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Serum neutralizing antibody titers are indicative of protective immunity against Coxsackievirus A16 (CV-
A16) and Enterovirus 71 (EV71), the two main etiological agents of hand, foot and mouth disease (HFMD),
and provide the basis for evaluating vaccine efficacy. The current CV-A16 neutralization assay based on
inhibition of cytopathic effects requires manual microscopic examination, which is time-consuming and
labor-intensive. In this study, a high-throughput neutralization assay was developed by employing CV-
A16 pseudoviruses expressing luciferase for detecting infectivity in rhabdomyosarcoma (RD) cells and
measuring serum viral neutralizing antibodies. Without the need to use infectious CV-A16 strains, the
neutralizing antibody titer against CV-A16 could be determined within 15h by measuring luciferase
signals by this assay. The pseudovirus CV-A16 neutralization assay (pCNA) was validated by comparison
with a conventional CV-A16 neutralization assay (cCNA) in testing 174 human serum samples collected
from children (age <5 years). The neutralizing antibody titers determined by these two assays were well
correlated (R? =0.7689). These results suggest that the pCNA can serve as a rapid and objective procedure

Keywords:

Coxsackievirus A16
Pseudovirus

Luciferase

Neutralizing antibody assay

for the measurement of neutralizing antibodies against CV-A16.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hand, foot and mouth disease (HFMD) is a common illness in
children, but no effective vaccine or antiviral drug is yet available.
Coxsackievirus A16 (CV-A16) and Enterovirus 71 (EV71) are two
major etiological agents of HFMD (Hosoya et al., 2007; Ang et al.,
2009; Solomon et al., 2010). The seroprevalence for individuals
aged >1 year was found to be nearly 60% for CV-A16 and 40% for
EV71 (Rabenau et al., 2010). CV-A16 has been classified into three
genogroups and several subgroups (A, B1a, B1b, B2a, B2b and C)
based on phylogenetic analyses of the VP4 or VP1 gene (Li et al.,
2005; Hosoya et al., 2007; Perera et al., 2007; Zhou et al., 2010;
Chen et al., 2012).

The illness caused by CV-A16 infection is usually mild (Chang
et al.,, 1999), whereas EV71 infection is often associated with
severe complications, such as brainstem encephalitis, severe pul-
monary edema and shock, and significant mortality (Lee et al.,
2009; Wong et al., 2010). However, recent findings suggest that
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the recombination between co-circulating CV-A16 and EV71 (Yip
etal., 2010; Zhangetal.,2010) may have contributed to the increase
of HFMD cases in China over the past few years (Zhang et al., 2009).
Furthermore, CV-A16 infection is not always benign, as fatal cases
associated with the virus have been reported (Cooper et al., 1989;
Wang et al., 2004). Thus, further understanding of the virology
and epidemiology of CV-A16 is important for developing improved
diagnostic tests and vaccines.

A serum neutralizing antibody response is the major indica-
tor of EV71 or CV-A16 infection and protective immunity and,
thus, is used to evaluate vaccine efficacy for HFMD. The neutral-
ization assay based on inhibition of cytopathic effects (CPE) is a
standard method recommended by the World Health Organization
(WHO) for measuring neutralizing antibodies against polioviruses
and also has been applied widely to determine neutralizing anti-
body titers against CV-A16 and EV71 (Chang et al., 2002; Kung et al.,
2007). However, the conventional CV-A16 neutralization assay
(cCNA) is labor-intensive, subjective and time-consuming (at least
4 days). Therefore, it is not suitable for mass screening of protec-
tive antibodies in seroepidemiological studies. Recently, simplified
neutralization assays employing pseudoviruses have been applied
in detection of neutralizing antibodies against multiple enveloped
viruses, including influenza, severe acute respiratory syndrome
coronovirus (SARS-coV) (Temperton et al., 2005; Kobinger et al.,
2007; Wright et al., 2008), hepatitis C virus (Bartosch et al., 2003;
Keck et al.,, 2005; Netski et al., 2005), human immunodeficiency
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virus (HIV) (Montefiori, 2005) and rabies (Wright et al.,2008). How-
ever, packaging signals are poorly understood for non-enveloped
viruses such as CV-A16, making it thus far difficult to package pseu-
doviral particles for detection of neutralizing antibodies in human
serum.

