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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 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 Jnam ™™ 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 Inam™'™ mice with B16F10 cells and then treated the
mice by i.p. injection of polyl:C. After four rounds of polyl:C
treatment, we counted tumor foci in the lung. Under unstimulated
conditions, there was no difference in the number and size of
tumor foci in the lungs between WT and Inam ™'~ mice (Fig. 5C).
In WT mice, i.p. injection of polyl:C exerted a significant inhi-
bition in the growth of pulmonary metastases in tumor-bearing
mice compared with PBS controls (Fig. 5D). In contrast, the ef-
fect of polyl:C therapy for pulmonary metastases was partially
abrogated in Jnam™™ mice. These results demonstrate that INAM
plays a critical role in IFN-y production by lung NK cells in re-
sponse to polyl:C and unequivocally exhibits antitumor function
in polyl:C-based cancer immunotherapy against IFN-y—sensitive
tumors metastasized to the lung.
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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/Me )
primed NK cells in vivo to induce IFN-~y that was a major effector
for NK antimetastatic activity. Thus, taken together with the
previous results that BMDCs induce NK cytotoxicity via INAM
(16), INAM-involved DC-NK contact induces two arrays of NK
tumoricidal activities, killer effector and IFN-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-CD8«™
c¢DCs and Ms leading to IFN-y production from NX cells in vivo.
Additiconally, we also propose that INAM is a novel target mole-
cule for cancer immunotherapy against IFN-y—suppressible me-
tastasis.

IEN-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). IRFI1 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-vy primes Ag-specific CD4* and
CD8* T cells and also activates other innate immune cells in-
cluding Mes (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-vy 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 CD3g/NK1.1* cells (n = 3 or 4). (C)
Tumor foci counts in the lung of WT (+/+) and Inam™'~ (—/—) mice under unstimulated conditions at day 12. (D) Tumor foci in the lung of WT (+/+) and
Inam™"™ (—/—) mice. WT (+/+) and Inam™'" (—/—) mice were i.v. injected with 2 X 10° B16F10 melanoma cells at day 0. At days 1,4, 7, and 10, WT and
Inam™™ 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

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-vy production by
NK cells in the early phase by polyl:C stimulation (Figs. 4B, 5B).
In a murine CMYV infection model, IFN-y is induced in NK cells
by 1L-12 and IL-18 produced by murine CMV—infected CD11b*
cDCs, whereas these cytokines barely evoke any cytotoxic re-
sponse in NK cells (39). In addition, IFN-y production from NK
cells is induced by anti-CD27 Ab stimulation, but again no cy-
totoxic response is triggered (24). Therefore, these reports indicate
that NK cell cytotoxicity and IFN-y production are independently
controlled by different mechanisms. We found no clear difference
between WT and Jnam™'™ mice in expression of these cell surface
molecules and cytokines. Hence, the INAM-dependent IFN-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-« that participate in the induction
of IFN-vy 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 nambers 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
TLRO 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 TLRY predominantly expressed in pDCs), which is mainly
expressed in CD8a* DCs, especially professional Ag-presenting
CD141* and CD103* DCs in mice (41).

CD8a* ¢DCs directly recognize polyl:C via the TLR3/TICAM-1
pathway and promote IFN-vy production from NK cells in vitro
(9). However, previous analysis of Batf3 ™'~ mice indicated that
absence of CD8«* ¢cDCs resulted in weak NK cell activation, in
agreement with our data (19). We also found that NK cell secre-
tion of IFN-y was partially decreased in mice depleted of M¢s 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 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 Mys, leading to IFN-y production.

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

ROLE OF INAM IN NK~ACCESSORY CELL INTERACTION
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Abstract

Toll-like receptors (TLRs) and cytoplasmic RNA sensors have
been reported to be involved in the regulation of hepatitis B
virus (HBV) replication, but remain controversial due to the
lack of a natural infectious model. Our current study sets out
to characterize aspects of the role of the innate immune sys-
tem in eliminating HBV using hydrodynamic-based injection
of HBV replicative plasmid and knockout mice deficient in
specific pathways of the innate system. The evidence indi-
cated that viral replication was not affected by MAVS or
TICAM-1 knockout, but absence of interferon regulatory fac-
tor 3 (IRF-3) and IRF-7 transcription factors, as well as the in-
terferon (IFN) receptor, had an adverse effect on the inhibi-
tion of HBV replication, demonstrating the dispensability of
MAVS and TICAM-1 pathways in the early innate response
against HBV. Myd88~ mice did not have a significant in-
crease in the initial viremia, but substantial viral antigen per-

sisted in the mice sera, a response similar to Rag2™~ mice,
suggesting that the MyD88-dependent pathway participat-
ed in evoking an adaptive immune response against the
clearance of intrahepatic HBV. Taken together, we show that
the RNA-sensing pathways do not participate in the regula-
tion of HBV replication in a mouse model; meanwhile MyD88
is implicated in the HBV clearance. © 2014 S. Karger AG, Basel

