Termination of Inflammation

Inflammation often drives tissue repair and regeneration, and
the microenvironment formed during inflammation serves a
basis for assembling cells that initiate tissue development and
reorganization (Fig. 3). The pro-inflammatory microenviron-
ment facilitates cell growth as well as genome instability, thus
being prone to the accumulation of cells with multiple mutations.
Furthermore, incipient inflammation compromises the immune
system so that the abnormal proliferation of transformed cells is
tolerated. Thus, malignant cells build up a tissue that involves
tumor-associated macrophages serving a scaffold for invasion and
metastasis.® In this context, a region harboring DAMP-mediated
persistent inflammation provides a perfect nest for tumor pro-
gression (Fig. 3). Therapeutics for suppressing inflammation,
such as aspirin, may constitute an immune therapy irrespective of
the presence of infection.*® We surmise that two types of inflam-
mation exist, namely tumor-supporting and tumor-suppressing,
implying that inflammation is a complex phenomenon consisting
of multiple distinct aspects. We have shown that some adjuvants
can induce tumor-suppressing inflammation, thereby limiting

tumor proliferation by DAMPs.#” The adjuvant-induced switch
of cell death/inflammation signals to an antitumor outcome is an
intriguing approach for cancer therapy, particularly in view of the
fact that the mechanisms of adjuvant signaling are being increas-
ingly characterized at the molecular level.**% The clarification of
the role of adjuvant signaling in compromising tumor progression
will lead to the discovery of non-toxic synthetic tumor-regressing
molecules with potential as novel anticancer therapeutics.”
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Smoldering inflammation often increases the risk of progression
for malignant tumors and simultaneously matures myeloid den-
dritic cells (mDGs) 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 resulted 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-a 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 polyl:C-
injected mice sustained Lewis lung carcinoma cytotoxic activity,
and this activity was partly abrogated by anti-TNF-a« 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 IPS-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 polyI: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

2066-2071 | PNAS | February 7,2012 | vol. 109 | no.6

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-$ 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-xkB and IFN regulatory
factor 3 (IRF-3) (15, 18), they appear to distinctly modulate my-
eloid 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. I.p.
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 polyI: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. Polyl: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-a™'~ mice (Fig. 1B), suggesting that TNF-q 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-1""" 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).

Polyl: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.

Polyl:C Induces TNF-a 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-« 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-17" mice within 1 h after polyl:C
injection (Fig. S4 A and B). IFN- 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-.

TICAM-1* Cells in Tumor Produces TNF-a in Res/ponse to Polyl:C
Stimulation. Using the 3LL implant WT, IPS-17"", and TICAM-
17~ mouse models, we tested whether polyl:C-induced early
TNF-a 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-a
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 TPS-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-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-a mRNA levels
peaked between 1 and 2 h after polyl:C injection, whereas the
TNF-« 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-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-q 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, CDS™
T cells, and B cells were rare{y 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 F4/807CD11b* cells. Both
TNF-a—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 4
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-a 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 (rTNF-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, B16D8, or EL4, and only the MC38
tumor was remediable by TICAM-1-derived TNF-o (Fig. S2 B
and C). The MC38 tumor contained the F4/80*/CD11b"/Grl1~
cells, as in the 3LL tumor (Fig. S5B).

IFN-p did not enhance rTNF-o—mediated 3LL killing efficacy
(Fig. S74), 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 IFNAR™" mice (Fig. S7C). Accord-
ingly, the TNF-a 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-a 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-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-17",
IPS-1-, 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-17", and IPS-17~ 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 (8-D), TNF-a™~ (B), TICAM-17/~
(©), and IP5-17"~ (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-a 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-1~"~ 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'~ F4/807 cells, but largely impaired in
TICAM-1""~ F4/807 cells (Fig. S94) as other cytokines tested.
M1 Mf-associated cytokines/chemokines were generally reduced
in TICAM-1""" 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-« 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-1p 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 (47g1), chitinase 3-
like 3 (Chi313), and MMR (Mrcl) 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-1~'~ F4/807 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 A
and B). Jmjd3, a histone H3K27 demethylase involved in IRF-4
expression, is reportedly induced by TLR stimulation (33). In our
study, polyI: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-a 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-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 polyI: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-
a production in tumor. Mice bearing 3LL tumors were i.p. injected with 200
ng 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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10

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
ato, 1, 2, and 3 h after polyl:C injection, and TNF-
a concentration was determined by ELISA. TNF-o
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"",
and IPS-17~ mice, and TNF-x mRNA was mea-

Tumor

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

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-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-a 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
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-a 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-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-a induction. Many years later,
Dougherty et al. (42) identified the mechanism responsible for the
TNF-a 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-« 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-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
MyDS8S8 is not involved in the polyl:C signaling. This point was
further proven using TNF-a~~ mice: TICAM-1~derived TNF-a in
F4/80* Mf 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
MyDS88 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-« 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 5'Cr-release assay (B). Anti~-TNF-a 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-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 genes in a late phase of polyl:C-stimulated myeloid cells
(45-47). The relationship among the TICAM-1-mediated type I
IFN liberation, these late-phase effectors, and tumor regression
remains an open question in this setting.

M1 MTf 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 1L-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 (5§1-53). 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 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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(University of Tokyo, Tokyo, Japan). TNF-a™~ 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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The Toll-Like Receptor 3-Mediated Antiviral Response Is Important
for Protection against Poliovirus Infection in Poliovirus Receptor

Transgenic Mice
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RIG-I-like receptors and Toll-like receptors (TLRs) play important roles in the recognition of viral infections. However, how
these molecules contribute to the defense against poliovirus (PV) infection remains unclear. We characterized the roles of these
sensors in PV infection in transgenic mice expressing the PV receptor. We observed that alpha/beta interferon (IFN-a/B) pro-
duction in response to PV infection occurred in an MDA5-dependent but RIG-I-independent manner in primary cultured kid-
ney cells in vitro. These results suggest that, similar to the RNA of other picornaviruses, PV RNA is recognized by MDA5.
However, serum IFN-a levels, the viral load in nonneural tissues, and mortality rates did not differ significantly between MDA5-
deficient mice and wild-type mice. In contrast, we observed that serum IFN production was abrogated and that the viral load in
nonneural tissues and mortality rates were both markedly higher in TIR domain-containing adaptor-inducing IFN-f (TRIF)-
deficient and TLR3-deficient mice than in wild-type mice. The mortality rate of MyD88-deficient mice was slightly higher than
that of wild-type mice. These results suggest that multiple pathways are involved in the antiviral response in mice and that the
TLR3-TRIF-mediated signaling pathway plays an essential role in the antiviral response against PV infection.

