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Abstract　Double-stranded （ds）RNA-recognition receptors reside in the cytoplasm and membranes of cells.  These 
receptors are implicated in the differential screening of microbes by the host.  Myeloid dendritic cells （mDCs） 
recognize and respond to polyI:C, an analog of dsRNA, by endosomal TLR3 and cytoplasmic MDA5.  NK cells are 
induced in vivo by the administration of polyI:C to mice and in vitro are reciprocally activated by mDCs, although the 
molecular mechanisms as yet undetermined.  Here, we show that the TLR adapter TICAM-1 （TRIF） participates in 
mDC-derived antitumor NK activation.  In a syngeneic mouse tumor implant model, intraperitoneal administration of 
polyI:C led to the retardation of tumor growth, which eff ect relied largely on NK activation.  This NK-dependent tumor 
regression did not occur in TICAM-1-/- or IFNAR-/- mice, while a normal NK antitumor response was induced in PKR-/-, 
MyD88-/-, IFN-β-/- and wild-type mice.  IFNAR was a prerequisite for the induction of IFN-α/β and TLR3.  The lack 
of TICAM-1 did not aff ect IFN production but resulted in unresponsiveness to IL-12 production, mDC maturation and 
polyI:C-mediated antitumor activity.  This NK activation required NK-mDC contact in in vitro transwell analysis.  NK-
antitumor activity was successfully introduced into tumor-implanted mice by transferring mDCs expressing TICAM-1.  
Implanted tumor growth in IFNAR-/- mice was retarded by adoptively transferring polyI:C-treated TICACM-1-positive 
mDCs but not TICAM-1-/- mDCs.  Thus, TICAM-1 rather than MDA5 in mDCs critically facilitated mDC-NK contact 
and activation of antitumor NK, resulting in the regression of low MHC-expressing tumors
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Introduction

　 Microbial components that activate the 
host immune system have been designated 
as adjuvants1）.  Infections usually raise potent 
immune responses in hosts because pathogens 
have pattern molecules that serve as adjuvants. 
They enhance antibody （Ab） production, 
cytotoxic T cells （CTL） and NK cell activation. 
Spontaneously occurring tumor lacks adjuvancy 
since the tumor is intrinsic origin with no 
pathogenic pattern molecules.
　 Enhancing host immunity and increasing 
tumor antigenicity have long been goals of 
immunotherapy. Rosenberg et al.2）, summarized 
the results of 440 cancer patients who received a 
peptide vaccine.  The overall objective response 

rate for all vaccine treatments was just 2.6%2）． 
Although their criteria for clinical objective 
response were strict, the results clearly refl ect a 
limited effectiveness of the sole peptide vaccine 
therapy approach.  Tumor cells have often 
diminished MHC class I3）, thereby circumventing 
the host immune surveillance system.  They 
suggested further technical exploration would 
be required to establ ish ef fect ive tumor 
immunotherapy.  Adjuvants are known to 
largely serve as ligands for Toll-like receptors 

（TLRs） on myeloid dendritic cells （mDCs）, which 
engage antigen presentation.  Thus, supplement 
of adjuvants to tumor antigen may have the 
potential to compensate for the weakness of the 
peptide vaccine therapy.
　 We have studied the profiles of effector 



S 44

induction in mDCs stimulated with adjuvants4）. 
CTL mainly eliminate tumors with high levels of 
MHC class I proteins, whereas NK cells target 
tumors with low MHC levels.  In human and 
mouse the BCG-cell-wall skeleton （CWS） acts as 
a TLR2/4 agonist and induces mDC maturation 
followed by tumor-specific CTL in a syngeneic 
tumor implantation model if the tumors express 
MHC class I5）.  Tumor regression and CTL 
induction largely relied on the MyD88 adapter-
dependent pathway of TLR5）.  Exogenously-
added tumor antigen （Ag） and adjuvant induce 
the mDCs cross-priming which is required for 
MHC class I-mediated Ag presentation and 
CTL induction6）.  However, NK cells are barely 
activated in wild-type mice via the TLR2/4-
MyD88 responses5）.  Thus, MyD88-independent 
cellular responses are crucial in NK-mediated 
MHC-negative population of tumor cytotoxicity.
　 The TLR3 agonist polyI:C and TLR3 signaling 
in mDCs are able to regress tumors6,7）.  TLR3 
links TICAM-1 （or TRIF） in the cytoplasmic 
domain TIR （Toll-IL-1R homology domain） for 
signal transmission8,9）.  This adapter is unique in 
possessing two arrays of signals that activate 
two transcription factors, NF-κB and IRF-38-10）．  
The latter is a strong inducer of type I IFN 

