denaturation at 95°C for 15 s, annealing at 38°C for 5 s, and ex-
tension at 72°C for 6 s. The lower detection limit of this assay is
1,000 copies.

Immunohistochemical Staining for HBV Core Antigen

For immunchistochemical staining of the HBV core antigen
(HBcAg), mouse livers were fixed with 4% paraformaldehyde
overnight, cryoprotected in 30% sucrose, and sectioned at a thick-
ness of 10 um using Leica cryostat and mounted on Superfrost
glass slides. Sections were incubated with the primary antibody
(anticore polyclonal rabbit antibody, DAKO) overnight, followed
by incubation with an immunoperoxidase technique involving av-
idin-biotin peroxidase complexes (Vectastain ABC kit; Vector
Laboratories, Burlingame, Calif., USA) according to a method re-
ported previously [22].

HBV Surface Antigen Antigenemia

Mice were bled on the days mentioned after injection of pTER-
1.4xHBV and serum was isolated by centrifugation. Concentration
of HBV surface antigen (HBsAg) in the serum was quantified by
sandwich ELISA in commercial ELISA kits following the manufac-
turer’s protocol (XpressBio, USA). The reporting unit is the signal/
cutoff ratio of the 1,000-fold diluted serum at an O.D. of 450 nm.

Southern Blotting to Detect Intracapsid HBV DNA

Viral DNA was isolated from intracellular viral capsids and de-
tected with a specific DIG-labeled probe as described previously
[21]. In brief, to isolate the viral DNA, mouse livers were homog-
enized and subjected to overnight sodium dodecyl sulfate-protein-
ase K digestion followed by phenol extraction and ethanol pre-
cipitation. Twenty micrograms of the isolated DNA was separated
in 1% agarose gel, transferred onto Immobilon-Ny+ charged nylon
membrane (Milipore), and detected with a full-length HBV-DNA
probe labeled by the DIG DNA labeling and detection kit (Roche
Diagnostics, Basel, Switzerland) according to the instructions pro-
vided by the manufacturer.

Anti-HBs Antibody ELISA

IgG antibodies specific for HBsAg were detected by ELISA as
described previously [23] with slight modification. A 96-well plate
was coated with antigen of HBs in carbonate buffer and followed
by blocking of 2% BSA. Plasma samples were diluted 5x and then
incubated in the antigen-coated wells for 3 h at room temperature.
A horseradish peroxidase-conjugated goat anti-mouse IgGy
(Southern Biotechnology, USA) and TMB were used to develop
the signal. Plates were read at 450 nm. Normal mouse plasma was
used to generate cutoff values. The antibody titers are reported as
the reciprocal of Aysy (sample)/Ayso (2.1 normal mouse average)
at which samples with a value >1 were considered to have scored
positive.

Quantitative HBV or Cytokines mRNA in the Organs

Each organ was extracted from the mice on the days mentioned
after hydrodynamic injection of the HBV plasmid. Total RNA of
the organs was isolated with TRIzol according to the manufactur-
er’s protocol. Using 0.5-1 pg of total RNA as a template, cDNA was
obtained using a high-capacity cDNA transcription kit (Applied
Biosystems) according to manufacturer’s instructions. gPCR was
performed using a Step One real-time PCR system (Applied Bio-
systemns). The expression of cytokine mRNA was normalized to
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that of f-actin mRNA in cach organ, and the fold increase was de-
termined by dividing the expression in each sample by that of the
mice receiving the control plasmid. The primer sequences are de-
scribed in online supplementary table 1.

Quantitative cGAS, STING, and MAVS Expression in Cell

Lines

Total RNA was isolated from 1929 cells, RAW264.7 cells, im-
mortalized mouse hepatocytes, Huh7 cells, and HepG?2 cells with
TRIzol according to the manufacturer’s protocol. Using 0.5-1 g
of total RNA as a template, cDNA was obtained using a high-ca-
pacity ¢cDNA transcription kit (Applied Biosystems) according to
manufacturer’s instruction. gPCR was performed using a Step One
real-time PCR system (Applied Biosystems). The expression of
each targeted mRNA was normalized to that of $-actin mRNA in
cach sample and shown as a relative expression. The primer se-
quences are described in online supplementary table S1.

Reporter Gene Assay

To prepare the HBV RNA, immortalized mouse hepatocytes
previously established in our laboratory [24] were transfected with
either control plasmid or pTERL4xHBV. Total RNA containing
the HBV RNA was isolated after 12 h and confirmed with RT-PCR,
while the RNA transfected with only control plasmid was used as
a control. The isolated RNA was later used as stimuli for the re-
porter gene assay of IFN-{3. Briefly, the immortalized hepatocytes
were again transfected with the reporter plasmids. After 16 h, the
immortalized hepatocytes were transfected with the stimuli in-
cluding PIC, a control plasmid, HBV RNA, and pTER1.4xHBV
using FuGENE HD (Roche). Cells were lysed at the time point
mentioned using a passive lysis buffer, and Firefly and Renilla lu-
ciferase activities were determined using a dual-luciferase reporter
assay kit. Firefly luciferase activity was normalized by Renilla lu-
ciferase activity and was expressed as the fold stimulation relative
to activity in nonstimulated cells.

