
P

D
p

Q
K

A
R
R
2
A
A

K
C
R
P
W
S

1

c
a
(
H
t
a
7
e
s
p
s
F
f
t
r
E
n

0
d

Journal of Virological Methods 173 (2011) 115–120

Contents lists available at ScienceDirect

Journal of Virological Methods

journa l homepage: www.e lsev ier .com/ locate / jv i romet

rotocols

etection, characterization and quantitation of Coxsackievirus A16 using
olyclonal antibodies against recombinant capsid subunit proteins

ingwei Liu, Zhiqiang Ku, Yicun Cai, Bing Sun, Qibin Leng, Zhong Huang ∗

ey Laboratory of Molecular Virology & Immunology, Institut Pasteur of Shanghai, Chinese Academy of Sciences, 411 Hefei Road, Shanghai 200025, China

rticle history:
eceived 24 September 2010
eceived in revised form
3 December 2010
ccepted 25 January 2011
vailable online 3 February 2011

eywords:
oxsackievirus A16

a b s t r a c t

Coxsackievirus A16 (CVA16), together with enterovirus type 71 (EV71), is responsible for most cases
of hand, foot and mouth disease (HFMD) worldwide. Recent findings suggest that the recombination
between CVA16 and EV71, and co-circulation of these two viruses may have contributed to the increase
of HFMD cases in China over the past few years. Thus, for CVA16, further understanding of its virology, epi-
demiology and development of diagnostic tests and vaccines are of importance. The present study aimed
to develop reagents and protocols for the detection, characterization and quantitation of CVA16. Recom-
binant CVA16 capsid subunit proteins VP0, VP3 and truncated VP1, were produced in Escherichia coli and
used to immunize guinea pigs to generate polyclonal antibodies. The resultant three antisera detected
ecombinant capsid subunit protein
olyclonal antibody
estern blot

ucrose gradient analysis

specifically CVA16 propagated in Vero cells by immunostaining, ELISA and Western blotting. The antisera
was used to show that CVA16 capsids were composed of correctly processed VP0, VP1 and VP3 subunits,
and were present in the form of efficiently assembled particles. A method for the quantitation of the yield
of CVA16 in Vero cells was established based on a Western blotting protocol using the recombinant VP0
as a reference standard and anti-VP0 as the detection antibody. This study shows the development and
validation of reagents and methods, for qualitative and quantitative determination of CVA16, which are
essential for the development of vaccines.
. Introduction

Hand, foot, and mouth disease (HFMD) is a common illness in
hildren. However, no specific vaccine or antiviral drug is yet avail-
ble for HFMD. Coxsackievirus A16 (CVA16) and enterovirus 71
EV71) are two major etiological agents of HFMD (Ang et al., 2009;
osoya et al., 2007; Solomon et al., 2010). Both viruses belong

o the Enterovirus genus of the Picornaviridae family and possess
single-stranded positive-sense RNA genome of approximately

400 bases (Xu et al., 2010; Zhang et al., 2010a). The genome of
nteroviruses encodes a single large polyprotein that consists of
tructural region P1 and non-structural regions P2 and P3. P1 can be
rocessed by virus-encoded proteinase, which results in viral cap-
id subunit proteins VP0, VP1 and VP3 (Ranganathan et al., 2002).
or some enteroviruses, such as poliovirus, VP0 might be cleaved
urther to yield VP2 and VP4 (Kitamura et al., 1981). Whether this is

he case for CVA16 and EV71 remains to be determined. The coding
egion is flanked by 5′- and 3′-non-coding regions, respectively. For
V71 and CVA16, the 5′-non-coding region is comprised of ∼740
ucleotides and contains sequences that control genome replica-

∗ Corresponding author. Tel.: +86 21 54653077; fax: +86 21 63843571.
E-mail address: huangzhong@sibs.ac.cn (Z. Huang).

166-0934/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jviromet.2011.01.016
© 2011 Elsevier B.V. All rights reserved.

tion and translation, such as the internal ribosome entry site (IRES);
the 3′-non-coding region is short (∼100 nucleotides) and contains
a 3′ poly(A) tail that is essential for virus infectivity (Oberste et al.,
2004; Yan et al., 2001).

