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Abstract

Microglia are macrophages that seed the embryonic neuro-epithelium, expand and eventually
reside in the adult brain and spinal cord, where they intimately interact with neurons and
other glial cells. Microglia are thought to prune excess synapses and thus critically contribute
to the fitness of neuronal circuitries. Moreover, as central nervous system (CNS)-resident
immune cells, microglia are poised to respond to peripheral challenges of the organism and
likely involved in orchestrating ensuing CNS immune responses. Microglia research has
bloomed in recent years, with increased attention to ‘microgliopathies’, in which mutant
microglia are suggested to be the underlying cause. However, the discrimination of resident
microglia from cell infiltrates entering from the periphery especially under pathology, is still
a major challenge in the field. My thesis focused on dissecting the heterogeneity of microglia
and bone marrow (BM)-derived brain macrophages, and studying the contribution of
microglial activation in different pathological settings. In Project I, we demonstrated that
although BM-derived brain macrophages acquire microglial characteristics, such as radio-
resistance, longevity and morphology, they remain distinct from host microglia in their
transcriptome and epigenome. The two populations remain also functionally distinct as they
respond differently to challenge. These findings are of clinical relevance for patients
undergoing BM transplantation, that results in a partial microglia replacement by engrafted
macrophages.

In Projects Il and 111, we probed the role of microglia as antigen presenting cells or
producers of the cytokine 1L23 in a murine model of multiple sclerosis. Using a
CX3CR1°™R-hased in vivo gene manipulation system, we ablated MHCII or IL23 from
microglia while sparing peripheral cells. We established that in the respective mutant
animals, clinical symptoms were unaltered, suggesting that microglia are dispensable for the
two functions. However, when we ablated IL23 in all tissue macrophages, mice were
resistant to disease induction, suggesting a novel role for lymph node macrophages in
autoimmunity. Finally, in Project IV, we revealed a novel role for IL10 in curbing
detrimental hyperactivation of microglia following peripheral endotoxin challenge, driven by
uncontrolled production of TNF by microglia. Our data provide evidence that microglia are
critical regulators of sickness behavior, as these mutants succumb to fatal sickness and
impaired neuronal function, and are of relevance for severe settings, as sepsis and

bacteremia.
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Introduction

Microglia: Resident macrophages of the central nervous system (CNS)

Microglia are mononuclear phagocytes residing in the central nervous system (CNS),
sequestered behind the blood-brain barrier (BBB). As the resident macrophages of the brain
parenchyma, microglia have been recognized as critical players in CNS development,
pathology and homeostasis.! Specifically, microglia contribute to synaptic remodeling,
neurogenesis, and the routine clearance of debris and dead cells.23*° Microglia furthermore
act as immune sensors and take part in the CNS immune defense. When sensing injury,
microglia cells undergo activation and respond by increased phagocytosis and secretion of
cytokines.® The microglia population is established during embryonic development, from
myb-independent erythro-myeloid precursors (EMP) that arise in the yolk sac (YS).”® Unlike
other macrophage populations, such as cells residing in skin, lung and heart, which can be
partially replenished by recruited monocytes, the microglia pool relies exclusively on
longevity and limited self-renewal.® Moreover, although monocyte infiltration is observed
during CNS injury, monocyte-derived brain macrophages do not permanently contribute to

the resident microglia pool and are cleared once homeostasis is restored.

Microglia research has bloomed in recent years with emerging evidence for their clinical
relevance. For instance, longevity of microglia renders these cells especially vulnerable to
aging.'! In line with the recent notion that microglia seem critical for proper brain
development and neuronal connectivity, specific deficiencies in these cells have been
associated with many CNS pathologies, including both psychiatric and neurological
disorders.!? These ‘microgliopathies’, in which microglia are suggested to be the underlying
cause and drivers of the pathology, include colony stimulating factor 1 receptor (CSFR1)
mutations in hereditary diffuse leukoencephalopathy with spheroids (HDLS),* and
neurodegenerative diseases such as triggering receptor expressed on myeloid cells 2
(TREMZ2)-associated frontotemporal demential* and CD33-associated Alzheimer’s disease
(AD)_15,16



In this thesis, | focused on the following current challenges in the field.

(1) Dissecting the heterogeneity of microglia and BM-derived brain macrophages

Therapeutic approaches to ‘microgliopathies’ could include microglia replacement by wild
type (WT) cells. Moreover, microglia replacement by bone marrow (BM)-derived cells has
also been proposed as treatment for metabolic disorders, such as adrenoleukodystrophy
(ALD) and Hurler syndrome, as well as neuroinflammatory disorders (e.g. amyotrophic
lateral sclerosis (ALS), Alzheimer disease (AD) in order to slow down disease progression or
improve clinical symptoms.*” Hematopoietic stem cell (HSC) gene therapy was shown to
arrest the neuro-inflammatory demyelinating process in a gene therapy approach to treat
metachromatic leukodystrophy (MLD) albeit with delay.!” Of note, replacement of YS-
derived microglia by HSC-derived cells is also a byproduct of therapeutic stem cell
transplantations that are routinely used to treat monogenic immune disorders, such as
Wiskott—Aldrich syndrome (WAS) and IL10 receptor deficiencies.!” To what extend HSC-
derived cells can replace the host microglia (especially after conditioning) and if these restore

functions by cross-correction remains unclear.

Understanding how engrafted cells perform in the host, in particular following challenge, is
therefore of considerable clinical importance, not only in HSC transplantation but also in
HSC gene therapy approaches of disorders with a neurological phenotype. In Project I, we
performed a comparative analysis of YS-derived microglia and BM graft-derived
parenchymal brain macrophages, in both steady state and upon challenge. The results of this
study were published in Shemer et al,. 2018.%8 Collectively, we established that BM-derived
brain macrophages that persistently seed the CNS of recipient organisms following
irradiation remain distinct from host microglia with respect to their transcriptomes, chromatin

accessibility landscapes and response to challenge.®



(2) Examining the unique contributions of microglia, monocyte-derived brain
macrophages, and peripheral macrophages in CNS autoimmunity

Microglia were suggested to play an active role in multiple sclerosis (MS), an inflammatory
and demyelinating autoimmune disease of the CNS, characterized by axonal damage,
inflammation, and BBB disruption.'® Genetic make up has been shown to predispose to MS,
and correlations were also found with viral infections and environmental factors.?® Although
its etiology is not entirely clear, MS is known to be associated with a massive infiltration of
peripheral immune cells, including both myeloid cells and T lymphocytes.? Interestingly,
microglia activation well precedes this infiltration and demyelination,! implying that

microglia may play a role in the earliest stages of disease development.

Experimental autoimmune encephalomyelitis (EAE) is the most common animal model for
MS, and induced by immunization of rodents with myelin antigens, such as myelin
oligodendrocyte glycoprotein (MOG).?? Among the MS symptoms that are recapitulated by
EAE are CNS inflammation, paralysis, weight loss, and demyelination. Pioneering studies
suggested an involvement of microglia in EAE pathogenesis, as inhibition of microglia
activation resulted in the attenuation of disease severity, inflammation, and

demyelination.?®?* However, these early studies suffered from a lack of specificity.

Our group has established a novel mouse model that enables us to genetically manipulate
microglia in their physiological context,?® distinguish them from monocyte-derived cells and
most peripheral macrophage populations — a major challenge in microglia research. Microglia
express unigque high and stable levels of the CX3CR1 chemokine receptor.® In CX3CR1¢"™
mice, microglia hence undergo spontaneous rearrangements of loxP-flanked alleles. In
contrast, in CX3CR1°™ER mice, the Cre recombinase is kept latent in the cytoplasm and
requires Tamoxifen (TAM) administration for its nuclear translocation and activation.?®
Rearrangements in TAM-treated CX3CR1°"ER mice occur in microglia but also other,
peripheral CXsCR1 expressing myeloid cells, including monocytes.?® However, since the
latter are continuously replaced by BM-derived cells?® gene manipulations in these cellular
compartments are only temporary. Therefore, CX3CR1ER mice allow a rather specific

manipulation of microglia in otherwise intact animals.

We took advantage of this model system to specifically target microglia and dissect their
functions during EAE pathophysiology, specifically those of antigen presentation (project I1)

and IL23 production (project I11). Since microglia elevate major histocompatibility complex
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class I (MHCII) expression during the induction of EAE, they were presumed to act as
antigen presenting cells (APC).?’ In order to investigate whether microglial MHCII has a
direct role in EAE progression, or is a mere activation marker on these cells, we generated
mice with a specific microglial MHCII deletion by using the CX3CR1°"ER mouse. The results
of this study were published in Wolf, Shemer, Levy-Efrati et al., 2018.22 We have established
that as opposed to the general assumption in the field, microglia do not contribute to antigen
presentation to initiate CNS autoimmunity, and are not crucial for the priming of
encephalitogenic T cells during the course of EAE.?

IL23, an inflammatory cytokine from the IL12 family, has emerged as the major pathogenic
agent in EAE,? as IL23-deficient mice were shown to be protected from disease induction.°
Microglia and other myeloid cells were suggested to be the source of 1L23,%! although the
critical source for EAE induction is yet to be defined. Also, whether IL23 is needed in the
CNS or in the periphery for EAE induction is not clear.®? Our results suggest that in fact
microglial 1L23 is dispensable for the disease induction and progression, whereas peripheral
macrophages, that most likely reside in the lymph nodes (LN) T cell zone, are crucial for

Th17 expansion and EAE induction (unpublished observation).

(3) Defining the circuits controlling microglial activation

Recent studies have suggested that distinct brain pathologies are associated with discrete
microglia activation modules.® Specifically, this includes a Disease-associated microglia
(DAM) or MgND signature of microglia,®*3 that was revealed to be associated with
neurodegenerative diseases, such as AD and ALS. In EAE, involving inflammatory immune
cell infiltrates and interferon (IFN) exposure,?® microglia have been shown to adopt different
expression pattern associated.3%3” Systemic endotoxin challenge by injection of
lipopolysaccharide (LPS), was reported to lead to an overall different microglia response.®

The existence of such distinct response patterns could bear potential for targeted therapy.*3

Although arguably of equal importance to understand CNS pathology, modules that curb
microglia activation or are critical for microglia to restore homeostasis, have remained less
well explored. Microglia quiescence has been shown to require expression of Salll, a
member of the Spalt (“Spalt-like” (Sall)) family of transcriptional regulators,®® one of the
microglia signature genes. Likewise, and supported by the characteristic microglial Tgff3

receptor expression, Tgfp prevents spontaneous microglia hyperactivation.*° Finally,



microglia activation has been shown to be controlled by CD200 Ligand—Receptor

Interactions.*!

The anti-inflammatory cytokine IL10 has been extensively studied in relation to controlling
activation of lymphoid and myeloid immune cells.*? Our group has recently revealed that
macrophage-restricted ablation of the IL10 receptor (IL10R) results in spontaneous colitis,
as intestinal macrophages require constant IL10 signal in order to maintain gut
homeostasis.**** To date, no definitive role was demonstrated for IL10 in maintenance of
CNS homeostasis, although numerous studies have suggested that microglia produce and
require 1L10 signaling. However, this assumption was largely based on the analysis of
cultured microglia, which were demonstrated to be distinct from the respective cells in the in
vivo context.* In this thesis we reveal a novel role for IL10 in curbing deleterious microglia

hyperactivation upon LPS challenge, using the CX3CR1°ER model system (project IV).



Project I: Comparison of host microglia and engrafted brain macrophages —

Analysis of transcriptome, chromatin landscape and response to LPS challenge

Introduction

Macrophages were shown in the mouse to arise from three distinct developmental pathways
that differentially contribute to the respective tissue compartments in the embryo and adult.
Like other embryonic tissue macrophages, microglia first develop from primitive macrophage
progenitors that originate in the mouse around E7.25 in the YS, are thought to be independent
of the transcription factor (TF) Myb and infiltrate the brain without monocytic
intermediate.*®’8 YS macrophage-derived microglia persist throughout adulthood. Most other
tissue macrophages are however replaced shortly after by fetal monocytes that derive from
myb-dependent multipotent EMP that also arise in the YS, but are currently thought to be
consumed before birth. Starting from E10.5, definitive hematopoiesis commences with the
generation of HSC in the aorto-gonado-mesonephros (AGM) region. HSC first locate to the
fetal liver but eventually seed the BM to maintain adult lymphoid and myeloid
hematopoiesis. Most EMP-derived tissue macrophage compartments persevere throughout
adulthood without significant input from HSC-derived cells. In barrier tissues, such as the gut
and skin, as well as other selected organs, such as the heart, HSC-derived cells can however

progressively replace embryonic macrophages involving a blood monocyte intermediate.®

Differential contributions of the three developmental pathways to specific tissue macrophage
compartments seem determined by the availability of limited niches at the time of precursor
appearance.*” In support of this notion, following experimentally induced niche liberation by
genetic deficiencies, such as a Csflr mutation, irradiation or macrophage ablation, tissue
macrophage compartments can be seeded by progenitors other than the original ones.*8:49:5051

Tissue macrophages display distinct transcriptomes and epigenomes®*3 that are gradually
acquired during their development.>*> Establishment of molecular macrophage identities
depends on the exposure to tissue specific environmental factors.>®° Accordingly,
characteristic tissue macrophage signatures, including gene expression and epigenetic marks,

are rapidly lost upon ex vivo culture, as best established for microglia.>3#

As discussed earlier, microglia have been recognized as critical players in CNS development

and homeostasis. They contribute to synaptic pruning, neurogenesis and clearance of debris
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and dead cells?>*>5" and also act as immune sensors playing an important part in the CNS
immune defense.>® In recent years, it has been suggested that mutations affecting microglia
functions result in neuropsychiatric or neurologic disorders.'? Therapies to these
‘microgliopathies’ were suggested to include microglia replacement by WT cells. In fact,
replacing microglia with BM-derived cells has also been proposed as treatment for various
metabolic and neurodegenerative disorders.’’” HSC gene therapy was shown to arrest the
neuro-inflammatory demyelinating process in a gene therapy approach to treat MLD albeit
with delay.” Of note, a byproduct of stem cell transplantation, which is routinely used to treat
monogenic immune diseases, is replacement of Y S-derived microglia by HSC-derived cells.
To what extend these HSC-derived cells can phenocopy the innate host microglia functions
remain to be discovered. Understanding how engrafted cells perform in the host, in particular
following challenge, is therefore highly, not only in HSC transplantation, but also in HSC

gene therapy approaches of disorders with a neurological phenotype.

Here we report a comparative analysis of YS-derived microglia and BM graft-derived
parenchymal brain macrophages. Using RNAseq and ATACseq of host and engrafted
macrophages isolated from mouse BM chimeras, we show that these cells acquire microglia
characteristics such as longevity, morphology and gene expression features, but still remain
significantly distinct with respect to transcriptomes and chromatin accessibility landscapes.
Furthermore, host and graft cells display discrete responses to challenge by peripheral
endotoxin exposure. Finally, by extending our finding to clinical settings, we confirm that in
human HSC transplant patients, grafted cells also remain distinct from host microglia.
Collectively, these data establish that engrafted macrophages differ from host microglia even
after prolonged residence in the brain parenchyma and could have considerable clinical
implications for patients treated by HSC gene therapy.

11



Results

Engrafted macrophages acquire longevity and radio-resistance

Following total body irradiation (TBI), myeloid precursors enter the brain and contribute to
the parenchymal macrophage compartment.>*®%61 Host microglia are relatively radio-
resistant and unless combined with conditioning, engraftment of the brain macrophage pool
was therefore reported to be limited.5%626364 It furthermore remained unclear to what extent
graft-derived cells acquire over time microglia characteristics, such as longevity and radio-
resistance. To address this issue, we generated BM chimeras by lethally irradiating WT mice
(CD45.2) (950cGy) and transplanting them with CX3CR1%7 BM (CD45.1)%
(Supplementary Fig. 1A). Four months after irradiation and BM transfer (BMT), monocyte
precursors in the BM and circulating blood monocytes of the chimeras were all CD45.1*
GFP™ and hence exclusively derived from the BM graft (Supplementary Fig. 1B, C).
Analysis of the CD45™ CD11b* Ly6C™ Ly6G™ microglia compartment of the chimeras
revealed the presence of GFP* graft- and GFP- host-derived cells (Supplementary Fig. 1D).
In line with earlier reports, grafted cells initially constituted only a small fraction of the
parenchymal brain macrophage population. However, the cells progressively replaced the
host microglia (Supplementary Fig. 1D). The expansion of the GFP™ infiltrate could indicate
ongoing peripheral input. Alternatively, the undamaged non-irradiated CNS-resident graft-
derived cells might have an advantage over the irradiated host microglia, and gradually
outcompete the latter during the reported infrequent microglial local proliferation.®>% To
distinguish between these options, we performed a tandem engraftment. Recipient mice
(CD45.1/2) were irradiated twice, 15 weeks apart, followed by engraftment with CX3CR1°F
BM (CD45.1) and CX3CR1°®:R26-RFP BM (CD45.2), respectively (Fig. 1A). Blood
analysis of the chimeras 7 weeks after the second BMT, showed that monocytes were
exclusive derivatives of the second graft (Fig. 1B), as were myeloid BM precursors
(Supplementary Fig. 1E). In contrast, analysis of the CNS compartment of the chimeras
revealed the presence of three distinct macrophage populations: Host microglia (CD45.1/2%),
cells derived from the first graft (CD45.1" GFP™), and cells derived from the second BM graft
(CD45.2" RFPY) (Fig. 1C, D, Supplementary Fig. 1F). Presence of cells derived from the
first graft establishes that these (1) acquired radio-resistance and (2) persisted in the chimeras
for more than 2 months without contribution from the periphery. Corroborating the above
results, cells derived from both grafts expanded on the expense of the host microglia (Figure
1D). CX3CR16F? (CD45.1) and CX3CR1®:R26-RFP™™ (CD45.2) cells with ramified

microglia morphology were detected in the brain parenchyma (Fig. 1E). Collectively, these
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data establish that engrafted cells adopt microglia characteristics, such as relative radio-

resistance, longevity and morphology.

Macrophages engrafting conditioned brains display expansion

To further characterize the engraftment process, including clonal dynamics of the BM-
derived cells, we collaborated with Dr. Tuan Leng Tay and Dr. Kerstin Cornils to use two
complementary approaches, comprising (1) transplantation of BM isolated from
Cx3cr1CreER:R26Coe (“Microfetti’) mice® and (2) transplantation of lineage negative BM
cells marked by a genetic barcode prior to transplantation.®” The detailed experimental setup
and findings can be found in Shemer et al,. 2018.*® To summarize, clusters of same color in
close proximity in brains of ‘Microfetti’ mice provided evidence of local proliferation, rather
than ongoing peripheral contribution of BM-derived cells. In addition, the genetic barcoding
experiment shows that a major fraction of the grafted cells originates from transduced
precursors that seed the host CNS early after engraftment and is maintained by local
proliferation independent from ongoing hematopoiesis. Taken together, these results establish
that efficiently engrafted donor cells adopt the phenotype and distribution of resident
microglia within this cellular network, and expand locally with kinetics specific to brain

regions and conditioning paradigms.

