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Neurobiology of Disease

CD200R1 Agonist Attenuates Mechanisms of Chronic
Disease in a Murine Model of Multiple Sclerosis

Yingru Liu,' Yoshio Bando,'? David Vargas-Lowy,' Wassim Elyaman,' Samia J. Khoury,' Tao Huang,’ Karin Reif,?
and Tanuja Chitnis’
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To assess the effects and mechanisms of a CD200R1 agonist administered during the progressive stage of a multiple sclerosis model, we
administered CD200R1 agonist (CD200Fc) or control IgG2a during the chronic phase of disease (days 10 -30) in mice with experimental
autoimmune encephalomyelitis (EAE), induced using myelin oligodendrocyte glycoprotein peptide 35-55 (MOG35-55) peptide. We
found that administration of CD200Fc during the chronic stages of EAE reduced disease severity, demyelination, and axonal damage,
through the modulation of several key disease mechanisms. CD200Fc treatment suppressed macrophage and microglial accumulation
within the CNS, in part through downregulation of adhesion molecules VLA-4 and LFA-1, which are necessary for macrophage migration.
Additionally, expression of activation markers MHC-II and CD80 and production of proinflammatory cytokines IL-6, tumor necrosis
factor-a, and nitric oxide by CD11b * cells were decreased in both the spleen and CNS in CD200Fc-treated animals. Antigen-presenting
cell function in the spleen and CNS was suppressed in CD200Fc-treated mice, but there were no significant alterations on T cell activation
or phenotype. CD200Fc increased apoptosis of CD11b * cells but not astrocytes. In contrast, addition of CD200Fc treatment protected
oligodendrocytes from apoptosis in vitro and in vivo. Our results demonstrate that CD200R1 agonists modulate both myeloid- and
non-myeloid-related mechanisms of chronic disease in the EAE model and may be effective in the treatment of progressive multiple

sclerosis and other neurodegenerative diseases.

Introduction
At present, one of the major challenges in the treatment of multiple
sclerosis (MS) is the lack of effective strategies to slow disease pro-
gression. Disease progression correlates with the uncontrolled acti-
vation of inflammatory and degenerative pathways within the CNS,
resulting in demyelination, axonal, and neuronal degeneration
(Lassmann, 2007). Microglia and macrophages are important effec-
tors of demyelination and neurodegeneration, and progressive
forms of MS are associated with the presence of activated microglia/
macrophages both within plaques and in normal appearing white
matter (Bitsch etal., 2000; Kutzelnigg et al., 2005; Zeis et al., 2008). It
is postulated that strategies to downregulate microglial and macro-
phage activation may delay or halt disease progression. There is
growing evidence that the CD200—CD200R pathway plays a key role
in the regulation of myeloid function and thus may be important in
the control of macrophage/microglial-mediated processes within
the CNS (Hoek et al., 2000).

CD200 is a member of the Ig superfamily of glycoproteins and
is expressed on a wide variety of cells, including neurons of the
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CNS and PNS, oligodendrocytes, endothelial cells, dendritic cells,
and lymphocytes (Clark et al., 1985; McCaughan et al., 1987;
Barclay and Brown, 1997; Wright et al., 2001; Koning et al., 2009).
The CD200 molecule contains a short intracytoplasmic tail and is
considered a nonsignaling molecule (Barclay et al., 1986). The
ligand for CD200 is the CD200 receptor (CD200R), also known
as CD200R1, and is present on monocytes, macrophages, den-
dritic cells, and microglia (Wright et al., 2000). Studies have ad-
ditionally demonstrated expression of CD200R on neutrophils,
mast cells, T and B lymphocytes and NKT cells (Wright et al.,
2003; Rijkers et al., 2008), and on astrocytes and oligodendro-
cytes in the CNS (Chitnis et al., 2007). Isoforms of CD200R have
been described in human and mouse, although it appears that
CD200R1 is the dominant ligand in both species (Wright et al.,
2003; Hatherley et al., 2005).

The cellular and tissue distribution of CD200 and its receptor
suggest that this pathway plays a key role in the modulation of
myeloid function. Functional studies suggest that this role is pri-
marily inhibitory. CD200KO mice displayed increased numbers
of macrophages and granulocytes in the spleen and activated mi-
croglia in the CNS (Hoek et al., 2000). CD200R agonists down-
regulate proinflammatory cytokine production by activated
macrophages (Jenmalm et al., 2006; Boudakov et al., 2007).

Blockade of CD200R exacerbated disease in the experimental
autoimmune encephalomyelitis (EAE) model of MS (Wright et
al., 2000). CD200KO mice experienced a more severe form of
EAE, associated with increased numbers of activated microglia in
the CNS (Hoek et al., 2000). We have shown that elevated neu-
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ronal CD200 protects WId® mice from microglial-induced neu-
rodegeneration in vitro and attenuates the EAE disease course
(Chitnis et al., 2007). Expression of CD200 has been found to be
downregulated in both chronic active and inactive lesions from
progressive MS patients (Koning et al., 2007). Importantly, in-
tense CD200R expression is found on perivascular macrophages
and lower levels on parenchymal microglia, in autopsy specimens
from MS patients, which may thus serve as targets for CD200R
agonists (Koning et al., 2009). Based on this information, we
postulated that CD200R1 agonists play a key role in the attenua-
tion of disease during the effector phase of an MS model.

Materials and Methods

Generation of fusion proteins and expression vectors. CD200Fc and control
murine IgG2a were provided by Genentech Inc. The extracellular do-
main of murine CD200 (amino acids 1-232) was cloned into a modified
pRKS5 expression vector encoding the murine IgG2a Fc region down-
stream of the CD200 sequence (referred to as CD200Fc). Murine anti-
ragweed IgG2a monoclonal (mAb) (Genentech Inc.) was used as control.
Proteins were overexpressed in CHO cells and were purified by protein A
affinity chromatography and subsequent Sephacryl S-300 gel filtration.
The identity of purified CD200Fc was verified by N-terminal sequence
analysis, and the lipopolysaccharide (LPS) concentration was <0.1
Eu/mg for all chimeric proteins.

FLAG-tagged DAP12 was generated by subcloning human DAP12
without signal peptide into a pRK-based vector containing the N-terminal
human herpes saimiri virus 1 (HSV-1) glycoprotein D (gD) signal pep-
tide sequence followed by the FLAG tag. CD200R5 was cloned by reverse
transcription (RT)-PCR from total RNA isolated from spleen of CD1
mice. gD-tagged murine and human CD200R1 (GenBank accession
numbers NM_021325 and NM_170780, respectively), as well as murine
CD200R2 (GenBank accession number NM_206535), CD200R3
(GenBank accession number NM_029018), CD200R4 (GenBank acces-
sion number NM_207244), and CD200R5 (GenBank accession number
NM_177010) were generated by cloning the respective CD200 receptor
without signal peptide sequence into a pRK-based vector containing the
N-terminal gD signal peptide sequence, followed by a gD-tag (amino
acids 2655 of the N terminus of HSV-1 gD protein).

Stable cell line and flow cytometry. A stable cell line expressing DAP12 at
low level was generated by transfecting HEK 293 cells with FLAG-tagged
DAPI2 and a neomycin resistance cassette. FLAG-DAP12 expression
was verified by staining with biotinylated anti-FLAG mAb F9291
(Sigma). CD200R or CD200R homologs were transiently transfected
into HEK 293 cells or the HEK 293 cell line expressing FLAG-DAP12,
respectively. Surface expression of CD200R1 and CD200R homologs
was analyzed 48 h after transfection by flow cytometry using Alexa fluor
A647-conjugated anti-gD mAbs (Genentech Inc.). Binding of murine
CD200Fc to CD200R1 or CD200R homolog-expressing cells was detected by
flow cytometry using FITC-conjugated anti-mouse IgG2a (catalog number
553090; BD Pharmingen) as secondary reagent.

