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Abstract In this study, we report the cloning and characteri-
zation of a cDNA encoding a Trichinella serine protease gene
(TspSP-1.3) from GenBank. The recombinant TspSP-1.3 pro-
tein (rTspSP-1.3) was expressed in an Escherichia coli expres-
sion system and purified with Ni-affinity chromatography.
Real-time quantitative PCR analysis revealed that TspSP-1.3
was expressed at significantly higher levels in muscle larvae
and adult worms than in newborn larvae. TspSP-1.3 was
detected in excretory—secretory proteins of Trichinella spiralis
with western blotting. Immunization with the rTspSP-1.3 an-
tigen induced humoral immune responses, which manifested
as elevated specific anti-rTspSP-1.3 IgG and IgE antibodies
and a mixed Th1/Th2 response. To determine whether purified
rTspSP-1.3 had good antigenicity and could be a vaccine
candidate for the control of 7. spiralis infection, we immunized
BALB/c mice with rTspSP-1.3 and subsequently challenged
the mice with 7. spiralis larvae. The results showed that mice
vaccinated with rTspSP-1.3 exhibited an average reduction in
the muscle larvae burden of 39 % relative to the control group.
These results suggest that TspSP-1.3 could be a novel vaccine
candidate for controlling Trichinella infection.

Xin Li and Jian-ping Yao contributed equally to this work.

X.Li-A.-h. Pan - X.-c. Hu - Z.-d. Wu - X.-w. Zhou (X))

Sun Yat-sen University Zhongshan School of Medicine,

Key Laboratory of Tropical Disease Control

(Sun Yat-Sen University), Ministry of Education, 74 Zhongshan
2nd Road, Guangzhou 510080, China

e-mail: zhouxw2@mail.sysu.edu.cn

J.-p. Yao
1st Affiliated Hospital of Sun Yat-Sen University, Guangzhou,
China 510080

W. Liu
3rd affiliated Hospital of Sun Yat-Sen University, Guangzhou,
China 510080

Introduction

Trichinella spiralis, a major species of the Trichinella genus,
is an intracellular parasitic nematode of vertebrates and one of
the most widespread zoonotic pathogens in the world
(Dupouy-Camet 2000). The entire life cycle of the parasite
takes place in a single host. There are three major antigenic
stages for 7. spiralis: muscle larvaec (ML), adult worms (Ad),
and newborn larvae (NBL). Trichinellosis is not only a public
health hazard but also represents an economic problem in
porcine animal production and food safety (Gottstein et al.
2009). Human trichinellosis outbreaks affect as many as 11
million people worldwide, and it is regarded as a re-emerging
infectious disease (Dupouy-Camet 2009; Hernandez-Bello
etal. 2008), especially in developing countries, such as China,
Argentina, and some eastern European countries (Gottstein
et al. 2009), where cooking habits, along with poverty, poor
sanitary conditions, and lack of veterinary controls facilitate
the occurrence of human trichinellosis. For example, 15 out-
breaks of meat-borne human trichinellosis, consisting of 1,387
cases and four deaths from 2004-2009, have been reported in
southwestern China (Cui et al. 2011).

The wide distribution of domestic and wild animal reser-
voirs and sources of human infection make the prevention and
control of trichinellosis difficult. Currently, a lack of reliable
early diagnostic methods for Trichinella infection favors the
late-stage establishment of mature and encapsulated Trichinella
muscle larvae, which are resistant to drug treatment (Gottstein
et al. 2009). Recently, strong effort has been directed toward
the development of effective Trichinella vaccines to prevent
parasite infection and eradicate its transmission.

The development of effective Trichinella vaccines to pre-
vent parasite infection has been reported in 7richinella ani-
mal models based on Trichinella crude larval extracts
(Aucouturier et al. 2001; Deville et al. 2005), total excreto-
ry—secretory (ES) antigens (Dea-Ayuela et al. 2006; Quan
et al. 2004), recombinant proteins (Wang et al. 2006; Yang
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et al. 2008), DNA (Tang et al. 2012; Yang et al. 2010), and
peptides (McGuire et al. 2002). Although partial protection
has been achieved with the above vaccination strategies, a
vaccine with adequate protection against 7richinella has not
yet been developed to the point of commercialization
(Gottstein et al. 2009).

Proteins are usually the first choice as candidates for vac-
cine antigens because they are easier to identify and modify
than other compounds and can also be produced economically
in large quantities using modern biotechnology (Hein and
Harrison 2005). Trichinella ES products, which are directly
exposed to the host immune system, play a primordial role in
modulating host immune responses and parasitism (Bai et al.
2012; Bruschi and Chiumiento 2012). The ES products of
some parasitic nematodes also contain allergens and IgE-
potentiating factors (Stromberg 1979, 1980). Therefore,
Trichinella ES proteins have recently attracted a great deal
of attention in studies on the host—parasite interaction and
offer targets for vaccine development.