Over the past few years, HFMD has been prevalent in many
countries and regions in the Far East, including China, Japan,
Hong Kong, Singapore, and Taiwan (Ang et al., 2009; Hosoya
et al., 2007; Solomon et al., 2010; Wu et al., 2010). Between
January 1 and August 31, 2010, China reported a total of
1,465,600 cases of HFMD, including 797 deaths (http://www.
wpro.who.int/sites/csr/data/HFMD TrendsNStatistics.htm). Past
and ongoing virological investigations and efforts to develop HFMD
vaccines have targeted mostly EV71, because it is often associated
with severe complications and significant mortality due to the
involvement of the central nervous system (CNS). However, studies
of samples from patients with HFMD revealed that CVA16 and
EV71 have both contributed to recent outbreaks in China (Zhang
et al., 2009b, 2010a). Furthermore, humans can be co-infected by
EV71 and CVA16, and carry these two viruses simultaneously (Pan

et al., 2009; Zhang et al., 2009a). This co-infection may contribute
to the recombination between CVA16 and EV71 (Yip et al., 2010;
Zhang et al., 2010b), which is thought to be responsible for the
emergence of a new EV71 genotype D (Yip et al., 2010). CVA16
infection has also been reported to be associated with fatal cases
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Table 1
Primers used in this study.

Primer name Sequences (5′–3′)

CVVP0-forward GGTCCATGGCGATGGGGTCACAAGTC
CVVP0-reverse GCGCTCGAGTTGCTTGACTGCCTGG
CVVP3-forward CGTCCATGGTCGGCATACCAACAGAG
CVVP3-reverse GCCCTCGAGTTGTATGTTGGCTGTCTG
CVVP1t-forward CTTCCATGGGTACACAGAACACGGA
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CVVP1t-reverse CGCCTCGAGCAATGTTGTTATCTTG

estriction enzyme sites are underlined.

Goldberg and McAdams, 1963; Wang et al., 2004; Wright et al.,
963). Taken together, these findings warrant further investigation
f CVA16 to understand better and ultimately control infection
ith this virus. A bivalent vaccine against EV71 and CVA16 is
esirable to ensure broad and effective protection against HFMD.

This study demonstrates the prokaryotic expression of CVA16
apsid subunit proteins and the generation of corresponding poly-
lonal antibodies. These recombinant proteins and antibodies could
e used to detect, characterize and quantitate CVA16, hence pro-
iding reagents and methods for qualitative and quantitative
etermination of CVA16 during the development of diagnostic
gents and vaccines.

. Materials and methods

.1. Cells and viruses

RD (ATCC# CCL-136) and Vero (ATCC# CRL-1586) cells were
rown in DMEM (Gibco, Grand Island, NY, USA) supplemented with
0% FBS, 100 U/ml penicillin and 100 �g/ml streptomycin) at 37 ◦C
ith 5% CO2. The CVA16 strain shzh05-1 (GenBank# EU262658),
hich has been described (Wu et al., 2008; Yang et al., 2001), was
ropagated in RD cells. Virus titers were determined by microti-
ration using RD cells, and expressed as the 50% tissue culture
nfectious dose (TCID50), according to the Reed–Muench method
Reed and Muench, 1938). Virus characterization and quantitation
xperiments were carried out using Vero cells.

.2. RNA extraction and reverse transcription

RNA was extracted from virus-infected RD cells using Trizol
Invitrogen, Carlsbad, CA, USA). Subsequently, the RNA was reverse
ranscribed using oligo(dT) primers and M-MLV reverse transcrip-
ase (invitrogen) according to the manufacturer’s instructions. The
esultant cDNA was used for the amplification of CVA16-VP0, -VP1
nd -VP3 fragments.

