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INAM Plays a Critical Role in IFN-y Production by NK Cells
Interacting with Polyinosinic-Polycytidylic Acid-Stimulated
Accessory Cells

Jun Kasamatsu,* Masahiro Azuma,*! Hiroyuki Oshiumi,* Yuka Morioka,
Masaru Okabe,” Takashi Ebihara,*? Misako Matsumoto,* and Tsukasa Seya*

Polyinosinic-polycytidylic acid strongly promotes the antitumor activity of NK cells via TLR3/Toll/IL-1R domain-containing adaptor
molecule 1 and melanoma differentiation-associated protein-5/mitochondrial antiviral signaling protein pathways. Polyinosinic-
polycytidylic acid acts on accessory cells such as dendritic cells (DCs) and macrophages (Mos) to secondarily activate NK cells. In
a previous study in this context, we identified a novel NK-activating molecule, named IFN regulatory factor 3-dependent NK-
activating molecule (INAM), a tetraspanin-like membrane glycoprotein (also called Fam26F). In the current study, we generated
INAM-deficient mice and investigated the in vivo function of INAM. We found that cytotoxicity against NK cell-sensitive tumor cell
lines was barely decreased in Inam™'~ mice, whereas the number of IFN-y—producing cells was markedly decreased in the early
phase. Notably, deficiency of INAM in NK and accessory cells, such as CD8a* conventional DCs and Ms, led to a robust decrease
in IFN-vy production. In conformity with this phenotype, INAM effectively suppressed lung metastasis of B16F10 melanoma cells,
which is controlled by NK1.1" cells and IFN-v. These results suggest that INAM plays a critical role in NK-CD8a* conventional DC
(and Mc) interaction leading to IFN-vy production from NK cells in vivo. INAM could therefore be a novel target molecule for

cancer immunotherapy against IFN-y—suppressible metastasis.

icrobial components play a major role in activating
M innate and adaptive immune responses by triggering
pattern recognition receptors. Nucleic acid adjuvants,
including polyinosinic-polycytidylic acid (polyl:C) and unme-
thylated CpG dinucleotides, strongly promote Thl immune re-
sponses against cancer and infected cells and induce type I IFN
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and other inflammatory cytokines (1, 2). PolyI:C strongly enhances
priming and expansion of Ag-specific T cells and NK cells with
dramatic regression of syngeneic implant tumors in mice (3-6). NK
cells belong to group 1 innate lymphocytes (ILCls) and control
progression of several types of tumors and microbial infections (7).
Although polyl:C (an analog of viral dsRNA) is a ligand for mul-
tiple receptors, including dsRNA-dependent protein kinase, retinoic
acid-inducible gene-I, melanoma differentiation—associated protein-
5 (MDAS), and TLR3, both of the pathways initiated by TLR3/Toll/
IL-1R domain—containing adaptor molecule 1 (TICAM-1) and
MDAS5/mitochondrial antiviral signaling protein confer antitumor
activity on NK cells in vivo (8, 9).

PolyL:C also directly and indirectly activates human NK cells
and other ILCls (10, 11). Polyl:C participates in secondary acti-
vation of murine NK cells through stimulation of accessory cells
such as dendritic cells (DCs) and other myeloid cells (12-14). In
these interactions, previous studies have shown that type I IFN and
cell contact via IL-15 receptors play a critical role in accessory
cell activation followed by NK activation (15). In contrast, our
previous studies showed that polyl:C induced bone marrow—de-
rived DC (BMDC)-mediated NK cell activation through the
TLR3/TICAM-1/IFN regulatory factor 3 (JRF3) pathway, which
promoted antitumor immunity by adoptive transfer in a type I
IFN- and IL-15-independent manner (8, 16). As the key molecule
for this NK-DC interaction, we identified a novel IRF3-inducible
tetraspanin-like membrane glycoprotein, named IRF3-dependent
NK-activating molecule (INAM). INAM expression was induced
not only in myeloid DCs but also in NK cells by polyl:C stimu-
lation in vivo. Transfection of INAM in both BMDC and NK cells
cooperated in inducing IFN-y production and cytotoxicity against
the NK-sensitive B16D8 cell line.

To investigate the role of INAM in vivo, we generated INAM-
deficient mice by the standard gene-targeting method. INAM ex-
pression was induced not only in NK cells and conventional DC
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(cDC) subsets but also in other immune cells including macro-
phages (Meos) and plasmacytoid DCs (pDCs) by polyl:C stimu-
lation. Cytotoxicity against NK cell-sensitive tumor cell lines was
barely decreased in Inam™'™ mice, whereas the number of IFN-y—
producing cells markedly decreased in the early phase. We also
showed that CD8a* ¢DCs and Mes facilitate secretion of IFN-y
from NK cells in response to polyl:C stimulation in vitro and
in vivo. Notably, deficiency of INAM on NK and their accessory
cells led to a robust decrease in IFN-y production. Therefore, these
results infer that INAM plays a critical role in the interaction of
NK-CD8a" ¢DCs (and Meos) leading to IFN-y production from
NK cells. In agreement with this suggested phenotype, INAM ef-
fectively suppressed lung metastasis of BI6F10 melanoma cells by
controlling activation of NK1.1* cells and IFN-y. Taken together,
these results provide the first demonstration, to our knowledge, that
INAM plays a critical role in the interaction of NK-CD8a* cDCs,
which allows NK cells to produce IFN-y. We propose in this study
that INAM is a novel target molecule for immunotherapy against
IFN-y-suppressible tumors.

Materials and Methods
Mice

All mice were backcrossed with C57BL/6 mice more than seven times
before use. A C57BL/6 background Inam (Fam26f)-targeted embryonic
stem cell line, IM8A3.N1 of FAM26F tm2a (European Conditional Mouse
Mutagenesis Program) Wisi, was purchased from the European Condi-
tional Mouse Mutagenesis Program. Chimeric mice were generated by
aggregation of the mutated embryonic stem cells at the 8 cell stage. To
remove exon 2 of Inam, the Inam heterozygous mutants were crossed with
Cre-transgenic mice. The Inam heterozygous mutants obtained were
intercrossed to obtain /nam homozygous mutants. Ticam-1 '~ and Mavs™"~
mice were generated in our laboratory (8, 16). Irf-3 =/~ and Ifnarl ™" mice
were provided by Dr. T. Taniguchi (17). Batf3™'~ C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) (18). The Baif3™'~
mice of C57BL/6 background [unlike 129 and BALB/c background (19)]
lacked splenic CD8a™ DCs as described previously (18) and evoked insuffi-
cient T cell functional response against extrinsic Ag and adjuvant (Azuma
et al., submitted for publication). C57BL/6 background were purchased from
CLEA Japan (Shizuoka, Japan). Experiments were performed with sex-
matched mice at 8-14 wk of age. All mice were bred and maintained un-
der specific pathogen-free conditions in the animal facility of the Hokkaido
University Graduate School of Medicine. Animal experimental protocols and
guidelines were approved by the Animal Safety Center, Hokkaido University.

Semiquantitative RT-PCR and quantitative real-time PCR

Total RNA was extracted using TRIzol according to the manufacturer’s
instructions (Invitrogen). cDNA was generated by using the High Capacity
¢DNA Transcription Kit (ABI) with random primers according to the manu-
facturer’s instructions. Quantitative real-time PCR (gPCR) was performed
using the Step One Real-Time PCR system (ABI). The primer sequences for
gPCR analysis were 5'-CAACTGCAATGCCACGCTA-3' and 5'-TCCAA-
CCGAACACCTGAGACT-3' for Inam; 5'-TTAACTGAGGCTGGCATTCA-
TG-3" and 5'-ACCTACACTGACACAGCCCAAA-3' for 1115; 5'-GACAA-
AGAAAGCCGCCTCAA-3" and 5'-ATGGCAGCCATTGTTCCTG-3' for
1118; 5'-ACCGTGTTTACGAGGAACCCTA-3' and 5'-GGTGAGAGCTGG-
CTGTTGAG-3' for Irf7; 5'-GCCGAGACACAGGCAAAC-3' and 5'-CCA-
GGGCTTGAGACACCTTC-3' for bone marrow stromal cell Ag 2 (Bsi2); and
5'-GCCTGGAGAAACCTGCCA-3' and 5'-CCCTCAGATGCCTGCTTCA-3’
for Gapdh. The primer sequences for semi-gPCR analysis were 5'-CAAC-
TGCAATGCCACGCTA-3' and 5'-TCCAACCGAACACCTGAGACT-3' for
Gapdh.

Mo depletion and stimulation using TLR agonists in vivo

To generate Mo-depleted mice, mice were injected ip. with 150 ul
Clophosome-Clodronate Liposomes (FormuMax). For gPCR analysis of
Inam induction using some TLR antagonists in Fig. 1E, mice were injected
i.p. with 50 pg polyl:C (GE Bioscience), 50 wg Pam3CSK4 (Boehringer
Ingelheim), 10 g LPS (Sigma-Aldrich), 50 g R837 (InvivoGen), and
50 pg CpG ODN1826 (InvivoGen). In other experiments, polyl:C was
injected i.p. at a dose of 200 p.g/mouse.

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION

Cells

For isolation of DC subsets, Mos and NK cells, spleens were treated with 400
Mandle U/ml collagenase D (Roche) at 37°C for 25 min in HBSS (Sigma-
Aldrich). EDTA was added, and the cell suspension was incubated for an ad-
ditional 5 min at 37°C. NK cells were purified from spleens by positive se-
lection of DX5-positive cells with DX5 MACS beads (Miltenyi Biotec).
CD8a* ¢DCs were purified using a CD8a* DC isolation kit and CD11c MACS
beads (Miltenyi Biotec). CD8« ™ ¢DCs were purified with CD11c MACS beads
(Miltenyi Biotec) from the negative fraction after CD8a™" c¢DC separation. F4/
80" Mes were isolated using MACS-positive selection beads (Miltenyi Biotec)
as described previously (13). pDC Ag-1" pDCs were isolated with pDC Ag-1
MACS beads (Miltenyi Biotec). All immune cells were purified from spleens
by repeated positive selection to achieve high purity (90%). Leukocytes from
the lung were prepared as previously reported (18). Mouse immune cells were
cultured in RPMI 1640/10% FCS/55 uM 2-ME/10 mM HEPES. B16D8g,
B16F10, YAC-1, and RMA-S were cultured in RPMI 1640/10% FCS.

