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1. Abstract

Mononuclear phagocytes, key regulators of the immune system, have distinct functions
depending on the cues and signals received by their local microenvironment. In this study, we
used two transgenic mouse lines, which translate the expression of inducible Nitric Oxide
Synthase (iNOS) and arginase-1, two well established signatures enzymes of pro- and anti-
inflammatory macrophages, into distinct fluorescent signals. These enzymes are competing
for the same substrate, the essential amino-acid L-arginine and are in consequence suitable to
examine macrophage polarization states. Using a combination of these transgenic phenotype
reporter mouse lines and a spinal in vivo imaging approach, we investigated the modulation of
mononuclear phagocytes phenotype over time and in different compartments of the central
nervous system (CNS). To study the role of activated phagocytes in the context of
neuroinflammation, we induced experimental autoimmune encephalomyelitis (EAE), a widely
used animal model of multiple sclerosis (MS). We showed that, over the course of EAE,
INOS and arginase-1 expression correlate with pro- and anti- inflammatory phagocyte
phenotypes. While the expression of iNOS was predominant at early stages of the disease,
arginase-1 expression prevailed at later time point including during remission. We could also
observe a large proportion of macrophages expressing both markers over the course of the
disease. The transcriptional profile of these macrophage populations in the inflamed CNS

MINOS | \ViNOS/Arginase g MATESE colls as distinct populations, however with a

revealed
strongly overlapping transcriptome that is distinct from the classic M1-M2 phenotypes
observed in in vitro experiments. We could also appreciate the importance of the spinal cord
compartmentalization for the establishment of the phagocyte phenotype. The parenchyma was

significantly enriched in M™°® cells in comparison to the upper meninges where M*™¢ cells

were predominant. Overall, our data show that macrophages enter the CNS unpolarized via



the blood circulation and afterwards start to express iNOS either in the perivascular space, in
the meninges or directly in the parenchyma. We observed that polarized macrophages can
also adapt their phenotype over the disease course by switching in an unidirectional manner
from a pro- to an anti-inflammatory state (M™°° to M*™"%) However, intermediary stage
exists where both reporter proteins are expressed, thus suggesting the existence of a rather
continuous phenotype spectrum. Lastly, a fate tracking approach showed that roughly 1/3 of
arginase-1 expressing-macrophages appear de novo, thus revealing two different origins of
anti-inflammatory macrophages. Our work provides novel insights into the dynamics of
mononuclear phagocytes phenotypes during the formation to the resolution of

neuroinflammatory lesions in an animal model of MS.



2. Introduction

The immune system

The immune system offers a complex defense mechanism composed of an intricate network
of cells and tissues protecting the host against any invading pathogens, parasites and viruses.
In vertebrates, it can be subdivided into two categories: an innate arm of the immune system,
which provides fast responses induced by common danger signals and the adaptive immune
system with a slower response to danger, based on a highly specific antigen driven immune
response also referred to as acquired immunity. The principal actors of the innate immune
system are the epithelial barriers acting as a physical obstacle, dendritic cells, mast cells,
lymphocyte natural killer (NK) cells, phagocytic leukocytes such as monocytes, macrophages,
granulocytes (neutrophils, basophils and eosinophils); whereas the main effectors of the
adaptive immune system are T lymphocytes (mainly divided into cluster of differentiation
(CD) CD4" and CDS8" T cell) and B cells (Figure 1). Cells belonging to the innate immune
system also participate in the transmission of the information and the activation of the

adaptive immune system and vice versa.
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Figure 1: The innate versus adaptive immune response

The actors of the innate immune response are depicted on the left with granulocytes (basophil,
neutrophil, eosinophil), mast cell, natural killer, dendritic cell and monocyte-derived
macrophage while on the right are represented the actors of the adaptive immune response

with B cell, CD4" T cell, CD8" T cell. Scheme inspired from Dranoff, 2004.

Several lymphoid organs act as sentinels that control the production and actions of these
immune cells. These include the primary lymphoid organs (bone marrow and thymus) and the
secondary lymphatic tissues with the spleen, liver, lymph nodes, lymphatic vessels, skin and
tonsils. The primary lymphoid organs are responsible for the elimination of cells expressing
receptors with high affinity for auto-antigens, while the secondary lymphoid organs provide
an environment for possible interactions between immune cells and the induction of an

immune reaction. For example, T cell progenitors are generated in the bone marrow and
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migrate toward the thymus to undergo a maturation process corresponding to the verification
of expression (positive selection) and the specificity of their T cell receptor (TCR) (negative
selection). This TCR specificity will be responsible for the recognition of Major
Histocompatibility Complexes (MHC class I for CD8" T cells and class II for CD4" T cells)
presented by professional antigen presenting cells such as monocytes/macrophages, dendritic
cells and B-lymphocytes. MHC are cell surfaces proteins that bind antigens derived from

pathogens and present them on the cell surface in order to be recognized by T cells.

Cells from the innate and the adaptive immune system have complementary roles during
homeostasis and pathology. A deregulation of any of these protective mechanisms may indeed
lead to autoimmune-, inflammatory-, metabolic-, allergic- diseases or cancer. Deregulations

leading to an autoimmune disorder such as multiple sclerosis will be discussed subsequently.

The immune system in the CNS: immune privilege

Sir Peter Medawar proposed the concept of immune privileged-organs in 1948 after
performing heterotopic skin tissues grafts to the brain and to the anterior chamber of the eye
in rabbits that did not induce a rejection for an extended period (Medawar, 1948). More
precisely, immune privileged-organs can tolerate the presence of immune-stimulatory
antigens without the initiation of an inflammatory immune response. Among these are the
CNS, testis, eyes, placenta and the fetus during pregnancy. The concept of immune privilege
has been considered to be an evolutionary adaptation mechanism to ensure the preservation
and defense of vital organs, fundamental for survival during development and reproduction. If
we take individually each of these organs, we can understand better why they could be the
subjects to such peculiar protection. The eye is protected against inflammatory milieus that

could be deleterious for the vision. The placenta and fetus acquired antigens inherited from
8



the father that could be recognized by the mother’s immune system. Thus, their protection is
indispensable to avoid a miscarriage. For a long time, it was believed that these organs were
isolated from the others and also from the immune system by actual physical barriers.
Nonetheless, it was demonstrated later that antigens and immune cells can also access

immune-privileged organs.

If we look more closely at the case of the CNS, and its crucial role as information-processing
centre strongly interconnected with other organs, we can understand how fundamental it is to
protect it from the consequences of inflammation-associated damage. The CNS must maintain
its specific homeostasis even in response to potential changes in its microenvironment
involving for example a change of pH or the presence of pathogens in the blood circulation
(Prinz & Priller, 2017). For a long period, it was assumed that the CNS was separated from
the other organs and the immune system thanks to substantial barriers such as the Blood Brain
Barrier (BBB), the blood-cerebrospinal fluid (CSF) barrier composed of epithelial cells and
tight junctions and leptomeninges, in order to prevent the entrance of peripheral immune cells
coming from the circulation (Shechter et al, 2013; Engelhardt et al, 2017). However, several
recent findings led to a re-evaluation of the concept of the CNS immune privilege and show
that different immune cells (e.g. memory T cells coming from the periphery) can cross an
intact BBB and continually recognize and eliminate malignant or virally infected cells, this

process being called immune surveillance.

Meninges

The CNS is surrounded by a layered structure called meninges, which protect the brain and
the spinal cord and contain immune cells that fulfill a surveillance role. The meninges are
made up by the dura mater (outer part), the arachnoid (middle part) and the pia mater (inner

part) with the latter two collectively called leptomeninges (Figure 2). In between the pia
9



matter and the arachnoid mater is located the subarachnoidal space that contains the CSF,
originally secreted by the choroid plexus. The CSF directly drains antigens, cytokines,
hormones and neurotransmitters via the dural lymphatic vasculature to reach the deep cervical
lymph nodes, eventually allowing for peripheral presentation of CNS antigens. However, only
few CD4'T cells and monocytes are actually found in the CSF under physiological
conditions. In several traumatic and inflammatory pathologies of the CNS, hematopoietic

cells can enter the CNS and exert pathological functions.
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Figure 2: Scheme representing the spinal cord and its meninges
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Figure 2: Scheme representing the spinal cord and its meninges

The different meninges layers are depicted on this scheme (pia mater (yellow), arachnoid
(purple) and dura mater (orange)). The subarachnoid space is located between the arachnoid
and pia mater while the subdural space is located between the dura mater and arachnoid.
Vasculature is represented in red and blue. Scheme inspired from spinal cord anatomy and

Pearson education.

Several hypotheses exist regarding the leukocytes invasion paths (e.g. of T cells) into the
CNS. One suggests the entrance via the BBB, or an invasion of the CSF via the choroid
plexus and the leptomeningeal vessels (Schwartz et al, 2014; Shechter et al, 2013). Another
possibility of leukocytes invasion would be their entrance via the vasculature in order to reach

the perivascular space and subsequently the parenchyma (Reboldi et al, 2009).

Mononuclear phagocytes: origins and functions

Two fundamental phases of hematopoiesis exist during embryogenesis: primitive
hematopoiesis occurring in the yolk sac is responsible for the development of erythromyeloid
progenitors and definitive hematopoiesis necessary for the generation of hematopoietic stem
cells (HSCs) in the aorta-gonads-mesonephros (Ginhoux et al, 2014; Perdiguero et al, 2016).
Immediately after establishment of blood circulation, around embryonic day 10.0-10.5
(E10.0-10.5) of mouse development, progenitors present in the yolk sac and HSCs can
migrate and colonize the fetal liver that become the main hematopoietic site after E11

(Cumano et al, 2007; Kumaravelu et al, 2002; Ginhoux et al, 2016).
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Microglial cells originate from primitive yolk sac during embryogenesis. They colonize the
CNS around approximately E9.5-10.5 (Ransohoff, 2016). After initial colonization of the
respective organs, microglial cells cease to be produced and are then maintained by local self-

renewal (Ajami et al, 2007).

HSCs give rise to progenitors and indirectly to blood monocytes. Under inflammatory
conditions, depending on the stimulus provided by the local tissue microenvironment, blood
monocytes (representing 4-10% of the blood nucleated cells) are able to extravasate through
the endothelium into the tissues and differentiate into tissue resident macrophages,
inflammatory macrophages or monocyte-derived dendritic cells (Figure 3). The tissue
resident macrophages, inflammatory macrophages and monocyte-dendritic cells represent the
mononuclear phagocyte system that was first introduced by Van Furth and Zanvil Cohn in
1968 and that is primarily accountable for antigen presentation, phagocytosis and cytokine

secretion.
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Figure 3: Mononuclear phagocyte system

Mononuclear phagocyte system (Inflammatory macrophage, tissue-resident macrophage and
monocyte derived cells) arises from blood monocytes that are continuously produced during
hematopoiesis and by local self-renewal. Abbreviations: M-CFU: macrophage colony forming
unit, MDP: macrophage dendritic precursor, CDP: common dendritic cell progenitors, ProDC:
pro dendritic cells, Lymphoid DC: Lymphoid dendritic cells. Scheme inspired from Lawrence

et al, 2011; Ginhoux et al, 2014 and Mishra & Yong, 2016).
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Differentiation into tissue resident macrophages is only possible due to the expression during
early development of the transcription factor Runt-related transcription factor 1 (RUNXI) in
HSC. This induces the expression of PU.1 and macrophage colony stimulating factor 1
receptor (CSF1R), a tyrosine kinase receptor needed for macrophage differentiation (Olson et
al, 1995; Nerlov et al, 1998; Mishra & Yong, 2016; Goldman et al, 2016; Greter et al, 2013).
CSF-1R has indeed a main role in the development of tissue resident macrophages. A lack of
CSF-1R changed the numbers of macrophages at steady state and also during inflammation
(Murray et al, 2016; Hamilton et al, 2013; Lavin et al, 2015; Auffray et al, 2009). Other
cytokines also have a major role in the differentiation of monocytes into macrophages such as
Macrophage Colony Stimulating Factor (M-CSF), the ligand of CSF-1 receptor, necessary for

macrophage proliferation and survival (Yoshida et al, 1990).

Tissue resident macrophages have heterogeneous functions depending on their tissue location
and their anatomical niche (Amit et al, 2016). They can participate in iron processing and
clearance of cells debris by degrading the hemoglobin of senescent erythrocytes to perform

erythropoiesis (Davies et al, 2013; Soares & Hamza, 2016).

Mononuclear phagocytes have major roles during homeostasis and pathology such as
protection and defense, antigen presentation, tissue development and homeostasis, tissue
reconstruction, phagocytosis of cell debris and wound healing (Campbell et al, 2013). During
CNS homeostasis, a subset of macrophages located in the perivascular space is also able to
detect damage-associated molecular patterns (DAMPS) and pathogen-associated molecular
patterns (PAMPS). Upon inflammation, macrophages present in the perivascular space, in the
meninges and in the choroid plexus can in principle regulate the entrance of immune cells

(Taylor et al, 2005; Prinz & Priller, 2017).
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Mononuclear phagocytes: classification

Classification of macrophages in the CNS has been for a long time a matter of debate. These
cells can be separated based on different parameters: according to their location, their
morphology and activation status, their chemokine receptors and ligands expression or

depending on their polarization status.

CNS macrophages can be located in the parenchyma, in the perivascular space, in the
meninges (both dural and leptomeningeal ones) and in the choroid plexus (Goldmann et al,
2016; Prinz & Priller, 2017). It has been shown that, depending on their position; these cells

are able to play different roles in a steady state and during inflammation (Polfliet et al, 2002).

Moreover, they can also be categorized according to their morphology, which is dependent on
their activation status. For instance, in a resting state, microglia appear as highly ramified
cells (Ransohoff, 2016) while upon inflammation they acquire a more amoeboid morphology

due to their activation.

Another way to characterize monocyte-derived macrophages is to differentiate them
according to the expression of chemokines receptors and ligands (Shi & Pamer, 2011).
Monocytes present in the blood can be classified into inflammatory or patrolling monocytes
depending on the expression levels of two key receptors: the CC-chemokine receptor (CCR) 2
(CCR2) and the CX3C-chemokine receptor 1 (CX3CR1). Among other markers, both subsets
of monocytes express CD11b (also called integrin alpha M), F4/80, CD68 and CDI115 (M-
CSF receptor necessary for macrophage differentiation). In mouse, circulating monocytes are
CCR2"Y CX3;CR1"E" Ly6C"™ and patrol the lumen of blood vessels while the inflammatory
monocytes are CCR2"E" CX3;CRI1"™™ Ly6C™#" and constitute approximately 2-5% of
circulating leukocytes (Shi & Pamer, 2011). It has been shown that in case of CCR2

deficiency, the proportion of Ly6C™®" decreases in the inflamed tissue demonstrating a major
15



role of CCR2 in the trafficking of monocytes (Kurihara et al, 1997; Ajami et al, 2011).

Notably, in steady-state Ly6c™e"

monocytes can re-enter the bone marrow and change their
lineage phenotype becoming patrolling monocytes (Shi & Pamer, 2011; Gundra et al, 2017).
The recruitment of Ly6C™®" inflammatory monocytes is possible via two specific ligands CC-
chemokine ligand (CCL) 2 and CCL7 that are both induced during inflammation (e.g.
bacterial infections). Depleting either CCL2 or CCL7 strongly affects CCR2 monocytes
recruitment thus showing a crucial role for these chemokines in monocyte trafficking (Jia et
al, 2008). Interestingly, some of the chemokines receptors expressed by inflammatory
monocytes such as CCR1 and CCRS5 have also been shown to be involved in inflammatory
diseases such as MS or atherosclerosis respectively (Charo et al, 2006). Otherwise, the
recruitment of patrolling monocytes is mediated via the CX;5.C chemokine ligand (CX5CL1,
also called fractalkine). The absence of CX3;CR1 leads to a reduced numbers of blood
circulating monocytes but also leads to a diminished recruitment of inflammatory monocytes
(Auffray et al, 2009). Patrolling monocytes can in principle move toward to the site of

infection and activate the inflammatory monocytes via the release of Tumour Necrosis Factor

(TNF) and chemokines (Auffray et al, 2007).

Human monocytes express a different set of markers and are usually classified depending on
the expression of CD14 and CD16. In mouse, blood-circulating monocyte are CCR2'Y
CX3;CR1"&" Ly6C"™ and correspond to CD14™ CD16" intermediate monocytes and CD14"
CD16 ™" non-classical monocytes in humans. Inflammatory monocytes in mouse are CCR2"¢"
CX3;CRI1"™ Ly6C" and correspond to CD14™" CD16  classical monocytes in humans (Shi &
Pamer, 2011). Even though the interleukins (IL) are different between mice and human, their
functions in the immune system as inflammatory and patrolling monocyte are assumed to be

rather comparable in between species (Belge et al, 2002; Shi & Pamer, 2011).
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Monocyte movement: Rolling, attachment, crawling and diapedesis

The function of the immune system necessitates blood leukocytes and in particular monocytes
to constantly traffic throughout the circulation and cross the endothelium by extravasation, a
process called diapedesis. Monocyte extravasation out of the circulation and recruitment to
the CNS are tightly controlled, multistep processes requiring different adhesion molecules to
roll, adhere and transmigrate. More specifically, in order to roll and attach to the endothelium
Ly6C™ monocytes need L-selectin, P-selectin glycoprotein ligand 1 (PSGL1) (Leon et al,
2008), macrophage receptor 1 (MAC1), lymphocyte function associated antigen 1 (LFA1),
platelet endothelial cell adhesion molecule (PECAM1) and very late antigen 4 (VLA4) (Shi et
Pamer, 2011). While Ly6C"" monocytes require LFA1 in order to adhere and crawl into the
vascular endothelium. Transmigration of leukocytes through the endothelium is possible via
the extension of pseudopodia -membrane projections- in order to pass through endothelium

gaps thanks to the interaction of PECAM proteins with the endothelial cells.

