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Abstract

Previous studies showed that CD4+T cells responses might be involved in the process of bil-

iary fibrosis. However, the underlying mechanism resulting in biliary fibrosis caused by Clo-

norchis sinensis remains not yet fully elucidated. The objectives of the present study were

to investigate the different profiles of hepatic CD4+T cell subsets (Th1, Th2, Th17 and Treg

cells) and their possible roles in the biliary fibrosis of different strains of mice (C57BL/6,

BALB/c and FVB mice) induced by C. sinensis infection. C57BL/6, BALB/c and FVB mice

were orally gavaged with 45 metacercariae. All mice were sacrificed on 28 days post infec-

tion in deep anesthesia conditions. The leukocytes in the liver were separated to examine

CD4+T cell subsets by flow cytometry and the left lobe of liver was used to observe patholog-

ical changes, collagen depositions and the concentrations of hydroxyproline. The most

serious cystic and fibrotic changes appeared in FVB infected mice indicated by gross obser-

vation, Masson’s trichrome staining and hydroxyproline content detection. In contrast to

C57BL/6 infected mice, diffuse nodules and more intensive fibrosis were observed in the

BALB/c infected mice. No differences of the hepatic Th1 subset and Th17 subset were

found among the three strains, but the hepatic Th2 and Treg cells and their relative cyto-

kines were dramatically increased in the BALB/c and FVB infected groups compared

with the C57BL/6 infected group (P<0.01). Importantly, increased Th2 subset and Treg

subset all positively correlated with hydroxyproline contents (P<0.01). This result for the first

time implied that the increased hepatic Th2 and Treg cell subsets were likely to play poten-

tial roles in the formation of biliary fibrosis in C. sinensis-infected mice.

Introduction

Clonorchiasis is one of the most common food-borne trematodiases caused by Clonorchis
sinensis infection that is prevalent in Eastern Asia including China, Korea, Vietnam and
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eastern Russia [1]. After ingestion of the undercooked fish containing C. sinensis metacercar-

iae, the encysts are released owing to the stimulation of gastric juice and the cyst wall is

digested by trypsin in the duodenum. Juvenile worms colonize in the bile ducts of hosts and

lead to the damage to biliary epithelium, resulting in cholangitis, cholelithiasis, biliary fibrosis,

and the cholangiocarcinoma [2–8].

Outcomes of parasitic infection is determined by a large number of factors, like host genetic

variation, different immunological backgrounds and nutritional status [9–12]. Thus, these fac-

tors may probably not only influence the liver pathological lesions triggered by invasion of C.

sinensis, but also the growth and clearance of this parasite. For example, previous studies

reported that FVB mice are prone to form cysts, while BALB/c mice develops more extensive

biliary fibrosis when they were administrated the same amount of C. sinensis metacercariae.

There are also differences in other hepatic pathological changes such as inflammatory cells

infiltration, fibrotic proliferation and biliary hyperplasia between these two strains [13]. How-

ever, the underlying mechanism resulting in these differences remains not yet fully elucidated.

Originally, CD4+T-helper 2 cells immune responses are responsible for the main evolution

driving by the helminth infection [14]. However, with the further understandings and defini-

tions of CD4+T cells, new T-helper cell subsets such as Th17 cells and regulatory T cells were

also found as it proved that these cell subsets play crucial roles in helminth infection [15–17].

It is clear that the differentiation of these four subsets including Th1, Th2, Th17 and Treg

requires specific cytokine milieu [18, 19]. These four populations secreted distinct profiles of

functional cytokines that may play vital roles in protection against the parasite invasion, in

regulation of host immune responses and histopathological lesions, as well as in expulsion of

parasites [20]. For instance, Th1 and Th2 cells are involved in the clearance of intracellular

pathogens and helminthic parasites, respectively [21]. Th1 cells can inhibit the liver fibrosis

because the secreted IFN-γ has the suppressive effect on the activation of hepatic stellate

cells. But Th2 cytokines such as IL-4, IL-5 and IL-13 promote the development of fibrosis by

inducing activation of hepatic stellate cells [22]. It has also been reported that Th17 induced

the formation of liver granuloma and fibrosis via selectively producing IL-17 cytokine in schis-

tosomiasis while Treg was reported to play roles in down regulating such hepatic pathological

injuries [23,24]. However, there have been limited data implicating the pattern of CD4+T

cell subsets appeared during the C. sinensis infection. Our previous study indicated that Th1

immune response, which appeared during the acute phase, would shift to Th2 immune

response with the infection developing [25]. Apart from this, there was an imbalance between

Treg and Th17 cells, which might contribute to the hepatic fibrosis in C. sinensis infected

BALB/c mice [26]. Nevertheless, little is known regarding the amounts of liver CD4+T cell sub-

sets and its relationship with biliary fibrosis in different strains of C. sinensis-infected mice.

Therefore, in the present study, C57BL/6, BALB/c and FVB mice infected with C. sinensis were

employed to compare the profiles of hepatic Th1, Th2, Th17 and Treg cells and investigate

their potential relationships with hepatic fibrosis.

Materials and methods

Parasites and mice

To obtain C. sinensis metacercariae, fresh naturally C. sinensis metacercariae infected fish were

collected from Tsitsihar City, Heilongjiang Province, People’s Republic of China (47.33˚N,

123.97˚E), then homogenized and digested with artificial gastric juice (0.7% pepsin in 1% HCl

solution, pH 2.0) for overnight at 37˚C after fishbone and fins were removed. Eventually, the

metacercariae were isolated under a dissecting microscope and stored in Alsever’s solution at

4˚C until required.

