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Introduction

Hand, foot, and mouth disease (HFMD) is a common con-
tagious disease, affecting mainly children under the age 
of 10 and adults too, sometimes. The main manifestations 
are fever, vesicular rashes on hands, feet and buttocks and 
ulcers in the oral mucosa. Usually, HFMD is self-limiting, 
but a small proportion of children may experience severe 
complications such as meningitis, encephalitis, acute flac-
cid paralysis (AFP) and neurorespiratory syndrome. There-
fore, HFMD poses a serious threat to public health mainly 
in WPRO region [1].

HFMD is caused by enteroviruses (27–30 nm in 
size) consisting of single-stranded, positive-sense RNA. 
These viruses belong to the Picornaviridae family. Tra-
ditionally, human enteroviruses were classified into 
many groups, based on pathogenicity in humans and 
laboratory animals and cytopathic effects. Subgroups 
are polioviruses (3 serotypes), coxsackievirus A viruses 
(23 serotypes), coxsackievirus B viruses (6 serotypes), 
echoviruses (28 serotypes) and other enteroviruses [2]. 
Based on phylogenetic data, human enteroviruses are 
currently grouped into seven species (human enterovirus 
A–D and human rhinovirus A–C) encompassing more 
than 250 serologically distinct viruses [3, 4]. They can 
manifest themselves in a wide range of diseases, such 
as cutaneous, visceral and neurological diseases. These 
viruses can be transmitted by nasal and throat secretions 
(saliva, sputum, or nasal mucus), blister fluid or stool 
of infected individuals. The virus can be detected from 
the stool and pharynx several days before the onset of 
the illness and continues to shed through the stool for 
several weeks [5].

The most known HFMD-associated viruses are EV-A71 
and CV-A16; however, increasing cases of HFMD due 
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to other viruses such as CV-A6 and CV-A10 have been 
reported recently [6–10]. Most of the clinical signs are 
self-limited and mild with a short incubation period of 
3–6 days. Early symptoms are low-grade fever, cough and 
sore throat progressing gradually to malaise and loss of 
appetite. After the initial symptoms, the exanthema begins 
as a papule with blisters and finally becomes an ulcer. 
The lesion commonly develops inside the mouth includ-
ing buccal mucosa, hard palate, the surface of the cheeks, 
gums and tongue, palms and soles of the feet. Occasionally, 
lesions may appear on buttocks and genital areas also [11].

Even if clinical features are similar during HFMD, some 
specific aspects have been often associated with particu-
lar viruses [12, 13]. The rashes associated with CV-A16 
usually appear as large vesicles. In EV-A71 infection, the 
rashes are petechial and/or papular in nature, mainly on 
the trunk and limbs. Coxsackievirus A6 infection has a 
wide range of manifestations including severe or atypical 
HFMD, and nail shedding during convalescence period 
[14]. HFMD can cause severe complications including 
myoclonic seizure, tremor, nystagmus, brainstem encepha-
litis and polio-like paralytic disease. In some cases, tachy-
cardia, pulmonary edema/hemorrhage and immediate death 
due to cardiopulmonary failure are also observed [15, 16].

Despite the impact of HFMD on the healthcare system, 
and HFMD-associated complications during epidemics, 
there is currently no treatment or effective vaccination. 
Therefore, developing prophylactic and therapeutic meas-
ures for efficient containment of HFMD has become a 
national priority in many Asia–Pacific countries [17–19]. 
Based on the global success of poliovirus vaccine, several 
vaccine researches in the direction of HFMD are in pro-
gress, with most of the strategies focusing on a single caus-
ative agent [20, 21].

In this review, the time-defined epidemiological dynam-
ics of HFMD is projected, and the vaccine strategies are 
discussed, with a particular emphasis on the ins and outs of 
an overall response against HFMD-related agents.

Epidemiology

HFMD was initially reported from New Zealand in 1957 
[22]. Since the 1970s, many small and large outbreaks of 
HFMD have been occurring throughout the world. Based 
on the surveillance data, CV-A16 was the virus frequently 
associated with HFMD during the 1970s and 1980s, 
whereas in the 1990s, it was replaced by EV-A71 [1, 23]. 
The majority of HFMD outbreaks and deaths were reported 
from the Asia–Pacific region, including Malaysia, Vietnam, 
China, Cambodia, India [19]. The first largest comprehen-
sive population-based study on the epidemiology of HFMD 
was carried out in china [24].

Besides the most common agents, CV-A6 and CV-A10 
have also emerged in recent years as important agents of 
HFMD and complications. CV-A6 and CV-A10 have been 
widely associated with sporadic cases of HFMD and out-
breaks worldwide with increasing number of neurological 
complications and deaths [9, 25–27]. Even though there 
are HFMD outbreaks throughout the world, it constitutes a 
major public health issue especially in Asia–Pacific coun-
tries because of its magnitude and severity [1]. Usually, 
every Asian country experiences at least one HFMD out-
break annually [28].

This part will focus on the epidemiology of HFMD out-
breaks due to different viruses with respect to different geo-
graphic areas and provide a better understanding of vacci-
nation policies and other control measures.

EV‑A71‑related HFMD

EV-A71-related HFMD was first detected in Japan during 
the 1973 and 1978 outbreaks [29]. Since then, outbreaks 
have been reported worldwide [30]. Larger outbreaks have 
been reported from several Asia–Pacific countries, Europe 
and North America [31–35]. Based on the capsid protein 
VP1, EV-A71 was classified into two major genogroups 
with different subgenogroups (B0–B5, C1–C5) [30, 36]. 
Recombination events and virus evolution resulted in iden-
tification of new genotypes (D–G), as well as proposed 
subgenogroups (C6, C7 and B6) [37, 38]. The outbreaks in 
the Asia–Pacific region were mainly due to B3–B5 and C2–
C5 subgenotypes [39]. Most of the cases usually presented 
as typical HFMD manifestations [1]. Compared to the 
other agents, complications were more frequently observed 
[40]. Neurological complications including acute flac-
cid paralysis were reported during outbreaks [41–46]. The 
period between 1970 and 2000 saw a large number of EV-
A71-associated HFMD outbreaks [47]. China was one of 
the most affected countries with many outbreaks reported 
since its first case in 1987 [48]. A severe outbreak also took 
place in Taiwan in 1998, affecting around 130, 000 chil-
dren over a period of 8 months [49]. Approximately 6000 
children were infected over a period of 6 months in the 
Perth outbreak, Australia [50]. Large outbreaks or sporadic 
cases were also reported after 2000 from Singapore, Tai-
wan, Malaysia, Australia, China and some Asia–Pacific [6, 
51–57].

Knowledge regarding the activity of EV-A71-related 
HFMD outside the Asia–Pacific region is limited. C1, C2 
and C4 subgenotypes were mainly associated with HFMD 
outbreaks in Europe [30]. Most of the EV-A71 infection 
reports in Europe were severe, with less classical HFMD. 
The first epidemic was reported in Bulgaria in 1975, with 
a high rate of paralytic cases and mortality incidents [42]. 
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In 1978, a similar pattern was also observed in Hungary 
[58]. Recently, Denmark also reported EV-A71 association 
with HFMD and other complications such as meningitis, 
encephalitis and sepsis-like illness [59]. EV-A71-associ-
ated HFMD is not a major problem in the USA, with only a 
few reports published so far [60].

