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Abstract: Enterovirus A71 (EV-A71) is a major causative agent of hand, foot, and mouth disease
(HFMD) and herpangina. Moreover, EV-A71 infection can lead to neurological complications and
death. Vaccination is the most efficient way to control virus infection. There are currently three
inactivated, whole EV-A71 vaccines licensed by the China NMPA (National Medical Products
Administration). Several other types of vaccines, such as virus-like particles and recombinant VP1
(capsid protein), are also under development. In this review, we discuss recent advances in the
development of EV-A71 vaccines.
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1. Introduction

Enterovirus A71 (EV-A71) is one of the most important neurotropic viruses and poses
a serious threat to public health worldwide. EV-A71 is a major causative agent of hand, foot,
and mouth disease (HFMD) which is highly contagious. EV-A71 infection in young children
can also lead to neurological complications, rapid fatal pulmonary edema, myocarditis,
hemorrhage, and death [1-5]. The absence of broadly protective vaccines and effective
antivirals makes EV-A71 an important pathogen of public health concern. EV-A71 is a
member of the genus Enterovirus within the family Picornaviridae. EV-A71 consists of
three distinct genotypes (A, B, and C). Genotype B is divided into subgenotypes B1 to B5.
Genotype C is divided into subgenotypes C1 to C5, and C4 is further divided into C4 a
and C4 b. Subgenotypes B3, B4, C1, and C2 co-circulated in the Asia—Pacific region from
1999 to 2016. C4 is the most prevalent genotype circulating in China; C1 and C2 are most
prevalent in Europe while B4 and B5 are most prevalent in other regions [6-8].

EV-A71 is a non-enveloped virus containing a positive-stranded RNA genome ~7400
nucleotides in length. The viral genome within its icosahedral capsid is flanked by highly
structured 5" and 3’ untranslated regions (UTR) and is polyadenylated at its 3’ end. The
large single polyprotein encoded by the viral genome is subsequently processed by viral
proteases 2 A and 3 C into P1, P2, and P3.

P1 is further processed to produce four capsid proteins—VP1 to 4. P2 and P3 are
processed into seven nonstructural proteins—2 A—2 C and 3 A—3 D—for viral replication
(Figure 1). The VP1 protein contains the major neutralization epitopes that are used in viral
serotype identification and phylogenic studies [9,10].
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Figure 1. Structure of the EV-A71 genome and the encoded viral proteins. The single open reading frame (ORF) is flanked

by a highly structured 5’ UTR and 3'UTR followed by a poly (A) tail. The 5 end of the viral genome is covalently bound to
the viral VPg protein. The ORF is divided into three regions. P1 encodes four structural (capsid) proteins, VP1-4. P2 and P3
encode seven nonstructural proteins, 2 A to 2 C and 3 A to 3 D, respectively [11].

Currently, there is no US FDA-approved antiviral agent or vaccine against EV-A71.
However, there are three inactivated, EV-A71 whole-virus vaccines approved by the China
National Medical Products Administration (NMPA) and are commercially available in
China. Large-scale clinical trials showed that vaccine efficacy against EV-A71-associated
Hand, foot, and mouth disease (HFMD) was at least 90%. Vaccine effectiveness in HFMD
patients under five years old was 100% for severe cases and ~80% for mild cases, sug-
gesting that the vaccine performs well in practice [8,12]. Vaccination is the most effective
countermeasure against EV-A71 infection and epidemic. In this review, we summarize the
recent progress in the development of vaccines against EV-A71 and discuss the prospects
and challenges in this field.

