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FIGURE 5. fg/huTICAM-1 is the adaptor for
fgTLR22- and fgTLR3-mediated IFN promoter acti-
vation. A, Human (hu)TICAM-1 transmits signal for
IFN-B promoter activation by fgTLR3 and fgTLR22 in
HEK293 cells. HEK293 cells were transfected with
fgTLR22 or fgTLR3 plasmid together with the plasmid
encoding dominant-negative forms of huTICAM-1 or
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than in control cells, and then gradually decreased in both types of
cells (Fig. 3B).

Because human TLR3 expression is induced by poly(I:C)
(32), we investigated whether teleost TLR22 or TLR3 transcrip-
tions are activated by poly(I:C) stimulation. Endogenous
rtTLR22 or rtTLR3 expression was scarcely observed without
stimulation, and rtTLR22 expression was induced from 12 h
after stimulation. rtTLR3 was also up-regulated but more
mildly than fgTLR22 in response to poly(I:C) stimulation (Fig.
3C). These data are consistent with the notion that TLR22 is
involved in the dsRNA recognition pathway.

Localization of fgTLR3 and fgTLR22

Why are there two TLRs that respond to poly(I:C) or dsRNA in
teleosts? The answer may lie in the differences between the two
TLRs. fgTLR3 and fgTLR22 preferentially recognize different
sizes of dsSRNA, as suggested by the reporter analyses. An addi-
tional difference is that fgTL22 localizes to the surface of the cell
membrane while fgTLR3 localizes inside the cell. TLRs are type
I transmembrane proteins, and their subcellular localizations are
determined based on their primary structures and coupling proteins
(33, 34). Human TLRI, 2, 4, 5, and 6 are expressed on the cell
surface, but TLR3, 7, and 9 are mainly localized at intracellular
compartments, endoplasmic reticulum (ER), and early endosomes

(10, 35). In the case of human TLR3, its linker region between the
transmembrane and TIR domain is a critical determinant for its
localization (33). Human TLR3 and fgTLR3 share similar linker
regions, but fgTLR22 does not have a similar linker sequence (Fig.
1B). Thus, we expected that fgTLR22 and fgTLR3 are distinctly
localized.

To test this premise, we transfected HEK293 cells with myc-
tagged fgTLR22 or Flag-tagged fgTLR3 and examined their ex-
pression using FACS analysis. fgTLR22 protein was observed par-
tially on the cell surface (data not shown). On the cell surface,
however, no fgTLR3 expression was observed, consistent with the
case of dendritic cell human TLR3, which resides in the cytoplas-
mic compartments. Next, we overexpressed fgTLR22 or fgTLR3
in HeLa cells and visualized their localizations using a confocal
microscope. YFP-labeled fgTLR3 was used in this study to avoid
artificial deposition of fluorescence-labeled secondary Abs onto
the cells. YFP labeling and HA or Flag labeling gave a similar
imaging profile to fgTLR3 (data not shown). fgTLR3 was local-
ized in the cytoplasm (Fig. 4). FgTLR3 was largely merged with
calnexin (an integral protein localized in ER), suggesting that
fgTLR3 localizes in the ER. In contrast, fgTLR22 was largely
situated in close proximity to the cell surface, with only a minor
population sitting in the cytoplasm (Fig. 4). These results confirm
the predominant localization of fgTLR22 on the cell surface.



The Journal of Immunology

A fgTICAM

2h
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In the next experiment, we transfected OLHd-rRe3 fibroblastic
cells derived from O. latipes (36) with fgTLR22 or fgTLR3 and
tested their localizations. Although the transfection efficacy was
very low in OLHd-rRe3 cells, we checked localization of TLRs by
confocal analysis. As in the HeLa cells, cytoplasmic localization of
fgTLR3 and cell surface-dominant localization of fgTLR22 were
confirmed with OLHd-rRe3 cells (Fig. 4). Double staining of both
fgTLR22 and fgTLR3 clearly supported their differential localiza-
tions. We also observed these localization differences in RTG-2
cells (data not shown). Taken together, fgTLR22 mainly localizes
on the cell-surface membranes distinct from fgTLR3 in fish cells.

Adaptor selection of fgTLR22

Human TLR family proteins use four adaptor proteins, MyD88,
Mal/Toll-IL-1R domain-containing adaptor protein (TIRAP),
TICAM-1/TRIF, and TICAM-2/TRAM, to induce cytokine pro-
duction (1, 2). Several teleost genomes encode three adaptor pro-
teins, MyD88, TIRAP, and TICAM-1 (37). Teleost TICAM-2 has
not been found and may have been lost in the teleost lineage during
evolution (30). At first we used HEK293 cells to determine which
human adaptor protein is compatible with fgTLR22 by reporter
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assay. FgTLR22 and a dominant-negative form of human MyD88
or TICAM-1 were transfected into HEK293 cells with the human
IFN-B promoter reporter, and the cells were stimulated with
poly(I:C). The dominant-negative form of human TICAM-I1
(P434H) inhibited IFN-3 promoter activation in fgTLR22-express-
ing cells, but the dominant-negative human MyD88 did not (Fig.
5A). Additionally, P434H inhibited fgTLR3-mediated IFN-f pro-
moter activation in fgTLR3-expressing HEK293 cells (Fig. 5A).
Thus, human TICAM-1 can act as an adaptor for fgTLRs.

Next, we made the dominant-negative form of fgTICAM-1,
which has a mutation similar to that of the human dominant-neg-
ative form. We transfected fgTLR22, fgTLR3, and type I IFN re-
porter into RTG-2 cells with or without the dominant-negative
form of fgTICAM-1 and then examined reporter activation. As in
human cells, dominant-negative fgTICAM-1 inhibited the reporter
activation in fgTLR22- and fgTLR3-transfected cells (Fig. 5B).
Hence, fgTLR22 and fgTLR3 used fgTICAM-1 as the adaptor.

To further confirm the utilization of fgTICAM-1 as the adaptor
by fgTLR22, we performed immunoprecipitation analyses. Full-
length Flag-tagged fgTLR22 or fgTLR3 was transfected into
HEK293 cells together with HA-tagged full-length fgTICAM-1.
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FIGURE 7. Viral dsRNA-mediated fgIFN induction interferes with
fgTLR22. RTG-2 cells were transfected with the fgTLR22 plasmid
(pEFBOS (fgTLR22)) or pEFBOS (vector only) and the fgIFN reporter
plasmid. Twenty-four hours later, cells were treated for 6 h with me-
dium only, poly(I:C), RTG-2 cell total RNA, or dsRNA of IPNV or
rotavirus (SA11) origin. fgIFN activation was monitored by luciferase
activity in the cell lysate.

We prepared cell lysates 24 h after transfection, and fgTLR22 and
fgTLR3 were immunoprecipitated with anti-Flag Ab. Precipitates
were analyzed by SDS-PAGE and stained with anti-Flag or HA
Abs. Co-immunoprecipitation was confirmed with fgTICAM-1
and fgTLR22 or fgTLR3 (Fig. 5C), suggesting that fgTICAM-1
binds fgTLR22 and fgTLR3 in HEK cells.

Stimulation-induced recruitment of fgTICAM to fgTLR3 and
fgTLR22

On cytological analyses with OLHd-rRe3 cells, overexpressed
fgTICAM-1 was uniformly distributed over the cytoplasm without
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stimulation. The localization profile of fgTICAM-1was not much
changed after poly(I:C) stimulation in later time points (Fig. 6).
Likewise, a major population of fgTLR22 barely changed its lo-
calization even when stimulated with poly(I:C) (Fig. 6B). Only a
small population appeared inside the cells in response to poly(I:C)
and it partially merged with fgTICAM-1 (Fig. 6B). FgTLR3 was
distributed in the cytoplasm in resting cells, but 2 h after the stim-
ulation the fgTLR3 gathered to form “speckles” in the cytoplasm
(Fig. 6A). Although some fgTLR22 and fgTLR3 colocalized with
fgTICAM-1 on poly(I:C) stimulation, they gradually dissociated
(Fig. 6). These data show that both fgTLR22 and fgTLR3 use
TICAM-1 as the shuttling adaptor for IFN induction.

TLR22-mediated antiviral response in fish cells

Type I IFN is crucial for the antiviral response in mammals.
Because fgTLR22 induced IFN in fish cells, we expected it to
be required for cell protection against virus infection. To test
this hypothesis, we prepared dsRNA of the IPNV (38, 39).
IPNV genomic dsRNA was extracted from IPNV-infected
RTG-2 cells. Isolated dsRNA of IPNV was poured over RTG-2
cells expressing fgTLR22. Like synthetic dsSRNA or rotavirus-
derived dsRNA (SA11), dsRNA of IPNV-induced endogenous
IFN gene expression in fgTLR22-expressing cells compared
with control vector-transfected cells (no induction of IFN) 2 h
after stimulation (Fig. 7).

