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Abstract

The potential role of Nogo-66 Receptor 1 (NgR1) on immune cell phenotypes and their activation during neuroinflammatory
diseases such as multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE), is unclear.
To further understand the function of this receptor on haematopoietically-derived cells, phenotypic and functional analyses
were performed using NgR1-deficient (ngri-/-) animals. Flow cytometry-based phenotypic analyses performed on blood,
spleen, thymus, lymph nodes, bone marrow and central nervous-system (CNS)-infiltrating blood cells revealed no
immunological defects in naive ngri-/- animals versus wild-type littermate (WTLM) controls. EAE was induced by either
recombinant myelin oligodendrocyte glycoprotein (rMOG), a model in which B cells are considered to contribute
pathogenically, or by MOGss_s5 peptide, a B cell-independent model. We have demonstrated that in ngri-/- mice injected
with MOGss_ss, a significant reduction in the severity of EAE correlated with reduced axonal damage present in the spinal
cord when compared to their WTLM controls. However, despite a reduction in axonal damage observed in the CNS of
ngri1-/- mice at the chronic stage of disease, no clinical differences could be attributed to a specific genotype when rMOG
was used as the encephalitogen. Following MOGss_ss-induction of EAE, we could not derive any major changes to the
immune cell populations analyzed between ngri-/- and WTLM mice. Collectively, these data demonstrate that NgR1 has
little if any effects on the repertoire of immune cells, their activation and trafficking to the CNS.
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Unlike the peripheral nervous system, regenerative nerve fiber
growth and structural plasticity are limited in the adult CNS
following insult [9,10]. Notably, the limited ability of the axon to
regenerate within the CNS has been attributed to the presence of
myelin-associated inhibitory factors (MAIFs), present as extracel-

Introduction

Multiple Sclerosis (MS) is a chronic inflammatory disease of the
central nervous system (CNS) characterized by inflammation,
sharply demarcated areas of demyelination and axonal loss/

damage resulting in a multiplicity of neurological deficits [1,2].
The etiology of MS is as yet unknown but it is generally accepted
that the disease is the result of an autoimmune response against
CNS antigens in genetically susceptible individuals [3-5]. Immu-
nological, immunohistochemical and molecular analyses of MS
tissue suggest that the development of this disease is driven by a
Th1+Thl7-type inflammatory response, in concert with an
autoantibody reaction directed against defined CNS myelin and
possibly neuronal components [6]. To date, MS has been regarded
as a primary demyelinating disorder and much effort has been
devoted to investigate the relationship between the evolution of the
lesions and clinical progression in terms of myelin destruction and
repair. It has now become apparent that axonal damage is an early
event during the development of lesion formation in both MS and
experimental autoimmune encephalomyelitis (EAE) and is the
main arbiter of permanent clinical disability [7,8].
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lular debris components of degenerative myelin [11,12]. In
addition to astroglial scars containing chondroitin sulphate
proteoglycans, the presence of MAIFS, such as Nogo-A, oligoden-
drocytes-myelin  glycoprotein  (OMgp) and myelin-associated
glycoprotein (MAG) contribute to an environment impenetrable
to axonal regrowth [11]. All three MAIFs are able to bind and
signal through a common Nogo receptorl (NgR1), originally
described as being expressed at the neuronal membrane. NgR1 is
a glycosylphosphatidylinositol (GPI)-anchored protein that com-
plexes with TROY or p758™ and LINGO-1 co-receptors,
triggering an intracellular cascade that leads to cell cytoskeleton
rearrangements, ultimately culminating in neurite retraction
[9,13,14]. The emergence of Nogo-A as one of the major MAIFs
[15] and the identification of Nogo-66-induced growth cone
collapse via NgR1, has led to the development of strategies aimed
at overcoming Nogo-A-mediated neurite growth inhibition
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[16-20], thus providing some prospect for CNS regeneration and
repair for neurodegenerative diseases with profound inflammation
such as MS and spinal cord injury.

We have previously reported that nogo-a deficient mice, animals
vaccinated with Nogo 623-640 peptide, or in EAE-induced mice
treated with a neutralizing anti-Nogo antibody, all displayed
reduced clinical signs and histological lesions following immuniza-
tion with myelin oligodendrocyte glycoprotein peptide (MOGs5_55).
Suppression of disease was associated with a switch from a
pathogenic Thl response to a protective Th2 response [16,17].
Moreover, in chronic-active MS demyelinating lesions, the levels of
both Nogo-A and NgR1 increased in surviving oligodendrocytes,
astrocytes and macrophages/microglia, respectively
[21,22]. This is also emulated in the spinal cord during the course
of EAE [23]. Besides being present on neural cells, NgR1, along
with its signaling co-receptors are expressed on macrophages and
peripheral blood immune cells in both MS patients and healthy
controls [24]. The finding that upon stimulation with Nogo-A,
immune cells displayed reduced adhesion and enhanced migration
on myelin substrates, suggests that NgR1 may also influence
activation and migration of immune cells in demyelinating diseases
such as EAE and MS.

In order to further assess the relevance of NgRI1 in the
development of encephalitogenic and pathogenic immune re-
sponses, we undertook a comprehensive phenotypic characteriza-
tion of immune cells present in primary and secondary lymphoid
organs of NgR1 deficient (ngr/-/-) mice before and after antigenic
stimulation. Moreover, and in view of the purported role that
NgR1 has on peripheral T, B and other antigen presenting cells
(APC) [24-26], we have compared the susceptibility of ngrl-/-
mice to develop EAE provoked by either MOGs5 55 or
recombinant mouse MOG (rMOG), models considered to be B
cell-independent and B cell-dependent, respectively [27,28]. We
report here that the lack of NgR1 has no significant impact on the
phenotype of peripheral immune cells, both before or after
antigenic stimulation, or on cell trafficking to the CNS.

reactive

Materials and Methods

Ethics statement

All experiments involving animal use were carried out in
accordance with institutional animal ethics guidelines of the
National Health and Medical Research Council of Australia and
specifically approved by the Monash University School of
Biomedical Sciences Animal Ethics Committee (approval number

SOBSA/MIS/2007/39).

Mice

Ngrl-/- mice on a G57Bl/6 background were kindly donated by
Professor Strittmatter and generated as described [29]. Female
mice were used throughout this study at 8-12 weeks of age. In the
ngrl-/- animals, the exon 2 of the ngr/ gene was replaced with the
Neo® cassette. Wild type littermates (WTLM) were used as
controls. Animals were bred and maintained at the Monash
University Central Animal Services under specific pathogen-free
conditions and obtained food and water ad libitum. For routine
genotype assessment, tail genomic DNA was extracted using
Puregene® DNA Purification reagents (Qiagen, Venlo, Nether-
lands) and PCR performed with specific primers as described in
Kim et al. [29].