oliovirus (PV), which belongs to the genus Enterovirus in the
family Picornaviridae, is the causative agent of poliomyelitis
(38). The host range of PV is restricted to primates (18). This
species’ tropism is determined primarily by the cellular PV recep-
tor (PVR; CD155), which gives the virus access to susceptible cells
(14-16, 20). Mice are generally not susceptible to PV. However,
transgenic mice expressing human PVR (PVR-tg mice) become
susceptible to PV and develop a paralytic disease similar to human
poliomyelitis after the administration of PV intravenously, intra-
peritoneally, intracerebrally, or intramuscularly but not orally
(26, 40). PV shows a neurotropic phenotype in both humans and
PVR-tg mice. PV preferentially replicates in neurons, especially in
motor neurons in the anterior or ventral horn of the spinal cord
and in the brainstem. However, the efficiency of PV replication is
low in nonneural tissues (4, 25). We previously found that innate
immune responses that are mediated by type I interferons (IFNs)
play important roles in controlling viral replication in nonneural
tissues and in the mortality rates of PVR-tg mice (19). In PVR-tg
mice deficient in IFNAR1, PV efficiently replicates in nonneural
tissues such as the liver, pancreas, and spleen, which are not nor-
mal targets of PV. IFNARI-deficient mice die after the inoculation
of a small amount of PV by peripheral routes. The results suggest
that the type I IFN response forms an innate immune barrier that
prevents PV replication in nonneural tissues and subsequent PV
invasion of the central nervous system (CNS). This response
therefore plays important roles in the tissue tropism and pathoge-
nicity of PV (25).

The sensors that are involved in the production of type I IFNs
in response to RNA viral infections have been recently identified
and characterized (1, 46-48). The RIG-I-like receptors
(RLRs) retinoic-acid-inducible gene 1 (RIG-I) and melanoma

0022-538X/12/$12.00 Journal of Virology p. 185-194

differentiation-associated gene 5 (MDAS5) are expressed in the cy-
toplasm of all cell types, with the exception of plasmacytoid den-
dritic cells (pDCs). RIG-I and MDAS5 have RNA binding domains
and differentially recognize specific characteristics of nonself viral
RNAs (17, 22, 36, 37). In addition, RLRs have DExD/H box RNA
helicase domains (51) that activate downstream signaling path-
ways resulting in the activation of IFN regulatory factor 3 (IRF-3)
and IRF-7 (53). TLR3 and TLR7 are the sensors for viral double-
stranded RNA (dsRNA) and single-stranded RNA, respectively (2,
8, 12). TLR3 is expressed in the endosome of macrophages and
conventional dendritic cells (DCs) (28) but not in pDCs. TLR3 is
also expressed in a variety of epithelial cells, including airway,
uterine, corneal, vaginal, cervical, biliary, and intestinal epithelial
cells, which may function as efficient barriers to infection. The
TLR3-mediated signaling pathway is transmitted through Toll-
interleukin-1 (IL-1) receptor (TIR)-containing adaptor molecule
1, which is also known as TIR domain-containing adaptor induc-
ing IFN-f3 (TRIF), and finally results in the activation of IRF3 and
IRF7 (13, 34, 51). TLR7 is specifically expressed in the endosome
of pDCs and contributes to the production of a large amount of
IFNs in response to many RNA virus infections (5, 7). TLR7 sig-
naling is mediated by the adaptor molecule myeloid differentia-
tion factor 88 (MyD88). These sensors do not contribute equally
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to the antiviral response to each viral infection. The type I IFN
production that is induced by these sensors occurs in a virus-
specific and cell-specific manner (21, 23). For example, RIG-I
plays an important role in the antiviral response to Newcastle
disease virus, influenza A virus, Sendai virus, vesicular stomatitis
virus, Japanese encephalitis virus, and hepatitis C virus. However,
MDADS is important in the response to infection with picornavi-
ruses, such as encephalomyocarditis virus (EMCV) (10, 23). Al-
though RNA viruses produce dsRNA during the replication step,
the protective effect of the TLR3-mediated pathway is not clear
(9). In a previous study, TLR3 expression was found to cause
severe encephalitis in West Nile virus (WNV) infection (50). How
these sensor molecules contribute to the recognition of PV infec-
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tion is not understood. The aim of the present study was to deter-
mine the role of these sensors in the response to PV infection in
transgenic mice expressing human PVR. We generated PVR-tg
mice deficient in these sensor and adaptor molecules. Our results
demonstrate that the MDAS5-, TRIF- and MyD88-mediated path-
ways contribute to the antiviral response against PV infection and
that the TLR3-TRIF-mediated pathway plays a pivotal role in this
response.

MATERIALS AND METHODS

Cells and viruses. An AGMK cell line, JVK-03 (24), was maintained in
Eagle’s minimum essential medium containing 5% fetal bovine serum.
PV type I Mahoney, a strain derived from the infectious cDNA clone
pOM, was used in this study (45). The virus was propagated in JVK-03,
and the viral titer was determined using the plaque assay. Primary cul-
tured kidney cells were prepared from transgenic and knockout mice as
previously described (54).

Transgenic and knockout mice and infection experiments. All ex-
periments using mice were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals of the Tokyo Metropolitan
Institute of Medical Science. ICR-PVRTg21 mice (26) were mated with
RIG-I7/~ and/or MDA5~/~ mice (21) in the ICR background because it
is difficult to maintain RIG-1/~ mice in other genetic backgrounds. We
mated mice and obtained littermates with the genotypes RIG-1*/~
MDA5*/~, RIG-I7/= MDA5*/~, RIG-I*/~ MDA5~/~, and RIG-17/—
MDA5~/~ to use in experiments. C57BL/6 (B6)-PVRTg21 mice were
mated with MDA5~/~ mice, TRIF~/~ mice, MyD88~/~ mice, and
TLR3™/~ mice (51) in the B6 background (backcrossed 7 to 10 times).
IFNAR1~/~ PVR-tg mice were previously described (19). Because all of
the mice that were used in the present study were in the PVR-tg back-
ground, we omitted the notation “PVR-tg” for simplicity in this report.
Six- to 7-week-old mice were used for infection experiments. The survival
and clinical symptoms of the mice were observed daily for 3 weeks. At the
first sign of severe neurological symptoms, the mice were sacrificed as a
humane endpoint.

