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FIG. 2. J6JFHI B-cell infection is blocked by anti-CD81
Ab, IFN-o, or an NS3/4A inhibitor. Anti-CD81 neutralizing
Ab (20 pg/mL) was added to the B-cell culture 1 h before
infection. Otherwise, recombinant IFN-z rhIFN-z, 200 I1U/
mL) or BLIN2601 (250nM, which is IC75; see Supple-
mentary Fig. S3) was added 1 h after infection. On days 2. 4,
and 6, total RNA was extracted, and HCV-RNA was de-
termined by RT-PCR. The values were adjusted by GAPDH.

may reflect the fact that the NS5A protein is difficult to detect
in infected B-cells using IF assay.

B-cells can be infected with different HCV strains

We next used the Jel/GLuc2A strain to investigate whe-
ther different HCV strains infect primary B-cells. Primary B-
cells, non-B-cells (data not shown), and Huh7.5.1 cells were
infected with the Jc1/GLuc2A strain. After five washes, su-
pernatant was collected (day O samples). On days 2, 4, and 6,
medium was collected. Luciferase activity was determined
for all samples by luminescence (GLuc). GLuc activity and
detection of RNA increased exponentially in Huh7.5.1 cells
infected with the Jc1/GLuc2A strain (Fig. 4A). GLuc activity
on day 4 to day 6 increased more in primary B-cells than in
non-B-cells (Fig. 4B). These results suggest that HCV repli-
cation is substantial, but low in the HCV line Jc1/GLuc2A.

B-cells neither produce nor release detectable level
of HCV infectious particles

We collected supernatants of J6JFH1-infected primary hu-
man B-cells to measure productive infection in B-cells. The
supernatant was then added to culture of Huh7.5.1 cells, and
we compared infection with control Huh7.5.1 cells, whose
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cells were infected with a low MOI (0.01 and 0.001) of
J6JFH1 collected from media of the infected Huh7.5.1 cells.
HCV-RNA titer in the Huh7.5.1 titrating cells was decreased
over time after co-culture with B-cell supernatants obtained
from either “‘releasing samples” ‘‘assembly samples.” In
contrast, HCV-RNA titers were slightly increased over time in
the Huh7.5.1 titrating cells that had been infected with me-
dium collected from low MOI-J6JFH I-infected Huh7.5.1 cells
(Fig. 5). These results indicated that primary human B-cells
were infected with JOJFHI but failed to assemble or produce
particles into the supernatant.

Host response to HCV infection into primary B-cells

Next, we determined whether B-cell activation was in-
duced in HCV-infected B-cells that survived under HCV
infection. We measured induction of CD80 and CD86 as B-
cell activation markers. After 2-3 days of infection, the
CD80/86 levels on B-cells treated with JOJFH1 were com-
pared with those treated with medium from mock-infected
cells (concentrated Huh7.5.1 medium) by FACS analysis
(Fig. 6A). We found that CD80/86 were upregulated in in-
fected cells compared to mock-infected cells.

Since B-cell lymphoma is a known complication of
chronic HCV infection (20,36) and acquiring apoptotic re-
sistance is essential for the development of cancer (21,51,38),
we measured the ability of B-cells to escape apoptosis after
HCV infection. B-cell apoptosis spontaneously occurs during
culture at 37°C. The percent of apoptosis of primary B-cells
was decreased in FACS analysis using 7AAD viaprobe +
annexinV (Fig. 6B) and ATP assays postinfection (Fig. 6C).
These results suggest that primary B-cells are protected from
apoptosis by infection with HCVcc. It has been reported that
B-cells were vulnerable to apoptotic cell death at various
stages of peripheral differentiation and during signal re-
sponses (18). Thus, the results infer that HCV stimulation
interferes with B-cell apoptotic signal in human B-cells.

