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Astrocyte CCL2 sustains immune cell infiltration in chronic
experimental autoimmune encephalomyelitis
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SofroniewP, and Rhonda R. Voskuhl¢”*

aMolecular Cellular and Integrative Physiology Interdepartmental Ph.D. Program, University of
California, Los Angeles

bDepartment of Neurobiology, University of California, Los Angeles

“Multiple Sclerosis Program, Department of Neurology, University of California, Los Angeles

Abstract

Chemokine (C-C motif) ligand 2 (CCL2), initially identified as monocyte chemoattractant
protein-1 (MCP-1), recruits immune cells to the central nervous system (CNS) during autoimmune
inflammation. CCL2 can be expressed by multiple cell types, but which cells are responsible for
CCL2 function during acute and chronic phases of autoimmune disease is not known. We
determined the role of CCL2 in astrocytes in vivo during experimental autoimmune
encephalomyelitis (EAE) by using Cre-loxP gene deletion. Mice with a conditional gene deletion
of CCL2 from astrocytes had less severe EAE late in disease while having a similar incidence and
severity of disease at onset as compared to wild type (WT) control littermates. EAE mice devoid
of CCL2 in astrocytes had less macrophage and T cell inflammation in the white matter of the
spinal cord and less diffuse activation of astrocytes and microglia in both white and gray matter as
well as less axonal loss and demyelination, compared to WT littermates. These findings
demonstrate that CCL2 in astrocytes plays an important role in the continued recruitment of
immune cells and activation of glial cells in the CNS during chronic EAE, thereby suggesting a
novel cell specific target for neuroprotective treatments of chronic neuroinflammatory diseases.

Keywords

CCL2; Astrocytes; Multiple Sclerosis; EAE; T lymphocyte; Macrophage; Microglia;
Neuroprotection

1. Introduction

Inflammation characterizes many disorders of the central nervous system (CNS), including
neurodegenerative, traumatic and autoimmune disorders. In neurodegenerative and
traumatic disorders, CNS inflammation is locally restricted and tends to resolve over time
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(Bush et al., 1999; Schnell et al., 1999; Donnelly and Popovich, 2008). In contrast, in
autoimmune disorders, CNS inflammation is widespread and continuous or recurring (Raine
et al., 1980; Lucchinetti et al., 2000; McFarland and Martin, 2007). Understanding which
molecule on which cell regulates the continuous influx of inflammatory cells into the CNS
during autoimmune disease is central to the development of treatment strategies aiming to
block continuous inflammation.

Multiple sclerosis (MS) is an autoimmune disease of the CNS characterized by continuous
inflammation, demyelination and axonal loss. Current treatment strategies are only partially
effective at controlling peripheral immune responses, reduce relapse rates and delay, but do
not halt, permanent disability accumulation and ongoing neurodegeneration (Hauser et al.,
2013). Thus, there is a need to develop treatments that target molecules on CNS cells to
achieve more direct neuroprotection. Experimental autoimmune encephalomyelitis (EAE) is
the most widely used animal model for MS. It has been used for decades to study peripheral
immune responses and was central to the development of many currently approved
treatments in MS (Yednock et al., 1992; Yu et al., 1996; Aharoni et al., 1997; Webb et al.,
2004; Prinz et al., 2008). More recently the chronic progressive EAE model in C57BL/6
mice has been used to study neurodegenerative aspects of the disease as a means toward
finding a neuroprotective treatment (Bannerman et al., 2005; Rasmussen et al., 2007;
Aharoni et al., 2008; Xu et al., 2008; MacKenzie-Graham et al., 2009; Ziehn et al., 2010;
Rasmussen et al., 2011; MacKenzie-Graham et al., 2012; Ziehn et al., 2012; Mori et al.,
2013).

