’
/]

expression constructs, Nhel/Notl ¢cDNA fragments encoding full-length
mouse ZAP (GenBank accession no. NM_028864.2) and the C-terminal por-
tion of ZAP and a BamHI/Noti cDNA fragment encoding the N-terminal portion
of ZAP were amplified from pCMV-SPORT6-Zc3havl (MMM1013-7511214,
Open Biosystems) by PCR and cloned into the corresponding restriction sites of
pcDNA3 to produce pcDNA3-ZAP, pcDNA3-ZAP-C, and pcDNA3-ZAP-N, re-
spectively. To generate the expression construct for the EGFP-ZAP fusion
protein, an Nhel/Spel ¢cDNA fragment encoding EGFP was amplified from
PEGFP-N1 (Clontech) by PCR and cloned into the Nhel site of pcDNA3~ZAP to
produce pcDNA3-EGFP-ZAP. To generate the red fluorescent protein (RFP)
expression construct, a BamHI/EcoRl cDNA fragment of RFP was amplified from
pTagRFP-N1 (Evrogen) by PCR and cloned into the BamHI/EcoR! sites of
pcDNA3 to produce pcDNA3-RFP. To generate the expression constructs for
the RFP-DCP1A and RFP-EXOSC5 fusion proteins, EcoRI/Notl cDNA fragments
of human DCP1A and human EXOSC5 were amplified from a 293T ¢DNA [i-
brary by PCR, and cloned into the EcoRI/Not! sites of pcDNA3-RFP to produce
pcDNA3-RFP-DCP1A and pCDNA3-RFP-EXOSCS.

Mice, Cells, and Viruses. C57BL/6 mice were purchased from CLEA Japan, Inc.
Irf3™~/Irf7~"~ mice were kindly donated by T. Taniguchi (The University of
Tokyo, Tokyo, Japan). The Ddx58~"/ifih1~'~ mice have been described pre-
viously (45). The mice were maintained in our animal facility and treated in
accordance with the guidelines of Osaka University. Primary MEFs were
prepared from pregnant female mice on embryonic day 13.5, as described
previously (4). To prepare bone marrow-derived dendritic cells, mouse bone
marrow cells were cultured in the presence of 10 ng/mL GM-CSF (PeproTech)
for 6 d, during which time the culture medium was replaced with medium
containing GM-CSF every 2 d. The 293T cells have been described previously
(46). Replication-competent MLV was produced by 293T cells transfected
with pMLV-48. To induce infection, MLV was incubated with MEFs for 2 h in
the presence of 10 pg/mL Polybrene (Millipore). VSV, IAV (A/Puerto Rico/8/34,
H1N1 strain), and NDV have been described elsewhere (3, 4).

Quantitative RT-PCR. Total RNA was isolated using the ZR RNA MicroPrep kit
(Zymo Research), according the manufacturer’s instructions. Viral RNA was
isolated from the culture supernatants using the ZR Viral RNA kit (Zymo
Research), according the manufacturer's instructions. RT was performed
using random primers and Verso reverse transcriptase (Thermo Scientific)
according to the manufacturer’s instructions. For quantitative PCR, the cDNA
fragments were amplified from the RT products with Real-Time PCR Master
Mix (Toyobo) according to the manufacturer’s instructions. The fluorescence
from the TagMan probe for each cytokine was detected with a 7500 Real-
Time PCR System (Applied Biosystems). To determine the relative induction
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of cytokine mRNAs, the level of mRNA expressed from each gene was nor-
malized to the expression of 185 RNA. The copy number of the MLV genomic
RNA was determined with the dsDNA copy number calculator program. The
experiments were repeated at least three times, with reproducible results.

ELISAs. The levels of IFN-B and Cxcl10 in the culture supernatants were mea-
sured with ELISAs in accordance with the manufacturer’s instructions. The
experiments were repeated at least three times, with reproducible results.

Northern Blotting. Cytoplasmic RNA was extracted using the Cytoplasmic and
Nuclear RNA Purification Kit (Norgen) according the manufacturer’s
instructions. The RNA obtained was separated electrophoretically, trans-
ferred to nylon membranes, and hybridized with the indicated probes. An
RNA probe was designed to hybridize specifically to the Gag region from
nucleotide 1291 to nucleotide 1472 of the MLV transcripts. The experiments
were repeated at least three times, with reproducible results.

Immunoblotting. Inmunoblotting was performed as described previously (47).
The experiments were repeated at least three times, with reproducible results.

Immunostaining Assay. Cells cultured in microscopy chambers (ibidi) were
fixed with 3% (wt/vol) paraformaldehyde and then processed for immu-
nostaining as described previously (47). The samples were examined under
an LSM 780 confocal laser scanning microscope (Carl Zeiss). The experiments
were repeated at least three times, with reproducible results.

Detection of the MLV Transcripts with FISH. The cells were fixed with 4%
paraformaldehyde. FISH was performed using the QuantiGene ViewRNA
ISH Cell Assay kit (Veritas) according to the manufacturer’s instructions. A Cy5-
labeled FISH probe was designed to hybridize specifically to the Gag region
from nucleotide 607 to nucleotide 1833 of the MLV transcripts. The samples
were examined under an LSM780 confocal laser scanning microscope. The
experiments were repeated at least three times, with reproducible results.
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Human Blood Dendritic Cell Antigen 3 (BDCA3)™
Dendritic Cells Are a Potent Producer of Interferon-/
in Response to Hepatitis C Virus

Sachiyo Yoshio,' Tatsuya Kanto," Shoko Kuroda,' Tokuhiro Matsubara,' Koyo Higashitani," Naruyasu Kakita,'
Hisashi Ishida,' Naoki Hiramatsu,' Hiroaki Nagano,” Masaya Sugiyama,’ Kazumoto Murata,’
Takasuke Fukuhara,* Yoshiharu Matsuura,” Norio Hayashi,” Masashi Mizokami,® and Tetsuo Takehara'

The polymorphisms in the interleukin (/1)-28B (interferon-lambda [IFN]-A3) gene are
strongly associated with the efficacy of hepatitis C virus (HCV) clearance. Dendritic cells
(DCs) sense HCV and produce IFNs, thereby playing some cooperative roles with HCV-
infected hepatocytes in the induction of interferon-stimulated genes (ISGs). Blood dendritic
cell antigen 3 (BDCA3)* DCs were discovered as a producer of IFN-4 upon Toll-like recep-
tor 3 (TLR3) stimulation. We thus aimed to clarify the roles of BDCA3™ DCs in anti-HCV
innate immunity. Seventy healthy subjects and 20 patients with liver tumors were enrolled.
BDCA3" DCs, in comparison with plasmacytoid DCs and myeloid DCs, were stimulated
with TLR agonists, cell-cultured HCV (HCVcc), or Huh7.5.1 cells transfected with HCV/
JFH-1. BDCA3™" DCs were treated with anti-CDS81 antibody, inhibitors of endosome acidi-
fication, TIR-domain-containing adapter-inducing interferon-f (TRIF)-specific inhibitor, or
ultraviolet-irradiated HCVcc. The amounts of IL-29/TFN-11, IL-28A/IFN-42, and IL-28B
were quantified by subtype-specific enzyme-linked immunosorbent assay (ELISA). The fre-
quency of BDCA3" DCs in peripheral blood mononuclear cell (PBMC) was extremely low
but higher in the liver. BDCA3" DCs recovered from PBMC or the liver released large
amounts of IFN-/s, when stimulated with HCVcc or HCV-transfected Huh7.5.1. BDCA3™
DCs were able to induce ISGs in the coexisting JFH-1-positive Huh7.5.1 cells. The treat-
ments of BDCA3" DCs with anti-CD81 antibody, cloroquine, or bafilomycin Al reduced
HCVcc-induced IL-28B release, whereas BDCA3 ' DCs comparably produced IL-28B upon
replication-defective HCVcc. The TRIF-specific inhibitor reduced IL-28B release from
HCVcc-stimulated BDCA3' DCs. In response to HCVcc or JFH-1-Huh7.5.1, BDCA3*
DCs in healthy subjects with IL-28B major (rs8099917, TT) released more IL-28B than
those with IL-28B minor genotype (TG). Conclusion: Human BDCA3™ DCs, having a tend-
ency to accumulate in the liver, recognize HCV in a CD81-, endosome-, and TRIF-depend-
ent manner and produce substantial amounts of IL-28B/IFN-43, the ability of which is
superior in subjects with IL-28B major genotype. (HepatoLocy 2013;57:1705-1715)

epatitis C virus (HCV) infection is one of the liver cirrhosis and hepatocellular carcinoma. Genome-
most serious health problems in the world. wide association studies have successfully identified the
More than 170 million people are chronically genetic polymorphisms (single nucleotide polymor-
infected with HCV and are at high risk of developing phisms, SNPs) upstream of the promoter region of the

Abbreviations: Ab, antibody; HCV, hepatitis C virus; HCVec, cell-cultured hepatitis C virus; HSV, herpes simplex virus; IHL, intrahepatic lymphocyte; INF-1,
interferon-lambda; IRE interferon regulatory factor; ISGs, interferon-stimulated genes; JEV, Japanese encephalitis virus; Lin, lineage; mDC, myeloid DC; MO,
multiplicity of infection; PBMC, peripheral blood mononuclear cell; pDC, plasmacyroid DC; Poly IC, polyinosine-polycytidylic acid; RIG-1, retinoic acid-inducible
gene-I; SNDs, single nucleotide polymorphisms; TLR, Toll-like receptor; TRIE TIR-domain-containing adapter-inducing interferon-f3.
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interleukin (IL)-28B / interferon-lambda 3 (IFN-43)
gene, which are strongly associated with the efficacy of
pegylated interferon-o (PEG-IFN-2) and ribavirin ther-
apy or spontaneous HCV clearance.'™