Discussion

We show evidence suggesting that human peripheral
B-cells can be infected with HCV strains. Establishment of
J6JFH1 infection was evaluated by minus-strand PCR am-
plification, production of core and NS5A proteins, and
protection from apoptosis. An increase in HCV RNA in B-
cells was inhibited by an exogenously added antibody
against CD81 that blocked HCV receptor function. Fur-
thermore, blocking HCV replication in B-cells by type I IFN
and NS3/4A protease inhibitor confirmed the presence of
HCV infection/replication in human B-cells. The results
were corroborated with another HCV strain, Jc1/GLuc2A.
Although we failed to establish an EBV-transformed B-cell
line to reproduce HCV infection of B-cells, peripheral blood
B-cells were infected with J6JFHI1 in 12 independent ex-
periments.

One of the well-known complications of chronic HCV
infection is LPD, including cryoglobulinemia and B-cell
malignant lymphoma, indicating the involvement of B-cells
in the course of the disease (1,12,15,16). However, many
reports describing the existence of the HCV genome in
B-cells and lymphomas (21,25,51) and HCV replication in
B-cells have been controversial due to multiple artifacts
complicated in detection and quantitation of the replicative
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FIG. 3. HCV negative strand RNA is detected in human B-cells. By using rTth methods, HCV strand-specific RNA was
determined in J6JFH I-infected human B-cells. (A) Not only plus strand HCV-RNA but also minus strand HCV-RNA were
increased in a time-dependent manner in human B-cells. (B) When HCV-RNA was adjusted by GAPDH that was used as an
internal control, HCV-RNAs in B-cells were substantially increased compared with those in non-B-cells. (C) Plus and
minus strand HCV-RNAs were efficiently amplified in J6JFH1-infected Huh 7.5.1 cells. The level of HCV-RNA expo-

nentially increased in this hepatocyte line.

intermediate minus strand RNA (29,31). This has led to a
continuous debate about HCV infection in B-lymphocytes.

HCV entry into B-cells has also been previously reported
to be absent because retroviral (37) and lentiviral (8)
pseudoparticles bearing HCV envelope glycoproteins
(HCVpp) did not infect primary B-cells or B-cell lines. In
our study, while we succeeded in infecting Huh7.5.1 cells
efficiently with retroviral pseudoparticles for expressing
both HCV EI/E2 and the control VSV-G, we failed to es-
tablish the same infection in B-cells, suggesting that the
block of pseudoparticle entry into B-cells is not related to
HCV glycoproteins alone.

Total PBMCs reportedly facilitate HCV attachment but
not internalization (42), so HCV infection of B-cells is ab-
rogated in total PBMCs (35). The cause of HCV absorption
is unclear, but incomplete sets of HCV receptors in non-B
PBMC cells permit attachment of HCV without internali-
zation. B-cells possess CD81, SRBI, LDL-R, and NPCILI.
Because B-cells are not adherent cells, they do not express
claudin 1 and occludin, which forms a receptor complex for
HCV (9,14,19,43). Claudin | and occludin are components
of tight junctions and serve as HCV receptors in human
hepatocytes. In infection studies using cells expressing these
proteins, however, claudin 1 and occludin only upgrade
infection efficacy and are dispensable to infection (5), al-

though CD81 is essential for establishment of infection (42).
Lack of claudin 1 and occludin or miR122 might be a cause
of the low HCV infection efficiency observed in human B-
cells. Function blocking of CD81 by its specific antibody
suppressed HCV infection in primary B-lymphocytes, which
imply that HCV entry into primary B-lymphocyte is de-
pendent on the direct interaction phenomenon between HCV
virus particles and CD81 receptor and is not mediated by
other nonspecific (CD81 independent) pathways such as
exosomal transfer of HCV from Huh7 cells to nonhepatic
cells, such as dendritic cells (46).

