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The Toll-Like Receptor 3-Mediated Antiviral Response Is Important
for Protection against Poliovirus Infection in Poliovirus Receptor

Transgenic Mice
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RIG-I-like receptors and Toll-like receptors (TLRs) play important roles in the recognition of viral infections. However, how
these molecules contribute to the defense against poliovirus (PV) infection remains unclear. We characterized the roles of these
sensors in PV infection in transgenic mice expressing the PV receptor. We observed that alpha/beta interferon (IFN-a/f) pro-
duction in response to PV infection occurred in an MDA5-dependent but RIG-I-independent manner in primary cultured kid-
ney cells in vitro. These results suggest that, similar to the RNA of other picornaviruses, PV RNA is recognized by MDAS5.
However, serum IFN-a levels, the viral load in nonneural tissues, and mortality rates did not differ significantly between MDA5-
deficient mice and wild-type mice. In contrast, we observed that serum IFN production was abrogated and that the viral load in
nonneural tissues and mortality rates were both markedly higher in TIR domain-containing adaptor-inducing IFN-f3 (TRIF)-
deficient and TLR3-deficient mice than in wild-type mice. The mortality rate of MyD88-deficient mice was slightly higher than
that of wild-type mice. These results suggest that multiple pathways are involved in the antiviral response in mice and that the
TLR3-TRIF-mediated signaling pathway plays an essential role in the antiviral response against PV infection.

oliovirus (PV), which belongs to the genus Enterovirus in the

family Picornaviridae, is the causative agent of poliomyelitis
(38). The host range of PV is restricted to primates (18). This
species’ tropism is determined primarily by the cellular PV recep-
tor (PVR; CD155), which gives the virus access to susceptible cells
(14-16, 20). Mice are generally not susceptible to PV. However,
transgenic mice expressing human PVR (PVR-tg mice) become
susceptible to PV and develop a paralytic disease similar to human
poliomyelitis after the administration of PV intravenously, intra-
peritoneally, intracerebrally, or intramuscularly but not orally
(26, 40). PV shows a neurotropic phenotype in both humans and
PVR-tg mice. PV preferentially replicates in neurons, especially in
motor neurons in the anterior or ventral horn of the spinal cord
and in the brainstem. However, the efficiency of PV replication is
low in nonneural tissues (4, 25). We previously found that innate
immune responses that are mediated by type I interferons (IFNs)
play important roles in controlling viral replication in nonneural
tissues and in the mortality rates of PVR-tg mice (19). In PVR-tg
mice deficient in IFNARI, PV efficiently replicates in nonneural
tissues such as the liver, pancreas, and spleen, which are not nor-
mal targets of PV. IFNAR1-deficient mice die after the inoculation
of a small amount of PV by peripheral routes. The results suggest
that the type I IFN response forms an innate immune barrier that
prevents PV replication in nonneural tissues and subsequent PV
invasion of the central nervous system (CNS). This response
therefore plays important roles in the tissue tropism and pathoge-
nicity of PV (25).

