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Fig. 2 An outline of the TICAM-1 pathway. a In human cells, Tl
CAM-1 once detached from TLR3 serves as a signaling platform to
induce apoptosis, autophagy, NK activation and cross-priming. TICAM-
1 undergoes some modiWcation secondary to complex formation with
TLR3, forms multimer, and dissociated from TLR3 with unknown
mechanism. The pathways for NK activation, CTL induction and
autophagy are only partially identiWed, although the pathway for
apoptosis is getting clariWed. Although epithelial cells in bronchi, bile-duct
and intestine express TLR3 on their surface membranes, it is undeter-
mined whether surface-expressed TLR3 retains the cellular responses
b The N-terminal ‘EVector-driving site (EDS)" recruits appropriate
signal-transmitting molecules and matures mDCs leading to induction
of eVector cells, including NK and CTL. The C-terminal RHIM
domain participates in signal transmission for apoptosis and autophagy
TICAM-1-binding proteins, either direct or indirect, are summarized in
the inset table

when they are targeted to the endosome [6]. Synthetic or
viral replication-induced RNA products with the stem or
stem-loop structures possess mild TLR3-agonistic activity
and have no toxic eVect on mice. These modiWed RNA
duplex signatures are potential TLR3 stimulants.

Although the natural ligands of TLR3 remain unknown,
TLR3 recognizes RNA duplex. To date, it has been shown
that polyl:C and the duplex signatures of RNA from many
viruses and other synthetic RNAs can be recognized by
TLR3. DOTAP and other lipofection agents can deliver
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Fig. 3 Various eVectors driven by the TICAM-1 pathway in mDCs
The eVectors can be induced through the TICAM-1 pathway in mDCs
are delineated in this Wgure. In an early phase of infection, cytokines
and IFNs are released in response to microbial patterns. Later, the cel-
lular eVectors are induced secondary to activation of the TICAM-1
pathway in mDCs

RNA to the endosome where TLR3 is localized in mDCs
[6]. TLR3 links to the adaptor TICAM-1 to induce IFN-«
signaling. Whether or not TLR3 links to MyD88 in addition
to TICAM-1 in mDCs remains unknown. However, based
on the results from knock-out (KO) mice analyses, the con-
tribution of the MyDB88 pathway to the functioning of
mDCs is minimal, if any [31].

TICAM-1 signaling

TICAM-1 is the largest of the four TLR adaptors identiWed
so far [32]. It serves as a platform for the assembly of the
TRAF family [33, 34] and TANK family [18, 19]. The N-
terminal region of TICAM-1 [named EVector-driving site
(EDS)] participates in the molecular recruitment (Fig. 2b).
In contrast, RIP1 [35] and FADD [36] are recruited to its
C-terminal region (Fig. 2b). A variety of cellular outputs
were then developed [34, 37]. IFN-=/+, proinXammatory
cytokines, ROS and K+ are induced in mDCs. Autophagy
and apoptosis are evoked in cells other than mDCs.
TICAM-1 modiWcation and translocation lead to the forma-
tion of TICAM-1 homo-multimers in mDCs, which activate
signal pathways leading to induction of cellular eVectors,
CTL, NK and CD4+ T cells [15]. The IFN-#/» -inducing
pathway of TICAM-1 has been well characterized. Inter-
feron regulatory factor (IRF)-3 and -7 are activated by
virus-activated kinase (VAK) [38]. A similar pathway
induces IL-1+, IL-6, TNF-+ and IL-12p40 [38]. However,
the pathways by which ROS are induced remains unknown.
Recent reports suggest that LPS, a ligand that activates the
TLR4-TICAM-1 pathway [39], induces the activation of
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the inXammasome which may interfere with autophagy.
This leads to incremental production of IL-1+ as well as
ROS [40]. Thus, entire pathways led by TICAM-1 remain
to be characterized but the pathways appear to coordinately
diverge to induce diVerent eVectors.

Two PRRs link the TICAM-1 adaptor in humans and
mice. TLR3 directly couples with TICAM-1 [41, 42],
whereas TLR4 recruits the TICAM-2 (TRAM)-TICAM-1
complex in human and mouse cells [39]. Once dsRNA is
provided exogenously, it is taken up into the endosome
where TLR3 is expressed [43]. When TLR3 is stimulated,
TICAM-1 is recruited to the cytoplasmic TIR domain of
TLRs and then dissociated from the receptor, leading to
multimer formation [43, 44]. Multimeric TICAM-1 is capa-
ble of assembling TRAF family proteins (particularly
TRAF2, 6 and 3) in the N-terminal region of TICAM-1
[33]. This ubiquitin E3 ligase complex binds VAK, consist-
ing of NAP1 (or other TANK family proteins), |KK= and/or
TBK1. VAK in turn activates IRF-3 and IRF-7 in the cyto-
plasm [38]. The phosphorylated IRFs translocate to the
nucleus to activate the IFN-+/» promoters. The MAPK
pathway may be activated through the N-terminal region of
TICAM-1. On the other hand, the C-terminal portion
of TICAM-1 recruits RIP1, which leads to the activation
of IKK+/+ and NK-*B [35]. These pathways sustain the
production of inXammatory cytokines and type | IFNs.
Although the TICAM-1 protein is maintained at low levels
in normal cells, the mechanism by which this protein is reg-
ulated remains unknown.

In contrast, MAVS, which is the adaptor molecule of RIG-
I/MDAS for signaling the presence of cytoplasmic dsRNA,
also binds TRAF (3 and 6), TRADD and RIP1 in the outer
mitochondrial membrane to activate VAK [45]. If this protein
is cleaved at the C-terminus by the NS3/4A protease of HCV,
it loses the ability to transduce signaling to VAK [46]. It also
inactivated by proteolytic cleavage by caspase 1 [47].

The TICAM-1 pathway in cancer cells

Tumor cells induce autophagy via the TICAM-1 pathway
[48]. Polyl:C is a compound that induces autophagy in
tumor cells, and this reaction augments the activation of
caspase 1 of the inXammasome that produces robust
amounts of active IL-1+, IL-18 and |L-33 [49]. TICAM-1
KO cells lose the ability to undergo polyl:C-mediated
inXammasome activation. This autophagy-augmenting
activity is TICAM-1-dependent, and has been mapped to
the N-terminal region of EDS,

Breast cancer cells undergo apoptosis upon treatment
with polyl:C [50]. Intestinal epithelial cells of mice are
injured upon intraperitoneal administration of polyl:C [51].
Previous studies have shown that TICAM-1-overexpress-
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ing cells induce apoptosis through a RIP/FADD/caspase
8-dependent pathway [52]. PKR may be additionally
involved in dsRNA-derived apoptosis [53]. TLR3 as well
as PKC-alpha plays a part in poly(1:C)-mediated tumor cell
apoptosis [54]. In other reports, cell damage and apoptosis
by polyl:C were not merely due to the TICAM-1 pathway,
but were a consequence of the output secondary to other
dsRNA-sensing pathways [22, 52-54].

Some tumor cell lines induce IL-6, IL-12p40, IL-1+,
TNF-+ and IL-8 in response to polyl:C. Of these, IL-12p40
induction is largely dependent on TICAM-1 [55]. Other cyto-
kines partly depend on TICAM-1 and the MAVS pathway.

CTL and NK cell activation driven by mDCs
CTL is induced by TICAM-1

CTLs proliferate in response to Ags presented on MHC
class | molecules in mDCs. Endogenous Ags, including
proteins of viral origin, are presented on MHC class | mole-
cules to induce MHC-restricted CTL in virus replication.
Since dsRNA is produced along with Ag presentation in
virus-infected mDCs, viral Ags are eYciently presented in
a TAP-dependent manner under these circumstances, and
pattern molecules, which are dsSRNA molecules in this case,
simultaneously stimulate mDCs. However, mDCs are not
always infected with viruses and even when they are non-
infected, they can present viral Ag in a TAP-independent
manner [56]. In other word, when Ags and dsRNA are
extrinsically taken up into mDCs, the cross-priming mecha-
nism enables mDCs to present Ags on MHC class | mole-
cules [56, 57]. Cross-priming is enhanced by the TICAM-1
pathway in mDCs (Fig. 2a), which eYciently induce Ag-
speciWc CTL [58]. It is expected that similar dsSRNA-medi-
ated cross-priming occurs in mDCs that phagocytose TAA
instead of viral Ags [3]. Activation of the pathway that
induces CTL against TAAs may occur in mDCs and this
may facilitate the regression of MHC-high tumors.

