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a b s t r a c t

Enterovirus 71 (EV71) is one of the major causative agents for hand, foot, and mouth disease. There is
currently no clinically approved vaccine or antiviral treatment for EV71 infection. To facilitate antiviral
drug discovery, we developed an infectious cDNA clone of an epidemic strain of EV71 and a stable eGFP
reporter EV71. The reporter virus was generated by engineering the eGFP gene between the 50 untrans-
lated region and VP4 gene of the EV71 genome. Vero cells transfected with the cDNA clone-derived RNA
generated high titers (>106 PFU/ml) of the eGFP reporter virus. The reporter virus was infectious to Vero
cells, producing robust eGFP fluorescence signals. Compared with the wild type virus, the reporter virus
replicated slower in cell culture. To examine the stability of the reporter virus, we continuously passaged
the virus on Vero cells for five rounds. The passaged viruses maintained the eGFP gene, demonstrating the
stability of the reporter virus. Using a known EV71 inhibitor, we demonstrate that the reporter virus
could be used for antiviral screening. The infectious cDNA clones of the wild type virus and the eGFP
reporter viruses will be useful for antiviral research as well as for studying viral replication and pathogen-
esis of EV71.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Enterovirus 71 (EV71), a member of enterovirus genus within
picornaviridae family, is one of the major causative agents for hand,
foot, and mouth disease (HFMD) associated with neurological dis-
ease in children (Nishimura et al., 2009). It was first identified from
a child with neurologic symptoms in California in 1969 (Schmidt
et al., 1974). During the past 20 years, EV71 epidemics have fre-
quently occurred in Asian countries including China, Japan, Malay-
sia, and Singapore (Chua and Kasri, 2011; Shih et al., 2011; Tan
et al., 2011). In China alone, a total of 488,955 HFMD cases and
126 deaths were reported in 2008; most of these human cases
were caused by EV71 infection (Tan et al., 2011). There is currently
no effective therapy against EV71 virus although a few candidates
are under clinical development (Thibaut et al., 2012). Development
of antiviral agents and vaccine represents an urgent unmet medical
need to control EV71 infections.

EV71 is a small, non-enveloped virus containing a single plus-
strand RNA of approximately 7000 nucleotides in length. The geno-
mic RNA contains a single long open reading frame (ORF) that is
flanked by 50 untranslated region (UTR) and 30UTR with a poly
(A) tail. The 50UTR consists of two functional domains, the clover-
leaf and internal ribosomal-entry site (IRES). VPg (3B) is covalently
linked to the 50 end of the viral genome and involved in the initia-
tion of viral RNA replication (Paul et al., 2000). Viral genomic RNA
is translated into a single polyprotein. The polyprotein is processed
into three primary precursor molecules: one structural region (P1)
and two non-structural regions (P2 and P3) (De Palma et al., 2009).
P1 region is further cleaved into VP0, VP3, VP1; VP0 is finally
cleaved into VP2 and VP4 during virion formation. P2 and P3 are
proteolytically cleaved into various precursors and mature pro-
teins such as 2Apro, 2BC, 2B, 2C, 3AB, 3A, 3B (VPg), 3CDpro, 3Cpro,
and 3Dpol; these proteins are important for viral replication
(Thibaut et al., 2012; Wu et al., 2010).

