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Aim: Design and immunogenicity assessment of the combined vaccine candidate against zoonotic hep-
atitis E virus (HEV) and foot-and-mouth disease virus (FMDV).
Methods: Using the molecular cloning technology, we produced and purified 9 HEV ORF2-truncated pro-
teins (HEV genotype 4). Then, we compared their thermal stability, antigenicity, and immunogenicity to
select the best HEV immunogen. Next, we used the adjuvant Montanide ISA-206 to prepare different for-
mulations of HEV vaccine alone, FMDV vaccine alone and HEV-FMDV combined vaccine. The formula-
tions were injected into mice and the induced humoral immune responses were monitored up
12 weeks post-immunization.
Results: The HEV p222 protein could self-assemble into VLPs (~34 nm) and showed higher stability and
better antigenicity/immunogenicity than the other HEV antigens, thus it was selected as the best HEV
immunogen. Mice immunization with the FMDV vaccine alone induced high FMDV-specific antibody
titers in a dose-dependent manner; the HEV p222 protein also induced high levels of anti-HEV antibodies
but in a dose-independent manner. The HEV-FMDV combination induced anti-FMDV antibody titers 7-
16-fold higher than the titers induced by the FMDV vaccine alone, and HEV-specific antibody titers
2.4-fold higher than those induced by the HEV p222 antigen alone.
Conclusion: Herein, we proposed a new approach for the control of zoonotic HEV infection through its
control in its main host (pig). We also designed the first HEV-FMDV combined vaccine and the prelimi-
nary analyses revealed a synergistic effect on the immunogenicity of both HEV and FMDV antigens.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction against human HEV genotypes 1 and 4 inrhesus macaques [4].

Likewise, Sanford et al. [5] found that the prior infection with a

Hepatitis E virus (HEV) causes acute, fulminant and chronic
viral hepatitis, accounting for about 20 million infections annually
worldwide and leading to an estimated 70,000 deaths [1]. Tradi-
tionally, only a single serotype of HEV has been recognized, and
four well-known genotypes that infect humans, namely genotypes
1, 2, 3 and 4 [2]. Genotypes 1 and 2 are pathogenic only for
humans, whereas, genotypes 3 and 4 infect both human popula-
tions and several animal species such as swine, deer, wild boars,
and rabbits [3]. It has been reported that there is an antigenic
cross-reactivity among HEV strains, and previous HEV infection
conferred a cross-genotype and cross-host-species protection
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genotype 3 swine HEV protected pigs from subsequent challenges
with homologous and heterologous genotypes 3 and 4 human HEV.
Additionally, pigs immunized with truncated recombinant capsid
antigens produced strong anti-HEV IgG responses and protected
the animals against a genotype 3 mammalian HEV [6]. HEV is dif-
ficult to propagate in primary hepatocyte culture as well as in var-
ious other cell lines. The viral replication usually progresses
extremely slowly, and the infection with low virion counts results
in a non-productive HEV replication.

In recent years, a continuously growing number of reports
described zoonotic hepatitis E as a major challenge for public
health in the industrialized countries [7-9]. In China, early cases
of hepatitis E were mainly caused by genotype 1 strains, but in
the last two decades, there was the emergence of genotype 4 infec-
tions [10,11]. All the isolated strains in a study of hepatitis E
patients from 2001 to 2011 in eastern China belonged to the geno-
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type 4, very similar to swine HEV strains [10] and zoonotic HEV
strains were also detected in several other provinces [10,12].

There are three effective approaches to control an infection such
as HEV: eliminate the pathogen source (reservoir), block the trans-
mission route and/or immunize susceptible populations. This latter
has been the most extensively studied approach [13,14]. However,
given the fact that hepatitis E in China is mainly caused by the
genotype 4 and these genotype 4 strains comes mainly from pigs
[15], the development and use of pig vaccines emerge as a promis-
ing approach for the control of HEV infection. Such vaccine would
significantly decrease the source of HEV genotype 4, and therefore
would reduce or even eliminate the genotype 4 infection in the
human populations. One of the major obstacles in developing a
swine HEV vaccine is the low benefit/cost ratio given that the
HEV infection in swine is usually asymptomatic. To solve this prob-
lem and increase the benefit/cost ratio, we developed a combined
vaccine candidate against HEV and against one of the most serious
swine diseases: foot-and-mouth disease (FMD).