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis
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The six-week-old female C57BL/6 mice, BALB/c mice and FVB mice were all purchased

from Shanghai Laboratory Animal Co., Ltd (SLAC, Shanghai, China) and kept in specific path-

ogen-free facility with a 12-h light and 12-h dark cycle of Xuzhou Medical University. Each

strain of mice was divided into two groups randomly: one normal group (n = 5) and the other

infected group (n = 5). All the mice were provided with sterile food and water ad libitum. The

infected mice were orally gavaged with 45 metacercariae and monitored daily for diet and sur-

vival. The body conditions of all mice were observed and recorded daily during the whole pro-

cedure. No animals displayed suffering or distress, and moreover, no animals died prior to the

experimental endpoints. Before being sacrificed on 28 days post infection, each mouse was in

deep anesthesia conditions. All this study was conducted in strict accordance with the Guide

for the Care and Use of Laboratory Animals of the Ministry of Health, China and complied by

the Animal Ethics Committee of Xuzhou Medical University (No. SCXK<SU>2014–0003).

All this efforts were aimed to minimize the suffering of these scientific animals.

Histological examination

The left liver from each mouse were removed and fixed, embedded in 10% paraffin, and 3-μm

serial sections were examined by H&E staining and Masson’s trichrome staining. All these

specimens were eventually analyzed under an optical microscope and captured 6 photographs.

Determination of hydroxyproline content

For detection the collagen, hydroxyproline, an amino acid characteristic of collagen, was deter-

mined. Approximately 50mg tissues were sampled from liver in each mouse and a commer-

cially available kit which acquired from Jiancheng Institute of Biotechnology was used to

determine the concentration of the hydroxyproline content. All the procedures making using

of the reaction of oxidized hydroxyproline with 4-(Dimethylamino) benzaldehyde (DMAB)

were performed in accordance with the manufacturer’s instructions.

Isolation of hepatic leukocytes and detection of C. sinensis eggs in liver

For isolating the hepatic leukocytes, the modification of protocols previously described was

used [27]. Briefly, the whole liver was isolated and homogenate totally when packaged in nylon

membrane. Subsequently, 40% and 70% percoll density gradient was added into the sample

carefully and then centrifuged at 2500 rpm for 25 min at room temperature. The lowest layer

was used to examine the eggs microscopically and the middle layer which is the leukocytes was

used for flow cytometry.

Flow cytometry

For the analysis of Th1, Th2, Th17 subsets, approximately 106 leukocytes isolated from liver

were stimulated with 20 ng/ml PMA, 1 μg/ml ionomycin and 2 mmol/ml monensin (Sigma-

Aldrich, St. Louis, MO, USA) for 4 h at 37˚C in 5% CO2. For surface staining, the cells were

collected and then incubated with anti-CD4-FITC for 30min. For intracellular staining, the

cells were washed and fixed, permeabilized with Perm/Fix solution (eBioscience, San Diego,

CA, USA) for 30 min and stained with anti- IFN-γ- Alexa Flour 488, anti-IL-4- APC and anti-

IL-17A-PE (BD Biosciences) for 30 min for detecting Th1, Th2, Th17 cells, respectively. All

samples were evaluated on flow cytometer (FACSCanto II; BD Biosciences, Franklin Lakes,

NJ, USA) using Diva software (BD Biosciences).

For detection of Treg cells, the liver leukocytes were first surface incubated with anti-CD4-

PerCP-Cyanine5.5 and anti-CD25-FITC for 30 min. Subsequently, Foxp3 staining buffer set
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(eBioscience, San Diego, CA, USA) were used to treat the cells and anti-Foxp3-APC were

added for 1 hour. All samples were evaluated on flow cytometer (FACSCanto II; BD Biosci-

ences, Franklin Lakes, NJ, USA) using Diva software (BD Biosciences). Samples were acquired

and analyzed on a FACSCanto II flow cytometer.

RNA isolation and quantitative RT-PCR

To detect the relative mRNA expression, hepatic total RNA of each mouse was extracted using

TRIzol (Invitrogen, Carlsbad, CA) flowed by manufacturer’s recommendations. The Nano-

drop spectrophotometer (ThermoScientific, Wilmington, DE) was subsequently used to mea-

sure the RNA quality and concentration. cDNA was reverse transcribed from 1 μg total RNA

per sample and then amplified using LightCycler480 real-time PCR System (Roche Diagnos-

tics Inc). The primer sequences used to amplify the gene of interest were the following: β-actin

(mβ-actin-F: 5'-TGGAATCCTGTGGCATCCATGAAAC-3'; mβ-actin -R: 5'-TAAAACGCAG
CTCAGTAACAGTCCG-3'); IL-4 (mIL-4-F: 5'-AACGAGGTCACAGGAGAAGGGGT'; mIL-4-

R: 5'-TCCAAGCAGGACAGAGAAAGCAT-3'); IL-5 (mIL-5-F: 5'-AGGCTTCCTGTCCCTA
CTCATAA-3'; mIL-5: 5'-TCTCTCCTCGCCACACTTCTCT-3'); IL-10 (mIL-10-F: 5'-GCT
CTAGAAACACCTGCAGTGTGTATTGAGTCTGCTGGA-3'; mIL-10-R: 5'- GCTCTAGAAATTC
GAATAAGATCCATTTATTCAAAATTAG-3'); TGF-β (mTGF-β-F: 5'-CACTGATACGCCTGA
GTG-3'; mTGF-β-R: 5'-GTGAGCGCTGAATCGAAA-3'). Targeted mRNA expression levels

were normalized to the housekeeping gene β-actin and then fold changes was calculated by

comparison to the expression of the controls.

