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Abstract

Background

Enterovirus 71 (EV71) belongs to picornavirus family and could be classified phylogeneti-
cally into three major genogroups (A, B and C) including 11 genotypes (A, B1-B5 and C1-
C5). Since 1997, EV71 has caused large-scale of epidemics with neurological complica-
tions in Asian children. In Taiwan, nationwide EV71 epidemics with different predominant
genotypes have occurred cyclically since 1998. A nationwide EV71 epidemic occurred
again in 2012. We conducted genetic and antigenic characterizations of the 2012 epidemic.

Methods

Chang Gung Memorial Hospital (CGMH) is a medical center in northern Taiwan. In CGMH,
specimens were collected from pediatric inpatients with suspected enterovirus infections for
virus isolation. Enterovirus isolates were serotyped and genotyped and sera from EV71 in-
patients were collected for measuring neutralizing antibody titers.

Results

There were 10, 16 and 99 EV71 inpatients identified in 2010, 2011 and 2012, respectively.
There were 82 EV71 isolates genotyped, which identified 17 genotype C4a viruses and 65
genotype B5 viruses. The genotype B5 viruses were not detected until November 2011 and
caused epidemics in 2012. Interestingly, the B5-2011 viruses were genetically distinguish-
able from the B5 viruses causing the 2008 epidemic and are likely introduced from China or
Southeastern Asia. Based on antigenic analysis, minor antigenic variations were detected
among the B5-2008, B5-2011, C4a-2008 and C4a-2012 viruses but these viruses antigeni-
cally differed from genotype A.
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Conclusions

Genotype B5 and C4a viruses antigenically differ from genotype A viruses which have dis-
appeared globally for 30 years but have been detected in China since 2008. Enterovirus
surveillance should monitor genetic and antigenic variations of EV71.

Introduction

Enterovirus 71 (EV71) was first described in California, USA, in 1969. Since then, EV71 has
been identified globally. The clinical spectrum of EV71 infection ranges from herpangina,
hand-foot-mouth disease (HFMD) to severe cases with central nervous system (CNS) and car-
diopulmonary involvements[1]. Follow-up studies further demonstrated that CNS-complicat-
ed EV71 infections could cause long-term cognitive and motor deficits[2, 3]. Globally, two
patterns of EV71 outbreaks have been reported: small-scale outbreaks with low mortality and
large-scale outbreaks with high mortality. The latter pattern occurred in Bulgaria in 1975, in
Hungary in 1978, in Malaysia in 1997, in Taiwan in 1998, in Singapore in 2000, in Vietnam in
2005, in Brunei in 2006, in China since 2007, and recently in Cambodia in 20121, 4, 5]. Since
the 1998 epidemic, Taiwan Centers for Disease Control has established national enterovirus
surveillance system and EV71 has been detected as an endemic disease with cyclical nationwide
epidemics every 3-4 years[1, 6, 7].

In response to the considerable public health concern worldwide due to the virulence of
EV71, there has been intensified study of the phylogenetic relationships between EV71 isolates.
Several regions of the EV71 genome have been used for phylogenetic analysis, the capsid pro-
tein VP1 is considered most robust for evolutionary study due to a high degree of diversity and
lack of involvement in recombination[1]. Using this region for analysis, EV71 viruses are clas-
sified into three major genogroups (A, B, and C). Genogroup A disappeared in 1970s and re-
emerged in China in 2008; but genogroups B and C are widely circulating in Asia. Genogroups
B and C can be further divided into genotypes B1-B5 and C1-C5, respectively and genotype
C4 is classified into subgenotype C4a and C4b[1]. Recently, genogroups D, E and F were identi-
fied in India.[8] Interestingly, genotype replacements have been well documented in highly epi-
demic countries such as Malaysia, Vietnam and Taiwan[1]. In Taiwan, the predominant
genotypes were C2 in 1998, B4 in 1999-2003, C4a in 2004-2005, and B5 in 2008-2009.[7] Be-
cause the phenomenon of genotype replacement could have critical implications for selection
of vaccine strains, it needs to be well clarified[6, 7, 9, 10]. In 2012, a nationwide epidemic oc-
curred again in Taiwan, which provided us with a unique opportunity to conduct genetic and
antigenic analysis.

Methods
Study populations

Chang Gung Memorial Hospital (CGMH) is a medical center in northern Taiwan and was cho-
sen as a study site because it has large pediatric populations and serves residents from rural and
urban areas in northern Taiwan[10-12]. In CGMH, clinical specimens are routinely collected
for virus isolation from hospitalized pediatric patients with suspected enterovirus infections
(herpangina, HFMD, or nonspecific febrile illness during EV71 epidemics). Convalescent sera
were also collected from EV71 patients for measuring neutralizing antibody titers. This study
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was approved by the CGMH Ethics Committee and written informed consents were obtained
from guardians of participating children.

