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ABSTRACT

Human enterovirus A71 (EV-A71) belongs to the Enterovirus A species in the Picornaviridae family. Several vaccines against
EV-A71, a disease causing severe neurological complications or even death, are currently under development and being tested in
clinical trials, and preventative vaccination programs are expected to start soon. To characterize the potential for antigenic
change of EV-A71, we compared the sequences of two antigenically diverse genotype B4 and B5 strains of EV-A71 and identified
substitutions at residues 98, 145, and 164 in the VP1 capsid protein as antigenic determinants. To examine the effects of these
three substitutions on antigenicity, we constructed a series of recombinant viruses containing different mutation combinations
at these three residues with a reverse genetics system and then investigated the molecular basis of antigenic changes with anti-
genic cartography. We found that a novel EV-A71 mutant, containing lysine, glutamine, and glutamic acid at the respective resi-
dues 98, 145, and 164 in the VP1 capsid protein, exhibited neutralization reduction against patients’ antisera and substantially
increased virus binding ability to human cells. These observations indicated that this low-neutralization-reactive EV-A71 VP1-
98K/145Q/164E mutant potentially increases viral binding ability and that surveillance studies should look out for these mu-
tants, which could compromise vaccine efficacy.

IMPORTANCE

Emerging and reemerging EV-A71 viruses can cause severe neurological etiology, primarily affecting children, especially around
Asia-Pacific countries. We identified a set of mutations in EV-A71 that both reduced neutralization activity against humoral im-
munity in antisera of patients and healthy adults and greatly increased the viral binding ability to cells. These findings provide
important insights for EV-A71 antigenic determinants and emphasize the importance of continuous surveillance, especially after
EV-A71 vaccination programs begin.

Enterovirus A71 (EV-A71) has become a public health issue
primarily affecting children, especially around Asia-Pacific

countries. EV-A71 infection causes fever, hand, foot, and mouth
disease (HFMD), or herpangina, occasionally resulting in severe
neurological complications (1). EV-A71, a positive-sense single-
stranded RNA virus in the Picornaviridae family, has an RNA ge-
nome that encodes the capsid proteins VP1 to VP4 and the non-
structural proteins 2A to 2C and 3A to 3D. The EV-A71 capsid
proteins VP1 to VP3 are exposed on the viral external surface and
are involved in receptor binding and viral antigenicity. P-selectin
glycoprotein ligand-1 (PSGL-1), expressed in lymphoid cells, and
scavenger receptor B2 (SCARB2), broadly expressed in most tis-
sues, are the first two EV-A71 receptors identified (2, 3). The
structural protein VP1 contains key binding residues to these two
receptors (4, 5) and antigenic sites for antibody recognition (6–9).

Based on phylogenetic analysis of VP1 protein coding se-
quences, most EV-A71 isolates are classified into genotypes A, B,
and C (10–12), while some isolates belong to the recently de-
scribed/discovered genotypes D, E, F, and G (13). Genotypes B
and C consist of subgenotypes B1 to B5 and C1 to C5, respectively.
EV-A71 genotype A was first reported in California, and geno-
types B and C have caused large outbreaks worldwide. The emer-
gence of a novel genotype or subgenotype can lead to large
outbreaks, and high-incidence epidemics have occurred in the
Asia-Pacific region since 1997. These outbreaks, resulting from

intergenotypic and intragenotypic shifts, have occurred in Malay-
sia, Singapore, Australia, Brunei, Taiwan, and Japan in Asia, as
well as in the Netherlands, Denmark, Germany, and France in
Europe (reviewed in reference 14). Each genotypic change reflects
the accumulation of mutations due to the error-prone nature of
the RNA polymerase in viral replication (15). Because genetic ad-
aptation of the virus might increase viral survival advantage, we
need to investigate and understand the driving forces behind these
genotypic changes. One such potential force is preexisting hu-
moral immunity: for influenza virus, for example, the observed
antigenic drift in the hemagglutinin gene is a result of antibody
escape (16). We have previously reported and characterized anti-
genic variation among genotypes isolated from EV-A71 outbreaks
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with antigenic cartography (15); we also observed antigenic vari-
ation within each genotype, as a result of sporadic sequence vari-
ations. Importantly, genotyping of a virus strain cannot predict its
antigenicity (17), and we hypothesize that changes in antigenicity
may be governed by only a few positions on the capsid protein.
Both sequence differences between genotypes and within-geno-
type genetic variations of the capsid proteins are thought to be
responsible for antigenic variation among circulating EV-A71
strains.