Measurement of IFN levels. IFN-« levels in the sera were deter-
mined using an enzyme-linked immunosorbent assay (ELISA). The
ELISA kit for IFN-a was purchased from PBL Biochemical Laborato-
ries. Mouse IFN activity in the supernatants of PV-infected kidney
cells was measured by the cytopathic effect dye uptake method using
L1929 cells (54, 55). Recombinant mouse IFN- 8 (Toray) was used as the
standard for unit definition.

Quantitative real-time reverse transcription (RT)-PCR. RNA was
isolated from the tissues of infected mice or infected cells using the Isogen
RNA extraction kit (Nippon Gene). DNase I treatment and cDNA syn-
thesis were performed as previously described (54). The amounts of the
mRNAs for IFN-a, IFN-$3, OAS1la, and IRF-7 were determined using
real-time RT-PCR with an ABI Prism 7500 (Applied Biosystems) as pre-
viously described (54).

RESULTS

IFN production in primary cultured kidney cells is dependent
on MDA5. We examined whether, similar to EMCV infection, PV
infection is recognized by MDAS in vitro. We mated PVR-tg mice
with MDAS5-deficient and RIG-I-deficient mice to generate RIG-
[/~ MDA5*/~, RIG-I=/~ MDA5*/~, RIG-I*/~ MDA5~/—, and
RIG-I7/~ MDA5~/~ mice in the ICR background. We prepared
primary cultured kidney cells from mice with these genotypes to
determine the role of RLRs. After cultivation for approximately 1
week, the cells that became confluent were infected with PV at a
multiplicity of infection (MOI) of 10. RNA was recovered from
the infected cells at 6 hpi, and the amounts of the mRNAs for
IFN-« and IFN- 8 were determined using real-time RT-PCR. Kid-
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ney cells that were not pretreated with IFN- B before PV infection
showed rapid cytopathic effect progression and did not produce
IFN mRNA (data not shown). This result is consistent with our
previous observations (54). We therefore pretreated cells with 100
U of IFN-B for 2 h and infected them with PV. As we reported
previously, the IFN-treated kidney cells became resistant to PV
infection, PV replication was severely inhibited, and IFN produc-
tion was observed (54). Under this condition, we determined the
sensor responsible for IFN production. We observed the induc-
tion of both IFN-« (Fig. 1A) and IFN-B8 mRNAs (Fig. 1B) in cells
that were isolated from RIGI-I*/~ MDA5*/~ mice and RIGI-I~/~
MDAS5*~ mice but not from RIGI-I*/~ MDAS5~/~ mice or RIGI-
I7/~ MDA5~/~ mice. The induced IFN proteins were not detected
by ELISA due to a very small amount of IFNs produced in the
supernatants. However, IFN activity was detected in the superna-
tants of PV-infected kidney cells prepared from RIGI-I™/—
MDA5*~ mice and RIGI-I7/~ MDA5*/~ mice but not from
RIGI-I*/~ MDA5~/~ mice or RIGI-I™/~ MDA5™/~ mice using
the cytopathic effect dye uptake method (Fig. 1C). These results
suggest that PV infection is recognized by MDA5 but not RIG-I in
primary murine kidney cells, which is consistent with previous
reports demonstrating that MDAS5 is essential for the detection of
picornaviruses (10, 23). However, MDA5-mediated IFN produc-
tion was observed only when cells had been primed with a low
dose of IFNs.

IFN responses of MDA5-deficient mice are not significantly
different from those of wild-type mice. We hypothesized that
MDADS plays an important role in the type I IFN response upon PV
infection in vivo. We examined the serum IFN-« levels in PVR-tg
mice intravenously infected with 2 X 107 PFU of PV using ELISA.
Their serum IFN-a level was initially observed at 9 hpi, peaked at
12 hpi, and began to decline at 24 hpi (Fig. 2A). We then deter-
mined the serum IFN-« levels of the knockout mice at 12 hpi.
Unexpectedly, similar serum IFN-« levels were detected in RIG-
I+/= MDA5*/~, RIG-1*/~ MDA5~/~, RIG-I7/~ MDA5*/~, and
RIG™/~ MDA5~/~ mice infected with PV (Fig. 2B).

We monitored the induction of mRNAs for the IFN-
stimulated genes (ISGs), OASla (Fig. 3A) and IRF-7 (Fig. 3B), in
the brain, spinal cord, liver, spleen, and kidney using real-time
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FIG 2 Production of serum IFN-« in RIG-I- and MDA5-deficient mice. (A)
Time course of IFN-« levels in serum. PVR-tg mice in the B6 background (n =
4 or n = 5) were intravenously infected with 2 X 107 PFU of PV. Serum
samples were collected at the indicated time points, and the concentration of
IFN-o was determined using ELISA. (B) IFN-a levels of RIG-I- and MDAS-
deficient mice in the ICR background (n = 8) at 12 hpi were compared. The
experiments were repeated twice, and representative data are shown.

RT-PCR. Among the organs tested, the expression levels of these
ISGs were the highest in the spleen. However, the expression pro-
files of these genes were essentially the same in all organs. In ac-
cordance with the elevated serum IFN levels, the induction of ISGs
in various organs was observed in all mice (Fig. 3A and B). The
results suggest that MDAS5 does not play a critical role in IFN
production and subsequent ISG induction in response to PV in-
fection in vivo.
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FIG 3 ISG induction in RIG-I- and MDA5-deficient mice. Mice (1 = 4) were intravenously infected with 2 X 107 PFU of PV. At 12 hpi, RNA was isolated from
the indicated tissues of the infected mice and OAS1a (A) and IRF-7 (B) mRNA levels were determined using quantitative real-time PCR. The experiments were

repeated twice, and representative data are shown. SPC, spinal cord.
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FIG 4 (A) PV replication in RIG-I- and MDAS5-deficient mice. RIGI-I*/~ MDA5*+/~, RIGI-I=/~ MDA5*+/~, RIGI-I~/~ MDA5*/~, and RIGI-I~/~ MDA5~/~ mice in
the ICR background and IFNARI ~/~ mice in the B6 background (1 = 3) were intravenously infected with 2 X 107 PFU of PV. Infected mice were paralyzed or dead at
3 to 5 days postinfection. The tissues of the paralyzed mice were collected, and the viral titers were determined using a plaque assay (*, P << 0.01 by ¢ test compared to
RIGI-I*/~ MDAS5™/~ mice). (B) PV replication kinetics in MDA5-deficient mice. Nontransgenic (non-tg) mice, wild-type mice, MDA5~/~ mice, and IFNAR1 ~/~ mice
in the B6 background (n = 3) were infected as described above. Tissues were collected daily, and viral titers were determined. SPC, spinal cord.