.3. Vector construction

DNA fragments encoding CVA16-VP0, VP3, and truncated VP1
designated VP1t) were amplified individually from cDNA with the
pecific primer pairs listed in Table 1. PCR was performed using
rimeSTARTM HS DNA polymerase (Takara Mirus Bio, Madison, WI,
SA) at 95 ◦C for 5 min, followed by 30 cycles at 95 ◦C for 30 s, 58 ◦C

or 45 s, 72 ◦C for 45 s, with a final extension step of 72 ◦C for 10 min
n an MJ MiniTM thermal cycler (Bio-Rad, Hercules, CA, USA). The
esultant PCR products were purified, digested with NcoI and XhoI,

nd inserted into the prokaryotic expression vector pET26b using
he same sites, to make pET-CVVP0, pET-CVVP3 and pET-CVVP1t,
espectively. The sequence of the inserted amplicons within these
ectors was verified by sequencing.
ethods 173 (2011) 115–120

2.4. Expression and purification of viral capsid proteins

Plasmids pET-CVVP0, pET-CVVP3 and pET-CVVP1t were trans-
formed separately into Escherichia coli BL21 cells for prokaryotic
expression. A single transformed BL21 colony was inoculated into
LB medium supplemented with 50 mg/l kanamycin, and grown
at 37 ◦C with shaking at 200 rpm. When OD600 reached 0.6–0.8,
IPTG was added at a final concentration of 1 mM. The cells were
grown further for 8 h and harvested by centrifugation at 7000 × g
for 20 min at 4 ◦C. The cell pellet was resuspended in lysis buffer
(0.5 M NaCl, 20 mM Tris, pH 7.9, 10 mM imidazole, and 0.2 mg/ml
lysozyme), incubated at 37 ◦C for 15 min, and subjected to soni-
cation and subsequent centrifugation at 12,000 × g for 30 min at
4 ◦C. The resultant pellet was resuspended in inclusion body dis-
solving buffer (0.5 M NaCl, 20 mM Tris, pH 7.9, 10 mM imidazole,
and 6 M urea), stirred overnight at 4 ◦C, and clarified by cen-
trifugation at 12,000 × g for 30 min at 4 ◦C. The supernatant was
collected and subjected to purification using His•Bind® columns
(EMD, Darmstadt, Germany) according to manufacturer’s instruc-
tions. The bound protein was eluted with elution buffer (0.5 M NaCl,
20 mM Tris, pH7.9, 250 mM imidazole, and 6 M urea). The eluate
was transferred into a dialysis bag with a molecular weight cut-off
of 7 kDa, and dialyzed sequentially against solution A (0.5 M NaCl,
20 mM Tris, pH 7.9, 4 M urea); solution B (0.5 M NaCl, 20 mM Tris,
pH 7.9, 2 M urea); solution C (0.3 M NaCl, 20 mM Tris, pH 7.9, 1 M
urea); solution D (0.15 M NaCl, 20 mM Tris, pH7.9, 0.5 M urea); and
solution E (0.15 M NaCl, 20 mM Tris, pH 7.9) for renaturation.

2.5. SDS–PAGE and Western blotting

Protein samples were mixed with SDS–PAGE sample buffer,
boiled, and separated on 12% polyacrylamide gels. Proteins were
visualized by Coomassie blue staining or transferred onto PVDF
membranes for Western blot analysis. Membranes were probed
with mouse anti-HIS monoclonal antibody (Abmart, Arlington, MA,
USA) diluted 1:2000 in PBST plus 1% skimmed milk, or home-made
CVA16 capsid protein-specific antiserum diluted 1:1000, followed
by a corresponding horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (Sigma, St. Louis, MO, USA) diluted 1:5000.
Positive signals on the membranes were developed by chemilu-
minescence using the BeyoECL Plus kit (Cat# P0018; Beyoime,
Shanghai, China), recorded using a LAS-4000 Luminescent Image
Analyzer (Fujifilm Life Science USA, Stamford, CT, USA) and quan-
titated using the software Multi Gauge v3.0.

