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Abstract
Macrophages are members of the mononuclear phagocyte system, alongside monocytes and

dendritic cells (DC). In recent years it is becoming increasingly clear that tissue resident
macrophages, other than monocyte-derived macrophages, are important not only for immune
responses, but also for maintaining the homeostasis and integrity of the tissue. Data accumulated
in the past decade describe pronounced complexity and heterogeneity of the tissue macrophage
compartment, both in terms of ontogeny, gene expression and functionality. Collectively, this
renders these cells highly challenging to study. Specifically, their unique features require robust
and specific experimental systems to study the cells in high resolution in tissue context. Cre
transgenic mouse models allow in combination with conditional reporter genes to differentially
label embryo-derived and adult monocyte-derived tissue macrophages to refine their
characterization and ontogeny. Moreover, this approach enables the genetic manipulation of

specific cells in vivo.

In this PhD study | investigated developmental and functional aspects of three different
types of tissue macrophages, residing in adipose tissue, brain and heart, respectively. | generated
mice, which lack the transcription regulator methyl-CpG binding protein 2 (MeCP2), known to
be involved in Rett’s syndrome (RTT), a neurodevelopmental disease. Mice with total MeCP2
deletion in mononuclear phagocytes did not develop symptoms of RTT, and MeCP2-null
microglia did not show any overt inflammatory phenotype. However, we unexpectedly found
that deletion of the MeCP2 mutant mice displayed spontaneous obesity, most likely due to
absence of the gene from brown adipose tissue macrophages (BAM). The spontaneous obesity
was phenocopied in mice with the further-restricted, tamoxifen (TAM) -induced MeCP2 deletion.
Metabolic profiling established that defect was due to reduced energy expenditure, and the
MeCP2 deletion was associated with an altered BAM transcriptome, suggesting a role of these
macrophages in tissue homeostasis. In my studies on brain macrophages, i.e. microglia, | found
using the experimental autoimmune encephalomyelitis (EAE) model, that activated microglia and
monocyte-derived macrophages express distinct cell surface markers. To probe for antigen
presenting function of microglia we deleted the i-a” gene, encoding a component of the Major
Histocompatibility Complex 2 (MHC-II), critical for cognate cross-talk with CD4" T cells.
Surprisingly, we found that microglial MHCII was dispensable for the onset of EAE. To probe
for the role of tumor necrosis factor alpha (TNF-a) in microglia and monocytes, we generated

mice harboring a TNF-o mutation in both cell types or restricted to microglia. The former
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delayed the onset of EAE, ina T cell independent manner, without effecting the demyelination
per se, but by reducing infiltration of monocytes into the spinal cord. Our data suggest that the
TNF deletion in monocytes caused a cell intrinsic survival defect, ultimately leading to delayed
EAE onset. Microglial TNF on the other hand was found not to be required for the onset of EAE.
Finally, we used the different CX3CR1-Cre approaches to fate map and characterize a recently
described population of cardiac macrophages. We could segregate the cells into four
subpopulations based of their MHCII and CX3CR1 expression, and established, that they are
embryo-derived cells that are with time progressively replaced by monocyte-derived

macrophages.

1. Introduction

1.1 Tissue macrophages vs. monocyte-derived macrophages: a shifting paradigm
The mononuclear phagocyte system is composed of tissue macrophages, DC, and blood-
circulating monocytes, capable of differentiate to either macrophage- or DC- like cells.
Macrophages are specialized in ingesting cellular debris and pathogens and contribute to the
inflammatory response. In recent years it was shown that macrophages also have steady state
roles as non-inflammatory cells, contributing to development, tissue homeostasis and
regeneration. Examples include Kupffer cells of the liver; the red pulp macrophages, important
for phagocytosis of aged erythrocytes and iron recycling®*; osteoclasts, which are key players in
bone resorption® and microglia, which were shown to mediate synaptic pruning, eliminate
synaptic material, and even to promote spine growth®® (Figure 1). As the study of macrophages
has traditionally focused on settings of pathology, these homeostatic functions have been
notoriously underappreciated. Indeed, only more recent notions hold that these cells also
contribute critical to the integrity, maintenance and repair of the tissue, rather than acting only in
response to pathogens in the inflammatory context. In the past, it was assumed that all
macrophages derive from monocytes, i.e. circulating cells, which are bone-marrow (BM)-
derived®; however, recent studies have now firmly established that a substantial part of resident
tissue macrophages is derived from embryonic precursors and that these cells are disconnected
from adult BM precursors and ongoing hematopoiesis. In such a scenario, monocyte-derived
macrophages may act as an “emergency squad” recruited to sites of inflammation®®, where they
are instrumental for the inflammatory response; in certain cases, such as the CNS, monocyte-

derived macrophages do not persist after the inflammation is resolved™. In other cases, such as



the embryonic-derived macrophages (Figure 2)
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Recent works suggest that certain tissue macrophage compartments might even be
independent of hematopoetic stem cells (HSC)'®, although this point remains under debate.
Kupffer cells, microglia, lung macrophages, Langerhans cells and most other macrophage are
established early during embryogenesis. Microglia are derived from yolk sac precursors, which
are independent of the transcription factor Myb, which is essential for HSC development *4*7.
These precursors are Tie2+ erythro-myeloid progenitors (EMP), which develop as early as E8.5,
and colonize the fetal liver before E10.5, before the colonization by the “definitive” precursorslg.
Some macrophages might also arise from early definitive hematopoiesis occurring in the fetal
liver. We and others have previously shown that under steady state conditions, the majority of

tissue-resident macrophages are not replaced by monocytes*26:°

, with the exception of gut
macrophages, which are in adulthood entirely monocyte-derived 2>2; their different origin might
suggest that embryo-derived macrophages perform functions within the tissue, which are
different than that of the inflammation-associated, monocyte-derived macrophages. However,

such distinct functions remain to be defined.

Monocytes are per definition circulating mononuclear phagocytes. The rodent immune
system comprises two monocyte subsets, which can be defined in this species as CCR2"
CX3CR1™Ly6C" and CX3CR1MLy6C" cells. These cells are the equivalent of CD16"CD14  and
CD16 CD14+ human monocytes and display different roles?*%°. Monocytes develop in the BM

from common monocyte precursors (cMOP), derived from the monocyte/macrophage-DC
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precursors (MDP)*2, Ly6C" monocytes are plastic and can depending on the tissue
environment and the conditions that the cells encounter upon extravasation acquire either DC and

macrophage features®.

Whenever studied, monocyte-derived macrophages that are recruited under inflammation
to tissues display gene expression profiles distinct from the resident macrophages, which suggest
distinct functionality. This has for instance been demonstrated for CNS and liver
inflammation®>>1. Moreover, also steady state tissue macrophages show significant heterogeneity
from one another, both in terms of gene expression® and epigenetic signatures®; thus, various
tissue macrophages seem to adopt in response to local cues distinct identities according to the
needs of the microenvironment, in which they reside. To conclude, recent data demonstrate that
macrophage biology is extraordinary complex and dynamic. Moreover the characterization of
macrophage function within a given tissue in a given immune context is highly challenging. The
study of the ontogeny and role of several tissue macrophages in the brain, brown adipose tissue,
and heart, in comparison to pathogenic monocyte-derived macrophages was the main topic of this
PhD thesis. The work benefited from recently generated novel mouse models, i.e. the CX3CR1°"
and CX3CR1°"ER mice, developed by Drs. Simon Yona and Ki-Wook Kim in the Jung

laboratory
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1.2. Brown adipose tissue macrophages, obesity and MeCP2
In the last decade it is becoming more and more evident that hematopoietic cells participate in

metabolism control, both in the homeostatic steady state and in obesity. A current paradigm holds
that metabolic homeostasis has to be maintained by the immune system® | and that obesity is a
condition of low-grade inflammation®. As such, obesity itself recruits monocytes into “inflamed”

%837 and induces both myelopoesis® and local proliferation within the tissue®. In

adipose tissue
addition, leukocytes themselves can alter the metabolic state of the fat tissue, as well as the
organism. In obesity, macrophages can modulate the signaling of the insulin receptor on
adipocytes and muscle cells, a process known as insulin resistance®®. Adipocytes also can interact
with CD4+ T cells in order to polarize adipose tissue macrophages, a process which enhances
obesity*. Interestingly, adipose tissue macrophages are activated not only in the obese state, but
also under fasting and lean conditions*. In addition, adipose tissue macrophages also participate
in cold challenge, in which the organism has to adapt rapidly to abrupt changes in the
environment*** However, these immune-metabolic interactions have mainly been attributed to
the altered metabolism, with little understanding as to how the immune system maintain
metabolic homeostasis. Recently, it was shown that specific immune cells, i.e. type-2 innate
lymphoid cells (ILC2), contribute to the homeostatic metabolism of the fat tissue. Thus, in ILC2
absence the balance between food consumption and energy expenditure was disrupted, which in
turn lead to obesity*®. Thus, immune cells are not only involved in the obese state of the fat
tissue, but also in maintaining its normal functioning. Contributions of adipose tissue

macrophages to metabolic homeostasis have however not been described

The brown adipose tissue (BAT) is a specialized type of fat tissue, whose purpose is
contributing to non-shivering thermoregulation in mammals*’. BAT is composed of specialized
adipocytes, which express and utilize the mitochondria protein Uncoupling Protein 1 (UCP1, also
called Thermogenin) in order to burn lipid droplets to generate heat instead of ATP*®. Brown
adipocyte develop from the myoblast lineage, and their identity is dictated by the action of the
master regulator transcription factor PR domain containing 16 (PRDM16)***°. PRDM16
activates the transcription co-activator Peroxisome proliferator-activated receptor gamma

coactivator 1-alpha (PGC1a)***!

, Which is upstream of UCP1 transcription (Figure 3).
Activation of BAT adipocytes depends on noradrenergic stimulation by the sympathetic nervous
system which innervates the tissue®?. BAT adipocytes sense norepinephrine via the B3 adrenergic

receptor, whose stimulation results in increase of PGCla levels and thereby UCPlinduction
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expression and the switch of mitochondrial functions**3°*. This thermogenic machinery is
known to act in cold-challenged rodents, and recent PET-scan studies have described an
equivalent tissue in humans®*>*. BAT was proposed to contribute to thermogenesis not only
under cold stress, but also under steady state, as an energy expenditure mechanism, known as the
“diet-induced thermogenesis”. Indeed, under thermo-neutral conditions, UCP1-null mice do

become spontaneously obese™.

r 1 p E
a Eve ‘Cold or f-agonist
Ppar-?; &_
> (Prdm16) 'P\QC‘E‘/
\ J
- Commitment Differentiation Activation
Cells in somite Brown preadipocyte Brown adipocyte Activated brown adipocyte

(Myfs™)

Figure 3. Development of brown adipocytes. Adapted from ref**

Importantly, a certain subset of white adipocytes located in the subcutaneous white adipose
tissue (SCWAT) can under conditions of adrenergic signaling also express UCP1 and thus
participate in thermogenesis, a process known as “browning” of WAT or “beiging”™"; thus, the
two tissues share certain similarities, although their precise contribution in diet-induced
thermogenesis is at the moment unclear. Beige adipocytes differ from brown adipocytes
according to origin and steady state UCP1 expression. BAT functions, as well the beiging of
WAT, have been reported to involve immune cells, and also macrophages****; however

contributions of the latter are at the moment poorly characterized.

The vast majority of research of macrophages residing in adipose tissue has so far
concentrated on macrophages of the WAT, or (thereafter termed WAM). Recently, it was shown
that BAT hosts F4/80" macrophages (thereafter termed brown adipose tissue macrophages or
BAM). These cell are known to respond to cold challenge, in which case the cells were proposed
to proliferate ** , apparently in association with macrophage polarization towards an anti-
inflammatory, so called 'M2', signature**. However, to date the BAM remain uncharacterized,
and their function within the tissue, specifically in the context of energy expenditure under
thermo-neutral conditions, is not clearly defined. Also, it is not clear whether these are cells
derived from the BM, similar to gut macrophages®, or are embryo-derived similar to many other
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tissue macrophages***’; with the identification of functional BAT in humans®® , understanding

the function and origin of the BAM has become of clinical importance.

The X chromosome-linked nuclear transcription factor methyl-CpG binding protein 2
(MeCP2) is strongly linked to many neuro-developmental diseases, specifically with Rett’s
syndrome (RTT). RTT is a postnatal progressive neuro-developmental disorder, which
predominately occurs in females during early childhood. RTT patients develop normally up to 6-
18 months, before the onset of neuro-developmental symptoms, which include growth arrest,
autistic behavior, movement disorders, mental retardation culminating in respiratory deficits, lack
of speech and anxiety®’. MeCP2-deficient mice or animals, which carry specific inactivating
MeCP2 mutations, phenocopy the human disease®®®'. MeCP2 transgenic mice that exhibit
MeCP2 overexpression also show developmental symptoms, which are very similar to those
resulting from a MeCP2 deficiency®®®. This suggests that the actual function of MeCP2 is more
complex, and that the protein can modulate gene expression in via distinct mechanisms, which
might differ between tissues and cell types® . Classically considered a transcriptional repressor,
MeCP2 acts through chromatin condensation and transcriptional repression; alternatively,
MeCP2 might also directly block transcription . However, by forming a complex with
CREB1%, MeCP2 can also act as a transcriptional activator. Other mechanisms of action were
attributed to MeCP2 in terms of gene expression regulation, such as altering alternative splicing,
controlling miRNA function and the direct modification of histone structure® (Figure 4); In
addition, MeCP2 itself undergo many post-translational modifications, such as phosphorylation
and acetylation in multiple sites®’ ; thus MeCP2's net influence on gene expression is elusive, and
may account for the puzzling phenotypic similarities between gain-of-function and loss-of-
function mutations®’ . In macrophages, a recent work from the lab of Jonathan Kipnis described
MeCP2 as a survival factor and modifier of inflammatory output®®. However, since MeCP2 can
act differently in distinct cell types, it might also have different functions in specific macrophage
types, depending on tissue and immune context.

RTT-related MeCP2 functions were originally believed to be cell-autonomous and
restricted to post-mitotic neurons®®. However, MeCP2 is also expressed in other cell types, which
may contribute to RTT, such as microglia®. Interestingly, while most MeCP2-null males are
small, some do become obese®®, corresponding to sporadic obesity reported for RTT patients’.
More specifically, Sim1°®:MeCP2™ mice, in which MeCP2 is specifically deleted in
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hypothalamic neurons, do not develop RTT symptoms, but become obese due to increased food
consumption’®; a similar phenotype occurs also in specific deletion of MeCP2 in neurons
producing the negative feeding regulator POMC'2. Thus, the mechanism for the obesity
phenotype in these mice is central, and involves broad hypothalamic dysfunction, as

Sim1™:MeCP2™ males also exhibit heightened aggressiveness. In addition, functions of the
74,75

sympathetic nervous system, such as respiratory regulation” and thermo-regulation’" are
altered in MeCP null males and MeCP2 heterozygote females.
= é@\@ DDDDDD Figure 4. Proposed molecular mechanisms
‘(f/}*lﬂ))\\) for gene regulation by MeCP2. adapted
from ref ®,
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In this thesis we investigated the role of BAT macrophages in general, and the role of
MeCP2 in these macrophages- in particular, in the maintenance of energy expenditure and

metabolism. The work was performed with the assistance of Dr. Sigalit Boura-Halfon.

1.3. Microglia vs. monocyte-derived macrophages in neuropathologies
Microglia are hematopoietic cells that develop independent of neuroectoderm-derived neurons,

astrocytes and oligodendrocytes’®. Sequestered behind the blood brain barrier (BBBY) in the unique
neuronal/ microglial context, microglia display a gene expression profile and enhancer landscape
that significantly differ from other tissue macrophages®***. Moreover, highlighting its

independence, the microglia compartment is established well before birth from an early “primitive”
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hematopoietic wave originating in the yolk sac. More specifically, microglia originate from the
EMP and thus are independent of hematopoietic stem cells’’. Microglia subsequently maintain
themselves throughout adulthood by virtue of longevity and limited self-renewal™*. Microglia share
the prenatal establishment with most other tissue macrophage populations'’. Steady state microglia
are distributed throughout the CNS, including brain and spinal cord, and are sensors of injury and
pathologic conditions. More recent studies have furthermore revealed that microglia critically
contribute to CNS development and brain homeostasis’®. Microglia furthermore are believed to be

key players in neuro-inflammation and neurodegeneration ">

(Figure 5). Of note, while microglia
are the prime macrophages of the CNS parenchyma, non-parenchymal regions of the brain, such as
the meninges, the perivascular niches and the choroid plexus, are populated by a smaller

macrophage population distinct from microglia®.

Figure 5.Microglia function and its
molecular mediators in the healthy
and inflamed CNS parenchyma.
Adapted from ref®
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Prenatally established, the hard-wired resident microglia compartment can be complemented on
demand by macrophages that arise from monocytes recruited from the blood circulation during
injury or challenge®?. The latter cells are purged from the CNS after resolution of the
inflammation®!. Monocytic infiltrates are particularly evident in neuro-inflammatory disorders,
such as the multiple sclerosis (MS) model of experimental autoimmune encephalomyelitis (EAE)
that involves a BBB breakage®. Emerging evidence from mixed BM chimeras and parabiotic mice
indicates that functional contributions of monocyte-derived cells differ from that of the microglia
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1 However, definitive evidence for distinct functions of microglia vs. monocyte-derived
macrophages calls for experimental systems that allow the exclusive manipulation of microglia in

non-irradiated mice, and, unlike in vitro studies, in their unique physiological CNS environment.

MS is the most common non-traumatic disabling neurological disease of adults in the
northern hemisphere® . Pathological features of MS are the infiltration of autoreactive T cells and
myeloid cells into the CNS leading to demyelination and axonal degeneration 4. This condition
is represented in the well-established animal model for brain inflammation and MS, known as
EAE ®. In the classical murine EAE protocol, peripheral injection of the myelin peptide MOGss.
55 leads in conjunction with adjuvant and pertussis toxin, to priming of autoreactive T cells in the
lymph nodes and their differentiation into Th1 and Th17 effector cells. MOG-specific CD4" T
cells then enter the CNS, where they are thought to require reactivation by CNS-resident antigen
presenting cells (APCs) to exert their damaging role (Figure 6). The critical role of the T cells
was established by the demonstration that ex vivo stimulated MOG-specific CD4" T cells can
upon their adoptive transfer induce EAE independently of an immunization (passive EAE) %

o e Figure 6. Scheme
] ey summarizing the current
view of the CD4" T cell
contribution to in MS and
EAE. adapted from &’
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It is often assumed that microglia are crucial for the development of EAE 2, and that they
may have either a direct detrimental effect or indirectly contribute by interacting with other cells.
Interestingly, Ajami and colleagues reported that microglia enter the cell cycle and proliferate
during the early stages of the EAE, even prior to monocyte infiltration, and in correlation with

disease severity **. Blocking microglia proliferation using the CD11b-TK system %, or
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preventing microglial pro-inflammatory gene expression by deleting the transforming growth
factor B activating kinase 1 (TAK1)®, was found to reduce the severity of the disease.
Challenging the notion of a disease promoting activity of microglia, using CCR2"™:CX3CR1%"
double reporter mice it was reported that monocyte-derived macrophages are primarily
responsible for the striping of neurons from their myelin, while microglia adopted an “inert”
phenotype by silencing their gene expression, and merely cleared debris as bystander cells®;
thus, the role of microglia as disease-mediating cells in CNS autoimmunity is still under debate.