Isolation of mononuclear cells
Single cell suspensions of inguinal and axillary lymph nodes,
thymus and spleen were prepared by gentle dissociation into sterile
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fluorescence-activated cell sorting (FACS) buffer (PBS/2% BSA/
0.02% sodium azide) using a 70 pm filter. Spleen cells were
incubated with sterile red cell lysis buffer (Sigma-Aldrich) for 1
minute and washed twice in FACS buffer [30]. Bone marrow (BM)
cells were obtained by flushing tibiae and femurs with FACS buffer
and a 27-gauge needle. CNS infiltrating mononuclear cells were
isolated as previously described [31].

Flow cytometric analysis

For flow cytometric analysis, 1 x10° cells were incubated with
cocktails of the following primary antibodies or isotype-matched
controls: FITC-anti-CD3 (145-2C11), Percp-anti-CD4 (RM4-5),
PE-anti-CD8 (53-6.7), Percp-anti-B220 (RA3-6B2), FITC-ant-
Grl (RB6-8C5), PE-anti-CD1lc (HL3), APC-anti-NKI.1
(PK136), PE-anti-CD45 (30-F11), APC-anti-CD11b (M1/70) (all
from BD Biosciences, Franklin Lakes, N] USA) and APC-anti-F4/
80 (BMS8) (eBioscience, San Diego, CA, USA). For analysis of
FoxP3, cells were stained according to the manufacturer’s protocol
(eBioscience, San Diego, CA). Live cell gates were estimated using
7-AAD (eBioscience) as recommended by the manufacturer. All
samples were analyzed using a FACS Canto flow cytometer (BD
Biosciences). Post-acquisition analysis was performed using
FACSDiva software. Cell counts for each organ were determined
by gating viable cells based on cell size using a Z2 Coulter
Counter. Subset cell numbers for each organ were calculated by
multiplying the proportion of cells within a specified gate by the
number of viable cells within that organ.

Bone marrow colony forming assay

Femurs and tibiae bones from ngr/-/- or WITLM controls were
aseptically removed and BM flushed with sterile PBS. Single cell
suspensions were prepared and 1x10° mononuclear cells were
sceded in triplicate in methylcellulose medium (Stem Cell
Technologies, Vancouver, Canada) suitable for the growth of
granulocyte-macrophage progenitors. Colony forming units (CFU)
containing granulocytes (CFU-G), macrophages (M) or a mixed
type (CFU-GM) were enumerated after 8 days of culture at 37°C
and 5%CO; using an inverted light microscope [32].

Induction and clinical assessment of EAE

Mice were immunized with 200 ug of MOGs; 55 peptide
(GenScript, Piscataway, NJ, USA) emulsified in Complete Freund
Adjuvant (CFA, Difco) containing 4mg/ml of Mycobacterium
tuberculosis (Difco) subcutaneously on the inner side of both hind
flanks. Mice were given 350ng of Pertussis toxin (Sigma-Aldrich)
intraperitoneally on day 0 and again 48 hr later [16]. In the second
part of the study, mice were immunized with 75 pg purified
rMOG, comprising the extracellular domain (amino acid residues
1-117) of the mature protein [33] emulsified in CFA and
administered as above. Mice were given 200 ng of Pertussis toxin
(Sigma-Aldrich) intraperitoneally on day O and again 48 hr later.
Animals were monitored daily and clinical scores were assigned
according to an arbitrary clinical scale as described [34]. Mice
were humanely killed upon reaching a clinical score of 4.

Histopathology of central nervous system

Histological evaluation was performed on paraformaldehyde-
fixed, paraffin-embedded lumbar spinal cord sections (5 um).
Sections were stained with haematoxylin and eosin (H&E), luxol
fast blue (LFB) and Bielshowsky silver impregnation to assess
inflammation, demyelination and axonal damage respectively
[16,33]. Sections were scored blind twice for semi-quantitative
analysis [35]. Representative images were taken using the 20X (oil)
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Figure 1. Immune-phenotype and bone marrow (BM) progenitor status of naive ngr7-/-and WT mice. (A) Comparative flow cytometric
analysis of single cell suspension from spleen, BM, thymus, blood, lymph nodes and central nervous system (CNS) associated mononuclear cells.
Proportion and total number of CD3"CD8" and CD3*CD4™ T cells, B220* B cells, Gr-1* granulocytes and F4/80 (Gr-1'°F4/80") monocyte/macrophage
are shown. Data represent mean * SEM (n=8-11). *p<<0.05 Mann-Whitney test. (B) Quantification of BM-derived colony number in naive ngr1-/- and
WT mice. After 8 days on methylcellulose culture, BM-derived progenitors from ngri-/- animals were capable of producing granulocytes (G);
macrophages (M) and mixed (GM) colonies at comparable numbers to WT mice. Bars represent mean colony number/plate = SEM (n=3).

doi:10.1371/journal.pone.0082101.g001

objective lens of an Olympus Provis Ax70 microscope and an
Olympus DP70 colour digital camera. Images were processed with
Adobe Photoshop (Adobe, San Jose, CA).

Immunofluorescence analysis

Following transcardial perfusion of the mice with 4% parafor-
maldehyde, the optic nerves from both (18 days post-immuniza-
tion, dpi) rMOG-induced EAE WTLM and ngrl-/- mice were
removed and immersion fixed with 4% paraformaldehyde
overnight at 4°C. The tissues were embedded in paraffin and
cut at 10 um. For antigen retrieval, dewaxed sections were
microwaved with 0.1M citrate buffer (two 5 min) and then
incubated with proteinase K (20 ug/ml, 1 hr at 37°C). The
sections were then post-fixed with 4% paraformaldehyde (30 min
at room temperature) and incubated with blocking buffer (10%
fetal calf serum, 5% normal donkey serum, 5% normal goat serum
and 0.2% Triton X-100 in phosphate-buffered saline) overnight at
4°C. Tissues were then incubated with primary antibodies (mouse
anti-APP (3E9), 1:200, Thermo Scientific; rabbit anti-NF200,
1:200, Sigma-Aldrich) for 24 hr at 4°C then followed by secondary
anti-mouse (Alexa Fluor 488, Life Technologies) and anti-rabbit
(Alexa Fluor 555, Life Technologies), diluted at 1:200, incubated
with 4°, 6-diamidino-2-phenylindole (Life Technologies), mounted
with fluorescent mounting medium and cover-slipped. All optic
nerve sections were captured with a three-channel fluorescence
imaging system using a confocal Nikon C1 Upright microscope
with a 60X objective lens. The captured 16-bit images were then
converted to jpeg files with Image] and formatted using Adobe
Photoshop CS5.