2. Whole EV-A71 Vaccines
2.1. Inactivated Whole EV-A71 Vaccines

Inactivation of whole virus is the conventional and safest way to produce viral vac-
cine [13]. There are three inactivated whole virus EV-A71 vaccines that completed clinical
trials and were licensed in China in 2015 [14,15]. However, the US FDA did not approve the
vaccines due to concerns about the effectiveness against different pandemic strains, safety,
and quality control of vaccine production. The three formalin-inactivated EV-A71 vaccines
were developed by three different institutions: Sinovac Biotech, Beijing Vigoo, and Chinese
Academy of Medical Science (CAMS). The three companies established their own seed
lot system and cell banks. CAMS used diploid cells KMB—17 derived from human fetal
lung, as a cell bank and the cells were grown in a cell factory, whereas Vigoo and Sinovac
used Vero cells in a microcarrier bioreactor and cell factory, respectively. The screening
and evaluation of virus strains used for vaccine production were carefully performed
to select strains that could induce cross-protecting antibodies. Two animal models have
been developed to study EV-A71 vaccines. One is the suckling monkey (rhesus) model
which is used to study EV-A71 infection and pathogenicity, and the other is the suckling
mouse model which is used to evaluate vaccine immunogenicity. The protective efficacy of
EV-A71 vaccines was demonstrated using both animal models. The results of the animal
model studies provided the rationale for proceeding with clinical trials [16,17]. The EV-A71
C4 subgenotype was chosen as the virus seed because it is the most prevalent genotype
circulating in China [10,18].
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The safety and efficacy of inactivated EV-A71 vaccines had been confirmed in large
phase III clinical trials (Table 1). Vaccine efficacy was at least 90% against EV-A71-associated
HFMD and 100% against EV-A71-associated HFMD with neurologic complications [19].

Table 1. China-licensed inactivated whole EV-A71 vaccines.

Org. Cells Dosage Phase III Age Efficacy Approval Date
CAMS KMB-17 100U March 2012-Februaury 2013 6-71 mo 97 4% December 2015
Vigoo Vero 320U January 2012-March 2013 6-35 mo 90% December 2016

Sinovac Vero 400U January 2012-March 2013 6-35 mo 94.8% December 2015

CAMS, Vigoo, and Sinovac (Beijing, China) initiated the phase I trials between De-
cember 2010 and Feburary 2011. The phase III trials were completed in 2013. CAMS
recruited 12,000 infants and children of 6 to 71 months of age for phase III clinical trials
(ClinicalTrials.gov number: NCT01569581). Children randomly received two doses of
100 U (EV-A71 antigen unit) CAMS vaccine or placebo four weeks apart and were followed
for two years. The EV-A71 antigen contents were measured by a quantitative ELISA. Based
on the EV-A71 antigen reference standard (1600 U/mL) established by the China NMPA,
the specific activity of EV-A71 antigen is 421.1 U/pug [20]. Vaccine efficacy against EV-
A71-associated HFMD was 97.4% [21]. The Vigoo phase III clinical trial (ClinicalTrials.gov
number: NCT01508247) has recruited 10,245 infants and children between 6 and 35 months
of age. The participants were randomly given 320 U vaccine or placebo on days 1 and 28.
The participants were followed for two years [22,23].The efficacy of the vaccine against
EV-A71 induced HFMD was 90% at the first year and reached 100 % at the second year.
The efficacy of the vaccine against other illness associated with EV-A71 infection was 80.4%
at the first year. The vaccine did not cause any serious adverse effects.

In the Sinovac (Beijing, China) phase III trial (NCT01507857), 10,077 children aged 6
to 35 months were given 400 U of Sinovac vaccine or placebo at days 1 and 28 and were
followed for two years. At the end of the first year, the vaccine efficacy against EV-A71-
induced HFMD and herpangina was 94.8%. The efficacy against EV-A71-associated HFMD
that manifested to neurological complications was 100%. At the end of the second year, the
vaccine efficacy against EV-A71-associated HFMD was 95.1% [19]. Sinovac then conducted
a five-year follow-up survey to study the long-term immunogenicity. The study results
showed that the Sinovac vaccine demonstrated the long-term persistence of immunogenic-
ity within five years [24]. During this time, the Sinovac EV-A71 vaccine production capacity
had reached more than 20 million doses/year. WHO organized a working group meeting
in 2019 to develop WHO recommendations to assure the efficacy, safety and quality of
EV-A71 vaccines. In view of its cross-reactivity with different genotypes of EV-A71, WHO
recommendations suggested that the EV-A71-C4 a vaccine could be used worldwide [25].

