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Abstract

Multiple sclerosis (MS) is an autoimmune, demyelinating disease of the central nervous system.
Importantly, it is an illness with unmet medical need. Although current therapeutics mitigate relapses,
there is no treatment that halts the progression of MS. In order to develop improved medicines, we
must better understand the disease and factors that drive it. Hence, the mouse model of MS,
experimental autoimmune encephalomyelitis (EAE) has been employed in the field of
neuroimmunology. In my thesis, | elucidate the roles of two myeloid cell-associated proteins in affecting

EAE pathogenesis.

In chapter 1, | review the current understanding of the role of myeloid cells in MS. In the healthy CNS,
dendritic cells, granulocytes, tissue resident macrophages are present in small quantities. Importantly,
microglia reside in the healthy CNS and continuously monitor the milieu. During inflammatory
conditions, microglia become activated, and a host of other myeloid cells and lymphocytes infiltrate into
the CNS and cause demyelination. Although lymphocytes are important, myeloid cells are an
underappreciated component of MS disease which initiate and perpetuate the disease. Additionally, |
review a few of the current MS therapeutics on the market, their targets, and their impact on myeloid

cells.

One target that has been studied for its therapeutic potential in MS treatment is CSF1R. PLX5622, a
CSF1R antagonist, is known to deplete microglia. Microglial depletion has been previously proposed to
be the cause of reduced EAE clinical symptoms that are detected in CSF1R-antagonized mice. In chapter
2, | show that PLX5622 formulated into rodent chow (PLX5622 diet; PD), in addition to ameliorating EAE
clinical score, also increases infiltration into the CNS of PD mice. | determined that this was not due to
changes in peripheral priming. Furthermore, although spinal cords were largely devoid of infiltration,

cerebella showed increased infiltration in PD compared to CD mice. | propose that decreased incidence



of ascending paralysis, a symptom associated with spinal cord demyelinating damage, is due to immune

cell relocation to the cerebellum. Lastly, | explore possible mechanisms causing the observed relocation.

An area of unmet therapeutic need is in developmental and adult myelination. In chapter 3, | explore
the function of 5 lipoxygenase (5L0O) in the healthy central nervous system (CNS). First, | show that 5L0,
5L0 pathway, and 5LO’s enzymatic products, leukotrienes (LTs), are detected in development and
adulthood in the CNS; this suggests that the 5LO pathway is present and active in healthy conditions.
Due to the detection of the highest levels of 5LO pathway components being detected during
developmental myelination, we investigate the connection between 5LO and the most dynamic cell type
in the CNS, oligodendrocyte lineage cells (OLCs). Addition of leukotrienes onto differentiating
oligodendrocyte progenitor cells in vitro promotes oligodendrocyte differentiation in my experiments,
providing initial evidence of the link between LTs and OLCs. Next, in vivo experiments involving fate
mapping of cells in the corpus callosum of 5LO global knockout mice and their littermate controls
confirms that 5LO and LTs promote OLC differentiation. Lastly, pharmacological and genetic methods

reveal that microglia are the primary expressors of 5LO and ostensibly, LTs.
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Abstract

In steady state, the central nervous system (CNS) houses a variety of myeloid cells, such as microglia, non-
parenchymal macrophages and dendritic cells, and granulocytes. Most of these cells enter the CNS during
embryogenesis and are crucial for proper CNS development. In adulthood, these resident myeloid cells
exert both sentinel and crucial homeostatic functions. In neuroinflammatory conditions, like multiple
sclerosis (MS), both lymphoid and myeloid cells from the periphery infiltrate the tissue and cause local
damage. Although lymphocytes are undeniably important players in MS, CNS-resident and infiltrating

myeloid cells have recently gained much-deserved attention for their roles in disease progression.

Here we will review significant advances made in recent years delineating myeloid cell functions within
the CNS both in homeostasis and MS. We will also discuss how these cells are affected by currently

employed therapeutics for MS patients.

1.1 Introduction

Myeloid cells are crucial for the central nervous system (CNS) tissue function both in development and
adulthood. Other than microglia, which are found in the parenchyma, meningeal and perivascular spaces
along with the choroid plexus are populated by special subsets of macrophages, and dendritic cells.
Additionally, granulocyte cells are also present in the homeostatic CNS. Studies in rodents have elucidated

mechanisms by which these cells promote tissue physiology.

In multiple sclerosis (MS), myeloid cells play a dominant role. Studies in mice and human samples show
that myeloid cells from the periphery enter the tissue through a compromised blood brain barrier (BBB)
and together with CNS resident cells perpetuate the inflammatory environment through secretion of

inflammatory cytokines, and reactivation of primed T cells. However, myeloid cells may also exhibit anti-



inflammatory and pro-reparative functions. The exact contribution of each myeloid subset to disease

progression is currently the focus of thorough investigation.

Here, we will provide an overview of myeloid cell types and functions in homeostasis and how these
populations evolve in neuroinflammation. In addition, we will review the effects of therapeutics currently

employed for MS patients on myeloid cell populations and functions.

1.2. CNS -resident myeloid cells in homeostasis

The CNS houses a variety of myeloid cell subsets that exert multiple functions crucial to homeostasis such
as BBB maintenance, sampling of the local milieu, synaptic pruning and maintenance of neuronal
populations in development and adulthood. In this section, we will elaborate on their developmental

origin and known functions of these subsets in CNS physiology.

Microglia
Microglia are the resident immune cells within the CNS parenchyma proper. They derive from Runx1+
erythromyeloid precursors in the extra-embryonic yolk sac, and enter the brain early in embryonic
development [1-3]. Before migrating out of the yolk sac, these progenitors acquire CD45 and CX3CR1
expression [4] and seed the brain parenchyma around embryonic day 9.5 [3, 5, 6], through a process that

is mediated largely by the metalloproteinases MMP8 and MMP9[4].

Microglia development relies on transcription factors PU.1, IRF8, and colony stimulating factor 1 receptor
(CSF1R) signaling [7], whereas transcription factors such as MYB, BATF3 and ID2 are not necessary,
suggesting that microglia are transcriptionally distinct than myeloid cells found in peripheral tissues [2, 6].
Moreover, the microglial transcriptional profile changes at each developmental stage, are roughly divided
into early microglia (microglia that seed the brain from E10.5- E12.5), pre-microglia (microglia found in

the CNS from E12.5 up to P9) and adult microglia [6, 8]. Early microglia are highly proliferative, pre-



microglia exert functions on synapse pruning [6] and excess neuron elimination [9], and adult microglia
perform immune surveillance but also synaptic refinement [7, 10-12]. During development, microglia
control the numbers of neural progenitors via phagocytosis. This was shown by clodronate-mediated
microglia deletion in organotypic brain cultures [9] or in CSF1R knockout mice, which lack microglia [13].
However, CSF1R is also expressed in other cells including peripheral myeloid subsets and neurons. Specific
deletion of CSF1R on nestin+ cells recapitulated some of the observed effects in the global CSF1R knockout

[13].

Complement components C1qg and C3, tag extra synapses which are then removed by microglia via CR3
receptor mediated phagocytosis [11, 12]. This process is known as synaptic pruning [11]. Neuronally
derived CX3CL1 acting on microglial CX3CR1 is one of the cues that guides microglia to the synapses [11].
Mice deficient in microglia or CX3CR1 exhibit neuronal connectivity and behavioral deficits similar to those
observed in autism spectrum disorder [6, 14-16]. Developing microglia also control neural cells in the
cerebellum and were shown to induce Purkinje cell death via NADPH activity [1, 17]. On the other hand,
developing microglia also secrete trophic factors that promote neuronal circuits formation and neuronal
survival. Microglial-derived insulin-like growth factor 1 (IGF-1) promotes survival of cortical layer V
neurons in postnatal development. In addition it induces the fate of many cell lineages, such as
oligodendrocytes and also protects them from glutamate-mediated apoptosis [1]. Basic fibroblast growth
factor, hepatocyte growth factor, epidermal growth factor, platelet-derived growth factor, nerve growth
factor, and brain-derived neurotrophic factor are all also secreted by microglia and contribute to neuronal

development, maintenance, and function throughout life [18-20].

As microglia mature, they adopt a ramified morphology characterized by a small body and thin, long
processes. Interestingly, recent studies suggest that adult microglia are not a homogeneous population,
and their activation state is the result of region-specific cues [21-27]. They are self -renewing via a local

progenitor [28, 29] but in certain instances, and when microglia are depleted for prolonged periods of



time via genetic or pharmacologic methods, peripheral myeloid cells can enter and engraft in the CNS for
long periods but remain functionally distinct [30]. Microglia in steady state CNS depend on CSF1R signaling
for survival. Both CSF1R ligands, CSF1 and IL-34, are found in the normal CNS and their expression is
regionally controlled [31]. Interestingly, in the absence of CSF1, microglia numbers decrease by 30%, while
in the absence of IL-34 microglial numbers decrease by 70%. IL-34 in particular controls the migration of
microglial precursor cells in the CNS via CSF1R signaling in development [32]. TGF-& signaling is also
necessary for homeostatic microglial functions and in its absence, they assume a transcriptome that is

similar to that of peripheral macrophages [33].

Defining microglial markers that are distinct from those of peripheral monocytes has been the focus of
investigation for many years. New RNAseq techniques yielded a number of genes that are preferentially
expressed by microglia but not peripheral myeloid cells in homeostasis [6, 14, 34-36]. Lately, the most
commonly employed markers are the purinergic receptor P2Y, G coupled protein 12 (P2RY12), the
transmembrane protein TMEM119, and the transcriptional regulator Sal-like 1 (SALL1) [6, 14, 34-36]. Both
P2RY12 and TMEM119 are expressed by the vast majority of microglia within the healthy CNS. The
function of TMEM119 has not been yet elucidated. P2RY12 serves as a chemotactic receptor that guides
microglia to sites of injury [23]. SALL1 is a microglia fate-determining factor, vital for expression of
essential microglial genes and normal microglial morphology [23, 33]. Whether these markers are still able
to differentiate between microglia and infiltrating myeloid cells in neuroinflammation, when all these cells
undergo major transcriptional changes is still under investigation. However, SALL1 and TMEM119 are

emerging as the most reliable microglial markers.

Adult microglia exert multiple roles in tissue maintenance: they phagocytose debris or dead cells, clear
toxic amyloid-B, shape neural circuits via phagocytosing inappropriate or inactive connections [12],
provide trophic support to neurons by producing growth factors, and regulate neurogenesis in the

hippocampus and the subventricular zone (SVZ). Interestingly, microglia-derived CX3CL1 increases with



exercise and confers a protective effect on neuronal cells, while CX3CR1 deletion results in activated
microglia with an inflammatory phenotype, leading to decreased rates of adult neurogenesis in the
hippocampus [37-39]. In addition, microglia phagocytose neuronal progenitors in the adult SVZ, thus
controlling the local pool of neurons [14, 38, 40]. Microglia also influence oligodendrocyte development
and myelinogenesis both during development and in adulthood. In the adult CNS, microglia are necessary
for myelin homeostasis and maintenance of adult oligodendrocyte progenitor cells [41, 42]. Microglia
promote BBB function [43, 44] and in case of injury, they migrate to the affected site to promote repair

[45].

Microglial malfunction is associated with neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and neurodevelopmental and psychological defects such as Rett syndrome and
obsessive compulsive disorder [6]. Furthermore, lack of phagocytosis by microglia results in excess

synapses which is associated with impaired memory formation [12].

Tissue-resident macrophages
In addition to microglia, the healthy CNS houses three types of non-parenchymal tissue resident
macrophages. They are named based on their location and are currently categorized as perivascular
macrophages, meningeal macrophages and macrophages in the choroid plexus [46]. These macrophage
populations are optimally placed to regulate and interrogate peripheral cell entry, act as sentinels by
sampling their environment, and quickly respond in the event of an insult. Previously thought to be
derived from bone marrow (BM) monocytic progenitor cells, it is now established that the majority of
CNS-resident macrophages are long-lived and transcriptionally more similar to microglia than
macrophages found in non-CNS tissues. Similarly to microglia, most of these cells are derived from
erythromyeloid progenitors found in the extraembryonic yolk sac or fetal liver and their generation is PU.1

dependent, and independent of MYB and BATF3 [3, 34]. Choroid plexus macrophages are the most



distinct among these types of CNS non-parenchymal macrophages and originate from either embryonic
precursors or BM.

Perivascular macrophages are located between the blood vessel endothelium (of BBB) and the glia
limitans, which form the barrier to the CNS parenchyma. They are wrapped around endothelial walls with
their elongated cell bodies and monitor the perivascular space [47]. Perivascular macrophages provide
nutrients to endothelial cells, regulate vascular permeability, maintain BBB integrity, clear toxic amyloid-
from the CNS, sample debris to assess the local milieu, and communicate with surrounding cells [46].
Their location is ideal to simultaneously sample both the CNS interstitial fluid and blood [46]. Perivascular
macrophages infiltrate the CNS at the same time as microglia (E 9.5) and populate the abluminal spaces
of the newly developed vasculature. Together with microglia, these macrophages play significant roles on
the refinements of the developing vasculature [48]. In adulthood and in response to injury, perivascular

macrophages promote anastomoses and the repair of vasculature [49].

Meningeal macrophages have a very similar origin and transcriptional control as perivascular
macrophages. They are located in between meningeal vasculature and ER-TR7+ fibroblast-like cells that
line the meninges. They also express similar markers to those of perivascular macrophages and are also

long lived with negligible contribution from the periphery [34, 47].

The choroid plexus macrophages reside on the apical side of the epithelium facing the cerebrospinal fluid
(CSF) in the stroma. The stroma of the choroid plexus is highly vascularized and surrounded by a
monolayer of cuboidal epithelial cells, which are joined together by tight junctions forming the blood-CSF
barrier. The choroid plexus is located in all four ventricles in the brain and is responsible for producing CSF
[46]. It allows trafficking of a variety of immune cell types and is an area with an anti-inflammatory
environment [50, 51]. In addition, the choroid plexus is the gateway to the CNS and is an area through

which pioneering T cells gain access into the CNS in preclinical stages of the MS murine model



experimental autoimmune encephalomyelitis (EAE) [52]. Unlike the other types of CNS macrophages,

these macrophages are partially replenished from the bone marrow [34].

All of these brain resident macrophages express the mannose receptor CD206, scavenger receptor CD163,
along with CD11b, CXC3R1 and MHC-II. Perivascular and meningeal macrophages also express the
lymphatic vessel endothelial hyaluronan receptor LYVE1, which is not expressed in choroid plexus

associated macrophages [34, 47, 53].

Dendritic Cells

At steady state, dendritic cells (DCs) are sparsely distributed within the nonparenchymal CNS spaces. They
are more numerous in the leptomeninges and dura mater, less prominent in the choroid plexus and mostly
absent from perivascular spaces [54].

DCs develop from committed DC or monocyte progenitors in the BM and are dependent upon FLT3
signaling [55]. They are relatively short-lived and are replenished roughly every 1-2 weeks [56]. Mature
DCs are divided into conventional DCs (cDCs), plasmacytoid DCs (pDCs) and monocyte-derived DCs
(moDCs). cDCs are further subdivided into cDC1 and cDC2. cDC1s are associated with Th1 responses [57,
58] while ¢cDC2 with Th2 and Th17 [59]. cDCl1s are also able to cross present antigens and activate CD8+
T cells. cDCs leave the BM in the form of a committed precursor, while pDCs mature in the BM before
entering the circulation. In addition, moDCs are not usually found in steady state but are crucial mediators
on inflammatory responses [60].

IRF4 and IRF8 are transcription markers differentially expressed in the various DC subsets. cDC1s are
IRF8+IRF4lo/-, cDC2s are IRF8lolRF4+, pDCs are IRF8+IRF4+ and moDCs are IRF4lolRF8lo [61]. cDC1s do
not express CD11b. Within the mouse CNS the majority of DCs are ¢cDC2 and are mostly located in the

leptomeninges and dura mater. Within the choroid plexus the majority of DCs are cDC1s [54].

Granulocytes



Although their presence is commonly ignored within the CNS at steady state, various types of granulocytes
such as neutrophils, mast cells, basophils and eosinophils are found within perivascular and meningeal
spaces and the choroid plexus [15]. Mast cells in particular are also found within the parenchyma [62, 63].
Neutrophils exit the bone marrow in a mature state and are thought to be short-lived. However, studies
have shown that subsets of neutrophils live much longer than previously thought and more importantly,
some have been found in various organs likely as a local reservoir [64]. It is now acknowledged that
neutrophils or neutrophil subsets may have different functions. Other than the well-documented
inflammatory functions, pro-reparative CD206+ neutrophils, VEGF-responding angiogenic neutrophils,
and CD11c+Ly6G+ “hybrid” cell type have been identified [65-68]. Interestingly neutrophils were recently
detected in the normal murine CNS localized within the subdural meningeal spaces but their contribution
to tissue homeostasis is still not known [69].

