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Rabbit hemorrhagic disease (RHD) is a highly contagious infection that has caused significant damage to the
rabbit industry since 1984. Inactivated vaccines, the currently used prevention measures, are effective in con-
trolling RHD. However, these vaccines are derived from the livers of infected rabbits, which constitutes a major
concern in terms of animal welfare and safety. Administration of DNA vaccines in collaboration with appropriate
adjuvants, in particular, cytokines, to strengthen the immune response presents a novel optimization strategy to
generate more efficient vaccines. In this study, the adjuvant effect of interleukin (IL)-2 co-expression with the
VP60 gene in a DNA vaccine was evaluated. In total, four groups of 60 RHD virus (RHDV)-free rabbits (30 days
old) were orally or subcutaneously administered recombinant SL7207-pVAX1-IL2-VP60, SL7207-pVAX1-VP60,
SL7207-pVAX1 bacteria or the commercial inactive vaccine, and the induced immunity evaluated by challenge
with the RHDV(Y8504/China) strain on day 56. The Recombinant SL7207-pVAX1-IL2-VP60 induced a higher
level of antibodies than the vaccine SL7207-pVAX1-VP60 and inactivated vaccines to a significant extent. The
concentrations of interleukin (IL)-4 were markedly higher than those in groups immunized with the naked or
inactive vaccine alone. Furthermore, the fusion gene vaccine provided higher protection (93.33%) after virus
challenge relative to immunization with the single gene (SL7207-pVAX1-VP60). The collective results indicate
that recombinant SL7207-pVAX1-IL-2-VP60 bacteria exert enhanced protective effects against RHDV and
therefore present a strong candidate as a potential vaccine. Moreover, IL-2 enhanced both humoral and cellular
responses, highlighting the utility of rabbit IL-2 as an effective adjuvant.

1. Introduction

The first epidemic of rabbit hemorrhagic disease (RHD), a con-
tagious and highly pathogenic disease, occurred in China in 1984,
causing the death of millions of rabbits (Liu et al., 1984). In subsequent
years, the disease extended to Korea and Italy (Abrantes et al., 2012),
followed by other continents (Nowotny et al., 1997). The high lethality
of RHD has caused significant damage to the rabbit farming industry
and extreme economical losses over the years. Infected rabbits char-
acteristically display high fever (> 40°C), congestion and hemorrhage
in spleen, kidney, liver and other solid organs, ring hemorrhages and
congestion at the tracheal mucosa (Fuchs and Weissenbock, 1992; Ueda
et al., 1992). Death is generally reported within 48-72h with a "90%
lethality rate (Park et al., 1995). The etiological agent, rabbit hemor-
rhagic disease virus (RHDV), is a single-stranded positive-sense RNA

virus belonging to the Caliciviridae family (Ohlinger et al., 1993) that
consists of 7437 nucleotides encoding two open reading frames (ORF)
designated ORF1 and ORF2. The former encodes a polyprotein cleaved
by viral proteases into seven non-structural and one major capsid
protein, VP60. ORF2 encodes another structural protein, VP10, which is
significantly involved in the packaging of genomic RNA. As the main
capsid protein and the only protective antigen documented so far, the
VP60 gene has been effectively employed for diagnosis and vaccination
purposes. Over the past few decades, the VP60 gene has been suc-
cessfully produced using many heterogenous expression systems and
shown to induce immunity against RHDV (Cheng et al., 2013; Qiu et al.,
2013; Wang et al., 2012; Yang et al., 2015). However, in terms of costs,
protective effects and other aspects, inactivated vaccine is more effec-
tive. RHDV does not proliferate in specific cell lines, and therefore,
prevention of the disease is mainly achieved through the generation of
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inactive vaccines produced by livers collected from infected rabbits.
Although the currently available vaccine provides effective protection
against RHD, serious concerns regarding biological safety and animal
welfare have been raised (Pérez-Filgueira et al., 2007).