Statistical Analysis

The statistical significance of the obtained data in this study was
analyzed using a two-tail unpaired t test and p < 0.05 was regarded
as statistically significant.

Results

MAVS and TICAM-1 Are Dispensable in Suppressing

HBYV Replication

We hydrodynamically transfected replication-compe-
tent HBV DNA into Mavs™" or Ticam-17" and Mavs™"/
Ticam-17"mice to access the role of these viral RN A-sens-
ing pathways in response to HBV. Serum HBsAg and
HBV-DNA levels were monitored regularly as surrogate
markers of HBV replication in vivo. WT mice displayed
acute self-limiting hepatitis with peak HBs antigenemia
on day 4 after DNA injection (fig. la-c). Subsequently,
HBsAg in sera decreased and terminated by day 11.
Mavs™~ and Ticam-17" mice displayed HBsAg clearance

J Innate Immun 2015;7:47-58 49
DOI 10.1159/000365113

—454 —

Al

1 B0442

2




HBsAg in 1,000-fold
diluted serum (S/N)

o HBsAg in 1,000-fold o
diluted serum (S/N)

HBsAg in 1,000-fold
diluted serum (S§/N)

[e]

=N HBsAg in 1,000-fold
diluted serum (S/N)

HBsAg in 1,000-fold
diluted serum (S/N)

[

x109

25 18
E 154
20 2
Q=
8F 12
15 £
<2 9-
z
10 o8 6-
g
0 o 0 o
1 4 7 11 15 1 4 7 11 15
Days after hydrodynamics injection Days after hydrodynamics injection
%109
25 - 18
20 - § 15
Q=
wg 124
15 4 £%
<.£ 91
10 - g 8 6 .
g~
> DM.\ % 3+
) 0 ———C“"'ﬁh‘ A
0 1 4 7 1 15 1 4 7 1 15
Days after hydrodynamics injection Days after hydrodynamics injection
Yy Yy Yy Y Y
x109
25 1 18 -
20 S 15
15 § E 12
<8 9+
= o
10 88 6-
4
5 o 3
0 e e -
0 1 4 7 i 15 1 4 7 11 15
Days after hydrodynamics injection Days after hydrodynamics injection
y Yy J Y
%109
25 18
*
20 4 5 154 ”
O =
15 - cEM
<& 94
10 a
0 83 6
=4
5 4 % 3
0] 0 ol
0 1 4 7 1 15 1 4 7 1 15
Days after hydrodynamics injection Days after hydrodynamics injection
x109
18 -
25 1 —e— Ifnar7- _
20 4 —o— WT 5 151 *
* 8T 12-
15 4 * £%
<2 94
i za
10 g g 6
5 @ R
0 O 0 ©
1 4 7 11 15 1 4 7 1 15

Days after hydrodynamics injection

Days after hydrodynamics injection

50

J Innate Immun 2015;7:47-58
DOI 10.1159/000365113

—455—

(For legend see next page.)

Leong/Oshiumi/Okamoto/Azuma/
Takaki/Matsumoto/Chayama/Seya




kinetics that closely paralleled the WT mice response
(fig. 1a, b, left panels). Serum HBV-DNA levels were
quantified using real-time PCR. The average titer of se-
rum HBV DNA in 15 WT mice injected with HBV DNA
was below 1 x 10* copies/ml 1 day after injection and
reached 2 x 107 copies/ml 4 days after injection (fig. la—c,
right panels). At later time points, most mice showed no
detectable virus titer. Similar results were obtained with
Mavs™~and Ticam-1""" mice (fig. 1a,b). The serum HBV -
DNA and HBsAg results showed only a marginal effect for
the absence of MAVS or TICAM-1 compared to WT
mice. The results suggested that the pathways involving
these two adaptor proteins were dispensable for triggering
the immune responses that suppressed HBV replication.

To determine whether the RIG-I/MDA5-MAVS and
TLR3-TICAM-1 RNA-sensing pathways were dispens-
able for suppressing the HBV replication, similar stud-
ies were performed in mice lacking both the MAVS and
TICAM-1 adaptor proteins (fig. 1¢). No notable differ-
ences were observed between WT and MAVS/TICAM-1
double-knockout mice in serum HBsAg and HBV-DNA
levels, consistent with other data obtained. In addition,
similar kinetics of intrahepatic clearance of the HBV
template as well as HBV replication was observed in
WT, Mavs™, and Ticam-17" mice as revealed by South-
ern blotting using HBV-specific probes (online suppl.
fig. 1).

