
O R I G I N A L  R E S E A R C H

IL-33/ST2 Axis Deficiency Exacerbates Hepatic 
Pathology by Regulating Treg and Th17 Cells in 
Murine Schistosomiasis Japonica

Yang Bai1,* 
Fei Guan1,* 
Feifan Zhu1 

Chunjie Jiang1 

XiaoXiao Xu1 

Fang Zheng2 

Wenqi Liu1 

Jiahui Lei1

1Department of Pathogen Biology, School 
of Basic Medicine, Tongji Medical College, 
Huazhong University of Science and 
Technology, Wuhan, 430030, People’s 
Republic of China; 2Department of 
Immunology, School of Basic Medicine, 
Tongji Medical College, Huazhong 
University of Science and Technology, 
Wuhan, 430030, People’s Republic of 
China  

*These authors contributed equally to 
this work  

Purpose: Schistosoma japonicum-infected IL-33 and ST2 gene deficiency (IL-33−/− and 
ST2−/−, respectively) mice were used to explore the role of the IL-33/ST2 axis in liver 
pathology targeting regulatory T cells (Treg)/T helper 17 cells (Th17).
Materials and Methods: Each mouse was infected percutaneously with 20 S. japonicum 
cercariae. Hepatic mass index (HMI), liver egg granulomas, hepatic fibrosis biomarkers and 
serum levels of alanine aminotransferase (ALT) were investigated. Treg and Th17 frequency 
was determined by flow cytometry. Expressions of Foxp3, ST2, TGF-β1, IL-10, RORγt, and 
IL-17A were measured via quantitative real-time polymerase chain reaction (qRT-PCR). 
Concentrations of TGF-β1, IL-10 and IL-17A were tested with ELISA. In vitro experiments, 
mRNA expressions of Foxp3, TGF-β1, IL-10, Atg5, Beclin-1 and p62 associated with 
polarization of Treg by recombinant mouse IL-33 (rmIL-33) were detected by qRT-PCR.
Results: An increased expression of IL-33/ST2 was shown in S. japonicum-infected mice. 
Deficiency of IL-33 or ST2 gene led to an aggravated liver pathology, which was evidenced 
by elevated hepatic granuloma volume, HMI and ALT levels and fibrosis, which was 
demonstrated by increased hepatic collagen deposition in the infected mice. Injection of 
rmIL-33 into the infected IL-33−/− mice strongly abrogated the liver pathology and fibrosis, 
whereas no detectable effect with injecting rmIL-33 into the infected ST2−/− mice. 
Furthermore, depletion of the IL-33/ST2 axis inhibited Treg, accompanied by increased 
Th17. rmIL-33 treatment upregulated Treg and downregulated Th17 in the infected IL-33−/ 

− mice, while no effect in the infected ST2−/− mice. rmIL-33 led to elevated expressions of 
Atg5, Beclin-1 and inhibited expression of p62 in expansion of Treg.
Conclusion: The IL-33/ST2 axis plays a protective role in S. japonicum infected mice, 
which is closely related to increasing Treg responses as well as suppressing Th17 responses. 
Expansion of Treg by IL-33 may be associated with its regulation of autophagy.
Keywords: IL-33, ST2, liver pathology, fibrosis, Treg, Th17, autophagy

Introduction
Schistosomiasis is one of the most devastating tropical diseases, caused by blood 
flukes (trematode worms) of the genus Schistosoma. According to the WHO report 
2020, at least 290.8 million people required preventive treatment for schistosomia-
sis, out of which more than 97.2 million people were reported to have been treated 
in 2018.1,2 Schistosomiasis is characteristic of egg granulomas and fibrosis due to 
egg encapsulation in the liver. Chronic hepatic egg granulomas can result in severe 
significant complications including liver cirrhosis, portal hypertension and even 
liver failure.3,4 Host granulomatous response to Schistosoma eggs can be both 
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protective and pathological, dependent on degrees of the 
corresponding immune responses.5 It is estimated that only 
5–10% of individuals with schistosomiasis develop severe 
forms of the disease in endemic areas.6 It is therefore 
suggested that Schistosoma-infected hosts have developed 
a variety of strategies in their immunomodulatory arma-
mentarium to initiate immune responses to clear the patho-
gen as well as to reduce the damage caused by excessive 
immune responses.7 However, cellular mechanism regard-
ing immune modulation in schistosomiasis is mostly 
unknown.

The occurrence and progression of immune responses 
related with granuloma formation and fibrosis in schisto-
somiasis are primarily mediated by T helper cells.8 Th17 
and regulatory T cells (Treg) are two of the main Th 
phenotypes involved in schistosomiasis. Th17 is closely 
related to the occurrence and development of egg granu-
loma and fibrosis, and suppression of excessive Th17 
immune responses can reduce the liver immunopathologi-
cal damage.3,9 Evidence is emerging that Treg plays an 
essential role in regulation of immune response and 
immune pathological reaction in schistosomiasis, thus 
determines the magnitude and phenotype of Th effector 
population and intensity of the immune response as well as 
the outcome of the disease.8,10–13 In some conditions, Treg 
and Th17 can also trans-differentiate from each other. 
Activation of Th cells is known to be regulated by signal 
proteins, cytokines, transcription factors and gene ele-
ments, and it is still elusive how Schistosoma infection 
induces the activation of Treg in hosts.3

The pathology of schistosomiasis results from host 
immune responses against the pathogen.1,3 It has been 
indicated that many inflammatory mediators are associated 
with immune alterations.3,14,15 Recent studies have found 
that interleukin-33 (IL-33) participates in various inflam-
matory diseases.16,17 IL-33 is a member of the IL-1 family 
and generally resides as a nuclear factor in the nucleus of 
the cells, whereas it can be quickly released into extra-
cellular space upon tissue injury or necrosis. Thus, it is 
regarded as a typical alarmin due to its indication of 
cellular damage.16 To exert its biological functions, IL-33 
binds to the specific receptor known as ST2 (suppress of 
tumorigenicity 2), which is called as IL-33/ST2 axis.18 

The membrane-bound ST2 functions as the only known 
receptor for IL-33. The ST2 can be expressed by various 
immune cells participating in innate immunity and adap-
tive immunity, including innate lymphoid cell type 2 
(ILC2), dendritic cells (DCs), mast cells, macrophages, 

Th2 cells, and Tregs.16,18 The IL-33/ST2 axis plays 
diverse but crucial roles in the homeostasis of immune 
responses and the pathogenesis of immune-mediated 
diseases.18,19 The exacerbated or protective role of the 
IL-33/ST2 axis during different diseases is dependent on 
diseases models, involved organs, stages of disease, host 
immune compartments, and cellular and cytokine 
microenvironments.

