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ABSTRACT

Human enterovirus 68 (EV68) is a member of the EV-D species, which belongs to the EV genus of the Picornaviridae family.
Over the past several years, there have been increasingly documented outbreaks of respiratory disease associated with EV68. As a
globally emerging pathogen, EV68 infects both adults and children. However, the molecular basis of EV68 pathogenesis is un-
known. Here we report that EV68 inhibits Toll-like receptor 3 (TLR3)-mediated innate immune responses by targeting the TIR
domain-containing adaptor inducing beta interferon (TRIF). In infected HeLa cells, EV68 inhibits poly(I-C)-induced interferon
regulatory factor 3 (IRF3) activation and beta interferon (IFN-[3) expression. Further investigations revealed that TRIF, a critical
adaptor downstream of TLR3, is targeted by EV68. When expressed alone, 3CP*°, an EV68-encoded protease, cleaves TRIF. 3CP™
mediates TRIF cleavage at Q312 and Q653, which are sites in the amino- and carboxyl-terminal domains, respectively. This
cleavage relies on 3CP"”’s cysteine protease activity. Cleavage of TRIF abolishes the capacity of TRIF to activate NF-kB and IFN-3
signaling. These results suggest that control of TRIF by 3C?** may be a mechanism by which EV68 subverts host innate immune

responses.

IMPORTANCE

EV68 is a globally emerging pathogen, but the molecular basis of EV68 pathogenesis is unclear. Here we report that EV68 inhib-
its TLR3-mediated innate immune responses by targeting TRIF. Further investigations revealed that TRIF is cleaved by 3CP*°.
These results suggest that control of TRIF by 3CP™ may be a mechanism by which EV68 impairs type I IFN production in re-

sponse to TLR3 activation.

H uman enteroviruses (EVs) are small, nonenveloped, positive-
sense, single-stranded RNA viruses belonging to the family
Picornaviridae. Based on molecular and antigenic properties, EVs
can be classified into four species (EV-A to -D) (1). EVs are asso-
ciated with diverse clinical syndromes, ranging from mild upper
respiratory illnesses to severe and potentially fatal pathologies,
and are among the most common human pathogens (1). Human
enterovirus 68 (EV68), a serotype of EV-D, is a rarely reported
virus historically linked to respiratory disease. However, over the
past 3 years, outbreaks have occurred in France, Netherlands, the
United States, Philippines, Japan, Thailand, the United Kingdom,
South Africa, and the Gambia (2-15). Notably, children represent
the majority of cases of symptomatic infections.

Although evidence implicates EV68 as an emerging respiratory
pathogen, its pathogenic mechanism is largely unknown. With
respect to clinical presentation, EV68 is more similar to human
rhinoviruses (16), which trigger Toll-like receptor 3 (TLR3)-me-
diated cytokine expression (17). It is well established that upon
recognition of double-stranded RNA (dsRNA), TLR3 recruits the
TIR domain-containing adaptor protein inducing beta interferon
(TRIF), which then associates with tumor necrosis factor recep-
tor-associated factor 3 (TRAF3) to activate two Ik-B kinase (IKK)-
related kinases, TANK-binding kinase 1 (TBK1) and IKKi. These
two kinases phosphorylate interferon regulatory factor 3/7 (IRF3/
7), resulting in the induction of type I interferons (IFNs) and
expression of IFN-inducible genes. In addition, TRIF stimulates
NF-kB activation through receptor-interacting protein 1 (RIP1)
and TRAF6, leading to the induction of proinflammatory cyto-
kine genes (18, 19). Therefore, the interplay of EV68 and the
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TLR3-mediated pathway may represent an interface which deter-
mines the outcome of EV68 infection.

This study was undertaken to investigate the mechanism by
which EV68 interacts with the TLR3 signaling pathway. We report
that EV68 suppresses TLR3-mediated expression of type I IFNs
and inflammatory cytokines through cleavage of TRIF in infected
cells. We provide evidence that 3CP™ of EV68 mediates TRIF
cleavage, resulting in inactive TRIF fragments. This activity re-
quires a functional viral protease. Furthermore, we show that
TRIF cleavage occurs at two sites, located in the amino- and car-
boxyl-terminal domains, thereby inactivating TRIF. Together,
these results suggest that modulation of the TLR3 pathway may be
a viral mechanism that contributes to EV68 infection.

