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Abstract

Clinical symptoms in MOG-induced EAE mice significantly exacerbated following hondroitin
sulfate A (CS-A) injection, whereas administration of a degraded product, CSPG-DS, caused
dramatic inhibition of EAE development. Also, administration of CSPG-DS but not CS-A, after
the onset of clinical symptoms of EAE, was able to suppress the disease. Further studies
demonstrated that CS-A up-regulated STAT4 expression and thus, induced IFN-y production and
Th1 CD4 T cell differenttiation. CS-A also up-regulated STAT3 and IL-23 expression and thus
increased IL-17 producing T cells. CSPG-DS treatment both in vivo and in vitro decreased TNFa
production from splenocytes. In vitro and in vivo studies indicated that CSPG-DS treatment in
EAE mice significantly blocked migration of lymphocytes, whereas CS-A treatment increased
lymphocyte infiltration in the brain.
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1. Introduction

Multiple sclerosis (MS) is viewed as an autoimmune disease, however, neither the etiology
nor the mechanism of disease is fully understood, and current treatments have only modest
effect. The conceptual understanding of MS rests on the animal model of experimental
autoimmune encephalomyelitis (EAE). It is widely believed that MS is an inflammatory
attack on myelin and neurons orchestrated by myelin specific T cells (Holmoy, 2007).

Chondroitin sulfate (CS) is a major component of the extracellular matrix of many
connective tissues, including cartilage, bone, skin, ligaments and tendons. It is a sulfated
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glycosaminoglycan (GAG) composed of a long unbranched polysaccharide chain with a
repeating disaccharide structure of N-acetylgalactosamine and glucuronic acid. CS is an
ingredient found commonly in dietary supplements used as complementary and alternative
medicine (CAM) to treat osteoarthritis (OA). Researchers conducted a 4-year study known
as the Glucosamine/chondroitin Arthritis Intervention Trial at 16 sites across the United
States and found that the popular dietary supplement combination of glucosamine plus
chondroitin sulfate did not provide significant relief from osteoarthritis pain among all
participants. However, a smaller subgroup of study participants with moderate-to-severe
pain showed significant relief with the combined supplements (Clegg et al., 2006). A recent
report also demonstrates that CS has a slight to moderate efficacy in the symptomatic
treatment of OA, with an excellent safety profile (Monfort et al., 2008a). The benefit of
chondroitin sulfate in patients with OA is likely the result of a number of effects including
its anti-inflammatory activity (Monfort et al., 2008b). Such findings suggest that CS may
play an important role as a CAM that could potentially benefit patients suffering from other
autoimmune diseases such as MS.

Chondroitin sulfate proteoglycan (CSPG), a matrix protein that occurs naturally in the CNS,
is considered to be a major inhibitor of axonal regeneration and is known to participate in
activation of the inflammatory response. The disaccharide degradation of CSPG by a
specific enzyme, chondroitinase ABC, promotes repair (Rolls et al., 2004). Thus it has been
postulated that a disaccharidic degradation product of chondroitin sulfate proteoglycan
(CSPG-DS), participates in the modulation of the inflammatory responses and can,
therefore, promote recovery in immune-induced neuropathologies of the CNS, such as
experimental autoimmune uveitis (EAU) and EAE (Rolls et al., 2006). In these disease
models, the dramatic increase in T cells infiltrating the CNS is far in excess of the numbers
needed for regular maintenance. It has been reported that CSPG-DS markedly alleviated the
clinical symptoms of EAE and protected against the neuronal loss in EAU (Rolls et al.,
2006)

Although the functions of chondroitin sulfate in OA have been extensively studies
Uebelhart, 2008; Uebelhart et al., 2006; Vangsness et al., 2009; Volpi, 2004), the role of
chondroitin sulfate in EAE is still unknown. Studies on the immune modulation by
chondroitin sulfate and its degraded disaccharide in EAE will provide a novel effective
therapeutic target for multiple sclerosis in the patients and have great implications in the
elucidation of mechanisms underlying multiple sclerosis. In the current study, we provide
evidence for the first time that CS-A, which is naturally present in the central nervous
system, may play a role in enhancing the clinical symptoms of EAE, whereas its degraded
product, CSPG-DS, inhibits EAE development. Thus, CSPG-DS may constitute a novel
drug candidate for suppressing inflammation and clinical disease in MS patients.

2. Materials and Methods

2.1 Mice

C57BL/6 mice were obtained from the National Institutes of Health (Frederick, MD).
Female mice, 8-10 weeks of age, were used throughout these studies. Animals were housed
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in specific pathogen-free conditions, and all experiments were approved by Institutional
Animal Care and Use Committee.

