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ABSTRACT

Coxsackievirus A16 (CVA16) is one of the major etiological agents of hand, foot, and mouth disease (HFMD) in children. The
host defense mechanisms against CVA16 infection remain almost entirely unknown. Unlike previous observations with entero-
virus 71 (EV71) infection, here we show that gamma interferon (IFN-v) or invariant NK T cell deficiency does not affect disease
development or the survival of CVA16-infected mice. In contrast, type I interferon receptor deficiency resulted in the develop-
ment of more severe disease in mice, and the mice had a lower survival rate than wild-type mice. Similarly, a deficiency of Toll-
like receptor 3 (TLR3) and TRIF, but not other pattern recognition receptors, led to the decreased survival of CVA16-infected
mice. TLR3-TRIF signaling was indispensable for the induction of type I interferons during CVA16 infection in mice and pro-
tected young mice from disease caused by the infection. In particular, TRIF-mediated immunity was critical for preventing
CVA16 replication in the neuronal system before disease occurred. IFN-[3 treatment was also found to compensate for TRIF defi-
ciency in mice and decreased the disease severity in and mortality of CVA16-infected mice. Altogether, type I interferons induced
by TLR3-TRIF signaling mediate protective immunity against CVA16 infection. These findings may shed light on therapeutic
strategies to combat HFMD caused by CVA16 infection.

IMPORTANCE

Hand, foot, and mouth disease (HFMD) is a major threat to public health in the Asia-Pacific region. Both CVA16 and EV71 are
major pathogens that are responsible for HFMD. The majority of research efforts have focused on the more virulent EV71, but
little has been done with CVA16. Thus far, host immune responses to CVA16 infection have not yet been elucidated. The present
study discovered an initial molecular mechanism underlying host protective immunity against CVA16 infection, providing the
first explanation for why CVA16 and EV71 cause different clinical outcomes upon infection of humans. Therefore, different
therapeutic strategies should be developed to treat HFMD cases caused by these two viruses.

Coxsackievirus A16 (CVAL6) is a single-stranded positive RNA  cused on EV71 infection or EV71-associated HFMD; thus far,
virus and belongs to the Enterovirus genus of the Picornaviri- little is known about the pathogenesis of CVA16 infection. In par-
dae family. CVA16 is one of the major agents causing hand, foot,  ticular, the mechanisms underlying why CVA16 infection causes a
and mouth disease (HFMD). CVA16 was first identified by Sickles  relatively milder disease than EV71 infection remain elusive.

and colleagues in 1951 (1). The first large HFMD outbreak caused Accumulating evidence supports the notion that infections
by CVA16 occurred in England in 1994 (2). Later, from 1999 to  with different enterovirus strains may trigger distinct innate im-
2006, a large outbreak occurred in Taiwan (3). Surveillance data  1yne responses. As RNA viruses, their viral RNA components
§howed that CVA16 was the .predominantly circulating virus. dur- may be recognized upon infection by the pattern recognition re-
ng three HFMD outbreaks in 2002, 2005, and 2007, respectlvely, ceptors (PRRs) of host cells, such as Toll-like receptor 3 (TLR3),

in Singapore (4). Both CVA16 and another major etiological TLR7, TLRS, RIG-I, and MDAS5 molecules, thereby triggering in-
pathogen, enterovirus 71 (EV71), contributed to the large out-

break in Taiwan in 1998 (5). Similarly, the cocirculation of CVA16
with EV71 was found to result in the current large epidemic of
HFMD in China (6, 7). According to the proceedings of the Na-
tional Health and Family Planning Commission in China, a total
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(5, 10-13). Therefore, the majority of research efforts have fo-
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nate immune responses, such as the production of type I interfer-
ons (IFNs). Infections with coxsackievirus B1 (CVB1) and CVB5
can stimulate the production of cytokines, including type I IFNss,
in a TLR7-dependent manner (14), whereas the production of
type I IFNs induced by CVB3 and poliovirus infections relies on
the MDA5 and TLR3 pathways, respectively (15, 16). In contrast,
signaling through TLR3 and RIG-I is blocked by the 2C and 3C
proteases of EV71, resulting in the production of very small
amounts of type I IFNs by host cells in vitro and in vivo upon
infection (17-20). A study with genetically mutated mice demon-
strated that type I IFNs appear to be dispensable for controlling
EV71 infection in mice (21). Rather, invariant natural killer T
(INKT) cells were later found to be crucial antiviral effector cells to
protect young mice from EV71 infection. EV71 infection led to the
activation of iNKT cells dependent on signaling in macrophages
through TLR3 but not other TLRs (22). CVA16 is closely related to
EV71 in terms of genomic similarity (23), and it is possible that
CVA16 infection, like EV71 infection, may also activate TLR3 sig-
naling and lead to similar innate immune responses.

