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Linkage of RAE1 Expression and PRR Pathways
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IPS-1 Is Essential for Type III IFN Production by
Hepatocytes and Dendritic Cells in Response to Hepatitis C
Virus Infection

Masaaki Okamoto,* Hiroyuki Oshiumi,* Masahiro Azuma,* Nobuyuki Kato,"
Misako Matsumoto,* and Tsukasa Seya*

Hepatitis C virus (HCV) is a major cause of liver disease. The innate immune system is essential for controlling HCV replication, and
HCYV is recognized by RIG-I and TLR3, which evoke innate immune responses through IPS-1 and TICAM-1 adaptor molecules,
respectively. IL-28B is a type III IFN, and genetic pelymorphisms upstream of its gene are strongly associated with the efficacy of
polyethylene glycol-IFN and ribavirin therapy. As seen with type I IFNs, type III IFNs induce antiviral responses to HCV. Recent
studies established the essential role of TLR3-TICAM-1 pathway in type III IFN production in response to HCV infection.
Contrary to previous studies, we revealed an essential role of IPS-1 in type III IFN production in response to HCV. First, using
IPS-1 knockout mice, we revealed that IPS-1 was essential for type III IFN production by mouse hepatocytes and CD8* dendritic
cells (DCs) in response to cytoplasmic HCV RNA. Second, we demonstrated that type III IFN induced RIG-I but not TLR3
expression in CD8* DCs and augmented type III IFN production in response to cytoplasmic HCV RNA. Moreover, we showed that
type III IFN induced cytoplasmic antiviral protein expression in DCs and hepatocytes but failed to promote DC-mediated NK cell
activation or cross-priming. Our study indicated that IPS-1-dependent pathway plays a crucial role in type Il IFN production by

CD8* DCs and hepatocytes in response to HCV, leading to cytoplasmic antiviral protein expressions. The Journal of Immunology,

. 2014, 192: 2770-2777.

disease (1). The 3’ untranslated region (UTR) of the

HCV genome is recognized by a cytoplasmic viral RNA
sensor RIG-I (2). HCV RNA induces RIG-I-dependent type I IFN
production to promote hepatic immune responses in vivo (2). RIG-
I is a member of RIG-I-like receptors (RLRs), which include
MDAS5 and LGP2. RLRs trigger signal that induces type I IFN and
other inflammatory cytokines through the IPS-1 adaptor molecule
(3). RLRs are localized in the cytoplasm and recognize cyto-
plasmic dsRNAs. Another pattern recognition receptor, TLR3,
recognizes dsRNAs within early endosomes or on cell surfaces
(4). Human monocyte-derived dendritic cells (DCs) require TLR3
to recognize HCV RNA in vitro (5), and TLR3 induces type I IFN
production through the TICAM-1 adaptor, also called Toll/IL-1R
domain-containing adapter inducing IFN-B (6, 7).

H epatitis C virus (HCV) is a major cause of chronic liver
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IL-28B is a type III IFN (also called IFN-\), which includes IL-
28A (IFN-A2) and IL-29 (IFN-A1) (8). Type III IFNs interacts
with heterodimeric receptors that consist of IL-10R and IL-28Ra
subunits (8). Polymorphisms upstream of the 1L-28B (IFN-A3)
gene are significantly associated with the responses to polyethyl-
ene glycol-IFN and ribavirin in patients with chronic genotype 1
HCV infections (9-12). As seen with type I IFNs, type III IFNs
have antiviral activities against HCV (13). Type I IFNs induce the
expression of IFN-inducible genes, which have antiviral activities,
and can promote cross-priming and NK cell activation (14).
However, the roles of type III IFN in cross-priming and NK cell
activation are largely unknown, and the functional differences
between type I and III IFN are uncertain.

Mouse CD8" DCs and its human counterpart BDCA3* DCs are
the major producers of type III IFNs in response to polyl:C (15).
CD8" DCs highly express TLR3 and have strong cross-priming
capability (16). A recent study showed that TLR3 was important
for type III IFN production by BDCA3* DCs in response to cell-
cultured HCV (17). RIG-I efficiently recognizes the 3’ UTR of the
HCV RNA genome, and, thus, RIG-I adaptor IPS-1 is essential for
type I IFN production (2). However, the role of an IPS-1-depen-
dent pathway in type III IFN production in vivo has been under-
estimated. In this study, we investigated the role of an IPS-1-
dependent pathway in type III IFN production in vivo and in vitro
using IPS-1 knockout (KO) mice and established an essential role
of IPS-1 in type III IFN production in response to HCV RNA. Our
study indicated that not only TICAM-1 but also IPS-1 are essential
for type III IFN production in response to HCV.

Materials and Methods
Mice

All mice were backcrossed with C57BL/6 mice more than seven times
before use. The generation of TICAM-1 and IPS-1 KO mice was described
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previously (18). All mice were maintained under specific pathogen-free
conditions in the Animal Facility of the Hokkaido University Graduate
School of Medicine (Sapporo, Japan). Animal experiments were conducted
according to the guidelines established by the Animal Safety Center,
Japan.

Cell lines and reagents

Human hepatocyte cell lines O cells and O cured (Oc) cells that contained
HCYV 1b replicons were provided by N, Kato (Okayama University). Mouse
hepatocyte cell line was described previously (19). Polyl:C was purchased
from GE Healthcare and dissolved in saline. An OVA (HZK"~SL8) tetra-
mer was purchased from MBL. PE-CD80, -CD86, -NK1.1, FITC-CDS,
and allophycocyanin-CD3e Abs were purchased from BioLegend, and
PE-CDA40, FITC-CD69, and allophycocyanin-CDlle Abs were from
eBioscience. An ELISA kit for IFN-B was purchased from PBL Bio-
medical Laboratories, and ELISA kits for mouse 1L-28 (IFN-A2/3) were
purchased from Abcam and eBioscience. An ELISA kit for mouse IFN-y
was purchased from eBioscience. ELISA was performed according to the
manufacturer’s instructions, Mouse IFN-a and IFN-A3 (IL-28B) were
purchased from Miltenyi Biotec and R&D Systems, respectively.

Cell preparation

Spleen CD8" and CD4™ DCs were isolated using CD8" DC isolation kit
and CD4-positive isolation kit, according to manufacturer’s instruction
(Miltenyi Biotec). Spleen CD1lc* DCs were isolated using CDllc
microbeads. To obtain splenic double-negative (DN) DCs, CD4™ and
CD8" cells were depleted from mouse spleen cells using CD4 and CD8
MicroBeads (Miltenyi Biotec), and then CD11¢™ DCs were positively
selected using CD11lc MicroBeads (Miltenyi Biotec). We confirmed that
>90% of isolated cells were CD4™, CD8™, and CD11c* DCs. Splenic NK
cells were isolated using mouse DX35 MicroBeads (Miltenyi Biotec). The
cells were analyzed by flow cytometry on a FACSCalibur instrument (BD
Biosciences), followed by data analysis using Flowlo software.