Astrocytes are intimately associated with and signal to blood vessels (ladecola and
Nedergaard, 2007) and are recognized as playing important roles in regulating leukocyte
trafficking and inflammation in the CNS. They produce a wide variety of pro-inflammatory
chemokines and cytokines, as well as reactive oxygen species (ROS) in vitro, consistent
with a pro-inflammatory role (Dong and Benveniste, 2001; Chen and Swanson, 2003; Farina
et al., 2007; Nair et al., 2008). Conversely, astrocytes also produce anti-inflammatory
cytokines and ROS scavengers, thereby suggesting a role in mitigating inflammation (Aloisi
et al., 1997; Dong and Benveniste, 2001; Dringen and Hirrlinger, 2003; Nair et al., 2008).
Astrocytes have been implicated in vivo in locally triggering innate pro-inflammatory
responses after CNS trauma and stroke (Farina et al., 2007), while, on the other hand, scar-
forming reactive astrocytes formed essential barriers that restricted leukocyte migration
from areas of damaged tissue into neighboring healthy tissue (Bush et al., 1999; Faulkner et
al., 2004; Myer et al., 2006; Okada et al., 2006; Herrmann et al., 2008; Li et al., 2008). Thus,
astrocytes are thought to play complex roles in regulating leukocyte trafficking in the CNS
(John et al., 2005). Reactive astrocytosis is a prominent feature of chronic inflammation of
the CNS during EAE and MS (Eng et al., 1970; Liedtke et al., 1998; Eng et al., 2000), and
transgenically targeted ablation of proliferating, scar-forming reactive astrocytes during
EAE revealed loss of astrocyte barrier function resulting in widespread inflammation and
worsening of EAE outcomes (Voskuhl et al., 2009).

Chemokine (C-Cmotif) ligand 2 (CCL2) is a chemokine initially identified as monocyte
chemoattractant protein-1 (MCP-1). Upon tissue specific expression of CCL2, it can attract
macrophages, T cells, dendritic cells, mast cells and basophils to tissue sites (Rollins, 1991,
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1997). CCL2 expression in the CNS occurs during chronic relapsing EAE, with higher
CCL2 expression correlating with relapses, and antibody mediated blocking decreasing
disease severity and reducing macrophage infiltration (Kennedy et al., 1998). Global
knockouts of CCL2 (Huang et al., 2001) and its receptor CCR2 (Fife et al., 2000) were
resistant to EAE induction. Adoptive transfer of encephalitigenic cells that were devoid of
CCL2 induced EAE in wild type recipients showing that CCL2 expression in the peripheral
immune induction phase was not required. However, EAE was not induced when recipients
of adoptively transferred wild type encephalitogenic cells were devoid of CCL2, thereby
showing that CCL2 expression in the recipient was required for disease. CCL2 expression in
the recipient could be required either in the recipient's CNS or in peripheral immune cells
recruited during disease (Fife et al., 2000). Bone marrow chimeras using global CCL2 gene
deletion separated out effects of CCL2 in the immune system versus the CNS. Specifically,
CCL2 expression in the reconstituted immune system was not necessary for active EAE
induction in chimeras, while CCL2 expression in the engrafted recipient was required
(Dogan et al., 2008). Together these reports showed that CCL2 expression in a CNS cell is
central to chronic EAE pathogenesis. Which CNS cell, however, remains unknown.

In this study we have ascertained whether CCL2 expression in astrocytes may be critical to
EAE pathogenesis. We have created a conditional knock out of CCL2 in astrocytes and
asked whether this affects the clinical course, focal macrophage and T cell infiltration,
diffuse activation of astrocytes and microglial cells, as well as axonal and myelin loss during
EAE.

2. Methods

2.1. Animals

CCL2 conditional gene deletion or knockouts (CKO) from astrocytes (astro-CCL2-CKO)
were generated by crossing transgenic mice that express Cre-recombinase under regulation
of the mouse glial fibrillary acid protein (NMGFAP) promoter, mGFAP-Cre line 73.12
(Herrmann et al., 2008), with mice carrying a CCL2 gene flanked by loxP sites
(CcL2flox/floxy (Shi et al., 2011). The CCL2f1oX/flox \yas a generous gift from Professor Eric
G. Pamer (Sloan-Kettering Institute for Cancer Research). Reporter mice were generated by
crossing mGFAP-Cre line 73.12with transgenic mice harboring ROSA-tdTomato under
regulation of a loxP-flanked STOP cassette (JAX, Bar Harbor, ME). Animals were
maintained under standard conditions in a 12 h dark/light cycle with access to food and
water ad libitum. All procedures were done in accordance to the guidelines of the National
Institutes of Health and the Chancellor's Animal Research Committee of the University of
California, Los Angeles Office for the Protection of Research Subjects.