Engrafted cells exhibit transcriptomes distinct from microglia

BM graft-derived parenchymal brain macrophages acquire characteristics such as ramified
morphology, longevity and radio-resistance and can hence be considered engrafted microglia-
like cells that could potentially be employed for therapeutic purposes. Recent studies have
highlighted the impact of the tissue environment on macrophage identities, including
epigenomes and expression profiles.>° To test whether graft-derived microglia acquire in
the CNS such a global molecular imprint, we transplanted lethally irradiated 6 week old WT
mice with congenic WT BM harboring CD45.1 alleles. Nine months post transplantation,
chimeras were sacrificed and brain macrophages were isolated for transcriptome and
epigenome analysis by RNAseq®® and ATACseq,®® respectively. At this time point, half of the
CNS macrophages of the chimeras were of graft origin (Fig. 2A, Supplementary Fig. 2A).

Global RNAseq analysis of parenchymal host and graft brain macrophages isolated from
individual BM chimeras revealed that engrafted cells and host microglia showed significant

transcriptome overlap, clearly distinguishing them from monocytes that served as reference
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for HSC-derived cell population (Fig. 2B, C).” Of the total 11,614 detected transcripts,
10,635 (91%) displayed a lower than 2 fold-difference between the engrafted cells and host
microglia. On the other hand, 979 transcripts were differentially expressed between these two
populations (absolute value of log2-fold change>1, p-value<0.05) (Supplementary Fig. 3A).
Expression of 469 genes was restricted to host microglia, while 510 genes were uniquely
expressed by the engrafted cells (Supplementary Fig. 3A, B). Engrafted macrophages, but
not host microglia displayed for instance mRNA encoding CCR2, Lysozyme, CD38, CD74,
Mrcl, ApoE and Ms4a7 (Fig. 2E, Supplementary Fig. 3B). Differentially expressed genes
(DEG) included TFs such as the basic helix-loop-helix TF Hes1, the Krueppel-like zinc
finger TF KIf12, the retinoic acid receptor RxRg and the TGFB-associated signal transducer
Smada3, that were preferentially transcribed in host cells. Conversely, engrafted macrophages
displayed increased expression of the estrogen receptor Esrl, the runt-domain TF Runx3 and
the macrophage survival factor Nr4al, as compared to host cells (Fig. 2D). Of note, the host
microglia in this case were irradiated and differences observed between the two populations
could hence arise from radiation damage; transcriptomes of engrafted cells however also
differed significantly from age-matched non-irradiated microglia (Supplementary Fig. 3C).

Supporting the notion of their microglia-like identity, engrafted cells expressed similar levels
of the DNA-RNA binding protein TDP-43 encoded by the Tardbp gene recently implied as
regulator of microglial phagocytosis,”* the Two-Pore Domain Potassium Channel THIK-1,
encoded by the Kcnk13 gene and shown to be critical for microglial ramification,
surveillance, and IL1p release’ and the TF Mef2c, reported to restrain microglia responses
(Fig. 2F).™ Likewise, the graft also displayed expression of ‘microglia signature’ genes that
have been proposed to distinguish these cells from other tissue macrophages and acute
monocyte infiltrates associated with inflammation,*>"* including Fc receptor-like

molecule (Fcrls) and TGFp receptor (Tgfbr), which is critical to establish microglia identity
(Fig. 2F).*° Other proposed ‘microglia signature genes’, such as P2ry12, Tmem119, SiglecH
and HexB displayed either significantly reduced expression in the grafted cells or were
exclusively expressed by host microglia, like the ones encoding the Sodium/glucose
cotransporter 1 (Slc2a5), the phosphoglycoprotein protein CD34 (Cd34) and the
transcriptional repressors Salll (Salll) and Sall3 (Sall3) (Fig. 2G, Supplementary Fig. 3D).
Of note, lack of some microglia markers had been reported before for cells retrieved from

acutely engrafted brains.5%.75:39:40
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The expression signature of the engrafted macrophages showed a considerable overlap with
the transcriptome of perivascular macrophages,’®**’" including present and absent
transcripts, such as ApoE, Msn4a?7, Slc2a5 and Salll, respectively. Gene Set Enrichment
Analysis (GSEA)®** revealed that engrafted macrophages displayed an activation signature as
compared to host microglia (Supplementary Fig. 4A). Finally, and corroborating our data,
the list of genes we report as differentially expressed by engrafted and host cells also
displayed a considerable overlap with results recently reported by two other groups
(Supplementary Fig. 4B).78."

Salll, a member of the Spalt (‘Spalt-like’ (Sall)) family of evolutionarily conserved
transcriptional regulators critical for organogenesis, acts as repressor by recruitment of the
Nucleosome Remodeling and Deacetylase Corepressor Complex (NurD). Binding motifs of
Salll and hence its direct genomic targets remain undefined precluding a direct assessment of
the impact of the lack of the repressor on the expression signature of the grafted
macrophages. Interestingly though, comparison of the recently reported list of genes
differentially expressed by WT and Sall1-deficient microglia®® and that of host and graft
brain macrophages revealed in this study, showed significant overlap (Fig. 2H). This
included expression of genes otherwise restricted to macrophages residing in non-CNS
tissues, such as Msr1, encoding a scavenger receptor, and Cyp4f18 encoding cytochrome
P450 (Fig. 21). Furthermore, like Sall1-deficient microglia,®® grafted CNS macrophages
displayed an activation signature, as reflected by expression of Cybb encoding the
Cytochrome b-245 heavy chain and Axl encoding a member of a tyrosine kinase receptor
family critical for debris clearance (Fig. 21, Supplementary Fig. 4B).>" This suggests that a
major fraction of the differential expression of host microglia and engrafted cells could be
explained by the specific absence of the transcriptional repressor Salll from the former cells.
Overall, these findings establish that engrafted macrophages that persist in the brain and
acquire microglia characteristics such as morphology and radio-resistance, also show
significant transcriptome overlap with host microglia, but remain a molecularly distinct

population.

Engrafted macrophages and microglia exhibit distinct chromatin accessibility
landscapes
To further define engrafted cells and host microglia we performed an epigenome analysis

using ATACseq that identifies open chromatin regions by virtue of their accessibility for
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'‘tagmentation’ by transposases.®® Correlated ATACseq replicates (Supplementary Fig. 5A)
performed on graft and host microglia isolated from BM chimeras detected 58,947 total
accessible regions (corresponding to 16,156 genes). Corroborating the observed differential
gene expression (Fig. 2), host microglia but not engrafted cells, displayed ATAC signals in
the Salll and KIf2 loci as indicated in Integrative Genomics Viewer (IGV) tracks (Fig. 3A).
ATAC peaks in other genomic locations, such as ApoE and Ms4a7, were restricted to
genomes of engrafted cells, in line with mRNA detection in these cells, but not host microglia
(Fig. 3B). As ATACseq does not discriminate between bound transcriptional activators and
repressors, some differentially expressed loci did not show epigenetic differences. This
included for instance the MHCII locus (H2-ab1l), which displayed similar ATACseq peaks in
host microglia and the graft that lack and display H2-ab1 transcripts, respectively (Fig. 3C).
These loci might be transcriptionally silenced, but activated upon cell stimulation. Similar
‘poised’ states, that might be revealed following challenge, can be assumed for gene loci, that
displayed differential ATAC peaks, but were transcriptionally active in neither the host nor
the engrafted cells. Finally, rare genes, such as the Dbi locus showed equal expression, but
differential ATAC profiles suggest that their transcription is driven by distinct TFs (Fig. 3C).
Global quantification of differential ATAC peaks between the two brain macrophage
populations revealed that 6% of the total accessible regions (or 8.7% of the associated genes)
were distinct. Specifically, 1,506 peaks (corresponding to 941 genes) displayed a >4 fold
significant (p-value<0.01) enrichment in host microglia and 2,176 peaks (corresponding to

1,465 genes) were increased in BM graft-derived cells (Fig. 3D).

Engrafted macrophages respond unlike microglia to challenge

Given the significant transcriptome and chromatin landscapes differences between the host
and BM-graft derived macrophages that persists for extended periods of time post-
transplantation, we next examined whether the two populations are functionally distinct. To
that end, chimeras were challenged nine months post-transplantation by a peripheral injection
of the bacterial endotoxin LPS, an established paradigm for inflammation associated with
robust microglia responses to systemic cytokine secretion. Host and engrafted cells were
isolated from the brains of the chimeras 12 hours post LPS challenge, global RNA and ATAC
sequencing were performed, and results were compared to the samples obtained from non-
challenged mice presented earlier (Fig. 2, 3). Principle component analysis (PCA) revealed a
high degree of similarity within each group, but segregation of the host and graft samples

(Fig. 4A). Host and grafted cells responded with altered expression of 745 shared genes. 940
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genes were changed in grafted cells only, and 602 genes were changed in host microglia upon
LPS challenge (Fig. 4B). Examples for these three categories are shown in Fig. 4C, D and
Supplementary Fig. 6A. Genes commonly induced by engrafted cells and host microglia in
response to the LPS challenge comprised Tnf, Ccl5 and Tnfaip3, encoding the A20
deubiquitinase that negatively regulates NFxB—dependent gene expression. Commonly
downregulated genes comprised Trem2, Cx3crl and Aifl. The graft specific response
included upregulation of Clec4e, Pirb, Isg15, Irf7 and downmodulation of Mgl2, Cmah and
CD36. Genes specifically induced in host microglia encoded the scavenger receptor Marco,
Gpr65, TIr2 and 1112b. Moreover, host microglia silenced expression of Sall1 and Upklb
(Fig. 4D). Ingenuity analysis of transcriptomes of engrafted and host brain macrophages
isolated from chimeras with and without peripheral LPS challenge revealed potential distinct
upstream regulators acting on these populations, as well as a differential representation of
activated functional pathways (Supplementary Table 1). Engrafted macrophages displayed
for instance activation of pathways controlled by IL1p and IFNg and suppressed by IL10.

ATACseq analysis revealed differential epigenome alterations between engrafted and host
cells in response to the LPS challenge. Specifically, correlated ATACseq replicates
(Supplementary Fig. 7A) performed on engrafted and host cells isolated from BM chimeras
after LPS challenge detected 46,485 total accessible regions (corresponding to 15,390 genes).
Global quantification of differential ATAC peaks between the two brain macrophage
populations revealed a total of 552 peaks (corresponding to 391 genes) that displayed a >4
fold significant (p-value<0.01) enrichment in host microglia and 841 peaks (corresponding to

618 genes) that were increased to the same extent in BM graft-derived cells (Fig. 5A).

Overall, differences between host and graft cells were less pronounced after LPS challenge
(Fig. 3D, 5A). Appearance of ATACseq peaks was correlated with differential gene
expression between the two macrophage populations (Fig. 5B). Transcripts encoding the
scavenger receptor Marco were absent from host microglia, but specifically induced in these
cells but not engrafted cells following the LPS challenge (Fig. 5B). Likewise, the Marco
locus (92kb) in microglia of unchallenged animals displayed 5 ATACseq peaks that were all
restricted to the host cells (I-V; Fig. 5B). LPS challenge resulted in loss of one peak (V) and
the induction of 3 additional peaks (VI- VIII), again restricted to host microglia (Fig. 5B). An
induced peak located 53,411 bp downstream of the Transcription start site (TSS) displayed a

host-specific Nfkb1l motif, whereas a second peak located 19,210 bp upstream of the Marco
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TSS displayed a host-specific AP-1 (Fos-related) motif (Fig. 5B). Engrafted macrophages on
the other hand, displayed as compared to host microglia prominent induction of Secreted
Phosphoprotein 1 (SPP1) / Osteopontin (Fig. 5C), a factor that got recent attention as part of
a microglia signature that could be associated with certain CNS pathologies. In accordance
with the expression results, Sppl loci (74kb) of engrafted macrophages displayed following
LPS challenge 3 ATACseq peaks (V- VII), that were significantly enhanced over host
microglia (Fig. 5C). An induced peak located 54,402 bp upstream of the TSS displayed a
TBX5 motif, whereas a second peak located 38,600 bp upstream of the Sppl TSS displayed
an AP-1 (Jun-related) motif (Fig. 5C). Collectively, these data establish that engrafted
microglia respond differently from host microglia to a challenge and are hence functionally

distinct.

Engrafted macrophages in human brain differ from microglia

Engrafted brain macrophages differ from host microglia by their gene expression (Fig. 2B).
To confirm this finding for protein expression, a histological analysis of brains of the BM
chimeras generated by TBI and Busulfan conditioning, was performed in collaboration with
the lab of Prof. Marco Prinz. The detailed experiment can be reviewed in Shemer et al.,
2018.%8 In summary, in concordance with our transcriptome data (Fig. 2G), analysis for
Tmem119 and P2ry12 expression revealed absence of these markers from the graft, while
labeled engrafted cells displayed ApoE and MHCII.

To finally extrapolate our finding to a human setting, the Prinz lab also analyzed post mortem
brains of patients that had underwent HSC transplantation. Specifically, they took advantage
of gender-mismatched grafts that allowed identification of the transplant by virtue of its Y-
chromosomes through chromogenic in situ hybridization (CISH). To summarize, Ramified
Ibal* microglia-like cells harboring the Y chromosome could be readily identified juxtaposed
to Y chromosome-negative host microglia in cortex, cerebellum and hippocampus sections of
the subject brains. As observed in the murine chimeras, also human P2Y 1, receptor
expression, which was proposed to be a human microglia marker,8%8! was found to be
restricted to host cells, but absent from Y chromosome-positive brain macrophages cells.
Collectively, these data establish that in the CNS of patients that underwent HSC
transplantation, graft-derived cells remained functionally distinct from host microglia and

strengthen the conclusion that HSC-derived engrafted cells differ from host microglia.
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Discussion

Here we established that BM-derived brain macrophages that persistently seed the CNS of
recipient organisms following irradiation or myelo-ablation remain distinct from host
microglia with respect to their transcriptomes, chromatin accessibility landscapes and

response to challenge.

Following the engraftment of conditioned recipient mice, transplanted cells establish under
the influence of the CNS microenvironment a characteristic microglia transcriptome that
distinguishes these cells from other tissue macrophages.*® Thus, nine tenth of their
transcriptome is shared with host microglia, including expression of Fc receptor-like
molecules (Fcrls) and Tgfb receptor (Tgfbr), as well as the MADS box transcription enhancer
factor 2 (Mef2c). Moreover, residence in the CNS endowed engrafted cells with microglia
characteristics, such as longevity, radio-resistance and ramified morphology. Engrafted cells
however failed to adopt complete host microglia identity even after prolonged CNS
residence. Corroborating and extending earlier reports,”>* this included significantly
reduced mRNA expression of the microglia markers Tmem119, SiglecH and P2yr12 and
complete lack of the transcriptional repressors Salll and Sall3. Conversely, engrafted
macrophages expressed genes absent from host microglia, including Ccr2, I1fnarl, Msa4a7
and ApoE, and displayed Msr1 and AxI mRNAs, potentially related to the absence of Sall1.*®
Transcriptomes of engrafted macrophages showed considerable overlap with perivascular
macrophages and indication of cell activation, such as an underrepresentation of a regulatory
pathway driven by IL10, as compared to host microglia. Comparative transcriptome analysis
showed that our data are well in line with recent studies’’® that reported that also
macrophages that engraft the brain of mice conditionally depleted of microglia due to a Csflr

deficiency retain a transcriptional identity distinct from host cells.

Analysis of open chromatin revealed that graft cells acquire a transposase-accessible profile
that is similar to that of host cells and is enriched for a common set of motifs that are
recognized by TFs known to be important for microglia development, such as PU.1 and
MEF2c. However, host and graft cells also exhibit significant differences in open chromatin
that are associated with distinct motif enrichment patterns and the observed differences in
gene expression. These findings imply that the distinct developmental origins of host and
graft cells determine the ability of the brain environment to fully activate the complement of

transcription factors required for microglia identity, most notably exemplified by lack of
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induction of Salll in graft cells. The differences in chromatin landscapes under resting
conditions are likely to contribute to the host and graft-specific responses to LPS challenge.
This possibility is supported by the observation that alternative motifs for NFkB and AP-1
factors are enriched in open chromatin of host and graft cells. We interpret this finding to
reflect the binding of NFkB and AP-1 dimers and heterodimers to different locations in the
genome that are specified by the specified by host or graft-specific combinations of

transcription factors, respectively.

The exact origin of the BM-derived engrafted cells in the chimeric organisms remains to be
defined. In a classic study, Ajami and colleagues established that non-parenchymal brain
macrophages that can persistently seed the host brain originate from non-monocytic BM-
resident myeloid progenitors characterized by the absence of CX3CR1 expression.>®
Likewise, other studies suggested that a transient wave of early hematopoietic progenitors
infiltrates the host CNS during transplantation and following local proliferation, establishing
the graft.%* This notion is supported by the results of our ‘Microfetti’ and barcoding
approaches that establish that engrafted macrophages undergo clonal proliferation and
thereby likely progressively outcompete irradiation or busulfan-damaged host microglia.
Moreover, the conclusion that engrafted cells arose from cells that do not contribute to long-
term hematopoiesis in the chimeras is also in line with the prominent detection of private

clones in this population, which are not shared with the other hematopoietic compartments.

Future studies could aim to identify cells that upon engraftment will give rise to closer
mimics of host microglia, including for instance expression of Sall1. This could include cells
linked with the unique developmental YS origin of microglia,” or otherwise manipulated
cells such as microglia-like cells derived from induced-pluripotent-stem-cell (iPS)-derived
primitive macrophages.®? Furthermore, in the context of gene therapy, viral vectors could be
used to express transgenes to engineer the engrafted cells to boost engraftment and modulate
their function. Of note however, under certain pathological conditions, the distinct engrafted
BM-derived macrophages we report might also be advantageous as compared to host
microglia. BM-derived cells could for instance be superior to YS-derived microglia in the
handling of the debris burden associated with senescence®® or amyloid plaques that arise
during AD.8* Elucidation of such scenarios should profit from the molecular definition of the
engrafted cells and host microglia like the one provided in this study. However, in vivo

functions of microglia remain poorly understood and future dedicated experimentation will
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be required to compare the performance of engrafted macrophages and host microglia in

different disease models during aging and specific challenges.

Recent studies revealed a signature of disease associated microglia, termed ‘DAM’3* or
‘MGnD’,*® that is induced by various brain-intrinsic changes in the absence of massive
peripheral infiltrates, though not following peripheral LPS challenge®®2® and can occur on
acute to chronic time scales.® Of note, engrafted brain macrophages displayed robust
constitutive expression of some of these DAM genes, such as ApoE and Axl. Likewise, as
opposed to microglia,® engrafted BM-derived brain macrophages responded to the LPS
challenge with the induction of DAM/MGnND hallmarks, such as the CD44 ligand Sppl1/
Osteopontin. The latter might have implications when considering brain macrophage
contributions to CNS pathologies. Moreover, our data support the notion that expression of
genes included in the DAM/MGnND signature are in microglia under stringent control,

potentially including repression by Salll.

Results obtained from fate mapping models currently suggest that at least in the brain of
unchallenged C57BL/6 mice kept in specific-pathogen-free (SPF) facilities, parenchymal
macrophages are exclusively comprised of YS-derived microglia. Further experimentation
will however be required to assess how absolute this exclusion of HSC-derived macrophages
is, in particular following challenges. Moreover, it remains currently unclear to what extend
HSC-derived macrophages might be able to seed the human brain, f.i. during extended aging,

and could hence impact brain pathologies.