Clinical and laboratory definitions

Evidence of herpangina included oral ulcerations on anterior tonsillar pillars, soft palate, buccal
mucosa, or uvula. Evidence of HEMD included oral ulcers on the tongue and buccal mucosa
and a vesicular rash on the hands, feet, knees, or buttocks. Nonspecific febrile illness was de-
fined as a rectal temperature greater than 38°C without other symptoms. In complicated cases,
aseptic meningitis was defined as a clinically compatible illness with cerebrospinal fluid pleocy-
tosis (>5 leukocytes/mm® in patients >1 month or >25 leukocytes/mm? in neonates) and neg-
ative bacterial cultures. Encephalitis was characterized by an altered level of consciousness
accompanied by cerebrospinal fluid pleocytosis. Evidence of a poliomyelitis-like syndrome in-
cluded acute limb weakness with diminished reflexes and muscular strength. A diagnosis of
encephalomyelitis was made when there was evidence of encephalitis and poliomyelitis-like
syndrome. Evidence of pulmonary complications include pulmonary edema, hemorrhage or
diffuse ground-glass infiltrations on roentgenography with decreased PaO2/FiO2 <300[13].
Acute heart failure was characterized by evidence of decreased contractility on echocardiogra-
phy, arrhythmia, an enlarged heart, and elevations in cardiac enzymes that are markers for car-
diac damage[14]. Laboratory evidence of EV71 infection was defined as the isolation of EV71
from a throat swab, a rectal swab, or a stool sample.

Virologic analysis

In CGMH, clinical samples (throat swabs, rectal swabs, or stool samples) were routinely col-
lected for virus isolation from pediatric inpatients with suspected enterovirus infections (her-
pangina, HFMD, or nonspecific febrile illness during enterovirus epidemics). Samples were
inoculated into human embryonic fibroblast, LLC-MK2, HEp-2, and rhabdomyosarcoma (RD)
cell cultures. When enteroviral cytopathic effect involved more than 50% of the cell monolayer,
cells were scraped and subjected to indirect fluorescent antibody staining with enteroviruses
monoclonal antibodies[15]. VP1 genes of isolated EV71 viruses were sequenced and genotyped
by phylogenetic analysis using the Neighbor-joining method in MEGA 4 software as described
previously[10, 16]. It is not cost-effective to conduct complete VP1 sequencing for all isolates.
Therefore, we used the following selection criteria for virus typing: 1) all isolates were geno-
typed if monthly number of EV71 isolates was less than 5; 2) at least 5 isolates were genotyped
if monthly number of isolates was 5~10; and 3) about 40% of isolates were genotyped if month-
ly number of isolates was >10. Backgrounds of reference virus sequences used in the phyloge-
netic analysis were listed in S1 Table. Sequences of those EV71 strains generated in this study
have been submitted to GenBank (accession codes KF154285-KF154347, KF154349-
KF154356, KF933353, KP113681-KP113692).

Serologic assays

Laboratory methods for measuring EV71 serum neutralizing antibody titers followed standard
protocols[17]. Twofold serially diluted sera (1:8-1:512) and virus working solution containing
100 TCIDs5, of EV71 were mixed on 96-well microplates and incubated with RD cells. A cyto-
pathic effect was observed in a monitor linked with an inverted microscope after an incubation
period of 4 to 5 days. The neutralization titers were read as the highest dilution that could result
in a 50% reduction in the cytopathic effect. Each test sample was run simultaneously with cell
control, serum control, and virus back titration. The starting dilution was 1:8; the cutoff level of
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seropositivity was set at 8. Undetectable titer was assigned a level of 2 for the calculation of geo-
metric mean titer (GMT).

Statistical analysis

Neutralization antibody titers were log-transformed to calculate the GMT and 95% confidence
interval (95% CI). The statistical association between two nominal or ordinal variables was tested
by the ¥ test or Fisher’s Exact test as appropriate. All statistical analyses were performed using
Microsoft Excel (Microsoft, Redmond, WA, USA) or SAS (SAS Institutes, Cary, NC, USA).

