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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating 
disease of the central nervous system (CNS) with a complex 
etiology.[1] The pathogenesis of MS is not completely 
understood, and it is believed that a combination of genetic, 
environmental, and infectious factors trigger autoimmune 
activity and cause MS onset.[2] Experimental autoimmune 
encephalomyelitis (EAE) is a mouse model for MS, wherein 
disease is mediated by CD4+ T helper cells, macrophages, 
and other immune cells.[3]

Th9 cells are a newly discovered CD4+ T helper cell subtype, 
characterized by high interleukin  (IL)‑9  secretion.[4,5] 
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Growing evidences suggest that Th9 cells are involved in the 
pathogenic mechanism of MS. Moreover, it has been reported 
that myelin oligodendrocyte glycoprotein (MOG)‑specific 
Th9 cells can induce EAE on adoptive transfer,[6] whereas 
anti‑IL‑9 neutralizing antibody treatment attenuates EAE.[7]

Mast cells are multifunctional innate immune cells, which 
are perhaps best known for their role as dominant effector 
cells in allergies and asthma.[8] However, mast cells have 
been widely overlooked in other autoimmune diseases.[9] 
Nowadays, several lines of evidence point to an important 
role for mast cells in MS and its animal models.[10,11] Mast 
cells are present in inflammatory demyelinating plaques in 
the brain and spinal cord of MS patients, while a unique 
mast cell protease  (tryptase) and histamine are elevated 
in cerebrospinal fluid.[12] Furthermore, EAE severity can 
be reduced by preventing mast cell activation through 
administration of depletory vasoactive amines (specifically, 
reserpine) in mast cell granules.[13] These clinical‑  and 
laboratory‑based studies support a prominent role for mast 
cells in MS pathogenesis.

Simultaneously, there is dynamic “cross‑talk” between mast 
cells and lymphocytes (regulatory/effector T‑cells and B‑cells) 
for integrated control of immune damage and development 
of the immune response.[14] Besides, the interaction between 
Th9 and mast cells has been confirmed in other autoimmune 
diseases. Kearley et al.[15] found that IL‑9 governs allergen 
inducing mast cell number in the lung, and has pronounced 
effects on chronic allergic inflammation, thereby suggesting 
an important role for the IL‑9‑mast cell axis in autoimmune 
disease pathology. However, the involvement of IL‑9‑mast 
cell interaction in MS pathogenesis remains unknown. Here, 
the aim of the present study was to examine the IL‑9‑mast cell 
axis in EAE, and determine its interaction after neutralizing 
anti‑IL‑9 antibody treatment.

Methods

Reagents
Rat MOG 35–55 peptide (MEVGWYRSPFSRVVHLYRNGK; 
>95% purity) was synthesized by Xi’an Biotechnology 
Co., (Xi’an, China). Heat‑killed Mycobacterium tuberculosis 
H37Ra was obtained from Difco (USA). Complete Freund’s 
adjuvant (CFA) was obtained from Sigma Aldrich (USA), and 
pertussis toxin (PTX) from Alexis (Germany). The following 
antibodies were used in this study: FITC‑anti‑mouse 
CD45  (eBioscience, USA), PE‑Cyanine5‑anti‑mouse 
CD117 (eBioscience), anti‑mouse IL‑9 (BE0181; BioXCell, 
USA), anti‑mouse IgG2a isotype control  (BE0085; 
BioXCell), anti‑mouse IL‑9 receptor  (IL‑9R)  (SC699; 
Santa Cruz, USA), anti‑mouse IL‑2Rγ (SC668; Santa Cruz), 
anti‑mouse IgG isotype control (GTX35009; Santa Cruz), 
and donkey pAb to Rb IgG Alexa Flour 555 (Ab150074; 
Abcam, USA).

Animals
Female C57BL/6 mice, aged between 6 and 10 weeks 
and weighing 16–18 g, were provided by the Medical 

Laboratory Animal Center of Guangdong Province (Foshan 
City, China). Mice were bred in the Laboratory Animal 
Center of Sun Yat‑sen University (Guangzhou, China). 
The animal experimental protocol was approved by 
the Animal Experiment Committee of Sun Yat‑sen 
University.