To date, several EV-A71 vaccines have been progressively de-
veloped, and clinical trials are being or have been performed in
China (phase III), Taiwan (phase I), and Singapore (phase I) (re-
viewed in reference 18). The seed strains for these vaccines were
from different genotypes: C4a in China, B4 (E59 strain) in Taiwan,
and B3 in Singapore. Cross-reactivity results of antisera from
these different trials suggest a broad protection against several
strains from different genotypes (19, 20). However, these results
report only antiserum reactivity against a limited number of vi-
ruses and may not fully reflect the cross-reactivity against all cir-
culating viruses, especially if antigenicity can differ based on a few
mutations on the capsid protein. Once the EV-A71 vaccine is
approved and the vaccination program rolled out, the build-up
of intestinal immunity among vaccinees may contribute to
evolutionary pressures on EV-A71. Strains that contain adap-
tive mutations will thus acquire a viral fitness advantage and
may consequently become new globally dominant strains.
Here, we identified genetic mutations among circulating vi-
ruses that may be at the basis of antigenic change and con-
structed a series of mutant viruses with these mutations. The
antigenic properties of each combination of mutations were
examined based on the neutralizing activity of human antisera,
using antigenic cartography. This study provides an approach
to map antigenic determinants of EV-A71 as well as to predict
potential low antibody reactive mutations that may arise and
cause a public health concern upon rolling out of EV-A71 vac-
cination programs.

MATERIALS AND METHODS
Cells and viruses. RD (rhabdomyosarcoma) cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco) containing 10% fetal
bovine serum (FBS) and 2% streptomycin-ampicillin. Viruses were
grown in RD cells with 2% FBS and 100 IU of penicillin, with 100 �g of
streptomycin per ml at 37°C in 5% CO2. EV-A71 isolates N7008-TW99
(B4, GenBank accession number FJ357375) and N1745-TW08 (B5,
GenBank accession number KF974789) were obtained from National
Cheng Kung University Hospital, Tainan, Taiwan. To prepare stocks,
viruses were propagated with a single passage in RD cells, and their
titers were determined by plaque assay in RD cells as described previ-
ously (21).

Sera. Anti-EV-A71 human sera were obtained from healthy adults
or infected children under 3 years of age in the National Cheng Kung
University Hospital, Tainan, Taiwan. We used information on the
viral genotype that infected each patient to randomly select one or two
antisera against genotypes B4, B5, C2, and C4 and measured neutral-
ization titers against each recombinant mutant virus. To select the
healthy donor sera, a total of 15 sera from healthy adults were exam-
ined for their neutralization titers against N7008-TW99 virus. All sera
from healthy adults had neutralization antibody titers of �1:8, and the
six sera containing neutralization antibody titers of �1:128 were se-
lected for further investigation of antigenicity. This study was ap-
proved by the Institutional Review Board of the National Cheng Kung
University Hospital (Tainan, Taiwan).

Construction of infectious cDNA clones of the wild type and site-
directed mutagenesis. EV-A71 viral RNA was extracted from culture
fluid of infected cells by a viral nucleic acid extraction kit (Geneaid), and
reverse transcription (RT)-PCR was performed with SuperScript III re-
verse transcriptase (Invitrogen). Full-length cDNA fragments were am-
plified by RT-PCR with specific primer pairs, as described previously (21).
Specific primer pairs were designed based on EV-A71 sequences, and
cDNA products of RT-PCR were cloned into a pCR-XL-TOPO vector
(Invitrogen). To construct reverse genetics viruses with various muta-
tions, we designed a series of primers (available upon request) and per-
formed site-directed mutagenesis by overlapping PCR as previously de-
scribed (21). Wild-type and mutant cDNA clones were sequenced to
confirm the presence of mutations. These recombinant DNA experiments
were approved by the Biohazard Safety Committee of the National Cheng
Kung University (Tainan, Taiwan).