Mast cells (MCs) are derived from CD34+ bone marrow progenitor cells, enter the circulation in an
immature state, and mature once they reach the tissue in response to local cues. They are mostly known
for their effects during allergic/atopic responses mediated IgE crosslinking of their FcERI receptor. MCs
are a heterogeneous population and depending on the types of proteases they carry within their granules,
they are broadly categorized into at least three subtypes: MCs that contain only tryptase (MCT), MCs that
contain only chymase (MCC) and MCs that contain tryptase, chymase, carboxypeptidase, and cathepsin G
(MCCT) [70, 71]. MCs cells are loaded with granules containing preformed mediators and can synthesize
mediators de novo. They are found in many tissues and usually associated with vascular epithelial cells
and nerves. CNS mast cells are constitutively active and degranulate in response to homeostatic or
inflammatory stimuli [63, 72-74]. Their preformed granules are released immediately upon activation and
contain various mediators such as histamine, serotonin, and TNFR in addition to proteases. They can

quickly synthesize lipid mediators such as prostaglandins and leukotrienes, and growth factors. A late



phase activation of mast cells results in de novo production of inflammatory cytokines such as IL-6 and
TNF-& [70, 75].

Within the healthy CNS, MCs are found within the thalamus, hypothalamus, entorhinal cortex,
hippocampus, the meninges, perivascular spaces and within the brain in proximity to BBB. They interact
with neurons and microglia and their granules contain a plethora of mediators including
neurotransmitters. Their location allows them to modulate BBB permeability and genetically modified
mice that lack MCs display decreased BBB permeability both in homeostasis and neuroinflammation [63,
73, 74].

MC activity in stress has been associated with migraines [74, 76]. Moreover, histamine released from MC
was shown to promote wakefulness in adult mice [77], and microglial synaptic pruning in the developing

CNS, which then regulates of sexual behavior in adulthood [78].

1.3. Myeloid cells in multiple sclerosis

Pathologically MS is characterized by focal demyelinating lesions disseminated in space and time and
neuronal and axonal damage. MS lesions are rich in myeloid cells (microglia, infiltrating monocyte-derived
macrophages and DCs), and outnumber lymphoid cells [79]. Below we will discuss current knowledge on
myeloid cells in MS, which are now emerging as crucial players in disease pathogenesis and progression.
Some of this knowledge is derived from studies on the animal model of MS, experimental autoimmune
encephalomyelitis (EAE). Although this model has been criticized [80], it mimics most of the CNS
pathology observed in MS such as tissue infiltration by immune cells, formation of lesion, local
inflammation and progressive axonal loss [81, 82].

Monocytes are not found in the healthy CNS but are regularly found in the CNS and CSF of the MS patients.
Once they enter the CNS, monocytes mature into macrophages and participate in disease progression.
There are three well characterized monocyte subsets categorized based on expression patterns of the LPS
receptor CD14 and the FcERIIl, CD16: the classical CD14++CD16- (similar to the inflammatory monocyte

10



in mice Ly6ChiCCR2+), the non-classical CD14+CD16++ (similar to the anti-inflammatory CX3CR1+Ly6Clo
in mice) and the intermediate CD14++CD16+. CD16+ monocytes have been associated with inflammation
and promoting the generation of Th17 cells. MS patients with active disease show increased CD14+ cells
both in the blood and the CSF. These cells also contribute to breaking down the blood-brain barrier [83,
84].

Both conventional and plasmacytoid DCs are increased in the blood and CSF of MS patients. cDCs are
usually found early in disease and pDCs numbers are highly increased in the CSF during relapses.
Circulating cDCs in MS patients upregulate CCR5 which is a receptor for CCL3 and CCL5, both of which are
upregulated in MS lesions. However, cDCs in primary progressive MS display an immature phenotype [85].
Interestingly, although pDC numbers increase in MS, these cells are found to be phenotypically similar to
that of healthy controls. Although the data on circulating pDCs are still conflicting, imbalances in DC

populations may result in significant changes in T cell functionally in MS [86].

Myeloid cells in MS lesions

MS lesions are found both within the brain and spinal cord and can be formed within the white and the
grey matter [87, 88]. The most commonly employed classification is the four types of lesions described by
Lucchinetti and colleagues [89]. Type | is characterized by macrophage products, type Il by antibody and
complement deposition while type Ill lacks complement and antibody deposition. Types | and Il have
clearly demarcated borders, while type Il is characterized by diffuse demyelination and lack clear
demarcation. Type IV is characterized by dystrophic apoptotic oligodendrocytes. In most of these lesions
the major cell types are myeloid cells [79].

Although more pronounced during relapses, infiltrating myeloid cells and activated microglia are found
within the CNS of MS patients throughout the disease and are associated with demyelination,

oligodendrocytic loss and axonal damage [88, 90, 91]. With the exception of rapid progressive MS. in

11



which the CNS is intensely infiltrated [90], in progressive forms of the disease, the tissue is not massively
infiltrated, however, myeloid cells (microglia and/or infiltrating myeloid) remain activated [88, 92]. During
progressive stages of the disease, axonal loss is prominent leading to tissue atrophy in both MS and EAE
[82, 88]. These processes are likely mediated via the production of oxygen radicals produced by either
microglia or infiltrating myeloid cells (84).
Microglia/Macrophages

The contribution of microglia to MS is still highly debated. Studies in mice have shown that microglia are
poor antigen presenting cells and not likely to activate infiltrating lymphocytes. Instead, microglia may
contribute to the disease process via oxidative stress and produce proinflammatory cytokines that may
activate astrocytes or cause oligodendrocytic damage. Microglia are highly phagocytic, and thus can
remove myelin debris and cellular fragments, damaged axons, and dead cells. It is clear that microglia are
activated in the CNS of MS patients, but whether they promote disease or facilitate repair is still not well
delineated. One of the main hurdles for these investigations is that there is no unique marker to reliably
distinguish microglia from infiltrating monocytes in neuroinflammation. Additionally, activated microglia
are morphologically indistinguishable from infiltrating monocytes. RNA transcriptome analysis has yielded
a number of markers that show preferential expression in microglia (see section 2.1). TMEM119 is the
only marker so far examined in MS tissue and seems to be expressed by a subpopulation of myeloid cells
within a lesion, and far from lesions [93]. However, there is still not a breadth of studies examining the
specificity of TMEM119 in neuroinflammation, when all myeloid cells undergo major transcriptional
changes [47]. Thus, below we will talk about microglia and macrophages as one population in active MS
lesions, and specify TMEM119-expressing cells within the MS CNS.

Microglia/macrophages (M/Ms) in active MS lesions are heterogeneous and capable of performing a
variety of activities that may promote or control inflammation and repair [94, 95]. M/Ms found within

active MS lesions usually express markers associated with inflammatory macrophage functions, including

12



inducible nitric oxide synthase (iNOS), costimulatory molecules CD40, CD86, the Fc receptors CD32 and
CD64, phagocytosis marker CD68 and p22phox, a subunit of NADPH oxidase [96, 97]. In addition, M/Ms
may also express anti-inflammatory markers such as the mannose receptor CD206 and the scavenger
receptor CD163 [96]. Approximately half of the myeloid cells within active lesions express TMEM119,
suggesting these cells may be microglia. Interestingly, PY2R12, which is usually expressed in homeostatic
microglia is not expressed in these cells, suggesting it is downregulated upon activation [93].

MS lesions are not static, and overtime grow outwards, eventually becoming chronically active. These
lesions are slowly expanding and have a thin border of M/M. The center of these lesions appears quiescent
and populated by lipid-laden (foamy) macrophages, many of them expressing CD206 and CD163 [94, 98].
However, M/Ms lining the rim of these lesions express iNOS and HLA-DR, suggesting they are
inflammatory and promote T cell functions [99]. M/Ms at the rims of either active or chronically active
plagues contain iron which has been suggested to promote MS pathology [100, 101]. In the normal CNS,
most iron is found within oligodendrocytes or myelin. When iron is released after oligodendrocytic death
and demyelination, it is internalized by ferritin+ microglia/macrophages which acquire a dystrophic
phenotype [102]. Interestingly TMEM119+ cells that express low or no P2RY12 (likely activated microglia)
are found within chronically active or slow expanding lesions and their density decreases inwards.
Strikingly, there are no differences between overall M/M density and levels of activation between lesion
types. [93, 96, 99].

Areas of the CNS that are far from the demyelinating lesions and often appearing normal (normal
appearing white matter; NAWM) are also characterized by scattered microglial activation. Interestingly,
ramified microglia were shown to express iNOS and were often close to injured axons [103]. However,
microglia have also been documented to exhibit a suppressed and anti-inflammatory character [104].
Clusters of microglia or macrophages, known as microglial nodules, have been found in NAWM in close

proximity to degenerating axons. These nodules appear in the absence of extensive inflammation,
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astrogliosis or demyelination and their formation has been argued to be one of the early events in MS
pathology [105]. Furthermore, P2RY12+ TMEM119+ microglia in the NAWM also expressing activation
markers CD68 and p22phox are found in both MS and healthy controls’ brains, suggesting that certain
microglial populations are in an “intermediate” pre-activated state [93].
In addition to white matter, demyelination is also observed within the gray matter. MS gray matter is
characterized by less infiltration by immune cells and less activation of M/Ms compared to that of white
matter lesions. This type of demyelination has been mostly attributed to aberrant microglia functions such
as ROS production via the NADPH oxidase activity. This mechanism seems to be more prominent in the
gray matter compared to white matter lesions. In addition, cortical microglial activation can be observed
via PET imaging by administering the traditional PK11195 and more recently the novel PBR28 ligands [106,
107].
In progressive forms of MS, M/Ms are activated both within the lesions and in the normal appearing white
and gray matter and this has been linked to inflammatory cytokines produced in the meninges, likely by
infiltrating B cells. [108, 109]. Activated complement component 3 fragments (C3d) are found within
microglia clusters of slowly expanding lesions in progressive but not acute MS [110] and in close proximity
of damaged axons. This suggests that C3 activation and deposition is not likely associated with lesion
initiation, but rather a mechanism that facilitates the removal of axonal and cellular debris. Furthermore,
the activation/phagocytosis marker CD68 is significantly increased in the NAWM in progressive forms of
MS compared to that of relapsing-remitting MS and healthy controls [93].

Dendritic cells
Both ¢DCs and pDCs accumulate in the leptomeninges and lesions in MS patients. MoDCs, which are not
present in homeostatic CNS, differentiate from infiltrating inflammatory monocytes within the CNS of MS
patients. Studies in murine EAE showed that both cDCs and moDCs are found within the CNS infiltrates.

cDCs express CD26 and ZBTB46, a transcription factor also expressed in human cDCs, while moDCs express
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CD88 and CD64 [54, 99, 111]. Although these markers may be expressed by other cell-types, they are
useful markers for identification of DC subsets. cDCs are the most efficient antigen presenting cells and
are able to process larger myelin fragments to activate naive and effector T cells. Both ¢cDCs and moDCs
progressively expand during the onset and peak of EAE in every CNS compartment. pDCs are not efficient
antigen presenting cells, but are equipped to secrete inflammatory cytokines and promote an
inflammatory environment to support cDCs and moDCs [112].
Granulocytes

Neutrophils are relatively rare in established MS lesions, thus their contribution to disease course has long
been debated. Studies in EAE show that neutrophils are part of the inflammatory lesions, appear early in
disease process [82, 113], and are increased in peripheral lymphoid organs and blood [113]. Neutrophils
may promote early disease progression by increasing permeability of the BBB, possibly through secretion
of matrix metalloproteinases, or the release of neutrophil extracellular traps (NETs) [114, 115].
Inactivation of neutrophil products, such as myeloperoxidase or neutrophil elastase, results in milder EAE
course and associated optic neuritis [116, 117]. In agreement with the EAE data, CSF of newly diagnosed
patients shows elevated neutrophil counts [118] and the CSF of patients with established disease contains
increased levels of the neutrophil chemoattractant CXCL8 [119, 120]. Neutrophil elastase and chemokines
that promote neutrophil recruitment, such as CXCL1 and CXCL5, are systemically elevated in relapsing MS
patients and correlate with lesion burden and clinical disability [121]. Transcripts of the granulocyte-
colony stimulating factor (G-CSF) which promotes the proliferation and differentiation of neutrophils (and
other granulocytes) are found within lesions but not in NAWM [122] and treatment with G-CSF has been
seen to worsen MS symptoms in patients [123, 124]. Thus, lack of neutrophil detection in MS lesions may
be due to incorrect sampling timing.

Interestingly, mast cells are found in close proximity to MS lesions and were initially observed in 1890 by

Neuman [125] and later by other groups [62, 126-128]. Their numbers are very low compared those of
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the other myeloid subsets, thus not much is yet known about their contribution to disease progression.
However, the ability of mast cells to secrete histamine and proteases may facilitate disease onset or
relapses by promoting vascular permeability and tissue infiltration. In EAE, mice with spontaneous c-Kit
mutations that lead to deletion of mast cells have shown that these cells may prevent, promote or have
no effect on disease progression [129]. These conflicting data are likely due to the fact that none of these

mouse strains are specific and efficient mast cell knockouts.

1.4. Effect of MS therapeutics on myeloid cells

A multitude of MS therapies are designed to dampen immune system activation. Although most of these
therapies target lymphocytes, myeloid cells can also be affected directly or indirectly. This section will

explore how current MS therapies affect myeloid cells.

IFN-B

IFN-B, the first FDA-approved biologic therapeutic for MS, is a pleiotropic cytokine exerting a plethora of
effects on a variety of cells [130, 131]. Monocytes isolated from MS patients treated ex-vivo with IFN-f
exhibit impaired inflammatory responses when stimulated with LPS/alum compared to monocytes
isolated from healthy donors [132]. Ex-vivo treatment of DCs derived from MS patients or healthy donors
with IFN-B reduced the expression of IL-12 and IL-23 and upregulated the expression of IL12p35 and
IL27p28, which resulted in reduced generation of Th17 cells [133]. Additionally, studies in EAE showed
that deletion of type | IFNy receptor (IFNAR), the receptor of IFN-f specifically on myeloid cells resulted
in aggravated EAE disease [134].

IFN-B is one of the most common first-line MS treatments, however a large proportion of patients are not
responsive. Interestingly, non-responders exhibit exaggerated upregulation of type | IFN responsive genes
either at baseline or in response to IFN-B treatment compared to responders [135-137]. MS patients that
upregulated the death-associated receptor TRAIL on monocytes after IFN-B treatment benefited more
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than patients that did not [138]. Additionally, monocytes isolated from MS patients treated with IFN-{3 for
prolonged periods of time (9 months to 6 years) upregulated the co-stimulatory molecules CD80, CD86,
and CD40 [139], which was associated with responsiveness to treatment [140]. In a different study,
however, there was a positive association between monocytic CD40 upregulation, early after IFN-B
injections (9-12 hrs.) and relapses [141].

About 30% of MS patients treated with IFN-B also develop antidrug antibodies and thus are not responsive
to treatment. Antidrug antibody generation was associated with decreased NOTCH2 signaling. NOTCH2,
a regulator of monocyte differentiation from the inflammatory to anti-inflammatory phenotype, was
markedly reduced on CD14+ monocytes from untreated MS patients that developed antidrug antibodies
12 months after IFN-B therapy initiation [142].

All the above suggest that defining myeloid cell subsets propensities with the context of MS before and
after treatment initiation will be useful in determining whether IFN-B is a suitable treatment for specific

patients.

Glatiramer Acetate
Glatiramer Acetate (GA) is a synthetic random copolymer, composed of glutamic acid, alanine lysine and
tyrosine, employed as a treatment for relapsing-remitting MS. MS patients treated with GA show a shift
towards Th2 responses and produce anti-inflammatory/pro-repair mediators, likely due to GA effects on
myeloid subsets [143, 144]. Initial studies showed that GA binds to MHC-II altering the myelin antigen
presentation capabilities resulting in impaired activation of autoreactive T cells [145, 146]. However, it
was later shown that GA can also exert its anti-inflammatory effects independently of MHC-II [147].
Instead, GA was shown to promote the generation of anti-inflammatory monocytes which support

regulatory T cell functions [147].

In support of this, monocytes isolated from the blood of GA-treated MS patients produced significantly
higher amounts of IL-10, lower amounts of IL-12 and the levels of CD16+ anti-inflammatory monocytes
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were restored to those of healthy controls [148, 149]. DCs from GA-treated MS patients exhibit reduced
IL-12 production [150] and express lower levels of CD40, upregulation of which is associated with relapses
[151]. Furthermore, the activity of myeloid derived suppressor cells, a population that suppresses
inflammatory responses, is augmented in GA-treated MS patients [152], and GA-treated human microglia
express IL-10 and reduce production of proinflammatory TNFR [148]. Increased levels of circulating IL-27,
a regulatory cytokine produced by myeloid cells in inflammatory conditions was recently linked to better
GA therapeutic outcomes [153]. Another study showed increased levels of IL-27 in MS patients in

circulation, CSF, and lesions, however there was no association with treatments [154].

Fingolimod

Fingolimod is the first oral therapy approved to treat relapsing remitting MS, and is more effective in
reducing relapses than IFN-B [155]. Fingolimod (FTY720) is phosphorylated by sphingosine kinase, and its
phosphorylated metabolite (FTY720-P) binds to the G-protein coupled sphingoshine-1-phosphate (S1P)
receptors. S1P receptors are expressed on a variety of cells including neural, glial and endothelial cells in
the CNS and most of the immune cells in the CNS and the periphery [156]. One of the mechanisms by
which fingolimod reduces disease severity and relapses in MS is that it binds S1PR1, a type of S1P
receptors, on lymphocytes and prevents their egress from lymphoid tissues [157].

