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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 CD8«* conventional DCs and Mes, led to a robust decrease
in IFN-y production. In conformity with this phenotype, INAM effectively suppressed lung metastasis of B16F10 melanoma cells,
which is controlled by NK1.1* cells and IFN~y. These results suggest that INAM plays a critical role in NK-CD8«" conventional DC
(and M¢) interaction leading to IFN-y 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). Polyl: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 (ILC1s) and control
progression of several types of tumors and microbial infections (7).
Although polyI: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).

PolyI: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 (IRF3) 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 (Mes) 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* ¢cDCs and Meps facilitate secretion of IFN~y
from NX 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 Meps) leading to IFN-y production from
NK cells. In agreement with this suggested phenotype, INAM ef-
fectively suppressed lung metastasis of B16F10 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 /nam (Fam26f)-targeted embryonic
stem cell line, IMBA3.N1 of FAM26F tm2a (European Conditional Mouse
Mutagenesis Program) Wtsi, 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 Jnam homozygous mutants. Ticam-1"'"" and Mavs™"~
mice were generated in our laboratory (8, 16). I3~ 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 Ba;f3”’ -
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
cDNA 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 [115; 5'-GACAA-
AGAAAGCCGCCTCAA-3' and 5'-ATGGCAGCCATTGTTCCTG-3' for
1118; 5'-ACCGTGTTTACGAGGAACCCTA-3' and 5'-GGTGAGAGCTGG-
CTGTTGAG-3' for Iif7, 5'-GCCGAGACACAGGCAAAC-3’ and 5'-CCA-
GGGCTTGAGACACCTTC-3' for bone marrow stromal cell Ag 2 (Bst2); and
5'-GCCTGGAGAAACCTGCCA-3' and 5'-CCCTCAGATGCCTGCTTCA-3’
for Gapdh. The primer sequences for semi-qPCR analysis were 5'-CAAC-
TGCAATGCCACGCTA-3' and 5'-TCCAACCGAACACCTGAGACT-3' for
Gapdh.

Mo depletion and stimulation using TLR agonists in vivo

To generate Me-depleted mice, mice were injected i.p. with 150 ul
Clophosome-Clodronate Liposomes (FormuMax). For qPCR analysis of
Inam induction using some TLR antagonists in Fig. 1E, mice were injected
i.p. with 50 pg polyl:C (GE Bioscience), S0 pg Pam3CSK4 (Boehringer
Ingetheim), 10 pwg LPS (Sigma-Aldrich), 50 pg R837 (InvivoGen), and
50 ng CpG ODN1826 (InvivoGen). In other experiments, polyl:C was
injected 1.p. at a dose of 200 wg/mouse.

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION

Cells

For isolation of DC subsets, Meps 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 ceil suspension was incubated for an ad-
ditional 5 min at 37°C. NK cells were purified from spleens by positive se-
lection of DXS5-positive cells with DX5 MACS beads (Miltenyi Biotec).
CD8a* cDCs were purified using a CD8«* DC isolation kit and CD11c MACS
beads (Miltenyi Biotec). CD8o ™ ¢DCs were purified with CD11c MACS beads
(Miltenyi Biotec) from the negative fraction after CD8c.* cDC separation. F4/
80" Meps 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 Jung were prepared as previously reported (18). Mouse immune cells were
cultured in RPMI 1640/10% FCS/55 pM 2-ME/10 mM HEPES. B16D8,
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-p.m pore
transwells (Comning) 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 (o and ) 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-a
(MPG6-XT22) Ab (BioLegend), anti~-GM-CSF (MP1-22E9) Ab (BioLegend),
or anti-JL-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 (BM8), 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 (LG.3A10),
anti-CD25 (PC61), anti-NKp46 (29A1.4), anti-NKG2D (C7), anti-DNAM-1
(10ES), 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
i.p. on days 1, 4, 7, and 10 at a dose of 200 p.g/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
verified by Southern blot analysis (Fig. 1B). Mutant mice were
born at the expected Mendelian ratio from Inam™'" and Inam™'~
parents and showed normal healthy development under specific
pathogen-free conditions (Fig. 1C). We also examined the compo-
sition of immune cells in the spleen and found no clear difference
between WT and Inam ™'~ mice (Table I). Murine NK cells are