Parasite proteases, especially secretory proteases, are
thought to have important functions in modulating the in-
teractions between parasites and hosts because of their par-
ticular roles in the invasion of host tissues, parasite nutrition,
and evasion of host immune responses (Fishelson et al. 1992;
McKerrow 1989; Trap et al. 2006).

The roles of parasite serine proteases, a major trypsin-like
serine protease, have been covered by a review (McKerrow
1989) and established in studies of Onchocerca lienalis
(Lackey et al. 1989), Schistosoma mansoni (McKerrow et al.
1985; Newport et al. 1988), Necator americanus (Brown et al.
1995), and T. spiralis (Abbas et al. 1996; Todorova et al.
1995). A trypsin-like serine protease could be involved in host
immune suppression by influencing the relationship between
the parasite and host and may contribute to parasite infection
and survival (Balasubramanian et al. 2010). Secreted protein-
ases have also been found to be the targets of significant
antibody responses in a number of nematodiasis (Kennedy
and Qureshi 1986). Therefore, immunogenic parasite serine
proteases have emerged as promising serodiagnostic markers
and vaccine targets (Dalton et al. 2003; Dixit et al. 2008). The
complete sequence and molecular characterization of T
spiralis serine protease have been described in some reports
(Nagano et al. 2003; Robinson and Connolly 2005). Specifi-
cally, the recent molecular cloning and expression of T.
spiralis serine protease TspSP-1 (Romaris et al. 2002) and
TspSP-1.2 (Wang et al. 2012) have been reported. However,
the protective immunity of 7. spiralis serine proteases remains
poorly understood.

In this paper, we cloned and analyzed a cDNA encoding a
serine protease from 7. spiralis (TspSP-1.3, GenBank acces-
sion number EU302801) and identified it as a component of
ES products of the parasite. Furthermore, we investigated the
immunogenic antigenicity and vaccine development potential

@ Springer

of TspSP-1.3. Our finding demonstrates that mice vaccinated
with recombinant TspSP-1.3 show marked immune protection
against 7. spiralis larvae challenge. The results suggest that
TspSP-1.3 could be a novel vaccine candidate for controlling
Trichinella infection.

Materials and methods
Preparation of the parasites

The T. spiralis (ISS 533) parasites used in this study were
originally isolated from a swine source and routinely
maintained through serial passages in Kunming mice in the
laboratory of the department of parasitology at Sun Yat-sen
University Medical School.

Adult worms were collected from the intestines of rats at
6 days post-infection. The muscle of infected mice was
digested to recover ML using a standard pepsin—hydrochloric
acid digestion method as described by Dennis et al. (1970).
NBL were obtained from fertile female adult worms cultured
in vitro for 36 h at 37 °C. ES products were prepared with
conventional methods (Todorova et al. 1995).

Animals

BALB/c mice and Wistar rats aged 6—8 weeks and free of
specific pathogens were purchased from the Experimental
Animal Center of Sun Yat-sen University (Guangzhou, Chi-
na), and the animals were raised carefully in accordance with
the National Institutes of Health guidelines on animal care
and the ethical guidelines. All experimental procedures were
approved by the Animal Care and Use Committee of Sun
Yat-sen University.

RNA isolation, reverse transcription, cDNA synthesis,
and real-time quantitative PCR

Total RNA of T. spiralis adult worms, newborn larva, and 35-
day-old muscle larva was isolated and purified using TRIZOL
reagent (Invitrogen, USA) according to the manufacturer’s in-
structions. Reverse transcription and cDNA synthesis were
performed with reverse transcriptase (M-MLV RT, Promega)
according to the manufacturer’s recommendations. Real-time
quantitative polymerase chain reaction (PCR) was performed to
evaluate gene transcription levels in different Trichinella devel-
opmental stages using SYBR® Premix Ex Tag™ (TAKARA
Biotechnology, Dalian, China) with a LightCycler480 real-time
PCR System (Roche Diagnostics Inc.). Each reaction contained
10 ul of 2x SYBR green Master Mix, 0.4 pl of 20-uM primers,
and 1 pl of cDNA to a total volume of 20 ul. The thermal
cycling conditions included an initial denaturation step at 95 °C
for 2 min, followed by 40 cycles at 95 °C for 15 s, annealing at
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60 °C for 15 s, and extension at 72 °C for 15 s. At the end of the
PCR cycles, the specificities of the amplification products were
controlled via dissociation curve analysis. All data were ana-
lyzed using the LightCycler480 software, and Ct was calculated
using the 2722 method. A constitutively expressed
Trichinella gene (18S rRNA, GenBank accession No:
U60231) was used as an internal control. The primers for the
TspSP-1.3 gene (GenBank accession No: EU302801) were as
follows: 5-TGGATCTCAGACAGGCAAAG-3' (forward)
and 5-GAGAATCTGGAGGTGGTGGT-3" (reverse). The
primers for 18S rRNA were 5-TAAAGGAATTGACGGAA
GGG-3' (forward) and 5'-ATGCACCACTACCCACTGAA-3'
(reverse). Three independent experiments were performed, and
two repeats were measured for each sample.