To test the resistance of RTG-2 cells to IPNV infection, we
propagated a large-scale IPNV preparation amplified with RTG-2
cells. The preparation usually contained naked RNA of the IPNV
genome. Thus, we prepared two infection sources for the assay: an
IPNV preparation containing dsRNA, and an IPNV preparation
depleted of free dsRNA. The latter sample was prepared by treat-
ing the IPNV preparation with RNase III (Fig. 84). The IPNV
preparations depleted of dsSRNA infected RTG-2 cells and induced
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pEFBOS (fgTLR22) plasmid or empty vector, and 24 h
later cells were exposed to the indicated moi of IPNV
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CPE followed by apoptosis (Fig. 84). Infected RTG-2 cells were
rescued from CPE if the cells expressed fgTLR22 beforehand (see
the wells of moi of 0.01) (Fig. 84).

We then quantitatively determined fgTLR22-mediated inhibi-
tion of IPNV infection. IPNV (moi = 0.1) (10 pg/ml) with (Fig.
8B) or without (Fig. 8C) naked dsRNA was added to TLR22-
expressing RTG-2 cells. We measured the virus titer (TCIDy/ml)
in the supernatants of control and fgTLR22-expressing cells.
Twenty-four hours after infection, the IPNV titer was greatly de-
creased in fgTLR22-expressing cells compared with untransfected
cells (Fig. 8, B and C). The IFN message was efficiently induced
in cells with fgTLR22 concomitant with IPNV infection. Control
cells, however, barely raise the IFN message in response to IPNV
(Fig. 8D), suggesting that fgTL.R22 has a critical role in IFN-
mediated antiviral defense in fish cells. In conclusion, fgTLR22
governs antiviral response to a dsRNA virus IPNV via induction of
fish IFN.

Discussion

Herein, we demonstrated that TLR22 is a dsRNA recognition
receptor. Since fish possess both TLR3 and TLR22, they have
a dual dsRNA recognition system. TLR3 and TLR22 recruit a
common adaptor, TICAM-1. TLR22 preferentially recognizes
long-sized dsRNA, localizes to the cell surface, and is widely
distributed to tissue/organs (20). This is the first study to reveal
that the TICAM-1 pathway serves as a key alert for an RNA
virus sensor on the vertebrates.

According to bootstrap probability analysis, TLR22 does not
belong to the TLR3 family; instead, it is proximal to mouse
TLR13, which has not been characterized as a dsRNA-recognizing
TLR. Thus, two arms of the TICAM-1 pathway have evolved as
dsRNA receptors in fish, and only one (TLR3) has been preserved
in mammals, Development of TLR22 instead of TLR3 may have
some merit for protection against viruses with dsRNAs by aug-
menting the susceptibility of the local IFN response to long RNA
duplexes in the vertebrates.

We wanted to clarify why teleosts need a cell surface RNA
recognition system. Fish live in water and are exposed to many
kinds of negative-stranded RNA viruses belonging te the Rhab-
doviridae and to dsRNA viruses (40, 41). Bacteria such as
Rhodovulum sulfidophilum and perhaps other species extracellu-
larly liberate ribosomal and transfer RNAs (42). Thus, the sea may
contain RNA viruses and RNA products of microbial origin. The
sea is home to a unique and mysterious microbial environment.
During evolution, vertebrates in water may have been protected
from these pathogens by developing the set of RNA-sensing TLRs
and the IFN system, which are distinct from those expressed in
land animals. Our results indicate that RNA-sensing by TLRs pro-
tects fish from spreading or exacerbating infection. Viral RNAs
often form a stem-loop or duplex signature (43) and are released
from infected individual fish into the sea. TLR22 may sense such
floating RNA as an infection threat.

Overexpressed teleost TLR22 protects host cells from infection
with IPNV, which is a naked bisegmented dsRNA virus belonging
to the family Bimaviridae (44). Birnaviruses have a single T = 13
icosahedral shell composed of 120 subunits and they lack the char-
acteristic inner capsid. Aquatic birnaviruses are distributed world-
wide, can infect a range of fish and shellfish species (44, 45), and
are viral pathogens that cause problems in fry and young fish.
Although teleosts have the gene encoding a putative ortholog of
the cytoplasmic RNA sensor MDAS (24), IPNV efficiently infect
teleost cells unless TLR22 is expressed in some population of
cells. Thus, fish MDAS is insufficient for protection against this
type of dsRNA virus. Although not all cells express TLR22, IFN
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seems to be sufficiently induced by TLR22-expressing cells (Fig.
8D) to provide antiviral environment in surrounding cells, result-
ing in host cell protection. However, how TLR22 detects the IPNV
infection remains to be clarified. The necessity of TLR22 and the
mode of its dsRNA recognition in fish are of interest for further
investigation.

A notable difference between fgTLR22 and surface-expressed
human TLR3 is that fgTLR22 is ubiquitous whereas surface TLR3
is expressed exclusively together with endosomal/ER TLR3 in
TLR3-positive cells. In humans, cell-surface TLR3 is therefore
distributed limitedly to the fibroblasts and epithelial cells. We pre-
viously found human TLR3 on the cell surface of fibroblasts,
which therefore binds anti-TLR3 mAb, TLR3.7 (46). TLR3 on the
fibroblasts recognizes exogenously added poly(I:C) to confer
IFN-$ induction (46). The IFN-inducing properties of human
TLR3 by fibroblasts are blocked by this mAb. The result is a
unique and exceptional TLR3 feature that reflects a differential
TLR3 function (10). Ultimately, in humans TLR3 is expressed in
the cytoplasmic compartments and on the surface of fibroblasts
(33). Other reports also found that human bronchial, bile duct, and
intestinal epithelial cells express TLR3 on the cell-surface mem-
brane (47-50). In this view, surface-expressed human TLR3 is a
functional remnant of fish TLR22: TLR3 functions in the mucosal
region wherein body fluids are continuously in contact with the
flora. Because the cell surface-associated dsRNA recognition is
important even in humans, TLR3 is expressed on human fibro-
blasts and epithelial cells (50-52).

In this study, we found that fgTLR3 and fgTLR22 recognize its
ligand dsRNA at the different sites and recruit fgTICAM-1. Al-
though TLR22 expression is limited to part of the cell surface, a
colocalization study with cholera toxin did not support its expres-
sion being restricted to lipid rafts (data not shown). Unlike the case
of human TLR3, the chloroquin treatment of HEK293 cells ex-
pressing TLR22 did not abrogate the activation of the IFN-8 re-
porter gene by poly(I:C) (data not shown). Thus, it is unlikely that
TLR22 captures poly(I:C) at the endosome, as does TLR3. Human
and mouse TLR3 in myeloid dendritic cells have a role in driving
the cells to a maturation stage sufficiently activating NK and T
cells (9, 53). It is intriguing whether TLR22 possesses this function
in dendritic cells.

In this context, the question is how TLR22 assembles TICAM-1
to transmit the dsSRNA-recognition signal. Possible answers may
lie in the fish-specific TLR22 pathway and in the functional dif-
ference between mammalian and teleost TICAM-1. A recent study
of ZfTICAM-1 suggested that overexpression of zfTICAM-1 acti-
vates the zfI[FN promoter but that TICAM-1 does not interact with
zZfTRAF6 (30). The zfTICAM-1 N-terminal region does not con-
tain a TRAF6-binding motif, and the C-terminal region of
zfTICAM-1 sufficiently activates the IFN promoter, suggesting the
involvement of RIP1-mediated NF-«B activation in zfIFN pro-
moter activation (30). In OLHd-rRe3 cells, a zebrafish minimal
Mx promoter that contains two ISRE barely responds to overex-
pressed fgTICAM-1 or its N-terminal-deleted form, but it en-
hances activation of the zfIFN promoter, as shown by reporter
assay. In human TICAM-1, the N-terminal region is mandatory for
IRF-3-mediated type I IFN induction in the human system (14,
54). Ultimately, fish TICAM-1 behaves like human TICAM-1, al-
though fish TICAM-1 does not mediate IRF-3 for activation of the
IFN-f promoter (30). It takes a longer period for fish cells (com-
pared with human cells; see Refs. 54, 55) to evoke TLR-TICAM-1
interaction in response to poly(I:C), which may be attributable to
the temperature (~20°C) where the fish cells are grown, rather
than to the difference of signaling mode. Hence, the TICAM-1
pathway is conserved across fish and humans, but its molecular



3484

bases for IFN induction are different between them. Our specula-
tion is that fish cells have an IFN output similar to that of human
cells (54, 55) but that the signal cascade for IFN production is
modally different. Teleost TICAM-1, which is partly dissimilar to
human TICAM-1 in its structure, might explain the differential
selection of their signal pathways.

