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Abstract VP1 protein is the immunodominant capsid
protein of enterovirus 71 (EV71) which is responsible for
large outbreaks of hand, foot and mouth disease. It has
been reported that glucocorticoid-induced tumor necrosis
factor receptor-related protein (GITR) and its ligand
(GITRL) are involved in modulating both innate and
adaptive immune responses. In this study, a DNA vaccine
vector encoding EV71 VPl gene and mGITRL gene
(pIRES/VP1/mGITRL) was constructed. And female Balb/
¢ mice were immunized intramuscularly with the DNA
vaccine. Compared with the groups immunized with
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pIRES, pIRES/VP1, pIRES/mGITRL and PBS, the
inoculation of pIRES/VP1/mGITRL induced a higher
levels of EV71 VPl-specific antibody and specific anti-
body-forming cells. However, significantly higher levels of
CD41Thl, Th2 and CD8IFN-y 1T cells were found in the
pIRES/VP1/mGITRL group compared with control groups.
Our results demonstrate that a novel DNA vaccine, ex-
pressing VP1 and mGITRL, could effectively elicit both
humoral and cell-mediated immune responses against
EV71 VPI in mice. Thus, the mGITRL may be used as
molecular adjuvant for EV71 DNA vaccine.

Keywords Enterovirus 71 - GITRL - T cell - DNA
vaccine
Introduction

Enterovirus 71 (EV71), which belongs to the enterovirus
genus of the picornavirus family which also includes
coxsackievirus A16 (CA16), poliovirus and echovirus, is
recognized as the main pathogen of hand, foot and mouth
disease (HFMD) [1, 2]. It was first isolated from California
in 1969 and described in 1974 [3-5]. Since then, several
outbreaks of EV71 infection were reported, including in
Singapore with five deaths (2000) [2], in Tai wan with 78
deaths (1998) [6, 7] and in Malaysia with 29 deaths (1997)
[8-10]. Moreover in China, a large outbreak occurred in
2008 with 126 deaths and in 2009 with 255 deaths [11, 12].
EV71 has been associated with a series of clinical diseases,
including hand, foot and mouth disease, aseptic meningitis,
poliomyelitis-like paralysis and possibly death [13]. Due to
its tremendous impact on healthcare systems, development
of EV71 vaccines is a national priority in some Asian
countries.
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EV71 is a small, non-enveloped, a positive-stranded
RNA genome virus. It is a icosahedral capsid consisting of
60 copies each of four viral coat proteins VP1-VP4 [14].
The capsid protein VP1 is variable and contains many
neutralization epitopes [15]; thus, the VP1 protein is con-
sidered to be immunodominant capsid protein and an ideal
target for vaccine development [16, 17]. As the immun-
odominant antigen, previous study has verified that the
VP1 protein play a critical role in protective efficacy.

In recent years, there have been many efforts to develop
vaccine and drug candidates to defend against or treat the
diseases caused by EV71 infection. Until now, DNA vac-
cine or nucleic acid vaccine as a third-generation vaccine
has been investigated and has several advantages compared
with conventional vaccine. It can express target gene of
interest for a long time and induce protective immune re-
sponse. Although these progresses, DNA vaccination alone
often generates weak immune responses, especially in the
large animals and human. Thus, molecular adjuvant con-
taining gene encoding co-stimulatory molecule in an ex-
pressing construct has been considered as a potential
facilitator and could be used to enhance immune effects of
DNA vaccine [18].

Glucocorticoid-induced tumor necrosis factor receptor-
related protein ligand (GITRL) is a type II transmembrane
protein mainly expressed on dendritic cells (DCs) and
macrophages [18-20]. The GITR/GITRL system provides
a costimulatory signal to enhance CD4" and CD8" T cell
proliferation and cytokines production [21, 22]. In addition,
the functional interaction of GITR and GITRL abrogates
the suppressive effects of Tregs and enhances autoreactive
and alloreactive T cell responses as well as autoimmunity
and graft-versus-host disease [23-27].

In this study, we attempted to use mGITRL as a mole-
cular adjuvant to construct a new DNA vaccine encoding
the EV71 VPl gene and mGITRL gene (pIRES/VP1/
mGITRL) and evaluated their roles in enhancing both hu-
moral and cellular responses. The results showed that both
humoral and cellular responses have been significantly
enhanced in animals after inoculating with pIRES/VP1/
mGITRL plasmid. Therefore, VP1 plus mGITRL DNA
vaccine may be a potential candidate vaccine improving
the protective efficacy of EV71 DNA vaccine against
EV71 infection.

