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 TICAM-1~~
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-o, are preferentially involved in this response.

3LL implant tumors grew well in WT C57BL6 mice. PolyI:C,
when i.p. injected, resulted in tumor growth retardation (Fig. 1B).
The retardation of tumor growth by polyl:C was also impaired
in TNF-o™"~ mice (Fig. 1B), suggesting that TNF-u 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 polyl: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 I 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. S3). Thus, NK.
cells, at least the NK1.17 cells, have a negligible ability to retard
tumor growth in vivo.

Polyi:C Induces TNF-o Through the TICAM-1 Pathway in Mice. To test
whether polyl:C treatment had elicited TNF-o production
in vivo, we investigated the cytokine profiles of serum from polyl:
C-stimulated WT and IPS-1"" and TICAM-1"/" mice by ELISA.
Prominent differences in TNF-o levels were observed in serum
collected from polyl:C-injected WT and TICAM-1""" mice. Se-
rum TNF-a 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 4 and B). IFN-f 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. $4C). 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-p.

TICAM-1* Cells in Tumor Produces TNF-o in Res’:onse to Polyl:C
Stimulation. Using the 3LL implant WT, IPS-17"", and TICAM-
17~ mouse models, we tested whether polyl:C-induced early
TNF-« was responsible for the lately observed tumor regression.
Time-course analyses of the polyl:C-induced TNF-a 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-17"~ mice increased at 2 h after polyl:C i.p.
injection (Fig. 24). The serum TNF-a 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-1""" 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-o protein was generated de novo
in tumors, weé examined the corresponding mRNA levels in ex-
cised tumors (Fig. 2C and Table $§2). 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

Shime et al.

in tumor as well as serum. In the TICAM-1""" mice, TNE-o
production was largely abrogated in the tumor and serum sam-
ples, suggesting that TNF-« was mainly produced and secreted in
response to polyl:C stimulation from the TLR3/TICAM-17 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™, Grl*, or CD11c*. A small pop-
ulation of NK1.1% cells was also detected. CD4" T cells, CD8™"
T cells, and B cells were rareE‘y detected in these implant tumors
(Fig. S54). Moreover, F4/80"/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-17" mice at 30 min after polyl:C injection.
These cells were used in in vitro experiments to verify the TNF-
a~producing abilities and 3LL cytotoxicity properties (Fig. 4 A
and B). WT F4/80" Mfs exhibited normal TNF-o-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-« protein (rTNF-o)) was
added exogenously to 3LL cell culture, the cytotoxic effects were
still present and occurred in a dose-dependent manner (Fig. 4D).
TNF-o-producing ability was also observed in F4/80™ cells from
implant tumor of MC38, B16D8, or ELA, and only.the MC38
tumor was remediable by TICAM-1-derived TNF-a (Fig. S2 B
and C). The MC38 tumor contained the F4/80%/CD11b*/Gr1~
cells, as in the 3LL tumor (Fig. S5B).

IFN-B did not enhance rINF-o—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-a/p 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 IENAR™™ mice (Fig. S7C). Accord-
ingly, the TNF-o 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-a, which is derived from TICAM-1 downstream
independent of the IRF3/7 axis. Our results indicate that cyto-
toxic TNF-a is produced via a distinct route from initial type I
IFN and downstream of TICAM-1 in F4/80" TAM-like Mfs.
Type I IFN do not synergistically act with TNF-o 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-17",
IPS-17~, and TLR3™~ mice were stimulated with polyl:C (Fig.
S84). Both TNF-a 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 4 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-a™~, TICAM-1~, and IP$-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-a™~ (B), TICAM-1~/~
(C), and IPS-17~ (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-a
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-a 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-B in these cells after polyl:C stimulation. Compared with F4/
80" cells from WT mice, IFN-B expression and production was
barely decreased in IPS-17~ F4/80™ cells, but largely impaired in
TICAM-17"" F4/80* cells (Fig. S94) as other cytokines tested.
M1 Mf-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. S9B).

