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ABSTRACT
Enterovirus 71 (EV71) is one of the major causative agents for hand, foot and mouth disease (HFMD) in
children. Although there are three inactivated virus-based HFMD vaccines licensed in China, alternative
approaches have been taken to produce an effective and safer vaccine that is easier to manufacture in large
scale. Among these, a virus-like particles (VLPs) based EV71 vaccine is under active development. For this
purpose, an efficient methodology for the production of EV71-VLPs by recombinant technology is needed.
We here report the construction and expression of the P1 and 3C genes of EV71 in Pichia pastoris for
producing VLP-based EV71 vaccine antigen with a high yield and simple manufacturing process. Based on
codon-optimized P1 and 3C genes, EV71-VLPs were efficiently expressed in Pichia pastoris system, and the
expression level reached 270 mg/L. Biochemical and biophysical analyses showed that the produced EV71-
VLPs consisted of processed VP0, VP1, and VP3 present as ~35nm spherical particles. The immune response
as a function of EV71-VLPs and adjuvant dose ratio was investigated for vaccine development. Immunization
with EV71-VLPs of 1–5 µg/dose and adjuvant of 225 µg/dose induced robust neutralizing antibody responses
in mice and provided effective protection against lethal challenge in both maternally transferred antibody
and passive transfer protection mouse models. Therefore, the yeast produced EV71-VLPs antigen is
a promising candidate for the development of a vaccine against HFMD.
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Introduction

Hand, foot and mouth disease (HFMD) has been preva-
lent in the Asia-Pacific region over the last decade, caus-
ing seasonal morbidity and mortality in children.
Enterovirus 71 (EV71) and coxsackievirus A16 (CVA16)
are the major causative agents of this disease.1–4

Phylogenetically, EV71 is closely related to CVA16,
while EV71 causes neurological disease and is responsible
for major deaths and severe sequelae during epidemics.5–7

Therefore, prophylactic EV71 vaccine has subsequently
brought great attentions for the prevention of HFMD.

Three inactivated EV71 vaccines had been proven to be
effective for preventing EV71 infection in children and
have been approved for marketing in mainland China,8–10

however, these vaccines have some disadvantages such as
potentially epitope-damaging, the risk of being inactivated
incompletely and high production cost.11 VLPs are con-
sidered a very attractive platform for viral vaccine devel-
opment because of their high immunogenicity and
excellent safety. VLPs formed through the self-assembly
of envelope or capsid proteins of viruses are structurally
similar to the corresponding infectious viral particles but
are non-infectious given that no viral RNA is incorpo-
rated. VLPs have thus been widely used in developing

novel vaccines for many viruses including hepatitis
B virus, human papillomavirus, norwalk virus, coxsackie-
virus A16, and hepatitis C virus.12 Pichia pastoris is an
efficient platform for the expression of heterologous pro-
teins due to its high cell density fermentation, high pro-
tein yield, and simple manufacturing procedure, and thus
has been used in the industrial manufacture of biophar-
maceutical proteins.13 Recently, the co-expression of P1
and 3C by baculovirus-insect cell,14–22 Pichia pastoris23 or
Saccharomyces cerevisiae expression system24 has been
examined as an alternative novel vaccine antigen candi-
date for preventing the EV71 infection. However, the
VLPs expression level in baculovirus-insect cell,22

S. cerevisiae,24 and Pichia pastoris23 was low and thus
may impede further product development. In addition,
the dose–response relationship of VLPs or adjuvant, and
the immunogenicity difference between VLPs based vac-
cine and inactivated vaccine remain elusive.

In the present work, highly efficient expression system
of EV71-VLPs in Pichia pastoris has been successfully
established, the immunogenicity of VLPs based vaccine
and inactivated EV71 virus-based vaccine was analyzed,
and the dose–response relationship of EV71-VLPs and
adjuvant for vaccine development was investigated.
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Materials and methods

Cells and viruses

Rhabdomyosarcoma cells (RD cells, ATCC No. CCL-136) were
cultured in MEM solution (Invitrogen) with 10% fetal bovine
serum (GIBCO) at 37°C. The virus was added to RD cells with
80% confluence. After 2 days of growth in MEM/2% FBS, the
supernatant was collected for the titer determination through
the Reed and Muench method. The titer assay based on the
cytopathic effect (CPE) of RD cells was used, the titer repre-
sented tissue culture infective dose (TCID50). ZR-14 strain (C4
genotype, Shanghai Zerun Biotechnology) was used as a general
neutralization assay with serum sample. EU812515 strain pro-
vided by Institute of Medical Biology, Chinese Academy of
Medicine Science, was used to evaluate the neutralizing antibody
response induced by EV71-VLPs vaccine.25 Strain of EU812515
was also used as the challenge virus in the animal model.