HFMD due to coxsackievirus A16

Coxsackievirus A16 was first isolated from South Africa 
in 1951 [61]. CV-A16 is another important HFMD agent, 
often circulating alternatively or together with EV-A71. 
Studies indicated that EV-A71 and CV-A16 coinfection 
increased the severity of the disease [62]. Usually, the dis-
ease associated with CV-A16 is mild, even though severe 
and complicated HFMD including neurological compli-
cations has been also reported globally [63–66]. Molecu-
lar epidemiology of CV-A16 has not been well described. 
CV-A16 has been classified into two genotypes [genotypes 
A and B] based on the VP1 nucleotide sequence. Genotype 
B was divided into B1 and B2 and again subdivided into 
B1a, B1b, B1c, B2a, B2b and B2c [62]. B1a and B1b have 
reported the predominant genotypes in mainland China and 
neighboring regions, including Taiwan, Japan, Vietnam, 
Thailand, Malaysia and Australia [67].

The first HFMD outbreak due to CV-A16 was reported 
in Toronto in 1957 [68]. Once again, mainland China is 
the most affected part of the world with more than ten out-
breaks of CV-A16 described since 1999 [62]. England and 
Wales faced a devastating impact of HFMD due to CV-A16 
in 1994 [69]. A larger and prolonged morbidity due to 
HFMD occurred in Taiwan spanning from the year 1999 
to 2006 [62]. Other outbreaks were reported in Australia, 
Thailand, Singapore, Vietnam, India and Japan [70–75].

HFMD due to emerging pathogens CV‑A6 
and CV‑A10

For many decades, HFMD surveillance mainly focused on 
EV-A71 and CV-A16, but recently CV-A10 and CV-A6 
emerged as important HFMD agents worldwide [8] 
(Table 1).

The first outbreak of CV-A6-associated HFMD was 
reported in Finland in 2008 [76]. Since then, other reports 
from Europe including France, the UK, Spain and Finland 
have been published [10, 12, 77–81].

Many CV-A6 cases have also been reported from the 
Asia–Pacific region where HFMD is a major public health 
concern, previously caused by EV-A71 and CV-A16. 
Indeed, several CV-A6 outbreaks have been noticed in 
China, India, Singapore, Taiwan, Japan, Thailand and Israel 

[7, 8, 25, 52, 74, 82–91]. Other parts of the world such 
as the USA, New Zealand and Cuba were also affected 
[92–96].

CV-A6 strains isolated from the Shenzhen epidemic, 
between 2008 and 2012, were classified into seven Clus-
ters; A–F. Predominant strains were D and C, which were 
the same strain responsible for other outbreaks around the 
world [97].

In a few patients, including children and adults, the CV-
A6-associated HFMD was atypical. The features presented 
as widespread exanthematous rashes, which can extend to 
the perioral region, buttocks, trunk, knees, elbows, dorsal 
and lateral surface of hands and feet and perianal area [12, 
25, 82, 83, 92, 98].

In addition, few more atypical clinical features have 
been frequently described including widespread mucocuta-
neous bullous reactions mimicking drug adverse reactions, 
vesiculobullous erosive eruption, severe vasculitis-like 
rash, rashes similar to eczema herpeticum or chickenpox, 
or rashes resembling primary immunobullous disease [14, 
81, 82, 96, 99]. Most of the CV-A6-related HFMD patients 
also presented onychomadesis (periodic shedding of the 
nails) a few weeks after the onset of the disease, followed 
by desquamation of palms and soles [7, 14, 92, 94, 100]. 
It can also present as a widespread papular or vesicular 
eruption with exacerbation in areas of dermatitis in atopic 
patients [79]. Severe complications such as aseptic menin-
gitis, encephalitis or other neurological complications, and 
epididymitis have been also associated with CV-A6-related 
HFMD [25, 87, 101].

The reasons behind this global emergence and these 
unusual presentations are still unclear. However, viral-spe-
cific factors and host factors may play a role [27]. Since the 
Finnish outbreak in 2008, all the CV-A6 strains reported 
throughout the world showed high sequence similarities, 
based on the VP1 region [25, 91, 99]. A detailed genetic 
analysis of the outbreak in Edinburgh revealed that CV-A6 
variants associated with atypical presentations (eczema 
herpeticum) were genetically distinct from those reported 
previously in Edinburg and worldwide. Authors found 
multiple recombinations between structural genes and 
other parts of the genome [27]. The emergence of recom-
binant CV-A6 has also been reported in China, where it 
was shown that recombinant CV-A6 can cause widespread 
lesions leading to severe disease, thereby acquiring a public 
health threat status [102]. Nevertheless, a global molecular 
study is needed to identify genetic variability in CV-A6, 
which can explain these atypical presentations.

CV-A10 is another enterovirus also considered as an 
emerging agent of HFMD [103]. Globally, the activity of 
CV-A10 is observed along with other enteroviruses such 
as CV-A6 and CV-B3 [8, 10, 104–106]. Circulating geno-
type of CV-A10 strain varies according to the geography 
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of the epidemic, although genotypes B and C were the 
most common genotype of CV-A10 isolated from mainland 
China during epidemics [97]. CV-A10 is usually associated 
with HFMD/herpangina and sometimes with post-HFMD 
onychomadesis [107]. It can also cause severe forms of 
HFMD [8].

In conclusion, the epidemiology of HFMD has consider-
ably changed over the last decade, with the emergence of 
new causative agents. Additionally, coinfection with mul-
tiple enteroviruses, recombination events and the lack of 
effective vaccination could explain the spread of the dis-
ease worldwide and the frequent atypical presentations. 
These unusual clinical features can lead to an incorrect 
diagnosis by the clinicians. Therefore, effective enterovirus 
detection and typing methods can be helpful to manage and 
prevent the disease. An enhanced worldwide epidemiologi-
cal and laboratory-based surveillance for HFMD is useful 
to predict the possible outbreak and thus prevent severity 
and complications.

Prevention and control

Currently, there is no pharmacological intervention or 
vaccine available for HFMD. The major point for preven-
tion and control is to block viral transmission and prevent 
severe complications and death. WHO’s guidelines on 
HFMD summarize the prevention and control measures 
into the following eight items: establishing and strength-
ening surveillance, conducting educational campaigns on 
good personal hygiene, providing assistance to childcare 
organizations during outbreaks, enhancing infection control 
measures in both healthcare facilities and the community, 
upgrading the equipment of severe disease’s medication 
and care, regional preparedness and response information 
exchange during outbreaks, establishing administrative 
framework beneficial to promoting prevention and control 
measures, evaluation and monitoring [1].

The development of vaccine or anti-virals against 
viruses could prove to be one of the effective ways to con-
trol and prevent HFMD [108–110]. Several vaccine-related 
researches are ongoing considering the impact of HFMD 
on public health.

Ongoing vaccine research on HFMD

Vaccine toward EV‑A71

Considering the public health significance of EV-A71, a 
wide range of experimental EV-A71 vaccine approaches 
have been studied including formaldehyde-inactivated 
virus, EV-A71 virus-like particles (VLP), VP1 recombinant 

protein, VP1 DNA vaccine, vaccine targeting the neutraliz-
ing domain, bacterial or viral vector expressing VP1, Vero 
cell-adapted live attenuated virus and passive immunization 
with sera from infected individuals [18, 97, 106, 111–116]. 
Among these, formalin-inactivated EV-A71 virus was 
found to be more immunogenic [97].