EAE induction and treatments. All animal care procedures were per-
formed according to protocols approved by the Animal Care Committee
of Brigham and Women’s Hospital, Harvard Medical School. Chronic
EAE was induced in 6- to 8-week-old female C57BL/6 mice (The Jackson
Laboratory) by immunization with 200 ug of MOG 35-55 (M-E-V-G-
W-Y-R-S-P-F-S-R-V-V-H-L-Y-R-N-G-K) (QCB Inc.) emulsified in
complete Freund’s adjuvant (Difco). On the day of immunization and
2 d after, the mice were injected intravenously with 200 ng of pertussis
toxin (List Biological Laboratories). Clinical EAE was scored daily by a
blinded observer as follows: 0, no signs; 1, limp tail; 2, partial paralysis of
hindlimbs; 3, complete paralysis of hindlimbs; 4, paralysis of forelimbs
and hindlimbs; 5, moribund or dead animal. Most of the mice developed
severe EAE starting at day 9-10 after immunization. Subgroups of mice
with onset of EAE at day 10 and with same total clinical scores were
chosen for CD200Fc and control mouse IgG2a treatment, respectively.
CD200Fc and control mouse IgG2a were administered at a dose of 100
g/100 ul subcutaneously once every other day from onset day (day 10)
to day 30, for a total dose of 1100 wg/mouse. To investigate the effect of
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CD200Fc treatment in the later stages of EAE, additional matched sub-
groups mice were treated with doses of CD200Fc or control mouse
IgG2a, 100 g/ 100 pul subcutaneously once every other day, starting from
day 20 to day 30 (total dose per mouse, 600 ug).

Preparation of tissue for histology studies. Animals were killed and per-
fused transcardially with 0.1 M PBS, followed by 4% paraformaldehyde or
Bouin’s solution (Electron Microscopy Systems). The spinal cords were
collected at specified time points and dissected into lumbosacral, tho-
racic, and cervical segments. For paraffin embedding, tissues were stored
in Bouin’s solution for at least 48 h, and paraffin sections were prepared.
For immunofluorescence staining, tissues were kept in 4% paraformal-
dehyde for 4 h, placed in a 30% sucrose gradient overnight, and then
embedded in O.C.T. (Electron Microscopy Systems), quick frozen in
liquid nitrogen, and stored at —80°C. Serial transverse sections were cut
on a Frigocut cryostat.

RT-PCR. Total RNA of cultured microglia, oligodendrocytes, or the
spinal cords of control or EAE mice was extracted using TRIzol reagent
(Invitrogen). As described in a previous publication (Rosenblum et al.,
2005), RNA was transcribed to cDNA using oligo-dT primer (Sigma) and
avian myeloblastosis virus reverse transcriptase (Promega). PCR was
performed in GeneAmp 9700 (Applied Biosystems) with primers as fol-
lows: CD200R1 forward (5'-tacaaaggctctgcetctget-3'), CD200R1 reverse
(5"-aagcagctggtttcattggt-3'), CD200R2 forward (5'-caaccaaaggctacacatgg-
3"), CD200R2 reverse (5'-agggtttctecttecactga-3"), CD200R3 forward (5'-
tggtgectgagtcaagttgt-3'), CD200R3 reverse (5'-cccactccatcagggaag-3'),
CD200R4 forward (5'-tgtgtctgttgtgtcctgett-3"), CD200R4 reverse (5'-
tggaagaaagcaaatcctacg-3'), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) forward (5'-cgggaagcccatcaccatca-3), and GAPDH reverse (5'-
gaggggccatccacagtctt-3"). GAPDH mRNA was used as an internal control.
The PCR products were detected on 2% agarose/Tris-acetate-EDTA gel. The
expression of each target gene was normalized to the expression of the con-
trol gene GAPDH.

Immunofluorescent staining. Twenty micromolar sections were first
blocked in PBS containing 8% horse serum, 3% bovine serum albumin,
and 0.3% Triton X-100 for 2 h at 4°C. The sections were then incubated
with primary antibodies diluted 1:100 at 4°C overnight, followed by
fluorescein- or rhodamine-labeled secondary antibodies diluted 1:250
(Invitrogen) for 2 h in blocking solutions. The following antibodies were
used: anti-CD11b (clone M1/70, isotype rat IgG2b; BD Pharmingen)/
secondary, Alexa fluor 594-conjugated goat anti-rat IgG (Invitrogen);
anti-CD45 (clone 69, isotype mouse IgG1; BD Pharmingen)/secondary,
Alexa fluor 488-conjugated goat anti-mouse IgG (Invitrogen); anti-CD4
(clone H129.19, isotype rat IgG2a; BD Pharmingen)/secondary, Alexa
fluor 594-conjugated goat anti-rat IgG (Invitrogen); anti-CD8a (clone
53-6.7, isotype rat IgG2a; BD Pharmingen)/secondary, Alexa fluor 594-
conjugated goat anti-rat IgG (Invitrogen); anti-CCL2 (clone 123606, iso-
type rat IgG2b; R & D Systems)/secondary, Alexa fluor 594-conjugated
goat anti-rat IgG (Invitrogen); anti-nitrotyrosine (isotype rabbit IgG2b,
N0409; Sigma-Aldrich)/secondary, Alexa fluor 594-conjugated donkey
anti-rabbit IgG (Invitrogen); anti-GFAP (clone 2EI, isotype mouse
IgG2b; BD Pharmingen)/secondary, Alexa fluor 594-conjugated goat
anti-mouse IgG (Invitrogen); anti-CNPase (clone 11-5B, isotype mouse
IgG1; Millipore Bioscience Research Reagents)/secondary, Alexa fluor
594-conjugated goat anti-mouse IgG (Invitrogen); and anti-caspase-3
(polyclonal, isotype rabbit IgG; BD Pharmingen)/secondary, Alexa fluor
488-conjugated donkey anti-rabbit IgG (Invitrogen).

Bielschowsky staining. Sections cut from paraffin-embedded tissue
were placed in a 20% silver nitrate solution at 37°C. Sections were washed
in ammonia, and then a developer solution was added for 3—5 min until
sections were black. Slides were rewashed in ammonia water, dH, O, fixed
in 5% thiosulfate for 1 min, washed, dehydrated, and then mounted in
Permount.

Luxol Fast Blue staining. Sections were cut from paraffin-embedded
tissue. Slides were placed in Luxol Fast Blue (LFB) solution overnight at
55°C, differentiated in alcohol, dipped in 0.05% lithium carbonate solu-
tion, and then counterstained with cresyl violet.

Axon loss and demyelination quantification. Axon loss and demyelina-
tion were quantified as follows. Transverse spinal cord sections at the
cervical, thoracic, and lumbar levels from mice at day 30 after immuni-
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zation were stained with Bielschowsky or LFB, as described above. Pho-
tomicrographs were taken of sections from the anterior, lateral, and
posterior sections of each spinal cord level, using specific landmarks for
orientation. The area of regions with >50% axon loss or demyelinated
areas were quantified, and percentage axon loss or demyelination was
calculated compared with total white matter per section using the soft-
ware NIH Image].

TUNEL staining. Terminal deoxynucleotidyl transferase-mediated bi-
otinylated UTP nick end labeling (TUNEL) staining kit was purchased
from Roche Molecular Biochemicals. Sections cut from O.C.T.-
embedded tissue or coverslips with culture cells fixed with 4% parafor-
maldehyde were blocked in PBS containing 8% horse serum, 3% bovine
serum albumin, and 0.3% Triton X-100 for 1 h at 4°C. The sections were
next incubated with primary CD11b, GFAP, or CNPase antibody diluted
1:100 at 4°C overnight, followed by Alexa fluor 594-conjugated second-
ary antibodies diluted 1:250 (Invitrogen) for 2 h in blocking solutions.
Then, the sections were stained with TUNEL solution for 1 h at 37°C,
washed, and mounted in PBS.

Flow cytometric analysis of splenocytes, spinal cord homogenates, and
cultured cells. Splenocytes were collected from CD200Fc or control
IgG2a-treated mice, washed, and resuspended in staining buffer (0.1 m
PBS containing 1% bovine serum albumin). Mononuclear cells were
isolated from the CNS of same animals as described previously. Briefly,
spinal cords were isolated and passed through a 70 wm nylon filter, spun
down, and resuspended in HBSS with 10 mmol/L HEPES and 2 mmol/L
EDTA and incubated on a rotating shaker for 1 h at 4°C. The pellet was
resuspended in 5 ml of isotonic 37% Percoll and spun down. Superna-
tants were removed, and the pellet was resuspended in staining buffer.
Cultured cells were washed with staining buffer twice before staining.
Cells were then incubated with the indicated antibodies for 30 min on ice,
washed twice, and analyzed on a FACSCaliber cytometer. For intracellu-
lar staining, cells were first fixed with Cytofix/Cytoperm (BD Pharmin-
gen). Antibodies used for flow cytometric studies included FITC- or
phycoerythrin (PE)-conjugated antibodies to CDI11b (clone M1/70),
CD45 (clone 30-F11), CD4 (clone GK1.5), CD8a (clone 53-6.7), CD19
(clone 1D3), CD28 (clone 37.51), LFA-1 (clone 2D7), VLA-4 (clone
9C10), IL-6 (clone MP5-20F3), IL-10 (clone JES5-16E3), IL-12 (clone
C15.6), IL-17 (clone TC11-18H10), tumor necrosis factor-a (TNF-a)
(clone MP6-XT22), interferon-y (IFN-vy) (clone XMG1.2), MHC-II
(clone AF6-120.1), B7-1 (clone 16-10A1), B7-2 (clone GL1), CD40
(clone 3/23), annexin V and adenomatous polyposis coli (APC)-
conjugated CD11c antibody (clone HL3), as well as isotype controls (all
from BD Pharmingen). PE-conjugated TGF-B (clone TB21) was ob-
tained from IQ Products. APC-conjugated FoxP3 antibody (clone FJK-
16s) was obtained from eBioscience. PE-conjugated CD200R antibody
(clone OX-110) was obtained from Serotec. For astrocyte analysis, cells
were stained with purified GFAP antibody (clone 2E1; BD Pharmingen),
followed by FITC-conjugated secondary antibody (BD Pharmingen).