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 TAMs (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-B 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-a 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-a 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 1L-12p40, 1L-6, CXCL11, and IL-1p at 4 h after in vitro
polyl:C treatment, as were mRNA levels of IFN-$ and TNF-a and
ex vivo results. The M2 Mf markers arginase-1 (Argl), chitinase 3-
like 3 (Chi313), and MMR (Mrcl) were unchanged, compared with
unstimulated levels; however, the M2 Mf marker IL-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 I1-10 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 A 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. 54
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. 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
ELA lymphoma (35) were resistant to TNF-a, but their F4/80"
Mfs still possessed TNF-a-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 I 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" cells are responsible for the polyl:C-induced elevation of TNF-
o production in tumor, Mice bearing 3LL tumors were i.p. injected with 200
ug polyl:C. TNF-o—~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 (4), F4/80"
cells (B), and Gr1* celis (C). CD45" cells in tumor were gated and are shown in
B and C. A representative experiment of two with similar cutcomes is shown.
TNF-o* gating squares are shown in red (positive) and green (negative).

Shime et al.

Fig. 2. TNF-o 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-a
level in tumor is presented as [TNF-a protein (pg)/
tumor weight (g)]. (C) Tumors were isolated from
polyl:C-injected tumor-bearing WT, TICAM-17,

Tumor

and IP$-17" mice, and TNF-¢ mRNA was mea-
sured by quantitative PCR; n = 3. Data are
shown as average + SD. A representative exper-
iment of two with similar outcomes is shown.

0 1 2 3
Time after polyl:C treatment (h)

subsets produce proinflammatory cytokines, including TNF-a, 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-o occurred in F4/80% tumor-in-
filtrating Mfs 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
1PS-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 by F4/
80" Mfs (Fig. S11 D and F) occurs partly because F4/80% Mfs
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-o and hemorrhagic necrosis of
tumor has been described earlier. Carswell et al. (41) showed that
TNF-o is robustly expressed in mouse serum following treatment
with bacillus Calmette~Guérin and endotoxin. Bioassay of TNF-o
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-o 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-o 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-avia 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-a 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
MyD388 is not involved in the polyl:C signaling. This point was
further proven using TNF-o~~ mice: TICAM-1-derived TNF-a 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-xB activation secondary 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-a. 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-a 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-a neutralization antibody or
controf 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
3LLtumor cells. Recombinant TNF-a 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 genesin 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 Mf 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
notable 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 IL-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 dsSRNA adjuvant is ultimately based on the
liberation of type 1 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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(University of Tokyo, Tokyo, Japan). TNF-a™'~ mice were kindly provided by
A. Nakane (Hirosaki University, Aomori, Japan) and Y. Iwakura (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% €O, 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
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SI Methods

Reagents. Polyl:C was purchased from GE Healthcare, which was
free from LPS contamination. TNF-a and IFN-p ELISA kit was
purchased from eBioscience and PBL InterferonSource, respec-
tively. Recombinant TNF-« was purchased from R&D Systems.

Tumor Cells and Tumor-Infiltrated Immune Cells. We first tested the
amounts of macrophages (Mfs) in implant tumors formed in B6
mice. Mouse lymphoma (EL4), Lewis lung carcinoma (3LL),
adenocarcinoma MC38, and melanoma (B16D8) lines grew well
in the back of mice, and the Mf content was maximal in the 3LL
tumor. MC38, a murine colon adenocarcinoma cell line, was a gift
from S. A. Rosenberg (National Cancer Institute, Bethesda) (1).
Hemorrhagic necrosis shown in Fig. 14 was typically induced in
response to polyl:C in 3LL tumor. We then used the 3LL line for
this study.

3LL cells were found to express very low amounts of detectable
MHC class I or class II (Table S1), suggesting this cell type as
a possible target for natural killer (NK) cells but not cytotoxic
T lymphocytes (CTLs). 3LL cells were found to express appre-
ciable amounts of the NKG2D ligand, retinoic acid-inducible
gene 1, consistent with previous reports (Table S1) (2, 3). 3LL
cells also expressed mRNA transcripts for Toll-like receptor 3
(TLR3), Toll-IL-1 receptor domain-containing adaptor mole-
cule 1 (TICAM-1), IFN-p promoter stimulator 1 (IPS-1), and
melanoma differentiation-associated protein 5 (MDAS). Expo-
sure to polyl:C-stimulated peritoneal Mfs caused significant
death of 3LL cells, which was likely an effect of liberated in-
flammatory cytokines such as TNF-a (4). Consistent with pre-
viously reported data about 3LL properties in vitro, the 3LL cells
we used were not damaged by direct polyl:C treatment or ex-
posure to 3LL-derived cytokines (Fig. S8C). When 3LL cells
were implanted s.c. in mice, the resulting tumors were found to
contain a high amount (>30%) of CD45.2* cells (Fig. $54). The
major population of those CD45.2% cells was determined to be
of CD11b" myeloid lineage cells that coexpressed F4/80*, Gr1¥,
or CD11c*. A small population of NK1.1% cells was also de-
tected. CD4% T cells, CD8* T cells, and B cells were rarely
detected in these implant tumors (Fig. S54).