PV replication in nonneural tissues and mortality rates of
mice deficient in RIG-I-like receptors. We have previously
shown that the IFN-a/B response forms an innate immune barrier
to prevent PV replication in nonneural tissues and PV invasion of
the CNS (19, 25). Therefore, we evaluated PV replication in neural
and nonneural tissues in RLR-deficient mice. The mice were in-
fected with 2 X 107 PFU of PV, which is approximately 100 times
higher than the 50% lethal doses for all mouse strains. The in-
fected mice showed paralysis by 3 to 5 days postinfection. The
brain, spinal cord, liver, spleen, and kidney of the paralyzed mice
were recovered, and their viral titers were determined (Fig. 4A).
PV was recovered from the CNS of the paralyzed mice almost
equally among the genotypes. The viral titers recovered from the
liver, spleen, and kidney of IFNAR1™/~ mice were significantly
higher than those of wild-type mice, as previously described (19).
However, PV titers that were recovered from these organs of RIG-
I=/= MDA5%/~, RIG-I*/~ MDA5~/~, and RIG-1"/~ MDA5~/~
mice were as low as or lower than those in the organs of RIG-1*/~
MDAS5*~ mice. We then examined virus replication kinetics us-
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ing nontransgenic mice, wild-type mice, IENAR™/~ mice, and
MDA5~/~ mice in the B6 background (Fig. 4B). The viral load in
the CNS increased in a similar fashion among the transgenic
mouse strains. However, the viral load kinetics in the liver, spleen,
and kidney of wild-type and MDAS5~/~ mice were similar to those
of nontransgenic mice. The values for nontransgenic mice indi-
cate the kinetics of clearance of inoculated virus. The results indi-
cated that PV replication was severely inhibited in the liver, spleen,
and kidney of wild-type and MDA5~/~ mice. This inhibition cor-
related well with the induction of serum IFNs in MDA5~/~ mice
(Fig. 2). The PV antigen was detected in neurons in the CNS but
not in other tissues in all knockout mice (Table 1). This result
indicates that the lack of RLRs did not alter the tissue tropism of
PV. These data suggest that inhibition of PV replication in non-
neural tissues is not dependent on RLRs and that MDA5-
independent mechanisms are the major contributors in control-
ling PV replication.

We examined the mortality rates of RIG-I*/~ MDA5*/~, RIG-
I/~ MDA5*/~, RIG-I*/~ MDA5~/~, and RIG-I"/~ MDA5~/~
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TABLE 1 PV antigens in RIG-I- and MDAS5-deficient mice

No. of PV antigen-positive mice/no. of mice tested

Poliovirus and Viral RNA Sensors

mice in the ICR background after intravenous infection with PV at
103, 104, and 10° PFU (Fig. 5A, B, and C). The mortality rates of
these mice did not differ significantly from each other. We ob-

[+ - REvE -
Ssrsgua: or ﬂg AIS+ /- ;Ig AIS+ /- 113411(33 Als— . ﬁg Als- ,—  served that the mortality rates of RIG-I*/~ MDA5™/~ mice that
Braln m 73 7 m were inoculated with 10* PFU of PV was slightly higher than the
Spinal cord 4/4 33 4/4 4/4 mice of other genotypes. However, significant differences were
Heart 0/4 0/3 0/4 0/4 not observed in mice that were inoculated with the other doses.
Lung 074 073 074 074 Similar experiments were performed using MDA5~/~ and
I]gi:’jexiey g;i 8;; 8;: 8;: MDA5*+/~ mice in the B6 background (Fig. 5D, E, and F). We did
Spleen 0/4 0/3 0/4 0/4 not observe significant differences between the MDA5~/~ and
Pancreas 0/4 0/3 0/4 0/4 MDAS5*/~ mice. The mortality rate of MDA5 ™/~ mice was slightly
2’;?3‘“‘5 ) g; i 8; g g; Z 8; i higher than that of MDA5*/~ mice that were inoculated with 10°
[pose tissue PFU of PV. However, the opposite trend was observed when mice
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FIG 5 Mortality rates of RIG-I- and MDA5-deficient mice. Littermates of the genotypes indicated were obtained by mating RIGI-I*/~ MDA5*+/~ and RIGI-I~/~
MDAS5~/~ mice in the ICR background. The mice were infected intravenously with 10% (A), 104 (B), or 10° (C) PFU of PV. The results shown are the sums of
several independent experiments. The total numbers of mice of the different genotypes that were used are boxed, and the doses used are shown at the top.
Littermates of MDA5*/~ and MDA5~/~ mice were obtained in the B6 background. The mice (n = 12) were intravenously infected with 10? (D), 10* (E), or 10°
(F) of PV. MDA5*/* and MDA5~/~ mice (n = 6) were intracerebrally infected with 102 (G), 10* (H), or 10* (I) PFU of PV, respectively. We monitored the
survival rates of the mice for 3 weeks after infection.
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FIG 6 Production of serum IFN-« in TRIF-, MyD88-, and TLR3-deficient
mice. Mice (n = 3 or 8) were intravenously infected with 107 PFU of PV. [FN-«
levels of TRIF- and MyD88-deficient mice (A) and TLR3-deficient mice (B) at
12 hpi were compared. The experiments were repeated twice, and representa-
tive data are shown.

were inoculated with 10* PFU of PV. We suspect that the slight
difference between the mortality rates of wild-type and MDA5~/~
mice was in the range of experimental fluctuation, and thus, the
disruption of MDAS5 did not significantly influence the mortality
rate. In order to determine if the same is true when mice are
infected by other routes, we inoculated wild-type and MDA5~/~
mice with PV intracerebrally and compared their mortality rates
(Fig. 5G to I). Their mortality rates did not differ significantly.
These results suggest that MDAS does not make a great contribu-
tion to the protection of mice, at least after intracerebral and in-
travenous infections. Taken together, the MDA5-mediated re-
sponse does not play a dominant role in IFN production, ISG
induction, or inhibition of PV replication in vivo, unlike the
MDAS5-mediated effects on EMCYV infection.