Generation of recombinant Pichia pastoris

Codon-optimized DNA sequences of EV71 (GenBank
#FJ606449.1) P1 and 3C proteins were synthesized and inserted
into pPICZαB(Invitrogen) plasmid using BstBI and KpnI restric-
tion enzymes to generate P1-pPICZαB and 3C-pPICZαB. The
AOXI promoter of 3C-pPICZαB was replaced by PEX8 promoter
that was amplified from the genome of Pichia pastoris GS115
(Invitrogen) to generate 3C-pPEXZ. The P1 gene expression cas-
sette, obtained from P1-pPICZαB digested with BglII and BamHI
restriction enzymes, was inserted into 3C-pPEXZ digested with
BamH I restriction enzyme to generate P13C-pPEXZ. The primer
sequences included: P1 (F, CCAAGCTCTTCGAAACGATGGG
TTCTCAAGTCT. R, AGCGGTACCCTATTATAAAGTAGTA),
3C (F, TTTAGTTCTTCGAAGCTAGCATGGGTCCATCTCTG
G. R, GGCGGTACCCTATTATTGTTCTGAA) and PEX8 (F,
GCCGAGATCTTATATCTCTATGTAGT.R,CCATGCTAGCT
AACAGGCACCTGAAG). Then, the P13C-pPEXZwas linearized
by SacI enzyme and transformed into Pichia pastoris SMD1168H
(Invitrogen) by electroporation. The recombinant Pichia pastoris
clones were selected by 200 µg/ml Zeocin in the yeast extract
peptone dextrose (YPD) medium containing 1 M sorbitol at 30°
C for 72 h. The positive clones were inoculated in the YPD
medium at 30°C for 24 h and then inoculated in the buffered
methanol-complex medium (BMMY) at 30°C for another 72
h. EV71-VLPs production by the positive clones was confirmed
by sucrose density gradient ultracentrifugation, western blot, and
electron microscopy. Thereafter, the recombinant Pichia pastoris
P13C-pPEXZ-SMD1168Hwas fermented in BIOENGINEERING
F22 fermenter according to the Invitrogen Pichia fermentation
process guidelines. The final EV71-VLPs antigenwas purifiedwith
column chromatography.

SDS-PAGE, western blot, and ELISA assay

The purified EV71-VLPs were prepared with loading buffer
(100mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS (w/v), 0.2%
bromophenol blue, 100mM DTT) and boiled for 10 min. Target
protein compositions of VLPs were detected by 12% SDS-PAGE
andwestern blot assay using polyclonal antibodies (anti-VP1, anti-

VP2, anti-VP3, and anti-VP4, purified by protein A affinity chro-
matography from rabbit serum, which is immunized by Ni-NTA
affinity chromatography purified VP1/VP2/VP3/VP4 protein
with his-tag expressed in Escherichia coli, respectively, Shanghai
Zerun Biotechnology). The purified EV71-VLPs specific activity
was measured with sandwich ELISA (AbMax Biotechnology,
China) according to the manufacture’s protocols with China’s
national standards of EV71 antigen content provided by Chinese
National Institutes for Food and Drug Control.26,27

Sandwich ELISA was performed to quantify EV71-VLPs
expression level in yeast lysate with purified EV71-VLPs as the
reference standard. Briefly, ELISA plates were coated with rabbit
anti-EV71-VLPs serum (Shanghai Zerun Biotechnology), super-
natant of yeast lysate or EV71-VLP reference standard serially
diluted was added and followed by anti-EV71-VLPs polyclonal
antibody (Shanghai Zerun Biotechnology), then HRP-
Conjugated goat anti-mouse IgG (Abcam) was added. The
absorbance at 450nm of each well was measured after the termi-
nation of color development.