Based on increasing evidence obtained by deletion muta-
genesis experiments, the N-terminal region of TICAM-1 is
involved in the initiation of cross-priming in mDCs. The
region contains the site required for TRAF-binding and
VAK activation, and probably overlaps with EDS (Fig. 2b).
However, induction of cross-priming is independent of
IRF-3/7. Thus, occurrence of this event relies on the mech-
anism involving the molecules for VAK activation but is
not dependent on the transcription factors IRF-3/7 [59],

NK cells are induced by TICAM-1

NK cell activation is reciprocally induced by dsRNA-
stimulated mDCs (Fig. 4). The mDC-activated NK cells
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Fig. 4 Possible NK-inducing pathways against cancer. NK activation
is an example of mDC output. For full activation, NK cells have to be
supported by dendritic cells (myeloid DCs in this Wgure) that recognize
pathogen-associated molecular patterns (PAMPs). In general, NK cells
and dendritic cells are reciprocally activated by soluble signals and
cell/cell contact. Since the tropism of the pathogen varies, the main NK
activating players are determined by which sensor cells are attacked by
the pathogens and induce innate signals for NK activation

eVectively damage MHC-low tumor cells. The events
involved in mDC-mediated NK activation upon stimulation
with dsRNA remains unknown. TICAM-1 KO mDCs fail
to activate NK cells and TICAM-1 KO NK cells fully
restore IFN-+ induction and cytotoxic activity against NK
target cells [60], suggesting that mDC TICAM-1 is essen-
tial for NK driving. Transwell experiments have revealed
that cell-cell contact between mDCs and NK cells rather
than with mDC-liberated mediators is crucial for mDC-NK
activation [60]. The molecule responsible for NK activation
must be expressed on the surface of mDCs in response to
dsRNA stimuli and foster mDC-NK interaction (Fig. 4).
Genechip analyses using TICAM-1 KO versus wild-type
mDCs stimulated with poly!l:C, have permitted the identiW-
cation of several molecules as TICAM-1-dependent NK
activation enhancers. NK activation followed by mDC mat-
uration has a strong antitumor eVect against MHC-low
tumors. The TICAM-1 region required for NK driving in
mDCs is the N-terminal region that includes the EDS of
TICAM-1 (Fig. 2b). Induction of IRF-3, not IRF-7, is
essential for this mDC-NK reciprocal activation [59].

Induction of Th, Treg and Th17 cells by mDCs

CD4+ Th cells

CD4+ Th cells play a pivotal role in skewing the immune
responses against cancer. Th1 eVector cells are critical for

the maintenance of memory CD8+ T cells [61-63], while
Th2 cells help B cells to produce various classes of immu-

noglobulins (Ig) [64, 65]. It is not completely clear as to
how memory T cells are regulated by CD4+ T cells, but the
importance of CD4+ T cells in the generation and expan-
sion of CD8+ memory T cells has been reported [66]. Ear-
lier data on CD4+ T cell functions should be interpreted
cautiously since in those studies, the CD4+ Th populations
frequently contained CD4+ regulatory T (Treg) and Th17
cells, and these contaminating cells acted in concert with
CD4+ Th cells to modulate the development of CD8+
memory T cells. The possible roles of Treg and Th17 cells
in tumor progression will be discussed later. In general,
Treg cells suppress immune responses to induce immuno
tolerance at tumor sites [67], while Th17 cells are evoked in
conjunction with acute inXammation and are linked to
smoldering inXammation around the tumor lesion to pro-
mote tumor incidence and growth [68]. The functions of
CD4+ Th cells should be deWned by discounting these
Treg/Th17 eVector functions.

The CD4+ Th cells consist of the Th1 and Th2 T cell
subsets, based on their distinct cytokine secretion proWles.
CD4+ Th1 cells produce cytokines |L-2 and IFN-=. The lat-
ter is produced by ThO (naive T) cells after IL-12 from
mDCs stimulate the expression of Stat1 and subsequently
that of T-bet, a master transcription factor in Th1 cells [69].
The TICAM-1 pathway in mDCs may contribute to Th1
polarization by preferentially inducing IL-12p40 [55, 60,
70]. CD4+ Th1 cells then provide cytokines for CD8+ T
cells and synergistic activation of mDCs, which are essen-
tial for CD8+ T cell proliferation and function [71].
IL12p40 is a cytokine that is induced by VAK, which con-
nects with the N- and C-terminal regions of TICAM-1
(Fig. 2b).

In contrast, some TLR ligands may promote the diVerenti-
ation of CD4+ Th2 cells. IL-4 produced by basophils, eosin-
ophils and NKT cells initiates Stat6 signaling, leading to the
expression of GATA-3, which is a master transcription factor
in Th2 cells [71]. Participation of TICAM-1 in Th2 polariza-
tion has been reported [72] but not conWrmed by another
group [73]. Several attempts have been made to establish
CD4+ T cell clones from tumor-inWltrating T cells. The
results indicated that most CD4+ T cell clones are Th1 eVec-
tors that secrete IFN-= and 1L-12, but not IL-4 [74].

Th17 cells

IL-17-producing T (Th17) cells are a distinct lineage within
the general category of CD4+ Th cells, and secrete a unique
set of cytokines, i.e., IL-17 [75, 76). TGF-+ and IL-6 pro-
duced by tumor cells, Treg cells and APCs activate the
TGF-+ and Stat3 signaling pathways, leading to the expres-
sion of ROR-t, a critical transcription factor for Th17 cells
[77]. Th17 cells were Wrst identiWed as a new CD4+ T cell
subset consisting of self-reactive CD4+ Th1 cells. These
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cells were later associated with the pathogenesis of many
autoimmune diseases [75, 76]. The role of Th17 cells in
cancer is less deWned than that of Th1 cells. Nonetheless,
both IL-17 and IL-23 have been identiWed in cancer tissues
[78], suggesting that Th17 cells together with proinXamma-
tory cytokines may provide an environment favorable for
cancer development or invasion. We recently showed that
elevated lactic acid in cancer tissues and macrophages in
response to TLR stimuli play a key role in |L-23 induction
in mDCs or tumor-associated macrophages and help induc-
ing Th17 cells in cancerous environments [79]. Thus, the
induction of both 1L-23 and IL12p40 by TICAM-1 may be
crucial for Th17 stimulation in mDCs. Th17-mediated
development of autoimmune disease is constrained by
TICAM-1-dependent type | IFN production and its down-
stream signaling pathway [80]. However, the TICAM-1
region in mDCs that participates in Th17 development is
unknown. Th17 cells might play certain roles in tumor
progression.

Treg cells

CD4+ Treg cells have been identiWed as a small subset of
the T cell population. Several subpopulations of Treg cells
have been reported. Naturally occurring CD4+/CD25+
Treg cells together with other CD4+ Treg cells, including
CD4+/CD25 | Treg, T=-1 and/or Th3 cells, are involved in
T cells requlation [81]. T=-1 cells secrete IFN-+ and |L-10,
while Th3 cells secrete high levels of TGF-+, IL-4 and IL-
10. Foxp3 has been shown to be a speciWc marker of CD4+
Treg cells in both mice and humans [82, 83]. Its expression
is highly restricted to the subset of Treq cells and is corre-
lated with immunosuppressor activity, irrespective of CD25
expression.

CD4+ Treg cells can suppress host immune responses to
a great extent and induce self-tolerance. Thus, despite their
protective role in autoimmune diseases, these cells have
inhibitory eVects on cancer immunotherapy and anti-infec-
tious responses [84]. That is, malignant tumors tend to pro-
gress more rapidly in a Treg-dominant environment. Recent
studies have shown that the proportion of CD4+/CD25+
Treg cells was elevated in the total CD4+ T cell population
in several diVerent human cancers, including lung, breast
and ovarian tumors [85, 86]. Ag-speciWc CD4+ Treg cells
are situated at tumor sites, and these cells suppress the pro-
liferation of naive CD4+ Th cells upon activation by tumor-
speciWc Ags [87]. TLRS regulates CD4+ Treg function by
sensing RNA in Treg cells: adoptive transfer of TLR8
ligand-stimulated Treg cells into tumor-bearing mice
enhanced antitumor immunity [88]. Other TLR signaling
may be associated with T and mDC functions that are sup-
pressed by tumor-inWitrating =« T cells [89]. Naturally
occurring Treg cells require the TICAM-1 pathway in Treg
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and mDCs for migration to inXamed nests (Fig. 2b), where
the MyD88 pathway would restrain their suppressive func-
tions [90]. CD8(+) DEC-205/CD205(+) DCs, but not the
CD8(;) DCs, induce functional Foxp3(+) Treg from
Foxp3( i) precursors in the presence of low doses of Ag
[91]. Subsequent inXammatory Th1-type immunity is mod-
ulated by induced Treg cells, which also require the
TICAM-1 pathway in mDCs [92]. Treg cells inWitrate the
tumor mass and exert immunosuppressive eVects that pro-
maote tumor progression.

