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ABSTRACT

Enterovirus 71 (EV71) infection causes severe mortality involving multiple possible mechanisms, including cytokine storm,
brain stem encephalitis, and fulminant pulmonary edema. Gamma interferon (IFN-�) may confer anti-EV71 activity; however,
the claim that disease severity is highly correlated to an increase in IFN-� is controversial and would indicate an immune escape
initiated by EV71. This study, investigating the role of IFN-� in EV71 infection using a murine model, showed that IFN-� was
elevated. Moreover, IFN-� receptor-deficient mice showed higher mortality rates and more severe disease progression with
slower viral clearance than wild-type mice. In vitro results showed that IFN-� pretreatment reduced EV71 yield, whereas EV71
infection caused IFN-� resistance with attenuated IFN-� signaling in IFN regulatory factor 1 (IRF1) gene transactivation. To
study the immunoediting ability of EV71 proteins in IFN-� signaling, 11 viral proteins were stably expressed in cells without
cytotoxicity; however, viral proteins 2A and 3D blocked IFN-�-induced IRF1 transactivation following a loss of signal trans-
ducer and activator of transcription 1 (STAT1) nuclear translocation. Viral 3D attenuated IFN-� signaling accompanied by a
STAT1 decrease without interfering with IFN-� receptor expression. Restoration of STAT1 or blocking 3D activity was able to
rescue IFN-� signaling. Interestingly, viral 2A attenuated IFN-� signaling using another mechanism by reducing the serine
phosphorylation of STAT1 following the inactivation of extracellular signal-regulated kinase without affecting STAT1 expres-
sion. These results demonstrate the anti-EV71 ability of IFN-� and the immunoediting ability by EV71 2A and 3D, which attenu-
ate IFN-� signaling through different mechanisms.

IMPORTANCE

Immunosurveillance by gamma interferon (IFN-�) may confer anti-enterovirus 71 (anti-EV71) activity; however, the claim that
disease severity is highly correlated to an increase in IFN-� is controversial and would indicate an immune escape initiated by
EV71. IFN-� receptor-deficient mice showed higher mortality and more severe disease progression, indicating the anti-EV71
property of IFN-�. However, EV71 infection caused cellular insusceptibility in response to IFN-� stimulation. We used an in
vitro system with viral protein expression to explore the novel IFN-� inhibitory properties of the EV71 2A and 3D proteins
through the different mechanisms. According to this study, targeting either 2A or 3D pharmacologically and/or genetically may
sustain a cellular susceptibility in response to IFN-�, particularly for IFN-�-mediated anti-EV71 activity.

Enterovirus 71 (EV71) is a single-stranded RNA virus in the
Picornaviridae family. The EV71 genome encodes four struc-

tural proteins, VP1 to VP4, and seven nonstructural proteins, 2A
to 2C and 3A to 3D (1). Numerous studies have investigated the
functions of viral proteins in viral replication and virulence (2).
During EV71 infection, capsid VP proteins mediate virus entry by
binding to cellular receptors, human scavenger receptor class B
and P-selectin glycoprotein ligand 1 (3). Additionally, VP proteins
participate in the assembly of viral particles (4). The 3C protein, a
chymotrypsin-like protease, reduces host cell transcription dra-
matically by inhibiting cell polyadenylation (5) and induces
caspase-regulated neural cell apoptosis (6). To develop specific
anti-EV71 drugs, a number of small molecules targeting viral pro-
teins have been designed, such as the 3C inhibitor rupintrivir and
the 3D inhibitor aurintricarboxylic acid (ATA) (7–9).

EV71 infection typically causes mild, self-limiting hand-foot-
and-mouth disease; however, patients sometimes have significant
morbidity and mortality resulting from hemorrhagic pulmonary
edema following acute central nervous system-related cardiopul-

monary failure and brain stem encephalitis (2, 10, 11). In addition
to the direct cytotoxicity caused by EV71 infection (12–16) and
the resultant virulence factors (6, 17), host factors such as the
aberrant production of cytokines that is detected during EV71-
associated pulmonary edema can also lead to disease. In infected
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patients with brain stem encephalitis, increased levels of interleu-
kin 8 (IL-8), IL-10, IL-13, gamma interferon (IFN-�), CXC
chemokine ligand 10 (IFN-�-inducible protein 10), and mono-
kine induced by IFN-� are observed in the serum (18, 19), and
large amounts of IL-1�, IL-6, IL-8, IFN-�, and chemokine (C-C
motif) ligand 2 (monocyte chemotactic protein 1) are found in the
cerebrospinal fluid (19, 20). Neutralization of IL-6 by antibody
confers protection against severe complications in EV71-infected
neonatal mice (21). Additionally, an increased frequency of Th17
cells in peripheral blood and increased serum levels of the Th17
cell-derived cytokines IL-17 and IL-23 are observed in EV71-in-
fected patients (22). While immunopathogenesis of EV71 infec-
tion has been proposed (23), the protective versus the pathogenic
effects of most cytokines have not been addressed.

