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Abstract
Experimental autoimmune encephalomyelitis (EAE) is generally believed to be an autoimmune
disease caused by myelin-specific Th1 and/or Th17 effector cells. The underlying cellular and
molecular mechanisms are not fully understood. With mice deficient in IL-9 (IL-9−/−), we showed
that IL-9 plays a critical role in EAE. Specifically, IL-9−/− mice were resistant to the induction of
EAE both by immunization with PLP180-199 peptide in the presence of Complete Freund’s
Adjuvant (CFA) and by adoptive transfer of PLP180-199 peptide-specific effector T cells from WT
littermates. EAE-resistant IL-9−/− mice exhibited considerably fewer inflammatory infiltrates in
the central nervous system, with lower levels of IL-17 and IFN-λ expression, than did WT
littermates. Further studies revealed that null mutation of the IL-9 gene resulted in significantly
lower levels of PLP180-199 peptide-specific IL-17 and IFN-λ production. Moreover, IL-9−/−

memory/activated T cells decreased chemokine receptors CCR2, CCR5 and CCR6. Interestingly,
IL-10 was significantly increased in IL-9−/− mice compared to WT littermates. Importantly, we
found that IL-9 mediated Th17 cell differentiation triggers complex STAT signaling pathways.
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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 an experimental model
of human multiple sclerosis (MS). EAE can be induced in mice by immunization with
myelin antigens or by adoptive transfer of myelin-reactive CD4+ T cells. Recent studies
have shown that the pathogenesis of EAE is associated mainly with Th17 cells [1, 2],
although a role for IFN-γ producing Th1 cells cannot be absolutely excluded [3, 4]. Indeed,
IL-17-deficient mice develop EAE with delayed onset and reduced severity [5, 6]. In
humans, Th17 cells have been identified in the CNS of patients with MS [7-10] and a role
for IL-17 in the development/pathogenesis of MS has been suggested [7-9, 11]. These
findings raise the possibility of suppressing Th17 cells as a potential therapy for MS.

In addition to the compelling evidence that TGF-β and IL-6 in the context of TCR
stimulation differentiate Th17 cells from naïve CD4+ T cells [12-16], a recent report
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indicates that TGF-β and IL-9 may also synergistically drive the differentiation of mouse
Th17 cells in vitro [17]. Intriguingly, Th17 cells can produce IL-9, which in turn amplifies
and expands differentiated Th17 cells [18]. These data suggest that IL-9 might promote
Th17 differentiation, raising the possibility of IL-9 as a potential target for inhibition of
Th17 development in vivo. However, data obtained from previous studies in EAE using
IL-9R−/− mice are contradictory. One report demonstrated that IL-9R−/− was protective
against the development of EAE [18], while another study showed that absence of IL-9
receptor weakens the suppressive activity of nTreg in vivo, leading to an increase in effector
cells and worsening of EAE [17]. In addition, IL-9 has an effect on Th17 and Treg through
activation of STAT3 and STAT5 signaling. Thus, the role of IL-9 in EAE remains unclear.

STATs play critical roles in controlling help/effector T cells differentiation [19]. Activation
of STAT3 is essential for Th17 differentiation [20]; however, the cytokines and factors that
influence the phosphorylation of STAT3 are not yet completely elucidated. IL-6 is
recognized as a major promoter of STAT3 activation and recently it has been shown that
IL-9 treatment also induces tyrosine phosphorylation of STAT3 in T cells, which favors the
development of Th17 cells [17]. In human T cells, a point mutation changing YLPQ into
YLPA in a region of the cytoplasmic domain of human IL-9Rα was found to greatly reduce
IL-9-induced activation of STAT3 and expression of c-myc [21, 22]. These studies suggest
an association between IL-9 and Th17 cell differentiation by influencing the
phosphorylation of STATs, but which STAT is responsible for the IL-9 effect is unclear.
More importantly, it is also not known whether IL-9 signaling is important for T cell
activation and differentiation in the development and pathogenesis of EAE.