Table 1. Clinical and histological outcome of MOGss_s5 EAE
in ngr1 ="

18dpi 45dpi

WwWT ngri™~’~ wT ngri~’~
Incidence 11/1 3/13 717 7/7
Death of severe 3/1 0/13 3/7 2/7
disease
Onset day 10.5+0.3 11.9+0.5%  10.0£0.4 12.3+0.9*
Maximum score 3.1+£04 2.0*0.3 3.9*0.5 3.1£0.5
Cumulative score 17.5%+2.0 9.0£2.1% 111.6+16.3 75.7+13.5
Disease duration 8.5*0.3 5.8+0.7%* 34+04 31+1.2
Inflammation score 2.4+0.2 1.6+£0.4* 1.7£0.2 1.3+0.2
Demyelination score 2.1+0.1 1.2+04 1.4%+0.3 0.8+0.1
Axonal injury score 24+0.3 1.4+04 1.9+0.3 1.2+0.2%

Data represent mean * SEM. *p<0.05, **p<<0.01. Wild Type (WT) and Nogo
Receptor 1 deficient (ngr1™/~) values are shown for the peak (18 days
post-immunization, dpi) and the chronic (45dpi) stage of MOG peptide
(MOGss_s5 )-EAE.

doi:10.1371/journal.pone.0082101.t001

PLOS ONE | www.plosone.org

Splenocyte proliferation assay and cytokine analysis

Splenocyte proliferation assays were performed at 18 and 45 dpi
as previously described [33]. For cytokine analysis, 2.5x10°
splenocytes were stimulated with 20 ug/ml rMOG or 10 pg/ul
antiCD3/antiCD28 for 48 hr. Supernatants were removed and
incubated with IL-2, IL-4, IL-5, IFN-y, TNF-a, IL-10 and IL-17
mouse cytokine capture beads (Cytometric Bead Array; BD
Biosciences) for 2 hr at room temperature. Data were acquired
using the FACS Canto II and analyzed using FCAP array software
(Soft Flow).

Anti-MOG antibody determination

Sera was collected from ngr/-/- and WI'LM mice by cardiac
puncture and the anti-rMOG antibody response was measured by
ELISA at 18dpi as previously described [36], with sera diluted as
follows: 1:2000, 1:4000 and 1:8000 for IgG and IgGl; 1:1000,
1:2000 and 1:4000 for IgG2a; and 1:200, 1:400 and 1:800 for
IgM.

Statistical analysis

All values are expressed as mean * standard error of the mean
(SEM). Statistical analysis was performed using Prism 5.04
(GraphPad Software). Unless otherwise specified, statistical com-
parison between genotypes was performed using a Wilcoxon-
Mann-Whitney comparison test. A p value less than 0.05 was
considered statistically significant.

Results

Phenotype of immune cells and bone marrow colony
forming capacity of naive ngri-/- mice

The presence of NgR1 and its reported role on the migration of
particular leukocyte subsets [37] suggest that the receptor may
contribute to the signaling cascades of these immune cells during
the initial events leading to CNS autoimmunity. As a preliminary
step towards understanding the impact of NgR1 on the
development of EAE, we first investigated the proportion and
total number of various immune cell subsets in primary and
secondary lymphoid tissues as well as the CNS and blood of naive
ngrl-/- mice and their WTLMs. Specific markers were used to
define each population, namely, CD4/CD3 and CD8/CD3 for
assessing T lymphocytes, B220 for B lymphocytes, NKI1.1 for
natural killer cells, and Gr-1/F4/80 for granulocytes and
monocytes/macrophages. Figure 1A shows the proportion and
number of CD4*, CD8*, B220*, Gr1* and F4/80" cells in all six
organs analyzed. Overall, the immune phenotype of ngrl-/- was
comparable to that of the WI'LM mice. However, a slight but
significant decrease in the proportion of GCD3*CD4" T helper cells
was observed in the spleens of ngr/-/- compared to those from
WTLM mice (ngri-/- 21.5%1.3% vs WT 25.5%1.0; p=0.03,
n=8). While the proportions of CD3"CD8" cytotoxic T
lymphocytes and CD3*NKI1.1" NKT cells were also reduced in
the spleen of ngri-/- mice (14.120.2% and 1.4%0.1%, respec-
tively), these values were not significantly different from that of
WTLM mice (17.1%1.7% and 1.6%0.2% respectively; n =8, Iig.
1A and data not shown).
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Figure 2. Reduced severity of MOGs;s_s5 peptide-EAE in ngr7-/- mice. (A) EAE was induced by immunization with MOGss_s5 peptide and
animals were scored daily for disease clinical manifestations. ngr1-/- mice presented a less severe clinical disease than WT mice. Data were pooled
from 2 independent experiments (n=11-13; mean = SEM). ***p<0.05, two-way ANOVA. (B) Representative lumbar-thoracic spinal cord sections
stained with hematoxylin-eosin for inflammation, luxol fast blue for demyelination and Bielschowsky silver impregnation for axonal damage.
Histological examination was performed at 18 and 45 days post-immunization (dpi). Compared to WT controls, a trend towards reduced
inflammation, demyelination and axonal damage could be observed in ngri-/- spinal cords (magnification 20X, scale bar=200 um). (C-D) Flow
cytometric analysis of spleen (C) and central nervous system (CNS) (D) mononuclear cells at 18 and 45 dpi. The proportion and number of immune
cell populations analyzed did not differ significantly between ngr-/- and WT mice. Data represent mean * SEM (n=3-5).

doi:10.1371/journal.pone.0082101.9002

Compared to the BM compartment of WI'LM mice, ngrl/-/-
mice showed an increase in the number of B220" cells (ngrl-/-
271.0+29.4x10* vs WTLM 159.0%22.6x10%, p=0.02, n=35),
Gr-17 cells (ngrl-/- 504.5+53.2x10" vs WTLM 355.9%31.2x10",
NS, n=5) and F4/80" (ngrl-/- 318.6=34.6x10* vs WTLM
236.6+11.5x10% NS, n=>5). There was also a significant increase
in the number of single positive thymocytes of ngr/-/- mice, for
both the CD4" (ngrl-/- 1319.9%243.6x10° vs WTLM
626.1£77.2x10% p=0.03, n=35) and CD8" (ngrl-/-
833.9+159.6x10° vs WTLM 341.5+54.0x10% p=0.02, n=5)
subsets. No statistically significant differences in the proportion or
number of immune cell subsets, was found in the blood or lymph
nodes. As revealed by flow cytometric analysis, no changes were
found in GD4"CD25"FoxP3" Tregs in the spleen of naive ngrl-/-
and WTLM mice with respect to the proportion (9.1£1.1% wvs
9.9%0.2%) and number (109.9%11.6x10% vs 96.0+25.5 x10%
respectively (n =5 mice per group, data not shown).

We next determined the proportion and number of T cells, B
cells, granulocytes and monocytes/macrophages in the CNS of
non-immunized ngr/-/- and WTLM mice. In contrast to that
observed in the BM, a significantly reduced proportion of B220"
cells was detected in the CNS of ngr/-/- mice as compared to
WTLM mice (ngrl-/- 2.9%0.7% vs WT 5.9%1.9%; p=0.04,
n =8) (Iig. 1A), while the expression of CD4, CD8, Gr-1, 4/80,
NKI1.1 and CDllc (Fig. 1A and data not shown) was similar
between the two groups of mice.