M1-M2 polarization of phagocytes

Once activated, mononuclear phagocytes can be classified depending on their polarization
status. An established bipolar dogma categorizes activated phagocytes in pro- or anti-
inflammatory cells (also called M1 or M2, respectively) (Mills et al, 2000; Martinez et al,
2015; Murray & Wynn, 2011; Lawrence & Natoli, 2011; Martinez & Gordon, 2014). While
M1 cells have been associated with the initiation of the disease or injury, M2 macrophages
have been linked to the resolution of an inflammation (Kigerl et al, 2009; Sica et al, 2015;

Kroner et al, 2014; Arnold et al, 2007).

Many studies have so far relied on this dichotomy, either based on human data at a fixed time

point or on in vitro and in situ studies. However this classification has to be considered
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carefully since it denotes a static view of the mononuclear phagocyte polarization, which does
not depict the intrinsic heterogeneity of the macrophage populations. The final polarization of
these cells derives from an elaborate integration of molecular signals derived from the local
microenvironment; also, the presence of exogenous pathogens such as bacteria, several danger
signals and epigenetic modulations have been shown to be involved in the complex

mechanism of macrophage polarization (Murray et al, 2017; Mikita et al, 2011).

Pro-inflammatory macrophages or classically activated macrophages, induced in vitro by the
presence of lipopolysaccharides (LPS) or interferon gamma (IFNy) are described in the
literature as M1 macrophages (Figure 4). M1 macrophages have a high capacity of presenting
antigen associated with increased MHC-II expression and high microbicidal activity with the
production of reactive oxygen species (e.g. nitric oxide NO). M1 macrophages take their
names from their implication in the activation of T helper 1 (Thl) cells while anti-
inflammatory macrophages activate T helper 2 (Th2) cells and express low amount of pro-
inflammatory cytokines (e.g. IL-1, IL-6 and TNF) (Mantovani et al, 2004) and promote e.g.
parasite clearance and tissue remodeling. However so far no study has shown the in vivo
dynamics underlying the pro- and anti- inflammatory phenotype.
Several types of anti-inflammatory macrophages have been described: M2a (or alternatively
activated macrophages) induced by the presence of IL-4 or IL-13, M2b or type 2 activated
macrophages induced by LPS and M2c or de-activated macrophages induced by IL-10 or

Transforming growth factor  (TGFp) (Stein et al, 1992) (Figure 4).
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Figure 4: Pro- and anti-inflammatory macrophages fate

Pro-inflammatory macrophages are described as classically activated macrophages or M1
induced by lipopolysaccharide (LPS) or interferons y (IFNy). Anti-inflammatory macrophages
are classified as alternatively activated macrophages or M2a induced by interleukin 4 (IL-4)
and interleukin 13 (IL-13); Type 2 activated macrophages or M2b induced by LPS and
deactivated macrophages or M2c induced by IL-10 and transforming growth factor § (TGFp).

Scheme inspired from Martinez et al, 2014.
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This classification has encountered a lot of criticism (Ransohoff, 2016; Davies et al, 2013), as
it oversimplifies the in vivo situation; conversely, many have proposed that the M1/M2
dichotomy can only represent the extreme phenotypes of a large, highly heterogeneous
macrophages polarization spectrum (Biswas & Mantovani, 2010; Mosser et al, 2008; Murray

et al, 2014).

Pro-inflammatory macrophages and anti-inflammatory macrophages shared common
macrophages markers such as the adhesion molecule F4/80, CD11b, Ibal, but also possess
specific markers differently regulated in each type of phagocyte phenotype. On the one hand,
pro-inflammatory macrophages express specific markers described in in vitro, in situ and in
both rodents and humans such as inducible nitric oxide synthase (iNOS), p22phox a subunit
of the enzyme NADPH oxidase involved in the formation of reactive oxygen species,
Interferon y (INFy), Interleukin 1 receptor (IL-1R), Tumor necrosis factor (TNF) (Kroner et
al, 2014), STATI1, NFkB that activates Toll Like receptors (TLRs), the transcription factor
IRFS5, high production of IL-12, IL-23 (Verreck et al, 2004) and Granulocyte macrophage

colony stimulating factor (GM-CSF) (Spath et al, 2017) (Figure 5).

On the other hand, specific markers of the anti-inflammatory macrophages include arginase-1,
YMI1 (chitinase-like 3); a mannose receptor expressed by non-parenchymal macrophages
CD206 (also known as Mrcl; Galea et al, 2005; Goldmann et al, 2016), activin A (Ogawa et
al, 2006; Ahn et al, 2012; Miron et al, 2013), resistin-like-a. (Retnla), transcription factors
such as STAT6 inducing the expression of Peroxisome proliferator-activated receptor,
(PPAR) y PPARY, PPARS, IRF4, the histone demethylase JMJD3 (regulating arginase-1,
YMI1, IRF4 and Retnla expression) and C/EPBf (controlling  arginase-1
expression); cytokines IL-4, IL-13 (Guglielmetti et al, 2016); IL-4 receptor (IL-4R);
Lysosomal acid lipase (Lipa) involved in the lipid metabolism and lysosomal adaptor protein

Lamtor] associated with lysosomal vacuolar type H” ATPase (Kimura et al, 2016). Also, it
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has been demonstrated that anti-inflammatory macrophages produce IL-10 in a higher amount
compared to pro-inflammatory macrophages thus leading to stronger anti-inflammatory cell
skewing (Lang et al, 2002; Murray et al, 2016). Moreover, it has been shown that in order to
have an anti-inflammatory macrophage, the presence of glutamine is crucial while it is not
necessary for a pro-inflammatory phenotype (Jha et al, 2015; Murray et al, 2016). Finally, a
lipoprotein lipase CD36 has been considered as an M2 marker that affects the metabolism of
fatty acid uptake, the involvement of mitochondrial oxidative phosphorylation and the

activation of IL-4 pathway (Huang et al, 2014) (Figure 5).
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Figure 5: M1-M2 dichotomy

Pro- and anti- inflammatory macrophages are depicted in red and green respectively
according to the M1-M2 paradigm. Can be found above: membrane receptors, cytokines,
cytokines receptors, chemokines, chemokines receptors, effectors molecules, enzymes and

transcriptions factors involved in this dichotomy. Scheme inspired by Murray et al, 2014.

Among the different M1/M2 marker genes, iNOS and arginase-1 deserve a particular
attention. These signature enzymes for pro-inflammatory or anti-inflammatory phagocytes,
respectively, compete for the same substrate, the essential amino acid L-arginine (Bronte et al,
2005). When iNOS is present, L-arginine is converted into L-citrulline and induces the
production of reactive oxygen and nitrogen species with peroxynitrites (ONOO-) produced as
a by-product of NO and O2", whereas when arginase-1 is produced, it triggers the expression
of urea and L-ornithine that will ultimately lead thanks to the ornithine decarboxylase to the
production of polyamines and L-proline involved in cell growth, collagen and extracellular
matrix production respectively (Bronte et al, 2005; Kreider et al, 2007; Bogdan, 2015)

(Figure 6).
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Figure 6: L-Arginine pathway

Arginase-1 and inducible nitric oxide (INOS) are two enzymes competing for the same
substrate, the essential amino-acid, L-arginine. When arginase-1 is expressed, urea and L-
ornithine are produced. This last induces the formation via ornithine cyclodeaminase of
polyamines responsible for cell proliferation and via ornithine aminotransferase the formation

of L-proline involved in collagen and extracellular matrix formation. In contrast, when iNOS
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is expressed, it induces the expression of L-citrulline and nitric oxide (NO) that generates
peroxynitrites (ONOO-) produced as a by-product of NO and O2". Scheme inspired from

Bronte et al, 2005.

Involvement of mononuclear phagocytes in neurological diseases

Mononuclear phagocytes play a major role in many neurological disorders such as
Alzheimer’s disease, frontotemporal dementia, Parkinson’s disease, and ischemic stroke.
Alzheimer’s disease is a progressive neurodegenerative disorder characterized by the
aggregation of amyloid 3 protein, neurofibrillary tangles or aggregates of phosphorylated tau
protein leading to memory impairment; while frontotemporal dementia (FTD) is a progressive
rare disorder defined by neuronal loss mainly in the frontal and temporal lobes of the brain,
leading to dementia. Genome-wide association (GWAS) studies on Alzheimer’s and FTD
patients revealed several risk variants in loci associated with an increase susceptibility of
developing the diseases. These risk variants were associated with the transmembrane receptor
of myeloid cells CD33 -also called Siglec-3- and the tyrosine kinase binding protein
(TYROBP) -also called DAP12-, both found in myeloid and lymphoid cells (Raj et al, 2014;
Haure-Mirande et al, 2017). TYROBP protein has been shown to be essential for macrophage
programming to induce a fusion competent state. (Helming et al, 2008). TYROBP is also able
to form a complex with Triggering Receptor Expressed on Myeloid cells (TREM?2) that has
an important role in the degradation of tissue debris and amyloid plaques phagocytosis in
Alzheimer’s disease. Also, TREM2 mutations (e.g. TREM2 T66M missense mutation) have
been linked to an increase susceptibility of developing Alzheimer’s disease and FTD

(Yaghmoor et al, 2014).
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Furthermore, IL-12 and IL-23 pro-inflammatory cytokines production can have an impact on
the severity of Alzheimer’s disease. In its corresponding mouse model, the absence of both
IL-12 and IL-23 induced a decrease of the disease pathology with a lower clinical impairment
(Vom Berg et al, 2012). Thus, macrophages have major implications in Alzheimer’s disease
severity due to one of the transmembrane receptor involved in the clearance of amyloid

plaques and the generation of pro-inflammatory cytokines aggravating the disease course.

Parkinson is a neurodegenerative disorder affecting the CNS that leads to severe motor
defects (e.g. walking and movement impairment). The main characteristics of the disease are:
death of dopaminergic neurons located in the substantia nigra and presence of Lewi bodies
corresponding to the accumulation of alpha-synuclein proteins. Moreover, abnormal
accumulation of iron has been observed in the CNS of Parkinson’s patients but also in
Alzheimer’s patients. The CNS iron overload has been hypothesized to accelerate free

radicals formation and neuronal death (Logroscino et al, 1997).

As mentioned previously, macrophages have a crucial role in iron processing and more
specifically in its recycling during homeostasis. In steady state, this mechanism 1is tightly
regulated to prevent an iron overload that will increase the ROS production and may directly
have consequences on the CNS. Thus, macrophages may have an implication in the abnormal
accumulation of iron observed in the CNS of patients suffering from Alzheimer’s disease and

Parkinson’s disease.

In ischemic stroke (that accounts for the majority of strokes), the role of inflammatory cells,
in particular microglia and peripheral monocytes/macrophages, has been extensively studied.
Indeed, after an ischemic event, the level of reactive nitrogen species produced by

macrophages is highly increased and contributes to the disruption of the BBB.
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Importantly, macrophages generate pro-inflammatory cytokines such as interleukin-1 f§ and

Tumor necrosis factor (TNF) alpha TNFa, that together increases the disease severity

(Clausen et al, 2008; Prinz & Priller, 2017).

Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS presumably discovered
by St Lidwina of Schiedam in the 14" century and described for the first time anatomically by
Jean-Martin Charcot in the 19" century. MS is a disorder that affects more than two million
individuals worldwide, with a higher prevalence in young adults between the ages of 20 to 35.
Women are two to three times more affected than men. The chronic inflammation in MS leads
to major neurological deficits such as sensory, cognitive and motor defects (Hauser &
Oksenberg, 2006; Hemmer et al, 2002; Compston & Cole, 2008). The hallmark of MS is the
inflammatory plaque that is histopathologically characterized by demyelination, axonal
degeneration and infiltrating immune cells in the brain and/or the spinal cord with BBB
leakage. Even though MS has been first characterized by the presence of lesions located in
white matter of the CNS of MS patients, it has also been shown recently -thanks to the
advances of magnetic resonance imaging (MRI)- that disease also induces diffuse grey matter
pathology in many patients, which is associated with worsened severity and clinical outcome.
MS can take different clinical forms: Clinically isolated syndromes describing patients with a
single relapse in whom dissemination over time and space have not been demonstrated,
Relapsing-Remitting MS (RRMS) that affects nearly 85% of the patients and is defined by
recurrent neurological followed by partial or complete clinical recovery; Primary Progressive
MS (PPMS) associated with a constant progression and no period of recovery affecting 10-
15% of patients; Progressive-Relapsing MS (PRMS) characterized by a continuous evolution

of the disease with acute attacks with or without subsequent recovery. PRMS 1is associated
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with worsened neurological functions and disability. In a large proportion of patients with
RRMS, the disease progresses into a secondary progressive phase (SPMS) and defined by a
constant progression of neurological symptoms. While focal inflammation occurs at every

stage of the disease, this appears less prominently in chronic stages.

The true etiology of MS remains unknown; however, over the years many potential causative
factors have been discovered. MS is a multifactorial disease thought to depend on the
interaction between a genetic susceptible background, timed activation of the immune system

and several environmental factors.

More than 200 candidate genes have been identified with genome wide association studies of
MS susceptibility. These include certain HLA loci, Tumour necrosis factor receptor 1
(TNFR1), IL-12, interferons and Nuclear factor k B (NFkB) (Tasan et al, 2015; Dendrou et al,
2015). The genetic data obtained have been used to create a human interactome network
representing the map of biologically pertinent molecular interactions in order to facilitate
cellular representation (Menche et al, 2015; Dendrou et al, 2015). To be more accurate, an
interactome depicts a network of all molecular interactions (e.g. protein-protein interaction) in
a single cell that can be used to infer indirect interaction among genes. Candidate genes were
selected due to their functional relevance and their polymorphism associated with the disease.
Two genes have been identified with a very high association to MS: HLA-A*02:01 and HLA-

DRB1*15:01 variants (Hartmann et al, 2014; Dendrou et al, 2009).

Among all the environmental risk factors, one of the most studied is the Epstein-Barr virus
(EBV). An increased level of antibodies against EBV has been shown to be associated with a
higher risk a developing MS. Hypothetically, infection by EBV may trigger the citrullination
of proteins or peptides such as myelin basic protein (MBP) during antigen processing (Yang
et al, 2016); alternatively, EBV is thought to activate myelin-reactive CD4'T cells through a

mechanism called cross-reactivity. Interestingly, the absence of EBV infection has been
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shown to be associated with a low risk or even an absence of MS development (Pakpoor et al,

2013; t’Hart et al, 2016).

In addition several other environmental factors have been argued to be involved in the
pathogenesis of MS. Among these are low levels of the protective vitamin D, smoking
(Hedstrom et al, 2009) and a former cytomegalovirus infection (Vanheusden et al, 2015;

Vanheusden et al, 2017).

One of the central unresolved questions regarding the pathogenesis of MS is whether the
disease derives from an initial neurodegenerative mechanism (inside-out theory) or from a
peripheral inflammation leading to autoimmune CNS damage (outside-in theory). In the
inside-out hypothesis, the first event to take place appears to be the death of oligodendrocytes
followed by activation of macrophages and microglia. In addition, antigens leakage makes
their recognition possible bystander activated autoreactive T or B cells (Locatelli et al, 2012;
Peterson et al, 2007). This process will involve the mimicry of self-antigens that corresponds
to the similarity/homology of a structure (e.g. same amino acid sequence) or functions
between a self-antigen of the host and a pathogen that may trigger an immune cross-reaction
response against the self-antigen. Damaged axons and myelin are phagocytosed and antigens
presented to autoreactive T and B cells leading to a secondary autoimmune response against
myelin sheath. The alternative theory of outside-in corresponds to first an activation in the

periphery of the immune system followed by an invasion of immune cells into the CNS.

Histological hallmarks of MS

Oligodendrocytes and their insulating myelin sheaths are the main targets of the chronic
inflammation observed in MS patients. Myelin is a lipid-enriched biological membrane

surrounding neuronal axons and allowing fast saltatory conduction of the axon potential. The
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process of myelination occurs both in the CNS and in the peripheral nervous system (PNS),
with myelin being generated by oligodendrocytes and Schwann cells respectively (Nave et al,
2014). In MS, demyelination can occur both in the white and grey matters and lesions can
vary in size, shape, location and are often associated with different degrees of
oligodendrocytes loss. As stated previously, demyelinating lesions in the grey matter are

associated with a poor disease prognosis.