In the present study, we investigated the in vivo role of IL-9 in the activation and
differentiation of CD4+ T cells in EAE. We show that IL-9−/− mice are resistant to EAE
induction by reducing encephalitogenic T cells and inflammatory myeloid cell invasion into
the CNS. The suppression of EAE in IL-9−/− mice is attributable to the down regulation of
IL-17, IFN-γ, TNF-α, IL-12p70 and inhibition of chemokine receptors CCR2, CCR5 and in
particular CCR6 in activated T cells, which are necessary for the migration of pathogenic T
cells into the CNS. Importantly, we found that STAT1 and STAT3 are both responsible for
IL-9 mediated promotion of Th17 differentiation.

Results
IL-9 deficiency causes resistance to EAE induction

To examine the role of IL-9 in the development of EAE, we induced EAE in mice lacking
IL-9, which were generated by targeted disruption of the mouse IL-9 gene in embryonic
stem cells [23]. IL-9−/− mice were immunized with PLP180-199 peptide in the presence of
CFA and monitored for the development of EAE for 30 days. Surprisingly, IL-9−/− mice
were resistant to developing clinical EAE. IL-9−/− mice had not only lower incidence of
disease (5/20), but also a much milder clinical course (mean maximal disease grade 0.8 ±
0.5, n = 20) than WT littermates (incidence: 20/20; mean maximal disease grade: 2.5 ± 0.4,
p<0.01). In addition, IL-9−/− mice showed a delay in disease onset compared with WT
littermates (Fig. 1A).

To verify that the absence of IL-9 was responsible for the resistance to EAE, we treated
IL-9−/− mice daily with rIL-9, starting on day 0 through day 30 post immunization (p.i.) with
PLP180-199. This treatment completely restored susceptibility to EAE in IL-9−/− mice (5/5,
Fig. 1B). To further establish the role of IL-9 in EAE pathogenesis, we administered IL-9
into WT littermates daily for 30 days p.i. IL-9 treated WT littermates exhibited a tendency
toward enhanced disease progression compared to untreated animals (Fig. 1C).
Histopathological analysis of the spinal cords revealed that IL-9−/− EAE mice had fewer
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infiltrating inflammatory cells than EAE WT littermates, a situation that was reversed in
knockout mice after treatment with rIL-9 (Fig. 1D). The difference between the pathological
scores and numbers of cells per field infiltrating into the spinal cords of IL-9−/− and other
groups of mice was significant (Fig. 1E, F).

IL-9 deficiency correlates with absence of CD4+ T cell infiltration and IL-17, IFN-γ
expression in the CNS

We then examined the effect of IL-9 deficiency on CD4+ T cell infiltration and IL-17
expression in the CNS. Spinal cords were harvested at the peak of disease (15 days p.i.) to
analyze CD4+ T cells with immunohistofluorescent staining. We observed many fewer
CD4+ T cells in the CNS of IL-9−/− mice (Fig. 2B) compared with WT littermates (Fig. 2A).
The absolute number of CD4+ T cells in the CNS of WT littermates was significantly greater
than that of IL-9−/− mice. These results indicate that lower disease incidence and less severe
disease in IL-9−/− mice are attributable to the absence of pathogenic CD4+ T cells in the
CNS. Intracellular staining for the number of IL-17 producing cells was reduced in the
spinal cord of IL-9−/− mice than in WT littermates (Fig. 2C). In contrast, an increase of
Foxp3+ Treg cells was observed in the spinal cords of IL-9−/− mice (Fig. 2D).

We then determined the inflammatory (IFN-γ, TNF-α, IL-12) and regulatory (IL-10, IL-4)
cytokines in the CNS in IL-9−/− and WT littermates. IL-9−/− mice showed a significant
decrease in production of IFN-γ, TNF-α and IL-12, but IL-10 levels were increased (Fig.
2E, F). Importantly, we observed that IL-9 was indeed expressed in the CNS of WT
littermates during the clinical phase of disease, which was positively correlated with the
development and severity of the clinical symptoms of EAE (Fig. 2G). IL-9 deficiency also
resulted in downregulation of macrophage-DC genes in the spinal cords of IL-9−/− EAE
mice compared with WT littermates (Fig. 2H, I).