2.2 EAE induction

Myelin oligodendrocyte glycoprotein MOGg35.55 peptide
(MEVGWYRSPFSRVVHLYRNGK) was diluted in PBS to a final concentration of 3
mg/ml. Equal volumes of MOG/PBS were mixed with complete Freund's adjuvant (CFA,
Sigma-Aldrich, St. Louis, MO) with 4-6 mg/mL killed Mycobacterium tuberculosis H37 Ra
thoroughly to form a thick peptide/CFA emulsion and left overnight on ice in the
refrigerator. On the following day (day 0), the emulsion was centrifuged gently and loaded
slowly into 1-ml syringe using an 18 gauge needle. Thel8 gauge needle was replaced with a
27 gauge needle for subcutaneous injection of 100 ul of MOG/CFA emulsion into two sites
at mouse flank, 50 p1 per site. On the same day, 200 ng or 300 ng (100 pl) of Bordetella
Pertussis toxin (Sigma-Aldrich, St. Louis, MO) was injected intraperitoneally. On day 2,
mice received an additional intraperitoneal injection of Pertussis toxin. Then, mice were
monitored daily for signs of clinical disease. The severity of disease was recorded according
to the following scale: 0, no symptoms; 1, partial loss of tail tonicity/inability to curl the
distal end of tail; 2, complete loss of tail tone; 3, hind limb weakness/partial paralysis; 4,
complete hind limb paralysis/fore limb weakness; 5, tetraplegia/moribund; 6, death. Data
will be presented as mean clinical scores for each group of 10 mice. When necessary, food
was provided on the cage floor and access to drinking water was made available for the
paralyzed mice. C57BL/6 mice, which did not receive MOG35_55 immunization and
Pertussis toxin, were used as control mice.

2.3 Administration of CS-A and CSPG-DS

CS-A and CSPG-DS were purchased from Sigma-Aldrich (St. Louis, MO). After EAE
induction, mice received intravenous injection of CS-A (50 mg/kg of body weight) or
CSPG-DS (5 or 50 mg/kg of body weight) in 100 ul of PBS onday 3,5, 7,9, 11 and 13.
Then mice were sacrificed at day 7, 14, 21 and 28 for histological and immunological
analysis. To investigate if CS-A and CSPG-DS would be effective after the onset of clinical
symptoms, EAE was induced in mice as described above, and such mice received CS-A or
CSPG-DS injection on days 13, 15, 17, 19, 21, 23, 25 and 27.

2.4 Examination of cell infiltration in brain

Brain tissues from control, CS-A or CSPG-DS treated mice were collected 14 days after
EAE induction. The brain tissues were fixed, paraffin blocks were prepared, microtome
sections were generated, and tissue sections were stained using hematoxylin and eosin. The
sections were examined for inflammatory cell infiltrates under Nikon Optiphot
Epifluorescence system.

2.5 Preparation and flow cytometric analysis of brain-infiltrating cells

At day 14 after EAE induction, the brain tissues were removed surgically from control, CS-
A or CSPG-DS treated mice. The brain tissues were smashed in a Stomacher 80 Biomaster
lab blender (Metrohm USA, Riverview, FL), lysed with Red Blood Lysing Buffer (Sigma-
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Aldrich, St. Louis, MO) to remove red blood cells, washed with PBS, filtered and then
stained with FITC-conjugated anti-CD8 antibody and PE-conjugated anti-CD4 antibody for
flow cytometric analysis. The brain cell suspension was also stained with FITC-conjugated
anti-CD4 antibody and PE-conjugated CD27, CD44 or CD62L for flow cytometric analysis
of lymphocyte phenotypic markers. Flow cytometric analysis was carried out using
Cytomics FC500 flow cytometer (Beckman Coulter, Fullerton, CA). All antibodies were
purchased from Biolegend (San Diego, CA).

2.6 Intracellular staining of cytokine production

At day 14 after EAE induction, the spleens were obtained from control, CS-A or CSPG DS
treated mice. Splenocytes were obtained after the spleens were crushed in a Stomacher 80
Biomaster lab blender (Metrohm USA, Riverview, FL), lysed with Red Blood Lysing Buffer
(Sigma-Aldrich, St. Louis, MO) to remove red blood cells, washed with PBS and filtered
through sterile mesh (70 um). Then, splenocytes were fixed and permeabilized using
Cytofix/Cytoperm (BD, Franklin Lakes, NJ) and stained with PE-conjugated anti-IL-6,
IL-17 or IFN-y antibody. IL-6, IL-17 and IFN-y producing splenocytes were determined by
flow cytometric analysis using Cytomics FC500 flow cytometer (Beckman Coulter,
Fullerton, CA). All antibodies were purchased from Biolegend (San Diego, CA).