Foot-and-mouth disease is a highly infectious disease of cloven-
hoofed animals that spreads rapidly and can lead to large-scale
epidemics and cause a significant socioeconomic impact. The cau-
sative agent, foot-and-mouth disease virus (FMDV), belongs to
genus Aphthovirus of the family Picornaviridae. Seven FMDV sero-
types (A, O, C, Asia 1, SAT 1, SAT 2 and SAT 3) have been identified
so far with the serotype O as the most prevalent in swine in China
[16]. In recent years, two strains caused the major FMD outbreaks
in China and its neighboring countries: the O/Mya/98 strain of the
Southeast Asia (SEA) topotype and the porcinophilic strain (Cathay
topotype) [16,17]. Vaccination is still the most common method of
controlling FMD and it is mandatory in government disease control
programs in China. Therefore, a swine combined vaccine against
HEV and FMDV would be interesting for the swine breeding indus-
try: it could prevent one the most devastating swine diseases
(FMDV infection) on one hand, and reduce the source of HEV geno-
type 4 causing infections in human populations on the other hand.

It has been previously reported that mice could be used as
immune models for the evaluation of pig vaccines. Cao et al.
reported that a multi-epitope peptide vaccine greatly increased
the neutralising antibody response against FMDV in mice, and then
they showed that the same multi-epitope protein vaccine com-
pletely protected pigs against a virulent FMDV challenge [18,19].
An other report showed that FMDV types O, A, and Asial were well
adapted for mice and the pathogenesis of each virus was evaluated
in the mouse model [20].

In the present study, we conducted an investigation on HEV-
FMDV combined vaccine candidates. First, we produced several
HEV proteins that contain the most immunogenic region of the
HEV capsid protein (ORF2) and comprising the dominant neutral-
izing epitopes [21], namely p179 (439-617aa), p188 (aa430-617),
p189 (aa439-927), p196 (aa422-617), p199 (aa439-637), p209
(aa439-647), p216 (aad422-637), p222 (aa439-660) and p231
(aa430-660). Next, we compared the immunogenicity/antigenicity
and stability of these proteins to select the best candidate to be
combined with the FMDV vaccine. After the selection of the best
HEV immunogen, we prepared different HEV-FMDV combined vac-
cine formulations and investigated their immunogenicity in mice.

2. Materials and methods
2.1. Animals

All animal immunizations were conducted on female BALB/c
mice (6-8 weeks-old) purchased from Animal Resource Centre

(Yangzhou, China), and kept in a pathogen-free environment. All
animal experiments were performed according to the guidelines

for animal experimentation of the Institutional Animal Care and
Use Committee of Southeast University.

2.2. Selection of HEV fragment and FMDV vaccine

We have previously produced 9 different HEV ORF2-truncated
proteins: p179 (439-617aa), p188 (aa430-617), p189 (aa439-
927), p196 (aa422-617), p199 (aa439-637), p209 (aa439-647),
p216 (aa422-637), p222 (aa439-660) and p231 (aa430-660), which
were all derived from a Chinese strain belonging to HEV genotype
4 (GenBank: AY789228). All HEV proteins were expressed in E. coli
and. Briefly, all the target gene fragments were inserted into the
plasmid pET28a(+). The various recombinant constructs were
transformed into E. coli competent BL21 (DE3) cells. Then, the
target recombinant proteins were expressed by isopropyl-b-D-
thiogalactoside (IPTG) induction in Luria Broth/kanamycin
medium. Next, the cells were pelleted by centrifugation, washed,
resuspended, lyzed, and the soluble fractions were purified by
Ni-NTA affinity chromatography, as previously described [22-24].
The proteins were analyzed by SDS-PAGE, aliquoted and stored
at —70 °C until further use.

To select the best HEV protein to be combined with the FMDV
vaccine, we first analyzed the thermal stability of the produced
HEV ORF2 proteins as follows: the proteins were stored at 37 °C
for 7 days and the degradation rate was observed by SDS-PAGE
at 1, 3 and 7 days of storage. Next, we analyzed the immunoreac-
tivity of the most stable HEV fragments against the neutralizing
monoclonal antibodies (mAbs) 5G5 by indirect ELISA. Further, the
selected HEV protein was diluted in the oil-adjuvant Montanide
ISA-206 (SEPPIC, France) and then injected intra-muscularly into
mice at day 0 and day 15 (booster dose); the serum samples were
taken 2 weeks after the second immunization for determination of
HEV IgG antibody by indirect ELISA and compare the immuno-
genicity of the HEV immunogens. The selected proteins were
diluted to 0.1 mg/mL, applied to a carbon-coated grid, stained with
2% uranyl acetate for 15 min, and the samples were observed with
a transmission electron microscope (H-7650, HITACHI, Japan) to
characterize the morphology of the formed virus-like particles.