The generation is described of non-proliferating CV-A16 pseu-
doviruses (luciferase-encoding CV-A16 replicons encapsidated by
viral P1 capsid proteins) through triple transfection of 293T cells
with a T7 RNA polymerase expression plasmid (pcDNA3.1-T7 RNA
Pol), a plasmid containing the reverse-transcribed full-length CV-
A16 genome encoding the firefly luciferase gene in place of the P1
gene (pBS-T7-CV-A16-luc) and a CV-A16 capsid expression plasmid
(VR1012-5' NTR-P1). Using these non-proliferating pseudoviruses,
a novel CV-A16 neutralization assay (pCNA) was developed in
which neutralizing antibody titers could be determined based on
the luciferase signals in inoculated cells within 15h. The results
suggest that the pCNA may serve as arapid and objective procedure
for screening neutralizing antibody titers against CV-A16.

2. Materials and methods
2.1. Cells, viruses and human sera

RD cells (human embryonic rhabdomyosarcoma) and 293T
cells (SV40 transfected human embryonic kidney 293 cells) were
cultured as monolayers in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS). The CV-A16
strain HN1129/CHN/2010 (B1b genotype, a gift kindly provided by
the Henan Provincial Center for Disease Control and Prevention,
Zhengzhou, China) was grown in RD cells and used for the cCNA in
this study. Human sera were collected from children (age <5 years)
at the Henan Provincial Center for Disease Control and Prevention
and used for the detection of CV-A16 neutralizing antibodies by
both the cCNA and pCNA.

2.2. Construction of plasmids

RNA was extracted from virus-infected RD cells using Tri-
zol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed
using oligo(dT) primers and M-MLV reverse transcriptase
(Invitrogen) according to the manufacturer’s instruc-
tions. The resulting cDNA was used for amplification of
the CV-A16 5 NTR-P1 fragment with forward primer
5’ATGCATGCGCGGCCGCTTAAAACAGCCTGTGGGTTG3' and reverse
primer 5'CTGGTCTAGATTACAGTGTTGTTATCTTGTATCTAC3'. The
PCR product was subcloned into the Notl/Xbal sites of the VR1012
vector to produce VR1012-5" NTR-P1.

The T7 RNA polymerase gene (GenBank ID: M38308) was com-
mercially synthesized (Generay Bio Co. Ltd., Shanghai, China) and
inserted into the Notl/Xbal sites of the pcDNA3.1(—) vector (Invi-
trogen). The resulting plasmid, pcDNA3.1-T7 RNA Pol, expresses T7
RNA polymerase under control of the strong human CMV immedi-
ate early promoter.

The commercially synthesized pBS-T7-CV-A16-luc plasmid
(GenBank ID: JQ180469) contains the reverse transcribed full-
length CV-A16 genome with the firefly luciferase gene in place
of the P1 region (Arita et al., 2008), including a complete 5’
non-translated region (NTR) and 3’ NTR. The hepatitis delta
virus (HDV) ribozyme (Rib) was added downstream of the 3’
NTR, followed by the T7 terminator (Tt7) (Troupin et al., 2010).
After transfection of this plasmid into 293T cells, the T7 RNA pol
expressed by pcDNA3.1-T7 RNA Pol drives the transcription of the
CV-A16 mRNA from the first nucleotide (T) of the 5’ end to the last
nucleotide (A) of the 3’ end after ribozyme cleavage. Although this
plasmid carries only a T7 promoter and no additional eukaryotic

pBS-T7-CVA16-luc

—{ 17 [sNR] Luciferme | P2 | P3| aNIR [mib [T, —
VR1012-5'NTR-P1

_| CAMV |5’VTR| P1 | BGH '_
pcDNA3.1-T7 RNA Pol

—{ o ] T7 RNA Pol [ Bon |—

cotransfection
CVA16

293T cell line

I pseudovirus
trans-encapsidation

Fig. 1. Generation of CV-A16 pseudoviruses. 293T cells were triple-transfected with
the indicated plasmids to produce CV-A16 pseudoviruses containing luciferase. The
pBS-T7-CV-A16-luc plasmid contains the reverse-transcribed full-length CV-A16
genome with the firefly luciferase gene in place of the P1 region. The VR1012-5
NTR-P1 plasmid expresses the CV-A16 P1 gene. The pcDNA3.1-T7 RNA Pol plasmid
expresses T7 RNA polymerase under control of the strong human CMV immediate
early promoter. BGH: the bovine growth hormone polyadenylation (BGH-PolyA)
signal, a specialized termination sequence for protein expression in eukaryotic cells.

promoter sequences, spontaneous formation of pseudoparticles
was observed after trans-encapsidation by P1 capsid proteins
resulting from co-transfection with the VR1012-5 NTR-P1 and
pcDNA3.1-T7 RNA Pol plasmids (Fig. 1).

