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28 days after immunization with LC16m8 or rVV-N25. The scale bars indicate 100 um (C) and 50 um (D). (E) Histological evaluation of steatosis in liver
samples from CD4-depleted or CD8-depleted CN2-29%/~)/MxCre™’~) mice 28 days after immunization with LC16m8 or VV-N25. Significant

relationships are indicated by a P-value.
doi:10.1371/journal.pone.0051656.g004

a HCV nonstructural protein. Thus, we focused on the role of the
NS2 region as the target for CD8 T cells and generated EL-4 cell
lines that expressed the NS2 antigen or the CN2 antigen.

Isolated splenocytes from immunized mice were co-cultured
with EL-4CN2 or EL-4NS2 cell lines for 2 weeks and analyzed.

Cytolytic cell activation can be measured using CD107a,
a marker of degranulation [15]. The ratio of CD8*CD1072" cells
to all CD8 T cells significantly increased in rVV-N25-treated
splenocytes after co-culture with EL-4CN2 or EL-4NS2 (P<0.05),
whereas splenocytes that had been treated with any other rVV
were not detected (Figure 5A, B and C). These results indicated
that rVV-IN25 treatment increased the frequency of HCV NS2-
specific activated CD8 T cells. Consistent with these results, the
ratio of CD8IFN-y* cells to all CD8 T cells for rVV-N25-treated
mice was also significantly higher than that for mice treated with
any other rVV (P<0.05). Taken together, these findings indicated
that rVV-IN25 induced an effective CD8 T-cell immune response
and that NS2 is an important epitope for CD8 T cells.

A

rVV-N25 Immunization Suppressed Inflammatory
Cytokines Production

To determine whether rVV-N25 treatment affected inflamma-
tory cytokine production, we measured serum levels of in-
flammatory cytokines after rVV immunization. The serum levels
of these inflammatory cytokines increased in the CN2-29%/7)/
MxCre™ ™) mice (Figure 6A, Figure S5). Immunization with rVV-
N25 affected serum levels of inflammatory cytokines in CN2-29¢
7)/MxCre®' ™) mice and caused a return to the cytokine levels
observed in wild-type untreated mice (Figure 6A). In wild-type
mice, the cytokine levels remained unchanged after immunization
(Figure 6A). These results indicated that inflammatory cytokines
were responsible for liver pathogenesis in the transgenic mice.
. To test the hypothesis that inflammatory cytokines were
responsible for liver pathogenesis in CN2-29%"7)/MxCret/ ™)
mice, we administered transgenic mouse serum intravenously into
nontransgenic mice. We observed the development of chronic
hepatitis in the nontransgenic mice within 7 days after the serum
transfer (Figures 6B and C). This finding was consistent with the
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Figure 6. Immunization with rVV-N25 suppresses serum inflammatory cytokine levels. (A) Daily cytokine levels in the serum of CN2-29%
“)/MxCre™ ™) mice during the week following immunization with LC16m8, 'WW-CN2, r'W-N25, or rWW-CN5. Values represent means = SD (n =3) and
reflect the concentrations relative to those measured on day 0. The broken lines indicate the baseline data from wild-type mice. in all cases, n
=6 mice per group. (B) Liver sections from CN2-29%7/MxCre" ™ and CN2-29%/~/MxCre™/~ mice. (C) Histology activity index (HAI) scores of liver
samples taken fram CN2-29%/7)/MxCre™ " or CN2-29%/7)/MxCre! ™'~ mice. (D) Liver sections from CN2-29%7)/MxCre™ ™) mice in which TNF-o was
neutralized and the IL-6 receptor was blocked. The scale bars indicate 50 um. (E) HAI scores of liver samples taken from CN2-29%7)/MxCre®” ™ in
which TNF-oc was neutralized and the IL-6 receptor was blocked. Tg and non-Tg indicate CN2-29%"7/MxCre™ ™ and CN2-29%'7)/MxCre™"~?,
respectively. (F) Macrophages were the main producers of TNF-o and IL-6 in CN2-29%'7)/MxCre™ ™ mice following poly(:C) injection. (G)

Immunization with rWW-N25 reduced the number of macrophages in liver samples from CN2-29%/7/MxCre

/=) mice and suppressed TNF-¢ and IL-6

production from macrophages (Figure 6G). Significant relationships are indicated by a P-value.

doi:10.1371/journal.pone.0051656.g006

hypothesis that inflammatory mediators played a key role in
inducing hepatitis. Furthermore, to investigate whether TNF-ot and
IL-6 played particularly critical roles in the pathogenesis of
chronic hepatitis in the transgenic mice, we neutralized TNF-o and
blocked the IL-6 receptor in the livers of these mice. As expected,
chronic hepatitis did not develop in these mice. (Figure 6D and E).

Next, to determine which cell population(s) produced TINF-o,
IL-6, or both during continuous HCV expression in CN2-29¢/7)/
MxCre®™ ™) mice, we isolated intrahepatic lymphocytes (THLs) and
labeled the macrophages (the ¥4/ 807 cells) with anti-TNF-o. and
anti-IL-6 antibodies using an intracellular cytokine detection
method. Macrophages in CN2-29%/7)/MxCret™™) mice pro-
duced small amounts of TNF-a and IL-6, while those in CN2-
29%/7)/MxCre®™’ ™) mice produced much larger amounts of these
cytokines (Figure 6F).

Finally, we evaluated whether rVV-N25 treatment affected the
number of macrophages, cytokine production by macrophages, or
both,; specifically, we isolated IHLs from CN2-29%/7)/MxCret ™)
mice 7 days after immunization with rVV-N25 or with LC16m8.
The percentage of macrophages (CD11b"F4/80") among IHLs
and IL-6 production from these macrophages were significantly
lower in rVV-N25-treated mice than in control mice (Figure 6G).
Though the percentage of TNF-a-producing macrophages was
not significantly different in rVV-N25-treated and control mice
(P=0.099), rVV-N25 treatment appeared to suppress these
macrophages. These results demonstrated that rVV-N25 had
a suppressive effect on activated macrophages, and they indicated
that this suppression ameliorated the histological indicators of
chronic hepatitis.

Discussion

Various HCV transgenic mouse models have been developed
and used to examine immune response to HCV expression and
the effects of pathogenic HCV protein on hepatocytes [4,16,17].
However, these transgenic mice develop tolerance to the HCV
protein; therefore, examining immune response to HCV protein
has been difficult.