Concerning the FMDV vaccine, a commercial inactivated FMDV
type O vaccines (Type O, Strain O/Mya98/X]/2010 + Strain O/
GX/09-7) was provided by Jinyu Baoling Biological Medicine Com-
pany (Huhehaote, China).

2.3. Vaccine formulations

The monovalent inactivated FMDV vaccine containing approxi-
mately 2.0 pg/ml of whole virus antigen [19] was adjusted to three
doses of 0.5, 1, 2 pug/ml. The concentration of HEVp222 was
adjusted to 25, 50, 100 pg/ml, and then mixed with the oil-
adjuvant Montanide ISA-206 in a 50:50 (w/w) ratio. The antigens
and adjuvant were mixed and stirred at a low shear rate
(300 rpm) for 10 min at 30 °C in an auto-mix blender to form dou-
ble emulsions (water-in-oil-in-water). Likewise, different formula-
tions of FMDV-HEV combined vaccine were prepared: F1 + E25, F1
+E50, F1 + E100, F2 + E25 and FO.5 + E25 (pg/ml), where F refers to
inactivated FMDV vaccine and E refers to HEVp222; the numbers
following the F and E refers to the concentration of the correspond-
ing antigen in pg/ml.

2.4. Vaccination and experimental design

Balb/c mice were randomly separated into 12 vaccine groups
and 3 control groups (n=10 for each group). The animals were
immunized intra-muscularly by single injection of 0.2 ml of the
corresponding vaccine formulation as summarized in Table 1.
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Table 1
The monovalent inactivated FMDV vaccine, HEVp222 vaccine and different formu-
lations of FMDV-HEV combined vaccine.

Vaccine formulations

GROUPS FMDV Ag HEV Ag
(pg/ml) (ng/ml)

FMDV vaccine F0.5 0.5 -

F1 1 -

F2 2 -
HEV vaccine E25 - 25

E50 - 50

E100 - 100
HEV- FMDV combined vaccine F1 +E25 1 25

F1 +E50 1 50

F1 +E100 1 100

E25 + F0.5 0.5 25

E25 +F1 1 25

E25 +F2 2 25
Control groups C-1 - -

C-F1 0.5 -

C-E25 - 25

The control group C-1 received only the Montanide ISA-206 adjuvant.

2.5. Serum collection

Baseline serum samples were collected from the mice prior to
immunization. After vaccination, the serum samples were col-
lected from all animals at 2, 4, 6, 8, 10 and 12 weeks post immu-
nization. The Sera were stored at —70 °C until testing.

2.6. Anti-HEV IgG antibodies detection

Anti-HEV IgG antibodies in the collected mice sera were tested
by an indirect-ELISA), as described previously [25,26]. Briefly,
micro-well plates were coated with the HEV p166 antigen (HEV
ORF2 aa452-617) at a concentration of 1 pg/ml. After overnight
incubation at 4 °C, the wells were washed twice with PBS, contain-
ing 0.5% Tween-20 (PBST). The serial two-fold dilutions (starting at
1:100) of the serum samples were added to the wells (100 pl/well)
and the plates were incubated at 37 °C for 1 h. Next, the plates
were washed three times with PBST and 100 pul of 0.1 pg/ml
HRP-conjugated goat anti-mouse IgG was added to each well, fol-
lowed by a 60 min incubation at 37 °C. The unbound conjugate
was removed by washing the plates three times with PBST. The
TMB liquid substrate was added for color development and the
plates were incubated at 37 °C for 10 min. The reactions were ter-
minated with the addition of 50 pl/well of 2M sulfuric acid.
Finally, the OD values were read at 450 nm, with a 630 nm refer-
ence wavelength. Results were reported as geometric mean titers
(GMTs) and the end-point titers were defined as the maximum
dilution with a positive reaction.

