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Abstract
Helminths and their products can shape immune responses by modulating immune 
cells, which are dysfunctional in inflammatory diseases such as asthma. We previously 
identified SJMHE1, a small molecule peptide from the HSP60 protein of Schistosoma 
japonicum. SJMHE1 can inhibit delayed‐type hypersensitivity and collagen‐induced 
arthritis in mice. In the present study, we evaluated this peptide's potential interven‐
tion effect and mechanism on ovalbumin‐induced asthma in mice. SJMHE1 treatment 
suppressed airway inflammation in allergic mice, decreased the infiltrating inflamma‐
tory cells in the lungs and bronchoalveolar lavage fluid, modulated the production 
of pro‐inflammatory and anti‐inflammatory cytokines in the splenocytes and lungs 
of allergic mice, reduced the percentage of Th2 cells and increased the proportion 
of Th1 and regulatory T cells (Tregs). At the same time, Foxp3 and T‐bet expression 
increased, and GATA3 and RORγt decreased in the lungs of allergic mice. We proved 
that SJMHE1 can interrupt the development of asthma by diminishing airway inflam‐
mation in mice. The down‐regulation of Th2 response and the up‐regulation of Th1 
and Tregs response may contribute to the protection induced by SJMHE1 in allergic 
mice. SJMHE1 can serve as a novel therapy for asthma and other allergic or inflam‐
matory diseases.
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1  | INTRODUC TION

Asthma is a chronic inflammatory airway disease. A variety of im‐
mune cells and inflammatory mediators (such as eosinophils and 
Th2 and Th17 cells) and many inflammatory cytokines and chemo‐
kines are involved in the airway inflammation of asthma.1 Although 
the pathogenesis of asthma remains unclear, CD4 T cells, especially 
the imbalance of Th1/Th2 and Th17/regulatory T cells (Tregs), af‐
fect the inflammatory responses in asthma.2,3 Although cortico‐
steroids can effectively treat the disease, many patients do not 
respond to the management and suffer from severe long‐term side 
effects.4-6 Thus, new therapeutic targets on asthma should be ur‐
gently developed.

Research has identified the protective effects of some hel‐
minth infections against allergic diseases such as asthma.7 
Although helminth infections and allergic diseases have simi‐
lar immune responses, such as high levels of Th2 cytokines, IgE 
and eosinophilia, the morbidity of asthma in the epidemic areas 
of parasitic diseases is low.8 Helminth infections, such as those 
caused by Heligmosomoides polygyrus, Schistosoma mansoni and 
Litomosoides sigmodontis, can modulate airway inflammation in 
mice.9-11 Furthermore, the prevalence and severity of asthma in 
individuals present a decrease in the epidemic area of schistoso‐
miasis.10 Schistosoma  infection can suppress the development 
of allergen‐induced airway inflammation in asthmatic mice.11,12 
Helminth infection and helminth‐derived components can 
achieve the same effect. In addition to the therapeutic potential 
of helminths and their products, the immunomodulation induced 
by helminths may contribute to the identification of the key regu‐
lators of pathogenesis in diseases. Schistosoma antigens modulate 
airway inflammation via IL‐10 and/or CD4+CD25+Foxp3+Tregs in 
mice11,13 and change cytokine secretion and the activation of lym‐
phocytes from asthmatic patients.14 However, infectious or whole 
proteins may elicit side effects to patients. Therefore, seeking 
small molecules from helminths, such as peptides, for use as im‐
munomodulatory drugs, can be a safe choice for preventing and 
treating asthma.

In our previous study, we showed that SJMHE1, which is an 
HSP60‐derived peptide from Schistosoma japonicum, could increase 
CD4+CD25+ Tregs in vitro and in vivo.15 SJMHE1‐ or SJMHE1‐elic‐
ited CD4+CD25+ T cells suppressed delayed‐type hypersensitivity 
(DTH) in mice.15,16 Moreover, SJMHE1 alleviated the inflammation 
of collagen‐induced arthritis (CIA) in mice.17

In the present study, we explored the effects of SJMHE1 on 
experimental asthma in mice. SJMHE1 treatment significantly de‐
creased the infiltrating inflammatory cells in the airways and reg‐
ulated the cytokine responses in the splenocytes and lungs of 
asthmatic mice. SJMHE1 treatment also decreased the population 
of Th2 cells, along with an increase in Th1 and CD4+CD25+Foxp3+ 
Tregs, which may protect asthmatic mice from airway inflammation. 
These results highlight the potential efficacy of SJMHE1 for treating 
a range of human inflammatory diseases.