Both S. japonicum and S. mansoni infection resulted in 
upregulated IL-33 in experimental mice.20–22 Moreover, 
serum IL-33 levels are increased in patients with schisto-
somiasis japonica, mansoni and haematobium.21,23,24 

Although IL-33 promotes type 2 immune responses in 
infected mice with S. japonicum while not in infected 
mice with S. mansoni, it has been associated with liver 
pathology in both experimental models.20–22 The pre-
viously reported kinetics of IL-33 levels and the propor-
tions of Treg and Th17 peak at the 8th week post infection 
are consistent with the period of immunopathological 
damage of schistosomiasis japonica.20,25 However, a link 
between IL-33, an endogenous mediator of tissue damage 
and its immunomodulatory armamentarium of Th cells, 
especially Treg and Th17, has not been further elucidated.

Based on the literature research summarized above, in 
this study, we explored the effects of the IL-33/ST2 axis in 
liver egg granuloma and fibrosis and the potential mechan-
ism focusing on its regulation of Treg and Th17 responses 
in murine schistosomiasis japonica.

Materials and Methods
Ethics Statement
All animal experiments were performed in strict accordance 
with the Institutional Animal Care and Use Committee at 
Tongji Medical College, Huazhong University of Science 
and Technology (SCXK2016-0011). All infection and sacri-
fice were performed under anesthesia.

Parasites and Animals
IL-33 knockout (IL-33−/−) and ST2 knockout (ST2−/−) 
C57BL/6 mice were kind gifts from Department of 
Immunology, Tongji Medical College.26,27 Wild-type 
C57BL/6 mice (WT) were obtained from Hubei Province 
Center for Disease Control and Prevention (Wuhan, 
China). All mice were maintained in a standard specific 
pathogen-free research animal facility for further use. 
S. japonicum-infected Oncomelania hupensis snails were 
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provided by Jiangsu Province Institute of Parasitosis 
Control and Prevention (Wuxi, China).

Animal Challenge Infection and Treatment 
with Recombinant IL-33
Eight-week-old female WT, IL-33−/− and ST2−/− mice were 
divided into uninfected and infected groups. For the infected 
groups, mice were anesthetized with 0.67% pentobarbital 
sodium solution (10 μL per 1 g of body weight) and infected 
percutaneously with 20 S. japonicum cercariae per mouse 
through the shaved abdominal skin. Half of infected mice 
were treated with intraperitoneal injection of 0.5 µg of recom-
binant mouse IL-33 (rmIL-33, Biolegend, San Diego, CA) in 
phosphate-buffered saline (PBS) per mouse, twice a week, 
from the 4th week to their sacrifice at the 8th week post 
infection. Non-treated infected mice had intraperitoneal injec-
tions of the same volume of PBS and were used as the infected 
controls.

Assessment of Activities, Appetite, Body 
Weight and Hepatic Mass Index
Activities and appetite of all mice were monitored during 
the experiment. All experimental animals were sacrificed 
at the 8th week post infection. The liver and body weight 
of each mouse were weighed and the proportion of the 
liver weight to its body weight was calculated and 
recorded as hepatic mass index (HMI).

Determination of Hepatic Number and 
Size of Egg Granulomas
Liver sections were embedded in paraffin and cut into 5 
μm section and stained with haematoxylin and eosin 
(H&E). The number and size of liver egg granulomas 
were calculated according to our previous publication.28

Briefly, egg granulomas in 0.5 cm2 of each of the two 
sections from each liver were counted. The diameter of 
single egg granuloma per liver was measured for 10 gran-
ulomas per liver (five granulomas from each section, two 
sections per liver) with a video micrometre in accordance 
with the manufacturer’s instructions (Olympus, Tokyo, 
Japan). Means of two perpendicular diameters (d) were 
evaluated in micrometre (μm). Size of each granuloma was 
assessed according to the following formula: area = πd2/4.

Masson Trichrome Staining
To observe collagen fibre deposition, liver sections were 
dehydrated in a graded sucrose series and followed by 

Masson trichrome staining performed with the standard meth-
ods (BASO, Zhuhai, China). The optical density of collagen 
fibres was quantified and analysed using the Image-Pro Plus 
6.0 software (Media Cybernetics Inc, Rockville, MD, USA).

Immunohistochemical Assay
Immunohistochemical staining for collagen 1a1 (Col 1a1) 
and α-smooth muscle actin (α-SMA) were performed 
according to our previous publication.29 Liver sections 
were incubated with rabbit anti-mouse Col 1a1 (dilution 
1:200, ab34710; Abcam, Cambridge, MA, USA) or rabbit 
anti-mouse α-SMA (1:500 dilution, ab124964; Abcam, 
Cambridge, MA, USA) at 4°C overnight. Horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG antibody 
was used as the secondary antibody (1:1000 dilution, 
Cell Signaling Technology). Diaminobenzidine solution 
(DAB) was applied as the chromogen. Optical density 
(OD) of the target protein was measured with the Image- 
Pro Plus 6.0 software. The OD value, which represents the 
quantity of the targeted protein, was expressed as ratio of 
positive optical density (yellow) and total pixels.