Host-derived IFNs exert antiviral activity via several mecha-
nisms, including interference with viral replication through inhib-
iting the transcription and translation of viral components (24).
Studies have demonstrated the antiviral activity of type I IFNs
against EV71 infection in vitro and in vivo (25, 26). Furthermore,
treatment with an IFN-inducing agent (27) and synergistic inhi-
bition of EV71 replication by IFN-� and rupintrivir (28) have
been identified as effective treatment regimens. However, during
EV71 infection, several immune escape strategies are elicited by
EV71 to attenuate the type I IFN response. The viral 3C protein
retards retinoid acid-inducible gene I-mediated IFN regulatory
factor 3 (IRF3) activation (29) and inhibits Toll-like receptor 3
signaling by cleaving the adaptor proteins TRIF (30) and IRF7
(31) to reduce type I IFN production (29–32). Viral protein 2A
decreases the type I IFN response by targeting the antiviral signal-
ing protein in mitochondria (33) and by reducing the IFN-�/�
receptor 1 (IFNAR1) level (34). In addition to type I IFNs, the role
of type II IFN (IFN-�), a proinflammatory cytokine that is pro-
duced by natural killer cells, T cells, and antigen-presenting cells
for immune defense against microbial infections and tumorigen-
esis (35, 36), is controversial in EV71 infection, specifically with
regard to its dual roles in both cellular protection and immuno-
pathogenesis. Compared to mice with IFNAR deficiency alone,
mice with both IFNAR and IFN-� receptor (IFN-�R) deficiency
display increased susceptibility to EV71 infection (37), indicating
a protective role for IFN-�. In contrast, expression and gene poly-
morphism of IFN-� have been shown to associate with EV71-
induced pulmonary edema and encephalitis in patients (18, 38),
and exogenous administration of three cytokines (IL-6, IL-13, and
IFN-�) together exacerbates EV71-induced pulmonary abnor-
mality with edema in mice (39). Infection by EV71 may alter
IFN-� responses, leading to escape from both antiviral strategies
and immunopathogenesis. The present study was therefore de-
signed to examine the role of IFN-� in EV71 infection and to
determine how EV71 amends IFN-� signaling.

MATERIALS AND METHODS
Cell cultures and reagents. A human muscle rhabdomyosarcoma (RD)
cell line (ATCC CCL-136) and murine neuroblastoma (Neuro-2a) cell
line (ATCC CCL-131) were maintained in media according to the instruc-
tions of the ATCC. Wild-type mouse embryonic fibroblasts (MEFs), a gift
from Hsiao-Sheng Liu, Department of Microbiology and Immunology,
National Cheng Kung University, Taiwan, were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen Life Technologies) supple-
mented with 10% heat-inactivated fetal bovine serum, 50 U/ml of peni-
cillin, and 50 �g/ml of streptomycin in a humidified atmosphere with 5%
CO2 and 95% air. The reagents and antibodies used were 3D inhibitor

ATA (Sigma-Aldrich); recombinant mouse IFN-� (PeproTech or R&D
Systems); recombinant mouse IFN-� (R&D Systems); fluorescein iso-
thiocyanate- or phycoerythrin-conjugated control antibodies or antibod-
ies against mouse CD4 (clone GK 1.5; eBioscience), CD8a (clone 53-6.7;
eBioscience), F4/80 (clone BM8; eBioscience), phospho-STAT1�/� at
Tyr701 and Ser727, STAT1�/�, phospho-Janus-associated kinase 2
(phospho-Jak2) at Tyr1007/1008, Jak2, phospho-extracellular signal-reg-
ulated kinase 1/2 (phospho-ERK1/2) at Thr202/Tyr204, ERK1/2, phos-
pho-MEK1/2 at Ser217/221, MEK1/2, phospho-c-Raf at Ser338, and c-
Raf (Cell Signaling Technology), V5 tag, IFN-�R1, and IFN-�R2
(Abcam), and �-actin (Chemicon International); and Alexa Fluor 488-
and horseradish peroxidase-conjugated goat anti-mouse, goat anti-rab-
bit, and donkey anti-goat IgG (Invitrogen Life Technologies).

The virus and mice. EV71 strain M2 was propagated and titrated on
RD cell monolayers and was used to infect mice as previously described
(40). C57BL6/J mice and C57BL6/J-derived mice deficient in IFN-�R1
(B6.129S7-Ifngr1tm1Agt/J) were purchased from The Jackson Laboratory
and maintained under specific-pathogen-free conditions in the labora-
tory animal center of our college.

Infection of mice. Animal work in this study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals (41), the Animal Welfare Act, and U.S. federal law. All
mouse experiment protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of National Cheng Kung University
(IACUC approval no. 98012). Fourteen-day-old mice were mock infected
or infected with 3 � 105 PFU per mouse of EV71 strain M2 by intraperi-
toneal injection and monitored for survival rate and disease progression
for 30 days. The disease severity of infected mice was graded from 0 to 5 as
follows: 0, health; 1, ruffled hair; 2, weakness in hind limbs; 3, paralysis in
single hind limb; 4, paralysis in both hind limbs; and 5, death. In separate
experiments, mice were anesthetized, and blood was collected. After per-
fusion with ice-cold phosphate-buffered saline (PBS) by intracardiac in-
jection, mouse tissues were harvested, frozen, homogenized, frozen, and
sonicated. The resulting samples were assayed for viral titers by plaque
assay using RD cell monolayers.