Deletion of IL-9 results in reduction of antigen-specific T cell proliferation and
encephalitogenic T production

To elucidate the mechanism underlying the failure of IL-9−/− mice to develop EAE, we
investigated the antigen-specific T cell responses to PLP180-199. At day 10 p.i (prior to the
onset of clinical disease), periphery lymph nodes cells were harvested and stimulated with
PLP180-199, and the antigen-specific T cell proliferation was determined. IL-9−/− T cells
showed significantly lower proliferative response than WT littermates T cells (Fig. 3A).
Similar results were obtained when T cell proliferation was examined at day 30 p.i (data not
shown). In light of this, the defect of antigen-specific T cell proliferation was restored in
IL-9−/− mice and further enhanced in WT littermates, when mice were treated with
exogenous rIL-9 (Fig. 3B). To address the question as to whether the decreased proliferative
response was antigen specific or due to a generalized defect in the activation or function of
T cells, lymph nodes cells were stimulated with the polyclonal activator Con A. Lymph
nodes cells from IL-9−/− WT littermates showed no difference in proliferation in response to
Con A (Fig. 3A).

Consistent with the T cell proliferative responses, lymph node cells from IL-9−/− mice
produced significantly lower levels of antigen-specific inflammatory IL-17 and IFN-γ than
those from WT littermates when stimulated with PLP180-199 (Fig. 3C, D). However, the
production of Th2 cytokine IL-10 (Fig. 3E) was significantly increased in IL-9−/− mice.

IL-9 deficiency down-regulates chemokine receptor expression of CD62L low CD4+T cells
Polarization of naïve CD4+ T cells into Th17, Th1, or Th2 phenotypes has been shown to
modify surface expression of chemokine receptors and adhesion molecules [24-27]. To
determine whether these molecules were differentially expressed under IL-9−/− conditions,
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we investigated surface chemokine receptors CCR2, CCR5, CCR6, as well as P-selectin and
E-selectin. Expression of surface CCR2, CCR5 and CCR6 was decreased significantly in
IL-9−/− CD62Llow CD4+ T cells compared with WT CD4+ T cells (Fig. 3F). In order to
determine whether decreased expression was already present before immunization, we
checked expression of CCR2, CCR5 and CCR6 on CD62L+ CD4+ T cells from naïve mice,
However, no significant difference was observed in the proportions of CD62L+ CD4+ T
cells of naïve mice expressing CCR2, CCR5 and CCR6, P-selectin and E-selectin between
IL-9−/− and WT immunized mice (data not shown).

IL-9−/− mice display decreased EAE severity upon adoptive transfer of PLP180-199-specific
Th17 cells

We then studied roles of IL-9 in the development of passive EAE. Enriched PLP-specific
IL-17-producing T lymphocytes generated from WT mice were transferred into WT or
IL-9−/− mice. IL-9−/− recipient mice showed a significantly lower degree of EAE disease
severity in comparison to WT littermates (Fig. 4A) (p < 0.01), indicating that IL-9 expressed
in the recipients was involved in the encephalitogenicity of transferred Th17 cells during the
course of EAE (Fig. 4A).

At the peak of disease, analysis of spinal cord-infiltrating inflammatory cells was performed
by flow cytometry to evaluate IL-17+IFN-γ+-producing T cells as well as surface markers of
T-cell activation. The results showed a significant decrease of the IL-17+IFN-γ+-Tcell
population in IL-9−/− mice as compared with WT littermates (Fig. 4B). We found
consistently lower levels of IL-17, IFN-γ, and TNF-α and a higher level of IL-10 in the
supernatants of antigen-specific cultures from IL-9−/− mice (Fig. 4C).

STAT1 and STAT3 regulate IL-9 mediated Th17 differentiation
Given that the critical role of IL-9 was originally described as a T cell growth factor[28-30],
we next examined whether IL-9 deficiency had any effect on Th17 cell differentiation.
Indeed, naïve IL-9−/− T cells showed significantly lower levels (three-fold decrease) of
IL-17 production compared with T cells from WT littermates when cultured with IL-6 plus
TGF-β (Fig. 5A).