（interferon）, particularly IFN-β10-12）.  Recent 
reports suggest an important role for type I IFN 
in p53 induction13） and cancer immunoediting14）． 
Type I IFN has been reported to be an inducer 
of various NK functions in vitro15）.  Amplifi cation 
of type I IFN production by IFNAR governs the 
expression of a number of IFN-inducible genes16）． 
These genes may be crucial for the functional 
modulation of mDCs.
　 Here we have investigated the mechanism 
whereby exogenously administered polyI:C induces 
tumor regression in gene-disrupted mice. We 
noticed that the retardation in the growth of 
MHC-negative tumors largely depended on the 
NK activity induced by polyI:C-stimulated mDCs. 
Using TICAM-1 （TRIF）-/- C57BL/6 mice17） and a 

syngeneic tumor implant model, this NK activation 
was found to depend on direct contact of NK cells 
to mDCs, where NK activation is controlled by the 
TICAM-1 pathway of TLR in mDCs.

Retardation of tumor growth by NK 
cells in polyI:C-treated mice

　 Using a C57BL/6-B16 syngeneic tumor-implant 
model, we evaluated the antitumor activity of 
polyI:C, which was injected intraperitoneally 
twice a week （Figure 1A）. Tumor growth was 
suppressed in the group that received polyI:

Figure 1　PolyI: C induces NK-medaited MHC class 
I-negative tumor regression. Panel A: Tumor-
implantation model for evaluation of polyI:
C ant itumor act iv ity.  PolyI :C （250 μg 
intraperitoneally injected twice a week） caused 
antitumor effect on B16D8 cells （MHC class 
I-negative） implanted into C57BL/6 mice. 
Arrow indicates the start point of polyI:C 
treatment （tumor average size>0.8 cm3）. Panel 
B, C: NK is an eff ecter for poly（I:C）-mediated 
antitumor activity. Mice were challenged with 
B16D8 cells and intraperitoneally injected 
with anti-NK1.1 （B） or anti-CD8β ascites （C）. 
Antibody and polyI:C treatment was repeated 
twice a week from day 10.
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C when the tumor cells barely expressed MHC 
class I.
　 PolyI:C-mediated suppression of tumor growth 
was terminated when NK activity in mice was 
blocked by an injection of NK1.1 Ab （Figure 1B） 
or asialo-GM1 Ab （data not shown）.  Suppression 
of B16 tumor growth was not significantly 
changed by the treatment of mice with anti-CD8 
Ab that eliminates CTL （Figure 1C）.  Thus, the 
polyI:C-mediated tumor suppression largely relies 
on the eff ector NK cells.

TICAM-1 and IFNAR participate in 
NK activation in mice

　 We then assessed the tumor cytotoxicity 
of NK cells isolated from polyI:C-administered 
C57BL/6 mice.  PolyI:C was administrated i.p. 
to mice with implant tumor.  In vivo tumor 
implant study using these KO mice revealed 
the retardation of B16 tumor growth by polyI:
C in MyD88 -/- and IFN-β-/- mice at a level 
comparable to the control wild-type mice 

