in the axotomized facial nucleus, thereby
replicating the findings made in BM chimeric mice after lethal irradiation and complete hematopoietic
reconstitution (Figure 3) [#8, #10].
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Figure 3: Engraftment of MDP-derived macrophages in focally head-irradiated (HI) recipients. A) The experimental set
up for adoptive transfer of BM-derived progenitors, wherein a purified cell population was intravenously injected (Tx) into
recipients that were previously conditioned with 11 Gy HI and facial nerve axotomy (FNA). Immunohistochemical and
FACS analyses were performed at 1, 3, 7 and 14 days after transplantation (Tx). B) Laser confocal microscopic images
(scale bar: 25 µm) showing the dorsal part of the brain stem of a focally head-irradiated mouse that was subjected to
4
unilateral FNA followed by adoptive transfer of 2 x 10 sorted MDPs (upper panel). The microglia/mΦ markers, Iba-1 and
F4/80, are shown in red and GFP is shown in green, identifying donor-derived cells. Nuclei are counterstained with DAPI
(blue). The contralateral unlesioned facial nucleus (white circle) shows minimal Iba-1 immunoreactivity compared to the
ipsilateral facial nucleus (white square). The lower panel shows higher magnification images (scale bar: 100 µm) of the
axotomized facial nucleus in MDP-transplanted mice at days 1 (d1), 3 (d3), 7 (d7) and 14 (d14) after transplantation
(unpublished data).

Further, we evaluated the therapeutic potential of MDPs in mouse models of AD (APPswe/PS1 transgenic mice)
G93A
transgenic mice). In AD transgenic mice, wild-type MDPs gave rise to perivascular cells
and ALS (SOD1
in the brains of symptomatic mice after focal HI (Figure 4A, B), which was associated with increased
clearance of β-amyloid from the brain as previously described for wild-type BM chimeric mice (Figure 4C) [6,
#5].

Figure 4: Decreased insoluble and soluble Aβ1-40 and Aβ1-42 isoforms in the brains of APPswe/PS1 mice after MDP
transplantation. A) APPswe/PS1 mice (∼9 months old) received HI two weeks before Tx of 5x105 GFP+ MDPs. All animals,
swe/PS1
controls, received daily i.p. injections of 1.5 mg/kg rapamycin. Mice were analyzed
including non-transplanted APP
at 4 weeks after Tx. B) GFP-expressing cells (green) are exclusively found at perivascular sites. Aβ amyloid deposits are
shown in white, endothelial cells are identified by CD31 immunoreactivity (red). Nuclei are counterstained with DAPI
(blue). The right panel shows a higher magnification image and 3-dimensional analysis of the area indicated by the
square in the confocal image. C) The amounts of soluble and insoluble Aβ1-40 and Aβ1-42 as determined by ELISA in
swe/PS1
animals at 4
brain lysates from non-transplanted (white columns) and MDP-transplanted (black columns) APP
weeks after Tx. Data are means + SEM, unpaired t-test *p<0.05 (unpublished data).
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In the ALS transgenic mice, a single i.v. injection of 5x105 wild-type MDPs after disease onset and without
irradiation significantly ameliorated the disease course (Figure 5A). Notably, the administration of MDPs
G93A
induced long-lasting anti-inflammatory effects in the peripheral and central nervous system of SOD1
mice (Figure 5B, C). In particular, the MDP-induced long-term suppression of inflammatory molecules in the
spinal cord (Figure 5D) might have contributed to the attenuation of disease progression.

Figure 5: A single transplantation of MDPs slows disease progression in SOD1G93A transgenic mice. SOD1G93A
5
+
transgenic mice (13-14 weeks old) received either PBS (Tg control) or a single i.v. injection of 2-5x10 GFP MDPs (Tg +
MDPs), followed by daily i.p. injections of 1.5 mg/kg rapamycin until the end stage of disease. A) Compared to control
mice (white columns), MDP-treated mice (black columns) showed delayed disease progression as indicated by the
longer duration of the early disease phase (time at peak weight to time at 5% weight loss) and the longer duration of the
late disease phase (time at > 5% weight loss to end stage). B) MDP-treated animals showed significantly less Iba-1immunoreactive cells in the sciatic nerve at both time points (4 and 10 weeks after transplantation) compared with
controls. C) MDP-treated mice showed statistically significant less Iba-1-immunoreactive cells in the spinal cord (lumbar
region) at 4 (but not 10) weeks time point, compared to non-transplanted controls (white columns). D) Attenuated
G93A
mice after MDP transplantation.
expression of proinflammatory cytokines and chemokines in the spinal cord of SOD1
Data are means + SEM. Statistical significance is indicated by asterisks (unpaired t-test *p<0.05; **p<0.01) (unpublished
data).
+
+
+
+
Finally, xenotransplanted human MDPs (CD34 c-kit CD115 CD135 hMDPs) isolated from G-CSF-mobilized
peripheral blood (G-CSF-mPB) engrafted in the lesioned facial nucleus of HI mice (Figure 6).

Figure 6: Human MDPs specifically target the lesioned facial nucleus. Laser confocal microscopic images (scale bar:
100 µm) showing hMDP-derived cells detected in the lesioned facial nuclei of mice that were intravenously injected with
5
FACS-sorted 1x10 hMDPs at 14 days after transplantation. The hMDP-derived cells are stained with either anti-human
nuclei (A) or anti-human CD68 (B) antibody (green). The microglia/mΦ markers, Iba-1, is shown in red. Nuclei are
counterstained with DAPI (blue) (unpublished data).
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Together, our findings suggest that MDP are promising candidates for CNS cell and gene therapy. Beneficial
effects of myeloid progenitors, such as MDPs, in neuropsychiatric disorders underscore the contribution of
peripherally derived myeloid cells to the resolution of CNS inflammation. We hypothesize that phenotypic
and transcriptional changes occur in monocytes/macrophages derived from patients with neuropsychiatric
disorders. Due to the heterogeneity of myeloid cell populations, it is challenging to discern functional
characteristics of individual subpopulations without the ability of simultaneously analysing many phenotypic
markers. Flow cytometry (FACS) has reached a limitation of ∼12-16 different parameters because of the
overlap of fluorescent signals. Here, we plan to take advantage of the recently developed single-cell mass
spectrometric approach (cytometry by time-of-flight or CyTOF), in which heavy metal isotopes are used to
label antibodies. The labelled cells can be analysed by high throughput mass spectrometry to quantify 36 or
more parameters at the single-cell level, with very little crosstalk between channels [20]. Using CyTOF, we
charcterized the inflammatory responses to lipopolysaccharide (LPS) in different immune cell populations
derived from patients with multiple sclerosis, compared to the healthy individuals (Figure 7; unpublished
data).

Figure 7: Simultaneous determination of TNF-α expression in different immune cell populations after LPS stimulation. A)
Visualizing SPADE trees show TNF-α expression in different peripheral blood mononuclear cell populations (PBMCs)
obtained from MS patients and healthy individuals. The node size and colour represent cell number and the expression
level (red = high; blue = low), respectively. B) Quantification of the expression levels in different cell populations (median
is shown).
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3.4

Project plan

3.4.1

Work Programme and Methods

The goal of this project is to investigate the functional characteristics of myeloid progenitors, monocytes and
macrophages in neuropsychiatric disorders. In particular, we aim 1) to reveal the therapeutic mechanisms of
action of MDPs (Aim 1); 2) to compare the therapeutic effects of murine MDPs with human MDPs (Aim 2);
and 3) to investigate the phenotypic and functional alterations of the progeny of MDPs (i.e. monocytes and
macrophages) in patients with neuropsychiatric disorders (Aim 3).
Aim 1: Functional characterization of MDP-derived macrophages after adoptive transfer in
neuropsychiatric disorders
As described in 3.3.1, we discovered therapeutic effects of BM-derived MDPs in mouse models of AD and
ALS. However, the mechanisms of action of MDPs remain unknown. The first aim of this project is to
functionally characterize MDP-derived macrophages in a tissue-specific manner.
a) ALS
5
At disease onset (~14 weeks of age), 5x10 FACS-sorted murine MDPs expressing EGFP will be
G93A
intravenously injected into SOD1
transgenic mice (n=10). The transgenic littermate controls will receive
an intravenous injection of PBS (n=10). Four weeks after the adoptive transfer, resident
microglia/macrophages and MDP-derived macrophages will be microdissected from the spinal cord, sciatic
nerve and spleen. Using Next Gerneration RNA Sequencing (RNA-Seq), transcriptomic profiles of these
myeloid cells will be analysed and compared. In addition, immunohistochemical analysis (IHC) will be used
to determine the pro- and anti-inflammatory phenotypes of resident and MDP-derived macrophages. We
shall use Multiplex ELISA and quantitative RT-PCR to determine the expression of proinflammatory
molecules in the spinal cord, sciatic nerve, peripheral blood and spleen.
b) AD
5
5xFAD mice (n=10) will receive HI and 5x10 EGFP-positive MDPs at disease onset (~5 months of age). The
transgenic littermate controls (n=10) will receive an intravenous injection of PBS. Four weeks after the
adoptive transfer, resident microglia/macrophages and MDP-derived macrophages will be microdissected
from the brain and spleen. Transcriptomic profiles of the different myeloid cells will be analysed by RNA-Seq
and compared between the two compartments. IHC will be used to determine the pro- and anti-inflammatory
phenotypes of resident and MDP-derived macrophages in the brain and spleen. We shall use Multiplex
ELISA to determine the expression of proinflammatory molecules in the brain, peripheral blood and spleen.
c) EAE
One week after immunization (pre-onset), C57BL/6 mice (10 per group) will be intravenously injected with
5
5x10 EGFP-positive MDPs once a day for 3 consecutive days. Control EAE mice will receive PBS
injections. Transcriptomic profiles of resident microglia/macrophages and MDP-derived macrophages from
spinal cord vs. spleen will be compared. IHC will be used to determine the pro- and anti-inflammatory
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phenotypes of resident and MDP-derived macrophages in the spinal cord and spleen. We shall use Multiplex
ELISA and quantitative RT-PCR to determine the expression of proinflammatory molecules in the spinal
cord, peripheral blood and spleen.
Aim 2: Evaluation of the therapeutic potential of the human MDPs in mouse models of AD, ALS and
MS
In analogy to murine MDPs, we shall evaluate the therapeutic potential of the hMDPs in mouse models of
G93A
) and MS (EAE). Using genetic lineage tracing, flow and mass cytometry, as
AD (5xFAD), ALS (SOD1
well as transcriptomic analysis, we shall investigate the differentiation and functional activation of humanderived cells in a tissue-specific manner.
a) Generation of human monocyte/macrophage progenitors
Leukapheresis will be performed on peripheral blood obtained from healthy donors that are treated with
granulocyte-colony stimulating factor (G-CSF) in collaboration with the Charité Stem Cell Facility (headed by
+
Prof. Lutz Uharek). CD34 hematopoietic stem/progenitor cells will be isolated by MACS using the CD34
MicroBead Kit UltraPure (Miltenyi Biotec). Isolated stem/precursor cells will be subsequently cultured in the
differentiation medium consisting of serum-free medium supplemented with IL-3, IL-6, SCF, Flt3ligand, MCSF and GM-CSF. After 7 days in vitro, human monocyte/macrophage progenitors
+
+
+
+
+
(CD34 CX3CR1 CD117 CD135 CD115 ) will be FACS-sorted and adoptively transferred into AD, ALS or MS
mice.
b) Evaluation of therapeutic potential of hMDPs in ALS transgenic mice (n = 20/group)
G93A
mice will be adoptively transferred with 5x105 hMDPs using the same protocol as described in
SOD1
Aim 1. The weight of the animals will be monitored daily. Motor performance will be determined weekly using
rotarod testing. Mice reaching the end stage of disease (>20% weight loss or failure to right after laying the
mouse on its side for 30 seconds) will be analysed together with age-matched littermates from the murine
MDP-transplanted (Aim 1) and non-transplanted groups, thus allowing a comparative analysis between the
groups. Tissue inflammation will be determined in spinal cord, sciatic nerve, muscle, peripheral blood and
spleen using multiplex ELISA and quantitative RT-PCR. The axonopathy of the L5-L6 ventral root will be
determined by electron microscopy. Motor neuron loss as well as functional alterations will be analysed by
IHC. The pro- and anti-inflammatory phenotype of human-derived cells in the spinal cord, sciatic nerve,
muscle and spleen will be determined using IHC. In order to determine the differentiation and functional
activation of hMDP-derived macrophages, the engrafted cells will be microdissected from spinal cord, sciatic
nerve and spleen. Transcriptomic analysis will be performed and compared with the results obtained from
the murine MDP MDP-transplanted (Aim 1) and non-transplanted groups.
c) Evaluation of the therapeutic potential of hMDPs in AD transgenic mice (n = 20/group)
5
Adoptive transfer of 5x10 hMDPs in 5xFAD mice (5 months old) will be performed as described in Aim 1.
The weight of the animals will be monitored daily. Spatial working memory will be determined every two
months using the modified Y-maze starting one month before adoptive transfer until 10 months of age. To
assess spatial working memory, one arm of the Y-maze is blocked off while the mouse explores the other
two arms for about 15 minutes. After several hours, the blocked arm is opened and the mouse is allowed to
explore the maze. Total activity and anxiety of the mice will be evaluated by open field and elevated plus
maze, respectively.
At 6, 8 and 10 months of age (i.e. 1, 3 and 5 months after transplantation), mice will be analysed for amyloidβ (Aβ) plaque load, as well as the accumulation of Aβ protein (Aβ1-40 and Aβ1-42) in the brain using IHC and
ELISA. The pro- and anti-inflammatory phenotypes of resident microglia/macrophages and human-derived
cells in the brain and spleen will be determined using IHC. Moreover, to determine the differentiation and
functional activation of hMDP-derived macrophages, the engrafted cells will be microdissected from the brain
and spleen. Transcriptomic analysis will be performed and compared with the results obtained from the
murine MDP experiment (Aim 1). We shall use Multiplex ELISA and quantitative RT-PCR to determine the
expression of proinflammatory molecules in the brain, peripheral blood and spleen.
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d) Evaluation of the therapeutic potential of hMDPs in EAE mice (n = 20/group)
5
Adoptive transfer of 5x10 hMDPs in EAE mice will be performed as described in Aim 1. Clinical scores of
EAE mice will be monitored daily. Inflammatory responses will be determined in peripheral blood, spinal cord
and spleen using multiplex ELISA, quantitative RT-PCR and flow cytometry. The pro- and anti-inflammatory
phenotype of human-derived cells in the spinal cord and spleen will be determined using IHC. Moreover, to
determine the differentiation and functional activation of hMDP-derived macrophages, the engrafted cells will
be microdissected from the brain and spleen. Transcriptomic analysis will be performed and compared with
the results obtained from the murine MDP experiment in EAE mice (Aim 1).

Aim 3: Immunophenotypical and functional characterization of monocytes and macrophages in
patients with neuropsychiatric disorders
Our preliminary results suggested beneficial effects of transplanted MDPs in animal models of
neuropsychiatric disorders (cf. 3.3.1). This raises the question whether endogenous MDP-derived cells (e.g.
monocytes, macrophages) are phenotypically and/or functionally altered in neuropsychiatric disorders. Here,
we shall investigate immunophenotypic and functional changes of MDP-derived progenies in patients with
AD, ALS and MS.
a) Patient recruitment and sample preparation
Patients with clinically defined AD, ALS and MS (n = 20 per group) and age-matched healthy controls (n =
20) will be recruited in the Department of Neuropsychiatry (headed by Prof. Josef Priller) and the Department
of Neurology (collaboration with PD Klemens Ruprecht). Using Biocoll (Biochrom), peripheral blood
mononuclear cells (PBMCs) will be prepared from EDTA-blood samples within 1 hour after collection.
Isolated PBMCs will be stored in liquid nitrogen until analysis.
b) Immunophenotypic and functional characterization by CyTOF
Prior to CyTOF staining, a maximum of six individual PBMC samples (i.e. 3 patients and 3 healthy controls)
will be barcoded and pooled into one sample. Barcoded cells will be stained with metal isotope-coupled
antibodies recognizing membrane-bound epitopes (e.g. CD34, CD117, CD135, CD115, CD44, MHCII,
CD62L, CD124, CD33, CCR2, TNF-α, IL-10) and intracellular molecules (e.g. TNF- α, CCl2, IL-6, p38MAPK,
MEK1/JNK, CREB, NF-κB, STAT3, PI3K/Akt). The stained samples will be measured on CyTOF2 with
Helios-upgrade (Fluidigm) at Flow Cytometry Core Facility, BCRT (headed by Dr. Désirée Kunkel). Data will
be analysed using the analysis platform Cytobank (Fluidigm) and FlowJo software (Treestar).
c) Transcriptional characterization by RNA sequencing
+
+
+
dim
+
PBMCs will be stained and FACS-sorted for CD14 CD16 , CD14 CD16 and CD14 CD16 monocytes.
Transcriptomic profiles of each population will be compared between patients and healthy controls.
+
Monocyte-derived macrophages will be generated from CD14 monocytes isolated by CD14 MicroBeads kit
+
+
+
(Miltenyi). After 7 days in vitro in the presence of GM-CSF, macrophages (CD11b CD11c Cd115
+
+
CD64 CD14 Cd135 CD117 ) will be FACS-sorted (in order to avoid contamination by dendritic cells) and
analysed by RNA sequencing.
d) Hippocampal slices and exposure to CSF
Finally, we will investigate the phenotypic alterations of monocytes/macrophages when exposed to CNS
environment (e.g. murine organotypic brain slices, human cerebrospinal fluid).
3
Human monocytes/macrophages (5 x 10 ) will be applied onto murine organotypic hippocampal slice
cultures. After 7 days in vitro, slices will be analysed by immunohistochemistry.
Monocytes from healthy individuals will be sorted by FACS and cultured in the presence of cerebrospinal
fluid (CSF) obtained from AD, ALS or MS patients. After 7 days in vitro, pro- and anti-inflammatory factors,
immunophenotypic surface marker expression and the intracellular signalling will be determined by CYTOF,
RNA sequencing and Multiplex ELISA.
Methods
Mice
Mice used in this study are C57BL/6 mice expressing enhanced green fluorescent protein (EGFP) under the
control of the β-actin promoter (TgN(ACTbEGFP)1Osb), 5xFAD transgenic mice (B6SJLG93A
transgenic mice (TgN(SOD1Tg(APPSwFlLon,PSEN1*M146L*L286V) 6799Vas/Mmjax) and SOD1
G93A)1GUR). All strains are currently bred in the Charité Breeding Facility (FEM, Berlin, Germany).
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EAE
C57BL/6 mice are immunized by subcutaneous injection of 200 µg of the myelin peptide MOG35-55 (amino
acid sequence MEVGWYRSPFSRVVHLYRNGK) emulsified in complete Freund’s adjuvant containing 500
µg heat-inactivated Mycobacterium tuberculosis. At the time of immunization and after 48 hours, pertussis
toxin (250 ng) will be administered intraperitoneally. After EAE induction, animals will be scored daily as
follows: 0 = no signs of EAE; 0.5 = distal section of the tail paralyzed; 1.0 = distal and proximal sections of
the tail paralyzed; 1.5 = distal and proximal sections of the tail paralyzed and hind-limb weakness; 2.0 =
unilateral partial hind-limb paralysis; 2.5 = bilateral partial hind-limb paralysis; 3.0 = complete bilateral hindlimb paralysis; 3.5 = complete hind-limb paralysis and unilateral forelimb paralysis; 4.0 = total paralysis of
forelimbs and hind-limbs; 5.0 = death.
Cell sorting
GFP
transgenic mice is first enriched for the lineage-negative cell population with
Bone marrow of CX3CR1
Lineage depletion kits according to the manufacturer's protocol (Miltenyi Biotec). Lineage-negative (Lin-)
cells are subsequently stained for sca-1, CD117, CD11b, CD115, CD135, Ly-6C, and Ly-6G. Cell sorting is
+
+
+
performed on FACSAria II (BD Biosciences). MDPs are identified as lin CX3CR1 CD11b CD115 CD117 Ly6C Ly-6G .
Immunohistochemistry
After transcardial perfusion with 4% paraformaldehyde, brain, spinal cord, muscle, spleen and sciatic nerve
are dissected and subsequently cryoprotected with 30% sucrose. Fixed tissues are then coronally
cryosectioned at 30 µm. Sections are blocked 20% normal goat/donkey serum in TBS containing 0.3% Triton
X-100 and are stained with primary antibodies against Iba-1, F4/80, CD11b, GFP, iNOS, Arginase-1, CD68,
Ki67, ChAT, myosin, NGFR p75, NeuN, and SMI-32. The secondary antibodies used are Alexa 488/568/594/647-IgG or HRP conjugated-IgG (for staining with 3,3 diaminobenzidine tetrahydrochloride). All
antibodies are diluted in TBS containing 1% normal goat/donkey serum and 0.3% Triton X-100. Nuclei are
counterstained with 4,6-diamidino-2-phenylindole (1:10000; Sigma). The stained sections are examined
using a fluorescence or confocal microscope (Leica TCS SPE, Leica Microsystems). Spinal cord sections
from EAE mice are stained with hematoxylin/eosin, luxol fast blue, and antibodies against Mac-3, CD3 and
APP.
ELISA
Quantification of Aβ is performed using human amyloid Aβ 1– 40 and Aβ 1– 42 ELISA kits (EZBRAIN40 and
EZBRAIN42, Millipore) according to the manufacturer’s protocol. Brains are weighed and homogenized.
Brain lysate is centrifuged at 20,000 x g for 10 min at 4°C. The supernatant is aliquotted and stored at -80°C
for further ELISA assay. The pellet is solubilized in ice-cold 70% formic acid and subsequently sonicated for
10 min. The tissue mix is then neutralized and centrifuged at 20,000 x g for 10 min at 4°C. The supernatant
is aliquotted and stored at -80°C for further ELISA assay.
Multiplex
Cytokine screening is performed by muliplex (Luminex xMAP, Luminex Corperation). The analysis is run on
the Bio Plex 200 (Bio Rad) using Bio Plex Manager software (version 6.0, BioRad). Custom-made Milliplex
kit (Merk Millipore) consists of the analytes TNF-α, INF-γ, GM-CSF, CCL2, IL-10, IL-8, IL-6, IL-4, IL-2 and IL1β (detection range 3.2-10000pg/mL). The assay is performed according to the manufacturer's instructions.
Electron microscopy
Epon-embedded, glutaraldehyde-fixed slices from the sciatic nerve are prepared and subsequently cut and
stained with toluidine blue for evaluation by light microscopy. Tissue sections are then trimmed and
reoriented to prepare ultrathin cross sections of the spinal cord. These are treated with uranyl acetate and
lead citrate. At least thirty electron micrographs from these sections are obtained at 13,500 magnifications
from each animal. Of these, 10 images for each animal are randomly selected for measurements. Axon
diameter and myelin thickness is measured using the analySIS Software (Olympus). All axons with
diameters of >250 nm are evaluated, rare axons with smaller diameters are disregarded as these are
typically unmyelinated axons. Thus, at least 100 axons per animal are evaluated. G-ratios are calculated as
diameter of the axon divided by fibre diameter (axon plus myelin thickness). We calculate a G-ratio for each
fibre and subsequently average all G-ratios from one sciatic nerve. Electron micrographs are generated
using a Philips CM 100 electron microscope.
Quantitative RT-PCR
Tissues are stored in RNA later solution (Qiagen) after dissection. RNA is isolated with the RNeasy Mini Kit
(Qiagen) following the manufacturer's instructions. An on-column genomicDNA digestion is applied using the
RNase-free-DNase Kit (Qiagen). 0.5 μg of RNA is transcribed into cDNA using oligo-dT primers and the
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SuperScript II RT kit (Invitrogen). qPCR is performed using the Light Cycler 480 SYBR Green I Master Mix
(Roche) and samples are analyzed with a LightCycler480 (Roche). The following mRNA expression levels
are determined: CCL2, IL-1β, IL-4, IL-6, TNF-α, TGF-β, IL-10, IL-8, CCL5, Bcl2, GDNF, CNTF.
Cell quantification
Quantitative analysis is performed on DAB- and fluorescence-stained slices using stereological software
(StereoInvestigator; MBF Bioscience) on a Leica DMRA microscope with a joystick-operated motorized
stage and a colour video camera.
Transcriptomic analysis
RNA is isolated using Nucleospin® RNA XS (Macherey-Nagel) according to the manufacturer's instructions.
TM
TM
Subsequently, the library preparation of the obtained RNA is performed using SMART-Seq v4 Ultra Low
Input RNA (Clonetech Laboratories) based on the protocol provided by the manufacturer. The transcriptomic
analysis is run at the Next Generation Sequencing facility of the BCRT, Charité−Universitätsmedizin (headed
by Ulrike Krüger).
Organotypic slice cultures
Hippocampal organotypic slice cultures are prepared from P4-P9 C57BL/6 mice. Briefly, hippocampi are
dissected out aseptically and 350 μm coronal slices are cut using a tissue chopper (McIlwain tissue chopper,
Vibratome Compagny), separated in ice-cold dissection medium, and placed onto Millicell culture inserts with
0.4 μm pore size (Millipore). Slices are maintained in a humidified 37°C, 5% CO2 incubator. Culture medium
is changed 24 h after dissection and every other day thereafter. The slices are cultured for 5-7 days before
being used for experiments.

3.4.2

Work Plan
2017

2018

2019

Aims:

2020
1+2

Adoptive transfer
Functional characterization of
MDP-derived macrophages
Patient recruitment
CyTOF analysis
RNA sequencing
Cell culture assays

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A01

Prinz

Analysis of EAE mice

B06

Zeiser

Xenotranplantation of hMDPs in mouse models

B11

Schönheit/Leutz

ID

PI

A01

Prinz

Microdissection & electron microscopy

B06

Zeiser

Monitoring and evaluation of GvHD in xenotransplantation

Z01

Backofen
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Research interactions

Characterization of myeloid cells in patients with neuropsychiatric disorders
Methodological interactions

RNA-Seq data analysis and interpretation
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3.6

Differentiation from other funded projects
PI

Funding
Agency

Project Title

Funding
Period

Addiction: Early Recognition and Intervention
BMBF
03/2016-01/2020
Across the Lifespan
The project aims to generate iPSC-derived dopaminergic neurons from patients with alcohol addiction.
There is no overlap with this proposal.
Priller

Repurposing of approved drugs for the treatment
BIH
07/2014-06/2017
of Alzheimer’s disease
The project examines the therapeutic potential of carbamazepine in animal models of AD and patients with
mild cognitive impairment. There is no overlap with this proposal.
Priller

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
PhD, 65%
Total

2017

Grand total
(All figures in euros)

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
40,200
1
40,200
1
40,200
1
40,200
40,200
40,200
40,200
40,200

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total

2018

Sum
36,500
11,700
5,400
53,600

Sum
37,500
11,700
9,400
58,600

Sum
37,500
11,700
9,400
58,600

Sum
37,500
10,000
9,400
56,900

Sum

Sum

Sum

Sum

93,800

98,800

98,800

97,100

none
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Requested funding for staff
Field of
research

Department of
university or
non-university
institution

Project
commitment in
hours/
week

1

Böttcher,
Chotima
Dr. rer. nat.
Postdoc

Neuroimmunology,
Psychiatry

Molecular
Psychiatry,
Charite −
Universitätsmedizin Berlin

10

University

2

Priller, Josef
Prof. Dr. med.

Neurology,
Psychiatry,
Neuroimmunology

Neuropsychiatry,
Charite −
Universitätsmedizin Berlin

5

University

Neuroimmunology

Molecular
Psychiatry,
Charite −
Universitätsmedi
zin Berlin

Sequential
no

Name,
academic
degree,
position

Existing staff

Research staff

Requested staff
Research staff

3

N.N.

Category

3.7.3

Funding
source

PhD
student

Job description of staff (supported through existing funds):
1. Chotima Böttcher, Dr. rer. nat.
Planning and supervision of the work, coordination of collaborative projects. Teaching techniques (e.g.
animal models of disease, CyTOF, flow cytometry, molecular biology and histology/
immunohistochemistry) and supervision of the PhD student. She will also coordinate the experiments
performed together with the clinical team.
2. Josef Priller, Prof. Dr. med.
Planning and supervision of the work, coordination of collaborative efforts within the Collaborative
Research Centre/Transregio. Josef Priller is Director of the Department of Neuropsychiatry and the
Laboratory of Molecular Psychiatry at the Charité. He will be responsible for the ethical approval of the
study and the collection of blood samples in close collaboration with the clinical teams from other
departments.

Job description of staff (requested funds):
3. PhD (N.N.)
The PhD student will be responsible for the adoptive transfer experiments in animal models and the
functional characterization of MDP-derived macrophages (Aim 1 & 2). He/she will be trained in the
required techniques by Chotima Böttcher. Furthermore, he/she will also assist the sample preparation of
CyTOF and RNA-Seq experiments (Aim 3). The position will be for a student with experience in biology
or neuroimmunology.

3.7.4

Requested funding of direct costs

Existing funds from Charité
Sum of requested funds
(All figures in euros)
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2017
10,000
53,600

2018
10,000
58,600

2019
10,000
59,600

2020
10,000
56,900

Project B05
Requested Consumables
FACS, MACS (antibodies, sorting column, buffer,..)
Cell culture (media, growth factors, cytokines,..)
CyTOF (antibodies, buffer, metal-conjugating kit,..)
Histology and immunohistochemistry (antibodies, chemicals,..)
ELISA, Multiplex (antibodies, kits,..)
Molecular biology (purification kits, primer, mouse genotyping,
real-time PCR,..)
RNA-Seq (RNA isolation kit, library preparation kit)
Total per year
(All figures in euros)
Requested Animal Costs
Housing of 800 SOD1 mice x 0.7 € / week x 36 weeks=
20,160 EUR=20,000/4 =5,000 EUR
Housing of 800 5xFAD mice x 0.7 € / week x 36 weeks
20,160 EUR=20,000/4 =5,000 EUR
Purchasing costs for 150 C57/BL6 mice (EAE), including
transport expenses (22.28 €/mouse)
Per year 5,142/3 =
Total per year
(All figures in euros)
Requested Other Costs
CyTOF Measurement (no of samples: 0/40/40/40)
FACS Sorting (no of samples: 60/60/60/60)
FACS Analysis (CantoII & LSRII, (no of samples: 40/40/40/40)
Total per year

2017
4,000
2,500
0
4,000
3,000

2018
4,000
2,500
6,000
4,000
3,000

2019
4,000
2,500
6,000
4,000
3,000

2020
4,000
2,500
6,000
4,000
3,000

3,000

3,000

3,000

3,000

20,000
36,500

15,000
37,500

15,000
37,500

15,000
37,500

2017

2018

2019

2020

5,000

5,000

5,000

5,000

5,000

5,000

5,000

5,000

1,700

1,700

1,700

0

11,700

11,700

11,700

10,000

2017
0
4,800
600
5,400

2018
4,000
4,800

2019
4,000
4,800

2020
4,000
4,800

600
9,400

600
9,400

600
9,400

(All figures in euros)

3.7.5

Requested funding for major research instrumentation

none
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3.1

General information about Project B06

3.1.1

Project Title: The role of myeloid cells during GvHD of the CNS

3.1.2

Research areas: Hematology, Hematopoietic stem cell transplantation

3.1.3

Principal investigator

Zeiser, Robert, Prof. Dr.
*19.12.1975, German
Department of Hematology and Oncology
University Medical Center Freiburg
Hugstetter Str. 55
79106 Freiburg
Phone: +49-761-270-36150
E-Mail: robert.zeiser@uniklinik-freiburg.de
Do the above mentioned persons hold fixed-term positions? Yes
End date 30.04.2019. Further employment is planned until 31.12.2020.

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

yes
yes
no
N/A
yes
no
no
N/A
no

Summary

Recent evidence has challenged the concept that acute graft-versus-host disease (GvHD) is confined to
classical target organs such as liver, skin and intestines by revealing central nervous system (CNS) injury
caused by donor-derived alloreactive T cells, in turn resulting in CNS GvHD. Alloreactive T cells need to be
activated to cause disease, and our preliminary data indicate that this could be due to myeloid cells residing
in the CNS, which we have found to be increased in humans and mice suffering from GvHD. Therefore, we
plan to clarify the role of myeloid cell populations during CNS GvHD. We plan to answer the following
questions: 1. Are myeloid cells functionally involved in CNS GvHD and where do they originate from during
GvHD (previously residing in tissue or recruited)? 2. What is the role of TGF-β activated kinase-1 (TAK1) in
myeloid cells of the CNS during GvHD? 3. Which myeloid cells in the CNS cells are pro- and which are antiinflammatory in CNS GvHD (myeloid suppressor cells vs. DCs)? 4. Can CNS GvHD related behavioral
changes in the animals be reversed by adoptive transfer of anti-inflammatory myeloid cell populations? 5.
Which myeloid cell populations are found in the CNS of patients who died because of GvHD? With these
studies we will clarify the role of different myeloid cells in the pathogenesis of CNS GvHD. A better
understanding of the function of myeloid cells in the CNS could help with early intervention in patients with
CNS GvHD.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Acute graft-versus-host disease (GVHD) is a life-threatening complication after allogeneic hematopoietic cell
transplantation (allo-HCT). About 50% of the patients with severe acute GvHD fail to respond to primary
therapy, resulting in a dismal prognosis with a 1-year survival rate of less than 10% [1]. The disease was
classically considered to involve only the skin, the intestinal tract and the liver, which was defined as the
"tissue tropism of acute GvHD". However, there is increasing evidence that the effects of acute GvHD are
not limited to only the three classical target organs, but can also occur in others such as the lungs or the
central nervous system (CNS) [2]. More recent studies were able to extend these early reports by showing
CNS infiltration by effector memory phenotype T cells during GvHD [3]. The transfer of allogeneic T cells was
connected to apoptosis in neurons and neuroglia and reduced exploratory activity, spatial learning and
memory in the recipient mice [3]. Evidence for CNS GvHD was not restricted solely to the murine model as
+
other investigators reported that CNS infiltration by CD8 T-cells was a key feature of GvHD in non-human
primates [4]. Conversely, treatment of the primates with immunoprophylaxis after allo-HCT reduced the
abundance of T-cell infiltration into the brain [4].
Consistent with findings in preclinical models, human brain analysis of female sex-mismatched bone marrow
+
transplant recipients have identified donor (Y-chromosome ) derived cell infiltrates [5]. There is also
increasing clinical evidence for CNS GvHD [6] manifesting as polymyositis and myasthenia gravis [7]. At the
histological level several reports have described perivascular and intraparenchymal lymphocytic and
histiocytic inflammation in the brain of patients with GvHD [6, 8].
While the role of T cells in CNS GvHD has been elegantly assessed in mice [3] and non-human primates [4],
it is unclear whether or not myeloid immune cells also play a role. We have challenged the dogma that GvHD
is a purely T cell mediated disease by showing that neutrophil granulocytes releasing tissue damaging
factors in the intestinal tract [#3] contribute to disease development. This neutrophil activation is dependent
on bacterial translocation through a damaged intestinal barrier [#3], which is not found in CNS GvHD.
However, myeloid immune cells can also be activated by non-infectious triggers during GvHD such as
damage associated molecular patterns (DAMPS), including adenosine triphosphate (ATP) [#10] and uric
acid [#6]. We recently reported a central role for the ATP/P2X7 axis during the initiation phase of GvHD
[#10]. ATP was found to be released in damaged CNS tissue under stress and ischemia conditions [9].
Consistent with a role for ATP in microglia chemotaxis and activation, the microglia showed a delayed
-/response to CNS laser injury in P2Y12 compared to WT mice [10]. In addition, ATP has been found to
mediate a rapid microglial response to local brain injury in vivo [11] and in vitro extracellular ATP induced
chemotaxis of cultured microglia through P2Y receptors [12].
The role of microglia or other myeloid cells in CNS GvHD is currently unclear. Microglia could play a
protective role comparable to myeloid suppressor cells but may also enhance local inflammation via dendritic
cell (DC) activation. In experimental allergic encephalomyelitis (EAE) myeloid DC recruitment to the brain
+
was correlated with disease severity [13], while the presence of CD11c DCs was shown to be crucial for
antigen presentation to autoreactive T cells in order to mediate CNS inflammation [14]. We observed
+
+
increased frequencies of CD11b CD45 myeloid immune cells in the CNS of mice that had developed GvHD
after allo-HCT compared to untreated mice or mice which had undergone syngeneic HCT (Figure 1A, B).
+
high
These brain infiltrating cells were CD11b CD45 , suggesting that they are either myeloid non-microglial
cells that have infiltrated the CNS due to tissue injury signals, or that they are microglia which have
upregulated CD45 upon activation. We then characterized the myeloid cell types and found increased levels
+
low
of MHC class II and TNF-α in CD11b CD45 cells in the CNS of mice that developed GvHD (allo-HCT)
compared to mice after syngeneic HCT (Figure 1C, D). Consistent with the microglia activation hypothesis,
we found increased numbers of activated Iba-1 cells in the brain of mice that developed GvHD (allo-HCT)
compared to mice after syngeneic HCT (Figure 1E). However, there is also evidence for the recruitment of
graft-derived immune cells to the brain after syngeneic HCT, as previous studies in a mouse model for
+
amyotrophic lateral sclerosis showed eGFP donor derived cells in the anterior horn of the spinal cord of the
+
+
recipients [15]. In contrast to the CD11b CD45 myeloid immune cells, we found no difference for
neutrophils, dendritic cells or monocytes (data not shown).
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Figure 1: Increased frequencies, MHC class II expression and TNF-α of CD45+CD11b+ cells in the CNS after
allo-HCT
A: The brain was isolated from untreated mice or mice that had undergone either syngeneic HCT or allogeneic HCT.
high
+
Representative flow-cytometry results from each group. Percentages represent the frequency of CD45 CD11b
cells. B: Pooled data from 3 independent experiments are shown, each data point represents an individual mouse.
low
+
C: MHC-II expression was determined by flow-cytometry on CD45 CD11b cells. D: TNF-α expression was
low
+
determined by flow-cytometry in CD45 CD11b cells. E: Immuno-histochemical staining of the CNS of mice having
+
undergone syngeneic or allogeneic BMT for Iba-1 (brown). Activated Iba-1 cells are visible in the CNS after alloHCT. Unpublished data.

While these findings were all made in the mouse model of GvHD, it was important to test if there was
evidence for a role for myeloid cells in neuroinflammation in the brains of patients with acute GvHD.
+
Therefore, we determined the frequency of CD11b myeloid immune cells in the brains of patients that had
undergone autopsy after allo-HCT in the period from 2009-2013. As a control, 9 patients were chosen that
had undergone brain autopsy without any history of malignant hematological disease, cerebral hemorrhage,
ischemia, infection, neurodegenerative disorders, leukencephalopathy, sepsis or invasive mycosis. We
+
observed increased numbers of CD11b myeloid cells in the CNS of patients that had undergone allo-HCT
and developed GvHD, compared to patients having undergone allo-HCT without developing GvHD, as
+
shown in two representative patients (Figure 2A). The CD11b cells displayed microglia morphology (Figure
2A) and were significantly increased in number in the cortex and medulla of the frontal lobe of patients
undergoing allo-HCT and developing GvHD compared to patients which had not (Figure 2B).
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+

Figure 2: Increased frequencies of CD11b cells are found in the brains of patients with severe acute GvHD. A:
Immunohistochemical staining for CD11b in the brains of patients (brown). A representative image is shown for patients
+
that have undergone allogeneic HCT with or without subsequent acute GvHD. Arrows: CD11b cells with an arborization
+
pattern that is characteristic of microglia. B: Comparison of the frequencies of CD11b cells in the brains of patients
indicates a significantly higher frequency in patients having undergone allogeneic HCT and developing acute GvHD
compared to the other groups. Each data point represents an individual patient. Unpublished data.

TAK1 in neuroinflammation after allo-HCT
It was previously shown that upon stimulation transforming growth factor (TGF)-β-activated kinase 1 (TAK1)
and its adaptors, TAB2, TAB3 and NEMO, are recruited to the polyubiquitinated receptor (TNFSF)interacting serine-threonine kinase 1 (RIPK1), in turn allowing TAK1 to phosphorylate and activate the
catalytic inhibitor of κB kinase (IKK) subunits [16]. The following IKK activation induces the transcription of
multiple cytokines and chemokines. In this context TAK1 was shown to be a central mediator in proinflammatory cytokine signaling, including TRAF6/TNF-α [17] and interleukin-1 (IL-1) [18]. We were recently
able to show that both the TRAF6/TNF-α axis [#5] and the Nlrp3/IL-1β axis [#6] play a role in GvHD. These
findings support the concept that TAK1 is involved in CNS GvHD. Consistent with a role for TAK1 for CNS
+
fl/fl
GvHD, we observed reduced frequencies of CD3 T cells in the CNS of Cx3cr1-CreER:Tak1 mice
fl/fl
compared to Tak1 mice (Figure 3A). T-cell infiltration was previously shown to correlate with the severity
+
of CNS GvHD [3]. Conversely, we observed no impact from the lack of TAK1 in Cx3Cr1 cells on the GvHD
fl/fl
fl/fl
related death rate as the survival of Cx3cr1-CreER: Tak1 mice did not differ compared to Tak1 mice
+
(Figure 3B). These findings indicate that a loss of TAK1 in Cx3Cr1 cells reduces CNS inflammation related
to GvHD, while inflammatory processes in the periphery are still intact and lead to the clinical picture of
peripheral GvHD. Therefore, this system is well suited to specifically analyze the effects of TAK1 on CNS
GvHD.
+

Figure 3: A: The number of CD3 T
cells per high power field (HPF) was
determined. Each data point represents
the mean of an individual mouse. T cell
numbers were reduced in Cx3cr1fl/fl
mice compared to
CreER:Tak1
Tak1fl/fl mice. B: Survival of Cx3cr1fl/fl
CreER: Tak1 mice is not different than
fl/fl
that of Tak1 mice. Unpublished data.

Consistent with our finding that TAK1 plays a role in CNS GvHD, it was also shown to be a central mediator
during EAE, a disease which shares pathomechanistic features with CNS GvHD [19].
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3.4

