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The degrees of CD86 up-regulation were examined with
these lipopeptides, and similar DC maturation was evaluated
by flow cytometry (Fig. 1D,E). Although the levels of CD86
were increased in response to Pam2 peptides (100 nM), no
significant difference was observed among the Pam2 peptides
tested (Fig. 1E). At the dose of Pam2 where cytokine induction
sufficiently occurs, CD86 expression inadequately takes place
in BMDC, as reported previously [12]. Thus, NF-kB activa-
tion, cytokine liberation and DC maturation are partially co-
related in these lipopeptides.

3.2. NK activation by Pam2CSK4 and MALP-2

Previous reports suggested that TLR2 agonists have ability
to induce NK activation [11,12]. To investigate whether the
Mycoplasma lipopeptides harbor activity of NK cell activa-
tion, we added the Pam2Cys peptides (100 nM) to BMDC, NK
cells or BMDC/NK co-culture as in a previous method
assessing polyI:C activity for BMDC-mediated NK activation
[10]. Although BMDC per se can induce IFN-y production in
response to some TLR stimuli [17,18], we could detect only
minute amounts of IFN-y in our setting using Pam2 lip-
opeptides (Fig. 2A). In this context, three markers for NK
activation [19] were assessed with this system, IFN-y
production, up-regulation of NK activation markers and target
cell (B16D8) cytotoxicity by NK cells (Fig. 2). IFN-y was
generated in the supernatants (sup) of NK cells (Fig. 2B) or
BMDC/NK co-culture (Figs. 2C and 3A left hand panel) in
response to the control lipopeptides, Pam2CSK4 and Pam2-
Cys12. However, MALP-2s and f showed significantly low
potentials for IFN-y-induction comparable to the negative
control Pam2CSK.

The NK cell activation markers CD25 and CD69 were
analyzed with BMDC co-cultured NK cells with or without the
lipopeptide treatment by flow cytometry (Fig. 2D). Up-regu-
lation of surface CD25 and CD69 was observed in NK cells
incubated with BMDC stimulated with Pam2CSK4 and
Pam2Cys12 but far less with MALP-2s and f.

Activated NK cells are a major source of IFN-y which
causes a variety of responses of the immune system. To further
examine whether BMDC matured with PAm2CSK4 or MALP-
2 drive NK-dependent IFN-y secretion, we stimulated BMDC
with these lipopeptide reagents for 4 h and then mixed with
NK cells (ratio 1:2) for 20 h. Breferdin was added to the
mixture in order to accumulate IFN-y in the NK cells for the
last 4 h of incubation. As shown in Fig. 2E, the TLR2 ligands
Pam2CSK4 and Pam2Cysl2 significantly increased the
frequency of IFN-y-secreting NK cells, while MALP-2f and s
showed far less activity to produce IFN-v in the NK cells.

Cytotoxic activity was evaluated using B16DS8 cells as
a target [10]. BMDC-activated NK cells (see above) were
incubated with B16D8 cells at a ratio of 30:1. Again, MALP-2s
and f showed less effective killing against the target (Fig. 3B left
hand panel). The other lipopeptides had sufficient killing
activity compared to the control polyl:C: one of two examples
assayed with different BMDC lots are shown in the figure.

3.3. Participation of TLR2/MyD88 in MALP-2-mediated
NK activation

We next examined whether the lipopeptide-mediated IFN-y
secretion was dependent on MyD88 of BMDC. IFN-y secretion
was almost completely abrogated in the co-culture with
MyD88—/— BMDC and wild-type NK cells in the presence of
Pam2Cys12 and Pam2CSK4 (Fig. 3A), Similar tendencies were
observed with MALP-2 peptides, which essentially evoked
a minimal IFN-y production, and the IFN-vy-induction was
largely abrogated with MyD88—/— BMDC (Fig. 3A). The results
were less prominently reproduced with TLR2—/— BMDC and
wild-type NK cells (data not shown). Further confirmation was
performed using the mixtures with wild-type NK cells and
various lipopeptides. No direct activation of NK cells was
observed in the absence of BMDC (data not shown).

The results were further confirmed with NK cytotoxic assay
using NK cells co-cultured with Pam2Cys lipopeptide-stimu-
lated BMDC (Fig. 3B). When wild-type BMDC was used as an
NK cell cytotoxicity inducer, full NK activation was induced by
Pam2Cys12 or Pam2CSK4. MALP-2f and s were found to be
inefficient NK activators (Fig. 3B). If wild-type BMDC were
replaced with MyD88—/— BMDC, BMDC-enhanced NK
cytotoxicity was abrogated (Fig. 3B). The MyD88 pathway in
BMDOC is crucial for BMDC-mediated NK cell activation.

3.4. Combinational recognition of MALP-2s and f by
TLR2 and TLR6

TLR2 recognizes diacyl lipopeptide in combination with
TLR6 [20] while TLR2 recognizes triacyl lipopeptide together
with TLR1 [21]. We found TLR2/6 cooperate to recognize
Staphylococcus aureus lipopeptides using HEK293 cells with
TLR2/6 expression. Data testing MALP-2f for the usage of
TLR2/6 are shown in Fig. 4. Single receptors of TLR1, TLR6
and TLR10 barely activate NF-kB by reporter assay and only
TLR2 exhibited <60 fold ELAM promoter activation (data not
shown). No enhanced activation was observed in combination
with TLR2 and TLR1 or TLR2 and TLR10. Similar results on
TLR2/6-mediated augmentation of reporter activation were
observed with MALP-2s and Pam2CSK4 (data not shown).

Fig. 2. Pam2Cys-containing peptides activate NK cells through TLR2 in BMDC. (A, B, C) BMDC and NK cells prepared from wild-type mice were stimulated
with Pam2Cys-containing peptides for 24 h (A, B). Alternatively, BMDC were stimulated with Pam2Cys-containing peptides for 4 h. Then, NK cells prepared from
wild-type mouse spleen were co-cultured with the BMDC for 24 h. IFN-y levels in the culture supernatant are shown. (D) CD25 and CD69 expression on NK cells
co-cultured with BMDC in the presence of Pam2Cys-containing peptides. The NK cell populations (marked with NK1.1) were gated on the display of FACS and
levels of CD25 or CD69 (inset values) were examined as shown in the graphs. (E) Intracellular IFN-vy staining of NK cells co-cultured with BMDC in the presence
of Pam2Cys-containing peptides as above. Cells were treated with breferdin and then permeabilized. Intracellular IFN-y was detected by specific mAb. IFN-y
positive cells are marked with square and their frequencies are indicated by inset values.
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Fig. 3. IFN-y production and cytotoxic activity of NK cells co-cultured with BMDC in the presence of Pam2Cys-containing peptides. Wild-type and MyD88—/—
BMDC were stimulated with Pam2Cys-containing peptides for 4 h. Then, the BMDC were co-cultured with wild-type NK cells for 24 h (A) IFN-y levels in culture
supernatant were determined by ELISA. (B) Cytotoxic activities of NK cells were measured by S1Cr release assay. B16D8 cells were used as a target. E/T

ratio = 20.

Hence, TLR6 helps to amplify the TLR2 signal by MALP-2
lipopeptide as in other Pam2Cys lipopeptides, but IFN-y was
minimally induced in the NK cells.