Cell culture

To investigate potential interactions with NK~accessory cells, MACS-sorted
accessory cells were cocultured with freshly isolated NK cells (accessory cells
/NK = 1:2) with or without 20 pg/ml polyl:C for 24 h. In some coculture
experiments using the transwell system, NK cells were added to 0.4-pm pore
transwells (Corning) in the presence of polyl:C. Activation of NK cells was
assessed by measuring the concentration of IFN-y (ELISA; GE Healthcare) in
the medium. For the IFN (« and B) receptor 1 (IFNAR1) blocking experiment,
anti-IFNAR Ab at a final concentration of 10 pg/ml was added to the cultures
before addition of polyl:C. For measurement of IL-12p40 and type I IFNs, we
used ELISA kits purchased from BioLegend and PBL Biomedical Laborato-
ries, respectively.

FACS analysis

For intracellular cytokine staining of NK cells, we isolated spleen or lung from
polyl:C- or PBS-injected mice at each time point and harvested their leukocytes
as described previously (18, 19). The leukocytes were incubated in medium
with 10 pg/ml brefeldin A for 4 h. Cells were fixed and stained with a com-
bination of anti-NK1.1 (PK136) and anti-CD3e (145-2C11) Abs (BioLegend),
followed by permeabilization and staining with anti-IFN-y (XMG1.2) Ab
(BioLegend), anti~granzyme B (NGZB) Ab (eBioscience), anti—-TNF-«
(MP6-XT22) Ab (BioLegend), anti-GM-CSF (MP1-22E9) Ab (BioLegend),
or anti-IL-2 (JES6-5H4) Ab (BioLegend) using a BD Cytofix/Cytoperm Kit
(BD Biosciences). For staining of the C terminus of INAM of each immune
cell type, after treatment of anti-CD16/32 (no. 93), cell-surface molecules of
splenocytes were stained with anti-CD3e (145-2C11), anti-CD8a (53-6.7),
anti-CD11c (N418), anti-NK1.1, anti-F4/80 (BMS8), anti-Gr1 (RB6-8C5), anti-
CD11b (M1/70), or anti-CD19 (MB19-1) Abs (BioLegend) or with anti-B220
(RA3-6B2) or anti-CD4 (L3T4) Abs (eBioscience). After staining of the cell
surface, cells were fixed and permeabilized using a BD Cytofix/Cytoperm Kit
(BD Biosciences) and then stained with an anti-INAM polyclonal Ab as de-
scribed previously (16). To detect activating markers, NK receptors, and de-
velopmental markers, splenocytes were stained with anti-CD27 (L.G.3A10),
anti-CD25 (PC61), anti-NKp46 (29A1.4), anti-NKG2D (C7), anti-DNAM-1
(10E5), and anti-TRAIL (N2B2) Abs from Biolegend or anti-Fas (Jo2) from
BD Biosciences. For detection of dead cells, samples were stained with
ViaProbe from BD Biosciences. Samples were processed on an FACSCalibur
flow cytometer and analyzed with FlowJo software (Tree Star).

Tumor inoculation and polyl:C treatment

Polyl:C therapy against mice with B16D8 tumor burden was described
previously (8). B16F10 melanoma cells (2 X 10%) were injected into wild-
type (WT) or Inam™™ mice via the tail vein on day 0. PolyL:C was injected
ip. on days 1, 4, 7, and 10 at a dose of 200 wg/mouse. The control group
was treated with PBS. All mice were killed 12 d after tumor inoculation.
The lungs were excised and fixed in Mildform (Wako) for counting of
surface colonies under a dissection microscope.

Statistical analysis

Statistical analyses were made with the Student ¢ test for paired data.
Statistical analyses were made with ANOVA in multiple comparisons. The
p value of significant differences is reported.

Results
Generation of INAM-deficient mice

We designed a targeting vector to disrupt exon 2, which encodes
the C-terminal transmembrane and cytoplasmic regions of INAM
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(Fig. 1A). The heterozygosity and homozygosity of siblings were divided into four subsets in their maturation stage based on the
verified by Southern blot analysis (Fig. 1B). Mutant mice were  surface density of CD27 and CD11b: CD11b"°¥/CD27°°%, CD11b%/
born at the expected Mendelian ratio from Inam™'~ and Inam™~  CD27"% CD11b"8/CD27"E, and CD11bMe" /CD27"°Y (20). We
parents and showed normal healthy development under specific examined the composition of splenic NK cells in each maturation
pathogen-free conditions (Fig. 1C). We also examined the compo- stage and found no clear difference between WT and Inam ™™ mice
sition of immune cells in the spleen and found no clear difference (Supplemental Fig. 1A). A previous study showed that Inam mRNA
between WT and Inam™'~ mice (Table I). Murine NK cells are is highly expressed in spleen and thymus under steady-state conditions
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FIGURE 1. Generation of INAM-deficient mice. (A) Structure of the mouse Inam-targeted, Inam-disrupted, and WT allele. Closed boxes indicate the
coding exon of Inam. A probe (602 bp) for Southern blot analysis was designed in exon 1. (B) Southern blot analysis of BamHI-digested genomic DNA
isolated from WT (+/+), heterozygous mutant (+/—), and homozygous mutant (—/—) mice. (€) Genotype analyses of offspring from heterozygote
intercrosses. The x? goodness-of-fit test indicated that deviation from the Mendelian ratio was not statistically significant (p > 0.1). (D) RT-PCR analysis of
spleen and thymus. Total RNA sets from spleen and thymus in WT (+/+) and Inam™"™ (—/~) mice were extracted and subjected to RT-PCR to determine
Inam expression. (E) Inam mRNA expression in response to TLR agonists. Total RNA were isolated from the spleens of mice in each group (n=3)at3 h
after TLR agonist stimulation and subjected to quantitative PCR to determine to determine /nam expression. *p < 0.05 (F) INAM expression of immune
cells. WT (+/+) and Inam ™'~ (—/—) mice were i.p. injected with 200 pg polyl:C (pIC) or PBS (n = 2). After 12 h, INAM expression of each immune cell
type was analyzed by flow cytometry. Open histograms and shaded histograms indicate immune cells derived from the mice. Immune cells were classified
as NK cells (CD3e™/NK1.1*), NKT cells (CD3e™/NK1.1"), B cells (CD19¢*/B220%), CD8* T cells (CD3e"/CD8a*), CD4* T cells (CD3e*/CD4a™),
classic CD8a.~ ¢DCs (CD11c"8/CD8a "), classic CD8a* ¢DCs (CD11c¢™8/CD8a*), pDCs (CD11¢™/B220%), Mos (CD11c% /D11 4"/F4/80%),
and granulocytes (CD11b"8%/Gr-1*). The data shown are representative of at least two independent experiments.
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ROLE OF INAM IN NK-ACCESSORY CELL INTERACTION

Table I.  Development of hematopoietic cells in INAM-deficient mice

I

Cells WT Inam™ Student ¢ Test
CD4" T cells 169 *+ 0.3 162 =22 p =0.69
CD8" T cells 8.6 = 0.5 8.0 = 1.0 p =027
B cells 556+ 1.9 564 £ 35 p =065
NK cells 12+ 04 23 £ 0.7 p =022
NKT cells 0.9 = 0.1 0.76 £ 0.2 p =027
pDCs 1.0 = 0.1 1.0 = 0.1 p =091
CD8a™ DCs 0.2 = 0.01 0.3 = 0.02 p=10.03
CD8a™ DCs 0.49 *+ 0.03 08+ 02 p=0.09
Granulocytes 0.3 * 0.04 1.0+ 1.2 p =043
Me 1.8 = 0.6 22+ 08 p =045
Resident monocytes 04 = 0.1 0.4 % 0.1 p =096
Inflammatory monocytes 0.2 = 0.03 0.2 02 p=0.82

Data are percentages unless otherwise indicated.

(16). In our study, mRNA expression of /nam in these tissues was
clearly absent in the /nam-null mouse (Fig. 1D). To assess the induc-
tion of Inam mRNA expression in response to TLR agonists in vivo,
we performed gPCR analysis using spleens at 3 h after i.p. adminis-
tration of those agonists or PBS. The levels of Inam mRNA expression
was strongly induced by polyl:C, but not other TLR agonists (Fig. 1E).
Hence, these data indicate that polyl:C is the strongest TLR agonist
to induce /nam expression of the TLR agonists tested in vivo. To
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investigate the cellular distribution of INAM protein expression, we
performed flow cytometric analysis using polyclonal Abs to mouse
INAM after i.p. administration of polyl:C. The levels of INAM
protein expression in these cells clearly reflected the absence of the
mRNA (Fig. 1F). Flow cytometric analysis of spleen cells dem-
onstrated that INAM expression was induced in all myeloid lineage
cells, including DC subsets and NK cells. In particular, INAM
expression was highly induced in pDCs and F4/80* Mos.
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FIGURE 2. Signaling pathway of INAM induction in vivo. (A) Inam expression in splenocytes derived from various gene-manipulated mice. After
3 h, total RNA were isolated from the spleens of mice in each group (n = 3) and subjected to quantitative PCR to determine Inam, Irf7, and Bst2
expression. (B) Type I IFN signaling is required for Inam expression of splenocytes derived from WT mice. Splenocytes (n = 3) were treated with polyl:C (pIC),
IFNARI1-blocking Ab, or isotype control Ab for 0, 3, 8, and 24 h. (C) Type I IFN signaling is required for INAM expression of DC subsets, NK cells,
and Mgs. WT and Ifnarl ™'~ mice were i.p. injected with 200 wg polyl:C or PBS (n = 2). After 12 h, INAM expression of each immune cell type was
analyzed by flow cytometry. The data shown are representative of at least two independent experiments. Data are means * SD of three independent

samples. *p < 0.05.
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Type I IFN signaling is required for INAM induction in vivo