The current cell-based antiviral assay for EV71 relies on viral
infection of susceptible cells (Lee et al., 2008; Shum et al., 2010;
Wu et al., 2010). The antiviral activity is monitored through plaque
assay, measurement of cytopathic effects, or quantification of viral
RNA by RT–PCR. These methods are time-consuming and labor-
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intensive, making it impractical for high throughput screening of
large compound libraries. The development of alternative cell-based
methods for rapid and reliable determination of enterovirus infec-
tion remains to be developed (Tsai et al., 2009). Various reporter
enteroviruses have been constructed to study the molecular
mechanism of viral replication and morphogenesis (Liu et al.,
2010; Nishimura et al., 2009; Song et al., 2012; Teterina et al.,
2010; Teterina et al., 2011a,b). Ehrenfeld and colleagues inserted
red fluorescent protein (DsRed) after residue 144 of 2A protein of
poliovirus and three different epitope tags (FLAG, hemagglutinin
[HA], and c-myc) into the N-terminal region of protein 3A to study
their subcellular localizations (Teterina et al., 2010, 2011b). Using
luciferase poliovirus and Coxsackie A virus, Jiang and coworkers
demonstrated the interaction between VP3 and 2C during viral
encapsidation (Liu et al., 2010). These studies have demonstrated
the feasibility to generate a reporter virus for EV71 that could
potentially be used for screening of large compound libraries. In this
study, we developed and characterized a stable eGFP reporter EV71.
Using a guanidine hydrochloride (GuHCl) as a known inhibitor, we
showed that the reporter EV71 could be used for antiviral screening.

2. Materials and methods

2.1. Cell lines, viruses, antibodies

Vero (African green monkey kidney) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen) with 10%
FBS, 100 U/ml of penicillin and 100 lg/ml of streptomycin. The
parental EV71 strain HeN09 was isolated from patient collected
in October 2009 from MinQuan, HeNan province, China. A single
viral stock was made from two round passage in Vero cells without
plaque purification, stored as aliquots at �80 �C, and designated as
parental EV71. This stock was used as parental virus in all assays.
The rabbit polycolonal antibody against EV71 VP1 is a gift from
Hualin Wang’s group in Wuhan Institute of Virology.

2.2. Plasmid construction

Fig. 1 shows the overall scheme of the cloning strategy for
the full-length EV71 cDNA clone. The viral RNA was extracted
Fig. 1. Construction of the full-length cDNA clone of EV71. Genome organization and un
cDNA fragments represented by thick lines were synthesized from genomic RNA through
to form the full-length cDNA clone of EV71 (pACYC-EV71-FL) as described in Section 2. Th
in vitro transcription. The numbers are the nucleotide positions based on the sequence
from the parental virus with QIAamp Viral RNA Mini Kit
(Qiagen), and reverse transcribed using oligo(dT) primers and
M-MLV Reverse Transcriptase (Invitrogen) to produce the first
strand cDNA of the complete viral genome. By using this first
strand cDNA as a template, four cDNA fragments covering the
complete genome were amplified with high fidelity Taq polym-
earase (NEB) and four pairs of primers, and cloned into
pACYC177 at XbaI and HindIII sites, yielding four constructs
called EV71-A, EV71-B, EV71-C, and EV71-D. The primer se-
quences were listed in Table 1. Construct EV71-A contained
the sequence from the 50 end to the nucleotide position 1,489
with a T7 promoter before the 50 end of the genome. Construct
EV71-B contained the sequence from nucleotide position 1341–
3821. Construct EV71-C contained the sequence from nucleotide
position 3641–6420, and construct EV71-D contained the
sequence from nucleotide position 5878 to the 30 end with a
poly(A)29 tail. Next, the subclone EV71-AB was constructed by
pasting the fragment between BsiWI (nucleotide position 1438)
and HindIII from EV71-B into EV71-A. The subclone EV71-ABC
was constructed by pasting the fragment between AatII (nucleo-
tide position 3739) and HindIII from EV71-C into EV71-AB.
Finally, fragment between SpeI (nucleotide position 6276) and
HindIII from EV71-D was inserted into EV71-ABC, resulting in
the full-length cDNA clone pACYC-EV71-FL.

A two-step cloning strategy was used to construct EV71 repor-
ter virus cDNA. First, a standard overlap PCR was used to create a
cassette containing ‘‘XbaI-T7pro-50UTR-SphI-MluI-VP42’’ by using
pACYC-EV71-FL as a template. This PCR product was inserted into
pACYC-EV71-FL at sites XbaI and BsiWI to produce the plasmid pA-
CYC-SphI-MluI-EV71-FL. Second, the reporter gene with the unique
50-SphI and 30-MluI site was inserted at the corresponding sites
into pACYC-SphI-MluI-EV71-FL to produce EV71 reporter virus
cDNA clone.