Cytotoxic Activity Assay. Mice bearing 3LL tumor were injected i.p.
with polyI:C. Mice were killed and F4/80™* cells were isolated from
tumor by using MACS-positive selection beads (Miltenyi) as de-
scribed previously. 3LL cells were labeled with >*Cr for 3-5 h and
then washed three times with the medium. F4/80™ cells, and 3LL
cells were cocultured at the indicated ratio. After 20 h, super-
natants were harvested and 5 Cr release was measured in each
sample. Specific lysis was calculated by the following formula:
cytotoxicity (%) = [(experimental release — spontaneous release)/
(max release — spontaneous release)] x 100.

Flow Cytometric Analysis. Mononuclear cells prepared from spleen
and tumor were treated with anti-CD16/32 (no. 93) and stained
with APC-anti-CD45.2 (no. 104), FITC-anti-CD11b (M1/70),
PE-anti-GR1 (RB6-8C5), FITC-anti-CD11c (N418), PE- or
APC-anti-F4/80 (BMS8), PE-anti-NK1.1 (PK136), PE-anti-
CD4%b (DX5), PE-anti-CD3e (145-2C11), FITC-anti-CD4
(GK1.5), FITC-anti-CD8a (53-6.7), and PE- and anti-CD19
(MB19-1; eBioscience and Biolegend; Table S2). Samples were
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analyzed with FACSCalibur (BD Biosciences), and data analysis
was performed using FlowJo software (Tree Star). For in-
tracellular cytokine staining, we freshly isolated tumors from
polyl:C or PBS-injected mice at 1 h and incubated the cells in the
presence of 10 pg/mL Brefeldin A for 3 h. Cells were fixed and
stained with the combination of anti-CD45.2 Ab and anti-F4/80
Ab or anti-Grl Ab, followed by permeabilizing and staining with
anti-TNF Ab using BD Cytofix/Cytoperm Kit (BD Biosciences).

Quantitative PCR Analysis. Tumor samples were cut into small
pieces and homogenized with TRIzol Reagent (Invitrogen). Total
RNA was isolated according to the manufacturer’s instruction.
Reverse transcription was performed using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Real-time PCR
was performed with Power SYBR Green PCR Master Mix
(Applied Biosystems) with a StepOne Real-Time PCR System
(Applied Biosystems). Expression of the cytokine gene was
normalized to the expression of GAPDH. We used primer pairs
listed in Table S3. Data were analyzed by the AACt method.

ELISA and Cytokine Beads Assay. Tuimor samples were cut into small
pieces and homogenized with CelLytic MT Mammalian Tissue
Lysis/Extraction Reagent (Sigma) supplemented with Complete
Protease Inhibitor Mixture (Roche) on ice. Lysate was centri-
fuged to remove insoluble materials, and the supernatant was
used for ELISA. Serum cytokine concentration was determined
by ELISA or cytokine bead assays. Data were shown as TNF-«
(pg) per weight of tumor (g).

Histochemistry and Immunohistochemistry. 3LL tumor was fixed
with buffered 10% formalin overnight and embedded in-paraffin
wax, and sections 4 pm in thickness were stained with H&E. For
immunohistochemistry, tumor was embedded in optimal cutting-
temperature .compound, and snap-frozen in liquid nitrogen.
Cryosections 6 pm in thickness were air-dried for 60 min and
fixed for 15 min with prechilled acetone and then incubated with
FITG-anti-CD31 antibody (390; Biolegend). The sections were
mounted in Prolong Gold Antifade Reagent with DAPI (In-
vitrogen). Images were obtained with a Leica LSM510 confocal
laser-scanning microscope.

