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Enterovirus 71 (EV71) and Coxsackievirus A16 (CVA16) have caused severe epidemics of hand, foot and mouth disease
(HFMD) in the Asia Pacific in recent years, particularly in infants and young children. This disease has become a serious
public health problem, as no vaccines or antiviral drugs have been approved for EV71 and CA16 infections. In this study,
we compared four monovalent vaccines, including formalin-inactivated EV71 virus (iEV71), EV71 virus-like particles
(VLPs) (vEV71), formalin-inactivated CVA16 virus (iCVA16) and CVA16 VLPs (vCVA16), along with two bivalent vaccines,
including equivalent doses of formalin-inactivated EV71CCVA16 virus (iEV71CiCVA16) and EV71CCVA16 VLPs
(vEV71CvCVA16). The IgG titers and neutralization antibodies titers demonstrated that there are no immune
interference exists between the two immunogens of EV71 and CVA16. IgG subclass isotyping revealed that IgG1 and
IgG2b were induced primarily in all vaccine groups. Furthermore, cross-neutralization antibodies were elicited in mouse
sera against other sub-genotypes of EV71 and CVA16. In vivo challenge experiments showed that the immune sera
from vaccinated animals could confer passive protection to newborn mice against lethal challenge with 14 LD50 of EV71
and 50 LD50 of CVA16. Our results indicated that bivalent vaccination is promising for HFMD vaccine development. With
the advantage of having a better safety profile than inactivated virus vaccines, VLPs should be used to combine both
EV71 and CVA16 antigens as a candidate vaccine for prevention of HFMD virus transmission.

Introduction

Hand, foot and mouth disease (HFMD) is a common illness
in infants and children. As the major causative agents of HFMD,
Enterovirus 71 (EV71) and Coxsackievirus A16 (CVA16) have a
single positive-stranded RNA, non-enveloped viruses which
belong to the family Picornaviridae with the genome of approxi-
mately 7,410 nucleotides, including a long single open reading
frame (ORF) flanked by a 50-UTR and a 30-UTR. The ORF enc-
odes a single poly-protein P1, which is cleaved by viral proteases
(3CD) into viral capsid (VP4, VP2, VP3 and VP1) and non-
structural (P2 and P3) proteins. VP1, VP2 and VP3 are exposed
to immune pressure at the surface of the viral capsid, whereas
VP4 is located inside the capsid.1

HFMD disease has become a serious public health problem,
with outbreaks occurring periodically throughout the world. In
recent years, HFMD has occurred in Japan, Malaysia, Singa-
pore, Vietnam, Mainland China, England and Australia.2-8 And
data reported by the Western Pacific Regional Office of the

World Health Organization showed that over two million cases
were diagnosed in 2012 in asian countries, including China
(2,198,442 cases, 569 deaths), Vietnam (148,366 cases, 45
deaths), Japan (70,682 cases), and Singapore (37,276 cases).9

EV71 has a propensity to cause severe neurological diseases dur-
ing acute infection. The most severe forms of EV71-associated
diseases of the central nervous system (CNS) that can even
result in death include aseptic meningitis, brainstem encephalitis
and acute flaccid paralysis, which is indistinguishable from
poliomyelitis. By contrast, most CVA16 infections present only
mild symptoms, such as fever, mouth ulcers, rashes and blisters
on the surface of the hands and feet.10-15 However, a recent
study reported that CVA16 may be more virulent in children
and has caused a number of deaths and severe cases of neurolog-
ical complications.16,17 An epidemiological survey showed that,
out of 92 severe HFMD cases with neurological complications,
19 cases were caused by CVA16 infection.17 Importantly, the
co-circulation of CVA16 and EV71 has resulted in co-infec-
tions, and recombination between the two viruses, which can
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cause more serious clinical symptoms compared with a single
viral infection, making it more complex and difficult to control
HFMD epidemics.18-20 As no approved antiviral drugs or vac-
cines are available for HFMD, increasing the pace of vaccine
development therefore has become a priority. Previous vaccine
research for HFMD has focused only on EV71, and formalin-
inactivated vaccine for this virus has been evaluated through a
phase III clinical trial in Mainland China.21 CVA16 and EV71
were the major agents of HFMD, therefore, bivalent vaccines
against both EV71 and CVA16 should be considered for
HFMD vaccine development.