Statistical analysis

All data were analyzed using SPSS16.0 and presented as mean ± standard error of the mean

(SEM). One-way analysis of variance (ANOVA) was performed to analyze the statistical signif-

icance. Correlation studies were calculated using Pearson’s correlation. P-value<0.05 was

deemed statistically significant.

Results

Gross observation and histopathological changes

Only 2 to 4 small white nodules were grossly found on the surface of the liver in each C. sinen-
sis infected C57BL/6 mice. However, diffuse nodules were observed in the infected BALB/c

mice, and more seriously, the liver in the C. sinensis-infected FVB mice showed swelling and

several big whitish cysts. Adult or juvenile worms could be observed in these three strains of

mice (Fig 1A). Interestingly, all the five infected C57BL/6 mice and only one infected BALB/c

mice were egg negative.

As results showed in Fig 1B, although adult worms in the liver were observed in all strains,

there were only moderate infiltration of inflammatory cells and fibrotic proliferation sur-

rounding the proliferative bile ducts in the C57BL/6 mice, while more serious hepatic patholo-

gies emerged in the other two strains, whose bile duct hyperplasia was more prominent and

large area of fibrosis accompanied with wild inflammation changes even extended into the

portal and periportal areas.

FVB and BALB/c mice but not C57BL/6 mice showed marked biliary

fibrosis

Masson’s trichrome staining was employed to further assess the fibrotic changes in three

strains. C.sinensis-infected C57BL/6 mice showed a moderate trend of ECM and collagen

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis
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fibers were only deposited around portal areas while such changes were more extensive in

FVB and BALB/c mice (Fig 2A). In addition, as Fig 2B showed, compared with C. sinensis-

infected C57BL/6 mice, a higher level of hydroxyproline contents were observed in FVB

mice (P<0.001, Fig 2B) and BALB/c mice (P<0.01, Fig 2B). Taken together, C. sinensis-

infected FVB mice showed the most intensive fibrosis, followed by C. sinensis-infected

BALB/c and C57BL/6 mice.

Fig 1. Gross observation and histopathological changes of livers in normal and Clonorchis sinensis-infected mice. Each strain of

mice was randomly divided into normal group (n = 5) and C. sinensis-infected group (n = 5) which were orally infected with 45

metacercariae. All the mice were sacrificed on 28 days post infection. (A) Gross observation of livers. A-1, A-2, A-3 and A-4 represent the

livers in normal mice, C. sinensis- infected C57BL/6 mice, C. sinensis- infected BALB/c mice and C. sinensis- infected FVB mice,

respectively. (B) The histopathological changes of livers in C57BL/6, BALB/c and FVB mice were examined by H&E staining (×100).

doi:10.1371/journal.pone.0171005.g001
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FVB and BALB/c mice have increased hepatic Th2 and Treg subsets

As results showed in Fig 3, the percentages of hepatic Th1 (P<0.01, Fig 3C) and Th17

(P<0.05, Fig 3D) were significantly higher in C. sinensis-infected FVB than those non-infected

FVB mice and there were no any differences for these two subsets in the other two strains

(P>0.05, Fig 3C and 3D). Furthermore, any differences of the Th1 subset and Th17 subset

were found among the three strains (P>0.05). However, compared with the each normal

group accordingly, either Th2 or Treg cells was dramatically increased in the C. sinensis-
infected BALB/c group or FVB group (P<0.01, Fig 4). Moreover, Th2 subset was significantly

higher in C. sinensis-infected FVB and BALB/c mice than those in C. sinensis-infected C57BL/

6 mice (P<0.05, Fig 4C). Similar trend was shown about Treg cells (P<0.001, Fig 4D).

To ascertain this FACS data, we determined the relative expression of Th2 and Treg related

cytokines (IL-4, IL-5, IL-10 and TGF-β) in the liver of non-infection and C. sinensis infection

mice by the quantitative RT-PCR. The results showed that the transcripts of IL-4, IL-5, IL-10

and TGF-β in the liver of C. sinensis infected mice were all significantly higher than those non-

infected mice with same background (Fig 5). For different strains of C. sinensis-infected mice,

consistent with the data of Flow FACS, the results showed that the levels of these cytokines in

C. sinensis-infected BALB/c mice and FVB mice were considerable increased, compared with

C57BL/6 mice infected by C. sinensis (Fig 5).

The increased hepatic Th2 and Treg subsets were positively correlated

with liver fibrosis in three strains of mice

Th2 and Treg cells are probably involved in liver fibrosis caused by the infection of C. sinensis
[26, 28]. To investigate the potential roles of the increased Th2 and Treg subsets in regulation

of fibrogenesis in different strains of mice, the correlation analysis was used to analyze the

Fig 2. Determination of hepatic fibrosis in normal and Clonorchis sinensis infected mice. (A) Paraffin-embedded sections were

stained by Masson’s trichrome and the blue area represents collagen deposition. (B) The concentration of the hydroxyproline content was

tested in liver homogenate in three strains. Each value represents the mean±SEM of four or more independent experiments. ** = P <0.01,

*** = P <0.001.

doi:10.1371/journal.pone.0171005.g002
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associations between these two CD4+T cell subsets and hydroxyproline contents. As the results

showed in Fig 6A, a significantly positive correlation was found between Th2 subset and

hydroxyproline contents (r = 0.7028, P<0.01) and a similar trend was also observed between

Treg subset and hydroxyproline contents (r = 0.944, P<0.0001, Fig 6B).