2.2. Active EAE induction and clinical scoring

Astro-CCL2-CKO and littermate control (WT) mice were immunized subcutaneously with
myelin oligodendrocyte glycoprotein (MOG), amino acids 35-55 (200 pg/animal, American
Peptides) emulsified in Complete Freund's Adjuvant, supplemented with Mycobacterium
Tuberculosis H37Ra (400 pg/animal, Difco Laboratories), over two sites drained by left
inguinal and auxiliary lymph nodes in a total volume of 0.1 ml/mouse. One week later, a
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booster immunization was delivered over contra lateral lymph nodes. The animals were
daily monitored for EAE signs based on a standard EAE 0-5 scale scoring system: 0,
healthy; 1, complete loss of tail tonicity; 2, loss of righting reflex; 3, partial paralysis; 4,
complete paralysis of one or both hind limbs; and 5, moribund, as described (Voskuhl et al.,
2009).

2.3. Histological preparation

Mice were exposed to a lethal dose of isoflurane and perfused transcardially with ice-cold
1X PBS for 8-10 min, followed by 10% formalin for 8-10 min. Spinal cords were dissected
and submerged in 10% formalin overnight at 4 °C, followed by 30% sucrose for 24 hrs at 4
°C. Spinal cords were embedded in optimal cutting temperature compound (Tissue Tek) and
stored in =80 °C after flash frozen in an isopentane bath cooled with liquid nitrogen. Spinal
cord cross-sections were obtained 40 um-thick with a microtome cryostat (model HM505E)
at —20 °C. Tissues were collected serially and stored free floating in 1X PBS with 1%
sodium azide in 4 °C for further analysis, as described (Spence et al., 2013).

2.4. Immunofluorescence

Prior to histological staining, 40-mm thick free-floating sections were thoroughly washed
with 1X PBS to remove residual sodium azide. In the case of anti-MBP labeling, tissue
sections were processed with an additional 2 h incubation with 5% glacial acetic acid in 100-
proof ethanol at room temperature (RT). After washing tissue sections were permeabilized
with 0.05% Tween20 and 2% normal goat serum in 1X PBS for 30 min at RT and blocked
with 10% normal goat serum in 1X PBS for 1 hr. Without washing, tissues were then
incubated with primary antibodies overnight in 4 °C. The following primary antibodies were
used: anti-CD3 at 1:2000 (BD Biosciences PharMingen), anti-1ba-1 at 1:10,000 (Wako
Chemicals), anti-GFAP at 1:40,000 (Dako), anti- MCP-1 (CCL2) at 1:200 (Torrey Pines
Biolabs), anti-neurofilament- NF200 at 1:750 dilutions (Sigma), and anti-MBP at 1:750
(Sigma). The next day tissues were washed and incubated with secondary antibodies
conjugated to Cy5 or Cy3 (Millipore) for 1 hr at RT. DAPI at 1:5000 (Molecular Probes)
was used for nuclear stain. Sections were mounted on slides, allowed to semi-dry, and cover
slipped in fluoromount G (Fisher Scientific) for confocal microscopy, as described (Spence
etal., 2013).

2.5. Microscopy and image processing

Stained sections were examined and imaged using a confocal microscope (Leica TCS-SP) or
a fluorescence microscope (BX51WI; Olympus) equipped with Plan Fluor objectives
connected to a camera (DP70, Olympus). Images were processed using SlideBook™ 4.2
(Intelligent Imaging Innovations, Inc.) and assembled using Microsoft PowerPoint
(Microsoft), as described (Spence et al., 2013).