2  | MATERIAL S AND METHODS

2.1 | Mice

Six‐ to eight‐week‐old male BALB/c mice were purchased from the 
Comparative Medicine Centre of Yangzhou University (Yangzhou, 
China) and bred under specific pathogen‐free conditions in the 
Animal Care Facility at Jiangsu University. Animal experiments were 
performed according to the Guide for the Care and Use of Laboratory 
Animals and approved by the Animal Research Ethics Committee of 
Jiangsu University (Permit Number: JSU 16‐127).

2.2 | Peptides

SJMHE1 peptide from SjHSP60 437‐460 (VPGGGTALLRCIPVLD 
TLSTKNED) was synthesized and purified from Top‐peptide 
(Shanghai, China); possible LPS contamination was avoided by using 
polymyxin B‐agarose as described previously.17

2.3 | SJMHE1 treatment and induction of 
experimental asthma

Experimental asthma was induced according to a previous study.18 
Apart from the PBS group, the mice were immunized by three in‐
traperitoneal injections of alum‐precipitated antigen (0.2 mL) con‐
taining 50 µg of OVA (fraction V; Sigma, Poole, UK) and 2 mg of 
10% aluminium hydroxide gel in PBS on days 0, 7 and 14. They were 
treated with emulsified SJMHE1 (10  µg) or PBS with incomplete 
Freund's adjuvant (Sigma, Poole, UK) on days 0, 14 and 28. From days 
21 to 27, the mice were challenged with aerosolized OVA (2%) or PBS 
for 30 minutes using a ME‐U12 ultrasonic nebulizer (Omron, Tokyo, 
Japan). They were also grouped on the basis of treatment as follows: 
PBS group, PBS immunized and challenged; OVA group, OVA im‐
munized and challenged; OVA/PBS group, PBS treated and OVA im‐
munized and challenged; OVA/SJMHE1 group, SJMHE1 treated and 
OVA immunized and challenged. Finally, on day 35, the mice were 
anaesthetized and killed to evaluate lung and airway inflammation.

2.4 | Analysis of cells in bronchoalveolar lavage fluid 
(BALF)

The left bronchial tubes of the mice were ligated, and the right lungs 
were washed twice using sterile PBS (0.5  mL) to collect the BALF. 
Then, the BALF was centrifuged. Cell pellets were resuspended in 1 mL 
PBS, and the total quantity of inflammatory cells was counted using a 
haemocytometer. For eosinophils count, a smear of the cell pellet of 
the BALF was prepared and examined by Wright and Giemsa staining.

2.5 | Histopathologic analysis

After BALF collection, the left lungs were fixed in 10% formalin and 
embedded in paraffin. Haematoxylin and eosin (H&E) staining was 
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employed to stain the lung tissue of mice. The inflammation of the 
lungs in mice and histological analyses were determined as previ‐
ously described.19

2.6 | Immunohistochemical staining

Briefly, lung tissue sections were subjected to antigen retrieval and 
then blocked and incubated with 1:150 dilution of monoclonal anti 
Foxp3 antibody (eBioscience) and 1:300 dilution of anti‐rat IgG‐horse‐
radish peroxidase thereafter (Servicebio). Images were captured using 
Olympus BX51 microscope (Olympus). Image‐Pro Plus 6.0 software 
(Media Cybernetics) was used to quantify the mean densities of Foxp3, 
which was stained brown in pixels at 200 × magnification.

2.7 | Serum anti‐OVA‐specific IgE measurement

The quantification of anti‐OVA‐specific IgE in the sera of mice 
was carried out by enzyme‐linked immunosorbent assay (ELISA). 
Briefly, the ELISA plates (Costar) were coated with 100  µL/well 
OVA (100  µg/mL) in pH 9.6 carbonate‐bicarbonate buffer at 4°C 
overnight and then blocked for 2 hours with 200 µL/well skimmed 
milk powder (5%). After washing, the diluted sera were added and 
incubated for 2 hours at 37°C. After washing, 1:250 dilution of goat 
anti‐mouse IgE (Abcam) was added and incubated for 2  hours at 
37°C. After removing the unbound antibodies, HRP‐conjugated rab‐
bit anti‐goat secondary IgG (1:5000, Multisciences) was incubated 
for 1 hours at 37°C. The colour reaction was developed by adding 
100 µL/well of TMB solution (eBioscience) for 15 minutes and then 
stopped with 50 µL/well of 2 M sulphuric acid. Finally, it was read at 
450 nm in an ELISA reader (Bio‐Rad).