The development of HFMD vaccines has focused on several
different forms, including live-attenuated, DNA, polypeptide,
subunit, virus-like particle (VLP) and inactivated whole-virus
vaccines.22 The EV71 live-attenuated and DNA vaccines have
shown high levels of immunogenicity and protection, but safety
concerns have hindered their development. Two synthetic poly-
peptide vaccines, SP70 and SP55, could induce low levels of anti-
gen-specific antibodies, and both of them were found to protect
newborn mice against EV71 virus but not CVA16 virus. The
VP1 subunits of CVA16 and EV71 are not suitable as vaccine
candidates due to their low immunogenicity and lack of spatial
structure that would be found on virions. Because VLPs and
inactivated whole-virus vaccines theoretically present epitopes in
spatial structure, they are thought to be good vaccine candidates.
VLPs have a greater safety profile than inactivated vaccines since
they do not contain the virus genome. Currently, several experi-
mental CVA16 and EV71 vaccines are under development,
including inactivated CVA16,23-25 and CVA16 VLPs derived
from insect cells26 and Saccharomyces cerevisiae.27 Among these,
the EV71 inactivated vaccine has been evaluated and passed
through a phase III clinical trial, while the development of EV71
VLPs in insect cells and S. cerevisiae is still ongoing.28,29 How-
ever, until now these vaccines have not been evaluated in bivalent
composition.

In the present study, we first compared the monovalent vac-
cines with the bivalent vaccines in ICR mice. The monovalent
vaccines included formalin-inactivated EV71 virus (iEV71),
EV71 VLPs (vEV71), formalin-inactivated CVA16 virus
(iCVA16) and CVA16 VLPs (vCVA16), whereas the bivalent
vaccines contained VLPs (vEV71CvCVA16) and formalin-inac-
tivated (iEV71CiCVA16) The induction of neutralizing anti-
bodies was monitored using a pseudovirus-luciferase (PVA) assay
system, and the ICR neonatal mouse model was used to evaluate
the efficacy of the monovalent or bivalent vaccines after EV71 or
CVA16 challenge.

Results

Purification of VLPs and virions
EV71 and CVA16 VLPs were produced from the baculovirus

expression system and purified by CsCl gradient as demonstrated
previously.28,30 EV71 and CVA16 viruses were produced from
the RDS cell line due to its high susceptibility to infection.31

Both VLPs and virions were characterized by SDS-PAGE and

western blot using the corresponding rabbit anti-VLP (EV71 or
CVA16) antibody (Fig. 1). The VLPs contained the major struc-
tural proteins, VP0, VP1 and VP3. Virions preparations typically
consist of both mature and empty particles. The empty particle
contains VP1, VP3 and VP0 structural proteins, while the
mature particle contains VP2 and VP4, which have been cleaved
from VP0, as well as the viral genome inside the capsid.32 The
TEM image of the sample showed that the purified VLPs and
virions had similar morphologies (Fig. 2).

Detection of total IgG, cross-reactive IgG and IgG subtypes
Total IgG was measured by ELISA. Sera from immunized

mice were collected every two weeks. The results demonstrated
that IgG antibodies reached the plateau at week 6 after the pri-
mary immunization. The bivalent vaccines induced slightly high
antibody levels at week 6 (Fig. 3). Intriguingly, IgG antibodies
elicited by vCVA16 and iCVA16 showed low cross-reactivity.
Similar results were observed in EV71-immunized groups
(Fig. 4). The IgG subtypes also were detected. The results dem-
onstrated that the monovalent vaccine and bivalent vaccines
induced higher levels of IgG1 and IgG2b than those of IgG2a
and IgG3 (Table 2A, 2B).

Neutralization and cross-reactivity
To determine whether these vaccines could elicit neutraliza-

tion antibodies, mice were immunized intraperitoneally (i.p.)
with vEV71, iEV71, vCVA16, iCVA16, vEV71CvCVA16 or
iEV71CiCVA16. Each group received three injections via i.p.
at week 0, 2 and 4, and sera samples were collected from the
tail vein at week 2, 4, 6, 8 and 10. The neutralization antibody
titer against EV71 (C4a pseudovirus) from the vEV71, iEV71,
vEV71CvCVA16 and iEV71CiCVA16 groups increased rapidly
after the first immunization and peaked at week 6 (Fig. 5A).
However, the neutralization antibody titers against CVA16
(B1a pseudovirus) were undetectable at 2 wk after the first
immunization except in the iCVA16-immunized group
(Fig. 5B).