The TLR3/TICAM-1 and MDAS5/mitochondrial antiviral signaling
protein pathways activate the transcription factor IRF3 in response
to viral RNA. In BMDC, polyl:C (an analog of virus dsRNA)
directly induces INAM expression via the TICAM-1/IRF3 pathway
(16). Moreover, in the absence of pattern recognition receptor
signals, IFN-« stimulation triggers INAM expression in BMDC.
However, it is unclear which innate signal is required for its up-
regulation in vivo. To understand the inducible pathway of Inam
expression, we investigated its expression in spleen cells derived
from various genetically manipulated mice. After polyl:C stimu-
lation, Inam expression was completely undetectable in IFN («
and B) receptor 1 (Ifnarl )_/ ~ mice, but not in Ticam-1""" mice, a
similar pattern of expression to that seen in type I IFN-inducible
genes including Irf7 and Bst2 (Fig. 2A). Additionally, Inam ex-
pression was partially reduced in mice deficient in Mavs or Irf3,
factors that are critical for producing type I IFN in response to
polyL:C (3, 16). To assess the effect of type I IFN in WT mice,
splenocytes were stimulated with polyl:C in the presence of anti-
IFNAR1 Ab or isotype control Ab. Expression of Inam was
transient, peaking at 8 h in the stimulated group in the presence of
isotype control Ab (Fig. 2B). In contrast, blocking of the type I
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IFN receptor led to abrogation of Inam induction. In agreement
with these results, INAM protein expression was completely un-
detectable in DC subsets, NK cells, and Mes derived from
IFNARI1-deficient mice (Fig. 2C). Hence, these data indicate that
INAM expression depends on the IFNARI1 signaling pathway
in vivo.

INAM is required for IFN-vy production through NK-accessory
interaction

To identify the accessory cells directly responding to polyl:C and
leading to IFN-y production from NK cells, we performed an
experiment on a coculture consisting of MACS-sorted splenic NK
cells and myeloid immune cells including DC subsets and Mes.
Purified NK cells cultured in medium with or without polyl:C did
not produce IFN-y (Fig. 3A). In contrast, a high level of IFN-y
production was observed in the supernatant of NK cells cocultured
with CD8a* ¢DCs and Mes in the presence of polyl:C, but not in
pDCs and CD8a™ c¢DCs. In our reports, cell-to-cell contact is
required for the interaction between NK cells and BMDC (8, 16).
To confirm that the cell-to-cell contact is a prerequisite for the
interaction between NK cells and splenic accessory cells, we
performed coculture experiments using transwell system. As
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FIGURE 3.

DC subsets, and Mes were enriched by MACS separation from WT and Inam™

INAM-dependent NK cell activation in vitro. (A) IFN-y production of NX cells via polyl:C (pIC)-stimulated DC subsets and M¢s. NK cells,

= mice. (B) Cell-to-cell contact-dependent NK cell activation via CD8a™

¢DCs. (€) Cell-to-cell contact-dependent NK cell activation via Mgs. NK cells were cocultured with DC subsets and Mes in the presence of polyl:C
(20 pg/ml) for 24 h. The concentrations of IFN-vy in the culture supernatants were measured by ELISA. (D) Mo depletion with clodronate liposomes. WT
mice were i.p. injected with clodronate liposomes (150 pl/mouse) to remove Mes. After 24 h, the efficiency of Mg depletion was measured by FACS
analysis. (E) Production of IFN-y by NK cells in WT, Me-depleted WT, and Bayf3~'" mice. WT, Mo-depleted WT, and Batf3~'~ mice were i.p. injected
with 200 pg polyL:C (n = 3). After 3 h, splenocytes were isolated, cultured with brefeldin A for an additional 4 h, and analyzed for intracellular content of
IFN-y by FACS, gating on CD3e™/NK1.1* cells. (F) INAM-dependent NK cell activation via CD8a* ¢DCs. (G) INAM-dependent NK cell activation via
Mgs. NK cells, CD8a™ ¢DCs, and Ms were enriched via MACS separation from WT and Inam™" mice. NK cells were cocultured with CD8a"* cDCs or
Maos in the presence of polyl:C (20 wg/ml) for 24 h. The concentrations of IFN-vy in the culture supernatants were measured by ELISA. The data shown are
representative of at least two independent experiments. Data are means * SD of three independent samples. *p < 0.05.
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a result, IFN-y production was completely blocked under trans-
well conditions (Fig. 3B, 3C). Therefore, NK cells are primed
through contact with CD8«* ¢DCs and Megs independent of sol-
uble mediators. To directly test the contribution of CD8a™ cDCs
and Mes to polyl:C-mediated NK cell activation in vivo, we ana-
lyzed Bayf3™"" mice, which largely lack the CD8«* ¢DC population
in the spleen of CS7BL/6 mice (21), and Me-depleted mice gen-
erated by clodronate liposome injection (22, 23). Approximately
85% of Mes were depleted at 24 h after clodronate liposome in-
jection (Fig. 3D). Three hours after polyl:C stimulation, NK cell
secretion of IFN-y was partially decreased in Batf3™'~ and Meo-
depleted mice (Fig. 3E). These results indicate that CD8a* ¢DCs
and Mes are responsible for secretion of IFN-y from NK cells in
response to polyl:C stimulation.

INAM acts on NK cells and BMDC to orchestrate NK-DC
interaction triggered by polyl:C stimulation (16). To investigate
the role of INAM in the interaction of NK-CD8«™ ¢DC and NK-
Mg, we performed an experiment on a coculture of MACS-sorted
splenic NK cells with their accessory cells isolated from WT and
Inam™™ mice. Cocultures of NK cells and accessory cells lacking
INAM showed that IFN-y production from NK cells required
INAM expression in either NK cells or accessory cells (Fig. 3F,
3@G). Notably, deficiency of INAM in both NK and accessory cells
led to a marked decrease in IFN-y production. Taken together,
these results suggest that INAM is required for cell-cell contact in
both NK cells and accessory cells and early IFN-y production by
NK cells.

INAM plays a critical role in rapid IFN-y production by NK
cells in response to polyl:C in vivo

To investigate the role of INAM in polyl:C-mediated cytotoxicity
of NK cells, we injected WT and Inam ™'~ mice with polyl:C. After
0, 3, and 24 h, we isolated splenic NK cells and measured cyto-
toxicity ex vivo. In the four NK-sensitive cell lines B16D8, RMA-S,
B16F10, and YAC-1, we found no difference between WT and
Inam™" mice in the cytotoxic effect of NK cells against these cell
lines (data not shown). Consistent with these results, cell numbers
expressing granzyme B, known as a cytotoxic lymphocyte protease,
barely differed between splenocytes of WT and Inam™™ mice
(Fig. 4A). To determine the role of INAM in NK cell production of
IFN-y in response to polyl:C, we isolated splenocytes 0, 1, and 3 h
after injecting WT and Inam™~ mice with polyl:C and determined
the intracellular content of IFN-y in NK cells. After 3 h, NK cells
isolated from Inam ™"~ mice produced less IFN-y than WT NK cells
(Fig. 4B). Additionally, we also measured the numbers of other
cytokine-producing cells, including GM-CSF, IL-2, and TNF-q,
from NK cells at 3 h after polyl:C stimulation in WT and Inam ™~
mice and confirmed no INAM dependence of the production of these
cytokines (Supplemental Fig. 2A). Therefore, INAM specifically
regulates IFN-y through CD8a DC at least within this time frame.
We also measured CDG9 expression, known as an NK-activating
marker at 0, 3, and 24 h after polyl:C stimulation. CD69 upregu-
lation in response to polyl:C was partially impaired in NK cells from
Inam™ mice in comparison with those from WT mice 24 h after
polyL:C stimulation (Fig. 4C). We found no clear difference between
WT and Inam ™~ mice in expression of CD27 or NKI.1, both of
which evoke IFN-y production through their interaction with the
ligands, or in any other NK receptors at 0, 3, and 24 h after polyl:C
injection (24) (Supplemental Fig. 1B). These results indicate that
INAM-mediated NK activation is independent of incremental ex-
pression of these receptors. Previous reports suggested that proin-
flammatory cytokines including IL-12, IL-15, IL-18, and type I IFN
play critical roles in the cytotoxicity and IFN-y production of NK
cells (15, 25, 26). To determine their expression at 0, 3, and 24 h
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FIGURE 4. INAM-dependent NK cell activation in vivo. (A) Production of
granzyme B (GzmB) by NK cells. (B) Production of IFN-y by NK cells. WT
(+/+) and Inam™"~ (—/~) mice were i.p. injected with 200 wg polyL:C. After
0, 1, and 3 h, splenocytes were isolated, cultured with brefeldin A for an
additional 4 h, and analyzed for intracellular content of IFN-y and granzyme
B by FACS, gating on CD3e™/NK1.1" cells (n = 3 or 4). (C) Expression of
CD69 on the surface of NK cells. WT (+/+) and Inam™"™ (—/-) mice were
i.p. injected with 200 pg polyl:C or PBS. After 0, 3, and 24 h, CD69
expression was assayed by FACS, and the data were quantitatively ana-
lyzed using mean fluorescence intensity (MFI), gating on CD3e /NK1.1*
cells (n = 3). The data shown are representative of at least two independent
experiments. Data are means * SD of three independent samples. *p < 0.05.

after polyl:C stimulation, we performed ELISA and gPCR analysis
of serum and spleen cells from WT and Inam™™ mice. However,
protein levels of IL12p40, IFN-a, and IFN-B were not affected by
Inam disruption in mice (Supplemental Fig. 2B). Additionally,
mRNA expression of /I-15 and [I-18 genes was not decreased in
Inam™ mice (Supplemental Fig. 2C). These results suggest that
INAM plays a critical role in the CD69 expression and rapid IFN-y
production, but not the cytotoxicity, of NK cells in response to
polyl:C in a cytokine-independent manner.