DNA vaccines are superior to their traditional counterparts in terms
of biosecurity since the immune response is induced by partial genes
and not the whole virus, preventing the infection caused by occasion-
ally imcompleted inactivation and potential viral spread, in addition to
being beneficial for animal welfare (Farnoés et al., 2005). Results to date
have shown that recombinant VP60 can induce obvious im-
munogenicity in both prokaryotic and eukaryotic expression systems
(Chen et al., 2014; Lopezvidal et al., 2015). However, DNA vaccines
remain slightly inferior with regard to protective effects. Several stra-
tegies have been developed to improve the immunogenicity of DNA
vaccines, among which cytokine adjuvants appear to present an effec-
tive approach.

Cytokines are a class of low molecular weight secretory proteins
that significantly stimulate humoral and cellular immunity against in-
vasion of bacteria, viruses and other pathogens (Schijns, 2000). IL-2 has
been identified as a potential adjuvant for several human and animal
vaccines (Baek et al., 2015; Toubaji et al., 2007; Li et al., 2015). IL-2
acts on a wide range of cells and specifically enhances cellular immune
responses by induction of cytotoxic T cells, lymphokine-activated killer
cells and natural killer cells and promoting the expression of related
cytokines produced by T cells (Siegel et al., 1987), for activated B-
lymphocytes it also had an obvious stimulation on the secretion of
immunoglobulin (Collins and Oldham, 1993). In addition to conven-
tional options, bacterial vectors present a good choice of adjuvant. For
example, Salmonella typhimurium is not only a type of intestinal bac-
terium but also an effective adjuvant that contributes to oral delivery of
heterologous antigens to the immune system (Qiu et al., 2013).

In the current study, a eukaryotic vector expressing a fusion gene
based on IL-2 of rabbits and VP60 of RHDV was constructed, and the
recombinant plasmid delivered using attenuated S. typhimurium via oral
immunization of rabbits. The effects of the vaccine and containing IL-2
as an adjuvant were comprehensively evaluated.

2. Materials and methods
2.1. Bacterial strains, viruses and cells

Attenuated S. typhimurium aroA strain SL7207 is maintained in our
laboratory (S. typhimurium 2337-65 derivative hisG46, DEL407
[aroA::Tn10 (Tc®)]). Escherichia coli DH5a cells were purchased from
Invitrogen (Carlsbad, CA, USA). Propagated cultures were grown at
37°C on Luria-Bertani plates or liquid medium and 50 pg/mL ampicillin
for proliferation of DH5a cells. 293 T cells were cultured in Dulbecco’s
modified eagle medium (DMEM, Gibco Life Technologies, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS, Hyclone, Logan, UT,
USA), penicillin and streptomycin (100 U/mL). Incubation was per-
formed at 37°C and 5% CO,. The RHDV strain (Y8504/China) was
identified and maintained by our laboratory. Viruses used for were
collected from liver homogenates prepared in sterile phosphate-buf-
fered saline (PBS) at a 1:10 (w/v) ratio. Homogenates were stored at
—80 °C until use.

2.2. Construction of expression plasmids

Total RNA was extracted from liver of infected rabbits and spleen of
healthy rabbits with the RNAiso Plus Kit (Takara, Dalian, China), cDNA
synthesis was performed using PrimeScript™ RT reagent Kit with gDNA
Eraser (Takara, Dalian, China), following the instructions of manu-
facture and stored at —20°C. To amplify IL-2, VP60 and fusion genes,
four specific primer pairs were designed (Table 1) based on the se-
quences published in GenBank (Accession number: NM_001163180.1
and DQ069282.1) (IL2-L-F and VP60-L-R were the same as IL2-VP60-F
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and IL2-VP60-R, respectively). The single genes, IL-2 and VP60, were
amplified from cDNA, and after gel extraction, products were initially
cloned into pMD19-T (Takara, Dalian, China), designated pMD19-T-IL2
and pMD19-T-VP60, respectively. The two recombinant plasmids were
used to amplify the fusion gene, IL2-VP60, with the IL2-VP60-F and IL2-
VP60-R primer pair. A 6 x His tag of the fusion gene was used to vali-
date expression and the fusion gene cloned into pMD19-T to generate
pMD19-T-IL2-VP60. All recombinant plasmids were identified via hy-
drolysis by restriction endonucleases and DNA sequencing. VP60 and
fusion genes were cloned into the eukaryotic expression vector pVAX1
(Invitrogen, Carlsbad, CA, USA) through the Nhe I and Hind III sites,
generating pVAX1-VP60 and pVAX1-IL2-VP60, respectively. The cor-
rect sequences were confirmed via hydrolysis by restriction en-
donucleases and DNA sequencing.