IFN response in TRIF- and MyD88-deficient mice. Because
the experiments with MDA5-deficient mice suggested the exis-
tence of other protective mechanisms in PV infection, we investi-
gated the role of TLRs using TRIF- and MyD&8-deficient mice.
PVR-tg mice were mated with TRIF~/~ and/or MyD88~/~ mice
in the B6 background. Serum IFN-« of mice infected with 107 PFU
of PV was measured using ELISA at 12 hpi (Fig. 6A). Interestingly,
serum IFN production in response to PV infection was abrogated

A OAS1a
4000

CInoninfected

B Wild Type
ETRIF
=IMyD88+"-
ETRIF MyD88+

3500

3000

2500

2000

1500

1000

Normalized mRNA amounts

500

&
preg

in TRIF~/~ mice. Because TRIF acts as an adaptor for TLR3 and
TLR4, we tested whether the same phenomenon occurs in
TLR3~/~ mice. Serum IFN induction was not observed in TLR3-
deficient mice (Fig. 6B). These results suggest that the TLR3-
mediated pathway is essential for IFN production in response to
PV infection.

We next assessed the induction of mRNAs for OASla (Fig. 7A)
and IRF-7 (Fig. 7B) in various organs using real-time RT-PCR.
The induction of OAS1a and IRF-7 was observed in all mice. Al-
though serum IFN production was abrogated in TRIF~/~ mice
and TRIF~/~ MyD88~/~ mice (Fig. 6), a significant level of ISG
mRNA was induced. However, the induction levels were slightly
lower than those in wild-type mice in some cases. The results
suggest that the TRIF-mediated pathway contributes to ISG ex-
pression mainly through the induction of serum IFNs in response
to PV infection and that some other mechanisms may also con-
tribute to ISG expression.

PV replication in nonneural tissues and mortality rates of
TRIF- and MyD88-deficient mice. The brain, spinal cord, liver,
spleen, and kidney of paralyzed mice were recovered, and viral
titers were determined (Fig. 8). PV was recovered from the CNS of
TRIF~/~, MyD88~/~, and TLR3 ™/~ mice, and the titers were not
different from those of wild-type mice. However, the viral titers of
the liver, spleen, and kidney of TRIF~/~ and TLR3 ™/~ mice were
significantly higher than those of wild-type mice but lower than
those of IFNAR1~/~ mice. We then examined the virus replica-
tion kinetics in TRIF~/~ mice (Fig. 8B). The viral load in the CNS
increased in TRIF~/~ mice similarly to that in other mice. In ac-
cordance to the absence of serum IEN (Fig. 2), the viral loads in the
liver, spleen, and kidney of TRIF~/~ mice increased, while the
viral loads in these organs of wild-type mice decreased. PV anti-
gens were detected in the CNS of all of the knockout mice. In
addition, PV antigens were detected in the adipose tissue, pan-
creas, and kidney of several TRIF~/~ and MyD88~/~ mice (Table
2). These results suggest that these tissues support viral multipli-
cation in these knockout mice and that the TLR-mediated signal-
ing pathways contribute to the regulation of PV replication in
nonneural tissues.

The mortality rates of TRIF~/~, MyD88~/~, and TLR3~/~

B IRF-7
60007

5000
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20001

Normalized mRNA amounts
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FIG 7 ISG induction in TRIF- and MyD88-deficient mice. Mice (n = 4) were intravenously infected with 107 PFU of PV. At 12 hpi, RNA was isolated from the
indicated tissues of the infected mice and OAS1a (A) and IRF-7 (B) mRNA levels were determined by quantitative real-time PCR. The experiments were repeated

twice, and representative data are shown. SPC, spinal cord.
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FIG 8 (A) PV replication in TRIF- and MyD88-deficient mice. Wild-type (n = 4), TRIF~/~ (n = 4), MyD88—/~ (n = 6), TRIF~/~ MyD88~/~ (n = 4), TLR3~/~
(n = 5), and IFNAR1~/~ (n = 4) mice were intravenously infected with 107 PFU of PV. The infected mice were paralyzed or dead at 3 to 5 days postinfection.
The indicated tissues were collected, and viral titers were determined using a plaque assay (*, P < 0.01 by ¢ test compared to wild-type mice). (B) PV replication
kinetics in TRIE-deficient mice. Nontransgenic mice, wild-type mice, TRIF~/~ mice, and IENAR1 ™/~ mice (n = 3) were infected as described above. Tissues were
collected daily, and viral titers were determined. The results for nontransgenic (non-tg) mice, wild-type mice, and IFENARI~/~ mice are the same as those in Fig.

TABLE 2 PV antigens in TRIF- and MyD88-deficient mice

Liver Kidney
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§ 1] § 0
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Days postinfection Days postinfection

No. of PV antigen-positive mice/no. of mice tested

Organ or wild TRIF~/~
tissue type TRIF~/~ MyD88~/~ MyD88—/—
Brain 6/6 8/8 9/9 6/6
Spinal cord 6/6 8/8 9/9 6/6
Heart 0/6 0/8 0/8 0/6

Lung 0/6 0/8 0/8 0/6

Liver 0/6 0/8 0/9 0/6
Kidney 0/6 0/8 2/9 0/5
Spleen 0/6 0/8 0/9 0/6
Pancreas 2/6 0/8 719 4/6
Intestine 0/6 0/8 0/9 0/6
Adipose tissue 0/6 2/8 2/9 3/6
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mice were compared (Fig. 9). Approximately 25% of the TRIF~/~
mice died after infection with 10> PFU of PV, and almost all of
the mice died after infection with more than 10*> PFU of PV (Fig.
9A). Approximately 20% and 60% of the MyD88~/~ mice died
after infection with 103 and 10* PFU of PV, respectively (Fig. 9B
and C). TRIF~/~ MyD88~/~ mice were the most susceptible. In
total, 70% of the mice died after infection with 102 PFU of PV (Fig.
9A). The mortality rate of TRIF~/~ MyD88~/~ mice was very
close to that of IFNAR1~/~ mice (19). The mortality rate of
TLR3~/~ mice was similar to that of TRIF~/~ mice (Fig. 9D, E,
and F). These results suggest that the TRIF-mediated and MyD88-
mediated antiviral responses contribute to the host’s defense
against PV infection and that the TLR3-TRIF-mediated response
has the most dominant effect.