Materials and methods
Animals
Female Balb/c mice aged 6—8 weeks were purchased from

Yangzhou University Comparative Medicine Centre and
maintained with pathogen-free food and water under a
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clear air condition. All animal experiments performed in
this study were approved by the Jiangsu University Animal
Ethics and Experimentation Committee.

Plasmid constructions

The VP1 gene encoding the capsid protein VP1 of EV71 was
amplified from plasmid pET-32a-VP1 with specific primers.
The PCR product was cloned into multiple cloning sites
(MCS) A of pIRES and designated as pIRES/VP1. The gene
mGITRL encoding for the mouse GITRL protein was ampli-
fied from plasmid pMD18-T-mGITRL with specific primers.
The PCR product was cloned into multiple cloning sites
(MCS) B of pIRES or pIRES/VP1 and designated as pIRES/
mGITRL or pIRES/VP1/mGITRL. Primers were as follows:
VP1, forward primer, 5’-ATACTCGAGATGGGAGATAGG
GTGGCAGA (Xho I)-3’, reverse primer, 5’-ATAACGCGT
CTAGAGAGTGGTGATCGCTG Mlu I)-3’; mGITRL,
forward primer, 5’-ATCTCTAGAATGGAGGAAATGCC
TTTG (Xba I)-3’, reverse primer, 5’-ATCGTCGACC
TAAGAGATGAATGGTAG(Sal I)-3".

Mice immunization

For immunization, female Balb/c mice (6 weeks old) were
randomly divided into five groups with six animals per
group (Table 1). The mice were immunized intramuscu-
larly (i.m.) with pIRES, pIRES/VP1, pIRES/mGITRL,
pIRES/VP1/mGITRL or phosphate-buffered saline on days
0, 14, 28. Before immunization, each mouse was injected
with 100 pl of 0.25 % bupivacaine (Shanghai Zhaohui
Pharmaceutical Co., Ltd, Shanghai, China) for 3 days
consecutively. Mice were bled before immunization and
again on day 7 after the third immunization.

Detection of anti-VP1 antibody by enzyme-linked
immunosorbent assay (ELISA)

To detect the presence of anti-VP1 antibody in the sera of
immunized mice, ELISA was performed. The 96-well

Table 1 Immunization groups

Groups Animals Number Vaccine

1 Mice 6 100 pg pIRES

2 Mice 6 100 pg pIRES/VP1

3 Mice 6 100 pg pIRES/mGI

4 Mice 6 100 pg pIRES/VP1/mGITRL
5 Mice 6 100 pl PBS

(1) Plasmids pIRES, pIRES/VPI1, pIRES/mGITRL or pIRES/VP1/
mGITRL are extracted, purified and formulated in PBS at 1 pg/pl. (2)
Six female Balb/c mice per group are immunized with DNA vaccine
at a dose of 100 pg/mouse, respectively
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Fig. 1 Amplification of VP1 gene of EV71 and mGITRL gene by
PCR. a Lane 1 which shows no band of PCR product is PCR negative
control that uses water as template. Lane 2 shows a band of size
891 bp, which represents the PCR product of VP1 gene of EV71.
Lane 3 shows DL 2 000 DNA marker (Takara, Dalian, China). b Lane

pIRES

pIRES/mGITRL
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Fig. 2 Construction of DNA vaccine pIRES/mGITRL, pIRES/VP1
and pIRES/VP1/mGITRL vector. The VP1 and mGITRL DNA
fragments are inserted into eukaryotic expression vector pIRES,
respectively. CMV human cytomegalovirus immediate-early pro-
moter, IRES internal ribosome entry site, SV40 simian virus 40

plates were coated with 5 pg/ml VP1 protein per well in
coating buffer at 4 °C overnight. Following blocking each
well with 10 % NBS in PBS at 37 °C for 2 h, the serum
samples were serially twofold diluted (1:200) and incu-
bated at 37 °C for 1 h. Each well was washed and incu-
bated with HRP-conjugated goat anti-mouse IgG (1:5000)
at 37 °C for 1 h. 3,3,5,5-Tetramethylbenzidine substrate
solution was added, and then, 30 pl H,SO4 (1 mol/L) was
added to stop the reaction. After stopped by H,SO,, the
plates were read absorbance value at 450 nm with a mi-
croplate reader (Bio-Rad, USA).