Introduction

Hepatitis B virus (HBV) is a noncytopathic human
DNA (hepadna) virus that infects hepatocytes causing
acute and chronic hepatitis [1]. More than 360 million
people are chronically infected with HBV worldwide. Al-
though less than 5% of HBV-infected patients develop
persistent infections that progress to liver cirrhosis and
hepatocellular carcinoma, HBV causes about 20% of he-
patocellular carcinoma deaths [2]. The adaptive immune
response is widely acknowledged as pivotal in the defense
against HBV. However, the role of innate immunity dur-
ing HBV infection remains controversial since analysis in
patients at the early stage of infection is unfeasible. In ad-
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dition, no reliable cell-based in vitro infection system or
convenient animal model is available.

During HBV infection, the HBV genome is delivered
into the nucleus. Infection is defined by the formation of
covalently closed circular DNA. Following formation of
covalently closed circular DNA, viral mRNA and prege-
nomic RNA are transcribed [3, 4]. The pregenomic RNA
is subsequently converted to a partially double-stranded
genome by the viral DNA polymerase. Unlike other DNA
viruses, HBV uses an RNA proviral intermediate that
must be copied back into DNA for replication. Although
these replication steps are sequestered in the nucleus of
infected cells, cytoplasmic DNA/RNA sensors are report-
ed to affect the efticacy of HBV replication [5, 6]. The as-
sociation between cytoplasmic pattern recognition recep-
tors and the dynamics of the HBV life cycle in HBV-in-
fected cells needs to be clarified.

Viral RNA is sensed by the innate immune system by
either Toll-like receptor 3 (TLR3) or cytoplasmic sensors
such as retinoic acid-inducible gene-I (RIG-I) and mela-
noma ditferentiation-associated gene 5 (MDAS5). RIG-I
and MDAS mainly participate in type I interferon (IFN)
induction in conjunction with the adaptor molecule, mi-
tochondrial antiviral signaling protein (MAVS; also
called IPS-1, Cardif, or VISA) [7-9]. The Toll/IL-1R
homology domain-containing adaptor molecule 1
(TICAM-1; also called TRIF) is the adaptor of TLR3,
which senses viral RNA on the endosomal membrane
[8-10). Several DNA sensors, most of which signal
through STING for type I IFN induction, have been re-
ported in recent years [11]. A few reports have also men-
tioned that MAVS participates in DNA sensing in certain
human cells whereby poly-dA/dT DNA is found to signal
via RIG-I. Later, it was also shown that poly-dA/dT
serves as a template for RNA polymerase III to make
RIG-I ligands [12-14]. Nevertheless, this hypothesis is
unresolved in mouse cells. Once stimulated by the viral
DNA/RNA, these adaptor proteins activate IFN regula-
tory factor (IRF)-3 and IRF-7, which induce type I IFN
production [7-9]. These pattern recognition receptor-
mediated early innate immune responses are crucial in
controlling viral replication and spread before the initia-
tion of more specific and powerful adaptive immune re-
sponses [8, 9, 15].

Despite numerous studies on HBV pathogenesis, the
putative molecular patterns of HBV that trigger cellular
responses remain unknown. A few reports have suggest-
ed that the antiviral response against HBV is mediated by
the RIG-I/MAVS pathway in the cytosol and its activa-
tion is blocked by HBV polymerase in infected cells [16-

48 J Innate Immun 2015;7:47-58
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18]. However, no definitive evidence in vivo is available
because analysis on the gene expression and effectors re-
quired for elimination of the replicative template has
been especially difficult. Since viral clearance is a multi-
faceted process, we hydrodynamically injected a naked
HBYV plasmid DNA into wild-type (WT) and gene-dis-
rupted mice deficient in TICAM-1, MAVS, TICAM-1/
MAVS, IRF-3/IRF-7, IFNAR, MyD88, or RAG2 to iden-
tify and characterize the immunological events for HBV
clearance. With the availability of various gene-disrupted
mice, our study allows the identification of pathways cru-
cial for the clearance of HBV.

