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a b s t r a c t

Enterovirus 71 (EV71), a member of Picornaviridae, is one of the major pathogens of human hand, foot and
mouth disease. EV71 mainly infects children and causes severe neurological complications and even
death. The pathogenesis of EV71 infection is largely unknown, and no clinically approved vaccine or
effective treatment is available to date. Here we described a novel bioluminescence imaging approach
for EV71 detection. In this approach, a plasmid-based reporter was constructed to express the fusion pro-
tein AmN(Q/G)BC, a split firefly luciferase mutant, which can be specifically cleaved by EV71 protease
3Cpro. Upon cleavage, the splitting fusion protein restores luciferase activity. Our test confirmed that
AmN(Q/G)BC was specifically cleaved by 3Cpro and EV71 and restored the luciferase activity to a degree
that corresponds to the 3Cpro and virus doses in cells and mice. The anti-EV71 effect of GW5074 and
U0126, two mitogen-activated protein kinase (MAPK) inhibitors, was evaluated using this approach to
validate its application of screening anti-EV71 agents. We found that the AmN(Q/G)BC reporter efficiently
monitored the inhibitory effect of GW5074 and U0126 on EV71 infection under in vitro and in vivo con-
ditions. The data from AmN(Q/G)BC reporter were consistent with Western blotting and histopathology
examination. Taken together, this real-time imaging approach can quantitatively monitor the efficacy of
anti-EV71 agents and is valuable for anti-EV71 drug screening and evaluation, especially, under in vivo
conditions.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Enterovirus 71 (EV71) belongs to the enterovirus genus of the
Picornaviridae family. It is the major pathogen of human hand, foot,
and mouth disease (HFMD) (Li et al., 2012a; Zeng et al., 2012a).
HFMD is a common illness in the Asia–Pacific region, and out-
breaks occur periodically (Li et al., 2012a; Zeng et al., 2012a).
Although EV71 infection causes mild symptoms in most cases, it
leads to severe consequences and even death in some patients
especially in children under 5 years old. EV71-caused cerebral
infection and pulmonary edema are fatal (Xu et al., 2012). There
is no currently available specific chemotherapy and vaccine against
EV71 infection (Chang et al., 2012; Li et al., 2012b; Xu et al., 2010;
Zhu et al., 2013). There is an urgent need for an effective anti-EV71
agent for the control of EV71 infection.
EV71 infection can be detected by reverse transcription-poly-
merase chain reaction (RT-PCR), real-time PCR, Western blotting,
plaque forming, etc. Bioluminescence imaging has been increas-
ingly used to study cancer, microbial infection, and viral pathogen-
esis (Au et al., 2012; Brock, 2012; Du et al., 2010; Madero-Visbal
et al., 2012; Snoeks et al., 2012; Wang et al., 2010). In vivo imaging
assays are especially useful for quantitative and real-time-based
detection of viral infection (Heaton et al., 2013; Sewald et al.,
2012) and can therefore greatly simplify and speed antiviral agent
screening from libraries of existing or synthesized chemical com-
pounds. To date, a specific in vivo imaging assay for picornaviruses,
including EV71, is not available.

Neonatal ICR and Balb/c mice have been successfully used for
evaluating the neuropathogenesis and immunization of EV71
(Chen et al., 2004; Yu et al., 2000; Khong et al., 2011). To establish
an in vivo imaging assay for the detection of picornavirus infection,
we tried to develop a replication-competent fluorescence protein-
or luciferase-expressing picornavirus variant by integrating the re-
porter gene into the full-length viral genome. Using this strategy,
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enhanced green fluorescence protein (EGFP)-, mCherry-, and Renil-
la luciferase (RLuc)-tagged coxsackievirus B3 variants (Tong et al.,
2011; Wang et al., 2012c) were established. These variants are ex-
tremely convenient to visually monitor virus infection in vitro.
However, there are critical defects within these variants. The engi-
neered viral genome is usually destabilized because of the reporter
gene integration (Lee et al., 2002; Tong et al., 2011; Wang et al.,
2012c). The engineered virus phenotype may not be quite the same
as the wild-type (Geiss et al., 2011; Shang et al., 2012a). Hence, the
data from the engineered virus need extra verification based on the
wild-type strain. Furthermore, EGFP and RLuc emit green and blue
light that is not well transmitted through tissues (Doyle et al.,
2004). These shortcomings make it difficult to monitor the virus
infection in vivo.

Firefly (Photinus pyralis) luciferase (Luc) produces red light
emission (565 nm), which is well transmitted through tissues
and is therefore the preferred luciferase for in vivo biolumines-
cence imaging (Doyle et al., 2004). To facilitate monitoring EV71
infection in vivo, we first tried to develop a Luc-expressing EV71
variant using the aforementioned strategy but were not successful.
The possible reason is that the 1.6 kb Luc-coding sequence is too
large and is beyond the maximal viral capacity for an exogenous
gene (10%). The attempt to construct a Luc-expressing coxsackievi-
rus B3 also failed (Lim et al., 2005b).