Viral RNA synthesis and transfection. Plasmid DNAs of wild-type
and mutant cDNA clones were linearized by restriction enzyme SmaI
(New England BioLabs), and we performed RNA synthesis by RiboMAX
Large Scale RNA Production System-T7 (Promega), as per the manufac-
turer’s instructions. After purification, 2 �g viral RNA was transfected
into RD cells, using TransMessenger transfection reagent (Qiagen). Re-
combinant viruses were collected from transfected cells when 90% of cells
exhibited cytopathic effects (CPE) and were stored at �80°C.

Microneutralization in conjunction with ELISA detection. The neu-
tralization-enzyme-linked immunosorbent assay (microNT ELISA) pro-
tocol was adapted from the WHO Manual on Animal Influenza Diagnosis
and Surveillance (22). Briefly, to quantify the tissue culture infective dose
(TCID50) viral titer in microNT ELISA, 10-fold serial dilutions of virus
were added to confluent RD cells in a 96-well plate and incubated at 37°C,
5% CO2. After 24 h, supernatants were removed, and cells were fixed by
acetone for 30 min and then washed with phosphate-buffered saline con-
taining 0.05% Tween 20 (PBS-T). We then used an ELISA to detect virus.
Acetone-fixed cells were incubated with mouse anti-EV-A71 monoclonal
antibody (Mab979, 1:2,000; Millipore) at 37°C for 2 h. After washing with
PBS-T, cells were incubated with goat peroxidase-labeled antibody
against mouse IgG (1:2,000; KPL) at 37°C for 2 h. Cells were washed with
PBS-T six times; subsequently, 3,3=,5,5=-tetramethylbenzidine substrate
was added to detect viral antigen, and absorbance was measured at 450 nm
(A450). Wells displaying a 2-fold increase of absorbance relative to cell-
only wells were positive for virus antigen, and the TCID50 of virus was
calculated from these data. To perform microNT ELISA, serum was heat
inactivated at 56°C for 30 min and then serially diluted. We added 100
TCID50 of virus to the diluted sera, incubated the mixture for 2 h at 37°C,
and then transferred the mixture to seeded RD cells for a 1-day incuba-
tion. Viral antigen was detected by ELISA (see above), and the neutralizing
endpoint was ascertained by 50% specific signal (X) calculation and ex-
pressed as a reciprocal of the highest serum dilution with an A450 value of
less than X, where X � [(average A450 of virus control wells) � (average
A450 of cell control wells)]/2 � (average A450 of cell control wells). Neu-
tralization titers are shown as the geometric means of the duplicate mea-
surements. Sera were randomized to prevent experimental bias. As lim-
ited sera were available from infant or children patients, the analyzed
serum-virus pairs were selected according to the necessity for antigenic
cartography analysis.

Antigenic cartography. Tabular neutralization data were analyzed
with antigenic cartography as detailed previously (15, 23–26). Briefly,
antigenic cartography is a method to visualize and increase the resolution
of binding assay data, including microneutralization results. In an anti-
genic map, the distance between serum point S and antigen point A cor-
responds to the difference between the log2 of the maximum titer ob-
served for this serum S against any antigen and the log2 of the titer for
serum S and antigen A. Thus, each titer in a neutralization assay table can
be viewed as specifying a target distance for the points in an antigenic map.
Modified multidimensional scaling methods serve to arrange the antigen
and serum points in an antigenic map to satisfy target distances specified
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by neutralization data, yielding a map in which the antigenic distance
between points represents antigenic distance as measured in the binding
assay. If the maximum neutralization value for each serum was below
1,024, this value was used as the maximum titer (the column basis), with
the aim of partially correcting for the absence of homologous viruses for
some sera.