2771

Generation of bone marrow~derived DCs and bone marrow—
derived macrophages

Bone marrow cells were prepared from the femur and tibia. The cells
were cultured in RPMI 1640 medium with 10% FCS, 100 pM 2-ME, and
10 ng/m! murine GM-CSF or culture supernatant of 1.929 expressing
M-CSF. Medium was changed every 2 d. Six days after isolation, cells
were collected.

Hydrodynamic injection

Total RNA from the human hepatocyte cell lines O cells and Oc cells was
extracted using TRIzol reagent (Invitrogen). HCV genotype 1b 3" UTR
RNA, including the polyU/UC region, was synthesized using T7 and SP6
RNA polymerase and purified with TRIzol, as described previously (20),
RNA was i.v. injected into a mouse by a hydrodynamic method using a
TransIT Hydrodynamic Gene Delivery System (Takara), according to the
manufacturer’s instruction.

Quantitative PCR

For quantitative PCR, total RNA was extracted using TRIzol reagent
(Invitrogen), after which 0.1-1 pg RNA was reverse transcribed using
a high-capacity ¢cDNA transcription kit with an RNase inhibitor kit (Ap-
plied Biosystems), according to the manufacturer’s instructions. Quanti-
tative PCR was performed using a Step One real-time PCR system (Applied
Biosystems). The expression of cytokine mRNA was normalized to that of
B-actin mRNA, and the fold increase was determined by dividing the
expressions in each sample by that of wild type at 0 h. PCR primers for
mouse IFN-X amplified both IFN-A2 and A3 mRNA. The primer sequences
are described in Supplemental Table 1.

Activation of NK cells in vitro

NK cells and CD1lc" DCs were isolated from spleens using DX5 and
CD11¢ MicroBeads (Miltenyi Biotec), respectively. A total of 2 X 10° NK
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FIGURE 1. Type I and type III IFN productions in response to HCV RNA in vivo. (A) O cell and Oc cell RNA (20 p.g) were hydrodynamically injected
into wild-type mice. Six hours later, mouse livers were excised, and IFN-B, a2, and -A2/3 mRNA levels were determined by quantitative RT-PCR. (B) O cell
RNA (20 p.g) with HCV replicons was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, IFN-B, a2,
and -A2/3 mRNA levels in liver were determined by quantitative RT-PCR. IFN-B protein levels in mouse livers were determined by ELISA. (C) HCV
ssRNA or HCV dsRNA (5 pg) was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, IFN-B and -A2/3
mRNA levels in liver were determined by quantitative RT-PCR. (D) O cell RNA (20 p.g) with HCV replicons was hydrodynamically injected into wild-type,
TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, serum IFN-B and -A2/3 concentrations were determined by ELISA. (E) HCV ssRNA or HCV
dsRNA (5 ng) was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, serum IFN- and -A2/3 con-

centrations were determined by ELISA.
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cells and 1 X 10° DCs was cocultured with IFN-X, IFN-a, or polyl:C.
After 6, 12, and 24 h, IFN-y concentrations in the supernatants were de-
termined by ELISA. To determine CD69 expression, NK1.1* and CD3e*
cells in 24-h sample were gated.

Ag-specific T cell expansion in vivo

OVA (1 mg) and IFN-X (0.5 pg) or 1 X 10° 1U IFN-a were Lp. injected
into mice on day 0, and then 0.5 pg IFN-A or 1 X 10° IU of IFN-o was
injected into mice on days 1, 2, and 4. On day 7, spleens were homogenized
and stained with FITC CD8w Ab and PE-OVA tetramer for detecting OVA
(SL8)-specific CD8" T cell population. For a negative control, PBS in place
of IFN was injected on days 0, 1, 2, and 4. For a positive control, 100 pg
polyl:C and OVA were injected into mice on day 0.

Results
TICAM-1 is essential for type Il IFN production in response to
polyl:C

DCs require the TLR3 adaptor TICAM-1 to produce type III IFN
in response to polyl:C (15). Adding polyl:C to culture medium
for mouse bone marrow—derived macrophages (BM-Mf) induced
IFN-B, IFN-a2, IFN-04, and IFN-A\2/3 mRNA expression, and
TICAM-1 KO abolished IFN-\2/3 mRNA expression (Supplemental
Fig. 1A). These results suggested an essential role for TICAM-1
in type III IFN expression by BM-Mf.

IPS-1-DEPENDENT TYPE III IFN PRODUCTION

Next, we examined cytokine mRNA expression in mouse tissues
in response to i.p. injected polyl:C. IFN-B, IFN-«2, and IFN-a4
mRNA expression was detectable in both wild-type and TICAM-1
KO mice livers, whereas IFN-A2/3 mRNA expression was not
detected in TICAM-1 KO mouse liver (Supplemental Fig. 1B~1E).
A recent study showed that TLR3 KO abolished IFN-\ serum levels
in response to i.v. polyl:C injection (15). Our results and those in the
previous study confirmed that TICAM-1 is essential for type HI IFN
expression in response to polyl:C.

IPS-1 plays a crucial role in type IIl IFN production in
response to HCV in vivo

IPS-1 is essential for type I IFN production in response to HCV
RNA and polyl:C in vivo (2, 3). We investigated whether IPS-1
could induce type III IFN production. An ectopic expression study
using IPS-1 and TICAM-1 expression vectors showed that both
TICAM-1 and IPS-1 activated the IFN-A1 promoter (Supplemental
Fig. 2A, 2B), which suggested that IPS-1 has the ability to induce
IFN-\1 expression. A deletion analysis showed that a 150- to 556-aa
region of TICAM-1 and the transmembrane region of IPS-1 were
essential for IFN-B, -\ 1, and 2/3 promoter activations (Supplemental
Fig. 2C, 2D).

