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INTRODUCTION

Despite their differing morphologies, physiologies, and life 
cycles, many parasitic helminths evoke similar immune re-
sponses in their hosts; the most notable response is a Th2 re-
sponse characterized by an increase in IL-4 and IL-5 expres-
sion, high IgE level, and eosinophilia. The manner in which 
parasites elicit this common immune response in their host 
remains unclear. However, it should be possible to extend that 
common receptors exist in the host animals, which are able to 
detect similar molecules from several types of helminth para-
sites, such as the Toll-like receptors (TLRs) [1,2]. One of the 
most interesting features of helminthic parasites is that most 
of them harbor various types of proteases for host tissue inva-
sion or digestion, or for molting over their life cycle. Until now, 
many proteases have been identified as virulence or pathogen-
ic factors from helminthic parasites [3]. When certain nema-
tode larvae migrate in their host internal organs (lung migra-

tion, especially alveoli invasion), they evoke parasite-specific 
IgE-mediated hypersensitivity. At that time, some protease is 
required for tissue digestion. Additionally, some parasite pro-
teases, such as DerP1, induce a strong allergic reaction in hu-
mans. The reason for this potent IgE eliciting property of the 
parasite is likely to be attributed to its protease activity [4-6]. 

We concentrated on some receptors that could be activated 
by proteases; the protease-activated receptors (PARs) is one of 
those. PARs belong to the recently described family of G pro-
tein-coupled, 7-transmembrane domain receptors [7]. PARs 
are activated via the proteolytic cleavage of their N-terminal 
domain by proteinases, thereby resulting in the generation of 
a new N-terminal “tethered ligand”, which can autoactivate 
the receptor function [8]. Four members (PAR1-PAR4) of the 
PAR family have been cloned. PAR1, PAR3, and PAR4 can be 
activated by thrombin, and PAR2 can be activated by trypsin, 
mast cell tryptase, neutrophil protease 3, tissue factor/factor 
VIIa/factor Xa, membrane-tethered serine proteinase-1, or pro-
teases from Porphyromonas gingivalis [9]. There have been a few 
studies conducted regarding the relationship between helmin-
thic infections and PAR2. Devil et al. [1] previously suggested 
that PAR2 is a recognition receptor for Nippostrongylus brasilien-

sis proteases.
Nematodes of the genus Trichinella infect a broad range of 
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mammals, birds, and reptiles. These parasites alternate during 
their life cycles, between enteric stages and skeletal muscle stag-
es, within their hosts. T. spiralis larvae have been shown to be 
able to establish chronic infections in the skeletal muscles of 
immunocompetent hosts [10]. They also expressed a greater 
variety of proteases, particularly serine protease and aspartic 
protease, in larval stages as compared to the adult worm stage, 
and these proteases might be necessary to infect new hosts [11-
13]. T. spiralis could evoke a host Th2 immune response, and 
the host also elevates its Th2 immune responses in order to 
eliminate the worms [14]. However, the mechanisms underly-
ing the initiation of the Th2 host response against T. spiralis in-
fection have yet to be clearly elucidated. 

In the present study, we analyzed the Th2 chemokine gene 
expression levels induced by T. spiralis infection or excretory-
secretory (ES) protein stimulation, and attempted to determine 
whether T. spiralis infection could evoke Th2 response via PAR2 
or not, using PAR2 knockout (KO) mice. 

MATERIALS AND METHODS

Parasite 
The strain of T. spiralis was maintained in our laboratory via 

serial passage in rats. To acquire infectious muscle larvae, evis-
cerated mouse carcasses were cut into pieces and then digested 
in 6% pepsin-hydrochloride digestion fluid (artificial gastric 
juice) overnight at 37˚C with stirring. The larvae were corrected 
manually from muscle digested solution under microscopy 
and washed 6 times with sterile PBS. After collection, in order 
to prevent any contamination with the host material, the 
worms were thoroughly and carefully washed several times 
over a 3-hr period in PBS.