Proliferation assays. To analyze the effect of CD200Fc on antigen-
presenting function of microglia/macrophages and dendritic cells (DCs)
in the CNS, dissociated cells were prepared from the spinal cords of
CD200Fc or control IgG2a-treated mice on day 20. CD11b* and
CD11c™ cells were labeled with FITC-conjugated antibodies and isolated
by fluorescence sorting. CD4 * T cells were purified from the spleens of
2D2 mice through negative selection using CD4 " T cell isolation kit
(Miltenyi Biotec). Purified CD4 * T cells (1 X 10°/well) were then cul-
tured in 96-well tissue culture plates in complete RPMI 1640 medium
and stimulated with 100 um MOG in the presence of irradiated CD11b ™
(1 X 10°/well) or CD11c™ (1 X 10°/well) cells prepared above as APCs.
After 48 h of culture, cells were pulsed with [ *H]thymidine (0.5 uCi/
well), and, 16 h later, thymidine incorporation was measured using a
liquid scintillation beta counter. Cytokine production in supernatants
was determined by ELISA or Luminex assays. To analyze the effect of
CD200Fc treatment on adaptive T cell responses, CD4 ™ T cells were
isolated from the spleens of CD200Fc or control-treated mice on day 20
as described above. APCs were purified from the spleens of control-
treated animals using APC isolation kit (Miltenyi Biotec) and were irra-
diated. Purified CD4 " T cells (4 X 10°/well) were then stimulated with
100 um MOG in the presence of APCs (4 X 10°/well). Cell proliferation
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was also determined by [ *H]thymidine incorporation after 48 h stimu-
lation, and cytokine concentration in the supernatants was determined
by ELISA or Luminex assays.

Primary microglia culture and treatments. Primary cultures of micro-
glia were prepared by a method modified from that described by
McCarthy and de Vellis (Fedoroft et al., 2001). In brief, cerebral cortices
were harvested from 1- to 2-d-old newborn C57BL/6 mice (Charles River
Laboratories), and the meninges were completely removed. The tissue
was then minced quickly and disaggregated with 0.025% trypsin (Sigma)
at 37°C for 20 min. Then, ice-cold fetal bovine serum (FBS) was added to
inactivate the trypsin activity. The cell suspension was centrifuged and
resuspended in DMEM (Invitrogen) supplemented with 10% FBS, 2 mm
L-glutamine, and 2-mercaptoethanol (Sigma). After two washes with
fresh medium, the cells were plated into poly-L-lysine-precoated 75 cm >
plastic flasks at a high density of 12 X 10° cells per flask. The medium was
changed after 24 h and then twice a week. The cells were cultured at 37°C
for 14-16 d. At the end of the culture period, medium was changed and
adherent cells were trypsinated down, stained with FITC-conjugated
CD11b antibody. Labeled microglia (CD11b ™) were isolated by a fluo-
rescent cell sorter. The purified microglia were resuspended with fresh
medium, and 1 X 10° microglia in a volume of 0.5 ml were plated into
each 35 mm culture dish well precoated with 0-100 ug/ml CD200Fc or
control IgG2a. Six hours later, 0.1 wg/ml LPS (Sigma) or 10 ng/ml IFN-vy
(Sigma) was added to stimulate the microglia.

Primary astrocyte culture and treatments. Astrocyte cultures were pre-
pared as described previously (Fedoroff et al., 2001). Cerebral cortices
were harvested from 2-d-old newborn C57BL/6 mice (Charles River Lab-
oratories), and the meninges were completely removed. The tissue was
enzymatically digested as described above. The dissociated cells were
plated in poly-L-lysine-precoated 75 cm * plastic flasks at a high density of
12 X 10° cells per flask. The culture medium was DMEM (Invitrogen)
supplemented with 10% FBS and 2 mm L-glutamine. The cells were cul-
tured at 37°C for 10 d to confluence. The flasks were then tightly sealed
and shaken at 300 rpm for 24 h. Suspended cells in the flasks were dis-
carded after shaking, and >95% of the adherent cells were flat, polygonal
astrocytes, which were identified by morphology and flow cytometry
analysis. Fresh medium was added, and cultures were allowed to rest for
1 d. After that, astrocytes were trypsinated down and resuspended in
medium, and 1 X 10° cells in a volume of 0.5 ml were plated into each 35
mm culture dish well precoated with 0-100 pg/ml CD200Fc or control
IgG2a. Six hours later, 1 ug/ml LPS or 10 ng/ml IFN-vy plus 5 ng/ml
TNF-a (Sigma) was added to stimulate the astrocytes.

Primary oligodendrocyte culture and treatments. Primary oligodendro-
cyte cultures were prepared as described previously (Bando et al., 2006).
Cerebral hemispheres were harvested from 1-d-old newborn C57BL/6
mice (Charles River Laboratories). Meninges were trimmed completely.
The tissue was enzymatically digested, and the dissociated cells were
resuspended in DMEM (Invitrogen) containing 10% FBS and 2 mm
L-glutamine. The resuspended cells were plated in poly-L-lysine-
precoated 75 cm? plastic flasks at a density of 12 X 10° cells per flask.
After 7-9 d of culture, the flasks were tightly sealed and shaken at 100 rpm
at 37°C to release the oligodendrocyte progenitors into the medium. The
medium from flasks was spun, and the resulting pellets were resuspended
in DMEM with 2% FBS and Bottenstein and Sato’s supplement including
0.1 mg/ml transferrin, 0.1 mg/ml BSA, 60 ng/ml progesterone, 40 ng/ml
sodium selenite, 40 ng/ml thyroxine, 30 ng/ml triiodothyronine, 16
pg/ml putrescine, and 5 pg/ml insulin (all from Sigma). Two hundred
thousands cells in a volume of 0.5 ml were plated into each well in
poly-L-lysine-precoated 35 mm culture dishes. Cultures were allowed to
mature for 7 d for experiments. As determined by immunostaining with
anti-CNPase antibody, >90% of cells isolated by this replating proce-
dure were oligodendrocytes. The matured oligodendrocytes were then
treated with LPS, 50 ng/ml TNF-c, or IEN-vy in the presence of 0—-100
ug/ml control IgG2a or CD200Fc.

Cytokine ELISA and Luminex assays. Cells were cultured and stimu-
lated in the presence of CD200Fc or control IgG2a as described above.
For TGF-f3 analysis, cells were cultured in X-VIVO serum-free medium
(Lonza). Culture supernatants were collected 48 h later, and the levels of
different cytokines were measured in triplicate using commercially avail-
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Figure1. (D200 receptors expression in the CNS of EAE mice. 4, EAE was induced in (57BL/6
mice with 200 1.g of MOG35-55. Control mice (C) or mice with average clinical EAE scores at day
18 -20 afterimmunization were killed, and the whole spinal cords were collected. RT-PCR study
revealed that the expression of (D200R1 and (D200R4 were significantly increased in EAE
compared with controls. B, The expression of each (D200R gene was normalized to the expres-
sion of control gene GAPDH. **p << 0.001 versus controls.

able ELISA kits (BD Biosciences) and 21-cytokine or TGF-B Luminex
kits (Millipore). Luminex assays were performed according to the pro-
tocol supplied by the company. Nitric oxide (NO) level in the superna-
tant was measured using an NO detection kit (R & D Systems).

Apoptosis assays. For detection of apoptosis, cultured microglia or as-
trocytes after indicated treatments were washed twice in PBS. The cell
pellets were resuspended in binding buffer containing annexin V-FITC
(BD Biosciences) and propidium iodide (PI) (BD Biosciences) for 20 min
at room temperature. The samples were analyzed on a FACSCaliber cy-
tometer within 1 h.