Hydrodynamic injection is a highly efficient procedure to deliver
nucleic acids to the mouse liver (21), and Gale Jr. and colleagues
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FIGURE 2. Type I and type III IFN expression in mouse DCs and Mfs in response to HCV RNA. (A and B) O cell RNA (A) or polyl:C (B) (20 pg) was

added to the culture medium of BM-DCs and BM-Mfs derived from wild-type, TICAM-1 KO, and IPS-1 KO mice. IFN-B and IFN-A2/3 mRNA levels were
determined by quantitative RT-PCR at indicated hours. (C and D) O cell RNA (C) or polyI:C (D) (1 p.g) was transfected into BM-DCs and BM-Mfs derived

from wild-type, TICAM-1 KO, or IPS-1 KO mice. IFN-B (C) and -A\2/3 (D) mRNA levels were determined by quantitative RT-PCR.
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(2) previously used a hydrodynamic assay to assess the role of
RIG-T in type I IFN production in response to HCV RNA in vivo.
Thus, to investigate the response to HCV RNA in vivo, we also
used a hydrodynamic assay. We used RNA extracted from hepa-
tocyte cell lines, O cells and Oc cells. O cells are derived from
HuH-7 cells and contain HCV 1b full-length replicons (22). Oc
cells were obtained by eliminating these replicons using IFN-«
treatment (22). RNAs extracted from O cells (with HCV RNA)
and Oc cells (without HCV RNA) were hydrodynamically injected
into mouse livers, after which the cytokine expressions in mouse
livers were determined. In wild-type mouse liver, O cell but
not Oc cell RNA induced IFN-a2, B, and A mRNA expression
(Fig. 1A), which indicated that these cytokines were expressed in
response to HCV RNAs within O cells that contained the HCV
genome and replication intermediates in hepatocyte. Knockout
of IPS-1 severely reduced IFN-B and a2 mRNA expressions in
mouse liver in response to hydrodynamically injected O cell RNA
(Fig. 1B). IFN- protein level in mouse liver was also reduced by
IPS-1 knockout (Fig. 1B). Although TICAM-1 was essential for
IFN-A2/3 mRNA expression in liver in response to i.p. injected
polyl:C (Supplemental Fig. 1), TICAM-1 was dispensable for
IFN-A2/3 mRNA expression in response to hydrodynamically
injected O cell RNA (Fig. 1B). In contrast, IPS-1 was essential
for IFN-A2/3 mRNA expression in response to hydrodynami-
cally injected O cell RNA (Fig. 1B). A requirement for [PS-1 for
IFN-A2/3 mRNA expression in the liver was also found when
in vitro synthesized HCV dsRNAs and ssRNAs were used for the
hydrodynamic assay (Fig. 1C). These results suggested that IPS-1
plays a crucial role in type III IFN production in response to HCV
RNA in vivo.

To corroborate the role of IPS-1 in type III IFN production, we
next measured serum IFN-A and -f levels in response to hydro-
dynamic injection of O cell RNA, HCV ssRNA, and HCV dsRNA.
Interestingly, IPS-1 KO markedly reduced serum IFN-A2/3 levels
(Fig. 1D, 1E). Unexpectedly, TICAM-1 KO also reduced serum
IEN-N levels (Fig. 1D, 1E). Because TICAM-1 was dispensable
for IFN-A mRNA expression in the liver, it is possible that serum
IEN-A was produced from DCs in other tissues in a TICAM-1-
dependent manner, as described below. Our data indicated that
both TICAM-1 and IPS-1 are essential for type III IFN in response
to HCV RNA in vivo. When polyl:C was hydrodynamically injec-
ted, knockout of TICAM-1 or IPS-1 moderately reduced IFN-A2/3
levels in sera (Supplemental Fig. 3).

DCs produce type Il IFN through an IPS-I-dependent
pathway in response to cytoplasmic HCV RNA

HCYV proteins and minus strands of its genome are detected in DCs
and macrophages (Mfs) of chronically HCV-infected patients (23,
24), and recent study showed that DCs produce type I and Il IFNs
in response to HCV (17, 25). Thus, we assessed the role of IPS-1
in type III IFN production by DCs and Mfs in response to HCV
RNA. Surprisingly, adding O cell RNA into the culture medium
did not induce any IFN-B and -A2/3 mRNA expression (Fig. 2A),
whereas adding polyl:C into culture medium efficiently induced
IFN-B and -A2/3 mRNA expression (Fig. 2B), and TICAM-1 KO
abolished the IFN-A2/3 mRNA expression in bone marrow—de-
rived DCs (BM-DCs) and BM-Mfs (Fig. 2B). It has been shown
that polyl:C is preferentially internalized and activates TLR3 in
human monocyte-derived DCs, whereas in vitro transcribed viral
dsRNA hardly induced IFN-B production in monocyte-derived
DCs (26). Thus, there is a possibility that, unlike polyl:C, TLR3
ligand in O cell RNA was not delivered to endosome where TLR3
is localized. Next, cells were stimulated with O cell RNA or polyl:C
by transfection. BM-DCs and BM-Mfs expressed IFN-8 and -A2/3
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FIGURE 3. Type Il IFN production by CD8" DCs. (A and B) CD4*, CD8",
and DN DCs were isolated from mouse spleens and stimulated with 20 pg O cell
RNA without transfection or stimulated with 1 g O cell RNA by transfection
for 6 h. IFN-B (A) and -A2/3 (B) mRNA levels were determined by quantitative
RT-PCR. (€ and D) CD8" DCs were isolated from wild-type, TICAM-1 KO,
or IPS-1 KO mouse spleens. O cell RNA (20 pg) was added to the culture me-
dium, or 1 ug O cell RNA was transfected into CD8" DCs. Six hours after
transfection, IFN-B (C) and -A2/3 (D) mRNA levels were determined by
quantitative RT-PCR.
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mRNAs in response to O cell RNA and polyl:C (Fig. 2C, 2D).
IPS-1 KO severely reduced IFN-A2/3 mRNA expression in BM-
DCs and BM-Mfs in response to O cell RNA (Fig. 2C). These
results indicated that IPS-1 in BM-DCs and BM-Mfs plays a cru-
cial role in IFN-A2/3 mRNA expression in response to cytoplasmic
HCV RNA.

Mice have CD4*, CD8*, and DN DCs. Thus, we next examined
the IFN-B and -A\2/3 mRNA expression in these mouse DC sub-
sets. As seen with BM-DCs, the mouse DCs expressed IFN-8 and
-A2/3 mRNA in response to polyl:C but not O cell RNA in the
culture medium, whereas stimulation with polyl:C or O cell RNA
by transfection strongly induced their expression (Fig. 3A, 3B).
Interestingly, CD8* DCs highly expressed IFN-A2/3 mRNA in
response to stimulation with polyl:C or O cell RNA by transfec-
tion compared with CD4* and DN DCs (Fig. 3A, 3B), and IPS-1
KO but not TICAM-1 KO severely reduced IFN-A2/3 expression
in CD8" DCs in response to O cell RNA transfection (Fig. 3C,
3D). This indicated that IPS-1 was essential for IFN-A2/3 mRNA
expression in CD8* DCs in response to cytoplasmic HCV RNA.