Project plan

3.4.1

Work Program and Methods

The overall goal of the project is to test the two hypotheses that (i) MHC class II+ myeloid cells located in the
CNS prime donor-derived T cells which then cause CNS GvHD and (ii) that the development of CNS GvHD
is functionally linked to TGF-β activated kinase-1 (TAK1) / NF-κB activity in myeloid cells. In particular, we
aim to answer the following questions: 1. How do myeloid cells that infiltrate the CNS during GvHD promote
CNS GvHD and what is their origin? 2. What is the role of TAK1 for microglia during CNS GvHD? 3. Which
microglial subtypes are pro- and which are anti-inflammatory in CNS GvHD, based on surface markers and
transcriptional profiling? 4. Can CNS GvHD sickness related behavioral changes in the animals be reversed
by adoptive transfer of tolerogenic myeloid cell populations? 5. Which myeloid cell populations are found in
the CNS of patients that died of GvHD?
Aim 1: Clarify the contribution and origin of CNS residing myeloid cells during CNS GVHD
+
+
+
Our preliminary data indicate an increased number of MHC class II CD11b CD45 myeloid cells in the CNS
of mice developing GvHD. In order to understand if these myeloid cells located in the CNS directly prime
donor derived T cells we will use an MHC class II dependent GvHD model (BALB/b into C57BL/6) [20]. In
fl/fl
/ CX3CR1-Cre mice which lack MHC class II in CX3CR1+
this model, the recipients will be MHC class II
+
cells [21]. This model is CD4 dependent [20] and the transferred donor-derived (BALB/b) CD4 T cells will
recognize foreign MHC class II. CX3CR1 is highly expressed on microglia [22] and the recipients will have a
+
conditional ablation of MHC-II in CX3CR1 cells, leading to the absence of MHC class II in the microglia cells.
Under these experimental conditions microglia cells cannot participate in T-cell priming, while peripheral
CX3CR1 APCs can still prime alloreactive T cells with a TCR recognizing foreign MHC class II. If the
+
development of CNS GvHD is dependent on T-cell priming by CX3CR1 microglia cells then the severity of
fl/fl
CNS GvHD but not systemic GvHD should be reduced in MHC class II / CX3CR1-Cre recipients.
Therefore, we will evaluate CNS GvHD severity by histological scoring and memory learning tests in MHC
fl/fl
class II / CX3CR1-Cre recipients compared to littermate controls. At the same time, GvHD in the periphery
will be investigated by intestinal, liver and skin histology, measurement of pro-inflammatory GvHD related
cytokines (MCP-1, TNF-α and IL-12) in the serum, as well as in survival studies as previously reported by
our group [#1- #3].
+
To characterize the impact of the loss of MHC class II in CX3CR1 cells, we will analyze lineage commitment
in the donor T cells, as well as the phosphorylation of STAT1, STAT3, STAT5, ERK, RORγt, RORα, GATA3
and T-bet in T cells isolated from the CNS or peripheral lymphoid organs (spleen, mesenteric lymph nodes,
fl/fl
cervical lymph nodes) of MHC class II / CX3CR1-Cre mice compared to WT mice after allo-HCT. This will
help us to understand if MHC class II promotes CNS GvHD via impacting T-cell lineage commitment in the
CNS.
Another not mutually exclusive possibility, is that besides T cell priming, microglia cells promote CNS GvHD
via the production of pro-inflammatory cytokines. Consistent with this hypothesis we have observed
+
low
+
+
increased levels of TNF-α in CD11b CD45 cells (Figure 1C) and in CD11b CX3CR1 cells (unpublished
data AG Zeiser) in the CNS when mice develop GvHD, compared to mice which have undergone irradiation
and syngeneic HCT. To functionally assess whether the cytokine TNF-α participates in CNS GvHD, we will
fl/fl
tm1.1Sned
) [23]. In the resulting CX3CR1-Cre TNFfl/fl recipients,
cross CX3CR1-Cre mice with TNF mice (Tnf
the severity of CNS GvHD will be quantified by spatial memory and learning tests, flow cytometry and
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immunohistochemistry for CD3+ T cells, apoptosis of neurons and CNS-histopathology scoring of GvHD
severity according to a published system [3].
To directly investigate the priming capacity of CNS derived myeloid cell populations, we will sort
+
high
and CD11b+CD45low cells from both mice with GvHD as well as from syngeneic HCT
CD11b CD45
recipient mice. These cells will then be used as stimulators for allogeneic T cells and examined with respect
to their ability to induce T-cell proliferation in vitro. The in vitro activation culture system will be performed as
d
previously described by us [#9], using CFSE-labelled T cells (H2-K ) that are on a different genetic
b
background than that of the stimulator cells (H2-K ). In addition, the ability of the different CNS derived
+
high
or CD11b+CD45low cells to induce the production of Th1, Th2 and Th17 cytokines by
CD11b CD45
allogeneic T cells will be investigated on days 1, 12 and 21 because we found these to be increased during
GvHD. These studies aim to decipher the functional contribution of microglia and other myeloid cells to CNS
GvHD.
Next, we will analyze the origin of myeloid cells that are found in the CNS during GvHD. To determine if the
increased frequencies of myeloid cells in the CNS during GvHD we have seen (section 3.3.1) are tissue
residing cells which have expanded or cells recruited de novo through the blood-brain barrier (BBB), we will
+
+
generate chimeric mice with gfp luc bone-marrow-derived progenitors and study if these are increased in
frequency in allogeneic versus syngeneic hosts. By transferring luciferase/gfp-transgenic BM cells into
irradiated mice, we will study migration of these cells into the CNS using whole body bioluminescence
imaging (BLI) in vivo. BLI studies will be performed on days 2, 4, 6, 8, 10 and then 2x per week after HCT to
visualize localization of luciferase transgenic BM-derived cells based on our previous experience [24]. Mice
will be imaged using a charge-coupled device imaging system (IVIS Lumina, Calipers Life Sciences,
Germany) for 5 minutes. Imaging data will be analyzed with Igor Pro Carbon Software. In addition to BLI, we
+
+
will analyze the CNS at multiple time points after HCT by fluorescence microscopy for gfp CD11b cells and
+
+
+
via flow cytometry for donor derived gfp CD11b CD45 myeloid cells.
As a control experiment we plan to use clodronate liposomes that deplete myeloid cells in the periphery [25].
This selectivity is achieved because clodronate liposomes do not cross the BBB, restricting their effects to
the periphery [25]. To avoid disruption of the BBB the head of the mouse will shielded during irradiation. If
the number of microglia in the brain is significantly reduced in mice with CNS GvHD treated with clodronate
+
high
cells we saw in
liposomes, this would support the concept that the increased numbers of CD11b CD45
the brain during CNS GvHD (section 3.3.1) are derived from peripheral monocytes. If we still observe an
increase despite treatment with clodronate liposomes, it is more likely that tissue residing myeloid cells
expand during CNS GvHD.
To understand which receptors are involved in the migration of myeloid immune cells into the CNS, we will
+
high
and
determine PSGL-1 and α4 integrin expression on different CNS residing CD11b CD45
+
low
CD11b CD45 cells. These molecules were chosen because they are essential for adhesion of myeloid
cells to brain vessels. Additional adhesion molecules may be detected via the studies proposed in aim 3 by
transcriptional profiling and analysis of surface markers on myeloid cells in the CNS. Since irradiation prior to
allo-HCT could play a role for the recruitment of myeloid immune cells into the CNS, we will compare cellular
-/-/infiltrates from the CNS of irradiated WT mice compared to those from non-conditioned RAG2 Cγ mice
which can be transplanted without irradiation. Because most patients receive chemotherapy rather than
irradiation prior to allo-HCT, we will also condition mice with busulphan/cyclophosphamid or
fludarabin/cyclophosphamide as we have previously described [#3], and then study CNS GvHD severity and
myeloid cell number and phenotype.
Aim 2: Delineate the role of TGF-β activated kinase-1 (TAK1) for different subtypes of microglia
during GvHD
Proinflammatory cytokines and chemokines contribute to GvHD by amplifying the ongoing immune
response. This occurs through the promotion of dendritic cell maturation, prolongation of T cell survival, and
enhancement of chemotaxis and neutrophil activation. Microglia can produce multiple proinflammatory
cytokines that were shown to also play central roles in GvHD, including TNF-α, IL-1β and IFN-γ, as well as
chemokines such as CCL5, CXCL9 and CXCL10. Many of these factors are target genes of nuclear factorκB (NF-κB) and its upstream kinases. One of the NF-κB–modulating molecules that was already shown to be
fl/fl
central for the full picture of EAE is TAK1 [19]. Based on our finding that Cx3cr1 ERT2-Cre TAK1 mice had
lower levels of donor T cell infiltration into the CNS (section 3.3.1), we will next determine if this correlates
with histopathological changes of the CNS and the expression of cytokines and chemokines that are targets
of NF-κB, including TNF-α, IL-1β and others. To then further evaluate whether microglia-restricted TAK1
ablation affects activation of the subsequent pathways in vivo, we will quantify acetylated NF-κBp65 and the
phosphorylated forms of ERK1/2, p38MAPKK and JNK by immunohistochemistry (IHC). IHC stainings for the
NF-κB pathway activity markers will be done in combination with stainings for isolectin B4 as a marker for
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microglia. This assessment will allow us to verify or disprove our hypothesis that the NF-κB pathway is less
active in microglia from Cx3cr1 ERT2-Cre Tak1fl/fl mice. To delineate the effects of TAK1 in microglia from
the specific contribution of neuroectodermally derived cells, including astrocytes, oligodendrocytes and
fl/fl
fl/fl
neurons, we will use Nes-Cre Tak1 mice and compare these to Cx3cr1 ERT2-Cre Tak1 mice. In the EAE
model the lack of TAK1 in neuroectodermally derived cells led to reduced disease severity, however
fl/fl
protection from the disease was significantly less prominent compared to the Cx3cr1 ERT2-Cre Tak1 mice
[19]. We will then measure CD80/CD86 and MHC class II expression on microglia cells in untreated,
fl/fl
syngeneic HCT or allogeneic HCT recipients. The recipients will be either Cx3cr1 ERT2-Cre Tak1 mice
with TAK1 deficient microglia [19], or littermates with intact TAK1. If the expression of MHC-II and
costimulatory molecules is dependent on TAK1 and related inflammatory cytokines, we expect lower levels
of these molecules. This could result in secondary lower T cell expansion in the CNS which will be measured
by flow cytometry of CFSE labelled donor T cells in the CNS on days 2 and 7 for early T cell expansion, and
by BrdU incorporation on day 21, a time point when CNS infiltration by donor derived T cells during GvHD
fl/fl
has been documented [3]. If priming capacity is reduced in Cx3cr1 ERT2-Cre Tak1 mice, we expect a
reduction in T cell expansion and cytokine production (e.g. TNF-α) in the CNS. As control cytokines IL-4 and
fl/fl
IL-10 will be measured. To assess cognitive function of the Cx3cr1 ERT2-Cre Tak1 or littermate recipient
mice, we will analyze behavioral changes after allo-HCT in collaboration with Erny/Blank (project A07).
Specifically, we will study neuromuscular function and muscle strength by the grip test, where time to release
from an inverted grid will be recorded. Together with Erny/Blank [A07] motor coordination will be assessed in
an accelerated Rotorod. The exploratory activity and anxiety of mice will be determined in an open field test.
The learning and memory of wt versus Cx3cr1 ERT2-Cre Tak1fl/fl mice will be assessed in the Morris water
maze test as previously described [26]. Based on their documented experience Erny/Blank [A07]will help
with these experiments.
Aim 3: Characterization of microglia by transcriptional profiling, surface markers and 2P microscopybased analysis of microglial process movements during GvHD
We hypothesize that microglia will be activated during the process of CNS GvHD, either directly via the
incoming donor T cells or indirectly via pro-inflammatory cytokines. To characterize the changes of microglia
gene expression, the CNS of mice developing GvHD will be analyzed on days 4, 7, 14 and 21 after allo-HCT.
+
+
To detected transcriptional changes in microglia during CNS GvHD, Iba-1 CX3CR1 cells will be isolated
from the brain of mice following syngeneic or allogeneic HCT and used for comparative microarray analysis.
+
+
Our preliminary results have shown that 200.000 Iba-1 CX3CR1 cells can be isolated from the CNS of a
mouse which has developed GvHD. This amount will be sufficient to isolate the 250 ng RNA required for the
microarry analysis. Microarrys will be performed on 5 replicates per group and RNA quality will be assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies). RNA samples with an RNA integrity number (RIN)
greater than 7.5 will be further processed with the Ambion WT Expression kit (Ambion). The resulting cDNA
will be fragmented and then labeled using the Affymetrix Terminal Labeling kit. Labeled fragments will be
hybridized to Affymetrix WT Mouse Gene 2.0 ST arrays. After washing and staining, the arrays will be
scanned with the Affymetrix GeneChip Scanner 3000 7G. Briefly, the microarray experiments will be
performed as previously reported by us [#1- #3, #5]. Analysis of the microarray data will be done in
collaboration with the Backofen group [Z01]. The resulting candidate molecules identified at the RNA level
will then be verified by flow cytometry and immunohistochemistry performed on the CNS of mice undergoing
syngeneic HCT or allogeneic HCT. For flow cytometry the cells will be costained for CD11b, CD45 and
CX3CR1. For immunohistochemical studies the costaining will be isolectin B4 or Iba-1 as markers for
microglia, which have been shown to work in combination with the phosphorylated forms of ERK1/2,
p38MAPKK and JNK [19]. To exclude that there are model specific differences, the flow cytometry-based
analyses of candidate molecules differentially expressed upon induction of GvHD will be performed in two
different MHC class I and II major mismatch models (BALB/c into C57BL/6 and FVB/N into BALB/c).
Previous work by others using time-lapse 2P imaging of GFP-labeled microglia has shown that the fine
termini of microglial processes rapidly converge on the site where a release of DAMP extracellular ATP has
occurred, possibly in an attempt to establish a potential barrier between the healthy and injured tissue [11].
Because we have recently shown the importance of ATP release during GvHD [#10], we hypothesize that
ATP release in the CNS of mice developing GvHD could contribute to CNS damage. Therefore, we will study
if the directed migration and phenotypic changes of microglia found by 2P microscopy during exogenous
ATP release are also observed in mice that develop CNS-GvHD. We have already used mice containing
GFP under the control of the CX3CR1 promoter to characterize baseline microglial process dynamics in the
intact mouse cortex in collaboration with the Meyer-Luehmann group [B08]. To investigate the effect of CNS
GvHD, the recipient mice will be anesthetized and prepared for imaging by thinning the skull to 50 µm
thickness to create an imaging window over the somatosensory cortex where we have seen the most
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abundant infiltration of CD11b cells in humans with GvHD (section 3.3.1). Time-lapse 2P microscopy will be
used to analyze microglial motility under GvHD conditions.
Aim 4: Therapeutic potential of the adoptive transfer of tolerogenic myeloid cell populations on CNS
GvHD
The frequent description of clinical cases of CNS GvHD [6] [7] indicates the medical need to develop a
potential therapeutic strategy against CNS GvHD. To evaluate whether the sickness related behavioral
changes are reversible we plan to transfer two different myeloid cell populations with known tolerogenic
potential: myeloid derived suppressor cells (MDSC) or mesenchymal stroma cells (MSCs). MDSC are
+
+
+
characterized by the expression of Gr-1 CD115 CD49d and MSCs by CD73 and CD90, while being
negative for other markers including CD31, CD34, CD11b, and HLA-DR. These cells will be isolated from the
bone marrow of mice on a donor background. Prior to transfer their suppressive activity will be assessed in a
mixed lymphocyte reaction in vitro, as well as by their ability to produce TGF-β. After establishing the in vitro
suppressive activity of MSCs and MDSCs, we will adoptively transfer pro- or anti-inflammatory myeloid cell
populations and study the donor T-cell phenotype and CNS GvHD severity. These studies will help to
determine if transfer of MDSC or MSC is more potent at reducing GvHD of the CNS. Based on our recent
-/observation that Asc deficiency increases the potency of MDSC in GVHD [27] we will also transfer Asc
MDSC and study their impact on CNS GvHD. As part of this aim we will support the group Böttcher [B05] by
providing help with a xenotransplantation model with human hematopoietic progenitor transfer in 5xFAD,
SOD1G93A and EAE mice and evaluate xenogeneic GvHD by histology.
Aim 5: Characterization of myeloid cell populations in the CNS of patients which have died of GvHD
To assess if the findings on CNS GvHD in the mouse model can be applied to patients undergoing allo-HCT,
we will study the CNS histology of patients who have died of GvHD and compare these to patients who have
died in the absence of inflammatory conditions. We have already analyzed the CNS of 22 patients for the
frequency of CD11b cells (section 3.1.1). Since 100 patients per year undergo allo-HCT in the clinical
transplant program in Freiburg and around 40-50% develop acute GvHD, we will achieve the planned
number of 40 total patients analyzed during the 4 year funding period. We will perform laser microdissection
+
of individual human CD11b cells in the CNS as previously described by us for ovarian cancer samples [28].
By this technique we will isolate CD11b positive cells from the CNS of patients with or without GvHD and
perform transcriptional profiling in collaboration with the Amit group [A03] and the Backofen group [Z01]. The
resulting candidate genes that are found to be differentially regulated in CD11b cells derived from the brain
of patients with GvHD compared to those without GvHD will be verified by qPCR and by
immunohistochemistry at the protein level. These studies will help in understanding if the transcriptional
changes in microglia of mice developing GvHD are also found in patients developing CNS GvHD.

3.4.2

Work Plan
2017
Aims

1. Contribution and origin of
myeloid cells in CNS GvHD
2. Role of TAK1 in CNS
GvHD
3. Characterization of
myeloid cells in CNS GvHD
4. Adoptive cell transfer to
counteract CNS GvHD
5. Human CNS GvHD
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2018

2019
1+2

3

2020
3

4

5
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3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

Research interactions

A01

Prinz

A03

Amit

A07

Blank/Erny

B05

Böttcher

B08

MeyerLuehmann

Comparison of the gene expression of myeloid cells in CNS during GvHD with
existing data from EAE mice.
Together with the B01 we will characterize the GvHD phenotype and NFκB
fl/fl
pathway activity in Cx3cr1 ERT2-Cre Tak1 mice compared to Nes-Cre
fl/fl
Tak1 mice and WT mice.
Xenotransplantation model with human hematopoietic progenitor transfer in
5xFAD, SOD1G93A and EAE mice, evaluate xeno GvHD.
Perform 2P microscopy-based analysis of microglial process movements
during GvHD.

ID

PI

Methodological interactions

Assess myeloid cell expansion versus recruitment during CNS GvHD

fl/fl

A01

Prinz

B07

Priller

Z01

Backofen

3.6

Assess the cognitive function of the Cx3cr1 ERT2-Cre Tak1 or littermate
recipients after allo-HCT via neuromuscular function and muscle strength by
grip test and others. Histopathology of the brain.
The Priller group will help with MSC generation based on their experience
with this cell population.
We will receive support by the Backofen group with evaluation of gene
expression analysis performed on microglia cells.

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

The role of biglycan in cancer invasion and
metastasis

DFG (SFB850 C6)

1.1.2014 - 31.12.2017

In my project within the SFB 850 (Z2, C06) Bioluminescence imaging is provided to other investigators
and the role of role of biglycan in cancer invasion and metastasis are investigated
Enhancing IL-2 signaling while suppressing
DFG (SFB1160,
pathogenic Syk activity to reduce GvHD
1.7.2015 - 30.6.2019
P14)
immunopathology
In my project within the SFB 1160 (P14) the role of role of Syk in immune cells in the context of GvHD is
investigated.
Function of IL-33 and its receptor ST2 in the
intestinal immune system during GvHD ZE872/1-2.

DFG

1.2.2014 - 31.1.2017

In project ZE872/1-2 the function of IL-33 and its receptor ST2 in the intestinal immune system is
characterized during GvHD
1.10.2013 - 30.9.2016
can be prolonged until
30.9.2018
The Heisenberg-Professorship is funding my position and no funding for a specific project is given. This
funding allows me to focus on research and to have protected time from clinical duties
Heisenberg-Professorship

DFG

Deutsche
Krebshilfe
In this project the impact of neutrohils on intestinal GvHD is evaluated.
The role of neutrophils for intestinal GvHD

Understanding the dynamics of the immune
ERC (EU)
system to cure graft-versus-host disease
The role of different microRNAs and kinases is analyzed during GvHD.

1.5.2016 - 30.4.2019

1.4.2016 - 30.3.2021

There is no thematic overlap of any of these projects with the work proposed here.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
PhD, 65%
Total

Major research
instrumentation
Total
Grand total
(All figures in euros)

2020

Sum
25,000
5,000
30,000

Sum
25,000
5,000
30,000

Sum
25,000
5,000
30,000

Sum
25,000
5,000
30,000

Sum

Sum

Sum

Sum

110,300

110,300

110,300

110,300

none

Requested funding for staff
Sequential
no

Existing staff

Research staff

1

Non-research
staff

2

Requested staff

Name,
academic
degree,
position

Field of
research

Department of
university or
non-university
institution

Robert Zeiser
MD,
Heisenberg
Professor,
Research
group leader

Allogeneic
stem cell
Dept of
transplanHematology and
tation,
Oncology
GvHD, tumor
immunology
Dept of
Heide Dierbach
Hematology and
(technician)
Oncology

3

N.N.
(PhD student)

CNS GvHD

4

N.N.
(PhD student)

CNS GvHD

Research staff
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2019

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
2
80,300
2
80,300
2
80,300
2
80,300
80,300
80,300
80,300
80,300

Direct costs
Consumables
Animal Costs
Total

3.7.3

2018

Dept of
Hematology and
Oncology
Dept of
Hematology and
Oncology

Project
Commitment in
hours/
week

Catego-ry

3.7.2

Funding
source:

8

University

8

University

PhD
student
PhD
student

Project B06
Job description of staff (supported through existing funds):
1.
Robert Zeiser is the principal investigator (PI) of this project. He is responsible for coordination,
teaching techniques of murine allo-HCT, experiment planning, supervision of technical staff, PhD
students and writing manuscripts. He will spend 30% of his working time on this project. The protected
time from the clinical work is made possible based through a Heisenberg Professorship.
2.

Heide Dierbach (supported through Grundausstattung der Universität)
Ms Dierbach will help the PhD students with the immunohistochemical stainings, PCR and isolation of
RNA. She will also perform genotyping of the transgenic mice.

Job description of staff (requested funds):
3.
PhD 1 (N.N.)
This PhD student will perform the functional experiments on the role of myeloid cells in GvHD. He/She
will use MHC class II fl/fl / CX3CR1-Cre mice to decipher the impact of MHC class II deficiency in
microglia on CNS GvHD. In addition, the imaging- and flow cytometry based analysis of the origin of
myeloid cells residing in the CNS will be performed by this student. In vitro experiments on the ability
of microglia cells to stimulate allogeneic T cells will be the task of this student. Because the role of
TAK1 in CNS GvHD is closely related to this first part of the work, this PhD student will also
characterize CNS GvHD severity in Cx3cr1 ERT2-Cre Tak1fl/fl mice and Nes-Cre Tak1fl/fl mice.
He/She will perform survival studies, IHC, flow cytometry, cognitive function and motoric function tests
and bioluminescence imaging. For the genotyping of the transgenic mice the student will have the
support of my technician H. Dierbach. Specific aims 1 and 2.
4.

3.7.4

PhD 2 (N.N.)
This PhD student will characterize the myeloid cells in the CNS during GvHD at the transcriptional and
protein level. Additionally, 2P microscopy-based analysis of microglial process movements during
GvHD will be monitored by this student to determine functional alteration of microglia during CNS
GvHD. Because it is closely related to the characterization of murine CNS GvHD, this student will also
characterize the transcriptional profile of myeloid cells isolated by laser microdissection from the CNS
of patients undergoing autopsy after death from GvHD. This student will also perform adoptive transfer
experiments with tolerogenic myeloid cells to counteract CNS GvHD. Specific aims 3-5.

Requested funding of direct costs

Existing funds from the Department
of Hematology and Oncology,
University of Freiburg.
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

30,000

30,000

30,000

30,000

30,000

30,000

30,000

30,000

Requested Consumables
Antibodies for Ly6G, Ly6C, Cx3CR1, F4/80, CD4, CD8, CD3,
H2b, H2kd, CD11b, CD11c, CD115, CD49d, CD73, CD90,
isotype control Abs
Luciferin for BLI imaging of myeloid cells migrating to the CNS
Magnetic beads for CD3 enrichment
Affymetrix WT Mouse Gene 2.0 ST arrays
Clodronate liposomes for depletion of myeloid cells in the
periphery
PCR reagents, agarose and oligonucleotides for mouse
genotyping
IHC antibodies: CD11b, isolectin B4, Iba-1
Western blot reagents (ECL kit, buffers, SDS electrophoresis)
and Abs: pERK1/2 and total ERK, phospho/ total p38MAPKK,
phospho/total JNK
anti-human Abs (CD3, CD11b, CD11c, CD14)
Cell culture material, media
Total per year
(All figures in euros)

2017

2018

2019

2020

5,000

5,000

5,000

5,000

1,000
3,000
3,000

1,000
3,000
3,000

1,000
3,000
3,000

1,000
3,000
3,000

1,000

1,000

1,000

1,000

2,000

2,000

2,000

2,000

2,000

2,000

2,000

2,000

4,000

4,000

4,000

4,000

3,000
1,000
25,000

3,000
1,000
25,000

3,000
1,000
25,000

3,000
1,000
25,000
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Requested Animal Costs
Calculation
450 C57BL/6 mice, 150 BLAB/c mice:
600 mice x 50 weeks x 0.7 EUR = 21.000.
Per year 21,000/4 = 5.250, 5.000 per year
Purchasing of WT mice as controls
This will be covered by the institutional funds of the applicant
Total per year
(All figures in euros)

3.7.5

2017

2018

2019

2020

5,000

5,000

50,00

5,000

5,000

5,000

5,000

5,000

Requested funding for major research instrumentation

None. All equipment required for the planned experiment is already available in the laboratory of Robert
Zeiser.
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3.1

General information about Project B07

3.1.1

Project Title: Role of myeloid cell dysfunction in Huntington’s disease

3.1.2

Research areas: Neurology, Psychiatry, Neuroimmunology

3.1.3

Principal investigator

Priller, Josef, Prof. Dr. med.
* 26.09.1970, German
Department of Neuropsychiatry
Charité – Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin, Germany
Phone: +49 30 450 517209
Fax: +49 30 450 517962
E-mail: josef.priller@charite.de
Does the above mentioned person hold a fixed-term position? No.

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

yes
yes
no
N/A
yes
no
no
N/A
no

Summary

Huntington’s disease (HD) is an incurable, autosomal dominant neurodegenerative disease that commonly
presents in mid life with a combination of a movement disorder, psychiatric and cognitive problems. The
disease is caused by a trinucleotide repeat expansion in exon 1 of the huntingtin gene that translates to an
expanded polyglutamine tract in the mutant huntingtin protein (mHTT). Recent clinical and experimental
evidence has suggested a pathogenic role of immune activation in HD. In fact, dysfunction of central nervous
system and peripheral myeloid cells was found to precede disease onset in human carriers of the gene
mutation and in HD animal models. However, the differential roles of resident microglia versus peripheral
myeloid cells have not been thoroughly addressed in vivo. It is also unclear to what extent cell-autonomous
effects of mHTT or microenvironmental changes contribute to HD pathogenesis. We shall generate
conditional HD mice that express a neuropathogenic fragment of mHTT selectively in long-living
macrophages such as microglia, or in peripheral myeloid cells. Cell-autonomous effects of mHTT on
microglia and monocyte/macrophage function will be determined by cytometric and transcriptomic analysis,
including an assessment of the function of C/EBP transcription factors in microglia. The results obtained in
conditional HD mice will be compared with myeloid cells from transgenic mice that ubiquitously express a
pathogenic mHTT fragment, as well as with monocytes and monocyte-derived macrophages from individuals
with HD. Pathological cell-cell interactions in the brain will be assessed by behavioural analysis of the
animals, as well as by transcriptomic and neuropathological studies. Notably, a potential role of microglia in
intercellular transmission of mHTT will be examined in mixed-genotype corticostriatal brain slice cultures.
Moreover, conditional HD mice will be challenged with lipopolysaccharide injections in order to determine the
contribution of sterile inflammation to neuronal damage. As mHTT directly interacts with the nuclear factorκB pathway, we shall conditionally ablate A20 in myeloid cells, and determine the impact on HD
pathogenesis. Together, our experiments will contribute to a better understanding of the role of myeloid cell
dysfunction in HD.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
Huntington’s disease (HD) is a rare, autosomal dominantly inherited neurodegenerative disorder caused by a
CAG trinucleotide repeat expansion in the first exon of the HTT gene [1]. The disease typically manifests in
midlife with a triad of problems involving disorders of movement, cognition and mood. Intraneuronal
aggregates of the mutant huntingtin protein (mHTT) are a neuropathological hallmark of HD, and are present
as nuclear and cytoplasmic inclusions in cortical neurons and in the medium-sized spiny neurons in the
striatum, which are particularly vulnerable to degeneration [2, #10] (Figure 1). The progressive neurological
phenotype and brain atrophy are reproduced in the R6/2 transgenic mouse model of HD, which expresses
exon 1 of the human HTT gene with an expanded CAG repeat [3]. An overwhelming body of evidence
suggests that HD results from a toxic gain of function of mHTT, although it remains unclear how the
ubiquitously expressed huntingtin protein causes neurodegeneration [#10] (Figure 1).
In addition to the corticostriatal neuropathology that underlies the neuropsychiatric symptoms of HD,
Figure 1: Pathogenetic mechanisms in HD.
Mutant huntingtin (mHtt) is cleaved in the cell by
proteases resulting in toxic fragments, which
aggregate and interfere with chaperone,
proteasome (UPS), and macro-autophagy
activities. In the nucleus, the polyglutamine
(polyQ) stretch in mHtt interacts with
transcription factors/epigenetic modifiers and
impairs the expression of target genes, such as
neurotransmitter receptors and brain-derived
neurotrophic factor (BDNF). Medium spiny
neurons in the striatum are particularly
vulnerable in HD since they depend on BDNF
delivered by cortical neurons and on glutamate
release from cortical afferents, which are
impaired in HD. Excitotoxic damage results from
enhanced NMDA glutamate receptor sensitivity
on striatal neurons, reduced clearance of
extracellular glutamate by the astroglial
glutamate transporter (GLT)-1, and mHttmediated impairment of mitochondrial calcium
buffering capacity, which promotes apoptosis.
Microglia and macrophages are activated in HD
cytokines.
and
secrete
proinflammatory
Kynurenine 3-monooxygenase (KMO) also
produces 3-hydroxykynurenine (3-HK), a free
radical generator (ROS) that mediates neuronal
cell death [from #10].

mutation carriers also present several peripheral manifestations of disease [4]. Notably, both central and
peripheral immune system abnormalities have been observed in HD [5]. Huntingtin (HTT) is expressed in
circulating immune cells, and the levels of mHTT in monocytes are significantly associated with disease
burden and caudate atrophy rates in individuals with HD [6]. Elevated plasma levels of proinflammatory
cytokines, like interleukin (IL)-6, can be detected years before the onset of clinical symptoms in HD [7].
Monocytes obtained from premanifest carriers of the gene mutation and from the yeast artificial chromosome
(YAC)128 mouse model of HD are hyper-reactive, and display excess IL-6, IL-1β and TNF-α production in
response to lipopolysaccharide (LPS) stimulation [7, 8]. A direct interaction of mHTT with IKKγ (NEMO)
causes increased activation of the nuclear factor (NF)-κB pathway and transcriptional changes in HD
myeloid cells, which likely result from cell-autonomous effects of mHTT, as lowering of HTT levels by small
interfering RNA reverses the hyper-reactivity of monocytes [8]. Post-mortem neuropathological examinations
11
of the HD brain, and positron emission tomography (PET) studies in individuals with HD utilizing the [ C](R)PK11195 ligand support the notion that microglial activation in the CNS is an early event in HD pathogenesis
[9, 10]. The coincidence of peripheral and central immune responses in premanifest carriers of the gene
mutation suggests a global innate immune response to the toxic effects of mHTT [11]. Primary microglia
isolated from YAC128 mice are profoundly impaired in their migration to chemotactic stimuli [12]. Similarly,
peripheral macrophage recruitment upon thioglycollate-induced peritonitis is significantly reduced in R6/2
transgenic mice [12].
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Microglia are an ontogenically distinct population in the mononuclear phagocyte system [13]. They arise from
primitive erythromyeloid progenitors in the yolk sac and self-maintain throughout life, which renders them
vulnerable to pathology. We have suggested that ‘microgliopathy’ may be a disease-causing mechanism in
various neurodegenerative disorders, which might respond to the transplantation of bone marrow precursors
[#4, #6]. In fact, microglia become dystrophic and accumulate ferritin as disease progresses in individuals
with HD, and in R6/2 mice [14]. Along these lines, transplantation of wild-type bone marrow cells into lethally
irradiated HD transgenic mice ameliorates inflammatory cytokine changes in peripheral blood, partially
attenuates motor deficits, and increases synaptophysin expression in the cortex [15]. Indoleamine 2,3dioxygenase and kynurenine 3-mono-oxygenase (KMO) are expressed at high levels in macrophages and
microglia [#10] (Figure 1). The increased kynurenine to tryptophan ratio in HD has been implicated in the
neurodegenerative process [16], and peripherally restricted KMO inhibition extends life span, prevents
synaptic loss, and decreases microglial activation in R6/2 mice [17].
Recently, genome-wide chromatin immunoprecipitation- and RNA-sequencing (RNA-seq) experiments
revealed that mHTT increases the transcriptional activities of the myeloid lineage-determining factors PU.1
and CCAAT-enhancer binding protein (C/EBP)-α,β in cultured microglia, which results in increased
expression of adjacent genes, such as Il6 and Tnfα [18]. Notably, the cell-autonomous priming activities of
mHTT appear to be microglia-specific, because no differences in PU.1 levels or proinflammatory gene
expression are observed in bone marrow-derived macrophages from HD transgenic mice, or in monocytes
from individuals with HD [18]. In addition to cell-autonomous effects, mHTT also elicits pathological cell-cell
interactions in conditional RosaHD mice, in which expression of exon 1 of the human HTT gene with an
expanded CAG repeat depends on Cre-mediated excision of a floxed transcription termination sequence
[19]. The expression of mHTT in striatal medium spiny neurons is sufficient to produce nuclear mHTT
aggregates, but only the expression of mHTT in all neurons in the brain elicits progressive motor deficits and
reactive gliosis [20]. Selective expression of mHTT in astroglia also results in age-dependent neurological
deficits, weight loss and reactive gliosis, underscoring the important role of cell-cell interactions in HD
pathogenesis [21]. Primary astrocytes from R6/2 mice exhibit higher IκB kinase activity, resulting in
prolonged NF-κB activation and greater neurotoxicity in response to lipopolysaccharide (LPS) [22].
In recent years, evidence has mounted that amyloidogenic proteins, including Aβ, Tau, α-synuclein, and
TDP-43, can propagate pathology from cell to cell in a prion-like fashion, resulting in non-cell autonomous
damage [23]. Microglia and exosomes have been implicated in the propagation of tau protein in the
mammalian brain [24]. The mHTT protein is spread by transneuronal propagation in neural networks,
including the corticostriatal pathway [25]. Interestingly, fibrillar polyglutamine peptide aggregates can be
internalized by mammalian cells in culture [26]. In the Drosophila brain, prion-like transmission of mHTT
aggregates occurs from neurons to phagocytic glia [27], underscoring the role of non-neuronal cells in
neurodegenerative diseases.
Preliminary work
Immune responses are induced in most neurological and psychiatric disorders. While traditionally considered
a non-specific response to central nervous system (CNS) damage, mounting evidence indicates that resident
microglia may directly contribute to neuropathology. The function of the peripheral nervous system is less
well defined, but our data suggest that neuroimmune crosstalk plays an important role in neurodegenerative
diseases.
Differential roles of microglia and peripherally derived myeloid cells in neurodegenerative disorders
We have characterised the CNS engraftment of bone marrow (BM)-derived phagocytes in animal models of
stroke, meningitis, motor neuron degeneration and Alzheimer’s disease (AD) [#3, #7, #9]. A specialised
subset of mononuclear phagocytes, namely perivascular macrophages [#1], but not microglia are involved in
the clearance of Aβ from the brains of AD transgenic mice [#5]. In scrapie, CNS microglia are replaced by
prion protein-expressing peripherally derived myeloid cells before clinical disease onset [#8] (Figure 2).
Moreover, we find that resident microglia are activated in proximity to neurons that express intranuclear
aggregates of mHTT [14] in the R6/2 transgenic mouse model of HD (Figure 3).
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PrP
GFP

Figure 2: Engraftment of BM-derived
phagocytes
in
the
brain
after
intraperitoneal inoculation with scrapie.
BM-derived cells express the green
fluorescent protein (GFP). Immunoreactivity
for the prion protein (PrP) is shown in red
[mod. from #8].

Iba-1
EM48
DAPI

Figure 3: Microglial activation in the brains of R6/2
transgenic mice. 3D-rendering of cortex volume in a 12week-old R6/2 mouse. Iba-1-immunoreactive microglia
(green) are surrounding neurons with intranuclear
aggregates of HTT stained with the EM48 antibody (red).
Nuclei are counterstained with DAPI (blue).

Molecular mechanisms of mHTT toxicity
In collaboration with the group of Erich Wanker (MDC, Berlin), we used gene expression data sets of
selected brain regions of HD patients and healthy controls for systematic interaction network filtering in order
to predict disease-relevant, brain region-specific HTT interaction partners [#2] (Figure 4A).

A

B

Figure 4: Predicting caudate nucleus-specific, dysregulated HTT-associated proteins by interaction network
filtering. (A) Potential function of HTT-associated proteins predicted through systematic HTT interaction network
filtering. Thirteen potentially dysregulated proteins are directly or indirectly linked to HTT. The orange ring indicates
known HD therapy targets (HDTTs). (B) Effects of the computationally predicted proteins CRMP1, KLF6, HMGA1, and
CFLAR on mHTT aggregation in cell-based assays. Potential modulator proteins are coproduced as mCherry-tagged
fusions with YFP-tagged HTTex1Q79 fusion protein in SH-EP neuroblastoma cells. Formation of YFP-HTTex1Q79
aggregates is quantified after 48 hours by high-content fluorescence imaging. Data are shown as means + SEM.
(***P≤ 0.001) [from #2].

Notably, we discovered that the expression of collapsin response mediator protein 1 (CRMP1), a neuronspecific phosphoprotein that plays a central role in neuronal development and communication, is increased
before disease onset, and progressively reduced after disease onset in the brains of R6/2 mice [#2].
Overexpression of CRMP1 significantly decreases misfolding and toxicity of mHTT in cell-based assays
(Figure 4B), as well as in HD transgenic flies [#2].
Role of microglia in HD pathogenesis
In order to study the contribution of innate immunity to the disease process in R6/2 mice, we decided to
deplete microglia from the CNS. We tested the CSF-1R inhibitor, BLZ945, which efficiently diminishes
microglia in the murine brain (Figure 5A). Notably, treatment of R6/2 mice with BLZ945 resulted in strong
neuroprotection (Figure 5B).

250

Project B07

Figure 5: CSF-1R inhibition
exerts neuroprotective effects
in R6/2 mice. (A) Daily oral
administration of 4 mg BLZ945
to wild-type mice for 7 days
significantly reduces the number
+
lo
of CD11b CD45 microglia in
the brain. (B) Treatment of R6/2
mice with BLZ945 for 2 weeks
starting at 8 weeks of age
increases cell viability in brain
sections to the level of wild-type
(WT) mice (detection by the
AlamarBlue assay, *p<0.05).

Next, we performed RNA-seq of microglia in 10-week-old R6/2 mice versus wild-type controls in
collaboration with the group of Ido Amit [A03] (Weizmann Institute, Rehovot). We detected clustering
according to genotype (Figure 6A). Importantly, the 549 differentially expresssed genes in R6/2 microglia
were involved in innate immune and virus responses, as well as in DNA modification and neurotrophin
binding (Figure 6B).

Figure 6: Transcriptomic profiling of microglia in R6/2 mice. (A) Heat map rendering and clustering of
+
lo
differentially expressed genes (≥ 1.5-fold change, p<0.05) in CD11b CD45 microglia isolated from the brains of 10week-old R6/2 mice versus wild-type (WT) controls. (B) Graphical representation of gene ontology enrichment in the
differentially expressed genes in R6/2 microglia.

Our results suggest involvement of microglia in HD pathogenesis, but it is not known whether selective
expression of mHTT in microglia would suffice to induce neuropathology. Moreover, the contribution of
peripheral myeloid cells to the disease process is not clear, in particular in light of the contradictory findings
obtained for monocytes/macrophages from both HD transgenic mice and individuals with HD [7, 8, 18].
Finally, the mechanisms of mHTT toxicity in the nervous and immune systems require further investigation.
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3.4

Project plan

3.4.1

Work Programme and Methods

The goal of this project is to study the role of innate immunity in HD pathogenesis. While there is mounting
evidence that progressive activation of the innate immune system occurs in HD, the impact of inflammation
on neurodegeneration has not been fully elucidated. Potential differential functions of microglia versus
peripheral myeloid cells also need to be examined. Here, we shall employ a new type of microglia gene
targeting in combination with transcriptomic profiling to address the following questions:
1.
2.
3.
4.

What are the functional alterations of microglia and peripheral myeloid cells in HD transgenic mice?
Do microglia and/or peripheral myeloid cells contribute to HD pathogenesis?
What is the role of inflammation in HD pathogenesis?
Are microglia involved in intercellular propagation of mHTT?

Aim 1: Functional characterisation of microglia and peripheral myeloid cells in HD
Hypothesis 1a: Microglia and monocytes/macrophages are progressively activated in R6/2 mice and in
human carriers of the HD mutation
We shall examine the following immune cell populations in presymptomatic R6/2 mice (4 weeks of age) and
symptomatic R6/2 mice (12 weeks of age), including appropriate wild-type controls (n=15 per group):
-

CNS: microglia and brain macrophages, lymphocytes, NK cells
peripheral blood: inflammatory monocytes, patrolling monocytes, neutrophils, T- and B-lymphocytes
liver: Kupffer cells and liver macrophages
spleen: red pulp macrophages, marginal zone macrophages, metallophilic macrophages

We shall determine the expression of MHCII, CD86, CD36, CD40, CD11c, CD33, CD163, CD206, the
cytokine/chemokine components CCL2, TNF-α, IL-10, IL-6, CCR5, CCR7, the proliferation marker Ki67, the
transcription factors C/EBP-α,β, and others by CyTOF (Figure 7).

Figure 7: Mass cytometric analysis of myeloid cells
from different tissue compartments. Visualizing SPADE
trees show CD45 expression in CNS microglia and
splenocytes obtained from 12-week-old R6/2 mice versus
wild-type (WT) controls. The node size and colour
represent cell number and the expression level (red = high;
blue = low), respectively.

In addition, we shall examine monocytes and monocyte-derived macrophages from premanifest carriers of
the HD mutation, and individuals with HD (ethical approval was obtained by the local IRB: EA1/244/12). After
informed consent, all study participants (n=20) will receive a thorough neuropsychiatric assessment in the
Department of Neuropsychiatry at the Charité.
Cytokine and chemokine profiles in the different compartments will be determined by multiplex and ELISA
assays.
For immunohistochemical analysis, we shall stain microglia and various tissue macrophages with antibodies
against Iba-1, P2RY12, Tmem119, F4/80, CD68 and CD11b. In order to detect HTT expression/aggregation,
we shall co-stain with EM48, MAB5492 and ubiquitin antibodies. Quantitative morphometric analysis will be
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performed using the Imaris software. Electron microscopy will be performed in collaboration with the group of
Erich Wanker (MDC, Berlin).
Finally, we shall use RNA-seq to determine the transcriptomic landscapes of the following flow cytometry
(FACS)-isolated cell populations:
-

CNS: microglia (CD11b+CD45loMHCII-Gr1-CD44-), brain macrophages (CD11b+CD45hiMHCII-,
+
hi
+
CD11b CD45 MHCII ), neural cells (CD11b , including neurons, macroglia)
+
hi
+
peripheral blood: inflammatory monocytes (CD11b Ly6C CD115 ), patrolling monocytes
+
lo
+
+
int
(CD11b Ly6C CD115 ), neutrophils (CD11b Ly6C CD115 )
hi
hi
liver: Kupffer cells (F4/80 ) and liver macrophages (CD11b )
lo
+
hi
spleen: red pulp macrophages (CD11b CD206 F4/80 ), marginal zone macrophages
+
+
+
+
+
(CD68 CD209b MARCO ), metallophilic macrophages (CD68 CD169 )
hi
hi
+
human peripheral blood: monocytes (CD14 CD16 , CD14 CD16 and CD14loCD16+), monocytederived macrophages

The analysis of bulk cell populations will be extended by massively single cell RNA-seq (MARS-seq) for R6/2
microglia in collaboration with the group of Ido Amit [A03].
Strain/individual

Age

R6/2 mice

4 & 12
weeks

B6CBA mice
(controls)

4 & 12
weeks

Cell population
Microglia/ brain macrophages
blood monocytes/lymphocytes
spleen macrophages
liver macrophages
neural cells
Microglia/ brain macrophages
blood monocytes/lymphocytes
spleen macrophages
liver macrophages
neural cells

Analysis
FACS/CyTOF/Multiplex
Immunohistochemistry
(Single cell) RNA-seq
FACS/CyTOF/Multiplex
Immunohistochemistry
(Single cell) RNA-seq

Human premanifest
mutation carriers

blood monocytes
monocyte-derived macrophages

FACS/CyTOF/Multiplex
RNA-seq

Individuals with HD

blood monocytes
monocyte-derived macrophages

FACS/CyTOF/Multiplex
RNA-seq

Hypothesis 1b: Microglia are pathogenic in R6/2 mice
We shall administer BLZ945 or vehicle to 4- and 8-week-old R6/2 mice (n=20 per group), and wild-type
controls for the duration of four weeks. The animals will be examined for weight loss, motor performance
(RotaRod), general activity and anxiety (open field, elevated plus maze), and working memory (Y-maze).
The brains will be analysed by FACS/CyTOF, multiplex/ELISA and immunohistochemistry, including a
detailed neuropathological examination (neuronal and glial numbers and morphology, HTT aggregation,
etc.). We shall also analyse immune mediators/cells in peripheral blood, spleen, liver and BM. Neuronal
viability and electrophysiological properties will be assessed in acute brain slices as described previously
[19] in collaboration with the group of Christian Rosenmund (Charité, Berlin). The experiments will shed light
on potential neuroimmune crosstalk, and the impact of microglia on disease progression in R6/2 mice.
Strain

Age

R6/2 mice

4, 8, 12
weeks

B6CBA mice
(controls)

4, 8, 12
weeks

Analysis
Behaviour
FACS/CyTOF/Multiplex
Immunohistochemistry
Behaviour
FACS/CyTOF/Multiplex
Immunohistochemistry

Treatment
BLZ945
Vehicle
BLZ945
Vehicle
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Aim 2: Assessment of cell-autonomous and non-cell-autonomous effects of mHTT in microglia and
peripheral myeloid cells
Hypothesis 2a: Expression of mHTT in microglia but not peripheral myeloid cells causes age-dependent
neurological symptoms
creER
mice in order to express mHTT selectively in CNS
We shall cross conditional RosaHD mice with Cx3cr1
microglia [28]. Preliminary experiments using TR-FRET in collaboration with Andreas Weiss (Evotec,
creER
mice (Figure 8). After
Hamburg) confirm microglia-specific expression of mHTT in RosaHD:Cx3cr1
creER
mice for weight loss, motor
tamoxifen induction at 6 weeks of age, we shall examine RosaHD:Cx3cr1
performance (RotaRod), general activity and anxiety (open field, elevated plus maze) at 3, 6, 12, 18 and 22
months of age. In addition, we shall determine caudate, cortical and hippocampal atrophy on T2-weighted
magnetic resonance images (7T MRI).

Figure 8: Microglia-specific
expression of mHTT. TRFRET
using
2B7+MW1
antibodies
reveals
HTT
expression
in
microglia
isolated from the brains of
R6/2
mice
and
creER
RosaHD:Cx3cr1
mice (left
graph). In contrast, only
splenocytes from R6/2 mice
express HTT (right graph).

cre
In order to express mHTT in peripheral myeloid cells, we shall cross RosaHD mice with LysM mice. The
cre
resulting RosaHD:LysM mice will be examined for weight loss, motor performance, general activity and
anxiety, and brain atrophy on MRI at 3, 6, 12, 18 and 22 months of age.
As a positive control, we shall cross RosaHD mice with Nestin-Cre transgenic mice, since RosaHD:NestinCre mice show impairment of locomotor activity starting at 6 months of age, nuclear accumulation and
aggregation of mHTT, gliosis and neurodegeneration [19].
We shall examine the immune and neural cell populations in RosaHD:Cx3cr1creER, RosaHD:LysMcre,
RosaHD:Nestin-Cre mice, and appropriate controls at 3, 6, 12 and/or 22 months of age (n=16 per group) by
CyTOF and RNA-seq as described for R6/2 mice (cf. Aim 1). In addition, MARS-seq will be performed in
microglia from RosaHD:Cx3cr1creER mice in collaboration with the group of Ido Amit [A03]. Cytokine and
chemokine profiles in the different compartments will be determined by multiplex and ELISA assays.
creER
In collaboration with Jörg Schönheit and Achim Leutz [B11], we shall cross RosaHD:Cx3cr1
mice with
fl/fl fl/fl
C/EBP-α ,β mice to determine the function of C/EBPs in the microglia-specific priming activities of mHTT
[18].
The results will provide a comprehensive view of cell-autonomous effects and pathological cell-cellinteractions induced by the expression of mHTT in microglia versus peripheral myeloid cells versus neural
cells.

Hypothesis 2b: mHTT is spread between innate immune cells and neurons
We shall analyse the brains and peripheral tissues (spleen, liver) of RosaHD:Cx3cr1creER, RosaHD:LysMcre,
RosaHD:Nestin-Cre mice, and appropriate controls at 3, 6, 12 and/or 22 months of age by
immunohistochemistry. We shall stain microglia and various tissue macrophages with antibodies against Iba1, P2RY12, Tmem119, F4/80, CD68 and CD11b. A careful neuropathological examination will be performed,
including stainings for neurofilament, synaptophysin, DARPP-32 and D2R. In order to detect HTT
expression/aggregation, we shall stain with EM48, MAB5492 and ubiquitin antibodies. In addition, we shall
perform seeding experiments and electron microscopy in collaboration with the group of Erich Wanker
(MDC, Berlin). A particular focus will be on the potential transmission of mHTT between microglia/myeloid
cells and neural cells. Quantitative morphometric analysis will be performed using the Imaris software.
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Strain

Age

creER

RosaHD:Cx3cr1

mice

+

RosaHD:Cx3cr1 mice
(controls)
creER

:C/EBP-

RosaHD:Cx3cr1
αfl/fl,βfl/fl mice

Tissues

3, 6, 12, 18, 22
months

Brain
Blood
Spleen
Liver

Analysis
Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry/EM
Seeding assays
(Single cell) RNA-seq

(controls cf. [B11])
cre

RosaHD:LysM

mice

+
RosaHD:LysM mice
(controls)

3, 6, 12, 18, 22
months

RosaHD:Nestin-Cre mice
3, 6, 12 months

RosaHD mice
(controls)

Brain
Blood
Spleen
Liver

Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry/EM
Seeding assays
RNA-seq

Brain
Blood
Spleen
Liver

Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry/EM
Seeding assays
RNA-seq

Aim 3: Evaluation of the impact of inflammation on HD pathogenesis
Hypothesis 3: Brain inflammation enhances the disease process in animal models of HD
The stereotactic injection of 5 µg LPS into the striatum of 8-week-old RosaHD:Cx3cr1cre mice was recently
+
found to enhance the number of FluoroJadeB neurons after one week [18]. On the other hand, chronic
intraperitoneal administration of LPS in YAC128 mice at a dose of 1 mg/kg once per week between 8 and 12
months of age only mildly influenced the HD phenotype [29]. We shall perform bilateral stereotactic injections
creER
mice
of 5 µg LPS or phosphate-buffered saline (PBS) into the striatum of 6-month-old RosaHD:Cx3cr1
(n=12 per group). The animals will be examined for weight loss, motor performance, general activity and
anxiety, as well as working memory at 12 months of age. In addition, we shall determine striatal, cortical and
hippocampal volume on T2-weighted MRI at 6 months (before the injection) and 12 months of age. The
brains of 12-month-old mice will be analysed by FACS/CyTOF, multiplex/ELISA and immunohistochemistry,
including a detailed neuropathological examination.
Strain
creER

RosaHD:Cx3cr1

Age
mice

6, 12 months

Analysis
Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry

Treatment
LPS
Vehicle

A20 (TNFAIP3) is a protein that is involved in the negative feedback regulation of NF-κB signalling in
response to proinflammatory stimuli, like TNF-α and IL-1β. Myeloid-A20-deficient mice (A20fl/fl:LysMcre) suffer
from erosive polyarthritis and elevated serum levels of TNF-α, IL-6, IL-1β and CCL2 [30]. Given the direct
creER
and
interaction of mHTT with the NF-κB pathway [8, 22], we shall cross RosaHD:Cx3cr1
cre
fl/fl
RosaHD:LysM mice with A20 mice in collaboration with Geert van Loo (Ghent University, Belgium). The
creER
assessment of the animals (n=16 per group) will be performed as described above; RosaHD:Cx3cr1
and
cre
RosaHD:LysM mice will serve as controls (cf. Aim2). We hypothesize that brain inflammation will worsen
outcome in conditional HD mice.
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Strain

Age

fl/fl

creER

RosaHD:A20 :Cx3cr1

mice

(controls cf. Aim2)

fl/fl

cre

RosaHD:A20 :LysM
(controls cf. Aim2)

mice

3, 6, 12, 18 months

3, 6, 12, 18 months

Tissues

Analysis

Brain
Blood
Spleen
Liver

Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry/EM
Seeding assays
RNA-seq

Brain
Blood
Spleen
Liver

Behaviour/MRI volumetry
FACS/CyTOF/Multiplex
Immunohistochemistry/EM
Seeding assays
RNA-seq

Aim 4: Assessment of intercellular propagation of mHTT
Hypothesis 4: Microglia participate in the spreading of mHTT
We shall assess the propagation of mHTT in mixed-genotype corticostriatal brain slice cultures as described
previously [24] (Figure 9).
Figure 9: Assessment of mHTT propagation in
mixed-genotype corticostriatal brain slice
cultures. (A) Brain slice cultures from wild-type
mice (WT) are replenished with R6/2 microglia. (B)
Brain slice cultures from R6/2 mice are
replenished with WT microglia. (C,D) Mixedgenotype corticostriatal brain slice cultures
(cx)
consisting of R6/2 cortex (R6/2 ) plus wild-type
(st)
striatum (WT ) are replenished with WT microglia
(C), or R6/2 microglia (D).

We shall deplete microglia from WT or R6/2 slice cultures, and from mixed-genotype R6/2(cx)/WT(st) slice
cultures with clodronate or BLZ945 in collaboration with the group of Melanie Meyer-Lühmann [B08].
Thereafter, we shall apply primary microglia from R6/2 mice or WT mice to WT or R6/2 brain slice cultures,
(cx)
(st)
respectively. In addition, we shall apply primary microglia from R6/2 mice or WT mice to R6/2 /WT slice
cultures. We shall also apply monocytes/monocyte-derived macrophages from premanifest carriers of the
(cx)
(st)
HD mutation and individuals with HD to microglia-depleted WT, R6/2, and R6/2 /WT slice cultures. The
slices will be examined after 4-8 weeks in vitro by immunohistochemistry with a particular focus on cortical
+
+
pyramidal neurons (EMX1 ) and striatal medium-spiny neurons (DARPP-32 ). Axonal and synaptic
structures will be analysed by immunohistochemistry for phosphorylated and non-phosphorylated
neurofilament-H (SMI 31/32), synaptophysin, PSD-95, and D2R. Microglia/macrophages will be detected
with antibodies against Iba-1, P2RY12, F4/80, CD68 and CD11b. In order to reveal HTT
expression/aggregation, we shall co-stain with EM48, MAB5492 and ubiquitin antibodies. Quantitative
morphometric analysis will be performed using the Imaris software. We shall also measure BDNF levels from
cortex and striatum by ELISA. Electron microscopy and seeding assays will be performed in collaboration
with the group of Erich Wanker (MDC, Berlin).
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Methods
Mice
creER
cre
, LysM , and Nestin-Cre mice are already bred in the Charité Breeding
R6/2, B6CBA, RosaHD, Cx3cr1
fl/fl
Facility (FEM, Berlin, Germany). Breeder pairs of A20 mice will be generously provided by Geert van Loo
creER
fl/fl
:C/EBP-α ,βfl/fl mice will be provided by Jörg Schönheit and Achim
(Ghent University, Belgium). Cx3cr1
Leutz [B11].
Behavioural phenotyping
Animals will be tested in the open field, RotaRod, elevated plus maze, and Y-maze tests in the Dept. of
Experimental Neurology (Charité, Berlin).
MRI
Small animal imaging will be performed on a Burker 7T PharmaScan® 70/16 with the support of Susanne
Mueller (NWFZ, Berlin). T2-weighted TurboRARE sequences will be analysed by Paravision 5.1 and Image J
softwares.
Flow cytometry and cell sorting
After transcardial perfusion with PBS, tissues will be cut into small pieces, enzymatically digested with
collagenase D, dispase and DNaseI (Roche), and filtered though a mesh. Erythrocytes will be removed from
blood samples by BD Pharm Lyse buffer (BD Biosciences). Microglia/brain macrophages will be collected
from a percoll density gradient (Sigma). After staining with appropriate antibodies, cells will be acquired on a
FACSCanto II or LSR II (BCRT, Berlin), and analyzed with the Flowjo software (TreeStar). Cell sorting will be
performed on a FACSAria II (BD Biosciences) at the BCRT.
Mass cytometry
Cytometry by Time of Flight (CyTOF) will be performed after staining of flow cytometry-isolated cell
populations with metal isotope-tagged antibodies on a CyTOF2 system with Helios upgrade at the BCRT.
RNA-seq
Genome-wide mRNA expression profiles will be obtained from flow cytometry-isolated cell populations. RNA
will be isolated using Nucleospin® RNA XS (Macherey-Nagel). The library preparation of the obtained RNA
TM
TM
will be performed using SMART-Seq v4 Ultra Low Input RNA (Clontech). The transcriptomic analysis will
be run by Ulrike Krüger at the Next Generation Sequencing facility of the BCRT (Charité, Berlin). Massively
single cell RNA-seq (MARS-seq) will be performed in collaboration with the group of Ido Amit [A03].
Histology and immunohistochemistry
After transcardial perfusion with 4% paraformaldehyde, tissues will be frozen and cut on a cryostat. Sections
will be stained with hematoxylin/eosin. For immunohistochemistry, sections will be incubated in normal
goat/donkey serum, followed by overnight incubation with primary antibodies (e.g. NeuN, GFAP, Iba-1,
F4/80, P2RY12, CD68, CD11b, EM48, MAB5492, Ubiquitin, SMI31, SMI32, synaptophysin, PSD-95,
DARPP-32, EMX1, D2R). The secondary antibodies will be conjugated with Alexa 488/568/594/647
(Invitrogen), or with horseradish peroxidase for staining with 3,3’- diaminobenzidine (Sigma). Nuclei will be
counterstained with 4,6-diamidino-2-phenylindole (Sigma). The stained sections will be examined using
fluorescence or confocal microscopes (Leica Microsystems). The Imaris software (Bitplane) will be used for
image analysis.
ELISA and multiplex
Tissues will be homogenised and sonicated. ELISAs will be performed using commercially vailable kits.
Cytokine/chemokine screening will be performed by multiplex (Luminex xMAP, Luminex Corperation) using a
custom-made Milliplex kit (Merk Millipore). The analysis will be run on the Bio-Plex 200 (Bio-Rad).
Cell culture
Mixed-genotype corticostriatal brain slice cultures will be obtained as described previously [24]. Slices will be
cultured at 37°C in a humidified 5% CO2 incubator. Culture medium will be changed after 24 hours and every
other day thereafter. Monocyte-derived macrophages will be generated as described previously [7].
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3.4.2

Work Plan
2017

2018

Aims

2019

1

2020
2+3

4

FACS/CyTOF/Multiplex
Behaviour/MRI
Histology/EM
RNA-seq
Seeding assays
Brain slice cultures

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A01

Prinz

A04

Krüger

B11

Schönheit/Leutz

B12

Meisel/Meisel

ID

PI

A03

Amit

Transcriptional profiling of microglia

A05

Sieweke
MeyerLuehmann
Backofen

Provision of stroke models for A05

B08
Z01

3.6

Research interactions
Microglia homeostasis and expansion in disease
Analysis of the (immuno-)proteasome in HD models
Impact of microglial C/EBP-α,β deficiency on HD pathogenesis
Myeloid cells during the formation of ectopic lymphoid structures after stroke
Methodological interactions

Microglia depletion and protein aggregation assays in slice cultures
Bioinformatic analysis of RNA-seq data

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

Addiction: Early Recognition and Intervention
Across the Lifespan

BMBF

03/2016-01/2020

The project aims to generate iPSC-derived dopaminergic neurons from patients with alcohol addiction.
There is no overlap with this proposal.
Repurposing of approved drugs for the treatment of
Alzheimer’s disease

BIH

07/2014-06/2017

The project examines the therapeutic potential of carbamazepine in animal models of AD and patients with
mild cognitive impairment. There is no overlap with this proposal.