Results

As shown in Table 1, there were 10, 16 and 99 EV71 inpatients identified in 2010, 2011 and
2012, respectively. Among the 125 EV71 inpatients, 23 (18.4%) developed neurological compli-
cations. Age distributions of the 102 uncomplicated and 23 complicated EV71 patients were
59.8% and 52.2% for =3 years of age, 21.6% and 39.1% for 4-6 years of age, and 18.6% and
9.1% for 27 years of age, respectively. Proportions of the complicated EV71 inpatients in these
3 years were 10.0% (95% CI 0-31.5%), 25.0% (95% CI 1.9-48.1%) and 18.2% (95% CI 6.5-
29.9%) (Table 1). In total, 82 EV71 isolates were genotyped based on genetic analysis of com-
plete VP1 genes, which identified 17 C4a genotypes and 65 B5 genotypes. Proportions of com-
plicated infections were 29.4% (5/17) (95% CI 6-52.8%) for C4a genotype and 16.9% (11/65)
(95% CI: 7.6-26.3%) for B5 genotype without statistical significance.

Based on monthly distribution of the 82 EV71 isolates, the predominant genotype isolated
from January 2010 to September 2011 belonged to C4a genotype but shifted to B5 genotype
after October 2011. The genotype B5 viruses continued to circulate and reached peak in June
2012 (Fig. 1). Interestingly, the 65 genotype B5 viruses isolated in 2011-2012 are highly related
(nucleotide identity >98%) and phylogenetically more similar to the B5 virus isolated in Xia-
men, China in 2009 than to the B5 viruses circulating in Taiwan in 2007-2009 (Fig. 2A). In ad-
dition, a Malaysia strain (B5-KC894892-EV0791-Johor-MAL-2012) was also grouped together
with the Taiwan B5-2011 strains. Due to limited sequence data available from Southeastern
Asia in 2009-2011, we could not exclude that other B5-Xiamen-2009-like viruses also circulat-
ed in Southeastern Asia before 2011. Complete genome of two genotype B5 viruses isolated in
Taiwan in 2011 and 2012 were further sequenced and complete genome analysis confirmed the
relationship (Fig. 2B). Overall, the phylogenetic data indicate the potential international
spreading of genotype B5 viruses from China or Southeastern Asia to Taiwan in 2011. Surpris-
ingly, genotype C4a viruses isolated in 2010 and 2011-2012 were genetically differentiable and
they were likely introduced to Taiwan separately based on phylogenetic analysis of VP1 genes
and complete genomes (Fig. 2A, 2B).

To elucidate the antigenic relationship among the genotype C4a and B5 viruses isolated in
Taiwan, we collected 30 post-infection children sera including 20 infected with genotype B5
and 10 infected with genotype C4a to measure cross-reactive neutralization antibody titers

Table 1. Number of EV71 inpatients and virus genotypes identified in a medical center in Northern Taiwan, 2010-2012.

Variables 2010 2011 2012 Total

No. of EV71 inpatients (complicated cases) 10 (1) 16 (4) 99 (18) 125 (23)

%(95% Cl) of EV71 inpatients with complications 10.0 (0-31.5) 25.0 (1.9-48.1) 18.2 (6.5-29.9) 18.4 (11.5-25.3)
No. of EV71 isolates sequenced (genotype) 10 (10 C4a) 16 (11 B5, 5 C4a) 56 (54 B5, 2 C4a) 82 (65 B5, 17 C4a)
No. of post-infection serum collected (genotype) 4 (4 C4a) 10 (5 B5, 5 C4a) 16 (15 B5, 1 C4a) 30 (20 B5, 10 C4a)

doi:10.1371/journal.pone.0116322.t001
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Fig 1. Distribution of enterovirus 71 (EV71) genotypes (B5 and C4a) isolated in pediatric inpatients in a medical center in northern Taiwan,

2010~2012.

doi:10.1371/journal.pone.0116322.9001

against 5 EV71 strains (one genotype A virus, two genotype C4a viruses and two genotype B5
viruses) (Table 2). As shown in Table 2, the 20 children infected with B5 viruses have signifi-
cant lower neutralizing antibody titers against genotype A virus (GMT 66, 95% CI 41-107) and
genotype C4a-2012 viruses (GMT 94, 95% CI 58-151) than B5-2008 (GMT 350, 95% CI 190-
643). In the 10 children infected with genotype C4a viruses, serum neutralizing antibody titers
against genotype A virus was the lowest among the cross-reactive neutralizing antibody titers
against 5 virus strains but the differences did not reach statistical significance due to small sam-
ple size. Overall, genotype A virus antigenically differs from genotype B5 and C4a viruses but
antigenic variations between genotype B5 and C4a viruses are not clear-cut.

Discussion

EV71 viruses are widely circulating in Asian countries and genotype replacements have been
well documented in Malaysia, Vietnam and Taiwan[6, 18-20]. In Taiwan, the predominant
EV71 genotypes were C2 in 1998, B4 in 2000-2003, C4a in 2004-2005, and B5 in 2008-2009.
Interestingly, 15 sporadic genotype C4a cases were detected in 2010 and 2011 but EV71 epi-
demics did not occur until genotype B5 viruses were introduced to Taiwan after the middle of
2011, which is similar to data collected in central Taiwan and national surveillance data collect-
ed by Taiwan Centers for Disease Control [21, 22].