To overcome the problem of immune tolerance in mouse
models of HCV expression, we developed an HCV model in mice
that relies on conditional expression of the core, E1, E2, and NS2
proteins and the Cre/loxP switching system [5,6]; we showed that
the injection of an Ad-Cre vector enhanced the frequency of
HCV-specific activated CD8 T cells in the liver of these mice and
caused liver injury. However, the Ad-Cre adenovirus vector alone
causes acute hepatitis in wild-type mice. Nevertheless, the
transgenic model was useful for evaluating interactions between
the host immune system and viral protein (serum ALT level over
2,000 IU/L) [5]; HCV core protein levels were reduced and
expression of this protein was transient (about 2 weeks). Therefore,
this Ad-Cre-dependent model cannot be used to effectively
investigate immune responses to chronic HCV hepatitis.
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Here, we used poly (I:C)-induced expression of Cre recombi-
nase to generate HCV transgenic mice in order to study the effect
of HCV protein and confirmed that these mice developed chronic
active hepatitis-including steatosis, lipid deposition, and hepato-
cellular carcinoma. These pathological findings in the transgenic
mice were very similar to those in humans with chronic hepatitis
C; therefore, this mouse model of HCV may be useful for
analyzing the immune response to chronic hepatitis. However,
experimental results obtained with this mouse model may not
directly translate to clinical findings from patients with HCV
infection because the expression of HCV proteins was not liver
specific in these mice. Furthermore, poly(I:C) injection can

- activate innate immune responses and, consequently, might induce

temporary liver injury [18]. Additionally, poly(I:C) injection has an
adjuvant effect; specifically, it stimulates TLR3 signaling [19].

To evaluate whether poly(I:C) injection caused hepatitis in
CN2-29%/7)/MxCre™/ ™) mice, we examined serum ALT levels
and liver histology following poly(I:C) injection. We found that,
following poly(:C) injection, serum ALT levels in CN2-29%/7)/
MxCre™"™) mice increased, reached a peak one day after
injection, declined from day 1 to day 6, and were not elevated
thereafter; this time-course indicated that poly(I:C) injection alone
did not induced continuous liver injury (figure S6). Based on these
findings, we believe that the effects of poly(I:C) injection in these
mice did not confound our analysis of chronic hepatitis.

Immunization with rVV-N25 suppressed HCV protein levels in
the liver, and this suppression was associated with ameliorated
pathological chronic hepatitis findings (see Figure 3). Importantly,
rVV-N25 treatment did not cause liver injury based on the serum
ALT levels; therefore, this treatment was unlikely to have
cytopathic effects on infected hepatocytes. These findings provided
strong evidence that rVV-N25 treatment effectively halted the
progression of chronic hepatitis. Immunization with plasmid DNA
or with recombinant vaccinia virus can effectively induce cellular
and humoral immune responses and exert a protective effect
against challenge with HCV infection [20,21]. However, findings
from these previous studies revealed HCV immunization of both
uninfected, naive animals and immune-tolerant-animals induced
a HCV-specific immune response. In the model describe here; the
animals were immune competent for HCV; therefore, our findings
provided further important evidence that rVV-N25 was effective
in the treatment of chronic hepatitis.

In addition, we demonstrated that rVV-N25 treatment in the
absence of CD4 and CD8 T cells had no effect on HCV clearance.
This important observation indicated that rVV-N23-induced
HCV clearance was mediated by CD4 and CD8 T cells. Many
studies have shown that spontaneous viral clearance during acute
HCYV infection is characterized by a vigorous, broadly reactive
CD4 and CD8 T-cell response. [8,22] HCV clearance and
hepatocellular cytotoxicity are both mediated by CD8 antigen-
specific (cytotoxic T lymphocyte) GTLs [23]. Consistent with these
observations, rVV-N25 treatment effectively induced the accumu-
lation of NS2-specific CD8 T cells, which express high levels of
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CD107a and IFN-yin the spleen. Notably, even with rVV-N25
immunization, the frequency of activated CD8 T cells was very
low, and a minimum of 2-weeks incubation was required to
distinguish the difference between rVV treatments. Even if a small
population of specific CD8+ T cells played a relevant role in the
reduction of core protein, it is difficult to assert that the only NS2-
specific CD8+ T cells were important to this reduction. However,
based on the results presented in Figure 4B, we are able to
conclude that at least CD8+ and/or CD4+ T cells were important
to the reduction in HCV core protein. Therefore, to elucidate the
mechanism of HCV protein clearance, further investigation of not
only the other T cell epitopes but also other immunocompetent
cells is required.

Interestingly, rVV-N25 treatment-but not the rVV-CN2 or
rVV-CN5 treatment—efficiently induced a HCV-specific activated
CD8 T cells response; this difference in efficacy could have one or
more possible causes. The HCV structural proteins {core, El, and
E2 proteins) in the rVV-CN construct may cause the difference;
Saito et al. reported that injection with plasmid constructs
encoding the core protein induced a specific GTL response in
BALB/c mice [24]. Reportedly, CTL activity against core or
envelope protein is completely absent from transgenic mice
immunized with a plasmid encoding the HCV structural proteins,
but core-specific CTL activity is present in transgenic mice that
were immunized with a plasmid encoding the HCV core [21]. In
contrast, when recombinant vaccinia virus expressing different
regions of the HCV polyprotein were injected into BALB/c mice,
only the HCV core protein markedly suppressed vaccinia-specific
CTL responses [25]. Thus, the HCV core protein may have an
immunomodulatory function [26]. Based on these reports and our
results, we hypothesize that the causes underlying the effectiveness
of rVV-N25 treatment were as follows: 1) this rVV construct
included the core and envelope proteins and 2) the core protein
had an immune-suppressive effect on CTL induction. Therefore,
we suggest that exclusion of the core and envelope antigen as
immunogen is one important factor in HCV vaccine design.

Interestingly, immunization with rVV-N25 rapidly suppressed
the inflammatory response; however, immunization with either of
the other rVVs did not (see Figure 6A). This result indicated that
rVV-N25 may modulate inflammation via innate immunity, as
well as via. acquired immunity. Reportedly, Toll-like receptor
(TLR)-dependent recognition pathways play a role in the
recognition of poxviruses [27]. TLR2 and TLR9 have also been
implicated in the recognition of the vaccinia virus [28,29]. These
findings indicate that TLR on dendritic cells may modulate the
immunosuppressive effect of rVV-N25 in our model of HCV
infection; however, further examination of this hypothesis is
required. The finding that pathological symptoms in the HCV
transgenic mice were completely blocked by intravenous injection
of TNF-a and IL-6 neutralizing antibodies indicated that the
progression of chronic hepatitis depended on inflammatory
cytokines in serum, rather than the HCV protein levels in
hepatocytes. Lymphocytes, macrophages, hepatocytes, and adipo-
cytes each produce TNF-o and IL-6 [30,31], and HCV-infected
patients have elevated levels of TNF-a and IL-6 [32,33]. Both
cytokines also contribute to the maintenance of hepatosteatosis in
mice fed a high-fat diet [34], and production of TNF-¢ and IL-6 is
elevated in obese mice due to the low grade inflammatory response
that is caused by lipid accumulation [35]. These findings indicate
that both cytokines are responsible for HCV-triggered hepatos-
teatosis, and anti-cytokine neutralization is a potential treatment
for chronic hepatitis if antiviral therapy is not successful.

The reduction of macrophages in number might be due to the
induction of apoptosis by vaccinia virus i vifro infection as
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previous reported [36]. To understand the mechanisms respon-
sible for the reduction of the number of macrophage, we
performed another -experiment to confirm whether the macro-
phages were infected with vaccinia virus inoculation. However,
based on PCR analyses; vaccinia virus DNA was not present in
liver tissue that contained macrophages (Figure S7). Furthermore,
apoptosis of macrophages was not detected in liver samples (Data
not shown). Based on these results, it is unlikely that the reduction
in the number of macrophages was due to apoptosis induced by
vaccinia virus infection. Although rVV-N25 reduced the number
of macrophage, precise mechanism is still unknown. Further
examination to elucidate the mechanism is required.