260

Project B07

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
PhD student (65%)
Technician (100%)
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
40,200
1
40,200
1
40,200
1
40,200
1
45,900
1
45,900
1
45,900
1
45,900
86,100
86,100
86,100
86,100

Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

3.7.3

2018

Sum
34,800
18,200
4,000
57,000

Sum
34,800
19,100
4,000
57,900

Sum
34,800
19,100
4,000
57,900

Sum
32,500
19,100
4,000
55,600

Sum

Sum

Sum

Sum

144,000

144,000

141,700

none
143,100

Requested funding for staff
SeName,
quen
academic
-tial
degree, position
no

Existing staff
1

Priller, Josef
Prof. Dr. med.,
Chair

2

Spruth, Eike
Jakob
Consultant

Research staff

Requested staff
Research staff

3

N.N.

Non-research
staff

4

Böttcher,
Christian

Field of
research

Neurology,
Psychiatry,
Neuroimmunology
Neurology,
Psychiatry
Neuroimmunology

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Neuropsychiatry,
Charité

10

Charité

Neuropsychiatry,
Charité

8

Charité

Molecular
Psychiatry,
Charité
Molecular
Psychiatry,
Charité

Category

3.7.2

Funding
source

PhD
student
Technician

Job description of staff (supported through existing funds):
1.
Josef Priller, Prof. Dr. med.,
Planning and supervision of the work, coordination of collaborative efforts within the Collaborative
Research Centre/Transregio. Josef Priller is the Director of the Department of Neuropsychiatry and
the Laboratory of Molecular Psychiatry at the Charité. He will be responsible for the supervision of the
PhD student and the technician.
2.

Eike Jakob Spruth, neurologist
Recruitment of study participants, performance of neuropsychiatric examinations, and collection of
blood samples.
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Job description of staff (requested funds):
3.
PhD student (N.N.)
The position will be for a graduate student, ideally with previous experience in molecular biology and
transgenic animal technology. She/he will be responsible for the behavioural experiments, the
characterization of innate immune cell responses, the establishment of mixed-genotype brain slice
cultures, and RNA-seq experiments.
4.

3.7.4

Christian Böttcher, BTA (E9)
He has been working as a technician in the Laboratory of Molecular Psychiatry since 2007. His areas
of expertise are biochemistry, histology/immunohistochemistry, and cell culture. He will assist with flow
and mass cytometry experiments, ELISA/multiplex assays, immunohistochemistry, and slice cultures.

Requested funding of direct costs

Sum of existing funds from Charité
Sum of requested funds
(All figures in euros)

2017
10,000
57,000

2018
10,000
57,900

Requested Consumables
FACS, MACS (antibodies, sorting column, buffer,..)
Cell culture (media, growth factors, cytokines,..)
CyTOF (antibodies, buffer, metal-conjugating kit,..)
Histology and immunohistochemistry (antibodies, chemicals,..)
ELISA, Multiplex (antibodies, kits,..)
Molecular biology (purification kits, primer, mouse genotyping,
PCR,..)
RNA-seq (RNA isolation kit, library preparation kit)
Total per year
(All figures in euros)
Requested Animal Costs
Housing of 100 R6/2 mice x 0.7 € / week x 36 weeks
Housing of 75 B6.CBA mice x 0.7 € / week x 36 weeks
Housing of 100 RosaHD:Cx3cr1creER mice x 0.7 € / week x 36
weeks
+
Housing of 75 RosaHD:Cx3cr1 mice x 0.7 € / week x 36 weeks
Housing of 50 RosaHD:Cx3cr1creER:C/EBP-αfl/fl,βfl/fl mice
x 0.7 € / week x 36 weeks
Housing of 75 RosaHD:LysMcre mice x 0.7 € / week x 36 weeks
+
Housing of 75 RosaHD:LysM mice x 0.7 € / week x 36 weeks
Housing of 50 RosaHD:Nestin-Cre mice x 0.7 € / week x 36 weeks
Housing of 50 RosaHD mice x 0.7 € / week x 36 weeks
Housing of 50 RosaHD:A20fl/fl:Cx3cr1creER mice x 0.7 € / week x 36
weeks
Housing of 50 RosaHD:A20fl/fl:LysMcre mice x 0.7 € / week x 36
weeks
Embryo transfer and shipping costs for A20fl/fl breeder pairs
Total per year
(All figures in euros)
Requested Other Costs
CyTOF Measurements (20 h/year)
FACS Sorting (Aria II) (50 h/year)
Total per year
(All figures in euros)
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2019
10,000
57,900

2020
10,000
55,600

2017
3,000
2,000
3,500
3,000
2,500

2018
3,000
2,000
3,500
3,000
2,500

2019
3,000
2,000
3,500
3,000
2,500

2020
3,000
4,000
3,000
3,000
2,500

2,000

2,000

2,000

2,000

18,800
34,800

18,800
34,800

18,800
34,800

15,000
32,500

2017
2,500
1,900

2018
2,500
1,900

2019
2,500
1,900

2020
2,500
1,900

2,500

2,500

2,500

2,500

1,900
0

1,900
1,300

1,900
1,300

1,900
1,300

1,900
1,900
1,300
1,300

1,900
1,900
1,300
1,300

1,900
1,900
1,300
1,300

1,900
1,900
1,300
1,300

0

1,300

1,300

1,300

0

1,300

1,300

1,300

3,000
18,200

0
19,100

0
19,100

0
19,100

2017
2,000
2,000
4,000

2018
2,000
2,000
4,000

Requested funding for major research instrumentation: none

2019
2,000
2,000
4,000

2020
2,000
2,000
4,000
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3.1

General information about Project B08

3.1.1

Project Title: Role of microglia on Alzheimer’s disease pathology in neural grafts

3.1.2

Research areas: Molecular Neurology, Cellular neuroscience

3.1.3

Principal investigator

Meyer-Luehmann, Melanie, Prof. Dr.
*11.05.1974, German
Department of Neurology
University Medical Center Freiburg
Breisacher Str. 64
D-79106 Freiburg
Phone: +49-761-270-52350
E-Mail: melanie.meyer-luehmann@uniklinik-freiburg.de
Does the above mentioned person hold fixed-term positions? No

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
no
no
N/A
no

Summary

The essential role of microglia in brain diseases is widely accepted. It is, however, less well known what
precise role microglia play in the course of Alzheimer’s disease (AD). Amyloid-β (Aβ) plaques are one of the
major neuropathological hallmarks of AD and are thought to be the primary driving force in AD pathogenesis
ultimately leading to neuronal dysfunction. While microglial distribution appears uniform in the normal brain,
in AD patients and mouse models of AD they densify 2-5 fold around plaques. To better understand the
impact of microglia on Aβ plaque formation, we will investigate the characteristics of these cells during neural
transplantation experiments where wild-type neurons are grafted into mouse models of AD. An initial focus of
this study will be to determine their mode of operation during Aβ plaque development in wild-type grafted
tissue in vivo. A second key aspect will be to unravel the mechanism by which microglial cells accumulate
specifically around sites of Aβ deposition. To achieve these goals, we will investigate microglial migration
into the neural transplant at first using postmortem techniques and then, in real time, using 2-photon laser
scanning microscopy. We hypothesize that microglia will act as Aβ ‘couriers’ that might phagocytose Aβ, and
then migrate towards the wild-type grafted tissue and secrete the phagocytosed Aβ where it finally deposits
and forms plaques within the grafted tissue. This working hypothesis will be further tested with adoptive
transfer experiments of microglia by intracranial injection. By diminishing microglia function, we intend to
interfere with this pathological cascade of events. Since the majority of AD cases is of sporadic type and
initiated by unknown causes, an understanding of the mechanisms involved in the aggregation of abnormal
Aβ forms in vivo will shed light on the origins of the disease, and will potentially reveal new pathways to
preventive treatment.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Alzheimerʾs disease (AD) is a progressive neurodegenerative and protein conformational disorder
characterized by two major neuropathological features: extracellular accumulation of β-amyloid (Aβ) peptides
in the form of plaques and intracellular neurofibrillary tangles, consisting of hyperphosphorylated tau
proteins. Several morphological and functional changes are associated with these lesions in the diseased
brain, such as dendritic and synaptic alterations, as well as microglia and astroglial recruitment and their
activation. The role of inflammation in AD has been intensively researched in the past, but the contribution of
microglia and the associated inflammatory response are by no means clear. Early studies have reported that
brain microglia accumulate around plaques and occasionally contain Aβ in both AD patients [1] and
transgenic mouse models of AD [2, 3]. Although microglia do indeed associate with Aβ plaques and appear
morphologically activated especially in the immediate vicinity of the plaques, their impact on plaque load and
their role in Aβ plaque formation currently is a controversial and intensively debated topic. Microglia cells
surrounding Aβ plaques were found to be morphologically mainly hypertrophic and amoeboid, whereas in
plaque-free areas of the brain, ramified microglia were the most prominent form present [4]. Our own in vivo
imaging experiments revealed a close relationship between Aβ plaques and microglia. New plaque formation
rapidly attracted microglia, followed by microglial activation [#7], suggesting that they might transform into a
hypertrophic or even amoeboid cell type in response to Aβ plaque formation and could have a pathological
role. Multiple studies have addressed the question whether microglia cells are of crucial relevance in the
formation and growth of plaques. Plaques in human AD patients and in various mouse models inexorably
increase with age, suggesting that microglia phagocytosis is impaired or becomes inefficient with increasing
age. It was proposed that microglia contribute to Aβ clearance, at least in the early phases of
neurodegeneration [5] and even restrict the growth of Aβ plaques via phagocytosis of Aβ fibrils [6, 7]. This
idea is supported by two immunization studies (one study is our own) that provided evidence that microglia
are able to phagocytose Aβ [8] [#8]. Furthermore, deficiency in the microglial receptor CX3CR1 resulted in
reduced Aβ plaque deposition in APP transgenic mice [9], implying that CX3CR1 deficient microglia have an
increased phagocytic capability. However, the ability of microglia to clear Aβ may decline with age [10]. In
the aged human brain, dystrophic de-ramified microglia have been described with fragmented processes and
bulbous swellings [11] and in mice, microglia cells undergo age-related morphological changes as well such
as increased soma volume and a shortening of the processes [12]. Nonetheless, the functional
consequences of these morphological changes remain poorly understood and the precise role of microglia in
the pathogenesis of AD remains controversial. Surprisingly, depletion of microglia in a mouse model of AD
for 4 weeks neither changed the plaque count nor the size of plaques [13], thereby questioning a causal
involvement of microglia at least in the pathogenesis of Aβ deposition; an intriguing result that warrants
further examination of the role of microglia in Aβ plaque formation.
Aβ plaques have been extensively studied as one major hallmark of AD, and as a consequence, many
therapeutic treatment approaches are aimed at reducing the formation of plaques. However, to date there is
no treatment available for AD, only symptomatic relief in the mild to moderate stages of the disease.
Extracellular amyloid plaques mainly consist of aggregated Aβ peptides that are derived from the larger
amyloid precursor protein (APP). To release Aβ, APP is first cleaved at its ectodomain by β-secretase, and
subsequently cleaved intramembranously by γ-secretase [14]. Depending on the exact cleavage site, the
released Aβ peptide can vary in length, with longer Aβ peptides being more prone to aggregation. According
to in vitro models, Aβ aggregation follows a nucleation dependent polymerization model, where Aβ
monomers form higher molecular-weight oligomers and protofibrils, before they finally aggregate into
insoluble amyloid plaques [15]. Although several different mechanisms for the deposition of Aβ have been
proposed (reviewed in [16]) the issue of how plaques form in vivo is still unresolved. Several cell types have
been proposed for amyloid polymerization, including glia cells. Microglia may be a major contributor to
plaque pathogenesis since plaque cores are covered by microglia and their processes. Thereby, activated
microglia may be consumers of amyloid rather than producers, since cultured microglia internalize Aβ
peptide and rapidly phagocytose plaque cores [17, 18] (Figure 1A,B).
In an attempt to study the early stages of pathological protein deposition and related toxicity, we previously
applied neural transplantation techniques. Neural grafts of wild-type tissue into APP transgenic mice
developed Aβ deposits within 3 months, suggesting that neuronally produced Aβ is extracellularly
transported over considerable distances before it aggregates, deposits and finally leads to
neurodegeneration [#10]. However, how Aβ is transported to the wild-type grafted tissue is largely unknown.
We anticipate that microglia might be able to invade the graft, thereby acting as an Aβ courier. To further
investigate this point, we intend to test the hypothesis that microglia phagocytose Aβ from the surrounding
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recipient tissue, migrate towards and invade the transplanted wild-type graft where Aβ plaques finally deposit
(Figure 1C).

Figure 1: Mechanisms of plaque pathogenesis involving
microglia. A: Aβ deposition is initiated by microglia that secrete Aβ
(1) which further fibrillates (2) and finally leads to axonal damage
(3). B: Neurons secrete Aβ (1) which is extracellularly processed into
amyloid filaments by microglia (2). Those filaments give rise to
axonal dystrophy (3). C: Hypothetical mechanism of Aβ plaque
development in wild-type neuronal grafts. Microglia internalize or
phagocytose Aβ from the recipient tissue, migrate towards and
invade the transplanted wild-type graft where it finally deposits into
plaques. Figure modified from [16].

It has been described previously that host axons can penetrate a homotypic transplant, although in very low
numbers [19]. Moreover, APP is transported anterogradely to synaptic sites where it is released [20].
Therefore, we consider that APP/Aβ could alternatively be anterogradely transported from the host tg
neurons into the wild-type graft. In a first set of experiments, we used APP x (Thy1)-GFP transgenic mice as
recipients to visualize processes from the host mouse and to test the possibility that neurons might be
+
involved in Aβ plaque formation in wild-type grafts (Figure 2A). Although a few GFP fibers were found to
cross the host-graft boundary, most of the GFP+ cells were confined to their host compartment and clearly
most of those processes did not penetrate into the wild-type graft (Figure 2B). Even though wild-type grafts
did not express hAPP in contrast to the surrounding host tissue, we observed Aβ deposits within these wildtype grafts 16 weeks post-grafting (Figure 2B). These findings indicate that axonal transport is most likely
not involved in the spread of Aβ pathology in wild-type grafts and that a different mechanism might account
for the Aβ plaque formation in wild-type grafts.

Figure 2: Anterograde transport of APP/Aβ as
possible mechanism for Aβ transport from the
host into the graft. A,B: Embryonic wild-type
cortical tissue was injected into the cortex of 2
month-old APP x (Thy1)-GFP transgenic mice and
analysed 16 weeks later. A: APP (red) and GFP
(green) expression in the host tissue was absent
in grafted tissue. B: Aβ immunostaining (red)
showed several plaques (arrowheads) in wild-type
graft, specifically located at the graft border.
Taken from [#2]
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While amyloid deposition occurred throughout the grafts, the greatest accumulation manifested along the
border of the wild-type graft, an area known to have a slightly higher microglia density than the rest of the
graft. In order to test the idea that indeed host microglia were able to invade the wild-type transplant, we took
GFP
mice, which display green microglia in their brains [21] and generated APP x
advantage of the CX3CR1
GFP
transgenic mice. We used 2 month-old APP x CX3CR1GFP mice as recipients to visualize
CX3CR1
microglia from the host and to determine microglia dynamics upon transplantation at different post-injection
times. Already 2 weeks post transplantation, massive microglia invasion was evident with the highest
number of microglia at the edges of the transplant (Figure 3A, left image). Notably, this microglia
accumulation at the graft-host border resolved over time and already 4 weeks post transplantation, the
distribution of microglia in the transplant was well-adjusted and microglia cells were evenly distributed
throughout the transplant, with a slight increase in microglia numbers inside the wild-type graft (Figure 3A,
middle image). However, 16 weeks post-transplantation, there were only few microglia left inside the graft
(Figure 3A, right image). Indeed, we observed amyloid formation in cortical grafts up to 16 weeks after
+
grafting (Figure 3B, left image) and plaque-associated host-derived GFP microglia cells with hypertrophic
processes that covered the plaque core (Figure 3B, insert). Higher resolution confocal microscopy images of
the very same plaque with individual microglia as well as 3D reconstruction revealed co-localization of
microglia with parts of Aβ positive material (Figure 3B, right upper and lower panel).
Overall, this experiment clearly showed that host microglia invade the wild-type graft, that they are highly
mobile and very dynamic and that this method is well suited to address the impact of microglia in Aβ plaque
formation within wild-type grafts.

Figure 3: Microglia distribution and co-localization with Aβ plaques inside wild-type graft. A: Embryonic wildGFP
type cortical tissue was injected into the cortex of 2 months old APP x CX3CR1
transgenic mice and analyzed 2, 4
and 16 weeks later. Note that microglia distribution decreased over time. B left image: Aβ plaques (red) and GFP
positive microglia (green). Arrows indicate 2 plaques that are located at the graft border. Inserts show higher
magnification of a plaque surrounded by microglia originating from the host tissue. B right upper and lower image:
Higher magnification and 3D reconstruction confirm the co-localization of green microglia and Aβ (unpublished).
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3.4

Project plan

3.4.1

Work Programme and Methods

This proposal intends to specifically elucidate the function of microglia during Aβ plaque development within
wild-type neural grafts. Preliminary data suggest an important role of microglia during this event. For this
purpose, we first aim to assess the contribution of microglia and their morphological changes upon amyloid
plaque formation in wild-type grafts and to determine in which temporal order and by what mechanism these
changes occur. We will use different mouse models and experimental methods ranging from co-culture
experiments in brain slices up to intravital in vivo two-photon microscopy to examine the kinetics and to
obtain a more detailed picture of microglia involvement during amyloid plaque formation. Moreover, by
GFP
recipient mice,
interfering with microglia function e.g. by using different age groups of 5XFAD x CX3CR1
GFP
GFP/GFP
-/versus 5XFAD x CX3CR1
mice or 5XFAD x Irf-8 mice, we will mechanistically
5XFAD x CX3CR1
and functionally test whether microglia are primarily responsible for plaque formation in wild-type grafts.
Finally, depletion of microglia in CD11b-HSVTK mice should unequivocally prove whether there is an active
participation in AD pathogenesis (Figure 4).

Figure 4: Schematic illustration depicting the outline of the proposed grafting experiments.

More specifically, the following 3 aims will be addressed:
Aim 1: Characterization of microglia function during Aβ plaque development in wild-type neural
grafts and in cultured brain slices
Although it has been more than ten years ago since our first observation of Aβ plaques within wild-type
grafts, the mechanism by which these amyloid deposits develop is still unknown. Based on our preliminary
finding that neuronal processes do not invade the transplant and are restricted to their host compartment, we
can rule out neuronal participation and axonal transport as possible mechanisms for Aβ transport from the
host into the graft. In order to shed further light on this process we next considered an involvement of
microglia for Aβ transport. Consistent with this hypothesis, we obtained massive infiltration of host microglia
with an accumulation specifically at the graft border when wild-type tissue was grafted into CX3CR1GFP mice
as recipients and analyzed them at different time points (2, 4 and 16 weeks of incubation time). These
preliminary experiments indicate that microglia are indeed able to invade the wild-type transplant. In order to
determine possible concomitant plaque formation within the transplants, we will analyze wild-type grafts that
GFP
mice. 5XFAD mice start developing mainly
have been transplanted into 8 week old 5XFAD x CX3CR1
compact plaques in the cortex very early at the age of 2-3 months and are used as a model of Alzheimer’s
disease with fast progression. In a first set of experiments, we will therefore set up transplantation
GFP
mice and perform immunohistochemistry to determine the time
experiments in these 5XFAD x CX3CR1
course of Aβ plaque formation as it was previously established and reported by our group (although in a
different APP mouse model) [#10]. We will perform immunohistochemical stainings with the mouse
monoclonal antibody 6E10 that recognizes not only amyloid but also human amyloid precursor protein (APP)
thus enabling the identification of the wild-type graft. Stainings for IBA-1 as a marker for microglia and Aβ as
a marker for plaques followed by confocal microscopy as well as 3D reconstruction analysis with IMARIS
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should further give information into a possible co-localization of newly deposited Aβ plaques within the graft
and microglia originating from the recipient.
To characterize the role of microglia for the transport of Aβ from the host into the wild-type graft, we will use
a different approach and make use of adoptive transfer studies by isolating microglia from adult 5XFAD x
GFP
mice and subsequently injecting them into the cortex of normal wild-type mice. These wild-type
CX3CR1
mice would never develop amyloid plaques per se. If however microglia would indeed be able to incorporate
and release Aβ, then some Aβ plaques should be detectable in these wild-type mice, indicating that microglia
are carriers of Aβ but not necessarily the site of amyloid plaque formation. Furthermore, we will test the
capability of microglial Aβ transport in an alternative experiment. According to data obtained from
CX3CR1GFP/GFP microglia, these microglia do not migrate into the recipient tissue but rather remain at the
GFP
mice that
injection site and are supposed to be immobile in contrast to microglia obtained from CX3CR1
migrate freely into the surrounding tissue [22]. To directly investigate the ability of microglia to act as an Aβ
carrier, we will transplant embryonic neural cells from 5XFAD mice into either CX3CR1GFP mice or
CX3CR1GFP/GFP mice and analyze not the graft but the tissue outside the grafts for signs of Aβ deposits.
Immunohistochemistry will be performed 3, 6 and 9 months post transplantation to visualize Aβ plaques
based on our previous experience [#10]. We would expect Aβ plaques only in the CX3CR1GFP recipient mice
due to migration of microglia into the 5XFAD transplant, where they would incorporate and transport Aβ into
the surrounding host tissue to finally release the Aβ maybe in form of small plaques. Due to migration deficits
of microglia from CX3CR1GFP/GFP mice, we would not expect Aβ deposits in those mice.
To investigate our hypothesis with a different technique, we plan to perform brain slice co-culture
experiments. Brain slice models offer unique advantages in that they can replicate many aspects of the in
vivo context. With no need for lengthy animal surgery to model neuropathology of various diseases, the
usefulness of brain slices in basic research has been increasing in recent years. Therefore, we will co-culture
GFP
transgenic mice together with brain slices of wild-type
cortical brain slices from adult 5XFAD x CX3CR1
mice. As a prerequisite, it has been possible recently to maintain thin slices of brain alive in long-term
culture. These experiments will be done in close collaboration with the Priller group [B07]. We anticipate that
the slices would make a ‘connection’ and grow together that enable microglia from the 5XFAD x CX3CR1GFP
slice invade the wild-type slice. The presence of microglia and the occurrence of Aβ deposits in the cocultured wild-type brain slices will be examined immunohistochemically after 4, 8 and 12 weeks of incubation
in culture.
In summary, these studies aim to decipher the contribution of microglia in Aβ plaque formation in wild-type
tissue.
Aim 2: Real time examination of microglia phagocytosis and migration towards grafted wild-type
tissue
To assess microglia migration into the wild-type grafts in real time, we will monitor this process in 5XFAD x
GFP
mice using in vivo two-photon microscopy. We will hereby build on our experience in visualizing
CX3CR1
microglia cell dynamics in response to Aβ plaque development by employing two-photon microscopy [#6, #7,
#8]. This technique will allow us to investigate any spatial and temporal microglial changes that occur during
Aβ plaque formation within the wild-type grafts. Therefore, we will perform cranial window installation as
described previously [#7], allowing two-photon imaging of microglia invasion as well as amyloid pathology.
We postulate 3 main steps during this cascade on which we want to gain more insight: first, invasion of
Aβ−laden microglia into the wild-type graft, second, Aβ release into the transplanted tissue and third, Aβ
plaque formation and associated microglia activation. During each imaging session, images at low resolution
will be captured to provide an overview of the area, followed by images with high resolution to zoom in on a
specific area and on individual microglia somata and processes. In order to identify the location of the wildtype graft in vivo, we will start with the first imaging session 2 weeks post-transplantation assuming that there
is clearly a peak of highest microglia accumulation within and at the border of the graft due to ongoing
inflammation according to our preliminary results (see Figure 3A). First, we will start to analyze the kinetics
of whole cell body movement of microglia into the wild-type grafts and locate any Aβ internalization by
microglia outside of the graft. These Aβ−laden microglia will then be traced over time up to their final
destination, most likely inside the graft. Additionally, we will determine the rate of microglia Aβ phagocytosis
and the fate of any Aβ-loaded microglia entering the grafts by following each single microglia cell over time.
In case our hypothesis proves correct, microglia would then release the phagocytosed Aβ followed by Aβ
plaque formation within the wild-type graft. A recent in vivo imaging study by others revealed that all newly
appearing plaques had physical microglial contact but that these microglia yet lacked clear signs of microglial
activation [23]. This suggests that microglial activation does not precede plaque formation but that it might be
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rather a consequence of the aforementioned. We will therefore finally characterize in detail the morphological
phenotype of microglia in relation to Aβ plaque formation such as process extension or retraction and
activation state.
To better define the cytoarchitectural dynamics underlying microglial migration and Aβ phagocytosis in brain
slice co-culture experiments, we will perform direct three-dimensional time-lapse confocal microscopy of
microglial cells in live brain slices. Cortical slices from adult 5XFAD x CX3CR1GFP transgenic mice that have
been injected before with Methoxy-X04 i.p. in order to label plaques prior to being sacrificed will be prepared
and co-cultured together with cortical brain slices of wild-type mice. To image microglia cells in three
dimensions within live tissue slices, stacks of confocal optical sections will be collected at 5 minutes intervals
and microglial Aβ internalization and migration into the neighbouring tissue will be imaged. We will keep the
brain slices in culture for up to 12 weeks depending on the outcome of Aim 1 for analysis of Aβ plaque
development in the wild-type brain slices.
With this systematic experimental approach, we hope to be able to meticulously decipher each single step of
the entire plaque formation process within wild-type grafts.
Aim 3: Diminished microglia function during Aβ plaque formation
If it holds true that microglial phagocytosis of Aβ and migration into wild-type grafts are the major key events
in Aβ plaque formation in wild-type grafts, then we assume that manipulating microglia function should affect
this process. Since aging is the main risk factor for neurodegenerative diseases, age-related changes in
microglia may contribute to the susceptibility of the aging brain to neurodegeneration. Inspired by the finding
from others that microglia behave differently in the aging mouse brain [12], we intend to explore the impact of
age-related morphological and functional changes in microglia on Aβ plaque formation within wild-type
grafts. We plan to use three different age groups of 5XFAD x CX3CR1GFP recipient mice : i) young adult 2
GFP
mice. It is
month old mice, ii) aged adult 8 months old and iii) aged adult 20 months old 5XFAD x CX3CR1
important to note that these mice also differ in their Aβ plaque burden. While young adult 2 month old 5XFAD
x CX3CR1GFP mice start to develop plaques in the cortex, aged adult mice have already tremendous
amounts of amyloid plaques. Based on the notion that morphological changes such as microglia soma
enlargement and microglia processes shortening occur with age, but also functional impairment of microglia
such as phagocytic activity coincides with Aβ plaque deposition [24], we anticipate different amounts of
amyloid plaques in the wild-type grafts depending on the age of the recipient mice due to diminished Aβ
phagocytosis and migration capacity of microglia.
To manipulate microglia function by an alternative approach, we will generate 5XFAD x Irf-8-/- mice in
collaboration with the group of Marco Prinz [A01]. Irf-8 is a transcription factor that was identified as a critical
regulator of reactive microglia. Moreover, Irf-8 deficient microglia show increased levels of CD45, CD11b and
F4/80 but decreased levels of CCR2, CCR5 and CX3CR1 that might be critical for microglial phagocytosis. In
order to determine first the expression of Irf-8 in the wild-type transplant, we will take advantage of Irf-8Venus mice [25] and use those as recipient mice in our transplantation experiments. Immunhistochemistry
for Iba-1 and Venus will be used to analyze the amount of double-labelled Iba-1 positive and Venus positive
cells. We expect that most Iba-1 positive microglia cells within the graft should be co-labelled with Venus and
-/positive for Irf-8. Intracortical injections of wild-type tissue into 5XFAD x Irf-8 mice will provide an answer if
and how Aβ plaque formation in the grafts might be altered upon Irf-8 deficiency. These experiments will give
new insights into the relevance of Irf-8 in microglia phagocytosis, migration and Aβ plaque formation.
To finally demonstrate the importance of microglia involvement in Aβ plaque development within wild-type
grafts, we will use Frank Heppner’s [B09] CD11b-HSVTK mice as part of this collaborative research effort
[13]. These mice are depleted of microglia and will be used as recipient mice in order to unequivocally
determine if the presence of microglia is at all necessary for Aβ plaque formation within wild-type grafts. We
hypothesize that there should be no or significantly fewer Aβ plaques within the wild-type grafts in 5XFAD x
CD11b-HSVTK mice if microglial action plays a central role in plaque deposition. It remains to be seen if the
relatively short time interval of only 4 weeks for depletion will be enough time to exert an influence on plaque
formation. Therefore, it will be of great importance to establish the kinetics and time course of Aβ plaque
formation in wild-type grafts first as detailed in Aim 1 of this proposal. If Aβ plaque formation in wild-type
grafts will be evident already 4 weeks post-transplantation then it will be appropriate to use 5XFAD x CD11bHSVTK mice to deplete microglia. However, depending on the outcome, it might be necessary to use an
alternative microglia depletion strategy such as the recently published CSF1R inhibitors [26].
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3.4.2

Work Plan
2017

2018

Aims

2019
1

3

2020
2

3

1. Establish neural
transplantation experiments
2. Monitoring microglia cell
dynamics in vivo
3. Manipulating microglia
function during Aβ formation

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A01

Prinz

A06

Lämmermann

B09

Heppner

ID

PI

A01

Prinz

The Prinz group will provide Irf-8-/- mice

A02

Jung

CX3CR1GFP mice will be provided by the Jung group

B07

Priller

B09

Heppner

3.6

Research interactions
Determine the role of Irf-8 on microglia function
Assess integrin (talin) involvement in microglial Aβ phagocytosis
Microglia depletion and its effect on Aβ plaque formation in wild-type grafts
Methodological interactions

The characterization of microglia in cultured brain slices will be investigated
together with the Priller group.
We will receive CD11b-HSVTK mice and experimental help for the depletion
of microglia from the Heppner group.

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

TransReelinSys –Systems biology of reelinassociated neuropsychiatric disorders

BMBF

Under evaluation

In my subproject I will perform structural in vivo imaging using two-photon laser scanning microscopy to
study synaptic plasticity in reelin mouse mutants and analyze dendritic spine and axonal bouton dynamics.
There is no thematic overlap of this project with the work proposed here
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc, 100%
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
66,600
1
66,600
1
66.600
1
66.600
66,600
66,600
66.600
66.600

Direct costs
Consumables
Animal Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

3.7.3

2018

Sum
23,000
7,000
30,000

Sum
23,000
7,000
30,000

Sum
23,000
7,000
30,000

Sum
23,000
7,000
30,000

Sum

Sum

Sum

Sum

96,600

96,600

96,600

96,600

none

Requested funding for staff
Sequential
no.

Existing staff

Research staff

1

Requested staff
Research staff

2

Field of
research

Department of
university or
non-university
institution

Project
commitment in
hours/
week

Melanie MeyerLuehmann,
PhD,
Professor,
Research
group leader

Neurodegeneration,
Alzheimer’s
disease mouse
models

Dept of
Neurology

12

Paolo d’Errico,
PhD,
Postdoc

Neurodegeneration

Dept of
Neurology

Name,
academic
degree,
position

Category

3.7.2

Funding
source

University

Postdoc

Job description of staff (supported through existing funds):
1.
Melanie Meyer-Luehmann is the principal investigator (PI) of this project. She is assigned to plan,
coordinate and control experiments, to interpret, critically discuss and publish the results. She will
assist in microscopical analysis and interpretation. She is responsible for the supervision of the
postdoctoral work and in coordinating the scientific exchange with the collaborating groups within this
consortium. She will spend 30% of her working time on this project.
Job description of staff (requested funds):
2.
Paolo d’Errico is Postdoc in his second year, who was trained by the PI in all necessary methods
including surgical interventions and imaging techniques in order to successfully conduct the proposed
study. Since the majority of the experiments include experimental animal work, it is favourable to rely
on a postdoc candidate who can build on previous research expertise. Furthermore, an animal course
is mandatory for persons carrying out animal experiments and is accredited by the Federation of
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European Laboratory Animal Science Association (FELASA category B). This FELASA course would
be a requirement that most postdocs would fulfil, but most PhD students, would normally fail.
Therefore we request a postdoc fellow who will carry out not only all the scientific aspects of the
proposed project including surgical procedures (intracortical injections), histological processing,
microscopy and analysis as well as the presentation of the results at meetings but also all the cranial
window surgeries and in vivo multiphoton imaging for several groups of the NeuroMac initiative [A01,
A06 and B06].

3.7.4

Requested funding of direct costs

Existing funds from the University
Medical Center
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

7,000

7,000

7,000

7,000

30,000

30,000

30,000

30,000

Requested Consumables
Primary antibodies for immunofluorescence of tissue, e.g. Iba1, GFP, NeuN, 6E10, CD68
Secondary antibodies for immunofluorescence
Histology equipment and reagents
Dyes and labeling reagents for in vivo (Methoxy-X04, Thiazine
Red, Texas Red Dextran)
PCR reagents, agarose and oligonucleotides for mouse
genotyping
Cell culture and imaging plasticware , cell medium for brain
slice experiments
Materials for surgery (sutures, syringes, glass coverslips, glue
etc.)
Anesthesia (Ketamin, Xylazine)
Total per year

2017

2018

2019

2020

3,000

3,000

3,000

3,000

3,000
3,000

3,000
3,000

3,000
3,000

3,000
3,000

5,000

5,000

5,000

5,000

2,000

2,000

2,000

2,000

2,000

2,000

2,000

2,000

3,000

3,000

3,000

3,000

2,000
23,000

2,000
23,000

2,000
23,000

2,000
23,000

Requested Animal Costs

2017

2018

2019

2020

Calculation
Housing of 800 mice x 0.7 EUR/week x 52 weeks = 29.120.
Per year 29.120/4 = 7.280, 7.000 per year
We use the following mouse strains, which are available in
house but need to be bred over a long period of time before
we can use them:
5XFAD, CX3CR1GFP, CX3CR1GFP/GFP, Thy1 GFP/GFP, Irf-8-/- and
CD11b-HSVTK

7,000

7,000

7,000

7,000

Purchasing of C57 BL/6J mice as controls for maintaining
clean genetic lines.
This will be covered by the institutional funds of the applicant

-

-

-

-

7,000

7,000

7,000

7,000

(All figures in euros)

Total per year
(All figures in euros)

3.7.5
none
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3.1

General information about Project B09

3.1.1

Project Title: Probing myeloid effector functions in Alzheimer´s disease and
immunotherapy

3.1.2

Research areas: Clinical neuroscience I, Cellular neuroscience

3.1.3

Principal investigator

Heppner, Frank, Prof. Dr.
* 16.07.1968, German
Department of Neuropathology
Charité - Universitätsmedizin Berlin
Charitéplatz 1,
10117 Berlin
Phone: +49-30–450 536 041
E-Mail: frank.heppner@charite.de
Does the above mentioned person hold fixed-term positions? No

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.

2.
3.
4.
5.
6.

3.2

An Ethics Approval has been applied: EA1/040/16, title „SFB/TRR167, TPB09, ‚Probing
myeloid effector functions in Alzheimer’s disease and immunotherapy‘ – Verwendung von
Hirnautopsie-Gewebe

clinical trials
A copy of the studies’ registration is included with the proposal.
experiments involving vertebrates.
experiments involving recombinant DNA.
research involving human embryonic stem cells.
Legal authorisation has been obtained.
research concerning the Convention on Biological Diversity.

yes
no

no
N/A
yes
no
no
N/A
no

Summary

Recent evidence reveals that immune processes can drive Alzheimer's disease (AD) pathology also
independently of the pathological protein deposits such as Aβ, thus exacerbating pathology, culminating in a
vicious, pathophysiological cycle. Key players of this inflammatory reaction in AD are CNS-resident myeloid
cells, i.e. microglia. Mutations in microglia/myeloid cell genes involved in innate immunity such as Trem2
have been identified as risk factors for developing AD, and global Trem2 deficiency in AD-like mouse models
resulted in inconsistent data. Hence we here propose to analyze alterations in AD pathology along with
functional changes of microglia in vivo and ex vivo in Aβ-overexpressing AD-like mice that exclusively in
myeloid cells/microglia (i) harbor the pathogenic TREM2 (R47H)-mutation, (ii) lack TREM2 or (iii)
overexpress TREM2 (Aim 1). Moreover, the capacity of pathogenic protein seeding upon intracerebral
injection of Aβ seeds in Aβ-overexpressing AD-like mice harboring Trem2-alterations will be tested and the
genomic signature will be assessed to identify altered pathways upon TREM2 modification (Aim 2). Besides
their role in AD pathogenesis, it has been a matter of debate whether microglia are implicated in conferring
the efficacy of Aβ immunotherapy, a viable therapeutic option for treating AD. However, the precise
mechanism of action of Aβ immunotherapy and, particularly, the specific role of microglia in this regimen is
still not known. Following our recent identification of microglia as key effector cells in antibody-triggered Aβ
clearance, we now seek to characterize the respective molecular and operating determinants of microglia
effector functions. We will characterize the genomic signature upon Aβ-immunotherapy in vivo allowing for
the determination of functionally important pathways and molecules that mediate microglia effector functions
(Aim 3.1). Thereafter, we will use organotypic brain slices to test in vitro the functional impact of pathways
identified in the aforementioned genomic analysis, and probe the microglia dependence of different Aβtargeting immunotherapy approaches using different antibody subtypes and targeted epitopes within the Aβpeptide (Aim 3.2).
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

AD pathogenesis:
Dementia is an emerging global public health challenge; today, over 35 million people worldwide live with the
condition. This number is expected to double by 2030 and more than triple by 2050 to 115 million, resulting
in estimated of costs of >$600bn worldwide in 2010. Alzheimer’s disease (AD) is the most prevalent cause of
dementia. It is a fatal neurodegenerative disorder characterized by progressive cognitive and functional
impairment and memory loss. Most cases are late-onset sporadic AD with no proven evidence for a
Mendelian pattern of inheritance. Five percent of individuals over the age of 65, 20% over the age of 80, and
more than one third of people over the age of 90 are affected by AD, and prevalence of the disease is
therefore expected to increase with life expectancy. Currently, treatment options to cure or halt AD
progression are not available. Validated biomarkers for early diagnosis also do not exist, and currently
approved pharmacotherapies provide only modest and transient symptomatic benefit in AD [#2].
The two primary pathological hallmarks of AD are the deposition of amyloid plaques, which are composed of
amyloid-β (Aβ) (the cleavage peptide derived from amyloid precursor protein (APP)), and the deposition of
neurofibrillary tangles (NFTs), which are primarily composed of hyperphosphorylated tau protein. Although
the pathophysiology of AD is still unclear, substantial evidence supports a significant contribution of Aβ and
tau species to disease progression. According to the amyloid cascade hypothesis, Aβ accumulation and
deposition in the brain - either by aberrant processing of APP or by dysfunctional clearance - is widely held
to be the initiating event [1]. Various species and aggregation states of Aβ exist, most likely with varying
pathogenetic impact.
Another important aspect of AD pathology is the inflammatory response, which is primarily driven by the
intrinsic myeloid cells of the brain, the microglia. Data indicating an involvement of the immune system in AD
have been available for over a decade. However, the important contribution of inflammation to AD
pathogenesis has only very recently been appreciated. Indeed, inflammation was assumed to occur only at
late-to-end stages of AD and to represent merely an epiphenomenon, which explains why immune system
related events in AD have only recently become a central topic of pathogenetic and, ultimately, possible
therapeutic relevance (for details see [#2]). Thus, a better understanding of immune mechanisms that
contribute to AD are key to improving diagnostic, interventional and monitoring approaches. Specifying the
reactive cells, their products and signaling pathways will broaden our overall understanding of AD
pathogenesis and may ultimately lead to the identification of novel immune-based therapeutic targets for
controlling the disease process.
Neuroinflammation in AD:
Recent preclinical, genetic and bioinformatic data demonstrate that activation of the immune system
accompanies AD pathology and contributes to the pathogenesis [2]. The recent identification of mutations
associated with AD in genes encoding immune receptors such as TREM2 [3, 4] and CD33 [5] was
conceptually fundamental. The finding of risk variants in genes encoding immune system molecules
prompted a reassessment of previously reported findings that levels of inflammatory cytokines, chemokines
and other immune mediators are increased in tissues and body fluids of individuals with AD or with
prodromal forms of the disease [6]. These studies have not only identified various novel alterations in
immune system molecules, pathways and genes, they have also shifted our understanding of the timing of
immune system changes in the course of AD. While it was previously believed that immune system
activation — mainly mediated by glial cells — follows Aβ deposition, current analyses of clinical symptoms
that precede AD, i.e. mild cognitive impairment (MCI), indicate a much earlier involvement of the immune
system [6]. Experimental evidence e.g. by Krstic and colleagues [7] supports this view: systemic immune
challenges, e.g. by the viral mimic polyriboinosinic-polyribocytidilic acid (PolyI:C), triggers and drives AD-like
neuropathology ‘sporadically’ in wild-type mice, indicating that immune mediated effects can precede AD-like
pathology and suffice to cause it.
Of all non-neuronal CNS cells, microglia are most intimately associated with the tissue changes associated
with AD. In autopsy brain tissue sections of AD patients, macrophages derived from microglia and, possibly,
from infiltrating monocytes decorate plaques. The morphology of parenchymal microglia indicates that they
are responding to challenge. Microglia are equipped to sense so-called ‘danger signals’, such as protein
aggregates in AD, and to respond to changes in neuronal health by adopting a set of morphological and
functional attributes termed collectively ‘reactive’. Microglia have been shown to bind to soluble Aβ oligomers
and Aβ fibrils through various receptors they express, such as CD14, CD36, CD47, α6β1 integrin, class A
scavenger receptor, receptor for advanced glycosylation end products (RAGE), and toll-like receptors (TLR).
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Binding of Aβ to e.g. CD36 or TLR4 results in the production of inflammatory cytokines and chemokines in
vitro [8]. In vivo, interleukin (IL)-1beta, IL-6, granulocyte macrophage-colony stimulating factor (GM-CSF), IL12 and IL-23, as well as tumor necrosis factor (TNF)α are present in animal models of AD and in brains or
cerebrospinal fluid (CSF) specimens of human AD subjects. In studies in transgenic mouse models of AD,
TNFα release by microglia in response to Aβ was triggered by an interaction of CD40 with CD40L or by Aβ
engagement of TLR4 (for review see [#2] and [#3]).
Remarkably, however, there is now strong evidence for a progressive, Aβ-dependent impairment of
microglial function in the course of AD, as shown by us, detectable by a decrease in microglial phagocytic
activity and directed process motility [#4], which goes along with reduced Aβ-binding to scavenger receptor
and Aβ-degrading enzyme expression in microglia from transgenic AD-like mice [9]. Importantly, efficient
phagocytosis has recently been shown to involve parts of the autophagy pathway component beclin 1, which
was found to be significantly reduced in microglia derived from AD patients [10]. The notion that microglial
impairment in AD might represent the functional correlate of their amoeboid phenotype (which is widely —
but erroneously — interpreted as sign of microglia ‘activation’) carries considerable relevance for
understanding AD pathogenesis. This view is supported by the fact that inefficient clearance of Aβ —
including that mediated through microglial proteases — is a major pathogenetic factor in sporadic AD [11]. It
is therefore noteworthy, but not surprising, that transient depletion of microglia that have acquired a
dysfunctional phenotype within the course of AD has no impact on Aβ burden in an animal model of AD [#8].
Microglial impairment may paradoxically be sustained by inflammatory cytokines such as TNFα, IL-1, IL-12
and IL-23, which are known to be expressed in the AD brain. This notion suggests that AD pathology can be
accelerated through a negative feedback loop. Ultimately, prolonged microglia impairment will be
accompanied by a loss of trophic functions and the elimination of protective properties, mimicking conditions
of a microglia-specific lack of brain-derived neurotrophic factor (BDNF), which is key for achieving a motorlearning task by promoting learning-related synapse formation [12].
Mutations in innate molecule genes and AD:
Rare structural variants of genes encoding immune receptors such as TREM2 [3, 4], CD33 [5], and
complement component (3b/4b) receptor-1 (CR1) [13], all of which are expressed on microglia and other
myeloid cells, are associated with a higher risk of AD. These findings support the concept of altered
microglial function in AD. Since TREM2 has previously been shown to be involved in regulating microglial
phagocytosis [14], it was surprising to learn that is the chief role of TREM2 in various AD mouse models to
promote survival of activated microglia and their peripherally derived myeloid counterparts [15, 16].
Furthermore, TREM2 binds to Aβ plaques through sensing lipids associated with Aβ accumulation and
neuronal loss [15]. Interestingly, TREM2-deficiency in APPPS1 mice was shown to ameliorate hippocampal
Aβ accumulation [16], whereas 5XFAD-like mice , in which Aβ deposition develops less rapidly compared to
APPPS1 mice, showed an increase in hippocampal Aβ in the absence of TREM2 [15]. Moreover, our own,
yet unpublished data in APPPS1 mice lacking TREM2 show a reduction in plaque burden at an early time
point (120 days), where Aβ plaques are smaller and more compact, while at late stages (250 days) AD
pathology, namely Aβ burden, is increased (Miller, Eede, Prokop, Heppner, unpublished observations). Thus
additional studies will not only need to address the reasons for the differences in Aβ pathology in the various
AD-like mouse models lacking TREM2, but also to distinguish between potential differences in phenotypes
resulting from TREM2-deficiency versus TREM2 mutations. Accordingly, variations in the gene encoding
TYRO protein tyrosine kinase-binding protein (TYROBP; also known as DAP12) — the TREM2 adaptor
protein — are associated with late-onset AD [2]. Together, these findings suggest that impaired TREM2
function and, consequently, altered myeloid cell (monocyte or microglia) function, has a role in AD
pathogenesis.
Immunotherapy in AD and microglia:
Several clinical trials with antibodies against Aβ in patients with early or late phases of AD have been
initiated although the exact mechanisms explaining how antibodies against Aβ reduce plaque burden
are largely unclear [17]. There is undeniable evidence that Aβ-targeted vaccination activates microglia and
induces uptake of Aβ by microglia [18]. Nevertheless, the overall importance of microglia for Aβ-targeted
immunotherapy has been questioned, since the use of an immunotoxin or the antibiotic drug minocycline
resulting in silenced microglia abolished antibody-induced Aβ clearance in AD-like mice only partially [19].
Furthermore, Aβ antibody-induced microglia activation is associated with the release of pro-inflammatory
cytokines and side effects in recent clinical trials utilizing passive vaccination strategies, including
hemorrhage and vasogenic edema, were at least partially ascribed to the pro-inflammatory response
induced by microglia activation. Since a new subgroup analysis of two recent phase III clinical trials involving
over 2,000 participants with mild to moderate AD using the monoclonal anti-amyloid-β antibody solanezumab
showed that this Aβ antibody could be effective if administered sufficiently early in the disease process [20],
a better mechanistic understating of immunotherapy is more important than ever.
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Preliminary work
Establishing a protocol to exchange resident microglia with peripherally-derived myeloid cells in vivo:
We have recently established a "microglia exchange protocol" in CD11b-HSVTK mice, in which ~ 90% of
resident microglia can be replaced by peripherally-derived myeloid cells in vivo [#1]. To demonstrate the
origin of the cells repopulating the microglia-depleted brain in CD11b-HSVTK (TK) mice [#7], without the bias
and side effects of bone-marrow chimerism, we performed isochronic parabiosis experiments, in which TK
mice were paired with Act.GFP partners. After establishment of a joined blood compartment, demonstrated
by a blood chimerism of approximately 40% (Figure 1c), we achieved the exchange of resident microglia in
the TK transgene-expressing partner by intracerebroventricular (icv) application of ganciclovir (GCV) for 10
days, followed by 2 weeks of no treatment (Figure 1). While neither the application of GCV into wildtype
control mice, nor the application of artificial cerebrospinal fluid (aCSF) in TK mice led to a significant influx of
GFP-positive peripheral myeloid cells into the brain (Figure 1a, b, e), we observed a robust increase in Iba1positive cells in TK mice treated with GCV (resulting in depletion of endogenous microglia) (Figure 1d), as
described previously [#7]. Consistent with the degree of chimerism, a substantial percentage of the
infiltrating cells were GFP-positive (Figure 1 a, b, e), which indicated their peripheral origin, and was evenly
distributed throughout the parenchyma (Figure 1 a, b). These data demonstrate that in the TK mouse model,
depletion of resident microglia is followed by a rapid repopulation by peripherally derived myeloid cells in the
absence of additional stimuli, such as bone-marrow chimerism or whole-brain irradiation.