Mizuta et al. reported that a single EV71 agent could elicit
cross-neutralizing antibodies against other genotypes of EV71.33

Similarly, the pseudovirus-luciferase assay (PVA) in this study
showed that cross-neutralizing antibodies were induced in sera
from animals immunized with EV71, either a monovalent vac-
cine (vEV71 and iEV71) or a bivalent vaccine (vEV71CvCVA16
and iEV71CiCVA16) (Fig. 5C). Sera of CVA16-immunized
groups were also used to detect cross-neutralizing activities
among the four genotypes by the CVA16 pseudovirus system
(Fig. 5D).

Neutralization antibody titers were also detected using the
CPE-based micro-neutralization assay to compare with results
obtained by the PVA. The neutralization titer in the micro-neu-
tralization assay is expressed as the reciprocal of the highest dilu-
tion where over 50% of the wells show a complete inhibition of
CPE. Compared with the 50% inhibition ratio of the PVA, no
significant difference was found (P > 0.05) (Fig. 6A and B).
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Protection against lethal
challenge with EV71 and
CVA16 in suckling mice

In vivo protective efficacy
against lethal challenge with
EV71 and CVA16 was evalu-
ated using the newborn mouse
model.29,34 The immune sera
obtained from inoculation with
monovalent and bivalent vac-
cines to EV71 were heat-
treated at 56�C for 30 min,
serially diluted from 1:10 to
1:1,000 and then incubated
with 14 LD50 of EV71 virus.
Pups aged <24 h were injected
i.c. with the sera-virus mixture.
Control pups treated with sera
from the PBS group showed
clinical symptoms five days
after inoculation and died at
week 8. The pups inoculated
with 1:10 and 1:100 diluted
sera-virus mixtures of the
monovalent and bivalent vac-
cine groups had 100% survival
rates, while the pups inoculated
with 1:1,000 diluted sera from
both monovalent and bivalent
EV71 vaccine groups all died
(Fig. 7A and B). The CVA16
sera were processed in the same
manner as the EV71 sera and
were incubated with 50 LD50

of CVA16 virus. All of the con-
trol pups showed clinical symp-
toms after four days and died
by day 7. Pups that were inocu-
lated with the 1:10 or 1:100
diluted iCVA16 sera-virus mix-
ture as well as with the 1:10
diluted vCVA16 sera-virus
mixture had 100% survival
rates. The survival rates of groups given iCVA16 at 1:1,000 dilu-
tion and vCVA16 at 1:100 and 1:1,000 dilutions were 80%,
80% and 40%, respectively (Fig. 7C). For sera of animals given
bivalent vaccines, the CVA16 VLP immune sera diluted at 1:10
and 1:100 resulted in 100% survival of the pups, and the same
results were found with the iCVA16 immune sera. Meanwhile,
survival rates of pups administered 1:1,000 diluted sera from ani-
mals vaccinated with VLPs and formalin-inactivated virus were
60% and 80%, respectively (Fig. 7D).

Another set of pups were used to test passive protection by the
immune sera against EV71 and CVA16 challenge. In this experi-
ment, the immune sera of animals given monovalent and bivalent
EV71 vaccines were injected i.p. into neonatal mice, which were

then challenged i.c. with 14 LD50 of EV71 within 2 h. The
results (Fig. 7E) showed that the control mice (injected with sera
from PBS control mice) died at day 7, while the mice injected
with sera from vaccinated mice were all 100% survival rates. The
CVA16 immune sera, processed in the same manner as the EV71
immune sera, could provide 100% protection against CVA16
challenge at a dose of 50 LD50, except for the sera from
vCVA16-immunized mice, which yielded 80% protection
(Fig. 7F). These results demonstrated that the sera induced by
both the monovalent and bivalent vaccines could protect against
EV71 and CVA16 infections in mice. Although the protection of
sera derived from vaccination with vCVA16 was lower than that
with iCVA16, the sera from animals receiving bivalent EV71 and

Figure 1. Characterization of purified CVA16 VLPs, CVA16 virions, EV71 VLPs and EV71 virions. CVA16 VLPs and
EV71 VLPs produced from insect cells and purified using CsCl gradient. CVA16 and EV71 virions were produced
from RDS cells and purified with a sucrose gradient. (A, C) EV71 VLPs (lane 1) and EV71 virions (lane 2) were ana-
lyzed by SDS-PAGE and western blot using an anti-EV71 VP1 antibody. (B, D) CVA16 VLPs (lane 1) and CVA16
virions (lane 2) were detected by SDS-PAGE and western blot using an anti-CVA16 VP1 antibody.
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CVA16 vaccines could confer full protection to the newborn
mice against CVA16 challenge.

