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Enterovirus 71 (EV71) causes hand-foot-and-mouth disease and neurological complications in young chil-
dren. Although the underlying mechanisms remain obscure, impaired or aberrant immunity is thought to play
a role. In infected cells, EV71 suppresses type I interferon responses mediated by retinoid acid-inducible gene
I (RIG-I). This involves the EV71 3C protein, which disrupts the formation of a functional RIG-I complex. In
the present study, we report that EV71 inhibits the induction of innate immunity by Toll-like receptor 3 (TLR3)
via a distinct mechanism. In HeLa cells stimulated with poly(I - C), EV71 inactivates interferon regulatory
factor 3 and drastically suppresses interferon-stimulated gene expression. Notably, EV71 specifically down-
regulates a TRIF, TIR domain-containing adaptor inducing beta interferon (IFN-3). When expressed alone in
mammalian cells, EV71 3C is capable of exhibiting these activities. EV71 3C associates with and induces TRIF
cleavage in the presence of Z-VAD-FMK, a caspase inhibitor. TRIF cleavage depends on its amino acid pair
Q312-S313, which resembles a proteolytic site of picornavirus 3C proteases. Further, site-specific 3C mutants
with a defective protease activity bind TRIF but fail to mediate TRIF cleavage. Consequently, these 3C mutants
are unable to inhibit NF-kB and IFN-3 promoter activation. TRIF cleavage mediated by EV71 may be a

mechanism to impair type I IFN production in response to Toll-like receptor 3 (TLR3) activation.

Enterovirus 71 (EV71), a member of the Picornaviridae fam-
ily, is a causative agent of hand-foot-and-mouth disease
(HFMD) in young children and infants. Severe infection with
EV71 may lead to various neurological complications, includ-
ing aseptic meningitis, acute flaccid paralysis, encephalitis, and
neurogenic pulmonary edema (29). EV71 outbreaks occur pe-
riodically through the world, especially in the Asia-Pacific re-
gion (1, 2, 9, 12, 19, 24, 28, 29, 51). The EV71 genome is a
positive-stranded RNA molecule that encodes a single poly-
protein precursor of about 2,200 amino acids. This precursor is
processed into structural (VP1, VP2, VP3, and VP4) and non-
structural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) proteins upon
infection (29). In this process the viral proteases, 3C and 2A,
work coordinately to facilitate viral replication.

The 3C protein encoded by EV71 is essential for viral rep-
lication (45, 46). In addition to its activity in viral protein
processing (25), 3C participates in several other processes. The
3C protein binds to the 5" untranslated region of viral RNA,
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but its effect on viral infection is unknown (45). When ex-
pressed in neuronal cells, 3C induces apoptosis through
caspase activation (25). This is thought to facilitate viral spread
or pathogenesis. Furthermore, 3C cleaves cellular CstF-64 pro-
tein (49). This impairs the 3’ end of host RNA processing and
polyadenylation, thus providing an additional advantage for
viral replication. Of note, 3C blocks type I interferon (IFN)
responses that exert antiviral and immunoregulatory activities
(22).

Type I IFN is induced via Toll-like receptor (TLR)-related
pathways (17). It is well established that TLR3 in the endo-
some recognizes viral double-stranded RNA (dsRNA). Once
activated, TLR3 recruits a TIR domain-containing adaptor
inducing IFN-B (TRIF) (17), which together with TNF recep-
tor-associated factor 3 (TRAF3), activates the two IKK related
kinases, TANK-binding kinase 1 (TBK1) and inducible Ik-B
kinase (IKKi). These kinases phosphorylate interferon regulatory
factor 3/7 (IRF3/7) (8, 11, 34, 44), leading to the expression of
target genes, such as IFN-o/B (30, 35, 39, 50). Additionally,
TRIF stimulates NF-kB activation via receptor-interacting
protein 1 (RIP1) and TRAF®6, resulting in the production of
proinflammatory cytokines, such as interleukin-6 (IL-6) (14,
15). TRIF is a 712-amino-acid protein that is present in the
cytoplasm. While its amino terminus interacts with TRAF6
and TRAF3, the carboxyl terminus binds to TLR3 and RIP1
(11, 14, 31, 34). Accordingly, TRIF serves as a key adaptor that
transmits signals to IRF3 and NF-kB, respectively. Alterna-
tive receptors exist to detect cytosolic viral RNA (17). Ex-
amples are retinoid acid-inducible gene I (RIG-I) and mel-
anoma differentiation-associated gene 5 (MDAS), which
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induce cytokine expression via the adaptor IPS-1 (17,
18, 53).