In the present study, we infected genetically mutant mice with
a clinical CVA16 isolate and studied the host immune response to
the infection. We found that type I IFNs mediate protective im-
munity against CVA16 infection in young mice. TLR3 was indis-
pensable for the induction of type I IFNs in CVA16-infected mice,
but other PRRs were not. This TLR3 dependence is similar to that
of EV71 infection, but both gamma IFN (IEN-vy) and iNKT cells
are dispensable for protective immunity against CVA16 infection.

MATERIALS AND METHODS

Ethics statement on animal subjects. All animal experiments were per-
formed in strict accordance with the regulations in the Guide for the Care
and Use of Laboratory Animals issued by the Ministry of Science and Tech-
nology of the People’s Republic of China (24). All efforts were made to
minimize pain and suffering. The protocol was approved by the Institu-
tional Animal Care and Use Committee of the Institut Pasteur of Shanghai
(permit number A2014001).

Mice. C57BL/6 mice were obtained from the Shanghai Laboratory
Animal Center (SLAC). IFN-a/p receptor (IFNAR)-knockout (IFN-a/
BR™/7) mice with the strain 129 background were purchased from B&K
Universal and have been backcrossed onto the C57BL/6 background for
more than six generations. The TLR3 /™ mice used in the assays whose
results are presented in Fig. 2 were kindly provided by Richard Flavell and
have been backcrossed onto the C57BL/6 background for more than eight
generations. The TLR3 ~/~ mice with the 129 background used in the
assays whose results are presented in Fig. 3 were kindly provided by
Ming Wang. C57BL/6]-TicamI"***/J (TRIF’~) mice and B6.129S7-
IfngritmIAgtNJU (IFN-yR /") mice were purchased from the Model
Animal Research Center of Nanjing University. B6.129S1-Tlr7tm1Flv/]
(TLR7 /") mice with the C57BL/6 background were purchased from The
Jackson Laboratory. MAVS-knockout (MAVS™/7) mice with the strain
129 background were kindly gifted by James Z. Chen. All mice were kept
under specific-pathogen-free (SPF) conditions in the SLAC. Infection was
performed in containment isolators under SPF conditions. Animals were
infected intraperitoneally (i.p.) with the dose of CVA16 indicated below in
50 pl of RPMI 1640 medium. For IFN-f treatment, infected mice were
additionally injected i.p. with 3 X 10* units of IFN-@ (Sino Biological) per
mouse per day or saline on days 1, 2, and 3 postinfection. The clinical
scores of the mice after CVA16 infection were as follows: 0, healthy; 1,
ruffled hair and hunched back; 2, limb weakness; 3, paralysis in 1 limb; 4,
paralysis in both hind limbs; and 5, death.

Cell lines and virus. Rhabdomyosarcoma (RD) cells were cultured in
Dulbecco’s modified Eagle’s medium (HyClone) supplemented with 10%
fetal calf serum (FCS). Mouse fibroblast 1929 cells were grown in RPMI
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1640 medium (HyClone) with 10% FCS. The CVA16 clinical strain was
prepared as described previously (25) and passaged in RD cells for five
generations. The virus, which was used in all experiments, was purified
and concentrated by centrifugation at 10,000 X g for 20 min at 4°C with
10% polyethylene glycol 8000. Purified virus was titrated in a plaque assay
using 1929 cell monolayers in 96-well plates. For UV inactivation, a live
CVALG6 stock solution was spread on the dish surface and exposed to UV
light with no cover (at a distance of 60 cm and a wavelength of 250 to 270
nm) for 1 h at room temperature.