DISCUSSION

Each virus infects different cell types and has a characteristic mode
of replication. In mammalian hosts, several viral RNA sensors,
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FIG 9 Mortality rates of TRIE-, MyD88-, and TLR3-deficient mice. (A) Wild-type, TRIF~/~, MyD88~/~, and TRIF~/~ MyD88~/~ mice (n = 12) were
intravenously inoculated with the indicated doses of PV. (B) Littermates of TLR3*/~ and TLR3~/~ mice (1 = 12) were used.

which are expressed in different cell types and recognize different
molecular patterns, have evolved to counteract a variety of viruses.
In the present study, we demonstrated that the MDA5-, TRIF-,
and MyD88-mediated pathways contribute to the recognition of
PV infection and that the TLR3-TRIF-mediated pathway plays the
most important role in the antiviral response. Since all of the phe-
notypes shown after PV infection in the TRIF™/~ mice and
TLR3~/~ mice are very similar to each other, we think that the
contribution of the TLR3-mediated response is dominant and
that of the TLR4-mediated response is negligible.

Previous reports have revealed that IFN is produced efficiently
in EMCV-infected fibroblasts in an MDAS5-dependent manner
and that MDAS contributes to the induction of serum IFNs and
the protection of mice against EMCV (10, 23). Because EMCV
belongs to the family Picornaviridae, we hypothesized that MDAS5
also contributes to IFN induction in response to PV infection.
However, the MDA5-dependent pathway did not play a dominant
role in the defense against PV infection. Therefore, we speculate
that PV uses mechanisms different from those of EMCV to
strongly suppress IFN production in vivo. Indeed, [FN production
in cultured cells in response to PV infection was observed only
when the cells were pretreated with a low dose of IFNs. In addi-
tion, the amount of IFN produced was much lower than that pro-
duced in response to EMCV infection (Fig. 1). This result suggests
that IFN induction in infected cells is suppressed and that this
PV-mediated effect may be stronger than that of EMCV. Transla-
tional shutoff may be one of the reasons for this difference. PV 3A
protein causes a change in membrane trafficking that prevents
protein secretion and may also contribute to the suppression of
IFN production (6). Caspase-dependent cleavage of MDA5 (3)
and IPS-1 (39) in PV-infected cells has been reported. Through
these possible mechanisms, PV may induce the suppression of
IFN production in mice in vivo, and the MDA5-mediated pathway
does not play an essential role in the host response, unlike in

192 jviasm.org

EMCYV infection. PV and EMCV seemed to use different strategies
to counteract the host innate immune system, even though PV
and EMCYV belong to the same family. Thus, TLR3 became the
sensor that functions most effectively for PV as a result of PV
evolution. Although the TLR3-TRIF-mediated pathway plays a
dominant role, the fact that significant ISG induction was ob-
served in PV-infected TRIF~/~ and TRIF~/~ MyD88~/~ mice
(Fig. 7) suggested that other mechanisms also operate in combi-
nation with this pathway.

The viral loads in the nonneural tissues of TLR3- and TRIF-
deficient mice were much higher than those in wild-type mice,
whereas the viral loads in the CNS were not significantly different
in paralyzed mice (Fig. 8). These results suggest that the TLR3-
TRIF-mediated pathway inhibits viral replication mainly before
viral invasion of the CNS rather than after invasion and that this
response plays an important role in preventing the viral invasion
of the CNS. In the CNS, replication of PV was not effectively
inhibited, even in wild-type mice. This result is consistent with our
previous results obtained using IFNARI™/~ mice and suggests
that the antivirus response in the CNS is different from that in
nonneural tissues upon PV infection (19). The cell tropism of PV
may influence the efficiency of the immune response. For exam-
ple, if PVR is expressed in TLR3-expressing cells, then PV replica-
tion would be detected immediately after infection. Alternatively,
if PV infection in vivo occurs in the vicinity of TLR3-expressing
immune cells such as DCs and macrophages, PV-infected cells
may readily be captured by TLR3-expressing cells, thereby facili-
tating efficient cross-priming (27, 44) of PV RNA. PV infects neu-
rons almost exclusively and not other cell types in the CNS. If
neurons do not have the ability to induce a strong TLR3-mediated
antiviral response upon PV infection, the CNS may be more de-
fective in the innate immune response than nonneural tissues are.
This may be one of the reasons why PV replicates preferentially in
the CNS. Further studies on PV pathogenesis related to the innate
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immune response will make a great contribution to elucidating
the mechanisms of PV tissue tropism.

TLR3 recognizes dsRNA. However, the protective role of TLR3
in the response to many RNA viral infections is not clear (9, 29,
43). A previous study has demonstrated that WNV, which is an
encephalitis virus belonging to the family Flaviviridae, causes
more severe encephalitis in mice with intact TLR3 than in
TLR3~/~ mice. Peripheral WNV infection leads to a breakdown of
the blood-brain barrier (BBB) and enhances brain infection in
wild-type mice but not in TLR3 ™/~ mice (50). In contrast, a pro-
tective role of the TLR3-mediated pathway in PV infection was
clearly demonstrated in the present study. PV enters the CNS di-
rectly across the BBB via a PVR-independent mechanism (52) and
from the neuromuscular junction via retrograde axonal transport
(31-33). Because PV originally possesses two entry pathways into
the CNS, the generation of a new entry pathway, even if it did
occur, might not increase its deteriorative effect.

Interestingly, protective roles of the TLR3-mediated pathway
have been reported for group B coxsackievirus (30, 41, 42), human
rhinovirus (49), and EMCV (11) infections. Riad et al. (41) dem-
onstrated that TRIF~/~ mice showed severe myocarditis after
CVB3 infection and IFN- 8 treatment improved virus control and
reduced cardiac inflammation. Richer et al. (42) reported that
TLR3™/~ mice produced reduced proinflammatory mediators
and were unable to control CVB4 replication at the early stages of
infection, resulting in severe cardiac damage. They also showed
that adoptive transfer of wild-type macrophages into TLR3~/~
mice challenged with CVB4 resulted in greater survival, suggesting
the importance of the TLR3-mediated pathway in the macro-
phage. Negishi et al. (30) reported that TLR3™/~ mice showed
vulnerability to CVB3 and that TLR3 signaling is linked to the
activation of the type II IFN system. Since CVB3 does not induce
robust type I IENSs, they suggested that the TLR3 type II IFN path-
way serves as an “ace in the hole” in infections with such viruses.
PV is similar to CVB3 because type I IFN production is low. How-
ever, in our preliminary experiments on PV infection in IFN-y~/~
PVR-tg mice, type II IFN did not make a significant contribution
to the pathogenesis of PV. Taken together, these results suggest a
critical role for the TLR3-mediated pathway, but the precise
mechanisms leading to host protection are still controversial and
the downstream events of TLR3 signaling after picornavirus infec-
tion remain to be elucidated.