It has been reported that picornaviruses are sensed primarily
by MDAS (10, 16), but recent evidence suggests a role for
RIG-I as well (37). In infected cells, several picornaviruses
cleave or interact with these pattern recognition receptors (3,
4,22,37). TLR3 also recognizes or limits picornavirus infection
(33, 41, 48). Unfortunately, little is known about how picorna-
viruses are involved. Here, we report that EV71 suppresses
TLR3-mediated type I IFN responses by downregulation of
TRIF. This requires EV71 3C, which interacts with TRIF and
induces its cleavage independently of caspases. TRIF cleavage
depends on its amino acid pair Q312 and S313. H40, KFRDI,
and VGK motifs in 3C are not required for binding TRIF, but
they are indispensable for inactivation of NF-«B and the
IFN-B promoter via TRIF cleavage. These results suggest that
control of TLR3 by EV71 3C may be a mechanism to disrupt
type I IFN responses.

MATERIALS AND METHODS

Cell lines and viruses. RD (rhabdomyosarcoma), 293T, and HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
supplemented with 10% heated-inactivated fetal bovine serum (FBS) (HyClone,
Logan, UT) and penicillin-streptomycin at 37°C in a 5% CO, humidified atmo-
sphere. 293/TLR3 cells were a gift of Zhengfan Jiang. Enterovirus 71 (EV71)
infection was carried out as follows. Briefly, cells were infected with EV71 at the
indicated multiplicity of infection (MOI). Unbound virus was washed away 2 h
after infection, and cells were cultured with fresh medium supplemented with
10% FBS.

Plasmids and reagents. The plasmids pEGFP-3C and pCDNA3.1-Flag-3C and
pEGFP-3C variants have been described elsewhere (22). The Flag-TRIF vari-
ants, including A311-336, A337-367, A368-398, A399-438, A439-485, A311-485,
and amino acid substitution mutants, were constructed by site-directed mutagen-
esis using Pfu DNA polymerase (Stratagene, La Jolla, CA). All variants were
confirmed by subsequent sequencing. Antibodies against Flag, Myc, green fluo-
rescent protein (GFP), IRF3, and B-actin were purchased from Sigma (St. Louis,
MO). Anti-TRIF, anti-MyD88, anti-TBK1, and anti-RIG-I antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA). Antibody against phos-
phorylated IRF3 (pS386) was purchased from Epitomics (Burlingame, CA) Goat
anti-mouse or -rabbit secondary antibodies were purchased from Li-Cor Inc.
(Lincoln, NE). The caspase inhibitor Z-VAD-FMK and poly(I - C) were pur-
chased from Sigma (St. Louis, MO).

Reporter assays. Reporter assays were performed as described previously (7).
Briefly, 293T or 293/TLR3 cells were seeded in 24-well plates at a density of 3 X
10° cells per well. On the next day cells were transfected with a control plasmid
or plasmid expressing TRIF, MyD88, and 3C variants along with pGL3-IFN
B-luc, NF-kB-luc, and pRL-simian virus 40 (SV40) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). The total amount of DNA was kept constant by
adding empty control plasmid. At 24 h after transfection, cells were harvested
and cell lysates were used to determine luciferase activities (Promega, Mad-
ison, WI).

Reverse transcription-PCR (RT-PCR). Total RNA was extracted from cells
by using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA samples were
treated with DNase I (Pierce, Rockford, IL), and reverse transcription was
carried out using the Superscript cDNA synthesis kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. cDNA samples were sub-
jected to PCR amplification and electrophoresis to detect ISG54, ISG56, and
IL-6 expression. The primers used were as follows: human ISG54, CTGCA
ACCATGAGTGAGAA and CCTTTGAGGTGCTTTAGATAG; human
1SG56, TACAGCAACCATGAGTACAA and TCAGGTGTTTCACATA
GGC; IL-6, GCCCTGAGAAAGGAGACAT and CTGTTCTGGAGGTAC
TCTAGGTAT; and GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
CGGAGTCAACGGATTTGGTCGTA and AGCCTTCTCCATGGTGGTG
AAGAC.