It was recently reported that exosomes mediate cell-to-cell
transfer of HCV RNA from infected cells to cocultured DCs
(27). We examined the production of IFN-8 and -A2/3 by CD8*
DCs that were cocultured with O cells and Oc cells. Coculture
with O cells but not Oc cells induced IFN-B and -A\2/3 production
by CD8* DCs (Fig. 4A, 4B). Interestingly, TICAM-1 KO abol-
ished IFN-A2/3 mRNA expression and protein production,
whereas IPS-1 KO failed to reduce IFN-A2/3 mRNA expression
and protein production in CD8" DCs (Fig. 4C, 4D). This sug-
gested that TICAM-1 but not IPS-1 was essential for IFN-A2/3
production by CD8* DCs when cocultured with hepatocytes with
HCV replicons.

Type I IFN increases RIG-1 expression in CD8* DC

The receptor for type III IFN consists of IL-10RB and IL-28Ra
subunits (8). DN and CD4" DCs and NK cells did not express IL-
28Ra mRNA, whereas CD8* DCs expressed both IL-10RB and
IL-28Ra mRNAs (Fig. 5A). Thus, we investigated the effects of
IFN-\ on DC function.

First, we examined DC cell surface markers. Unlike IFN-a, IFN-
A3 hardly increased CD40, 80, and 86 surface marker expressions
on CD8* DCs (Fig. 5B). Second, we examined the effects of IFN-
A3 on cross-priming because CD8* DCs have high cross-priming
capability. OVA, IFN-qa, and/or IFN-A3 were i.p. injected into
mice according to the indicated schedules (Fig. 5C). Seven days
after injection, OVA (SL8)-specific CD8* T cells in spleens were
quantified by tetramer staining. For a positive control, OVA and
polyl:C were i.p. injected into mice. The results showed that IFN-

IPS-1-DEPENDENT TYPE III IFN PRODUCTION

A3 failed to increase OVA-specific CD8" T cells in the spleens and
suggested that IFN-A3 failed to promote cross-priming at least in
our experimental condition (Fig. 5C).

Third, we examined NK cell activation by DCs. NK cells and
DCs were isolated from mouse spleens and were cocultured for
24 h in the presence of IFN-a, A3, or polyl:C. Although IFN-y
production was increased by IFN-a stimulation, IFN-A3 failed to
increase IFN-y production (Fig. SD). Next, we investigated a cell
surface marker for NK cells when cocultured with DCs. The ex-
pression of CD69, a NK cell activation marker, was not increased
by IFN-A3 stimulation (Fig. SE). These results indicated that,
unlike IFN-a, IFN-A3 failed to enhance the activation of NK cells
by DCs.

Fourth, we investigated the expression of antiviral genes in CD8*
DCs in response to IFN-A3 stimulation. Interestingly, IFN-A3
stimulation increased RIG-I and Mx1 but not TLR3 mRNA ex-
pression in CD8* DCs (Fig. 6A). In addition, pretreatment with
IFN-A3 augmented IFN-A\2/3 mRNA expression in CD8* DCs in
response to HCV RNA (Fig. 6B). Taken together, type III IFN
induced RIG-I and antiviral protein expression but failed to pro-
mote DC-mediated NK cell activation and cross-priming.

Hepatocytes express type 111 IFN receptors. Thus, we examined
the effects of IFN-\ on mouse hepatocytes. As with IFN-a, IFN-A3
stimulation induced both TLR3 and RIG-I mRNA expression
in mouse hepatocyte (Fig. 6C). Antiviral nucleases, ISG20 and
RNaseL, and an IFN-inducible gene, Mx1, were induced by IFN-
A3 or IEN-a treatment (Fig. 6C). Pretreating mouse hepatocytes
with IFN-A3 enhanced IFN-B and -A2/3 mRNA expression in
response to stimulation with HCV RNA by transfection (Fig. 6D).
These results indicated that IFN-A3 induced cytoplasmic antivirus
protein expression in mouse hepatocytes. We confirmed that IFN-
A3 treatment significantly reduced HCV RNA levels in O cells
with HCV replicons (Fig. 6E). A previous study also reported that
IFN-X\ inhibits HCV replication (13).

Discussion
Previous studies have established the importance of the TLR3
pathway for type III IFN production in response to polyl:C (15)
or HCV (17). In this study, we established the importance of IPS-
1-dependent pathway for type Il IFN production in response to
cytoplasmic HCV RNA in vivo and in vitro using a mouse model.
These data indicated that there are at least two main pathways for
type III IFN production in vivo, as follows: one is TICAM-1 de-
pendent, and the other is IPS-1 dependent.

We revealed that IFN-\ was efficiently produced by CD8* DCs,
the mouse counterpart of human BDCA3* DCs, in response to
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FIGURE 4. IFN-B and -\ production by CD8" DCs cocultured with hepatocytes with HCV replicons. (A and B) CD8" DCs isolated from wild-type
spleens were cocultured with O cells (with HCV replicons) or Oc cells (without HCV replicons). After 24 h of coculture, IFN-B (A) and -\2/3 (B)
concentrations in culture medium were determined by ELISA. (€) CD8" DCs isolated from wild-type, TICAM-1 KO, or IPS-1 KO spleens were cocultured
with O cells with HCV replicons for six hours, and then IFN-f and —A\2/3 mRNA expression was determined by RT-qPCR. (D) CD8" DCs isolated from
wild-type, TICAM-1 KO, or IPS-1 KO spleens were cocultured with O cells with HCV replicons. IFN-f and ~A2/3 concentrations in culture medium were
determined by ELISA.
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FIGURE 5. IFN-X effects on DC functions. (A) DN, CD4*, CD8" DCs, and NK cells were isolated from wild-type mouse spleens. IL-28Ra and IL-10RB
mRNA were determined by RT-PCR. (B) A total of 0.5 g IFN-A3 or 1 X 10° IU IFN-o was i.p. injected into mice. Six hours after injection, spleen CD8"
DCs were isolated, and cell surface expressions of CD40, 80, and 86 were determined by FACS analysis. (€) OVA and IFN-) or IFN-a were i.p. injected
into mice on day 0, and then IFN-X or IFN-a was injected into mice on days 1, 2, and 4. Spleens were excised on day 7, and OVA (SL8)-specific CD8"
T cells were determined by a tetramer assay. For a negative control, PBS in place of IFN was injected on days 0, 1, 2, and 4. For a positive control, polyl:C
and OVA were injected into mice on day 0. (D) NK cells and CD11c* DCs were isolated from mouse spleens and then stimulated with 1000 U/ml IFN-q,
100 ng/ml IFN-A3, or 100 pg/ml polyl:C. IFN-y concentrations in the culture medium at the indicated times were determined by ELISA. (E) NK cells were
isolated from mouse spleens and then cultured with or without spleen CD11c* DCs. Cells were stimulated with 1000 U/ml IFN-a, 100 ng/ml IFN-A3, or
20 p.g polyl:C. CD69 expression on NK cells was determined by FACS analysis.