An alternative possibility is that the IFN-inducing capacity due
to the recruitment of TICAM-1 lies within the molecular feature of
TLR22. Supporting evidence is that surface-expressed TLR22 re-
tains the capacity to confer the responsiveness to poly(I:C) not
only in fish RTG-2 cells but also in human HEK293 cells.
FgTLR22 and even only the TIR domain of fgTLR22 can couple
with human TICAM-1 as well as fish TICAM-1 to activate the
human and fish ISRE promoter. Either way, TLR3 is not the only
partner of TICAM-1 in the water vertebrates.
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Abstract

Monocyte-derived dendritic cells (mDCs) recognize viral RNA extrinsically by Toll-like receptor (TLR) 3
on the membrane and intrinsically retinoic acid-inducible gene | (RIG-l)/melanoma differentiation-
associated gene 5 (MDAS) in the cytoplasm to induce type | IFNs and mDC maturation. When mDCs
were treated with live or UV-irradiated respiratory syncytial virus (RSV), early (~4 h) induction of IFN-p
usually occurs in other virus infections was barely observed. Live RSV subsequently replicated to
activate the cytoplasmic IFN-inducing pathway leading to robust type | IFN induction. We found that
RSV initial attachment to cells blocked polyl:C-mediated IFN-8 induction, and this early IFN-B-
modulating event was abrogated by antibodies against envelope proteins of RSV, demonstrating the
presence of a IFN-regulatory mode by early RSV attachment to host cells. By IFN-stimulated response
element (ISRE) reporter analysis in HEK293 cells, polyl:C- or LPS-mediated ISRE activation was dose
dependently inhibited by live and inactive RSV to a similar extent. Of the RSV envelope proteins,
simultaneously expressed or exogenously added RSV G or soluble G (sG) proteins inhibited TLR3/
4-mediated ISRE activation in HEK293 cells. sG proteins expressed in cells did not affect the RIG-V/
MDAS pathway but inhibited the TLR adaptor TRIF/TICAM-1 pathway for ISRE activation. Finally,
extrinsically added sG protein suppressed the production of IFN-p in mDCs. Although the molecular
mechanism of this extrinsic functional mode of the RSV G glycoprotein (G protein) remains
undetermined, G proteins may neutralize the fusion glycoprotein function that promotes IFN-mediated
mDC modulation via TLR4 and may cause insufficient raising cell-mediated immunity against RSV.

Introduction

Respiratory syncytial virus (RSV) is a member of the Para-
myxoviridae family consisting of a negative-strand RNA ge-
nome in a nucleocapsid. RSV preferentially infects airway
epithelial cells, causing bronchiolitis and respiratory infec-
tions (1) and can exacerbate asthma and chronic obstruc-
tive pulmonary diseases (1). However, an effective vaccine

for RSV is not yet available. Recurrent RSV infections are
often observed in humans, and this is due to the failure of
the hosts to raise long-lasting immunity against RSV (1).
Recent reports suggested that cell-mediated immunity, in-
cluding CTLs, NK and B cells, develops followed by matura-
tion of monocyte-derived dendritic cells (mDCs) {2). These
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lymphocytes produce IFN-y which orchestrates the acquired
immune response to eradicate viral infection (3). Toll-like
receptors (TLRs), retinoic acid-inducible gene | (RIG-I)-like
receptors and NOD-like receptors are expressed in dendritic
cells (DCs) and play a major role in driving the lymphocyte-
mediated immune responses (4). Possible involvement of
TLR3 and its response in RSV infectious signs has been
reported (5-7), although how RSV induces host immune
modulation via the TLR3 remains largely unclear.

Type | IFNs serve as antiviral factors. Several reports have
suggested the involvement of TLR3 (5, 7) and RIG-I (6) in
RSV-mediated IFN-o/B induction and cellular responses.
RIG-| preferentially recognizes 5’-triphosphate RNA (8, 9) in
addition to double-stranded (ds)RNA, whereas TLR3 cap-
tures only dsRNA. Their signaling pathways partially overlap
in that they converge upon the IFN-regulatory factor (IRF)-3-
activating kinase complex for activation of the IFN-B pro-
moter (10). Bronchial epithelial cells and mDCs preserve
these receptors and downstream signaling pathways. mDC
TLR3 particularly plays a crucial role in driving mDCs to di-
rect CTL- and NK-inducing maturation as well as RSV infec-
tion-mediated type | IFN production (11, 12).

For induction of type | IFNs and NK/CTL activation, the cyto-
plasmic Toll-IL-1R (TIR) homology domain of TLR3 recruits the
adaptor molecule TICAM-1 (TRIF) (13, 14), while LPS allows
TLR4 to recruit the adaptor molecules TICAM-2 (TRAM) and
TICAM-1 (15, 16). Thus, TICAM-1 is the common adaptor in
the pathways of TLR3 and TLR4. Both pathways activate
IRF-3 and IRF-7 through a MyD88-independent pathway,
resuting in IFN-B production. Extrinsic supplement of viral
dsRNA can activate the TICAM-1 pathway (17). On the other
hand, RIG-I and melanoma differentiation-associated gene 5
(MDAS5) reside in the cytoplasm and interact with a mitochon-
drial protein, IFN-B promoter stimulator 1 (IPS-1)/mitochondria
antiviral signaling (MAVS)NVISA/Cardif, to activate IRF-3 and
IRF-7 (18-21). Only intrinsically produced viral RNA is a ligand
for the cytoplasmic IFN-inducing sensors. Studies on how
these pathways evoke mDC-mediated cellular immunity are in
progress with special interest (22). Although there is
a MyD88-dependent pathway for IFN induction in plasmacy-
toid DCs (23-25), this pathway does not function in mDCs.
Accordingly, we focus on the role of the TICAM-1 and IPS-1
pathways in RSV-mediated mDC functional modulation.

In the virus side, what RSV factors are associated with
modulation of mDC maturation remain largely unknown. In
cytoplasmic RSV proteins, the NS1 and NS2 proteins are
shown to antagonize IFN response (26, 27). Nevertheless,
type | IFN is induced in RSV-replicating cells although the
amounts of IFN are relatively low. The envelope of RSV con-
tains three transmembrane surface proteins, the fusion gly-

coprotein (F protein), G glycoprotein (G protein) and SH .

protein. F protein is responsible for fusion of the viral enve-
lope with the plasma membrane of the host target cell (28).
The F protein may induce activation of nuclear factor-xB
(NF-kB) and the IFN-B promoter via TLR4 (29, 30). In addi-
tion, the F protein of RSV serves as an agonist of TLR4 and
induces pro-inflammatory cytokines (29). On the other hand,
the G protein, which mediates attachment of the virus parti-
cle to the target cell (31), and SH protein are not functionally
well understood (32). Infected cells also produce a smaller

secreted form of the G protein [soluble G (sG) protein] be-
sides the transmembrane type G protein (33). The RSV G
protein has been implicated in altered cytokine and chemo-
kine expression by pulmonary leukocytes (34). Yet, there
has been no report on the RSV surface proteins that affect
cytoplasmic IFN-inducing events. Accordingly, no report has
mentioned the possible association between the RSV G/SH
proteins and the TLR pathways in RSV infection.

Here, we discovered a role of the RSV G protein in mDC
IFN response. This protein inhibits the TLR3/4-mediated
IFN-B promoter activation through RSV-host cell interaction.
A possible target for the G protein attachment to cells is the
TICAM-1 pathway, thereby TLR3/4-mediated type | IFN in-
duction being prohibited. The RSV G protein may act as
a buffer for evoking cell-mediated TLR3/4-derived immunity.
Possible roles for the function of the G protein in the RSV in-
fection are also discussed.

Methods

Cell culture, viruses and reagents

HEp-2, Vero and HEK233 cells were maintained in DMEM
(Invitrogen, San Diego, CA, USA) supplemented with 10%
heat-inactivated FCS (JRH Biosciences, Lenexa, KS, USA)
and antibiotics. Human RSV field-isolate strain (RSV2177) in
subgroup B was isolated and propagated with HEp-2 cells.
The accession numbers of NS7, NS2, N, G, F and SH genes
were AB245473-AB245478. The titer of RSV2177 was deter-
mined by 50% tissue culture infective dose with HEp-2 cells.
Measles virus (MV) Edmonston strain was passaged and ti-
trated in Vero cells. RSV and MV were inactivated by UV irradi-
ation at 1.5 J cm™2. Polyl:C was purchased from Amersham
Pharmacia Biotech (Buckinghamshire, UK). Polymyxin B,
LPS from Escherichia coli serotype 0111:B4, was from
Sigma Chemical Co., St Louis, MO, USA. The mycoplasma
lipopeptide macrophage-activating lipopeptide-2 (MALP-2)
was prepared as described (35). MALP-2 and polyl:C were
treated with polymyxin B (10 ug mi~") (an LPS inhibitor) for
1 h at 37°C before stimulation of cells (35). Usually, 50 or 10
pg mi~" of polyl:C, 100 ng ml~" of LPS and 100 nM of
MALP-2 were utilized for TLR stimutation. Mouse IgG, mouse
IgG2b and anti-Flag M2 mAb and anti-Flag polyclonal
antibodies were obtained from Sigma; anti-CD80 and anti-
HLA-DR mAbs were obtained from Immunotech (Marseille,
France); anti-CD83 mAb was obtained from Cosmo Bio
(Tokyo, Japan); anti-CD86 mAb was obtained from Ancell
(Bayport, MN, USA); anti-CD40 mAb was from PharMingen
(San Diego, CA, USA); FITC-conjugated goat anti-mouse
and anti-rabbit 1gG F{ab’), and HRP-conjugated goat anti-
rabbit Igs were obtained from American Qualex Manufac-
turers (Bayport San Clemente, CA, USA) and FITC-labeled
and non-labeled goat anti-RSV polyclonal antibody was from
Chemicon.