Given the increased number of Gr-1* and B220" cells in the BM
of ngrl-/- mice together with the recent report that BAFF/BLyS, a
factor important for B-cell survival (implicated in autoimmunity)
can bind with high affinity to NgR1 to induce signal transduction
[38], we assessed the granulocyte progenitor cell status from the
BM of naive ngr!/-/- mice using a colony-forming assay. Eight days
after plating BM cells from both ngri/-/- and WTLM mice, the
total number of CFU-Granulocyte (G), CFU-Macrophage (M) or
CFU-GM mixed colonies in each culture dish was quantified. As
shown in Figure 1B, no differences in G, M and GM colony
forming number were found between ngr/-/- and WTLMs,
suggesting that myeloid progenitor development in the NgRI
deficient mice is not perturbed.

Clinical and histological signs of MOGss_ss-induced EAE
in ngr1-/- mice

Since no major differences in immune cell subsets were
identified between naive ngrl/-/- and WTLM animals, we next
sought to determine whether the lack of NgR1 could impact on
the trafficking of leukocytes to the CNS, thereby affecting the
development of EAE provoked by MOGgss_55. To this effect, we
first compared the development and severity of EAE in ngr/-/- and
WTLM mice. There was a small but significant delay in the onset
of disease in ngr/-/- mice compared to WILM (ngr/-/- day
10.5%0.3 vs WILM day 11.9£0.5; p=0.02, n=11-13) (Fig. 2A
and Table 1). Disease severity was also significantly reduced in the
ngrl-/- group, the mean EAE scores at day 18 being 1.7%0.3 and
3.1%0.4 for ngrl-/- and WTLM mice, respectively (p = 0.04). This
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was associated with a decrease in disease incidence at 18 dpi
(ngrl-/- 23% vs WTLM 100%) and maximum clinical score
(ngrl-/- 2.020.3 vs WILM 3.1%0.4). By the chronic stage of the
disease (45 dpi), the incidence of EAE was equal in both groups of
mice (100%). However, the mean clinical score as well as the
cumulative score of ngr/-/- mice were reduced, albeit not
significantly, compared to WTLM (ngr/-/- 2.6%£0.7 and
75.7%£13.5 vs WILM 3.6%£0.7 and 111.6%16.3, respectively;
n=7).

Blind histopathological evaluation of H&E stained spinal cord
sections from WTLM mice at 18 and 45 dpi revealed typical
extensive mononuclear inflammatory cell infiltration (Fig. 2B).
Luxol fast blue and Bielschowsky silver staining also showed
widespread myelin loss and axonal injury, respectively. In
comparison, ngrl-/- animals exhibited significantly decreased
inflammation at 18 dpi with associated protection of the myelin
architecture and significantly reduced axonal damage at 45 dpi
(Fig. 2B).

To determine if the composition of immune cells differed
between ngri-/- and WTLM mice during the course of EAE, the
proportion and total number of CD4*, CD8", B220*, Gr-1* and
F4/80" cells present in the spleen and CNS of these mice were
analyzed by flow cytometry at 18 and 45 dpi. As indicated in
Figure 2C and D, no significant differences in the number and
proportion of T cells, B cells or granulocytes/monocytes were
found between ngr/-/- and WT'LM controls at the two time points
examined. Similarly, the BM, thymus and lymph nodes of ngr/-/-
and WTLM mice showed no detectable differences in T cells, B
cells or granulocytes/monocytes (data not shown). On the basis of
these findings, it would appear that under inflammatory condi-
tions, the presence of NgR1 on immune cells has little or no
influence on their migratory behavior in the CNS.

Clinical and histological signs of rMOG_-induced EAE in
ngri-/- mice

We next assessed whether immunization with rMOG would
influence the susceptibility and development of EAE in ngr/-/-
mice as well as their peripheral immune response. In contrast to
the MOGg35_55, the rMOG protein (consisting of the ectodomain)
requires intracellular processing for its encephalitogenic activity
[39], thereby potentiating a vigorous B cell-dependent response
[28]. At variance with that observed when EAE was induced with
MOGs3s 55, ngrl-/- mice developed EAE signs indistinguishable
from that of WILM animals when rMOG was used as the
encephalitogen (Fig. 3A and Table 2). Consistent with this finding,
histological analysis of spinal cord sections performed at 18 and 45
dpi revealed that both group of animals had extensive inflamma-
tory lesions and associated demyelination at these two time points
(Fig. 3B). Interestingly, the cohorts of ngr/-/- and WTLM mice
examined at the chronic stage of EAE (45 dpi) were found to have
reduced inflammation and demyelination as compared to 18 dpi.
Notably, ngrl-/- mice had significantly less axonal damage than
WTLM mice (ngri-/-1.5%0.2 vs WILM 2.5*0.2; p=0.04, n=4)
(Fig. 3B and Table 2), suggesting that NgR1 may play a role in
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Figure 3. Susceptibility of ngr7-/- mice to develop EAE provoked by rMOG. (A) EAE was induced by immunization with the extracellular
domain of mouse rMOG and animals were scored daily for disease clinical manifestations. There were no discernible variation in the severity of
disease between ngri-/- and WT mice. Data were pooled from 3 independent experiments (n=19-22; mean = SEM). (B) Representative lumbar-
thoracic spinal cord sections stained with hematoxylin-eosin for inflammation, luxol fast blue for demyelination and Bielschowsky silver impregnation
for axonal damage. Histological examination was performed at 18 and 45 days post-immunization (dpi). In contrast to WT controls, reduced axonal
damage in ngri-/- spinal cords could be observed at the chronic stage (45dpi) of EAE (magnification 20X, scale bar =200 um). (C) Amyloid precursor
protein (APP)-positive, NF-200-positive axons (arrow) near DAPI-positive inflammatory infiltrates in optic nerves from rMOG-induced WT mice at 18
dpi (left, score 3). Reduced APP-immunopositive axons in optic nerves from rMOG-induced ngr1-/- mice (right, score 2.5). Scale bar = 20 um.

doi:10.1371/journal.pone.0082101.g003

axonal damage. As a corollary to the histological analyses
performed on the mouse spinal cord tissues following rMOG-
induced EAE, we further investigated the integrity of axons in the
optic nerves of both ngr/-/- and WTLM mice at the peak stage of
disease (clinical score 2.5 and 3, respectively). We found that
axonal degeneration was limited in the ngr/-/- mice, with an
absence of intense APP-positive immunostaining of dystrophic
axons being present in the optic nerve (Fig. 3C). This was in
contrast to substantial APP accumulation observed in degenerat-
ing axons illustrated in the optic nerves of WILM mice at the
same time point and stage of disease (Fig. 3C). These data suggest
that even with the presence of extent clinical disease in the ngr/-/-
induced through rMOG immunization, axonal preservation is still
maintained within the optic nerves of these mice.