Research and development of the EV-A71 vaccine were 
carried out in several Asian countries. Based on the success 
of the inactivated poliovirus vaccine, five EV-A71-inacti-
vated vaccines have also entered into clinical trials. Among 
them, three companies in mainland China have completed 
phase III of the clinical trials and two other companies in 
Taiwan and Singapore have completed phase I of the clini-
cal trials [117–121]. The results from these clinical tri-
als have indicated the EV-A71 vaccine has a high level 
of safety and immunogenicity. Protective efficacies were 
over 90 % on EV-A71-associated HFMD and over 80 % 
on other EV-A71-associated diseases. Two vaccines have 
received regulatory approval for scaled-up manufacturing 
and marketing in China. The vaccine manufacturers are 
also working on developing a standard protocol to facilitate 
the comparison of the potency and immunogenicity of vac-
cine candidates [122].

Some of the major challenges for the EV-A71 vac-
cine are the cross-neutralizing ability of the EV-A71 vac-
cine and the selection of appropriate vaccine strain. The 
EV-A71 genotypes and subgenotypes share some common 
neutralizing epitopes. However, the degree of cross-neutral-
ization depends on the vaccine strain [17]. Moreover, intra- 
and intertypic recombination is increasingly reported in 
EV-A71, which may lead to the emergence of a novel geno-
type that can escape the current vaccine formulations [123].

Another challenge is the durability of neutralizing anti-
bodies induced by the EV-A71 vaccine. The recent clini-
cal trials showed that neutralizing antibody levels declined 
after 6 months. A booster injection 1 year after vaccination 
and a third dose at 18 months are highly recommended for 
long-lasting protection against EV-A71 [17].

Bivalent EV‑A71/CV‑A16 vaccine

A wide range of vaccine approach has been tried against 
coxsackievirus A16 infection, including infectious cDNA 
clone of CV-A16, inactivated whole virus vaccine and 
CV-A16 virus-Like particle [55, 124, 125]. Most studies 
succeeded in inducing neutralizing antibodies in experi-
mental animals.

Although a monovalent vaccine containing either 
EV-A71 or CV-A16 has a protective efficacy over 90 % 
for EV-A71-associated cases, a bivalent vaccine (EV-A71/
CV-A16) has a better chance and could be the preferred 
choice. This is considering the fact that an HFMD outbreak 
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can present association with either of the two viruses, 
EV-A71 or CV-A16. Moreover, there are reports support-
ing the efficacy of the bivalent vaccine in inducing strong 
neutralizing antibodies against both the viruses in animals 
[126]. However, one of the limitations of bivalent vaccine 
is that it failed to neutralize other HFMD agents such as 
CV-A6 and CV-A10.

Multivalent HFMD vaccine: between dream 
and reality

The idea of a multivalent vaccine is the current trend, and 
the component viruses of such a vaccine should likely be 
the ones circulating in the community. Therefore, these 
viruses which are commonly circulating may be considered 
as a constituent of the upcoming multivalent vaccine prepa-
rations. However, in future looking at the epidemiological 
trends of the HFMD causing viruses, several other multi-
valent vaccine preparations with varying virus composi-
tion can be thought of. During the last decade, most of the 
HFMD cases across the world are caused by the four major 
viruses: EV-A71, CV-A16, CV-A6 and CV-A10. Even 
though ongoing vaccine studies are promising, most cur-
rent strategies are targeted at only one/two viruses. Unfor-
tunately, as described above, a significant cross-protection 
was not observed between the viruses. Therefore, a global 
prevention strategy based on a multivalent vaccine, encom-
passing all these four viruses, should be introduced. How-
ever, several challenges confront the idea of an effective 
multivalent HFMD vaccine.

Epidemiological challenges

HFMD-related viruses include many genotypes and sub-
genotypes emerge over time with uneven global distribu-
tion. An ideal vaccine should protect against all the major 
genotypes and subgenotypes of each virus that consti-
tutes the vaccine formulation. The appropriate selection 
of strains to be included in a vaccine is crucial. Selection 
should be based on the current epidemiological informa-
tion available for each virus. For EV-A71, C4 strain could 
be the best candidate as it showed a high degree of cross-
neutralization against all major EV-A71 genotypes and 
subgenotypes in clinical trials [127]. In addition, C4 is a 
world prevalent EV-A71 genotype compared to other sub-
genotypes [2, 128, 129]. Preclinical trials with B genotype 
of coxsackievirus A16 elicited cross-neutralizing activity 
against genotypes A and B and could be a possible candi-
date for multivalent vaccine [130]. The detailed molecu-
lar epidemiological study is required to find the circulat-
ing genotype for CV-A6 and CV-A10. According to the 

current epidemiological surveillance data, CV-A6 –C/D 
and CV-A10 –B/C are possible candidates that could be 
incorporated in a multivalent vaccine.

However, global epidemiological influenza-like surveil-
lance could also probably be required in case of HFMD in 
order to update the changing trend, various recombination 
patterns and the emergence of new variants with more viru-
lence, toward identifying the most appropriate strains for 
vaccine formulation.

Technical challenges

In order to develop a global multivalent vaccine, it is nec-
essary to establish rapid diagnostic tool and typing meth-
ods to identify the HFMD strains circulating in different 
regions and countries. Moreover, international harmoniza-
tion of vaccine efficacy testing should also be implemented.

A technologically advanced platform for optimal virus 
antigen preparation needs to be established. In previous 
studies, an inactivated virus showed higher immunogenicity 
in monovalent EV-A71 and monovalent CV-A16 vaccine 
trials, whereas VLP-based system yielded a better response 
than an inactivated virus in EV-A71/CV-A16 bivalent vac-
cine trial without any risk of cross-antibody enhancement 
[131–133]. Large-scale production of an inactivated virus 
is more technically challenging and requires improvement 
in the manufacturing processes including production and 
downstream purification. The VLP-based strategy remains 
a good alternative, as successfully implemented for HPV or 
HBV vaccine [134].

An appropriate animal model for evaluating the vac-
cine potency is yet another challenge in the development 
of multivalent vaccine [17]. Several experimental murine 
and non-human primate models have been developed for 
HFMD vaccine research [135]. Each of these models has its 
own advantages and disadvantages. Several mouse models 
including neonatal suckling mice, virus adapted mice and 
immunodeficient mice have been used for both CV-A16 
and EV-A71, but they did not mimic the human infection 
[17, 130, 132, 135]. Non-human primate models including 
cynomolgus, rhesus and green monkeys are susceptible to 
EV-A71 infection. These species are not suitable for eval-
uating the neurovirulence and cardiopulmonary compli-
cations associated with HFMD. Moreover, ethical issues 
associated with these models should also be considered 
[17]. Recent research on a transgenic mouse model, carry-
ing the human SCARB2 receptor, showed promising result 
during evaluation of the EV-A71 and CV-A16 vaccine. 
However, CV-A6 and CV-A10 use SCARB2-independent 
pathway for infection [136]. In future, the transgenic sys-
tem could be a promising model for the multivalent vac-
cine, providing a detailed study on HEV–A receptors and 
coreceptors.
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Immunological challenges

The neutralizing antibody levels and duration of protection 
are critical in vaccine development. In phase III EV-A71 
vaccine clinical trials using a formaldehyde-inactivated 
virus, protection only lasted 6 months after two doses with 
antibody levels below 1/16 after this period [122]. No data 
are currently available for enterovirus VLP-based vac-
cine candidates. Even though VLP vaccines can be highly 
immunogenic as seen in HPV and HBV, the booster doses 
are still necessary for long-term protection [137]. An 
immunization strategy depending on the age and number of 
doses needs to be optimized. Approximately 50 % of neo-
nates have significant anti-EV-A71 antibody levels at birth, 
but the maternal protection declines rapidly after 6 months 
[138]. Therefore, the ideal age for vaccination should be on 
or before 6 months of age. Considering the duration of pro-
tection, the booster doses are necessary to cover the period 
of maximum HFMD incidence, i.e., between one and 
2 years of age. The vaccine might also be coadministered 
along with other pediatric vaccines such as diphtheria, teta-
nus, pertussis, poliovirus, hepatitis B, hemophilus influenza 
B. Studies are needed to understand whether coadministra-
tion of multivalent HFMD vaccine can alter the protection 
of these pediatric vaccines. However, clinical trials with 
EV-A71 candidate vaccine did not influence preexisting 
anti-CV-A16 or anti-polio antibody levels [117–119].