A split luciferase bioluminescence assay has been developed to
measure protein interactions, phosphorylation, and enzyme cleav-
age of substrates (Shekhawat and Ghosh, 2011). Luciferase can be
enzymatically deactivated by inserting a target peptide between
its N and C fragments. Upon cleaving the target peptide, the frag-
ments may be able to reconstitute enzymatic activity and generate
luminescence in cells and animals (Shekhawat and Ghosh, 2011).
EV71 encodes two proteases 2Apro and 3Cpro, which cleave the viral
polyprotein into the structural capsid proteins and nonstructural
proteins (Shih et al., 2011). 3Cpro plays a vital role in EV71 replica-
tion because the majority of the viral nonstructural proteins are re-
leased by the cleavage of 3Cpro or its precursor 3CD (Cui et al.,
2011; Lu et al., 2011; Shih et al., 2011; Zhang et al., 2013). 3Cpro

recognizes and cleaves proteins with glutamine (Q)-glycine (G)
bonds, especially the AxxQ/G sequence [A: alanine; x: any amino
acid (aa), the slash represents the cleavage site] (Nicklin et al.,
1988; Weng et al., 2009). Therefore, the split luciferase biolumines-
cence strategy may be applicable for EV71 detection.

Screening chemical compound libraries, traditional medicines,
and small interfering RNAs (siRNAs) leads to the discovery of some
potential anti-EV71 agents (Arita et al., 2008; Deng et al., 2012;
Pourianfar et al., 2012; Shang et al., 2012b; Tan et al., 2007; Wang
et al., 2012b; Wu et al., 2009; Yang et al., 2012a,b; Zhang et al.,
2013). GW5074 and U0126 have recently been shown to be able
to suppress EV71 replication in vitro (Arita et al., 2008, 2009; Wang
et al., 2012a). GW5074 is a benzylidine oxindole derivative and a
selective Raf-1 inhibitor (Bain et al., 2007; Chen et al., 2008).
U0126 inhibits the phosphorylation of MEK1 and MEK2 (MEK1/
2). Both Raf-1 and MEK1/2 are essential components in the activa-
tion cascades of the mitogen-activated protein kinase (MAPK)
pathway (Johnson and Lapadat, 2002).

In this study, we adapted the split luciferase bioluminescence
strategy to generate an AmN(Q/G)BC reporter for monitoring
EV71 infection through response to the presence of EV71 3Cpro.
Experimental therapy for EV71 cerebral infection with GW5074
and U0126 were used to validate its value in the in vivo applica-
tion for EV71 infection. Our data show that this approach could
quantitatively trace EV71 infection in real-time manner. The
anti-EV71 effect of GW5074 and U0126 was efficiently evaluated
using this approach. This novel bioluminescence imaging assay
may be valuable for fast screening and evaluation of anti-EV71
agents.
2. Materials and methods

2.1. Cells and virus

Vero (African green monkey kidney) cells were maintained and
passaged in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS) (Biological Industries, Is-
rael), 100 lg/ml penicillin, and 100 lg/ml streptomycin at 37 �C
with 5% CO2 in a humidified incubator. After virus inoculation,
the cells were maintained in DMEM with 2% FBS or without FBS.
The EV71 BrCr strain was a kind gift from Professor Mingli Wang,
Department of Microbiology, Anhui Medical University, Hefei, Chi-
na. The viruses were passaged in Vero cells and titrated using the
50% tissue culture infective dose (TCID50) assay (Liu et al., 2007).
Briefly, Vero cells were seeded in 96-well plates at 1 � 104 cells/
well and cultured overnight. Serial diluted viruses were inoculated
into the cells (10 wells for each dilution). The cells were incubated
at 37 �C with 5% CO2 for 3 days and stained with 0.4% trypan blue
solution. TCID50 was calculated using the method described by
Reed and Muench (Krah, 1991).

2.2. Chemicals

GW5074 [3-(3,5-Dibromo-4-hydroxybenzyliden)-5-iodo-1,
3-dihydroindol-2-one] and U0126 [1,4-Diamino-2,3-dicyano-1,
4-bis(o-aminophenylmercapto)butadiene] were purchased from
Sigma (St. Louis, MO). GW5074 or U0126 was dissolved in DMSO
at 10 mM and stored at -20 �C.

2.3. Plasmid construction and site-directed mutagenesis

A reporter plasmid pAN(Q/G)BC was constructed based on
pcDNA3.1(+) (Promega, Madison, WI) to express polyprotein
AN(Q/G)BC. AN(Q/G)BC is a split Luc with three insertions, includ-
ing oligopeptide AVMQGASIQG, peptide A (pepA), and peptide B
(pepB). To maintain the flexibility of the fusion protein, a linker oli-
gopeptide was added to the pepA - N and pepB – C links, respec-
tively (Table S1). A triglycine linker was added to both ends of
oligopeptide AVMQGASIQG (Table S1). To trace the plasmid
expression, an EGFP expression cassette was added downstream
to the AN(Q/G)BC cassette (Fig. 1A). The N and C fragments were
obtained by PCR from pGL4.17 (Promega). The EGFP-coding se-
quence was obtained by PCR from pEGFP-N1 (Clontech, Mountain
View, CA).

There are two Q–G bonds in the prototype Luc (Q159–G160 and
Q338–G339 in the N fragment), which may be cleaved by EV71
3Cpro. To discard the 3Cpr�Cleavage to Luc itself, the Q–G bonds
were removed by site-directed mutations of Q159M and Q338C
with overlapping PCR. The AN(Q/G)BC derived from the mutated
N fragment was designated as AmN(Q/G)BC.