Neutralization antibody assay

Serum samples were collected and incubated at 56 °C for
30 min to inactivate the complement. Serum samples were
serially diluted twofold with an initial serum dilution of 1:3
and mixed with equal volume (50 pl) of 100-TCID50 EV71
at 37 °C for 60 min. The mixtures were then added to RD
cells seeded the day before. After 3-day incubation, the
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1 which shows no band of PCR product is PCR negative control that
uses water as template. Lane 2 shows a band of size 522 bp, which
represents the PCR product of the mGITRL gene. Lane 3 shows DL
2000 DNA marker

neutralization antibody titer was read as the highest dilution
that prevented virus-induced cytopathic effects (CPE).

Detection of VP1-specific antibody-forming cells by
enzyme-linked immunospot (ELISPOT) assay

To assess the number of VP1-specific antibody-forming cells in
spleens from immunized mice, ELISPOT assay was per-
formed. The 96-well MultiScreen Filter Plates (Millipore,
Billerica, MA) were coated with 5 pg/ml VP1 protein per well
at 4 °C for overnight. Single-cell suspensions from the spleens
at2 x 10° cells/well were added to 96-well plates for 5 hin a
5 % CO, incubator. After three washings, each well was in-
cubated with HRP-conjugated goat anti-mouse IgG (1:5000) at
room temperature for 1 h. 3-Amino-9-ethylcarbazole dissolved
in 0.1 M sodium acetate buffer containing H,O, was added to
develop spot. Counts of VP1-specific antibody-forming cells
were administered by a stereomicroscope (Olympus, Japan).

Flow cytometry analysis

The mice of each group were sacrificed on day 7 after the
third immunization, and splenocytes were isolated from the
spleens of Balb/c mice. Single-cell suspensions from the
spleens at 1 x 10° cells were stimulated in the 24-well
plates with PMA (Sigma-Aldrich, USA, 50 ng/ml) and
ionomycin (Enzo, Switzerland, 1 pg/ml) in the presence of
monensin (Enzo, Switzerland, 2 pg/ml) for 5 h and then
stained with PE-CyS5-conjugated anti-CD3mAb (eBio-
sciences, San Diego, CA, USA), fluorescein isothiocyanate
(FITC) anti-CD8 mAb (clone 53-6.7), fixed and perme-
abilized using an intracellular staining kit (Invitrogen,
Carlsbad, CA, USA), followed by staining with phyco-
erythrin (PE)-conjugated anti-IFN-y mAb (clone XMG 1.2)
and anti-IL-4 mAb (clone BVD-24G2). Immunostained
cells were analyzed using a FACS Calibur (Becton
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Fig. 3 Effect of mGITRL as A
adjuvant on the level of

antibody production. a In vivo

DNA immunization scheme.

Animals are immunized Ve
intramuscularly on days 0, 14,

28. Serum samples are collected (100ug/mouse)
on day 7 after the final boost.

Titers of total IgG (b) and

neutralizing antibody (c) against 3000 -

EV71 are determined by ELISA
and neutralization antibody
assay. Results are expressed as
mean £ SD (***P < 0.001;

*P < 0.05)

2000 -

IgG titer

1000 -

Dickinson, San Jose, CA), and data were analyzed with
WinMDI 2.9 software. Analysis of the Thl and Th2 cell
population was performed by gating on CD3YCD8™ T cells.

Statistical analysis

All data are expressed as the mean £ SD. One-way
ANOVA analysis was performed to determine whether there
was an overall statistically significant change among the
groups, and post-test comparison was carried out using the
Bonferroni’s test. Data were analyzed with GrapPad Prism 5
Software. P values <0.05 were considered significant.