Tumor Challenge and Polyl:C Treatment. Mice were shaved at the
back and injected s.c with 200 pL of 3 x 10° 3LL cells in PBS(-).
Tumor size was measured using a caliper. Tumor volume was
calculated using the following formula: tumor volume (cm®) =
(long diameter) x (short diameter)? x 0.4. PolyL:C (250 pg/head)
with no detectable LPS was injected ip. as indicated. In some
cases, polymixin B-treated polyl:C was used. When an average
tumor volume of 0.5-0.8 cm® was reached, the treatment was
started and repeated every 4 d.

Isolation of F4/80" Cells from Tumor. Tumors formed by 3LL cells
were excised at 2 wk after transplantation and treated with 0.05
mg/mL Collagenase I (Sigma), 0.05 mg/mL Collagenase IV
(Sigma), 0.025 mg/mL hyaluronidase (Sigma), and 0.01 mg/mL
DNase I (Roche) in HBSS at 37 °C for 10 min. F4/80" cells were
isolated by using biotinylated anti-F4/80 antibody (BMS8) and
Streptavidin MicroBeads (Miltenyi). We routinely prepared F4/
80™ cells at >90% purity from tumor.
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Fig. $1. Polyk:C induces hemorrhagic necrosis of tumor. 3LL tumor-bearing mice were i.p. injected with 200 pg polyl:C and tumors were isolated 12 h later.
Formalin-fixed tumors stained with H&E (Upper) and frozen sections stained with anti-CD31 antibody and DAPI nuclear stain (Lower). Original magnification
10x for all panels. (Scale bars, 100 pm.) A representative experiment of three with similar outcomes is shown.
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Fig. 8. In vitro polyl:C-stimulated F4/80* cells secrete TNF-a and have cytotoxic activity. (A) F4/80" cells isolated from 3LL tumor were stimulated with polyl:C
(50 pg/mL) in vitro. After 24 h, the conditioned medium was collected and TNF-a concentration was determined by ELISA. (B) F4/80" cells isolated from tumor
were mixed with *'Cr-labeled 3LL tumor cells in the presence or absence of polyl:C (50 pg/mL). After 20 h, radioactivity of the conditioned medium was
measured. E/T = 10. (C) *'Cr-labeled 3LL tumor cells were incubated for 20 h in the presence or absence of polyl:C (50 pg/mL); n = 3. Data are shown as average =+
SD. **P < 0.001. A representative experiment of three with similar outcomes is shown.
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outcomes is shown.
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Fig. $10. Expression of TLR3 and MDAS in 3LL tumor-associated F4/80™ cells. (A) mRNA expression of TLR3, TICAM-1, MDAS5, and IPS-1 in 3LL tumor-associated
F4/80* cells. Total RNA (1 pg) of F4/80" cells isolated from 3LL tumor was used as a template for RT-PCR analysis. (B) Single-cell suspension of 3LL tumor was
stained with FITC-labeled anti-CD45 and PE-labeled anti-F4/80 antibody, followed by intracellular staining with Alexa 647-labeled anti-TLR3 antibody {11F8) or
isotype control antibody (rat IgG2a). CD45'F4/80* cells are shown. (C) Cytoplasmic extract of F4/80" cells was subjected to SDS/PAGE and immunoblotted with
rabbit anti-MDAS5 antibody or control IgG purified from rabbit serum. (D) mRNA expression of TLR3 and TICAM-1 in F4/80* tumor-associated macrophages
(TAM) and macrophage colony-stimufating factor-induced bone marrow-derived macrophages (M-Mf).
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Fig. S11. In vitro stimulation with polyl:C increases the production of IFN-g and TNF-a by Mfs. (A and B) F4/80* cells were isolated from 3LL tumor implanted in
WT, TICAM-17", and IPS-17"" mice and stimulated with 50 ug/mL polyl:C. After 4 h, cells were harvested and IFN-p mRNA expression was analyzed by quan-
titative PCR analysis (A). After 20 h, IFN-B concentration in culture supernatant was determined by ELISA (B). (C and D) Peritoneal exudate cells (PECs) isolated
from WT, TICAM-1""", and {PS-1~"~ mouse were stimulated with 50 no/mb polyl:C for 20 h. The concentrations of IFN-p (C) and TNF-a (D) in culture supernatant
were determined by ELISA. (£ and F) Macrophage colony-stimulating factor (M-CSF)-induced bone marrow-derived macrophages (BMDM) were prepared from
WT and IPS-1~"~ mouse and cultured in the presence of 30% L929 supernatant containing M-CSF. After 6 d, adherent cells were harvested and stimulated with
50 pg/mL polyl:C for 20 h. The concentrations of IFN-B (£} and TNF-u (F) in culture supernatant were determined by ELISA. Data are shown as mean + 5D (n =3).
N.D., not detected. A representative experiment of two with similar outcomes is shown.

