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Coxsackievirus A16 (CA16) is one of the major causes of hand, foot, and mouth disease (HFMD)
worldwide, which is a common illness that affects children. The frequent occurrence of HFMD
outbreaks has become a serious public health problem in Asia. Therefore, it is important to
understand the pathogenesis and replication of CA16. In this study, a stable infectious cDNA
clone of an epidemic strain of Coxsackievirus A16 (CA16) was assembled, and subsequently
a reporter virus (eGFP-CA16) was constructed by inserting the eGFP gene between the 5'-
UTR and the N-terminus of VP4, with the addition of a 2A protease cleavage site (ITTLG) at its
C-terminus. This was transfected into Vero cells to generate infectious recombinant viruses.
The growth characteristics and plague morphology, in vitro, in mammalian cells were found to
be indistinguishable between the parental and recombinant viruses. Although the eGFP-CA16
showed smaller plaque size as compared to recombinant CA16, both were found to exhibit similar
growth trends and EC;, of NITD008. In summary, this stable infectious cDNA clone should provide
a valuable experimental system to study CA16 infection and host response. The eGFP-CA16 is
expected to provide a powerful tool to monitor eGFP expression in infected cells and to evaluate
the antiviral activity of potential antiviral agents in the treatment of CA16 infections.

KEYWORDS Coxsackievirus A16 (CA16); infectious cDNA clone; reporter virus; eGFP-CA16; antiviral
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(Oberste et al., 1999). The length of the CA16 genome is

INTRODUCTION

Coxsackievirus A16 (CA16), a non-enveloped, single
positive-stranded RNA virus, is a member of the genus
Enterovirus, which belongs to the Picornaviridae family
(Poyry et al., 1994; Mao et al., 2012; Li et al., 2013).The
viruses in this family possess a homology of 64% and
72% at nucleotide and amino acid levels, respectively
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approximately 7,410 nucleotides, consisting of a single
long open reading frame (ORF), flanked by the 5'- and 3'-
untranslated regions (UTRs). The ORF encodes a large
polyprotein precursor, which can be further cleaved into
structural protein P1 that encodes four structural capsid
proteins (VP1, VP2, VP3, and VP4), and nonstructur-
al proteins P2 and P3 that encode seven non-structural
proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D) responsible
for viral replication and protein processing (Puenpa et
al., 2011; Han et al., 2014; Xu et al., 2013; Wei et al.,
2014). The four capsid proteins form the icosahedral vi-
rion structure, with VP1, VP2, and VP3 exposed on the
surface, and VP4 arranged internally (Shi et al., 2013).
Among these capsid proteins, the major antigenic and
neutralization epitopes mainly reside on VP1 (Lim et al.,
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2013), which therefore plays a critical role in the process
of infection (Zhang et al., 2012). Based on their VP1
sequences, CA16 strains can be classified into two geno-
groups, A and B, with the latter consisting of two subge-
notypes B1 (Bla, B1b, and possibly Blc) and B2 (Perera
et al., 2007; Zhang et al., 2010; Zhou et al., 2011).

CA16 is one of the major pathogens of human hand,
foot, and mouth disease (HFMD) (Iwai et al., 2009; Cai
et al., 2013), occurring mainly in young children (Zhang
et al., 2012; Han et al., 2014). Individuals infected with
CAl6-associated HFMD usually show mild symptoms
(Man-Li et al., 2012), such as fever, oral ulcers, and rash-
es on the surface of hands, feet, and buttocks. However,
many recent reports demonstrate that CA16 infections
may lead to severe complications, including aseptic
meningitis, rhombencephalitis, cardiac and pericardi-
al disease, pulmonary complications, and spontaneous
abortion, ultimately leading to lethal myocarditis and
pneumonia (Mao et al., 2012; Mao et al., 2013; Shi et
al., 2013). Co-circulation of CA16 and EV71 has been
described in HFMD outbreaks in China, Malaysia, and
Taiwan (Han et al., 2014), which makes the control and
management of HFMD epidemic more complex and dif-
ficult. In addition, the coinfection of CA16 and EV71 of-
ten results in serious complications of the central nervous
system (CNS), with longer duration and higher rates of
critical illness transmission. During the course of coin-
fection, the risk of gene recombination within these RNA
viruses may increase (Mao et al., 2012). A recent clinical
survey indicated that 38.3% of 266 laboratory-confirmed
HFMD cases were caused by CA16 infection, during
the HFMD outbreak in China in 2009 (Shi et al., 2013).
CAL16 infection poses a severe potential health threat to
children, necessitating the need for investigation of repli-
cation mechanisms of, and vaccine development for, the
CA16 virus.