Because the above-mentioned viruses are picornaviruses, pi-
cornavirus RNA may be easily detected by TLR3. There may be a
common RNA structure in the genome or in the replication inter-
mediates of these viruses that is detected by TLR3. Alternatively,
picornaviral RNA may replicate in a compartment in which TLR3
can easily access the replicating dsRNA. To investigate these hy-
potheses, identification of the cells responsible for IFN production
is an important step. Oshiumi et al. demonstrated that splenic
CD8a* CD11c” cells, bone marrow-derived macrophages, and
DCsare able to elicit IFN in response to PV infection (35). Further
studies using this virus-cell system will elucidate the molecular
recognition pattern in the PV genome, the precise mechanism of
PV RNA recognition in TLR3-expressing cells, and the roles of
these cells in the prevention of PV dissemination in the body.
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ABSTRACT

Persistent hepatitis C virus (HCV) infection frequently causes hepatocellular carcinoma. However, the
mechanisms of HCV-associated hepatocarcinogenesis and disease progression are unclear. Although the
human hepatoma cell line, HuH-7, has been widely used as the only cell culture system for robust HCV
replication, we recently developed new human hepatoma Li23 cell line-derived OL, OL8, OL11, and OL14
cells, in which genome-length HCV RNA (O strain of genotype 1b) efficiently replicates. OL, OL8, OL11,
and OL14 cells were cultured for more than 2 years. We prepared cured cells from OL8 and OL11 cells by
interferon-y treatment. The cured cells were also cultured for more than 2 years. cDNA microarray and
RT-PCR analyses were performed using total RNAs prepared from these cells. We first selected several
hundred highly or moderately expressed probes, the expression levels of which were upregulated or
downregulated at ratios of more than 2 or less than 0.5 in each set of compared cells (e.g., parent OL8
cells versus OL8 cells cultured for 2 years). From among these probes, we next selected those whose
expression levels commonly changed during a 2-year culture of genome-length HCV RNA-replicating
cells, but which did not change during a 2-year culture period in cured cells. We further examined the
expression levels of the selected candidate genes by RT-PCR analysis using additional specimens from
the cells cultured for 3.5 years. Reproducibility of the RT-PCR analysis using specimens from recultured
cells was also confirmed. Finally, we identified 5 upregulated genes and 4 downregulated genes, the
expression levels of which were irreversibly altered during 3.5-year replication of HCV RNA. These genes
may play roles in the optimization of the environment in HCV RNA replication, or may play key roles in
the progression of HCV-associated hepatic diseases.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a causative agent of chronic hepatitis,
which progresses to liver cirrhosis and hepatocellular carcinoma
(HCC)(Chooetal., 1989; Saito et al., 1990; Thomas, 2000). However,

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; E1, enve-
lope 1; EGF, epidermal growth factor; RT-PCR, reverse transcription-polymerase
chain reaction; IFN, interferon; ACSM3, acyl-CoA synthetase medium-chain fam-
ily member 3; ANGPTT1, angiopoietin 1; CDKN2C, cyclin-dependent kinase inhibitor
2C; PLA1A, phospholipase A1 member A; SEL1L3, Sel-1 suppressor of lin-12-like 3;
SLC39A4, solute carrier family 39 member 4; TBC1D4, TBC1 domain family member
4; WISP3, WNT1 inducible signaling pathway protein 3; ANXA1, annexin A1; AREG,
amphiregulin; BASP1, brain abundant, membrane attached signal protein 1; CIDEC,
cell death activator CIDE-3; CPB2, carboxypeptidase B2; HSPA6, heat-shock 70kDa
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the mechanisms of HCV-associated hepatocarcinogenesis and dis-
ease progression are still unclear. HCV is an enveloped virus with a
positive single-stranded 9.6 kb RNA genome, which encodes a large
polyprotein precursor of approximately 3000 amino acid residues.
This polyprotein is cleaved by a combination of the host and viral
proteases into at least 10 proteins in the following order: Core,
envelope 1 (E1), E2, p7, nonstructural protein 2 (NS2), NS3, NS4A,
NS4B, NS5A, and NS5B (Hijikata et al., 1991, 1993; Kato et al., 1990).

The initial development of a cell culture-based replicon system
(Lohmann et al., 1999) and a genome-length HCV RNA-replication
system (Ikeda et al., 2002) using genotype 1b strains enabled the
rapid progression of investigations into the mechanisms underly-
ing HCV replication (Bartenschlager, 2005; Lindenbach and Rice,
2005). Furthermore, these RNA replication systems have been
improved such that they have become suitable for the screen-
ing of anti-HCV reagents by the introduction of reporter genes
such as luciferase (Ikeda et al.,, 2005; Krieger et al., 2001). More-
over, in 2005, an efficient virus production system using the
JFH1 genotype 2a strain was developed using human hepatoma
cell line HuH-7-derived cells (Wakita et al., 2005). However,
to date, HuH-7-derived cells are used as the only cell culture
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system for robust HCV replication (Bartenschlager and Sparacio,
2007; Lindenbach and Rice, 2005). Most studies of HCV replication
or anti-HCV reagents are currently carried out using a HuH-7-
derived cell culture system. Therefore, it remains unclear whether
or not recent advances obtained from the HuH-7-derived cell cul-
ture system reflect the general features of HCV replication or
anti-HCV targets. To resolve this issue, we aimed to find a cell line
other than HuH-7 that enables robust HCV replication. We recently
found a new human hepatoma cell line, Li23, that enables efficient
HCV RNA replication and persistent HCV production (Kato et al.,
2009b). In that study, we established genome-length HCV RNA
replicating cell lines, OL (polyclonal; a mixture of approximately
200 clones), OL8 (monoclonal), OL11 (monoclonal), and OL14
(monoclonal), and characterized them (Kato et al., 2009b). We fur-
ther developed Li23-derived drug assay systems (ORL8 and ORL11)
(Kato et al., 2009b), which are relevant to the HuH-7-derived OR6
assay system (Ikeda et al., 2005). Since we demonstrated that the
gene expression profile of Li23 cells was distinct from that of
HuH-7 cells (Mori et al., 2010), we expected to find that the host
factors required for HCV replication or anti-HCV targets in Li23-
derived cells would also be distinct from those in HuH-7-derived
cells. Indeed, we found that treatment of the cells with approxi-
mately 10 wM (a clinically achievable concentration) of ribavirin,
an anti-HCV drug, efficiently inhibited HCV RNA replication in both
the Li23-derived ORL8 and ORL11 assay systems, but not in the
HuH-7-derived OR6 assay system (Mori et al., 2011). We further
demonstrated that more than half of the 26 anti-HCV reagents that
have been reported by other groups as anti-HCV candidates using
HuH-7-derived assay systems other than OR6 assay system exhib-
ited different anti-HCV activities from those of the previous studies
(Ueda et al., 2011). In addition, we observed that the anti-HCV
activities evaluated by the OR6 and ORLS8 assay systems were also
frequently different (Ueda et al., 2011). Furthermore, Li23-derived
cells showed epidermal growth factor (EGF)-dependent growth
(Kato et al., 2009b)-like immortalized or primary hepatocyte cells
(e.g., PH5CHS (Ikedaet al., 1998)), whereas HuH-7-derived cells can
grow in an EGF-independent manner. Our findings, when taken
together, suggested that a study using Li23-derived cells might
yield unexpected results, since only HuH-7-derived cells are com-
monly used in a wide range of HCV studies.