3.5. Antitumor adjuvant activity against NK-sensitive
tfumor in vivo

Recent studies revealed that intratumoral or i.p. injection of
MALP-2 supresses pancreatic carcinoma in a mouse model
[22]. Tumor suppression is also observed with Pam2Cys type
lipopeptides in B16D8 (NK-semmve) 1mplant mice [23]. The

antitumor function by MALP-2 is abrogated in MyD88—/—
mice, suggesting that TLR2/MyD88 and following cell-
mediated immunity play a major part of tumor suppression
[23]. We tested whether MALP-2 injected s.c. induces growth
retardation of the tumor (NK target B16D8 cells) via NK
activation (Fig. 5). Pam2CSK4 s.c. injected around tumor
exhibited tumor growth retardation (Fig. SA). This Pam2CSK4
activity was abrogated by injection of asialoGM-1 Ab (data
not shown). In contrast, no tumor growth retardation was
observed in this NK-sensitive tumor by s.c. injected MALP-2
(Fig. 5B). The results infer that MALP-2 exerts only minimal
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Fig. 4. TLR6 facilitates the recognition of MALP-2 by TLR2. HEK293 cells
were transfected with the plasmids encoding TLR2 and/or TLR6, and ELAM-
luciferase reporter. After 24 h, the cells were treated with MALP-2f for 6 h.
Then, luciferase activity of the cell lysates was measured. Similar results were
obtained with MALP-2s (not shown).

potential if any, to activate NK cells through BMDC in vitro
and vivo. Unlike BCG-CWS [19] or polyL:C [8—10], MALP-2
barely suppresses tumor growth in this mouse system.

4. Discussion

Recent studies demonstrated that mDC induce NK activa-
tion by stimulation with TLR2 in mDC [12]. This NK acti-
vation occurs in a distinct mode of those reported in the
TICAM-1/IPS-1 pathways for type I IFN induction because
this mode of NK activation is derived through the MyD8&8
pathway in the mouse system. Indeed, MyD88 has been
reported to participate in NK cell activation induced by
Plasmodium falciparum-infected erythrocytes, but TLR2
response was not mandatory in the reported human case [24].
In another report, direct TLR2 stimulation in NK cells but not
mDC was critical for NK cell activation in a vaccinia infection
system [25]. We then tested whether a TLR2 agonist MALP-2
harbors adjuvant potential of mDC-mediated NK activation.

NK activation fails to be induced by MALP-2-stimulated
mDC judged by IFN-y production, up-regulation of NK acti-
vation marker CD25 and CD69, and cytotoxicity against the NK
target B16D8 cells. Cytokines with NK activation properties
such as IFN-a/B, IL-15 and IL-12p70 are not up-regulated in
mDC in response to MALP-2, although a regulatory cytokine
IL-10 is produced by stimulation with MALP-2 [3,5]. Finally,
s.c. administration of MALP-2 did not result in retardation of
tumor growth in mice with B16D8 tumor burden. Although
Pam2CSK4 having 6 a.a.-stretch following the diacyl residue
acts as an NK-activating reagent [10,18], two forms of MALP-2
with short (6 a.a.) or long (14 a.a.) peptide barely exhibits
antitumor activity. Hence, NK activation is a phenotype induced
by a limited group of Pam2Cys lipopeptides, and the peptide
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Fig. 5. MALP-2 fails to inhibit tumor growth in vivo. B16D8 cells were
transplanted subcutaneously into mice at day 0. Mice (16 week-old, female)
were treated with Pam2CSK4 (A) or MALP-2s (B) at day 0. 3, 7,9, 13, 17 as
described in Materials and methods. No tumor growth retardation was
observed when MALP-2s was replaced with MALP-2f (not shown). Each
group consists of n = 4. Surface diameters of the implanted tumors were
measured. Mean £+ SD are shown.

sequence is critical for inducing mDC-mediated NK activation.
Our results infer that TLR2-dependent mDC response to drive
NK activation largely relies on the peptide sequences of lipo-
proteins. TLR2-stimulating lipopeptides are not unifunctional:
some are active on NK cells but not others. -

TLR2 in conjunction with TLR6 serves as an adjuvant
receptor with potent cytokine-inducing ability, accompanied
with up-regulation of IL-1B, IL-6, IL-12p40 and TNF-a.
Apoptosis and NO production are also evoked through TLR2
stimulation [2]. The cytokine profile induced by MALP-2
indicates that macrophages and mDC differentiated from
monocytes are targets for MALP-2 via their TLR2. TLR2
agonists facilitate induction of CTL and CD4 T cells against
specific antigens [23,26]. In fact, M161Ag potently induces
complement-associated inflammation [27] and maturation of
immature mDC [16,28]. Although cytoplasmic sensors for
bacterial lipoproteins may in part participate in the functional
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properties of MALP-2 [29], TLR2 agonistic activity in MALP-
2 would involve cytokine-inducing properties but not anti-
tumor function by intensifying in vivo NK activation.

Adjuvants are important for induction of vaccine immunity.
Cancer immunotherapy has been developed using a variety of
adjuvants. Intratumoral or intraperitoneal injection of MALP-2
has been attempted to induce suppression of pancreatic carci-
noma in a mouse model [22]. In clinical trials, MALP-2 alone or
in combination with gemcitabine was used for the treatment of
unresectable pancreas carcinoma [6]. The rationale of this
approach is based on the ability of MALP-2 to (1) act as
a cytokine inducer [30], (2) activate murine as well as human
DC to express co-stimulatory molecules [31], (3) induce
a T-helper (Th) 1/2 response [32] and, most importantly, prolong
survival in a mouse model of an orthotopic, syngeneic pancreas
tumor [22]. Although Pam?2 lipoproteins often induce an
inhibitory cytokine IL-10 and regulatory T cells (Yamazaki S,
unpublished data), no report mentioned the effect of these
factors on MALP-2 adjuvant potential. We favored interpreta-
tion that the beneficial effects were due to immune activation, as
we observed an increase in the expression of co-stimulatory
molecules on lymphocytes, and cytotoxic T and NK cells
infiltrating the tumor. However, our experiments with tumor-
loaded mice showed that s.c. administration of MALP-2 confers
no NK cell-mediated tumor regression on B16D8-implant mice.
This unexpected result may be due to specific TLR2 agonistic
properties of MALP-2 compared to peptidoglycan (that induces
IL-12p70 in human mDC) [33] or instability of the lipid moiety
of MALP-2. MALP-2 is degraded by two different mechanism
in inflamed tissue: de-esterification and oxidation of the thio-
ester bridge [6,34], thereby disappearing from the skin with
a half time of ~20h. Further modification will be required for in
vivo use of this reagent.
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SUMMARY

Antiviral responses are successively induced in virus-infected animals, and include primary innate immune responses
such as type I interferon (IFN) and cytokine production, secondary natural killer (NK) cell responses, and final cytotoxic
T lymphocyte (CTL) responses and antibody production. The endosomal Toll-like receptors (TLRs) and cytoplasmic
RIG-I-like receptors (RLRs), which recognize viral nucleic acids, are responsible for virus-induced type I IFN
production. RLRs are expressed in most tissues and cells and are primarily implicated in innate immune responses
against various viruses through type I IFN production, whereas nucleic acid-sensing TLRs, TLRs 3, 7, 8 and 9, are
expressed on the endosomal membrane of dendritic cells (DCs) and play distinct roles in antiviral immunity. TLR3
recognizes viral double-stranded RNA taken up into the endosome and serves to protect the host against viral infection
by the induction of a range of responses including type I TFN production and DC-mediated activation of NK cells and
CTLs, although the deteriorative role of TLR3 has also been reported in some virus infections. Here, we review the
current knowledge on the role of TLR3 during viral infection, and the current understanding of the TLR3-signalling
cascade that operates via the adaptor protein TICAM-1 (also called TRIF). Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Mammalian cells possess several defense strategies
against viral infection, of which, the type I inter-
feron (IFN) system is most important for innate and
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Abbreviations:

CT, C-terminal; CTL, cytotoxic T lymphocytes; CVB3, coxsackievirus
group B serotype 3; dAsSRNA, double-stranded RNA; DC, dendritic cell;
DUBA, deubiquitinating enzyme A; ECD, ectodomain; EMCV, ence-
phalomyocarditis virus; HCV, hepatitis C virus; HSV-1, herpes sim-
plex virus-1; IAV, influenza A virus; IFN, interferon; INAM, IRF-3-
inducible NK activation molecule; ISG, IFN-stimulated gene; LRR,
leucine-rich repeat; MCMV, murine cytomegarovirus; MDA5, mela-
noma differentiation associated gene 5; NAK, NF-«B activating kinase;
NAP1, NAK-associated protein 1; NK, natural killer; NT, N-terminal;
NTD, N-terminal domain of TICAM-1; pDC, plasmacytoid DC;
poly(I:C), polyriboinosinic:polyribocytidylic acid; PVR, poliovirus
receptor; RIG-I, retinoic acid inducible gene-I; RIP1, receptor-inter-
acting protein 1; ss, single-stranded; TBK1, TANK-binding kinase 1;
TICAM-1, TIR-containing adaptor molecule-1; TIR, Toll-IL-1 recep-
tor; TLR, Toll-like receptor; RLR, RIG-I-like receptor; WNV, West
Nile virus.

adaptive antiviral responses [1,2]. Type I IFN
induces an antiviral state in uninfected host
cells by upregulating IFN-stimulated genes (ISGs)
through IFN-a/B receptor signalling, and also
activates innate and adaptive immune cells, such
as dendritic cells (DCs), natural killer (NK) cells
and cytotoxic T lymphocytes (CTLs) [3]. Intrinsic
double-stranded RNA (dsRNA) sensors, dsRNA-
binding protein kinase R and 2'-5" oligoadenylate
synthetase, are both ISGs, which trigger the shut-
down of protein translation and induce RNA
degradation within virus-infected cells, respect-
ively [4,5]. Recent progressive studies have demon-
strated that the endosomal Toll-like receptors
(TLRs) and cytoplasmic retinoic acid inducible
gene-I (RIG-I)-like receptors (RLRs) are responsible
for virus-induced type I IFN production [6-8].
These receptors recognize viral nucleic acids and
induce type I IFN, inflammatory cytokine and
chemokine production and DC maturation. TLR3
recognizes virus-derived dsRNA and its synthetic
analogue, polyriboinosinic:polyribocytidylic acid
(poly (I:C)) [9-11]. dsRNA is found in some virus
particles as a viral genome and can be generated
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during the process of positive-stranded RNA
virus and DNA virus replication [12]. TLR7 and
TLR8 recognize virus-derived single-stranded
(ss) RNA, while TLR9 recognizes non-methylated
CpG-containing DNA that is found in some
microbes [13-15]. Since these TLRs localize to the
endosomal membranes of myeloid or plasmacytoid
DCs (pDCs), they appear to detect extracellular
viral nucleic acids released from infected cells
or virus particles. However, the mechanism by
which TLRs encounter virus-derived nucleic acids
in endosomes remains to be determined. Interest-
ingly, a recent report showed that TLR7-mediated
IFN-a secretion by pDCs in response to ssRNA
virus infection requires the transport of cytosolic
viral RNA into the lysosome via the process of
autophagy [16]. Whether this autophagy-depen-
dent viral recognition is applicable to TLRs 3, 8
and 9 remains unclear.

By contrast, RLRs are expressed in most tissues
and cells and detect viral nucleic acids in the cyto-
plasm. RIG-I recognizes viral RNA genomes
bearing 5'-triphosphates and panhandle structures
and also short-length dsRNAs [17-21], while mela-
noma differentiation-associated gene 5 (MDADB)
detects long-length dsRNAs and poly(I:C) [22].
Studies using gene-disrupted mice and cells
revealed that RIG-I is essential for the detection
of various negative-stranded RNA viruses includ-
ing influenza A virus (IAV), Sendai virus and
vesicular stomatitis virus and a positive-stranded
RNA virus, hepatitis C virus (HCV), whereas
MDAS plays a key role in sensing encephalomyo-
carditis virus, a member of Picornavilridae
family [23-26]. Thus, multiple innate immune
pathways are implicated in dsRNA responses
and each pathway plays a distinct role in anti-
viral responses. In this review, we focus on TLR3,
whose antiviral function has been controversial,
but recent studies have demonstrated the critical
role of the TLR3-TICAM-1 pathway in antiviral
responses and the induction of adaptive immunity.

Expression and subcellular localization of
TLR3

Human TLR3 mRNA has been detected in
various tissues including the placenta, pancreas,
lung, liver, heart and brain [27]. Interestingly, in the
human central nervous system, TLR3 is expressed
constitutively in neurons, astrocytes and microglia,

suggesting a role in the response to viruses causing
encephalopathy [28-30]. In immune cells, only
myeloid DCs and macrophages express TLR3. The
pDCs, which express TLR7 and TLR9 and secrete
large amounts of IFN-a in response to viral
infection, do not express TLR3 [31-35]. TLR3 is
also expressed in fibroblasts and a variety of
epithelial cells, including airway, corneal, cervical,
biliary and intestinal cells [10,36-38], which are
target sites of virus infection. TLR3 localizes both
on the cell surface and endosomes in fibroblasts,
macrophages and some of epithelial cell lines.
Cell surface-expressed TLR3 participates in dsRNA
recognition, as shown by the finding that an anti-
human TLR3 monoclonal antibody (mAb) (TLR3.7)
inhibits poly(I:C)-induced IFN-B production by
fibroblasts [10]. By contrast, myeloid DCs only
express TLR3 intracellularly [35]. Subcellular
localization analysis showed that endogenous
human TLR3 localizes to the early endosome but
not to late endosomes/lysosomes in HeLa cells
[39], while transfected human TLR3 predominantly
localizes to multivesicular bodies in the mouse
B-cell line Ba/F3, in which TLR3 was stably
expressed at high levels. In any case, TLR3
signalling arises in the endosomal compartment,
requiring endosomal maturation [35]. The ‘linker’
region consisting of 26 a.a. between the transmem-
brane domain and the Toll-IL-1 receptor (TIR)
domain of TLR3, determines intracellular localiz-
ation of TLR3 [40,41]. An unidentified molecule
associating with the linker region may regulate the
endosomal retention of TLR3 in myeloid DCs.

Notably, TLR3 expression is upregulated by viral
infection and the exogenous addition of poly(I:C)
or type I IFN [42]. The IFN-responsive element
is located at approximately —30bp in the human
TLR3 promoter region [43,44].

Recognition of dsRNA by TLR3

TLR3 recognizes dsRNA through its ectodomain
(ECD), which induces receptor dimerization
required for adaptor-mediated signal transduction
[45]. TLR3 consists of an ECD formed by 23 leucine-
rich repeats (LRRs) and N- and C-terminal flanking
regions, known as the LRR N-terminal (LRR-NT)
and C-terminal (LRR-CT) regions, the transmem-
brane domain and the cytoplasmic TIR domain
[46] (Figure 1A). TLR3-ECD possesses 15 putative
carbohydrate-binding motifs. Structural analyses
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Figure 1. (A) Schematic structure of human TLR3. TLR3 is a type |
transmembrane protein of 904 a.a. TLR3 consists of an ECD formed
by 23 LRRs and N- and C-terminal flanking regions (LRR-NT and
LRR-CT), the transmembrane domain, cytoplasmic linker region
and the TIR domain. H539 and N541 in TLR3-LRR20, H39 in the
LRR-NT, H60 in LRR1 and H108 in LRR3 are essential for dssSRNA-
binding. (B) Model of the dsRNA-TLR3-signalling complex.
dsRNA interacts with both an N- and a C-terminal binding site
on the glycan-free surface of each TLR3-ECD, which are located on
opposite sides of the dsSRNA. The proximity of the two C-termini
facilitates the dimerization of the cytoplasmic TIR domains

of human TLR3-ECD revealed that the LRRs form a
large horseshoe-shaped solenoid of which one face
is largely masked by carbohydrate, while the other
face is unglycosylated [47,48]. By point mutation
analysis, Bell et al. [49] demonstrated that the
His539 and Asn541 residues in TLR3-LRR20,
located on the glycan-free lateral face, are critical
amino acids for dsRNA binding and signalling.
Wild-type TLR3-ECD protein directly binds
poly(I:C) at pH7.6, while mutant proteins H539E
and N541A fail to bind poly(I:C). Based on the
observation that an acidic pH (pH 6.0 and below)
is required for TLR3 recognition of dsRNA, the
N-terminal conserved histidine residues, His39
in the LRR-NT, His60 in LRR1 and His108 in
LRR3, were identified as a second binding site
for dsRNA [50,51]. Protonation of these imidazole
groups under acidic conditions, such as those
found in endosomes, appears to generate an ionic
interaction between the histidine residues and the
negatively charged phosphate backbone of dsRNA.