Sequence analysis of the TspSP-1.3 gene

The full-length cDNA sequence of the 7. spiralis TspSP-1.3
gene was obtained from GenBank (EU302801). The catalytic
sites of the deduced protein (TspSP-1.3) were predicted using
ScanProsite (www.expasy.ch/tools/scanprosite). The theoreti-
cal protein molecular weight was determined with Protparam
(http://tw.expasy.org/tools/protparam.html). The signal pep-
tide was predicted by Propl.0 Server (www.cbs.dtu.dk/
services/ProP). The domain analysis of the serine protease
was performed using InterProScan EMBL-EBI Software
(www.ebi.ac.uk/Tools/pfa/iprscan/). Linear B cell epitopes
were predicted using BepiPred (Larsen et al. 2006) (http:/
www.cbs.dtu.dk/services/Bepipred/), and the score threshold
for epitope assignment was set at 0.35.

Cloning, expression, and purification of recombinant mature
TspSP-1.3

The coding region containing the predicted mature serine
proteinase of the TspSP-1.3 gene (1,185 bp corresponding to
amino acid residues 28-421) was cloned with PCR using
synthesized cDNA from 35-day post-infection (PI) muscle
larvae. BamHI and Xhol restriction enzyme sites were
added to the primers (underlined) to assist cloning into
the expression vector in frame. The primers used for
constructing the recombinant expression vectors were as
follows: forward (5'-GACGGATCCCAGTATTGTGGAAAT
CC-3', with an in-frame BamHI restriction site) and reverse
(5'-GGGCTCGAGTCAGTAAAAAGAGTCAAAATTTTG-
3', with an in-frame X#ol restriction site). After PCR amplifi-
cation, the PCR products were fractionated on a 1 % agarose
gel, and the band corresponding to PCR products (1,182 bp)
was purified from agarose gel slices using the QIAquick Gel
extraction kit (QIAGEN, USA), digested with BamHI and
Xhol (Fermentas), and cloned into a linearized pET-28a(+)
expression vector.

The purified PCR products were subcloned into the pET-
28a(+) expression vector with the His-tag at N-terminus
(Novagen). The recombinant plasmid (pET28a/TspSP-1.3)
was transformed into competent Escherichia coli DH5x
cells. Positive clones were picked and confirmed with
DNA sequencing (Invitrogen). The expression of the recom-
binant proteins was induced by adding isopropyl-(3-D-thio-
galactopyranoside (IPTG) to a final concentration of 1 mM at
37 °C for 4 h according to a previous report (Zhou et al.
2007). The pellets of the bacterial culture were harvested
following the induced incubation and disrupted by sonica-
tion in 50-mM Tris—HCI/0.5-mM NaCl buffer (pH 8.5).
Recombinant proteins expressed in inclusion bodies were
completely solubilized with 8 M urea in 50-mM Tris—
HCI/0.5-mM NaCl buffer (pH 8.0). The recombinant
TspSP-1.3 protein (rTspSP-1.3) was purified under denatur-
ing conditions with Ni-affinity chromatography (Qiagen,
USA) according to the manufacturer’s instructions. The pu-
rity of the recombinant protein was determined with SDS-
PAGE. Endotoxin was removed from rTspSP-1.3 using a
two-phase extraction method as described in a previous report
(Liu et al. 1997), resulting in <0.25 endotoxin units/ml, as
measured by the limulus amebocyte lysate assay (GenMed)
according to the manufacturer’s protocol.