Experimental autoimmune encephalomyelitis and 
anti‑interleukin‑9 monoclonal antibody treatment
Female C57BL/6 mice were randomly divided into three 
groups  (n  =  5 in each group): Mice with MOG‑induced 
EAE  (EAE group), EAE mice treated with anti‑IL‑9 
antibody (anti‑IL‑9 Abs group), and EAE mice treated with 
IgG isotype control (IgG group). MOG‑induced EAE was 
induced as described previously.[16] Briefly, on days 0 and 7, 
mice were injected subcutaneously with a 0.2 ml emulsion 
containing 200 μg MOG 35–55 peptide in phosphate buffer 
saline combined with an equal volume of CFA containing 
300 μg heat‑killed M. tuberculosis H37Ra, respectively in 
the bilateral inguinal and axillary regions. On the day of 
immunization and 2 days after immunization, mice were 
injected with PTX intraperitoneally (300 ng/mouse). Starting 
from the day before immunization, anti‑IL‑9 antibody or 
IgG isotype control was injected intraperitoneally every 
other day for the whole course of 30  days.[17] Clinical 
EAE was graded daily on a scale of 1–5 using previously 
established standard criteria:[18] 0, normal; 1, flaccid tail; 
2, moderate hind or front leg weakness; 3, severe hind or 
front leg weakness; 4, complete paralysis of limb(s); and 
5, moribund.

Sample preparation
Purified cells containing mast cells were harvested from 
the CNS and spleen, as described previously.[17] Briefly, 
tissue was gently mashed and resuspended in 2 ml 70% 
buffered Percoll (Amersham Pharmacia Biotech, USA). 
After centrifugation, the suspension at the bottom of the 
tube was mainly composed of mast cells and red cells. This 
suspension was harvested, washed, and incubated in 3 ml 
red blood cell lysis buffer (Qiagen, Crawley, UK).

Flow cytometry
CD45+  CD117+  mast cells from CNS and spleen were 
harvested from purified cells by flow cytometry. Purified 
cells were stained with specific monoclonal antibodies 
(mAbs). All mAbs for flow cytometry were purchased 
from eBioscience. The protocol was the same as described 
previously.[17]

Reverse transcription‑polymerase chain reaction
Total RNA was extracted from CNS and spleen mast 
cells. Total RNA (0.2 μg) was denatured for 5 min at 
65°C and reverse transcription performed. Real‑time 
reverse transcription‑polymerase chain reaction 
(RT‑PCR) was performed using gene specific primers 
[Table 1], as described previously.[17] An internal control 
(β‑actin) was used to calculate relative expression of 
targeted genes and standardize complementary DNA 
loaded in each sample.
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Immunocytochemistry
Spleen mast cells purified by flow cytometry sorting 
were plated on 24‑well chamber slides and fixed with 
paraformaldehyde for 30 min. Cells were then incubated 
with DAPI  (Invitrogen, USA), anti‑IL‑9R  (Santa 
Cruz Biotechnology), and anti‑IL‑2Rγ  (Santa Cruz 
Biotechnology) antibodies. Next, cells were incubated with 
Alexa Fluor555‑conjugated secondary antibodies (Abcam) 
for 30  min. Cells were examined using a deconvolution 
fluorescence microscope system (Zeiss, Germany).[17]

Splenocyte culture
Splenocyte cultures were prepared as described previously.[19] 
Splenocytes were harvested from EAE mice (2–3 scores) 
5 days after MOG immunization. They were then divided into 
equal cell numbers (0.5 × 106 cells) in wells, and incubated 
with different concentrations  (5 μg/ml, 10 μg/ml, and 
20 μg/ml) of anti‑IL‑9 antibody or anti‑mouse IgG for 7 h.

Statistical analysis
Data were expressed as mean  ±  standard error. Results 
among three groups were analyzed by one‑way analysis 
of variance. Two groups were compared using Student’s 
t‑test. All statistical analysis was performed using SPSS 
version 13.0 for Windows (SPSS Inc., Chicago, IL, USA). 
A P < 0.05 was considered statistically significant.