2.8 | Flow cytometry analysis

Splenocytes from mice were suspended in the presence of PMA/
ionomycin mixture (Phorbol 12‐myristate13‐acetate, Multisciences) 
and brefeldin/monensin mixture (Multisciences) for 5 hours to an‐
alyse the Th1, Th2 and Th17 cells. Then, the cells were collected 
and stained with PerCP anti‐CD3 mAbs (eBioscience) and FITC anti‐
CD4 mAbs (eBioscience). After removing the unbound antibodies, 
the cells were fixed and permeabilized with Cytofix/Cytoperm (BD 
Biosciences). Then, they were stained with APC mouse anti‐IFN‐γ 
(eBioscience), phycoerythrin (PE) mouse anti‐IL‐4 (BioLegend) and 
PE mouse anti‐17A (BioLegend) following the manufacturer's in‐
structions. To determine Tregs, we used the Mouse Regulatory T 
Cell Staining Kit (eBioscience) for analysis as previously described.15 
The samples were analysed using BD FACSCanto flow cytometer 
(BD Biosciences) and Flowjo Software (Tree Star).

2.9 | RNA extraction and quantitative RT‐PCR (qRT‐
PCR)

The extraction of RNA and the reverse transcription from sple‐
nocytes and lungs of mice were performed using Prime Script 

1st Strand cDNA Synthesis Kit (Takara). A quantitative analysis 
of the relative mRNA expression of cytokines was performed in 
the spleen cells and lung tissue by qRT‐PCR using All‐in‐one™ Mix 
(Genecopoeia). All‐in‐one™ qPCR primer sets for IFN‐γ (cat. no. 
MQP027401), IL‐4 (cat. no.MQP032451), IL‐5 (cat. no. MQP029462), 
IL‐17 (cat.no. MQP029457), IL‐10 (cat. no. MQP029453), TGF‐β (cat. 
no. MQP030343), IL‐35 (cat. no. MQP027412) and Foxp3 (cat. no. 
MQP067272) (Genecopoeia) were used, and mouse GAPDH (cat. 
no. MQP027158) was used as an endogenous control for sample 
normalization. The parameters for PCR amplification were 95°C for 
10 minutes, followed by 40 cycles of 95°C for 10 seconds, 60°C for 
20 seconds and 72°C for 15 seconds. The relative mRNA expression 
was calculated with the comparative △Ct method using the formula 
2−△△Ct.

2.10 | Western blot analysis

The proteins of the lung tissues in mice were extracted for Western 
blot analysis as described previously.20 Rat monoclonal antibodies of 
anti‐T‐bet (eBioscience) (1:250 dilution), anti‐GATA‐3 (Cell Signaling 
Technology) (1:1000 dilution), anti‐RORγ(t) (eBioscience) (1:100 di‐
lution) and GAPDH (Cell Signaling Technology) (1:1000 dilution) 
were used as the primary antibodies. HRP‐conjugated anti‐rat IgG 
(Beyotime Biotechnology) was also utilized. ECL chemiluminescence 
kit was used for chemiluminescent detection followed by image 
analysis.

2.11 | Statistical analyses

Statistical analyses were performed with GraphPad Prism 5.01 
(GraphPad Software, 2007). Data were expressed as mean ± stand‐
ard error of the mean. The groups were compared using one way 
ANOVA with Tukey Kramer post hoc tests, in which a P‐value of less 
than 0.05 was considered as statistically significant.

3  | RESULTS

3.1 | SJMHE1 treatment suppresses OVA‐induced 
inflammation in allergic mice

Mice were sensitized and challenged by OVA to examine the ef‐
fects of SJMHE1 on asthma. The treatment regimen is illustrated in 
Figure 1A. As shown in Figure 1B, asthmatic mice displayed intense 
inflammatory cell infiltration in the peribronchial and perivascular 
regions of the lungs. Meanwhile, SJMHE1 treatment reduced the 
cellular infiltration of the lungs. The inflammation index was deter‐
mined using Underwood's standards as described previously.19 On 
the basis of inflammation indexes, the OVA and OVA/PBS groups 
showed more perivascular eosinophilia, epithelial damage and 
oedema compared with the PBS control group (Figure 1B and C). 
However, compared with those in the OVA or OVA/PBS group, 
the inflammation scores in SJMHE1‐treated mice were signifi‐
cantly reduced (Figure 1B and C). Furthermore, SJMHE1 treatment 
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significantly decreased the infiltrating inflammatory cells induced 
by OVA sensitization and challenge because the OVA or OVA/PBS 
group had significantly higher cell and eosinophilia numbers in the 
BALF than in the OVA/SJMHE1 group (Figure 1D and E). OVA‐spe‐
cific IgE was measured by ELISA. As shown in Figure 1F, the OVA 
and OVA/PBS groups had significantly higher IgE level than the PBS 
control group. However, the SJMHE1 treatment group showed no 
reduction in IgE level relative to the OVA or OVA/PBS group. These 
results indicate that SJMHE1 treatment can suppress airway inflam‐
mation in allergic mice.