In conclusion, our findings demonstrated that rVV-N25 is
a promising candidate for an HCV vaccine therapy. Additionally,
the findings of this study indicate that rVV-N25 immunization can
be used for prevention of HCV infection and as an antiviral
therapy against ongoing HCV infection.

Materials and Methods

Ethics Statement

All animal care and experimental procedures were performed
according to the guidelines established by the Tokyo Metropolitan
Institute of Medical Science Subcommittee on Laboratory Animal
Care; these guidelines conform to the Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities in
Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology,
Japan, 2006. All protocols were approved by the Committee on
the Ethics of Animal Experiments of the Tokyo Metropolitan
Institute of Medical Science (Permit Number: 11-078). All efforts
were made to minimize the suffering of the animals.

Animals

R6CN2 HCV cDNA (nt 294-3435) [37] and full genomic HCV
cDNA (nt 1-9611) [38,39] were cloned from a blood sample taken
from a patient (#R6) with chronic active hepatitis (Text S1). The
infectious titer of this blood sample has been previously reported
[40]. R6CN2HCV and R6CNSHCV transgenic mice were bred
with Mx1-Cre transgenic mice (purchased from Jackson Labora-
tory) to produce RECN2HCV-MxCre and R6CN5HCV-MxCre
transgenic mice, which were designated CN2-29% 7%/ MxCre™ ™)
and RzCN5-15%7)/MxCre™ ™ mice, respectively. Cre expres-
sion in the livers of these mice was induced by intraperitoneal
mnjection of polyinosinic acid-polycytidylic acid [polyl:C)] (GE
Healthcare UK Ltd., Buckinghamshire, England); 300 uL of
a poly(I:C) solution (1 mg/mL in phosphate-buffered saline [PBS])
was injected three times at 48-h intervals. All animal care and
experimental procedures were performed according to the guide-
lines established by the Tokyo Metropolitan Institute of Medical
Science Subcommittee on Laboratory Animal Care.

Histology and Immunohistochemical Staining

Tissue samples were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin, sectioned (4-pm thickness), and stained with
hematoxylin and cosin (H&E). Staining with periodic acid—-Schiff
stain, Azan stain, silver, or Oil-red-O was also performed to
visualize glycogen degeneration, fibrillization, reticular fiber
degeneration, or lipid degeneration, respectively.

For immunohistochemical staining, unfixed frozen liver sections
were fixed in 4% paraformaldehyde for 10 min and then
incubated with blocking buffer (1% bovine serum albumin in
PBS) for 30 min at room temperature. Subsequently, the sections
were incubated with biotinylated mouse anti-HCV core mono-
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clonal antibody (5E3) for 2 h at room temperature. After being
washed with PBS, the sections were incubated with streptavidin—
Alexa Fluor 488 (Invitrogen). The nuclei were stained with 4°,6-
diamidino-2-phenylindole (DAPI). Fluorescence was observed
using a confocal laser microscope (Laser scanning microscope
510, Carl Zeiss).

Generation of rVVs

The pBR322-based plasmid vector pBMSF7C contained the
ATI/p7.5 hybrid promoter within the hemagglutinin gene region
of the vaccinia virus, which was reconstructed from the pSEJ1-10

plasmid and pBM vector [41,42]. Separate full-length ¢cDNAs .

encoding either the HCV structural protein, nonstructural protein,
or all HCV proteins were cloned from HCV R6 strain (genotype
1b) RNA by RT-PCR. Each ¢cDNA was inserted into a separate
pBMSF7C vector downstream of the pPBMSF7C ATI/p7.5 hybrid
promoter; the final designation of each recombinant plasmid was
pBMSF7C-CN2, pBMSF7C-N25, or pBMSF-CN5 (Figure 2).
They were then transfected into primary rabbit kidney cells
infected with LC16m8 (multiplicity of infection = 10). The virus—
cell mixture was harvested 24 h after the initial transfection by
scrapping; the mixture was then frozen at —80°C until use. The
hemagglutinin-negative recombinant viruses were cloned as pre-
viously described [42] and named rVV-CN2, rVV-N25, or rVV-
CN5. Insertion of the HCV protein genes into the LG16m8
genome was confirmed by direct PCR, and expression of each
protein from the recombinant viruses was confirmed by western
blot analysis. The titers of rVV-CN2, rVV-N25, and rVV-CN5
were determnined using a standard plaque assay and RK13 cells.

Statistical Analysis

Data are shown as mean * SD. Data were analyzed using the
nonparametric Mann—Whitney or Kruskal-Wallis tests or AN-
OVA as appropriate; GraphPad Prism 5 for Macintosh (Graph-
Pad) was used for all analyses. P values <0.05 were considered
statistically significant.

Supporting Information

Figure S1 HAI score of liver samples taken from CN2-
29"/ 7) /MixCre™ ™) mice.
(EPS)

Figure 82 Lipid degeneration in samples of liver taken
from CN2-29%/7)/MxCre!™ ™) mice.
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Cross-priming for antitumor CTL induced
by soluble Ag + polyl:C depends on the TICAM-1
pathway in mouse CD11c*/CD8a* dendritic cells

Masahiro Azuma, Takashi Ebihara,’ Hiroyuki Oshiumi, Misako Matsumoto and Tsukasa Seya* .

Department of Microbiology and immunology; Hokkaido University Graduate School of Medicine; Sapporo, Japan

*Current affiliation: Howard Hughes Medical Institute; Washington University School of Medicine; St. Louis, MO USA

Keywords: cross-presentation, dendritic cell, TLR3, TICAM-1 (TRIF), tumoricidal CTL

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

molecule-1; TLR, Toll-like receptor; WT, wild-type

Polyt:C is a nucleotide paftem molecule that induces cross-presentation of foreigh Agin n'iyéio«d déndrmc célls (DC) and

MHC Class I-dependent proliferation of cytotoxic T. lymphocytes (CTL), DC (BM or spleen CD8a*) have sensors for dsRNA’
including polyl:C to signal facmtatmg cross-presentation. Endosomal TLR3 and «cytoplasmic RIG-I/MDAS are reportedly
responsnble for polyl:C sensing ‘and presumed to deliver signal for cross—presentat!on via TICAM-1 (TRIF) and IPS-1 (MAVS, -
Cardif, VISA) adaptors, respectlvely In fact, when tumor—assocnated Ag (TAA) was simultaneously taken up with polyl CinDC,

the DC cross-primed CTL specific to the TAA in a syngenic mouse model. Here we tested which of the. TICAM-1 or 1PS-1
pathway pamcxpate in cross- presentatlon of tumor—assooated soiuble Ag and retardation of tumor growth in the setting
with a syngeneic tumor :mplant system, EG7/C57BL6 and exogenously challenged soluble Ag (EG7 !ysate) and polyl:C. When
EG7 lysate and polyl:C were subcutaneously m;ected in tumor-bearmg nmice, EG7 tumor growth retardation was observed in
wild-type and to a lesser extent IPS-17/~ mice, but not TICAM-1~/~ mice. IRF-3/7 were essential but IPS-1 and type IFN were

minimally involved i |n the polyl C-mediated Cl' L prohferatnon Although both TICAM-1 and IPS-1 contributed to CD86/CD40 -

upregulation in CDSoc -DC, “H2KP- SL8 tetramer and OT-1 prohferatlon assays mdtcated that OVA-recogmzmg CD8
T cells predommantly prohferated in vivo through T|CAM—1 and CD8u* DC is crucial in ex vnvo analysis. Ultimately, tumor

regresses > 8 d post polyl:C administration. The results mfer that soluble tumor Ag induces ttimor growth retardatlon, ie,
therapeutlc potential, if the TlCAM 1 sngna} comcsdentaﬂy oceurs in CDScx DC around the tumor = i