Previous report using in vitro prepared recombinant HCV
JFH]1 particles (HCVcc) failed to establish HCV infection in
B-lymphocyte cell lines (39). While HCV is known to infect
human hepatocytes in vivo leading to chronic viral hepatitis,
in the in vitro conditions, only the combination between
Huh7 cells and its derived clones supported robust replica-
tion and infection with only JFHI or its derived chimeras
(5). Neither hepatocyte cell lines including primary hepa-
tocytes nor other HCV strains could reproduce HCV in-
fection efficiently in vitro (5). These data suggest that the
clonal selection of HCV quasispecies by hepatoma Huh7
cells is essential for this robust infection in vitro. The situ-
ation would be similar to the JFHI1 story in B-cell HCV
infection.
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FIG. 5. B-cells infected with J6JFHI fail to produce virus
particles. Human B-cells were infected with JOJFH1 for 3 h,
washed twice with phosphate buffered saline (PBS), and
cultured. Six days after infection, the supernatant was col-
lected (*‘releasing samples’’). Cells were periodically frozen
and thawed five times, and the supernatant was collected
(‘*assembly samples’’). For evaluation of the infectious vi-
rions, Huh7.5.1 cells were treated with these ‘‘releasing
samples’ or “‘assembly samples.” Similarly, Huh7.5.1 cells
were treated with J6JFHI at low MOI (MOI=0.01 and
0.001) in parallel. After the treatment, cells were washed
and cultured. On days 2, 4, and 7, cells were harvested to
collect HCV-RNA. Total RNA was extracted from each
samples, and HCV-RNA was determined by RT-PCR
methods.
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B-cell apoptosis spontaneously occurs during culture
at 37°C. We found that B-cell apoptosis was blocked by
J6JFHI infection. as reported previously using Raji cells
(11). B-cell apoptosis usually occurs secondary to viral in-
fection, but HCV is particular since apoptotic signaling in-
terferes with infection, leading to protection from cell death.
However, B-cell survival was not due to primary infection,
because the percent of cells circumventing apoptosis was
usually higher than cells infected with HCV. We could not
define the pathways that participated in apoptosis regulation
by HCV, although a previous report (11) suggested that E2-
CD81 engagement was related to B-lymphocyte disorders
and weak neutralizing antibody response in HCV patients.
Since B-cell lymphoma is a known complication of chronic
HCYV infection (27), the inability of infected cells to undergo
apoptosis can be associated with the development of cancer
(28.33,49). In this context, B-cell lymphoma often occurs in
mice with Cre-initiated HCV transgenes (26). It is notable
that anti-apoptotic effect of HCV core gene was reported
in genotype 3a in Huh7 cells (23) and, here, genotype 2a
in B-cells. In another report (51), HCV strains established
from B-cell lymphoma persistently infected with HCV were
genotype 2b. B-cell HCV infection might not be linked to
some specific genotypes of HCV.

We believe that our report shows that human primary
B-cells can be infected in vitro with HCV, and that this in-
fection is dependent on HCV particles binding with its re-
ceptor CD81 and is not nonspecific entry (e.g., exosomal
mediated). We also show that this infection could be blocked
with antibodies interfering with this binding, or with drugs
that suppress HCV replication. Although no virion was gen-
erated from B-cells in HCV infection, it is still likely that
B-cells serve as a temporal reservoir of HCV in the blood
circulation. If B-cells permit HCV infection, RNA sensors
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FIG. 6.

J6JFH]1 infection activates B-cells and protects the cells from apoptosis. Human B-cells were infected with J6JFH1

at MOl =1 for 3 h, washed twice with PBS, and cultured. Two days after inoculation, cells were washed and suspended with
FACS buffer. (A) The cells were incubated with PE-conjugated anti-human CD80 antibody, APC-conjugated CD86 antibody,
or PE/APC-conjugated mouse IgG1 isotype control for 30 min. Then, the cells were washed and resuspended in FACS buffer.
Cells were analyzed by FACS. (B) Annexm V and 7AAD viaprobe were added and cultured at 18°C for 10 min. Then, cells
were analyzed by FACS. (C) 2 x 10° human B-cells were infected with J&JFH1- or Mock-concentrated medium for 3 h. Cells
were then washed, resuspended and cultured in a 96-well white microwell plate. Two days later, ATP activity was determined
with a CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega). ATP activity was adjusted by day 0 ATP activity.

