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Smoldering inflammation often increases the risk of progression
for malignant tumors and simultaneously matures myeloid den-
dritic cells (mDCs) for cell-mediated immunity. Polyl:C, a dsRNA
analog, is reported to induce inflammation and potent antitumor
immune responses via the Toll-like receptor 3/Toll-IL-1 receptor do-
main-containing adaptor molecule 1 (TICAM-1) and melanoma dif-
ferentiation-associated protein 5/IFN- promoter stimulator 1 (IPS-
1) pathways in mDCs to drive activation of natural killer cells and
cytotoxic T lymphocytes. Here, we found that i.p. or s.c. injection of
polyl:C to Lewis lung carcinoma tumor-implant mice resuited in tu-
mor regression by converting tumor-supporting macrophages (Mfs)
to tumor suppressors. F4/80*/Gr1~ Mfs infiltrating the tumor re-
spond to polyl:C to rapidly produce inflammatory cytokines and
thereafter accelerate M1 polarization. TNF-o was increased within
1 h in both tumor and serum upon polyl:C injection into tumor-
bearing mice, followed by tumor hemorrhagic necrosis and growth
suppression. These tumor responses were abolished in TNF-o™/~
mice. Furthermore, F4/80" Mfs in tumors extracted from palyl:C-
injected mice sustained Lewis lung carcinoma cytotoxic activity,
and this activity was partly abrogated by anti-TNF-« Ab. Genes
for supporting M1 polarization were subsequently up-regulated
in the tumor-infiltrating Mfs. These responses were completely ab-
rogated in TICAM-1"/~ mice, and unaffected in myeloid differenti-
ation factor 88/~ and IP$-1~~ mice. Thus, the TICAM-1 pathway is
not only important to mature mDCs for cross-priming and natural
killer cell activation in the induction of tumor immunity, but also
critically engaged in tumor suppression by converting tumor-sup-
porting Mfs to those with tumoricidal properties.

Toll-like receptor | tumor-associated macrophages | TRIF

Inﬂammation followed by bacterial and viral infections triggers
a high risk of cancer and promotes tumor development and
progression (1, 2). Long-term use of anti-inflammatory drugs has
been shown to reduce—if not eliminate—the risk of cancer, as
demonstrated by a clinical study of aspirin and colorectal cancer
occurrence (3). Inflammatory cytokines facilitate tumor pro-
gression and metastasis in most cases. Innate immune response
and the following cellular events are closely concerned with the
formation of the tumor microenvironment (4, 5).

By contrast, inflammation induced by microbial preparations
was applied to patients with cancer for therapeutic potential as
Coley vaccine with some success. A viral replication product,
dsRNA and its analog polyl:C (6, 7), induced acute inflammation,
and has been expected to be a promising therapeutic agent against
cancer. Although polyl:C exerts life-threatening cytokinemia (8),
trials for its clinical use as an adjuvant continued because of its
high therapeutic potential (9, 10). Pathogen-associated molecular
patterns (PAMPs) and host cell factors induced secondary to
PAMP-host cell interaction act as a double-edged sword in cancer
prognosis and require understanding their multifarious functional
properties in the tumor environment.

Recent advances in the study of innate immunity show how
polyl:C suppresses tumor progression (11). Polyl:C is a synthetic
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compound that serves as an agonist for pattern-recognition
receptors (PRRs), Toll-like receptor 3 (TLR3), and melanoma
differentiation-associated protein 5 (MDAS) (12-14). Although
TLR3 and MDAS signals are characterized as myeloid differen-
tiation factor 88 (MyD88) independent (15, 16), they have im-
mune effector-inducing properties (12-14, 17). TLR3 couples
with the Toll-IL-1 receptor domain-containing adaptor molecule
1 (TICAM-1, also known as TRIF), and MDAS couples with the
IFN-p promoter stimulator 1 (IPS-1, also known as Cardif,
MAVS, or VISA) (11, 15). Possible functions for the TICAM-1
and IPS-1 signaling pathways have been investigated by using
gene-disrupted mice (15); although they activate the same
downstream transcription factors NF-xB and IFN regulatory
factor 3 (IRF-3) (15, 18), they appear to distinctly modulate my-
cloid dendritic cells (mDCs) and macrophages (Mfs) to drive ef-
fector lymphocytes (19, 20).

Tumor microenvironments frequently involve myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAMs),
and immature mDCs (1, 21). These myeloid cells express PRR
through which they are functionally activated. Once the inflam-
mation process is triggered, immature mDCs turn mature so that
they are capable of antigen cross-presentation and able to activate
immune effector cells, which would act to protect the host system
and damage the undesirable tumor cells (22). However, TAMs
and MDSCs play a major role in establishing a favorable envi-
ronment for tumor cell development by suppressing antitumor
immunity and recruiting host immune cells to support tumor cell
survival, motility, and invasion (23-25). Although these myeloid
cell scenarios have been studied with interest, how the PRR signal
in these myeloid cells links regulation of tumor progression has yet
to be elucidated.

Here we show that TICAM-1 but not IPS-1 signal in tumor-
infiltrating Mfs is engaged in conversion of the TAM-like Mfs to
tumoricidal effectors. We investigated the molecular mecha-
nisms in Mfs underlying the phenotype switch from tumor sup-
porting to tumor suppressing by treating cells with polyl:C and
found that the TICAM-1-inducing TNF-a and M1 polarization
are crucial for eliciting tumoricidal activity in TAMs.

Results

In Vivo Effect of Polyl:C on Implant Lewis Lung Carcinoma Tumor. Lp.
injection of polyl:C rapidly induced hemorrhagic necrosis in 3LL
tumors implanted in WT mice, which was established >12 h after
polyl:C treatment (Fig. 14). The polyl:C-dependent hemorrhagic
necrosis did not occur in TNF-o~~ mice (Fig. 14). Histological
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and immunohistochemical analysis revealed vascular damage in
the necrotic lesion, where disruption of vascular endothelial cells
was indicated by fragmented CD31" marker (Fig. S1). Although
the polyl:Csignal is delivered by TICAM-1 and IPS-1 adaptors (11,
13), the hemorrhagic necrosis was largely alleviated in T ICAM-17~
mice but not in IPS-17~ mice (Fig. 14). The results suggest that
polyl:C is a reagent that induces Lewis lung carcinoma (3LL)
hemorrhagic necrosis, and the TICAM-1 pathway and its products,
including TNF-q, are preferentially involved in this response.

3LL implant tumors grew well in WT C57BL6 mice. Polyl:C,
when i.p. injected, resulted in tumor growth retardation (Fig. 1B8).
The retardation of tumor growth by polyl:C was also impaired
in TNF-o/~ mice (Fig. 1B), suggesting that TNF-« is a critical
effector for not only induction of hemorrhagic necrosis but also
further 3LL tumor regression. To investigate the signaling pathway
involved in the tumor growth retardation by g)olyI:C, we challenged
WT, MyD88~~, TICAM-1~", and IPS-1™"" mice with 3LL im-
plantation and then treated the mice with i.p. injection of polyl:
C. 3LL growth retardation was observed in both IPS-17/~ (Fig. 1C)
and MyD88" ~ mice, to a similar extent to WT mice, In contrast,
polyl:C-dependent tumor growth retardation was abrogated in
TICAM-17" mice (Fig. 1D). The size differences of the implanted
tumors became significant within 2 d after polyl:C treatment,
suggesting that the molecular effector for tumor regression is
induced early and its upstream is TICAM-1. Similar results were
obtained with MC38 implant tumor (Fig. S24), which is TNF-a
sensitive and MHC class 1 positive (Table S1) (26).

PolyI:C is a reagent that induces natural killer (NK) cell acti-
vation in MHC class I-negative tumors (12), and 3LL cells are
class I negative and NK cell sensitive (Table S1) (27, 28). We
tested whether NK cells activated by polyl:C damage the 3LL
tumor in mice. Tumor growth was not affected by pretreatment of
the mice with anti-NK1.1 Ab in this model (Fig. $3). Thus, NK
cells, at least the NK1.1" cells, have a negligible ability to retard
tumor growth in vivo.

Polyl:C Induces TNF-« Through the TICAM-1 Pathway in Mice. To test
whether polyl:C treatment had elicited TNF-a production
in vivo, we investigated the cytokine profiles of serum from polyl:
C-stimulated WT and IPS-17"~ and TICAM-1~"" mice by ELISA.
Prominent differences in TNF-a levels were observed in serum
collected from polyl:C-injected WT and TICAM-1""" mice. Se-
rum TNF-« levels in WT and IPS-17~ mice were significantly
higher than that in TICAM-1""" mice within 1 h after polyl:C
injection (Fig. S4 A and B). IFN-p is a main output for polyl:C
stimulation (11), and its production was decreased in TICAM-17/~
mice and totally abrogated in IPS-17~ mice (Fig. S4C). Taken
together, the data indicate that the TICAM-1 pathway was able
to sustain a high TNF-o level in the early phase of polyl:C
treatment, which is independent of IPS-1 and subsequent pro-
duction of IFN-f.

TICAM-1* Cells in Tumor Produces TNF-a in Response to Polyl:C
Stimulation. Using the 3LL implant WT, IPS-17"", and TICAM-
17~ mouse models, we tested whether polyl:C-induced early
TNF-o was responsible for the lately observed tumor regression.
Time-course analyses of the polyl:C-induced TNF-o protein
levels were performed by ELISA using serum samples and
tumors extracted from the experimental mice. The tumor TNF-o
levels in WT and IPS-1~"~ mice increased at 2 h after polyl:C i.p.
injection (Fig. 24). The serum TNF-« levels in both were rapidly
up-regulated within 1 h after polyl:C injection, although in WT
the levels continued to increase but in IPS-17" mice gradually
decreased (Fig. 2B). In TICAM-17"" mice, however, no appre-
ciable up-regulation of TNF-a protein was detected in either
tumor or serum samples during the early time-course tested. To
test whether the induced TNF-a protein was generated de novo
in tumors, we examined the corresponding mRNA levels in ex-
cised tumors (Fig. 2C and Table S2). The TNF-oo mRNA levels
peaked between 1 and 2 h after polyl:C injection, whereas the
TNF-«a protein level was kept high at >2 h after polyl:C injection
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in tumor as well as serum. In the TICAM-1""" mice, TNF-a
production was largely abrogated in the tumor and serum sam-
ples, suggesting that TNF-a was mainly produced and secreted in
response to polyl:C stimulation from the TLR3/TICAM-1* cells
within the tumor.