3.2 | SJMHE1 treatment modulates cytokine 
expression in the splenocytes and lungs of 
allergic mice

The elevation of Th2 and Th17 cytokines, such as IL‐4 and IL‐17, 
in asthmatic patients may affect the pathogenesis of asthma.2 
Parasitic infections and their products can protect against inflam‐
matory diseases by inducing immunomodulatory cytokines, such 

as IL‐10, TGF‐β and IL‐35.21 To investigate the effects of cytokines 
on SJMHE1 treatment, we tested the expression of cytokines in 
the splenocytes and lungs of mice. As shown in Figure 2, the OVA 
and OVA/PBS groups presented more IL‐4 and IL‐17 mRNA and 
lesser IFN‐γ mRNA in the splenocytes than the PBS control group 
(Figure 2A‐C). However, a decrease in IL‐4 mRNA and an increase 
in IFN‐γ, IL‐10 and IL‐35 mRNA were detected in the splenocytes of 
OVA/SJMHE1‐treated mice (Figure 2). Meanwhile, higher levels of 
IL‐4, IL‐5, and IL‐17 mRNA and lower levels of IFN‐γ, IL‐10 and IL‐35 
mRNA were observed in the lungs of mice from the OVA and OVA/
PBS groups than from the PBS control group (Figure 3). However, 
the OVA/SJMHE1‐treated mice displayed an increase in IFN‐γ, IL‐10, 
and IL‐35 mRNA and a decrease in IL‐4, IL‐5 and IL‐17 mRNA in the 
lungs relative to the OVA‐ and OVA/PBS‐treated mice. In line with 
the gene expression, analysis of cytokine release confirmed that IL‐5 
expression was increased in the splenocytes of OVA‐treated mice. 
SJMHE1 treatment induced a decrease of IL‐5 expression level in 
the splenocytes of OVA/SJMHE1‐treated mice. Compared with the 
PBS group, the IFN‐γ level was slightly reduced in OVA‐ and OVA/

F I G U R E  1  SJMHE1 treatment inhibits the development of airway inflammation in allergic mice. A, Experimental scheme. BALB/c 
mice were sensitized with OVA on days 0, 7 and 14 and challenged with OVA daily from days 21 to 27. Mice were injected with SJMHE1 
emulsified in IFA on days 0, 14 and day 28. The mice were killed on day 35. B, Histological analysis of lung section from mice by H&E 
staining. 20× magnification. Images are representative of four independent experiments (n = 6 mice per group). C, Inflammatory process was 
scored following Underwood's standards, with 15 indicating the most severe pathological changes for each mouse. D, Total cells in BALF. E, 
Eosinophil number in BALF. The quantity of eosinophil in BALF cells was determined following Wright and Giemsa staining. F, OVA‐specific 
IgE antibody levels in sera of mice. Results are presented as mean ± SEM (n = 12) from two‐independent experiments. ***P < .001
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PBS‐treated mice, whereas SJMHE1 treatment induced more IFN‐γ 
production compared with the OVA/PBS group (Figure S1). Similarly, 
more IL‐4 and IL‐17 expression, and lesser IL‐10 expression were ob‐
served in the lungs of OVA‐, and OVA/PBS‐treated mice than in PBS‐
treated mice as shown by the results of Western blot analysis and 
immunohistochemical staining, respectively (Figure S2 and Figure 
S3). However, SJMHE1 treatment induced a decrease of IL‐4 and 
IL‐17 expression, and an increase of IL‐10 expression. No difference 
was observed in TGF‐β expression in lungs of PBS‐, OVA‐, OVA/PBS‐ 
and OVA/SJMHE1‐treated mice (Figure S3). These results show that 
SJMHE1 treatment can suppress the production of pro‐inflamma‐
tory cytokines and induce the expression of anti‐inflammatory cy‐
tokines in the splenocytes and lungs of allergic mice.