The sensors that are involved in the production of type I IFNs
in response to RNA viral infections have been recently identified
and characterized (1, 46-48). The RIG-I-like receptors
(RLRs) retinoic-acid-inducible gene 1 (RIG-I) and melanoma
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differentiation-associated gene 5 (MDAD5) are expressed in the cy-
toplasm of all cell types, with the exception of plasmacytoid den-
dritic cells (pDCs). RIG-I and MDAS5 have RNA binding domains
and differentially recognize specific characteristics of nonself viral
RNAs (17, 22, 36, 37). In addition, RLRs have DExD/H box RNA
helicase domains (51) that activate downstream signaling path-
ways resulting in the activation of IFN regulatory factor 3 (IRF-3)
and IRF-7 (53). TLR3 and TLR?7 are the sensors for viral double-
stranded RNA (dsRNA) and single-stranded RNA, respectively (2,
8, 12). TLR3 is expressed in the endosome of macrophages and
conventional dendritic cells (DCs) (28) but not in pDCs. TLR3 is
also expressed in a variety of epithelial cells, including airway,
uterine, corneal, vaginal, cervical, biliary, and intestinal epithelial
cells, which may function as efficient barriers to infection. The
TLR3-mediated signaling pathway is transmitted through Toll-
interleukin-1 (IL-1) receptor (TIR)-containing adaptor molecule
1, which is also known as TIR domain-containing adaptor induc-
ing IFN-B (TRIF), and finally results in the activation of IRF3 and
IRF7 (13, 34, 51). TLRY7 is specifically expressed in the endosome
of pDCs and contributes to the production of a large amount of
IFNs in response to many RNA virus infections (5, 7). TLR7 sig-
naling is mediated by the adaptor molecule myeloid differentia-
tion factor 88 (MyD88). These sensors do not contribute equally
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FIG 1 Production of IFNs in primary cultured kidney cells prepared from
RIG-I- and MDA5-deficient mice. Kidney cells were pretreated with 100 U of
IFN-p for 2 h and infected with PV at an MOI of 10. RNA was prepared from
the infected cells at 6 hpi. The amounts of [FN-a mRNA (A) and IFN-B mRNA
(B) were determined using quantitative real-time PCR. Cells were prepared in
duplicate, and the experiments were repeated three times. Representative data
are shown. The amount of IFN activity in the supernatant of infected kidney
cells at 8 hpi was determined by the cytopathic effect dye uptake method using
1929 cells (C). ND, not detected.
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to the antiviral response to each viral infection. The type I IFN
production that is induced by these sensors occurs in a virus-
specific and cell-specific manner (21, 23). For example, RIG-I
plays an important role in the antiviral response to Newcastle
disease virus, influenza A virus, Sendai virus, vesicular stomatitis
virus, Japanese encephalitis virus, and hepatitis C virus. However,
MDAS is important in the response to infection with picornavi-
ruses, such as encephalomyocarditis virus (EMCV) (10, 23). Al-
though RNA viruses produce dsRNA during the replication step,
the protective effect of the TLR3-mediated pathway is not clear
(9). In a previous study, TLR3 expression was found to cause
severe encephalitis in West Nile virus (WNV) infection (50). How
these sensor molecules contribute to the recognition of PV infec-
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tion is not understood. The aim of the present study was to deter-
mine the role of these sensors in the response to PV infection in
transgenic mice expressing human PVR. We generated PVR-tg
mice deficient in these sensor and adaptor molecules. Our results
demonstrate that the MDAS5-, TRIF- and MyD88-mediated path-
ways contribute to the antiviral response against PV infection and
that the TLR3-TRIF-mediated pathway plays a pivotal role in this
response.

MATERIALS AND METHODS

Cells and viruses. An AGMK cell line, JVK-03 (24), was maintained in
Eagle’s minimum essential medium containing 5% fetal bovine serum.
PV type I Mahoney, a strain derived from the infectious cDNA clone
pOM, was used in this study (45). The virus was propagated in JVK-03,
and the viral titer was determined using the plaque assay. Primary cul-
tured kidney cells were prepared from transgenic and knockout mice as
previously described (54).

Transgenic and knockout mice and infection experiments. All ex-
periments using mice were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals of the Tokyo Metropolitan
Institute of Medical Science. ICR-PVRTg21 mice (26) were mated with
RIG-I7/~ and/or MDA5~/~ mice (21) in the ICR background because it
is difficult to maintain RIG-I"/~ mice in other genetic backgrounds. We
mated mice and obtained littermates with the genotypes RIG-I*/~
MDA5*/~, RIG-I"/~ MDA5*/~, RIG-I*/~ MDA5/~, and RIG-I"/—
MDA5/~ to use in experiments. C57BL/6 (B6)-PVRTg21 mice were
mated with MDA5~/~ mice, TRIF~/~ mice, MyD88/~ mice, and
TLR3~/~ mice (51) in the B6 background (backcrossed 7 to 10 times).
IFNAR1~/~ PVR-tg mice were previously described (19). Because all of
the mice that were used in the present study were in the PVR-tg back-
ground, we omitted the notation “PVR-tg” for simplicity in this report.
Six- to 7-week-old mice were used for infection experiments. The survival
and clinical symptoms of the mice were observed daily for 3 weeks. At the
first sign of severe neurological symptoms, the mice were sacrificed as a
humane endpoint.