MATERIALS AND METHODS

Cell lines and viruses. 293T (CRL-11268; ATCC) cells and HeLa (CCL-2;
ATCCQC) cells were cultured in Dulbecco’s modified Eagle’s medium (In-
vitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (HyClone, Logan, UT), 100 U/ml penicillin, and 100
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FIG 1 EV68 reduces the transcription of IFN- (A), ISG56 (B), ISG15 (C), ISG54 (D), IP10 (G), and RANTES (H) induced by poly(I-C), and it stimulates the
transcription of IL-6 (E) and IL-8 (F). HeLa cells were mock infected or infected with EV68 at an MOI of 4. Four hours after infection, cells were incubated with
or without poly(I-C). At the indicated time points, total RNAs extracted from cells and the expression of the IFN-@, ISG56, ISG15, ISG54, IL-6, IL-8, IP10,
RANTES, and GAPDH genes were evaluated by quantitative real-time PCR using SYBR green. Results are expressed as increases in mRNA levels relative to those
in cells in the absence of poly(I-C) and were normalized by using the GAPDH housekeeping gene. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (I) EV68 inhibits
poly(I-C)-induced phosphorylation of IRF3. HeLa cells were mock infected or infected with EV68 (MOI of 4) for 4 h. Cells were then incubated with or without
poly(I-C) for an additional 20 h. Cell lysates were then subjected to Western blot analysis with antibodies against IRF3 and phosphorylated IRF3.
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FIG 2 Effects of EV68 infection on protein levels. (A) HeLa cells were mock infected or infected with UV-EV68 or EV68. Twenty-four hours after infection, cell
lysates were subjected to Western blot analysis with antibodies against TRIF, MyD88, TBK1, IRF3, VP1, 3C, and B-actin. (B) Densitometry analysis. TRIF protein
bands from three independent experiments as shown in panel A were quantified and normalized to 3-actin by using Odyssey image software. (C) Control or
TRIF-knockdown HeLa cells were infected with EV68 (MOI = 3) for 24 h. Cell lysates were subjected to Western blot analysis with antibodies against TRIF, VP1,
3C, and B-actin. (D) HeLa cells were transfected with a control plasmid or with increasing amounts of plasmids expressing TRIF (5 ng, 20 ng, or 50 ng).
Twenty-four hours after transfection, cells were infected with EV68 (MOI = 1) for 24 h. Total RNA was extracted, and the viral RNA levels of EV68 were evaluated
by quantitative real-time PCR using SYBR green. Results are expressed as viral RNA levels relative to the GAPDH RNA level. ***, P < 0.001.

pg/ml streptomycin at 37°C in a 5% CO, humidified atmosphere. The
enterovirus 68 strain used in this study is a Beijing strain (GenBank acces-
sion number KF726085). Virus infection was carried out as follows.
Briefly, cells were infected with EV68. Unbound virus was washed away 2
h after infection, and cells were then cultured in fresh medium supple-
mented with 10% FBS.

Plasmids and reagents. The plasmids pEGFPC1, pCDNA3.1-Flag-
TRIF, pGL3-IEN-B-Luc, pNF-kB-Luc, pISRE-Luc, and pRL-SV40 have
been described elsewhere (20, 21). 3CP™ was amplified from nucleic acids
of EV68 and was cloned into the Xhol and BamHI sites of the pEGFPC1
vector, resulting in green fluorescent protein (GFP) fusion proteins. The
GFP-3C variants and TRIF mutants were constructed by using Pfu DNA
polymerase (Stratagene, La Jolla, CA). All variants were confirmed by
subsequent DNA sequencing. Antibodies against Flag, GFP, and B-actin
were purchased from Sigma (St. Louis, MO). Rabbit antibody against
TBK1 was purchased from Cell Signaling Technology (Danvers, MA).
Goat anti-TRIF and anti-MyD88 antibodies were purchased from R&D
Systems (Minneapolis, MN). Rabbit antibodies against IRF3 and phos-
pho-IRF3 (pS386) were purchased from Epitomics (Burlingame, CA).
IRDye 800-labeled IgG or IRDye 680-labeled IgG secondary antibodies
were purchased from Li-Cor Biosciences (Lincoln, NE). Rupintrivir was
purchased from Santa Cruz (Santa Cruz, CA). Poly(I-C) was purchased
from Sigma (St. Louis, MO).