Plasmid pACYC177 was used as the cloning vector throughout
the experiments. Bacterial strain HB101 (Promega) was used as
the host for propagation of the cDNA clones. The virus-specific se-
quence of each intermediate cloning product was validated by
sequencing before it was used in the subsequent cloning step. All
restriction endonucleases were purchased from New England
Biolabs.
ique restriction sites as well as their nucleotide numbers are shown at the top. Four
RT–PCR to cover the complete EV71 genome. Individual fragments were assembled
e complete EV71 cDNA is positioned under the control of T7 promoter elements for

from GenBank accession No. JN256064.



Table 1
Primer sequences.

Primer Sequence

EV71-XbaI-T7-5UTR-b CTAGTCTAGATAATACGACTCACTATAGGTTAAAACAGCCTGTGGGTTGCACCCACT
EV71-HidIII-1489-R CTAGAAGCTTCCTCAAATTAATCCACTGGT
EV71-XbaI-1341F CTAGTCTAGA GTCATTGGGACAGTAGCAGGC
EV71-HindIII-3821R CTAGAAGCTTCTGCGTCAGTGAAGCCTGTT
EV71-XbaI-3641F CTAGTCTAGACTCAGAACCTGGTGATTGC
EV71-HindIII-6420R CTAGAAGCTTAATTTTATCAATCGAGCGCAG
EV71-XbaI-5878F CTAGTCTAGAGCAATGGCAGACAAGGTTTT
EV71-HidIII-poly(T) CTAGAAGCTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
EV71-746-R ACGCGTACATACATACATGCATGCTGAGCCCATGTTTAGCTGCGTTAAGGGTC
EV71-747-F ATGTATGTATGTACGCGTGCCATTACTACCCTTGGTTCGCAAGTGTCCACACAGC
DsRed-F ACATGCATGCATGGACAACACCGAGGACGTCATC
Rluc-F ACATGCATGCATGGCTTCCAAGGTGTACGACC
Rluc-R CGACGCGTCTGCTCGTTCTTCAGCACGCGCTC
SphI-eGFP-F ACATGCATGCATGGTGAGCA AGGGCGAGGA
MluI-eGFP-R CGACGCGTCTTGTACAGCTCGTCCATG
EV71-HidIII-1489-R CTAGAAGCTTCCTCAAATTAATCCACTGGT
EV71-XbaI-1341F CTAGTCTAGA GTCATTGGGACAGTAGCAGGC
EV71-HindIII-3821R CTAGAAGCTTCTGCGTCAGTGAAGCCTGTT
EV71-XbaI-3641F CTAGTCTAGACTCAGAACCTGGTGATTGC
EV71-HindIII-6420R CTAGAAGCTTAATTTTATCAATCGAGCGCAG
EV71-XbaI-5878F CTAGTCTAGAGCAATGGCAGACAAGGTTTT
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2.3. RNA transcription and transfection

Genome-length and reporting viral RNAs were in vitro
transcribed from the HindIII-linearized cDNA plasmids using
MEGAscript� T7 Kit (Ambion) according to the manufacturer’s pro-
tocols. The RNAs were electroporated into Vero cells as previously
described (Zhang et al., 2010). After transfection, supernatants
were collected at different time points. The culture medium
containing viruses were aliquotated and stored at �80 �C.

2.4. Plaque assay

A series of 1:10 dilutions were made by mixing 15 ll of virus
sample with 135 ll of DMEM. One hundred microliters of each
dilution were seeded to individual wells of 12-well plates contain-
ing confluent Vero cells (2 � 105 cells per well, plated one day in
advance). The plates were incubated at 37 �C with 5% CO2 for 1 h
before the layer of 2% methyl cellulose was added. After 4 days
of incubation at 37 �C with 5% CO2, the cells were fixed in 3.7%
formaldehyde and then stained with 1% crystal violet. Plaque mor-
phology and numbers were recorded after washing the plates with
tap water.