Axonal degeneration is another important histological hallmark of MS. Recent studies have
suggested that release of reactive oxygen and nitrogen species (ROS/RNS) by macrophages
and microglia during lesion formation brings about focal axonal damages followed by axonal
degeneration and mitochondrial fragmentation. This mechanism has been referred to as focal
axonal degeneration (FAD) and has been described both in a mouse model of MS as well as in
acute lesions from MS patients (Nikic et al, 2011). This study also reveals that demyelination
is not necessary for axonal degeneration. In addition, axonal damage can be reversible. In this
model, extrinsic application of ROS/RNS on the spinal cord triggers focal axonal
degeneration, and removal of these reactive species can conversely induce axonal recovery.
Although in steady state, physiological levels of reactive species are needed for several
biological processes, in experimental autoimmune encephalomyelitis (EAE) and in MS, high
concentrations of ROS and RNS can be responsible for the induction of an oxidative stress
and also lead to oligodendrocyte damage at an early phage of MS (Haider et al, 2011). The
main reactive species released by activated macrophages and microglia are nitric oxide (NO)
produced by iNOS and superoxide (0,) produced by NADPH oxidase. Former studies
revealed that treating EAE with iNOS inhibitors ameliorate the course of the disease and
neurological symptoms (Okuda et al, 1998). The extent of axonal damage is correlated with
an increase of macrophages, microglia and CDS8" T cells but however not with TNFo and

iINOS mRNA in biopsies of MS patients (Bitsch et al, 2000; Selma;j et al, 1988; Mitrovic et al,
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1994). It has also been postulated that an important amount of mitochondrial DNA mutations
could lead to mitochondrial injury and increased production of reactive species (Campbell et
al, 2012, Haider et al, 2011). This would account for an energy production failure and

misfolding of proteins in the endoplasmic reticulum (ER) (Dendrou et al, 2015).

T lymphocytes

Finally, the most important pathological hallmark of MS is inflammation in the form of
infiltrating immune cells associated with leakage of the BBB. It has been extensively
demonstrated that autoreactive T cells are able to target CNS auto-antigens and more
precisely myelin proteins (Fletcher et al, 2010). T cells can target several myelin proteins
including myelin oligodendrocyte glycoprotein (MOG), proteolipid protein (PLP) or Myelin
Basic Protein (MBP). These autoreactive T cells can be found in the CNS at every stage of the
disease. The balance between Thl and Th2 cells play a major role in the development of MS
pathology and EAE. While Thl cells have been associated with the initiation of lesions, Th2
cells have been linked to disease recovery. Indeed, Thl cells are able to release pro-
inflammatory cytokines such as INFy and TNFa. In MS lesions and in patients CSF,
increased level of TNFa has been found. Moreover, recent studies have reported an altered
number of regulatory T cells (CD4" Ty, and CD8" T,c) in the periphery of patients with MS

compared to controls (Feger et al, 2007; Dendrou et al, 2015).

B lymphocytes

In contrast to T cells, the numbers of B cells infiltrating the CNS fluctuate over the disease
course and are located in the CSF, meninges and the parenchyma. Besides, the antibodies

produced can be found in the CSF and reach the deep cervical lymph nodes. Due to the recent
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advances of high throughput sequencing, different clones of B cells could be characterized in
the CSF of MS patients (Obermeier et al, 2012). Furthermore, autoantibodies have been
shown to participate in the formation of lesions with the presence of IgG in lesions

(Lucchinetti et al, 1996).

Macrophages and microglia

While, it has been established that CNS autoreactive T cells trigger inflammation,
demyelinated lesions and focal axonal degeneration, the role of myeloid cells has for a long
time not been clearly appreciated in the pathology of MS, even though monocyte-derived

macrophages and microglia play a major role in the initiation and development of the disease.

Macrophages can be considered as a double edge sword, as two types of macrophages exist:
one the one hand pro-inflammatory macrophages activating Thl cells and found during
relapses and on the other hand anti-inflammatory monocytes-derived macrophages activating

Th2 cells and present during remission.

Macrophages and microglia are the main cellular infiltrates in MS lesions and in EAE; and the
main producers of reactive oxygen species in MS lesions (Bjartmar et al, 2003; Trapp et al,

1998; Hauser et al, 2006; van Waesberghe et al, 1999).

As mentioned previously, reactive species can lead to axonal degeneration, mitochondrial and
oligodendrocyte damage in MS and in EAE (Nikic et al, 2011; Haider et al, 2011). The main
reactive species released by activated macrophages and microglia are NO and superoxide (0,")

produced by iNOS and NADPH oxidase respectively.

Moreover, studies have shown that macrophages promote T cell recruitment into the CNS via

an increase expression of matrix metalloproteinases necessary for T cell infiltration in MS and
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EAE (Toft-Hansen et al, 2004) and via the expression of CD40, CD86 and MHCII on their

cell surface (Edwards et al, 2006).

While pro-inflammatory macrophages can have harmful consequences, anti-inflammatory
macrophages are able to promote tissue repair thanks to the production of anti-inflammatory
cytokines. Anti-inflammatory macrophages have also been shown to participate into the

differentiation of oligodendrocytes increasing subsequently remyelination (Miron et al, 2013).

Understanding the equilibrium between pro- and anti- inflammatory macrophages is an
important prerequisite for the development of therapeutic strategies that can limit tissue

damage and improve recovery of neuroinflammatory lesions.

MS treatments

MS pathogenesis is associated with immune cells infiltration. These latter can be targeted to
affect different aspects of the disease such as the reduction of relapses occurrences and
severity or the delay of disease progression. Despite the lack of cure for MS, a wide range of
treatments approved by the food and drug administration (FDA) exist on the market: for
clinical isolated syndromes (CIS): interferons {3, glatiramer acetate and teriflunomide; for
patients afflicted with the RRMS: in addition alemtuzumab, fingolimob, natalizumab,
dimethyl fumarate or mitoxantrone and for patients with SPMS: interferons 3 and
mitoxantrone. These drug therapies are generally considered for their consequences on T cells

and B cells, however their effects on myeloid cells is often neglected (Mishra et al 2016).

Interferons-f (IFNf), is the most prescribed drug to treat RRMS and its application leads to
the reduction of proliferating T cells, decrease of TNFa production and modification of
adhesion molecules necessary for the immune cells passage through the BBB. This treatment

also affects myeloid cells and in particular monocytes/macrophages. Indeed, IFNf} treatment
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on cultured monocytes from MS patients triggered a reduction of metalloproteases
productions (e.g. MMP2) and a decrease migratory phenotype (Galboiz et al, 2002).
Moreover, patients treated with IFNf produced reduced levels of pro-inflammatory cytokines
(Hussien et al, 2004), reduced ROS production (Lucas et al, 2003) and higher level of anti-
inflammatory cytokines (e.g. IL-10) (Liu et al, 2001) compared to non-treated patients with

IFN.

Glatiramer acetate (Copaxone), is an immuno-modulatory drug constituted of four amino
acids (glutamic acid, alanine, lysine and tyrosine) that resembles MPB protein. Glatiramer
acetate bins MHC molecules recognized by T cells through their TCR thus inhibiting T cell
activation (Ziemssen et al, 2007). The main drug effect is the generation of Th2 cells that
produce IL-4, IL-10 and TGFf. Moreover, glatiramer acetate administration in EAE has been
shown to be associated with the development of anti-inflammatory monocytes-derived
macrophages (M2; Weber et al, 2007), inducing the activation of regulatory T cells and
ameliorating the disease course. Blood monocytes from MS patients exhibit increased
phagocytosis (Pul et al, 2012), an inhibition of NO production (Iarlori et al, 2008) and a
decrease IL-12 cytokine production (Kim et al, 2004) thus revealing the effect of glatiramer

acetate on myeloid cells.

Fingolimob (FTY720) is a drug that mimics sphingosine-1-phosphate receptors (S1P-R)
located on both lymphocytes and myeloid cells surfaces, responsible for lymphocytes escape
from the lymph nodes. With fingolimob treatment, lymphocytes are then sequestrated in the

lymph nodes and their access to the CNS is prevented which inhibits lesion formation.

Dimethyl fumarate, is a compound absorbed via the small intestine reducing the oxidative
stress and the production of pro-inflammatory T cells (Mishra et al, 2016). This drug has been
shown to prevent the production of NO and pro-inflammatory cytokines (IL-18, TNFa and

IL-6) in microglial and astrocytic cell cultures of rat (Wilms et al, 2010).
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Alemtuzumab is a humanized monoclonal antibody targeting a glycoprotein CD52 present on
the cell surface of a subset of leukocytes (lymphocytes and monocytes). Alemtuzumab

treatment triggers a depletion of T lymphocytes, B lymphocytes and NK cells.

Teriflunomide, is a reversible inhibitor of the enzyme dihydro-orotate dehydrogenase, a key
mitochondrial enzyme responsible for the synthesis of pyrimidine during proliferation.
Teriflunomide treatment has been shown to significantly reduced the release of IL-6 from

human peripheral blood mononuclear cell cultures stimulated with LPS (Bar-Or et al, 2014).

Natalizumab, is a monoclonal antibody developed against a4f1 integrin (Very Late Antigen 4
VLA-4) expressed on the surface of leukocytes membranes (e.g. T cell). The integrin VLA-4
is fundamental for the CNS infiltration of T cells via the passage of the BBB. Thus
natalizumab treatment prevents the entrance of T cells into the brain and thus limits CNS

inflammation.

Mitoxantrone is an immunosuppressive, antineoplastic compound first developed for
chemotherapy that can now be prescribed for RRMS and SPMS. Mitoxantrone prevents cells
division and has the capacity to intercalate into the DNA. However its use is associated with a

higher risk to develop leukemia and heart damage.

Experimental models of Multiple Sclerosis

Multiple sclerosis is a disorder that only affects human beings. Despite the fact that no animal
model of MS is able to reproduce and describe perfectly all the hallmarks of the disease, they
are very useful to better understand the process of neuroinflammation and demyelination
occurring in the disease (Pachner, 2011). Thus, the choice of the model has to be done
carefully depending on the different working questions. For instance, attempts of investigating
initial MS etiology in animal models need to take into account the peculiar microbiological
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conditions and the homogeneous genetic backgrounds of laboratory animals compared to the
complex influence of pathogens and environment that shape the immune system of MS

patients (Adams et al, 2003; t° Hart et al, 2011).

Several kind of experimental models of MS have been developed over the years. Some are
virally induced, such as Theiler’s encephalomyelitis, some induced by chemical agents, such
as lysophosphatidyl choline (lysolecithin), ethidium bromide and cuprizone; lastly some are
induced by immunizations against CNS antigens, such as experimental autoimmune

encephalomyelitis (EAE).

In the Theiler’s murine encephalomyelitis virus (TMEV) model an intra-cerebral injection of
the picorna Theiler’s virus induces two separate phases of disease. First, an acute phase
associated with encephalitis with mostly neurons being infected. Secondly, a chronic phase
leading to demyelination, inflammation, axonal disturbances and subsequent remyelination.
This induced disease is very useful to model the production of IgG in the CNS over time as
also observed in MS patients; however, a major downfall of this model is the timing of

clinical paralysis, which can take up to several months.

Lysolecithin is a lipid generated by phospholipase A2. The model relies on the local stereo-
tactical injection of LPC either in the corpus callosum or in the spinal cord, where its
accumulation triggers demyelination. A single injection is sufficient to induce a focal
demyelinating lesion followed by a remission. This model is commonly used to study

demyelination and re-myelination.

The Ethidium Bromide model has been extensively used in rats and is induced quite similar to
the Lysolecithin model with the direct focal intracerebral or intraventricular microinjection of
this compound leading to neural cell degeneration and demyelination. Spontaneous
remyelination occurs consequently to the injections. This model is used to study

inflammation, demyelination and remyelination processes.
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Among the chemically induced MS models, cuprizone administration has been widely used to
study demyelination since the 1960s and has been characterized in different mice strains such
as Swiss, CDI, ICI, BALB/c, SJIL and C57BL/6 mice. Cuprizone (bis-(cyclohexanone)
oxaldihydrazone), a neurotoxic compound, is given to adult mice mixed with the rodent chow.
This drug is a copper chelator that induces a copper deficiency, alters oligodendrocytes
survival thus triggering demyelination of the CNS. The demyelination starts in the corpus
callosum after three weeks of treatment and is complete at five weeks. For the neocortex, the
demyelination is complete at little bit later c.a. at six weeks (Skripuletz et al, 2011). This
model can be useful to study reproducible demyelination in the CNS but not to study the

inflammatory component of MS, as it does not lead to sustained neuroinflammation.

Several Experimental autoimmune encephalomyelitis (EAE) models exist including both
active and passive induction. In both cases, EAE is triggered by the stimulation of T cells
reactive against myelin sheath antigens leading to a demyelination, CNS inflammation, axonal
injury and neurological deficits, which are shared characteristics of MS (Rangachari et al,
2013, Lassmann et al, 2017). Passive EAE models are induced by the adoptive transfer of
myelin reactive T cells isolated from mice that were formerly primed with myelin antigens,
into naive mice (Stromnes et al, 2006). Commonly, Thl cells are transferred against myelin

peptides or proteins recognizing MOG, MBP or PLP.

Active Experimental autoimmune encephalomyelitis (EAE) is one the most widely used
experimental models of MS, in which vertebrates (most commonly rodents) are immunized
against an encephalitogenic CNS-specific myelin antigen, such as MOG, PLP or MBP
emulsified in Complete Freund's adjuvant (CFA, heat inactivated mycobacteria with mineral
oil) with another bacterial adjuvant such as Pertussis Toxin (produced by the bacteria

Bordetella pertussis) injected at 0 and 2 days after immunization (Bruckener et al, 2003). The
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use of adjuvants is crucial as these activate the innate immune response and exacerbate the

antigen specific immune response.

Every mouse strain possesses immune-dominant peptides i.e. a selective preference for
loading specific peptides in the context of MHC-II and for lymphocytes to recognize such
presented peptides. For example, C57BL/6 mouse strain is more susceptible to induction of

EAE with MOG 35-55 peptide (Pachner, 2011).

Inflammation is one of the hallmarks of EAE that affects principally the spinal cord and is
already occurring post-immunization before the clinical symptoms. The disease course of
EAE in C57BL/6 mice begins usually with a weight loss around 11 days post immunization,
which corresponds usually to one day prior to clinical onset, followed by a progressive
weakness of the tail and the hindlimbs. The peak of the disease appears few days later and
generally corresponds to a complete flaccid paralysis of the hindlimbs. A remission phase
occurs progressively after the peak of the disease correlated with an improvement of
neurological deficits. Throughout the entire course of the disease, the animal is scored daily in
order to assess neurological deficits according to an established EAE scoring scale starting
from 0 to 5 (0: being no clinical sign of the disease or weakness, 1: paralysis of the tail, 1.5-2:
paresthesia, 2.5: dragging of at least one foot, 3: complete paralysis of the hindlimbs, 3.5

same as score 3 plus a weakness of the forelimbs, 4: complete limb paralysis and 5:death).

What happens following immunization has been widely studied (Engelhardt et al, 2009).
During the first week after injection of myelin peptides and adjuvants, dendritic cells,
macrophages are recruited to the immunization depot and start processing the antigens.
Afterwards, lymph nodes drain the inflammation site. Activate lymphocytes are able to pass

through the disrupted BBB and enter the CNS.
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Numerous investigations are focusing on cytokines (i.e. TNFa) released by T cells and their
impact on the disease course of EAE. Indeed, blocking TNFa ameliorates the severity of EAE
(Ruddle et al, 1990; Selma;j et al, 1991). In EAE, the pathways the most considered involved
Thl, Th17 and Th2 cells with a particular interest on 1L-23, IL-1 B, TGFp inducing Th17

cells and on IL-22 and IL-17 cytokines produced by Th17.

Moreover, it has been demonstrated in EAE that antigen-presenting cells (APC) - including B
cells, macrophages and dendritic cells- are able to present thanks to MHC on their surface that
will be recognized by TCR. In the particular case of MHCII interacting with CD4'T cells,

monocytes are recruited towards the CNS. (Dendrou et al, 2015).

EAE presents distinct advantages compared to other experimental models of MS. One of them
is the apparition of the weakness that occurs between one to two weeks post immunization
compared to e.g. the TMEV model that may require several months. Also, several current
common treatments in MS were successfully initiated in EAE and transferred to MS, such as
glatiramer acetate, Mitoxantrome, Fingolimod (FTY720) and Natalizumab (blocking a4f1

integrin necessary for the adhesion of leukocytes).

One of the main drawbacks of comparing EAE model to MS concerns the induction of the
disease that requires the administration of an extensive amount of adjuvants in order to elicit
the development of the disease. Moreover, EAE is dominated by a large amount of CD4" T
cell in comparison to a dominant infiltration of CD8" T cells present in both grey and white

matter lesions in MS patients (Frisher et al, 2009; Dendrou et al, 2015).
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Questions and specific aims

Where do polarized phagocytes originate?

It has been widely accepted that in MS and in its animal model EAE, pro- and anti-
inflammatory macrophages are present during different stages of the disease. While pro-
inflammatory macrophages have been associated with the initiation of the disease, anti-
inflammatory macrophages have been linked to the resolution of inflammation. Knowing in
which compartment macrophages start to express their pro-inflammatory arsenal would
increase the available knowledge about the initiation of lesions formation. However, no study
has shown so far when and where the polarization of pro-inflammatory macrophages arises in

the different CNS compartments in vivo.

Can CNS microenvironments influence phagocyte phenotype?

Whether the location of a phagocyte influence its phenotype is still unclear. Is the presence of
cytokines, pro- or anti- inflammatory molecules present in the CNS milieu able to influence

the phagocyte phenotype?

Do the CNS compartment such as meninges, pia/parenchyma and deep parenchyma have a

major role on the proportion of pro- and anti- inflammatory macrophages?