Tissue macrophages, such as Kupffer cells (KC) and alveolar macrophages (AM), have been
reported to be faithfully replaced by BM-derived cells in irradiation chimeras and other small
animal models involving deficiencies of the resident compartment.*4%°051 While these
studies were restricted to transcriptome comparison and hence might have missed epigenetic
differences between graft and host cells, the inability of HSC-derived cells to achieve full
host cell identity might be unique to microglia and related to features particular to these cells.
Specifically, among adult tissue macrophages, only microglia derive from primitive YS
macrophages and this origin could define cell identity. In contrast, generation of both KC and
AM involves a monocytic intermediate, and their re-generation might hence be attainable by
the closer related HSC-derived cells that can also give rise to monocytes. Alternatively,

establishment of the ‘bona fide’ microglia signature might require ‘physiological’ microglia
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development in the developing CNS that is associated with profound transient activation of

this brain macrophage compartment,48586.55

Collectively, the demonstration that engrafted cells and host microglia remain distinct sheds
light on the molecular and functional heterogeneity of parenchymal brain macrophages.
Moreover, when extrapolated to the human setting, our findings could have major
implications for patients treated by HSC gene therapy to ameliorate lysosomal storage

disorders, microgliopathies or general monogenic immuno-deficiencies.
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Figure legends

Figure 1. Engrafted brain macrophages accumulate over time and self-maintain

(A) Schematic of tandem BM transfer protocol.

(B) Flow cytometric blood monocyte analysis of chimeras 16 weeks post transplantation.

(C) Flow cytometric analysis of myeloid brain cells 16 weeks post second BMT revealing
host microglia (CD45.1/2* GFP*, blue), cells derived from the first graft (CD45.1", red) and
cells derived from the second graft (CD45.2" RFP™, orange).

(D) Distribution of host and graft-derived cells out of the total L6C/G (GR1)" CD45"° CD11b*
cells in brain and spinal cord at two time points. Data are a summary of six mice.

(E) Histological analysis 7 weeks post second BMT revealing ramified GFP* and RFP* cells

with microglia morphology (scale bar 20 um). Representative picture

Figure 2. Comparative transcriptome analysis of grafted cells and host microglia

(A) Gating strategy for isolation of CNS macrophages. Host microglia were defined as
Ly6C/G CD11b*CD45.2"° cells; graft-derived cells were defined as Ly6C/G~
CD11b*CD45.1" cells.

(B) PCA of transcriptomes of engrafted cells and host microglia and transcriptomes of
monocytes subsets.”®

(C) Heatmap of RNAseq data of engrafted cells and host microglia compared to
transcriptomes of Ly6C~ and Ly6C* monocyte subsets.’® Analysis was restricted to genes,
which showed a two-fold difference and yielded p-value < 0.05 between at least two
populations.

(D) Heatmap showing differential TF expression profiles of engrafted cells and host
microglia.

(E) Examples of significantly differential (log2FC>1 and p-value < 0.05) gene expression
enriched in engrafted cells. Graphs show normalized reads from RNAseq data of samples
acquired in (A), n = 4.

(F) Examples of genes expressed in similar levels in host and engrafted cells. Graphs show
normalized reads from RNAseq data of samples acquired in (A), n = 4. None of the genes
were differentially expressed (log2FC < 1). Tgfbrl and Kcnk13 were of low significance (p-
value < 0.05) but did not meet our FC threshold.

(G) Examples of significantly differential (log2FC > —1, p-value < 0.05) gene expression
enriched in host microglia. Graphs show normalized reads from RNAseq data of samples
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acquired in (A), n = 4.

(H) Venn diagram showing overlap of genes differentially expressed by WT and Sall1-
deficient microglia,® and genes differentially expressed by host and engrafted brain
macrophages.

() Examples of gene expression of engrafted and host cells of genes expressed in non-CNS

macrophages or Sall1-deficient microglia.

Figure 3. Comparative epigenome analysis of grafted cells and host microglia

(A) IGV tracks of Salll and KIf2 loci showing ATAC signals in host (red) but not engrafted
(blue) cells. N = 3.

(B) IGV tracks of ApoE and Ms4a7 loci showing ATAC signals in engrafted cells (blue) but
not host (red) microglia. N = 3.

(C) ATACseq IGV tracks (left, n = 3) and normalized RNAseq reads (right, n = 4) of H2-ab1
and Dbi in host microglia (red) and engrafted cells (blue). +—p-value < 10-5, n.s.—p-value
> 0.05.

(D) Analysis of all 58,947 detected ATAC peaks, from which 1,506 peaks and 2,176 peaks
displayed >4-fold significant (p-value < 0.01) enrichment in host microglia and engrafted

cells, respectively.

Figure 4. Distinct LPS responses of engrafted macrophages and host microglia

(A) PCA of RNAseq data of graft and host microglia in steady state and 12hrs post LPS.

(B) Expression analysis of grafted cells and host microglia in steady state and 12hrs post LPS
by RNASeq.

(C) Examples of genes expression of graft and host microglia in steady state and 12hrs post
LPS. Significance is indicated by the symbols (p-value < 0.05), or lack thereof (p-
value>0.05). See Ccl6 plot (top right) for symbol to condition conversion.

(D) Fold expression change of selected genes significantly different (absolute value of
log2FC > 1, p-value < 0.05) following challenge in grafted cells (middle) or host microglia
(right), as well as genes displaying comparable up- and downregulation in both engrafted

cells and host microglia (left).
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Figure 5. Comparative epigenome analysis of graft and host microglia post LPS
challenge

(A) Analysis of all 46,485 detected ATAC peaks, from which 552 peaks and 841 peaks
displayed >4-fold significant (p-value < 0.01) enrichment in host microglia and engrafted
cells isolated from challenged mice, respectively.

(B) Challenge induced alterations in Marco locus. Normalized sequence reads of Marco
MRNA in engrafted cells and host microglia isolated from LPS challenged and unchallenged
BM chimeras (top); normalized ATACseq profiles of Marco locus (bottom), with enlarged
areas highlighting induced ATACseq peaks and predicted motifs.

(C) Challenge induced alterations in Sppl locus. Normalized sequence reads of Sppl mRNA
in engrafted cells and host microglia isolated from LPS challenged and unchallenged BM
chimeras (top); normalized ATACseq profiles of Sppl locus (bottom), with enlarged areas
highlighting induced ATACseq peaks and predicted motifs.

Supplementary Figure 1. BM-derived parenchymal brain macrophages accumulate
over time post-irradiation

(A) Schematic of BM transfer protocol.

(B) Flow cytometry analysis of myeloid BM progenitor compartment of chimeras 13 weeks
post-BMT.

(C) Flow cytometry analysis of blood monocytes of chimeras 13 weeks post-BMT.

(D) Flow cytometry analysis of brain cells of chimeras 13 weeks post-BMT. Of note, Ly6C
CD11b" cells comprise host microglia (CD45.2) and BM-derived cells (GFP* CD45.1).

(E) Analysis of myeloid BM progenitor compartment of chimeras 7 weeks post second BMT.
Note that none of the myeloid progenitors expressed GFP, while MDP, cMOP and monocytes
do show RFP signal.

(F) Flow cytometric analysis of brain cells 16 weeks post second BMT for distribution of first
and second graft-derived myeloid cells (CD11b*Ly6C/G* and CD11b*Ly6C/G"). Bar graph
shows distribution of cells derived from first and second graft out of the total CD45" cells in

brains at two time points. Data are a summary of 3 mice per time point.
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Supplementary Figure 2. Flow cytometry analysis of chimeras used for isolation of cells
for transcriptome and epigenome analysis

(A) Representative flow cytometry analysis of brain of [CD45.1 > CD45.2] chimera, 9
months after engraftment. Note presence of graft derived-parenchymal macrophages
(CD45.1™) and perivascular macrophages (CD45.1M), but absence of the latter from the
CD45.1" host compartment. Dot blot on the right indicates respective population in the sort
gate (Fig. 3a)

(B) Representative flow cytometry analysis of brain of [CD45.1 > CD45.2] chimera, 9
months after engraftment and 12hrs after intra-peritoneal LPS treatment. Dot blot on the right

indicates respective population in the sort gate (Fig. 2A).

Supplementary Figure 3. Comparison of transcriptomes of engrafted cells and host
microglia

(A) Volcano plot of RNAseq data of samples acquired in Fig. 2A, showing up-and down
regulated genes in the graft-derived cells relative to host microglia. Analysis was restricted to
expressed genes. Dark dots indicate genes showing a 2-fold difference and yielding p-values
<0.05 between the two populations, N=4.

(B) Examples of gene expression enriched in engrafted cells. Graphs show normalized reads
from RNAseq data of samples acquired in Fig. 2A, N=4.

(C) Correlation matrix of transcriptomes of engrafted cells and host microglia with
transcriptome of microglia isolated from brains of age-matched non-irradiated C57BL/6 WT
mice.

(D) Examples of gene expression enriched in host microglia. Graphs show normalized reads

from RNA seq data of samples acquired in Fig. 2A, N=4.

Supplementary Figure 4. Pathway analysis and transcriptome comparisons

(A) GSEA analysis of transcriptomes of HSC-derived engrafted brain macrophages and
microglia.

(B) Comparative analysis of lists of genes differentially expressed by graft-derived brain
macrophages and host microglia in this study to the data retrieved from the study by Kipnis
and colleagues’ and Bennett et al.”® Blue area represents DEG of engrafted macrophages and

host microglia of this study.
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Supplementary Figure 5. ATACseq data of engrafted cells and host microglia isolated
from brains of unchallenged BM chimeras

(A) Correlation analysis of ATACseq samples prepared from sorted grafted cells and host
microglia.

(B) List of highly abundant motifs identified in sequences coinciding with ATACseq peaks
(-log10 (p-value) > 66.37).

Supplementary Figure 6. Comparison of engrafted cells and host microglia isolated
from brains of BM chimeras subjected to peripheral LPS challenge

(A) Examples of genes expressed by grafted cells and host microglia in steady state and 12hrs
post-LPS.

(B) Heatmap showing differential TF expression profiles of grafted cells and host microglia
isolated from LPS challenged chimeras.

Supplementary Figure 7. ATACseq data of engrafted cells and microglia isolated from
mice challenged with LPS

(A) Correlation analysis of ATACseq samples prepared from sorted grafted cells and host
microglia isolated from LPS challenged BM chimeras.

(B) List of highly abundant motifs identified in sequences coinciding with ATACseq peaks
(-log10 (p-value) > 50.86) in grafted cells and microglia isolated from LPS challenged BM

chimeras.

Supplementary Table 1. Ingenuity Pathway analyses (IPA)

(A) IPA analysis of genes differentially expressed by engrafted macrophages and host
microglia isolated from untreated BM chimeras.

(B) IPA of transcriptomes of HSC-derived engrafted parenchymal brain macrophages and
host microglia isolated from animals 12hrs after peripheral LPS challenge.

(C) IPA of genes differentially expressed by engrafted macrophages isolated from untreated
BM chimeras or animals 12hrs after peripheral LPS challenge.

(D) IPA of genes differentially expressed by host microglia isolated from untreated BM
chimeras or animals 12hrs after peripheral LPS challenge.
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Figure 3. Comparative epigenome analysis of grafted cells and host microglia



Graft - @+ Q) LPS
10
Host - @+ {J LPS [5] 370

g 5 B

e
=
o
-
> g
2 &
(Tel
o 0 o
O &
& E
—o0 _.é
(o]
- s
—&0
—100 =0 0 50 100
PO 38%
C - + PS5
B Grsh
[ Host
— S5aa3 ke m llibh w@am Cd5 e = Cacl? weam Cdi  dmam
o 2500 0 600 250 40 . .
32000 a0 200 a0 —t=
£ 1s00 a0 00 150
T 1000 o =0
m 1 o0 1
= 200 10
= 7 p P Il
o
2 = il 0. 0 Lomm = 0 .
5 g M2 LA Fia AW - Tnf  *®am g Cude % a ng ,UPKIE sam
2 B9 40 - 1
5
a 44
a 15
8 3. 0 100 4
= 2 20 10
4 =7 50 2
E 1 10 4 5
Z gl 0 | e— r.Ll- o | I-T-l i 0 L

N s
s glllllllﬂIEE
LLEERRLE L
g 8 & 8
g § 8" =

Cxdert
CleciZa

]
]
]
I
]
]
]

Col 36
| Cmah

Log2FC (LPS vs NT)
[3+]

-

Firty

-2

&

| h

4

oIIII
T Y O3
= &

hﬂnﬂ%
§§Ehll

lsgi5
7
o8

i

Clacde

-1

-6

Figure 4. Distinct LPS responses of engrafted cells and host microglia
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Project Il: The role of microglial MHCII expression in EAE induction and progression

Introduction

MHCII molecules are constitutively expressed on professional APC, including dendritic cells
(DC) and B cells, as well as medullary thymic epithelial cells; on other hematopoietic and
even nonhematopoietic cells, MHCII surface expression can be induced under conditions of
inflammation.®” Microglia, the resident macrophage population of the brain and spinal cord
parenchyma, express in steady state low, if any level of MHCII proteins. Induction of MHCII
expression is a common feature of microglia activation in inflammatory or pathological
context, but the functional significance of microglial MHCII and its role in pathophysiology

remain unclear.

MS is the most common non-traumatic disabling neurological disease of adults in the
northern hemisphere.®® Pathological MS features include CNS infiltration of myeloid cells
and autoreactive T cells, culminating in demyelination and axonal degeneration.® These
conditions also present in the common MS animal model, EAE.?? Microglia were proposed to
be critical for EAE development, contributing detrimental activities, either direct or through
their interaction with other cells.® Specifically, interference with microglial expansion using
the CD11b-TK system,?* or prevention of microglia activation by deletion the transforming
growth factor B activating kinase 1 (TAK1),%! were reported to reduce disease severity.
Supporting a central role in EAE development, microglia proliferate during the early stages
of the EAE, even prior to monocyte infiltration.'® However, other studies suggested a limited
“bystander” contribution of microglia in EAE, assigning most activities to monocyte-

infiltrates and their descendants.10-%2

Presentation of antigen in MHCII context is critical for EAE pathophysiology, as it drives the
expansion of myelin-specific CD4* T cells.*® Following their 'priming’ in lymph nodes,
pathogenic T lymphocytes invade the CNS, where they require local reactivation by resident
or infiltrating APC.% DC were reported to be insufficient for EAE induction elicited with
recombinant MOG protein, suggesting contributions of other CNS-resident APC.%* Moreover,
EAE can also be induced following DC ablation, suggesting that lack of DC-mediated
antigen presentation can be compensated by other cells.®> However, whether microglia
critically present myelin antigens to re-stimulate myelin-specific T cells in the CNS remains

unknown.
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The copper-chelator cuprizone disrupts mitochondrial enzymes and impairs oligodendrocyte
function and survival, resulting in neuro-toxic demyelination.®® Exposure to cuprizone diet
causes demyelination of the corpus callosum (CC), the main white matter commissure and
the cerebellar cortex® followed by re-myelination upon return to normal chow. Interestingly,
microglia also elevate MHCII expression in this model, however it does not involve T cell
infiltrates and even proceeds in total T cell absence.%®°°1% Moreover, MHCII seems to play a
functional role, as MHCII-deficient animals reportedly display impaired de- and re-
myelination.%%% Finally, the defect also persisted in I-AB~~ animals reconstituted with
truncated 1-Ab molecules (I-Aptr) lacking cytoplasmic domains, leading to the conclusion,
that MHCII might exert signaling activity, as also suggested by others.10213.104 Specifically,
I-Ab~~ and I-Ab~":1-ABtr mice displayed fewer proliferating microglia/macrophages and
reduced amounts of brain TNFa, IL-1p, and nitric oxide (NO) compared to WT mice,

suggesting a role for MHCII in microglia activation.%

Here, we used the CX3CR1C"™ER system® to genetically ablate MHCII in microglia, while
sparing MHCII expression in peripheral and CNS-infiltrating cells, and probe for functional
contributions of microglial MHCII in two demyelinating disorders, i.e. EAE and cuprizone-
induced pathology. Collectively, we did not find evidence in support of a critical contribution
of microglial MHCII expression for disease establishment and resolution in these

experimental paradigms.
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Results

Microglia do not express MHC 11 in steady state but acquire MHCI I expression during
EAE development

Resting microglia lack expression of MHC class 11, as indicated by the absence of transcripts
encoding the master regulator CT2A (Ciita) and MHC components (Cd74, H2-Aa, H2-Abl,
H2-Eb1) (Fig. 6A, C). Notably though, microglia prominently express interferon-gamma
receptor subunits (Ifngrl, 1fngr2) and seem thus prepared to induce MHCII following
interferon-gamma exposure (Fig. 6A). This poised configuration is also reflected in the
activity state of cis-acting genomic regulatory elements in the H2-Ab1 loci of microglia.
Specifically, H2-Ab1 enhancer regions, defined by their distance from the transcription start
site, displayed an H3K4mel signal, like MHC I1-expressing colonic macrophages, but lacked
the H3K27ac mark indicative of active transcription (Fig. 6B).1% Spinal cord (SC) microglia
isolated from animals suffering from EAE display alongside of the stimulation of interferon
response genes (Ifi47, Ifitl, ligpl, Ifi204, Igtp), a prominent induction of the MHCII module
(Fig. 6C). Other challenges, such as a peripheral LPS injection, did however not induce
microglial MHCII expression. In order to validate microglial MHCII expression on the
protein level, TAM-treated Cxscri®"ER:R26-YFP mice, that allow exclusive labeling of
microglia?® were immunized with MOGss.ss peptide, and microglia were gated as the sole
YFP* cells (Supplementary Fig. 8A). Corroborating the transcriptome data, microglia
elevated CD11c, MHCII, FIt3 and the co-stimulatory molecules CD80 and CD86, while
CD40 expression was unaltered (Supplementary Fig. 8A). Notably, MHCII induction on
microglial cells was linked to the emergence of pathogenic T cell directed against
oligodendrocyte antigen (MOG) and absent in animals immunized with control peptide or
Cd80/867 animals'®, which show impaired peripheral T cell priming (Fig. 6D).1%

Ablation of microglial MHCII does not alter EAE pathophysiology and microglia
expression profiles

To investigate whether microglial MHCII plays a role in the establishment of EAE, we
generated mice which harbor a microglial MHCII deletion by combining a CX3CR1C™ER
transgene?® with 1-A° null*®® and 'floxed' I-A® alleles.?® Unlike 1-A° - knockout (KO) mice,
TAM-treated Cx3cr1©mER:1-A - animals displayed normal MHCII* B cells and an
unimpaired T cell compartment (Supplementary Fig. 8B, C). One week after TAM
treatment, splenic DC of Cx3cr1"ER:1-AP - mice displayed a reduction in surface MHCI|,

but in line with the characteristics of the CX3CR1C"ER system,% MHCII expression of this
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short-lived cellular compartment was restored by 6 weeks after TAM (Supplementary Fig.
8D). To examine microglial MHCII expression, we subjected TAM-treated CX3CR1C"ER:|-
AP "-mice to the EAE protocol. Monocyte-derived CD45" cell infiltrates of these animals
displayed MHCII levels similar to controls; in contrast, microglia of the challenged animals
lacked MHCI|I, as compared to I-A° - littermate controls (Fig. 7A).

