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Neurobiology of Disease

Conditional Ablation of Astroglial CCL2 Suppresses CNS
Accumulation of M1 Macrophages and Preserves Axons in
Mice with MOG Peptide EAE

Monica Moreno, Peter Bannerman, Joyce Ma, Fuzheng Guo, “Laird Miers, Athena M. Soulika, and David Pleasure
Institute for Pediatric Regenerative Medicine, University of California, Davis, School of Medicine, Sacramento, California 95817

Current multiple sclerosis (MS) therapies only partially prevent chronically worsening neurological deficits, which are largely attribut-
able to progressive loss of CNS axons. Prior studies of experimental autoimmune encephalomyelitis (EAE) induced in C57BL/6 mice by
immunization with myelin oligodendrocyte glycoprotein peptide 35-55 (MOG peptide), a model of MS, documented continued axon loss
for months after acute CNS inflammatory infiltrates had subsided, and massive astroglial induction of CCL2 (MCP-1), a chemokine for
CCR2 " monocytes. We now report that conditional deletion of astroglial CCL2 significantly decreases CNS accumulation of classically
activated (M1) monocyte-derived macrophages and microglial expression of M1 markers during the initial CNS inflammatory phase of
MOG peptide EAE, reduces the acute and long-term severity of clinical deficits and slows the progression of spinal cord axon loss. In
addition, lack of astroglial-derived CCL2 results in increased accumulation of Th17 cells within the CNS in these mice, but also in greater
confinement of CD4 * lymphocytes to CNS perivascular spaces. These findings suggest that therapies designed to inhibit astroglial
CCL2-driven trafficking of monocyte-derived macrophages to the CNS during acute MS exacerbations have the potential to significantly
reduce CNS axon loss and slow progression of neurological deficits.
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Introduction

Experimental autoimmune encephalomyelitis (EAE) is a widely
used multiple sclerosis (MS) model. CCL2, a chemokine that, in
peripheral tissues, regulates the release of CCR2 "Ly6C * mono-
cytes from the bone marrow and their trafficking to regions of
inflammation (Geissmann et al., 2003; King et al., 2009), is also
synthesized in the CNS, mainly by astrocytes, and to a lesser
extent by microglia, endothelial cells, and neurons (Ransohoff et
al., 1993; Berman et al., 1996; Banisadr et al., 2005a; de Haas et al.,
2007; Mélik-Parsadaniantz and Rostene, 2008). Constitutive ge-
netic ablation of either CCL2 (Huang et al., 2001) or of its recep-
tor, CCR2 (Fife et al., 2000), reduces monocyte-derived
macrophage recruitment into the CNS in mice with EAE and
diminishes the severity of their neurological deficits. Studies in
radiation bone marrow chimeric mice showed that CCL2 pro-
duced by radioresistant CNS cells is critical for the development
of severe EAE in mice immunized with myelin oligodendrocyte
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glycoprotein peptide 35-55 (MOG peptide) (Dogan et al., 2008).
More recently, the extent of acute neurological deficits in mice
with MOG peptide EAE was reported to be diminished by con-
ditional deletion of astroglial CCL2 (Paul et al., 2014). Further-
more, estrogen receptor o (ERa) on astrocytes reduces astrocyte
expression of CCL2 and mediates neuroprotection in EAE
(Spence et al., 2011, 2013). Together, these findings underscore
the importance of CCL2 in EAE, and possibly also in MS.

In the present study, we examined the effects of conditional
ablation of astroglial CCL2 on CNS inflammation and loss of
myelin and axons in mice with MOG peptide EAE. Our results
indicate that MOG peptide-immunized mice in which wild-type
CCL2 alleles (CCL2"™™7) had been replaced by loxP-flanked
CCL2 alleles (CCL2™™), which were disrupted by a mouse glial
fibrillary acidic protein promoter-driven cre transgene (1 GFAPcre)
exhibited milder clinical neurological deficits throughout the course
of their illness, and substantially less long-term CNS demyelination
and axon loss, than did their littermate mGFAPcre/CCL2""""" con-
trols. Collectively, these data support key roles for astroglial CCL2 in
modulating CNS inflammation and triggering long-term axon loss
in MOG peptide EAE.

Materials and Methods

Mice. Mouse glial fibrillary acidic protein promoter-driven cre
(mGfap-cre, B6.Cg-Tg 73.12Mvs/J; stock number 012886) and
Rosa26-STOP-enhanced yellow fluorescent protein (EYFP) (Rosa-
EYFP, B6.129X1-G#(ROSA)26Sor ™M (EYFP)Cos /1. stock  number
006148) mice were purchased (The Jackson Laboratory, RRID:
nlx_63162) and maintained on a C57BL/6 background. We constructed


http://orcid.org/0000-0001-5437-8787

8176 - J. Neurosci., June 11, 2014 - 34(24):8175- 8185

CCL2™™ mice, containing loxP sites flanking exons 2-3 of the chemokine
ccl2 gene. These CCL2™™ mice were crossed with mice carrying the
mGFAPcre transgene and the recombination marker RosaEYFP to create
mGFAPCre/CCL2™™RosaEYFP mice, which were deficient in astroglial
CCL2 synthesis. mGFAPCre/CCL2"""T|RosaEYFP (mGFAPCre/RosaEYFP)
littermates were used as controls. Mice homozygous for CCL2™/™ ap-
peared healthy. Confocal and stereological analyses were used to quantify
cre-mediated recombination in astrocytes, calculated by dividing the
number of EYFP *GFAP ™ cells by the total number of GFAP ™ cells. All
mice were maintained in a pathogen-free, Association for Assessment
and Accreditation of Laboratory Animal Care approved, veterinarian-
staffed vivarium, and all study protocols and procedures were approved
by the University of California Davis Institutional Animal Care and Use
Committee.