Moreover, our findings to date suggested that the long-term
replication of HCV RNA may cause irreversible changes in the gene
expression profiles of host cells, yielding an environment for facili-
tative viral replication or progression of a malignant phenotype. To
investigate this possibility, we carried out cDNA microarray and/or
reverse transcription-polymerase chain reaction (RT-PCR) analy-
ses using Li23-derived cells (OL, OL8, OL11, and OL14) in order to
identify host genes for which expression levels were irreversibly
altered by the long-term replication of HCV RNA. Here we report
the identification of such host genes.

2. Materials and methods
2.1. Cell culture

The Li23 cell line consists of human hepatoma cells from
a Japanese male (age 56) was established and characterized in
2009 (Kato et al., 2009b). Li23 cells were maintained in modified
culture medium for the PH5CH8 human immortalized hepato-
cyte cell line (Ikeda et al., 1998), as described previously (Kato
et al.,, 2009b). Genome-length HCV RNA-replicating cells (Li23-
derived OL, OL8, OL11, and OL14 cells) were also maintained in
the medium for the Li23 cells in the presence of 0.3 mg/mL of
G418 (Geneticin, Invitrogen, Carlsbad, CA). Cured cells (OL8c and
OL11c cells), from which the HCV RNA had been eliminated by

interferon (IFN)-y treatment (Abe et al., 2007), were cultured in
the medium for the Li23 cells. These cells were passaged every
7 days for 3.5 years. In this study, OL, OL8, OL11, OL14, OLSc,
and OL11c cells were renamed as OL(0Y), OL8(0Y), OL11(QY),
OL14(0Y), OL8c(0Y), and OL11c(0Y) cells, respectively, to spec-
ify the time at which the cells were established. These “0Y” cells
of passage number 3 were used in this study. Two-year cultures
of OL(QY), OL8(0QY), OL11(0Y), OL14(0Y), OL8c(0Y), and OL11c(0Y)
cells were designated as OL(2Y), OL8(2Y), OL11(2Y), OL14(2Y),
OL8c(2Y), and OL11¢(2Y) cells, respectively. The 3.5-year cultures
of OL8(0Y), OL11(0Y), OL8c(0Y), and OL11¢(0Y) cells were desig-
nated as OL8(3.5Y), OL11(3.5Y), OL8¢(3.5Y), and OL11¢(3.5Y) cells,
respectively. The cured cells obtained from OL8(2Y) and OL11(2Y)
cells by IFN-y treatment (Abe et al., 2007) were designated as
OL8(2Y)c and OL11(2Y)c cells, respectively, and were maintained
in the medium for the Li23 cells.

2.2. ¢cDNA microarray analysis

OL(0Y), OL(2Y), OL8(0Y), OL8(2Y), OL11(0Y), OL11(2Y),
OL8c(0Y), OL8c(2Y), OL11¢(0Y), and OL11c(2Y) cells were cul-
tured in the medium without G418 during a few passages, and
then these cells (1 x 108 each) were plated onto 10-cm diameter
dishes and cultured for 2 or 3 days. Total RNAs from these cells
(approximately 70-80% confluency) were prepared using the
RNeasy extraction kit (QIAGEN, Hilden, Germany). As previously
described (Kato et al., 2009b; Mori et al., 2010), cDNA microarray
analysis was performed by Dragon Genomics Center of Takara Bio.
(Otsu, Japan) through an authorized Affymetrix service provider
using the GeneChip Human Genome U133 Plus 2.0 Array. Differen-
tially expressed genes were selected by comparing the arrays from
the genome-length HCV RNA-replicating cells, and the selected
genes were further compared with the arrays from the cured cells
(see Fig. 2 for details).

2.3. RT-PCR

We performed RT-PCR in order to detect cellular mRNA as
described previously (Dansako et al., 2003 ). Briefly, total RNA (2 j.g)
was reverse-transcribed with M-MLV reverse trascriptase (Invit-
rogen) using an oligo dT primer (Invitrogen) according to the
manufacturer’s protocol. One-tenth of the synthesized cDNA was
used for the PCR. The primers arranged for this study are listed in
Table 1.

2.4. Quantitative RT-PCR analysis

The quantitative RT-PCR analysis for HCV RNA was performed
using a real-time LightCycler PCR (Roche Diagnostics, Basel,
Switzerland) as described previously (Ikeda et al., 2005; Kato et al.,
2009b). Quantitative RT-PCR analysis for the mRNAs of the selected
genes was also performed using a real-time LightCycler PCR. The
primer sets used in this study are listed in Table 1.

2.5. Western blot analysis

The preparation of cell lysates, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and immunoblotting
analysis with a PVDF membrane were performed as previously
described (Kato et al., 2003). The antibodies used for the O strain
in this study were those against Core (CP9, CP11, and CP14
monoclonal antibodies [Institute of Immunology, Tokyo, Japan];
a polyclonal antibody [a generous gift from Dr. M. Kohara, Tokyo
Metropolitan Institute of Medical Science]), E1 and NS5B (a gen-
erous gift from Dr. M. Kohara), and NS3 (Novocastra Laboratories,
Newcastle upon Tyne, UK). B-Actin antibody (Sigma, St. Louis, MO)
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