Phenotype of immune cells in ngri-/- deficient mice
immunized with rMOG

We next examined the immune cell subsets present in various
organs harvested from ngrl-/- and WI'LM mice at 18 and 45 dpi
(Fig. 4A-F). No statistical differences were found in the proportion
and number of T, B, granulocytes and monocytes/macrophages
between ngrl-/- and WTLM mice for all peripheral immunolog-
ical organs examined, (Fig. 4A-E). A prevalence of Gr-1" cells in
the BM of both ngrl-/- and WTLM mice was observed at 18 dpi,
the mean proportion and number of Gr-17 cells for the WTLM
mice being 70.6+1.8% and 150.5+14.8x10* and for the ngri-/-
mice, 64.9%1.8% and 139.0+25.3x10%, respectively. At 45 dpi,
these values were 59.1+1.4% and 60.4+10.8 x10* for WTLM
and 59.9%0.7% and 58.2%14.9 x10* for ngr/-/- mice (Fig. 4A).

Interestingly and in contrast to that observed in the thymus of
naive mice, both groups of animals showed a low number of
double positive thymocytes during the peak stage of EAE (ngr/-/-
21.9+12.1x10° vs WILM 7.6+2.3x10°), recovering to higher
levels by 45 dpi (ngrl-/- 80.8%25.7x10° vs WTLM
105.9%21.1x10°).

We then assessed the profile of resident and infiltrating immune
cells present in the CNS of EAE animals. As indicated in Figure
4E, F4/80" cells represented the highest proportion and number
of CNS-associated immune cells at both stages of the disease,
albeit in greater number at 18 dpi. Resident microglia
(CD45"°CD11b") and peripherally derived myeloid cells
(CD45™CD11b*) were also quantified, representing between 20-
30% of the CD45" population in the CNS of EAE mice (Fig. 4F).
The proportion of microglia in ngr/-/- mice was increased at 18
dpi (ngrl-/- 34.1£1.9% vs WT 25.0%1.3%; p=0.02) while the
number was significantly reduced at day 45 in comparison with
the WTLM (ngri-/- 8.9%1.0x10* vs WT 18.2%+1.5x10%
p=0.02,n=3-4).

Peripheral immune response to rMOG in ngri-/- mice
We have previously reported that ngr/-/- mice display no
difference in their T cell proliferative responses or cytokine
production compared to WILM in MOGs5_55-induced EAE [17].
Thus, to determine whether NgR1 can influence the peripheral
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immune response to rMOG stimulation, we first performed re-call
proliferation assays to assess the ex vivo proliferative response of
splenic T-cells to MOG and to non-specific mitogens. As shown in
Figure 5, no significant difference in rMOG-specific T-cell
responses was observed between the ngr/-/- and WILM mice,
at either time point examined. Likewise, there was no difference in
T-cell proliferation when splenocytes from both groups of mice
were re-stimulated with anti-CD3/CD28. Moreover, flow cyto-
metric analysis performed 18 days post-EAE induction revealed no
changes in proportion or total numbers of CD4*CD25 FoxP3*-
Tregs in the spleen and lymph nodes in the 2 cohorts of mice. The
proportion of FoxP3" cells in the spleen and lymph nodes of
ngrl-/- mice was 12.6=1.2% and 11.6 *1.8% respectively,
compared to 12.4+1.9% and 10.5*1.3% for WTLM mice,
respectively. The total number was 79.1+27.5x10* in ngri-/-
spleen and 24.6+4.8x10* in the WTLM lymph nodes and
48.0+9.0x10* in ngrl-/- and 13.8+3.3x10* in WTLM, respec-
tively (n =5 mice per group, data not shown).

Quantification of cytokines in rMOG or anti-CD3/CD28
stimulated cultures revealed that splenocyte supernatants from
ngrl-/- and WTLM mice contained comparable levels of IFN-y,
TNF-a, IL-2, IL-17A, IL-4, IL-10 and IL-6 (Fig. 5B). Taken
together, these results suggest that the deficiency in NgRI
expression has little impact (if at all) on the ability of peripheral
T cells to mount both specific and non-specific immune responses.

Given that rMOG immunization has been reported to induce
autoantibodies with demyelinating activity [40,41], an assessment
of the rIMOG-specific IgM and IgG antibody response as well as
the IgG1 and IgG2b subclasses in the sera of mice at the chronic
stage of disease was performed. As reported in Figure 5C, no
difference between ngr/-/- and WILM mice was observed.

Table 2. Clinical and histological outcome of rMOG EAE in
ngri~’".

18dpi 45dpi

wT ngri/~ WT ngr1™’~
Incidence 20/20 22/24 12/12 11/12
Death of severe disease 0/20 0/24 1/12 1712
Onset day 14.1+0.3 145%x0.3 152+04 147*04
Maximum score 24%0.1 23*0.1 2.7%0.2 3.0%+0.2
Cumulative score 83+0.8 8.7+1.0 67.1+94  66.7+7.6
Disease duration 44+04 43+04 294+25 274*27
Inflammation score 29+03 2.9+0.2 1.7+0.2 1.5%0.1
Demyelination score 24+0.2 23+0.2 1.3+0.2 1.1+0.1
Axonal injury score 24+0.2 2.7*0.1 2.1+0.2 1.4+0.2%

Data represent mean = SEM. *p=0.05. Wild Type (WT) and Nogo Receptor 1
deficient (ngr1~/") values are shown for the peak (18 days post-immunization,
dpi) and the chronic (45dpi) stage of recombinant MOG-EAE.
doi:10.1371/journal.pone.0082101.t002
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Figure 4. Inmune-phenotype of ngr7-/-mice during EAE induced with rMOG. ngr1-/- and WT animals were immunized with rMOG and the
mononuclear cells isolated at 18 (peak) and 45 (chronic) days post-immunization (dpi) were analyzed by flow cytometry. Proportion and total number
of lymphocytes, granulocytes and monocyte/macrophages of bone marrow (BM; A); spleen, (B); lymph nodes, (C); thymus (D) and central nervous
system (CNS; E) are shown. No significant differences were found between ngri-/- and WT for all organs and time points examined. Data represent
mean = SEM (n=6-11). (F) Further analysis of microglia (CD45"°CD11b*) and macrophages (CD45MCD11b™) in the CNS of ngr1-/- and WT mice was
performed. ngr1-/- animals presented an increased proportion of microglial cells at 18 dpi and a decreased number of macrophages at 45 dpi (n=3-4;

*p< 0.05 Mann-Whitney test).
doi:10.1371/journal.pone.0082101.g004

Discussion

Current treatments for MS mainly target the inflammatory
aspects of the disease. Novel therapeutics aimed at preventing or
limiting axonal degeneration, one of the major arbiters of
neurological decline in the human disease, as well as its animal
model, EAE [1,9], are therefore required. Blockade of NgRI-
ligand signaling is considered one such promising approach.
Nogo-A-dependent signaling has now been shown to promote the
development of EAE and models of spinal cord injury [16,29].
Together with other MAIFs and their receptors, such signaling
may impede axonal growth and regeneration through a patho-
logical lesion characterized by acute and chronic inflammatory
conditions [42]. We and others have previously demonstrated that
active or passive immunization designed to inhibit the biological
activity of Nogo-A in autoimmune mediated demyelination, not
only attenuated clinical signs, demyelination and axonal damage,
but also reduced the production of pathogenic Thl-associated
cytokines [16,43]. Similarly, genetic deletion of LINGO-1, a
NgR1 co-receptor, or its inactivation by treatment with an
antagonizing antibody, led to functional recovery of mice with
EAE. Interestingly, this effect was shown to be independent of
immune-modulation [20]. Likewise, in MOGg3s5 55 and MBP-
induced EAL, silencing of Nogo-A with small interfering RNA
limited the clinical severity of disease and promoted repair without
altering the phenotype of myelin-specific T cells [18], thus
bringing into question the mechanism(s) by which blockade of
Nogo-A exerts a therapeutic effect.