RIG-I and MDAS in B-cells might recognize HCV RNA and
evoke intracellular signaling, including by transcription fac-
tors NF-xB and IRF-3/7 (5). Activation of the cytokine net-
work is triggered in human B-cells in response to HCV RNA.
In fact, host factors liberated by HCV-infecting B-cells have
been previously reported in HCV patients (1,12,15,16.52).
Although patients’ outcomes would be more than we can be
predicted from our results, this system would actually benefit
the future study on B-cell-virus interaction.
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During viral infection, RIG-I-like receptors (RLRs) are activated upon dephosphorylation by the phosphatase
PP1, resulting in type | interferon production. In this issue, Davis et al. (2014) and Mesman et al. (2014) show
that measles virus inhibits this antiviral response by targeting PP1 and thus preventing RLR dephosphoryla-

tion and activation.

Foreign RNAs are recognized by the
innate Toll-like receptor 3 (TLR3) in
phago-endosomes and by RIG-I-like re-
ceptors (RLR), RIG-I and MDAS, in the
cytoplasm (Figure 1). RLRs in infected
cells sense viral RNA and its replicative
products and trigger the activation of
the adaptor MAVS and subsequently the
transcription factor IRF-3. These events
lead to the production of type | interferon
(IFN), which in turn induces antiviral genes
and abrogates viral replication. A large
body of growing research provides a
detailed understanding of the unique fea-
tures of IRF-3- and IFN-inducible genes in
blocking virus replication through various
innate immune mechanisms. Despite
these sophisticated antiviral responses,
viruses have evolved strategies to circum-
vent the host antiviral IFN system.

As one example, the paramyxovirus
measles virus (MV) encodes the V and
C genes, which abrogates host innate
defense responses. The products of the
V and C genes are generated through
alternative reading frames or RNA editing
of the P protein-encoded region. The P
protein is critical for MV replication, while
the V and C proteins are accessory pro-
teins dispensable for assembling MV
particles, but have an important role in
suppressing the host [IFN-inducing
pathway. In particular, the V protein has
been shown to antagonize IFN induction.
The mechanism whereby the V protein
MV supports viral propagation has been
proposed in earlier reports by Childs
et al. (2009) and lkegame et al. (2010). A
major target of the MV-V protein is the
cytoplasmic DEAD/box helicase, MDAS.
The V protein of MV physically interacts
with MDAS, but the mechanism by which
the V protein interferes with MDAS activity
to prevent type | IFN induction remains

@ CrossMark

unclear. Recent crystal-structure analysis
suggested that MV-V protein unfolds
MDAS and binds a structural motif within
MDAGS that is normally buried in the heli-
case fold. This leads to disruption of the
MDA5 ATP-hydrolysis site and hinders
MDA?S activation.

In this issue, a pair of papers examine
how MV disrupts MDAS5 and RIG-I activity
and show that activation of these RLRs
can be prevented by two different mecha-
nisms. Gack and colleagues (Davis et al.,
2014) use a series of biochemical studies
to show that the V protein inhibits MDAS
by preventing the removal of an inhibitory
phosphorylation mark. In a previous
report, the authors demonstrated that
MDAS signaling is suppressed by con-
stitutive phosphorylation (Wies et al.,
2013). Dephosphorylation by the phos-
phatase PP1 is an essential step leading
to the unfolding and activation of MDAS5.
In the current study, Gack and colleagues
present evidence that V protein forms
a complex with PP1e/y and serves as
a substrate for dephosphorylation by
PP1, which competitively prevents PP1-
mediated dephosphorylation of MDA5
(Figure 1).

This scenario requires that MDAS be
constitutively suppressed by phospho-
rylation via the action of an unknown
kinase; however, how this initial modi-
fication of MDAS5 occurs has not been
investigated. Additionally, as the main
conclusions regarding V protein-medi-
ated inhibition of MDA5 were largely
drawn using epithelial cell lines (Davis
etal., 2014), despite the fact that dendritic
cells (DCs) are the initial target during MV
infection, it will be important to determine
whether MV-V dephosphorylation by PP1
regulates MDAS activation and type | IFN
production in MV-infected patients.