Discussion

As Uddin has compared the susceptibility in 6 strains (ICR, BALB/c, C57BL/6, DDY, CBA/N,

and C3H/HeN) of mice, there are apparent differences in worm recovery, histopathological

changes, and immunoglobulin, as well as cytokines levels to C. sinensis infection among these

different strains [29]. However, the mechanisms underlying of the host-parasite interactions

contributing to these differences are not fully elucidated. It is well characterized that the liver

Fig 3. The percentages of hepatic Th1 and Th17 cells in normal and Clonorchis sinensis-infected mice. Data shown are gated on

CD4+T cells. Numbers represent the ratios of Th1 (A) and Th17 (B) in CD4+T cells. (C) & (D) indicated the changes of Th1 and Th17 in three

strains of mice, respectively. Data are mean±SEM of four or more independent experiments. * = P <0.05, ** = P <0.01, *** = P <0.001.

doi:10.1371/journal.pone.0171005.g003
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Fig 4. The percentages of hepatic Th2 and Treg cells in normal and Clonorchis sinensis-infected mice. Data shown are gated on

CD4+T cells. Numbers represent the ratios of Th2 (A) and Treg (B) in CD4+T cells. (C) &(D) indicated the changes of Th2 and Tregs in three

strains of mice, respectively. Data are mean±SEM of four or more independent experiments. * = P <0.05, ** = P <0.01, *** = P <0.001.

doi:10.1371/journal.pone.0171005.g004

Fig 5. The levels of mRNA of IL-4, IL-5, IL-10 and TGF-β cytokines in the liver of normal and Clonorchis sinensis-infected mice.

mRNA of IL-4(A), IL-5(B), IL-10(C) and TGF-β(D) cytokines in the liver were determined by quantitative RT-PCR. All data are mean±SEM of

four or more independent experiments. * = P <0.05, ** = P <0.01, *** = P <0.001.

doi:10.1371/journal.pone.0171005.g005
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injuries might be induced by C. sinensis with the prolonged mechanical irritation, nitric oxide

formation, oxidative stress and intrinsic nitrosation [30–32]. But the pattern of hepatic CD4+T

cell subsets and their possible relationships with liver histopathologic changes in different

strains of mice are still unclear.

Previous studies demonstrated that H2 haplotypes have a dramatic influence on the lesions

and immune responses caused by infective and autoimmunity diseases [33–35]. It also has

been previously reported that, in terms of Trypanosoma cruzi and Echinococcus granulosus
infection, BALB/c (H-2d) was verified to be a more susceptible strain than C57BL/6 (H-2b)

mice. Additionally, more extensive Th2 responses and more IL-4 cytokine production were

examined in BALB/c mice [36, 37]. Interestingly, FVB (H-2q) mice possess relative susceptibil-

ity to C. sinensis infection than BALB/c mice but are resistant against infection with murine fil-

ariasis, and Nippostrongylus brasiliensis [38–40]. In this study, FVB, BALB/c and C57BL/6

were employed and orally fed with 45 metacercaria. Adult worms were seen in the livers of all

the three strains at 28 days post-infection, which implies that such infection models were

established successfully. Our histopathological results showed that, in contrast to C57BL/6

mice, the severity of inflammatory cells recruitment, bile ducts proliferation and collagen

depositions were all significantly increased in FVB and BALB/c mice. Furthermore, these

changes were the most severe in FVB mice. Overall, our findings were consistent with the pre-

vious studies [29, 38].

Increasing evidences support the concept that the cytokines secreted by Th1 cells increased

the abilities to eliminate parasites [39]. Therefore, C. sinensis adult worms could successfully

survive in the hosts that who showed the depressed Th1 responses. But Th2 cytokines such as

IL-4, IL-10 and IL-13 are associated with the aggravated pathological injuries and our previous

study showed that the imbalanced Treg/Th17 may play a role in the formation of liver fibrosis

[26, 41]. There is a controversy concerning the roles of Treg cells playing in the context of

experimentally induced fibrosis [42]. For instance, the depletion of Tregs in mice has been ver-

ified to inhibit the progression of lung fibrosis. However, in an experimental cardiac fibrosis,

Tregs played a protective role in tissue fibrosis [43, 44]. Moosbrugger-Martinz also reported

that the up-regulation of pathogenic Tregs in atopic dermatitis is able to produce Th2 cyto-

kines and to promote the disease instead of alleviating symptoms [45]. The effects of

CD4+CD25hiFoxp3+ Tregs are altered in the environment stimulated by bleomycin with the

Fig 6. Correlations between Th2, Treg and hydroxyproline concentrations during Clonorchis sinensis infection within different

strains of mice. Pearson’s correlation was used to analyze the associations between these two CD4+T cell subsets and hydroxyproline

contents. The blue, yellow and red dots represent C57BL/6 infected mice, BALB/c infected mice and FVB infected mice, respectively.