EAE induction. MOG peptide-EAE was induced in 3 month postna-
tal male and female mGFEAPcre/CCL2™™|RosaEYFP and control
mGFAPcre/RosaEYFP mice by subcutaneous flank administration of
300 pg of rodent MOG peptide (amino acids 35-55, New England
Peptides) in complete Freund’s adjuvant (CFA) containing 5 mg/ml
killed Mycobacterium tuberculosis (DIFCO catalog #DF3114-33-8) on
day 0, with intraperitoneal administration of 200 ng of pertussis toxin
on days 0 and 2. Wild-type CFA control mice received CFA and pertussis
toxin, but no MOG peptide. Mice were scored daily as follows: 0, no
detectable signs of EAE; 0.5, distal limp tail; 1.0, limp tail or waddling gait;
1.5, limp tail and waddling gait; 2.0, unilateral partial hindlimb paresis;
2.5, bilateral partial hindlimb paresis; 3.0, complete bilateral hindlimb
paresis; 3.5, partial hindlimb paralysis; 4.0, complete hindlimb paralysis;
and 5, moribund.

Tissue and cell preparation and immunohistochemistry. Mice were anes-
thetized by intraperitoneal administration of ketamine (150 mg/kg) and
xylazine (16 mg/kg). For immunohistology, animals were perfused with
4% PFA (v/v) in PBS. Tissues were cryoprotected in PBS with 30% su-
crose and cryostat cut into 10- to 14-um-thick sections. Sections were
blocked with 5% normal serum (depending upon the species of origin for
the secondary antibodies) in PBS for 1 h at room temperature and incu-
bated overnight at 4°C with antibodies against CCL2 (Millipore, cata-
log #AB1834P RRID:AB_90984, 1:200), CD4 (BD Biosciences catalog
#550280 RRID:AB_393575, 1:100), Iba-1 (Wako Chemicals catalog
#019-19741 RRID:AB_2313566, 1:1500), GFAP (Dr. Virginia Lee cat-
alog #GFAP RRID:AB_2314536, 1:300), GFP (Abcam catalog #ab13970
RRID:AB_300798, 1:400), or opalin (Novus Biologicals catalog #NBP1-
81656 RRID:AB_11028865, 1:2000), or a monoclonal pan-phosphorylated
NF-H epitope antibody (SMI-312, Covance Research Products, catalog
#SMI-312R-100 RRID:AB_10119994, 1:500), followed by secondary
species-specific fluorescent antibodies conjugated to AlexaFluor-488 or
AlexaFluor-594 (Jackson ImmunoResearch Laboratories, 1:500) or bio-
tinylated secondary antibodies for 2 h at room temperature.

RNA isolation and real-time PCR analysis. Mice were perfused with
ice-cold PBS (Invitrogen) and lumbar (L4-L5) spinal cords were ex-
tracted, stored overnight in RNAlater (Ambion, RRID:nif-0000-30092)
at 4°C, and then stored at —20°C. RNA was isolated using the RNeasy
Lipid Tissue Mini Kit (QIAGEN, RRID:nif-0000-31384) following the
manufacturer’s instructions. The samples were treated with DNasel
(QIAGEN), and 500 ng of RNA was transcribed into cDNA using the
Omniscript RT Kit (QIAGEN). ¢cDNA (1 ul) was transferred into a 96-
well PCR-plate (Thermo Fisher Scientific, RRID:nlx_152478), and 12.5
ul of SYBER Green Master Mix (QuantiTect SYBER Green PCR Kit
(QIAGEN) plus 9.6 ul of H,O was added. The PCR was performed as
previously described (Soulika et al., 2009). mRNA levels of assayed genes
were normalized to mRNA levels of the housekeeping gene GAPDH.

Axon counting and quantification of demyelination. Semiautomated
axon counting and integrated density (IntDen) measurements were ob-
tained using Image]J software version 1.47 (Schneider etal., 2012) accord-
ing to a published protocol (Marina et al., 2010). Images of single
confocal optical slices were used for SMI-312 * axon counting and im-
munoreactive opalin intensity measurements. Briefly, to quantify the
number of axons, images of white matter tracts of individual spinal cords
were manually outlined and converted to grayscale images, and evaluated
with the automated “cell counter” plugin. To quantify immunoreactiv-
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ity, white matter tracts of individual spinal cords were manually outlined
and the IntDen was obtained. IntDen provided a measure of intensity
proportional to total volume and was calculated using area (um) X
immunoreactivity. Sections were imaged using identical gain and offset
settings on a laser scanning confocal microscope. All intensity measure-
ments were performed in triplicate, and values were averaged.

Protein extraction and Western blotting. Lumbar spinal cords were ex-
tracted and homogenized in RIPA buffer containing protease inhibitors
(Santa Cruz Biotechnology, RRID:nlx_152453). Tissues were homoge-
nized at 4°C for 1 h. After centrifugation (15,000 X g) for 30 min, super-
natants were collected and stored at —80°C. Protein concentrations were
determined using the Pierce Micro BCA Protein Assay (Thermo Fisher
Scientific). Equal amounts of total protein (50 ug) were denatured in 2X
Laemmli buffer at 100°C for 5 min, separated on denaturing SDS-PAGE
(Any kD gels, Bio-Rad, RRID:nif-0000-30176), and transferred to nitro-
cellulose membranes (Bio-Rad) at 30 V overnight at 4°C. Membranes
were blocked with Odyssey Blocking Buffer (LI-COR Biosciences, RRID:
nlx_152397) for 1 h at room temperature and probed with an antibody
recognizing the post-translationally modified form of CCL2 (Lubkowski
et al., 1997) (Santa Cruz Biotechnology catalog #sc-28879 RRID:
AB_2070877,1:200), followed by a HRP-conjugated secondary antibody.
Blots were also probed for B-actin as a loading control.