Figure 1: Peripheral origin of repopulating myeloid cells in non-chimeric microglia-depleted parabiotic mice:
CD11b-HSVTK mice and Act.GFP mice were surgically connected to establish a joined circulatory system. Upon
establishment of blood chimerism in both partners (2 weeks), icv GCV was administered for 10 days to deplete microglia
in the CD11b-HSVTK partners. Mice were sacrificed 24 days after starting GCV treatment. (a, b) Representative
images of GFP-positive cells (green, center panels) in microglia-depleted (GCV-treated) TK mice (bottom panels), WT
controls (top panels) or non-microglia-depleted aCSF-treated TK controls (middle panels). Shown are cortical (a) or
hippocampal (b) brain regions stained for Iba1 (blue, left panels) or GFP (green, center panels), as well as merged
images (right panels). (c) Flow cytometric analysis of GFP+ cells in blood of parabiotic pairs. Stereological
quanti¬fication of Iba1+ positive cells (d) and GFP-positive cells (e) in brains of mice described in (a-c) (*p= 0.04,
**p=0.008 ; Kruskal Wallis test followed by Dunn’s post-hoc analysis; n=5 per group). Figure taken from [#1].
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Assessing whether peripherally derived myeloid cells are more efficient in fighting AD pathology than
resident microglia:
We then tested whether the exchange of resident microglia by peripheral myeloid cells would alter AD
pathology in an Aβ carrying AD-like mouse model. We therefore generated APPPS1;TK+/- mice by crossing
APPPS1 mice [21] to TK mice [#9]. Twenty-eight days after a 10 day ganciclovir (GCV) regimen to deplete
endogenous microglia, we observed a repopulation of the microglia niche by Iba1 positive cells in
+/APPPS1;TK+/- mice (Figure 2a). The newly recruited myeloid cells in APPPS1;TK mice were present at
-/comparable numbers to the endogenous microglia cells in similarly GCV-treated APPPS1;TK mice (Figure
2b) and untreated APPPS1 mice (data not shown). In addition, these cells exhibited a distinct morphology
characterized by broader, more rod shaped cell bodies than the ramified resident microglia (Figure 2a).

Figure 2: Peripheral myeloid cells do not affect Aβ pathology in microglia-depleted APPPS1;TK+/- mice.
(a) Representative images of Iba1-immunohistochemistry (blue; scale bar 20 µm) in peripheral myeloid cell-repopulated
+/-/APPPS1;TK mice (bottom panel) and similarly GCV-treated APPPS1;TK control mice (upper panel). (b) Stereological
quantification of Iba1-positive cells (n=5-8 per group). (c) Overview images of Iba1-immunohistochemistry (blue; scale
bar 100 µm). (d) Quantitative PCR analysis of Cd11b, Cx3cr1, Hexb, P2ry12 and Trem2 from whole brain tissue of
+/-/APPPS1;TK mice compared to APPPS1;TK controls (n=6 per group). (e) Representative images of 4G8
immunohistochemistry (scale bar 100µm). (f) Stereological quantification of the area covered by 4G8-positive plaques
(n=6-9 per group). (g) Congo Red staining (scale bar 100 µm) and (h) stereological quantification of the area covered by
Congo Red-positive plaques (n=6-9 per group). Figure taken from [#1].

Furthermore, the newly repopulating cells were evenly distributed throughout the tissue, as has been
previously described for the repopulation paradigm in the non-AD context [#7]. Strikingly however, the
obvious clustering of resident microglia around Aβ deposits normally observed in the AD brain and AD
-/mouse models, including the non-repopulated APPPS1;TK control mice used in this study, was not
+/apparent in APPPS1;TK mice harboring peripheral myeloid cells in the brain (Figure 2c). This suggests
that Aβ plaques serve as an insufficient stimulus to induce a targeted response by infiltrating macrophages.
+/-/qPCR analysis of RNA isolated from cerebral hemispheres of APPPS1;TK and APPPS1;TK mice
revealed a significant downregulation of the enzyme hexosaminidase B (Hexb) and the purinergic receptor
P2ry12 (Figure 2d), both of which have been shown to be significantly enriched in resident microglia
compared to peripheral macrophages, thus confirming the successful depletion of resident microglia and
replacement by peripheral myeloid cells. On the other hand, expression of the common microglia and
macrophage genes Cd11b and Cx3cr1, remained unchanged (Figure 2d). This is well in line with detecting
equivalent numbers of stereologically quantified Iba1-positive cells in repopulated, APPPS1;TK+/-and non-/repopulated, APPPS1;TK mice (Figure 2b). Interestingly, Trem2 also remained unchanged upon peripheral
macrophage infiltration, suggesting that both resident microglia and peripheral myeloid cells contribute to
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Trem2 expression in the brain, an issue which has been discussed controversially [15, 16]. Based on these
findings we now propose to modulate Trem2 expression in microglia using the microglia exchange paradigm
-/+/+
in APPPS1;TK mice that, upon depletion of resident (wild-type, i.e. Trem2 ) microglia, will harbor
-/peripherally derived myeloid cells lacking Trem2 (Trem2 ), or expressing the pathological R47H Trem2
mut
tg+
mutation (Trem2 ) or overexpressing Trem2 (Trem2 ), as described in Aims 1 and 2 of this proposal.
The role of microglia in Aβ immunotherapy:
As the mechanisms underlying antibody-mediated Aβ plaque reduction are still not known, we recently
compared the therapeutic efficacy of passive immunization against Aβ in a mouse model of AD (namely
APP23 mice) in the presence or absence of microglia
(Eom, Krzywkowski, Prokop, Heppner, unpublished).
CD11b-HSVTK mice [#9] were cross-bred to the APP23
mouse model of late-onset cerebral amyloidosis [22].
Double transgenic APP23;TK+ mice [#8] were aged to
19 months and treated intracerebroventricularly (icv)
®
with ganciclovir (GCV) using Alzet miniosmotic pumps
as described [#8]. Single transgenic littermate
APP23;TK- mice were used as controls. In parallel all
mice received a passive immunization regimen of
weekly intraperitoneal (ip) injections of either Aβ-specific
(Ab9 [23]) or nonspecific (control) antibody;
experimental details are shown in Figure 3.
Figure 3: Cartoon depicting experimental details of Aβ
vaccination in the presence or absence of microglia

While the treatment with anti-Aβ antibodies substantially reduced Aβ plaque burden in AD-like mice with a
physiological microglia number, the therapeutic effect of this passive immunization paradigm was completely
abolished, when microglia where substantially depleted (Figure 4), unequivocally identifying these brain
intrinsic immune cells as key mediators of antibody-triggered Aβ clearance.

Figure 4: Removal of microglia neutralizes therapeutic efficacy of Aβ-targeted immunotherapy in APP23 mice.
Left panel: Representative low (upper row; scale bar: 500 μm) and high (lower row; scale bar: 100 μm) magnification
images of Aβ plaque burden in aged APP23 mice treated with ganciclovir (GCV) and control (APP23;TK- [ctrl], left panel)
or Aβ-specific antibody (APP23;TK- [Ab9], middle panel, and APP23;TK+ [Ab9], right panel) are shown. Right panel:
Stereomorphometric analysis of Aβ (4G8)-stained brain sections of mice shown in the left panel as well as an additional
group of untreated APP23 mice and GCV-treated APP23 mice without Ab9 anti-Aβ antibody treatment. The microglial
depletion efficacy in mice harboring the CD11b-HSVTK transgene and receiving GCV was at least 50% (data not
shown). Figure and data: unpublished (Eom, Krzywkowski, Prokop, Heppner).
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While there was no significant correlation between cortical plaque load and microglial density in controltreated APP23;TK- mice, we observed a striking inverse correlation between microglial density and efficacy
of Aβ plaque removal in Ab9-treated mice regardless of genotype (APP23;TK- and APP23;TK+ mice,
Figure 5). This finding emphasizes the critical dependency on microglia for reduction of Aβ plaque load
during passive Aβ immunization. Soluble Aβ content and total Aβ content of the respective mice
recapitulated the significant differences seen in histology, while there was no change in insoluble Aβ (data
not shown).

Figure 5: Critical dependence on microglial density for lowering Aβ burden in vaccinated APP23 mice.
Histological pictures: Representative images of fluorescent double labeling with Iba1 antibodies (red) and anti-Aβ
antibodies (green; scale bar: 150 μm) in mice described in Figure 4. Right panel: Correlation of microglial density and
cortical Aβ burden in control-treated APP23;TK- mice (grey symbols, [ctrl]) and Aβ-vaccinated APP23;TK- and
APP23;TK+ mice (black symbols, [Ab9]). Figure and data: unpublished (Eom, Krzywkowski, Prokop, Heppner).

Since definite knowledge on the mechanism of antibody- mediated Aβ-clearance, including the precise
role of microglia, will be crucial for developing novel treatment approaches for AD, as well as advancing
existing ones, we aim to scrutinize the microglial molecules and microglia-specific pathways involved in
mediating efficacy of Aβ vaccination in Aim 3 of this proposal.
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3.4

Project plan

3.4.1

Work Programme and Methods

Aim 1: Modulating Trem2 expression specifically in myeloid cells/microglia of AD-like mice
Research question and expected results: Aim 1 will provide answers whether and how myeloid cell/microglia-specific TREM2 deficiency, TREM2 overexpression or expression of the pathological R47H
TREM2 mutation alters (i) AD pathology and (ii) microglia functions.
Work program:
We will modulate Trem2 expression in myeloid cells/ microglia using the microglia exchange paradigm in
+/APPPS1;TK mice (for methodological details see Preliminary work and Figure 6). Upon adoptive transfer
+/+
of (i) wild type (Trem2 ) bone marrow (BM), (ii) BM carrying the pathological R47H TREM2 mutation
mut
-/tg+
(Trem2 ), (iii) BM lacking TREM2 (Trem2 ), or (iv) BM overexpressing TREM2 (Trem2 ) into
+/APPPS1;TK (APPPS1 x CD11B-HSVTK) recipients. First, resident microglia will be depleted (by the
administration of GCV), which is followed by a rapid repopulation with peripherally-derived myeloid cells
(harboring the above mentioned TREM2-alterations), thus allowing to assess AD pathology in vivo in a CNS
environment, in which merely microglia/myeloid cells harbor the respective TREM2 variations. Alternatively,
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we will use CX3CR1GFP;APPPS1;TK+/- mice as recipients (i.e. APPPS1;TK+/- mice crossed to CX3CR1GFP
mice exhibiting a GFP-positive myeloid cell pool) allowing to visually distinguish between endogenous, GFPpositive vs. (non-labelled) peripherally derived myeloid cells. Figure 6 depicts the experimental procedure;
+/GFP/methods have been described in detail by us in a recent publication [#1], APPPS1;TK and/or CX3CR1
+/;APPPS1;TK recipient mice are already available to us.

Figure 6: Cartoon depicting experimental details of modulating Trem2 expression specifically in myeloid
cells/microglia of AD-like mice (Aim 1 and 2)
+/GFP
+/APPPS1;TK (and/or CX3CR1 ;APPPS1;TK ) mice harboring peripherally derived myeloid cells in the
-/CNS, which either lack Trem2 (Trem2 ), express the pathological R47H Trem2 mutation (Trem2mut) or
tg+
overexpress Trem2 (Trem2 ), will be generated and kept after repopulation of Trem2-altered myeloid cells
for further 30 to 90 days. Then, the following parameters will be analyzed:

•
•
•

AD pathology will be assessed including extensive histological/ immunohistochemical, biochemical
and molecular analyses as described by us [#6] (see also General techniques/methods)
Focal laser lesions will be applied and the microglia response, namely the site-directed motility of
microglia, will be assessed by in vivo 2-photon imaging, as described earlier [#4]
+/Acute organotypic brain slices of the various APPPS1;TK mice harboring Trem2-altered myeloid
cells will be generated and the phagocytic capacity will be assessed with fluorescently labelled latex
beads, similarly as described previously [#4].

All techniques are fully established in the lab. Mice lacking Trem2 (Trem2-/-) are already in our hands, while
mut
mice expressing the pathological R47H Trem2 mutation (Trem2 ) as well as mice overexpressing Trem2
tg+
(Trem2 ) will be kindly provided by Christian Haass (LMU Munich).
Collaborations: In vivo 2P imaging experiments will be supported by B08/Meyer-Luehmann, who will
contribute her extensive 2-photon real-time imaging expertise. Expertise on working with CX3CR1GFP mice
will also be provided by A02/Jung.
+/-

Aim 2: Assessing the Aβ seeding capacity and the genomic signature in APPPS1;TK
harboring Trem2 alterations restricted to myeloid cells/microglia

mice

Research question and expected results: Aim 2 will provide answers whether myeloid cell-/microgliaspecific TREM2 deficiency, TREM2 overexpression or expression of the pathological R47H TREM2 mutation
alters the promotion of Aβ seeding in mice prone to develop cerebral amyloidosis; Aim 2 will also deliver
TREM2-related changes in the genomic signature.
Work program:
We will modulate Trem2 expression in myeloid cells/microglia using the microglia exchange paradigm in
+/GFP
+/APPPS1;TK mice (or alternatively CX3CR1 ;APPPS1;TK mice) similarly as described in Aim 1 (for
details see also Preliminary work and Figure 6). 4 months old APPPS1;TK+/- mice harboring the various
TREM2 alterations (Trem2+/+, Trem2-/-, Trem2mut, Trem2tg+) will receive stereotaxic injections into the dorsal
hippocampus of 2.5 μL of brain homogenate (Aβ seed) derived from Aβ-depositing APPPS1 transgenic mice
(20–22 months old) under anesthesia, as established by Mathias Jucker and colleagues (University of
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Tübingen; see e.g. [24]. 3 months after inoculation of Aβ-containing APPPS1 brain homogenates into
APPPS1;TK+/- mice harboring the various TREM2 alterations, Aβ pathology will be assessed by means of
stereomorphology and biochemically (for details see [#6] and General techniques/methods). While
+/APPPS1;TK recipient mice harboring the described TREM2-alterations are expected to have already
detectable amounts of Aβ at the time of inoculation of Aβ seeds (at 4 months of age), the seeding is
expected to increase the overall amount of Aβ deposition over the amyloid burden derived from the
transgene as such. To assess defined differences in the genomic signature of APPPS1;TK+/- mouse brains
+/+
-/mut
tg+
harboring distinct TREM2 alterations (Trem2 , Trem2 , Trem2 , Trem2 ), we will isolate CNS myeloid
cells and run RNA sequencing analyses to compare the respective RNA profiles. Thereafter, identified
candidates will be verified by qPCR analyses and immunohistochemistry and/or in situ hybridization. In this
way, we will be able to pinpoint changes in up- or downstream pathways upon TREM2 modulation, thus
giving insights into the mechanism of TREM2-mediated actions of microglia in AD.
Collaborations: Aβ seeding experiments will be done together with Melanie Meyer-Luehmann [B08], who
has a methodological know-how ideally suited to support this Aim. RNAseq experiments will be supported by
Marco Prinz [A01] and Ido Amit [A03], who are very experienced in these assays, while Rolf Backofen [Z01]
GFP
will run the bioinformatics analysis. Expertise on working with CX3CR1
mice will also be provided by
Steffen Jung [A02].
Aim 3 Dissecting the molecular and functional impact of microglia effector functions in Aβ-targeting
immunotherapy
Research question and expected results: Aim 3 will assess how microglia confer efficacy in Aβ
immunotherapy and thus provide defined cues how to optimize Aβ vaccination in AD.
Work program:
To dissect the molecular and functional impact of microglia effector functions in Aβ-targeting immunotherapy
we will devise a three step approach. First, we will determine the genomic signature of microglia upon Aβtargeting immunotherapy in vivo (Aim 3.1); next we will use an in vitro system in organotypic slice cultures
and/or primary cell cultures to test the functional impact of pathways identified in the genomic analysis (Aim
3.2).
Aim 3.1: Genomic signature of microglia upon Aβ-targeting immunotherapy
As we have demonstrated that microglia are important effector cells in Aβ immunotherapy (see Preliminary
work and Figures 3 - 5), our aim is to better clarify the “activation profile” of microglia in this treatment by
identifying the genomic signature of microglia upon Aβ immunotherapy in AD.
To do so, we will treat two separate transgenic AD murine models (APP23 and Tg2576 mice) with either
control or Aβ-specific antibody, and isolate microglia from these mice to subsequently assess their genomic
signature by performing a whole genome array. A whole genome array will eliminate the bias of preselected
transcript candidates inherent to other array platforms. Bioinformatics analysis will include treatment-specific
gene expression patterns that differ from either control-treated or untreated mice. The experimental
procedure is depicted in Figure 7. Utilizing two transgenic Aβ-depositing AD models will eliminate strainspecific effects and ensure the biological validity. The identification of treatment-specific genes will help to
unravel the mechanisms behind the effector functions of microglia, better aiding our understanding of this
treatment class in AD. APP23 are already in our hands, while Tg2576 mice are commercially available (e.g.
via Charles River http://www.criver.com/products-services/drug-discovery/capabilities-platforms/in-vivopharmacology/central-nervous-system-pain/alzheimer-s-disease-model/tg2576).
Aim 3.2: In vitro analysis of microglia effector functions upon Aβ-targeted immunotherapy
For validation and preliminary functional analysis of identified target genes within the framework of Aim 3.1
we will verify candidates identified by RNAseq by qPCR analysis and immunohistochemistry on brain tissue
of Aβ depositing mice. Thereafter, we will assess whether the candidates can also be found in human AD
tissue. The experimental procedure is shown in Figure 7. Human AD tissue is available at the Department of
Neuropathology of the Charité, which holds a biobank for CNS tissue of degenerative diseases (co-funded
by the Excellence Cluster NeuroCure); ethical approval has been given (Aufbau einer Biobank zur
Erforschung neurologischer Erkrankungen auf der Basis klinisch-autoptischer Diagnostik, Antragsnummer
EA1/144/13).
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Figure 7: Cartoon depicting experimental details of assessing how microglia confer efficacy in Aβ
immunotherapy including RNAseq and validation experiments using human and murine AD CNS tissue (Aim 3.1
and 3.2)

In parallel, we will use an in vitro system recently established in our lab. Here, primary microglia or the
microglia cell line BV2 will be placed onto organotypic slice cultures derived from AD-like mice (alternatively,
frozen sections from AD-like mice or from AD patients can be used as substrate for microglial cells) in the
presence or absence of an anti-Aβ antibody, since we found that only the synergistic actions of an anti-Aβ
antibody and of microglial cells resulted in a reduction of the amount of Aβ present in these AD mousederived organotypic slice cultures (Figure 8). This system will be used as a first screening method in order to
functionally validate candidates identified by RNAseq (see Aim 3.1) by studying the efficacy of Aβvaccination upon knockdown or genetic knockout of the respective molecules in BV2 microglia.
CRISPR/Cas9-mediated genome editing and/or siRNA techniques will be employed. Beyond validation of
target genes this in vitro system will also allow to perform a broader analysis of the importance of microglia
for different antibody mediated immunotherapeutic approaches for AD. AD-like mice crossed to CD11bHSVTK mice will allow for microglia depletion in organotypic brain slice cultures to test the efficacy of
antibody-mediated approaches in the absence of microglia.

Figure 8: In vitro assay (own data, unpublished) aimed at screening for the functional impact (i) of microglial
genes and pathways identified in the RNAseq screens (see Aim 3.1) under conditions of Aβ immunotherapy as
well as (ii) of defined anti-Aβ or anti-ApoE antibodies in mediating efficacious immunotherapy (Aim 3.2)
Organotypic brain slices taken from aged Aβ-depositing APPPS1 mice were incubated with BV2 cells and/or the anti-Aβ
antibody Ab9, and the amount of Aβ was measured after 3 days in vitro (middle and right panel). Only in the presence of
microglial BV2 cells and the anti-Aβ antibody Ab9 Aβ was reduced, while the absence of cells (no cells), or the anti-Aβ
antibody Ab9 alone (Ab9) did not alter Aβ load. IgG control antibodies, either given alone (IgG) or in the presence of BV2
cells (Bv2 IgG) did also show no effects on Aβ burden. To confirm that reduction of Aβ by BV2 cells in the presence of
Ab9 antibodies is an active process involving viable BV2 microglia, we added the autophagy blocker 3-Methyladenine
(3MA; Bv2 Ab9 3MA) or cytochalasin D (Cyto D; Bv2 Ab9 Cyto D), a widely used inhibitor of actin dynamics, to the
system, which reversed the Aβ reducing effects of BV2 cells in the presence of the anti-Aβ antibody Ab9, thus confirming
that microglia actively degrade Aβ only when anti-Aβ antibodies are present.
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We will test the following Aβ immunotherapy-relevant, microglia-related determinants in the aforementioned
in vitro assay:
o
o
o

Antibodies of different isotype (IgG1, IgG2, IgG4 or IgM), some of which have been reported to
have reduced capacity to activate microglia
Antibodies targeting different Aβ-epitopes (N-terminal epitopes, mid-domain, C-terminal
epitopes) as well as oligomeric Aβ-specific antibodies
Antibodies targeting ApoE, which have recently been described to reduce Aβ-plaque
burden in an AD mouse model in a similar fashion than Aβ-antibodies [25]

IgG2 and IgM antibodies targeting an N-terminal Aβ-epitope are already in our hands, as well as oligomeric
Aβ-antibodies (i.e. A11 and I11, collaboration with Charles Glabe, UC Irvine, USA) and ApoE antibodies (i.e.
HJ6.1, 6.2, and 6.3, collaboration with David Holtzman, Wash U, USA).
Outlook (beyond the first funding period): Ultimately, we aim to test the biological relevance of identified
(Aim 3.1) and validated (Aim 3.2) target genes in microglia with respect (1) to the efficacy of Aβ-vaccination
in AD or (2) to AD pathogenesis per se in AD-like mice. Thus, it is envisaged to cross the tamoxifenCreER
mice to AD-like mice and subsequently introduce the
inducible myeloid cell-/microglia-specific CX3CR1
floxed target gene(s) of choice (resembling the putative effector molecule). This will allow for an inducible
microglia/macrophage-specific deletion of key effector molecules and thus enable testing of their specific
impact on efficacy of Aβ-targeting vaccination as well as on AD pathogenesis on their own. These
experiments are beyond the scope of the first funding period, but are thought to be executed e.g. within a
putative second funding period.
Collaborations: RNAseq experiments (Aim 3.1) will be supported by Marco Prinz [A01] and Ido Amit [A03],
who are very experienced in these assays, while Rolf Backofen [Z01] will run bioinformatics analysis.
Chotima Böttcher/Josef Priller [B05] will support us in isolating microglia (Aim 3.1).

General techniques/methods applicable to Aims 1 - 3:
AD pathology will be assessed by Western Blotting (urea-based electrophoresis and SDS-PAGE to assess
Aβ, APP, tau, as well as IDE-1 and neprilysin) including a 4-step extraction protocol differentiating soluble
and non-soluble Aβ species. Moreover, ELISA techniques for quantifying Aβ species will be used. Besides
the commercially available kits we will also use electrochemiluminescence techniques and a 96-well
MultiSpot Human 6E10 Aβ Triplex Assay on a MS6000 machine (Meso Scale Discovery). Other standard
investigations of AD pathology are stereomorphometric analyses of β-amyloid or tau covered area by
assessing 10 systematically randomly sampled 40 μm thick sections throughout the mouse cortex using the
Microbrightfield® Stereoinvestigator system with the Cavallieri estimator. All techniques are fully established
in our lab [#6]. Behavioral assessment of mice is also established and will be done in the respective central
mouse facility at the Charité/FEM. On the basis of a broad screening of behavioral tests suitable for APPPS1
mice in the past, we found the open-field test, novel object recognition and Barnes maze tests most suitable.
For details we refer to a recent publication [#6].
Cell-specific phenotyping and cell isolation procedures e.g. of myeloid cells/microglia by using FACS,
gene arrays or in vitro approaches are also standard techniques in our lab and are thus not explicitly
mentioned herein.
For preparations of acute brain slices we also refer to a recent publication, along with the assessment of
phagocytosis using fluorescent latex beads [#4].
Focal laser lesion and in vivo imaging of microglial responses by 2-photon microscopy has also been
done by our lab and can be found in the literature [#4].
The "microglial exchange protocol" using CD11b-HSVTK mice, as depicted in Aims 1 and 2 is described
in detail within the section Preliminary work.
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3.4.2

Work Plan
2017
Aims

2018

1

2019
2

2020
3

4

Aim 1: AD pathology in AD-like
mice with microglia-specific
TREM 2-alterations
Aim 1: Microglia functions in ADlike mice with microglia-specific
TREM 2-alterations
Aim 2: Genomic signature of
TREM2-altered microglia
Aim 2: Aβ seeding in AD-like
mice with TREM2-altered
microglia
Aim 3.1: RNAseq data of
microglia upon Aβ vaccination
Aim 3.1: Validating candidates
resulting from RNA seq
mentioned in Aim 3.1
Aim 3.2 : In vitro testing of
candidates resulting from Aim 3.1

3.5

Role within the Collaborative Research Centre/Transregio

Cooperation partner

Collaborations

ID

PI

A02

Jung

B08

MeyerLuehmann

A01

Prinz

Sharing expertise in RNA sequencing and comparing the respective signatures

A03

Amit

Sharing expertise in RNA sequencing and comparing the respective signatures

B12

Meisel/Meisel

ID

PI

B08

MeyerLuehmann

In vivo 2 photon experiments

Z01

Backofen

Bioinformatics analysis of RNA sequencing data (incl. network analyses)

B05

Böttcher/Priller
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Research interactions
CX3CR1GFP mice, sharing expertise
Sharing expertise in Aβ seeding experiments in vivo

Analyzing human brain autopsy specimens from patients after cerebral
ischemia for ectopic lymphoid structures
Methodological interactions

Sharing expertise in isolating microglia
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3.6

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

Repurposing, validating and mechanistically
understanding IL-12/23 and NLRP3 inhibitors as novel
preclinical and clinical Alzheimer’s disease modifiers

BIH

06/2014-05/2018

EU

proposal in preparation

EU
(IMI-JU)

proposal in preparation

There is no thematic overlap with this funded project.
Biopolymer-based nanotechnological platforms for
advanced target delivery of biologics for Alzheimer’s
disease therapy (ADELA)
There is no thematic overlap with this funded project.
Targeting TREM2 and CD33 of phagocytes for
treatment of Alzheimer’s disease (PHAGO)

This EU proposal is presently in preparation. There is no direct overlap to the herein proposed
experiments: some of the planned experiments of this SFB proposal consist of microglia-/myeloid-specific
and -exclusive alterations of TREM2, which are not addressed in the EU proposal in preparation.

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
Postdoc, 100%

2017

2018

2019

2010

Quantity

Sum

Quantity

Sum

Quantity

Sum

Quantity

Sum

1

66.600

1

66.600

1

66.600

1

66.600

Total

66.600

66.600

66.600

66.600

Direct costs

Sum

Sum

Sum

Sum

Consumables
Animal Costs

25,000
20,000

41,000
20,000

41,000
20,000

25,000
20,000

Total

45,000

61,000

61,000

45,000

Sum

Sum

Sum

Sum

111,600

127,600

127,600

111,600

Major research
instrumentation
Total
Grand total
(All figures in euros)

none
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Requested funding for staff
Field of
research

Department of
university or nonuniversity
institution

Project
commitment in
hours/
week

1

NeuroFrank Heppner,
pathology,
Prof. Dr. med.,
NeuroPI
science

8

Charité

2

Nikolaus
Deigendesch,
Dr. med. Dr.
rer. nat.,
Postdoc and
Resident

Department of
Neuropathology,
Charité –
Universitätsmedizin Berlin
Department of
Neuropathology,
Charité –
Universitätsmedizin Berlin

8

Charité

3

Alexander
Haake,
technician

Department of
Neuropathology,
Charité –
Universitätsmedizin Berlin

10

Charité

Sequential
no.

Name,
academic
degree,
position

Existing staff

Research staff

Non-research
staff

Neuropathology,
Neuroscience

Requested staff
Research staff

4

N.N.

Neuropathology,
Neuroscience

Department of
Neuropathology,
Charité –
Universitätsmedizin Berlin

Category

3.7.3

Funding
source

Postdoc

Job description of staff (supported through existing funds):
1.
Frank Heppner, MD
He will be the principal investigator responsible for the research strategy, and will evaluate
results and contribute specific knowledge in aspects of generating, handling and analysing all AD-like
mice including neuropathological assessment of CNS tissue.
2.

Nikolaus Deigendesch, MD, PhD
He will contribute with his hands-on expertise in microglia/myeloid cell-related topics. He will assess
AD mouse tissue and organize complex mouse breeding strategies.

3.

Alexander Haake, technician
He is very experienced in the work with genetically modified mice including the complete spectrum of
phenotyping, cutting of brains and breeding, which is an essential component of our research.

Job description of staff (requested funds):
4.
N.N.
Funding is requested for an experienced senior Postdoc/group leader. The work program is very
demanding and ambitious and involves multiple advanced techniques, from in vitro assays including
brain slices to organizing mouse genetics - major parts of this project are based on complex in vivo
experiments -, from live imaging techniques to surgical manipulations. To integrate all these aspects, a
person at the level of a group leader is required that combines a longstanding expertise on microglial
biology and on neurodegeneration, while being expected to supervise and coordinate the 3 Aims and
the respective co-workers involved in this project (see above).
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3.7.4

Requested funding of direct costs

Existing funds from core funding of
the Charité faculty (so-called
Leistungs-orientierte Mittelvergabe)
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

9,000

9,000

9,000

9,000

45,000

61,000

61,000

45,000

Requested Consumables
ELISA (Aβ)
TaqMan Primer / Sonde
TaqMan Mastermix
Antibodies/flow cytometry (i.e. bone marrow reconst. exps)
Antibodies/immunohistochemistry (automated)
Secondary antibodies/detection kits/ immunohistochemistry
(automated, Ventana)
Biochemicals
Plastics
Molecular Biology/reagents
Recombinant Proteins
Laboratory articles
RNA Sequencing (Aim 2: 8 genotypes, 8 samples each; Aim
3.1: 8 genotypes, 8 samples each)
Total per year
(All figures in euros)
Requested Animal Costs
Housing of 3,200 mice x 0.7 € / week x 36 weeks (average) =
80,640 EUR/4= 20,160 EUR =20,000 EUR
Overall significant mouse costs mainly arise from the fact that
Alzheimer’s disease mouse models only develop diseaserelated alterations at old age; we thus are obliged to keep
these mice and the respective controls for a prolonged period
of time (in some instances up to 600 – 700 days) until
development of the respective phenotypes occur. The
following mouse strains will be kept:
APPPS1 mice (and crosses thereof), APP23 mice, Tg2576,
GFP
CD11b-HSVTK (and crosses thereof), CX3CR1 (and
CreER
-/crosses thereof), CX3CR1
, Trem2 , Trem2tg+, Trem2mut
Total per year
(All figures in euros)

3.7.5

2017
3,000
2,000
3,000
2,000
3,000

2018
3,000
2,000
3,000
2,000
3,000

2019
3,000
2,000
3,000
2,000
3,000

2020
3,000
2,000
3,000
2,000
3,000

2,500

2,500

2,500

2,500

2,000
1,000
2,000
3,000
1,500

2,000
1,000
2,000
3,000
1,500

2,000
1,000
2,000
3,000
1,500

2,000
1,000
2,000
3,000
1,500

0

16,000

16,000

0

25,000

41,000

41,000

25,000

2017

2018

2019

2020

20,000

20,00

20,000

20,000

20,000

20,000

20,000

20,000

Requested funds for major research instrumentation

none
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3.1

General information about Project B10

3.1.1

Project Title: Microglial control of obesity and diabetes

3.1.2

Research areas: Physiology, Endocrinology, Epigenetics

3.1.3

Principal investigator

Pospisilik, John Andrew, Dr.
* 12.12.1976, Czech / Canadian
Max-Planck Institute of Immunobiology and Epigenetics
Stübeweg 51
79108 Freiburg
Phone: +49-761–5108-757
E-Mail: pospisilik@ie-freiburg.mpg.de
Do the above mentioned persons hold fixed-term positions? Yes
End date 31.12.2017

3.1.4

Further employment is planned until 31.12.2020

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
no
no
N/A
no

Summary

Currently about 2 billion people in the world are overweight; about one half billion are clinically obese. These
individuals are at increased risk of cardiovascular disease, heart infarct, diabetes, and many forms of cancer.
The last decades have taught us that obesity is not a disease of choice, and that highly conserved neuroregulatory circuitry exists that controls appetite, satiety, energy expenditure and even peripheral endocrine
sensitivity. Interestingly, since neurons are not self-sufficient metabolically, this circuitry by default requires
energetic processing of neuronal support cells such as astrocytes and microglia. Recent data have
implicated microglial activation as a potential causal element in the etiology of obesity associated metabolic
disease. The energetic and regulatory mechanisms underlying such disease exacerbation remain a black
box. Here we propose combining the power of conditional mouse genetics and high-throughput nextgeneration sequencing (NGS) tools to i.) characterize, at the single cell and population levels, the acute and
chronic hypothalamic inflammatory processes that accompany obesity; ii.) define the energetic requirements
of microglial activation and their role in modulating disease outcome; and iii.) delineate the signaling
constraints for microglial activation induced metabolic disease in vivo. Thus, we will genetically dissect some
of the first microglial-specific genetic mechanisms for obesity and diabetes.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
The American Medical Association recently voted to recognize obesity as a disease. Interestingly, up to one
in four obese individuals is actually metabolically healthy. To the best current knowledge low-grade chronic
inflammation is the single greatest factor distinguishing diseased from healthy obesity. It is now well
accepted that over-nutrition in susceptible individuals results in metabolic inflammation, or ‘metaflammation’,
Meta-flammation is a form of chronic, low-grade inflammation largely absent of demonstrable systemic or
local microbial infection. Metaflammation was born out of the discovery that tumor necrosis factor-alpha
(TNF-α) potently inhibits adipose insulin signaling [1] and much work has now implicated inhibitor of kB
kinase (IKKβ), c-Jun amino-terminal kinases, and protein kinase R activities as well as a variety of cells of
both the adaptive and innate immune systems. Macrophage infiltrates expressing marker genes consistent
with a classically activated, pro-inflammatory profile have proven pivotal to the emergence of metabolic
disease. Interestingly, cellular metabolic state defines macrophage polarity, NFκB, and inflammatory
potential in both mature and naïve macrophage [#3] [2].
Comparisons of metaflammation with classical inflammation reveal few differences [3]. Hypoxia and fibrosis,
saturated free fatty acids (SFA), ectopic lipid storage, reactive oxygen species, mitochondrial dysfunction,
endoplasmic reticulum stress and gut microbiota all appear able to provide influence. While most studied in
sub-cutaneous and visceral white adipose tissues, active regulatory processes have been documented in
brown adipose and pancreatic islets as well. Very recent evidence suggests that hypothalamic inflammation
may be of particular relevance [4]. Specifically, high-fat feeding induces an extremely rapid bi-phasic proinflammatory response in the hypothalamus [5]. This response correlates with changes in activity of appetiteand metabolic rate regulating POMC/AgRP neurons, and TLR, IKKβ, and JNK signaling systems have been
implicated [6]. Beyond these seminal findings, however, we know very little. The most important difference
between metaflammation in the periphery and hypothalamus seems to be latency. Diet-induced metabolic
inflammation in the hypothalamus can happen rapidly within hours of exposure to high-fat diet (HFD) or
SFAs, in a body weight-independent manner that precedes overt obesity, it might be causally linked to
peripheral activation of the immune system and HFD-induced metabolic complications [7]. In contrast to its
rapid activation, the resolution of hypothalamic inflammation is slow and can persist up to 20 weeks after the
loss of excess body weight [8].
Microglia constitute 10-15% of all brain cells. And like macrophages in the periphery, microglia are a crucial
part of the immune system in the CNS. Microglia are phagocytic, they provide and remove metabolites as
well as support the clearance of neurotoxic substances thereby maintaining neurological function.
Furthermore, microglia have cytotoxic properties and upon activation, co-ordinate the immune response by
presenting antigens and releasing immune-modulatory compounds [9]. Recent evidence suggest a central
role of microglia in controlling metabolite induced hypothalamic inflammation [7].
There is accumulating evidence that both under-nutrition and over-nutrition strongly influence the risk of
developing metabolic disorders, as well as adverse mental health conditions. Recent findings emphasized
the role of the immune system in these settings in linking nutrient supply with metabolic and mental health.
Based on its timing, the hypothesis arises that hypothalamic inflammation is a cause rather than a
consequence of diet-induced metabolic disease. A recent seminal study showed that microglia rapidly initiate
and control diet-induced hypothalamic inflammation upon dietary exposure to saturated fatty acids [4]. As
indicated above, these events are initiated within hours and represent some of the earliest documented
inflammatory events reported to date. The findings suggest a causal role in the etiology of primary metabolic
complications [4]. Indeed, hypothalamic TLR4 and TNF immuno-neutralization have both been shown to
prevent metabolic complications associated with high fat diet-induced obesity [10].
Despite their clear clinical relevance, the cellular processes counteracted by these immuno-neutralization
interventions have yet to be defined. Defining the mechanisms that on one hand induce and maintain, and
on the other hand inhibit and resolve inflammation in the hypothalamus will likely be crucial to understanding
the earliest events in the triggering of metabolic disease. How is it that metaflammation is induced under
conditions of both positive and negative energy balance? The answer to this question remains one of the key
unknowns in metabolic disease research today. Since both situations show strong changes in the lipid
profile, one explanation might be a qualitative or quantitative change in the lipid composition that promotes
metaflammation. In the context of infectious diseases, hypothalamic inflammation could be induced by an
altered lipid profiles resulting in anorexic and lethargic behavior often observed during infection [11]. One
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function of the hypothalamus is to centrally sense nutritional status and co-ordinate metabolic processes
accordingly. It has been proposed that hypothalamic inflammation is part of an evolutionary conserved
adaptive response, particularly in carnivors, that promotes short-term over-consumption of food by impairing
the neurocircuitry involved in feeding behavior [7]. In contrast to herbivores that frequently eat small
amounts, carnivors eat infrequently and require adaptive regulatory mechanisms to modulate food intake
dependent on availability. Irrespective of the answer, a number of questions arise relevant to metabolic
disease initiation, not least of which is what metabolites the hypothalamus senses and which ones induce
inflammation?
This project sets out to dissect the role of microglia in regulating diet-induced metabolic disease. Unlike
metainflammation in peripheral tissues, our understanding of diet-induced hypothalamic inflammation and its
physiological consequences is in its infancy. Here, we aim to dissect the role of microglia in effecting central
metainflammation and to map the regulatory events that translate dietary intervention to the initiation of
disease. In particular, we aim to provide first insights into the energetic, signaling and cis-regulatory
requirements of hypothalamic microglial inflammation and directly test their in vivo role in triggering and
sustaining type-2 diabetes and insulin resistance.
Preliminary work – miTakKo mice are protected from obesity-induced diabetes
The Tak1 kinase is crucial for integrating several inflammatory signaling pathways and is required for
downstream Nfκb activation. Indeed, mice that specifically lack Tak1 in microglia (CX3CR1CreER:Tak1fl/fl or
miTakKo mice) are less susceptible to an experimental model of multiple sclerosis (EAE) and show overall
resistance to CNS inflammation [12]. The miTakKo model was established by the Jung [A02] and Prinz [A01]
groups from this consortium, and offers a unique opportunity to study the requirement for microglia and
microglial inflammation in metabolic control and obesity-associated disease [12]. To gain first insights in
these contexts we have begun characterizing metabolic homeostasis in miTakKo and control littermate mice.
Our preliminary findings, now on two cohorts of ~6 animals of each genotype, indicate clear improvements in
glucose tolerance in miTakKo animals compared to their control littermates (Figure 1 A). Interestingly, the
effect appears specific to hypothalamic regulation of glucose homeostasis as body weight gain appears
largely unchanged between the two groups (Figure 1B). Consistent with this apparent protection from
glucose intolerance and diabetes, miTakKo animals exhibit enhanced responsiveness to exogenous insulin
in the context of an insulin tolerance test (Figure 1C). Thus, miTakKo mice resist HFD associated
impairments in glucose and insulin handling.

Figure 1. Microglia Tak1 knockout mice exhibit improved glucose tolerance and insulin sensitivity. A. Oral glucose
CreER
fl/fl
fl/fl
:Tak1 (miTakKo) and Tak1 Control littermates (n=5-6) at 12 weeks of age.
tolerance testing (1g/kg) of CX3CR1
B. Body weight measures at the same age showed no statistically significant differences. C. Insulin tolerance testing at
the same age revealed moderate improvements in insulin-induced glucose clearance in the same miTakKo animals
suggesting increased peripheral insulin sensitivity. These preliminary data indicate that microglial inflammatory tone
influences metabolic control already under basal physiological conditions and show that absence of such signaling
results in heightened baseline metabolic responses.
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Intriguingly, preliminary measures on the same animals indicate markedly increased core body temperature
in the miTakKo animals (Figure 2A). In addition, histochemical examination of the three major adipose
tissue depots, namely visceral, subcutaneous, and brown adipose, reveal largely unaltered adipose tissue
masses but a tendency towards reduced adipocyte size in miTakKo deficient mice (Figure 2B and data not
shown). These findings are consistent with heightened thermogenesis and adipocyte turnover. The latter
effects, particularly evident in subcutaneous adipose depots suggest clear avenues for mechanistic follow-up
on the cellular and systemic levels. To the best of our knowledge these findings provide the first indications
that Tak1 is required for metabolic homeostasis, and crucially, first conditional genetic evidence that basal
microglial inflammatory signaling precipitates glucose intolerance, insulin resistance and thus, a tendency
towards metabolic disease.

Figure 2. Evidence of increased thermogenesis and adipocyte turnover in microglia Tak1 knockout mice. A. Core body
CreER
:Tak1fl/fl (miTakKo) and Tak1fl/fl Control littermates (n=5-6) at 12 weeks of age. B.
termperature in CX3CR1
Hematoxylin and Eosin stain of subcutaneous adipose tissue from Control and miTakKo mice. Size bar 100um for the
main-frame and 50um for the insets. Despite equal adipose tissue mass values, adipocytes appear to be of uniformly
reduced size indicating increased adipocyte cell number, a parameter typically associated with improved metabolic
flexibility and glucose tolerance.
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3.4