In a related study, Geijtenbeek and
colleagues (Mesman et al., 2014) show
that MV infection can also target PP1 in
DCs via a different mechanism. They
find that MV binding to the cell surface
lectin DC-SIGN signals the activation of
the kinase Raf-1, which leads to the inhi-
bition of phosphatase PP1 (Figure 1).
Raf-1 activation is known to facilitate
association of the phosphatase inhibitor
I-1 with GADD34-PP1 phosphatase holo-
enzymes, thereby inhibiting its phos-
phatase activity (Figure 1). This in turn,
antagonizes the IFN-induced antiviral
response, as the activation of both RIG-I
and MDAS by PP1-dependent dephos-
phorylation is inhibited. Literature has
revealed that DC-SIGN may not act as
an entry receptor, but rather plays a role
in the attachment of MV (de Witte et al.,
2006). The current study further endowed
a function of DC-SIGN in controlling the
PP1 phosphatase function through Raf-1
signaling.

These reports present pathways
through which MV modulates antiviral
response of infected cells to promote
virus propagation. Myeloid-derived cells
like DCs are among the first cells that
become infected via the viral entry recep-
tors CD150 (for wild-type MV strains) and,
to a lesser extent, CD46 (vaccine strains).
These myeloid lineages encompass dif-
ferent cell subsets that express lineage-
specific surface molecules. According to
a recent report by Takaki et al. (2014),
DC subsets exhibit different susceptibility
to MV infection in a mouse model. Such
distinct features may be the result of
the activation of different antiviral path-
ways, namely the TLR/MyD88 pathway
in CD4™ T cells and plasmacytoid DCs
(pDCs) as opposed to the MAVS path-
way in mouse bone marrow-derived DCs
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Figure 1. Measles Virus Subverts PP1-Mediated Dephosphorylation and Activation of RLRs
In response to viral infection, PP1 dephosphorylates MDAS (right) and RIG-I (left) to induce their RNA-
sensing activity, ultimately resulting in type | IFN production. However, measles virus (MV) subverts this
response using two approaches. The MV-V protein acts as a competitive substrate for PP1 to block acti-
vation of MDAS. Additionally, the virus binds to the surface molecule DC-SIGN on dendritic cells and in-
duces the activation of the Raf-1 kinase. Raf-1 phosphorylates the phosphatase inhibitor I-1, resulting in
its association with GADD34-PP1 phosphatase holoenzymes and inhibition of their phosphatase activity.

(BMDCs). Although many reports have
emphasized an important role of the
RIG-I/MDA5-MAVS pathway in type |
IFN production in MV-infected cells,
such findings highlight the possibility
that susceptibility to MV infection may
vary depending on the type of human
DC subset targeted by the virus, since
each cell type activates its own unique
type | IFN induction pathway in response
to viral infection. MV infection studies
using monkeys will be a way to test the
compatibility of these studies on mouse
DC subsets with human DCs.

In addition to the role of MV-V protein in
targeting PP1 to prevent MDAS activation,
MV-V has also been shown to block NF-
kB activation by binding to the subunit
p65 RelA (Schuhmann et al., 2011) and
also inhibits STAT1 signaling downstream
of the interferon-o/B receptor (IFNAR).
The V protein also promotes MV replica-
tion by inhibiting the MAVS pathway or
possibly other unknown pathways. There-
fore, MV-V appears to regulate innate
immune responses in a complex fashion.
Human epithelial cells express an MV
entry receptor, Nectin4, and MDA5 and
RIG-1 participate in MV RNA recognition

in this cell type. These results infer that
the above IFN-regulatory mechanisms,
other than the DC-SIGN-V protein axis,
may participate in regulating IRF-3 and
IFN induction in epithelial cells. It is
notable that V protein only minimally
blocks dephosphorylation of RIG-I under
the conditions where dephosphorylation
of MDAS is blocked by MV-V in epithelial
cells (Davis et al., 2014). Hence, it remains
to be clarified whether the inhibition of
MDAS dephosphorylation by V protein is
important in in vivo MV infection.
Another highlight from these studies
(Mesman et al., 2014) is that the virus is
regulating DCs via an interaction with
molecules expressed on the cell surface.
Other molecules expressed on the DC
surface such as CD46 (MCP) or CD150
(SLAM) can, respectively, transmit signals
that lead to autophagy or regulate B cell
activation. These molecules might influ-
ence DC-specific functions. In fact,
immune suppression is a characteristic
feature of MV infection, which may be in
part due to the failure of DC functions.
Aside from antagonizing the IFN-inducing
antiviral response of dsRNA, MDA5 has
also been reported to be associated with

2 Cell Host & Microbe 16, July 9, 2014 ©2014 Elsevier Inc.
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secondary responses, including T lym-
phocyte proliferation and NK cell activa-
tion in response to poly(I:C) (Wang et al.,
2010; Ebihara et al., 2010). In short, MV
may interfere with the functions of DC in
an early phase to further circumvent the
host antiviral IFN system.