IFN-� measurement. Mouse blood was processed into sera. Mouse
brains were frozen and homogenized in ice-cold PBS containing a pro-
tease inhibitor cocktail (Sigma-Aldrich). The brain homogenates were
centrifuged to obtain supernatants. The supernatants and sera were sub-
jected to enzyme-linked immunosorbent assay to measure mouse IFN-�
(R&D Systems) by using the commercially available kit according to the
manufacturer’s instructions.

Flow cytometry. Spleens and brains were harvested from mice per-
fused with PBS at day 9 postinfection, and leukocytes were isolated from
the organs and stained with antibodies specific for mouse leukocytes or
control antibodies as previously described (42). To detect the expression
of viral proteins and IFN-� receptors, cells were stained with antibodies
against V5 tag, IFN-�R1, or IFN-�R2 and then incubated with a mixture
of Alexa Fluor 488-conjugated goat anti-rabbit IgG antibodies. Stained
cells were analyzed using flow cytometry (FACSCalibur; BD Biosciences)
with excitation set at 488 nm; emission was detected with the FL-1 (515 to
545 nm) and FL-2 (564 to 606 nm) channels. Samples were analyzed using
CellQuest Pro 4.0.2 software (BD Biosciences), and quantification was
performed using WinMDI 2.8 software (The Scripps Institute). Small cell
debris was excluded by gating on a forward scatter plot.

IFN treatment. Neuro-2a cells were pretreated with 25 or 100 U/ml of
recombinant mouse IFN-� or IFN-� for 24 h and infected with EV71
strain M2. Cultures were collected 24 and 36 h postinfection to determine
viral titers by plaque assay.

Plasmid construction and transfection. To construct plasmids ex-
pressing each of the EV71 proteins, the full-length cDNAs encoding EV71
VP4, VP3, VP2, VP1, 2A, 2B, 2C, 3A, 3B, 3C, or 3D protein were amplified
from an EV71/MP4 infectious clone, pEV71/MP4/y-5, by PCR with the
corresponding viral gene-specific primer pairs (32, 43). PCR products
were cloned into the pcDNA3.1/V5-His-TOPO vector using a pcDNA3.1/
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V5-His TOPO TA expression kit (Invitrogen) according to the manufac-
turer’s instructions. Viral protein expression plasmids and a control plas-
mid, pcDNA3.1(�), were isolated and purified using an EndoFree
Plasmid Maxi kit (Qiagen) to eliminate endotoxin contamination. MEFs
were transfected with the plasmids using Lipofectamine 2000 (Invitrogen
Life Technologies) and cultured for 3 days. Stable cell lines were selected
by culturing transfected cells in medium containing 1.8 to 2.0 �g/ml of
Geneticin (Invitrogen Life Technologies) for 14 days. The expression of
viral genes and proteins in stable cell lines was confirmed using reverse
transcription-PCR (RT-PCR) with the gene-specific primer pairs (32, 43)
and immunoblotting with V5 tag, respectively. For STAT1 transfection,
transient transfection was performed using an MP-100 Microporator
(Digital Biotechnology, South Korea) according to the manufacturer’s
instructions for optimization and usage. The pSG5 construct expressing
STAT1 was provided by Chien-Kuo Lee (National Taiwan University).

RT-PCR analysis. Total RNA was extracted from mouse brain stems
or plasmid-transfected cells using TRIzol reagent (Invitrogen Life Tech-
nologies), and 5 �g of total RNA was converted to cDNA using Moloney
murine leukemia virus reverse transcriptase (Promega). PCR amplifica-
tion was performed on 4 �l of cDNA sample. Numbers of amplification
cycles and annealing temperatures were optimized for the specific primer
pairs for viral genes and mouse IFN-� and �-actin cDNA sequences (32,
43, 44). PCR products were electrophoresed on 1.2% agarose gels. The
gels were analyzed, and the intensity of the IFN-� band was quantified
using ImageJ software and normalized to the intensity of the �-actin band
in the sample.

Cytotoxicity assay. To evaluate cell damage, the activity of lactate
dehydrogenase released in culture supernatants was assayed using a col-
orimetric assay with cytotoxicity detection kit (Roche Diagnostics, United
Kingdom) according to the manufacturer’s instructions. A microplate
reader (SpectraMax 340PC; Molecular Devices) was used to measure the
absorbance at 620 nm with a reference wavelength of 450 nm, and data
were analyzed with Softmax Pro software (Molecular Devices).

Luciferase reporter assay. For the luciferase reporter assay, the cells
were transiently cotransfected with the IRF1 promoter-driven firefly lu-
ciferase reporter (0.2 �g) and 0.01 �g of Renilla luciferase-expressing
plasmid (pRL-TK; Promega) using the GeneJammer transfection reagent
(Stratagene). Twenty-four hours after the transfection, the cells were
treated with IFN-� for 0.5 h, lysed, and then harvested to measure firefly
and Renilla luciferase activities using a luciferase assay system (Dual-Glo;
Promega). For each lysate, the firefly luciferase activity was calculated as
relative light units (RLU).

Western blotting. Both procedures used were described previously
(45). In brief, total cell lysates were extracted, and proteins were separated
using SDS-polyacrylamide gel electrophoresis and then transferred to a
polyvinylidene difluoride membrane (Millipore Corporation). After
blocking with 5% bovine serum albumin (Sigma-Aldrich), blots were in-
cubated with the desired antibodies and developed using an ECL Western
blot detection kit (Millipore Corporation) according to the manufactur-

er’s instructions. The relative signal intensity was quantified using ImageJ
software (version 1.41o) from W. Rasband (National Institutes of Health,
Bethesda, MD).

