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Abstract

Background: Th1, Th2, Th17, Treg and Tfh cells play important roles in schistosomiasis. Th9 cells secrete IL-9 as a
signature cytokine and contribute to several classes of inflammatory disease. However, the effects of Th9 cells in
schistosomiasis are unknown. We aimed to explore the dynamic changes and potential roles of Th9 cells in the
pathogenesis of hepatic egg granulomatous inflammation in mice infected with Schistosoma japonicum.

Methods: Twenty mice with S. japonicum infection and five normal controls (NC) were used as models. The
average areas of egg granulomas were estimated by hematoxylin-eosin (H & E) staining. Hepatic IL-9 and
transcription factor PU.1 levels were detected by immunohistochemistry. Flow cytometry techniques were used to
analyze the proportions of Th9 cells. With the help of ELISA, serum levels of IL-9 were examined.

Results: The egg granulomas began to form from four weeks after infection and continued to develop. In parallel
with the development of egg granulomas, the hepatic levels of IL-9 and PU.1 increased very slowly during the first
four weeks post-infection and increased rapidly thereafter. Moreover, the proportions of splenic Th9 cells and levels
of serum IL-9 had similar developmental trends with the egg granulomas.

Conclusion: The proliferation of Th9 cells and levels of IL-9 were significantly higher in S. japonicum-infected mice
compared to NC. In addition, dynamic changes of Th9 and IL-9 were synchronous with the developmental trend of
hepatic egg granulomatous inflammation, suggesting that Th9 cells might be a new subset in the pathogenesis of
schistosomiasis.
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Background
Schistosomiasis is a major neglected helminthic disease
infecting approximately 200 million people and threaten-
ing close to 700 million people; it is caused by Schisto-
soma spp. that are widely distributed in more than 70
countries in tropical and subtropical regions [1]. With
such alarming statistics schistosomiasis remains one of
the most serious public problems. Of the five known
species of schistosomes infecting humans, S. japonicum
is an important parasite in China. People can become

infected by contacting infested water containing S. japo-
nicum cercariae. Cercariae invade human body through
the skin and become schistosomules. Schistosomules mi-
grate to the mesenteric veins where they grow into adult
worms [2]. The main immunopathology during infection
with S. japonicum develops as a result of schistosome
eggs that lodge in host liver and intestines causing ex-
tensive tissue damage. Much of the symptomatology of
schistosomiasis is contributed to the egg-induced granu-
lomatous inflammation and secondary fibrosis [1]. How-
ever, the mechanism underlying the development of this
pathological change is still insufficiently studied.
CD4+ T cells are essential for both host immune re-

sponses against schistosomes and immunopathology
in schistosomiasis. Especially granulomatous and
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fibrosing inflammation are totally orchestrated and fa-
cilitated by CD4+ T cells [3]. CD4+ T-cell-deficient
mice fail to establish an effective granulomatous re-
sponse. Upon the stimulation of schistosome antigens,
naive CD4+ T cells differentiate into distinct effector
subsets of T-helper (Th). Up to now, five subsets are
found to be involved in the pathogenesis of schisto-
somiasis, including Th1, Th2, Th17, T regulatory
(Treg) and T follicular helper (Tfh) cells. Th2, Th17
and Tfh cells could upregulate hepatic granuloma forma-
tion via secreting IL-4, IL-17 and IL-21, respectively [4–9],
while Th1 and Treg cells play an opposite role by produ-
cing IFN-γ and IL-10, respectively [10–13].
Th9 has recently been described as a unique subset

of CD4+ T cells that is named because of the signa-
ture cytokine IL-9 secreted after activation. And PU.1
and IRF-4 are specific transcription factors of Th9
cells [14–16]. IL-9 used to be thought a Th2-specific
cytokine more than 20 years ago. Until 2008 two pa-
pers reported that IL-9 could be secreted exclusively
a new subpopulation of CD4+ T cells termed Th9
cells [17, 18]. To date, Th9 cells appear to have func-
tion in a broad range of autoimmune disorders, aller-
gic inflammation and cancers as well as the parasitic
infection [14, 19, 20]. However, whether Th9 cells, as
the other CD4+ T cell subsets do, are involved in the
liver pathology induced by S. japonicum infection has
never been explored. Therefore, we aim to investigate
the relation between the dynamic changes of Th9
cells and hepatic egg granulomatous inflammation in
S. japonicum-infected mice. This study may provide
novel insights regarding the potential role of Th9
cells in immunopathogenesis of schistosomiasis.