2.7. Anti-FMDV antibody IgG detection

To detect produced anti-FMDV antibodies in the immunized
mice, we designed a recombinant antigen that contains the G-H
loop of the FMDV VP1 structural protein to be used in the indirect
ELISA. This loop has been previously reported to contain the dom-
inant neutralization epitope [19,27]. Therefore, the entire G-H loop
domains of VP1 protein of O/GX/09-7 strain and O/Mya/98 were
linked together by two glycines (G) residues, and then produced
in E. coli. The individual G-H loops and the combined antigen were
designated as Lgx, Lmya and Lyiya_gx, respectively. The coding DNA
sequence of the designed multiepitope Lyya.gx antigen was syn-

thesized by Applied Biological Materials Inc. (www.abmgood.com)
according to the most commonly occurring codons in E. coli. Then,
the Lyya.cx gene was amplified by PCR, purified and inserted into
the pGEX-4T-2 vector at the BamHI and Xhol restriction sites.
The expression construct was transformed into E. coli (BL21) com-
petent cells. The Lyya-cx protein was expressed and purified as a
GST-tagged protein. The indirect ELISA conditions were optimized
by checkerboard titration using serial dilutions of Lyya.cx protein
tested against serial dilutions of known positive and negative mice
sera. Dilutions that resulted in the maximum difference in absor-
bance at 450 nm for the positive and negative sera (P/N) were
determined as the optimal working conditions for the detection
of anti-FMDV IgGs.

The indirect ELISA was performed as described above (detection
of anti-HEV antibodies), except that the micro-wells were coated
with Lyya-gx antigen at a concentration of 2 pg/ml.

2.8. HEV neutralization assay in vitro

Neutralizing activity of the elicited anti-HEV antibodies was
tested by an in vitro PCR based neutralization assay [28,29]. The
mice serum samples were inactivated by heating at 60 °C for
30 min and diluted in Hanks’ solution. Then, approximately 100
times the cell culture infectious dose of HEV of genotype 4 strain
NJ703 [GenBank: AY789228] diluted in 100 ul of Hanks’ solution,
was mixed with 100 pl of the immune serum serially diluted at
1:40, 1:60,1:80,1:100,1:120 and 1:140. After incubation at 37 °C
for 1h, the mixture was inoculated onto a cell monolayer of
A549 and incubated at 37 for 2 h. After 5-6 days culture at 37 °C
in 5% CO2, the cells were washed three times with Hanks’ solution,
followed by RNA extraction with TRIzol reagent (GibcoBRL). Detec-
tion of the presence of HEV was determined by One-step RT-PCR
(QIAGEN, Germany) using universal HEV PCR primers, JM-2 (5'-
CCG ACA GAA TTG ATT TCG TCG GC) and JM-4 (5'-TCG GCG GCG
GTG AGA GAG AGC CA) that would amplify a 287 bp fragment from
the HEV genome. All the RT-PCR products were separated by 1%
(w/v) agarose gel electrophoresis, stained with ethidium bromide
and photographed under UV light. HEV neutralization was
determined by the absence of detectable HEV RNA in the inoculated
cell culture.

2.9. Statistical methods

Statistical analysis was performed using GraphPadPrizm6.02
Software. Two-way ANOVA followed by Tukey post-hoc test was
used to assess the differences in antibody responses between the
different vaccinated groups. P-value < 0.05 was considered statis-
tically significant; not significant (NS) indicates P > 0.05.

3. Results
3.1. Selection of the HEV immunogen

Nine purified HEV ORF2-truncated proteins were stored at 37 °C
for 7 days for an accelerated stability test. As shown in Fig. 1, after
7 days, a small amount of the p179 and p222 proteins were
degraded while the other proteins were completely degraded into
smaller fragments of different sizes (Fig. 1A). Therefore, p179 and
p222 were selected as stable HEV proteins for further analyses.

Next, we sought to compare the immunoreactivity of p179 and
p222 against the HEV mADb 5G5. The results revealed that both pro-
teins had a good antigenicity, with slightly stronger reactivity with
p222 (Fig. 1B). However, when injected into mice, p222 elicited a
significantly stronger humoral response and induced production
of higher anti-HEV antibody titers than p179 (Fig. 1C). The visual-
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Fig. 1. Selection of the best HEV immunogen. (A) Stability of the different HEV ORF2-truncated protein stored at 37 °C for 7 days as analyzed by SDS-PAGE at 0, 1, 3 and 7 days
of storage. (B) Comparison of the antigenicity of p179 and p222 proteins by evaluating their immunoreactivity against the HEV neutralizing monoclonal antibody 5G5. (C)
Comparison of the immunogenicity of p179 and p222 proteins by evaluating the humoral immune response upon injection into mice. (D) Electron micrographs of negatively-

stained p179 and p222 virus-like particles.

ization of the p179 and p222 particles under an electron micro-
scope revealed that p222 self-assembled into virus-like particles
(VLP) with similar morphology than the native virus, while p179
formed fewer particles with distinct morphologies (Fig. 1D). Taken
altogether, p222 was selected as the best HEV immunogen to be
considered as a second-generation recombinant HEV vaccine on
one hand, and as the best candidate to be combined with the FMDV
vaccine for the development of the HEV-FMDV combined vaccine
on the other hand.

