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Abstract

Enterovirus 71 (EV71), an emerging neurotropic virus and coxsackieviruses (CV) are the major causative agents of hand, foot and mouth diseases (HFMD). These viruses have become a serious public health threat in the Asia Pacific region. Formalin-inactivated EV71 (FI-EV71) vaccines have been developed, evaluated in human clinical trials and were found to elicit full protection against EV71. Their failure to prevent CVA16 infections could compromise the acceptability of monovalent EV71 vaccines. Bivalent FI-EV71/FI-CVA16 vaccines have been found to elicit strong neutralizing antibody responses against both viruses in animal models but did not protect against CVA6 and CVA10 viral infections in cell culture neutralization assay. In this review, we discuss the critical bottlenecks in the development of multivalent HFMD vaccines, including the selection of vaccine strains, animal models to assess vaccine potency, the definition of end-points for efficacy trials, and the need for improved manufacturing processes to produce affordable vaccines. 

Introduction

Hand, foot and mouth disease (HFMD) is a self-limiting infection characterized by vesicular exanthema of the hands, feet, mouth and buttocks caused by human enterovirus (HEV-A/B) infections of infants and young children. However, coxsackievirus (CV) and Enterovirus 71 (EV71) infections have been associated with severe clinical complications and have become a major public health problem across the Asia-Pacific region [1-3]. Clinical manifestations of HFMD caused by HEV-A viruses are indistinguishable. However, EV71 is a neuroinvasive virus responsible for herpangina, aseptic meningitis, cerebella ataxia, poliomyelitis-like paralysis, acute encephalomyelitis, cardiopulmonary failure and death.  Furthermore, EV71 infections expose to the risk of long-term impairment of neurological development and cognitive functions [1-4].  CVA16 infections that are usually mild can also lead to severe hyper angina, and major neurological complications and fatal outcomes [5]. Although outbreaks of EV71 and CVA16 may alternate, these two viruses often co-circulate [5, 6]. 
EV71 and coxsackieviruses are non-enveloped RNA viruses of the Piconaviridae family. The viral particles contain a single positive-sense RNA molecule and four capsid proteins VP1, VP2, VP3 and VP4 [2]. VP1 has often been used for EV71 molecular genotyping and epidemiological monitoring. EV71 were originally classified into three genotypes A, B, and C, and further subdivided into B1-B5 and C1-C5 subgenotypes [1-3]. B5 and C4 isolates were recently identified during epidemics in Malaysia, Singapore, Taiwan, Thailand and China [7-8]. However, Bessaud et al., [9] using genetic distance analysis and phylogenetic investigations compared 3,346 VP1 nucleotide sequences from GenBank with those of EV71 isolated from recent HFMD outbreaks in Africa. They found that some these recently-reported isolates did not fall into genotypes A-C but clustered into three additional groups, including one Indian genotype D and 2 African genotypes E and F. Their results reveal a wide genetic diversity of EV71 and suggest that the number of circulating genotypes might be underestimated particularly in developing countries where EV71 epidemiology has been poorly studied. Based on molecular epidemiology surveillance in Japan, Singapore, Taiwan and China, EV71, CVA6, CVA10 and CVA16 are the most common viruses causing HFMD in children [3, 8]. Because of the major impact of HFMD on the health care and daycare systems and the need to control widespread panic reactions in the population during epidemics, the development of efficacious vaccines to prevent HFMD outbreaks has been a national priority in some Asian countries [3, 10]. Based on the success of the poliovirus vaccine [11], inactivated EV71 vaccines will be the first ones available in the near future.