A plasmid expressing EV71 3Cpro fused with EGFP was gener-
ated based on pEGFP-C1 (Wang et al., 2012c) and designated as
pEGFP-3C. The 3Cpro sequence was obtained from the EV71 BrCr
strain by RT-PCR. An attenuated 3Cpro mutant (m3C) was also pre-
pared with the substitution of C147S (Weng et al., 2009) in pEGFP-
3C, and the resultant plasmid was designated as pEGFP-m3C
(Fig. 2E). The primers (Table S2) were synthesized by GenePharma
(Shanghai, China). To introduce these plasmids into cells, Lipofect-
amine 2000 reagent (Invitrogen, Carlsbad, CA) was used according
to the manufacturer’s protocol.

2.4. Cell viability

Cell viability was assessed by MTT (thiazolyl blue tetrazolium
bromide) (Invitrogen) assay. Briefly, Vero cells were seeded in



Fig. 1. The design of the EV71 3Cpro-dependent split luciferase imaging reporter. (A) The N and C fragments of Luc. (B) There are two expression cassettes in the reporter
plasmid: the AN(Q/G)BC-expressing cassette and the EGFP-expressing cassette. In the AN(Q/G)BC-expressing cassette, the Luc was split into N and C fragments by the
oligopeptide AVMQGASIQG, which contains two EV71 3Cpro cleavage sites. The N and C fragments were fused with pepA and pepB at the N-terminals. (C) Upon the cleavage of
3Cpro, the N fragment links to the C fragment through the intrinsic interaction of pepA and papB. Consequently, the Luc activity is restored.
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96-well plates at 1 � 104 cells/well and cultured overnight. The
cells were inoculated with EV71 (1.5 � 106 TCID50) and simulta-
neously administered GW5074, U0126, and GW5074 + U0126 at
various concentrations. The cell viability was examined at an inter-
val of 6 h from 0 to 24 h post-infection (p.i.). Approximately 20 ll
of 5 mg/ml MTT was added to the cells after the culture medium
was removed. The MTT solution was discarded 4 h later, and
150 ll of dimethyl sulfoxide (DMSO) was added, and vigorous
shaking for 10 min was performed. The optical absorption was read
by a colorimetric reader at 490 nm. The cell viability was plotted
with the percentage of absorbance compared to the untreated cells
(NC) at each time point.

2.5. RT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RT-PCR was per-
formed with PrimeScript RT reagent kit (TaKaRa, Ohtsu, Shiga,
Japan) and b-actin was used as the internal control. The primers
for 3Cpro and b-actin mRNA are listed in Table S2. PCR products
were analyzed using 1% agarose gel electrophoresis.

2.6. Western blotting

Proteins were extracted from cell lysates using Pierce RIPA
Buffer with PMSF protease inhibitor cocktail (Thermo, Rockford,
IL), and applied to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE). The separated proteins were electro-
transferred to polyvinylidene fluoride (PVDF) film (0.45 lm,
Millipore, Billarica, MA) and incubated with primary antibody at
4 �C overnight. After routine washing, the film was incubated with
horseradish peroxidase (HRP)-labeled antibody at room tempera-
ture for 1 h. The blots were stained with a Pierce ECL Plus kit (Ther-
mo) and imaged with a charge-coupled camera LAS4000 (Fujifilm,
Tokyo, Japan). The primary antibodies used in this study included
antibodies against Luc (Millipore, diluted at 1:10, 000), ERK1/2,
p-ERK1/2, Raf-1 (Cell Signaling, Boston, MA, diluted at 1:1000),
p-Raf-1, b-actin (Santa Cruz Biotechnology, Santa Cruz, CA, diluted
at 1:1000), and enterovirus VP1 (Clone 5-D8/1) (Dako, Glostrup,
Denmark, diluted at 1:1000).

2.7. In vitro bioluminescence assay

The total photonic fluxes of cells cultured in 6-well or 24-well
plates were measured using a charge-coupled camera IVIS Lumina
(Xenogen, Hopkinton, MA). Before the measurement, the medium
was replaced by DMEM with 5% FBS and 50 lg/ml D-luciferin (Cell-
cyto, Beijing, China). After incubation at 37 �C for 10 min, the pho-
tonic emission was photographed by IVIS Lumina at 565 nm for
approximately 1 min (with a 15 cm field of view, binning factor
of 8, 1/f stop, open filter). The total flux was quantified as the
sum of all detected photon counts (photons/s/cm2) within the re-
gion of interest (ROI) using the Living Image 3.1 software
(Xenogen).

2.8. Cerebral infection and in vivo bioluminescence assay

Specific-pathogen-free (SPF) suckling ICR mice were obtained
from Vital River Laboratories (Beijing, China) and maintained in
standard conditions (12 h bright/12 h dark with free access to food