The National Health Research Institutes (NHRI) (Hsinchu, Taiwan)in Taiwan used a
subgenotype B4 strain to produce the inactivated whole virus EV-A71 vaccine [26,27]. For
the vaccine safety and immunogenicity study in the phase I clinical trial (ClinicalTrials.gov
number: NCT01268787) sixty healthy participants aged 20 to 60 years were recruited and
randomly given 5 ug or 10 ug of EV-A71 antigen on days 1 and 21. The study showed
that the NHRI EV-A71 vaccine elicited antibodies against EV-A71 without adverse ef-
fects [28]. The antibodies produced in most of the participants showed cross-neutralization
against subgenotypes B1, B5, and C4 [29,30]. In phase II trials (ClinicalTrials.gov num-
bers: NCT02777411, NCT03268083 and NCT02200237) Enimmune Corp. and Medigen
Vaccinology Corp. in Taiwan have continued the safety and immunogenicity evaluation
of the inactivated EV-A71 vaccine with low, medium, and high doses. Medigen recruited
365 participants from 2 months to 11 years old and participants were randomly given
different doses of vaccine or placebo. The EV-A71 vaccine elicited an immune response
against subgenotypes B4, B5, C4 a, C4 b, and C5 without vaccine-related serious adverse
events. Vaccine immunity persisted for two years [31]. Based upon the promising results
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from phase II trials, the companies initiated phase III trials (ClinicalTrials.gov number:
NCT03865238) in 2019 which should be completed in 2022.

The Korea National Research Institute of Health (Chungcheongbuk-do, Korea) devel-
oped an inactivated whole virus vaccine against EV-A71 using an EV-A71 strain (genotype
C4 a) isolated from a Korean patient. [32]. The vaccine was able to induce a strong immuno-
genic response in mice. The vaccine is currently being evaluated in a blinded, randomized,
placebo-controlled phase I study in healthy humans in Korea.

In Thailand, there was an early development of an inactivated EV-A71 vaccine. A
genotype C4 EV71-A71 strain was grown in Vero cells in roller bottles. The purified, inacti-
vated virus was able to induce neutralizing antibodies against EV-A71 in BALB/C mice.
This prototype product will be further developed into an EV-A71 vaccine candidate [25].

2.2. Live-Attenuated Vaccines

Live-attenuated vaccines have the advantages of long-lasting immunity and cost-
effective production; however, the molecular pathogenic mechanism of EV-A71 is not fully
understood. The EV-A71 virulence determinants have not been completely elucidated.
However, several EV-A71 virulence determinants have been identified in the 5’UTR, VP1,
VP2,2 A, 3 C,and 3 D [33]. One of the key virulence determinants is the amino acid at
position 145 of VP1. Changing glutamine to glutamic acid at this position increased the
virulence in monkeys [34,35]. The highly structured 5'UTR plays an important role in viral
translation and virulence. Changing cytosine to uridine at position 158 in stem-loop II of
the 5’UTR reduced EV-A71 viral translation and virulence in a mouse model [36]. Chang
et al. [37] grew EV-A71 in Vero cells and then passaged it in RD cells to select mutant virus
adapted to RD cells. There were three amino acid changes, E145 G, V146 I, and S241 L, in
VP1 and a single nucleotide mutation at nt 494 of the 5’'UTR of the selected mutant virus.
These mutations contributed to the virulence attenuation of the mutant virus in mice.