Statistical analysis. Data are expressed as the mean = SEM unless
otherwise specified. Data on the effect of CD200Fc versus control IgG2a
treatments on EAE were analyzed using two-way ANOVA with Fisher’s
protected least significant difference post hoc tests for multiple compari-
sons. Unpaired two-tailed f tests were used to compare the mean values
between two groups. Values of p < 0.05 were considered statistically
significant.

Results

Expression of CD200 receptors in EAE

There is considerable evidence indicating that CD200R1 is the
dominant ligand for CD200, but CD200R-related molecules that
likely arose from duplication have been described. One CD200R-
related molecule has been described in human (hCD200RLa), and
four have been described in mouse (mCD200RLa/mCD200R4,
mCD200RLb/mCD200R3, mCD200RLc/mCD200R2, and
mCD200RLd/mCD200R5) (Wright et al., 2003). We first inves-
tigated the expression of isoforms of CD200R in a chronic model
of EAE. RT-PCR results demonstrated that CD200R1 was ex-
pressed in the CNS of naive C57BL/6 mice under physiological
condition, and its expression level was significantly enhanced
during EAE (Fig. 1A, B, p < 0.001). CD200R2 was also constitu-
tively expressed in the naive spinal cord but its expression did not
increase in EAE samples. The expression level of CD200R3 and
CD200R4 was minimal in control mice, but only CD200R4 in-
creased slightly during EAE (Fig. 1A,B, p < 0.001). Based on
these findings as well as published results in human MS, we chose
to investigate the effects of CD200R1 ligation in EAE.

Characterization of CD200R1 agonist

For the present study, we used a dimeric CD200 fusion protein con-
sisting of the extracellular domain of murine CD200 fused to the Fc
domain of murine IgG2a (CD200Fc). CD200Fc has been reported
previously to either interact specifically with CD200R1 but not
CD200R2-R5 (Wright et al., 2003; Hatherley et al., 2005) or to inter-
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act with CD200R1 and CD200R2-R4 homologs (Gorczynski et al.,
2004). To test binding of murine CD200Fc to CD200R family
members, gD-tagged murine or human CD200R1 were tran-
siently expressed in HEK 293 cells, whereas gD-tagged CD200R2-R5
homologs were expressed in HEK 293 cells stably expressing
FLAG-DAP12. As shown in supplemental Figure 1 (top panel,
available at www.jneurosci.org as supplemental material), CD200R
family members were highly expressed on the cell surface. Mu-
rine CD200Fc bound to murine and human CD200R1 but not to
murine CD200R2, CD200R3, CD200R4, or CD200R5 (supple-
mental Fig. 1, bottom panel, available at www.jneurosci.org as
supplemental material).

Administration of CD200Fc during the effector phase of EAE
attenuates disease course

Immunized mice developed severe EAE, with onset of clinical
signs occurring on days 9-10 after immunization. Symptoms
peaked at days 1417 and were followed by a stable chronic phase
of disease. To investigate the protective effects of CD200 during
the chronic effector phase of EAE, CD200Fc or control mouse
IgG2a was administered at the onset of neurological symptoms
(day 10). An untreated group was included for comparison.
CD200Fc or control IgG2a was administered every other day at a
dose of 100 ug by subcutaneous injection from symptom onset to
day 30. We assessed CD200Fc and control IgG2a administration
efficiency by immunofluorescent studies, which demonstrated
that, after onset of EAE, both CD200Fc and control IgG2a suc-
cessfully crossed the blood—brain barrier and entered the spinal
cord in lesioned areas (Fig. 2A).

The composite results of three separate experiments are sum-
marized in Figure 2B and Table 1. Control IgG2a treatment
showed no influence on the course or severity of disease. In con-
trast, CD200Fc initiated after disease onset significantly reduced
EAE severity (F; jogs) = 702.84, p < 0.001). CD200Fc-treated
mice had a significantly lower mean maximal clinical score
(2.31 = 0.98 and 1.75 * 0.73 for days 10-20 and days 20-30,
respectively) compared with control-treated animals (3.06 =
0.31 and 2.81 = 0.55 for days 10-20 and days 20-30, respec-
tively) ( p < 0.01) (Fig. 2B, Table 1). At the end of the treatment
period on day 30, CD200Fc completely inhibited the clinical signs
of EAE in 5 of 20 treated mice. Many CD200Fc-treated mice
showed only tail weakness, whereas most of the control-treated
mice experienced severe hindlimb paraparesis.

To elucidate the effects of CD200R agonism on the chronic
effector stages of disease, we initiated treatment at a late time
point (from day 20 to 30), well after T cell priming had occurred
in this model. Our results showed that CD200Fc treatment at this
stage also effectively reduced disease severity (F(, 444y = 102.03,
p < 0.001) (Fig. 2C). The therapeutic effect of CD200Fc lasted
beyond the period of administration. For each therapy regimen,
we monitored the clinical disease daily until day 40. Disease did
not rebound after CD200Fc treatment ceased (Fig. 2 B,C, Table 1).

CD200Fc-induced disease attenuation is associated with de-
creased axonal loss and demyelination in the spinal cord. His-
topathological studies were performed in the spinal cords of
control IgG2a- and CD200Fc-treated mice at 30 d, in mice treated
from symptom onset to day 30. Six mice per group were selected
for examination of axonal loss and demyelination, which were
assessed by Bielschowsky’s silver staining and LFB staining, re-
spectively. The average EAE disease grade for control-treated
mice used for tissue analysis at the time of harvesting was 2.52 =
0.71, whereas the average score in CD200Fc-treated mice used
was 1.31 = 0.85, consistent with disease grades recorded in Figure
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Figure 2.  (D200Fc treatment attenuates the course of EAE and decreases axonal loss and demyelination in the spinal cords.

A, Representative 1gG2a antibody-stained sections of the thoracic spinal cord from control mouse IgG2a- and (D200Fc-treated
mice on day 15 after immunization show abundance of mouse IgG2a and (D200Fc. B, EAE was induced in (57BL/6 mice, and
animals with onset of EAE at day 10 were chosen and treated with CD200Fc versus control IgG2a from days 10 to 30. Disease was
monitored daily from days 0 to 40. Shown is the mean disease grade from a composite of three separate experiments (20
control-treated mice, 20 (D200Fc-treated mice). (D200Fc treatment starting from the onset significantly ameliorated course of
EAE. C, Animals were treated with CD200Fc versus control IgG2a from day 20 (10 control-treated mice, 10 CD200Fc-treated mice).
(D200Fc treatment starting in the late stage also inhibited EAE progression. D, Quantification of axonal loss in anterior (A), lateral
(L), and posterior (P) sections of Bielschowsky silver-stained sections from cervical (C), thoracic (), and lumbar (L) levels of the
spinal cord from control- or (D200Fc-treated mice at day 30. Results from six spinal cords per group are averaged and shown.
Average EAE disease grade for control-treated mice used for tissue analysis at the time of tissue harvesting was 2.52 = 0.71,
whereas average score for (D200Fc-treated mice used was 1.31 = 0.85. (D200Fc decreased axonal loss in spinal cord lesions.
E, Quantification of demyelination was performed using Luxol fast blue-stained sections and showed less demyelination in
(D200Fc-treated mice at all levels of the spinal cord, particularly in the cervical—thoracic cord. F, Demonstration of quantification
method used to calculate axonal loss. Transverse sections of the lumbar spinal cord from both control- and (D200Fc-treated mice
were stained with the Bielschowsky method. The NIH ImageJ program was used to calculate areas. The area with >50% axonal
loss (outlined in green) was divided by the total white matter area of the column (outlined in red), thus quantifying percentage
axonal loss, which was represented in D and F. G, Demonstration of method used to quantify demyelination. Transverse sections of
the lumbar spinal cord were stained with Luxol fast blue. Areas with demyelination (outlined in green) were divided by the total
white matter area of the column (outlined in red), thus measuring percentage demyelination represented in E and G. Data are
presented as means = SEM. *p << 0.05; *p < 0.01 versus controls.

2Band Table 1. As shown in Figure 2, D and E, all control IgG2a-
treated mice developed pronounced axonal loss and demyelina-
tion in the spinal cord lesions. CD200Fc reduced both axonal loss
and demyelination in the treated mice at all levels of the spinal cord,
particularly in the cervical-thoracic cord. Total axonal loss was
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significantly lower in CD200Fc-treated
animals (7.27 £ 2.71%) compared with
control IgG2a-treated animals (28.67 =
4.47%, p < 0.001). Similarly, total demyeli-
nation was diminished in CD200Fc-treated
mice (6.92 £ 2.75%) compared with
control-treated mice (20.93 £ 4.44%, p <
0.001). The methods used to calculate ax-
onal loss and demyelination are outlined in
Figure 2, F and G, and in previous publica-
tions (Chitnis et al., 2007).