Materials and Methods

Animal Studies

All mice were backcrossed with C57BL/6 mice more than seven
times before use. Ticam-17'~ {19} and Mavs™'~ [20] mice were gen-
erated in our laboratory as described previously, while Ticam-17~
Mavs™"~ mice were generated by crossing Ticam-1"'" mice with
Mavs™ mice. Itf-37/Irf-7"'~ and Ifnar™'~ mice were kindly pro-
vided by T. Taniguchi (University of Tokyo, Tokyo, Japan).
Myd88~'~ mice were provided by Drs. K. Takeda and S. Akira
(Osaka University, Osaka, Japan). Rag2™~ mice were kindly pro-
vided by Dr. N. Ishii (Tohoku University, Sendai, Japan). Female
C57BL/6] mice were purchased from CLEA Japan (Tokyo) and
used at 7-9 weeks of age. All mice were maintained under specific
pathogen-free conditions in the animal facility at Hokkaido Uni-
versity Graduate School of Medicine (Sapporo, Japan). Animal ex-
periments were performed according to the guidelines set by the
Animal Safety Center, Japan.

Hydrodynamic Transfection of Mice with HBV1.4 Plasmid

The pTERL.4xHBV plasmid containing 1.4-genome length se-
quences of HBV that were previously shown to produce a similar
sedimentation in sucrose density gradient centrifugation to HBV
extracted from the serum of carriers [21] was used in this study. A
total of 50 pg of the plasmid was injected into the tail vein of 7- to
9-week-old mice in a volume of 2.0 ml of TransIT-QR hydrody-
namic delivery solution (Mirus, USA). The total volume was deliv-
ered within 3-8 s. Plasmid DNA was prepared by using an Endo-
Free plasmid system (Qiagen, Germany) according to the manu-
facturet’s instructions.

Quantification of HBV DNA by Real-Time PCR

To determine the HBV DNA in the serum, 30 pl of each serum
sample was pretreated with 20 units of DNase I (Roche, Germany)
at 37°C overnight. The encapsidated viral DNA was extracted
with the SMITEST kit (Genome Science Laboratories, Tokyo,
Japan) following the manufacturer’s instructions and dissolved in
20 pl of TE-buffer. The purified viral genome was quantified by
real-time PCR using the SYBR green master mix (Life Technolo-
gies, USA) and the HBV-DNA-F/R primer (see suppl. table I for
primer sequences; for all online suppl. material, see www.karger.
com/doi/10.1159/000365113). Amplification conditions included
initial denaturation at 95°C for 10 min, followed by 45 cycles of
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denaturation at 95°C for 15 s, annealing at 58°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 immunohistochemical 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 pm 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].

HBYV Surface Antigen Antigenemia

Mice were bled on the days mentioned after injection of pTER-
1.4xHBYV 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 atan 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 A5 (sample)/A,sy (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 RN A as a template, cONA was
obtained using a high-capacity cDNA transcription kit (Applied
Biosystems) according to manufacturer’s instructions. QPCR was
performed using a Step One real-time PCR system (Applied Bio-
systems). The expression of cytokine mRNA was normalized to
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that of B-actin mRNA in each 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 L929 cells, RAW264.7 cells, im-
mortalized mouse hepatocytes, Huh7 cells, and HepG2 cells with
TRIzol according to the manufacturer’s protocol. Using 0.5-1 ug
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 B-actin mRNA in
each 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
cither control plasmid or pTERL.4xHBV. 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-f. 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 pTERL.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.

Resuits

MAVS and TICAM-1 Are Dispensable in Suppressing

HBV 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
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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 10° 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-17" 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/MDAS5-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. 1c). 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 IRE-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) (@), Ticam-1""" (n = 10) (b), Ticam-1""/Mavs™'~
(n=6) (¢), Irf-37/Irf-77" (n = 12) (d), and Ifnar’ (n = 13) (e)
mice compared to WT mice (n = 15). These mice were hydrody-
namically injected with 50 pg 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
mRNA. Along with the synthetic analog of dsRNA,
poly(I:C), as a control, we determined the activity of the
IFN-B 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 immortalized 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
from mice and humans, expressed extremelylow amounts
of Sting compared to the intrinsic Mavs. However, other
cell lines, including RAW 264.7 (murine macrophage cell
line) and 1.929 (murine fibrosarcoma cell line), have high-
er endogenous expression of Sting in comparison to
Mavs.