Monovalent EV71 vaccines

I. Recent Success in EV71 Vaccine Development
We recently reviewed [12] the respective merits of several experimental vaccines evaluated in animal models including inactivated, recombinant subunits, virus-like particles, synthetic neutralization epitopes, plasmid DNA-based and live vectored vaccines. Only formalin-inactivated EV71 virions (FI-EV71) formulated in alum elicited cross-virus genotypes neutralizing antibodies in mice, rabbits and non-human primates but induced only weak neutralizing responses against CVA16. From regulatory, economic and market acceptability reasons, FI-EV71 vaccines were first selected for clinical development. Five inactivated EV71 vaccines have been rapidly developed in the past few years (Table 1).
Going through vaccine strain selection, optimization of serum-free culture conditions, downstream chromatographic purification, virus-inactivation, adjuvant formulation and vaccine stability studies, the Vaccine R&D Center of the National Health Research Institutes (NHRI) of Taiwan launched the first FI-EV71 vaccine (EV71vac) human phase I clinical trial in adults in 2010. A single vaccine dose of either 5µg or 10 µg was safe and highly immunogenic [13, 14]. The vaccine elicited 100% seroconversion in naïve volunteers and strong virus neutralizing antibody (VNA) responses (GMT = 210) against the vaccine strain B4 as well as similar VNA titers against B1, B5 and C4a strains in 85% of the vaccinees. In contrast, neutralizing responses against C4b and CVA16 were weak in 20% of the subjects and 90% of the vaccinees did not develop any neutralizing response against a C2 strain. EV71vac significantly enhanced neutralizing titers in subjects with pre-existing antibodies against EV71 and/or CVA16, but a second immunization did not further boost VNA levels induced by priming in most of the volunteers. 
Three inactivated EV71 vaccines based on C4 isolates which predominate in mainland China were independently developed and evaluated by three different Chinese companies (Table 1). The clinical efficacy of these vaccines formulated in alum was assessed in large Phase III trials involving more than 30,000 healthy infants and young children (6 to 35 months of age) who received twice a 1µg dose of vaccines 28 days apart. All three vaccines were found to be safe and well tolerated and provide ≥ 90% protection against EV71-associated disease. In addition, both EV71 vaccines from Beijing Vigoo and Sinovac have been 100% efficacious against EV71-related hospitalizations and severe EV71-associated HFMD cases [15]. Immune sera from subjects immunized with C4-based vaccines were shown to cross-neutralize other circulating EV71 genotypes and subgenotypes associated with epidemics in recent years [15-19]. Furthermore, pre-existing antibodies due to stealth infections of young children did not interfere with the protective efficacy of FI-EV71 vaccines against different EV71 genotypes [13-19].  However, neutralization titers decreased by half after 6 months [18] but the waning of VNA titers did not affect vaccine efficacy. Importantly, the Phase III results suggest that a virus neutralizing antibody titer of 1/16 can serve as a surrogate marker of protection against EV71-related HFMD [18]. In addition, EV71vac was shown to boost neutralizing responses (10- to 100-folds) in volunteers with pre-existing antibodies against EV71 and/or CVA16, probably as a result of anamnestic responses [14]. In spite of differences in seed strains and manufacturing processes, C4-based vaccines have shown batch consistency and efficacy [20] which should facilitate their licensure and market entry in China if there were no stability issue nor production limitations. If successful, national immunization programs could be implemented to build strong herd immunity. Ultimately, studies must be performed to assess the merits of EV71 vaccines in infants less than 6 months of age and determine whether they should ultimately be combined with EPI vaccines. In this regard, Chen et al. [21] reported that the co-administration of FI-EV71 with the commercial pediatric pentavalent vaccine Pediacel (Sanofi Pasteur) did not affect antibody responses against its individual components.

2. Future challenges for the development of EV71 vaccines.
i. Cross-neutralizing ability of EV71 vaccines and selection of vaccine strains. 
A Chinese C4-based vaccine elicited broad cross-neutralizing activity against EV71 C2, C4, C5, B4 and B5 strains [16] whereas the Taiwanese B4-based vaccine strongly cross-neutralized B1, B5, and C4a isolates [14]. It is likely that EV71 genotypes and subgenotypes share common neutralization epitopes. However, the degree of cross-immunity may depend on the vaccine strain since sera from volunteers immunized with the B4 vaccine weakly neutralized C4b strains and did not neutralize a C2 isolate [14]. The cross-neutralizing activity of the C4- and B4-based vaccines against viruses from genotypes D, E and F remains to be evaluated. The risk of inter-typic and intra-typic genetic recombination may lead to the emergence of new pathogens [6] and influence the selection of vaccine strains in the future. Only results from multinational efficacy trials conducted in countries where different EV71 genotypes and subgenotypes circulate will reveal whether a monovalent vaccine can elicit broad protection against EV71-associated HMFD. 