One of the crucial steps in the progression of EAE is believed to be the re-stimulation of
infiltrating, primed myelin-specific T cells by CNS-resident APCs; thus, one key question in
describing the role of microglia in CNS autoimmunity is, whether or not microglia can present
myelin antigen and prime T cells. Antigen presentation within the CNS has been speculated to
be performed by CNS DC®, recruited monocyte-derived macrophages® and the resident

microglia®®. Of these, DC contributions were shown to be critical for EAE®%

and recently a
novel subset of FIt3-dependent DC, which reside in the CSF-producing choroid plexus and the
meninges, with ability to prime T cells in the presence of MOG in vitro, was described %,
However, DC are not sufficient in inducing EAE, when mice are immunized with recombinant
MOG protein®. This suggests that antigen presentation by DC does not account for the entire
phenotype of the disease, and that other CNS APC also have a substantial contribution®*. In line
with this observation, it was recently shown that counter intuitively the ablation of DC worsened
EAE symptoms, again suggesting that other cells compensate for the lack of DC-mediated

antigen presentation®.

In steady state, microglia express very low amounts of MHC Il and co-stimulatory molecules,
that are required for the interaction with and activation of T cells®. However, following an in
vitro challenge, such as exposure to TLR ligands, or in vivo, following EAE induction, the cells

can upregulate MHC 11 7%

, readying them for potential T cell stimulation. Supporting this
notion, MHC Il induction on microglia is at day 10 post immunizations and corresponding to the
onset of disease, accompanied by an upregulation of costimulatory molecules®:. Following
immunization with MOGg3s.55 peptide, spinal cord microglia alter their phenotype from a
quiescent CD45™ MHC II" mode to an active CD45" MHC I1" state **. Interestingly, it was
reported that suppression of this activation by systemic delivery of miR-124 can prevent the onset

of EAE *°. The up-regulation of MHC Il seen in microglia in EAE may be related to GM-CSF-
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secreting Thy7 cells, an inflammatory CD4" T cell subset now recognized to be crucial for EAE

92,93 . as

190 Some in vitro data show a very low capacity for T cell stimulation by microglia
compared for instance to DC; however these reports involved cells obtained from steady state,

which were MHCII negative. Microglia are in fact capable of uptake of myelin antigen, in both
steady state and during the initial phase of EAE; particularly at this early time, before the

infiltration of monocyte-derived cells'®

, microglia might be the sole myeloid cells ingesting
myelin antigens. A recent study found that a subpopulation of activated CD11c” MHCII”
microglia isolated from sick animals could indeed prime T cells to some extent in vitro with the
MOGs3s.s5 peptide'®; it was also shown that microglia could induce in the presence of MOGgs.ss
and low dose IFNy , Ty cells in vitro, which were active in suppressing EAE in vivo'®,
However, at the moment no in vivo evidence for such T cell priming by microglia exists.
Nevertheless, recent state-of-the-art imaging data did describe contact between parenchymal
microglia and infiltrating T cells in EAE; thus T cell priming by microglia remains still a

possibility®,

Up-regulation of microglial MHC Il is not limited to EAE and MS, but also associated

with other neuro-inflammatory conditions, such as CNS injury*®

. Another prominent example of
microglial MHC 11 induction occurs in the cuprizon model that leads to a specific demyelination/
remyelination reaction restricted to the corpus callosum *®. Cuprizon is a copper chelating
reagent, which can be given to mice by diet; following a period of 4-6 weeks it induces
oligodendrocyte death and reversible demyelination'®. In microglia research, cuprizon challenge
is a powerful model, since it minimizes the involvement of myeloid cells other than microglia. In
the process of demyelination, microglia undergo activation and proliferation, especially during
the late stage of demyelination, characterized by expression pro-inflammatory cytokines and
activation-associated cell surface marker, as well as increased phagocytic capacity *°°'°; for
instance, CX3CR1-null microglia display impaired debris clearance, which interferes with the
remyelination stage'®® , and mice deficient for TREM2 undergo an altered remyelination phase,
due to impaired activation and phagocytosis™'?. Interestingly, it was suggested that microglia also
participate in the repair process, by secreting oligodendrocyte-related factors, such as IGF-1,
which promote the maturation of oligodendrocyte precursors, thus supporting remyelination. In
this process, a subset of microglia also upregulated MHCI1*®’. Importantly, the cuprizon model
of demyelination does not depend on T and B cells, in contrast to EAE or human MS. The

function of the newly-expressed MHCII in the cuprizon model is ill-defined; MHCII-null mice



18

have diminished demyelination**2, but also delayed and reduced remyelination. Moreover, the
diminished demyelination seems to be dependent specifically on the intact cytoplasmic tail of

MHCII, which is involved in the proliferation and the active phenotype of the microglia'*’.

MHC Il induction has also been reported for the facial nerve axotomy model, in which
microglia accumulate specifically in the axotomized facial nerve nuclei **. These reports are
intriguing, as again they do not involve T cells, autoimmune reactions or a pathogenic agent. Of
note however, it has been suggested that MHC 11 molecules might have functions independent of

T cells and antigen presentation'*****

, potentially involving intracellular signaling enhancing
TLR signaling'*. This would be consistent with the fact that microglia-associated MHC Il is
essentially sequestered in their endosomal compartment, rather than exposed on their surface,
unlike in DC, which even before maturation express readily detectable levels of surface MHCI|I
81 Combined, these reports hint strongly at alternative functions for microglial MHCII, other than

its involvement in T cell priming.

A key element in the neuropathology of MS is the release of pro-inflammatory cytokines,
such as IL-1, IL-6 and tumor necrosis factor alpha (TNFa) to the inflamed CNS '°. Of these
cytokines, TNFa, which is highly abundant in MS lesions and produced by many cells in the
inflamed CNS''®'"7 s of particular importance, due to its pleotropic actions and its association
with many autoimmune conditions, such as rheumatoid arthritis and Crohn’s disease ''® . TNFa is
first produced as a membrane-bound precursor, which is subsequently cleaved by the
metalloprotease TNF-o. converting enzyme (TACE, also known as ADAM17)'"?. Both the
transmembrane and the secreted form of TNF are active. In addition, TNF has two distinct
receptors, TNFR1 (p55) which preferably binds to the soluble TNF and contain the so-called
“death domain”, a cytoplasmic protein interaction region which can induce apoptosis as well as
NFkB activation, and TNFR2 (p75), which binds preferably to the transmembrane form, and
seem to promote survival. Since both membrane-bound TNFa and its cleaved product are
functional, and interact with different receptors, TNFa may act in diverse and even adverse
functions '%°. Although TNFa was initially considered detrimental in MS, and anti-TNFa drugs
are used clinically to treat other autoimmune diseases, such as rheumatoid arthritis, TNFa.
antagonists actually worsen MS symptoms '*', suggesting that TNFa may ameliorate the disease.
TNFo” mice indeed develop slightly delayed and reduced symptoms of EAE, but eventually the

disease is much more severe than that observed in TNFa sufficient mice, and no remission of the
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122,123

. It was suggested that TNFR1 signaling triggered by the soluble TNF
124

symptoms is seen
form is detrimental for neurons™". Conversely, signaling of TNFR2 in oligodendrocytes that is
preferentially triggered by transmembranal TNF is considered beneficial'®. Indeed, TNFR2”
mice develop EAE symptoms very similarly to control mice, but fail to remyelinate*®. These
observations support the idea that TNF has a pleiotropic action in EAE, and suggest that TNF is
detrimental in the initiation phase of the disease but might be beneficial for the re-myelination
phase via different signaling cascades. Microglia produce TNFa in an apparently T cell-

dependent manner *>1%

108

and upregulate TNFa expression during cuprizon-induced de- and
remyelination=". Microglia-derived TNFa, either secreted or membrane bound, might hence be
involved in EAE and MS development, alongside TNF that is secreted by monocyte-derived

macrophages.

Using mice harboring conditional mutant “floxed” TNFa alleles in combination with cell
specific Cre recombinase expression, it was shown that the TNFa produced by Lysozyme M"
myeloid cells mediates LPS-induced septic shock and protection from intracellular pathogens,
with little or no contribution of TNFa produced by lymphoid cells '*”. Prior data concerning
TNF expression in myeloid cells in the context of EAE, which involved the use of LysM-
Cre:TNF" mice, showed slight delay in disease onset and decreased myeloid and T cell
infiltration at day 14, with no effect on the later, chronic stage, thus suggest that myeloid TNF
has a specific role in the onset of the disease'**. However, LysM-Cre expression has low
penetrance in the microglia compartment. Thus, the exact role of TNF in microglia and
monocyte-derived macrophages, as well as the puzzling nature of TNF in in CNS autoimmunity,

is still unclear.

In this thesis, we investigated the function of microglial MHCII, as well as microglial and
monocyte-derived macrophage TNF in both autoimmune and sterile demyelination. The work

regarding microglial MHCII was performed in collaboration with Anat Shemer.

1.4. Cardiac macrophages

Cardiac macrophages (CM¢) are critical for early postnatal heart regeneration and fibrotic repair
in the adult heart, but their origins and cellular dynamics during postnatal development have not
been well characterized. Studies of cardiac repair after myocardial infarction in the adult have

highlighted the critical role of infiltrating monocytes and monocyte-derived macrophages for the
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healing process*?***°. However, these studies focused on the pathological “emergency” state,
rather than the steady-state or development; tissue resident CM¢ have largely escaped attention.
Only recently it was shown that tissue-resident CX3CR1" CM¢ can be found throughout the
myocardium™*. The cells were reported to exhibit the canonical macrophage markers such as
F4/80 and CD14, and molecules matching a ‘M2 signature’, such as IL-10 and CD163. A recent
study identified several CM¢ populations, including short-lived monocyte-derived cells that
resemble monocyte-derived DC, as well as tissue-resident CM¢, which were suggested to be of
pure embryonic origin and to self-maintain under homeostatic conditions*®. In this thesis, we
will present data supporting the notion of a progressive, age-dependent replacement of embryonic
CM¢ by monocyte-derived macrophages, which integrate into the resident pool and have a
tendency to express high levels of MHCII. These data were generated in collaboration with group
of Michael Sieweke, Centre d’Immunologie de Marseille-Luminy (CIML), France, and were

d 133

recently publishe and the manuscript is attached as an appendix.

1.5. Aims
The current thesis aims to study tissue and monocyte-derived macrophages in variety of settings,

using novel, state-of-the-art experimental tools. We focused on macrophages within three distinct
tissues- the brown adipose tissue, the CNS, and the heart, all populated by CX3CR1"
macrophages. We aimed to fate-map the macrophages and thus understand their ontogeny and
kinetics, and also to knock-down specific genes of interest in order to uncover specific functions.
We hypothesized that 1) the transcription regulator MeCP2 have a role in maintaining
macrophage function; 2) myeloid-derived TNF has an important role in EAE ; 3) Microglial

MHCII have functional significance; 4) cardiac macrophage have distinct ontogeny and kinetics.

2. Methods

2.1. Mice

Mice were maintained in a special pathogen-free (SPF), temperature-controlled (22°C = 1°C)
mouse facility on a reverse 12-hour light, 12-hour dark cycle at the Weizmann Institute of
Science. Food and water were given ad libitum. Mice were fed regular chow diet (Harlan Biotech
Israel Ltd, Rehovot, Israel). CD45.2 C57BL/6 and CD45.1 (B6/SJL) mice were purchased from
Harlan, Israel and bred in house, respectively. The following mouse strains were developed in

house: Cx3cr19™* mice™*, Cx3cr1®™ and Cx3cri®™ER mice®. To analyze recombinase activity in
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Cx3cr1® or Cx3cr1®R mice, these animals were crossed to Rosa-26-yfp (JAX stock 006148
B6.129X1-Gt(ROSA)26Sor<tm1(EYFP)Cos>/J)**, Rosa-26-rfp (JAX stock 006067 129-
Gt(ROSA)26Sor<tm2(CAG-Dsred2/EGFP)Luo>/J) *® or dTomato reporter mice (007908
B6;12956-Gt(ROSA)26Sor<tm14(CAG-tdTomato)Hze>/J) **’. In order to generate conditional
MHC Il mutant mice, Cre recombinase-transgenic animals were crossed with 1-Ab” ( JAX stock
003584 B6.12952-H2<dIAb1-Ea>/J) 2*® and 1-Ab™ mice (JAX stock 013181 B6.129X1-H2-
Abl<tm1Koni>/J) ***. In order to generate conditional TNF mutant mice, Cre recombinase-
transgenic animals were crossed to the TNF" strain, a gift of Sergei Nadospasov*?’. in order to
generate conditional MeCP2 mutants, Cre recombinase-transgenic mice were crossed with
MeCP2" mice (JAX stock 007177 B6.129P2-Mecp2<tm1Bird>/J) ® . For the mixed BM
chimeras with CCR2 deficiencies, the CCR2”" mice were used (JAX stock 004999 B6.12954-
Ccr2<tm1lfc>/J) *°. For BM chimeras, 7-10-wk-old recipient animals were lethally irradiated
(950 rad) and reconstituted with donor BM by i.v. injection of a minimum 10° BM cells. Donor
BM was isolated from femur and tibiae of d donor mice, filtered through a 70pum mesh and
resuspended in PBS for i.v. injection All mice studied were on C57BL/6 background and handled
under protocols approved by the Weizmann Institute Animal Care Committee (IACUC) in

accordance with international guidelines.

2.2. Reagent administration
Tamoxifen (TAM; Sigma-Aldrich) was dissolved in 100% ethanol to a 1 g/ml solution and was
10-fold diluted in corn oil (Sigma-Aldrich) to a 100 mg/ml final solution for oral or i.p.

1creER mice,

administration. To induce Cre-mediated gene recombination in 5- to 7-wk-old CX3CR
5 mg TAM was administered orally for 5 consecutive days (25 mg total) by gavage or
subcutaneous injections. For active EAE induction, mice were injected into each flank with 50 pl
emulsion containing Img/ml MOGg3s.s5 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 . For monocyte ablation, the anti-
CCR2 antibody MC21**! was manufactured in-house by the Weizmann antibody unit, and 200ul
of MC21 containing medium was administered ip. To induce a fever response, mice were

administered 2mg/kg of LPS (Sigma) i.p™*.
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2.3. EAE assessment

EAE was assessed according to accepted assessment index'*

. 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 - 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.

2.4. Glucose tolerance and insulin tolerance test (GTT, ITT)
Single-caged mice were put on starvation for 4 hours prior to test. For GTT, mice were weighed
and injected with 2g /kg D-Glucose (Sigma). For ITT, mice were weighed and injected with 0.75
units/kg of human recombinant insulin (Beit Ha’emek, Israel). For both tests, blood glucose
levels were measured using the Accu-check performa glucometer (Rosch Diagnostics) by tail
bleeding 0, 15, 30, 60, 90 and 120 minutes after glucose or insulin injection.

2.5. Metabolic studies

Indirect calorimetry and food and water intake, as well as locomotor activity were measured
using the Labmaster system (TSE-Systems, Bad Homburg, Germany). The LabMaster instrument
consists of a combination of feeding and drinking sensors for automated online measurement.
The calorimetry system is an open-circuit system that determines O, consumption, CO,
production, and respiratory exchange ratio. A photobeam-based activity monitoring system
detects and records ambulatory movements, including rearing in every cage. All the parameters
are measured continuously and simultaneously. Data were collected after 48 hours of adaptation
in acclimated singly housed mice. Cumulative food intake data was recorded every 30 seconds
and was further used for meal microstructure analysis. Body composition was assessed using
Echo-MRI (Echo Medical Systems, Houston, Texas).

2.6. Cold challenge
7 days before challenge, mice were anesthetized with ketamine/xylazine solution, and an
implantable programmable temperature transporter 300 (iPTT 300; Bio medic data system,
USA) was transplanted subcutaneously. At the day of the cold challenge, the mice were single-
caged and transferred to a 4°C room in the animal facility. The mice were then monitored every

30 minutes for their body temperature changes using the SP-6005 data acquisition probe (Bio
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medic data system, USA) over a period of 8 hours. After the cold challenge the mice were

sacrificed and tissues were collected.

2.7. Isolation of tissue samples.
For peripheral analysis peripheral 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 and lymph node analysis, tissues were collected and
digested for 1 hour with 1 mg/ml collagenase D (Roche) in PBS containing magnesium and
calcium (PBS +/+; Beit Ha’emek, Isarel), then macerated mechanically and filtered through a 70
pm mesh. For CNS analysis mice were perfused with 10 ml PBS via the left ventricle. Brain and
spinal cord samples were harvested from individual mice and tissues were homogenized and
incubated with a HBSS solution containing 2% BSA (Sigma-Aldrich), 1 mg/ml collagenase D
(Roche), and 0.15 mg/ml DNasel, filtered through a 70 pm mesh. Homogenized sections were
filtered through 80 uM wire mesh and resuspended in 40% Percoll, prior to density centrifugation
(1000 x g. 15 min at 20°C with low acceleration and no brake). For spinal cord endothelium
extraction, spinal cord were removed as above and digested with 0.1 mg/ml Collagenase 11,
2mg/ml Collagenase 2, 0.2 mg/ml Dnasel and 0.1mg/ml Hylurodinase 1 (Sigma-Aldrich). For
heart macrophage analysis, the heart was macerated and incubated with 1 mg/ml collagenase-2
(Sigma) and 0.15 mg/ml DNasel (Sigma-Aldrich) at 37°C for 30 min during constant agitation.
The resulting cell suspension was filtered through a 70 um mesh and erythrocytes were removed
by ACK lysis. For adipose tissues (BAT, VWAT and scWAT) the tissues were collected,
shredded roughly by scissors and then incubated for 30 minutes with DMEM medium (Beit
Ha’emek, Israel) containing 1 mg/ml collagenase-2 (Sigma-Aldrich), 2% BSA (Sigma-Aldrich)
and 30Mm HEPES buffer (Beit-Ha’emek, Israel). The resulting cell suspension was filtered
through a 70 um mesh and erythrocytes were removed by ACK lysis.