2.7 In vitro stimulation of splenocytes and brain-infiltrating cells

Splenocytes (5x106) were stimulated in 2 mL of X-VIVO 15 medium (Lonza, Walkersville,
MD) with 150 pg/mL MOG peptide supplemented with 100 pg/mL CS-A or CSPG-DS on
24-well plates in a humidified 5% CO, incubator at 37°C. After 48 h, the splenocytes were
stimulated with MOG and CS-A again. After another 48 h, the culture supernatants were
collected for IFN- v and TNFa release assay by ELISA and the splenocytes were used for
intracellular staining of cytokine production and FACS analysis.

The brain-infiltrating lymphocytes were also isolated from brain cell suspensions in 33%
Percoll under 2000rpm centrifugation for 15 min. 1x108 lymphocytes were used in 2 mL of
X-VIVO 15 medium (Lonza, Walkersville, MD) in the presence of 150ug/mL MOG35_s5
peptide for in vitro stimulation. After culture for one day, the culture supernatants were
collected for IFN- vy release assay by ELISA.

2.8 ELISA analysis of IFN- vy and TNFa production

ELISA kits for IFN- y and TNFa production analysis were purchased from PeproTech
(Rocky Hill, NY). ELISA assay was performed according to the manufacturer's instructions.
The culture supernatants from in vitro stimulation of splenocytes or sera obtained from mice
after EAE induction were used for IFN- vy and TNFa ELISA assay.

2.9 Detection of IL-23, STAT3, STAT4 and TNFa expression by RT-PCR

Total RNAs from the splenocytes harvested from mice after EAE induction and CS-A or
CSPG-DS treatment were prepared using the RNeasy minikit (QIAGEN, Valencia, CA).
First-strand cDNA synthesis was performed in a 20ul-reaction mix containing 500 ng total
RNA using ThermoScript™ RT-PCR system and following the protocol of the manufacturer
(Invitrogen, Carlsbad, CA). After first-strand synthesis, 2 pl (10% of the reaction volume)
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was used as a template for PCR amplification. To detect the expression of IL-23, forward
(5’- TGTTGCCCTGGGTCACTCA-3) and reverse (5'-
CCAGGCTAGCATGCAGAGATT-3) primers specific to mouse 1L-23 were used. To
detect the expression of STAT3, forward (5'- CAATACCATTGACCTGCCGAT-3) and
reverse (5-GAGCGACTCAAACTGCCCT 3’) primers specific to mouse STAT3 were
used. To detect the expression of STATA4, forward (5
TGGCAACAATTCTGCTTCAAAAC-3) and reverse (5
AGGTCCCTGGATAGGCATGT- 3') primers specific to mouse STAT4 were used. To
detect the expression of TNFa, forward (5'- TCTCATTCCTGCTTGTGGC-3’) and reverse
(5’-GCTGGCACCACTAGTTGGTT-3) primers specific to mouse TNFa were used. PCR
was performed by the initial cycle of 2 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 55°C,
and 1 min at 68°C, and the final cycle of 10 min at 68°C using Platinum Tag DNA
Polymerase High Fidelity (Invitrogen, Carlsbad, CA) in a PTC-100 Peltier Thermal Cycler
(MJ Research, Waltham, MA). The PCR products, generated from mouse IL-23, STATS3,
STA4 and TNFa primer pairs, were normalized against PCR products generated from 8-
actin forward (5’-GTCCCTTCCAGCAGATGT-3’) and reverse (5'-
AGCTCAGTAACAGTCCGCCTAGA-3) primers after electrophoresis on 1.2 % agarose
gel and visualization with UV light. The band intensity of PCR products was determined
using Bio-Rad image analysis system (Bio-Rad Laboratories).

2.10. T cell migration assay in vitro

Splenocytes (5%10°) isolated from naive and EAE-induced mice were seeded into the upper
well with 1 mL of RPMI 1640 serum-free medium in the presence of vehicle control, 100
pg/mL CSPG-DS or 100 pg/mL CS-A in BioCoat™ Matrigel™ Invasion Chamber (BD, San
Jose, CA). The bottom well contained 1 mL of RPMI 1640 serum-free medium (control
medium) or 1 mL of X-VIVO 15 medium (Lonza, Walkersville, MD) supplemented with
10% FCS and 50CU/mL IL- 2. After incubation at 37°C with 5% CO, for 20 h, all T cells in
the bottom wells were collected and counted after trypan blue exclusion staining. The
number of migrating T cells in six wells was calculated and the mean + SEM values were
depicted.

2.11. Statistical Analysis

3. Results

Each experiment was repeated at three times with consistent results. Data were expressed as
mean + SEM. Statistical analyses were performed using Student's t test or two-factor NOVA
as appropriate, with a P value of <0.05 considered to be statistically significant. For EAE,
significant difference between control and experimental groups was determined using the
Mann-Whitney U test, as described in our previous studies (Singh et al., 2007).