This question is very relevant for many therapeutic aspects. If we could modify the milieu of
CNS microenvironment to influence the macrophage fate, we would be able to modulate the

state of neuroinflammatory lesions to a resolution/remission fate.
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Does the position relative to the meninges, vasculature and core of the lesion in spinal EAE

lesions influence the pattern of lesion expansion?

Knowing where the mononuclear phagocytes start to polarize into a M™°° phenotype could
present clues on the molecules, effectors, cytokines present in the CNS milieu that can

influence their polarization.

Are phagocyte phenotypes stable or can they display plasticity?

We used an in vivo spinal imaging approach to follow the phenotype of macrophages
populations and phenotypes in different CNS microenvironments and address the following
question: Are there consecutive waves of phagocytes with a different phenotype over the
course of EAE, or are individual macrophages able to modify their polarization during the
passage from the formation to the resolution of neuroinflammatory lesions? In summary: is it

a population exchange or rather a phenotype switch?
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3. Material and Methods

Mouse strains and genotyping

C57BL/6 mice were purchased from Janvier Labs (Saint Berthevin Cedex, France). The
subsequent genetically modified mouse lines were used: Arginase-YFP mice (C.12954/(B6)-
Argl™ /) (Reese et al, 2007), CD68-GFP mice (C57BL/6-Tg(CD68-EGEP)1Drg/j) (Igbal
et al, 2014) and Rosa26-Stp-fl-YFP mice (B6.Cg-Gt(Rosa)26Sor<tm3(CAG-EYFP)Hze>/)),
CCR2-RFP mice (B6.129(Cg)-Cer2™* " /1y and CX3CRI-GFP mice (B6.129P-
Cx3crl™""7) were obtained from The Jackson laboratory (Bar Harbor, Maine). The iNOS-
tdTomato-cre mouse line was obtained from Alain Bessis” laboratory (Paris, France)
(Bechade et al, Glia 2014).

The genotyping of the mice were assessed from tails DNA extraction with the following PCR
pairs of primers for iNOS-tdTomato-cre, cre forward GCA TTA CCG GTC GAT GCA ACG
AGT GAT GAGQG, cre reverse GAG TGA ACG AAC CTG GTC GAA ATC AGT GCG; for
Arginase-YFP and Rosa26-stop-fl-YFP, YFP forward ATC TTC TTC AAG GAC GAC GGC
AAC TAC AAG, YFP reverse AGA GTG ATC CCG GCG GCG GTC ACG AAC TCC; for
CD68-GFP, GFP forward GCA CGA CTT CTT CAA GTC CGC CAT GCC, GFP reverse
GCG GAT CTT GAA GTT CAC CTT GAT GCC.

For all the experiments, adult mice of minimum 6 weeks of age from both sexes were used in

compliance with the animal welfare regulations and animal handling guiding principles.

Active EAE induction

Adult mice were immunized by the injection of 400ug of purified recombinant MOG (N1-
125) emulsified in complete Freund's adjuvant (containing 10mg/ml heat inactivated

Mycobacterium tuberculosis H37 Ra mixed with mineral oil, Sigma-Aldrich). In order to
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elicit an immune reaction, 400ng of pertussis toxin (Sigma-Aldrich) was inoculated
intraperitoneally (i.p) at day 0 and day 2 post immunization. The weight of the animals was
followed daily and a score was attributed according to the neurological behavior test results as
follow: EAE score 0, no clinical signs; 0.5, partial weakness of the tail; 1, tail paralysis; 1.5,
gait instability or impaired righting ability; 2, hind limb paresis; 2.5, hind limb paresis with
dragging of at least one foot; 3, complete flaccid hind limb paralysis; 3.5, hind limb paralysis
and weakness of at least one fore limb; 4, hind limb and fore limb paralysis; 5, death. Mice
were analyzed at several time points during the disease course: the first time point was the
weight loss characterized by a loss of weight, onset defined as the first day of clinical
symptoms, peak as 2-3 days after the onset, remission as 7 days following the apparition of

the symptoms.

Bone marrow-derived macrophage culture

Arginase-YFP, iNOS-tdTomato-cre and C57BL/6 control mice were sacrificed with Isoflurane
and the bones of the pelvis and hindlimbs were extracted (Hips, Tibia, Fibula, Femur) in order
to expose the bone marrow cavity for a further bone marrow preparation. The bone marrow
was flushed out with ice-cold RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal calf
serum (Sigma-Aldrich), 100U/ml penicillin/streptomycin and filtered with 70um nylon mesh
cell strainers (Falcon) followed by a lysis step with Ammonium chloride ACK buffer for 5’
on ice. Cells were resuspended in RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal
calf serum (Sigma-Aldrich), 100U/ml Penicillin/streptomycin, Sng/ml of macrophage colony
stimulating factor (mCSF, R&D Systems) and transferred to 8-wells Nunc Lab-Tek chamber
slides (Sigma-Aldrich) at a concentration of 2.5 million of cells/mL. The medium was
changed every 3 days with RPMI-1640 (Sigma-Aldrich) supplemented with 10% fetal calf

serum (Sigma-Aldrich), 100U/ml Penicillin/streptomycin, 5Sng/ml of macrophage colony
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stimulating factor (mCSF, R&D Systems) and after 7 days in culture in vitro, the medium was
substituted for the non-polarized control by mCSF-supplemented phenol red-free RPMI-1640
(Sigma-Aldrich) medium, for the pro-inflammatory polarization with lipopolysaccharide
(100ng/ml) and IFNy (10ng/ml)-supplemented medium and for the anti-inflammatory

polarization with recombinant IL-4 (10ng/ml) and IL-13 (10ng/ml)-supplemented medium.

Immunocytochemistry

After 48hrs of culture in the respective conditions (non-activation, pro-inflammatory and anti-
inflammatory), bone-marrow derived macrophages were fixed with 4% paraformaldehyde
(PFA) for 10’ on ice and blocked for 1hr at room temperature with 10% goat serum in PBS,

0.5% Triton.

For the cells derived from the bone-marrow of iNOS-tdTomato-cre and C57BL/6 control
mice, the following stainings were performed for lhr in PBS 1x supplemented with 1% Goat
serum and 0.5% Triton against the antigens: iINOS (ABN26, Millipore), I-A/I-E
(M5/114.15.2, BD Pharmingen), p22-phox (sc-20781, Santa Cruz), and tdTomato (16D7,
Kerafast) and for the cells derived from the bone-marrow of Arginase-YFP and C57BL/6
control mice against the antigens: iNOS (ABN26, Millipore), YM1 (01404, StemCell
Technologies), CD206 (MR5D3, BioLegend) and GFP (ab13970, Abcam). Detection was
assessed by the use of Alexa Fluor-coupled secondary antibodies (Life Technologies) for 1hr
at room temperature in PBS 1x supplemented 1% Goat serum and 0.5% Triton. A nuclear
staining using DAPI (Thermo Fisher) was performed for 10’ at room temperature. Sections

were mounted with Vectashield (Vector Laboratories) and coverslips fixed by nail polish.

Samples were acquired with an upright confocal microscopy system (FV1000 Olympus)

equipped with 20x/0.85 oil immersion objective, zoom 3.5x and image size 1024x1024.
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Images were scanned using standard filter sets, processed with Fiji for quantification and
Adobe Photoshop software (Adobe) for image representation with a Despeckle filter.

The values of antibody-specific fluorescent intensities were calculated after the subtraction of
the background signal and isotype control-fluorescence. YFP and tdTomato-specific
fluorescent intensities were determined after subtraction of the background signal and staining

intensity detected in control C57BL/6 mice.

Flow cytometry

Mice were sacrificed with Isoflurane and perfused with PBS. After CNS isolation and transfer
in ice-cold PBS (Sigma-Aldrich), tissue was cut in pieces and digested for 30" at 37°C in
RPMI containing 2% fetal calf serum (Sigma-Aldrich), 25mM HEPES (Sigma-Aldrich),
DNase I (10ng/ml, StemCell Technologies) and Collagenase D (0.8mg/ml, Roche). The
reaction was interrupted by the addition of 0.5M EDTA 1:100 dilution (Sigma-Aldrich),
filtered through 70pum nylon mesh cell strainers (Falcon) and resuspended in a 30% solution
of Percoll (Sigma-Aldrich). The suspension was centrifuged for 30" with a gradient of 10.800
r.p.m. and after the removal of the top (myelin) and lower (red cells) layers, the remaining

solution was filtered through 70pum nylon mesh cell strainers (Falcon).

For analysis of cell populations from the blood: blood collection was performed from the
heart or the submandibular vein in heparin-coated tubes followed by erythrocytes removal
with an incubation for 10’ on ice with FACS Lysing solution (BD Biosciences).

For analysis of cell populations in the lymph nodes: inguinal and axillary lymph nodes were
isolated, dissociated in ice-cold PBS (Sigma-Aldrich) using glass slides and filtered through

70um nylon mesh cell strainers (Falcon).
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After Fc-receptor blockade (CD16/32, 1ul/million cells, clone 2.4G2, BD Biosciences) and
using LIVE/DEAD staining (Invitrogen), the following stainings were performed in ice-cold
PBS: CD45 (clone 30-F11, BioLegend), CD11b (clone M1/70, BD Biosciences), CDl11c
(clone N418, Abcam), F4/80 (clone BMS, eBiosciences), Ly6C (clone AL21, BD
Biosciences), Ly6G (clone 1AS8, Biolegend). Samples were acquired on a LSR-Fortessa

cytometer (BD Biosciences) and results analyzed with FlowJo software.

RNA sequencing analysis

The following experiments were performed by Marta Joana Costa Jordao and analyzed by Ori
Staszewski and Dr. Giuseppe Locatelli as follows:

Cells were isolated from the CNS of iNOS-tdTomato-cre x Arginase-YFP mice as described
above, co-stained with LIVE/DEAD (eBioscience), CD45 (clone 30-F11, eBioscience),
CD11b (clone M1/70, eBioscience), CD64 (clone X54-5/7.1, BD), and sorted through a
FACS Aria III (Becton Dickinson) based on the YFP and tdTomato fluorescent reporter
proteins expressions. Extraction of total RNA was performed from cells stabilized in
RNAprotect buffer using the RNeasy Plus Micro Kit protocol (QIAGEN). Cells were stocked
and shipped in RNAprotect buffer at 2-8°C. After pellet formation, the RNAprotect buffer
was replaced by RLT Plus. The samples were homogenized by vortexing for 30” and gDNA
Eliminator spin columns were used to remove Genomic DNA contamination. After
application of ethanol, the samples were applied to RNeasy MinElute spin columns followed
by subsequent washing steps. Total RNA was eluted in 12ul of nuclease-free water and purity
was assessed on the Agilent 2100 Bioanalyzer with the RNA 6000 Pico LabChip reagent set
(Agilent). In order to generate first strand cDNA from 100-500pg total RNA, the SMARTer
Ultra Low Input RNA Kit for Sequencing v4 (Clontech Laboratories, Inc.) was used and

double stranded cDNA was amplified by LD PCR (13 or 14 cycles) and purified via magnetic
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beads. Library was prepared as described in the Illumina Nextera XT Sample Preparation
Guide (Illumina, Inc.) and 150pg of input cDNA were tagged and separated by the Nextera
XT transposome. In order to generate the multiplexed sequencing libraries, products were
purified and amplified via a limited-cycle PCR program (PCR step 1:5 dilutions of index 1
(17) and index 2 (i5) primers were used). The libraries were quantified using the KAPA SYBR
FAST ABI Prism Library Quantification Kit (Kapa Biosystems, Inc.). Equal molar amounts
of each library were combined and used for cluster generation on the cBot with the Illumina
TruSeq SR Cluster Kit v3. The sequencing was accomplished on a HiSeq 1000 using the
indexed, 50 cycles single-read (SR) protocol and the TruSeq SBS v3 reagents. Image analysis
and base calling produced .bcl files that were converted into .fastq files using the software
CASAVA1.8.2. Isolation of the RNA, preparation of the library and RNAseq were performed
at the Genomics Core Facility “KFB - Center of Excellence for Fluorescent Bioanalytics”
(University of Regensburg, Regensburg, Germany). Fastq files were quality controlled using
FastQC and reads were mapped to the GRCm38 mouse genome using the Star aligner (Dobin
et al, 2013). Read counts were acquired by the featureCounts package and the analysis of
differential gene expression was achieved using the limma/voom pipeline in R (Ritchie et al,
2015). Statistically-significant differentially expressed genes were defined using a cutoff of
logy(|fold-change|) and adjusted p-value <0.05 following the suggestions by the SEQC
consortium. PCA analysis was performed using the prcomp package within the R stats library.

VennDiagrams were created using the R library VennDiagram.

Immunohistochemistry and in situ confocal microscopy

Mice were sacrificed with Isoflurane and perfused transcardially with PBS-Heparine 1:1000

followed by 4% of PFA. Dissection of the CNS was followed by a 12hrs post fixation with
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4% PFA, cryo-protected with PBS1x supplemented with 30% Sucrose (Sigma-Aldrich),

embedded in Tissue-Tek (Sakura Finetek Europe B.V.) and frozen at -20°C.

Tissue sections were cut sagitally with a thickness of 30-50um using a Leica cryostat. A pre-
treatment of the sections was performed using antigen retrieval in a sodium citrate buffer (pH
8.5) for 30’ at 85°C, followed by a blocking for 30" in PBS supplemented with 10% goat
serum, 0.1% Triton and stained overnight at 4°C in PBS supplemented with 2% Goat serum,
0.1% Triton against the following antigens: iNOS (ABN26, Millipore), arginase-1 (sc-20150,
Santa Cruz), tdTomato (16D7, Kerafast), GFP (ab13970, Abcam), Iba-1 (019-19741, Wako),
Olig2 (AB9610, Chemicon International), GFAP (G9269, Sigma-Aldrich) and CD3 (CD3-12,
Serotec). Detection was assessed by incubation with Alexa Fluor-coupled secondary
antibodies (Life Technologies/Abcam) for 3hrs at room temperature in PBS supplemented

with 2% Goat serum and 0.1% Triton.

For the Iba-1 immunohistochemistry performed at steady-state, sections were blocked for 1hr
with PBS supplemented with 10% Goat serum, 0.5% Triton; incubated overnight at 4°C with
Iba-1-specific antibody (019-19741, Wako) in PBS supplemented with 1% Goat serum, 0.5%
Triton and detection was assessed by the incubation for 3hrs at room temperature with Alexa
Fluor 647-coupled secondary antibody (Life Technologies) in PBS supplemented with 1%

Goat serum 0.5% Triton.

For the laminin immunostaining, sections were blocked for 1hr with 10% Goat serum and
0.4% Triton in 0.1M PB solution, incubated overnight at 4°C with a laminin-specific antibody
(ab11575, Abcam) in 0.1M PB supplemented with 5% Goat serum and 0.4% Triton and
detection was assessed by the incubation for 2hrs at room temperature with a Alexa Fluor
647-coupled secondary antibody (Life Technologies) in 0.1M PB supplemented with 5% Goat

serum 0.4% Triton.
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A nuclear staining using DAPI (Thermo Fisher) was performed for 10’ at room temperature.
Sections were mounted with Vectashield (Vector Laboratories) and coverslips fixed by nail

polish.

Samples were acquired with an upright confocal microscopy system (FV1000 Olympus)
equipped with 10x/0.4 air, 20x/0.85 and 60x/1.42 oil immersion objectives. Images were
scanned using standard filter sets, processed with Fiji software for quantification and Adobe
Photoshop software (Adobe) for image representation with a Despeckle filter. For laminin-
specific staining, Iba-1 staining performed at steady state and stainings from iNOS-tdTomato-

cre x Rosa26-Stp-fl-YFP mice; pictures have been processed with a Dust and scratches filter.

Quantitative analysis of in situ images

Co-localization of tdTomato and YFP reporter proteins with the cell-type markers Iba-1, CD3,
Olig2, GFAP was visually determined in iNOS-tdTomato-cre and Arginase-YFP single
transgenic mice perfused at peak of EAE. Co-localization of tdTomato and YFP reporter
proteins with iNOS- and arginase-1-immunoreactivity was determined in iNOS-tdTomato-cre
and Arginase-YFP mice single transgenics as follows. Control C57BL/6 sections were used to
assess the background of tdTomato and YFP intensities. After background correction, cells
with tdTomato and YFP intensities higher than the signal detected in C57BL/6 control
(average fluorescent intensity + 3 standard deviations) were included in the analysis. A rabbit
isotype control was used to determine the background of iNOS and Arginase antibodies.
Among tdTomato and YFP positive cells, background-corrected iNOS- and arginase-1-
intensities were measured and considered positive if their intensities were higher than the
signal detected in isotype control from the same mice (average fluorescent intensity + 3
standard deviations).
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To determine the relative proportion of MNOS, MNOS/Atgnase a4 MAEE colls over the EAE
course, intensities of background-corrected tdTomato and YFP reporter proteins were
measured in iINOS-tdTomato-cre x Arginase-YFP mice (Experiment performed by Dr.
Giuseppe Locatelli).