3.2. Expression and purification of the FMDV Lyya.cx antigen

The GST-tagged Lyya-cx protein was successfully expressed in
E. coli after IPTG induction as revealed by SDS-PAGE, where a
specific band of approximately 32.6 kDa was visualized at the
expected position (Fig. 2B). The purified protein was also analyzed

by SDS-PAGE and the results showed that the purity of the Lyya_gx
protein was above 90% (Fig. 2C).

3.3. Monitoring of HEV- and FMDV-specific antibodies in the mice
immunized with HEV or FEMDV vaccines separately

Total anti-FMDV IgG antibodies were monitored by indirect
ELISA in the serum samples from mice immunized with three dif-
ferent concentrations of the inactivated FMDV vaccine (0.5, 1, 2 pg/
ml) (Fig. 3A and Table 2A). Anti-FMDV antibodies were detected in
all the immunized mice at week 2 but the levels were very low. As
expected, the antibody titers increased overtime to reach the high-
est level at week 6 for the group F0.5 and at week 10 for the groups
F1 and F2. The antibody titers in the group F0.5 were lower than in
the two other groups all throughout the experiment, which was
expected given that these latter groups received a higher dose of
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Fig. 2. Expression of FMDV Lyya.cx antigen in E. coli. (A) Visualization of the amplified Lyya.cx gene on 1.5% agarose gel. (B) SDS-PAGE analysis of the expression of Lyya-cx
antigen in E. coli before (1) and after (2) IPTG induction. (C) SDS-PAGE analysis of the purified Lyya.gx antigen. MM: 100 bp DNA ladder. M: molecular weight makers in kilo-

Daltons (Fermentas USA).

the FMDV vaccine. However, the results were not dose-dependent
in the first four weeks in the F1 and F2 groups: the levels of the
anti-FMDV antibodies were higher in the F1 group at weeks 2
and 4; then they reached similar levels at week 10 in both groups.
The responses were negative in the control group 1-C that received
only the adjuvant during the whole experiment. Overall, during the
12 weeks of the experiment and taking into account the four
groups, there was a positive correlation between the dose and
titers of the induced FMDV-specific antibodies.

Likewise, the sera collected from the mice immunized with dif-
ferent dosages of the HEV recombinant vaccine (25, 50, 100 pg/ml)
were analyzed for the presence of anti-HEV antibodies by indirect
ELISA (Fig. 3B and Table 2B). The anti-HEV antibodies were not
detectable at week 2 in all groups. Starting from week 4, the
HEV-specific IgGs started increasing in a dose-independent man-
ner in the vaccine groups and reached the highest levels at week
10 in the E25 and E100 groups, and at week 12 in the E50 group.
At week 4, the antibody titers in the E25 and E100 were 4-fold
higher than in the E50 groups. However, at week 10, the levels of
the anti-HEV antibodies in the E25 group were 5-fold higher than
in the E50 group and 2-fold higher than in the E100 group.

Therefore, according to these results, the concentrations of
25 pug/ml of the HEV immunogen and 1 pug/ml of the FMDV
immunogen were selected for the preparation HEV-FMDV com-
bined vaccine formulations.

3.4. Monitoring of HEV- and FMDV-specific antibodies in the mice
immunized with different HEV-FMDV combined vaccine formulations

In order to determine whether combining the HEV and FMDV
immunogens together could affect their respective immunogenic-
ity we set the following experiments:

Experiment 1: The FMDV immunogen (1 pg/ml) was combined
with three different doses of the HEV p222 protein (25, 50 and
100 pg/ml). After injection into mice, we monitored the production
of FMDV-specific antibodies. The results (Fig. 3C and Table 3A)
revealed that all three combined vaccine formulations induced
the production of anti-FMDV IgGs detectable at week 2 post-
immunization. Interestingly, the levels of anti-FMDV antibodies
in the three combined vaccine groups were significantly higher
than the control group F1 that received only the inactivated FMDV

vaccine. In addition, anti-FMDV IgG titers were increasing as the
combined HEV immunogen dose was increasing. The antibody
levels reached a peak at week 12 in the F1+E25 and F1+E50
groups, and at week 10 in the F1 + E100 group. At the end of the
experiment (week 12), the antibody titers remained as high as at
week 10 in the F1 + E100 group. These results indicated that the
addition of the HEV p222 immunogen enhanced the immunogenic-
ity of the FMDV vaccine.