IRF-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
HBV 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 (S/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-1"" (d) mice. Fre-
quency of HBcAg-positive cells in the livers of the Ifnar™" (e) and
Irf-37=/Irf-7"~ () mice are more prevalent compared to the WT
mice. The scale bars represent 10 pm. 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-7"'~ 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 TFN stimulates the IFNAR pathway to am-
plify type I IEN production, we hydrodynamically trans-
fected HBV plasmid into mice lacking the gene of the type
I 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-37"~/Irf-7""~ mice.

The presence of HBcAg-positive hepatocytes was also
monitored by immunohistochemical staining of liver 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/IRE-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 TicamI™'~
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. TypeIand IIIFN expression is induced by HBV replication,
and lacking the type [ IFN receptor (IFNAR) causes failure of these
inductions. WT mice were hydrodynamically injected with 50 ug
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-B (b), IFN-y (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. Similar studies were con-
ducted in the WT and Ifrnar~”~ mice: IFN-a (i), IFN-B (j), and IEN-y
(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.

HBV 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-27~ 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-27~ 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. 4c, 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
IFN 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 HBsAgin 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-377/
Irf-77"~ 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
on day 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(IL: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 MDAS5 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 ug 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, [fnar'/“, I7jl3”"/117‘-7"/', Mavs™",
Ticam-1"-, Myd88~"-, and Rag2™~ at day 4 after the hydrodynamic
injections. Only Ifnar~~ and Irf-3~/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

MAVS/TICAM-1-Independent Pathway
Regulates HBV Replication

receiving pTER1.4HBV were determined by the percentage of se-
rum HBsAg-positive mice on day 4 ((J) and day 15 (H) 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 [FN [28]. On
the other hand, cytoplasmic DNA is recognized by DNA
sensors including DAI, IFI16, 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 I[FN 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 I 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
HBYV 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
MAVS 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
1 IFN induction, we transfected either HBY DNA or RNA
into immortalized hepatocytes. To our surprise, we were
unable to detect significant IFN-P induction with either
HBYV replicative DNA or HBV RNA. As we looked into
the possible reasons to account for the lack of innate im-

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

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-37-/
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-
sultin 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 I
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IFN-inducing system. This observation leads to the sug-
gestion that type I IFN 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 I IFN 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 et al. [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.
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ARTICLE INFO ABSTRACT

Article history: CD4* T cell effectors are crucial for establishing antitumor immunity. Dendritic cell maturation by
Received 28 March 2014 immune adjuvants appears to facilitate subset-specific CD4* T cell proliferation, but the adjuvant effect
Received in revised form 4 August 2014 for CD4 T on induction of cytotoxic T lymphocytes (CTLs) is largely unknown. Self-antigenic deter-
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minants with low avidity are usually CD4 epitopes in mutated proteins with tumor-associated class
I-antigens (TAAs). In this study, we made a chimeric version of survivin, a target of human CTLs. The
chimeric survivin, where human survivin-2B containing a TAA was embedded in the mouse survivin

Available online 23 August 2014

gﬁjr'v“rsfgs frame (MmSVN2B), was used to immunize HLA-A-2402/K®-transgenic (HLA24"-Tg) mice. Subcutaneous
Polyl:C administration of MmSVN2B or xenogeneic human survivin (control HsSNV2B) to HLA24°-Tg mice failed
CD4 epitope toinduce animmune response without co-administration of an RNA adjuvant polyl:C, which was required

for effector induction in vivo. Although HLA-A-2402/K" presented the survivin-2B peptide in C57BL/6
mice, 2B-specific tetramer assays showed that no CD8* T CTLs specific to survivin-2B proliferated above
the detection limit in immunized mice, even with polyl:C treatment. However, the CD4* T cell response,
as monitored by IFN~y, was significantly increased in mice given polyl:C+MmSVN2B. The Th1 response
and antibody production were enhanced in the mice with polyl:C. The CD4 epitope responsible for effec-
tor function was not Hs/MmSNV 3,7, a nonconserved region between human and mouse survivin, but
region 53-67, which was identical between human and mouse survivin. These results suggest that acti-
vated, self-reactive CD4* helper T cells proliferate in MmSVN2B + polyl:C immunization and contribute
to Th1 polarization followed by antibody production, but hardly participate in CTL induction.