Preparation of ES proteins and total extracts of muscle 
larvae

To obtain ES proteins, collected worms were introduced into 
sterile flasks with serum-free RPMI 1640 medium supple-
mented with antibiotics (100 µg/ml Pen/Strep; Gibco, Carls-
bad, California, USA). The culture was then maintained for 7 
consecutive days at 37˚C in 5% CO2. It was confirmed that, 
during this time, the majority of the larvae remained alive and 
evidenced good mobility. Following centrifugation (12,000 g 
for 30 min), the supernatants were concentrated by pressure 
applied in a concentrator (Amicon, Millipore Corporations, 
Billerica, Massachusetts, USA) with 3,000 Da pore size mem-

branes. Various proteins (3-100 kDa and heavier) were detect-
ed in SDS-PAGE. The unnecessary excessive salts were elimi-
nated from collected medium by HiTrap DesaltingTM (GE 
Healthcare, Uppsala, Sweden) and dialyzed against PBS for 24 
hr with continuous agitation in a cold room in order to elimi-
nate any antibiotic remnants. Lipopolysacharide (LPS) was de-
pleted (endotoxin levels <  0.01 μg/ml) from ES proteins using 
Detoxi-Gel Affinity Pak prepacked columns (Pierce, Rockford, 
Illinois, USA), in accordance with the manufacturer’s instruc-
tions. To obtain total extracts of larval somatic proteins, the 
larvae were grinded using tissue homogenizer in sterile PBS. 
The total extract of T. spiralis larva was obtained using PRO-
PREP protein extraction solution (Intron Biotechnology, Sung-
nam, Korea). The extraction procedures were carried out ac-
cording to the manufacturer’s recommended protocols. The 
total extract was also depleted of LPS like ES proteins.

Mice and experimental design
Female C57BL/6 mice at the age of 5 weeks were purchased 

from Samtako Co. (Gyeonggi-do, Korea). PAR2 -/- mice (C57
BL/6 background) were purchased from Jackson Laboratory 
Co. (Bar Harbor, Massachesetts, USA) and were bred in a SPF 
facility at the Institute for Laboratory Animals of Pusan Na-
tional University, Busan, Korea. This study included 2 groups 
of mice, consisting of 3-5 mice per group. C57BL/6 wild type 
(WT) and PAR2 KO mice were orally infected with 250 infec-
tious T. spiralis larvae, and were sacrificed after 4 weeks of infec-
tion. T. spiralis larvae were counted on straight muscles follow-
ing a histological process for known degree of infection, and 
the sizes of the spleens were measured. To determine the inci-
dence of specific cytokine secreting lymphocytes, we isolated 
lymphocytes from the spleen and mesenteric lymph nodes 
(MLNs) of mice infected with T. spiralis. The cytokine levels in 
the culture supernatants of lymphocytes and T. spiralis-specific 
immunoglobulin levels in serum were measured. 

Analysis of cytokine-producing lymphocytes
After the mice were sacrificed, their spleen and MLNs were 

detached from mice. The spleen and MLNs were disrupted and 
treated with ACK hypotonic lysis solution (Sigma-Aldrich, St. 
Louis, Missouri, USA) for 2 min at room temperature for RBC 
lysis. After then, the remaining cells were filtered with 100 μm 
mesh (Small Parts, Inc. Seattle, Washington, USA), and the 
cells were plated in 48-well plates as 5×106 cells/ml in RPMI 
1640 with 10% fetal bovine serum and penicillin/streptomy-
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cin. For the CD3 stimulation experiments, 0.5 μg/ml of CD3 
antibody (eBioscience, San Diego, California, USA) was added 
to cell-plated wells. Plated cells were incubated for 72 hr at 
37˚C in an atmosphere of 5% CO2. Following incubation, the 
culture media was harvested and stored at -20˚C. ELISA tests to 
measure IL-4, IL-5, IL-13, and IFN-γ in culture supernatants 
with an ELISA kit (eBioscience). The assay was conducted in 
accordance with the manufacturer’s recommended protocols. 
ELISA analysis was conducted for a total of 3 times. 