Economic aspects

Until recently, HFMD was a public health concern with 
high burden only in the Asia–Pacific region. Therefore, 
most of the efforts to develop a preventative solution were 
focused on that region. Currently, considering the emer-
gence of new HFMD agents such as CV-A6 and CV-A10, 
and particularly their worldwide spread, including western 
countries, this disease attracted more attention in terms of 
preventative strategies. However, the distribution of each 
HFMD agent is still uneven in different parts of the world 
and continues to change over time. In such situations, mon-
ovalent vaccines no longer seem effective in containing a 
disease with varied etiological associations, with a wider 
global presence. The development of multivalent HFMD 
vaccine could be an economically interesting opportunity 
for manufacturers since it can target a large market. With 
the enhancement of technologies in vaccine manufactur-
ing platforms, it is thought that multivalent HFMD vac-
cine could easily be cost-effective, and in the context of a 
scaled-up production, the cost per dose would be minimum 
[139, 140].

Even in developing countries, a cost-effective multiva-
lent vaccine is accessible, and with the partnership of inter-
national agencies such as the WHO, such vaccine should be 

included in the national immunization program in resource-
limited areas. With a global market extending beyond the 
Asia–Pacific region, the vaccine manufacturing companies 
will be more interested in investing, developing and mar-
keting HFMD vaccine.

Conclusion and perspective

Even after the successful eradication of poliovirus virtu-
ally from all countries in the world, the non-polio enter-
oviruses-related diseases such as HFMD continue to be 
a public health threat. HFMD can be associated with a 
higher morbidity rate and can lead to severe complica-
tions. This disease was earlier restricted mostly to the 
Asia–Pacific region but, currently, it is prevalent world-
wide, with the involvement of new enterovirus serotypes. 
Considering the severe complication associated with 
EV-A71, new available vaccine(s) against EV-A71 should 
be used and evaluated (impact on the reduction in severe 
cases) and a possible “replacement” by other enterovi-
ruses (causing severe HFMD) should be monitored over a 
couple of years.

Given the changing epidemiology of HFMD, a global 
solution focusing on a multivalent HFMD vaccine, 
designed to target the major viruses involved, should be the 
ultimate goal.

Some challenges need to be overcome, but there is hope 
in the direction of manufacturing and marketing of a mul-
tivalent HFMD vaccine. Governments and international 
health organizations should join their efforts with the vac-
cine industries to achieve this goal. Epidemiological sur-
veillance of HFMD viruses also needs to be strengthened 
to allow regular updates with regard to such a multivalent 
vaccine.

Acknowledgments This work has been supported by the Ministère 
de l’Éducation Nationale de la Recherche et de la Technologie, Uni-
versité de Lille 2 (Équipe d’accueil 3610) and Centre Hospitalier 
Régional et Universitaire de Lille, France. Aswathyraj SUSHAMA 
is a Ph.D. student under International Mobility Grant-2014 for Doc-
toral Students, the Partnership for Excellence between Lille 2 Univer-
sity, France, and Manipal University, India. Authors thank Dr. Babak 
Afrough (Senior Virologist, Virology and pathogenesis group, Public 
Health England, United Kingdom) and Dr. Piya Paul Mudgal (Assis-
tant Professor, Manipal Center for Virus Research, Manipal Uni-
versity, Manipal, India) for reading and editing the language of the 
manuscript.

References

 1. WPRO | A guide to clinical management and public health 
response for hand, foot and mouth disease (HFMD). In: WPRO. 
http://www.wpro.who.int/publications/PUB_9789290615255/
en/. Accessed 14 Sept 2015

http://www.wpro.who.int/publications/PUB_9789290615255/en/
http://www.wpro.who.int/publications/PUB_9789290615255/en/


404 Med Microbiol Immunol (2016) 205:397–407

1 3

 2. Solomon T, Lewthwaite P, Perera D et al (2010) Virology, epi-
demiology, pathogenesis, and control of enterovirus 71. Lancet 
Infect Dis 10:778–790

 3. King AMQ, Adams MJ, Lefkowitz EJ (2011) Virus taxonomy: 
classification and nomenclature of viruses. In: Ninth report of 
the international committee on taxonomy of viruses. Elsevier, 
Amsterdam

 4. Tapparel C, Siegrist F, Petty TJ, Kaiser L (2013) Picornavirus 
and enterovirus diversity with associated human diseases. Infect 
Genet Evol 14:282–293

 5. Wang JF, Guo Y-S, Christakos G et al (2011) Hand, foot and 
mouth disease: spatiotemporal transmission and climate. Int J 
Health Geogr 10:1–10

 6. Wu Y, Yeo A, Phoon MC et al (2010) The largest outbreak of 
hand; foot and mouth disease in Singapore in 2008: the role 
of enterovirus 71 and coxsackievirus A strains. Int J Infect Dis 
14:e1076–e1081

 7. Wei S-H, Huang Y-P, Liu M-C et al (2011) An outbreak of 
coxsackievirus A6 hand, foot and mouth disease associated 
with onychomadesis in Taiwan, 2010. BMC Infect Dis 11:346. 
doi:10.1186/1471-2334-11-346

 8. Lu Q-B, Zhang X-A, Wo Y et al (2012) Circulation of coxsacki-
evirus A10 and A6 in hand-foot-mouth disease in China, 2009–
2011. PLoS One 7:e52073

 9. Bian L, Wang Y, Yao X et al (2015) Coxsackievirus A6: a new 
emerging pathogen causing hand, foot and mouth disease out-
breaks worldwide. Expert Rev Anti Infect Ther 13:1061–1071. 
doi:10.1586/14787210.2015.1058156

 10. Mirand A, Henquell C, Archimbaud C et al (2012) Outbreak of 
hand, foot and mouth disease/herpangina associated with cox-
sackievirus A6 and A10 infections in 2010, France: a large city-
wide, prospective observational study. Clin Microbiol Infect 
18:E110–E118

 11. Keawcharoen J (2012) Hand, foot, and mouth disease. Thai J 
Vet Med 42:255–257

 12. Hubiche T, Schuffenecker I, Boralevi F et al (2014) Dermato-
logical spectrum of hand, foot and mouth disease from classical 
to generalized exanthema. Pediatr Infect Dis J 33:e92–e98

 13. Chen K-T, Lee T-C, Chang H-L et al (2008) Human enterovirus 
71 disease: clinical features, epidemiology, virology, and man-
agement. Open Epidemiol J 1:10–16

 14. Feder HM, Bennett N, Modlin JF (2014) Atypical hand, foot, 
and mouth disease: a vesiculobullous eruption caused by cox-
sackievirus A6. Lancet Infect Dis 14:83–86