The signals from tdTomato and YFP intensities were considered positive if higher than the
respective signal (average fluorescent intensity + 3 standard deviation) detected in Arginase-
YFP (for tdTomato signals) and iNOS-tdTomato-cre (for YFP signals) single transgenic mice
at the same time point of EAE (n=5 mice per group). To determine the polarization of
mononuclear phagocytes over the disease course, we calculated the ratio of YFP/tdTomato
intensities. When the ratio was higher than 5, cells were categorized as M and when the
ratio was less than 0.2, cells were classified as MNOS_ Cells that had ratios between these

values were classified as MNOS/Arginase

To assess the proportion of polarized phagocytes over the disease course, we stained the
sections with the phagocyte marker Iba-1 in iNOS-tdTomato-cre x Arginase-YFP. In an EAE
lesion, the identification of Iba-1" cells was visually assessed and the intensities of tdTomato
and YFP were measured in these cells as described previously. Non-polarized cell were
considered to have both tdTomato and YFP intensities below the respective signals (average +
3 standard deviations) detected in Arginase-YFP (for tdTomato signals) and iNOS-tdTomato-
cre (for YFP signals) mice at the same EAE time point (n=5 or 6 iNOS-tdTomato x Arginase-

YFP mice and n=3 for single transgenics at each timepoint).

To evaluate the spatial distribution of polarized cells in EAE lesions at disease onset, cell
intensities were measured for YFP and tdTomato in iNOS-tdTomato-cre x Arginase-YFP mice
as described above. A squared grid of 400um? was overlayed on the acquired image of EAE
lesions using Fiji software and the proportion of M™NOS, MNOS/Arginase gy q \fATEINSe oolls was

calculated per square. Single squares were gathered to form combined structured in order to
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analyze either joined bands starting from the pial surface, concentric squares starting from the
core of the lesion and parallel bands starting from the main vessel (counterstained with

Laminin) in EAE lesions.

Fate tracking experiment of mononuclear phagocytes expressing arginase-1 was realized in
iNOS-tdTomato-cre x Rosa26-Stp-fl-YFP mice at peak of EAE as the following: The
backgrounds of tdTomato and YFP intensities and arginase-1 antibody were background-
subtracted. The intensities of tdTomato and YFP were considered positive if higher than the
respective signal (average + 3 standard deviation) detected in Rosa26-Stp-fI-YFP control mice
at the same EAE time point. Arginase-1 co-staining was evaluated positive if its fluorescence
intensity was higher than the signal detected in its rabbit isotype-control from EAE lesions of

the same mice (average + 3 standard deviations).

In vivo imaging method, processing and quantifications

Mice were anesthetized with ketamine (87mg/kg), xylazine (13mg/kg) and placed on a
heating pad for 15°. Tracheotomy and intubation were achieved in order to decrease breathing
artifacts. A laminectomy was performed to expose the dorsal spinal cord superfused with
artificial cerebrospinal fluid and clamped as previously described (Nikic, et al, 2011). Images
were acquired with an Olympus FV1200 MPE microscope equipped with a 25x%/1.25 water
immersion objective (Olympus), using 488nm and 568nm single-photon excitation, zoom 1x-
1.4x, step size 1.9-2.2um and image sizes of 800x800-1024x1024 pixels. The vasculature was
revealed by i.p. injection of 200ug of Dextran-AF647 (Life Technologies). For image
representation, pictures have been gamma-adjusted and processed with a Dust and scratches

filter using Photoshop (Adobe).
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The expression of tdTomato and YFP was visually assessed based on the fluorescence
intensities in the 488nm and 568nm channels in iNOS-tdTomato-cre x Arginase-YFP mice to
determine the different mononuclear phagocyte polarization phenotypes (Experiment
performed by Dr Giuseppe Locatelli). Cells expressing a detectable intensity amount in both
488nm and 568nm channels corresponding to YFP and tdTomato respectively were
categorized as M OS/Arginase,

To determine the proportion of polarized cells in iNOS-tdTomato-cre x Arginase-YFP mice in
the different CNS microenvironments (Experiment performed by Dr Giuseppe Locatelli),
EAE lesions were initially imaged starting from the dural surface. Lesion volume was re-
acquired following the surgical removal of the upper meninges as previously described
(Romanelli et al, 2013). The location of the cells was assessed as follow: Upper meninges if
the cells were located in the upper part of the image stack present before and absent after dura
removal; pia/parenchyma interface or in the parenchymal compartment based on their relative
depth from the upper pia surface (assessment following dura mater removal). The top 2 cell
layers from the pia layer (i.e. up to ~10um from the tissue surface of the tissue) were assessed
to be at the interface of pia/parenchyma, while all polarized cells below the 3™ cellular layer
from the tissue surface were judged to belong to the parenchymal compartment.

For timelapse in vivo imaging of iNOS-tdTomato-cre x Arginase-YFP mice (Experiment
performed by Dr Giuseppe Locatelli), spinal cord EAE lesions were acquired for 6hrs with an
interval of 2hrs. Over the 6hrs imaging, single cells could be followed based on their
morphology, their location and the pattern of polarization of adjacent cells. Mononuclear
phagocytes phenotypes were assessed in vivo for all time point as described above. In order to
confirm the visual assessment of phenotype switching, we quantified the YFP fluorescence
intensity (after background-subtraction) at 0 and 6hrs in M™°® changing cells compared to
MM cells that did not undergo a phenotype switch over time and that were laying at a

comparable tissue depth. Localization of polarized cells switching their phenotype in the
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upper meninges, pia/parenchyma or parenchyma was determined based on respective cells
positions in the stack and in relation to reflectance of dura and pia mater.

For the in vivo bleaching experiment in iNOS-tdTomato-cre x Arginase-YFP mice
(Experiment performed by Dr. Giuseppe Locatelli), spinal EAE lesions were first imaged with
a low magnification (1.3x). Bleaching of the fluorescence signal was achieved by exposing
the center of the lesion area (higher magnification, 4.3x, Kalman filter=2) to 80% (488nm)
and 50% (568nm) laser power. Promptly after bleaching the tdTomato and YFP fluorescence
intensity, the entire lesion area was re-acquired (“bleached” image, magnification 1.3x) and
after Shrs. The intensity of the tdTomato and YFP fluorescence signal in polarized cells was
background-subtracted and quantified before bleaching, after bleaching and after Shrs, both in
the bleached area and in the surrounding non-affected tissue. The iNOS and arginase-1
promoters were evaluated active if the tdTomato and YFP fluorescence (respectively) were
increased by at least 30% in comparison to the average fluorescent change in unbleached cells
in the same time frame at Shrs compared to the immediate values post-bleaching.

For time-lapse in vivo imaging of iNOS-tdTomato-cre x CD68-GFP mice at onset of EAE, an
injection of Dextran-AF647 revealed the vasculature (as described previously). Spinal cord
lesions imaging were performed during 6hrs with a 3hr intervals. The assessment of the
proportions of GFP" mononuclear phagocytes expressing tdTomato was attributed visually at
the initial imaging timepoint. Cell localization in upper meninges, pia/parenchyma,
perivascular, vascular or parenchyma was based visually on the cell position in the stack, the
cell position relative to the vasculature and the tissue reflectance. In order to detect the
polarization of GFP+ cells that lack tdTomato fluorescence signal at Ohr and that became

GFP"M™ over the 6hrs, the tdTomato signal was visually assessed.
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Statistical analysis

Data sets were analyzed using 1-way ANOVA followed by Bonferroni’s multiple comparison

tests. Statistical analyses were performed with GraphPad Prism software.
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4. Results

Characterization of iNOS-tdTomato-cre and Arginase YFP mouse lines

To follow the plasticity of mononuclear phagocytes phenotype from the formation to the
resolution of neuroinflammatory lesions over the course of EAE, we used two transgenic
mouse lines, iINOS-tdTomato-cre and Arginase-YFP mice to study the expression of iNOS
and arginase-1 signatures enzymes, respectively. As previously mentioned, iNOS and
arginase-1 enzymes are competing for the same substrate, the essential amino-acid L-arginine
and are in consequence suitable markers to investigate the pro- and anti-inflammatory
polarization states of phagocytes. Both iNOS-tdTomato-cre and Arginase-YFP mouse lines
carry in their genetic construction a fluorescent reporter protein under the control of iNOS or
arginase-1, respectively. While the iNOS-tdTomato-cre mouse line (Bechade et al, 2014)
expresses under iNOS promoter the tdTomato red fluorescent protein together with a Cre
recombinase, the Arginase-YFP mouse line (Reese et al, 2007) expresses the yellow

fluorescent protein (YFP) under the arginase-1 promoter.

First, we wanted to confirm that both single-transgenic mouse lines actually expressed the
reporter proteins under defined conditions. We thus isolated bone marrow-derived
macrophages from both iNOS-tdTomato-cre and Arginase-YFP mice. The cells were cultured
in vitro under several conditions with mCSF for 48hrs as follow: non-activation (©), medium
supplemented with LPS and IFNy to induce a pro-inflammatory (M1) phenotype and medium
supplemented with IL-4 and IL-13 to induce an anti inflammatory (M2) phenotype. We found
that tdTomato expression was specifically induced under pro-inflammatory conditions
(Figure 7a) and correlated with the expression of other pro-inflammatory markers such as
INOS, MHC-II and p22phox in iNOS-tdTomato-cre mice (Figure 7b, n=5 mice, number of

cells analyzed for tdTomato: MO=1,381, M(LPS+IFNy)=2,082, M(IL4+IL13)=1,415; for
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MHC-II: M@=822 M(LPS+IFNy)=451, M(IL4+IL13)=607; for iNOS: M@=639,
M(LPS+IFNy)=1,154, M(IL4+IL13)=583; for p22phox: M@=742, M(LPS+IFNy)=928,

M(IL4+IL13)=832. *** P<(0.0001, 1-way-Anova with Bonferroni post-hoc correction).

Conversely, YFP expression was selectively induced under anti-inflammatory conditions
(Figure 8a) and associated with the expression of other anti-inflammatory markers such as
YMI1 and CD206 in Arginase-YFP mice (Figure 8b, n=5 mice, number of cells analyzed for
YFP: M@=948, M(LPS+IFNy)=702, M(L4+IL13)=1,141; for YMIl: M©@=203,
M(LPS+IFNy)=176, M(L4+IL13)=342; for iNOS: M@=237, M(LPS+IFNy)=236,
M(IL4+IL13)=241; for CD206: M@=280, M(LPS+IFNy)=129, M(IL4+IL13)=309. ***

P<0.0001, 1-way-Anova with Bonferroni post-hoc correction).

55



Tomato intensity

iNOS intensity

2,500,

2,0004

intensity

MHCII

intensity

p22phox

| LPS#IFNy
Tomato
4,000 - *kk *k%k
3,000 ]
2,000 "
1,000 G
@ LPS L4
1,000 IFNy  IL13
iNOS
4,000. kK dkk
3,000-
2.000- _
1,000 ot
o |EE 3EE why %
LPS L4
-1,000- IFNy  IL13

1,500;

1,000;

500 -

-500

2,000,

—_
I3y
=}
@

-500-

IL4+IL

13

MHCII

*k*

*k%

4] LPS IL4
IFNy  IL13
p22phox

*kk

*k%

*k%

LPS IL4
IFNy  IL13

Figure 7: Bone marrow-derived macrophages culture in vitro isolated from iNOS-

tdTomato-cre mice.
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Figure 7: Bone marrow-derived macrophages culture in vitro isolated from iNOS-

tdTomato-cre mice.

Culture for 48hrs with mCSF: (@), LPS+IFNy or IL4+IL13, n=5 mice. (a) Confocal images of
tdTomato expression (red) revealed by immunohistochemistry. (b) quantifications of
fluoresence intensity signals from tdTomato-, MHCII-, iNOS- and p22phox- revealed by
immunohistochemistry. Scale bar, 20um. ***, P<0.0001, 1-way-Anova with Bonferroni post-

hoc correction. Figure from Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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Figure 8: Bone marrow-derived macrophages culture in vitro isolated from Arginase-

YFP mice.

Culture for 48hrs with mCSF: (@), LPS+IFNy or IL4+IL13, n=5 mice. (a) Confocal images of
YFP expression (green) revealed by immunohistochemistry. (b) quantifications of fluoresence
signals from YFP-, YM1-, iNOS- and CD206-, revealed by immunohistochemistry. Scale bar,
20um. ***  P<0.0001, 1-way-Anova with Bonferroni post-hoc correction. Figure from

Locatelli, Theodorou et al, submitted in Nature Neuroscience.

Absence of iNOS/arginase-1 expression in the healthy spinal cord

Then, we wanted to determine whether such reporter protein expression could be detected
under homeostatic conditions in transgenic mice using several approaches: in vivo imaging,
confocal microscopy and flow cytometry. We first generated double transgenic iNOS-
tdTomato-cre x Arginase-YFP reporter mice by crossing single transgenic mice. In the
resulting mouse line, we could not detect any reporter protein expressions in the CNS in the
steady state either by means of in vivo spinal imaging with the vasculature revealed by
injection of Dextran (Experiment performed by Dr Giuseppe Locatelli, Figure 9a), by using
fixed tissue sections co-stained with a phagocytic marker Iba-1 and imaged with confocal
microscopy (Figure 9b, n=3 mice) and finally by flow-cytometric analysis of CNS-isolated
mononuclear phagocytes (CD45™ CD11b"") (Figure 9c¢, average percentage of polarized
cells (+ s.e.m.) was 0.27 + 0.1 for M™%, 0.0 for M€ and 0.0 for MM OS/ATEmse collg =4

mice).
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Figure 9: Absence of iNOS and arginase-1 expression under homeostasis in the CNS of

iINOS-tdTomato-cre x Arginase-YFP mouse.

(a) Acquisitions from in vivo imaging of the spinal cord of iNOS-tdTomato-cre x Arginase-
YFP mouse during homeostasis (tdTomato in red; YFP in green; vasculature revealed by
Dextran-AF647 injection in cyan). (b) Confocal image of the spinal cord of iNOS-tdTomato-
cre x Arginase-YFP mouse during homeostasis (tdTomato in red; YFP in green; Iba-1-
immunostaining in gray). Scale bar, 20um. (¢) Flow cytometric analysis of cells isolated from
the CNS of iNOS-tdTomato x Arginase-YFP mice during homeostasis and gated on CD45™

CD11b"e" F igure from Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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In situ colocalization of INOS and arginase-1 with a phagocyte marker in the
CNS

To study the role of activated phagocytes in the context of neuroinflammation, active EAE
was induced in iNOS-tdTomato-cre x Arginase-YFP mice by immunization with recombinant
MOG. This triggered the presence of fluorescently labeled cells in the CNS. In both single
transgenic iNOS-tdTomato-cre and Arginase-YFP mice, more than 90% of the fluorescently
labeled cells co-stained with a macrophage/microglia marker Iba-1 (Average percentage of
colocalization between tdTomato and Iba-1 was 93.7 £ 2.5 s.e.m. and between YFP and Iba-1
was 95.3 £ 1.5 s.e.m. (For the analysis of tdTomato and Iba-1: n=3 mice and 447 cells
analyzed; for the analysis of YFP and Iba-1: n=3 mice and 601 cells analyzed). No
colocalization of fluorescent cells with CD3, Olig2, Glial fibrillary acidic protein (GFAP)
representing T cells, oligodendrocytes and astrocytes respectively, was observed in the spinal

cord at peak of EAE (Figure 10).
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Figure 10: In situ colocalization of tdTomato and YFP reporter proteins with cellular

markers in the CNS.
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Figure 10: In situ colocalization of tdTomato and YFP reporter proteins with cellular

markers in the CNS.

(a-d) Confocal images of spinal lesions in iNOS-tdTomato-cre mouse perfused at peak of
EAE (tdTomato in red); (e-h) confocal images of spinal lesions in Arginase-YFP mice
perfused at peak of EAE (YFP in green); (a-h) co-staining with phagocytes (a,e; Iba-1, gray),
T cells (b,f; CD3, gray), oligodendrocytes (c,g; Olig2, gray) and astrocytes (d,h; GFAP,
gray). Scale bar 20um. Figure derived from Locatelli, Theodorou et al, submitted in Nature

Neuroscience.

In situ colocalization of INOS/arginase-1 with reporter proteins in the CNS

Next, we confirmed that tdTomato fluorescent signal in iNOS-tdTomato-cre mice was
associated with the expression of iINOS detected by immunohistochemistry at weight loss
(Figure 11a). Indeed 98.6 + 1.2% of tdTomato" cells were co-stained with iNOS at this
timepoint (Average + s.e.m.; n=5 mice and 732 cells analyzed) (Figure 11b); while the YFP
fluorescent signal in Arginase-YFP mice was correlated with the expression of arginase-1 by
immunohistochemistry (Figure 11a) with 99.8 + 0.2% of YFP" cells that were also arginase-

1" (Average + s.e.m.; n=5 mice and 658 cells analyzed at the remission stage) (Figure 11b).
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Figure 11: In situ colocalization of INOS and arginase-1 with the respective reporter

proteins in the CNS.

(a) Confocal image of a spinal cord lesion in iNOS-tdTomato-cre mouse at weight loss
(tdTomato in red; iNOS in gray). Scale bar, 20um. (b) tdTomato- and iNOS-fluorescence
intensities were analyzed in cells located in spinal lesions of iNOS-tdTomato-cre mice at EAE
weight loss. iNOS was expressed in 98.6 + 1.2% of tdTomato" cells (average + s.e.m.; n=5

mice and 732 cells analyzed). (c) Confocal image of a spinal cord lesion in Arginase-YFP
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mouse at remission (YFP in green; arginase-1 in gray). Scale bar, 20um. (d) YFP- and
arginase-1-fluorescence intensities were analyzed in cells located in spinal lesions of
Arginase-YFP mice at remission. Arginase-1 was expressed in 99.8 + 0.2% of YFP" cells
(average + s.e.m.; n=5 mice and 658 cells analyzed). Figure from Locatelli, Theodorou et al,

submitted in Nature Neuroscience.