2.6. Immunofluorescent staining

CVA16-infected Vero cells were fixed with 4% paraformalde-
hyde for 20 min, followed by treatment with 1% NP40 diluted
in PBS for 10 min at room temperature. The fixed cells were
incubated sequentially with 10% normal goat serum for 20 min,
1:100 diluted CVA16-specific guinea pig antiserum (anti-CVVP0,
anti-CVVP1t or anti-CVVP3) for 30 min, 1:500 diluted fluorescein
isothiocyanate (FITC)-conjugated anti-guinea pig antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 30 min, and 4,6-
diamidino-2-phenylindole (DAPI) for 5 min. All incubation steps
were carried out at 37 ◦C and the cells were rinsed three times
with PBS between steps. The stained cells were examined using
a fluorescent microscope (Leica, Wetzlar, Germany).

2.7. Sucrose gradient analysis
CVA16-infected cells were lysed by three rounds of freezing
and thawing. The resultant lysates were heated at 56 ◦C for 30 min
to inactivate the virus, and layered onto a 20% sucrose cushion
in PBS, followed by centrifugation in a Beckman SW60Ti rotor
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Table 2
Antibody titers in serum from immunized animals.

Animal species Immunogen Dosage (�g) Titer

Guinea pig CVVP0 25 1 × 105

Guinea pig CVVP3 25 2 × 104

Guinea pig CVVP1t 25 1.6 × 104
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Fig. 1. PCR amplification of the VP0, VP3 and VP1t genes of CVA16. The PCR products
were separated by electrophoresis on a 0.8% agarose gel and visualized by staining
with ethidium bromide. Lane M, DNA marker; lane 1, VP0 PCR product; lane 2, VP1t
PCR product and lane 3, VP3 PCR product.

Fig. 2. Expression of His-tagged CVA16 capsid proteins in E. coli. (A) Expression
and purification of CVVP0. After induction with 1 mM IPTG, BL21 cells harbor-
ing pET-CVVP0 were harvested and sonicated in lysis buffer. The resultant pellet
containing inclusion bodies was subjected to solubilization, purification, and renat-
uration. Protein samples were separated on SDS–PAGE and stained subsequently
with Coomassie blue dye. Lane M, prestained marker; lane 1, boiled, uninduced
LISA plate was coated with 0.1 �g/well of specific E.coli-expressed protein. Diluted
erum samples were applied and incubated at 37 ◦C for 2 h, followed by a secondary
ntibody. OD450 was measured. A titer was defined as the highest reciprocal dilution
actor that resulted in a reading that was 0.1 above that of pre-immune serum.

t 156,000 × g for 3 h at 4 ◦C. The pellet containing CVA16 was
esuspended with PBS. The resultant suspension was layered onto
0–50% sucrose gradients and subjected to ultracentrifugation in
Beckman SW60Ti rotor at 156,000 × g for 2.5 h at 4 ◦C. Ten frac-

ions (0.4 ml each) were taken from top to bottom and subjected to
estern blotting as described in Section 2.5.

.8. Animal immunization and antibody measurement

Hartley strain guinea pigs were immunized subcutaneously
ith specific recombinant protein (as indicated in Table 2.) plus

omplete Freund’s adjuvant (CFA) (Sigma, St. Louis, MO, USA) on
ay 1. The animals were given two booster injections with the same
ntigens plus incomplete Freund’s adjuvant (IFA) (Sigma, St. Louis,
O, USA) on days 15 and 29 post-priming, respectively. At 2 weeks

fter the last booster, the animals were sacrificed and sera were
ollected. This animal experiment was approved by the SJTU Ethics
ommittee for Animal Care and was carried out in the SJTU ani-
al facility. Specific IgG titers were determined by endpoint titer

LISA as described previously (Huang et al., 2006). Briefly, 96-well
LISA plates were coated with 50 �l recombinant antigen (2 ng/�l)
n carbonate/bicarbonate coating buffer (15 mM Na2CO3, 35 mM
aHCO3, 0.02% NaN3, pH 9.6) and incubated for 2 h at 37 ◦C. Plates
ere blocked with 5% skimmed milk in PBST for 1 h at 37 ◦C. Subse-

uently, the plates were incubated with the serum samples diluted
ith 1% skimmed milk in PBST for 2 h at 37 ◦C, and then with a
RP-conjugated anti-guinea pig antibody (Sigma) for 1 h at 37 ◦C.
fter color development, absorbance was determined at 450 nm in
96-well plate reader. Endpoint titer was reported as the recipro-

al of the highest serum dilution that had an absorbance ≥0.1 OD
nit above the blank (absorbance of the pre-immune samples).