Regulation of TICAM-1 as well as the MyD88 pathway
in mDCs may down-regulate Treg in cancer patients [93].
Treg induction is sustained by mDCs with lower maturation
stage [94] and what region of TICAM-1 participates in
Treg induction remains unknown,

Extrinsic versus intrinsic inXammation for danger
signal

PAMPs usually trigger initial or early inXammation around
tumors and immune cells in an extrinsic fashion. When
tumor cells are damaged through extrinsic inXammation, the
destructed cells release cytosolic and nuclear constituents.
InXammation is also promoted by these intrinsic nuclear
products including HMGBT1, uric acids, S100 proteins, cath-
elicidins, ATP/adenosine and other nucleosomal proteins
[95-98]. These molecules are derivatives of nucleic acids or
often have DNA/RNA-binding domains. RNA, DNA and
other nucleic acids of host origin also act as danger signals
[1, 99). They are released from damaged host cells or
tumors and cause long-lasting inXammation [1, 99].
Recently, they have been named danger-associated molecu-
lar pattern (DAMP) or alarmin. Since tumor cells frequently
undergo cell death by either apoptosis or necrosis, many
cytosolic or nuclear factors are liberated from tumor nests.
Tumor progression and reciprocal inXammation involve
complicated episodes. We could promote tumor damage
followed by DAMP liberation by radiation and/or chemo-
therapy [100, 101]. Recent reviews infer that electrochemo-
therapy (ECT) and CpG ODN administration to cancer
patients synergistically induce a signiWcant increase of the
local eVect and a systemic T-dependent antitumor response
[100], and that some chemotherapeutic agents with immu-
nostimulatory capacity may facilitate establishing combined
chemo-immunotherapy strategies [101]. We should like to
clarify these tumor-associated events and responses at a
molecular level in order to develop appropriate strategies for
the regulation for immune systems in cancer patients. Eluci-
dation of the nucleic acid-recognition systems is essentially
required for this purpose. Fundamental issues presented here
would hopefully be useful for the development of cancer
immunotherapy.
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Perspectives

Cancer is a condition in which many immune-related cells
form a network in concert with tumor cells. Immune aber-
rance is an alternative result of tumor growth. APCs and
tumor cells exhibit a tight response to innate immune stim-
ulation to alter the balance of tumor tolerance [102].

Cancer stem cells are believed to generate sibling cancer
cells. These stem cells are usually vulnerable to irradiation,
and their maintenance relies heavily on the gene repair sys-
tem. It is not known what kinds of RNA sensors and their
signaling pathways these stem cells are equipped with
[103]. The events that occur in tumor and immune systems
upon stem cell modulation by RNA require further study.

Vascular endothelial cells in solid tumors are cytogeneti-
cally abnormal. Unlike normal endothelial cells which
remain diploid in long-term culture, the aneuploidy of
tumor endothelial cells is exacerbated in culture. Tumor-
associated endothelial cells upregulate many genes includ-
ing the epidermal growth factor receptor (EGFR) gene.
Accordingly, these cells are highly sensitive to EGF. Endo-
thelial cells usually have a stock of surface-expressed
TLR3, which can sense a small RNA duplex structure
[104]. Targeting of tumor endothelial cells by immune
eVector cells may be a possible therapeutic strategy in anti-
angiogenic therapy.

In immunological terms, our trials were aimed at eluci-
dating the mechanisms by which mDCs select the mode of
activation for various eVectors. Results from studies on the
dsRNA recognition system, indicated that the properties of
PAMP and repertoires of host receptors critically aVect
these processes. Another issue is how most eVective eVector
cells are induced in a case-dependent manner for tumor
remission in patients. This review provides guidelines for
the development of speciWc eVector cells by selecting
dsRNA receptors. Current knowledge on the TICAM-1
pathway could be directly applied to cancer immunotherapy.
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Functional evolution of the
TICAM-1 pathway for extrinsic
RNA sensing

Summary: The type 1 interferon (IFN) is a host defense factor against
microbial pathogens in vertebrates, In mammals, retinoic acid-inducible
gene | (RIG-1) and melanoma differentiation-associated gene 5 (MDAS)
in the cyoplasm are regarded as sensors for double-sranded RNA
(dsRNA) and trigger IFN regulatory factor-3 (IRF-3) activation followed
by type 1 [FN induction through the mitochondrial antiviral signaling
(MAVS) adapter. This intrinsic pathway appears to link the main protec-
tive responses against RNA virus infection in mammals. On the other
hand, human Toll-like receptor 3 (TLR3) is localized in the endosomal
membrane or cell surface and signals the presence of extrinsic dsRNA, In
Fespowe {0 RNA sthnuhl.lou TLR3 recruits the Toll-interleukin 1 recep-
tor domain (TIR) dapter molecule 1 (TICAM-1) adapter and
induces IRF-3 activation followed by IFN-B promoter activation. Human
TLR3 is localized limitedly extent in myeloid dendritic cells, fibroblasts,
and epithelial cells. The TICAM-1 and cytoplasmic MAVS pathways con-
verge at the IRF-3-activating kinase in human cells. The reason for the
involvement of this extrinsic mode of IFN-inducing pathways in the
dsRNA response remains unknown. In fish, two TLRs, i.e. endoplasmic
TLR3 and cell surface TLR22, participate in teleost IFN production with-
out the activation of IRF-3. TLR22 is distinct from mammalian TLR3 in
terms of cellular localization, ligand selection, and tissue distribution.
TLR22 may be a functional substitute for human cell surface TLR3 and
may serve as a surveillance molecule for detecting dsRNA virus infection
and alerting the immune system for antiviral protection in fish. In this
review, we discuss the fundamentals of the extrinsic dsRNA recognition
system, which has evolved to induce cellular effectors 1o cope with
dsBNA virus infection across different veriebrate species.

Keywaords: Toll-like receptor, evolution, dsRNA recognition, TICAM-1 (TRIF)

Introduction

Invading pathogens express specific pattern molecules and
are recognized by host pattern recognition receptors (PRRs)
(1, 2), representatives of which are Toll-like receptors (TLRs),
Nod-like receptors (NLRs), and RNA helicases [retinoic
acid-inducible gene 1 (RIG-I), melanoma differentiation-
associated protein 5 (MDAS), etc.]. These receptors signal the
presence of microbial patterns in myeloid dendritic cells
(mDCs) and thus induce potent activation of the systemic host
defense response (3). Recent studies on pattern receptors of
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the innate immune system have increased our understanding
of how mDCs mature through infection and subsequently
orchestrate cellular immunity (4, 5). These molecules also
serve as adjuvants for the induction of antigen-specific
acquired immunity. TLRs, RIG-I-like helicases (RLHs), and
NLRs are major targets for investigating the induction of
robust acquired immune responses upon pathogen stimula-
tion. These studies have been conducted using gene-disrupted
mice and in in vitro human systems.

It has been reported that human cells induce interferon-B
(IFN-P) in response to various RNA structures (6, 7). Double-
stranded RNA (dsRNA) and its analog polyinosinic—polycyti-
dylic acid (polyl:C) have been identified as potent immune
stimulators of viral patterns and are recognized by PRRs. PRRs
link cytoplasmic adapter molecules in these mammalian cells.
Cytoplasmic RLH and membrane-associated TLRs that induce
IFN-o/f involve the mitochondrial antiviral signaling (MAVS)
(also known as IPS-1, Cardif, or VISA) or TICAM-1
[Toll-interleukin-1 receptor (IL-1R) (TIR) domain-containing
adapter-inducing IFN-B (TRIF)] adapters, respectively, to
converge the signal at IRF-3-activating kinases for IFN-f
induction (4, 5, 8). IFN-B induction is IRF-3 dependent
in mDCs and fibroblasts/epithelial cells (4, 5). By contrast,
IFN-o/p is differentially induced in an IRF-7-dependent man-
ner in plasmacytoid DCs (pDCs) (9). This allows activation of
the myeloid differentiation factor 88 (MyD88) adapter pro-
tein and IKKa [inhibitor of nuclear factor (NF) kB (IkB)
kinase o] kinase, which directly activates the IRF-7 transcrip-
tion factor (10). However, the molecular assembly and mech-
anism involved in polyl:C-mediated activation of transcription
factors still remain unclear in mice and humans.

