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SjHSP70, a recombinant Schistosoma japonicum heat shock
protein 70, is immunostimulatory and induces protective
immunity against cercarial challenge in mice
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Abstract High levels of protective immunity can be induced
in different animals immunized with radiation-attenuated
(RA) Schistosoma cercariae or schistosomula. However, the
schistosome-derived molecules responsible for the strong pro-
tective effect elicited by RA schistosome larvae have not been
identified or characterized. The 70-kDa heat shock proteins of
schistosomes are considered major immunogens, and may
play an important role in stimulating high levels of innate
and adaptive immune responses in an RA schistosome vac-
cine model. Here, we demonstrate the immunobiological
functions of Schistosoma japonicum heat shock protein 70
(SjHSP70) by investigating its expression profile in RA-
schistosomula-derived cells, evaluating the protection induced
by recombinant SjHSP70 (rSjHSP70) against cercarial chal-
lenge, and assaying the humoral and cellular immune re-
sponses to rSjHSP70 in BALB/c and C57BL/6 mice. The
expression of SjHSP70 on the surfaces of cells from RA or
normal schistosomula was determined with flow cytometry.
Its expression was significantly higher on early RA
schistosomula cells than on the cells from normal parasites.
The protection afforded both BALB/c and C57BL/6 mice

vaccinated with rSjHSP70 alone, rSj22.6 (a membrane-
anchoring protein of S. japonicum) alone, or a combination
of rSj22.6 and rSjHSP70 without adjuvant was evaluated.
rSjHSP70 alone induced the highest protective effect against
S. japonicum cercarial challenge, followed by the rSj22.6 plus
rSjHSP70 combination and then rSj22.6 alone, in both mouse
strains. Like ISA206 adjuvant, rSjHSP70 enhanced the pro-
tective efficacy induced by rSj22.6 in the C57BL/6 mouse
strain. Antigen-specific IgG1 and IgG2a responses were de-
tected with enzyme-linked immunosorbent assays in mice im-
munized with rSjHSP70 alone, rSj22.6 alone, or the rSj22.6
plus rSjHSP70 combination. Immunization with rSjHSP70 or
the rSj22.6 plus rSjHSP70 combination induced mixed Th1/
Th2-type antibody responses in BALB/c mice and a Th2-type
antibody response in C57BL/6 mice. The profiles of cytokine
production by splenic lymphocytes in both strains of mice
immunized with the antigens described above were detected
in vitro using a Cytometric Bead Array. The profiles of the
proinflammatory cytokines interferon γ, tumor necrosis factor
α, interleukin 6 (IL-6), and IL-17A and the regulatory cyto-
kine IL-10 induced by the rSj22.6 plus rSjHSP70 combination
were similar to those induced by rSj22.6 emulsified with the
ISA206 adjuvant control. Like the ISA206 adjuvant,
rSjHSP70 protein enhanced the proinflammatory and Th2-
type or regulatory cytokine production induced by the
rSj22.6 antigen. These results indicate that SjHSP70 is ex-
posed on the surfaces of cells from RA schistosomula, and
that rSjHSP70 protein is a promising protective antigen with
a potential adjuvant function. Thus, SjHSP70 protein might
play a key role in the protective immunity elicited by the RA
schistosome vaccine.
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Introduction

Schistosoma japonicum is a zoonotic organism that is endemic
in seven provinces of China (Lei et al. 2011). Highly effective
and safe prophylactic vaccines are urgently required for the
sustainable control of schistosomiasis. Previous studies have
shown that high levels of protective immunity can be induced
in animals such as mice, rats, cattle, pigs, and rhesus monkeys,
immunized with radiation-attenuated (RA) Schistosoma cer-
cariae or schistosomula (Majid et al. 1980; Jwo and LoVerde
1989; Ford et al. 1984; Harrison et al. 1990; Lin et al. 2011).
However, the application of RAvaccines is unfeasible because
they are unsafe and resources of schistosome larvae are un-
available. Therefore, the development of a molecular vaccine
against schistosomiasis is proposed based on the effective
mechanisms of protective immunity induced by an RA vac-
cine (Bickle 2009; Wilson and Coulson 2009). Further analy-
sis of the mechanisms underlying the protective responses
induced in mice vaccinated with RA cercariae suggest that
this protective immunity is mediated by Th1-type immune
responses, and that both CD4+ T-helper (Th) cells and anti-
bodies play major roles in this model (Wilson and Coulson
2009). It has been reported that lung-stage schistosomula an-
tigens are potent inducers of Th1 cellular immune responses,
and that candidate vaccine antigens, such as the integral mem-
brane protein Sm32, glutathione S-transferase, and cathepsin
B, are recognized by antibodies from mice vaccinated with
RA schistosome cercariae (Richter and Harn 1993; Richter
et al. 1993; Mountford et al. 1988). However, none of the
candidate Schistosoma vaccine antigens identified and/or nat-
ural infections are equivalent in efficacy to vaccination with
the RAvaccine. This suggests that there is a quantitative and/
or qualitative difference between the immune responses elic-
ited by the RA Schistosoma larval vaccine and by a defined
molecular vaccine or normal parasites. The enhanced immu-
nogenicity of the RA parasite may be attributable to the de-
layed and truncated pattern of larval migration, changes in the
antigens present on the surface of the parasite, or the ablation
of certain proteins present in the normal parasite that down-
regulate the immune responses (Mountford 1998; Ganley-
Leal et al. 2005; Hewitson et al. 2005). However, the
schistosome-derived molecules responsible for the strong pro-
tective effects elicited by RA schistosome larvae remain
unclear.

The 70-kDa heat shock proteins are highly immunogenic,
evolutionarily conserved proteins. They play an important pri-
mary role as intracellular molecular chaperones, preventing
the misfolding and aggregation of proteins, and promoting
their folding and translocation of others (Mayer and Bukau
2005). However, recent studies have shown that the 70-kDa
heat shock proteins also have immunological functions, in-
cluding the activation and regulation of innate immunity, de-
pending on their locations in the extracellular milieu or on the

cell surface (Radons and Multhoff 2005; Schmitt et al. 2007;
Vega et al. 2008). The capacity of heat shock protein 70
(HSP70)–peptide complexes to elicit specific CD4+ and
CD8+ T cell immune responses to the bound peptide makes
HSP70 an attractive candidate for vaccination against cancers
and infectious diseases, and also as an adjuvant (Tobian et al.
2004, 2005). Previous studies have shown that pathogen-
derived HSP70 can induce protective immunity, not only as
a vaccine antigen, but also as an adjuvant, promoting the level
of protection against the antigen of interest (Planelles et al.
2001; Hartmann et al. 2014; Jaiswal et al. 2014). These results
suggest that pathogen-derived HSP70 is a potent inducer of
the innate and antigen-specific immune responses.