Project plan

3.4.1

Work Programme and Methods

Aim 1: An unbiased characterization of diet-induced microglial inflammation and resolution
Unlike metaflammation in peripheral tissues, the phenotypic nature of diet-induced metabolic inflammation in
the brain is not understood and demands further investigation. Inflammatory responses typically exhibit
distinct acute, chronic and resolution phases, all of which comprise dynamic rearrangement of the
transcriptional program. Diet-induced microglial activation first peaks after 1-3 days, partially resolves, and
reaches steady state after ~2 weeks. Beyond these seminal descriptions clear unknowns exist in the field:
Do functional sub-populations of hypothalamic microglia exist? Are the two waves of activation molecularly
distinct? If so, how? Even less is known about the processes regulating the resolution of hypothalamic
inflammation. For instance which factors induce resolution? Does an immunological memory remain after
resolution?
To address these unknowns, we will combine single cell and population based RNA- and ChIP-seq to define
the dynamics of transcriptional control that characterize acute (hours) and chronic (days to weeks) activation
responses to high fat (HFD) feeding.
a) Isolation of naïve, acute and chronically activated, experienced and re-challenged microglia
In the first phase of experiments we will make use of the CX3CR1CreER:R26/tomato reporter mouse
established by the Prinz Group [A01] to isolate and sort single cell microglia populations [12]. After
tamoxifen-dependent induction of the reporter all microglia in the CNS and their daughter cells will be
efficiently labeled with the tomato fluorophore. This model will allow us to exclude potentially infiltrating
monocytes as they will not be labeled by tomato. It has been shown that an estrogen receptor alpha (ERα)
dependent sexual dimorphic response to HFD in mice exits, with males showing higher inflammation upon
HFD than females (probably due to reduced nitric oxide production in the females) [13, 14]. For this reason
we will perform our experiments in both male and female littermate-controlled cohorts. Microglia will be
enriched from CNS preparations by enzymatic digestion, myelin removal and density centrifugation, and then
pos
low-bright
Tomatopos cells [12, 15]. To shorten sorting times we
purified using FACS by gating on CD11b CD45
will explore the possibility of enriching microglia populations prior to sorting with CD11b coupled magnetic
beads (miltenyibiotec) using established protocols [16]. We will characterize the microglia based on their
surface expression of the classical activation markers MHCII, CD68, FcγR and CD40. In the case of the
single cell RNA-sequencing (below), indexed sorting will enable us to retrieve and associate the marker gene
FACS signal of each sorted cell with each transcriptome profile.
Microglia will be sorted from five experimental settings. Apart from naïve microglia we will examine microglia
derived from mice acutely and chronically exposed to defined pro-inflammatory diets as well as those
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derived from mice that have resolved a period hypothalamic inflammation. We will also re-challenge mice
that show resolved inflammation to study whether experienced microglia react differently to a stimuli than
unexperienced microglia. For acute exposure, CX3CR1CreER:R26/tomato mice on normal chow will be
gavaged twice daily (9 a.m. and 6 p.m.) with 200 uL of clarified milk fat containing > 60% long-chain
saturated fatty acid (SFA) or isocaloric amounts of olive oil containing >80% of unsaturated FA (UFA) [4].
Microglia will be isolated after 12h, 24h and 48h after the first gavage. For chronic exposure
CreER
:R26/tomato mice will be subject to a high fat diet (HFD 60% of the calories are derived from
CX3CR1
animal lard). After 1, 3, 7, 14 and 21 days of starting the HFD hypothalamic microglia will be isolated. In
contrast to the rapid activation of microglia the resolution of hypothalamic inflammation is slow and can
persist up to several weeks [8]. Although post-activated microglia may remain indistinguishable by
morphology or marker gene expression, we suspect they will bear long-lasting adjustments constituting a
CreER
:R26/tomato mice will be treated for 21 days with HFD and
memory of previous inflammations. CX3CR1
then switched to normal chow. After an additional 1, 5, and 15 weeks after switching mice back to normal
chow we will isolate the experienced microglia. Before isolation one part of the cohort will be acutely rechallenged with SFA by oral gavage as described above. As controls we will use naive microglia derived
from mice that received isocaloric chow or HFD enriched in UFA (previously been shown to be inert towards
neg
microglia). We will also use the tomato cell fraction to obtain information about the environmental signals
that modulate microglia activation for instance via cytokine secretion. To characterize the kinetics of the
inflammatory response we will stain hypothalamic sections (HE, Iba1, Map2) and measure inflammatory
marker expression (TNFα, CD11b, CD14, Aif1, Cx3Cr1, Spi1, Clec7a, Il6, Il1b, CCL2) at each time-point.
b) Massively parallel RNA single-cell sequencing (MARS-seq) and ultra-low input chromatin IP (iChIP)
The ‘omics’ goals of this project include i. standard low-input ribo-minus RNA seq to chart the kinetics of
hypothalamic inflammation and its resolution to maximal depth and resolution; ii. high throughput micro-input
chromatin immunoprecipitation to map epigenomic features defining latent, active and inactive cis-regulatory
elements (H3K27Ac, H3K4me1); and iii. highly parallelized single cell ‘MARS’-seq to mine the cellular
heterogeneity, composition and dynamic trajectories of the hypothalamic inflammatory response.
The latter two genomic measures, inconceivable until recent years, will harness technical advances in ultralow cell number ChIP and RNA sequencing approaches pioneered by the Amit group [A03] [17, 18]. The two
techniques harness clever strategies including unique molecular identifiers (UMI’s), post-label sample
pooling and dedicated protocol optimization to enable high precision a. RNA-seq transcriptomes down to the
single cell level (MARS-seq), and b. ChIP-seq down to several hundred cells (iChIP). Importantly, the UMI pooling strategy, coupled with appropriate liquid handling automation result in dramatically reduced per
sample costs as well, with MARS-seq (MAssively parallel single-cell RNA-Seq) allowing thousands of
individual transcriptomes for several Euros per sample. We now have a modification of MARS-seq working
efficiently and have already use it to identify a novel pancreatic beta-cell sub-type that appears upon high-fat
diet treatment (unpublished). We look forward to further optimizations via interaction with the Amit group
[A03]. Experiments will be performed in two parts. First, we will chart the transcriptional and cis-regulatory
dynamics of the hypothalamic microglial response using ribominus RNA-seq and ChIP of enhancerassociated histone marks (H3K4me2 and H3K27Ac). Currently, using our new standard NEXSON sample
preparation, we can reliably generate genome-wide ChIP-seq profiles from ~5000-10,000 cells, which
corresponds to FACS sorted microglia from ~5 mouse hypothalami. Using iChIP, we expect the data quality
to become even more quantitative, and cell number requirements to go down. In case of unexpected
difficulties, we would switch to ATAC-seq for definition of transposase-accessible cis-regulatory regions. At
the same time we will harness MARS-seq to characterize normal and HFD-induced cell subsets and
polarization states, canonical features expected of most inflammatory responses. In addition to providing an
unbiased view of cellular composition, the latter datasets will also provide marker genes for isolation of the
described cell subsets. In a second phase, we will utilize these new markers to perform larger scale
isolations of all major microglia subset(s) and determine high confident coding and non-coding
transcriptomes by ribo(-) RNA-seq. The high fidelity transcriptional and epigenomic profiles that come out of
these latter studies will provide the basis for defining the cellular architecture that comprises diet-induced
hypothalamic inflammation and provide a valuable resource for the field.
Thus, we will map the transcriptional and cis-regulatory landscape that defines the hypothalamic microglia
compartment, before, during and after the induction of metabolic disease.
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c) Analysis of MARS and iChIP data.
Advances in microglia biology are currently somewhat hindered by a lack of markers for distinguishing
functionally distinct microglia populations. As indicated above, one goal of our comparative analysis is
therefore to identify and verify potential markers for functionally different microglia populations. RNA-Seq
data, will be quality controlled, de-convoluted and analyzed using standardized in-house pipelines for
analyzing bulk (DeSeq2) and single-cell (RaceID2) transcriptomes. By performing gene set enrichment
analysis (GSEA), we will identify pathway-level enrichments that characterize microglial activation and
refraction. Correlating the single-cell data with the flow cytometric data from the sort and secondary sorts, we
will be able to link signaling associated expression signatures with canonical activation markers such as
CD11b, MHCII, CD68, CD80/86 and CD40. These data analyses will be performed by a bioinformatician in
the Pospisilik group. Single cell transcriptomes will benefit from an active collaboration with the developer of
RaceID and now RaceID2, Dr. Dominic Gruen, who was recently recruited to the MPI-IE. These studies will
forward our understanding of hypothalamic inflammation and identify gene signatures specific to naïve,
activated, refractory, experienced and re-challenged microglia in a time resolved manner.
The analysis of non-microglial cells will provide us with information about the environmental signaling and
metabolic landscape to which the microglia are exposed. Intersecting transcriptional responses with the
available active enhancer repertoire should give us a high-resolution picture of potential pathway sensitivities
of the cells in question, including refractory genomic pathways. Thus, we should be able to identify cytokine
and chemokine cues to which microglia can and cannot respond. These analyses will help focus the
mechanistic interrogations in Aims 2 and 3.
Similarly, integrative analysis of microglia isolated from mice that received UFA, had resolved inflammation
or that showed a reduced activation profile will help to identify which pathways favor a neutral or even
refractory phenotype in microglia in the presence or absence of inflammatory stimuli. This approach will
enable us to uncover anti-inflammatory or protective pathways. For instance it has been shown in peripheral
innate immune cells that induction of PPAR signaling by UFA counteracts Nfκb signaling and thus is
associated with reduced inflammation. Furthermore, by analyzing experienced microglia vs. activated
microglia we will try to identify cis-regulatory mechanisms that allow experienced microglia to efficiently reactivate to a stimulus previously encountered, as has been described for macrophages [19]. Here, we will
pay special attention to the trajectories of latent enhancer activation and re-silencing between acute, chronic
and resolved inflammatory states.
Thus, we hope to gain deep, unbiased insight into the cellular and molecular networks that define dietinduced hypothalamic microglial activity.
Aim 2: To characterize the energetic requirements of microglial activation and modulation.
We previously implicated altered mitochondrial and pentose phosphate metabolism as critical to establishing
sensitivity thresholds for key signaling modules in macrophages, liver and muscle [#3, #6, #8]. Neurons
depend heavily on the cellular metabolism of glial cells, and neuronal control of feeding behavior and
metabolic state is orchestrated by highly nutrient-sensitive neuronal circuitry. We would therefore predict that
substrate based neuron – microglia regulation exists. Such a model is consistent with the observation that
neuron-specific PPAR-delta knockout animals are resistant to HFD-induced hypothalamic inflammation, but
highly susceptible to weight gain [20]. In Aim 2, we aim to survey the metabolic basis of hypothalamic
inflammation.
a) Metabolic demands of microglia activation on a cellular level
In a first attempt to define substrate response preferences of microglia, we will use Biolog metabolic
substrate arrays to probe naïve and activated hypothalamic microglia in an unbiased fashion. These plates,
preloaded with distinct metabolic substrates (carbohydrate, biologic amines, fatty acids) in each well, enable
examination of a cell’s capacity to metabolize hundreds of distinct metabolites simultaneously, and thus,
perform cell-type specific metabolic fingerprinting. Biolog assays performed in the presence or absence of
stimulatory signals will give us a reliable readout about the substrate spectrum of activated, neutral,
refractory and experienced microglia.
As mentioned above, myeloid inflammatory signaling and metabolic processes are tightly coupled. Indeed,
the regulatory interdependence defines activation and is necessary for meeting transcriptional and metabolic
needs. To date, little is known about how microglia integrate metabolism, activation and resolution, and the
consequences of these processes for major cellular counterparts, namely neurons. Using a panel of
metabolic substrates and inhibitors we will probe the metabolic circuitry (mitochondrial, peroxisomal,
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glycolytic) that underlies microglial pro- vs. anti-inflammatory activation. These will be juxtaposed with
analysis of mitochondrial, beta-oxidative and glycolytic function using an extracellular flux analyzer
(Seahorse XF96). Depending on the outcomes of our first goal, these analyses will be replicated in all major
microglial populations comprising the in vivo inflammatory response.
Since the yields of microglia isolated from adult hypothalamus by conventional methods are very low, we will
exploit wherever possible the strong in vitro potential of microglia from newborn mice, isolating and enriching
CreER
:R26/tomato animals via methods established in the Prinz group [12]. To reduce
them from CX3CR1
required microglia isolation times and associated artefacts of prolonged culture, we will also explore
protocols to directly enrich adult microglia using CD11b microbeads (miltenyi biotech),
CreER
:R26/tomato expression and antibody-based myelin removal [16]. Purity of microglia
CX3CR1
populations will be assessed by flow cytometry and real time PCR. Once established, this setup can also be
used to promote or inhibit microglia activation using genetic interference. We will perform cultures derived
CreER
fl/fl
:Tak1 (miTakKo) mice thus enabling acute Tak1 deletion specifically in microglia [12].
from CX3CR1
Since Tak1 is crucial for integrating several inflammatory signaling pathways and is required for downstream
Nf κb miTakKo microglia should be refractory to inflammatory signals and thus will be used as a negative
control to wild type activated microglia. Similarly we will create CX3CR1CreER:Aif fl/fl (apoptosis inducing factor;
miAifKo mice) to study the effects of reduced mitochondrial OxPhos and ROS production on the activation
potential of microglia. We previously established Aif-deletion as a unique in vivo model of specific and
moderate mitochondrial dysfunction absent of numerous caveats that arise from severe oxphos interruption
and ROS imbalance. The model will allow us for the first time to generate microglia-specific mitochondrial
insufficiency, and thus directly test the energetic, and in particular, fatty acid-dependent requirements for
microglia activation in vivo [#8].
To study metabolic rates in real-time, isolated microglia will be seeded on poly-lysine coated plates and will
be exposed for 24h to stimulatory signals including SFA (100-300 uM), UFA, polyI:C (TLR3 agonist) or LPS
(TLR4 agonist) and oxygen consumption and extracellular acidification rate will be measured for 24h as
readouts for glycolytic and oxidative phosphorylation rates. If we are able to identify clear cytokine profiles
under Aim 1, these will be used to enhance microglia polarization. After 24 hours assay supernatant will be
probed for the presence of cytokines using ELISA. Cells will be used for analysis of proteins, mitochondria,
ROS and NOS content as well as quantitative RNA expression analysis.
Next, we will test the necessity and sufficiency of these metabolic pathways for microglial activation and
refraction, restricting substrate availability to distinct carbon sources (glucose, essential amino acids, fatty
acids). These assays will test, for instance, whether SFA or UFA treated microglia switch glycolytic-tooxidative states and whether such switching defines polarization as has been suggested for antigen
presenting cells [2]. We will use compounds that specifically inhibit the different mitochondrial complexes of
the electron transport chain (oligomycin, FCCP, rotenone, antimycin) to determine respiratory spare capacity
and coupling efficiency. Similarly, we will use inhibitors of glycolysis (2-deoxyglucose) and mitochondrial or
peroxisomal fatty acid oxidation (etomoxir, thioridazine) to validate glycolytic vs. oxidative requirements.
Recent studies in innate immune cells have highlighted fatty acid synthesis to be crucial for proper cell
activation, probably by providing lipids for proper de novo membrane structures, anabolic processes and
nuclear hormone activation [2]. With this in mind, we will treat microglia with soraphen A, an inhibitor of fatty
acid synthesis, and thus study activation potential in the context of a limiting fatty acid pool. These results will
be juxtaposed to increased fatty acid flux via ‘catabolic activation’ (combined mTOR (rapamycin) and AMPK
(metformin) modulation. The same intervention has previously been used to highlight the catabolic
requirement of peripheral immune cell activation. Thus, we will systematically survey the metabolic
requirements of microglial activation.
b) In situ validation
We will verify our in vitro findings using 300 uM thick hypothalamic organotypic slice cultures. These type of
cultures maintain viability and synaptic connectivity for up to 10 days and even allow electrophysiological
recordings to assess neuronal function [4]. Based on our results obtained in Aims 1 and 2, we will use
culture media that promotes or limits the activation of microglia and study the activation of microglia in their
physiological environment while at the same time study the effects on neuronal function examining
morphology, Ca-flux, c-Fos and pERK level and expression of stress reporters like HSP72.
Similarly, this set up can also be used to promote or inhibit microglia activation using genetic interference.
Resident microglia can be depleted from the slice by treatment with liposomal chlorodonate for 48h. Then
the slices can be repopulated with microglia lacking key genes required for inflammatory activation. We will
CreER
fl/fl
:Tak1 (miTakKo mice) that upon tamoxifen treatment lack
perform slice cultures derived from CX3CR1
the kinase Tak1 specifically in microglia of the CNS [12]. Since Tak1 is crucial for integrating several
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inflammatory signaling pathways and is required for Nfkb activation we hypothesize that miTakKo microglia
will be refractory to inflammatory signals and thus will be used as a negative control to wild type activated
microglia. Similarly we will create miAifKO microglia will be used to study validate the effects of reduced
mitochondrial OxPhos and ROS production on activation potential in their native in situ context [#8].
c) Integration towards the microglia-to-neurophysiology interface
Activated microglia most likely exert diabetogenic effects via modulation of neuronal output. This regulation
is likely mediated by paracrine release of cytokines and/or metabolites. To understand this interface we will
employ two approaches, one routine, and one new to our lab. First, we will challenge neuronal cultures for
24 hours with microglial conditioned media and assess cellular metabolic state as a proxy for altered activity.
These studies will be performed according to published protocols using a Seahorse extracellular flux
analyzer. Neurons treated with media derived from naïve microglia will serve as an external control. After
treatment we will examine morphology as well as stress- and activation-marker staining, to gain insight into
alteration of fundamental cellular functions. Second, we will setup and employ a planar automated patch
clamp system to study the effect of the same media interventions on neuronal function proper, namely
electrophysiology. Several non-expert targeted ‘desktop’ patch-clamp devices have been developed by
Nanion and Prof. Behrends at the Institute of Physiology at the University of Freiburg. This system will allow
us to study the activity of neurons in response to conditioned media obtained from variably activated
microglia derived from wild-type, miTakKo and mAifko mice. Based on our findings under aim 2a) we would
also test the ability of microglia to alter neuronal electrophysiology when activated under metabolically
limiting conditions. Neurons will be isolated from E17-E18 wild type embryos as described before [21]. Purity
of cultures will be assessed based on morphology and MAP2 (neurons), GFAP (astrocytes), MAC1 and
CD11b (microglia) and PDFGRa (OPC) staining. Neuronal firing will be recorded in the current-clamp mode,
neurons will then be subjected to depolarizing steps of increasing amplitude (∆ 10pA, 400ms from a holding
Vm of -90mV) to determine basic membrane properties.
These proof-of-principle experiments would allow us an entry point to mechanistically explore the functional
consequences of microglial inflammation. Compared to conventional custom patch-clamp rigs, the Nanion
setup represents an all-in-one solution without custom features, but without all the troubleshooting and
optimization that accompanies such assemblies. It allows the experimenter to expose neurons internally and
externally to different activators/inhibitors using integrated microfluidic channels. Thus, we would have the
capacity to systematically probe the cytokine/receptor, and metabolite/transporter requirements of microglial
modulation of neuronal function and in the future even explore characterize canonical electrophysiological
molecular features such as ion channel selectivity and dynamics. Dr. Pospisilik published his first papers in
electrophysiology and Dr. Drougard, the relevant post-doc to be funded did her PhD on Hypothamalic
function in vivo and in slice and neuronal cultures. Together with support from long time friends and
colleagues focused on structure-function electrophysiology (eg. Dr. Harley Kurata, Univ. of Alberta), we are
therefore confident that we will be able to establish this technology in the lab. Collectively the experiments of
Aim 2 will identify metabolic mechanisms that define microglial activation phases and provide early insights
into mechanisms underpinning physiological consequence. Integrating these data with our high resolution
RNA and FACS analyses from Aim 1 will provide a clear mechanistic template for understanding activated,
refractory, neutral and experienced microglia and ultimately for exploring their therapeutic manipulation.
Aim 3: To define the role of microglial activation in metabolic disease etiology in vivo.
Perhaps ‘the’ current challenge of the field is understanding ‘how and to what extent microglial activation is a
causal element of metabolic disease Prinz [A01] from the CRC/TRR recently identified Tak1 as an absolute
molecular requirement for general microglial activation [12], a function mediated in part by enabling efficient
Nf κb, JNK, ERK1/2 signaling. In this third goal, we will utilize miTakKo and miAIFKo mice to study the
deletion of Tak1 and AIF specifically in microglia and subsequently probe the consequences for diet-induced
obesity and metabolic disease. These will represent some of the first microglia-specific functional protein
knockouts. They will undergo refined metabolic phenotyping in normal, acute and chronically HFDchallenged states. Initial measures will focus on glucose and insulin tolerance, feeding behavior, fast-feed
transitions, energy expenditure and thermogenesis, processes known to be under strong hypothalamic
regulation. To understand progressive metabolic changes we will complement regular body weight,
temperature and food intake measures with indirect calorimetry and activity tracking. Included will be fully
automated real-time measures of X-Y-Z activity, oxygen consumption, carbon dioxide production, food as
well as water intake. Furthermore, we will determine triglyceride, glycerol, ketone bodies, insulin, leptin and
IGF1 level in serum of 18-hour fasted, 4-hour refed and basally fed mice to study dynamic differences upon
feeding and fasting.
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In addition to microglia, CX3CR1 expression has been reported in select subsets of long-lived pancreatic,
muscle and adipose microglia. Importantly, detailed staining and PCR analyses of our first cohorts of
CreER
sufficiently to
miTakKo mice suggest that our tamoxifen injection protocol does not activate CX3CR1
induce deletion in these compartments. Bearing the previous reports in mind, we will continue to track
deletion efficiency in potential non-targeted tissues in all in vivo experiments. Dr. Drougard, the post-doc
responsible for the project, is experienced in intracerebral ventricular (ICV) injection. ICV administration of
Tak1 inhibitor (5Z-7-oxozeaenol) will be used as necessary to validate hypothalamic specificity of Tak1
action and importantly, to demonstrate theoretical therapeutic relevance of hypothalamic microglial Tak1.
Thus, we will assess physiological control of feeding behavior, energy expenditure, macronutrient partitioning
and metabolic state. All key resources and expertise are in place in the Pospisilik lab; few pitfalls are
expected.
Histological analysis of hypothalamic sections in particular of the arcuate nucleus (H/E for morphology,
Ib1/Mac1 staining for microglia, HSP72 for neuronal stress) and RNA analysis of cytokine expressions will be
made at regular intervals during HFD (1, 3, 7, 14 and 21 days of starting the HFD) to asses level of
hypothalamic inflammation and to correlate peripheral metabolic changes with hypothalamic inflammation.
These models will be used to validate results derived from our previous analysis under Aims 1 and 2 and be
followed up with studies to track mechanistic underpinnings based on the outcomes of the first wave of
phenotyping. Thus, we will determine the role of hypothalamic microglial activation and oxidative metabolism
in metabolic disease.
In summary, this project seeks to identify the basis of microglia activity on a cellular and population level in
the context of metabolic disease. The effects on different microglia phenotypes will be tested on neuronal
activity in vitro and finally validated in vivo using microglial specific targeting of key signaling and metabolic
factor in the mouse. Using this approach, we hope this proposal will contribute significantly to our
understanding of microglia biology, hypothalamic metaflammation and metabolic disease pathophysiology.

3.4.2

Work Plan
2017
Aims

2018

2019
1

2020
2

3

RNAseq (acute/chron.)
CX3CR1-CreER:R26Tom
ChIPseq (acute/chron.)
CX3CR1-CreER:R26Tom
Characterization of
miTakKo mice
Characterization of miAifKo
mice
Mapping energetics
in vitro
Mapping energetics
in vivo
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3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner

Collaborations

ID

PI

Research interactions

A01

Prinz

Evaluation of the progression of hypothalamic inflammation from acute to
chronic high-fat diet challenge, in WT as well as Tak1 / Aif knockout models.

Z01

Backofen

Modelling the progression and trajectories of hypothalamic inflammation
from actue to chronic high-fat diet, in WT as well as Tak1 / Aif knockout
models.

B11

Schönheit/Leutz

Understanding HFD-induced microglia activation as a cell fate transition

ID

PI

Methodological interactions

A03

Amit

Optimization of MARS-seq and iChIP-seq protocols for use with microglia in
acute and chronic inflammation.

A06

Lämmermann

3.6

Exploration of intra-vital technologies to track early stages of microglia
activation by HFD

Differentiation from other funded projects
Project Title

Funding Agency

Funding Period

Dismantling Noise

ERC-CoG

2016-2020

The project outlines experiments dedicated towards dissecting the non-mendelian, or epigenetic basis of
phenotypic variation in isogenic contexts. It shares no overlap with the current application.
EpiTriO

BMBF

2016-2019

In the context of a tri-national network initiative focusing on epigenomics in disease, we will explore the
epigenomic profiles of a model of stochastic obesity. It shares no overlap with the current application.
eCLASH – Towards defining the small RNA
DFG
2016- 2018
interactome
This grant funds a novel technology for mining miRNA targetomes in biological specimens. It shares no
overlap with the current application.
ChRoMe

EU-ITN

2016-2019

In the context of an ITN mechanism from the EU, this PhD student position is dedicated towards the role
of the chromatin repressive “Polycomb” system in beta-cell biology and pathophysiology. It shares no
overlap with the current application.

There is no thematic overlap of any of these projects with the work proposed here.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc, 100%
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
66,600
1
66,600
1
66.600
1
66.600
66,600
66,600
66.600
66.600

Direct costs
Consumables
Animal Costs
Software
Other Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

3.7.3

2018

none

Sum
17,000
4,900
500
6,000
28,400

Sum
17,000
4,900
500
6,000
28,400

Sum
17,000
4,900
500
6,000
28,400

Sum
17,000
4,900
500
6,000
28,400

Sum

Sum

Sum

Sum

95,000

95,000

95,000

95,000

Requested funding for staff
Sequential
no.

Existing staff
1
Research staff
2
Requested staff
Research staff

3

Field of
research

Department of
university or
non-university
institution

Projec
commitment in
hours/
week

Pospisilik, John
Andrew, PhD,
Group Leader
N.N.,
Bioinformatician

Physiology,
Mol Biology,
Epigenetics.

MPI-IE, Dept. of
Epigenetics

7

MPI-IE

Computation. MPI-IE, Dept. of
Biology
Epigenetics

20

MPI-IE

Drougard,
Anne, PhD
(Postdoc)

Hypothalam.
Control of
metabolism

Name,
academic
degree,
position

MPI-IE, Dept. of
Epigenetics

Category

3.7.2

Funding
source

Postdoc

Job description of staff (supported through existing funds):
1.
J. Andrew Pospisilik will coordinate the project. He will supervise all project participants, contribute
experience and guidance to analysis and interpretation, and catalyse dissemination of the work to the
scientific community. He will contribute ~15% of his time towards the project.
2.

N.N. (TV-L E13 50%)
The candidate, a 50%-time bioinformatician, will devote the majority of his/her time towards supporting
the extensive genomics/epigenomics phenotyping work in the project. Deconvolution and modelling of
the single cell transcriptional profiling and ChIP-seq data will be necessary both to pinpoint the
candidate genomic loci underlying stability of inflammatory transcriptional rewiring. They will also be
necessary to understand the heterogeneity of the response and the cell-type distribution of the
inflammatory response. Integrating and interrogating such multi-dimensional data will require
substantial know-how. N.N. will thus be recruited based on his or her bioinformatics experience. N.N.
will be the bioinformatics interface between this project and project Z01 (Backofen), the central deepsequencing and bioinformatics core.
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Job description of staff (requested funds):
3.
Postdoc 1 (N.N.)
Dr. Anne Drougard is a postdoctoral fellow who joined the lab in April 2015. Anne will take on the
majority of the work described here including the unbiased survey of diet-induced hypothalamic
inflammation at the cis-regulatory and single cell transcriptional levels (Goal 1); the in vitro and in vivo
interrogation of the energetic requirements of microglia inflammation (Goal 2); and the in vivo
elucidation of microglial inflammation and its role in normal and pathophysiological control of energy
homeostasis (Goal 3). These duties will include generation and characterization of conditional
microglia specific Tak1 and Aif knockout mice. The project goals are multi-dimensional and require an
individual with highly specialized training in investigating in vivo hypothalamic control of metabolism.
Such expertise requires years to develop and thus demands a post-doc position, especially when
intersected with the single-cell RNA-seq survey of microglial activation heterogeneity and dynamics.
Anne performed her PhD investigating signal-specific ROS control of hypothalamic output in the
context of obesity and diabetes. She will learn and develop the necessary skills in transcriptional
profiling and ultra-low input RNA- and ChIP-seq inhouse from other members of our group. Integration
of these data with the tissue-specific knockout phenotyping and the extensive in vitro metabolic
studies will provide seminal contributions to our understanding of hypothalamic inflammation in chronic
disease and provide a strong platform for Anne launch her own independent career.

3.7.4

Requested funding of direct costs

Existing funds from the Max Planck
Society, Munich
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

10,000

10,000

10,000

10,000

28,400

28,400

28,400

28,400

Requested Consumables
Histochemical and ELISA reagents
Enzymes, cloning reagents, nucleic acid purification
Sequencing- and ChIP primers
MARS/iChIP-seq barcodes
Antibodies for ChIP, FACS, histology, reagents for IPs
Kits for RNA extraction, RT-PCR, qRT-PCR
Metabolite kits (TG, FFA etc.)
Total per year

2017
3,000
1,000
1,000
2,000
3,000
3,000
4,000
17,000

2018
3,000
1,000
1,000
2,000
3,000
3,000
4,000
17,000

2019
3,000
1,000
1,000
2,000
3,000
3,000
4,000
17,000

2020
3,000
1,000
1,000
2,000
3,000
3,000
4,000
17,000

2017

2018

2019

2020

4,900

4,900

4,900

4,900

4,900

4,900

4,900

4,900

(All figures in euros)
Requested Animal Costs
Housing of 1080 mice x 0.7 € / week x 26 weeks
=19,656=4,900/year
Housing of 1080 mice x 0.7 € / week x 26 weeks. The mouse
costs will cover breeding, maintenance and experimental
ER
cohorts of C57Bl6/J, CX3CR1-Cre , Rosa26-Tomatoe,
fl/fl
fl/fl
Tak1 , Aif mice alone and in combination. All experiments
are on adult mice. The tamoxifen injection protocol to enable
microglia-specific deletion and reconstitution of peripheral
pools, means that mice are first available for experimentation
at ~12 weeks of age. HFD induced effects are then tracked for
up to 12 weeks.
Total per year
(All figures in euros)
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Requested Equipment (up to 10.000 EUR) /Software
Synchroniz. (Sugarsync) & cloud sharing storage (Dropbox)
Desktop sharing (Skype Premium) and project management
(Slack)
Total per year
(All figures in euros)
Requested Other Costs
In-house sequencing costs (4 lanes/year); the 4 lanes per
year will cover bulk Ribo(-) RNA seq of hypothalamic microglia
and their novel subsets at 3-5 timepoints documenting acute
and chronic inflammation in three mouse lines (~50-100
samples including technical triplicate) RNA-seq; ChIP-seq of
two histone marks at 3 time points and in 2-4 cell-types /
disease models (12-24 samples); and single cell RNA seq to
chart heterogeneity over the same 5 timepoints (5-10,000
single cells/samples).
Total per year
(All figures in euros)

3.7.5

2017
200

2018
200

2019
200

2020
200

300

300

300

300

500

500

500

500

2017

2018

2019

2020

6,000

6,000

6,000

6,000

6,000

6,000

6,000

6,000

Requested funds for major research instrumentation

none
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3.1

General information about Project B11

3.1.1

Project Title: Function of C/EBPs in monocytes, macrophages and microglia

3.1.2

Research areas: Biochemistry, cell biology, structural biology, developmental biology,
hematology, oncology, transfusion medicine, molecular neuroscience and neurogenetics,
cellular neuroscience, developmental neurobiology, molecular neurology

3.1.3

Principal investigators

Schönheit, Jörg, Dr.
* 02.05.1978, German
Max-Delbrück-Center for Molecular Medicine (MDC)
Robert-Rössle Str. 10,
13125 Berlin
Phone: +49-30–9406-3346
E-Mail: j.schoenheit@mdc-berlin.de

Leutz, Achim, Prof. Dr.
* 05.04.1956, German
Humboldt-University, Berlin and
Max-Delbrück-Center for Molecular Medicine
(MDC)
Robert-Rössle Str. 10,
13125 Berlin
Phone: +49-30–9406-3735
E-Mail: aleutz@mdc-berlin.de

Do the above mentioned persons hold fixed-term positions?
Leutz, Achim: Permanent position.
Schönheit, Jörg: Contract currently ends 30.06.2018 and will be extended at least until December 31, 2020

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
yes
yes
no
N/A
no

Summary

Recent studies have revealed extensive heterogeneity between functionally distinct macrophage subsets,
including microglia. Transcription factors of the CCAAT-enhancer binding protein (C/EBP) family are key
regulators of the formation and function of myeloid cells. Various C/EBP isoforms and a plethora of posttranslational modifications have been found to alter myeloid cell type specification and gene expression
patterns, suggesting a role of C/EBP also in neuro-inflammation and neuro-degeneration. We will elucidate
the role of C/EBP in microglia using a two-tiered molecular genetic and proteomics approach, in combination
with functional analysis. On one hand, various C/EBP knockin mouse mutant strains are amenable to
examination during development in health and in disease. Histo-morphological analysis, in combination with
transcriptomics will help to describe microglial C/EBP regulation. On the other hand, state-of-the-art massspectrometry, protein engineering and genome editing will be employed as an integrated approach to
unravel the C/EBP dependent proteome/-interactome in microglia vs. monocytes. The concerted approaches
will help to decipher C/EBP mediated neuroimmune functions during development, in healthy and under
inflammatory conditions.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
a) Transcription factor, myeloid cell commitment & C/EBPs
Recent studies corroborate extensive plasticity and heterogeneity among functionally distinct macrophage
subsets and upon their exposure to extracellular stimuli [1]. It appears that various transcriptional programs
can be differentially executed to adapt innate immune response, cell migration, cell proliferation and
differentiation, phagocytosis, antimicrobial defense, or metabolic reprogramming [#2]. These reactions are
fine tuned by crosstalk of a limited number of signal dependent key transcription factors with the epigenetic
machinery to regulate the functional chromatin, lineage commitment, and cell differentiation.
CCAAT-enhancer binding proteins (C/EBP) are key regulators of the formation and function of myeloid cells
[2-4]. They represent a family of transcription factors with conserved C-terminal basic DNA binding and
leucine zipper dimerization domains (b-ZIP). Moreover, regulated alternative translation initiation gives rise to
multiple isoforms of C/EBPα and C/EBPβ with variable N-terminal length and distinct functions. Both,
C/EBPα and C/EBPβ have been shown to interact with key myeloid transcription factors e.g. PU.1 [5] as well
as with chromatin reader/writer and remodeling complexes and to possess major epigenetic functions [6].
Gene replacement of the C/EBPα locus with C/EBPβ rescued murine hematopoiesis, suggesting largely
redundant functionality, although distinct differences are apparent [7].
C/EBPα is required for the formation of monocytes [8] and subsequently participates in the maturation,
activation and polarization of macrophages [9]. C/EBPα represses E2F functions and inhibits mitosis, a
process that is crucial for myeloid terminal differentiation [10]. C/EBPα propagates granulopoiesis in
conjunction with Irf8 at the expense of monocyte development [8, 11, 12].
Likewise, C/EBPβ is a major player in myeloid cell proliferation, macrophage functionality and mandatory for
emergency granulopoiesis and monocyte derived dendritic cell development in concert with Irf8 [4]. Recent
findings of our lab, in collaboration with Steffen Jung and Ido Amit [A02, A03], indicate that C/EBPβ controls
formation of monocyte subsets. Specifically, C/EBPβ was found to be indispensible for the formation of
Ly6Clow blood monocytes (unpublished observations). Taken together, C/EBPs are pivotal for the generation
and function of myeloid cells.
b) Post-translational modifications (PTMs) of C/EBPα,β
The diverse and multiple functions of C/EBPα,β reside in a plethora of interactions with other transcription
factors, co-factors, and chromatin modifying complexes. We have previously shown that C/EBPα,β are
massively decorated with post-translational modifications (PTM) that include side chain modifications of
arginine and lysine residues (methylation and acetylation), in addition to serine, threonine, and tyrosine
phosphorylation [#9]. Our laboratory has referred to this as the C/EBP “indexing code” that determines the
interactome of C/EBP. Using quantitative mass-spectrometric analysis (isotope labeling by SILAC; selected
reaction monitoring, SRM) several C/EBPβ-protein interactions have been found to be sensitive to signaling
events, including receptor tyrosine kinase, LPS, or phorbol ester signaling, indicating that C/EBP functions
are directed by post-translational modifications.
c) C/EBP isoform expression and alternative translation initiation
C/EBPα,β are single exon genes, yet two isoforms of C/EBPα (p42, p30) and three isoforms of C/EBPβ
(LAP*, LAP, and LIP) of variable N-terminal length are generated by alternative in frame initiation from
different AUG translation start sites in their respective mRNAs [13]. The C/EBP isoforms display distinct –
partially counteracting - functions as shown by several murine knockin strains that express individual
isoforms from their endogenous locus. C/EBP isoforms also display distinct interactomes, as determined by
mass-spectrometry.
Perturbation of the p42/p30 C/EBPα isoform balance in favor of p30 is causative for 10% of all acute myeloid
leukemias (AML) [14], a phenotype that could be recapitulated in a mouse model [15]. Likewise, the
truncated repressive LIP isoform of C/EBPβ also acts as an onco-protein in many tissues [#3]. The long
C/EBPβ isoforms, termed LAP* and LAP, are transcriptional activators that in monocytes induce the
expression of the MafB transcription factor which in turn controls monocytic proliferation and differentiation
[16]. In contrast, the C/EBPβ LIP isoform inhibits MafB expression and enhances differentiation of
monocytes towards osteoclasts [#10].
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e) C/EBPβ isoforms and PTM determine the myeloid cell fate
C/EBPα,β instruct myeloid cell fate [17]. Together with the transcription factors PU.1 or Myb, C/EBPs commit
progenitor cells and following ectopic expression even fibroblasts towards the monocyte lineage [3]. We
found that the capacity of C/EBPβ to induce distinct myeloid cell types depends on its protein structure and
PTM pattern using a system of B lymphoid to myeloid trans-differentiation [#7]. Mutations that omitted
interaction between C/EBPβ and the SWI/SNF chromatin remodeling complex abrogated differentiation into
granulocytes and inflammatory macrophages (see Figure 1; LAP* and LAP). Deletion of the C/EBPβ internal
regulatory domain resulted in a similar but even more severe phenotype (Figure 1, ΔRD), whereas mutation
K156A
) enhanced the generation
of a single conserved PTM site within the regulatory domain (Figure 1, PTM
of granulocytes at the expense of dendritic cells and macrophages. Although the detailed mechanism is still
elusive, mass-spectrometric data suggest PTM specific protein interactions as the most plausible
explanation of altered (trans-) differentiation capacity. Meanwhile, we have also identified critical PTM sites
in C/EBPα that likewise modify its function. Accordingly, alteration of C/EBP isoforms and PTM index
determine the epigenetic capacity by differential regulation of the C/EBP interactome.
Figure 1: C/EBPβ structural and PTM mutants define
distinct myeloid cell trans-differentiation outcomes.
Top panel: schematic representation of B-cell to myeloid
trans-differentiation. Myeloid cell populations are colored;
Granulocytes (Gr) in red, inflammatory macrophages
(inflam. MP) in grey, resident macrophages (resident MP)
in green and DCs (DC) in orange. Lower panel:
Representative FACS plots depicting the expression of
myeloid cell markers Ly6C, CD115, and Ly6G (dark red) on
trans-differentiated cells are displayed. Constructs used for
trans-differentiation are: long C/EBPβ isoforms (LAP* and
LAP); C/EBPβ lacking the regulatory domain (∆RD); and
156A
) (see Ref
mutation of a single PTM on C/EBPβ (PTMK
#7).

f) C/EBPα,β as neuroinflammatory CNS transcription factors
C/EBPα,β are crucial for innate immune functions in response to pathogen-induced stimuli and regulation of
key pro-inflammatory genes. However, little knowledge exists about the role of C/EBPα,β in the CNS. Both
genes are expressed in microglia and other glia, but not in neurons, refining their connection towards trophic
and immunologically active cells within the brain. Several publications reported up-regulation of C/EBPα,β
under neuro-inflammatory or pathologic conditions, e.g. in Alzheimer’s disease models, multiple sclerosis
(MS) or ischemic brain injury models [18-20] and during expression of key pro-inflammatory genes, such as
NOS-2, COX-2, IL-β, IL-6 or TNFα [21, 22]. Importantly, interference with C/EBPα expression during
experimental autoimmune encephalomyelitis (EAE), the murine model of MS, led to a marked reduction of
clinical symptoms [23], underlining the relevance of C/EBPα in neuro-inflammatory processes.
Studies from the Saura lab showed that the absence of C/EBPβ in microglia diminished pro-inflammatory
gene expression in vivo, while in vitro models of microglial/neuronal co-cultures indicated protection from
microglial neurotoxicity. Together these findings support the hypothesis that microglial C/EBPs could
represent a therapeutic target in attenuating neuroinflammation-induced neurodegeneration [24]. Hence,
C/EBPα,β may operate as balancing factors in inflammation and healing and represent candidate targets in
the clinical pathology of the neuroinflammatory CNS. However, neither the C/EBP isoform specific functions
nor the PTM dependent interactome have been assessed under neuroinflammatory conditions.
Preliminary work
a) C/EBPβ isoforms and monocyte subsets
Monocytic cell specification starts in the bone marrow where common monocyte progenitors (cMoP) reside.
cMoP differentiate into Ly6Chigh inflammatory monocytes and Ly6Clow resident monocytes. Both populations
high
cells are recruited to sites of inflammation, where they give rise to
are also found in the circulation. Ly6C
low
dendritic cells and macrophages, while Ly6C cells patrol the luminal endothelial surface of blood vessels
and coordinate tissue repair upon signs of injury. In collaboration with the Jung [A02], Amit [A03] and Priller
low
[B07] groups, we have recently discovered that C/EBPβ is essential for the formation of Ly6C monocytes
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in blood (unpublished observation, see Figure 2). Our mutant mouse strain expressing only the long
ΔLIP
) partially rescued Ly6Clow blood
LAP*/LAP isoforms but lacking the truncated LIP isoform (C/EBPβ
LIP/LIP
;
monocyte development, whereas the recombinant LIP knockin strain failed to do so (C/EBPβ
expressing solely the short C/EBPβ LIP isoform, see Figure 2). Surprisingly, the former strain showed
high
increased absolute numbers of Ly6C monocytes in blood. These data show (i), the importance of C/EBPβ
isoforms in the regulation of myeloid cell generation, and that (ii), C/EBPβ isoforms exhibit specific functions
in distinct monocyte subsets. Taken together with previous results on C/EBPβ isoform specific functions
during liver regeneration, acute phase response, bone homeostasis, female fertility, mammary gland
development, and tumor suppression, it appears that regulation of isoform balance represents an important
regulatory mechanism in C/EBPβ biology.

low

monocyte
Figure 2: C/EBPβ is essential for Ly6C
development in blood.
Myeloid cell staining of blood cells shows distribution of
high
Ly6Cint and Ly6Clow monocytes in wild-type, C/EBPβ
Ly6C
LIP/LIP
), and LIP knock-out
deficient, LIP knock-in (C/EBPβ
ΔLIP
(C/EBPβ ) animals. Cells were pre-gated on CD19 pDCA1
+
+
+
Ly6G CD45 CD11b CD115 (n=4). One representative FACS
plot per genotype is shown.

b) C/EBP isoform dependent microglia distribution
Regulation of blood monocyte subsets by C/EBPβ isoforms also raised questions about more general
myelomonocytic cell differentiation outcomes. Hence, we analyzed the microglia distribution in C/EBPβ
isoform mutant mice and found increased numbers of microglia cells in IBA-1 stained brain sections in LIP
LIP/LIP
) over wild-type control mice (Figure 3A). Moreover, LIP mice showed
knockin (Figure 3B; C/EBPβ
enhanced signal intensity of the microglia markers IBA-1 and F4/80 (data not shown). These preliminary
data suggest that the C/EBP isoform balance is involved in microglia biology.

+
Figure 3: Increased frequency of IBA-1 cells in the brain of
LIP/LIP
knockin mice.
C/EBPβ
Immunofluorescent staining for IBA-1 in the brain from wild-typeLIP/LIP
knockin mice (B). Representative images
(A) and C/EBPβ
from two animals per genotype of the same preparation are shown
in 200X magnification of 30μm thin cryosections. Microglia typical
arborization patterns are detected. Note the enhanced signal
LIP/LIP
knockin mice.
intensity of IBA-1 in C/EBPβ
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c) Mass-spectometry based analysis of C/EBP interactions
The Leutz’ lab has developed experimental strategies to analyze the isoform and PTM dependent C/EBP
interactome and the biology of PTM site mutations e.g. by lympho-myeloid trans-differentiation. Interactome
and PTM data have been generated from HEK293 cells (isoform specific interactome and PTM pattern) and
two human myeloid cell lines, a Mantel cell lymphoma, an anaplastic large cell lymphoma (both lymphoid
malignancies with myeloid features), and primary mouse fibroblasts. In addition, knowledge about the
C/EBPβ PTM dependent interactome has been extended by screening methods including “Array Peptide
Screening” (APS) and PRISMA (Protein Interaction Study using Modified peptide Arrays). The latter
approach precisely maps PTM dependent interactions with cellular proteins and complexes. Approximately
1000 significant interactions have been cataloged and cross-validated (unpublished interaction data and
various cell lines analyzed in the Leutz’ lab; in collaboration with Gunnar Dittmar, head of the MDC Mass
Spec-Facility). Manuscripts describing the PRISMA and APS data are currently in preparation. An example
of the resolution power of PRISMA is shown in Figure 4. The heat map in Figure 4 was generated by a webtool that will be made publicly available for visualization of the molecular anatomy of C/EBPβ interactions
with protein complexes.

Figure 4: “Peptide2Protein” web-tool to visualize PRISMA based C/EBP interactions. Approximately 1000
5
interactions were mapped to 225 C/EBPβ peptides (w/o PTM, shown on the top; 4.5x10 data points). As an example,
components of the Mediator complex (MED) identified by mass spectrometry were retrieved (27 proteins found, UniProt
annotation shown on the left) by connecting the PXP-tool with the “CORUM” database of protein complexes. The heat
map in the middle of the figure (yellow to red, on gray background) shows MED constituent interactions with individual
C/EBPβ derived peptides. A scheme of the C/EBPβ structure (bottom of page) indicates the conserved regions (CR1 to
CR7, green shading=transactivation; blue shading=regulation; intrinsically disordered regions are depicted in grey), plus
C-terminal basic/acidic region (BA), DNA binding (DB), fork, leucine zipper (LZ), and C-terminal peptide (CT), in relation
to individual peptides, as shown on the top. Note preferential interactions of MED components with CR2,3, and 4,
suggesting that MED protein complex contacts distinct regions of the transactivation domain of C/EBPβ.
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3.4

Project plan

3.4.1

Work Programme and Methods

Microglial C/EBPα,β functions are apparent but remain largely unexplored in CNS development,
homoeostasis, innate immune protection, and disease. We will combine mouse genetics, experimental
hematology and proteomic approaches to characterize C/EBPα,β functions in innate brain immunity, in
comparison to other monocyte and macrophage subsets. The project is split into two work packages
connecting C/EBP dependent microglial biology to the C/EBP interactome.
Aim 1: Analysis of C/EBP dependent microglia cell fate and gene expression patterns
Eight recombinant mouse strains affecting C/EBPα,β expression, isoform distribution, or PTMs are available
in our laboratory. To decipher C/EBP dependent gene expression and functions during health and disease in
microglia, monocytes, and macrophages we will perform loss of function / isoform deficiency studies
Cre
employing murine C/EBPα,β mutants and conditional floxed gene deletion approaches using CX3CR1 and
CreER
deleter strains generated by Jung [25].
CX3CR1
a) Characterization of C/EBPα,β deficient/mutated microglia
Based on our findings that C/EBP directs monocytic differentiation (Figure 2), we hypothesize that the
structure and modifications of C/EBP may also determine microglia biology in the CNS. Therefore, we will
first examine how constitutive C/EBPα,β deletion and expression of distinct isoforms affect microglia.
Immuno-histological examination and multi-color-flowcytometry analysis (FACS) for known microglial
markers e.g. IBA1, CD11b and Irf8, will be performed to determine microglia surface and activation marker
profiles in collaboration with the Priller [B07] and Fernández-Klett [B01] groups. These findings will be
compared to circulating monocyte and specialized macrophage surface expression profiles, in order to
explore and distinguish between specific C/EBP-dependent microglial and general myeloid phenotypes.
Depending on the outcome, three additional mouse strains, encoding mutations in signal dependent
C/EBPα,β PTM modification sites that have recently been generated will be analyzed.
We have bred CX3CR1Cre::C/EBPαf/f, CX3CR1Cre::C/EBPβf/f, and CX3CR1Cre::C/EBPαf/f,βf/f animals to enable
myelomonocyte specific targeting, as some constitutive genotypes (e.g. the C/EBPα,β double knockout) are
not viable and/or have secondary, non-myeloid phenotypes (e.g. metabolism) which may complicate
Cre
CreER
mediated deletion is
interpretations of our results. One of the advantages of CX3CR1 over CX3CR1
the possibility to examine C/EBP specific effects also during microglia development in the embryo. FACS
analysis and immunohistochemistry of yolk sac-derived precursors and pre-natal, as well as post-natal
microglia will be quantified in cooperation with the Prinz [A01] lab.
As it remains unknown how much C/EBPs contribute to survival and/or self-renewal of microglia under
steady state conditions, we will conditionally delete C/EBPs in the adult animal. Here, the hydroxy-tamoxifen
CreER
version will be employed to generate conditionally deleted individual or
(OHT) or-TAM inducible CX3CR1
combined C/EBPα,β genotypes. Since microglia can also replicate and may obscure C/EBP-dependent
survival defects, we will take advantage of bone marrow (BM) chimera experiments that entail an artificial
infiltration of myeloid cells into the CNS. Wild-type BM will be transferred into whole body radiated (including
CreER
::C/EBP mice. In this setting, the bloodthe brain) C/EBP-deleted (TAM treated) or non-deleted CX3CR1
brain-barrier (BBB) is breached and peripheral monocytes enter the brain where they compete with local
microglia. In the case that C/EBP-deficient microglia show a survival disadvantage over infiltrated BMderived competitors, they will become outcompeted compared to C/EBP proficient microglia in control
chimeras.
b) Transcriptome analysis and C/EBP isoform distribution in microglia under steady state conditions
Emergence of C/EBPα,β isoforms is tightly regulated and affects important biological pathways such as
lineage commitment, proliferation, immune response, and cytokine expression [#3]. However, little is known
about the role of C/EBP isoforms during microglial development. We will therefore compare (i) gene
expression patterns of microglia during development and (ii) microglial C/EBP-protein isoform distribution.
Specifically, we will perform RNA sequencing within the Z01 project using FACS-isolated wt-microglia at
different stages during mouse development (E12 (shortly after infiltration into the CNS), P0 (at time of birth),
P7, P21 (after weaning), P56, and in one year old mice). Focusing on C/EBP genes and their targets, we will
try to decipher a C/EBP-dependent signature, which may be further supported by RNA sequencing of
Cre
f/f
Cre
f/f
Cre
f/f f/f
microglia isolated from CX3CR1 ::C/EBPα , CX3CR1 ::C/EBPβ , CX3CR1 ::C/EBPα ,β or C/EBP
mutant -transgenic mice, respectively. Additionally, by using quantitative micro-capillary immuno-blotting
(technique established in our lab) that is suitable for quantifying proteins in low abundant cell populations, we
will analyze the different C/EBP protein isoforms and their ratios in microglia vs. monocytes as controls. In
addition, we will examine C/EBP dependent miRNA expression by nCounter nanostring technology. Histo316
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morphological and FACS analysis will be performed in collaboration with the Prinz [A01] lab. Whole genome
expression profiling (by RNA-seq) and bioinformatic evaluation will be performed by the Backofen [Z01]
group.
c) ChIP-seq analysis of C/EBP mutant microglial cells
Binding to the genome will be tested for the individual C/EBP family members. We expect complex mixtures
of C/EBP homo- and heterodimeric factor binding due to their promiscuous bZIP dimerization and DNA
binding features. How dimer composition affects genomic DNA binding and distribution and how this would
affect the chromatin status in monocytes and microglia, e.g. during health and inflammation is largely
unknown but important and interesting to explore. Recent evidence hints that C/EBPs might interact with Irf8
and PU.1, both key-transcription factors of microglial development [26]. It is conceivable that these three
transcription factors synergistically cooperate during early microglial development. Accordingly, we propose
to compare genome wide/gene selective C/EBPβ distribution in conjunction with distinct Irf8 and PU.1
binding sites and adjacent histone marks of wild-type and – depending on the outcome – also in C/EBP
mutant cells by ChIP-seq analysis during microglial development. Furthermore, as C/EBP is also crucial for
the activating function of macrophages, we will perform C/EBPα,β ChIP-seq of adult microglia and blood
derived monocytes, including C/EBP mutant animals, in collaboration with the Jung [A02] and Amit [A03]
labs. Isolation of microglia during development will be done in cooperation with the Prinz [A01] lab.
d) The role of C/EBP deficient/mutated microglia in disease conditions
Once we have gathered information about the C/EBP in vivo dependence of microglia under homeostatic
conditions (see (a)) and verified the dynamic expression of C/EBP target genes (see (b and c)), we aim to
compare the functional C/EBP-dependency to the CNS inflamed situation. To this end, we will employ two
CNS disease models with different properties, either focusing on M2-type associated healing functions (point
I) or M1-type associated inflammatory functions (point II):
I) First, we will use a demyelination model employing the copper chelator cuprizone. Cuprizone –
administrated as powder in chow – leads to demyelination of the corpus callosum within 2-3 weeks,
accompanied by a strong microglial response [27]. Importantly, the BBB remains unaffected during
this response [27] and therefore cuprizone-induced demyelination is distinguished from a classical
pro-inflammatory disease [28]. Once cuprizone treatment is discontinued, microglia play a
regenerative, tissue-remodeling role and support remyelination [28]. This phenotype represents a
microglial M2-type macrophage phenotype. We will test if C/EBP-deletion in microglia plays a role in
the activation, recruitment and remyelination-capacity of microglia. Accordingly, TAM-treated
CreER
::C/EBPαf/f, CX3CR1CreER::C/EBPβf/f, and CX3CR1CreER::C/EBPαf/f,βf/f mice will be fed
CX3CR1
with cuprizone. One part of each group will be analyzed at the peak of demyelination (week 3),
whereas the other part of the group will be allowed to recover. TAM will be administrated to 4 weeks
old mice and cuprizone feeding will be started 6 weeks later. RNA sequencing of FACS purified
microglia at different stages of disease, immunohistochemistry, EM microscopy and FACS will be
used to analyze the mice. Demyelination experiments will be performed in cooperation with Chotima
Böttcher/Josef Priller [B05]. RNA sequencing will be performed in collaboration with the lab of J.
Schultze (letter of consent attached),who has strong interest in macrophage biology and over the
recent years established an analytical pipeline for RNA-sequencing. Bioinformatical analysis will
additionally be done with the Backofen group [Z01]. EM microscopy will be performed in
collaboration with the Prinz [A01] laboratory.
II) As second CNS disease model we will use EAE, a pro-inflammatory autoimmune disease, in
which autoreactive T cells target oligodendrocytes in the CNS. Microglia exhibit a pro-inflammatory
role in EAE [29] and therefore EAE can serve as read-out for M1-type microglia function. To
investigate the role of C/EBP genes for the pro-inflammatory microglia function, we will immunize
CreER
::C/EBPαf/f, CX3CR1CreER::C/EBPβf/f, and CX3CR1CreER::C/EBPαf/f,βf/fTAM-treated CX3CR1
transgenic mice with myelin oligodendrocyte glycoprotein (MOG; in CFA and PTX). TAM will be
administrated to 4 weeks old mice and MOG immunization will be conducted 6 weeks later. We will
follow the clinical score of the mice and investigate mice from each group at the peak of disease
(day 15 after immunization) and during the chronic phases (day 30 p.i.). RNA sequencing of FACS
purified microglia at different stages of disease, immunohistochemistry and FACS will be used to
analyze the mice. EAE experiments will be performed in cooperation with Josef Priller/Chotima
Böttcher [B05]. Whole genome expression profiling (by RNA-seq) and bioinformatic evaluation will
be performed in collaboration with the Schultze and the Backofen groups [Z01].
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e) Migratory and activation status of C/EBP-mutant monocytes during CNS infiltration
Inflammatory monocytes have also been shown to play important roles in CNS pathology such as EAE.
low
high
expression and cross the BBB upon
Inflammatory monocytes are characterized by C/EBPβ and Ly6C
severe inflammatory situations [30]. The contribution of C/EBPβ and its isoforms to monocyte differentiation
remains unknown. Given the correlation between Ly6C and C/EBPβ isoform expression, we anticipate major
impact of C/EBPβ and deregulation of its isoforms on recruitment of monocytes in regard to migratory
behaviour, activation status and ultimately on neuroprotection. However, within this proposal we decided to
focus on microglia formation and function. Therefore, we will collaborate with Alexander Mildner (Priller
group), who is an expert on studying the influence on monocyte recruitment to the brain [30]. Within this
cooperation A. Mildner will perform EAE, while we will provide C/EBP deficient and C/EBP-mutant mice and
will help with transfer-experiments.
Aim 2: C/EBP interactome in monocytes and microglia
The interaction of C/EBP proteins with epigenetic effector complexes relies on the C/EBP PTM pattern
(indexing code). To examine how the C/EBP dependent proteome and interactome relate to microglia
biology, an integrated approach of mass spectrometry based proteomics and CRISPR/Cas9 mediated
genome editing will be applied. Accordingly, we will determine in a multi-step analysis: first, the C/EBP
dependent proteome (shotgun mass-spectrometry of microglia isolated from wild-type and C/EBPβ mutant
mice), second, the microglia specific C/EBP-interactome and in parallel, occurrence of microglia specific
PTMs.
a) C/EBP specific proteome analysis
Briefly, the proteome analysis by shot gun mass spectrometry will be performed on primary CNS microglia
cell isolates and on BM derived monocytes from murine wild-type and the most promising C/EBP mutant(s)
(as determined in Aim 1). Techniques follow approved standard protocols of the lab. Currently 4000-6000
6
proteins can be identified and quantified from 0.5 – 1.0x10 cells. We expect to find major differences
between proteins expressed in microglia vs. monocytes. Results will be compared to Aim 1 data retrieval
and decisions will be made on proceeding with other C/EBPβ knockins and/or, on microglia/monocyte
activation schemes.
b) C/EBP PTM & interactome analysis in conjunction with CRISPR/Cas9 mediated genomic engineering of
C/EBPs in myelomonocytic and microglial cell lines
Information about the C/EBP dependent proteome can be obtained from primary microglia, however,
studying the PTM dependent C/EBP interactome requires much larger amounts of cells. Similarly, PTM on
lysine/arginine residues typically occur at low frequency and are more difficult to detect and in most cases
require tagged target proteins. Technically, it is therefore evident that a subset of “most interesting”
candidates/interactions need to be detected and consolidated by approaches employing surrogate cell lines
and established tissue culture systems. Here, we plan to use the microglia cell line BV-2 and the monocyte
cell line RAW264.7 in combination with C/EBP affinity purification followed by mass spectrometry. In order to
generate tagged C/EBP and enrich for associated protein complexes, cell lines will be modified by ectopic
expression of bacterial BirA ligase using recombinant transposon technique (techniques, methods, and
constructs have all been established in the lab). Next, recombinant C/EBP-proteins (including wild-type and
the most interesting mutants, as determined in Aim 1) harboring a short C-terminal biotin target peptide
(AviTag) will be recombined into the endogenous C/EBPβ locus by CRISPR/Cas9. This ensures proper
expression rates and stimulation sensitivity of the C/EBP genes. We have already developed CRISPR/Cas9
mediated genome editing of the C/EBPβ locus in various leukemic cell lines. The CRISPR/Cas9 system will
thus be adapted to replace endogenous C/EBPβ with tagged wild-type or mutated versions (in BV-2 and
RAW264.7 cell lines). A retroviral gene transfer approach will be used in case of adamant homologous
recombination problems, as work around and failsafe option. We have excessive experience in capturing
tagged C/EBP by affinity purification using either AviTag specific antibodies and/or streptavidin (single or
tandem purification to exploit full sensitivity of our state-of-the-art mass spectrometry equipment). Captured
proteins will be subjected to mass spectrometry analysis. Depending on initial outcomes, we will include
microglia stimulation scenarios in tissue culture, i.e. by IFNy/LPS to mimic inflammation. Comparison of wildtype and mutant C/EBPβ proteins in both cell types will reveal the stimulus dependent differential PTM
pattern and interactome. Once established, the genome editing approach in both cell lines are applicable to
other consortia partners and collaborative gene replacement experiments. All mass spectrometry
approaches will be performed in collaboration with Gunnar Dittmar, head of the MDC Mass Spectrometry
Core Unit (letter of consent attached). The Leutz lab will cover the mass spectrometry running time costs
(600h x 50,-€ = 30.000,-€) by our own funding. The long term goal is to understand microglial activation as a
function of the C/EBP dependent interactome that in turn relies on its PTM dependent modifications
downstream of signaling events.
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Work Plan