. Results

.1. Expression of recombinant capsid proteins in E. coli

Based on the predicted cleavage of P1 polyprotein of CVA16,
rimers were designed (see Table 1) for the amplification of DNA
ragments encoding VP0, VP3 and truncated VP1 (N-terminal 97
mino acids deleted) proteins. The resultant PCR products (Fig. 1)
ere of the expected sizes: 989, 746 and 614 bp for VP0, VP3

nd truncated VP1, respectively. The PCR products were purified,
igested with appropriate enzymes, and inserted into prokaryotic
xpression vectors pET26, respectively, to generate pET-CVVP0,
ET-CVVP3 and pET-CVVP1t for the expression of CVA16 cap-
id subunit proteins VP0, VP3 and truncated VP1, respectively,
s fusions with a six-histidine tag (6×His) in E. coli. These resul-
ant vectors were transformed separately into E. coli BL21 cells.
DS–PAGE analysis of soluble (supernatant) and non-soluble (pel-
et) fractions of bacterial cultures expressing CVVP0 revealed

trong, exclusive expression of a protein at ∼40 kDa (the molecular
eight expected for CVVP0) in the non-soluble fraction (Fig. 2A),
hich indicated that CVVP0 was present in inclusion bodies. Simi-

arly, CVVP3 and CVVP1t were also found to accumulate mainly as
nclusion bodies in BL21 cells (data not shown). After solubilization

pET-CVVP0 cell; lane 2, boiled, induced pET-CVVP0 cell; lanes 3 and 4, supernatant
and pellet after cell lysis by sonication, respectively; lane 5, purified CVVP0 and
lane 6, dialyzed, purified CVVP0. (B) SDS–PAGE of recombinant CVA16 capsid pro-
teins. Purified CVVP3, CVVP0 and CVVP1t proteins were separated by SDS–PAGE,
and stained subsequently with Coomassie blue dye. (C) Western blot analyses of
purified recombinant CVA16 capsid proteins with an anti-His monoclonal antibody.
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Fig. 3. Western blot analysis of recombinant CVVP3, CVVP0 and CVVP1t proteins
using the corresponding guinea pig polyclonal antisera. Lanes 1, 3 and 5 are recombi-
n
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Fig. 4. Immunofluorescence staining analysis. CVA16-infected Vero cells were incu-
bated with polyclonal guinea pig anti-CVVP0 (A–C), anti-CVVP1t (D–F), anti-CVVP3

analysis was performed with recombinant CVVP0 as a reference
standard and anti-CVVP0 as the detection antibody. As shown in
Fig. 7, the lowest detection limit was 1 ng CVVP0 for this method;
a calibration curve was established with the linear range 2–6 ng
CVVP0 and a coefficient correlation (R2) of 0.993. The CVA16 yield
ant CVVP3, CVVP0 and CVVP1t separated by SDS–PAGE and stained with Coomassie
lue, respectively; lane 2, Western blot of CVVP3 using the anti-CVVP3 serum; lane
, Western blot of CVVP0 using the anti-CVVP0 serum and lane 6, Western blot of
VVP1t using the anti-CVVP1t serum.

f inclusion bodies under protein denaturation conditions, purifica-
ion by Ni2+-NTA affinity chromatography and renaturation, three
ecombinant His-tagged target proteins with the expected molec-
lar weights were obtained, and their identities were confirmed
ubsequently by Western blotting with an anti-His monoclonal
ntibody (Fig. 2B and C).