IFN-/s, or type III IFNs, comprise a family of
highly homologous molecules consisting of IFN-A1
(IL-29), IFN-A2 (IL-28A), and IFN-i3 (IL-28B). In
clear contrast to type I IFNs, they are released from
relatively restricted types of cells, such as hepatocyrtes,
intestinal epithelial cells, or dendritic cells (DCs). Also,
the cells that express heterodimeric IFN-A receptors
(IFN-ZR1 and IL-10R2) are restricted to cells of epi-
thelial origin, hepatocytes, or DCs.” Such limited pro-
files of cells expressing IFN-As and their receptors
define the biological uniqueness of IFN-4s. It has been
shown that IFN-As convey anti-HCV activity by
inducing various interferon-stimulated genes (ISGs),’
the profiles of which were overlapped but others were
distinct from those induced by IFN-o/f. Some investi-
gators showed that the expression of IL-28 in PBMC
was higher in subjects with IL-28B major than those
with minor; however, the levels of IL-28 transcripts in
liver tissue were comparable regardless of IL-28B
genotype.2’6

At the primary exposure to hosts, HCV maintains
high replicative levels in the infected liver, resulting in
the induction of IFNs and ISGs. In a case of successful
HCV eradication, it is postulated that IFN-a/f and
IFN-/ cooperatively induce antiviral ISGs in HCV-
infected hepatocytes. It is of particular interest that, in
primary human hepatocytes or chimpanzee liver, IFN-
Zs, but not type 1 IFNs, are primarily induced after
HCV inoculation, the degree of which is closely corre-
lated with the levels of ISGs.” These results suggest that
hepatic IFN-/ could be a principal driver of ISG induc-
tion in response to HCV infection. Nevertheless, the
possibility remains that DCs, as a prominent IFN
producer in the liver, play significant roles in inducing
hepatic ISGs and thereby suppressing HCV replication.

DCs, as immune sentinels, sense specific genomic
and/or structural components of pathogens with vari-
ous pattern recognition receptors and eventually release
IFNs and inflammatory cytokines.® In general, DCs
migrate to the organ where inflammation or cellular
apoptosis occurs and alter their function in order to
alleviate or exacerbate the disease conditions. There-
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fore, the phenotypes and/or capacity of liver DCs are
deemed to be influenced in the inflamed liver. In
humans, the existence of phenotypically and function-
ally distinct DC subsets has been reported: myeloid
DC (mDC) and plasmacytoid DC (pDC).9 Myeloid
DCs predominantly produce IL-12 or tumor necrosis
factor alpha (TNF-«) following proinflammatory stim-
uli, while pDCs release considerable amounts of type I
IFNs upon virus infection.” The other type of mDCs,
mDC2 or BDCA3"(CD141) DCs, have been drawing
much attention recently, since human BDCA3™ DCs
are reported to be a counterpart of murine CD8a™
DCs.'® Of particular interest is the report that
BDCA3" DCs have a potent capacity of releasing
IFN-4 in response to Toll-like receptor 3 (TLR3) ago-
nist.!! However, it is still largely unknown whether
human BDCA3™ DCs are able to respond to HCV.

Taking these reports into consideration, we hypothe-
sized that human BDCA3" DCs, as a producer of
IFN-4s, have crucial roles in anti-HCV innate immu-
nity. We thus tried to clarify the potential of BDCA3™
DCs in producing type III IFNs by using cell-cultured
HCV (HCVcc) or hepatoma cells harboring HCV as
stimuli. Our findings show that BDCA3™ DCs are
quite a unique DC subset, characterized by a potent
and specialized ability to secrete IFN-As in response to
HCV. The ability of BDCA3" DCs to release 1L-28B
upon HCV is superior in subjects with IL-28B major
(rs8099917, TT) to those with minor (TG or GG) ge-
notype, suggesting that BDCA3™ DCs are one of the
key players in IFN-/A-mediated innate immunity.

Patients and Methods

Subjects. This study enrolled 70 healthy volunteers
(male/female: 61/9) (age: mean * standard deviation
[SD], 37.3 = 7.8 years) and 20 patients who under-
went surgical resection of liver tumors at Osaka Uni-
versity Hospital (Supporting Table 1). The study was
approved by the Ethical Committee of Osaka Univer-
sity Graduate School of Medicine. Written informed
consent was obtained from all of them. All healthy
volunteers were negative for HCV, hepatitis B virus
(HBV), and human immunodeficiency virus (HIV)
and had no apparent history of liver, autoimmune, or
malignant diseases.
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Reagents. The specifications of all antibodies used
for FACS or cell sorting TLR-specific synthetic
agonists, pharmacological reagents, and inhibitory
peptides are listed in the Supporting Materials.

Separation of DCs from PBMC or Intrahepatic
Lymphocytes. We collected 400 mL of blood from
each healthy volunteer and processed them for
PBMCs. Noncancerous liver tissues were obtained
from patients who underwent resection of liver tumors
(Supporting Table 1). For the collection of intrahepatic
lymphocytes (IHLs), liver tissues were washed thor-
oughly with phosphate-buffered saline to remove the
peripheral blood adhering to the tissue and ground
gently. After Lin-negative (CD3™, CD14~, CD197,
and CD567) cells were obtained by the MACS sys-
tem, each DC subset with the defined phenotype was
sorted separately under FACS Aria (BD). The purity
was more than 98%, as assessed by FACS Canto II
(BD). Sorted DCs were cultured at 2.5 x 10%/well on
96-well culture plates.

Immunofluorescence Staining of Human Liver
Tissue. Tissue specimens were obtained from surgical
resections of noncancerous liver from the patients as
described above. Briefly, the 5-mm sections were incu-
bated with the following antibodies: mouse biotinyl-
ated antihuman BDCA3 antibody (Miltenyi-Biotec),
and mouse antihuman CLEC9A antibody (Biolegend)
and subsequently with secondary goat antirabbit Alexa
Fluor488 or goat antimouse Alexa Fluor594 (Invitro-
gen, Molecular Probes) antibodies. Cell nuclei were
counterstained with Dapi-Fluoromount-GTM (South-
ern Biotech, Birmingham, AL). The stained tissues
were analyzed by fluorescence microscopy (Model BZ-
9000; Keyence, Osaka, Japan).

Cells and Viruses. The in vitro transcribed RNA of
the JFH-1 strain of HCV was introduced into FT3-7
cells'” or Huh7.5.1 cells. The stocks of HCVcc were
generated by concentration of the medium from JFH-
1-infected FT3-7 cells. The virus titers were determined
by focus forming assay."®> The control medium was gen-
erated by concentration of the medium from HCV-
uninfected FT3-7 cells. Infectious JEVs were generated
from the expression plasmid (pMWJEATGI1) as
reported.'* HSV (KOS) was a generous gift from Dr.
K. Ueda (Osaka University). Huh7.5.1 cells transduced
with HCV JFH-1 strain was used for the coculture
with DCs. The transcripts of ISGs in Huh7.5.1 were
examined by reverse-transcription polymerase chain
reaction (RT-PCR) methods using gene-specific primers
and probes (Applied Biosystems, Foster City, CA).

Secretion Assays. 1L-28B/IFN-43 was quantified by
a newly developed chemiluminescence enzyme immu-
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noassay (CLEIA) system.'” IL-29/IFN-i1, IL-28A/
IFN-42, and IEN-f were assayed by commercially
available enzyme-linked immunosorbent assay (ELISA)
kits (eBioscience, R&D, and PBL, respectively). IFN-«
was measured by cytometric beads array kits (BD)
according to the manufacturer’s instructions.
Statistical Analysis. The differences between two
groups were assessed by the Mann-Whitney nonparamet-
ric U test. Multiple comparisons between more than two
groups were analyzed by the Kruskal-Wallis nonparamet-
ric test. Paired 7 tests were used to compare differences in
paired samples. All the analyses were performed using

GraphPad Prism software (San Diego, CA).

Results

Human BDCA3" DCs Are Phenotypically
Distinct  from pDCs and mDCs. We defined
BDCA3" DCs as Lin HLA-DRTBDCA3™M"" cells
(Fig. 1A, left, middle), and pDCs and mDCs by the
patterns of CD11c and CD123 expressions (Fig. 1A,
right). The level of CD86 on pDCs or mDCs is com-
paratively higher than those on BDCA3™ DCs (Fig.
1B). The expression of CD81 is higher on BDCA3™
DCs than on pDCs and mDCs (Fig. 1B, Supporting
Fig. S1). CLEC9A, a member of C-type lectin, is
expressed specifically on BDCA3" DCs as reported
elsewhere,'® but not on pDCs and mDCs (Fig. 1B).

Liver BDCA3Y DCs Are More Mature than the
Counterparts in the Periphery. BDCA3™ DCs in
infiltrated hepatic lymphocytes (IHLs) are all positive
for CLEC9A, but liver pDCs or mDCs are not (data
not shown). The levels of CD40, CD80, CD83, and
CD86 on liver BDCA3" DCs are higher than those
on the peripheral counterparts, suggesting that
BDCA3™ DCs are more mature in the liver compared
to those in the periphery (Fig. 1C).