© 2014 Elsevier GmbH. All rights reserved.

Peptide vaccine
Th1 response
Interferon-y
Tumor immunity

Introduction cells specific to the extrinsic Ag. When tumor cells have solu-

ble and insoluble exogenous Ags, MHC class | Ag presentation is

Dendritic cells (DCs) present exogenous antigens (Ags) to cells
in the major histocompatibility complex (MHC) class I-restricted
Ag-presentation pathway and cause the proliferation of CD8* T
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mainly transporter associated with antigen processing (TAP)- and
proteasome-dependent, suggesting the pathway is partly shared
with the pathway for endogenous Ag presentation. The delivery of
exogenous Ag by DCs to the pathway for MHC class I-restricted Ag
presentation is called cross-presentation (Bevan 1976).

Polyl:C is a double-stranded RNA analog that activates RNA-
sensing pattern-recognition receptor pathways (Matsumoto and
Seya 2008; Seya and Matsumoto 2009). Polyl:Cis an efficient trigger
of cross-presentation, and facilitates cross-priming of CD8" T cells
in the presence of Ag. Tumor-associated antigens (TAAs) usually
expressed in low levels are thought to need support from pattern-
recognition receptor activation to induce TAA-specific cytotoxic T
lymphocytes (CTLs) (Seya et al. 2013).

— 488 —



J. Kasamatsu et al. / Inmunobiology 220 (2015) 74-82 75

Many TAAs have been identified and tested for tolerability to
patients and for ability to suppress tumor progression. Peptide
vaccine immunotherapy against cancer has been studied clinically
(Rosenberg et al. 2004). Survivin (SVN) is a TAA that generates
CTLs in cancer patients (Schmitz et al. 2000; Andersen et al. 2001).
Human survivin (HsSVN) is a 16.5kDa cytoplasmic protein that
inhibits caspase 3 and 7 in cells stimulated to undergo apoptosis
(Altieri 2001). SVN is a member of the inhibitor of apoptosis pro-
tein family associated with fetal development. Therefore, except
for testis, thymus and placenta, normal tissues express little SVN
(Ambrosini et al. 1997; Altieri 2001). SVN is required in early
thymocyte development from CD4/CD8-double-negative cells to
CD4/CD8-double-positive lymphocytes (Okada et al. 2004). SVN
is expressed in a wide variety of malignant cells (Altieri 2001;
Fukuda and Pelus 2006). There are several splicing variants includ-
ing a variant HsSVN2B with a cryptic epitope for MHC class I in
humans. An HsSVN2B peptide (AYACNTSTL: 80-88) is an HLA-
A*2402-restricted peptide recognized by CD8+ CTLs (Hirohashi
et al. 2002). Some cancer cells have higher mRNA levels of the
HsSVN splice variant 2B, but whether this splice variant functions
in tumorigenesis is unknown (Li 2005).

Several trials have studied the SVN2B peptide in cancer patients
(Tsuruma et al. 2008; Honma et al. 2009; Kameshima et al. 2013).
Although CTLs specific for SVN were detected in peripheral blood
mononuclear cells of most cancer patients, as determined by HLA-
A*2402/SVN2B tetramer assays, no substantial therapeutic effect
on cancer is seen in most clinical studies. A phase I clinical study
found that vaccination with SVN2B peptide combined with IFN-«
had significant therapeutic benefits in advanced pancreatic cancer
patients, in spite of IFN-mediated side effects. Thus, anIFN-inducing
adjuvant, that simultaneously up-regulates Ag-presentation and
IFN-inducible genes, might more efficiently contribute to the clin-
ical benefits of SVN for cancer patients.

Polyl:C is an analog of virus double-stranded RNA with IFN-
inducing adjuvant properties. To test the effect of polyl:C on
survivin-derived CTLs, we used a mouse model expressing human
HLA-A24 that presents the SVN2B peptide (Gotoh et al. 2002).
Mice have no splice counterpart for HsSSVN2B and therefore mouse
survivin (MmSVN) lacks the 2B portion of HsSVN, although the
mouse ortholog is 84% homologous to HsSVN (Kobayashi et al.
1999). When BALB/c mice are injected intraperitoneally with
HsSVN2B +RNA adjuvant, high levels of CD4" T cells are induced
in splenic T cells, as determined by IFN-vy, TNF-c, and IL-2 produc-
tion, as well as development of lytic MHC class Il-restricted T cells
and memory (Charalambous et al. 2006).