We constructed an infectious cDNA clone of an epi-
demic strain of CA16, and developed an eGFP reporter
virus, following a previously described strategy for
the construction of an infectious cDNA clone of EV71
(Shang et al., 2013). Upon transfection of RNA, tran-
scribed from the full-length cDNA clone, into Vero cells,
the expression of viral proteins, production of progeny
viruses, and specific infectivity collectively suggested
that the recombinant virus is highly infectious. The re-
combinant and parental viruses showed similar biologi-
cal properties in terms of plaque morphology and growth
kinetics. Furthermore, the eGFP reporter virus enables
real-time monitoring of viral replication and spread in
infected cells, without the need for traditional, time-con-
suming plaque assays and antibody-specific detection
methods. The eGFP-CA16 reporter virus provides a
powerful tool for monitoring and visualizing dynam-
ic processes of viruses in living cells, and performing
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high-content screening (HCS) for the identification of
potential inhibitors of CA16.

MATERIALS AND METHODS

Cell culture, viruses, and antibodies

Vero (African green monkey kidney) cells used in this
study were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, 100 U/
mL of penicillin, and 100 pg/mL of streptomycin. Cells
were incubated at 37 °C with 5% CO,. The parental
strain CA16/GD09/24 and the mouse polyclonal anti-
body against CA16 VLP were provided by Cheng-Feng
Qin’s lab in the State Key Laboratory of Pathogen and
Biosecurity, Beijing Institute of Microbiology and Epide-
miology.

Viral RNA extraction and cDNA procedure

Viral RNA was extracted from the parental virus using
QIAamp Viral RNA Mini Kit (Qiagen, Germany). The
first strand of cDNA, containing the full-length CA16
genome, was synthesized by reverse transcription using
a High Fidelity PrimeScript RT-PCR Kit (Takara, Ja-
pan) with oligo (dT) primers. The cDNA was used as a
template for constructing the full-length cDNA clone of
Coxsackievirus A16, according to the cloning strategy
shown in Figure 1.

Construction of plasmids

The full-length cDNA clone pACYC-CA16 was
constructed according to the following procedure: four
fragments covering the complete genome were amplified
from the reverse transcribed first strand cDNA. Frag-
ment (T7+1-2441) was amplified using primer pairs T7-
CA16-5'-UTR-F/CA16-2441-Sma 1-R. Similarly, frag-
ment (2101-3782), fragment (3511-6362), and fragment
(5940-7409+poly (A),,) were amplified using primer
pairs CA16-2101-4at 1I-F/CA16-3782-Sma 1-R, CA16-
3511-Aat 1I-F/CA16-6362-Sma 1-R, and CA16-5940-Aat
II-F/CA16-poly (T)-Mlu I-Cla 1, respectively. Next, the
four fragments were cloned and inserted into pACYC177
between the restriction sites Aat 11 and Sma 1/Cla 1, gen-
erating CA16-A, CA16-B, CA16-C, and CA16-D. Then,
the subclone CA16-B was digested by Nde 1/Sma 1, and
the fragment between Nde 1 and Sma I was ligated into
Nde 1/Sma 1 digested CA16-A to create CA16-AB. The
subclone CA16-C was digested by Aat 11/Sph 1, and the
fragment between Aat 11 and Sph 1 was ligated into the
Aat 11-Sph 1 sites of CA16-D, to construct plasmid desig-
nated as CA16-CD. Finally, the fragment between Aat 11
and Eco RV from CA16-AB was inserted into CA16-CD
using the Aat 11 and Eco RV sites, thus yielding the full-
length cDNA clone pACYC-CAL1S6.