The vaccine candidate EV7-A71 (S1-3'), a temperature-sensitive mutant of the pro-
totype BrCr, demonstrated induction of an efficient immune response to a lethal dose
of EV-A71 (BrCr-TR) (a temperature-resistant mutant of BrCr) in cynomolgus monkeys.
However, inoculation of EV-A71 (51-3') caused neurological symptoms in monkeys. Four
and 10 days after inoculation, infectious virus was isolated from the monkeys” lumbar
spinal cords. This raised serious safety concerns about this vaccine candidate [38].

Increasing the fidelity of the 3 D RNA-dependent RNA polymerase enhances the
safety and stability of live-attenuated vaccines. G64 R, G64 T, and S264 L mutations in
3 D enhanced the polymerase fidelity. G64 R and L123 F mutations in 3 D polymerase
attenuated EV-A71 virulence in mice [39,40]. Based upon the study, Tsai et al. constructed
a mutant virus with codon deoptimized VP1 and with G64 R and L123 F mutations in the
3 D polymerase to increase the fidelity. This virus was less virulent in a mouse model [41].
Yee et al. [42] constructed a miRNA-based EV-A71 vaccine strain (pIY) carrying let—7 a
and miR—124 a target genes in the EV-A71 genome, which has an 11-nucleotide deletion in
the 5'UTR and a G64 R mutation in the 3 D RNA-dependent RNA polymerase. The pIY
strain’s viral RNA copy number and viral titers were much lower than that of the EV-A71
wild-type B4 strain in SHSY—5'Y cells, which express both let—7 a and miR—124 a. The
plY strain protected mice against a lethal dose of EV-A71.

3. VLP (Virus Like Particle)-Based Vaccines

VLP (virus-like particle) is a promising vaccine candidate because it resembles the
authentic virus in appearance and antigenicity. VLP can elicit innate and adaptive immunity
and is safer because the lack of a viral genome makes them incapable of replicating in the
host. Several VLP-based vaccines, such as Recombivax HB and Engerix-B for hepatitis
B virus, and Gardasil, Cervarix, and Gardasil—9 for human papillomavirus, have been
licensed [43,44].

Several strategies have been employed to produce EV-A71 VLPs. The baculovirus
expression system is widely used for the production of VLPs. To produce EV-A71 VLPs, in-
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sect cells were infected with a recombinant baculovirus co-expressing the EV-A71 P1 region
and the viral protease 3 CD from various promoters [45,46]. The P1 region is cleaved by
the 3 CD protease to produce the viral capsids VP1-4. Baculovirus-produced EV-A71 VLPs
protected monkeys from EV-A71 infection, suggesting that the VLP is a promising vaccine
candidate [47]. However, the yield of EV-A71 VPLs was low due to their degradation. To in-
crease the yield and purity, Zhao et al. [43] purified the baculovirus-expressed EV-A71 VLPs
using Capto Core 700, Capto Adhere resin, and Capto Butyl columns (GE Healthcare). The
multistep chromatography process resulted in EV-A71 VLPs with ~31.52% yield and >95%
purity. An occupied N-glycosylation site was detected in VP1 using MALDI-TOF/TOF.
Glycosylation is the most important post-translational modification of proteins and plays a
critical role in antigen immunogenicity [48]. Hepatitis B virus (HBV) VLPs with additional
N-glycosylation sites, induced enhanced immunogenicity [49]. Therefore, further study
is needed to verify whether the identified N-glycosylation site on VP1 residue N176 is
essential for an immune response. Nevertheless, EV-A71 VLPs could induce a high titer of
neutralizing antibodies that protected newborn mice from a lethal challenge of the EV-A71
C4 strain.

Zhang et al. [50] improved the yield by expressing EV-A71 VLPs in the yeast Pichia
pastoris. The EV-A71 VLP yield was high and potently induced neutralizing antibodies
against various strains of EV-A71 in a mouse model [51]. More importantly, maternal
immunization with VLPs protected neonatal mice against a lethal EV-A71 challenge [50,51].