cytoplasmic HCV RNA. Moreover, our data showed that IFN-A
stimulation increased the mRNA expression of RIG-I but not that
of TLR3 in CD8* DCs, and CD8" DCs required IPS-1 to produce
IFN-X in response to stimulation with cytoplasmic HCV RNA.
Furthermore, IFN-\ enhanced the mRNA expression of IFN-\
itself in CD8" DCs, which suggested a positive feedback loop for
IFN-A mRNA expression in CD8* DCs. IFN-) failed to promote
DC-mediated NK activation or cross-priming at least in our ex-
perimental conditions, whereas antiviral proteins, such as ISG20
and RNaseL,, were efficiently induced by IFN-\ stimulation in
hepatocytes and CD8" DCs. These results established a novel
role of IPS-1 in innate immune response against HCV via IFN-A

production. IFN-\ pretreatment markedly increased IFN-8 mRNA
expression in response to HCV RNAs in mouse hepatocyte but not
in CD8* DCs (Fig. 6B, 6D). Although the underlying mechanism
is unclear, it is possible that there is a cell-type—specific role of
IFN-A.

It was recently reported that BDCA3" DCs require TLR3 for type
III IFN production in response to cell-cultured HCV (17). They
used a HCV 2a JFH1 strain that cannot infect human DCs in vitro
(5). We also showed that the TLR3 adaptor TICAM-1 was essential
for type III IFN production by CD8* DCs when cocultured with O
cells with HCV replicons. Thus, TLR3 appears to be essential for
type III IFN production by DCs that are not infected with HCV. It
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FIGURE 6. Antiviral responses induced by IFN-A. (A) Mouse spleen CD8" DCs were stimulated with 100 ng/ml IFN-A3 or 1000 IU/ml IFN-«, after which
RIG-I, TLR3, and Mx1 mRNA levels were determined by quantitative RT-PCR. (B) Mouse spleen CD8" DCs were treated with 100 ng/ml IFN-A3 for 6 h. O cell
RNA was transfected into CD8* DCs, and IFN-3 and -A2/3 mRNA levels were determined by quantitative RT-PCR at the indicated times. (C) Mouse hepatocyte
cell line cells were stimulated with 1000 U/ml IFN-a or 100 ng/ml IFN-A3. RIG-I, TLR3, Mx1, ISG20, and RNaseL. mRNA levels were determined by quantitative
RT-PCR. (D) Mouse hepatocyte cell line cells were treated with 100 ng/ml IFN-A3 for 6 h, and then O cell RNA was transfected into these cells. IFN- and -\2/3
mRNA levels were measured by quantitative RT-PCR at the indicated times. (E) O cells that contain HCV 1b full-length replicons were treated with human IL-28B
at indicated concentration for 2 d. HCV RNA levels were determined by quantitative RT-PCR. HCV RNA levels were normalized to GAPDH mRNA expression.

has been shown that exosomes are internalized efficiently by DCs
and sorted into early endosomes, where TLR3 is localized (28, 29).
Unlike the transfected HCV RNA, exosome-enclosed HCV RNA
might be efficiently sorted and released within early endosomes of
CD8* DC, where TLR3 is localized, leading to TLR3-dependent
IFN-A2/3 production. Although HCV JFH1 infection particles fail
to infect DCs in vitro, previous studies indicated that HCV infects
DCs in chronically infected patients (23, 24, 30). In human patient
DCs and hepatocytes infected with HCV, the IPS-1 pathway could
play a pivotal role in type III IFN production.

Knockout of TICAM-1 failed to reduce IFN-A2/3 mRNA ex-
pression in mouse liver after HCV RNA hydrodynamic injection,
whereas knockout of TICAM-1 abolished IFN-A2/3 levels in sera
after HCV RNA hydrodynamic injection (Fig. 1B, 1D). Consid-
ering that there is a positive feedback loop for IFN-\ production,
it is possible that TICAM-1 and IPS-1 pathways augment IFN-A
production each other in vivo; however, we do not exclude a
possibility that TICAM-1 is involved in posttranscriptional step of
IEN-A production.

HCV NS3-4A protease cleaves IPS-1 to suppress host innate
immune responses (31, 32). However, it is notable that a mutation

within the RIG-I gene in HuH7.5 cells increases cellular permis-
siveness to HCV infection (33). This indicates that the RIG-I
pathway is functional at least during the early phase of HCV in-
fection before NS3-4A cleaves IPS-1. Thus, we propose that IPS-1
is important for type III IFN production during the early phase of
HCV infection.

IFN-a augmented DC-mediated NK cell activation and cross-
priming, whereas IFN-\ failed to augment DC-mediated NK cell
activation and cross-priming in our experimental conditions.
However, as seen with IFN-a, IFN-A could induce RNasel. and
ISG20 mRNA expression. These data indicated that IFN-A induces
cytoplasmic antiviral proteins to eliminate infected virus. A pre-
vious study showed that IPS-1 is required for initial antiviral re-
sponse but dispensable for the protective adaptive immune response
to influenza A virus (34). Thus, it is expected that IPS-1-mediated
IFN-\ production would be required for initial antiviral response to
HCYV infection.

In summary, our results provide insights into type III IFN pro-
duction mechanism in response to HCV RNA in vivo and identify
IPS-1 as a molecule crucial for producing type III IFN from he-
patocyte and CD8" DCs in response to cytoplasmic HCV RNA.
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Figure S1

Type | IFN production in response to polyl:C stimulation.

(A) Wild-type and TICAM-1 KO BM-Mf were stimulated with 50 ug of polyl:C (without transfection), and
IFN-B, a2, a4, and A2/3 expressions were determined by RT-qPCR.

(B-E) 50 pg of Polyl:C was i.p. injected into wild-type and TICAM-1 KO mice. Six hours after injection,
the tissues were isolated, and total RNA was extracted. The expression of IFN-B (B), a2 (C), a4 (D), and
A2/3 (E) in indicated tissues were measured by RT-qPCR.
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The ability of IPS-1 to induce type | and Il IFNs.

TICAM-1 and IPS-1 eXpression vectors were transfected into HEK293 with p125luc (IFN-B) (A) or pIFN-A1 luc
(human IFN-A) (B) reporter plasmids. 24 hours after transfection, the luciferase activity was measured.

(C) TICAM-1 fragment expression vectors were transfected into HEK2393 cells with p125luc, pIFN-A1, or A2/3
luc reporter plasmids. 24 hours after transfection, the luciferase activity was measured.