2.6. Statistical analysis

Differences in EAE clinical scores were determined by repeated-measures one-way
ANOVA. Immunofluorescence data were analyzed by one-way ANOVA. For these
analyses, one-way ANOVA and Bonferroni post hoc analysis were performed on F-stat
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values, and significance was determined at the 95% confidence interval (Prism), as
described (Spence et al., 2013).

3.1. CCL2 is specifically deleted from astrocytes in astro-CCL2-CKO mice

To target the deletion of CCL2 to astrocytes we used a well-characterized mGFAP-Cre line
previously shown to target Cre activity selectively in astrocytes in the CNS (Herrmann et al.,
2008; Spence et al., 2011, 2013). This mGFAP-Cre line targets 98% of all astrocytes in the
spinal cord, the tissue evaluated in this study, with no targeting of other cells, such as
oligodendrocytes, microglia, and neurons (Herrmann et al., 2008). First, we confirmed the
targeting of Cre activity to essentially all astrocytes and only to astrocytes in the spinal cord
of healthy, untreated young adult mice of this transgenic line by showing complete overlap
in the expression of GFAP with the highly sensitive reporter protein tdTomato whose
expression requires Cre expression activity (Fig. 1). We then crossed mGFAP-Cre mice with
CCL2-loxP mice (CCL2flox/flox mice) (Shi et al., 2011). To confirm the selectivity of CCL2
deletion in astrocytes during EAE, we assessed CCL2 expression by immunohistochemistry
using double staining for CCL2 (green) and GFAP (red). Genetically unmanipulated
C57BL/6 control mice with EAE exhibited readily detectable immunoreactive CCL2, with
some co-localization of CCL2 with GFAP and some CCL2 not colocalizing with GFAP
(Fig. 2A, top row), thereby demonstrating CCL2 expression both in astrocytes as well as in
other cells during EAE. In contrast, astro-CCL2-CKO mice with EAE no longer showed co-
localization of CCL2 with GFAP, with CCL2 staining limited to non-GFAP staining cells
(Fig. 2A, middle row). Astro-CCL2-CKO littermate WT mice with EAE (Fig. 1A, bottom
row) were the same as C57BL/6 mice with EAE (Fig. 2A, top row). CCL2 staining in dorsal
column of thoracic spinal cord as shown in Fig. 2B, and quantified in Fig. 2C, confirmed
that deletion of CCL2 from astrocytes in our astro-CCL2-CKO mice resulted in overall
partial deletion of CCL2 in cord during EAE. Specifically, astro-CCL2-CKO mice had
removal of CCL2 from astrocytes, but not other cells, during EAE.

3.2. CCL2 deletion from astrocytes during EAE provides clinical disease protection late in

disease

To determine whether CCL2 from astrocytes plays a role in EAE, we compared standard
EAE clinical scores in astro-CCL2-CKO versus WT littermates. Astro-CCL2-CKO mice
had significantly less severe EAE late in disease, while having a similar incidence and
severity of disease at onset (Fig. 3). This result showed a role for CCL2 from astrocytes in
mechanisms related to disease progression, but not in acute disease onset.

3.3. CCL2 deletion from astrocytes reduces macrophage and T cell infiltrates during EAE

To understand how CCL2 in astrocytes may affect the progression of EAE, we sacrificed
mice during late disease and assessed immune cell infiltrates by immunofluorescence using
a T lymphocyte marker (anti-CD3) and macrophage marker (Iba-1).We used
immunohistochemical identification and a stereological procedure (Stereolnvestigator ®) to
quantify these cell types in the spinal cord dorsal and ventral columns. To identify
macrophages, distinct from microglia, we used immunohistochemistry for Iba-1 and counted
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cells with a globoid shape, as previously described (Voskuhl et al., 2009). We found that
astro-CCL2-CKO mice, compared to WT littermate controls, had a significant reduction in
both macrophage and T cell infiltrates in both the dorsal and ventrolateral white matter of
spinal cords (Fig. 4). Representative images of astro-CCL2-CKO and WT EAE mice
showed the differences in infiltrates with anti-lba-1 (arrowhead) and anti-CD3 (arrow)
staining (Fig. 4A,B), while quantitative analysis confirmed the significant reduction of
macrophages (Fig. 4C) and T cells (Fig. 4D) in astro-CCL2-CKO mice. These results
showed a role for CCL2 in astrocytes in the recruitment of macrophages and T cells to the
CNS during progressive EAE.