INAM is required for the antimetastatic effect by polyl:C-based
cancer immunotherapy

Malignant melanomas are one of the most important targets of
NK-mediated cancer immunotherapy (27). In this study, we tested
two types of polyl:C-based cancer immunotherapy model using
B16D8 and B16F10 cell lines. NK cells show high cytotoxicity
activity against B16D8 cells established in our laboratory as
a subline of the B16 melanoma cell line (28). This subline was
characterized by its low or virtually absent metastatic properties
when injected s.c. into syngeneic C57BL/6 mice. In contrast, the
B16F10 subline was characterized by its high metastatic capacity
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especially into the lung (29). In this model, NK1.1" cells and TFN-y
have a critical role in the suppression of pulmonary metastases (30).

A mouse model with s.c.-implanted B16D8 and polyI:C therapy
has been established in our laboratory (8). To investigate the func-
tion of INAM involved in tumor growth retardation mediated by
polyL:C, we challenged WT and Inam™" mice with B16D8 im-
plantation and then treated the mice with i.p. injection of polyL:C.
The rate of B16D8 growth retardation was indistinguishable
between WT and Inam ™'~ mice (Supplemental Fig. 3), which was
largely dependent on the antitumor effect of polyl:C. This result is
consistent with the observation that there is no difference in
tumoricidal activity against BI6D8 between WT and Inam ™'~
mice. To determine the role of INAM in the production of IFN-y
by lung NK cells in response to polyl:C, we isolated leukocytes
from the lung at 0, 3, and 6 h after administration of polyL:C to
B16F10-injected WT and Inam ™'~ mice and determined the in-
tracellular content of IFN-y in NK cells (Fig. 5A). After 6 h, NK
cells isolated from Inam ™'~ mice produced less IFN-y than WT
NK cells (Fig. 5B). To investigate the function of INAM involved
in pulmonary metastases induced by polyl:C, we i.v. challenged
WT and Inam™'~ mice with B16F10 cells and then treated the
mice by i.p. injection of polyl:C. After four rounds of polyl:C
treatment, we counted tumor foci in the lung. Under unstimulated
conditions, there was no difference in the number and size of
tumor foci in the lungs between WT and Inam ™™ mice (Fig. 5C).
In WT mice, i.p. injection of polyl:C exerted a significant inhi-
bition in the growth of pulmonary metastases in tumor-bearing
mice compared with PBS controls (Fig. 5D). In contrast, the ef-
fect of polyl:C therapy for pulmonary metastases was partially
abrogated in Jnam ™'~ mice. These results demonstrate that INAM
plays a critical role in IFN-y production by lung NK cells in re-
sponse to polyl:C and unequivocally exhibits antitumor function
in polyl:C-based cancer immunotherapy against IFN-y—sensitive
tumors metastasized to the lung.

5205

BMDC confer direct cytotoxic activity on NK cells by stimu-
lation with RNA via INAM-dependent cell-cell contact (16). Then,
NK cells kill tumor cells via effectors, such as TRAIL and
granzyme B, secondary to upregulation of INAM. However,
splenic DCs hardly induce direct NK cytotoxicity as shown in this
study. In this study, Jnam ™'~ mice studies revealed that DC/Me
primed NK cells in vivo to induce IFN-y that was a major effector
for NK antimetastatic activity. Thus, taken together with the
previous results that BMDCs induce NK cytotoxicity via INAM
(16), INAM-involved DC~NK contact induces two arrays of NK
tumoricidal activities, killer effector and IFN-vy producer, depen-
ding on the properties of DC subsets. The role of INAM in ILC
activation will be a matter of future interest in this context.

Discussion

In this study, we provide the first demonstration, to our knowledge,
that INAM plays a critical role in the interactions of NK-CD8a*
cDCs and Mes leading to IFN-y production from NK cells in vivo.
Additionally, we also propose that INAM is a novel target mole-
cule for cancer immunotherapy against IFN-y—suppressible me-
tastasis.

IFN-v coordinates a diverse array of cellular programs via
STAT]1 activation, such as antimicrobial response, anti- or protu-
mor response, production of proinflammatory cytokines, and in-
duction of IRF1 (31). IRF1 activates a large number of secondary
response genes, which carry out a range of immunomodulatory
functions (32, 33). In secondary lymphoid organs including spleen
and lymph nodes, NK cells are a dominant IFN-y producer
responding to polyl:C (5). IFN-y primes Ag-specific CD4* and
CD8" T cells and also activates other innate immune cells in-
cluding Mgs (34-36). The TLR3-dependent IFN-y signaling
pathway is important in protecting the host from pathogenesis
induced by Coxsackievirus group B serotype 3 infection, which
leads to IFN-y production from NK cells (37, 38). Hence, IFN-y

B16F10
A iv.
Da Da Da Da Da Da Da Da
Oy 1y 3y 4y v 7y 9y 10y Da
| | ] ] ] ! | ) 121
! ! ! ! ! ! ! Count foci
PBS or piC PBS or plC PBS or piC PBS or piC
i.p. i.p. i.p. i.p.
FACS (IFNy)
B C N.S. D l
l l * *
3 18 * )
< 16 1 -+ D 500 ot L34 2 0 s0
2 14 I 2 . = °
ipe o VU N O :
2 40 N.S. /. 3 300- og? 3 a0d e 2’
D 1 / S “ s® ° & el
S 8 S ® 5] L4 (34
8 s & - 8 2001 8wl o
g g 5 1004 ® >
>, NS, 1 E 1004 E sges®
b 0 ‘ =~ ,, [ o L
+/+ -/- +/+ +/+ /-
Oh 3h 6h (n=11) (n=10) PBS pIC pIC
(n=14) (n=13) (n=13)

FIGURE 5. Antimetastatic activity of INAM against B16F10 melanoma. (A) The time schedule of polyl:C (pIC) treatment. (B) Production of IFN-y by
NK cells in the lung. After 24 h, WT and Inam ™'~ mice were i.p. injected with 200 p.g polyI:C. Lung leukocytes were isolated and cultured with brefeldin A
for an additional 4 h, and analyzed for frequency of NK cells and production of IFN-y/granzyme B by FACS, gating on CD3e/NK1.1* cells (n = 3 or 4). (C)

Tumor foci counts in the lung of WT (+/+) and Inam™"~ (—/=) mice under unstimulated conditions at day 12. (D) Tumor foci in the lung of WT (+/+) and

Inam™'™ (—/—) mice. WT (+/+) and Inam™'~ (~/—) mice were i.v. injected with 2 X 10° B16F10 melanoma cells at day 0. At days 1, 4, 7, and 10, WT and

Inam™

three independent samples. *p < 0.05.

~ mice were i.p. injected with 200 pg polyl:C. At day 12, the mice were sacrificed, and lungs were removed and fixed in 10% formalin solution to
count surface colonies under a dissection microscope. The data shown are representative of at least two independent experiments. Data are means * SD of
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derived from NK cells controls innate and adaptive immunity,
leading to a Th1 response.

In this study, we show that INAM evokes IFN-y production by
NK cells in the early phase by polyl:C stimulation (Figs. 4B, 5B).
In a murine CMYV infection model, IFN-vy is induced in NK cells
by IL-12 and IL-18 produced by murine CMV-infected CD11b"
cDCs, whereas these cytokines barely evoke any cytotoxic re-
sponse in NK cells (39). In addition, IFN-y production from NK
cells is induced by anti-CD27 Ab stimulation, but again no cy-
totoxic response is triggered (24). Therefore, these reports indicate
that NK cell cytotoxicity and IFN-y production are independently
controlled by different mechanisms. We found no clear difference
between WT and Jnam™’~ mice in expression of these cell surface
molecules and cytokines. Hence, the INAM-dependent IFN-vy
production from NK cells is based on an as-yet-unknown mech-
anism(s) acting in a manner independent of these molecules.

CpG DNA is known to induce IFN-y from NK cells, which is
mediated through pDCs. TLR9 in pDCs responds to CpG, and the
pDCs liberate IFN-a and TNF-« that participate in the induction
of IFN-y from NK cells (40). We checked induction of the Inam
mRNA in spleen after stimulation with CpG in WT and Inam ™'~
mice (Fig. 1E). The levels of Inam mRNA as well as numbers of
IFN-y—producing cells were hardly increased in response to i.p.
administration of CpG in WT as well as Inam™™ mice, suggesting
no participation of INAM in CpG-induced NK cell IFN-y pro-
duction (data not shown). CpG participates in the activation of the
TLR9 pathway in pDCs, but INAM in splenic cDCs and Mes does
not participate in CpG-mediated NK priming. The result is con-
sistent with the fact that polyl:C is an agonist for TLR3 (but not
for TLR9 predominantly expressed in pDCs), which is mainly
expressed in CD8a* DCs, especially professional Ag-presenting
CD141" and CD103* DCs in mice (41).

CD8a™* ¢DCs directly recognize polyl:C via the TLR3/TICAM-1
pathway and promote IFN-vy production from NK cells in vitro
(9). However, previous analysis of Batf3 ~/~ mice indicated that
absence of CD8a* ¢cDCs resulted in weak NK cell activation, in
agreement with our data (19). We also found that NK cell secre-
tion of IFN-y was partially decreased in mice depleted of Mes by
injection of clodronate liposomes (Fig. 3E). Notably, expression of
INAM by both NK cells and accessory cells is required for early
IFN-y production through NK-CD8a* c¢DC and/or NK-Meg
interactions (Fig. 3F, 3G). The physiological role of these acces-
sory cells in NK activation is poorly understood. However, our
results indicate that CD8a* ¢DCs and Mes facilitate early se-
cretion of IFN-y from NK cells in response to polyl:C and INAM
plays a critical role in the interaction between NK cells and
CD8a* ¢DCs and/or Mes, leading to IFN-y production.