Fingolimod’s immunosuppressive effects are also exerted on myeloid cells. Incubation of murine
macrophages or human monocytes with either the natural ligand of S1PR1, SP1, or fingolimod,
respectively, reduced inflammatory responses after LPS exposure [158-160]. Although microglia, DCs and
peripheral macrophages express similar patterns and levels of S1P receptors, FTY720 downregulated ERK
phosphorylation only in DCs and macrophages. FTY720 also downregulated expression of the
proinflammatory cytokine IL-12 and upregulated anti-inflammatory IL-10 in DCs and macrophages but not
in microglia [159]. Flow cytometry analyses of DCs and monocytes isolated from MS patients before and

during fingolimod-treatment showed decreased levels of activation markers (CD83, CD150 and HLA-DR).
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Furthermore, fingolimod treatment reduced proinflammatory cytokine production, phagocytic activity of
DCs and monocytes, and impaired priming of Thl and Th17 cells [161]. Interestingly, monocytes isolated
from fingolimod-treated MS patients exhibited reduced expression of proinflammatory micro-RNA miR-
155 but also of antioxidant genes HMOX1 and OSGIN1 compared to untreated patients [162]. When
monocyte-derived macrophages and microglia were examined in vitro, fingolimod reduced LPS-induced
inflammatory cytokines and increased expression of antioxidants. These data suggest that the effects of
fingolimod on myeloid cells in vivo may be an indirect effect. Fingolimod crosses the BBB [163] and
therapeutic administration of fingolimod reduced TNFE& production by microglia and monocytes in EAE

[158].

Dimethyl fumarate

Dimethyl fumarate (DMF) was approved as an oral first-line therapeutic for relapsing remitting MS in
2013. It is a methyl ester of fumaric acid, quickly metabolized to active monomethyl fumarate which
activates transcription factor nuclear factor erythroid-derived 2 (Nrf2) and suppresses NF-ZB, to modulate
oxidative stress [164]. DMF exerts its effects on multiple immune subsets [165].

Monocytes from DMF-treated RRMS patients express reduced levels of the pro-inflammatory micro-RNA
miR-155, and DMF-treated human microglia and monocyte-derived macrophages had reduced
production of pro-inflammatory cytokines after LPS stimulation, indicating direct regulatory effects [162].
DMF reduces neuroinflammation levels and cognitive deficits induced by systemic LPS administration
[166]. In EAE, DMF promote the generation of anti-inflammatory monocytes and decreased macrophage
infiltration into the CNS resulting in milder clinical score, Interestingly these effects were exerted

independently of Nrf2 [167, 168].

Teriflunomide
Teriflunomide is a reversible inhibitor of dihydroorotate dehydrogenase (DHODH), a mitochondrial

enzyme active in proliferating cells [169]. DHODH impairs proliferation of lymphocytes and exerts
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nebulous effects on myeloid cells [170]. In EAE, teriflunomide reduced T cell and myeloid cell infiltration
of the CNS [171]. In cultured primary microglia, teriflunomide downregulated expression of CD86 and
expression of IL-10 [172]. Ex-vivo, teriflunomide treatment decreased production of IL-6 and CCL2 in
activated monocytes from healthy individuals [173].

Furthermore, MS patients after 6 months of treatment showed increased IL-10 production and PD-L1
expression in monocytes, implying that teriflunomide induces anti-inflammatory and regulatory

responses in these cells [174].

Monoclonal Antibodies
Several antibody-based therapies target lymphocytes have been recently developed. Below we will
discuss whether and how these therapies affect myeloid cells.

Natalizumab
Natalizumab (NTZ) is an immunomodulatory antibody that limits immune cell infiltration into the CNS by
blocking the interaction between the very late activation antigen-4 (VLA-4), an integrin expressed on
lymphocytes and myeloid cells, and vascular adhesion molecule-1 (VCAM-1) [175]. As a result, fewer cells
are able to migrate and infiltrate the CNS [176]. NTZ reduces relapses and lesion load but increases the
risk for progressive multifocal leukoencephalopathy [177]. NTZ reduced the frequencies of mature
activated pDCs, however this activation was not a direct effect of NTZ on pDC [178].
Triggering receptor expressed on myeloid cells 2 (TREM2) is an innate immune receptor associated with
inflammatory responses and within the CNS expressed by microglia [179]. In neuroinflammation,
microglia shed TREM2, which can be detected in CSF [180, 181]. NTZ reduced CSF soluble TREM-2 to
baseline levels, indicating dampened microglial activation, which is associated with improved clinical
outcome after 12 months of treatment [182]. It is not clear however whether there is a direct effect of
NTZ on microglia.

Anti CD20 antibodies
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There are multiple anti-CD20 monoclonal antibodies shown to ameliorate relapses in RRMS including
rituximab, ocrelizumab and ofatumumab [183]. However, ocrelizumab is the only anti CD20 antibody that
exerts beneficial effects in relapsing remitting and also in primary progressive MS [184]. A subset of GM-
CSF producing memory B cells, more prevalent in MS patients than healthy controls, was shown to activate
pro-inflammatory myeloid cells in vitro [185]. Following B cell depleting therapy in MS patients, the

inflammatory myeloid response is diminished [185].

Alemtuzumab
Alemtuzumab is a monoclonal antibody that binds CD52 and effectively depletes CD52-expressing
lymphocytes through antibody-dependent cell-mediated cytolysis. Both lymphocytes and myeloid cells
express CD52, however myeloid cells are more resistant to alemtuzumab -mediated cytolysis thus their
numbers are not affected by treatment [186]. Neutrophils, however, express CD52 and are subject to lysis

during alemtuzumab treatment [187], occasionally leading to severe neutropenia [188].

1.5. Conclusion

The contribution of myeloid cells to MS progression is now widely appreciated. Their persistent elevated
presence in lesions and activated phenotype regardless of tissue infiltration in relapsing and progressive
MS suggest they play crucial roles in disease progression and chronicity. Although gaps in knowledge still
exist, recent advances are making it easier for researchers and clinicians to dissect the roles of each
myeloid subset in the disease process.

Current therapeutics have broad activities or specifically target lymphocyte functions. In many instances,
however, their efficacy stems from their direct or indirect effects on myeloid cell functions. Future
research focusing on modulation of myeloid populations and their activities will prove useful for the

design of novel therapeutics for MS patients.
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Abstract

Background

Colony stimulating factor 1 receptor (CSF1R) signaling is crucial for the maintenance and function of
various myeloid subsets. CSF1R antagonism was previously shown to mitigate clinical severity in
experimental autoimmune encephalomyelitis (EAE). The associated mechanisms are still not well

delineated.

Methods

To assess the effect of CSF1R signaling, we employed the CSF1R antagonist PLX5622 formulated in chow
(PLX5622 diet, PD) and its control chow (control diet, CD). We examined the effect of PD in steady state
and EAE by analyzing cells isolated from peripheral immune organs and from the CNS via flow cytometry.
We determined CNS infiltration sites and assessed the extent of demyelination using
immunohistochemistry of cerebella and spinal cords. Transcripts of genes associated with

neuroinflammation were also analyzed in these tissues.

Results

In addition to microglial depletion, PD treatment reduced dendritic cells and macrophages in peripheral
immune organs, both during steady state and during EAE. Furthermore, CSF1R antagonism modulated
numbers and relative frequencies of T effector cells both in the periphery and in the CNS during the early
stages of the disease. Classical neurological symptoms were milder in PD compared to CD mice.
Interestingly, a subset of PD mice developed atypical EAE symptoms. Unlike previous studies, we observed
that the CNS of PD mice was infiltrated by increased numbers of peripheral cells compared to that of CD

mice. Immunohistochemical analysis showed that CNS infiltrates in PD mice were mainly localized in the
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cerebellum while in CD mice infiltrates were primarily localized in the spinal cords during the onset of
neurological deficits. Accordingly, during the same timepoint, cerebella of PD but not of CD mice had

extensive demyelinating lesions, while spinal cords of CD but not of PD mice were heavily demyelinated.

Conclusions

Our findings suggest that CSF1R activity modulates the cellular composition of immune cells both in the

periphery and within the CNS, and affects lesion localization of during the early EAE stages.
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2.1 Introduction

Colony stimulating factor 1 receptor (CSF1R) is a tyrosine kinase receptor that promotes the development,
survival, proliferation, migration, and differentiation of various myeloid cells such as monocytes,
macrophages, dendritic cells (DCs), and osteoclasts [1, 2]. Its known cognate ligands are colony stimulating
factor 1 (CSF1) and interleukin 34 (1L34). Although their expression patterns differ [3], and IL34 also signals
via protein tyrosine phosphatase zeta (PTP-z) [4], these ligands induce relatively similar (albeit not

identical) effects [5, 6].

Within the healthy central nervous system (CNS), CSF1R is expressed by microglia [5, 7, 8], and is necessary
for their viability [9]. In addition, CSF1R is expressed by DCs [10, 11] and macrophages [12] in the choroid
plexus and meninges. Although expression of CSF1R in neurons has been debated [5], it is now recognized

that certain neurons express CSF1R in steady state, and is upregulated in injury [13, 14].

The importance of CSF1R signaling in development is underlined by seminal studies showing that CSF1R
deficiency and Csf1-null mutations lead to perinatal death [15]. Small molecule antagonists have been
successfully and widely employed to elucidate the effects of CSF1R signaling in preclinical models [16-26].
These antagonists were originally developed to deplete tumor-associated macrophages, thus promoting
a more pro-inflammatory and anti-tumor environment [27, 28]. PLX3397 (Plexxikon, Inc), in particular, is
now FDA approved for the treatment of the rare and highly fatal tenosynovial giant cell tumors [29, 30].
PLX3397 was later shown to deplete microglia, and was used in neuroimmunological studies [9]. However,
in addition to CSF1R, PLX3397 also targets c-KIT and FLT3 kinases [31], and has poor blood brain barrier
(BBB) permeability [9, 23]. Other CSF1R antagonists, such as BLZ945 and PLX5622, were later developed,
exhibiting improved potency and specificity [32]. PLX5622 is one of the most selective and potent (IC
50<10nM) CSF1R antagonists, readily crosses the BBB, and is suitable for neuroimmunological studies [23,

33].
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Both CSF1 and CSF1R are upregulated within and around demyelinating lesions of progressive multiple
sclerosis (MS) patients compared to the white matter of non-MS controls [34]. CSF1R antagonism was
shown to mitigate experimental autoimmune encephalomyelitis (EAE) severity by many groups [16, 17,
35], and this was initially attributed to microglia depletion [16, 34]. However, due to its broad expression,
it is unlikely that the contribution of CSF1R to neuroinflammation is limited to microglia depletion. Indeed,
thorough analysis of the effects of CSF1R antagonists has shown that other myeloid subsets are depleted
both in steady state and in inflammation [17-20, 36]. Furthermore, even if CSF1R antagonism does not
affect viability, it can affect cellular functions either directly or indirectly. For example, CSF1R antagonism
impairs monocyte differentiation to macrophages [37, 38], and affects phagocytosis [18, 39]. Therefore,
a characterization of multiple cell subsets is necessary to define the effects of CSF1R activity in

neuroinflammation.

To test the effects of CSF1R antagonism in the initiation and progression of EAE, we employed PLX5622.
Mice were analyzed both in steady state (i.e., treated with PLX5622 but not induced with EAE) and before
and after the onset of EAE clinical symptoms. We show that in addition to microglia depletion, PLX5622
treatment modulated steady state frequencies and/or numbers of various myeloid cells in the CNS,
spleen, bone marrow, and skin. In agreement with other studies [16, 17, 35], we show that PLX5622
diminished EAE clinical severity. This was accompanied by decreased peripheral activation in the
secondary lymphoid organs (SLOs) during the preclinical phase of EAE. Contrary to other studies, we found
increased numbers of infiltrating leukocytes in the CNS of PLX5622-treated mice compared to controls.
Among the CNS infiltrating cells, relative frequencies and numbers of inflammatory myeloid subsets were
increased in the PLX5622 group compared to controls. Interestingly, CNS infiltrates were mainly localized
in the cerebellum of PLX5622-treated mice, and mainly in the spinal cord of control mice. These data
highlight an underappreciated effect of CSF1R in EAE, and suggest that CSF1R signaling affects the regional

localization of inflammatory foci in neuroinflammation.
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2.2 Materials and Methods

Animals
C57BL/6 mice were obtained from Jackson Laboratory, and bred at the Mouse Biology Program at the
University of California, Davis. Animal procedures were approved by the Institutional Animal Care and Use

Committee of UC Davis. Animals were age- and sex-matched for each experiment.

Compounds

PLX5622 (Plexxikon, Inc.) was formulated at 1200 mg/kg in AIN-76A chow by Research Diets, Inc. PLX5622
diet and AIN-76A control diet were given to mice ad libitum.

Rodent myelin oligodendrocyte glycoprotein peptide, amino acids 35-55 (MOGss.ss), was obtained from

Vivitide (now Biosynth).

MOGss.ss EAE induction

Mice were fed PLX5622 diet or control diet for 7 days before EAE induction. Both male and female mice
were used in this study. Age- (10-13 week-old) and sex-matched mice were EAE-induced using two
subcutaneous flank injections of a total of 300 ug MOGss.55 in complete Freund’s adjuvant [incomplete
Freund’s adjuvant (ThermoFisher) containing 5 mg/ml of heat-killed Mycobacterium tuberculosis (BD
Difco Adjuvants)]. On days 0 and 2 after induction, mice also received intraperitoneal injections of 200 ng
of pertussis toxin. Mice were weighed and assessed for clinical symptoms for classical EAE on a 5-point
scale: 0 no detectable symptoms; 1 waddling gait, normal tail; 2 full limp tail, waddling gait; 3 hind limb
paresis; 4 full hind limb paralysis; 5 death [40-43]. Half point scores were assigned when the severity of

clinical symptoms were in between full-scale points.

Single cell suspension preparation and flow cytometric analysis
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Animals were anesthetized with an intraperitoneal injection of ketamine (150 mg/kg) and xylazine (16
mg/kg), and exsanguinated via transcardial perfusion using ice-cold PBS, as we have previously described
[40, 43]. Following PBS perfusion, bone marrow or spleen and lymph nodes were passed through a 100
pum cell strainer in PBS. Red blood cells were lysed using ammonium-chloride-potassium (ACK) lysis buffer
(Quality Biological Inc) and cells were resuspended in complete RPMI [(RPMI 1640 containing 10% FBS
(Hyclone), 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U penicillin-streptomycin, 1
mM sodium pyruvate (Gibco), and 50 UM 2-mercaptoethanol (Sigma)].

For T cell recall analysis, 300,000 spleen and lymph node cells/well were incubated in 96 well plates, in
the presence or absence of 100 pg/ml MOGssss for 16 hours in a total volume of 200 pL. All cells were
then incubated in the presence of brefeldin A and monensin (Biolegend) for 5 hours before
immunostaining for flow cytometry analysis.

Pooled whole brain and whole spinal cord tissues were minced and incubated with 0.04 units of Liberase
TL (Roche) and 10 ug of DNase | (Roche) in 5 ml PBS for 45 minutes at 37°C. Shaved and depilated dorsal
skin adjacent to the sites of immunization were minced and incubated with 0.4 U/ml Dispase Il (Roche),
for 2 hours, at 37°C. 1 mg/ml collagenase (Roche) was added and incubated for an additional 30 minutes
[44, 45].

Immune cells were isolated using a 40/70% (v/v) Percoll gradient (GE Healthcare) and resuspended in
cRPMI. For CNS infiltrating T cell analysis, cells were incubated in the presence or absence of 50 ng/ml
phorbol 12-myristate 13-acetate (MilliporeSigma) and 750 ng/ml ionomycin (CalBioChem), as well as
brefeldin A and monensin (Biolegend) for 3 hours, and cells were immunostained. Live cells were detected
using Zombie Red viability stain (ThermoFisher), after which cells were stained for extracellular markers,
and fixed using 4% PFA at room temperature for 20 minutes before analysis. Cytokines were detected via
intracellular staining using the BD Biosciences Cytofix/Cytoperm kit. FoxP3 was detected following cell

fixation and nuclear permeabilization using the eBioscience FoxP3/Transcription factor buffer set. Cells
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were analyzed using the Attune NxT flow cytometer. Frequencies reported represented percentages of
cell populations within their respective mother gates.

Antibodies used are listed in Table 1

Evans blue analysis
Within 24 hours of onset of typical EAE symptoms, mice were injected intravenously with 200 uL of 0.3%
Evans blue dye (Sigma) dissolved in saline. Mice were anesthetized and perfused with PBS after 90 minutes

[40]. Whole spinal cord and brain tissues were isolated and imaged immediately.

Quantitative polymerase chain reaction (qPCR)

Lumbar spinal cords and cerebella were isolated at onset and acute EAE and stored in RNAlater
(Thermofisher Scientific). Tissues were homogenized in Qiazol (Qiagen), extracted using phenol-
chloroform, and mRNA was purified using the RNeasy mini kit (Qiagen), according to the manufacturer’s
instructions. cDNA was synthesized using the Quantitect Reverse Transcription kit (Qiagen) according to
manufacturer’s instructions. qPCR was performed using an AriaMX real-time PCR system (Agilent) using
SYBR Green Master Mix (Qiagen). Transcript expression levels were normalized using HSP90 [41]. Primers

used in the study are listed in Table 2.