Introduction

Cytotoxic T lymphocytes (CTL) and natural killer (NK) cells are
two major effectors for antitumor cellular immunity. These
effectors are driven through activation of dendritic cells (DC) and/
or macrophages (Mf), which is mediated by pattern-recognition
receptors (PRRs) for the recognition of microbial patterns.*”
Antigen (Ag) presentation and upregulation of NK cell-activating
ligands are major events induced in DC/Mf in response to PRRs,
which link to evoking CTL- and NK-antitumor immunity,
respectively. The immune-potentiating function of specific
components of the classical adjuvants are largely attributable to
the ligand activity of PRRs (CpG DNA/TLRY, polyl:C/TLR3,
monophosphoryl lipid (MPL) A/TLR4, Pam2/TLR2, etc.).” That

*Correspondence to: Tsukésa Seya; Email: seya-tu@pop.med. hokudai.ac.jp .
Submitted: 02/04/12; Revised: 03/02/12; Accepted 03/02/12
http://dx.doi.org/10.4161/0nci.19893 :

www.landesbioscience.com

is, the DC/MF competent to drive effectors are generated through
PRR signal in inflammatory nest where affected cells and recruited
immune cells encounter exogenous or endogenous PRR ligands.
Since studying the functional properties of PRRs in tumor
immunity is on the way using a variety of possible ligands and cell
biological analyses, immune responses reflecting the total adjuvant
potential around Ag-presenting cells (APC) in local inflammatory
nests are not always elucidated even in mice.

RNA-sensing PRR pathways, including TLR3-TICAM-1,
TLR7-MyD88 and RIG-I/MDAS-IPS-1 participate in driving
Type I IFN induction and cellular immunity in DC subsets."**
Type I IEN and the IFNAR pathway in DC and other cells
reportedly evoke and amplify T cell immunity.>® TLR7 resides
exclusively in plasmacytoid DC” whereas TLR3 mainly exists in
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myeloid DC/MF and epithelial cells.® They are localized on the
membrane of the endosome and deliver the signal via their
adaptors, MyD88 and TICAM-1.7® RIG-I and MDAS5 are

ubiquitously distributed to a variety of mouse cells and signal the

presence of cytoplasmic viral products through IPS-1.7 Thus,

TLR3 and RIG-I/MDAS are candidates associated with DC
maturation to drive effector cells.’® Indeed, viral dsSRNA analog,
polyl:C, is a representative ligand for TLR3 and MDA5 and
induces polyl:C-mediated DC-NK reciprocal activation.'""
These are also true in human DC.?

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

Here, we made an EG7 tumor-implant mouse system and
treated the mice with s.c.-injected ovalbumin (OVA)-containing
cell lysates (Ag) and polyl:C. Spleen CD8o* DC turn CTL-
inducible when stimulated with Ag and polyl:C. In either case
of s.c,, ip., or iv. injection of polyl:C, the TLR3/TICAM-1
pathway predominantly participates in CD8a* DC cross-priming
and antitumor CTL induction. Earlier studies using non-tumor
models, suggested that both TLR3 and MDAS appeared to
participate in polyl:C-dependent CTL induction.?® TLR3 is
predominantly involved in primary Ag response and Thl
skewing,?* while MDAS5 participates in secondary Ag response.”
Importance of TLR3 in induction of cross-priming was first
suggested by Schulz et al., who used OVA/polyl:C-loaded or
virus-infected xenogenic (Vero) cells and mouse DC.'® Here we
demonstrate that the antitumor polyl:C activity is sustained by
the TICAM-1 pathway in any route of injection in tumor-
implant mice: antitumor CTL responses are mostly abrogated in
TICAM-17"" but not IPS-17"" mice.

Results

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

CD8* T cells are responsible for tumor retardation by
polyl:C. EG7 cells (2 X 10°) were inoculated into the back of
C57BL/6 (WT), and the indicated reagents were subcutaneously
(s.c.) injected around the EG7 tumor (Fig.1A). Growth
retardation of tumor was observed by treatment with polyl:C or
polyL:C plus EG7 lysate (Fig. 1A). EG7 lysate only had no effect
on tumor regression. When CD8B" T cells were depleted before
EG7 lysate/polyl:C treatment, polyl:C-mediated tumor growth
suppression was cancelled (Fig. 1A), suggesting the participation
of CD8 T cells in tumor growth suppression. The therapeutic
potential of polyl:C appeared to be more reproducible in the
presence of EG7 lysate than in the absence, judged from the
increases of activated CD8" T cells (Fig. 1B) and cytotoxic activity
(Fig. 1C) of LN T cells isolated from the mice sacrificed after the
last therapy. Yet, the EG7 Ag could be more or less supplied from
the implant tumor. NKI1.1* cells did not participate in this EG7
tumor regression in this setting (data not shown).

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

IFN-inducing pathways are involved in Polyl:C-derived EG7
growth retardation. We next inoculated EG7 cells (2 X 10°) into
the back of CS7BL/6 (WT), TICAM-17'~, IPS-17"", or
TICAM-1/IPS-1 double-deficient (DKO) mice (Fig.2). We s.c.
administered EG7 lysate with or without polyl:C around the
tumor. The EG7 lysate was the soluble fraction of EG7 which
removed insoluble debris by centrifugation. The EG7 lysate
contained unprecipitated micro-debris and soluble Ag. No other
emulsified reagent was added for immunization. Thus, the
adjuvant function of polyl:C per se is reflected in the tumor
growth, although polyl:C had to be injected into mice twice a
week. Retardation of tumor growth was observed > 8 d after
immunization with EG7 lysate + polyl:C in WT mice, though no
growth retardation without polyL:C (Fig. 2A). The polyl:C-mediated
tumor growth suppression was largely abrogated in TICAM-17/~
(Fig.2B) and to a lesser extent in IPS-17'" mice (Fig 2C), and
completely in TICAM-1/IPS-1 DKO mice (Fig.2D). Hence,
TICAM-1 plays an important role in inducing polyl:C-mediated
tumor growth retardation in the s.c. setting we employed.