IFN-y exhibits both anti- and protumor activities (42). Systemic
administration of polyl:C exerted a significant inhibitory effect on
the growth of lung metastases in B16F10 melanoma-bearing mice
(30, 42). Using this model, a previous study reported that NK1.1*
cells and IFN-y have a critical role in the protection of lung
metastases (30). Previous studies demonstrated that the IFN-y
receptor expressed on host cells, but not on melanoma cells, is
important for development of lung metastases (43-45). Hence,
lung metastases are prevented by the IFN-y—inducible immune
response following NK cell activation. We show that INAM is
involved in the IFN-y production of lung NK cells in response to
polyL:C stimulation and unequivocally exhibits antitumor func-
tions in polyl:C-based cancer immunotherapy against IFN-y—
sensitive tumor foci in the lung (Fig. 5D). Therefore, we propose
that INAM is a novel target molecule for cancer immunotherapy
against IFN-y-suppressible metastasis.

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION
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Articl_e history: CD4* T cell effectors are crucial for establishing antitumor immunity. Dendritic cell maturation by
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minants with low avidity are usually CD4 epitopes in mutated proteins with tumor-associated class
[-antigens (TAAs). In this study, we made a chimeric version of survivin, a target of human CTLs. The
chimeric survivin, where human survivin-2B containing a TAA was embedded in the mouse survivin
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53{“;‘;3;35: frame (MmSVN2B), was used to immunize HLA-A-2402/K’-transgenic (HLA24°-Tg) mice. Subcutaneous
Polyl:C administration of MmSVN2B or xenogeneic human survivin (control HsSSNV2B) to HLA24"-Tg mice failed
CD4 epitope toinduce animmune response without co-administration of an RNA adjuvant polyl:C, which was required
Peptide vaccine for effector induction in vivo. Although HLA-A-2402/K" presented the survivin-2B peptide in C57BL/6

Th1 response
Interferon-~y
Tumor immunity

mice, 2B-specific tetramer assays showed that no CD8* T CTLs specific to survivin-2B proliferated above
the detection limit in immunized mice, even with polyl:C treatment. However, the CD4* T cell response,
as monitored by IFN-+, was significantly increased in mice given polyl:C+MmSVN2B. The Th1 response
and antibody production were enhanced in the mice with polyl:C. The CD4 epitope responsible for effec-
tor function was not Hs{MmSNVy3.,7, a nonconserved region between human and mouse survivin, but
region 53-67, which was identical between human and mouse survivin. These results suggest that acti-
vated, self-reactive CD4* helper T cells proliferate in MmSVN2B + polyl:C immunization and contribute
to Th1 polarization followed by antibody production, but hardly participate in CTL induction.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Dendritic cells (DCs) present exogenous antigens (Ags) to cells
in the major histocompatibility complex (MHC) class I-restricted
Ag-presentation pathway and cause the proliferation of CD8* T
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cells specific to the extrinsic Ag. When tumor cells have solu-
ble and insoluble exogenous Ags, MHC class I Ag presentation is
mainly transporter associated with antigen processing (TAP)- and
proteasome-dependent, suggesting the pathway is partly shared
with the pathway for endogenous Ag presentation. The delivery of
exogenous Ag by DCs to the pathway for MHC class I-restricted Ag
presentation is called cross-presentation (Bevan 1878).

Polyl:C is a double-stranded RNA analog that activates RNA-
sensing pattern-recognition receptor pathways (Matsumoto and
Seya Z008; Seya and Matsumoto 2009). Polyl:Cis an efficient trigger
of cross-presentation, and facilitates cross-priming of CD8* T cells
in the presence of Ag. Tumor-associated antigens (TAAs) usually
expressed in low levels are thought to need support from pattern-
recognition receptor activation to induce TAA-specific cytotoxic T
lymphocytes (CTLs) (Seya et al. 2013).
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Many TAAs have been identified and tested for tolerability to
patients and for ability to suppress tumor progression. Peptide
vaccine immunotherapy against cancer has been studied clinically
(Rosenberg et al, 2004). Survivin (SVN) is a TAA that generates
CTLs in cancer patients (Schrnitz et al. 2000; Andersen et al. 2001).
Human survivin (HsSVN) is a 16.5kDa cytoplasmic protein that
inhibits caspase 3 and 7 in cells stimulated to undergo apoptosis
(Altier: 2001). SVN is a member of the inhibitor of apoptosis pro-
tein family associated with fetal development. Therefore, except
for testis, thymus and placenta, normal tissues express little SVN
(Ambrosint et el 1987 Altieri 2001). SVN is required in early
thymocyte development from CD4/CD8-double-negative cells to
CD4/CD8-double-positive lymphocytes (Gicada et al. 2004), SVN
is expressed in a wide variety of malignant cells (Aitferi 2041;
Fukuada and Pelug 2008), There are several splicing variants includ-
ing a variant HsSVN2B with a cryptic epitope for MHC class I in
humans. An HsSVN2B peptide (AYACNTSTL: 80-88) is an HLA-
A*2402-restricted peptide recognized by CD8+ CTLs (Mirghashi
et al. 2002). Some cancer cells have higher mRNA levels of the
HsSVN splice variant 2B, but whether this splice variant functions
in tumorigenesis is unknown (Li ZG45).

Several trials have studied the SVN2B peptide in cancer patients
(Tsuruma et al. 2008; Honma et al. 2008 Kameshima et al. 2013).
Although CTLs specific for SVN were detected in peripheral blood
mononuclear cells of most cancer patients, as determined by HLA-
A*2402/SVN2B tetramer assays, no substantial therapeutic effect
on cancer is seen in most clinical studies. A phase I clinical study
found that vaccination with SVN2B peptide combined with IFN-«
had significant therapeutic benefits in advanced pancreatic cancer
patients, in spite of [FN-mediated side effects. Thus, an IFN-inducing
adjuvant, that simultaneously up-regulates Ag-presentation and
IFN-inducible genes, might more efficiently contribute to the clin-
ical benefits of SVN for cancer patients.

Polyl:C is an analog of virus double-stranded RNA with IFN-
inducing adjuvant properties. To test the effect of polyl:C on
survivin-derived CTLs, we used a mouse model expressing human
HLA-A24 that presents the SVN2B peptide (Gutoh et al, 2002).
Mice have no splice counterpart for HsSSVN2B and therefore mouse
survivin (MmSVN) lacks the 2B portion of HsSVN, although the
mouse ortholog is 84% homologous to HsSVN (Kobayashi et al.
1949%). When BALB/c mice are injected intraperitoneally with
HsSVN2B +RNA adjuvant, high levels of CD4* T cells are induced
in splenic T cells, as determined by IFN-v, TNF-q, and IL-2 produc-
tion, as well as development of lytic MHC class Il-restricted T cells
and memory (Charalambous et al. 2006).

The N-terminal sequence of HsSVN, which includes amino
acids 13-27 (FLKDHRISTFKNWPF), differs from that of MmSVN
(YLKNYRIATFKNWPF) (Charalambous et al. 2006). Therefore, high
frequencies of self-reactive CD4* T cells specific for a tumori-
genic protein might be elicited in mice with xenogeneic HsSVN.
However, self-reactive CD4* T cells can be induced toward syn-
geneic or nonmutated CD4 epitopes in cancer patients (Tapalian
et al. 1996; Osen et al. 2010). To test the possibility that sub-
derived self-CD4 epitopes participate in CD8* CTL proliferation,
we made a chimeric survivin protein (MmSVN2B), where the
human 2B exon sequence was embedded into MmSVN. We
immunized HLA-A-2402/KP-transgenic (HLA24P-Tg) B6 mice with
MmSVN2B. The results indicated that the CD8* CTL response to
a self-tumor Ag (2B peptide) was barely enhanced by treatment
of HLA24P-Tg mice with MmSVN2B in the presence of polyl:C.
However, CD4* T cell immune responses to the CD4 epitope of
MmSVN2B and HsSVN2B were significantly enhanced in HLA24P-
Tg mice with SVN2B proteins + polyl:C. The CD4 epitopes were not
the N-terminal HsSVN13_57 and MmSVNj3_57 sequences, but the
Hs/MmSVN;53_g7 (DLAQCFFCFKELEGW) sequence, which is identi-
calin HsSVN2B and MmSVN2B and thus a nonmutated CD4 epitope.

Polyl:C was required for proliferation of self-reactive CD4* Th1 cells
that recognized the syngeneic epitope. We discuss how RNA adju-
vant might induce CD4* Th1 cells and act in the antitumor immune
response.

Materials and methods
Bioinformatics analysis

Ensembl databases (hitp:/jasia.ensemblorgfindex.itml) were
used to investigate human and mouse SVN genomic struc-
ture. Primate and rodent short interspersed nuclear elements
(SINEs) were predicted using the Repeat Masker program
(hitorfiwww repearmasker.org/). Results from databases were
confirmed by comparison to previous reports (Mahaotka et al. 1988),

Expression analysis

Total RNA was extracted from tissues from C57BL/6 mice
and murine cell lines using RNeasy Mini Kits (Qiagen) follow-
ing the manufacturer’s instructions. RT-PCR used High Capacity
cDNA Reverse Transcription Kits (Applied Biosystems) according
to the manufacturer’s instructions. Primer pairs were designed
to span separate exons to avoid amplifying other genomic
DNA. Primers were 5'-ACTACCGCATCGCCACCT-3' (forward) and
5'-GCTTGTTGTTGGTCTCCTTTG-3' (reverse) for detection of the
murine SVN gene (MmSVN) and 5'-TGTAACCAACTGGGACGATAT-
3’ (forward) and 5'-CTTTTCACGGTTGGCCTTAG-3' (reverse) for
murine Gapdh. PCR conditions for mSVN were 94 °C 3 min; 35 cycles
of 94°C 30s, 65°C 305, 72°C for 30s; and 7 min 72 °C. Gapdh PCR
conditions were 94 °C 3 min; 30 cycles of 94°C 305, 65°C 30, and
72°C30s; and 7min at 72 °C.