Results

Construction of recombinants pIRES/VP1, pIRES/
mGITRL and pIRES/VP1/mGITRL vector

To construct the recombinant plasmid pIRES/VP1, the VP1
gene (891 bp) was amplified from plasmid pET-32a-VP1
with specific primers [28] (Fig. 1a). The PCR product was
digested by restriction enzyme Xho I and Mlu I and inserted
into pIRES plasmid. The full length mGITRL gene (522 bp)
was cloned (Fig. 1b) and subcloned into plasmid pIRES or
pIRES/VPI by restriction enzyme Sal I and Xba I, desig-
nated as pIRES/mGITRL and pIRES/VP1/mGITRL. The
recombinant plasmids were analyzed by double restriction
enzyme digestion (data not shown) and sequenced by Life
Technology Corporation. The results showed that recom-
binants were successfully constructed (Fig. 2).
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mGITRL as a molecular adjuvant enhanced humoral
response against EV71 VP1

To examine the effect of mGITRL as molecular adjuvant
on humoral response, female Balb/c mice were immunized
with pIRES, pIRES/VP1, pIRES/mGITRL, pIRES/VP1/
mGITRL or PBS on days 0, 14, 28 intramuscularly
(Fig. 3a). On day 7 after the third immunization, mice were
sacrificed and the serum samples were collected for detect
VP1-specific antibodies by ELISA (Fig. 3b). Compared
with the group immunized with pIRES/VP1, mice received
pIRES/VP1/mGITRL produced higher titers of VPI-
specific IgG antibody. Furthermore, VP1-specific neutral-
izing antibodies from the immunized mice were identified
by neutralization antibody assay. VP1-specific neutralizing
antibodies were found in mice immunized with pIRES/VP1
and pIRES/VP1/mGITRL. The group administered with
plasmid pIRES/VP1/mGITRL induced high levels of VP1-
specific neutralizing antibodies than the pIRES/VP1 group
(Fig. 3c¢).

To confirm the possible reasons of high titers VP1-
specific antibody production in mice immunized with
pIRES/VP1/mGITRL, the percentages of total B cells in
spleens from immunized mice were analyzed using flow
cytometry. Compared with the pIRES/VP1 group, no in-
creased number of total B cells was observed in the pIRES/
VP1/mGITRL immunized mice (Fig. 4a—c). We next ex-
amined antigen-specific antibody-forming cells in spleens
with ELISPOT. The high level of VP1-specific antibody-
forming cells was induced in the mice received recombi-
nant vaccine containing mGITRL gene (Fig. 4d, e).
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Fig. 4 Expanded VPI-specific antibody-forming cells in mice ad-
ministered with pIRES/VP1/mGITRL. a The proportions of total B
cells in spleens from immunized mice with different treatments are
analyzed by flow cytometry. Percentages of total B cells are indicated
in representative flow-cytometric images. b Percentages of total B
cells from different treatment groups are shown. ¢ The number of
total B cells in spleens from PBS, pIRES, pIRES/mGITRL, pIRES/

mGITRL as molecular adjuvant expanded the
percentages of Thl, Th2 and CD8"IFN-y* T cells in
spleen of mice

Since GITR/GITRL act as a co-stimulating signal could
enhance T cell activation and function, we sought to in-
vestigate whether the Thl, Th2 and CD8TIFN-y* T cells
were affected by mGITRL. The expression of IFN-y* in

VP1 and pIRES/VP1/mGITRL groups are shown. d Representative
images of VP1-specific antibody-forming cells of spleens in PBS,
pIRES, pIRES/mGITRL, pIRES/VPI and pIRES/VP1/mGITRL
groups. € The number of VPl-specific antibody-forming cells are
compared between pIRES/VP1 group and pIRES/VP1/mGITRL

group

CD4" and CD8" T cells was higher in the group intra-
musculary immunized with pIRES/VP1/mGITRL than
mice immunized with pIRES/VPI1. At the same time, the
percentage of CD41IL-4" T cell was up-regulated by the
plasmid containing mGITRL (Fig. 5b). Taken together,
these data indicated that the mice immunized with pIRES/
VP1/mGITRL could enhance Thl, Th2 and CDS8TIFN-y*
T cell responses.

@ Springer



86

Immunol Res (2015) 62:81-88

A PBS PIRES

101
10*
10!