In order to confirm that BDCA3" DCs are local-
ized in the liver, we stained the cells with immunofluo-
rescence antibodies (Abs) in noncancerous liver tissues.
Liver BDCA3" DCs were defined as BDCA3"
CLEC9A™ cells (Fig. 1D). Most of the cells were
found near the vascular compartment or in sinusoid or
the space of Disse of the liver tissue.

BDCA3" DCs Are Scarce in PBMCs but More
Abundant in the Liver. The percentages of BDCA3™
DCs in PBMCs were much lower than those of the
other DC subsets (BDCA3™ DCs, pDCs and mDCs,
mean * SD [%], 0.054 * 0.044, 0.27 = 0.21 and
1.30 = 0.65) (Fig. 2A). The percentages of BDCA3™
DCs in IHLs were lower than those of the others
(BDCA3™" DCs, pDCs, and mDCs, mean = SD [%],
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Fig. 1. Identification and phenotypic analyses of peripheral blood and intrahepatic BDCA3' DCs. (A) We defined BDCA3™ DCs as Linea-
ge"HLA-DR*BDCA3"&"" cells (middle), pDCs as Lineage HLA-DRTCD11c~CD123"€"* cells, and mDCs as Lineage "HLA-DRTCD11¢TCD123"%+
cells (right). (B) The expressions of CD40, CD80, CD83, CD86, CD81, and CLEC9A on each DC subset in peripheral blood are shown. Represen-
tative results of five donors are shown in the histograms. Filled gray histograms depict data with isotype Abs, and open black ones are those
with specific Abs. (C) The expressions of costimulatory molecules on BDCA3™ DCs were compared between in PBMCs and in the liver. The
results are shown as the percentage of positive cells. Results are the mean = SEM from four independent experiments. *P < 0.05 by paired t
test. (D) The staining for BDCA3 (green), CLECOA (red) identifies BDCA3™ DCs (merge, BDCA3TCLECIA™) in human liver tissues. Representative
results of the noncancerous liver samples are shown. BDCA, blood dendritic cell antigen; pDC, plasmacytoid DC; mDC, myeloid DC; CLEC9A,
C-type lectin 9A.
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Fig. 2. Analysis of frequency of DC subsets in the peripheral blood and in the liver. Frequencies of BDCA3™ DCs, pDCs, and mDCs in PBMCs
(21 healthy subjects) (A) or in the intrahepatic lymphocytes (IHLs) (11 patients who had undergone surgical resection of tumors) (B) are shown.
Horizontal bars depict the mean *= SD. **P < 0.005; ***P < 0.0005 by Kruskal-Wallis test. (C) The paired comparisons of the frequencies of
DC subsets between in PBMCs and in IHLs. the results of eight patients whose PBMCs and IHLs were obtained simultaneously are shown. *P <
0.05; ***P < 0.0005 by paired t test. IHLs, intrahepatic lymphocytes; pDC and mDC, see Fig. 1.

0.29 £ 0.25, 0.65 = 0.69 and 1.2 = 0.94) (Fig. 2B).
The percentages of BDCA3™ DCs in the IHLs were
significantly higher than those in PBMCs from rele-
vant donors (Fig. 2C). Such relative abundance of
BDCA3™ DCs in the liver over that in the periphery
was observed regardless of the etiology of the liver
disease (Supporting Table 1).

BDCA3" DCs Produce a Large Amount of IFN-As
upon Poly IC Stimulation. We compared DC subsets
for their abilities to produce IL-29/IFN-A1, IL-28A/
[EN-/2, IL-28B/IFN-43, IFN-f, and I[EN-« in
response to TLR agonists. Approximately 4.0 x 10* of
BDCA3" DCs were recoverable from 400 mL of
donated blood from healthy volunteers. We fixed the
number of DCs at 2.5 x 10" cells/100 mL for com-
parison in the following experiments.

BDCA3" DCs have been reported to express
mRNA for TLR1, 2, 3, 6, 8, and 10."” First, we quan-
tified IL-28B/IFN-/3 as a representative for IFN-/s af-
ter stimulation of BDCA3™ DCs with relevant TLR
agonists. We confirmed that BDCA3™ DCs released
IL-28B robustly in response to TLR3 agonist/poly 1C
but not to other TLR agonists (Fig. S2). In contrast,
pDCs produced IL-28B in response to TLR9 agonist/
CpG but much lesser to other agonists (Fig. S2).
Next, we compared the capabilities of DCs inducing
IFN-Zs and IFN-f genes in response to relevant TLR
agonists. BDCA3™ DCs expressed extremely high lev-
els of IL-29, IL-28A, and IL-28B transcripts compared
to other DCs, whereas pDCs induced a higher level of
IFN-p than other DCs (Fig. S3A).

Similar results were obtained with the protein levels
of IFN-4s, IEN-f, and IFN-« released from DC sub-
sets stimulated with TLR agonists. BDCA3* DCs pro-
duce significanty higher levels of IL-29, IL-28B, and

IL-28A than the other DC subsets. In clear contrast,
pDCs release a significantly larger amount of IFN-f
and IFN-o than BDCA3" DCs or mDCs (Fig. 3A,
Fig. S3B). As for the relationship among the quantity
of IFN-/ subtypes from poly IC-stimulated BDCA3™
DCs, the levels of 1L-29/IFN-4A1 and IL-28B/IFN-/43
were positively correlated (R = 0.76, P < 0.05), and
those of IL-28A/IFN-42 and IL-28B/IEN-43 were
positively correlated as well (R* = 0.84, P < 0.0005),
respectively (Fig. S3C). These results show that the
transcription and translation machineries of IFN-As
may be overlapped among IFN-Z subtypes in
BDCA3™" DCs upon poly IC stimulation.

Liver BDCA3" DCs sorted from IHLs possess the
ability to produce IL-28B in response to poly IC (Fig.
3B), showing that they are comparably functional. In
response to poly IC, BDCA3" DCs were capable of
producing inflammatory cytokines as well, such as
TNF-o, IL-6, and IL-12p70 (Fig. S4A). By using
Huh7 cells harboring HCV subgenomic replicons
(HCV-N, genotype 1b), we confirmed that the super-
natants from poly IC-stimulated BDCA3™ DCs sup-
pressed HCV replication in an IL-28B concentration-
dependent manner (Fig. S4B). Therefore, poly IC-
stimulated BDCA3™ DCs are capable of producing
biologically active substances suppressing HCV replica-
tion, some part of which may be mediated by IFN-/s.

BDCA3" DCs Produce IL-28B upon HCVic or
HCV/JFH-1-Transfected Hub7.5.1 Cells. We stimu-
lated freshly isolated BDCA3" DCs, pDCs and
mDCs with infectious viruses, such as HCVcc, Japa-
nese encephalitis virus (JEV), and herpes simplex virus
(HSV). In preliminary experiments, we confirmed that
HCVcc stimulated BDCA3™ DCs to release IL-28B in
a dose-dependent manner (Fig. S5). BDCA3" DCs
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produced a large amount of IL-28B upon exposure to
HCVcc and released a lower amount of IFN- upon
HCVecc or HSV (Fig. 4A). In contrast, pDCs pro-
duced a large amount of IFN-« in response to HCVcc
and HSV and a much lower level of IL-28B upon
HCVecc (Fig. S6). In mDCs, IL-28B and IFN-o were
not detectable with any of these viruses (data not
shown).

BDCA3" DCs produced significantly higher levels
of IL-28B than the other DCs upon HCVcc stimula-
tion (Fig. 4B). By contrast, HCVcc-stimulated pDCs
released significanty larger amounts of IFN-f and
IFN-o¢ than the other subsets (Fig. 4B). Liver
BDCA3"™ DCs were capable of producing IL-28B in
response to HCVee (Fig. 4C). These results show that,
upon HCVcc stimulation, BDCA3" DCs produce
more IFN-/s and pDCs release more IFN-f and IFN-
o than the other DC subsets, respectively. Taking a
clinical impact of IL-28B genotypes on HCV eradica-
tion into consideration, we focused on IL-28B/IFN-43
as a representative for IFN-As in the following
experiments.