Antigens

The HsSVN2B-coding sequence was amplified using primers
5-CGGGATCCATGGGTGCCCCGACG-3’ (underline: BamHI site)
and 5'-GGAATTCTCAATCCATGGCAGC-3'(underline: EcoRI site).
To construct the mSVN 2B gene (MmSVN2B), we used two-
step PCR to make a chimeric gene of the mSVN gene and the
human 2B exon (¥ig. 2). In the first PCR, two fragments con-
taining exon 1-2 and exon 3-4 were amplified using primers
5'-CCGCTCGAGATGGGAGCTCCGGCGCT-3" (underline: Xhol site)
and 5'-ACCGTGCCCGGCCCAATCGGGTTGTCA-3" (italics: 5'-end
of exon 2B of the HsSVN2B gene) for exon 1 and exon 2 and
5'-GGGCGGATCACGAGAGAGGAGCATAGAAAGCA-3' (italics: 3'-end
of exon 2B) and 5'-CGGGATCCTTAGGCAGCCAGCTGCTCAAT-
3’ (underline: BamHI site) for exon 3 and exon 4.
The exon 2B fragment was amplified using primers
5'-CGATGACAACCCGATTGGGCCGGGCACGG-3’ (italics:
3-end of exon 1 and exon 2 of MmSVN) and 5/-
TITCTATGCTCCTCTCTCGTGATCCGCCC-3' (italics: 5'-end of exon 3
and exon 4 of MmSVN). In the second PCR, the three templates
from the first PCR were mixed in equal amounts and amplified
using primers 5'-CCGCTCGAGATGGGAGCTCCGGCGCT-3’ (under-
line: Xhol site) and 5'-CGGGATCCTTAGGCAGCCAGCTGCTCAAT-3'
(underline: BamHI site). The pCold vector II (TaKaRa) and SVN
fragments were restriction digested and ligated overnight with
T4 ligase (Promega) at 4°C. Ligation mixtures were transformed
into competent Escherichia coli strain BL21 (DE3) cells. After
preculturing for 2 h at 37 °C, cells were cooled on ice. Recombinant
protein expression was induced with isopropyl-1-thio-B-D-
galactopyranoside at a final concentration of 1 mM and cultured
for 24h at 16°C. N-His-tagged survivin proteins were purified
using a Profinia protein purification system (Biorad). Buffer of
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purified SVN proteins was sequentially exchanged with PBS con-
taining 2 M urea. To rule out lipopolysaccharide contamination, we
treated survivin proteins with 200 pg/ml of polymixin B (Sigma)
for 30min at 37°C before use. OVA (ovalbumin) (Sigma) was
similarly treated with polymixin B as an Ag.

Mice

C57BL/6 (H-2b) mice were from Clea Japan (Tokyo). HLA24b-
Tg was from SLC Japan (Cotoh et al, 2002). Mice were maintained
in the Hokkaido University Animal Facility (Sapporo, Japan) in spe-
cific pathogen-free conditions. All experiments used mice that were
8-12 weeks old at the time of first procedure. All mice were used
according to the guidelines of the institutional animal care and
use committee of Hokkaido University, which approved this study
(ID number: 08-0243, “Analysis of immune modulation by toll-like
receptors”).

Reagents, antibodies and cells

Polyl:C and OVA3;3._339 peptide (ISQAVHAAHAEINEAGR) were
from Sigma. OVAysy_264 peptide (SIINFEKL: SL8), OVA (H2Kb-
SL8), HLA-A*2402 survivin-2B and HIV tetramer were from
MBL. SVN2B peptide (AYACNTSTL) and HLA-A*2402/2B peptide-
restricted human T cell clones (ldenoue et al 2005) were
kindly provided by Dr. Noriyuki Sato (Department of Pathol-
ogy, School of Medicine, Sapporo Medical University). Human
and murine-specific helper peptides (Charalambous et al. 2008)
MmSVN13_27 (YLKNYRIATFKNWPF) and Hs SVNj3_y7 (FLKDHRIST-
FKNWPF) and the common helper peptide Hs/Mm SVNs3_g7
(DLAQCFFCFKELEGW), were synthesized by Biologica Co. Ltd
(Nagoya). Peptide purity was >95%. To eliminate lipopolysaccharide
contamination, all peptides were treated with 200 p.g/ml polymixin
B (Sigma) for 30 min at 37°C before use (MNishiguchi et al, 2001).
Anti-CD3g (145-2C11), anti-CD8« (53-6.7) and anti-IFNy (XMG1.2)
antibodys (Abs) were from BiolLegend. Anti-CD4 Ab (L3T4) was
from eBiosciences and ViaProbe was from BD Biosciences. Dendritic
cells were prepared from spleens of mice as described previously
(Azuma et al, 2012).

Antigen-specific T cell expansion in vivo

HLA24P Tg mice (Gotoh et al, 2002) were subcutaneously immu-
nized with 100 p.g of each antigen and 100 pg poly I:C once a week
for 4 weeks. After 7 days from the last immunization, spleens were
extracted, homogenized and stained with FITC-CD8« and PE-OVA
(Azuma et al. 2012) or PE-SVN2B tetramer for detecting antigen-
specific CD8* T cells (Tsurisma et al. 2008). For intracellular cytokine
detection, splenocytes were cultured with 100 nM SL8 or survivin
2B peptide for 6 hwith 10 pg/ml brefeldin A (Sigma-Aldrich) added
in the last 4h. For intracellular cytokine detection of antigen-
specific CD4* T cells, splenocytes were cultured with 100nM
OVA323.339 peptide or SVN helper peptide for 6h with 10 pg/ml
brefeldin A (Sigma-Aldrich) added in the last 5 h. Cells were stained
with PE-anti-CD8«/FITC-anti-CD3¢ for CD8* T cells or PE-anti-
CD4/FITC-anti-CD3¢e for CD4" T cells. After cell-surface staining,
cells were fixed and permeabilized with Cytofix/Cytoperm (BD Bio-
sciences) according to the manufacturer’s instruction. Fixed and
permeabilized cells were stained with APC-anti-IFN-y. Stained cells
were analyzed with FACSCalibur (BD Biosciences) and Flow]o soft-
ware (Tree Star) (Azuma et al 2012).

ELISA

Sera were collected from immunized mice once a week for
4 weeks and 96-well plates were coated with 10 ug/ml OVA,

MmSVN2B and HsSVN2B in ELISA/ELISPOT coating buffer (eBio-
science) and incubated overnight at 4°C. ELISA diluent solution
(eBioscience)was used for blocking and antibody dilution. PBS with
0.05% Tween 20 was used for washes. Anti-OVA or anti-SVN in
sera was assessed by ELISA using antiserum for IgG2a/b and IgG1
diluted 1000-fold and 10,000-fold and incubated for 2h at room
temperature. After washing, isotype IgGs were detected using goat
anti-mouse total IgG, IgG1, or IgG2a conjugated to HRP (South-
ern Biotechnology Associates). After washing, plates were stained
with 1XTMB ELISA substrate solution (eBioscience) and reactions
stopped with 2 N H,S04 before measuring absorbance.

Statistical analyses

For comparison of two groups, P-values were calculated with a
Student’s t-test. For comparison of multiple groups, P-values were
calculated with one-way analysis of variance (ANOVA) with Bon-
ferroni’s test. Error bars are SD or SEM between samples.

Results
Origin of human SVN exon 2B

The HsSVN gene has four conserved and two cryptic exons
(Mahotka stal, 1998), The authentic HsSVN gene encode 142 amino
acids in exons 1-4. On the other hand, the HsSVN2B product is 165
amino acids encoded by exons 1, 2, 2B, 3 and 4. Exon 2B is hid-
den within intron 2, which is spliced into mature HsSVN2B mRNA
in-frame between exons 2 and 3 (Mahotka et al. 1998). Exon 2B
is followed by the GT-AG role and expressed in many tumor cells
and tumor cell lines, suggesting that splicing predominantly occurs
in malignantly transformed cells (Mahotka et al. 2002). According
to the Ensembl database, HsSVN intron 2 had two Alu sequences
(Fig. 1A), and exon 2B resulted from the second Alu. In contrast, the
MmSVN gene had four exons separated by three introns with no Alu
sequence in intron 2; instead, MmSVN had several SINE sequences
characteristic of rodents in intron 2 (Fig. 1A). Although the exon
sequences were conserved in human and mouse SVNs, two intron
sequences diverged between human and mouse (¥ig. 1A). These
results suggested that integration of exon 2B was evolutionarily
new and formed after an Alu insertion. Although the SVN gene is
conserved in yeast and humans, exon 2B was established after the
divergence of human and mouse.

We used RT-PCR to investigate transcripts resulting from splic-
ing other exons around exon 2 into the MmSVN mRNA. Results of
mRNAs from mouse organs and cell lines are in Fig. ZB. The results
suggested that no alternative exons around exon 2 in the MmSVN
gene. We detected a ~200 bp product in most organs and cell lines
tested (¥ig. 2B), but this was not an MmSVN transcript.