Determination of the proportion of resident cells expressing iNOS and arginase-1

signature enzymes

Besides, during neuroinflammation, activated phagocytes can derive either by the activation
of resident microglia or by the invasion of activated macrophages/microglia. Thus, we wanted
to provide an estimate of the relative contribution of resident microglia to the mononuclear
phagocytes expressing iNOS and arginase-1 signature enzymes. We therefore used the CCR2-
RFP mouse line crossed with CX;CRI-GFP transgenic mouse line to distinguish monocyte-
derived (CCR2"¢" CX3CR1"") and microglia-derived (CCR2"Y CX;CR1"€") phagocytes, as

depicted in the overview of the figure 12.
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Figure 12: Overview of spinal lesions in CCR2-RFP x CX;CRI-GFP transgenic mouse

peak of EAE
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Figure 12: Overview of spinal lesions in CCR2-RFP x CX;CRI-GFP transgenic mouse

peak of EAE

Confocal images representing spinal cord lesions overview (upper panel, GFP in yellow, RFP
in magenta) and magnified inset depicting one lesion (lower panel) in CCR2-RFP x CX;CRI-

GFP transgenic mouse line perfused at peak of EAE. Scale bars 100pm.

By achieving an iNOS and arginase-1 immunostaining at peak of EAE, we could assess the
proportion of resident microglia cells in spinal lesions expressing these pro- and anti-
inflammatory enzymes respectively. Our data showed that more than 90% of the cells present
in a spinal lesion of CCR2-RFP x CX;CRI-GFP at peak of EAE are derived from invading
monocytes (n=4 mice, for the iNOS co-staining: 448 cells analyzed with 8.2 + 2.1% of
resident cells and 91.8 = 2.1% of invading cells; for the arginase-1 co-staining: 516 cells

analyzed with 2.1 + 0.5% of resident cells and 97.9 + 0.5% of invading cells) (Figure 13).
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Figure 13: Proportion of resident versus invading cells in CCR2-RFP x CX;CRI-GFP

mouse line at peak of EAE.

(a) Confocal image of a spinal lesion in CCR2-RFP x CX;CRI-GFP transgenic mouse line
perfused at peak of EAE (GFP in yellow, RFP in magenta, iNOS co-staining in gray). Scale
bar 20um. Magnified insets represent on the right column a resident cell iNOS'GFP") and on
the left column, an invading cell (iNOS"™ RFP" GFP"), scale bar Sum. Quantitative analysis of

the proportion of resident cells (iNOS'GFP") and invading cells (iNOS™ RFP™ GFP" and
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iNOS" RFP") in spinal lesions of CCR2-RFP x CX;CRI-GFP mice, perfused at peak of EAE.

Data are shown as average expression + s.e.m.

(b) Confocal images of spinal lesion in CCR2-RFP x CX;CRI-GFP transgenic mouse line
perfused at peak of EAE (GFP in yellow, RFP in magenta, arginase co-staining in gray). Scale
bar 20um. Magnified insets represent on the right column, a resident cell (Arginase' GFP")
and on the left column, an invading cell (Arginase” RFP™ GFP"), scale bar Spm. Quantitative
analysis of the proportion of resident cells (Arg'GFP") and invading cells (Arg” RFP" GFP"
and Arg’ RFP") in spinal lesions of CCR2-RFP x CX;CRI-GFP mice, perfused at peak of

EAE. Data are shown as average expression + s.e.m.

The progression of reporter protein expression correlates with the pro- and anti-

inflammatory phagocyte phenotypes

After validation of the single transgenic mice, we performed an EAE time course experiment
in double transgenic iNOS-tdTomato-cre x Arginase-YFP mice to analyze neuroinflammatory
lesions. We noticed the presence of several phagocytes populations: M™% expressing
tdTomato only, M*"®™° expressing YFP only and MMNOSM™®"*¢ cells expressing both
fluorescent reporter proteins (Figure 14a). The time points chosen for analysis were: weight

loss, clinical onset, peak (2-3 days after onset) and remission (7 days after EAE onset).

We measured the fluorescence intensity of both tdTomato and YFP signals over the EAE time
course and quantified the relative proportion of YFP vs. tdTomato expression. This analysis
revealed that M™% phagocytic cells dominated early lesions (i.e. weight loss), whereas
MAEMSe yrevailed at a later time point including remission (Analysis performed by Dr.
Giuseppe Locatelli, Figure 14b). We could likewise observe a large proportion of

macrophages expressing both markers over the entire course of the disease suggesting the
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presence of intermediary phenotypes and the existence of a rather continuous phagocyte
phenotype spectrum. In addition, the proportion of M™N°® phagocytic cells decreased over the
EAE course while the proportion of M*™"° became predominant towards the resolution of
neuroinflammatory lesions (Figure 14b, n=6 mice at weight loss, n=10 at onset, n=7 at peak,

n=>5 at remission).
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Figure 14: Progression of the reporter protein expression correlate with the pro- and

anti- inflammatory phagocyte phenotype
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Figure 14: Progression of the reporter protein expression correlate with the pro- and

anti- inflammatory phagocyte phenotype.

(a) Confocal images of spinal cord lesions at the indicated stages of EAE in iNOS-tdTomato-
cre x Arginase-YFP mouse (tdTomato in red, YFP in green), Scale bar, 20um. (b)

Quantitative analysis of MlNOS’ MlNOS/Argmase MArglnase

cell populations located in spinal cord
lesions at the indicated stages of EAE in iNOS-tdTomato-cre x Arginase-YFP mouse (M2 in

red, MINOS/AENSe 1 vellow, MA™™ in green). Figure derived from Locatelli, Theodorou et

al, submitted in Nature Neuroscience.

To estimate the proportion of all phagocytes that are polarized, we performed
immunohistochemistry for the phagocyte marker Iba-1 on tissue sections derived from iNOS-
tdTomato-cre x Arginase-YFP mice during an EAE time course (Figure 15, n=5 or 6
animals). We observed a proportion of non-polarized cells over the course of EAE: at weight
loss 32.8 + 3.8% (Average + s.e.m.), cells analyzed=1,425; at onset: 22.3 + 1.3% (Average +
s.em.), cells analyzed=1,690; at EAE peak: 9.1 = 1.2% (Average + s.e.m.), cells

analyzed=1,913; at remission: 24.0 + 9.8% (Average + s.e.m.), cells analyzed=1,926.
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Figure 15: Overview of macrophages polarization state at peak of EAE in iNOS-

tdTomato-cre x Arginase-YFP mice

Confocal images of an overview of spinal lesions (YFP in green, tdTomato in red, iba-1 co-
staining in gray) in iNOS-tdTomato-cre x Arginase-YFP mice perfused at peak of EAE (Upper

panel, scale bar 100um) and magnified insets (lower panel, scale bar 50 um).

Transcriptional analysis of macrophages populations isolated from the CNS

Further analyses on the reporter protein expressions were realized on CNS-isolated cell
populations from iNOS-tdTomato-cre x Arginase-YFP mice at peak of EAE using flow
cytometry. The CD11b"&" CD45"¢" gate contained the majority of polarized cells and
revealed three distinct cells populations, likewise observed by immunohistochemistry and in
vivo imaging: MNOS, MNOS/Atgnase o g MATERSE colls (Figure 16a). A significantly higher
proportion of these phagocyte population expressed F4/80"¢" and CD11c"€" than the

unpolarized cell population from the same CD11b"€" CD45"¢" gate. However, it is important
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to mention that all these cell populations shared similarities such as the high expression of

Ly6c, characteristic marker of inflammatory monocytes/macrophages (Figure 16b, n=6

mice).
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Figure 16: Flow cytometric analysis of tdTomato and YFP expression in cells isolated

from iNOS-tdTomato-cre x Arginase-YFP mice.

(a) Gating strategy based on CD11b and CD45 revealing M'NOS, MINOS/Atginase oy 4 ppAreinase oo
populations in CD11b"#" CD45"#" (b) Analysis of the expression of F4/80, Ly6C and CD11c

in unpolarized and polarized CD45"¢"-CD11b"¢" cells. Figure from Locatelli, Theodorou et

al, submitted in Nature Neuroscience.

To better define the transcriptional make-up of different polarized macrophages, CD11b"e"

CD45"e" CD64P*!"™ cells were isolated from the spinal cords of iNOS-tdTomato-cre x
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Arginase-YFP mice at weight loss and analyzed via RNA sequencing (Experiment performed
by Marta Joana Costa Jorddo and analyzed by Ori Staszewski and Dr. Giuseppe Locatelli).
The principal component analysis of the transcriptional profile of these macrophage
populations in the inflamed CNS revealed M™NOS, MNOS/Atginase g MATENSE colls as distinct
populations (Figure 17a, n=4 mice), however with a strongly overlapping transcriptome that
is distinct from the classic M1-M2 phenotype observed in in vitro experiments (Figure 17b,
n=4 mice). In addition, these cell populations were closely related to unpolarized CD11b"¢"
CD45"¢" CD64P" cells from the inflamed CNS. The iNOS expression was significantly

higher in M™® cells (tdTomato™ only) compared to the other populations (M™NOS/Arginase

5

MArginase Munpolarized

, ) while the arginase-1 expression was significantly higher in the

MINOS/Atginase anq MATEMSE cells populations presumably due to the start of arginase-1

translation (Figure 17¢, n=4 mice).

The transcript analysis of MNOS, MNOS/Atginase 4 4 AN oo]] hopulations showed that many
genes were differently up- or down regulated; among these, receptors or surface molecules,
secreted molecules, C1q molecules, chemokines, enzymes or signaling molecules (Figure
17d, n=4 mice). We also observed that glycolysis and lipid processing pathways were
significantly upregulated in M™NOS, MNOS/Arnase 3 g MAENSE co]] populations compared to
unpolarized (e.g. Aldoa, GDPD1 for glycolysis and Pla2g7 for lipid processing) (Figure 17d,

n=4 mice).
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Figure 17: RNA sequencing analysis of CD45"¢"-CD11b""-CD64"*"™ cells isolated

from the CNS of iNOS-tdTomato-cre x Arginase-YFP mice at weight loss.

(a) Principal component analysis of MMNOS, MNOSAminase - pjarginase o4 qunpelarized o))
populations. (b) Venn diagrams represent significantly regulated genes in polarized cells
compared to unpolarized cells. (c¢) Count-per-million expression of Nos2 and Argl. (d)
Selection of differentially regulated genes in polarized cells compared to unpolarized cells
(shade of blue represent down-regulated genes, shades of yellow represent up-regulated
genes, expression fold-change; *, P<0.05). Data are shown as average expression + s.e.m.; *,
P<0.05, **, P<0.01 *** P<0.001, 1-way-Anova with Bonferroni post-hoc correction. Figure

from Locatelli, Theodorou et al, submitted in Nature Neuroscience.

Importance of CNS compartmentalization for the establishment of mononuclear

phagocyte phenotypes in vivo

In order to determine the importance of the spinal cord microenvironment for the
establishment of the phagocyte phenotype, we performed in vivo imaging in iNOS-tdTomato-

cre x Arginase-YFP mice over the time-course of EAE and analyzed the proportions of M™%,
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MINOS/ATgnase g 4 MATERSE o] in the different CNS compartments: upper meninges (dura and

arachnoidea), pia mater/parenchyma border and deep parenchyma (Experiment performed by

Dr Giuseppe Locatelli, Figure 18a).

First we acquired a spinal cord volume starting from the upper meninges until the deep
parenchyma, followed by the surgically removal of the upper meninges and once again the
imaging of the same volume of spinal cord tissue (Figure 18a). The mononuclear phagocytes
that were absent following removal of the meninges were considered to be located in this
compartment. The mononuclear phagocytes present at the pia/parenchyma border could be
observed at the beginning of the second image acquired after removal of the upper meninges.
This in vivo imaging approach disclosed the existence of mononuclear phagocyte phenotype
gradients in the different spinal cord compartments particularly at earlier EAE time points (i.e.
weight loss and onset of EAE). Indeed, the parenchyma was significantly enriched in M™N°®
cells in comparison to the upper meninges at both onset and peak of EAE while contrarily
MAEMSe colls were predominant in the upper meninges at both onset and peak of EAE as
calculated with a 1-way-Anova with Bonferroni post-hoc correction (Figure 18b, n=5 at

weight loss, 6 at onset, 5 at peak, 5 at remission).
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Figure 18: Importance of CNS microenvironments for the establishment of mononuclear

phagocyte phenotypes in iNOS-tdTomato-cre x Arginase-YFP mice.

(a) In vivo image acquisition of a spinal lesion of iNOS-tdTomato-cre x Arginase-YFP mouse
at EAE onset before (left) and after (right) removal of upper meninges. Lower panel represent
the lateral projection in the different microenvironment of the CNS (UM=upper meninges,
P/P=Pia/parenchyma interface, Par=Parenchyma). Dashed cell contours (above) indicate UM
cells; dashed lines (below) indicate upper (cyan) and lower (white) P/P limits. Scale bar,
90um. (b) Quantitative analysis of the percentage of polarized M™ 5, pNOSArginase - p gArginase

cells in the spinal cord of iNOS-tdTomato-cre x Arginase-YFP mice during the EAE time

course. Figure from Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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Isotropic distribution of mononuclear phagocyte phenotypes in parenchymal

lesions at EAE onset in situ

In order to study whether a spatial gradient of mononuclear phagocyte phenotype exist in
parenchymal lesions, we performed an immunohistochemistry revealing the vasculature with
a Laminin staining in iNOS-tdTomato-cre x Arginase-YFP mice at onset of EAE. No specific
gradient of differently polarized phagocytes was found originating from the top of the lesion,
from the lesion core or starting from the blood vessels, hence demonstrating a rather isotropic
distribution of mononuclear phagocyte phenotypes in neuroinflammatory lesions at onset of
EAE (Figure 19, n=7 mice; 1,869 cells assessed for the analysis starting from the pial surface,
n=7 mice and 1,894 cells assessed for the analysis from the core of the lesion, n=5 mice and
436 cells assessed for the analysis starting from the blood vessel. No significant differences

were observed (1-way-Anova with Bonferroni post-hoc correction).
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Figure 19: Isotropic distribution in situ of mononuclear phagocyte phenotypes in

parenchymal lesions at onset of EAE in iNOS-tdTomato-cre x Arginase-YFP mice.
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Figure 19: Isotropic distribution in situ of mononuclear phagocyte phenotypes in

parenchymal lesions at onset of EAE in iNOS-tdTomato-cre x Arginase-YFP mice.

(a) Confocal images of spinal lesions of iNOS-tdTomato-cre x Arginase-YFP mice perfused at
onset of EAE (tdTomato in red, YFP in green). Bands of 20um of thickness depict the spatial
distribution of polarized cells emanating from pia surface (top panel), concentric squares
starting from the core of the lesion (middle panel) or parallel to the main blood vessel
revealed by Laminin co-staining (cyan, lower panel). Scale bar 20um. (b) Quantitative
analysis of the proportion of M™0%, MINOS/Arginase 5y 4 NfATENSE collg as indicated in (a). Figure

derived from Locatelli, Theodorou et al, submitted in Nature Neuroscience.

Mononuclear phagocyte polarization is initiated after CNS entry

To understand in which CNS compartment mononuclear phagocytes established a M™% pro-
inflammatory phenotype, we made use of the iNOS-tdTomato-cre mouse line crossed with
CD68-GFP mouse line, in which all mononuclear phagocytes are associated with a green
fluorescent protein (GFP) (Igbal et al, 2014). We used an in vivo spinal imaging in iNOS-
tdTomato-cre x CD68-GFP mice at onset of EAE to first understand, in which location MiNOs
cells were present (Figure 20a,c, n=7 mice). No polarized mononuclear phagocytes were
located in the vasculature revealed by Dextran, while considerable proportions of cells
expressing tdTomato were found in the perivascular space, parenchyma, pia/parenchyma
border and upper meninges (Figure 20a,c, n=7 mice, 4,355 cells analyzed at the
pia/parenchyma border, 2,727 cells in the upper meninges, 142 in the vasculature, 268 in the

perivascular space and 1,778 cells in the parenchyma).
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Figure 20: MNOs phagocyte phenotype is initiated after CNS entry in iNOS-tdTomato-cre

x CD68-GFP mice at onset of EAE.