Total and T. spiralis-specific immunoglobulin analysis
After the mice were sacrificed, serum samples were collected 

from mice via cardiac puncture. Total and parasite-specific 
IgG1, IgG2a, and IgE levels were determined by ELISA. The 96-
well immune plates (Nunc, Roskilde, Denmark) were coated 
at 37˚C until dry with 1 μg/ml of anti-mouse IgG1, IgG2a, and 
IgE, respectively, or 2.0 μg/ml of ES proteins and total extracts 
from T. spiralis in 0.1 M sodium carbonate buffer, at a pH of 
9.6. After 3 washes with 0.1% Tween 20 contained PBS (Sig-
ma), the serum samples were diluted (1:40-1:105 for IgG1 and 
IgG2a) in sample buffer (PBS supplemented with 0.1% Tween 
20 and 2% BSA), then added to the plate and incubated for 2 
hr at 37˚C. After incubation, the plate was washed 3 times and 
anti-mouse antibodies (BD Bioscience, San Jose, California, 
USA) were added to the plate and incubated for 1 hr at 37˚C. 
After washing, the plate was incubated for 30 min at room 
temperature with streptavidin-HRP (BD Bioscience). For color 
development, tetra-methyl-benzidine was utilized as a sub-
strate. The reaction was halted with a half-volume of an H2SO4 
solution (Merck, Darmstadt, Germany). The absorption was 
then measured at 450 nm.

Zymography 
Gelatin-gel was prepared that the running gel add gelatin-

stock solution (10 mg/ml in H2O) to get the gelatin concentra-
tion of 0.1% (1 mg/ml). The ES proteins, boiled ES protein, 
and protease inhibitor-pretreated ES protein were mixed with 
2×Sample Buffer (1 M Tris pH 6.8, 1% bromphenol blue, 
SDS, glycerol, β-mercaptoethanol) and set at 10 min at room 
temperature, and the gel was run with 1×Tris-Glycine SDS 
Running Buffer (0.025 M Tris, 0.192 M Glycine, pH 8.5, 0.1% 
SDS) (125 V for 2 hr). After running, the gel was washed to re-
move the SDS and re-natured proteinase activity with Zymo-
gram Renaturing Buffer (2.5% Triton X-100). The gel was de-
veloped with Zymogram Developing Buffer (0.05 M Tris-HCl 

ph 7.6, 0.2 M NaCl, 5 mM CaCl2, 0.2% Brij) during 30 min at 
room temperature. The buffer was then replaced with fresh 1x 
Zymogram Developing Buffer and the gel was incubated at 
37˚C for 4 hr. The gel was stained with Coomassie Blue R-250 
for 30 min and destained with an appropriate Coomassie 
R-250 destaining solution. 

Cell culture and in vitro stimulation
Mouse colon epithelial cell line, CT-26 cells, were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM) (Hy-
clone, Road Logan, Utah, USA), supplemented with 10% heat-
inactivated FBS (Hyclone), 100 units/ml penicillin, and 100 
µg/ml streptomycin. Then 4×105 cells were plated in 24-well 
plates and incubated overnight at 37˚C containing 5% CO2. 
One µg of ES protein from T. spiralis was applied to cells for 2 
hr and the total RNA was extracted. 