Preparation of 3CP™ and VP1 antibodies. 3C*™ and VP1 were am-
plified from nucleic acids of EV68 and cloned into the BamHI and Xhol
sites of pET-30a, resulting in His fusion constructs. BALB/c mice were
injected subcutaneously with the purified proteins, obtained from Esche-
richia coli, as described elsewhere (22). Animal experiments were per-
formed in accordance with the animal experiment regulations of the Chi-
nese government in the Institute of Laboratory Animal Sciences (ILAS),
Chinese Academy of Medical Sciences (CAMS). All experimental proce-
dures were approved (license number SCXKJ2009-0017) and supervised
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by the Animal Protection and Usage Committee of ILAS, CAMS. Sera
collected from mice were purified using protein G Sepharose columns
(GE Healthcare, Waukesha, WT), and purified IgG antibody was quanti-
fied using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific).

Reporter assays. Luciferase reporter assays were performed as de-
scribed previously (23). 293T cells were seeded in 24-well plates at a cell
density of 3 X 10° cells per well. Sixteen hours after plating, cells were
transfected with a control plasmid or plasmids expressing TRIF, TRIF
mutants, and 3CP™ or its variants, along with pGL3-IFN--luc, NF-«kB-
luc, ISRE-luc, and pRL-SV40, using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). Twenty-four hours after transfection, cells were harvested
and cell lysates were used to determine luciferase activities, using a dual-
luciferase reporter system (Promega, Madison, WI) according to the
manufacturer’s instructions. The firefly luciferase activities were normal-
ized to the renilla luciferase activities.

Quantitative real-time reverse transcription-PCR (RT-PCR). Total
RNA was extracted using TRIzol reagent (Invitrogen) and treated with
DNase I (Pierce, Rockford, IL). Aliquots of RNA were reverse transcribed
to cDNA by using a Superscript cDNA synthesis kit (Invitrogen) accord-
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FIG 3 Schematic diagrams of 3CP*. 3CP*® of EV68 has the same catalytic triad
as other members of the genus Enterovirus, such as EV71, CVB3, and PV1.
Amino acid residues adjacent to the catalytic site are shown. Conserved resi-
dues are shown in black.
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FIG 4 3CP™ of EV68 reduces the transcription of IEN-3 (A), ISG54 (B), IL-6 (C), ISG56 (D), IP10 (E), and RANTES (F) by poly(I-C). HeLa cells were transfected
with GFP or GFP-3C. Twenty-four hours after transfection, cells were treated with or without poly(I-C). Two, 4, 8, and 12 h after poly(I-C) treatment, total RNAs
extracted from cells and the expression of the IFN-8, ISG54, ISG56, IL-6, RANTES, IP10, and GAPDH genes were evaluated by quantitative real-time PCR using
SYBR green. Results are expressed as increases in mRNA levels relative to those in cells in the absence of poly(I-C) and were normalized by using the GAPDH
housekeeping gene. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (G) 3CP™ of EV68 inhibits poly(I-C)-induced phosphorylation of IRF3. HeLa cells were transfected
with GFP or GFP-3C. Twenty-four hours after transfection, cells were treated with or without poly(I-C) for 4 h. Cell lysates were subjected to Western blot analysis
with antibodies against IRF3 or phosphorylated IRF3. (H) Densitometry analysis. Phosphorylated IRF3 protein bands from three independent experiments as
shown in panel G were quantified and normalized to IRF3 by using Odyssey image software. *, P < 0.05.

ing to the manufacturer’s instructions. Samples were then subjected to
quantitative real-time PCR analysis using primers specific for detection of
IFN-B, interferon-stimulated gene 56 (ISG56), ISG15, interleukin-6 (IL-
6), IL-8, RANTES (regulated on activation, normal T cell expressed and
secreted), ISG54, and IFN-y-inducible protein 10 (IP10), using SYBR
green kits (TaKaRa Bio, Otsu, Japan) according to the manufacturer’s
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instructions. Expression of IFN-B, ISG56, ISG15, IL-6, IL-8, RANTES,
ISG54, and IP10 mRNAs was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression. The sequences of primers
have been described elsewhere (20, 24).