2.8. Exvivo stimulation
For Th1/17 stimulation, spinal cord or lymph nodes samples were prepared as above, and were
incubated for 3 hours in RPMI medium containing 10% fetal calf serum , 1:100 pen strep
antibiotic, 1:100 I-glutamine, 1:100 MEM and 1:100 sodium pyruvate (Beit Ha’emek, Israel)
supplemented with either 20ug/ml MOGg3s.s5 peptide (GeneScript, USA) or ionomycin and PMA

(Sigma). The cell suspensions were then further incubated with the same solution as above,
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supplemented with 1ug/ml Brefeldin A (Sigma-Aldrich) for 3 additional hours, prior to antibody
staining. For recall assay, CX3CR1°™: TNF"" mice were subjected to the EAE protocol as above,
and at day 6 inguinal and popliteal lymph nodes were removed, digested, and incubated with the
above RPMI medium containing MOGg3s.s5 peptide for 72 hours, prior to antibody staining. For
ex vivo LPS stimulation, brain cell suspensions were incubated with the above RPMI medium
supplemented with 10 ug/ml LPS for 2 hours, followed by incubation in the presence of Brefeldin

A for additional 2 hours.

2.9. Flow cytometry
Following cell suspension, cells were incubated in FACS buffer (PBS with 1%BSA, 2mM EDTA
and 0.05% sodioum azide) in the presence of staining antibody. For intracellular staining, the
CytoFix/Cytoperm Kit (BD) was used according to the instruction of the manufacturer. Cells
were acquired on FACSCanto, LSRII, and LSRFortessa systems (BD) and analyzed with FlowJo
software (Tree Star). For cell sorting, the FacsAria (BD) was used. Antibodies used throughout
the research are depicted in Table 1. For the CX3CL1-Fc stain, cell suspensions were blocked
with goat 1gG for 10 mins, incubated with the CX3CL1 -Fc fusion protein*** for 20 mins

followed by staining with a cy5-goat anti human IgG was added, for additional 20 minutes.

Table 1. Antibodies used in this research.

Antibody name Clone/ cat no. manufacturer
CD11b M1/70 Biolegend
CDl1c N418 Biolegend
CD14 Sa2-8 Biolegend
F4/80 BM8 Serotech
MHCII M5/114.15.2 Biolegend
CD45.1 A20 Biolegend
CD45.2 104 Biolegend
B220 RA3-6B2 Biolegend
CD115 AFS98 Biolegend
Grl RB6-8C5 Biolegend
Ly6C AL21 Biolegend
Ly6G 1A8 Biolegend
CD4 H129.19 Biolegend
CD8 53-6.7 Biolegend
MerTK BAF591 R & D systems
CD135/FIt3 A2F10 Biolegend
CD45 30F11 Biolegend
CD62L MEL14 Biolegend
CD64 90322 Biolegend
CD86 GL-1 Biolegend
CD80 16-10A1 Biolegend
CDA40 3/23 Biolegend
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MAC3 M3/84 Biolegend
IL-17A TC11-18H10.1 Biolegend
IFN-gamma XMG1.2 Biolegend
TNF MP6-XT22 Biolegend
CD44 IM7 Biolegend
CD31 390 Biolegend
PDL1 10F.9G2 Biolegend
CD206 C068C2 Biolegend
CD301 LOM-14 Biolegend
MeCP2 Millipore
TH Abcam
GFP Abcam
Ibal WAKO
Anti-rabbit Alexa 488 Jackson
Anti-goat Alexa 488 Jackson
Anti-chicken Alexa 488 Jackson
Anti-rat cy3 Jackson
Cyb Goat anti human IgG Jackson

2.10. Histology
For hematoxylin and eosin (H & E) or luxol fast blue (LFB) staining, tissues were embedded in
paraffin and serially sectioned. For immunofluorescence, tissues fixed in 4% paraformaldehyde
overnight at 4°C, incubated with 30% sucrose overnight and flash-frozen with isopentane before
sectioning by cryostat. Samples were blocked with 0.3% triton and 1:20 normal horse serum
before incubation with primary antibodies overnight in 4°C, following an incubation with
secondary antibody in PBS at RT for 2 hours. For immunohistochemistry of UCP1,
immunohistochemistry was carried out on paraffin sections with the avidin-biotin-peroxidase
(avidin biotin complex method; Vector Laboratories, Burlingame, California) using rabbit anti-
Ucpl Ab (Abcam).

2.11. Genomic DNA extraction
Sorted cells were lysed and digested in TES buffer (10mM Tris buffer, pH=8, 5mM EDTA, 0.1
M NaCL, 0.5% SDS and 100 ug PK) overnight in 56°C. DNA was precipitated in 70% ethanol
for 30 mins in RT, centrifuged twice at top speed and the tubes were left to dry. The pellet was
reconstituted with TE buffer for subsequent PCR. Genomic PCR for TNF was performed with
the following primer: TACACAGAAGTTCCCAAATG, GAAATCTTACCTACGACGTG,
CTCTTAAGACCCACTTGCTC. Genomic PCR for MeCP2 was performed using the following
primers: TGGTAAAGA CCCATGTGACCCAAG, GGCTTGCCACATGACAAGAC,
TCCACCTAG CCTGCCTGTACTTTG.
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2.12. RNAIsolation, Library Construction, and Analysis

RNA-seq was performed as described earlier**. Briefly, 10°~10° cells from each population were
sorted into 100-200 ul of lysis/binding buffer (Life Technologies). mRNA was captured with

12 ul of Dynabeads oligo(dT) (Life Technologies), washed, and eluted at 70°C with 10 pl of

10 mM Tris-Cl (pH 7.5). We sequenced an average of 4 million reads per library and aligned
them to the mouse reference genome (NCBI 37, mm9) using TopHat v2.0.10 with default
parameters. Expression levels were calculated and normalized using ESAT software

(http://garberlab.umassmed.edu/software/esat). RNA-seq analysis focused on genes in 25™

percentile of expression with a 2-fold differential between at least two populations.

2.13. ELISAs
IL-1b was measured using the DueSet kit (R & D). Leptin was measured using the Quantikine kit

(R & D). Insulin was measured using the mouse/rat Insulin kit (Millipore). ELISA were

performed according to the manufacturer’s instructions.

2.14. Quantitative real time PCR
Total RNA was extracted with RNeasy Mini Kit (QIAGEN). RNA was reverse transcribed with a

mixture of random primers and oligo-dT with a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). PCRs were performed with SYBR Green PCR Master Mix kit (Applied
Biosystems). Real-time PCRs were carried out on a 7500 real-time PCR system using fluorescent
SYBR Green technology (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 GAPDH housekeeping gene. DNA primers used in the research are
detailed in Table 2.

Table 2. list of DNA primers used for real time PCR in the research.

Gene Forward primer Reverse primer Accession number
Adrb3 GGCAACCTGCTGGTAATCAT GCATTACGAGGAGTCCCAC NM_013462.3
AgRP AAGCTTTGGCGGAGGTGCTAGAT AAGCAGGACTCGTGCAGCCTTACA NM_007427.2
Dio2 TCCTCCTAGATGCCTACAAACAGG ATTCAGGATTGGAGACGTGCAC NM_010050.2

Ipr ACACTGAAGGGAAGACACT GGGTTCTTAGGTAATGGCTCC NM_146146
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Mc3r CTGTAGCAACGGGTGTCGG ATCAGCCTGCCTCATCCC NM_008561.3
Mcar CAAGAACCTGCACTCACCCA GACCCATTCGAAACGCTCAC NM_016977.3
npy TCAGACCTCTTAATGAAGGAAAGCA ATGAGGGTGGAAACTTGGAAAAG NM_023456
Ucpl GGCATTCAGAGGCAAATCAGCT CAATGAACACTGCCACACCTC NM_009463

th CCAAGGTTCATTGGACGGC CTCTCCTCGAATACCACAGC NM_009377
Pgcal | AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG NM_008904

tnf CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA NM_001278601
inos CTGCAGCACTTGGATCAGGAACCTG GGGAGTAGCCTGTGTGCACCTGGA NM_010927
Mecp2 | GCTTTCTGATGTTTCTGCTTTGC ACCTTAGCCCACCATTCTG NM_001081979
Gapdh | CAAGGTCATCCATGACAACTTG GGCCATCCACAGTTCTGG NM_001289726

2.15. Western blot
Adipose tissues were harvested in buffer A (25 mmol/l Tris-HCI [pH 7.4], 10 mmol/l sodium

orthovanadate, 10 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/I
EDTA, 10 mmol/l EGTA, and 1 mmol/l phenylmethylsulfonyl fluoride). Supernatants (12,000 g)
of cell extracts (50—150 ug CHO-T cells; 15-30 ug murine islets) were resolved by SDS-PAGE
and Western blotted with the indicated antibodies.

2.16. Statistical analysis
Results are expressed as means + SEM. Statistical analysis was performed using Student’s T test,

Mann-Whitney’s U test, ANOVA or repeated-measurements 2-way ANOVA with post hoc
Student's t tests or paired Student's t tests, as appropriate using the GraphPad Prism (San Diego,
CA). PCA analysis was performed using the MATLAB interface. GO analysis was performed

using the DAVID bioinformatics resources*.

3. Results - Part I: Brown adipose tissue macrophages control energy expenditure

3.1. The CX3CR1¢e and CX3CR1CreER mouse models allow the study of tissue
macrophages
We recently generated CX3CR1°™ and CX5CR1°™ER animals 1% by targeted insertion of the

respective Cre recombinase genes into CX3CR1 loci, mimicking the CX3sCR1%" locus, previously

shown to tightly reflect endogenous CX3CR1 expression™* (Figure 7). CX3CR1°"™ mice express
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constitutively active Cre recombinase resulting in the spontaneous irreversible rearrangement of
loxP site-flanked (‘floxed") alleles in CXsCR1 expressing cells. In contrast, the CX3CR1°"ER
system comprises a conditional active Cre recombinase that is fused to a mutated ligand-binding
domain of the human estrogen receptor (ER) **°. Two point mutations in the ER-LBD prevent
constitutive activation of the CreER protein by endogenous estradiol, still allowing binding of the
synthetic estrogen antagonist tamoxifen (TAM) *°. In the unbound form, the CreER fusion
protein resides in the cytoplasm in an inactive complex with heat shock proteins. TAM
administration frees the CreER protein to translocate to the nucleus and mediate the site-specific

recombination.

N 6o
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Importantly, CX3sCR1°"™ and CX5CR1°"ER animals differ considerably with respect to the cells
they target. CX3CR1°™ animals target CX3sCR1" expressing cells and cells derived from
CX3CR1" cells that subsequently silenced CX3CR1 expression. CX3zCR1°"™ animals can therefore
report on the history of cells and be used for fate mapping, as well as gene manipulation *2. After

crossing the CX3CR1°™ mice with Rosa26:YFP reporter animals **°

, virtually all tissue
macrophages were found labeled, because all these cells pass a CX3CR1" stage during their
development (Figure 8A); in addition, also blood monocytes of CX3CR1°":YFP animals are
found efficiently labeled (Figure 8B). Thus, the CX3CR1" system targets the mononuclear
phagocyte system broadly, including all tissue resident macrophages, monocytes and their
progeny and also partially DC **'. In contrast, the CX3CR1°"ER system depends on cells actively
transcribing from the CX3CR1 promoter at the time of TAM exposure. Accordingly, microglia

and gut macrophages, which are CX3CR1" cells at the adult steady state, are efficiently labelled
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in TAM-treated CX3CR1°"™R:R26-YFP mice; however, most other tissue macrophages, which
silenced their CX3CR1 promoter remain unlabeled, even following extended TAM exposure 2,
Importantly, the latter finding excludes ongoing contributions of CX3CR1+ monocytes to these
resident macrophage compartments (Figure 8A). Another prominent feature of the CX3CR1"R
system are its kinetics; CX3CR1" macrophages with long half-lives, such as the self-renewing
microglia, will permanently retain TAM-induced genetic modifications after the induction. In
contrast, CX3CR1" monocytes and CX3CR1" gut macrophages have, with 20 hrs and 3 weeks *?,
a much shorter half-life and are after TAM-treatment replaced by new BM-derived cells with
genomic WT configuration. When combined CX3CR1°"® and CX3CR1°™FR mice thus allow

studying the relationship of monocyte-derived macrophages and resident tissue macrophages.
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Figure 8. Tissue macrophage and monocyte targeting by the CX3CR1 Cre and CreER
systems. A. Flow cytometry (FACS) analysis of mononuclear phagocyte populations of
CX3CR1%P, CX3CR1°"®:R26-YFP, and CX3CR1°"F*:R26-YFP mice. CX3CR1°"*:R26-YFP
mice were treated for 4 weeks with TAM prior to analysis. Results are representative of six mice
per group. (B) FACS analysis of blood monocytes of CX3CR19", CX3CR1°":R26-YFP, and
CX3CR1°"":R26-YFP mice. CX3CR1°"":R26-YFP mice were treated for 4 weeks with TAM
prior to analysis. Results are representative of four to six mice per group. published in
reference™
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Like CX3CR19" mice'®, also the CX3CR1™ER system emerged as a powerful tool for

microglia research, due to the high activity of the promoter in these cells**

and microglial self-
renewal capacity. To establish the robustness of the CX3CR1“"F system for the use in microglia
research, we generated CX3CR1°"*:R26:YFP/R26:RFP double reporter mice, in which the
alleles of the Rosa26 locus carry insertions of lox-stop-lox flanked YFP or RFP reporter

genesl35,149

, respectively. These double reporter mice were given TAM either via oral
administration (gavage), or by subcutaneous injection. 30 mg of orally administered TAM, and
40 mg of subcutaneously administered TAM were sufficient to induce either YFP or RFP
expression in >95% of microglia, and >80% of microglia co-expressed both reporter genes
(Figure 9A). Thus, the CX3CR1°"™R model is sufficiently robust to drive the excision of two
‘floxed’ alleles in a majority of cells. Of note, certain lymphocyte subsets and myeloid cells,
other than microglia express CX;CR1'**. TAM treatment of CX3CR1" R mice results
accordingly also in gene rearrangement in these cells*? (Figure 9B), including monocytes, some
DC and peripheral macrophages. Importantly, these are exactly the cells that have confounded the
functional analysis of the microglia compartment in the previous studies. However, most
peripheral myeloid cells that underwent Cre activation and rearrangements have a limited half-
life and are continuously replaced by BM-derived cells. Genetic modifications, such as the
activation of the YFP reporter gene or the deletion of “floxed” alleles are thus progressively lost
with time in these populations. In contrast, the resident microglia pool, which self-renews without
further input from the BM?, retains once introduced gene modifications throughout the life of the
organism (Figure 9B). This feature thus allows generation of animals that harbor specific genetic
manipulations restricted to microglia and other defined CX3CR1 expressing tissue macrophages,
such as BAT macrophages (see below). Of note, there are also other tissue macrophage
populations, such as Kupffer cells and peritoneal macrophages that are established before birth
and then self-renew ***". However, as most of these cells lack CX3CR1 expression, they are not
targeted by the CX3sCR1°"ER system in adulthood™?. Classical DC that derive from CX;CR1*

precursors or themselves express the receptor®

on the other hand lose their gene modifications,
as they are short lived and hence progressively replaced by BM-derived cells (Figure 9B).
Taken together, the combination of CX3CR1°" and CX3CR1°"5R animals provides a novel and
unique tool to probe for the involvement of microglia in CNS development, CNS maintenance

and CNS responses to pathological challenges, which does not involve artifacts such as the ones
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introduced by BM transplantations. At the same time the system can be used to study defined

tissue macrophage populations, such as the ones residing in BAT.

A WT CX3CR1C1°ER:R26-YFP:R26-RFP B

CD45

A

EYFP

== Microglia
=% Splenic CD4+ DCs

%YFP+ cells

Iry—
0 10 20 30 60 90
Days from treatement

Figure 9. The CX3CR1°"™R system is robust and can be used to exclusively target
microglia in the brain. A. CX3CR1°"R:R26-YFP/R26-RFP double reporter mice were treated
with TAM either by subcutaneous injections (10 mg for 3 or 4 consecutive days) or oral
administration (5 mg for 5 or 6 consecutive days. B. CX3CR1°"5R:R26-YFP mice were treated
with 30 mg TAM orally, and then the YFP+ fractions of cells were assessed 7, 14, 28 and 90 days
after administration in the blood, spleen and brain.

3.2. MeCP2 deletion in brown adipose tissue macrophages results in spontaneous

obesity

Tissue resident macrophages display distinct transcriptomes and enhancer landscapes®**®

that are

prominently imprinted by the specific environment they reside in® .The study of tissue
macrophages and their contribution to tissue functions hence requires the analysis of ex vivo
isolates, rather than cultured cells. Macrophages in adipose tissue including BAT, VWAT or
SCWAT all display a canonic ‘macrophage signature’ of cell surface markers®? and can be
characterized as CD11b* F4/80" CD14" CD64" cells, similar to other macrophages, including
cardiac macrophages™? (Figure 10). To further define these macrophage populations in adipose
tissue, as well as their specific contributions to maintenance and function of the distinct fat
tissues, we profiled their transcriptomes by RNA-seq. PCA analysis of the transcriptomes of
adipose tissue macrophage (ATM) revealed, that they clustered together and remote from other
tissue resident macrophages, most notably those of inner organs, such as intestinal, Kupffer cells
and peritoneal macrophages (Figure 11A). Thus, ATM are a distinct compartment within the
tissue resident macrophages. We are currently in the process of defining distinctive features of

brown and white fat macrophages. Preliminary clustering of the cells show, surprisingly, that the

=&= Blood Ly6C- monocytes



33

ATM of the subcutaneous white fat are distant from either macrophages residing in the brown

adipose tissue or the visceral adipose tissue.

Flow cytometry analysis of ATM revealed that BAM, but not WAM comprise a distinct
and prominent populations of CX3CR1" cells, as revealed in CX3CR1%" mice, and by direct
staining for CX3CR1 using a CX3CL1-Fc fusion protein'** (Figure 11B-D). In contrast, BAM
and WAM obtained from CX3CR1°"™:R26-RFP mice were both >90% labelled, establishing that
the CX3CR1°" systems broadly targets all ATM (Figure 11E). Importantly, TAM-induced fate
mapping of the macrophages of the various fat tissues using CX3CR1°"F: TdTomato mice
revealed that BAM are long lived cells compared to the macrophages of the VWAT and scWAT.
In TAM-treated CX3CR1“"=R:TdTomato over 50% of the BAM were found stably labeled
(Figure 11F) even after prolonged time; thus the majority of the BAM has self-renewal capacity
with limited input from the BM. Unlike WAM, BAM can hence be efficiently targeted by the
CX3CR1°™ system. Finally, we tested the radiosensitivity of the cells by lethally irradiating
CD45.1 recipient mice and transplanting BM from CD45.2:CX3CR1%" donors. The majority of
the BAM were found replaced by the transplant-derived cells, although to some less extent than
cardiac and WAT macrophages; thus, the cells are radiation-sensitive, unlike microglia (Figure
11G).