As exemplified in these studies, viruses
have various strategies to escape IFN
attack. The present results elucidate
mechanisms by which the MAVS path-
way is regulated in paramyxovirus infec-
tion. The fact that MV employs multiple
strategies to inhibit RLR sensing and
activation further underscores the impor-
tance of IFN as an antiviral defense.
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Beyond dsRNA: Toll-like receptor 3 signalling in RNA-induced immune

responses
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The innate immune system recognizes pathogen- and damage-
associated molecular patterns using pattern-recognition receptors
that activate a wide range of signalling cascades to maintain
host homoeostasis against infection and inflammation. Endosomal
TLR3 (Toll-like receptor 3), a type I transmembrane protein,
senses RNAs derived from cells with viral infection or sterile
tissue damage, leading to the induction of type I interferon
and cytokine production, as well as dendritic cell maturation.
It has been accepted that TLR3 recognizes perfect dsRNA,
but little has been addressed experimentally with regard to the
structural features of virus- or host-derived RNAs that activate
TLR3. Recently, a TLR3 agonist was identified, which was a
virus-derived ‘structured’ RNA with incomplete stem structures.
Both dsRNA and structured RNA are similarly internalized

through clathrin- and raftlin-dependent endocytosis and delivered
to endosomal TLR3. The dsRNA uptake machinery, in addition to
TLR3, is critical for extracellular viral RNA-induced immune
responses. A wide spectrum of TLR3 ligand structures beyond
dsRNA and their delivery systems provide new insights into
the physiological role of TLR3 in virus- or host-derived RNA-
induced immune responses. In the present paper, we focus on the
system for extracellular recognition of RNA and its delivery to
TLR3.

Key words: dendritic cell, dsSRNA, endocytosis, innate immunity,
structured RNA, Toll-like receptor (TLR), type I interferon,
uptake receptor, viral infection.

INTRODUCTION

The immune system has developed a strategy for maintaining
host homoeostasis through its interaction with environmental
microbes. An array of PRRs (pattern-recognition receptors) in the
innate immune system recognizes PAMPs (pathogen-associated
molecular patterns) and induces anti-microbial immune responses
[1]. Endosomal TLRs (Toll-like receptors) 3, 7, 8 and 9 serve as
sensors of exogenous nucleic acids, whereas cytoplasmic RLRs
(RIG-I-like receptors), AIM2-like receptors and DDX family
members recognize intracellular viral nucleic acids [2,3]. The
compartmentalization of PRRs is important for sensing both extra-
and intra-cellular PAMPs and transmitting signals via distinct
adaptor molecules.

Among the nucleic acid-sensing TLRs, TLR3 that recognizes
dsRNA has a unique expression profile and subcellular
localization [4,5]. It is expressed in immune cells, including
myeloid DCs (dendritic cells) and macrophages, and in non-
immune cells such as fibroblasts, epithelial cells and neurons
[5-7]. TLR3 localizes to the early endosome in myeloid DCs
[8), whereas macrophages, fibroblasts and some epithelial cell
lines express TLR3 both on the cell surface and in the early
endosome [5,9]. Although TLR3s on the cell surface participate
in dsRNA recognition [5], TLR3-mediated signalling is initiated
from endosomal compartments in either cell type [8].