Preparation of DCs (mDCs)

Human PBMCs were isolated from buffy coat of normal
healthy donors by methylcellulose sedimentation followed
by standard density-gradient centrifugation with Ficoll-Hypaque
(Amersham Biosciences, Piscataway, NJ, USA} (35). For hu-
man immature DC preparation, CD14-positive monocytes



were prepared from huPBMC by using MACS system (Miltenyi
Biotec, Gladbach, Germany) with anti-human CD14 mAb-
conjugated microbeads and kept in RPMI-1640 (Invitrogen)
containing 10% FCS, 500 IU ml~" human granulocyte
macrophage colony-stimulating factor, 100 IU mI~" human
IL-4 (Pepro Tech, London, UK) and antibiotics for 6 days.
Morphological changes were examined by phase contrast
microscopy (Olympus IX-70, Tokyo, Japan).

FACS cytometric analysis of cell-surface antigens

FACS methods were described previously (35). Briefly, cells
were suspended in PBS containing 0.1% sodium azide and
1% BSA (FACS buffer) and incubated for 30 min at 4°C with
relevant or control mAbs, followed by FITC-labeled anti-
mouse IgG F(ab’),. In some experiments, cells were directly
stained with FITC-labeled anti-RSV polyclonal antibody. Cells
were washed, and their fluorescence intensities were mea-
sured by FACS.

Determination of human tumor necrosis factor-w. and IFN-f§
level

Quantitative PCR and ELISA were used for this purpose.
Culture media were centrifuged to remove cell debris and
the supernatants were stored at —80°C until the assay. The
level of secreted human tumor necrosis factor-oe (TNF-a) or
IFN-B in the culture medium was determined with ELISA kits
(Amersham Pharmacia and FUJIREBIO, Tokyo, Japan). The
detection limits of human TNF-a and IFN-B were <5 pg ml~"
and <25 U ml™", respectively. Quantitative PCR and the
primers for this assay were performed as described
previously (36).

RSV sequences and plasmid construction

Total RNA from RSV2177-infected HEp-2 cells was extracted
with RNeasy mini kit (Qiagen). After DNase treating, 1 pg of
total RNA was incubated at 70°C for 5 min, kept on ice for 2
min and reverse transcription was performed with MMLV-
reverse transcriptase (Promega, Madison, WI, USA) at 37°C
for 90 min followed by PCR. Detection of RSV subgroup was per-
formed by PCR with subgroup-specific primer sets (37) (RSV/
SH A 5-TCGAGTCAACACATAGCATTC-3" and RSV/F1 5'-
CAACTCCATTGTTATTTGCC-3’ for RSV subgroup A and RSV/
SH B 5'-CATAGTATTCTACCATTATGC-3' and RSV/F1 for RSV
subgroup B). Direct sequences were detected from the ampli-
fied PCR fragments with conserved sequence primer sets
among RSVs (RSV/Fm01 5'-GGCAAATAACAATGGAGYTGC-
3’ and RSV/Fg01 5'-TTGTWRRAACATGATYAGGTG-3' for
F gene, RSV/GmO1 5'-GGCAAATGCAACCATGTCCAA-3’
and RSV/Gg01 5'-ACCCAATCACATGCTTAGTTATTC-3" for
G gene, RSV/SHMO1 5'-ATGGGAAATACATCCAT-3’ and RSV/
SHg01 5'-CACAGCATAATGGTAGA-3’ for SH gene and RSV/
NPmMO1 5'-ATGGCTCTTAGCAAAG-3" and RSV/NPg01 5'-TTA-
AAGCTCTACATCAT-3’ for NP gene). The nucleotide sequen-
ces of these PCR fragments were confirmed by direct
sequencing. The consensus sequences obtained from the
amplicons were inserted into a plasmid vector (pEFBos or
pCXNy), and the clones were modified by addition of Flag-
tag, exchanging of signal sequence and/or truncation of the
cytoplasmic and transmembrane regions.
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Plasmid transfection and luciferase assay

A luciferase reporter plasmid, plSRE-Luc, was from Strata-
gene (Stratagene, La Jolla, CA, USA) and pELAM-Luc re-
porter plasmid was constructed as referred in Kurt-Jones
et al. (29). pRL-TK vector was from Promega. A plasmid for
human TLR3 and TICAM-1 expression was described previ-
ously (13). Plasmids for human TLR4, MD-2 and CD14 ex-
pression were kindly provided by K. Miyake (The University
of Tokyo, Tokyo), TANK-binding kinase 1 (TBK1) expression
by M. Nakanishi (The Nagoya City University, Nagoya) and
IxB kinase-related kinase e (IKKe) expression by T. Maniatis
(Harvard Medical School, Boston, MA, USA). Plasmids for
constitutive active forms of RIG-I and MDA5 (ARIG-I and
MDAS5N) expression were kindly provided by T. Fujita (The
University of Kyoto, Kyoto). All transfection was carried out
on HEK293 cells growing on 24-well plates. Usually, 100 ng
of TLR3/pEFBos or TLR4/pEFBos, 100 ng of MD-2/pEFBos,
100 ng of CD14/pEFBos, 100 ng of luciferase reporter gene
plasmid (firefly luciferase, experimental reporter) and 3 ng
of pRL-TK vector (Renilla luciferase for internal control) were
introduced into cells by LipofectAMINE 2000 (Invitrogen)
according to the manufacture’s procedure. At 24 h post-
transfection, cells were stimulated with various stimulators
for 6 h. Cells were then harvested with trypsin, washed with
PBS and treated with 20 pl of Passive Lysis Buffer (Promega).
After 6-h incubation, cells were lysed with lysis buffer and
the assay was performed using dual-luciferase reporter as-
say system. Fold induction against the control medium is
indicated.

Immunoprecipitation, SDS-PAGE and western blotting

Cells were washed in PBS (pH 7.4) and solubilized with 100 pl
of 1% (v/v) Triton X-100 containing 137 mM NaCl, 2 mM
EDTA and 1 mM phenylmethylsulfonylfluoride. After centrifu-
gation (10 000 x g for 10 min), proteins in cell lysate or cul-
ture supernatant were immunoprecipitated with anti-Flag
mAb. Immunoprecipitants were washed and eluted with Flag
peptide. The eluted samples were heated or non-heated and
were subjected to SDS-PAGE under reducing or non-reducing
conditions. Proteins were transferred onto nylon membranes.
The membranes were incubated with 10% skimmed milk
containing 5% goat serum for 30 min at room temperature,
followed by the addition of anti-Flag pAbs. One hour later,
the membranes were washed extensively with PBS contain-
ing 0.5% Tween 20 and then incubated with 5 pg of HRP-
conjugated goat anti-rabbit IgG antibody for 1 h at 37°C.
Following second incubation, the membranes were washed
with PBS-Tween 20 and proteins were detected with an ECL
chemiluminescence kit (Amersham Biosciences).

Endoglycosidase digestion

Protein samples were made up to a final concentration of ei-
ther 100 mM Tris—HCI (pH 8.6), 0.1% SDS and 1% NP-40 or
50 mM sodium citrate (pH 5.0) and 0.5% SDS and incu-
bated at 37°C for 14 h with endoglycosidase F (Takara) or
endoglycosidase H (Seikagaku Corporation, Tokyo, Japan),
respectively, as previously reported (38). The samples were
analyzed on SDS-PAGE under reducing and non-reducing
conditions.
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RSV treatment of human cells

Human cells (mDCs and HEK293 cells) were transfected
with pGV-E2/huELAM (ELAM promoter-linked firefly Iucifer-
ase) or pISRE-Luc [IFN-stimulated response element (ISRE)
promoter-linked firefly luciferase] and phRL-TK (thymidin
kinase with Renilla luciferase). The last one is the internal
control. Twenty-four hours later, cells were washed and trea-
ted with live or UV-irradiated RSV [multiplicity of infection
(MOI) = 0.5, otherwise indicated], LPS or medium. In some
experiments, antibodies against RSV proteins (20 pg ml~")
were added to the cells together with UV-irradiated RSV
(MOI = 1.0). The cells were lysed with lysis buffer at the indi-
cated time points and the assay was performed using dual-
luciferase reporter assay system. Fold induction against the
control medium is indicated at each time point.