Western blot analysis. Cells were pelleted by centrifugation and
lysed in buffer containing 150 mM NaCl, 25 mM Tris (pH 7.4), 1%
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FIG 5 (A) Effects of 3CP* of EV68 on IFN- promoter activation. 293T cells were transfected with TRIF and GFP-3C along with pGL3-IFN-3-Luc; pRL-SV40
was used as an internal control. Twenty-four hours after transfection, cell lysates were assayed for luciferase activities. The fold activation was calculated by
dividing the luciferase activity in cells transfected with pPCDNA3.1-TRIF by that in cells transfected with the pPCDNA3.1 vector. ***, P < 0.001. (B) Effects of 3CP*°
of EV68 on NF-kB promoter activation. 293T cells were transfected with TRIF and GFP-3C along with pNF-«kB-Luc. Assays were carried out as described for
panel A. **, P < 0.01; ***, P < 0.001. (C) Effects of 3CP* of EV68 on ISRE promoter activation. 293T cells were transfected with TRIF and GFP-3C along with
PISRE-Luc. Assays were carried out as described for panel A. ***, P < 0.001. (D) 3CP" of EV68 induces TRIF cleavage in a dose-dependent manner. 293T cells
were transfected with Flag-TRIF and a control plasmid or increasing amounts of plasmids expressing GFP-3C (5 ng, 50 ng, or 200 ng; indicated with a wedge).
Twenty-four hours after transfection, cells were analyzed by Western blotting. (E) Densitometry analysis. TRIF or cleaved TRIF protein bands from three
independent experiments as shown in panel D were quantified and normalized to B-actin by using Odyssey image software.

NP-40, 0.25% sodium deoxycholate, and 1 mM EDTA with a protease
inhibitor cocktail (Roche, Indianapolis, IN). Aliquots of cell lysates

coln, NE) at a wavelength of 700 or 800 nm, and the molecular sizes of
the developed proteins were determined by comparison with

were electrophoresed in 12% SDS-PAGE gels and transferred to a ni-
trocellulose membrane (Pall, Port Washington, NY). The membranes
were blocked with 5% nonfat dry milk, and then proteins on the mem-
brane were incubated 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 IgG secondary
antibody (Li-Cor Inc., Lincoln, NE). After washing, the membranes
were scanned with an Odyssey infrared imaging system (Li-Cor, Lin-
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prestained protein markers (Fermentas, CA).

RNA interference. To generate control or TRIF-knockdown cell lines,
HeLa cells were seeded onto 24-well plates. The next day, cells were in-
fected with lentiviruses expressing scrambled or TRIF-specific short hair-
pin RNA (shRNA) (GenePharma) at a multiplicity of infection (MOI) of
100. After 72 h, cells were selected by use of 1 pg/ml puromycin for 3
weeks. The sequence of the shRNA targeting TRIF was 5'-AAGACCAGA
CGCCACTCCAAC-3'.
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FIG 6 (A) Schematic diagrams of 3CP* variants. (B and C) Effects of 3CP™ variants of EV68 on TRIF-mediated IFN-B and NF-«kB promoter activation. 293T
cells were transfected with plasmids encoding TRIF and IFN-B-Luc (B) or NF-kB-Luc (C), along with GFP or GFP-3C variants. pRL-SV40 was included as an
internal control. Twenty-four hours after transfection, cells were harvested to determine luciferase activities. The fold activation was calculated by dividing the
luciferase activity in cells transfected with pCDNA3.1-TRIF by that in cells transfected with the pPCDNA3.1 vector. ***, P < 0.001. (D) Interaction of 3CP™
variants of EV68 with TRIF. 293T cells were transfected with Flag-TRIF and GFP or GFP-3C variants as indicated. Cell lysates were immunoprecipitated (IP) with
anti-Flag antibody. Immunoprecipitates and aliquots of cell lysates were subjected to Western blot analysis (WB) with antibodies against TRIF, GFP, and B-actin.
(E) Effect of the protease inhibitor rupintrivir on TRIF cleavage. 293T cells were transfected with Flag-TRIF along with GFP or GFP-3C. Four hours after
transfection, cells were incubated with the protease inhibitor rupintrivir (1 wM) for 24 h. Cell lysates were then processed for Western blot analysis. In panels D

and E, arrows denote EV68-induced cleavage fragments.