5201

divided into four subsets in their maturation stage based on the
surface density of CD27 and CD11b: CD11b°¥/CD27'%, CD11b'"%/
CD27"s", CD11b™€"/CD27"2", and CD11b"E" /CD27°¥ (20). We
examined the composition of splenic NK cells in each maturation
stage and found no clear difference between WTand Inam™™ mice
(Supplemental Fig. 1A). A previous study showed that /nam mRNA
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 /nam-targeted, /nam-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. (C) Genotype analyses of offspring from heterozygote
intercrosses. The x2 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 p.g polyl:C (pIC) or PBS (2 = 2). After 12 h, INAM expression of each immunre 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 (CD3e7/NK1.1%), NKT cells (CD3e™/NK1.1'"™), B cells (CD19¢*/B220"), CD8* T cells (CD3s*/CD8a*), CD4* T cells (CD3e*/CD4a™),
classic CD8a.~ ¢DCs (CD11c¢™#/CD8a ™), classic CD8a* ¢cDCs (CD11cME/CD8eY), pDCs (CD11c™/B220*), Mos (CD11c™4™/CD11b'°%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
Cells WT Inam™" Student 7 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 55.6 £ 1.9 56.4 = 3.5 p =0.65
NK cells 12204 23 %07 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=0.03
CD8u™ DCs 049 * 0.03 0.8 =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 04 %01 p =096
Inflammatory monocytes 02 £ 0.03 02 *+02 p =082

Data are percentages unless otherwise indicated.

(16). In our study, mRNA expression of Inam in these tissues was
clearly absent in the Jnam-null mouse (Fig. 1D). To assess the induc-
tion of Inam mRNA expression in response to TLR agonists in vivo,
we performed qPCR 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 polyI:C, but not other TLR agonists (Fig. 1E).
Hence, these data indicate that polyI:C is the strongest TLR agonist
to induce Inam 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" Mes.
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FIGURE 2. Signaling pathway of INAM induction in vivo. (A) /nam 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 /nam expression of splenocytes derived from WT mice. Splenocytes (z = 3) were treated with polyI:C (pIC),
IFNAR1-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 Mes. WT and [fnarl ™'~ mice were i.p. injected with 200 pg 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.

- 114 -

G107 ‘S Areniqa, Uo AJISIoATUf) opiespioH 1e /310 [ounuruif mmar//:dny wioly papeojumo(]



The Journal of Immunology

Type 1 IFN signaling is required for INAM induction in vivo

The TLR3/TICAM-1 and MDAS/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-o 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 Ir/7 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

5203

IFN receptor led to abrogation of /nam induction. In agreement
with these results, INAM protein expression was completely un-
detectable in DC subsets, NK cells, and Meos derived from
IFNARI-deficient mice (Fig. 2C). Hence, these data indicate that
INAM expression depends on the IFNARI] signaling pathway
in vivo.

INAM is required for IFN-y 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 Mps.
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 polyI:C, but not in
pDCs and CD8a~ ¢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 Mgs were enriched by MACS separation from WT and Inam™