In a coculture with JFH-1-infected Huh7.5.1 cells,
BDCA3" DCs profoundly released I1L-29, IL-28A,
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A3 in response to poly IC. (A)
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cultured at 2.5 x 10* cells with
25 mg/mL poly IC, and pDCs
were with 5 mM CPG for 24
hours. The supernatants were
examined for 1L-29, IL-28A,
IL-28B, IFN-fi and IFN-2. Results
are shown as mean £ SEM
from 15 experiments. *P <
0.05; ***P < 0.0005 by Krus-
kal-Wallis test. (B) For the IL-28B
production, BDCA3™ DCs in
intrahepatic lymphocytes  were
cultured at 2.5 x 10% cells with
25 mg/mL poly IC for 24 hours.
The samples of cases 8 and 9
were obtained from patients with
non-B, non-C liver disease and
that of case 17 was from an
HCV-infected patient (Supporting
Table 1).
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and IL-28B (Fig. 4D, the results of IL-29 and IL-28A,
not shown), whereas BDCA3" DCs failed to respond
to Huh7.5.1 cells lacking HCV/JFH-1, showing that
IL-28B production from BDCA3™ DCs is dependent
on HCV genome (Fig. 4D). In the absence of
BDCA3" DCs, IL-28B is undetectable in the superna-
tant from JFH-1-infected Huh7.5.1 cells, demonstrat-
ing that BDCA3" DCs, not HCV-replicating
Huh7.5.1 cells, produce detectable amount of IL-28B
(Fig. 4D). In the coculture, BDCA3™ DCs compara-
bly released IL-28B either in the presence or the ab-
sence of transwells, suggesting that cell-to-cell contact
between DCs and Huh7.5.1 cells is dispensable for IL-
28B response (Fig. 4E). In parallel with the quantity
of IL-28B in the coculture, ISG15 was significantly
induced only in JFH-1-infected Huh7.5.1 cells cocul-
tured with BDCA3" DCs (Fig. 4F). A strong induc-
tion was observed with other ISGs in JFH-1-infected
Huh7.5.1 in the presence of BDCA3" DCs, such as
IFIT1, MxA, RSD2, IP-10, and USP18 (Fig. S7). The
results clearly show that BDCA3™ DCs are capable of
producing large amounts of IFN-/s in response to cel-
lular or cell-free HCV, thereby inducing various I1SGs
in bystander liver cells.
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Fig. 4. BDCA3™* DCs produce IL-29, IL-28A, and IL-28B upon cell-cultured HCV or HCV/JFH-1-transfected Huh7.5.1 cells, thereby inducing
ISG. (A) BDCA3™ DCs were cultured at 2.5 x 10* cells for 24 hours with HCVcc, JEV, or HSV at a multiplicity of infection (MOI) of 10.
Results are shown as mean = SEM from six experiments. n.d.; not detected. (B) BDCA3™ DCs, pDCs, and mDCs were cultured at 2.5 x 10*
cells for 24 hours with HCVcc at an MOl of 10. The results are shown as mean = SEM from 11 experiments. *P < 0.05; **P < 0.0005;
**%p < (0.0005 by Kruskal-Wallis test. (C) BDCA3™ DCs recovered from intrahepatic lymphocytes were cultured at 2.5 x 10 cells for 24
hours with HCVcc at an MOI of 10. Both of the samples (cases 4 and 5) were obtained from patients with non-B, non-C liver disease. (D,E)
BDCA3™ DCs were cocultured at 2.5 x 10* cells with JFH-1-transfected (MOl = 2) or -untransfected Huh7.5.1 cells for 24 hours. The super-
natants of JFH-1-transfected Huh7.5.1.cells without BDCA3™ DCs were also examined. In some experiments of the coculture with JFH-1-trans-
fected Huh7.5.1 cells and BDCA3™ DCs, transwells were inserted into the wells (E). Results are shown as mean = SEM from five
experiments. *P < 0.05 by paired t test. (F) BDCA3™ DCs were cocultured at 2.5 x 10* cells with JFH-1-transfected Huh7.5.1 cells (MOl =
2) or -untransfected Huh7.5.1 cells for 24 hours. The Huh7.5.1.cells were harvested and subjected to real-time RT-PCR analyses for ISG15
expression. The results are shown as mean * SEM from five experiments. *P < 0.05 by paired t test. HCVce, cell-cultured HCV; JEV, Japa-
nese encephalitis virus; HSV, herpes simplex virus.
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Fig. 5. The CD81 and endosome acidification is involved in the production of IL-28B from HCV-stimulated BDCA3™ DCs, but HCV replication
is not necessary. (A,B) BDCA3" DCs were cultured at 2.5 x 10* cells with HCVce at an MOI of 10 (A) or poly IC (25 pg/mL) (B). In some
experiments, UV-iradiated HCVce was used at the same MOI, and BDCA3™ DCs were treated with anti-CD81Ab (5 mg/mL), chioroquine (10
mM), or bafilomycin A1 (25 nM). The results are expressed as ratios of IL-28B quantity with or without the treatments. They are shown as mean
+ SEM from five experiments. *P < 0.05 by paired t test. C, control; CLQ, treatment with chloroquine; Baf, treatment with bafilomycin A1; UV,

ultraviolet-irradiated HCVcc; n.d., not detected.

CD81 and Endosome Acidification Are Involved
in IL-28B  Production from HCV-Stimulated
BDCA3" DCs, but HCV Replication Is Not Involved.
It is not known whether HCV entry and subsequent rep-
lication in DCs is involved or not in IFN response.'®"’
To test this, BDCA3'T DCs were inoculated with UV-
irradiated, replication-defective HCVec. We confirmed
that UV exposure under the current conditions is suffi-
cient to negate HCVcc replication in Huh7.5.1 cells, as
demonstrated by the lack of expression of NS5A after
inoculation (data not shown). BDCA3™ DCs produced
comparable levels of IL-28B with UV-treated HCVcc,
indicating that active HCV replication is not necessary
for IL-28B production (Fig. 5A).

We next examined whether or not the association of
HCVcc with BDCA3™ DCs by CD81 is required for
IL-28B production. It has been reported that the E2
region of HCV structural protein is associated with
CD81 on cells when HCV enters susceptible cells.**°
We confirmed that all DC subsets express CD81, the
degree of which was most significant on BDCA3™ DCs
(Fig. 1B, Fig. S1). Masking of CD81 with Ab signifi-
cantly impaired IL-28B production from HCVcc-stimu-
lated BDCA3" DCs in a dose-dependent manner (Fig.
5A, Fig. S8), suggesting that HCV-E2 and CD81 inter-
action is involved in the induction. The treatment of
poly IC-stimulated BDCA3™ DCs with anti-CD81 Ab
failed to suppress IL-28B production (Fig. 5B).

HCV enters the target cells, which is followed by
fusion steps within acidic endosome compartments.
Chloroquine and bafilomycin Al are well-known and
broadly used inhibitors of endosome TLRs, which are
reported to be capable of blocking TLR3 response in
human monocyte-derived DC.*"** In our study, the
treatment of BDCA3" DCs with chloroquine, bafilo-

mycin Al, or NH4CI significantly suppressed their IL-
28B production either in response to HCVcc or poly
IC (Fig. 5A,B, NH4CI, data not shown). These results
suggest that the endosome acidification is involved in
HCVcc- or poly IC-stimulated BDCA3™ DCs to pro-
duce IL-28B. The similar results were obtained with
HCVec-stimulated pDCs for the production of IL-28B
(Fig. §9). We validated that such concentration of
chloroquine (10 mM) and bafilomycin Al (25 nM) did
not reduce the viability of BDCA3™ DCs (Fig. S10).
BDCA3" DCs Produce IL-28B in Response to
HCVec by a TIR-Domain-Containing Adapter-
Inducing Interferon-f (TRIF)-Dependent Mecha-
nism. TRIF/TICAM-1, a TIR domain-containing
adaptor, is known to be essential for the TLR3-medi-
ated pathway.”® In order to elucidate whether TLR3-de-
pendent pathway is involved or not in IL-28B response
of BDCA3" DCs, we added the cell-permeable TRIF-
specific inhibitory peptide (Invivogen) or the control
peptide to poly IC- or HCVcc-stimulated BDCA3™
DCs. Of particular interest, the TRIF-specific inhibitor
peptide, but not the control one, significantly sup-
pressed IL-28B production from poly IC- or HCVec-
stimulated BDCA3™ DCs (Fig. 6A,B). In clear contrast,
the TRIF-specific inhibitor failed to suppress IL-28B
from HCVcc-stimulated pDCs (Fig. 6C), suggesting
that pDCs recognize HCVcc in an endosome-depend-
ent but TRIF-independent pathway. These results show
that BDCA3™ DCs may recognize HCVcc by way of
the TRIF-dependent pathway to produce IL-28B.
BDCA3" DCs in Subjects with IL-28B Major
Genotype Produce More IL-28B in Response to
HCYV than Those with IL-28B Minor Type. In order
to compare the ability of BDCA3™" DCs to release IL-28B
in healthy subjects between IL28B major (rs8099917, TT)
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Fig. 6. BDCA3™ DCs produce IL-28B upon HCVcc stimulation in a TRIF-dependent mechanism. BDCA3™ DCs or pDCs had been treated with
5 or 50 mM TRIF inhibitory peptide or control peptide for 2 hours. Subsequently, BDCA3™ DCs were stimulated with Poly IC (25 ug/mL) or
HCVce (MOl = 10), and pDCs were stimulated with HCVce (MOl = 10), respectively. I1L-28B was quantified by ELISA. They are shown as mean
+ SEM from five experiments. *P < 0.05 by paired t test. C, TRIF control peptide; I, TRIF inhibitory peptide.

and minor hetero (TG) genotypes, we stimulated
BDCA3™ DCs of the identical subjects with poly IC (25
mg/mL, 2.5 mg/mL, 0.25 mg/mL), HCVcc or JFH-1-
infected Huh 7.5.1, and subjected them to ELISA. The
levels of IL-28B production by poly IC-stimulated
BDCA3™ DCs were comparable between subjects with
IL-28B major and minor type (Fig. 7A). Similar results
were obtained with the lesser concentrations of poly IC
(Fig. S11). Of particular interest, in response to HCVec or
JFH-1 Huh7.5.1 cells, the levels of IL-28B from BDCA3™"
DCs were significantly higher in subjects with 1L-28B
major than those with minor type (Fig. 7B,C, $12).

Discussion

In this study we demonstrated that human BDCA3™
DCs (1) are present at an extremely low frequency in
PBMC but are accumulated in the liver; (2) are capable
of producing IL-29/IFN-41, IL-28A/IFN-/42, and IL-
28B/IEN-43 robustly in response to HCV; (3) recog-
nize HCV by a CD81-, endosome acidification and
TRIF-dependent mechanism; and (4) produce larger
amounts of IFN-As upon HCV stimulation in subjects

with IL-28B major genotype (rs8099917, TT). These

characteristics of BDCA3' DCs are quite unique in
comparison with other DC repertoires in the settings of
HCV infection.