F4/80%/Gr-1~ Mfs in 3LL Tumor Produce TNF-o Leading to Tumor
Damage. We next investigated the cell types that had infiltrated
the tumor by using various Mf markers in FACS analysis and
tumor samples extracted at 1 h after polyl:C injection. We dis-
covered that CD45" cells in the tumor produced TNF-u in re-
sponse to polyl:C (Fig. 34). The major population of those
CD45* cells was determined to be of CD11b* myeloid-lineage
cells that coexpressed F4/80%, Gr1*, or CD11c*. A small pop-
ulation of NK1.1% cells was also detected. CD4" T cells, CD8*
T cells, and B cells were rarely detected in these implant tumors
(Fig. S54). Moreover, F4/807/Gr-1" cells were found to be the
principal contributors to polyl:C-mediated TNF-a production
(Fig. 3 B and C). F4/80* cells in 3LL tumor highly expressed
macrophage mannose receptor (MMR; CD206), a M2 macro-
phage marker, in contrast to splenic F4/80*CD11b™ cells. Both
TNF-o—producing and -nonproducing F4/80* cell populations in
3LL tumor showed indistinguishable levels of CD206 (Fig. S6),
and dissimilar to MDSCs or splenic Mfs, as determined by the
surface marker profiles (Table S3). Thus, the source of the TNF-
a—producing cells in tumor is likely F4/80* Mfs with a TAM-
like feature.

We harvested F4/80" cells from tumor samples extracted from
WT and TICAM-1"" mice at 30 min after polyl:C injection.
These cells were used in in vitro experiments to verify the TNF-
o—producing abilities and 3LL cytotoxicity properties (Fig. 4 A4
and B). WT F4/80% Mfs exhibited normal TNF-a—producing
function and were able to kill 3LL cells upon exposure. This
tumoricidal activity was ~50% neutralized by the addition of
anti-TNF-o Ab (Fig. 4C), although incomplete inhibition by this
mAb may reflect participation of other factors in TNF-a cyto-
toxicity. Furthermore, when active TNF-a protein (‘TNF-a) was
added exogenously to 3LL cell culture, the cytotoxic effects were
still present and occurred in a dose-dependent manner (Fig. 4D).
TNF-a-producing ability was also observed in F4/80" cells from
implant tumor of MC38, B16DS, or EL4, and only the MC38
tumor was remediable by TICAM-1-derived TNF-« (Fig. S2 B
and C). The MC38 tumor contained the F4/80+/CD11b3'/Gr1“
cells, as in the 3LL tumor (Fig. S5B).

IFN-B did not enhance rTNF-a-mediated 3LL killing efficacy
(Fig. S7A), a finding that was consistent with previously pub-
lished data (29). No effect of IRF3/7 on polyl:C-induced 3LL
tumor regression in vivo was confirmed using IRF3/7 double-
knockout mice. However, polyl:C-dependent tumor regression
was abrogated in 3LL-bearing IFN-o/f receptor (IFNAR)™~
mice (Fig. S7B). Quantitative PCR analysis of cells from WT vs.
IFNAR™" tumor-bearing mice revealed that the TLR3 level was
basally low and not up-regulated in response to polyl:C in tumor-
infiltrating F4/80" Mfs of IFNAR ™" mice (Fig. S7C). Accord-
ingly, the TNF-« level was not up-regulated in tumor and serum
in polyl:C-stimulated IFNAR™" mice (Fig. S7D). Thus, basal
induction of type I IFN serves as a critical factor for TLR3
function in tumor F4/80* Mfs to produce TNF-« in vivo. These
results suggest that the direct effector for 3LL cytolysis by polyl:
C involves TNF-o, which is derived from TICAM-1 downstream
independent of the IRF3/7 axis. Our results indicate that cyto-
toxic TNF-o is produced via a distinct route from initial type 1
IFN and downstream of TICAM-1 in F4/80" TAM-like Mfs.
Type I IFN do not synergistically act with TNF-a on 3LL killing,
but is required to complete the TLR3/TICAM-1 pathway.

These results were confirmed by in vitro assay, wherein the
F4/80" Mfs harvested from 3LL tumors in WT, TICAM-1"",
1PS-17~, and TLR3™" mice were stimulated with polyl:C (Fig.
S84). Both TNF-ua release and 3LL cytotoxic abilities of polyl:C-
stimulated F4/80" Mfs were specifically abrogated by the ab-
sence of TICAM-1 and TLR3 (Fig. S8 A4 and B). IPS-1 or
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Fig. 1. Antitumor activity of polyl:C against 3LL tumor cells is mediated by
the TICAM-1 pathway in vivo. (A) Representative photographs of 3LL tumors
excised from WT, TNF-«™~, TICAM-1"'", and IP5-1~ mice. Whole tumor
(Upper) and bisected tumor (Lower) are shown. (B-D) On day 0, 3LL tumor
cells (3 x 10°) were s.c. implanted into B6 WT (B-D), TNF-o~ (B), TICAM-17"~
(C), and IPS-1~"~ (D) mice. Polyl:C i.p. injection was started on the day in-
dicated by arrow, then repeated every 4 d. Data are shown as tumor average
size + SE; n = 3-4 mice per group. *P < 0.05; **P < 0.001. N.S., not significant.
A representative experiment of two with similar outcomes is shown.
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MyD88 in F4/80* Mfs had no or minimal effect on the TNF-o
tumoricidal effect against 3LL tumors. Polyl:C did not directly
exert a cytotoxic effect on 3LL tumor cells (Fig. S8C).

Role of the IPS-1 Pathway in F4/80" Cells. Both TICAM-1 and IPS-1
are known to converge their signals on transcription factors NF-xB
and IRF-3, which drive expression of TNF-o and IFN-B, re-
spectively. Polyl:C-induced TNF-o production was reduced in
F4/80™ cells extracted from tumors of TICAM-1~" mice, but not
in samples of IPS-17~ mice. We examined the expression of
IFN-f in these cells after polyl:C stimulation. Compared with F4/
80" cells from WT mice, IFN-§ expression and production was
barely decreased in IPS-17~ F4/80™ cells, but largely impaired in
TICAM-17~ F4/80" cells (Fig. $94) as other cytokines tested.
M1 Mi-associated cytokines/chemokines were generally reduced
in TICAM-17"" F4/80" cells compared with WT and IPS-17/~
cells >4 h after polyl:C stimulation (Fig. S94), whereas M2 Mf-
associated genes were barely affected by TICAM-1 disruption or
polyl:C stimulation (Fig. S98).

Most types of Mfs are known to express TLR3 in mice (30).
Messages and proteins for type I IFN induction were conserved in
the F4/80" tumor-infiltrating Mfs (Fig. S10 A-C). However, the
TLR3 mRNA level was low in macrophage colony-stimulating
factor (M-CSF)-derived Mfs compared with TAMSs (Fig. S10D).
We further examined whether IFN- production might also have
relied on the TICAM-1 pathway in other types of Mfs upon stim-
ulation with polyl:C. In contrast to the F4/80" cells isolated from
tumor (Fig. S11.4 and B), the IPS-1 pathway was indispensable for
polyl:C-mediated IFN-p production in mouse peritoneal Mfs and
M-CSF-induced bone marrow-derived Mfs (Fig. S11 C and E).
However, IPS-1 only slightly participated in polyl:C-mediated
TNF-o production in these Mf subsets (Fig. S11 D and F). It
appears then that the IPS-1 pathway is able to signal the presence
of polyl:C and subsequently induce type I IFN. TICAM-1 is the
protein that induces effective TNF-o in all subsets of Mfs.

Polyl:C Influences Polarization of TAMs. Plasticity is a characteristic
feature of Mfs (25). Various factors and signals can influence
polarization of Mf cells to induce the M1/M2 transition, which is
accompanied by a substantial change in the Mf cell’s expression
profile of cytokines and chemokines. Previous studies have dem-
onstrated that Mfs that have infiltrated into tumor are of the M2-
polarized phenotype, which is known to contribute to tumor
progression. To test the effects of polyl:C on the polarization of
tumor-infiltrated Mf cells, we analyzed the gene expression pro-
files of these cells following in vitro polyl:C stimulation, and
representative profiles were confirmed by quantitative PCR (Fig.
5 A and B). The mRNA expressions were increased for M1 Mf
markers IL-12p40, IL-6, CXCL11, and IL-1B at 4 h after in vitro
polyl:C treatment, as were mRNA levels of IFN-p and TNF-a and
ex vivo results. The M2 Mf markers arginase-1 (4rgl), chitinase 3-
like 3 (Chi3I3),and MMR (Mrc!) were unchanged, compared with
unstimulated levels; however, the M2 Mf marker I1-10, a regula-
tory cytokine, was induced. In addition, there was no difference
observed in the mRNA expression levels of MMP9 (Mmp9) and
VEGFA (Vegfa), both of which are involved in tissue remodeling
and angiogenesis events of tumor progression (Fig. 5C). The
polyl:C-induced M1 markers and IL-10 expression that were up-
regulated in WT and IPS-17/~ F4/80™ cells were found to be ab-
rogated in TICAM-17~ F4/80™ cells (Fig. 5.4 and B), reinforcing
the results obtained with F4/80* Mfs isolated from 3LL tumors in
mice injected with polyl:C (Fig. S9 4 and B). It appears that
TICAM-1 is responsible for the M1 polarization of F4/80* Mf
cells in tumors, but has no effect on M2 markers. We further ex-
amined the expression of IRF-5 and IRF-4, which are considered
the master regulators for M1 and M2 polarization, respectively
(31, 32). As expected, polyl:C induced IRF-5 mRNA expression,
but had no effect on IRF-4 mRNA expression in vitro (Fig. 5.4
and B). Jmjd3, a histone H3K27 demethylase involved in IRF-4
expression, is reportedly induced by TLR stimulation (33). In our
study, polyL:C stimulation increased Jmjd3 mRNA in F4/80™ cells
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Fig. 2. TNF-a production in tumor and serum of
polyl:C-injected 3LL tumor-bearing mice. Mice
bearing 3LL tumor were i.p. injected with 200 pg
polyl:C. Tumor (A) and serum (B) were collected
at0, 1, 2, and 3 h after polyl:C injection, and TNF-
« concentration was determined by ELISA. TNF-«
level in tumor is presented as [TNF-« protein (pg)/
tumor weight (g)]. (C) Tumors were isolated from
polyl:C-injected tumor-bearing WT, TICAM-17"-,
and 1PS-17" mice, and TNF-x mRNA was mea-
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(Fig. 5B). The polyl:C-triggered M1 gene expression continued
long in tumor-infiltrated Mfs, a finding that may further explain
the tumor-suppressing feature of these Mfs, in addition to the
concern of early inducing TNF-a.