Some PRRs preferentially recognize nucleic acid structures
that are unique to infectious microbes. Type I IFN induction
and cytotoxic T-lymphocyte (CTL)/natural killer (NK) cell
activation are major outputs for RNA-sensing PRRs in
mammalian cells (5, 11). A variety of RNA sensors in the
cytoplasm or membranes are engaged in the detection of
microbial RNA. These are expressed in a cell-type specific
fashion and participate in IFN-o/f production in various
cell types. However, the combinations of these receptors
that induce cellular immunity still remain undetermined. It
is generally accepted that RNA patterns that are exogenously
provided or are produced in bystander cells are internalized
by mDCs through phagocytosis and are then recognized by
endosomal PRRs. By contrast, RNA patterns produced in the
cytoplasm of infected cells are directly recognized by PRRs
present in the cytoplasm (12). In this review, we adopted
an evolutional approach to study TLRs present on the cell
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membrane and the recognition of the external dsRNA
pattern that is specifically formed in other cells during virus
replication.

Fish (teleost) have >20 TLRs that include orthologs of
human TLRs and other TLRs unique to lower vertebrates living
in water (13, 14). Teleost have orthologs of the IFN-inducing
genes of mammals and PRRs for microbial pattern recogni-
tion. Teleost also have a TICAM-1 ortholog which has no
TRAF-binding site but retains the RIP1-binding site (15, 16).
Fish may have orthologs of RLH and NLRs. Hence, by
comparing the mammalian PRR receptor/adapter system with
that of fish, it is possible to examine the development of
the innate recognition system during evolution. Molecular
evolution by which the mammalian immune system has been
established in the current form can be analyzed through the
genomic information of vertebrate TLR systems. In this study,
we cast insight into the functional properties of fish TLRs and
adapters involved in IFN induction.

Recognition of RNA duplexes in vertebrates

Viral replication usually generates dsRNA in the cytoplasm of
infected cells and signals to activate antiviral responses.
dsRNA, stem-loop structure of RNA, 5'-uncapped triphos-
phate of RNA, and specific RNA sequences are rapidly recog-
nized by PRRs in the cytoplasm (4, 5, 17), then implicated in
host defense (Fig. 1). Many pattern-sensing receptors have
been identified in mammals: PKR (dsRNA-dependent protein
kinase), Dicer of the short interfering/microRNA system,
RLHs including RIG-1, MDAS, and LGP2, and other helicases.
These receptors are accompanied by adapters that transduce
the dsRNA-sensing signal downstream. Other RNA-sensing
molecules such as helicases may also be present in the
cytoplasm to join a molecular assembly for foreign RNA
detection. The synthesized dsRNAs are incorporated into these
molecular complexes to prohibit RNA replication in virus-
infected cells.

TLR3 is present in the carly endosome and can recognize
dsRNA delivered inside the endosomal membrane (18).
TLR3 may not have a direct role in capturing dsRNA gener-
ated by virus replication in the cytoplasm, but it has an
important role in trapping phagocytosed dsRNA (Fig. 2),
which is usually wrapped in a membrane that originates
from the infected cell (19). In comparison to the direct
recognition system of dsRNA in the cytoplasm, this mode
of RNA recognition is unique and sophisticated, concerning
activation of cellular immunity. As RNA-sensing TLRs and
RLH are conserved across vertebrates (20), we hypothesize
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Fig. 1. Various RNA sensors in vertebrates, dsRNA are generated during virus replication, Major RNA sensors in vertebrate cells and their responses
on stimulation with dsRNA are indicated. Dicer and RNA-recognizing helicases work even in invertebrates. How dsRNA selects a variety of RNA
pattern sensors remains largely unknown. PTGS, post-transcriptional gene silencing.
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Fig. 2. Cell surface, endosomal and cytoplasmic recognition of dsRNA
in mammalian cells. TLR3 is distributed either on the cell surface or in
the endosome. lts distribution ratio depends on cell types. RLH (RIG-1
and MDAS) reside in the cytoplasm. Adapter molecules, TICAM-1 and
MAVS, are localized in the cytoplasm. Upon stimulation, TLR3 recruits
TICAM-1 near the endosomal membrane, while MAVS recruits RLH on
the mitochondrial membrane. The known outputs of TLR3 and RLH are
indicated by red. TLR, Toll-like receptor; RIG, retinoic acid-inducible
gene; RLH, RIG-I-like helicase; TICAM, Toll-interleukin | receptor
domain-containing adapter molecule.

that the two distinct pathways of dsRNA recognition were
established in a vertebrate ancestor ~500 Ma and that the
two systems have been preserved in mammals (Fig. 2). We
focus on the fish membrane-associated dsRNA recognition
systemn and analyze it in terms of its physiological signifi-
cance and functional feature and also from an evolutionary
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point of view. We also address the question of why verte-
brates need the surface system for dsRNA recognition in
addition to the cytoplasmic virus-sensing systems.

Surface recognition of dsRNA in mammals

We initiated a study on the functions of the membrane-
associated dsRNA recognition receptor TLR3 in human cells.
Stimulation of human fibroblasts/epithelial cells with polyl:C
leads to the production of type I IFN. We have produced
monoclonal antibodies (mAbs) against human TLR3 and
obtained one which blocks polyl:C binding to TLR3, named
the mAb TLR3.7 (21). The TLR3.7 mAb interferes with TFN-p
production induced by exogenously added polyl:C in human
fibroblasts/epithelial cells (18, 21). Hence, it appears that
TLR3.7 mAb blocks the interaction between TLR3 and polyl:C
on the cell surface by binding to TLR3. If this is the case,
human TLR3 must be localized on the cell surface of the fibro-
blast to capture external dsRNA. This hypothesis was proven
by results from fluorescence-assisted cell sorting (FACS) and
imaging analyses (Fig. 34). However, using the same mAb,
human mDC TLR3 could not be detected on the surface (18)
but was found to be localized in intracellular comparmments,
particularly endosome (Fig. 34). mDCs respond to palyl:C to
induce type I [FN in the early endosome (22, 23). In this case,
how does endosomal TLR3 recognize polyl:C outside the
cells? It is rational that there is a transporter that shurttles
dsRNA from the cell surface to the endosome in mammals
(5). The recognition of dsRNA by TLR3 on the cell surface is

© 2009 The Authors # Journal compilation @ 2009 Blackwell Munksgaard » Immunological Reviews 227/2009

-191-



A Human, Mouse Fish

L TLR22

R3
Short
dsRNA

«

I N
mr a \
IFN—:I 4 IFN

¥ IFN-inducing receptors in human and fish

Long
dsRNA
s

Genes Human Fish
TLR3 + +
RIG-I + -
TLR22 - +
IFN + +

Fig. 3. Different TLRs cover surface dsRNA recognition in fish
and mammals. (A) TLR3 and TLR22 in vertebrates. In human and
mouse, TLR3 encompasses cell surface and endosomal RNA sensing
and induces [RF-3 activation. In fish, two distinet gene products,
TLR3 and TLR22, participate in dsRNA sensing. IFN is induced in
an IRF-3-independent fashion. Although the structural information is
not shown in the panel, mammalian TICAM-1 structurally differs
from fish TICAM-1. IRF-3-activating kinase indirectly assembles in an
N-terminal portion of mammalian TICAM-1 but not fish TICAM-1,
A C-terminal portion contributes to IFN promoter activation in fish
cells. (B). Difference of [FN-inducing receptors between human and
fish. Upper table indicates that humans lack TLR22 while fish lack
RIG-1, although both have IFN-inducible pathways. The structural
differences among human (hu) TLR3, mouse (mo) TLR3, fgTLR3,
and fgTLR22 are depicted in the lower panel. The primary structures
of the linker region (a determinant of TLR3 localization) are shown
below the structural models.
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experimentally proven by using the mAb probe for determin-
ing the localization of human TLR3. However, the dsRNA
shuttling system has not yet been proved.

If TLR3 participates in the induction of IFN-P in epithelial
cells, its downstream molecules should activate IRF-3. There-
fore, we searched for an adapter molecule that could directly
interact with TLR3 and activate IRF-3; the molecule was identi-
fied by employing the yeast two-hybrid system. It was named
TICAM-1 (24) and is now popularly known as TRIF (25).