Measurement of IFN levels. IFN-« levels in the sera were deter-
mined using an enzyme-linked immunosorbent assay (ELISA). The
ELISA kit for IFN-a was purchased from PBL Biochemical Laborato-
ries. Mouse IFN activity in the supernatants of PV-infected kidney
cells was measured by the cytopathic effect dye uptake method using
L929 cells (54, 55). Recombinant mouse IFN-B3 (Toray) was used as the
standard for unit definition.

Quantitative real-time reverse transcription (RT)-PCR. RNA was
isolated from the tissues of infected mice or infected cells using the Isogen
RNA extraction kit (Nippon Gene). DNase I treatment and cDNA syn-
thesis were performed as previously described (54). The amounts of the
mRNAs for IFN-a, IFN-B, OASla, and IRF-7 were determined using
real-time RT-PCR with an ABI Prism 7500 (Applied Biosystems) as pre-
viously described (54).

RESULTS

IFN production in primary cultured kidney cells is dependent
on MDAS5. We examined whether, similar to EMCV infection, PV
infection is recognized by MDAS in vitro. We mated PVR-tg mice
with MDA5-deficient and RIG-I-deficient mice to generate RIG-
I*/= MDA5"/~, RIG-I"/~ MDA5"/~, RIG-I*/~ MDA5~/~, and
RIG-I"/~ MDA5~/~ mice in the ICR background. We prepared
primary cultured kidney cells from mice with these genotypes to
determine the role of RLRs. After cultivation for approximately 1
week, the cells that became confluent were infected with PV at a
multiplicity of infection (MOI) of 10. RNA was recovered from
the infected cells at 6 hpi, and the amounts of the mRNAs for
IFN-« and IFN-B were determined using real-time RT-PCR. Kid-
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ney cells that were not pretreated with IFN- 3 before PV infection
showed rapid cytopathic effect progression and did not produce
IFN mRNA (data not shown). This result is consistent with our
previous observations (54). We therefore pretreated cells with 100
U of IFN- for 2 h and infected them with PV. As we reported
previously, the IFN-treated kidney cells became resistant to PV
infection, PV replication was severely inhibited, and IFN produc-
tion was observed (54). Under this condition, we determined the
sensor responsible for IFN production. We observed the induc-
tion of both IFN-a (Fig. 1A) and IFN- mRNAs (Fig. 1B) in cells
that were isolated from RIGI-I"/~ MDAS5*/~ mice and RIGI-1~/~
MDA5*/~ mice but not from RIGI-I"/~ MDA5~/~ mice or RIGI-
17/~ MDA5 "/~ mice. The induced IFN proteins were not detected
by ELISA due to a very small amount of IFNs produced in the
supernatants. However, IFN activity was detected in the superna-
tants of PV-infected kidney cells prepared from RIGI-I*/~
MDAS5*/~ mice and RIGI-I7/~ MDA5*/~ mice but not from
RIGI-I*/~ MDAS5~/~ mice or RIGI-I7/~ MDA5~/~ mice using
the cytopathic effect dye uptake method (Fig. 1C). These results
suggest that PV infection is recognized by MDAS5 but not RIG-I in
primary murine kidney cells, which is consistent with previous
reports demonstrating that MDAS5 is essential for the detection of
picornaviruses (10, 23). However, MDA5-mediated IFN produc-
tion was observed only when cells had been primed with a low
dose of IFNGs.

IFN responses of MDA5-deficient mice are not significantly
different from those of wild-type mice. We hypothesized that
MDAS plays an important role in the type I IEN response upon PV
infection in vivo. We examined the serum IFN-« levels in PVR-tg
mice intravenously infected with 2 X 107 PFU of PV using ELISA.
Their serum IFN-a level was initially observed at 9 hpi, peaked at
12 hpi, and began to decline at 24 hpi (Fig. 2A). We then deter-
mined the serum IFN-« levels of the knockout mice at 12 hpi.
Unexpectedly, similar serum IFN-« levels were detected in RIG-
I*/= MDA5*/~, RIG-I*/~ MDA5/~, RIG-I"/~ MDA5"/~, and
RIG™/~ MDA5"/~ mice infected with PV (Fig. 2B).