When immunized with MOGgs.ss peptide, MHCII haplo-sufficient 1-AP ™~ and Cx3cr1C"ER:|-
AP -mice developed EAE with a delay of approximately 4 days, compared to WT mice.
However, Cx3cr1CmER:1-AP - mice displayed an EAE onset comparable to control littermates,
as well as a similar severity and disease course (Fig. 7B-D). Two-way analysis for the EAE
disease course of I-AP - and Cx3cr1CER:I-AP T"-mice revealed only a significant effect for
time (p<0.0001) with no effect for genotype (p=0.2464) or interaction (p=0.9993). To
substantiate our analysis, we also calculated the area under the disease course curves.*'? This
analysis again yielded no significant difference (p=0.6676, two-tailed T test; Supplementary
Fig. 8E). Finally, we used linear regression analysis to linearize the disease course,!'! and
used r-to-z Fisher transformation to compare the slopes of the linear regression of the disease
course. Also this analysis found the difference between disease course of the two genotypes
to be statistically non-significant (p=0.865, two-tailed Fisher transformation; Supplementary
Fig. 8F).

SC analysis revealed no differences in percentages of microglia and infiltrating monocytes/
monocyte-derived macrophages (Fig. 7E). To test if absence of microglial MHCII affects the
composition of CD4" effector T cell infiltrates, we analyzed brains at EAE score 3, the
disease peak. Total brain CD4" T cell numbers were unaltered (Fig. 7F), and MOGg3s.s5
specific or non-specific re-stimulation with PMA/ionomycin ex vivo revealed similar
proportions of Thl (CD44* CD40L" IFN-y* IL-17A"), Th17 (CD44" CD40L" IFN-y IL-17A")
and double positive T cells (CD44" CD40L"* IFN-y* IL-17A") (Fig. 7G, Supplementary Fig.
8G). CD45" MHCII* macrophages, which derive from monocytic infiltrates and are not
targeted by our system, might contribute to antigen presentation. To probe for such a
scenario, we depleted monocytes at day 9 and 12 following MOG challenge using the anti-
CCR2 antibody MC21. Blood analysis of MC21-treated animals at day 13 confirmed absence
of CD115* Ly6C" monocytes (Supplementary Fig. 8H). Moreover, monocyte ablation also
strongly attenuated the disease course, as half of the MOG/ MC21-treated mice (4/9) did not
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develop EAE, even up to 60 days, while the remaining animals showed less severe symptoms
with no morbidity, as compared to controls (Two way analysis revealed both an highly
significant effect for treatment and interaction between treatment and time, p<0.001;
Supplementary Fig. 81-J). Corroborating an earlier report,*2 this raises the possibility that
these cells might have a role in antigen presentation in the CNS, although this requires further
experimentation. The cytoplasmic domain of MHCII was reported to promote
signaling®2193.104 and absence of MHCII could hence have a direct intrinsic impact on
microglial cells. However, global transcriptome analysis of CX3CR1C™ER:|-AP - and |-AP -
SC microglia isolated at EAE clinical score 1 (Supplementary Fig. 9A), the disease onset,
revealed minimal differences between mutant and WT microglia (Supplementary Fig. 9B).
Specifically, expression of inflammatory factors, such as TNF, IL13 and CCI2 was unaltered
between 1-AP deficient and proficient microglia (Supplementary Fig. 9C). Collectively, with
respect to EAE disease course, myeloid cell infiltrates and the T cell compartment, as well as
microglia expression profiles, we did not observe changes in the absence of microglial
MHCII.

Microglial MHCI is dispensable in the cuprizone induced de-and re-myelination
reaction

In contrast to EAE, cuprizone-induced demyelination is not accompanied by major T cell
infiltration, although some T cell infiltrates have been reported,''® as well as transient
monocytic infiltrates have been reported for irradiated and busulfan-treated animals.'4
Nevertheless, microglial MHCII is also upregulated in this model,***® suggesting an antigen
presentation-independent role. Indeed, MHCII deficient animals have been shown to display

impaired de- and remyelination reactions in the cuprizone model. 100101

The cuprizone model experiments in this project were performed by Liron Levy-Efrati and
can be viewed in detail in Wolf, Shemer, Levi-Efrati, et al. 2018.2% To summarize, we found
no differences between CXsCR1ER:I-AP-and their controls also by using this sterile, non-

autoimmune demyelination model.?®
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Discussion

Antigen presentation within the CNS has been speculated to be performed by CNS DC, 11617
infiltrating monocyte-derived macrophages,!'® meningeal and perivascular macrophages,*°
and the CNS resident microglia.®®°! Here we took advantage of CX3CR1™ER mice to

investigate the contribution of microglial MHCII to EAE development.

We establish that microglia do not contribute substantially to myelin antigen presentation,
and are not crucial for the adequate priming of encephalitogenic T cells during the course of
active EAE. Therefore, other APC in the CNS can compensate for the loss of T cell
stimulation by microglia. Interestingly, a recent study has demonstrated that both CNS
meningeal and perivascular macrophages, similarly to microglia, are CX3CR1-expressing
long-lived cells,’® and therefore expected to be targeted in the CX3CR1°"ER system. This
would imply that also these macrophage populations might be redundant for myelin antigen
presentation at the disease onset, and suggest a key role for infiltrating, rather than CNS

resident APC. However, this requires further experimentation.

To examine possible antigen presentation-independent roles of microglial MHCII we turned
to a demyelination model, which does not involve T cell infiltrates, but nevertheless displays
microglial MHCII expression — the cuprizone challenge. MHCII-deficient mice were reported
to have an impaired ability to remyelinate damaged axons once returned to a normal diet.2
However, we did not observe significant differences in the de- or remyelination processes, or
accompanied cell proliferation and gene expression, in mutant mice lacking microglial 1-ab
expression. This suggests that microglial MHCII is also dispensable for cuprizone-induced
pathology. It remains unclear why MHCII deficient animals show a defect in the cuprizone
model.1%* These animals lack CD4* T cells and therefore likely display altered immune
homeostasis. Secondly, MHCII absence could affect B cell functionality, which in turn could
affect microbiota, which are known for their impact on the CNS.*?° Notably, also MHCII

deficient animals reconstituted with truncated I-Ap molecules display systemic alterations.

Only scarce literature can be found concerning the unique functions of MHCII, which are
antigen presentation-independent. MHCII was shown to synergize with TLR2 and TLR4*?
and to modulate TLR responses via the phosphatase Btk,'% thus suggesting it to be a
regulator of TNFa production, along with other inflammatory agents. Although TNFa plays a

key role in cuprizone-induced remyelination as it is required for the recruitment of
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oligodendrocyte precursors to the CC,*?? we did not find any evidence for microglial MHCII

participation in this process or in regulation of TNF expression.

To summarize, we found no evidence for a functional role of microglial MHCII expression in
the development of EAE or the de- and re-myelination episodes induced by transient
cuprizone exposure. It remains to be shown whether MHCII expression is a mere by-product
of other regulatory circuits or contributes to more subtle microglia activities that remain to be
defined. Of note, our study does not address potential contributions of microglia, other than
MHCII antigen presentation, to EAE and cuprizone pathology. Earlier studies have reported
impacts of largely microglia-restricted mutations on pathogenesis in these models,®*%4
although the underlying mechanism requires further investigation. Likewise, the findings of
our study refer to two established de-myelinating disorders in the mouse, and it remains to be

shown if they can be extrapolated to MS and human demyelinating disorders.
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Figure legends

Figure 6. Microglial MHCII is elevated under specific conditions

(A) Heatmap of expression various antigen presentation genes in selected tissue
macrophages. N = 3—4 for each macrophage subset. Data retrieved from Lavin et al., 2014.2
(B) Status of histone modification in H2-Ab1 locus of microglia and MHCII-expressing
colonic macrophages indicated by normalized profiles of H3K4mel and H3K27ac signals.
Data retrieved from Lavin et al., 2014.%

(C) Heatmap of expression of selected genes in total brain microglia taken from mice 6 hours
after treatment with LPS i.p. and spinal cord microglia of mice with EAE score 3, all
compared to their respective untreated controls. N = 3-4 for each microglia subset. Data are
from one experiment.

(D) FACS analysis of MHCII, CD11c and Flt3 surface levels of spinal cord microglia
isolated from untreated, SIINFEKL (control peptide) immunized, MOGas_ss immunized WT
mice, and MOGss_ss immunized CD80/86 7~ mice, at day 9 post-immunization. Data are

representative of two independent experiments.

Figure 7. Microglial MHCII is not required for development of EAE

(A) FACS analysis of MHCII expression in microglia, Ly6C" and

Ly6C'® CD45" mononuclear phagocytes in Cx3cr1©ER:Lqb"~ and I-ab”~ mice at day 30
post immunization with MOGs3s.ss. N = 4, *p < 0.05, Mann—Whitney's u-test. Data are
representative of two independent experiments.

(B-D) EAE course (B), individual day of onset (C), and individual maximal score (D) of
TAM treated immunized I-ab™*, Cx3cr1°ER:I.ab"~ and I-ab””~ mice. Data are a
representative of three independent experiments. N = 6-9. The effect size (Cohen's D)
between WT (I-ab*'*) and control (I-ab” ") was 1.15. Our power to detect a similar difference
between control /-45”~ and mutant mice Cx3cr1¢"ER:[.ab"~ was 0.57.

(E) FACS analysis of CD4" percentages out of total CD45" cells in spinal cord of sick (score
3) Cx3cr1CER:Iap”~ and I-ab’”~ mice. Data are a representative of three independent
experiments. N = 6-9.

(F-G) FACS analysis of total CD4" T cells (F) and Th1 vs. Th17 cells in spinal cord of sick
(score 3) Cx3cr1CER-1_ab"~ and I-ab”~ mice, re-stimulated with MOGgs s5 for 6 hours and
stained intracellular for IFN-y and IL-17A (G). Data are representative of one

experiment. N = 5-6.
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Supplementary Figure 8. EAE experiments with mice lacking microglial MHCII
expression

(A) FACS analysis of Cx3cr1©"ER:R26-YFP mice, treated with TAM, immunized with
MOGss.s5 6 weeks later, and sacrificed at day 17. Data are representative of two independent
experiments.

(B) MHCII expression levels of blood B cells in Cx3cr1¢ER:1-ab™ | 1-ab™ and I-ab”" mice.
Data are representative of 5 mice analyzed, from one experiment.

(C) Number of CD4* and CD8* T cells numbers in blood of Cx3cr1¢ER:1-ab™~ | 1-ab - and
I-ab”" mice. Data are representative of 5 mice analyzed, from one experiment.

(D) MHCII expression levels of splenic classical DC of Cx3cr1¢ER:1-ab "~ mice, 1 or 6
weeks post TAM administration, compared with I-ab”" mice for reference. Data are
representative of 4 mice analyzed, from one experiment.

(E) Area under curve of figure 7B for Cx3cr1ER:|-ab™ and 1-ab™" mice.

(F) Linear regression of figure 7B for Cx3cr1<"ER:1-ab™" and 1-ab™ mice.

(G) Flow cytometry analysis of Thl vs. Th17 cells in spinal cord of sick (score 3)
Cx3cr1ER:1-ab™-and I-ab™ mice, re-stimulated with PMA/ lonomycin for 6 hours and
stained intracellular for IFN-y and IL-17A. n=5-6. Data are from one experiment.

(H) Analysis of blood monocytes 13 days post MOGzss.ss immunization with (right, red) or
without (left, black) MC21 co-administration at day 9 and 12.

(1-J) EAE disease course (right) and maximal score (left) in immunized mice vs. immunized

MC21-cotreated mice. Data represent three independent experiments. n=7-9.

Supplementary Figure 9. Microglial transcriptome is unaffected by MHCII absence
(A) Gating strategy for sorting microglia under EAE.

(B) X-y analysis of transcriptomes of isolated microglia of Cx3cr1¢"&R:1-ab™" and I-ab™"
mice under EAE.

(C) Expression of selected pro-inflammatory genes as analyzed by RNA-seq of

Cx3cr1CER:|-abf- and I-ab™- mice under EAE.
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Project I1l: The role of microglia- and macrophage-derived IL-23 in EAE induction

Introduction

Following activation, microglia produce and secrete multiple cytokines that can affect EAE
progression.t?® Two extensively studied pro-inflammatory cytokines are the 1L12 superfamily
cytokines - IL12, the family founding member, and the more recently discovered cytokine
IL23. Both IL12 and IL23 are heterodimers that share a common p40 subunit. In IL12, p40 is
covalently attached to a p35 polypeptide, while IL23 is composed of a p40/p19
heterodimer.'?* IL12 that is secreted by APC causes CD4" T cells to differentiate into Thl
cells, whereas 1L23 secretion promotes the maintenance of Th17 cells.?® Th1 cells express the
master transcription factor T-bet and play a major role in the host defense against intracellular
pathogens. Contribution of Th1l cells to autoimmune disorders are mainly due to their key
effector cytokine IFNy.1% Th17 cells depend on the transcription factor RORyt for their

generation.1®

Mice deficient for p40 were shown to be EAE-resistant,'?” and it was originally believed that
this is due to their inability to produce IL12 and generate encephalitogenic Th1 cells.
However, with the discovery of IL23 and its unique subunit p19,%2* this perception has
changed.'?® In fact, mice lacking p19, rather than animals lacking the IL12 subunit p35, were
found to resist EAE development.®® 1L23 is hence now confirmed as the major pathogenic
agent in EAE, as it is crucial for proliferation, expansion, and survival of pathogenic T cells
in the CNS,30:31.32

As mentioned earlier, it appears that various APC, including microglia, can secrete 1L23
under inflammatory conditions.®® Activated CD4" T cells exposed to TGFp, IL6, and 1121
were reported to upregulate 1L23 receptor, rendering them responsive to IL23 and
establishing a stable Th17 cell phenotype.2®13%131 Mature Th17 cells secrete several different
pro-inflammatory cytokines, including IL9, IL17A, IL17F, IL21, IL22, Tumor necrosis factor
alpha (TNFa), and Granulocyte macrophage colony-stimulating factor (GM-CSF).?°
Interestingly tough, most of these cytokines were shown to be obsolete for EAE
development, 3213 while GM-CSF appears to be critical.*** Furthermore, it has been shown
that GM-CSF is secreted by Th17 cells as a result of 1L23 secretion by APCs, and these two
factors are hence forming a positive feedback loop.**® Recently, fate mapping studies of Th17
cells®®137 in EAE have revealed that most of these cells shut off IL17 production in early

stages of the disease, and secrete IFNy and other pro-inflammatory cytokines including GM-
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CSF, instead. These cells were termed ‘ex-Th17’ cells. Indeed, this scenario may have
contributed to the misconception of the role of Th1 cells in EAE. Importantly, this cytokine

switch was shown to be IL23-dependent.**

Despite the eminent role of IL23 in EAE, the cellular source of this cytokine that is critical
for disease induction is still unknown. Moreover, whether 1L23 expression is mandatory only
during peripheral activation of T cells or also in the CNS itself is still under debate.**813°

Our findings suggest that peripheral macrophages, and not microglia, are responsible for the

critical 1IL23 needed for EAE development.
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Results

Microglial 1L23 is dispensable for EAE induction and progression

To examine the role of microglial 1L23 in EAE, we crossed CX3CR1°™ER animals to mice
harboring a conditional p19 allele (p19%™).13 Microglia-restricted impairment of p19
transcription was validated in sorted cells (Fig. 8A, B). To examine whether 1L23 produced
by microglia is necessary for the disease development and progression, we induced EAE in
CX3CR1CER:p19"M mice and their littermate controls 6 weeks after TAM treatment. No
significant differences were observed between the two groups in the mean clinical scores
(Fig. 8C) or mean day of disease onset (Fig. 8D). This suggests that microglial I1L23 is
dispensable for the development of EAE.

While not critical for the induction of the disease, microglial IL23 could play a role in the
transformation of Th17 to ‘ex-Th17” cells.’***3" We therefore isolated T cells from SC of
MOG-challenged mice on d12 post-immunization and performed an in vitro re-stimulation in
presence of MOG peptide. We observed less IFNy* MOG-specific T cells in cultures of cells
isolated from CX3CR1¢®ER:p19%f mice, than in their controls (Fig. 8E). These preliminary
results suggest that although microglial IL23 does not appear to be essential for the induction
of the disease, it may play a role in the cytokine shift of Th17 to IFNy-secreting 'ex-Th17'
cells in the SC during EAE.

CX3CR1°¢re:p19™ mice are resistant to EAE induction

We next aimed to examine the contribution of IL23 produced by peripheral cells. For that
purpose, we used CX3CR1°"™ mice, which display constitutively active Cre recombinase in
CX3CR1* cells, resulting in spontaneous rearrangement of 'floxed' alleles.?® As a result, in
CX3CR1¢®:p19™"M mice the gene encoding p19 is deleted in all CX3CR1* cells, as well as
cells derived from CX3CR1" precursors, including pre-macrophages, monocytes and all tissue
macrophages.? Surprisingly, CX3CR1¢":p19" mice were completely resistant to EAE
development, similarly to I1L23" mice, whereas littermate controls developed clinical
symptoms (Fig. 9A). These results indicate that peripheral cells or CNS infiltrating,
potentially monocyte-derived cells, rather than resident microglia, constitute a critical source

of IL23 for induction of CNS autoimmunity.

McGeachy and colleagues reported that 1L23 expression in the LN is essential for the
terminal differentiation of effector Th17 cells.!*® Thus, 1L23 receptor-deficient T cells

produced less IL-17 and failed to proliferate and accumulate in the CNS following MOG-
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immunization. Indeed, also we observed in the LN of CX3CR1°":p19™"M mice less IL17* and
IFNy*IL17" ‘ex-Th17’ cells on d18 post-immunization (Fig. 9B). In accordance, a significant
reduction in CD4 T cell infiltrates was observed in the SC of the mutants (Fig. 9C).

Monocyte-derived IL23 is not critical for EAE development

As mentioned earlier, the CXsCR1°" system also targets blood monocytes.?® To examine
whether inflammatory Ly6C" monocytes, which we observed to infiltrate the LN in
significant numbers after MOG injection (Fig. 10A), contribute to IL23 production, we used
an anti-CCR2 antibody-based ablation approach.t*? In a preliminary experiment on WT mice
we verified that 1123 mRNA peaks at d4 post-immunization (Fig. 10C). However, depletion
of blood monocytes using an anti-CCR2 antibody (Fig. 10B) did not significantly affect 1L23
MRNA levels following immunization (Fig. 10D). Taken together, these findings imply that
resident LN macrophages, rather than infiltrating monocyte-derived cells, are the critical

cellular source of 1L23 for CNS autoimmunity.