Because IL-9 has been reported to induce activation of a STAT complex containing STAT3
(Th17), STAT1 (Th1), and STAT5 (Treg) [31], we analyzed the function of STAT1,
STAT3, and STAT5 in IL-17 production in response to IL-9. CD4+ T cells from naive
STAT1-, STAT3-, STAT5-deficient or WT control mice were cultured with anti-CD3 and
anti-CD28 in the presence or absence of IL-9. Exogenous IL-9 failed to further enhance
IL-17 production in these STAT1-, STAT3- knockout T cells, while IL-9 significantly
upregulated IL-17 in control T cells (Fig. 5 B, C). In contrast, IL-9 increased IL-17
production both in WT littermates and STAT5-deficient T cells in response to anti-CD3 and
anti-CD28 Abs stimulation (Fig. 5D). Addition of exogenous IL-9 further enhanced IL-17
production in STAT5-deficient cells (Fig. 5D). Taken together, our results indicate that
STAT1 and STAT3, but not STAT5, regulate IL-9 mediated IL-17 production in T cells.

Discussion
In this study, we investigated the role of IL-9 in T cell development in EAE using IL-9
knockout mice. We show that IL-9−/− mice are protected from clinical disease, and the
suppression of EAE in IL-9−/− mice was largely reversed when treated with rIL-9. Thus,
IL-9 is required for the development and pathogenesis of EAE.

Several important conclusions can be drawn from the current study. First, null mutation of
IL-9 results in a defect in antigen-specific T cell proliferation. Evidence supporting this
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notion includes the finding that IL-9−/− T cells exhibit a substantial reduction of
proliferation in response to PLP peptide restimulation compared to WT littermates. Second,
IL-9−/− T cells fail to differentiate and express a cytokine profile conducive to disease.
Indeed, T cells from IL-9−/− mice produce significantly lower levels of IL-17, IFN-γ, TNF-
α and IL-12p70 and higher levels of IL-10 in the CNS. Third, IL-9−/− T cells lack
appropriate chemokine signals to migrate into the CNS after stimulation by antigen. In mice,
CCR2 [32] and CCR6 [33] chemokines play an important role in eliciting migratory
responses of IL-17+ T cells [34]. Thus, the decrease in chemokine receptors such as CCR2
and CCR6 on activated CD4+ T cells in IL-9−/− mice may explain, at least in part, the
decreased migration of Th17 cells in the CNS.

Moreover, IL-9 deficiency reduces the number of inflammatory myeloid cells, including
macrophages, mast cells and dendritic cells, in the CNS and dampens the levels of their
cytokine production, which may contribute to the decrease in EAE in IL-9−/− mice. It has
been documented that invasion of myeloid cells and production of inflammatory mediators
are the driving forces behind CNS inflammation and demyelination, the pathological
hallmarks of EAE and MS [35]. Published studies have demonstrated that the IL-9 receptor
is expressed on hematopoietic progenitors [36], inflammatory macrophages [37, 38], mast
cells [28], and dendritic cells [39], and the direct positive effect of IL-9 on myeloid cell
function has been documented. Our data are consistent with these studies and extend their
findings by demonstrating an IL-9 positive upregulation of inflammatory innate immunity in
EAE, suggesting multiple actions of IL-9 on encephalitogenic T cells as well as non-T cells
in immunopathology.

The fact that antigen-specific Th17+ T cells fail to induce EAE in IL-9−/− mice highlights
the important role of IL-9 enriched microenvironment in Th17 cell-mediated pathology.
Although mechanistically elusive, our results suggest that IL-9 in the periphery, such as the
lymph nodes, affects Th17 cell survival and/or expansion. IL-9 in the microenvironment can
be produced by effector Th17, Th9 [40] and other cells [28, 41]. It is unclear whether IL-9
also affects Th1 and Th2 cells in vivo, but analysis of the effects will help elucidate the role
of IL-9 in autoimmune diseases.