Inhibitory effect of the sG protein on the ISRE promoter
was tested as follows. The supernatant containing the se-
creted G protein, UV-irradiated RSV, UV-irradiated MV or
medium were added to HEK293 cells, and then cells were
transfected with TICAM-1/pEFBos (50 ng), IKKe/pcDNAS.1

24 h postinfection 48 h postinfection

g | 096%] |4, 44.33% | L.07% 56.61%
g j :

(200 ng), TBK1/pcDNA3.1 (200 ng), MAVS/pEFBos (400 ng),
ARIG-I/pEFBos (700 ng) or MDAS5SN/pEFBos or pEFBos
(700 ng) and 100 ng of pISRE and 3 ng of pRL-TK. Six hours
later, cells were harvested with trypsin, washed with PBS and
treated with 20 ul of Passive Lysis Buffer. Luciferase activities
were measured by Dual-Luciferase assay kit (Promega). The
luciferase activity of firefly was normalized by that of Renilla
and relative fold activation to the medium control was deter-
mined. All experiments were performed in triplicate.

Results

Immune responses induced in human DCs by RSV stimulation

DCs in the respiratory tract play important roles in the im-
mune response against RSV infection. Human mDCs pre-
pared from three healthy donors were incubated with RSV at
MOI = 0.5. Viral proteins were detected on the mDC surface
within 24 h and kept expressed over 48 h using anti-RSV
polyclonal antibodies by FACS analysis (Fig. 1A). Thus, hu-
man mDCs are susceptible to RSV of this subgroup B isolate.
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Fig. 1. Human DCs responding to RSV. (Panel A) Human immature mDCs are susceptible to RSV infection. Immature mDCs were incubated with
Mock or RSV (MOI = 0.5). These mDCs were stained with FITC-labeled goat anti-RSV polyclonal antibodies or FITC-labeled control mouse Ig 24
or 48 h after RSV infection. %RSV-positive cells are indicated in the FACS histograms. (Panel B) mDC maturation is induced by RSV treatment.
Immature mDCs were treated with indicated TLR ligands, medium only or RSV (live or UV irradiated, MOI = 0.5). Twenty-four hours later, mDCs
were allowed to react with the indicated antibodies of F(ab’), against mDC maturation markers (open histograms). Isotype-matched IgG was
used as controls (closed histograms). The experiments were performed three times and represented results are shown. (Panel C) Production of
TNF-o. by mDCs treated with live or UV-irradiated RSV. Human immature mDCs were prepared from five healthy donors and individually treated
with RSV (live or UV irradiated) at MOI = 0.5, 0.25 and 0.1. The culture supernatants of the mDCs were harvested in 24 h and the levels of TNF-o
determined by ELISA. Asterisk means ‘not detected’. (Panels D and E) Production of IFN-B by mDCs in response to RSV. Immature mDCs were
treated with RSV (live or UV irradiated) at MOI = 0.5 (otherwise indicated). LPS (100 ng ml~") or medium were used as controls. Twenty-four hours
later, the supernatants were collected, and the levels of IFN-B were measured by ELISA. Asterisk, not detected.



To examine DC maturation by RSV, mDCs were stimulated
with live or UV-irradiated RSV, LPS (TLR4 ligand), MALP-2
(TLR2 ligand) or polyl:C (TLR3 ligand) (Fig. 1B). Stimulation
with either live or UV-irradiated RSV led to maturation of
mDC as determined by cell-surface markers (CD80, CD83,
CD86, HLA-DR and CD40) as was the case with the other
TLR ligands. Since UV-irradiated RSV induced mDC matura-
tion, RNA replication after viral entry is not a main cause for
the RSV-mediated mDC maturation.

Next, we examined if mDCs produce TNF-a and IFN-B in
response to RSV infection/stimulation. TNF-a is induced
mainly through NF-xB activation and known to mature
mDCs. mDCs from various individuals were incubated with
the indicated doses of live or UV-irradiated RSV (Fig. 1C).
LPS was used as a positive control for the TLR4 ligand.
Twenty-four hours later, the supernatants were collected for
ELISA. The levels of TNF-a were increased in the superna-
tant of mDCs in a RSV dose-dependent manner irrespective
of RSV treatment, live or UV irradiation (Fig. 1C). Thus, viral
attachment to cells rather than replication triggers TNF-o
production. However, IFN-B was barely produced in mDCs
treated with RSV (Fig. 1D). Although higher doses of live
RSV minimally induce IFN-B (<20 1U mi~") in mDCs during
24 h (i.e. replication dependently, presumably via the cyto-
plasmic pathway), UV-irradiated RSV did not induce IFN-B
by MOl = 1.0 (Fig. 1E) and even at MOl = 5 (data not
shown). Although IFN-B induction appears to occur by stim-
ulation of TLR4 with the F protein (30), this is not the case
in challenge with UV-irradiated RSV. mDC maturation with
TNF-a production but poor IFN-B production is a characteris-
tic phenotype in RSV-affected human mDCs.

Quantitative PCR analysis was performed with mDCs for
surveying cytokine induction. UV-inactivated RSV induced
a minute amount of the IFN-B message in mDCs but failed
to induce it >6 h after stimulation, although live RSV allowed
mDCs to induce incremental IFN-B >12 h post-infection
(p.i.) (Fig. 2A). In contrast, the TNF-o was somehow kept
to be constant >12 h in inactive RSV-stimulated mDCs
(Fig. 2B). We consistently found that IFN-inducible genes
were barely up-regulated by function of UV-irradiated RSV
even after 6 h (data not shown) and 24 h post-stimulation
(Fig. 2C). IFN-inducible genes were up-regulated only when
mDCs were challenged with high doses of live RSV after
12 h. According to the ~4 h mRNA levels and 24 h ELISA
results, RSV-mediated robust IFN induction is the replication-
dependent event.

RSV inhibits virus—cell contact-mediated IFN-f induction

UV-inactivated RSV induced TNF-a but barely induced IFN-B
in the early phase of mDCs. We asked what causes the im-
potent production of IFN-B in response to the external stimu-
lation of RSV. We tested the reporter-activating abilities of
RSV using the ELAM (for NF-xB) and ISRE (for IFN-B) re-
porter assays in HEK293 cells. Neither of the promoters was
activated in response to UV-irradiated RSV at the indicated
time points (Fig. 3A and B). Live RSV on the other hand
prominently activated ISRE by ~24 h p.i. (Fig. 3B) and
ELAM >12 h p.i. (Fig. 3A). This activation was not due to
contaminating LPS since the HEK293 cells did not express
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TLR4 (Fig. 3A and B). The RSV replication-dependent events
will markedly happen >12 h p.i..

A previous report (29) demonstrated that the RSV F pro-
tein serves as a TLR4 agonist. Thus, virus—cell contact by
live and UV-irradiated RSV should extrinsically activate
NF-xB via the TLR4 pathway independent of viral replica-
tion. This issue was confirmed with HEK293 cells express-
ing TLR4 and the stimulation period by 6 h (Fig. 3C and
D). ELAM promoter activation was observed in response to
live and UV-inactive RSV to a similar extent (Fig. 3C). How-
ever, virtually no ISRE activation was detected under this
setting (Fig. 3D). Hence, RSV activates the IFN-B pro-
moter in an only replication-competent fashion >24 h p.i..
There is a discrepancy between NF-xB and IFN-B promoter
activation.

When HEK293 cells expressing TLR4 were stimulated with
LPS and various doses of live or UV-irradiated RSV, RSV
dose dependently inhibited LPS-mediated activation of the
ISRE promoter (Fig. 4A) irrespective of irradiation, since the
analysis was performed within 12 h i.e. before significant vi-
ral replication. To test if the inhibition was RSV (but not
TLR4) specific, TLR3-expressing HEK293 cells were stimu-
lated with polyl:C in concert with various doses of live or
UV-irradiated RSV. Both live and UV-irradiated RSV dose de-
pendently inhibited ISRE promoter activation by polyl:C in
terms of TLR3 signaling (Fig. 4B). We confirmed the sup-
pression of IFN-B induction by RSV in mDCs. IFN-B protein
production by LPS or polyl:C (determined 24 h p.i.) was also
dose dependently inhibited by UV-irradiated RSV in mDCs
(Fig. 4C). Function-neutralizing studies were performed us-
ing polyclonal antibodies against RSV envelope proteins.
We set the conditions where polyl:C induced activation of
the ISRE promoter in HEK cells and this activation was
partly inhibited in response to live or UV-irradiated RSV that
was administered for virus—cell contact (Fig. 4D). A typical
result is shown in Fig. 4(D), where the pAb against RSV
abrogated RSV-dependent inhibition of ISRE promoter acti-
vation. This implies that the virus—cell contact due to
a RSV-exposing factor inhibits IFN-B promoter activation in
host cells. Since the RSV F protein does not activate TLR3,
we used the TLR3/polyl:C system in the following inhibition
experiments.