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

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

cDCs. (€) Cell-to-cell contact-dependent NK cell activation via Mes. NK cells were cocuitured 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) Me depletion with clodronate liposomes. WT
mice were 1.p. injected with clodronate liposomes (150 wl/mouse) to remove Mes. After 24 h, the efficiency of Mo depletion was measured by FACS
analysis. (E) Production of IFN-y by NK cells in WT, Mo-depleted WT, and Batf3™~ mice. WT, Me-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* cDCs. (G) INAM-dependent NK cell activation via
Mes. NK cells, CD8a* ¢DCs, and Mos were enriched via MACS separation from WT and Inam ™" mice. NK cells were cocultured with CD8«* ¢DCs or
Meos in the presence of polyl:C (20 wg/ml) for 24 h. The concentrations of IFN-v 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 CD8c* ¢DCs and Mes independent of sol-
uble mediators, To directly test the contribution of CD8a™ ¢DCs
and Meps to polyl:C-mediated NX cell activation in vivo, we ana-
lyzed Batf3™'" mice, which largely lack the CD8o* ¢DC population
in the spleen of C57BL/6 mice (21), and Mep-depleted mice gen-
erated by clodronate liposome injection (22, 23). Approximately
85% of Meps 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 M-
depleted mice (Fig. 3E). These results indicate that CD8«™ ¢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-CD8a* ¢cDC and NK-
Mo, we performed an experiment on a coculture of MACS-sorted
splenic NX 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,
3G). 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 NX cells and accessory cells and early IFN-y production by
NK cells.

INAM plays a critical role in rapid IFN-vy 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
TFN-y in response to polyl:C, we isolated splenocytes 0, 1, and 3 h
after injecting WT and Jnam ™" mice with polyl:C and determined
the intracellular content of IFN-y in NK cells. After 3 h, NK cells
isolated from Jnam ™"~ 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 poly[: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 CD8c DC at least within this time frame.
We also measured CD69 expression, known as an NK-activating
marker at 0, 3, and 24 h after polyl:C stimulation. CD69 upregu-
lation in response to polyI:C was partially impaired in NK cells from
Inam™" mice in comparison with those from WT mice 24 h after
polyI:C stimulation (Fig. 4C). We found no clear difference between
WT and Inam™ mice in expression of CD27 or NK1.1, both of
which evoke IFN-y production through their interaction with the
ligands, or in any other NX 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 pg 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 wg 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 (2 = 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 qPCR analysis
of serum and spleen cells from WT and Inam™" mice. However,
protein levels of IL.12p40, IFN-o, 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
polyI: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 IFN-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
polyI:C, we challenged WT and Inam™"" mice with B16D8 im-
plantation and then treated the mice with i.p. injection of polyI: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 B16D8 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 Jnam™'" 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 polyI: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 celi—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. Tn this study, Inam™" mice studies revealed that DC/Meo
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-y 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-CD8c*

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-vy coordinates a diverse array of cellular programs via
STAT1 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 polyI:C (5). IFN-y primes Ag-specific CD4* and
CD8" T cells and also activates other innate immune cells in-
cluding Mos (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
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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 pg polyL: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 (2 = 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
~ mice were i.p. injected with 200 p.g 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

Inam™

three independent samples. *p < 0.05.
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derived from NK cells controls innate and adaptive immunity,
leading to a Thl 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 NX cell cytotoxicity and IFN-y production are independently
controlled by different mechanisms. We found no clear difference
between WT and Inam™'™ mice in expression of these cell surface
molecules and cytokines. Hence, the INAM-dependent IFN-y
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-o and TNF-o 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

JFN-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
TLRO pathway in pDCs, but INAM in splenic cDCs and Meps 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 TLRY predominantly expressed in pDCs), which is mainly
expressed in CD8a" DCs, especially professional Ag-presenting
CD141* and CD103* DCs in mice (41).

CD8«™ ¢DCs directly recognize polyl:C via the TLR3/TICAM-1
pathway and promote IFN-y production from NK cells in vitro
(9). However, previous analysis of Bazf3" " mice indicated that
absence of CD8a* ¢DCs 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 Meps 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* ¢DC and/or NK-Me
interactions (Fig. 3F, 3G). The physiological role of these acces-
sory cells in NK activation is poorly understood. However, our
results indicate that CD8x™ c¢DCs and Mgs 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 Mos, 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 NXK 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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