Isolation of CNS mononuclear cells. Mice killed by ketamine/xylazine
intraperitoneal injections were perfused with ice-cold PBS. Brains and
spinal cords were minced in PBS, digested at 37°C for 30 min in PBS
containing 0.04 units of Liberase R1 (Roche) and 10 pg of DNase I
(Roche, RRID:nlx_152451), and passed through a 40 wm mesh. CNS
infiltrating cells were isolated via a discontinuous 40%/70% (v/v) Percoll
gradient (GE Healthcare, RRID:nlx_152368).

Flow cytometry. CNS mononuclear cells were immunostained after
incubation at 37°C for 3 h in RPMI 1640 containing 10% FBS, 2 mm
L-glutamine, 0.1 mM nonessential amino acids, 100 U/ml penicillin-
streptomycin, 50 uM 2-mercaptoethanol, and 1 mm sodium pyruvate
(Invitrogen) in the presence of brefeldin A (GolgiPlug, BD Biosciences,
RRID:nlx_152292). Immediately before immunostaining, Fc receptors
were blocked for 10 min with anti-CD16/32 (BD Biosciences, catalog
#553142 RRID:AB_394657). Macrophages were identified by brilliant
violet (BV)-650 labeled anti-mouse CD11b (BioLegend, catalog #101239
RRID:AB_11125575) and phycoerythrin-cyanine7 (PE-Cy7; BioLegend,
catalog #103114 RRID:AB_312979) or allophycocyan (APC)-labeled
anti-mouse CD45 (BD Biosciences, catalog #559864 RRID:AB_398672).
Classically activated M1 macrophages were identified by BV-510 labeled
anti-mouse CD86 (BioLegend, catalog #105039), PE-labeled anti-mouse
Ly6C (BioLegend, catalog #128008 RRID:AB_1186132), APC-Cy7-
labeled anti-mouse MHCII (BioLegend, catalog #107627 RRID:
AB_1659252), and PE-labeled anti-mouse iNOS (Santa Cruz
Biotechnology, catalog #sc-651 RRID:AB_2298577). Alternatively acti-
vated M2 macrophages were identified by PE-labeled anti-mouse CD206
(BioLegend, catalog # 141705 RRID:AB_10896421), APC-labeled anti-
mouse Arginase-1 (R&D Systems, RRID:nlx_152445 catalog #IC5868A),
and biotinylated-labeled anti-mouse Yml (R&D Systems, catalog
#BAF2446 RRID:AB_2260451). For T helper cell subset analysis, cells
were stained with Pacific Blue (PB)-labeled anti-mouse CD4 (BD Biosci-
ences, catalog #558107 RRID:AB_397030), fixed, permeabilized using
the Cytofix/Cytoperm Plus Kit (BD Bioscience) according to the manu-
facturer’s protocol, and intracellularly stained with APC-labeled anti-
mouse IFNvy (BD Biosciences, catalog #554413 RRID:AB_398551), and
PE-labeled anti-mouse IL17 (BD Biosciences, catalog #559502 RRID:
AB_397256).

Transmission electron microscopy. Mice anesthetized with a xylazine/
ketamine mixture were briefly perfused with 500 units of heparinin 0.1 m
phosphate buffer followed sequentially by freshly prepared 4% PFA and
then by 3% glutaraldehyde, all in 0.1 M phosphate buffer, pH 7.4. Trans-
verse spinal segments (1-2 mm in thickness) from the L4-L5 spinal cord
enlargement were harvested. The tissues were washed with sodium caco-
dylate buffer (0.2 M), then postfixed with 2% aqueous osmium tetroxide
for 2 h. Samples were again washed with cacodylate buffer, then dehy-
drated through ascending alcohols, washed with propylene oxide, and
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Conditional deletion of CCL2 from astrocytes. A, Immunohistochemisty for EYFP (green) and GFAP (red) in naive mGFAPCre/RosaEYFP mouse spinal cord. Scale bar, 10 wm. B,

Quantification of recombined astrocytes (GFP "GFAP ™ over total GFAP ™ cells) in spinal cord was determined to be 91.5 = 9.18%. C, D, Representative immunohistochemistry image and
quantification of integrated density (IntDen) at 14 dpi showing ablation of astroglial CCL2 from a mGFAPCre/CCL2™™/RosaFYFP mouse lumbar spinal cord. n = 6 for control; n = 8 for
MGFAPCre/CCL2™™IRosaEYFP. *p = 0.0335 (unpaired  test). Scale bar: €, 100 wm. mRNA (E) and protein quantification (F) in lumbar spinal cords of mGFAPCre/CCL2Z™™/RosaEYFP mice
compared with controls at 14 dpi. Data are mean = SEM of at least two independent experiments (n = 8). E, *p = 0.0335 (unpaired ¢ test). F, *p = 0.0385 (unpaired t test).

embedded in EMBed-812 resin (Electron Microscopy Sciences). Semi-
thin sections were stained with toluidine blue. Ultrathin sections (70-80
nm) were cut on a Leica EM UC7 microtome and collected on 1 X 2 mm
Formvar-coated copper slot grids. Sections were double stained with
uranyl acetate and lead citrate and examined on a Philips CM 120 electron
microscope.

Statistics. Results are expressed as mean = SEM. Significance was mea-
sured by unpaired ¢ test or one-way ANOVA followed by Bonferroni’s
Multiple Comparison Test when data were normally distributed, or by
the Mann—Whitney U test in the case of non-normal distribution. For
statistical evaluation of EAE clinical scores, the Mann—Whitney ranking
U test was used. All p values were two-tailed and subjected to a signifi-
cance level of 0.05.

Results

CCL2 is efficiently and specifically deleted in astrocytes

To assess the efficiency of mGFAPcre-mediated astroglial recom-
bination, mGFAPCre/CCL2™™ mice were crossed to the
ROSA26 reporter mouse line, in which cre activity induces exci-
sion of a STOP sequence, thus allowing expression of EYFP (So-
riano, 1999). The recombination frequency, detected by
combined confocal and stereological analysis and calculated as
the number of EYFP "GFAP * cells divided by total number of
GFAP ™ cells, was 91.5 + 9.2% in the spinal cords of healthy adult
mice (8 weeks of age, n = 5) (Fig. 1A, B).