The resistance to EAE in IL-9−/− animals may also result from an active immunoregulatory
mechanism induced by IL-10 production. This notion was supported by our observation that
IL-10 production was upregulated during the entire course of the study. IL-10 and IL-4 are
required for IL-9 expression by T cells [42, 43]. However, production of IL-5 and IL-13 is
required for IL-9 [44, 45]. The cascade of cytokine production that is required for IL-9 may
defect in deficiency mice. The question whether CD4+ T cells are polarized towards Th2 in
the absence of IL-9 needs to be further addressed. Although it remains to be elucidated
which type of cells produce IL-10 in IL-9−/− mice resistant to EAE, CD4+CD25+ regulatory
T cells are an important candidate, given that IL-10 producing regulatory CD4+CD25+ T-
cells suppress the induction of EAE [46, 47]. Nevertheless, this finding indicates that IL-9
may be a negative regulator for IL-10 production in the CNS.

Data presented herein are actually opposite to those previously reported by Elyaman W et al,
using IL-9R KO mice [17]. The exact role of IL-9 in CNS inflammation will thus remain
extremely controversial. Beriou G et al. demonstrated that higher frequency of memory
CD4+ T cells can translate to IL-9+IL-17+ cells [48]. Whether IL-9 signals play a role can
through IL-17 receptors remains to be elucidated. It is also possible there are additional
ligands to IL-9R that could explain the difference in phenotype between the IL-9 KO and the
IL-9R KO.
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A role of STAT1 in IL-9 mediated Th17 differentiation provides a molecular mechanism for
understanding IL-9 and Th17 in the pathogenesis of EAE [49]. Recently, chip-seq mapping
of STAT1 binding revealed more than 11,000 sites in unstimulated human Hela cells and
40,000 sites following IFN-γ stimulation [50]. Indeed, STAT proteins bind to the IFN-γ
activation site element, which is found to be necessary for IL-9-dependent activation of the
promoter of this gene [49]. IFN-γ induces phosphorylation of STAT1 to a similar extent as
human IL-9 but does not affect proliferation of transected murine lymphoma cells; however,
IL-9 induces a sustained STAT1 phosphorylation, which affects cell growth associated with
induction of a STAT3 target gene [51]. We show here that IL-9 affects Th17 cells not only
through activation of STAT3 [52, 53], but also STAT1, suggesting that IL-9 triggers
complex STAT signaling pathways.

We have provided evidence that IL-9 controls pathways central to the induction and
development of EAE. Disruption of the IL-9 gene reduces inflammatory infiltrates in the
CNS and attenuates clinical symptoms of EAE. Thus, our study has not only helped to
further elucidate the molecular mechanism of IL-9 in inflammation and autoimmunity, but it
has also suggested a potential target for human multiple sclerosis therapy.

Materials and Methods
Mice

STAT3−/−, STAT5−/− mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
STAT1−/−, mice were purchased from Taconic (Germantown, NY). Homozygous breeding
pairs of IL-9−/− mice (N10 BALB/c), as previously described [23], were a kind gift from Dr.
Noelle’s laboratories (Dartmouth Medical School, Lebanon, New Hampshire), and bred in
the Thomas Jefferson University animal facility. For all experiments 8~10 week-old female
mice were used. Throughout this study, both WT and heterozygous littermate mice were
used for comparison with the deficient mice. Since no discrepancy was observed between
the heterozygous and homozygous WT groups, hereafter they will both be referred to as WT
littermates. 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.

Active EAE induction with myelin PLP180-199 peptide
EAE was induced with myelin PLP180-199 peptide (WTTCGSIAFPSKTSASIGSL;
Louisville, KY) as described earlier [54]. Briefly, IL-9−/− mice and WT littermates (five to
ten mice per group) were immunized subcutaneously (s.c) in the flanks with 200 μg of
PLP180-199 peptide in 0.1 ml phosphate-buffered saline and 0.1 ml CFA containing 0.4 mg
Mycobacterium tuberculosis (H37Ra; Difco Laboratories, Detroit, MI) and injected
intravenously (i.v.) with 400 ng pertussis toxin (Sigma, St Louis, MO) on the day of
immunization and 2 days later. EAE was scored as described previously: grade 1,
piloerection; 2, limp tail or isolated weakness of gait without limp tail; 2.5, partial hind leg
paralysis; grade 3, hind leg paralysis; grade 4, complete hind and fore limb paralysis; grade
5, moribund or death stage.