The antigen-specific IgG titers were determined with end-
point titer assay.28 Briefly, ELISA plates were coated with
0.1µg/ml purified EV71-VLPs. PBST-diluted serum was
added and followed by HRP-conjugated goat anti-mouse
IgG (Abcam). The absorbance at 450nm of each well was
measured after the termination of color development.

Sucrose gradient ultracentrifugation

The EV71-VLPs were purified on 20% sucrose cushion by
ultracentrifugation at 40,000 rpm for 30 h from the yeast
lysate. The purified pellets were resuspended in PBS solution
and analyzed by electron microscopy.

Characterization of EV71-VLPs

The purified EV71-VLPs samples were negatively stained with
0.5% aqueous uranyl acetate and analyzed with the transmis-
sion electron microscope (TEM, CM-12S, Philips). Besides,
the particles were also analyzed with dynamic light scattering
(DLS, Zetasizer Nano ZS, Malvern), analytical ultracentrifuge
(AUC, ProteomeLab XL-1, Beckman) and SEC-HPLC (TSK-
GEL PW4000XL column, TOSOH) with a mobile phase of
20 mM PB, 0.3 M NaCl (pH 7.4). Pichia pastoris host cell
proteins were analyzed by ELISA Kit (Cat. #F140, Cygnus
Technologies). Other analyses, like residual host DNA, endo-
toxin and sterility testing of the bulk, were performed accord-
ing to the Chinese Pharmacopoeia (2010).

Preparation of EV71-VLPs vaccine and inactivated EV71
vaccine for immunization

The purified EV71-VLPs and inactivated EV71 (made in our
lab by column chromatography, data not shown) with
a different concentration in formulation buffer were emulsi-
fied with 450 µg Al/ml adjuvant (Alhydrogel, Brenntag) to
form the final vaccines (0.5 ml/dose).

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1603



Mouse immunization

Female BALB/c mice (6 ~ 8 weeks old, supplied by Shanghai
Laboratory Animal Research Center) were divided into seven
groups (8 ~ 10 each) and injected intraperitoneally (i.p.) two
times at a 2-week interval with 0.5 ml of vaccines. Blood was
collected from the post-orbital vein 2 weeks post the last
vaccination to prepare serum samples for measurement of
total IgG and neutralization antibodies.

Neutralization assay

The neutralization assay was carried out by a TCID50-
reduction assay using RD cells.27 Serum was inactivated for
30 min at 56°C. Samples were twofold serially diluted from
1:8, mixing with equal volumes of 100 TCID50 EV71 viruses.
After incubation at 37°C for 2 h in 96-wellplates, 0.1 ml RD
cell suspension (2 × 105 cells/ml) was added. Cell control,
serum control, and virus control were set on each plate, and
virus backdrops were set for each test. Tests were considered
successful if backdrop results were 32 ~ 320 TCID50/well.
They were then placed in a CO2 incubator at 35°C for 6 ~ 7
days. CPE was observed by microscopy. Neutralizing antibody
titers were defined as the highest dilution capable of inhibiting
50% of the CPEs. Neutralization titers greater than 1:8 were
considered positive for neutralizing antibodies. Results were
considered negative if neutralizing antibody titer less than 1:8
and were calculated as 1:4.

Evaluation of protective efficacy in suckling mice

Female ICR mice (9 ~ 10 weeks old, Vital River Laboratories,
Ltd., Beijing, China) were divided into six groups and immu-
nized i.p. at five different doses of EV71-VLPs antigen with
225 µg Al adjuvant: 5 µg VLPs/225 µg Al/0.5 ml, 1.25 µg
VLPs/225 µg Al/0.5 ml, 0.312 µg VLPs/225 µg Al/0.5 ml,
0.104 µg VLPs/225 µg Al/0.5 ml, 0.026 µg VLPs/225 µg Al/
0.5 ml, Al (OH) 3 adjuvant alone were used as a negative
control. One hour after immunization, the female mice were
caged and mated with naive males. Pregnant dams delivered
pups 21 ~ 28 days post first immunization. On the first
postnatal day, EU812515 was administered i.p. to all newborn
suckling mice at 2 times the median lethal dose (LD50). The
suckling mice were then observed for 14 days, recording their
health, disease onset, and death rate. Results were only con-
sidered valid if the death rate in the negative control group
reached 90% within 14 days. Two independent experiments
were performed; due to good repeatability, the results were
combined for statistical analysis.