In addition, Leonard et al. [52], showed that
TLR3-ECD binds as a dimer to 40-50bp length
of dsRNA, and multiple TLR3-ECD dimers bind
to long dsRNA strands. Binding affinities increase
with both buffer acidity and dsRNA length. At
the pH within early endosomes (~6.0-6.5), >90-bp
length of dsRNA is required to form a stable
complex with TLR3. However, at the pH within late
endosomes (~5.5 and below), 40-50-bp length of
dsRNA forms stable complex with dimeric TLR3,
suggesting that dsRNA-induced TLR3-mediated
signalling depends on the length of the dsSRNA and
the TLR3 localization site [52]. Finally, structural
analysis of the complex of two mouse TLR3-ECDs
and one 46-bp dsRNA oligonucleotide revealed
that dsRNA interacts with both an N- and a C-
terminal binding site on the glycan-free surface of
each mTLR3-ECD, which are located on opposite
sides of the dsRNA [53] (Figure 1B). The dsRNA
in the complex retains a typical A-form DNA-like
structure. dsRNA has been predicted to adopt a
right-handed A-form helix with 11bp per helical
turn and a 28 A helical pitch [54]. Therefore, two
helical turns would fit between the N- and C-
terminal binding sites of TLR3 [53]. In addition, the
two LRR-CT domains are brought into proximity
and form a series of protein—protein interactions,
which facilitate the dimerization of the cytoplasmic
TIR domain. Funami et al. [40], reported that the
Phe732, Leu742 and Gly743 residues in the TLR3
cytoplasmic linker region are essential for TLR3
signalling, suggesting that the linker region con-
trols the dimerization of the TLR3-TIR domain.

TLR3-TICAM-1-signalling pathway

TLR3 mediates signalling via an adaptor protein,
TIR-containing adaptor molecule-1 (TICAM-1; also
called TRIF) [55,56] (Figure 2A). TICAM-1 activates
the transcription factors IRF-3, NF-kB and AP-1,
leading to the induction of type I IFN, cytokine/
chemokine production and DC maturation, which
then enables the activation of NK cells and CTLs.
TLR3 also associates with c-Src tyrosine kinase
on endosomes in response to dsRNA [57]. The Src
kinase inhibitor markedly inhibits dsRNA-elicited
phosphorylation of Akt, a downstream target of
phosphatidylinositol 3-kinase (PI3-K). In addition,
PI3-K is required for full phosphorylation and
activation of IRF-3 by dsRNA [58]. The precise
role of c¢-Src in IRF-3 activation via the PI3-K-Akt
pathway requires further elucidation.
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Figure 2. (A) TLR3-TICAM-1-signalling pathway. In myeloid
DCs, TLR3 is expressed in the endosomal compartments and
recognizes extracellular viral dsRNA and its synthetic analogue
poly(I:C). Once TLR3 is dimerized by dsRNA, it recruits the
adaptor protein TICAM-1/TRIF that activates the transcription
factors, IRF3, NF-kB and AP-1. RIP1 associates with TICAM-1
via the PHIM domain in the C-terminal region and acts as an NF-
B activator and apoptosis mediator in TICAM-1-mediated signal-
ling. TRAF3 and NAP1 participate in the recruitment and
activation of the IRF-3 kinases TBK1 and IKKe. Phesphorylated
IRF-3 translocates into the nucleus and together with NF-kB
and AP-1 induces IFN-B gene transcription. The TICAM-1-
mediated AP-1 activation pathway is unclear. (B) Schematic struc-
ture of human TICAM-V/TRIF. N-terminal domain (NTD) (1-176
a.a), TIR domain (394-533 a.a.), RHIM domain (661-699 a.a.),
TRAF6-binding site (248-256 a.a.), TRAF2-binding site (332-336
a.a.) and TBK1-binding site (under line) are shown.

TICAM-1 consists of an N-terminal region, a TIR
domain and a C-terminal region (Figure 2B). The
TIR domain of TICAM-1 is essential for binding
to the TIR domain of TLR3 and also to the TLR4
adaptor TICAM-2 (also called TRIF-related adaptor
molecule) [59,60]. TICAM-1 is expressed at a low
level in most tissues and cells and is diffusely
localized in the cytoplasm of resting cells [39].
When endosomal TLR3 is activated by dsRNA,
TICAM-1 transiently co-localizes with TLR3, then
dissociates from the receptor and forms speckled

structures that co-localize with downstream-
signalling molecules [39]. Homo-oligomerization
through the Pro434 residue in the TIR domain and
the C-terminal region is essential for TICAM-1-
mediated activation of NF-kB and IRF-3 [61]. Once
TICAM-1 is oligomerized, the serine-threonine
kinases, TANK-binding kinase 1 (TBK1; also called
NAK or T2K) and IkB kinase-related kinase-¢ (IKK-
g; also called IKK-i), are activated and phosphor-
ylate IRF-3 [62,63]. The ubiquitin ligase of the TRAF
family members, TRAF2, TRAF3 and TRAF6, are
downstream-signalling molecules of TICAM-1.
TRAF2 and TRAF6 directly bind to the N-terminal
region of TICAM-1 [64,65] (Figure 2B). The Lys63-
linked autoubiquitination of TRAF3 is required for
IRF3 activation [66,67]. Furthermore, NF-kB-acti-
vating kinase (NAK)-associated protein 1 (NAP1)
participates in the recruitment of IRF-3 kinases to
the N-terminal region of TICAM-1 [68]. Although
both TRAF3 and NAP1 associate with oligomer-
ized TICAM-1 and serve as a critical link between
TICAM-1 and downstream IRF-3 kinases, there is
no evidence that they bind directly to TICAM-1.
Interestingly, recent reports showed that direct
binding of TBK1 to TICAM-1 is necessary for
IRF-3 activation [69]. The Leul94 residue in the
N-terminal region is critical for TBK1 binding to
TICAM-1. In addition, the Ser189, Argl95 and
Ser196 residues are involved in TBK1-TICAM-1
binding.

The N-terminal 176 a.a. of TICAM-1 form a
protease-resistant structural domain, designated
NTD (Figure 2B). Because the crucial amino acids
for TRAF2-, TRAF6- and TBK1-binding reside bet-
ween the NTD and the TIR domain, naive TICAM-
1 may have a closed conformation that covers these
binding sites. Indeed, protein-protein interaction
analysis revealed that the NTD interacts with the
N-terminus of TICAM-1-TIR [69]. Thus, the NTD
folds into the TIR domain structure to maintain the
naive conformation of TICAM-1. Upon stimulation
of TLR3 or TLR4, TICAM-1 oligomerizes through
the TIR domain and the C-terminal region, possibly
breaking the intramolecular association and indu-
cing a conformational change that allows TBK1
access to TICAM-1.

Whereas the N-terminal region is crucial for
TICAM-1-mediated IRF-3 activation, the C-terminal
region of TICAM-1 is involved in NF-«B activation
and apoptosis. Receptor-interacting protein 1 (RIP1),
a kinase containing a death domain, associates with
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TICAM-1 via the RIP homotypic interaction
motif domain in the C-terminal region and acts
as an NF-«xB inducer and apoptosis mediator in
TICAM-1-mediated signalling [70-72]. TRAF6 has
also been implicated in NF-kB activation by
TICAM-1 in a cell-type-dependent manner [64,73].