rIL-9 treatment
IL-9−/− and WT littermates immunized with PLP180-199 were injected intraperitoneally with
10 ng of rIL-9 (Akron Biotech, Philadelphia, PA) dissolved in 0.3 ml of PBS every day
beginning on the day of PLP180-199 immunization until day 30. IL-9−/− and WT littermates
receiving no treatment served as controls for these experiments.
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Immunohistology
To assess the infiltration of immune cells in the CNS, IL-9−/− and WT littermates were
euthanized 5 days after disease onset by CO2 asphyxiation. The lumbar region of spinal
cords was removed on day 15 and stored in 10% buffered formalin. Paraffin-embedded 5
μm thick transverse sections of the spinal cord (six sections per mouse) were stained with
haematoxylin and eosin (H&E) for infiltration of cells. Slides were assessed in a blind
fashion for histology score, as documented previously [55]. 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.

Further, sections were stained with CD4 antibodies to determine the in vivo cytokine
analysis in the CNS. Sections were incubated with CD4 (dilution 1:10) antibodies overnight
at 4°C. The corresponding secondary horseradish peroxidase-labeled antibodies were added
for 30 min at room temperature. Signals were amplified using a tyramide signal
amplification kit per the manufacturer’s protocol.

Isolation of CNS mononuclear cells, ELISA, RT-PCR
MNCs from the CNS of PLP180-199-immunized mice were isolated by Percoll gradient
centrifugation as previously described [55]. Briefly, mice were sacrificed and transcardially
perfused with ice-cold GKN solution (2 g D−(+) glucose, 0.4 g KCl, 8 g NaCl, 3.56 g Na2
HPO4 12H20, and 0.78 g NaH2 PO4 2H20 in 1 L; pH 7.4) with 2 U/ml heparin (Sigma-
Aldrich). Spinal cords were removed into GKN/0.02% BSA (w/v), mechanically dissociated
through a 100-μmcell strainer, and enzymatically digested by incubation with 250 μg/ml
collagenase/dispase and 250 μg/ml DNase I (Roche, Basel, Switzerland) at 37 °C for 20~30
min. The digested CNS preparation was washed with GKN/BSA, and the pellet was
fractionated on a 70/37/30% Percoll gradient. Spinal cord homogenates from IL-9−/− mice
and WT littermates from a subsequent EAE were analyzed by ELISA kit (R&D Systems)
for TNF-α, IFN-γ,IL-12p70, IL-4, IL-10.

To determine IL-9, IL-10, CD11b, CD11c mRNA expression in the CNS, these cells were
assayed using RT- PCR, with β-actin expression serving as control. Relative expression was
calculated following the previously described protocol [55].

Recall responses
For evaluation of T-cell recall responses, lymph node cells from PLP180-199-immunized
IL-9−/−, WT, IL-9−/− + rIL-9, or WT littermates + rIL-9 mice were harvested on day 10 p.i.;
the cells were plated at a density of 5 ×105 cells/well in a 96-well plate in RPMI-complete in
the presence or absence (background) of PLP180-199 (10 μg/ml) peptide or with
Concanavalin A (Con A; 2 μg/ml). For proliferation, [3H] thymidine (1 μCi/well) was added
at 60 hr and mean 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).

Cytokine analysis
For cytokine assays, myelin PLP180-199-immunized lymph node cells (5 ×106/ml) were
cultured in RPMI-complete with concentrations (10 μg/ml) of PLP180-199 peptide. Culture
supernatants for IFN-γ were collected after 48hr, for IL-4 (eBioscience) and IL-17 were
collected after 72 hr and for IL-10 at 96 hr of culture. Cytokines were measured by ELISA
kit (R&D Systems) per the manufacturer’s instructions.
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Chemokine receptor analysis
MNCs from lymph node cells of WT littermates and IL-9−/− mice were isolated at day 8 p.i.
For flow cytometry, these cells were incubated for 20 mins in the dark at 4oC with Abs
CD4, CD62L, CCR2 (Abcam, Cambridge, MA), CCR5, and CCR6 (BD PharMingen, San
Diego, CA).