Flow Cytometric Analysis
Flow cytometry analyses were performed to assess the pro-
portion of Th17 and Treg cells in livers and spleens. Hepatic 
and Spleen lymphocytes were prepared as previously 
described.30 Lymphocytes were purified using lympholyte 
M (Cedarlane, Ontario, Canada) and washed with PBS twice 
before staining. Next, surface staining of anti-CD4-FITC and 
anti-ST2-APC were performed at 4°C for 30 minutes. 
Followed by fixation and permeabilization, anti-Foxp3-PE 
or anti-IL-17A-PE fluorescent antibodies were added and 
incubated at 4°C for 30 minutes. Cell sorting was performed 
using a FACS cytometer (BD Biosciences). All antibodies 
were purchased from eBioscience, San Diego, CA. Gating 
strategies for identifying Treg and Th17 subsets from lym-
phocyte populations were shown in Supplementary Figures 1 
and 2, respectively. CD4 + IL-17 + cells were recognized as 
the Th17 cells and CD4 + Foxp3 + cells as Treg cells. Data 
were analysed with FlowJo (Tree Star, version 10.0.7).

Polarization and Stimulation of CD4+ 
T Cells
Liver naïve CD4+ T cells (CD4+ CD25− CD44− CD62L+) 
were sorted from the infected WT mice as previously 
described.31 Naïve CD4+ T cells were then cultured 
(3×105 cells/well) in 96-well plates coated with anti-CD3 
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mAb (5 μg/mL, eBioscience) and soluble anti-CD28 mAb 
(3 μg/mL, eBioscience) and kept in the presence of IL-2 
(100 U/mL, eBioscience). Exogenous rmIL-33 (10 ng/mL) 
was added to investigate its ability to polarize Treg and 
PBS used as the control. Cells were cultured in RPMI- 
1640 Medium, 10% fetal calf serum, 2 mM L-glutamine, 
100 U/mL of Penicillin/Streptomycin for 5 days.

Quantitative Real-Time PCR
Total RNA was extracted with a TRIzol® Reagent kit 
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, 
USA) according to the manufacturer’s instruction. For tis-
sues, 1 mL of Reagent per 100 mg of tissue was added to 
the sample and homogenized using a homogenizer. For 
cells, 1 mL of Reagent per 1×106 cells was added directly 
to the culture dish to lyse the cells, and then pipetted the 
lysate up and down several times to homogenize. The 
quantity and purity of the extracted RNA were assessed 
using a spectrophotometer Nanodrop-2000 (Thermo 
Scientific, USA). RNA (1 μg) with OD 260/280 ratio in 
the range of 1.8–2.0 was reverse-transcribed into comple-
mentary DNA (cDNA) by High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Thermo Fisher 
Scientific). Then, real-time PCR was performed using 
Power SYBR Green PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA) with gene-specific pri-
mers as listed in Table 1. The amplification reactions were 
carried out with an initial hold step (95°C for 5 minutes), 
followed by 40 cycles of a three-step PCR (95°C for 30 
seconds, 60°C for 20 seconds, and 72°C for 20 seconds), 
and a final extension at 72°C for 5 minutes. Step One Plus 
real-time PCR System was used to detect the fluorescence 

signal intensity (Ct value) of cyclic amplification of target 
and reference genes. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as an endogenous normaliza-
tion control, and relative quantity values of each sample 
were calculated with the 2−ΔΔCt method.

Determination of Serum Levels of Alanine 
Aminotransferase (ALT)
Serum levels of ALT were detected by kits according to 
the manufacturer’s instruction (Jiancheng Bioengineering 
Institute of Nanjing, Nanjing, China).

Sample Collection for Cytokine Analysis 
and ELISA
Serum was collected from blood and prepared for ELISA 
analysis according to the previous publication.32 Cytokine 
concentrations in mouse serum or splenocyte supernatant 
were measured with ELISA kits (R&D Systems) accord-
ing to the manufacturer’s instructions.

Statistical Analysis
All experimental data were expressed as means ± SEMs 
and analysed with SPSS v19.0 (SPSS, Chicago, IL, USA). 
All in vivo studies were repeated two independent times 
and the in vitro experiments were repeated three times. 
Comparisons of two groups were analyzed by Student’s 
unpaired t-test. Comparison among multiple groups was 
performed by multivariate analysis of variance (ANOVA). 
A P value of <0.05 was considered statistically significant 
(*P < 0.05, **P < 0.01, ***P < 0.001). Graphs were 
generated using the software GraphPad Prism v.7.0.

Table 1 Primer Sequences of Target mRNA

Genes Forward (5′ → 3′) Reverse (5′ → 3′)

IL-33 CTGCGTCTGTTGACACATTGAG TGGTCTTTTCCAGAGTCGTCAAC

ST2 TTGACAGTTACGGAGGGCAGT AGTTGGGGCTTCTGATAACACA

Foxp3 CCCATCCCCAGGAGTCTTG ACCATGACTAGGGGCACTGTA
TGF-β1 GGGCTGATCCCGTTGAT CCCACTGATACGCCTGAG

IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

RORγt GACCCACACCTCACAAATTGA AGTAGGCCACATTACACTGCT
IL-17A TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC

Atg5 AACTGAAAGGGAAGCAGAACCA CCATTTCAGTGGTGTGCCTTC

p62 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG
Beclin-1 GTTGCCGTTATACTGTTCTG CCTCCAGTGTCTTCAATC

GAPDH GTGTTTCCTCGTCCCGTAG ATGGCAACAATCTCCACTTT
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Results
S. japonicum Infection Results in Elevated 
Expression of IL-33 and ST2 in Mice
In comparison to the uninfected controls, the infected mice 
had much higher concentration of serum IL-33 at the 8th 
week post infection (Figure 1A). mRNA levels of IL-33 and 
ST2 in the liver from the infected mice also increased sig-
nificantly relative to the uninfected controls (Figure 1B and 
C). Together, S. japonicum infection results in elevated 
expression of IL-33 and ST2 at the peak of pathological 
damage in mice, suggesting that the IL-33/ST2 axis might 
play an important role in the pathogenesis of schistosomiasis.

