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Abstract
Multiple sclerosis (MS) is a CD4+ T cell-mediated autoimmune disease affecting the CNS. MS and
its animal model, experimental autoimmune encephalomyelitis (EAE), have been thought to be Th1-
mediated diseases. However, recent studies provide strong evidence that the major pathogenic T cell
subsets in EAE are Th17 cells. IL-9, a hematopoietic growth factor, is considered to be a mediator
of Th17 cells, but the precise mechanisms of its action are largely unknown. The present study was
designed to investigate the role of IL-9 in autoimmune demyelination. IL-9 blockade with anti-IL-9
monoclonal antibody (mAb) inhibited the development of EAE, reduced the serum levels of IL-17,
the CNS mRNA expression of IL-17, IL-6, IFN-γ and TNF-α, and the MOG-induced IL-17, IFN-γ
secretion of lymphocytes. Further, anti-IL-9 mAb in culture suppressed IL-17 production of MOG-
reactive T cells and their potency in adoptive transfer EAE. These findings indicate that the protective
effect of IL-9 blockade in EAE was likely mediated via inhibition of the development of MOG-
peptide-specific T cells, which in turn led to reduced infiltration of T cells into the CNS. Thus, anti-
IL-9 mAb treatment may provide an effective therapeutic strategy against autoimmune diseases.
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Introduction
Experimental autoimmune encephalomyelitis (EAE), a CD4+ T cell-mediated inflammatory
demyelinating disease of the central nervous system (CNS), serves as a model of the human
disease multiple sclerosis (MS) (1). EAE can be induced by immunization with myelin antigens
or by adoptive transfer of myelin-reactive CD4+ T cells into naive recipients.

Although there is evidence linking CD4+ T cells such as Th17 (2,3), Th1 (4,5), and Th9 cells
(6) with the pathogenesis of EAE, the precise contribution of these T cell subtypes or their
associated cytokines is still unclear. There is growing evidence that clinically similar forms of
autoimmune demyelinating disease can be driven by myelin-specific T cells of distinct
lineages, with different degrees of dependence on IL-17A production by Th17 cells, to achieve
their pathological effects (2,7-9). Moreover, IL-17-deficient mice have been reported to
develop EAE with delayed onset and reduced severity (10,11). In humans, Th17 cells have
been identified in the CNS of patients with MS (12,13). The pathogenic role of IL-17 in MS

2 Address correspondence and reprint requests to Dr. Abdolmohamad Rostami, Department of Neurology, Thomas Jefferson University,
Jefferson Hospital for Neuroscience Building, 900 Walnut Street, Philadelphia, PA 19107. a.m.rostami@jefferson.edu.
Disclosures: The authors have no financial conflict of interest.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2011 October 1.

Published in final edited form as:
J Immunol. 2010 October 1; 185(7): 4095–4100. doi:10.4049/jimmunol.1000986.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



has been suggested in numerous studies (14-16). Because IL-17 signaling is important for the
production of various chemokines from fibroblasts and epithelial cells (14-16), which attract
APCs to the CNS, resulting in demyelination, the suppression of the development or the
proliferation of Th17 cells may represent a promising therapy for MS. However, recently,
Axtell RC et al. showed regular susceptibility to EAE induction in the absence of IL-17A and
IL-17F, as well as suppression of EAE in the presence of unaltered Th17 responses, and they
suggested that both Th1 and IL-17 producing CD4+ T cells are important for the development
of EAE.

It has been demonstrated that IL-9 together with TGF-β can induce the differentiation of naïve
CD4+ T cells into Th17 cells in vitro (17,18), and that IL-9 produced by Th17 cells themselves
amplifies Th17 development in a positive autocrine loop (17). Thus, IL-9 represents a potential
target for the inhibition of Th17 development in vivo. Temporal blockade of IL-9 using
neutralizing antibody may produce results inconsistent with those obtained in IL-9 receptor-
deficient mice, given that IL-9 acts as a hematopoietic growth factor and its complete absence
may influence hematopoietic development (19,20). Treatment with anti-IL-9 mAb has been
reported in one study to be protective against EAE (17). However, in another study, IL-9
receptor knockout mice were more susceptible to EAE than WT mice (21), and they were
partially resistant in another study (17).