RSV G protein is surface expressed to inhibit the IFN-p
pathway

The question is what factor of the RSV envelope proteins
participates in inhibition of polyl:C-derived IFN-B induction.
Plasmid constructs were generated with the indicated RSV
envelope proteins tagged with Flag (Fig. 5A). We confirmed
protein expression in HEK293 cells using SDS-PAGE and
western blotting with an anti-Flag antibody (Fig. 5B). Under
reducing conditions, the F, G and sG proteins were detected
on the blot at their expected molecular masses (Fig. 5B).
Under non-reducing conditions, all these proteins tended to
form multimers. In particular, the SH and F proteins formed
multimers, which were partially dissociated upon heating
and reduction (Fig. 5B), consistent with a previous report
(28). The F, SH and G proteins, but not sG proteins, were
N-glycosylated and no high mannose was detected on these
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Fig. 2. Early induction of minute amounts of IFN-Bthrough RSV-mDC interaction. (Panels A and B) Early induction of TNF-aand IFN-Bby mDCs in
response to RSV attachment. Human immature mDCs were treated with LPS (positive control), medium only (negative control) or live or UV-
irradiated RSV (MOI = 0.5) as in Fig. 1(E). At indicated timed intervals, mRNA was harvested from the treated mDCs. Quantitative PCR was
performed with these RNA samples pertaining to the cytokines indicated. (Panel C) Live RSV infects human mDCs and causes TLR3-
independent induction of IFN-inducible genes. Human mDCs were stimulated with the reagents (indicated a top of the panel). The same lot of
RSV (MOI = 0.5) as in Fig. 1(E)was used. Twenty-four hours later, mRNA levels of the indicated genes were assessed by reverse transcription-
PCR. GAPDH is a control.

proteins (data not shown). Susceptibility of these proteins to Cells were transfected with the indicated expression plas-
glycosidases suggested that these proteins are expressed mid, together with TLR3-expressing plasmid and the re-
naturally on HEK293 cells. In addition, a soluble form of the porter plasmids. Then, the cells were stimulated with polyl:C

G protein of 48 kDa with no high mannose or N-linked sug- and after 6 h, the ISRE reporter activity was measured.
ars was detected in the supernatant of the cells (Fig. 5C), G protein derivatives showed a weak ability (usually ~20%)
consistent with a previous notion (33). to suppress the polyl:C-mediated ISRE reporter activity as
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Fig. 3. Replication-dependent promoter activation by live RSV.
(Panels A and B) Live but not UV-irradiated RSV activates the ELAM
and ISRE promoter. HEK293 cells were transfected with pGV-E2/
huELAM or pISRE-Luc and treated with the indicated stimulants as in
Fig. 1(E). At timed intervals, luciferase reporter activity was de-
termined for ELAM (A) and ISRE (B) activation. (Panels C and D)
HEK293 cells with the ELAM or ISRE reporters were transfected with
the plasmid set for TLR4 expression. Twenty-four hours later, cells
were washed and treated with RSV (MOI = 0.5), LPS or medium. Six
hours after incubation, reporter assay was performed as for ELAM (C)
and ISRE (D). In either case, fold induction against medium is
indicated. One of three similar experiments is shown.

compared with the vector transfectant (Fig. 6A). With the ex-
ception of the G protein, polyl:C-dependent ISRE activation
was not affected by the expression of the RSV envelope
proteins (Fig. 6A). The result was reproducible under the
conditions where proteins were expressed to similar levels.
Over-expressing RSV sG protein appears to externally inhibit
the TLR3-mediated IFN-B-inducing event.

Since the sG protein maintained its inhibitory effect, we
examined the ISRE inhibition by increasing doses of RSV
sG protein using the TLR3 or TLR4 system. The culture
supernatants from HEK293 cells transfected with the RSV
sG (sGncFlag) plasmid were collected as a source of sG
and used in the reporter assay. The supernatant of
HEK293 cells with vector only was similarly prepared as
a control. Cells were transfected with relevant plasmids for
the TLR assay, and after 24 h, the cells were stimulated
with LPS, polyl:C or media (presence or absence of the
RSV sG protein for 6 h (Fig. 6B and C). ISRE activation by
LPS-TLR4 (Fig. 6B) and polyl:C-TLR3 (Fig. 6C) were
clearly inhibited by the exogenously added sG protein in
a dose-dependent manner. These data suggest that it is
the G protein that inhibits the TLR3/4-mediated IFN-B-
inducing pathway.
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Exogenously added RSV G protein suppresses IFN-f
production in mDCs

It remained undetermined whether the extrinsic G protein
physiologically controls mDC function. We determined IFN-f
production in mDCs by stimulation with sG protein. The sG-
mediated suppression of IFN production was endorsed with
mDCs stimulated with polyl:C or LPS using ELISA (Fig. 7A).
Finally, the purified F-protein-mediated IFN-B production was
also blocked by RSV-G protein (Fig. 7B). Using the early-
phase IFN-B mRNA determination assay by quantitative
PCR (Fig. 2A), we checked whether exogenously added sG
protein has an ability to inhibit RSV-mediated early (<2 h) in-
duction of the IFN-B message in mDCs. The conditioned me-
dium containing sG protein, if pre-incubated with mDCs,
partially suppressed the increase of the IFN-B message by
live and UV-irradiated RSV up to 4 h p.i. in mDCs (data not
shown). Hence, additional sG protein can modulate mDC
functions including IFN-B induction raised secondary to
RSV-mDC interaction.

The sG protein selectively inhibits TICAM-1/TRIF signaling

Recent reports described the presence of TLR-independent
dsRNA-mediated type | IFN-inducing pathways (38). RIG-I
and MDADS are the sensors responsible for virus RNA recog-
nition (39). These molecules reside in the cytoplasm where
they recognize dsRNA or viral RNA-specific patterns and ac-
tivate IKKe and TBK1 through the adaptor MAVS (IPS-1)
(18). To examine whether the sG protein could inhibit the cyto-
plasmic pathway, we transfected HEK293 cells with reporter
plasmids together with the plasmids for the constitutively ac-
tive form of RIG-I or MDAS5 (ARIG-I or MDA5N), IPS-1, TICAM-
1, IKKe or TBK-1. The IFN-inhibitory effect of the sG protein,
UV-irradiated RSV and UV-irradiated MV (as a control) was
assessed using the reporter assay after 6 h. The sG protein
and UV-irradiated RSV inhibited ISRE activity by TICAM-1,
but not by other cytoplasmic factors including RIG-I and
MAVS (Fig. 8A). The TICAM-1-mediated ISRE activation
was inhibited in a sG dose-dependent manner (Fig. 8B). UV-
irradiated MV did not inhibit ISRE activation in terms of all the
transfected constructs (Fig. 8A). IKKe/TBK-1-mediated ISRE
response was not affected by the sG protein added and
rather increased by stimulation with UV-irradiated RSV (data
not shown), although the latter reason as yet unknown.
Hence, we can conclude that the sG protein selectively
inhibits the TICAM-1-signaling pathway upstream of the
IRF-3 kinases, but not the RIG-I/MDA5 pathway. This issue
was confirmed using TICAM-1- and MAVS-silencing Hela
cells made by the RNAi technology (M. Matsumoto and
T. Seya, unpublished data).

Discussion

We demonstrated that mDCs produce only minute amounts
of IFN-B in response to live and UV-irradiated RSV while
mDCs induce TNF-a to mature in response to the same RSV
treatment. IFN-B is poorly produced only when whole-virus
particles exogenously attack for mDC infection. This situa-
tion may coincide with RSV-mediated mDC maturation which
is also triggered by RSV attachment to the host cell surface.
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polyl:C. Twenty-four hours later, culture supernatants were collected and the levels of IFN-B measured by ELISA. (Panel D) RSV-mediated
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A). Twenty-four hours later, cell lysates were immunoprecipitated with anti-Flag antibody and the proteins were resolved on SDS-PAGE (10% gel)
under reducing (left panel) or non-reducing conditions (right panel). After protein blotting onto a sheet, blots were probed with anti-Flag pAb.
(Panel C) Glycosylation of RSV proteins liberated from HEK cells. The supernatants of the sGncFlag-transfected HEK293 cells in (B) were treated
with endoglycosidase H (endo H) or endoglycosidase F (endo F) and analyzed on SDS-PAGE followed by immunoblotting. The conditions of the

analyzed samples are shown in the panel.

We found RSV inducing minimal IFN-B through virion—cell at-
tachment (usually taking <4 h p.i.) and then inducing robust
IFN-B after cytoplasmic replication (>12 h p.i.). The F protein
should be an effector for the RSV-mediated IFN-B induction,
but somehow the IFN-B induction tends to be diminished in
RSV-host cell interaction. We searched for the factor nega-
tively regulating IFN-B induction in host HEK293 cells using
UV-inactive RSV and found that attachment of RSV envelope
proteins to host cells causes down-regulation of [FN-B.
Finally, the G protein of RSV is the factor for the inhibition of
IFN-B promoter activation: even by the stimulation with
polyl:C or LPS, bystander inhibition happens by function of
the soluble form of the G protein (sG). Addition of the sG
protein to the culture of mDCs allows the suppression of
polyl:C- or LPS-mediated IFN-B production. Ultimately, here
we disclose a novel function of the RSV G protein in the reg-
ulation of host cell IFN response.