Immunostaining. To detect the expression of STAT1, cells were fixed,
stained, and analyzed as previously described (46). For confocal micros-
copy analysis, cells were stained with the STAT1 antibody and then with
Alexa Fluor 488-conjugated goat anti-mouse IgG. The cells were then
visualized using a confocal laser scanning microscope (Digital Eclipse
C1si-ready; Nikon).

Statistical methods. Values are presented as means � standard errors
(SE). The Kaplan-Meier survival curves were analyzed by the log rank test.
The disease scores were analyzed by the Wilcoxon signed-rank test. The
tissue viral loads were analyzed by the Mann-Whitney U test. The rest of
results were analyzed by Student’s two-tailed unpaired t test (SigmaPlot
8.0 for Windows; Systat Software). Statistical significance was set at a P
value of 	0.05.

RESULTS
EV71 infection induces IFN-� in the brain, and absence of IFN-
�R1 increases the mortality of EV71-infected mice. In EV71-
infected patients with brain stem encephalitis and pulmonary
edema complications, IFN-� levels in the plasma and cerebrospi-
nal fluid are significantly elevated (18, 20). To investigate the in-
duction of IFN-� by EV71 infection in the host in vivo, we used a
murine infection model that can reproduce neurological symp-
toms and death, analogous to those of infected patients (40).
C57BL6/J mice were mock infected or infected with EV71 at a dose
of 3 � 105 PFU/mouse, which induced signs of encephalitis,
hunched posture, lethargy, hind limb paralysis, and ataxia in mice,
with a death rate of 37% (42). Our previous report showed that
infection of mice with this inoculum resulted in brain viral titers
which increased from days 2 to 5 postinfection and then declined
(42). In contrast to mock-infected mice, in which brain IFN-�
protein levels were below the detection level (Fig. 1A), EV71-in-
fected mice showed significantly increased brain IFN-� levels at
day 6 postinfection (P 	 0.001). We also found that EV71 infec-
tion increased IFN-� mRNA levels in the mouse brain stem at days
4 and 6 postinfection, but not at day 8 postinfection, 1.2- and
1.8-fold, respectively, compared to those of mock-infected mice,
as determined by RT-PCR analysis (data not shown). Serum
IFN-� protein levels were below the detection level in both mock-
infected and infected mice from days 2 to 10 postinfection.

IFN-�R consists of the heterodimer of two chains: IFN-�R1
and IFN-�R2 (35, 36). To determine the role of IFN-� signaling in
EV71 infection, mice with a targeted disruption of the gene en-
coding IFN-�R1 were used. The growth of uninfected IFN-�R1-

FIG 1 EV71 infection induces IFN-� in the brain, and absence of IFN-�R1 increases the mortality of EV71-infected mice. (A) Brain IFN-� levels in mice mock
infected (Mock) or infected with EV71 were measured at the indicated days postinfection. Data are means � SEs from at least 3 samples per data point, with
samples derived from individual mice. ***, P 	 0.001 compared with mock-infected mice. (B and C) The disease severity (B) and survival rates (C) of wild-type
mice (n 
 19) and IFN-�R1�/� mice (n 
 19) infected with EV71 at the indicated days postinfection are shown. Data are means � SEs in panel B. *, P 	 0.05
compared with wild-type mice in panel B and between the indicated groups in panel C.
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deficient (IFN-rR1�/�) mice appeared normal, without obvious
abnormalities (47). After EV71 infection, IFN-�R1�/� mice dis-
played severe hind limb paralysis compared to wild-type mice,
with significant differences in disease scores (P 	 0.05) found at
several days postinfection (Fig. 1B). The final survival rate of in-
fected IFN-rR1�/� mice was 21%, which was significantly lower
than that of infected wild-type mice, by 42% (Fig. 1C) (P 	 0.05).

Absence of IFN-�R1 increases tissue viral loads of infected
mice. To investigate the high mortality rate of infected IFN-
�R1�/� mice compared with that of infected wild-type mice, we
harvested mouse central nervous system (brain without brain
stem region, brain stem, and spinal cord) and peripheral tissues
(spleen, kidney, lung, heart, intestine, and liver) to measure viral
titers (Fig. 2A). In IFN-�R1�/� mice, the mean viral titers in all
tissues examined were always higher than those of wild-type mice
from days 5 to 10 postinfection, with significant differences found
in the brain without brain stem region, brain stem, spinal cord,
and spleen at day 10 postinfection and in the kidney at days 5 and
10 postinfection (P 	 0.05). These results show that IFN-�R1
deficiency reduces EV71 clearance from infected mouse tissues.

We further investigated how IFN-� could contribute to EV71
clearance. We previously found that CD4� and CD8� T lympho-
cytes protected mice from EV71 infection by reducing tissue viral
loads (40). IFN-� is known to enhance the proliferation of T lym-
phocytes and macrophages and activation of T lymphocytes (35).