RNA extraction and real-time PCR
After treatment, 4×105 CT-26 cells were collected in 1 ml of 

QIAzol (Qiagen science, Valencia, California, USA), and RNA 
extraction was conducted in accordance with the manufactur-
er’s protocols, transcribing 2 µg of RNA using moloney murine 
leukemia virus (M-MLV) reverse transcriptase (Promega, Madi-
son, Wisconsin, USA). The Eotaxin, TSLP, IL-25 RNA levels 
were determined by real-time PCR using iCyclerTM (Bio-Rad 
Laboratories, Inc., Hercules, California, USA) real-time PCR 
machines. GAPDH was utilized as the reference gene. The 
primer sequences are provided in Table 1. PCR amplification 
was conducted in a 20 μl volume, containing 2 µl cDNA, 0.2 
μM primers, and the SYBR Premix Ex TaqTM (TAKARA Bio Inc., 
Otsu, Shiga, Japan). All genes were amplified using the follow-
ing conditions: 1 min 30 sec host start at 95˚C, followed by 
denaturation at 95˚C for 25 sec, primer annealing at 55˚C for 
20 sec, and elongation at 72˚C and 30 sec for 40 cycles. The 

Table 1. Primers used for real-time PCR

Primer Sequence

GAPDH-for* 5´ - TACCCCCAATGTGTCCGTC - 3´
GAPDH-rev† 5´ - AAGAGTGGGAGTTGCTGTTGAAG - 3´
Eotaxin-for 5´ - GCGCTTCTATTCCTGCTGCTCACGG - 3´
Eotaxin-rev 5´ - GTGGCATCCTGGACCCACTTCTTC - 3´
TSLP-for 5´ - GGAGATTTGAAAGGGGCTAAG - 3´
TSLP-rev 5´ - TGGGCAGTGGTCATTGAG - 3´
IL-25-for 5´ - TGGCAATGATCGTGGGAACC - 3´

IL-25-rev 5´ - GAGAGATGGCCCTGCTGTTGA - 3´

*for, forward; †rev, reverse.
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fluorescent DNA-binding dye SYBR was monitored after each 
cycle at 55˚C. Expression levels were estimated using an iCycler 
iQTM multi-color real-time PCR detection system (Bio-Rad Lab-
oratories). The relative expression of the gene was then calcu-
lated as the ratio to a housekeeping gene using the Gene-x 
program (Bio-Rad Laboratories). 

Statistical analysis
All experiments were conducted 3 times. The means±SDs 

were calculated from the data collected from individual mice. 
Significant differences were determined using the Student’s t-
test. Statistical analysis was conducted using the GraphPad 
Prism 4.0 software.

RESULTS

T. spiralis infection could not fully elicit a Th2 response in 
PAR2 KO mice

After sacrificing mice, we found that the length and size of 
the spleens of WT mice were increased significantly by T. spira-
lis infection (Fig. 1A). Although the numbers of splenocytes of 
PAR2 KO mice were increased slightly by T. spiralis infection, 
the numbers of splenocytes of PAR2 KO mice were significant-
ly smaller than those of the T. spiralis-infected WT mice (Fig. 
1B). In order to evaluate the role of PAR2 in Th2 responses by 
parasite infections, we isolated lymphocytes from the spleen 
and MLNs obtained from the WT and PAR2 KO mice infected 
with T. spiralis and analyzed the Th2 cytokine levels in these 
cells after stimulation with anti-CD3 antibodies and parasite 
total extracts.

IL-4, IL-5, and IL-13 secretion levels in the spleen lympho-

cytes of WT mice were significantly increased by treatment 
with anti-CD3 antibodies, but these cytokines were not quite 
increased in the PAR2 KO mice (Fig. 2). The IL-4 secreting 
lymphocyte level increased significantly in the MLNs of WT 
mice after T. spiralis infection, but these cells in the PAR2 KO 
mice were not increased (Fig. 3A). Also, the IL-5 secreting lym-
phocyte level increased significantly only in the MLNs of WT 
mice but not in the PAR2 KO mice (Fig. 3B). Slightly elevated 
levels of IL-13 secretion were also observed in the MLNs of 
both mice (Fig. 3C). In addition, the IFN-γ secretion level of 
lymphocytes increased significantly in MLNs of PAR2KO mice 
compared with WT mice; however, there was no significant in-
crease in the spleens of both mice (Figs. 2D, 3D).