(a) In vivo image acquisition of a spinal lesion in iNOS-tdTomato-cre x CD68-GFP mice at
EAE onset (GFP in gray, tdTomato in red, Dextran-647 in cyan, scale bar 100um), (b) in vivo
time-lapse imaging of iNOS-tdTomato-cre x CD68-GFP mice at EAE onset (scale bar 20pum).
Dashed cell contours represent an unpolarised GFP* cell converting into a GFP"M™® after
6hrs. (c,d) Quantitative analysis of the proportion of GFP'M™® (red) and unpolarized GFP"
cells at initial time point of imaging (c) and conversion rate of unpolarised GFP" (gray) to
GFP™M™ (red) cells (d) in the different CNS microenvironments of iNOS-tdTomato-cre x
CD68-GFP mice at EAE onset. Data are shown as average expression =+ s.e.m. Figure from

Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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These results corroborated the findings obtained by flow cytometry in iNOS-tdTomato-cre x
Arginase-YFP mice during EAE with the absence of reporter proteins expression in
phagocytes isolated from peripheral compartments such as the blood circulation and lymph
nodes (Figure 21, for the cells isolated from the blood: n=5 mice, populations were gated
based on CD45 and CD11b expression. Average percentage of polarized cells (£ s.e.m.) was
0.002 + 0.002 for M™% and 0.0 for M™% cells in the CD45"#"-CD11b"¢ population, 0.01
+ 0.01 for M™ and 0.0 for M cells in the CD45"€"-CD11b™¢" population, 0.0 for
M™% and 0.001 + 0.001 for M8 cells in the CD45"-CD11b™¢ population, 0.0 for M™N°®
and M2 cells in the CD45™-CD11b™ population. No MNOSA®M o]l were observed;
for the lymph nodes: n=8 mice, populations were gated based on CD45 and CDI11b
expression. Average percentage of polarized cells (+ s.e.m.) was 0.007 £ 0.003 for M™® and
0.003 + 0.002 for M8 cells in the CD45"€"-CD11b™¢ population, 0.0003 + 0.0003 for
M™% and 0.0 for M8 cells in the CD45™%-CD11b™¢ population, 0.09 + 0.03 for M™N°®
and 0.0 for M€ cells in the CD45"€"-CD11b™¢" population. No M™NOSArEne ¢olls were
observed). Overall, our data suggest that macrophages enter the CNS unpolarized via the
blood circulation and afterwards start to express iNOS either in the perivascular space, in the

meninges or directly in the parenchyma.
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Figure 21: Absence of reporter protein expression in mononuclear phagocytes located in

blood and lymph nodes in iNOS-tdTomato-cre x Arginase-YFP mice during EAE.

(a) Flow cytometric analysis of cells isolated from blood in iNOS-tdTomato-cre x Arginase-
YFP mice at peak of EAE (n=5 mice). (b) Flow cytometric analysis of cells isolated from
lymph nodes in iNOS-tdTomato-cre x Arginase-YFP mice at peak of EAE (n=8 mice). Figure

from Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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In addition, we verified the previous in vivo visual assessment of polarized cells belonging to
the perivascular space by performing a co-staining with Laminin on iNOS-tdTomato-cre x
CD68-GFP mice at onset of EAE. We compared the percentage of perivascular cells (GFP”
and GFP' Tomato") in contact with the inner line of the Laminin staining that corresponded to
our criteria for in vivo imaging quantification and the percentage of cells present in between
the two lines of the Laminin depicting the entire perivascular space. We underestimated the
number of cells present in the perivascular space with the in vivo imaging analysis, however
the percentages were comparable. With the criteria, in contact with the inner line of the
Laminin we found 31.5 = 17.7% of GFP" Tomato" perivascular cells and 68.5 + 17.7 % of
GFP" while 31.9 + 9.1% of GFP'" Tomato perivascular cells and 68.1 £ 9.1 of GFP"
perivascular cells in between the two lines of the Laminin (Figure 22, n=3 mice and 79 cells
analyzed). These results were similar to the ones obtained with in vivo imaging (36.3 + 9.6 %

GFP" Tomato " perivascular cells and 63.7 + 9.6 % GFP" perivascular cells).
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Figure 22: Determination of MNOS phagocyte phenotype in the perivascular space in

INOS-tdTomato-cre x CD68-GFP mouse at onset of EAE.

Confocal image of a spinal EAE lesion in iNOS-tdTomato-cre x CD68-GFP mouse (YFP in
gray, tdTomato in red, Laminin co-staining in cyan) perfused at onset of EAE. Scale bar
20um. Outline dashed cell represents a cell located in the perivascular space, on the left that is

only GFP" and on the right that is GFP" Tomato .
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Highest conversion rate of tdTomato expression in the parenchyma and at the

pia/parenchymal border

Moreover, we studied the spatial and temporal distributions of the initial pro-inflammatory
polarization of mononuclear phagocytes using in vivo imaging of the iNOS-tdTomato-cre x
CD68-GFP mice at EAE onset. The cells imaged were assigned to a position in their
respective CNS compartments: perivascular space, parenchyma, pia/parenchyma border and
upper meninges. The analysis was performed over time (6hrs) by comparing the tdTomato
fluorescent reporter protein expression. Thus, we could assess the M™°® polarization rate
corresponding the conversion of a non-polarized GFP' phagocyte to a GFP' tdTomato"
phagocyte (Figure 20b, n=7 mice). Tracking single cells over time was achievable as
mononuclear phagocytes are relatively stable in neuroinflammatory lesions. Our data suggest
that the highest probability of initiation of tdTomato expression in inflammatory phagocytes
was in the parenchyma and in the pia/parenchymal border (Figure 20d, n=7 mice). In
contrast, the conversion rate over 6hrs of tdTomato expression initiation was very low in the
perivascular space and in the upper meninges (Figure 20d, n=7 mice). Number of cells
analyzed in perivascular space: 51, in parenchyma: 197, at the pia/parenchyma border: 301

and in the upper meninges: 214.

These findings seem to suggest that during early stages of EAE, mononuclear phagocytes
enter the parenchyma unpolarized via the blood circulation and that micro-environmental cues
may influence the induction of a pro-inflammatory mononuclear phagocyte polarization

characterized by the expression of tdTomato fluorescent reporter protein.
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Progression of mononuclear phagocyte phenotypes during EAE evolution

As mentioned before, mononuclear phagocytes can be tracked over time using spinal in vivo
imaging as depicted in the representative overview of the spinal cord during EAE

(Experiment performed by Dr Giuseppe Locatelli, Figure 23a). In addition, we observed the

presence of lesions located in the vicinity of the vasculature revealed by i.p. injection of

Dextran-647 (Figure 23a). We could previously observe that after the initiation of M™°®
polarization during early stages of the disease, the entire mononuclear phagocyte population

switch to a M™"8"*¢ phagocyte phenotype over the course of the disease (Figure 14b).
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Figure 23: Progression of mononuclear phagocyte phenotype over the disease course
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Figure 23: Progression of mononuclear phagocyte phenotype over the disease course
(a) In vivo image acquisitions of spinal lesions in iNOS-tdTomato-cre x Arginase-YFP mice at
peak of EAE, scale bar 200um (tdTomato in red, YFP in green, Dextran-647 in cyan). (b)
Representative example at weight loss of a M™® cell (above) becoming a M™NOSArEnase ¢o]|
(below, scale bar 20um). (c) Representative example at peak of EAE of a MM OS/AtEnase o))
(above) becoming a M cell (below, scale bar 5um). (d) Quantitative analysis from in
vivo imaging of single mononuclear phagocyte located in spinal lesions in iNOS-tdTomato-cre
x Arginase-YFP mice. Shown are proportions of M™® cells switching to M™NOSATM¢ (ahgye)

and of MNOSATENSE colls switching to MA™™ (below) over 6hrs. Figure from Locatelli,

Theodorou et al, submitted in Nature Neuroscience.

Several hypotheses have been put forward concerning the existence of differentially polarized
mononuclear phagocyte populations. On the one hand, M™°® cells could depart from the CNS
and be replaced by the infiltration of arginase-1 expressing cells populations (M™NOSArenase oy
MAEM colls) in EAE lesions; alternatively, single M cells could switch over time their

phenotype and start expressing EYFP to become -either MNOS/Arginase

or (subsequently)
MAEM colls. Understanding whether several waves of incoming macrophage population or

whether the same cell may adapt its phenotype could have impact for our understanding and

treatment of MS pathology.

To consider these distinct hypotheses, we performed several time-lapse spinal in vivo imaging
experiments in iNOS-tdTomato-cre x Arginase-YFP transgenic mouse lines during an EAE

time course from weight loss to remission (Experiment performed by Dr Giuseppe Locatelli).

First, we wanted to determine if a single mononuclear phagocyte was able to modulate its
phenotype over a 6 hour imaging in spinal EAE lesions. Among thousands of cells analyzed,

we could indeed observe some polarized macrophages modifying their phenotype over the
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disease course by switching from a M5 to M/NOS/ATNe o by switching from a M OS/Arginase
to MA™™¢ phenotype. This switch seemed to be occurring in unidirectional manner from
M™NOS to MA™EMS phenotype, passing through an intermediary stage (MO A"%) where both

reporter proteins are expressed.

These results suggest the existence of a rather continuous phenotype spectrum. It is important

to note that the highest conversion rate from M™OS to MNOS/Arginase

was found during lesion
formation (i.e. weight loss) whereas the highest conversion rate from MM OS/Atnase g \Arginase
was predominant at lesion resolution (i.e. remission or 7 days after onset). Besides, the
: iNOS iNOS/Arginase : L
conversion rate from M to M decreased over the EAE course while contrariwise
the conversion rate from MNOSATENse ¢ NfATEINSE 1 oreased over the disease course (Figure

23d, 614 cells analyzed at weight loss, 1,180 at onset, 920 at peak, 612 at remission; 7 mice

analyzed at weight loss, 7 mice at onset, 6 mice at peak and 5 mice at remission).

Conversions in the direction MMNOSA®ENse 1 NINOS or in the direction of MMNOSAENase o
MAEME were not or only very exceptionally observed. Indeed, no adaptation of mononuclear
phagocyte phenotype from MMNOSAse o NINOS were observed among 1439 MNOS/Arginase
cells analyzed and only one M*™®™ cell out of 784 underwent a M?TEM®¢ g VNOS/Arginase

switch.

Mononuclear phagocytes plasticity occurs mainly in the parenchyma and at the

pia/parenchyma border

Similarly to the results obtained for the M2 polarization in the iNOS-tdTomato-cre x CD68-
GFP mice (Figure 19), mononuclear phagocyte conversion in the iNOS-tdTomato-cre X
Arginase-YFP transgenic mouse line happened locally in the CNS and mainly in the

parenchyma and at the pia/parenchyma border (Figure 24). The vast majority of mononuclear
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phagocyte phenotype conversions happened in these compartments throughout the formation
to the resolution of EAE neuroinflammatory lesions (for the switch from M™% to
MINOSAgnase - yymber of cells per timepoint: weight loss, n=36, onset, n=15, peak, n=11,

remission, n=2; for the switch from MMNOYA®NSe 5 MATENSE nymber of cells per timepoint:

weight loss, n=2, onset, n=2, peak, n=7, remission, n=10).
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Figure 24: Distribution of switching mononuclear phagocytes during the EAE time

course in iINOS-tdTomato-cre x Arginase-YFP mice.

(a) Quantitative analysis of mononuclear phagocytes switching over 6hrs of imaging during
the course of EAE from M™% to MNOSAtnase () Quantitative analysis of mononuclear

MiNOS/Arginase t

phagocytes switching over 6hrs of imaging during the course of EAE from 0

MAEMS Eioyre from Locatelli, Theodorou et al, submitted in Nature Neuroscience.
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These results directly demonstrate for the first time that polarized mononuclear phagocytes
can modify and adapt their phenotype locally over the disease course by switching in an
unidirectional manner from M™% to MNOSATEMSE 344 finally MA™™ in spinal resolving EAE

lesions.

Reporter promoters are still active over the course of EAE

MINOS/Arginase 11 hserved in

Next, we wanted to investigate whether the large population of
spinal lesions over the EAE time course was indeed a real phagocyte phenotype intermediate
and corresponded to the active co-expression of iNOS and arginase-1 signature enzymes. In
fact, the expression of both tdTomato and YFP fluorescent reporter proteins in M™OS/Arginase
cells does not automatically indicates that both genes promoters are active at the same time or
are still active. This is especially important for the iNOS-tdTomato-cre mouse line, which has

been shown to have a stable tdTomato fluorescent reporter protein while the iNOS protein

expression has a very short half-life (Kolodziejski et al, 2004).

In order to study the iNOS and arginase-1 promoter activity in mononuclear phagocytes in
spinal lesions over the disease course, we used an in vivo imaging bleaching approach in
iNOS-tdTomato-cre x Arginase-YFP transgenic mouse line (Experiment performed by Dr.
Giuseppe Locatelli). This experiment consisted in the acquisition of fluorescence intensities
of MNOS| \ViNOS/Arginase  gArginase o1 yopulations in an EAE lesion volume followed by an
increase of the laser power intensity in order to bleach the reporter protein fluorescence signal
-around 80% for the tdTomato and 50% for the YFP- (Figure 25a). We were then able to
follow the fluorescence re-establishment using in vivo imaging over time (Figure 25a,c). Our
data suggests that 80% of M™NOS/A%M5¢ ¢ol g stil] have an iINOS and arginase-1 active promoter
at early stages of the diseases (i.e. weight loss) while it decreased to 50% at later stages

suggesting that iNOS and arginase-1 promoters activity in the CNS diminished over the
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disease course (Figure 25 b,d, n=7 mice). However, this experiment revealed that a relevant

number of MiNOS/Arginase

cells that appeared double positive with the tdTomato and YFP
expression, were not expressing any longer iNOS or arginase-1 (Figure 25d, n=7 mice).

These findings confirm that M™NOSA™M3¢ colls are indeed a genuine intermediate phenotype

population from the shift occurring from M to MA™8"%¢ in EAE lesions (Figure 23).
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Figure 25: iNOS and arginase-1 promoters are still active over the course of EAE in

iINOS-tdTomato-cre x Arginase-YFP mice.

(a) Reprensentative pictures of in vivo imaging acquisitions of spinal lesions in iNOS-
tdTomato-cre x Arginase-YFP mouse at onset of EAE before bleaching (left), after bleaching
(center) and Shrs later (right). Scale bar, 40um. (b) Quantitative analysis of the percentage of
of M™% (left) and MA™™ (right) cells with active promoter. (c) Representative examples of
the fluorescence intensity of a M OSAen3¢ ¢o] (outlined) before and after bleaching using in
vivo time-lapse. Scale bar, 25um. (d) Quantitative analysis of the percentage of M™OS/Arginase
cells with active iNOS and arginase-1 promoters. Figure from Locatelli, Theodorou et al,

submitted in Nature Neuroscience.
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Presence of a “de novo” macrophages population expressing M*"&"*

Lastly, we wanted to examine the origin of M*""* mononuclear phagocytes in spinal EAE

MiNOS/Arginase

lesions and understand whether this phenotype exclusively came from a switch

towards M~ cell populations.

In order to address this question, we made use of the Cre recombinase from the iNOS-
tdTomato-cre mouse line and crossed it with the Rosa26-Stp-fI-YFP reporter mouse line, thus
resulting in the specific induction of YFP in cells expressing the Cre recombinase. To track
the origin of M™®"*° cells we performed an arginase-1 immunohistochemistry in iNOS-
tdTomato-cre x Rosal6-Stp-fl-YFP during EAE. This approach revealed that while
mononuclear phagocytes that express arginase-1 and YFP have been subjected to a switch, the
ones expressing arginase-1 but not YFP appeared de novo (Figure 27, n=4 mice, 344 cells

analyzed).

We also observed that tdTomato and YFP reporter proteins were absent of the blood
circulation in iNOS-tdTomato-cre x Arginase-YFP transgenic mouse line using flow
cytometry presuming the absence of iNOS and arginase-1 expression in this compartment

(Figure 22).

We confirmed these results in the iNOS-tdTomato-cre x Rosa26-Stp-fI-YFP transgenic mouse
line by flow cytometry analysis of blood samples (Figure 26, n=5 iNOS-tdTomato-cre x
Rosa26-Stp-fI-YFP mice and n=8 control Rosa26-Stp-fl-YFP mice, populations were gated
based on CD45 and CDI11b expression. Average percentage of YFP' cells (£ s.e.m.) was
0.016 £ 0.008 in control and 0.25 £ 0.04 in iNOS-tdTomato-cre x Rosa26-Stp-fl-YFP mice in
the CD45™¢"-CD11b™¢ population, 0.007 + 0.007 in control and 0.013 + 0.013 in iNOS-

tdTomato-cre x Rosa26-Stp-fl-YFP mice in the CD45™"-CD11b"" population, 0.0006 +
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0.0004 in control and 0.0005 £+ 0.0005 in iNOS-tdTomato-cre x Rosa26-Stp-fI-YFP mice in

the CD45"¢-CD11b™® population).
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Figure 26: Absence of YFP expression in mononuclear phagocytes isolated from the

blood of iNOS-tdTomato-cre x Rosa26-Stp-fl-YFP mice and Rosa26-Stp-fl-YFP mice

during EAE.

Flow cytometric analysis of mononuclear phagocytes isolated from the blood of iNOS-

tdTomato-cre x Rosa26-Stp-fl-YFP mice and Rosa26-Stp-fl-YFP mice at peak of EAE (n=5

and n=8 respectively). Figure from Locatelli, Theodorou et al, submitted in Nature

Neuroscience.
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Furthermore, we verified the efficiency of the Cre recombinase expression in iNOS-tdTomato-
cre by studying the proportion of mononuclear phagocytes expressing both YFP and
tdTomato. We found 84.7 £ 3.7% of co-expression in tdTomato positive cells present in the
EAE lesions (n= 344 cells analyzed from 4 mice). This fate tracking approach showed that
roughly 2/3 of all M*"#™ result from a phenotypic switch while 1/3 of arginase-1 expressing-
macrophages appear de novo, thus revealing two different origins of anti-inflammatory

macrophages (Figure 27, n=4 mice).

“de novo”

Arg+ YFP-
323+16%

Arg+ YFP+
67.7+16 %

“switched”

Figure 27: Existence of “de novo” mononuclear phagocyte population expressing

MArginase.