We did not immunohistologically detect CCL2 in astroglia in
normal adult mouse spinal cords, whereas astroglia were in-
tensely immunoreactive in mGFAPcre/RosaEYFP mice by the
time that clinical neurological deficits had first appeared. Immu-
noreactive astroglial CCL2 was almost completely ablated in
mGFAPCre/CCL2™™|RosaEYFP mice 14 d after MOG peptide
immunization (14 dpi) (Fig. 1C,D). Comparisons between
mGFAPCre/CCL2™"™|RosaEYFP and mGFAPCre/RosaEYFP lit-
termate control mice by gPCR and Western blot analyses showed
an approximate 50% reduction in spinal cord CCL2 mRNA and

protein expression in the mGFAPCre/CCL2™/™/RosaEYFP mice
compared with the control mice (Fig. 1 E, F). The spinal cord immu-
noreactive CCL2 that remained in the mGFAPCre/CCL2™™/
RosaEYFP mice was presumably derived from other CNS cellular
sources (endothelial cells, microglia, and neurons) (Banisadr et
al., 2005a; Beutner et al., 2013; Paul et al., 2014).

Depletion of astrocyte CCL2 diminishes severity of clinical
deficits in MOG peptide EAE

Mice immunized with MOG peptide were observed daily for neu-
rological deficits. In agreement with a previous study (Paul et al.,
2014), there was a delay in onset and a diminution in long-term
severity of clinical neurological deficits in the mGFAPCre/CCL2™"]
RosaEYFP mice compared with littermate mGFAPCre/RosaEYFP con-
trol mice (Fig. 2).

Accumulation of inflammatory monocytes in the CNS and
expression of inflammatory markers in microglia are
diminished by deletion of astroglial CCL2

Macrophages, the major effector cells mediating neurotoxicity
in EAE (Bhasin et al., 2008; Sinha et al., 2008), are a heteroge-
neous population that exerts multiple inflammatory and anti-
inflammatory functions (Mosser, 2003; Li et al., 2009). The two
extreme macrophage phenotypes are denoted M1 (classically ac-
tivated, “inflammatory”) and M2 (alternatively activated). M1
macrophages produce potent proinflammatory mediators (e.g.,
TNFa, IL-1, and NO) (Pliiddemann et al., 2011) and are charac-
terized by heightened expression of MHC Class II and costimu-
latory molecules (e.g., CD86), which are important for the
activation and stimulation of CD4 T cells (Mills, 2012; Wynn et
al,, 2013). Conversely, M2 macrophages produce factors that fa-
cilitate tissue repair, such as Ym1 (chitinase), Argl (arginase 1),
and mannose receptor (CD206) as well as anti-inflammatory and
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Figure 2.

Deletion of astroglial CCL2 diminishes EAE clinical severity. A, Clinical scores were recorded daily post-MOG peptide immunization through day 85. n = 12 for control; n = 16 for

MGFAPCre/CCL2™ ™ RosaFYFP mice. *p = 0.137 (day 10), 0.0480 (day 12), 0.0116 (day 14), and 0.0427 (day 15) (Mann—Whitney test). B, Mean cumulative clinical scores from A. *p = 0.0351
(unpaired t test). €, Table summarizing EAE clinical parameters in mGFAPCre/RosaE YFP and mGFAPCre/CCL2™"™/RosaFYFP mice. Data are mean + SEM for at least five independent experiments.

regulatory factors (Gordon and Martinez, 2010; Mills, 2012; Tu-
gal et al., 2013). Transcriptional profiling has added a new ele-
ment to the characterization of alternate macrophage activation.
Various alternatively activated M2 macrophages, referred to as
M2a, M2b, and M2c, express different repertoires reflecting their
distinct biological roles (Mosser, 2003; Mantovani et al., 2004).
To examine the effects of astroglial CCL2 deletion on CNS
macrophage recruitment and expression of M1 and M2 markers
during MOG peptide EAE, mGFAPCre/CCL2™™RosaEYFP and
mGFAPCre/RosaEYFP mice were immunized with MOG peptide
(Soulika et al., 2009). At 16 and 35 dpi, brains and spinal cords
were pooled and mechanically/enzymatically disaggregated to
prepare single-cell suspensions. Monocyte-derived macrophages
(CD11b"CD45"Ly6G ~), microglia (CD11b*"CD45"Ly6G ~),
and neutrophils (CD11b *CD45"Ly6G *) were quantified by flow
cytometry (Fig. 3A-D). Monocyte-derived macrophages were fur-
ther classified by their expression of the inflammatory marker,
Ly6C. In mice lacking astroglial CCL2, there was a 50% reduction
in the number of total CNS macrophages (Fig. 3E) at 16 dpi. At
that same time point, percentages of CD11b *Ly6G ™ neutrophils
were increased from 8% to 20% of total CNS infiltrating cells, but
percentages of CD11b */Ly6C™ macrophages were decreased from
60% in the mGFAP/RosaEYFP mice to 30% in the mGFAPCre/
CCL2™™/RosaEYFP mice (Fig. 3F). Our observations of increased
neutrophil populations in mGFAPCre/CCL2™"™RosaEYFP mice
were associated with increased mRNA expression of the neutrophil
chemoattractants CXCLI and CXCL2 (Fig. 3G). Also, at 16 dpi, the
mGFAPCre/CCL2™"/RosaEYFP mice demonstrated lower per-
centages of LysC"MHCII " and Ly6C"MHCII *CD86 "iNOS "
M1 macrophages, but not of MHCII ~ macrophages, than their lit-
termate controls (Fig. 3H,I). By 35 dpi, numbers of macrophages
had declined sharply in both sets of mice and were no longer signif-

icantly different between the two groups of mice. Percentages of
M2 (alternatively activated) macrophages did not differ signifi-
cantly between the two groups of mice at either 16 or 35 dpi (Fig.
3]). We concluded that the reduction in classically activated M1
macrophage marker expression in the absence of astroglial CCL2
was not accompanied by a detectable shift to alternatively acti-
vated M2 macrophage marker expression; rather, lack of astro-
glial CCL2 selectively inhibited accumulation of classically
activated M1 macrophages in the CNS.