Infected sera and antisera

Sera were obtained from BALB/c mice orally infected with
500 larvae of T. spiralis at 1, 7, 13, 19, 25, 31, and 37 days
PI. A polyclonal antibody against the rTspSP-1.3 protein was
produced in immunized BALB/c mice, which were injected
subcutaneously with 20 pug of the purified recombinant pro-
teins and complete Freund’s adjuvant (FCA, Sigma, USA).
This initial treatment was followed by three booster injec-
tions of 20 pg of the proteins mixed with incomplete
Freund’s adjuvant at 2-week intervals. The collected antisera
were affinity purified using the AminoLink Immobilization
kit (Thermo) according to the manufacturer’s instructions.
Affinity-purified antibodies were tested for efficacy and spec-
ificity with enzyme-linked immunosorbent assay (ELISA)
and western blotting, respectively.

Western blotting

Test samples, including purified recombinant protein and ES
products of 7. spiralis, were separated by 10 % SDS-PAGE.
Then, the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, USA) using a Trans-Blot
apparatus (Bio-Rad, USA). After being blocked with 5 %
(w/v) skim milk in Tris-buffered saline with Tween 20 (TBST;
100-mM Tris, pH 8.0, 0.9 % NacCl, and 0.1 % Tween 20), the
membrane was incubated with a His-tagged monoclonal
antibody (1:5,000 dilution) from Bio-Rad (USA), T. spiralis-
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infected mouse sera (1:500 dilution), or mouse anti-rTspSP-
1.3 polyclonal antibody (1:200 dilution). Horseradish perox-
idase (HRP)-conjugated goat anti-mouse IgG used as the
second antibody (Jackson, USA) (dilution 1:10,000) was
added after washing. Western blot detection was performed
with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, USA).

ELISA measurement of antibody response

Serum samples were analyzed for recombinant protein-
specific IgG, IgG1, IgG2a, and IgE antibodies with a standard
ELISA. Briefly, flat-bottomed 96-well microtiter plates
(Greiner, Germany) were coated for 2 h at 37 °C with
100 pl of the recombinant protein at a concentration of 5 pg/ml
in 0.05-M bicarbonate buffer (pH 9.6). After the microplates
were washed three times with PBS-0.05 % Tween-20 buffer
(PBST), they were blocked with 1 % bovine serum
albumin/5 % (w/v) skim milk in 100 ul of PBST for 1 h at
37 °C. After three more washes with PBST, the microplates
were probed with 1:100 immune sera (100 pul/well) for 1 h at
37 °C. After washing, 100 pl of HRP-conjugated monoclonal
goat anti-mouse IgG, IgG1, IgG2a, and IgE (Bethtyl, USA)
antisera diluted 1:10,000 in PBST was added to each well, and
the plates were incubated for 1 h at 37 °C. Following a final
wash step, 100 pl of 3, 3', 5, 5'-tetramethylbenzidine substrate
was added to each well, and the reaction was terminated by
adding 50 ul of 2-M H,SO,. The optical density at 450 nm
was measured with a microplate absorbance reader (Tecan,
Switzerland). A negative control (without primary antibody
antisera) was present on each plate. All samples were run in
triplicate, and the values were expressed as the mean + stan-
dard deviation (SD).

Immunization, challenge infection, and protective immunity

Mice were divided into two groups of 15 animals each (pre-
immune sera were collected by tail bleeding 2 days prior to
the first injection). The experimental group of mice was
subcutaneously inoculated with 20 pg of the recombinant
protein TspSP-1.3 per mouse emulsified with FCA (Sigma,
USA). The control group of mice was given x1 PBS buffer
mixed with FCA. Subsequently, the experimental group of
mice was boosted three times with the recombinant protein
(20 pg/mouse) emulsified with incomplete Freund’s adju-
vant at intervals of 2 weeks, whereas the control group was
boosted with incomplete Freund’s adjuvant in PBS buffer
only. Mouse blood samples were collected every 7 days.
Three weeks after the final boost, the mice were challenged
orally with 400 T spiralis infective muscle larvae per mouse.
At 42 days PI, five mice from each group were sacrificed to
evaluate the worm burden reduction by counting the number
of muscle larvae recovered from the mice. The rate of muscle
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larval burden reduction was calculated according to the re-
covered larvae per gram muscle according to a previous report
(Yang et al. 2010).

The protective immunity was evaluated based on the mean
number of muscle larvae collected from the vaccinated group
compared with the control group. The reduction rate was
calculated as follows: muscle larvae reduction (%)=(1—mean
number of larvae per gram muscle in vaccinated mice/mean
number of larvae per gram muscle in control mice)* 100 %.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5
(GraphPad InStat Software, San Diego, California, USA) and
SPSS 13.0 software. The data were expressed as the means +
SD. Differences among groups were evaluated with a one-
way ANOVA and student ¢ test, and p values were denoted as
follows: *p <0.05, **p <0.01, and ***p <0.001 (p <0.05 was
regarded as statistically significant).