Results

Anti‑interleukin‑9 antibody treatment suppressed 
experimental autoimmune encephalomyelitis
To determine the efficacy of anti‑IL‑9 antibody treatment 
in EAE, we examined EAE clinical score. It was shown 
that IL‑9 blockade delayed clinical disease onset and 
ameliorated EAE severity in anti‑IL‑9 Abs group, compared 
withIgG group  (t = −2.217, P = 0.031; Figure 1). These 
results confirmed that IL‑9 neutralization was an effective 
therapeutic strategy for EAE.

Anti‑interleukin‑9 antibody treatment decreased mast 
cell infiltration of the central nervous system
To determine the mast cell population that infiltrated the 
CNS, purified cells (mainly composed of mast cells) were 
harvested from the CNS (i.e., cerebrum, cerebellum, brain 
stem, and spinal cord) on days 0, and 5, 15, and 20 after 
EAE immunization. CD45+ CD117+ mast cells were detected 
by flow cytometry. CNS mast cells maintained a high level 
throughout the disease course in EAE group  [Figure  2]. 
However, mast cells were significantly reduced from day 5 
and remained low in anti‑IL‑9 Abs group, compared with 
IgG group (day 5: t = −8.005, P < 0.001; day 15: t = −11.857, 
P < 0.001; day 20: t = −5.243, P = 0.001).

Interleukin‑9 blockade reduced production of chemokine 
recruiting mast cells in the central nervous system
IL‑9 induces various chemotactic factors in mice and 
humans.[20,21] Among them, platelet and endothelial cell 
adhesion molecule 1 (Pecam1), supercoiling factor (SCF), 
vascular cell adhesion molecule 1  (Vcam‑1), C‑C motif 
chemokine ligand 2  (CCL2), and C‑C motif chemokine 
ligand 5  (CCL5, RANTES) are the main chemokine 
recruiting mast cells.[22] Thus, in anti‑IL‑9 Abs and IgG 
groups, the production of these chemokines in EAE after 
IL‑9 blockade were examined by RT‑PCR; and messenger 
RNA (mRNA) expressions of the chemokines in CNS tissue 
of EAE were also detected 5 days after immunization. It was 
found that after IL‑9 neutralization, mRNA expressions of 
CCL5 and Vcam‑1 were significantly decreased in anti‑IL‑9 
Abs group, compared with IgG group (CCL5: t = −5.932, 
P = 0.003; Vcam‑1: t = −4.029, P = 0.004; Figure 3).

Table 1: Primers used for PCR amplification

Genes Primers
β‑Actin

Forward primers 5’‑GGCTGTATTCCCCTCCATCG‑3’
Reverse primers 5’‑CCAGTTGGTAACAATGCCATGT‑3

IL‑2Rγ
Forward primers 5’‑TTCTCCCTGCCTAGTGTGGA‑3’
Reverse primers 5’‑GGACAGGCTGGCTCCATTTA‑3’

IL‑9R
Forward primers 5’‑TCCTGGTTCCTGATCTACAGC‑3’
Reverse primers 5’‑TGTGTTTGATTTCAGTCACCTGG‑3’

CCL‑2
Forward primers 5’‑CAGCAGGTGTCCCAAAGAAG‑3’
Reverse primers 5’‑AAGTGCTTGAGGTGGTTGTG‑3’

CCL‑5
Forward primers 5’‑ATATGGCTCGGACACCACTC‑3’
Reverse primers 5’‑CACACACTTGGCGGTTCCTT‑3’

Vcam‑1
Forward primers 5’‑CTTGTGGAAATGTGCCCGAA‑3’
Reverse primers 5’‑TAGAGTGCAAGGAGTTCGGG‑3’

Pecam‑1
Forward primers 5’‑GTCATTGGAGTGGTCATCGC‑3’
Reverse primers 5’‑GCTTCCACACTAGGCTCAGA‑3’

SCF
Forward primers 5’‑TGGAAGAAAACGCACCGAAG‑3’
Reverse primers 5’‑TGGAATCTTTCTCGGGACCT‑3’

CCL2: C‑C motif chemokine ligand 2; CCL5: C‑C motif chemokine 
ligand 5; IL‑2Rγ: Interleukin‑2 receptor γ; IL‑9R: Interleukin‑9 receptor; 
PCR: Polymerase chain reaction; Pecam1: Platelet and endothelial cell 
adhesion molecule 1; SCF: Supercoiling factor; Vcam‑1: Vascular cell 
adhesion molecule 1.