Immunohistochemical analysis

Animals were anesthetized via intraperitoneal injection of ketamine and xylazine, and perfusion via
cardiac puncture was performed using ice-cold PBS, as we previously described [40, 43]. CNS regions of
interest were isolated, and tissues were post-fixed overnight in 4% PFA. After washing with PBS, tissues

were cryoprotected in 30% sucrose for 3 days, and frozen in OCT.
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Cerebellar and lumbar spinal cord cryosections (10 um) were collected during EAE onset, dried for 1 hour
at room temperature, and blocked with 10% donkey serum for 1 hour at room temperature. Following
washes in PBS containing 0.1% Tween 20 (PBS-T), tissues were incubated overnight at 4°C with primary
antibodies against IBA1 (Wako Chemicals), CD3 (Santa Cruz Biotechnology), Ly6G (BD Pharmingen), and
CD11b (BD Pharmingen). For MBP (BD Pharmingen) staining, slides were dipped in cold methanol for 30
min at -20°C before initial washes and before blocking. Following washes in PBS-T, tissues were incubated
with secondary antibodies conjugated with FITC, Rhodamine-X, or Cy5 (Jackson ImmunoResearch) for 1
hour at room temperature, followed by DAPI counterstain. Tissues were mounted with Fluoromount-G
(Electron Microscopy Sciences) and 20x images were acquired using the Nikon C2 scanning confocal
microscope, stitched into whole tissue section images, and processed using the Nikon NIS-Elements AR

software (version 4.60).

Immunohistochemical quantification

Cells counts and fluorescence intensities were detected in whole tissue sections using Imaris software
version 9.2 (Oxford Instruments). Cell counts (CD3+ or Ly6G+ cells) were calculated per mm? of white
matter area. Fluorescence intensities (for IBA1 and CD11b) were measured using Fiji Imagel software
(NIH) and shown as mean fluorescence intensity per pixel (MFI).

Demyelination was assessed via MBP immunostaining. Areas devoid of MBP immunoreactivity and total
white matter areas were traced using Fiji Image) software (NIH); demyelination is shown as percentage
of demyelinated area within the total white matter area.

In all immunohistochemical quantification, cerebellar and lumbar spinal cord tissues were matched per
mouse and were collected during the onset of neurological deficits. At least two were sections averaged

per tissue and 7-8 mice per group were analyzed.
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Sholl Analysis

Cerebella and lumbar spinal cord tissues were isolated during EAE onset, immunostained with IBA1 and
scanned using a 60x oil objective on the Nikon C2 scanning confocal microscope. The simple neurite
tracing tool on Fiji ImageJ software (NIH) was used to trace IBA1+ branches. Two images per section, 4-8

microglia per section, two sections per tissue and 6-7 mice were employed.

Statistical Analysis

To determine statistical significance for EAE clinical course, we employed the Mann-Whitney U test.
Experiments were repeated at least 5 times with at least 4-6 mice per gender per group per timepoint.
Significance for cumulative and peak disease scores, flow cytometry, cell number and MFI quantification,
and Sholl analysis was calculated with two-tailed Student’s t-test. When not normally distributed, data
were log transformed. Significance for transcript differences was calculated with one-way ANOVA. P
values were statistically significant if <0.05.

2.3 Results

CSF1R antagonism depletes microglia and modulates other myeloid cell populations in the steady state

CNS

Mice were placed on either 1200 mg/kg PLX5622 diet (PD) or control diet (CD) for seven days (Figure 1A;
schema). Flow cytometric analysis of pooled spinal cord and brain (CNS) confirmed that PD mice showed
statistically significantly decreased total CNS cell numbers compared with CD mice (CD: 1.63x10° vs PD:
6.71x10% p=0.0006) (Figure 1B). In agreement with previous studies [9, 18], this was mainly due to a 90%
decrease of microglial (CD45loCD11b+) numbers in the PD CNS compared to CD (CD: 1.31x10° vs
PD:1.33x10% p=0.00000019) (Figure 1B). Microglia were effectively depleted in the cerebellum and the

spinal cord (Figure 1C and Additional File 1A)
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Other immune cell populations are sparse in the steady state CNS; small numbers of macrophages [46],
monocytes [47], T cells, [48], and DCs [10] can be found in the meningeal spaces and the choroid plexus,
while neutrophils are occasionally present and limited to the meningeal spaces [49]. PD mice had elevated
frequencies and numbers of lymphocytes, neutrophils, and DCs compared to CD mice (Additional file 1B).

This analysis, however, is limited by the small number of non-microglia immune cells in the CNS.

CSF1R antagonism reshapes immune cell populations in peripheral tissues in steady state

Compared to CD, PD mice showed no statistically significant differences in total cell numbers neither in
the spleen (CD: 1.07x10%vs PD: 7.37 x107; p=0.06) (Figure 2A) nor the bone marrow (BM) (CD: 4.13x107 vs
PD: 4.03x107; p=0.8) (Figure 2B). PD increased frequencies of neutrophils (CD45+CD11b+Ly6G+) in both
the spleen and the BM, but not their absolute numbers. This suggests that the changes in neutrophil

frequencies are due to a non-neutrophil cell population depletion.

PD increased total monocyte (CD45+CD11b+Ly6G-CD11c-MHCII-) frequencies and reduced total
macrophage (CD45+CD11b+Ly6G-CD11c-MHCII+) frequencies and numbers both in spleen and in the BM
compared to CD (Figure 2A and B). Frequencies of Ly6C+ monocytes increased, while Ly6C- monocytes
and Ly6C+ and Ly6C- macrophages decreased in the spleens of PD compared to CD group (Figure 2A). BM
DC (CD45hiCD11b+Ly6G-CD11c+MHCII+) frequencies and numbers decreased in PD compared to CD mice
(Figure 2B). Additionally, the frequencies of Ly6C+ macrophages, and the numbers of Ly6C+ and Ly6C-
macrophages decreased in the BM of the PD group. All of these are in agreement with a previous study
by Lei et al [18]. However, unlike Lei et al. [18], we did not observe significant differences in CD4+ T and
CD8+ T cells neither in the spleen nor in the BM between the two groups (data not shown). This may be

due to the shorter period of PD treatment in our study (1 week) versus the one by Lei et al. (3 weeks).

Analysis of healthy caudal dorsal skin (pooled epidermis and dermis) showed that CSF1R antagonism did

not change the total number of cells per milligram of tissue (Figure 2C). PD, however, diminished total
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macrophages  (CD45+CD11b+Ly6G-CD11c-MHCII+) and langerin+ cells (CD45+CD11b+Ly6G-
CD11c+MHCIl+langerin+), a population which includes Langerhans cells in the epidermis and langerin+
DCs in the dermis (Figure 2C). This is in agreement with studies showing that CSF1R signaling is mandatory
for Langerhans cells’ viability [50-52]. Frequencies of total monocytes and Ly6C+ monocytes increased in
PD skin, but their numbers did not change between the groups. Furthermore, the numbers of total DCs

and of Ly6C- macrophages were decreased in the PD group (Figure 2C).

CSF1R antagonism ameliorates EAE clinical course

To examine the role of CSF1R signaling in the onset and progression of EAE, age- and sex-matched mice
were placed on CD or PD for 7 days before EAE induction and maintained on their respective diets up to

the end of the experiment (Figure 3A; schema).

In agreement with previous studies [17, 35], PD mice exhibited delayed disease onset and milder severity
of classical EAE clinical symptoms (Figure 3B, Additional file 2), and lower peak (CD: 3.8 £+ 1.1 vs PD: 2.1
1.7; p<0.0001) and cumulative disease scores (CD: 25.4 + 17.3 vs PD: 10.9 £ 13.4; p<0.0001), compared to
the CD group (Figure 3C).

Interestingly, 35% of PD mice exhibited atypical EAE neurological deficits such as seizures, ataxia,
repetitive axial rotation, and anxiety and fear responses, such as freezing and strong startle reflexes; these
mice exhibited no or very mild classical EAE clinical scores. Atypical EAE symptoms were never observed
in CD mice. Unexpectedly, 60% of PD mice with atypical EAE (corresponding to 21% of total PD mice
employed) died prior to development of conventional EAE symptoms, and before day 14 post EAE
induction (pi) (not shown). PD mice that died prior to development of severe conventional EAE were not
included in subsequent clinical scoring analysis. The rest of PD mice later also developed classical EAE

deficits and none of these mice died as a result of EAE. We observed no deaths in the CD group.

No differences in EAE clinical course were noted between male and female mice in either group.
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Flow cytometric analysis of pooled brain and spinal cord tissues (per mouse) before clinical EAE symptoms
appear (pre-onset; days 7-9 pi) showed that 70% of CD45loCD11b+ cells (a population that is mostly
microglia) were depleted in PD mice (CD: 3.46x10° vs PD: 1.03x10°; p=0.0000015) (Figure 3D). Further
analysis showed that the depleted population was predominantly CD45loCD11b+Ly6C-, a population that
has been suggested to denote mostly microglia, while CD45loCD11b+Ly6C+ denotes mostly infiltrating

macrophages [53] (Figure 3E).

CSF1R antagonism diminishes peripheral activation in secondary lymphoid organs in EAE

To determine whether the milder EAE course in PD mice was due to impaired immune responses in the
periphery, we employed flow cytometry to analyze single cell suspensions of pooled spleen and draining
lymph nodes (herein referred to as the secondary lymphoid organs, SLOs), before clinical EAE symptoms
appear (day 7-9 pi).

Absolute numbers of total cells in the SLOs of PD mice were reduced compared to CD mice (CD: 1.93x108
+ 9.28x107 vs PD: 1.27x10® + 5.02x107; p=0.006), and this was associated with statistically significant
reductions of both myeloid and lymphoid cell numbers (Figure 4A). We further analyzed myeloid cell
subsets using the gating strategy shown in Figure 4B. CSF1R antagonism increased neutrophil frequencies,
but not their absolute numbers (Figure 4C). PD decreased total macrophage and DC frequencies and
absolute numbers (Figure 4D). Although the frequencies of classical DCs (cDCs; CD45+CD11b+Ly6G-
CD11c+MHCII+CD26+) increased while those of monocyte-derived DCs (moDCs; CD45+CD11b+Ly6G-
CD11c+MHCII+CD88+) decreased, the absolute numbers of both these subsets decreased (Figure 4E).
CSF1R antagonism statistically significantly decreased the numbers of Ly6C+ (inflammatory) monocytes
[54] and macrophages in PD mice (Figure 4F).

Analysis of lymphocytic subsets (gating strategy shown in Figure 5A) showed that there were no

differences in total CD4+ T cells between the two groups (Figure 5B). PD, however, decreased frequencies
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and numbers of MOG-specific T effectors (Th1, Th17, and Th1/17) (Figure 5C). Interestingly, the log10
ratio of Th17:Th1 was increased in PD compared to CD mice. This ratio was greater than 1 in PD and lower
than 1 in CD mice (Figure 5D). MOG-specific Tregs were decreased (Figure 5E) while the ratio of MOG-
specific Tregs to T effectors was elevated in the SLOs of PD compared to CD mice during preclinical EAE
(Figure 5F).

During later stages of the disease (acute EAE; day 20-22 pi) the frequencies and absolute numbers of
neutrophils, total monocytes, and Ly6C+ monocytes were elevated in PD compared to CD mice (Additional
file 3A). There were no differences in DCs (Additional file 3A) and T cell (Additional file 3B) populations in

the SLOs during this timepoint.

CSF1R antagonism depletes myeloid cell populations in the bone marrow and skin in EAE

To determine ifimmune cell frequencies and numbers were affected by CSF1R antagonism in tissues other
than the SLOs, we also analyzed bone marrow and dorsal skin (adjacent to the site of immunization) during
preclinical and acute EAE.

There were no differences in the absolute numbers of total bone marrow cells, neither before the onset
nor during acute EAE (Additional file 4). Neutrophil frequencies but not numbers were elevated, while DC
and macrophage numbers were diminished in the PD bone marrow during preclinical EAE compared to
controls (Additional file 4A). Additionally, Ly6C+ monocytes and Ly6C+ and Ly6C- macrophages were

decreased in the preclinical phase (Additional file 4A), but not during acute EAE (Additional file 4B).

In the skin, neutrophil frequencies were increased in preclinical EAE (Additional file 5A). Langerin+ cells,
total macrophages, and Ly6C+ inflammatory macrophages were reduced in PD compared to CD mice, both
during the preclinical phase and acute disease (Additional file 5A and B). DCs, and particularly skin
langerin+ DCs, are recruited into the SLOs and are powerful antigen presenting cells [52], thus reduction
in these cell types may contribute to the priming impairments in PD mice. Total monocytes were increased
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only in acute EAE (Additional file 5B). Immunohistochemical analysis confirmed that the skin of PD mice

contained fewer CD11b+IBA1+ macrophages (Additional file 5C).

CSF1R antagonism increases CNS infiltration by peripheral immune cells

Single cell suspensions from pooled brain and spinal cord tissues (per mouse) were analyzed by flow

cytometry before clinical symptom onset or during acute EAE.

Despite efficient microglial depletion, the absolute numbers of total CNS cells before neurological deficits
onset were higher in PD compared to CD mice (CD: 6.17x10° + 3.63x10° vs PD: 12.5x10° + 11.4 x 10
p=0.02) (Figure 6A). This was due to increased numbers of infiltrating leukocytes (CD45hi) in the CNS of
PD compared to CD mice (CD: 2.23x10° + 2.04x10°vs PD: 10.6x10° + 10.8x10°; p=0.001) (Figure 6A). Both

infiltrating myeloid and lymphocyte subsets increased in the CNS of PD compared to CD mice (Figure 6A).

We further analyzed the CNS infiltrating myeloid cells (gating strategy shown in Figure 6B). Frequencies
and numbers of neutrophils were elevated in the CNS of PD mice compared to CD mice (Figure 6C).
Although there were no differences in frequencies, numbers of total DCs, monocytes, and macrophages
were elevated in the CNS of PD mice (Figure 6D). Both frequencies and numbers of c¢cDCs and Ly6C+

monocytes and numbers of Ly6C+ and Ly6C- macrophages were elevated in PD mice (Figure 6E and F).

CNS infiltrating lymphocytes (CD45hiCD11b-) were further analyzed as shown in Figure 7A. The relative
frequencies of CD4+ T cells were lower in PD compared to CD mice in preclinical EAE (Figure 7B). However,
and as a result of increased overall infiltration (Figure 6A), the absolute numbers of both CD4+ T and CD8+
T cells were increased in PD mice (Figure 7B). The relative frequencies of Thl cells were not different
between the groups, while those of Th17 and Th1/17 subsets were decreased in the CNS of PD compared
to CD mice (Figure 7C). However, the numbers of Th1 cells were elevated, while there were no changes in

Th17, and Th1/17 numbers in PD compared to CD mice (Figure 7C). This resulted in lower log10 ratios of
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Th17:Th1l in the CNS of PD compared to CD mice during preclinical EAE (Figure 7D). These ratios were

greater than 1 in the CD and lower than 1 in the PD mice (Figure 7D).

Frequencies and absolute numbers of Tregs were increased (Figure 7E) and accordingly, Treg:Teff ratios

were significantly higher in preclinical EAE in the CNS of PD compared to CD mice (Figure 7F).

During acute EAE (day 20-22 pi), the numbers of total CNS cells were decreased in the PD mice (Figure
8A). There were no statistically significant differences between the two groups in the numbers of
infiltrating leukocytes (CD45hi cells) (CD: 1.37x10° + 1.1x10° vs PD: 1.54x10° + 1.60x10°% p=0.74),
suggesting that the decrease in total cells is due to microglia depletion (Figure 8A). At this timepoint, there
were no differences in neutrophils and monocytes (Figure 8B and C). Although the frequencies of both
c¢DCs and moDCs were now reduced, their numbers were not different in PD compared to CD mice (Figure
8D). The numbers of Ly6C+ inflammatory monocytes and macrophages were increased, while those of
Ly6C- monocytes were decreased (Figure 8E). Numbers of total CD4+ T cells and Th1 cells remained
elevated in the CNS of the PD compared to CD group (Figure 9A and B). The log10 ratio of Th17:Th1
remained decreased in the PD compared to CD group and these ratios were lower than 1 in both groups
during this timepoint (Figure 9C).

Unlike the preclinical phase, Treg populations were now similar between the groups (Figure 9D), and the

Treg:Teff ratios were lower in the CNS of PD compared to CD mice (Figure 9E).
These suggest that the CNS of PD mice is characterized by more robust infiltration, initiating during the

preclinical EAE phase and lingering during the acute phase, albeit in lower intensity and breadth. However,

PD mice consistently displayed milder neurological deficit scores compared to CD mice.

CSF1R signaling dictates the localization of inflammatory foci in the CNS in EAE

To address the seemingly conflicting data of increased CNS infiltration in PD mice but milder classical EAE

clinical symptoms compared to CD mice, we initially hypothesized that the infiltrating cells may not

57



efficiently penetrate the CNS of PD mice. To examine whether this was the case, we employed Evans blue
dye (Eb) as we have previously described [40]. For this analysis, we employed mice within 24 hrs after the
first symptom of EAE appeared in CD mice. At this timepoint, the majority of PD mice had no classical EAE
symptoms. As expected, spinal cords of CD mice had extensive Eb infiltrated areas. However, PD spinal
cords showed minor Eb foci. In contrast, we observed increased Eb areas in the cerebellum of PD mice,

but mild Eb presence in the cerebellum of CD mice (Additional file 6).