Immunoprecipitation. Cells were lysed with radioimmunoprecipitation assay
(RIPA) buffer (25 mM Tris-HCI [pH 7.4] containing 150 mM NaCl, 1% NP-40,
and 0.25% sodium deoxycholate) containing protease inhibitor cocktail (Roche,
Indianapolis, IN). Lysates of cells were incubated with anti-Flag antibody
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(Sigma, St. Louis, MO) in 500 1 RIPA buffer at 4°C overnight on a rotator in the
presence of protein A/G-agarose beads (Santa Cruz Biotechnology, Santa Cruz,
CA). Immunocomplexes captured on the affinity gel or protein A/G agarose
beads were subjected to electrophoresis and immunoblotting analysis (47).

Western blot analysis. Cells were pelleted by centrifugation and lysed in buffer
containing 150 mM NaCl, 25 mM Tris (pH 7.4), 1% NP-40, 0.25% sodium
deoxycholate, and 1 mM EDTA with protease inhibitor cocktail (Roche, India-
napolis, IN). Aliquots of cell lysates were resolved by 12% SDS-PAGE and
transferred to a nitrocellulose membrane (Pall, Port Washington, NY). The
membranes were blocked with 5% nonfat dry milk and then probed with the
indicated primary antibodies at 4°C overnight. This was followed by incubation
with the corresponding IRD Fluor 800-labeled IgG or IRD Fluor 680-labeled
1gG secondary antibody (Li-Cor Inc., Lincoln, NE). After being washed, the
membranes were scanned with the Odyssey infrared imaging system (Li-Cor,
Lincoln, NE) at a wavelength of 700 to 800 nm, and the molecular sizes of the
developed proteins were determined by comparison with prestained protein
markers (Ferments, Maryland, CA).

RESULTS

EV71 suppresses the induction of innate antiviral immunity
by poly(I - C) in infected cells. To study the effect of EV71 on
the TLR3 pathway, we measured the induction of antiviral
immunity by poly(I - C), a prototype TLR3 agonist. HeLa cells
were initially mock infected or infected with EV71 for 4 h. At
various time points after incubation with poly(I - C), the cells
were examined for the expression of ISG54, ISG56, interleu-
kin-6, and GAPDH by RT-PCR analysis. As shown in Fig. 1A,
poly(I - C) induced ISG54 and ISG56 expression in mock-
infected cells, which peaked at around 4 h after the treatment
(lanes 1, 3, 5, 7, and 9). Such induction by poly(I - C) was
sharply reduced in cells infected with EV71 at all time points
examined (Fig. 1A, lanes 2, 4, 6, 8, and 10). Under these
conditions, most cells were viable (96%) as measured by the
trypan blue exclusion assay (data not shown). Interestingly,
EV71 inhibited IRF3 phosphorylation by poly(I - C) compared
to that in mock-infected cells (Fig. 1B, lanes 1 to 4). Poly(I - C)
stimulated interleukin-6 expression in mock-infected cells, with
an early kinetics (Fig. 1A, lanes 1, 3, 5, and 7). Intriguingly,
EV71 infection enhanced this effect (Fig. 1A, lanes 4, 6, 8, and
10), suggesting that EV71 replication stimulated interleukin-6
expression. As expected, GAPDH expression remained at
comparable levels in cells treated or not treated with
poly(I - C) (Fig. 1A, lanes 1 to 10). Here, EV71 infection
differentially modulates the expression of ISG54, ISG56, and
interleukin-6.