CD200Fc treatment diminishes
microglia and macrophage infiltration
into the spinal cord

Increasing evidence suggests that micro-
glia and macrophages play an essential
role in mediating CNS damage during
the effector stages of EAE. Because the
CD200—-CD200R pathway is important in
the modulation of myeloid cell function,
to understand the underlying mecha-
nisms of EAE attenuation by CD200Fc, we
investigated its effects on microglia and
macrophage accumulation and activation
in the CNS. We first analyzed the inflam-
matory infiltrate into the spinal cords of
control- and CD200Fc-treated animals at
two time points (days 15 and 30) using
flow cytometry of the whole spinal cords
and immunofluorescent staining of tho-
racic spinal cord sections. CD11b and
CD45 were used as markers for detecting
microglia (CD11b "CD45") and macro-
phage (CD11b *CD45"). Both immuno-
fluorescent staining and flow cytometry
demonstrated that CD200Fc treatment
started at disease onset substantially re-
duced the number of microglia in the
spinal cord (Fig. 3A,B). In addition, as
shown in Figure 3A, in control-treated
mice with EAE, microglia developed an
enlarged cell body and became derami-
fied. In CD200Fc-treated animals, micro-
glia demonstrated a typical resting state
morphology with long and thin processes.
The difference observed in microglia mor-
phology suggested that CD200Fc suppresses
microglial activation.

Macrophage infiltration into the spi-
nal cord was also diminished in CD200Fc-
treated mice (Fig. 34, B). Interestingly, at
day 15, total splenocyte cell numbers and
the percentage of macrophages in the spleen
was higher in CD200Fc-treated mice when
compared with control-treated mice (Fig.
3B, Table 2), which suggested that CD200Fc
might inhibit macrophage migration

from the peripheral lymphoid system to the CNS. We therefore
examined possible underlying mechanisms. Consistent with the
above results, flow cytometric analysis showed that CD200Fc
strikingly downregulated the expression of LFA-1 and VLA-4 in
CD11b ™ cells, important adhesion molecules for inflammatory



2030 - J. Neurosci., February 10, 2010 - 30(6):2025-2038 Liu et al. @ CD200R1 Agonist Is Protective during the Chronic Phase of EAE

Table 1. Effects of CD200Fc versus control treatment on chronic EAE in (57BL/6 mice
Mean maximal grade

No. of mice Onset Onset to day 20 Days 20-30 Days 30—40 No. of deaths Area under curve
Nontreated 12 10 2.98 = 0.26 2.75 =051 2.53 = 0.64 0 62.63 = 8.63
Control lgG2a-treated 20 10 3.06 = 0.31 2.81 * 0.55 2.62 = 0.62 0 69.98 = 9.25
(D200Fc-treated 20 10 231 £ 0.98* 175 £ 0.73** 1.50 = 0.89** 0 37.51 = 7.45*

Subgroups of mice with onset of EAE at day 10 after immunization were chosen, treated with (D200Fc versus control IgG2a from days 10 to 30. Data are presented as means == SD. Statistical comparison was made using two-tailed t test.
*p < 0.01; **p < 0.001 versus control IgG2a-treated group.

CD200Fc-treated B

[“IControl-treated
I CD200Fc-treated

A Control-treated

CD200Fc-
treated

Control-
treated

Control-
treated

CD200Fc-
treated

*% *%

SSC-H

*%

:
SSC-H

15 dpi

TA TL TP
Spinal cord region

[IControl-treated

5200 I CD200Fc-treated _g. © © T
2 o a | Q
5 150 Qo0 o 2l
S$100{ | [sesk | [%* ¢
< 50 *k CD11b CD11b CD11b
=]
o o .
TA  TL TP Spinal cord | Spleen
Spinal cord region
CD11b/CD45
C Isotope (grey)
CD11b/control-treated (green line, with MFI and percentage value)
CD11b/CD200Fc-treated (red line, with MFI and percentage value) D
MFI: 509 vs 206 MFI: 197 vs 90 MFI: 594 vs 293 MFI: 167 vs 79
70.1% vs 38.1% 78.4% vs 39.5% 91.7% vs 70.2% 67 7% vs 39.5% Control- CD200Fc-
! ‘ ; treated treated
a e/ /\ 2 ) / | ) 4
5 ElAM g N S =
= e \n\% S/JJ% S/fN\\J So/\
A\ 1 7 / \
MJJJ‘\ ! b \“1 4 \
LFA-1 VLA-4 LFA-1 VLA-4
MFI: 648 vs 357 MFI: 228 vs 105 MFI: 872 vs 558 MFI: 237 vs 118
75.3% vs 48.1% 80.8% vs 40.2% 81,3% vs 60.1% 81.3% vs 40.4%
g » W
c l c \ | c
& 3 g / I/ A 3y )N 3 /W
! JAN © PN \\ o // CCL-2
L.\ \ fn
VLA-4 LFA-1 VLAA
Spinal cordI Spleen
Figure 3.  (D200Fc treatment diminishes microglia and macrophage infiltration into the spinal cord. A, Immunofluorescent staining revealed large numbers of microglia

(CD11b *CD45'°) and macrophages (CD11b " C(D45™) in the spinal cords of control-treated animals at days 15 and 30, which were reduced in mice that received CD200Fc treatment.
Quantification confirmed significant reductionin CD11b * cellsinthe spinal cord of (D200Fc-treated mice. For quantification study, cell numbers were counted in anterior (A), lateral (L),
and posterior (P) areas of (D11b antibody-stained transverse sections from thoracic level of the spinal cord. Three representative high-magnification fields (200X ) were chosen for each
area, and the counts were averaged. Results from six spinal cords per group are shown. C, Cervical; T, thoracic; L, lumbar; dpi, days postimmunization. B, The results of flow cytometry
for the spinal cord cells of control- and CD200Fc-treated mice were consistent with immunofluorescent staining study. In contrast, flow cytometric analysis showed more (D11b * cell
accumulation in the spleens of (D200Fc-treated animals at day 15 than in control-treated animals. Four to six mice per group with average clinical EAE were included in this study.
Average total cell numbers per spinal cord and per spleen were described in Table 2. €, Flow cytometry study for the same spinal cord and spleen cell samples harvested at days 15 and
30 indicated downregulation of LFA-1and VLA-4 expressionin CD11b * cells after (D200Fc treatment. LFA-1and VLA-4 expression was analyzed with gating on live (D11b * cells. MFI,
Mean fluorescence intensity. D, Inmunofluorescent staining demonstrated that expression of CCL-2 was not altered in the spinal cords of CD200Fc-treated animals. Results from one
representative donor of four in each group are shown. Data are presented as means % SEM. **p << 0.001 versus controls.

cell recruitment to the CNS (Fig. 3C). However, CD200Fc treat-  types, including CD4 ", CD8 ", CD19™", and Gr-1" cells using

ment did not reduce the expression of CCL2, which is mainly
derived from astrocytes and is an important chemokine in the
recruitment of CD11b * cells to the CNS in EAE (Fig. 3D).