IL-33 Deficiency Aggravates Liver 
Pathological Lesions in Murine 
Schistosomiasis Japonica
At the 8th week post S. japonicum infection, reduced activ-
ities and appetite were observed in all infected groups with 
weight loss and listlessness. To determine the effects of IL- 
33 on liver pathology associated with the infection, we 
compared parameters of hepatic pathological lesions and 
fibrosis between the infected WT and the infected IL-33−/− 

mice. The results of the histopathological examinations of 
liver tissues using H&E staining are shown in Figure 2A. 
Livers of the both infected groups had interstitial oedema 
and vacuolization of hepatocytes with more severity shown 
in the infected IL-33−/− group. Moreover, IL-33 deficiency 
led to increased size of liver egg granulomas in the infected 
mice (Figure 2A and B). As shown in Figure 2C and D, 
hepatic fibrosis was aggravated in the infected IL-33−/− 

mice, evidenced by increased blue fibre spots encircling 
egg granuloma in Masson staining, accompanied by elevated 

deposits of α-SMA (Figure 2E and F) and Col 1a1 
(Figure 2G and H). In addition, the infected IL-33−/− mice 
had increased HMI and a higher level of serum ALT relative 
to the infected WT mice, respectively, indicating a more 
severely damaged liver function (Figure 2I and J). 
Collectively, these results demonstrated that IL-33 defi-
ciency could exacerbate parasitological lesions and liver 
fibrosis in the infected mice with S. japonicum.

To further verify the role of IL-33 during S. japonicum 
infection, exogenous rmIL-33 was injected into the 
infected IL-33−/− mice from 4 weeks (the beginning of 
egg deposition) to 8 weeks post infection. Interestingly, 
administration of rmIL-33 significantly rescued both the 
liver pathology and fibrosis in the infected mice caused by 
IL-33 deficiency (Figure 2A–J). Altogether, these results 
indicated that IL-33 has a protective effect on the hepatic 
pathology in murine schistosomiasis japonica, given the 
striking protection promoted by exogenous rmIL-33 treat-
ment even in gene deficient with IL-33.

ST2 is Indispensable for the Protective 
Effect of IL-33 on Liver Pathology in 
Murine Schistosomiasis Japonica
It has been reported that IL-33 exerts its biological effects 
through binding to its receptor ST2. To verify the role of 
ST2 among the protective impact of IL-33 in the infected 
mice, we investigated the liver pathology and fibrosis in 
the infected ST2−/− mice. As Figure 3A and B shows, ST2 
deficiency led to increased size of liver egg granulomas in 
the infected mice. In addition, hepatic fibrosis was also 
aggravated in the infected ST2−/− mice, evidenced by 
increased blue fibre spots encircling egg granuloma in 
Masson staining, accompanied by elevated deposits of α- 

Figure 1 Schistosoma japonicum infection upregulated the expression of IL-33/ST2 axis in mice. WT mice were divided into the infected and uninfected group. Each mouse in 
the infected group was infected with 20 cercariae through shaved abdominal skin. At the 8th week post infection, all mice were sacrificed and the peripheral blood and liver 
were collected. (A) The protein expression level of IL-33 in peripheral blood was measured by ELISA. The mRNA expression levels of IL-33 (B) and ST2 (C) in liver of mice 
was measured by real-time PCR. Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant 
differences between two groups (***P < 0.001).
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Figure 2 IL-33 deficiency aggravated liver pathological lesions in murine schistosomiasis japonica. WT and IL-33−/− mice were divided into uninfected group, infected plus 
rmIL-33 group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the infected plus rmIL- 
33 group were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to 8th week post infection, with the total 5 μg of 
rmIL-33 per mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. The liver weight and body weight of all mice were 
recorded. At the 8th week post infection, all mice were sacrificed and the liver and peripheral blood were collected. (A) Representative images of HE staining of liver 
sections (single egg granuloma indicated by white circles) and (B) the statistical graphs of single granuloma area. (C) Representative images of Masson’s staining of liver 
sections and (D) the statistical graphs of the blue collagen area proportion. The hepatic expression of two main extracellular matrix components, α-SMA (E) and Collagen 
1a1 (H). The statistics of IOD of α-SMA (F) and Collagen 1a1 (G). The statistical graphs of HMI (Hepatic Mass Index, (I)) and ALT (Alanine aminotransferase, (J)) levels in 
peripheral blood from mice. Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant differences 
among different groups (**P < 0.01, ***P < 0.001).
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SMA (Figure 3E and F) and Col 1a1 (Figure 3G and H). 
Moreover, the infected ST2−/− mice had increased HMI 
and a higher level of serum ALT relative to the infected 
WT control, indicating a more severely damaged liver 
function (Figure 3I and J). Collectively, these results 
demonstrated that ST2 deficiency resulted in deteriorated 
parasitological lesions and liver fibrosis in the infected 
mice. Furthermore, administration of rmIL-33 had no 
effect on the liver pathology and fibrosis in the infected 
mice caused by ST2 deficiency (Figure 3A–J). Taken 
together, ST2 is indispensable for the protective effect of 
IL-33 on liver pathology in murine schistosomiasis 
japonica.

IL-33 Deficiency Leads to Decreased 
Proportion and Function of Treg in 
Murine Schistosomiasis Japonica
Previous studies show that IL-33 expands Treg population 
and enhances Treg function in some immune-mediated 
diseases.33–35 To confirm whether IL-33 could amplify 
Treg population in murine schistosomiasis japonica, we 
compared the frequencies of Treg between different 
groups. Consistent with the previous studies, 
S. japonicum infection led to increased percentages of 
Treg cells in all infected mice (Figure 4A–D), accompa-
nied by enhanced mRNA expression of liver Foxp3 
(Figure 4I). Moreover, percentages of ST2+Treg cells in 
liver and spleen were upregulated in the infected mice 
(Figure 4E–H), along with increased mRNA expression 
of liver ST2 (Figure 4J). However, IL-33 deficiency 
resulted in the diminished percentages of Treg and ST2 
+Treg cells in the spleen and liver from the infected mice, 
along with decreased mRNA expressions of liver Foxp3 
and ST2 (Figure 4A–J). Notably, administration of rmIL- 
33 reversed all the above parameters to varying degrees in 
the infected IL-33−/− mice (Figure 4A–J).