In schistosomiasis research, several studies, including a
proteomic analysis, have demonstrated that the RA-
Schistosoma -derived 70-kDa heat shock protein
(SjHSP70) is upregulated after RA (Yang et al. 2009; Tian
et al. 2013), and the DNA vaccine developed from
SjHSP70 induces partial protection against experimental
infection (He et al. 2010). In a preliminary study, we
found that RA schistosomula cultured in vitro showed a
necrotic phenotype. Therefore, we speculated that
parasite-derived stress proteins, such as HSP70,
calreticulin, and high-mobility group box 1 protein
(HMGB1), may be released into the extracellular milieu
or expressed on the cell surface, and may play important
roles in stimulating high levels of innate and adaptive
immune responses to a RA vaccine. Therefore, in this
study, we focused on the immunobiological function of
SjHSP70, including the expression profile of SjHSP70
in RA-schistosomula-derived cells, the protective efficacy
induced by recombinant SjHSP70 (rSjHSP70) against cer-
caria challenge in mice, and the humoral and cellular im-
mune responses to rSjHSP70. We show that the expres-
sion of SjHSP70 on the surfaces of cells derived from
early RA schistosomula was higher than that on the cells
from normal larvae, and that SjHSP70 alone (without ad-
juvant) can induce protection against cercarial challenge.

Materials and methods

Parasites and animals

BALB/c and C57BL/6 mice, 6–8 weeks old, were purchased
from the Shanghai Experimental Animal Center, Chinese
Academy of Sciences. Oncomelania hupensis (a Chinese
mainland snail strain) carrying S. japonicum cercariae was
purchased from the Jiangsu Institute of Parasitic Diseases
(Wuxi, China). The study was approved by the Shanghai Vet-
erinary Research Institute Animal Ethics Committee, Chinese
Academy of Agricultural Sciences (Shanghai, China).
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Cloning, expression, and purification of SjHSP70

Based on GenBank sequence AY813185, the full-length com-
plementary DNA (cDNA) of SjHSP70 was amplified by po-
lymerase chain reaction (PCR) from an S. japonicum egg
cDNA template using specific primers: sense 5′-CGGGAT
CCATGTCTCGTAACTTGTTGTTA-3′ and antisense 5′-
CCGGAATTCTTACTGCTTCTCCTGTTTAG-3′, with a
BamHI site and EcoRI site, respectively. The PCR was per-
formed as follows: initial denaturation at 95 °C for 4 min,
followed by 35 cycles of 94 °C for 45 s, 55 °C for 45 s, and
72 °C for 2 min, with a final extension for 10 min at 72 °C.
The PCR products were identified by electrophoresis on 1 %
agarose gel and cloned into the pET28a(+) vector
(Invitrogen™) using T4 ligase (Takara) after digestion with
BamHI and EcoRI (Takara). Positive clones were screened by
transformation into Escherichia coli DH5α cells. The recom-
binant plasmids were confirmed with PCR, restriction diges-
tion, and sequence analyses. Escherichia coli BL21(DE3)
cells transformed with the recombinant plasmid pET28a(+)–
SjHSP70 were cultured in Luria–Bertani (LB) medium con-
taining 1 mmol/L kanamycin at 37 °C.When the cells reached
an of optical density at 600 nm (OD600) of 0.6–0.8, protein
expression was induced with 1.0 mM isopropyl-β-D-
thiogalactoside (IPTG). To purify the proteins, the trans-
formed E. coli BL21(DE3) cells were cultured in 500 mL of
LB broth containing kanamycin (1 mg/mL). At OD600=0.6–
0.8, IPTG (1.0 mM/L) was added for 5–6 h at 37 °C. The cells
were harvested by centrifugation at 10,000×g at 4 °C for
15 min, and broken with three freeze–thaw cycles and ultra-
sound on ice to release the proteins using a sonicator (Sonics
& Materials Inc., USA). Inclusion bodies of SjHSP70 were
enriched and purified with His-bind resin (Novagen, San
Diego, USA), according to the manufacturer’s protocol and
identified with sodium dodecyl sulfate-polyacrylamide gel
(12.0 %) electrophoresis (SDS-PAGE). The recombinant
SjHSP70 (rSjHSP70) protein was refolded by slow dialysis
in phosphate-buffered saline (PBS, pH 7.4), containing de-
creasing concentrations of urea (6, 5, 4, 3, 2, 1, and 0 M).

Preparation of polyclonal antibodies directed
against SjHSP70

Female BALB/c mouse, 6–8 weeks old, were housed in a
specific-pathogen-free (SPF) environment. All the mice were
divided into two groups. All the animals in one group were
injected subcutaneously with 100 μg of recombinant
SjHSP70 (rSjHSP70) emulsified in an equal volume of com-
plete Freund’s adjuvant (FA) per mouse, and then immunized
twice with 100 μg of rSjHSP70 emulsified with incomplete
Freund’s adjuvant (IFA) at 2-week intervals. The animals in
the other group were injected with PBS emulsified with FA
and IFA as the controls. Seven days after the third

immunization, serum samples were collected and stored at
−80 °C until analysis.

Immunoblotting

Immunoblotting was performed with the standard procedure
to determine the immunogenicity of SjHSP70. Crude adult
worm antigens and purified rSjHSP70 were loaded into
12 % SDS-PAGE gels, separated, and transferred onto
0.22-μm nitrocellulose membranes. The membranes were
blocked with 5% skimmilk powder in PBS containing Tween
20 (PBST) overnight at 4 °C and washed three times for 5 min
each with PBST. They were then incubated for 1 h at room
temperature in serum (diluted 1:100) from mice injected with
rSjHSP70, from mice infected with S. japonicum or from SPF
mice. After the membranes were washed three times as men-
tioned above, they were incubated with 1:15,000-diluted
IRDye800CW (Odyssey)-conjugated goat anti-mouse IgG
(eBioscience) for 40 min at room temperature. After the mem-
branes were washed three times, as above, they were
photographed with the Odyssey Infrared Imaging System, ac-
cording to the manufacturer’s instructions.