P/mGITRL

P/VP1 P/VP1/mGITRL

8.20% -

108

10

100

103 1023

7.97%| - 8.47% 11.37%

102

10"

10°

103 1023 1023

0
10

X 0.33%| . 6.53% 3.98% 1.01% | ,
>
Z. 2 2 2
<2
] 5 2 2

3 1.57% 1.00%| . 1.41%)| - 1.44%) - 2.89%
<
'JI 3 ) 2 3
|2 3 3 3

% ® % ®
B
= 151 3 509 = 31 *
: L@
5 104 € 301 8 21
@ 5 @ 204 §1_
-~ > 104 3
E E 2
2 o E" o P

g
L ¥ &S LSS
& € & € &€
* ggé' Qx Q\Qs? ki 183%

Fig. 5 Analysis of CD4*IFN-y", CD8*IFN-y" and CD4"IL-4* T
cells by FCM. All mice are sacrificed on day 7 after the final boost. T
cells are isolated and stimulated with PMA, ionomycin and monensin
in vitro. Intracellular staining for IL-4 and IFN-y in CD4+ and CD8*
T cells is performed. a Representative flow-cytometric images of Thl,

Discussion

Enterovirus 71 (EV71) is a 7.4-kb-long, single-stranded RNA
virus in the enterovirus genus of the picornavirus family.
EV71 is made up of four structural viral proteins: VP1, VP2,
VP3 and VP4 [14]. VP1, VP2 and VP3 each contain 270
amino acid residues and are located in the exterior of the viral
particle. VP1 plays critical roles in adsorption and the un-
coating process of the virus [29]. Previous studies showed that

@ Springer

Th2 and CD8+IFN—y+ T cells in spleens from PBS, pIRES, pIRES/
mGITRL, pIRES/VPI1 and pIRES/VP1/mGITRL. b Percentages of
Thl, Th2 and CD8'IFN-y* T cells in spleens from different
treatments groups are shown. Results are expressed as mean £ SD
(**P < 0.01; *P < 0.05)

the VPI1 capsid protein can bind three human proteins in-
cluding ornithine decarboxylase (ODC1), gene trap ankyrin
repeat (GTAR) and KIAAQ0697. These interactions may
contribute to the pathogenesis of EV71 disease [30]. As a
major capsid protein, the VP1 protein contains a number of
important neutralization sites. Thus, VP1 protein is a prime
target for vaccine development [31, 32].

EV71 DNA vaccine encoding the VP1 gene has been
constructed and could stimulate humoral immunity [33].
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To increase immune stimulation ability of EV71 DNA
vaccine, various strategies have been developed including
co-expression of stimulatory molecules. In this study,
mGITRL, a co-stimulatory molecule which could supply a
co-stimulatory signal to enhance CD4" and CD8" T cell
activation and cytokines production, was inserted into a
eukaryotic expression vector pIRES for constructing
pIRES/VP1/mGITRL which was used to enhance immune
response in mice.

In this study, after administration of pIRES/VP1 and
pIRES/VP1/mGITRL in mice, anti-VP1 specific antibody
responses were generated. Moreover, the titers of VPI-
specific antibody and the amount of VP1-specific antibody-
forming cells in the animals received pIRES/VP1/mGITRL
were higher than the group received with pIRES/VPI.
Apart from this, the proliferation of Th2 cells was sig-
nificantly enhanced in the mice immunized with pIRES/
VP1/mGITRL. The differentiation of B cells into plasma
cells is essential during the process of humoral immune
response and need the assistant of Th2 cells. The interac-
tion of GITR/GITRL can promote the activation and pro-
liferation of CD4™ effector T cells. The data indicated that
mGITRL played a key role in the formation of plasma cell
and the production of antigen-specific antibody.

Besides of humoral immunity, the clearance of virus is
associated with cellular immunity. CD8% cytotoxic T
lymphocyte (CTL) is essential for adaptive cellular im-
munity against viruses or other intracellular pathogens.
mGITRL can promote the activation and proliferation of
cytotoxic T lymphocyte (CTL) and the expansion of Thl
cells. Our data shown that Thl and CD8TIFN-y" T cells
were enhanced in the group immunized with pIRES/VP1/
mGITR. It may suggest that mGITRL as the molecular
adjuvant for EV71 DNA vaccine can promote adaptive
cellular immunity.

Conclusions

In summary, our results suggested that GITRL could en-
hance the expansion of Th1, Th2 and CD8*IFN-y* T cells
in the mice administrated with pIRES/VP1/mGITRL and it
may promote the production of antigen-specific antibody
and cell-mediated immune response further. Thus, the
GITRL may be served as a promising adjuvant for EV71
DNA vaccine.
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