Discussion

The current lack of an effective drug to treat HFMD high-
lights the importance of developing vaccines to prevent transmis-
sion of the causative agents EV71 and CVA16. The focus of
vaccine development in this field has been based mainly on inac-
tivated virus and VLPs. Although three candidate inactivated
EV71 vaccine(Mainland China) have been evaluated through a
phase III clinical trial,21 CVA16 vaccine development has lagged
further behind. Many research groups have reported that inacti-
vated virus and VLP vaccines retain their antigenicity and immu-
nogenicity.24,26,35 A formalin-inactivated EV71 vaccine was
recently shown to induce either low or no cross-neutralization
activity against CVA16 and vice versa.35 Therefore, a bivalent
EV71 and CVA16 vaccine should be considered as a candidate
for HFMD. Comparing VLPs with inactivated vaccine, the
VLPs have the advantage of a higher safety profile than

inactivated vaccine, since they do not
contain the viral genome, while possess-
ing the same morphological characteris-
tics, protein composition, capsid
conformation structure and epitopes
present on the surface of the particles.
In recent years, many VLP-based vac-
cines have been evaluated for many
viruses, such as human immunodefi-
ciency virus, Norwalk virus, JC virus
and rotavirus,36 as well as influenza,
HBV and human papillomavirus.37-39

In this study, we found that both
monovalent and bivalent vaccines could
induce specific antibodies as measured
by ELISA (Fig. 4). The bivalent vac-
cines also were able to elicit IgG anti-
bodies at levels similar to that induced
by the monovalent vaccines. These
results were consistent with those of a
previous study.40 However, low cross-
reactivity was observed between VLPs
and formalin-inactivated vaccines,
which could have resulted from the
slightly different spatial structure of
VLPs as compared with the authentic
virus. Based on the crystal structure, a
conformational change is triggered by
receptor binding after virus attachment
to the host cell to form the empty par-
ticles (E-particle) and native mature
virus (F-particle).41 A recent cryo-EM
report demonstrated that before the
viruses successfully infect the host cell
and release mature virus, the procapsid

particle, an intermediate particle forms an expanded, modifiable
structure.42 Furthermore, the subunit protein of the procapsid
particle containing VP0, VP3 and VP1 is more like the VLPs
produced from insect cells and the S. cerevisiae system. However,
the fundamental reason for the low cross-reactivity of the induced
IgG remains to be determined.

Figure 2. TEM image of VLPs and virions. (A) EV71 VLPs, (B) EV71 virions, (C) CVA16 VLPs and (D)
CVA16 virions. Both VLPs and virions are approximately 30 nm in diameter. The morphology of VLPs
resembles that of the authentic virus. Bar, 100 nm.

Table 1. Different Genotypes of EV71 and CVA16 to construct the plasmid,
for obtaining the Pseudoviruses

Genotype Accession number Genotype Accession number

EV71-B1 AB482183.1 CVA16-A U05876.1
EV71-B2 U22522 CVA16-B1a AF177911.1
EV71-B3 AB550334 CVA16-B1b EU262658.1
EV71-B4 AF316321 CVA16-B2 AY895127.1
EV71-B5 EU527985
EV71-C1 AB575937.1
EV71-C2 AF304457.1
EV71-C2like HM622392.1
EV71-C3 DQ341356.1
EV71-C4b GQ994988
EV71-C5 AM490161.1
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VP1 is the major antigen for human
enteroviruses. Based on the evolution of
VP1, EV71 is classified into three geno-
types (genotype A; genotype B, B1 to
B5; genotype C, C1 to C5),43-46 while
CVA16 has two genotypes (genotype A;
genotype B, B1a, B1b and B2).47-49