Expression of SjHSP70 on the surfaces of cells from RA
and normal schistosomula

Schistosoma cercariae shed from the infected Oncomelania
snails were collected in distilled deionized H2O containing
5 % lactoalbumin hydrolysate, incubated on ice for 20 min,
washed twice with RPMI 1640 medium (Hyclone) containing
1 % penicillin and streptomycin, and centrifuged at 500×g at
4 °C for 5 min. These cercariae were divided into the RA and
normal groups. For irradiated attenuation, the cercarial bodies
were exposed to a UV source (Cole-Parmer, USA) at a wave-
length of 254 nm and an intensity of 400 μW/cm2 for 1 min.
The cercarial tails were detached by repeatedly passing the
cercarial suspension through a 22-G needle. The cercarial sus-
pension was collected and RPMI 1640 medium was added to
final volume of 10 mL. The samples were centrifuged at
500×g at 4 °C for 5 min. All but the bottom 2–3 mL of fluid
was withdrawn and discarded. The pellet was resuspended in
the residual solution and RPMI 1640 medium was added to a
final volume of 10 mL. The samples were centrifuged at
500×g at 4 °C for 5 min. The pellets were washed twice, each
time by resuspending them in 10 mL of RPMI 1640 medium,
centrifugation at 100×g for 5 min at 4 °C, and removing the
supernatant. The final pellet was placed in 2–3 mL of RPMI
1640medium in a 30-mm diameter Petri dish and incubated at
37 °C under 5 % CO2 for 4, 7, 10, or 14 days. The
schistosomula were collected and washed three times with
0.25 % trypsin–EDTA. After the schistosomula were cut with
surgical scissor, schistosomula were digested at 4 °C over-
night. The schistosomula cells (2×106) from the RA and
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normal groups were collected and washed with precooled
PBST and blocked with 5 % goat serum for 10 min. The cells
from RA and normal group were incubated with anti-
SjHSP70 mouse serum (diluted 1:200 in PBST) for 40 min
on ice. The cells as control were from digested normal
schistosomula (cercarial detached tails by repeatedly passing
the cercarial suspension through a 22-G needle) incubated at
37 °C under 5 % CO2 for 4, 7, 10, or 14 days and were
incubated with negative mouse serum (diluted 1:200 in
PBST). After the cells were washed with PBST, they were
incubated with 1:2000-diluted Alexa-Fluor®-488-conjugated
goat anti-mouse IgG (H+L) antibody for 40 min. After the
cells were washed with PBST, they were resuspended in
500 μL of PBS and analyzed with flow cytometry.

Challenge experiments and antibody response analyses

For the vaccination/challenge trial, two independent experi-
ments were performed. In each experiment, female BALB/c
and C57BL/6 mice were divided into five groups each, with
six mice per group. The mice in the SjHSP70 + Sj22.6 group
were immunized with a combination of rSj22.6 plus
rSjHSP70; the mice in the SjHSP70 group were immunized
with rSjHSP70 alone; the mice in the Sj22.6 group were im-
munized with rSj22.6 alone; the mice in the Sj22.6 + ISA206
group were immunized with rSj22.6 emulsified with ISA206
adjuvant; and the control group mice were immunized with
PBS alone. Each mouse was immunized with a subcutaneous
injection of 40 μg of rSjHSP70 or rSj22.6 antigen, individu-
ally or in combination. The control group was immunized
with an equal volume of PBS. All themice were boosted twice
at 14-day intervals with the same amount of antigen. Two
weeks after the final vaccination, all the mice were challenged
percutaneously with 40±1 cercariae, using the cover slip
method. Forty-two days after challenge, the mice were killed
and perfused to determine their worm burdens. The reduction
in the worm burden is expressed as a percentage of the burden
recorded in the control group.

Cytokine analysis

To characterize the cytokine response, female BALB/c and
C57BL/6 mice were divided into different treatment groups,
as shown in Table 1. The mice were immunized with the
appropriate antigen preparation. The immune procedure was
described as above. On day 10 after the final immunization,
the mice were killed to characterize their cytokine responses.
The spleens of the mice were removed aseptically to prepare
splenocyte suspensions. The spleens were ground through a
300-μm mesh and the filtered products were centrifuged at
800×g for 5 min. The cells were incubated with 2 mL of red
cell break resin (TIANGEN) for 5 min, then resuspended in
10 mL of RPMI 1640 medium (HyClone). After centrifuga-
tion at 800×g for 5 min, the spleen cells were cultured in 96-
well plates at 1×107 cells/mL in the presence of the appropri-
ate antigen for each group at 37 °C under 5 % CO2 for 72 h.
The restimulated cell culture supernatants were collected and
stored at −20 °C. Theywere then assayed for interleukin 2 (IL-
2), IL-4, IL-6, interferon γ (IFN-γ), tumor necrosis factor α
(TNF-α), IL-10, and IL-17a with flow cytometry using the
BD™ Cytometric Bead Array (BD Biosciences).

Statistical analyses

Groups were compared using the two-tailed student t test and
analysis of variance (ANOVA) with GraphPad Prism 5 soft-
ware. Results were considered significant at a P value of
<0.05 or 0.01.