At the steady state, the frequency of DCs in the pe-
riphery is relatively lower than that of the other
immune cells. However, under disease conditions or
physiological stress, activated DCs dynamically migrate
to the site where they are required to be functional.
However, it remains obscure whether functional
BDCA3" DCs exist or not in the liver. We identified
BDCA3TCLEC9A™ cells in the liver tissue (Fig. 1D).
In a paired frequency analysis of BDCA3" DCs
between in PBMCs and in IHLs, the cells are more
abundant in the liver. The phenotypes of liver
BDCA3" DCs were more mature than the PBMC
counterparts. In support of our observations, a recent
publication showed that CD141% (BDCA3™") DCs are
accumulated and more mature in the liver, the trend
of which is more in HCV-infected liver.”* We con-
firmed that liver BDCA3™" DCs are functional, capable
of releasing IFN-/s in response to poly IC or HCVcc.

BDCA3" DCs were able to produce large amounts
of IFN-4s but much less IFN-f or IFN-a upon TLR3

stimulation. In contrast, in response to TLR9 agonist,

A PolylC B HCVce C JFH-1 infected Huh 7.5.1
Fig. 7. In response to HCVcc, BDCA3™ DCs of _
healthy donors with IL-28B major genotype 10009' 20004 r’i“‘] 1500 r—f—x
(rs8099917, TT) produced more IL-28B than those
with minor type (TG). BDCA3™ DCs of healthy donors = 80004 o £ 1500+ £
with 1L-28B TT (rs8099917) or TG genotype were 5 ‘» = 5 1000+
cultured at 2.5 x 10* cells with 25 mg/mL poly IC S 6000k = =
(), with HCVce at an MOI of 10 (B), or with JFH-1- & , g 10004 3
infected Huh 7.5.1 cells (C) for 24 hours. The super- . 4000+ 2 -
natants were subjected to IL-28B ELISA. The same . 500
healthy donors were examined for distinct stimuli. 2000~ E
The results are the mean *= SEM from 15 donors . L
with TT and 8 with TG, respectively. *P < 0.05 by 022 e 0~

Mann-Whitney U test.

T TG
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pDCs released large amounts of IFN-f and IFN-« but
much less IFN-Js. Such distinctive patterns of IFN
response between BDCA3" DCs and pDCs are of
particular interest. It has been reported that interferon
regulatory factor (IRF)-3, IRF-7, or nuclear factor
kappa B (NF-xB) are involved in IFN-f and IFN-/1,
while IRF-7 and NF-xB are involved in IFN-a and
IFN-/2//3.> Presumably, the stimuli with TLR3/reti-
noic acid-inducible gene-I (RIG-I) (poly IC) or TLR9
agonist (CpG-DNA) in DCs are destined to activate
these transcription factors, resulting in the induction
of both types of IFN at comparable levels. However,
the results of the present study did not agree with
such overlapping transcription factors for IFN-/s,
IFN-f, and IFN-a. Two possible explanations exist for
different levels of IFN-/s and IFN-a production by
BDCA3" DCs and pDCs. First, the transcription fac-
tors required for full activation of IFN genes may dif-
fer according to the difference of DC subsets. The sec-
ond possibility is that since type III IFN genes have
multiple exons, they are potentially regulated by post-
transcriptional mechanisms. Thus, it is possible that
such genetic and/or posttranscriptional regulation is
distinctively executed between BDCA3" DCs and
pDCs. Comprehensive analysis of gene profiles down-
stteam of TLRs or RIG-I in BDCA3" DCs should
offer some information on this important issue.
BDCA3" DCs were found to be more sensitive to
HCVcc than JEV or HSV in IL-28B/IFN-43 produc-
tion. Such different strengths of IL-28B in BDCA3™
DCs depending on the virus suggest that different
receptors are involved in virus recognition. Again, the
question arises of why BDCA3" DCs produce large
amounts of IFN-As compared to the amounts pro-
duced by pDCs in response to HCVcc. Considering
that IRF-7 and NF-xB are involved in the transcrip-
tion of the IL-28B gene, it is possible that BDCA3™
DCs successfully activate both transcription factors
upon HCVec for maximizing IL-28B, whereas pDCs
fail to do so. In support for this possibility, in pDCs it
is reported that NF-xB is not properly activated upon
HCVcc or hepatoma cell-derived HCV stimulations.*
In the present study we demonstrated that HCV
entry into BDCA3™ DCs through CD81 and subse-
quent endosome acidification are critically involved in
IL-28B responses. Involvement of TRIF-dependent
pathways in IL-28B production was shown by the sig-
nificant inhibition of IL-28B with TRIF inhibitor.
Nevertheless, active HCV replication in the cells is not
required. Based on our data, we considered that
BDCA3™ DCs recognize HCV genome mainly by an
endosome and TRIF-dependent mechanism. Although
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the resules with UV-irradiated HCVcc, anti-CD81
blocking Ab, and chloroquine were quite similar, the
TRIF-specific inhibitor failed to suppress IL-28B from
pDCs (Fig. 6, Fig. S9).

In the coculture with JFH-transfected Huh7.5.1
cells, BDCA3" DCs presumably receive some signals
for IL-28B production by way of cell-to-cell dependent
and independent mechanisms. In the present study,
most of the stimuli to BDCA3™" DCs for IL-28B pro-
duction may be the released HCVec from Huh7.5.1
cells, judging from the inability of suppression with
transwells. However, a contribution of contact-depend-
ent mechanisms cannot be excluded in the coculture
experiments. HCV genome is transmissible from
infected hepatocytes to uninfected ones through tight
junction molecules, such as claudin-1 and occuludin.
Further investigation is needed to clarify whether such
cell-to-cell transmission of viral genome is operated or
not in BDCA3™ DCs.

The relationship between IL-28B expression and the
induction of ISGs has been drawing much research
attention. In primary human hepatocytes, it is reported
that HCV primarily induces IFN-Z, instead of type-I
IFNs, subsequently enhancing ISG expression.” Of
particular interest is that the level of hepatic IFN-/s is
closely correlated with the strength of ISG response.”®
These reports strongly suggest that hepatic IFN-As are
a crucial driver of ISG induction and subsequent
HCV eradication. Besides, it is likely that BDCA3™
DCs, as a bystander IFN-A producer in the liver, have
a significant impact on hepatic ISG induction. In sup-
port of this possibility, we demonstrated in this study
that BDCA3" DCs are capable of producing large
amounts of IFN-As in response to HCV, thereby
inducing ISGs in the coexisting liver cells.

Controversial results have been reported regarding
the relationship between IL28B genotypes and the lev-
els of IL-28 expression. Nevertheless, in chronic hepa-
titis C patients with IL-28B major genotype, the IL-28
transcripts in PBMCs are reported to be higher than
those with minor genotype.” In this study, by focusing
on a prominent IFN-4 producer (BDCA3™ DCs) and
using the assay specific for IL-28B, we showed that the
subjects with 1L-28B major genotype could respond to
HCV by releasing more IL-28B. Of interest, such a
superior capacity of BDCA3" DCs was observed only
in response to HCV but not to poly IC. Since the
pathways downstream of TLR3-TRIF leading to IL-
28B in BDCA3" DCs should be the same, either
HCV or poly IC stimulation, two plausible explana-
tions exist for such a distinct IL-28B response. First, it
is possible that distinct epigenetic regulation may be
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involved in IL-28B gene according to the IL-28B ge-
notypes. Recently, in influenza virus infection, it is
reported that micro-RNA29 and DNA methyltransfer-
ase are involved in the cyclooxygenase-2-mediated
enhancement of IL-29/IFN-i1 production.”” This
report supports the possibility that similar epigenetic
machineries could be operated as well in HCV-
induced IFN-Zs production. Second, it is plausible
that the efficiency of the stimulation of TLR3-TRIF
may be different between the IL-28B genotypes. Since
HCV reaches endosome in BDCA3" DCs by way of
the CD81-mediated entry and subsequent endocytosis
pathways, the efficiencies of HCV handling and
enzyme reactions in endosome may be influential in
the subsequent TLR3-TRIF-dependent responses. Cer-
tain unknown factors regulating such process may be
linked to the IL-28B genotypes. For a comprehensive
understanding of the biological importance of IL-28B
in HCV infection, such confounding factors, if they
exist, need to be explored.

In conclusion, human BDCA3" DCs, having a
tendency to accumulate in the liver, recognize HCV
and produce large amounts of IFN-As. An enhanced
IL-28B/IFN-/3 response of BDCA3" DCs to HCV
in subjects with IL-28B major genotype suggests that
BDCA3" DCs are one of the key players in anti-
HCV innate immunity. An exploration of the molecu-
lar mechanisms of potent and specialized capacity of
BDCA3" DCs as IFN-1 producer could provide
useful information on the development of a natural
adjuvant against HCV infection.
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Ifitl Inhibits Japanese Encephalitis Virus Replication through Binding
to 5’ Capped 2'-O Unmethylated RNA
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The interferon-inducible protein with tetratricopeptide (IFIT) family proteins inhibit replication of some viruses by recognizing sev-
eral types of RNAs, including 5'-triphosphate RNA and 5’ capped 2’-O unmethylated mRNA. However, it remains unclear how IFITs
inhibit replication of some viruses through recognition of RNA. Here, we analyzed the mechanisms by which Ifit1 exerts antiviral re-
sponses. Replication of a Japanese encephalitis virus (JEV) 2'-O methyltransferase (MTase) mutant was markedly enhanced in mouse

embryonic fibroblasts and macrophages lacking Ifit1. Ifitl bound 5'-triphosphate RNA but more preferentially associated with 5’
capped 2'-O unmethylated mRNA. Ifit1 inhibited the translation of mRNA and thereby restricted the replication of JEV mutated in
2'-O MTase. Thus, Ifit] inhibits replication of MTase-defective JEV by inhibiting mRNA translation through direct binding to mRNA

5' structures.