（Figure 2A, C）. The antitumor activity of polyI:
C diminished in TICAM-1-/- mice （Figure 2B）.  
Tumor regression by polyI:C was not aff ected by 
depletion of IFN-β, suggesting the participation 
of other IFNs （especially IFN-α） in the IFNAR-
mediated antitumor response. These results infer 
that the antitumor activity by polyI:C is elicited 
through TICAM-1 in these mice.  IFNAR is 
additionally required for expression of TLR3 by 
polyI:C in bone-marrow derived mDCs （data not 
shown）; therefore, the TLR3-TICAM-1 pathway 
is essential for mDCs to elicit tumoricudal NK 
cells in this mouse tumor-implant model.  The 
results were confirmed with the spleen NK 
cells isolated from tumor-bearing mice （data not 
shown）. A signifi cant decrease of cytotoxicity was 
observed in spleen cells prepared from IFNAR-/- 
or TICAM-1-/- mice.  The polyI:C-mediated B16 
cell cytotoxicity was not signifi cantly reduced in 
spleen cells of MyD88-/- mice.

Mechanisms of NK activation by polyI:
C-stimulated mDCs

　 PolyI:C functions through multiple pattern-
recognition receptors, i .e. , PKR, RIG-I and 
MDA5, in addition to TLR318,19）.  All these 
receptors are induced by IFN-α/β in mDCs to 
recognize polyI:C in vitro20）.  Although RIG-I 
and MDA5 were normally induced in TICAM-1-/- 
mDCs, polyI:C-mediated NK activation was 
abolished in TICAM-1-/- mice （Figure 2A,C）. 

Figure 2　Antitumor activity of PolyI: C depends on 
TICAM-1/IFNAR in vivo. Antitumor eff ect of 
polyI:C on various KO mice were evaluated 
using in vivo mouse tumor implant model. 
B16 tumor cells were inoculated on day 0. 
Each point represents tumor size average±
S.E （n=4-6）. The disrupted genes in mice are 
shown over the panels. WT, wild-type. 
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　 Implant tumor growth was suppressed in wild-
type and TICAM-1-/- mice by adoptive transfer 
of mDCs over-expressing TICAM-1 （Figure 3A）.  
In vitro cytotoxic assay showed NK-mediated B16 
killing by function of TICAM-1-transduced mDCs 

（Figure 3B）.  Thus, mDCs expressing TLR3-
TICAM-1 contribute to antitumor NK activation. 
　 We found that the level of NKG2D ligand 
Rae-1 has nothing to do with the TICAM-1-
mediated NK activation.  Next, we measured the 

cytokine levels in the culture supernatant （sup） 
of polyI:C-stimulated mDCs prepared from gene-
disrupted mice （data not shown）.  TICAM-1-/- 
mice had normal serum levels of IFN-α and 
decreased levels of IL-12p40.  These cytokines, 
however, barely affected the activation state of 
NK cells for the criteria of tumor killing.  The 
results were confirmed with tumor implant 
model using IL-12 depleted mice （Figure 4A）. 
　 B16 killing due to NK cells activated by polyI:

Figure 3　TICAM-1 in mDCs is essential for antitumor activity of polyI:C.  Panel A: Adoptive transfer of TICAM-1-
transduced mDCs confers tumor growth suppression in mice.  The lentiviral system was employed for gene 
transfection into mDCs.  mDCs were prepared from bone marrow cells and transfected with TICAM-1 

（TICAM-1 DC） or empty vector （vector DC）. Wild-type mice were implanted with B16 cells on day 0. On 
day 12, 16 and 19, the mice with tumor burden were intraperitoneally injected with TICAM-1-expressing 
mDCs （1x106 cells） （arrows）.  Retardation of tumor growth was measured in the mouse groups. Panel B: B16 
killing by NK cells co-cultured with mDCs. TICAM-1-expressing mDCs （TICAM-1 DC） and vector DC were 
prepared as in panel A. Poly I:C-stimulated mDCs （polyI:C DC） were prepared by incubation of mDCs with 
poly I:C for 4h.  The mDCs were co-cultured with NK cells （DC: NK=1: 2） for 24h. NK cytotoxicity against 
B16 was measured by 51Cr release assay. Pannel C: TICAM-1 in mDCs is required for polyI:C-mediated tumor 
regression. mDCs were prepared from wild-type and TICAM-1 KO mice.  mDCs （3x106 cells） either from 
wild-type （WT DC） or TICAM-1 KO mice （TICAM-1 KO DC） and polyI:C （250μg） were injected into the 
peritoneal cavity of IFNAR-/- mice which had the tumor burden.  Tumor growth retardation in response to 
polyI:C was measured in the mDC-injected mice. The arrows indicate the time points at which the mDCs were 
administered. 