TLR3-TICAM-1-mediated signalling is nega-
tively regulated by a fifth TIR adaptor protein
SARM [74]. SARM and TICAM-1 have been shown
to interact and SARM strongly suppresses NF-«xB
activation, as well as IRF-3 activation by TICAM-1.
Moreover, deubiquitinating enzyme A (DUBA)
negatively regulates TLR3-mediated type I IFN
production. DUBA selectively cleaves the Lys63-
linked polyubiquitin chains on TRAF3, resulting
in its dissociation from the downstream-signalling
molecules [75]. In addition, the ubiquitin-modify-
ing enzyme A20 inhibits TICAM-1-mediated NF-
kB activation by deubiquitinating TRAF6 [76].
However, the precise mechanisms by which
TRAF3 and TRAF6 are ubiquitinated and their
interaction with downstream-signalling molecules
are unknown.

Antiviral function of TLR3
The role of TLR3 in viral infection is complex
(Table 1). Studies in TLR3-deficient (TLR3™/")
mice showed that the immune response to different
viruses, including lymphocytic choriomeningitis
virus (an ambisense RNA virus), vesicular stoma-
titis virus (a negative-stranded RNA virus), murine
cytomegarovirus (MCMV, a dsDNA virus) and
reovirus (a dsRNA virus), was unaffected in these
mutant mice compared with wild-type mice [77].
By contrast, Hardarson et al. [78] reported
that TLR3 is important in host defense against
encephalomyocarditis virus (EMCV, a positive
sense ssRNA virus belonging to the Picornaviridae
family). When mice were inoculated intra-
peritoneally with 50 plaque-forming units EMCV,
TLR3™/~ mice were more susceptible to EMCV
infection and had a significantly high viral load in
the heart compared with wild-type mice. Opposing
to these data, Kato et al. [24] showed that MDAS5
but not TLR3 plays an important role in host
defense against EMCV infection, when mice were
infected with 100 plaque-forming units EMCV
intraperitoneally. It is unclear why these different
results were obtained from similar EMCV infection
studies.

5
Table 1. The role of2? TLR3 in viral
infection
References
Protection
Flaviviridae [+, ss]
West Nile virus (WNV) [84]
Picornaviridae [+, ss]
Encephalomyocarditis [78]
virus (EMCV)
Poliovirus [79,80]
Coxsackievirus group [82]

B serotype 3 (CVB3)

Herpesviridae [dsDNA]
Murine cytomegarovirus (MCMV)  [90]
Herpes simplex virus 1 (HSV-1) [101]

Deterioration

Flaviviridae [+, ss]
West Nile virus (WNV) [83]

Orthomyxoviridae [—, ss]
Influenza A virus (IAV) [88]

Bunyaviridae [—, ss]
Phlebovirus [89]

More recently, the essential role of the TLR3-
TICAM-1 pathway in protection from poliovirus
infection, a virus belonging to the Picornaviridae
family, has been demonstrated [79,80]. Poliovirus
receptor (PVR)-transgenic/ TICAM-1-deficient mice
are more susceptible than PVR-transgenic mice to
intraperitoneal or intravenous inoculation with a
low titre of poliovirus [79,80]. Forty-eight hours
after infection, virus titres in serum dramatically
increased and mortality greatly decreased com-
pared with PVR-transgenic or PVR-transgenic/
IPS-1 (RLR adaptor)-deficient mice. It is well
known that in cultured mammalian cells, polio-
virus infection results in inhibition of cellular
protein synthesis so-called ‘shut-off’ event [81].
Therefore, mRNA upregulation of RIG-I and
MDAS by type I IFN does not link to protein
synthesis at an early stage of virus infection. Thus,
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it appears that the inhibitory effects of viral
multiplication on host cells depend on the TLR3-
TICAM-1 pathway, but not the RLR-IPS-1 path-
way.

Negishi et al. [82] showed that TLR3™/~ mice
are more vulnerable to coxsackievirus group B
serotype 3 (CVB3, a virus belonging to the
Picornaviridae family) than wild-type mice, in terms
of higher mortality and acute myocarditis. The
expression of IL-12p40, IL-18 and IFN-y mRNAs,
but not IFN-B mRNA, was impaired in the hearts of
CVB3-infected TLR3-deficient mice compared with
those of wild-type mice infected with CVB3. By
contrast, expression of TLR3 by transgene protects
mice from lethal CVB3 infection and hepatitis even
in the absence of type I IFN signalling. Antibody
blocking studies revealed that TLR3-TICAM-1-
dependent type II IFN (IFN-y) production is critical
for host defense against CVB3 infection [82].

Wang et al. [83] demonstrated that TLR3 is
involved in the viral pathogenesis of West Nile
virus (WNV, a positive-stranded RNA virus).
TLR3™/~ mice showed impaired cytokine pro-
duction and enhanced viral loads in the periphery,
whereas in the brain, the viral load, inflammatory

- responses and neuropathology were reduced com-

pared with wild-type mice [83]. TLR3-mediated
peripheral inflammatory cytokine production is
critical for disruption of the blood-brain barrier,
which facilitates viral entry into the brain causing
lethal encephalitis. Therefore, TLR3™/~ mice are
more resistant to lethal WNV infection. In contrast,
Daffis et al. [84] reported the protective role of TLR3
in sublethal WNV infection. The absence of TLR3
enhances WNV mortality in mice and increases
viral burden in the brain after inoculation with the
pathogenic New York strain of WNV, although
there are little differences in WNV-specific anti-
body responses, CD8" T-cell activation, blood-
brain barrier permeability and IFN-a/f induction
in draining lymph nodes and serum, between wild-
type and TLR3~/~ mice [84]. The reason why TLR3
shows the opposite function against WNV infection
remains to be determined.

In other RNA viral infections such as respiratory
syncytial virus, IAV and phlebovirus (all negative-
stranded RNA viruses), TLR3-dependent inflam-
matory cytokine and chemokine production also
appears to affect virus-induced pathology and
host survival [85-89]. TLR3™/~ mice infected with
IAV exhibited reduced inflammatory mediators,

leading to increased survival [88]. It is notable that
experimental conditions using high viral doses
may lead to the over-production of inflammatory
cytokines and chemokines. However, what type
of TLR3-expressing cells that respond to virus-
derived dsRNA in vivo has not been shown in
these studies.

Cellular immunity induced by

the TLR3-TICAM-1 pathway

In addition to type I I[FNs, CTLs and NK cells are
also principal effector cells in antiviral immunity.
The contribution of TLR3 to antiviral responses
has been shown in MCMYV infection [90], during
which virus clearance is partly dependent on NK
cell activation. TLR3™/~ mice are hypersusceptible
to MCMYV infection. Cytokine (type I IFN, IL-12p40
and IFN-y) production, and NK cell and NKT cell
activation are impaired in TLR3™/~ mice compared
with wild-type mice.