The N-terminal sequence of HsSVN, which includes amino
acids 13-27 (FLKDHRISTFKNWPF), differs from that of MmSVN
(YLKNYRIATFKNWPF) (Charalambous et al. 2006). Therefore, high
frequencies of self-reactive CD4* T cells specific for a tumori-
genic protein might be elicited in mice with xenogeneic HsSVN.
However, self-reactive CD4* T cells can be induced toward syn-
geneic or nonmutated CD4 epitopes in cancer patients (Topalian
et al. 1996; Osen et al. 2010). To test the possibility that sub-
derived self-CD4 epitopes participate in CD8* CTL proliferation,
we made a chimeric survivin protein (MmSVN2B), where the
human 2B exon sequence was embedded into MmSVN. We
immunized HLA-A-2402/KP-transgenic (HLA24P-Tg) B6 mice with
MmSVN2B. The results indicated that the CD8* CTL response to
a self-tumor Ag (2B peptide) was barely enhanced by treatment
of HLA24P-Tg mice with MmSVN2B in the presence of polyl:C.
However, CD4" T cell immune responses to the CD4 epitope of
MmSVN2B and HsSVN2B were significantly enhanced in HLA24P-
Tg mice with SVN2B proteins+ polyl:C. The CD4 epitopes were not
the N-terminal HsSVN;3_27 and MmSVN;3_37 sequences, but the
Hs/MmSVNs3.67 (DLAQCFFCFKELEGW) sequence, which is identi-
calin HsSVN2B and MmSVN2B and thus a nonmutated CD4 epitope.

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

Materials and methods
Bioinformatics analysis

Ensembl! databases (http://asia.ensembl.org/index.html) were
used to investigate human and mouse SVN genomic struc-
ture. Primate and rodent short interspersed nuclear elements
(SINEs) were predicted using the Repeat Masker program
(http://www.repeatmasker.org/). Results from databases were
confirmed by comparison to previous reports (Mahotka et al. 1999).

Expression analysis

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

Antigens

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

— 489 —



76 J. Kasamatsu et al. / Immunobiology 220 (2015) 74~82

purified SVN proteins was sequentially exchanged with PBS con-
taining 2 M urea. To rule out lipopolysaccharide contamination, we
treated survivin proteins with 200 wg/ml of polymixin B (Sigma)
for 30min at 37°C before use. OVA (ovalbumin) (Sigma) was
similarly treated with polymixin B as an Ag.

Mice

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

Reagents, antibodies and cells

Polyl:C and OVA3,3_339 peptide (ISQAVHAAHAEINEAGR) were
from Sigma. OVAysy 264 peptide (SUNFEKL: SL8), OVA (H2Kb-
SL8), HLA-A*2402 survivin-2B and HIV tetramer were from
MBL. SVN2B peptide (AYACNTSTL) and HLA-A*2402/2B peptide-
restricted human T cell clones (Idenoue et al. 2005) were
kindly provided by Dr. Noriyuki Sato (Department of Pathol-
ogy, School of Medicine, Sapporo Medical University). Human
and murine-specific helper peptides (Charalambous et al. 2006)
MmSVN;3_27 (YLKNYRIATFKNWPF) and Hs SVN;3_57 (FLKDHRIST-
FKNWPF) and the common helper peptide Hs/Mm SVNs3.67
(DLAQCFFCFKELEGW), were synthesized by Biologica Co. Ltd
(Nagoya). Peptide purity was >95%. To eliminate lipopolysaccharide
contamination, all peptides were treated with 200 pg/ml polymixin
B (Sigma) for 30 min at 37°C before use (Nishiguchi et al. 2001).
Anti-CD3g(145-2C11), anti-CD8ox (53-6.7) and anti-IFNy (XMG1.2)
antibodys (Abs) were from Biolegend. Anti-CD4 Ab (L3T4) was
from eBiosciences and ViaProbe was from BD Biosciences. Dendritic
cells were prepared from spleens of mice as described previously
(Azuma et al., 2012).