RNA hasa 5’ cap structure, in which the N-7 position of the
| & dguanosine residue is methylated. The 5" cap structure is
known to be responsible for the stability and efficient translation
of mRNA (1, 2). In higher eukaryotes, the first one or two 5’
nucleotides are additionally methylated at the ribose 2'-O posi-
tion by distinct host nuclear 2'-O methyltransferases (MTases) (3,
4). However, the functional role of 2'-O methylation (2'-O Me)
remains poorly understood. Several viruses that replicate in the
cytoplasm possess their own mRNA capping machineries (5-10).
For positive-stranded flaviviruses, nonstructural protein 3 (NS3)
acts as an RNA 5’-triphosphatase and NS5 possesses both N-7 and
2'-O MTase activities (8, 11, 12). Recent studies have revealed that
2'-O methylation of the mRNA 5’ cap in these viruses is important
for evasion from the host innate immune responses (13-15).
However, the 2'-O MTase activity has been shown to be absent
from several paramyxoviruses, such as Newcastle disease virus
(NDV) and respiratory syncytial virus (RSV) (16, 17).

Type Linterferons (IFNs) induce the expression of a large num-
ber of antiviral genes through a Janus kinase/signal transducer and
activator of transcription (JAK/STAT) pathway (18, 19). Among
the IFN-inducible genes, the IFN-inducible protein with tetratri-
copeptide (IFIT) genes comprise a large family with three (Ifitl,
Ifit2, and Ifit3) and four (IFIT1, IFIT2, IFIT3, and IFIT5) members
in mice and humans, respectively. The murine and human genes
are clustered in loci on chromosomes 19C1 and 10q23, respec-
tively (20). IFIT family proteins reportedly associate with several
host proteins to exert various cellular functions (21, 22). For ex-
ample, human IFIT1/IFIT2 and murine Ifit1/Ifit2 bind to eukary-
otic translational initiation factor 3 (eIF3) subunits to inhibit
translation (23-26). IFIT1 has been suggested to interact with
STING/MITA to negatively regulate IRF3 activation (27), whereas
IFIT3 may bind TBK1 to enhance type I IFN production and with
JABI to inhibit leukemia cell growth (28, 29).

In addition to binding host factors, IFIT proteins have func-
tional effects by interacting directly with products of viruses. Hu-
man IFIT1 interacts with the human papillomavirus E1 protein
and human IFIT2 interacts with the AU-rich RNA of NDV to exert
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antiviral effects (30, 31). Direct binding of IFIT proteins to virus
RNA has also been demonstrated in several recent studies. IFIT1
and IFIT5 bind to the 5'-triphosphate (5'-PPP) RNA that is pres-
entin the genomes of viruses (32, 33). Structural studies of human
IFIT2 and human IFIT5 identified an RNA-binding site and de-
fined the structural basis of a complex with 5'-PPP RNA (31, 33).
However, these structural studies did not explain how IFIT binds
to or restricts virus RNA that hasa 5" cap but lacks methylation at
the 2'-O position (13-15). Thus, it remains unclear how IFITs
mediate antiviral activities against viruses that have a 5’ cap but
lack 2'-O MTase activity.

In this study, we analyzed the mechanisms by which murine
Ifitl exerts the host defense against a flavivirus lacking 2'-O
MTase activity. Ifitl was found to preferentially interact with 5’
capped mRNA without 2'-O methylation and inhibit its transla-
tion. Thus, Ifitl participates in antiviral responses targeting 5'
capped mRNA without 2'-O methylation.

MATERIALS AND METHODS

Mice. All animal experiments were conducted in accordance with the
guidelines of the Animal Care and Use Committee of the Graduate School
of Medicine, Osaka University. The gene-targeting strategies for generat-
ing Ifitl-knockout (Ifit] ~/~) mice were described previously (34). The
Ifit]-targeting vector was designed to replace a 1.8-kb fragment encoding
the exon of Ifit] with a neomycin resistance gene cassette (Neo). A short
arm and along arm of the homology region from the v6.5 embryonic stem
(ES) cell genome were amplified by PCR. A herpes simplex virus (HSV)
thymidine kinase (tk) gene was inserted into the 3" end of the vector. After
the Ifit]-targeting vector was electroporated into ES cells, G418 and gan-
ciclovir doubly resistant clones were selected and screened by PCR and

Received 2 April 2013. Accepted 26 June 2013 ;

Published ahead of print 3 July 2013 . ¢ :
Address correspondence to Kiyoshi Takeda, ktakeda@ongene.med.osaka-u.ac.jp.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/M100883-13 » = :

jviasm.org 9997

156

AINN YMVSO A 102 ‘v Arenige uo /Bio°wise Ial/:dny woly pspeojumoq



Kimura et al.

Southern blot analysis. An ES cell clone correctly targeting Ifit] was mi-
croinjected into C57BL/6 mouse blastocysts. Chimeric mice were mated
with female C57BL/6 mice, and heterozygous F1 progenies were inter-
crossed to obtain Ifit] ™/~ mice.

Cells. HEK293T cells, Vero cells, and mouse embryonic fibroblasts
(MEFs) were maintained in Dulbecco’s modified Eagle’s medium (Nak-
alai Tesque) supplemented with 10% fetal bovine serum (JRH Biosci-
ence), 100 U/ml penicillin, and 100 pg/m! streptomycin (Gibco). MEFs
were prepared from wild-type (WT) and Ifit] ~/~ day 14.5 embryos and
immortalized by introduction of a plasmid encoding the simian virus 40
large T antigen. MEFs stably expressing Ifitl were established by the pre-
viously described method with some modifications (34). In short, full-
length cDNA of Ifit] was cloned into pMRX-puro (pMRX/Ifit]). Retrovi-
rus was produced by introduction of pMRX/Ifit] into Plat-E packaging
cells (35). MEFs were infected with the retrovirus, cultured in the presence
of 1 pg/ml of puromycin (Sigma) for 5 days, and harvested for subsequent
studies. To isolate peritoneal macrophages, mice were intraperitoneally
injected with 5 ml of 4% thioglycolate medium (Sigma), and peritoneal
exudative cells were isolated from the peritoneal cavity at 3 days postin-
jection. The cells were incubated for 2 h and then washed three times with
Hanks’ balanced salt solution. The remaining adherent cells were used as
peritoneal macrophages in the experiments.

Viruses. Japanese encephalitis virus (JEV) strain AT31 (36) was used
for the experiments. An NS5 K61A mutation of JEV was introduced into
pMWATGI (37) by PCR-based mutagenesis with the primers 5'-GCGA
GGCTCAGCAGCTCTCCGTTGGCTCG-3" and 5'-CGAGCCAACGGA
GAGCTGCTGAGCCTCGC-3' (the mutagenesis site is underlined) and
verified by DNA sequencing. A recombinant virus, the JEV K6 1A mutant,
was generated from pMWJEATGI1/JEV K61A as previously described
(36). MEFs or macrophages were infected with JEV at specified multiplic-
ities of infection (MOIs). The virus yields in the culture supernatants were
titrated by focus-forming assays on Vero cells and expressed as the num-
ber of focus-forming units (FFU), as previously described (38). The virus
RNA accumulations in the JEV-infected cells were determined by real-
time reverse transcription-PCR (RT-PCR) with primers targeting JEV
NS5, normalized to the level of host GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), and expressed as the fold change in Ifit] ™/~ cells
versus wild-type cells (value for wild type = 1).

Preparation of RNA. The 5’-terminal 200 nucleotides of the JEV ge-
nome were amplified by PCR using pMWATGI (37) with the primers
5'-TAATACGACTCACTATTAGAAGTTTATCT-3' (the T7 class I pro-
moter sequence is underlined) and 5'-CATTACTACCCTCTTCACTCC
CACTAGTGG-3', and the luciferase reporter gene (luc2) was amplified
using pGL4.14 (Promega) with the primers 5'-TAATACGACTCACTAT
AGGCCACCATGGAAGATGCCAAAAA-3" (the T7 class III promoter
sequence is underlined) and 5'-TACCACATTTGTAGAGGTTTTACTT
GCTTT-3'. Subsequently, the PCR products were in vitro transcribed
under the control of the T7 promoter with MEGAScript (Ambion). Bio-
tin-labeled RNA was prepared by in vitro transcription in the presence of
biotin-labeled UTP (PerkinElmer). Capped RNA substrates were pro-
duced with a ScriptCap 7-methylguanosine (m7G) capping system (Epi-
centre) in the presence (5" cap positive [5' cap ¥1/2'-O Me positive [2'-O
Me™]) or absence (5’ cap™/2’-O Me negative [2'-O Me™]) of a ScriptCap
vaccinia virus 2'-O MTase (Epicentre). >*P-labeled m7GpppA-RNA sub-
strate was prepared with a ScriptCap m7G capping system in the presence
of **P-labeled GTP. A 5" OH-RNA substrate was produced by incubating
in vitro-transcribed RNA with calf intestinal alkaline phosphatase (CIAP)
for 3 h at 37°C. All RNA substrates were purified with an RNeasy minikit
(Qiagen) and stored at —80°C until use.