Virus binding assay. ELISA was used to evaluate the binding ability of
each virus, as previously described (21). Briefly, 2 � 105 PFU of EV-A71
mutants was added to RD cells at a multiplicity of infection (MOI) of 10 at
37°C. Unbound virus was washed out of cells with PBS before the cells
were fixed with 80% acetone and stained with monoclonal antibody
against EV-A71 (MAb 979; Millipore) and peroxidase-conjugated goat
antibody to mouse IgG (Cell Signaling) for detection at 37°C.

Nucleotide sequences accession numbers. Complete sequences of
the eight viruses constructed with reverse genetics have been deposited in
the GenBank database under accession numbers KT354866 to KT354875.

RESULTS
Genetic variations at positions 98, 145, and 164 on VP1 are crit-
ical determinants for antigenic properties. We previously re-
ported the reemergence of genotype B5 in 2008, with antigenic
properties different from genotypes B1 and B4 or C (15). To de-
termine the genetic base of these antigenic changes, we compared
the B5 and B4 amino acid sequences available in GenBank for the
external capsid proteins, the proteins that are thought to deter-
mine viral antigenicity. Amino acid sequences of the capsid region
were identical for genotypes B4 and B5, except for amino acid
variations at position 177 of the VP2 protein (VP2-177) and po-
sitions 98, 145, and 164 of the VP1 protein (VP1-98, VP1-145,
VP1-164) (available upon request). We mapped these positions
on the EV-A71 crystal structure (27) and found that residues VP1-
98, VP1-145, and VP1-164, but not VP2-177, were located on the
virion external surface (Fig. 1A).

To characterize the impact of residues at positions 98, 145, and
164 on VP1 on the viral antigenic properties, we identified two
strains, N1745-TW08 (genotype B5) and N7008-TW99 (genotype
B4), that contained VP2, VP3, and VP4 capsid protein sequences
that were identical except for these three VP1 residues. We used
three amino acid abbreviations to create a shorthand notation
representing the sequential amino acids at these three positions,
e.g., KQE for VP1-98K, VP1-145Q, and VP1-164E (Table 1). By
creating cDNA clones of the two representative strains, N1745-
TW08 and N7008-TW99, and introducing mutations into these
clones, we obtained a series of mutant cDNA clones, each carrying
a different combination of mutations. The antigenic properties of
these mutant viruses were assessed by performing neutralization
assays of the viruses against serum samples from hospitalized chil-
dren and healthy, seropositive adults. To interpret the table of
neutralization titers (Table 1), an antigenic map was constructed
using antigenic cartography (15) (Fig. 2). In this two-dimensional
antigenic map, viruses and antisera are positioned such that the
distance between any strain and antiserum in the map represents
the corresponding neutralization assay measurement, and the size
and shape represent the confidence area of this positioning. All
mutant viruses but KQE are closely located in a cluster on the
antigenic map (Fig. 2). These mutants were within an antigenic
distance of 0.24 to 4.14 antigenic units from each other (Table 2),
as a result of their similar antigenic properties. To investigate the
influence of variation in genomic regions other than the capsid
proteins on neutralization, we had two different versions of mu-
tant KEE with identical sequences in the capsid protein coding

region: N7008 VP1-98K�VP1-145E (KEE, cyan) and N1745
VP1-164E (KEE, gray), and similarly two different versions of
EQD: N7008 VP1-164D (EQD, cyan) and N1745 VP1-98E�VP1-
145Q (EQD, gray) (Table 1 and Fig. 2). Only slight changes in the
positions on the antigenic map for these two KEE and EQD mu-
tants with divergent genomic backgrounds were observed (26-
amino-acid [1.18%] difference between N7008-TW99 and
N1745-TW08), not exceeding the intrinsic variability of the assay
measurements. This implies that the influence of the viral genome