3.1. Modulation of EAE development by CS-A and CSPG-DS

Chondroitin sulfate is a GAG that is widely present in animal tissues, including the CNS and
when externally administered has been shown to have anti-inflammatory and
chondroprotective properties (Akiyama et al., 2004). We were interested in delineating the
role of chondroitin sulfate A and its degraded disaccharide product on the lymphocytic
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infiltration in the CNS and development of experimental autoimmune encephalomyelitis in
mice. Mice received subcutaneous injection of myelin oligodendrocyte glycoprotein peptide
(MOGg35_55) emulsified in the complete Freund's adjuvant containing killed Mycobacterium
tuberculosis on day 0 and intraperitoneal injection of Bordetella Pertussis toxin on day 0 and
2 for EAE induction. After EAE induction, mice received intravenous injection of CS-A or
CSPG-DS onday 3,5, 7,9, 11 and 13. Our data showed that chondroitin sulfate compounds
dramatically affected EAE development in mice. Clinical symptoms in MOG-induced EAE
mice significantly enhanced following CS-A injection, whereas CSPG-DS injection
completely inhibited EAE development in mice (Fig.1A). Also, when a clinically more
severe form of EAE was induced by injection of higher doses of Pertussis toxin, CS-A
treatment increased the severity of the clinical disease particularly between 18-25 days post-
MOG immunization, whereas CSPG-DS significantly delayed EAE development as well as
decreased the severity of the clinical disease (Fig. 1B). In addition, we also tested whether
treatment with CS-A or CSPG-DS was effective after the onset of clinical symptoms. To this
end, EAE was induced in mice as described above, and such mice received CS-A or CSPG-
DS injection on days 13, 15, 17, 19, 21, 23, 25 and 27 (Fig 1C). Mann-Whitney U test
showed that there were no significant differences in clinical scores between EAE induced
mice and the EAE mice that received CSPG-DS (p = 0.9577) or CS-A (p = 0.9584), prior to
day 13 before CS-A or CSPG-DS injection. There was also no significant difference of
clinical scores between EAE control mice and the EAE mice that received CS-A treatment
(p = 0.2497) after day 13, however, EAE mice treated with CSPG-DS showed a significant
decrease in clinical symptoms (p < 0.005) (Fig. 1C). These data together suggested that
CSPG-DS but not CS-A may not only have the ability to prevent the development of EAE
but also exhibit a therapeutic efficacy in disease control.

3.2. Modulation of cell infiltration in the brain by CS-A and CSPG-DS during clinical EAE

It has also been reported that infiltration of the central nervous system by CD4+ Th1 cells
precedes onset and relapses of experimental autoimmune encephalomyelitis (Skundric et al.,
2005). Our studies showed that EAE induction triggered significant lymphocytic infiltration
in the mouse brain tissue (Fig. 2B) when compared to control mice (Fig. 2A) and CS-A
treatment further increased cell infiltration (Fig. 2D), however, CSPG-DS treatment
dramatically inhibited cell infiltration in the brain tissues (Fig. 2C). Flow cytometric
analysis demonstrated that the increased proportions of lymphocytes, predominantly CD4+
T cells, were present in the brain tissues of mice with EAE disease (Fig. 3B) when compared
with control mice (Fig. 3A), CS-A treatment further significantly increased the percentage
of CD4+ T cell infiltration in the brain and in contrast, CSPG-DS significantly decreased the
percentage of CD4+ T cell infiltration (Fig. 3C). These data correlated with the clinical
efficacy of CS-A and CSPG-DS. Further studies using flow cytometry revealed that EAE
induction significantly increased percentage of cells bearing the phenotype of CD4+CD27+,
CD4+CD44+ and CD4+CD62L+ cells. CS-A treatment further augmented while CSPG-DS
considerably decreased those cell populations (Fig. 3D, 3E and 3F). CD27, CD44 and
CD62L expression is usually used in defining memory T cells (Appay et al., 2002; Sallusto
et al., 2004; Sprent and Surh, 2002). Thus, these results indicated that memory-phenotypic
CDA4+ T cells may play an important role in the progression of EAE disease.
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3.3. Modulation of Cytokine production by CS-A and CSPG-DS

Recent studies have indicated that Th17 cells and IFN-y-secreting Thl cells play an
important role in the clinical pathogenesis in EAE/MS disease (Komiyama et al., 2006;
Nagelkerken, 1998; Segal, 2003; Skarica et al., 2009; Yura et al., 2001). In addition,
proinflammatory cytokines such as TNFa and IL-6 are also considered important for
induction and pathogenesis involving inflammation and neuroglial damage (Penkowa and
Hidalgo, 2001; Villarroya et al., 1997; Wiemann et al., 1998). To study the cytokine
production, splenocytes from MOG-immunized mice after CS-A or CSPG-DS treatment
were washed, fixed and permeabilized. Then the splenocytes were stained with PE-
conjugated anti-1L-6, IL-17 or IFN-y antibody. IL-6, IL-17 and IFN-y producing splenocytes
were determined by flow cytometric analysis. Our analysis confirmed that EAE induction in
mice by MOGg3s5_s5 peptide significantly increased percentage of spleen cells expressing
IL-6, IL-17 and IFN-y (Fig. 4A, 4B and 4C). CS-A caused further increase of I1L-6, IL-17
and IFN-y producing cells (Fig. 4A, 4B and 4C), while CSPG-DS caused a significant
decrease of cells expressing IFN- v (Fig. 4C). Accordingly, the cytokine IFN-y production in
the brain-infiltrating lymphocytes was significantly decreased after CSPG-DS treatment,
whereas it was dramatically increased after CS-A treatment (Fig. 4D).