To verify the effects of IL-33 on Treg function in the 
infected mice, we next detected expression levels of the 
functional cytokines TGF-β1 and IL-10. The results 
showed that S. japonicum infection upregulated mRNA 
expression levels of hepatic TGF-β1 and IL-10, accom-
panied with elevated concentrations of TGF-β1 in serum 
and IL-10 in splenocyte supernatant in mice (Figure 4K– 
N). However, IL-33 deficiency attenuated all these afore-
mentioned expression levels in the infected mice, while 
rmIL-33 treatment could significantly invert the above 
parameters of Treg in the infected IL-33−/− mice 

(Figure 4K–N). In Figure 4N, compared with that of the 
infected plus PBS WT, the higher splenic IL-10 concen-
tration in the infected plus rmIL-33 WT might be asso-
ciated with the effect of the exogenous rmIL-33 injection, 
although the amount of exogenous IL-33 is much lower 
than that of endogenous IL-33. Collectively, our results 
show that IL-33 expands both Treg and ST2+Treg popu-
lations and enhances Treg function in murine schistoso-
miasis japonica.

ST2 is Indispensable for Activation of 
Treg by IL-33 in Murine Schistosomiasis 
Japonica
To confirm whether IL-33 could amplify the Treg popula-
tion and function through binding to ST2 in the infected 
mice, we compared the Treg percentages and functions 
between the infected WT and ST2−/− mice. The results 
showed that ST2 deficiency resulted in the diminished 
percentage of Treg and ST2+Treg cells in the spleen and 
liver from the infected mice (Figure 5A–H), along with 
decreased mRNA expression of liver Foxp3 and ST2 
(Figure 5I and J). Furthermore, compared with the infected 
WT mice, both mRNA expression and concentrations of 
TGF-β and IL-10 were decreased in the infected ST2−/− 

mice (Figure 4K–N). Administration of rmIL-33 had no 
effect on all the above parameters in the infected mice 
without ST2 (Figure 5A–N). Taken together, ST2 is indis-
pensable for activation of Treg by IL-33 in murine schis-
tosomiasis japonica.

IL-33 Deficiency Leads to Increased 
Proportion and Function of Th17 in 
Murine Schistosomiasis Japonica
IL-33 is reported to affect Th17 population and function in 
some immune-mediated diseases, although its effects on 
Th17 vary in different disease models.37,38 To explore role 
of IL-33 on Th17 immune responses in murine schistoso-
miasis japonica, we compared the frequencies of Th17 
between different groups. Consistent with the previous stu-
dies, S. japonicum infection led to increased percentages of 
Th17 in all infected mice (Figure 6A–D), accompanied with 
enhanced mRNA expression of liver RORγt (Figure 6E). 
Compared with the infected WT control, the infected IL-33−/ 

− mice had higher percentage of Th17 and increased mRNA 
expression of liver RORγt. Administration of rmIL-33 inhib-
ited all the above parameters to varying degrees in the 
infected IL-33−/− mice (Figure 6A–E).
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Figure 3 ST2 is indispensable for the protective effect of IL-33 on liver pathology in murine schistosomiasis japonica. WT and ST2−/− mice were divided into uninfected 
group, infected plus rmIL-33 group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the 
infected plus rmIL-33 group were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to the 8th week post infection, 
with the total 5 μg of rmIL-33 per mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. The liver weight and body weight of 
all mice were recorded. At the 8th week post infection, all mice were sacrificed and the liver and peripheral blood were collected. (A) Representative images of HE staining 
of liver sections (single egg granuloma indicated by white circles) and (B) the statistical graphs of single granuloma area. (C) Representative images of Masson’s staining of 
liver sections and (D) the statistical graphs of the blue collagen area proportion. The hepatic expression of two main extracellular matrix components, α-SMA (E) and 
Collagen 1a1 (H). The statistics of IOD of α-SMA (F) and Collagen 1a1 (G). The statistical graphs of HMI (Hepatic Mass Index, (I)) and ALT (Alanine aminotransferase, (J)) 
levels in peripheral blood from mice. Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. Asterisks mark significant 
differences among different groups (**P < 0.01, ***P < 0.001).
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Figure 4 IL-33 deficiency leads to decreased proportion and function of Treg in murine schistosomiasis japonica. WT and IL-33−/− mice were divided into uninfected group, 
infected plus rmIL-33 group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the 
infected plus rmIL-33 group were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to 8th week post infection, with 
the total 5 μg of rmIL-33 per mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. At the 8th week post infection, all mice 
were sacrificed. The liver, spleen and peripheral blood were collected. Splenic lymphocytes were stimulated with soluble egg antigen (SEA, 10 μg/mL) in vitro for 72 h and 
then the supernatant was collected. (A and B) The proportion of Foxp3+Treg in CD4+ T cells in liver. (C and D) The proportion of Foxp3+Treg in CD4+ T cells in spleen. 
The proportion of ST2+Treg in total Treg in liver (E and F) and in spleen (G and H). The mRNA expression levels of Foxp3 (I), ST2 (J), TGF-β1 (K) and IL-10 (L) in liver. The 
concentrations of TGF-β1 in serum (M) and IL-10 in splenic supernatants (N). Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent 
experiments. Asterisks mark significant differences among different groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 5 ST2 is indispensable for activation of Treg by IL-33 in murine schistosomiasis japonica. WT and ST2−/− mice were divided into uninfected group, infected plus rmIL- 
33 group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the infected plus rmIL-33 
group were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to 8th week post infection, with the total 5 μg of rmIL- 
33 per mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. At the 8th week post infection, all mice were sacrificed. The 
liver, spleen and peripheral blood were collected. Splenic lymphocytes were stimulated with soluble egg antigen (SEA, 10 μg/mL) in vitro for 72 h and then the supernatant 
was collected. (A and B) The proportion of Foxp3+Treg in CD4+ T cells in liver. (C and D) The proportion of Foxp3+Treg in CD4+ T cells in spleen. The proportion of ST2 
+Treg in total Treg in liver (E and F) and in spleen (G and H). The mRNA expression levels of Foxp3 (I), ST2 (J), TGF-β1 (K) and IL-10 (L) in liver. The concentrations of 
TGF-β1 in serum (M) and IL-10 in splenic supernatants (N). Data are expressed as means ± SEMs based on 6 mice in each group and from 2 independent experiments. 
Asterisks mark significant differences among different groups (*P < 0.05, ***P < 0.001).
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To verify the effect of IL-33 on Th17 function in the 
infected mice, next we detected IL-17 concentration in 
splenocyte supernatant from all groups. Figure 6F shows 
that S. japonicum infection upregulated concentration of 
IL-17 in all infected mice. However, IL-33 deficiency 
augmented IL-17 concentration post infection. 
Administration of rmIL-33 restored elevated IL-17 levels 
caused by IL-33 deficiency in the infected WT mice 
(Figure 6F). Collectively, our results show that IL-33 
inhibits Th17 population and function in murine schisto-
somiasis japonica.