 15. Chang L-Y, Lin T-Y, Hsu K-H et al (1999) Clinical features and 
risk factors of pulmonary oedema after enterovirus-71-related 
hand, foot, and mouth disease. Lancet 354:1682–1686

 16. Lee DS, Lee YI, Ahn JB et al (2015) Massive pulmonary hem-
orrhage in enterovirus 71-infected hand, foot, and mouth dis-
ease. Korean J Pediatr 58:112–115

 17. Liu C-C, Chow Y-H, Chong P, Klein M (2014) Prospect and 
challenges for the development of multivalent vaccines against 
hand, foot and mouth diseases. Vaccine 32:6177–6182

 18. Li L, Yin H, An Z, Feng Z (2015) Considerations for developing 
an immunization strategy with enterovirus 71 vaccine. Vaccine 
33:1107–1112

 19. Shimizu H, Nakashima K (2014) Surveillance of hand, 
foot, and mouth disease for a vaccine. Lancet Infect Dis 
14:262–263

 20. Tan CW, Lai JK, Sam I-C, Chan YF (2014) Recent develop-
ments in antiviral agents against enterovirus 71 infection. J 
Biomed Sci 21:14

 21. Tan CW, Chan YF, Sim KM et al (2012) Inhibition of enterovi-
rus 71 (EV-71) infections by a novel antiviral peptide derived 
from EV-71 capsid protein VP1. PLoS One 7:e34589

 22. Seddon JH, Duff MF (1971) Hand-foot-and-mouth disease: 
coxsackievirus types A5, A10, and A16 infections. N Z Med J 
74:368–373

 23. McMinn PC (2003) Enterovirus 71 in the Asia-Pacific region: 
an emerging cause of acute neurological disease in young chil-
dren. Neurol J Southeast Asia 8:57–63

 24. Xing W, Liao Q, Viboud C et al (2014) Epidemiological 
characteristics of hand-foot-and-mouth disease in China, 
2008–2012. Lancet Infect Dis 14:308–318. doi:10.1016/
S1473-3099(13)70342-6

 25. Fujimoto T, Iizuka S, Enomoto M et al (2012) Hand, Foot, 
and mouth disease caused by coxsackievirus A6, Japan, 2011. 
Emerg Infect Dis 18:337–339

 26. Guan H, Wang J, Wang C et al (2015) Etiology of multiple non-
ev71 and non-cva16 enteroviruses associated with hand, foot 
and mouth disease in Jinan, China, 2009—June 2013. PLoS 
One 10:e0142733. doi:10.1371/journal.pone.0142733

 27. Gaunt E, Harvala H, Österback R et al (2015) Genetic characteri-
zation of human coxsackievirus A6 variants associated with atyp-
ical hand, foot and mouth disease: a potential role of recombina-
tion in emergence and pathogenicity. J Gen Virol 96:1067–1079

 28. Chu S-C, Wang E-T, Liu D-P (2013) A review of prevention 
and control for enterovirus infections in Asia. Epidemiol Bull 
29:101–117

 29. Ishimaru Y, Nakano S, Yamaoka K, Takami S (1980) Outbreaks 
of hand, foot, and mouth disease by enterovirus 71. High inci-
dence of complication disorders of central nervous system. 
Arch Dis Child 55:583–588

 30. McMinn PC (2012) Recent advances in the molecular epidemi-
ology and control of human enterovirus 71 infection. Curr Opin 
Virol 2:199–205

 31. Sabanathan S, Thwaites L, Wills B et al (2014) Enterovirus 71 
related severe hand, foot and mouth disease outbreaks in South-
East Asia: current situation and ongoing challenges. J Epide-
miol Community Health 68:500–502

 32. van der Sanden S, Koopmans M, Uslu G et al (2009) Epidemi-
ology of enterovirus 71 in the Netherlands, 1963–2008. J Clin 
Microbiol 47:2826–2833

 33. Merovitz L, Demers AM, Newby D, McDonald J (2000) Enter-
ovirus 71 infections at a Canadian center. Pediatr Infect Dis J 
19:755–757

 34. Pérez-Vélez CM, Anderson MS, Robinson CC et al (2007) 
Outbreak of neurologic enterovirus type 71 disease: a diag-
nostic challenge. Clin Infect Dis Off Publ Infect Dis Soc Am 
45:950–957

 35. Bible JM, Iturriza-Gomara M, Megson B et al (2008) Molecular 
epidemiology of human enterovirus 71 in the United Kingdom 
from 1998 to 2006. J Clin Microbiol 46:3192–3200

 36. Brown BA, Oberste MS, Alexander JP et al (1999) Molecular 
epidemiology and evolution of enterovirus 71 strains isolated 
from 1970 to 1998. J Virol 73:9969–9975

 37. Yip CCY, Lau SKP, Woo PCY, Yuen K-Y (2013) Human enter-
ovirus 71 epidemics: what’s next? Emerg Health Threats J. 
doi:10.3402/ehtj.v6i0.19780

 38. Bessaud M, Razafindratsimandresy R, Nougairède A et al 
(2014) Molecular comparison and evolutionary analyses of vp1 
nucleotide sequences of new African human enterovirus 71 iso-
lates reveal a wide genetic diversity. PLoS One 9:e90624

 39. Huang S-W, Cheng H-L, Hsieh H-Y et al (2014) Mutations in 
the non-structural protein region contribute to intra-genotypic 
evolution of enterovirus 71. J Biomed Sci 21:33

 40. Liu W, Wu S, Xiong Y et al (2014) Co-circulation and genomic 
recombination of coxsackievirus A16 and enterovirus 71 dur-
ing a large outbreak of hand, foot, and mouth disease in central 
China. PLoS One 9:e96051

http://dx.doi.org/10.1186/1471-2334-11-346
http://dx.doi.org/10.1586/14787210.2015.1058156
http://dx.doi.org/10.1016/S1473-3099(13)70342-6
http://dx.doi.org/10.1016/S1473-3099(13)70342-6
http://dx.doi.org/10.1371/journal.pone.0142733
http://dx.doi.org/10.3402/ehtj.v6i0.19780


405Med Microbiol Immunol (2016) 205:397–407 

1 3

 41. Chonmaitree T, Menegus MA, Schervish-Swierkosz EM, 
Schwalenstocker E (1981) Enterovirus 71 infection: report of an 
outbreak with two cases of paralysis and a review of the litera-
ture. Pediatrics 67:489–493

 42. Chumakov M, Voroshilova M, Shindarov L et al (1979) Entero-
virus 71 isolated from cases of epidemic poliomyelitis-like dis-
ease in Bulgaria. Arch Virol 60:329–340

 43. Hayward JC, Gillespie SM, Kaplan KM et al (1989) Outbreak 
of poliomyelitis-like paralysis associated with enterovirus 71. 
Pediatr Infect Dis J 8:611–615

 44. Ho M (2000) Enterovirus 71: the virus, its infections and out-
breaks. J Microbiol Immunol Infect Wei Mian Yu Gan Ran Za 
Zhi 33:205–216

 45. Kennett ML, Birch CJ, Lewis FA et al (1974) Enterovirus type 
71 infection in Melbourne. Bull World Health Organ 51:609

 46. Melnick JL (1984) Enterovirus type 71 infections: a varied clin-
ical pattern sometimes mimicking paralytic poliomyelitis. Rev 
Infect Dis 6:S387–S390