In the case of TLR3, virus-derived dsRNA and poly(I:C)
(polyriboinosinic:polyribocytidylic acid), a synthetic dsRNA,

were first identified as TLR3 ligands [4,5]. dsSRNA exists as a
viral genome or is generated in the cytosol during replication
of positive-strand RNA viruses and DNA viruses [10]. Thus
TLR3 appears to sense extracellular viral dsRNA released from
infected cells and activates antiviral immunity [11]. Indeed,
TLR3 mediates a protective response against positive-strand
RNA virus infection, including PV (poliovirus), coxsackievirus
group B serotype 3 and encephalomyocarditis virus, and DNA
virus infection such as herpes simplex virus 1 and murine
cytomegalovirus (Table 1) [12-19]. On the other hand, detrimental
effects of TLR3 in host immunity to some RNA and DNA viruses
also have been demonstrated [20-23]. Notably, TLR3-mediated
signalling exacerbates negative-strand RNA virus infection, in
which dsRNA is barely detectable [22,23]. In addition, RNA
released from damaged cells or mRNA is also recognized by
TLR3 [24,25]. However, little is known about which RNA
molecules or structures activate TLR3 during infection or
inflammation. We identified recently a structural unit that can
activate TLR3; surprisingly, this ‘structured’” RNA recognized
by TLR3 contains an incomplete stem with bulge and internal
loops, but sufficiently induces type I IFNs (interferons) and pro-
inflammatory cytokines in both human and mouse cells [26].
Hence the spectrum of TLR3 ligand structures appeared to be
beyond the canonical dsSRNA. The results offer new insights into
the physiological role of TLR3 in virus- or host-derived RNA-
induced immune responses. In the present review, we focus on
exRNA (extracellular RNA) recognition and signalling by TLR3.

Abbreviations: AP-1, activator protein-1; CTL, cytotoxic T-cell; DC, dendritic cell; ECD, ectodomain; exRNA, extracellular RNA; HEK, human embryonic
kidney; IFN, interferon; IL, interleukin; iPSC, induced pluripotent stem cell; IRF-3, IFN regulatory factor-3; LRR, leucine-rich repeat; LRR-CT, LRR C-terminal;
LRR-NT, LRR N-terminal; MDA5, melanoma differentiation-associated gene 5; NF-«B, nuclear factor «B; NK, natural killer; ODN, oligodeoxynucleotide;
PAMP, pathogen-associated molecular pattern; poly(l:C), polyriboinosinic:polyribocytidylic acid; PRR, pattern-recognition receptor; PV, poliovirus; RIG-I,
retinoic acid inducible gene-I; RLR, retinoic acid inducible gene-I-like receptor; TICAM-1, Toll-IL-1 receptor domain-containing adaptor molecule-1; TIR,

Toll-IL-1 receptor; TLR, Toll-like receptor.
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Table 1 Role of TLR3 in viral infections

Viral genome Protection Deterioration

(+) sSRNA Poliovirus [12,13], coxsackievirus group B serotype 3 [14] and encephalomyocarditis virus [15] West Nile virus (20]

dsRNA Rotavirus (16]

dsDNA Herpes simplex virus 1 {17,18] and murine cytomegalovirus [19) Vaccinia virus [21]

(~) SSRNA Influenza A virus {22} and phlebovirus [23]

Table2 Representative TLR3 ligands identified by in vivo or in vilro experiments using reporter assay and TLR3-deficient mouse DC/macrophage stimulation

Ab, antibody; PBMC, peripheral blood mononuclear cell.

RNA ligands for TLR3 Details In vitro assay Reference(s)
Exogenous RNA
Viral dsRNA Reovirus genome dsRNA Mouse DC [4]
Viral mRNA In vilro transcribed HIV gag mRNA HEK-293/TLR3 [24]
Viral structured RNA In vitro transcribed PV RNA Mouse DC and HEK-293/TLR3 [26]
Bacterial RNA Escherichia coli total RNA HEK-293/TLR3 {73
(dsRNA of lactic acid bacteria Mouse DG [74)
Endogenous RNA
RNA from necrotic cells RNA from necrotic neutrophils Macrophage [25)
UVB-irradiated U1 RNA (small nuclear RNA) Human PBMC [42)
Synthetic dSRNA Poly(:C) HEK-293/TLR3 and Ab inhibition [5)
Poly(l:CsoU) Mouse DC [75]
In vitro transcribed dSRNA Measles virus cDNA HEK-293/TLR3 [31]
pFastBac-CPrME plasmid Mouse DC and HEK-293/TLR3 [37,41)