CD8 T cell activation induced by the TICAM-1 pathway.
CD8 T cell activation in the inguinal LN was tested with
polyl:C + EG7 lysate in EG7 tumor-bearing mice using CD69 as
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WT and IPS-17" LN cells, while they were
not induced in TICAM-1"" or DKO cells.

IFNYy levels were upregulated only in polyl:C-

treated  tumor-bearing mice,

although the

was reproducibly observed (Fig. S4B).

i In vivo proliferation of CD8 T cells judged by
*k tetramer assay and IFNy induction. We next
tested whether i.p. injection of polyl:C plus OVA
induces CTL proliferation. Polyl:C and OVA

were i.p. injected into mice and the polyl:C-
dependent cross-priming of CD8 T cells were
examined using the OVA tetramer assay. OVA-
specific CD8 T cells were clonally proliferated in

3 WT and IPS-17" mice, but not in TICAM-1/
25 IPS-1 DKO and IRF-3/77'" mice (Fig.4A).
Proliferation of OVA-specific CD8 T cells

were severely suppressed in TICAM-17"" mice

(Fig. 4A), suggesting that polyl:C-mediated cross-

TICAM-1 pathway followed by IRF-3/7 activa-
ton in the i.p. route. The results were reproduced
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in additdonal experiments using more mice
(Fig. 4B) and TLR3™" mice (Fig. SS5A and B).
The polyl:C cytokine response, where IFNa is
IPS-1-dependent while IL-12p40 is TICAM-1-
dependent, was also confirmed in serum level by
polyl:C i.p. injection (Fig. SSE). Specific induc-
tion of IFNy (Fig.4C) was also observed in
parallel with the results of Figure4A.

Whether or not iv. injection of polyl:C plus
OVA induces Ag-specific CTL and cytotoxicity
was next checked. OVA-specific OT-1 proliferation

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

subjected to *'Cr release assay to evaluate CTL activity, E/T = 50. Al! error

. statistical sygnlﬂcance #¥p< 0012

Figure 1. PolylC induces CTL medlated tumor regressxon A WT mice were challenged . -
with EG7 cells and were treated w:th PBS (®), EG7 lysates (), polyl C (°) and EG7 lysates 4
polyi :C (7). The adjuvant therapy was started at the time indicated by the arrow and "+
the indicated reagents injected twice per week One of the. two PBS groups {©) and one of -
the two EG7 lysates + polykC groups (o)) were treated with anti-CD8p. ascites in order to.
deplete CDS* T cells once a week. Each group had 3-5 mice. (B) Draining mgumal LNs were
harvested 24 h after the last treatment and the propomon of CD69—expressmg cDg* cells ;
were counted. (C) LN cells were co-cultured with MMC-treated EG7. cells for 3. d and

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

in vivo analyses of WT and IPS-17/~ CD8 T cells
but not of TICAM-1""", TICAM-1/IPS-1 DKO,
and IRF-3/77'~ mice in the i.v. setting,

Since TICAM-1 is the adaptor for TLR3
as well as cytoplasmic helicases,* we confirmed
the level of cross-priming being decreased in
TLR3™" mice and an expected result was
obtained (Fig. S5A and B). Furthermore, in
IFNAR™'™ mice, OVA-specific CTL induction
was slightly reduced compared with that in WT
mice, but higher than in TICAM-17'" mice

bars-used

an activating matker. Twenty-four hours after the last polyl:C +
EG7 sec.c. treatment, cells were harvested from the LN excised
(Fig. 3A). FACS profiles of total cells from each mouse group ate
shown in Fig. S3. By combination therapy with EG7 lysate and
polyL:C, T cells were activated in WT and IPS-17'" mice, but the
proportion of CD8 T cells was not affected by the therapy
(Fig. S4A). Under the same conditions, T cells were barely
activated in TICAM-1"'" mice in response to polyl:C (Fig. 3A).
The proportion of CDG69* cells are indicated in Figure3B.
IL-2 (Fig. 3C) and IENy (Fig. S4B) were highly induced in the

www.landesbioscience.com

(Fig. S5C and D). Hence, in vivo cross-
presentation induced by polyl:C mostly depends on the TLR3-
TICAM-1 pathway followed by transcriptional regulation by
IRF-3/7 in any administration ‘route, and is further promoted by
Type I IFN presumably produced by the stromal cells through the
IPS-1 pathway.

IPS-1 induces DC maturation but not cross-priming in vivo.
Spleen DC maturation by i.v.-injected polyl:C was tested ex vivo
using CD8o" DC and CD8o DC isolated from WT or KO mice
with no tumor as indicated in Figure 5A. The maturation markers
CD86 and CD40 were upregulated on both CD8a* and CD8or
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Figure 2. Polyl: C-lnduced tumor retardatlon is dependent on the TICAM-1 pathway Antitumor effect of polyl:C on various KO mice were evaluated
by using in vivo mouse tumor implant model. EG7. cel!s were inoculated to WT (A), TICAM-1~/ (B), IPS-1~~ (C). and DKO mice (D) on day 0. PBS (0), .
'EG7 lysates (4) or EG7 lysates + polyl:C () were s.c. admmlstered around the tumor. The adjuvant therapies were started at the time indicated -
by the arrows and mjected twice per week, Each group have 3-4 mice and error bar shows + SEM. Data are representatlve of two andependent ’

DC from WT mice when they were stimulated with OVA and
polyl:C. Treatment of DC with OVA only did not induce
upregulation of CD86 and CD40. Although the expression levels
of CD86 and CD40 were a little less in CD8a* and CD8o DC
from TICAM-1""" or IPS-1""" mice than those from WT mice,
both CD86 and CD40 were sufficiently upregulated even in the
abrogation of either one pathway in polyl:C-injected mice. The
CD86 and CD40 shifts were completely abolished in DKO mice
(Fig. 5A). Thus, the TICAM-1 pathway participates in both
potent co-stimulation and cross-priming, while the IPS-1 pathway
mainly participates only in integral co-stimulation in myeloid DC.
We next assessed in vitro proliferation of OT-1 cells. CD8a"
and CD8or DC were prepared from PBS, polyl:C, OVA and
. OVA/polyl:C-treated mice, and mixed in vitro with CFSE-
labeled OT-1 cells. WT, TICAM-1"7" and IPS-17'" mice were
used for this study. OT-1 proliferation was observed with CD8o*
DC but not CD8ar DC when OVA + polyl:C was injected
(Fig. 5B). Furthermore, the OT-1 proliferation barely occurred in
the mixture containing TICAM-17"~ CD8u* DC. Thus, OT-1
proliferation is triggered by the TICAM-1 pathway in CD8a*
DC. Again, IPS-1 had almost no effect on OT-1 proliferation
with CD8a* DC in this setting. In the mixture, IFNy was
produced in the supernatants of WT and IPS-17/~ CD8o* DC

584 Oncolmmunclogy

but not TICAM-1""~ DC by stimulation with OVA + polyl:C
(Fig. 5C). No IFNYy was produced in the supernatants of CD8o
DC even from WT mice, which results are in parallel with those
of OT-1 proliferation. In any case irrespective of tumor-bearing
or not, Ag, polyl:C and the TICAM-1 pathway are mandatory
for CD8a* DC to cross-prime and proliferate OVA-specific CD8
T cells.