2.5. Immunofluorescence assay (IFA)

Vero cells transfected with the EV71 genome-length RNA were
seeded on Chamber Slide (Nalge Nunc). At 24, 36, and 48 h post-
transfection (hpt), the cells were fixed by cold (�20 �C) 5% acetone
in methanol for 20 min at room temperature. The fixed cells were
washed with PBS and incubated with EV71 VP1 rabbit polyclonal
antibody (1:300 dilutions with PBS) for 1 h. After washing with
PBS for three times, the cells were incubated with goat anti-rabbit
IgG conjugated with FITC at room temperature for another hour.
After three times of PBS wash, the slide was mounted with 90%
glycerol and examined under a fluorescent microscope. Cell images
were taken at 200� magnification.

2.6. Viral growth kinetics

Vero cells were seeded in a 6-well plate (2 � 105 cells per well).
At 24 h post seeding, the cells were infected with virus at an indi-
cated MOI. Culture medium was collected at the indicated time
points and was used to quantify viral titers by plaque assay on Vero
cells as described above.

2.7. Cytotoxicity assay

A cell proliferation-based MTT kit (a tetrazoliumcolorimetric as-
say; American Type Culture Collection) was used to estimate the
cytotoxicity of guanidine hydrochloride (GuHCl). Briefly, Vero cells
(1 � 104 cells in 100 ll DMEM plus 10%FBS) were seeded per well
of a 96-well plate. After 6 h incubation, different concentrations of
GuHCl (dissolved in water) were added to the cells. After 48 h incu-
bation, 10 ll MTT reagent [3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide] was added and incubated for 3.5 h,
followed by the addition of 100 ll detergent reagents. The plates
were then swirled gently and left in darkness at room temperature
for 4 h. The absorbance of the plate was measured through a
Multimode Microplate Reader (Varioskan Flash, Thermo Fisher,
Finland) with a 550-nm filter. The cytotoxicity of the GuHCl was
estimated by comparing the absorbance from the compound-
treated cells versus the absorbance from the mock-treated cells.

2.8. Inhibition assay of eGFP-EV71 by GuHCl

Vero cells were seeded in black 96-well plates at a density of
1 � 104 cells per well. After 24 h, the cells were infected with
eGFP-EV71 virus at an MOI of 0.5 and incubated with various
concentrations of GuHCl (0–1 mM). Incubations were done in
triplicate and 6 control wells were also included. The eGFP fluores-
cence intensity was measured with Multimode Microplate Reader
(Varioskan Flash, Thermo Fisher, Finland) at 488 nm excitation
(5 nm bandwidth) and 507 nm emission wavelengths, respectively,
and the measurement time was set at 100 ms.
3. Results

3.1. Construction and characterization of the full-length EV71 cDNA
clone

As shown in Fig. 1 and described in Material and Method, the
full-length EV71 cDNA clone, pACYC-EV71-FL, was assembled by
four fragments, and contained a T7 promoter at the 50 end for
in vitro transcription. Followed by linearization with HindIII, the
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full-length cDNA was in vitro transcribed that has a poly (A) tail at
30 end of the EV71 genomic RNA and a 50 non-viral G nucleotide de-
rived from the T7 promoter.