2.3. Generation of CV-A16 pseudoviruses containing the firefly
luciferase gene in 293T cells

A 70% confluent monolayer of 293T cells in a T75 flask (BD
Biosciences, Franklin Lakes, NJ, USA) was triple-transfected with
pcDNA3.1-T7 RNA Pol, pBS-T7-CV-A16-luc and pcDNA3.1-5' NTR-
P1 (3.3 g each) using 30wl Lipofectamine 2000 reagent (cat#
11668-019, Invitrogen) and then incubated at 37°C in 15ml of
DMEM (10% FCS). The cells were washed, and the medium was
replaced with DMEM (10% FCS) at 6 h post-transfection. After incu-
bation for 48 h, the cells were harvested and stored at —80°C.

2.4. Reverse transcription-PCR (RT-PCR)

Supernatants from the triple-transfected 293T cells were
collected and extracted with an equal volume of chloro-
form, followed by RNase (15mg/ml) and DNase (20U/ml)
treatment for 20min at 37°C. RT-PCR was performed using
RevatraAce reverse transcriptase (TaKaRa, Dalian, China) and the
primer pair: 5 NTR-F (5" TTAAAACAGCCTGTGGGTTG3’) and Luc-R
(5'CACGGCGATCTTTCCGCCCTTCT3'). The PCR products were puri-
fied by using a PCR purification kit (Tiangen, Beijing, China). Direct
sequence analysis was carried out on the full-length genomic
sequence of CV-A16 (GenBank ID: JQ180469) using DNA fragments
amplified by RT-PCR as templates.

2.5. Transmission electron microscopy (TEM)

To perform electron microscopy, CV-A16 pseudoviruses were
purified from the triple-transfected 293T cells. Briefly, after
two rounds of freezing and thawing, the transfected 293T cell
lysates were filtered through a 0.22-p.m membrane. CV-A16 pseu-
doviruses were purified from the resulting suspension using
DEAE-Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ,
USA) (Horodniceanu et al., 1979), followed by centrifugation at
100,000 x g for 2.5h at 4°C in a Beckman SW40 rotor through a
1-ml 30% sucrose cushion. The pellet was washed three times with
distilled water and dissolved in 500 .l of phosphate-buffered saline
(PBS). Samples were examined by TEM (JEM-1220; JEOL Datum,
Tokyo, Japan) at an acceleration voltage of 80kV, and the images
were obtained at a magnification of 200,000 x.
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2.6. Western blotting

Purified virus stocks were mixed with SDS-PAGE sample buffer,
boiled and separated on 13.5% polyacrylamide gels. Proteins were
transferred onto PVDF membranes for Western blot analysis. Mem-
branes were probed with a mouse anti-VP1 polyclonal antibody
(a gift kindly provided by the National Institutes for Food and
Drug Control, Zhengzhou, China) diluted 1:1000 in PBS with 0.05%
Tween-20 and 1% skim milk, followed by a corresponding alka-
line phosphatase (AP)-conjugated secondary antibody (Sigma, St.
Louis, MO, USA) diluted 1:1000. The membranes were devel-
oped by chemiluminescence using nitro-blue tetrazolium (NBT,
cat# DH2133, Dinguo, Beijing, China) and 5-bromo-4-chloro-3’-
indolyphosphate (BCIP, cat# DH0326, Dinguo).

2.7. Titration of pseudovirus particles

The number of non-proliferating pseudovirus particles (pseu-
dovirus titer) was determined by measuring the 50% cell culture
infective dose (CCIDs5q) using a microtitration assay performed with
RD cells cultured in 96-well plates (BD Biosciences). Briefly, pseu-
doviruses from supernatants collected after freeze-thawing of the
triple-transfected 293T cells were diluted serially 5-fold in DMEM
(10% FCS) and used to inoculate RD cells (4 x 10% cells per well)
in quadruplicate per dilution in 96-well plates (BD Biosciences).
After incubation for 15h, the cells were harvested for measuring
luciferase activity using a luciferase assay kit (cat# E2650, Promega,
Madison, WI, USA) according to the manufacturer’s recommenda-
tions. Briefly, cells were lysed by addition of 100 ul of reporter
lysis buffer (Promega), and the luciferase activity in cell lysates
(100 ! per well) was measured using the Fluoroskan Ascent FL
Microplate Fluorometer (Thermo Scientific, Waltham, MA, USA).
CCIDsq values were determined as the dilution that resulted in CV-
A16 pseudovirus infectivity of 50% (Montefiori, 2005), and 2.5 times
the control cell group value was the cut-off value to determine if
a well was successfully infected. Here, “CCIDsq” reflects the titer of
the non-proliferating pseudovirus, while “TCID50” reflects that of
the replication-competent virus.