3.3 | SJMHE1 treatment 
modulates the proportion of Th1/Th2/Th17/Treg 
subsets in splenocytes of allergic mice

An imbalance of Th1/Th2 and Th17/Treg has been observed in al‐
lergic patients.3 Furthermore, our previous study demonstrated 
that SJMHE1 treatment can induce CD4+CD25+Tregs to suppress 
DTH responses16 and alleviate CIA in mice.17 In the present study, 
whether SJMHE1 suppresses airway inflammation and modulates 
cytokine production in allergic mice by regulating the Th subsets 

during treatment was examined. Proportions of Th1/Th2/Th17/
Tregs in splenocytes from mice in the PBS, OVA, OVA/PBS and OVA/
SJMHE1 treatment groups were measured. As shown in Figure 4 
(Figure S4 for gating strategy), compared with the PBS control mice, 
the OVA‐ or OVA/PBS‐treated mice presented increased propor‐
tions of CD4+IL4+ Th2 and CD4+IL17+ Th17 cells and decreased 
proportions of CD4+IFN‐γ+ Th1 cells. However, the proportion of 
CD4+IFN‐γ+ Th1 and CD4+CD25+Foxp3+ Treg cells significantly in‐
creased, that of CD4+IL4+ Th2 cells significantly decreased, and that 
of CD4+IL17+ Th17 cells slightly decreased without statistical signifi‐
cance in the OVA/SJMHE1 group relative to the OVA or OVA/PBS 
group. These results indicate that SJMHE1 treatment up‐regulates 
Th1 and Tregs, possibly providing protection against Th2 and Th17 
cells in allergic mice.

3.4 | SJMHE1 treatment increases the expression of 
Foxp3 in the splenocytes and lungs of allergic mice

Foxp3 is the lineage‐specific transcription factor of CD4+CD25+Tregs. 
To investigate the generation of Tregs induced by SJMHE1 on the 
immune system and inflammatory site further, we detected the 
expression of Foxp3 in the splenocytes and lungs of allergic mice. 
As shown in Figure 5A and B, Foxp3 expression by immunohisto‐
chemical staining was decreased in the lungs of the OVA‐ and OVA/

F I G U R E  2  SJMHE1 treatment modulates the expression of cytokines from splenocytes of allergic mice. On day 35, the mice were killed, 
and the splenocytes from each mouse were tested for mRNA expression of IFN‐γ (A), IL‐4 (B), IL‐17 (C), IL‐10 (D), TGF‐β (E) and IL‐35 (F) 
by qRT‐PCR. Results are presented as mean ± SEM of 12 mice from two independent experiments performed in triplicate wells. *P < .05, 
***P < .001
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PBS‐treated mice relative to the PBS control mice. However, more 
Foxp3 expression was observed in the lungs of the OVA/SJMHE1‐
treated mice than in those of the PBS‐, OVA‐ and OVA/PBS‐treated 
mice. Specifically, the expression of Foxp3 mRNA decreased in the 
lungs of the OVA‐ or OVA/PBS‐treated mice relative to the PBS con‐
trol group. However, a higher level of Foxp3 mRNA was observed 
in the splenocytes and lungs of the mice from the OVA/SJMHE1 
group than in those of the mice from the OVA and OVA/PBS groups 
(Figure 5C and D). These results indicate that high expressions of 
Foxp3 induced by SJMHE1 may offer protection against inflamma‐
tory responses in allergic mice.

3.5 | SJMHE1 treatment up‐
regulates the expression of T‐bet and down‐
regulates the expression of GATA3 and RORγt in 
lungs of allergic mice

T‐bet, GATA3 and RORγt are the dominant transcription factors 
of Th1, Th2 and Th17 cells, respectively. To determine whether 
SJMHE1 treatment affects the expression of these transcription 
factors at inflammatory sites, we detected their expression in lungs 
of mice by Western blot analysis. As shown in Figure 6, GATA3 and 
RORγt were substantially expressed in OVA‐ and OVA/PBS‐treated 

mice than in the PBS control group. However, SJMHE1 treatment 
down‐regulated the expression of GATA3 and RORγt and up‐reg‐
ulated the that of T‐bet; therefore, combined with the increase of 
Foxp3 expression in Figure 5, SJMHE1 may inhibit the transcription 
and differentiation of pro‐inflammatory Th2 and Th17 cells by pro‐
moting the development of Th1 and Treg cells at the inflammatory 
sites of allergic mice.

4  | DISCUSSION

Parasite‐derived molecules regulate the host immune responses 
with various mechanisms to ensure their survival while inhibiting 
excessive inflammatory responses, such as suppressing the devel‐
opment of allergic diseases, in their host. Parasite‐derived products 
may be more effective and safer to humans than other chemical 
drugs because parasites can parasitize their host for a long time by 
regulating the immune response of the host.22 To date, many com‐
mercial companies and private entities have produced and marketed 
helminths to treat inflammatory diseases.23

In the present study, we demonstrated that S japonicum peptide 
SJMHE1 can significantly suppress OVA‐induced airway inflamma‐
tion and reduce inflammatory cells, including eosinophil infiltration 