Results

Expression of SjHSP70 and its identification
with immunoblotting

The full-length SjHSP70 nucleotide sequence determined by
us contains 1962 nucleotides and encodes a 653-amino acid
protein with a predicated molecular mass of approximately

Table 1 Experiment groups and protein preparations used in the analysis of immunization and restimulation

Groups Protein immunized Protein restimulated

Control PBS PBS

Sj22.6 rSj22.6 alone rSj22.6 alone

Sj22.6 + ISA206 rSj22.6 emulsified with ISA206 rSj22.6

SjHSP70 rSjHSP70 alone rSjHSP70 alone

Sj22.6 + SjHSP70(22.6) rSj22.6 plus rSjHSP70 combination rSj22.6 alone

Sj22.6 + SjHSP70(70) rSj22.6 plus rSjHSP70 combination rSjHSP70 alone

SjHSP22.6 + SjHSP70(22.6 + 70) rSj22.6 plus rSjHSP70 combination rSj22.6 plus rSjHSP70 combination
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72 kDa. As shown in Fig. 1, a band of ∼72 kDa was observed
in the gels, corresponding to the predicted molecular size of
rSjHSP70. After purification with His-resin affinity chroma-
tography, a single band of ∼72 kDa was recovered (Fig. 1a,
lane 5). Immunoblotting demonstrated that the recombinant
protein was recognized by S. japonicum-infected mouse se-
rum (Fig. 1b, lane 1), and a crude adult worm antigen of
∼72 kDa was recognized by the antiserum from mice

immunized with rSjHSP70 (Fig. 1c, lane 1), indicating that
rSjHSP70 shows good antigenicity and that sera directed
against rSjHSP70 can be used to detect the expression of
SjHSP70 in cells from S. japonicum.

Expression profile of SjHSP70 on the surfaces of cells
from different stages of RA and normal schistosomula

To investigate whether the expression profiles of SjHSP70
differ in RA and normal schistosomula, the expression levels
of SjHSP70 on the surfaces of cells from different stages of
schistosomula were determined with flow cytometry. As
shown in Fig. 2, the expression level (mean fluorescence in-
tensity, MFI) of SjHSP70 on the surfaces of cells from RA
schistosomula was significantly higher than that of normal
parasites on days 4, 7, and 10 (P<0.01) after treatment
(Fig. 2a1–4, b1–4). There was no significant difference in
the expression levels of SjHSP70 on the surfaces of cells from
the RA and normal groups on day 14 (Fig. 2b4). These data
suggest that SjHSP70 is expressed at higher levels on the
surfaces of cells from early stage RA schistosomula.

Determination of the protection against S. japonicum
cercariae challenge in mice immunized with rSjHSP70
or rSj22.6 plus rSjHSP70 without adjuvant

To measure the immunostimulatory capacity of SjHSP70, we
determined whether rSjHSP70 induces protective immunity
or enhances the protection induced by other antigens. To this
end, we selected the rSj22.6 protein as the control antigen.
Sj22.6 is annotated as a membrane-anchoring protein, located
in the tegument of S. japonicum. The protection induced by
immunization with the rSjHSP70 and rSj22.6 antigens (alone
or in combination) were evaluated after cercarial challenge in
both BALB/c and C57BL/6 mice. As shown in Table 2, im-
munization with rSjHSP70 alone induced the highest level of
protection in BALB/c mice, followed by the rSj22.6 plus
rSjHSP70 combination, rSj22.6 alone, and rSj22.6 emulsified
with ISA206 adjuvant. There was no significant difference in
the levels of protection afforded by rSj22.6 plus rSjHSP70,
rSj22.6 emulsified with ISA206, and rSj22.6 alone. A repli-
cated experiment showed similar results. These results suggest
that immunization with rSjHSP70 alone induced a high level
protection, and like ISA206 adjuvant, rSjHSP70 was unable
to enhance the protection afforded by rSj22.6 against
S. japonicum cercaria challenge in BALB/c mice.

In the C57BL/6 mice, immunization with rSjHSP70 alone
also induced the highest level of protection, followed by
rSj22.6 emulsified with ISA206 adjuvant, the rSj22.6 plus
rSjHSP70 combination, and rSj22.6 alone. The protection
afforded by immunization with rSj22.6 alone was negligible.
There was no significant difference in the protective effects of
immunization with rSj22.6 plus rSjHSP70 and rSj22.6 plus

Fig. 1 Expression, purification, and immunogenicity of rSjHSP70. a
Expression and purification of rSjHSP70. M protein molecular weight
maker, lane 1 lysate of bacteria carrying the pET28a vector, lane 2
lysate of bacteria carrying the pET28a vector after IPTG induction, lane
3 lysate of bacteria carrying the pET28a–SjHSP70 vector before IPTG
induction, lane 4 lysate of bacteria carrying the pET28a-SjHSP70 vector
after IPTG induction, lane 5 purified SjHSP70 protein. b Analysis of the
reactiogenicity of rSjHSP70. M protein molecular weight marker, lane 1
rSjHSP70 is recognized by negative serum of SPFmice, lane 2 rSjHSP70
is recognized by sera of mice infected with Schistosoma japonicum. c
Analysis of the immunogenicity of rSjHSP70. M protein molecular
weight marker, lane 1 Negative serum from SPF mice recognizes the
crude worm antigen of Schistosoma japonicum, lane 2 rSjHSP70 antise-
rum recognizes the crude adult worm antigen of Schistosoma japonicum
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ISA206. A replicate experiment showed similar results. These
data indicate that immunization with rSjHSP70 alone also in-
duced a high level of protection, and both rSjHSP70 and
ISA206 adjuvant enhanced the protection induced by rSj22.6
against S. japonicum cercarial challenge in C57BL/6 mice.

Taken together, these experimental results demonstrate that
immunization with rSjHSP70 alone (without adjuvant) in-
duced the highest level of protection against S. japonicum
cercariae in both mouse strains. When combined with the
rS j22 .6 an t igen , S jHSP70 migh t a l so exe r t an
immunostimulatory effect as an adjuvant, like ISA206.

rSjHSP70 immunization induced a Th2-biased antibody
response in both BALB/c and C57BL/6 mice