The eGFP-CA16 reporter plasmid was constructed
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in multiple steps. The Bsi WI and Not 1 sites, and 2A
protease cleavage site (ITTLG) were introduced to pA-
CYC-CA16 between the 5'-UTR and the N-terminus
of VP4 via overlap PCR. Overlap PCR was performed
using the products of the first two PCRs, and primer T7-
CA16-5'-UTR-F/CA16-1586-R. The eGFP gene was
simultaneously amplified using primers Bsi WI-eGFP-F
and Not I-eGFP-R from pEGFP-N1 (Clontech, Japan),
and then inserted between the Bsi WI and Not 1 sites to
generate pACYC-eGFP-CA16.

All primers used for PCRs are listed in Table 1. All
constructs were confirmed by sequencing.

In vitro RNA transcription and transfection

Recombinant CA16 and eGFP-CA16 RNAs were tran-
scribed from corresponding Mlu I-linearized cDNAs with
the MEGAscript kit (Ambion, USA), as recommended
by the manufacturer. After treatment with DNase I (for
15 min at 37 °C), LiCl was added to the transcription
mixture, and precipitated RNA was washed with 70%
ethanol, followed by quantification by spectrophotome-
try. The transcripts were analyzed on an agarose gel after
electrophoresis.

In vitro transcribed RNAs, from pACYC-CA16 and
pACYC-eGFP-CA16, were transfected into Vero cells
using DMRIE-C reagent (Invitrogen, USA). Transfec-
tion was performed in 35 mm dish with 80% confluent
monolayers of Vero cells. 4 pL of DMRIE-C was added
into 1 mL Opti-MEM Medium (Invitrogen), with brief
agitation, and 1 pg of the RNA transcripts were then add-
ed into the mixture immediately. The diluted RNA-DM-
RIE-C complex solution was then added directly to the
dish of Vero cells, and incubated at 37 °C in a 5% CO,
incubator. On observation of cytopathic effect (CPE),
the supernatant containing rescued viruses was harvested

Table 1. Primer sequences used in this study
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and stored at —80 °C for later use.

Plaque assay

Vero cells were seeded in 24-well plates (Corning)
with a density of 1.0x10° cells/well, at 37 °C overnight.
The Vero cell monolayers were infected with ten-fold
serial dilutions of virus-containing culture fluids, at a
volume of 100 pL per well. After 1 h of incubation at 37
°C with 5% CO,, the culture was discarded, and medium
mixed with 2% methyl cellulose was added to each well.
After 3 days post-infection, the layer was discarded, and
cells were fixed with 3.7% formaldehyde and stained
with 1% crystal violet. The plaque-forming units (PFU)
per mL were calculated.

Immunofluorescence assay (IFA)

Vero cells transfected with in vitro-transcribed full-
length CA16 RNA were seeded on glass coverslips. Cells
were washed with PBS and fixed by cold (=20 °C) 5%
acetic acid in acetone for 15 min at room temperature 24,
36, and 48 h post-transfection (hpt). After washing three
times with PBS, cells were incubated with mouse poly-
clonal antibody against CA16 VLP (1:250 dilution with
PBS) for at least 1 h. Subsequently, the cells were incu-
bated with goat anti-mouse IgG conjugated with Tex-
as-Red, at a 1:125 dilution with PBS, and then at room
temperature for another hour after three washes with
PBS. Finally, cell nuclei were stained with 4, 6-diamidi-
no-2-phenylindole (DAPI) for approximately 5 min. The
fluorescence signal was analyzed using a NIKON upright
fluorescence microscope.

RNA isolation and RT-PCR
RNA was extracted from CA1l6-infected Vero cells
using Trizol reagent (TaKaRa). The extracted RNA was