Detection of neutralization antibodies
by the pseudovirus method previously
has been described and evaluated by
comparison with the traditional CPE
method.50,51 The pseudovirus method
used in our study could detect the neu-
tralizing antibodies elicited by vaccina-
tion of ICR mice. The results proved
that the titers of neutralizing antibodies
between monovalent vaccine and biva-

lent vaccines have the similar response. It demonstrated that there
are no immune interference exists between these two immuno-
gens of EV71 and CVA16. Furthermore, no significant differen-
ces were observed when comparing results of the pseudovirus and
CPE assays (Fig. 6A and B) (P > 0.05). The various vaccines
could induce cross-neutralizing antibodies among 12 sub-geno-
types of EV71 and 4 sub-genotypes of CVA16. Neutralizing anti-
bodies to C4a were only slightly lower than those against other
sub-genotypes of EV71, except B1, B2 and B3 (Fig. 5C). Epide-
miological surveys in Mainland China confirmed that sub-geno-
types C4a and C4b of EV71 have been predominant since
1998,52-54 the phase III clinical trial demonstrated that the neu-
tralizing antibody titer of 1:32 could be used as a surrogate of
protection against EV71-associated disease. Therefore, we predict
that vaccination can prevent epidemics of the EV71 sub-geno-
types above (Fig. 5C). Epidemiological studies have indicated B
genotypes of CVA16 to be predominant.47,48 While neutralizing
titers raised against CVA16 were lower than those against EV71,
likely reflecting the nature of the antigens, nevertheless, our data
suggested that cross-neutralization among CVA16 sub-genotypes
can be elicited by the vaccines in this study (Fig. 5D). For assess-
ing the cellular immune response is also highly important for
determining the efficacy of a vaccine. Therefore, we will evaluate
and compare cellular immune responses induced by monovalent
and bivalent vaccines in the future.

In vivo protective efficacy demonstrated that with the sera
dilution, the EV71 groups (monovalent and bivalent) have the
similar protection against lethal doses of EV71 (Fig. 7A and B).
And the CVA16 groups, the protection of monovalent

Figure 3. Antigen-specific titers in sera samples of mice immunized with
vEV71, iEV71, vCVA16, iCVA16, vCVA16CvEV71 or iCVA16CiEV71. (A)
anti-vEV71, iEV71, vEV71CvCVA16 and iEV71CiCVA16 titer. (B) anti-
vCVA16, iCVA16, vCVA16CvEV71 and iCVA16CiEV71 IgG titer. Results are
presented as the mean § SD of three independent experiments.

Figure 4. Cross-reactive IgG titers were
analyzed. The sera of the 6th week (1,000-
fold dilution) were detected using vEV71
antigen or iEV71 antigen as coating anti-
gen. And the same method was used to
investigate the cross-reactive IgG titers
between vCVA16 antigen and iCVA16 anti-
gen. (A) Anti-vEV71 IgG, (B) anti-iEV71 IgG,
(C) anti-vCVA16 IgG and (D) anti-iCVA16
IgG.
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inactivated vaccine groups proved high survival rates than VLPs
groups (Fig. 7C), but the bivalent VLPs vaccines could provide a
high protection than monovalent VLPs vaccine (Fig. 7D), this
effect may due to the synergistic protection between EV71 and
CVA16 vaccines; and the virus challenge in the CVA16 VLPs
groups were conducted with heterologous strains of CVA16
virus. Meanwhile, the passive transfer of antisera to EV71 and
CVA16 also proved our hypothesis (Fig. 7E and F). Though
these two methods had proved that the bivalent vaccine could
against the EV71 and CVA16 viruses challenge, in future studies,
the maternal-neonatal protection should be evaluated.

In summary, the 10 mg VP1 protein/dose of monovalent or
20 mg VP1 protein/dose of bivalent vaccines against EV71 and
CVA16 was selected to immunize ICR mice. The induction of
neutralizing antibodies by these vaccines was evaluated, and
their ability to confer passive protection to newborn mice
against lethal doses of EV71 and CVA16 was determined. Both
monovalent and bivalent vaccines (VLP or inactivated virus) eli-
cited high levels of neutralizing antibodies, which could protect
mice against lethal challenge with both viruses. Furthermore,
the bivalent vaccines were shown to provide higher protective
efficacy in the newborn mice than monovalent vaccines. We
speculate that the EV71 and CVA16 antigens may provide syn-
ergistic protection to immunized mice. Thus, a potentially effec-
tive approach to interrupting viral transmission is to develop a
vaccine containing both EV71 and CVA16 antigens. However,
the lowest effective dose should be evaluated in mouse or rhesus
monkey in the further studies.. As VLPs vaccines are deemed
safer than inactivated virus vaccines, a VLP-based vaccine with
bivalent EV71 and CVA16 antigens should be considered for
HFMD vaccine development.