The frequency of microglia expressing the classically activated
M1 markers CD86 and MHC II was decreased in mGFAPCre/
CCL2™™RosaEYFP mice compared with their littermate con-
trols at 16 dpi (Fig. 3L). The reduced number of microglial cells
(CD11b"CD45') (Fig. 3K) in CNS of the mice in which astro-
glial CCL2 had been deleted may have been the result of a de-
crease in microglial proliferation because CCL2 has been
reported to promote microglial proliferation and growth in vitro
(Rezaie et al., 2002).

qRT-PCR analyses of spinal cord macrophage M1 and M2
marker mRNAs

To supplement these flow cytometric analyses of macrophage
subsets in whole CNS, spinal cord extracts from MOG peptide-
immunized mGFAPCre/CCL2™"™/RosaEYFP and mGFAPCre/
RosaEYFP littermate control mice were assayed by qRT-PCR for
mRNAs encoding classically activated M1 and alternatively acti-
vated M2 macrophage subtype-specific constituents (Fig. 4A).
Argl mRNA and immunoreactive Argl protein (Fig. 4A—C) were
significantly increased in spinal cords from mice lacking astro-
glial CCL2. Argl is responsible for metabolism of arginine to
ornithine and polyamines in alternatively activated M2 macro-
phages, resulting in diminished expression of the M1 macro-
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Figure3.

Flow cytometricanalysis of macrophage populations in the CNS of mice with EAE. A, Analysis of CD11b (D45 ™ (monocyte-derived macrophages) and (D11b (D45 (microglia) from

pooled brain/spinal cords. CD11h (D45 ™ cells were further classified by Ly6C and Ly6G expression. Cells from mGFAPCre/RosakYFP (B) and mGFAPCre/(CL2™™ RosaEYFP (€) mice were analyzed
at 16 dpi. D, Isotype controls are shown for (D86-BV510 and MHC11-ApcCy7, (D206-PE and Ly6G-PB, and Arg1-APCand Ym1-biotinylated-BV605 (biot/BV-605). E, Numbers of CNS macrophages are
decreased in mGFAPCre/C(L2™™RosaFYFP mice compared with mGFAPCre/RosaFYFP controls at day 16 dpi, but not at 35 dpi. F, Increased percentages of (D11b *Ly6G ™ neutrophils, but fewer
(D11b */Ly6C " macrophages, were observed in mGFAPCre/CCL2™™ RosaFYFP compared with control mice at 16 dpi. 6, mRNA of CXCL 7 and CX(L2 were quantified using 16 dpi lumbar spinal cord
RNA extracts and real-time RT-PCR. CXCL1 mRNA was increased in mGFAPCre/CCL2™ ™ RosaEYFP mice compared with controls. *p = 0.0439 (unpaired t test). H, I, Lower percentages of
Ly6C"MHCII * and Ly6C "MHCII * (D86 *iNOS * macrophages, but not of MHCIl ~ macrophages, were observed in mGFAPCre/C(L2™™ RosaFYFP mice versus littermate controls, but by 35 dpi,
percentages of both sets of macrophages were not significantly different in the two groups of mice. J, No significant difference was observed in the expression of the alternatively activated
macrophage M2 markers (D206, Arg1, or Ym1 between the two groups of mice. K, L, There were reduced total numbers of (D86 *MHCII * microglia and percentages of (Figure legend continues.)
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Expression of M1.and M2 markers in the CNS of mice with EAE. A, mRNA of classically activated M1 and alternatively activated M2 macrophage markers were quantified using 16 dpi

lumbar spinal cord RNA extracts and real-time RT-PCR. Arginase7 (Arg7) mRNA was increased in mGFAPCre/CCL2™™ RosaEYFP mice compared with controls. *p = 0.0439 (unpaired t test). B,
Immunofluorescent labeling for Arg1 and CD11b * macrophages/microglia shows an increase of Arg1 expression in macrophage/microglia populations from mGFAPCre/(CL2™™/RosaF YFP mice
compared with controls. Scale bar, 100 wm. €, IntDen of Arg1 was quantified in 14- .um-thick frozen sections of lumbar spinal cord using ImageJ analysis (triplicate measurements were performed
for each mouse). n = 6 for control; n = 8 for mGFAPCre/CCL2™ "™ RosaEYFP. **p = 0.0095 (unpaired ¢ test). Vertical bars represent SEM.

phage marker iNOS (Mahbub et al., 2012). We did not observe a
difference between mGFAPCre/CCL2™™|RosaEYFP and control
mGFAPCre/RosaEYFP mice with MOG peptide EAE in levels of
mRNAs encoding classically activated M1 macrophage markers,
including CD86, and iNOS, or the alternatively activated M2
macrophage markers, including Ym1 and IL-4R (CD124) (Fig.
4A). The apparent discrepancy between these QqRT-PCR results
and our flow cytometric findings may be attributable to differ-
ences in the composition of inflammatory infiltrates between
brain and spinal cord (Pierson et al., 2012) and/or to expression
of these markers by CNS cells other than macrophages and
microglia.