Therefore, we quantified CD4� and CD8� T lymphocytes and
macrophages in infected organs, the spleen and brain, at day 9
postinfection by flow cytometric analysis. In spleens, the mean
numbers of CD4� and CD8� T lymphocytes, F4/80� macro-
phages, and activated T lymphocytes (CD69� CD4� and CD69�

CD8� cells) in infected IFN-�R1�/� mice were slightly lower than
those of infected wild-type mice (Fig. 2B and C). These results may
partially explain the slow EV71 clearance found in IFN-�R1�/�

mice. In brains, the mean numbers of CD4� and CD8� T lym-
phocytes and F4/80� macrophages in infected wild-type and IFN-
�R1�/� mice were not significantly different.

IFN-� pretreatment reduces EV71 yield, whereas EV71 infec-
tion causes IFN-� resistance with attenuated IFN-� signaling in
infected cells. IFN-� has been shown to reduce viral infection by
inhibiting viral replication (48, 49). To examine the anti-EV71
activity of IFN-�, a mouse neuronal cell line (Neuro-2a) was
treated or not with IFN-� (25 or 100 U/ml) 24 h before EV71
infection at a multiplicity of infection (MOI) of 0.0003. To com-
pare the anti-EV71 activities of type I and II IFNs, we also included
IFN-� for study. Pretreatment with 25 U/ml of IFN-� or IFN-�
significantly reduced the mean viral titers (P � 0.05) in Neuro-2a
cells at both 24 and 36 h postinfection (Fig. 3A), and pretreatment
with 100 U/ml of IFN slightly increased reductions of viral titers
compared to 25 U/ml of IFN at 36 h postinfection. IFN-� reduced
viral titers more efficiently than IFN-�. However, treatment of

FIG 2 Effects of IFN-�R1 deficiency on tissue viral loads and leukocyte numbers. (A) Viral titers in the indicated tissues of wild-type and IFN-�R1�/� mice were
determined at the indicated days postinfection. Wild-type and IFN-�R1�/� mice were mock infected (mock) or infected with EV71. (B and C) The numbers of
CD4�, CD8�, and F4/80� cells (B) and CD69� CD4� and CD69� CD8� cells (C) in spleens or brains at day 9 postinfection are shown. Data are means � SEs
from at least 3 samples per data point or group, with samples derived from individual mice. Asterisks show statistically significant differences compared with
values from wild-type mice as follows: *, P 	 0.05; **, P 	 0.01.
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Neuro-2a cells with IFN-� after infection failed to reduce viral
titers. We next investigated the possible immunoediting effects of
EV71 infection on IFN-� signaling. The transactivation of IRF1,
which encodes an important transcription factor for IFN-�-tar-
geted genes, is typically induced by IFN-� (35, 36). Our results
showed that either IFN-� or IFN-� treatment increased IRF1 pro-
moter activity (P 	 0.01) in Neuro-2a cells (Fig. 3B) as determined
by a luciferase-based reporter assay (46). More importantly, EV71
infection significantly attenuated IFN-�- and IFN-�-induced
IRF1 transactivation (Fig. 3B) (P 	 0.01). These results show
IFN-� with anti-EV71 activity and an immune escape strategy by
EV71 infection.

EV71 protein 2A or 3D abolishes IFN-�-induced STAT1 ac-
tivation and IRF1 transactivation. EV71 infection diminishes
IFN-� antiviral activity. EV71 proteins may possibly possess im-
munoediting functions in cells to amend IFN-� signaling. To as-
certain which, if any, of the EV71 proteins were involved in the
EV71 inhibitory effect, recombinant plasmids expressing each of
the 11 viral proteins, including 4 structural proteins and 7 non-
structural proteins, were constructed (32). Reverse transcription-
PCR (RT-PCR) analysis (Fig. 4A, left), Western blot analysis (Fig.
4A, right), and immunostaining-based flow cytometric assay (Fig.
4B) confirmed the stable expression of the genes encoding the 11
viral proteins in mouse embryonic fibroblasts (MEFs) after Lipo-
fectamine delivery of the plasmids on day 3 posttransfection. The
protein expression profile was similar to that reported in a previ-
ous study (32). Furthermore, there were no cytotoxic effects re-
sulting from these viral proteins in MEFs as monitored by assaying
the release of lactate dehydrogenase at day 3 posttransfection (Fig.
4C). The EV71 protein-expressing cells were further examined to
determine whether and which viral proteins cause inhibitory ef-
fects on IFN-� signaling.

In IFN-� signaling pathway, the binding of IFN-� initially
leads to IFN-�R dimerization followed by activation of Janus-
associated kinase 1/2 (Jak1/2) and recruitment of signal transduc-

ers and activators of transcription 1 (STAT1). Jak2 mediates
STAT1 phosphorylation, leading to a STAT1 homodimer com-
plex that translocates into the nucleus and turns on a variety of
IRFs (35, 50). After cells were treated with 10 ng/ml of IFN-�,
IFN-�-induced IRF1 transactivation was significantly reduced in
cells expressing the EV71 2A or 3D protein but not other viral
proteins compared with a vector-transfected control group (Fig.
4D) (P � 0.01). We next examined whether these proteins have
inhibitory effects on the activation (nuclear translocation) of
STAT1, an upstream transcriptional factor of IRF1 (35, 50, 51).
Immunostaining analysis showed a significant inhibitory effect of
EV71 2A or 3D expression on IFN-�-induced STAT1 nuclear
translocation (Fig. 4E) (P 	 0.05), while 3D expression caused a
decrease in STAT1 expression. These results provide evidence that
the IFN-� inhibitory effect of EV71 was attributable to the 2A and
3D proteins.