Additionally, IL-9 inhibited lymphokine production by IFN-γ-producing CD4+ T cells (22),
exogenous IL-9 reduced IFN-γ mRNA expression in PBMC from latent tuberculosis infection
by 30%, and neutralization of IL-9 restored IFN-γ mRNA expression (23). Activation of naïve
T cells in the presence of TGF-β and anti-IFN-γ significantly enhanced IL-9 production (24).
These results suggest pleiotropic effects on effecter CD4+ T cells. The role of IL-9 in the
pathogenesis of MS/EAE thus remains unclear.

In the present study, we investigated the in vivo role of IL-9 in the development of T cells,
particularly Th17 cells, in EAE, using an anti-IL-9 mAb, which has shown significant
protective effect in other inflammatory diseases (25,26). Our results show that early anti-IL-9
mAb treatment reduces encephalitogenic Th1 and Th17 cells and inflammatory myeloid cell
invasion into the CNS.

Methods
Mice

C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). For all
experiments 8- to 10-wk-old female mice were used. All animals were housed under specific
pathogen-free conditions and animal protocols were approved by the Thomas Jefferson
University Animal Care and Use Committee. Paralyzed mice were afforded easy access to food
and water.

Induction of EAE
Mice were immunized s.c. with 200 μg of MOG35-55 peptide emulsified in CFA and injected
twice with pertussis toxin (27). The severity of EAE was monitored and graded on a scale of
0-5: 0 = no disease; 1 = limp tail; 2 = hind limb weakness; 3 = hind limb paralysis; 4 = hind
and fore limb paralysis; 5 = moribund and death.

Anti-IL-9 mAb treatment
Anti-IL-9 mAb (clone D9302C12, BD Pharmingen, San Diego, CA) was confirmed in vitro
to have inhibitory effects upon IL-9 bioactivity (28). In a pilot study we sought to ascertain the
optimal dose of anti-IL-9 mAb in vivo. In brief, anti-IL-9 mAb at doses of 0.3 mg, 1.2 mg, 4.8
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mg (n = 3 in each group) or isotype-matched hamster IgG at a dose of 4.8 mg (n = 3) was
injected i.p. once starting with day -1 of EAE induction. Blood from the orbital vein was
obtained via a capillary tube on day 19. Anti-IL-9 mAb was measured by ELISA (eBioscience).
We found that a dose of 0.3 mg is optimal (data not shown).

For IL-9 blockade, mice were i.p. treated with 0.3 mg of hamster no-immune isotype control
I (clone Ha4/8, hamster Gig, BD Pharmingen) or anti-IL-9 mAb (clone D9302C12, hamster
IgG, BD Pharmingen) every other day starting on day -1 post immunization (p.i.). Other groups
of mice received 10 ng rIL-9 (Akron Biotech, Philadelphia, PA) dissolved in 0.3 ml of PBS
daily beginning on the day of EAE induction.

CNS histology
Spinal cords were carefully dissected and immersion fixed in 4% formaldehyde in PBS (27).
In brief, fixed tissues were embedded in paraffin wax and sections were cut from the mid lumbar
spinal cord (L3). Sections were stained with H&E or Luxol fast blue (myelin stain) for analyses
of inflammation and demyelization, respectively. Slides were assessed in a blind fashion for
inflammation and demyelination as described previously (29,30). Briefly, inflammation: 0,
none; 1, a few inflammatory cells; 2, organization of perivascular infiltrates; and 3, increasing
severity of perivascular cuffing with extension into the adjacent tissue. For demyelination: 0,
none; 1, rare foci; 2, a few areas of demyelination; 3, large (confluent) areas of demyelination.

Isolation of CNS-infiltrating cells
Mice were perfused via the left atrium with glucose containing PBS, and spinal cords were
removed. Mononuclear cells were isolated by digestion of the spinal cord homogenate with
collagenase and DNAse, followed by Percoll gradient centrifugation. CNS homogenates were
pooled for each treatment group prior to analysis. For flow cytometry analyses, these cells were
incubated with Abs to murine CD11b, CD11c, CD4, CD45, CD8a, and B220 (all from BD
Pharmingen). The absolute numbers for each population were calculated by multiplying the
frequency of each population by the total number of cells isolated per treatment group.