ST2 is Indispensable for IL-33 Inhibition of 
Th17 in Murine Schistosomiasis Japonica
To verify whether IL-33 could depress Th17 cell popula-
tion and function through binding to ST2 in the infected 
mice, we compared the Th17 percentages and functions 
between the infected WT and ST2−/− mice. The results 
showed that ST2 deficiency diminished percentage of 
Th17 cells in the spleen and liver from the infected mice 
(Figure 7A–D), along with decreased mRNA expression of 
liver RORγt (Figure 7E). Furthermore, compared with the 
infected WT mice, IL-17 concentration in splenocyte 
supernatant attenuated in the infected ST2−/− mice 
(Figure 7F). Administration of rmIL-33 had no effect on 
all the above parameters in the infected mice without ST2 
(Figure 7A–F). As such, ST2 is indispensable for IL-33 
inhibition of Th17 in murine schistosomiasis japonica.

Expansion of Treg by IL-33 via Modifying 
Autophagy in vitro
It has demonstrated that IL-33 promotes autophagy in 
several cell types, although the target cells and underlying 
mechanism vary in different immune disorders.39–41 Given 
autophagy plays an important role in CD4+ cells differ-
entiation and is indispensable for Treg cell maintenance 
and function in peripheral tissues,31,42,43 we hypothesized 
that IL-33 might expand Treg through upregulating autop-
hagy in the infected mice. To test our hypothesis, we 
sorted naïve CD4+ T cells from the infected WT mice 
and then co-cultured them with rmIL-33 in vitro. As 
shown in Figure 8, IL-33 could promote Treg polarization, 
evidenced by increased mRNA expressions of Foxp3, 
TGF-β1 and IL-10, as compared with the PBS control. 
IL-33 was associated with elevated mRNA levels of Atg5, 
Beclin-1 and inhibited mRNA levels of p62 in Treg. Both 
Atg5 and Beclin-1 are indicators of autophagy.42 p62, 

indicator of autophagy flux, can be reduced intracellularly 
when autophagy is activated and vice versa.44 These 
results provide evidence that IL-33 promotes naïve CD4+ 
T cells to differentiate into Treg through upregulating 
autophagy in vitro.

Discussion
Schistosomiasis is the most important helminth disease in 
the world that causes millions of morbidities and mortal-
ities in endemic areas. A plethora of cytokines produced 
by diverse cell types, including local tissue and immune 
cells, are involved in Schistosoma-induced liver 
immunopathology.3,8 The alarmin IL-33 has been reported 
to function as a pleiotropic cytokine involved in immune 
regulation, host defense, tissue repair and metabolic 
homeostasis.45 However, the role of IL-33 remains con-
troversial in different schistosomiasis settings.20–22 

Therefore, more comprehensive exploration and deeper 
understanding of the IL-33/ST2 pathway especially in the 
peak of immunopathology during Schistosoma infection 
are required. In this work, we compiled evidence that the 
absence of the IL-33/ST2 axis aggravates the liver immu-
nopathology and fibrosis at the 8th week post S. japonicum 
infection and the lack of this pathway decreases the per-
centage and function of Treg, along with upregulating the 
percentage and function of Th17. The modulation of IL-33 
in Treg is associated with its regulation of autophagy.