Human TICAM-1 consists of an N-terminal region
(1-234), a TIR domain (235-500), and a C-terminal region
(501-680). The N-terminal region of TICAM-1 harbors
tumor necrosis factor (TNF) receptor-associated factor (TRAF)
family proteins (26, 27) and forms a complex containing IRF-
3-activating kinases (28, 29). This kinase complex is crucial
for activating the IFN-f promoter (28, 29) and inducing the
activation of NK (5, 30) and CTL (12, 31) effector cells
(Fig. 4). The C-terminal region of TICAM-1 can recruit recep-
tor-interacting protein-1 (RIP-1), and this event is followed
by the activation of other effectors (32). All these signaling
events constitute the TICAM-1 pathway. Human and mouse
TICAM-1 pathways involve mDC maturaton, cytokine/
chemokine induction, cross-presentation of exogenous anti-
gens for proliferation of CD8" T cells (5, 12, 31, 33), NK cell
activation (30, 34), and induction of autophagy and apoptosis
(35). CD4+ regulatory T (Treg) cells and Thi17 cells may be
induced by mDCs matured through TICAM-1 signaling.
TICAM-1 may act as a platform that recruits various signaling
molecules for mDC output in mammals. However, one
question that remains unanswered is whether the TICAM-1
pathway is conserved in lower vertebrates such as fish.

Surface recognition of dsRNA in fish

Fish [Tokifugu rubripes (fg)] have ~20 TLRs and three TLR
adapters, i.e. fgMyD88, fgTICAM-1, and fgTIRAP/Mal (36).
By using the yeast two-hybrid analysis system, we found at
least two TLRs that share the fgTICAM-1 adapter (37). The
first report on fgTLRs (13) showed that fgTIR3 and fgTIR22
choose the fgTICAM-1 adapter in fish cells and induce fish
type 1 IFN by recognizing dsRNA. fgTLR3 and fgTLR22 are
quite different in their primary structures (Fig. 3B) and are
classified into different clades by gene tree analysis (13, 37).
However, both fgTLR3 and fgTIR22 directly bind to fgTI-
CAM-1 in fish cells as well as in yeast. Confocal analysis has
shown that fgTLR3 resides in the endoplasmic reticulum (ER)
and recognizes relatively short dsRNA, whereas fgTLR22
recognizes long dsRNA present on the cell surface (37). The
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properties of fgTLR3 and fgTLR22 are summarized in Fig. 3B
fgTIR22 is particular, as fgTIR22 preferentally recognizes
long dsRNA, localizes exclusively to the cell surface, and is
widely distributed across tissue/organs. In summary, two of
the receptors that recognize dsRNA are also involved in the
TICAM-1 pathway in fish. The fish TICAM-1 pathway leads to
the activation of the IFN promoter.

The next question is how TICAM-1 is assembled by TLR22
to transmit the dsRNA recognition signal. Possible answers
may lie in the soructural difference between mammalian and
teleost TICAM-1 (Fig. 3B)
(zf)TICAM-1 activates the zfIFN promoter, but zfTICAM-1

does not interact with 2fTRAF6 (16). Results from genomic

Over-expression of zebrafish

retrieval analysis suggest that zebrafish lacks IRF-3. The
2fTICAM-1 N-terminal region does not contain the TRAF6-
binding morf (that participates in IRF-3 activation), and
the C-terminal region of zfTICAM-1 can adequately activate
the zfIFN promoter. This observation suggests the involve-
ment of RIPI-mediated NF-kB activation in zfIFN promoter
activation (16, 37)

Human TICAM-1 stmulates [RF-3-mediated type I IFN
induction by means of its N-terminal region (38, 39) (Fig. 4).
Thus, fish TICAM-1 behaves like human TICAM-1: however,
fish TICAM-1 does not employ IRF-3 to activate the IFN-p
promoter (16, 40). Although the TICAM-1 pathway is con-
served across both fish and humans, the molecular bases for

IFN induction in response Lo extrinsic dsRNA differ in the two

Poly(l:C)

dsANA TLR2
v\ l Endosome

”3 y RIP1FADD %
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Virus-activated
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Fig. 4. TICAM-1 is dissociated from TLR3 to form a signaling unit,
Speckle. In human cells, TICAM-1 once detached from TLR3 serves asa
signaling platform to induce apoptosis, autophagy, NK activation, and
cross-priming, TICAM-1 undergoes some modification secondary 1o
complex formation with TLR3 and dissociated from TLR3 with unknown
mechanism. The pathways for NK activation, CTL induction, and
autophagy are not yet identified, although the pathway for apopuosis is
getting clarified. It is undetermined whether surface-expressed TLR3 or
TLR22 retain the cellular responses
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vertebrate species (Fig. 3). Our speculation is that although
fish cells have an IFN output similar to that of human cells,
the signal cascade that leads to [FN production is modally dif-
ferent. Teleost TICAM-1, which is structurally dissimilar o
human TICAM-1 (36), might help in explaining the differen-

tial selection of the signal pathways

How does human TLR3 substitute for TLR22 in
mammals?

The differences between TLR22 and TLR3 can be summarized
as follows. Based on confocal microscopy and FACS analyses,
over-expressed fgTLR22 is localized on the cell surface, while
fgTLR3 resides in the ER and endosomes in fish cells (37)
fgTLR22 is ubiquitously distributed over the organs/tissues of
teleost, while human and fgTLR3 are present only in a limited
cell repertoire. These two TLRs do not merge with each other
or with fgTICAM-1 in resting cells. When stimulated with
polyl:C, a part of the fgTLR22 population enters the cyto-
plasmic region to merge with fgTICAM-1 (37). Similarly upon
stimulation, fgTLR3 is clustered and merges with fgTICAM-1
in the cytoplasm (37). Immunoprecipitation studies have sup-
ported their molecular interactions: fgTICAM-1 coprecipitates
with fgTLR22 or fgTLR3 in human HEK293 cells. A reporter
assay has shown that the dominant-negative form of fgTICAM-
I blocks the fgTLR22- and fgTLR3-mediated IFN promoter
activation induced by endogenous fgTICAM-1 in RTG-2
(rainbow trout) cells. Thus, fish have a novel TICAM-I1-
coupling TLR, TLR22, which is clustered on the cell surface.
Although mammals have lost TLR22, TLR3 is distributed on
the surface membrane as well as in the endosomes only in some
kinds of epithelial cells (41-44), and this appears as though
TLR3 compensates for the loss of TLR22 in limited cell types.

We tested the physiological function of fgTLR22 and found
that fgTLR22-expressing RTG-2 (rainbow trout) cells become
resistant to virus infection (37). We used birmavirus, which is
a representative dsRNA virus found in water, Cytopathic effect
formation was observed in control cells that did not express
fgTLR22, whereas it was barely detected in cells expressing
fgTLR22. The level of TCID50 in the supernatant, which
reflects virus replication in the cells, was high in the control
cells and ~100-fold lower in fgTLR22-expressing cells. Virus
RNAlevels were suppressed in fgTLR22-expressing cells. Con-
versely, IFN mRNA was upregulated in virus-infected cells

In humans, TLR3 is expressed in the endosomes and on the
surface of epithelial cells/fibroblasts (18, 22). Expression of
TLR3 on the cell surface membrane of human bronchial,

bile-duct, and intestinal epithelial cells has also been reported
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(41—44). Thus, surface-expressed human TLR3 appears to be
a functional remnant of fish TLR22: TLR3 functions in the
mucosal region wherein body fluids are continuously in con-
tact with the flora. Because cell surface-associated dsRNA rec-
ognition is indispensable even in humans, TLR3 is expressed
on human fibroblasts and epithelial cells. Likewise, TLR22
may be a functional substitute for human cell surface TLR3
and may act as a surveillance molecule for detecting dsRNA
virus infection.

Evolution of the surface RNA recognition system in
vertebrates

The results from bootstrap probability analysis indicate that
TLR22 does not belong to the TLR3 family and is instead
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
TLR3 has been preserved in mammals (Table 1). Development
of TLR22 instead of TLR3 may afford some advantage for pro-
tection against RNA viruses by augmenting the susceptibility
of the local IFN response to long RNA duplexes.