To clarify the mechanism underlying the protective immunity
induced by rSjHSP70, sera from mice immunized with
rSjHSP70 or rSj22.6 antigen (alone or in combination) or a
control agent were tested with ELISAs to detect specific anti-
rSjHSP70/rSj22.6 IgG1 and IgG2a antibody responses. The
data are shown in Fig. 3. After the second and the third im-
munizations, the BALB/c mice immunized with the four an-
tigen preparations (rSjHSP70, rSj22.6, the rSj22.6 plus

rSjHSP70 combination, or rSj22.6 emulsified with ISA206)
showed significantly higher levels of antigen-specific IgG1
than were elicited in the control animals treated with PBS
(P<0.01; Fig. 3a2). Immunization with rSjHSP70 or the
rSj22.6 plus rSjHSP70 combination also induced significantly
higher levels of anti-rSjHSP70/rSj22.6 + rSjHSP70-specific
IgG2a than the control treatment (P<0.01; Fig. 3a1). These
data suggest that immunization with rSjHSP70 induces both
Th1-type and Th2-biased responses, and that rSj22.6 also elicits
a Th2-type response in BALB/c mice. After the second and
third immunizations in the C57BL/6 mice, both rSjHSP70
alone and the rSj22.6 plus rSjHSP70 combination induced sig-
nificantly higher levels of antigen-specific IgG1 than were de-
tected in the control group (P<0.01; Fig. 3b2). However, both
rSj22.6 alone and rSj22.6 emulsified with ISA206 also induced
an antigen-specific IgG1 response (Fig. 3b1). The levels of
IgG1 induced by them were significantly lower than those in-
duced by rSjHSP70 alone or the rSj22.6 plus rSjHSP70 com-
bination. However, the levels of IgG2a induced by these four
antigen preparations did not differ significantly from the control
group after the second and third immunizations. These data
suggest that immunization with rSjHSP70 induced both Th2-
type antibody responses in the C57BL/6 mice.

These experimental results suggest that the high levels of
protection induced by immunization with rSjHSP70 correlat-
ed with the high levels of Th2-type anti-rSjHSP70 antibodies
in both the BALB/c and C57BL/6mice. This was also the case
for the protection induced by the immunization of BALB/c
mice with rSj22.6 alone. However, the levels of antigen-
specific IgG antibodies did not correlate positively with the
protection induced by rSj22.6 plus rSjHSP70 or by rSj22.6
emulsified with ISA206 adjuvant.

�Fig. 2 SjHSP70 expression on cells from normal and RA schistosomula
at different stages. Cercariae were exposed or not exposed to a UV source
(254 nm) at an intensity of 400 μW/cm2 for 1 min and the tails were
detached before culture for 4, 7, 10, or 14 days. Schistosomula were
digested and the cells were collected to determine SjHSP70 expression
with flow cytometry. Data illustrating representative experiments and
derived from triplicate experiments are shown as a graph (a1–4) and
mean fluorescence intensities (MFIs; b1–4). Statistically significant
differences compared with the normal group are shown as *P<0.05

Table 2 Protection induced in BALB/c and C57BL/6 mice immunized with SjHSP70 and/or Sj22.6

BALB/C mouse groups C57BL/6 mouse groups

Worm burden
mean±SD

Percentage reduction
in worm burden (%)

Worm burden
mean±SD

Percentage reduction in
worm burden (%)

Trial 1

Control 23.43±7.02 – 24.29±6.80 –

Sj22.6 20.71±5.74 11.59* 23.29±4.07 4.12*

Sj22.6 + ISA206 20.86±2.73 10.98* 20.57±3.41 15.29*

SjHSP70 15±3.16 35.98** 16.71±5.23 31.18**

SjHSP70 + Sj22.6 20.29±4.07 13.41* 20.71±2.56 14.71*

Trial 2

Control 32.5±4.51 – 27.6±5.28 –

Sj22.6 25.33±4.37 22.05* 24.0±5.69 13.25**

Sj22.6 + ISA206 24.00±3.63 26.15** 22.67±4.59 18.07*

SjHSP70 20.33±3.83 37.43** 20.6±4.84 25.30**

SjHSP70 + Sj22.6 25.83±4.79 20.51* 21.5±6.02 22.29**

Data are shown as mean±SD, and statistically significant differences compared with the control group are shown as *P<0.05 or **P<0.01
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Cytokine response patterns of splenic lymphocytes of mice
immunized with rSjHSP70 or rSj22.6

To further evaluate the immunostimulatory properties of
SjHSP70, we determined the cytokine production patterns in
mice immunized with rSjHSP70 or rSj22.6 (alone and in com-
bination). The splenic lymphocytes of mice immunized with
the rSjHSP70 or rSj22.6 antigen (alone or in combination) or
with a control agent were restimulated in vitro with the corre-
sponding antigen preparations (as shown in Table 1). The
cytokines were detected with flow cytometry using a Cyto-
metric Bead Array. The results are shown in Fig. 4. In the
BALB/c mice, the splenocytes of mice immunized with
rSjHSP70 or rSj22.6 emulsified with ISA206 produced much
higher levels of IL-2 than the cells of the control mice
(Fig. 4a7), which probably contributed to the higher levels
of antigen-specific antibodies induced by these two antigens.
The splenocytes of mice immunized with rSj22.6, rSj22.6
emulsified with ISA206, or rSj22.6 plus rSjHSP70 produced
higher levels of proinflammatory cytokines (IFN-γ, TNF-α,
IL-6, and IL-17A); a Th2-type cytokine (IL-4); and a regula-
tory cytokine (IL-10) than the cells from the control or
rSjHSP70-immunized mice (Fig. 4a1–6). This suggests that
these three antigen preparations (rSj22.6, rSj22.6 emulsified
with ISA206, or rSj22.6 plus rSjHSP70) induced similar pat-
terns of cytokine production, which might explain the results
of the present experiment because similar levels of protection

were induced in BALB/c mice by immunization with each
individual antigen preparation.

The splenocytes of the C57BL/6 mice immunized with
rSj22.6 emulsified with ISA206, rSj22.6 plus rSjHSP70, or
rSjHSP70 alone produced much higher levels of IL-2 than the
cells of the control mice (Fig. 4b7). This was probably partial-
ly responsible for the antigen-specific antibody response ob-
served. Immunization with rSj22.6 plus SjHSP70 or Sj22.6
emulsified with ISA206 also induced similar patterns of cyto-
kine production, although the levels of proinflammatory cyto-
kines (IFN-γ, TNF-α, IL-6, and IL-17A) and regulatory cy-
tokines (IL-10) induced by rSj22.6 + rSjHSP70 were higher
than those induced by Sj22.6 + ISA206 (Fig. 4b1–4, 6). Im-
munization with rSj22.6 alone induced the secretion of no
other proinflammatory or regulatory cytokines, except a low
level of the Th2-type cytokine IL-4, which probably resulted
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Fig. 3 Kinetics of specific anti-rSj22.6 and/or anti-rSjHSP70 responses
in BALB/c mice (a1–2) and C57BL/6 mice (b1–2). Mice were
immunized with three doses of rSj22.6 (40 μg/mouse) or rSjHSP70
(40 μg/mouse), alone or in combination. Serum samples were collected
from six individual mice per group on days 7, 21, and 35 after the first

immunization and assayed for IgG1 and IgG2 with ELISAs. The results
are presented as mean absorbances measured at 450 nm. Data are shown
as the mean±SD of two independent experiments. Statistically significant
differences compared with the control group are shown as *P<0.05 or
**P<0.01