2.3. Transfection into human embryonic kidney 293 T cells in vitro

Endotoxin-free plasmids for transfection were obtained from re-
combinant bacteria cultured at 37°C for 18 h using the GoldHi EndoFree
Plasmid Maxi Kit (CWBIO, Beijing, China), in keeping with the manu-
facturer's instructions. 293 T cells were cultured at 37°C with 5% CO, in
six-well plates. pVAX1-VP60 and pVAX1-IL2-VP60 plasmids were
mixed with 10 uL transfection reagent (4 pg), respectively, using the
pVAX1 plasmid as a negative control. The mixture was diluted in 100 pL
preheated Reduced-Serum Medium (Opti-MEM) (Thermo Scientific,
Waltham, MA, USA) and incubated at room temperature for 20 min,
followed by dropwise addition into 293 T cells with 80% confluence.
Next, culturing was performed at 37°C with 5% CO, for 6 h without
antibiotics, after which growth medium (DMEM supplemented with
10% FBS) replaced Opti-MEM. After 60 h incubation, protein expressed
from cells was incubated in lysis buffer, mixed with 6 X loading buffer
at a ratio of 5:1 (v/v) and stored at —20°C before use.

2.4. SDS-PAGE and western blot

To assess expression of fusion IL2-VP60 and single VP60 genes and
the corresponding translation products, cell lysates were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and western blot. In brief, fractionated protein was transferred to
polyvinylidene fluoride membrane at 150 V for 90 min and blocked in
Tris-buffered saline with Tween-20 (TBST) buffer containing 3% bovine
serum albumin (BSA) under slow shaking for 2 h. After washing with
TBST buffer three times, the membrane was incubated in TBST with
0.5% BSA containing anti-6x His-tagged mouse Immunoglobulin G
(IgG) (Abcam, Cambridge, UK) at a ratio of 1:1000 at 37°C with light
shaking for 1h. Following three further washes, membranes were in-
cubated with horseradish peroxidase-conjugated goat anti-mouse IgG
(1:5000) diluted in TBST with 0.5% BSA for 2h at 37°C. After further
washing, detection was performed by a chemical chromogenic method
with enhanced chemiluminescence and blots developed using a vi-
sualizer.

2.5. Construction of the attenuated Salmonella typhimurium vaccine

Attenuated S. typhimurium SL7207 was transformed with plasmid
DNA by electroporation according to the method of Huang et al. (2014).
Competent cells were thawed naturally on ice, transferred into a 0.2-cm
cuvette and mixed with 2-5pug pVAX1, pVAX1-VP60 or pVAX1-IL2-
VP60 on ice. To generate recombinant bacteria, the mixture was
transferred into SL7207 using a Bio-Rad Gene Pulser (Richmond, CA,
USA) at 1800V, 200 Q and 25 pF. Bacteria were rapidly removed from
the cuvette and added into sterile culture containing 800 uL Lysogeny
Broth (LB) with shaking at an appropriate speed for 1h at 37°C. Re-
combinant bacteria were collected by centrifugation (1600 X g, 5min),
followed by uniform plating on LB plates. Positive transformants were
selected by culturing on LB-agar plates containing 100 pg/mL
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Table 1
Primers used for amplification of IL-2, VP60 and IL2-VP60.
Gene Names Primer names and sequences (5’-3") Digestion site Size/bp
VP60 VP60-F: CGGCTAGCATGGAGGGCAAAGCCCGCAC Nhe 1 1760
VP60-R: CCAAGCTTTCAATGATGATGATGATGATGGACATAAGAAAAGCCATTG Hind 111
1L-2 IL2-F: CGGCTAGCATGGGTTACAAAGTACAACTCTTG Nhe 1 482
IL2-R: CCAAGCTTTTAATGATGATGATGATGATGTGAACTCGATGCTGAGATG Hind 11T
IL2-linker IL2-L-F: CGGCTAGCATGGGTTACAAAGTACAACTCTTG Nhe 1
IL2-L-R: CATAGATCCACCTCCACCAGATCCTCCTCCTCCTGAACTCGATGCTGAGATGATGC
VP60-Linker VP60-L-F: GATCTGGTGGAGGTGGATCTATGGAGGGCAAAGCCCGCAC
VP60-L-R: CCAAGCTTTCAATGATGATGATGATGATGGACATAAGAAAAGCCATTG Hind 111
IL2-VP60 IL2-VP60-F: CGGCTAGCATGGGTTACAAAGTACAACTCTTG Nhe 1 2253
IL2-VP60-R: CCAAGCTTTCAATGATGATGATGATGATGGACATAAGAAAAGCCATTG Hind 11T