 47. Bible JM, Pantelidis P, Chan PKS, Tong CYW (2007) Genetic 
evolution of enterovirus 71: epidemiological and pathological 
implications. Rev Med Virol 17:371–379. doi:10.1002/rmv.538

 48. Tan X, Huang X, Zhu S et al (2011) The persistent circulation 
of enterovirus 71 in People’s Republic of China: causing emerg-
ing nationwide epidemics since 2008. PLoS One 6:e25662

 49. Liu C-C, Tseng H-W, Wang S-M et al (2000) An outbreak of 
enterovirus 71 infection in Taiwan, 1998: epidemiologic and 
clinical manifestations. J Clin Virol 17:23–30

 50. McMinn PC (2002) An overview of the evolution of enterovirus 
71 and its clinical and public health significance. FEMS Micro-
biol Rev 26:91–107

 51. Chang L-Y (2008) Enterovirus 71 in Taiwan. Pediatr Neonatol 
49:103–112

 52. Chen K-T, Chang H-L, Wang S-T et al (2007) Epidemio-
logic features of hand-foot-mouth disease and herpangina 
caused by enterovirus 71 in Taiwan, 1998–2005. Pediatrics 
120:e244–e252

 53. Chong C-Y, Chan K-P, Shah VA et al (2003) Hand, foot and 
mouth disease in Singapore: a comparison of fatal and non-fatal 
cases. Acta Paediatr 92:1163–1169

 54. Chua KB, Kasri AR (2011) Hand foot and mouth disease due to 
enterovirus 71 in Malaysia. Virol Sin 26:221–228. doi:10.1007/
s12250-011-3195-8

 55. Liu C-C, Chou A-H, Lien S-P et al (2011) Identification and 
characterization of a cross-neutralization epitope of enterovirus 
71. Vaccine 29:4362–4372

 56. Xu J, Qian Y, Wang S et al (2010) EV71: an emerging infectious 
disease vaccine target in the far east? Vaccine 28:3516–3521

 57. Zander A, Britton PN, Navin T et al (2014) An outbreak of 
enterovirus 71 infection in metropolitan Sydney: enhanced sur-
veillance and lessons learnt. Med J Aust 201:663–666

 58. Nagy G, Takátsy S, Kukán E et al (1982) Virological diagnosis 
of enterovirus type 71 infections: experiences gained during an 
epidemic of acute CNS diseases in Hungary in 1978. Arch Virol 
71:217–227

 59. Fischer TK, Nielsen AY, Sydenham TV et al (2014) Emergence 
of enterovirus 71 C4a in Denmark, 2009–2013. Euro Surveill 
19:20911

 60. Hsiung GD, Wang JR (2000) Enterovirus infections with spe-
cial reference to enterovirus 71. J Microbiol Immunol Infect 
Wei Mian Yu Gan Ran Za Zhi 33:1–8

 61. Sickles GM, Mutterer M, Feorino P, Plager H (1955) Recently 
classified types of coxsackievirus, group A. Behavior in tissue 
culture. Exp Biol Med 90:529–531

 62. Mao Q, Wang Y, Yao X et al (2014) Coxsackievirus A16: epi-
demiology, diagnosis, and vaccine. Hum Vaccines Immunother 
10:360–367

 63. François Legay NL (2007) Fatal coxsackievirus A-16 pneumo-
nitis in adult. Emerg Infect Dis 13:1084–1086

 64. Harry T, Wright BHL (1963) Fatal infection in an infant asso-
ciated with coxsackievirus group A, type 16. N Engl J Med 
268:1041–1044

 65. Wang C-Y, Li LuF, Wu M-H et al (2004) Fatal coxsackievirus 
A16 infection. Pediatr Infect Dis J 23:275–276

 66. Xu W, Liu C, Yan L et al (2012) Distribution of enteroviruses 
in hospitalized children with hand, foot and mouth disease and 
relationship between pathogens and nervous system complica-
tions. Virol J 9:1

 67. Sun T, Liu Y, Zhang Y, Zhou L (2014) Molecular phylogeny of 
coxsackievirus A16. J Clin Microbiol 52:3829–3830

 68. Robinson CR, Doane FW, Rhodes AJ (1958) Report of an out-
break of febrile illness with pharyngeal lesions and exanthem: 
Toronto, summer 1957—isolation of group A coxsackievirus. 
Can Med Assoc J 79:615

 69. Bendig JW, Fleming DM (1996) Epidemiological, virological, 
and clinical features of an epidemic of hand, foot, and mouth 
disease in England and Wales. Commun Dis Rep CDR Rev 
6:R81–R86

 70. Ang LW, Koh BK, Chan KP et al (2009) Epidemiology and 
control of hand, foot and mouth disease in Singapore. Ann Acad 
Med Singap 38:106–112

 71. Ferson MJ, Bell SM (1991) Outbreak of coxsackievirus A16 
hand, foot, and mouth disease in a child day-care center. Am J 
Public Health 81:1675

 72. Iwai M, Masaki A, Hasegawa S et al (2009) Genetic changes of 
coxsackievirus A16 and enterovirus 71 isolated from hand, foot, 
and mouth disease patients in Toyama, Japan between 1981 and 
2007. Jpn J Infect Dis 62:254–259

 73. Kar BR, Dwibedi B, Kar SK (2013) An outbreak of hand, foot 
and mouth disease in Bhubaneswar, Odisha. Indian Pediatr 
50:139–142

 74. Puenpa J, Theamboonlers A, Korkong S et al (2011) Molecular 
characterization and complete genome analysis of human enter-
ovirus 71 and coxsackievirus A16 from children with hand, foot 
and mouth disease in Thailand during 2008–2011. Arch Virol 
156:2007–2013

 75. Van Tu P, Thao NTT, Perera D et al (2007) Epidemiologic and 
virologic investigation of hand, foot, and mouth disease, south-
ern Vietnam, 2005. Emerg Infect Dis 13:1733–1741

 76. Osterback R, Vuorinen T, Linna M et al (2009) Coxsackievirus 
A6 and hand, foot, and mouth disease, Finland. Emerg Infect 
Dis 15:1485–1488

 77. Blomqvist S, Klemola P, Kaijalainen S et al (2010) Co-circula-
tion of coxsackieviruses A6 and A10 in hand, foot and mouth 
disease outbreak in Finland. J Clin Virol 48:49–54

 78. Cabrerizo M, Tarrago D, Muñoz-Almagro C et al (2014) 
Molecular epidemiology of enterovirus 71, coxsackievirus A16 
and A6 associated with hand, foot and mouth disease in Spain. 
Clin Microbiol Infect 20:O150–O156

 79. Lynch MD, Sears A, Cookson H, et al. (2015) Disseminated 
coxsackievirus A6 affecting children with atopic dermatitis. 
Clin Exp Dermatol 40(5):525–528

 80. Montes M, Artieda J, Piñeiro LD et al (2013) Hand, foot, and 
mouth disease outbreak and coxsackievirus A6, northern Spain, 
2011. Emerg Infect Dis 19:676

 81. Sinclair C, Gaunt E, Simmonds P et al (2014) Atypical hand, 
foot, and mouth disease associated with coxsackievirus A6 
infection, Edinburgh, United Kingdom, January–February 
2014. Euro Surveill Bull Eur Sur Mal Transm Eur Commun Dis 
Bull 19:20745