At EAE onset, IBA1+ cells in the CD lumbar spinal cords were readily detected while, as expected, they
were largely absent from the EAE PD spinal cord (Figure 10A and B) (CD: 6.17 vs PD: 0.626; p=0.01). IBA1+
cells in CD spinal cords displayed activated morphology (yet not ameboid) [55] maintaining some degree
of branching, thick short processes, and larger somas (Figure 10A; bottom left inserts). In the spinal cords
of PD mice, there were few IBA1+ cells in the white matter, which exhibited low or no branching and an
ameboid morphology, and were mostly located at the edge of the tissue (coinciding with the very few and
small inflammatory foci), suggesting they are mostly monocyte-derived macrophages (Figure 10A; bottom
right inserts). Sholl analysis showed that IBA1+ cells in PD spinal cords exhibited lower levels of complexity

compared with IBA1+ cells in CD spinal cords (Figure 10C).

In the cerebellum, IBA1+ cells were readily detected in both CD and PD mice (Figure 10D and E) (CD: 4.25
vs PD: 3.32; p=0.24) at EAE onset. In CD mice, however, IBA1+ cells exhibited higher degree of complexity
and moderately activated morphology (Figure 10D; bottom left insert). In PD cerebella, IBA1+ cells
exhibited almost exclusively amoeboid morphology (Figure 10D; bottom right insert), likely representing
infiltrating cells that have migrated from the periphery within the tissue parenchyma. Thus, the increased
IBA1 MFI in PD cerebella is due to infiltrating monocyte-derived macrophages, while IBA1 MFI in CD
cerebella is the result of microglia and some infiltrating monocyte derived macrophages (Figure 10E). Sholl
analysis confirmed that the majority of CD cerebellar IBA1+ cells exhibited significantly higher levels of

complexity and are presumably microglia (Figure 10F).
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Accordingly, immunohistochemical analysis of lumbar spinal cords of CD EAE mice showed increased
CD11b (all myeloid cells) MFI (Figure 11A; graph on the right), and increased numbers of T cells (CD3+)
(Figure 11A; graph on far right), and of neutrophils (Ly6G+) (Figure 11B; graph on right), compared to PD
EAE spinal cords. Only a few cells were detected within the PD spinal cord parenchyma and meninges
(Figure 11A and B). This was confirmed via gPCR analysis showing that Cd3e, as well as Cd4 and Cd8&a,

transcripts were increased in CD compared to PD spinal cords during EAE onset (Additional file 7A).

CD11b fluorescence intensity (Figure 11C; graph on the right) and numbers of CD3e+ T cells (Figure 11C;
graph on far right) and neutrophils, (Figure 11D; graph on the right) were significantly increased in the
cerebellum of PD compared to CD mice at EAE onset. Infiltration of cerebella was detected both in the

perivascular cuffs and within the tissue parenchyma (Figure 11C and D).

These data were confirmed via gPCR analysis showing that Cd3e transcripts were increased in PD cerebella
compared to that of the CD group. Cd8a transcripts were also increased, but no difference was detected
in Cd4 transcripts in PD compared to CD cerebella (Additional file 7A). Although the increased Cd4
transcripts in the CD group may be suggestive of CD4+ T cell infiltration, this increase is likely due to Cd4
MRNA expression in microglia which has been previously documented in numerous RNAseq studies [56-

59].

All the above show that during EAE onset, infiltration was more prominent in the spinal cords of CD mice
and in the cerebella of PD mice. However, one CD mouse, which acutely developed severe neurological
deficits (typical EAE score of 3.5 from score 0 within 24 hours; a very rare event in model), showed extreme
infiltration in both the cerebellum and the spinal cord in levels that were higher than any other mouse in
either group during this timepoint. This mouse was excluded from the analysis due to the abnormal

disease pattern.
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MBP immunoreactivity revealed increased demyelination in the spinal cord of CD compared to PD mice
at EAE onset (Figure 12A). On the contrary, there were significantly smaller demyelinated areas in the

cerebellum of CD compared to PD mice (Figure 12B).

All the above indicate that peripheral immune cells in PD mice enter the CNS but preferentially localize

within the supraspinal regions, instead of lumbar spinal cords as is the case for the control mice.

Effect of CSF1R antagonism in immune related transcripts in the CNS of mice with EAE

Our next step was to determine a possible mechanism underlying the preferential recruitment of

peripheral immune cells into the cerebellum instead of the spinal cord of PD mice with EAE.

We initially examined whether the relative CSF1R levels are affected by PD. CNS Csf1r transcripts were
significantly decreased in the PD compared to the CD group (Figure 13A). This downregulation is likely due
to the depletion of CSF1R-expressing microglia and other myeloid cell subsets. Interestingly, Csf1r levels
in the cerebellum of CD mice were significantly upregulated compared to healthy tissue during both onset
and acute EAE phases, but not in the spinal cord (Figure 13A). It is likely that this differential Csfir
upregulation may reflect a compartment-dependent modulation of microglia activity. The expression of

the CSF1R ligands Csf1 and //34 in the CNS were equivalent between CD and PD mice (Figure 13A).

Flow cytometric analysis showed that the remaining/surviving microglia and infiltrating
monocytes/macrophages express high levels of CSFIR (CD115) in the CNS, but to a lesser degree in the
periphery of PD compared to CD mice (Figure 13B and C). CSF1R signaling is required for survival of
macrophages [60] and of a Ly6C- subset of monocytes [37], and the differentiation of monocytes to
macrophages [61].

Despite this dramatic increase of CSF1R expression in CNS infiltrating monocytes and macrophages in PD
mice, this was not sufficient to increase Csf1r levels in the CNS to similar levels as those of CD CNS tissues

(Figure 13A). In addition, a caveat of flow cytometric CSF1R detection is that the CSF1R (CD115) antibody
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binding may be inhibited by CSF1R natural ligands [2], which may result in impaired detection of CSF1R in

cells isolated from CD tissues.

Transcripts of Csf1r have been previously detected in neutrophils [62], however, we did not detect CSF1R

expression in neutrophils by flow cytometry (Figure 13B and C).

We then examined whether we could detect regional differences in the levels of transcripts of cytokines,
chemokines, and transcription factors associated with EAE and MS [63, 64] (Figure 14). We employed the
whole cerebellum, a tissue which even when heavily infiltrated, contains large areas devoid of infiltration;
thus, the signal of certain transcripts may be “diluted”. On the other hand, lumbar EAE spinal cord tissues

contain heavily lesioned areas, thus the contribution of transcripts from unaffected tissue areas is small.

Interestingly, Csf3, encoding for G-CSF, was elevated in the PD cerebellum, and CD spinal cord during
disease onset (Figure 14A). G-CSF has been previously shown to be expressed in the CNS around the time
of clinical disease onset, and is associated with neutrophilic infiltration [43, 65] and neutrophilic survival
[66]. These suggest that increased cerebellar Csf3 transcripts promote preferential cerebellar neutrophilic

infiltration in PD mice.

During disease onset, transcripts of Cxcr3 and of its ligands Cxcl9 and Cxc/11 were decreased in the PD
spinal cords, suggesting a decrease in Thl-associated chemokines compared to CD (Figure 14B).
Interestingly, Cxcl10 and Ifng levels were elevated in the cerebellum of PD mice. In addition, CSF1R
antagonism resulted in statistically significant transcript increases of //1b and Ccr6 (a receptor expressed
on both Th17 and Tregs [67-69]) in the cerebellum of PD compared to CD mice (Figure 14C).

Icam1, which is heavily involved with leukocyte cell arrest, subsequent diapedesis, polarization and
crawling across the BBB [70-72], and Vcam1, which is involved with Th1 and Th17 cell arrest [73], were
both elevated in the cerebellum of PD mice but not in their spinal cords compared to CD mice during EAE

onset (Figure 14D). Although their ligands (/tgal and Itga4, respectively) were not differentially
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upregulated between the groups (Figure 14D), the differences in Icam1 and Vcam1 expression suggest

that these molecules may orchestrate the localization of CNS infiltrates in EAE.

Additional transcripts of genes associated with EAE induction and progression were tested but did not

show differences in expression between the two groups during disease onset (Additional file 7B).
2.4 Discussion

CSF1R antagonists were originally developed to deplete tumor-associated macrophages, which promote
tumor growth, survival, angiogenesis, treatment resistance, and metastasis [74-76]. Tumors treated with
CSF1R antagonists are infiltrated by increased CD4+ T cells, pro-inflammatory macrophages, and other
pro-inflammatory leukocytes [21, 22, 77]. As a result, administration of these antagonists as part of

combination therapy enhances the efficacy of anti-cancer therapeutics manifold [77].

Along with other tissue macrophages, small molecule CSF1R antagonists can also effectively deplete
microglia [32], and have been shown to ameliorate EAE clinical course [16, 17, 35]. The mechanism of
action is still nebulous. Studies have shown that the dampening of EAE clinical symptoms in mice treated
with CSF1R antagonists is associated with depletion of microglia and CNS-associated macrophages, as well

as decreased CNS infiltration and peripheral myeloid cell maturation [16, 17, 35].

Using PLX5622 diet (PD) and in agreement with previous studies [16, 35], we also observed efficient
microglial depletion and milder EAE clinical course in PD mice compared to controls. However, and
contrary to other studies [16, 17, 35], PD mice exhibited increased CNS infiltration and increased presence
of myeloid subsets, including inflammatory monocytes, neutrophils, and cDCs, and T cell subsets (both T

effectors and Tregs) compared to controls (CD) before and during EAE onset.

Interestingly, we observed that during disease onset spinal cords of PD mice were largely devoid of
infiltration, while their cerebella were severely infiltrated. As expected, at the same timepoint, infiltration

was mainly localized in the spinal cords of controls. Accordingly, larger demyelinated areas were detected
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in the spinal cords of CD compared to PD mice, while increased demyelination was detected in the

cerebella of PD compared to CD mice.

Unlike damage to the spinal cord, which presents with motor deficits [78], cerebellar infiltration manifests
in deficits in cognitive, emotional, and behavioral function, induction of fear and anxiety [79, 80], and
impairments in balance and proprioception [81-84]. We observed that one third of EAE PD mice developed
seizures, exhibited hypersensitivity for startle response, freezing behavior, and repetitive axial rotation.
At the time of atypical EAE onset, PD mice exhibited mild or no classical EAE symptoms. Furthermore,
although we detected some cerebellar infiltration in CD mice, these mice never developed atypical EAE

symptoms.

Our data are in apparent disagreement with previous studies by Montilla et al. [35], who also used
PLX5622 and Hwang et al. [17], who used BLZ945, a CSF1R antagonist that acts similarly to PLX5622 [32].
BLZ945 and PLX5622 have similar potency (both have an ICsp <10nM) [85-87] and CNS penetration
properties [17, 35]. Both of the previous studies showed decreased infiltration of the CNS in mice that
were treated with CSF1R antagonists. However, Montilla et al. examined only spinal cords, which we show
were not effectively infiltrated in PD mice. In contrast, we used pooled brains and spinal cords for our flow
cytometry analysis. Although Hwang et al. also used pooled brains and spinal cords, they documented

dramatically lower numbers of infiltrating cells in mice that received BLZ945.

We also observed mild differences between our study and the previous studies in peripheral immune
responses. In addition to decreases in macrophage populations, we show that PD mice exhibited
decreased numbers of DCs in the SLOs during preclinical EAE, as shown by Hwang et al [17]. Although we
detected increased neutrophil and monocyte frequencies in PD SLOs, these did not translate in differences
in absolute numbers, in agreement with Montilla, but in disagreement with Hwang et al. Montilla et al.
and Hwang et al. did not detect differences in total peripheral CD4+ T cells but no information on CD4+ T
cell subsets was provided [17, 35]. In agreement with these studies, we did not detect differences in total
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peripheral CD4+ T cell numbers either. However, we observed significant decreases in both frequencies
and absolute numbers of T effectors and T regulatory cells in the SLOs of PD mice compared with controls
during preclinical EAE. This suggests that in the absence of antigen presenting cells (which are depleted in

the PD mice), T cells did not differentiate effectively.

One of the reasons for the discrepancies between our study and the Hwang et al. study could be that they
initiated CSF1R blockade on the day of EAE induction, while we did so seven days earlier better
approximating the Montilla study in which treatment was initiated three weeks before EAE induction. It
is likely that in the Hwang study there may not have been enough time for myeloid cells to adopt to the
CSF1R blockade both in the SLOs and after these enter the CNS. Indeed, the Hwang study shows that mice
treated with BLZ945 starting on day 0 eventually developed clinical deficits during the later EAE stages,

however no information on the make-up and numbers of CNS infiltrating cells was provided.

Interestingly, immunobhistological analysis of PD lumbar spinal cords at later stages of the disease (day 37
post EAE induction; day 44 on PD) showed increased microglial presence compared to preclinical and
acute EAE stages (Additional File 8). After depletion, microglia repopulation occurs via proliferation of
surviving/remaining microglia [88]. In inflammatory conditions peripheral myeloid cells may give rise to
microglia-like cells that are phenotypically similar but transcriptionally different than microglia, and may
not survive long-term [89-91]. In this study repopulation occurred while the mice were still on PD,
suggesting that the newly appearing microglia derived from a CSF1R- independent mechanism. Whether
the repopulation occurs from PD surviving microglia or residual infiltrating monocyte derived

macrophages is still unclear.

The Hwang et al. study [17] further showed that treatment initiation after clinical symptom onset
ameliorated the disease progression for the following 7 or 14 days, but there is no information on whether

the mice relapsed later (i.e., after the mice were at least three weeks on the treatment). Interestingly, we
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did not detect differences in the clinical scores when mice were placed on PD after clinical symptoms

appeared (data not shown).

Other factors that impact disease development and progression of EAE include differences in the local

environment, such as microbiota and mouse husbandry, and in the formulation of immunization reagents.

The mechanism(s) behind preferential recruitment of peripheral cells to the cerebellum instead of the
spinal cord in PD mice remain to be elucidated. Increases in neutrophil frequencies, an indirect effect of
prolonged CSF1R blockade, both in the periphery and the CNS of PD mice compared to controls, are
associated with preferential infiltration of the supraspinal regions and with atypical EAE [92-94]. Previous
studies have shown that CSF1R blockade increases G-CSF levels [95], a cytokine responsible for the
survival, proliferation, maturation, and function of neutrophils [96]. Indeed, Csf3 was elevated in the PD
cerebellum and diminished in the PD spinal cords during the onset of clinical symptoms. Neutrophils are
also known to recruit other leukocytes, especially inflammatory monocytes, to sites of inflammation by
upregulating cell adhesion molecules such as ICAM1 and VCAM1, and secreting chemokines such as CXCL9
and CXCL10 [97, 98]. Indeed, we detected elevation of Icam1, Vcam1 and Cxcl10 transcripts in the
cerebellum of PD mice at EAE onset. Increased neutrophil frequencies may have promoted the
recruitment of increased numbers of monocytes and other immune cells detected in the cerebellum in

our study.

A complementary explanation stems from the study by Stromnes et al. [99], which shows that T cells with
a logl10 ratio of Th17:Th1>1 in the periphery tend to localize in supraspinal areas while T cells with log10
ratio of Th17:Th1<1 tend to localize in the spinal cord [99]. These ratios were also confirmed in the brains
and spinal cords of mice with EAE [99]. We also show that T cells in the SLOs of PD mice during the
preclinical stage of EAE had log10 ratios of Th17:Th1 higher than 1, which could partly explain the changes
in lesion localization. The increase in Th17:Th1 ratios may be related to the PD-mediated depletion of Thi-
promoting cells in peripheral tissues such as moDCs [100-103], or skin langerin+ DCs [104].

65



Our analysis of the effects of CSF1R antagonism on myeloid and lymphoid compartments extends current
understanding about CSF1R effects in neuroinflammation. Although FDA-approved CSF1R antagonists do
not penetrate the CNS as effectively as PLX5622, their prolonged use may be detrimental. The
pleiotropism of CSF1R signaling likely has other yet undiscovered effects both in steady state and in

disease settings that warrant further investigations.
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2.6 Figures and tables
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Figure 1: CSF1R antagonism depletes microglia at steady state.
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A Experimental schema depicting that healthy C57BL/6 mice were maintained on control diet (CD) or
PLX5622 diet (PD) for seven days. Tissues were then collected and analyzed by flow cytometry and
immunohistochemistry. B Flow cytometric analysis shows that both total CNS cells and CD11b+CD45lo
(microglia) numbers are reduced in PD compared to CD mice in steady state. C Immunohistochemical

staining of cerebellum (left) and spinal cord (right) tissues confirms robust IBA1+ cell depletion in PD mice.
Scale bars represent 100 um. Results are shown as means +SD, n=6-7; **p<0.005, ****p<0.00005.
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Figure 2: Effect of PLX5622 on myeloid cell subsets in peripheral immune tissues in steady state.