RESULTS

EV68 inhibits the induction of innate antiviral immunity by
poly(I-C) in infected cells. To study the effect of EV68 infection
on the TLR3 pathway, we evaluated the induction of antiviral
immune responses by poly(I-C), a prototype TLR3 agonist. HeLa
cells, with a functional TLR3 pathway, were initially mock infected
or infected with EV68 for 4 h. At various time points after incu-
bation with poly(I-C), the cells were examined for the expression
of IFN-3,1SG56, ISG15, 1SG54, IL-6, IL-8, RANTES (regulated on
activation, normal T cell expressed and secreted), IP10 (IFN-+y-
inducible protein 10), and GAPDH by quantitative real-time RT-
PCR analysis. Poly(I-C) induced IFN- (Fig. 1A, control), ISG56
(Fig. 1B, control), ISG15 (Fig. 1C, control), ISG54 (Fig. 1D, con-
trol), IP10 (Fig. 1G, control), and RANTES (Fig. 1H) expression
in mock-infected cells, but the kinetics of expression were differ-
ent among different genes. The expression of IFN-f3 peaked
around 4 h after poly(I-C) treatment and then decreased rapidly,
while the expression of ISG56, ISG15, ISG54, RANTES, and IP10
had apparent elevations 8 h after poly(I-C) treatment and re-
mained at high levels thereafter. EV68 infection reduced the ex-
pression of IFN-f3, ISG56, ISG15, ISG54, RANTES, and IP10. In
parallel, EV68 inhibited IRF3 phosphorylation (a hallmark of
IRF3 activation) induced by poly(I-C) compared to that in mock-
infected cells (Fig. 1I). Interestingly, like EV71 infection (20),
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EV68 infection also enhanced IL-6 and IL-8 expression after
poly(I-C) stimulation (Fig. 1E and F). These results show that
EV68 inhibits the induction of innate antiviral immune responses
by poly(I-C) in infected cells.

EV68 downregulates the expression of TRIF in infected cells.
TLR3 mediates TRIF-dependent signaling that activates NF-kB
and IRF3, leading to type I IFN production (19). To determine
where EV68 exerts its effect, we analyzed protein levels in
EVé68-infected cells. HeLa cells were mock infected or infected
with increasing doses of EV68. Twenty-four hours after infec-
tion, cell lysates were subjected to Western blot analysis. As
illustrated in Fig. 2A, expression of MyD88, IRF3, TBK1, and
B-actin exhibited no or little reduction in EV68-infected cells.
Under these experimental conditions, the level of TRIF expres-
sion decreased as the infection dose of EV68 increased (Fig.
2B). This coincided with the appearance of VP1 and 3C expres-
sion. In contrast, UV-treated EV68 barely reduced the TRIF
protein level (Fig. 2A, lane 2). Therefore, replication of EV68
specifically downregulated TRIF in infected mammalian cells.
Notably, small interfering RNA (siRNA) knockdown of TRIF
increased viral replication (Fig. 2C). Moreover, ectopic expres-
sion of TRIF decreased viral replication (Fig. 2D). These results
suggest that interaction between TRIF and EV68 determines
the outcome of viral infection.
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3CP™ of EV68 suppresses the expression of antiviral or pro-
inflammatory genes induced by poly(I-C). Previous studies sug-
gest that the 3CP™ proteins of EV71, coxsackievirus B3 (CVB3),
and poliovirus (PV) inhibit type ITFN responses (20, 25, 26). Since
3CP™ is a conserved protein (Fig. 3), we assessed whether 3CP™ of
EV68 contributed to the inhibition of innate antiviral immune
responses. Specifically, HeLa cells were transfected with a GFP or
GFP-3C plasmid. Twenty-four hours after transfection, cells were
incubated with poly(I-C), and the expression of IFN-3, ISG54,
ISG56, IL-6, RANTES, IP10, and GAPDH was determined by
quantitative real-time RT-PCR analysis. Overexpression of GFP-3C
reduced the expression of IFN-3 (Fig. 4A), ISG54 (Fig. 4B), IL-6
(Fig. 4C), ISG56 (Fig. 4D), IP10 (Fig. 4E), and RANTES (Fig. 4F)
induced by poly(I-C). Consistently, overexpression of GFP-3C in-
hibited poly(I-C)-induced IRF3 phosphorylation (Fig. 4G and H).
These results suggest that 3CP* of EV68 impairs the dsRNA-in-
duced innate antiviral immune response.