3.4.2

2017

2018

2019

2020

Aims

1+2

Generation of conditional
C/EBP mouse lines
Histological and FACS analysis
Transcriptome analysis
ChIP
Monocyte recruitment to the
CNS
CRISPR/Cas9 modification of
cell lines
Mass-specrometry

3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner
ID

PI

B05

Böttcher/Priller

A01

Prinz

A02/A03

Jung and Amit

B10

Pospisilik

ID

PI

A02

Jung

B07/B01

Priller and
Fernández-Klett

Z01

Backofen

3.6

Collaborations
Research interactions
together with C. Böttcher we will perform demyelination to study
C/EBP dependent microglial activation and together with A. Mildner
we will perform transfer experiments and EAE using C/EBP mutants
together we will perform ChIP-seq for C/EBP binding in developing
microglia and EM for our cuprizone experiment samples
together we will perform ChIP-seq for C/EBP binding on blood
monocyte subsets and microglia during adulthood
understanding HFD-induced microglia activation as a cell fate
transition
Methodological interactions
Cre

S. Jung provides CX3CR1

CreER

and CX3CR1

mouse strains

Schönheit/Leutz will provide mouse brain slides for
immunohistological analysis. Priller and Fernández-Klett will perform
the analysis
RNA-seq is performed by the J. Schultze lab. Raw data analysis and
subsequent data mining is performed by both, the Schultze and the
Backofen groups

Differentiation from other funded projects
PI

Project Title

Funding
Agency

Funding
Period

Leutz

Post-translationale Modifikationen von C/EBPβ
und funktionelle Implikationen

DFG
LE 770/4-2

07/2015-07/2018

This project deals with C/EBPβ modifications in lymphoma, their effect on inter-lineage trans-differentiation
and contribution to lymphomagenesis. Moreover, the impact of C/EBP SUMOylation is addressed.
There is no overlap with NeuroMac proposal
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3.7

Project funding

3.7.1
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Direct costs
Consumables
Animal Costs
Other Costs
Total
Major research
instrumentation
Total
Grand total
(All figures in euros)

2018

Category

3.7.2

Primary
microglia
phenotyping
(Aim 1)
Massspectometry
(Aim 2)

animal
Helmholtz/
caretak
MDC
er
Helmholtz/
MTA
MDC
Helmholtz/
MTA
MDC
Helmholtz/
MTA
MDC

MDC-Berlin

PhD
student

MDC-Berlin

PhD
student
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Job description of staff (supported through existing funds):
1. Jörg Schönheit is the first principal investigator (PI) of this project. He is responsible for coordination,
experiment planning, teaching techniques, supervision of technical staff, PhD students and writing
manuscripts. He will spend 30% of his working time on this project.
2. Achim Leutz is the the second principal investigator (PI) of this project, Professor at the Humboldt
University, Berlin and research group leader at the MDC. He will perform mass-spectrometry
experiments in cooperation with Gunnar Dittmar (Head of the mass-spectrometry core facility, MDC),
supervise PhD students and help to prepare manuscripts. He will spend 20% of his working time on this
project
3. Juliette Bergemann (supported through MDC funds) is the responsible animal caretaker of the transgenic
mice.
4. Viktoria Malchin (supported through MDC funds) will help with the immunohistochemistry, micro-capillary
Western blotting, PCR and RNA isolation. She will also perform genotyping of recombinant mice.
5. Maria Hofstätter (supported through MDC funds) specializes in CRISPR/Cas9 genome editing of cell
lines and will be involved in generation of engineered cell lines. Additionally, she will help to prepare
samples for mass-spectrometry.
6. Maria Knoblich (supported through MDC funds) is a specialist in protein affinity purification for mass
Spectrometry.

Job description of staff (requested funds):
7. PhD 1 (N.N.) (Aim 1)
The PhD student will analyze microglia and monocyte/macrophage phenotypes of C/EBP deficient and
mutant mice. That mainly includes the imaging (IHC, IF) and flow cytometry based analysis of local
microglia of C/EBP deficient/mutant mice and preparation and analysis of samples for ChIP-seq,
nanostring and micro-capillary western blotting. At a later stage, N.N. will perform bone marrow transfer
experiments and EAE (together with cooperation partners) to analyze the origin of myeloid cells invading
in the CNS under inflammatory conditions. Here, N.N. will perform survival/scoring studies. For breeding
and genotyping of the transgenic mice the student will have the support of J. Bergemann and V. Malchin.
8. PhD 2 (N.N.) (Aim 2)
This PhD student will generate BirA tagged C/EBP mutant targeting constructs and generate
CRISPR/Cas9 engineered cell lines for proteomic and PTM analysis. In the later phase the student will
be involved in protein preparation and analysis of mass-spectrometry data, in cooperation with Gunnar
Dittmar (head of MDC-proteomic facility). Additionally, N.N. will prepare primary cells for subsequent
proteome analysis from C/EBP recombinant mice. M. Hofstätter will support the generation of
CRISPR/Cas9 engineered cell lines and in sample preparation for mass-spectrometry and M. Knoblich
will support protein affinity enrichment.
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3.7.4

Requested funding of direct costs

Existing funds from MDC Berlin
Sum of requested funds
(All figures in euros)

2017
30,000
48,200

Requested Consumables
Antibodies (e.g. C/EBPα, C/EBPβ, Iba-1, Cx3Cr1, IRF8, PU.1,
CD11b, CD11c, Ly6C, Ly6G, CD115, MHCII, isotype controls)
Western blotting material (WES-capillaries and ECL-kit)
ChIP Kits, ChIP grade antibodies
Immunohistochemistry consumables
PCR and real-time RT PCR reagents (e.g. agarose, SYBRgreen, TAQman probes)
Magnetic beads (e.g. CD11b enrichment)
Cytokines
Cell culture material, media, serum
Mass Spectrometry:
Nano UPLC columns
Stator plates for nano-UPLC
Injector needles
Switching valves for nano-UPLC
Total per year
(All figures in euros)
Requested Animal Costs
Housing of 170 mice x 0.7 € / week x 52 weeks = 6,188 EUR/
year
Mouse strains: C/EBPβ-/-, C/EBPβLIP/LIP,
Cre
f/f
Cre
f/f
CX3CR1 ::C/EBPα , CX3CR1 ::C/EBPβ ,
Cre
f/f f/f
CreER
::C/EBPαf/f,
CX3CR1 ::C/EBPα ,β , CX3CR1
CreER
f/f
CreER
CX3CR1
::C/EBPβ , and CX3CR1
::C/EBPαf/f,βf/f
CreER
Purchasing costs for Cx3Cr1
and SJL recipient mice
will be covered by our own funding
Total per year
(All figures in euros)
Requested Other Costs
Chip Sequencing (differential binding of C/EBP in isoform
mutant adult microglia and during development)
RNA Sequencing (C/EBP dependent transcriptome during
microglia development, in adult microglia and in
demyelination experiments) in collaboration with J. Schultze
Mass-spec running time costs (600h x 50,-€ = 30.000,-€)
and Software licenses for PTM analyses (8.900,-€) will be
covered by the Leutz lab
Total per year
(All figures in euros)

3.7.5
none
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2018
30,000
54,800

2019
30,000
57,200

2020
30,000
41,000

2017

2018

2019

2020

9,000

9,000

9,000

9,000

3,000
3,000
500

3,000
3,000
500

3,000
3,000
500

3,000
3,000
500

2,000

2,000

2,000

2,000

1,000
2,000
4,500

1,000
2,000
4,500

1,000
2,000
4,500

1,000
2,000
4,500

5,000
2,000
1,000
2,000
35,000

5,000
2,000
1,000
2,000
35,000

5,000
2,000
1,000
2,000
35,000

5,000
2,000
1,000
2,000
35,000

2017

2018

2019

2020

6,000

6,000

6,000

6,000

-

-

-

-

6,000

6,000

6,000

6,000

2017

2018

2019

2020

1,800

3,000

-

-

5,400

10,800

16,200

-

7,200

13,800

16,200

0

Requested funds for major research instrumentation
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3.1

General information about Project B12

3.1.1

Project Title: Role of myeloid cells in autoreactive CNS antigen-specific B-cell
responses and delayed cognitive decline in stroke

3.1.2

Research areas: Neurology, Stroke Research, Immunology

3.1.3

Principal investigators

Meisel, Andreas, Prof. Dr.
*16.02.1967, German
Department of Neurology
NeuroCure Clinical Research Center
Center for Stroke Research Berlin
Charité - Universitätsmedizin Berlin
Charitéplatz 1
D-10117 Berlin
Phone: +49-30-450-560026
E-Mail: andreas.meisel@charite.de

Meisel, Christian, Dr.
*09.09.1970, German
Institute of Medical Immunology
Charité - Universitätsmedizin Berlin
Augustenburger Platz 1
D-13353 Berlin
Phone: +49-30-450-524314
E-Mail: chr.meisel@charite.de

Do the above mentioned persons hold fixed-term positions? no

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included with
the proposal.
2.
3.
4.
5.
6.

3.2

We will get the approval of the responsible ethics committee for the work under 1c) by an
amendment to the existing approval EA1/144/13

clinical trials
A copy of the studies’ registration is included with the proposal.
experiments involving vertebrates.
experiments involving recombinant DNA.
research involving human embryonic stem cells.
Legal authorisation has been obtained.
research concerning the Convention on Biological Diversity.

yes
no

no
N/A
yes
yes
no
N/A
no

Summary

Cerebral ischemia not only causes local CNS inflammation but also induces a generalized
immunodepressive state mediated by an overactivation of the autonomic nervous system. Besides
dysphagia, stroke-induced immunodepression (SIDS) is a key mechanism of stroke-associated pneumonia
(SAP), which itself worsens stroke long-term outcome. Whereas SAP boosts autoreactive CNS antigenspecific adaptive immune responses considered to be involved in secondary damage of ischemic tissue,
SIDS ameliorates at least in part these responses. Recently, we demonstrated that antibody-mediated
depletion of peripheral CD4+ T cells prevents the infiltration of B cells into the ischemic CNS and is
associated with an antiproliferative effect on microglia/macrophages after experimental stroke. About 14
days after brain ischemia, B cells start to cluster with CD4+ T cells within lymphoid follicle-like structures
located centrally in the ischemic brain tissue and differentiate into plasma cells that produce antibodies
recognizing CNS antigens. The observation that delayed cognitive deficits after experimental stroke can be
prevented by anti-CD20 mAb-mediated B cell depletion strongly suggests a pathophysiological role of CNSdirected humoral immune responses after stroke. Here we hypothesize that activated microglia and
infiltrating monocytes/macrophages are essentially involved in the induction of the humoral immune
responses against CNS antigens after stroke by providing important cues for the recruitment, activation and
differentiation of T and B cells, and the development of ectopic lymphoid structures in the ischemic brain. In
the MCAo mouse model of stroke we will investigate the functional roles of resident and blood-borne myeloid
cells for the development of CNS autoimmune responses and delayed neurological deficits by depleting
microglia and peripheral myeloid cells using transgenic mouse models as well as pharmacological tools. In
addition, we will perform an in-depth characterisation of lymphoid follicle-like structures in the ischemic brain
with a focus on the dynamics and requirements of soluble factors and cell-cell interaction between
microglia/macrophages and lymphocytes. A better understanding of the interaction between innate and
adaptive immune cells in the ischemic brain might contribute to the discovery of a causal treatment of the
commonly observed post-stroke dementia and cognitive decline.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
The clinical picture of acute CNC injury in general and stroke in particular is not only characterized by
neurological deficits but also by the high incidence of complications such as bacterial infections [#1, #6, #9].
Moreover, cerebral ischemia not only causes local CNS inflammation but also induces a generalized
temporary immunodepressive state [#10]. Besides dysphagia, which increases the risk of aspiration, this
stroke-induced immune depression is a key mechanism of stroke-associated pneumonia, which might
worsen stroke long-term outcome [1, 2] [#6, #9].
Thus, local inflammation in the brain as well as systemic inflammation affecting peripheral organs such as
lung contribute to stroke long-term outcome [2] [#6, #9]. Peripheral and systemic mechanisms are linked via
several pathways [#6, #9]. For example, stroke-induced changes of the peripheral immunity are mediated at
least in part by an over-activation of the autonomic nervous system. The sympathetic nervous system mainly
affects lymphocytes via ß-adrenergic receptors in peripheral immune organs such as spleen and thymus
causing lymphocytic apoptosis and a Th1/Th2 shift [#10]. The parasympathetic nervous system affects cells
of the innate immunity, particularly alveolar macrophages in the lung, via cholinergic pathways and α7
nicotinergic acetylcholine receptors [#2]. Moreover, the crosstalk between nervous and immune system
following acute CNS lesion involves corticosteroids released due to an over-activation of the hypothalamuspituitary axis as well as other humoral mediators such as αMSH [#6,#9]. These pathways lead to an impaired
antibacterial defense in the lung and other peripheral organs [#9].
Brain ischemia induces sensors of the innate immune system such as Toll-like receptors as well as effectors
such as the lectin pathway of complement activation, amplifying the inflammatory cascades [#6]. Microglia
become activated within the first hours and monocytes infiltrate into the ischemic hemisphere within the first
days [2, 3] after stroke driven by the ischemic environment [4]. In a delayed manner, adaptive immune cells
including T and B cells, regulatory T cells, and γδ T cells migrate into the ischemic tissue and can lead to
deleterious CNS antigen-specific autoreactive responses but might also have cytoprotective effects [5-8] [#6]
These pathways may also involve priming of antigen-specific T cell responses in cervical lymph nodes and
other peripheral lymphoid organs where myelin and neuronal antigens have been detected after stroke in
antigen-presenting cells such as macrophages [9] [#8]. In the mouse experimental stroke model (middle
cerebral artery occlusion; MCAo) T cells including regulatory T cells accumulate in the ischemic brain
parenchyma between days 7 and 30 [#5].
Systemic inflammation in the course of bacterial infections might interfere with local inflammation in the brain
causing detrimental outcome. Post-stroke bacterial pneumonia increases the infiltration of CNS antigenspecific T cells to the brain promoting a shift towards inflammatory TH1/TH17 responses. In contrast,
prevention of post-stroke pneumonia decreases infiltration of inflammatory macrophages and T cells but
increases the influx of regulatory T cells into the damaged brain area, which is associated with a significantly
better neurological long-term outcome. These findings are in line with human stroke studies showing
increased autoreactive CNS antigen-specific immune responses in the blood of patients with post-stroke
infections compared to stroke patients without bacterial infections. Increased levels of autoreactivity correlate
with detrimental stroke long-term outcome [10]. Preventive antibiotic treatment not only prevents bacterial
pneumonia but also improves long-term outcome in experimental stroke. However, in two large randomized
controlled phase III clinical trials preventive antibiotic treatment neither reduced bacterial pneumonia nor
improved long-term outcome in stroke patients significantly [11].
These studies have several implications. For example, treatment strategies other than antibiotics are
required to prevent SAP more effectively [#6, #9] One promising approach might be the pharmacological
immune modulation to reverse the effects of stroke-induced immune depression [12] [#10] Using myelin
oligodendrocyte glycoprotein (MOG) T cell receptor (TCR) transgenic (2D2) mice we investigated in the
MCAo model the effect of preventing stroke-induced immune depression by pharmacological blockade of the
body’s main stress axes, the sympathetic nervous system and the hypothalamic-pituitary-adrenal axis.
Although this approach does not worsen functional long-term outcome significantly, blockade of SIDS
increased CNS antigen-specific type 1 T helper cell (Th1) responses in the brains of 2D2 mice 2 weeks after
stroke onset [#3].
Thus, caution is advised, since stroke-induced immune depression might represent an adaptive mechanism
preventing autoreactive CNS antigen specific immune responses in the ischemic brain [#7] A further
example are γδ T cells that are crucial for antibacterial host defense but have been shown to have
324

Project B12
detrimental effects in experimental stroke by promoting ischemic brain damage [5] [#10] Therefore, further
research is needed to better understand the mechanism of brain-immune interaction after acute brain injury,
and the long-term consequences that immunomodulatory therapies may have for stroke outcome.
It has very recently been demonstrated that B lymphocytes infiltrate the ischemic tissue in a delayed manner
weeks after experimental cerebral ischemia [13]. Mice with stroke developed a delayed cognitive decline with
deficits in long-term potentiation. Deficiency of B lymphocytes either by genetic ablation or anti-CD20
antibody mediated depletion prevented delayed cognitive deficits after stroke. Analysis of postmortem
human tissue also revealed B cell infiltrates in brains of some stroke patients with dementia [13]. These
findings may be of high clinical relevance since oligoclonal bands in the CSF of stroke patients have been
consistently described [14] and the risk of dementia after surviving a stroke is more than twice as high
compared with people who have never had a stroke. Although acute stroke is associated with an immediate
decline in cognitive function there is also a delayed but accelerated persistent cognitive decline over the
following years in the chronic course of stroke [15].
Infiltration of B lymphocytes into CNS tissue after acute CNS injury has also been described in a model of
experimental spinal cord injury [16]. Similar to findings in experimental stroke, B cells infiltrated at a late time
point and clustered together with T cells in the chronically injured spinal cord and impaired recovery [16].
These follicle-like cell clusters are reminiscent of ectopic lymphoid structures (ELS) that can be observed in
chronically inflamed tissue. Similar to secondary lymphoid organs, these structures direct various B cell and
T cell responses, including the induction of effector functions, antibody generation, affinity maturation, class
switching and clonal expansion [17]. The functional consequences of ELS formation may be beneficial or
harmful depending on the underlying pathology (e.g. autoimmune diseases, persistent infection or cancer).
The cellular and molecular signals that govern the induction and maintenance of ELS in inflamed tissue are
incompletely understood but appear to involve stromal cells, resident mononuclear cells, inflammatory
cytokines such as lymphotoxin α/β and homeostatic chemokines such as CXC-chemokine ligand 13
(CXCL13, also known as B-cell attracting chemokine-1) [17]. Follicular dendritic cells are generally
considered to be the major source of CXCL13 that attracts and organises lymphoid cells in germinal centers
of secondary lymphatic organs. However, the majority of CXCL13 expressing cells in inflamed tissue
containing lymphoid aggregates for example in rheumatoid arthritis and colitis ulcerosa have been found to
be of monocyte/macrophage lineage [18]. In addition, CXLC13 was found to be expressed by perilesional
microglia/macrophages at 7 days after experimental traumatic brain injury [19], suggesting that activated
myeloid cells may be an important source of factors which are essential for the development of ectopic
lymphoid structures in inflamed tissue.
The mechanisms that trigger the induction of ectopic lymphoid structures after cerebral ischemia as well as
the consequences for long-term stroke outcome remain elusive so far. We hypothesize that activated
microglia and infiltrating monocytes/macrophages are essentially involved in the induction of humoral
immune responses against CNS antigens after stroke by providing important cues for the recruitment,
activation and differentiation of T and B cells and the development of ectopic lymphoid structures in the
ischemic brain.
Preliminary work
We investigated the kinetics of peripheral leukocyte recruitment into the ischemic brain in wild-type (WT) as
well as in Myelin Oligodendrocyte Glycoprotein (MOG) TCR transgenic (tg) 2D2 mice. The infiltration is
characterized by an early influx of macrophages peaking between day 5 and 7 followed by an infiltration of
CD4+ T cells and B-lymphocytes with a peak at day 14 post MCAo (Figure 1A). Compared to wild-type
littermates the number of CD4+ T cells in the ischemic brain is significantly higher in 2D2 mice (Figure 1B,
C) suggesting that T cell recruitment into the damaged brain tissue is influenced by antigen specificity. This
is supported by adoptive cell transfer experiments in which naïve MOG- and ovalbumin (OVA)-specific T
cells isolated from 2D2 (MOG TCR tg) and OT2 (OVA TCR tg) donor mice were co-transferred into RAG-/recipient mice undergoing MCAo. MOG-specific but not OVA-specific T cells infiltrated into the ischemic
brain tissue 14 days following stroke (Figure 1D).
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Figure 1: Infiltration of lymphocytes and myeloid cells into the ischemic brain. 60min middle cerebral artery
occlusion (MCAo) was chosen to model human stroke. Compared to wild-type (WT) littermates infiltration of CD4 T cells
is much more pronounced in MOG TCR transgenic (2D2) mice. A) Infiltration of lymphocytes into ischemic brain is
observed 7 days after stroke onset and increases further until day 14. CNS-infiltrating lymphocytes at day 14 are almost
twice as many than at day 7, while number of CD11b+ myeloid cells decreased between day 7 and day 14. Absolute
counts of cells from the whole ischemic hemisphere were acquired with FACS analysis. CD19, marker for B cells; CD3,
pan-marker for T cells; CD4, marker for CD4 T cells; CD8, marker for CD8 T cells; CD11b, marker for myeloid cells. B)
Immunohisochemistry: CD4 T cells (red); laminin (green), marker for basement membrane; DAPI (blue), marker for
nuclei. Scale bar, 50µm. C) Quantification of CD4 T cells that infiltrate into ischemic brain. Cell counts per slice (around
bregma) from ischemic hemisphere (n=3-5 per group; Two-tailed Mann-Whitney U Test). D) Adoptive transfer of naïve
CD4+CD62L+T cells from either MOG TCR (2D2) or OVA TCR transgenic (OT2) mice into RAG-/- mice 12 h before
MCAo led to infiltration of MOG-specific T cells but not of OVA-specific T cells into the brain 14 days after MCAo surgery
(n=5 per group, p<0.05). All Data were shown as mean ± SD.

In order to elucidate the relevance of CD4+ T cell infiltration into brain after MCAo we investigated the effects
of a depleting anti-CD4+ antibody on stroke outcome. Since we have previously shown an important role of
impaired T cell responses in the susceptibility to post-stroke infections, repeated administration of the
antibody was started 3 days after stroke in order to avoid potential negative effects of CD4 depletion on
development of infectious complications. CD4+ T cells were effectively depleted in peripheral blood of 2D2
mice already after the second dose of CD4-depleting antibody compared to isotype control treated animals
(Figure 2A). We observed no significant differences in survival (data not shown) and infarct volume at day 7
(Figure 2B-C) suggesting that delayed CD4 depletion has neither an effect on post-stroke infections nor on
infarct maturation within the first week following stroke. Brain tissue from stroke animals treated with antiCD4 but not isotype control antibody was completely devoid of CD4+ T cells at day 14 after MCAo (Figure
2D).
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Figure 2: CD4 depletion effectively reduces CD4 T cells in peripheral blood and ischemic brain A) MCAo mice
were allowed to survive for 14 days. At day 1 after MCAo, infarct volume was measured by T2-weighted MRI. Isotype
control antibody or CD4 depleting antibodies were injected i.p. at four indicated time points (day 3, 5, 7, 9 after MCAo).
Infarct development was monitored again by MRI at day 7. A) In contrast to isotype control CD4 antibody treatment
depleted sustainable and efficiently more than 95 % of CD4 CD3 double positive T cells already after second application
of depleting antibodies (n=3~6 per group). B) Infarct size at day seven compared to day 1 is shown in five representative
positions from coronal scanning of brain by T2-weighted MRI. C) No significant differences were measured between
isotype antibody control (n=8) and CD4 antibody depletion group (n=7; Data were shown as mean ± SD; Two-tailed
Mann-Whitney U Test; p=0.602) at day 1 and 7 after MCAo. D) CD4 T cells were detected in ischemic hemisphere of
MCAo mice treated with isotype control antibody but not in sham-operated mice or MCAo mice treated with CD4
antibody depletion. CD4 T cells (red); laminin (green), marker for basement membrane; DAPI (blue), marker for nuclei.
Scale bar, 50 𝑢𝑢m.

The number of neurons in the ipsilateral ischemic hemisphere was reduced at day 14 compared to the
contralateral side, however, no differences were observed between CD4-depleted and isotype control
treated 2D2 mice. As expected, anti-CD4+ treatment abolished CD4+ T cell infiltration (Figure 3A) but had
no effect on CD8+ T cell infiltration (data not shown). In contrast, we observed a significant reduction in the
number of brain-infiltrating B cells in CD4+-depleted animals compared to controls (Figure 3B). CD4+
depletion was also associated with a significant reduction in B cell attracting chemokine CXCL13 plasma
concentration (data not shown). Immunohistochemical analysis revealed that B lymphocytes cluster together
with CD4+ T cells within follicle-like structures (Figure 3C) suggesting that an ongoing immune response
within the ischemic brain tissue facilitates the development of ectopic lymphoid structures (ELS) similar to
tertiary lymphoid organs observed in chronically inflamed tissue. Our data suggest that CD4+ T cells which
enter the ischemic brain earlier than B cells may facilitate and direct the recruitment of peripheral Blymphocytes into the damaged CNS tissue resulting in formation of ELS.
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Figure 3: Infiltration of B cells into ischemic brain tissue is blocked by CD4+ depletion and intracerebral B cell
differentiation correlates with delayed cognitive deficit following stroke. A) Compared to isotype antibody control
CD4 T cell depletion reduced the infiltration of A) CD4 T cells and B) B lymphocytes (n=3-6 per group; data shown as
mean ± SD, two-tailed Mann-Whitney U Test). C) Representative scheme showing infiltrated CD4 T cells and B cells in
ischemic hemisphere 14 days after MCAo. B cells form follicle-like structures in the ischemic tissue. B220+ B cells
(green); collagen IV (red), marker for basal lamina; DAPI (blue), marker for nuclei. D) B cell subpopulations isolated from
the ischemic hemisphere of C57BL/6 mice at 14 and 49 days after 60min MCAo were analyzed by flow cytometry. E)
Representative staining of a rat brain section showing a granular fluorescence of neuronal nuclei at hippocampal level
after incubation with serum (diluted 1:50, used as primary antibody; anti-mouse IgG as secondary antibody) from a
C57BL/6 mice 7 weeks after 60min MCAo. F) C57BL/6 mice developed a delayed cognitive deficit on the Y maze, a test
of short-term memory, between weeks 2 and 7 following stroke (Two-tailed Mann-Whitney U Test).

The composition of infiltrated B cells changes during infarct maturation. In particular, the frequency of
plasmablasts/plasma cells and memory B cells increases at 7 weeks compared to 2 weeks after stroke
onset, suggesting differentiation of B cells within these follicle-like structures (Figure 3D). Moreover, we
observed that about 20% of stroke animals developed CNS antigen-specific autoantibody responses in
serum at 7 weeks after stroke onset (Figure 3E), which is associated with deficits in behavioural testing
(Figure 3F).
Furthermore, CD4+ depletion tended to reduce the total number of Iba1+ and CD68+ cells as well as the
frequency of Ki67 proliferation antigen-positive CD68+ cells in the ipsilateral ischemic brain suggesting that
infiltrating CD4+ T cells may positively regulate activation/proliferation of macrophages/microglia after stroke
(Figure 4).
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Figure 4: CD4 depletion reduced infiltration of myeloid cells into ischemic brain tissue. Compared to isotype
antibody control CD4 T cell depletion tended to reduce A,B) the number of Iba1+ cells (red), C, D) CD68+ cells (green)
and proliferating Ki67+ CD68+ (red) cells in the ipsilateral ischemic brain (Two-tailed Mann-Whitney U Test). DAPI
(blue), marker for nuclei. Scale bar, 25µm. n=4-5 per group. Data are shown as mean ± SD.

In summary, while our data suggest that CD4+ T cells play an important role for the recruitment of B cells
into the ischemic parenchyma, which in turn is associated with formation of follicle-like structures and
development of CNS autoantibody responses after stroke, the importance of myeloid cells for this process
remains elusive and will be the major focus of this project.
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3.4

Project plan

3.4.1

Work Programme and Methods

Aim 1: Evolution of ectopic lymphoid structures in ischemic brain
The organization of ectopic lymphoid structures (ELS) in chronically inflamed peripheral tissues ranges from
simple aggregates of T and B cells through to highly ordered structures. In order to better understand the
initiation, dynamics in cellular composition and functional maintenance of follicle-like lymphoid structures in
ischemic brain tissue the first aim focuses on the cellular and molecular analysis of ELS in the brain after
experimental stroke. To this end, the dynamics of cell infiltration with special focus on myeloid cells and
follicle-like structure formation after brain ischemia in relation to the expression of factors known to be
involved in the generation of tertiary lymphoid tissue will be characterized.
a) Cellular composition of follicle-like structures in ischemic brain tissue after experimental stroke
First, we will characterize the cellular composition of follicle-like structures in ischemic brain tissue at
different time points after experimental stroke (60min MCAo; sham surgery for control). Brain tissue from
2D2 mice and wild-type C57BL/6 (WT) mice will be collected at 1, 3, 7, 14, 49 and 72 days after MCAo and
the frequency, phenotype and location of macrophages/microglia, T- and B-lymphocytes within follicle-like
structures will be analyzed by immunohistochemistry and flow cytometry. These analyses will include factors
that could favor the formation and maintenance of ELS such as the presence of peripheral node addressin
(PNAd)-positive vessels and follicular dendritic cells (FDC). Furthermore, we will perform functional and
phenotypic analyses of brain-infiltrating lymphocytes to identify the presence of distinct T cell subsets (e.g.
Th1, Th17, follicular Th cells) and to analyze B cell differentiation (e.g. memory, plasma cells, proliferation
markers) within lymphoid follicles. (N=180 transgenic mice + 160 Bl6 mice)
b) Expression analysis of factors required for induction and maintenance of ELS
In this set of experiments we will analyze the expression of mediators implicated in initiation of ectopic
lymphoid neogenesis, cell recruitment and maintenance of ELS in inflamed tissue. We will perform
transcription kinetics of initiator cytokines (e.g. lymphotoxin α1/β2, RANKL, IL-7), homeostatic chemokines
and chemokine receptors (e.g. CXCL12, CXCL13, CCL19, CCL21, CXCR5) and factors positively regulating
ELS formation and maintenance (e.g. IL-17, IL-21) in ischemic brain tissue by RT-PCR as well as in isolated
microglia and brain-infiltrating monocytes/macrophages, T and B lymphocytes by single cell PCR at different
time points after MCAo compared to sham controls in WT and 2D2 mice. Factors found to be
transcriptionally upregulated will be confirmed on protein level in brain tissue by IHC and at single cell level
on sorted brain-infiltrating cells by flow cytometry. (N=70 transgenic mice + 50 Bl6 mice)
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c) Analysis of ELS formation after stroke in humans
In order to determine whether formation of lymphoid follicle-like structures occurs after stroke in humans we
will also analyze brain autopsy specimens from patients (N=20) after cerebral ischemia in collaboration with
the Department of Neuropathology at Charité (Frank Heppner, B09). CNS tissue sections will be analyzed by
immunohistochemistry for the frequency, phenotype and location of macrophages, T- and B-lymphocytes as
well as FDC. In addition, expression of mediators crucial for ELS formation and cell recruitment (e.g.
CXCL13, CCL21) will be determined. These data will be analyzed in relation to stroke onset and correlated
with stroke severity and functional outcome, in particular the presence of cognitive deficits. As controls we
will use autopsy specimens from age-matched non-stroke patients (N=20).
Aim 2: Role of brain-infiltrating monocytes/macrophages and microglia in ELS formation
Infiltration of blood-borne monocytes/macrophages into the ischemic area is an early event after stroke.
Activated macrophages, along with resident microglia, release pro-inflammatory mediators that may amplify
and exacerbate the ischemic lesion. Our previous results demonstrated that T cells infiltrate the ischemic
brain in a delayed and CNS antigen-specific fashion starting at day 7 and peaking at day 14 after stroke [#5].
Concurrently, we observed increased expression of MHCII molecules on both brain macrophages and
microglia suggesting that these cells might form a micro-milieu that contributes to the activation or
reactivation of invading T cells [#5]. Our preliminary data indicate that T cell infiltration in turn appears to be
crucial for initiating of B cell recruitment and brain infiltration (that starts at about 14 days after stroke and
continues at least until day 49) as depletion of CD4+ T cells almost completely prevents infiltration of B cells
into the ischemic brain. We therefore hypothesize that brain-infiltrating monocytes/macrophages and
activated microglia initially provide important cues for the recruitment and activation of T cells into the
ischemic brain. Subsequent interaction of activated T cells and brain macrophages/microglia through
membrane-bound (e.g. LTα1/β2) and soluble (e.g. IL-17) factors results in the production of homeostatic
chemokines by activated macrophages/microglia (e.g. CXCL13) that are important for migration of B cells
and development of ELS in ischemic tissue. Hence, the second aim focuses on the role of brain-infiltrating
monocytes/macrophages and microglia and their mediators in formation of ectopic lymphoid structures after
experimental stroke.
a) Effect of macrophage/microglia depletion on lymphocyte recruitment and ELS formation after stroke
In order to analyze the role of brain-infiltrating myeloid cells and microglia for ELS formation after
experimental stroke we will use (in collaboration with projects B07, B09) different genetic and
pharmacological approaches to prevent infiltration of peripheral myeloid cells and to deplete microglia. To
address the role of brain-infiltrating macrophages we will use CCR2-/- and diphtheria toxin (DT)-treated
CD11b-DTR mice constitutively expressing the DT receptor in myeloid cells and which are known to show
strong reduction in the number of infiltrating CD45high monocytes/macrophages in brain after experimental
stroke [20] controlled by wild-type mice and sham surgery. To address the role of microglia for ELS formation
CreER
iDTR mice in which CX3CR1-expressing cells become sensitive to DT
after stroke we will use CX3Cr1
after tamoxifen treatment. Since microglia and other CX3CR1-expressing cells have different turnover rates,
microglia - in contrast to monocytes/macrophages - show long-lasting expression of DT receptor after
tamoxifen administration and hence can be almost exclusively depleted by DT administration (controlled by
WT mice and sham surgery). We will then analyze in the above mentioned mice the kinetics of T and B
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lymphocyte infiltration, formation of follicle-like structures and gene expression analysis in ischemic brain
tissue at 3 different time points after MCAo by immunohistochemistry, flow cytometry and RT-PCR, as
described above and according to the results we will obtain from experiments under aim 1. (N=1000
transgenic and WT littermates mice + 250 Bl6 mice)

b) Effect of CD4+ depletion on macrophage/microglia phenotype
As mentioned above, CD4+ T cell depletion almost completely prevents B lymphocyte infiltration into
ischemic brain after experimental stroke while it had no significant effects on the number of
macrophage/microglia. However, CD4 depletion significantly reduced the number of Ki67+ myeloid cells
suggesting that infiltrating CD4+ T cells positively regulate activation/proliferation of macrophages/microglia
after stroke (see preliminary data). In this set of experiments, we want to address the hypothesis that the
interaction of brain-infiltrating CD4+ T cells with macrophages/microglia is required for the production of
factors essential for B-cell recruitment (e.g. CXCL13) to the ischemic brain. To this end, we will use 2D2
mice and repeatedly administer an anti-CD4+ depleting-antibody or isotype control starting at day 3 after
MCAo, isolate brain-infiltrating macrophages and microglia at 3 different time points and then analyze
expression of activation markers, pro-inflammatory mediators and chemokines by single cell PCR and flow
cytometry, as described above. (N=130 transgenic mice)
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c) Induction of humoral immune responses directed at CNS antigens after experimental stroke
In preliminary experiments, we have observed that about 20% of stroke animals (both in wild-type and MOG
TCR transgenic mice) demonstrate antibody-reactivity to rat brain-tissue in serum collected at 14 and 49
days after stroke suggesting that formation of lymphoid follicle-like structures after cerebral ischemia is
associated with the induction of CNS antigen-specific humoral autoimmune responses. The serum
immunoreactivity pattern was heterogeneous including granular fluorescence of neuronal nuclei in
cerebellum and hippocampus, cytoplasmic staining of Purkinje cells and neuropil staining.
In this work package, we will further characterize the kinetics, pattern and antibody isotype of CNS-directed
immunoreactivity in serum and CSF from wild-type C57BL/6 and 2D2 mice in relation to functional outcome
(in particular cognitive deficits, see below) for up to 72 days after experimental stroke. In addition, we will
determine whether prevention of macrophage-infiltration, depletion of microglia or CD4+ T cells will have an
impact on induction of CNS-specific antibody responses after cerebral ischemia (see Aim 2 items a and b).
In order to address the requirement for B-cell infiltration and ELS formation in ischemic brain for CNS
autoantibody induction more directly, we will also analyze serum and CSF samples from wild-type C57BL/6
and 2D2 mice subjected to MCAo that have been treated with either neutralizing anti-CXCL13 mAb or
Lymphotoxin β-receptor-Ig fusion protein. (Blood and CSF will be sampled from animals in work packages
1a, 2a and 2b).
d) Analysis of functional outcome in relation to ELS formation and CNS autoantibody responses after
experimental stroke
In the above described work packages 1a, 1b, 2a, and 2b outcome will be assessed over the indicated time
periods from day 1 to day 72, respectively. In order to investigate early effects on outcome we will perform
MRI for lesion size measurement at day 1 and/or 7. We will perform clinical examinations by Mice General
Health Score and modified De Simoni Score daily, and gait analysis by cat walk before and at day 14, day 49
and day 72 after MCAo. We will perform behavioral test for cognitive deficits at baseline and at day 14, 49
and 72. Data in relation to ELS formation and CNS autoantibody production will be correlated to these
outcome measures.
Methods
-/CreER
iDTR mice
Animals and housing: Male SPF C57Bl6/J, MOG-TCR transgenic (2D2), CCR2 and CX3Cr1
will be housed in cages lined with chip bedding and environmental enrichment on a 12 h light/dark cycle with
ad libitum access to food (standard chow) and water. At the time of the experiment, mice will be 11–14
weeks old.
Experimental stroke: The surgical procedure of middle cerebral artery occlusion (MCAo) will be performed
according to the standard operating procedures of our lab. In brief, after a ventral cervical midline incision a
small silicon-coated filament will be introduced over the common carotid artery and the internal carotid artery
into the circle of Willis blocking the origin of the Middle Cerebral Artery. The filament will be left in place for
60 min. Body temperature will be controlled throughout the whole procedure and isoflurane (Abbott,
Wiesbaden, Germany) in a 1:2 mixture oxygen/nitrous oxide will be used for anaesthesia.
Drug administration: To prevent development of infections after cerebral ischemia, mice will be given
Enrofloxacin (Baytril, 2,5%) in drinking water ad libitum from 24h before MCAo till 7 days after surgery.
Additionally, due to decreased water intake after operation, mice will receive intraperitoneal injections of
10mg/kg Enrofloxacin on day 0-3 after MCAo.
Measurement of brain lesions with MRI: One and seven days after MCAo or sham surgery MRI will be
performed on a Bruker 7 T PharmaScan® 70/16 with a Bruker 98/38mmRF Coil, operating on Paravision
software platform (Bruker, Karlsruhe, Germany). Mice will be anesthetized with 1.5% isoflurane in an
oxygen/ nitrous oxide mixture, and body temperature is monitored with an MR-compatible physiology
monitoring unit and maintained within physiological limits using a heated water jacket. T2 weighted MRI is
achieved with a TurboRARE sequence (imaging parameters: 256×256 in plane resolution, 20 slices with a
thickness of 500 μm, FOV 28.5 mm, TR 3500 ms, TE 56 ms, acquisition time 6 min). The axial slices will be
chosen to cover the region between the olfactory bulb and the cerebellum. In post hoc analysis the size of
the lesion apparent in the T2 weighted imaging will be determined semi-automatically using Analyze 5.0
software (AnalyzeDirect, Overland Park, KS, USA). [#3, #4].
Mice general health score: For assessment of mice health status, examinations will be performed at the
same time every day and the investigator will be blinded for group assignment. We will use a score that
considers indicators of general well-being, such as behavior, posture, grooming, or body weight changes
[#4].
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Neurological Score: To assess general neurological status, neurological score (modified De Simoni Score,
mDSS) will be performed on day 3, 7 and 14 after MCAo. Scoring comprises evaluation of general
parameters like grooming, posture, spontaneous activity, eyes and ears and detailed neurological
investigation, e.g. symmetry of front limbs, grasp test for fore paws or reaction to sensory stimulation
(whiskers’ response) [#4].
Gait Analysis: To assess motor function after cerebral ischemia, gait analysis will be performed with an
automated computer assisted method (CatWalk™, Noldus Information Technology, Wageningen,
Netherlands) according to manufactures instructions and published procedures. In brief the system consists
of an elevated 1.3 meter long, side-iluminated glass plate, and a high speed camera underneath records the
steps of the mouse running on the plate. A special software allows to measure static and kinetic parameters
of locomotion as well as the interlimb coordination in gait [#3, #4].
Behavioral tests for cognitive deficit: We will perform assessment of cognitive function before stroke
(baseline measurement), 2 until 10 weeks thereafter. To investigate mice memory functions and willingness
to explore new environments, we will perform Y maze (YM), Novel Object Recognition (NOR) and hole board
(HB) test. YM: mice will be placed in a Y-shaped maze with arms at 120º angle from each other and let to
freely explore the maze. Test session of 8 minutes will be recorded and number of arm entries and triads
(exploration of three different arms in a row) counted by automatic analysis system (VideoMot, TSE, Bad
Homburg, Germany) to calculate percentage of alternation. NOR: after habituation to the test arena (plastic
chamber 37,5cm x 21,5cm x 15,5cm) mice will undergo training and testing session. In the training session 2
identical objects will be presented to animals and mice will be let to explore the objects. This will be followed
by testing session after 2,5h break when one object will be replaced with a different one (novel object). Time
spend by the mice exploring objects will be recorded to calculate discrimination ratio (preference for the new
object). HB: testing takes place in an open field arena with 16 holes in the floor. Mice will explore new
environment by dipping heads into holes. The number of head dips will be counted. On the next day mice will
be again placed in the HB. Mice with intact habituation learning functions will explore fewer holes compared
to the first day. For experiments and analysis of behavioral testing we will cooperate with Daniel Erny and
Thomas Blank [A07].
Isolation of immune cells: Brain-infiltrating leukocytes will be prepared as follows: brains will be removed
after transcardial perfusion with sterile saline of 80 cm hydrostatic head, pooled and placed into DMEM.
Subsequently, brains will be squashed with the plunger of a syringe through 70µm cell strainers. After
gradient centrifugation of homogenates, cells at the 35/70% interface (mononuclear cells) will be collected
and washed.
Single Cell PCR analysis: cDNA of single cells from sorted CD45bright CD11b+GR1- macrophages, CD45dim
CD11b+microglia, CD45+CD19+ B cells + and CD3+ CD4+ T cells of brains and spleens will be isolated and
preamplified by using C1 system (Fluidigm, San Francisco, USA) according to manufacturer's instructions.
Gene expression analysis of preamplified amplicons will be performed with 48.48 Dynamic Array IFC using
standard TaqMan Assays (Applied Biosystems, Foster City, USA) and Biomark (Fluidigm, San Francisco,
USA) according to manufacturer's instructions. For data analysis and comparison with other models we will
cooperate with Ido Amit [A02] and Rolf Backofen [Z01].
Flow cytometry: Cell surface fluorescence signal analysis will be performed according to standard protocols.
Cells will be stained with following fluorochrome-conjugated rat anti—mouse antibodies: CD45, CD19, CD93,
CD23, CD21, CD138, IgD, IgM, CD3, CD11b, Ly6C, Gr1, Ki67 (from BioLegend and eBioscience). Flow
cytometer analysis will be performed on a LSRII and the acquisition on the FACSDiva software (BD
Biosciences, Heidelberg, Germany). Data will be analyzed with FlowJo software (©Tree Star Inc., Ashland
Oregon, USA).
Quantitative RT-PCR: Quantitative analysis of gene expression (cytokine, chemokines) in brain tissue will be
performed by Real-Time PCR Systems (TaqMan 7500, Applied Biosystems, Foster City, USA) using
commercial gene probes. HPRT, GAPDH and beta-actin will be used as “house keeping gene”, and mRNA
concentrations of specific genes will be determined in relation to the HPRT content of the analysed samples.
Detection of autoantibodies: Detection of autoreactive antibodies will be performed by serum staining on rat
brain slices, according to the previously published protocol [21]. Peripheral blood will be sampled using
submandibular blood collection method before, 2 and 7 weeks after stroke and serum stored at -20°C until
analysis. Rat brain slices will be prepared as cryosections (after PFA fixation and sucrose cryoprotection).
Testing will be performed using slices from hippocampal and cerebellar level. Mouse serum will be applied
on rat brain slices and autoreactive antibodies (if present) will serve as primary antibody later detected by
goat-anti mouse IgG Oregon green 488 (Life Technologies, Darmstadt, Germany).
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Immunohistochemistry: Mice will be sacrificed, transcardially perfused with NaCl and 4% PFA, brains
removed and fixed overnight in 4%PFA followed by cryoprotection with 30% sucrose. Afterwards, brains will
be snap frozen in methylbutane and cut on sliding microtome. Floating sections will be prepared and
immunostained with the following primary and secondary antibodies: anti-mouse CD45, CD4, CD3e, B220,
Pax-5, CXCL13, Iba-1, CD68, FDC-M1, CD35, CD21, Ki67, goat anti-rat and goat anti-rabbit secondary
antibodies conjugated to Alexa Fluor 488, 568, or 594. Analyses will be performed on a Leica DMi8
Microscope (Leica, Wetzlar, Germany) in cooperation with Josef Priller [B07]. Investigations on ELS in
human brain tissue will be performed by immunostaining in cooperation with Frank Heppner [B09] using
paraffin-embedded human brain sections obtained from the Biobank of the Institute of Neuropathology
(Charité).