T. Seya, et al.
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C-primed mDCs was impaired if spleen NK 
cells were cultured with polyI:C-primed mDCs 
in the transwell （Figure 4B）, suggesting that 
tumoricidal activity NK cells acquire via mDCs 
is largely attributable to cell-cell contact.
　 RIG-I and MDA5 as well as TLR3 and 
IFN-α/β are IFN-inducible genes which were 
up-regulated in the response of mDCs to polyI:
C within 6 h. The up-regulation was impaired in 
IFNAR-/- mice but not TICAM-1-/- mice （Figure 5）.
　 We tested whether TICAM-1-/- mDCs 
stimulated with polyI:C still retain the activity 
to induce antitumor NK cells （Figure 4C）. 
Only weak antitumor NK activity was detected 
when the spleen NK cells were preincubated 
with TICAM-1-/- mDCs. Co-stimulator CD86 

Figure 4　TICAM-1 of mDCs activate NK cells via cell-cell contact. mDCs prepared from wild-type or TICAM-1 KO mice 
were incubated with poly I:C for 24 h, and NK cells were added to the culture at an mDC/NK ratio of 1: 2. After 
24h, NK cells were incubated with B16 cells for 5 h at the indicated E/T ratio. Cytotoxicity of NK against B16 
cells was examined by 51Cr release assay. NK cells were co-cultured with mDCs in the presence of 5 μg/ml 
anti-IL12 antibody （A） or in the transwell system （B）. Pannel C: NK cells co-cultured with mDCs derived from 
TICAM-1 KO mice.

up-regulation in response to polyI:C was also 
impaired in the mDCs prepared from TICAM-1-/- 
as well as IFNAR-/- mice （Figure 6）.
　 Thus, NK cell-binding molecules, rather than 
cytokines, are induced in mDCs through the 
TLR3-TICAM-1 pathway in response to exogenic 
dsRNA stimuli, which may explain the functional 
link between mDC TICAM-1 and NK activation. 

Discussion
　 Here we have demonstrated that a unique 
TICAM-1-dependent polyI:C response occurs in 
mDCs which elicits antitumor NK immunity.  The 
NK-activating mDC subset is induced through the 
TICAM-1 pathway by the administration of polyI:
C. NK cells and mDCs are reciprocally activated 
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via cytokines/IFNs and/or cell-to-cell contact21）．  
The molecular mechanism by which mDCs 
activate NK has not been clearly addressed.  
This study is the first to demonstrate that the 
TICAM-1 pathway in mDCs serves to modulate 
mDCs to have NK-activating properties via cell-
cell contact with NK cells. 
　 While TICAM-1 and IFNAR are not IFN-
inducible, RIG-I, MDA5, TLR3 and IFN-α are 
IFN-inducible genes （Figure 5）.  They are 
rapidly up-regulated in response to polyI:C. Thus, 
IFNAR is an indispensable factor for inducing 
TLR3 to complete the TLR3-TICAM-1 pathway 
and stimulate RIG-I/MDA5 to amplify IFN-α/
β production. However, exogenously-added 
IFN-α/β does not elicit NK-activating mDCs. 
Furthermore, adoptive transfer of TICAM-1-
positive mDCs into IFNAR-/- mice with a tumor 
burden elicits an antitumor response.  Thus, the 
Type I IFN robustly produced by lymphocyte 