Selective TLR3 expression in myeloid DCs
but not in pDCs raises the possibility that TLR3
also plays a key role in the antiviral response
by induction of adaptive immune responses rather
than primary IFN-a/f production (Table 2).
Myeloid DCs are the most effective professional
antigen-presenting cells, possessing several anti-
gen processing and transporting pathways [91,92].
One of the most notable features of myeloid
DCs is the cross-presentation of exogenous anti-
gens to CD8™ T cells. This pathway is important for
effective host CTL induction against viruses that do
not directly infect DCs. Among the myeloid DC
subsets, the splenic CD8a* DC subset in mice and
the CD141(BDCA3)*DNGR-1(CLEC9A)* DC sub-
set in humans highly express TLR3 and display a
superior capacity for cross-presenting apoptotic
and necrotic cell antigens after TLR3 stimulation
[93-97]. Using TLR3-deficient mice, Schultz et al.
[98] clearly showed that TLR3 plays an important
role in cross-priming. Mouse CD8a" DCs are
activated by phagocytosis of apoptotic bodies
from virally infected cells or cells containing
poly(I:C) in a TLR3-dependent manner. Further-
more, immunization with virally infected cells or
cells containing poly(I:C), both carrying ovalbumin
antigen, induces ovalbumin-specific CD8% T-cell
responses, which are largely dependent on TLR3-
expressing DCs [98]. In many cases, virally infected
cells produce IFN-a/B which activates DCs to
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Table 2. Expression of nucleic acid-sensing TLRs in DC subsets
DC subset TLR3 TLR7 TLR8 TLR9Y References
Human Myeloid DC
MoDC 4 = =+ = [31-35]
CD11c¢*CD1c¢*DC 4 = + - [34,35,94,95]
CD141*CLEC9A*DC e = + = [94,95]
Plasmacytoid DC = + = + [34,35]
Mouse Myeloid DC
BMDC + = = + [95]
CD8a™ DC +-+ - - + [93,95]
Plasmacytoid DC — - - - [93,95]

MoDC, monocyte-derived immature dendritic cells; BMDC, bone marrow-derived DC.

promote CD8" T-cell cross-priming [99]. Thus,
both TLR3- and IFN-a/B-mediated signalling are
likely implicated in licensing DCs for the cross-
priming of CD8" T cells.

In humans, Ebihara et al. [100] demonstrated the
role of TLR3, expressed in myeloid DCs, in the
immune response to HCV infection. The JFH1
strain of HCV does not directly infect or stimulate
myeloid DCs to activate T cells and NK cells,
but instead the phagocytosis of HCV-infected
apoptotic cells that contain HCV-derived dsRNA
and their interaction with the TLR3 pathway in
myeloid DCs, plays a critical role in DC maturation
and activation of T and NK cells [100]. In addition,
Jongbloed et al. [94] reported that CD141* DCs
are able to cross-present viral antigens from human
cytomegalovirus-infected necrotic  fibroblasts.
Physiologically, TLR3 in a DC subset specialized
for antigen presentation appears to encounter
viral dsRNAs in the endosome by uptake of
apoptotic or necrotic virus-infected cells and
signals for cross-presentation of viral antigens.
Furthermore, a dominant-negative TLR3 allele
was found in children with herpes simplex virus
1 (HSV-1) encephalitis [101]. TLR3 is expressed in
the central nervous system, where it is required to
control HSV-1. Interestingly, recent paper demon-
strated that mouse CD8a* DCs and human
CD141" DCs are major producers of IFN-A in
response to poly(I:C), which depends on TLR3
[102]. Thus, TLR3 plays a role in the antiviral res-
ponse, dependent on the viral genome structure,
the route of virus entry into cells, the TLR3-
expressing cell type that encounters viral dsRNA,

and the properties of the host anti-viral effector
functions.

Application of the TLR3 ligand to

adjuvant vaccine therapy

Selective expression of TLR3 in myeloid DCs,
especially human CD141" DCs and mouse CD8a*
DC subsets, is the advantage in employing
TLR3 ligands as adjuvant. In addition to the
TLR3-dependent CTL activation described above,
DC-mediated NK cell activation is also important
for the adjuvancy of TLR3 ligands. Akazawa et al.
[103] showed that the TLR3-TICAM-1 pathway
is essential for poly(I:C)-induced NK-cell-mediated
tumour regression in a syngeneic mouse tumour
implant model. Remarkably, production of IFN-«
is not impaired in TICAM-1"/~ mice compared
with wild-type mice after in vivo poly(I:C) injection
or in vitro bone marrow-derived DC (BMDC)
stimulation, whereas IL-12 production is comple-
tely dependent on TICAM-1, consistent with other
reports [22,104]. Furthermore, NK cell activation
requires cell-cell contact with BMDCs preactivated
by poly(LC) but not IFN-a or IL-12. Thus,
the TLR3-TICAM-1 pathway in myeloid DCs
facilitates the DC-NK cell interaction following
NK cell activation. TICAM-1-IRF3-dependent
expression of a novel molecule, namely IRF-3-
dependent NK activation molecule (INAM), in
myeloid DCs is required for NK activation [104].
Poly(I:C)-induced MDADb5-dependent myeloid
DC activation is also implicated in NK cell acti-
vation [105,106].
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However, several issues remain unresolved
including a suitable transport system for TLR3
ligands. Poly(I:C) injected intraperitoneally in mice
activates both TLR3 and MDAS, indicating that
extracellular poly(I:C) is delivered to endosomal
TLR3 and further to cytosolic MDAS5 in murine
cells. A recent study demonstrated that CD14
enhances poly(I:C)-mediated TLR3 activation in
bone marrow-derived macrophages by directly
binding to poly(I:C) and mediating cellular uptake
of poly(I:C) [107]. The internalized poly(I:C)
then colocalizes with CD14 and TLR3. Since
the extracellular domain of CD14 consists of LRRs
[108], CD14 may associate with TLR3 and transfer
poly(I:C) to TLR3 in macrophage endosomes. In the
case of CD14-negative myeloid DCs, extracellular
dsRNA must be internalized with the putative
uptake receptor. Indeed, it has been demonstrated
by our group and others that poly(:C) is inter-
nalized into human monocyte-derived immature
DCs and mouse BMDCs via clathrin-dependent
endocytosis, and B- and C-type oligodeoxynucleo-
tides share the uptake receptor with poly(I:C)
[109]. Notably, among various synthetic dsRNAs,
poly(I:C) is preferentially internalized and acti-
vates TLR3 in myeloid DCs. By contrast, in vitro-
transcribed dsRNAs of various lengths (50—
1000bp) cannot be internalized into myeloid
DCs [110]. Thus, uptake of TLR3 ligands largely
depends on the dsRNA structure recognized by the
uptake receptor expressed on myeloid DCs.

The dsRNA structure and the targeting approach
of dsRNA to the endosomal TLR3 in the appro-
priate DC subset, are important factors involved in
generating innate and adaptive immune responses
by TLR3 ligands. Gowen et al. [111] showed that
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ARTICLE INFO ABSTRACT
Am’c(e history: Laboratory-adapted and vaccine strains of measles virus (MV) induce type [ interferon (IFN) in infected
Received 22 June 2010 cells to a far greater extent than wild-type strains. We investigated the mechanisms for this differen-
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tial type I IFN production in cells infected with representative MV strains. The overexpression of the
wild-type V protein suppressed melanoma differentiation-associated gene 5 (MDA5)-induced IFN-f3 pro-
moter activity, while this was not seen in A549 cells expressing CD150 transfected with the V protein
of the vaccine strain. The V proteins of the wild-type also suppressed poly I:C-induced IFN regulatory

Keywords: factor 3 (IRF-3) dimerization. The V proteins of the wild-type and vaccine strain did not affect retinoic
Measles virus . . ! .

V protein acid-inducible gene 1 (RIG-I)- or toll-IL-1R homology domain-containing adaptor molecule 1 (TICAM-1)-
MDAS5 induced IFN-B promoter activation. We identified an amino acid substitution of the cysteine residue at

IRF-3 position 272 (which is conserved among paramyxoviruses) to an arginine residue in the V protein of the
Interferon-beta vaccine strain. Only the V protein possessing the 272C residue binds to MDA5. The mutation introduced
into the wild-type V protein (C272R) was unable to suppress MDAS5-induced IRF-3 nuclear translocation
and IFN-B promoter activation as seen in the V proteins of the vaccine strain, whereas the mutation
introduced in the vaccine strain V protein (R272C) was able to inhibit MDA5-induced IRF-3 and IFN-B
promoter activation. The other 6 residues of the vaccine strain V sequence inconsistent with the authentic
sequence of the wild-type V protein barely affected the IRF-3 nuclear translocation. These data suggested
that the structural difference of vaccine MV V protein hampers MDA5 blockade and acts as a nidus for
the spread/amplification of type I IFN induction. Ultimately, measles vaccine strains have two modes of
IFN-B-induction for their attenuation: V protein mutation and production of defective interference (DI)
RNA.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Innate immunity is the first line of defense against virus infec-
tion, and the most powerful antiviral agent possessed by the host
immune system is interferon (IFN). Expression of type I IFN in
host cells induces a set of IFN-inducible genes which efficiently
suppress viral replication and spread (Pichlmair and Reis, 2007).
Host cells usually terminate virus replication in response to IFN
induction. Recent studies elucidated the mechanism by which type

* Corresponding author at: Department of Microbiology and Immunology, Grad-
uate School of Medicine, Hokkaido University, Kita 15, Nishi 7, Kita-ku, Sapporo
060-8638, Japan. Tel.: +81 11 706 7866; fax: +81 11 706 7866.