Discussion

In this study we demonstrated that the tumor-supporting prop-
erties of tumor-infiltrating F4/80" Mfs characterized by M2
markers are dynamic and able to shift to an M1-dominant state
upon the particular signal provided by PRRs. In 3LL tumors that
express minimal amounts of MHC class I/II and recruit a large
amount of myeloid cells, F4/80% Mfs function to sustain the
tumor in the surrounding microenvironment. This tumor-sup-
porting environment can be disrupted by stimulation with an
RNA duplex through a TICAM-1 signal and subsequent in-
duction of mediators such as TNF-a. Thus, the TICAM-1 signal
in tumor-infiltrating Mfs plays a key role in TNF-o and M1 shift-
mediated tumor regression. These results were confirmed using
another cell line, MC38 colon adenocarcinoma (34), although
MC38 cells express MHC class 1. B16D8 melanoma (12) and
EL4 lymphoma (35) were resistant to TNF-o, but their F4/80*
Mfs still possessed TNF-o—inducing potential by stimulation with
polyl:C; their susceptibilities to polyl:C reportedly depend on
other effectors (12, 35). These results may partly explain the
reported findings that tumors regressed in patients with simul-
taneous virus infection (36, 37), and that tumor growth was
inhibited by polyl:C injection in tumor-bearing mice (6, 7).

In contrast, polyl:C-stimulated PEC or bone marrow-derived
Mfs induce type 1 IFN via the IPS-1 pathway unlike the case of
tumor-infiltrating F4/80* Mfs. Nevertheless, all of these Mf
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Fig. 3. F4/80* celis are responsible for the polyl:C-induced elevation of TNF-
« production in tumor. Mice bearing 3LL tumors were i.p. injected with 200
1g polyl:C. TNF-a~producing cells in tumors of polyl:C- or PBS-injected mice
were examined by immunohistochemical staining and flow cytometry to
determine intracellular cytokine expression profiles of CD45" cells (A), F4/80*
cells (B), and Gr1* cells (C). CD45" cells in tumor were gated and are shown in
B and C. A representative experiment of two with similar outcomes is shown.
TNF-o* gating squares are shown in red (positive) and green (negative).
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sured by quantitative PCR; n = 3. Data are
shown as average + SD. A representative exper-
iment of two with similar outcomes is shown.

subsets produce proinflammatory cytokines, including TNF-q, in
a TICAM-1-dependent manner. Thus, the key question that
arose was why predominant TICAM-1 dependence for polyl:C-
mediated production of TNF-« occurred in F4/80* tumor-in-
filtrating Mifs leading to tumor regression. A marked finding is
that the TLR3 protein level is high in tumor-infiltrating Mfs
compared with other sources of Mfs (Fig. S10). In addition, the
IPS-1 pathway is unresponsive to polyl:C if the polyl:C is exog-
enously added to the tumor-infiltrating Mfs without transfection
reagents. The cytoplasmic dsRNA sensors normally work for
IFN induction in tumor F4/80™ Mfs if the polyl:C is transfected
into the cells. TICAM-1-dependent TNF-o production tiy F4/
80" Mifs (Fig. S11 D and F) occurs partly because F4/80F Mifs
express a high basal level of TLR3 and fail to take up extrinsic
polyl:C into the cytoplasm. Of many subsets of Mfs, these
properties (38) are unique to the F4/80™ Mfs.

Hemorrhagic necrosis and tumor size reduction are closely
correlated with constitutive production of TNF-a (39, 40). The
association of PRR-derived TNF-a and hemorrhagic necrosis of
tumor has been described earlier. Carswell et al. (41) showed that
TNF-a is robustly expressed in mouse serum following treatment
with bacillus Calmette—Guérin and endotoxin. Bioassay of TNF-a
as reflected by the degree of hemorrhagic necrosis of transplanted
Meth A sarcoma in BALB/c mice led the authors to speculate that
Mfs are responsible for TNF-¢ induction. Many years later,
Dougherty et al. (42) identified the mechanism responsible for the
TNF-o production associated with antitumor activity; macro-
phages isolated from tumors in mice with inactivating mutation in
the TLR4 gene [Lps(d) in C3H/HeJ] expressed 5- to 10-fold less
TNF-a than tumors in WT mice. This finding represents a unique
recognition of a PRR contributing to the cancer phenotype.
Subsequent studies determined that MyD88 is involved in the
induction of TNF-u via TLR4 binding to its cognate ligand, lipid A
endotoxin (15, 43). Because the TLR3 signal is independent of
MyD88, this MyD88 concept is not applicable to the present study
on polyl:C-dependent tumor regression.

Alternatively, endotoxin/lipid A may have activated TICAM-1
in previous reports on TLR4-derived TNF-o because TLR4 can
recruit TICAM-1 in addition to MyD88 (15). The lipid A de-
rivative monophospholipid A preferentially activates the TICAM-
1 pathway of TLR4 (43). It is likely that TICAM-1 participates in
TLR4-mediated tumor regression in addition to MyD88, although
MyD88 is not involved in the polyl:C signaling. This point was
further proven using TNF-o.~ mice: TICAM-1-derived TNF-o.in
F4/80" M cells has a critical role in the induction of tumor ne-
crosis and regression by polyl:C. The results are consistent with
the finding that both TICAM-1 and IPS-1 pathways are able to
induce NF-kB activation secondaty to polyl:C stimulation, and
indeed their signals converge at the IxB kinase complex (18).

TICAM-1 is able to induce many of the IFN-inducible genes
that MyD88 cannot in mDCs (44). In both cases of TICAM-1 and
MyD88 stimulation, tumor-infiltrating Mfs facilitate the expres-
sion of many genes in addition to TNF-«. The M2 phenotype of
F4/80* Mfs or tumor-associated Mfs is modified dependent on
these additional factors. IFNAR facilitates polyl:C-mediated tu-
mor regression in tumor-bearing mice, lack of which results in no
induction of TLR3 (Fig. S7). Thus, preceding the polyl:C
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Fig. 4. Polyl:C enhances TNF-a production and cytotoxicity of F4/80" cells in tumor. Polyl:C (200 pg) or PBS was i.p. injected into 3LL tumor-bearing WT mice.
After 30 min, F4/80* cells isolated from tumor were cultured for 24 h and TNF-u concentration in the conditioned medium was determined by ELISA (A). In
parallel, the cytotoxicity of tumor-infiltrating F4/80* cells against 3LL tumor cells was measured by > Cr-release assay (B). Anti-TNF-« neutralization antibody or
control antibody was added (10 pg/mL) to mixed culture of isolated tumor-infiltrating F4/80* cells and 3LL tumor cells (C). (D) Cytotoxic activity of TNF-a against
3LL tumor cells. Recombinant TNF-o was added to ®' Cr-labeled 3LL tumor cell culture at various concentrations. After 20 h, cytotoxicity was measured; n = 3. Data
are shown as average =+ SD. *P < 0.05, **P < 0.001. A representative experiment of three with similar outcomes is shown.

response, minute type I IFN of undefined source has to be pro-
vided to set the TLR3/TICAM-1 pathway, which may primarily
fail in IFNAR ™" mice. Cellular effectors, cytotoxic T lymphocyte
(CTL) and NK cells, are induced secondary to activation of IFN-
inducible genes in a late phase of polyl:C-stimulated myeloid cells
(45-47). The relationship among the TICAM-1-mediated type 1
IFN liberation, these late-phase effectors, and tumor regression
remains an open question in this setting,

M1 M cells function to protect the host against tumors by
producing large amounts of inflammatory cytokines and acti-
vating the immune response (48, 49). However, distinct types of
M2 cells differentiate when monocytes are stimulated with IL-4
and IL-13 (M2a), immune complexes/TLR ligands (M2b), or IL-
10 and glucocorticoids (M2c) (50). In our study, polyl:C stimu-
lation led to incremental expression of the M1 Mf-related genes.
In contrast, polyl:C stimulation was not associated with M2
polarization, except for IL-10. Other genes related to angio-
genesis and extravasation were not affected by polyl:C treat-
ment. Thus, polyl:C was able to induce the characteristic M1
conversion and, in turn, contribute to tumor regression. It is
potable that TAM cells usually have defective and delayed NF-
kB activation in response to different proinflammatory signals,

such as expression of cytotoxic mediators NO, cytokines, TNF-a,
and 1L-12 (51-53). These observations are in apparent contrast
with the function of other resident Mf species. This discrepancy
may again reflect a dynamic change in the tumor microenvi-
ronment during tumor progression.

In line with our findings, virus infection has been observed to
instigate tumor regression in patients with cancer (36, 54). Gene
therapy for cancer patients using virus-derived vectors has proved
effective in reducing tumors in clinic (36, 37). Administration of
dsRNA elicits IFN induction, NK cell activation, and CTL pro-
liferation for antitumor effectors in vivo (19, 55). This is a unique
finding that tumor-infiltrating Mfs are a target of dsRNA and
converted from tumor supporters to tumoricidal effectors. Hence,
the antitumor effect of dsRNA adjuvant is ultimately based on the
liberation of type I IFN, functional maturation of mDCs, and
modulation of tumor-infiltrating Mfs, where TICAM-1 is a crucial
transducer in eliciting antitumor immunity.