There is evidence to suggest that I1L-23 stimulated CD4" T cells express various genes,
including 1L-17, and that IL-23-stimulated T cells are important in the pathogenesis of EAE
(Langrish et al., 2005). Also, it has become clear that I1L-23 is not the direct initiator of Th17
production (Veldhoen et al., 2006), but rather is an important factor for expanding and
maintaining Th17 cells in vivo (McGeachy et al., 2007). The differentiation of Th17 cells is
actually initiated by signal transducer and activator of transcription 3 (STAT3), downstream
of IL-6- and IL-21-induced signaling. Activation of STAT3 induced the expression of
retinoic-acid-receptor-related orphan receptor-a (RORa) and RORyt. These two factors
establish the Th17-cell-associated gene-expression program, leading to the production of
IL-17, IL-17F and IL-22 (Dong, 2008). In addition, STAT4 is an essential element in the
early events of Thl differentiation (Nishikomori et al., 2002). Thus, we examined the effects
of EAE induction and chondroitin sulfate treatment on gene expression of IL-23, STAT3
and STATA4. The results showed that EAE induction in mice enhanced the gene expression
of IL-23, STAT3 and STAT4 in splenocytes and CS-A treatment in vivo further up-
regulated the expression of these genes while CSPG-DS failed to cause significant
alterations (Fig. 5). The results suggested that CS-A may promote Th17 and Th1 T cell
development while CSPG-D may not influence the induction of these cells.

We also investigated the induction of TNFa during EAE and its modulation following CS-A
and CSPG-DS treatment. To this end, we measured TNFa in the serum (Fig. 6A), mMRNA
levels in splenocytes (Fig 6B) and following in vitro culture of splenocytes with MOG (Fig
6C). EAE induction in mice by MOGg35_g5 peptide significantly augmented TNFa
production (Fig. 6). However, CSPG-DS treatment caused a significant decrease in TNFa
whereas CS-A failed to block TNFa induction.
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3.4. Modulation of T cell migration by CS-A and CSPG-DS

Next, we tested if the decreased inflammation seen in the CNS of EAE mice following
treatment with CS-A and CSPG-DS resulted from altered T cell migration into the CNS. To
test if CSA and CSPG-DS would alter cell migration, transwell migration assays were
performed. In this assay, mouse splenocytes were seeded into the upper well with serum-free
medium in the presence of vehicle control, CSPG-DS or CS-A in a 24-well chamber. The
bottom well contained the complete medium supplemented with 10% FCS and IL-2 as T cell
migration chemoattractant. After incubation, the number of migrating T cells in the bottom
wells were collected and counted. The assay demonstrated that the migration of splenocytes
from EAE mice was markedly blocked by CSPG-DS while CS-A did not significantly
inhibit the migration (Fig 7). These data are consistent with the observation that CSPG-DS
injection into the mice dramatically blocked the cell infiltration in the brain tissues (Figs. 2C
and 3C).

4. Discussion

Chondroitin sulfate (CS) is a sulfated GAG composed of a chain of alternating sugars (N-
acetylgalactosamine and glucuronic acid). It is usually found attached to proteins as part of a
proteoglycan. CS is an important structural component of cartilage and provides much of its
resistance to compression (Baeurlea, 2009). Along with glucosamine, chondroitin sulfate is
a widely used dietary supplement for treatment of OA. The use of CS is somewhat
controversial and recent research has questioned its efficacy in treating OA (Morris and
Smith, 2009). It has been reported that after administration of glucosamine 500 mg 3 times
daily, CS 400 mg 3 times daily, or a combination of glucosamine and CS for 2 years, there
was no clinically important difference in joint space width (JSW) loss when compared with
placebo (Sawitzke et al., 2008), however, patients taking chondroitin sulfate were noted to
have a statistically significant improvement in knee joint swelling (Hochberg and Clegg,
2008). On the other hand, enough clinical data are available supporting the view that oral CS
is a valuable and safe symptomatic treatment for OA disease (Uebelhart, 2008). The benefit
of chondroitin sulfate in patients with OA is likely the result of a number of effects
including its anti-inflammatory activity (Monfort et al., 2008b) and a structure-modifying
effect of glucosamine and chondroitin sulfate (Bruyere and Reginster, 2007). It should be
noted that injection of GAGs such as hyaluronic acid, heparin, and chondroitin sulfates A,
B, and C can also induce rheumatoid arthritis (RA) in mice, which is a chronic, systemic,
and inflammatory disease of connective tissue with unknown etiology (Wang and Roehrl,
2002). Increased level of chondroitin sulfate was observed in blood serum of RA patients
(Merkur'eva and Bukhtoiarova, 1976). Consistent with such findings, our studies suggested
that CS- A significantly increased the immune response and thus promoted EAE
development when administered prior to disease onset (Figs. 1-5). However, it did not alter
the clinical outcome administered after the disease (Fig 1C). Thus, chondroitin sulfate may
represent a natural immune modulator, which plays a stimulatory role in autoimmune
diseases such as RA and EAE.