FIG 1 VP1 mutations changed the viral antigenicity and cell binding ability of
EV-A71. (A) Locations of key substitutions on the EV-A71 capsid pentamer.
The external surface of the EV-A71 capsid pentamer is shown, using the UCSF
Chimera program version 1.9 (26). The antigenic determinants VP1-98 (yel-
low), VP1-145 (green), and VP1-164 (red) and previously identified receptor
binding sites of PSGL-1 (orange, VP1-244) and SCARB2 (blue, VP1-166 and
VP1-172) are highlighted. (B) Assessing the binding ability of mutant viruses.
The abilities of the different mutant EV-A71 viruses (containing indicated
substitutions in VP1-98, VP1-145, and VP1-164) to bind RD cells were mea-
sured with the virus absorption assay. ELISA was used to evaluate the binding
ability of each virus, as previously described (21). (C) Modeling amino acid
structures of the VP1 mutations. The amino acid structures of substitutions at
positions 98, 145, and 164 of VP1 were homology modeled based on the EV-
A71 protein structure 4AED using FoldX (27) and displayed by the program
YASARA (28). The side chains of the indicated amino acid residues are shown,
and hydrogen bonds are displayed as yellow dashed lines.
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outside the capsid protein coding region on the antigenic proper-
ties of the virus is small.

Interestingly, the KQE mutant was not located in this cluster.
The KQE mutant was located at a distance of 3.43 from the closest
strain in the cluster (maximum distance, 4.89). This mutant has
the lowest neutralization titers against all hospitalized children’s
antisera (Table 1); however, when the titers were raised to inves-
tigate avidity, the virus stayed in approximately the same position,
moving not more than one antigenic unit toward the main cluster.
These results therefore highlight divergent antigenic traits and a
potential for neutralization reduction of KQE viruses. The mu-
tants that differed in one position from KQE, namely, EQE, KEE,
and KQD were located in the main antigenic cluster, and this
confirmed that all three mutations are involved in determining the
antigenic properties of EV-A71. These results suggest that genetic
variations in the VP1-98, VP1-145, and VP1-164 residues coop-
eratively cause antigenic changes of EV-A71, and none of the sin-
gle mutations are individually responsible for such antigenic
change.

Antigenically relevant positions on VP1 are next to identified
receptor binding sites. It was previously shown that the VP1 pro-

FIG 2 Antigenic map of EV-A71 mutant viruses. Antigenic cartography dis-
plays the antigenic properties of EV-A71 viruses with various substitutions at
VP1-98, VP1-145, and VP1-164. The viruses are shown in color and the anti-
sera as open shapes. Distances between each mutant and antiserum on the map
represent the corresponding neutralization assay titer, as described previously
(15). The size and shape of each antiserum and virus represent the confidence
area in the placement of the antiserum or virus. Both the vertical and horizon-
tal dimensions represent antigenic distance; only the relative positions of an-
tigens and antisera can be determined, i.e., the map can be freely rotated. Each
grid line represents a unit of antigenic distance, corresponding to a 2-fold
dilution of antiserum in the neutralization table.

TABLE 1 Neutralization titers from patients’ and healthy donors’ sera against VP1 mutant viruses

Amino acid
abbreviationsa Virus

Neutralization titers of sera from:

Patientsb Healthy donors

B5 B4 C4 C2

SWH YFW GCL WTY CYL YSC12121 12103 3664 7309 1988 1970

KED N1745-TW08 1,024 128 1,024 —c 128 512 64 64 64 128 256
EED N1745-TW08 VP1-K98E 4,096 1,024 2,048 2,048 256 256 128 256 512
KQD N1745-TW08 VP1-E145Q 128 32 32 32 128 128
KEE N1745-TW08 VP1-D164E 512 128 64 64 256 128
EQD N1745-TW08 VP1-K98E�E145Q 4,096 512 2,048 2,048 128 128 64 256 256
EQE N7008-TW99 8,192 2,048 2,048 4,096 256 1,024 1,024 128 128 128 512 512
KQE N7008-TW99 VP1-E98K 128 64 128 512 512 256 16 128 64 128 256
EEE N7008-TW99 VP1-Q145E 1,024 128 128 128 512 512
EQD N7008-TW99 VP1-E164D 8,192 512 4,096 8,192 8,192 2,048 128 32 128 256 128
KEE N7008-TW99 VP1-E98K�Q145E 256 512 64 128 128 256 256
a The amino acid abbreviations indicate the residues of VP1-98, VP1-145, VP1-164 in the mutant virus.
b Sera collected from patients infected with various genotypes of EV-A71.
c As limited sera were available from infant or children patients, the analyzed serum-virus pairs were selected according to the necessity for antigenic cartography analysis.