Effect of CD200Fc on T cell activity in EAE
To analyze the cells comprising the inflammatory infiltrate into
the CNS during EAE, we also assessed frequencies of other cell

flow cytometry of whole spinal cord. The frequencies of all these
types of inflammatory cells in the spinal cord were decreased to
varying degrees in CD200Fc-treated mice because the disease was
ameliorated (supplemental Fig. 2 A, available at www.jneurosci.
orgas supplemental material) (Table 2). However, in all cases, the
production of some proinflammatory cytokines, such as IFN-y
and IL-17, by infiltrating T cells was unaffected by CD200Fc
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Table 2. Effects of (D200Fc treatment on the infiltration of (D11b * and other inflammatory cell types into the spinal cord-flow cytometric analysis

15 d after immunization

30 d after immunization

Spinal cord Spleen Spinal cord Spleen

Control-treated ~ (D200Fc-treated  Control-treated ~ (D200Fc-treated ~ Control-treated ~ (D200Fc-treated ~ Control-treated ~ (D200Fc-treated
%CD11b * (D45 * 248 +0.39 116 £0.19** 1176 = 1.86 16.56 = 1.88*  5.26 = 0.59 219 = 0.56**  11.85 = 2.76 9.10 = 1.75
%CD11h T (D45 ~ 5.59 +0.49 3.75 £ 0.56* 4.67 £ 045 3.92 = 0.40"
%CD4 * 3.00 * 0.52 2.15 + 0.40* 26.51 * 3.54 2328 =338 1.82 + 033 1.52 +0.29 2313+372 2337 £332
%CD8 * 2.63 = 0.48 1.95 + 0.32% 14.16 = 2.17 12.61 + 218 142 +0.36 1.16 +0.35 11.25 =335 11.55 * 3.65
%CD19+ 1.82 = 0.47 1.52 = 0.50 48.56 + 6.13 46.54 + 488 1.20 = 0.32 1.06 = 0.21 41.52 = 5.55 42.70 =738
%Gr-1" 141+ 031 113 +0.30 2.11 £ 0.56 1.16 = 0.45*
Total number of cells/spinal cord ~ 1.17 = 0.23 0.66 = 0.15* 9405986  127.75 =13.71* 0.88 £0.14 0.52 £ 0.12* 98.85 £ 12.03 96.27 = 11.30

or spleen (X10°)

Four to six mice per group with average clinical EAE were examined. Mice were treated with CD200Fc versus control IgG2a from day 10. At day 15 or 30, the treated animals were killed, and flow cytometric analysis was performed for
spleenocytes or cells isolated from spinal cord homogenates. All molecule expression was analyzed with gating on live cells. Data are presented as means == SD. Statistical comparison was made using two-tailed ttest. “p < 0.05; *p < 0.01;

**p < 0.001 versus control-treated groups.

treatment. Flow cytometric analysis showed that the proportion
of IFN-vy-producing CD4 and CD8 cells and IL-17-producing
CD4 cells were similar in CD200Fc and control-treated mice,
despite lower overall cellular frequencies in CD200Fc-treated an-
imals (supplemental Fig. 2 B, available at www.jneurosci.org as
supplemental material). Moreover, we found that CD200Fc
treatment did not change the proportion of CD4 *Foxp3 ™ or
CD8 *CD28 ~ regulatory T cells in the spinal cord. Similar results
were observed in the spleen of CD200Fc-treated mice (data not
shown).

We then explored whether CD200Fc affected adaptive T cell
responses. CD4 cells were harvested from the spleens of control-
and CD200Fc-treated EAE mice on day 20 and stimulated with
MOG in the presence of APCs from control-treated mice. Al-
though at this time point clinical disease was significantly
ameliorated by CD200Fc, there was no difference in T cell prolif-
eration and proinflammatory cytokine (IL-2 and IFN-+y) produc-
tion during antigen-specific stimulation between control- and
CD200Fc-treated groups (data not shown). In summary, these
results indicate that CD200Fc treatment does not significantly
alter adaptive T cell autoimmune responses in EAE.

CD200Fc suppresses microglia/macrophage activity in the
effector stages of EAE

To further elucidate the mechanisms underlying EAE suppres-
sion by CD200Fc, we investigated the effect of CD200Fc treat-
ment on activation of CD11b cells existing in inflammatory sites.
Mononuclear cells were isolated from the spinal cords of control-
and CD200Fc-treated mice with EAE at days 15 and 30 after
immunization. Flow cytometry results demonstrated that the
expression of two important proinflammatory cytokines, IL-6
and TNF-a, were significantly decreased in CDI11b cells after
CD200Fc treatment (Fig. 4A). However, CD200Fc did not change
the expression of IL-10 and TGF-B1 (Fig. 4A), suggesting that
CD200Fc did not induce immune deviation. Similar results were
observed for the effect of CD200Fc treatment on splenic CD11b
cell cytokine expression. Although CD200Fc strongly reduced the
expression level of IL-6 and TNF-q, the therapeutic effect was not
associated with a change in IL-10 and TGF-B1 expression (Fig.
4 A).Inaddition, CD200Fc treatment did not alter the expression
of IL-12 in the spleen (Fig. 4A).

We next performed in vitro experiments to test the possibility
that CD200Fc acted directly on CD11b cells to block the proinflam-
matory cytokine expression. As shown in Figure 4 B, CD200Fc treat-
ment effectively suppressed the activation-induced production of
IL-6 and TNF-a on primary microglia cultures. Production of

several other cytokines, assessed by Luminex assay, including
IEN-v, IL-1¢, IL-18, IL-2, IL-4, IL-10, and TGF- 31 on microglia
were very low, and we did not observe significant difference in
production of these cytokines between CD200Fc- and control-
treated groups (data not shown).

Previous studies have demonstrated that microglia/macro-
phage are an important source of free radicals, and oxidative
stress caused by these molecules, especially NO and peroxynitrite,
is involved in the neurodegenerative component of chronic EAE
(Basso et al., 2008). We then asked whether CD200Fc would
interfere with NO production by activated microglia. Our results
showed that addition of CD200Fc significantly diminished IFN-
v-triggered NO production in primary microglial cultures (Fig.
4C). We further examined nitrated proteins in the spinal cord of
CD200Fc-treated mice to determine whether reduction of CD11b
cell activity was associated with less oxidative injury. We observed
intense staining for nitrotyrosine in control-treated animals
(Fig. 4 D), which correlated well with microglial/macrophage
inflammatory infiltrates (Fig. 3A). In contrast, protein ty-
rosine nitration was almost absent in CD200Fc-treated mice,
although some activated CD11b cells were still present in the
spinal cords (Fig. 4D).

CD200Fc inhibits antigen-presenting function of
microglia/macrophages and DCs in the CNS
Microglia/macrophages and DCs can serve as effective APCs for
T cells in the CNS during EAE and thereby initiate and propagate
disease. Because CD200R is specifically highly expressed in mi-
croglia/macrophages and DCs, we hypothesized that CD200Fc
might inhibit their antigen-presenting capacity. Both in vivo and
in vitro data indicated that CD200Fc treatment significantly sup-
pressed activation-induced upregulation of class II MHC mole-
cules in CD11b* and CDI11c™ cells in the CNS (Fig. 5A,B).
Similar results were observed in CD11b " and CD11c ™" cells from
the spleen (Fig. 5A). In addition, CD200Fc treatment reduced
CD80 (B7-1) expression on CD11b ™ and CD11c ™ cells (see Fig.
5A, B). However, treatment with CD200Fc did not alter the ex-
pression of CD86 (B7-2) or CD40 on activated CD11b ™" and
CD11c ™ cells isolated from the spleen or the CNS (Fig. 5A, B).
To directly assess the inhibitory effect of CD200Fc on antigen-
presenting function of microglia/macrophages and DCs, CD11b*
and CD11c™ cells were isolated from the spinal cords of control-
and CD200Fc-treated mice on day 20. The cells were used as
APCs in an in vitro assay to stimulate naive 2D2 mouse T cells,
which can be readily activated by MOG peptide through effective
T-cell receptor signaling (Bettelli et al., 2006). We found that
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(D200Fc inhibits microglia/macrophage activity in the effector stages of EAE. A, Immune cell populations were isolated from the spinal cords and spleens of control- and

(D200Fc-treated mice 15 and 30 days postimmunization (dpi). Cytokine expression was analyzed by flow cytometry with gating on live (D11b * cells. Four to six mice per group with
average clinical EAE were included, and data shown are representative results. CD200Fc treatment significantly decreased the production of IL-6 and TNF-« but not IL-10 or TGF-B in
(D11b cells in both spinal cords and spleens of treated animals. MFI, Mean fluorescence intensity. B, Primary cultures of C57BL/6 mouse microglia were stimulated in vitro with LPS in the
presence of different concentrations of CD200Fc versus control IgG2a. Supernatants were collected at 48 h, and cytokines were measured using a 21-cytokine Luminex kit. Results showed
that (D200Fc treatmentinhibited the activation-induced production of IL-6 and TNF-« on primary microglia. Data shown are representative of four independent experiments. *p << 0.01;
**p < 0.001 versus controls. €, Primary cultures of microglia were stimulated with IFN-y for 48 h. The NO level in the supernatant was then measured using a NO detection kit. CD200Fc
significantly decreased IFN-y-triggered microglial NO production. Data shown are representative of four independent experiments. *p << 0.01; **p << 0.001 versus controls. D, Spinal
cords were harvested from control- or CD200Fc-treated mice with average clinical EAE in each group on day 30. Immunofluorescent staining in thoracic sections demonstrated that
(D200Fc treatment diminished nitrotyrosine production in the spinal cord lesions. Adjacent spinal cord sections to those in Figure 3A and supplemental Figure 24 (available at
www.jneurosci.org as supplemental material) were used. Results from one representative donor of five in each group are shown.