Antigen-specific T cell expansion in vivo

HLA24) Tg mice (Gotoh et al. 2002) were subcutaneously immu-
nized with 100 p.g of each antigen and 100 g poly I:C once a week
for 4 weeks. After 7 days from the last immunization, spleens were
extracted, homogenized and stained with FITC-CD8« and PE-OVA
(Azuma et al. 2012) or PE-SVN2B tetramer for detecting antigen-
specific CD8* T cells (Tsuruma et al. 2008). For intracellular cytokine
detection, splenocytes were cultured with 100 nM SL8 or survivin
2B peptide for 6 h with 10 p.g/ml brefeldin A(Sigma-Aldrich)added
in the last 4h. For intracellular cytokine detection of antigen-
specific CD4* T cells, splenocytes were cultured with 100nM
OVAs33-339 peptide or SVN helper peptide for 6h with 10 pg/ml
brefeldin A (Sigma-Aldrich) added in the last 5 h. Cells were stained
with PE-anti-CD8«/FITC-anti-CD3¢g for CD8* T cells or PE-anti-
CD4/FITC-anti-CD3¢ for CD4* T cells. After cell-surface staining,
cells were fixed and permeabilized with Cytofix/Cytoperm (BD Bio-
sciences) according to the manufacturer’s instruction. Fixed and
permeabilized cells were stained with APC-anti-IFN-+. Stained cells
were analyzed with FACSCalibur (BD Biosciences) and Flow]o soft-
ware (Tree Star) (Azuma et al. 2012).

ELISA

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

MmSVN2B and HsSVN2B in ELISA/ELISPOT coating buffer (eBio-
science) and incubated overnight at 4°C. ELISA diluent solution
(eBioscience)was used for blocking and antibody dilution. PBS with
0.05% Tween 20 was used for washes. Anti-OVA or anti-SVN in
sera was assessed by ELISA using antiserum for IgG2a/b and IgG1
diluted 1000-fold and 10,000-fold and incubated for 2h at room
temperature. After washing, isotype IgGs were detected using goat
anti-mouse total IgG, 1gG1, or 1gG2a conjugated to HRP (South-
ern Biotechnology Associates). After washing, plates were stained
with 1XTMB ELISA substrate solution (eBioscience) and reactions
stopped with 2 N H,S04 before measuring absorbance.

Statistical analyses

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

Results
Origin of human SVN exon 2B

The HsSVN gene has four conserved and two cryptic exons
(Mahotka et al. 1999). The authentic HsSVN gene encode 142 amino
acids in exons 1-4. On the other hand, the HsSVN2B product is 165
amino acids encoded by exons 1, 2, 2B, 3 and 4. Exon 2B is hid-
den within intron 2, which is spliced into mature HsSVN2B mRNA
in-frame between exons 2 and 3 (Mahotka et al. 1999). Exon 2B
is followed by the GT-AG role and expressed in many tumor cells
and tumor cell lines, suggesting that splicing predominantly occurs
in malignantly transformed cells (Mahotka et al. 2002). According
to the Ensembl database, HsSVN intron 2 had two Alu sequences
(Fig. 1A), and exon 2B resulted from the second Alu. In contrast, the
MmSVN gene had four exons separated by three introns with no Alu
sequence in intron 2; instead, MmSVN had several SINE sequences
characteristic of rodents in intron 2 (Fig. 1A). Although the exon
sequences were conserved in human and mouse SVNs, two intron
sequences diverged between human and mouse (Fig. 1A). These
results suggested that integration of exon 2B was evolutionarily
new and formed after an Alu insertion. Although the SVN gene is
conserved in yeast and humans, exon 2B was established after the
divergence of human and mouse.

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

Generation of a mmSVN2B construct

A SVN2B peptide derived from the HsSVN2B gene that con-
tained the exon 2B sequence was recognized by CTLs in cancer
patients (Hirohashi et al. 2002; Tsuruma et al. 2008; Honma et al.
2009) and a CTL clone was established from patients (Idenoue
et al. 2005). We artificially constructed an MmSVN2B with a xeno-
geneic human exon 2B inserted into the boundary between exon
2 and 3 of SVN (Fiz. 2A and B). Prominent amino acid substitut-
ions between MmSVN2B and HsSVN2B were concentrated in the
N-terminal region encoded by exon 1 (Fig. 2B), and a CD4 epitope is
in this region (Li 2005; Mahotka et al. 2002). In an earlier paper, this
HsSVN;3_»7 region, but not MmSVN;3_57, was an effective CD4 epi-
tope that promoted HsSVN;3_27-specific CD4* T cell proliferation
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Fig. 1. Genome structure and expression of human and murine SVN gene. (A) Comparison of human and murine survivin gene structure. Survivin gene structures were defined
by the Ensembl genome browser. Primate and rodent SINEs were predicted using Repeat Masker program:. Filled boxes, coding regions; open boxes, 5'- and 3’-untranslated