Results
Sequence analysis of TspSP-1.3

The full-length cDNA sequence of the 7. spiralis TspSP-1.3
gene was 1,449 bp (CDS: 20-1,285 bp). The cDNA
contained a 1,266 bp open reading frame (ORF) encoding a
protein of 421 amino acids, which was composed of a 27-
residue signal sequence and a 394-residue mature protein.
The predicted molecular weight of the mature protein was
calculated as 44.8 kDa (394 amino acids and pl 6.08). In
Fig. 1a, the open boxes indicate the probable signal peptide
(20-100 bp) predicted with the Signal P program (Bendtsen
et al. 2004). Based on the prediction of catalytic sites of the
deduced protein, the active site residues “histidine, aspartic
acid, and serine” of the catalytic triad that is characteristic of
the serine protease family are indicated in boldface and
underlined in the shaded boxes (Fig. 1a). Bepipred results
predicted seven linear B cell epitopes, and the distribution
was scattered (Fig. 1b). The highest score of B cell epitope
prediction for the TspSP-1.3 protein was associated with
amino acids residues 341-355, with predicted antigenicity
(Fig. 1b). Overall, the bioinformatic analysis suggested that
TspSP-1.3 efficiently induced B cell responses to trigger
antibodies.

Cloning, expression, and purification of recombinant TspSP-1.3
and western validation

To obtain large quantities of recombinant TspSP-1.3 protein
for immunological and vaccination studies, the coding region
of TspSP-1.3 was successfully cloned into the pET28a(+)
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Fig. 1 Analysis of the full-length a
¢cDNA sequence of TspSP-1.3 1 attagcatacgcattaagc

and linear B cell epitope
prediction. a Full-length cDNA
sequence of TspSP-1.3 and

the amino acid sequence encoded
by the ORF. The amino acid
sequence in the open boxes
indicates the putative signal pep-
tides of TspSP-1.3; the initiation
codon (afg) and termination
codon (fga) are in boldface; the
active sites of the serine protease
is in boldface and underlined

in the shaded boxes; the predicted
linear B cell epitopes are
underlined. b Graphical result of
Bepipred prediction of linear B
cell epitopes. Bepipred linear
epitope prediction of B cell recog-
nition sites, with a bar indicating
the position of the highlighted
epitope. Higher scores above

the threshold denote linear B cell
epitopes. The horizontal line

is the threshold

expression vector. The recombinant TspSP-1.3 (101-1,282 bp)
with the His-tag was expressed in E. coli BL21 through induc-
tion with IPTG. After purification with Ni-affinity chro-
matography, the recombinant protein was expressed in inclu-
sion bodies in E. coli and showed a single band on SDS-PAGE
after purification with Ni-NTA agarose (Fig. 2a). Western
blotting was performed with the anti-His peptide antibody

20 atgaaacgctggeaccectttggeataccttttcacaatgeatttetgttgttttgtattattattaaggaaaca
|,\'IKRWIIPFGIPFIINAFLLFCIIII(ET
95 ttttcacagtattgtggaaatecttattttgaaccatatttgacaaatccacactatcegaaccaaattgttggt
FsleYyce6NPYFEPYLTNPHYPNGQTIVG
170 gaatgggttgeaaggecatattecattticecatggactgttcatgtattageteatatttetggattctggtatgaa
EWVARPYSFPWTVHYLAHTIZSGTFWYE
245 tcttgtggaggeagtetgatttettttgactatacaaacgecagtgatactgtectecactteateccattgtgtt
s 66 SLISFDYTNASDTVLTSSHTC CY
320 agagtaaacaatcgtcttgtggatgcaaatgcaataactgtgacageaggtgeatttaatataagggaattaaac

RV NNRLVYDANAITVTAGAFNTIREL N_
395 gaaccccacagagtcacttcaaaagtcectggeatacatgtecagataattttggtgacgteggtaaaccaaatgac
EPHRVYVTSIKVLAYMSUDNZEFGDUVGKUPNTD