3.4. CCL2 deletion from astrocytes results in less activation of astrocytes and microglial
diffusely during EAE

Astrocytes are known to become reactive and increase in number, not only in focal lesions,
but also diffusively in both white and gray matter throughout the CNS during EAE (Liedtke
et al., 1998; Voskuhl et al., 2009). In addition, microglial cells are known to change their
morphology to a more ramified state and increase in number diffusely during EAE
(Rasmussen et al., 2007). Thus, we next went beyond classic focal white matter lesions
containing macrophage and T cell infiltrates to assess a role for CCL2 in astrocytes on
diffuse glial activation in both white and gray matter of spinal cords during progressive
EAE. Astro-CCL2-CKO mice showed a significant reduction in reactive astrocytes as
compared to WT littermates in white matter and gray matter (Fig. 5). Also, less ramified/
activated microglia were observed when comparing astro-CCL2-CKO versus WT littermates
with EAE, and quantitative analysis showed fewer microglia in both white and gray matter
of the spinal cords of astro-CCL2-CKO EAE mice (Fig. 6). Together these results
demonstrated a role of CCL2 in astrocytes on diffuse glial activation in the CNS during
progressive EAE.

3.5. CCL2 deletion from astrocytes reduces demyelination and axonal loss during EAE

We evaluated EAE neuropathology, namely demyelination and axonal loss in spinal cord
white matter, using immunofluorescence staining with anti-myelin basic protein (MBP) and
anti-neurofilament (NF200) antibody staining, respectively. Astro-CCL2-CKO mice with
EAE had more myelin (green) and more axonal (red) staining as compared to WT
littermates with EAE (Fig. 7A,B). Quantitative analysis of myelin (Fig. 7C) and axons (Fig.
7D) confirmed the significant preservation myelin and axons in astro-CCL2-CKO spinal
cords as compared to WT. These results are consistent with differences in EAE clinical
scores of astro-CCL2-CKO mice versus WT (Fig. 3), since axonal loss has been shown to
correlate with clinical disease severity (Wujek et al., 2002). Together, these results confirm
the functional significance of CCL2 in astrocytes during the later progressive phase of EAE.

3.6. CCL2 deletion from astrocytes reduces had no effect during early EAE

Lastly, given our findings of effects of CCL2 on astrocytes during late EAE, we ascertained
whether such effects might also be observed early during EAE. Thus, in additional
experiments, mice were sacrificed early in EAE, before clinical disease scores began to
differ between astro-CCL2-CKO and WT littermates, and assessed for potential differences
in immune cell (T cell and macrophage) infiltrates, diffuse glial (astrocytes and microglia),
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demyelination and axonal loss. In contrast to differences observed at late in EAE, such
differences were not found early (Fig. 8). This revealed that effects of CCL2 in astrocytes
that were observed late in EAE were not merely secondary to early differences, but rather
were due to effects of CCL2 in astrocytes during late disease. This is consistent with our
conclusion that CCL2 in astrocytes is important for T cell and macrophage infiltration into
the CNS during the late chronic phase of the disease.

4. Discussion

By selectively removing CCL2 from astrocytes, we found that CCL2 expression in
astrocytes is functionally significant during EAE. It plays a role in focal macrophage and T
cell infiltration in spinal cord white matter as well as diffuse activation of astrocytes and
microglia in both white and gray matter, together consistent with the more severe EAE
clinical scores, demyelination and axonal loss observed in wild type littermates as compared
to astro-CCL2-CKOs.