Methods

Inbred C57BL/6 WT mice were purchased from CLEA Japan, Inc. TICAM-17/-
and IPS-17" mice were generated in our laboratory and maintained as de-
scribed previously. IRF-3/7 double-KO mice were a gift from T. Taniguchi
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Fig. 5. Polyl:C induces M1 polarization of TAMSs. F4/80* cells were isolated from 3LL tumor and stimulated with polyf:C (50 pg/mt) for 4 h. Total RNA was
extracted and used to analyze the transcript expression levels of M1 (4) and M2 (B and C) markers; n = 3. Data are shown as average + SD. A representative
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(University of Tokyo, Tokyo, Japan). TNF-o~'~ mice were kindly provided by
A. Nakane (Hirosaki University, Aomori, Japan) and Y. lwakura (University of
Tokyo). Mice 6-10 wk of age were used in all experiments. 3LL lung cancer
cells were cultured at 37 °C under 5% CO, in RPMI containing 10% FCS,
penicillin, and streptomycin. This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved by
the Committee on the Ethics of Animal Experiments in the Animal Safety
Center, Hokkaido University, Japan. All mice were used according to the
guidelines of the Institutional Animal Care and Use Committee of Hokkaido
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Cross-priming for antitumor CTL induced
by soluble Ag + polyl:C depends on the TICAM-1
pathway in mouse CD11c"/CD8a" dendritic cells
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Keywords: cross-presentation, dendritic cell, TLR3, TICAM-1 (TRIF), tumoricidal CTL

Abbreviations: APC, antigen-presenting cells; CTL, cytotoxic T lymphocytes; DAMP, damage-associated molecular pattern;
DC, dendritic cells; IFN, interferon; IPS-1, IFNB promoter stimulator-1; MDAS, melanoma differentiation associated gene 5;
M, macrophages; NK, natural killer; OVA, ovalbumin; PAMP, pathogen-associated molecular pattern; PRR, pattern-recognition receptors;
PV, poliovirus; RIG-], retinoic acid inducible gene-1; SL8, an OVA tetramer; TICAM-1, Toll-IL-1 receptor homology domain-containing
molecule-1; TLR, Toll-like recepror; WT, wild-type

Polyl:C is a nucleotide pattern molecule that induces cross-presentation of foreign Ag in myeloid dendritic cells (DC) and
MHC Class I-dependent profiferation of cytotoxic T lymphocytes (CTL). DC (BM or spieen CD8x") have sensors for dsRNA
including polyl:C to signal facilitating cross-presentation. Endosomal TLR3 and cytoplasmic RIG-/MDAS are reportedly
responsible for polyl:C sensing and presumed to deliver signal for cross-presentation via TICAM-1 (TRIF) and IPS-1 {MAVS,
Cardif, VISA) adaptors, respectively. In fact, when tumor-associated Ag (TAA) was simultaneously taken up with polyl:Cin DC,
the DC cross-primed CTL specific to the TAA in a syngenic mouse model. Here we tested which of the TICAM-1 or IPS-1
pathway participate in cross-presentation of tumor-associated soluble Ag and retardation of tumor growth in the setting
with a syngeneic tumor implant system, EG7/C57BL6, and exogenously challenged soluble Ag (EG7 lysate) and polykC, When
EG7 lysate and polyl:C were subcutaneously injected in tumor-bearing mice, EG7 tumor growth retardation was observed in
wild-type and to a lesser extent IPS-1"/~ mice, but not TICAM-1"/" mice. IRF-3/7 were essential but IPS-1 and type | IFN were
minimally involved in the polyl:C-mediated CTL proliferation. Although both TICAM-1 and IPS-1 contributed to CD86/CD40
upregulation in CD8x* DC, H2K"-SL8 tetramer and OT-1 proliferation assays indicated that OVA-recognizing CD8
T cells predominantly proliferated in vivo through TICAM-1 and CD8«* DC is crucial in ex vivo analysis. Ultimately, tumor
regresses > 8 d post polyl:C administration. The results infer that soluble tumor Ag induces tumor growth retardation, i.e.,
therapeutic potential, if the TICAM-1 signal coincidentally occurs in CD8z* DC around the tumor.

Introduction

Cytotoxic T lymphocytes (CTL) and natural killer (NK) cells are
two major effectors for antitumor cellular immunity. These
effectors are driven through activation of dendritic cells (DC) and/
or macrophages (Mf), which is mediated by pattern-recognition
receptors (PRRs) for the recognition of microbial patterns.'?
Antigen (Ag) presentation and upregulation of NK cell-activating
ligands are major events induced in DC/MT in response to PRRs,
which link to evoking CTL- and NK-antitumor immunity,
respectively. The immune-potentiating function of specific
components of the classical adjuvants are largely attributable to
the ligand activity of PRRs (CpG DNA/TLRY, polyl:C/TLR3,
monophosphoryl lipid (MPL) A/TLR4, Pam2/TLR2, etc.).” That
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is, the DC/MF competent to drive effectors are generated through
PRR signal in inflammatory nest where affected cells and recruited
immune cells encounter exogenous or endogenous PRR ligands.
Since studying the functional properties of PRRs in tumor
immunity is on the way using a variety of possible ligands and cell
biological analyses, immune responses reflecting the total adjuvant
potential around Ag-presenting cells (APC) in local inflammatory
nests are not always elucidated even in mice.

RNA-sensing PRR pathways, including TLR3-TICAM-1,
TLR7-MyD88 and RIG-I/MDAS-IPS-1 participate in driving
Type I IFN induction and cellular immunity in DC subsets."*?
Type I IFN and the IFNAR pathway in DC and other cells
reportedly evoke and amplify T cell immunity.™® TLR7 resides
exclusively in plasmacytoid DC” whereas TLR3 mainly exists in
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myeloid DC/Mf and epithelial cells.® They are localized on the
membrane of the endosome and deliver the signal via their
adaptors, MyD88 and TICAM-1.* RIG-I and MDA5 are
ubiquitously distributed to a variety of mouse cells and signal the
presence of cytoplasmic viral products through IPS-1.” Thus,
TLR3 and RIG-I/MDAS5 are candidates associated with DC
maturation to drive effector cells.” Indeed, viral dsRNA analog,
polyl:C, is a representative ligand for TLR3 and MDAS5 and
induces polyl:C-mediated DC-NK  reciprocal activation.’"'?
These are also true in human DC.*

The point of this study is by which pathway antitumor CTL
are induced for tumor regression in a mouse tumor-implant
model. It has been postulated that DC present exogenous tumor
Ag to the MHC Class [-restricted Ag-presentation pathway and
proliferate CD8 T cells specific to the extrinsic Ag. When tumor
cells provide soluble and insoluble exogenous Ag, this Class I Ag
presentation occurs mostly TAP/proteasome-dependent, suggest-
ing the pathway party sharing with that for endogenous Ag
presentation. This DC’s ability to deliver exogenous Ag to the
pathway for MHC Class I-restricted Ag presentation has been
described as cross-presentation.” DC cross-presentation leads to
the cross-priming and proliferation of Ag-specific CD8 T cells in
vivo and in vitro.'""'® A variety of PAMP'™'® and intrinsic
DAMP' as well as other factors including Type I IFN,*'* CD4*
T cells' and NKT cells® augment cross-priming in tumor-
bearing mice. However, by what molecular mechanism polyl:C
enhances CTL induction in tumor-bearing mice remains largely
unsettled.

Here, we made an EG7 tumor-implant mouse system and
treated the mice with s.c.-injected ovalbumin (OVA)-containing
cell lysates (Ag) and polyl:C. Spleen CD8o* DC wrn CTL-
inducible when stimulated with Ag and polyl:C. In either case
of s.c., i.p., or iv. injection of polyl:C, the TLR3/TICAM-1
pathway predominantly participates in CD8«* DC cross-priming
and antitumor CTL induction. Earlier studies using non-tumor
models, suggested that both TLR3 and MDAS appeared to
participate in polyl:C-dependent CTL induction.”’ TLR3 s
predominantly involved in primary Ag response and Thl
skewing,” while MDAS participates in secondary Ag response.™
Importance of TLR3 in induction of cross-priming was first
suggested by Schulz et al., who used OVA/polyl:C-loaded or
virus-infected xenogenic (Vero) cells and mouse DC.'® Here we
demonstrate that the antitumor polyl:C activity is sustained by
the TICAM-1 pathway in any route of injection in rumor-
implant mice: antitumor CTL responses are mostly abrogated in
TICAM-17'" but not IPS-1"*" mice.

Results

Properties of EG7 tumor with high MHC in tumor-loading
mice. The properties of the EG7 line we used are consistent with
those reported previously.?*? It expressed high MHC Class I
(H2-Kb) and no Qa-1b or Rae-1 (Fig. S1). The expression
levels of these proteins were barely changed before and after
implantation of EG7 cells into mice. Cell viability was not
affected by in vitro stimulation with polyl:C only (Fig. S1B).
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However, a batch-to-batch difference of cell viability may have
affected the rate of tumor growth in each mouse tumor-implant
experiment.

CD8* T cells are responsible for tumor retardation by
polyl:C. EG7 cells (2 x 10% were inoculated into the back of
C57BL/6 (WT), and the indicated reagents were subcutaneously
(s.c.) injected around the EG7 tumor (Fig 1A). Growth
retardation of tumor was observed by treatment with polyl:C or
polyl:C plus EG7 lysate (Fig. 1A). EG7 lysate only had no effect
on tumor regression. When CD83* T cells were depleted before
EG7 lysate/polyl:C treatment, polyl:C-mediated tumor growth
suppression was cancelled (Fig. 1A), suggesting the participation
of CD8 T cells in tumor growth suppression. The therapeutic
potential of polyl:C appeared to be more reproducible in the
presence of EG7 lysate than in the absence, judged from the
increases of activated CD8* T cells (Fig. 1B) and cytotoxic activity
(Fig. 1C) of LN T cells isolated from the mice sacrificed after the
last therapy. Yer, the EG7 Ag could be more or less supplied from
the implant tumor. NK1.1* cells did not participate in this EG7
tumor regression in this setting (data not shown).