Adoptive EAE induction
Female 8~12 week-old IL-9−/− and WT littermates were immunized in the footpads with
100 μg of PLP180-199 in CFA containing 5 mg/ml Mycobacterium tuberculosis H37Ra
(Difco, Detroit, MI) on days 0 and 7. Lymph node cells were harvested on day 9 post-
immunization (p.i) and cultured for 3 days in RPMI 1640 supplemented with 10% FCS,
penicillin/streptomycin, L-glutamine, HEPES, sodium pyruvate and 2-ME. All cells were
cultured in the presence of PLP180-199 (20 μg/ml), IL-23 (10 ng/ml) or PBS as a control.
After 72 hr, cells were harvested, washed in PBS and transferred to naïve recipient mice
(5×106 cells/mouse) via the tail vein. Mice were given two doses (400 ng/mouse) of
pertussis toxin i.v. on days 0 and 2 and EAE disease induction was assessed as above.

In vitro Th17 cell differentiation
Lymph nodes were removed from IL-9−/−, STAT1−/−, STAT3−/−, STAT5−/−, WT littermates
and passed through a 100μm cell strainer. Erythrocytes were lysed and cell numbers were
determined. Naïve CD4+ T cells were purified using magnetic bead separation kits (Miltenyi
Biotec, CA) and sorted by flow cytometry. Cells were cultured with anti-CD3 (1 μg/ml),
anti-CD28 (1 μg/ml) (BD Pharmingen, San Jose, CA) and TGF-β (3 ng /ml) (Invitrogen) in
a serumfree medium (X-VIVO-20; Lonza) in the presence or absence of recombinant mouse
IL-9 (10 ng/ml) (Akron Biotech, Philadelphia, PA). Th17 cells were generated with TGF-β
(3 ng /ml), IL-6 (30 ng/ml) and anti-IL-4 (10 μg/ml) (all from Invitrogen).

Statistics
Data sets were tested for statistical significance using unpaired, 2-tailed, Student’s t tests
(for parametric data) or Mann-Whitney tests (for non-parametric data). Differences were
considered significant if p<0.05. Data were analyzed and represented graphically using
Prism software (GraphPad Software Inc., San Diego, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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PLP myelin proteolipid protein

CCR C-C chemokine receptors

STAT signal transducer and activator of transcription

MNC monoclear cells
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Figure 1. Figure 1. IL-9-deficient mice are resistant to EAE
A. EAE was induced in IL-9−/− and WT littermates by immunization with PLP180-199
peptide in CFA. IL-9−/− mice developed attenuated disease characterized by delayed onset,
reduced severity and early recovery (n = 5 each group). Data are representative of at least
three experiments of five mice per group. B. IL-9−/− and C. WT littermates (n = 5 each
group) were immunized with PLP180-199 and daily injected with 10 ng of rIL-9 in 0.3ml
PBS, starting at day 0 until day 30 p.i. Administration of rIL-9 restored susceptibility to
EAE in IL-9−/− mice to a level similar to that in control mice, while in WT mice rIL-9
exacerbated the disease. Data shown are for five mice per group and representative of at
least two experiments. D. Infiltration of leukocytes into the CNS of IL-9−/−, WT, as well as
IL-9−/− and WT after rIL-9 treatment. Animals were sacrificed on day 15 p.i. (peak of
disease), spinal cords were fixed (10% buffered formalin) and infiltration was assessed by
H&E staining and visualized at ×10 magnifications in the arterial region. E. Mean scores of
inflammation ± SD in the CNS of IL-9−/−, WT, as well as IL-9−/− and WT littermates after
rIL-9 treatment (n =5 each group). *, p %lt; 0.05. F. The mean percentage of infiltrating
cells ± SD in all acute lesions analyzed independently of the spinal cord are given in panel
(n =5 each group). *, p < 0.05.
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Figure 2. IL-9−/− EAE mice have reduced numbers of CD4+ T cells and lower levels of IL-17 and
IFN-γ in the CNS
EAE was induced in IL-9−/− and WT littermates by immunization with PLP180-199 peptide.
Animals were sacrificed at the peak of disease, spinal cords were fixed and tissue sections
were immunostained for CD4+ T cells in: A. WT. B. IL-9−/− mice white matter spinal cord
tissue sections of mice with EAE immunostained for CD4 (green). C. CD4+ T cells per
spinal cord of mice with EAE were determined using flow cytometry. Data shown are
representative of ten animals in each group, for IL-17 (C), and CD4+ Foxp3 (D). E. Spinal
cord homogenates from IL-9−/− mice and WT control (n=5 per group) from a subsequent
EAE were analyzed by ELISA for cytokines. Shown are the mean ± SEM of experiments
performed in triplicate. F. IL-10 mRNA levels from spinal cords of WT vs. IL-9−/− mice. G.
WT with different clinical scores, and the mean expression of IL-9 relative to β-actin
determined by real-time PCR are shown. CD11b mRNA (H) and CD11c mRNA (I) levels
from spinal cords of WT vs. IL-9−/− mice. Results are representative of five naive, ten WT
EAE littermates and ten IL-9−/− EAE mice obtained from three independent experiments. *,
p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 3. Decreased PLP180-199-specific Th17 cell response and chemokine receptor expression
A. Lymph node cells from PLP180-199-immunized IL-9−/− and WT littermates obtained 10
days p.i. were re-stimulated ex vivo with PLP180-199 peptide (10 μg/ml) or with ConA (2
μg/ml). Proliferation was determined by [3H] thymidine incorporation as described in
Materials and Methods section. B. Lymph node cells from IL-9−/−, WT littermates, IL-9−/−