�Fig. 4 Production of cytokines by splenocytes from BALB/c mice and
C57BL/6 mice. Splenocytes from BALB/c mice (a1–7) and C57BL/6
mice (b1–7) were restimulated with rSj22.6 and/or rSjHSP70 for 72 h
at 37 °C. The levels of IL-2, IL-4, IL-6, IFN-γ, TNF-α, IL-10, and IL-17a
were measured. Data are shown as the mean±SD of triplicate
experiments. Statistically significant differences compared with the
control group are shown as *P<0.05 or **P<0.01; statistically
significant differences compared with the SjHSP70 (70) group and the
control group are shown as **P<0.01 and significant differences
compared with the Sj22.6 + ISA206 group are shown as #P<0.01
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in a very low level of protection conferred by the immuniza-
tion of the C57BL/6 mouse strain with this antigen alone.

These results demonstrate that rSjHSP70 alone elicited
higher levels of IL-2 production in both mouse strains than
the cells of the control mice, whereas rSj22.6 alone induced
higher levels of proinflammatory and Th2 or regulatory cyto-
kines only in the BALB/c mouse strain. The pattern of cyto-
kine production in response to rSj22.6 plus SjHSP70 was
similar to that elicited by rSj22.6 emulsified with ISA206 in
both the BALB/c and C57BL/6 mice.

rSjHSP70 significantly enhanced the levels of cytokines
induced by rSj22.6 in both the BALB/c and C57BL/6
mouse strains

There was no significant difference in the protection against
S. japonicum afforded by Sj22.6 plus SjHSP70 and Sj22.6
emulsified with ISA206 adjuvant in both the BALB/c and
C57BL/6 mice. We speculated that the rSjHSP70 protein ex-
erts an adjuvant effect when combined with rSj22.6, and
therefore, we evaluated whether rSjHSP70 enhances
rSj22.6-induced cytokine production. To this end, the splenic
lymphocytes of mice immunized with rSjHSP70 plus rSj22.6
or control antigen/agent were restimulated in vitro with
rSj22.6 and rSjHSP70, respectively. The levels of cytokine
production were determined with a Cytometric Bead Array
(Fig. 4). The splenocytes of BALB/c mice immunized with
rSj22.6 plus rSjHSP70 produced much higher levels of proin-
flammatory (IFN-γ, TNF-α, IL-6, and IL-17A), Th2-type (IL-
4), and regulatory cytokines (IL-10) than the cells of mice
immunized with rSj22.6 alone when restimulated with
rSj22.6 (Fig. 5a1–6). However, these splenocytes showed
lower levels of proinflammatory cytokines IFN-γ, TNF-α,
and IL-6 or no significant difference in the levels of proin-
flammatory (IL-17A), Th2-type (IL-4), and regulatory cyto-
kines (IL-10) than the cells of mice immunized with rSjHSP70
when restimulated with rSjHSP70 (Fig. 5a1–6). These data
demonstrate that rSjHSP70 facilitates the production of cyto-
kines induced by the rSj22.6 antigen in BALB/c mice.

The splenocytes of C57BL/6 mice immunized with rSj22.6
plus rSjHSP70 also produced much higher levels of proin-
flammatory (IFN-γ, TNF-α, IL-6, and IL-17A), Th2-type
(IL-4), and regulatory cytokines (IL-10) than the cells of mice
immunized with rSj22.6 alone when restimulated with rSj22.6
(Fig. 5b1–6). However, the splenocytes of mice immunized
with rSj22.6 + rSjHSP70 produced higher levels of IFN-γ, IL-
6, Il-4, and IL-10 when restimulated with rSjHSP70 antigen
than the cells of mice immunized with rSjHSP70 (Fig. 5b1, 3,
6–7). The concentrations of these cytokines were very low, so
rSj22.6 had a negligible effect on the levels of cytokines in-
duced by rSjHSP70. These data demonstrate that rSjHSP70
significantly promotes the production of cytokines induced by
the rSj22.6 antigen in C57BL/6 mice.

These results indicate that rSjHSP70 significantly enhances
the levels of cytokines induced by rSj22.6 in both BALB/c
and C57BL/6 mice, suggesting that rSjHSP70 exerts an adju-
vant effect when combined with rSj22.6.

Discussion

It is widely accepted that there is a quantitative and/or qualita-
tive difference between the immune responses elicited by an
RA Schistosoma larval vaccine and those elicited by the normal
parasite (Ganley-Leal et al. 2005; Hewitson et al. 2005; Wilson
and Coulson 2009). However, the Schistosoma-derived mole-
cules that are responsible for this difference remain unclear.
Based on the conclusions of related research, we speculated
that RA-parasite-derived SjHSP70 might be an antigen that
induces a high level of protective immunity. In the underlying
mechanism, SjHSP70 molecules probably activate the innate
immune system. For example, SjHSP70 might be involved in
various inflammatory conditions by affecting cells of the innate
immune system and cells that are not part of the immune sys-
tem but communicate with it. SjHSP70 may also be a potent
antigen carrier and natural adjuvant. Whether the SjHSP70 pro-
tein has these immunological properties is still unclear. In the
present study, we provided further evidence for the
immunostimulatory functions of SjHSP70, including its induc-
tion of a variety of cytokines and protective immunity against
S. japonicum cercarial challenge in both BALB/c and C57BL/6
mice. Importantly, we have shown that the expression of
SjMLP/HSP70 on the surfaces of cells derived from early RA
schistosomula is significantly higher than on cells from normal
parasites, suggesting that SjMLP/HSP70 might be one of the
immunogenic molecules responsible for the greater protective
efficacy of the RA Schistosoma larval vaccine.