“Histidine coding sequences is in italic and coding sequences of IL-2 and VP60 are in bold.

bSequences “GCTAGC” and “AAGCTT” are restriction sites Nhe I and Hind IIL

kanamycin for 16 h and further confirmed using Polymerase chain re-
action (PCR) analysis followed by restriction digestion with Nhe I/Hind
III. Recombinant strains containing pVAX1, pVAX1-VP60 and pVAX1-
IL2-VP60 plasmids were designated SL7207-pVAX1, SL7207-pVAX1-
VP60 and SL7207-pVAX1-IL2-VP60, respectively.

2.6. Vaccination and virus challenge

Sixty RHDV-free Chinese white rabbits (30 days old) were pur-
chased from the farm of Sichuan Agriculture University, China, and
randomly divided into four groups. The animal lab was fumigated be-
fore arrival of the rabbits. A 7-day period of adaptation to the sur-
rounding was allowed prior experimental manipulation. Animals were
water-deprived for 8 h while food was supplied normally before vac-
cination. The first group was subcutaneously injected with 1 mL in-
activated vaccine (Nanjing Tianbang Bio-industry Co. Ltd., Nanjing,
China), the second group orally immunized with SL7207-pVAX1, ad-
justing the concentration to 5 X 10° cfu/mL in sterile PBS (1 mL each
rabbit), and the third and fourth groups immunized orally with the
same concentration of recombinant SL7207-pVAX1-VP60 and SL7207-
pVAX1-IL2-VP60 (1 mL each rabbit), respectively. The rabbits in group
second-fourth were boost-immunized in a similar manner at 21th and
42th day post-immunization (dpi). All operations were performed in
compliance with the guidelines of Institutional Animal Care and Use
Committee (IACUC)-approved protocols of Sichuan Agriculture
University. Blood samples were drawn from the ear artery at 7, 14, 28,
42 and 56 dpi for detection of antibody levels and cytokine expression.

All rabbits were challenged with the RHDV strain (Y8504/China) at
a concentration of 2% hemagglutination units (0.5mL) through in-
tramuscular injection on day 56. Animals were observed daily for
clinical symptoms for 14 days. All dead rabbits were submitted to ne-
cropsy. The livers were collected and stored at —80 °C.

2.7. Evaluation of specific antibodies

Antibody levels were determined by indirect ELISA using commer-
cial kits, purchased from Shandong, Binzhou Animal Science &
Veterinary Medicine Academy (Binzhou, China). Results were ex-
pressed in terms of optical density (OD) at 450 nm of 100-fold diluted
serum using a microplate reader. All samples were assayed in triplicate.

2.8. Cytokine assays

The collected serum was used to evaluate the levels of interferon
(IFN)-y and IL-4 belonging to Type 1 and Type 2helper T cells (Th1-
type and Th2-type) cytokine families, which play important roles in
humoral and cellular immunity. The assay was performed using com-
mercial ELISA kits for cytokines purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).
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2.9. Statistical analysis

Experimental data, including antibody levels, and results of cyto-
kine assays, were compared among the different groups by one-way
analysis of variance (ANOVA) in GraphPad Prism version 5.00
(GraphPad Software, La Jolla, CA, USA). All statistical analyses were
performed using SPSS software 19.0 (SPSS, Chicago, IL, USA). The
differences among the groups were considered significant at P va-
lues < 0.05.

3. Results
3.1. Plasmid construction

Both the single gene, VP60, and fusion gene, IL2-VP60 with sizes of
1760 bp and 2253 bp, respectively, were amplified using PCR and the
purified products cloned into pMD19-T vector. Plasmids, pMD19-T-
VP60, pMD19-T-IL2-VP60 and expression vector pVAX1 were digested
with Nhel and HindIII to produce sticky ends for inserting the target
genes before ligation. Using T4 ligase, the target genes were cloned into
the eukaryotic expression vector, pVAX1, designated pvVAX1-IL2-VP60
and pVAX1-VP60, respectively. The correct constructs were confirmed
by means of DNA sequencing.