F I G U R E  3  SJMHE1 treatment modulates the expression of cytokines from lungs of allergic mice. On day 35, the mice were killed, and 
the lungs from each mouse were tested for mRNA expression of IFN‐γ (A), IL‐4 (B), IL‐5 (C), IL‐17 (D), IL‐10 (E), TGF‐β (F) and IL‐35 (G) by qRT‐
PCR. Results are presented as mean ± SEM of 12 mice from two independent experiments performed in triplicate wells. *P < .05, **P < .01, 
***P < .001

F I G U R E  4  SJMHE1 treatment modulates Th1/Th2/Th17/Treg response in splenocytes of allergic mice. On day 35, the mice were killed, 
and the splenocytes from each mouse were tested for Th1/Th2/Th17/Treg subsets by flow cytometry. A, CD4+IFN‐γ+ Th1 cells, B, CD4+IL4+ 
Th2 cells, C, CD4+IL17+ Th17 cells and D, CD4+CD25+Foxp3+ Tregs in each group are shown. Data are representative of the experiments. 
E, The percentage of CD4+IFN‐γ+ Th1 cells, F, the percentage of CD4+IL4+ Th2 cells, G, the percentage of CD4+IL17+ Th17 cells and H, the 
percentage of CD4+CD25+Foxp3+ Tregs in each group are shown. Results are presented as mean ± SEM of 12 mice from two independent 
experiments. *P < .05, **P < .01, ***P < .001
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into the airways. However, the reduction of airway inflammation in‐
duced by SJMHE1 is not associated with reduction in IgE levels be‐
cause SJMHE1 treatment did not alter IgE levels in the OVA, OVA/
PBS and OVA/SJMHE1 groups. Helminth infection is known to in‐
duce both polyclonal‐ and antigen‐specific IgE production and elicits 
an IgE‐associated type 2 immune response.24 As a S japonicum‐de‐
rived peptide, SJMHE1 may induce IgE response. These results are 
consistent with other parasite studies demonstrating that excretory/
secretory (ES) and somatic products of Marshallagia marshalli reduce 
inflammatory cell infiltration and suppress OVA‐induced allergic 
asthma but fail to decrease IgE levels.25 Similarly, Kitagaki and col‐
leagues reported that Heligosomoides polygyrus infection protects 
mice against asthma but increases OVA‐specific IgE.26 However, 
many investigations have shown that parasite infections or their 
products decrease the level of OVA‐specific IgE in murine models 
of asthma.13,27-29 These differences may be related to the various 

parasites or their molecules, intervention methods or disease micro‐
environments resulting from induction methods.

The immune pathogenesis of asthma is complex. In response 
to allergens, pollutants and microbes, bronchial epithelial cells pro‐
duce inflammatory mediators that trigger innate immune cells to 
release a broad array of cytokines. These cytokines then elicit the 
development of Th2 and Th17 responses, which further secrete 
pro‐inflammatory cytokines to perpetuate these responses.2 Recent 
studies have demonstrated that these pro‐inflammatory cytokines 
undermine the structural integrity and impair the epithelial barrier 
of the respiratory tract.2 Meanwhile, helminths can induce Tregs to 
regulate inflammatory responses by releasing anti‐inflammatory cy‐
tokines, such as IL‐10, TGF‐β and IL‐35.30 Thus, in the present study, 
we detected cytokines from the splenocytes and lungs of asthmatic 
mice. SJMHE1 treatment significantly reduced the IL‐4 mRNA in the 
splenocytes and suppressed the expression of IL‐4, IL‐5 and IL‐17 

F I G U R E  5  SJMHE1 treatment increases the expression of Foxp3 in splenocytes and lungs of allergic mice. On day 35, the mice were 
killed, and the splenocytes and lungs from each mouse were tested for Foxp3 expression. A, Foxp3 expression in lungs by IHC staining. 
Images are representative of two independent experiments (n = 6 mice per group). B, Quantification of Foxp3‐positive areas in each group 
using Image‐Pro Plus software. Data are presented as mean ± SEM of 12 mice from two independent experiments. C, The expression 
of Foxp3 mRNA in splenocytes and lungs D, from each group by qRT‐PCR. Data are presented as mean ± SEM of 12 mice from two 
independent experiments. **P < .01, ***P < .001



     |  9ZHANG et al.