BMDCs, BMMs, and MEFs. Bone marrow-derived dendritic cells
(BMDCs) and bone marrow-derived macrophages (BMMs) were gener-
ated as described previously (22, 26). In brief, harvested bone marrow
cells were cultured for 6 days in RPMI 1640 medium supplemented with
10% FCS. Four percent of the supernatant from granulocyte-macrophage
colony-stimulating factor-expressing J5 cells and 50 ng/ml interleukin-4
(Peprotech) were added to the culture medium to induce BMDCs. Ten
percent of the L1929 supernatant was added to the culture medium to
induce BMMs. Mouse embryonic fibroblasts (MEFs) were generated
from pregnant mice on day 14 after mating, as described previously (27).

Flow cytometry. Cells were washed and incubated in staining buffer
(phosphate-buffered saline [PBS], 0.3% bovine serum albumin, 0.1% so-
dium azide) containing anti-CD16/CD32 for 10 min at 4°C and then
stained with fluorophore-conjugated mouse PBS57-loaded/unloaded
CD1d tetramers, anti-T cell receptor B (anti-TCRB), and anti-CD69
(eBioscience) for 20 min. After washing twice with staining buffer, data
were collected on an LSRII flow cytometer (BD Biosciences). The data
were analyzed using FlowJo software (Tree Star).

Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was
isolated from CVA16-infected or uninfected cells with the TRIzol reagent
(Invitrogen) or from tissues with an RNAprep pure tissue kit (Tiangen),
and cDNAs were prepared from 1 g of total RNA with random hexamer
primers and superscript reverse transcriptase with a FastQuant reverse
transcription kit (Tiangen) according to the manufacturer’s procedure.
c¢DNAs were used as the templates for PCR amplification using a Super-
Real preMix Plus (SYBR green I) kit (Tiangen) and an ABI 7900HT Fast
real-time PCR system (Applied Biosystems). The primers used were as
follows: CVA16 forward and reverse (5'-GAACCATCACTCCACA
CAGGAG-3" and 5'-GTACCTGTGGTGGGCATTG-3', respectively),
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) forward and
reverse (5'-CCCACTAACATCAAATGGGG-3" and 5'-CCTTCCACA
ATGCCAAAGTT-3', respectively), IFN-@B forward and reverse (5'-A
GCTCCAAGAAAGGACGAACAT-3" and 5'-GCCCTGTAGGTGAGG
TTGATCT-3', respectively), IFN-non-a4 forward and reverse (5'-TC
TGATGCAGCAGGTGGG-3" and 5'-AGGGCTCTCCAGAYTTCTGC
TCTG-3', respectively), and IFN-a4 forward and reverse (5'-CCT
GTGTGATGCAGGAACC-3" and 5'-TCACCTCCCAGGCACTGA-3',
respectively). The levels of expression of the RNAs of interest were
normalized to the level of GAPDH expression.

Histopathological staining. Tissues from euthanized mice were fixed
in 4% neutral buffered paraformaldehyde and embedded in paraffin. Par-
affin-embedded sections were stained with hematoxylin and eosin (H&E).

Statistical analyses. Statistical analyses for continuous data were
performed with Prism (version 5) for Windows software (GraphPad Soft-
ware Inc.) using two-tailed Student’s ¢ tests. Statistically significant differ-
ences in mouse survival were determined by analysis by the Gehan-
Breslow-Wilcoxon test. Statistically significant differences in clinical
scores between two groups were determined by two-way analysis of vari-
ance plus Bonferroni’s posttest. P values of less than 0.05 were considered
significant. Graphs were produced and statistical analyses were performed
using GraphPad Prism software.