Since EG7 lysate contains OVA, OVA-specific T cells in
draining LN and spleen of the WT mice were counted by
tetramer assay after the last therapy (Fig. S2A and B). The
numbers of tetramer-positive cells were prominently increased in
LN and spleen in mice with EG7 lysate and polyl:C. We
confirmed the importance of simultaneous administration of Ag
plus polyl:C for OVA-specific CTL induction as in Figure S2C,
where pure Ag (OVA) was used instead of EG7 lysate for
immunotherapy. The polyl:C adjuvant function appeared to be
more efficient in the mixture of pure Ag than in polyl:C alone.
Tumor regression (Fig. $2C) and OVA-specific CTL induction
(Fig. S2D) were clearly observed in this additional experiment. To
obtain reproducible data, we employed the EG7 lysate/polyl:C
combination therapy as follows.

IFN-inducing pathways are involved in Polyl:C-derived EG7
growth retardation. We next inoculated EG7 cells (2 % 109 into
the back of C57BL/6 (WT), TICAM-17'", IPS-177, or
TICAM-1/IPS-1 double-deficient (DKO) mice (Fig. 2). We s.c.
administered EG7 lysate with or without polyl:C around the
tumor. The EG7 lysate was the soluble fraction of EG7 which
removed insoluble debris by centrifugation. The EG7 lysate
contained unprecipitated micro-debris and soluble Ag. No other
emulsified reagent was added for immunization. Thus, the
adjuvant function of polyl:C per se is reflected in the tumor
growth, although polyl:C had to be injected into mice twice a
week. Retardation of tumor growth was observed > 8 d after
immunizarion with EG7 lysate + polyl:C in WT mice, though no
growth retardation without polyL:C (Fig. 2A). The polyl:C-mediated
cumor growth suppression was largely abrogated in TICAM-17""
(Fig. 2B) and 1o a lesser extent in IPS-17'" mice (Fig 2C), and
completely in TICAM-1/IPS-1 DKO mice (Fig 2D). Hence,
TICAM-1 plays an important role in inducing polyl:C-mediated
tumor growth retardation in the s.c. setting we employed.

CD8 T cell activation induced by the TICAM-1 pathway.
CD8 T cell activation in the inguinal LN was tested with
polyl:C + EG7 lysate in EG7 tumor-bearing mice using CD69 as
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A @ WT and IPS-17"" LN cells, while they were

—@— PBS . not induced in TICAM-17"" or DKO cells.

81 A— EG7 IFN7 levels were upregulated only in polyl:C-

7- ) S S treated  tumor-bearing mice, although the

mg —&— polyl:C f‘F"’ WT > IPS-17" profile for IFNy production
& 67 —m— EG7+polyl:C was reproducibly observed (Fig. S4B).

g 5 - © —PBS (CD8p-depl.)y | » | In vivo proliferation of CD8 T cells judged by

2 o . . *k tetramer assay and IFNy induction. We next
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£ 3 induces CTL proliferation. Polyl:C and OVA

F were Lp. injected into mice and the polyl:C-

2 dependent cross-priming of CD8 T cells were

1 4‘ s W examined using the OVA tetramer assay. OVA-

. specific CD8 T cells were clonally proliferated in

0 ; . . : ' WT and IPS-17"" mice, but not in TICAM-1/

0 5 10 15 20 25 [PS-1 DKO and IRF-3/7"" mice (Fig.4A).

days after implantation Proliferation of OVA-specific CD8 T cells

- o5 were severely suppressed in TICAM-17" mice

w

(Fig. 4A), suggesting that polyl:C-mediated cross-
priming of CD8 T cells largely depends on the

20

TICAM-1 pathway followed by IRF-3/7 activa-
tion in the i.p. route. The results were reproduced

15

cbeat/cDs™ (%)
Specific cytotoxicity (%) )

in additional experiments using more mice
(Fig.4B) and TLR3 ™" mice (Fig. S5A and B).
The polyl:C cytokine response, where IFNe is
IPS-1-dependent while IL-12p40 is TICAM-1-
dependent, was also confirmed in serum level by
polyl:C i.p. injection (Fig. S5E). Specific induc-
ton of IFNy (Fig.4C) was also observed in

§ é ; —(; % g ; ; parallel with the results of Figure 4A.
g g 8 8 Whether or not iv. injection of polyl:C plus
~ r OVA induces Ag-specific CTL and cytoroxicity
o i was next checked. OVA-specific OT-1 proliferation

and cytotoxicity (Fig. 4D and E) were observed in

with EG7 cells and were treated with PBS (e), EG7 lysates (4), polykC {¢) and

statistical significance, **, p. < 0.01.

Figure 1. Polyl:C induces CTL~médiated tumor regression. (A) WT mice were challenged

polyk:C (®). The adjuvant therapy was started at the time indicated by the arrow and

the indicated reagents injected twice per week. One of the two PBS groups (©) and one of
the two EG7 lysates + polyl:C groups () were treated with anti-CD8p ascites in order to
deplete CD8* T cells once a week. Each group had 3-5 mice. (8) Draining inguinal LNs were
harvested 24 h after the last treatment and the proportion of CD69-expressing CD8" cells
were counted. (C) LN cells were co-cultured with MMC-treated EG7 cells for 3 d and
subjected to ¥'Cr release assay to evaluate CTL activity. E/T = 50. All error bars used

*in this figure show + SEM. Data are representative of two independent experiments.
One-way analysis of variance (ANOVA) with Bonferroni’s test was performed to analyze

in vivo analyses of WT and IPS-17"" CD8 T cells
but not of TICAM-17"", TICAM-1/IPS-1 DKO,
and IRF-3/7™'" mice in the Lv. setting.

Since TICAM-1 is the adaptor for TLR3
as well as cytoplasmic helicases,* we confirmed
the level of cross-priming being decreased in
TLR37'™ mice and an expected result was
obtained (Fig. SSA and B). Furthermore, in
IFNAR™" mice, OVA-specific CTL induction
was slightly reduced compared with that in WT
mice, but higher than in TICAM-17"" mice

EG7 lysates +

an activating marker. Twenty-four hours after the last polyl:C +
EG7 sec.c. treatment, cells were harvested from the LN excised
(Fig. 3A). FACS profiles of total cells from each mouse group are
shown in Fig. S3. By combination therapy with EG7 lysate and
polyl:C, T cells were activated in WT and IPS-17/" mice, but the
proportion of CD8 T cells was not affected by the therapy
(Fig. S4A). Under the same conditions, T cells were barely
activated in TICAM-1""" mice in response to polyl:C (Fig. 3A).
The proportion of CDG69* cells are indicated in Figure3B.
IL-2 (Fig. 3C) and IFNY (Fig. $4B) were highly induced in the
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(Fig. S5C and D). Hence, in vivo cross-
presentation induced by polyl:C mostly depends on the TLR3-
TICAM-1 pathway followed by transcriptional regulation by
IRF-3/7 in any administration route, and is further promoted by
Type I IFN presumably produced by the stromal cells through the
IPS-1 pathway.?

IPS-1 induces DC maturation but not cross-priming in vivo.
Spleen DC maturation by i.v.-injected polyl:C was tested ex vivo
using CD8o* DC and CD8a DC isolated from WT or KO mice
with no tumor as indicated in Figure 5A. The maturation markers
CD86 and CD40 were upregulated on both CD8a" and CD8ar
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Figure 2. Polyl:C-induced tumor retardation is dependent on the TICAM-1. pathway. Antitumor effect of polyl:C ‘on various KO mice were evaluated
| by using in vivo mouse tumor implant model. EG7 cells were inoculated to WT (A), TICAM-1~ (B), IPS-17~ (C) and DKO mice (D) on day 0. PBS (e), .
| EG7 lysates (&) or EG7 lysates + polykC (®) were s.c. administered around the tumor. The adjuvant therapies were started at the time indicated :
| by the arrows and injected twice per week. Each group have 3-4 mice and error bar shows + SEM. Data are representative of two independent

i experiments, *¥, p < 001

DC from WT mice when they were stimulated with OVA and
polyl:C. Treatment of DC with OVA only did not induce
upregulation of CD86 and CD40. Although the expression levels
of CD86 and CD40 were a little less in CD8a” and CD8x DC
from TICAM-1""" or IPS-1"/" mice than those from WT mice,
both CD86 and CD40 were sufficiently upregulated even in the
abrogation of either one pathway in polyl:C-injected mice. The
CD86 and CDA40 shifts were completely abolished in DKO mice
(Fig. 5A). Thus, the TICAM-1 pathway participates in both
potent co-stimulation and cross-priming, while the IPS-1 pathway
mainly parricipates only in integral co-stimulation in myeloid DC.

We next assessed in vitro proliferation of OT-1 cells. CD8a
and CD8x DC were prepared from PBS, polyl:C, OVA and
OVA/polyl:C-treated mice, and mixed in vitro with CFSE-
labeled OT-1 cells. WT, TICAM-17"" and IPS-1""" mice were
used for this study. OT-1 proliferation was observed with CD8o*
DC but not CD8o DC when OVA + polyl:C was injected
(Fig. 5B). Furthermore, the OT-1 proliferation barely occurred in
the mixture containing TICAM-17"" CD8a* DC. Thus, OT-1
proliferation is triggered by the TICAM-1 pathway in CD8o*
DC. Again, IPS-1 had almost no effect on OT-1 proliferation
with CD8¢* DC in this setting. In the mixture, IFNY was
produced in the supernarants of WT and IPS-17" CD8a DC
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but not TICAM-17" DC by stimulation with OVA + polyl:C
(Fig. 5C). No IFNy was produced in the supernatants of CD8o
DC even from WT mice, which results are in paralle]l with those
of OT-1 proliferation. In any case irrespective of tumor-bearing
or not, Ag, polyl:C and the TICAM-1 pathway are mandatory
for CD8u* DC to cross-prime and proliferate OVA-specific CD8
T cells.