Figure  1: Anti‑IL‑9 antibody treatment suppressed EAE. IL‑9 
blockade delayed clinical disease onset and ameliorated EAE severity. 
Data are shown as mean  ±  SE. EAE: Experimental autoimmune 
encephalomyelitis; SE: Standard error; IL: Interleukin.
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Interleukin‑9 receptor complex was expressed in central 
nervous system and spleen mast cells
To determine the IL‑9 target that interacts with CNS 
and mast cells, we examined the expression of IL‑9R 

complexes  (which are mainly composed of IL‑9R and 
IL‑2Rγ[23,24]) in CNS tissue and spleen mast cells from EAE 
mice 5  days after MOG immunization. RT‑PCR showed 
mRNA expressions of both IL‑9R and IL‑2Rγ in CNS and 
spleen mast cells [Figure 4].

Immunocytochemistry further confirmed the protein 
expressions of IL‑9R and IL‑2Rγ in spleen mast cells of 
EAE mice [Figure 4]. These results suggested that the IL‑9R 
complex was expressed in CNS and spleen mast cells, and 
indicated that CNS and mast cells were the targets of IL‑9 
in EAE.

In vitro effect of anti‑interleukin‑9 antibody on spleen 
mast cells
To determine whether anti‑IL‑9 antibody has a direct effect on 
mast cells, we cultured splenic cells with anti‑IL‑9 antibody 
or anti‑mouse IgG in vitro. Splenocytes were harvested from 
EAE mice 5 days after MOG immunization. After co‑culture 
for 7 h, mast cell numbers were counted by flow cytometry. 
Compared with splenocytes cultured with anti‑mouse IgG, 
the splenocytes cultured with anti‑IL‑9 antibody showed 
significantly lower levels of mast cells in a dose‑dependent 
manner; and this trend was particularly evident with 
anti‑IL‑9 antibody concentrations up to 20 μg/ml (5 μg/ml: 
t = −0.894, P = 0.397; 10 μg/ml: t = −3.348, P = 0.019; 
20 μg/ml: t = −7.639, P < 0.001; Figure 5).

Figure 2: Anti‑IL‑9 antibody treatment decreased mast cell infiltration of the CNS. Purified cells (mainly composed of mast cells) were harvested 
from the CNS on days 0, and 5, 15, and 20 after EAE immunization. CD45+ CD117+ mast cells were detected by flow cytometry. CNS mast cells 
maintained a high level throughout the disease course in EAE group. However, mast cells were significantly reduced from day 5, and remained low 
in anti‑IL‑9 Abs group, compared with IgG group. Data are shown as mean ± SE. *P < 0.01, anti‑IL‑9 Abs group versus IgG group. CNS: Central 
nervous system; EAE: Experimental autoimmune encephalomyelitis; SE: Standard error; IL: Interleukin.

Figure 3: IL‑9 blockade reduced production of chemokine recruiting 
mast cells in the CNS. Five days after immunization, mRNA expressions 
of Pecam1, SCF, Vcam‑1, CCL2, and CCL5 in CNS tissue of EAE mice 
were detected by RT‑PCR. After IL‑9 neutralization, mRNA expressions 
of CCL5 and Vcam‑1 were significantly decreased in anti‑IL‑9 Abs 
group, compared with IgG group. *P  <  0.01. Pecam1: Platelet 
and endothelial cell adhesion molecule 1; SCF: Supercoiling factor; 
Vcam‑1: Vascular cell adhesion molecule 1; CCL2: C‑C motif 
chemokine ligand 2; CCL5: C‑C motif chemokine ligand 5; CNS: Central 
nervous system; EAE: Experimental autoimmune encephalomyelitis; 
IL: Interleukin; RT‑PCR: Reverse transcription‑polymerase chain 
reaction; mRNA: Messenger RNA.
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Discussion