The 3C protein of EV71 impairs the induction of antiviral
molecules by poly(I - C). Among proteins encoded by EV71,
3C inhibits virus-induced immunity by interacting with RIG-I
(22). Since EV71 blocked poly(I - C)-mediated responses, we
hypothesized that 3C might contribute to this process. To test
this possibility, HeLa cells were transfected with GFP or
GFP-3C plasmid, with approximately 60% transfection effi-
ciency. At 24 h after transfection, cells were incubated with
poly(I - C) and the expression of ISG54, ISG56, IL-6, and
GAPDH was analyzed by RT-PCR assays. As indicated in Fig.
2A, GFP-3C reduced the expression of ISG54, ISG56, and
IL-6, whereas GFP displayed no inhibitory effect (lanes 1 to
10). In correlation, GFP-3C inhibited poly(I - C)-induced
IRF3 phosphorylation compared to GFP (Fig. 2B, lanes 1 to
4). When expressed in 293/TLR3 cells, the 3C protein also
inhibited ISG56 and IFN- promoter activation induced by
poly(I - C) compared to GFP (Fig. 2C and D). These results
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FIG. 1. (A) EV71 inhibits the induction of ISG54 and ISG56 by poly(I - C). HeLa cells were mock infected or infected with EV71 at an MOI
of 2. At 4 h after infection, cells were incubated with or without poly(I - C). At indicated time points, total RNA extracted from cells was subjected
to RT-PCR amplification and electrophoresis for ISG54, ISG56, IL-6, and GAPDH mRNAs. (B) EV71 inhibits poly(I - C)-induced phosphory-
lation of IRF3. HeLa cells were mock infected or infected with EV71 (MOI of 2) for 4 h. Cells were then incubated with or without poly(I - C)
for additional 4 h. Cell lysates were then subjected to Western blot analysis with antibodies against IRF3 and phosphorylated IRF3, respectively.

suggest that EV71 3C is able to inhibit dSRNA-induced innate
immunity.

The 3C protein inhibits IFN- and NF-kB activation by
downregulation of TRIF. When engaged with TLR3, TRIF
activates IRF3 and NF-«B, leading to type I IFN production
(17). Therefore, we assessed the impact of 3C on TRIF in
reporter assays. As illustrated in Fig. 3A, TRIF stimulated

IFN-B promoter activation in 293T cells. Addition of 3C
inhibited it in a dose-dependent manner. Likewise, 3C sup-
pressed NF-«kB activation by TRIF (Fig. 3B). Under this ex-
perimental condition, EV71 3C did not inhibit MyD88-stimu-
lated NF-kB activation (Fig. 3C). It appears that the 3C
protein inhibited TRIF but not MyD88 function, suggesting
TRIF as a potential cellular target. To evaluate this, we deter-
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FIG. 2. (A) The 3C protein inhibits the induction of ISG54, ISG56, and IL-6 by poly(I - C). HeLa cells were transfected with GFP or GFP-3C.
At 24 h after transfection, cells were treated with or without poly(I - C). At the indicated time points, total RNA extracted from cells was analyzed
for the expression of ISG54, ISG56, and IL-6. GAPDH was used as an internal control. (B) The 3C protein inhibits IRF3 phosphorylation induced
by poly(I - C). HeLa cells transfected as described for panel A were incubated with or without poly(I - C) for 4 h. Cell lysates were subjected to
Western blot analysis with antibodies against IRF3 or phosphorylated IRF3. (C) EV71 3C inhibits the ISG56 promoter activation induced by
poly(I - C). 293/TLR3 cells were transfected with GFP or GFP-3C along with ISG56-Luc; pRL-SV40 was used as an internal control. At 24 h after
transfection, cells were treated with or without poly(I -+ C) for 4 h. Cells lysates were assayed for luciferase activities. (D) EV71 3C inhibits the
IFN-B promoter activation induced by poly(I - C). Assays were carried out as for panel C with the IFN-B-Luc reporter.
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FIG. 3. Effects of 3C on NF-«kB and IFN-B promoter activation. (A
and B) 293T cells were transfected with TRIF and GFP-3C along with
IFN-B-Luc (A) or NF-kB-Luc (B). (C) In parallel, cells were trans-
fected with MyD88, GFP-3C, and NF-kB-Luc. A plasmid expressing
GFP or pRL-SV40 was used as a control. At 24 h after transfection,
cells lysates were assayed for luciferase activities. Data are represen-
tative of three independent experiments with triplicate samples.
(D) Effect of 3C on TRIF expression. HeLa cells were transfected with
GFP or GFP-3C. At 48 h after transfection, cells lysates were subjected
to Western blot analysis with antibodies against TRIF, TBK1, GFP,
and B-actin.