Materials and Methods

Cells and viruses
The RD-SCARB2 (RDS) cell line stably overexpressing

hSCARB2 has been described previously.31 Briefly, CVA16
(JQ180468.1) and EV71C4 (KJ508817) strains were propagated
in RDS cells and cultured with Dulbecco’s modified Eagle’s
medium (DMEM, Sigma, St. Louis, MO) containing 10% FBS
(Gibco), supplemented with puromycin (0.5 mg/mL; Clontech).
The virus stocks were collected from the supernatants of infected
RDS cells at 3–4 d post-infection (DPI). The virus titers were
determined by a plaque assay. Anther, the P1 and 3CD gene
sequences of CVA16 (AF177911.1) and EV71C4 (EU703814.1)
were synthesized and inserted into the pFastBacTM Dual vector.
Sf-9 insect (ATCC CRL-171) cells were cultured in shake flasks
at 27 �C using SFX-insect medium (HyCyclone).

Purification of EV71 and CVA16 inactivated vaccines
RDS cells were infected with EV71 or CVA16. After 3–4

DPI, supernatants were harvested and subjected to three to four
freeze-thaw cycles and purified by centrifugation at 3,000 £ g for
20 min at 4�C. Viral particles were then concentrated by poly-
ethylene glycol (PEG) precipitation (20% PEG 8000-PBS) over-
night at 4�C. Finally, viral particles were concentrated by
centrifugation at 8,000 £ g for 40 min (R25.50 Rotor Beckman)
at 4�C. The sediment was loaded on a 20–50% discontinuous
sucrose gradient at 100,000 £ g for 4.5 h (SW 28 Rotor Beck-
man). The virus was separated from the PEG by using a 10 kD
filter with PBS buffer and then inactivated by formaldehyde at
37�C for 72 h.55 The inactivated viruses were analyzed by SDS-
PAGE and were identified by western blotting.

Table 2A. Distribution of specific anti-EV71 IgG subtypes in ICR immunized mice with vEV71 and iEV71 antigens

OD405nm of ELISA for EV71-specific IgG

Immunogen IgG1 OD (S.D.) IgG2a OD (S.D.) IgG2b OD (S.D.) IgG3 OD (S.D.) IgG1:IgG2a

vEV71 0.31 (0.05) 0.08 (0.02) 0.26 (0.006) 0.09 (0.01) 4:1
vEV71CvCVA16 0.20 (0.04) 0.07 (0.01) 0.22 (0.002) 0.08 (0.02) 3:1
iEV71 0.18 (0.04) 0.05 (0.02) 0.22 (0.01) 0.07 (0.02) 3:1
iEV71CiCVA16 0.21 (0.02) 0.06 (0.02) 0.19 (0.01) 0.06 (0.02) 3:1

Groups of mice received vEV71, iEV71, vCVA16CvEV71 or iCVA16CiEV71. Mouse sera were collected by tail vein bleeding at the 6th week post-immunization
and assayed for specific anti-EV71 IgG subtypes by ELISA. Results are presented as the mean § SD of three independent experiments.

Table 2B. Distribution of specific anti-CVA16 IgG subtypes in ICR immunized mice with vCA16 and iCVA16 antigens

OD405nm of ELISA for CVA16-specific IgG

Immunogen IgG1 OD (S.D.) IgG2a OD (S.D.) IgG2b OD (S.D.) IgG3 OD (S.D.) IgG1:IgG2a

vCVA16 0.29 (0.02) 0.07 (0.02) 0.36 (0.04) 0.17 (0.01) 4:1
vCVA16CvEV71 0.20 (0.02) 0.06 (0.02) 0.3 (0.03) 0.13 (0.02) 3:1
iCVA16 0.20 (0.04) 0.05 (0.02) 0.32 (0.03) 0.10 (0.02) 4:1
iCVA16CiEV71 0.20 (0.003) 0.05 (0.01) 0.28 (0.02) 0.10 (0.01) 4:1