IL-33 is mainly expressed by epithelial cells, endothe-
lial cells, and fibroblasts of barrier tissues, indicating 
a central role for this cytokine in barrier tissue 
defense.33,46 Emerging studies have identified that expres-
sion of IL-33 can be induced by parasite infections in 
humans and mice.47–49 Our previous work shows that 
Schistosoma infection results in increased levels of serum 
IL-33 in mice due to epithelial cells and endothelial cells 
damaged caused by the parasite migration, with a peak 
plateau from 7 to 9 weeks post infection.20 As observed in 
humans, the serum IL-33 level is significantly elevated in 
acute patients of schistosomiasis japonica (7–9 weeks post 
infection).50 These are the experimental basis for choosing 
8 weeks post infection as our assessment time point in this 
experiment. We found that the S. japonicum infected mice 
not only had higher serum levels of IL-33, but also had 
elevated hepatic mRNA expression of IL-33 and ST2, 
compared to the uninfected control. It indicated that there 
was activation of the IL-33/ST2 axis in schistosome infec-
tion, which was consistent with the previous findings.51
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Figure 6 IL-33 deficiency leads to increased proportion and function of Th17 in murine schistosomiasis japonica. WT and IL-33−/− mice were divided into uninfected group, 
infected plus rmIL-33 group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the infected plus 
rmIL-33 group were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to 8th week post infection, with the total 5 μg of rmIL- 
33 per mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. At the 8th week post infection, all mice were sacrificed. The liver, spleen 
and peripheral blood were collected. The proportion of IL-17A+T cells in CD4+ T cells in liver (A and C) and spleen (B and D) of mice. (E) The mRNA expression level of Th17 
specific transcription factor RORγt in liver and (F) The concentration of IL-17 in splenic supernatant. Data are expressed as means ± SEMs based on 6 mice in each group and from 2 
independent experiments. Asterisks mark significant differences among different groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 7 ST2 is indispensable for IL-33 inhibition of Th17 in murine schistosomiasis japonica. WT and ST2−/− mice were divided into uninfected group, infected plus rmIL-33 
group and infected plus PBS group. Each mouse in the infected groups was infected with 20 cercariae through shaved abdominal skin. Mice in the infected plus rmIL-33 group 
were intraperitoneally injected with exogenous rmIL-33 (dissolved in sterile PBS solution) from the 4th week to 8th week post infection, with the total 5 μg of rmIL-33 per 
mouse. The mice in the infection plus PBS group were simultaneously given the equal volume of PBS. At the 8th week post infection, all mice were sacrificed. The liver, 
spleen and peripheral blood were collected. The proportion of IL-17A+T cells in CD4+ T cells in liver (A and C) and spleen (B and D) of mice. (E) The mRNA expression 
level of Th17 specific transcription factor RORγt in liver and (F) The concentration of IL-17 in splenic supernatant. Data are expressed as means ± SEMs based on 6 mice in 
each group and from 2 independent experiments. Asterisks mark significant differences among different groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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The IL-33/ST2 axis may play pleiotropic roles during 
parasite infections, depending on parasite species, organs 
involved and related immune mechanism underlying the 
pathogenesis of disease conditions.52 The current work 
showed that S. japonicum infection resulted in much 
severe hepatic pathology in the gene depletion mice with 
either IL-33 or ST2 relative to the WT mice, although there 
was no difference in egg granuloma number among these 
groups (data not shown). Notably, administration of exo-
genous rmIL-33 could reverse the exaggerated trend of the 
liver immunopathology in the infected IL-33−/− mice 
whereas had no effect on the liver pathology in the 
infected ST2−/− mice. These results indicate that the IL- 
33/ST2 axis plays a crucial protective role in schistoso-
miasis japonica via suppressing granuloma formation and 
associated pathology. The IL-33/ST2 axis is actively 
involved in various infections in humans and animals, 
among them IL-33 is shown to be a Janus cytokine in 
the development of infectious disease mechanisms.35 IL- 
33 can be protective during infections with Trichuris 
muris,47 hookworm,53 and Toxoplasma gondii,54 whereas 
it acts as a new deleterious regulator during visceral 

leishmaniasis49 and Helicobacter hepaticus infection.55 

The IL-33/ST2 axis is necessary to prevent host mortality 
by modulating granuloma-mediated pathology in schisto-
somiasis mansoni.56 In experimental schistosomiasis, the 
IL-33/ST2 axis has been associated with increased Th2 
response in infections with S. japonicum,20 but not with 
S. mansoni.56 IL-33 has been reported as one of keystones 
in liver inflammatory diseases, with protective or pro- 
inflammatory effects, depending on assessment timing 
and disease models.57 Reports from different groups have 
suggested that variable functions of IL-33 in Schistosoma 
infected mice, which might duo to different species 
involved, different infection stages and assessment time 
points.21,22,56 Given the diverse function of IL-33 during 
inflammation disorders, further investigation of detailed 
molecular mechanisms by which the IL-33/ST2 axis pro-
tects hepatic pathology associated with schistosomiasis 
may be favorable for defining novel targets to prevent its 
onset.

With the possibility of being a double-edged sword, in- 
depth studies are required to explore how IL-33 at the peak 
of its expression and its receptor ST2 are involved in 

A B C

ED F

Figure 8 Expansion of Treg by IL-33 via modifying autophagy in vitro. Liver naïve CD4+ T cells (CD4+ CD25− CD44− CD62L+) were sorted from the infected WT mice at 
the 8th week post infection. T cells were cultured (3×105 cells/well) in 96-well plates coated with anti-CD3 mAb (5 μg/mL, eBioscience) and soluble anti-CD28 mAb (3 μg/ 
mL, eBioscience) and kept in presence of IL-2 (100 U/mL, eBioscience). Exogenous rmIL-33 (10 ng/mL) was added to investigate its ability to polarize Treg and PBS used as 
the control. Cells were cultured in RPMI-1640 Medium, 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL of Penicillin/Streptomycin for 5 days. The mRNA expression level 
of Treg-related parameters, Foxp3 (A) and TGF-β1 (B) and IL-10 (C) in cultured cells. The mRNA expression level of autophagy-related parameters, Atg5 (D) and Beclin-1 
(E) and p62 (F) in cultured cells. Data are expressed as means ± SEMs based on 6 samples in each group and from 3 independent experiments. Asterisks mark significant 
differences among different groups (***P < 0.001).
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immune responses that S. japonicum elicits. Since the 
infected host is unable to clear the parasite, the body, 
especially the liver, is confronted with ongoing cycles of 
inflammation and healing, leading to immunopathology 
and tissue fibrosis.58 Therefore, hosts infected with 
Schistosoma have developed a variety of strategies in its 
regulatory mechanisms to inflammatory responses to 
newly deposited eggs, so as to mitigate damages caused 
by excessive immune responses.7 Numerous studies have 
proved that Treg is the most important negative immune 
regulator and plays a pivotal role in limiting hepatic 
immunopathological damage during the development of 
schistosomiasis.7,29,59,60 Treg is one of the main immune 
cells with high expression of ST2 on its surface. Recent 
studies have found that activation of Treg is associated 
with the IL-33/ST2 axis in many inflammatory diseases, 
such as inflammatory bowel disease, transplantation, 
immune-mediated hepatitis and experimental 
arthritis.33,34,61,62 Since S. japonicum infection induced 
elevated expression of the IL-33/ST2 axis, which could 
reduce the hepatic immunopathology in mice, we were to 
verify whether the protective role of the IL-33/ST2 axis 
was associated with its regulation of Treg. The data pre-
sented indicated that frequencies of both hepatic and sple-
nic Treg and ST2+Treg were downregulated in the 
infected gene depletion mice with either IL-33 or ST2 
relative to the infected WT mice, which were consistent 
with increased mRNA expression levels of their corre-
sponding biomarkers Foxp3 and ST2. In addition, deple-
tion of the IL-33/ST2 axis inhibited expressions of Treg 
functional cytokines TGF-β1 and IL-10, in both protein 
and mRNA levels. Notably, exogenous rmIL-33 treatment 
could reverse the inhibition trend of Treg in the infected 
IL-33−/− mice but not in the infected ST2−/− mice. These 
results indicate that IL-33, with the presence of its receptor 
ST2, could activate Treg in S. japonicum infected mice. 
More importantly, IL-33 could directly induce the up- 
regulation of ST2 expression on the surface of Treg.63 It 
has been demonstrated that Treg plays a pivotal role in 
limiting hepatic immunopathological damage during the 
development of schistosomiasis.59,64 Therefore, the ele-
vated IL-33/ST2 axis might mitigate the liver immuno-
pathology by activating Treg in the infected mice. 
Additional studies may provide insights for more experi-
mental evidence to verify and clarify the comprehensive 
mechanisms involved in the regulation of the axis.