Parasite-specific IgE was not increased in PAR2 KO mice
In an effort to gain insight into the role of PAR2 in IgE syn-

thesis, we analyzed total and parasite-specific IgE (pg/ml) in 
the serum of WT and PAR2 KO mice infected with T. spiralis. 
The total serum IgE of WT increased significantly by T. spiralis 
infection, but those of PAR2 KO mice were significantly lower 
(Fig. 4A). The parasite-specific serums IgE level was significant-
ly increased as the consequence of T. spiralis infection (Fig. 
4C). The total serum IgG1 level (ng/ml) of PAR2 KO mice 
were significantly higher than those noted in the WT mice (Fig. 
4B). In addition, parasite-specific IgG1 level in the PAR2 KO 
mice was significantly higher than those observed in WT mice 
(Fig. 4D). There were no differences in the levels of total IgG2a 
levels (ng/ml) between WT and PAR2 KO mice (data not 
shown). 

T. spiralis ES proteins elicit Th2 chemokine gene 
expressions but this was inhibited by protease inhibitor 
treatment

To investigate the protease activity of T. spiralis ES proteins, 
we conducted a zymogram analysis. The results showed that 
the ES protein had many proteases, and their protease activity 
was inhibited by PMSF (serine protease inhibitor) and leu-
peptin (cystein protease inhibitor) pre-treatment, or by boiling 
(Fig. 5). In order to determine whether or not T. spiralis ES pro-
teins could increase Th2 chemokine gene expression, ES pro-
teins were administered to CT-26 mouse intestinal epithelial 
cells. After ES protein treatments, thymic stromal lymphopoi-
etin (TSLP) and IL-25 gene expression of CT-26 cells increased 
significantly above the level of the control group (Fig. 6A, 6B). 
However, the expressions of these Th2 chemokine genes were 

Fig. 1. Comparison of spleen enlargement by T. spiralis infection 
between PAR2 KO mice and WT mice. The length of spleens 
was calculated by a ruler (A). The number of splenocytes was 
calculated using a hemocytometer after spleen cell isolation (B). 
inf(+), T. spiralis-infected; inf(-), T. spiralis-uninfected (**P<0.01).
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significantly inhibited by PMSF, but not by leupeptin. Also, we 
found that elevated eotaxin gene expression by ES protein 
treatment was slightly decreased after PMSF treatment, but this 
was not significant (Fig. 6C). 

DISCUSSION

In our study, we demonstrated that PAR2 was an initiator of 
the Th2 immune response against T. spiralis larval infection. 
When PAR2 was deficient, the Th2 response did not fully de-
velop. In general, the infection of mammals by helminthic 
parasites typically induces a type 2 immune response, which is 
broadly characterized by activation of eosinophils, basophils, 
and mast cells, as well as IgE production, and proliferation of 
T cells that secrete IL-4, IL-5, IL-9, IL-10, and IL-13 [15]. Addi-
tionally, these immune responses could be readily observed in 
cases of T. spiralis infection. However, until now, the mecha-
nisms about Th2 response elevation against T. spiralis infection 
remained unclear. It has been well established that viruses, 

bacteria, and protozoa could trigger a variety of pathogen-as-
sociated molecular patterns, such as the TLRs, present on anti-
gen presenting cells. However, these receptors have proven to 
be difficult to fully explain in the context of innate immune 
responses against helminthic infections. 

Some parasite-derived materials, particularly those from 
Schistosoma, and certain phosphorylcholine-decorated glycans 
from filarial nematodes, could induce Th2 responses via TLR3 
or TLR4 [16-18]. However, these factors are not sufficient to 
explain the initiation of the Th2 response against helminth in-
fections. It has been well established that PAR, and particularly 
PAR2, was closely related with Th2 responses as the result of 
allergic inflammation (eosinophil recruitment, Th2 chemo-
kine and cytokine increase) [19,20]. In addition, the Th2 re-
sponse has been readily noted in the cases of helminthic infec-
tions. As previously mentioned, helminth proteases are crucial 
for maintenance of the helminth life cycle, particularly larval 
infection, digestion of host material, and molting. This may be 
closely related between helminthic infection and PAR2.