We checked the TICAM-1- or IPS-1-specific gene expressions
related to Type I IFN and MHC Class I presentation using
genechip and qPCR (Fig. S6). Polyl:C-mediated upregulation of
Tapl, Tap2 and Tapbp messages diminished in TICAM-17"~
BMDC (Fig.S6A). The levels of these genes were hardly
affected in IPS-17" BMDC (data not shown). Polyl:C-mediated
upregulation was observed with MDAS (Ifth1) in CD8o and
CD8u* DCs (Fig. S6B). Surprisingly, other factors including
TLR3, TICAM-1 and MAVS messages were all downregulated in
response to polyl:C in CD8a* DC (Fig. S6B), for the reason as
yet unknown.

Effect of TLR3-mediated IFN-inducing pathway on anti-
tumor CTL induction. Polyl:C is a dsRNA analog capable of
incorporating into the endosome and cytoplasm by exogenous
administration in vitro.?”?® However, no evidence has been
proposed that polyl:C is internalized into the endosome of
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, IL- 2 productlon was measured by CBA assay (C). ¢ g : .
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Figure 5. TICAM-1 in CD8«* DC is more important than
_IPS-1 in polylC-induced cross-priming. OVA and polyl:C
.were, admm:stered iv. and 4 h later, CD8a and CD8x DC
“were isolated from the sp'een CD86 and CD40 expres-

sions were determuned by FACS: (A). Filled gray and black
line show |sotype “control and target. expression, :
;respectwely Altematuveiy CD&JL‘r and CD8o DC were
‘ AG ;,'/‘/OT-I T cells for
34d. The cross- -priming c’ﬂv:ty of each DC subset was
determmed with sequ' tial dilution of CFSE (B ) and IFNy
productnon (C) lFN'y Wi easured by CBA assay :
The data shown are re| esenta e ( of two mdependent
expenments Err bar shows SD L S

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

Discussion

PolyI:C is an analog of virus dsRNA, and acts as a
ligand for TLR3 and RIG-I/MDA5. Polyl:C has
been utilized as an adjuvant for enhancement of
antitumor immunity for a long time.” However,
the mechanistic background of the therapeutic
potentials of polyl:C against cancer has been poorly
illustrated. It induces antitumor NK activation
through DC-NK  cell-to-cell interaction when
CD8ar DC TLR3 is stimulated in the spleen.'’
Besides myeloid cells, however, some tumor cell
lines express TLR3 and dsRNA targeting tumor
cells may affect the growth rate of tumors,®® where
the receptor-interacting protein (RIP) pathway is
involved downstream of TICAM-1.”' Here we
showed evidence that polyl:C injection facilitates
maturation of TLR3-positive CD8a* DC (i.e.,
APC) to trigger CTL induction against exogenous
soluble Ags including EG7 lysate or OVA. The
TICAM-1 adaptor for TLR3 and IRF-3/7 are
involved in the cross-presentation signal in CD8a"
DC, but the molecule/mechanism downstream of
TICAM-1 that governs cross-presentation remains
elusive. Since most of the tumor-associated Ags
(TAA) are predicted to be liberated from tumor cells
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TLR3 and MDAS are main sensors for dsRNA and
differentially distributed in myeloid cells.**** TLR3 is
limitedly expressed in muyeloid, epithelial and neuronal
cells,® whereas MDAS is ubiquitously expressed including
non-myeloid stromal cells.? Several reports suggested that
iv. injection of polyl:C predominantly stimulate the
stromal cells which express IFNAR,* thereby robust
type I IFN are liberated from these cells to be a systemic
response including cytokinemia and endotoxin-like
shock.?**® Both TLR3 and MDAS link to the IRE-3/7-
activating kinases leading to the production of IFNa/B.*?®
Once IFNa/p are released, IFNAR senses it to amplify the
Type I IFN production,” and reportedly this amplification
pathway involves cross-priming of CD8 T cells in viral
infection.”® Tumor progression or metastasis can be
suppressed through the IFNAR pathway.*® These scenarios
may be right depending on the conditions employed. Our
message is related to what signal pathway is fundamentally
required for induction of antitumor CTL in DC. The CTL
response is almost completely abrogated in TICAM-17'~
and IRF-3/77'" mice, but largely remains in IPS-17'" and
IFNAR™" mice when Ag and polyl:C are extrinsically

0 min 30 min 120 min

w

cns*pe

administered. The results are reproducible in some other
tumor-implant models (data not shown), and even in
IFNAR™"- mice, TICAM- 1—spec1ﬁc genes are upregulated
to confer tumor cytotoxicity (Fig. S6, Azuma et al,
unpublished data). In addition, the upregulation of these
_genes is independent of IPS-1 knockout in DC. Our results
infer that the primary sensing of dsRINA in CD8a* DC is
competent to induce cross-presentation, which minimally

Ccb8'DC
CcD8

involves the IPS-1 or IFNAR amplification pathway, at
least at a low dose of polyl:C. Yet, subsequent induction of
Type I IFN via the IFNAR may further amplify the cross-
priming.'®# Further studies are needed as to which of the
TICAM-1-inducible genes link to the cross-presentation in

FITC-polyl:C

CD8a* DC.
The main focus of this study was to identify the pathway
for transversion of immature DC to the CTL-driving

_phenotype by co-administration of polyl:C with soluble

Figure 6. Polle encounters TLR3 in CD8of DC. CD8o* and CD8ot DC were
isolated by FACSAriall and stlmulated with 20 ug/m! TexasRed-palyt:C for 2 h.
Then cells were stamed with Alexa647—antlTLR3 and subjected to confocal *

Ag. The IPS-1 pathway, although barely participates in
antitumor CTL driving, can upregulate CD40/CD86 co-

incubated with FITC-polyl:C for the time shown in figure and analyzed

of three independent experiments.

mlcroscoplc ‘analysis (A). Alternatwely, splenlc DC |solated by MACS were -

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

stimulators on the membranes of splenic CD8a’ and
CD8a DC in response to polyl:C, suggesting that MDAS
does function in the cytoplasm of splenic CD8a* and
CD8a DC to sense polyl:C. However, effective CTL

as soluble Ags, the TICAM-1 pathway in CD8a* DC would be
crucial for driving of tumor-specific CTL around the tumor
microenvironment. In any route of polyl:C injection, this is true
as shown first in this study. Although TICAM-1 is an adaptor
of other cytoplasmic sensors, DDX1, DDX21 and DHX36,*
the antitumor CTL responses are merely relied on TLR3 of
CD8a'DC in this system. Taken together with previous
reports,''* TICAM-1 signaling triggers not only NK activation
but also CTL induction.