Fig. 2. The mutations that disrupt the potential 3Cpro cleavage to the N fragment of the AN(Q/G)BC reporter lead to the linear relationship between the Luc activity restoration
and the viral doses. (A) The total photonic fluxes in the pAN(Q/G)BC-transfected cells with EV71 infection or pEGFP-3C transfection was not viral dose- or plasmid dose-
dependent. (a) Vero cells in 24-well plates were transfected with pAN(Q/G)BC. The cells were infected with EV71 (0, 2.5 � 106, 5 � 106, 2.5 � 107 TCID50, respectively). The
bioluminescence imaging was performed at 4 h p.i. with an IVIS Lumina camera. (b) Vero cells in 24-well plates were transfected with pAN(Q/G)BC for 24 h and then
transfected with pEGFP-3C (0, 0.2, 0.6, and 1.2 lg, respectively). The bioluminescence imaging was performed at 24 h after the second transfection. (B) The mutations that
remove the potential 3Cpro cleavage to the Luc itself. There are two Q–G bonds in the Luc molecule (Q159–G160, Q338–G339) that may be cleaved by 3Cpro. Based on the
sequence alignment of various luciferase species, Q159M and Q338C mutations were performed to eliminate the potential 3Cpro cleavage yet reserve the Luc activity. The
mutated AN(Q/G)BC was designated as AmN(Q/G)BC. (C–E) The Luc activity in the EV71-infected Vero cells with pAmN(Q/G)BC. Vero cells in 24-well plates were transfected
with pAmN(Q/G)BC. The cells were infected with serially diluted EV71 (in 500 ll) at 24 h post-transfection. The bioluminescence was detected at 4 h p.i. (C). The total flux of
the infected cells was normalized by that of the NC group. Error bars represent SE (n = 3). �� stands for P < 0.01 compared with NC (D). The protein expression of Luc, N
fragment, and VP1 as detected by western blotting at 7 h p.i. (E).
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and water) in the Laboratory Animal Center of Harbin Medical Uni-
versity. The animal experiments were approved by the Experimen-
tal Ethics Committee of Harbin Medical University and performed
according to the Guidelines of Laboratory Animal Usage of Harbin
Medical University that is basically in accordant with the Guideline
of Institutional Animal Care and Use Committee, USA.

The ICR mice (3-day-old) were anesthetized and manually re-
strained on the bench. Approximately 2 � 107 TCID50 of EV71 in
20 ll was inoculated using a 27G needle after it had directly pen-
etrated the cranium (Shimizu, 2004). The infected mice were peri-
toneally administered GW5074 (0.2 mg/kg), U0126 (2.0 mg/kg),
and GW5074 + U0126 (0.2 + 2.0 mg/kg), respectively, on day 1, 3,
and 5 p.i. Meanwhile, each mouse was administered 10 lg of
pAmN(Q/G)BC by intracerebral injection. Non-infected mice trea-
ted with the drugs served as the controls (NC). The sham mice
(Sham) were inoculated with viruses and plasmids but were not
administered drugs. The bioluminescence in the mouse brain was
examined on day 2, 4, and 6 p.i. Before image acquisition, the mice
were anesthetized with an intraperitoneal injection of 4 % chloral
hydrate at a dose of 0.5 ml per 100 g of body weight. Once anesthe-
tized, each mouse received intracerebral injections with 10 ll of D-
luciferin (3 mg/ml) in PBS. Photons emitted from the mouse brain
were recorded by IVIS Lumina and presented as a pseudocolor im-
age overlaid on the gray-scale body image. The average acquisition
time for the luminescence image was 1 min.
2.9. Histopathology examination

The suckling ICR mice with various treatments were sacrificed
on day 6 post-treatment, and the brain, heart, kidney, liver, and
lung were carefully excised from the mice. The tissues were
washed in cold PBS and then fixed in 4% neutral formalin for
24 h. The fixed tissues were then embedded in paraffin, sectioned
at a thickness of 5 lm and stained with hematoxylin and eosin
(HE).
2.10. Statistical analysis

The data are presented as the mean ± standard deviation (SD) or
the mean ± standard error (SE). Student’s t-test was used for the
statistical analysis by SigmaStat 3.1 (Systat Software, Richmond,
CA). All experiments were repeated at least three times.
3. Results

3.1. AN(Q/G)BC can be specifically cleaved by EV71 3Cpro

To monitor EV71 infection, we designed a polyprotein AN(Q/
G)BC (Fig. 1B). The polyprotein is a split Luc with an oligopeptide
AVMQGASIQG insertion. The oligopeptide contains two EV71 3Cpro

cleavage sites (AxxQ/G). Two fragments of Luc, N-fragment (N, 1–
415 aa) and C-fragment (C, 399–550 aa) (Fig. 1A), were fused with
pepA and pepB at the N-terminals, respectively. PepA and pepB can
link together intrinsically with high affinity (Sewald et al., 2012;
Thormeyer et al., 2003). The intervening oligopeptide blocks the
interaction of pepA and papB. The splitting deactivates the Luc
enzymatic activity. If there were EV71 or 3Cpro present, the oligo-
peptide cleavage would allow pepA to link to pepB, which would
bring the N fragment in close proximity to the C fragment. As a re-
sult, the Luc activity is restored (Fig. 1B).

In the Vero cells transfected with pAN(Q/G)BC, EGFP was ex-
pressed in cells 24 h post-transfection (data not shown). Sequenc-
ing confirmed that the AN(Q/G)BC-coding sequence was exactly as
our design.
To verify the specific cleavage of 3Cpro, Vero cells were transfec-
ted with pAN(Q/G)BC and cultured for 24 h. The cells were then
transfected with pEGFP-3C and pEGFP-m3C and cultured for an-
other 24 h. RT-PCR with 3Cpro-specific primers showed that either
3Cpro or m3C was expressed in the transfected cells (Fig. S1D). The
Luc activity of the cells transfected with pEGFP-3C was increased
significantly compared with that of the cells with pEGFP-C1
(P < 0.01) (Fig. S1A and S1B). There was no significant difference
between the photonic fluxes of the cells with pEGFP-m3C and pEG-
FP-C1 (P > 0.05) (Fig. S1A and S1B). Western blotting showed the N
fragment in the cells with pEGFP-3C but not in the cells with pEG-
FP-C1 and pEGFP-m3C (Fig. S1C). These data indicate that AN(Q/
G)BC could be specifically cleaved by 3Cpro.
3.2. The Luc activity restoration of AN(Q/G)BC does not correspond
with the virus or 3Cpro dose

Vero cells transfected with pAN(Q/G)BC were infected with var-
ious doses of EV71 at 24 h post-transfection. The Luc biolumines-
cence was detected at 4–24 h p.i. Surprisingly, we found that the
Luc activity restoration in the cells did not increase according to
the viral doses (Fig. 2A). We repeated this detection with pEGFP-
3C instead of EV71. The Luc restoration was not consistent with
the dose of pEGFP-3C either (Fig. 2A).