3.2. Expression of VP60 and the fusion gene in 293 T cells

To detect the expression of the recombinant pVAX1-VP60 and
pVAX1-IL2-VP60 plasmids, SDS-PAGE and western blot were used. The
recombinant pVAX1-VP60 and pVAX1-IL2-VP60, were used to transfect
293 T cells, and the target proteins recognized using anti-6 X His tagged
mouse IgG, which also provided evidence of pVAX1-VP60 and pVAX1-
IL2-VP60 expression. As expected, two bright and single brands with
molecular weights of 61 and 85 kDa were detected (Fig. 1A, B).

3.3. Antibody analysis

To evaluate the immunogenicity of the recombinant strains, indirect
ELISA was employed and specific IgG induced by the oral vaccine ex-
amined (Fig. 2). The total IgG antibody response was observed in all
experimental groups at 7th day after the first immunization in addition
to the control group, SL7207-pVAX1. At 28 dpi, the IgG response to the
fusion vaccine was significantly higher than that to SL7207-VP60 alone
(P < 0.05). Similarly, the recombinant strain, SL7207-IL2-VP60, in-
duced IgG to a peak level at 42 d after immunization, which was sig-
nificantly higher than that of the two other experimental groups
(P < 0.05), while there was no striking difference between the other
two experimental groups. Subsequent antibody levels were slightly
decreased in all three experimental groups.
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3.4. Cytokine assay

To evaluate cell-mediated immune responses, ELISA kits were used
to detect the concentrations of IL-4 and IFN-vy, primary indicators of Th2
and Thl-type immunoreactions, respectively (Figs. 3 and 4). Mean le-
vels in the control group were stable while the three other groups
showed an obvious increase (Fig. 3). In the group immunized with
SL7207-pVAX1-IL2-VP60, IL-4 reached peak level at 42 d, which was
markedly higher relative to the group inoculated with SL7207-pVAX1-
VP60 at 14, 28, 42 and 56 d. There were no significant differences
between the fusion and commercial vaccines in terms of IL-4 induction.
On the other hand, the IFN-y concentrations (Fig. 4) were comparable
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Fig. 1. A, B. Western blot analysis of proteins expressed in
293 T cells, transfected with recombinant plasmids pVAX1-
VP60 and pVAX1-IL2-VP60.

A: Western blot analysis of IL2-VP60 protein expression. Lane
M, molecular weight marker; Lane 1, pVAX1-IL2-VP60

B: Western blot analysis of VP60 protein expression. Lane M,
molecular weight marker; Lane 1, pVAX1-VP60

among the three experimental groups, but significantly higher than that
in the control group inoculated with SL7207-pVAX1. The IFN-y con-
centration in the empty vector group used as a negative control was not
significantly changed (P > 0.05). Th2 cells are highly involved in
controlling humoral immunity because of the production of IL-4, IL-5
and IL-13, furthermore, the presence of IL-2 also plays an important
role during the Th2 differentiation (Cote-Sierra et al., 2004). The IL-4
levels induced by fusion SL7207-pVAX1-IL2-VP60 were markedly
higher than SL7207-pVAX1-VP60 vaccine, indicating that the SL7207-
pVAX1-IL2-VP60 vaccine could promote the Th2 immune response to a
significant extent.

Fig. 2. Kinetic changes of the humoral immune
responses in rabbits vaccinated with SL7207-
pVAX1, SL7207-pVAX1-VP60, SL7207-pVAX1-
IL2-VP60 and commercial vaccine. Serum
samples were collected at 7, 14, 28 42 and 56
dpi, and OD values recorded at 450 mm using
indirect ELISA. Data are presented as mean
+ standard error. Different letters indicate
significant differences in antibody levels at the
same time (P < 0.05).