RESULTS

Type I IFNs are essential for the protection of young mice
against CVA16 infection. Our previous study revealed that INKT
cells play a critical role in the control of EV71 infection in young
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FIG 1 Role of IFNs and iNKT cells in protective immunity against CVA16 infection. (A) CD69 expression on iNKT cells of CVA16-infected mice. Fourteen-
day-old C57BL/6 mice were injected i.p. with a mock treatment (n = 5) or 2 X 10°> PFU CVA16 (n = 5) or EV71 (n = 5). Splenocytes from mock-infected or
infected mice were separated at 16 h postinjection and stained with TCRB, CD1d tetramer, CD69, and DAPI (4',6-diamidino-2-phenylindole). The levels of
CD69 expression are shown for live CD1d tetramer-positive TCRB-positive gated cells. MFI, mean fluorescence intensity. (B) Survival rates of 14-day-old WT
(n=6)and CD1d~/~ (n = 14) C57BL/6 mice infected with 1.5 X 10* PFU CVA16. (C) Survival rates of 14-day-old WT (n = 17) and IFN-yR ™/~ (n = 16)
C57BL/6 mice infected with 1.5 X 10* PFU CVA16. (D and E) Survival rates of 14-day-old WT (n = 5 and 11, respectively) and IFN-o/BR™'~ (1 = 5and 5,
respectively) C57BL/6 mice infected with 1.5 X 10* PFU CVA16 (D) or 1.5 X 10°> PFU CVA16 (E). (F) BMMs from mice with a WT C57BL/6 background were
infected with CVA16 at a multiplicity of infection of 10 (1.0 X 10° PFU/1.0 X 10° cells) for the indicated times, and the expression of IFN-a4, IFN-non-a4
(IFN-N4), and IFN-@ was measured by qRT-PCR. Data are shown as the mean * SEM and are representative of those from three independent experiments. ns,

not significant; ¥, P < 0.05; **, P < 0.01; UD, undetectable.

mice (22); thus, we wondered whether iNKT cells play a similar
role in CVA16 infection. We first sought to examine the activation
of iINKT cells in wild-type (WT) 14-day-old mice after CVA16
infection at a dose of 2 X 10°> PFU/mouse through i.p. injection.
As shown in Fig. 1A, CVAL16 infection, unlike EV71 infection, did
not increase the level of CD69 expression on iNKT cells (Fig. 1A),
suggesting that CVA16 infection does not significantly activate
iNKT cells. Although CD1d-deficient mice infected with 1.5 X 10*
PFU/mouse of CVA16 developed disease slightly earlier, their
overall survival rate was not significantly different from that of
WT mice (Fig. 1B). These observations imply that iNKT cells are
dispensable for the control of CVA16 infection in young mice.
Given that type I and/or II IFNs are indispensable for mice to
control enterovirus infections (21, 28), we first sought to examine
the protective role of IFNs in CVA16 infection by challenging
14-day-old IFN-a/BR ™'~ and IFN-yR™/~ mice, which lack the
receptors for type I IFNs and IFN-v, respectively. After infection
with CVA16 at 1.5 X 10* PFU/mouse, 90% of the WT mice dis-
played symptoms, including ruffled hair, hunched back, and limb
weakness, starting from day 4 postinfection, and 75% died of pa-
ralysis within 12 days. One hundred percent of IFN-yR ™/~ mice
became ill starting from day 3 postinfection, but the mortality rate
of IFN-yR™/~ mice was not significantly different from that of
WT mice (Fig. 1C), suggesting that IFN-y does not play a large
role in host protection against CVA16 infection. In contrast, IFN-
a/BR™/" mice that were infected with CVA16 at the same dosage
died earlier and had a significantly (P = 0.0044) reduced survival
rate (Fig. 1D). With infection with CVA16 at a lower dosage, 80%
of IFN-o/BR /" mice died within 11 days, but all the infected WT
mice survived (Fig. 1E). These observations imply that type I IFNs
play a protective role in CVA16 infection. Thus, in contrast to
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EV71 infection (21), type I IFNs are important in protecting mice
from CVA16 infection, but IFN-v is not.

We next tested whether CVA16 infection induced type I IFN
expression. We infected WT BMMs with CVA16 and analyzed
their expression of type I IFNs. The infection significantly in-
creased the expression levels of all the tested IFNs, including IFN-
a4, IFN-non-a4, and IFN- (Fig. 1F). Altogether, induction of
type I IFNs is involved in protective immunity against CVA16
infection.