The inconsistency between the Luc restoration and viral dose
suggested that the Luc itself might be deactivated by 3Cpro. Indeed,
two Q–G bonds were identified in the N fragment (Q159–G160 and
Q338–G339) (Fig. 2B). The sequence alignment of the various lucif-
erase species suggested that the substitutions of Q159M and
Q338C preserves the Luc activity (Fig. 2B). Thus, the N fragment
was site-directed mutated with Q159M and Q338C substitutions
to eliminate the potential 3Cpro cleavage sites. The polypeptide
AN(Q/G)BC with the mutations was designated as AmN(Q/G)BC.
3.3. EV71 infection can be quantitatively detected by AmN(Q/G)BC
in vitro

Vero cells were then transfected with pAmN(Q/G)BC for 24 h
and infected with various doses of EV71. The photonic fluxes were
measured at 4 h p.i., and the N fragment and EV71 capsid protein
VP1 were detected at 7 h p.i. The VP1 levels increased according
to the viral inoculation (Fig. 2E). The total flux in the infected cells
increased corresponding to the inoculated virus doses (P < 0.01,
compared with NC) (Fig. 2C and D). The N protein level was also
accordingly increased in the infected cells in a dose-dependent
manner (Fig. 2E). The Luc restoration was parallel to the EV71 dose.
3.4. EV71 cerebral infection can be visually traced by AmN(Q/G)BC

Three-day-old ICR mice were intracerebrally inoculated with
2 � 107 TCID50 of EV71. pAmN(Q/G)BC (10 lg/mouse) was admin-
istered to the mice in the same way 24 h before bioluminescence
detection. All mice with plasmid inoculation were EGFP fluores-
cence positive (509 nm) in the inoculated location on day 2 and
6 p.i. (Fig. S2). Compared with the sham group, the total fluxes of
the infected mice was approximately 5, 8, and 16-fold higher on
day 2, 4, and 6 p.i., respectively (Fig. 3A and B). The N and VP1 pro-
teins were also expressed in the infected brain tissues (Fig. 3C). The
infected mice developed severe weight loss, hind limb paralysis
(Fig. 3D, arrow; Video S2), and skin lesions from day 4 to day
6 p.i. Taken together, this reporter could visually measure the
EV71 cerebral infection in a real-time manner.



Fig. 3. The bioluminescence imaging of the EV71 infected mice with AmN(Q/G)BC expression. Three-day-old ICR mice were infected with 2 � 107 TCID50 of EV71 by
intracerebral injection. The DNA of pAmN(Q/G)BC was intracerebrally inoculated into the mice 24 h before bioluminescence detection. (A and B) The bioluminescence
imaging of the mice on day 2, 4, and 6 p.i. The protocol for the sham-treated mice was identical to that for the infected mice except for the use of PBS instead of the virus. The
total flux was normalized to that of the sham-treated mice. Error Bars represent SD (n = 3). (C) The expression of Luc, N fragment, and VP1 proteins in the mouse brain on day
6 p.i. (D) Symptoms of the EV71-infected mice. The infected mice showed severe body weight loss, hind limb paralysis (arrow), and skin lesions on day 6 p.i.
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3.5. AmN(Q/G)BC can visualize the inhibitory effect of GW5074 and
U0126 on EV71 infection under in vitro condition in a dose-dependent
manner

GW5074 and U0126 were selected to evaluate the application
of AmN(Q/G)BC in screening anti-EV71 agents in vitro. First, the
cytotoxicity of GW5074 and U0126 in Vero cells was tested using
the MTT assay. The treatment with GW5074 from 0 to 20 lM or
with U0126 from 0 to 60 lM did not significantly affect the cell
viability (Fig. S3).

To determine the anti-EV71 effect of GW5074 and U0126, Vero
cells were infected with 1.5 � 106 TCID50 of EV71. The culture
medium was replaced with the DMEM containing GW5074 (0, 5,
and 20 lM), U0126 (0, 20, and 60 lM), and GW5074 + U0126 at
1 h p.i. The CPE and cell viability were observed within 24 h p.i.
As shown in Fig. S4A, severe CPE including cell rounding and lysis
was observed in the cells without GW5074/U0126 treatment
(Sham), while the CPE in the cells treated with GW5074, U0126,
or GW5074 + U0126 was significantly inhibited in a dose-
dependent manner. GW5074 showed better CPE inhibition than
U0126.