Groups of mice received vCVA16, iCVA16, vCVA16CvEV71 or iCVA16CiEV71. Mouse sera were collected by tail vein bleeding at the 6th week post-immuniza-
tion and assayed for specific anti-CVA16 IgG subtypes by ELISA. Results are presented as the mean§ SD of three independent experiments.
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Production and purification of EV71 and CVA16 VLPs
EV71 and CVA16 VLPs were produced from Sf-9 cells

that were cultured in SFX-insect medium with the BAC-
EV71 and BAC-CVA16 recombinant baculoviruses infection,
respectively.26,28,30 Briefly, the Sf-9 cells were cultured in 1L
shake flasks with 400 mL medium at a density of 2.5 £ 106

cells/mL, then the recombinant baculoviruses infected cells at
the multiplicity of infection (M.O.I.) of 1. After 4 d of infec-
tion, the cells were harvested by centrifugation at 1,000 £ g
for 20 min, (JA10 Rotor, Beckman), followed by two washes
with 200 mL PBS buffer. The cells were suspended in PBS
buffer and lysed by sonication for 5 min and then centri-
fuged at 20,000 £ g for 30 min (R25.50 Rotor, Beckman).
The sample was loaded on a 30% sucrose cushion and centri-
fuged at 100,000 £ g for 3.5 h (SW28 Rotor, Beckman).
The pellets were suspended in PBS buffer and loaded onto a
discontinuous CsCl gradient 20–50% and ultracentrifuged at
100,000 £ g for 24 h (SW40 Rotor, Beckman). The milky
white bands were collected, and CsCl was removed by ultra-
centrifugation for 4 h using PBS buffer. The purified VLPs
were analyzed by SDS-PAGE and were identified by western
blotting.

Transmission electron microscopy (TEM)
The purified CVA16 and EV71 virions and VLPs were exam-

ined by TEM (JEM-1220; JEOL Datum Tokyo, Japan).

Immunization and sera sample collection
Female ICR mice (purchased from Changchun Institute of

Biological Products) aged 6–8 wk were randomly divided into 7
groups (n D 5 per group). The concentration of VP1 was quanti-
fied using an Odyssey Imaging System. Each mouse was immu-
nized with 10 mg of VP1 protein for the monovalent vaccines
(vEV71, vCVA16, iEV71 and iCVA16) and 20 mg VP1 protein
(10 mg for each) for the bivalent vaccines (vEV71CvCVA16,
iEV71CiCVA16). PBS was used for the control group. The sam-
ples were adsorbed on a suitable amount of aluminum hydroxide
adjuvant (Accurate Chemical and Scientific Corporation) at
room temperature for 3 h. The vaccines were administrated intra-
peritoneally (i.p.) at week 0, 2 and 4. Sera samples were collected
from the tail vein at week 2, 4, 6, 8 and 10. Blood samples were
stand at 37�C for 1h before centrifugation at 3,000 £ g, 4�C for
30 min. The sera were inactivated at 56�C for 30 min and stored
at ¡20�C until use. University Committee on the Use and Care
of Animals of Jilin University approved all animal studies.

Figure 5. Neutralization titers of sera antibodies from mice immunized against EV71 and CVA16 were analyzed by pseudovirus-based assay. Sera col-
lected from the immunized mice (n D 5 per group) at week 2, 4, 6, 8 and 10 were serially diluted (31 to 39) after an initial 20-fold dilution and mixed with
the EV71 or CVA16 pseudoviruses before measuring luciferase activity. (A) EV71 neutralization titer; (B) CVA16 neutralization titer; (C) crossneutralizati-
on titer of EV71 sera at the 6th week against genogroups B (B1-B5) and C (C1-C5); (D)cross-neutralization titer of CVA16 sera at the 6th week against gen-
ogroups A and B (B1a, B1b and B2).
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Total specific IgG antibodies and cross-reactive IgG
antibodies

Levels of total anti-EV71 and anti-CVA16 IgG in sera sam-
ples from mice immunized with the monovalent and bivalent
vaccines were measured by ELISA using vEV71, iEV71,
vCVA16 and iCVA16 proteins in carbonate buffer (pH 9.6)
as coating antigens. Briefly, each well of the 96-well plate was
coated with a suitable amount of antigen and incubated at
4�C overnight. After blocking with PBS-3% BSA at 37�C for
2 h, the plates were washed with PBS-T (0.5% Tween-20)
three times. Sera samples with PBS-0.3% BSA were added
into the wells and incubated at 37�C for 2 h. Following the
incubation, the plates were washed five times and incubated
with horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (HCL) with PBS-0.1% BSA for 1 h at 37�C and
then washed five times. TMB substrate (100 ml) was added
into each well and developed in the dark at room temperature
for 15 min. The reaction was stopped by adding 100 ml of
2 M H2SO4, and the optical density was read at 450 nm.55

For titration of total IgG, the positive cut-off value was
defined as 1.5 times the optical density of the normal mouse
sera used as the negative control.