.2. Generation of polyclonal antibodies against recombinant
VA16 capsid proteins

Recombinant subunit proteins were used to immunize guinea
igs (Table 2). Immunized sera were collected and analyzed by
LISA with corresponding protein as capture antigen. As shown in
able 2, all animals developed antigen-specific polyclonal IgG anti-
odies with high titers. The antisera also detected positively the
orresponding antigens on Western blots (Fig. 3).

.3. Detection and characterization of CVA16 with antisera

To demonstrate the utility of the obtained antisera, they were
ested for their ability to detect CVA16 by an immunofluorescence
ssay (IFA). As shown in Fig. 4, for all three antisera, a positive signal
green fluorescence) was observed in the cytoplasm, but not the
ucleus (stained by DAPI), of the CVA16-infected cells; no specific
reen labeling was found when pre-immune serum was used for
etection (Fig. 4). This result demonstrates that the antisera possess
ensitivity and specificity essential for CVA16 detection.

The antisera were then evaluated for their ability to detect
nd characterize CVA16 by Western blotting. When probed with
nti-CVVP0, a strong band of ∼39 kDa, which was expected for
nprocessed full-length VP0, was evident for CVA16-infected Vero
ells but not for mock-infected cells. A weak band of ∼28 kDa, which
robably represented VP2, was also observed (Fig. 5). Probing with
nti-CVVP1t produced a ∼33-kDa band, which was expected for
ull-length VP1, in the CVA16 sample but not in the controls (Fig. 5).
imilarly, anti-VP3 detected a band of ∼26 kDa, which represented
P3, only for the CVA16 sample (Fig. 5). Hence, all three antisera
ould react with their corresponding antigen within CVA16 with
igh specificity. These results also indicate that the P1 capsid pro-
ein of CVA16 is indeed processed to yield three subunit proteins
P0, VP3 and VP1. A small percentage of VP0 can be cleaved further
o yield VP2 and VP4. To the best of our knowledge, this is the first
xperimental demonstration of the composition and processing of
VA16 capsid.

To determine whether CVA16 is present in the form of virus par-
icles, heat-inactivated virus was sedimented on sucrose gradients
(G–I), or pre-immune serum (J–L), followed by incubation with a FITC-conjugated
goat anti-guinea pig IgG antibody. The cells were also stained briefly with DAPI. (A,
D, G and J) images taken with a FITC filter; (B, E, H and K) images taken with a DAPI
filter and (C, F, I and L) merged images.

and the resultant gradient fractions were analyzed by Western blot-
ting. As shown in Fig. 6, all three antisera detected CVA16 mainly
in fraction #7, which is typical for virus particles. Thus, all capsid
components of CVA16 assembled efficiently into virus particles.

3.4. Quantitation of CVA16

To develop a method for CVA16 quantitation, a Western blot
Fig. 5. Western blot analysis of CVA16 with polyclonal antisera. Lysates from
mock- or CVA16-infected cells were separated by SDS–PAGE, blotted onto PVDF
membranes, and probed with polyclonal anti-CVVP0, anti-CVVP1t, or anti-CVVP3,
followed by incubation with an HRP-conjugated goat anti-guinea pig IgG antibody.
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Fig. 6. Sucrose gradient analysis of CVA16 with polyclonal antisera. Lysates from
CVA16-infected cells were heated at 56 ◦C for 30 min to inactivate the virus, and
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hen layered onto 10–50% sucrose gradients and subjected to centrifugation in a
eckman SW60Ti rotor at 156,000 × g for 2.5 h at 4 ◦C. Ten fractions (0.4 ml each)
ere taken from top to bottom and subjected to Western blotting with anti-CVVP0

A), anti-CVVP1t (B), or anti-CVVP3 (C).

n terms of CVVP0 content was determined subsequently to be
11 and 217 ng per 106 Vero cells at 24 and 48 h post-infection
MOI = 0.1), respectively. Similar results were obtained from three
epeated experiments.