——o

56
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cytokine, IL-4. Serum samples were collected
OSL7207-pVAX1-IL2-VP60 B Inactive vaccine at 7, 14, 28, 42 and 56 d, and IL-4 levels ex-
amined using a commercially available cyto-
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3.5. Protection against virulent RHDV challenge

To evaluate the protection induced by the vaccine against the RHDV
strain (Y8504/China), all rabbits in 4 groups (15 each group) were
challenged intramuscularly with RHDV (Y8504/China; 0.5 mL). After 2
weeks, based on anatomopathological examination and RT-PCR find-
ings, dead rabbits were diagnosed with RHDV infection (Fig. 5). Fol-
lowing challenge, all rabbits in the SL7207-pVAX1 group died within
72 h. Dead rabbits exhibited typical clinical symptoms in the liver and
lung along with oronasal hemorrhage while no typical clinical signs
were observed in surviving rabbits. The protection rate afforded by
SL7207-pVAX1-IL2-VP60 was 93.3% higher than that by the single
gene, clearly confirming that the fusion gene provides effective pro-
tection against RHDV infection.

4. Discussion

RHD, a highly transmittable and lethal disease, has had a devas-
tating impact on both domestic and wild rabbits since the pandemic in
1984 (Cheng et al., 2013). In view of the severity of the disease, pre-
vention and control of RHDV is a critical issue. However, research
progression on the development of virus-based vaccines is hindered
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owing to the lack of a suitable system for propagation in vitro (Farnos
et al., 2009). The commercially available vaccine effectively prevents
RHDV but several concerns remain regarding side-effects, in particular,
biological safety and animal welfare (Farnos et al., 2005). To date, no
other vaccine candidates have been developed that are superior to the
current commercial vaccines. To evoke innate mechanisms with robust
and long-lasting immune responses, different types of adjuvants, such
as Freund’s incomplete/complete adjuvant and aluminous oxide, have
been co-immunized with vaccines. However, these are unsuitable for
application in humans and animals due to high toxicity and side-effects
(Tafalla et al., 2013). Co-expression of cytokine adjuvants with antigen
in the same plasmid has been identified as an effective strategy to en-
hance immunization. Co-delivery of the two ingredients with different
vectors has a more efficacious impact than a single gene vaccine (Chen
et al., 2010). Significant research has focused on the utility of cytokines
as potential adjuvants (Kalams et al., 2012; Tafalla et al., 2013; Xie
et al., 2015). The pleiotropic cytokine, IL-2, is activated during both
priming for differentiation and maintenance of a differentiated state.
The adjuvant effects of IL-2 have been documented in various mam-
malian models (Baek et al., 2015; Yan et al., 2005). Strikingly, IL-2 not
only promotes Th1 differentiation but also plays a key role in the early
phase of Th2 differentiation and affects cellular and humoral immunity

Fig. 4. Production levels of Th1-type cytokine-
specific interferon, IFN-y, in immunized rab-
bits. Samples were collected at 1, 2, 4, 6 and 8
weeks after the first immunization. Cytokine
levels were assessed using a commercially
available cytokine ELISA kit (Qiu et al., 2013).
Data are presented as mean + standard error.

bbb b by
=] Different letters indicate significant differences
in the IFN-y levels at the same time
a (P < 0.05).
—
L | : L |
42 56
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Fig. 5. Challenge results of the RHDV Y8504/China strain. All the rabbits in 4 groups (15 rabbits each group) were challenged with RHDV at 8 weeks after first
immunization and survival rates were recorded for 2 weeks after challenge of each group.

by stimulating secretion of IFN-y and IL-4. However, limited informa-
tion is available on the potential utility of IL-2 as a cytokine adjuvant in
rabbits.