mined whether EV71 3C affected the TRIF expression. As
shown in Fig. 3D, EV71 3C reduced the level of endogenous
TRIF in a dose-dependent manner when expressed in HelLa
cells. This reduction was not detectable with TBK1. Thus,
EV71 3C reduces TRIF expression and inhibits its activity.
Next, we analyzed TRIF expression in EV71-infected cells.
Cells were mock infected or infected with EV71. At different
time points postinfection, cells were processed and examined
by Western blot analysis. Figure 4A shows that HelLa cells
constitutively expressed TRIF, MyD88, TBK1, IRF3, and B-ac-
tin (lane 1). EV71 infection had different effects on these
proteins (lanes 2 to 5). Strikingly, the level of TRIF decreased
as EV71 infection progressed. This coincided with an increase
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in 3C expression. In contrast, MyD88, IRF3, TBK1, and B-ac-
tin exhibited no or little reduction in EV71-infected cells. This
was reproducible in several experiments. At 12 h after infec-
tion, EV71 reduced TRIF by approximately 70% (Fig. 4B). A
similar pattern was also observed in RD cells (Fig. 4C, lanes 1
to 5). These results indicate that EV71 specifically downregu-
lates TRIF in mammalian cells.

EV71 3C associates with and induces TRIF cleavage inde-
pendently of caspases. To examine the nature of 3C-TRIF
interactions, we carried out immunoprecipitation analysis in
293T cells expressing Flag-TRIF, GFP, and GFP-3C. As illus-
trated in Fig. 5SA, GFP-3C but not GFP coprecipitated with
Flag-TRIF, indicating an interaction between 3C and TRIF.
Notably, 3C reduced the TRIF level in the immunoprecipitates
compared to GFP (lanes 3 and 4). This was accompanied by
the appearance of a small species (45 kDa) (lane 4). Western
blot analysis revealed comparable levels of GFP, GFP-3C, and
B-actin in cell lysates (lanes 1 to 4). However, GFP-3C de-
creased TRIF expression (lane 4). In correlation, a small band
appeared (lane 4). This is presumably a TRIF cleavage prod-
uct. To further address this issue, we carried out a dose-re-
sponse analysis in 293T cells cotransfected with 3C and TRIF.
As shown in Fig. 5B. TRIF expression decreased as the level of
GFP-3C increased. As expected, a smaller species appeared
(lanes 2 to 6). Similar results were obtained with Flag-3C (data
not shown). Hence, EV71 3C has the capacity to induce TRIF
cleavage.

Previous studies showed that the 3C protein of EV71 acti-
vates caspases (25). To test whether 3C functioned via
caspases, we assessed TRIF cleavage in the presence or ab-
sence of Z-VAD-FMK, a pancaspase inhibitor. Figure 5C
shows that GFP-3C induced the cleavage of TRIF, resulting in
a 45-kDa protein band (lane 2). Treatment with Z-VAD-FMK
did not inhibit this cleavage (lane 3). The enhanced TRIF
cleavage by Z-VAD-FMK is attributable to a block of apop-
tosis. To corroborate this result, we further analyzed a TRIF
mutant carrying D281E and D289E substitutions, which is re-
sistant to caspase cleavage (40). Similarly to wild-type TRIF,
the D281E D289E mutant remained susceptible to 3C-medi-
ated cleavage (Fig. 5D). These results indicated that 3C-me-
diated TRIF cleavage does not require caspases.

c EV71
Mock 4 8 12 24h

|Q._.—,.._ ,—-—| TRIF

EV71

FIG. 4. Effects of EV71 infection on protein expression. (A) HeLa cells were mock infected or infected with EV71 at an MOI of 5. At the
indicated time points, cell lysates were subjected to Western blot analysis with antibodies against TRIF, MyD88, IRF3, TBKI1, 3C, and B-actin.
(B) Densitometry analysis. TRIF protein bands from three independent experiments from panel A were quantified and normalized to B-actin by
using the Odyssey Image Software. (C) RD cells were infected and analyzed for TRIF, MyD88, RIG-I, TBK1, 3C, and B-actin as described above.
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FIG. 5. (A) The 3C protein associates with TRIF and induces TRIF cleavage. 293T cells were transfected with plasmids encoding Flag-TRIF
(lanes 3 and 4), GFP (lanes 1 and 3), or GFP-3C (lanes 2 and 4). The total amount of DNA was kept constant with an empty vector. At 24 h after
transfection, cell lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipitates and aliquots of cell lysates were then subjected to
Western blot analysis. (B) 3C induces TRIF cleavage in a dose-dependent manner. 293T cells were transfected with Flag-TRIF and increasing
amounts of GFP-3C. At 24 h after transfection, cells were analyzed by Western blotting. (C) TRIF cleavage is independent of caspases. 293T cells
were transfected with Flag-TRIF along with GFP or GFP-3C. After 4 h of transfection 50 puM Z-VAD was added to the medium. After 24 h of
transfection, cell lysates were subjected to Western blot analysis. (D) Cleavage of TRIF bearing D281E and D289E substitutions. 293T cells were
transfected with wild-type TRIF or the D281E D289E mutant along with GFP (lanes 1 and 3) or GFP-3C (lanes 2 and 4). At 24 h after transfection,