doi:10.1371/journal.pone.0171005.g006
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IL-2 complex, which ultimately leads to heightened pulmonary fibroplasia by activating domi-

nant type 2 immune responses [46]. It is corroborated that Th2 immune responses which are

responsible for the resistance of hosts to the helminthic infection could activate TGF-β1 via

producing IL-4 and IL-13 and TGF-β signaling pathway, and the latter in turn acts as a promi-

nent mediator in fibrosis [41]. Our result showed that the hepatic Th2 and Treg cells and

related cytokines IL-4, IL-5, IL-10 and TGF-β were dramatically increased in the BALB/c and

FVB infected groups compared with the C57BL/6 infected group. The positive correlation

between the increased Th2 subset and Treg subset with hydroxyproline contents suggest that

the augmentations of Th2 and Treg could be a medical targets as they may play a potential role

inducing liver fibrosis in different strains of mice, but the underlying mechanism is unclear

and warrant to be addressed in further studies.

Conclusions

The present study showed that a diverse change in profile of the hepatic CD4+T cell subsets

including Th1, Th2, Th17 and Treg in C. sinensis infected C57BL/6, BALB/c and FVB mice.

This result implied that Th2 and Treg cell subsets were likely to be important in the formation

of hepatic fibrosis, which may provide fundamental information for further studying the

mechanism of CD4+T cell subsets in clonorchiasis.

Acknowledgments

We would like to thank Prof. Jia-Xu Chen, National Institute of Parasitic Diseases, Chinese

Center for Disease Control and Prevention for providing fish Pseudorasbora parva containing

metacercariae of C. sinensis.

Author Contributions

Conceptualization: BBZ CY RXT KYZ.

Data curation: BBZ RM.

Formal analysis: BBZ CY.

Funding acquisition: KYZ CY.

Investigation: BBZ CY FF YD.

Methodology: BBZ CY FF YD RM XYL QY DM.

Project administration: KYZ CY.

Resources: QY XYL.

Software: XYL.

Supervision: KYZ RXT.

Validation: BBZ CY FF YD.

Writing – original draft: CY BBZ.

Writing – review & editing: KYZ RXT.

References
1. Qian MB, Utzinger J, Keiser J, Zhou XN. Clonorchiasis. Lancet. 2016; 387(10020):800–810. doi: 10.

1016/S0140-6736(15)60313-0 PMID: 26299184

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis

PLOS ONE | DOI:10.1371/journal.pone.0171005 February 2, 2017 10 / 13

http://dx.doi.org/10.1016/S0140-6736(15)60313-0
http://dx.doi.org/10.1016/S0140-6736(15)60313-0
http://www.ncbi.nlm.nih.gov/pubmed/26299184


2. Oh JT, Kang DB, Jo HJ. Acute cholecystitis associated with Clonorchis sinensis infection. Ann Surg

Treat Res. 2014; 87(2):104–107. doi: 10.4174/astr.2014.87.2.104 PMID: 25114891

3. Qiao T, Ma RH, Luo XB, Luo ZL, Zheng PM. Cholecystolithiasis is associated with Clonorchis sinensis

infection. PloS one. 2012; 7(8):e42471 doi: 10.1371/journal.pone.0042471 PMID: 22905137

4. Zhang GW, Lin JH, Qian JP, Zhou J. Identification of risk and prognostic factors for patients with clo-

norchiasis-associated intrahepatic cholangiocarcinoma. Ann Surg Oncol. 2014; 21(11):3628–3637. doi:

10.1245/s10434-014-3710-x PMID: 24781504

5. Qian MB, Chen YD, Liang S, Yang GJ, Zhou XN. The global epidemiology of clonorchiasis and its rela-

tion with cholangiocarcinoma. Infect Dis Poverty. 2012; 1(1):4. doi: 10.1186/2049-9957-1-4 PMID:

23849183

6. Schafer M, Werner S. Cancer as an overhealing wound: an old hypothesis revisited. Nat Rev Mol Cell

Biol. 2008; 9(8):628–638. doi: 10.1038/nrm2455 PMID: 18628784

7. Okada F. Inflammation-related carcinogenesis: current findings in epidemiological trends, causes and

mechanisms. Yonago Acta Med. 2014; 57(2):65–72. PMID: 25324587

8. Yan C, Wang L, Li B, Zhang BB, Zhang B, Wang YH, et al. The expression dynamics of transforming

growth factor-β/Smad signaling in the liverHYPERLINK "javascript:;" HYPERLINK "javascript:;"fibrosis

HYPERLINK "javascript:;"experimentally caused byHYPERLINK "javascript:;" HYPERLINK "javas-

cript:;"Clonorchis sinensisHYPERLINK "javascript:;". Parasit Vectors. 2015;4:70.

9. Breloer M, Abraham D. Strongyloides infection in rodents: immune response and immune regulation.

Parasitology. 2016; 24:1–21.

10. Schmid-Hempel P. Parasite immune evasion: a momentous molecular war. Trends Ecol Evol. 2008; 23

(6):318–326. doi: 10.1016/j.tree.2008.02.011 PMID: 18439709

11. Gupta S. Parasite immune escape: new views into host-parasite interactions. Curr Opin Microbiol.

2005; 8(4):428–433. doi: 10.1016/j.mib.2005.06.011 PMID: 15993644

12. Clough D, Prykhodko O. Effects of protein malnutrition on tolerance to helminth infection. Biol Lett.

2016; 12(6).