IFA were used to detect the expression of viral VP1 protein in
Vero cells transfected with the in vitro genome-length RNA
(Fig. 2A). The number of cells expressing viral VP1 protein was
increasing from 24 to 48 hpt; more than 70% cells were IFA-posi-
tive at 48 hpt. The staining intensity varied among the IFA-positive
cell population. High intensity of positive cells were rounded and
lost normal cell morphology which indicates viral replication-med-
iated cytotoxicity; the cells with earlier stage of viral infection still
maintained normal morphology and showed comparably lower
fluorescence intensities. Apparent cytopathogenic effect (CPE)
appeared at 48 hpt (Fig. 2B). The culture medium from the trans-
fected cells was collected at different time points, and virus titers
were determined on Vero cells by plaque assays. High viral titers
(around 106 PFU/ml) were consistently obtained (Fig. 2C). The
recombinant virus showed plaque morphology identical to the
parental virus (Fig. 2D). To further confirm the release of virions,
RNAs extracted from the culture medium was reversely
transcribed followed by PCR using primers specific to viral genes.
The recombinant virus produced the same size of virus-specific
RT–PCR product as the parental virus (Fig. 2E). An equivalent viral
growth curves at MOI of 1 were observed between these two
Fig. 2. Characterization of full-length EV71 recombinant virus. (A) IFA of viral protein
transfected with full-length EV71 RNA transcript were analyzed by IFA at the indicated t
each time point. The left panels were visualized with differential interference contrast, an
(B) Cytopathogenic effect of EV71 RNA transcript transfected Vero cells. Mock transfected
(C) Viral titer which is from EV71 RNA transcript transfected Vero cells at different time
units (PFU)/lL by plaque assays. Plaque assays were performed using a standard protocol
on Vero cells. (E) RT–PCR detection of recombinant viral RNA. Expected band were observ
detected from the extracted supernatant of mock transfected Vero cells. (F) Comparison o
and parental viruses was compared at MOI = 1 on Vero cells. Recombinant virus and paren
experiments were performed in duplicate, and the representative data were presented.
viruses (Fig. 2F). Overall, these data demonstrate that the parental
and recombinant viruses are indistinguishable in replication and
spread in Vero cells.
3.2. Construction and characterization of the EV71 reporter virus

As described in Section 2, the cDNA clone of EV71 reporter virus
was constructed by inserting the reporter gene between the 50UTR
and the N-terminus of VP4 gene. In order to release the reporter
gene from VP4, an EV71 2A protease cleavage site (ITTLG) was
introduced between the reporter gene and VP4 (Fig. 3A). eGFP or
DsRed gene was engineered into the EV71-FL cDNA clone at SphI
and MluI sites to produce eGFP-EV71 or DeRed-EV71 reporter virus
cDNA clone. The primers used for reporter virus cDNA clone are
listed in Table 1.

To test whether the reporter full-length viral RNA is replicative,
equal amounts of EV71-FL, eGFP-EV71 and DsRed-EV71 genome-
length RNA transcripts were transfected into Vero cell as described
in Section 2. Both eGFP and DsRed expressions (Fig. 3B) were mon-
itored under a fluorescent microscope. The eGFP or DsRed positive
cells were observed as early as 12 hpt. In addition, there were more
eGFP or DsRed positive cells at 24 and 48 hpt which indicated viral
replication and viral spread. More CPE were observed in eGFP-
expression in cells transfected with full-length EV71 RNA transcript. Vero cells
imes post transfection. The left and right panels represent the same field of view for
d the right panels were visualized with a fluorescein isothiocyanate (FITC) filter set.
(left) and EV71 RNA transcript transfected (right) Vero cells were observed 48 hpt.

s of post-transfection. Viral titers were calculated as the number of plaque-forming
mentioned in Section 2. (D) Plaque morphology of parental and clone-derived EV71

ed for parental and recombinant virus. As a negative control, no RT–PCR product was
f the growth kinetics of recombinant and parental EV71. The growth of recombinant
tal virus were designated by diamond and triangle, respectively. Three independent