Primer Sequence
P1 T7-CA16-5-UTR-F TGCAGACGTCTAATACGACTCACTATAGGTTAAAACAGCCTGTGGGTTG
P2 CA16-2441-Sma I-R TCCCCCGGGTTGTATATTGGCCGTTTGCTC
P3 CA16-2101-Aat II-F TGCAGACGTCGTAAAATGCTCATCGCCTAC
P4 CA16-3782-Sma I-R TCCCCCGGGTTGTTCCATTGCTTCTTC
25 CA16-3511-Aat II-F TGCAGACGTCCCGGAGTGTACTATTGCAG
P6 CA16-6362-Sma I-R TCCCCCGGGCATTTTGGTAGTGTCTCTAG
P7 CA16-5940-Aat II-F TGCAGACGTCGGAGAGATCCAATGGATG
P8 CA16-poly(T)-Mlu I-Cla | CCATCGATACGCGTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCTATTCTGGTTATAA
P9 CA16-1586-R GTTGCAGTGGTTGAGAGCTG
P10 Bsi WI-eGFP-F GGGTCACGTACGATGGTGAGCAAGGGCGAGGA
P11 Not I-eGFP-R AAGGAAAAAAGCGGCCGCCTTGTACAGCTCGTCCATG
P12 CA16-2374-F CTCAGGACAACTTCACTATG
P13 CA16-3039-R CACTAGCTGGTGACATGAAG
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identified by RT-PCR using PrimeScript One Step RT-
PCR Kit (TaKaRa), with specific primer CA16-2374-F/
CA16-3039-R targeted to the VP3-VP1 genes.

Viral inhibition assay

Vero cells were seeded in 12-well plates, at a den-
sity of 1.0x10° cells/well. Cells were inoculated with
eGFP-CA16 virus, at a multiplicity of infection (MOI)
of 0.1 at 37 °C with 5% CO,. After 1 h, the culture was
discarded, and fresh maintained DMEM containing dif-
ferent concentrations of NITD00S8 was added to each
wells. Supernatants were collected after incubation at 37
°C for 48 h. The viral titers were quantified by plaque
assay. The 50% effective concentration (ECs,) value of
NITDO008 was calculated by the Behrens-Karber method
(Zhang et al., 2015).

RESULTS

Construction of the recombinant CA16 virus
cDNA clone and the genome-length reporter
virus

To construct the full-length CA16 cDNA clone, vi-

ral RNA was extracted and reverse transcription was
performed. Four fragments were amplified by reverse
transcription, and cloned into pACYC177. The four sub-
clones were assembled into the full-length CA16 cDNA
clone as shown in Figure 1. The full-length plasmid
was linearized by Mlu 1. A T7 promoter sequence was
engineered upstream of the 5'-UTR, and the linearized
plasmid thus obtained could be used as a template for in
vitro transcription. A genome-like RNA molecule with a
5' non-viral G nucleotide derived from the T7 promoter,
and a poly (A) tail at its 3' terminus, was generated.

With the aim of constructing a reporter virus, a CA16
genome carrying the eGFP gene was constructed. Re-
porter genes were inserted between the 5'-UTR and the
N-terminus of VP4, with the addition of a CA16 2A
protease cleavage site (ITTLG) at its C-terminus (Figure
3A).

Generation and characterization of recombinant
CA16 and eGFP-CA16 viruses

Recombinant CA16 RNA was transcribed from the
Mlu 1-linearized full-length cDNA plasmid by T7 RNA
polymerase. Approximately 50 to 70 pg of RNA were

Structural Nonstructural proteins
P1 P2 P3
5 UTR 3'UTR
~—vP4|vP2| vP3 | VP1| 2A] 2B | 2C |3Al3B] 3Cc | 3D | poly(A) |
Ndel EcoRV Sphl §
, , : - poly(A) |
H1 2302 36113 6242 7406
I RT-PCR Fragment-cloning |
Zi Ndel | EcoRV. S$phl
Aatll ™ Ndel ! EcoRV $phl ,
. ' ' ——————— poly(A) !

l Assemble full-length clone

Miuk-Clal

VP4VvP2 [ VP3 | VP1|2A]| 2B | 2C |[3A[3B]

3C poly(A)