We monitored the induction of mRNAs for the IFN-
stimulated genes (ISGs), OAS1a (Fig. 3A) and IRF-7 (Fig. 3B), in
the brain, spinal cord, liver, spleen, and kidney using real-time
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FIG 2 Production of serum IFN-« in RIG-I- and MDA5-deficient mice. (A)
Time course of IEN-a levels in serum. PVR-tg mice in the B6 background (n =
4 or n = 5) were intravenously infected with 2 X 107 PFU of PV. Serum
samples were collected at the indicated time points, and the concentration of
IFN-« was determined using ELISA. (B) IFN-« levels of RIG-I- and MDA5-
deficient mice in the ICR background (n = 8) at 12 hpi were compared. The
experiments were repeated twice, and representative data are shown.
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RT-PCR. Among the organs tested, the expression levels of these
ISGs were the highest in the spleen. However, the expression pro-
files of these genes were essentially the same in all organs. In ac-
cordance with the elevated serum IFN levels, the induction of ISGs
in various organs was observed in all mice (Fig. 3A and B). The
results suggest that MDAS5 does not play a critical role in IFN
production and subsequent ISG induction in response to PV in-
fection in vivo.
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FIG 3 ISG induction in RIG-I- and MDAS5-deficient mice. Mice (n = 4) were intravenously infected with 2 X 107 PFU of PV. At 12 hpi, RNA was isolated from
the indicated tissues of the infected mice and OAS1a (A) and IRF-7 (B) mRNA levels were determined using quantitative real-time PCR. The experiments were

repeated twice, and representative data are shown. SPC, spinal cord.
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FIG 4 (A) PV replication in RIG-I- and MDA5-deficient mice. RIGI-I™/~ MDA5*/~, RIGI-I~/~ MDA5*/~, RIGI-I~/~ MDA5"/~, and RIGI-I~/~ MDA5~/~ mice in
the ICR background and IFNAR1~/~ mice in the B6 background (n = 3) were intravenously infected with 2 X 107 PFU of PV. Infected mice were paralyzed or dead at
3 to 5 days postinfection. The tissues of the paralyzed mice were collected, and the viral titers were determined using a plaque assay (*, P << 0.01 by ¢ test compared to
RIGI-I*™/~ MDA5*/~ mice). (B) PV replication kinetics in MDAS5-deficient mice. Nontransgenic (non-tg) mice, wild-type mice, MDA5~/~ mice, and IFNAR1~/~ mice
in the B6 background (n = 3) were infected as described above. Tissues were collected daily, and viral titers were determined. SPC, spinal cord.

PV replication in nonneural tissues and mortality rates of
mice deficient in RIG-I-like receptors. We have previously
shown that the IFN-«/B response forms an innate immune barrier
to prevent PV replication in nonneural tissues and PV invasion of
the CNS (19, 25). Therefore, we evaluated PV replication in neural
and nonneural tissues in RLR-deficient mice. The mice were in-
fected with 2 X 107 PFU of PV, which is approximately 100 times
higher than the 50% lethal doses for all mouse strains. The in-
fected mice showed paralysis by 3 to 5 days postinfection. The
brain, spinal cord, liver, spleen, and kidney of the paralyzed mice
were recovered, and their viral titers were determined (Fig. 4A).
PV was recovered from the CNS of the paralyzed mice almost
equally among the genotypes. The viral titers recovered from the
liver, spleen, and kidney of IFNAR1 ™/~ mice were significantly
higher than those of wild-type mice, as previously described (19).
However, PV titers that were recovered from these organs of RIG-
I7/= MDA5*/~, RIG-I*/~ MDA5~/~, and RIG-I"/~ MDA5 "/~
mice were as low as or lower than those in the organs of RIG-I*/~
MDA5*/~ mice. We then examined virus replication kinetics us-
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ing nontransgenic mice, wild-type mice, IFNAR™/~ mice, and
MDAS5~/~ mice in the B6 background (Fig. 4B). The viral load in
the CNS increased in a similar fashion among the transgenic
mouse strains. However, the viral load kinetics in the liver, spleen,
and kidney of wild-type and MDA5~/~ mice were similar to those
of nontransgenic mice. The values for nontransgenic mice indi-
cate the kinetics of clearance of inoculated virus. The results indi-
cated that PV replication was severely inhibited in the liver, spleen,
and kidney of wild-type and MDA5~/~ mice. This inhibition cor-
related well with the induction of serum IFNs in MDA5~/~ mice
(Fig. 2). The PV antigen was detected in neurons in the CNS but
not in other tissues in all knockout mice (Table 1). This result
indicates that the lack of RLRs did not alter the tissue tropism of
PV. These data suggest that inhibition of PV replication in non-
neural tissues is not dependent on RLRs and that MDA5-
independent mechanisms are the major contributors in control-
ling PV replication.