2.8. pCNA

Before carrying out the pCNA, the optimal incubation time
with pseudoviruses was determined. Briefly, RD cells (4 x 10% per
well) were seeded into 96-well microtiter plates using the medium
described above and incubated with CV-A16 pseudoviruses at the
multiplicity of infection (MOI) of 5 CCID5q per cell. The cells were
washed at 2 h post-infection (hpi), and then luciferase activities in
the cells were measured at designated time points (0-24 h).

For the pCNA, each human serum sample (30 1) was initially
diluted 8-fold with DMEM supplemented with 2% FCS, followed
by 2-fold serial dilutions (1:8 to 1:1024 dilutions). Subsequently,
50 w1 of diluted serum or DMEM supplemented with 2% FCS (mock
treatment for the pseudovirus positive control) was added to a 96-
well plate (2 wells per dilution in 1 plate). CV-A16 pseudoviruses
(400 CCIDsq in 50 pl) were added to each well of the plate and
incubated at 37 °C for 1 h. After the incubation, RD cells (4 x 104 in
100 .l DMEM supplemented with 2% FCS) were added to each well,
and then the plates were incubated at 37 °C for 15 h. Based on the
results of the optimization experiment described above, luciferase
activities of the infected cells were measured at 15 hpi. Infectiv-
ity was calculated as a percentage of the luciferase activity in the
cells infected with CV-A16 pseudovirus pre-incubated with serum,
relative to that of the cells infected with the pseudovirus positive
control (set at 100%). A decrease of infectivity below a threshold
value was considered positive neutralization. The reciprocal of the
highest serum dilution showing an infectivity value equal to or less

A) 1 2 3 ©
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Fig. 2. Characterization of CV-A16 pseudoviruses. (A) Western blot analysis of
purified CV-A16 pseudoviruses using mouse anti-VP1 mAb. 1, marker; 2, non-
transfected 293T cell lysates; 3, CV-A16-luc. The band corresponding to viral VP1
proteins (VP1) is indicated with an arrow. (B) Electrophoretic profile of PCR prod-
ucts of CV-A16 pseudoviruses. Lane 1, supernatants collected from cells transfected
with pBS-T7-CV-A16-luc and pcDNA3.1-T7 RNA Pol; lane 2, supernatants collected
from cells transfected with pBS-T7-CV-A16-luc, pcDNA3.1-T7 RNA Pol and VR1012-
5’ NTR-P1; M, 1kb DNA ladder (New England Biolabs: N3232). (C) Transmission
electron microscopic observation of purified CV-A16 pseudoviruses. Bar, 50 nm.

than the threshold value was determined to be the neutralizing
antibody titer.

2.9. cCNA

A suspension of infectious CV-A16 was serially diluted 10-
fold and incubated with RD cells in 96-well microtitration plates
to determine viral infectivity titers. CPE was observed using an
inverted microscope after an incubation period of 7 days. The
50% tissue culture infectious doses (TCIDsg) of CV-A16 were cal-
culated by the Reed and Muench method (1938). Sera were
heat-inactivated at 56 °C for 30 min, diluted serially 2-fold from 1:8
to 1:1024 and mixed with an equal volume of the CV-A16 inocu-
lum (50 .l containing 100 TCIDsq/well of virus) at 37°C for 1h in
96-well microtiter plates. RD cells were added at 4 x 10%/well and
incubated for 7 days. Serum samples were tested in triplicate, and
the neutralization titers were read as the highest dilution that com-
pletely inhibited CPE in over 50% of the wells. A positive control
serum with a known titer was included in each run.

2.10. Statistical analysis

Results were obtained from at least three replicates and
reported as the mean = standard deviation (SD). All statistical anal-
yses were carried out with the GraphPad Prism software package.
Groups were compared by using Student’s t-test. P values <0.05
were considered significant (Motulsky and Christopoulos, 2004).