3.4.2

Work Plan
2017

2018

2019
2

Aims

2020
3

1+2

1a) Cellular composition of follicle-like
structures in ischemic brain tissue
1b) Expression analysis of factors
required for induction and
maintenance of ELS
1c) Analysis of ELS formation after
stroke in humans
2a) Effect of brain-infiltrating
macrophages/microglia depletion on
lymphocyte recruitment and ELS
formation after stroke
2b) Effect of CD4+ depletion on
macrophage/microglia phenotype
2c) Induction of humoral immune
responses directed at CNS antigens
after experimental stroke
2d) Analysis of functional outcome in
relation to ELS formation and CNS
autoantibody responses after
experimental stroke

3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner
ID

PI

A01

Prinz
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A06

Lämmermann

ID

PI

Z01

Backofen
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Erny/Blank
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Böttcher / Priller

B09

Heppner
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Collaborations
Research interactions
Lymphocytes depending proliferation and homeostasis of microglia in
experimental stroke and ELS formation
Transcriptional control of microglia proliferation and activation in the CNS
Role of integrin receptors for ELS formation in experimental stroke
Methodological interactions
Bioinformatics in expression profiling of single cells of ELS
Behavioral testing in mice
Depletion of microglia and macrophages (CX3Cr1CreERiDTR mice, CCR2-/-)
Depletion of microglia (CD11b-DTR); human studies
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Differentiation from other funded projects
PI

Project Title

Funding
Agency

Funding
Period

Meisel, C &
Meisel, A

Paralysis of pulmonary immunity after cerebral
ischemia by parasympathetic nervous system

DFG
TRR84

07/2014-06/2018

In this project we characterize the molecular mechanisms by which stroke-induced activation of the antiinflammatory cholinergic pathway inhibits activation of protective pulmonary anti-bacterial innate immune
responses. There is no overlap in aims and working programme to our proposed project.
BMBF
IFB
06/2016-05/2018
01EO0801
In this project we characterize the unmet needs of patients and carers after discharge from acute hospital
and rehabilitation and develop a comprehensive aftercare concept for stroke patients. Here we have
access to stroke patients suffering from post-stroke dementia. There is no overlap in aims and working
programme to our proposed project.
Meisel, A

Management Aftercare Stroke Phase II

Identification of novel antigenic targets and
DFG EXC
04/2015-03/2017
disease mechanisms in patients with
257
autoantibody-mediated brain disorders
In this project we aim to identify patients with anti-neuronal antibodies responsible for their clinical
syndrome, to identify novel target proteins against which the patients’ antibodies react, and examine the
effect of antibodies in neuronal ex vivo assays. We follow the disease course and analyze prognostic
markers, response to immunotherapy, and the clinical spectrum. There is no overlap in aims and working
programme to our proposed project.
Meisel, A

DFG
01/2014-06/2017
ME
2031/4-1
In this project, we characterize immunological changes in patients suffering from subarachnoid
haemorrhage in relation to their clinical outcomes. In particular, we aim to develop prognostic biomarkers
for early identification of patients at risk for subarachnoid haemorrhage-associated infections. There is no
overlap in aims and working programme to our proposed project.
Meisel, C

Immunodepression after subarachnoid
hemorrhage

3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

3.7.2

Requested funding

Funding for
Staff
PhD, 65%
Total

2017

Grand total
(All figures in euros)

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
2
80,300
2
80,300
2
80,300
2
80,300
80,300
80,300
80,300
80,300

Direct costs
Consumables
Animal Costs
Total
Major research
instrumentation
Total

2018

Sum
28,200
10,700
38,900

Sum
28,200
10,700
38,900

Sum
28,200
10,700
38,900

Sum
28,200
10,700
38,900

Sum

Sum

Sum

Sum

119,200

119,200

119,200

119,200

none
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Requested funding for staff
Sequential
no

Existing staff
1

Research staff

2
3
4

Non-research
staff

5

Requested staff
Research staff

6
7

Name,
academic
degree,
position
Andreas
Meisel,
Prof. Dr. med.,
PI
Christian
Meisel,
Dr. med., PI
Katarzyna
Winek, MD Doc
Claudia Dames
PhD Doc
Sabine
Kolodziej,
Technician
Shirin
Schneeberger,
PhD
N.N. PhD

Field of
research

Neurology

Immunology
Neurology
Immunology

Department of
university or
non-university
institution

Project
commitment in
hours/
week

NeuroCure,
Charité

8

DFG,
Charité

Immunologie,
Charité

8

Charité

8

Charité

8

Charité

8

Charité

Neurologie,
Charité
Immunologie,
Charité
Neurologie,
Charité

Category

3.7.3

Neurology

Neurologie,
Charité

PhD
student

Immunology

Immunologie,
Charité

PhD
student

Funding
source

Job description of staff (supported through existing funds):
1. Andreas Meisel:
is involved in all parts of the project coordination; particularly responsible for planning, coordination,
supervision, analysis and interpretation of all neurological data; drafting manuscripts
2. Christian Meisel:
is involved in all parts of the project coordination; particularly responsible for planning, coordination,
supervision, analysis and interpretation of the immunological mouse experiments; drafting manuscripts.
3. Katarzyna Winek:
is certified for doing animal experiments, is experienced in all methods of experimental stroke research
including MCAo model, measuring CNS lesion (histology, immunhistochemistry) peripheral
infection/inflammation (MRI, bronchoscopy, BAL, microbiological analyses), assessing outcome (MRI,
gait analysis). She will not only perform but also supervise surgical interventions in all animal
experiments. She will also train the new PhD student (see Pos. 8) in animal handling and methods for
performing experimental stroke research.
4. Claudia Dames:
is certified for doing animal experiments, is experienced in all relevant methods of immunology (e.g.
FACS, immunhistochemistry) and partly in methods of experimental stroke research She will train the
new PhD student in immunological methods and gene expression analysis (see Pos. 8) and perform and
supervise immunological experiments. She will also be involved in animal handling and methods for
performing experimental stroke research.
5. Sabine Kolodziej:
is an experienced technician and will be involved in performing the mouse MCAo surgery as well as in
organ preparations and immunohistochemical analyses.
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Job description of staff (requested funds):
6. Shirin Schneeberger:
PhD student. She is currently finishing her Master in Neuroscience at the ETH and Harvard Medical
School in Zurich/Switzerland and Boston/USA (Supervisors Professor Schwab and Professor Pascal
Kaeser). She has gained experience in microscopic, immunological and animal methods (e.g. confocal
microscopy, immunohistochemistry, behavioural testing of mice) of neuroscience. She will primarily
perform immunohistochemistry analysis of brain tissue to characterise ELS formation after experimental
stroke and in human autopsy specimens (work programme 1a, 1c, 2a and 2d). Her work will also include
analysis of functional outcome (gait analysis, behavioural tests) in work packages involving mice
experiments.
7. N.N:
PhD student. She/He will primarily perform the experiments within work packages 1a, 1b, 2a and 2b
including animal handling, immunological (cell phenotyping and isolation by flow cytometry, MACS) and
gene expression (RT-PCR) analysis. In addition, she/he will perform the experiments to characterise
CNS autoantibody responses in serum and CSF samples derived from experiments in work packages
1a, 2a, and 2b.

3.7.4

Requested funding of direct costs

Existing funds from remedies for
appeal (Berufungsmittel)
Funds requested
(All figures in euros)

2017

2018

2019

2020

12,000

12,000

12,000

12,000

38,900

38,900

38,900

38,900

Requested Consumables
Reagents for Flow cytometry, immunohistochemistry, MACS
Reagents for single cell RT-PCR/sequencing
Antibodies for cell depletion
Cost for core unit MRI “7T Experimentelle MRTs”:
Examination infarct size
Scientific Manager: Dr. Philipp Böhm-Sturm
Measurment with PharmaScan: 20 €/h This Project: 120h/year
Cost for core unit FACS “BCRT Flow Cytometry Lab”:
Cell sorting for single cell PCR analysis
Head of core unit: Dr. Desiree Kunkel
Cell sorting with AriaII: 80€/h
This project: 25h/year
Animal surgery (filaments, narcotics etc.)
Total per year
(All figures in euros)

2017
7,500
12,000
1,800

2018
7,500
12,000
1,800

2019
7,500
12,000
1,800

2020
7,500
12,000
1,800

2,400

2,400

2,400

2,400

2,000

2,000

2,000

2,000

2,500
28,200

2,500
28,200

2,500
28,200

2,500
28,200

Requested Animal Costs
Breeding and housing of 1,380 transgenic (and WT
littermates) mice: 1,380 mice * 28 weeks (adult mice +
acclimatization time in the new facility + experiment) * 0,7
EUR/mouse/week = 6,762 EUR/year
Housing costs for 460 C57/BL6 mice (115 C57/BL6 mice/year,
mean experimental time adjusted for acclimatization): 115
mice* 8 weeks*0.7 EUR/mouse/week = 644 EUR/year
Purchasing Costs
115 C57/BL6 mice/year * 29 EUR/mouse* = 3,335 EUR/year
Total per year
(All figures in euros)

2017

2018

2019

2020

6,800

6,800

6,800

6,800

600

600

600

600

3,300

3,300

3,300

3,300

10,700

10,700

10,700

10,700

3.7.5

Requested funding for major research instrumentation

none
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3.1

General information about Project IRTG

3.1.1

Title: Integrated Research Training Group 'NeuroMac School'

3.1.2

Project Leader

Priller, Josef, Prof. Dr. med.
* 26.09.1970, German
Department of Neuropsychiatry
Charité – Universitätsmedizin Berlin
Charitéplatz 1
10117 Berlin
Phone: +49 30 450 517209
E-Mail: josef.priller@charite.de
Does the above mentioned person hold a fixed-term position? No.

3.2

Summary

The promotion of young researchers is an important goal of the NeuroMac initiative. In order to reach this
goal, and to foster interactions between students and senior scientists, we shall establish an international
Integrated Research Training Group (IRTG) called the ‛NeuroMac School’. The faculty of the NeuroMac
School will consist of the principal investigators of the NeuroMac CRC/TRR. We shall offer a structured
educational programme along with mentoring and career development concepts. This will help to recruit
excellent students, facilitate the transition from graduate training to the doctoral training phase, and foster
interactions between the sites in Germany and Israel. Our measures will include (i) supervision of each PhD
or MD/PhD student by a thesis advisory committee consisting of the supervisor and 2-3 additional
investigators of the CRC/TRR, (ii) fortnightly seminars and a monthly jour fixe where doctoral students will
discuss their research results, relevant literature, and new methods, (iii) opportunities to present research
projects at annual retreats, an international symposium and the summer schools of the CRC/TRR, (iv) a
student exchange programme with three obligatory lab rotations in partner laboratories of the CRC/TRR, (v)
participation in science-related workshops (e.g. bioinformatics, flow cytometry) and soft skills (e.g. project
management, language training), and (vi) career mentoring by members of the CRC/TRR and external
advisors (e.g. industry, scientific journals, administration). This programme is well integrated into the larger
graduate and doctoral programmes in Freiburg, Berlin and Rehovot.

3.3

Training Plan

The major aims of the NeuroMac CRC/TRR are (i) to study the diverse functions of myeloid cells in the CNS
during development, health and disease, (ii) to explore the therapeutic potential of myeloid cells for CNS
diseases, and (iii) to train the next generation of internationally competitive neuroimmunologists. In order to
reach these goals, and to foster interactions between students and senior scientists, we shall establish an
international Integrated Research Training Group (IRTG) called the ‛NeuroMac School’. The structured
educational and mentoring programme of the NeuroMac School will reach far beyond the level of training
that doctoral students usually receive in their laboratories. One of the main goals is to teach students to
develop a scientific hypothesis that can be tested experimentally, and then interpreted taking into account
potential limitations and previous evidence from the literature. In order to reach this goal, the students will
receive theoretical and practical training in basic neurobiology, immunology and pathophysiology with a
particular focus on neuroimmunology. Since many investigators or the NeuroMac CRC/TRR are clinicians,
the students will also be trained in clinical neuroscience. In fact, translational research is at the heart of many
existing graduate programmes in Berlin (e.g. International Program Medical Neurosciences, Cluster of
Excellence NeuroCure). The acquisition of bioinformatic and computer skills is vital to the success of modern
biomedical research, and accordingly the NeuroMac School will provide dedicated training for the students.
In addition, key qualifications like communicative and social skills, as well as ethical reasoning will be
fostered. Last but not least, the students will have the opportunity to gain insight into future professional
career options in academia, industry, administration and beyond. The establishment of national and
international networks for the graduates will facilitate the transition from university to working life.
The educational programme of the NeuroMac School will comprise a core curriculum consisting of local
events (e.g. jour fixe, group of regulars, workshops) and interregional events (e.g. Summer schools,
NeuroMac retreats, international symposium, lab rotations). In addition, students will participate in electives
(e.g. local research seminars with external speakers, lab meetings, career and soft skill workshops). The
NeuroMac School will integrate and expand on concepts from local graduate schools in Berlin, Freiburg and
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Rehovot, including the International Graduate Program Medical Neurosciences (Coordinator: Benedikt
Salmen, Lutz Steiner), the Humboldt Graduate School (Coordinator. Brigitte Lehmann, Peter Frensch), the
Einstein Center for Neurosciences Berlin (Coordinator: Dietmar Schmitz), the Max Delbrück Center (MDC)
Graduate School (Coordinator: Michaela Herzig), the International Graduate Academy Freiburg (Coordinator:
Silke Knaut), the Spemann Graduate School of Biology and Medicine Freiburg (Coordinator: Christoph
Borner), the International Max Planck Research School for Molecular and Cellular Biology Freiburg
(Coordinator: Monika Lachner, Rudolf Grosschedl), and the Feinberg Graduate School of the Weizmann
Institute (Dean: Irit Sagi). The added value of the NeuroMac School comes from the faculty’s internationally
visible expertise in neuroimmunology and the interdisciplinarity. The programme is the first of its kind at the
participating sites to comprehensively address myeloid cell biology in the CNS by integrating the specific
research areas within the context of the NeuroMac CRC/TRR (Area A: 'Factors regulating the fate and
function of brain macrophages' and Area B: 'Myeloid cells in brain diseases').

3.3.1

Curriculum

The students who enroll in the NeuroMac School will receive their degrees (PhD, MD, MD/PhD) from the
participating universities and graduate programmes. The educational programme generally consists of a
credit point (CP) system. Thus, the PhD and MD/PhD programmes in the International Graduate Program
Medical Neurosciences (Berlin) require 30 CPs in three years. One CP is given for 30 hours of student work.
The curriculum includes obligatory soft and hard skill courses (6 CPs), participation in neuroscience
seminars (10 CPs), participation in scientific meetings (3 CPs), and elective courses (6 CPs). In the
International Graduate Academy (Freiburg), 14 CPs have to be earned during the PhD phase with a
minimum of 1 CP earned from the IGA (soft skills), a minimum of 2 CPs earned from the Graduate School
(methodological courses, presentations), and a minimum of 9 CPs earned within the research area
(seminars, presentations, manuscripts, posters, lecturing). External courses can be recognised.
The NeuroMac School will offer CRC/TRR-specific seminars, workshops, meetings, and lab courses, which
are not covered by the institutional graduate programmes (Table 1). The qualification measures will be
divided into a core curriculum (obligatory for all PhD and MD/PhD students) and electives (Table 1). In order
to promote interactions between the students from the three sites, some of the NeuroMac School events will
be designed to bring all students together (e.g. summer schools, NeuroMac retreats, international
symposium). Postdocs of the NeuroMac CRC/TRR are encouraged to participate in the activities.
Table 1. Curriculum of the NeuroMac School
Year

Frequency

Event

Participation

Time

Content

Core curriculum
Wiki exchange

all students

fortnightly

Lab seminars

local students

1 hr

fortnightly

Journal club

local students

1 hr

local students

2 hrs

local students

1 day

Exchange of experiences

all students

1 day

Introductory course

all students

1 day

Introductory course

all students

2 days

Introductory course

all students

2 days

Introductory course

all students

2 days

Introductory course

monthly

2017 –
2020

annually
once
once
once
once
once
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Data/information
exchange
Presentation/discussion
of own research results
Presentation of new
research data
Presentation/discussion
of own research results

continuously

Jour fixe/
Group of regulars
Networking event with
external training
groups
Workshop: Good
scientific practice
Workshop:
Biostatistics
Workshop:
Bioinformatics
Workshop: Quality
control
Workshop: Paper
writing

Project IRTG

Year

Frequency

Event

Participation

Time

Content

once

Workshop: Grant
writing

all students

1 day

quarterly

Webinars

all students

1hr

annually

NeuroMac retreat*

all CRC/TRR
members

2 days

three times

Lab rotations

all students

1-3
months

2018 –
2020

annually

Summer school*

all students

3 days

2020

once

International
symposium

all students

3 days

once

Felasa training course

students
working with
animals

40 hrs

animal training course

once

Workshop: Bioethics

all students

1 day

Introductory course

all students

1 day

Introductory course

all students

1 day

Introductory course

all students

1 day

Introductory course

all students

1-2
days

all students

variable

Introductory and
advanced courses
Depending on students’
needs

all students

variable

Introductory course
Specific information
about NeuroMac results
and methods
Progress report, scientific
exchange and personal
interactions
Selection made by the
student
Topics will be selected
by the students
NeuroMac-related talks
and workshops

Elective courses

once
once
2017 –
2020

once
variable
variable

variable

Soft skill course:
Presentation skills
Soft skill course:
Scientific English
Soft skill course:
Project management
Soft skill course:
Computer skills
Advanced
bioinformatics training
Practical training
courses: Transgenic
technologies, flow
cytometry, 'omics'
technologies, etc.

Introductory and
advanced courses

*events are linked
The following paragraphs will explain the measures in more detail.
Local jour fixe and group of regulars. The monthly jour fixe and group of regulars ('Stammtisch') will be
organised by the students and the local members of the NeuroMac School steering committee. The jour fixe
will give students the opportunity to discuss new research results and methodologies with local NeuroMac
investigators. The group of regulars is intended as an informal event that will help to establish 'corporate
identity' of the NeuroMac CRC/TRR, and to foster local scientific collaborations. Once a year, the students
and the coordinator of the NeuroMac School will organise a local networking event in order to build ties with
related research training groups.
Lab seminars and journal club. These educational sessions will be held within the participating
laboratories of the NeuroMac CRC/TRR. They are open to all students of the NeuroMac School.
Workshops. The members of the NeuroMac CRC/TRR will offer courses in key competencies relevant to
doctoral work, including good scientific practice, biostatistics, quality control, standard operating procedures,
and data storage. Practical training courses in key technologies (transgenic animals, flow cytometry/cell
sorting, RNA-seq, proteomics, imaging, etc.) will be offered. Given the importance of 'omics' technologies
within the NeuroMac CRC/TRR, students will receive thorough bioinformatics training by the Z01 project.
The students will also acquire soft skills in scientific presentation, project and time management, conflict
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resolution, scientific writing, software use (Office, MatLab, EndNote, etc.). The more advanced students will
be trained in teaching, and prepared for job interviews. We shall invite experts from companies, public
administration, journalism to provide an overview regarding job opportunities.
NeuroMac retreats. Every year, the members of the NeuroMac CRC/TRR will convene at one of the sites to
report on the progress of their subprojects. This is an excellent opportunity for the students to interact with
the other research groups, and to organise their laboratory rotations.
Summer school. The annual summer school is one of the most important interregional activities of the
NeuroMac School. It will be held in conjunction with the NeuroMac retreats but is devoted entirely to the
students. During the first two days, the students will present and critically discuss their thesis projects. The
third day will be dedicated to a topic of their choice, for which the students will invite external experts to give
lectures and engage in individual discussions.
Laboratory rotations. All PhD and MD/PhD students are expected to perform three lab rotations in
partnering institutions of the NeuroMac CRC/TRR during the course of their doctoral work. The rotations will
last for 1-3 months each, and should ideally involve the three locations of the NeuroMac CRC/TRR. The lab
rotations will be organised between the individual student, the participating labs, and the NeuroMac School
steering committee. The eductional programme will help students to increase their mobility and enhance
their methodological repertoire.
International symposium. The symposium will be a highlight for all students and members of the
NeuroMac CRC/TRR. It will conclude the first funding period in order to give students the opportunity to
present the results of their doctoral work to an international audience, and to select suitable laboratories for
their postdoctoral training. The students will participate in the organisation of the meeting, and help to raise
funds. The event will be an excellent opportunity for students to improve their soft skills, and to establish
national and international networks for the transition to the postdoctoral phase. The symposium will increase
the international visibility of the NeuroMac CRC/TRR.

3.3.2

External programmes

The NeuroMac School is embedded in a rich environment of graduate programmes in Berlin, Freiburg and
Rehovot. The students can participate in these programmes, and attend seminars, courses and lab rotations
that cover a wide range of disciplines from theoretical biology to clinical neurosciences. The external
programmes include among others:
a) Berlin
International Graduate Program Medical Neurosciences. This graduate programme established by the
Charité – Universitätsmedizin Berlin focuses on translational research. The main objective is to bridge the
gap between successes at the bench and treatment at the bedside. The integration of basic laboratory
research and clinical disciplines in terms of faculty, students and course content are at the core of this
programme (www.medicalneurosciences.de).
Humboldt Graduate School. The school is an umbrella organization for structured training programmes. Its
goal is to offer doctoral candidates excellent conditions to fulfill a PhD. The task of the Humboldt Graduate
School is to ensure quality for its member programmes. It offers a wide range of services for doctoral
candidates like training in key competencies, career development, mentoring, language courses, and conflict
resolution (www.humboldt-graduate-school.de).
Einstein Center for Neurosciences. The centre is currently being established with the financial support of
the Einstein Foundation. Its goal is to overcome the fragmentation of current neuroscience research and
education by strengthening the interactions between the Charité, Free University Berlin, Humboldt University
Berlin, and the Technical University Berlin, as well as the non-university institutions, Leibniz-Institute for
Molecular Pharmacology and MDC. The Einstein Center is already integrating the Cluster of Excellence
NeuroCure, the Center for Stroke Research Berlin, the Berlin School of Mind and Brain, as well as the
Bernstein Center for Computational Neuroscience Berlin.
The MDC Graduate School provides a framework of structured training for doctoral researchers in the areas
of cardiovascular and metabolic research, cancer biology and immunology, neuroscience, developmental
biology, medical systems biology and bioinformatics, as well as structural biology, imaging and biophysics.
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The programme includes scientific and research-related training, as well as transferable skills training
(www.mdc-berlin.de/44616960/en/training/phd_program).
b) Freiburg
Spemann Graduate School of Biology and Medicine. The graduate school is part of the Excellence
Initiative at the University of Freiburg and links different research disciplines (protein structure and function,
synthetic biology and signalling, developmental biology, neuroscience, immunology and virology, molecular
medicine, molecular plant sciences). The school offers lectures and seminar series (including other CRCs in
Freiburg), practical courses (e.g. biostatistics, bioinformatics, genomics, protomics, metabolomics), soft skill
courses, and career planning (www.sgbm.uni-freiburg.de).
International Graduate Academy (IGA). This central service of the University of Freiburg provides support
for all PhD students and their mentors across the faculties. The interdisciplinary course programme includes
up to 80 courses each year in the areas management and communication, media and data processing,
foreign languages, career planning and career entry, higher education teaching and learning, and practical
orientation (www.frs.uni-freiburg.de/abteilungen/iga).
The International Max-Planck-Research School for Molecular and Cellular Biology is a joint
international PhD programme of the Max-Planck-Institute of Immunobiology and Epigenetics and the
University of Freiburg. The programme offers laboratory rotations, advanced scientific training,
transferable/soft skill training and networking.
c) Rehovot
Feinberg Graduate School. This institution represents the academic arm of the Weizmann Institute of
Science, and is responsible for all student and postdoctoral affairs. The multidisciplinary centre provides
various courses and workshops in English. The main fields of study are physical sciences, chemical
sciences, life sciences, mathematics and computer science, as well as science teaching. The degrees
awarded include MSc and PhD. There are no tuition fees (https://www.weizmann.ac.il/feinberg/).

3.3.3

Online programme

The NeuroMac School will establish different web-based online platforms in order to ensure a continuous
exchange of information and project data. Besides the official NeuroMac website presenting the NeuroMac
School with its faculty, educational programme, admission policy and mentoring programme, we shall offer
regular webinars, and provide a Wiki for data exchange and documentation.

3.4

Management and supervision

The educational programme will be organised centrally in Berlin. In order to integrate all activities at the three
different locations, the teaching programme and the meetings of the NeuroMac School need to be
harmonised. Therefore, a structured management plan is necessary. The members of the NeuroMac School
will meet regularly with members of the NeuroMac consortium (cf. chapter 3.4.1.). In addition, individual
meetings will be organised on demand for students working in different groups to promote scientific
exchange (cf. Table 2).
The NeuroMac School will strive to meet the individual preferences and requirements of its members. As
soon as a student starts to work in the NeuroMac CRC/TRR, an individual teaching schedule will be
established that considers the personal background and experiences of the mentee. The individual teaching
schedules will shape the NeuroMac School programme. Adaptations to the programme according to
individual demands or new research requirements are possible at any time.

3.4.1

Management concept

The NeuroMac School will be governed by clear managerial processes (Figure 1), and will implement quality
assurance schemes.
The Coordinator of the NeuroMac School, Josef Priller (Charité – Universitätsmedizin Berlin), is also Vice
Speaker of the CRC/TRR and member of the CRC/TRR board. He has experience in coordinating
international research projects and graduate programmes. In the past, he coordinated the German-French
MD/PhD programme INTER in Berlin. He will be responsible for the overall IRTG strategy. He will be in close
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contact with all IRTG members, and function as the point of contact between the students, the Thesis
Committees (cf. chapter 3.4.3) and the CRC/TRR board.
The Manager of the NeuroMac School will be appointed by the Coordinator of the NeuroMac School. He/she
will be responsible for i) the scientific programme of the NeuroMac School, including the organisation of
courses and workshops, the summer school and the webinars, ii) the maintenance of the IRTG website and
the Wiki as well as for other public relation aspects, iii) administrative issues within the NeuroMac School
(financial aspects, personnel and travel issues, meetings, etc.).
The Student Speaker will be selected by the students of the NeuroMac School. The position will rotate
every 12 months. He/she will represent the students, and function as the point of contact between the
students, the IRTG Coordinator, the IRTG Manager and the Thesis Committees.
A Thesis Committee will be selected for each PhD student (cf. chapter 3.4.3). The committee members will
function as mentors for the young scientists. The Thesis Committee will stay in close contact with the IRTG
Coordinator and the Manager in order to continuously monitor the progress of the doctoral work, and to
uncover potential conflicts and problems in time. External visiting scientists are invited to provide temporary
mentoring, and they are expected to report to the Coordinator and the Manager.
Figure 1. Management and interaction in the NeuroMac School

Meetings and decision-making
A) Student meetings
The Student Speaker will organise regular meetings with all students of the NeuroMac School. During these
meetings, IRTG-related issues will be discussed, such as the summer schools and the international
symposium, the choice of fee-based elective courses, invitations of guest speakers and visiting scientists,
and others.
B) Thesis Committee meetings
The Thesis Committees will meet as often as required, but at least twice per year. The respective supervisor
will organise the meetings.
C) IRTG board meetings
The Thesis Committees, the Coordinator and the Manager of the NeuroMac School will meet every 12
months in conjunction with the annual retreat. The meetings will be organised by the Manager who will also
write the minutes. The progress of all thesis projects will be discussed. Potential problems will be identified.
All IRTG-related issues will be considered, including the curriculum, management, decision-making and
quality assurance processes.
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D) Meetings with the CRC/TRR board
The IRTG board (Coordinator, Manager, Student Speaker) will meet with the CRC/TRR board every 12
months. The Manager will organise the board-meetings and write the minutes. The Student Speaker will
present the results of their meetings. The CRC/TRR board will officially adopt the decisions made by the
IRTG board and decide on the curriculum, guest speakers and visiting scientists, as well as on long-term
stays abroad.
Table 2. Time Schedule of the NeuroMac School management events
Time Frame

Step

Participation

Place

Berlin/Freiburg/
Rehovot

Advertisements for positions and fellowships
Applications of students
01-06/2017

st

1 CRC/TRR Board Meeting
•

Election of Selection Committees (SC)

Interviews for PhD, MD, MD/PhD positions
and fellowships
•

06/2017

IRTG Board

Freiburg

SC and applicants

Berlin/Freiburg/
Rehovot

Start of work for the students and fellows

• Start of the teaching and mentoring program
Kick-off Meeting of the IRTG
• 1st Student Meeting (election of the Student
Speaker)

locally
NeuroMac
consortium

Berlin

Regular Meetings of the students and fellows (also via online conferences)

ongoing

•
•

•

Selection of Thesis Committees
Invitation of guest speakers and visiting
scientists
Planning of summer schools and the
symposium

NeuroMac students
and IRTG board

locally

Regular Meetings of the Thesis Committees (also via online conferences)
at least
twice per
year

Determination of progress and
identification/resolution of problems

NeuroMac and
external members

locally

NeuroMac
consortium

Berlin/Freiburg/
Rehovot

Regular Meetings of the IRTG
annually

3.4.2

Joint NeuroMac Meetings
• IRTG board meetings
• Meetings with the CRC/TRR board

Recruitment, selection process and admission

Recruitment
In order to identify the best candidates at an international level, the NeuroMac School will employ a specific
recruitment process. Positions for PhD, MD, and MD/PhD students will be advertised on the NeuroMac
website, as well as on other web and print resources (e.g. scientific journals, newspapers). Posters of the
NeuroMac School will be displayed in various departments of the participating institutions, and flyers will be
handed out to university students. Interested candidates will have to submit a written application with a letter
of interest specifying the NeuroMac CRC/TRR project(s), in which the applicant is particularly interested.
Applications will be pre-selected by the IRTG Coordinator and the Manager based on the applicant’s
academic performance, letter of interest, recommendations from former mentors, previous research
experience and publications.
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Selection and admission process
A Selection Committee (SC) will be formed consisting of:
a) the Coordinator and the Manager of the NeuroMac School,
b) the principal investigators of the projects selected by the candidates,
c) the equal opportunities commissioner,
d) one additional principal investigator from research area A,
e) one additional principal investigator from research area B.
Applicants who have passed the pre-selection process will be invited to a 2-day recruitment symposium
in Berlin. The candidates will briefly present and discuss their previous research work (e.g. diploma or
master thesis), followed by interviews with individual SC members. The results will be discussed in the
SC. The IRTG board will make the final selection of candidates.

3.4.3

Mentoring Concept

Thesis Committee
The Thesis Committee is composed of four mentors. All students will have their own personal advisor in
whose laboratory they perform their doctoral work. In the case of senior scientists, a younger postdoctoral
fellow will act as second mentor, and vice versa. The aim is to give young investigators the opportunity to
qualify as future investigators of the NeuroMac CRC/TRR and tutors of the NeuroMac School. In addition,
students will be assigned a third mentor who is a principal investigator of the NeuroMac CRC/TRR from the
same site, and a fourth mentor who is a principal investigator of the NeuroMac CRC/TRR from one of the
two other sites (usually selected during the lab rotations). At the request of the candidate, external mentors,
who are not part of the NeuroMac CRC/TRR, can also act as fourth mentor. The third and fourth mentors
function not only as a scientific advisors, but also act independently to support the student with respect to
general problems, such as dissonances within the working group, conflicts regarding the time/work plan or
publications. They can contact the IRTG Coordinator and the Manager, if necessary. The Thesis committees
will convene at least twice per year (at NeuroMac retreats/summer schools and using online conferences).
Quality control
Different measures will be taken to monitor the progress of the doctoral work, and to secure compliance with
the quality standards of the NeuroMac School as well as local graduate schools. First, a supervision
agreement will be established in order to create a structured and transparent cooperation between the
mentors and their students. The agreement defines the tasks and duties of both partners and covers, inter
alia, the development of a time and work plan, aspects of conflict management, as well as good scientific
practice. After acceptance into the programme, the student has to submit a short document describing the
specific aims of the thesis project, including the time and work plan for approval by the Thesis Committee.
Formal presentations of the progress of the doctoral work take place during the lab seminars, jours fixes,
webinars, NeuroMac retreats and summer schools. In addition, regular meetings with the tutors secure
continuous supervision of the experimental work and timely problem resolution. A biannual written progress
report needs to be submitted to the Thesis Committee. Finally, a student book will provide documentation of
the supervision, attendance of seminars and workshops, and other curricular events.

3.5

Environment of the Integrated Research Training Group

The NeuroMac School will be embedded in an active research environment in Berlin, Freiburg and Rehovot.
The programme is the first of its kind at the participating sites to comprehensively address myeloid cell
biology in the CNS. It will offer the unique opportunity to train the next generation of neuroimmunologists in
an international programme between Germany and Israel.
The NeuroMac School will integrate and enrich the existing educational programmes at the participating
sites. This will be facilitated by the fact that the faculty of the NeuroMac School is shared with other local
graduate schools. In Berlin, the NeuroMac School will integrate into the Einstein Center for Neurosciences. It
will be closely connected with the International Graduate Program Medical Neurosciences, which has had an
outstanding success in attracting and training national and international students. There will be close ties
with the Humboldt Graduate School, the MDC Graduate School, the Humboldt University, the Free
University, The Technical University, the Berlin School of Mind and Brain, the ZIBI Graduate School Berlin,
the Helmholtz International Research School, the Berlin Brandenburg School for Regenerative Therapies,
and others. In Freiburg, the NeuroMac School will integrate into the International Graduate Academy. It will
be closely connected with the University of Freiburg, the Freiburg Institute for Advanced Studies, the
Spemann Graduate School of Biology and Medicine, the Prodoc initiative, the Junior Scientists and
Academics Network Freiburg, the International Max-Planck-Research School for Molecular and Cellular
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Biology, BrainLinks-Brain Tools, and others. In Rehovot, the NeuroMac School will connect with the Feinberg
Graduate School. The dissertation process will follow the rules and regulations of the respective universities
and graduate programmes at all three locations.

3.6

Project funding

3.6.1

Previous funding

None.

3.6.2

Existing funds

Existing
staff

Research
staff

Se
quential
no.
1
2

Name,
academic
degree,
position
Josef Priller,
MD, Professor,
Chair
Marco Prinz,
MD, Professor,
Chair

Field of
research

Department of
university or nonuniversity institution

Project
commitment in
hours/week

Funding
source

Psychiatry,
Neurology

Neuropsychiatry

5

University

Neuropathology

Neuropathology

3

University

Job descriptions of staff for the proposed funding period (existing staff):
1. Josef Priller
He has a longstanding experience in supervising diploma, MSc, MD and PhD students. He served on the
admission committees of the Charité Medical School and the International Graduate Program Medical
Neurosciences. He also coordinated the German-French MD/PhD programme INTER between the Charité
and Paris V. He is a member of the Nachwuchskommission at the Charité.
2. Marco Prinz
Whithin the last years, he supervised numerous bachelor, master, diploma, MD and PhD students. He
served on admission committees of the Freiburg Medical School and the Faculty of Biology at the ALUFreiburg. He is part of several international graduate programmes such as the Marie Curie Initial Training
Networks (ITN) “Neuroinflammation” headed by Markus Schwaninger, Lübeck.

Sums of existing funds for direct costs
from Charité Berlin
Sum of requested funds for direct costs
(All figures in euros)

3.6.3

2017

2018

2019

2020

5,000

5,000

5,000

5,000

4,000

4,000

4,000

4,000

Requested funding

Funding for

Staff
Coordination (E 13, 50%)
Direct costs
Travel Costs
Fellowships
Global Funds
Coordination
Workshops

Grand total
(All figures in euros)

No
1

2017

Sum
33,300
Sum
4,000
44,500
Sum
2,000
10,000
93,800

No
1

2018

Sum
33,300
Sum
4,000
44,500
Sum
2,000
30,000
113,800

No
1

2019

Sum
33,300
Sum
4,000
44,500
Sum
2,000
30,000
113,800

No
1

2020

Sum
33,300
Sum
4,000
44,500
Sum
2,000
30,000
113,800
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3.6.4

Requested funding for staff

Coordination
Scientific coordinator (E13, 50%)
We are applying for the position of an IRTG Manager. He/she will
be responsible for the organisation of courses and workshops,
the summer schools, the webinars, the maintenance of the IRTG
website and the Wiki. The Manager will also be in charge of
public relations, and administrative issues within the IRTG
(finances, personnel, board meetings, travel issues, etc.) The
Manager will be a contact point for all IRTG students, and will
coordinate the IRTG events between the three locations.
Total per year
(All figures in euros)

3.6.5

2017

2018

2019

2020

33,300

33,300

33,300

33,300

33,300

33,300

33,300

33,300

Requested funding for direct costs

Travel Costs for IRTG students
Student meetings
Lab rotations (2 per IRTG student, minimum 1 month; 500 EUR
national, 1,000 EUR international)
Total per year
(All figures in euros)

2017

2018

2019

2020

1,000

1,000

1,000

1,000

3,000

3,000

3,000

3,000

4,000

4,000

4,000

4,000

2017

2018

2019

2020

32,760

32,760

32,760

32,760

Medical doctoral fellowships (12 months/year at 670 EUR/month)
We are applying for 12 months/year of stipends for medical students.
This will enable them to interrupt their studies for at least 6 months
to fully concentrate on lab work. Thereafter, they have the
opportunity to pursue an MD/PhD degree.

8,040

8,040

8,040

8,040

Additional allowance (36 months/year at 103 EUR/month)

3,708

3,708

3,708

3,708

44,500

44,500

44,500

44,500

Coordination

2017

2018

2019

2020

Office material, data storage media etc.

2,000

2,000

2,000

2,000

Total per year
(All figures in Euro)

2,000

2,000

2,000

2,000

3.6.6

Requested funding for fellowships

Fellowships
Doctoral fellowships (24 months/year at 1,365 EUR/month)
We are applying for 2 one-year PhD stipends. The positions will be
internationally advertised, and the selection of candidates will be
performed according to the IRTG regulations. The successful
candidates will receive a one-year stipend. Continued funding can
come from other programmes, thereby fostering integration of the
IRTG.

Total per year (rounded)
(All figures in euros)

3.6.7

Requested global funds

IRTG workshops
Participation at workshops (5 workshops/year, 2,00 EUR/ workshop)
Summer school (3 days, including lodging of students, travel costs
for external speakers)
Total per year
(All figures in euros)
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2017

2018

2019

2020

10,000

10,000

10,000

10,000

0

20,000

20,000

20,000

10,000

30,000

30,000

30,000

Project Z01

3.1

General information about Project Z01

3.1.1

Project Title: Genomics and bioinformatics core

3.1.2

Research areas: Bioinformatics

3.1.3

Principal investigator

Backofen, Prof. Dr.
* 02.06.1963, German
Chair for Bioinformatics
Institute for Computer Science
University of Freiburg
Georges-Köhler-Allee 106
79110 Freiburg
Phone: +49-761–203-7460
E-Mail: backofen@informatik.uni-freiburg.de
Do the above mentioned person hold fixed-term positions? no

3.1.4

Legal issues

This project includes
1. research on human subjects or human material.
A copy of the required approval of the responsible ethics committee is included
with the proposal.
2. clinical trials
A copy of the studies’ registration is included with the proposal.
3. experiments involving vertebrates.
4. experiments involving recombinant DNA.
5. research involving human embryonic stem cells.
Legal authorisation has been obtained.
6. research concerning the Convention on Biological Diversity.

3.2

no
N/A
no
N/A
no
no
no
N/A
no

Summary

The rapid development of genomics technology, especially high-throughput sequencing, complemented with
advanced bioinformatics approaches, has revolutionized genomic research. In the past years, a variety of
bioinformatics analysis methods for several functional assays based on novel genomics methods have been
developed and implemented in the Backofen lab. In this subproject, we will provide bioinformatics support for
high-throughput sequencing data for the entire consortium with the special emphasis on identifying and
profiling the expression pattern of mRNAs, miRNAs and lncRNAs. We will setup a data management centre
based on Galaxy to provide access to the data generated by the consortium. Within this centre, we will
provide standardized computational workflows and develop data analysis standards. On each site of the
CRC/TRR, one instance of our Galaxy server will be installed, using a virtualization technique that has been
developed in the Backofen lab. This allows us to easily install the Galaxy instance as run in Freiburg on the
Berlin site. The Z-project will also work in close collaboration with experimental groups for providing in-depth
support on non-standards tasks. Furthermore, the centre provides access to the data by the consortium and
allows for easy interpretation and visualization. We will also provide training courses for members of the
consortium to perform standard analysis task, and will develop specialized workflows for the non-standard
tasks in close collaboration with the experimental groups. The project will also work in close collaboration
with the German Network for Bioinformatics Infrastructure (de.NBI), where Rolf Backofen is the coordinator
of the centre for RNA Bioinformatics, that started in March 2015.
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3.3

Research rationale

3.3.1

Current state of understanding and preliminary work

Current state of understanding
The complete genome sequencing of human as well as several model organisms, together with the
development of various genome-wide technologies, provided powerful tools to identify transcripts of
biological importance. With these reference genome sequences available, RNAs, especially protein-coding
mRNAs, were often studied in a genome-wide manner. Recently, the advance in novel massive parallel
sequencing technologies has further accelerated the pace of such genome-wide analyses. High-throughput
sequencing (HTS) is a rapidly evolving and versatile technique to investigate all aspects of cellular functions
[1, 2]. Compared with traditional Sanger sequencing, these so-called ‘next generation sequencing platforms’
can sequence DNAs orders of magnitude faster at a much lower cost. Currently, due to practical reasons,
most sequencing targets are either small RNA between 20 and 40 nucleotides (e.g. microRNA) or RNAs
longer than 200 nucleotides. While RNA-seq and small RNA-seq [3, 4] have become the state-of-the art
techniques to assess gene expression, there exists a rapidly growing number of HTS-based protocols to
investigate specific cellular processes. To name some few examples, there is ChIP-seq to investigate
binding sites of DNA-binding proteins and epigenetic modifications, CLIP-seq and CLASH-seq for proteinRNA interactions and bisulfite sequencing to assess DNA methylation. The growth of both volume and
complexity of the generated HTS data has shown the importance of a high quality and reproducible
bioinformatics analysis. To give an example, a study examining 14 sequencing papers from Science, Nature
and Nature Genetics found that they are not reproducible due to lack of essential details about the
bioinformatics analysis [5].
a) Bioinformatics Analysis of HTS data
Once the samples have been sequenced, there are several standard tasks to be performed. First, some
quality control on the raw sequencing data has to be done using tools like FastQC to ensure that there is no
problem or biases in your data. HTS experimental protocols add specific adaptors, which are also
sequenced and have to be trimmed using specialized tools like Cutadapt, TrimGalore or Trimomatic. This
allows one to remove also parts of the sequences that have bad quality. The next step is the mapping, i.e.,
the alignment of reads to a reference genome or transcriptome. The standard tools are Bowtie2 [6] or BWA
[7], however, there are other mapping tools that can be more appropriate for specific tasks. For example,
when one is interested in alternative splicing, then Tophat2 [8], which uses Bowtie2 as a core aligner, or
Segemehl [9] are needed. Reads are then combined into transcripts corresponding to different isoforms
using e.g. cufflinks [10]. Albeit the detection of novel transcripts (usually non-coding RNAs) can be done
using cufflinks in the de-novo mode, Steijger et al. [11] compares 25 different protocol variants to reconstruct
transcripts. One popular de-novo assembler for this purpose is Trinity [12].
An important task in the analysis of RNA-seq data in general, but also in this consortium, is the detection of
transcripts or isoforms that are differentially expressed between two or several conditions. This requires 1.)
the normalization of the different sequenced samples, and 2) the application of a statistical model to
determine significant differentially expressed genes or transcripts. Initial approaches such as RPKM (read
counts per kilobase and million reads mapped) normalized the read counts of individual genes across
different samples, taking into account the gene length and the overall sample size (i.e. number of mapped
reads). The resulting normalized counts are then used to calculate log-fold changes. Modern approaches like
DESeq2 [13], edgeR [14] and cuffdiff use a sophisticated statistical model for the count data that allows
estimation of the mean and variance (or more precisely the dispersion) of gene expression for each gene.
Usually, variants of a negative binomial distribution (NB), which is a mixture of Poisson processes, are used
to model the count data representing gene expression. To assess the variance in gene expression, several
(at least 3) biological replicates are required for each condition. These replicates can then be used to
estimate both the mean and the dispersion of the NB distribution. This finally allows one to calculate p-values
(or more precisely, p-values adjusted for multiple testing) and to determine significantly differentially
expressed genes.
As in the analysis of differential RNA-seq data, specialized protocols like ChIP-seq or CLIP-seq, which will
be performed by some groups in the CRC/TRR, require specific pipelines. ChIP-seq is an HTS-protocol to
determine binding sites of DNA-binding proteins. The interaction between DNA and protein is fixated using
cross-linking, and DNA is sheared into shorter pieces. Bound sites are then enriched using an antibody.
These enriched DNA sites are subsequently sequenced, giving rise to a pile of mapped reads over putative
binding sites on the genome. The important task here is to reduce the false positive rate by determining
peaks, which are piles of reads over a site significantly enriched against the background. This can be done
using standard tools like the MACS2 [15] peak caller. For CLIP-seq, peak calling is more complicated due
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the sensitivity of the protocol with respect to expression levels and the lack of a standardized negative
control. Well-known peak caller for CLIP-seq are Piranha [16] or PARalyzer [17].
c) User support
After the bioinformatics analysis, the resulting data needs to be visualized and interpreted. One common way
to visualize the data is by using a genome browser, either by stand-alone tools like IGV [18], or by integrating
the information in custom tracks in a standard browser like the UCSC genome browser. A common problem,
however, is that adaption of the analysis have to be done on user request, since inspection of the results
often indicate the necessity of further analyses. For that reason, a relatively new trend is to train biological
users such that they can perform standard analysis by themselves. This is the goal of a huge open software
project named Galaxy [19], which allows to set up standardized workflows and provides a full analysis
environment that integrates all aspects of data handling, management and analysis. Tools can be easily
integrated via the so-called Galaxy toolshed, which is like an app store for the Galaxy environment. Special
care is taken to guarantee reproducibility of results, a problem that occurs frequently with non-standard
pipelines. Frequent changes in tools, databases and reference genome assembly versions make it
impossible to reproduce results already after a short period of time, if not specific actions are taken as
integrated in Galaxy.

Figure 1: Tophat/Cuffdiff workflow for differential RNA-seq. The inputs are a reference genome (input dataset) and data
collections for two different conditions.

Preliminary work
The Backofen group has a strong track record in the analysis of genome-wide data with a special expertise
on the analysis of non-coding RNAs and alternative splicing. With this expertise, the Backofen group
participated in several national and international collaborative research projects: CRC 604, SPP 1258, SPP
1395 or the DFG-Excellence Cluster 294, performing the data analysis in integrated collaborations. Within
the CRC 992, the Backofen group is heading the high-throughput sequencing analysis part of the Z01
project. We have built up one of the largest Galaxy environments in Europe, which integrates more than 850
different tools and runs on our 2040 core cluster, with specialized machines for mapping (see Figure 1 for an
example workflow). The quality of the Galaxy instance has also been recognized internationally, since e.g.
the new Galaxy instance at Penn State University will be modeled after our Freiburg instance. We currently
have more than 350 registered users. Within the first year, 91.000 jobs were run on our Galaxy environment.
The group is also actively participating in the development of the Galaxy environment [20], we are one of the
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largest Galaxy developers in the world. Currently, the Galaxy toolshed lists approximately 3000 tools, from
which roughly 500 have been integrated by the Backofen group. As another example, our jupyter integration,
which extends Galaxy by an interactive programming environment that allows an easy analysis of nonstandard experiments, is now also integrated in the public Galaxy main instance (usegalaxy.org).
We have organized already 8 Galaxy workshops with more than 150 participants. We successfully
collaborated with most of the groups within this CRC/TRR on diverse HTS sequencing problems, leading to
several publications in renowned journals such as Molecular Cell [#9], Nature Medicine [#6], Nature
Communications [#5, #2] and ELife [#4].
The group is also one of the leading RNA-bioinformatics groups and is coordinating the BMBF-funded
Center for RNA-Bioinformatics (RBC), which is a “Leistungszentrum” within the German Network for
Bioinformatics Infrastructure (de.NBI). This initiative is funded by the BMBF for 5 years and shall provide
service in the area of RNA bioinformatics for experimental groups in Germany. The group developed several
worldwide leading tools for the comparative analysis and functional annotation of non-coding RNAs, RNARNA and RNA-protein interactions. We have developed LocARNA [#10], which is one of the most advanced
tools for comparing RNAs. We have also developed GraphClust [21], which is currently the only available
tool capable of comparing hundreds of thousand of ncRNAs according to sequence and structure, and
BlockClust [#7] for the annotation of RNAs from HTS data. Concerning the functional annotation of ncRNAs,
we have developed several tools for detecting targets of ncRNAs. CopraRNA [22] is using our target
prediction tool IntaRNA [23, 24] together with comparative information and can identify ncRNA targets with a
similar precision as high-throughput microarray-based target detection approaches. We have also a lot of
experience in the analysis of protein-RNA interactions. We have developed MEMERIS [25, 26], which was
one of the first approaches that included structural information in the detection of binding sites of RNAbinding proteins. More recently, we have extended our work to the analysis of CLIP-seq data [#8], where we
developed an efficient and sensitive approach to determine models of binding sites. These models are
important to detect bound regions that are not found in the raw CLIP-seq data. Binding sites can be missed
in CLIP-seq either due to a low expression of the target mRNA, or bad mappability to the binding region.

Figure 2: Virtualization concept for the Galaxy server. Extensions are realized by so-called docker containers, which
allow to generate different types of Galaxy servers (flavors) with dedicated sets of integrated tools. Jupyter and R-studio
are interactive programming enviroments, which have been integrated by our group into Galaxy.