Methods
Mice, parasites and infection
Female ICR mice at 6–8 weeks of age with body
weights of 18–20 g were purchased from SLAC La-
boratory (Shanghai, China). All mice were housed
under specific pathogen-free conditions (12 h light/
12 h dark; temperature, 22–24 °C) at the laboratory
animal research facility of Soochow University
(Suzhou, China). Oncomelania hupensis harboring S.
japonicum cercariae (Chinese mainland strain) were
purchased from Jiangsu Institute for Schistosomiasis
Control (Wuxi, China). Twenty-five mice were ran-
domly divided into experimental group (n = 20) and
normal control group (n = 5). In the experimental
group, each mouse was infected with 15 ± 1 cercariae
of S. japonicum through the abdominal skin, and five
mice were chosen randomly in experimental group at
4, 7, 9 and 12 weeks post-infection (pi) and eutha-
nized for further studies.

Histopathological study
The harvested liver specimens were fixed in 10% buff-
ered formalin, embedded in paraffin blocks and cut into
4 μm thick serial sections. Liver sections were stained
with hematoxylin and eosin (H & E) for granulomas ana-
lysis. The diameters of granulomas (25/mouse) sur-
rounding single eggs were measured using an ocular
micrometer, and the area of each granuloma was calcu-
lated assuming a circular shape.

Immunohistochemistry
Liver sections were deparaffinized in xylene and rehy-
drated in alcohol and distilled water. Immunostaining
for IL-9 and PU.1 were performed using monoclonal
anti-IL9 primary antibody (Abcam, Cambridge, UK) and
monoclonal anti-PU.1 primary antibody (Cell Signaling
Technology, Danvers, MA, USA), respectively. The im-
munohistochemical technique used a two-step method
(peroxidase-conjugated polymer). Antigen retrieval was
performed by pressuring heating sections for 8 min in
citrate buffer (pH 6.0). Three percent H2O2 was used to
block the endogenous peroxidase activity, and the non-
specific binding was eliminated with 10% normal goat
serum in 0.01 M PBS for 30 min at room temperature.
All sections were incubated free-floating with primary
antibodies at 37 °C for 1 h and then at 4 °C overnight.
The sections were further incubated with the secondary
antibodies (ChemMate Envision/HRP, rabbit/mouse de-
tection IHC kit, Gene-tech, Shanghai, China) at 37 °C
for 1 h. Immunoreactivity was visualized using diamino-
benzidine (DAB) as the chromogen. Five high-power
fields (×400) per mouse liver were randomly photo-
graphed with a light microscope (Olympus, Tokyo,
Japan). The integrated optical density (IOD) of IL-9-
positive cells and PU.1-positive cells were measured by
Image-Pro Plus 7.0 software (Media Cybernetics,
Bethesda, MD, USA).

Flow cytometry
Single-cell splenocyte suspensions were prepared by
mincing the spleens in PBS containing 1% FBS (Gibco,
Grand Island, NY, USA). Red blood cells were lysed
using ACK lysis buffer. Approximately 106 splenocytes
in 100 μl were stimulated with 50 ng/ml PMA (Sigma-
Aldrich, St. Louis, MO, USA) and 1 μg/ml ionomycin
(Sigma-Aldrich) in the presence of 10 μg/ml Brefeldin A
(BD Biosciences, San Jose, CA, USA) for 4 h at 37 °C in
5% CO2. After 5 h incubation, the cells were surface
stained with FITC anti-mouse CD4 antibody (BD Bio-
science PharMingen, San Jose, CA, USA) at 4 °C for
30 min in the dark. Subsequently, the cells were fixed
and permeabilized with Cytofix/Cytoperm buffer (BD
Biosciences) and then intracellularly stained with PerCP-
Cy5.5 conjugated anti-mouse IL-9 (BD Bioscience
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PharMingen). All of the above procedures were per-
formed on ice until the time of analysis. All of the
stained cells were evaluated using a Flow Cytometer
(Beckman Coulter, Brea, CA, USA) and data were ana-
lyzed with CXP software.

Enzyme-linked immunosorbent assay (ELISA)
The concentrations of IL-9, IL-4 and TGF-β in serum
were measured by ELISA Ready-SET-Go kits (Multi sci-
ences, Hangzhou, China) according to the manufacturer’s
instructions. The optical density (OD) of the plates was
read at 450 nm using an ELISA reader and the concentra-
tions were calculated using standard curves.

Statistical analysis
All statistical analyses were carried out with SPSS21.0
Data Editor (SPSS Inc., Chicago, IL, USA). Data were
shown as the mean ± standard deviation (SD). Compari-
sons of the same parameters in multiple datasets or
more than two groups was performed using one-way
analysis of variance (ANOVA). Differences were consid-
ered statistically significant when P < 0.05 or P < 0.01.

Results
The area changes of hepatic egg granulomas during
infection
H & E staining showed that liver-trapped eggs became
focal points for inflammatory infiltrates and obvious
granulomas were observed under optical microscopy from
7 weeks after S. japonicum infection (Fig. 1a). As shown in

Fig. 1b, hepatic egg granulomatous inflammation was the
most serious at 7 weeks, and then granulomas shrank
gradually (ANOVA: F(4,20) = 86.76, P < 0.0001).