Emerging evidence suggests that, in addition to its role in
preventing axonal regrowth, NgRl-ligand signaling may also
influence the behavior of immune cells. Indeed, NgR1 has been
reported to be expressed on rat macrophages, human lymphocytes
and monocytes as well as on a variety of inflammatory cells present
in chronic active MS demyelinating lesions, implying that NgR1
may be important in modulating adherence and/or immune cell
migration and function [24,25,37]. So far, only one report
demonstrated the presence of non-neuronal NgR1 components
in MS brain samples, specifically on astrocytes and microglia in
demyelinating lesions [21,22]. Expression of NgR1 components
has also been identified ex zivo on human T cells, B cells and
monocytes [24]. This, together with the demonstration that the B
cell-activating factor BAFF/BLyS, a potent B cell survival factor,
interacts with NgR1 [38], suggests that signaling through the
MAIFs-NgR1 cascade might account for a wide range of
immunological effects, although the physiological implications of
these findings are yet to be fully elucidated.

In the present study we sought to determine whether ngr/
deletion affects the repertoire and function of immune cells under
naive conditions, during the initiation of EAE and the ensuing
pathophysiological responses. Given that B cells are not only able
to process and present antigen [44] but also play an important
functional role in MS [40,45], two related MOG-induced MS-like
disease models were used. The first, induced by MOGgss 55 is
independent of B cells, the other produced with rMOG, is B-cell
dependent [28,39,41,46]. As we show here, ngrl-deficient mice
present an immune profile comparable to their WI'LM counter-
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parts under both naive and pathological conditions, with no major
differences in the proportion or total number of immune cells
identified. Despite these findings, the severity of clinical signs was
significantly less in ngr/-/- mice compared to that of WI'LM mice
upon immunization with MOGs35 55, with an associated reduction
in CNS tissue inflammation, demyelination and axonal degener-
ation. These results are in line with our very recent finding that the
reduction and/or prevention of axonal degeneration in MOG3;5_
ss-induced EAE is associated with lower levels of the phosphor-
ylated form of CRMP-2, a tubulin-associated protein that
regulates axonal growth dynamics [17]. However, our data are
in contrast to those reported by Steinback et al., who observed an
increased leukocyte infiltration into the CNS of ngr/- and ngr2-
deficient mice, even though neither of these receptors had any
significant impact on the development and severity of EAE, nor
did they influence the size and distribution of inflammatory lesions
within the CNS [47]. The reason for this discrepancy is not clearly
apparent but may reflect differences in the generation of the ngri/-
deficient mice used in both studies, which have also plagued the
interpretation seen in spinal cord injury paradigms [29,48].
Alternatively, other factors such the source of the MOG peptide,
the strength of the encephalitogenic challenge and/or the
conditions in the animal facilities, are also variables which must
be considered when interpreting all EAE studies [49].

A recent study by McDonald et al. [26] suggested that NgR1
and NgR2 expression may regulate the adherence capacity of
mouse and human dendritic cells (DC) to myelin substrate, and
thus play a role in the processing of myelin for antigen
presentation in EAE and MS. In EAE induced by rMOG, B cells
act as sophisticated and highly selective APCs that promote the
differentiation of pro-inflammatory Thl and Th17 cells [28]. Our
inability to detect any clinical benefits when EAE was provoked by
rMOG is therefore of particular interest, as this suggests that under
the experimental conditions used, NgR1 does not affect the
function of B cells. Moreover, we did not detect any difference in
the T-cell proliferative responses or production of pro- and anti-
inflammatory cytokines between the ngr/-/- and WTLM mice at
either the peak or the chronic stage of EAE. Likewise, in our
previous study, no changes in peripheral immune responses were
observed when EAE was induced with MOGs35 55 [17]. Taken
together, these results imply that NgR1 has little (if any) influence
on the APC function of B cells or the production of potentially
pathogenic immune responses. While the exact mechanisms by
which B-cells contribute to humoral and cellular mechanisms of
MS pathogenesis are still not fully understood, B-cell targeted
therapies such as Rituximab have nevertheless shown promising
results in clinical trials [50]. Of particular interest to the current
study, anti-CD20 treatment was recently shown to have divergent
effects in EAE induced by MOG peptide versus MOG protein
[28]. The clinical benefit of anti-CD20 observed only in the latter
model was due to a reduction in pro-inflammatory Thl and Th17
responses induced by activated MOG-reactive B-cells. Thus it
would be of importance to investigate the susceptibility of ngrl-/-
mice following induction of EAE with rMOG and treatment with
B-cell depleting agents, and determine whether this restores the
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Figure 5. Peripheral immune response of ngri-/- mice to rMOG. (A) In vitro proliferative response of ngri-/- and WT splenocytes stimulated
with rMOG or anti-CD3/CD28 at 18 and 45 days post immunization (dpi). ngr1-/- splenocytes showed an equivalent proliferative response to that of
WT splenocytes. (B) Quantification of pro-inflammatory (INF-y, TNFa, Interleukin (IL)-2, IL-17A and IL-6) and anti-inflammatory (IL-4 and IL-10)
cytokines in supernatants derived from rMOG and anti-CD3/CD28 stimulated splenocytes cultures. ngr1 deficiency had no impact on splenocyte
cytokine production at either time points analyzed. Data represent mean * SEM (n=3-5). (C) Serum rMOG-specific IgG, 1gG1, IgG2b and IgM
antibody response as determined by ELISA. Data represent mean * SEM (n=2-6).

doi:10.1371/journal.pone.0082101.g005

attenuation of disease that is observed in ngr/-/- mice immunized
with MOG:55,55.

Changes in the resident as well as infiltrating immune cells
during the course of EAE are well understood. Under normal
conditions or at the initial stage of EAE, resident microglial cells
constitute the major immune cell population within the CNS.
Once autoreactive T cells traffic to the CNS, they undergo a
second round of reactivation by local APCs such as macrophages
and microglia. It is this intricate interaction between cells of the
immune system, which communicate via a complex network of
cytokines, chemokines and adhesion molecules that shapes the
nature and severity of the disease [51,52]. During this inflamma-
tory process, microglia/macrophages play an important role in
clearance of myelin debris, eventually promoting the resolution of
inflammation [53]. Recently, Fry and colleagues proposed that
NgR1 might have a potential role in macrophage behavior,
providing a signal for their efflux from the inflamed region upon
encountering newly formed myelin patches. However, these
findings were obtained by investigating the peripheral nervous
system under injury conditions [25]. In line with these findings, a
recent report has suggested that Nogo-66-dependent signaling
mechanisms can prevent the microglial adhesion and migration
response with possible implications for lesion resolution in MS
[54]. In contrast to the study of Steinback et al. [47], we were
unable to find differences in the myeloid and general immune cell
populations at day 18 and 45 post-EAE induction, time points that
correspond to the peak and to the chronic stages of the disease.
Obviously, since we have only assessed the total immune cell
populations present in the CNS, we cannot rule out the possibility
that changes at the lesion sites may influence the trafficking of
monocytes/macrophages to defined areas of the CNS tissue. In
this context, it is noteworthy that during the course of MOG-
induced EAE, Nogo-A and NgR are actively regulated in acute
lesions, highlighting the importance of temporal and spatial
changes within the inflamed CNS [23].