13. Kim EM, Bae YM, Choi MH, Hong ST. Cyst formation, increased anti-inflammatory cytokines and

expression of chemokines support for Clonorchis sinensis infection in FVB mice. Parasitol Int. 2012; 61

(1):124–129. doi: 10.1016/j.parint.2011.07.001 PMID: 21820080

14. Bouchery T, Kyle R, Ronchese F, Le Gros G. The differentiation of CD4+T-helper cell subsets in the

context of helminth parasite infection. Front Immunol. 2014; 5:487. doi: 10.3389/fimmu.2014.00487

PMID: 25360134

15. Smith KA, Maizels RM. IL-6 controls susceptibility to helminth infection by impeding Th2 responsive-

ness and altering the Treg phenotype in vivo. Eur J Immunol. 2014; 44(1):150–1561. doi: 10.1002/eji.

201343746 PMID: 24185641

16. D’Elia R, Behnke JM, Bradley JE, Else KJ. Regulatory T cells: a role in the control of helminth-driven

intestinal pathology and worm survival. J Immunol. 2009; 182(4):2340–8. doi: 10.4049/jimmunol.

0802767 PMID: 19201888

17. Zhang W, Zhu J, Song X, Xu Z, Xue X, Chen X, et al. An association of Aquaporin-4 with the immuno-

regulation of liver pathology in mice infected with Schistosoma japonicum. Parasit Vectors. 2015;21;

8:37. doi: 10.1186/s13071-015-0650-7 PMID: 25604731

18. McSorley HJ, Maizels RM. Helminth infections and host immune regulation. Clin Microbiol Rev. 2012;

25:585–608. doi: 10.1128/CMR.05040-11 PMID: 23034321

19. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. Interleukin 17-produc-

ing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat

Immunol. 2005; 6:1123–1132. doi: 10.1038/ni1254 PMID: 16200070

20. Hirahara K, Poholek A, Vahedi G, Laurence A, Kanno Y, Milner JD, et al. Mechanisms underlying helper

T-cell plasticity: implications for immune-mediated disease. J Allergy Clin Immunol. 2013; 131:1276–

87. doi: 10.1016/j.jaci.2013.03.015 PMID: 23622118

21. Anuradha R, Munisankar S, Dolla C, Kumaran P, Nutman TB, Babu S. Parasite Antigen-Specific Regu-

lation of Th1, Th2, and Th17 Responses in Strongyloides stercoralis Infection. J immuno. 2015;

195:2241–50.

22. Wynn TA. Fibrotic disease and the TH1/TH2 paradigm. Nat Rev Immunol. 2004; 4:583–94. doi: 10.

1038/nri1412 PMID: 15286725

23. Mbow M, Larkin BM, Meurs L, Wammes LJ, de Jong SE, Labuda LA, et al. T-helper 17 cells are associ-

ated with pathology in human schistosomiasis. J Infect Dis. 2013; 207:186–95. doi: 10.1093/infdis/

jis654 PMID: 23087431

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis

PLOS ONE | DOI:10.1371/journal.pone.0171005 February 2, 2017 11 / 13

http://dx.doi.org/10.4174/astr.2014.87.2.104
http://www.ncbi.nlm.nih.gov/pubmed/25114891
http://dx.doi.org/10.1371/journal.pone.0042471
http://www.ncbi.nlm.nih.gov/pubmed/22905137
http://dx.doi.org/10.1245/s10434-014-3710-x
http://www.ncbi.nlm.nih.gov/pubmed/24781504
http://dx.doi.org/10.1186/2049-9957-1-4
http://www.ncbi.nlm.nih.gov/pubmed/23849183
http://dx.doi.org/10.1038/nrm2455
http://www.ncbi.nlm.nih.gov/pubmed/18628784
http://www.ncbi.nlm.nih.gov/pubmed/25324587
http://dx.doi.org/10.1016/j.tree.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18439709
http://dx.doi.org/10.1016/j.mib.2005.06.011
http://www.ncbi.nlm.nih.gov/pubmed/15993644
http://dx.doi.org/10.1016/j.parint.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21820080
http://dx.doi.org/10.3389/fimmu.2014.00487
http://www.ncbi.nlm.nih.gov/pubmed/25360134
http://dx.doi.org/10.1002/eji.201343746
http://dx.doi.org/10.1002/eji.201343746
http://www.ncbi.nlm.nih.gov/pubmed/24185641
http://dx.doi.org/10.4049/jimmunol.0802767
http://dx.doi.org/10.4049/jimmunol.0802767
http://www.ncbi.nlm.nih.gov/pubmed/19201888
http://dx.doi.org/10.1186/s13071-015-0650-7
http://www.ncbi.nlm.nih.gov/pubmed/25604731
http://dx.doi.org/10.1128/CMR.05040-11
http://www.ncbi.nlm.nih.gov/pubmed/23034321
http://dx.doi.org/10.1038/ni1254
http://www.ncbi.nlm.nih.gov/pubmed/16200070
http://dx.doi.org/10.1016/j.jaci.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23622118
http://dx.doi.org/10.1038/nri1412
http://dx.doi.org/10.1038/nri1412
http://www.ncbi.nlm.nih.gov/pubmed/15286725
http://dx.doi.org/10.1093/infdis/jis654
http://dx.doi.org/10.1093/infdis/jis654
http://www.ncbi.nlm.nih.gov/pubmed/23087431