ii. Durability of neutralizing antibody responses and role of cellular immunity
The recent efficacy trials have clearly shown that humoral immunity correlates with protection but wanes after the first six months, raising the issue of a lack of persistence in protective antibody levels. The waning of VNA responses during natural infection may explain the outbreak of epidemics caused by new EV71 genotypes or subgenotypes emerging every 2 to 3 years. Longitudinal studies are necessary to evaluate the role of efficacious EV71 vaccines in controlling antigenic drift, the emergence of new viruses and virus fitness. To prevent a decline in neutralizing titers below 1/16, a third immunization at 18 months is highly recommended for long-lasting protection. Indeed, a booster injection one year after vaccination elicited more than a 10-fold increase in neutralizing antibody titers [14, 22]. The development of mucosal vaccines that are theoretically attractive may not be necessary since parenteral immunization confers protection. However, prospective studies should be conducted during EV71 and CV epidemics to assess the role of cellular immunity in long-term protection and viral pathogenesis. 

Bivalent EV71/CVA16 Vaccines: The first step towards multivalent HFMD vaccines. 

EV71 and CVA16 are the most predominant causes of HFMD [5-6]. Their co-circulation increases the risk of co-infection and genetic recombination [5-6, 24]. However, EV71 vaccines did not elicit cross-neutralizing antibody responses against CVA16. The acceptability of the EV71 vaccine may thus be compromised by its inability to significantly reduce the number of clinical cases during HFMD outbreaks. Furthermore, if EV71 immunization programs are successful, CVA16 may become the predominant cause of HFMD in the future. Therefore, the development of a bivalent EV71/CA16 vaccine is highly desirable. 
Inactivated CVA16 vaccines and virus-like particles have elicited strong neutralizing antibody responses against homologous and heterologous strains and conferred protection against lethal challenge in neonatal mice [5].  We recently showed that an FI-CVA16 vaccine produced by the same technology as EV71vac could elicit antibodies neutralizing CVA16 but not EV71 [24]. Mice immunized with either FI-EV71 or FI-CVA16 produced antibodies against their immunodominant VP1 neutralization epitope (residues 205-225) [11, 24]. As shown in figure 1, amino acid substitutions in this epitope sequence as well as in other VP1 epitopes involving "hot spot"- residues 97, 167, and 241-260 [25, Liu et al., unpublished data] among EV71 and CVA16 can partially explain why individual FI-EV71 and FI-CVA16 vaccines do not provide cross-immunity.  
Experimental bivalent FI-EV71/FI-CVA16 vaccines have elicited balanced protective responses against both viruses [26-27]. Could such a bivalent vaccine prevent most of HFMD outbreaks? Besides EV71 and CVA16, CVA4, CVA6, CVA9 and CVA10 as well as coxsackievirus B are the most common etiologic agents of HFMD [3]. We found that a bivalent vaccine induced strong neutralizing antibody responses against both EV71 and CVA16 in mice and rabbits but did not protect against CVA6 and CVA10 viral infections in a cell culture neutralization assay [Liu et al., unpublished data] likely as a result of structural differences in neutralization epitopes among CVA viruses (Fig. 2). The failure of antisera raised against bivalent the FI-EV71/FI-CVA16 vaccine to cross-neutralize CVA6 and CVA10 indicates that HFMD outbreaks still remain a serious threat to the health of Asian children. In particular, severe outbreaks of atypical cases of HFMD have affected both children and adults worldwide since 2008 [28, 29]. A new CVA6 strain from a distinct genetic lineage was reported to cause high fever, and HMFD mimicking chicken pox with a frequent association of onychomadesis. More detailed disease burden studies on this atypical HFMD are needed to support the rationale for including CVA6 in a multi-valent HFMD vaccine.