(D) IPS-1 fragment expression vectors were transfected into HEK293 cells with p125luc, pIFN-A1, or A2/3 luc
reporter plasmids. 24 hours after transfection, the reporter activities were measured.
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Supplemental Table S1 Primer sequences for RT-gPCR

mouse B-actin
mouse IFN-f3
mouse [FN-a2
mouse IFN-a4
mouse [FN-A2/3
mouse TLR3
mouse RIG-I
mouse Mx1
mouse RNaseL
mouse [SG20
mouse IL10Rb
mouse IL28Ra
HCV NS5B

Human GAPDH

U M XY M M X T XML MM T I T I M I T T™MITM X

TTTGCAGCTCCTTCGTTGC
TCGTCATCCATGGCGAACT
CCAGCTCCAAGAAAGGACGA
CGCCCTGTAGGTGAGGTTAT
TACTCAGCAGACCTTGAACC
GGTACACAGTGATCCTGTGG
CTGCTGGCTGTGAGGACATACT
AGGCACAGAGGCTGTGTTTCTT
TCCCAGTGGAAGCAAAGGATTG
TCAAGCACCTCTTCTCGATGG
TTGCGTTGCGAAGTGAAGAA
ACTTGCCAATTGTCTGGAAACA
GCCCTGTACCATGCAGGTTAC
AGTCCCAACTTTCGATGGCTT
TCAAGCCTGGAGTGTCAAGTGCC
AATCTGGAAGCCTTGCCACTGGG
GCGAACACATCAATGAGGAAAA
CTGCCTCTGGAACGCTGAG
CAATGCCCTGAAGGAGGATA
TGTAGCAGGCGCTTACACAG
GTCGTGCTGTGGCTCATTTA
AGCAGAAACGTGCTGTGATG
CAGGTGGAATTCTGGAAGGA
CCTTGCTGGAGAGGAATCTG
CCGAGGCCAGACAGGTCATA
GGCTGCAGAGGCCTTCAAGT
GAGTCAACGGATTTGCTCGT
TTGATTTTGCAGGGATCTCG
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Measles caused by measles virus (MV) infection remains important in child mortality. Although the nat-
ural host of MV is human, mouse models expressing MV entry receptors (human CD46, CD150) and
disrupting the interferon (IFN) pathways work for investigating immune responses during early MV
infection in vivo. Dendritic cells (DCs) are primary targets for MV in the mouse models and are efficiently
infected with several MV strains in the respiratory tract in vivo. However, questions remain about what
kind of DC in a variety of DC subsets is involved in initial MV infection and how the RNA sensors evoke cir-
cumventing signals against MV in infected DCs. Since type I IFN-inducing pathways are a pivotal defense
system that leads to the restriction of systemic viral infection, we have generated CD150-transgenic
mice with disrupting each of the IFN-inducing pathway, and clarified that DC subsets had subset-specific
[FN-inducing systems, which critically determined the DC’s differential susceptibility to MV.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The pathogenic measles virus (MV) causes measles in infants.
The MV genome is a nonsegmented negative single-stranded RNA
consisting of six genes that encode the nucleocapsid (N), phospho-
protein (P), matrix (M), fusion (F), hemagglutinin (H), and large (L)
proteins. The P gene encodes P protein and the nonstructural V and
C proteins. Although the nonstructural V and C proteins of wild type
(WT) strains of MV are important in suppressing the host inter-
feron (IFN) response in human cells (Gerlier and Valentin, 2009),
WT strains of MV are less able to suppress type I IFN production in
murine cells than in human cells (Shingai et al,, 2005), suggesting
that V and C proteins are relatively ineffective suppressors for IFN
response in murine cells.

CD46 (also called MCP) was first identified as an MV entry
receptor for laboratory-adapted and vaccine strains of MV. CD46
is expressed in all human nucleated cells including epithelial cells
(Gerlier and Valentin, 2009). In 2000, human CD150, a signaling
lymphocyte activation molecule (SLAM), was identified as the sec-
ond MV entry receptor for all MV strains including WT (Tatsuo et al,,
2000). Expression of CD150 is restricted to activated lymphocytes,
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Hokkaido University Graduate School of Medicine, Kita 15, Nishi 7, Kita-ku, Sapporo
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1357-2725/© 2014 Elsevier Ltd. All rights reserved.

dendritic cells (DCs), and macrophages (Delpeut et al., 2612), con-
sistent with the lymphotropism of MV. However, the expression
pattern of CD150 does not explain why WT strains of MV infect
epithelial cells that do not express CD150. Recently, human nectin-
4 (also called poliovirus receptor-related 4, PVRL4) was identified
as the third entry receptor for WT strains of MV (Miihlebach et al.,
2011: Noyce et al., 2011). Expression of nectin-4 is restricted to the
basolateral surface of epithelial cells (Deipeut et al., 2012). Thus,
laboratory-adapted and vaccine strains of MV use CD46 and CD150
as entry receptors, and WT strains of MV use CD150 and nectin-4.
Initial infection with WT stains of MV via CD150 occurs in DCs and
alveolar macrophages (AMs) and secondary spreading of MV infec-
tion is established in lymphocytes through infected DCs and AMs.
Ultimately, MV-infected lymphocytes systemically spread to distal
sites including the respiratory tract and then MV infects epithelial
cells via nectin-4, resulting in release of MV into the airway lumen
of the infected lung (Delpeut et al,, 2012). C-type lectin DC-SIGN
(also called CD209) has an important role for infection of DCs by
laboratory-adapted and WT strains of MV (de Witte et al., 2006),
although DC-SIGN is dispensable for MV entry. Both attachment
and infection of immature DCs with MV are blocked by DC-SIGN
inhibitors, suggesting that DC-SIGN is critical for enhancement of
CD46/CD150-mediated infection of DCs (de Witte et al., 2006).
Human CD150 transgenic (Tg) and CD150 knock-in mice were
generated as MV infection models to study receptor tropism and
the immune dynamics of MV (Hahm et al., 2003, 2004; Ohno
et al,, 2007; Sellin et al,, 2006; Shingai et al., 2005; Welstead et al.,
2005) and these mice were somehow permissive to MV in vivo.
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Systemic infection by WT strains of MV in vivo was observed in
CD150Tg/Ifnar~/~ mice, generated by crossing CD150Tg mice with
mice having the disrupted IFN receptor 1 (Ifnar) gene; the other is
CD150Tg/Stat1-/~ mice, generated by crossing CD150Tg mice with
mice knocked out for the signal transduction and activator of tran-
scription 1 (Stat1) gene, which is a major signaling molecule for
the IFN receptor (Shingai et al., 2005; Welstead et al., 2005). Both
models indicate the importance of the IFNAR pathway for restric-
ting MV in vivo infection in mice. DCs and AMs are primary targets
for MV intranasally inoculated into CD150Tg models (Ferreiraet al.,
2010), since these cells express CD150 and are located in the lung
where host cells firstly encounter MV. Results from mouse models
for MV in vivo infection reflect in vitro high susceptibility of human
monocyte-derived DCs (moDCs) to MV. DCs and AMs are the first
target cells during early MV infection in monkeys (de Swart et al.,
2007; Lemon et al,, 20171). All these data indicate that type I IFN
produced by DCs and AMs primarily protects hosts from systemic
MV infection.