Fig. 3. Characterization of EV71 reporter virus. (A) Schematic of the construction of the EV71 reporter virus. An infectious cDNA clone of pACYC-EV71-FL was used as
backbone for construction of EV71 reporter virus. Reporter genes were inserted at the engineered SphI and MluI sites. 2A protease cleavage site (ITTLG) was indicated by
arrow. (B) eGFP and DsRed expressions in cells transfected with full-length EV71 reporter RNA transcripts. Vero cells transfected with full-length EV71 reporter RNA
transcript were analyzed by fluorescent microscopy at the indicated times post-transfection. (C) Plaque morphology of recombinant EV71 virus, eGFP-EV71 virus and DsRed-
EV71 virus on Vero cells. (D) Comparison of the growth kinetics of recombinant and parental EV71. The growth of recombinant and reporter viruses were compared at
MOI = 0.1 on Vero. Recombinant EV71 virus, eGFP-EV71 virus and DsRed-EV71 virus were designated by diamond, triangle and circle, respectively. Three independent
experiments were performed in duplicate, and the representative data were presented.
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EV71 or DsRed-EV71 genome-length RNA transfected Vero cells
when cells were cultured for longer time post transfection
(Fig. 3B). Plaque morphology and viral titer were also compared
among wild type EV71-FL, eGFP-EV71 and DsRed-EV71. As mea-
sured by plaque assay, both eGFP-EV71 and DsRed-EV71 displayed
smaller plaque size than EV71-FL (Fig. 3C), and the viral titer of
EV71 reporter virus was about 10-fold lower than that of EV71-
FL (Fig. 3D). Overall, the results show that the eGFP-EV71 and
DsRed-EV71 genome-length RNA are replication-competent and
infectious, although the viral titer is lower than wild type EV71-
FL virus.

3.3. Stability of the reporter virus in cell culture

The eGFP and DsRed EV71 reporter viruses were blind passaged
on Vero cells respectively for five rounds to test their stability. The
viruses which were derived from eGFP or DsRed EV71 RNA-trans-
fected Vero cells were defined as P0 and used for passaging. At
60 hour post-infection (hpi), 10 ll viral supernatant was trans-
ferred to a new T-25 flask containing naïve Vero cells in 5 ml of cul-
ture medium. The viruses from each passage were defined as P1 to
P5, respectively. As shown in Fig. 4A, strong fluorescence signals
were detected in cells infected with P5 viruses, indicating the re-
porter gene was stably maintained during passaging. To further
confirm the stability of these reporter viruses, viral RNA were ex-
tracted from P1, P3 and P5 passage, and RT–PCR was performed
to amplify the region from 50UTR to VP2 using primer EV71-
XbaI-T7-5UTR-b and EV71-HindIII-1489-R (Table 1). An expected
1.5 and 2.0 Kb band was detected from wild type and reporter
viruses RT–PCR product, respectively (Fig. 4B). Plaque morphology
was also compared between P0 and P5 passage viruses. As shown
in Fig. 4C, the plaque sizes were similar between these two passage
viruses. These results indicate that EV71 reporter viruses are stable
during passaging.



Fig. 4. Stability of EV71 reporter virus in Vero cells. (A) Detection of eGFP and DsRed expression on Vero cells infected with passaged reporter virus. eGFP and DsRed positive
cells were observed under a fluorescent microscope when Vero cells were infected with P5 viruses 48 hpi, which indicates the reporter gene still maintained in the reporter
viruses. (B) Detection of the reporter gene during virus passage. Viral RNA was extracted from culture supernatants of P1, P3 and P5 passage, respectively. RT–PCR was
performed with primer pair locating 50UTR and VP4 region. The resulting RT–PCR products were resolved by 1% agarose gel electrophoresis. (C) Plaque morphologies of eGFP-
EV71 and DsRed-EV71 from P0 and P5. Virus from culture supernatants was subjected to plaque assay on Vero cells.
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3.4. Optimization and validation of an eGFP-EV71 reporter virus based
antiviral screening assay

To develop reporter virus-based antiviral screening assay, we
first identified the cell number and MOI value for viral infection
based on eGFP-EV71 reporter virus. The cells should be almost
100% confluent at the end of the assay. Ten thousand Vero cells
per well in 96-well plate were seeded 24 h before viral infection,
followed by infection with eGFP-EV71 at varying MOI. At 24 hpi,
the plate was read for the intensity of eGFP fluorescence. The fluo-
rescence value was calculated by eGFP fluorescence signal level in
infected cells subtracting the background signal in naïve cells. As
shown in Fig. 5A, there was a good correlation between the inten-
sity of eGFP fluorescence and the value of MOI. Vero cells infected
with eGFP-EV71 at MOI of 0.5 yielded the signals high enough for
fluorimeter measurement. Therefore, we chose 0.5 MOI in the fol-
lowing assays.