3. Results

3.1. Generation of CV-A16 pseudoviruses containing firefly
luciferase in 293T cells

To obtain CV-A16 pseudoviruses containing the firefly luciferase
gene in place of the P1 gene (CV-A16-luc), 293T cells were
triple-transfected with pT7-CV-A16-luc, pcDNA3.1-5" NTR-P1 and
pcDNA3.1-T7 RNA Pol. pcDNA3.1-5" NTR-P1 provided the source
of P1 proteins, while pcDNA3.1-T7 RNA Pol provided the source
of T7 RNA polymerase for transcribing the CV-A16 replicon plas-
mid pT7-EV71-luc. Two days after the transfection, the 293T cells
were lysed by freeze-thawing, and P1 protein encapsidated CV-A16
replicon particles expressing luciferase were collected in the super-
natant after clarifying the lysate by centrifugation. This CV-A16
pseudovirus stock was titered at 1.0 x 10° CCID5o/ml.

An RT-PCR with the primers 5’ NTR-F and Luc-R was performed
to test for the production of CV-A16 pseudovirus particles in the
supernatant of transfected 293T cells. A PCR product of 2.3kb
corresponding to the fragment expected with these primers was
obtained (Fig. 2B, lane 2). The nucleotide sequence of the 2.3-kb
segment was found to match completely with pBS-T7-CV-A16-luc
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Fig. 3. Determination of the optimal incubation time (A) and virus input (B-D) for pCNA. (A) Kinetics of CV-A16 pseudovirus infectivity in RD cells inoculated at MOI = 5 CCIDsq
per cell. The cells were washed at 2 hpi, and then the luciferase activities in the cells were measured at the indicated times. Data are shown from one out of three experiments
with similar results, each performed in quadruplicate. (B-D) Optimization of the CV-A16 pseudovirus titer for the pCNA. Neutralization curves of CV-A16 pseudoviruses (200,
400 and 800 CCIDsg ) with the standard anti-CV-A16 serum are shown. Error bars indicate standard deviations.

by alignment (Sequencher 4.9 software). The formation of CV-A16
pseudoviruses was also confirmed by Western blotting (Fig. 2A),
which revealed a specific band at 35kDa (Fig. 2A, lane 3) corre-
sponding to the expected size of viral VP1 proteins. Furthermore,
TEM analyses revealed viral-like particles of 25-30 nm diameter,
which were consistent in shape and size with wild-type CV-A16
virus (Fig. 2C).

3.2. Determination of the optimal incubation time and virus
input for pCNA

The kinetic pattern of CV-A16-luc infectivity was first deter-
mined by measuring luciferase activity of infected RD cells over a
time course (Fig. 3A). At about 15 hpi, the luciferase activity peaked
and then gradually decreased with time. Different doses of CV-
A16 pseudovirus (200, 400 and 800 CCIDs5q) were incubated with
serial dilutions of a standard mouse anti-CV-A16 serum (containing
10 units of neutralizing antibodies against CV-A16 in 5 pl). Neutral-
ization activity was evaluated by the cCNA. As shown in Fig. 3B,
the standard anti-CV-A16 serum could neutralize infectivity of CV-
A16 pseudoviruses over the range of titers tested, and there was
a good dose-response relationship between luciferase signals and
antiserum dilutions with the virus input of 400 CCIDso/well. There-
fore, this virus dose and the incubation time of 15 h were used in
the subsequent assays.

3.3. Comparison of cCNA and pCNA for measurement of
neutralizing antibody titers against CV-A16 in human sera

The pCNA was carried out on 174 human serum samples, and the
results were compared with those obtained by the cCNA. The data

were analyzed using various threshold levels in order to determine
the value which would give an anti-CV-A16 neutralizing antibody-
positive rate in the samples (the percentage of samples that showed
neutralizing antibody titers of >8) closest to that determined by
the cCNA (Fig. 4). With the threshold value of 20% CV-A16-luc
infectivity, a good correlation was observed between the neutral-
izing antibody titers determined by cCNA and pCNA (R2 =0.7689)
(Fig. 5). No statistically significant difference was found between
the neutralizing antibody titers by cCNA (4.471 4+ 2.696) and pCNA
(4.7414£2.942) (P<0.0001, t=4.679). Disagreement was observed
in only three serum samples, which were cCNA negative and pCNA
low positive (with titers of 8, 8 and 16) (Fig. 5). Thus, it seems likely
that these three samples had extremely low titers to CV-A16 and
that the pCNA was more sensitive than the cCNA. This assump-
tion was also supported by the observation that the neutralizing
antibody titers measured using the pCNA were higher than those
measured by the cCNA (Fig. 6). However, 16 of the 174 sera had a
>2-fold difference between the neutralizing antibody titers deter-
mined by these two methods (Fig. 5), and the neutralization titers
of several serum samples exceeded the highest dilution (1:512 or
1:1024) used in this study. Therefore, the exact correlation coeffi-
cient could not be obtained.