In this review, we summarized the mouse model studies on the
host antiviral response to MV infection, which involves both toll-
like receptors (TLRs) and retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) in specific DC subsets.

2. Type I IFN-inducing pathways respond to viral RNA

The IFN response, which is the induction of type I IFN-o/(3
is a major antiviral defense pathway that confers virus resis-
tance to neighboring cells. Previous reports showed that viral RNA
is detected by cytoplasmic pattern recognition receptors (PRRs)
such as RIG-I and the melanoma differentiation-associated gene
5 (MDAS5) (Kawai and Akira, 2009). MDA5 and RIG-] detect long
and short dsRNA, respectively (Kato et al, 2008). TLR3 recog-
nizes extracellular double-stranded RNA (dsRNA) in the endosome
whereas RIG-1 and MDAS5 sense cytoplasmic dsRNA (Fig. 1). TLR3
recruits the adaptor, Toll/interleukin-1 receptor (TIR) homology
domain-containing adaptor molecule 1 (TICAM-1, also called TRIF)
inresponse to dsRNA and induces type 1 IFN production. Activation
of RLRs is regulated by multiple consecutive processes includ-
ing dephosphorylation, ubiquitination and oligomerization of RLR
(Gaclk et al., 2007; Wies et al., 2013). The CARD domain of RLRs is
phosphorylated by unknown kinases in steady state, prohibiting
RLR activation (Wies et al., 2013). Viral infection activates RLRs via
dephosphorylation by serine-threonine phosphatases PP1a and
PP1vy (Wies et al,, 2013). The dephosphorylated RLRs provide sig-
nals through the mitochondrial antiviral signaling protein (MAVS;
also called VISA, Cardif, or IPS-1) to induce type ! IFN. Disrupting
these adaptor genes results in failure to activate IFN regulatory
factor (IRF)-3 and IRF-7, abrogating type I IFN production and
antiviral host defense. Virus-derived single-stranded RNA (ssRNA)
is recognized by TLR7 and TLR8 which are in the endosome. MyD88-
dependent signaling is activated upon viral RNA recognition by
TLR7 to induce type I IFNs (Kawai and Akira, 2009). Unlike ubig-
uitous RLRs, TLR expression is restricted to particular cell types
with a different set of TLRs (Table 1) (Edwards et al, 2003). This
differential expression pattern of TLRs directs specific sets of cells
to respond to particular TLR ligands, which enhance a variety of
immune responses.

3. Type I IFN induction in MV-infected murine DCs

Studies in mice with targeted gene deletions provide insight
into the mechanisms of type I IFN induction in response to MV
infection in vivo and in vitro. Bone marrow-derived DCs (BMDCs)
were used to study MV permissiveness of DCs, initially in CD150Tg
mice (Ohno et al,, 2007; Shingai et al., 2005; Welstead et al., 2005).

Studies using BMDCs from CD150Tg mice in combination with
Mavs=I= Irf3~I= [Irf7-I-, Ticam1~!- and Myd88~/- mice showed that
type I [FN expression in BMDCs completely relied on MAVS but
not TICAM-1 and MyD88 (Takaki et al., 2014). Surprisingly, BMDCs
derived from CD150Tg/lrf3~/~[Irf7-/~ mice produce a detectable
IFN-f in response to MV infection, which confers nonpermissive-
ness to CD150Tg/lif3~=[Irf7~1~ BMDCs (Takaki et al, 2014). A
pharmacological study indicated that MV-derived IFN-f3 expres-
sion partially depended on NF-«B (Takaki et al., 2014). A recent
study using West Nile virus showed that IRF3/IRF7 and IRF5 coor-
dinately regulate the type [ IFN response in DCs (Lazear et al., 2013).
For MV, IRF5 might be a transcription factor for MAVS-dependent
and IRF3/IRF7-independent type I IFN induction in BMDCs (Fig. 2).

An in vivo MV infection study using a CD150Tg mouse model
revealed that MAVS disruption scarcely led MV permissiveness or
type | IFN gene expression in the spleen compared to CD150Tg
mice (Takaki et al., 2013). In vitro infection assays showed that
isolated cell subsets of CD11c* DCs, but not T or B cells, mainly
produced type I IFN in response to MV infection through a MAVS~
independent pathway. Various types of DCs have been identified in
mouse secondary lymphoid tissues, including three CD11chgh sub-
sets of conventional DCs (¢DCs): CD8a*, CD4™ and (D4~ (D8~
double negative (DN) DCs (Vremec et al, 2000), and one sub-
set of CD11c'Y plasmacytoid DCs (pDCs) (Asselin-Paturel et al.,
2001). These DC subsets express different sets of TLR genes and
have distinct functions (Table 1) (Edwards et al., 2003; Luber et al.,
2010). Mouse pDCs express most TLRs except TLR3 and therefore
respond to a wide range of pathogen-associated molecular pat-
terns including TLR7 ligand (Boonstra et al,, 2003; Edwards et al.,
2003). CD8at DCs express high amounts of TLR3, but not TLR7
(Edwards et al., 2003) and mainly participate in poly 1:C-induced
cross-presentation. Although a CD4* and DN DCs have a similar TLR
expression pattern (Edwards et al., 2003), CD4" DCs but not DN DCs
express TLR7 protein at low levels (Takaki et al., 2013). Type I IFN
expression is induced in CD4" DCs and pDCs, but not CD8a* and
DN DCs that are isolated from MAVS-disrupted mice during in vitro
MV infection (Takaki et al.,, 2013). This result indicates that type
I IFN-inducing pathways in pDC and CD4* DCs are independent
of the MAVS pathway. A pharmacological study showed that the
MyD88 pathway is involved in a MAVS-independent type I [FN-
inducing pathway (Takaki et al., 2013). This result was confirmed
using CD150Tg/Myd88~/- pDCs, suggesting that TLR7 is responsible
for recognition of MV RNA in CD4" and pDCs. Since the RLR-MAVS
pathway usually senses endogenous viral RNA in CD4* DCs (Luber
et al,, 2010), MAVS disruption highlights that the MyD88 pathway
participates in initial type I IFN induction in CD4* DCs in MV infec-
tion (Fig. 2). However, CD150Tg/Myd88~/~ mice are not permissive
to MV infection in vivo, both MyD88 in pDCs and CD4* DCs and
MAUVS in other cells contribute to protection against systemic MV
infection.