EV71 3D, but not 2A, decreases IFN-�-induced STAT1 ty-
rosine phosphorylation. To investigate the possible mechanisms
underlying insensible IFN-� signaling in EV71 2A- and 3D-ex-
pressing cells, we evaluated the activity of the Jak2/STAT1 signal-
ing axis, which is required for IFN-�-induced signal transduction
(35, 50). Notably, Western blotting showed that IFN-� failed to
cause STAT1 phosphorylation at a specific tyrosine residue
(Tyr701) only in 3D-expressing cells (Fig. 5A), without affecting
the phosphorylation of Jak2 (Tyr1007/1008), the upstream ty-
rosine kinase that phosphorylates STAT1 (35, 50) (Fig. 5B). No-
tably, the expression of STAT1 was decreased in 3D-expressing
cells not only at the protein level (Fig. 5A) but also at the mRNA
level (data not shown). These results demonstrate that the EV71
3D protein caused defective IFN-� signaling by attenuating
STAT1 tyrosine phosphorylation independent of Jak2 inactiva-
tion.

EV71 2A decreases IFN-�-induced STAT1 serine phosphor-
ylation. Although the activation of STAT1 and IRF1 was defective
in EV71 2A-expressing cells, IFN-�-induced tyrosine phosphory-
lation of STAT1 was not affected (Fig. 5A). In addition to tyrosine
phosphorylation, which initially activates STAT1, the next serine
phosphorylation site (Ser727) is required for the dimerization and
stability of the STAT1/STAT1 complex, leading to nuclear trans-
location followed by DNA binding (35, 50). We found that EV71
2A expression effectively diminished IFN-�-induced serine phos-
phorylation of STAT1 at Ser727 (Fig. 6A). The signaling of the
mitogen-activated protein kinase, extracellular signal-regulated
kinase (ERK), which is the primary kinase for STAT1 serine phos-
phorylation (35, 50), was therefore examined next. Western blot-
ting showed a decrease in the phosphorylation of ERK (Thr202/
Tyr204), MEK1/2 (Ser217/221), and c-Raf (Ser338) (Fig. 6B). The
expression of Ras was not affected by 2A expression (data not
shown). These findings show a novel inhibitory effect of EV71 2A
on the serine phosphorylation of STAT1 through a mechanism
involving dephosphorylation of the c-Raf/MEK1/2/ERK signaling
axis pathway.

EV71 3D decreases STAT1 expression and activation. 3D-
expressing cells were defective in IFN-�-induced nuclear translo-
cation of STAT1, as demonstrated by immunostaining (Fig. 4E),
and displayed a decrease in STAT1 expression, as demonstrated by
Western blotting (Fig. 5A). However, the phosphorylation of Jak2
(Tyr1007/1008) was not affected by 3D expression (Fig. 5B), sug-
gesting that 3D expression should not affect IFN-�R expression.
Flow cytometric analysis showed that the surface expression of

FIG 3 IFN-� pretreatment reduces EV71 yield, whereas EV71 infection atten-
uates IFN-� signaling in infected cells. (A) Neuro-2a cells were treated or not
(�) with the indicated concentrations of type I IFN (IFN-�) or type II IFN
(IFN-�) for 24 h before infection with EV71 (MOI 
 0.0003). Cultures were
harvested to determine viral titers 24 and 36 h postinfection. Data are means
plus SEs from 3 samples per group. (B) Neuro-2a cells were mock infected
(MOCK) or infected with EV71 (MOI 
 0.0003) for 24 h and then treated with
PBS, IFN-� (100 U/ml), or IFN-� (100 U/ml) for 30 min. A luciferase reporter
assay showed the transactivation of IRF-1 as relative light units (RLU). Data
are means plus SEs from three individual experiments of triplicate tests. *, P �
0.05; **, P � 0.01.
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IFN-�R1 and IFN-�R2 was not different between the control vec-
tor and the 3D-expressing cells (Fig. 7A). Complementary expres-
sion of STAT1 significantly reversed the decrease of IFN-�-in-
duced IRF1 transactivation in 3D-expressing cells (Fig. 7B) (P �
0.01). While EV71 3D protein exhibits polymerase activity (2),
administration of the 3D inhibitor ATA reversed the decreased
expression of STAT1 in 3D-expressing cells (Fig. 7C) as well as
3D-inhibited IRF1 transactivation in response to IFN-� (Fig. 7D)
(P 	 0.01). These results demonstrate that defects in endogenous
STAT1 expression attenuated IFN-� signaling in 3D-expressing
cells.