We wanted to understand why teleosts require a cell surface
RNA recognition system. Fish live in water and are exposed to
many kinds of negative-stranded RNA viruses belonging to the
Rhabdoviridae and dsRNA viruses (45, 46). Bacteria such as
Rhodovulum sulfidophilum and perhaps other species are involved
in the extracellular liberation of ribosomal and transfer RNAs
into the sea (47). 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 a set of RNA-sensing TLRs and an
IFN system, which are distinct from those expressed in land

Table 1. Repertoire of pattern recognition receptors in vertebrates

Seyaet al - BExtrnuc dsRNA recogrition system

animals. Our studies indicate that RNA sensing by TLRs
protects fish from spreading or exacerbating infection. Land
animals preserve the surface RNA recognition system to a
limited extent in their epithelial ducts where the microbial
environment is retained similar to that found in the sea.
Over-expressed teleost TLR22 protects host cells from
infection with IPNV, which is a naked bisegmented dsRNA
virus belonging to the family Birnaviridae (48). Birnaviruses
have a single T = 13 icosahedral shell that is composed of 120
subunits, and these viruses lack the characteristic inner capsid.
Aquatic birnaviruses are distributed worldwide, can infect a
range of fish and shellfish species (45, 46), and are viral
pathogens that cause diseases in fry and young fish. Although
teleosts have the gene that encodes a putative ortholog of the
cytoplasmic RNA sensor MDAS (36, 49), IPNV efficiently
infects teleost cells unless TLR22 is expressed in some popula-
tion of cells. Thus, fish MDAS is insufficient for protection
against this type of dsRNA virus. Although all cells do not
express TLR22, IFN seems to be sufficiently induced by
TLR22-expressing cells to provide an antiviral environment in
surrounding cells, resulting in host cell protection. However,
the manner in which TLR22 detects the [PNV infection remains
to be dlarified. The necessity of TLR22 and its mode of dsRNA
recognition in fish are of interest for further investigation.

Effector induction by endosomal TLR3 in mammals

We produced a TICAM-1 knockout (KO) mouse and tested the
effector-inducing properties using the syngeneic tumor implant
system of this mouse (30, 50). Polyl:C was intraperitoneally
administered as the ligand for TLR3 stimulation. In this system,
RLH may sense polyl:C similarly in TICAM-1 KO as well as in
wildtype mice, but detectable phenotypes shouldreflect only
the difference in TICAM-1 in mice. Mouse melanoma line B16

TLR

| 2 ™ 4 5 6 7 8 9 10 12 13 14 21 22« m™myDes TICAM®* RIGI MDAS IPS-1 IFN
Hurnan : : +_ : +_ +_ +_ +_ : +_ __ __ __ .._- - + + + + T +_
Mouse + o+ o+ o+ o+ o+ + + + pd +' + = = = + + + + + +
Chicken + + + 4+ + pd + = = = - = 4+t 3 = + + = + frg +
Xenopus + 4+ o+ o+ o+ + + + + + + + + + # + + + + frg +
Fugu + + + = + = + + ¥ - - - + 0+ 4 + + - = fig +
Zebra + + + + fg - fe fg + - + - + ﬁg + + + - + fre +
Asadia ~3 - - - = = =
Sea urchin  ~300! 7 2 &l 6 (
psd, pseudogene; fig, fragment.
*TLR3, TLR22, and TICAM are IFN-inducing genes.
'Mouse TLRI |
iBird TLRIS.
Ascidia and Sea urchin are invertebrate references.
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[low major histocompatibility complex (MHC) expresser] and
the C57BL/6 cell lines were used in this study.

The tumors grew well in wildtype mice. When polyl:C was
administered intraperitoneally, tumor growth was retarded.
Similar results were obtained with MyD88 KO, PKR KO, and
IFN-f KO mice. Polyl:C-mediated tumor growth retardation
was completely abrogated in TICAM-1 KO mice, suggesting
that TICAM-1 is crucial for tumor-directed effector induction.
IFN-P is an output of the activation of the TICAM-1 pathway,
but it barely affects tumor regression. Retardation of tumor
growth by polyl:C was completely abrogated in wildtype mice
by depletion of NKI.1- or asialoGM-1-positive cells (30).
Tumor growth suppression in response o polyl:C was
normally observed in CD8" T-cell-depleted mice. Hence,
NK/NKT cells, not CTLs, are effectors responsible for tumor
regression in this mouse model with low MHC-expressing
tumor, As polyl:C activates the TICAM-1 pathway, size reduc-
tion of the implant tumor reflects the potental of the effectors
induced by the functioning of the TICAM-1 pathway (Fig. 5).

We next checked whether TICAM-1 in mDCs or other
immune cells is important for tumor growth retardation.
TICAM-1 was transfected into bone marrow-derived DCs
(BMDCs), and these cells were adoptively transferred 1o mice
with tumor burden. Tumor growth was significantly reduced
in mice injected with TICAM-1-positive BMDCs but not in

Extrinsic
dsRNA uptake

those injected with other BMDCs that did not express
TICAM-1 (50). Thus, the mDC TICAM-1 pathway is involved
in anti-tumor NK activation (30) (Fig. §).

The TICAM-1 pathway activates transcription factors, IFN
regulatory factor-3 (IRF-3), IRF-7, activator protein 1 (AP1),
and NF-xB in mouse cells. The results from our in vitre NK
assay suggest that IRF-3 largely participates in mDC-NK
reciprocal activation (T. Ebihara, M. Mawisumoto, T. Seya,
unpublished data). Actually, polyl:C-mediated tumor growth
retardation was abrogated in IRF-3 KO mice but not IRF-7 KO
mice. Thus, in mDCs, induction of the molecules that drive
NK activation would depend on IRF-3 activation.

We found that tumor-specific CTLs are induced by polyl:C
when EG7 cells [a high MHC expresser with ovalbumin (OVA)]
are employed as the implant tumor. Therefore, we checked the
levels of the OVA epitope-responsive CD8™ T cells, i.e. OT-1.
BMDCs expressing TICAM-1 potentially induce T-cell prolifera-
tion and IFN-y induction (Fig. 4). These T-cell responses are
largely independent of IRF-3 or IRF-7 in mDCs (M. Azuma,
T. Ebihara, M. Matsumoto, T. Seya, unpublished data). Thus,
when implant tumor expresses high levels of MHC, CTLs driven
through mDCs act as the main effector cell in mice (31). CTLs
and NK cells are induced by distinct routes in mDCs (51, 52).

Cellular immune activation by mDCs depends on the situa-
tion of TLR3-adapter complex. Cytoplasmic activation of the

Inflam. cytokines
(IL-6, IL-12 etc)

I Secondary response ]

Fig. 5. Mechanism of mDC-NK reciprocal activation induced by dsRNA stimulation of mDCs. TICAM-1 has a crucial role in NK activation driven

by polyl.C lated mDCs in h

cells. When TLR3 grasps the dsRNA signature in the endosome of mDCs, TICAM-1 in mDCs is activated to

evoke a signal pathway reaching to the expression of NK-activating ligands, NK cell activation is then induced via mDC-NK contact. Some soluble
factors may be important for NK activation in addition to the expression of NK-activating ligands.
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mDC TICAM-1 pathway efficiently links CTL/NK activation
by mDCs. Missing the cell surface-specific TLR, TLR22, and
conserving ER-resident TLR, TLR3, in mDCs may cause the
functional specialization of the TICAM-1 pathway on evok-
ing cellular immunity in mammals. Although the signaling
pathway by which type 1 IFN is induced has been elucidated
in each cell type, the exact pathway that drives NK activation
or CTL induction by mDCs has not been identified.

Effector induction in transgenic mice with TLR22 for
surface dsRNA recognition

Upon transfection of fgTLR22 or fgTLR3 into human or
mouse cells, fgTLR22 functions as an RNA sensor for IFN
induction in these mammalian cells, suggesting that mice and
human TICAM-1 are compatible with fish TLR22 and TLR3
(37). With this finding in mind, we have generated TLR22
ransgenic (Tg) mice to test fish TLR22 antiviral function and
NK activation in mouse. TLR22 is ubiquitously expressed in
all the organs tested in the Tg mice (A. Matsuo, H. Oshiumi,
T. Seya, unpublished data). Its expression profile is similar to
that in fish, in which endogenous fish TICAM-1 is ubiqui-
tously expressed. Polyl:C or poliovirus were used as type 1
IFN inducers for in vitro mouse embryonic fibroblasts (MEF)
stimulation studies. TLR22-expressing MEFs produce high
levels of type I IFN within 6 h, a time period during which
control MEFs still do not produce type I IFN. Rapid induction
and three- to fivefold higher levels of IFN-P in the supernatant
are characteristic features of TLR22-expressing MEFs. Similar
results were obtained with BMDCs.

The levels of NK activation induced by BMDCs do not differ
significantly between TLR22-expressing BMDCs and control
BMDCs. We believe that TLR22 differs from TLR3 in its ability
to activate cellular immune responses. However, further
investigation is necessary to establish the final conclusion.