Ultimate Need for HFMD Multivalent Vaccines

The critical bottlenecks in the development of multivalent HFMD vaccines are the selection of the vaccine strains; the establishment of reference standards; the availability of assays to quantify antigens and cross-neutralizing antibodies; appropriate animal models; the establishment of end-points for efficacy trials, and solutions for ethical and economic issues.

1. Disease Burden and Potential Vaccine Strains 
Information on age-specific incidence rates of HFMD is required to identify disease burden in target populations (6 to 60 months old children), to define clinical endpoints and to calculate sample sizes for efficacy trials. Age-specific incidence rates of EV71-related HFMD severe infections during the 1998 epidemic in Taiwan were reported to be 27.3, 37.1, 30.0, and 23.1 per 100,000 for children aged < 6, 6–11, 12–23, and 24–35 months, respectively [30]. This study suggests that severe HFMD would not be suitable as clinical endpoint since its frequency is too low and trials would require a huge sample size at each clinical site. Alternatively, mild illness such as herpangina and HFMD could be suitable as primary endpoints. However, reported HFMD cases in some countries seem to include herpangina cases whereas in some other countries they do not, Herpangina and HFMD were separately reported in the national disease surveillance registers in Taiwan and Japan. On the contrary, the national surveillance systems in China and several other countries just report HFMD but not herpangina cases. Surveillance criteria and bias for HFMD and herpangina should be carefully considered. Thus, harmonization of the different surveillance systems for data collections and laboratory procedures is critical to validate the number of HFMD cases reported worldwide. 
Based on the current surveillance data, there is an EV71 epidemic every 3 years. In Japan, Taiwan and Singapore CVA6, CVA10 and CVA16 were the prevalent viruses causing HFMD in the last few years. Recent outbreaks of CVA6-associated HFMD occurred in Finland (2008), Taiwan (2010) and China (2013) [5].  Unlike EV71 and CVA16 which infect cells via the human scavenger receptor class B member 2 hsSCARB2 [31], CVA6 and CVA10 which can also cause severe HFMD [32] use hsSCARB2-independent pathways [33]. Furthermore, a pair-wise amino acid sequence analysis revealed sequence differences in VP1 among CVA2, CVA3, CVA4, CVA5, CVA6, CVA7, CVA8, CVA10, CVA12, CVA14, CVA16 and EV71 to be 28 to 40% [34]. Multiple HEV-A serotypes can co-circulate during sporadic outbreaks and individuals may be infected with two or more serotypes [34-35]. Genetic recombination between different genotypes and serotypes is well documented [5-6].  It is thus predictable that the genotypes and subgenotypes of prevalent viruses causing HFMD in Asia Pacific will change with time and that novel genotypes will emerge. To speed up the licensure of HFMD vaccines, multinational, randomized, controlled efficacy trials are necessary to prove their efficacy in the targeted age group. Asian countries have not yet harmonized their HEV-A surveillance systems. A global surveillance network including Africa for enterovirus outbreaks similar to the WHO global influenza surveillance and response system is urgently needed to monitor immune responses to HFMD vaccines in the future. Based on current epidemiology data, it is reasonable to propose that EV71, CVA6, CVA10 and CVA16 should be the core viruses to be included in multivalent HFMD vaccines.
2. Animal Models and Assays 
The first criterion to select potent HFMD vaccine candidates is their ability to elicit strong cross-genotype and serotype neutralizing antibody responses. Currently, the various assays to quantify vaccine antigens and measure neutralizing antibodies titers need to be harmonized and standardized to compare vaccine potency in animal models, gain broad approval by regulatory authorities and monitor clinical trials. To overcome these deficiencies, we have developed and standardized a micro-neutralization assay and an EV71 particle-based ELISA that could be used to quickly screen pre-immune sera from young children since a negative result at a 1/2000 serum dilution correlates with neutralizing titers levels <8 [14,36-37].
Appropriate animal models to understand HEV-A pathogenesis and evaluate the potency and consistency of vaccine batches are not yet available [37-38]. Rats, rabbit sand macaques develop antibody responses to EV71 vaccines similar to those observed in humans [13-14]. However, non-human primate models are not suitable for assessing the neurovirulence and the risk of cardiopulmonary complications associated with severe EV71 infections [38]. Furthermore, their use is limited by ethical and economic considerations. Neonatal suckling mice and improved mouse models using adapted strains and immunodeficient animals do not mimic human infections [38]. NHRI [39] and Fujii et al. [40] have successfully developed transgenic mice carrying the human receptor hsSCARB2. In this promising model, HFMD-like skin rashes were observed in transgenic animals infected with clinical EV71 isolates of the B4 and B5 subgenotypes, and severe limb paralysis and death occurred in animals inoculated with EV71 C2 and C4 genotypes as well as with CVA16. The presence of EV71 in tissues and CNS was accompanied by the up-regulation of pro-inflammatory mediators (CXCL10, CCL3, TNF-α, and IL-6), and correlated with the recruitment of T lymphocytes and disease severity [39-40]. In addition, passive administration of the monoclonal anti-EV71 VP1 neutralizing antibody N3 [41] reduced symptoms induced by EV71 B5 infection and protected the transgenic mice against EV71 C2-induced severe limb paralysis and death. Protection was associated with a reduction in viral load in the brain, spinal cord, and limb muscles as well as in pro-inflammatory mediators in tissues. The transgenic mouse model once standardized will be useful to assess the efficacy and cross-protective ability of vaccines against HEV-A using hsSCARB-2 as receptor and to evaluate immunotherapeutic strategies. 