To generate the recombinant protein, a gene encoding a
mortalin-like protein from S. japonicum (SjMLP/HSP70)
was cloned and recombinant SjMLP/HSP70 (rSjMLP/
HSP70) was expressed in E. coli. The rSjMLP/HSP70 prepa-
ration was treated with polymixin B-coated beads to remove
any lipopolysaccharide. This purified preparation can be used
as the material for further research. He et al. previously iden-
tified SjMLP/HSP70 as a member of the Schistosoma HSP70
family, and the protein is expressed in the egg, cercaria,
schistosomula, and adult worm, localizing predominantly in

�Fig. 5 Profiles of cytokines enhanced by SjHSP70 in splenocytes from
BALB/c mice and C57BL/6 mice. Splenocytes from BALB/c mice (a1–
7) and C57BL/6 mice (b1–7) were restimulated with rSj22.6 and/or
rSjHSP70 for 72 h at 37 °C. The levels of IL-4, IL-6, IFN-γ, TNF-α,
IL-10, and IL-17a were measured. Data are shown as the mean±SD of
triplicate experiments. Statistically significant differences compared with
the Sj22.6 (22.6) group are shown as **P<0.01 or *P<0.05; and
significant differences compared with the SjHSP70 (70) group are
shown as ##P<0.01
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the mitochondria (He et al. 2010). However, in the present
study, we observed that the SjMLP/HSP70 protein is
expressed on the surfaces of cells from in vitro-cultured
schistosomula. This may be because HSP70 is translocated
to the cell surface under stressful conditions, such as UV irra-
diation in vitro and drug treatment (Schmitt et al. 2007). The
SjHSP70 protein was also differentially expressed in RA and
normal schistosomula. The levels of SjHSP70 were higher in
in vitro-cultured 4-, 7-, and 10-day RA schistosomula than in
the corresponding normal parasites. A plausible explanation is
that cells are more severely damaged by UV irradiation than
by in vitro culture insult, and the increased expression of
SjMLP/HSP70 might protect the cells against UV-induced
damage. Indeed, it has been reported that HSP70 protects
the murine epidermis and fibroblasts from UVB-induced ra-
diation damage (Simon et al. 1995; Matsuda et al. 2010). A
hypothesized mechanism is that the translocation of HSP70 to
the cell surface stabilizes the integrity of the plasma mem-
brane and elevated HSP70 levels inhibit UV-irradiation-
induced cell apoptosis (Nylandsted et al. 2004; Bivik et al.
2007). Our investigation has shown that the percentages of
early apoptotic and late apoptotic cells in in vitro-cultured 4-
and 7-day RA schistosomula are significantly lower than in
the corresponding normal parasites (unpublished data), sug-
gesting that cell apoptosis in early stage RA schistosomula is
partly inhibited. This can be attributed to the antiapoptotic
function of elevated SjMLP/HSP70 on the surfaces of the cells
from RA schistosomula. However, in vitro-cultured 10- and
14-day RA schistosomula display a more severely necrotic
phenotype than the corresponding normal parasites (unpub-
lished data). Therefore, it is probable that cells from in vitro-
cultured normal schistosomula show more apoptotic charac-
teristics, whereas cells from RA parasites show more necrotic
properties. These distinct types of cell death induce different
types of responses. Apoptotic cells that are engulfed by den-
dritic cells may produce a state of antigenic tolerance, whereas
necrotic cells may induce an immunogenic response (Zhou
et al. 2013; Golden et al. 2014). The molecular mechanisms
of immunogenic cell death induced by UV irradiation are not
completely understood. However, it is likely that some stress
molecules, including members of the heat shock protein fam-
ily, such as HSP70 and HSP90, and the damage-associated
molecular pattern HMGB1 might be exposed on or released
onto the cell surface or into the extracellular milieu to play
important roles in inducing immunogenic responses (Williams
and Ireland 2008). A recent study has demonstrated the ability
of membrane-bound and secreted HSP70 to significantly en-
hance the gag-specific T cell responses and increase the
breadth of the T cell responses to include subdominant epi-
topes. Membrane-bound or secreted HSP70 also significantly
improves the multifunctionality of HIV-specific T cells and T
cell proliferation (Garrod et al. 2014). Whether membrane-
bound or secreted SjHSP70 protein from RA schistosomula

displays the immunostimulatory potency described above
must be determined experimentally.

To test whether SjHSP70 protein has an immunostimulatory
function, we evaluated the protective efficacy of rSjHSP70
alone or in a cocktail of rSj22.6 and rSjHSP70 in a mouse
model. Both C57BL/6 and BALB/c mice immunized with
rSjHSP70 alone showed protection against experimental infec-
tion, and rSjHSP70 protein enhanced the level of protection
afforded by the rSj22.6 protein in C57BL/6 mice. This suggests
that the SjHSP70 protein is not only an effective protective
antigen, but also has a possible adjuvant function. We believe
this finding is consistent with clues present in the literatures. For
instance, in a recent study, He et al. demonstrated that DNA
vaccines of SjHSP70 alone or SjGST combined with SjHSP70
induced 25.94 and 31.31 % reductions in the worm burden in
BALB/c mice, respectively (He et al. 2010). HSP-induced pro-
tection was also observed in both humans infected with Plas-
modium falciparum (Alexandre et al. 1997) and animals infect-
ed with Toxoplasma gondii (Mohamed et al. 2003), Leishmania
donovani (Kaur et al. 2011), Trichinella spiralis (Wang et al.
2009), or Hantavirus (Li et al. 2008). Previously published stud-
ies (He et al. 2010; Kaur et al. 2011) showed that immunization
with the antigen of interest (protein or DNA vaccine) together
with the HSP70 antigen more significantly reduced the parasite
load than the antigen of interest (protein or DNAvaccine) or the
HSP70 antigen alone. However, we found that immunization
with rSjHSP70 alone induced the highest level of protection in
both C57BL/6 and BALB/c mice. Moreover, the protective ef-
ficacy of rSj22.6 alone and the adjuvanticity of rSjHSP70
depended on the genetic backgrounds of themouse strains. Only
in the Th2-type mouse strain (BALB/c) (Watanabe et al. 2004)
did rSj22.6 alone induce a certain level of protection, whereas
only in the Th1-type mouse strain (C57BL/6) (Watanabe et al.
2004) did rSjHSP70 exert its adjuvant effects.