Based on the total IgG detection method, cross-reactive IgG
antibodies were detected. By using the protein of vEV71 as a
coating antigen, we detected the 6th week sera at dilution
1:1000, which immunized the monovalent and bivalent vaccines

of EV71. Changing the coating antigen into iEV71, vCVA16 or
iCVA16, we also detected the cross-reactive of the monovalent
and bivalent vaccines of EV71 and CAV16.

IgG subtype assay
IgG subtype was tested by ELISA with the vEV71, iEV71,

vCVA16 and iCVA16 as the coating proteins as described above.
After the incubation of sera samples, capture antibodies for
IgG1, IgG2b, IgG2a and IgG3 (Sigma) were added and incu-
bated for 30 min. After three washes, the substrate buffer was
added and incubated in the dark for 10 min at room tempera-
ture. The reaction was stopped by 1 M NaOH, and the optical
density was read at 405 nm.55

Neutralization assay
Neutralization antibodies were detected by the PVA method

as described previously.50 The EV71 C4a and CVA16 B1a pseu-
doviruses were used to detect neutralization antibody titers in
sera samples at week 2, 4, 6, 8 and 10. Sera at the 6th week were
selected to detect the potential induction of cross-neutralization
antibodies using pseudoviruses of 12 sub-genotypes of EV71 and
4 sub-genotypes of CVA16 as listed in Table 1. The ability of
the PVA to detect neutralization antibodies was compared with
that of the traditional cytopathic effect (CPE) method by treating
and assaying the sera at the 6th week against EV71 C4 virus and
CVA16 B1a virus.

Passive protection assays
Neonatal mice have been utilized as animal models for EV71

and CVA16 infection.24,26,34,56,57 The virus titer of EV71 strain
(KJ508817) 4.5 £ 105 PFU/ml and CVA16 strain
(JQ180468.1) 6.6 £ 106 PFU/ml were determined using a pla-
que assay on RDS cells. The newborn mice (age < 24 h) were
selected (n D 10–20 per group) and intracerebrally (i.c.) inocu-
lated with 4-fold serial dilutions of EV71 strain (0.14 £ 105,
0.28 £ 105, 1.25 £ 105, and 4.5 £ 105 PFU/mouse) and
CVA16 strain (2.25, 9, 3.6 £ 10, 1.44 £ 102, 5.76 £ 102 and
2.3 £ 103) respectively. The control mice were injected an unin-
fected cultured medium. Mice were observed daily for clinical ill-
ness and death until 15 d post-inoculation. The LD50 was
calculated by Reed and Muench.58

For the passive protection assays the 14LD50 of EV71 strain
and 50LD50 of CVA16 strain were selected and incubated in
ICR/mice (one-day-age). Briefly, sera samples of mice immu-
nized with monovalent vaccines, bivalent vaccines of EV71 or
PBS were diluted from 10- to 1,000-fold and incubated with 14
LD50 of the EV71 strain (KJ508817) at 37�C for 90 min. The
pups were challenged i.c. with the sera-virus mixture. Another
pups of the CVA16 groups were challenged i.c. with 50 LD50 of
CVA16 (JQ180468.1) with the sera-virus mixture. All mice were
monitored daily within 15 d after challenge.

To further evaluate the protective efficacy of sera antibodies
raised by vaccination, newborn mice (one-day-old) were inocu-
lated i.p. with sera from groups inoculated with the monovalent
vaccines, bivalent vaccine of EV71 or PBS. At 2 h after the
inoculation, the pups were challenged i.c. with 14 LD50 of

Figure 6. Comparison of sera neutralization titers using micro-neutraliza-
tion assay (CPE) and PVA method for EV71 and CVA16 viruses. Diluted
the 6th week sera samples (50 mL) and virus stock (50 mL) containing
100 TCID50 EV71 or CVA16 were mixed, and incubated in microplates
with RDS cells at 37 �C for 4 d. The neutralizing antibody titer was
defined as the highest dilution of sera that prevented the occurrence of
CPE. (A) EV71 neutralization antibody, comparison CPE and PVA. (B)
CVA16 neutralization antibody, comparison CPE and PVA.
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EV71. The groups of CVA16 were processed in the same man-
ner as the EV71. All mice were monitored daily within 15 d
after challenge.

Statistical analysis
All results were obtained with at least three replicates and

expressed as the mean § standard deviation (SD). All statistical

analyses were performed with the GraphPad Prism software
package. Groups were compared by using Student`s t test, and P
values <0.05 were considered significant.
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