The TLR3-TRIF pathway plays a critical role in eliciting in-
nate immunity to protect against CVA16 infection. We next in-
vestigated which PRR is critical in protecting young mice against
CVAL16 infection. We infected 14-day-old WT and TLR3-, TRIF-,
TLR7-, and MAVS-knockout mice with CVA16 at a dose of 1.5 X
10* or 1.5 X 10° PFU. At the higher dosage of infection, all the
mice deficient for TLR3 and TRIF exhibited paralysis starting
from day 4, died before 14 days postinfection, and had signifi-
cantly (P = 0.0082 and 0.0033, respectively) lower survival rates
than WT mice (Fig. 2A). At the lower dosage of infection, only
30% of WT mice had symptoms, and none of the infections was
fatal. In contrast, 100% of mice deficient in TLR3 and TRIF dis-
played hind limb weakness or paralysis, resulting in decreased
survival rates (25% and 37.5%, respectively) (Fig. 2B). These ob-
servations suggest that TLR3-TRIF signaling is essential for elicit-
ing immune responses to control CVA16 infection in young mice.

Although CVA16-infected MAVS ™/~ mice developed symp-
toms slightly earlier with the higher dosage of CVA16 infection,
their survival rates did not differ from those of WT mice, regard-
less of the infection dosage (Fig. 2C and D), suggesting that neither
RIG-I nor the MDA5-MVAS pathway is indispensable for medi-
ating innate immunity against CVA16 infection in young mice. At
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FIG 2 Effects of TLR3, TLR7, MAVS, and TRIF deficiency on survival of
CVAl6-infected young mice. (A and B) Survival rates of 14-day-old WT (n =
9and 5, respectively), TLR3 ™/~ (n=5and8, respectively), and TRIF ™/~ (n =
10 and 13, respectively) C57BL/6 mice infected with 1.5 X 10* PFU CVA16 (A)
or 1.5 X 10° PFU CVAL16 (B). (C and D) Survival rates of 14-day-old WT (n =
10 and 5, respectively) and MAVS ™/~ (n = 10 and 5, respectively) mice with a
strain 129 background infected with 1.5 X 10* PFU CVA16 (C) or 1.5 X 10?
PFU CVAL16 (D). (E and F) Survival rates of 14-day-old WT (n = 9 and 5,
respectively) and TLR7 '~ (n = 10 and 6, respectively) C57BL/6 mice infected
with 1.5 X 10* PFU CVA16 (E) or 1.5 X 10° PFU CVA16 (F).

the higher dose of CVA16 infection, TLR7 '~ mice tended to die
earlier than WT mice, but their overall survival rate was not sig-
nificantly (P = 0.0994 and 0.3613, for the higher and lower dose,
respectively) different from that of infected WT mice (Fig. 2E and
F). Altogether, TLR3 but not TLR7 or MAVS is critical for protec-
tive immunity against CVA16 infection in young mice.

TRIF signaling is required to trigger IFN-f production.
Next, we investigated whether TRIF signaling affects the produc-
tion of type I TFNs. We infected WT and TRIF ™/~ mice with 1.5 X
10* PFU of CVA16 and examined IFN- expression in different
tissues. On day 2 postinfection, the levels of IFN-3 expression in
all tested tissues of TRIF /™ mice tended to be diminished relative
to those in wild-type mice; in particular, the levels in skeletal mus-
cle, small intestine, kidney, and lung tissues were about 50- to
1,000-fold, on average, lower than those in the tissues of WT mice
(Fig. 3A). The dramatic reduction in IFN-{3 levels in skeletal mus-
cle, small intestine, and lung was not observed on day 4 postinfec-
tion (Fig. 3B). In contrast, IFN-{3 levels in the heart, spinal cord,
and brain of TRIF '~ mice decreased by about 200-fold relative to
those in WT mice (Fig. 3B). Noticeably, the IFN-3 reduction was
followed by the progression of CVA16 infection to fatal disease
(Fig. 2A). These results suggest that TLR3-TRIF signaling is re-
quired for IFN-B induction in the neuronal system to prevent
fatality in CVA16-infected mice.