In addition to Th1, Th2, and Th17 cells, another effector T 
cell subset has recently been described, namely Th9 cells.[4,5] 
Previous studies have shown that Th9 cells are capable of 
inducing EAE.[6] Mast cells originate in bone marrow from 
lineage‑specific multipotent hematopoietic progenitors.[25,26] 
They display functional diversity depending on the tissue 
in which they differentiate. Their distribution enables 
them to be among the first cells of the immune response 
to interact with environmental antigens and allergens, 
invading pathogens, or toxic compounds.[27,28] In recent 

years, research for mast cells has dramatically changed our 
perception of their function and role. A growing body of 
evidence showed that mast cells are implicated in a broad 
spectrum of autoimmune responses, including inflammatory 
demyelinating diseases.[10,11,29‑31]

Remarkably, in EAE, both Th9 cells and mast cells play an 
effector function against blood‑brain barrier disruption.[17,32] 
Moreover, Th9 and mast cell interaction has been confirmed 
in other autoimmune diseases. For example, in an adoptive 
transfer model of allergic inflammation, Th9 cell recipients 
showed significantly higher mast cell accumulation and 

Figure 4: The IL‑9R complexes (mainly composed of IL‑9R and IL‑2Rγ) were expressed in CNS and spleen mast cells. (a) RT‑PCR showed 
mRNA expressions of both IL‑9R and IL‑2Rγ in CNS and spleen mast cells. (b) Immunocytochemistry further confirmed protein expressions of 
IL‑9R and IL‑2Rγ in spleen mast cells of EAE (original magnification ×200). IL‑9R: Interleukine‑9 receptor; IL‑2Rγ: Interleukin‑2 receptor γ; CNS: 
Central nervous system; EAE: Experimental autoimmune encephalomyelitis; RT‑PCR: Reverse transcription‑polymerase chain reaction; mRNA: 
Messenger RNA.

a

b
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expression of mast cell proteases. Further, mast cell 
accumulation was dependent on IL‑9, suggesting that 
Th9 cells and IL‑9 played an important role in mast cell 
accumulation and activation.[33] Another study found that 
anti‑IL‑9 antibody treated mice were protected from airway 
remodeling with a concomitant reduction in mature mast cell 
number and activation, also demonstrating an important role 
of the IL‑9‑mast cell axis in chronic asthma pathology.[15] 
However, the presence of the IL‑9‑mast cell interaction in 
MS pathogenesis remains unknown.

In this study, IL‑9 blockade delayed onset of clinical 
disease, ameliorated EAE severity, and was accompanied 
by decreasing mast cell infiltration of the CNS. Our results 
indicated that IL‑9 was an important factor for EAE 
pathogenesis and could affect CNS mast cell quantity. This 
demonstrated that both IL‑9 and mast cells contributed 
to the autoimmune response of EAE. Consistent with our 
study, genetically ablating IL‑9R or blocking IL‑9 with a 
neutralizing antibody attenuated EAE due to fewer Th17 cells 
within the CNS.[7,34] Appropriately, another study suggested 
that IL‑9 signaling deficiency exacerbated EAE.[35] Thus, IL‑9 
might have multi‑effects in EAE pathogenesis. At present, 
the exact role of mast cells in CNS autoimmune disease is 
highly debated, in particular with regards to basic data for 
research, which has often shown contradictory outcomes 
when using different animal models.[10,11] The controversial 
aspects for mast cells might be due to their multifunctional 
characteristics, with mast cell function appearing plastic and 
reliant on the specific tissue microenvironment. For example, 
de Vries et al.[36] reported that mast cell degranulation resulted 
in transient loss of regulatory T cell (Treg) suppressor activity, 
and disrupted peripheral tolerance in an allograft tolerance 
model. Lu et al.[37] found that IL‑9 activated mast cells to 
mediate regional immune suppression in a tolerant allograft 
model, while neutralization of IL‑9 greatly accelerated 
allograft rejection in tolerant mice. Indeed, mast cell contact 
with a wide array of cytokine signaling pathways allowed 

them to respond to different kinds of stimuli within specific 
microenvironments. Because of this plastic response in mast 
cells, the role they playing in autoimmune disease was more 
complex than expected. The mechanisms by which mast cells 
contribute to these controversial phenomenon needs further 
investigation. Nonetheless, it is evident that mast cells are 
involved in the pathogenesis of inflammatory demyelinating 
diseases.[10,11]

To exclude factors that might affect the mast cell 
microenvironment in vivo, and to examine the direct effect 
of anti‑IL‑9 antibody on mast cells, we co‑cultured anti‑IL‑9 
antibody and splenocytes in vitro. Consequently, we found 
that neutralizing IL‑9 with anti‑IL‑9 antibody decreased 
mast cells in cultured splenocytes. This further supported 
the hypothesis that IL‑9 had a direct effect on mast cells.