Tsou et al. and Yan et al. used Adenovirus and Vesicular stomatitis virus-based
vaccines on expressed EV-A71 VLPs in mammalian cells. Both VLPs elicited antibodies
against EV-A71 infection in mice [52,53].

Hand, foot, and mouth disease (HFMD) is highly contagious and has led to significant
morbidity and mortality worldwide [54]. EV-A71, CVA6 (coxsackievirus A6), CVA10, and
CVA16 are major causative agents of HFMD. However, the inactivated EV-A71 whole virus
vaccine failed to cross-protect against infections by other HFMD-causing enteroviruses.
To develop a multivalent HFMD vaccine, Zhang et al. [55] used a baculovirus expression
system to generate recombinant VLPs of EV-A71, CVA6, CVA10, and CVA16 and then
combined EV-A71-VLP, CVA6-VLP, CVA10-VLP, and CVA16-VLP to formulate a tetravalent
VLP vaccine. The antisera resulting from immunization with the tetravalent VLP vaccine
protected mice from single or co-infection of EV-A71, CVA6, CVA10, and CVA16, suggesting
that it is a promising HFMD vaccine candidate.

4. Recombinant VP1 and P1 Vaccines

The EV-A71 VP1 capsid protein contains neutralization epitopes. Several expression
strategies, such as Escherichia coli (E. coli), baculovirus, and HIV gag-based VLP carrier were
used to express recombinant VP1 protein. The purified recombinant VP1 protein protected
mice from EV-A71 infection; however, the protection was lower than that of inactivated
EV-A71 vaccine [56-59].

Han et al. [60] expressed the modified EV-A71 polyprotein P1 in Pichia pastoris as a
vaccine candidate. P1 protein induced persistent, high cross-neutralization antibodies for
different EV-A71 subtypes in rabbits. Vaccination of pregnant mice cross-protected neonatal
mice against different subtypes of EV-A71. EV-A71 antibody production elicited by P1 was
one week later than that of inactivated EV-A71 virus. However, the level and duration
of EV-A71 antibody production was stronger than that of inactivated EV-A71 virus. This
could be related to antigen glycosylation [48] as studies showed that modification of the gly-
cosylation sites of HCV E1 protein and HIV gp120 enhanced the immune response [61,62].
With strong immunogenicity and cross-protection against different EV-A71 subtypes, the
P. pastoris-expressed P1 protein is a promising EV-A71 vaccine candidate.
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5. Synthetic Peptide Vaccines

Synthetic peptides are safe and efficacious for multivalent vaccine development.
Several groups have focused on mapping the antigen epitopes in EV-A71 capsid proteins
(VP1-4).

Foo et al. [63] used synthetic, overlapping peptides spanning VP1 to map antigen
epitopes. The study identified two epitopes—SP55 and SP70 (amino acids 163-177 and
208-222 in VP1, respectively). Both peptides elicited antibodies that protected mice from
EV-A71 infection. Anti-SP70 antisera passively protected suckling mice against various
EV-A71 strains [64].

Liu et al. [65] selected six peptides (P70-159 in VP2, P140-249 in VP2, P324-443 in
VP3, P444-565 in VP3, P566—665 in VP1, and P746-876 in VP1) that individually protected
from EV-A71 infection. They combined these into three vaccine candidates for further
evaluation in neonatal mice. The studies showed that a combination of four synthetic
peptides (P70-159 in VP2, P140-249 in VP2, P324-443 in VP3, and P746-876 in VP1) of the
structural proteins provided effective protection of newborn mice against EV-A71 infection.

Aw-Yong et al. [66] synthesized 63 peptides spanning the four structural and seven
non-structural proteins of EV-A71 to map the potential epitopes. The study showed that
amino acids 41-55 in VP1 was an EV-A71 IgG-specific epitopeamino acids 142-156 in VP1
was recognized as the EV-A71 IgM-specific immunodominant epitope.