24. Layland LE, Rad R, Wagner H, da Costa CU. Immunopathology in schistosomiasis is controlled by anti-

gen-specific regulatory T cells primed in the presence of TLR2. Eur J Immunol. 2007; 37:2174–84. doi:

10.1002/eji.200737063 PMID: 17621370

25. Guo QQ, Linlin F, Tang RX, Xia H, Zheng KY, Liu YS, et al. Th1/Th2 cytokine profile in spleen mononu-

clear cells of mice infected with Clonorchis stimulated by excretory-secretory antigen. Journal of Tropi-

cal Medicine. 2009; 9:1187–1189. in chinese

26. Yan C, Zhang BB, Hua H, Li B, Zhang B, Yu Q, et al. The dynamics of Treg/Th17 and the imbalance of

Treg/Th17 in Clonorchis sinensis-infected mice. Plos One. 2015; 10:e0143217. doi: 10.1371/journal.

pone.0143217 PMID: 26599407

27. Peng H, Zhang Q, Li X, Liu Z, Shen J, Sun R, et al. IL-33 Contributes to Schistosoma japonicum-

induced Hepatic Pathology through Induction of M2 Macrophages. Scientific Reports. 2016; 6:29844.

doi: 10.1038/srep29844 PMID: 27445267

28. Xu Y, Liang P, Bian M, Chen W, Wang X, Lin J, et al. Interleukin-13 is involved in the formation of liver

fibrosis in Clonorchis sinensis-infected mice. Parasitol Res. 2016; 115:2653–60. doi: 10.1007/s00436-

016-5012-7 PMID: 26993324

29. Uddin MH, Li S, Bae YM, Choi MH, Hong ST. Strain variation in the susceptibility and immune response

to Clonorchis sinensis infection in mice. Parasitol Int. 2012; 61:118–23. doi: 10.1016/j.parint.2011.07.

002 PMID: 21763454

30. Maeng S, Lee HW, Bashir Q, Kim TI, Hong SJ, Lee TJ, et al. Oxidative stress-mediated mouse liver

lesions caused by Clonorchis sinensis infection. Int J Parasitol. 2016; 46:195–204. doi: 10.1016/j.ijpara.

2015.11.003 PMID: 26718397

31. Yang QL, Shen JQ, Xue Y, Cheng XB, Jiang ZH, Yang YC, et al. Pathological lesions and inducible

nitric oxide synthase expressions in the liver of mice experimentally infected with Clonorchis sinensis.

Korean J Parasitol. 2015; 53:777–7783. doi: 10.3347/kjp.2015.53.6.777 PMID: 26797449

32. Watanapa P, Watanapa WB. Liver fluke-associated cholangiocarcinoma. Br J Surg. 2002; 89:962–970.

doi: 10.1046/j.1365-2168.2002.02143.x PMID: 12153620

33. Hannestad K, Scott H. The MHC haplotype H2b converts two pure nonlupus mouse strains to producers

of antinuclear antibodies. J Immunol. 2009; 183:3542–50. doi: 10.4049/jimmunol.0900579 PMID:

19657088

34. Freitas JM, Andrade LO, Pires SF, Lima R, Chiari E, Santos RR, et al. The MHC gene region of murine

hosts influences the differential tissue tropism of infecting Trypanosoma cruzi strains. PloS one. 2009;

4:e5113. doi: 10.1371/journal.pone.0005113 PMID: 19337367

35. Shi W, Zhang Z, Chen MH, Angle JF, Matsumoto AH. Genes within the MHC region have a dramatic

influence on radiation-enhanced atherosclerosis in mice. Circ Cardiovasc Genet. 2010; 3:409–413. doi:

10.1161/CIRCGENETICS.110.957449 PMID: 20729504

36. Bryan MA, Guyach SE, Norris KA. Specific humoral immunity versus polyclonal B cell activation in Try-

panosoma cruzi infection of susceptible and resistant mice. PLoS Negl Trop Dis. 2010; 4:e733. doi: 10.

1371/journal.pntd.0000733 PMID: 20625554

37. Mourglia-Ettlin G, Merlino A, Capurro R, Dematteis S. Susceptibility and resistance to Echinococcus

granulosus infection: Associations between mouse strains and early peritoneal immune responses.

Immunobiology. 2016; 221:418–426. doi: 10.1016/j.imbio.2015.11.012 PMID: 26658113

38. Choi YK, Yoon BI, Won YS, Lee CH, Hyun BH, Kim HC, et al. Cytokine responses in mice infected with

Clonorchis sinensis. Parasitol Res. 2003; 91:87–93. doi: 10.1007/s00436-003-0934-2 PMID: 12898229

39. Specht S, Taylor MD, Hoeve MA, Allen JE, Lang R, Hoerauf A. Over expression of IL-10 by macro-

phages overcomes resistance to murine filariasis. Exp Parasitol. 2012; 132(1):90–6. doi: 10.1016/j.

exppara.2011.09.003 PMID: 21959021

40. Knott ML, Hogan SP, Wang H, Matthaei KI, Dent LA. FVB/N mice are highly resistant to primary infec-

tion with Nippostrongylus brasiliensis. Parasitology. 2009; 136:93–106. doi: 10.1017/

S0031182008005192 PMID: 19126273

41. Kumar R, Mickael C, Chabon J, Gebreab L, Rutebemberwa A, Garcia AR, et al. The Causal Role of IL-4

and IL-13 in Schistosoma mansoni Pulmonary Hypertension. Am J Respir Crit Care Med. 2015;

192:998–1008. doi: 10.1164/rccm.201410-1820OC PMID: 26192556

42. Liappas G, Gonzalez-Mateo GT, Majano P, Sanchez-Tomero JA, Ruiz-Ortega M, Rodrigues Diez R. T

helper 17/Regulatory T cell balance and experimental models of peritoneal dialysis-induced damage.