Gene expression analysis by real-time PCR
Mice were sacrificed at the peak of actively induced EAE disease: IgG-treated group (n=8,
mean score 3.25±0.14, range 3-3.5). Anti-IL-9 mAb-treated group (n = 4). Additionally, six
healthy mice were sacrificed to serve as controls. Animals were perfused transcardially with
PBS, and spinal cords were removed and stored in RNAlater (Ambion, Austin, TX). Tissues
were homogenized with a TissueLyser (Qiagen, Valencia, CA) and RNA was extracted using
RNeasy Lipid Tissue Midi kits (Qiagen). cDNA was synthesized using Superscript II first-
strand synthesis kits (Invitrogen, Carlsbad, CA) and gene expression was analyzed by Taqman
real-time PCR (Applied Biosystems, Foster City, CA). β-actin was used as an endogenous
control in all samples and levels of gene expression were compared with healthy controls.
Relative expression was calculated following the previously described protocol (27).

Adoptive EAE
Female 8-10 week-old wild type mice were immunized s.c. with 100 μg of MOG35-55
containing 200 μg of Mycobacterium tuberculosis H37Ra (Disco, Detroit, MI) on day 0 and
day 7. The immunized mice were treated with anti-IL-9 mAb (300 μg) once on days -1, 0, 2,
4, 6, 9, 10 or with 20 ng of IL-9 every day beginning on the day after injection, Control mice
were treated with PBS. Lymph node cells were harvested on day 12 p.i. and cultured for 3 d
in RPMI 1640 supplemented with 10% FCS, penicillin/streptomycin, L-glutamine, HEPES,
sodium private and 2-ME. All cells were cultured in the presence of MOG35-55 (50μg/ml), and
IL-23 (10 ng/ml). After 72 hr, cells were harvested, washed in PBS and transferred to naïve

Li et al. Page 3

J Immunol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recipient mice (2×107 cells/mouse) via the tail vein. The mice were given two doses (250 ng/
mouse) of pertussis toxin i.p. on days 0 and 2 post cell transfer. EAE disease induction was
assessed as described above.

Intracellular cytokine staining
Draining lymph node cells were stimulated with 15 μg/ml MOG35-55 peptide for 72 h and
restimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA) and 750 ng/ml ionomycin
for the last 4 h in the presence of 10 μg/ml Brefeldin A. To analyze lymphocytes infiltrated
into the CNS, spinal cords were removed as described above, followed by digestion with
collagenase D (5.0 mg/ml; Roche Diagnostics). Cells were isolated by Percoll centrifugation
as previously described (27), and surface-stained with antibodies against CD4 (RM4-5;BD
Biosciences, San Jose, CA). Intracellular cytokine staining and FoxP3 staining were performed
as described in (27,31). Cells were analyzed by FACSAria flow cytometer (BD Biosciences),
and data obtained were analyzed by FlowJo software (Tree Star, Ashland, OR).

Recall response and T cell cytokine production
Spleens were taken from mice sacrificed 8 d after MOG35-55 immunization. Cells were gently
dispersed through nylon mesh into a single cell suspension, washed, and cultured at 106 cells
per milliliter in complete RPMI (RPMI 1640 containing 10% heat-inactivated FCS [CSL,
Parkville, Victoria, Australia], 2 mM L-glutamine, 100 U/ml of penicillin, and 100 μg/ml of
streptomycin). Cells were either stimulated with MOG35-55 (15 μg/ml) or anti-CD3 (1 μg/ml)
+ CD28 (1 μg/ml) or left without any exogenous stimuli. For proliferation, [3H] thymidine (1
μCi/well) was added at 60 hr and incorporation of thymidine in DNA was measured after 12
hr by 1450 Microbeta Wallac Trilux liquid scintillation counter (Perkin Elmer Life Sciences,
Foster City, CA). Supernatants were collected at 72 h and quantitative ELISA was performed
for cytokines using paired mAbs as recommended by the manufacturer (R&D Systems,
Minneapolis, MN). For serum cytokine ELISA, blood was taken during the course of EAE via
the tail vein, and serum samples were prepared using Z-Gel microtubes (Sarstedt, Newton,
NC). Mouse IL-17 was detected with a Quantikine immunoassay kit (R&D Systems).