regions. (B) Structure of murine survivin transcript and RT-PCR analysis of organs and cell lines. Arrows, survivin-detecting PCR primers.
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Fig. 2. Structure and purification of chimeric MmSVN2B protein. (A) Strategy for constructing chimeric MmSVN2B protein. Human exon 2B was inserted into MmSVN
by PCR. (B) Alignment of murine and human SVN sequences. Black shaded area, residues conserved between human and murine SVN; Hs, human; Mm mouse. *,
MmSVN;3.7/HsSVN3.27 peptide; +, Hs/Mm SVNs3.¢7 peptide; #, SVN2B peptide. (C) Purification of N-His-tagged MmSVN2B and HsSVN2B proteins, N-His-tagged SVN pro-
teins were purified using a Profinia protein purification system from BL21 (DE3) competent cells. Purified SVN protein buffer was sequentially exchanged to PBS containing

2M urea.
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Fig. 3. Expansion of OVA and SVN-specific CD8* T celis. (A) HLA24"-Tg mice were immunized with 100 pg antigen and 100 pg poly I:C once a week for 4 weeks. After 7
days from the last immunization, spleens were homogenized and stained with FITC-CD8a and PE-OVA or PE-survivin tetramer to detect antigen-specific CD8* T cells. (B)
Splenocytes were cultured in vitro in the presence of SL8 or SVN2B peptides for 6 h and IFN~y production was measured by FACS. (C, D) Average percentages of OVA-positive
and SVN2B-tetramer positive CD8" T cells shown in (A). (E, F) Average percentages of IFN~y producing CD8" T cells specifically in response to SL8 or SVN2B peptide in (B).

*p<0.01.

(Charalambous et al. 2006). His-tagged MmSVN2B and HsSVN2B
proteins were purified and used as Ags (Fig. 2C).

CD4* and CD8* T cells that react to MmSVNZ2B plus polyl:C

We examined the ability of MmSVN2B to induce IFN~y and
CD8" T cell proliferation by immunizing HLA24P-Tg mice with
MmSVN2B or HsSVN2B with or without polyl:C (Fig. 3). SYN2B-
specific CTLs were probed by SVN2B-tetramer (Fig. 3A) and IFN-y
staining (Fig. 3B). SVN2B-specific human CD8* T cells were detected
with SVN2B-tetramer (Fig. S1), which enabled us to search for
SVN2B-specific CTLs in HLA24P-Tg mice (Idenoue et al. 2005).
Expression of CD40 was up-regulated in CD8a* conventional DCs
to a similar extent with MmSVN2B or HsSVN2B (Fig. S2), consis-
tent with a report on CD40 that promotes cross-priming by Ahonen
et al. {J Exp Med, 2004). OVA and polyl:C were used as positive
controls (Fig. 3A, B left panels), and SL8 (SIINFEKL)-specific CTLs
were monitored with OVA tetramer (Azuma et al. 2012). Both OVA-
tetramer-positive and IFN-y-producing CD8* T cells were detected
in mice immunized with OVA and polyl:C (Fig. 3C, E). Without
polyl:C stimulation, only small number of OVA-tetramer-positive
cells were upregulated compared to controls (Azuma et al. 2012;
Azuma & Seya unpublished data).

When HLA24P-Tg mice were immunized with MmSVN2B or
HsSVN2B without polyl:C, no significant induction of SVN2B-
tetramer-positive (Fig. 3D) or IFN~y-inducing cells was observed

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

Next, we determined the amounts of CD4* T cells that reacted
with MmSVN2B. The positive control group received OVA Ag
and polyl:C (Fig. 4A, B). The negative control group received PBS
without Ag and polyl:C, but basal frequencies of IFN-y-producing
CD4* T cells were detected in this group even in the absence of
polyl:C or Ag (Fig. 4). When MmSVN2B or HsSVN2B only was used
to immunize mice, no significant response was seen in CD4* T cells
compared to PBS controls (Fig. 4A, C-E). When polyl:Cwas included,
IFN-y-producing CD4* T cells restimulated with Hs/MmSVNs3_g7
peptide increased significantly in mice that received MmSVN and
HsSVN (Fig. 4C, D). The sequence of MmSVNs3_g7 was identical to
the sequence of HsSVNs3_g7 (Fig. 2B). However, we did not detect
a significant increase in IFN-y-producing CD4* T cells in mice
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