To further corroborate the dependence of IFN-f induction on
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FIG 3 Role of TRIF-mediated signaling in IFN-[3 expression. (A and B) Four-
teen-day-old WT or TRIF-deficient C57BL/6 mice were infected i.p. with
1.5 X10* PFU CVA16, and then the IFN-@ expression levels in the indicated
tissues of infected mice were measured by qRT-PCR on days 2 (A) and 4 (B).
(C and D) WT and TLR3-deficient BMDCs (C) and BMMs (D) from mice
with a strain 129 background were infected with CVA16 at a multiplicity of
infection of 10 (1.0 X 10° PFU/1.0 X 10° cells) for the indicated times, and the
expression of IFN-f was measured by qRT-PCR. (E to G) WT and TRIF-
deficient BMDCs (E), BMMs (F), and MEFs (G) from mice with a C57BL/6
background were infected with CVA16 at a multiplicity of infection of 10
(1.0 X 10° PFU/1.0X 10 cells) for the indicated times, and the expression of
IFN-B was measured by qRT-PCR. Positive controls consisted of BMDCs,
BMMs, and MEFs stimulated with poly(I-C) (pI:C). (H) The viral loads in
infected cells from WT mice with a C57BL/6 background were examined by
qRT-PCR at 0 and 6 h postinfection. (I) BMDCs and BMMs from WT mice
with a C57BL/6 background were infected with live or UV-inactivated CVA16
at a multiplicity of infection of 10 (1.0 X 10° PFU/1.0 X 10° cells) for the
indicated times, and the expression of IFN-B was measured by qRT-PCR.
Data are shown as the mean = SEM and are representative of those from
three independent experiments (n = 3, respectively). ns, not significant; *,
P < 0.05; **, P < 0.01; ***, P < 0.001.

TLR3-TRIF signaling, we also examined IFN-B expression in
TLR3- or TRIF-deficient BMDCs and BMMs. CVA16 infection
led to the induction of IFN- in WT BMDCs and BMM:s of about
100- and 50-fold, respectively (Fig. 3C to F). However, TLR3 or
TRIF deficiency abolished IFN-f induction in both BMDCs and
BMMs (Fig. 3C to F), suggesting that TLR3-TRIF signaling is re-
quired for IFN-B induction in these innate immune cells.
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In contrast to the findings for BMDCs and BMMs, IEN-f3 ex-
pression was not induced at all in MEFs that were infected with
CVA16, as IFN-B levels in CVAl6-infected and uninfected cells
were not significantly different. TRIF deficiency did not affect
IEN-B levels either (Fig. 3G). In contrast to the significant increase
in the viral loads in CVA16-infected BMDCs and BMMs, the viral
loads did not significantly change in MEFs after infection (Fig.
3H). These findings, together with evidence that UV-inactivated
CVA16 failed to induce IFN-3 expression (Fig. 31), suggest that
CVA16 replication is required for IFN-3 expression triggered by
TLR3-TRIF signaling.

IFN- treatment prevents severe disease in CVAl6-infected
TRIF-deficient mice. The reduction in the level of IFN- in TRIF-
deficient mice led to us wonder whether the administration of
IFN-B could be effective in treating CVAl6-infected TRIF-defi-
cient mice. We infected TRIF-deficient mice with 1.5 X 10> or
1.5 X 10* PFU/mouse of CVA16 and then treated the infected
mice with recombinant IFN-( at a dosage of 3 X 10* units per day
per mouse for 3 days starting at 24 h postinfection. The treatment
did not significantly affect the survival rate of TRIF-deficient mice
infected with CVA16 at the high dosage (data not shown). How-
ever, the treatment significantly (P < 0.0001) lowered the clinical
disease score (Fig. 4A) and also significantly (P = 0.0066) im-
proved the survival of TRIF-deficient mice infected with CVA16 at
the low dosage (Fig. 4B). Thus, these results suggest that supple-
mental type I IFNs can compensate for the diminished protective
immunity due to a defect in TLR3-TRIF signaling.

TRIF signaling protects young mice from invasion of CVA16
into the neuronal system. To reveal the protective mechanism
mediated by TLR3-TRIF signaling in CVA16 infection, we per-
formed H&E staining of tissues from PBS-injected WT mice and
CVAl6-infected WT or TRIF '~ mice. Compared to the pathol-
ogy in the PBS-treated group, skeletal muscle tissues in both
CVAl6-infected WT and TRIF '~ mice displayed similarly severe
necrosis (Fig. 5A, white arrow) and myonecrosis associated with
leukocyte infiltration (Fig. 5A, black arrow). In contrast, the spinal
cord (anterior horn area) and brain (the brain stem reticular for-
mation) of TRIF '~ mice showed much more severe damage than
the spinal cord and brain of WT mice, including genuine baso-
philic necrotic neurons (Fig. 5A, black arrow), neuropil vacuola-
tion and neuronal degeneration or loss (Fig. 5A, white arrow), and
neuronal granulovacuolar changes (Fig. 5A, black arrowhead).
These observations suggest that TLR3-TRIF signaling can prevent
CVA16 invasion in the mouse CNS but not skeletal muscle.