The potential reasons for the genotype replacement observed in this study include: 1) signif-
icant antigenic variations exist among the B5-2008, C4a-2008, C4a-2012 and B5-2012 viruses;
2) the B5-2012 viruses may have higher transmission efficiency than the C4a-2012 viruses; 3)
other unknown biological or epidemiological mechanism. Based on antigenic analysis using
post-infection children sera in this study, genotype A virus antigenically differs from genotype
B5 and C4a viruses but antigenic variations between genotype B5 and C4a viruses are not
clear-cut, which are similar to other clinical studies[7, 20, 21, 23]. Regarding the transmission
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Fig 2. Phylogenetic analysis of VP1 gene (A) and full genomes (B) of EV71 virus. The phylogenetic trees

were generated by the neighbor-joining method with 1000 bootstraps for EV71 isolates from this study and

other published EV71 strains based on VP1 gene (891bp) and complete genome. Only bootstrap values over
70% were shown. Coxsackievirus A16 was used as the outlier. Sequences of EV71 strains isolated from this
study in 2010, 2011 and 2012 were labeled with red, green and blue dots, respectively. A sequence of EV71
isolate from an outpatient in 2010 was labeled with red circle. Sequences of those EV71 strains generated in
this study have been submitted to GenBank (accession codes KF154285-KF154347, KF154349-KF 154356,

KF933353, KP113681-KP113692).

doi:10.1371/journal.pone.0116322.9002
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Table 2. Cross-reactive neutralizing antibody titers in children infected with EV71 C4a and B5 genotypes.

Virus strains tested Children infected with genotype B5 (n = 20) GMT (95% CI) Children infected with Genotype C4a (n = 10) GMT (95% ClI)

A-BrCr-USA-70 66 (41-107)
B5-NHRI141-TW-08 350 (190-643)
B5-3172-TW-11 163 (100-265)
C4a-70516-TW-08 142 (92-220)
C4a-00184-TW-12 94 (58-151)

60 (25—145)
315 (108-921)
147 (56-383)
223 (97-514)
194 (83-454)

doi:10.1371/journal.pone.0116322.t002

efficiency of the B5-2012 and C4a-2010 viruses, no relevant animal model is available to evalu-
ate transmission efficiency of enterovirus 71. Longitudinal studies and animal models are desir-
able to clarify the mechanism of EV71 genotype replacement.

Interestingly, the genotype A viruses have disappeared globally for 30 years since 1970s but
have been detected in many parts of China (Anhui, Beijing, Hubei, and Yunnan) since 2008
(Fig. 2A)[24-26]. Source of the reemergence has not been well-defined and would require ge-
nomic studies to clarify. Moreover, clinical and epidemiological significances of the observed
antigenic variations between genotype A and other genogroup EV71 viruses are critical to vac-
cine development and would need longitudinal studies to clarify.

International spreading of EV71 is common and may play an important role for reemer-
gence of large-scale epidemics in Asia.[1] For example, EV71 genotype B5 viruses spread from
Southeastern Asia to Taiwan in 2007 and caused a nation-wide epidemic in 2008[10, 27]. In
2011, EV71 genotype C4a viruses spread from China to Vietnam and caused a large-scale epi-
demic in HCM City and southern Vietnam[28]. Recently, Western Pacific Regional Office of
the World Health Organization has established a HFMD reporting system to collect monthly
HEMD case number from China, Hong Kong, Macao, Japan, Republic of Korea, Singapore and
Vietnam (http://www.wpro.who.int). However, the reporting systems vary from country to
country and do not include virus identification data, which make international comparisons
impossible. As learnt from global influenza surveillance system, an international enterovirus
surveillance system with harmonized clinical definitions and virus identification data is urgent-
ly desirable to understand epidemiology and disease burden of EV71 in Asia.

In conclusion, the predominant viruses in the 2011-2012 epidemic in Taiwan belong to ge-
notype B5 and are phylogenetically close to the B5 viruses circulating in Xiamen, China in
2009. Genotype B5 and C4a viruses antigenically differ from genotype A viruses which have
disappeared for 30 years but have reemerged in China since 2008. Enterovirus surveillance and
development of EV71 vaccines should monitor genetic and antigenic variations of enterovirus
71 through international collaborations.

Supporting Information

S1 Table. List of reference virus strains used to conduct phylogenetic analysis of full ge-
nome and VP1 sequences.
(DOC)
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