Table S1. Expression of various markers on 3LL and MC38 tumor

cells

Surface marker 3LL MC38
H2-K® - o
H2-D° + -
RAET. R Not determined
Cb45 - -

Expression of surface markers was analyzed by flow cytometry. Expression
was evaluated by mean fluorescence shift: -, ~0.99; &, 1~10; +, 11~100; ++,
101~.
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Table S2.

RT-PCR primers used in this study

Forward primer (5'-3’)

Reverse primer (5-3')

IFN-p
IL-12p40
IL-6
TNF-o
IL-1p
IL-10
Cxcl11
IRF4
IRF5
Jmijd3
Arg1
MMP9
VEGFA
Chi3l3
Mrct
Retnla
GAPDH

CCAGCTCCAAGAAAGGACGA
AATGTCTGCGTGCAAGCTCA
GTGCATCATCGTTGTTCATACAATC
AGGGATGAGAAGTTCCCAAATG
TGACGGACCCCAAAAGATGA
GGCGCTGTCATCGATTTCTC
GGCTGCGACAAAGTTGAAGTGA
AGCCCAGCAGGTTCATAACTACA
GGTCAACGGGGAAAAGAAACT
CGAGTGGTTCGCGGTACAT
GGAATCTGCATGGGCAACCTGTGT
CAAGTGGGACCATCATAACATCA
GACATCTTCCAGGAGTACC
TCACTTACACACATGAGCAAGAC
CTCTGTTCAGCTATTGGACGC
CCAATCCAGCTAACTATCCCTCC
GCCTGGAGAAACCTGCCA

CGCCCTGTAGGTGAGGTTGAT
ATGCCCACTTGCTGCATGA
CTGGGAAATCGTGGAAATGAG
GCTTGTCACTCGAATTTTGAGAAG
TGCTGCTGCGAGATTTGAAG
TGCTCCACTGCCTTGCTCTTA
TCCTGGCACAGAGTTCTTATTGGAG
CCTCGTGGGCCAAACGT
CATCCACCCCTTCAGTGTACT
GAAGCGGTAAACAGGAATATTGGA
AGGGTCTACGTCTCGCAAGCCA
GATCATGTCTCGCGGCAAGT
TGCTGTAGGAAGCTCATCT
CGGTTCTGAGGAGTAGAGACCA
CEGGAATTTCTGGGATTCAGCTTC
ACCCAGTAGCAGTCATCCCA
CCCTCAGATGCCTGCTTCA

Table S3. Expression of surface markers on tumor-infiltrated F4/

807 cells
Marker

Expression*

I-Ab
H2-DP
H2-K°
CD8o
CD86
CD40
Ccb11c
b3
Ccb4
CD8a
Gr1
B220
CcD11b
CD206 (MMR)

+
+
o+

++

++

to

+

o+
++

*Expression was evaluated by mean fluorescence shift: -, ~0.99; +, 1 ~10; +,

11 ~100 ; ++, 101 ~1,000 ; +++, 1,001~
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ABSTRACT

Chronic hepatitis C virus (HCV) infection affects approximately 170 million people worldwide. HCV
infection is a major global health problem as it can be complicated with liver cirrhosis and hepatocellular
carcinoma. So far, there is no vaccine available and the non-specific, interferon (IFN)-based treatments
now in use have significant side-effects and are frequently ineffective, as only approximately 50% of
treated patients with genotypes 1 and 4 demonstrate HCV clearance. The lack of suitable in vitro and in
vivo models for the analysis of HICV infection has hampered elucidation of the HCV life cycle and the
development of both protective and therapeutic strategies against HCV infection. The present review
focuses on the progress made towards the establishment of such models.