To ensure the efficiency of delivery of the HBV tran-
scriptional template into the mouse liver, a plasmid har-
boring the lacZ gene was used to transfect the liver cells
using the hydrodynamic injection method. X-gal (a
substrate for lacZ) staining showed that nearly the en-
tire liver of injected mice has successfully received the
injected plasmid (online suppl. fig. 2). An independent
determination of transfection efficiency was carried out
using a plasmid harboring the GFP fragment. The com-
parable transfection efficiencies observed did not differ
significantly among the different mouse strains (data
not shown). Furthermore, quantification of HBV
mRNA in the organs of WT and knockout mice on day

Fig. 1. IFNAR and IRF-3/IRF-7 are critically associated with regu-
lation of HBV propagation in mice but not MAVS and/or
TICAM-1. HBsAg or HBV DNA were measured with sera from
Mavs™ (n = 13) (a), Ticam-17" (n = 10) (b), Ticam-1"""/Mavs™~
(0= 6) (), Irf-37"~/Irf-7""~ (n = 12) (d), and Ifnar’ (n = 13) (e)
mice compared to WT mice (n = 15). These mice were hydrody-
namically injected with 50 ug of the pTER-1.4xHBV plasmid con-
taining full-genome HBV DNA. Mouse sera were isolated at the
time points indicated. The HBsAg titers in the 1,000-fold diluted
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3 after hydrodynamic injection revealed that HBV
mRNA was amplified mainly in the liver but not in oth-
er organs, including kidney, lung, heart, spleen, and
thymus (online suppl. fig. 3). Only weak HBV signals
were detected in other organs in some types of knockout
mice. These results demonstrated that HBV replication
in vivo using the injection method was efficient and liv-
er specific.

To further assess the possibility of HBV RNA acting as
pathogen-associated molecular patterns to trigger the in-
duction of type I IFN in hepatocytes, we transfected the
immortalized hepatocytes with a plasmid containing the
full genome of HBV as well as RNA containing the HBV
mRINA. Along with the synthetic analog of dsRNA,
poly(L:C), as a control, we determined the activity of the
IFN-f promoter upon the stimulation using reporter
gene assay (online suppl. fig. 4). Unlike poly(I:C), neither
the full genome of HBV nor RNA induced any activity of
the type I IFN promoter in the immuortalized hepatocytes,
Furthermore, we quantified the endogenous expression
of genes including cGas, Sting, and Mavs in the hepato-
cyte cell lines in order to access the intrinsic RNA or
DNA-sensing pathways (online suppl. fig. 5). We found
that the hepatocyte cell lines, including those originating
frommice and humans, expressed extremely lowamounts
of Sting compared to the intrinsic Mavs. However, other
cell lines, including RAW 264.7 (murine macrophage cell
line) and 1929 (murine fibrosarcoma cellline), have high-
er endogenous expression of Sting in comparison to
Mavs.

IRE-3/IRF-7 and IFNAR Are Critical Factors for HBV

Replication Regulation

To investigate the mechanisms underlying the rapid
termination of HBV replication in WT mice, we examined
HBYV clearance in IRF-3-/IRF-7-deficient mice. Activa-
tion of transcription factors including IRF-3 or IRF-7 is
essential for raising immune responses including IFN pro-
duction [25]. Unlike Mavs™", Ticam-1""", or WT mice,
mice lacking the transcription factors IRF-3/IRF-7 had

serum (left) and HBV DNA (right) in the knockout mice (@) were
compared to the WT mice (O). Serum HBsAg titers were deter-
mined with an enzyme immunoassay at O.D. 450 nm [calculated
as signal-over-noise ratios (§/N)]. Sera HBV DNA were deter-
mined by Q-PCR and indicated as copies per milliliter. Error bars
indicate SD. The statistical p values were analyzed and no signifi-
cant differences were observed in a-c. * p < 0.01 in d and e are
time points statistically different between WT and transgenic
mice.
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Fig. 2. Lacking IFNAR and IRF-3/IRF-7 causes an increase of
HBcAg in mouse liver injected with the HBV replicative plasmid.
The HBc protein in the livers on day 3 after injection was visualized
with immunohistochemical staining of the mice liver sections em-
bedded in OCT using an anti-HBc antibody for HBcAg. Represen-
tative sections are shown. HBcAg-positive cells were absent in the
‘WT mice that received only the control plasmid (a). Only margin-
al differences were observed in the frequency of HBcAg-positive
cells between WT (b), Mavs™~ (c), and TICAM-17 (d) mice. Fre-
quency of HBcAg-positive cells in the livers of the Ifnar”~ () and
Irf-37~/Irf-7"~ () mice are more prevalent compared to the WT
mice. The scale bars represent 10 um. The images are displayed at
200x magnification. Frequency of HBcAg-positive signals between
the different mouse strains shown is based on 3 images of each.
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markedly high amounts of HBsAg and HBV DNA in sera
(fig. 1d). A sharp peak of HBsAg in sera occurred in
Irf-37~/Irf-77~ mice on day 4 after injection. However, in
spite of the high virus titer at the early stage, HBsAg and
DNA in sera were cleared with kinetics that paralleled the
WT mice response, and viremia was eliminated by day 11.
Hence, the substantial differences in the serum viremia
between WT and Irf-37~/Irf-7"/~ mice in the early stage
after transfection presumably reflects the importance of
the genes being expressed with these transcription factors
in the suppression of the HBV replication. IRF-3 and IRF-
7 are the key molecules in the suppression of HBV viremia
in the early stage after HBV injection.