Real-time RT-PCR. Total RNA was isolated with the TRIzol reagent
(Invitrogen), and 1 to 2 g of RNA was reverse transcribed using Moloney
murine leukemia virus reverse transcriptase (Promega) and random
primers (Toyobo) after treatment with RQ1 DNase I (Promega). Real-
time RT-PCR was performed in an ABI 7300 apparatus (Applied Biosys-
tems) using a GoTaq real-time PCR system (Promega). All values were
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normalized by the expression of the GAPDH gene. The following primer
sets were used: for the JEV NS5 gene, 5'-AACGCACATTACGCGTCCTA
GAGATGA-3' and 5'-CTAACCCAATACATCTCGTGATTGGAGTT-
3'; for Ifnb, 5'-GGAGATGACGGAGAAGATGC-3" and 5'-CCCAGTGC
TGGAGAAATTGT-3'; for luc2, 5-CCATTCTACCCACTCGAAGAC
G-3' and 5'-CGTAGGTAATGTCCACCTCGA-3’; and for the GAPDH
gene, 5'-CCTCGTCCCGTAGACAAAATG-3' and 5'-TCTCCACTTTG
CCACTGCAA-3'.

Recombinant proteins. Wild-type and K61A mutant JEV N-terminal
NS5 (MTase domain) cDNAs were obtained by PCR using pMWATG1
with the primers 5-GGATCCGGAAGGCCTGGGGGCAGGACGCT
A-3" and 5'-CTCGAGATGCTCAGGGTCTTTGTGCCACGT-3'. Full-
length murine Ifit] cDNA and JEV MTase cDNA were inserted into pET-
15b and pGEX-6P, respectively. pET/Ifit] and pGEX/JEV MTases were
transformed into the Escherichia coli BL21(DE3) strain. Expression of the
Ifit] and JEV NS5 proteins was induced by addition of 0.5 mM isopropyl-
1-thio-B-p-galactopyranoside (IPTG), and the expressed Ifitl and JEV
MTase proteins were purified using Ni**-affinity chromatography (No-
vagen) and glutathione-Sepharose 4B (Amersham Biosciences), respec-
tively, according to each manufacturer’s instructions. The purified pro-
tein was desalted and concentrated using an Amicon Ultra centrifugal
filter unit (Millipore) and stored at —80°C until use.

In vitro MTase activity assay. The MTase reaction was performed in a
20-pl reaction mixture of 50 mM Tris-HCI (pH 8.0), 6 mM KCl, 1.25 mM
MgCl,, and 0.5 mM S-adenosylmethionine (AdoMet) containing 10
nmol of **P-labeled m7GpppA-RNA substrate (JEV 5’-terminal 200 nu-
cleotides) and 30 pmol of JEV MTase or 80 units of vaccinia virus 2'-O
MTase (Epicentre) for 3 h at 37°C. The RNA was purified by passage
through a postreaction cleanup column (Sigma) and digested with 10 U of
nuclease P1 (Wako) in 50 mM sodium acetate overnight at 37°C. The
samples were analyzed on thin-layer chromatography polyethyleneimine
(PEI)-cellulose plates developed with 0.3 M ammonium sulfate.

RNA EMSAs. RNA electrophoretic mobility shift assays (EMSAs)
were performed using a LightShift chemiluminescent RNA EMSA kit
(Thermo Scientific) according to the manufacturer’s instructions. Briefly,
0 to 20 pmol of recombinant murine Ifitl and 2.5 pmol of in vitro-tran-
scribed and biotin-labeled RNA were coincubated for 30 min at room
temperature in RNA EMSA binding buffer (10 mM HEPES, pH 7.3, 20
mM KCl, 1 mM MgCl,, 1 mM dithiothreitol, 0.1 pg/pl of yeast tRNA, 2%
glycerol). The resulting Ifit]/RNA complexes were electrophoresed in a
7.5% native polyacrylamide gel. The separated RN As were transferred to a
positively charged nylon membrane and cross-linked at 120 mJ/cm? and
an absorbance of 254 nm. The membrane was incubated with stabilized
streptavidin-horseradish peroxidase conjugate (1:300 dilution; a compo-
nent of the EMSA kit), and the bound stable peroxide was detected with
luminol/enhancer solution (another component of the EMSA kit). The
gel-shift band intensities were quantified using Image] software (National
Institutes of Health).

RNA pulldown assay. For RNA pulldown assays, an expression vector
for hemagglutinin (HA)-tagged murine full-length Ifit] was transfected
into HEK293T cells using Lipofectamine 2000 (Invitrogen). The Ifitl-
transfected cells were lysed in RNA-binding buffer (10 mM HEPES, pH
7.3,500 mM KCI, 1 mM EDTA, 2 mM MgCl,, 0.1% NP-40, 0.1 pg/ul of
yeast tRNA (Ambion), 1 U/ml of RNase inhibitor [Toyobo]), and the
lysate (200 p.g) was coincubated with 25 pmol of biotin-labeled RNA and
streptavidin-agarose (Invitrogen) in RNA-binding buffer for 30 min at
room temperature. The binding complexes were washed five times with
RNA-binding buffer, followed by SDS-PAGE and immunoblotting with
an anti-HA probe (F-7) antibody (Santa Cruz Biotechnology). The inten-
sity of the detected Ifitl band was quantified using Image] software (Na-
tional Institutes of Health).

RNA immunoprecipitation. RNA immunoprecipitation was per-
formed as described previously (38) with slight modifications. MEFs (2 X
10°) stably expressing Flag-tagged Ifit] were infected with JEV atan MOI
of 1.0 and cultured for 24 h. The cells were then lysed in 500 pl of RNA
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Ifit1 Binds 5’ Capped 2’-O Unmethylated Viral mRNA

A vK81
JEV NS5 59:SAKLRWLVEKGFVSPIGKVIDLGCGRGGWSYYAATLKKVQOEVRGYTKGGAGHEEPMLMOS 118
WNV NS5 59:TAKLRWLVERRFLEPVGKVIDLGCGRGGWCYYMATQKRVOEVRGYTKGGPGHEEPQLVQS 118
dokkokokdokk * Kk hRAhFAKIR AL I AAA KAhk kh ok KRk hkkhkhkhhhkk khkhkdh Kk Kk
vD146
JEV NS5 119:YGWNLVSLKSGVDVFYKPSEPSDTLFCDIGESSPSPEVEEQRTLRVLEMTSDWLHRGPRE 178
WNV NS5 119:YGWNIVIMKSGVDVFYRPSECCDTLLCDIGESSSSAEVEEHRTIRVLEMVEDWLHRGPRE 178
Khkkk K khkkkhkkkk kkk dkk khkkkkkdhk * khkkk kx khkkkk hkkkkkk ki
v K182 v E218
JEV NS5 179:FCIKVLCPYMPKVIEKMEVLQRRFGGGLVRLPLSRNSNHEMYWVSGAAGNVVHAVNMTSQ 238
WNV NS5 179:FCVKVLCPYMPKVIEKMELLQRRYGGGLVRNPLSRNSTHEMYWVSRASGNVVHSVNMTSQ 238
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FIG 1 Generation of an MTase-defective JEV mutant. (A) Sequence homology between NS5 proteins of JEV (AT31 strain, GenBank accession number
AB196926) and WNV (00-3356 strain, GenBank accession number EF530047). Arrowheads, MTase catalytic K-D-K-E tetrad; *, consensus sequences between
the two proteins. (B) 2’'-O MTase activity of JEV WT and JEV K61A mutant recombinant NS5 proteins by thin-layer chromatography assays. The substrate
m7GpppA-RNA (*?P-labeled JEV 5'-terminal 200 nucleotides) was methylated in vitro with the respective recombinant NS5 proteins or vaccinia virus 2'-O
MTase, digested with P1 nuclease, and developed on PEI-cellulose plates. The positions of 2-O methylated (m7GpppAm) and unmethylated (m7GpppA) RNA

are indicated. Data are representative of four independent experiments.

buffer (10 mM HEPES, pH 7.3, 500 mM KCl, 1 mM EDTA, 2 mM MgCL,
0.1% NP-40, 0.1 p.g/pl of yeast tRNA (Ambion), 1 U/ml of RNase inhib-
itor [Toyobo], 1 tablet/10 ml of Complete mini-protease inhibitor cock-
tail [Roche]). After centrifugation at 15,000 rpm for 20 min at 4°C, 50-p.1
aliquots of the supernatants were recovered as input samples and the
remaining supernatants were precleared with 30 pl of 50% protein G-
conjugated Sepharose and 1 g of mouse normal IgG for 1 h. After cen-
trifugation of the beads, the supernatants were immunoprecipitated with
1 pg of mouse normal IgG or anti-Flag M2 antibody (Santa Cruz Biotech-
nology) and 30 ! of 50% protein G-conjugated Sepharose. The beads
were washed five times with RNA buffer without yeast tRNA, and RNA
was isolated from the precipitants and input samples with the TRIzol
reagent. The RNA was reverse transcribed as described above and sub-
jected to the first round of PCR with JEV NS1-specific primers 5'-TCTG
TCACTAGACTGGAGCA-3’ and 5-CCAGAAACATCACCAGAAGG-
3’. The PCR products were then analyzed by quantitative PCR with nested
primers 5’ -GAGCACTGACGAGTGTGATG-3' and 5'-AGCGACTCTC
AATCCAGTAC-3'. All values were normalized by the values for the input
samples (indicated as percent input).