Key words hepatitis C virus, HuH-7 cell, knockout mice, type | interferon.

Chronic HCV infection is a major cause of mortality and
morbidity throughout the world, infecting approximately
3.1% of the world’s population (1). Only a fraction of
acutely infected individuals are able to clear the infection
spontaneously, whereas approximately 80% of infected
individuals develop a chronic infection (2, 3). Patients
with chronic HCV are at increased risk for developing
liver fibrosis, cirrhosis, and/or hepatocellular carcinoma.
Currently, these long-term complications of chronic HCV
infection are the leading indication for liver transplanta-
tion (4, 5). Because of the high incidence of new infections
by blood transfusions in the 1980s before the discovery of
the virus, and because morbidity associated with chronic
HCV infection generally takes decades to develop, it is ex-
pected that the burden of disease in the near future will
rise dramatically.

Correspondence

HCVisan enveloped flavivirus, with a positive-stranded
RNA genome of approximately 9600 nucleotides. The cod-
ing region is flanked by 5 and 3’ non-coding regions,
which are important for the initiation of translation and
regulation of genomic duplication, respectively. The cod-
ing region itself is composed of a single open reading
frame, which encodes a polyprotein precursor of approx-
imately 3000 amino acids. This polyprotein is cleaved
by host and viral proteases into structural and NS pro-
teins (Fig. 1). Replication of the HCV genome involves
the synthesis of a full-length negative-stranded RNA in-
termediate, which in turn provides a template for the de
novo production of positive-stranded RNA. Both these
synthesis steps are mediated by the viral RNA-dependent
RNA polymerase NS5B (6-8). NS5B lacks proofreading
abilities, and this leads to a high mutation rate and the
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Fig. 1. Genomic structure of HCV. Genomic organization of wild-type HCV. The HCV-RNA genome consists of a major open reading frame, encoding
a single polyprotein, and an alternative reading frame encoding F-proteins with unknown functions. The cleavage of the polyprotein by viral and
host cell proteases gives rise to the mature structural (core, envelope proteins E1 and E2, and p7) and NS viral proteins (NS2 through NS58B). The
putative activities and functions of viral proteins are indicated. The IRES located in the 5’ non-coding region initiates ribosome binding and translation.
Both the 5" and 3’ non-coding regions are essential for viral RNA replication involving the RNA-dependent RNA polymerase NS5B. NTPase, nucleotide

triphosphatase.

generation of numerous quasispecies. HCV isolates can
be classified into seven major genotypes, which vary in
sequence by more than 30%. In addition to the distinct
prevalence and global spread of the virus, the genotype is
an important factor determining disease progression and
responses to antiviral therapy (9).

Currently, the only licensed treatment for HCV is the
combination of (pegylated)-interferon-alpha (IFN-a) and
ribavirin. Although the success rate of treatment has im-
proved substantially, standard therapy is not effective in all
patients. Moreover, severe adverse effects and high costs
limit the compliance and global application of this treat-
ment. The development of prophylaxis and novel thera-
peutics to treat HCV infection has been hampered by the
lack of suitable in vitro and in vive culture systems. In this
review, we describe the development of in vitro culture
systems for HCV.

Tissue culture-adapted HCV (sub-)genomic
replicons

Dr Bartenschlager’s group was the first to establish a con-
venient reproducible in vitro cell culture system for the
study of HCV replication (10). They created antibiotic-
resistant HCV genomes to select replication-competent
viral clones by conveying antibiotic resistance to cells.
This was achieved by replacing the structural protein-
coding sequences, as well as p7 of the consensus genome
Conl, by the neomycin resistance gene. In addition, a
second IRES was introduced to promote translation of
the non-structural protein-coding sequences important
for viral replication (Fig. 2). Upon transfection of these
so-called subgenomic replicons in specific cell lines, drug-
resistant cell colonies were isolated in which high levels
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of viral replication occurred. Subsequent analysis con-
firmed that these HCV replicons indeed were capable of
self-amplification through synthesis of a negative-strand
replication intermediate, and could be stably propagated
in cell culture for many years (10, 11).