We also examined the viral loads in different tissues of WT and
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TRIF~/~ mice on days 2 and 4 postinfection with CVA16. Al-
though the virus was detectable in all the tested tissues in both
types of mice on day 2 postinfection, TRIF deficiency tended to
increase the viral loads in spinal cord and brain tissues (Fig. 5B).
Noticeably, the virus was detectable only in skeletal muscle, spinal
cord, and brain tissues of both types of mice on day 4 postinfec-
tion. Although the viral loads in the skeletal muscle of TRIF™/~
mice were comparable to those in the skeletal muscle of WT mice,
the viral loads in the spinal cord and brain of TRIF '~ mice in-
creased dramatically by an average of 50 and 100 times, respec-
tively (Fig. 5C). In summary, in young mice TRIF signaling is
essential for protective immunity against the invasion of CVA16
into the nervous system.

DISCUSSION

CVAL16 and EV71, two major etiological agents of HFMD, are
genetically similar to each other, and their nonstructural and con-
servative structural proteins share similar functions (23). In terms
of the severity of HEMD caused by these two pathogens, CVA16 is,
interestingly, much less virulent than EV71 (5, 29). It remains
unclear how CVAL16 infection differently elicits immune re-
sponses and causes pathogenesis in the host. The present study
revealed that TLR3 deficiency caused young mice to be more vul-
nerable to CVA16 infection, as was previously observed with EV71
infection (22). However, inconsistent with their protective role
against EV71 infection (22), iNKT cells are dispensable for pro-
tecting the host against CVA16 infection. Rather, type I IFNs are
required for protective immunity against CVA16 infection in
young mice. In addition, the induction of type I IFNs both in vivo
and in vitro depended on the TLR3-TRIF signaling pathway. Fur-
thermore, IFN-B treatment could significantly reduce disease de-
velopment in TRIF-deficient mice that were infected with a low
dosage of CVA16. Collectively, type I IFNs play a critical role in
host protective immunity against CVA16 infection, which differs
from their role in EV71 infection (21). The difference in host
immune responses to EV71 and CVA16 infections may explain
the distinct clinical outcomes of patients with HEMD caused by
the two viruses.

The dependence on type I IFNs but not IFN-y and iNKT cells
for protection against CVA16 infection is unexpected and distinct
from the observations of EV71 infection (21, 22). However, our
observations are consistent with the findings reported by the Tien
group that CVA16 and EV71 infections have opposing effects on
the response of rhabdomyosarcoma (RD) cells to type I TFNs (30).
Specifically, CVA16 infection normally enhances the signaling
triggered by type I IFNs, but EV71 infection represses it (30). The
opposing effects may reflect a difference in viral tropisms in the
same types of cells or different cell types. Evidently, patients with
severe HFMD caused by CVA16 infection display myocarditis and
pneumonitis (8, 9) but rarely display CNS complications, which
are frequently caused by EV71 infection (5, 29). Clinical CVA16
isolates are capable of infecting young mice without adaptation
(25), but EV71 frequently requires adaptation to acquire the ca-
pability to infect young mice (22, 31-33). Thus, the molecular and
genetic basis that contributes to the different tropisms of CVA16
infection merits further investigation.