DISCUSSION

A previous study indicated that IFN-� might have anti-EV71 ac-
tivity, as mice deficient in both IFNAR and IFN-�R were more
susceptible to EV71 infection than mice deficient only in IFNAR

(37). Here we provide direct evidence that IFN-� indeed protects
mice from EV71 infection, with decreases in tissue viral loads and
slight increases in spleen leukocyte numbers. To search the pro-
tective mechanism of IFN-� in EV71 infection in mice, we per-
formed in vitro studies and found that treatment of a mouse neu-
ronal cell line with a low dose (25 U/ml) of IFN-� before infection
significantly reduces virus yields, despite the fact that the anti-
EV71 efficacy of IFN-� is less than that of type I IFN. The capaci-
ties of IFN-� to increase spleen leukocytes and, more importantly,
to reduce virus yield may contribute to the decreases of tissue viral
loads and lethality detected in wild-type mice compared to IFN-
�R1�/� mice after EV71 infection. As the major targets of IFN-�
are leukocytes, not neuronal cells, the response of neuronal cells
might be limited and can be easily saturated. This may explain our
result showing that the high dose (100 U/ml) of IFN-� treatment
fails to further inhibit viral replication compared to 25 U/ml of

FIG 4 Effects of EV71 proteins on IFN-�-induced transactivation of IRF1 promoter and STAT1 nuclear translocation. MEFs were transfected with the plasmid
without (Vector) or with the indicated viral gene. (A) RT-PCR and Western blot analysis were performed with stable MEFs with viral gene transfection as
indicated. Lane M, molecular weight markers. (B) Representative histogram of flow cytometric analysis showing the percentage of viral protein expression as
indicated in the transfected MEFs. (C) The cytotoxicity, as determined by lactate dehydrogenase (LDH) release, was determined 3 days after transfection. ns, not
significant. (D) A luciferase reporter assay showed the transactivation of IRF-1 in the transfected MEFs treated with PBS or IFN-� for 30 min. Data are means plus
SEs from triplicate tests. **, P 	 0.01. (E) The transfected MEFs were treated with PBS or IFN-� for 30 min. Immunostaining, analyzed by fluorescence
microscopy, was performed to determine STAT1 expression. Arrowheads indicate the positive cells with STAT1 nuclear translocation. Scale bar: 20 �m. The data
shown are representative of three individual experiments. *, P 	 0.05 compared with PBS; #, P 	 0.05 compared with IFN-�.
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IFN-�. Interestingly, EV71 infection causes IFN-� resistance. Our
investigation on how EV71 facilitates immune evasion from
IFN-� antiviral surveillance sheds light on the possible inhibitory
roles of EV71 proteins 2A and 3D on IFN-� activity. Our results
showed that 2A and 3D attenuated IFN-� signaling by different
mechanisms. Questions that remain following this study are
whether these viral proteins cause the identified IFN-� resistance
during infection and whether such IFN-� resistance has benefits
for the virus. Further studies are needed to clarify the mechanisms
through which viral proteins perform the observed immunoedit-
ing of the host response.

STAT1 and IRF1, the transcription factors required for gene
regulation of antiviral type I and II IFNs, are required for the host
response against viral infection by promoting the expression of
cellular factors, including antiviral RNA-activated protein kinase,
the 2-5A system, Mx protein, and inflammatory cytokines (24).
Our recent report showed that an increase in CXC chemokine
ligand 10 in EV71-infected mice and a deficiency in this chemo-
kine led to increased susceptibility to EV71 infection (42). An-

other report indicates that IFN-� might reduce EV71 infection
(37). The antiviral activity of IFN-� is therefore thought to be
important for an anti-EV71 response; however, it is possible that
EV71 may develop strategies to circumvent IFN-� for immuno-
evasion. For IFN-� homeostasis, suppressor of cytokine signaling
1 (SOCS1) and SOCS3, which can bind to IFN-�Rs to attenuate
Jak/STAT signaling (52, 53), and Src homology 2 (SH2) domain-
containing phosphatase 2, which can dephosphorylate Jak2 and
STAT1 (54, 55), are negative regulators and may be abnormally
utilized by pathogens for IFN-�-mediated immune response es-
cape (56). However, a role for these proteins in EV71 infection has
not been documented until now. On the other hand, it is well
established that viral proteins 2A and 3C are involved in altering
the type I IFN response to facilitate viral replication (29–33). To
our knowledge, this work identifies, for the first time, a novel
strategy utilized by EV71 against IFN-� via different 2A- and 3D-
mediated mechanisms. Immune escape by EV71 against IFN-�
may also represent a strategy to maintain viral replication.

EV71 2A protease, a cysteine protease, has multiple functions

FIG 5 EV71 3D attenuates IFN-�-induced tyrosine phosphorylation of STAT1 accompanied by a STAT1 decrease. Western blotting was used to detect the
expression of phospho-STAT1�/� Tyr701 (pY STAT1) and STAT1�/� (STAT1) (A) or phospho-Jak2 Tyr1007/1008 (pY Jak2) and Jak2 (B) in MEFs transfected
with the plasmid without (Vector) or with the indicated viral gene and treated or not (�) with IFN-� for the indicated times. �-Actin was used as an internal
control. The ratios of phosphorylated protein to total protein are shown. The data shown are representative of three individual experiments.
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that permit viral replication as well as evasion of the host response
during infection (2). Previous studies showed that the proapop-
totic effects of 2A in Vero and HeLa-229 cells are mediated via
cleavage of the eukaryotic initiation factor 4GI, a key factor re-
quired for host protein synthesis (17). However, in our study, no
cytotoxicity was observed in 2A-expressing MEFs. This is consis-
tent with recent studies with HeLa and RD cells and yeasts (33,
57), in which overexpression of EV71 2A did not affect the growth
of these cells. In 2A-expressing HeLa cells and yeasts, the newly
identified transcriptional activity of 2A protease may also regulate
some cellular genes to benefit viral replication (57); however, the
targets of 2A protease in host cells require further investigation.
Wang et al. (33) revealed a novel strategy employed by EV71 2A to
inhibit the production of type I IFN by targeting the mitochon-
drial antiviral signaling protein, a unique adaptor molecule acti-
vated upon retinoic acid-induced gene I and melanoma differen-
tiation-associated gene viral recognition receptor signaling. EV71
2A also blocks the IFN-�-mediated phosphorylation of STAT1,
STAT2, Jak1, and Tyk2 by reducing IFNAR1 (34). In this study, we
also discovered an additional EV71 2A-mediated immune evasion
strategy in which the virus alters type II IFN-� signal transduction.
Without affecting the protein expression of IFN-�R and STAT1
and tyrosine phosphorylation of STAT1, a novel IFN-� inhibitory
mechanism by the 2A protein is exhibited by attenuating STAT1
phosphorylation at a specific serine residue. While the upstream