470 gtcgetatgttgegtttaaaagtaaagattccgeattctecactacatecagttecagtetgtttgecatatecatte
VAMLRLI KY KIPHSHYTISSVCLZPYZPF
545 caagagataccatatggagaaacgtgttttctttctggttggeggtttcactagaggaagaccactgtctgaattg
Q EI PYGETTCFLSGWOGFTHR RTGTRUPLSEL
620 cgtcaggttggaatcccaattttacgaageageaactgeegatttactgatgegtatgatattttttgegeaggt
RQV GGIPTIULURSS SNTCRFTDAYDTITFT CASGEG
695 gatatgggtgaaggaaattattctitccaaattgattcgggaggacctctagttitgtaaattaaatgattectat
D M GEGNYSFQIDSGGPTLVYCKTLNTDSY
770 gttcaaattggcatagttagttttggttacaaccatgetggaaageaccaccctggtatttattcaaaagttect
veQIlegIVSsSFGYNHAGEKHHPGTIYSIKVEP
845 tattatttgaattggatatacaatcaactgtcatggettectgattecatttaactettecagatateggaggegaa
YYLNWIYNQLSWLPDS S FNSZSDTIGSGE
920 gaatctgattgtccagatgattgttaccacccttggegatecgtecttcaaacattttaaacatcgecaaggegtea
ESDCPDDCYHPWRSVYFKHFI KU HRIEKAS
995 ttccgaaatcgtccaccgtattcacattcactcagacttacaatgaatgagaatcgtcecaccaccacctecagat
F R NRPPYSHSLRLTMNEWNTRZPPPPTPD
1070 tctcamaattttgatatggaatctttggaaagtactgaaggtgatectagtgattggtetecatattcaactaac
S Q NFDMESTLESTEG GDZPSIDWSPYSTN

1145 cagcattaccaatcaaattatgatggatcticagacaggecaaaggaaatcgtecaccgtaticacattcacacaga

Q HYQ SNYDGSQTGH KTGNR RPPYSHSHR
1220 cctacaatgaatgagaatcgtccaccaccacctccagattctcaaaattttgactetttttactga
P TMNENRPPPPPDSQNTFDSTFY *

1286 agccatgecagetttgeggeattgteattetttagttttgacggagegeaageateactecaatacaattatatat
1361 aaggaatggacttitaaaagaattagcaattaatataattctgtttgtttttaaaatgecattgtatgttaataaa
1436 atgaattgcatcac

(Fig. 2b), and the molecular mass of recombinant TspSP-1.3
protein was approximately 47 kDa, which was consistent with
the expected size.

To determine whether rTspSP-1.3 had good antigenicity,
western blotting was performed using the serum of 7.
spiralis-infected mice (1, 7, 13, 19, 25, 31, and 37 days after
infection) and showed that rTspSP-1.3 was strongly recognized
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Fig. 2 Analysis of the expression products and purified products of
recombinant TspSP-1.3. a SDS-PAGE was performed to separate purified
rTspSP-1.3 from an E. Coli expression. Proteins were separated on 10 %
SDS-PAGE gels. Lane 1, standard marker; lanes 2 and 3, empty vector
pET28a(+) without/with IPTG induction; lanes 4 and 5, recombinant
plasmid pET28a(+)-TspSP-1.3 without/with IPTG induction; lanes 6 and
7, supernatant and precipitate of lysate of pET28a(+)-TspSP-1.3
transformant E. coli with IPTG induction; lane 8 purified rTspSP-1.3. b
Western Blot validation of purified his-tagged rTspSP-1.3. The recombi-
nant protein was separated on a 10 % SDS-PAGE gel and electro-trans-
ferred to a PVDF membrane. Western blot analysis was performed using a
mouse anti-His monoclonal antibody, followed by incubation with the
secondary goat anti-mouse IgG (lane 1). rTspSP-1.3 migrates at approxi-
mately 47 kDa. ¢ Western blot analysis of recombinant pET-28a(+)-TspSP-
1.3 with the infected serum of Balb/c mice. The proteins were separated on
a 10 % SDS-PAGE gel, transferred to a PVDF membrane and analyzed
with western blotting using infected serum as the primary antibody and
goat anti-mouse IgG as the secondary antibody (infection sera obtained at
different time intervals (1, 7,13, 19, 25, 31, and 37 days post-infection)
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by the T spiralis-infected sera beginning at 13 days and then
increased slowly until the end of the study (Fig. 2¢). This result
indicates that rTspSP-1.3 is an immunodominant antigen that
can be recognized by the host immune system during nature
infection. These results suggested that the recombinant protein
had good antigenicity similar to naturally expressed gene
TspSP-1.3, consistent with the previous prediction of its linear
B cell epitopes.