In vitro Th17 cell differentiation—Spleens were removed from naïve mice and passed
through a 100- μm cell strainer. Erythrocytes were lysed. CD4+ T cells, purified using magnetic
bead separation kits (Miltenyi Biotec, Auburn, CA), were cultured with anti-CD3 (1 μg/ml)
and anti-CD28 (1 μg/ml) Abs (BD Pharmingen), TGF-β (3 ng/ml), IL-6 (30 ng/ml) and anti-
IL-4 (10 μg/ml) (all from Invitrogen) in the presence or absence of recombinant mouse IL-9
(10 ng/ml) (Akron Biotech), or anti-IL-9 mAb (100 ng/ml).

Statistical analysis—The two-tailed Student t test and the χ2 test were used to analyze the
significance of results. Additionally, the Mann-Whitney U test was performed for
nonparametric analyses. Differences were considered significant at p ≤ 0.05.

Results
Anti-IL-9 mAb treatment suppressed acute EAE

To determine the preventive efficacy of IL-9 blockade in autoimmune inflammatory disease,
we tested the effect of anti-IL-9 mAb on EAE. Anti-IL-9 mAb treatment delayed the onset of
clinical disease, ameliorated the severity of EAE (Fig. 1A), and reduced its incidence from
100% to 25% (Fig. 1B). This result is consistent with studies by Nowak et al. (17)
demonstrating that targeted genetic disruption of IL-9 receptor results in resistance to EAE.
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Treatment with anti-IL-9 mAb reduces CNS inflammation and demyelination
At the peak of EAE control IgG-treated mice had extensive infiltration of mononuclear cells
into the white matter of spinal cords (Fig. 2A-C). In contrast, cellular infiltration and
demyelination were markedly reduced in spinal cords of anti-IL-9 mAb-treated mice, which
was consistent with their decreased clinical scores (Fig. 2D-F). The difference between the
pathological scores of control IgG-treated mice and anti-IL-9 mAb treatment groups of mice
was highly significant (p<0.01) (Fig. 2G).

Anti-IL-9 mAb treated mice are devoid of CNS-infiltrated cells
To investigate the population of mononuclear cells that infiltrated into the CNS, we recovered
mononuclear cells from spinal cords and stained them with CD4, CD8, B220, and CD11b
antibodies. At the peak of EAE, CD4+ T cells, CD8+ T cells, B cells, and macrophages were
detected in control IgG-treated mice (Fig. 3A). In anti-IL-9 mAb-treated mice, the numbers of
these cells were significantly reduced (Fig. 3A). Compared to control IgG-treated mice, the
CNS of anti-IL-9 mAb-treated mice expressed significantly lower levels of IL-17, IL-6, IFN-
γ and TNF-α, but higher levels of FoxP3 mRNA (all p<0.05∼0.001, Fig. 3B).

Induction of MOG-specific T cells was suppressed in anti-IL-9 mAb treated mice
To investigate whether the deficiency of CNS-infiltrating CD4+ T cells in anti-IL-9 mAb
treated mice was due to a T cell priming defect, we analyzed MOG35-55-peptide-specific
CD4+ T cells from draining lymph nodes. In the lymphocytes prepared from inguinal lymph
nodes at priming stage (8 days after with immunization), the development of Th17 cells as well
as Th1 cells was significantly suppressed in anti-IL-9 mAb-treated mice compared with IgG-
treated mice (Fig. 4A). The population of FoxP3-positive Treg cells was not significantly
changed in anti-IL-9-mAb-treated mice (Fig. 4B). To investigate the effect of IL-9 blockade
on MOG35-55-peptide-specific cytokine production, we quantified the concentrations of
cytokine levels secreted into the culture supernatant of lymphocytes from inguinal lymph
nodes. We found that the production of IL-17 and IFN-γ was significantly suppressed in anti-
IL-9 mAb-treated mice compared with control mice (Fig. 4C). Serum IL-17 level was also
lower in anti-IL-9-mAb treated mice (Fig. 4D). Additionally, anti-IL-9 mAb-treated T cells
showed a significantly lower proliferative response to anti-CD3 stimulation and MOG35-55-
peptide than did wild type T cells (Fig. 4E). These results suggest that suppression of the
differentiation of MOG35-55-reactive Th17 and Th1 cells by IL-9 blockade contributes to the
protective effect against EAE.