. Discussion

The aim of this study was to develop reagents and protocols for
ualitative and quantitative determination of CVA16. CVA16 capsid

ubunit proteins were produced in E. coli; the purified recombinant
roteins were used to immunize guinea pigs to generate polyclonal
ntibodies. VP0 and VP3 proteins were expressed and purified suc-
essfully in their full-length forms. In contrast, the expression and

ig. 7. Quantitation of CVA16 by Western blotting. (A) Different amounts of E.coli-
xpressed His-tagged CVVP0 and lysates from CVA16-infected cells (MOI = 0.1) at
4 and 48 h post-infection were separated on 12% SDS–PAGE and blotted onto
VDF membranes. The blots were probed with a guinea pig anti-CVVP0 polyclonal
ntibody and imaged. (B) Chemiluminescence signals from Western blotting were
uantitated using Gauge v3.0 software. Based on signal intensities of the CVVP0
eference standards, a calibration curve was generated and subsequently used to
alculate CVVP0 content of the CVA16 samples.
ethods 173 (2011) 115–120 119

purification of full-length VP1 was problematic (data not shown).
Therefore, an N-terminal truncated form of VP1 (designated VP1t)
was produced and used in this study.

Next, the evaluation of these recombinant proteins and
polyclonal antibodies for the detection, characterization and quan-
titation of CVA16, showed that the polyclonal antisera detected
efficiently CVA16 in immunostaining assays (Fig. 4). For all three
antisera, positive signals appeared to be present in the cyto-
plasm, but not in the nucleus, of the CVA16-infected cells (Fig. 4).
In contrast, there was no specific labeling for uninfected cells
(data not shown), which indicated that the immunostaining was
CVA16-specific. Further investigation by confocal microscopy is
needed to establish more specifically the subcellular localization
and co-localization of the virus with subcellular organelles. Previ-
ously, Miao et al. (2009) described a monoclonal antibody against
EV71 VP1 protein bound to CVA16 VP1 in Western blot and
immunostaining assays. Therefore, in the future it will be inter-
esting to determine whether or not the polyclonal antisera against
CVA16 capsid subunit proteins cross-react with EV71 and other
enteroviruses.

For quantitation, Western blotting offers the advantage of eval-
uation of only specifically bound protein, due to the separation
of proteins by size. In combination with a calibration curve of
the recombinant protein of known concentration, Western blot-
ting has been used successfully for quantitation (Charette et al.,
2010; Heidebrecht et al., 2009). This study has demonstrated that
anti-CVVP0 can recognize as little as 1 ng of CVVP0 in West-
ern blot assays (Fig. 7), and determined that the CVA16 yield
in terms of CVVP0 content was ∼200 ng per 106 Vero cells at
24 and 48 h post-infection (MOI = 0.1). This standardized quan-
titation protocol should have important uses in CVA16 vaccine
development.

The antisera were used to characterize further the composi-
tion and structure of CVA16. Using three different antisera, this
study has demonstrated that the P1 polyprotein was indeed cleaved
to yield three subunit proteins, VP0, VP1 and VP3 (Fig. 5). Fur-
ther cleavage of VP0 to yield VP2 and VP4 was only minor, as
judged by the weak ∼28 kDa band, which represented VP2 of
CVA16 (Fig. 5, left panel). This finding was surprising, because it
is believed that, for enteroviruses, cleavage of most of the VP0
precursor to VP2 plus VP4 is the final morphogenetic step that
produces infectious viral particles. For example, polio virions con-
tain 60 copies each of VP1 and VP3, 58 or 59 copies of VP2
and VP4, and one or two copies of VP0 (Harber et al., 1991).
Therefore, whether VP0 cleavage is required absolutely for the
assembly and function of enteroviruses remains to be addressed
further.

In the present study, E. coli produced recombinant capsid
subunit proteins, and polyclonal antibodies were generated suc-
cessfully and used to detect, characterize and quantitate CVA16
propagated in Vero cells by immunostaining, ELISA and Western
blotting. This provides useful reagents and methods for qualitative
and quantitative determination of CVA16, which is essential to the
development of diagnostic tests and vaccines against CVA16.
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