The pathways by which IL‑9 blockade decreases mast 
cell infiltration in EAE have not been examined. Previous 
studies have shown that IL‑9 enhanced expression of 
various chemokines for tissue cell accumulation.[38,39] For 
example, Zhou et al.[17] observed that IL‑9 induced astrocytic 
production of C‑C motif chemokine ligand 20 (CCL‑20) and 
subsequent migration of Th17 cells into the CNS, resulting in 
an EAE immune response. Therefore, we speculated that IL‑9 
effects on mast cells may also involve chemokine regulation. 
Vcam‑1, Pecam1, SCF, CCL‑2, and CCL‑5  (RANTES) 
are the main chemokines recruiting mast cells.[22] Thus, we 
examined the expression of these chemokines, confirming 
their expression in CNS tissue from EAE mice, and showing 
significantly decreased CCL‑5 and Vcam‑1 production 
after IL‑9 blockade. These findings suggested that IL‑9 
neutralization reduced mast cell infiltration by decreasing 
CCL‑5 and Vcam‑1 expression, and provided additional 
evidence for an interaction between IL‑9 and mast cells.

Corroboratively, there is a structural basis for the interaction 
between IL‑9 and mast cells. Previously, Fontaine et al.[40] 
reported that IL‑9R was detected on the surface of neurons. 
Our study confirmed this, and further showed IL‑9R complex 
expression in CNS and splenic mast cells. Overall, these 
results suggested that CNS and splenic mast cells were 
the targets of IL‑9, and suggested an important role for the 
IL‑9‑mast cell axis in EAE pathology.

We have not explored the downstream biological effect 
of mast cells under IL‑9 regulation in the present study. 
In addition, Th9 cells produce large amounts of IL‑9 and 
are the main source of IL‑9. Jäger et al.[6] has shown that 
MOG‑reactive Th9 cells infiltrated the CNS on adoptive 
transfer, suggesting that Th9 cells might produce IL‑9 to 
start the cascade in inflammatory demyelinating disease. 
Nevertheless, the presence of a Th9‑mast cell interaction in 
EAE pathogenesis remains unknown. Further investigation 
on the precise interaction between Th9 and mast cells may 
provide new insights into the pathogenesis of inflammatory 
demyelinating diseases.

In conclusion, this study showed that IL‑9 blockade 
ameliorated EAE, and was accompanied by decreased mast 

Figure  5: In vitro, the effect of anti‑IL‑9 antibody on splenic mast 
cells. Splenocytes were harvested from experimental autoimmune 
encephalomyelitis mice 5  days after MOG immunization. After 
co‑culture with anti‑IL‑9 antibody or anti‑mouse IgG for 7 h, mast 
cell number was counted by flow cytometry. Splenic mast cells 
cultured with anti‑IL‑9 antibody showed significantly lower levels 
in a dose‑dependent manner. This trend was particularly evident 
with anti‑IL‑9 antibody concentrations up to 20 μg/ml. *P < 0.05; 
†P < 0.01. IL: Interleukin; MOG: Myelin oligodendrocyte glycoprotein.
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cell infiltration and reduced CCL‑5 and Vcam‑1 expression 
in the CNS. This suggested that IL‑9 neutralization reduced 
CNS mast cell infiltration and ameliorated EAE, which 
might lead to decreased CCL‑5 and Vcam‑1 expressions. 
Simultaneously, the IL‑9R complexes were expressed in 
CNS and spleen mast cells, demonstrating that mast cells 
were the target of IL‑9, which provided additional evidence 
for an interaction between IL‑9 and mast cells in EAE. 
However, the downstream biological effects of mast cells 
under IL‑9 regulation need further investigation.
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