Figure 10. Gating and sorting strategy for the various ATM throughout the research.
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Figure 11. Brown adipose tissue macrophage (BAM) characterization. A. FACS analysis of
BAM isolated from WT mice. B. GFP fluorescence in BAM and white adipose tissue
macrophages (WAM) isolated from CX3CR1%" mouse. C. Histological analysis of GFP
expression (green) and F4/80 (red) in BAT of CX3CR1%" mouse. D. CX3CL1 -Fc stain of BAM
and WAM isolated from the same WT mouse. E. RFP fluorescence in BAM and WAM obtained
from CX3CR1°":RFP mouse. F. Fate mapping of the various ATM in TAM- treated
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BAM and VWAM in lethally irradiated CD45.1 mice reconstituted with 2*10° CD45.2:CX3CR1%"
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Mutations in the Methyl DNA-binding protein MecP2 have emerged as critical drivers of
the RETT syndrome. Recent evidence show that MeCP2 is expressed in many tissue
macrophages, and contributes to the fine-tuning of their survival and output® .To investigate
potential contributions of MecP2-deficient macrophages to RETT disease development, we
crossed CX3CR1°" animals with mice that harbor a conditionally mutant, ‘floxed” MeCP2
gene®® . The MeCP2 locus is on the X chromosome and we hence worked exclusively with male
mice, in order to avoid female mosaicism due to X chromosome inactivation®’. Cre recombinase-
mediated rearrangement of the ‘floxed” mecp2 allele results in a deletion between exon 3 and 4,
resulting in a truncated transcript®™®. RNA-seq analysis and the respective Integrative Genomics
Viewer (IGV) tracks revealed that in microglia isolated from CX3CR1":MeCP2™ mice, exon 4
Is indeed truncated, while the neighboring gene IRAK1 was found intact (Figure 12A). In order
to confirm the genomic deletion of the MeCP2 gene, MeCP2"" and CX3CR1°":MeCP2™"
microglia were sorted from the respective mice, and primers which amplify the deleted allele
(400 bp), as well as the intact floxed allele (500 bp) were used for the diagnostic PCR. The
deleted allele was only detected in samples containing CX3CR1°":MeCP2"" DNA (Figure 12B).
In addition, MeCP2 protein levels were reduced in microglia isolated from CX3CR1°":MeCP2"Y
mice, as indicated by flow cytometry following intracellular staining for the nuclear protein
(Figure 12C).

Unlike MeCP2™" mice'®!, or MeCP2" animals crossed with general Cre deleter mice®,
CX3CR1°®:MeCP2" mice were viable and did not exhibit any RTT-like symptoms, such as
reduced weight, abnormal hind limb clasping, anxiety, breathing abnormalities or premature
death (Figure 13A-B). In fact, CX3CR1°":MeCP2"¥ mice were indistinguishable from their
CX3CR1°" littermates until the age of 3-4 months. However then, CX3CR1°":MeCP2™¥ mice
started to increasingly gain weight and from 15 weeks of age on, the mice were significantly
heavier than their CX3CR1°" littermates. By the age of 6 months, CX3CR1°":MeCP2"¥ mice
were severely obese, weighing ~30% more than controls (Figure 13C-D). CX3CR1":MeCP2™
mice exhibited 2 - 3 fold enlarged and fatty livers, and larger visceral adipose tissue; spleens were
however normal with no signs of splenomegaly (Figure 14A-B). Histology revealed enlarged

adipocytes and the formation of characteristic ‘crown-like structure’, as well as fat-loaded
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hepatocytes (Figure 14C). In addition to total body weight gain, the percentage of fat tissue,
measured by ECHO-MRI was found significantly increased in CX3CR1°":MeCP2™" mice

(Figure 14D).
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Figure 12. Efficient MeCP2 deletion in
CX3CR1°"*:MeCP2" mice. A.
Integrative Genomics Viewer (IGV)
tracks of the MeCP2 transcript in sorted
MeCP2" and CX3CR1°":MeCP2"
microglia. B. PCR of the unrearranged
(~500 bp) and excised MeCP2" alleles
(~400 bp) on genomic DNA of sorted
microglia from MeCP2"” and
CX3CR1°":MeCP2"™ mice. C. FACS
analysis of MeCP2 expression by WT
and mutant microglia by intracellular
stain.

Figure 13. A. Myeloid MeCP2
deletion does not cause a RTT
symptom, but spontaneous obesity.
(A) Survival curve of CX3CR1°"™
(n=8) and CX3CR1°"*:MeCP2"
(n=14) mice over 6 months. B.
CX3CR1°" and
CX3CR1°"®:MeCP27" littermates at
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Figure 14. Increased livers and adipose tissues, but not spleens, in CX3CR1°":
MeCP2" mice. A. Spleen, liver and adipose tissue of littermate CX3CR1°": MeCP2™ and
CX3CR1°™ mice at 6 months. B. Organ weight at 6 months. N=4-7, *p<0.05, *p<0.01, Mann-
Whitney’s u-test. C. H & E stain of white adipose tissue (left) and liver (right) of CX3CR1“"™ and
CX3CR1°":MeCP2" littermates at the age of 6 months. D. % body fat out of whole body
composition of CX3CR1"™ and CX3CR1°":MeCP2™ littermates at the age of 6 months. N=5-9,
*#%p<0.001, Student’s t-test.

To further restrict the MeCP2 myeloid deficiency, we crossed the MeCP2" mice to the TAM-
inducible CX3CR1°" R mice. Upon TAM administration, MeCP2 was efficiently deleted in
microglia, as documented both on the genomic level and by flow cytometry (Figure 15A-B).
CX3CR1°™ER:MeCP2" mice and control littermates were administered TAM at 6 weeks of age.

Both groups of mice initially responded to the TAM administration with a loss of body weight,
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but soon caught up. Interestingly, TAM-treated CX3CR1°"ER:MeCP2™ mice but not control
littermates exhibit a significant weight gain by 6 months post TAM, similar to the
CX3CR1°"®:MeCP2" mice (Figure 15C-D). In concordance with the CX3CR1¢":MeCP2"
mice, these animals also displayed increased liver, adipose tissue and percentage of body fat
(Figure 15E) . Three months after TAM administration CX3CR1°"R:MeCP2™ mice exhibited
an intact glucose metabolism, as their glucose removal rate in a glucose tolerance test was
indistinguishable from that of littermate controls (Figure 16A). An insulin tolerance test revealed
similar rates of glucose removal, thus the mice also do not develop hidden insulin resistance at
this stage (Figure 16B). By 6 months after TAM however, hallmarks of obesity and impaired
glucose metabolism, such as leptin, fed insulin and fed glucose levels were elevated in sera of the
mice (Figure 16C-E). Thus the mice become diabetic not as a direct effect of the TAM

treatment, but as a secondary event due to the excessive weight.
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Figure 16. Metabolic
——— parameters of
oo CX3CR1™ER:MeCP2 mice

at 3 months and 6 months

of age. A. Glucose
R B w h o m w tolerance test (GTT, A) and

inestrgluceseiond(m) [ insulin tolerance test (ITT,

E — B) performed in pre-obese
starved mice 3 months after
TAM administration. N=7.
C-E. Serum insulin (C),
glucose (D) and leptin
levels (E) in CX3CR1C™ER
and CX3CR1°"ER:MeCP2™Y
mice 6 months after TAM
administration. N=13,
*p<0.05, ***p<0.001
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We next performed a series of metabolic measurement to unravel the mechanism behind
the obesity phenotype in the absence of myeloid MeCP2. We chose to focus on the
CX3CR1°™ER:MeCP2"Y mice, since these mice have a restricted and limited MeCP2 deletion and
thus are less prone to confounds and artifacts. CX3CR1°¥R:MeCP2" mice were given TAM and
evaluated for food consumption and energy expenditure 3 and 4 months after. Of note, by this
time, the mice were not yet obese. Effects seen in the metabolic evaluation are hence unlikely to
be secondary effect of the obesity phenotype itself. CX3CR1°™*R:MeCP2™ mice presented
normal circadian oscillations in food consumption (Figure 17A) and did not consume more food
compared to their littermate controls (Figure 17B). However, CX3CR1°"ER:MeCP2" mice
displayed significantly less energy expenditure, as calculated by indirect measurement'* at both
time points (Figure 17C-D). The mice expand less energy specifically during the dark phase,
which is the active phase in which both food consumption, locomotion and energy expenditure
are elevated. Interestingly, 3 months after TAM, CX3CR1°"*ER:MeCP2™ mice partially
compensated for the attenuated energy expenditure by elevating their locomotion, thereby likely
delaying the weight gain (Figure 17E-F). However, at 4 months the locomotion patterns were
not significantly different between the groups, suggesting that the heightened locomotion of
CX3CR1°"™R:MeCP2™ mice was a transient, adaptive mechanism to sustain body weight, which

is progressively lost.
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To investigate, whether the reduced energy expenditure results from a peripheral or
central alteration, we isolated BAT and hypothalami of CX3CR1°ER:MeCP2™ mice and
littermate control. Importantly, mRNA levels of iINOS and TNF, as well as IL-1b levels as
measured by ELISA, were not significantly altered in the BAT, indicating that the tissue is not
inflamed (Figure 18). Levels of PRDM16 were unchanged following the MeCP2 deletion,
indicating that the identity of the brown adipocytes is maintained (Figure 19A). Importantly
though, levels of UCP1, whose expression is restricted to brown adipocytes, were reduced by
40%. This may indicate a reduced nor-adrenergic tone>2. Expression of the thyroid signaling-

23 was also strongly reduced, while expression of the critical

154
1

associated, thermogenic gene Dio
thermogenic transcriptional co-activator PGCa1™>" was unaltered. Expression of the
noradrenergic B3 receptor was reduced, without reaching significance. Histological analysis of
BAT and WAT in young pre-obese CX3CR1°®:MeCP2™ mice at the age 10 weeks revealed

altered BAT morphology, while WAT was intact (Figure 19C). In the BAT of the animals,
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UCP1 levels were reduced, alongside decreased phosphorylation of the hormone sensitive lipase
(HSL), which is phosphorylated upon activation of the B3 adrenergic receptor and release of fatty
acids from triglyceride stores (Figure 19B). Interestingly, HSL was found also to be hypo-
phosphorylated in the VWAT of CX3CR1°":MeCP2™ animals. Histochemical UCP1 staining
further confirmed the reduction of the protein in the BAT of CX3CR1°":MeCP2™ animals
(Figure 19D). Intriguingly, tyrosine hydroxylase (TH) was also strongly reduced in the whole
tissue extract, which could again suggest a reduced norepinephrine tone (Figure 19A). The latter

could be triggered either by the
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¢ inflammation in

CX3CR1°"ER:MeCP2™ mice. A. mRNA levels of iNOS and TNF as measured by gRT-PCR in
total BAT obtained CX3CR1°"*®R:MeCP2" mice, 4 months after TAM induction. B. BAT IL-18
levels in same BAT samples as in A.

A B

204 B CX3CR1°MER

VWAT BAT

CX3CR1-Cre:MeCP2 fly CXICR1-Cre CX3CR1-Cre:MeCP2 fly CX3CR1-Cre

- CreER i
g s Il CX3CR1 MeCP2 pHSL
5 10- tHSL
‘0
4
205. UCP1
x
w

0.0 Gapdh

© N 0 N @ ap
S ¢ ¢
& N & ‘Sﬁ
CX3CR1¢r: CX3CR1Cre CX3CR1Ce ;

< : MeCP21¥ MeCP21¥

BAT

VWAT



42

Figure 19. altered BAT morphology and gene expression if the absence of macrophage
MeCP2. A. qRT-PCR analysis of BAT obtained from obtained CX3CR1°™R:MeCP2™ mice, 4
months after TAM induction. B. Western blot analysis of tissues obtained from 10 week old pre-
obese CX3CR1°":MeCP2™ mice and littermates C. H+E stain of tissues, as in B. D.
histochemical UCP1 staining for tissue as in B.

BAT activity is related to cold-induced thermogenesis®®. To test, if this acute response is
impaired in the mice which harbor MecP2-deficient BAM, we subjected both pre-obese
CX3CR1°"®:MeCP2" and TAM-treated CX3CR1°":MeCP2"™ mice to a standard cold shock
treatment (4°C for a period of 8 hours). Surprisingly, both mouse strains were able to maintain
their body temperature comparable to control littermates (Figure 20A-B). Gene expression
analysis of the BAT of the cold-challenged TAM-treated CX3CR1°"ER:MeCP2" mice revealed
only minor differences as compared to controls.. Thus, UCP1, PGCa-1, Dio2 and ADRB3 levels
were not different between WT and mutants (Figure 20C). Additionally, histological assessment
revealed a similar depletion of fat stores in BAT (Figure 20D). However, in the SSWAT of the
TAM-treated CX3CR1"¥R:MeCP2" animals, UCP1 and PGCa-1 mRNAs were found 7-fold
increased, accompanied by excessive phosphorylation of HSL and an increase of UCP1" positive
cells (Figure 20E-G). In addition, excessive HSL phosphorylation was evident in the vVWAT of
the cold-challenged CX3CR1“":MeCP2 mice (Figure 20H). Thus, although
CX3CR1°™ER:MeCP2™ mice display at 22°C reduced UCP1 levels and lower lipid combustion,
they are able to cope with the cold stress by (1) restoring the reduced UCP1 levels in the BAT,
and (2) excessive beiging of their sSsWAT. Collectively, these data mighty suggest a hyper-
sensitization of the B3 adrenergic receptor signaling cascade, potentially due to a reduced

norepinephrine tone.

Feeding behavior is centrally regulated in the hypothalamus, where interactions between

hypothalamic nuclei maintain energy homeostasis through regulation of food intake and energy

155

expenditure™. Key components of this hypothalamic circuit controlling hyperphagy are Sim1

neurons™® and neurons expressing melanocortin receptors 3, 4, which negatively regulate food

152157138 in the paraventricular nuclei. Moreover, also POMC neurons and the

Y159,160

consumption

positive regulator AQRP/NP neurons of the arcuate nucleus, which are themselves
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regulated by the peripheral hormone leptin through its activation of the melanocortin system,

control food consumption. Interestingly, also microglia were reported to respond to leptin*®¢?,
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Figure 20 . Unimpaired cold-induced thermogenesis in the absence of macrophage MeCP2.
A-B. Bodg temperature of pre-obese CX3CR1-"*:MeCP2 (A) and TAM-treated
CX3CR1“™R:MeCP2™ mice (B) and their respective littermates exposed to 4°C for a period of 8
hours. n=7-4. C. qRT-PCR of BAT taken from the mice in A. *p<0.05. D. H& E stain of the BAT
of mice in A. E gRT-PCR of scWAT taken from the mice in A. *p<0.05. F. Western blot analysis
of SCWAT taken from the mice in A. G. UCP1 histochemical stain in sSCWAT obtained from mice
in A. H. Western blot analysis of VWAT obtained from mice in A.

However, it is unclear whether and how microglia can have an impact on the neuronal circuits
controlling feeding behavior. Although feeding behavior of the mutant mice was not changed, we
decided to test the activation status of microglia in the hypothalami of CX3CR1°"ER:MeCP2™

mice; since the mice do not suffer from RTT symptoms, they are a unique tool to study cell-



44

intrinsic microglial defects in the absence of MeCP2, without confounding secondary effects
potentially resulting from altered parenchyma. Hypothalamic MeCP2-null microglia did not
differ from control microglia in terms of numbers and morphology (Figure 21A-C), as well as a
panel of microglial activation markers (CD45, CD11b, MHCII, CD86, CD68 and CD11c)
(Figure 21D). In addition, RNA-seq analysis of hypothalamic microglia did not reveal major
changes in the gene expression profile in the absence of MeCP2 (Figure 21E-F). In addition, we
analyzed mRNA expression of specific genes in the hypothalamic tissue. mMRNA levels of mcr3,
mcr4, pomc and agrp were found unchanged in the mutants, whereas npy and the leptin receptor
expression were down- and upregulated, respectively, probably in response to elevated serum
leptin levels (Figure 21G). Finally, we analyzed, if hypothalamic functions that are not related
to feeding are compromised in the absence of microglial MeCP2. To this end, we injected the
animals with LPS to test their fever response, which is known to be controlled by the

hypothalamus %2

Measurement of body temperature revealed that both control and
CX3CR1°™ER:MeCP2™ mice displayed a similar response pattern of rapid hyperthermia followed
by a prolonged hypothermia (Figure 21H). To conclude, no overt microglial or hypothalamic
phenotype was observed in the absence of microglial MeCP2 under steady state conditions, and
the overall the combination of the metabolic and molecular assessment does not suggest impaired

central feeding regulation.