Since chemical compounds are dissolved in DMSO, the effect of
DMSO concentration on eGFP-EV71 infection in 96-well plate was
examined. Increasing amount of DMSO had no obvious effect on
the signals of eGFP fluorescence; up to 1% DMSO was tolerated
which is a concentration of DMSO used for antiviral screening.
We also tested whether phenol red, FBS in media could interfere
with fluorescence measurements and found that they did not have
dramatic effect on measurement (data not shown). Therefore, we
chose 1% DMSO as our final assay concentration.

To validate whether this reporter virus could be used as an anti-
viral screening assay, we used GuHCl to validate our antiviral as-
say. GuHCl is an inhibitor of the replication of enterovirus
without adversely affecting host cell metabolism; protein 2C of
enterovirus is the target of GuHCl (Baltera and Tershak, 1989; Pfis-
ter and Wimmer, 1999). The reported 50% effective concentration
(EC50) of this drug against different strains of polioviruses in Hela
cells varied between 320 and 720 lM (Shimizu et al., 2000). We
examined the inhibitory effects of GuHCl at different concentra-
tions on eGFP-EV71 infection by fluorescence measurement using
both fluorescent microscopy and microplate fluorimeter. As shown
in Fig. 5B, the number of eGFP-positive cells decreased with the in-
crease of GuHCl concentration. In consistent with it, the data from
microplate fluorimeter also showed the expression of eGFP was in-
versely proportional to the concentration of GuHCl, depicted as the
curve of eGFP fluorescence signal versus GuHCl concentration
(Fig. 5C). The EC50 was estimated to be 150 lM in eGFP-EV71-
based assay. As a control, the inhibitory effect of GuHCl on full-
length recombinant EV71 (EV71-FL) infection was also determined
by viral titer reduction assay, and the resulting EC50 was 134 lM
(Fig. 5D). This discrepancy among EC50 values from different assay
system is not surprising due to intrinsic differences among the



Fig. 5. Antiviral activity of GuHCl on recombinant WT-EV71 and eGFP-EV71 reporter virus. (A) Correlation between eGFP signal and different MOI infection. Ten thousand
Vero cells per well in 96-well plate were infected with eGFP-EV71 at the indicated MOI and the infected cells were assayed for eGFP fluorescence intensity at 24 hpi. (B)
Detection of eGFP expression by fluorescent microscopy at different concentration of GuHCl. (C) Antiviral activity of GuHCl by using eGFP-EV71 on a 96-well plate. Vero cells
were seeded in black 96-well plates at a density of ten thousand cells per well. After 24 h, the cells were infected with eGFP-EV71 virus at MOI of 0.5 and incubated with
various concentrations of GuHCl (0–1 mM). The infected cells were assayed for eGFP fluorescence intensity at 24 hpi. Three independent experiments were performed in
duplicate, and the representative data were presented. (D) Viral titer reduction assay of EV71-FL at different concentration of GuHCl.
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systems (Puig-Basagoiti et al., 2005). These results provided an evi-
dence that eGFP-EV71 reporter virus could be used in a high-
throughput assay for screening inhibitors of EV71.
4. Discussion

The prevention and treatment of enterovirus 71 infection are
presently public health priorities. This study addressed the devel-
opment and characterization of an infectious cDNA clone of EV71
and a novel reporter EV71 virus system for antiviral study. The re-
combinant virus showed biological properties indistinguishable
from the parental virus, including plaque morphology and growth
kinetics (Fig. 2). These results indicated that an efficient reverse ge-
netic system has been established for EV71 virus. For eGFP and
DsRed reporter virus, the fluorescent gene was inserted between
the 50UTR and the N-terminus of VP4 gene with the addition of
an EV71 2A protease cleavage site (ITTLG) at its C-terminus
(Fig. 3A). Upon the cleavage by 2A protein, the fluorescent protein
is released and visible under a fluorescent microscope. Fig. 3B–D
showed that the levels of eGFP expression in the eGFP-EV71
reporter virus-infected cells correlate with viral RNA replication.
The reverse genetic systems developed in this study will be useful
for making recombinant viruses required for mode-of-action anal-
ysis of future inhibitors, as well as for studying viral replication and
pathogenesis. In addition, the reporter viruses could be readily
used for high throughput antiviral screening.