Biomed Res Int. 2015; 2015:416480. doi: 10.1155/2015/416480 PMID: 26064907

43. Martin P, Sanchez-Diaz R, Selgas R, Lopez-Cabrera M, Aguilera Peralta A, Liu F, et al.

CD4+CD25+Foxp3+ regulatory T cells depletion may attenuate the development of silica-induced lung

fibrosis in mice. PLoS One. 2010; 5:e15404. doi: 10.1371/journal.pone.0015404 PMID: 21072213

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis

PLOS ONE | DOI:10.1371/journal.pone.0171005 February 2, 2017 12 / 13

http://dx.doi.org/10.1002/eji.200737063
http://www.ncbi.nlm.nih.gov/pubmed/17621370
http://dx.doi.org/10.1371/journal.pone.0143217
http://dx.doi.org/10.1371/journal.pone.0143217
http://www.ncbi.nlm.nih.gov/pubmed/26599407
http://dx.doi.org/10.1038/srep29844
http://www.ncbi.nlm.nih.gov/pubmed/27445267
http://dx.doi.org/10.1007/s00436-016-5012-7
http://dx.doi.org/10.1007/s00436-016-5012-7
http://www.ncbi.nlm.nih.gov/pubmed/26993324
http://dx.doi.org/10.1016/j.parint.2011.07.002
http://dx.doi.org/10.1016/j.parint.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21763454
http://dx.doi.org/10.1016/j.ijpara.2015.11.003
http://dx.doi.org/10.1016/j.ijpara.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26718397
http://dx.doi.org/10.3347/kjp.2015.53.6.777
http://www.ncbi.nlm.nih.gov/pubmed/26797449
http://dx.doi.org/10.1046/j.1365-2168.2002.02143.x
http://www.ncbi.nlm.nih.gov/pubmed/12153620
http://dx.doi.org/10.4049/jimmunol.0900579
http://www.ncbi.nlm.nih.gov/pubmed/19657088
http://dx.doi.org/10.1371/journal.pone.0005113
http://www.ncbi.nlm.nih.gov/pubmed/19337367
http://dx.doi.org/10.1161/CIRCGENETICS.110.957449
http://www.ncbi.nlm.nih.gov/pubmed/20729504
http://dx.doi.org/10.1371/journal.pntd.0000733
http://dx.doi.org/10.1371/journal.pntd.0000733
http://www.ncbi.nlm.nih.gov/pubmed/20625554
http://dx.doi.org/10.1016/j.imbio.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26658113
http://dx.doi.org/10.1007/s00436-003-0934-2
http://www.ncbi.nlm.nih.gov/pubmed/12898229
http://dx.doi.org/10.1016/j.exppara.2011.09.003
http://dx.doi.org/10.1016/j.exppara.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21959021
http://dx.doi.org/10.1017/S0031182008005192
http://dx.doi.org/10.1017/S0031182008005192
http://www.ncbi.nlm.nih.gov/pubmed/19126273
http://dx.doi.org/10.1164/rccm.201410-1820OC
http://www.ncbi.nlm.nih.gov/pubmed/26192556
http://dx.doi.org/10.1155/2015/416480
http://www.ncbi.nlm.nih.gov/pubmed/26064907
http://dx.doi.org/10.1371/journal.pone.0015404
http://www.ncbi.nlm.nih.gov/pubmed/21072213


44. Martin P, Sanchez-Diaz R, Selgas R, Lopez-Cabrera M, Aguilera Peralta A, Cao Y, et al. Adoptive

transfer of regulatory T cells protects against Coxsackievirus B3-induced cardiac fibrosis. PLoS One.

2013; 8:e74955. doi: 10.1371/journal.pone.0074955 PMID: 24023968

45. Moosbrugger-Martinz V, Tripp CH, Clausen BE, Schmuth M, Dubrac S. Atopic dermatitis induces the

expansion of thymus-derived regulatory T cells exhibiting a Th2-like phenotype in mice. J Cell Mol Med.

2016; 20:930–938. doi: 10.1111/jcmm.12806 PMID: 26931745

46. Birjandi SZ, Palchevskiy V, Xue YY, Nunez S, Kern R, Weigt SS, et al. CD4+CD25hiFoxp3+ cells exac-

erbate bleomycin-induced pulmonary fibrosis. Am J Pathol. 2016; 186:2008–2020. doi: 10.1016/j.

ajpath.2016.03.020 PMID: 27317904

Th2/Treg cells and biliary fibrosis caused by Clonorchis sinensis

PLOS ONE | DOI:10.1371/journal.pone.0171005 February 2, 2017 13 / 13

http://dx.doi.org/10.1371/journal.pone.0074955
http://www.ncbi.nlm.nih.gov/pubmed/24023968
http://dx.doi.org/10.1111/jcmm.12806
http://www.ncbi.nlm.nih.gov/pubmed/26931745
http://dx.doi.org/10.1016/j.ajpath.2016.03.020
http://dx.doi.org/10.1016/j.ajpath.2016.03.020
http://www.ncbi.nlm.nih.gov/pubmed/27317904