Effect of anti-IL-9 mAb on Th17 differentiation in vitro
Given the role of IL-9 as a mediator of Th17-driven inflammatory disease (17), we next
examined whether anti-IL-9 mAb had a direct effect on Th17 cell differentiation. Indeed,
CD4+ T cells cultured with anti-IL-9 mAb showed significantly lower levels (3-fold decrease)
of IL-17 production compared with wild type CD4+ T cells when cultured with IL-6 plus TGF-
β, suggesting that neutralizing IL-9 with anti-IL-9 mAb decreased the development of Th17
cells (Fig. 5A). IL-17 production was enhanced in the presence of recombinant IL-9 (Fig. 5A),
suggesting an amplification loop in which IL-9 produced by Th17 cells participates in
enhancing further differentiation of Th17 cells.

Anti-IL-9 mAb inhibits the generation of MOG-specific T cells in vivo
Because in vitro treatment of T cells with IL-9 mAb inhibited the differentiation of Th17 cells,
we next investigated whether IL-9 mAb treatment is capable of inhibiting the generation of
encephalitogenic T cells in vivo. Donor mice were treated with anti-IL-9 mAb or rIL-9; T cells
from these donor mice were stimulated with MOG and IL-23 for 3 d in vitro, and then
transferred to recipient mice. In the control group, EAE was induced by adoptive transfer of
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enriched Th17 cells from donor mice that received only PBS. Mice that received MOG-specific
T cells from IL-9 mAb-treated donor mice exhibited significantly less severe clinical signs and
disease severity compared with the control EAE group (Fig. 5B). On the other hand, mice
receiving enriched Th17 cells from recombinant IL-9-treated donor mice displayed a greater
degree of disease severity compared with the control EAE group (Fig. 5B). These results
suggest that IL-9 plays an important role in the generation of encephalitogenic T cells and that
neutralization of IL-9 by mAb suppresses the production of encephalitogenic T cells in donor
mice.

Discussion
CD4+ T-cell subsets are important for understanding adaptive immunity in humans and in
animal models of autoimmune disease. Our knowledge of CD4+ T cell differentiation has
changed significantly, and new subsets continue to be recognized. Importantly, the recent
discovery of the CD4+ T cell subset that produces IL-9 has expanded significantly (32). IL-9
has largely been regarded as a Th2 cytokine that plays a significant role in inflammatory disease
(33,34). Under certain conditions, IL-9 can cause pleiotropic effects on Th1 (23,35), Th17
(21,36), regulatory T cells (21,37) and the Th9 subset (21,23,36), playing different roles
depending on microenvironments. Biological actions of IL-9 in autoimmune disease are
continuing to be refined. Focusing on how anti-IL-9 mAb affects MOG-specific CD4+ T cells
in EAE will provide a better mechanistic understanding of the pathogenesis of various
autoimmune diseases.

In this study, we demonstrated that administration of anti-IL-9 mAb treatment effectively
suppressed disease incidence and severity of EAE. This was associated with significantly
decreased levels of both MOG-specific Th1 and Th17 cells in the periphery and the CNS. Our
results, together with the finding that humanized anti-IL-9 mAb can be treated repeatedly
without antigenicity (39), suggest that anti-IL-9 mAb treatment may provide an effective
therapeutic strategy against autoimmune diseases.

Infiltration of MOG35–55-peptide-specific CD4+ T cells into the CNS is an important step in
EAE disease onset (39), and IL-9 has been reported to increase levels of expression of eotaxin,
MIP-1α, and MCP- 1, -3, and -5 in vitro and in vivo (40). These proteins have been suggested
to be involved in the infiltration of lymphocytes through the blood-brain barrier (39). We
therefore investigated the effect of anti-IL-9 mAb treatment against induction of EAE to
elucidate the effect of IL-9 blockade against infiltration of activated lymphocytes into the spinal
cord. We observed significantly reduced levels of inflammation and demyelination in the CNS
of anti-IL-9 mAb-treated mice compared with control mice. Furthermore, anti-IL-9 mAb-
treated mice exhibited a significant decrease in the absolute number of CD4+ T cells, CD8+ T
cells, B cells, and macrophages infiltrating into the CNS. The absence of activated lymphocytes
in the spinal cord of anti-IL-9-mAb-treated mice is likely to be mediated via the inhibition of
the induction of MOG35–55-peptide-specific CD4+ T cells, including Th17, Th1 cells, and
CD8+ T cells in the peripheral lymphoid tissue and also via the inhibition of infiltration of
activated lymphocytes into the spinal cord.