Flow cytometric analysis of single cells isolated from spleen, bone marrow, and skin in CD and PD mice.
Neutrophils (CD45+CD11b+Ly6G+), monocytes (monos; CD45+CD11b+CD11c-Ly6G-MHCII-Ly6C+),
macrophages (macros; CD45+CD11b+CD11c-Ly6G-MHCII+) and dendritic cells (DCs;
CD45+CD11b+CD11c+MHCII+) were analyzed in A spleen and B bone marrow. Monocytes and
macrophage subsets were further classified as Ly6C+ (inflammatory) or Ly6C- (non-inflammatory). C In
skin, dendritic cells (CD45+CD11b+CD11c+MHCII+), langerin+ cells (CD45+CD11b+Ly6G-
CD11c+MHCIlI+langerin+; includes Langerhans cells in the epidermis and langerin+ DCs in the dermis), and
monocyte/macrophage populations were analyzed. Monocytes and macrophage subsets were further

classified as Ly6C+ or Ly6C-.
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Representative flow plots are shown. Both male and female mice were employed. Results are shown as

means £SD, n=6-7; *p<0.05, **p<0.005, ****p<0.00005.
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Figure 3: CSF1R antagonism ameliorates EAE clinical severity.

A Schema of experimental design. B Classical EAE neurological symptoms onset was delayed, and severity
was milder in PD compared to CD mice. C Peak and cumulative EAE scores were lower in PD compared to
CD mice. D Microglia (CD45loCD11b+) are depleted in pooled brain and spinal cord tissues of PD mice in
preclinical and acute EAE. E Analysis of Ly6C expression in CD45loCD11b+ cells shows that

CD45l0CD11b+Ly6C- cells were preferentially depleted in the CNS of PD mice.

Representative flow plots are shown. Both male and female mice were employed. Results are shown as

means = SD; n= 44-47 CD, 40-49 PD; *p<0.05, ****p<0.0005.
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Figure 4: PD depletes macrophages and DCs in secondary lymphoid organs (SLOs) in preclinical EAE.

Pooled spleen and draining lymph nodes (SLOs) were analyzed before clinical symptom onset (preonset
EAE). A Numbers of total cells, and of myeloid (CD45+CD11b+), and lymphocytic (CD45+CD11b-) cells were

lower in the SLOs of PD compared to those of CD mice. B Gating strategy for flow cytometry analysis of
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SLO myeloid cells in EAE. C Neutrophil (CD45+CD11b+Ly6G+) frequencies were increased but not their
numbers in PD mice compared to CD mice. D Frequencies of all monocytes (CD45+CD11b+Ly6G-CD11c-
MHCII-) were increased but their numbers were decreased in SLOs of PD compared to those of CD mice.
Both frequencies and numbers of total DCs (CD45+CD11b+Ly6G-CD11c+MHCII+), and of total
macrophages (CD45+CD11b+Ly6G-CD11c-MHCII+) were decreased in PD compared to CD. E Frequencies
of classical DCs (cDCs; CD45+CD11b+Ly6G-CD11c+MHCII+CD26+CD88-) were increased, and those of
monocyte-derived DCs (moDCs; CD45+CD11b+Ly6G-CD11c+MHCII+CD26-CD88+) were decreased but the
absolute numbers of both subsets were decreased in the PD SLOs compared to CD. F Ly6C+ monocyte and
macrophage subsets (CD45+CD11b+Ly6G-CD11c-MHCII+Ly6C+) were decreased in the PD SLOs compared

to those of CD mice.

Representative flow plots are shown. Both male and female mice were employed. Data are shown as

means * SD, n=22; *p<0.05, **p<0.005, ****p<0.00005.
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Figure 5: Impaired T effector cell generation in the SLOs of PD mice in preclinical EAE

A Gating strategy for flow cytometry analysis of T cell subsets in the EAE SLOs B Frequencies and numbers
of CD4+ and CD8+ T cells in the SLOs of CD and PD mice. C Frequencies and numbers of MOG-specific CD4
T cell (CD45+CD11b-CD4+) subsets Th1 (IFNy+), Th17 (IL17+), Th1/17 (IFNy+IL17+) were decreased in the
PD compared to CD SLOs. D Log10 ratios of Th17:Th1l were increased in the SLOs of PD compared to CD.
E Both frequencies and absolute numbers of Tregs (CD25+FoxP3+) were decreased in PD SLOs compared

to CD. F Ratios of Treg:Teff were increased in PD SLOs compared to CD.

Representative flow plots are shown. Both male and female mice were employed. Data are shown as

means * SD, n=22; **p<0.005, ***p<0.0005, ****p<0.00005.
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Figure 6: CSF1R antagonism increases CNS infiltration by myeloid cells before neurological symptoms

appear in EAE.
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Single cells isolated from pooled brain and spinal cord tissues were analyzed by flow cytometry for myeloid
subsets before onset of neurological deficits (preonset) A Numbers of total cells, and of infiltrating
immune cells (CD45hi), which include myeloid cells (CD45hiCD11b+) and lymphocytes (CD45hiCD11b-)
were increased while microglia were decreased in the CNS of PD compared to CD mice in preclinical EAE.
B Gating strategy for flow cytometric analysis of myeloid cells in the CNS. C Frequencies and absolute
numbers of neutrophils (CD45hiCD11b+Ly6G+) were increased in the CNS of PD mice with during preonset
EAE compared with CD mice. D No differences in the frequencies of total monocytes (CD45hiCD11b+Ly6G-
CD11c-MHCII-), total  macrophages (CD45hiCD11b+Ly6G-CD11c-MHCIl+) and  total  DCs
(CD45hiCD11b+Ly6G-CD11c+MHCII+) were detected but their numbers were increased in the CNS of PD
compared to CD. E Frequencies and numbers of cDCs (CD45hiCD11b+Ly6G-CD11c+MHCII+CD26+CD88-),
but not of moDCs (CD45hiCD11b+Ly6G-CD11c+MHCII+CD26+CD88+) were increased in the CNS of PD
compared to CD mice. F Numbers of Ly6C+ monocytes, and of both Ly6C+ and Ly6C- macrophages were

increased in the CNS of PD compared to CD mice in preclinical EAE.

Representative flow plots are shown. Both male and female mice were employed. Data are shown as

means * SD, n=22; *p<0.05, ***p<0.0005, ****p<0.00005.
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Figure 7: CSF1R antagonism increases CNS infiltration by lymphocytes before neurological symptoms

appear in EAE.

Single cells isolated from pooled brain and spinal cord tissues were analyzed by flow cytometry for T cell
subsets before onset of neurological deficits (preonset). A Gating strategy for flow cytometric analysis of
T cells in the EAE CNS. B Frequencies of both CD4+, but not of CD8+ T cells decreased, but the numbers of
both subsets increased in the CNS of PD compared to CD mice. C Frequencies of Thl cells were not
different between the groups, but their absolute numbers were increased in the CNS of PD compared with
CD. Although the frequencies of Th1/17 and Th17 cells were decreased their absolute numbers were not
different in the CNS of PD compared to CD mice. D Log10 Th17:Th1 ratios were below 1 in the CNS of PD

mice, while in CD they were greater than 1. E Both frequencies and numbers of Tregs were increased in
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the CNS of PD compared to CD mice. F Treg:Teffector ratios were increased in the CNS of PD mice

compared to CD before EAE onset.

Representative flow plots are shown. Both male and female mice were employed. Data are shown as

means * SD, n=22; *p<0.05, **p<0.005, ***p<0.0005.

A Total Numbers Infiltrating Cells
* %k i
8x105: — cb PD 6x108 (All CD45hi) *kokok FRXE axq08
Gate: Live cells
g 215 40.8 | <] 381 52.3| & gxq0e
2 ¥ 2
£ ” g 3
5§ g
= =
8 3 2x10¢
0
B 25+ N 3%105=
; % a
E 8 2x1054 )
3 =
a 1964339 96.23.72 8 3 10
- © °
o ®
o
0
s 6EG R Neutrophils Neutrophils Oc L |
y —_— ontrol diet male
@ Control diet female
. H 100+ %10 6=
C  Gate: CD45hiCD11b+Ly6G- R X 15x10 A Plex diet male
.18.92 495/ .13.11 40 2 801 a3 . A Plex diet female
1 ) 3 3 604 £ 1x1064 N
8’ Tl d T ] B ]
== ‘Ezu-
s- * L1 ﬁ ﬁ
cp11c —> 5 S C S
“‘0(\ b"“OQ
D Gate: CD45hiCD11b+Ly6G-CD11c+MHCII+
N 100 — 6x105
é o
i 9 80 .
1 % 8 ax1054
3 60+ E
§ ‘ § : 3 2xtos]
O .. =
ol
oo cDCs moDCs
CD26 =—>
E Gate: cpashicD11b+1y6G-CD11c- .
. 1009 %% L]
- - 1x104 B
1 - 1 g oo
3 &0 = —_ 5 6x105-
g 5 401 P 3 = axt054
_>l. ° ° 204 o 2x105+
0- o 0
. cCr : v 0" g@g gﬁ 6“’
MHCII —> “\o“od‘o(o & o & (\o"’{‘ 0‘\00 (o
@ o & I L ©
o @ W @

Figure 8: Only mild differences in the myeloid cell populations persist in the CNS of PD mice in acute

EAE.
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Single cells isolated from pooled brain and spinal cord tissues were analyzed by flow cytometry during
acute EAE. A Numbers of total cells were lower in the PD CNS compared to CD. There were no differences
in the numbers of total infiltrating cells (CD45hi). Although the frequencies of myeloid cells
(CD45hiCD11b+) and lymphocytes (CD45hiCD11b-) remained higher in PD compared to CD mice, their
numbers were not different between the groups in acute EAE. Microglia frequencies and numbers
remained low in PD compared to CD mice. B No differences in frequencies and absolute numbers of
neutrophils were detected between the groups at this timepoint. C Although the frequencies of total
macrophages (CD45hiCD11b+Ly6G-CD11c- MHCII+) were increased in the PD mice, there were no
differences in absolute numbers. No differences were detected in total monocytes (CD45hiCD11b+Ly6G-
CD11c- MHCII-) and total DCs (CD45hiCD11b+Ly6G-CD11c+MHCII+) between the groups. D Frequencies
of cDCs and moDCs decreased, but their absolute numbers were not different in PD compared to CD. E
Frequencies of Ly6C+ monocytes and macrophages were increased while Ly6C- monocytes and
macrophages were decreased in the CNS of PD compared to CD mice during acute EAE. Representative
flow plots are shown. Both male and female mice were employed. Data are shown as means + SD, n= 12;

*p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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Figure 9: Mild differences in T cell populations persist in the CNS of PD mice during acute EAE.

Single cells isolated from pooled brain and spinal cord tissues were analyzed by flow cytometry during
acute EAE. A Although there were no differences in the CD4+ and CD8+ T cell frequencies, the numbers
of CD4+ T cells were increased in the CNS of PD mice compared to CD. B Only numbers of Thl cells
remained elevated during acute EAE within the CNS of PD compared to CD mice. C Log10 Th17:Th1 ratios
were below 1 for both groups and were significantly lower in the CNS of PD compared to CD mice. D There
were no differences in the Treg populations between the groups. E Treg:Teff ratios were decreased in the

CNS of PD compared to CD group.

Representative flow plots are shown. Both male and female mice were employed. Data are shown as

means * SD, n=12; *p<0.05, **p<0.005, ***p<0.0005
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Figure 10: IBA1+ cells in the PD CNS of EAE mice have activated morphology and low complexity.

CNS sections of CD and PD mice isolated during EAE onset were immunostained for IBA1. A/D
Representative images of IBA1 immunoreactivity in lumbar spinal cords (A) and cerebellar (D) tissues of
mice. B/E. Quantification of IBA1 MFI of lumbar spinal cord (B) and cerebellar (E) tissues of CD and PD

mice. C/F Sholl analysis of IBA1+ cells near inflammatory foci shows low complexity and activated

morphology in PD mice, but increased complexity in CD mice. (C: spinal cord; F cerebellum).

Scale bars denote 100 um in whole tissue images and 25 um in enlarged cellular-level images. Data are

shown as means  SD, n=6-7 mice; 2 sections per tissue; 4-8 microglia per section; *p<0.05.
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Figure 11: CNS infiltration is prominent in the cerebellum of PD mice during EAE.

Lumbar spinal cords and cerebella were isolated at neurological deficit onset and analyzed via
immunohistochemistry for mean fluorescence intensity (MFI) of CD11b (myeloid cells), and for counts of
CD3+ T cells, and Ly6G+ neutrophils. A/B Spinal cords of CD mice show increased infiltration by myeloid
cells, T cells (A), and neutrophils (B), while these cells are sparsely detected in the parenchyma or in the
meninges of the PD spinal cords. Quantification is shown in graphs on the right. C/D Cerebella of CD mice
are only mildly infiltrated by myeloid cells, T cells (C), and neutrophils (D), while these cells are found in

large numbers in the cerebellum of PD mice. Quantification is shown in graphs on the right.
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Scale bars denote 100 um. Both male and female mice were employed.

n=8; at least 2 sections per tissue; *p<0.05, **p<0.005, ***p<0.0005.
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Figure 12: Increased demyelination in the cerebellum and decreased demyelination in the spinal cord

of PD mice during EAE onset.

Myelin was detected in lumbar spinal cord and cerebellar tissues isolated from mice during EAE onset via

MBP immunostaining. Demyelinated areas (i.e., white matter devoid of MBP immunoreactivity;

demarcated with small white borders) are readily detected in the spinal cords of CD but not in the spinal

cords of PD (A) and cerebella of PD mice but not cerebella of CD mice (B). Quantification shows percentage

of MBP devoid white matter (WM) with all WM area (graphs on the right).

Scale bars denote 100 um. Data are shown as means + SD, n=7; at least 2 sections per tissue; *p<0.05,

**p<0.005.
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Figure 13: Effect of CSF1R antagonism on the expression of CSF1R and its ligands during EAE.

A Csf1r transcript levels are lower in the PD compared to CD CNS during EAE. There were no differences
in the transcripts of Csf1 and //34. B CSF1R (CD115) expression was detected using flow cytometry in Ly6C+
and Ly6C- microglia, monocytes, macrophages, and neutrophils in pooled brain and spinal cord (CNS), and

SLOs during EAE. C Quantification of B.

Data are shown as means 1SD, A: n=9-12; B: n=16 *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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Figure 14: CSF1R antagonism differentially affects gene expression in CNS compartments. A-D Cerebella

and spinal cords were isolated from CD and PD mice at onset and acute EAE and RNA transcripts were

analyzed by quantitative PCR.

Data are shown as means 1SD, n=6-12; *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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Additional file 1: Effect of CSF1R antagonism on CNS immune cell populations in steady state.

A Microglia are depleted efficiently in the PD spinal cord and cerebellum. B Effect of PD on microglia and
CNS-associated myeloid cells and lymphocytes in whole CNS tissues (pooled brain and spinal cord per
mouse) in PD and CD steady state mice. Data are shown as means + SD, n=7; *p<0.05, **p<0.005,

**%p<0.0005.
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Additional file 2: Clinical EAE course of individual experiments.

Mice were placed in CD or PD diets seven days before EAE induction and maintained in their respective
diets up to the end of the experiment. Mice were scored daily for neurological deficits. All experiments

except experiment 6 were averaged to generate the clinical score graph in Figure 3.

Data are shown as means +SEM, n values are displayed within each chart; *p<0.05.
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Additional file 3: Increased neutrophils and inflammatory monocytes persist in the SLOs of PD mice

during acute EAE.

A-C Single cell suspensions of pooled spleen and draining lymph nodes were analyzed for myeloid (B) or
lymphocytic populations (C) during acute EAE. Both frequencies and numbers of neutrophils and Ly6C+

monocytes were elevated in the SLOs of PD compared to CD mice. No other differences were detected.

Data are shown as means #SD, n=12; *p<0.05, **p<0.005.
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Additional file 4: CSF1R antagonism affects cellular composition in the bone marrow during EAE.

Flow cytometric analysis of the bone marrow myeloid cell subsets in PD and CD mice before clinical

symptoms (A) and during acute EAE (B).

Data are shown as means 1SD, n=8; *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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Additional file 5: CSF1R antagonism depletes antigen presenting cells and other myeloid subsets in the

skin during EAE.

A Flow cytometric analysis of skin myeloid cell subsets in PD and CD mice before clinical symptoms
(preonset) and B during acute EAE show that langerin+ DCs are dramatically reduced in PD mice. C
Immunohistological analysis showed that CD11b+ cells and IBA1+ cells, which are all myeloid cells and

macrophages, respectively, are reduced in the skin of PD compared to CD mice.
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8, *p<0.05, ****p<0.00005
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Additional file 6. Mapping areas of CNS infiltration using Evans blue dye.

Evans blue dye was injected intravenously into CD and PD mice with EAE. Ninety minutes later, mice were
euthanized, and tissue was isolated. Dorsal and ventral images were acquired on day 13 EAE (onset) in CD

and PD mice.
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Additional file 7: RNA transcript levels in the CNS compartments of CD and PD mice during EAE.

Cerebella and spinal cords were isolated from CD and PD mice during steady state, and clinical onset and

acute EAE. RNA transcripts were measured using qPCR analysis.
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Data are shown as means 1SD, n= 6-12; *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005.
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Additional file 8. Repopulation of lumbar spinal cords of PD mice by microglia during chronic EAE.
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A Spinal cord of CD and PD mice were isolated during different stages of EAE and immunostained with
IBA1. B quantification of (A) shows IBA1 MFI increases over time in the PD spinal cord. These mice were
still maintained in PLX5622 diet. It is unclear whether these are cells that originate from a local progenitor

or an infiltrating monocytic cell.