Serum samples collected from adult female mice after
immunization with 5 µg VLPs/225 µg Al/0.5 ml were
pooled, heat inactivated at 56°C for 30 min, and the
presence of neutralizing antibody was determined and
diluted to 1:150, 1:30, and 1:15 titers. 2xLD50 of
EU812515 was mixed with an equal volume of diluted
serum at 37°C for 1 h, then the mixture was injected i.p.
into 1-day-old sucking mice. The suckling mice were then
observed as described above.

Statistical analysis

All data were analyzed with GraphPad Prism 6.00.
Neutralizing antibody titers <1:8 were assumed to be 1:4 and
>1:4096 were assigned a value of 1:4096. Significance between
data values was assessed with two-tailed Mann Whitney
unpaired test and assumed when p < .05.

Results

Expression, purification, and characterization of
EV71-VLPs

Codon-optimized sequences of EV71 P1 and 3C genes were
cloned into pPICZB vector and transformed into Pichia pas-
toris. The EV71-VLPs were purified through a 3-step of col-
umn chromatographic process. The quality attributes of three
batches of purification processes in a small scale are shown in
Table 1. The purity over 99% was achieved. Besides, the
residual host proteins and residual DNA were lower than
0.1% and 10 ng/20 μg (internal enterprise standard, 20 µg
EV71-VLPs antigen containing 10 ng residual host DNA),
respectively.

The purified EV71-VLPs were also identified and character-
ized by several different methods. The expression and cleavage
of target proteins were identified by SDS-PAGE and western
blot (Figure 1(a)). The bands of EV71-VLPs were almost iden-
tical to those of inactivated EV71 virus. Western blot with anti-
VP2 polyclonal antibodies showed two bands at around 39 and
28 kD representing VP0 and VP2, which indicated a small
amount of VP0 was cleaved into VP2 and VP4. The diameter
of the particles detected by electron microscope (Figure 1(b))
and DSL (Figure 1(d)) was about 35 nm and the sedimentation
coefficient detected by AUCwas about 80S (Figure 1(c)). HLPC
analysis (Figure 1(e)) demonstrated the ability of the process to
generate homogeneous and pure EV71-VLPs particle samples.
Altogether, these results indicate that EV71-VLPs could be
correctly self-assembled and purified with similar morphology
to authentic virus particles.

Table 1. EV71-VLPs preparation and process-achieved quality parameters.

Harvest wet
cell (g/L)

Expression level
(mg/L)

Wet cell
disrupted (g)

Purification yield
(mg/g wet cell)

DLS
(nm)

HPLC
Purity (%)

Residual host
DNA

Residual host cell
proteins (%)

Specific activity
(U/µg)

Batch #1 242 253 300 0.13 35.3 99.6 <10ng/20μg 0.004 1049
Batch #2 213 270 250 0.15 35.9 99.7 <10ng/20μg 0.012 885
Batch #3 240 246 280 0.11 35.7 99.4 <10ng/20μg 0.019 847

1604 Z. YANG ET AL.



EV71-VLPs elicits good specific humoral responses as
compared with EV71 inactivated vaccine

To evaluate the immunogenicity of purified EV71-VLPs, female
BALB/c mice were immunized with three different doses of VLPs
adjuvanted with aluminum hydroxide. The inactivated EV71 vac-
cine with the equivalent amount of protein was used as a positive
control. Two weeks after a prime-boost vaccination, the specific
total IgG titers and neutralizing titers were measured. All antigens
induced significant humoral responses in mice with the highest
total IgG titer stimulated by 0.3 μg of EV71-VLPs (Figure 2(a)).
EV71-VLPs also induced a likely higher titer of neutralizing anti-
body titer than inactivated vaccine, although it was not significant
(Figure 2(b)). The lowest amount of EV71-VLPs (0.08 μg) induced
significant lower neutralizing antibody responses even though
a good total IgG titer was achieved. Therefore, our EV71-VLPs
could elicit equivalent or even stronger antigen-specific antibody
responses to EV71 inactivated vaccine in mice.