Fig. 2. Cytokines production of splenocytes in PAR2 KO and WT mice. inf(+), T. spiralis-infected; inf(-), T. spiralis-uninfected; Non, 
non-stimulation; CD3+, anti-CD3 antibody stimulation (*P<0. 05, **P<0.01).
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In our study, we observed that Th2 cytokine (IL-4, IL-5, and 
IL-13) production of splenocytes and lymphocytes in MLNs of 
PAR2 KO mice was significantly reduced as compared to WT 
mice (Figs. 2, 3). In addition, we have demonstrated that the 
total IgE levels and parasite-specific IgE levels in the serum of 

PAR2 KO mice were slightly increased but the level was quite 
lower than those of WT mice (Fig. 4). These results might be 
attributable to low IL-4 levels, which are crucial for activation 
of B cells and production of IgE. Interestingly, the levels of to-
tal and parasite-specific IgG1 in the serum of PAR2 KO mice 

Fig. 4. Comparison of total immunoglobulins and anti-T. spiralis-specific immunoglobulins level between PAR2 KO and WT mice 
(*P<0.05, ***P<0.001). 
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were significantly higher than those of WT mice (Fig. 4). We 
surmise that IgE could not be fully switched from IgG1 in 
PAR2 KO mice. All things considered, the Th2 responses in the 
infected PAR2 KO mice significantly lower than those seen in 
the infected WT mice. 

What is the connecting factor in the correlation between 
PAR2 and Th2 responses? IL-25 (also known as IL-17E), a 
member of the IL-17 family, has been previously implicated in 
Th2 cell-mediated immunity [21,22]. Recently, IL-25 has also 
been implicated as one of the initiators of the Th2 responses 
[23] and demonstrated to be expressed by mast cells [24]. The 
transgenic overexpression of IL-25 by lung epithelial cells re-
sults in mucus production and airway infiltration of macro-
phages and eosinophils; conversely, the blockage of IL-25 re-
duces airway inflammation and Th2 cytokine production in 
an allergen-induced asthma model [23,25]. Additionally, the 
expression of TSLP, an IL-7-like cytokine, is associated with 
skin or bronchial epithelial cells, although the physiological 
inducers of TSLP expression have yet to be understood. TSLP 
has been demonstrated to activate DCs, which then subse-
quently prime naïve T cells to express Th2 cytokines, result in 
precipitating allergic responses [26,27]. 

In addition, TSLP can function directly on T cells to pro-
mote Th2 differentiation [26,28]. Therefore, IL-25 and TSLP 
appear to play a pivotal role in provoking allergic inflamma-
tion, and particularly in Th2 allergic responses. In our study, 
IL-25 and TSLP gene expressions of intestinal epithelial cells 

increased significantly as the result of stimulation with T. spira-

lis ES protein, but these gene expressions were significantly re-
duced by serine protease inhibitors, not cystein protease in-
hibitors (Fig. 6). Therefore, T. spiralis ES protein could activate 
PAR2 by serine protease activity. Recently Kouzaki et al. [29] 

Fig. 5. Evaluation of protease activity of T. spiralis excretory-se-
cretory proteins. Protease activity of ES protein (A). M, molecular 
marker; Lane 1, ES protein of T. spiralis; Lane 2, boiled ES pro-
tein; Lane 3, PMSF pre-treated ES protein; Lane 4, leupeptin 
pre-treated ES protein.
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reported that proteases induce production of TSLP through 
PAR2, and TSLP triggers dendritic cell-mediated Th2 type in-
flammation. Trichinella also excreted and/or secreted various 
kinds of proteases for invasion and digestion of host tissues 
[11-13], and these proteases might elicit TSLP via PAR2.

In conclusion, PAR2 may play a critical role in initiation of 
Th2 responses against T. spiralis infection, particularly with Th2 
cytokines and parasite-specific IgE production via IL-25 and 
TSLP activation.
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