Th17 cells directed against self-Ags cause severe autoimmune disease in mice, including EAE,
non-obese diabetes and collagen-induced arthritis (7,41-43). These studies highlight the
importance of understanding the regulation of Th17 cell development in autoimmune disease.
In mice, autoantigen-specific Th17 cells have been shown to be the dominant pathogenic T
cell subset in EAE (7,44,45). Previous studies have suggested a pathogenic role of IL-9 as a
Th17-derived cytokine that can contribute to inflammatory disease (17). We provide evidence
that functional blocking of IL-9 inhibited the differentiation of Th17 cells in vitro. We
investigated the in vivo role of IL-9 in T cell development in EAE, using an anti-IL-9 mAb and
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adoptive transfer EAE model. We showed that treatment with anti-IL-9 mAb effectively
suppressed the incidence and severity of EAE. These results are consistent with previous
studies using anti-IL-9 mAb treatment and IL-9 receptor deficient mice (17). Anti-IL-9 mAb-
treated mice were devoid of mononuclear cells in the spinal cord. Importantly, treatment of
donor mice with anti-IL-9 mAb also inhibited the generation of encephalitogenic T cells in
vivo. In contrast, treatment of donor mice with recombinant IL-9 stimulated the generation of
encephalitogenic T cells. As previously reported, IL-9 synergizes with TGF-β differentiated
naïve CD4+ T cells into Th17 cells in vitro (21). Our data support the importance of IL-9 in
the differentiation of Th17 cells in vivo.

Furthermore, we found that anti-IL-9 mAb potently suppressed IL-17 production in culture.
IL-23-plus anti-IL-9 mAb treated cells transferred significantly less severe EAE to naive
animals. Importantly, anti-IL-9 mAb negated this effect, as demonstrated by a low level of
IL-17 production in anti-IL-9 mAb-treated cultures. Consistent with these observations, rIL-9
in culture enhanced IL-17 production and the potency of MOG-reactive T cells to transfer EAE.
These findings provide further evidence that suppression of adoptive transfer EAE by anti-
IL-9 mAb is mediated by Th17 suppression.

In this study, we observed that anti-IL-9 mAb treatment decreased the induction of Th1 cells
during the priming stage of lymph nodes, suggesting that IL-9 may regulate the differentiation
of Th1 cells. In agreement with this, it has been reported that IL-9 can induce IFN-γ production
and suppress Th2 immune response in Mycobacterium infections (35). The effects of IL-9 were
not limited to antagonizing suppressive factors in Mycobacterium infections; it also amplified
the stimulatory activities of IL-2 (35,46) and IL-6 (35). This general stimulation of cytolytic
activities was accompanied by and dependent on IFN-γ, as the IFN-γ message was up-regulated
by IL-9 (35). Moreover, antigen- and IL-18-stimulated Th1 cells can strongly produce IFN-γ
and IL-9 (47). Culturing of sorted IFN-γ+ Th1 cells with OVA, IL-2, and IL-18 in the presence
of APC led to an increase in IL-9, IL-13, IFN-γ and GM-CSF, but not IL-4 production (48).
These results indicate a positive correlation between IL-9 and Th1 cells. Thus, decreased Th1
response after anti-IL-9 treatment, together with suppressed Th17 cells, represents an important
mechanism underlying anti-IL-9 induced EAE suppression.

When comparing the developmental suppression of Th17 and? Th1 in peripheral lymphoid
tissue of anti-IL-9 mAb-treated mice, the frequency of Foxp3+ cells was also slightly
diminished at priming stage. At the same time, the effect of IL-9 blockade against the
proliferation of MOG35-55-peptide-specific periphery T cells suggests that the deficiency of
CNS-infiltrating CD4+ T cells in anti-IL-9 mAb treated mice was perhaps due to a T cell
priming defect. However, at the peak stage, Foxp3mRNA increased in the CNS. The reason
for the preferential accumulation of Treg cells in the CNS under anti-IL-9 mAb treatment
should be further investigated.