The expression changes of IL-9 in the hepatic granuloma-
tous inflammation formation during infection
IL-9 is the typical cytokine produced by Th9 cells
and plays a potent proinflammatory role. As shown in
Fig. 2b, the liver IL-9 expression was significantly
higher in S. japonicum-infected mice compared with
normal controls (ANOVA: F(4,20) = 693.20,
P < 0.0001) and accumulated mainly in the areas of
granulomatous response surrounding a parasite egg
(Fig. 2a). In addition, the expression of IL-9 reached a
peak at 7 weeks and then descended. Thus it can be
seen that the level of hepatic IL-9 was correlated with
hepatic granulomatous inflammation.

The expression changes of PU.1 in the hepatic
granulomatous inflammation formation during infection
The differentiation of Th9 cells depends on specific tran-
scription factor PU.1. To confirm the distribution and fre-
quency of Th9 cells in the liver, we investigated the IOD
of PU.1 by immunohistochemistry. As expected, expres-
sion of PU.1 was dramatically increased in the liver of S.
japonicum-infected mice compared to normal controls
(ANOVA: F(4,20) = 476.08, P < 0.0001) (Fig. 3b) and local-
ized mainly in the areas of granulomatous response sur-
rounding a parasite egg (Fig. 3a). Moreover, the trend of
PU.1 expression was synchronous with IL-9 expression.

Fig. 1 Histology of liver sections stained with hematoxylin-eosin staining. a Representative graphs of hepatic egg granuloma from S. japonicum-
infected mice at 0 (NC), 4, 7, 9 and 12 weeks (original magnification: ×400). b Comparison of the areas of hepatic egg granuloma among different
time groups. Data are presented as mean ± SD. **P < 0.01 compared with NC; #P < 0.05, ##P < 0.01 compared with 7 weeks. Scale-bars: 100 μm
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The proportion changes of splenic Th9 cells at different
infection stages
In this study, to clarify the dynamic changes of splenic
Th9 cells in S. japonicum-infected mice, CD4+ IL-9+ T
cells were defined as Th9 cells. As shown in Fig. 4a, the

proportions of Th9 cells in splenic CD4+ T cells were
detected by flow cytometry. The results showed that the
proportions of Th9 in CD4+ T cells significantly elevated
as the infection developed than in normal controls
(ANOVA: F(4,20) = 183.44, P < 0.0001) (Fig. 4b). In

Fig. 2 Immunohistochemistry of IL-9 in livers. IL-9+ cells localized mainly in the granulomatous areas. a Representative graphs of hepatic expres-
sion and distribution of IL-9 from S. japonicum–infected mice at 0 (NC), 4, 7, 9 and 12 weeks (original magnification: ×400). b Comparison of the
IOD of IL-9 among different time groups. Data are presented as mean ± SD. **P < 0.01 compared with NC; ##P < 0.01 compared with 7 weeks.
Scale-bars: 100 μm

Fig. 3 Immunohistochemistry of PU.1 in livers. a Representative graphs of hepatic expression and distribution of PU.1 from S. japonicum-infected
mice at 0 (NC), 4, 7, 9 and 12 weeks (original magnification: ×400). b Comparison of the IOD of PU.1 among different time groups. Data are
presented as mean ± SD. **P < 0.01 compared with NC; ##P < 0.01 compared with 7 weeks. Scale-bars: 100 μm
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addition, the proportion of Th9 increased very rapidly at
4 weeks and peaked at 7 weeks. Subsequently, the num-
ber of Th9 cells declined gradually. However, the level of
IL-9 in liver increased very slowly at 4 weeks post-
infection compared to that in spleen. The reason for this
is that eggs begin to deposit in the mouse liver from
4 weeks after infection and then granulomatous inflam-
mation forms gradually [6].

The concentration changes of IL-9 in serum at different
infection stages
The function of Th9 cells relies on their ability to secret
IL-9. Thus, we measured the expression levels of IL-9 in
serum. As demonstrated in Fig. 5, consistent with the
generation of Th9 cells, the level of IL-9 increased very
quickly in the first four weeks post-infection compared
to normal controls, peaked at 7 weeks and decreased
gradually thereafter (ANOVA: F(4,20) = 29.08,
P < 0.0001).