The persistence of human autoimmune diseases is thought to be mediated predominantly by
memory T cells (Elyaman et al., 2008). Murine memory cells are high in CD44 and low in
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the expression of activation markers such as CD25. Two subsets of memory T cells, called
central-memory (Tcp) and effector-memory (Tgpm) T cells, are described based on their
anatomical location, expression of cell surface markers, and effector functions (Dutton et al.,
1998). TCM cells express molecules such as CD62L and CCR7, which allow efficient
homing to lymph nodes, whereas Tg cells lack expression of these lymph node homing
receptors and are located in nonlymphoid tissues. However, both T cell subsets are present
in the blood and spleen. The phenotype of T cells that infiltrate the spinal cord has been
studied in EAE. It has been shown that in EAE in mice, T cells are mainly activated/memory
(CD44high/|_FA-1high/|ICAM-1N9YCD45RB!OW) (Engelhardt et al., 1998). It has also been
reported that memory CD4* T cells (CD4*CD44M T cells, isolated from C57BL/6 mice after
recovery from acute disease, greater than 100 days after immunization with MOG35-55)
induce more severe disease than effector CD4* T cells caused by a preferential
differentiation of memory T cells into the Th1 phenotype and a differential expression of
chemokine receptors and costimulatory molecules leading to severe CNS inflammation in
mice after EAE induction (Elyaman et al., 2008). However, the function of memory T cells
in EAE has not been fully understood. Our studies indicated that EAE induction
significantly increased cell populations of CD4+CD27+, CD4+CD44+ and CD4+CD62L+
infiltrated in the brain and CS-A treatment further augmented those cell populations whereas
CSPG-DS considerably decreased those cell populations (Fig. 3D, 3E and 3F). These results
provided the evidence that chondroitin sulfate dramatically increases memory phenotypic
CDA T cells in mouse brain, which may play an important role in promoting EAE
pathogenesis.