To evaluate the adjuvant effect of rabbit IL-2 for the RHDV antigen,
VP60 was co-expressed in the same DNA vaccine. Using the attenuated
S. typhimurium strain, SL7207, as the antigen carrier, recombinant
bacteria with or without IL-2 were generated, and their im-
munogenicity and protective effects evaluated. Levels of antibody
against RHDV, IL-4 and IFN-y were examined through indirect ELISA.
Measurement of the antibody levels before the virus challenge indicated
that the humoral immune response against RHDV attack is induced
after oral immunization. Notably, antibody levels in rabbits immunized
with SL7207-pVAX1-IL2-VP60 were significantly higher than those
administered SL7207-pVAX1-VP60 alone and even higher than levels in
the group injected with the commercial vaccine. To establish an op-
timal immune effect, rabbits were boost-immunized with the same dose
at 21 and 42 d after the first immunization. The antibody level of the
fusion gene vaccine reached a peak, which was significantly higher than
that of inactive vaccine, suggesting that co-administration of VP60 and
IL-2 effectively stimulates the humoral immune response against RHDV
challenge. Relative percentage of survival (RPS), one of the most evi-
dent indices to determine the effectiveness of a vaccine, also reflects
pathogenic infection (Costa et al., 2011). Our RPS data showed that the
SL7207-pVAX1-IL2-VP60 group provides better protection than the
SL7207-pVAX1-VP60 group with a 6.67% difference and similar pro-
tection to the commercial vaccine.

Antibodies are important for the immune response against RHDV
infection but insufficient to evaluate vaccine efficacy. In view of the
critical roles of cytokines in the development of cellular immune re-
sponse and prevention of viral infection, IL-4 and IFN-y were examined
as indicators of Th2-type and Thl-type response. The IL-4 response to
SL7207-pVAX1-IL2-VP60 displayed an ascending trend following vac-
cination and differences between the SL7207-pVAX1-VP60 and SL7207-
pVAX1-IL2-VP60-treated groups were significant, consistent with the
levels of antibodies induced by both recombinant bacteria. Our ob-
servations were similar to earlier findings (Guo et al., 2016). Notably,
the recombinant plasmid stimulated higher antibody and similar IL-4
levels relative to inactivated vaccine. Interestingly, however, no ob-
vious changes in IL-4 were documented by in an earlier study by Qiu
et al. (2013). The inactivated vaccine is known to stimulate cellular
responses to a limited extent but also provides a long-lasting protection
for rabbits, suggesting that humoral immunization plays an important
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role in prevention against RHDV, consistent with our observations. In
contrast, we observed no significant changes in IFN-y that plays a
central anti-viral role. Specifically, low upregulation in experimental
groups, compared with the control group SL7207-pVAX1, was evident.
However, the differences among the experimental groups were not
significant. The results suggest that the IL-2 adjuvant activates the
cellular response to a limited extent. Our findings are in accordance
with earlier studies on IL-2 co-expression with the HA gene of avian
influenza virus (AIV) that showed no promotion of the cellular response
by the fusion gene vaccine (Hu et al., 2007). According to a report by
Lalsiamthara and Lee (2017), the double mutant heat-labile enterotoxin
secreted by Salmonella enteritidis could stimulate IFN-y expression. The
reasons underlying upregulation of IFN-y by SL7207 or the fusion gene
vaccine are unclear. It is important to note that we performed im-
munization three times to boost immunity while other reports asso-
ciated with RHDV VP60 only performed a single immunization step
(Guo et al., 2016; Zheng et al., 2016). Further studies are therefore
required to confirm these findings and optimize immunization strate-
gies.

Attenuated S. typhimurium is widely used as a vector in the devel-
opment of DNA vaccines, especially for viruses (Kamble et al., 2017; Liu
etal., 2018; Zhang et al., 2016). Although S. typhimurium is transformed
to lose its virulence, the bacterium maintains its invasion ability. After
crossing the intestinal mucosal barrier, attenuated S. typhimurium is
often trapped by antigen presenting cells and delivered to gut-asso-
ciated lymph tissues, particularly the Peyer’s patch, gathering and re-
plicating in macrophages or dendritic cells of gut-associated lymph
tissues and gut lymph tissues. However, attenuated S. typhimurium dies
of nutritional deficiencies and rupture, releasing plasmids, which
transfer into host cells to stimulate immune responses.

In conclusion, recombinant SL7207-pVAX1-IL2-VP60 is a poten-
tially effective candidate DNA vaccine for inducing specific antibody
and immune responses against RHDV in rabbits. As a potential ad-
juvant, rabbit IL-2 could strengthen the humoral and cellular responses
and provide more potent protection after virus challenge with 93.33%
RPS, compared with the naked vaccine. Our results confirm the utility
of rabbit IL-2 as a promising adjuvant for vaccine development against
RHDV. In view of the limited number of rabbits analyzed, further stu-
dies should be implemented to provide detailed evidence on the effects
of IL-2.
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