 82. Ben-Chetrit E, Wiener-Well Y, Shulman LM et al (2014) Cox-
sackievirus A6-related hand foot and mouth disease: skin mani-
festations in a cluster of adult patients. J Clin Virol 59:201–203

http://dx.doi.org/10.1002/rmv.538
http://dx.doi.org/10.1007/s12250-011-3195-8
http://dx.doi.org/10.1007/s12250-011-3195-8


406 Med Microbiol Immunol (2016) 205:397–407

1 3

 83. Di B, Zhang Y, Xie H et al (2014) Circulation of coxsackievi-
rus A6 in hand-foot-mouth disease in Guangzhou, 2010–2012. 
Virol J 11:157

 84. Gopalkrishna V, Patil PR, Patil GP, Chitambar SD (2012) Circu-
lation of multiple enterovirus serotypes causing hand, foot and 
mouth disease in India. J Med Microbiol 61:420–425

 85. Han J-F, Xu S, Zhang Y et al (2014) Hand, foot, and mouth 
disease outbreak caused by coxsackievirus A6, China, 2013. J 
Infect 3:303–305

 86. Hongyan G, Chengjie M, Qiaozhi Y et al (2014) Hand, foot 
and mouth disease caused by coxsackievirus A6, Beijing, 2013. 
Pediatr Infect Dis J 33:1302–1303

 87. Lo S-H, Huang Y-C, Huang C-G et al (2011) Clinical and epi-
demiologic features of coxsackievirus A6 infection in children 
in northern Taiwan between 2004 and 2009. J Microbiol Immu-
nol Infect 44:252–257

 88. Wu Y, Yeo A, Phoon MC et al (2010) The largest outbreak of 
hand; foot and mouth disease in Singapore in 2008: the role 
of enterovirus 71 and coxsackievirus A strains. Int J Infect Dis 
14:e1076–e1081

 89. Yang F, Yuan J, Wang X, et al (2014) Severe hand, foot and 
mouth disease and coxsackievirus A6—Shenzhen, China. Clin 
Infect Dis 624

 90. Zeng H, Lu J, Zheng H et al (2015) The epidemiological study 
of coxsackievirus A6 revealing hand, foot and mouth disease 
epidemic patterns in Guangdong, China. Sci Rep 5:10550

 91. Zha J, Ma Z (2015) Epidemiological and genetic analysis con-
cerning the coxsackievirus A6 related endemic outbreak of 
hand-foot-mouth disease in Taizhou, China, during 2013. J Med 
Virol 87(12):2000–2008

 92. Downing C, Ramirez-Fort MK, Doan HQ et al (2014) Cox-
sackievirus A6 associated hand, foot and mouth disease in 
adults: clinical presentation and review of the literature. J Clin 
Virol Off Publ Pan Am Soc Clin Virol 60:381–386

 93. Fonseca MC, Sarmiento L, Resik S et al (2014) Coxsackievirus 
A6 and enterovirus 71 causing hand, foot and mouth disease in 
Cuba, 2011–2013. Arch Virol 159:2451–2455

 94. Hayman R, Shepherd M, Tarring C, Best E (2014) Outbreak of 
variant hand-foot-and-mouth disease caused by coxsackievirus A6 
in Auckland, New Zealand. J Paediatr Child Health 50:751–755

 95. Lott JP, Liu K, Landry M-L et al (2013) Atypical hand-foot-
and-mouth disease associated with coxsackievirus A6 infection. 
J Am Acad Dermatol 69:736–741

 96. Mathes EF, Oza V, Frieden IJ et al (2013) “Eczema coxsack-
ium” and unusual cutaneous findings in an enterovirus out-
break. Pediatrics 132:e149–e157

 97. Klein M, Chong P (2015) Is a multivalent hand, foot and 
mouth disease vaccine feasible? Hum Vaccines Immunother 
11(11):2688–2704

 98. Puenpa J, Chieochansin T, Linsuwanon P et al (2013) Hand, 
foot, and mouth disease caused by coxsackievirus A6, Thailand, 
2012. Emerg Infect Dis 19:641

 99. Chung W-H, Shih S-R, Chang C-F et al (2013) Clinicopatho-
logic analysis of coxsackievirus A6 new variant induced wide-
spread mucocutaneous bullous reactions mimicking severe 
cutaneous adverse reactions. J Infect Dis 208:1968–1978

 100. Chong JH, Aan MKJ (2014) An atypical dermatologic presen-
tation of a child with hand, foot and mouth disease caused by 
coxsackievirus A6. Pediatr Infect Dis J 33:889

 101. Vuorinen T, Österback R, Kuisma J, Ylipalosaari P (2014) 
Epididymitis caused by coxsackievirus A6 in association with 
hand, foot, and mouth disease. J Clin Microbiol 52:4412–4413

 102. Feng X, Guan W, Guo Y et al (2015) A novel recombinant line-
age’s contribution to the outbreak of coxsackievirus A6-associ-
ated hand, foot and mouth disease in Shanghai, China, 2012–
2013. Sci. Rep. 5:11700

 103. Yang Q, Ding J, Cao J et al (2015) Epidemiological and etiolog-
ical characteristics of hand, foot, and mouth disease in Wuhan, 
China from 2012 to 2013: outbreaks of coxsackieviruses A10. J 
Med Virol 87:954–960

 104. Bracho MA, González-Candelas F, Valero A et al (2011) Enter-
ovirus co-infections and onychomadesis after hand, foot, and 
mouth disease, Spain, 2008. Emerg Infect Dis 17:2223–2231

 105. He Y-Q, Chen L, Xu W-B et al (2013) Emergence, circulation, 
and spatiotemporal phylogenetic analysis of coxsackievirus A6- 
and coxsackievirus A10-associated hand, foot, and mouth dis-
ease infections from 2008 to 2012 in Shenzhen, China. J Clin 
Microbiol 51:3560–3566

 106. Tian H, Zhang Y, Sun Q et al (2014) Prevalence of multi-
ple enteroviruses associated with hand, foot, and mouth dis-
ease in Shijiazhuang city, Hebei province, China: outbreaks 
of coxsackieviruses A10 and B3. Plos One 9(1):e84233. 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3879295/pdf/
pone.0084233.pdf

 107. Davia JL, Bel PH, Ninet VZ et al (2011) Onychomadesis out-
break in Valencia, Spain associated with hand, foot, and mouth 
disease caused by enteroviruses. Pediatr Dermatol 28:1–5

 108. Chen X, Wang C, Xu L et al (2013) A laboratory evaluation of 
medicinal herbs used in China for the treatment of hand, foot, 
and mouth disease, a laboratory evaluation of medicinal herbs 
used in China for the treatment of hand, foot, and mouth dis-
ease. Evid-Based Complement Altern Med Evid-Based Com-
plement Altern Med 2013:e504563

 109. Shelley WB, Hashim M, Shelley ED (1996) Acyclovir in the 
treatment of hand-foot-and-mouth disease. Cutis 57:232–234

 110. Chen T-C, Weng K-F, Chang S-C et al (2008) Development 
of antiviral agents for enteroviruses. J Antimicrob Chemother 
62:1169–1173

 111. Chiu C-H, Chu C, He C-C, Lin T-Y (2006) Protection of neonatal 
mice from lethal enterovirus 71 infection by maternal immuni-
zation with attenuated Salmonella enterica serovar typhimurium 
expressing VP1 of enterovirus 71. Microbes Infect 8:1671–1678

 112. Lin Y-C, Wu C-N, Shih S-R, Ho M-S (2002) Characterization 
of a vero cell-adapted virulent strain of enterovirus 71 suitable 
for use as a vaccine candidate. Vaccine 20:2485–2493