REGOGNITION OF dsRNA BY TLR3

TLR3 recognizes viral or in vitro transcribed dsRNA in
a sequence-independent manner and mediates downstream
signalling via TICAM-1 (TIR domain-containing adaptor
molecule-1; also known as TRIF) [27,28]. 5'-Triphosphorylation
of dsRNA is dispensable for TLR3 recognition, differing from
the dsRNA recognition mode of RIG-I (retinoic acid inducible
gene-I) [29,30]. Furthermore, 2'-hydroxy groups are essential
for TLR3 activation by poly(I:C), because 2'-O-methyl or 2'-
fluoro modification of cytidylic acid abolishes the TLR3 activating
ability of the I/C duplex [31].

TLR3 consists of an ECD (ectodomain) containing 23 LRRs
(leucine-rich repeats) and the LRR-NT (LRR N-terminal) and
LRR-CT (LRR C-terminal) regions, the transmembrane domain,
the cytoplasmic linker region and the TIR (Toll-IL-1 receptor)
domain [32]. Crystallized human TLR3 ECD is a horseshoe-
shaped solenoid assembled from 23 LRRs, of which one
face is largely masked by carbohydrate, whereas the other is
unglycosylated [33,34]. The N-terminal histidine residues (His*
in LRR-NT, His® in LRR1 and His'® in LRR3) and the C-terminal
His* and Asn®' in LRR20 of TLR3 ECD are indispensable for
dsRNA binding [33-36]. The histidine residues are protonated
at endosomal pH (~pH 6.0), generating an ionic attraction with
the negatively charged phosphate backbone of dsRNA. Leonard
et al. [37] showed that the TLR3 ECD binds as a dimer to
a 40-50bp length of dsRNA and that multiple TLR3 ECD
dimers bind to long dsRNA strands. Binding affinities increase
with both buffer acidity and dsRNA length. Structural analysis
of the mouse TLR3 ECD—46-bp dsRNA complex revealed that
dsRNA interacts with both an N- and a C-terminal-binding site
on the glycan-free surface of each TLR3 ECD, which are on
opposite sides of the dsSRNA [38]. The ribose-phosphate backbone
is the major determinant of binding, accounting for sequence-

© The Authors Journal compilation © 2014 Biochemical Society

independent dsRNA binding to TLR3. In addition, the two LRR-
CT regions come together, which is essential for stable receptor—
ligand complex formation and facilitates the dimerization of the
cytoplasmic TIR domain [39]. Indeed, a TLR3 mutant lacking
LRR21 is constitutively active, probably because of ligand-
independent dimer formation due to the altered configuration of
the C-terminal TLR3 ECD structure [40].

Although a biochemical study showed that a dsRNA of 40—
50 bp in length forms a stable complex with dimeric TLR3 ECD
under acidic conditions (pH 5.5) [36], a dsSRNA of >90bp in
lengthis required for TLR3-mediated cytokine production and DC
maturation when added to mouse DCs [41]. Given that a dsSRNA
of >90 bp in length is required for stable complex formation with
TLR3 at the pH within the early endosome (~pH 6.0-6.5), and
that TLR3 localizes to the early endosome, TLR3 oligomerization
in the early endosome is essential for downstream signalling.

REGOGNITION OF VIRUS- OR HOST-DERIVED RNA BY TLR3

Several reports suggest that TLR3 recognizes RNA molecules
other than dsRNA (Table 2). In negative-sense RNA virus
infections, such as influenza A virus and phlebovirus, which
generate little dSSRNA as intermediate replication products, TLR3-
mediated inflammatory cytokine and chemokine production
affects virus-induced pathology and host survival [22,23]. In
addition, Kariké et al. [24] reported that in vitro transcribed
HIV gag mRNA complexed with lipofectin activates TLR3.
Cavassani et al. [25] also demonstrated that mouse macrophages
responded to RNA from sterile necrotic neutrophils in a
TLR3-dependent manner. However, which RNA molecules or
structures of the virus- or host-derived RNAs activate TLR3
is unknown. A recent study showed that RNA from UVB-
irradiated keratinocytes induces cytokine production in normal
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