We checked the TICAM-1- or IPS-1-specific gene expressions
related to Type I IFN and MHC Class I presentation using
genechip and qPCR (Fig. $6). Polyl:C-mediated upregulation of
Tapl, Tap2 and Tapbp messages diminished in TICAM-17/7
BMDC (Fig.S6A). The levels of these genes were hardly
affected in IPS-17" BMDC (data not shown). Polyl:C-mediated
upregulation was observed with MDA5 ([f#h1) in CD8o and
CD8«* DCs (Fig. S6B). Surprisingly, other factors including
TLR3, TICAM-1 and MAVS messages were all downregulated in
response to polyl:C in CD8u«" DC (Fig. S6B), for the reason as
yet unknown.

Effect of TLR3-mediated IFN-inducing pathway on anti-
tumor CTL induction. Polyl:C is a dsRNA analog capable of
incorporating into the endosome and cytoplasm by exogenous
administration in vitro.”*® However, no evidence has been
proposed that polyl:C is internalized into the endosome of
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Figure 5. TICAM-1 in CD8«* DC is more important than
IPS-1 in polyl:C-induced cross-priming. OVA and poiyl:C
were administered i.v. and 4 h later, CD8x* and CD8« DC
were isolated from the spleen. CD86 and CD40 expres-
sions were determined by FACS (A). Filled gray and black
line show isotype control and target expression,
respectively. Alternatively, CD8u* and CD8« DC were
co-cultured with CFSE-labeled RAG2™/~/OT-1 T cells for
3 d. The cross-priming activity of each DC subset was
determined with sequential dilution of CFSE (B) and IFNy
production (C). IFNy was measured by CBA assay.

The data shown are representative of two independent
experiments. Err bar shows SD.

CD8u' DC where TLR3 is expressed in vivo.
Peritoneal (PEC) Mf and bone marrow-derived
DC?* usually phagocytoze polyl:C and deliver them
into the endosome. In mouse CD8a* DC direct
internalization of polyl:C has remain unproven.
Using labeled polyl:C and anti-mouse TLR3 mAb,
11F8,* we checked whether the exogenously-added
polyL:C encountered with TLR3 in CD8o* DC in
vitro. TLR3 (green) was merged with TexasRed-
polyl:C 30-120 min after polyl:C stimulation in
the culture (Fig. 6A). The quantities of CD8a* and
CD8a DC where FITC-polyl:C was incorporated
were determined by FACS analysis (Fig. 6B). Thus,
the process by which polyl:C injected reaches the
endosomal TLR3 is delineated in the CD8u* DC.

Discussion

Polyl:C is an analog of virus dsRNA, and acts as a
ligand for TLR3 and RIG-I/MDAS. Polyl:C has
been utilized as an adjuvant for enhancement of
antitumor immunity for a long time.** However,
the mechanistic background of the therapeutic
potentials of polyl:C against cancer has been poorly
illustrated. It induces antitumor NK activation
through DC-NK  cell-to-cell interaction when
CD8a' DC TLR3 is stimulated in the spleen.!'
Besides myeloid cells, however, some tumor cell
lines express TLR3 and dsRNA rtargeting tumor
cells may affect the growth rate of tumors,* where
the receptor-interacting protein (RIP) pathway is
involved downstream of TICAM-1.>' Here we
showed evidence that polyl:C injection facilitates
maturation of TLR3-positive CD8x" DC (i.e,
APC) to trigger CTL induction against exogenous
soluble Ags including EG7 lysate or OVA. The
TICAM-1 adaptor for TLR3 and IRF-3/7 are
involved in the cross-presentation signal in CD8x
DC, but the molecule/mechanism downstream of
TICAM-1 that governs cross-presentation remains
elusive. Since most of the tumor-associated Ags
(TAA) are predicted to be liberated from tumor cells
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TLR3 and MDAS5 are main sensors for dsRNA and
differentially distributed in myeloid cells.**** TLR3 is
limitedly expressed in myeloid, epithelial and neuronal
cells,” whereas MDAS is ubiquitously expressed including
non-myeloid stromal cells.”” Several reports suggested that
iv. injection of polyl:C predominantly stimulate the
sttomal cells which express IFNAR,* thereby robust
type I IFN are liberated from these cells to be a systemic
response  including cytokinemia and endotoxin-like
shock.?®* Both TLR3 and MDAS link to the IRF-3/7-
activating kinases leading to the production of IFNu/8.%73%
Once IFNo/3 are released, IFNAR senses it to amplify the
Type I IFN production,” and reportedly this amplification
pathway involves cross-priming of CD8 T cells in viral
infection.'”® Tumor progression or metastasis can be
suppressed through the IFNAR pathway.” These scenarios
may be right depending on the conditions employed. Our
message is related to what signal pathway is fundamentally
required for induction of antitumor CTL in DC, The CTL
response is almost completely abrogated in TICAM-17""
and IRF-3/77"" mice, but largely remains in IPS-17'" and
IFNAR™" mice when Ag and polyl:C are extrinsically
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administered. The results are reproducible in some other
tumor-implant models (data not shown), and even in
IFNAR™™ mice, TICAM-1-specific genes are upregulated
to confer tumor cytotoxicity (Fig. S6, Azuma et al,
unpublished data). In addition, the upregulation of these
genes is independent of IPS-1 knockout in DC. Our results
infer that the primary sensing of dsRNA in CD8o* DC is
competent to induce cross-presentation, which minimally
involves the IPS-1 or IFNAR amplification pathway, at
least at a low dose of polyl:C. Yet, subsequent induction of
Type 1 IFN via the IENAR may further amplify the cross-
priming."™#" Further studies are needed as to which of the
TICAM-1-inducible genes link to the cross-presentation in
CD8a DC.

The main focus of this study was to identify the pathway
for transversion of immature DC to the CTL-driving

microscopic analysis (A). Alternatively, splenic DC isolated by MACS were
. incubated with FITC-polykC for the time shown in figure and analyzed

. the degrees of polyl:C uptake by FACS (B). Data shown are the representatlve

. of three independent experiments.

- Figure 6. Polyl:C encounters TLR3 in CD8¢* DC. CD8a* and (D8 DC were
- isolated by FACSAriall and stimulated with 20 pg/mi TexasRed-polylC for 2 h.
Then cells were stained with Alexa647-antiTLR3 and subjected to confocal

phenotype by co-administration of polyl:C with soluble
Ag. The IPS-1 pathway, although barely participates in
antitumor CTL driving, can upregulate CD40/CD86 co-
stimulators on the membranes of splenic CD8a* and
CD8a DC in response to polyl:C, suggesting that MDAS
does function in the cytoplasm of splenic CD8«' and
CD8a DC to sense polyl:C. However, effective CTL

as soluble Ags, the TICAM-1 pathway in CD8u* DC would be
crucial for driving of tumor-specific CTL around the tumor
microenvironment. In any route of polyl:C injection, this is true
as shown first in this study. Although TICAM-1 is an adaptor
of other cytoplasmic sensors, DDX1, DDX21 and DHX36,%
the antitumor CTL responses are merely relied on TLR3 of
CD8a*DC in this system. Taken together with previous
reports,' "2 TICAM-1 signaling triggers not only NK activation
bur also CTL induction.
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induction happens only in CD8a" DC when stimulated
with polyl:C. CD8u* DC express TLR3 but CD8a DC
do not, and CD8«' DC with no TLR3 fail to induce CTL,
suggesting that integral co-stimulation by MDAS/IPS-1 s
insufficient for DC rto induce cross-priming of CD8 T cells:
antitumor CTL are not induced until the TICAM-1 signal is
provided in DC. At least, sole effect of the IPS-1 pathway and
upregulation of co-stimulators on CD8a' DC is limited for cross-
priming and induction of antitumor CTL, which result partly
reflects those in a previous report where IPS-1 and TICAM-1
harbor a similar potential for CD8 T cell proliferation when
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polyl:C {(Alum-containing) is employed as an adjuvant for CD8o*
DC ro test proliferation of anti-OVA CTL.*

A question is why TICAM-1 is dominant to IPS-1 for response
to exogenously-added polyl:C in CD8w' DC. The answer is
rooted in the difference of functional bebavior between BMDC
and CD8x" DC. TLR3 levels are variable depending upon subsets
of DC,”* which affects DC subset-specific induction of cellular
immune response. The high TLR3 expression (partly surface-
expressed) is situated in CD8ox" DC before polyl:C stimulation,
which is distinct from the properties of F4/80" Mf and
presumably BMDC of low TLR3 expression. The polyl:C-uprake
machinery'” appears to efficiently work in concert with the
TLR3/TICAM-1 pathway in CD8«' DC and this tendency
is diminished when CD8u' DC are pretreated with Alum +
polyl:C.*"  Furthermore, there are functional discrepancies
between CDB8u' splenic DC and GM-CSF-induced BMDC,
which appears to reflect the difference of their TLR3 levels.”
These results on CD8a' DC encourage us to develop dsRNA
adjuvant immunotherapy supporting TAA soluble vaccines for
cancer applicable to humans, which possess the counterpart of
CD8a DC.

There are two modes of dsRNA-mediated DC maturation,
intrinsic and extrinsic modes that are governed by the IPS-1 and
TICAM-1 pathways, respectively.”* It is important to elucidare
the in vivo qualitative difference in the two pathways in tumor-
loading mice. TLR3' DC/MT are responsible for CTL driving via
an extrinsic route in viral infection.” Previous data suggested that
dsRNA in infectious cell debris, rather than viral dsRNA
produced in the cytoplasm of Ag-presenting cells or autophago-
some formation, contribute to fine tuning of DC maturation
through extrinsic dsRNA recognition.'® It is reported that
dsRNA-containing debris are generated secondary to infection-
mediated cell death,*' and DC phagocytose by-stander dead cells.
Likewise, soluble tumor Ags released from tumor cells usually are
extrinsically raken up by APC in patients with cancer.”* If CTL
are successfully induced in therapeutic biotherapy targeted against
cancer cells, this extrinsic TICAM-1 pathway must be involved in
the therapeutic process.