Since type I IFN stimulates the IFNAR pathway to am-
plify type I IFN production, we hydrodynamically trans-
fected HBV plasmid into mice lacking the gene of the type
1 IFN receptor (Ifnar™") and assessed the suppression of
HBV replication. Ifnar”~ mice showed markedly high ti-
ters of viral DNA and antigens in sera (fig. le) similar to
Irf-371/Irf-7""~ mice.

The presence of HBcAg-positive hepatocytes was also
monitored by immunohistochemical staining ofliver sec-
tions from mice of each strain at day 4 after the injections
(fig. 2). Data from the observed HBcAg-positive hepato-
cytes were in good agreement with the results on sera
HBsAg and HBV DNA: only deficiency of IRF-3/IRF-7
and IFNAR resulted in a sharp increase of viremia in mice
in the early stage (earlier than day 4). Fewer HBcAg-pos-
itive hepatocytes were observed in Mavs™~ and Ticaml™~
as well as WT mice at day 4 after injection than in Irf-37~/
Irf-77= or Ifnar”~ mice (fig. 2).

To gain insight into cytokine production in the liver in
response to the HBV genome and its replication, we
quantified the expression of type I IFN, IFN-y, IL-7, IL-
12p40, and chemokines including CXCL9, CXCL10, and
CXCL11 mRNA in the livers of WT mice receiving either
the control plasmid or plasmid carrying the HBV full ge-
nome on days 1, 3, 7, and 10 after hydrodynamic injec-
tion. Replication of HBV in the liver did not cause any
significant changes in the expression of the cytokines or
chemokines except the IFNs and CXCL-10 (fig. 3a-h). A
similar study was carried out in WT and Ifnar”~ mice in
order to further elaborate the type I IFN production. The
IFNs increased in WT mice livers receiving the HBV full
genome compared to the mouse livers receiving the con-
trol plasmid (fig. 3i-k). This increase was not observed in
Ifnar”" mice lacking the INF receptor. Although there
appeared to be slight individual-to-individual differences
in the apparent peaks of IFN-a induction, the result indi-
cated that IFN-P was responsible for suppressing HBV
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Fig. 3. Type I and I IFN expression is induced by HBV replication,
and lacking the type ITFN receptor (IFNAR) causes failure of these
inductions. WT mice were hydrodynamically injected with 50 pg
of the pTER-1.4xHBV or control plasmid as described, and livers
were isolated on days 1, 3, 7, and 10 after injection. The expression
of IFN-a (a), IFN-p (b), IFN-vy (c), IL-7 (d), IL-12p40 (e), CXCL-9
(f), CXCL-10 (g), and CXCL-11 (h) mRNA was determined by
reverse transcription followed by real-time PCR, and was ex-
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pressed as the fold of induction relative to the WT mice receiving
the control plasmid. Induction of IFNs and CXCL-10 was observed
in the mice receiving the HBV plasmid. Sirilar studies were con-
ducted in the WT and Ifnar~~ mice: IFN-a (i), IFN-B (j), and IFN-vy
(k). Ifnar’- mice show reduced expression of the IFNs compared
to the WT. Data represent the mean of 3 mice on each strain and
time point mentioned. * p < 0.05. U.D. = Undetected.
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replication early. However, the reason for the lag in the
induction of IFN-y between the WT and Ifnar”~ mice re-
mains unclear.

Taken together, these results suggest that type I IFN
was indispensable for suppressing HBV replication in the
early stage after viral genome entry. Type I IFN binds to
its receptor to induce intracellular antiviral proteins to
disrupt HBV replication. The results, however, infer that
intrahepatic HBV clearance at the later stage is indepen-
dent of IFN.

HBYV Clearance in a Later Stage by Acquired

Immunity

Previous studies by Yang et al. [23] and other groups
showed that HBV replication persists indefinitely in
globally immunodeficient mice such as NOD/Scid mice
hydrodynamically injected with the replication-compe-
tent plasmid carrying the full genome of HBV. To inves-
tigate whether the elevated viral titer in Ifnar”" and
Irf-37-/Irf-7'~ mice on day 4 after hydrodynamic injec-
tion and intrahepatic HBV clearance were related to im-
mune effectors including T and B cells, HBV clearance
was examined in Rag-2"~ mice. The lack of V(D)] recom-
bination in this strain resulted in failure to produce ma-
ture B or T lymphocytes. As shown in figure 4, the ab-
sence of mature T and B cells in the Rag-2"~ mice did not
result in elevated viral titer immediately after transfec-
tion, unlike in Ifnar”~ and Irf-37/~/Irf-7"/~ mice. How-
ever, Rag-27/~ mice failed to clear the input plasmid and
HBV products, as sera HBsAg and HBV DNA were de-
tected up to day 15 (fig. 4a), by the time viral replication
was terminated in all the other strains tested (fig. 4¢, d).
In other words, activation of the immune effectors such
as the B and T cells is responsible for the intrahepatic
HBV clearance, their activation being independent of
IEN and IRF-3/IRF-7.