The cell viability of the infected cells treated with 5 lM
GW5074 was approximately 80% of that of the non-infected cells
(NC) at 24 h p.i. (Fig. S4B). It increased to approximately 96% when
GW5074 was at a concentration of 20 lM (Fig. S4B). In the infected
cells treated with 20 lM U0126, the cell viability was approxi-
mately 60% compared with the NC group at 24 h p.i. (Fig. S4C).
When treated with 60 lM U0126, the cell viability increased to
80% (Fig. S4C). Interestingly, compared with the GW5074-treated
cells, the combination of GW5074 and U0126 did not further in-
crease the cell viability (Fig. S4D), suggesting that GW5074 was
more competent than U0126 in terms of the anti-EV71 potential.
To determine the anti-EV71 effect of GW5074 and U0126 with
AmN(Q/G)BC reporter, Vero cells in a 24-well plate were transfec-
ted with pAmN(Q/G)BC for 24 h. The cells were inoculated with
5 � 106 TCID50 of EV71 and incubated at 37 �C for 1 h for virus
attachment. The medium was replaced with DMEM containing
GW5074, U0126, and GW5074 + U0126. Luc bioluminescence
was detected at 4 h p.i. The cellular proteins were extracted at
7 h p.i. for Western blotting. As shown in Fig. 5, the treatments
of GW5074 (5, 10, and 20 lM), U0126 (20, 40, and 60 lM), or
GW5074 + U0126 (5 + 20, 10 + 40, and 20 + 60 lM) significantly
decreased the photonic fluxes in the infected cells in a dose-
dependent manner (P < 0.01 except 20 lM U0126, which was
P < 0.05) (Fig. 4A, C, and E). Western blotting showed that the treat-
ments also decreased the VP1 and N expression in a dose-depen-
dent manner (Fig. 4B–I). The photonic fluxes were reduced to
approximately 60% and 40% in the presence of 10 and 20 lM
GW5074 compared to the control cells, respectively (Fig. 4A). The
treatment with U0126 significantly inhibited the photonic flux
but to a lesser degree compared to the treatment with GW5074
(Fig. 4C). The combination of GW5074 and U0126 showed an en-
hanced inhibition on the photonic fluxes in the infected cells
(Fig. 4E). These data were consistent with the CPE and MTT
detection.

Furthermore, GW5074 treatment also dose-dependently de-
creased the levels of phosphorylated Raf-1 (p-Raf), phosphorylated
ERK1/2 (p-ERK), and VP1 protein (P < 0.01) in the infected cells
(Fig. 4G and J). U0126 treatment did not influence the level of p-
Raf but decreased the expression of p-ERK as well as VP1 in a
dose-dependent manner (Fig. 4H and K). The GW5074 + U0126
combinations were able to block both the p-Raf and p-ERK expres-
sion and significantly inhibited the VP1 expression as well
(P < 0.01) (Fig. 4I and L). Interestingly, the treatment with 2.5 lM



Fig. 4. The in vitro antiviral effect of GW5074 and U0126 evaluated by bioluminescence imaging. (A, C, and E) Vero cells grown in 24-well plates were transfected with
pAmN(Q/G)BC. The cells were infected with EV71 at 24 h post-transfection. The culture medium was replaced with DMEM containing GW5074, U0126, and GW5074 + U0126
1 h after the virus inoculation, respectively. The bioluminescence was detected at 4 h p.i. with an IVIS Lumina camera. The total fluxes of the treated cells were normalized to
that of the cells without treatment (0 lM). Error bars represent SE (n = 3). � and �� stands for P < 0.05 and P < 0.01, respectively, compared with the untreated cells. (B, D, and F)
The protein expression of Luc and N fragment in the cells at 7 h p.i. (G–L). The western blotting of Raf-1 (Raf), p-Raf-1 (p-Raf), ERK1/2, p-ERK1/2 (p-ERK), EV71 VP1, and b-
actin in the cells treated with GW5074, U0126, and GW5074 + U0126, respectively. The optical density values of the blots (J, K, and L) were normalized to b-actin. Error bars
represent SD (n = 3). � and �� represent P < 0.05 and P < 0.01 compared with the untreated cells.
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GW5074 or 10 lM U0126 showed only approximately 10% inhibi-
tion on the VP1 expression (Fig. 4G and H), while the combination
of 2.5 lM GW5074 + 10 lM U0126 inhibited the VP1 expression by
approximately 60% (Fig. 4I). The inhibition efficiency of this dose
combination almost equaled that of the high dose combinations
(Fig. 4I), suggesting that there was a synergistic effect of
GW5074 and U0126, probably by double blocking the phosphory-
lation of MAP kinases.

3.6. AmN(Q/G)BC can monitor the therapeutic effect of anti-EV71
agents in vivo

The in vivo toxicity of GW5074 and U0126 was evaluated first.
Suckling ICR mice were administered GW5074 (0, 0.05, 0.1, and
0.2 mg/kg), U0126 (0, 0.25, 0.5, and 1.0 mg/kg), and
GW5074 + U0126, through intraperitoneal injection. The brain,
heart, kidney, liver, and lung tissues were collected and subjected
to histopathology examination on day 6 after the administration.
We did not observe any apparent body weight difference among
various groups. No obvious lesions were found in the mice treated
with GW5074 up to 0.2 mg/kg, U0126 up to 1.0 mg/kg, and
GW5074 (0.2 mg/kg) + U0126 (1.0 mg/kg) histopathologically
(Fig. S5). Therefore, the doses of 0.2 mg/kg GW5074 and 1.0 mg/
kg U0126 were chosen for the in vivo study.