3CP™ of EV68 inhibits IFN-f3 and NF-kB activation by down-
regulation of TRIF. Based on the above results, we assessed
whether 3CP™ inhibited innate antiviral immune responses by
downregulating TRIF. As indicated in Fig. 5A to C, in 293T cells,
3CP"™ of EV68 inhibited TRIF-stimulated IFN-[3, NF-kB, and in-
terferon-stimulated response element (ISRE) promoter activation
in a dose-dependent manner. Western blot analysis showed that
3CP™ of EV68 cleaved TRIF (Fig. 5D), producing a 100-kDa frag-
ment and a 45-kDa fragment. Note that the extent of TRIF cleav-
age was correlated with the expression level of 3CP™ (Fig. 5D
and E).

3C protease activity is crucial for suppressing IFN-3 and
NF-kB activation mediated by TRIF. The 3CP™ protein of EV68
bears a catalytic triad consisting of Cys147, His40, and Glu71. To
investigate its role, we carried out mutational analysis. The H40D
variant of 3CP™ has a histidine-to-aspartic acid substitution at
amino acid 40, and the C147A variant possesses a mutation of
cysteine to alanine at amino acid 147 (Fig. 6A). As illustrated in
Fig. 6B, wild-type 3CP™ inhibited IFN-{ promoter activation me-
diated by TRIF. However, the H40D and C147A variants were
unable to do so. A similar result was seen with NF-kB promoter
activation (Fig. 6C).

Next, we determined TRIF cleavage in mammalian cells. As
shown in Fig. 6D, unlike wild-type 3C of EV68, neither the H40D
nor C147A variant cleaved TRIF as measured by Western blotting
(top panel). Immunoprecipitation assays revealed that both the
H40D and C147A variants associated with TRIF (lower panel).
These data indicate that 3CP™ forms a complex with TRIF. Nota-
bly, wild-type 3CP* and TRIF were not coimmunoprecipitated,
presumably due to cleavage of full-length TRIF (Fig. 6D). Thus,

EV68 3CP™ Cleaves TRIF

3CP™°-mediated cleavage is essential for inhibiting promoter acti-
vation. To corroborate this, we assessed rupintrivir, which is an
inhibitor of 3CP* with a broad spectrum of activity against picor-
naviruses (27). Indeed, when cells were treated with rupintrivir,
3CP™ of EV68 failed to mediate cleavage of TRIF (Fig. 6E). Hence,
the protease activity of 3CP™ is essential for its function.

3CP™ cleaves TRIF at GIn-312 and GIn-653. Since TRIF cleav-
age produced a 45-kDa product and a fragment of about 100 kDa,
we inferred that the TRIF cleavage sites might fall in the central
and C-terminal regions. Because 3CP* of EV68 has a preference
for glutamine in the P1 position and alanine in the P4 position
(28), we focused on the sites with the signature sequence AXXQ |,
G/S and constructed a series of mutants in which Gln was replaced
with Ala. As illustrated in TRIF cleavage assays, the Q312A muta-
tion blocked appearance of the 45-kDa fragment (Fig. 7B, lane 4),
and the Q312A/Q653A combined mutation blocked the appear-
ance of both the 45-kDa and 100-kDa fragments (Fig. 7B, lane 6).
The Q312A/Q575A/Q653A or Q312A/Q575/Q653A/Q672A combi-
nation yielded an effect similar to that seen with the Q312A/
Q653A combination. In reporter assays, the Q312A/Q653A mu-
tant was able to activate the IFN-f3 and NF-kB promoters in the
presence or absence of GFP-3C (Fig. 7C and D). Collectively, these
data suggest Q312 and Q653 as 3CP™ cleavage sites within TRIF.