TABLE 2 Antigenic distance between the EV-A71 mutants in the
antigenic map

Mutanta

Antigenic distancec from mutant:

EQDb EEE KQD KEEb KED EED KQE

EQE 1.227 0.836 2.501 1.364 2.055 1.680 4.116
EQD 1.316 1.388 0.238 1.664 2.783 4.651
EEE 2.186 1.540 1.323 2.364 3.434
KQD 1.420 1.472 4.142 4.831
KEE 1.873 2.839 4.889
KED 3.678 4.116
EED 4.847
a Amino acid abbreviations indicate the amino acid residues in VP1-98, VP1-145, and
VP1-164, respectively.
b EQD indicates the antigenic distance of virus N7008-TW99 VP1-E164D, and KEE
indicates the antigenic distance of virus N1745-TW08 VP1-D164E.
c Units of antigenic distance; each unit corresponds to a 2-fold dilution of antiserum in
the neutralization table.
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tein contains binding residues for the identified cellular receptors
PSGL-1 and SCARB2 (4, 5). To gain insight into the effects on
virus binding of the three antigenically relevant VP1 positions, we
assessed the binding ability of the eight mutant viruses to RD cells.
The binding ability of these eight mutant viruses in RD cells varied
widely (Fig. 1B). The KQE mutant, which displayed antigenically
different properties on the antigenic map (Fig. 2), had a substan-
tially higher binding ability to RD cells than the other viruses/
mutants. Similar to the effects of the VP1 substitutions on viral
antigenic properties, where none of these VP1-98, VP1-145, or
VP1-164 mutations independently affected the antigenicity, it ap-
peared that the three mutations cooperatively affected the in-
creases and decreases in binding ability to cells. We thus found
that in addition to the antigenic properties of the KQE mutant
resulting in neutralization reduction from patients’ antisera, this
mutant displays increased binding ability to cells.

Virus substitutions near the receptor binding site of influenza
virus have been shown to be the main cause of antigenic evolution
in this virus (28). The EV-A71 crystal structure similarly reveals
that the antigenically important VP1-145 and VP1-164 residues
are located adjacent to the identified PSGL-1 and SCARB2 recep-
tor binding residues (Fig. 1A). Residue VP1-145 is located in the
DE loop on the virion surface, in close contact with residue VP1-
244 on the HI loop, which is essential for virus binding to the
PSGL-1 receptor (4) (Fig. 1). Residue VP1-98 in the BC loop was
previously shown to affect viral replication in RD and Jurkat cells
when combined with glutamic acid of VP1-145 (4). The location
of residue VP1-164 in the VP1 EF loop is proximal to identified
SCARB2 receptor binding residues in the canyon region, espe-
cially the receptor binding residue VP1-166 (5).

We next modeled expected protein structure changes resulting
from the three VP1 mutations based on the EV-A71 crystal struc-
ture (4AED), using FoldX (29). We found that mutation of the
VP1-98 and VP1-164 positions caused a rotation of these side
chains on the capsid structure (Fig. 1C). The changed orientation
of the VP1-98E acidic side chain resulted in the disappearance of a
hydrogen bond present for the VP1-98K basic side chain (Fig. 1C).
Similarly, mutation of VP1-164 from D to E changed the orienta-
tion of the side chain. A mutation of the VP1-145 residue from Q
to E, however, elongated the side chain rather than causing a ro-
tation. To determine if these side chain changes affected the sta-
bility of the virion structure, free-energy changes (��G) of the
three mutations were calculated with FoldX. Based on the average
��G results, the VP1-Q145E mutation stabilized the virion
(average ��G, �0.600466), but the effects of the VP1-E98K and
VP1-E164D mutations were small, with average ��Gs of 0.258537
and �0.1818, respectively; a ��G of �0 indicates that the mu-
tation is destabilizing, a ��G of 	0 indicates that the mutation
is stabilizing, and changes exceeding 0.5 kcal/mol are signifi-
cant (29). In summary, the VP1-145 and VP1-164 residues
were located on the exposed virion surface in close proximity to
known EV-A71 receptor binding residues. Mutations in these
three positions resulted in changes of the orientation or length
of the amino acid side chain in the EV-A71 protein structure,
which cooperatively influenced viral antigenic properties and
cell binding ability.