It was largely accepted that Th1 cells driven by IL-12 are pathogenic T cells in human MS
and mouse EAE. The signal transducer and activator of transcription, STATA4, is required for
most IL-12-stimulated functions and for development of IFN-y-secreting Th1 cells from
naive CD4+ T cells (Kaplan et al., 1996; Thierfelder et al., 1996). Recent data have also
established that IL- 17-producing CD4* T cells, driven by 1L-23 and referred to as Th17
cells, play a pivotal role in the pathogenesis of EAE (Aranami and Yamamura, 2008).
Activation of STAT3 by transforming growth factor beta-1 (TGFp-1), IL-6, IL-21 and IL-23
as well as the expression of RORvt lead to the differentiation of Th17 cells in mice. In
conjunction with transforming growth factor beta-1, IL-6, IL-21 and IL-23, which activate
STATS3, the expression of RORyt leads to the differentiation of Th17 cells in mice (Takatori
et al., 2008). Our investigations showed that EAE induction and CS-A treatment increased
STAT4 gene expression (Fig. 5D) and IFN-y-producing cell population (Fig. 4C),
suggesting that chondroitin sulfate may promote Thl CD4 T cell differentiation and thus
enhance EAE disease. Meanwhile, EAE induction and CS-A treatment also enhanced
STAT3 and IL-23 gene expression (Fig. 5), IL-6 and IL-17 producing cells (Fig. 4),
indicating that chondroitin sulfate may stimulate Th17 cell differentiation and thus augment
EAE development. It should be noted that administration of CS-A before but not after the
onset of clinical symptoms, augmented EAE. This suggested that the presence of CS-A
during the induction phase of the immune response may promote Thl and Th17
differentiation whereas, the presence of CS-A during the effector phase of the immune
response may have limited role in further modulating the T cell response.
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Proinflammatory cytokines such as TNFa and IL-6 are considered important for induction
and pathogenesis of EAE/MS disease, which is characterized by significant inflammation
and neuroglial damage (Penkowa and Hidalgo, 2001; Villarroya et al., 1997; Wiemann et
al., 1998). It has also been reported that CSPG-DS markedly alleviated the clinical
symptoms of EAE and protected against the neuronal loss in EAU (Rolls et al., 2006). This
effect was associated with a reduction in the numbers of infiltrating T cells and marked
microglia activation. This is further supported by in vitro results indicating that CSPG-DS
attenuated T cell motility and decreased secretion of the cytokines IFN-y and TNFa (Rolls
et al., 2006). It has been reported that CSPG-DS attenuates the delayed-type hypersensitivity
response in mice (Rolls et al., 2006). Attenuation of the delayed-type hypersensitivity
response may be attributed to the decreased presence of T cells in an irritated region, a
manifestation of reduced T cell migration (Rolls et al., 2006). Our studies demonstrated that
CSPG-DS effectively inhibited EAE development (Fig. 1), which was associated with the
dramatic reduction of cell migration of splenocytes from EAE-induced mice (Fig. 7) and cell
infiltration in mouse brain (Figs. 2 and 3) as well as the significant decrease of TNFa and
IFN-y production (Figs. 6 and 4C). CS-A, however, did not significantly affect TNFa
production (Fig. 6) and cell migration of splenocytes from both EAE-induced mice (Fig. 7).
These results showed that CS-A and CSPG-DS may have different roles in the modulation
of immune responses associated with autoimmune diseases such as EAE and MS. CD44 is
an adhesion molecule, a cell surface transmembrane glycoprotein, encoded by a single gene.
CD44 is known to be important in T-cell signaling and a variety of immune cell functions.
CD44 has a well documented role in tumor metastasis (Marhaba and Zoller, 2004). Our
recent studies demonstrated that CD44 plays a role in the differentiation of Th1l and Th2
cells and CD44-deficiency enhances the development of Th2 effectors in response to antigen
stimulation (Guan et al., 2009). CD44 was also essential for the generation of memory Thl
cells by the phosphoinositide 3-kinase-Akt kinase signaling pathway that regulates cell
survival (Baaten et al., 2010). Because CS-A readily interacts with proteins such as CD44 in
the extracellular matrix due to its negative charges and these interactions are important for
regulating a diverse array of cellular activities (Gotte and Yip, 2006), it is possible that CS-
A may bind to CD44 and induce CD44-trigerred signaling to promote Thl CD4 T cell
differentiation (Figs. 4 and 5). CD44 has been demonstrated to play a critical role in cell
migration (Marhaba and Zoller, 2004), and thus the degraded disaccharide product of CS-A,
CSPG-DS, may interact with CD44 to interfere CD44-cytoskeleton signaling (Pure and
Assoian, 2009) and hamper lymphocyte cell migration as shown in the current study (Fig.
7). However, the exact signaling pathways induced by CS-A and CSPG-DS still need to be
further elucidated.

In summary, our results indicate that administration of CS-A, which is naturally present in
the central nervous system, before but not after the onset of clinical symptoms, may play a
role in the promotion of EAE. In contrast, its degraded product, CSPG-DS, inhibits EAE
development when administered both before and after the disease onset. Thus, CSPG-DS
may act as a negative regulator by suppressing the inflammation in the CNS. Together, the
current study suggests that CSPG-DS may represent a novel drug candidate for suppressing
inflammation and clinical disease in MS patients.
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Effect of CS-A and CSPG-DS on clinical disease in EAE-induced mice. (A) Modulation of
less severe form of EAE by CS-A and CSPG-DS. EAE was induced in C57BL/6 mice by
MOG35-55 immunization and each mouse received i.p. injection of 200 ng Pertussis toxin
on days 0 and 2. Then, the mice received i.v. injection of CS-A (50 mg/kg of body weight)
or CSPG-DS (5 mg/kg of body weight) in 100 ul PBS on days 3, 5, 7, 9, 11 and 13. (B)

Modulation of more severe form of EAE by CS-A and CSPG-DS. EAE induction and

treatment with CS-A or CSPG-DS was identical to the procedure described above except
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that the mice received higher doses of Pertussis toxin (300 ng) to induce increased clinical
score. (C) Therapeutic efficacy of CSPG-DS in the treatment of EAE. After EAE induction
by MOGg3s5.55 immunization and Pertussis toxin, the mice received CS-A (50 mg/kg of body
weight) or CSPG-DS (50 mg/kg of body weight) in 100 ul PBS on days 13, 15, 17, 19, 21,
23, 25 and 27. Mann-Whitney U test was used to compare clinical scores between CS-A
treated and untreated EAE mice (P1) as well as CSPG-DS treated and untreated EAE mice
(P2) after day 13. EAE vs. EAE treated with CS-A (p = 0.2497); EAE vs. EAE treated with
CSPG-DS (p < 0.005). Data were presented as mean = SEM of clinical scores from 10 mice
each group.
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Fig. 2.
Effect of CS-A and CSPG-DS on cell infiltration in mouse brain tissues after EAE