MyD88 Deficiency Leads to Slower HBV Clearance

The MyD88-dependent pathway has been known to
lead to the production of inflammatory cytokines and is
common to all TLRs, except TLR3 [22]. To examine
whether a MyD88-dependent pathway is required in the
intrahepatic clearance of the HBV, we monitored the se-
rum HBsAg in MyD88-deficient mice. As shown in figure
4b, an increase in sera HBsAg in Myd88~'~ mice was ob-
served, although without particular antigenemia peaks at
the early stage of transfection in Ifnar” and Irf-37~/
Irf-7-'~ mice (fig. 4b, c). Instead, a delay in the elimination
of the HBV was observed (fig. 4b, d). Typically, WT mice
or other mouse strains lose serum HBsAg from day 11
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after injection. However, serum antigen was detectable
onday 15 in Myd88~/~ mice. Delayed elimination of HBV
plasmid and single-strand DNA in the liver was observed
in Southern analysis of the liver from Myd88~/~ mice
compared with WT, Mavs™~, and Ticam-1~/~ mice (on-
line suppl. fig. 1).

Additionally, ELISA to determine anti-HBsAg anti-
body production in mouse sera after hydrodynamic in-
jection revealed that anti-HBs antibody was produced in
WT mice from day 7 and peaked at day 15 (fig. 4e). RAG2-
deficient mice lacking mature T and B cells failed to pro-
duce any antibody, and Myd88~'~ mice also had lower or
nearly undetectable anti-HBs antibody in serum in com-
parison to the typical response of WT mice at later trans-
fection stages. These results suggested that MyD88 and
RAG2 were crucial for triggering acquired immunity
against HBV in vivo.

Discussion

In the present study, several different knockout mice
were analyzed in an attempt to define the mechanism of
innate immunity against HBV in vivo. The evidence we
obtained indicated that viral replication was not affected
by MAVS or TICAM-1 knockout, but absence of IRF-3
or IRF-7 transcription factors, as well as the IFN receptor,
had an adverse effect on the inhibition of HBV replica-
tion. The results herein demonstrated that the TICAM-1
and MAVS pathways were not required in either sup-
pressing the virus replication or intrahepatic clearance of
HBYV replicative plasmid in vivo.

Although a DNA virus, HBV has the unique feature of
replicating via an RNA proviral intermediate that is cop-
ied into DNA. Thus, defining the virus component, either
HBV DNA or RNA that triggers the antiviral response is
crucial to understand the immune mechanisms that are
responsible for eliminating HBV during infection. HBV
RNA has been suggested as the putative pathogen-associ-
ated molecular pattern of HBV in a few reports [16-18,
26]. HBx or HBs inhibits IFN-f induction followed by
activation of TLR3 or RIG-I pathways with poly(I:C) or
SeV, respectively. However, these findings must be inter-
preted with caution, as poly(I:C) and SeV are heterolo-
gous inducers for evaluating either the TLR3 or RIG-I
pathway [16, 17]. No definitive conclusion on activation
of the TLR3 or RIG-I pathway by HBV RNA in vivo has
been reported yet.

Viral RNA is recognized largely by RIG-I or MDA5 in
the cytosol of infected cells [27, 28] and by TLR3 or
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Fig. 4. Mice lacking RAG2 and MyD88 show insufficient clearance
of HBV. a, b The Rag2", Myd88~"", and WT mice were hydrody-
namically injected with 50 pg of pTER-1.4xHBV and HBsAg in the
mouse sera at the time points indicated and analyzed with ELISA
as described. ¢ HBsAg in 1,000-fold diluted serum from all the
mice strains including WT, Ifnar”", Irf-37~/Irf-77, Mavs™",
Ticam-17~, Myd88~~, and Rag2™~ at day 4 after the hydrodynamic
injections. Only Ifnar™" and Irf-37"/Irf-7"~ mice show a remark-
able increase, while a moderate increase of sera HBsAg was seen in
Myd88~~ mice. d HBsAg persistence rates in all the mice strains
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receiving pTER1.4HBV were determined by the percentage of se-
rum HBsAg-positive mice on day 4 ([0) and day 15 (E) after the
hydrodynamic injections. Serum HBsAg was found to be persis-
tent only in mice deficient in MyD88 and RAG2 on day 15 as 100%
of the mice from these two strains were HBsAg positive (n = 8 for
each mice strain). e Lacking MyD88 and RAG2 leads to the failure
of the knockout mice to produce anti-HBs IgG compared to the
WT mice on day 15 after injection as determined by ELISA using
antigen of HBs (n =3 for each mice strain). * p < 0.05. S/N = Signal-
over-noise ratio.
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TLR7/8 in the endosome of other noninfected cells [29,
30]. These RNA sensors require MAVS, TICAM-1, or
MyD88 as adaptor proteins to induce type I IFN [28]. On
the other hand, cytoplasmic DNA is recognized by DNA
sensors including DAI, IF116, RIG-I, DHX9 (helicase),
and cGAS [31]. STING is the only adaptor for all IFN-
inducing DNA sensors in mouse cells reported so far [30,
32, 33], although some of these sensors are reported to
induce type I IFN via MAVS in human cells. These adap-
tors, TICAM-1, MAVS, and STING, are all linked to ac-
tivation of IRF-3/IRF-7 which act as transcription factors
that induce activation of the type I IFN promoter during
viral infections. Involvement of different pathways in the
induction of type L IFN is critically dependent on the virus
species and cell type. Cell type-specific contributions of
other sensors, including DEAD box helicases, might oc-
cur in some cases of infection. However, in hepatocytes,
the control plasmid per se exhibited no IFN-inducing re-
sponse, suggesting that the HBV replication is a critical
step for IFN induction. Actually, no contribution of oth-
er sensors except RIG-I/MDA5 and TLR3 has been re-
ported so far.