Astroglial CCL2 deletion increases CNS accumulation of
Th17 cells and restricts compartmentalization of CD4* T
cells within CNS perivascular spaces

CD4 * Thelper 1 (Th1) and T helper 17 (Th17) lymphocytes play
a central role in initiating and orchestrating CNS inflammation
during EAE (Baxter, 2007; McFarland and Martin, 2007). To

<«

(Figure legend continues.) microglia expressing the M1 markers CD86 and MHCIl in mGFAPCre/
((L2™™ RosaFYFP mice than in littermate controls at 16 dpi, but not at 35 dpi. Results shown
are mean = SEM for at least two independent experiments (n = 6—11 mice at each time
point). *p << 0.05 (unpaired ¢ test). **p < 0.01 (unpaired t test). ***p << 0.001 (unpaired t
test).

examine the effect of astroglial CCL2 inhibition on CD4 " lym-
phocyte populations within the CNS during EAE, mGFAPCre/
CCL2™™RosaEYFP and mGFAPCre/RosaEYFP mice were
immunized with MOG peptide as previously described. Mono-
nuclear cells prepared from these two sets of mice were charac-
terized by flow cytometry as total CD4 (CD4 "), Th1 (IFNy™),
and Th17 (IL-17 ") lymphocytes (Fig. 5). CNS Th17 cell numbers
were significantly increased in mGFAPCre/CCL2™™/RosaEYFP
mice compared with controls (Fig. 5A). CNS IL-6 mRNA levels
were more than threefold higher in mGFAPCre/CCL2™/™|
RosaEYFP mice compared with controls. The elevated levels of
IL-6 mRNA in mice lacking astroglial CCL2 were not associ-
ated with increased levels of TGF-B (Fig. 5B). Our observa-
tions of increased levels of IL-6 in the mice that lacked astroglial
production of CCL2 may have contributed to the increased num-
bers of Th17 lymphocytes in those mice because IL-6 induces the
retinoid-related orphan receptor-+yt, triggering the developmen-
tal program of Th17 cells (Bettelli et al., 2006).

CCL2 induces uropod formation by T lymphocytes, thus fa-
cilitating T-cell passage from perivascular spaces into the CNS
parenchyma (del Pozo et al., 1997; Carrillo-de Sauvage et al.,
2012). To determine the effects of astroglial CCL2 on CD4 * T cell
infiltration during EAE, we immunohistologically compared the
distributions of CD4 ™ T cells between perivascular spaces and
the parenchyma of the spinal cord at 14 dpi in astroglial CCL2
disrupted versus littermate control mice (Fig. 5C,D). In the ab-
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Flow cytometricanalysis and spatial distribution of (NS CD4T cells. A, Mononuclear cells were solated from pooled brain/spinal cord and analyzed by flow cytometry at 16 dpi. Total (D4

(CD4™), and Th1 (IFN+y *IL-17 ), did not show statistically significant changes between the two groups of mice. The number of Th17 (IFN-y ~IL-17 *) cells were upregulated in the CNS of
mGFAPCre/CCL2™"™/RosaFYFP mice compared with controls. B, IL-6 and TGF-f3 RNAs were quantified using real-time RT-PCR of lumbar spinal cord RNA extracts at 16 dpi. IL-6 mRNA was increased,
but TGF-8 mRNA was unchanged, in mGFAPCre/((L2"™"™/RosaEYFP mice compared with littermate controls. n = 6 for mGFAPCre/RosaE YFP; n = 8 for mGFAPCre/CCL2™ ™ [RosaE YFP. *p = 0.0119
(unpaired t test). C, Retention of (D4 ™ T cells (green) within the perivascular space of lumbar spinal cord shown by laminin (red) in mGFAPCre/CCL2™™/RosaEYFP mice compared with controls. D,
Quantification of (D4 * T cells observed within spinal cord ventral blood vessels was determined using Image) analysis (triplicate measurements were performed for each mouse). *p = 0.0229.

sence of astroglia-derived CCL2, CD4 * T cells were confined to
the perivascular spaces to a greater extent than in the controls.

MOG peptide EAE-induced demyelination and axon loss are
diminished by deletion of astroglial CCL2

By 85 dpi, the lumbar spinal cords of GFAPCre/RosaEYFP mice
had developed scattered lesions that were depleted of axons and
myelin; these lesions were chiefly located in superficial white
matter and were more frequently seen in ventral than dorsal spi-
nal cord. Such lesions were less frequently detected in lumbar
spinal cords of the GFAPCre/CCL2™™/RosaEYFP mice (Fig.
6A,B). At 14 dpi, lumbar spinal cord content of the myelin
protein opalin (Golan etal., 2008) was not significantly dimin-
ished in either GFAPCre/RosaEYFP or GFAPCre/CCL2™"%
RosaEYFP mice. By 85 dpi, however, there was a substantial
loss of lumbar spinal cord opalin immunoreactivity in the
GFAPCre/RosaEYFP mice, but not in the GFAPCre/CCL2™/
RosaEYFP mice (Fig. 6C). Numbers of axons in lumbar spinal
cord ventral fasciculi, visualized by immunostaining with SMI-
312 (Szaro et al., 1990; Frischer et al., 2009), were not diminished
in either GFAPCre/RosaEYFP or GFAPCre/CCL2™™|RosaEYFP
mice at 14 dpi. By 85 dpi, there was a substantial loss of axons
from both groups of mice, but this loss was significantly greater
in GFAPCre/RosaEYFP than GFAPCre/CCL2™"/RosaEYFP mice
(Fig. 6 D, E).