Virus infection studies were performed on Tg mice using
influenza virus and poliovirus in an in vivo mouse model
(A. Matsuo, H. Oshiumi, T. Seya, unpublished data). Both
Tg and control mice died of influenza infection within
7 days. It appeared that TLR22 did not protect mice from
influenza. By contrast, Tg mice expressing the poliovirus
receptor (PVR) and TLR22 were relatively resistant to
poliovirus infection compared with TLR22-negative control
PVR-Tg mice. Wildtype mice died within 5 days. but Tg
mice survived for a significant longer period. Hence,
TLR22 harbors antiviral activity against acute infection of
dsRNA or positive-stranded RNA viruses. This TLR22 func-
tion is conserved in TLR22-positive cells of Tg mice. We

Seyaetal + bBxannsic dsRNA recognition system

support the interpretation that TLR22 is lost in mammals
so that the TLR22 supplement recovers resistance 10
dsRNA-generating viruses. The summary of this issue on
TLR22-Tg mice is illustrated in Fig. 6.

Although cell surface activation of TLR3 or TLR22 may not
be associated with induction of cellular immunity, these
molecules efficiently suppress acute viral infection by generat-
ing type I IFN, Development of the endosomal RNA recogni-
tion system in mDCs would be essential in mammals for
enhancing the induction of cell-mediated and long-lasting
immunity in viral infection. Although to what extent TLR22
participates in the induction of cellular immunity by virus
infection remains largely unsettled, fish unequivocally develop
the endosomal RNA recognition system involving TLR3. Cell
surface RNA recognition by TLR3 exerts some toxic features
(7, 53). which may facilitate limited usage of TLR3 on mem-
brane surface. Part of the linking between TLRs and cellular
immune responses should have been established before
human and fish ancestors diverged.

Prototype of the vertebrate TLR system

The phylogenetic tree of vertebrate TLR family members
strongly supports the notion that non-mammalian vertebrate
TLRs emerged during the Cambrian period together with
other mammalian TLRs (13, 14, 36, 49); thus, the human
ancestor probably possessed both contemporary TLR subsets
and those of non-mammalian vertebrates. Based on our
knowledge of the functional coverage of vertebrate TLR fam-
ily members, the expected TLR subsets that the vertebrate

Summary on tgTLR22 of the TICAM-1 pathway
# Fish have two arms of TLAs, TLR3 and TLR22, for the TICAM-1
¥ Fish TICAM-1 induces IFN in a different manner with mammals’

® Fish TLR22 resid s daANA

on cell surk and

& The TICAM-1 pathway of Fish TLR22 functions as an antivirus pathway

» The antiviral function of TLR22 is reproducible in mammais

TLR22 Tg

- —>
Survival against
da/+ RNA viruses

Fig. 6. Summary on fgTLR22 of the TICAM-1 pathway., (i) Fish have
two arms of TLRs, TLR3, and TLR22, for the TICAM-1. (ii) Fish TICAM-|
induces IFN in a different manner with mammals. (iii) Fish TLR22
resides on cell surface and recognizes dsRNA. (iv) The TICAM-1 pathway
of fish TLR22 functions as an antivirus pathway. (v) The antiviral func-
tion of TLR22 is reproducible in mammals.
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common ancestor would have possessed would include at
least the following 10 TLR members: TLR2, TLR3, TLR4,
TLRS, TLR7, TLR8, TLR9, TLR21, TLR21, and TLR22 (13)
(Table 1). Prior to the evolution of mammals, gene duplica-
tions would have occurred, especially in TLR2 subfamily
members. Furthermore, some TLR genes were lost in some
lineages, although the reason remains unknown. For exam-
ple, TLR21 was diminished in the mammalian lineage, and
TLR22 was lost when the mammalian ancestor began to live
on land (36). Why did our human ancestor lose TLR21 and
TLR22 during evolution? There are two possible explana-
tions, First, mammals need to recognize patterns in the
endosome to link the acquired responses so that non-
mammalian TLRs present on the cell surface would become
dispensable in the innate system. This scenario is conceiv-
able, because the acquired system in mammals is far more
sophisticated than that of teleosts. Second, the mammalian
lineage happened 1o lose the non-mammalian TLRs. This
observation is not surprising because loss of genes, which

are useful for the descendant, has occurred occasionally
during vertebrate evolution. For example, the vertebrate
ancestor probably possessed broader spectral opsin genes for
light sensing, keener auditory sensors for sound hearing, and
more olfactory genes for smell sensing than humans, but the
mammalian ancestor lost these outstanding genes since their
divergence from reptiles (54); thus, many mammalian
species are less sensitive to distal light wavelength of light,
high frequency of sound, and faint smell than other non-
mammalian vertebrates. If mammals had successfully repro-
duced TLR22 in their genomes, innate immunity in humans
would have been stronger. Optional environmental pressure
by pathogens may have led to the divergence of the immune
system, resulting in variations. In any case, TLRs linked cellu-
lar immunity 2 long time ago: a common ancestor of fish
and human already had a prototype. Based on this view, it
appears that our immune system is not ideal but is just an
example of how infections with certain pathogens have been

prevented over a long time period.
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Riplet/RNF135, a RING Finger Protein, Ubiquitinates RIG-1 to
Promote Interferon-B Induction during the Early Phase of
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RIG-1 (retinoic acid-inducible gene-1), a cytoplasmic RNA
helicase, interacts with IPS-1/MAVS/Cardif/VISA, a protein on
the outer membrane of mitochondria, to signal the presence of
virus-derived RNA and induce type | interferon production.
Activation of RIG-I1 requires the ubiquitin ligase, TRIM25,
which mediates lysine 63-linked polyubiquitination of the RIG-1
N-terminal CARD-like region. However, how this modification
proceeds for activation of IPS-1 by RIG-I remains unclear. Here
we identify an alternative factor, Riplet/RNF135, that promotes
RIG-1 activation independent of TRIM25. The Riplet/RNF135
protein consists of an N-terminal RING finger domain, C-termi-
nal SPRY and PRY motifs, and shows sequence similarity to
TRIM25. Immunoprecipitation analyses demonstrated that the
C-terminal helicase and repressor domains of RIG-1 interact
with the Riplet/RNF135 C-terminal region, whereas the CARD-
like region of RIG-1 is dispensable for this interaction. Riplet/
RNF135 promotes lysine 63-linked polyubiquitination of the
C-terminal region of RIG-1, modification of which differs from
the N-terminal ubiquitination by TRIM25. Overexpression and
knockdown analyses revealed that Riplet/RNF135 promotes RIG-
I-mediated interferon-f promoter activation and inhibits propa-
gation of the negative-strand RNA virus, vesicular stomatitis virus.
Our data suggest that Riplet/RNF135 is a novel factor of the RIG-1
pathway that is involved in the evoking of h innate immunity
against RNA virus infection, and activates RIG-1 through ubiquiti-
nation of its C-terminal region. We infer that a variety of RIG-I-
ubiquitinating molecular complexes sustain RIG-I activation to
modulate RNA virus replication in the cytoplasm.

Cytoplasmic viral RNA sensors induce production of type |
interferon (IFN)? (1, 2). Representative cytoplasmic sensors,
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RIG-I-like receptors (RLRs) of RIG-1, MDAS, and LGP2, belong
to the DEA(D/H) box RNA helicase family (3- 6). RIG-1 recog-
nizes the 5’ end triphosphate of the virus RNA genome or dou-
ble-stranded RNA (6-8) to sense infection by various RNA
viruses (3, 5). The RIG-1 protein consists of two N-terminal
CARD-like domains, an RNA helicase region and a repressor
domain (RD) (9). After recognition of positive or negative sin-
gle-stranded viral RNA, RIG-I interacts with its adaptor mole-
cule IPS-1/MAVS/Cardif/VISA leading to type I IFN produc-
tion, thereby protecting host cells from amplified viral
replication (10-13). However, only a few copies of viral RNAs
usually penetrate the cell membrane to enter the cell at an early
infection, and these RLRs are barely present in intact as well as
early virus-infected cells (6). The early viral RNA recognition
facility should be different from that of the late phase when
RIG-I protein is abundant in the cytoplasm and easily re-orga-
nizes the virus RNAs. What molecular mechanism is responsi-
ble for initial sensing of viral RNA thus remains unknown.

Other RLRs, MDAS5 and LGP2, are structurally similar to
RIG-I in their having the helicase domain (5, 14). However,
MDAS lacks the RD domain although it possesses CARD-like
region at the N terminus like RIG-1. LGP2 does not have a
CARD-like region but possesses RD at its C terminus (9). RIG-1
and MDAS recognize different kinds of RNA viruses and in
some cases play a redundant role in sensing virus infection,
such as influenza B (15). In contrast, LGP2 rather negatively
regulates virus replication. LGP2 expression suppressed RIG-1
or MDAGS signaling (14, 16), and [gp2 gene disruption conferred
high susceptibility to virus infection on mice (4).