Discussion
Schistosomiasis is a typical chronic infectious disease.
Both humoral immunity and cellular immunity partici-
pate in the formation and development of the hepatic
egg granuloma [21]. Initially, it was thought that this dis-
ease was found to elicit preferentially a Th1 response,
whereafter provoke an expansion of Th2 response. Dur-
ing the past several years, it has been shown that Th17

and Treg, as well as Tfh cells are involved in the course
of S. japonicum infection [6–10]. However, the role of
Th9 cells in schistosomiasis is unknown. In this study,
the S. japonicum-infected mouse model was used to ob-
serve the dynamic changes of Th9 cells in immuno-
pathogenesis of schistosomiasis. Our findings showed
that the proportion of splenic Th9 cells were signifi-
cantly increased in S. japonicum-infected mice com-
pared to normal controls. Th9 cells have been
recognized as a predominant source of IL-9 production
since Th9 was initially identified as a specific new T cell
subset [17, 18]. Subsequently, we found that serum con-
centrations and liver expression of IL-9 were signifi-
cantly higher in S. japonicum-infected mice than those
of in normal controls. PU.1 is a key transcription factor
for the differentiation of Th9 cells [22]. Naive CD4+ T
cells specific deletion of PU.1 had decreased the produc-
tion of IL-9 in vitro as well as in vivo, even though they
were cultured under Th9 conditions [23]. Meanwhile,
our data displayed that liver expression of PU.1 had syn-
chronous change tendency with the proportion of Th9
cells and the level of IL-9. Thus, the percentages of Th9
cells, the level of IL-9 and PU.1 all significantly elevated
in mice with schistosomiasis, suggesting that the micro-
environment induced by S. japonicum antigens favors
Th9 proliferation and IL-9 secretion.
In recent years, a growing body of evidence suggests

that Th9 cells and IL-9 appear to be able to initiate a

Fig. 4 Percentages of Th9 cells in total CD4+ T cells from spleens significantly increased in mice with schistosomiasis. a Representative dot plots
of Th9 cells by flow cytometry in S. japonicum-infected mice at 0 (NC), 4, 7, 9 and 12 weeks. All of the values were gated on CD4+ cells. The
percentages of Th9 cells in CD4+ cells are indicated in the upper right of each chart. b Quantitative changes of Th9 cells in splenic CD4+ T cells
at different time points. Data are presented as mean ± SD. **P < 0.01 compared with NC; ##P < 0.01 compared with 7 weeks
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broad range of immune-mediated inflammatory diseases
[19, 24–27]. For example, in the experimental mouse
model of hepatic fibrosis due to carbon tetrachloride
(CCl4), the percentages of splenic Th9 cells also
ascended rapidly and peaked at the 6th week, meanwhile
serious hepatic inflammation occurred around this time.
Treatment with IL-9-neutralizing antibodies effectively
attenuated hepatic inflammation and necrosis [28]. In al-
lergic airway disease, allergic patients have more circu-
lating numbers of Th9 cells than non-allergic control
subjects [25]. Neutralization of IL-9 was capable of redu-
cing allergen-induced inflammation [29]. These reports
supported a role for Th9 cells in mediating inflammatory
response. In this study, we performed histopathological
study at different stages of infection to explore the po-
tential relationships between hepatic granulomatous in-
flammation and Th9 cells. H & E staining showed that
the egg granulomas began to form from 4 weeks after
infection and reached their volume peak rapidly at
7 weeks. Our immunohistochemical results showed
that the expressions of IL-9 and PU.1 were mainly lo-
calized around eggs. More importantly, the trends of
IL-9 and PU.1 expressions were consistent with the
development of egg granulomas. These results dem-
onstrated that Th9 cells and IL-9 were involved in
the formation of hepatic egg granulomatous

inflammation. As known, eosinophils, macrophages,
CD4+ T cells, B cells and fibroblasts are the major
constituents of egg granulomas, while IL-9 could pro-
mote influx and local maturation of eosinophils in
parasite-targeted tissues [30, 31], increase the produc-
tion of IgE from B cells [32] and recruit Th17 cells
via CCL-20 [33, 34]. These indicated that Th9 cells
may be promoters in the formation of granulomatous
inflammation. After 7 weeks post-infection, an anti-
inflammatory Th2 response played a dominant role.
So pro-inflammatory Th9 cells and egg granuloma-
tous inflammation were decreased.

Conclusions
To our knowledge, the present study is the first report
to provide a preliminary insight into the effects of Th9
cells and IL-9 in the process of murine schistosomiasis.
Our data indicated that frequencies of Th9 cells and the
level of their specific cytokine were significantly higher
in schistosomiasis mice than in NC. Moreover, Th9 cell
levels were consistent with the trend of egg granuloma-
tous inflammation in liver, indicating that Th9 cells
might be involved in immunopathogenesis in schisto-
somiasis infection. Further studies are needed to eluci-
date the detailed roles of Th9 cells in the
immunopathogenesis of schistosomiasis.

Fig. 5 Kinetics of serum IL-9. Enzyme-linked immunosorbent assays (ELISA) was used to measured IL-9 from S. japonicum–infected mice at 0 (NC),
4, 7, 9 and 12 weeks. Data are presented as mean ± SD. **P < 0.01 compared with NC; ##P < 0.01 compared with 7 weeks
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