The energy expenditure reduction alongside the altered BAT gene expression strongly
suggest a MeCP2-related BAM dysfunction. Specifically, our data suggest a role of BAM in
general, and MeCP2 expression in BAM in particular, in diet-induced homeostatic
thermogenesis. We thus investigated the possible molecular mechanism, which dictates BAT
contributions to energy balance. Similar to the microglia, BAM isolated from
CX3CR1°®:MeCP2" mice also harbor truncated mecp2 transcripts confirming efficient Cre
recombination in this population (Figure 22A). Flow cytometry analysis revealed that MeCP2
protein levels of BAM of CX3CR1°"5R:MeCP2™" mice were reduced, even after 6 months post
TAM administration (Figure 22B). This establishes that MecP2-deficient macrophages are not
generally impaired and can efficiently compete with presumably residual WT BAM that are
spared from the TAM-induced recombination. Given the CX3CR1 expression of BAM, and the
fact that BAT in CX3CR1°ER:MeCP2" mice are functionally impaired, we decided to
determine the specific impact of the MeCP2 deletion on BAM.
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Recently, the group of Jonathan Kipnis, University of Virginia, reported that MeCP2 can in
macrophages act as a survival factor °®. However, BAM numbers were unaltered in the absence
of MeCP2 (Figure 22A). Moreover, as outlined above mutant BAM competed with WT BAM. It
has been reported that upon cold-challenge BAM change their phenotype towards an M2-like
pattern, a process, which also was reported to dictate TH expression and to be dependent on IL-
4/13 signaling**. However, in our analysis we found no alterations of the reported M1 (CD11c,
CD274) or M2 (CD206, CD301) markers in MecP2-deficient BAM, in accordance with the lack
of inflammation in the tissue (Figure 22B). Thus, MeCP2 deletion in BAM does not affect their
survival or inflammatory state. To investigate the effect of the MeCP2 absence on their gene
expression profile, we sorted BAM from CX3CR1°" and CX3CR1°":MeCP2™ mice and
performed RNA-seq analysis. In light of the reported subtle, modulatory effect of MecP2 on gene

164,165

expression , we focused on genes, which are at least 1.5 fold changed between the two

groups and the changes that reached statistical significance (p value = 0.05). This filter yielded
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146 genes, which were upregulated (Figure 22C). In line with the notion that MeCP2 is a
transcriptional repressor only 16 genes were downregulated. In the brain it was recently show that
MeCP2 represses preferentially long genes, which span more than 100kbps %%, In the BAM,
however, no such preference was seen and the length of the upregulated genes in the absence of
MeCP2 was not statistically different from that of the average gene length throughout the genome
(Figure 22D). Gene ontology analysis using the DAVID resources revealed that many of the
upregulated genes are involved in mMRNA processing, as well as other biological processes
including axonal guidance, corroborating the notion that MeCP2 acts broadly but with subtle ‘fold
change impact®>'®® (Figure 22E). The full list of genes altered in MeCP2-null BAM shown in
Figure 23.
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relative

Figure 23. List of all genes altered in
MeCP2-null BAM versus control cells (fold
difference >0.5 or <-0.5, p>0.05)

CX3CR1 Cre MeCP2fly 2
fly3

CX3CR1 Cre MeCP2
CX3CR1Cre MeCP2fly 2
CX3CR1 Cre MeCP2fly 3

CX3CR12
CX3CR13




48

4. Results - Part II: The contribution of microglia and monocytes to CNS
autoimmunity

4.1 . Microglial antigen presentation is not required for the induction of EAE

A major challenge for the study of microglia is their distinction from BM-derived phagocytes’®.
In order to discriminate resident CNS microglia from BM-derived macrophages in a pathological
autoimmune setting, we treated CX3CR1““*®:R26-YFP mice with TAM, and then immunized
the animals with MOGss_ss peptide for the induction of EAE. Mice were analyzed at day O or day
20 following MOG immunization, at which time most animals develop severe ascending
paralysis. In the flow cytometry analysis microglia were gated as CD11b" YFP" cells, while BM-
derived cells were defined as the CD11b" YFP™ population. When CD11b" YFP" microglia and
CDI11b" YFP" fractions were compared based on their Ly6C and CD45 expression, microglia and
BM-derived phagocytes remained distinct entities, with the former being CD45™ Ly6C", and the
latter either CD45hiLy6Chi (from here on referred to as “effector monocytes”) or CD45hiLy6C1°
(Figure 24A). These two populations increased dramatically over the course of EAE. This held
in particular for the CD45"Ly6C" population, which was almost absent in the beginning of EAE
(Figure 24B). In line with published data concerning infiltrating monocytes® , the CD45™Ly6C™
population thus likely corresponds to recently infiltrating monocytes, while CD45hiLy6C10 are

likely represent differentiated monocyte-derived inflammatory macrophages.
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In order to monitor microglia phenotypes in EAE, TAM-treated CX3CR1°cR:R26-YFP
mice were treated then with MOGg3s.s5 peptide, and the mice were analyzed at day 17 following
immunization, at which time most animals develop severe ascending paralysis. Microglia were

gated as the sole YFP+ cells (Figure 25). Strikingly, the YFP* microglia underwent a broad
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systemic phenotype switch; the cells elevate inflammatory markers, such as CD45, CD11b and
CD64, as well as several markers associated with T cell communication and DC fates, such as
CD11c, MHCII, FIt3 and the co-stimulatory molecules CD80 and CD86. CD40 was however
unaltered, as were CD14.
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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 MHCI|I
deletion by combining the CX3CR1™R allele with a I-A” null allele™® and a “floxed” I-A®
allele™, yielding CX3CR1ER:MHCII ¥ mice. TAM treatment of these animals allows
restricting the MHCII deletion to microglia, while sparing other cells with the potential of T cell
priming, such as DC, B cells and infiltrating macrophages. Mice were TAM-treated and MHCII
deletion was monitored, first in peripheral tissues. B cells retained MHCII expression in the
TAM-treated CX3CR1°ER:MHCI1 "~ mice (Figure 26A). Importantly, blood CD4* and CD8" T
cell numbers in the TAM-treated mice were intact, unlike in MHCII”™ mice, in which CD4* T
cells are severely reduced due to MHCII absence on thymic epithelial cells*® (Figure 26B) . One
week following TAM administration splenic DC of CX3CR1°™5R: MHCII " mice were mostly
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negative for MHCII; however 5 weeks later the mutant cells were replaced by MHCII® DC
(Figure 26C). Thus, although initially affected, the DC compartment regains over time its
MHCII expression. Microglia of unchallenged mice do not express surface MHCII. To test
microglial MHCII expression, we hence subjected TAM-treated CX3CR1™ER: MHCII " mice to
EAE. In monocyte-derived CD45™ phagocytes of these animals, shown above to be spared by the
CX3CR1°"™R system, MHCII levels were found unchanged; however, microglia displayed an
efficient MHCII deletion (Figure 26C). Thus after the recovery period following TAM
treatment, CX3CR1°™ER: MHCII " mice harbor microglia lacking MHCII, but other myeloid
cells express normal MHCII levels. Interestingly, not only microglia express MHCII at the peak
of EAE, but also the Ly6C" effector monocyte and the Ly6C population (Figure 26D), which
raises the possibility that these populations contribute to antigen presentation.
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Figure 26. MHCII deletion in CX3CR1°"*ER: MHC ™" mice is transient in peripheral
cells, but persistent in microglia. (A) MHCII levels of classical splenic DC and B cells 1 or 6
weeks post TAM administration. ﬂB) B cell MHCII levels and CD4/8™ numbers in blood of
MHCH™" cX3CR1°™ER: MHCII""and MHCII™" mice. (C) MHCII levels of brain and spinal cord
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microglia of immunized MHCII"" and CX3CR1¢"¥R: MHCII™" mice with EAE scoring of 3. N=4,
*p<0.05, Mann-Whitney’s u-test.

In order to investigate the involvement of microglial MHCII in EAE, we treated
CX3CR1ER:MHCII ¥ mice with 30 mg TAM by gavage and waited a period of 6 weeks, the
period of time needed for the full reconstitution of peripheral myeloid cells. We then immunized
the mice with MOGgs.s5 peptide. Compared to MHCII** mice, haplo-sufficient CX3CR1¢"ER:
MHCIH ™ and MHCII " mice developed EAE with a slight ~4 day delay. However,
CX3CR1°™ER: MHCII ™ mice displayed an EAE onset comparable to control littermates, as well
as similar severity and disease course (Figure 27A-C). No correlation was observed between

microglial MHCII levels as measure by MFI and either disease onset or severity (Figure 27D-E).
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Figure 27. Microglial MHCII deletion does not alter EAE course. (A-C). EAE course
(A), individual day of onset (B), and individual maximal score (C) of tamoxifen treated
immunized MHCHI™, MHCI1 "~ and CX3CR1°"*&®: MHCI1 ™ mice. The experiment is a
representative of 3 independent experiments. N=6-9. (D-E). Correlation between microglial MFI
of Fig. 7C (day 30) and clinical EAE scores at the day of analysis (D) or individual day of onset

(E).

Spinal cord analysis by FACS revealed no differences in percentages of microglia,
infiltrating monocytes/ monocyte-derived macrophages (Figure 28A-B), or total CD4" T cells in
the absence of microglial MHCII. Finally, analysis of the infiltrating CD4" T cell compartment
at EAE score 3, at disease peak, following non-specific re-stimulation with PMA/ ionomycin ex
vivo, revealed similar proportions of Th1 (CD44" CD40L" IFN-y" IL-17A"), Th17 (CD44"

CD40L" IFN-y IL-17A") and double positive T cells, which are at least part “ex-Th17” cells*®’
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(CD44" CD40L" IFN-y IL-17A") (Figure 28C-D). In addition, similar proportions of Th1/Th17
cells were also evident in MOG specific stimulation performed with MOGgs.s5 (Figure 28E).
Thus, in terms of the disease course, myeloid cell infiltrates and their T cell compartment, we

observed no changes in the absence of microglial MHCII during EAE.
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4.2. Monocyte-derived, cell intrinsic TNF is pivotal for EAE induction

11,82
< In order

Monocyte-derived macrophages are known as critical effector cells in EAE
to investigate the precise timing of the monocyte infiltration and differentiation into monocyte-
derived macrophages, we took advantage of a well-established protocol that allows the depletion
of Ly6ChiCCR2+ monocytes'>>. Administration of the anti-CCR2 antibody (MC21) at the peak
of the disease was reported to attenuate EAE progression, while not altering the disease course, if
co-administered with MOGss_ss peptidegz. Speculating that also the disease onset, not only its
peak, might be affected by infiltrating effector monocytes, we decided to deplete effector
monocytes at day 9 and 12. Analysis of blood monocytes of the MC21-treated animals at day 13

showed complete deletion of Ly6C™ monocytes (Figure 29A). Interestingly, MC21
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administration strongly attenuate the disease course; about half of the MOG immunized mice
treated with MC21 did not develop EAE, while the remaining sick mice showed less severe
symptoms with no morbidity (Figure 29B). Analysis of the spinal cords at day 16 revealed a
significant reduction of CD45™Ly6C" cells, strongly suggesting that similar to Ly6" blood
monocytes'2, these parenchymal CD45hiLy6C10 macrophages derive from Ly6Chi monocytes
(Figure 29C). In addition, a strong positive correlation could be drawn between the abundance
of CD45"Ly6C' macrophages in the spinal cord and the clinical EAE scores (Figure 29D).
Thus, timely monocyte infiltration is crucial for the differentiation into monocyte-derived
macrophages and for the outbreak of EAE symptoms. In order to study the physiological
importance of myeloid TNF in the development of EAE, we crossed CX3CR1“animals with
mice harboring ‘floxed’ TNF alleles'?” generating CX3CR1“":TNF"" mice. To probe for the
deletion we challenged the animals with LPS known to result in systemic TNF release associated
with septic shock'*’. Sera obtained 4 hours after systemic i.p. LPS challenge contained 4 times
less TNF in CX3CR1 TNF " mice compared to littermate controls (Figure 30A). To test a
specific macrophage TNF response, microglia were isolated from TNF" and CX3CR1“":TNF""
mice and challenged ex vivo with 10 ug/ml LPS for 2 hours, followed by incubation with
Brefeldin A to block TNF release from the Golgi apparatus (Figure 30B, C). Unlike TNF"
microglia, which responded to the LPS stimulation by robust intracellular expression of TNF,
CX3CR1“: TNF" microglia failed to produce TNF and TNF MFI were even lower than that of

f/f

unstimulated TNF" microglia (Figure 30B, C).

Next, in order to assess the general monocyte and macrophage-derived TNF contribution
to EAE, we immunized CX3CR 1 TNF"  mice with MOGjss.ss and followed EAE symptoms up
to day 70. In accordance with previous studies performed with TNF” mice'*?, CX3CR1““:TNF"

e mice, which

mice exhibited a delayed EAE, with an average onset day of 31, unlike TNF
develop symptoms within 14 days. (Figure 31A, B). Interestingly, CX3CR1“*:TNF"" exhibit
higher varieblity in the average day of onset as regards to littermate controls, which may suggest
incomplete penetrance. However, severity of the disease symptoms was comparable between the
animals, both with respect to the average maximal score and according to results of the
histological analysis for demyelination by luxol fast blue stain (Figure 31C-D). Thus, in the
absence of myeloid TNF, EAE is delayed but not attenuated in terms of tissue damage. The EAE

disease course depends on the CD4 " effector T cell compartment, which itself is affected by

antigen presentation and T cell priming by peripheral and potentially central DC'®®. A delay in
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the disease onset may suggest impairment in the T cell compartment due to disrupted antigen
presentation. We therefore analyzed T cells from lymph nodes at day 6 after immunization, as
well as day 13 (disease onset) and day 24 (chronic stage) of EAE. In all tissues and different EAE
times, total CD4" cells, as well as Th; and Th;; percentages did not significantly differ between
CX3CR1“: TNF" and TNF"" mice (Figure 32A, B). Also histological assessment by CD3" T

cell staining showed similar T cell infiltrates to the spinal
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cord (Figure 32C). Finally, CD4" T cells isolated from lymph nodes of MOG-immunized
CX3CRI1“:TNF" mice were able to be re-activated in a recall assay and, following re-
stimulation with MOG, up-regulated CD44, a marker of activated T cells, suggesting that T cell -
APC interactions are intact in CX3CR1:TNF"" mice (Figure 32D). Thus, the T cell
compartment seems unaffected, suggesting adequate T cell priming and differentiation driven by
DC in the mice. The observed attenuated EAE seen in the absence of myeloid TNF may hence be

due to direct, cell-intrinsic functions of the microglia or infiltrating cells.
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Figure 30. Efficient TNF
deletion in CX3CR1“*: TNF"”
mice. A. ELISA of sera
collected from T. NF” or
CX3CRI:TNF” mice 4 hours
after treatment with 200 ug
LPS. N=5, **p<0.01, Mann-
Whitney’s u-test. B. FACS
intracellular stain for TNF
expression of TNF" or

CX3CRI*:TNF” microglia either unstimulated, or treated ex vivo with 10 pug/ml LPS. *p<0.05,

Mann-Whitney’s u-test.
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Figure 31. EAE is delayed, but not less severe, in CX3CR1“*: TNF” mice. A-C. Disease
course (A), day of onset (b) and individual maximal score (c) in T. NF" and CX3CR1“":TNF"”
mice immunized with MOG3s._ss peptide. n=7-8, *p<0.05, **p<0.01,student’s t-test. Data is
representative of 3 independent experiments. D. histological analysis of demyelination by luxol-
fast blue stain in spinal cords of T. NF" and CX3CRI"*:TNF” mice at day 24 after immunization.

N=5-6

Since neither the demyelination per se nor the T cell infiltration were found to depend on

myeloid TNF, we speculated that kinetics of myeloid infiltration might be impaired in the mutant

animals. Blood monocyte counts were similar in CX3CR1“:TNF" and controls (Figure 33A);
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however, at day 9 post MOG immunization, before disease onset, Ly6Chi effector monocyte
numbers in spinal cords were found significantly reduced in the absence of myeloid TNF (Figure
33B). Correspondingly, the number of Ly6C™ effector monocytes was also strongly reduced on

day 24 of the disease (Figure 33C).
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Figure 32. The T cell compartment and recall response is intact in CX3CR1 Cre, TNF
mice. A. FACS analysis of Thl and Thl7 cells in lymph nodes at day 6 after immunization, or in
spinal cord at day 13 and 24, in TNF” or CX3CRI*:TNF” . n=4-6. B. CD3 histological stain
in spinal cords of T. NF" or CX3CR1:TNF" mice at day 24 after immunization. N=5-6. C.
FACS analysis of splenocytes, taken at day 6 after MOGss.ss immunization of TNF” or
CX3CRI1:TNF” mice and re-stimulated with MOGs;s_ss for 72 hours. Tinted histogram marks
unstimulated T cells. N=3.
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Figure 33. Reduced effector monocyte numbers in spinal cord of CX3CR1 Cre, NP
mice. A. FACS analysis of blood monocytes of T. NF"™ or CX3CRI: TNF™" mice under steady
state. N=9. B-C. FACS analysis of spinal cord in MOG3s._ss immunized TNF"" or CX3CRI1":
TINF"" mice at day 9 (B, n=4) or 24 (C, n=4-7) post immunization. *p<0.05, Mann-Whitney’s u-
test. intracellular FACS stain for TNF expression of TNF' "I or CX3CR1ERe: TNF™ microglia,
obtained from animals treated with TAM in vivo, unstimulated or treated ex vivo with 10 ug/ml
LPS. *p<0.05, Mann-Whitney's u-test.

The CX3CR1" system broadly targets tissue macrophages, as well as monocyte-derived cells'.
To investigate the role of microglial TNF we generated CX3CR1“*®  TNF"" mice (Figure
34A). To validate restricted and robust microglial TNF deletion, we resorted to two
complementary approaches, i.e. genomic PCR for gene deletion and flow cytometry analysis for
functional deletion of secreted TNF. For the genomic PCR, we used primers, which can amplify
the wild-type TNF gene, the ‘floxed” TNF gene and the excised TNF gene, yielding 300 bp, 350
bp and 400 bp products, respectively. We sorted microglia (CD45°CD11b* Ly6C Ly6G") from
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CX3CR1°"™: TNF"" and CX3CR1"ER: TNF”™ mice, which had previously been treated with 30
mg TAM, and extracted DNA from the sorted cells. To confirm microglia-restricted
recombination, we also sorted splenic red pulp macrophages
(CD11b"F4/80"CD11c™MHCIIM™B220™™) (Figure 34A). Genomic PCR resulted in amplification
of the deleted TNF allele in sorted CX3CR1°"®: TNF"™ and CX3CR1°"R: TNF"™ microglia,
whereas neither untreated, TAM-treated TNF"" microglia nor TAM-treated CX3CR1°"R:
TNE" splenic macrophages showed any amplification of the deleted allele (Figure 34A). To
analyze protein expression, TNE™™ and CX3CR1"ER: TNF"™ mice were treated in vivo with
TAM, and microglia were isolated and challenged with LPS ex vivo. Similar to the LPS response
of CX3CR1": TNF" microglia, CX3CR1°™R: TNF"™ microglia did not express TNF (Figure
34B). We then immunized the mice with MOG to examine their EAE disease course. In contrast
to CX3CR1": TNF"" mice, CX3CR1““*®: TNF" mice displayed an EAE disease course, onset
and severity similar to that of littermate controls (Figure 34C-E). Moreover, monocyte
percentages in the spinal cord of the mice in EAE day 24 were similar to those of littermate
controls (Figure 34F). Thus, microglial TNF seems obsolete for the initiation of EAE and is not

critical for the recruitment of monocytes to the brain.

Our data indicate a requirement of myeloid, but not specifically microglial TNF for
unimpaired monocyte infiltration and onset of EAE. Defective monocyte recruitment to the spinal
cord could result from a cell-intrinsic problem. Alternatively, it could stem from the impairment
of a cell-extrinsic mechanism, such as reduced activation of endothelial cells, which are known to
depend on TNF®® and recruit monocytes via the CCL2/CCR2 axis'’°. CD31" CD45 endothelial
cells isolated from the spinal cord of CX3CR1°": TNF™" mice and controls did not differ in their
ICAM1 or VCAML1 expression, suggesting that the reduced monocyte infiltration might not be
related to an altered endothelial response (Figure 35A). To further investigate the possibility of a
cell-intrinsic TNF-mediated mechanism for monocyte survival, we generated competitive mixed
BM chimeras by reconstituting lethally-irradiated mice with equal amounts of CX3CR1°"™:
TNF"™ (CD45.2) and CX3CR19":TNF** (CD45.1) BM. Interestingly, we found both the Ly6C"
and Ly6C" monocyte compartments of these animals to be significantly biased towards the WT
TNF (CD45.1) genotype, as compared to the B cells that served as control and even showed a
bias towards the CD45.2 donor BM. These results suggest that the absence of TNF in monocytes
seems hence to confer a disadvantage on these cells in a cell-intrinsic manner (Figure 35B).