mRNA in the lungs of mice relative to the OVA or OVA/PBS group. 
Nonetheless, helminth infections or their products induce a type 
2 immune response, which produces cytokines, such as IL‐4, IL‐5 
and IL‐13. These cytokines orchestrate the differentiation of Th2 
cells.30,31 ES‐62 from Acanthocheilonema viteae is a phosphorylcho‐
line‐containing glycoprotein that can induce IFN‐γ to restore Th1/
Th2 balance away from Th2 in airway inflammation while suppress‐
ing Th1/Th17 responses in CIA.32,33 In our work, we demonstrated 
that SJMHE1 treatment induces an increase in IFN‐γ, IL‐10 and IL‐35 
mRNA levels in the splenocytes and lungs of allergic mice. IL‐35, a 
newly identified inhibitory cytokine released by Tregs, can suppress 
the airway inflammation induced by allergen‐specific Th2 cells and 
IL‐17‐dependent response in allergic mice.34-36 Furthermore, it in‐
duces the production of IL‐10 and IFN‐γ.37 In addition to IL‐35, an 
increase in IFN‐γ and IL‐10 has been observed in Trichuris muris‐in‐
fected mice, and this increase can inhibit the allergic airway inflam‐
mation induced by papain.38 Although we did not investigate how 
IFN‐γ, IL‐10 and IL‐35 affect and produce one another by SJMHE1 
treatment, we found that the inhibition of IL‐4, IL‐5 and IL‐17 and 
elevation of IFN‐γ, IL‐10 and IL‐35 may contribute to the protection 
conferred by SJMHE1 in allergic mice. This study, which up‐regu‐
lated the production of IL‐10 and IL‐35, is different from those on 
suppression induced by SJMHE1 in DTH and CIA mice.16,17 We sup‐
port the notion that helminths or their products regulate Th1/Th2/
Th17‐associated inflammation in different models by modulating 
distinct targets.39 It should be noted that cytokines are produced in 
splenocytes primarily by CD4 T cells because these cells affect in‐
flammatory responses in asthma.2 In line with the results in Figure 4, 
IFN‐γ decreased, but IL‐4 and IL‐17A increased in OVA and OVA/PBS 
group than in PBS group gating from CD4 T cells as observed by flow 

cytometry. SJMHE1 treatment increased IFN‐γ but decreased IL‐4 
from CD4 T cells. However, cytokine production in lungs from aller‐
gic mice is complex; apart from traditional Th2 cells, the lungs also 
contain epithelium‐activated group 2 innate lymphoid cells (ILC2s).40 
To clarify the pathogenesis of asthma, the cell source of cytokines in 
splenocytes and lungs of allergic mice should be determined in the 
future.

CD4+ T cells participate in the pathogenesis of chronic inflam‐
mation in asthma. Consistent with cytokine production from sple‐
nocytes of mice, we discovered a low level of Th1 cells and a high 
level of Th2 and Th17 cells in the splenocytes of OVA‐ or OVA/
PBS‐treated mice. However, in contrast to studies that found Tregs 
from asthma patients are dysfunctional and can suppress allergic 
diseases in humans and animals,41,42 we did not observe a decrease 
in Tregs in the splenocytes of OVA‐ or OVA/PBS‐treated mice rel‐
ative to the PBS control group. Correspondingly, OVA or OVA/
PBS treatment did not elicit a decrease in Foxp3 mRNA expres‐
sion in splenocytes but did present a significant decline in Foxp3 
mRNA and protein in the lungs relative to the PBS control group 
(Figure 5). Consistent with previous reports on helminth infections 
or their products being able to induce the production of Tregs,8,30 
we discovered that the proportion of CD4+CD25+Foxp3+Tregs 
in the spleen was increased in SJMHE1‐treated mice. Moreover, 
OVA/SJMHE1‐treated mice showed an increase in Foxp3 mRNA 
in the splenocytes and an elevation of Foxp3 mRNA and protein in 
the lungs relative to the OVA or OVA/PBS group (Figure 5). Such 
outcome suggested a defect of Tregs in local inflammation in al‐
lergic mice. Moreover, SJMHE1 can induce Tregs to suppress Th2 
and Th17 responses of allergic mice. Although Foxp3 expression 
is critical for Tregs to maintain their suppressive function by pro‐
ducing inhibitory cytokines, such as IL‐10, TGF‐β and IL‐35,43,44 a 
recent study showed the existence of a Foxp3‐independent mech‐
anism by TGF‐β‐induced peripheral tolerance.45 Furthermore, 
Foxp3 is necessary for IL‐35 but not essential for IL‐10, whereas 
activated Treg generates IL‐35‐ and IL‐10‐producing subsets to 
maintain immune tolerance.46 Combined with the expression of 
IL‐10 and IL‐35 mRNA expression by SJMHE1 treatment in allergic 
mice (Figures 2 and 3), we can infer that the induction of Tregs by 
SJMHE1 exerts inhibitory functions in allergic mice through IL‐10 
and IL‐35.