Generation of a mmSVN2B construct

A SVN2B peptide derived from the HsSVN2B gene that con-
tained the exon 2B sequence was recognized by CTLs in cancer
patients (Mirghashi et al. 2002; Tsuruma et al. 2008; Honma et all
200%) and a CTL clone was established from patients (idencue
et al. 200%). We artificially constructed an MmSVN2B with a xeno-
geneic human exon 2B inserted into the boundary between exon
2 and 3 of SVN (Fig. 2A and B). Prominent amino acid substitut-
ions between MmSVN2B and HsSVN2B were concentrated in the
N-terminal region encoded by exon 1 (Fig. 2B), and a CD4 epitope is
inthisregion (1i 2005%; Mahotka et al. 2002). In an earlier paper, this
HsSVN13_p7 region, but not MmSVN;3_37, was an effective CD4 epi-
tope that promoted HsSVN;3_,7-specific CD4* T cell proliferation
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Fig. 3. Expansion of OVA and SVN-specific CD8* T cells. (A) HLA24"-Tg mice were immunized with 100 jug antigen and 100 p.g poly I:C once a week for 4 weeks. After 7
days from the last immunization, spleens were homogenized and stained with FITC-CD8a and PE-OVA or PE-survivin tetramer to detect antigen-specific CD8* T cells. (B)
Splenocytes were cultured in vitro in the presence of SL8 or SVN2B peptides for 6 h and IFN-y production was measured by FACS. (C, D) Average percentages of OVA-positive
and SVN2B-tetramer positive CD8* T cells shown in (A). (E, F) Average percentages of IFN-y producing CD8" T cells specifically in response to SL8 or SVN2B peptide in (B).

*p<0.01.

(Charalambous et al. 2000). His-tagged MmSVN2B and HsSVN2B
proteins were purified and used as Ags (¥ig. 2C).

CD4* and CD8* T cells that react to MmSVN2B plus polyl:C

We examined the ability of MmSVN2B to induce IFN-y and
CD8* T cell proliferation by immunizing HLA24P-Tg mice with
MmSVN2B or HsSVN2B with or without polyl:C (Fig. 3). SVN2B-
specific CTLs were probed by SVN2B-tetramer (¥ig. 3A) and IFN-y
staining (¥ig. 3B). SVN2B-specifichuman CD8* T cells were detected
with SVN2B-tetramer (Fig. S1), which enabled us to search for
SVN2B-specific CTLs in HLA24P-Tg mice (idenous et al. 2003).
Expression of CD40 was up-regulated in CD8a* conventional DCs
to a similar extent with MmSVN2B or HsSVN2B (Fig. S2), consis-
tent with a report on CD40 that promotes cross-priming by Ahonesn
et al. (§ Exp Med, 2004). OVA and polyl:C were used as positive
controls (Fig. 3A, B left panels), and SL8 (SIINFEKL)-specific CTLs
were monitored with OVA tetramer (Azuma et 2l 2312). Both OVA-
tetramer-positive and IFN~y-producing CD8" T cells were detected
in mice immunized with OVA and polyl:C (¥ig. 2C, E). Without
polyl:C stimulation, only small number of OVA-tetramer-positive
cells were upregulated compared to controls (Azuma et al. 2012;
Azuma & Seya unpublished data).

When HLA24P-Tg mice were immunized with MmSVN2B or
HsSVN2B without polyl:C, no significant induction of SVN2B-
tetramer-positive (¥ig. 2D) or IFN-y-inducing cells was observed

(Fig. 3F). When polyl:C was included, only a small increase
in SVN2B-tetramer-positive cells was detected in mice given
MmSVN +polyl:C with no significant increase in IFN-y (Fig. 3F).
Mice receiving HsSVN +polyl:C (Fig. 3D) or polyl:C alone (not
shown) showed no significant increase in SVN2B-specific CD8*
T cells. Consistent with the lack of tetramer-positive CTL induc-
tion, MmMSVN2B treatment failed to regress MmSVN2B-transfected
tumor cells implanted into HLA24P-Tg mice. In EG7 tumor-bearing
mice, administration of polyl:C alone (without Ag) induces tumor-
growth retardation due to the contribution of endogenous Ag
(Azurna et al. 2012), but in this case with tumor-unloaded mice
polyl:C exhibited no tumor-regressing activity (data not shown),
possibly due to the lack of Ag.

Next, we determined the amounts of CD4* T cells that reacted
with MmSVN2B. The positive control group received OVA Ag
and polyl:C (¥ig. 4A, B). The negative control group received PBS
without Ag and polyl:C, but basal frequencies of [FN-y-producing
CD4* T cells were detected in this group even in the absence of
polyl:C or Ag (Fig. 4). When MmSVN2B or HsSVN2B only was used
to immunize mice, no significant response was seen in CD4* T cells
compared to PBS controls (¥ig. 4A, C-E). When polyl:C was included,
IFN-y-producing CD4* T cells restimulated with Hs/MmSVNs3_g7
peptide increased significantly in mice that received MmSVN and
HsSVN (Fig. 4C, D). The sequence of MmSVNs3_g7 was identical to
the sequence of HsSVNs3_g7 (Fig. 2B). However, we did not detect
a significant increase in IFN-y-producing CD4* T cells in mice
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Fig. 4. Expansion of OVA and SVN-specific CD4* T cells. (A) HLA24P-Tg mice were immunized with 100 pg each antigen and 100 g poly I:C once a week for 4 weeks. After
7 days from the last immunization, splenocytes were cultured with 100 nM OVAz23.339 peptide or SVN helper peptide for 6 h, and 10 pg/ml brefeldin A (Sigma-Aldrich) was
added in the last 5 h. After cell surface and intracellular staining, [FN-y production of CD4* T cells was measured by FACS. Average percentages of IFN~y-producing CD4* T
cells in response to (B) OVAs»3.339 peptide; (C) Hs/Mm SVNs3.67 peptide; (D) MmSVNy3.57 peptide; (E) HsSVN;3.,7 peptide. *p<0.01, **p<0.05.

restimulated with MmSVNy3_57 or HsSVNy3_57 peptide (¥ig. 4D, E).
Differences in these two CD4 epitope sequences are in Fig. 2B.

Ab production by immunization with MmSVN2B with polyl:C

Activation of Th1 cells is essential for B cell antibody class
switching. Therefore, we examined production of SVN-specific Ab
in Tg mice that did or did not receive polyl:C. Serum was collected
from HLA24P-Tg mice immunized with different Ags and polyl:C.
OVA and polyl:C were the positive control and resulted in a sig-
nificant increase in OVA-specific IgG1, IgG2a and IgG2b by ELISA
(Fig. 5 left panels). When HLA24P-Tg mice were immunized with
MmSVN2B or HsSVN2B without polyl:C, no significant produc-
tion of any isotypes was observed (Fig. 5 center and right panels).
When polyl:C was included, MmSVN2B or HsSVN2B-specific iso-
types increased significantly.

Discussion

We demonstrated that HLA24P-Tg mice induced
Hs/MmSVNs3_g7-specific CD4* T cells and SVN-specific Ab
followed by Th1 cell activation in response to injection of polyl:C
and MmSVN2B protein. This result was partly inconsistent with
a previous report (Charalambous et all 2008) using Balb/c mice
and HsSVN conjugated to Dec205 mAb. That is, our study with
C57BL/6 mice and MmSVN2B did not detect significant increases

in MmSVN;3_,7-specific CD4* T cells after subcutaneous injection
of MmSVN2B with polyl:C. Thus, the xenogeneic differences in
sequence between HsSVN and MmSVN did not always contribute
to generating effective CD4* T cells specific for a tumorigenic pro-
tein in C57BL/6 mice. The haplotype of the MHC class Il proteins
between Balb/c (having H-2d) and C57BL/6 mice (having H-2b) and
Dec205 mADb conjugation (Charalambous et al. 2008) might be the
reason for these different results. However, no CD8* CTLs against
the 2B peptide were detected even when using a specific tetramer
for detection of CD8* CTLs (Fig. S1). Hence, polyl:C was required
for proliferation of self-reactive CD4* Th1 cells that recognized the
syngeneic epitope without proliferation of SVN2B peptide-specific
CTLs.

OVA were used as positive controls (Fig. 3A, B left panels), and
SL8 (SIINFEKL)-specific CTLs were monitored with OVA tetramer
(Azuma et al. 2012). Here, T cell activation by polyl:C + MmSVN2B
is a focus in this study. However, there is a lot-to-lot difference of T
cell-activating activity in polyl:C + OVA as in our present and previ-
ous studies (Azuma et al. 2012). This difference of T cell activation
may be attributable to the fact that polyl:C consists of a variety of
length of polyl chains and polyC chains with a lot-to-lot hetero-
geneity. In addition, the amounts of Ags in Azuma’s experiment are
higher than those in the present experiment (Azuma et al. 2012).
CD40 stimulation by specific Ab results in high enhancement of
cross-priming of CD8T cells (Charalambous et al. 2006) and CD40
was up-regulated in CD8ca* DCs by polyl:C treatment, but the CD40
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Fig. 5. Production of OVA and SVN-specific antibodies. Sera were collected from immunized mice at once a week for 4 weeks. Anti-OVA or anti-SVN in sera was assessed by

ELISA using antiserum for IgG2a/b and IgG1. *p<0.01, **p<0.05.

levels were also variable depending upon the polyl:C lots. Devel-
opment of a synthesizing method for defined length of RNA duplex
will settle the issue.

Two points are noted. First, polyl:C, an RNA adjuvant, induces
CD4* T cells in addition to the reported cases of CD8” T cells. The fac-
tors that participate in polyl:C-mediated CD4+ T cell proliferation
and the kind of CD4"* T subsets that are predominantly induced by
polyl:C remain unknown. Polyl:C is primarily a potential activator
of the IFN-inducing pathways RIG-I/MDA5 and TLR3 (Matsumotso
& Seya 2008). These pathways allow host immune cells to pro-
duce type I/I1l IFNs and cytokines and are soluble effectors against
cancer. TLR3 preferentially induces cross-presentation in CD8«*
DC in response to dsRNA including polyl:C (Schulz et al,, 2005;
Azurnaet al. 2012)and causes proliferation of CD8* T cells including
cells that respond to TAAs via cross-priming (Azuma et al. 2012).
CD4* T cells that are likely evoked by polyl:C stimulation func-
tion in antitumor immunity since their helper function is usually
suppressed in tumor-bearing mice and can be relieved by innate
immune response (Lee et al. 20313). Stimulation with polyl:C+SVN
Ag might change a tumor-derived suppressive environment to an
environment suitable for primary activation and maintenance of

Ag-specific cytotoxic CD8" T cell responses (Ridge et al. 1888;

ianssen er al, 2003).