Antibody titers induced by various doses of adjuvant

To further illuminate the effect of aluminum adjuvant on immune
response, we evaluated the EV71-VLPs induced specific mouse
antibody responses with different dose combinations of EV71-
VLPs and the adjuvant. BALB/c mice were immunized as
described previously. Total IgG and neutralizing titers were
detected from mouse serum. Although EV71-VLPs antigen
alone could induce dose-dependent total antibody responses, the
adjuvant could elevate at least 10-fold higher titer (Figure 3(a)).
The highest dose of aluminum adjuvant seems to induce the
highest total IgG response. We seem observed a “maturation” of
total IgG and neutralizing antibody titers in the presence of the
adjuvant, since there was no significant difference between 1 μg
and 5 μg doses of VLPs antigens although the dose of adjuvants
had been increased from 56 μg to 450 μg (Figure 3(b)). Thus, the
aluminum adjuvant allows the lower amount of antigens to
induce significant high antibody titers.

Figure 1. Characterization of purified EV71-VLPs.
(a) SDS-PAGE and western blot analysis of EV71-VLPs with different polyclonal antibodies as indicated. The inactivated EV71 virus (labeled as EV71) was used as
a positive control. (b) EV71-VLPs images taken by an electron microscope with two different scales. (c) Sedimentation velocity analysis of EV71-VLPs using analytical
ultracentrifuge. (d) Dynamic light scattering analysis of EV71-VLPs. (E) SEC-HPLC analysis of EV71-VLPs.
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Anti-EV71-VLPs serum could protect against lethal EV71
challenge in neonate mice

To evaluate the protection of maternal anti-EV71-VLPs anti-
body, maternal female mice were immunized as before and the
pups were challenged with lethal EV71 virus. It has been
observed that the survival rate is vaccine dose dependent
(Figure 4(a)). Two weeks post viral challenge, all pups in the
adjuvant alone or negative control group, and the lowest EV71-
VLPs dose group were dead. The highest dose of EV71-VLPs
antigen (5 μg) showed full protection. Furthermore, to assess the
protective effect of antiserum in vivo, neonate mice were pas-
sively transferred with 2xLD50 of live EV71 virus pre-mixed with
different titer of antiserum. Mice that were given the control

serum were all dead 10 days after the challenge; the anti-EV71-
VLPs immune serum could completely protect mice from EV71
infection (Figure 4(b)).

Discussion

In the past two decades, outbreaks of HFMD have been docu-
mented in Asia-Pacific countries, including China, Malaysia,
Japan, Singapore, Vietnam, and Cambodia. From 2008 to 2015,
about 13 million HFMD cases were reported, including 123,261
severe cases and 3,322 deaths in mainland China.2 EV71 and
CVA16 are responsible for more than 90% of HFMD cases, and
EV71 is responsible for most severe cases and deaths.29 Three
inactivated EV71 vaccines have shown protective efficacy in
phase 3 clinical trials and been approved for commercialization
in mainland China,8–10,29 but the low production of inactivated

Figure 2. Serum antibody titers of mice immunized with EV71-VLPs and inactive
EV71 virus.
Female BALB/c mice (n = 8) were immunized with different amount of VLPs
combined with 450 µg Al/ml adjuvant through i.p. injection at a 2-week interval.
Serum was collected 2 weeks post the boost vaccination. (a) Total IgG titers of
anti-EV71 detected with ELISA. (b) Neutralizing titers of the antiserum deter-
mined by TCID50 reduction assay. Each symbol represents a mouse and the line
indicates the GMT of the group. *, p< .05. **, p< .01 and #, p< .001 vs. other
groups for (a) and p< .001 vs. other groups except for p< .01 vs. 0.08 µg group
for (b). The amount of aluminum per dose is 225 µg.