In conclusion, our studies suggest that the protective effect of anti-IL-9 mAb treatment in EAE
is mediated not only via suppression of IL-9-induced inflammatory reactions, but also via
inhibition of the induction of MOG35-55-peptide-specific Th17 and Th1 cells, which in turn
leads to reduced infiltration of T cells into the CNS. These findings not only provide evidence
for an important pathogenic role of IL-9 in EAE, but also indicate that anti-IL-9 mAb treatment
might represent a promising therapy for human MS and other Th17-mediated chronic
autoimmune diseases.
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Abbreviations used in this paper

EAE experimental autoimmune encephalomyelitis

MOG myelin oligodendrocyte glycoprotein

MS multiple sclerosis

pi postimmunization
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Figure 1. Anti-IL-9 mAb suppressed actively induced EAE
C57BL/6 mice immunized for EAE induction were treated with anti-IL-9 mAb, or control IgG
every other day starting on day -1 p.i. (A). Filled circles indicate the IgG-treated group (n =
10), and open circles indicate the anti-IL-9 mAb-treated group (n = 10). Clinical scores
(averages ± SEM) combining three independent experiments are shown. Incidence of EAE in
these mice is shown in (B). Statistics were calculated with the Mann-Whitney U test (A) and
the χ2 test (B). ***, p<0.001
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Figure 2. Anti-IL-9 mAb-treated mice have reduced pathology in the CNS
At disease peak, spinal cords were harvested after extensive perfusion, and 5 μm sections were
stained with H&E and Luxol fast blue. Examples of mice receiving control IgG i.p. infiltration
(A), demyelination (B and C), anti-IL-9 mAb i.p. infiltration (D), demyelination (E and F) are
shown. The differences between control IgG -i.p. and anti-IL-9 mAb i. p groups were
significant (all p <0.01). (G) Mean scores of inflammation and demyelination ± SD combining
three independent experiments are shown (n =15 each group). **, p <0.01.
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Figure 3. Anti-IL-9 mAb-treated mice are devoid of CNS-infiltrated cells
(A) Analysis of mononuclear cells infiltrating into the spinal cords. Mononuclear cells were
recovered from spinal cord at day 19 p.i. Isolated cells were stained with antibodies against
CD45, CD4, CD8, B220, and CD11b. CD45 high populations were gated. (B) RNA was made
from spinal cord samples; the mean values of mRNA expression relative to β-actin are shown.
Filled bars indicate the control IgG-treated group (n = 8), and open bars indicate the anti-IL-9
mAb-treated group (n = 4). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 4. IL-9 blockade suppressed the induction of MOG35-55 peptide-specific T cells in
peripheral lymphoid tissue
Intracellular staining of lymphocytes stimulated with MOG35-55 peptide. Inguinal lymph node
cells were recovered at day 8 p.i. All plots were gated on CD4+ T cells (A and B). (C) IL-9
blockade suppressed the antigen-specific cytokine production of IL-17 and IFN-γ from
lymphocytes. Splenocytes were recovered at the peak of disease after immunization and
restimulated with 50 μg/ml MOG35-55 peptide for 72 h. IL-17 and IFN-γ concentrations in the
supernatants were determined. (D) IL-9 blockade suppressed the serum level of IL-17. Mice
were treated with anti-IL-9 mAb or control IgG, and serum samples were prepared at the peak
of EAE after antigen immunization. IL-17 cytokine concentrations in the serum were analyzed.
(E) Spleen cells from MOG35-55-immunized mice obtained 8 days p.i. were re-stimulated ex
vivo with MOG35-55 peptide (10 μg/ml) or anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml).
Proliferation was determined by [3H] thymidine incorporation as described in the Materials
and Methods section. n=5 in each group. All p values were determined by using the Student's
t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 5. Effect of anti-IL-9 mAb on the encephalitogenicity of MOG-specific Th17 cells
(A) IL-17 production by naïve CD4+ T cells cultures under optimal Th17 conditions and in the
presence of either IL-9 (10 ng/ml), or anti-IL-9 mAb (100 ng/ml). (B) Donor mice were
immunized with MOG, IFA, and M. tuberculosis. Immunized mice were treated with either
rIL-9 (20 ng/mouse), anti-IL-9 mAb (300 μg/mouse), or PBS. On day 12 post immunization,
mice were sacrificed, and total lymph node cells were further primed with MOG35-55 (50 μg/
ml), IL-23 (10 ng/ml) for 3 days. A total of 2 × 107 viable MOG-specific Th17 cells were
adoptively transferred to naive recipient mice. n=5 in each group. Mice were examined for
clinical signs every day until 20 dpt. *, comparison between rIL-9 -treated mice and wildtype
mice. *, p < 0.05; **, p < 0.01; ***, p < 0.001. #, comparison between rIL-9 -treated mice and
wildtype mice. #, p < 0.05.
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