 113. Tung WS, Bakar SA, Sekawi Z, Rosli R (2007) DNA vaccine 
constructs against enterovirus 71 elicit immune response in 
mice. Genet Vaccines Ther 5:1–13

 114. Wang M, Jiang S, Wang Y (2013) Recombinant VP1 pro-
tein expressed in Pichia pastoris induces protective immune 
responses against EV71 in mice. Biochem Biophys Res Com-
mun 430:387–393

 115. Wu C-N, Lin Y-C, Fann C et al (2001) Protection against lethal 
enterovirus 71 infection in newborn mice by passive immuniza-
tion with subunit VP1 vaccines and inactivated virus. Vaccine 
20:895–904

 116. Yu Z, Huang Z, Sao C et al (2013) Oral immunization of mice 
using Bifidobacterium longum expressing VP1 protein from 
enterovirus 71. Arch Virol 158:1071–1077

 117. Zhu F, Xu W, Xia J et al (2014) Efficacy, safety, and immuno-
genicity of an enterovirus 71 vaccine in China. N Engl J Med 
370:818–828

 118. Zhu F-C, Meng F-Y, Li J-X et al (2013) Efficacy, safety, and 
immunology of an inactivated alum-adjuvant enterovirus 71 
vaccine in children in China: a multicentre, randomised, dou-
ble-blind, placebo-controlled, phase 3 trial. Lancet Lond Engl 
381:2024–2032

 119. Li R, Liu L, Mo Z et al (2014) An inactivated enterovirus 71 
vaccine in healthy children. N Engl J Med 370:829–837

 120. Hwa S-H, Lee YA, Brewoo JN et al (2013) Preclinical evalua-
tion of the immunogenicity and safety of an inactivated entero-
virus 71 candidate vaccine. PLoS Negl Trop Dis 7:e2538

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3879295/pdf/pone.0084233.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3879295/pdf/pone.0084233.pdf


407Med Microbiol Immunol (2016) 205:397–407 

1 3

 121. Cheng A, Fung C-P, Liu C-C et al (2013) A Phase I, rand-
omized, open-label study to evaluate the safety and immuno-
genicity of an enterovirus 71 vaccine. Vaccine 31:2471–2476

 122. Reed Z, Cardosa MJ Status of research and development 
of vaccines for enterovirus 71. Vaccine. doi: 10.1016/j.
vaccine.2016.02.077

 123. Yip CC, Lau SK, Lo JY et al (2013) Genetic characterization 
of EV71 isolates from 2004 to 2010 reveals predominance and 
persistent circulation of the newly proposed genotype D and 
recent emergence of a distinct lineage of subgenotype C2 in 
Hong Kong. Virol J 10:422X

 124. Cai Y, Liu Q, Huang X et al (2013) Active immunization with 
a coxsackievirus A16 experimental inactivated vaccine induces 
neutralizing antibodies and protects mice against lethal infec-
tion. Vaccine 31:2215–2221

 125. Liu F, Wu X, Li L et al (2013) Use of baculovirus expression 
system for generation of virus-like particles: successes and 
challenges. Protein Expr Purif 90:104–116

 126. Ku Z, Liu Q, Ye X et al (2014) A virus-like particle based biva-
lent vaccine confers dual protection against enterovirus 71 and 
coxsackievirus A16 infections in mice. Vaccine 32:4296–4303

 127. Liang Z, Wang J (2014) EV71 vaccine, an invaluable gift for 
children. Clin Transl Immunol 3:e28

 128. Schuffenecker I, Henquell C, Mirand A et al (2014) New intro-
ductions of enterovirus 71 subgenogroup c4 strains, France, 
2012. Emerg Infect Dis 20:1343–1346

 129. Zhang Y, Tan X, Cui A et al (2013) Complete genome analysis 
of the C4 subgenotype strains of enterovirus 71: predominant 
recombination C4 viruses persistently circulating in China for 
14 years. PLoS One 8:e56341

 130. Yang E, Cheng C, Zhang Y et al (2014) Comparative study of 
the immunogenicity in mice and monkeys of an inactivated 
CA16 vaccine made from a human diploid cell line. Hum Vac-
cines Immunother 10:1266–1273

 131. Chen XP, Tan XJ, Zhang Y, Xu WB (2014) Immunoprotective 
effect of inactivated coxsackievirus A16 vaccine in mice. Bing 

Xue Bao Chin J Virol Ji Bing Xue Bao Bian Ji Wei Yuan Hui 
30:226–232

 132. Mao Q, Wang Y, Gao R et al (2012) A neonatal mouse 
model of coxsackievirus A16 for vaccine evaluation. J Virol 
86:11967–11976

 133. Sun S, Jiang L, Liang Z et al (2014) Evaluation of monova-
lent and bivalent vaccines against lethal enterovirus 71 and 
coxsackievirus A16 infection in newborn mice. Hum Vaccines 
Immunother 10:2885–2895

 134. Roldão A, Mellado MCM, Castilho LR, et al (2010) Virus-
like particles in vaccine development. Expert Rev Vaccine 
9(10):1149–1176

 135. Wang Y-F, Yu C-K et al (2014) Animal models of enterovirus 71 
infection: applications and limitations. J Biomed Sci 21:31–41

 136. Yamayoshi S, Iizuka S, Yamashita T et al (2012) Human 
SCARB2-dependent infection by coxsackievirus A7, A14, and 
A16 and enterovirus 71. J Virol 86:5686–5696

 137. Chroboczek J, Szurgot I, Szolajska E (2014) Virus-like particles 
as vaccine. Acta Biochim Pol 61:531–539

 138. Luo S-T, Chiang P-S, Chao A-S et al (2009) Enterovirus 71 
maternal antibodies in infants. Taiwan. Emerg Infect Dis 15:581

 139. Chong P, Liu C-C, Chow Y-H et al (2015) Review of enterovi-
rus 71 vaccines. Clin Infect Dis 60:797–803

 140. Lee BY, Wateska AR, Bailey RR et al (2010) Forecasting the 
economic value of an enterovirus 71 (EV71) vaccine. Vaccine 
28:7731–7736

 141. Chen Y-J, Chang S-C, Tsao K-C et al (2012) Comparative 
genomic analysis of coxsackievirus A6 strains of different clini-
cal disease entities. PLoS One 7:e52432

 142. Centers for Disease Control and Prevention (CDC) (2012) 
Notes from the field: severe hand, foot, and mouth disease 
associated with coxsackievirus A6-Alabama, Connecticut, Cali-
fornia, and Nevada, November 2011–February 2012. MMWR 
Morb Mortal Wkly Rep 61:213

http://dx.doi.org/10.1016/j.vaccine.2016.02.077
http://dx.doi.org/10.1016/j.vaccine.2016.02.077

	Hand, foot and mouth disease (HFMD): emerging epidemiology and the need for a vaccine strategy
	Abstract 
	Introduction
	Epidemiology
	EV-A71-related HFMD
	HFMD due to coxsackievirus A16
	HFMD due to emerging pathogens CV-A6 and CV-A10
	Prevention and control
	Ongoing vaccine research on HFMD
	Vaccine toward EV-A71

	Bivalent EV-A71CV-A16 vaccine
	Multivalent HFMD vaccine: between dream and reality
	Epidemiological challenges
	Technical challenges
	Immunological challenges
	Economic aspects

	Conclusion and perspective
	Acknowledgments 
	References