3CP™-mediated cleavage inactivates TRIF. To test whether
TRIF cleavage mediated by 3CP™ has a functional consequence,
we generated TRIF variants carrying residues 1 to 653, 1 to 312,
313 to 712, and 313 to 653 (Fig. 7A). In reporter assays, full-length
TRIF activated the IFN-f (Fig. 7E) and NF-«B (Fig. 7F) promot-
ers. The 1-653 fragment retained the capacity to activate IFN-f3
and NF-kB signaling to various degrees. In contrast, the 1-312
and 313-653 fragments lost the ability to activate the IFN-3 and
NEF-kB promoters. Intriguingly, the 313-712 fragment was able to
activate the NF-kB promoter. However, it failed to activate the
IFN-@ promoter. These data suggest that TRIF functions through
different domains. Consistently, in TRIF-knockdown cells, ecto-
pic expression of full-length TRIF significantly inhibit EV68 rep-
lication, whereas the 1-312 and 313—653 TRIF fragments, which
were unable to stimulate the IFN-f3 and NF-kB promoters, failed
to inhibit viral replication (Fig. 7G). Thus, multiple cleavages by
3CP™ are necessary to disrupt TRIF functions.

DISCUSSION

Human enterovirus 68, first isolated in the United States in 1962
(29), is an emerging respiratory pathogen. Over the past 3 years,
the occurrence of respiratory diseases due to EV68 infection has
increased steadily. Outbreaks occurred in different countries or
regions, such as France (14), Netherlands (2, 11, 13), the United

FIG 7 3CP™ of EV68 cleaves the N- and C-terminal domains of TRIF at specific sites. (A) Schematic diagrams of TRIF showing the locations of possible cleavage
sites for 3CP"™ of EV68. (B) Western blotting for wild-type TRIF or 3CP"-resistant mutants of TRIF. 293T cells were transfected with wild-type TRIF or TRIF
mutants with alanine substitutions for glutamine, along with GFP (lanes 1, 3, 5, 7, and 9) or GFP-3C (lanes 2, 4, 6, 8, and 10), as indicated. Twenty-four hours
after transfection, cell lysates were subjected to Western blot analysis with antibodies against TRIF, GFP, and 8-actin. (C and D) Effects of 3CP** of EV68 on IFN-3
and NF-kB promoter activation mediated by wild-type TRIF or 3CP*-resistant mutants of TRIF. 293T cells were transfected with wild-type TRIF or the
Q312A/Q653A mutant of TRIF along with IFN-B-Luc (C) or NF-kB-Luc (D). pRL-SV40 was used as a control. Twenty-four hours after transfection, cell lysates
were assayed for luciferase activities. The fold activation was calculated by dividing the luciferase activity in cells transfected with pPCDNA3.1-TRIF by that in cells
transfected with pPCDNA3.1 vector. *, P < 0.05. (E and F) Effects of possible 3CP"-cleaved fragments of TRIF on IFN-f and NF-«kB promoter activation. 293T
cells were transfected with the full, 1-312, 313-712, 1-653, and 313—653 fragments of TRIF along with IFN-B—Luc (E) or NF-kB-Luc (F). pRL-SV40 was used
as a control. Twenty-four hours after transfection, cell lysates were assayed for luciferase activities. (G) TRIF-knockdown HeLa cells were transfected with
pCDNA3.1 vector (control) and the full, 1-312, and 313-653 fragments of TRIF (10 ng). Twenty-four hours after transfection, cells were infected with EV68
(MOI = 1) for 24 h. Total RNA was extracted, and the viral RNA levels of EV68 were evaluated by quantitative real-time PCR using SYBR green. Results are
expressed as viral RNA levels relative to the GAPDH RNA level. ***, P < 0.001.
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States (2), Philippines (5), Japan (3, 7), Thailand (10), the United
Kingdom (9), South Africa (15), and the Gambia (15). Recently,
we reported that EV68 is the major pathogen of enterovirus-asso-
ciated acute respiratory tract infections in Beijing, China (30).
Nevertheless, the pathogenesis of EV68 infection is poorly under-
stood, and its link to innate immunity has not been reported pre-
viously. In this study, we show that EV68 inhibits type I IFN re-
sponses. This inhibition depends on 3CF™, which cleaves TRIF, a
critical adaptor of the TLR3 pathway. Collectively, these observa-
tions suggest a model whereby EV68 may modulate TLR3-medi-
ated immunity in viral pathogenesis.