Discussion

CNS axon loss, a key pathological feature of MS, is refractory to
currently available MS therapies (DeLuca et al., 2004, 2006;
Weiner, 2009; Franklin et al., 2012) and is a major contributor to

nonremitting neurological deficits (Tallantyre et al., 2010). CNS
axon loss is also prominent in MOG peptide EAE. A noteworthy
feature of this autoimmune MS model is that relatively little spi-
nal cord axon loss occurs during the first week after onset of
clinical deficits, a period during which spinal cord inflammatory
infiltrates are most prominent. Instead, spinal cord axon loss
progresses after most inflammatory infiltrates have been cleared
from the spinal cord (Herrero-Herranz et al., 2008; Soulika et al.,
2009). Comparable data on the time course of inflammatory in-
filtrates versus that of axon loss in patients with MS are not avail-
able. The mechanisms responsible for axon loss in MS and MOG
peptide EAE have not been fully elucidated but likely involve
axonal mitochondrial dysfunction, free radical/reactive oxygen
toxicity, and axonal calcium overload (Stys, 2005; Trapp and
Nave, 2008; Witte et al., 2014).

Immunohistological and in situ hybridization studies demon-
strate robust expression of CCL2 by hypertrophic astroglia in and
around active MS plaques and in EAE (McManus et al., 1998;
Mahad and Ransohoff, 2003; Tanuma et al., 2006; Soulika et al.,
2009). CCL2 signaling was first established as important for
the development and progression of neuroinflammation in mice
constitutively lacking the CCL2 receptor, CCR2; these mice were
observed to be resistant to EAE (Izikson et al., 2000). Subse-
quently, constitutive deletion of CCL2 was found to diminish the
severity of clinical deficits in EAE (Huang et al., 2001), and a
study using bone marrow chimeric mice demonstrated the
greater impact of CCL2 derived from radiation-resistant CNS
cells than from the periphery in eliciting severe MOG peptide
EAE (Dogan et al., 2008). In a recent MOG peptide EAE study,
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Light and transmission electron microscopic analysis of spinal cord pathology. A, Semithin sections (0.5—1 pm) of lumbar spinal cord ventral white matter from mGFAPCre/RosaEYFP

and mGFAPCre/CCL2™ ™ IRosaEYFP mice were stained with toluidine blue to delineate preservation of myelin and axons. A large demyelinating lesion observed in mGFAPCre/RosaFYFP spinal cord
is shown. Red arrows indicate demyelinated area. Normal myelin was observed in mGFAPCre/CCL2™ ™ RosaFYFP mice. Scale bars, 50 wum. B, Transmission electron micrographs from ultrathin cross
sections (70— 80 nm) of spinal cord lumbar enlargement ventral fasciculi comparing mGFAPCre/RosaEYFP and mGFAPCre/CCL2™ ™ RosaFYFP mice during late EAE (85 dpi). Macrophages (M) were
observedin the specimens prepared from both groups of mice. Red arrows indicate the presence of small axons (B, right), which were less prevalent in the control mice (B, left). Original magnification
X 20,217. Scale bars, 10 wm. €, IntDen of opalin fluorescence within ventral fasciculi of 14 wm lumbar spinal cord sections from WT mice injected with CFA without MOG peptide (gray bars), and
MGFAPCre/RosaEYFP and mGFAPCre/CCL2™ ™ RosaFYFP mice injected with MOG peptide (black and white dotted bars, respectively), at 14.and 85 dpi. Triplicate measurements were performed for
each mouse and averaged. n = 3 WT CFA; n = 5 for mGFAPCre/RosaEYFP and mGFAPCre/CCL2™ ™ RosaEYFP mice. At 85 dpi. **p = 0.0016, WT CFA versus mGFAPCre/RosafYFP. *p = 0.0071,
mGFAPCre/RosaEYFP versus mGFAPCre/(CL2™™RosaEYFP (one-way ANOVA followed by Bonferroni's Multiple Comparison Test). D, Immunofluorescent labeling for SM1-312 showed equivalent
numbers of axons in the 3 groups of mice at 14 dpi, but at 85 dpi there was a substantial loss of axons in the lumbar spinal cord ventral white matter of the mGFAPCre/RosaEYFP mice; this loss was
less evident in mGFAPCre/CCL2™™/RosaFYFP mice. SMI312 * axon counts are quantified in Eand F. n = 3 for WT CFA; n = 5 for mGFAPCre/RosafFYFP and mGFAPCre/CCL2™™/RosaEYFP mice.
**p = 0.0013, WT CFA versus mGFAPCre/RosakYFP. *p = 0.0358, mGFAPCre/RosaEYFP versus MGFAPCre/CCL2™ ™ RosaEYFP. “p = 0.0042, WT CFA versus mGFAPCre/CCL2™ ™ RosaFYFP

(one-way ANOVA followed by Bonferroni’s Multiple Comparison Test).

conditional deletion of endothelial CCL2 was found to markedly
delay the onset and slightly diminish the severity of clinical defi-
cits, whereas conditional deletion of astroglial CCL2 slightly de-
layed the onset and markedly diminished the severity of clinical
deficits (Paul et al., 2014).

To determine the effects of astroglial CCL2 deletion on axon
survival and immune cell trafficking in MOG peptide EAE, we
constructed a loxP-flanked CCL2 allele and bred mice to be
homozygous for this allele and to carry an astrocyte-specific
mGFAPCre transgene (Garcia et al., 2004). Molecular and immu-
nohistological characterization of the spinal cords of these mice
showed that astroglial CCL2 was efficiently deleted and that as-
troglia were responsible for approximately half of all spinal cord
CCL2 mRNA and CCL2 protein expression at the clinical peak of
MOG peptide EAE. In these mice, the onset of clinical neurolog-
ical deficits after MOG peptide immunization was delayed, and

the severity of clinical neurological deficits was diminished. No-
tably, histological analysis showed that chronic spinal cord demy-
elination and axon loss were substantially diminished by
astroglial CCL2 deletion. As previously reported in MOG peptide
EAE (Jones et al., 2008), remyelinated axons, identifiable by
transmission electron microscopic visualization of axons sur-
rounded by thin myelin sheaths, were rarely present in mice ei-
ther lacking or retaining the capacity for astroglial CCL2
synthesis.