Antigen presentation and 1L-23 production are performed by two distinct cell
populations

As mentioned earlier, DC were assumed to both present the myelin peptide and secrete 1L.23
— two functions necessary for the induction of EAE. However, our above findings suggest
that LN resident macrophages, and not DC, might be the critical 1L23 producers. In order to
separate between these two functions, i.e. antigen presentation and 1L23 production, we
generated a number of different mixed BM chimeras: In group 1, WT recipients were
engrafted with a mixed BM of WT and CXsCR1°":p19" mice. This group is expected to
display EAE symptoms upon MOG-immunization, since they were reconstituted with WT
cells, which are able to present antigen and also secrete IL23. In group 2, recipients were
engrafted with a mixed BM of CX3CR1¢®:p19™ and MHCII” mice. Here the two functions
are separated: BM cells derived from the CX3CR1¢":p19™"" mouse will not be able to
produce 1L23, but are able to present antigen (as they express MHCII); BM cells derived

from the MHCI1”- mouse will not be able to present antigen, but are able to produce IL23.

As expected, group 1 indeed developed symptoms (Fig. 11A). Group 2, however, were
protected from EAE (Fig. 11A). However, when examining the spleens of group 2, we
observed no MHCII* cells, as the MHCII™- cells took over for a yet unknown reason over
(Fig. 11B). We hence generated another, similar group, group 3: here WT recipients were
engrafted with a BM mix of CX3CR1¢":p19" and CD80/867 mice (as CD80/86 co-
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stimulatory signal is required for T cell activation). Surprisingly, EAE was not induced in this
group upon MOG-immunization (Fig. 11A). This suggest that two separate cellular
compartments are responsible for antigen presentation and IL23 production.

58



Discussion

IL23 is known to be the effector cytokine driving EAE pathophysiology.?® In the periphery,
naive CD4 T cells require IL23 signaling in order to expand as differentiated pathogenic
Th17 cells*. These T cells can then invade the CNS, where they secrete critical GM-CSF for
the pathogenicity and function of effector Ly6C" monocytes,**! the cells initiating the
demyelination process itself.1*? Although both peripheral DC and CNS resident microglia
were suggested to secrete IL23, it remains unclear whether the cytokine is required only in
the periphery or also in the CNS, in order to induce EAE.

By ablation of IL23 in microglia using CX3CR1®ER:p19" mice, we could rule out
microglia as the crucial source of 1L23 in this system, as TAM-treated mice developed EAE
symptoms which were comparable to those of littermate controls. Surprisingly,
CX3CR1¢:p19™M remained symptom-free post-MOG immunization, suggesting a critical
role of either peripheral macrophages or circulating monocytes, both targeted in the
constitutive Cre system.? Although our preliminary data suggest that monocytes are not key
players in that respect, as depletion of CCR2+Ly6C" monocytes did not alter IL23 mRNA in
the LN following immunization, further experimentation will be required to substantiate this

conclusion.

Importantly, our findings challenge the current dogma, according to which 1L23 is produced
mainly by DC residing in the LN. By transferring mixed BM cells from CX3CR1¢:p19™/
and CD80/86 KO origins and induction of EAE in the recipients, we showed that these T cell
activation and IL23 production are performed by two separated cell entities. As DC were
demonstrated to be effective APC in the LN post-immunization,'*® our data suggest that other

cells in the LN are the source of 1L23.

We hypothesized that LN resident macrophages could be prime candidates for 1L23
production. Upon immunization, T cells accumulate in the LN - in the entering process they
only briefly interact with subcapsular sinus macrophages,'** and then colonize the T cell
zone, where they interact and are activated by cognate interaction with DC.**® Since 1L.23
secretion occurs only later (d4-5 post-immunization), we postulated that the cells required for
IL23 secretion reside in the T cell zone. However, only 3 resident macrophage populations in
the LN were described, none of which in the T cell zone.'** Recently, Baratin and colleagues
have reported of another, novel macrophage population which indeed resides in the T cell
zone, now termed as T zone macrophages (TZM).* This population might fit the profile of
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the cells require for IL23 production, as they express CXsCR1 but display a rather fast
turnover, as most of them were replaced 6 weeks post-TAM treatment.'*® This might explain
our results that CX3CR1°®ER:p19" mice develop EAE (in which MOG was administered 6
weeks post-TAM), whereas CX3CR1°":p19% are resistant. Moreover, TZM were shown to
lack the ability to activate T cells, as they do not express MHCIIL.* This would support our
finding that the cells secreting IL23 are not the same cells that activate T cells following
MOG challenge.

In future experiments we intent to characterize TZM upon MOG-immunization, and examine
whether these cells are indeed the critical source of IL23 for induction of CNS autoimmunity.
Furthermore, we would like to generalize our finding to other settings, for example Candida
albicans infection. In contrast to EAE in which Th17 cells are the drivers of the autoimmune
detrimental cascade, in the Candida model Th17 are required in order to induce protection
against the fungi.'*® We therefore speculate that whereas CX3CR1°":p19%f mice are resistant

to EAE induction, they display heightened susceptibility to Candida albicans.
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Figure legends

Figure 8. Microglial 1L23 is dispensable for EAE induction and progression

(A) Gating strategy for sorting microglia and Ly6C" monocytes. Microglia were defined as
CD45™CD11b*Ly6C . Monocytes were defined as CD45"CD11b*Ly6C". Pre-gated on
Ly6G".

(B) qPCR analysis of p19 mRNA expression in the sorted microglia and Ly6C" monocytes.
Cells were sorted from TAM-treated CXsCR1¢"ER:p19™M mice and p19™M littermate controls
on d18 post-immunization.

(C) Development of clinical disease in TAM-treated CX3CR1¢®ER:p19"" mice (n=9) and
p19"M mice (n=10) after immunization with MOGss.ss in CFA.

(D) Analysis of mean day of clinical disease onset.

(E) Quantification of flow cytometry analysis of T cell SC infiltrates in TAM-treated and
EAE-induced CXsCR1¢ER:p19™M (n=4) and p19™™ (n=3) mice on day 12 post-
immunization. Isolated T cells were stimulated ex vivo with MOGss.ss, incubated with
Brefeldin A, and stained for IFNy and IL-17 intracellular expression. Gated on
CD4*CD45"CD44*CD40LM. Intracellular expression of IFNy (left), p<0.01 and IL-17 (right),
p>0.05 (student's t test) in MOG-specific T cells.

Figure 9. CX3CR1°": p19™™ mice are protected from EAE

(A) Development of clinical disease in CXsCR1%®:p19%" (n=6) and p19™"" (n=5) mice after
immunization with MOGss.s5 in CFA. Represenatative of 3 independent experiments.

(B) Flow cytometry analysis of Th1/Th17 cells in LNs of CX3CR1":p19% and p19™f mice
on day 18 post-immunization. Isolated T cells were stimulated ex vivo with MOGg3s.ss,
incubated with brefeldin A, and stained for IFNy and IL-17 intracellular expression. Gated on
CD4*CD45"CD11b*CD44*CD40L".

(C) Flow cytometry analysis of CD4 T cells in the SC of CX3CR1¢:p19"" and p19™™ mice
on day 18 post-immunization. Gated on CD4*CD45"CD11b".
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Figure 10. Depletion of blood monocytes does not alter 1L-23 mRNA expression in the
LN

(A) Flow cytometry analysis of LN of non-immunized WT (left) and MOG-immunized WT
(right) 6d post-immunization. Gated on CD45".

(B) Flow cytometry analysis of blood of MOG-immunized (left) and MOG-immunized
mouse 24hrs after MC21 injection (right), for depletion of Ly6C" monocytes. Gated on
CD45*CD11b".

(C) qCPR analysis of p19 mRNA expression in total inguinal LN of WT mice either non-
immunized, d2 or d4 post-MOG immunization (n=2).

(D) gPCR analysis of p19 mRNA expression in total inguinal LN of non-immunized WT
mice, and d4 post-immunization in CXsCR1:p19™"f WT, and WT mice treated with MC21
(n=3-6).

Figure 11. Antigen presentation and 1L23 production are performed by two distinct cell
populations

(A) Development of clinical disease in mixed BM chimeras: CX3CR1¢:p19™™ + WT (blue),
CX3CR1%®:p19™ + MHCII™- (red), and CX3CR1®:p19™™ + CD80/867 (black).

(A) Flow cytometry analysis of spleens to detect MHCII™ cells in WT mouse transplanted
with CX3CR1¢®:p19"M BM (left), MHCII”- mouse (middle), and WT mouse transplanted
with a mix of CXsCR1¢:p19™f and MHCII”- BM (right).
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Project 1V: Studying the role of the IL-10 axis in microglia

Introduction

As discussed in detail earlier, recent studies have suggested that specific CNS pathologies
are associated with different microglia activation modules.* For instance, the MgND
signature,3**® was linked to neurodegenerative diseases, such as AD and ALS, whereas
other, distinct microglia activation profiles were linked to EAE and LPS challenge. The
revealing of distinct patterns implies towards possible for targeted therapy for specific brain
pathologies.®* However, modules that restrain microglia activation, and are therefore crucial
for CNS homeostasis, are far less studied. As mentioned earlier, microglia quiescence
require expression of Salll, Tgfp receptor, as well as CD200 Ligand-receptor
interaction.3%4%41 Recently It was shown that homeostatic phagocytic functions of microglia
in the aging brain could be restored by CD22 blockade.'*’

The cytokine 1110 plays a major role in controlling hyperactivation of lymphoid and myeloid
immune cells.*? 1L10 can be produced by T cells, B cells, and macrophages, as well as
certain non-hematopoietic cells, usually after activating stimuli. Most hematopoietic cells
also can sense 1L10 via expression of a dedicated IL10R, composed of an IL10-binding
chain (IL-10Ra) and an accessory molecule, IL10Rb, shared with other receptors of the 1L10
superfamily. Binding of IL10 to its receptor triggers the Janus kinase (JAK) signal
transducer and activator of transcription (STAT) pathway, particularly by STAT3 to curb
cytokine gene expression and down-regulate antigen presentation capacity the expression of
MHCII and thus antigen presentation to T cells.**® Microglia hyperactivation has been
shown to be associated with neurodegenerative disorders, from AD and Parkinson’s diseases
to MS. In in vitro cultures, IL10 was shown to inhibit production of proinflammatory
cytokines by microglia and other glia.*? Prevention of deleterious microglia hyperactivation
following SC injury has been reported to require monocyte-derived 1L10.4° IL-10
originated from regulatory T cells and acting on microglia was shown to ameliorating the

outcome of intracerebral hemorrhage.*

IL10 is also critical to maintain gut homeostasis. Specifically, children that lack IL10R
expression develop severe early onset colitis®! assumed to result from unrestrained activation
of gut macrophages.t*? Supporting this notion, also mice that harbor an IL10Ra deficiency in

gut macrophages develop fulminant colitis.**#
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Here we used the paradigm of peripheral endotoxin challenge to establish and characterize
the critical role of the IL10 axis in restoring microglia quiescence in the mouse. We reveal
that microglia harbors a robust ability to revert to homeostasis. The latter is impaired when
microglia are unable to sense 1L10 due to uncontrolled TNF expression. Microglia
hyperactivation results in fatal sickness and neuronal impairment. Collectively, our data

highlight a critical control module for CNS health.
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Results

Microglial 1L10 sensing is dispensable for CNS homeostasis despite prominent
microglial IL-10R expression

As mentioned earlier, IL10 is critical to maintain gut homeostasis since macrophage-
restricted ablation of IL10R leads to spontaneous colitis.**** Interestingly, microglia display
prominent of both subunits of the IL10R expression which is acquired during development
alongside the establishment of their characteristic gene expression signature, such as Salll
induction (Fig. 12A, B).>*% In contrast to gut macrophages though, microglia do not
express IL10 (Fig. 12A, B).

To investigate a potential role of the IL10 axis for microglia homeostasis and microglia
function following challenge, we generated Cx3cr1°ER:1L10ra™" mice in which TAM
treatment allows introduction of an IL10R deficiency in long-lived Cx3crl1* macrophages.?%
The cells targeted with this system include microglia and non-parenchymal CNS
macrophages,’®’" as well as selected peripheral tissue macrophages,'®® but notably exclude
shorter lived monocytes and their derivatives.?> Analysis of sorted microglia of
Cx3cr1¢mER:|L10ra" mice 6 weeks post TAM treatment confirmed efficient deletion of the
IL10ra gene from the cells (Fig. 12C, D). TAM-treated C57BL/6 mice lacking microglial
IL10R expression did not display signs of gut inflammation or other overt phenotypes (data
not shown). To probe for a direct molecular impact of the deficiency on microglia we
analyzed the transcriptomes of cells sorted from the brains of the respective mice. As seen in
the volcano blot (Fig. 12E), 1L10ra deficient microglia of TAM-treated Cx3cr1¢"ER:[L10ra"
mice did not display significantly DEG over IL10ra™ littermate control microglia, except for
[110ra, the targeted gene, and Cx3crl, due to the heterozygosity resulting from the CreER
transgene insertion. These data suggest that in animals kept under SPF hyper-hygienic
housing conditions, microglia are not exposed to 1110 and establish that microglial 1L10

sensing is under these circumstances obsolete for the maintenance of brain homeostasis.

Microglia display a robust, but transient global response to peripheral endotoxin
challenge

Sepsis and bacteremia result in bacterial LPS exposure that causes a complex systemic
response, which involves multiple organs and cells.*> Peripheral endotoxin challenge of

rimates and mice has been shown to result in microglia activation.=®:°°-+22:4% ather than
tes and has been shown t It glia activation, 3886155156157 Rather th
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responding to the TLR ligand which does not reach the brain parenchyma in significant

amounts, 8

microglia are believed to sense a robust but transient serum cytokine storm,
including TNF, IL6 and I1L1%° and/ or exposure to serum factors due to a transient limited
impairment of the BBB.%%161 Global RNAseq analysis of microglia sorted from C57BL/6
brains at different time points following an intra-peritoneal (i.p.) LPS challenge (2.5 mg/kg)
revealed a robust response with the up- and downmodulation of 1294 and 1394 genes,
respectively (Fig 13A, D). Genes induced by 6hrs included Itgax, Ch25h, Spp1, Tnf, Saa3,
Tnfaip3 and Cd40 (clusters 1a, b, ¢, 2a) (Fig. 13A, B) A second group of genes displayed
delayed induction, 24 or 48hrs after the LPS bolus (clusters 2b, ¢) (Fig. 12A, B). This list
comprised genes encoding ribosomal subunits, Marco and Saa3. Cluster 2c also included
Tspo, encoding a translocator protein, whose expression can be measured by PET and was
used to demonstrate the global response of human microglia to peripheral endotoxin
exposure.®® Corroborating earlier studies, down regulated genes included the ‘microglia
signature’,*° including as Sall1, Tgfor and P2yr12, as well as HexB, TIr4 and Trem2
(cluster 4a). Interestingly, our analysis revealed that the extended microglia response to
endotoxin challenge did include induction of genes whose expression had previously been
thought to be restricted to settings of neurodegeneration, 362 such as ApoE, Axl, Ctsll and
Sspl (Suppl. Fig. 10A).

The analysis of the microglial response over time revealed that by 48hrs post LPS, most up
and down-modulated mMRNAs had reverted to their steady state levels, either completely or
close to the original configuration (Fig 13A, C, D). Notable exceptions were late induced
transcripts and genes in clusters 2a, 3a and 4c, which included 111b and Ccl5. Seven days
post the LPS challenge, most the microglia had restored to the transcriptome status before
the challenge, with only 204 DEG upregulated and 14 genes downregulated, as compared to
the untreated control cells (Fig 13C, D). Collectively these data show that microglia harbor

a robust propensity to restore quiescence following peripheral endotoxin challenge.

Microglia activation was also reflected in changes in the chromatin landscape, as assessed
by ATACseq, that identifies open chromatin regions by virtue of their accessibility for “tag-
mentation” by transposases.®® Loci that displayed induced expression, such as Tnf (cluster
1), displayed induced ATAC signals, while loci encoding genes that were downregulated,
such as Salll and P2ry12 (cluster 4) did not display changes (Fig. 13E). Taken together,
these data corroborate earlier reports that microglia respond rapidly to a peripheral

endotoxin challenge,®8157 including induced expression of pro-inflammatory genes and a
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loss of ‘microglia signature genes. Importantly, our detailed time course analysis revealed
that this cellular compartment to display a robust ability to restore its steady state

transcriptome configuration.

IL10 receptor-deficient microglia are hyperactive after peripheral LPS challenge and
fail to return to quiescence

IL10 is well known to control macrophage activation.*3#2163 To probe for a potential role of
IL10 in curbing the microglia response to the cytokine pulse induced by the peripheral LPS
challenge, we performed a side by side comparison of microglia isolated from

Cx3cr1CrER: [L10ra" and 1L10ra™ littermate control mice, 6, 24 and 48hrs after the i.p.
LPS bolus (Fig. 14B, C). Beyond the 48hrs time point, a major fraction of the mutant
animals succumbed the LPS challenge precluding the analysis of a later time point (Fig.
14A). PCA revealed that while ‘wild type’ microglia showed a transient response but
reverted by 48hrs largely to the steady state transcriptome configuration, 1110Ra deficient
microglia failed to restore quiescence (Fig. 14B). K-means clustering of the RNAseq data

revealed 9 clusters with distinct gene expression dynamics (Fig. 14C).

Except for cluster 5 and 6, gene expression 48hrs post LPS bolus was significantly
impaired when microglia were unable to sense IL10. Specifically, expression of 1975
induced genes failed in mutant microglia to be silenced. This included Tnf, Ccl5, Sspl and
Cd69 indication microglia hyperactivation. Likewise, expression of downmodulated genes
that was in control transiently reduced failed to recover in mutant microglia, including the
microglia signature genes P2ry12 and Salll, as well as Mef2c, Tmem119, Tgfbr, and 1110rb.
These data establish a critical role of 1110 for microglia to restore homeostasis following the
LPS challenge. Interestingly, cluster 1, comprised induced 326 genes, that displayed at
48hrs higher expression in controls than in mutant microglia. This included Ccr5, which had

previously been reported to be induced by 1110 in human monocytes.!%

Mice with microglial IL-10R deficiency exhibit prolonged sickness behavior and
impaired neuronal function post-LPS administration
Septic shock and the associated endotoxin exposure result in sickness behavior, a centrally

organized response, including reduced motility, appetite loss and social withdrawal.*>*
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Several studies imply microglia as regulator of these symptoms and other related
conditions.6%1%6.167 Tg probe for an impact of the 1110R deficiency-associated microglia
hyperactivation on this response, TAM-treated CX3CR1°®ER:1L-10R™ mice and littermate
controls were placed in an automated Home Cage Locomotion system. Before challenge,
both groups of mice displayed similar activity in light and dark cycles (Fig. 15A). Both
CX3CR1C™ER:IL-10R™M and control mice, treated with a reduced LPS bolus (0.5 mg/kg) to
improve survival of the mutants, showed significantly impaired motility (Fig. 15A).
However, whereas controls resumed some level of activity within 24hrs and returned to
baseline activity by 4 days, mutant mice failed to recover during this time frame and some
mice had to be sacrificed (Fig. 15A). In line with their exacerbated and extended sickness
behavior, CX3CR1¢™ER:1L-10R™M mice consumed significantly less food after the challenge
compared to the controls (Fig. 15B). This establishes that restoration of microglia quiescence
is critical to limit the sickness response to endotoxin challenge. Conversely, the exacerbated

and extended activation of IL10R deficient microglia results in pathology.