E-mail address: seya-tu@pop.med.hokudai.ac.jp (T. Seya).

1 First two authors equally contributed to this work.

2 present address: Laboratory of Molecular Microbiology, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892.

0161-5890/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2010.10.006

I IFN is induced and found that it senses virus patterns such as
5'-triphosphate (5’-3P) and stem-loops or double-stranded RNA
(dsRNA) (Takeuchi and Akira, 2008). dsRNA specifically is present
in several forms: viral genomes, single-stranded RNA virus replica-
tion intermediates, DNA virus symmetrical transcription products,
defective viral particles and debris from lysed cells (Bowie and
Fitzgerald, 2007). These viral products all present patterns that
activate the IFN system. In fact, extracellular dsRNA is sensed by
endosomal Toll-like receptor 3 (TLR3), and intracellular dsRNA is
detected by cytoplasmic RNA helicase retinoic acid-inducible gene
1 (RIG-I) and melanoma differentiation-associated gene 5 (MDAS5)
(Takeuchi and Akira, 2008). TLR3 recruits the adaptor, toll-IL-1R
homology domain-containing adaptor molecule 1 (TICAM-1, also
named TRIF) (Oshiumi et al., 2003). RIG-I and MDAS5 signal through
IFN- promoter stimulator 1 (IPS-1). These adaptor molecules acti-
vate kinase TANK-binding kinase I (TBK1), inhibitor of kB kinase &
(IKKe) and NAK-associated protein 1 (NAP-1) (Sasai et al., 2006a).
These complexes then phosphorylate IFN regulatory factor 3 (IRF-
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3) and IRF-7, promoting their dimerization, nuclear translocation
and transcription of IFN-stimulated genes (ISGs), such as ISG56, as
well as IFN and other cytokines (Medzhitov, 2007; Platanias, 2005).
On the other hand, secreted IFNs bind to the IFN-c/ receptor on
the surface of adjacent cells and activate the Janus kinase-signal
transducer and activator of transcription (JAK/STAT) signaling path-
way, which amplifies IFN induction and stimulates transcription of
a variety of antiviral genes (Samuel, 2001). Many viruses encode
specific proteins to inhibit IFN induction or the JAK/STAT path-
way (Katze et al., 2002; Sen, 2001). The V protein of measles virus
(MV) blocks the IFN-inducing pathway mediated by MDA5 and the
JAK/STAT pathway (Ohno et al., 2004; Nakatsu et al., 2008). The C
protein of MV acts as a regulator of viral RNA synthesis, thereby
acting indirectly to suppress IFN induction (Nakatsu et al., 2008).

It has been reported that wild-type measles strains barely
induce type I IFN (Naniche et al., 2000; Shingai et al., 2007).
The levels of IFN protein or mRNA are lower than the detec-
tion limit in cells infected with wild-type MV, while higher
levels of IFN are detectable in cells infected with vaccine strains.
Although the mechanism behind the strain-to-strain differences
in IFN-inducing potential remain unclear, an early report sug-
gested that a laboratory strain, strain Edmonston (ED), possesses
a unique V protein with low suppression of IFN-a/f receptor
(IFNAR)-amplifiable IFN induction (Ohno et al., 2004). We pre-
viously reported that vaccineflaboratory strains harbor defective
interference (DI) RNA which activates RIG-I and/or MDAS5. Type
I IFN is efficiently yielded by DI RNA during viral RNA replica-
tion (Shingai et al., 2007). We found that the majority of measles
vaccine and laboratory-adapted strains possess DI RNA. However,
the IFN-inducibility of attenuated MV strains does not always cor-
relate with the presence of DI RNA. Therefore, the mechanisms
by which the primary IFN-inducing activity by RIG-I/MDAS is
impaired during wild-type measles infection still remain unex-
plained.

In this study, using wild-type and DI-negative attenuated
measles strains, we investigated the predominate mechanisms
that act on the host IFN system to modulate IFN production. We
identified amino acid differences between the V proteins of the
attenuated ED strain and wild-type MV, and found that the cys-
teine residue at position 272 (272C) was required for suppression
of MDA5-induced type I IFN production.

2. Materials and methods
2.1. Cell culture and reagents

The human lung epithelial cell line (A549), A549/CD150, African
green monkey kidney cell line (Vero), Vero/CD150 and HEK293FT
cells were maintained in DMEM supplemented with 10% heat-
inactivated FCS and antibiotics (Tanabe et al., 2003). HeLa cells
were cultured in Eagle’s MEM with 10% heat-inactivated FCS
and L-glutamine. For establishing CD150-expressing A549 and
Vero cell lines, pCNX2-huCD150 was introduced into cell lines
using FugeneHD (Roche) according to the manufacturer’s proto-
col. Twenty-four hours after transfection, the neomycin analog
G418 (Sigma-Aldrich) was added to the medium at the final
concentration of 1.4mg/ml or 0.6 mg/ml for Vero or A549 cells.
During selection, G418-containing medium was changed once
every 4 days. G418-resistant, stably transfected clones were
propagated for the study of surface expression of CD150 by
flow cytometer. The following antibodies were obtained com-
mercially: anti-FLAG (Sigma-Aldrich); anti-Myc (Santa Cruz);
anti-IRF-3 (IBL). Alexa Fluor 488- and Alexa Fluor 568-conjugtaed
secondary antibodies were from Invitrogen Life Technologies.
Polyriboinosinic/polyribocytidylic acid (polyl:C) was from Amer-
sham Biosciences.

2.2. Plasmids

Complementary DNAs of human TICAM-1, MDAS5, RIG-I, V and
C were cloned in our laboratory by RT-PCR and ligated into the
cloning site of the expression vector, pEF-BOS, pcDNA4 Myc-HisA
and pCMV10-FLAG (Funami et al., 2008). Mutations were intro-
duced by site-directed mutagenesis using PCR. All constructs were
confirmed by sequencing.

2.3. Virus preparation and titration

Nagataha (NV) and Edmonston (ED) strains were obtained from
Dr. S. Ueda (the Research Institute for Microbial Diseases, Osaka
University, Osaka, Japan) and University of Washington (Seattle,
WA), respectively. Ichinose (IC)-B was provided from Dr. F. Kobune
(National Institutes of Health, Tokyo, Japan) (Kubune et al., 1990).
Masusako (MS)was propagated in our laboratory (Kurita-Taniguchi
et al,, 2000; Murabayashi et al., 2002). NV, ED and MS strains were
maintained in Vero/CD150 cells in our laboratory (Shingai et al.,
2007). IC-B strain was maintained in B95a cells. Virus titer was
determined as PFUs on Vero/CD150 and the multiplicity of the
infection (MOI) of each experiment was calculated based on this
titer (Kubune et al., 1990).