Figure 3. Serum antibody titers of mice immunized with EV71-VLPs combined
with different doses of aluminum adjuvant.
BALB/c (n = 8 ~ 10) mice were immunized as before. (a). Total IgG titer
evaluated with ELISA. (b). Neutralizing antibody titer detected with TCID50

reduction assay. Each symbol represents a mouse and the line indicates the
GMT of the group. *, p< .05. **, p< .01. ns, no significance between groups. #,
p< .05, 0.01 or 0.001 between group with adjuvant and group without adjuvant
for (a) and p< .05 or 0.01 between group with adjuvant and group without
adjuvant for (b).
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EV71 means it is difficult to supply enough inactivated EV71
vaccines for nationwide or worldwide mass immunization of the
at-risk populations at the outbreaks of EV71 HFMD. Pichia
pastoris is a commonly used yeast expression system for recom-
binant proteins of interest and has many advantages in vaccine
development, including low fermentation cost, high expression
levels, and high-density growth in fermentation bioreactors. In
light of the potential of EV71-VLPs as a vaccine candidate and
the efficient and cost-effectiveness of Pichia pastoris system, the
main object of this work is to produce EV71-VLPs using the
Pichia pastoris expression system. In order to increase the
expression level of EV71-VLPs, the nucleic acid sequences of
the P1 gene and 3C gene are codon-optimized with the Pichia
pastoris biased codons. In the study, the expression level of
EV71-VLPs reached 270 mg per liter yeast culture, which is
much higher than the yield achieved in Vero cells (1.5 mg/L),1

S. cerevisiae yeast (0.25 mg/L),24 insect cell (64.3 mg/L).22 The
yield of purified VLPs expressed in Pichia pastoris was over
0.1 mg/g cell weight, which is higher than that of EV71 virus
cultivated in Vero cells30 or VLPs expressed in the baculovirus-
insect expression system.17,31 After process improvement, the
purification yield by chromatography reached up to 0.11 ~
0.15 mg EV71-VLPs per g wet yeast cell (equal to 27 ~ 40 mg/
L fermentation volume calculated from Table 1), a very promis-
ing commercial yield. Interestingly, EV71-VLPs expression level
is also higher than that expressed in Pichia pastoris by Zhang
(150 mg/L).23 Several factors may attribute to this difference,

including the construction method (different promoters vs.
same promoters), the host stain (SMD1168H vs. PichiaPinkTM)
and the fermentation condition.

EV71-VLPs were fully characterized for vaccine develop-
ment. There are two types of EV71 viral particles, native full
particles (F-particles), and native empty particles (E-particles),
they have similar icosahedral structures, but their sizes are
slightly different, 31 ~ 33 nm for the F-particles and 33 ~ 35
nm for the E-particles, respectively. For F-particles, the VP0
protein is cleaved into VP2 and VP4 by autocatalytic action
that involves the viral RNA resulting in smaller particles, so
the buoyancy density of F-particles is larger than that of
E-particles, the sedimentation coefficient of F-particles
(150S) was greater than that of E-particles (82S).30,32 In this
study, EV71-VLPs were purified by column chromatography
and almost all of the host cell proteins and DNA were effec-
tively removed and the purity of the final EV71-VLPs bulk
was over 99% (Table 1). The purified EV71-VLPs were ver-
ified by SDS-PAGE and western blot, and characterized by
EM, DLS, and AUC (Figure 1). The diameter (35nm) and the
sedimentation coefficient (80S) were characterized to be simi-
lar to those of E-particles as measured by EM, DSL, and AUC
(Figure 1). SDS-PAGE and western blot showed that the
EV71-VLPs contain three major protein bands with molecular
weights of 39 kDa, 36 kDa, 27 kDa corresponding to enter-
ovirus capsid component proteins VP0 (39 kDa), VP1 (36
kDa), VP3 (27 kDa), indicating that the EV71-VLPs are

Figure 4. Survival curves of pups born to dams after lethal viral challenge.
(a) Groups of pups born to dams immunized with different doses of EV71-VLPs were challenged with 2xLD50 of EU812515. Survival data of different vaccine doses are
shown as indicated in the legend. (b) Passive protection of EV71-infected neonatal mice. Heat-treated anti-EV71-VLPs serum (neutralizing titers of 1:1500) was diluted
to 1:150,1:30 and 1:15, 2xLD50 of EU812515 was mixed with an equal volume of diluted serum at 37°C for 1 h, then the mixture was injected i.p. into 1-day-old
sucking mice. Survival data of different neutralizing antibodies are shown in the legend. *, denotes same as control group indicated in (a).
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similar to E-particles in protein components. A light band at
39kd representing VP0 in inactivated EV71 suggests that the
natural EV71 virions contain some E-particles.