Analysis of effector monocytes in the spinal cord 9 days after MOG immunization revealed a
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complete out competition of the TNF™" cells by the TNF sufficient effector monocytes; thus, the

TNF effector monocytes have a severe disadvantage in either reaching the inflamed tissue or

surviving in it (Figure 35C).
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Figure 34. Microglial TNF is
dispensable for onset and
progression of EAE and does
not alter monocyte infiltration.
A. Genomic PCR of the deleted
TNF"" allele in microglia or red
pulp macrophages, sorted from
TNF"" and CX3CR1"*":
TNF"" animals treated in vivo
with TAM. (B). Intracellular
FACS staining for TNF
expression of microglia isolated
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N=3-5, *p<0.05, Mann-
Whitney'’s u-test. C-E. Disease
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and individual maximal score of
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immunized with MOGgs.s5, F.FACS analysis of CD11b*Ly6G" cell in spinal cord of TAM-treated
TNF"" " and CX3CR1™ER: TNF"" ' mice at day 24 after immunization. N=4-7
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Figure 35. TNF seems to be required
for monocyte survival in a cell-
intrinsic manner. A. FACS analysis of
the endothelial activation markers
ICAM1 and VCAML1 on endothelial
cells (CD31+CD45-) isolated from
spinal cord of TNF"" " and
CX3CR1°": TNF"" " mice 9 days after
MOGg3s.55 immunization. N=6-10. (B)
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chimeras, transplanted with CD45.1
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CX3CR1%": TNF""' BM, 4 weeks
after the transplantation. N=6,
*p<0.05, ***p<0.001, two-way
Annova followed by Tuckey’s post-hoc
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test. (C) FACS analysis of CD45.1/2 ratios in CX3CR1°"®: TNF" mice 9 days after MOG3s.s5
immunization. N=5-6, *p<0.05, student’s t-test.

5. Results - Part III: Ontogeny of cardiac macrophages in adulthood
The heart hosts a major population of resident macrophages **" 2 and we decided in

collaboration with the group of Michael Sieweke (CIML, Marseille) to set out to fate-map the
origin of these cardiac macrophages (CM¢) using the CX3CR1°"®:YFP and CX3CR1°"™R:YFP
mice, similar to our recent study that used these tools in the blood monocyte context'?. Recent
gene expression studies proposed the existence of a “core signature macrophage”, including
expression of the markers CD11b, F4/80, CD64, CD14 and MerTK®*., CM¢ can be traced using
these markers (Figure 36A). In addition, the cells express CX3CR1 and MHCII, which can be
used to further segregate them into four sub-populations according to their level of expression.
CX3CR1 promoter activity was validated by CX3CL1-Fc staining (Figure 36B). In newborn
mice, 95% of the CM¢ population were CX3CR1* MHCII". However, by 8-weeks, the majority
of CM¢ was CX3CR1" (~80%) and MHCII" (~70%), allowing the delineation of four distinct
subpopulations (Figure 36C).

Importantly, genetic fate mapping analysis using CXCR1":YFP mice revealed that all
adult CM subpopulations must have developed from a CX3CR1" stage (Figure 37A). These
results suggested two, not mutually exclusive possibilities for the development of CM¢
subpopulation: persistence and diversification of embryo-derived CM¢ as suggested elsewhere'®?
or replacement of embryo-derived CM¢ by adult monocyte-derived macrophages, as reported for
gut macrophages®*. We further assessed the turnover of CX3CR1* CM¢ in the adult heart by
pulse labeling adult CXCR1™ER:YFP mice (Figure 37B). 1 wk after treatment, the labeling of
CM¢ corresponded to ~60% of microglia labeling, but drastically decreased to ~20% after 4 wk.
By comparison, microglia labeling was nearly complete after 1 wk and remained unchanged
thereafter®.

Whole body irradiation of CD45.2 mice followed by CD45.1 BM engraftment results in
the replacement of 90-80% of the CM¢ (Figure 38A). However, a small radio-resistant
population (~10-20%) persists regardless of the age of the irradiated mice; this population may
represent remaining embryo-derived macrophages. The vast majority of the grafted cells are

MHCII™ (Figure 38B). To further analyze, whether CM¢ replacement was monocyte-dependent,
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we generated mixed chimeras with BM from WT (CD45.1) and CCR2 ™~ (CD45.2) CX3CR1°F*
mice (into CD45.1/CD45.2 double-positive WT hosts) (Figure 38C). CCR2”~ mice have

reduced numbers of Ly6C* monocytes in the blood*™ and can therefore be used to analyze the

contribution of circulating monocytes and CCR2-dependent progenitors to tissue macrophage
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Figure 37. Adult fate-mapping of CM. A. FACS analysis of YFP fluorescence in the
MHCII™ and MHCII” CM¢ populations in CX3CR1°":YFP mice. B. FACS analysis of CM¢
populations in TAM-treated CX3CR1" R:YFP mice, compared to microglia isolated from the
same mice. N=3.

populations'?. Blood analysis indeed confirmed that the vast majority of monocytes in these
chimeras, but not B cells were of WT origin. Moreover, graft-derived CM¢ were almost
completely derived from WT cells (Figure 38D). Collectively, these two experiments established
that HSC-derived CCR2-dependent cells, most likely Ly6C* monocytes, have the capacity to
differentiate into all CM subsets. Residual host-derived CM included both MHCII™ and MHCII
CM¢, but showed a lower proportion of MHCII™ cells than grafted monocyte-derived CM¢;
collectively, our data suggest that monocyte-derived CM¢ preferably express higher levels of
MHCII. To conclude, the initial pool of CM¢ is of embryonic origin, but with time replaced by
MHCII™ monocyte-derived de novo macrophages.
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Figure 38. CM¢ are following irradiation replaced by monocyte-derived macrophages.
A. FACS analysis of CM¢ s of lethally irradiated CD45.2 mice, transplanted with CD45.1 BM.
The BM transfers were performed at different ages. B. Mixed BM chimeras were generated by
reconstituting lethally irradiated WT mice (CD45.1/CD45.2) with BM from CCR2":CX3CR1°"
(CD45.2) and WT CX3CR1°" (CD45.1) mice. CM, circulating CD11b+CD115+ monocytes
(Ly6C+ and Ly6C-) and B220+ B cells were analyzed for WT (CD45.1) and CCR2™ (CD45.2)
contribution. Host- and graft-derived CM¢ were analyzed for the ratio of MHCII+/MHCII- CM.
Bars show median (n = 4). * P <0.05,Mann-Whitney test
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6. Discussion
Although the discoverer of macrophages, Ilya Metchnikov had already postulated at the

beginning of last century that these cells have dual functions, both in tissue maintenance and the
immune defense, macrophage studies have largely focused on the ability of these cells to ingest
and destroy pathogens. Only more recently, accumulating evidence has begun to highlight
steady-state functions of tissue macrophages. Distinct embryo- and monocyte--derived tissue
macrophages have been reported'®, and tissue specific genomic landscapes - both in terms of
gene expression and epigenetic signatures have been revealed®*"2. All these findings refine our
view of the tissue macrophage and contrasts it with cells that arise from monocytes, recruited as a
part of the inflammatory response. As is the case for many other in vivo cell compartments,
traditionally limited sets of surface markers, such as CD11b and F4/80, have turned out
insufficient to match the complexity of the macrophage compartment, since tissue resident and
recruited macrophages are often phenotypically indistinguishable. Advanced techniques, such as
the use of Cre recombinase in combination with reporter and fate mapping studies, as well as
next-generation sequencing and epigenetic screening are currently used to unmask these

differences and allow us to understand the very core of macrophage/ monocyte biology.

6.1. Brown adipose tissue macrophages have a homeostatic role in energy balance
Adipose tissue macrophages (ATM) were so far only described in conditions, which disrupt

the homeostasis of both the organism and the tissue, such as obesity or cold challenge. In the first
part of this thesis, we provide for the first time evidence for a homeostatic role of brown adipose
tissue macrophages (BAM). First, we show that, in accordance with recent findings®>%, also ATM
display gene expression profiles that are distinct from other tissue resident macrophages. Moreover
according to our results, BAM also differ significantly from the macrophages residing the WAT, in
terms of ontogeny, in correspondence with the dissimilarities between the tissues. The majority of
BAM express the chemokine receptor CX3CR1, have self-renewal capacity, and are not
replenished by BM precursors, again in contrast to WAM. So far, within the macrophage

compartment, only microglia were known to be both CX3CR1" and harbor self renewal capacity™*®.

These unique properties make the cells targetable by the CX3CR1"™R

system, similar to
microglia®®, and thus we could use the system to efficiently delete specific genes in the cells.

Using this approach we revealed an important homeostatic function of these cells. Thus, when
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hampered by the loss of the MeCP2, a robust change in the transcriptome of the cells seems
ultimately to lead to improper signaling in brown adipocytes, leading to reduced thermogenesis.
Similar to other tissue macrophages with emerging homeostatic functions, BAM thus form an
integral component of energy homeostasis, due to both their strategically positioning within the
brown adipose tissue and their specific gene expression. The MeCP2 deletion in these cells, similar
to MeCP2 deletions in specific neuronal subsets with distinct functions®, perturbs the homeostatic
function of the cells. The exact mechanism by which the BAMs exert their influence on the tissue
is still under investigation; we propose that the macrophage MeCP2, by means of repression of
transcription, maintains a modulation of either the sympathetic input to the tissue, derived from the
sympathetic neurons, or the B3 adrenergic signaling within the brown adipocytes, themselves. The
reduction in th mRNA levels in the tissue may suggest a modulation of the sympathetic input,
perhaps by means of impaired innervation. In the absence of the repression mediated by MeCP2,
these homeostatic functions are impaired and thus the overall 3 adrenergic signaling is reduced as
a consequence (Figure 39). At present, since the CX3CR1“"F at the very least targets microglia
and possibly other long-lived macrophages (presently uncharacterized), and since the metabolic
balance depends greatly on the cross-talk between peripheral adipose tissue and the CNS, we
cannot fully exclude the possibility of microglial involvement in the spontenious obesity
phenotype; However, the current data suggests limited CNS involvement.

A _ B Figure 39. Proposed mechanism for
' MeCP2-regulated maintenance of
BAT homeostasis by BAM. A.
MeCP2 regulates proper BAM gene

N

Sympathetic axon h Sympathetic axon \\'.

expression, essential for modulation
of sympathetic tone, by either acting
on the sympathetic neurons or the
brown adipocytes. B. In the absence
of MeCP2-mediated regulation, BAM
modulation is impaired, manifested in
reduced signaling and energy

Brown BAM Brown expenditure
adipocyte adipocyte )

heat

BAM

A seemingly paradoxical observation is the ability of the mice with MeCP2 deletion in

BAM to retain their body temperature upon cold challenge in spite of the lower activity of the
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tissue in 22 degrees. Even more surprising, the mice exhibit increased 'beiging' of the SCWAT, as
indicated by increased phosphorylation of HSL and the formation of clusters of UCP1+ cells in the
tissue. The later might be explained by hypersensitization of the adrenergic B3 receptor and that,
following acute cold challenge, the sympathetic nervous system supplies an “emergency”
noradrenergic tone to brown adipocytes. As a result of the hypersensitization of the receptor, the
increased neuron-derived noradrenergic tone induces adequate heat production in the BAT and an
even increased beiging in the SCWAT. An alternative explanation is a compensatory mechanism of
the WAT itself; it has been reported by several groups that in case of impaired lipid metabolism in
the WAT, the tissue responds by increased beiging, manifested by increased UCP1 and
mitochondrial activity*’.

Our data suggest a pivotal role of BAM in metabolism regulation of the organism; thus, it
would be intriguing to manipulate the net contribution of the macrophages in regards to obesity.
Specific MeCP2 mutations are a known cause for Rett’s syndrome in humans®*. However, the
impact of MeCP2 mutations in human individuals without Rett’s syndrome is poorly described; our
data define a role for MeCP2 in BAM and suggest that specific genetic MeCP2 variants in humans
might disrupt energy expenditure and BAT homeostasis without causing overt neurodevelopmental

impairments.

An interesting aspect not studied in this thesis is the inflammatory function of the cells, if
such capacity is substantial to the inflammatory process. The cells were described in this work to
participate in a strictly non-inflammatory homeostatic function; given the fact that adipocytes and
adipose tissue macrophages share some similarities, namely expression of cytokines and
adipokines, response to free fatty acids, phagocytic capabilities and the expression of the

transcription factor PPAR-gamma’’

, it is possible to regard them as a hard-wired, stroma-like cells
supporting the tissue, rather than inflammatory cells. Interestingly, in lipodystrophic mice, in which
the adipose tissue including the BAT is severely hypertrophic, the damage to tissue is correlated
with excessive inflammation, accompanied by infiltration of monocyte-derived macrophages*’*:

however it is impossible to discern the specific role of the resident BAM in this response.

Finally, the exact role of MeCP2 in macrophages, as in many other cells, is elusive and
seem to vary from cell to cell. Our data show that in the BAMs, MeCP2 mainly functions as a gene
repressor, which is, as opposed to its reported action in neurons'®*'®* however indifferent to gene

length. Recently, MeCP2 was describe to modulate the survival, inflammatory response,
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glucocorticoid signaling and hypoxia-induced gene expression®®. In our study, neither
hypothalamic microglia nor BAM seemed to be influenced by MeCP2 deletion in terms of survival
or overt inflammation. Since MeCP2 can act in numerous molecular mechanisms which vary
between cell types, it may well be that this heterogeneity in mode of action exist between different
macrophages, and even within microglia in different brain regions. In addition, the
CX3CR1°:MeCP2" mice do no develop RTT symptoms. Thus the effects we observed represent
better the cell-intrinsic involvement of macrophage MeCP2, excluding any artifacts seen in
MeCP2-null mice due to the disease. Collectively, we describe a new role for macrophage MeCP2
within the population of BAM; further research is needed to fully substantiate the role of MeCP2 in

tissue-resident macrophages.

6.2. Microglia, monocytes, and monocyte-derived macrophages in
neuroinflammation: roles of MHCII and TNF
A second issue addressed in the current PhD thesis was the contribution of microglia and

monocyte-derived macrophages to autoimmune neuro-inflammation. The mainstream of
microglia research thus far focused on the inflammatory response of the cells to inflammatory
agents, such as LPS'”, spinal cord injury'’®, Alzheimer’s disease'’” and EAEY. It was recently
shown that a deletion of the kinase TAKI1, a kinase upstream of NFkB, perturbs the microglial
NFkB response in terms of their cytokine (IL-1b) and chemokine expression (CCL2) expression.
Notably, a TAK1 deficiency in microglia also partially attenuated EAE development®, although
the functional contribution of microglia to the disease remains to be defined. By utilizing the
CX3CR1“"® system, we ruled out two important immune functions, i.e. microglial antigen
presentation via MHCII and microglial expression of the key pro-inflammatory cytokine TNFa.
However, in the course of our studies, we revealed an unorthodox yet important intrinsic role for

TNF in the effector monocytes infiltrating the spinal cord.

Here, we showed in vivo for the first time that microglial antigen presentation is not
required for proper EAE induction, in terms of pathology and the CD4" T cell compartment. Our
data do not suggest that microglia cannot present antigen to T cells, but rather show that such
presentation is not crucial to the adequate priming of encephalitogenic T cells, meaning that other
APC in the CNS can compensate for the loss of microglia contribution in terms of antigen

presentation.
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Importantly, we used the chronic model of MOGj3s.ss induced EAE. The compartment of
pathogenic CD4+ T cells is intact in the absence of microglial MHCII, in spite of the overall
elevation of MHCII surface expression in microglia. MHCII expression in itself is not sufficient
for active antigen presentation, and also requires the co-stimulatory molecules CD80, CD86 and
CDA40. Our data show expression of the first two but not CD40. Naive T cell engagement of
MHCII in the absence of proper co-stimulation leads to T cell apoptosis or anergy®’ . Thus,
although we excluded the requirement for microglial MHCII in priming CD4+ T cells, it is still
possible that microglia can interact with these cells resulting in anergy.

In this thesis we utilized the MOGs;s.55 model of EAE in C57B/6 mice, where
remyelination and recovery from the disease are limited. In the MS pathology in humans, most
patients however present a relapse-remitting pathology, in which recurrent attacks of
demyelination leading to paralysis are followed by recovery'’®. Such relapse-remitting EAE

11" Our data show no involvement of

models exist in mice, such as the PLP;39.15; induced mode
microglial MHCII in the induction phase of the disease, however we did not exclude to possible
involvement of microglial MHCII in the recovery phase. The PLP model is restricted to SJL

%0 and its use would hence require extensive back-crossing of the CX3CR1™® system. In

mice
addition, Monocytes derived -macrophages that enter the brain parenchyma also express
MHCII and costimulatory molecules*®, and thus might contribute to antigen presentation.
However the currently available experimental toolbox cannot target specifically the monocyte-
derived macrophages in EAE, without targeting the microglia and DC as well. In addition, for
technical reasons, i.e. the leakiness of the ‘floxed’ i-ab allele, CX3CR1:MHCI" mice that we
generated were not informative and we hence could not assess the antigen presentation capacity
of monocyte-derived macrophages in EAE. This should be done in the future, since these cells
likely contribute to the stimulation of T cell compartment. Interestingly, another CNS-resident,
but more rare, macrophages, such as perivascular/meningeal phagocytes, can present auto-

antigens to adoptively transferred pathogenic T cells'®?; these cells have different origin and

different gene profile than microglia*®; again, experimental systems that allows to specifically

target these cells are not available.