Table 1: Antibodies used for flow cytometric analysis.

Target Clone Manufacturer Cat. number
CD4 RM4-5 BD 558107
CD8 53-6.7 BD 553031
CD11b M1/70 Biolegend 191241
CD11b M1/70 Invitrogen 48-0112-82
CD11b M1/70 BD 552850
CD11c HL3 Biolegend 550261
CD11c HL3 BD 561241
CD11c N418 Biolegend 117305
CD25 PC61.5 Invitrogen 17-0251-82
CD26 DPP-4 Biolegend 137803
CD45 RA3-6B2 Invitrogen 11-0452-82
CD45 30-F11 Biolegend 103130
CD88 20/70 Biolegend 135807
CD115 AFS98 Biolegend 135513
CD115 T38-320 BD 565249
FoxP3 FJK-15s Invitrogen 12-5773-82
IFNy XMG1.2 BD 554413
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IL17 TC11-18H10 BD 559502
Langerin | 4C7 Biolegend 144206
Ly6C HK1.4 Biolegend 128033
Ly6G 1A8 BD 551460
Ly6G 1A8 BD 560601
MHCII M5/114.15.2 | Biolegend 107652

Table 2: List of primers used in the study.

Gene name NCBI Gene ID Cat. number/ primer sequence (Fwd:Rev)
Hsp90 NM_015516 Q101039864

Csf1r NM_007779 Q101055810

Csf2 NM_009969 QT00251286

Csf3 NM_009971 QT00105140

1134 NM_029646 Q100198142

Csf1 NM_007778 Q701164324

Il1beta NM_008361 QT01048355

Ifng NM_008337 Q101038821

H117a NM_010552 Q700103278

Tnf NM_013693 QT00104006

2ra NM_008367 Q700101108

112a NM_008351 Q701048334

Tgfb1l NM_011577 Q100145250

Nos2 NM_010927 CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
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Argl NM_007482 QT00134288

Foxp3 NM_054039 AGGAGCCGCAAGCTAAAAGC TGCCTTCGTGCCCACTGT

Rorgc NM_011281 CCGCTGAGAGGGCTTCAC TGCAGGAGTAGGCCACATTACA
Ccr2 NM_009915 ATCCACGGCATACTATCAACATC | CAAGGCTCACCATCATCGTAG
Cers NM_009917 GTCAGAACGGTCAACTTTGGG | GCCCAGAGTGATACAGATGTCAA
Ccr6 NM_009835 TCGTCCAGGCAACCAAATCCT TCAGAGAACTTCCAGGTGAAGA
Cd3e NM_007648.5 TGCCTCAGAAGCATGATAAGC | AAATGGACGCCGAACTTGGT
Cd4 NM_013488.3 TCCTAGCTGTCACTCAAGGGA GTGTGGAAAATGAGGACTGCAT
Cd8a NM_001081110.2 | CCACGTTATCTTGTTGTGGGATG | GGGCTTGAGATGATGATGGAGA
Cxcr2 NM_009909 ATGCCCTCTATTCTGCCAGAT GTGCTCCGGTTGTATAAGATGAC
Cxcr3 NM_009910 TATGGGGAAAACGAGAGCGAC | GCGCTGACTCAGTAGCACAG
Ccl2 NM_011333 QT00167832

Ccl4 NM_013652 TTCCTGCTGTTTCTCTTACACCT | CTGTCTGCCTCTTTTGGTCAG
cclé NM_009139 GCTGGCCTCATACAAGAAATGG | GCTTAGGCACCTCTGAACTCTC
Ccl8 NM_021443 TCTACGCAGTGCTTCTTTGCC AAGGGGGATCTTCAGCTTTAGTA
Ccl20 NM_016960 Q102326394

Cxcll NM_008176 CTGGGATTCACCTCAAGAACATC | CAGGGTCAAGGCAAGCCTC
Cxcl9 NM_008599 TCCTTTTGGGCATCATCTTCC TTTGTAGTGGATCGTGCCTCG
Cxcl10 NM_021274 QT00093436

Cxcl11 NM_011330 GAATCACCAACAACAGATGCAC | ATCCTGGACCCACTTCTTCTT
Veam1 NM_011693 QT00128793

Itga4 NM_010576 Q100121044

lcam1 NM_010493 QT00155078
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3.1 Introduction

Microglia promotes oligodendrocyte differentiation through 5-Lipoxygenase

5 lipoxygenase (5LO0) is the rate limiting enzyme in the synthesis of leukotrienes (LT), which consists of
LTB4, and the cysteinyl leukotrienes, or the cysLTs LTC4, LTD4, and LTE4 (See Figure 1A) [1].
Leukotrienes are mostly considered as pro-inflammatory mediators during inflammatory conditions [1].
In homeostasis, 5L0 is the highest expressed in the respiratory system, bone marrow, and the skin,
compartments in which the mucosal immune system is active [2]. 5LO function in the respiratory system

is well studied [3], but its role in other organs is relatively unknown.

In the intact CNS, 5LO is also expressed in detectable levels [2]. However, the cellular source of 5LO is
unknown. Previous studies report that 5LO appears to be expressed in neurons by Lammers at al. in
mMRNA [4], in microglia by Uhlen et al in the Human Protein Atlas [2] and by Zhang et al in the Brain
RNAseq database [5]. Furthermore, leukotrienes signal through various receptors. The cysLTs signal
through cysLT receptor 1 and 2, and LTB4 via BLT1 receptor [6]. From the Brain RNAseq single cell
database from Zhang et al, cysLT receptor 1 has been detected on microglia and oligodendrocyte
progenitor cells (OPCs), cysLT receptor 2 reported on endothelial cells, and BLT1 on microglia [5].
Although still controversial, LTD4 has also been shown to signal through GPR17 [7, 8], which is detected

on oligodendrocytes [9].

Oligodendrocytes are the myelin-producing and trophically-supporting glia of the CNS. They proliferate
as oligodendrocyte progenitor cells (OPCs), and then differentiate into immature (IM), mature, and then
mature myelinating oligodendrocytes (MO) [10]. OLC differentiation begins during the late embryonic
stages, and peaks during developmental myelination at postnatal day 14-28 in the corpus callosum [10].
Following this, differentiation continues but at slower rates at 8 months postnatally in mice [10].
Although adult mice and humans are 99% myelinated, oligodendrocyte differentiation still persists in

adulthood [10]. This has been proposed to be either to replace dying OLCs, or to myelinate new axon
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segments [11]. Hence, OLCs are the most dynamic glia in the intact CNS, and the many mechanisms that

regulate OLC differentiation remain unknown.

OLCs engage in cross-talk with microglia as well; OLCs can downregulate microglial activity through
immune inhibitory molecules [12]. Conversely, CSF1R knockout mice, which have essentially no
microglia, display a ~50% decrease in mature oligodendrocytes in the cortex at p21 [13]. Importantly,
microglia have been shown to be instrumental in regulating OLC differentiation through secreted
factors. Although some factors have been suggested to play a role, such as IGF-1 [14] and CX3CL1 [15],
much work still remains to identify these factors which promote OLC differentiation. Minocycline-
mediated inhibition of microglial activation decreased oligodendrocyte differentiation in the SVZ during
early postnatal development [16], and when OLCs are co-cultured with microglia [17] or cultured in

microglia conditioned media [18], OLCs differentiate at a greater rate.

In this study, we characterize the expression and activity of 5LO and the expression of 5LO pathway
components in the homeostatic CNS. We show a new mechanism in which cysLTs regulate OL

differentiation, and propose that this mechanism is predominately mediated by microglia.
3.2 Materials and Methods

Animals

C57BL/6 mice were obtained from Jackson Laboratory, and Alox57 and Alox5*/* littermate control mice
were made by the Soulika Laboratory. CX3CR1-CreERT2 mice were obtained from Jackson Laboratory,
and bred to Alox5 fl/fl mice made by the Soulika Laboratory. All mice were maintained by the Mouse
Biology Program at University of California, Davis. Animal procedures were approved by the Institutional

Animal Care and Use Committee of UC Davis. Animals were age- and sex-matched for each experiment.

Isolation of primary murine OPCs
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Anesthetized P1-P6 rat pups were euthanized by decapitation, and cortexes were isolated. Tissue was
minced, dissociated using papain (Worthington) at 37°C, and passed through a 100 um filter. Mixed glia
was plated in N1 media (5 pg/ml insulin, 50 pg/ml transferrin, 100 uM Putrescine, 30 nM sodium
selenite, 20 nM P4 in DMEM high glucose media) on poly-D-lysine-coated T75 flasks (2-3 pups per plate).

Supernatant was changed every 2 days.

After 100% confluency is reached, T flasks were secured on a shaking platform, and shaken at 200rpm.
After 2 hours, the supernatant was discarded and the flask bottom was washed with HBSS (+) (Gibco).
Fresh N1 media is placed back onto the cells, and shaking is resumed. Shaking continues for 16 hours,
and then supernatant is collected, counted, and plated at 30% confluency in poly-D-lysine-coated T75

flasks.

Leukotriene differentiation assay

OPCs are proliferated in complete growth media (10 ng/mL biotin, 30% B104 conditioned media, 1%
penicillin streptomycin, 5 ng/mL FGF2, 5 uM Forskolin, 1% Glutamax in N1 media) in 24 well culture
plates with poly-d-lysine coated circular cover slips until they are ~70% confluent, and then the
supernatant is changed to differentiation media (12.5 pg/ml insulin, 50 pg/ml Transferrin, 100 pM
Putrescine, 24 nM sodium selenite, 10 nM progesterone, 10 ng/mL biotin, 30 ng/mL 3’,5-Triiodo-L-
thyronine sodium salt, 40 ng/ml L-Thyroxine sodium salt pentahydrate, 1% Glutamax, 1% penicillin

streptomycin, in DMEM/F12 media) with vehicle, LTB4, LTC4, LTD4, or LTE4 (Cayman Chemical).

Coverslips were stained with primary antibodies against surface antigen 04 (Miltenyi Biotec) in 150 pl of
their culture media in their culture wells, and incubated at 37°C for 30 minutes. Media was moved, and
washed in their wells with HBSS(+) (Gibco). HBSS(+) was removed, and cover slips were incubated with
4% PFA in their culture wells for 15 minutes at room temperature. Following fixation, cells were
permeabilized with 250 pl of pre-chilled 100% methanol at -20°C for 15 minutes. Coverslips were then

collected with forceps and washed in PBS three times. CC1 (Cal BioChem) and Sox10 (Abcam) antibodies
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in 10% Donkey serum was added directly onto coverslips, and incubated for 30 minutes at room
temperature. Following three PBS washes, secondary antibodies at 1:100 in 10% Donkey serum was
incubated on coverslips for 30 minutes at room temperature. Following three PBS washes, DAPI (Cell
Signaling Technologies) was counterstained, coverslips were washed, and coverslips were mounted
using Fluoromount-G (Electron Microscopy Services) onto slides. Images were taken with Nikon C2

confocal microscope.
Fate mapping studies using BrdU

5-Bromo-2'-deoxyuridine was injected intraperitoneally once daily on 5 consecutive days at 50 pg/g
body weight. At the time of tissue collection, mice were anesthetized using ketamine/xylazine,
exsanguinated using ice-cold PBS, and brain and spinal cord tissues were isolated. After 4% PFA
overnight post-fix, tissues were desiccated in 30% sucrose for 3 days, frozen in OCT, and 10 um
cryosections were collected. Cryosections were immunostained with CC1 (CalBiochem), BrdU (Abcam),
Sox10 (Abcam), counterstained with DAPI. Cells were enumerated using Imaris version 9.2.0 (Oxford

Instruments).
Microglial 5LO depletion

To deplete microglia, 1200 mg/kg PLX5622 (Plexxikon, Inc) was formulated into AIN-76A diet by

Research Diets, Inc. PLX5622 diet and AIN76A control diet were fed to mice ad libitum.

To induce CX3CR1-Cre-ERT2 activity, 10 mg/ml tamoxifen formulated in sunflower seed oil was injected

at 0.075mg/g body weight IP once daily for 5 consecutive days.
Fluorescence-activated cell sorting (FACS)

Ketamine/xylazine-anesthetized mice were exsanguinated using ice-cold PBS, and brain and spinal cord
tissues were isolated, and a small piece of spinal cord tissue was collected for gPCR analysis. The rest of

the CNS tissue was minced, enzymatically dissociated using papain (Worthington) at 37°C, and passed
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through a 100 um filter. After myelin removal using a 37% Percoll (GE Healthcare) gradient, single cell
suspensions were immunolabeled using CD11b (Biolegend) and CD45 (Biolegend) antibodies. Following
washes, cells were pushed through filter-top FACS tubes. Cells were sorted on a FACS Aria (BD
Biosciences), pelleted, and lysed using RLT buffer (Qiagen). Lysis was stored at -80°C until ready for RNA

purification.

RNA purification, and Quantitative Polymerase Chain Reaction (qPCR)

Ketamine/xylazine-anesthetized mice were exsanguinated using ice-cold PBS. Whole CNS or
microdissected brain and spinal cord tissues were stored in RNA later (ThermoFisher Scientific). Tissue
was homogenized in Qiazol (Qiagen), and RNA was extracted using phenol chloroform extraction. RNA
was purified using the RNeasy mini kit (Qiagen) according to manufacturer’s instructions. FACS-sorted
cell lysates were homogenized using a QiaShredder spin column (Qiagen) and RNA was purified using
the RNeasy mini kit (Qiagen) according to manufacturer’s instructions. cDNA was synthesized using the
Quantitect Reverse Transcription Kit (Qiagen). cDNA was combined with primers and SYBR Green Master

Mix (Qiagen), and analyzed using the AriaMX real-time PCR system (Agilent).

Statistical analysis

Comparisons between means of two groups were analyzed using student’s T test. Comparisons between
means of more than two were analyzed using ANOVA. Data were significant if p>0.05. When

appropriate, data were log-transformed.

3.3 Results

5 Lipoxygenase (5L0) and the 5LO pathway are expressed and active in development and adulthood

5 Lipoxygenase (5L0) is involved in the synthesis of short-lived lipid mediators, eicosanoids, all of which
originate from the breakdown of nuclear membrane phospholipids by cyclic phospholipase 2 (cPLA2). Of

these pathways, 5L0 is most crucial for the synthesis of leukotrienes (within black box; Figure 1A). 5LO
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(gene Alox5) and important mediators in the leukotriene pathway, 5LO-activating protein (FLAP; gene
Alox5ap) and cytosolic phospholipase A2 (cPLA2; gene Pla2ga2), are detected both in the spinal cord
(Figure 1B) and brain (Figure 1C), many of them peaking during developmental myelination.

Leukotrienes are detected at p14, and many are increased in adulthood (Figure 1D).

To determine if 5LO, and LTAH and LTC4S (enzymes which synthesize LTB4 and the cysLTs, respectively)
and LT receptors are specifically expressed in any compartment of the CNS during healthy conditions,
WT mouse CNS was microdissected into cortex (Ctx), corpus callosum (CC), cerebellum (Cb), and spinal
cord (SC). 5LO (encoded by Alox5) transcript was highest in the spinal cord (Figure 1E). Interestingly,
statistically significantly higher Alox5 transcript was detected in females compared to males in the spinal
cord (Figure 1F). LTAH (Lta4h) and LTCA4S (Ltc4s) were both detected in the CNS (Figure 1G). LTB4
receptor BLT1 (Ltb4r1) transcript was detected at very low levels in the CNS, and there were no
differences between CNS compartments in expression (Figure 1H), while BLT2 was not detected in the
CNS (data not shown). CysLT receptors cysLTR1 (Cys/t1) transcript was highest in the cortex, while
cysLTR2 (Cysltr2) was expressed at lower levels but ubiquitously throughout all compartments (Figure

11), and GPR17 was expressed highest in the CC (Figure 1J).

Increased BrdU+ cells in 5LO knockout mice are oligodendrocytes

As 5L0 has been shown to promote proliferation and differentiation of many cell types in the periphery
[19-24], we employed in vivo BrdU fate mapping studies to determine if 5LO promotes proliferation
and/or differentiation in the CNS as well. We combine fate mapping studies and our in-house made 5LO
global knockout, Alox57". First, Alox5 was indeed knocked out in Alox5” mice (Figure 3A). To follow CNS
cells over time, BrdU was injected IP daily on 5 consecutive days beginning from the initiation of
developmental myelination at postnatal day 14 (p14) into Alox57" mice and WT littermate controls. CNS

regions were analyzed in 16 week old mice (schema in Figure 3B), when we detected that a majority of
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BrdU+ cells co-localized with Sox10. Due to the high concentrations of white matter and
oligodendrocytes in the corpus callosa (CC), we analyzed for BrdU, Sox10, and CC1 immunolabeling
primarily in the CC (Figure 3C). Images in Figure 3C are quantified in Figure 3D; in Alox5” mice, BrdU,
Sox10+BrdU+, and Sox10+CC1+BrdU+ populations were increased. This trend was significant in males
and in all mice, approaching significance in females, and significant when sexes were combined (Figure

3D).