DISCUSSION

Since the late 20th century, EV-A71 has caused severe outbreaks,
notably in the Asia-Pacific region, and has been endemic to this

region for years. The phase III clinical trials of one vaccine candi-
date have finished recently, and this vaccine is likely to be ap-
proved in the near future. We wished to address the concern that
mutations in EV-A71 might confer a selective advantage to such
variants and have increased viral fitness under immune pressure
of neutralizing antibodies of vaccinees generated in the vaccine
program—leading to immune escape and reduced vaccine effi-
cacy. Using genetic and antigenic analyses, we demonstrated that
the amino acids at positions VP1-98, VP1-145, and VP1-164, as
antigenic determinants, cooperatively influence the viral antigenic
phenotype, using human antiserum samples obtained after natu-
ral infection. Interestingly, the KQE mutant showed lower reac-
tivity to all antisera from infected children than did strain N7008-
TW99 (EQE), and it also had a 4-fold reduction of neutralization
titers against three of six antisera from healthy adults (Table 1).
The variation in neutralizing antibody titers in the sera from
healthy adults may be a result of different virus exposure histories.
Although both infected children and healthy adult antisera con-
sistently reacted to all mutant viruses with neutralization titers
above 1:8, antigenic changes of the KQE mutant were clearly ob-
served as reduced reactivity in all tested sera except for serum
GCL. In addition to the sera tested from patients and healthy
donors, we examined the rabbit anti-EV-A71 (genotype B4, E59
vaccine strain) serum against mutant viruses as well (data not
shown). Similar to human antisera, the rabbit antiserum has a
4-fold reduction of neutralization titer against the KQE mutant,
indicating that the reduction pattern against the KQE mutant re-
mains the same using either human or rabbit antisera. Future
research should investigate whether similar patterns of neutraliza-
tion reactivity are observed for this mutant when using human
antisera of volunteer EV-A71 vaccinees.

Several reports have identified various linear epitopes in the
VP1 region (30, 31) as well as in the VP2 and VP3 regions (32).
The residues VP1-98 (31) and VP1-164 (32) were located in these
identified linear epitopes. Also, positions 145 and 164 on VP1
were in the proximity of previously identified receptor binding
determinants, and thus amino acid changes in these residues can
plausibly lead to viral structure changes with phenotypic binding
alterations. Chen et al. (17) reported that 50 of 83 monoclonal
antibodies recognized conformational epitopes with neutralizing
activity, suggesting that substitutions on conformational epitopes
are the major determinant of neutralizing activity of antisera. As
the substitutions VP1-98K, VP1-145Q, and VP1-164E in combi-
nation altered the viral antigenic phenotype, we suggest that these
residues potentially belong to a single conformational epitope that
is recognized by polyclonal antisera, a hypothesis that requires
further investigation. Besides the three positions that we described
here as influencing the antigenic properties of EV-A71, it is likely
that other combinations of substitutions can lead to antigenic
changes and low vaccine effectiveness. These may not necessarily
change cellular binding but are nonetheless equally important
for monitoring vaccine effectiveness and global surveillance of
strains, and future studies should target the identification of
these locations.