Since TLR7 is in the endosome, viral RNA transport to the endo-
some is required to activate the TLR7/MyD88 pathway. Autophagy
is required for the recognition of vesicular stomatitis virus by TLR7
to transport cytosolic viral replication intermediates into the lyso-
some, leading to type I IFN production in pDCs (Lee et al., 2007)
IFN-B mRNA expression is induced in UV-irradiated MV-infected
CD150Tg/Mavs~/~ DCs; however, treatment with an autophagy
inhibitor prevented this IFN-{ induction (unpublished data). These
data suggest that autophagy but not viral replication is required
for MV-mediated type [ IFN induction via TLR7 in MAVS-disrupted
murine DCs.

In contrast to BMDCs, type | IFN gene expression is observed in
DCs and splenocytes derived from MV-infected CD150Tg/Mavs~/~
mice, which prevents DCs from MV infection in vivo in these mice
(Takaki et al., 2013, 2014). RIG-I/MAVS but not TLR7/MyD88 medi-
ates the antiviral response to RNA virus in conventional DCs. The
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NDV, VSV,
HCV, influenza

endosome

ssRNA
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Fig. 1. Recognition of RNA by RLRs and TLRs. Double-stranded RNA (dsRNA) synthesized by RNA virus replication in infected cells is recognized by endosomal TLR3 and
cytosolic RIG-1 like receptors (RLRs), RIG-I and MDAS. They differentially recognize viral dsRNA products such that long dsRNA chains fit in MDAS5, 5'-triphosphates short
dsRNA couple with RIG-1 and structured RNA activate TLR3 (Tatematsu et al., 2012). The outline of their signaling cascades that lead to the activation of IRF3 and NF-kB is
overviewed (Kawai and Akira, 2009). Single-stranded RNA (ssRNA) is recognized by endosomal TLR7, leading to the activation of NF-kB and IKK «/f via adaptor protein
MyD88. Transcription factor activation resuls in expression of type 1 IFN and inflammatory cytokines. NDV, newcastle disease virus; SeV, sendai virus; HCV, hepatitis C; EMCV,

encephalomyocarditis virus

Table 1
Expression of TLRs in murine and human DC subset.
TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLRS TLR10
Mouse Conventional DCs (CD11chigh B220-) CD4* + + - + + + * - + _
CD4-CD8x~ + + +fom + + + e - + -
CDh4- + + + + - + — + —
Plasmacytoid DCs (CD11c'" B220* PDCA-1*) + + - + +f— + + ~ + -
Human Myeloid DCs (CD11c¢*) + + + + + + + - — +
Monocyte-derived DCs (moDCs) + + + + + +f~ +[— + —
Plasmacytoid DCs (CD11¢~ BDCA2* BDCA4*) +f— — — - _ 5 _ N .

TLR expression in murine and human DC subset is described in refs (Jarcossay et al., 2001: Kadawaki et al, 2001; Edwards et al. 2003; Luber et al,, 2010).

studies using reporter mouse that expresses green fluorescence
protein (GFP) under the control of the Ifn-a6 promoter show that
intranasal infection with newcastle disease virus (NDV) induces
GFP expression in AMs and c¢DCs in lung as an initial defense via
the RLR pathway (Kumagai et al, 2007). Although systemic NDV
infection leads to GFP expression in not only pDCs but also cDCs
and AMs, the frequency of GFP positive cells is higher in pDCs than
in other cells. Thus, the activation of different subsets of DCs would
be important to produce type [ IFNs in systemic and local RNA virus
infection.

Similar to murine DCs, PRRs expression differs with subsets
of human DCs (Table 1) (Jarrossay et al, 2001; Kadowaki et al,,
2001). In ¢DCs, MV transcription is required to activate type |
IFN response, since UV-irradiated MV is unable to promote [FN-
B production (Duhen et al, 2010). Type 1 IFN induction by pDCs
depends on the recognition of MV RNA via the endosomal pathway,
since UV-irradiated MV infection induces IFN-a production and
this induction is cancelled by an endosomal acidification inhibitor
in pDCs (Duhen et al, 2010). Although MV can inhibit TLR7 and
TLR9-mediated type I IFN induction by MV-V and MV-C proteins
in human pDCs (Pfaller and Conzelmann, 2008; Schiender et al.,
2005; Yamaguchi et al,, 2014), it remains unknown whether MV

proteins act as suppressors in murine DCs. Moreover, MV interacts
with human DC-SIGN to enhance infection of human DCs (de Witte
et al., 2006). However, how MV-H protein binds murine CIRE/DC-
SIGN is unknown. The findings in murine DCs may differ from those
in human DCs when infected with MV.

4. Type I IFN and cytokines in the context of MV
immunosuppression

DCs contribute to MV-induced immunosuppression, including
downregulation of costimulatory molecules and inhibition of IL-
12 production following lipopolysaccharide stimulation (Coughlin
et al,, 2013 Hahm et al.,, 2004, 2007). MV infection suppressed
BMDCs development via type I IFN that acts through STAT2-
dependent signaling but independent of the STAT1 signaling (Hahm
et al,, 2005). Furthermore, in vivo MV infection induces a T helper
type 2 response, enhances apoptosis, and induces regulatory T cells
(Koga et al,, 2010; Sellin et al., 2009). Blocking IL-10 signaling pre-
vents MV-induced immunosuppression in CD150 knock-in mice,
indicating that IL-10 participates in immunosuppression (Koga
et al., 2010). In addition, high amounts of IL-10 are produced in
CD4* T cells obtained from MV-infected CD150Tg mice (Takaki
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Uv-pMv

endosome

|

Type 1 IFN

pDC and CD4* DCs

CD8a', DN, and CD4* DCs

MV

Type HIFN

BMDCs

Fig. 2. Recognition of MV RNA in mouse DC subsets. DC subsets have their own viral RNA sensors to induce type I IEN, MV specifically infects these DC subsets. The ways for

IFN induction in each DC subset are shown schematically. UV-MV; UV-irradiated MV

et al, 2014). In early infection by lymphocytic choriomeningitis
virus (LCMV), type I IFN is produced via the TLR7/MyD88 path-
way in pDCs. MDA5/MAVS-mediated type I IFN induction in other
cells is required for sustained type I IFN responses to acute and
chronic LCMV infection (Wang et al., 2012). Thus, different sources
of type I IFN and signaling pathways affect immune responses to
viral infection. Besides IL-10, IL-12 and type I IFN, other cytokines
and signaling molecules affect MV-mediated immunomodulation.
Further analysis is needed to clarify the function of DCs that mod-
ulate MV-induced immunosuppression.
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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. ©20145. 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 efficacy 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 differentiation-associated gene 5 (MDAS5). RIG-I
and MDAS5 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-d A/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
DOL 10.1159/000365113

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-1""~
Mavs™™ mice were generated by crossing Ticam-17" mice with
Mavs™" mice. Irf-3"/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 pTER1.4xHBV 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-
facturer’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 1 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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