3. Regulatory, Ethical and Economic Considerations
Since HFMD affects children from developing countries, an ideal vaccine should be inexpensive, safe, compatible with large-scale production, easy to administer and acceptable to parents. Only a few vaccine companies in the Asia-Pacific region have the capability to take a vaccine from research to product launch. More efforts and more cooperation between R&D institutes and companies are urgently needed to improve the current downstream processes. 
Due to intellectual property (IP) rights and proprietary technologies, information on the influence of culture medium and production systems on vaccine yields is totally missing. Currently, roller-bottles, cell factories and microcarrier bioreactors are available for up-stream cell-culture bioprocesses. Both the roller-bottle and cell factory technologies used to produce current clinical lots are easy to implement and operate, although labor intensive. Developing countries could start implementing these technologies for large-scale vaccine production.
Clinical trials have revealed that two administration of 1µg dose of EV71 vaccine achieved efficacy. We have recently reported [12] that a 40-liter pilot-scale production batch could yield 50,000 1µg doses of FI-EV71 at a cost of 0.4 US dollar/dose. Using large GMP facility, several millions of doses could be easily and cheaply produced annually. 
However, the large-scale production of EV71 and multivalent HFMD vaccines will require an improvement of the current manufacturing processes. The use of bioreactors, micro-carriers and perfusion technology [42] could increase cell growth by one order of magnitude. Other technologies have also been recently developed to improve virus yields. Transfection of more viral receptor genes into host cells to increase virus infectivity at lower multiplicity of infection and/or removal of genes inhibiting viral replication are promising approaches to enhance viral infection of host cells. Reverse-genetic technology can also be used to improve virus yields by inserting specific protease cleavage sites to enhance virus infectivity or engineer temperature-sensitive mutants. Such improvements in virus production should significantly increase cell-based HFMD vaccine production. The best approach to lower the production cost of EV71 vaccines is to use a simple and efficient downstream chromatographic purification step that co-purifies immunogenic defective and infectious virus particles [12]. In contrast, FI-CVA16 [23] as well as FI-CVA6 and FI-CVA10 had to be prepared from infectious particles obtained in low yield by sucrose gradient ultracentrifugation in order to elicit strong neutralizing antibody responses in experimental animals [Liu et al., unpublished results].