Systemic endotoxin challenges were shown to transiently impair the response of hippocampal
neurons to repeated synapse stimulation, known as long-term potentiation (LTP),168:169.170
Specifically, TNF, potentially derived from microglia, has been suggested to contribute to
LTP impairment.}”* To probe for an impact of the IL10R-deficient, hyperactive microglia on
neuronal fitness, we performed extracellular electrophysiological recordings on acute slices
prepared from dorsal hippocampi of TAM-treated CX3CR1*ER:|L-10R™ mice and
littermate controls.'®® We examined LTP 12 and 24hrs after the peripheral LPS stimulus (Fig.
15C, D). Neurons of mice harboring IL10R proficient and deficient microglia displayed
comparable LTP before the LPS challenge (Fig. 15D). However, 12 hours post-LPS
hippocampi of the mutant animals displayed a greater LTP impairment than controls (Fig.
15D). Moreover, 24 hours after the LPS bolus, this LTP impairment persisted in
CX3CR1CER:1L-10R™M animals, whereas control mice showed significant recovery (Fig.
15D). These findings establish that hyperactivation of microglia, that includes uncontrolled

Tnf expression, causes prolonged impairment of neuronal function in the hippocampus.

Defining the source of 1L10
Microglia isolated from unchallenged CXsCR1°ER:IL-10R™ mice and littermate controls
displayed essentially no differentially expressed genes (Fig. 12E). Moreover, even by 6hrs

post the LPS bolus, transcriptomes of IL10R deficient and proficient microglia showed with
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86 DEG only minor differences (Fig. 14E). This suggest that the cells are in steady state not
exposed to IL10, but rather that expression of the anti-inflammatory cytokine is induced by

the endotoxin challenge. Microglia themselves to not produce 1L10 (Fig. 12A). Accordingly,
TAM-treated CX3CR1C"ER:|L-10"" micel”? which lack the IL10 gene in microglia displayed

a controlled sickness behavior like their littermates (Fig. 16A).

Astrocytes, the majority of glial cells in the brain, were reported to produce IL10 upon
challenge.*>1” In order to examine if this is the case upon LPS treatment, we sorted
astrocytes and microglia in steady state and 12hrs post LPS using GFAPC™ER:tdTomato™"
mice,}’* in which astrocytes are labeled following TAM administration. RNAseq analysis
confirmed that only microglia expressed Cx3crl transcripts, whereas the expression of
Aldh1l1 was restricted to astrocytes (Fig. 16A), validating our sorting strategy of Tomato*
astrocytes. Interestingly, 1110ra was expressed only in microglia, whereas 1110 was not
expressed in neither astrocytes or microglia populations (in microglia upon LPS challenge —
below threshold), suggesting astrocytes are not the source of IL10 in the CNS post-LPS
bolus (Fig. 16A). Indeed, when ablating 1L10 in a more specific system to target astrocytes,
the Aldh111°"ER mouse,'” also these mice displayed a controlled sickness response, similar

to littermate controls (Fig. 16B).

We have previously reported that in a model of SC injury, infiltrating monocytes and
monocyte-derived macrophages seem to provide critical 1L-10.1® To investigate which cell
provides IL10 to curb microglial activation following LPS challenge, we isolated different
fractions of hematopoietic cells from the CNS of challenged WT mice and untreated
controls. In this preliminary study, we sorted and compared microglia, T cells, and all other
(non T, non microglia) CD45" cells 12hrs post-injection (Fig. 16C). In order to increase cell
numbers of rather small populations such as brain T cells, we pooled two brains together to
constitute one sample. RT- PCR confirmed that microglia do not express IL10 mRNA in
either steady state or post-LPS challenge (Fig. 16C). In contrast, upon challenge but not in
steady state, IL10 transcripts were detected in the T cell fraction, and at even in higher levels
in the CD45" fraction (Fig. 16C). This suggested that other immune cells in the CNS, but not
microglia, are providing IL10 necessary to maintain quiescence of microglia under
pathological conditions, and therefore contribute to maintenance of tissue homeostasis. Of
note, Tnf transcripts were detected only in LPS-challenged microglia, but not in T cells or
the other hematopoietic cells (CD45") (Fig. 16C). Collectively, these results suggest that

neither microglia or astrocytes are the source of 1L10 in the CNS following LPS treatment.
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Furthermore, although T cells produce I1L10 upon challenge, the major source of the anti-
inflammatory cytokine is a different CD45" population in the CNS, potentially monocytes or

resident perivascular macrophages.

Impairment of microglial TNF production restores the ability of IL10R-deficient
microglia to re-establish quiescence and prevents associated pathologies
IL10R-deficient microglia fail to restore quiescence following their activation in response to
the peripheral LPS challenge. We hypothesized that the hyperactivation of the microglia
compartment in the mutant animals could be intrinsic and result from pro-inflammatory
factors the cells themselves secrete and that might perpetuate the activation. A prime
candidate for such a scenario would be TNF, a factor that has been implied in CNS
pathologies.!”® Both control microglia and 1110R-deficient cells prominently expressed Tnf
mMRNA following challenge, although induction in mutant cells was more robust, in contrast
to WT cells, and did also not recede with time (Fig. 17A). This exacerbated TNF expression
of mutant microglia was also reflected on the protein level as shown by flow cytometric
analysis (Fig. 17B). To test if microglial TNF is not only a part, but a critical driver of the
observed microglia hyperactivation and pathology, we crossed a ‘floxed” Tnf allele!’” onto
the Cxscr1©ER:1L-10ra"" background. Upon TAM treatment, microglia of the resulting

animals will not be able to sense IL10, but concomitantly fail to produce TNF.

Notably, TNF is among the serum cytokines that are considered to trigger the microglia
activation.™® We therefore first tested whether serum TNF levels would be affected in
Cxacr1CeER:|L-10ra™™ : Tnf M animals. As seen in Fig. 17C, serum TNF levels were
comparable and transient in double mutant, single mutant and control mice. This indicates
that the peripheral Tnf source is not targeted by the Cxscrl promoter-driven inducible C¢ER
recombinase transgene. In line with the unimpaired induction of serum Tnf, microglia of
TAM-treated Cxscr1CER:IL-10ra : Tnf " animals displayed 6 hours post the LPS bolus a
robust response that was indistinguishable from littermate controls (Fig. 17D, F). Moreover
and in stark contrast to Cxscr1CER:1L-10ra" animals, the double mutant Cxscr1CER:|L-
10ra™ : Tnf " mice were like the controls able to restore microglia quiescence by 48hrs
following the challenge (Fig. 17D, E, F).

Impairment of microglial Tnf production restored the ability of IL10Ra deficient microglia

to revert to a steady state transcriptome configuration. We next asked whether
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Cxzcr1CeER:IL-10ra™™ : Tnf M mice would also be protected from the pathologies, including
the extended sickness behavior and neuronal deficits. TAM-treated CX3CR1C"ER:||_-
10R": Tnf mice and littermate controls were challenged with LPS (0.5 mg/kg) and
monitored for locomotion. Both groups of mice were equally affected by the LPS bolus and
displayed a withdrawal response but recovered within a few days (Fig. 18A), unlike the
single IL10Ra mutant animals (Fig. 15A). This establishes that microglial TNF is critically

driving the LPS-induced sickness behavior in response to the peripheral endotoxin challenge.

TNF has already been implied in the endotoxin-associated impairment of the LTP
response,!’* although the exact cytokine source remained undefined.

Electrophysiological measurements on acute hippocampal slices of LPS treated mice
corroborated our earlier finding that TAM-treated Cxacr1°*ER:IL-10R™M mice display
enhanced LTP impairment as compared to controls (Fig. 18B). In stark contrast, in
hippocampi of mice whose microglia were in addition to the 1110R mutation unable to
produce Tnf, no LTP impairment was observed. These data establish that the neuronal
impairment is caused by TNF secreted by microglia and corroborate that exacerbated TNF
levels are responsible for the persevering LTP impairment caused by the microglial IL10ra

deficiency.

Since monocytes are considered the main source of peripheral TNF upon LPS challenge,*>*
we hypothesized that monocyte depletion would affect microglial activation post-LPS.
However, depletion of CCR2" inflammatory blood monocytes had no effect on activation of
microglia 6 hrs post-LPS (Fig. 19A). Indeed, we then confirmed that levels of serum TNF
post-LPS injection were comparable in untreated and monocyte-depleted WT mice (Fig.
19B). Our data imply towards a different cell population, other than monocytes, to be

responsible for the pronounced TNF protein elevation in the serum following LPS treatment.
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Discussion

Sepsis and bacteremia trigger a complex response of the central nervous system, including
microglia activation. Using this paradigm of a robust but transient response to endotoxin
challenge with an ensuing serum cytokine pulse, we establish here the critical role of 1110

exposure for microglia to return to homeostasis.

An important feature of the peripheral LPS challenge is the brain wide response, as indicated
from the quantitative loss of gene expression of for instance the microglia signature genes. A
similar robust global acute CNS response has been shown for humans by PET.'® Microglia
are thought to react to serum cytokines that are induced in the periphery; in addition, there
could a limited impairment of the BBB that leads to exposure to serum factors that have been

shown to activate microglia.'6%161

Several studies have implicated defective IL10 production or signaling in patients and
animal models of neurological diseases, ranging from MS to AD or Parkinson’s disease.*?
However, the direct involvement of microglia in the in vivo context has not been established.
Conversely, an 1110 deficiency was shown to mitigate Alzheimer pathology by boosting
microglial ap phagocytosis.1’817

Recent studies have suggested that different challenges can be associated with distinct
microglia activation modules.®® A transcriptomic signature, termed DAM or MgND3*%® was
proposed to be associated with neurodegenerative diseases, such as AD and ALS. A
fundamental assumption of this notion is that genes associated with this signature are not
induced in other paradigms. Here we show that a significant number of the genes proposed
to be associated with neurodegeneration and pathology are also induced following systemic
endotoxin challenge, albeit transiently. The identification of disease-specific microglia
signatures is clearly attractive as they might bear potential as future therapeutic targets,

however our data indicate that definition of this modules will require further refinement.

The literature holds that microglia express 1110. However, this notion is largely based on the
analysis of microglia in vitro cultures.*® Importantly, it was recently shown, that cultured
microglia lose their characteristic tissue imprint and adopt a distinct gene expression
signature akin prototype macrophage.“>°® Here we establish that in situ, microglia neither
express I1L10 in steady state nor upon challenge. Indeed, a screen of the relevant literature
that reports transcriptome analysis of acutely isolated microglia isolated from challenges as

distinct as cuprizone-induced demyelination,® EAE,*? and ALS®! supports our conclusion.
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Moreover, we had reported earlier that recovery from SC injury was dependent on IL10
which was provided by monocyte infiltrates, as microglia were unable to produce this
factor.1%® On the other hand, it has been reported that microglia isolated from LPS-
challenged animals do express 1110 although the cells were in this study merely defined by
density.'8 Nevertheless, the ability of microglia to produce 1110 could differ between inbred
mouse strains and be affected by housing conditions and clearly merits further investigation.
Of note, it is the absence of microglial IL10 production which allows the robust response by
cells that are seem otherwise uniquely prepared to sense the cytokine through high receptor
expression. This feature seems to be in stark contrast to other tissue macrophages and it is
hence tempting to speculate, that this scenario is of importance for the unique CNS
physiology. Future studies should genomic regulatory elements that suppress microglial 1110
production and conversely test the impact of a removal of this restriction.

Microglia constitutively express high levels of the 1110 receptor, suggesting that they might
be subject to recurrent activation that requires control by the anti-inflammatory cytokine.
Interestingly, mild bacteremia which is associated with transient endotoxin exposure has
been shown to be associated with mastication, toothbrushing and dental extraction®® and has

been discussed to potentially have systemic effects.®

Inherited deficiencies of the IL-10R lead to immune dysregulation with life-threatening
early-onset enterocolitis.’®* Because the disease driving culprit in these patients is of the
hematopoietic lineage and their colitis is resistant to standard immunosuppressive therapy,
early hematopoietic stem cell transplantation (HSCT) is considered as curative therapeutic
option.*®® Interesting though, microglia are relatively resistant to irradiation and busulfan
treatment used for myeloablation in pediatric and adult patients. While intestinal
macrophages in patients with 1110Ra mutations are replaced and colitis is cured, 1110Ra
deficient microglia cells hence likely persist in these patients. Our finding that 1110 sensing is
critical to prevent microglia hyperactivation during septic shock or bacteremia warrants
studies that investigate whether the patients that underwent a transplant suffer from CNS

pathologies.

Notably, 1110-deficient animals display impaired gut homeostasis'® and also animals that
harbor a largely macrophage-restricted systemic 1110Ra deficiency develop colitis that can
affect the CNS*. To circumvent this potentially confounding complication we take here
advantage of TAM-treated Cx3cr1¢ER animals that target long-lived Cx3crl* macrophages
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that include microglia but also border-associated macrophages (BAM) in the CNS.2>76:91 we

currently cannot exclude that IL10R-deficient BAM contribute to the hyperactivation.

TNF plays a dual role in the paradigm of endotoxin-induced sickness behavior. Together
with other proinflammatory factors is part of a robust but rapid cytokine pulse that causes the
CNS response. In addition, we show here that locally produced TNF acts in the CNS
paracrine or autocrine driver of microglia activation. Moreover, we show that if unchecked
by the 1110 axis, microglial Tnf results in persistent deleterious sickness behavior and
neuronal defects. These data are well in line with a recent study that showed using whole
body IL10 KO animals in combination with a novel multivariate analysis of microglial
morphology that IL-10 was sufficient to impede the recovery from TNFa-mediated
inflammation.*®” Our study corroborates the earlier notion of cognitive deficits in LPS-
challenged 1110-deficient mice'® and establishes that the lengthy sickness behavior
syndrome results from a CNS-intrinsic deleterious circuit driven by unchecked hyperactive

microglia.

Collectively, we establish the critical roles of microglial TNF and non-microglial 1110 in
orchestrating the ability of microglia to restore quiescence following a peripheral endotoxin
challenge. Given the emergence evidence for a central role of microglia in CNS disorders,
our findings should have major implications for our understanding of CNS homeostasis and

pathology, and might reveal novel strategies for therapeutic intervention.
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Figure legends

Figure 12. Microglial 1L10 sensing is dispensable for CNS homeostasis despite
prominent microglial 1L-10R expression

(A) Comparative transcriptome analysis of colon macrophages (green) and CNS-resident
microglia (pink) displaying normalized counts of 1110ra, 1110rb, and 1110. Reads. Data were
taken from Lavin et al., 2014.%

(B) Comparative transcriptome analysis of microglia during development displaying
normalized counts for Sall1, 1110ra, 1110rb, and 1110. Data were taken from Matcovitch-Natan
etal., 2016.%

(C) Scheme illustrating conditional TAM-induced mutagenesis in microglia using
Cx3cr1CER:IL-10R" mice.

(D) Sorting strategy of microglia for genomic PCR. Microglia were defined as
CD45CD11b*Ly6C/G cells.

(E) Genomic PCR of microglia sorted from Cx3cr1°ER:|L-10R™ mice (n=2) and 1110rfl/fl
controls (n=2) 6 weeks post-TAM administration. Mutant microglia show only KO band (280
kb), whereas controls show only the ‘flox’ band (450 kb)

(F) Volcano plot of statistical significance (—log10 P value) against log2 ratio of microglia
sorted from TAM-treated Cx3cr1¢ER:IL-10R" mice (n=9) and 1110rfl/fl (n=6) littermate
controls, based on RNAseq data. Significantly differentially expressed genes (fold change >2;
adj. P < 0.05) are in black, and non-significant genes are in gray.

Figure 13. Microglia display a robust, but transient global response to peripheral
endotoxin challenge

(A) RNAseq analysis of microglia isolated from 1110ra ‘wild type> C57BI/6 mice untreated,
6, 24, 48 hours, and 7 days following a peripheral LPS challenge (2.5 mg/kg) (n=4-6).

(B) Examples genes displayed in (A)

(C) Principal component analysis (PCA) based on the RNAseq data shown in (A)

(D) Table of differentially expressed genes shown in (A)

(E) 1GV tracks of selected loci showing ATAC signals in untreated microglia and microglia

retrieved from mice at indicated times post LPS challenge.
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Figure 14. 1110 receptor-deficient microglia are hyperactive after peripheral LPS

challenge and fail to return to quiescence

(A) Survival curve of Cx3cr1®ER:IL-10R™" mice (n=11) and I110rfl/fl littermate controls
(n=7) treated with LPS (2.5 mg/kg).

(B) Principal component analysis (PCA) based on RNAseq data of microglia isolated from
TAM-treated Cx3cr1<ER:1L-10R™M mice and 1110rfl/fl littermate controls, untreated
and at indicated times after LPS challenge (2.5 mg/kg).

(C) Heatmap of microglia isolated from TAM-treated Cx3cr1¢ER:1L-10R™ mice and
[110rfl/fl littermate controls, untreated and at indicated times after LPS challenge (2.5
mag/kg).

(D) Examples genes displayed in (C)

(E) Table of differentially expressed genes displayed in (C)

Figure 15. Microglial I1L-10R deficiency causes prolonged sickness behavior and

impaired neuronal function post-LPS administration

(A) Home cage locomotion assay of Cx3cr1ER:IL-10R™" mice (n=11) and 1110rfl/fl
littermate controls (n=7) treated with LPS (0.5 mg/kg). Representative of three
independent experiments

(B) Food intake after LPS challenge of the mice from the locomotion experiment shown in
(A)

(C) Graphical description of LTP measurement protocol. Stimulation of Schaffer’s
collaterals was evoked using a pulse stimulator and delivered through a bipolar
nichrome electrode.

(D) LTP analysis on Schaffer collateral cornu ammonis 1 (CAL1) region synapses probed in
acute hippocampal slices isolated from either untreated, 12hrs post LPS-, or 24hrs post
LPS-treated Cx3cr1¢ER:1L-10R™" mice and controls (n=5). Averaged EPSP are plotted
versus time. Data are expressed as mean + SEM and statistically analyzed with two-way
ANOVA on time point 60 considering the type of treatment, genotype, and the
interaction between the two factors (*p < 0.05, **p < 0.01 represent the significance of
interaction). Representative traces at indicated times (a, b) are shown on top of each

section. Upward arrows indicate the time of high-frequency stimulation (HFS).
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Figure 16. The source of 1L10

(A) Example genes from RNAseq of isolated microglia and astrocytes from TAM-treated
GFAPCER:tdTomato™™ mice, either untreated or 12hrs post-LPS (2.5 mg/kg). Gating
strategy of the left: Microglia were defined as CD45™CD11b*; Astrocytes were defined
as CD45CD11b Tomoto™,

(B) Home cage locomotion assay of Cx3cr1ER:1L-10" mice, Aldh111¢7ER:IL-10"" mice
and 1120r™" littermate controls treated with LPS (0.5 mg/kg).

(C) RT-PCR analysis of indicated cell populations isolated from brain of WT mice, either
untreated or 12hrs post-LPS (2.5 mg/kg) . Gating strategy of the left: Microglia were
defined as CD45™CD11b*; T cells were defined as CD45"CD11b"TCRb/TCRgd*; Other

CD45" cells were defined as CD45" which are not microglia or T cells.