CD200Fc treatment significantly impaired the antigen-pre-
senting action of CD11b ™ and CD11c ™ cells (Fig. 5C). 2D2 T cell
proliferation to MOG peptide in the presence of CD11b or
CD11c cells from CD200Fc-treated mice was reduced by 45.1 *
5.9% (p < 0.01) and 53.8 = 6.6% ( p < 0.01), respectively, com-
pared with that in the presence of control CD11b or CD11c cells
(Fig. 5C). Subsequently, the production of proinflammatory cy-
tokines, including IL-2 and IFN-+y, were markedly reduced (Fig.
5C). Similar results were found in the spleens of CD200Fc-treated
mice (data not shown).

CD200Fc treatment inhibits astrocyte activity in EAE
Increasing evidence has demonstrated that astrocytes play a role
in the pathogenesis of MS. Astrocytes in active chronic plaques of
MS express high levels of MHC class II molecules (Zeinstra et al.,
2000). Mahad et al. (2006) showed that astrocytes are a major
source of many chemokines, including CCL-2, which attract in-
flammatory cells to the CNS in EAE (Mahad et al., 2006). Our
previous studies have demonstrated that both CD200 and
CD200R are upregulated on astrocytes during EAE (Chitnis et al.,
2007). We therefore asked whether CD200Fc treatment inhibited
astrocyte activity in the EAE model. In control IgG2a-treated
mice, as demonstrated by immunofluorescent staining, astro-
cytes in spinal cord lesions became activated and developed en-
larged cell bodies (Fig. 6A). In contrast, mice treated with
CD200Fc, astrocytes remained in a resting state (Fig. 6A).

The inhibitory effects of CD200Fc on astrocyte activity were
confirmed in vitro. Luminex and ELISA studies demonstrated
that CD200Fc significantly diminished the production of IL-6,
NO, and CCL-2 in primary cultures of astrocytes activated with

IEN-vy plus TNF-a (Fig. 6 B). Flow cytometry analysis indicated
that CD200Fc treatment also downregulated the expression of
class I MHC molecules in activated astrocytes (Fig. 6 B). How-
ever, we found that, different from its effects on microglia,
CD200Fc inhibited astrocyte activation only at a high concentra-
tion (Figs. 6B vs 4B,C).

CD200Fc treatment induces apoptosis of
microglia/macrophages but not astrocytes or
oligodendrocytes in EAE

Inhibition of microglia/macrophage activity in EAE after CD200Fc
treatment could be attributable to either functional suppression or
elimination of activated cells. During the flow cytometric analysis,
cellular distribution demonstrated higher percentages of dead
immune cells in the spinal cords of CD200Fc-treated animals
than in controls. We then examined whether CD200Fc induced
microglia/macrophage deletion in EAE. Immune cell popula-
tions were isolated from the spinal cords and the spleens of
control- and CD200Fc-treated mice at days 15 and 30. Annexin V
staining was used to detect cell apoptosis. Our results showed that
CD200Fc treatment markedly increased the proportion of apo-
ptotic CD11b ™ cells in both spinal cords and spleens of EAE mice
at day 30 (Fig. 7A).

Because CD200R are also expressed on astrocytes and oligo-
dendrocytes (Chitnis et al., 2007), we next determined whether
CD200Fc also induced apoptosis of astrocytes and oligodendro-
cytes in the CNS. Flow cytometric analysis for oligodendrocytes
and astrocytes in the CNS is technically difficult. Therefore, we
assessed potential astrocyte and oligodendrocyte apoptosis using
TUNEL staining of spinal cord sections obtained from control-
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and CD200Fc-treated mice. Consistent with the above results,
TUNEL staining demonstrated that CD200Fc treatment signifi-
cantly enhanced the apoptosis of CD11b ™ cells. However, it did
not induce astrocytic or oligodendroglial apoptosis (Fig. 7B).
Likely related to its differential effects on microglia/macrophages,
astrocytes, and oligodendrocytes, immunofluorescent staining
demonstrated that CD200Fc treatment specifically increased
caspase-3 activation in CD11b ™ cells (Fig. 7B).

The ability of CD200Fc to induce CD11b * apoptosis was also
observed in vitro. Primary mouse microglia were cultured with or
without 10 ng/ml IFN-vy stimulation in the presence of different
concentrations of CD200Fc versus control 1gG2a. As shown in
Figure 7C, although CD200Fc treatment did not affect viability of
resting microglia, it enhanced apoptosis in the activated micro-
glia. The level of apoptotic cells in primary microglia cultures
stimulated with IFN-v in the presence of 100 wg/ml CD200Fc
was increased by 79.3 £ 9.1% ( p < 0.001) after 48 h treatment
(Fig. 7C). However, under similar conditions, CD200Fc did not
change the viability of primary astrocytes activated with 10 ng/ml

IFN-+y plus 5 ng/ml TNF-« (Fig. 7C). Importantly, TUNEL stain-
ing in primary mouse oligodendrocyte culture demonstrated
that, contrary to its effect on microglia, addition of CD200Fc
suppressed IFN-y or TNF-a-induced oligodendrocyte death
(Fig. 7D).

Differential expression of CD200R on microglia, astrocytes,
and oligodendrocytes

Our results suggest that CD200Fc treatment induces differential
effects on astrocytes and oligodendrocytes compared with micro-
glia. For example, as the data above revealed, CD200Fc treatment
did not change CCL-2 production in spinal cord lesions nor en-
hance astrocyte or oligodendrocyte apoptosis (Figs. 3D, 7). To
explore the possible mechanisms, we compared the expression of
CD200R on astrocytes and oligodendrocytes with microglia un-
der normal condition or after LPS or IFN-y/TNF-« stimulation.
Flow cytometry results indicated that, although CD200R1 was
expressed on both microglia and astrocytes and the expression
levels were increased in these cells during stimulation with LPS or
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IEN-y/TNF-a, CD200R1 levels were much higher in microglia
than in astrocytes under both normal and activation conditions
(Fig. 8A).

RT-PCR was performed to investigate the possible differential
expression of CD200R on microglia and oligodendrocytes. Sim-
ilar to the data above, our results demonstrated that CD200R1
expression levels were markedly enhanced in microglia after
stimulation with LPS or TNF-« (Fig. 8 B). In contrast, although
oligodendrocytes constituently expressed CD200R1, they did not
increase its expression level during activation (Fig. 8 B). The dif-
ference in CD200R expression levels particularly under activation
conditions could at least partly explain the differential effects of
CD200Fc treatment on microglia, astrocyte, and oligodendrocyte
activity. Additional studies investigating the mechanisms under-
lying the differential effects of CD200R1 agonists on different
CNS cell types are in progress and will be the topic of a different
study.

Discussion

We have demonstrated that a CD200R1 agonist attenuates dis-
ease severity in an animal model of multiple sclerosis when ad-
ministered during the chronic or effector stage, through the
modulation of several key disease mechanisms. CD200Fc treat-
ment suppressed macrophage and microglial accumulation
within the CNS, in part through downregulation of adhesion
molecules VLA-4 and LFA-1, which are necessary for macro-
phage migration. Additionally, expression of activation markers
MHC-II and CD80 and production of IL-6, TNF-«, and nitric
oxide by CD11b™ cells were decreased in treated animals.
CD200Fc treatment suppressed APC function in the spleen and
CNS but had no significant effects on T cell activation or pheno-
type. Numbers of CD4 © and CD8 ™ T cells within the spinal cord
were decreased in treated mice, likely secondary to suppression of

myeloid function. The diminished CD8 T cell infiltration after
CD200Fc treatment may also contribute to reduced CNS pathol-
ogy (Medana et al., 2001; Ure and Rodriguez, 2002). Increased
apoptosis of CD11b ™ cells but not astrocytes was observed in
vitro and in vivo. In contrast, addition of CD200Fc treatment
protected oligodendrocytes from apoptosis in vitro and in vivo.
Together, these results demonstrate that CD200R1 agonists
modulate both myeloid- and non-myeloid-related mechanisms
of chronic disease in the EAE model and may be effective in the
treatment of progressive MS.