We examined the mortality rates of RIG-I*/~ MDA5*/~, RIG-
1=/~ MDA5*/~, RIG-I*/~ MDA5/~, and RIG-I"/~ MDA5 "/~
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TABLE 1 PV antigens in RIG-I- and MDA5-deficient mice

No. of PV antigen-positive mice/no. of mice tested
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mice in the ICR background after intravenous infection with PV at
103, 104, and 10> PFU (Fig. 5A, B, and C). The mortality rates of
these mice did not differ significantly from each other. We ob-
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FIG 5 Mortality rates of RIG-I- and MDAS5-deficient mice. Littermates of the genotypes indicated were obtained by mating RIGI-I*/~ MDA5*/~ and RIGI-I~/~
MDAS5~/~ mice in the ICR background. The mice were infected intravenously with 10 (A), 10* (B), or 10° (C) PFU of PV. The results shown are the sums of
several independent experiments. The total numbers of mice of the different genotypes that were used are boxed, and the doses used are shown at the top.
Littermates of MDA5*/~ and MDA5~/~ mice were obtained in the B6 background. The mice (n = 12) were intravenously infected with 10° (D), 10* (E), or 10°
(F) of PV. MDA5*/* and MDAS5~/~ mice (n = 6) were intracerebrally infected with 10? (G), 10 (H), or 10* (I) PFU of PV, respectively. We monitored the
survival rates of the mice for 3 weeks after infection.
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FIG 6 Production of serum IFN-« in TRIF-, MyD88-, and TLR3-deficient
mice. Mice (n = 3 or 8) were intravenously infected with 107 PFU of PV. IFN-«
levels of TRIF- and MyD88-deficient mice (A) and TLR3-deficient mice (B) at

12 hpi were compared. The experiments were repeated twice, and representa-
tive data are shown.
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were inoculated with 10* PFU of PV. We suspect that the slight
difference between the mortality rates of wild-type and MDA5~/~
mice was in the range of experimental fluctuation, and thus, the
disruption of MDA5 did not significantly influence the mortality
rate. In order to determine if the same is true when mice are
infected by other routes, we inoculated wild-type and MDA5~/~
mice with PV intracerebrally and compared their mortality rates
(Fig. 5G to I). Their mortality rates did not differ significantly.
These results suggest that MDAS5 does not make a great contribu-
tion to the protection of mice, at least after intracerebral and in-
travenous infections. Taken together, the MDAS5-mediated re-
sponse does not play a dominant role in IFN production, ISG
induction, or inhibition of PV replication in vivo, unlike the
MDAS5-mediated effects on EMCV infection.

IFN response in TRIF- and MyD88-deficient mice. Because
the experiments with MDAS5-deficient mice suggested the exis-
tence of other protective mechanisms in PV infection, we investi-
gated the role of TLRs using TRIF- and MyD88-deficient mice.
PVR-tg mice were mated with TRIF~/~ and/or MyD88~/~ mice
in the B6 background. Serum IFN-« of mice infected with 107 PFU
of PV was measured using ELISA at 12 hpi (Fig. 6A). Interestingly,
serum IFN production in response to PV infection was abrogated
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in TRIF~/~ mice. Because TRIF acts as an adaptor for TLR3 and
TLR4, we tested whether the same phenomenon occurs in
TLR3~/~ mice. Serum IFN induction was not observed in TLR3-
deficient mice (Fig. 6B). These results suggest that the TLR3-
mediated pathway is essential for IFN production in response to
PV infection.