Experiment 2: The 25 pg/ml HEV dosage was selected to be
combined with three different concentration of FMDV vaccine
(0.5, 1 and 2 pg/ml), and injected into mice. The results of the
detection of the HEV-specific IgG showed that the HEV-FMDV for-
mulations induced a stronger humoral response than the control
group that received only 25 pg/ml of HEV p222 (Fig. 3D and
Table 3B). The anti-HEV antibodies were detectable at week 4
post-immunization and their levels were increased to reach a peak
at week 10 in all the groups. During the 12 weeks of experimenta-
tion, the E25 + F0.5 group registered the highest anti-HEV antibody
titers followed by E25 + F2 and E25 + F1 groups. Although the addi-
tion of the FMDV vaccine seems to enhance the immunogenicity of
the HEV immunogen, the increase in the anti-HEV antibodies was
not dependent on the increase of the FMDV vaccine dose.

A negative reaction for the presence of both anti-HEV and anti-
FMDV antibodies was registered all throughout the experiment in
the negative control groups that received only the adjuvant.

Overall, the results of both experiments indicated that the HEV-
FMDV combined vaccine formulations exhibited a synergistic
effect on the immunogenicity of both immunogens.

3.5. Detection of anti-HEV neutralizing antibodies

Ability of the immune sera to neutralize HEV was determined
using the PCR-based neutralization assay in vitro. The sera pre-
pared from blood collected at 10 wpi from the animals immunized
with Group C-E25 and Group E25 + F0.5 were used in the neutral-
ization experiments. Corresponding pools of pre-inoculation sera
were used as negative controls. As shown in Fig. 4, anti-HEV neu-
tralizing titers of the Group C-E25 and Group E25 + F0.5 reached
titers of 1:80 and 1:100, respectively. No neutralization was
observed using pre-inoculation sera. Although the dosage of
HEVp222 antigen was the same (25 pg/ml), the combined
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Fig. 3. Total IgG antibodies to HEV and FMDV of the immunized mice at the different time points of the experiment. Sera were pooled on weeks 2, 4, 6, 8, 10 and 12 post-
vaccination and detected by ELISA. The different groups were analyzed by two-way ANOVA followed by Tukey test. (A) FMDV-specific IgGs antibodies of FMDV vaccine alone;
(B) HEV-specific IgGs antibodies of HEV vaccine alone; (C) FMDV-specific IgGs antibodies of F1 + E combined vaccine; D) HEV-specific IgGs antibodies of E25 + F combined
vaccine; *P < 0.05; ****P < 0.0001 (all the groups vs ISA206); ns: no significance P > 0.05.

Table 2

Monitoring of the anti-FMDV and anti-HEV antibodies in different groups vaccinated with different dosages of the FMDV or HEV vaccines.

A. Monitoring of the anti-FMDV antibodies titers

Week post-immunization

Groups 0 2 4 6 8 10 12
C-1 - - - - - - -
F0.5 - 126 1131 3200 3200 2691 2691
F1 - 200 3200 4032 7611 12,800 9051
F2 - 100 2263 4032 8063 12,800 10,159
B. Monitoring of the anti-HEV antibodies titers

Week post-immunization
Groups 0 2 4 6 8 10 12
C-1 - - - - - - -
E25 - - 476 4525 12,800 102,400 60,887
E50 - - 119 2016 15,222 18,102 21,527
E100 - - 476 5382 7611 43,054 25,600

-: negative reaction when the serum was added at 1:100 dilution.
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Table 3

Monitoring of the anti-FMDV and anti-HEV antibodies in different groups vaccinated with formulations of HEV-FMDV combined vaccine.