Analysis of stage-specific expression levels of the TspSP-1.3
gene

Real-time quantitative PCR was performed to determine the
transcription level of TspSP-1.3 in different developmental
stages of 7. spiralis (including adult worms, newborn larvae,
and muscle larvae), (Fig. 3a). The fold change of TspSP-1.3
gene expression levels in muscle larvae and adult worms was
calculated relative to that in newborn larvae. The expression
levels of the TspSP-1.3 gene rapidly increased by 2.28- and
2.40-fold in muscle larvae and adult worms, respectively.
To determine whether TspSP-1.3 was expressed as a secretory
product, Western blotting was performed using mouse antiserum
against rTspSP-1.3 on total ES products from muscle larvae. As
shown in Fig. 3b, ES antigens were recognized by the mouse
anti-rTspSP-1.3 polyclonal antibody, and a single Western band
migrated between 37 and 55 kDa as we expected. These results
suggest that TspSP-1.3 could be a Trichinella secretory protein.

Serum antibody responses to recombinant TspSP-1.3

To assess the potential of rTspSP-1.3 in eliciting host-
protective antibodies, we measured rTspSP-1.3-specific total
IgG in protected mouse sera with ELISA (Abbas et al. 1996).
A high titer of specific antibodies (IgG) was elicited following
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Fig. 3 Analysis of stage-specific expression levels and secretory ex-
pression of TspSP-1.3 a Stage-specific expression levels of the TspSP-
1.3 gene assessed with real-time quantitative PCR. Total RNA was
extracted from newborn larvae (NBL), muscle larvae (ML), and adult
worms (AW) of T. spiralis. 18S tRNA was employed as the internal
control. The gene expression levels of TspSP-1.3 were significantly
increased (p <0.05) in ML and AW compared with NBL. b Excretory—
secretory antigens were recognized with mouse antisera to rTspSP-1.3.
The excretory—secretory antigens from muscle larvae were separated on
a 10 % SDS-PAGE gel, transferred to a PVDF membrane and analyzed
with Western blotting using mouse antisera to rTspSP-1.3 (1:200 dilu-
tion) as the primary antibody and goat anti-mouse IgG as the secondary
antibody

a boost with rTspSP-1.3 in all immunized mice (Fig. 4a). Next,
to further assess the efficacy of rTspSP-1.3 in inducing a Thl
or Th2 response in vivo, IgG subclass antibody levels were
measured using the same method. The predominant subclass
antibody appeared to be IgG1 beginning at 14 days (Fig. 4b),
and there was also a significant level of IgG2a beginning at

21 days (Fig. 4c). This increase was not apparent in the control
group immunized with PBS. The results suggest that rTspSP-
1.3 vaccination appears to induce a mixed pattern of IgGl
(Th2) (p <0.001) and IgG2a (Thl) (p <0.01), which may be
important in host-protective immunity against 7. spiralis.

In addition, antigen-specific IgE responses were strong in
the sera of mice immunized with adjuvant rTspSP-1.3, indi-
cating that rTspSP-1.3 could be an allergenic molecule for
the host (Fig. 4d).

Protective immunity

To determine whether rTspSP-1.3 could be a vaccine candi-
date for the control of 7. spiralis infection, we immunized
BALB/c mice with purified rTspSP-1.3 and subsequently
challenged the mice with 7 spiralis larvae. Mice immunized
with rTspSP-1.3 exhibited a 39 % reduction in muscle larva
burden compared with the control group (Fig. 5) and these
differences were statistically significant (p <0.05). The data
showed that rTspSP-1.3 possessed marked protective immune
effects against 7. spiralis larval challenge in mice.

Discussion
A variety of proteases with different functions have been

identified and characterized from parasitic nematodes. 7.
spiralis produces many serine proteinases (Criado-Fornelio
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Fig. 5 Muscle larva reduction in vaccinated mice after challenge with
T. spiralis larvae BALB/c mice were immunized with rTspSP-1.3
(rTspSP-1.3+FA) or PBS control (PBS + FA). FA, Freund’s adjuvant.
The number of larvae per gram muscle is presented as the mean + S.D.
The asterisk (*) indicates statistically significant differences in larval
burden between the groups (p <0.05)

et al. 1992) (Todorova et al. 1995). Serine proteases are
assumed to play important roles in Trichinella development
related to the tissue penetration process (Yamamoto et al.
1994), invasion and migration of the parasite because most
of these classes of antigens are found in Ad and NBL stages
(Wu et al. 2009). Interestingly, in this study, our real-time
quantitative PCR results showed that TspSP-1.3 gene ex-
pression (a secretory serine protease of 7. spiralis) in adult
worms and muscle larvae was significantly higher than that
of newborn larvae. This result implies that TspSP-1.3 may
have important functions in the adult worm and muscle
larvae stages (Todorova and Stoyanov 2000; Wu et al. 2009).