A number of high-throughput assays have been reported to
identify the inhibitor of enterovirus infection. A 6-amino-acidpep-
tide, LVLQTM, was identified as a decoy substrate of the human
rhinovirus (HRV) 2A cysteine protease (2Apro) through a
high-throughput yeast two-hybrid screening assay. It was further
demonstrated to be able to inhibit viral replication in both A549
cells and in vivo mouse model by blocking the viral 2A protease
activity (Falah et al., 2012). Target-based enzymatic high-through-
put assays have also been developed for the potential inhibitors of
the polymerase 3Dpol and protease 3Cpro (Campagnola et al., 2011;
Tsai et al., 2009). The main advantage of the target-based assay is
that the targets of the identified inhibitors are known. Several cyto-
pathic effects (CPE)-based antiviral assays were adapted to high-
throughput formats to identify antiviral compounds for coxsackie
B virus and HRV (Gong et al., 2008; Phillips et al., 2011; Schmidtke
et al., 2001). The antiviral assay described here is based on eGFP-
EV71 reporter virus infection of Vero cells. Our results showed that
the decrease in eGFP signal could be used as a surrogate readout to
measure the antiviral activity of potential inhibitors. Since the
assay is based on reporter virus infection and replication, it allows
for identification of inhibitors that target any steps of the viral life
cycle, including viral entry, translation, RNA synthesis, RNA
encapsidation, and virion maturation. The mode-of-action of viral
inhibitors can further be identified through time-of-addition
studies with compound or individual biochemical assays such as
protease and RNA-dependent RNA polymease (RdRp) assays.
Alternatively, the antiviral target could potentially be identified
through selection of drug resistant virus (Lo et al., 2003). Another
advantage of the cell-based assay is that the assay requires the
compound to penetrate into cells in order to exhibit antiviral
activity. Therefore, compounds identified from the cell-based assay
should have a high success rate in subsequent animal experiments
(Lo et al., 2003).

The fluorescent protein-based reporter viruses could also be
used for high content image-based assay (Shum et al., 2010). The
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high-content image-based assay can evaluate antiviral activity and
cytotoxicity of compounds simultaneously in living cells. A high-
content assay to identify inhibitors of dengue virus infection has
also been established; the assay was validated to screen a chemical
library of known drugs and bioactive (Shum et al., 2010). A series of
fluorescent protein-based reporter vaccinia viruses was developed
for rapid, high content analysis of viral function at all stages of
gene expression in plate reader assays (Dower et al., 2011). Our
eGFP-EV71 reporter virus could also be developed for a high-con-
tent image antiviral assay. Experiments are ongoing in our labora-
tory to establish such high-content image assay.

It is worth noting that although the eGFP reporter EV71 was sta-
ble, both renilla luciferase (Rluc) and gaussia luciferase (Gluc) re-
porter EV71 using the same strategy were unstable and not
viable (data not shown). The Rluc reporter gene was completely
lost during passaging on Vero cells. The possibility is due to the
size selection of viral genome during RNA synthesis and encapsida-
tion, deletion of foreign gene commenced very quickly during viral
passage (Song et al., 2012). The possible explanation for Gluc re-
porter virus is that certain RNA elements within the Gluc gene or
Gluc protein may inferfere with viral replication (Song et al., 2012).

In summary, we have established the reverse genetic systems
using an epidemic strain of EV71. The eGFP reporter EV71 assay
developed in this study should be useful for screening novel anti-
EV71 agents. The reporter virus will also be useful for studying
EV71 replication and pathogenesis.
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