(a) Confocal image of a spinal lesion in iNOS-tdTomato-cre x Rosa26-Stp-fl-YFP mouse
perfused one/two days after EAE onset (YFP in gray, tdTomato in red, arginase co-staining in
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green, scale bar 20um, magnified insets represent de novo YFP"EVeMAENC ¢olls Jeft, and a
switched YFPPVeMA®EMSe o]l right, scale bar 10um. (b) quantitative analysis of the
proportion of de novo YFP™#WeMAE™e and switched YFPPO'VeMA™®™ cells in spinal
lesions of iINOS-tdTomato-cre x Rosal6-Stp-fl-YFP mice. Data are shown as average
expression + s.e.m. Figure from Locatelli, Theodorou et al, submitted in Nature

Neuroscience.
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5. Discussion

In our study, we used two transgenic mouse lines that translated the induction of the
phenotype signature enzymes iNOS and arginase-1 into the expression of the reporter
fluorescent proteins tdTomato and EYFP, respectively. We investigated the plasticity of
phagocyte phenotypes in the context of neuroinflammation, by inducing the common multiple
sclerosis model EAE in double transgenic reporter mice. Our results showed that phagocyte
phenotypes evolved over time, from the formation to the resolution of spinal
neuroinflammatory lesions. While phagocytes expressing iNOS dominated lesions at early
stages of the disease, arginase-1 expressing phagocytes prevailed at later time points.
Moreover, a substantial proportion of macrophages expressed both reporter proteins over the
entire disease course. Transcriptional profiling of these mononuclear phagocytes revealed
MINOS| VfiNOS/Arginase g MATEINSE ool as distinct populations in the inflamed CNS,
nevertheless with a strongly overlapping transcriptome. As shown in experimental models of
autoimmune CNS inflammation, mononuclear phagocytes can arise from infiltrating
monocytes-derived macrophages or from resident microglia (London et al, 2013). We
assessed the relative contribution of resident microglia in our transgenic reporter mice and
detected a small proportion of iNOS" cells (8.2 + 2.1%) and arginase-1" cells (2.1 £ 0.5%)
that were derived from the resident microglia pool. Then, we used a spinal in vivo imaging in
order to determine the evolution of macrophage phenotypes at the level of single cells, over
time and space. We found that the spinal cord microenvironment has a crucial role in the
establishment of mononuclear phagocytes phenotypes in neuroinflammatory lesions. Indeed
the parenchyma was enriched in M™% cells, in comparison to the upper meninges where
MAEM colls were predominant. However, no specific pattern of mononuclear phagocytes
distribution within parenchymal lesions could be described. Then, we investigated the

location of the initial M™% cells phenotype in different compartments and found that
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macrophages enter the CNS unpolarized and start expressing iNOS either in the upper
meninges, in the perivascular space or in the parenchyma with the highest polarization rate
into pro-inflammatory state in the two latter microenvironments. More importantly, we
noticed that polarized macrophages could adjust their phenotype over the course of EAE from
a pro- to an anti-inflammatory state (M™°° to M*™®") " A transitional stage existed where
both reporter proteins are expressed indicating a rather continuous phenotype spectrum. The
in vivo bleaching of the respective reporter proteins for M™% and MA™"¢ cells revealed that
both reporter proteins were still active in most polarized cells over the course of EAE, thus
suggesting that the MMNOSA®MSE yhonotype was indeed a genuine phagocyte phenotype
intermediate. Furthermore, an iNOS-expression fate tracking experiment showed that
approximately 1/3 of arginase-1 expressing macrophages appeared de novo, interestingly

implying two different origins of anti-inflammatory macrophages.

Limitations

One indisputable caveat of our study is the difference between human and murine species.
Are the differences observed in mice between pro- and anti-inflammatory macrophages
markers (e.g. CNS compartmentalization influence) also valid in human? Undoubtedly, not all
findings in mice are necessarily also applicable in humans. Still, EAE has been legitimated as
an animal model to study inflammatory processes in MS, as several current therapeutic
interventions for MS were successfully initiated through EAE studies e.g. glatiramer acetate,

Mitoxantrome, Fingolimod and Natalizumab.

Moreover, our transgenic mouse lines present some limitations concerning the timing of the
initiation of iNOS or arginase-1 expressions. Indeed, the iNOS expression has been shown to

have a shorter half-life than the tdTomato fluorescent protein (Kolodziejski et al, 2004). Thus,

99



our experimental detection of fluorescent protein signal did not necessarily imply that the
endogenous reporter proteins were still expressed. However, we verified that both reporter
proteins were actually still expressed over the entire course of the disease with the bleaching
approach experiment. Even if we could established the location of the initial polarization of
M™NOS cells, the iNOS expression may have been set up earlier due to the time required to fold

the tdTomato protein. Most probably, the switching had already happened.

Challenging the M1-M2 concept

How can macrophages exert both beneficial and detrimental effects in the context of CNS
inflammation?

This assumption is supported by the bipolar dogma referring to pro- and anti-inflammatory
macrophages as M1-M2 macrophages introduced by Charles Mills in 2000 and inspired from
the Th1-Th2 concept (Mills et al, 2000). However, this concept has been principally based on
results obtained from in vitro cell cultures experiments relying on defined stimulations of
macrophages (e.g. for iNOS: Corradin et al, 1993). Yet, this classification might be an
oversimplification and not depict correctly the in vivo situation. Another classification of
macrophages relied on the type of stimuli encountered by macrophages (e.g. LPS or 1L-4)
(Murray et al, 2014). Still, this classification remains reductionist, as it does not describe the
origin of the cell and its complex microenvironment (Nahrendorf et al, 2016). Over time, this
concept has driven the classification of several specific cell markers into one group or the
other (M1-M2), with dynamics of phagocyte phenotype switching that have only been
formerly inferred through artificial in vitro paradigms. Nevertheless, our data rather favor the
concept of phagocyte phenotype spectrum along which phagocytes are able to adapt their

phenotypes in EAE lesions in an unidirectional manner (M™°° to M*™®"™) with an
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intermediate stage. The RNA sequencing analysis revealed that M™O%, MA™®M™e apd
MINOS/Atgnase ool nopulations also showed distinct genes regulations. Interestingly, numerous
classical genes formerly identified in vitro from cell cultures experiments, as belonging to M1
or M2 cells, were not differentially regulated in vivo in between M™OS, MINOS/Arginase ) jArginase
cell populations. These results strongly suggest that the in vivo situation is more intricated
than expected from mere in vitro experimental scenarios. Overall, the classification into M1
or M2 macrophages is certainly not optimal and should be taken with precaution.

Nonetheless, the distinction into M™% and M*™™ ¢cell populations remains convincing as

the macrophages switch occurred as the lesion evolved.

Population exchange versus single cell switch?

Several assumptions exist regarding the presence of differently polarized pro- and anti-
inflammatory macrophages in the context of CNS inflammation. On the one hand, classical
theories support the view of a sequential infiltration of polarized macrophages in the CNS
(Auffray et al, 2009; Shechter et al, 2013) by means of sequential waves of different
phagocyte populations over time. On the other hand, an alternative hypothesis proposes a
phenotype adaptation on a single cell level. This potential switch would happen locally from a
pro-inflammatory to an anti-inflammatory phenotype, according to the molecular cues present
in the neighboring cell environment (Arnold et al, 2007; Liddiard & Taylor, 2015). To
investigate these hypotheses, we performed a set of experiments. First, we tracked individual
mononuclear phagocytes over time to follow their phenotypes using in vivo imaging. We
found that a single cell could switch its polarization state over the entire course of the disease
after the CNS entry. We noticed that at initial stage of the disease (i.e. weight loss) Arginase
mRNA expression was already increased in pro-inflammatory macrophages compared to

unpolarized cells, thus suggesting an immediate “shield” mechanism to counter attack the
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ensuing inflammation. Moreover, fate-tracking experiment confirmed that a considerable
proportion of macrophages undergoes a phenotypic switch. Also, we noticed that a substantial
amount of Arginase’ macrophages never expressed iNOS and thus acquired the M"™#me
polarization de novo. All in all, these results suggest that both hypotheses were accurate, i.e.
both an infiltration of differently polarized cells and a local phenotypic switch take place in
the inflamed CNS correlating with the formation to the resolution of neuroinflammatory

lesions.

Why is the study of the plasticity of mononuclear phagocytes relevant for MS?

Firstly, mononuclear phagocytes are the predominant cellular infiltrates in CNS
demyelinating lesions, both in MS patients and in its animal model EAE (Mishra & Yong,
2016; Prinz & Priller, 2017). Due to complex integration of stimuli coming from their
microenvironments, macrophages play a dual role in MS pathology by acquiring a pro- or an
anti- inflammatory phenotype. Numerous studies have identified the association of deleterious
pro-inflammatory macrophages with lesion formation in MS (Mikita et al, 2011; Lucchinetti
et al, 2001). Moreover, high reactive species production (e.g. NO, peroxinitrite ONOO';
Smith et al, 1999) and pro-inflammatory cytokines generation (e.g. TNFa and IFNy) have
been described in humans with the presence of iINOS and high amount of M1 markers -
CD40, CD86, CD64 and CD32 — found in microglia in normal appearing white matter
(NAWM) and in activated macrophages/microglia in active demyelinating MS lesions (Vogel
et al, 2013; Lassmann, 2014). Infiltration of mononuclear phagocytes has been shown to be
located near damaged axons and phagocytosed myelin (Trapp et al, 1998; Yamasaki et al,
2014; Romanelli et al, 2016). Among other relevant molecules, a tyrosine phosphatase
protein, SHP-1, has been demonstrated to be involved in MS. SHP-1 is a negative regulator of

pro-inflammatory cytokines signaling (i.e. through TLR activation) expressed mostly in
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macrophages. SHP-1 deficiency found in MS patients had increased susceptibility to CNS
demyelination, with a high expression of inflammatory markers (i.e. STATI1, STAT6, NFkB)
(Christophi et al, 2009). Contrariwise, anti-inflammatory mononuclear phagocytes have been
linked to tissue healing, lesion at remission stage and disease resolution (Miron et al, 2013).

Assuming that regulatory mechanisms are conserved between MS and its animal model,
targeting mononuclear phagocytes is of potential therapeutic interest. Our data suggests that
mononuclear phagocytes entered in the CNS unpolarized and became pro-inflammatory after
CNS entry. This initial polarization event needs to be prevented if we consider that this
phenotype is linked to lesion initiation and tissue destruction. However, as we showed that
lesion evolve over the entire course of the disease from a pro- to an anti-inflammatory
phenotype, the timing of the prevention of M1 cells is critical as it may have different

outcome at a later stage of the disease.

Immune cell interactions and microenvironments

Another potential topic of investigation remains the interaction of mononuclear phagocytes
with other immune cells present in the CNS such as T cells or astrocytes. Recent studies have
shown the crucial role of the meningeal compartment for the trafficking and lymphatic
drainage of immune cells (i.e. T cells, Engelhardt et al., 2017) in particular during
neuroinflammatory conditions (Bartholmédus et al, 2009; Schldager et al, 2016). The
investigation of mononuclear phagocytes interaction with T cells in the different CNS
microenvironments represents an intriguing area to examine, especially since different
polarized macrophages express distinct type of T cell and cytokines sets (Biswas &
Mantovani, 2010). M1 macrophages have been associated with Thl cells while M2

macrophages have been linked to Th2 cells.
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The interaction of T cells with mononuclear phagocytes in the meningeal compartment and
the white matter will be further investigated, using multi-photon imaging in a shared project
with Prof. Naoto Kawakami. Visualization of T cell activation will be achievable thanks to
the genetically encoded fluorescence indicator (GECI) Twitch2b, a ratio-metric calcium

sensor based on a Fluorescence resonance energy transfer (FRET) (Thestrup et al, 2014).

Targeting iron metabolism

Iron plays a crucial role in the metabolism at steady state, especially in the CNS. Iron is
required in sufficient quantity for oxygen consumption, ATP production, oxidative
metabolism and myelination (Connor et al, 1996; lkeda & Long, 1990, Todorich et al 2009),
and iron deficiency leads to permanent cognitive and motor damages. However, iron
metabolism has to be tightly regulated as an iron accumulation could lead to free radicals
production (i.e. NO") and oxidative injury. As stated previously, an aberrant accumulation of
iron has been shown after spinal cord injury (Boven et al 2006, Kroner et al 2014; Liu et al
2006) and in neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s and MS
(Drayer et al, 1987; Olanow, 1993; Swaiman, 1991, Popescu et 2017). During lesion
progression in MS, iron is released by oligodendrocytes resulting into accumulation of iron
and its phagocytosis by macrophages and microglia at the lesion edges (Craelius et al, 1982,
Lassmann 2014, Hametner et al, 2013). Thus, targeting iron metabolism molecules associated

with macrophages could also be an appealing potential therapeutic target.

Therapeutic targets

The goal of our study was to shed light on the mechanisms and timing of macrophage

polarization, in order to clarify macrophage-related aspects of MS treatment. Macrophages,
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due to their potential dual role in MS, are certainly relevant and very attractive therapeutic
targets. Understanding the trigger of the switch from a pro- to an anti-inflammatory
macrophage would highlight a potential modulation of phagocyte phenotype leading to

disease resolution.

Using genetically modified mice that lack important cytokines may be useful to understand
potential candidates that may participate into macrophages switch (e.g. conditional knock-out
of IL-4 and IL-13 cytokines, Voehringer et al 2009; Oeser et al, 2015). An interesting follow-
up of our project could be the use of a conditional inactivation of IL-4 and IL-13 cytokines
responsible for an anti-inflammatory macrophage polarization, during an EAE time course.
Indeed, the timing of the inactivation of the anti-inflammatory macrophage population may

have different outcome depending on the stage of the EAE lesion.

Another experimental approach in the search of novel therapeutic targets for MS would be a
powerful technology recently implemented, the CRISPR-Cas9 method (Ran et al, 2013).
CRISPR associated protein 9 nuclease (Cas9) from Streptococcus pyogenes is a relatively
new technique in molecular biology created to manipulate functions of selected genes. This
novel approach consists in targeting changes in the genome of living cells and enables
genomic editing with a very high precision and efficiency at a relatively low cost. This
technique can be used to speed up the selective inactivation of specific gene candidates
necessary for the differentiation of macrophages into pro- or anti-inflammatory phenotypes
(e.g. LPS, TFNy, IL-4, IL-13, IL-10). Moreover, specific chemokine receptors reported
fundamental for pro- or anti-inflammatory macrophage function could be as well targeted (i.e.
CCR7 and CCR2, respectively). Preventing the influx of the pro- or anti- inflammatory
macrophages population at different time points of the disease course could help us decipher

the timing of the beneficial or detrimental impact of the distinct macrophages populations.
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Other cytokines such as the pro-inflammatory immune mediator GM-CSF, involved in
macrophages activation and in the pathogenicity of Th17 cells, could be as well targeted.
Indeed, it has been shown that GM-CSF inhibition has beneficial effects in animal models of
autoimmune disorders such as MS. GM-CSF knockout mice are resistant to EAE
development (McQualter et al, 2001). Thus, many studies have focused on the development
of molecular drugs targeting GM-CSF in order to ameliorate the disease course (Shiomi et al,
2016). T cell transfer experiments could be performed followed by the inactivating GM-CSF
with the CRISPR-Cas9 method that would help decipher the timing of this cytokine action.
Moreover, glucocorticoid hormones could be likewise targeted with a similar effect to
Dexamethasone. This hormone has been associated with beneficial anti-inflammatory effects
in cell culture. The action of Dexamethasone consists in decreasing in a dose-dependently
manner the NO and iNOS production in murine macrophages formerly stimulated with LPS
(Korhonen et al, 2002).

Thus, increasing our knowledge on the evolution of macrophage phenotype in

neuroinflammatory lesions could help us better delineate potential therapeutic targets.
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7. List of abbreviations

aCSF, artificial cerebrospinal fluid

APC, antigen presenting cell

BBB, blood brain barrier

CCR, CC-chemokine receptor

CCL, CC-chemokine ligand

CD, cluster of differentiation

CIS, clinically isolated syndromes

CFA, complete freunds adjuvant

CNS, central nervous system

Cas9, CRISPR associated protein 9 nuclease

CSF, cerebrospinal fluid

CSFI1R, macrophage colony stimulating factor 1 receptor
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DAMPS, damage-associated molecular patterns
EAE, experimental autoimmune encephalomyelitis
EBV, Epstein-Barr virus
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FDA, food and drug administration
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IFN, interferons
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LFA1, lymphocyte function associated antigen 1
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MACI, macrophage receptor 1

M-CSF, macrophage colony stimulating factor
MHC, major histocompatibility complex
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MS, multiple sclerosis

NAWM, normal appearing white matter

NK, natural Killer
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NO, nitric Oxide

PAMPS, pathogen-associated molecular patterns
PECAMI, platelet endothelial cell adhesion molecule
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PNS, peripheral nervous system
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PSGLI1, P-selectin glycoprotein, ligand 1
ROS, reactive oxygen species

RNS, reactive nitrogen species

S1P-R, sphingosine-1-phosphate receptors
SPMS, secondary-Progressive MS

TCR, T cell receptor

TGFp, transforming growth factor

Thl, T helper 1

Th2, T helper 2
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TNF, tumor necrosis factor

TNFR1, tumor necrosis factor receptor 1

TREM2, triggering receptor expressed on myeloid cells
TYROBP, tyrosine kinase binding protein

VLAA4, very late antigen 4
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