588 Oncolmmunology

induction happens only in CD8a* DC when stimulated
with polyl:C. CD8a* DC express TLR3 but CD8w DC
do not, and CD8a" DC with no TLR3 fail to induce CTL,
suggesting that integral co-stimulation by MDAS/IPS-1 is
insufficient for DC to induce cross-priming of CD8 T cells:
antitumor CTL are not induced until the TICAM-1 signal is
provided in DC. At least, sole effect of the IPS-1 pathway and
upregulation of co-stimulators on CD8ct* DC is limited for cross-
priming and induction of antitumor CTL, which result partly
reflects those in a previous report where IPS-1 and TICAM-1
harbor a similar potential for CD8 T cell proliferation when
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polyl:C (Alum-containing) is employed as an adjuvant for CD8a*
DC o test proliferation of anti-OVA CTL.*

A questionyis why TICAM-1 is dominant to IPS-1 for response
to exogenously-added polyl:C in CD8a* DC. The answer is
rooted in the difference of functional behavior between BMDC
and CD8a DC. TLR3 levels are variable depending upon subsets
of DC,** which affects DC subset-specific induction of cellular
immune response. The high TLR3 expression (partly surface-
expressed) is situated in CD8a" DC before polyl:C stimulation,
which is distinct from the properties of F4/80* Mf and
presumably BMDC of low TLR3 expression. The polyl:C-uptake
machinery”® appears to efficiently work in concert with the
TLR3/TICAM-1 pathway in CD8o* DC and this tendency
is diminished when CD8a’ DC are pretreated with Alum +
polyl:C.*'  Furthermore, there are functional discrepancies
between CD8a* splenic DC and GM-CSF-induced BMDC,
which appears to reflect the difference of their TLR3 levels.??
These results on CD8a* DC encourage us to develop dsRNA
adjuvant immunotherapy supporting TAA soluble vaccines for
cancer applicable to humans, which possess the counterpart of
CD8a DC.

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

Cross-presentation occurs in a TAP-dependent® and -inde-
pendent fashions.***> The peptides are transported by TAP into
the endoplasmic reticulum (ER) and loaded onto MHC Class I
for presentation at the cell surface. ER and phagosome might fuse
each other for accelerating cross-presentation.’® Another possibi-
lity is that cross-presentation occurs in early endosomes where
TLR3 resides. This early endosome cross-presentation does not
always depend on TAP#* but requires TLR stimulation.>
TLR4/MyD88 pathway is involved in the TAP-dependent early
endosome model, where recruitment of TAP to the early
endosomes is an essential step for the cross-presentation of soluble
Ag. These models together with our genechip analysis of polyl:C-
stimulated BMDC suggested that some ER-associated proteins are
upregulated in BMDC by polyl:C-TICAM-1 pathway. The
results infer that the TLR3/TICAM-1 rather than the TLR4/
MyD88 pathway mote crucially participates in cross-presentation
in response to dsRINA or viral stimuli and facilitates raising CTL
antitumor immunity in APC.

www.landesbioscience.com

Although multiple RNA sensors couple with TICAM-1 and
signal to activate the Type I IFN-inducing pathway,® at least
TLR3 in the CD8a" DC are critical in CTL driving. CD8o«* DC
are a high TLR3 expresser, while BMDC express TLR3 with only
low levels.** CD8or DC do not express it.”> The Ag presentation
and TLR3 levels in CD8a* DC appear reciprocally correlated
with the phagocytosing ability of DC. Although the TLR3
mRNA level is downregulated secondary to polyl:C response after
maturation, this may not be related to the CD8o' DC functions.
Yet, polyl:C might interact with other cytoplasmic sensors for DC
maturation,>># _

The route of administration and delivery methods may be
important for culminate the polyl:C adjuvant function. The toxic
problem has not overcome in the adjuvant therapy using polyl:
(%36 and this is a critical matter for clinical introduction of
dsRNA reagents to immunotherapy. The most problematic is the
life-threatening shock induced by polyl:C. Recent advance of
polyl:C study suggests that PEI-jet helps efficient uptake of polyl:

C into peritoneal macrophages.® LC (poly-L-lysine and methyl-

cellulose) has been used as a preservative to reduce the toxic effect
of polyl:C.* Nanotechnological delivery of polyl:C results in
efficient tumor regression.>® There are many subsets of DC that
can be defined by surface markers, and selecting an appropriate
administration route can target a specific DC subset. The route
for s.c. administration usually mature dermal/epidermal DC or
Langerhans cells.”** Some DC subsets with unique properties
specialized to CTL induction would work in association with the
route of polyl:C administration. Attempting to develop more
harmless and efficient dsRNA derivatives will benefit for
establishing human adjuvant immunotherapy for cancer.

Materials and Methods

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

Cells. EG7 and C1498 cells were purchased from ATCC and
cultured in RPMI1640/10% ECS/55 pM 2-ME/1 mM sodium
pyruvate and RPMI1640/10% FCS/25 ng/ml 2-ME, respectively.
Mouse splenocytes, OT-1 T cell, CD8¢* DC and CD8o DC
were harvested from the spleen and cultured in RPMI1640/10%
FCS/55 uM 2-ME/10 mM HEPES.# B16DS$ cells were cultured
in RPMI/10% FCS as described previously.'?

Reagents and antibodies. Ovalbumin (OVA) and polyl:C
(polyI:C) were purchased from SIGMA and Amersham
Biosciences, respectively. OVAjs,_564 peptide (SIINFEKL: SL8)
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and OVA (H2KP"-SL8) Tetramer were from MBL. Following Abs
- were purchased: anti-CD3e (145-2C11), anti-CD8B (53-6.7),
ant-CD11c (N418), anti-CD16/32 (93), ant-CD69 (H1.2F3)
and anti-IFNY(XMG1.2) Abs from BioLegend, anti-B220 (RA3-
6B2), anti-CD4 (L3T4), anti-CD40 (1C10), anti-CD86 (GL1),
and anti-MHC I-SL8 (25-D1.16) Abs from eBiosciences, anti-
TCR-VB5.1/5.2 Ab and ViaProbe from BD Biosciences. The Rat
anti-mouse TLR3 mAb (11F8) was kindly provided by David M.
Segal (National Institute of Health, Bethesda, MD). To rule out
LPS contamination, we treated OVA or other reagents with
200 pg/ml of Polymixin B for 30 min at 37°C before use. Texas
Red- or FITC-labeled poly(I:C) was prepared using the 5'
EndTag™ Nucleic Acid Labeling System (Vector Laboratories)
according to the manufacturers instructions.

Tumor challenge and poly I:C therapy. Mice were shaved at
the back and s.c. injected with 200 pl of 2 X 10° syngenic EG7
cells in PBS. Tumor volumes were measured at regular intervals
by using a caliper. Tumor volume was calculated by using the
formula: Tumor volume (cm®) = (long diameter) X (short
diameter)? X 0.4. A volume of 50 pl of a mixture consisting of the
lysate of 2 x 10° EG7 cells with or without 50 pg of poly I:C
(polyl:C) was s.c. injected around the tumor. We added no other
emulsified reagent for immunization since we want to role out the
conditional effect of the Ag/polyl:C. The treatments were started
when the average of tumor volumes reached at 0.4-0.8 cm® and
performed twice per week. EG7 lysate were prepared by three
times freeze/thaw cycles (-140°C/37°C) in PBS, with removal of
cell debris by centrifugation at 6,000 g for 10 min.*®> To deplete
CD8 T cells, mice were i.p. injected with hybridoma ascites of
anti-CD8B mAb. The dose of antibody and the treatment
regimens were determined in preliminary studies by using the
same lots of antibody used for the experiments. Depletion of the
desired cell populations by this treatment was confirmed by FACS
for the entire duration of the study.