Several lines of evidence demonstrate that TLR3 plays a role in
the antiviral response against enterovirus infections (31-37). Rhi-
novirus infection is recognized initially by TLR3 (38). As EV68
shares biological features with the enteroviruses and the rhinovi-
ruses, inhibition of TLR3-mediated responses is probably benefi-
cial for EV68 replication and/or spread. This is consistent with the
fact that EV68 reduced the induction of type I IFN, chemokine,
and interferon-stimulated genes upon treatment with dsRNA in
virus-infected cells. Furthermore, EV68 infection downregulated
the expression of TRIF. This coincided with the inhibition of IRF3
phosphorylation. Replication of EV68 increased when TRIF was
knocked down. Conversely, viral replication decreased when
TRIF was overexpressed. These observations highlight a func-
tional link of EV68 to the TLR3 signaling pathway. Intriguingly,
EV68 infection stimulated IL-8 expression, similar to the case in
rhinovirus infection (39). This phenomenon may be involved in
the pathogenesis of virus-induced acute exacerbations of asthma
(3). We hypothesize that inhibition of type I IFN responses may
favor EV68 replication, which in turn induces inflammatory cyto-
kines through a distinct pathway. Further work is required to ad-
dress this issue.

TRIF is a 712-amino-acid protein that transmits signals to
IRF3 and NF-kB. This process relies on a dynamic assembly of the
TRIF complex. Notably, the amino-terminal domain recruits
TRAF6 and TRAF3, whereas the carboxyl-terminal domain binds
to TLR3 and RIP1. Our work suggests that EV68 3C"™ mediates
TRIF cleavage at Q312 and Q653. This perhaps reflects a stringent
regulation of TRIF by 3C"™, because multiple cleavages may be
required to neutralize host defenses in EV68 infection. TRIF cleav-
age at Q312 yielded the amino-terminal and carboxy-terminal
halves of the molecule, respectively. Further cleavage at Q653
truncated the carboxyl terminus. Interestingly, the amino-termi-
nal domain of TRIF (1-312 fragment) failed to induce type I IFN
responses. In addition, the carboxyl-terminal domain (313-712
fragment) partially retained this activity. However, additional
cleavage (313-653 fragment) abrogated its activity. Consistently,
ectopic expression of the 1-312 or 313—-653 fragment was unable
to inhibit viral replication in TRIF-knockdown cell lines. This may
serve as a viral mechanism to control TRIF upon EV68 infection.
Thus, EV68 3C""°-mediated cleavage at multiple sites likely mod-
ulates the TRIF complex assembly, resulting in the inhibition of
IRF3 activation and IFN responses.

The data presented in the present study suggest that the EV68
3CP™ function relies on its enzymatic activity. When treated with
a 3C inhibitor, rupintrivir, EV68 3C"™ was unable to mediate
TRIF cleavage. Similarly, the H40D or C147A substitution in the
catalytic triad (C-H-D) eliminated its activity. These results sug-
gest TRIF as a cellular substrate for EV68 3C™™. In this regard, it is
notable that the 3C proteases from EV71 and CVB3 also target
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TRIF (20, 26). EV71 3C"™ cleaves TRIF at Q312 only, whereas
CVB3 3CP™ mediates TRIF cleavage at Q190 and sites in the car-
boxy-terminal domain (Q653, Q659, Q671, or Q702). This is con-
sistent with the fact that the 3C proteases from EV68, EV71, and
CVB3 exhibit considerable amino acid sequence homology. The
differences in cleavage sites may be related to elements unique to
each 3C*™°.

Accumulating evidence indicates that picornavirus 3C pro-
teases have evolved a variety of mechanisms to evade antiviral
innate immunity. For example, 3CP™ of poliovirus cleaves reti-
noicacid-induced gene I (RIG-I) (25). 3CP™ of CVB3 cleaves both
TRIF and IFN promoter-stimulating factor 1 (IPS-1) directly to
impede host antiviral signaling (26). 3CP"* of EV71 inhibits innate
antiviral immune responses not only through disrupting the RIG-
I-IPS-1 complex (24) but also through cleaving TRIF (20) and
IRF7 (21). 3CP* of foot-and-mouth disease virus cleaves NF-kB
essential modulator (NEMO) to impair innate immune signaling
(40). The 3CP™ precursors, 3ABC and 3CD, of hepatitis A virus
cleave IPS-1 (41) and TRIF (42) to block antiviral signaling. The
TRIF cleavage by EV68 3CP™ observed in this work suggests that it
may be a mechanism to impair TLR3-mediated immunity, which
contributes to EV68 pathogenesis.
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