A. Monitoring of the anti-FMDV antibodies titers

Weeks post-immunization

Groups 0 2 4 6 8 10 12
C-1 - - - - - - -
C-F1 - 200 3200 4032 7611 12,800 9051
F1+E25 - 336 12,800 43,054 60,887 121,775 144,815
F1+E50 - 1131 13,325 102,400 102,400 144,815 172,215
F1+E100 - 1270 30,444 144,815 289,631 243,549 243,549
B. Monitoring of the anti-HEV antibodies titers
Weeks post-immunization
Groups 0 2 4 6 8 10 12
C-1 - - - - - - -
C-E25 - - 476 4525 12,800 102,400 60,887
E25 + F0.5 - - 1600 18,102 72,408 243,549 113,650
E25 +F1 - - 1600 15,222 36,204 102,400 60,887
E25 +F2 - - 1345 15,222 51,200 243,549 102,400
-: negative reaction when the serum was added at 1:100 dilution.
E25 E25+F0.5 @ 6

500bp
300bp
200bp

100bp

2 3 4 5 6 1 1

287bp

Fig. 4. HEV neutralization detected using an in vitro PCR-based neutralization assay. Comparison of anti-HEV neutralizing antibody titers between the mice immunized with
the combined E25 + F0.5 vaccine or the monovalent E25 vaccine. 1 to 6 correspond to the serial dilutions of the sera, from1:40, 1:60, 1:80, 1:100, 1:120 and 1:140. (+):
positive control, HEV inoculums were incubated with a known HEV neutralizing serum. (—): negative control, HEV inoculums were incubated with the pre-vaccination sera.

M: DNA Molecular Weight Marker (Roche, Germany).

HEV-FMDV vaccine induced higher titers of neutralizing antibodies
than the monovalent HEV vaccine, which was in accordance with
the anti-HEV titers determined by ELISA. This detection implied
that the inactivated FMDV vaccine in the HEV-FMDV combined
vaccine candidate increased the immunogenicity of the HEV anti-
gen. However, further protection experiments in vivo are needed
to validate the efficacy of the this HEV-FMDV vaccine.

4. Discussion

To our knowledge, this is the first fundamental study on HEV-
FMDV combined vaccine. We designed such a vaccine based on
the following facts: (1) HEV infection is very common in China
and mainly caused by genotype 4 strains [9]; (2) It has been widely
recognized that pig is the main source of HEV genotype 4, and pig
HEV strains can be transmitted to humans after the consumption
of contaminated pork products [30] or even by having frequent
contact with infected pigs [31]; (3) Therefore, vaccination of pigs
against HEV can reduce the source of zoonotic infection in humans;
(4) In order to achieve such a goal, the swine vaccine against hep-
atitis E should be widely used and thus should be interesting
enough for the pig breeders in terms of benefit versus cost; (5)
Therefore, a combined vaccine protecting against HEV and against
a serious swine disease such as FMD would be an attractive vaccine
for the swine industry as well as public health policy makers who
could implement it in national programs for the control of zoonotic
HEV (genotype 4) at its main source.

The dominant neutralizing epitopes of HEV have been localized
on the ORF2 protein (region aa460-605) [32]. We have previously
produced one of the two HEV vaccines that underwent clinical tri-
als in China, the p179 protein (ORF2 aa439-617) [12]. In this study,
besides the p179 protein, 8 other proteins were produced by C-
and/or N-terminal truncation of the capsid protein, keeping the
most immunogenic region intact (region aa460-605). For the selec-
tion of the best HEV immunogen to be combined with the FMDV
vaccine, we analyzed four parameters: thermal stability, antigenic-
ity, immunogenicity and the ability to selfassemble into VLPs. The
results indicated that the p222 was the best HEV immunogen to be
combined with the FMDV vaccine.

FMD is a serious and highly infectious disease of swine. In
China, vaccination against FMDV is mandatory and have shown
satisfactory results in regards to the control and prevention of
the infection [33]. Herein, we selected a commercially available
and widely used inactivated FMDV vaccine which is based on
two epidemic FMDV type O strains: the O/Mya98/X]/2010 and O/
GX/09-7 strains. In order to compare the immunogenicity the of
the FMDV and HEV vaccines as well as the different formulations
of the HEV-FMDV combined vaccine, we adopted the indirect ELISA
method to assess the humoral immune response they induced
upon injection into mice. For the detection of the HEV-specific
antibodies, we used the HEV p166 protein as a coating antigen
(ORF2 aa452-617). This antigen has been used repeatedly for sim-
ilar purposes [25,26]. Concerning the detection of the FMDV-
specific antibodies, various ELISA formats have been developed,
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including indirect ELISAs and competition-, blocking-, or
sandwich-based assays. Recently, Cao et al. [34] produced a
multi-epitope antigen based on the entire G-H loop domain of dif-
ferent FMDV strains and used it for the development of an indirect
ELISA with high performance comparable to other existing meth-
ods. Similarly, we produced an antigen using the entire G-H loop
domains of the FMDV 0/Mya98/X]/2010 and O/GX/09-7 strains
(Lmya-cx) and used it as the coating antigen in the indirect ELISA.
Since the Lyya.gx antigen is based on the same two strains than
the selected FMDV vaccine, this increases the specificity of the
detection method.