signaling cascade consisting of c-Raf/MEK1/2/ERK was also abol-
ished by 2A, it is speculated that the 2A protein may directly reg-
ulate c-Raf autophosphorylation (58) and/or indirectly regulate
upstream host factors such as Ras, phosphatidylinositol 3-kinase,
Cdc42/Rac, p21-activated kinase 1, and phosphatases related to
c-Raf activation (59–61) to cause STAT1 inactivation. Further
studies are needed to address this issue. For EV71 infection, the 2A
protease is therefore required for viral escape of the host antiviral
innate immune response for both type I and type II IFNs.

Certain inhibitors, such as ATA, and RNA interference (RNAi)
against 3D have been used as antiviral strategies to suppress EV71
transcription and replication (8, 9), as the 3D protein serves as an
RNA-dependent RNA polymerase for initial de novo transcription
with a poly(C) template and genomic RNA through EV71 VP
protein binding and uridylylation (62, 63). To our knowledge,
there has been no report describing a host interaction with 3D
during EV71 infection. In this study, we unexpectedly found that
3D-expressing cells demonstrate defects in IFN-� signal transduc-
tion. Without affecting Jak2 activation or IFN-�R expression, an
unknown mechanism led to 3D-mediated STAT1 downregula-
tion. Either restoring STAT1 or inhibiting 3D activity effectively
reversed IFN-�-induced IRF1 transactivation. It is still unknown

FIG 6 EV71 2A decreases IFN-�-induced serine phosphorylation of STAT1
by inhibiting ERK signaling. Western blotting was used to detect the expres-
sion of phospho-STAT1�/� Ser727 (pS STAT1) and STAT1�/� (STAT1) (A)
or phospho-ERK1/2 Thr202/Tyr204 (pT/Y ERK1/2), ERK1/2, phospho-
MEK1/2 Ser217/221 (pS MEK1/2), MEK1/2, phospho-c-Raf Ser338 (pS c-
Raf), and c-Raf (B) in MEFs transfected with the plasmid without (Vector) or
with 2A and treated or not (�) with IFN-� for the indicated times. �-Actin was
used as an internal control. The ratios of phosphorylated protein to total pro-
tein are shown. The data shown are representative of three individual experi-
ments.

FIG 7 EV71 3D facilitates a STAT1 decrease. MEFs were transfected with the
plasmid without (Vector) or with 3D or STAT1. (A) Immunostaining followed
by flow cytometric analysis was used to detect IFN-�R1 and IFN-�R2 expres-
sion on the cell surface. (B and D) The transfected MEFs were transfected with
the plasmid without (Vector) or with STAT1 (STAT1) for 24 h and then
treated with PBS or IFN-� for 30 min (B). The transfected MEFs were treated
with PBS or ATA for 6 h and then with PBS or IFN-� for 30 min (D). Luciferase
reporter assay was used to detect the transactivation ratio of IRF-1 to Renilla
compared to normalized control (fold increase). Data are means plus SEs of
three individual experiments with triplicate tests. **, P � 0.01. (C) Western
blotting was used to detect STAT1 expression in 3D-transfected MEFs treated
or not (�) with a 3D inhibitor, ATA, for the indicated times. The ratios of
STAT1 to �-actin are shown. In panels A and C, the data shown are represen-
tative of three individual experiments.
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how the 3D protein regulates STAT1 activation and expression.
Previous studies showed that STAT1 is upregulated by IFN-�-acti-
vated Jak/STAT1/IRF1 signaling (64). The specific causes of the de-
crease in STAT1 transcriptional and/or posttranslational levels by the
3D protein require further investigation. During EV71 infection, 3D
may also contribute to IFN-� resistance, perhaps in analogy to the
role of 2A as a viral factor for immunoediting.

In conclusion, this work used an in vitro system with viral pro-
tein expression to explore the novel IFN-� inhibitory properties of
the EV71 2A and 3D proteins. Although IFN-� is upregulated for
immunopathogenesis during EV71 pulmonary disorders, the
blockade of IFN-� may cause severe infection and disease progres-
sion as demonstrated by studies using two different murine mod-
els. According to this study, targeting either 2A or 3D pharmaco-
logically and/or genetically may sustain a cellular susceptibility in
response to IFN-�, particularly for IFN-�-mediated anti-EV71
activity.
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