In this project, we will have to maintain the Galaxy instance in Freiburg and setup a new instance in Berlin
such that the groups in Berlin gain access to their own Galaxy server. For this purpose, we will use our
virtualization concept that is based on Docker and has been already established (see Figure 2). Docker
allows us to wrap a complete Galaxy instance into a container that contains everything to run the instance.
The only requirement is the basic installation and maintenance of the machine plus the installation of the
Docker software, which will be done by the BIH computing centre in Berlin. We established one of the largest
Galaxy instances in Europe. We have already developed several docker container for a basic Galaxy
instance as well as for several extensions, which allows us to built up a Galaxy instance of a specific “flavor”,
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i.e., a Galaxy instance containing all necessary tools to handle some types of experiments such as RNA-seq
or CHIP-seq experiments (see Figure 2 for a list of available containers and “flavors”). Our virtualization
concept has been used by several other groups and the basic Galaxy instance Docker container has already
been downloaded more than 5000 times. ELIXIR, the European initiative for the analysis of publically funded
life sience data, will use our concept at the following nodes: Tjenester for Sensitive Data 2.0 Norway,
Tryggve - Nordic platform for collaboration on sensitive data and in France for Metagenomics, NGS and
Proteomics. It is used by MPI of Immunobiology and Epigenetics in Freiburg, University of Stuttgart and the
Leibnitz-Rechenzentrum München, to name a few.
The group is well equipped and recently secured funding for a computing cluster with 86 computing nodes
(in total 2064 cores, 3.8 TB main memory and 187 TB of mass storage).
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3.4

Project plan

3.4.1

Work Programme and Methods

The overall goal of the Z01-project is to provide a centralized analysis platform for HTS-sequencing data. We
will provide quality control and standardized analysis pipelines. We will also support users on all levels, from
project planning to analysis support. The later includes support for using appropriate genomes, annotation
and tools. An important goal is to train users, for which we will organize regular meetings, tutorials and
workshops, and provide self-training material. The Z01-project will also provide computational resources,
and will deal with data storage and security, see Figure 3 for an overview of the services provided by Z01.
Aim 1: Setting up a Galaxy instance in Berlin
Albeit in theory the groups participating in Berlin could log in into our Galaxy instance in Freiburg, this is not
practical for several reasons. First, this would overstrain the computing resources available in Freiburg.
Second, we have introduced the virtualization concept in the context of the German Network for
Bioinformatics Infrastructure (de.NBI) to implement the strategy of “tools follow data”, which is necessary to
provide support for large user groups German wide. With hundreds of samples generated in Berlin it is clear
that we have to follow this strategy. Bandwidth is not good enough in Germany to deal with the large data
volume in a timely manner. A local Galaxy instance in Berlin will allow the local groups to have easy access
to both data and tools, which could not be guaranteed if they would use the Freiburg instance.
The task consists of generating specific flavors containing tools and pipelines required by the CRC groups
located in Berlin, as well as to maintain and extend the instance in Berlin according to the needs of the
users. It will also require specific training for these groups and the handling of user request. Our experience
is that many questions can only be handled when analyzing specific data, since they are experiment-specific.
Aim 2: Data management
Raw sequencing data will be made available in the Galaxy framework. Our framework guarantees data
persistence and user access control. The Z-project will follow standardized protocols for data storage and
backup to ensure security and sustainability of data. It will be possible to share data between groups or
within the consortium. However, this decision is at the discretion of the individual groups to ensure data
privacy. Within this aim, we also guarantee initial quality control that detects problems or biases with the raw
data.
A task of growing importance is making data available upon publication. As part of our data management
pipeline, we will support users to upload all required data in standard repositories like GEO, NCBI-SRA and
others.
Aim 3: Adaption and further development of standard workflows
We will perform primary data analysis for our CRC/TRR partners and provide genome-wide data (sequences
and coordinates) in web-accessible and standardized formats. We have already developed several pipelines
for standard tasks like differential RNA-seq analysis, ChIP-seq, MethylC-seq and others. We will adapt these
pipelines for the requirements of the consortium. We will establish standards to ensure compatibility and
exchangeability of data and analysis protocols. One specific problem that we will address is the definition of
appropriate data formats and associated conversion tools. It is anticipated that deep-sequencing standards
will further develop and consolidate throughout the duration of the CRC/TRR. We will follow these
developments and implement emerging standards. Particular attention will also be paid to the scalability and
long-term maintenance of our computational resources in the light of rapid technological changes and
increasing throughputs.
As a core facility, we will develop and maintain a range of software solutions and data formats that enable
the user of the facility to visualize their data in the context of other genome annotations such as the UCSC
Genome Browser, and to perform basic analysis steps independently and interactively. These services are
summarized in Figure 3. However, these tools and pipelines are fast evolving. To give an example, the
standard Tuxedo pipeline, which contains Tophat2 and Cufflinks, will be soon replaced using the next
generations of these tools including HiSAT, StringTie and ballgown. Thus, a major task within this aim will be
the constant further development of our pipelines. We will actively follow development in the scientific
community concerning tools, consolidations and standardization in this area to keep our pipelines at the
state-of-the-art.
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Aim 4: HTS-analysis and general support
While the standard pipelines cover many aspects of the HTS analysis and are sufficient for large group of
users, there are many additional analysis steps and visualization techniques that can be performed on an
individual level. This includes comparison with publically available data or gene and pathway enrichment
analysis. Even more, there are many individual experiments that require a deviation from the standard
protocol. This can be due to the type of experiments (e.g. CLIP-seq or MethylC-seq), the quality of data (e.g.,
low coverage or different biases) or just an unusual use case (e.g. sequencing of compartments with low
RNA expression).
We will provide support and collaborate with the groups within the CRC/TRR to solve these problems. For
example, we have three pipelines for differential RNA expression, which all have their advantages and
disadvantages. We will give advice about correct handling and usages of these pipelines, and we will
collaborate on an individual basis for more complex analysis tasks. Furthermore, we will also make our
experience in RNA bioinformatics available to the consortium, for example to search for targets of noncoding RNAs or to analyze publically available CLIP-seq data for RNA-protein interactions.
Aim 5: Training
Our previous experience in Z-projects and the analysis of HTS-data shows that it is of utmost importance to
analyze data in an iterative manner and in a team effort between bioinformatics scientists and the
biological/medical researchers. In order to derive valuable knowledge from these large data sets,
bioinformaticians need to understand the biological question and the experimental set up. Likewise,
biologists and clinicians need to understand the advantages and limitations of the bioinformatics analysis
tools. Therefore, we will encourage project teams to identify individuals who can function at the interface
between the two expertise areas. This will help us to train the participating groups in the effective usage of
existing workflows, pipelines and visualization for the analysis of RNA-seq and HTS-sequencing data. We
will provide regular workshops and hands-on tutorials to train members of collaborating groups within the
CRC/TRR. Together with these groups we will generate an outstanding knowledge base of bioinformatics
data analysis.

Figure 3: Services provided by the Z01 project
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3.4.2

Work Plan
2017

2018

2019

2020

Galaxy Server
Data management
Workflows
Support
Training

3.5

Role within the Collaborative Research Centre/Transregio
Cooperation partner

No. of samples/4 years

ID

PI

Chip sequencing

RNA-sequencing

A01

Prinz

40

120

Small-RNA
sequencing
0

A04

Krüger

0

130

10

A05

Sieweke

0

350

0

A07

Erny/Blank

0

48

0

B02

Lange/Hilgendorf

0

35

0

B03

Lehnardt

0

0

32

B04

Henneke

6

8

0

B05

Böttcher/Priller

0

200

0

B07

Priller

0

190

0

B09

Heppner

0

128

0

B10

Pospisilik

120

160

0

B11

Schönheit/Leutz

60

72

0

We serve as the central contact point for the bioinformatics analysis of HTS data. In addition have
collaborations on other bioinformatics related problems:
•
•

with B03 (Lehnhardt) on the analysis of RNA-immunoprecipitation (RIP-seq) and prediction of
miRNA targets.
with B10 (Pospisilik) on Modelling the progression and trajectories of hypothalamic inflammation
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3.6

Differentiation from other funded projects
Project Title

Funding
Agency

Funding Period

CRC 992 Medical Epigenetics

DFG

07/2016-06/2020
under evaluation

In this project, the bioinformatics unit of Rolf Backofen supports the computational analysis of HTSsequencing data to investigate the role of epigenetic factors in basic science and several disease models.
None of the projects in CRC 992 investigates the role of epigenetic factors in brain macrophages.
There is no overlap with the proposed project.
A Flexible and Efficient System for the Detection
DFG
01/2016-01/2019
of RNA Sequence/Structure Motifs
This project is entirely involved in algorithmic aspects of ncRNA detection.
There is no overlap with the proposed project.
SPP InKoMBio: MiRNA and RNA-binding proteins
as integral part of cell communication: contextDFG
01/2015-01/2017
based target prediction and validation
Here we investigate the analysis and design of microRNAs in Arabidopsis thaliana.
There is no overlap with the proposed project.
FOR 1680: Bioinformatic analyses of CRISPR
DFG
08/2015-07/2018
elements
In this project, we analyze a bacterial adaptive immune system (CRISPR).
There is no overlap with the proposed project.
SPP 1738: Isolierung und funktionelle
Charakterisierung von nicht-kodierenden RNAs in
DFG
01/2015-12/2017
der FOXG1-abhängigen Vorderhirnentwicklung
und im Rett-Syndrom
This project is a cooperation with Tanja Vogel, who is not part of SFB, and will analyze the role of FOXG1
and associated non-coding RNAs in the Rett-syndrome and development.
There is no overlap with the proposed project.
SPP 1590 Probabilistic Structures
10/2015-09/2018
DFG
in Evolution
In this project, we analyze the evolution of (CRISPR) using mathematical models.
There is no overlap with the proposed project.
Determinanten der Interaktion Nicht-kodierender
10/2015-09/2018
RNAs mit
Landesstiftung
regulatorischen Zielmolekülen
In this project, we analyze the effect of a bacterial helicase for the interaction of non-coding RNAs with
their targets
There is no overlap with the proposed project.
ATP – Automatisierte intra-annuelle
01/2015-12/2017
Jahrringanalyse für Dendroökologische
DFG
Forschung
In this project, we analyse a bacterial adaptive immune system (CRISPR).
There is no overlap with the proposed project.
de.NBI – Leistungszentrum: RBC – RNA
03/2015-02/2018
BMBF
Bioinformatics
This project is part of a German-wide initiative, namely the German Network for Bioinformatics. Our center
will provide service as well as standards in quality control and workflows related to RNA-bioinformatics.
This includes the analysis of protein-RNA and RNA-RNA interactions, RNA secondary structure
determination and the detection of ncRNAs. The analysis of RNA-seq data is restricted to the problem of
detecting ncRNAs, and this part is done by the other two partners in the project (Leipzig and Berlin) and
not by the Backofen group. Hence, since our part in this center is not dealing with RNA-seq, there is no
overlap with the proposed project. However, being part of the German Network for Bioinformatics, we
expect a vivid exchange of standards for quality control and workflows between this Z-project and this
German-wide initiative.
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3.7

Project funding

3.7.1

Previous funding

The project is currently not funded and no funding proposal has been submitted.

Requested funding

Funding for

2017

Staff
Postdoc 100%
Postdoc 50%
Total

2019

2020

Quantity Sum Quantity Sum Quantity Sum Quantity Sum
1
66,600
1
66,600
1
66,600
1
66,600
1
33,300
1
33,300
1
33,300
1
33,300
99,900
99,900
99,900
99,900

Direct costs
Consumables
Equipment up to 10.000 EUR
Total

Sum
10,000

Major research
instrumentation
Total

Sum

Sum

Sum

10,000

20,000
20,000

Sum

Sum

Sum

Sum

109,900

119,900

99,900

99,900

none

Grand total
(All figures in euros)

3.7.3

2018

Requested funding for staff
Sequential
no.

Name,
academic
degree,
position

Existing staff

Department for
Computer
Science
Department for
Computer
Bioinformatics
Science
Department for
Computer
Science

Project
commitment in
hours/
week

Funding
source

1

Backofen, Rolf,
Bioinformatics
Prof. Dr.

8

University

2

Björn Grüning
Dr.

2

DFG

3

Stefan
Jankowski
Technician

4

University

Research staff

Non-research
staff

Field of
research

Department of
university or
non-university
institution

Category

3.7.2

Requested staff
4

N.N.

5

N.N.

Research staff

Department for
Bioinformatics Computer
Science
Department for
Bioinformatics Computer
Science

PostDoc
PostDoc

Job description of staff (supported through existing funds):
1. Rolf Backofen, Prof. Dr.
R. Backofen will coordinate and supervise the HTS data analysis for the CRC/TRR and associated
groups. He will also be involved in data analysis and writing of manuscripts.
2. Björn Grüning, Dr.
B. Grüning will provide advice for Galaxy and existing pipelines, and guidelines further development of
the tools and pipelines.
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3. Stefan Jankowski
S. Jankowski will help to manage computing resources, and partial deal with backup issues.
Job description of staff (requested funds):
4. Postdoc N.N.
One senior bioinformatician (Postdoc, E13 full position) is required at the University of Freiburg to
perform quality controls and the analysis of HTS-sequencing data, and organize data storage, backup,
triage, and secure access (Aim 2). The scientist will adapt and redefine tools and pipelines for
normalisation, detection of differentially expressed genes, transcript definition, detection of isoforms, and
detection/annotation of non-coding RNAs. The candidate will follow the rapid methodological advances
and algorithmic solutions in these fields, develop compare and test new methods, and make them
available to the consortium (Aim 3). He/she will also provide support for secondary analysis (Aim 4), and
help to train CRC/TRR partners in Freiburg in the utilisation of appropriate tools (Aim 5).
We ask explicitly for a full E13 position for two reasons: 1.) We need an experienced person for the
analysis of RNA-seq data, and 2.) it is currently impossible to get an adequate bioinformatician for a half
or 65% position to Freiburg as there are many other offers (even close by) for them on full positions. This
is even more the case for specialist that can analyse HTS data. For that reason, even all my Ph.D.
students in the Freiburg group are on a full position, including all DFG-projects according to the DFGrules for computer science Ph.D. positions.
4

Postdoc N.N.
One senior bioinformatician (Postdoc, E13 half position) is required at the University of Freiburg to setup
and maintain the Galaxy instance in Berlin (Aim1). This includes the definition and implementation of
specific docker container (“flavors”) tailored for the needs in Berlin. He/she will also be responsible for
the handling the user queries from Berlin groups (Aim 4) and will held training courses for Galaxy in
Berlin (Aim 5). This scientist will also be especially responsible to adapt and redefine tools and pipelines
for the analysis of CHIP-seq data, which includes updates of peak callers and the deepTools package.

3.7.4

Requested funding of direct costs

Existing funds from University of
Freiburg
Sum of requested funds
(All figures in euros)

2017

2018

2019

2020

1,500

2,000

2,000

2,000

10,000

20,000

0

0

Requested Consumables
ALU Freiburg:
We need an extension of our raid-system for the storage and
backup of the RNA-seq data from the consortium
Total per year
(All figures in euros)
Requested Equipment (up to 10.000 EUR) /Software
ALU Freiburg:
We ask for one cluster node to extend our cluster, to be able
to handle the additional computational load for analyzing the
RNA-seq samples from the consortium
We need disk space + raid extension to store and backup the
data
Total per year
(All figures in euros)

3.7.5
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2017

2018

2019

2020

10,000

-

-

-

10,000

-

-

-

2017

2018

2019

2020

-

10,000

-

-

-

10.000

-

-

-

20,000

-

-

Requested funding for major research instrumentation: none
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3.1

General information about Project Z02

3.1.1

Title: Central Tasks of the Collaborative Research Centre

3.1.2

Project Leader

Prinz, Marco, Prof. Dr.
*29.07.1970, German
Institute of Neuropathology
University Medical Center Freiburg
Breisacher Str. 55
79106 Freiburg
Phone: +49-761-270-51060
E-Mail: marco.prinz@uniklinik-freiburg.de

3.2

Project funding

3.2.1

Existing funds

Existing
Staff

Seque
ntial
No.

Research
staff

1

Research
staff

2

Name,
academic
degree,
position

Field of research

Marco Prinz,
NeuroMD, Professor,
immunology,
Chairman
Neuropathology
Josef Priller,
Psychiatry,
MD, Professor,
Neurology,
Chairman
Neuroimmunology

Department of
university or nonuniversity
institution

Project
commitment in
hours/
week

Funding source

Institute for
Neuropathology

5

University

Department of
Neuropsychiatry

3

University

Job description of staff for the proposed funding period (existing funds):
1. Marco Prinz is of the Speaker of the CRC/TRR and the Project leader of the Z02 project. He will oversee
all scientific and administrative activities of the CRC/TRR. He is the chairperson of the CRC/TRR board,
the assembly of the principal investigators and the general meetings and is responsible for the current
transactions and the fund management as specified in the bylaws. He represents the CRC/TRR in
external affairs.
2. Josef Priller is the Vice Speaker of the CRC/TRR. He will coordinate all CRC/TRR-related activities at
the Berlin site.

ALU Freiburg: existing
funds from the Institute of
Neuropathology
Sum of requested funds
for direct costs
(All figures in euros)

2017

2018

2019

2020

25,000

25,000

25,000

25,000

31,000

32,000

32,000

32,000
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3.2.2

Requested funding

Funding for
Staff

Rotational Positions 100%
(1x ALU-FR and 1x Charité)
Postdoc 50% ALU FR
Secretary 70% ALU-FR
Student Helpers

Total
Direct costs
Travels
Visiting Researchers
Total
Global Funds
Workshops
Gender equality measures
Lump Sum
Coordination
Total
Grand Total
(All figures in euros)

3.2.3

2017

2018

2019

2020

Quantity

Sum

Quantity

Sum

Quantity

Sum

Quantity

Sum

2

176,400

2

176,400

2

176,400

2

176,400

1
1
3,7

33,300
32,100
52,700
294,500
Sum
27,000
6,000
33,000
Sum
15,000
30,000
75,000
2,000
122,000
449,500

1
1
3,7

33,300
32,100
52,700
294,500
Sum
29,000
10,000
39,000
Sum
15,000
30,000
75,000
1,000
121,000
454,500

1
1
3,7

33,300
32,100
52,700
294,500
Sum
29,000
10,000
39,000
Sum
15,000
30,000
75,000
1,000
121,000
454,500

1
1
3,7

33,300
32,100
52,700
294,500
Sum
29,000
10,000
39,000
Sum
25,000
30,000
75,000
5,000
135,000
468,500

Requested funding for staff

Module “Rotational Position” per year 2017-2020
Rotational Positions
1. ALU-FR:
The CRC/TRR 167 initiative requests one additional rotation position for
clinicians, who are involved in regular patient care or diagnostics at the
University Medical Center Freiburg and want to focus entirely on a scientific
project of the CRC/TRR for a period of six to twelve months to extend their
expertise in laboratory research as part of their education as physician scientists.
These rotational positions are granted by the board of the CRC/TRR 167
initiative upon submission of an application by the physician and a principal
investigator of the CRC/TRR 167 initiative briefly describing the scientific goals of
the rotation.
2. Charité:
The CRC/TRR 167 initiative requests one rotation position per year for clinicians,
who are involved in regular patient care or diagnostics at the Charité –
Universitätsmedizin Berlin and want to focus entirely on a scientific project of the
CRC/TRR for a period of six to twelve months. The selection process is the
same as described above. The Charité has agreed to finance one additional
rotation position per year from their own funds.
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Module “Coordination” per year 2017-2020
Project Manager N.N. (Postdoc, 50%) ALU-FR
The Project Manager will be assigned by the Speaker of the CRC/TRR. He/she
will be employed at the University Medical Center Freiburg and support the
Speaker and the Vice Speaker with the following tasks:
•
•
•
•
•
•
•

EUR

33,300

EUR

32,100

Coordination and organization of the planned activities (workshops,
seminars, retreats, symposium) connecting the three NeuroMac locations
Freiburg, Berlin and Rehovot
Financial management of the CRC/TRR including the preparation of project
documents (financial and scientific reports and subsequent proposals)
Organization of the board meetings and the meetings of the principal
investigators. Coordination of scientific meetings with project group
members
Coordination/organization of the invited guest speakers and visiting
scientists
Managing Transfer of Knowledge and Public relation activities including the
establishment of a Project Website
The Project manager will stay in close contact with the Coordinator and
Manager of the IRTG in order to implement the overarching approach of the
program for all IRTG-members of the CRC/TRR
Support of the NeuroMac women’s representative to promote gender
activities (see Module “Gender Equality Measures”)

Secretary: Sylvia Blust-Maciej (70%) ALU-FR
A secretary position will be applied for to support the Project manager and the
Speakers with all administrative issues related to the CRC/TRR. She will be
employed at the University Medical Center Freiburg and help with the
organization of travels, guest speakers, NeuroMac events etc.

Student Helpers 2017-2020

NeuroMac applies for a research assistant at
Freiburg and student helpers at Berlin (ALU
FR: 21.25 hrs per week; 20.67 EUR per hour;
BERLIN: 20 hrs per week, 11.99 EUR per
hour) to support the project with the following
tasks:

EUR

2017

2018

2019

2020

52,700

52,700

52,700

52,700

n=3,7

n=3,7

n=3,7

n=3,7

1. Berlin Charité:
‒
B01: Genotyping of transgenic mice, assistance in immunohistochemistry and cell culture,
Imagequantification (24 months)
‒
B05: Genotyping of transgenic mice, assistance in immunohistochemistry and cell culture,
PBMC preparation from patient blood samples (24 months)
‒
B07:Genotyping of transgenic mice, assistance in RNA extraction and cell culture (24 months)
‒
B12:Support in daily animal examinations and infarct volume measurements (24 months)
2. Berlin MDC:
‒
A05: Genotyping (12 months)
‒
B11: a) cloning of BirA tagged targeting constructs
b) Immunhistological stainings and genotyping of transgenic mice (24 months)
3. ALU Freiburg:
‒
Z01:Help with additional workflows, support groups in standard task in RNA-seq (48 months)
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3.2.4

Requested funding for direct costs

Module “Network Funds”
2017

2018

2019

2020

Travel Costs:
EUR 17,000 17,000 17,000 17,000
1. Costs for IRTG related travels:
Student meetings, meetings of the Thesis and the Selection
Committee, (inter)national conferences, lab rotations (1,000
EUR/student/year)
2. Costs for general NeuroMac meetings, like (inter)national
EUR 10,000 12,000 12,000 12,000
conferences, retreats and scientific exchange between the
three locations. Visit of Cell Symposia on Neuroinflammation in
2017, Keystone conference on microglia in 2018.
Guest Speakers and Visiting Scientists
EUR
We plan to invite acknowledged scientists from national and
international institutions to foster the scientific exchange and to
provide the chance for our IRTG-members to discuss with and
learn from these guests. Guest Speakers will stay for 2-3 days
to allow sufficient time for this exchange. Visiting scientists will
stay for a longer period of 1-2 weeks to provide the possibility
to work together with the PhD students and postdocs in the
labs and to offer additional workshops and seminars.
SUM

3.2.5

6,000

10,000 10,000 10,000

EUR 33,000 39,000 39,000 39,000

Requested global funds

Module “Project specific Workshops” 2017-2020
2017

2018

2019

Symposium We plan to organize an international symposium EUR
on „Microglia in the CNS” with international and national
speakers in Freiburg in spring 2020.
Workshops and NeuroMac Retreats
EUR 15,000 15,000 15,000
Special workshops, seminars and training courses will be
provided for junior group leader and postdocs to foster their
independence in research. Especially offers and mentoring
related to third party and general project management,
proposal writing, conflict management, communication and
higher education policy will be offered.
Annual retreats will be organized for the CRC/TRR
consortium. Project results of NeuroMac members will be
presented and discussed, interactions between the projects
will be deepened and newly established. We plan to invite an
external guest speaker to this event.
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Module “Gender Equality measures in Research Networks” 2017-2020
2017
Personnel Costs: 5% of the personnel costs of the NeuroMac EUR
Project Manager will be used for the coordination and
organization of Gender equality and Family related activities
for all three sites.

2018

2019

2020

see
module “coordination”

Mentoring: We plan to use around 10,000 EUR/year for EUR 10,000 10,000
mentoring programs. Excellent female PhD or postdocs will be
selected to participate at the mentoring programs Kite, EIRA,
Mut and the programs within the “Mentoring Competences
Center Charité” and the “MDC-Mentoring Program” as well as
the Mentoring program of the Weizmann Institute.
Supporting Actions: We apply for the funding of special EUR 10,000 10,000
training courses for women (in house and individual courses,
seminars and coaching sessions)

5,000

5,000

Family friendly measures: NeuroMac plans to support EUR 10,000 10,000 10,000 10,000
families with young children or elder people by providing
personnel help (technical assistants or student helpers),
especially to balance at peak hours when child care
possibilities are reduced (morning and later evening). In
addition child care will be supported (for emergency cases,
during NeuroMac events, co-financing of child care
institutions)
Co-financing of a new female principal investigator (upon EUR
availability of candidates)
SUM

15,000 15,000

EUR 30,000 30,000 30,000 30,000

Module “Coordination” per year 2015-2018

We apply for special office supplies, like
consumables for teaching and training, e.g.
moderation material. In addition, the budget will be
used to prepare and print the grant application for the
next funding period of NeuroMac

EUR

2017

2018

2019

2020

2,000

1,000

1,000

5,000
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Lump Sum funds per year 2017-2020
Lump Sum
1. Knowledge transfer and public outreach
The lump sum will be used
a. to cover publication costs in high ranking journals
b. to increase the visibility of the CRC/TRR on the national and international level by
producing booklets, posters and flyers for scientific meetings and conferences
c. to create a NeuroMac website
d. to establish press releases for local, regional and national media
In addition, NeuroMac will organize a symposium and contribute to TV and radio
programs.
2. The Lump Sum will allow the CRC/TRR to react quickly and in a flexible manner to
new hitherto unforeseeable developments, i.e. to recruit and support junior group
leaders, supplement salaries of physician-scientists if they are not available through
other funds (e.g. the difference between TV E and TV Ä). The NeuroMac proposal
depends on the utilization of large equipment at the core facilities. Although most
equipment is covered by service contracts, smaller items will be covered by NeuroMac
to guarantee a minimum of down-time. Furthermore, new discoveries within the
scientific projects or new developments of advanced laboratory equipment may require
the purchase of new devices. The board of the CRC/TRR 167 will decide on spending
of the lump sum funds upon applications from the principal investigators based on
scientific excellence.
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75,000

Bylaws

4

§1

Bylaws of the Collaborative Research Centre/Transregio

Name, Sprecherhochschule und Aufgaben des Sonderforschungsbereichs

1.

Der Sonderforschungsbereich (SFB Transregio) „NeuroMac - Development, function and potential of
myeloid cells in the central nervous system“ ist eine Einrichtung der Albert-Ludwigs-Universität
Freiburg und der Charité – Universitätsmedizin Berlin (Freie Universität Berlin und Humboldt
Universität zu Berlin)

2.

In dem Sonderforschungsbereich werden miteinander zusammenhängende Forschungsvorhaben auf
dem Gebiet der Neurowissenschaften/Neuroimmunologie bearbeitet. Er gliedert sich in
Projektbereiche und Teilprojekte.

3.

Des Weiteren setzt sich der Forschungsverbund zur Aufgabe, die Interaktion mit anderen
Forschungseinrichtungen, den wissenschaftlichen Nachwuchs, die internationale Zusammenarbeit
sowie die Chancengleichheit zu fördern.

§2

Mitgliedschaft

1.

Mitglied des Sonderforschungsbereiches kann jede Person werden, die einer der beteiligten
Hochschulen oder sonstigen Forschungseinrichtungen angehört und in dem Forschungsgebiet des
Sonderforschungsbereiches die Befähigung zu eigenständiger wissenschaftlicher Tätigkeit (i. d. R
nach Abschluss der Promotion) nachgewiesen hat. Die Mitgliedschaft ist nicht an eine Förderung im
Rahmen des Sonderforschungsbereiches geknüpft.

2.

Wissenschaftlerinnen und Wissenschaftler können die Mitgliedschaft beim Vorstand des
Sonderforschungsbereiches beantragen. Über diesen Antrag entscheidet die Mitgliederversammlung
mit absoluter Mehrheit.

3.

Die Mitgliedschaft endet, wenn das Mitglied seinen Austritt aus dem Sonderforschungsbereich bei der
Sprecherin bzw. dem Sprecher schriftlich anzeigt.

4.

Über den Verlust bzw. die Aberkennung der Mitgliedschaft entscheidet die Mitgliederversammlung mit
absoluter Mehrheit.

§3
1.

2.

Rechte und Pflichten der Mitglieder
Die Mitgliedschaft im Sonderforschungsbereich berechtigt prinzipiell zur Vorlage eines Projektentwurfs
bei dem für die Vorbereitung des Gesamtfinanzierungsantrages zuständigen Gremium des
Sonderforschungsbereiches.
Die Mitglieder sind zur Zusammenarbeit, gegenseitigen Beratung und Unterstützung verpflichtet.
Gemeinsame Einrichtungen sowie die Mittel des Sonderforschungsbereiches können von allen
Mitgliedern im Rahmen der vorhandenen Möglichkeiten in Anspruch genommen werden.

3.

Die Mitglieder sind verpflichtet, an der konzeptionellen und organisatorischen Arbeit, der
Nachwuchsförderung, der Gleichstellung sowie an der Verwaltung des SFB/TRR nach Maßgabe der
Ordnung mitzuwirken.

4.

In Veröffentlichungen, die auf die Forschungsarbeiten des SFB/TRR zurückgehen, muss auf die
Förderung durch die DFG hingewiesen werden.
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5.

Jede Teilprojektleitung ist verpflichtet, nach Abschluss einer Förderperiode bzw. bei Beendigung des
Teilprojektes einen Bericht über die Arbeiten im Projekt vorzulegen. Das Ende der Mitgliedschaft
berührt diese Pflicht nicht.

6.

Scheidet eine Teilprojektleiterin oder ein Teilprojektleiter aus dem Sonderforschungs-bereich aus,
können die dem Sonderforschungsbereich für das betroffene Teilprojekt bewilligten Geräte und
Finanzmittel während der Laufzeit des SFB/TRR prinzipiell nicht an den neuen Ort mitgenommen
werden; eine anderweitige Lösung (z.B. Mitnahme von Geräten) bedarf der Zustimmung des
Vorstands des SFB/TRR sowie der Kanzlerin oder des Kanzlers der Sprecherhochschule. Eine
Standortänderung von Geräten über € 10.000,- während der Laufzeit des SFB/TRR ist der DFG
mitzuteilen.

§4
1.

Organisatorischer Aufbau und Gremien des Sonderforschungsbereichs
Der SFB hat folgende Organe:
a)
b)
c)

2.

§5
1.

Teilprojektleiterinnen oder Teilprojektleiter sollen diejenigen Wissenschaftlerinnen
Wissenschaftler sein, die das Forschungsvorhaben maßgeblich konzipiert haben.

Die Mitgliederversammlung hat folgende Aufgaben:

e)

f)
g)

Aufnahme von Mitgliedern und Entscheidung über die Beendigung der Mitgliedschaft
Beschlussfassung über die Ordnung und ihre Änderung
Verabschiedung des Gesamtfinanzierungsantrags
Wahl der Sprecherin oder des Sprechers, der Stellvertretung und der übrigen
Vorstandsmitglieder
Entscheidung über die Regeln zur gemeinschaftlichen Nutzung der Forschungsergebnisse und
Publikation von Synthesearbeiten (u.a. Begriffserläuterung, Verteilung der Rechte und Pflichten
sowie vereinbarte Fristen bzw. Karenzzeiten)
Entgegennahme des Berichts der Sprecherin oder des Sprechers
Entscheidung über die Vergabeverfahren (§8) zu zentral bewilligten Mitteln

Folgende Aufgaben überträgt die Mitgliederversammlung auf die Teilprojektleitenden-Versammlung,
einen Ausschuss bzw. den Vorstand:
a)
b)
c)
d)
e)
f)
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und

Aufgaben der Mitgliederversammlung

a)
b)
c)
d)

2.

Mitgliederversammlung
Vorstand
Sprecher/in

Entwicklung des wissenschaftlichen Programms und seine Koordination
Vorbereitung des Gesamtfinanzierungsantrags, interne Vorprüfung der Teilprojektanträge sowie
Beschluss über Änderungen finanzieller Aspekte von Teilprojektanträgen
Entscheidung über die Einbeziehung neuer Teilprojekte während des Förderzeitraums
Programmändernde Finanzierungsmaßnahmen während des laufenden Förderungszeitraums
(z.B. inhaltlich begründete Beendigung oder Anfinanzierung eines neuen Teilprojektes)
Beratung über die Beantragung/Beschaffung von durch mehrere Teilprojekte genutzten Geräten
Vorbereitung / Organisation wissenschaftlicher Veranstaltungen des SFB

Bylaws
3.

Bei der Wahl der Sprecherin oder des Sprechers und der Vorstandsmitglieder sowie bei Änderungen
der Ordnung entscheidet die Mitgliederversammlung mit absoluter (Mehrheit der Mitglieder.
Vorbehaltlich der Regelung in § 2 Abs. 2 der Ordnung entscheidet in allen anderen Fällen die
Mitgliederversammlung
mit
absoluter
Mehrheit
(Mehrheit
der
Anwesenden).
Die
Mitgliederversammlung ist beschlussfähig, wenn mindestens die Hälfte der Mitglieder anwesend ist.

4.

Die Mitgliederversammlung wird mit einer Ladungsfrist von mindestens 14 Tagen durch die
Sprecherin oder den Sprecher des SFB einberufen; die Tagesordnung wird spätestens 3 Werktage
vor der Sitzung an alle Mitglieder versandt. Sie ist außerdem auf Antrag von 20% der Mitglieder des
SFB mit o.g. Frist einzuberufen.

§6

Aufgaben und Zusammensetzung des Vorstands

1.

Der Vorstand setzt sich aus der Sprecherin oder dem Sprecher, der Stellvertretung sowie drei
weiteren Mitgliedern zusammen. Er entscheidet mit einfacher Mehrheit. Er ist beschlussfähig, wenn
mindestens drei der Vorstandsmitglieder anwesend sind.

2.

Seine Mitglieder werden für eine Amtszeit von vier Jahren gewählt. Die Mitgliederversammlung kann
den Vorstand bzw. einzelne Vorstandsmitglieder jederzeit mit absoluter Mehrheit abwählen. Die
Abwahl der Sprecherin oder des Sprechers ist nur wirksam, wenn zugleich eine neue Sprecherin oder
ein neuer Sprecher gewählt wird

3.

Neben den ggf. von der Mitgliederversammlung übertragenen Aufgaben (§ 5 Punkt 2 der Ordnung)
trägt der Vorstand für folgende Aufgaben Verantwortung:
a)
b)

i)

Personalfragen
Mitwirkung bei der Einstellung und Entlassung von Mitarbeitenden (durch die Hochschule oder
beteiligte Einrichtungen), die aus Mitteln des SFB bezahlt werden (nach Rücksprache mit dem
betroffenen Teilprojektleitenden)
Vorschläge für die Wahl von Ausschussmitgliedern
Vorschläge für die Aufnahme und den Ausschluss von Mitgliedern
Entscheidungen über Umdispositionsanträge größeren Umfangs
Beratungen mit der Hochschulleitung / Leitung der Fachbereiche bzw. Fakultäten über Fragen
der Grundausstattung sowie Berufungsfragen
Konzeption und Organisation von Maßnahmen zur Förderung des wissenschaftlichen
Nachwuchses und der Chancengleichheit
alle Fragen, die nach der Ordnung nicht in die Zuständigkeit eines anderen Gremiums oder des
Sprecheramtes fallen
Öffentlichkeitsarbeit

j)

Einhaltung der Regeln guter wissenschaftlicher Praxis

c)
d)
e)
f)
g)
h)

§7

Aufgaben und Amtszeit der Sprecherin oder des Sprechers

1.

Zur Sprecherin oder zum Sprecher und der Stellvertretung kann gewählt werden, wer eine Professur
der antragstellenden Universitäten inne hat, in einem hauptamtlichen, senatsfähigen Dienst- oder
Arbeitsverhältnis steht und Mitglied des SFB ist. Er/sie hat die Leitung des Verwaltungsprojektes inne,
muss jedoch kein wissenschaftliches Projekt leiten.

2.

Die Sprecherin oder der Sprecher ist Vorsitzende/r von Vorstand, Teilprojektleitenden- und
Mitgliederversammlung und vertritt den Sonderforschungsbereich nach außen (z.B. gegenüber der
Hochschulleitung/-verwaltung, der DFG).
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Bylaws
3.

Zu den Aufgaben des Sprecheramtes gehört




4.

§8

die Führung der laufenden Geschäfte einschließlich der laufenden Mittelverwaltung und abrechnung sowie die Entscheidung über Umdispositionsanträge kleineren Umfangs
die Einberufung von Vorstandssitzungen, Teilprojektleitenden-Versammlungen und
Mitgliederversammlungen
die Information der Mitglieder und Mitarbeitenden

Die Amtszeit beträgt vier Jahre

Verfahren zur Vergabe zentral verwalteter Mittel

1.

Reisemittel
Reisemittel werden auf Antrag vom Vorstand bewilligt. Zielsetzung ist es insbesondere die Förderung
des wissenschaftlichen Austausches auf internationaler Ebene und die Förderung des
wissenschaftlichen Nachwuchses.

2.

Gastwissenschaftlermittel
Gastwissenschaftlermittel werden auf Antrag vom Vorstand bewilligt.

3.

Pauschale Mittel
Pauschale Mittel werden auf Antrag vom Vorstand bewilligt. Dabei sollen neuberufene
Wissenschaftler sowie unvorhergesehene neue Erkenntnisse in Teilprojekten des SFB mit höchster
Priorität behandelt werden. Alternativ können die Mittel auch für gemeinsame Forschungsprojekte
zwischen mindestens zwei Teilprojekten verwendet werden. Die entsprechenden Anträge müssen
eine detaillierte Projektbeschreibung beinhalten. Eine Entscheidung wird nach den Kriterien von
wissenschaftlicher Exzellenz, Interdisziplinarität sowie Chancengleichheit für Wissenschaftlerinnen
gefällt.
Publikationsmittel werden auf Antrag vom Vorstand bewilligt.
Mittel für Öffentlichkeitsarbeit werden vom Vorstand bewilligt und vom Büro des SFB/TRR
ausgeführt.

§9

Schlussvorschriften

Nach vorheriger Abstimmung mit der DFG beschließt der SFB/TRR im Einvernehmen mit der
antragstellenden Hochschule über die Ordnung.
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7.1

Ethics Approvals
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ü,
Ethik-Kommission . Engelberger Straße 21" 79106 Freiburg

IIII

Herrn
Prof. Dr. med. Marco Prinz
U n iversitätsklin ikum Freiburg
Institut für Neuropathologie
Breisacher Str. 64
79106 Freiburg

fo

ZH
lI

JIL

Al be rt-Lu dwi

Hauspost

g

s-U n ive rs ität

Freiburg

Ethik-Kommission
Prof. Dr. S. Pollak

Voßilzender)
angeben)
lvl schmidt
Proiektteiter:
Prof. Dr. med. Marco Prinz
Universitätsk|inikumFreiburg(Komm'Geschäflsführer)
lnstitut für Neuropathologie
Forschungsvorhaben: Genomische und räumliche Analyse der Expansion 5::."1T:::j,:**
"
rvruorreruurg
myerorscher zellen im zentralen Nervänsystem
lcenomic and spatial analysis of myeloid cell expansion in
tut. ozolzz0-72600 | -72soo
the CNSI
ax 0761t270-72630

Antrag-Nr.

EK-Freiburg:

71116 (bitte stets

F

www.ethik-kommission.uniklinikfreiburs de

voruM

ffi31,H-fiH",[

Sehr geehrter Herr Professor

Durchwahl: -72600

Prinz,

die Ethik-Kommission hat über lhren o.g. Antrag aufgrund der im

krislina.wehrle@uniklinik-freiburg.de

Anhang

Frelburs' 05' Aprll

aufgeführten Unterlagen gemäß S 15 der Berufsordnung der Landesärztekammer
Baden-Württemberg beraten. Sie hat weder ethische noch rechtliche Bedenken
gegen die Durchfilhrung des Forschungsvorhabens.
Anderungen im Protokoll müssen mit sich daraus ergebenden Aktualisierungen
der Patienten-/Probandeninformation vorgelegt werden und dtlrfen erst nach
Prüfung durch die Ethik-Kommission umgesetzt werden.

Die Ethik-Kommission macht darauf aufmerksam, dass die ethrsche und
rechtliche Verantwortung firr die Durchführung des Forschungsvorhabens beim
Projektleiter und den am Vorhaben teilnehmenden Arzten liegt.

Die Ethik-Kommission weist darauf hin, dass dieses Votum lediglich ftlr die im
Protokoll / der Auflistung im EK-Antrag genannten, am Forschungsvorhaben
beteiligten Personen gilt, die Mitglieder der Albert-Ludwigs-Universität Freiburg
sind. Arzte sind damit auch ihrer sich aus S 30 Abs. 4 Heilberufe-Kammergesetz
und S 15 Abs. 1 der Berufsordnung der Landesäztekammer Baden-Württemberg
ergebenden berufsrechtlichen Beratungspflicht nachgekommen.
Der Abschluss oder Abbruch des Forschungsvorhabens ist der Ethik-Kommission

schriftlich mitzuteilen und ein Abschlussbericht, der eine Zusammenfassung der
Ergebnisse und Schlussfolgerungen des Forschungsvorhabens enthält, ist
voz uteoen.
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Forschungsvorhaben:
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1

|

1

6

Die Ethik-Kommission empfiehlt nachdrücklich, das Forschungsvorhaben in
einem öffentlich zugänglichen Register zu registrieren, das die von der
Weltgesundheitsorganisation (WHO) geforderten Voraussetzungen erfüllt. Wir
weisen zudem auf den Beschluss des Fakultätsvorstands der Medizinischen
Fakultät vom 24.04.2012 hin, der u.a. besagt, dass alle klinischen Studien im
Bereich der Medizinischen Fakultät und des Universitätsklinikums Freiburg vom
jeweiligen Studienleiter in einem WHO-Register zu registrieren sind. Das DRKS
(Deutsches Register Klinischer Studien) ist als WHO-Primär-Register anerkannt.
Es erfüllt somit auch die Anforderungen des International Committee of Medical

Journal Editors (ICMJE). Weiterführende Informationen sowie Registrierung
unter: www.germanctr.de. Falls noch nicht geschehen, bitten wir Sie uns die
entspreche nde Reg istrieru n gsn u m mer

m

itzutei le n.

Mit freundlichen Grüßen
l
I

Prof. Dr. S. Pollak
Vorsitzender der Ethik-Kommission

Anhang zu unserem Votum vom 05. April 2416
Liste der eingereichten Unterlagen:
Eingang am 15. Februar 2416'.

.
o
.

Anschreiben vom 1 1.02.2016
Antrag, unterschrieben am 1 1.02.2016
CV Prof. Dr. Marco Prinz,

Eingang am 01. April 2016'.
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Chante

Ethikkommission
Ethikausschuss
I am Campus

10117 Berlin

Vorsitzender:

Frau
Prof. Dr. med. Seija Lehnardt
Klinik für Neurologie

Charite

- Mitte

Prof. Or. R. Uebelhack

Geschäftsführung: Dr. med. Katja Orzechowski
ethikkommissioneecharite.de
Korrespondenzadresse:
Tel.: 030/450-517222

Chanteplatz

I, 10117 Berlin

Fax: 030/450-517952
httpz/ethikkommission.

chari te. de

CCM

Datum: 31.03.2015
SFB TRR167 Project B03: microRNAs als Signalmoleküle bei Inflammation des ZNS
(SFB TRR167 Project B03: microRNAs as signaling molecules in CNS inflammation)
Antragsnummer:

EA1/082/15

Sehr geehrte Frau Professor Lehnardt,
der von Ihnen eingereichte Antrag wurde durch den Ethikausschuss 1 der Ethikkommission auf der
Sitzung am 26,03,2015 beraten.
Die Ethikkommission

stimmt dem o.g. Vorhaben zu.

Folgende Unterlagen wurden zur Begutachtung eingereicht:
•
•

Ethikantrag, 10.03.15
Ethikvotum FU Berlin EK 215-09, 14,03.03

•

Ethikvotum Chante EA1/144/13, 18.09.14

Die Ethikkommission weist darauf hin, dass die ethische und rechtliche Verantwortung für die
Durchführung des Forschungsprojektes -vom Beratungsergebnis der Ethikkommission
unabhängig- beim Leiter des Forschungsvorhabens und seinen Mitarbeitern verbleibt.

Mit freundlichen Grüßen

/uJJ~J
Prof. Dr. med. R. Uebelhack
Vorsitzender

CIIARI'I'(: - lINIVI-:RSITi\ISrvlI':DI/,IN
I~I:I{I,IN
Schumannstr. 20/21 I 10098 Berlin I Telefon +49 30 450-0 I www.charite.de
Bankinstitut I BLZ Bankleitzahl I Konto Kontonummer

. I

. Forschungsliorhaben: 609/15

u:1!18l

Fakultät vom 24.04.2012 hin, der u..a. besagt, dass alle klinischen Studien im
Bereich der Medizinischen Fakultät und des Universitätsklinikums Freiburg vom
jeweiligen Studienleiter in einem WHO-Register zu registrieren sind. Das DRKS
(Deutsches Register Klinischer Studien) ist als WHO-Primär-Register anerkannt.
Es erfüllt somit auch die Anforderungen des International Committee of Medical
Journal Editors (ICMJE). · Weiterführende Informationen sowie Registrierung
unter: www.germanctr.de. Falls noch nicht geschehen; bitten wir Sie uns die
entsprechende Registrierungsnummer mitzuteilen.
Mit freundlichen Großen

-~ --(~~--'·
Prof. Dr. S. Pollak
Vorsitzender der Ethik-Kommission
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Letters of Consent
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MDC

MAX-DELBRÜCK-CENTRUM
FÜR MOLEKULARE MEDIZIN
BERLIN-BUCH
in der
HELMHOLTZ-GEMEINSCHAFT e.V.

MDC Max-Delbrück-Centrum • Postfach 74 02 38 • 13092 Berlin

Robert-Rössle-Straße 10
13125 Berlin
Telefon:
Telefax:
Sekretariat:

+49 30 9406 2642
+49 30 9406 49194
+49 30/9406 2623

e-mail: gdittmar@mdc-berlin.de
Internet: www.mdc-berlin.de/dittmar
Berlin, 27.03.15

Antrag auf Forschungsförderung von Herrn Dr. Jörg Schönheit und Prof. Dr. Achim Leutz

Sehr geehrte Damen und Herren,
die von Dr. Schönheit und Prof. Dr. Leutz vorgeschlagenen Projekte zur Untersuchung zur Funktion von
C/EBP in Monozyten, Makrophagen und Mikroglia beinhaltet eine Reihe von massenspektroskopischen Untersuchungen zur Bestimmung der Regulation von Proteinen, der Bestimmung des C/EBP Interaktoms und der
Identifizierung und Quantifizierung von post-translationalen Modifikationen.
Es ist geplant, daß Herr Schönheit, Herr Leutz und ich in diesen Fragestellungen zusammenarbeiten werden.
Dafür steht in meinem Labor am MDC in Berlin eine umfangreiche Geräteausstattung zur Verfügung.
Für weitere Rückfragen stehe ich Ihnen natürlich gerne zur Verfügung.
Mit freundlichen Grüßen

Dr. Gunnar Dittmar
Leiter Core Facility Massenspektrometrie

Stiftung des öffentlichen Rechts
Stiftungsvorstand:
Prof. Dr. Thomas Sommer (komm.),
Dr. Heike Wolke

Berliner Sparkasse – Niederlassung der
Landesbank Berlin AG
BLZ 100 500 00 / Kto. 195 323 1140
IBAN: DE38 1005 0000 1953 2311 40
BIC: BELADEBE
VAT DE811261930

Rheinische
Friedrich-WilhelmsUniversität Bonn

University of Bonn   53012 Bonn, Germany

Univ.-Prof. Dr.rer.nat. Achim Leutz
Humboldt University &
Max-Delbrueck-Center
for Molecular Medicine (MDC)
Robert-Roessle-Str. 10
13125 Berlin

Prof. Dr. med. Joachim L. Schultze
Director

Genomics & Immunoregulation
LIMES-Institute
Carl-Troll-Str. 31
53115 Bonn
Germany
Tel.: 02 28 / 73 – 6 27 87
Fax: 02 28 / 73 – 6 26 46
j.schultze@uni-bonn.de
www.immunogenomics.uni-bonn.de

Bonn, 3. Februar 2016

Collaboration in context of your project on the role of the C/EBPs in monocytes, macrophages, and
microglia cells

Dear Achim,
I am more than happy to work together with you and your team in context of your outstanding and important project addressing the role of the C/EBPs for monocytes, macrophages and in particular also
microglia cells. As you are well aware of, we have invested quite extensively in the last years into the experimental and analytical pipelines of RNA-sequencing and the respective bioinformatics. Moreover, we
developed a particular interest in macrophage biology, which certainly will help us to give you the best
support in your project questions. Furthermore, we are currently extending our facilities toward a Platform for Single Cell Genomics and Epigenomics at the University of Bonn and the German Center of
Neurodegenerative Diseases, which will not only increase our sequencing capacities but also our bioinformatics infrastructure. In other words, we will have sufficient man power to efficiently engage in this
collaboration.
It is also a great honor to work with you together on a particular important aspect of myeloid cell biology. Since you are one of the major experts world-wide on C/EBP biology, I think it is also an excellent
opportunity for me and my group to collaborate with you on this important aspect of transcriptional regulation in the myeloid cell compartment.
I am very much looking forward to this exciting collaboration and thank you very much for asking me to
collaborate.
My regards

Prof. Dr. Joachim L. Schultze

Proposed CRC/TRR 167
Development, function and potential of myeloid cells in the central
nervous system
Overview of Projects
A01
A02
A03
A04
A05
A06
A07
B01
B02
B03
B04
B05
B06
B07
B08
B09
B10
B11
B12
IRTG
Z01
Z02

Prinz
Genomic and spatial analysis of myeloid cell expansion in the CNS
Jung
Probing microglial memory - a longitudinal analysis of the microglia compartment
Amit
Single cell genomics analysis and characterization of microglia in normal brain physiology and in
neurodegenerative diseases
Krüger
Impact of proteostasis and the ubiquitin proteasome system on myeloid cell function in the CNS
Sieweke
Transcriptional control of microglia proliferation and activation in the CNS
Lämmermann
Role of integrin receptors for myeloid cell trafficking and motility in the CNS
Erny/Blank
Impact of host microbiota on microglia during normal and pathological aging
Schachtrup/Fernández-Klett
Crosstalk of myeloid cells and neural stem cells during regeneration after stroke
Lange/Hilgendorf
Myeloid cells in the development of choroidal neovascularisation in the eye
Lehnardt
microRNAs as signaling molecules in CNS inflammation
Henneke
Role of microglia in inflammation control during streptococcal meningitis
Böttcher/Priller
Functional characterization of monocytes and macrophages in neuropsychiatric disorders
Zeiser
The role of myeloid cells during GvHD of the CNS
Priller
Role of myeloid cell dysfunction in Huntington’s disease
Meyer-Luehmann
Role of microglia on Alzheimer’s disease pathology in neural grafts
Heppner
Probing myeloid effector functions in Alzheimer´s disease and immunotherapy
Pospisilik
Microglial control of obesity and diabetes
Schönheit/Leutz
Function of C/EBPs in monocytes, macrophages and microglia
Meisel/Meisel
Role of myeloid cells in autoreactive CNS antigen-specific B-cell responses and delayed cognitive
decline in stroke
Priller
NeuroMac School
Backofen
Genomics and bioinformatics core
Prinz
Administrative Project