+ rIL-9, or WT + rIL-9 mice (n = 5 each group) were isolated 10 days p.i. in vitro with
PLP180-199 peptide (10 μg/ml). Each bar represents the mean stimulation index ± SEM. C-E.
Concentrations of IL-17, IFN-γ and IL-10 in supernatants collected at 48 hr (for IFN-γ), 72
hr (for IL-17) and 96 hr (for IL-10) from lymph node cells stimulated with PLP180-199 were
assayed by ELISA. Data represent results (mean ± SD) of three independent experiments. *,
p < 0.05; ***, p < 0.001. F. Lymph node cells were harvested from mice immunized with
PLP180-199 at day 8 p.i. before onset of disease and CD62low CD4+ T cells stained with
fluorescently conjugated anti-CC chemokine receptor antibodies. Data are representative of
three separate experiments.
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Figure 4. IL-9 produced by Th17 cells is essential for their encephalitogenicity
A. Passive EAE was induced in IL-9−/− and WT littermates (n=10) by adoptive transfer of
IL-17 enriched PLP180-199-sensitized T cells. IL-17 enriched PLP180-199-sensitized T cells
were i.v. transferred into IL-9−/− and WT littermates (5 × 106 cells /mouse; n= 5 per group).
Mean clinical EAE scores were determined on a daily basis. B. Inflammatory cells were
isolated by Percoll gradient from pooled spinal cords of IL-9−/− versus WT littermates (n=5)
at EAE peak disease and were stained for CD4+CD8-IL-17+IFN-γ+. C. ELISA analysis of
cytokines from lymph node cells stimulated with PLP180-199 was assayed. Results shown are
mean ± SEM of triplicate experiments. PLP180-199 peptide add at 30ng/ml. *, p < 0.05; **, p
< 0.01; ***, p < 0.001.
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Figure 5. STATs responsible for IL-9 mediated Th17 differentiation
A. Naïve CD4+ T cells from naïve IL-9−/− and WT littermates were stimulated with anti-
CD3 and anti-CD28 antibodies for 5 days in the presence of TGF-β (3 ng /ml), IL-6 (30 ng/
ml) and anti-IL-4 (10 μg/ml). IL-17 production was determined by ELISA. B-D. Lymph
node naïve CD4+ T cells from STAT1-, STAT3- and STAT5-deficient mice and naive WT
littermates were stimulated with anti-CD3, anti-CD28 and TGF-β for 4 days in the presence
or absence of IL-9 (10 ng/ml), cells were supplemented with recombinant IL-2(50U/ml) at
day 2; IL-17 levels in the culture supernatant were measured by ELISA. Data are mean
cytokine production ± SD of three mice and are representative of three independent
experiments. *, p < 0.05; **, p < 0.01.
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