HCV replication was supported by several cell types
such as HuH6 (12), HepG2 (13), Li23 (14), and 293 cells
(15), with the human hepatoma cell line HuH-7 being the
most permissive (16). Interestingly, removal of replicon
RNA from these cell clones by treatment with type 1 IFN
rendered the cells more permissive to reintroduction of
replicons, resulting in higher replication rates. Examples
of these highly permissive cells are HuH-7.5 and HuH-7-
Lunetcells (16, 17). The efficient replication in the replicon
systems was found to depend on tissue-culture-adaptive
mutations. Introduction of these specific mutations in the
wild-type consensus sequence significantly enhanced vi-
ral replication in vitro (18-22). Mutational hot spots were
found clustered primarily in the NS3, NS4B, and NS5A re-
gions. The mechanisms behind the enhanced replication
caused by these tissue-culture-adaptive mutations are still
largely unknown, and the interesting fact that these mu-
tations are not commonly found in patients suggests that
these may have a toll on the viral fitness.

HCYV replicons have proven to be extremely valuable for
studies on the process of HCV replication, as well as for
testing novel antiviral compounds that specifically target
the protease activity of NS3 or the polymerase activity of
NS5 (23).

Cell culture-derived infectious HCV
Studies using HCV replicons have provided detailed

knowledge on the mechanisms of replication of HCV.
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Fig. 2. HCV replicon system. The structural HCV-IRES

sequences (C, E1, E2, and p7) together with NS2
were replaced by a neomycin antibiotic-
resistance gene, and an ECMV-IRES was
introduced to drive translation of the remaining
non-structural proteins. Neomycin selection of
these double cistron (bicistronic) replicons in the
hepatoma cell line Huh7 resulted in high-level
HCV-RNA replication, depending on the gain of
so-called ‘tissue-culture’ adaptive mutations
mostly confined to the NS3, NS48, and NS5A
regions.

However, an apparent shortcoming of these models was
that stable cell clones containing self-replicating replicons
and expressing all viral proteins remained unable to re-
lease infectious HCV particles. The inability to secrete
viral particles may be the consequence of adaptive muta-
tions, which are needed to enhance viral replication rates,
but at the same time may block viral assembly. Indeed,
replicons without adaptive mutations show very low repli-
cation rates (16, 24). A different situation emerged when
the first genotype 2a consensus genome was established
(25, 26).

A subgenomic replicon constructed from a clone called
JFH-1, isolated from a Japanese patient with fulminant
hepatitis C, replicated up to 20-fold higher in HuH-7
cells as compared to Conl replicons, and did not re-
quire adaptive mutations for efficient replication in vitro
(26). Transfection of HuH-7 and HuH-7.5.1 cells with the

in vitro synthesized

HCVIFHT genomic RNA

{zanotype Za)

Fig. 3. JFH1 infectious system. Full-length
JFH1-RNA is transcribed in vitro, and transfected
to HuH-7-derived cell lines. JFHT replicates in
these cells, and produce infectious virions in the
medium. The medium is collected, concentrated,
and used to infect naive cells. Hence, the entire
HCV life cycle was reproduced for the first time
in vitro.
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in vitro-transcribed full-length JFH-1 genome or a recom-
binant chimeric genome with another genotype 2a isolate,
J6, resulted in the secretion of viral particles that were in-
fectious in cultured cells (Fig. 3), in chimeric mice, and in
chimpanzees (27-29).

The infectivity of cells could be neutralized with anti-
bodies against the HCV entry receptor CD81, antibodies
against E2, or immunoglobulins from chronically infected
patients. Importantly, the replication of cell-cultured HCV
in this system was inhibited by IFN-« as well as by sev-
eral HCV-specific antiviral compounds (29). Since 2005,
chimeric JFH-1-based genomes have been constructed of
all seven known HCYV genotypes. Similar to the J6-JFH-1
chimera, in these so-called intergenotypic recombinants,
the structural genes (core, El, and E2), p7, and NS2 of
JFH-1 were replaced by genotype-specific sequences which
often resulted in lower infectious virion production than

Infactions HCY (JFH-1) Production Systern

recombinant HCV
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