Figure 17. Microglial TNF drives the hyperactivation

(A) Expression patter on Tnf of microglia isolated from untreated and LPS treated
Cx3cr1¢mER: |L-10"" animals and littermate controls. Normalized reads.

(B) Flowcytometric analysis of intracellular TNF expression in microglia of Cx3cr1"ER: |-
10" animals and littermate controls, untreated or 24hrs post in vivo LPS challenge.

(C) Serum TNF levels in LPS treated Cx3cr1CER:IL-10""  Cx3cr1CreER:|L-10"M: Tnf WM
animals and littermate controls.

(D) Principal component analysis (PCA) of RNAseq data of isolated micoglia from
Cx3cr1¢reER: |L-10M:Tnf ¥ animals and littermate controls, either untreated or 6 and
48hrs post-LPS challenge (2.5 mg/kg).

(E) Volcano blots comparing microglia transcriptomes of Cx3cr1¢"ER:1L-10":Tnf I/
animals and littermate controls, untreated (left) or 48 hours after LPS challenge (right).

(F) Examples genes from RNAseq data described in (D).
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Figure 18. Addition of a microglial Tnf deficiency rescues Cx3cr1CER:1L-10"" animals

from pathologies

(A) Home cage locomotion assay of Cx3cr1¢"ER:1L-10"":Tnf " animals and littermate
controls, treated with LPS (0.5 mg/kg). Representative of two independent experiments.

(B) LTP analysis on Schaffer collateral cornu ammonis 1 (CA1) region synapses probed in
acute hippocampal slices isolated from Cx3cr1CER:IL-10""  Cx3cr1CreER:|L-10M: Tnf
WMl animals and littermate controls in steady state (left), 12hrs post LPS (middle), and
24hrs post-LPS (right) (1 mg/kg).

Figure 19. Circulating monocytes are not the source of peripheral TNF upon LPS

intraperitoneal injection

(A) PCA of RNAseq data of microglia isolated from brain of WT mice, wither untreated,
treated with LPS (2.5 mg/kg), treated with MC21, or treated both LPS and MC21.
(B) Serum TNF levels in LPS treated, WT mice, either untreated or pre-treated with MC21

for monocyte depletion.

Supplementary Figure 10. Expression of ‘DAM’ genes upon LPS treatment

(A) Heatmap of selected genes that have been proposed to be induced in association with
neurodegeneration, but not endotoxin challenge.331%2 Microglia was isolated from
controls or LPS-treated 1110ra™" ‘wild type’ C57B1/6 mice at indicated times post

treatment.
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Final discussion

My thesis focused on studying microglial activation and its contributions in two different
pathological settings — autoimmune neurodegeneration (EAE) and bacteremia-associated
endotoxin challenge. Microglia research has gained significant clinical motivation in recent
years, with the rise and increased awareness to so-called ‘microgliopathies’. These diseases
in which microglia are suggested to be the drivers of pathological cascade in patients,
include inflammatory, neurodegenerative, and psychiatric disorders.'? Not surprisingly, a
suggested treatment to these conditions includes replacement of mutant detrimental
microglia by WT cells, for example through HSC transplantation.*’ Partial microglia
replacement is also a side product of BM transplantation as pediatric treatment of monogenic
immune-deficiencies. Whether these HSC/BM-derived brain macrophages can reliably

replace microglia is therefore of considerable clinical relevance.

In project I, we have shown that although BM-derived brain macrophages acquire microglial
characteristics, such as radio-resistance, longevity and microglial morphology, they remain
distinct from host microglia in their transcriptome and epigenome.*® Furthermore, host
microglia and BM-derived engrafted macrophages respond differently to the same immune
challenge, LPS, and are hence functionally distinct. This might be one of the reasons that
patients after BMT are more susceptible to CNS infections.®® Further experimentation is
required to probe the capability of BM-derived engrafted macrophages to perform under
various pathological conditions, for example during pathology-associated demyelination, and

healing processes that dependent on proper function and phagocytosis by microglia.*!*

In project 11, we have probed the role of microglia as APC in the initiation of EAE and local
restimulation of pathogenic T cells. Microglia upregulate MHCII expression upon CNS
autoimmunity and thus presumably can present myelin antigen. We have utilized the
inducible CX3CR1C"ER system introduced by our group? to ablate MHCII in microglia
while sparing other APC, and demonstrated that symptoms in the preclinical EAE model
were unaltered.?® This provides critical evidence that microglial MHCII is dispensable for
the induction of EAE. Together with two other recent publications, we showed that
infiltrating monocyte-derived cells are responsible for T cell stimulation upon MOG-
immunization.?®1%:19! Fyrthermore, we have demonstrated that microglial MHCII does also
not play a role in the cuprizone-induced non-autoimmune demyelination model, in which T

cell are not involved.8
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In project 111, we aimed to determine the critical source of 1L23 for induction of EAE. IL23
is now established as the key effector cytokine for development of CNS autoimmunity,? and
was shown to be critical for the terminal differentiation and expansion of pathogenic Th17
cells.* 1L23 KO mice are essentially resistant to induction of EAE,* but whether IL23 is
needed only in the periphery or also in the CNS remained unclear. Using the CX3CR1C"ER
and CX3CR1°" systems,? we have excluded microglia as critical IL23 producers, implying a
critical role of either monocytes or peripheral macrophages in that respect. Moreover, using
an antibody-based approach to deplete circulating monocytes, we show that also these cells
seem dispensable for EAE induction. Our data support a previously unnoticed crucial role of
peripheral macrophages, possible in LNs, where activation and expansion of pathogenic
Th17 cells occur. Further characterization of these TZM* is required in order to determine

whether these are indeed critical regulators of CNS autoimmunity.

Finally, in project IV, we have revealed a novel role for IL10 in curbing detrimental
hyperactivation of microglia following peripheral endotoxin challenge. Furthermore, we
demonstrated that this hyperactivation is driven by uncontrolled production of TNF of
microglia themselves, which results is fatal sickness and neuronal impairment. Few studies
have suggested a microglial involvement in sickness response,®>1% although no mechanism
was proposed. In addition, IL-10-deficient mice were reported to display an exaggerated
sickness behavior post LPS treatment. 8 Our data provide evidence that microglia are critical
regulators of sickness response, and require 1L10 sensing in order to modulate excess TNF

secretion, which might be neurotoxic.

IL10R-sufficient microglia display a robust ability to return to quiescence post a peripheral
endotoxin challenge, in contrast to persistently activation modules described for chronic
pathologies.>**® Our findings are of relevance for severe settings, as sepsis and bacteremia.
Furthermore, the high IL10R expression on microglia in steady state suggests that these cells
might be subject to recurrent activation that requires control by the anti-inflammatory
cytokine. Interestingly, mild bacteremia which involves transient endotoxin exposure has
been shown to be associated with mastication, toothbrushing and dental extraction'®® and has
been discussed to potentially have systemic effects.’3* Collectively, our data define the

kinetics of the microglia response to peripheral endotoxin challenge, including their

84



activation and robust silencing, and highlight the critical role of non-microglial 1110 in

preventing otherwise deleterious microglia hyperactivation.

To summarize, this thesis focused on exploring the contribution of microglial activation to
different pathological models, and examining novel circuits to control microglial
hyperactivation. These data will hopefully contribute to better understanding of microglia
functions, and open new possibilities to novel research of these fascinating cells, which are
now revealed as key players in different CNS pathologies, from Alzheimer’s Disease to

depression.

85



H0ra ot o

el
el 0L

D DA 0

Normalized reads
g

P Sailt anen 4 11 0ra zm0 - M 0rb s, W10
8
E 2000 _— 200 ama
.E 1500 1500 o0
E - 000 . 200
5 500 000 500 oo
af
A — el R R— = E——— R ——
irin
o
microglia <
; 5
TAM b3 #

control (II10ra™) + - : : ;

Cx3crf®eer: jifora™ 1 3 s

analysis ﬁ 5 2 ‘W

[w]
O
E ,'V, : “‘ <

CD45

n,

&
[ 4
O
XX
2,,9
O'.;’

| IL-10R™M.

|

_ flox 450 kb
Zwt420 kb
— KO 280 kb
F
40 . I10ra
31
10 ==
o
E
= « Cx3cri
4 5
oh
E=]
¢ 1
-4 4

log, (Cx3cr{ S=ER:ji410ra"" f control (/110ra™m }))

Figure 12. Microglial IL10 sensing is dispensable for CNS homeostasis despite prominent
microglial IL10R expression



A post LPS (hrs) B

Spp1 Ccls Ch25h
NT 6 24 45 7d 500 4000 600
o
» o . »
/\./ 3 oy 2 P g §
$ a0 ” 2 L 3
3 H & 2000 ]
= 200 .. __ = - = 200
g . R Emoo . g
. - &
/\/ o
Saa3 Marco
600
- ¥ H 4
/‘\ § : g »
E ®e 7: 3
A E s T . Em
L
/A o
Tir4 Hexb Apoe
\/\ 80 15000 40000
o » o .
% 0 Emm . 0 :_. gsom .
\/_ Ju 3 -, %% & Fum o i
s T so00 T g - * .
v*- 5" 5 " L P
. 6 !
\/ Trem2 Salit P2ry12
Trem2 hiisi e e
. Q
4000 0 g S
o ey eI - felv w
> Hexb 3 i :: g 100 o s <% § .
Tmem119 2000 . o 5 4
- - . * 2000 .
. ~/ 1000. 5 il < 'g,' ~
Chil3 | <N

Pr4

40
*©
9 6hrs Comparison DEG up DEG down Total DEG
20 .
@ 24h
£ 1 Y hrs 6 hrs vs. NT 1294 1394 2688
é 0 00 @ 48hrs 24 hrs vs. NT 884 861 1745
10 9 @ Tdays 48 hrs vs. NT 677 386 1063
" % w 7d vs. NT 204 14 218
-30
-80 60 -40 =20 0 20 40 60
PC 36%
E Tnf P2ry12 Sall1
| M La n i '™ j
NT | L 1 I’ l
L ik i Le j
J. F i La l
| i N il i i '}
12his | | ik L L _L
| o 0o il . i i
| . N | " . i

----- Y I 1 | 1 ™

e 1 il L ™
L I B L e mallulnullllr —

e L

24 hrs 1 i |“|J | 2 IJ* 'l ls i j—
A

I

Figure 13. Microglia display a robust, but transient global response to peripheral
endotoxin challenge



post LPS

A B NT 6 24 48

100 A 60| O O @ @ control

Q@ O O @ Cx3criCreER: [110ra™
e control .o
CreER- T
3 ® Cxscr1Ceer:||10ra™m . Q @
% 50 5 : ’
: S @y Qo
B o, S 8
0 ] T T T 1 y
0 2 4 6 8 50 9 Q
days post-LPS (2.5 mg/kg) -100 60 -20 0 20 60 80
PC 35.3%
C post LPS (hrs)
NT 8 24 48
N =
| oars D
Cluster 1 326 genes e
Msr1 mﬁ ™t Cots
s Lal) 200 X [33%)
/‘I %13 %% P % E"" : .
Cols -3 | BT .
Claster 2 549 genes T H e . 4 gm - e ot
100 e LA Tomd S e P
N12b s i il = - : Eun - . X
o LY T : r P
Ca0d
\ e
" I-- col7 [
Ca4o 120.
Ca14
Cluster 3 948 genes cn2sn £ w0
Car4 3 0.
it E
40.
A & X
|"' Cstita o
Cyparie
ek Fhomme a0 Tmem119 Al
Co50 - o
\/ 7 £ 2 |e
cal7? 5 00, . 5 w0 o o
3 . 3 - .-
Cuswer 5 28 ganes o Ao o = oo e . ’
i o] (3%° lal &7 .o
S S - = & on s s -
caes
Custer 8 354 genes Sicaoat o
e
% 1530, s 0
; |-- Targto £ < - £ .
SO Sooed o :. 4 §-u ..:
Cuser 8 528 genes A 570 & S Fags % % E *
E 00 ‘ . !;‘ < E - ._ . 2 .
' i ) £ ®* Qo
) e
= i e
Hes? oz
Cluster 7 BET genes 5
S
F e
Pem2 e R < <
x & -
p, S— Fayie 2 = i
|... Tglrt
| Cluster 9 584 genes ;’gg
Netzs
w— Cirl (Il10ra %) fas,
— Cxser1==2:{{10ra"T
E
Comparison
Mutant vs. control DEG up DEG down Total DEG
Untreated 0 2 2
ghrs 25 61 86
24hrs 192 37 229
48hrs 954 693 1647

Figure 14. 1110 receptor-deficient microglia are hyperactive after peripheral LPS challenge
and fail to return to quiescence



A — control —  Cxgord S=ER1 ora™T . control W Cxsor{SeEER-ji1 Qrgt?

800
| il
| 600
[ LPS 0.5 mg /k
| g7kg | S LPS
. | = ano-
2 | . l | | < 1
= . l ‘ L | |
| L I |'I,' f*", | 200+
; i Ny .
i el Y -,\"_.
) AU Al o
— — — — — — -— —-— -— -— -— —-—
di dz2 d3 d4 d5 di dz2 d3 dd ds
NT time post-LPS NT fime post-LPS
B
W
El
o 20
-
=
E
B 10
2
0
e control
® CXseriCreER: 14 Orgtl
D 12hrs post-LPS 24hrs post-LPS
untreated 2. 2, ® control
2 ® Cx;cr{©=ER:ji{0ra™
@
[=3
o
2 .
g 15 L
@015 = 2uusus
o S— -
w — X ADALLLILTY
w v P
o
T g{ we— 11 canie 1o teseey
5 t t
0 10 20 30 40 50 60 0o 10 20 30 40 50 0 10 20 30 40 50
Time (min) Time (min) Time (min)

Figure 15. Microglial IL-10R deficiency causes prolonged sickness behavior and impaired
neuronal function post-LPS administration



=3 microglia

B3 astrocytes
Cx3cri Aldh1l1 1110ra 1110
3000 00 800 50
§00 a0
2000
astrocyles 400 00 30
20
1000 200
H 200 |l| 10
2 ) “ o 0 0 [
cDas GFAP-tomato Untreated 12hrs LPS Untreated 12hrs LPS Untreated 12hrs LPS Untreated 12hrs LPS
1000 = CX;CR1C=ER 100,
I AldhtI1Cm=ER: |10,
800 NI
. 600 ]
2
< 400 ]
200+ ]’
steady state di d2 d3 d4
steady state Time post-LPS
12hrs LPS
E no Sall1 Tnf
o 1000 1’
esmatrt: it c 800 T £ c
8 S ]
w 3 "
F H g "
& g g
] 400 @ o
. z e z 5
g7 £ 200 2 8
i, _
§ I oMLl s
- W microglia T cells CD45* microglia T cells CD45* microglia Tcells CD45*

Figure 16. The source of IL10



>
w

24 hrs post-LPS

2500

- 3']_
£ oo * cnirl untreated cntrl Cx3criC=ER: [i10ra™? .
3 . ®  nAses - .
E 1500 . j— w’ q 167 1 ] §‘ 20 .
2 . - ' 4 ] o
E 1000 : . ‘e : . ] £
S so0 _‘; - ™ - w4 - | Lo 104 " oee
te ¢ - W z LY
- - - 2 °9 o - .
NT & 2¢ 48 NT 6 24 48 R I 1 Pl R
post LPS post LS ) o - ' |.o Ty L
TNFa & controf
@ Control @ Cxscri®=ER:jj10ra™! ® CxscrdCeER 1 Qra"®
3000
40
.y .
30
el . P >
£ T I . . .
8 - 0 De
C - ! - : * = hrs post LPS
£ 1000 LI o 0 . NT 6 48
s . : . w o & 5 ® @ control (Ii10ra ™)
* e ° 20 3~’ 5 8 8 CxscrfCRERI10r Tnfv
tlese—  § 8§ $% $ ® Cx:cri®=ER:{10ra""

NT 1 2 [} 24
hours post-LPS

-40 30 200 10 0 10 20 30 40 5O
PC347%

® control (I110ra ™) & Cxscri®=ER:{i{0ra™?

10ra i110ra
45 . » ’
1 20
e 15
T Cx3ert = Inf
2 .
? 10
2 Rnaset2b
2 s ’
-

5 & o &

log, (Cazer1GeeR:|[10ra®™. T/ cntrl)  NT log, (Cxacr1=ER:(l10ra™®; Tnf¥) cntrl)  48hrs

I10ra soon- CGIS ysp0— M1D agop—, CXGI10
-
4 4000 . o
5000
[ ] -
ao e o ( 3000 . - _:_ 1000 . . .
* . - — L 4000 .
% w0 & & - =
200 - . 500 - - .
1000 - - . N - 2000
L & *% .
0L - [ . kY
MT & 42 NT 6 428 48 NT 6 45 NT & 48 42 NT 6 45 WT & 48 48 NT 8 48 NT 6 48 48 NT 6 45 NT @ 48 43
postLFS past LPS post LPE ] postLPE oot LPS FosiLFE pasi LFE post LPE post LFE
oo, Sallt 5000 P2ry12 apo  Tgrbrt
o [ ;. .
= -
= L 4 % ! * 3000 ve
o ADDOD: - LY
= .
& l * o, 2000 *
T a0 St o . . . & cnirl (i170ra™!: Tnfif)
g " ¢ ! 2 1000 t‘ ve ® CxscriCeER: L1 orgh®
S 4 s ¢ - ® CxscriCreER: Ji1 grg® - Tif 80
0 0 e
NT 8 45 NT & 43 42 MT & 42 NT 8 48 48 NT 6 48 NT © 48 48
past LPS post LPS ooat LFS post LFS post LPE ool LFE

Figure 17. Microglial TNF drives the hyperactivation



"E" iy
LPS

1 3 e

= =
= = b4
il

] - ] ] _-— — - | ] ] ]
T i [ ] Fr ] [:
MNT timre= post-LPS
B
Baseling - no LPS 24 hours after LPS
i.

L8 - %H. i H {.:

&, 15 )
s ILTE TR mipda: o]

" e
I: il 2 i R !
g” g" [ R e e g"' m
| ;I: r_. : W
! H ﬁ » Contral ;“ e ﬁﬁﬁ j L !_ = ool
g * Mutans : I |:_:_.,. % ® atard
H.;-ﬁ-ﬁn.rrfm.-.lnﬁp-ﬁ-ﬁ HEE T T A | 'd-l..‘.l.ﬁTl.l'l':[l'-;:::l."..:.