The data in this work demonstrated that the EV71-VLPs
produced in Pichia pastoris is a promising vaccine antigen
candidate for inducing neutralizing antibody responses. In
mainland China, three inactivated EV71 C4 genotype strain
vaccines have been shown to prevent over 90% of EV71
HFMD.12–14 The neutralizing antibodies raised by immuniza-
tion with the inactivated EV71 vaccines are thought to play
the major role in the protection and considered as the stan-
dard of the vaccine evaluation. In this study, both the higher
dose (1.2 µg) and lower dose (0.08 µg) of EV71-VLPs vaccine
produced high total IgG response. The higher dose from 0.3
µg to 1.2 µg elicited stronger neutralizing antibody responses
while the lower dose such as 0.08 µg of EV71-VLPs exhibited
significantly lower response. Lower dose (0.08 µg) elicited
high total antibody response but insufficient neutralizing anti-
body titers, indicating that neutralizing antibody titer is not
proportional to total antibody level. At lower dose, there are
enough epitopes to stimulate the body to produce total anti-
bodies, but there are not enough epitopes to produce suffi-
cient neutralizing antibodies. At higher dose (over 0.3 µg), the
neutralizing epitopes were sufficient, so there was no signifi-
cant difference in neutralizing antibody titers between the two
groups of 0.3 and 1.2 µg. As neutralizing antibodies are
critical contributors to the protection against HFMD, an
appropriate amount of antigen is necessary to ensure that
the vaccine can induce high titers of neutralizing antibodies.
The corresponding neutralizing antibody titer of 0.3 ~ 1.2 µg/
dose in mice was 480 ~ 1250, which is equivalent to that of the
vaccine already on the market.33 China’s national standards of
EV71 antigen content had been used for testing EV71-VLPs
specific activity by ELISA,29,30 if calculated by antigen content
(about 850 U/µg, Table 1), the antigen content corresponding
to this dose range is 255 ~ 1,020 U/dose. The antigen content
level is also equivalent to that of the vaccines already on the
market (Sinovac, 400 U, two-dose; Chinese Academy Medical
Sciences, 100 U, two-dose and Beijing Vigoo, 320 U, two-
dose).8,29,34,35 Interestingly, our EV71-VLPs induced higher
total IgG and neutralizing antibody responses than inactivated
EV71 vaccine, this is in consistence with a previous report by
Chung et al.22 The lower antibody response associated with
the inactivated virus-based vaccine might be due to loss of
epitopes during virus inactivation process.18 In this work, 1 µg
EV71-VLPs was equal to 850 U antigen content, this is
obviously higher than 246 U/µg of EV71-VLPs expressed in
insect cell16 and 289 U/µg of inactivated EV71 in this study.
The high specific antigenic activity in this study is not clear
although it may be related to the amino acid sequence of P1
polyprotein.

The dose–response relationship of aluminum adjuvant was
fully evaluated for vaccine development. Several inactivated
EV71 virus or EV71-VLPs vaccines based on Al adjuvant
(Alhydrogel from Brenntag,15 Imject Alum from Thermo
Scientific,24,36 Alhydrogel from Invivogen,23 other Al adjuvant
not clarified33,37,38) have shown good immunogenicity in mice
or monkeys in terms of neutralizing antibody titer. However,
these studies were based on a single adjuvant dose and did not