According to a recent report, however, adoptively transferred
CD4* T cells induce tumor rejection independently of CD8* T cells
(Corthay et al. 2005; Perez-Diez et al. 2007). This rejection is appar-
ently based on cytokines released from CD4* T cells (Corthay ef al.
2005) and on interaction with CD4* T cells and other immune cells
such as macrophages (Mfs) and natural killer (NK) cells (Perez-
Diez et al. 2007). DCs stimulated with polyl:C also result in NK cell
activation after DC-NK cell-to-cell contact (Akazawa et al, 2007).
Mfs in tumors might be a direct target of dsRNA, which converts
tumor-supporting Mfs into tumoricidal Mfs (Shime et al. 2012). IL-
12p40is preferentially produced via the TICAM-1/Batf3 pathway in
response to dsRNA (Azuma ef al. 2(313). Thus, a variety of cellular
effectors can be triggered as antitumor agents by administration of
dsRNA with TAA peptides or proteins. We found that CD4* T cells
with Th1 properties were effectors induced by polyl:C possibly act-
ing as an antitumor agent in SVN-responding tumor cells. Although
epitope sequence and hydrophobicity might affect Th1 polarization
in mice, CD4* T effectors are successfully induced in tumor-bearing
or tumor-implanted mice by stimulation with MmSVN2B + polyl:C.
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Hence, in vivo administration of an RNA adjuvant with Ag proteins
induce CD4* helper T cells secondary to class II presentation in
DCs, together with induction of type I IFNs and cytokines. CD4*
T cells also facilitate Ab production caused by stimulation of B cell
development (Mak et al. 2003).

Notably, this is a specific feature of RNA adjuvants, since TLR2
agonist Pam2 lipopeptides such as Pam2CSK4 and MALP2s induce
antitumor CTLs with sufficient potential (Chua et 2l 2814) but fail to
induce DC-mediated antitumor NK cell activation (Yamazalki et al,
2011 Sawahata et al, 2011). CD4* T cells with regulatory modes
such as Tregs and Tr-1 cells and IL-10 were induced by Pam2 pep-
tide in the presence of Ag (Yamazaki et al. 2011). Nevertheless,
robust pro]iferation of antitumor CTL is induced by Pam2 lipopep-
tides (Chua et al. 2014). Thus, the mode of CD8* T cell proliferation
is dlfferentxally modulated between TLR2 and TLR3/MDAS5 agonists.

The other point is how self-Ag-reactive CD4* T cells that act as
Th1 effectors in SVN-based immunotherapy are generated. Prolif-
eration of self-reactive T cells is prevented in normal mice, so the
levels of self-reactive T cells are usually lower than the detection
limit of assays (Gebe et al, 2003). Self-reactive CD4* T cells might
be positively regulated by poly!:C in the presence of protein anti-
gen, since mice, when exposed to DNA/RNA, harbor autoimmune
diseases against the protein (Milis 2(311). However, even with Ag
proteins, polyl:C induced minimal cross-priming of CD8* T cells in
our setting, as with previous reports (Charalambous et al. 2006). In
this and other studies, both syngeneic and xenogeneic CD4 epitopes
prime CD4* T cells, stimulating Ab production and Th1 polariza-
tion with antitumor activity, but with little association with CTL
induction (Charalambous ef al, 2008). Our SVN results suggested
that self-responsive CD4 epitopes that are identical in sequence in
human and mouse SVN have a conserved function as a Th1 skewer,
albeit modest, in mice by stimulating DCs and Mfs to prime T and
B cells. In this context, however, a question remains to be settled
about why the insertion of the 2B sequence in MmSVN caused
induction of auto-reactive CD4* T cells secondary to the class II
presentation of the common SVN sequence (53-67) rather than the
reported uncommon 13-27 region.

Generally, the presence of Tregs and regulatory cytokines such
as I1L-10 usually suppresses the function of self-reactive CD4* T
effectors, so an autoimmune response cannot be detected (Danie
et al, 2004: Quezada et al, 2010). In tumor-bearing mice, polyl:C
releases the restriction of T cell autoreactivity by Tregs to enhance
CD4* T function in a tumor microenvironment. Although the level
of Treg cells increases in MALP2s-stimulated tumor-bearing mice
(Yamnazaki et al. 2011), the amount of Treg cells is not affected
by polyl:C injection (Chua et al. 2014). Signs of autoimmune dis-
eases have not yet been observed in mice that received intermittent
administration of polyl:C under our conditions. Further studies on
the function of regulatory factors in tumor-bearing mice after treat-
ment with various adjuvants are needed to determine the balance
between CD4* T effector functions and regulatory factors including
Tregs (Quezada et al. 2018; Carthay et al. 2008).

It has been reported that treatment of murine glioma with DCs
loading MmSVN long overlapping peptide covering CD4 and CD8
epitopes (DC therapy) conferred good prognosis on tumor-bearing
mice (Ciesielski et al, 2008). In previous trials on peptide vaccine
therapy, SVN2B peptide + [FN-a resulted in clinical improvements
and enhanced immunological responses of patients (Kameshima
et al. 2013). Treatment with SVN2B peptide alone did not result in
good prognosis or effective tumor regression in late stage patients
with cancer, however (Tsuruma et al. 2008; Honma et al. 2009),
These results suggest that both killer and helper T cells are required
for in vivo induction of tumor regression, as previously suggested
(Perez-Diez et al. 2007). NK cells, Mfs, and soluble and angio-
genetic factors might be involved in tumor rejection (Shime et al.
2012; Mitller-Hermelink et al., 2008; Coussens and Werb 2002) in

addition to Ag + polyl:C. According to the study with Ag and polyl:C,
aprotein or long peptide Ag containing CD4 epitopes, adjuvant RNA
and additional factors that disable immunoregulatory factors, are
required to effectively induce TAA-specific killer and helper T cell
proliferation and subsequent tumoricidal activity in future studies
(Casares et al. 2001). Ag peptides should be designed to present
both class I and class II peptides on DCs to facilitate proliferation
of CD4* T cells and Ab production. Methods for inducing potential
CD8* CTLs against tumors still need to be considered.
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Development of Hepatitis C Virus Genotype 3a Cell
Culture System

Sulyi Kim,' Tomoko Date,' Hiroshi Yokokawa,"” Tamaki Kono,' Hideki Aizaki,' Patrick Maurel,?

Claire Gondeau,>* and Takaji Wakita®

Hepatitis C virus (HCV) genotype 3a infection poses a serious health problem world-
wide. A significant association has been reported between HCV genotype 3a infections
and hepatic steatosis. Nevertheless, virological characterization of genotype 3a HCV is
delayed due to the lack of appropriate virus cell culture systems. In the present study,
we established the first infectious genotype 3a HCV system by introducing adaptive
mutations into the $310 strain. HCV core proteins had different locations in JFH-1 and
$310 virus-infected cells. Furthermore, the lipid content in S310 virus-infected cells was
higher than Huh7.5.1 cells and JFH-1 virus-infected cells as determined by the lipid
droplet staining area. Conclusion: This genotype 3a infectious cell culture system may
be a useful experimental model for studying genotype 3a viral life cycles, molecular
mechanisms of pathogenesis, and genotype 3a-specific antiviral drug development.

(HeraroroGy 2014;00:000-000)

bout 170 million people worldwide are infected
with hepatitis C virus (HCV), which causes
hronic liver disease at a high rate, leading to
complications including endstage liver disease, liver cir-
thosis, and hepatocellular carcinoma." HCV is classi-
fied into seven major genotypes.” Genotype 1b is the
most prevalent HCV genotype in Asian countries, fol-
lowed by genotype 3a. Genotype 3a infections are
more prevalent in South Asian countries with large
populations.>* A high incidence of hepatic steatosis is
associated with genotype 3a infection.”” Interferon
and ribavirin combination therapy is not satisfactory
in genotype 3a-infected patients, although it is more
effective than in genotype 1b-infected patients.” The
recently developed protease inhibitors telaprevir and
boceprevir are also less effective against genotype 3a
infection.® New antiviral drug development against
genotype 3a HCV is necessary to improve treatment
efficiency in genotype 3a-infected patients.
HCV subgenomic replicon systems are useful tools
for the study of viral replication mechanisms and anti-

viral drug development. Recently, genotype 3a replicon
systems were established.”'® The S310 replicon with
adaptive mutations replicated efficiently in cell culture.
Genotype 3a infections have a different pathogenesis
as compared to other genotype infections (for example,
steatosis). Previous studies demonstrated that cells
expressing genotype 3a core protein had increased lipid
accumulation.'”™ Therefore, an efficient infectious
viral system recapitulating the full life cycle is now
essential to determine the precise pathogenesis of geno-
type 3a infection.

In the present study, we established an infectious
genotype 3a HCV cell culture system by using S310
strains. The full-length S310 clones replicated effi-
ciently and produced infectious viral particles. There
were different HCV core localization patterns between
genotype 3a S310- and genotype 2a JFH-1-infected
cells. Interestingly, the lipid content in S310 virus-
infected cells was higher than Huh7.5.1 cells and JFH-
1 virus-infected cells as determined by lipid droplet
staining area. This cell culture system will be very

Abbreviations: DMEM, Dulbeccos Modified Eagle Medium; HCY, hepatitis C virus; IgG, immunoglobulin G; LD, lipid droplet; MOI, multiplicity of infec-
tion; RT-PCR, reverse-transcriptase polymerase chain reaction; SGR, subgenomic replicon.
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