While both ngr/-/- and WTLM mice developed severe clinical
signs of EAE, we observed a reduction in axonal damage and loss
in the spinal cord of ngrl-/- mice immunized with rMOG at the
later stage of the disease (45dpi) but also at the peak stage of EAE
within the optic nerve, despite the presence of inflammatory
demyelinating lesions. On the basis of these findings it would
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appear that the lack of NgR1 may influence the process of axonal
preservation. However, this does not translate into a reduction in
rMOG-EAE disease severity, as was demonstrated following
MOGs3s5 55 immunization. These results may imply that anti-
body-mediated destruction of the myelin sheath does not promote
further axonal damage in ngr/-/- mice, with maintained axonal
integrity allowing for the possibility of endogenous remyelination/
repair to ensue. This is in line with our recent report showing that
in contrast to what is observed at the peak stage of EAE, there is
an equivalent proportion of demyelination in the optic nerves of
both ngrl-/- mice and WTLM mice at earlier stages of this MS-
like disease [17].

In summary, our data fail to provide any evidence for the
influence of NgR1 on leukocyte subsets in the primary and
secondary lymphoid organs of naive animals. Moreover, NgR1
appears to have no obvious effect on the proportion and number
of immune cell subsets present within the CNS under neuroin-
flammatory conditions. While we were able to observe some
reduction in axonal injury in the ngr/-/- animals immunized with
rMOG, no difference in inflammation or demyelination could be
detected between such immunized mice and their WI'LM mice
counterparts. Further studies, especially those utilizing conditional
gene targeting, may be required to dissect the role of the NgR
homologues and their putative ligands on immune cell behavior
during the immunopathogenesis of experimentally-induced and
naturally occurring neurodegenerative diseases such as EAE and

MS.

Acknowledgments

The authors would like to thank Sally Caine, Guizhi Sun, Courtney
McDonald and Daniella Herszfeld for their valuable help with this study
and Professor Stephen M. Strittmatter for generously providing us with the
ngr-/- mice.

Author Contributions

Conceived and designed the experiments: SAL CCAB. Performed the
experiments: SAL NLP NVC EO JYL MB SP CS. Analyzed the data: SAL
CS CCAB. Contributed reagents/materials/analysis tools: SP. Wrote the
paper: SAL CCAB.

8. Dutta R, Trapp BD (2007) Pathogenesis of axonal and neuronal damage in

multiple sclerosis. Neurology 68: $22-31; discussion S43-54.

9. Petratos S, Azari MF, Ozturk E, Papadopoulos R, Bernard CC (2010) Novel
therapeutic targets for axonal degeneration in multiple sclerosis. J Neuropathol
Exp Neurol 69: 323-334.

. Schwab JM, Bernard F, Moreau-Fauvarque C, Chedotal A (2005) Injury
reactive myelin/oligodendrocyte-derived axon growth inhibition in the adult
mammalian central nervous system. Brain Res Brain Res Rev 49: 295-299.

. Domeniconi M, Filbin MT (2005) Overcoming inhibitors in myelin to promote
axonal regeneration. ] Neurol Sci 233: 43-47.

. Akbik F, Cafferty WB, Strittmatter SM (2012) Myelin associated inhibitors: a
link between injury-induced and experience-dependent plasticity. Exp Neurol
235: 43-52.

. Fournier AE, GrandPre T, Strittmatter SM (2001) Identification of a receptor
mediating Nogo-66 inhibition of axonal regeneration. Nature 409: 341-346.

December 2013 | Volume 8 | Issue 12 | 82101



22.

23.

27.

28.

29.

30.

31

33.

34.

. Wang X, Chun SJ, Treloar H, Vartanian T, Greer CA, et al. (2002) Localization

of Nogo-A and Nogo-66 receptor proteins at sites of axon-myelin and synaptic
contact. J Neurosci 22: 5505-5515.

Schwab ME (2010) Functions of Nogo proteins and their receptors in the
nervous system. Nat Rev Neurosci 11: 799-811.

. Karnezis T, Mandemakers W, McQualter JL., Zheng B, Ho PP, et al. (2004) The

neurite outgrowth inhibitor Nogo A is involved in autoimmune-mediated
demyelination. Nat Neurosci 7: 736-744.

. Petratos S, Ozturk E, Azari MF, Kenny R, Lee JY, et al. (2012) Limiting

multiple sclerosis related axonopathy by blocking Nogo receptor and CRMP-2
phosphorylation. Brain 135: 1794-1818.

. Yang Y, Liu Y, Wei P, Peng H, Winger R, et al. (2010) Silencing Nogo-A

promotes functional recovery in demyelinating disease. Ann Neurol 67: 498

507.

. Fournier AE, Gould GC, Liu BP, Strittmatter SM (2002) Truncated soluble

Nogo receptor binds Nogo-66 and blocks inhibition of axon growth by myelin. J
Neurosci 22: 8876-8883.

. Mi S, Hu B, Hahm K, Luo Y, Kam Hui ES, et al. (2007) LINGO-1 antagonist

promotes spinal cord remyelination and axonal integrity in MOG-induced
experimental autoimmune encephalomyelitis. Nat Med 13: 1228-1233.

Satoh J, Onoue H, Arima K, Yamamura T (2005) Nogo-A and nogo receptor
expression in demyelinating lesions of multiple sclerosis. J Neuropathol Exp
Neurol 64: 129-138.

Satoh J, Tabunoki H, Yamamura T, Arima K, Konno H (2007) TROY and
LINGO-1 expression in astrocytes and macrophages/microglia in multiple
sclerosis lesions. Neuropathol Appl Neurobiol 33: 99-107.

Theotokis P, Lourbopoulos A, Touloumi O, Lagoudaki R, Kofidou E, et al.
(2012) Time course and spatial profile of Nogo-A expression in experimental
autoimmune encephalomyelitis in C57BL/6 mice. J Neuropathol Exp Neurol
71: 907-920.

. Pool M, Niino M, Rambaldi I, Robson K, Bar-Or A, et al. (2009) Myelin

regulates immune cell adhesion and motility. Exp Neurol 217: 371-377.

. Try EJ, Ho C, David S (2007) A role for Nogo receptor in macrophage clearance

from injured peripheral nerve. Neuron 53: 649-662.