Using in vitro analysis, we found that the RSV F protein-
mediated IFN induction (30) is neutralized by the RSV G pro-
tein, which selectively modulates the TICAM-1 pathway, i.e.
the preferential activation of IRF-3 and the IFN-B promoter in
myeloid DCs. The G protein can inhibit both TLR3 and TLR4
to suppress IFN-B induction, supporting the target TICAM-1.
Studies using reporter analysis, ELISA with mDCs and
gene-silencing analysis of MAVS and TICAM-1 using RNAi
(M. Matsumoto and T. Seya, unpublished data) all supported
the G protein function in the TICAM-1 pathway.

How the G protein modulates the TICAM-1-mediated IFN-
inducing function remains as a tantalizing point in this story.
A possible molecular mechanism is that the G protein is
produced after replication and a putative receptor for the
G protein delivers a negative signal to the TICAM-1 path-
way. This G protein receptor may exist in the cytoplasmic
compartment or on cell surface and link the TICAM-1 path-
way in the cytoplasm. This hypothesis may be related
to the fact that a defective recombinant virus lacking the
sG protein decreases the virus pathogenicity due to the in-

duction of antiviral immunity (40). In addition, how dsRNA
stimulation activates TICAM-1 is getting clear in a molecu-
lar level (41). Furthermore, a recent report (42) suggested
that the TIR-containing adaptor SARM exhibits a regu-
latory function toward TICAM-1. Further studies are re-
quired to clarify the mode for TICAM-1 inhibition by
extrinsic G proteins.

Since IFN-inducible genes are significantly up-regulated in
mDCs in response to live RSV after 24 h p.i. (Fig. 2C), the
initial trigger of IFN induction by live RSV may be too weak
to suppress RSV replication, so that the infected mDCs elicit
following replication-mediated response. In fact, importance
of ‘revving up’ activation of IFN-B for amplifiable IFN-o/p re-
sponse has been proposed in a recent review (43). RIG-I
and MDAS are preferentially responsible for the replication-
dependent antiviral event in response to live viruses, which
is evident in the airway epithelial cells (6). Since RIG-I and
MDA5 are IFN-inducible proteins, an initial trigger of IFN-B
also critically causes their induction in virus-attached cells.
We surmise the importance of F protein-mediated TLR4 sig-
nal in an early response of cells to RSV. Blocking of the
F protein function by G proteins may be crucial for silencing
the IFN-inducing response and for the virus side facilitating
RSV infection. Indeed, immature mDCs secrete TNF-o and
mature in a similar manner in response to both live and dead
RSV, possibly reflecting minute participation of type | IFN in
the RSV-mediated maturation phenotype of mDCs.

The difference in outcome between TLR and RIG-I/MDA5
signaling is an intriguing question. TLR3 senses viral RNA
outside the cytoplasm and RIG-I/MDAS sense it inside the cy-
toplasm. RIG-I/MDA5 and TLR3 recruit different adaptors,
IPS-1 and TICAM-1, respectively. Although TICAM-1 and IPS-
1 interact partly with TANK family proteins (10, 44), only the
TICAM-1 pathway is reported to elicit potencies to activate
CTL and NK cells in mDCs (11, 12). Our premise is that viral
RNA replication inside the cytoplasm and extrinsic dsRNA
stimulation lead to differential mDC driving. Selective inhibition



1178 Blocking TLR-TICAM-1 pathway by RSV sG

v

B8
|

=
HH

3
_H

8

[
—
=N

=)

ISRE promoter
Relative luciferase activity
s
I

7

vector

ag sG nclag

2 B0

F cl SH n

S W

NP G ncFl

|w TLR3/medium o TLR3/poly I:C_= TLR-/medium & TLR-/poly I:C|

]

o
~—

oo

ISRE promoter
Relative luciferase activity
E-S

2
o AL
Madium RSV sG control
LPS
| o TLRaMD2/CD14 W TLR- |
C)
>
y
§§ o ” Ak
o
E 815
£
w g 10
©we s
©
© ol
- é
Medium RSV sG control
poly I:C

Fig. 6. RSV G protein inhibits activation of the ISRE promoter. (Panel A)
RSV G protein inhibits ISRE activation by TLR3. HEK293 cells
were transfected simultaneously with pISRE-Luc, phRL-TK, pEFBos
TLR3 and indicated plasmids encoding RSV proteins. Twenty-four
hours later, cells were incubated with 10 pg mi~1 of polyl:C
or buffer only. After 6 h, dual-luciferase reporters were assayed as in
Fig. 4(A). (Panel B and C) sG protein inhibits ISRE activation by LPS
or polyl:C. HEK293 cells expressing TLR4/MD-2/CD14 or TLR3 were
prepared and then the ligand stimulation was added to the cells in the
medium containing RSV sG. HEK293 cells were transfected
with pISRE-Luc, phRL-TK and pEFBos TLR4 expression plasmids or
TLR3 plasmid. Twenty-four hours later, cells were stimulated with
100 ng mI=" of LPS (B) or 10 pg mi~" of polyl:C (C) under various
doses of RSV sG (1/5, 1/10, 1/20 and 1/40 volumes of medium). The
culture supernatant from the empty vector-transfected cells was used
as a control. After 6 h incubation, luciferase reporter activity was
measured as in Fig. 4(A). The figures are representative results of
multiple trials.
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Fig. 7. RSV sG protein inhibits IFN-B production by mDCs stimulated
with polyl:C or RSV F protein. (Panel A) sG protein inhibits polyl:C-
inducing IFN-B production in human mDCs. mDCs were prepared as in
Fig. 1. Cells were stimulated with polyl:C in the presence of the sG
protein-containing or control medium. Twenty-four hours later, the
supernatants were harvested to measure the IFN-B content. LPS was
used as control as in Fig. 2(D). (Panel B) Purified F protein allows
mDCs to produce IFN-B, which is inhibited by sG. Immature mDCs
were stimulated with the purified F protein (1 pg) in the presence or
absence of the sG-containing medium. Twenty hours later, the IFN-B
levels released in the supernatant of mDCs were determined by ELISA.

of the TICAM-1 pathway may benefit RSV survival and hap-
pen to suppress mDC-derived cellular immune responses.
Severe repetitive infection by RSV occurring in children and
being referred to insufficient mDC maturation, may be partly
due to this extrinsic mDC regulation by RSV proteins.

The question is whether the early IFN induction via RSV-
attached host cells is physiologically significant in mDCs.
A number of RSV studies have suggested that TLR3 is impli-
cated in the immune response of epithelial cells. IL-8,
RANTES, TNF-a and IL-6 are up-regulated secondary to
RSV infection (45-47). In addition, IFN-inducible genes, in-
cluding TLAR3 and PKR, are up-regulated (5). These findings
were reported before the molecular identity of RIG-I/MDA5
was completed and were based on the assumption that the
source of dsRNA was from RSV RNA released from cells un-
dergoing infection-induced apoptosis. It is still unclear
whether the virus—cell attachment-mediated TICAM-1 block-
ing earlier and more significantly participates in initial IFN in-
duction than the intrinsic cytoplasmic IFN-inducing pathway.
However, in RSV infection, this G protein-mediated TICAM-1
blocking would be crucial since RSV possesses the TLR4
ligand F protein. The question is whether these findings are
adaptable to human patients with RSV infection. Further
analysis will be required about what happens in mDCs and
acquired immunity once replication-derived viral RNA prod-
ucts are generated in patients’ body (8, 9).

Regarding viral aspects, a recent report suggested that
the G cysteine-rich region of the RSV sG protein inhibits pro-
duction of NF-xB-inducible inflammatory cytokines through
TLR4 (48). Since MyD88 is not a target of the RSV G
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Fig. 8. The sG protein inhibits the TICAM-1 pathway. (Panel A) The sG
protein blocks TICAM-1-mediated ISRE promoter activation. HEK293
cells were treated with a control medium or medium containing sG
along with control dead RSV or MV and transfected with pISRE-Luc,
phRL-TK and the plasmids expressing for the indicated proteins. Six
hours later, cells were washed, lysed with lysis buffer and the reporter
assay was performed as in Fig. 4(A). (Panel B) The sG protein dose
dependently inhibits the TICAM-1 pathway. HEK293 cells were
transfected with the TICAM-1 plasmid, and the TICAM-1-mediated
ISRE promoter activation was monitored in the presence of variable
amounts of the RSV sG-containing medium (1/5, 1/10, 1/20 and 1/40
volumes of medium). The culture supernatant from the empty vector-
transfected cells was used as a control.

proteins in NF-kB activation (data not shown), the G protein
can distinguish between MyD88 and TICAM-1 as the molec-
ular target. Besides the RSV F protein, many viral envelope
proteins are known to act as ligands for TLR2 or TLR4. In
general, many viral proteins reportedly inhibit the JAK/STAT
pathway and IRF-3 activation. NS3/4A of HCV inactivates
IPS-1 and TICAM-1 by proteolysis (49). Vaccinia virus pro-
teins also target TLR adaptor proteins (50). RSV NS1 and
NS2 are simultaneously generated with viral RNA in the cyto-
plasm. These proteins act as inhibitors for IFN-o/B signaling
after replication (26, 27). Here, we add to these findings
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a line of evidence that the RSV G protein is a negative regu-
lator for the TLR3/4-mediated TICAM-1 pathway.
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Abbreviations
DC dendritic cell

dsRNA double-stranded RNA

F protein fusion glycoprotein

G protein G glycoprotein

IKKe IxB kinase-related kinase e
IPS-1 IFN-B promoter stimulator 1

IRF IFN-regulatory factor

MALP-2 macrophage-activating lipopeptide-2
MAVS mitochondria antiviral signaling
MDA5 melanoma differentiation-associated gene 5
mDC monocyte-derived dendritic cell
MOI multiplicity of infection