2.4. RT-PCR and real-time PCR

Total RNA was prepared using TRIzol Reagent (Invitrogen) fol-
lowing the manufacturer’s instructions. RT-PCR was carried out
using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems) according to the manufacturer’s instructions. The
following oligonucleotides were used for human GAPDH: 5'-
TCCACCACCCTGTTGCTGTA-3' and 5-ACCACAGTCCATGCCATCAC-
3; and for MV-H: 5-CCCTTATCAACGGATGATCC-3' and 5'-
GTGATCAATGGCCCCAATCC-3’; and for q-PCR human B-actin: 5'-
CCTGGCACCCAGCACAAT-3’ and 5'-GCCGATCCACACGGAGTACT-3;
and for g-PCR human IFN-B: 5'-CAATTGCTTGGATTCCTACAAAG-
3’ and 5-TATTCAAGCCTCCCATTCAATTG-3'. IFN-B mRNA were
normalized to B-actin and fold inductions of transcripts were cal-
culated using the ddCT method relative to unstimulated Hela
cells.

2.5. RT-PCR amplification of cDNA from 5’ copy-back DI RNAs

We modified the RT-PCR amplification protocol of Calain
et al. (1992), where the copy-back DI RNAs were amplified
using two set of MV primers (for 5 copy-back DIs, JM396; 5'-
TATAAGCTTACCAGACAAAGCTGGGAATAGAAACTTCG-3'/JM403;
5'-CGAAGATATTCTGGTGTAAGTCTAGTA-3', and for standard
genome, JM396/JM402; 5-TTTATCCAGAATCTCAARTCCGG-3')
(Sidhu et al., 1994; Whistler et al., 1996). Viral RNA from the
culture supernatant was extracted with QIlAamp Viral RNA Mini
kit (Qiagen). Total RNA from viral-infected cells was extracted
with TRIzol Reagent following the manufacturer's instructions.
RT-PCR was carried out using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) according to the manufac-
turer’s instructions. The PCR-amplified products were confirmed
by sequencing.

2.6. Reporter gene assay

Cells were seeded onto 24-well plates and transfected with var-
ious amounts of expression vectors, the reporter gene, and the
phRL-TK control plasmid using FuGene HD (Roche) according to the
manufacturer’s instructions. After 24 h, the cells were harvested in
100 wllysis buffer. The luciferase activity was measured using Dual-
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Luciferase Reporter assay systems (Promega) and was shown as the
means + S.D. of three experiments.

2.7. Native PAGE, SDS-PAGE, Western blotting, and
immunoprecipitation assay

Cells were solubilized in the lysis buffer (50 mm Tris-HCI pH 7.4,
150 mm Nacl, 1.5 mM MgCl,, 1% NP-40, protease inhibitor cocktail,
0.1 mM PMSF, 50 mM NaF, and 1 mM Na3VO,4) on ice for 30 min and
then centrifuged at 12,000 x g for 10 min at 4 °C. The supernatants
were separated by SDS-PAGE, and the gel was transferred onto
polyvinylidene difluoride membranes. The membranes were then
blocked with Tris-buffered saline (TBS) pH 8.0 containing 5% skim
milk, immunoblotted with specific antibodies, and visualized with
the appropriate horseradish peroxidase-conjugated secondary
antibodies using the ELC plus Western Blotting Detection System
(Amersham Pharmacia). For detection of IRF3-dimerization, whole
cell extracts were subjected to 7.5% polyacrylamide gel Native (Dai-
ichi Pure Chemicals). For immunoprecipitation, cells were lysed in
the Triton X-100 lysis buffer (50 mM Tris—-HCI pH 7.4, 150 mm NaCl,
1.5mM MgCl,, 1% Triton X-100, 10% glycerol, protease inhibitor
cocktail, 0.1 mM PMSF, 50 mM NaF, and 1 mM Na3VQy4) and then
centrifuged at 12,000 x g for 10 min at 4°C. The supernatants were
incubated with anti-Myc antibody and protein G-Sepharose (Amer-
sham Pharmacia) for overnight at 4°C. The immunoprecipitates
were collected by centrifugation, washed 4 times in the lysis buffer,
and then analyzed by SDS-PAGE.

2.8. Confocal microscopy

Hela cells (2.5 x 10% cells/well) were plated on a micro cover
glass (Matsunami Glass) in 12-well plate. The following day, cells
were transfected with the indicated plasmids using FUuGENE HD
(Roche). The total amounts of DNA were kept constant by adding
empty vector. After 24 h, cells were fixed in acetone and blocked in
PBS containing 1% BSA and then labeled with the indicated primary
antibodies for 1 h at room temperature. Alexa Fluor 488- or Alexa
Fluor 594-conjugtaed secondary antibodies were used for the visu-
alizing proteins detected by the primary antibodies. For nucleus
staining, cells were treated with DAPI in PBS. After all staining pro-
cedures were finished, micro cover glasses were mounted onto
a slide glass using PBS containing 2.3% DABCO and 50% glycerol.
Cells were visualized at 63 x magnification under an LSM510 META
microscope (Zeiss).

2.9. Statistical analysis

The statistical significance was analyzed using Student’s ¢-test.
p values <0.05 were considered significant.

3. Results

3.1. Laboratory adapted strain ED induces IFN-B mRNA in
A549/CD150 cells

We tested whether MV induced the expression of IFN- mRNA
in infected A549/CD150 cells and found that laboratory-adapted
strain ED induced IFN-B mRNA expression, whereas IFN-B mRNA
was virtually undetectable in wild-type strain MS-infected cells
(Fig. 1A). To confirm the efficiency of virus infection, we measured
MV-H mRNA levels by RT-PCR (Fig. 1B). The MV-H mRNA level in
MS-infected cells was comparable to that found in ED-infected cells.
Our previous report showed that DI RNA in MV isolates is a crucial
determinant for high IFN induction (Shingai et al., 2007). However,
no amplifiable 5’ copy-back DI RNA was detected in the MV culture
supernatants (Fig. 1C), suggesting that the ED and MS strains used
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Fig. 1. ED strain induces IFN-B mRNA expression in the infected cells. (A)
A549/CD150 cells were infected with mock, ED (vaccine strain) or MS (wild-type
strain) at MOI =0.1 or 1. After 12 h, RNA samples were collected and mRNAs of IFN-8
and B-actin were measured by real-time PCR. The value for IFN- mRNA expression
was normalized to that of B-actin mRNA. Fold induction against control medium is
shown. (B) MV-H mRNA level was determined by RT-PCR. (C) RT-PCR amplification
of 5 copy-back DI RNA from MV culture supernatants. RT-PCR was performed using
standard genome-specific primers or DI-specific primers.

in this study, do not contain 5’ copy-back DI RNA. Thus, in this DI
RNA-negative ED strain, a factor other than DI RNA is implicated in
the induction of IFN- mRNA.

3.2. The ED-V protein barely suppresses MDA5-induced IFN-
promoter activity

To explain the differential type I IFN-inducing abilities of ED
versus wild-type strains, we transfected cDNAs encoding MV pro-
teins into A549/CD150 cells, established in our laboratory (Tanabe
et al,, 2003). In these pilot studies, we found that expression of
MV V protein suppresses IFN-3 promoter activation, as reported
by other groups (Nakatsu et al., 2008; Ohno et al., 2004; Takeuchi
etal., 2003). We then focused on the function of the Vand C proteins
of various MV strains. The V and C proteins of MV are not essential
products (Radecke and Billeter, 1996) but play important roles in
MV virulence (Patterson et al., 2000). The V protein has been shown
to inhibit IFN induction via binding to MDA5 (Childs et al., 2007,
2009). On the other hand, the C protein does not block the IFN-
inducing pathway, but affects infectivity by acting as a regulator of
viral RNA synthesis (Nakatsu et al., 2008). When A549/CD150 cells
were stimulated with polyl:C or transfected with RIG-1 or MDA5,
efficient IFN- promoter activation was detected using a reporter
assay (Fig. 2A-C). Using this assay, we examined the effects of the
transfected V and/or C proteins on IFN-[3 promoter activity. Polyl:C-
induced IFN-B promoter activation was inhibited by the V protein
expressed by wild-type strains, MS and IC-B, and an attenuated NV
strain, which possesses DI RNA (Shingai et al., 2007). The ED-V pro-
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