Consistent with the expression of IFN‐γ, IL‐4, IL‐5 and IL‐17 mRNA, 
SJMHE1 treatment increased the expression of T‐bet and decreased 
the expression of GATA3 and RORγt, which are the dominant tran‐
scription factors of Th1, Th2 and Th17 cells, respectively. However, 
compared with the OVA and OVA/PBS groups, T‐bet expression was 
down‐regulated in the PBS group, which is inconsistent with the in‐
crease of IFN‐γ mRNA expression in the PBS group (Figure 3). The 
protein level of T‐bet might have undergone ubiquitination degrada‐
tion in the PBS group in a non‐inflammatory environment.47 Although 
T‐bet plays a critical role for IFN‐γ production in Th1 cells, IFN‐γ se‐
cretion from other immune cells, such as natural killer cells in T‐bet 
deficient mice, is necessary and sufficient to protect the host against 
Listeria monocytogenes.48 SJMHE1 appears to reset the balance of 

F I G U R E  6  SJMHE1 treatment up‐regulates the expression 
of T‐bet and down‐regulates the expression of GATA3 and RORγt 
in lungs of allergic mice. On day 35, the mice were killed, and the 
lungs from each mouse were tested for T‐bet, GATA3 and RORγt 
expression by Western blotting analysis. A representative blot from 
each group is shown
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effector T cells in inflammatory sites by acting upstream of inflamma‐
tory cascades. Thus, the inhibition of inflammation using helminths 
or their products is a consequence of the natural immune response 
to helminths. This inflammation inhibition induced by helminths does 
not target a single molecule or pathway; the suppression is the out‐
come of the complex and multifaceted immune response, the mecha‐
nism of which requires further understanding. We support the notion 
that helminths or their products can interact with a variety of innate 
and adaptive immune cells to disrupt pathogenic networks elicited 
by stromal cells in microenvironmental niches.39 In addition to such 
therapeutic potential, these helminth‐derived molecules can be used 
to validate the key regulators of disease pathogenesis.49 Thus, small 
molecule peptides such as SJMHE1 from helminths are substantially 
more acceptable and easily regulated as a therapeutic modality than 
experimental helminth infections or their intact proteins. This class 
of biologics has appeal for a variety of inflammatory diseases, such as 
allergy and autoimmune diseases, which are usually elicited by an im‐
balance between pro‐ and anti‐inflammatory T cell responses and are 
pandemics in industrialized and developing nations.

In summary, we demonstrated that SJMHE, a peptide from 
S  japonicum, can inhibit airway inflammation in OVA‐induced ex‐
perimental asthma in mice. The up‐regulation of Tregs and the Th1‐
skewed responses induced by SJMHE1 in the immune system and 
inflammatory sites might provide protection against airway inflam‐
mation in allergic mice.
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Figure S1 SJMHE1 treatment modulates IFN-γ and IL-5 production in the 

splenocytes of allergic mice. Splenocytes (2 × 10
5
) of mice were stimulated by 50 

µg/mL OVA for 48 h at 37 °C. The supernatant was collected to detect IFN-γ and IL-

5 by using the LEGENDplex™ flow cytometry bead array kit (BioLegend). Each 

result is the mean ± S.E.M. of two experiments performed in triplicate wells. 

Significance was analyzed by one-way ANOVA with Bonferroni test. *P < 0.05, **P 

< 0.01. 

 

 



 

Figure S2 SJMHE1 treatment downregulates IL-4 expression in the lungs of 

allergic mice. The proteins of lung tissues in mice were extracted, and anti-IL-4 

(1:250 dilution) (eBioscience, California, USA) and GAPDH (1:1000 dilution) (Cell 

Signaling Technology, Boston, USA) were used as the primary antibodies. IL-4 

protein expression was quantified through Western blot analysis. A representative blot 

from four groups is shown.  

 

 

 



 

Figure S3 SJMHE1 treatment modulates IL-17, IL-10, and TGF-β expression in 

the lungs of allergic mice. The lungs of mice were stained with anti-IL-17 (1:600 

dilution) (eBioscience, California, USA), anti-IL-10 (1:300 dilution) (Servicebio, 

Wuhan, China), and anti-TGF-β (1:500 dilution) (Servicebio, Wuhan, China). (A) IL-

17, (B) IL-10, and (C) TGF-β-positive sites were stained brown with an 

immunohistochemical stain. Images are representatives of two independent 

experiments (n = 3 mice per group).  

 



 

Figure S4 Gating strategies. Isolated cells were pre-gated on CD3
+
 cells. (A) 

Gating strategy for analyzing CD4
+
IFN

+
 Th1, CD4

+
IL-4

+
 Th2, and CD4

+
IL-17

+
 Th17 

cells in a representative sample of mice. (B) Gating strategy for analyzing 

CD4
+
CD25

+
Foxp3

+
 Tregs in a representative sample of mice. 
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