Aatll

Miul

Figure 1. Schematic representation of the full-length cDNA clone of CA16. Four primer pairs were designed based
on a template sequence from GenBank accession No KC117317. Four cDNA fragments: fragment (T7+1-2441),
fragment (2101-3782), fragment (3511-6362), and fragment (5940-7409+poly(A),;), represented by thick lines,
were amplified by the primer pairs from the reverse- transcribed first strand of cDNA, to cover the complete CA16
genome. The unique restriction sites used in the assembly of the full-length cDNA clone of CA16 (pACYC-CA16-FL),
and their nucleotide numbers, are shown in the schematic representation.
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obtained from 1 pg of cDNA template in a 10 pL reaction
mixture. In total, 2.5 x 10° Vero cells were transfected
with 1 ug of RNA transcripts, as described in the Materi-
als and Methods section. Apparent CPE was observed in
cells on day 2 post-transfection (data not shown). To as-
sessing the production of viruses, IFA was used to detect
viral protein expression in transfected cells. As shown
in Figure 2A, the number of cells expressing viral pro-
tein increased from 24 hpt to 48 hpt, and more than 60%
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cells were IFA-positive at 48 hpt. The culture medium
from the transfected cells was collected at different time
points, and virus titers were determined in Vero cells
by plaque assays. Increasing amounts of viral titer were
observed, and the highest viral titers (1.6 x 10’ PFU/mL)
were obtained at 60 hpt (Figure 2B). The recombinant
virus showed no difference from the parental virus, in
terms of plaque size or morphology in Vero cells (Figure
2C). Furthermore, we observed similar viral growth ki-

(¢}
Parental CA16

Recombinant CA16

: Marker Il
: Recombinant CA16

: Parental CA16

: Mock
E
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=
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o O Parental CA16

3 1 1 1 1

12 24 36 48
Time post-infection (h)

Figure 2. Production and characterization of the recombinant infectious CA16 virus. (A) The level of viral protein
expression analyzed by IFA. The full-length CA16 RNA transcript was transfected into Vero cells and viral protein
expression was analyzed by IFA, at the indicated times post-transfection. (B) Supernatants were collected at
different times post-transfection, and viral titers were calculated as the number of plaque-forming units (PFU) per
microliter, by plaque assays. (C) Viral plaque phenotypes of parental and recombinant CA16 in Vero cells. (D) RT-
PCR identification of the rescued virus. RNA extracted from transfected or infected cells was reversely transcribed,
followed by PCR using primers specific to viral genes. Lane 1: Marker Ill; Lane 2: PCR product of RNA-
transfected cells; Lane 3: PCR product of parental virus infected cells; Lane 4: PCR product of mock-transfected
cells. (E) Growth kinetics of parental and recombinant CA16 virus. Vero cell monolayers were infected with viral
supernatants at MOI = 0.1, and the virus yield was determined at the indicated time points by plaque assay.
Results are expressed as the average of three independent experiments, and representative data are presented.
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netics at MOI of 0.1 for the parental and recombinant vi-
ruses (Figure 2E). Virus-specific RT-PCR was performed
to confirm the release of virions for recombinant viruses.
The recombinant and parental viruses produced the same
size amplicons in virus-specific RT-PCR assay (Figure
2D). Our results showed that genome-length CA16 RNA
could be transcribed in vitro from the constructed cDNA
clone, and that the recombinant virus exhibited similar
characteristics to the parent virus.

As described above, eGFP-CA16 reporter virus was
also produced by transfecting Vero cells with the corre-
sponding RNA transcripts. The eGFP signal representing
the level of protein expression was monitored by fluo-
rescence microscopy, at different times post-transfec-
tion. The percentage of eGFP positive cells among the
infected cells increased with time (Figure 3B), and this
increase was accompanied by a CPE resulting in > 90%
cell death, at 4 days post-transfection. The growth kinet-
ics of the reporter virus were compared to those of the
recombinant CA16 at different time points after transfec-
tion, and analysis of plaque morphology of reporter and
recombinant viruses was performed by plaque assay. Our
results showed that eGFP-CA16 showed smaller plaque
size than the recombinant full-length CA16 virus (Figure
3C). Although the viral titer of eGFP-CA16 was approx-
imately 1000-fold lower than that of recombinant CA16,
both viruses displayed similar growth trends (Figure 3D).
Because the recombinant CA16 RNA transfected cells
were all dead after 60h post-transfection, therefore no
more supernatants were harvested at 72h and 96h post-
infection.