Several groups used a fusion protein strategy to express EV-A71 epitopes. Xu et al. [67]
fused EV-A71 VP2 (amino acids 141-155) epitope with hepatitis B virus core protein to
generate HBc-VP2 (amino acids 141-155). This fusion protein induced cross-neutralizing an-
tibodies against EV-A71 and protected newborn mice from EV-A71 infection. Huo et al. [68]
fused EV-A71 VP1 epitope (amino acids 208-222) and CV-A16 VP1 epitope (amino acids
271-285) with hepatitis B virus core protein. The expressed epitopes induced an immune
response and protected suckling mice against EV-A71 and CV-A16 infection. Jiang et al. [69]
fused EV-A71 VP3 epitope (amino acids 176-190) with the P domain of norovirus capsid
protein. The fusion protein elicited an immune response and protected suckling mice from
a lethal dose of EV-A71 infection. Recently, Mustafa et al. [70] fused truncated EV-A71
VP1 (amino acids 198-297) with Newcastle disease virus capsid protein and expressed
itin E. coli. The recombinant protein elicited neutralizing antibodies against EV-A71 in a
mouse model.

6. Conclusions and Prospective

EV-A71 is a major causative agent of HFMD, and EV-A71 infection has also led to
neurological complications and death in young children worldwide. Vaccines are the most
effective way to prevent EV-A71 infection.

The primary strategy to develop EV-A71 vaccines is to use viral structural proteins
as immunogens. The inactivated whole-virus vaccine, live-attenuated virus vaccine, VLP
vaccine, recombinant VP1 vaccine, and synthetic peptide vaccine all deliver wholly or
partially expressed viral proteins to the host to elicit host immunogenicity and produce
neutralizing antibodies. The inactivated, whole-virus vaccines yield high immunogenicity
levels with high neutralization titers and induce cross-genotype neutralizing antibody
responses more effectively. Currently, there are three inactivated, whole-virus vaccines
against EV-A71 approved by the China NMPA, and WHO recommendations believe the
Sinovac vaccine could be used worldwide [25]. However, the inactivated EV-A71 vaccine
still faces two major challenges-cross-genotype and long-term protection. Although the
Vigoo, Sinovac, and CAMS vaccines (using the C4 genotype) and the NHRI vaccine (using
the B4 genotype) showed cross-protection against current circulating EV-A71 strains, the
B4-based vaccine poorly neutralized a C2 isolate. Although the study by Hu et al. observed
that the neutralizing antibodies elicited by inactivated EV-A71 vaccine persisted for five
years, immunity decreased after six months [8,24].

The advantages of recombinant VP1 and synthetic peptide vaccines are that they
are safer and more cost-effective. These vaccines reduce the risk of unwanted immune
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responses such as antibody-dependent enhancement (ADE). ADE is a general concern
for vaccine design because the mechanisms underlying antibody protection against any
pathogen infection have a theoretical potential to amplify the infection or trigger harmful
immune responses [71]. However, the recombinant VP1, synthetic peptide, and VLP
vaccines elicit low levels of virus-neutralizing antibody responses and require strong
adjuvants [29]. If these vaccine candidates can be refined to boost immunogenicity levels,
they could become powerful therapeutic options. For example, with the availability of the
X-ray crystallographic structure of VP1 [72], bioinformatics, proteomics, and immunology
can be applied to develop peptide-based, synthetic vaccines. These techniques can facilitate
the design of potent peptides that contain virus-neutralization epitopes and efficiently
induce high levels of virus-neutralizing antibody responses.

mRNA vaccines represent a promising alternative vaccine platform technology be-
cause of their high potency, rapid development, completely synthetic nature, low-cost
manufacturing process, and safe administration. Nine months after the COVID—19 pan-
demic began, the US government granted emergency-use authorization to two COVID—19
mRNA vaccines—Pfizer-BioNTech [73] and Moderna mRNA—1273 [74,75]. It is also worth
the effort to develop mRNA vaccines against EV-A71 in the future.
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