Multiple sclerosis is a chronic inflammatory, demyelinating
disease with secondary neurodegeneration. To date, MS treat-
ments have demonstrated effectiveness in reducing relapses but
have had limited efficacy in slowing disease progression. This has
been postulated to be in part because the effector mechanisms of
disease progression differ from those mediating relapses and pre-
dominantly involve the innate immune system as opposed to
adaptive immunity (Weiner, 2009). Nodules of activated micro-
glia in nonlesioned white matter are associated with progressive
disease (Kutzelnigg et al., 2005), and activated macrophages and
microglia as well as CD8 T cells are associated with axonal dam-
age (Bitsch etal., 2000). Animal models of MS have demonstrated
that microglia definitively contribute to disease development and
progression (Taupin et al., 1997; Heppner et al., 2005). Thus,
there is considerable evidence that activated microglia and mac-
rophages contribute to progressive disability in MS and its animal
models.

CD200 expression is overall decreased in plaques from pa-
tients with progressive MS (Koning et al., 2007). In contrast,
CD200R is robustly expressed on perivascular macrophages in
both gray and white matter and expressed in low levels on micro-
glia in autopsy specimens from MS patients (Koning et al., 2009).
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Summarily, this suggests that macrophage and microglial activa-
tion in MS may be associated with loss of tonic inhibition by
CD200. However, the presence of CD200R on perivascular mac-
rophages and microglia suggests that reintroduction of CD200R
agonists may be effective in suppressing myeloid responses. Ele-
vated expression of CD200 downregulates macrophage/micro-
glial responses in EAE and reduces neurodegeneration in vivo and
in vitro (Chitnis et al., 2007), supporting the notion that CD200R
agonists may be effective in attenuating disease.

Isoforms of CD200R have been described in human and
mouse, but it appears that CD200R1 is the dominant ligand in
both species (Wright etal., 2003; Hatherley et al., 2005). Signaling
studies have suggested that CD200R isoforms may have differen-
tial effects. Ligation of CD200R1 results in its tyrosine phosphor-
ylation (Wright et al., 2000), and in murine mast cells results in
recruitment of inhibitory adaptor proteins Dokl and Dok2, leading

to the inhibition of extracellular signal-regulated kinase, c-Jun
N-terminal protein kinase, and p38 mitogen-activated protein ki-
nase activation (Zhang et al., 2004). In contrast, CD200R2-4 con-
tains an immunotyrosine receptor activating motif, and some
isoforms signal through DAP12 (Wright et al., 2003; Kojima et al.,
2007). We have demonstrated that the CD200 fusion protein
(CD200Fc) used in our studies binds selectively to CD200R1.
We found that CD200Fc treatment during the effector
phase of EAE resulted in a reduction of CD11b *CD45 " and
CDI11b "CD45 ™ cells within the CNS, consistent with sup-
pression of both macrophages and microglia populations. There
is some debate regarding the identity of CD11b *CD45 * cells,
which may actually represent activated microglia (Ponomarev et
al., 2005). We found that CD200Fc treatment suppressed accu-
mulation of CD11b " CD45 * to a greater extent than CD11b *CD45 ~
cells, suggesting that activation of microglia is suppressed, but
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Figure 8. Differential expression of CD200R on microglia, astrocytes and oligodendro-
cytes. A, Primary mouse microglia and astrocytes were cultured and stimulated with/
without LPS or IFN-y/TNF-c. Twenty-four hours later, cells were collected, and the
expression of CD200R on these cell types were examined. Flow cytometry showed that the
expression levels of (D200R1 were much higher in microglia than in astrocytes under both
normal and activation conditions. B, Primary mouse microglia and oligodendrocytes were
cultured and stimulated with/without LPS or TNF-cx. Twenty-four hours later, cells were
collected, and the expression of CD200R1-R4 on these cell types were examined. RT-PCR
results showed that, different from microglia, oligodendrocytes did not increase CD200R1
level during activation with LPS or TNF-c. *p << 0.05; *p << 0.01 versus control. C,
Control; MFI, mean fluorescence intensity.

resting microglia may be relatively unaffected. We elucidated two
additional mechanisms by which CD200Fc treatment suppressed
CD11b ™ cell accumulation in the CNS, the first being a reduction
in expression of adhesion molecules VLA-4 and LFA-1, and the
second being increased apoptosis of CD11b * cells. Interestingly,
at an early time point in the EAE course (day 15), decreased
CD11b " accumulation within the CNS was associated with in-
creased numbers of CD11b ™ cells in the spleen in CD200Fc-
treated mice, suggesting that inhibition of migration was the
primary operational mechanism, whereas at a later time point
(day 30), there were decreased numbers of CD11b ™ cells in the
spleen in association with increased apoptosis.

In contrast to its effects on microglia/macrophages, CD200Fc
did not increase apoptosis of astrocytes and oligodendrocytes. In
fact, fewer apoptotic oligodendrocytes were demonstrated in
CD200Fc-treated mice. Although suppression of microglia/mac-
rophage activation might be protective for oligodendrocytes in
vivo, our in vitro studies demonstrated that CD200Fc directly
protected oligodendrocytes from TNF-a- and IFN-y-induced
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apoptosis. This differential effect may be attributable to the selec-
tive effects of CD200R agonism on activated cells as opposed
to resting/nonactivated cells, supported by our findings that
CD200Fc administration did not increase apoptosis of nonacti-
vated/resting microglia in vitro but enhanced apoptosis of IFN-
y-activated microglia. We additionally explored differential
expression of CD200R on microglia, oligodendrocytes, and as-
trocytes and found that only microglia strongly upregulated
CD200R1 when exposed to activating cytokines. Previous studies
have demonstrated that, in the case of low cellular expression of
CD200R, agonists were effective only if cross-linked (Jenmalm et
al., 2006), suggesting that this may be one mechanism for the
differential effects that we observed. Additional studies elucidat-
ing signaling mechanisms in relation to receptor expression may
shed light on differential effects.

Antigen presentation by perivascular APCs is crucial for both
EAE disease initiation and potentially propagation (Greter et al.,
2005). Moreover, epitope spreading is mediated through antigen
presentation by CNS APCs, subsequently leading to disease prop-
agation (McMahon et al, 2005). We found that antigen-
presenting capacity of CD11b ™ and CD11c™ cells isolated from
both the CNS and the spleen was suppressed in CD200Fc-treated
mice. In contrast, T cell proliferation and activation was not
directly affected by treatment. CD200Fc treatment decreased ex-
pression of MHC class II and CD80 on CD11b " and CD11¢™
cells both in the CNS and spleen, which may have contributed
to impaired antigen-presenting capacity. Thus, CD200Fc sup-
presses key myeloid functions necessary for disease propagation.

CD200R agonists have been shown to suppress disease in an-
imal models of uveitis (Copland et al., 2007), collagen-induced
arthritis (Gorczynski et al., 2001; Simelyte et al., 2008), and pro-
long xenograft survival (Gorczynski et al., 2002). Similar to our
findings, in the uveitis model administration of a CD200R ago-
nist, monoclonal antibody suppressed macrophage/microglia ac-
cumulation and IL-6 cytokine production but had no effecton T
cells (Copland et al., 2007).

Microglia-mediated neurodegeneration has been implicated
in several neurodegenerative diseases, including Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic lateral sclerosis
(Streit et al., 2005). Interestingly, CD200 and CD200R were
found to be deficient in the hippocampus and inferior temporal
gyrus of Alzheimer’s brains, suggesting that absence of this path-
way results in increased microglial-mediated pathology (Walker
et al., 2009). Thus, our findings may be relevant to other neuro-
degenerative diseases.

Recent work has suggested that microglia may play a protec-
tive role in MS, particularly during remyelination. Microglia may
be required to phagocytose myelin and axonal debris and pro-
duce cytokines and chemokines that support remyelination
(Napoli and Neumann, 2009). However, induction of protective
effects may be dependent on the milieu of cytokines present at the
time of microglia activation. The presence of IL-4 attenuated
microglial TNF-a production and reversed blockade of IGF-1
production induced by IFN-v, resulting in enhanced oligoden-
drogenesis (Butovsky et al., 2006). Interestingly, IL-4-deficient
mice exhibit enhanced CNS microglial activation in response to
peripheral LPS injection and have decreased neuronal expression
of CD200 (Lyons et al., 2009), suggesting that IL-4 regulates mi-
croglial activation through enhancement of CD200 expression.
The role of CD200R agonists in oligodendrogenesis and remyeli-
nation requires additional exploration.

We have demonstrated that administration of a CD200R1
agonist suppresses multiple mechanisms of disease during the
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chronic phase of EAE. CD200Fc treatment suppressed key my-
eloid functions, including antigen presentation in the CNS,
proinflammatory cytokine production, and myeloid survival. In
addition, CD200Fc treatment enhanced oligodendrocyte survival
as demonstrated both in vitro and in vivo. These findings have
significant implications for the treatment of progressive multiple
sclerosis as well as other neurodegenerative and inflammatory
diseases.
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