Treatment with CCL2 is known to increase excitability of
CCR2 " neurons, particularly those in pain pathways (Banisadr et
al., 2005b; Belkouch et al., 2011). However, we are not aware of
published evidence indicating that direct neuronal CCL2/CCR2
signaling can elicit neuronal or axonal loss and thus have focused
our attention on the effects of astroglial CCL2 deletion on re-
cruitment of potentially neurotoxic immune cells to the CNS.
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Monocytes express CCR2 and are the best characterized cel-
lular targets for CCL2-mediated chemotaxis (Geissmann et al.,
2003). Transected axons in active MS plaques are often in close
proximity to macrophages (Trapp et al., 1998; Kuhlmann et al.,
2002; Huizinga et al., 2012), although the extent to which these
macrophages are derived from invading monocytes versus from
microglia has not been established. Arguing for an important role
for monocyte-derived macrophages in EAE, M1 polarized
monocyte-derived macrophages can produce potentially neuro-
toxic inflammatory mediators (Brenner et al., 1997; Brown and
Bal-Price, 2003; Pacher et al., 2007; Dogan et al., 2008; Colombo
etal,, 2012), and depletion of circulating monocytes by systemic
infusion of silicon particles or clodronate-containing liposomes,
or anti-monocyte antibodies diminishes EAE severity (Brosnan
et al., 1981; Tran et al., 1998; Mildner et al., 2009). Our data
indicated that CNS accumulation of CD45™Ly6CMMHCII -
CD86*iNOS™* M1 monocyte-derived macrophages during the
acute phase of MOG peptide EAE was substantially decreased by
astroglial CCL2 deletion. In contrast, accumulation of M2
monocyte-derived macrophages during the acute phase of MOG
peptide EAE, cells capable of exerting immunosuppressive and neu-
roprotective effects (Nahrendorf et al., 2007; Liu et al., 2013; Shech-
ter et al., 2013), was not altered by astroglial CCL2 ablation.

Microglia, self-renewing CNS CD11b "CD45' macrophages
derived from embryonic yolk sac progenitors (Ginhoux et al.,
2013), can also undergo polarization to an M1 phenotype and
may also be key players in MS and EAE neurodegeneration
(Bitsch et al., 2000; Rasmussen et al., 2007; Starossom et al.,
2012). Microglia expresses CCR2 mRNA, although at lower levels
than monocyte-derived macrophages, and thus may be respon-
sive to CCL2 (Rezaie et al., 2002; Chiu et al., 2013; Hickman et al.,
2013). Our flow cytometric data indicated that ablation of astroglial
CCL2 diminished numbers of M1 polarized CD11b *CD45' mi-
croglia during the acute phase of MOG peptide EAE.

Some CD4" lymphocytes, including Th17 cells, express
CCR2 (Inoue et al., 2012). Of potential relevance to the etiology
of axonopathy in MOG peptide EAE, Th17 lymphocytes can es-
tablish direct, immune synapse-like contacts with axons and elicit
potentially toxic alterations in neuronal intracellular Ca** con-
centrations (Siffrin et al., 2010). However, our flow cytometry
data indicated that there were greater CNS accumulations of
Th17 lymphocytes in the absence than in the presence of
astrocyte-derived CCL2. Possibly explaining this increase, IL-6
mRNA abundance was considerably higher during the acute
phase of MOG peptide EAE in mice in which astroglial CCL2 had
been ablated than in littermate controls. IL-6 and TGF-B are
critical factors that shift the T-cell polarization status from a T
regulatory toward a Th17 response (Korn et al., 2007). Our ob-
servation of increased IL-6 expression was not accompanied by
an increase in TGF-f in mice lacking astroglial CCL2. It is likely
that astroglia themselves contributed to this augmented IL-6 in-
duction because lipopolysaccharide-induced IL-6 expression has
been shown to be greater in astrocytes cultured from CCL2 ™/~
than from WT mice (Semple et al., 2010). We also found that
astroglial CCL2 ablation diminished the capacity of CD4 " lym-
phocytes that entered the spinal cord during the acute phase of
MOG peptide EAE to transit from perivascular spaces to the spi-
nal cord parenchyma.

CNS infiltrates of neutrophils are prominent in EAE, less so in
MS, and may exert immunomodulatory effects (Zehntner et al.,
2005; Wu et al., 2010; Steinbach et al., 2013). As previously ob-
served in constitutive CCR2 knock-out mice (Saederup et al.,
2010), CNS neutrophil accumulations during the acute phase of
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MOG peptide EAE were considerably greater in mice in which
astroglial CCL2 had been deleted than in littermate controls.

To summarize the effects of astroglial CCL2 ablation on im-
mune cell trafficking that we observed, CNS accumulations of
potentially neurotoxic M1 polarized monocyte-derived macro-
phages, and expression of M1 markers by microglia, were sub-
stantially diminished during the acute phase of MOG peptide
EAE. In contrast, acute CNS Th17 lymphocyte and neutrophil
infiltrates were increased in the absence of astroglial CCL2. The
neutrophil chemoattractants CXCLI and CXCL2 were both ele-
vated in the spinal cords of mice lacking astroglial CCL2. Overall
numbers of CD4* lymphocytes in the acutely inflaimed CNS
were not altered in the absence of astroglial CCL2, but their ca-
pacity to exit spinal cord perivascular spaces and enter the spinal
cord parenchyma was reduced.

Our results, in conjunction with prior studies showing that
depletion of circulating monocytes diminishes EAE severity, sup-
port the hypothesis that M 1-polarized macrophages and/or mi-
croglia play a key role in the axonal loss that characterizes MOG
peptide EAE and, by extension, in the axonal loss in MS. These
findings suggest that therapeutic interventions to limit
monocyte-derived macrophage trafficking to the CNS, or to di-
minish M1 polarization of monocyte-derived macrophages and
microglia in the CNS, would reduce axon loss and slow the pro-
gression of nonremitting clinical neurological deficits in patients
with MS.
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