To clarify the mechanisms underlying the phenomena de-
scribed above, we analyzed the mouse sera for the presence of
specific anti-SjHSP70 antibody isotypes. We found that
rSjHSP70 vaccination induced a mixed Th1/Th2-type anti-
body response against SjHSP70 in the Th2-type mice and a
Th2-biased type of anti-SjHSP70 antibody response in the
Th1-type mice, indicating that the SjHSP70 molecule elicits
a strong IgG antibody response in both mouse strains, and that
these IgG antibodies probably partly contribute to the high
level of protection induced by vaccination with the rSjHSP70
protein alone. Several studies have demonstrated that a strong
humoral response can be elicited by different pathogen-
derived HSP70 proteins, including Mycobacterium
tuberculosis HSP70 (Bonorino et al. 1998; Aosai et al.
2002), Leishmania infantum HSP70 (Rico et al. 2002), and
Toxoplasma gondii HSP70 (Aosai et al. 2002). These HSP70
proteins induce the proliferation of B cells, suggesting that
they have B cell mitogenic properties. Therefore, we specu-
lated that the SjHSP70 protein might also function as a B ell
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mitogen, producing a strong antigen-specific IgG response.
This hypothesis must be validated experimentally.

An unexpected, but interesting finding of this study was that
BALB/c mice immunized with rSj22.6 alone (without adju-
vant) showed protection against experimental S. japonicum in-
fection, although the protective efficacy of rSj22.6 alone was
lower than that of rSjHSP70 alone. It has been documented that
two protein antigens of 74 and 68 kDa, isolated from
Schistosoma mansoni worm antigen preparations, can induce
high levels of protection (30–76 %) without adjuvant. The abil-
ity of antibodies against these antigens to mediate protection
in vivo might correlate with the recognition of epitopes on the
surfaces of early live schistosomula, which are the target of
antibody-mediated damage (King et al. 1987; Attallah et al.
1999). The Sj22.6 protein has also been identified as a
tegumental protein and can be expressed in the lung-stage
schistosomulum of S. japonicum (Mulvenna et al. 2010; Zhang
et al. 2012). Both B cell and Th cell epitopes on the Sj22.6
protein have been identified with different techniques (Waine
et al. 1997; Zhang et al. 2012). BALB/c mice immunized with
rSj22.6 (with Freund’s complete adjuvant) showed partial pro-
tection (32.1 %) and high levels of IgG (Su et al. 1999). In our
study, vaccination with rSj22.6 alone (without adjuvant) also
conferred partial protection against experimental infection and
induced high levels of IgG1 antibodies in BALB/c mice. Im-
munization with rSj22.6 alone also induced higher levels of
Th1- and/or Th2-type cytokine production by lymphocytes in
BALB/c mice than in C57BL/6 mice, indicating that a stronger
cellular immune response might be induced by rSj22.6 alone.
These data suggest that some antigens from the tegument of the
Schistosoma schistosomulum might be good target antigens
that provide protective immunity. These proteins can directly
stimulate the B cells or Th cells responsible for protective im-
munity, although the protection induced by them is not only
dependent on the immunobiological features of the antigens but
also on the genetic backgrounds of mouse strains.

Another interesting finding of this study is that the protec-
tion afforded by the cocktail of Sj22.6 and SjHSP70 against
S. japonicum was lower in both mouse strains than that
afforded by rSjHSP70 alone, indicating that rSj22.6 protein
mixed with rSjHSP70 reduces the protective efficacy of
rSjHSP70 protein. It has been reported that combing different
antigens does not result in a more effective protective immu-
nity against Schistosoma infection than when each component
is administered individually, and immune interference
resulting from immunization with multiple antigens is consid-
ered one mechanism responsible for the lack of enhanced
protection (Wang et al. 2010). We observed a similar effect
in the present study. To explain the phenomenon, we investi-
gated the cytokine production profiles of splenic lymphocytes
after immunization with individual antigens and combinations
of the antigens. The levels of both proinflammatory and Th2/
regulatory cytokines produced after immunization with

rSj22.6 together with rSjHSP70 or with rSj22.6 emulsified
with ISA206 were significantly increased compared with
those induced by immunization with rSjHSP70 alone. It is
likely that those cytokines, especially the regulatory cyto-
kines, downregulate the inflammatory response, which is im-
portant in protecting mice against S. japonicum infection.

Interestingly, we also found that the protective efficacy of the
cocktail of Sj22.6 and SjHSP70 against S. japonicum was ap-
proximately equal to that of Sj22.6 emulsified with ISA206 in
both mouse strains. Therefore, we speculated that the rSjHSP70
protein, when combined with rSj22.6 antigen, exert an adjuvant
effect rather than induces protective immunity. To test this hy-
pothesis, we determined the cellular immune response against
the rSj22.6 antigen in mice vaccinated with different immuniza-
tion protocols. rSjHSP70 exceeded the efficacy of the ISA206
adjuvant in promoting the production of both proinflammatory
(IFN-γ, TNF-α, IL-6, and IL-17A) and Th2/regulatory (IL-4,
IL-10) cytokines in the C57BL/6 mice. The secretion of proin-
flammatory cytokines (TNF-α and IL-17A) was also elevated
and the production of Th2/regulatory cytokines (IL-4, IL-10)
was boosted in BALB/cmice, but less than by ISA206 adjuvant.
This suggests that rSjHSP70 effectively induces an rSj22.6-spe-
cific cellular immune response, and might be a potent adjuvant.
Many studies have described the ability of mouse HSP70s to
enhance the immunogenicity of associated antigens or peptides
(Roman andMoreno 1997; Tobian et al. 2004, 2005). It is likely
that the HSP70–antigen/peptide complex is effectively internal-
ized into antigen-presenting cells by receptor-mediated endocy-
tosis. Once internalized, the associated antigen or peptide is
released, processed, and made available for assembly into major
histocompatibility molecules, increasing their presentation to
naïve T cells (Tobian et al. 2004, 2005). Whether SjHSP70
can facilitate the presentation of associated antigens or peptides
warrants further investigation.

In conclusion, we have demonstrated that higher levels of
SjHSP70 are presented on the surfaces of RA schistosomula
cell than on the cells of normal parasites, and that the recom-
binant SjHSP70 protein is not only a good protective antigen,
but also has a potential adjuvant function. This study provides
preliminary data for the further clarification of the molecular
mechanisms underlying the protective immunity afforded by
the RA schistosomal vaccine.
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