To monitor the in vivo anti-EV71 effect, 3-day-old ICR mice
were infected with 2 � 107 TCID50 of EV71 by intracerebral
injection. The mice were treated with GW5074 (0.2 mg/kg),
U0126 (1.0 mg/kg), and GW5074 (0.2 mg/kg) + U0126 (1.0 mg/kg)
through intraperitoneal injection at 24 h p.i. The treatments were
repeated twice at an interval of 48 h. pAmN(Q/G)BC (10 lg per
mouse) was administered intracerebrally at the same time of the
drug administration. Bioluminescence imaging was detected on
day 2, 4, and 6 p.i. (Fig. 5A). The mice were sacrificed on day
6 p.i., and the brain tissues were collected for histopathology
examination. As shown in Fig. 5B, the photonic flux was not de-
tected in the non-infected normal control (NC) mice, whereas the
infected mice showed bioluminescence signal in their heads from
day 2 p.i. (Fig. 5C). On day 4 and 6 p.i., the photonic flux remained
low in the mice treated with GW5074, U0126, and
GW5074 + U0126 (Fig. 5B and C), while it continuously increased
in the sham group. We found no significant difference between
the photonic fluxes in the mice treated with GW5074 and U0126
(P > 0.05).

Symptomatically, the infected mice showed severe hind limb
paralysis (Video S2), whereas the mice treated with GW5074 and
U0126 only showed mild limb paralysis, especially the mice trea-
ted with GW5074 (Video S3–S5). Histopathology observation
showed that the granular layers of the cerebral cortex were dis-
rupted in the infected mice (Fig. 6C). In contrast, the brain histolog-
ical structure was much healthier in the mice treated with
GW5074, U0126, or GW5074 + U0126 (Fig. 6E, G, and I). In addi-
tion, the majority of the multiform layer neurons in the infected



Fig. 5. The in vivo antiviral effect of GW5074 and U0126 evaluated by bioluminescence imaging with AmN(Q/G)BC reporter. (A) The protocol of the in vivo experiments.
Three-day-old ICR mice were infected with EV71 by intracerebral injection. The infected mice were treated with GW5074 (20 lM), U0126 (60 lM), and GW5074 + U0126
(20 lM + 60 lM) 3 times at an interval of 48 h from 24 h p.i. pAmN(Q/G)BC was intracerebrally inoculated into the mice at the time of drug administration. The
bioluminescence was detected on day 2, 4, and 6 p.i. (B) The bioluminescence imaging of the mice. Experiments were repeated 3 times, and the representative images are
presented. NC: the normal control mice, which were treated as the other groups except inoculating PBS instead of virus. Sham: the infected mice without drug treatment. (C)
The total fluxes of the mice normalized to that of the NC mice. Error bars represent SD (n = 3).

Fig. 6. The in vivo antiviral effect of GW5074 and U0126 evaluated by histopathology examination. The brain tissues of the tested mice (Fig. 5) were harvested for
histopathology examination. The images of the granular layers and the multiform layer of cerebral cortex are shown separately. The arrow shows the external and internal
granular layers (A, C, E, G, and I). The enlarged views of the neurons in the multiform layer are shown in the lower right corner (B, D, F, H, and J). NC: the normal control mice.
Sham: the infected mice without drug treatment.
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mice were undergoing nucleus shrinkage, a sign of apoptosis-like
injury (Fig. 6D). In the treated mice, however, nucleus shrinkage
only occurred in a few of the multiform layer neurons (Fig. 6F, H,
and J). The bioluminescence imaging was consistent with
histopathology evidence, indicating that the AmN(Q/G)BC-based
bioluminescence imaging can detect the in vivo EV71 infection in
a real-time manner. These data also suggest that GW5074 and
U0126 can exert their anti-EV71 effect under in vivo conditions.



90 Z. Guo et al. / Antiviral Research 101 (2014) 82–92
4. Discussion

EV71 infection, the major cause of HFMD, has been one of the
critical public health concerns in the past decades worldwide espe-
cially in the Asia–Pacific region (Shih et al., 2011; Yan et al., 2012;
Zeng et al., 2012b). Effective vaccine and treatment against EV71
are still lacking. The conventional detection methods for EV71
infection are not real-time based. Although fluorescence protein-
or luciferase-expressing picornavirus variants can be used to visu-
ally monitor the virus infection (Tong et al., 2011; Wang et al.,
2012c), the defects such as genome destabilization (Lee et al.,
2002; Tong et al., 2011) and phenotype alteration (Lee et al.,
2002; Tong et al., 2011) limit its application. Furthermore, these
variants are not suitable for in vivo observation because of the
short emission wavelength.

Protein fragment complementation strategy has been used to
study cellular protein interactions, metabolism, and biochemical
processes (Ear and Michnick, 2009; Xie et al., 2012). Split luciferase
approach requires protease to cleave the splitting Luc molecule
and restore its luciferase activity. It is applicable especially to a
virus that expresses protease, e.g., hepatitis C virus, which pos-
sesses NS3/4A protease (Wang et al., 2010). EV71 expresses a cys-
teine protease 3Cpro that plays a key role in viral protein
maturation (Cui et al., 2011; Lu et al., 2011; Shih et al., 2011; Zhang
et al., 2013). In this study, we adapted the split luciferase imaging
strategy to generate an AmN(Q/G)BC reporter for monitoring EV71
infection by response to the presence of 3Cpro. The antiviral effect
of GW5074 and U0126 was evaluated using this approach. Our
observations demonstrated that this real-time approach could
visually and quantitatively detect EV71 infection. The in vitro and
in vivo anti-EV71 effect of GW5074 and U0126 could be efficiently
monitored by this approach. Thus, this approach might be useful
for high-throughput screening of anti-EV71 agents.