IL-33 has the capacity to target several immune cells 
under a variety of immunological responses.52 The IL-33/ 

ST2 axis has been found to modulate some disease pro-
gress through targeting Th17 and exert ambivalent effects 
on Th17 response in different diseases.37,38,64,66 The role 
of Th17 has attracted attention in liver pathology in mur-
ine schistosomiasis.8,67 There is significant increased IL- 
17 levels in the ST2−/− infected mice with S. mansoni at 14 
weeks post infection.56 Our results showed that frequen-
cies of both hepatic and splenic Th17 were upregulated in 
the infected IL-33−/− or ST2−/− relative to the infected WT 
mice, which were consistent with increased mRNA 
expression levels of its corresponding biomarker RORγt. 
In addition, analysis of the cytokine production profile 
revealed that depletion of the IL-33/ST2 axis resulted in 
the increased IL-17 level. Notably, exogenous rmIL-33 
treatment could reverse the activation effect of Th17 in 
the infected IL-33−/− mice but not in the infected ST2−/− 

mice. These results suggest that the increased IL-33 could 
suppress Th17, and ST2 is indispensable for this inhibition 
effect in S. japonicum infected mice. The immune 
response is skewed to Th17 type in the infected ST2−/− 

mice with Toxocara canis.68 Our data, consistent with the 
previous reports, support that decreased Th17 immune 
response is associated with the protective role of the IL- 
33/ST2 axis in murine schistosomiasis.55 Further studies 
will be required to explore the detailed molecular mechan-
ism of how IL-33 regulate Th17 responses in murine 
schistosomiasis japonica. Collectively, activation of Treg 
and inhibition of Th17 by IL-33 is beneficial in murine 
schistosomiasis. The exacerbated liver immunopathology 
caused by the absence of the IL-33/ST2 axis is most likely 
due to downregulation of Treg and upregulation of Th17 
differentiation during schistosomiasis.

Increasing evidence suggests that Th17/Treg balance is 
critical to maintaining the immune homeostasis of bodies, 
and the imbalance caused by alteration of the quantity or 
function of Th17 or Treg plays a pathogenic role in 
inflammatory disorders.3,69,70 Th17 cells are actively 
involved in hepatic immunopathogenesis in schistosomia-
sis, whereas Treg cells play a pivotal role in limiting 
hepatic granuloma and fibrosis in schistosomiasis.8,9 Our 
results indicated that S. japonicum infection up-regulated 
the frequencies and functions of both Th17 and Treg in all 
mice. However, there was more dramatical increase of 
Treg in the infected WT mice, while much higher level 
of Th17 in the infected mice lacking the IL-33/ST2 axis. 
The result indicated that the IL-33/ST2 axis deficiency 
aggravated the imbalance of Th17/Treg in murine schisto-
somiasis. Therefore, the exacerbated liver 
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immunopathology may be related to the functional imbal-
ance of Th17/Treg in the infected IL-33−/− and ST2−/− 

mice.29 A better understanding of the detailed cellular 
and molecular mechanisms holds the key to development 
new therapeutic strategies against schistosomiasis.

Autophagy has emerged as a critical regulator in T cell 
differentiation and development.71 Abnormal autophagy 
has been characterized in immune disorders as well as 
infectious diseases.42 There is compelling evidence that 
autophagy serves as a central signal-dependent controller 
for Treg in different disease settings.72,73 IL-33 is enriched 
in chronic hepatitis B virus (HBV) infection and has 
a context-dependent role in autophagy.74 In our study, we 
demonstrated that IL-33 could promote naïve CD4+ 
T cells to differentiate into Treg in vitro by upregulating 
autophagy. Induction of Treg by IL-33 through activating 
autophagy may be due to the fact that Treg constitutively 
expresses the receptor ST2 and thus are able to act imme-
diately upon IL-33 treatment.63 Autophagy has been 
reported to alleviate liver inflammation in S. japonicum- 
infected mice.75 Therefore, the protective role of the IL- 
33/ST2 axis in hepatic immunopathology might be asso-
ciated with the increase of Treg, resulted from upregula-
tion of autophagy by IL-33 in the infected mice. This 
hypothesis was further strengthened by the observation 
that the IL-33/ST2 deficiency led to decreased Treg and 
thus aggravated hepatic pathology in the infected mice.

Conclusion
In summary, we demonstrate that the IL-33/ST2 axis plays 
a protective function through induction of Treg and inhibi-
tion of Th17 in S. japonicum infected mice. IL-33 pro-
motes naïve CD4+ T cells to differentiate into Treg by 
upregulating autophagy in vitro, although the underlying 
mechanism is needed for further exploration. Our findings 
may open new perspectives for better understanding 
immune mechanisms in schistosomiasis.
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