systematically study the immune effects of different adjuvant
doses. The vaccine is designed to be used in young children,
an excessive aluminum adjuvant may be harmful to the
human body and the maximum amount of aluminum per
dose in human vaccines is restricted by regulations (0.85 mg
for the USA, 1.25 mg for Europe and WHO).39–41 The iso-
electric point (PI) of P1 polyprotein of this study was 5.86
using the ExPASy Compute pI/Mw tool (http://web.expasy.
org/compute pi/), which suggested that EV71-VLPs carry
negative charges at neutral pH. The point of zero charge for
aluminum hydroxide and aluminum phosphate are approxi-
mately 11 and 5, respectively,42 based on the formulation pH
(6.3) and the PI of EV71-VLPs, aluminum hydroxide was
chosen to maximize adjuvant-antigen electrostatic interac-
tions by having oppositely charged antigen and adjuvant.
The data shown in this work demonstrated that 225 µg and
450 µg doses of adjuvant could all produce stronger total IgG
response, and showed no significant increase in neutralizing
antibody level with the aluminum adjuvant dose increased to
450 µg. According to the related reference information, test
results and guidelines, we recommend that the best aluminum
adjuvant for EV71-VLPs vaccine would be aluminum hydro-
xide with a dose of 225 µg, which is also the regular dose used
in most commercially available vaccines.39

The protective efficiency of EV71-VLPs vaccine was evalu-
ated in both maternal-transferred antibody mouse model and
passive transfer protection model. Both models showed that the
EV71-VLPs-based vaccine provided good protection against
lethal challenge with EV71 strain EU812515 and demonstrated
a humoral mechanism of protection, most likely via neutralizing
antibodies.18,37 The survival rate showed a significant dose-
dependence. When the dose was lower than 0.312 µg, the survi-
val rate was lower than 35%. When the dose reached 5 µg, the
vaccine provided 100% protection from lethal challenge, and it
demonstrated that EV71-VLPs immunization conferred protec-
tion that was passed from the mother mice to the neonatal mice.
There are significant differences in the degree of protection of
the challenged animals between groups of 1 and 5 µg adjuvanted
EV71-VLPs vaccine, but there are no differences in total IgG and
neutralizing antibodies, this might be related to the different
levels of antibody affinity maturation.43 The affinity between
groups of 1 and 5 µg was different, consequently, the protection
level was not the same. The differences between in vivo and
in vitro studies indicated that the mechanism of protection in
animals should be further characterized and the importance of
in vivo test should not be neglected in evaluating the protective
effect of EV71-VLPs vaccine. Considering the good protection
against lethal EV71 virus challenge provided by EV71-VLPs with
a dose range of 1–5 µg in Figure 4; the high neutralizing antibody
level produced by EV71-VLPs with a dose range greater than 1
µg in Figure 3, we recommend the appropriate dose of EV71-
VLPs of the final vaccine should be 1 ~ 5 µg/dose, equal to
850–3,400 U/dose. The antigen content in U is higher than
that of the three inactivated vaccines available on the market
(100 ~ 400 U/dose),8,29,34,35 which suggests that EV71-VLPs
based vaccine can induce a good immune response to provide
protection effect.

However, it should be noted that our study has some
limitations. First, in order to evaluate the humoral responses
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of EV71-VLPs vaccine, blood was collected 2 weeks post the
last vaccination, the VLP-specific total IgG titers and neutra-
lizing titers were based on a single point of data, further study
of persistence of the specific total IgG and neutralizing anti-
bodies would be helpful to analyze the immunogenicity of the
vaccine. Second, the evaluation of the protective efficiency of
EV71-VLPs vaccine in maternal-transferred antibody mouse
model was based on the protection data, further determina-
tion of the neutralizing antibody titers and the viral titers in
tissues in pups surviving lethal challenge might help to further
elucidate the protective mechanisms of the model and further
explain the protection differences of different doses of vac-
cines. Third, it was reported that the inactivated EV71 vaccine
was shown to affect the balance of the Th1/Th2 immune
response;44 for the EV71-VLPs-based vaccine, the Th1/Th2
immune response after vaccination will be further studied.

In summary, EV71-VLPs were efficiently produced in yeast
Pichia pastoris, reaching expression yield 270 mg/L. The vac-
cine with EV71-VLPs of 1 ~ 5 µg/dose and adjuvant of 225
µg/dose could elicit robust protective neutralizing antibody
responses and provide protection against lethal challenge in
mice. Therefore, EV71-VLPs produced in Pichia pastoris is
considered a promising vaccine antigen candidate to protect
against HFMD.
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