. McDonald CL, Steinbach K, Kern F, Schweigreiter R, Martin R, et al. (2011)

Nogo receptor is involved in the adhesion of dendritic cells to myelin. J
Neuroinflammation 8: 113.

Slavin A, Ewing C, Liu J, Ichikawa M, Slavin J, et al. (1998) Induction of a
multiple sclerosis-like disease in mice with an immunodominant epitope of
myelin oligodendrocyte glycoprotein. Autoimmunity 28: 109-120.

Weber MS, Prod’homme T, Patarroyo JC, Molnarfi N, Karnezis T, et al. (2010)
B-cell activation influences T-cell polarization and outcome of anti-CD20 B-cell
depletion in central nervous system autoimmunity. Ann Neurol 68: 369-383.
Kim JE, Liu BP, Park JH, Strittmatter SM (2004) Nogo-66 receptor prevents
raphespinal and rubrospinal axon regeneration and limits functional recovery
from spinal cord injury. Neuron 44: 439-451.

Barnard AL, Chidgey AP, Bernard CC, Boyd RL (2009) Androgen depletion
increases the efficacy of bone marrow transplantation in ameliorating
experimental autoimmune encephalomyelitis. Blood 113: 204-213.

Short MA, Campanale N, Litwak S, Bernard CC (2011) Quantitative and
phenotypic analysis of bone marrow-derived cells in the intact and inflamed
central nervous system. Cell Adh Migr 5: 373-381.

Skokowa J, Klimiankou M, Klimenkova O, Lan D, Gupta K, et al. (2012)
Interactions among HCLSI1, HAXI1 and LEF-1 proteins are essential for
G-CSF-triggered granulopoiesis. Nat Med 18: 1550-1559.

Payne NL, Sun G, Herszfeld D, Tat-Goh PA, Verma PJ, et al. (2012)
Comparative study on the therapeutic potential of neurally differentiated stem
cells in a mouse model of multiple sclerosis. PLoS One 7: €35093.

McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, et al. (2001)
Granulocyte macrophage colony-stimulating factor: a new putative therapeutic
target in multiple sclerosis. ] Exp Med 194: 873-882.

PLOS ONE | www.plosone.org

13

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

54.

Influence of NgR1 on the Immune Cell Repertoire

Okuda Y, Okuda M, Bernard CC (2002) The suppression of T' cell apoptosis
influences the severity of disease during the chronic phase but not the recovery
from the acute phase of experimental autoimmune encephalomyelitis in mice. J
Neuroimmunol 131: 115-125.

Payne NL, Sun G, McDonald C, Moussa L, Emerson-Webber A, et al. (2013)
Human adipose-derived mesenchymal stem cells engineered to secrete 1L-10
inhibit APC function and limit CNS autoimmunity. Brain Behav Immun 30:
103-114.

David S, Fry EJ, Lopez-Vales R (2008) Novel roles for Nogo receptor in
inflammation and disease. Trends Neurosci 31: 221-226.

Zhang L, Zheng S, Wu H, Wu Y, Liu S, et al. (2009) Identification of BLyS (B
lymphocyte stimulator), a non-myelin-associated protein, as a functional ligand
for Nogo-66 receptor. J Neurosci 29: 6348-6352.

Slavin AJ, Soos JM, Stuve O, Patarroyo JC, Weiner HL, et al. (2001)
Requirement for endocytic antigen processing and influence of invariant chain
and H-2M deficiencies in CNS autoimmunity. J Clin Invest 108: 1133-1139.
von Budingen HC, Bar-Or A, Zamvil SS (2011) B cells in multiple sclerosis:
connecting the dots. Curr Opin Immunol 23: 713-720.

Bernard CC, Johns TG, Slavin A, Ichikawa M, Ewing C, et al. (1997) Myelin
oligodendrocyte glycoprotein: a novel candidate autoantigen in multiple
sclerosis. ] Mol Med (Berl) 75: 77-88.

Teng FY, Tang BL (2005) Nogo signaling and non-physical injury-induced
nervous system pathology. J Neurosci Res 79: 273-278.

Fontoura P, Ho PP, DeVoss J, Zheng B, Lee BJ, et al. (2004) Immunity to the
extracellular domain of Nogo-A modulates experimental autoimmune enceph-
alomyelitis. J Immunol 173: 6981-6992.

Constant S, Schweitzer N, West J, Ranney P, Bottomly K (1995) B lymphocytes
can be competent antigen-presenting cells for priming CD4+ T cells to protein
antigens in vivo. J Immunol 155: 3734-3741.

. Kennel De March A, De Bouwerie M, Kolopp-Sarda MN, Faure GC, Bene

MC, et al. (2003) Anti-myelin oligodendrocyte glycoprotein B-cell responses in
multiple sclerosis. J Neuroimmunol 135: 117-125.

Lyons JA, San M, Happ MP, Cross AH (1999) B cells are critical to induction of
experimental allergic encephalomyelitis by protein but not by a short
encephalitogenic peptide. Eur J Immunol 29: 3432-3439.

Steinbach K, McDonald CL, Reindl M, Schweigreiter R, Bandtlow C, et al.
(2011) Nogo-receptors NgR1 and NgR2 do not mediate regulation of CD4 T
helper responses and CNS repair in experimental autoimmune encephalomy-
elitis. PLoS One 6: €26341.

Zheng B, Atwal J, Ho C, Case L, He XL, et al. (2005) Genetic deletion of the
Nogo receptor does not reduce neurite inhibition in vitro or promote
corticospinal tract regeneration in vivo. Proc Natl Acad Sci U S A 102: 1205
1210.

Teuscher C, Bunn JY, Fillmore PD, Butterfield R]J, Zachary JF, et al. (2004)
Gender, age, and season at immunization uniquely influence the genetic control
of susceptibility to histopathological lesions and clinical signs of experimental
allergic encephalomyelitis: implications for the genetics of multiple sclerosis. Am
J Pathol 165: 1593-1602.

Castillo-Trivino T, Braithwaite D, Bacchetti P, Waubant E (2013) Rituximab in
relapsing and progressive forms of multiple sclerosis: a systematic review. PLoS
One 8: ¢66308.

Ponomarev ED, Shriver LP, Maresz K, Dittel BN (2005) Microglial cell
activation and proliferation precedes the onset of CNS autoimmunity. J Neurosci

Res 81: 374-389.

. Flugel A, Bradl M (2001) New tools to trace populations of inflammatory cells in

the CNS. Glia 36: 125-136.

. Takahashi K, Rochford CD, Neumann H (2005) Clearance of apoptotic

neurons without inflammation by microglial triggering receptor expressed on
myeloid cells-2. J Exp Med 201: 647-657.

Yan J, Zhou X, Guo ]JJ, Mao L, Wang Y], et al. (2012) Nogo-66 inhibits
adhesion and migration of microglia via GTPase Rho pathway in vitro. J
Neurochem 120: 721-731.

December 2013 | Volume 8 | Issue 12 | 82101