To ensure that the reporter molecule is completely cleaved by
EV71 3Cpro, we designed two consecutive 3Cpro cleavage sites in
the oligopeptide AVMQGASIQG. Both the bioluminescence assay
and Western blotting confirmed that this oligopeptide could be
efficiently cleaved by the 3Cpro expressed by pEGFP-3C and EV71,
and thereafter, the Luc activity was restored. However, the reporter
based on the prototype Luc failed to restore the Luc activity dose-
dependently. When high doses of viruses were applied, the pho-
tonic flux dramatically dropped to a low level. It seems that the
Q–G bonds in the Luc itself might be cleaved by 3Cpro. Luc cleavage
in poliovirus-infected cells has been observed previously in Dr.
Xiaoyu Li’s laboratory (personal communication).

Using Q159M and Q338C mutations, the Luc activity restoration
of AmN(Q/G)BC became consistently viral dose-dependent (Fig. 2B,
C, and D). The bioluminescence imaging was consistent with the
level of N expression both in vitro and in vivo (Fig. 2–4). The cere-
bral inoculation of pAmN(Q/G)BC successfully traced the EV71
infection in the brains up to 6 days p.i. (Fig. 3 and S2). The imaging
was consistent with the cerebral injury of the infected mice as well
(Fig. 6). EV71 replication could be detected using the biolumines-
cence approach as early as 4 h p.i. in vitro, which was much earlier
than the CPE. These data indicate that the AmN(Q/G)BC reporter is
a reliable biosensor for detecting EV71 infection.

GW5074 and U0126, two MAPK inhibitors, were identified as
anti-EV71 agents under in vitro conditions (Arita et al., 2008,
2009; Wang et al., 2012a). Picornavirus infection usually activates
the MAPK pathway during the attachment and biosynthesis phases
(Luo et al., 2002). Conversely, the MAPK activation is necessary for
picornavirus replication. Blocking ERK phosphorylation can signif-
icantly inhibit the replication of coxsackievirus B3 (Lim et al.,
2005a; Luo et al., 2002; Wang et al., 2012a). Inhibition of ERK phos-
phorylation by U0126 results in a significant decrease in EV71 rep-
lication (Lim et al., 2005a; Luo et al., 2002; Wang et al., 2012a). Our
results confirmed that either GW5074 or U0126 alone blocks
ERK1/2 phosphorylation and inhibits EV71 replication and pho-
tonic flux under in vitro conditions (Fig. 4 and S4). GW5074 com-
bined with U0126 showed a synergistic inhibitory effect on EV71
replication (Fig. 4 and S4). Therefore, GW5074 and U0126 were
employed as anti-EV71 agents in this study to validate the
in vivo application of AmN(Q/G)BC reporter in terms of anti-EV71
drug evaluation and screening.

In the mice with EV71 cerebral infection, the treatments with
GW5074 and/or U0126 significantly decreased the photonic flux
(Fig. 5) and the cerebral injury (Fig. 6) as well as the limb paralysis
(Video S3 and S5). GW5074 and U0126 therefore efficiently protect
mice from the EV71 cerebral infection. The in vivo bioluminescence
imaging was consistent with the histopathology observation, sug-
gesting that AmN(Q/G)BC can be a ‘‘visualizer’’ for in vivo anti-
EV71 drug screening.

Our study also demonstrated that the anti-EV71 efficacy of
GW5074 was better than that of U0126 (Fig. 4). Recent studies rec-
ognized phosphatidylinositol-4-kinase IIIb (PI4KIIIb) as a host tar-
get of GW5074 (Arita et al., 2011; van der Schaar et al., 2012).
PI4KIIIb and its derivative phosphatidylinositol-4-phosphate
(PI4P) are required for enteroviral RNA replication (Hsu et al.,
2010). This finding provides a reasonable explanation for the better
anti-EV71 efficacy of GW5074. Furthermore, GW5074 is a brain-
permeable 30 substituted indolone, which can inhibit neuronal cell
death in vitro (Chin et al., 2004). GW5074 has been used for in vivo
study for a short period and no acute toxicity reported (Chen et al.,
2008). We did not observe any obvious abnormality in the
GW5074-treated mice within 6 days (Fig. S5). Thus, GW5074 is
probably a valuable pharmaceutical compound for clinical chemo-
therapy against EV71 infection.

Plasmid DNA-based gene therapy has been successfully used for
research and for the clinical treatment of central nervous diseases
(Shimamura et al., 2011). The accumulated evidence indicates that
animal cells within a tissue architecture can directly uptake naked
DNA; thus, plasmid DNA can be delivered to cells in vivo and lead
to gene expression (Herweijer and Wolff, 2003). The reporter
developed in this study is plasmid-based. The disadvantage is that
the plasmid needs to be inoculated repeatedly to ensure long-term
expression. Developing a viral vector-based reporter and trans-
genic mouse line would be better for high-throughput drug screen-
ing. Moreover, this approach may be applicable to other
picornaviruses because the 3Cpro target sequence of EV71 is identi-
cal to that of poliovirus and coxsackievirus (Nicklin et al., 1988;
Yun et al., 2012).
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