Assessment of the inhibitory effect of NITD008
on eGFP-CA16 replication

The adenosine nucleoside analog NITD00S8, which is a
selective inhibitor used to target the family Flaviviridae,
has been reported to potently inhibit wild-type CA16
(CA16-WT) in cell culture at a 50% effective concen-
tration (ECs,) value of 0.64 umol/L (Deng et al., 2014).
In order to confirm the efficacy of NITDO008 inhibition
of eGFP-CAL16 replication, we investigated the effects
exerted by this compound, using Vero cells infected
with eGFP-CA16 at an MOI of 0.1, at different con-
centrations. eGFP expression in infected cells occurred
in a dose-dependent manner (Figure 4A), consistent
with the variation observed in virus titers derived from
supernatants collected at corresponding concentrations
of NITDO008 (Figure 4B). The EC;, of NITDO0O0S for
eGFP-CA16 was found to be 0.63 pmol/L, which was
similar to that observed for CA16-WT at the same con-
centration. It is suggested that the eGFP-CA16 reporter
virus possesses similar properties to CA16-WT in terms
of antiviral activity, and may be used in studies of poten-
tial antiviral agents against CA16.
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DISCUSSION

Recent epidemiological surveys have indicated that
CA16 has become more virulent in humans, causing a
large number of deaths and severe cases of neurological
complications (Wang et al., 2004; Goto et al., 2009). No
approved vaccines or efficient antivirals are available
for CA16 infection (Shi et al., 2013). It is vital to focus
research efforts on the development of a validated and
rapid screening assay system in the search for potential
antiviral compounds. In this study, a recombinant infec-
tious cDNA clone of CA16 was constructed, based on the
reverse-genetic system. The results of IFAs demonstrate
that the infectious CA16 virus can be rescued by trans-
fection of in vitro transcribed CA16 RNA into Vero cells.
Furthermore, in vitro growth kinetics and plaque assay
also revealed that recombinant CA16 viruses exhibit
similar proliferation rates and plaque morphology to the
parental viruses. Our study provides a valuable genetic
system to study CA16 infection and host interaction,
which is expected to be essential for the development of
vaccines and antivirals for the prevention and treatment
of CA16 infections.

Many studies have indicated that viruses engineered
to carry a fluorescent report gene may be readily used
for high throughput antiviral screening assays, as the flu-
orescence signal generated is indicative of the antiviral
activity of the inhibitor compounds screened. (Shang et
al., 2013).

We constructed an eGFP-CA16 reporter virus cDNA
clone by inserting the fluorescent reporter gene between
the 5'-UTR and N-terminus of VP4, with the addition of
a CA16 2A protease cleavage site (ITTLG) at its C-ter-
minus. Although the viral titer for the reporter virus was
observed to be lower, its growth kinetics were found to
show a similar trend to those of the recombinant CA16
virus. In addition, the results of the antiviral activity as-
say suggest that the eGFP-CA16 reporter viruses have a
comparable EC;, of NITD008 to CA16-WT, indicating
that this reporter virus should be a powerful tool for
screening potential antiviral agents of CA16.

In conclusion, we have successfully constructed a
stable infectious cDNA clone that provides a valuable
genetic system to study the molecular mechanisms of
replication, infection, and pathogenesis in CA16. Fur-
thermore, the eGFP-CA16 reporter virus is a very effi-
cient and useful tool for screening antiviral agents in the
discovery of drugs for the treatment and management of
CA16 infections.
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Figure 3. Diagram of the cloning procedure used for introducing eGFP into the CA16 genome, and characterization
of the eGFP-CA16 reporter virus. (A) Construction of the eGFP-CA16 reporter virus. The eGFP reporter gene
and the BsiWI-Notl enzyme sites and 2A protease cleavage site (ITTLG) were introduced into pACYC-CA16
for expression of eGFP. (B) Expression of eGFP in Vero cells. The eGFP-CA16 reporter RNA transcripts were
analyzed by fluorescence microscopy at different times post-transfection. Plaque phenotypes (C), and kinetics of
recombinant CA16 and eGFP-CA16 viruses (D). Three independent experiments were performed in duplicate, with
error bars representing standard deviation.
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Figure 4. Correlation between eGFP expression levels and CA16 replication, when NITD008 is added. (A) Vero
cells were infected with eGFP-CA16 at MOI of 0.1, and different concentrations of NITDO08 were added. After
48h, the eGFP expressions were detected by fluorescence microscopy. (B) Viral titer reduction assays were used
to assess the antiviral activity of NITDO08 against eGFP-CA16 replication. Data were from three independent
experiments with error bars representing SD from the mean.
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