Our study revealed that a decreased induction of IFN-f in
spinal cord and brain at a late time postinfection (day 4) due to
TRIF deficiency was associated with increased CVA16 replication
and a more severe CNS pathology (Fig. 3A and B and 5A to C).
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FIG 5 Pathological changes and viral loads in CVA16-infected WT and TRIF-deficient mice. Fourteen-day-old WT or TRIF-deficient C57BL/6 mice were
infected i.p. with 1.5 X 10* PFU CVAL16. (A) The infected mice were euthanized at 4 days postinfection, and paraffin-embedded sections of skeletal muscle, spinal
cord (anterior horn area), and brain (the brain stem reticular formation) were examined at X200, X200, and X400 magnifications with H&E staining. White
arrow (skeletal muscle), necrosis; black arrow (skeletal muscle), myonecrosis associated with leukocyte infiltration; white arrow (spinal cord and brain), neuropil
vacuolation and neuronal degeneration or loss; black arrow (spinal cord and brain), genuine basophilic necrotic neurons; black arrowhead (spinal cord and
brain), neuronal granulovacuolar change. (B and C) The viral loads in the indicated tissues of infected mice were measured by gRT-PCR on days 2 (B) and 4 (C).
Data are shown as the mean = SEM and are representative of those from three independent experiments (n = 3). ns, not significant; ***, P < 0.001; UD,

undetectable.

This finding indicates that the induction of IFN-f in the CNS by
TLR3-TRIF signaling may prevent neuronal pathology by directly
inhibiting CVA16 replication. Although this hypothesis needs to
be further investigated with tissue-specific TLR3- or TRIF-knock-
out mice, it was indirectly supported by the evidence that CVA16
infection caused both autophagy (34) and apoptosis of neural cells
in vitro (35). Therefore, it is plausible that higher viral loads in the
brains of CVA16-infected TRIF-knockout mice may cause neuro-
nal cell death and thereby contribute to neuronal pathogenesis.
Our present study revealed that the signaling triggered by
TLR3 but not other PRRs plays a major role in the induction of
type I IFNs and protective immunity against CVA16 infection.
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The following reasons can probably explain it. First, a study of
poliovirus has suggested that uncoating of nonenveloped virus
depends on acidification of early endosomes (36). The structure
study also revealed that the entry of CVA16 is highly dependent on
endocytosis (37). It is also known that TLR3 is mainly located in
intracellular compartments, such as the endosome (38), while
RIG-I-like receptors (RLRs), including RIG-I and MDAS5, are ex-
pressed in the cytoplasm (39), suggesting that TLR3 is mainly
involved in sensing CVA16 infection during innate immune re-
sponses, whereas RLRs are not. Second, TLR7 is mainly expressed
in plasmacytoid dendritic cells (pDCs), rare cells in vivo, while
TLR3 is expressed by more abundant conventional dendritic cells
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and macrophages as well as nonimmune cells, including fibro-
blasts and epithelial cells. It is also possible that mouse pDCs do
not express the molecules that capture CVA16 particles or mediate
CVAL16 infection or replication. Finally, our experiments revealed
that viral replication is needed to trigger IFN-[3 expression, while
single-stranded RNA (ssRNA) containing inactivated CVA16 was
not effective at the induction of IFN-[3 expression (Fig. 3H and I).
These results also do not support the possibility that ssRNA sen-
sors, including TLR7, play an important role in IFN-[3 expression.
Nevertheless, the detailed mechanisms merit further investiga-
tion.

The differences in the host immune responses to EV71 and
CVA16 infections suggest that different mechanisms are involved
in the pathogenesis of HFMD caused by infections with these vi-
ruses. In addition to EV71 and CVA16, other enteroviruses, such
as CVA4, CVA6, CVA10, and CVBI to CVB5, are also associated
with the disease (29, 40). Therefore, this also implies that thera-
peutic strategies for different forms of HFMD must be developed,
given that their mechanisms of pathogenesis are likely dramati-
cally different due to the different causative pathogens. In partic-
ular, the efficacy of type I IFNs as a treatment in patients with
CVAL16 infections most likely will be different from that in pa-
tients with EV71 infection.

Collectively, the present study demonstrated that type I IFNs
play a critical role in host defense against CVA16 infection. TLR3-
TRIF signaling was indispensable for the induction of type I IFNs
during CVA16 infection in mice, as deficiencies in both TLR3 and
TRIF increased disease severity in and mortality of CVA16-in-
fected mice. Whether deficiency in the TLR3 or type I IEN signal-
ing pathways contributes to the disease severity in HFMD patients
with CVA16 infection requires further genetic and immunological
studies.
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