Using the murine hydrodynamic injection model, we
found that mice deficient in IRF-3 and IRF-7 or IFNAR
do not inhibit HBV replication as effectively as their WT
counterparts and result in elevated HBV titers in mice
sera and livers. These findings imply that type I IFN act-
ing on IFNAR is indispensable for evoking anti-HBV
protective responses although such a hypothesis is in dis-
agreement with previous findings that HBV does not in-
duce detectable changes in type I IFN expression during
the early weeks of infection [34]. There are a few possi-
bilities of how type I IFN is produced in mice receiving
HBV template plasmid. One of them is that HBV could
be recognized by pathways that do not link to MAVS or
TICAM-1 and facilitate IFN production in the cytoplasm.
For instance, STING-dependent signaling leads to type I
IFN induction, and it has been shown that this can be
MAYVS and TICAM-1 independent. Notably, STING-de-
pendent signaling is especially associated with DNA-me-
diated induction of type I IFN via IRF-3/IRF-7, and ge-
nomic DNA is an important part of HBV replication. It
would be interesting to clarify such hypotheses using
Sting”~ mice in the near future.

To elucidate the molecular pattern which triggers type
ITFN induction, we transfected either HBV DNA or RNA
into immortalized hepatocytes. To our surprise, we were
unable to detect significant IFN-f induction with either
HBV replicative DNA or HBV RNA. As we looked into
the possible reasons to account for the lack of innate im-
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mune responses against HBV in hepatocytes, we found
that the endogenous expression of STING in hepatocyte
cell lines including HepG2 and immortalized mouse he-
patocytes is extremely low compared to other cell lines
like macrophages or dendritic cells, thus suggesting that
STING-dependent signaling might play a crucial role in
inducing type I IFN in response to HBV. The produced
IFN in turn activates the IFNAR pathway. There are var-
ious cells populations in the liver that express IFNAR and
therefore subsequently initiate a natural signaling cascade
for amplification of IFN production via the Jak-STAT
pathway.

Another possible way for HBV to induce IFN is via the
HBV-stimulated nonparenchymal or resident myeloid
cells. Even though there has been no report suggesting
that HBV substantially infects pDCs, Isogawa et al. [5],
demonstrated that freshly isolated CD11c* cells of intra-
hepatic myeloid cells rather than the hepatocytes ex-
pressed TLRs including TLR2, 3, and 9. Therefore, resi-
dent myeloid cells might induce IFN to further prevent
the spread of HBV by activating the IFNAR pathway in
bystander cells or hepatocytes. -

Although Myd88~~ mice receiving an HBV-DNA in-
jection did not exhibit significantly high virus titers in the
early phase unlike those observed in Ifnar”~ and Irf-377/
Irf-77~ mice, interestingly MyD88 is required for the in-
trahepatic clearance of the HBV replicative template. The
fact that the transcriptional template persists in the ab-
sence of MyD88 suggests that MyD88 may play a pivotal
role in intrahepatic HBV clearance in the mouse model.
Notably, MyD88 is the adaptor molecule for TLR7 and 9
in pDCs [35, 36]. Deficiency of MyD88 in pDCs may re-
sult in failure to induce acquired immunity for HBV. Our
findings show that HBV-specific antibodies are efficient-
ly produced in WT, but not in Myd88~~ mice. In addition,
the number of pDCs has been previously reported to be
reduced in vivo during several systemic viral infections
including HBV [37]. In one of the most recent reports, Lv
etal. [38], showed that HBV-derived CpG induces potent
IFN-a production by human pDCs, which may partially
explain how pDCs interact with HBV in infection. How-
ever, the cause of weak participation in the early response
of IFN induction in Myd88~~ mice remains to be deter-
mined.

Recombinant IFN-a is a standard treatment for chron-
ic HBV patients. Nevertheless, direct treatment with IFN
yields only about 30% improvement in HBV patients and
little is known about why most chronic HBV patients do
not respond to IFN therapy [39]. As demonstrated in our
study, virus persistency can be independent of the type 1
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IFN-inducing system. This observation leads to the sug-
gestion that type I TFN is indispensable for inducing an-
tiviral molecules to control viral replication and spread
before the onset of more specific and powerful adaptive
immune responses. This appeared to be factual at least in
our knockout mouse models as virus titers were highly
elevated in Ifnar™" mice in the initial days after injection.
Conversely, type [ TFN did not have any influential effects
on clearance of the HBV template in the later stages. Such
observations coincide with the latest study conducted in
patients with chronic HBV infection by Tan etal. [40], in
which IFN-a treatment was shown to modulate innate
immune parameters in the patients, but without any de-
tectable effect on HBV -specific adaptive immunity. The
missing link between the induction of type I IFN and an-
ti-HBV cellular effectors needs to be further investigated
in mouse models, including the mechanism of MyD88
participation in activation of the cellular immune re-
sponse during infection. Elucidating molecular mecha-
nisms between innate pattern sensing and evoking cellu-
lar effectors may provide a reasonable explanation for the
failure of IFN-treatment in HBV infection.