Recently, the majority of proteins involved in the type I IFN-
inducing system were found ubiquitinated. For example, the
tumor necrosis factor receptor-associated family members,
TRAF3 and TRAFS, are ubiquitin ligases to induce ubiquitina-
tion of proteins and implicated in activation of IFN regulatory
factor (IRF) 3 or nuclear factor (NF) kB (13, 17-19). In contrast,
a deubiquitinating enzyme, DUBA or A20, suppresses these
signals (19, 20). In addition to ubiquitin, ubiquitin-like protein,
18G15, isalso conjugated to proteins involved in the IFN-induc-
ing pathway (21, 22). Recent studies have revealed that viral
RNA sensors are also ubiquitinated. TRIM25 (ZNF147 or EFP),
a member of the ubiquitin-protein isopeptide ligase family,
which possesses a RING finger domain, ubiquitinates the

multiplicity of infection; VSV, vesicular stomatitis virus; IRF, IFN regulatory
factor; Ub, ubiquitin; ORF, open reading frame; RD, repressor domain,
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CARD-like domains of RIG-I thereby facilitating the RIG-I-
mediated activation of type 1 IFN signaling (23, 24), although
Shimotohno and co-workers (25) previously reported that
TRIM25 (EFP) does not polyubiquitinate the RIG-1 CARD-like
region as far under their conditions. Expression of TRIM25
increases RIG-1 CARD-like region-mediated signaling: how-
ever, it remains to be determined whether the activation of
full-length RIG-1 requires other ubiquitin ligase (23). Another
ubiquitin ligase RNF125 mediates lysine 48-linked polyubig-
uitination of RIG-1, which leads to degradation of RIG-I
through the proteasome (25).

Here we examined what molecular complex participates in
an early RIG-I-mediated RNA recognition and IFN signaling by
yeast two-hybrid screening. Here we detected two novel RING
finger proteins that bound to RIG-I, and we found that one,
RNF135, facilitated RIG-I-mediated type 1 IFN induction via
ubiquitinating RIG-1. RNF135 plays a crucial role in the RIG-1
response to minimal copies of viral RNA, and by binding to the
C-terminal helicase and RD regions of RIG-I, RNF135 facili-
tates RIG-1 C-terminal ubiquitination to up-regulate RIG-1-
mediated IFN signaling and suppress viral replication. Hence,
we renamed it as RNF135 Riplet (RING finger protein leading
to RIG-I activation). To our knowledge, this is the first study
demonstrating that C-terminal ubiquitination of RIG-1 is
important for full IFN induction by RIG-1.

EXPERIMENTAL PROCEDURES

Cell Cultures—HEK293 and Vero cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal calf serum
(Invitrogen), and HeLa cells were in minimum Eagle’s medium
with 2 mm L-glutamine and 10% fetal calf serum (JRH Bio-
sciences). HEK293FT cells were maintained in Dulbecco's
modified Eagle's high glucose medium containing 10% heat-
inactivated fetal calf serum (Invitrogen).

Plasmids—cDNA fragment encoding a C-terminal region of
Riplet was isolated by yeast two-hybrid screening using human
lung ¢cDNA library. The 5' region encoding the remaining
N-terminal region was amplified by PCR using primers Rip-
let-F1 and Riplet-R1, and human lung ¢cDNA library was used
for its template. Two cDNA fragments, which cover the entire
ORF of Riplet, were joined by PCR using primers Riplet-F1, R1,
F2, and R2 and then inserted into pCR-blunt vector (Invitro-
gen). The primers sequences are as follows: F1, GCCTCGAG-
GCCACCATGGCGGGCCTGGGCCTGGG; R1, CGGCCAG-
GTCCTGCAGTAGC; F2, GCACCTGCGGAAGAACACGC;
and R2, GGGGATCCCACCTTTACTTGCTTTATTATC-
AGG. The obtained cDNA was cloned into Xhol-Notl restric-
tion sites of pEF-BOS expression vector, and the HA tag was
fused at the C-terminal end of Riplet. Riplet-DN (dominant
negative) expression vector was constructed by amplifying the
relevant Riplet cDNA fragment using the primers Riplet-X-F-C
and Riplet-R2 and subcloned into pEF-BOS. The primer
sequence of Riplet-X-F-C was as follows: GCTCGAGGCCAC-
CATGCCGCACCTGCGGAAGAACACGC. Riplet-L248fs ex-
pression vector was made by deleting 1 base at position 742 by
standard PCR-mediated site-directed mutagenesis methods
with primers Riplet-L248fs-F and Riplet-L248fs-R as follows:
Riplet-L248fs-F, CCAGAGCCACCCTGCATCAGGAGAGC-
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TTCTCGG, and Riplet-1248fs-R, CCGAGAAGCTCTCCTG-
ATGCAGGGTGGCTCTGG. All cloned RIPLET cDNA frag-
ments were sequenced, and it was confirmed that there were no
mutations. Full-length RIG-I expressing vector, Gal4-1RF-3,
Gal4-DBD, and p55 UASG-Luc reporter plasmids were gifts
from Dr. T. Fujita (Kyoto University, Kyoto, Japan). p125 luc
reporter plasmid was a gift from Dr. T. Taniguchi (University of
Tokyo, Tokyo, Japan). RIG-I RD expressing vector was made
with primers RIG-1 RD-F and RIG-I RD-R; the RIG-1 dRD
c¢DNA fragment, which encodes ORF of RIG-I from the 1- to
754-amino acid region, was made by using primers RIG-1-(1-
754)F and RIG-1-(1-754)R. The obtained cDNA fragments
were sequenced, and it was confirmed that there were no muta-
tions caused by PCR. The primers sequences are as follows:
RIG-1RD-F, GAT GAT AAA GGT ACC ACCGGT AGC AAG
TGC TTC CTT CTG; RIG-I1 RD-R, AAG GAAGCA CTT GCT
ACC GGT GGT ACC TTT ATC ATC ATC ATG; RIG-I-(1-
754)F, GC AGA GGA AGA GCA AGA TGA TAT CAG GTC
CTC AAT CTT C;and RIG-1-(1-754)R, ATT GAG GAC CTG
ATATCATCT TGC TCT TCC TCT GCC TC.

Northern Blotting—Human RIPLET 1092-bp cDNA frag-
ment (208 -1299) was used for the probe for Northern blotting.
The Northern blot membranes, human 12-lane MTN blot and
MTN bilot I11, were purchased from Clontech. The homology of
human RIPLET and TRIM25 in the probe region was 46%. We
used a stringent condition for Northern blotting to exclude the
cross-hybridization between the RIPLET and TRIM25 genes.
Briefly, the probe was labeled with [a-**P]dCTP using
Rediprime 11 Random Prime labeling system (GE Healthcare).
The labeled probe was hybridized to the membrane with
ExpressHyb hybridization solution (Clontech) at 68 °C for 1 h.
The membrane was washed with washing solution | (2 §5C,
0.05% SDS) for 40 min, and then washed with washing solution
11 (0.1 % S8C, 0.1% SDS) for 40 min. Riplet mRNA bands were
detected with x-ray film.

Reporter Gene Analysis—HEK293 cells were transiently
transfected in 24-well plates using FuGENE HD (Roche
Applied Science) with expression vectors, reporter plasmids,
and internal control plasmid coding Renilla luciferase. The
total amounts of plasmids were normalized with empty vector.
For poly(I-C) stimulation, 24 h after transfection, cells were
stimulated with medium containing poly(I-C) (50 pg/ml) and
DEAE-dextran (0.5 mg/ml) for 1 h, and then the medium was
exchanged with normal medium and incubated for an addi-
tional 3 h. Cells were lysed with lysis buffer (Promega) and
luciferase, and Renilla luciferase activities were measured by
the dual luciferase assay kit (Promega). Relative luciferase activ-
ities were calculated by normalizing luciferase activity by
Renilla luciferase activity, and dividing the normalized value by
control in which only empty vector, reporter, and internal con-
trol plasmid were transfected. Values are expressed as mean
relative stimulations = S.D. for a representative experiment,
and each was performed three times in duplicate (unless other-
wise indicated in the legends).

RNA Interference—Reporter and siRNA (20 nm final concen-
tration) for Riplet or control were transfected into HEK293
cells with Lipofectamine 2000 (Invitrogen) by the standard
method described in the manufacturer’s protocol. Empty vec-
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