CysLTs promote OL differentiation

Due to the differences in labeled mature oligodendrocytes identified in the Alox57- mouse, we assessed
the direct effect of LTs on oligodendrocyte development. In our in vitro model for oligodendrocyte
differentiation, we isolated mixed glia from neonatal rat pups, purified OPCs from these cultures,
proliferated them in growth media (GM), and differentiated them in differentiation media (DM). In our
model, after two days in DM, OLCs are predominately IM (identified by markers Sox10 and 04).

Following this, O4 levels decrease, while MBP levels increase as OLCs become more mature [25].

Incubation of OPCs with individual LTs added to differentiation media was initiated on day 0 (Schema in
Figure 2A). On day 2, vehicle and cultures with LTs added were analyzed for Sox10, MBP, and 04
immunocytochemically; representative images for vehicle and the LTD4 condition are shown (Figure 2B;
zoomed in images on the bottom). 04+MBP- (IM), O4+MBP+ (late IM), 04-MBP+ (MO) cells were
quantified as a percentage of Sox10+ cells. None of the LTs affected the frequencies of the O4+MBP-
(IM) population. Addition of all cysLTs increased frequencies of 04+MBP+ cells, but only addition of
LTD4 increased the frequency of the most mature OL subset, 04-MBP+ cells (Figure 2C), on day 2.

Interestingly, we detected no differences in populations when LTB4 was added (Figure 2C).
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Individual LTs were again added to DM, which is placed on OPCs on day 0, and on day 4 (Schema in
Figure 2A), cultures were immunocytochemically analyzed for Sox10, 04, and MBP (Figure 2D;
representative images for vehicle and LTD4 with zoomed in images on the bottom are shown). On day 4
in DM, increased frequencies of 04-MBP+ cells were detected when LTD4 was added. No other

differences were detected (Figure 2E).

All of these suggest that cysteinyl leukotrienes, but not LTB4, directly promote OLC differentiation.

Microglia are the predominant expressors of 5LO in the intact CNS

To determine the cellular source of 5LO and leukotrienes, we first fed WT mice a CSF1R antagonist,
PLX5622, formulated into rodent chow (PLX5622 diet; PD), and analyzed these mice compared to mice
that have received AIN56A (control diet; CD) (Schema in Figure 5A). We determined that microglia
(IBA1+ cells) were indeed depleted in CNS tissue in PD mice (Figure 5B), as well as their transcripts
(Cd11b expression) (Figure 5C) in PD mice. We measured Alox5 transcripts in whole spinal cord tissue,

and determined that when microglia are depleted, total Alox5 is depleted (Figure 5D).

Expression of CSF1R has been detected in many non-microglial cells such as neurons [26]. Due to the
lack of specificity of CSF1R to microglia, we also adopted a genetic method to deplete microglial 5LO.
CX3CR1 /Wty Alox5 fl/fl (microglia icKO) mice and Alox5 fl/fl (WT fl control) mice were injected with
tamoxifen daily for 5 consecutive days to induce Cre recombinase expression in CX3CR1-expressing cells.
CX3CR1 is expressed in both macrophages and microglia [27]; although macrophages in CX3CR1eER/Wty
Alox5 fl/fl mice initially lack 5LO, after 4 weeks, these macrophages are replaced with wildtype
progenitors. Conversely, microglia are long lived and remain depleted of Alox5. A portion each CNS
tissue from microglia ickO and WT fl control mice is collected for transcript analyses, and the rest of the

tissue is FACS sorted for CD11b+CD45lo (microglia) and CD11b-CD45- (all else; mostly astrocytes and
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OLCs) (schema in Figure 5E). Cre transcripts are determined to indeed be specific in the microglia icKO in
sorted microglia, and not detected in WT fl controls (Figure 5F). Alox5 is indeed detected to be ablated
in sorted microglia from microglia icKO mice but not in microglia from WT fl controls (Figure 5G). When
whole spinal cord tissue is analyzed for Alox5 expression, it was determined that total tissue Alox5 was

depleted when microglial Alox5 was depleted in microglia icKO mice.

This suggests that microglia are the predominant expressors of 5LO in the healthy CNS.

Working model

Our working model is shown in Figure 5, depicting that microglia control OL differentiation through
cysLTs, synthesized by 5LO at every timepoint. At p14, more OLCs have differentiated in Alox5*/* mice,
so fewer OLCs are labeled at this initial timepoint then in Alox57 mice. These OPCs proliferate within 3
days [28], then at an intermediate timepoint of developmental myelination, the population is more
mature, but still, there are fewer BrdU+ cells than in Alox57 mice. By the time of our analysis at p112,
the majority of OLCs have matured, reaching the endpoint of their differentiation. Of these, Alox5*/*
mice have fewer Sox10+CC1+BrdU+ cells, which were OPCs at the time of BrdU injection (Figure 5).

Future directions include analyzing other timepoints to validate our working model.
3.4 Discussion

Our novel study establishes microglia’s role in promoting oligodendrocyte differentiation through 5LO
and cysteinyl leukotrienes, and expands current understanding of 5LO activity in the intact CNS. This
work follows from previous studies that have proposed a link between cysLTs and oligodendrocyte
differentiation via GPR17 signaling [9, 29]. However, GPR17 is a more recently deorphanized receptor in
which it is both controversial whether it does [29] or does not [8] signal through cysLTs, and whether

GPR17 signaling promotes [30, 31] or impairs [7, 9, 32] OLC differentiation.
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As 5L0 has been reported to control cell proliferation [19, 21, 24] and differentiation [20, 22, 23], we
employed the BrdU fate mapping method to label CNS cells, and determine their fate over time. We
employed an in vivo model, with our lab-bred Alox5 global knockout mouse. We injected BrdU into
Alox57 vs WT controls for 5 consecutive days at p14. During this developmental timepoint, there are
high levels of cell proliferation in the CNS, thus maximizing labeling for fate mapping studies. From our
data at 16 weeks, we see that a majority of these cells co-localized with Sox10+ cells (oligodendrocytes),
specifically CC1+ mature oligodendrocytes. From this 16 week data, we have extrapolated a working
model. In our working model, fewer OPCs are available to be labeled in WT mice than Alox57" due to
earlier differentiation of WT OLCs; then OPCs divide at p17 [28]; then at an intermediate timepoint of
development, the OLCs in WT mice are more differentiated but fewer OLCs are labeled than in the
Alox57 mice. Lastly, at the timepoint of analysis, p112 (16 weeks), in which most OLCs have reached
their mature endpoint of differentiation, there are more labeled CC1+ OLCs. We propose that
5LO/leukotrienes promoted OLC differentiation. Interestingly, we did not detect large differences
between males and females in these experiments as expected. Other groups have shown that
androgens impair 5LO-FLAP assembly and thus decrease the efficiently of 5LO activity in male mice [33].
It is possible that the differences in LT production are not sufficient to cause downstream effects in OLC

differentiation.

Our in vivo results suggest that 5LO may affect OL differentiation. To determine if this is the case, we
employ an in vitro model, and add the products of 5LO, leukotrienes, onto differentiating primary OLCs
and demonstrated that cysLTs but not LTB4 directly promoted oligodendrocyte differentiation. We
determined that addition of cysLTs increased numbers of late IM and MO on day 2 in DM. On day 4 only
LTD4 increased MOs. Interestingly, cysLT signaling only affects OLC differentiation during the early stages.
In agreement with Ciana et al, cysLT (but not LTB4) signaling promotes OLC differentiation [29]. These

experiments demonstrated the direct effect of LTs on OLC differentiation, but siRNA studies to inhibit
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GPR17 are necessary to separate the effect of GPR17 and cysLTR1, which are both detected on OLCs [6,

29] and signal through cysLTs [6, 29].

Studies showing the effects of GPR17 inhibition are seemingly contradictory; these differences may be
because GPR17 and cysLT1R have similar affinities for cysLTs [29] and antagonists [34]. In fact,
montelukast and pranlukast are primarily known as cysLT1R antagonists, but bind to GPR17 as well [34].
Additionally, studies have shown that GPR17 may negatively regulate cysLT1R [35], but the effect of
cysLT1R on GPR17 is unknown. Thus, opposing phenotypes may arise from GPR17 vs CysLT1R signaling.
Although GPR17 silencing studies must be conducted in the future to isolate the effect of cysLT1R-cysLT
signaling from GPR17-cysLT signaling, our current in vitro model more accurately recapitulates an in vivo

model.

Lastly, GPR17 is expectedly highest in the corpus callosum in the CNS due to the corpus callosum
containing the highest concentration of white matter and of OLCs [36], which express GPR17 [9].
Similarly to our in vitro experiments, both CysLTR1 and GPR17 are present on OLCs in the corpus
callosum, and a GPR17 OLC conditional knockout is needed to assess whether LTs promote OLC

developmental differentiation via cysLTR1 or GPR17.

Next, we aimed to isolate regional differences in the 5LO pathway in the CNS. Interestingly, Alox5 was
expressed the highest level of transcripts in the spinal cord, and within the spinal cord, there are higher

levels of in females than males.

5LO expression has been reported in neurons [4] in the past, but more recent expression databases
suggest that glia [2, 5] are the main expressors of 5LO. Due to microglia’s manifold regulatory functions
with other cell types, we tested the contribution of microglial 5LO to total 5LO in the healthy CNS. We
first pharmacologically depleted microglia using the PLX5622 diet (PD). Although PD effectively depletes
microglia, CSF1R antagonism-mediated effects are not limited to microglial depletion, as shown in

several studies [37-39]. To minimize off-target effects, we employed the CX3CR1-CreERT2 tamoxifen-
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inducible Cre mouse model. However, this model relies on Cre recombinase efficiency, which as an
inducible enzyme model, is never at 100% [40]. In fact, our PD-mediated deletion of microglia is slightly
more effective in ablating total 5LO in the tissue. Although neither model accounts for the long-lived
tissue resident macrophages that contribute to LT production that may be depleted or become
functionally impaired by either model, these populations are negligible in size compared to microglial
populations. In agreement with previous RNAseq [5] and immunohistochemical staining [2] databases,

we determined that 5LO is mainly expressed in microglia in the healthy CNS.

As previously mentioned, microglial-OLC crosstalk has been well established [12, 14-16, 18], but the
mechanisms and molecules which facilitate these mechanisms have been poorly defined. In our study,
our results newly suggest that microglia mediate developmental OLC differentiation through the LT
pathway. Our results can be applied to solve the unmet therapeutic needs of neurodevelopmental

disorders, which arise from impairments in developmental myelination [41].
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Figure 1 5LO and its pathway components are detected and active during development and
adulthood. A) Leukotrienes are one of many products of lipid membrane metabolism by cytosolic
phospholipase, and belong to a family of lipid mediators with both pro-inflammatory and anti-
inflammatory functions known as eicosanoids. The 5LO-leukotriene pathway (cut-out on right) is
the most readily detected 5LO pathway, but not the only one. B,C) 5LO pathway component
transcripts Alox5ap, Alox5, and Pla2ga4 peak during developmental stages, but area expressed
during all stages of development and adulthood in the spinal cord (B) and the brain (C) D)
Leukotrienes production is detected during p14, and increased in adulthood in the spinal cord and
the brain. E-J) Alox5 (E and F) Lta4h and Ltc4s (G), Ltb4r1 (H), Cysitrl and Cysltr2 (1) and Gpr17 (J)

are expressed in the Ctx (cortex), CC (corpus callosum), Cb (cerebellum) and SC (spinal cord) in WT
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Figure 2 5 lipoxygenase promotes OL differentiation in vivo. A) Our in vivo model employs an Alox5
global knockout, Alox57- that was made by our lab. We validate that 5LO transcripts were indeed
ablated in our Alox57" mouse compared to wildtype littermate controls (Alox5**) B) Experimental
schema depicting that mice received daily IP injections of BrdU for 5 consecutive days at postnatal week
2. Mice were analyzed at 16 weeks. C) Representative images of middle sections of Alox57- (bottom) and
Alox5** (top) corpus callosa labeled with Sox10 (all OLCs), CC1 (mature OLCs), and BrdU (fate mapped

OLCs) D) Quantification of (C) in males, females, and males and females together
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Figure 3 Cysteinyl leukotrienes promote oligodendrocyte differentiation. A) Experimental schema
depicting our in vitro model of oligodendrocyte differentiation in which OPCs are proliferated in
growth media, and then differentiated in differentiation media into predominately immature OLCs
on day 2, and more mature OLCs on day 4. We add individual leukotrienes into the differentiation
media on the day of initiation of differentiation and analyze on day 2 (B, C) and day 4 (D, E). B, D)
Representative large images (top) and zoomed in cutouts (bottom) of immunocytochemical
analysis of 04 (less mature), MBP (more mature) and Sox10 (all OLCs) in vehicle and LTD4
conditions on day 2 (B) and day 4 (D). C, E) Quantification of immunocytochemistry in B and D for

day 2 (C) and day 4 (E)
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Figure 4 Microglia are the predominant expressors of 5LO in the intact CNS A) Experimental schema
depicting that wildtype mice were placed on control diet (CD) or PLX5622 diet (PD) for one week, and
then analyzed B) CD and PD mice were immunostained with IBA1 for detect microglia to determine
that microglia were indeed depleted in PD mice C) Whole spinal cord tissue was measured for Cd11b
transcripts to confirm microglial depletion. D) Total Alox5 expression was ablated when microglia
were depleted using PD in spinal cord tissue E) Alox5 fl/fl (WT fl control mice) and CX3CR1-Cre®™2x
Alox5 fl/fl (microglia icKO mice) were injected with tamoxifen IP daily for 5 consecutive days to
deplete Alox5 from all CX3CR1 expressing cells. After 4 weeks, WT macrophages from the bone
marrow have replaced Alox5”7- macrophages, leaving only Alox57 microglia in microglia ickO mice.
WT fl control mice and microglia icKO mice are then analyzed- a portion of each CNS is collected for
gPCR analysis, and a portion is FACS sorted into CD11b+CD45+ cells (microglia) and CD11b-CD45-
cells (all else; includes predominately oligodendrocytes and astrocytes) F) Cre is specific to sorted
microglia from microglia icKO mice only G) Alox5 is detected at significantly lower levels in sorted

microglia from microglia icKO compared to sorted microglia from WT fl controls. H) Alox5 transcript

is ablated in whole spinal cord tissue when microglial Alox5 is ablated
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Figure 5 Working model. Microglia make cysteinyl leukotrienes (cysLTs) through 5LO. At P14, Alox5
delays oligodendrocyte differentiation, so more OPCs are still proliferating and are labeled. At p17,
OPCs have proliferated. At p42, OLs are differentiating, and by p112, a majority of OLs have

differentiated into mature OLs.

Chapter 4: Conclusions and future directions

My dissertation work unites two areas focus in neuroimmunology: the mechanisms controlling EAE
disease, as well as controlling myelination by providing evidence of myeloid cells as major players in both.
To establish a foundation for Chapters 2 and 3, in Chapter 1, | review current literature to establish the
indispensable role of myeloid cells in multiple sclerosis and review current myeloid-cell targeting

therapeutics commercially available to treat MS.

| follow with evidence that a receptor expressed on almost all myeloid cells involved in EAE, CSF1R, is
involved in dictating the localization of inflammatory lesions. Although it was previously reported that
depleting microglia using PLX5622 diet is the source of the amelioration of EAE clinical symptoms, |
challenge that microglial depletion is not the only culprit. | show that when CSF1R is antagonized,
numerous other myeloid subsets are affected, and downstream of that, T cell polarization; downstream
of that still, | report that this causes cells to infiltrate primarily into the cerebellum. Thus, inflammatory
damage manifests less in motor deficits, and perhaps more in behavioral, psychological and other
neurological impairments, which evade detection using our conventional, motor-deficit-centric methods

of measuring EAE.

This study could benefit from future investigation. First, although | analyzed brain and spinal cord together
in my flow cytometric experiments, it would have been beneficial to show differences in numbers and

relative frequencies between the cerebellum and spinal cords in control diet vs PLX5622 mice. This will
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aid in our efforts to demonstrate the mechanism behind this. Also, a battery of behavioral tests are

needed to evaluate changes in cognitive and psychological function from cerebellar infiltration.

Furthermore, another particular area of interest in neuroimmunology is the control of OLC differentiation
and myelination. Some factors controlling differentiation have been identified, but more remain to be
discovered. Although another dogma of immunology is that leukotrienes from 5LO are inflammatory lipid
mediators involved in propagating allergy and asthma, in my work, | show that in the healthy CNS, 5LO is
involved in promoting OLC differentiation. Next, due to the previously documented role of primary
microglia conditioned media in promoting OLC differentiation, we investigate the effects of 5LO the
myeloid cell in the intact CNS, microglia. We conclude that microglial 5LO is controlling oligodendrocyte

differentiation.

Future studies could involve co-culturing primary microglia from Alox57 and WT mice with primary
oligodendrocytes from WT mice to show the direct effect of microglial 5LO on OLC differentiation in vitro.
We will establish a baseline of autocrine regulation of differentiation via OLC 5LO by co culturing primary
microglia from WT mice with primary OLCs from Alox57 and WT mice. It will also be necessary to conduct

siRNA studies to determine the receptor that LTs signal through to control OLC differentiation.

In conclusion, by challenging two dogmas in immunology, the role of CSF1R in EAE and the function(s) of
leukotrienes, my work has elucidated some previously unknown mechanisms for EAE and myelination.
This information may be translatable in the areas of neuroinflammation and developmental myelination

for therapeutic discovery.
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