Cross-presentation occurs in a TAP-dependent® and -inde-
pendent fashions. "% The peptides are transported by TAP into
the endoplasmic reticulum (ER) and loaded onto MHC Class I
for presentation at the cell surface. ER and phagosome might fuse
each other for accelerating cross-presentation.”® Another possibi-
lity is that cross-presentation occurs in early endosomes where
TLR3 resides. This early endosome cross-presentation does not
always depend on TAP** but requires TLR stimulation.™
TLR4/MyD88 pathway is involved in the TAP-dependent early
endosome model,”® where recruitment of TAP to the early
endosomes is an essential step for the cross-presentation of soluble
Ag. These models together with our genechip analysis of polyl:C-
stimulated BMDC suggested that some ER-associated proteins are
upregulated in BMDC by polyl:C-TICAM-1 pathway. The
results infer that the TLR3/TICAM-1 rather than the TLR4/
MyD88 pathway more crucially participates in cross-presentation
in response to dsRNA or viral stimuli and facilitates raising CTL
antitumor immunity in APC.
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Although multiple RNA sensors couple with TICAM-1 and
signal to activate the Type I IFN-inducing pathway,” at least
TLR3 in the CD8a* DC are critical in CTL driving. CD8a* DC
are a high TLR3 expresser, while BMDC express TLR3 with only
low levels.”” CD8w DC do not express it.”> The Ag presentation
and TLR3 levels in CD8a* DC appear reciprocally correlated
with the phagocytosing ability of DC. Although the TLR3
mRNA level is downregulated secondary to polyl:C response after
maturation, this may not be related to the CD8* DC functions.
Yet, polyl:C might interact with other cytoplasmic sensors for DC
maturation,**

The route of administration and delivery methods may be
important for culminate the polyl:C adjuvant function. The toxic
problem has not overcome in the adjuvant therapy using polyl:
C*>% and this is a critical matter for clinical introduction of
dsRNA reagents to immunotherapy. The most problematic is the
life-threatening shock induced by polyl:C. Recent advance of
polyl:C study suggests that PEL-jet helps efficient uptake of polyl:
C into peritoneal macrophages.” LC (poly-L-lysine and methyl-
cellulose) has been used as a preservative to reduce the toxic effect
of polyl:C."” Nanotechnological delivery of polyl:C results in
efficient tumor regression.”® There are many subsets of DC that
can be defined by surface markers, and selecting an appropriate
administration route can target a specific DC subset. The route
for s.c. administration usually mature dermal/epidermal DC or
Langerhans cells.’*? Some DC subsets with unique properties
specialized to CTL induction would work in association with the
route of polyl:C administration. Attempting to develop more
efficient dsRNA derivatives will benefit for
establishing human adjuvant immunotherapy for cancer.

harmless and

Materials and Methods

Mice. TICAM-17" and IPS-17'" mice were made in our
laboratory and backcrossed more than eight times to adapt
C57BL/6 background.’ IRF-3/7""" and IFNAR™" mice were
kindly provided by T. Taniguchi (University of Tokyo, Tokyo,
Japan). TLR3™"" mice were kindly provided by S. Akira (Osaka
University, Osaka, Japan). Rag2™" and OT-1 mice were kindly
provided from Drs N. Ishii (Tohoku University, Sendai, Japan).
Rag2™/"/OT-1 mice were bred in our laboratory. All mice
were maintained under specific pathogen-free conditions in the
animal facility of the Hokkaido University Graduate School
of Medicine. Animal experiments were performed according
to the guidelines ser by the animal safety center, Hokkaido
University, Japan.

Cells. EG7 and C1498 cells were purchased from ATCC and
cultured in RPMI1640/10% FCS/55 uM 2-ME/1 mM sodium
pyruvate and RPMI1640/10% FCS/25 ng/ml 2-ME, respectively.
Mouse splenocytes, OT-1 T cell, CD8«* DC and CD8x DC
were harvested from the spleen and cultured in RPMI1640/10%
FCS/55 pM 2-ME/10 mM HEPES.*' B16DS8 cells were cultured
in RPMI/10% FCS as described previously.'

Reagents and antibodies. Ovalbumin (OVA) and polyl:C
(polyl:C) were purchased from SIGMA and Amersham
Biosciences, respectively. OVAjsy_ 264 peptide (SHNFEKL: SL8)
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and OVA (H2K"-SL8) Tetramer were from MBL. Following Abs
were purchased: anti-CD3e (145-2C11), anti-CD83 (53-6.7),
anti-CD11c (N418), anti-CID16/32 (93), anti-CD69 (H1.2F3)
and anti-IFNv(XMG1.2) Abs from BioLegend, anti-B220 (RA3-
6B2), anti-CD4 (1.3T4), anti-CD40 (1C10), anti-CD86 (GL1),
and anti-MHC I-SL8 (25-D1.16) Abs from eBiosciences, anti-
TCR-VB5.1/5.2 Ab and ViaProbe from BD Biosciences. The Rat
anti-mouse TLR3 mAb (11F8) was kindly provided by David M.
Segal (National Institute of Health, Bethesda, MD). To rule out
LPS contamination, we treated OVA or other reagents with
200 pg/ml of Polymixin B for 30 min at 37°C before use. Texas
Red- or FITC-labeled poly(I:C) was prepared using the 5’
EndTag"™ Nucleic Acid Labeling System (Vector Laboratories)
according to the manufacturers instructions.

Tumor challenge and poly I:C therapy. Mice were shaved at
the back and s.c. injected with 200 pl of 2 X 10° syngenic EG7
cells in PBS. Tumor volumes were measured at regular intervals
by using a caliper. Tumor volume was calculated by using the
formula: Tumor volume (em?) = (long diamerer) X (short
diameter)* X 0.4. A volume of 50 il of a mixture consisting of the
lysate of 2 X 10> EG7 cells with or without 50 pg of poly I:C
(polyI:C) was s.c. injected around the tumor. We added no other
emulsified reagent for immunization since we want to role out the
conditional effect of the Ag/polyl:C. The treatments were started
when the average of tumor volumes reached at 0.4-0.8 cm® and
performed twice per week. EG7 lysate were prepared by three
times freeze/thaw cycles (-140°C/37°C) in PBS, with removal of
cell debris by centrifugation at 6,000 g for 10 min.*® To deplete
CD8 T cells, mice were i.p. injected with hybridoma ascites of
anti-CD83 mAb. The dose of antibody and the treatment
regimens were determined in preliminary studies by using the
same lots of antibody used for the experiments. Depletion of the
desired cell populations by this treatment was confirmed by FACS
for the entire duration of the study.

Evaluation of T cell activity in tumor-bearing mice. Draining
inguinal LN cells were harvested from tumor-bearing mice after
24 h from the last polyl:C treatment. The activity of T cells was
evaluated by CD69 expression and IL-2/IFNYy production. These
cells were stained with FITC-CD8x, PE-CDG9, PerCP/Cy5.5-
7AAD and APC-CD3s. To check cytokine production, LN cells
were cultured for 3 d in vitro in the presence or absence of EG7
lysates and IL-2 and IENYy productions were determined by
Cytokine Beads Array (CBA) assay (BD). To assess the cytotoxic
activity of CTL, standard *'Cr release assay was performed.
For CTL expansion, 2.5 X 10° LN cells were co-cultured with
1.25 X 10° mitomycin C-treated EG7 cells in the presence of
10 U/ml IL-2 for 5d. Then, LN cells were incubated with
5'Cr-labeled EG7 or C1498 cells for 4 h and determined cytotoxic
activity. The cell-specific cytotoxicity was calculated with
subtracting the cytotoxity for C1498 from for EG7 cells.

Antigen-specific T cell expansion in vivo. Mice were ip.
immunized with 1 mg of OVA and 150 pg of poly I:C. After 7d,
spleens were homogenized and stained with FITC-CD8a and
PE-OVA Tetramer for detecting OVA-specific CD8 T cell
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populations. For intracellular cytokine detection, splenocytes
were cultured with or without 100 nM OVA peptide (SIINFEKT;
SL8) for 8h and 10pg/ml of Brefeldin A (Sigma-Aldrich)
was added to the culture in the last 4 h. Then cells were
stained with PE-and-CD8a and fixed/permeabilized with
Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s
instruction. Then, fixed/permeabilized cells were farther
siained with APC-anti-IFNy. Swmined cells were analyzed
with FACSCalibur (BD Biosciences) and Flow]o software (Tree
Star).

In vivo CTL assay. The in vivo CTL assay was performed
as described.”® In brief, WT, TICAM-17/", MAVS™'™ and
IRF-3/7"'" mice were i.v. administered with PBS, 10 pg of OVA
or OVA with 50 pg of polyl:C. After 5d, 2 x 107 rarget cells (see
below) were i.v. injected to other irrelevant mice and 8 h later, the
OVA-specific cytoroxicity was measured by FACSCalibur. Target
cells were 1:1 mixture of 2 uM SL8-pulsed, 5 uM CFSE-labeled
splenocytes and SL8-unpulesed, 0.5 uM CFSE-labeled spleno-
cytes. OVA-specific cytotoxicity was calculated with a formula:
{1-(Primed [CFSEM#(%)/CFSE""(%)]/Unprimed [CESE"s"(%)/
CFSE"(%)]} x 100.

DC preparation. DCs were prepared from spleens of mice, as
described previously.”® In brief, collagenase-digested spleen cells
were treated with ACK buffer and then washed with PBS twice.
Then splenocytes were positively isolated with ant-CDllc
MicroBeads. CD11c" cells were acquired routinely about =
80% purity. Further, to highly purify CD8x" and CD8x DCs,
spleen DC were stained with FITC-CD8«, PE-B220, PE/Cy7-
CD1lc and PerCP5.5-7AAD. CD8a’ or CD8a CD11c'B220~
DCs were purified on FACSAriall (BD). The purity of the cells
was = 98%.