Conclusions and Perspectives

A two-dose regimen vaccination with inactivated C4-based EV71 vaccines protects against EV71-associated HFMD. Multinational efficacy trials are now necessary to fully assess the degree of cross-immunity EV71 vaccines can elicit against circulating genotypes and subgenotypes. Continuous worldwide epidemiological surveillance is critical to identify changes in the genotypes/subgenotypes of circulating isolates and to detect the emergence of new enterovirus variants resulting from genomic recombination in order to guide the selection of future vaccine strains.  Harmonization and standardization of immunogens, immunoassays and animal models are urgently required at the international level to compare the potency of vaccine candidates and determine which manufacturing process yields the most potent vaccines. The development of a bivalent EV71/CVA16 vaccine should be the first step towards that of a multivalent HFMD vaccine. This will require an improvement of large-scale manufacturing processes to produce sufficient quantities of vaccine doses at an affordable cost. Lee at al. [43] recently forecasted that routine immunization with a 70% efficacious EV71 vaccine sold at $25 US dollars per dose would be of great economic value. With this profit margin and the new emerging vaccine markets in the Asia-Pacific region, the global vaccine companies might become interested in manufacturing EV71 and multivalent HFMD vaccines. 
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Figure Legends

Figure 1. Comparison of aminoacid sequences of EV71 and CVA16 VP1 proteins. The amino acid sequence of VP1 from the EV71 genotype B4 strain E59 is compared to that of the CVA16 strain 5079. Amino acids involved in neutralization epitopes and “hot-spots” are underlined and highlighted in red, respectively. EV71 E59 strain (GenBank: GQ150746.1) and CVA16_5079 (GenBank: AF177911.1).

Figure 2. Comparison of aminoacid sequences of CVA VP1 proteins. The amino acid sequence of the CVA16 strain 5079 is compared to those of the CVA6 strain M0746 and the CVA10 strain M2014. Amino acids that are involved in neutralization epitopes and that diverge among strains are underlined and highlighted in red, respectively.
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Table 1. FI-EV71 vaccine candidates currently being tested in clinical trials.

	Organizations
	Manufacturing Processes
	Clinical Trials
	Reference
(ClinicalTrials.gov
Identifier)

	
	Cell lines and EV71 strain
	Up-stream
	Down-stream
	Dosage (µg of EV71 antigen)
	Population target
	Current status
	

	NHRIa (Taiwan)
	Vero cell and EV71 B4 subgenotype
(GMP-certified)
	Roller-bottle (Serum-free media)
	Gel-filtration Chromatography
	5  and 10 formulated with AlPO4 in phase I
	Young adults
	Phase 1 completed
	Cheng et al., [13]
NCT01268787

	Sinovac (China)
	Vero cell and EV71 C4 subgenotype

	Cell factory (Serum-free media)
	Gel-filtration Chromatography
	0.25,  0.5  and 1c formulated with Al(OH)3 in phase I; 1 in phase II; 1 in phase III
	Young adults and children in phase I, young children (6 to 35 months) in Phase II and III
	Phase 1, 2 & 3 completed

	Zhu et al., [17] NCT01273246, NCT01273233
NCT01507857

	Beijing Vigoo (China)
	Vero cell and EV71 C4 subgenotype

	Cell factory (Serum-free media)
	Gel-filtration Chromatography
	0.4, 0.8 and 1.6 formulated with Al(OH)3 in phase I; 1 in phase II; 1 in phase III
	Young adults and children in phase I, young children (6 to 35 months) in Phase II and III
	Phase 1, 2 & 3 completed

	Zhu et al., [19] NCT01313715, NCT01399853
NCT01508247

	CAMSb (China)
	 Human diploid cell KMB-17 and EV71 C4 subgenotype
	Cell factory (Serum-containing media)
	Gel-filtration Chromatography
	Unknownd
	Young adults and children in phase I, young children (6 to 60 months) in Phase II and III
	Phase 1, 2 & 3 completed

	Li et al., [16] NCT01391494, NCT01512706,
NCT01569581

	Inviragen (Singapore)
	Vero cell and
EV71 B2 subgenotype
	Cell factory (Serum-free media)
	Gel-filtration Chromatography
	0.3 and 3
in phase I
	Young adults, 
	Phase 1 completed
	NCT01376479


aNHRI means National Health Research Institutes, Taiwan
bCAMS means Chinese Academy of Medical Sciences, Kunming, China.
cThe antigen dosage is calculated based on the report by Liang et al., [10] that the specific activity of EV71 antigen reference standard is established in China to be 421.1 U/µg. 
dThe specific dosage used in these clinical trials by CAMS was not reported.