Seminal work on the important role of CCL2 in the pathogenesis of EAE was done by the
Ransohoff group (Huang et al., 2001) and the Karpus group (Kennedy et al., 1998; Fife et
al., 2000; Dogan et al., 2008). While originally, CCL2 was thought to primarily be involved
in the generation of encephalitogenic immune responses, their elegant work involving knock
outs during adoptive EAE, as well as induction of active EAE in bone marrow chimeras,
together revealed that it was CCL2 expression in the CNS that was critical in mediating
macrophage and T cell infiltrates during EAE. Specifically, CCL2 production from resident
CNS was thought to contribute to the recruitment of myeloid dendritic cells and
macrophages expressing TNFa and iNOS during EAE (Dogan et al., 2008). Until now, the
CNS resident cell with functionally significant CCL2 expression during EAE has remained
unknown. Here, we created mice with a specific deletion of CCL2 in astrocytes and showed
effects on the recruitment of macrophages and T cells to the CNS during EAE, thereby
showing functional significance of CCL2 expression by astrocytes in mediating
inflammation. This is consistent with previous reports showing a correlation between higher
astrocyte CCL2 expression and worse disease severity in a variety of CNS injury models
(Brambilla et al., 2005; Conductier et al., 2010; Carrillo-de Sauvage et al., 2012; Hamby et
al., 2012), and that CCL2 is expressed in astrocytes surrounding lesions in MS patients
(McManus et al., 1998; Simpson et al., 1998). That said, our finding of a role for CCL2 in
astrocytes is not mutually exclusive of an additional role for CCL2 in other CNS resident
cells. Indeed, we found that astro-CCL2-CKO mice had reduced EAE severity late in
disease while having a similar incidence and severity of disease at onset as compared to wild
type (WT) control littermates. In this context it is important to note that our analysis of
reporter gene expression demonstrates Cre-recombinase activity in essentially all spinal cord
astrocytes in healthy, uninjured young adult mGFAP-Cre transgenic mice, indicating that
CCL2 mediated deletion from astrocytes would have occurred prior to the onset of EAE.
Given previous reports that global CCL2 knockouts were resistant to disease induction (Fife
et al., 2000), together this may suggest that CCL2 on astrocytes is critical to ongoing,
continuing inflammation late in chronic EAE, while CCL2 expression on other CNS resident
cells, such as endothelial cells (Berman et al., 1996; dos Santos et al., 2005; Ge et al., 2009),
may be important in initial early inflammatory processes at disease onset. Distinguishing
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between earlier versus later inflammatory mechanisms may be important in developing the
most appropriate treatment strategies for various phases of MS.

Reactive astrocytosis with production of NFkappaB (NF«B)-dependent proinflammatory
molecules including CCL2 are thought to play a role in continued inflammation and
secondary injury processes not only in EAE and MS, but also in other neurological
disorders. This neuroinflammatory pathway may be therefore an important mechanism to
target with candidate neuroprotective treatments. Indeed, the mechanism of estradiol as a
neuroprotective treatment involves this neuroinflammatory pathway. Initially, estradiol
treatment was shown to reduce EAE clinical disease severity and decrease CNS
inflammation through its effects on peripheral immune responses, with global estrogen
receptor (ER)a knock outs and selective ERa ligand treatments showing that this was
mediated through ERa (Liu et al., 2003; Polanczyk et al., 2003; Morales et al., 2006).
Astrocytes were then shown to be a direct target of ERa ligand treatment using conditional
deletion of ERa selectively removed from astrocytes. Mice with astro-ERa-CKO exhibited
significantly reduced estrogen mediated clinical disease protection and less CNS anti-
inflammatory effects (Spence et al., 2011) as well as complete loss of the estrogen mediated
reduction in astrocyte CCL2 expression (Spence et al., 2013). Another complementary study
showed that ERa ligand treatment ameliorated EAE and reduced astrocyte CCL2 production
in vivo and inhibited TNFa induced CCL2 expression in vitro with direct suppression of
NF«B recruitment to the CCL2 enhancer (Giraud et al., 2010). Finally, in both spinal cord
injury and EAE, selective inactivation of NFxB in astrocytes lead to an improvement in
clinical outcomes, with less white matter injury and reduced expression of proinflammatory
chemokines and cytokines including CCL2 (Brambilla et al., 2005, 2009). Together these
reports reinforce the conclusion that a promising approach for neuroprotective therapies
would be to target the astrocyte's ability to upregulate CCL2 and other chemokines.