cell lysates were subjected to Western blot analysis.

Glutamine 312 and serine 313 pairs within TRIF are re-
quired for 3C-induced cleavage. As TRIF cleavage produced a
45-kDa product, we inferred that the cleavage site(s) might fall
in the central region. To test this, we analyzed a series of TRIF
mutants which had deletions from amino acid 311 to 485 (Fig.
6A). These mutants were expressed along with a control GFP
or GFP-3C in 293T cells. Cell lysates were subjected to West-
ern blot analysis. As illustrated in Fig. 6B, wild-type TRIF was
cleaved when ectopically expressed with GFP-3C, resulting in
a 45-kDa species (lane 2). Similarly, the TRIF deletion mu-
tants A337-367, A368-398, A399-438, and A439-485 were
cleaved in the presence of GFP-3C (lanes 6, 8, 10, and 12). In
contrast, A311-336 and A311-485 were resistant to the 3C
cleavage (lanes 4 and 14). Thus, the TRIF cleavage site may sit
between amino acids 311 and 336 (Fig. 6C). This region con-
tains three amino acid pairs, Q312-S313, Q331-T332, and
Q335-1.336, which resemble a signature Q-G sequence of other
picornavirus 3C proteolytic sites.

To define the putative TRIF cleavage site, we analyzed ad-
ditional TRIF mutants. As shown in Fig. 6D, like wild-type
TRIF, the A322-336 mutant was susceptible to 3C-induced
cleavage, whereas the A311-325 mutant was resistant (lanes 2,
4, and 6). This implies that the TRIF cleavage site is located
between amino acids 311 and 325. Consistently, TRIF substi-
tution mutants Q312A S313A (Fig. 6D, lanes 7 and 8) and
Q312V S313V (Fig. 6E, lanes 1 and 2) became resistant to 3C.
In contrast, Q331A T332A (Fig. 6D, lanes 9 and 10), Q335A

L336A (Fig. 6D, lanes 11 and 12), Q331V T332V (Fig. 6E,
lanes 3 and 4), and Q335V L336V (Fig. 6E, lanes 5 and 6)
remained susceptible to the 3C cleavage. Collectively, these
data indicate that the Q312-S313 junction in TRIF is critical
for its cleavage mediated by EV71 3C.

3C protease activity is crucial to suppress IFN-3 and NF-«B
activation mediated by TRIF. Besides being a viral protease,
EV71 3C also possesses RNA binding activity (45). To further
study 3C, we characterized a panel of 3C mutants (Fig. 7A).
H40D has a single amino acid substitution in the catalytic
center, which abrogates the 3C protease activity (45). R84Q
and V1548 substitution mutants are incapable of binding to
RNA. AKFRDI has a deletion of amino acids 82 to 86, whereas
AVGK has a deletion of amino acids 154 to 156. These last two
mutants do not exhibit protease and RNA binding activities
(45). As illustrated in Fig. 7B, wild-type 3C inhibited the IFN-f
promoter activation mediated by TRIF. However, H40D,
AKFRDI, and AVGK were unable to block the IFN- pro-
moter activation. Interestingly, R84Q or V154S effectively in-
hibited the TRIF-mediated activation. Similar phenotypes
were observed for NF-«kB activation (Fig. 7C). It seems that the
region containing H40, KFRDI, and VGK motifs is crucial to
overcome TRIF-mediated responses. Nevertheless, this activ-
ity does not involve R84 or V154, which are required for RNA
binding.