4. Discussion

Pseudotype reporter viruses provide a safe, quantitative and
high-throughput tool for assessing antibody neutralization for
many enveloped viruses. Pseudoviruses undergo the steps of infec-
tion that include attachment, fusion and expression of the reporter
gene, but they cannot form infectious progeny due to the lack
of viral structural genes needed for several steps of the viral
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the article.)

life cycle. Thus, pseudoviruses do not propagate beyond a single
cycle of infection. In this study, non-proliferating CV-A16 pseu-
doviruses were generated by encapsidating luciferase-encoding
CV-A16 replicons in viral P1 capsid proteins via triple transfection
of 293T cells, and an assay based on these pseudoviruses for mea-
surement of CV-A16 neutralizing antibody titers in human serum
was developed.

A direct comparison of neutralizing antibody titers revealed a
good correlation between the pCNA and cCNA (Fig. 5), but the pCNA
appeared to be more sensitive (Fig. 6). The improved sensitivity
is likely attributed to the inability of CV-A16 pseudoviruses to
undergo multiple cycles of replication due to the lack of a P1 gene.
Indeed, neutralization of the CV-A16 pseudoviruses can, therefore,
be achieved with neutralizing antibodies which inhibit the initial
binding of the viruses to the cells. When serum neutralization
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Fig. 6. Distribution of neutralizing antibody titers measured by cCNA and pCNA in
174 serum samples.

assays employ replication-competent viruses which can multiply
after successfully entering the cell, typically greater levels of
neutralizing antibodies are required to inhibit further viral spread,
often resulting in an apparently lower neutralization titer. The cost
of the cCNA is low, but requires at least 4 days to complete with
manual microscopic examination and special expertise that may
produce subjective variations among operators and laboratories.
In this study, the processing time of the pCNA was shortened to
15h (Fig. 3) by the use of CV-A16 pseudoviruses and detection
of luciferase signals as the measure of infectivity. Therefore, the
pseudovirus neutralization assay established in this study was
demonstrated to be sensitive, safe, rapid, objective and therefore
especially suited for rapid high-throughput screening of sera.

For other pseudovirus neutralization assays, threshold values
arbitrarily set within a range of 10-50% generally give results that
correlate well with those obtained by conventional assays, espe-
cially for determining the neutralization antibody-positive rates
(Fukushi et al., 2006; Tamin et al., 2009; Wang et al., 2008). Fine-
tuning of threshold values may be useful for linking the results
obtained by different neutralization methods. In this study, the
PCNA threshold value of 20% gave antibody-positive rates closest
to those obtained by cCNA (Fig. 4).

CV-A16 is classified into three genogroups and several sub-
groups (A, Bla, B1b, B2a, B2b and C). In this study, only the P1 gene
from the B1b genogroup was tested in the pCNA. However, it is pos-
sible to interchange the P1 gene with those of other genogroups,
since the P1 capsid proteins from different CV-A16 genogroups
and even from EV71 have been found to be capable of trans-
encapsidating the CV-A16 replicon (data not shown). Therefore, the
PCNA may be conveniently and quickly adapted to test antibody
neutralization of all genogroups of CV-A16 and EV71 viruses, pro-
viding a solid platform for the development of a high-throughput
surveillance system for HFMD that can be used in rural clinics
in Asia. More importantly, this study has also paved the way for
the development of a safe and inexpensive vaccine, which may be
potentially used to protect children from infections with EV71 or
CV-A16 of diverse genogroups.

5. Conclusions

Development of prophylactic vaccines against HFMD is a public
health priority in many countries in Asia, and neutralizing anti-
body responses will be an important indicator for the evaluation of
the immunogenicity of different CV-A16 vaccine candidates. In this
study, a high-throughput CV-A16 neutralization assay using non-
proliferating CV-A16 pseudovirus was developed, which may serve
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as a sensitive, safe, rapid and objective procedure for measurement
of neutralizing antibody titers against CV-A16 in human serum.
Thus, the pCNA can provide a robust method for coordinating global
CV-A16 surveillance.
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