We next assessed the induction of mRNAs for OAS1a (Fig. 7A)
and IRF-7 (Fig. 7B) in various organs using real-time RT-PCR.
The induction of OAS1a and IRF-7 was observed in all mice. Al-
though serum IFN production was abrogated in TRIF~/~ mice
and TRIF~/~ MyD88~/~ mice (Fig. 6), a significant level of ISG
mRNA was induced. However, the induction levels were slightly
lower than those in wild-type mice in some cases. The results
suggest that the TRIF-mediated pathway contributes to ISG ex-
pression mainly through the induction of serum IFNs in response
to PV infection and that some other mechanisms may also con-
tribute to ISG expression.

PV replication in nonneural tissues and mortality rates of
TRIF- and MyD88-deficient mice. The brain, spinal cord, liver,
spleen, and kidney of paralyzed mice were recovered, and viral
titers were determined (Fig. 8). PV was recovered from the CNS of
TRIF~/~, MyD88~/~, and TLR3 ™/~ mice, and the titers were not
different from those of wild-type mice. However, the viral titers of
the liver, spleen, and kidney of TRIF~/~ and TLR3 ™/~ mice were
significantly higher than those of wild-type mice but lower than
those of IFNAR1 "/~ mice. We then examined the virus replica-
tion kinetics in TRIF~/~ mice (Fig. 8B). The viral load in the CNS
increased in TRIF~/~ mice similarly to that in other mice. In ac-
cordance to the absence of serum IFN (Fig. 2), the viral loads in the
liver, spleen, and kidney of TRIF~/~ mice increased, while the
viral loads in these organs of wild-type mice decreased. PV anti-
gens were detected in the CNS of all of the knockout mice. In
addition, PV antigens were detected in the adipose tissue, pan-
creas, and kidney of several TRIF~/~ and MyD88~/~ mice (Table
2). These results suggest that these tissues support viral multipli-
cation in these knockout mice and that the TLR-mediated signal-
ing pathways contribute to the regulation of PV replication in
nonneural tissues.

The mortality rates of TRIF~/~, MyD88~/~, and TLR3~/~
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FIG 7 ISG induction in TRIF- and MyD88-deficient mice. Mice (n = 4) were intravenously infected with 107 PFU of PV. At 12 hpi, RNA was isolated from the
indicated tissues of the infected mice and OAS1a (A) and IRF-7 (B) mRNA levels were determined by quantitative real-time PCR. The experiments were repeated

twice, and representative data are shown. SPC, spinal cord.

190 jviasm.org

Journal of Virology


http://jvi.asm.org

Virus titer (log4o PFU/g tissue) >

Virus titer (logqo PFU/g tissue) @

Virus titer (log4o PFU/g tissue)

Poliovirus and Viral RNA Sensors

10 . \Vild Type
CTIFNAR1-
9 COTRIF-
8 =IMyD88
E=TRIF- MyD88"
7 _’Tc_ C3TLR3"
— * *
5 — —
4 — —
3 = —
2 - —
1 — —
0 ol . ] o ]
Brain SPC Kidney
Brain ™ SPC —O— non-tg
10 § 10 —O— wild-type
8 ; 8 —A— TRIF"
) [ IFNART"
6 o 6
4 2 4
2 g 2
»
O 4 2 3 g% 1 2 3
Days postinfection Days postinfection
Liver + Spleen ™ Kidney
=] =]
" 3" g1
re re
6 o 6 o6
4 24 S 4
2 § 2 g 2
0 S o s
T 1 2 3 £° 1 2 3
Days postinfection Days postinfection Days postinfection
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4B. SPC, spinal cord.

TABLE 2 PV antigens in TRIF- and MyD88-deficient mice

No. of PV antigen-positive mice/no. of mice tested

Organ or Wwild TRIF~/~
tissue type TRIF~/— MyD88~/~ MyD88~/~
Brain 6/6 8/8 9/9 6/6
Spinal cord 6/6 8/8 919 6/6
Heart 0/6 0/8 0/8 0/6
Lung 0/6 0/8 0/8 0/6
Liver 0/6 0/8 0/9 0/6
Kidney 0/6 0/8 2/9 0/5
Spleen 0/6 0/8 0/9 0/6
Pancreas 2/6 0/8 719 4/6
Intestine 0/6 0/8 0/9 0/6
Adipose tissue 0/6 2/8 2/9 3/6
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mice were compared (Fig. 9). Approximately 25% of the TRIF~/~
mice died after infection with 102 PFU of PV, and almost all of
the mice died after infection with more than 10° PFU of PV (Fig.
9A). Approximately 20% and 60% of the MyD88~/~ mice died
after infection with 10° and 10* PFU of PV, respectively (Fig. 9B
and C). TRIF~/~ MyD88~/~ mice were the most susceptible. In
total, 70% of the mice died after infection with 102 PFU of PV (Fig.
9A). The mortality rate of TRIF~/~ MyD88 '~ mice was very
close to that of IFNAR1 ™/~ mice (19). The mortality rate of
TLR3~/~ mice was similar to that of TRIF~/~ mice (Fig. 9D, E,
and F). These results suggest that the TRIF-mediated and MyD88-
mediated antiviral responses contribute to the host’s defense
against PV infection and that the TLR3-TRIF-mediated response
has the most dominant effect.