One of the potential obstacles in the development of a com-
bined vaccine is the possibility of interference between the com-
bined immunogens. To evaluate this interference in the HEV-
FMDV combined vaccine, we first sought to establish a baseline
for the immunogenicity of HEV and FMDV immunogens separately.
The injection of different doses of FMDV vaccine into mice elicited
the production of specific antibodies in a dose-dependent manner.
On the other hand, the mice immunization with different doses of
HEV p222, produced HEV-specific antibodies in a dose-
independent manner, with the highest antibody titers registered
in the group E25 (receiving only 5 pg of p222). Similar results have
been reported earlier: Mice vaccination with 5 pg of an HEV vac-
cine candidate has been reported to elicit a strong immune
response that was estimated to persist for lifetime [35]; Likewise,
administration of 0.4 pg of an HEV immunogen protected rhesus
monkeys from hepatitis even after receiving intravenously as
much as 300,000 times the monkey infectious dose of HEV [36].

A safe and efficient combined vaccine is always more attractive
than the monovalent vaccine or association of monovalent vacci-
nes, because of administration convenience, wide protection
(multi-valence) and low cost of production. The first step towards
a successful combined-vaccine is to demonstrate the compatibility
of the antigens to combine and the absence of immunological
interference between the vaccine components [37]. Several factors
of both the combined vaccine and the vaccinee could lead to
immunological interference and affect the immunogenicity of
one or more of the valences of the combined vaccine [38]. There-
fore, we sought to evaluate the immunological interference in
the different HEV-FMDV combined vaccine formulations. The
results indicated that the FMDV and HEV antigen were compatible
and produced a synergistic effect on their immunogenicity. The
HEV-FMDV combination induced anti-FMDV antibody titers 7-
16-fold higher than the titers induced by the FMDV vaccine alone,
and the combinations induced HEV-specific antibody titers 2.4-fold
higher than those induced by the HEV p222 antigen alone. This
demonstrates the absence of interference in the humoral responses
induced by the HEV-FMDV combined vaccine.

Current methods for evaluating the neutralizing activity of
HEV-specific antibodies include immunofluorescence focus assays
(IFAs), real-time PCR, and high-throughput neutralization assay
[39,40]. In this study, the basic neutralizing activity of the antibod-
ies elicited by the HEV-FMDV combined vaccine candidate was
determined by neutralization assay in vitro. The titers of HEV neu-
tralizing antibodies in the vaccinated mice was 1:80 and 1:100 for
HEV vaccine alone and HEV-FMDV combined vaccine, respectively.
Even though the effects of neutralizing antibodies in vitro has not
been identical with the protection levels in vivo, their similar pro-
tective functions were displayed in most of cases. However, the
neutralization assay in vitro is just a preliminary step in the
HEV-FMDV vaccine research, and the efficacy of such a vaccine in
protecting vaccinated pigs would be conducted in future investiga-
tion. The inactivated FMDV vaccine used in the present work was
approved by government departments and manufactured exten-
sively, and its protective effect in pigs has been verified [41].

In summary, hepatitis E emerged as a serious health problem in
industrialized countries, predominantly as porcine zoonosis associ-
ated with HEV genotypes 3 and 4 [6]. Numerous studies have also
linked this zoonotic hepatitis E to the consumption of contami-
nated pork products or close contact with pig population (farmers
and swine industry workers) [7,8,30,42,43]. Therefore, in this
study, we presented a new approach for the control of zoonotic
HEV infection through its control in its main host (pig). More inter-
esting, this approach can be adapted to the needs of any given
country or region based on the zoonotic HEV genotype (strains) cir-
culating in the region, and according to the swine vaccines already
implemented in the vaccination programs. Furthermore, herein,
we designed the HEV-FMDV combined vaccine, according to the
needs of mainland China, and the results of the preliminary assess-
ment of its immunogenicity are very promising.
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