induction. A representative brain section has been shown from: (A) control mice, which did
not receive MOGg3s.55 immunization and Pertussis toxin; (B) EAE-induced mice; (C) CSPG-
DS treated mice after EAE induction; and (D) CS-A treated mice after EAE induction. EAE
induction and treatment with CS-A or CSPG-DS was carried out as described in Fig. 1. On
day 14, brain tissues were examined following Haematoxylin & Eosin staining.
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Phenotypic characterization of infiltrating cells in the brains of EAE mice after CS-A and
CSPG-DS treatment. (A) A representative dot plot of flow cytometric analysis of CD4+ and
CD8+T cell subpopulations found in the brain from control mice, which did not receive
MOG3s.55 immunization and Pertussis toxin. (B) A representative dot plot of flow
cytometric analysis of T cell population infiltrated in the brain from EAE-induced mice.
Percentage of CD4+ T cells (C), CD4+CD27+ T cells (D), CD4+CD44+ T cells (E) and
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CD4+CD62L+ T cells (F) in EAE mice with or without treatment with CS-A and CSPG-DS
from multiple experiments was depicted as mean + SEM (error bars) from three mice/group.

J Neuroimmunol. Author manuscript; available in PMC 2014 August 20.



1duosnueN Joyiny vd-HIN

1duosnueiN Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Zhou et al.

A

Lane 1 2 3 4

)

Relative expression level of STAT3

2.5

2.0 1

0.5 1

0.0

Page 19

oY)

25

2.0 1
IL-23

1.5 1

STAT3

1.0

0.5 4

Relative expression level of IL-23

STAT4

0.0

Beta-Actin

O

25

P<0.0001

2.0 A

1.5 1

1.0

Relative expression level of STAT4

0.5 4

0.0

mice ice mice ice
OonuO" EP&.\(\U‘JGGG Gs.FN “_ea\ed G kp)=] \(Ba‘ed e
PG

Fig. 4.

Ef?‘ect of CS-A and CSPG-DS on IL-6, IL-17 and IFN-y production in splenocytes and
brain-infiltrating cells from EAE mice. EAE induction and treatment with CS-A or CSPG-
DS were carried out as described in Fig 1. Without re-stimulation in vitro, splenocytes from
control mice, which did not receive MOG3s.55 immunization and Pertussis toxin, and EAE
mice untreated or treated with CS-A or CSPG-DS, on day 14, were stained for intracellular
expression of: (A) IL-6; (B) IL-17; and (C) IFN-y. IFN-y production in the brain-infiltrating
cells after in vitro stimulation was also determined by ELISA from EAE mice untreated or
treated with CS-A or CSPG-DS on day 14 (D). Data were presented as mean + SEM (error
bars) of multiple experiments from three mice/group.
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Fig. 5.

Ef?‘ect of CS-A and CSPG-DS on IL-23, STAT3 and STAT4 expression in splenocytes.
EAE was induced in mice that were untreated or treated with CS-A and CSPG-DS as
described in Fig 1. (A) A representative gel electrophoresis profile of IL-23, STATS3,
STAT4 and B-actin RT-PCR products from mouse splenocytes on day 7 after EAE
induction. Data from normal control mice that did not receive MOG3s.55 immunization and
Pertussis toxin (Lane 1), untreated EAE mice (Lane 2), EAE mice treated with CS-A (Lane
3) and EAE mice treated with CSPG-DS (Lane 4) are shown. In panels (B), (C) and (D),
data from multiple experiments has been plotted indicating the relative expression levels
when compared to controls, which were presented as mean + SEM (error bas) of multiple
experiments from three mice/group.
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Fig. 6.
Effect of CS-A and CSPG-DS on TNFa production in splenocytes. (A) TNFa level in the

sera of control mice that did not receive MOGg3s5_55 immunization and Pertussis toxin or
EAE mice, on day 7, treated with or without CSPG-DS and CS-A. (B) TNFa expression at
MRNA level in splenocytes from control or EAE mice, on day 7, with or without CSPG-DS
or CS-A treatment. (C) Detection of TNFa release from splenocytes after in vitro
stimulation with MOGg3s_g5 in the absence or presence of CSPG-DS or CS-A for four days.
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Data were presented as mean + SEM (error bas) of multiple experiments from three mice/
group.
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Fig. 7.
Effect of CSPG-DS and CS-A on T cell migration in vitro. Splenocytes were harvested from

mice on day 30 after EAE induction. Migration assay of splenocytes was performed in BD
Matrigel Invasion Chamber in the presence of IL-2 in the lower well and chondroitin sulfate
compounds in the upper well. After 20h culture, the number of splenocytes migrated from
the upper well into the lower well were determined. Data represented Mean + SEM of three
independent experiments. Three mice/group were used in each experiment.
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