MV measles virus

NF-xB nuclear factor-xB

p.i. post-infection

RIG-I retinoic acid-inducible gene |
RSV respiratory syncytial virus

sG soluble G

TBK1 TANK-binding kinase 1

TIR Toll-IL-1R

TLR Toll-like receptor

TNF-o tumor necrosis factor-o
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Abstract Background Toll-like receptors (TLRs) may
play active roles in both innate and adaptive immune
responses in human intrahepatic biliary epithelial cells
(HIBECs). The role of TLR3 expressed by HIBECs,
however, remains unclear. Methods We determined the in
vivo expression of TLRs in biopsy specimens derived from
diseased livers immunohistochemically using a panel of
monoclonal antibodies against human TLRs. We then
examined the response of cultured HIBECs to a TLR3
ligand, polyinosinic—polycytidylic acid (polyl:C). Using
siRNAs specific for Toll-IL-1R homology domain-con-
taining adaptor molecule 1 (TICAM-1) and mitochondrial
antiviral signaling protein (MAVS), we studied signaling
pathways inducing IFN-f expression. Results The expres-
sion of TLR3 was markedly increased in biliary epithelial
cells at sites of ductular reaction in diseased livers,
including primary biliary cirrhosis (PBC), autoimmune
hepatitis (AIH), and chronic viral hepatitis (CH) as com-
pared to nondiseased livers. Although cultured HIBECs
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constitutively expressed TLR3 at both the protein and
mRNA levels in vitro, the addition of polyl:C to culture
media induced only minimal increases in IFN- mRNA. In
contrast, transfection of HIBECs with polyl:C induced a
marked increase in mRNAs encoding a variety of chemo-
kines/cytokines, including IFN-p, IL-6, and TNF-a. The
induction of IFN-f mRNA was efficiently inhibited by an
siRNA against MAVS but not against TICAM-1, indicating
that the main signaling pathway for IFN-f induction fol-
lowing polyl:C transfection is via retinoic acid-inducible
gene I (RIG-I)/melanoma differentiation-associated gene 5
(MDAS5) in HIBECs. Conclusions TLR3 expression by
biliary epithelial cells increased at sites of ductular reaction
in diseased livers; further study will be necessary to char-
acterize it’s in vivo physiological role.

Keywords Primary biliary cirrhosis (PBC) - Human
intrahepatic biliary epithelial cells (HIBECs) - Interferon
beta (IFN-f) - Toll-like receptor 3 (TLR3) Toll-IL-1R
homology domain-containing adaptor molecule 1
(TICAM-1) - Mitochondrial antiviral signaling protein
(MAVS) - Retinoic acid inducible gene I (RIG-I) -
Melanoma differentiation-associated gene 5 (MDAS)

Abbreviations

BEC Biliary epithelial cell

CK Cytokeratin

dsRNA Double stranded RNA

ER Endoplasmic reticulum

ELISA Enzyme-linked immunosorbent assay

GAPDH Glyceraldehydes-3-phosphate
dehydrogenase

HIBEC Human intrahepatic biliary epithelial cell

HRP Horseradish peroxidase

IFN Interferon
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IL Interleukin

IRF Interferon regulatory factor

MAVS Mitochondrial anti-viral signaling protein

MDAS Melanoma differentiation associated gene-5

MyD88 Myeloid differentiation factor 88

PBC Primary biliary cirrhosis

PBMC Peripheral blood mononuclear cells

Polyl:C Polyinosinic—polycytidylic acid

PRR Pattern-recognition receptor

RIG-I Retinoic acid-inducible gene I

RT-PCR Reverse transcription-polymerase chain
reaction

siRNA Small interfering RNA

TLR Toll-like receptor

TNF Tumor necrosis factor

TICAM-1 Toll-IL-1R homology domain containing
adaptor molecule 1 \

Introduction

Epithelial cells are the first barrier against viral infection.
Such cells typically express retinoic acid-inducible gene
I (RIG-I))melanoma differentiation-associated gene 5
(MDAS) and Toll-like receptor 3 (TLR3) to sense double-
stranded RNAs (dsRNA), hallmarks of viral replication [1—
3]. TLR3 is localized to endosomes and/or the cell surface in
epithelial cells, while RIG-I/MDAS resides in the cytoplasm
[3-5]. TLR3-expressing epithelial cells are widely distrib-
uted throughout the body, with prominent expression in
intestinal, cervical, uterine, endometrial, bronchial, and
corneal epithelial cells, the central nervous system, and
epidermal keratinocytes [6—16]. The function of TLR3 has
been intensively studied in some of these epithelial cells;
bronchial epithelial cells recognize dsSRNA by cell-surface
TLR3 and induce cellular responses, including the secretion
of type 1 interferon (IFN) via the Toll-IL-1R homology
domain-containing adaptor molecule 1 (TICAM-1)-inter-
feron regulatory factor 3 (IRF3) signaling pathway [11, 12].
The intracellular RNA sensors RIG-I/MDAS also serve as
IFN inducers acting via the mitochondrial antiviral signaling
protein (MAVS)-IRF3 signaling pathway, thus protecting
host cells against the spread of viral invasion [2, 3].

We previously found that the expression of TLR3 and
IFN-f mRNA:s is significantly increased in both the portal
areas and parenchyma of livers diseased with PBC [17].
There was a positive correlation between TLR3 and IFN-f
mRNA levels in both areas, indicating that TLR3-type 1
IFN signaling pathway is activated in PBC; the TLR3-
expressing and/or IFN--producing cells, however, remain
unknown [17]. This prompted us to investigate TLR3
expression and IFN-§ production in human intrahepatic
biliary epithelial cells (HIBECs).
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In this study, we used specific monoclonal antibodies
against TLRs [4] to determine that intrahepatic bile ducts,
but not hepatocytes, in diseased livers strongly express
TLR3. TLR3 protein is found in HIBECs at low levels on
the cell surface and high levels in endosomes. Our results,
however, indicate that the primary signaling pathway for
IFN-f induction activated by dsRNA functions via RIG-I/
MDAS in the cytoplasm but not via TLR3 expressed on the
cell surface or in endosomes. This is contrary to results
obtained for other types of epithelial cells, such as bron-
chial epithelial cells and endometrial cells, in which
surface TLR3 recognizes viral dsRNA to signal the pres-
ence of infection via the TLR3-IRF3-type I interferon
signaling pathway [9, 11, 12, 15]. Here we discuss dsRNA-
sensing system functioning in HIBECs and the role of high
expression levels of TLR3 in diseased livers.

Materials and methods

Liver biopsy specimen and immunohistochemical
evaluation

Liver needle biopsy specimens, which were derived from
seven primary biliary cirrhosis (PBC)-affected, five auto-
immune hepatitis (AIH)-affected, and five chronic hepatitis
C (CHC)-affected livers, were frozen in OCT compound
(Sakura Finetechnical Co, Tokyo, Japan) immediately after
the procedure and were stored at —80°C until use. Mouse
monoclonal antibodies to human TLR1 (clone TLR1.136,
IgG1, k), TLR2 (clone TLR2.45, 1gGl, k), TLR3 (clone
TLR3.7, 1gG1, k), TLR4 (clone TLR4, IgG2a, k), and
TLR6 (clone TLR6.127, 1gGl1, k) were generated in our
laboratory [4]. Among these monoclonal antibodies, the
specificity of anti-TLR3 (TLR3.7) was intensively studied.
Anti-TLR3 monoclonal antibody specifically binds to the
extracellular part of native TLR3 but not to denatured form
of TLR3 or other TLRs, including TLR2 and TLR4. Fur-
thermore, TLR3.7 inhibits dsRNA-induced IFN-8
production by inhibiting the interassociation between
dsRNA and TLR3 [4, 5]. Mouse monoclonal antibodies
specific for cytokeratin (CK) 7 and CK 19 were purchased
from DAKO (DAKO Japan, Kyoto, Japan). Frozen sec-
tions, 4 mm in thickness, were stained with anti-TLR and
anti-CK7 or -CK19 antibodies as described elsewhere [17].
Briefly, frozen sections were first fixed in 50 and 100%
acetone for 30 s and 3 min, respectively, followed by
treatment with Peroxidase Blocking agent (DAKO) for
10 min. Sections were then incubated with anti-TLR
monoclonal antibodies (anti-TLR1, 2, 3, 4, and 6) for
60 min at room temperature. A standard 2-step method
with ENVISION+ (DAKOQO) was used to visualize bound
antibody using 3,3'-diaminobenzidine as a chromogen