Functions of MHCII that do not relate to antigen presentation remain poorly understood.
MHCII was shown to synergize with TLR2 and TLR4'®*, and modulate general TLR response
via the phosphatase Btk''*. The MHCII invariant chain, li or CD74, is known to regulate motility
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and chemotaxis of both DC and macrophages'®>*#¢. MHCII ligation can also induce apoptosis in
mature DC*®’. Interestingly, the antibiotic compound minocycline, administered as an anti-
inflammatory drug in many CNS pathologies, negatively regulate microglial MHCII
expression'®®; whether this reduction in MHCII directly attenuates the activation of the cells or is
a consequence of the attenuation has not been determined. Given the relatively scarce literature
on the unique properties of MHCII, the notion of MHCII involvement in active phagocytosis is
stimulating. Microglial phagocytic activity is instrumental for supporting remyelination following
cuprizone challenge'®, and CX3sCR1-deficient microglia have impaired phagocytosis and
contribute less to remyelination 1%,

In future experiments, , we will utilize the cuprizon model for sterile demyelination to

189

test if MHCII is involved in phagocytosis, a very basic function for microglia™ . Recently,

magnetic resonance imaging (MRI) has been used extensively to measure cuprizon-induced
demyelination longitudinal and at high resolution'*'*'; the obvious advantage of the system is
the ability to monitor both demyelination and remyelination stages within the same animal. We
will use the MRI in order to establish the excess demyelination in CX3CR1““*®: MHCII"™ mice.
In addition we will look into phagocytosis assays, such as the uptake of FITC-conjugated
zymosan by peritoneal macrophages'”* and Cy3-conjugated myelin by microglia'”* from MHCII
" mice.

In a second set of experiment, we discovered a novel role for TNF in effector monocytes
in EAE. In the absence of TNF, monocyte infiltration into the CNS was reduced in cell-intrinsic
manner, resulting in delayed EAE (Figure 40). Monocytes have emerged as a crucial cell in
mediating EAE development''. We show that monocytes devoid of TNFa. expression caused
delay of the disease, and the transient depletion of monocytes at a very specific time window
remarkably blocked disease progression. Importantly, all our study focus on the disease onset,
since we have no relapsing remitting EAE model that would allow us to investigate the microglia
role in EAE re-occurrence. The deletion of myeloid TNFa does not seem to alter the tissue
damage, but to reduced monocyte numbers in the tissue; thus, myeloid TNFa is not required for
the demyelination itself, which is probably mediated by other inflammatory agents. Whereas

microglial TNF is not required for the induction of EAE, monocyte-derived TNF acts upon the

monocytes themselves in a cell-autonomous, autocrine fashion.

TNF is known primarily as a pro-inflammatory cytokine and a mediator of apoptosis.

However, some reports have shown that TNF can, in specific setting, function as a survival
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factor. In human neutrophils, TNF can induce survival in NFkB dependent manner'”*. In human
DC, autocrine TNF protects against apoptosis by activation of the anti-apoptotic protein BAK
and others'®”, and TNF co-stimulation protects monocyte-derived DCs from poly (i:c) induced
apoptosis'”® . Recently, it was shown that the orphan nuclear receptor NR4AL / Nur77 is
differentially expressed in BM and blood monocyte subsets, and is important for the cell-intrinsic
survival of Ly6C'® monocytes*™. Nur77 expression is triggered by TNF in various cells,

197,198

including macrophages and remains in the nucleus as a survival factor after TNF

stimulation®®.

Circulation Spinal cord
Recruited Ly6C+ monocyte Effector Ly6C+ monocyte
TNF, TNF,

Figure 40. Proposed model for monocyte-
derived TNF in EAE. Upon signals from the

. w—) inflamed tissue, monocytes are being recruited
from the blood, and express TNF at the process,
which is important for their survival. Once they

Pifierentiaton enter the spinal cord as effector cells, they can
Naive Ly6C+ monocyte further differentiate into Ly6C macrophages
Ly6C- macrophages which actively participate in the inflammatory/
demyelination process.

A key question is, by which mechanism autocrine TNF exerts its functions in monocytes.
TNFR1 or TNFR2 can each mediate this function. Thus, we will generate mixed BM chimeras
from TNFR1 or TNFR2 chimeras. In this manner, since the observed TNF-dependent phenotype
is autocrine, we expect to recreate the phenotype with a deficiency in one of the receptors, or
both. Once we address the identity of the receptor we can further investigate the exact molecular

mechanism behind the observed reduction in effector monocyte numbers.

An even more important question is whether this intrinsic TNF survival mechanism exists
in human monocytes. TNF antagonist so far proved to be inefficient, or even detrimental in EAE.
However, our data suggest that neutralization of monocytic TNF, either by a specific antagonist
or by blockade of the corresponding receptor, could be tested clinically for its potential to
ameliorate MS in humans. In addition, the TNF survival mechanism may also contribute to other
conditions; for instance, reconstitution of TNF”~ monocytes in DSS-induced colitis after [pDC

depletion caused milder colitis compares to reconstitution with WT monocytes>’; whether in that
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condition the reduced pathology is due to less secretion of the cytokine, or the survival of the

graft, is unclear at present.

6.3. Cardiac macrophages undergo progressive replacement by monocyte-derived
cells in adulthood

Finally, we have shown that the CM¢ compartment is undergoing dynamic changes with
age. Embryo-derived heart macrophages present in newborn mice are all CX3CR1"MHCII™. After
birth, the CM¢ compartment diversifies into four subpopulations defined by MHCII and CX3CR1
expression. Our results show that this diversification is due both to differentiation of persisting
embryo-derived CX3CR1"MHCII™ CM¢ and infiltrating monocyte-derived macrophages, which
both can contribute to all four cM® subpopulations. However, monocytes preferentially give rise to
MHCII" CM¢, whereas embryo-derived or radio-resistant CM¢ had a higher proportion of MHCII™
cells, explaining the relative increase of MHCII™ CM¢ and the reduction of the CX3CR1*"MHCII
CM¢ subpopulation with age (Figure 41). The dynamic change of the CM¢ subpopulation
distribution therefore appears to reflect the gradual replacement of embryo-derived CM¢ by
monocyte-derived macrophages. Thus, the heart stands out as a unique tissue; unlike the CNS,
infiltration of BM, monocyte-derived macrophages occurs under normal, homeostatic conditions,

regardless of tissue inflammation.

Our studies on the CM¢ , raise a number of basic questions: Do monocyte-derived cells
differ in terms of gene expression from the embryo-derived cells? Are monocyte-derived cells
derived from BM transplants functionally distinct from host monocyte-derived and embryo derived
cells? Novel techniques such as the RNA-seq, in combination with in-utero fate mapping will be
needed to address these questions. The different ontogeny of the various macrophages might hint

towards different functionalities.

The functionality of the different embryo- or monocyte-derived cells is still unclear and
further studies are needed to elucidate specific general and immunological contributions of these
cells. Since the rodent heart has a high regeneration capacity at the first week after birth®®, i.e. the
time window during which most CM¢ are CX3CR1"MHCII™, one can speculate that this

population might be beneficial for the regeneration process; in such a scenario, monocyte-derived
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CX3CR1"MHCII" may be more important for immuno-surveillance of the tissue. However, to be
substantiated, this model will require solid experimental evidence. Also, the significance of MHCII
expression in CM¢, similar to that of activated microglia, is unclear; whether or not these cells are
in a more active state than MHCII ~ cells, and whether these cells can actively present antigensto T

cells in the organ, requires further investigation.

Newborn mouse Adult mouse
Embryonic Circulating

precursors monocytes

Figure 41. Summary of the

@e turnover of CM¢. Embryo-derived
4 MHCII" macrophages are
| @@ e e e i
2l esese gradually belpg replaced by
i eeeaa monocyte-derived macrophages,
fgleeeaa which express higher levels of
Sleeeaee

MHCII, adopted from reference .

p3
@

g

MHC class Il MHC class Il

@ Embryo-derived macrophage @ Monocyte-derived cells

Another key question is the requirement of the heart for such monocytic contribution,
which is unique to this organ. Gut macrophages are continuously replenished from monocytes,
presumably due to the low inflammatory tone of the tissue, which hosts the microbiota in its lumen;
thus, the tissue itself might arguably require cells, which are slightly more ‘prone’ to inflammation.
One might speculate that due to the importance of the heart in the circulation, the organ becomes
vulnerable with adulthood to infections and thus requires monocytic cells, which are more ‘alert’.
Another possibility is that the embryo-derived macrophages slowly die with age, possibly due to
‘wear and tear', and have more limited self-renewal capacity than microglia, and thus require

replacement by the monocyte-derived cells.
6.4. Concluding remarks

In this thesis, a novel CX3CR1 promoter based gene manipulation approach enabled us to
study various tissue resident, embryo-derived macrophages, such as microglia, embryo-derived

cardiac macrophages, brown adipose tissue macrophages, as well as circulating monocytes,

effector monocytes infiltrating the tissue, and monocyte-derived macrophages.

Using the CX3CR1 Cre systems we were able to show for the first time a prominent role for
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brown adipose tissue macrophages in the maintenance and homeostasis of metabolism and energy
expenditure. In our study, deletion of the transcriptional regulator MeCP2 hampered the
functionality of the cells resulting in obesity. The data call both for a more extensive research of
the interrelations between adipose tissue macrophages, adipocytes, and obesity, and also shed a
new light on MeCP2 function in the organism. Thus, our data suggest that the brown adipose
macrophages, of which so far a very scarce literature exists, should gain more focus in the research

of metabolism and obesity, due to their apparent crucial role in regulation of energy expenditure.

While a relatively solid body of evidence describes microglia function under inflammatory
conditions, much less is known about their role in steady state. Indeed, emerging evidence suggests
an activity-dependent involvement of microglia in synapse refinement in the resting adult brain 2°2.
Moreover, microglia have been shown to actively phagocytosis apoptotic neurons during early

8203 ‘induce apoptosis of developmental Purkinje cells in the cerebellum %** and

adult neurogenesis
modulate synaptic pruning®®. Collectively, these findings point at a profound role for microglia in
the steady state. In light of the difficulty to define microglial contributions to the neuro-
inflammation of EAE, one might speculate that microglia are more important as modulators of
brain architecture and activity, similar to the maintenance functions of other tissue-resident
macrophages. Thus, while it may still be possible that microglia play a significant role in the EAE
initiation by other mechanism, our findings suggest that microglia are of minor importance for the

EAE initiation. This however does not explain the results obtained with the TAK1 deficiency™.

Moreover the role of microglia in relapsing remitting settings should be explored.

By utilizing the CX3CR1®system, which is a considerable improvement over the earlier

89.206 \ve could show for the

LysM®" system in terms of efficiency and exclusiveness of targeting
first time a cell-intrinsic mechanism for the survival of effector monocytes, which is dependent of
the autocrine signaling of TNF. In its absence, effector monocyte numbers in the spinal cord are
reduced, leading to a delayed, yet not attenuated, EAE pathology. The effect is attributed solely to
the monocytes, since the CD4" T cell compartment is intact, and the microglia-derived TNF is not
required for the pathology of the disease, as shown by using the more restricted CX3CR1°"ER
system. Thus, TNF emerges as an important molecule for monocyte function not as a pro-
inflammatory agent, but rather as a signal for the integrity of the monocyte compartment. Once
more, monocytes should gain more focus in the research of EAE and MS, as they appear to be

crucial myeloid cells in this pathology, and their ablation prevents in animal models most of the



73

pathological outcomes.

Finally, the CX3CR1%"™ and CX3CR1°"ER systems were used to study the ontogeny of a
novel macrophage subset, the CM¢. In collaboration with the Sieweke group, we were able to use
these systems to show that upon establishment of the embryo-derived heart macrophage pool, due
to slow turn-over monocyte-derived macrophages emerge. Similar to the brown adipose
macrophages, cardiac macrophages, received until very recently few attention; our data show that
these cells are unique throughout the mononuclear phagocyte system at least in terms of cell

ontogeny, and thus may have also special functionalities within the organ.

To conclude, in this thesis we show that the CX3CR1°"™ based systems are powerful new
tools to study the mononuclear phagocyte system in ways never done before, excluding some of the
limitations and artifacts of previous methods. The systems offer vast opportunities and possibilities
in the research of mononuclear phagocytes, and expand the limitations of the research; the systems
can be used to shed light on overlooked or completely new macrophage subtypes, as well as

deleting specific genes in known subtype with much finer resolution.
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Cardiac macrophages (cM®) are critical for early postnatal heart regeneration and fibrotic
repair in the adult heart, but their origins and cellular dynamics during postnatal develop-
ment have not been well characterized. Tissue macrophages can be derived from embryonic
progenitors or from monocytes during inflammation. We report that within the first weeks
after birth, the embryo-derived population of resident CX3CR1* cM® diversifies into
MHCII* and MHCII~ cells. Genetic fate mapping demonstrated that cM® derived from
CX3CR1* embryonic progenitors persisted into adulthood but the initially high contribution
to resident cMd declined after birth. Consistent with this, the early significant prolifera-
tion rate of resident cMd decreased with age upon diversification into subpopulations.
Bone marrow (BM) reconstitution experiments showed monocyte-dependent quantitative
replacement of all cMd® populations. Furthermore, parabiotic mice and BM chimeras of
nonirradiated recipient mice revealed a slow but significant donor contribution to cM®.
Together, our observations indicate that in the heart, embryo-derived cM® show declining
self-renewal with age and are progressively substituted by monocyte-derived macrophages,
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even in the absence of inflammation.

Cardiovascular disease represents a leading
cause of death in the developed world, and
many pathologies result from insufficient repair
of cardiac injury. Mammalian wound healing
mechanisms in the adult heart involve scar for-
mation, but for a short time window after birth
the neonatal heart maintains full regeneration
capacity of cardiac tissue (Porrello et al., 2011),
a process which requires macrophages (Aurora
etal., 2014). Studies of cardiac repair after myo-
cardial infarction in the adult have highlighted
the critical role of infiltrating monocytes and
monocyte-derived macrophages for the healing
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Steffen Jung and M.H. Siewceke contributed equally to this paper.

process (Nahrendorf et al., 2007; Swirski et al.,
2009). The focus of these studies has been on
monocyte-derived cells, consistent with the tra-
ditional view that macrophages are part of the
mononuclear phagocyte system and monocyte-
derived (van Furth and Cohn, 1968; Geissmann
et al., 2010). Recent evidence, however, sug-
gests that monocyte contribution to macro-
phages only represents an emergency pathway,
as many tissue macrophage populations get
seeded in the developing embryo and can self-
maintain without major monocyte contribution
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Figure 1.

cMa® develop into 4 subpopulations after birth. (A and B) Cytometry analysis of cM® from adult CX3CR 1%/ mice. (A) FACS profiles of

cM® populations, pregated on living single CD11b* cells with low CD11c and Ly6C expression. (B) Mean of total and subpopulations of cMd in absolute
numbers (left) or as percentage of total (right) as determined by bead-normalized flow cytometry. Error bars represent SEM (n = 4). (C and D) Cytometry
analysis (C) and mean percentage (D) of cMd subpopulations from CX3CR167/+ mice of indicated age. Error bars represent SEM (n = 3-4). (E) MHCII~ and
MHCII* cM® from adult CX3CR1¢:R26-yfp mice (black line) were analyzed for YFP expression and compared with Cre~ littermate controls (gray area;
n = 3-4). Data in all panels are representative of at least two independent experiments.

(Chorro et al., 2009; Ginhoux et al., 2010; Hoeffel et al.,
2012; Schulz et al., 2012; Hashimoto et al., 2013;Yona et al.,
2013). Macrophages can massively expand in the tissue by
local proliferation in response to challenge (Jenkins et al.,
2011; Hashimoto et al., 2013; Sieweke and Allen, 2013) and
can extensively self-renew without loss of differentiated func-
tion in culture upon inactivation of MafB and cMaf tran-
scription factors (Aziz et al., 2009). This has led to the
proposition that tissue macrophages may have a long-term
self-renewal capacity akin to that of stem cells (Sieweke and
Allen, 2013).

Examples of tissue macrophages that are independent
from monocytes are microglia in the brain and epidermal
Langerhans cells (Ajami et al., 2007; Chorro et al., 2009;
Ginhoux et al., 2010; Hoeffel et al., 2012). In contrast, intesti-
nal or dermal macrophages have a high turnover rate and are
constantly replaced from Ly6C* blood monocytes (Zigmond

2152

et al., 2012; Tamoutounour et al., 2013). Thus, origin and
turnover of tissue macrophages are highly tissue specific and
need to be assessed individually for different organ systems
(Sieweke and Allen, 2013).

Resident macrophages can be found in all tissues, where
they fulfill a variety of tissue-specific functions contributing
to homeostasis, development, and regeneration (Davies et al.,
2013), making them prominent candidates for therapeutic in-
tervention. This holds in particular for the heart, where tissue-
resident cardiac macrophages (cM®) have been described as
CX3CR1" cells that can be found throughout the myocar-
dium (Pinto et al., 2012). A recent study identified several
c¢M® populations, including short-lived monocyte-derived
cells that resemble monocyte-derived DCs as well as tissue-
resident cM®, which were suggested to be primarily of embry-
onic origin and to self~maintain under homeostatic conditions
(Epelman et al., 2014).

Replacement of embryonic cardiac macrophages with age | Molawi et al
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Here, we examined the origin and turnover of tissue-
resident ¢cM® during postnatal development. Using genetic
lineage tracing, parabiotic mice, and unconditioned BM chi-
meras, we demonstrate that embryo-derived cM® are gradu-
ally replaced by monocyte-derived macrophages with age and
i the absence of inflammation or injury. This replacement is
mirrored by dynamic changes in the resident cM® population
composition and decreasing cM® self-renewal over time.

RESULTS AND DISCUSSION

We focused on the resident ¢eM® population and applied a
rigorous flow cytometry gating strategy to exclude potental
infiltrating leukocytes (Fig. S1, A=C). Tissue-resident macro-
phages were identified as positive for the core macrophage
signature markers CD14, CD64, and MerTK (Gautier et al.,
2012; Tamoutounour et al.,, 2013) and the classical macro-
phage marker F4/80 (Fig. 1 A). The chemokine receptor
CX3CR1 is widely expressed in the mononuclear phagocyte
system (Jung et al., 2000) and ¢cM® have been reported to be
CX3CR1-positive (Pinto et al., 2012). Therefore, we refined
our analysis of the global cM® population by testing CX3CR 1
expression in CX3CR " knock-in mice (Jung et al.,
2000). Additionally, we included MHCII in our analysis,
which can be differentially expressed on tssue macrophages

JEM Vol. 211, No. 11

CX3CR1EF:R26-yfp mice were analyzed for YFP*
cMD and microglia at 1 and 4 wk after treatment.
Percentage of microglia-normalized YFP+ cMdb is
shown as median with extreme samples as error
bars (n = 3). Representative cytometry plots
show YFP* within total cMdb. Unless otherwise
indicated data in all panels are representative of
two independent experiments.

(Tamoutounour et al., 2013). We found that in 8-wk-old
mice, the majority of cM® was CX3CR1" (~80%) and
MHCII" (~70%), allowing the delineation of four distinct
cM® subpopulations (Fig. 1, A and B). Additional populations
of CD11¢"MHCIT" or Ly6C" cells, referred to as cM®
by others (Epelman et al., 2014), were excluded from our
analysis (Fig. ST B), as data from other tissues suggest that
these are monocytes and monocyte-derived dendritic cells
(Tamoutounour et al., 2013). Consistent with this, these cells
have been shown to be short-lived and monocyte-derived
(Epelman et al., 2014).