DISCUSSION

Each virus infects different cell types and has a characteristic mode
of replication. In mammalian hosts, several viral RNA sensors,
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FIG 9 Mortality rates of TRIF-, MyD88-, and TLR3-deficient mice. (A) Wild-type, TRIF~/~, MyD88~/~, and TRIF~/~ MyD88~/~ mice (n = 12) were
intravenously inoculated with the indicated doses of PV. (B) Littermates of TLR3™/~ and TLR3 ™/~ mice (n = 12) were used.

which are expressed in different cell types and recognize different
molecular patterns, have evolved to counteract a variety of viruses.
In the present study, we demonstrated that the MDA5-, TRIF-,
and MyD88-mediated pathways contribute to the recognition of
PV infection and that the TLR3-TRIF-mediated pathway plays the
most important role in the antiviral response. Since all of the phe-
notypes shown after PV infection in the TRIF~/~ mice and
TLR3~/~ mice are very similar to each other, we think that the
contribution of the TLR3-mediated response is dominant and
that of the TLR4-mediated response is negligible.

Previous reports have revealed that IFN is produced efficiently
in EMCV-infected fibroblasts in an MDA5-dependent manner
and that MDAS contributes to the induction of serum IFNs and
the protection of mice against EMCV (10, 23). Because EMCV
belongs to the family Picornaviridae, we hypothesized that MDA5
also contributes to IFN induction in response to PV infection.
However, the MDA5-dependent pathway did not play a dominant
role in the defense against PV infection. Therefore, we speculate
that PV uses mechanisms different from those of EMCV to
strongly suppress IFN production in vivo. Indeed, IFN production
in cultured cells in response to PV infection was observed only
when the cells were pretreated with a low dose of IFNs. In addi-
tion, the amount of IFN produced was much lower than that pro-
duced in response to EMCV infection (Fig. 1). This result suggests
that IFN induction in infected cells is suppressed and that this
PV-mediated effect may be stronger than that of EMCV. Transla-
tional shutoff may be one of the reasons for this difference. PV 3A
protein causes a change in membrane trafficking that prevents
protein secretion and may also contribute to the suppression of
IEN production (6). Caspase-dependent cleavage of MDAS5 (3)
and IPS-1 (39) in PV-infected cells has been reported. Through
these possible mechanisms, PV may induce the suppression of
IFN production in mice in vivo, and the MDA5-mediated pathway
does not play an essential role in the host response, unlike in
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EMCYV infection. PV and EMCYV seemed to use different strategies
to counteract the host innate immune system, even though PV
and EMCYV belong to the same family. Thus, TLR3 became the
sensor that functions most effectively for PV as a result of PV
evolution. Although the TLR3-TRIF-mediated pathway plays a
dominant role, the fact that significant ISG induction was ob-
served in PV-infected TRIF~/~ and TRIF~/~ MyD88~/~ mice
(Fig. 7) suggested that other mechanisms also operate in combi-
nation with this pathway.