Evaluation of T cell activity in tumor-bearing mice. Draining
inguinal LN cells were harvested from tumor-bearing mice after
24 h from the last polyl:C treatment. The activity of T cells was
evaluated by CD69 expression and IL-2/IFNYy production. These
cells were stained with FITC-CD8a, PE-CD69, PerCP/Cy5.5-
7AAD and APC-CD3e. To check cytokine production, LN cells
were cultured for 3 d in vitro in the presence or absence of EG7
lysates and IL-2 and IENYy productions were determined by
Cytokine Beads Array (CBA) assay (BD). To assess the cytotoxic
activity of CTL, standard *>'Cr release assay was performed.
For CTL expansion, 2.5 X 10° LN cells were co-cultured with
1.25 x 10° mitomycin C-treated EG7 cells in the presence of
10 U/ml IL-2 for 5d. Then, LN cells were incubated with
>!Cr-labeled EG7 or C1498 cells for 4 h and determined cytotoxic
activity. The cell-specific cytotoxicity was calculated with
subtracting the cytotoxity for C1498 from for EG7 cells.

Antigen-specific T cell expansion in vivo. Mice were i.p.
immunized with 1 mg of OVA and 150 pg of poly I:C. After 7 d,
spleens were homogenized and stained with FITC-CD8a and
PE-OVA Tetramer for detecting OVA-specific CD8 T cell

590 Oncolmmunology

populations. For intracellular cytokine detection, splenocytes
were cultured with or without 100 nM OVA peptide (SIINFEKL;
SL8) for 8h and 10pg/ml of Brefeldin A (Sigma-Aldrich)
was added to the culture in the last 4 h. Then cells were
stained with PE-anti-CD8o and fixed/permeabilized with
Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s
instruction. Then, fixed/permeabilized cells were further
stained with APC-anti-IFNYy. Stained cells were analyzed
with FACSCalibur (BD Biosciences) and FlowJo software (Tree
Star).

In vive CTL assay. The in vivo CTL assay was performed
as described.® In brief, WT, TICAM-1"-, MAVS™~ and
IRF-3/77'~ mice were i.v. administered with PBS, 10 pg of OVA
or OVA with 50 pg of polyl:C. After 5d, 2 X 107 target cells (see
below) were i.v. injected to other irrelevant mice and 8 h later, the
OVA-specific cytotoxicity was measured by FACSCalibur. Target
cells were 1:1 mixture of 2 uM SL8-pulsed, 5 pM CFSE-labeled
splenocytes and SL8-unpulesed, 0.5 M CEFSE-labeled spleno-
cytes. OVA-specific cytotoxicity was calculated with a formula:
{1-(Primed [CFSE"#"(%)/CFSE""(%)]/Unprimed [CFESE"&"(%)/
CFSE""(%)]} x 100.

DC preparation. DCs were prepared from spleens of mice, as
described previously.”® In brief, collagenase-digested spleen cells
were treated with ACK buffer and then washed with PBS twice.
Then splenocytes were positively isolated with anti-CD11c
MicroBeads. CD11c" cells were acquired routinely about =
80% purity. Further, to highly purify CD8a" and CD8o DCs,
spleen DC were stained with FITC-CD8a, PE-B220, PE/Cy7-
CD11c and PerCP5.5-7AAD. CD8a* or CD8ar CD11c*B220
DCs were purified on FACSAriall (BD). The purity of the cells
was = 98%.

OT-1 proliferation assay. Ten micrograms of OVA with or
without 50 pig of polyl:C were i.v. injected to WT, TICAM-1 ==,
IPS-17'~ and DKO mice. After 4 h, CD8«* or CD8o DC were
purified from the spleen. 2.5 X 10* CD8a* or CD8a DC were
co-cultured with 5 X 10* 1 pM CFSE-labeled Rag2™~/OT-1
T cells for 3 d in 96-well round bottom plate. These cells were
stained with PE-anti-TCR-VB5.1,5.2 and APC-anti-CD3e and
T cell proliferation was analyzed by CESE dilution using
FACSCalibur. Additionally, IFNYy in the culture supernatant
was measured by CBA assay.

Statistical analysis. P-values were calculated with one-way
analysis of variance (ANOVA) with Bonferroni’s test. Error bars

" represent the SD or SEM between samples.
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Smoldering inflammation often increases the risk of progression
for malignant tumors and simultaneously matures myeloid den-
dritic cells (mDCs) for cell-mediated immunity. Polyl:C, a dsRNA
analog, is reported to induce inflammation and potent antitumor
immune responses via the Toll-like receptor 3/Toll-IL-1 receptor do-
main-containing adaptor molecule 1 (TICAM-1) and melanoma dif-
ferentiation-associated protein 5/IFN-p 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. F4/807/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 hemérrhagic 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-« 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

nflammation followed by bacterial and viral infections triggers

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

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

Recent advances in the study of innate immunity show how
polyl:C suppresses tumor progression (11). Polyl:C is a synthetic
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compound that serves as an agonist for pattern-recognition
receptors (PRRs), Toll-like receptor 3 (TLR3), and melanoma
differentiation-associated protein 5 (MDAS) (12-14). Although
TLR3 and MDAS signals are characterized as myeloid differen-
tiation factor 88 (MyD88) independent (15, 16), they have im-
mune effector-inducing properties (12-14, 17). TLR3 couples
with the Toll-IL-1 receptor domain-containing adaptor molecule
1 (TICAM-1, also known as TRIF), and MDAS couples with the
IFN-p promoter stimulator 1 (IPS-1, also known as Cardif,
MAVS, or VISA) (11, 15). Possible functions for the TICAM-1
and IPS-1 signaling pathways have been investigated by using
gene-disrupted mice (15); although they activate the same
downstream transcription factors NF-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 (MIDSCs), tumor-associated macrophages (TAMs),
and immature mDCs (1, 21). These myeloid cells express PRR
through which they are functionally activated. Once the inflam-
mation process is triggered, immature mDCs turn mature so that
they are capable of antigen cross-presentation and able to activate
immune effector cells, which would act to protect the host system
and damage the undesirable tumor cells (22). However, TAMs
and MDSCs play a major role in establishing a favorable envi-
ronment for tumor cell development by suppressing antitumor
immunity and recruiting host immune cells to support tumor cell
survival, motility, and invasion (23-25). Although these myeloid
cell scenarios have been studied with interest, how the PRR signal
in these myeloid cells links regulation of tumor progression has yet
to be elucidated. '

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

Results

In Vivo Effect of Polyl:C on Implant Lewis Lung Carcinoma Tumor. Lp.
injection of polyl:C rapidly induced hemorrhagic necrosis in 3LL
tumors implanted in WT mice, which was established >12 h after
polyl:C treatment (Fig. 14). The polyl:C-dependent hemorrhagic
necrosis did not occur in TNF-o /"~ mice (Fig. 14). Histological
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