Designing neuroprotective treatments for neurological disorders is particularly challenging
since many molecules, including chemokines, are expressed in the CNS, the immune system
and other organ systems (Ransohoff, 2009). Thus, targeting specific molecules in the CNS
can be confounded by off target binding with unexpected results. Targeting specific CNS
cells is complicated by the various roles that a given cell may have during a disease process.
Depending on the condition and the timing, astrocytes may have pro- or anti-inflammatory
effects as well as neuroprotective effects mediated through glutamate uptake or neurotrophic
factor production (Anderson et al., 2014; Sofroniew, 2014). In the MS model, EAE, CCL2
on astrocytes plays a role in attracting immune cell infiltrates to form CNS lesions, while the
barrier function of scar forming astrocytes prevents focal inflammation from becoming
widespread (Voskuhl et al., 2009). Thus, the challenge of future neurotherapeutics will be to
design both molecule specific and cell specific treatments to be delivered at the optimal
phase of an evolving disease process.
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Merge

Fig. 1.
Verification of extent and selectivity of Cre targeting to astrocytes. Immunofluorescence

shows complete GFAP (green) with tdTomato reporter protein (red) in healthy, untreated
young adult mice mGFAP-Cre-tdTomato reporter mice. Merged images (GFAP+ tdTomato)
show co-localization in yellow. Survey images (top row) show dorsal column white matter.
Scale bar =100 um. Boxed areas indicate areas shown in detail below. Scale bar = 25 pm.
Arrows indicate double-labeled astrocytes. All detectable astrocytes express both GFAP and
tdTomato.
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Fig. 2.

B

Page 14

CCL2

CCL2 CKO

CCL2WT CCL2 CKO

Verification of CCL2 deletion specificity in GFAP+ astrocytes during EAE. A,
Immunofluorescence shows co-localization of CCL2 (green) with GFAP (red) in C57BL/6
wildtype (top row) and CCL2 wildtype littermate controls (CCL2 WT bottom row), but not
in mice with astrocyte CCL2 conditional gene deletion (astro-CCL2-CKO middle row)
during EAE. Merged images (GFAP + CCL2) show co-localization in yellow. Scale bar, 20
pum. B, Immunofluorescence shows significantly reduced CCL2 expression in the spinal cord
dorsal column of astro-CCL2-CKO mice compared to CCL2 WT mice during EAE. Scale
bar, 100 um. C, Quantification shows reduced % CCL2 expression area in the spinal cord
dorsal column of astro-CCL2-CKO mice. *p < 0.05 versus CCL2 WT (mean = SEM).
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% 10 20 30 40 50
Days post EAE induction
B Summary of EAE experiments

Group Incidence® Meg';g:},’ of Mg?i:iiglak chst:er::(lealtr:\c,i(:x D?sl:::;altr:\c,lzx
Score® (All days)? (After Day 30)°

WT 4/5 13.0+0.8 3405 20.21+34.0 21.1 £ 13.7

! CKO 717 156+10* 22+09* 24.5 £ 20.0 591+66"*
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Fig. 3.

Astrocyte CCL2 CKO, as compared to WT littermates, has less severe EAE late in disease.
A, Astro-CCL2-CKO mice had significantly better clinical EAE scores late (after EAE day
30) compared with CCL2 WT mice. *p < 0.05 (repeated-measures ANOVA with post hoc
Bonferroni pairwise analysis). Graphical representation of experiment #2 from Table. B,