OT-1 proliferation assay. Ten micrograms of OVA with or
without 50 g of polyl:C were i.v. injected o WT, TICAM-17'7,
IPS-17" and DKO mice. After 4 h, CD8a* or CD8ar DC were
purified from the spleen. 2.5 x 10* CD8o" or CD8a DC were
co-cultured with 5 X 10° 1 pM CFSE-labeled Rag2~/~/OT-1
T cells for 3 d in 96-well round bottom plate. These cells were
stained with PE-ant-TCR-V85.1,5.2 and APC-anti-CD3e and
T cell proliferation was analyzed by CFSE dilution using
FACSCalibur. Additionally, IFNy in the culture supernatant
was measured by CBA assay.

Statistical analysis. P-values were calculated with one-way
analysis of variance (ANOVA) with Bonferroni’s test. Error bars
represent the SD or SEM berween samples.
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receptor; TNFa, tumor necrosis factor a; TNFR1, TNF« receptor 1

The engagement of Toll-like receptor 3 (TLR3) leads to the
oligomerization of the adaptor TICAM-1 (TRIF), which can
induces either of three acute cellular responses, namely,
cell survival coupled to Type | interferon production, or cell
death, via apoptosis or necrosis. The specific response elicited
by TLR3 determines the fate of affected cells, although the
switching mechanism between the two cell death pathways
in TLR3-stimulated cells remains molecularly unknown. Tumor
necrosis factor a {TNFa)-mediated cell death can proceed via
apoptosis or via a non-apoptotic pathway, termed necroptosis
or programmed necrosis, which have been described in
detail. Interestingly, death domain-containing kinases called
receptor-interacting protein kinases (RIPs) are involved in the
signaling pathways leading to these two cell death pathways.
Formation of the RIP1/RIP3 complex (called necrosome) in
the absence of caspase 8 activity is crucial for the induction
of necroptosis in response to TNFa signaling. On the other
hand, RIP1 is known to interact with the C-terminal domain
of TICAM-1 and to modulate TLR3 signaling. In macrophages
and perhaps tumor cell lines, RIP1/RIP3-mediated necroptotic
cell death can ensue the administration of the TLR agonist
polyl:C. If this involved the TLR3/TICAM-1 pathway, the innate
sensing of viral dsRNA would be linked to cytopathic effects
and to persistent inflammation, in turn favoring the release
of damage-associated molecular patterns (DAMPs) in the
microenvironment. Here, we review accumulating evidence
pointing to the involvement of the TLR3/TICAM-1 axis in tumor
cell necroptosis and the subsequent release of DAMPs.

Introduction

Cell death is an important process for both development and
homeostasis in multicellular organisms. The mode of cell death
is closely associated with other biological responses occurring
within the host, including inflammation. Cell death has been
categorized as apoptoric or necrotic and, until recently, apoptosis
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had been considered as a synonym of programmed cell death.!
Caspases are a family of cysteine proreases that mediate apop-
totic cell death in response to ligands of death receprors, includ-
ing tumor necrosis factor a (TNFa), FAS ligand (FASL) and
TRAIL, as well as to intracellular damage, upon the induction of
pro-apoptotic BH3-only members of the Bcl-2 family. However,
it is now clear that apoptosis is not the only cellular mechanism
that mediates programmed cell death. Necrotic cell death, which
has tradirionally been viewed as a form of passive cell death, may
also be regulated, and in this case has been called necroptosis or
programmed necrosis.” Necroptosis may be induced by TNFa
receptor 1 (TNFR1) agonists, but also by innate pattern-recog-
nition receptors (PRRs) such as Toll-like receptor (TLR) 3 and
TLR4."* These two TLRs can recruit the adaptor TICAM-I (also
known as TRIF), leading to Type I interferon (IFN) signaling.?
In line with this notion, the TLR3 ligand polyl:C (a synthetic
double-stranded RNA, dsRNA) can activate either apoptosis or
necrosis, depending on the cell lines tested. Cell death induced
by the TLR3-TICAM-1 axis may therefore be executed through
two distinct subroutines.” The mechanisms that dictate the cel-
lular decision to undergo apoptosis or necroptosis in response
to TLR3 signaling, as well as the mechanisms that mediarte the
execurion of necroptosis, are the subject of intense investigation.
Toll-like receptors and other PRRs harbor the ability to spe-
cifically recognize microbal molecules, known as pathogen-associ-
ated molecular patterns (PAMPs).* PAMPs trigger the maturation
of myeloid dendritic cells (nDCs) through the activation of TLR
and/or other pathways, eventually eliciting cellular immunity.” In
mDCs, nucleic acid-recognizing TLRs (i.e., TLR3, TLR7, TLRS
and TLRY) reside in endosomes and sense their ligands only when
they are internalized.® The uptake of DNA or RNA of micro-
bial origin therefore allows cross-presentation to T cells and the
exposure of natural killer (NK) cell-activating ligands. Besides
this extrinsic maturation route, it is known that the formation
of autophagosomes may deliver cytoplasmic nucleic acids of viral
origin to the endosome via autophagy.’ In either route, TLR sig-
naling links immunological events to pathological cell death.
Recently accumulated evidence suggests that TLRs serve
as receptors not only for foreign PAMPs but also for cellular
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Table 1. Host response to nucleic acids and other DAMPs

PAMP/DAMP Receptors
© Microblal nucleic acids(PAMP)
cytosolic long dsRNA MDAS
cytosolic 5-PPP-RNA RIG-I
endosomal >140 bp dsRNA TLR3
nonmethylated CoGDNA TLRO
cytosolic dsDNA DNA sensors*
Selfmolecular patterns(DAMP)
HMGB1 RAGE, TLR2/4
Uric acid CD14, TLR2/4
HSPs CD14, TLR2/4,**
5100 proteins " RAGE
Self nucleic acids (DAMP)
Self DNA - ' DNA sensors*
Self mRNA TLR3

*See Table 2; ** D40, CD91, Scavenger receptors etc.

constituents that are liberated from damaged or necrotic cells.”
Thus, innate pattern-recognition is not only a mechanism for
discriminating pathogens from the host, but also a2 means for
inspecting cellular homeostasis. Molecules thar, upon release
from damaged/necrotic cells, activate the immune system are
called damage-associated molecular patterns (DAMPs).!! The
most popular TLR adaptor MYD88 is known to contain death
domains, and some reports have suggested that TLR signaling
may be involved in cell death secondary to PAMP/DAMP-
stimulation. Necroptotic or damaged cells may thus represent a
result of TLR death signaling, and generate a functional com-
plex consisting of sources of DAMPs as well as of the phago-
cytic response.!?

DAMPs refer to intracellular molecules that acquire inflam-
mation-inducing capacities when released from cells. DAMPs do
not belong to the cytokine family but racher resemble PAMP in
their functional properties, in particular with regard to mDC
and macrophages. The functions of DAMPs may be associ-
ated with responses including regeneration and tumorigenesis.
During the past 5 years, necroptotic cell death has been closely
connected with innate immune responses involving pattern-sens-
ing'>* DAMPs include a large number of cytosolic or nuclear
molecules (Table 1), as well as, surprisingly, self nucleic acids."
This implies that, like viral DNA and RNA, aurologous nucleic
acids can evoke inflammarion. Here, we discuss the importance
of the immune modulation induced by nucleic acids and necrop-
totic host cells.

Necroptosis: Programmed Necrosis Induced
by TNF«

TNFa has been reported to induce two different types of cell
death, apoptosis and necrosis, in a cell type-specific manner.>1
Through TNFR1, TNFa is implicated in NFxB activation and
contributes to cell growth in many cancer cell lines. In paral-
lel TNFa-induced hemorrhagic necrosis has been observed in
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Table 2, RNA-DNA recognition molecules in vertebrates

Receptors  Adaptors Ligands Induct:?:: fType
5 TLR family
TLR3  TICAM-1  dsRNA, stem RNA +
TLR7/8  MyDS88  ssRNA +
TLR22  TICAMA dsRNA +
PKR 2 CdsRNA :
RLR family
RIG- MAVS  5-PPP RNA, dsRNA
MDAS MAVS dsRNA (long)
i NLR family
NALP3 ASC dsRNA
NOD2 MAVS ssRNA
DDX family
DDX1 TICAMA dsRNA
DDX21  TICAMA dsRNA
DHX36  TICAM-1 dsRNA +
DNA sensors
TLRY MyD88 CpGDNA +
DAI TBK1 dsDNA +
POIB/RIGT  MAVS dsDNA +
IF116 TBK1 dsDNA +
 DDX#1  STING  dsDNA o+
DHX9 MyD88 dsDNA +
Coopas  wyoes doNa
ZAPS ? dsDNA +

several cancer cell lines, but the molecular mechanisms under-
lying these differential responses to TNFa remain poorly
understood. Recently, several reports have suggested that the
formation of a supracomplex containing the receptor-interacting
protein kinase 1 (RIP1) and its homolog RIP3 (which has been
named “necrosome”) is responsible for the switch from apopto-
sis to necroptosis.'™® RIP1 and RIP3 can assemble only in the
absence of functional caspase-8, indicating that this enzyme
acts as a key protease for blocking the formation of the necro-
some’!” Many viral factors, as well as the genomic instability
that frequently characterizes tumor cells, can compromise cas-
pase-8 function, thereby facilitating the induction of necropto-
sis, Hence, TNFo can promote cell death by signaling through
its receptors, including TNRF1 and downstream via RIP1/
RIP3, although the output of TNFw signaling is ultimately
determined by cell type.

Virus-Mediated Necroptosis

It is notable that a necrotic phenotype has been observed in
polyl:C-stimulated bone marrow-derived murine macrophages
and other cell lines.!* TICAM-1 and RIP3 are involved in this
process, suggesting the implication of the necrosome pathway in
dsRNA-mediated cell death.??!? It has been reported that viral
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