IFNAR barely participates in the elicitation 
of antitumor NK activity. Although MDA5 
and RIG-I are normally induced by polyI:C in 
TICAM-1-/- mice with the ability to induce type 
I IFN19,20）, mDCs in TICAM-1-/- mice have lost 
NK-activating activity in response to polyI:C.  In 
fact, in vitro NK-mediated tumor-killing activity 
is minimally induced via co-culture of NK cells 
with polyI:C-treated TICAM-1-/- mDCs （Figure 
4C）.  IFN-α/β and/or IL-12 p40 have been 
reported to be associated with NK activation 
in vitro22）.  A primary role of pDCs in IFN-α/
β23） and NK activation22） has been reported.  
However, these are not the case in in vivo NK-
mediated tumor suppression. Cell-cell contact 
between mDCs and NK cells rather than IL-12 
or IFN-α/β is closely associated with provoking 
NK-mediated tumor cytotoxicity （Figure 4B）. 
Hence, the NK-activating property depends only 
partly on cytokines or RIG-I/MDA5, but is rooted 

Figure 5　Poly I:C-inducible genes of mDCs derived from various KO mice. mDCs were stimulated with 50 μg/ml of poly 
I:C for specifi ed times, and RNAs were isolated for RT-PCR analysis. PCR was run as follows: denature for 30 
sec at 95℃, anneal for 30 sec at indicated individual optimal temperature and extend for 1 min at 72℃. Samples 
were extended for an additional 5 min at 72℃. PCR products were analyzed on 1% TAE-agarose gel. W: Wild 
type, M: MyD88 KO, T: TICAM-1 KO, IR: IFNAR KO. IPS1 and MDA5 show non-specifi c band presumably 
a primer dimmer. Arrows indicate the objective bands. IFN-inducible genes, TLR3, RIG-I and MDA5, were 
induced 6 h after poly I:C stimulation. These genes were not induced in IFNAR KO mice.

T. Seya, et al.
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in the factors secondary to TICAM-1 in mDCs.
　 Moderately successful targeting of TLR3 
by dsRNA in breast cancer has been reported 
with certain side effects24）.  These investigations 
have suggested the TLR3 on tumor cells is a 
specific trigger of apoptosis signaling. Thus, the 
main focus in those studies was on polyI:C as 
an inducer of apoptosis in tumor cells25）.  Other 
in vitro studies have suggested that the TLR3 
pathway in mDCs is involved in cross-priming and 
CTL induction6,26）.  In this study, we show that 
the TICAM-1 pathway in mDCs induces mDC 
maturation that in turn directs NK activation. 
dsRNA acts on mDCs and tumor cells and in 
mDCs has multiple targets, resulting in the 

Figure 6　PolyI:C-mediated CD86 up-regulation in mDCs of KO mice. Levels of CD86 in mDCs were measured by FACS 
24 h after stimulation with polyI:C. As a positive control, LPS was used instead of polyI:C （bottom panels） and 
as a negative control, saline was added （top panels）. CD86 up-regulation was examined as a marker of mDC 
maturation. Wild-type and MyD88 -/- mDCs normally exhibited the up-regulation of CD86, while TICAM-1 -/- or 
IFNAR -/- mDCs allowed far less or no CD86 up-regulation （center panels）. The expected results were obtained 
with the controls. 

exerting of CTL induction and/or NK activation, 
both of which are pivotal in antitumor immunity. 
　 Ultimately, polyI:C-mediated NK activation 
can be assigned to certain NK-activating ligands 
induced through the TLR3-TICAM-1 pathway in 
mDCs. Target recognition by NK is determined 
by the balance of NK-activating and -inhibitory 
receptors27）.  These receptors are variably 
expressed on mDCs28） as well as tumor cells29）． 
Identifi cation of the pathway and NK-activating 
molecules participating in the induction of NK-
contact in mDCs by dsRNA stimulation should 
lead to novel antitumor strategies against a 
variety of tumors. 
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