To investigate the development of the four cM® popula-
tions, we analyzed CX3CR1 and MHCII expression in ¢cM®
from newborn to 30-wk-old mice (Fig. 1, C and D). We ob-
served that almost all embryo-derived cM® present at birth
were CX3CRITMHCII™. This homogenous cM® compart-
ment diversified with age into four subpopulations with a pro-
gressive increase of MHCIT™ eM @ and a decrease of CX3CR 17
cM®. Importantly, genetic fate mapping analysis using
CX3CR 1™ mice crossed to R26-pfp reporter mice (CX3CR 1™
R26-pfp; Yona et al., 2013) revealed that all adult cM® sub-
populations must have developed from a CX3CR.1" stage
(Fig. 1 E). These results suggested two not mutually exclusive
possibilities for cM® subpopulation development: persistence
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Figure 3. Decreased proliferation rate of embryo-derived cM® with age. (A) cMd subpopulations of adult CX3CR15%/* mice were analyzed for
BrdU incorporation and expression of Ki67 by flow cytometry four hours after BrdU injection (i.p.). Bars show median (n = 12-13).*, P < 0.05; **, P < 0.01;
*** P < 0.005; Wilcoxon test. (B and C) Total (B) or CX3CR1*MHCII~ (C) cMd of CX3CR 1677+ mice of indicated age were analyzed for BrdU incorporation
and Ki67 expression by flow cytometry 4 h after BrdU injection (i.p.). Bars show median (n = 4-15). ***, P < 0.005, Mann-Whitney test. Data in all panels

were pooled from 2-3 independent experiments.

and diversification of embryo-derived cM® as suggested else-
where (Epelman et al., 2014), or replacement of embryo-
derived cM® by adult monocyte-derived macrophages.

To address these alternatives, we first analyzed the persis-
tence of embryo-derived cM® by genetic lineage tracing using
CX3CR1-driven tamoxifen (TAM)-inducible Cre recom-
binase (CreERT2) and R26-yfp reporter mice (CX3CR [7ER;
R26-yfp; Fig. 2 A; Yona et al., 2013). Tamoxifen-induced
pulse labeling at E9 permits us to identify cells derived from
yolk sac (YS) CX3CR1" macrophages before the onset of
definitive hematopoiesis. Labeling at E13 cannot distinguish
YS- and hematopoietic stem cell (HSC)—derived macro-
phages, but should increase ¢cM® labeling because the heart
is colonized by CX3CR 1" macrophages at this time (Epelman
et al., 2014). cM® labeling was normalized to YFP* mi-
croglia, which are YS-derived, remain CX3CR 1" throughout
development, self~-maintain without contribution of HSC-
derived cells (Ginhoux et al., 2010; Kierdorf et al., 2013),
and therefore represent an internal control for maximal
CX3CR1 labeling efficiency. E13 labeling revealed that rela-
tive cMP labeling declined from ~35% in newborn mice
to ~18% in 6-wk-old mice (Fig. 2 B), indicating a loss of
embryo-derived ¢cM® with age. E9 labeling showed that
embryo-derived cM® were at least partially of YS origin and
similarly declined from ~14% in neonates to ~4% in 6-wk-
old mice (Fig. 2 C). Interestingly, all embryo-derived YFP*
cM® were MHCII™ at birth but had partially differentiated
into MHCII* ¢M® after 6 wk (Fig. 2 D). Although this
demonstrated that both populations can develop from cells of
embryonic origin, the relative contribution of embryo-derived
YFP* eM® to MHCIIT eM® was significantly lower than to
MHCII- ¢M®, (Fig. 2 E).

2154

We further assessed the turnover of CX3CR1* ¢cM® in
the adult heart by pulse labeling adult CX3CR17FR:R26-yfp
(Fig.2 F). 1 wk after treatment, labeling in cM® corresponded
to ~60% of microglia labeling but drastically decreased to
~20% after 4 wk. By comparison, microglia labeling was
nearly complete after 1 wk and remained unchanged there-
after (Goldmann et al., 2013). Collectively, our lineage tracing
experiments argue that a significant proportion of macro-
phages established in early embryonic development is still
present at birth but is gradually lost with age.

The relatively fast turnover of labeled tissue-resident cMP
suggested that local self-renewal was insufficient to maintain
the resident cM® pool. We therefore analyzed the prolifera-
tive activity of cM® subpopulations in adult mice by BrdU
incorporation after a 4-h pulse labeling period and by Ki67
staining (Fig. 3 A). The overall number of proliferating mac-
rophages in adult hearts was low, particularly in MHCIT*
populations, but the proliferative rate of CX3CR1*"MHCII™
cM® significantly exceeded that of all other subpopulations.
Interestingly, this population was also the only ¢cM® subset
present at birth but declined with age at the expense of the other
c¢M® populations (Fig. 1, C and D). We therefore analyzed the
evolution of ceM® proliferation with age. Both BrdU incor-
poration and Ki67 staining showed a high proliferative rate
in newborn CX3CR1*MHCII™ ¢M®, which gradually de-
creased by 8—10-fold both in total cM® (Fig. 3 B) and in the
CX3CR1"MHCII™ ¢M® population (Fig. 3 C). Together,
these data suggest that both a successive loss of the cell popu-
lation with the highest proliferative rate (CX3CR1*MHCII™
cM®) and a strong decrease of the proliferation rate collectively
result in progressively decreasing self-renewal of the tissue-
resident cM® pool.

Replacement of embryonic cardiac macrophages with age | Molawi et al.
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MHCII-) and neutrophils (Gr1" and SSC") were analyzed for contribution of grafted YFP* cells 8 wk after transplantation. Bars show median (n = 6).

*, P <001, Mann-Whitney test. Data in all panels are representative of two independent experiments.

We next addressed the question of how the age-dependent
loss of embryo-derived macrophages is compensated. To test
the ability of monocytes to contribute to cM® populations,
we generated BM chimeras using WT hosts and BM from
transgenic mice expressing dTomato from a ubiquitously ex-
pressed human Ubiquitin-C promoter (Ubow mice; Ghigo
et al., 2013) and GFP from the CX3CR 1 locus that makes it
possible to monitor grafted cells in all four cM® populations.
Graft-derived dTomato™ ¢cM® contributed to all four cM®P
populations from 4 wk after transplantation and almost com-
pletely replaced host cM® populations within 8 wk (Fig. 4 A).

JEM Vol. 211, No. 11

However, a small radio-resistant population (~10%) persisted
for 36 wk without monocyte contribution. To further analyze
whether ¢tM® replacement was monocyte-dependent, we
generated mixed chimeras with BM from WT (CD45.1)
and CCR27/~ (CD45.2) CX3CR15¥* mice in CD45.1/
CD45.2 double-positive WT hosts (Fig. 4 B). CCR27/~ mice
have reduced numbers of Ly6C* monocytes in the blood
(Serbina and Pamer, 2006) and can therefore be used to ana-
lyze the contribution of circulating monocytes and CCR2-
dependent progenitors to tissue macrophage populations (Yona
et al., 2013; Tamoutounour et al., 2013). Blood analysis indeed
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confirmed that the vast majority of monocytes but not B cells
were of WT origin. Graft-derived ¢cM® were almost com-
pletely derived from WT cells (Fig. 4 B). Collectively these
two experiments established that HSC-derived CCR2-
dependent cells, most likely Ly6C* monocytes, have the capac-
ity to differentiate into all cM® subsets. Residual host-derived
cM® included both MHCII" and MHCIL™ ¢M® but showed
a lower proportion of MHCII" cells than grafted monocyte-
derived cM® (Fig. 4 B).

To examine monocyte contribution to ¢cM® populations
under homeostatic conditions, we generated parabiotic cou-
ples of WT (CD45.1) and CCR27/~ (CD45.2) mice and
analyzed non-host contributions after 10 wk of parabiosis in
CCR2"/" partners (Fig. 4 C). Circulating B cells were equally
distributed between the partner mice. In the CCR2-deficient
host Ly6C* monocytes had reached ~70% non-host chime-
rism. About 16% of total cM® in CCR2-deficient mice were
of non-host origin. Given a 70% chimerism in Ly6C* mono-
cytes, the likely cells of origin, and the possibility that de-
pending on lifetime and exchange rate cM® may not be fully
equilibrated after 10 wk, these observations indicated a signif-
icant monocyte contribution to tissue-resident cMP. Again,
non-host contribution to MHCIT* ¢cM® (~30%) was signifi-
cantly higher compared with MHCII~ ¢M® (~5%) as high-
lighted by MHCIT"/MHCII™ ¢M® ratios for non-host and
host-derived cells (Fig. 4 C).

As a complimentary experimental approach that does not
depend on myeloablative conditioning, we used Rag2™ ",/
~Kit"""" mice, which are universal HSC recipients that accept
grafts without prior irradiation (Waskow et al., 2009), and
generated BM chimeras by transplantation of HSC from
panYFP mice (Luche et al., 2013). More than 90% of neutrophils
were YFP* after 8 wk, demonstrating efficient reconstitution
(Fig. 4 D). Analysis of cM® revealed ~7% YFP* cells in the
total population. Again, donor cells showed a higher contribu-
tion to MHCII* (~8% YFP") than to MHCII™ ¢M® (~4%
YFP") (Fig. 4 D). In the same mice, no donor contribution
to microglia cells was observed (K. Klapproth and H.R.
Rodewald, personal communication). Together, these experi-
ments clearly demonstrated a slow but significant replacement
of tissue-resident cM® by infiltrating monocyte-derived mac-
rophages, which preferentially contributed to MHCII* cM®.

In the present study, we have analyzed homeostasis, origin,
and turnover of resident macrophages in the heart during
postnatal development. We have shown that the cM® com-
partment 1s undergoing dynamic changes with age. Embryo-
derived macrophages present in newborn mice are all CX3CR1*
MHCII™ and at least partially YS-derived. After birth, the
cM® compartment diversifies into four subpopulations
defined by MHCII and CX3CR1 expression. Our results
show that this diversification is due both to differentiation
of persisting embryo-derived CX3CR1"MHCII~ ¢cM® and
infiltrating monocyte-derived macrophages, which both can
contribute to all four cM® subpopulations. However, mono-
cytes preferentially give rise to MHCII" cM®, whereas embryo-
derived or radio-resistant cM® had a higher proportion of
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MHCII™ cells, explaining the relative increase of MHCII* cM®
and the reduction of the CX3CR1"MHCII™ ¢cM® subpopu-
lation with age. The dynamic change of the cM® subpopulation
distribution therefore appears to reflect the gradual replace-
ment of embryo-derived cM® by monocyte-derived macro-
phages. The increasing contribution of monocyte-derived
macrophages to the cM® pool with age may be explained by
the decreasing self-renewal of embryo-derived cM®. Although
CX3CR1I"MHCII™ cM® that contain the majority of em-
bryo-derived macrophages have a higher proliferative rate than
the other subpopulations, overall cM® self-renewal is decreas-
ing with age and is insufficient to sustain the cM® pool with-
out input from infiltrating monocytes. It will be interesting to
determine whether the loss of self-renewal capacity in ¢cM®P is
permanent or might be reactivated. The observed mechanism
of cM® homeostasis differs from other macrophage popula-
tions such as microglia, Langerhans cells, or alveolar macro-
phages, which in the absence of tissue damage or inflammation
appear to self~maintain in tissues without replacement from
circulating cells. It is also distinct from the high turnover rate of
dermal tissue macrophages or intestinal lamina propria macro-
phages that are constantly replenished from circulating mono-
cytes (Zigmond et al., 2012; Tamoutounour et al., 2013). In
contrast to what was proposed elsewhere (Epelman etal.,2014),
our results also show that inflammation or injury are not neces-
sarily required for replacement of embryo-derived cardiac
tissue macrophages by monocytes. It will be interesting to
determine whether dynamic age-dependent changes in resi-
dent tissue macrophage populations also occur in other tissues
and whether they may be important for the differences in re-
pair mechanisms and regenerative capacity observed between
young and old individuals.

MATERIALS AND METHODS

Mice. CD45.1 and CD45.2 C57BL/6 mice were obtained from Charles
River. All transgenic mice used in this study have a C57BL/6 background
(>7 backcrosses). CX3CR 19F"/* mice (Jung et al., 2000), CCR2~'~, Rosa-26-
yfp, CX3CR I (JAX Stock No. 25524 B6.C-Cx3crl<tnl.1(cre)Jung>/]), and
CX3CRI1™R mice (JAX Stock No. 20940 B6J.129-Cx3crl<tml.1(cre/
ERT2)Jung>/J; Yona etal., 2013), Ubow mice (Ghigo et al., 2013), Rag2~ /"y, ~/~
Kit""" mice (Waskow et al., 2009), and panYFP mice (Luche et al.,2013)
were described elsewhere. Experiments were performed on 6-10-wk-old
mice, if not stated otherwise. Experiments involving CX3CRI™ and
CX3CRI"® mice included littermate controls. For other experiments
C57BL/6 mice served as controls. All mouse experiments were performed
under specific pathogen-free conditions. Animals were handled according
to protocols approved by the Weizmann Institute Animal Care Committee
(Israel), the Federal Ministry for Nature, Environment and Consumers’ Pro-
tection of the state of Baden-Wiirttemberg (Germany) or the animal ethics
committee of Marseille (France) and were performed in accordance to the
respective international, national, and institutional regulations.

Parabiosis. 9-wk-old C57BL/6 CD45.1 mice were sutured together with
9-wk-old B6 CCR27/~ CD45.2 and subsequently kept under Bactrim for
10 wk before analysis.

BM chimeras. 7-10-wk-old host animals were lethally irradiated and were
reconstituted with donor BM by 1.v. injection of minimum 10° BM cells.
Donor BM was isolated from femurs and tibias of donor mice, filtered through
a 70-pum mesh and resuspended in PBS for i.v. injection. Rag2~/~y,~/~ Ki'"/"""

Replacement of embryonic cardiac macrophages with age | Molawi et al.

G10Z ‘22 udy uo Bio ssaidni wal wolj papeojumoq



Published September 22, 2014

mice were reconstituted with long-term (LT)-HSC from panYFP BM
without prior conditioning as previously described (Waskow et al., 2009).
LT-HSCs were defined as lineage-negative (B2207, CD3e™, CD4~,
CD8a",CD11b™,CD197, Grl17, Ter1197,NK1.17), Kit", Scal*, CD48",
and CD150".

Tamoxifen treatment. Tamoxifen (TAM; Sigma-Aldrich) was dissolved in
100% ethanol to get a 1 g/ml solution and was 10-fold diluted in corn oil
(Sigma-Aldrich) to get the 100 mg/ml final solution for oral or i.p. adminis-
tration. To induce Cre-mediated gene recombination in 5- to 7-wk-old
CX3CR ™R mice, 5 mg TAM was administrated orally for 5 consecutive
days (25 mg total). For Cre induction in the embryo, 200 pl of 20 mg/ml
TAM and 10 mg/ml Progesterone dissolved in corn oil was injected 1.p. into
pregnant females at 9 or 13 days post coitum (dpc).

BrdU pulsing. BrdU was purchased from Sigma-Aldrich. Mice were in-
jected with 0.1 mg BrdU/g body weight. Newborn mice were injected sub-
cutaneously, older mice intraperitoneally. cM® isolated from BrdU injected
mice were analyzed 4 h after injection for BrdU incorporation using the
BrdU Flow kit (BD).

Flow cytometry. Cells were acquired on FACSCanto, LSRII, and LSR For-
tessa systems (BD) and analyzed with Flow]Jo software (Tree Star). The fol-
lowing antbodies were used for staining cells: ant-CD11b (clone M1/70;
eBioscience), ant-CD11c (clone N418; eBioscience), anti-CD14 (clone
Sa2-8; eBioscience), anti-F4/80 (clone BMS; eBioscience), anti-MHCII
(clone M5/114.15.2; eBioscience), anti-CD45.1 (clone A20; eBioscience),
anti-CD45.2 (clone 104; eBioscience), anti-B220 (clone RA3-6B2; eBiosci-
ence), anti-CD115 (clone AFS98; eBioscience), anti-CD117 (clone 2BS;
eBioscience), anti-Scal (clone D7; eBioscience), ana-CD48 (clone JM48-1;
eBioscience), anti-Grl (clone RB6-8C5; BioLegend), anti-CD64 (clone
X54-5/7.1; BioLegend), anti-Ly6G (clone 1A8; BioLegend), anti-CD 150
(clone TC15-12F12.2; BioLegend), anti-Ly6C (clone AL21; BD), anti-
Ki67 (clone B56; BD), anti-CD4 (clone H129.19; BD), anti-CD8 (clone
53—6.7: BD), ana-CD19 (clone ID3; BD), Ter119 (clone Ter119; BD),
NK1.1 (clone PK136;BD), anti-F4/80, anti-MerTK (clone BAF591; R&D
Systems), anti-BrdU (clone MoBU-1; Life Technologies). Before staining,
cells were preincubated with Fc receptor blocking antibody (clone 2.4 G2;
BD). LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Life Technologies)
was used to stain dead cells. Absolute cell numbers were determined by
using Flow-Count Fluorosperes (Beckman Coulter) according to the manu-
facturer’s instructions.

Preparation of tissue samples. Peripheral blood leukocytes were isolated
by density separation using Lympholite-M solution (Cedarlane) according to
manufacturer’s instructions. For preparing single cell suspension from heart
and brain, the mice were perfused with PBS before collecting the tissue. For
M®, the heart was macerated and incubated with 1 mg/ml collagenase-2
(Worthington Biochemical Corporation) and 0.15 mg/ml DNasel (Sigma-
Aldrich) at 37°C for 30 min during constant agitation. Resulting cell suspen-
sion was filtered through a 70-pm mesh and erythrocytes were removed by
ACK lysis. For microglia isolation a gradient of 70, 37, 30% Percoll was used.
The brain tissue was homogenized and incubated with HBSS solution con-
taining 2% BSA (Sigma-Aldrich), 1 mg/ml collagenase p (Roche), and
0.15 mg/ml DNasel, filtered through a 70-um mesh, and resuspended in
70% Percoll, before density centrifugation (800 ¢ for 30 min at 20°C with
low acceleration and no brake).

Online supplemental material. Fig. S1 depicts the full gating strategy and
population characterization of cM®. Online supplemental material is avail-
able at http://www jem.org/cgi/content/full/jem.20140639/DC1.

We thank Dr. Sandrine Sarrazin for critical reading of the manuscript and help
with statistical analysis, L. Razafindramanana for animal handling, and M. Barad,
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