The TspSP-1.3 gene we cloned in this paper encodes a
predicted mature protein of 421 amino acids residues, which
is similar to a serine protease. Sequence analysis demonstrat-
ed that TspSP-1.3 contained an IVGE motif, which is a
characteristic motif of serine proteinases in vertebrate and
invertebrate species (Nagano et al. 2003). The sequence
showed identity to homologues from other organisms. The
recombinant protein encoded by the TspSP-1.3 clone was
successfully expressed in the E. coli expression system in
this study, and the recombinant protein was used to identify
characteristics of the native gene product, including immu-
nogenicity, preparation of antibodies, and protective immu-
nity. However, we only obtained the inclusion body protein
and could not activate it successfully, despite numerous
efforts. To better characterize the functions of the serine
protease, a eukaryotic expression system, such as yeast or
baculovirus expression, should be used to obtain native
TspSP-1.3 protease in the future.

TspSP-1.3 harbors several potential linear B cell epitopes
predicted by bioinformatics, which showed that the serine
protease could most likely induce B cell responses efficiently
to trigger an antibody response. Western blotting analysis
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showed the presence of antigenic epitopes of TspSP-1.3
recombinant protein in the infected serum of BALB/c mice,
which were detected beginning in the early days post-
infection, suggesting that TspSP-1.3 proteins might be se-
creted at early infection stage by the parasite into the host
cell, inducing an early and highly antigenic response con-
tinuing to the muscle larvae stage. Furthermore, protective
immunity results showed that the vaccination of mice with
rTspSP-1.3 led to a significant reduction in the muscle larva
burden, which was likely antibody dependent.

The immunoprotective effects of rTspSP-1.3 in this paper
are similar to those reported from studies of a recombinant
serine protease vaccine candidate (rTs-Adsp) in 7. spiralis
(Fengetal. 2013). The report (Feng et al. 2013) even showed
that mice vaccinated with rTs-Adsp exhibited an average
reduction in the muscle larvae burden of 46.5 % relative to
the control group. However, the gene sequences of these two
Trichinella serine proteases are totally different (Li et al.
2008; Wu et al., 2009). The rTsp-1.3 gene in this study was
cloned with PCR using synthesized cDNA from 35-day PI
muscle larvae, while the serine protease gene in Feng et al’s
paper (Feng et al. 2013) was obtained from the cDNA library
of 3-day adult worms. In addition, other characteristics of
these two serine protease genes are also distinct (Feng et al.
2013). Nonetheless, the fact that Trichinella has at least
several serine protease genes, might indicate that a vaccine
against one of the proteases will not give a very high protec-
tive immunity. Therefore, using a hybrid immunity strategy
in the future would make the effect of immune protection
better, according to the report that multiple antigens can elicit
better immune responses (Lustigman et al. 2002).

Protective immunity against Trichinella infection is strong-
ly associated with the production of IgG (Yang et al. 2008).
IgG1 antibodies reflect a Th2 response, and IgG2a antibodies
reflect Th1 cell activation (Else and Finkelman 1998). The
strong antibody responses showed that immunization with
rTspSP-1.3 significantly induced not only the Thl-like anti-
body response but also Th2-associated antibodies. We also
analyzed the expression of IgE, and elevated levels of IgE
antibodies may be associated with the clearance of 7. spiralis
worms at the intestinal mucosa level (Watanabe et al. 2005).
The preliminary analysis suggests that the vaccination induced
a mixed [gG2a/IgG1 (Th1/Th2) antibody response, with IgG1
(Th2) being relatively predominant. Our results are in agree-
ment with some previous reports that demonstrated that com-
bined Thl and Th2 immune responses were important for
immunity against 7. spiralis infection, but Th2-type antibodies
appear to be more important (Deville et al. 2005; Kotodziej-
Sobocinska et al. 2006; Yang et al. 2010). Additionally, be-
cause we used a polyclonal anti-r'TspSP-1.3 antibody in this
study, the strongest epitope of TspSP-1.3 in producing protec-
tive immunity needs to be further confirmed in future studies to
better understand the immunity effects of TspSP-1.3.
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In conclusion, our results clearly demonstrate the character-
istics of the serine protease TspSP-1.3 of T. spiralis with regard
to molecular data, antigenic recognition and immunoprotective
effects. The secretory serine protease TspSP-1.3 of 7. spiralis
induces strong humoral immune responses. The vaccinated
mice showed significant protection against challenge with
T. spiralis larvae. Collectively, these findings provide a valu-
able component for future vaccine development against
trichinellosis. Although the mechanisms of action of the pro-
tective immunity of the serine protease TspSP-1.3 need to be
better understood, our work provides a solid foundation for
vaccine development in the future that will exploit a better
scheme to improve protection or be combined with other
effective stage-specific antigens to enhance the protective
response.
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