The viral loads in the nonneural tissues of TLR3- and TRIF-
deficient mice were much higher than those in wild-type mice,
whereas the viral loads in the CNS were not significantly different
in paralyzed mice (Fig. 8). These results suggest that the TLR3-
TRIF-mediated pathway inhibits viral replication mainly before
viral invasion of the CNS rather than after invasion and that this
response plays an important role in preventing the viral invasion
of the CNS. In the CNS, replication of PV was not effectively
inhibited, even in wild-type mice. This result is consistent with our
previous results obtained using IFNARI~/~ mice and suggests
that the antivirus response in the CNS is different from that in
nonneural tissues upon PV infection (19). The cell tropism of PV
may influence the efficiency of the immune response. For exam-
ple, if PVR is expressed in TLR3-expressing cells, then PV replica-
tion would be detected immediately after infection. Alternatively,
if PV infection in vivo occurs in the vicinity of TLR3-expressing
immune cells such as DCs and macrophages, PV-infected cells
may readily be captured by TLR3-expressing cells, thereby facili-
tating efficient cross-priming (27, 44) of PV RNA. PV infects neu-
rons almost exclusively and not other cell types in the CNS. If
neurons do not have the ability to induce a strong TLR3-mediated
antiviral response upon PV infection, the CNS may be more de-
fective in the innate immune response than nonneural tissues are.
This may be one of the reasons why PV replicates preferentially in
the CNS. Further studies on PV pathogenesis related to the innate
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immune response will make a great contribution to elucidating
the mechanisms of PV tissue tropism.

TLR3 recognizes dsSRNA. However, the protective role of TLR3
in the response to many RNA viral infections is not clear (9, 29,
43). A previous study has demonstrated that WNV, which is an
encephalitis virus belonging to the family Flaviviridae, causes
more severe encephalitis in mice with intact TLR3 than in
TLR3~/~ mice. Peripheral WNV infection leads to a breakdown of
the blood-brain barrier (BBB) and enhances brain infection in
wild-type mice but not in TLR3~/~ mice (50). In contrast, a pro-
tective role of the TLR3-mediated pathway in PV infection was
clearly demonstrated in the present study. PV enters the CNS di-
rectly across the BBB via a PVR-independent mechanism (52) and
from the neuromuscular junction via retrograde axonal transport
(31-33). Because PV originally possesses two entry pathways into
the CNS, the generation of a new entry pathway, even if it did
occur, might not increase its deteriorative effect.

Interestingly, protective roles of the TLR3-mediated pathway
have been reported for group B coxsackievirus (30,41, 42), human
rhinovirus (49), and EMCV (11) infections. Riad et al. (41) dem-
onstrated that TRIF~/~ mice showed severe myocarditis after
CVB3 infection and IFN-f treatment improved virus control and
reduced cardiac inflammation. Richer et al. (42) reported that
TLR3~/~ mice produced reduced proinflammatory mediators
and were unable to control CVB4 replication at the early stages of
infection, resulting in severe cardiac damage. They also showed
that adoptive transfer of wild-type macrophages into TLR3~/~
mice challenged with CVB4 resulted in greater survival, suggesting
the importance of the TLR3-mediated pathway in the macro-
phage. Negishi et al. (30) reported that TLR3~/~ mice showed
vulnerability to CVB3 and that TLR3 signaling is linked to the
activation of the type II IFN system. Since CVB3 does not induce
robust type I IFNs, they suggested that the TLR3 type II IFN path-
way serves as an “ace in the hole” in infections with such viruses.
PV is similar to CVB3 because type I IFN production is low. How-
ever, in our preliminary experiments on PV infection in IFN-y~/~
PVR-tg mice, type I IFN did not make a significant contribution
to the pathogenesis of PV. Taken together, these results suggest a
critical role for the TLR3-mediated pathway, but the precise
mechanisms leading to host protection are still controversial and
the downstream events of TLR3 signaling after picornavirus infec-
tion remain to be elucidated.

Because the above-mentioned viruses are picornaviruses, pi-
cornavirus RNA may be easily detected by TLR3. There may be a
common RNA structure in the genome or in the replication inter-
mediates of these viruses that is detected by TLR3. Alternatively,
picornaviral RNA may replicate in a compartment in which TLR3
can easily access the replicating dsRNA. To investigate these hy-
potheses, identification of the cells responsible for IFN production
is an important step. Oshiumi et al. demonstrated that splenic
CD8a™ CD11c™ cells, bone marrow-derived macrophages, and
DCs are able to elicit IFN in response to PV infection (35). Further
studies using this virus-cell system will elucidate the molecular
recognition pattern in the PV genome, the precise mechanism of
PV RNA recognition in TLR3-expressing cells, and the roles of
these cells in the prevention of PV dissemination in the body.
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