Collectively, our study validates the use of the hydro-
dynamic transfection method in mimicking acute HBV
infection in mouse models and demonstrated the host-
virus relationship during HBV infection in many aspects.

Since HBV infectious models with immunologically well-
defined laboratory animals do not exist, the result pre-
sented in this study herein provides an insight into the
dispensability of RNA sensors for induction of IFN by
HBV RNA and the complexity of innate and adaptive im-
munity during HBV clearance.
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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 (Mes) 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 melecule (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 Mos, led to a robust decrease
in IFN-y preduction. 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 Mo) 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 (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 (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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(¢DC) 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* ¢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-vy production. Therefore, these
results infer that INAM plays a critical role in the interaction of
NK-CD8a* ¢DCs (and Mes) 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 NK1.17 cells and IFN-vy. Taken together,
these results provide the first demonstration, to our knowledge, that
INAM plays a critical role in the interaction of NK-CD8a™* ¢DCs,
 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) 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). If-37"" and Ifnarl™" mice
were provided by Dr. T. Taniguchi (17). Baf3™'~ C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) (18). The Baf3™™
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 I115; 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 (Bst2); 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 Me-depleted mice, mice were injected ip. with 150 pl
Clophosome-Clodronate Liposomes (FormuMax). For gPCR analysis of
Inam induction using some TLR antagonists in Fig. 1E, mice were injected
i.p. with 50 g polyl:C (GE Bioscience), 50 g Pam3CSK4 (Boehringer
Ingelheim), 10 pg LPS (Sigma-Aldrich), 50 pg R837 (InvivoGen), and
50 ng CpG ODN1826 (InvivoGen). In other experiments, polyl:C was
injected i.p. at a dose of 200 pg/mouse.

ROLE OF INAM IN NK-ACCESSORY CELL INTERACT ION

Cells

For isolation of DC subsets, Mps 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* cDCs were purified using a CD8o.™ DC isolation kit and CD11c MACS
beads (Miltenyi Biotec). CD8c:~ ¢DCs were purified with CD11¢c MACS beads
(Miltenyi Biotec) from the negative fraction after CD8«* ¢DC 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 lung 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-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 (a 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-«
(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 (BMS), 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

PolyI: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. ondays 1, 4, 7, and 10 at a dose of 200 pg/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
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divided into four subsets in their maturation stage based on the
surface density of CD27 and CD11b: CD11b*/CD27°%, CD11b"%/
CD27"E" CD1ILMEYCD27ME", and CD11B"E" /CD27Y (20). We
examined the composition of splenic NK cells in each maturation
stage and found no clear difference between WT and Inam™ ™ mice
(Supplemental Fig. 1A). A previous study showed that Inam 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, 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. (C) 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 Inam expression. *p < 0.05 (F) INAM expression of immune
cells. WT (+/4) 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 (CD3&*/CD8a*), CD4* T cells (CD3e*/CD4a*),
classic CD8a~ ¢DCs (CD11¢™#/CD8a ™), classic CD8«* cDCs (CD11c™8*/CD8a*), pDCs (CD11c™/B220%), Mos (CD11¢!*#™/CD1 1" 4™/F4/80™),
and granulocytes (CD1 1b™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 = 2.2 p = 0.69
CDS8* T cells 86 0S5 8.0+ 1.0 p=0.27
B cells 55.6 = 1.9 56.4 = 3.5 p = 0.65
NK cells 1.2 *+04 23 +0.7 p=0.22
NKT cells 09 = 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 =003
CD8a™ DCs 0.49 £ 0.03 0.8 = 0.2 p =0.09
Granulocytes 0.3 £ 0.04 1.0x12 p =043
Me¢ 1.8 * 0.6 22 *08 p =045
Resident monocytes 04 0.1 04 = 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 Inam in these tissues was
clearly absent in the Inam-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 polyl:C, but not other TLR agonists (Fig. 1E).
Hence, these data indicate that polyl: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) 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 Jnam expression of splenocytes derived from WT mice. Splenocytes (n = 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 Ifnarl ~'~ 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.
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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-a 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 (o
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 7rf7 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 1 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
IFNAR1-deficient mice (Fig. 2C). Hence, these data indicate that
INAM expression depends on the IFNARI 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 Mos in the presence of polyl:C, but not in
pDCs and CD8«™ ¢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. INAM-dependent NK cell activation in vitro. (A) IFN-y production of NK cells via polyl:C (pIC)-stimulated DC subsets and Mes. NK cells,