We evaluated TRIF cleavage in cells expressing 3C variants
by Western blot analysis. The data in Fig. 7D indicate that
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FIG. 6. Mapping of the putative TRIF cleavage site. (A) Schematic representation of wild-type TRIF and its derivatives. The open bar denotes
wild-type TRIF, with amino acid numbers shown. Solid lines underneath represent various TRIF variants. Broken lines indicate amino acid
deletions. Short vertical lines indicate amino acid substitutions. (B) TRIF cleavage in mutants with amino acids 311 to 485 deleted. 293T cells were
transfected with wild-type TRIF or TRIF mutants as indicated, along with GFP (lanes 1, 3, 5, 7, 9, 11, and 13) or GFP-3C (lanes 2, 4, 6, 8, 10, 12,
and 14). At 24 h after transfection, cell lysates were subjected to Western blot analysis with antibodies against TRIF, GFP, or B-actin. (C) Primary
sequence of amino acids 311 to 336 within TRIF. The potential cleavage sites are underlined. (D) TRIF cleavage in deletion or substitution mutants
with mutations encompassing amino acids 311 to 336. (E) TRIF cleavage in substitution mutants. In both panels D and E, cells were transfected,

processed, and analyzed as described for panel B.

wild-type 3C induced a small TRIF species of 45 kDa (lane 2),
whereas the control GFP did not. Similarly, R84Q and V154S
were able to cause TRIF cleavage (lanes 4 and 5). In stark
contrast, H40D, AKFRDI, and AVGK lost their ability to in-
duce TRIF cleavage and a 45-kDa species (lanes 3, 6, and 7).
These phenotypes correlated well with the ability of 3C vari-
ants to suppress IFN-B and NF-«kB activation by TRIF. To
assess protein-protein interactions, we performed an immuno-
precipitation experiment. As indicated in Fig. 7D (lower pan-
els), wild-type 3C and all mutants coprecipitated with Flag-
TRIF (lanes 2 to 7). Thus, H40D, AKFRDI, AVGK, R84Q,
and V154S mutations had no effect on the 3C-TRIF interac-
tion, suggesting that association of 3C with TRIF is not suffi-
cient to display its inhibitory effect. We conclude that the
protease function associated with 3C is to block IFN-B and
NF-«kB activation by TRIF.

DISCUSSION

EV71 causes HFMD and neurological diseases in young
children (29). Altered or impaired immunity is thought to
facilitate viral pathogenesis (5, 12, 13, 26). In murine infection
models, EV71 replicates in the intestine and spreads to the
brain stem (6). Although inducing proinflammatory cytokines,
EV71 does not elicit type I IFN expression in vivo (27). In
infected cells, EV71 inhibits type I IFN induction, where 3C
disrupts the RIG-I-IPS-1 complex (22). In this study, we report

that EV71 inhibits TLR3-mediated immunity in infected cells
through a different mechanism. In doing so, EV71 3C associ-
ates with and induces TRIF cleavage. These observations sug-
gest that EV71 3C targets multiple components of the innate
immune pathways, leading to the inhibition of type I IFN
responses.

TLR3 plays a role in controlling picornaviruses, such as
coxsackievirus and encephalomyocarditis virus (EMCV) (33,
41, 48). Its link to EV71 has not been reported previously. The
observed inhibition of IRF3 phosphorylation and ISG induc-
tion by poly(I - C) in EV71-infected cells suggests a link be-
tween EV71 and TLR3 signaling. This activity appears to
require the 3C protein. Nevertheless, the impact of this inhi-
bition on EV71 infection remains to be established in vivo.
Intriguingly, EV71 enhanced IL-6 expression in infected cells.
These phenotypes mirrored those seen in mouse infection
models (20, 27). The mechanism by which EV71 stimulates
IL-6 induction is not known. We suspect that inhibition of type
I IFN responses by EV71 may provide a growth advantage that
stimulates inflammatory cytokine production. Given that 3C
suppressed IL-6 induction, a separate factor or pathway might
be involved to offset its inhibitory effect upon EV71 infection.