Figure 18. Addition of a microglial Tnf deficiency rescues Cx3cr1CeER:IL-10%fl animals
from pathologies



Jnt

o LPS

20 9 o MCc21

2 LPS+MC21

2 |9 9
oo 0 J
& 3
o wJ

0| O 9

40

-40 - 20 0 20 40 60

PC 37%

o3

L ]
§loe

!|tt

L
-

1

2 6

Hours post-LPS

o Mon-injected
* MC21

Figure 19. Circulating monocytes are not the source of peripheral TNF upon LPS

treatment



post LPS (hrs)
NT 6 ; 24 ;48 ; 7d
ApoE

Csf1
Cst7
Ctsb
Ctsl
Cybb
Fth1
Itgax
I11b
Loals3
Lilrb4a
Msr1
Spp1
Ctsd
Clec7a
Gnas
Gm
Lpl
Trem2
Tyrobp

Supplementary Figure 10. Expression of ‘DAM?’ genes upon LPS treatment



Final discussion

My thesis focused on studying microglial activation and its contributions in two different
pathological settings — autoimmune neurodegeneration (EAE) and bacteremia-associated
endotoxin challenge. Microglia research has gained significant clinical motivation in recent
years, with the rise and increased awareness to so-called ‘microgliopathies’. These diseases in
which microglia are suggested to be the drivers of pathological cascade in patients, include
inflammatory, neurodegenerative, and psychiatric disorders.*? Not surprisingly, a suggested
treatment to these conditions includes replacement of mutant detrimental microglia by WT cells,
for example through HSC transplantation.!” Partial microglia replacement is also a side product
of BM transplantation as pediatric treatment of monogenic immune-deficiencies. Whether these
HSC/BM-derived brain macrophages can reliably replace microglia is therefore of considerable

clinical relevance.

In project I, we have shown that although BM-derived brain macrophages acquire microglial
characteristics, such as radio-resistance, longevity and microglial morphology, they remain
distinct from host microglia in their transcriptome and epigenome.*® Furthermore, host microglia
and BM-derived engrafted macrophages respond differently to the same immune challenge,
LPS, and are hence functionally distinct. This might be one of the reasons that patients after
BMT are more susceptible to CNS infections.'® Further experimentation is required to probe the
capability of BM-derived engrafted macrophages to perform under various pathological
conditions, for example during pathology-associated demyelination, and healing processes that

dependent on proper function and phagocytosis by microglia.*'*

In project 11, we have probed the role of microglia as APC in the initiation of EAE and local
restimulation of pathogenic T cells. Microglia upregulate MHCII expression upon CNS
autoimmunity and thus presumably can present myelin antigen. We have utilized the inducible
CX3CR1C"ER system introduced by our group?® to ablate MHCII in microglia while sparing
other APC, and demonstrated that symptoms in the preclinical EAE model were unaltered.?®
This provides critical evidence that microglial MHCII is dispensable for the induction of EAE.
Together with two other recent publications, we showed that infiltrating monocyte-derived cells

are responsible for T cell stimulation upon MOG-immunization.?1%0191 Fyrthermore, we have
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demonstrated that microglial MHCII does also not play a role in the cuprizone-induced non-

autoimmune demyelination model, in which T cell are not involved.?

In project 111, we aimed to determine the critical source of IL23 for induction of EAE. 1L23 is
now established as the key effector cytokine for development of CNS autoimmunity,?® and was
shown to be critical for the terminal differentiation and expansion of pathogenic Th17 cells.4
IL23 KO mice are essentially resistant to induction of EAE,*® but whether 1L23 is needed only in
the periphery or also in the CNS remained unclear. Using the CX3CR1™ER and CX3CR1°™®
systems,?® we have excluded microglia as critical 1L23 producers, implying a critical role of
either monocytes or peripheral macrophages in that respect. Moreover, using an antibody-based
approach to deplete circulating monocytes, we show that also these cells seem dispensable for
EAE induction. Our data support a previously unnoticed crucial role of peripheral macrophages,
possible in LNs, where activation and expansion of pathogenic Th17 cells occur. Further
characterization of these TZM** is required in order to determine whether these are indeed

critical regulators of CNS autoimmunity.

Finally, in project 1V, we have revealed a novel role for IL10 in curbing detrimental
hyperactivation of microglia following peripheral endotoxin challenge. Furthermore, we
demonstrated that this hyperactivation is driven by uncontrolled production of TNF of microglia
themselves, which results is fatal sickness and neuronal impairment. Few studies have suggested
a microglial involvement in sickness response,'¢>1% although no mechanism was proposed. In
addition, IL-10-deficient mice were reported to display an exaggerated sickness behavior post
LPS treatment.'® Our data provide evidence that microglia are critical regulators of sickness
response, and require 1L10 sensing in order to modulate excess TNF secretion, which might be

neurotoxic.

IL10R-sufficient microglia display a robust ability to return to quiescence post a peripheral
endotoxin challenge, in contrast to persistently activation modules described for chronic
pathologies.3*3® Our findings are of relevance for severe settings, as sepsis and bacteremia.
Furthermore, the high IL10R expression on microglia in steady state suggests that these cells
might be subject to recurrent activation that requires control by the anti-inflammatory cytokine.

Interestingly, mild bacteremia which involves transient endotoxin exposure has been shown to be
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associated with mastication, toothbrushing and dental extraction® and has been discussed to
potentially have systemic effects.'® Collectively, our data define the kinetics of the microglia
response to peripheral endotoxin challenge, including their activation and robust silencing, and
highlight the critical role of non-microglial 1110 in preventing otherwise deleterious microglia
hyperactivation.

To summarize, this thesis focused on exploring the contribution of microglial activation to
different pathological models, and examining novel circuits to control microglial hyperactivation.
These data will hopefully contribute to better understanding of microglia functions, and open
new possibilities to novel research of these fascinating cells, which are now revealed as key

players in different CNS pathologies, from Alzheimer’s Disease to depression.
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Materials and methods

Mice

For generation of BM chimeras, wild type C57BL/6 J mice (Harlan) were used as recipients,
Cx3cr1®F or CX3CR1®:R26-RFPM™ mice?>2¢ were used as donors. Recipient mice were lethally
irradiated with a single dose of 950 cGy using an XRAD 320 machine (Precision X-Ray (PXI))
and reconstituted the next day by i.v. injection of 5 x 10® donor BM cells per mouse.

This study also involved the following animals, all on C57BL/6 background: CXsCR1¢":mice
and CXsCR1°"ER:mice?®; I-AP VM micel®; IL-23p19™"™ mice!®; IL-10R™M mice!®?; IL-10™M
micel’2; TNFVM mice™”; GFAPCER micel™; Aldh1I11°ER micel™. All animals bred at the
Weizmann animal facility were maintained under specific pathogen-free conditions and handled
according to protocols approved by the Weizmann Institute Animal Care Committee as per

international guidelines.

Tamoxifen treatment

To induce gene recombination in CreER transgenic mice, tamoxifen (TAM) was dissolved in
warm corn oil (Sigma) and administered orally via gavage for four times every other day. All
animals were TAM-treated first at 5-6 weeks of age. Each oral application consisted of 5 mg at a

concentration of 0.1 mg/ul. Mice were examined 6-8 weeks after treatment.

Lipopolysaccharide challenge
For lipopolysaccharide (LPS) treatment, mice were injected intra-peritoneally (i.p.) with a single
dose of LPS as indicated (0.2, 1, or 2.5 mg/kg, E. coli 0111:B4; Sigma).

EAE induction and assessment

For EAE induction, mice were injected into each flank with 100 ul emulsion containing 1mg/ml
MOGsss5 peptide (GeneScript,USA), 1:4 PBS and 1:2 Freund’s incomplete adjuvant (Sigma)
enriched with killed M. tuberculosis (BD), supplemented with 250ng pertussis toxin (Sigma)
administered i.p. on day 0 and 2. EAE was assessed according to accepted assessment described
below. The mice were monitored daily by being held at the base of the tail. The index is as

follows: 0 - no symptoms; 0.5 - partial tail limp; 1 - complete tail limp; 1.5 - impaired gait; 2 -
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lose of pinch reflex in hind-limbs; 2.5 - one hind limb paralysis; 3 -complete hind limb paralysis;

3.5 - one forelimb paralysis; 4 - complete fore limb paralysis; 5 - death.

Monocyte depletion
For monocyte ablation, the anti-CCR2 antibody MC21 was a kind gift of M. Mack (Regensburg,
Germany) manufactured in-house by the Weizmann antibody unit, and 200ul of MC21

containing medium was administered ip.

Microglia isolation

To isolate microglia and BM-derived parenchymal CNS macrophages, mice were perfused using
ice-cold phosphate buffered saline (PBS) and brains or spinal cords were harvested. Brains were
dissected, homogenized by pipetting and incubated for 20 min at 37°C in a 1 ml HBSS solution
containing 2% BSA, 1 mg/ml Collagenase D (Sigma) and 1 mg/ml DNasel (Sigma). The
homogenate was then filtered through a 100 um mesh and centrifuged at 2200 RPM, at 4°C, for 5
min. For the enrichment of microglia and BM-derived cells, the pellet was re-suspended with a
40% percoll solution (Sigma) and centrifuged at 2200 RPM, room temperature for 15 min. The

cell pellet was next subjected to antibody labeling and flow-cytometry analysis.

Blood and spleen extraction

Blood was collected by tail bleeds; mononuclear cells were enriched by ficoll density gradient
centrifugation (1000 x g. 15 min at 20°C with low acceleration and no brake). For spleen
analysis, tissue was collected and digested for 1 hour with 1 mg/ml collagenase D (Roche) in
PBS containing magnesium and calcium (PBS +/+; Beit Ha’emek, Israel), then macerated

mechanically and filtered through a 70 pum mesh.

T cells ex-vivo stimulation

For Th1/17 stimulation, spinal cord or lymph nodes samples were prepared as the above
protocol for microglia enrichment, and were incubated for 3 hours in RPMI medium containing
10% fetal calf serum, 1:100 pen strep antibiotic, 1:100 -glutamine, 1:100 MEM and 1:100
sodium pyruvate (Beit Ha’emek, Israel) supplemented with 20ug/ml MOGss.s5 peptide
(GeneScript, USA) or PMA/lonomycin (Sigma). The cell suspensions were then further
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incubated with the same solution as above, supplemented with 1ug/ml Brefeldin A (Sigma-

Aldrich) for 3 additional hours, prior to antibody staining.

Flow cytometry and cell sorting

Cells were stained with primary antibodies against CD45 (clone 30-F11), CD45.1 (A20), CD45.2
(104), CD11b (M1/70), Ly6C (AL-21), Ly6G (1A8), B220 (RA3-6B2), Gr-1 (RB6-8C5), CD4
(H129.19), IL17A (TC11-18H10.1), IFN-gamma (XMG1.2), CD11c (N418), MHCII
(M5/114.15.2), CD8 (53-6.7), FIt3 (A2F10), CD44 (IM7), TNFa (MP6-XT22), - all from
Biolegend, San Diego, CA, USA. After incubation with the Abs at 4°C for 15 min, cells were
washed and sorted using a FACSAria (BD, Erembodegem, Belgium) flow cytometer. Data were
acquired with FACSdiva software (Becton Dickinson). Post-acquisition analysis was performed

using FlowJo software (Tree Star, FlowJo LLC; Ashland, Oregon).

Genomic PCR of sorted cells

5,000-10,000 cells were sorted, and DNA was isolated using the DNeasy Blood and tissue kit
(Qiagen) according to the manufacturer instructions. PCR for the WT, IL-10R flox, and IL-10R
KO alleles was performed with the following primers: 5’-ACTGAAGAGGCATCTGAGTG-3’;
5’-ACTTTACCCACTCCTCAGCTC-3"; 5>-ACCCTGCTTGTCTACACAGAC-3".

gPCR of sorted cells

RNA was isolated from 5,000 to 10,000 cells sorted into 40 pl of lysis buffer (Life
Technologies). Dynabeads mRNA Direct Purification Kit (Life Technologies) was used
following manufacturer's guidelines. RNA was reverse transcribed with High Capacity cDNA
Transcription Kit (Applied Biosystems). PCR were performed with Platinum SYBR Green gPCR
SuperMix (Life Technologies) and QuantStudio 6 Flex (Applied Biosystems). Quantification of
the PCR signals of each sample was performed by comparing the cycle threshold values (Ct), in

duplicate, of the gene of interest with the Ct values of the Actb housekeeping.
Lymph node extraction and RNA isolation

Inguinal lymph nodes were harvested, mechanically disrupted by a syringe plunger and incubated

for 30 min with collagenase D (Roche) at 37°C. Cell suspensions were filtered through a 100 um
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mesh. RNA was isolated using the RNeasy Micro kit (Qiagen) according to the manufacturer’s

instructions.

TNF serum analysis
Blood was extracted from the heart and centrifuged at 1000 RPM at room temperature for 15
min. TNF was measured using the DuoSet kit (R&D Systems). ELISA was performed according

to the manufacturer’s instructions.

RNAseq analysis

RNA-seq of populations was performed as described previously (Lavin 2014). In brief, 10° - 10°
cells from each population were sorted into 50 pL of lysis/binding buffer (Life Technologies)
and stored at 80 C. mMRNA was captured with Dynabeads oligo(dT) (Life Technologies)
according to manufacturer’s guidelines. We used a derivation of MARS-seq® to prepare libraries
for RNA-seq. Briefly, RNA was reversed transcribed with MARS-seq barcoded RT primer in a
10 pL volume with the Affinity Script kit (Agilent). Reverse transcription was analyzed by gRT-
PCR and samples with a similar CT were pooled (up to 8 samples per pool). Each pool was
treated with Exonuclease |1 (NEB) for 30 min at 37 C and subsequently cleaned by 1.2X volumes
of SPRI beads (Beckman Coulter). Subsequently, the cDNA was converted to double-stranded
DNA with a second strand synthesis kit (NEB) in a 20 mL reaction, incubating for 2 hr at 16 C.
The product was purified with 1.4X volumes of SPRI beads, eluted in 8 pL and in vitro
transcribed (with the beads) at 37 C overnight for linear amplification using the T7 High Yield
RNA polymerase IVT kit (NEB). Following IVT, the DNA template was removed with Turbo
DNase | (Ambion) 15 min at 37 C and the amplified RNA (aRNA) purified with 1.2 volumes of
SPRI beads. The aRNA was fragmented by incubating 3 min at 70 C in Zn** RNA fragmentation
reagents (Ambion) and purified with 2X volumes of SPRI beads. The aRNA was ligated to the
MARS-seq ligation adaptor with T4 RNA Ligase I (NEB).” The reaction was incubated at 22 C
for 2 hr. After 1.5X SPRI cleanup, the ligated product was reverse transcribed using Affinity
Script RT enzyme (Agilent) and a primer complementary to the ligated adaptor. The reaction was
incubated for 2 min at 42 C, 45 min at 50 C, and 5 min at 85 C. The cDNA was purified with
1.5X volumes of SPRI beads. The library was completed and amplified through a nested PCR
reaction with 0.5 mM of P5_Rd1 and P7_Rd2 primers and PCR ready mix (Kappa Biosystems).
The amplified pooled library was purified with 0.7X volumes of SPRI beads to remove primer
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leftovers. Library concentration was measured with a Qubit fluorometer (Life Technologies) and
mean molecule size was determined with a 2200 TapeStation instrument. RNA-seq libraries were
sequenced using the Illumina NextSeq 500. Raw reads were mapped to the genome
(NCBI37/mm9) using hisat (version 0.1.6). Only reads with unique mapping were considered for
further analysis. Gene expression levels were calculated and normalized using the HOMER
software package (analyzeRepeats.pl rna mm9 -d < tagDir > -count exons -condenseGenes -
strand + -raw) (Heinz et al., 2010). Differential expressed genes were selected using a 2-fold
change cutoff between at least two populations and adjusted p value for multiple gene testing >
0.05. Gene expression matrix was clustered using k-means algorithm (MATLAB function
kmeans) with correlation as the distance metric. The value of k was chosen by assessing the

average silhouette (MATLAB function silhouette) (3) for a range of possible values (4-15).

ATACseq analysis

20,000-50,000 cells were used for ATAC-seq® applying described changes.'®® Briefly, nuclei
were obtained by lysing the cells with cold lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3
mM MgCl,, 0.1% Igepal CA-630) and nuclei were pelleted by centrifugation for 20 min at 500 g,
4 C using a swing rotor. Supernatant was discarded and nuclei were re-suspended in 25 pL
reaction buffer containing 2 pL of Tn5 transposase and 12.5 pL of TD buffer (Nextera Sample
preparation kit from Illumina). The reaction was incubated at 37 C for 1 hr. DNA was released
from chromatin by adding 5 pL of clean up buffer (900 mM NaCl, 300 mM EDTA, 1.1% SDS,
4.4 mg/ml Proteinase K (NEB)) followed by an incubation for 30 min at 40 C. Tagmentated
DNA was isolated using 2X volumes of SPRI beads and eluted in 21 pul. For library
amplification, two sequential PCRs (9 cycles, followed by an additional 6 cycles) were
performed in order to enrich small tagmentated DNA fragments. We used the indexing primers
as described by Buenrostro et al., 2013 and KAPA HiFi HotStart ready mix. After the first PCR,
the libraries were size-selected using double SPRI bead selection (0.65X followed by 1.8X).
Then the second PCR was performed with the same conditions in order to obtain the final library.
DNA concentration was measured with a Qubit fluorometer (Life Technologies) and library sizes
were determined using TapeStation (Agilent Technologies). Libraries where sequenced on the
Illumina NextSeq 500 obtaining an average of 20 million reads per sample. Putative open
chromatin regions (peaks) were called using HOMER (using parameters compatible with IDR
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analysis: —L. 0 —C 0 —fdr 0.9). The Irreproducible Discovery Rate (IDR) was computed for each
peak using the Homer peak score for each replicate experiment (https://github.com/nboley/idr);
peaks with IDR > 0.05 were filtered away. Normalization and differential expression analysis
was done using the DESeq2 R-package.

Locomotion and food intake analysis

Homecage locomotion was assessed using the InfraMot system (TSE Systems). Measurements of
locomotion consisted of 5-6 light and 5-6 dark cycles, collected at 30-min intervals. Each
individually-housed mouse was supplied with 50 g of chaw, and the food left at the end of the

locomotion experiment was weighted to determined food consumption.

Electrophysiology on brain slices (LTP)

Extracellular recordings in acute slices prepared from dorsal hippocampus were performed as
previously described.'®* Following anesthesia with ketamine/xylazine (0.13/0.01 mg/g body
weight), animals were rapidly decapitated, the brain removed, and 400 mm slices prepared using
a vibroslicer. Slices were incubated for 1.5 hr in a humidified, carbonated (5% CO2 and 95% 0O2)
gas atmosphere at 33 + 1 C and perfused with artificial cerebrospinal fluid (ACSF) containing:
124mM NaCl, 2mM KCI, 26mM NaHCO3, 1.24mM KH2P0O4, 2.5mM CaCl2, 2mM MgSO04,
and 10mM glucose (pH 7.4) in a standard interface chamber. Recordings were made with a glass
pipette containing 0.75M NaCl (4 MU) placed in stratum radiatum of CA1. Stimulation of
Schaffer’s collaterals was evoked using a pulse stimulator and delivered through a bipolar
nichrome electrode. Input-output curves were run on each slice prior to beginning of each
experiment. Before applying the tetanic stimulation, baseline values were recorded at a frequency
of 0.033 Hz. LTP was induced by high-frequency stimulation (HFS) consisting of 100 pulses at
twice the test intensity, delivered at a frequency of 100 Hz (1 s). Responses were digitized at 5
kHz and stored on a computer. Spike 2 software (Cambridge Electronic Design) was used for

data acquisition.
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Statistical analysis

Mean data are shown. Mann-Whitney test, D’ Agostino-Pearson test, two-tailed unpaired t-test,
and Welch’s t-test were performed in GraphPad Prism7. Statistical significance was taken at P <
0.05.
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