Virus epitopes accumulate mutations in major surface pro-
teins that evade antibody-mediated inhibition, and this antigenic
evolution is known as antigenic drift. The evolution of the hem-
agglutinin (HA) protein of influenza virus, for example, causes
sequential antigenic drift over time (33). Koel et al. (28) deter-
mined that the antigenic clusters of influenza virus A/H3N2 from
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1968 to 2003, where the existing antigenic cluster is consecutively
replaced by an emerging cluster, is often based on antigenic
change caused mostly by a single substitution (28), located in only
seven HA positions peripheral to receptor binding sites. Similar to
influenza virus, we showed that two of these three antigenically
important locations are in close proximity to known receptor
binding residues and that all three positions influenced cell bind-
ing ability. Changes of amino acid side chains in these positions
might alter both virus-cell interaction and viral antigenicity. In-
terestingly, among eight constructed mutants, the KQE mutant
exhibited the highest cell binding ability and also displayed the
lowest neutralization antibody titers when tested against patients’
sera. Whether the KQE mutant reduced neutralization by anti-
body through the increased cell binding ability needs further in-
vestigation.

Although enteroviruses rarely display antigenic drift to escape
vaccine-mediated immunity (28, 29), they are often observed to
have evolving antigenic properties (30). As an example of the im-
portance of mutations in antigenic sites for the evolution of en-
teroviruses and their implications for the success of vaccine pro-
grams, we consider the live attenuated oral poliovirus vaccine
(OPV), which is one of the most efficacious and safe vaccines (31).
As OPV is genetically unstable, it occasionally evolves into patho-
genic vaccine-derived poliovirus (VDPV), where the virus has ac-
quired amino acid alterations in various individual epitopes as an
evolutionary response to immunologic pressures on the capsid
protein (32). Although the current inactivated poliovirus vaccine
and OPV both exhibit high potency against circulating wild-type
virus and VDPV in various outbreaks (33) despite their antigenic
divergent properties, there is reduced neutralizing antibody
against VDPV compared to the wild-type virus. Such lower neu-
tralization titers confer a selective advantage and an increasing
viral fitness for antigenic mutant VDPV, which might allow po-
liomyelitis outbreaks (28, 29). Indeed, the World Health Organi-
zation is keen to monitor antigenic changes of poliovirus and rec-
ommends to characterize poliovirus isolates in at least one of the
standard intratypic differentiation tests (34), including an anti-
genic test. Therefore, continuous surveillance and the vaccination
program have been informed by knowledge of amino acid changes
at antigenic determinants in circulating viruses. Because antigenic
changes of EV-A71 are similarly thought to frequently occur in
naturally circulating viruses (13), our results highlight the impor-
tance of monitoring possible antigenic sites for viral antigenicity
and in particular identify substitutions at positions 98, 145, and
164 in VP1 as important for the antigenicity of the EV-A71 virus.

When EV-A71 vaccine programs start, the virus may respond
to the resulting herd immunity and obtain antibody escape muta-
tions in its capsid protein. Fortunately, such natural isolates con-
taining the KQE mutations are not yet found in the GenBank
database, but this does not preclude the possibility that some vi-
ruses have already acquired, or future viruses may evolve, substi-
tutions at these antigenic sites, especially when the pressure for
herd immunity increases as a result of extensive vaccination pro-
grams. This KQE mutant, which indeed is a construct, is a simple
intermediate, only 1 or 2 mutations away from two strains that
were actually isolated. It is between genotypes already circulating
and therefore likely within evolutionary reach. Continuous sur-
veillance of EV-A71 antigenic evolution can forewarn and pre-
empt problems with reduced vaccine effectiveness as a result of
mutations at antigenic sites.

To prevent and control disease, it is necessary to identify the
antigenic determinants of EV-A71. We systematically character-
ized the antigenic determinants of EV-A71 with a reverse genetics
system and antigenic cartography. We found that positions VP1-
145 and VP1-164, near known receptor binding sites, and VP1-98,
at which substitution potentially causes a hydrogen bond destruc-
tion and which influences viral replication (4), affect the antigenic
properties of EV-A71; viruses containing mutations at these three
key positions might become predominant and potentially de-
crease the effectiveness of the protection provided by EV-A71 vac-
cines. These findings provide important new insights that can be
used to ensure the effectiveness of the vaccine and for viral sur-
veillance of emerging and endemic EV-A71 in the future.
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