TRIF mediates IRF3 activation by associating with TBK1
via its amino terminus (30). In this process, TRAF3 and
TNAK-associated protein 1 act as a bridge (11, 34, 43). On the
other hand, TRIF activates NF-kB through TRAF6 and RIP,
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FIG. 7. Mutational analysis of 3C. (A) Schematic diagrams of 3C variants. (B and C) Effects of 3C variants on TRIF-mediated IFN-B promoter
activation (B) or NF-«kB promoter activation (C). 293T cells were transfected with plasmids encoding TRIF and pIFN B-Luc or NF-kB-Luc, along
with GFP or GFP-3C variants. pRL-SV40 was included as an internal control. At 24 h after transfection, cells were harvested to determine
luciferase activities. (D) Interaction of 3C variants with TRIF. 293T cells were transfected with Flag-TRIF (lanes 1 to 7) and GFP or GFP-3C
variants as indicated. Cell lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipitates and aliquots of cell lysates were subjected
to Western blot analysis with antibodies against Flag, GFP, and B-actin, respectively.

which requires both the amino terminus and the carboxyl ter-
minus (14, 31). Additionally, TRIF binds to TLR3 via its TIR
domain in the carboxyl terminus (17). A central question then
arises as to how EV71 3C works. When ectopically expressed,
3C induced TRIF cleavage. This was also seen upon EV71
infection. EV71 3C formed a complex with TRIF. Accordingly,
expression of 3C led to the inhibition of TRIF-induced IFN-
and NF-«kB activation. Two models may explain these obser-
vations. A simple one is that TRIF cleavage by 3C may inac-
tivate TRIF. Alternatively, 3C may associate with TRIF and
impose a physical barrier that disrupts protein-protein inter-
actions required to activate IRF3 or NF-kB. Analysis of vari-
ants of EV71 3C revealed that H40D, AKFRDI, and AVGK
failed to inhibit IFN-B and NF-«B activation by TRIF. While
associated with TRIF, these mutants were unable to induce
TRIF cleavage. These experimental data favor the model
where the 3C protease activity appears to be indispensable.
It is noteworthy that there is a putative 3C cleavage site at
the Q312-S313 pair within TRIF. When expressed, wild-type
3C induced a 45-kDa species that represents the amino termi-
nus of TRIF. This was not inhibited by the caspase inhibitor
Z-VAD. Removal of amino acids 311 to 336 from TRIF in-
hibited the production of the 3C-induced 45-kDa species.
Among the three amino acid pairs Q312-S313, Q331-T332, and
Q335-L336 in this region, only the Q312-S313 pair was affected
by mutations that abrogated TRIF cleavage. In this regard, it is
notable that picornavirus 3C usually cleaves at amino acid pairs
containing Q and G (21, 38). Alternative sites exist, such as the
Q-S pair recognized by the 3C proteins of poliovirus and
EMCYV (21, 38). Although amino acid sequences surrounding
these scissile sites vary, an alanine residue is preferred at the
P4 position, the fourth amino acid residue preceding the cleav-

age site (36). TRIF bears three QG pairs, i.e., Q38-G39, Q190-
G191, and Q480-G481. Nevertheless, mutations in these sites
had no visible effect on TRIF cleavage (data not shown). We
speculate that if TRIF is a cellular substrate of EV71 3C, the
Q312-S313 pair may be a preferred site since an alanine resi-
due (A309) sits at the P4 position. This specificity is probably
determined by context or the accessibility of the cleavage site.
Work to address this issue is in progress.

Picornaviruses possess 3C proteins that exhibit considerable
amino acid sequence similarity (42). Although inhibiting in-
nate antiviral immunity, they function differentially. It has been
reported that poliovirus 3C induces MDAS degradation
through apoptosis (3). This is dependent on caspase and pro-
teosome activity but not on the 3C protease activity (3). How-
ever, the 3C proteins encoded by poliovirus, rhinoviruses,
echovirus, and encephalomyocarditis virus act to cleave RIG-I
(4, 37). The 3C precursor (3ABC) of hepatitis A virus cleaves
IPS-1, whereas the 3C protein of EV71 associates with RIG-I
and prevents its interaction with IPS-1 (22, 52). Recent evi-
dence suggests that the 3C protease of coxsackievirus B cleaves
both TRIF and IPS-1 (32). It also is notable that the NS3/4A
protease of hepatitis C virus disrupts TLR3 signaling by cleav-
ing TRIF (23). The TRIF cleavage by EV71 3C observed in
this work suggests that it may be a mechanism to impair TLR3-
mediated immunity. Additional work is required to understand
the mechanisms that regulate picornavirus 3C proteins.
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