DC subsets, and Mes were enriched by MACS separation from WT and Inam ™ mice. (B) Cell-to-cell contact-dependent NK cell activation via CD8a*
¢DCs. (€) Cell-to-cell contact-dependent NK cell activation via Mes. 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-v in the culture supernatants were measured by ELISA. (D) Me 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 Me depletion was measured by FACS
analysis. (E) Production of IFN-y by NK cells in WT, M¢-depleted WT, and Batf3™'" 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™ cDCs, and Ms were enriched via MACS separation from WT and Inam ™~ mice. NK cells were cocultured with CD8a* ¢DCs or
Meps in the presence of polyl:C (20 wg/ml) for 24 h. The concentrations of IFN-y 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 CD8a* ¢DCs and Mes independent of sol-
uble mediators. To directly test the contribution of CD8a* ¢DCs
and Meos to polyl:C-mediated NK cell activation in vivo, we ana-
lyzed Bazf3™'~ mice, which largely lack the CD8a* ¢cDC population
in the spleen of C57BL/6 mice (21), and Me-depleted mice gen-
erated by clodronate liposome injection (22, 23). Approximately
85% of Mos 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 Me-
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-CD8a* ¢DC and NK-
Mo, 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,
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 NK cells and accessory cells and early IFN-vy 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-v 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-CSE, 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 CD8« 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 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 NK1.1, 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 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 Jnam ™'~ (—/—) 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 qPCR analysis
of serum and spleen cells from WT and Inam™"™ mice. However,
protein levels of IL12p40, IFN-a, and IFN- were not affected by
Inam disruption in mice (Supplemental Fig. 2B). Additionally,
mRNA expression of I[-15 and /l-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 [FN-y
have a critical role in the suppression of pulmonary metastases (30).

A mouse model with s.c.-implanted B16D8 and polyl: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 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 Jnam™' mice and determined the in-
tracellular content of IFN-y in NK cells (Fig. 5A). After 6 h, NK
cells isolated from /nam™'™ mice produced less IFN-y than WT
NK cells (Fig. SB). To investigate the function of INAM involved
in pulmonary metastases induced by polyl:C, we i.v. challenged
WT and Inam™'" mice with BI6F10 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. 50).
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 /nam '™ 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.
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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, Inam™™ mice studies revealed that DC/Mo
primed NK cells in vivo to induce IFN-vy 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-CD8a™"
¢DCs 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 polyl:C (5). IFN-y primes Ag-specific CD4" and
CD8" T cells and also activates other innate immune cells in-
cluding Mes (34-36). The TLR3-dependent IFN-vy signaling
pathway is important in protecting the host from pathogenesis
induced by Coxsackievirus group B serotype 3 infection, which
leads to IFN-v production from NK cells (37, 38). Hence, IFN-y

B16F10
A iv.
' Da Da Da Da Da: Da Da Da
0y 1y 3y 4y 6y 7y 9y 10y Dazy
1 1 | ! I | ! 1 % 1
! ) l ! ! l ! Count foci
PBS or plC PBS or piC PBS or piC P8BS or piC
i.p. ip. i.p. i.p.
FACS (IFNy)
B C N.S. D *
l l * *
~ 18
K * - -
Q\; 16 44 P l g) 500 50 ne g’ 500 o0
2 14 4 2 o = .,
8 4o l] o * Sl 2® o o, B W07 e, "
L3 L) *‘w
210 NS 2 g 300, . *e® g smoq “ge . 02°
S s v 3 o 3 s e
8 6 1 o 2004 O 700 o .’.
o =5 = <
Q. 4 | o 100 re) 100+ & @
Z 2 d § § *823°
'."..‘. 0 L & = i ¥ : ¥
+/+ - +/+ +/+ /-
Oh 3h 6h (n=11) (=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 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 CD3¢/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. Atdays 1,4, 7, and 10, WT and

Inam™

~ mice were i.p. injected with 200 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

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 CMV infection model, IFN-vy is induced in NK cells
by IL-12 and IL-18 produced by murine CMV-infected CD11b*
c¢DCs, 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-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-a and TNF-a 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 TLRO predominantly expressed in pDCs), which is mainly
expressed in CD8a* DCs, especially professional Ag-presenting
CD141% and CD103* DCs in mice (41).

CDB8a* c¢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 Ba#f3 ™/~ 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 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* ¢DC and/for 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 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-vy
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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Supplementary Figure 1. Development and NK receptors/effector molecules of NK cells in WT and Inam™” mice.

(A) Development of NK cells in WT and Inam™* mice. Flow cytometric analysis of CD27/CD11b expression by splenic NK cells in WT (+/+)
and Inam” (-/-) mice (n = 2). (B) Expression of NK receptors and activating/effector molecules on NK cells in WT and /nam™ mice. WT
(+/+) and Inam™ (-/-) mice were injected intraperitoneally with 200 pg polyl:C or PBS. After Oh, 3h and 24h, expression of NK receptors/
effector molecules on NK cells was assayed by FACS, gating on CD3¢-/NK1.1+ celis except for NK1.1 expression (n = 3). For NK1.1
expression, CD3e-/NKp46+ cells were assayed by FACS. 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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