Table showing clinical assessments in three separate experiments. Statistical analysis shows
significant decrease in the cumulative disease score index after 30 days of EAE induction in
astro-CCL2-CKO compared to CCL2 WT. @Incidence is the number of mice that developed
EAE signs from the total number of mice in each group. PMean day (+SEM) of onset was
assessed when mice showed first clinical disease signs (score of >1) after EAE

induction. °Mean peak clinical score (+SEM) was assessed when each mouse reached its
maximum clinical score. 9Cumulative disease index (+SEM) was calculated by summing the
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daily clinical scores of each mouse and averaging them within each group. “All days”
signifies day 0 of EAE induction to day of sacrifice, while “After Day 30 is from day 30 of
EAE to day of sacrifice. *p < 0.05, tp < 0.08 versus CCL2 WT (mean = SEM).
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Fig. 4.
Astrocyte CCL2 CKO mice with EAE have a reduction in macrophage and T cell infiltrates

in both dorsal and ventral white matter of the spinal cord during EAE. Representative
immunofluorescence images of A, Iba-1 (green) globoid macrophage (arrowhead) and B,
CD3 (red) T cell (arrow) infiltrates, each reduced in the dorsal (top rows) and ventralateral
(bottom rows) white matter of spinal cords during EAE. Scale bar, 100 um. Quantitative
analysis show that astro-CCL2-CKO mice have a significant reduction in C, Iba-1 globoid
macrophages and D, CD3 T cells in the dorsal and ventralateral white matter of the spinal
cord during EAE. *p < 0.05 versus CCL2 WT (mean + SEM).
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Fig. 5.
Selective deletion of CCL2 from astrocytes results in less activation of astrocytes diffusively

in the spinal cords during EAE. A, Representative immunofluorescence images show that
astro-CCL2-CKOmice have less reactive GFAP* astrocytes (red) in the gray matter (GM)
and white matter(WM) of the spinal cord compared to CCL2 WT during EAE. Scale bar,
100 pm. B, Quantitative analysis shows that astro-CCL2-CKO mice have a significant
reduction of GFAP expression in both white and gray matter of the spinal cord compared to
CCL2 WT. *p < 0.05 versus CCL2 WT (mean + SEM).
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Selective deletion of CCL2 from astrocytes results in less microglial activation diffusively in

the spinal cords during EAE. Representative immunofluorescence image of A, ramified/

activated and B, resting microglial cell using Iba-1 staining (green). Scale bar, 10 um. C and
D, astro-CCL2-CKO mice show a reduced number of ramified/activated microglial cells in
white matter (WM) and gray matter (GM) of the spinal cord compared to CCL2 WT mice
during EAE. Scale bar, 100 um. E, Quantitative analysis confirms that astro-CCL2-CKO
mice have reduced activated microglial cells in the white and gray matter of the spinal cord

during EAE. *p < 0.05 versus CCL2 WT (mean + SEM).
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Fig. 7.
Astrocyte CCL2 CKO, as compared to WT littermates, has less demyelination and axonal

loss during EAE. A and B, Immunofluorescence images of MBP* myelin (green) and
NF200* axon (red) in the spinal cord dorsal column of astro-CCL2-CKO and CCL2 WT
mice induced with EAE. Left images show entire dorsal column of the spinal cord, with
images in boxes shown in higher magnification. Astro-CCL2-CKO, compared to CCL2 WT,
has more myelin and axons in the dorsal column shown in individual (left) and merged
(right) images. Scale bars; yellow, 100 pm: white, 20 pm. Quantitative analysis shows that
astro-CCL2-CKO mice have more C, myelin and D, axons in the dorsal column of the spinal
cord compared to CCL2 WT during EAE. *p < 0.05 versus CCL2 WT (mean £ SEM).
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Fig. 8.

No differences were found between astro-CCL2-CKO mice as compared to WT littermates
during the early phase of EAE. A, Astro-CCL2-CKO mice have similar clinical disease
scores as WT mice early during EAE. B, Representative immunofluorescence images and
quantitative analysis show that astro-CCL2-CKO and WT have similar levels of 1ba-1
(green) globoid macrophage (arrowhead) and CD3 (red) T cell (arrow) infiltrates in the
spinal cord dorsal column. Scale bar, 100 um. Quantitative analyses confirm that astro-
CCL2-CKO mice and CCL2 WT mice also have similar levels of diffuse activation of C,
reactive astrocytes and D, activated microglial cells in the white and gray matter of the
spinal cord early during. E, Quantitative analyses show that astro-CCL2-CKO mice and
CCL2 WT mice have similar levels of myelin and axons in the dorsal column of the spinal
cord.
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