Cellular translational reporter assay. MEFs (2 X 10°) were pre-
treated with 1,000 U/ml of universal type I interferon (PBL Biomedical
Laboratories) for 6 h. Three types of 5" modified luciferase mRNAs (2 pg
of 5'-PPP, 5' cap*/2'-O Me™, and 5’ cap*/2’-O Me™) were transiently
transfected into MEFs using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. At 6 h after the transfection,
RNA was isolated and analyzed for the quantity of the luciferase mRNAs
(luc2). The luciferase activities of whole-cell lysates were measured using a
dual-luciferase reporter assay system (Promega). The numbers of relative
light units (RLU) were normalized by the concentrations of proteins deter-
mined by use of a bicinchoninic acid protein assay kit (Thermo Scientific).

Statistical analysis. Statistical analyses were conducted on each inde-
pendent data set. An unpaired Student’s ¢ test was used to determine the
statistical significance of differences in the experimental data. P values of
<0.05 were considered to indicate statistical significance.
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RESULTS

Ifit1™'~ cells fail to restrict the replication of a mutant JEV lack-
ing 2'-O MTase activity. Previous analysis of the flavivirus West
Nile virus (WNV) 2'-O MTase revealed residues in NS5 (K61,
D146, K182, and E218) that were essential for its biochemical
activity (8). A WNV mutant (E218A) lacking 2'-O MTase activity
was attenuated in mouse MEFs and macrophages but showed en-
hanced replication in Ifit1 ™/~ cells (13, 15). As NS5 is a highly
conserved protein in flaviviruses, the four residues integral to the
2'-O MTase activity are identical in WNV and JEV (Fig. 1A).
Replacement of lysine 61 by alanine in the JEV NS5 MTase do-
main (JEV K61A) abolished the JEV 2'-O MTase activity in vitro
(Fig. 1B). We generated Ifitl ~'~ mice (Fig. 2A to C) and infected
MEFs with JEV WT and JEV K61A strains (Fig. 3A). The JEVWT
replicated equivalently in wild-type and Ifitl '~ MEFs. In com-
parison, the production of the JEV K61 A mutant was decreased in
wild-type MEFs, suggesting that 2'-O MTase activity is required
for JEV replication. Consistent with this and analogous studies
with an WNV E218A strain (13), replication of the JEV K61A
strain was enhanced (approximately 173-fold increased at 4 days
postinfection; P < 0.05) in Ifitl "/~ MEFs compared with wild-
type MEFs. We also infected peritoneal macrophages with JEV
WT and JEV K61A strains (Fig. 3B). Similar to the results obtained
with MEFs, replication of the JEV WT was similarly observed in
wild-type and Ifit] ~'~ macrophages. However, replication of the
JEV K61A mutant was severely decreased in wild-type but not
Ifit] '~ macrophages, and the virus was not detected at 4 days
postinfection in wild-type cells. For further confirmation, we an-
alyzed virus RNA accumulation at 4 days postinfection (Fig. 3C
and D). Whereas RNA levels of JEV WT were similar in wild-type
and Ifit] =~ MEFs, those of the JEV K61A mutant were markedly
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FIG 2 Generation of Ifit] ™ mice. (A) Schematic representation of the Ifit] gene-targeting strategies. Solid boxes, coding regions of the IfitI gene; open boxes,
untranslated regions; Neo and HSV tk, a neomycin-resistance gene cassette and a herpes simplex virus thymidine kinase gene, respectively. The positions of the
probe and restriction enzyme site for Southern blotting are shown. (B) Genomic DNA was isolated from the tails of wild-type (+/+), heterozygous (+/-), and
homozygous (—/—) Ifit] mutant mice. A Southern blot analysis performed after digestion of the genomic DNA with BamHI shows the correct targeting of the
locus. (C) Peritoneal exudative macrophages were harvested from wild-type (+/+) or IfitI-deficient (—/~) mice. Total RNA (10 pg) was blotted onto a nylon
membrane, and Ifit] and B-actin mRNA expression was detected by Northern blot analysis with the respective cDNA probes. LPS lanes, cells stimulated with 100

ng/ml of lipopolysaccharide for 4 h to induce endogenous Ifitl expression; Med lanes, cells treated with medium alone.

higher (approximately 13-fold; P < 0.05) in Ifitl ~/~ MEFs than in
wild-type MEFs. To further corroborate these findings, we rein-
troduced the Ifit] gene into Ifit] ~'~ MEFs using a retrovirus vec-
tor. Replication of the JEV K61A mutant was considerably sup-
pressed (approximately 4-fold; P < 0.05) by ectopic Ifitl
expression in Ifit] '~ MEFs (Fig. 3E). Ifnb was similarly induced
in wild-type and Ifit] ~'~ MEFs after infection with the JEV K61A

mutant, excluding the possibility that defective type I IFN produc-
tion is responsible for the high sensitivity to infection with the JEV
K61A mutant in Ifit] ' cells (Fig. 3F). Thus, consistent with the
findings of previous studies (13, 15), Ifitl inhibits replication and
infection of flavivirus mutants that lack 2’-O MTase activity.
Ifit1 preferentially binds to virus RNA lacking 2'-O methyl-
ation. Next, we analyzed how Ifit] recognizes 2'-O MTase mutant
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FIG 3 Ifit1 ™/~ MEFs and macrophages fail to restrict the replication of the 2/-O MTase mutant JEV. (A, B) Culture supernatants of wild-type and Ifit] = MEFs
(A) and macrophages (B) infected with JEV WT and the JEV K61A mutant (MOIs, 0.1 for MEFs and 0.5 for macrophages) were harvested at the indicated days
postinfection. The virus titers in 1-ml supernatant aliquots were determined by focus-forming assays on Vero cells and expressed as the log;, number of FFU/ml.
Data are shown as means * SDs of quadruplicate samples generated from four independent experiments with statistical significance. ND, not detected. *, P <
0.05. (C, D) Accumulation of JEV WT (C) and the JEV K61A mutant (D) RNA in wild-type and Ifit1 ~/~ MEFs at 4 days postinfection determined by quantitative
real-time RT-PCR. JEV NS5 RNA levels were normalized to the level of host GAPDH and are expressed as the fold change in Ifit1 ™/~ cells versus wild-type cells
(value for wild type = 1). Data are representative of three independent experiments with statistical significance. *, P < 0.05. (E) Culture supernatants of
vector-transduced (+vector) and Flag-tagged Ifit] gene-transduced (+Ifitl) Ifitl =/~ MEFs infected with the JEV K61A mutant (MOI, 0.1) were harvested at 3
days postinfection. The virus titers in 1-ml supernatant aliquots were determined by focus-forming assays on Vero cells and expressed as the log,, number of
FFU/ml. Expression of Ifit] and B-actin determined by immunoblotting with anti-Flag or anti-B-actin antibodies is shown at the bottom. Data are representative
of three independent experiments. *, P < 0.05. (F) Wild-type and Ifit] '~ MEFs were infected with the JEV K61A mutant (MOI, 0.1). At 4 days postinfection,
cells were harvested and analyzed for Ifnb expression by quantitative RT-PCR. Ifnb RNA levels were expressed relative to those of GAPDH. ND, not detected. Data
are shown as means * SDs and are representative of data from three independent experiments.
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FIG 4 Ifit] preferentially binds to virus RNA lacking 2'-O methylation. (A) Electrophoretic mobility shift of biotin-labeled RNA (JEV 5’-terminal 200
nucleotides) with recombinant Ifit1. The presence or absence of a 5’ cap and 2'-O Me of the JEV 5’ -terminal 200 nucleotides is indicated. Unlabeled 5'-PPP RNA
was used as a competitor. The loss of the band indicates binding of RNA and Ifit1 (top). The band intensities (in percent) calculated by Image]J are shown at the
bottom. Data are representative (top) and means * SDs (bottom) of five independent experiments. *, P < 0.05. (B) Lysates from HEK293T cells transfected with
HA-tagged Ifit1 were incubated with 2.5 pmol of biotin-labeled RNA. The presence or absence of a 5’ cap and 2’'-O Me of the JEV 5’-terminal 200 nucleotides
is indicated. 5 OH RNA was produced by incubating in vitro-transcribed RNA with CIAP. RNA was incubated with streptavidin beads, and the precipitates were
separated by SDS-PAGE and immunoblotted with an anti-HA antibody (top). Med and Input, samples from whole-cell lysates of empty vector- and IfitI-
transfected 293T cells, respectively. The percent band intensities calculated by Image] are shown at the bottom. Data are representative (top) and means * SDs
(bottom) of three independent experiments. *, P < 0.05. (C) MEFs stably expressing Ifit1 (Ifit] */* + Ifit]) or Ifit] '~ MEFs were infected with JEV WT or the
JEV K61A mutant at an MOI of 1.0. The cells were harvested after 24 h, and JEV RNA/Ifit1-binding complexes were immunoprecipitated with a mouse anti-Flag
antibody or mouse IgG. The immunoprecipitated RNA was analyzed by nested RT-PCR using primers that detect the JEV NS1 gene. Each value was normalized

by the value for the input (indicated in percent). Data are means = SDs of three independent experiments. *, P < 0.05.

viruses. While recombinant IFIT1 reportedly binds to 5'-PPP
RNA (32), the mRNA of the JEV K61A mutant has a 5" m7G cap
but lacks 2'-O methylation (5’ cap*/2'-O Me™). We examined
whether Ifitl can also interact directly with 5" cap™/2'-O Me™
RNA using electrophoretic mobility shift assays. Consistent with a
previous report (32), bands of 5'-PPP RNA but not RNA lacking
phosphate at the 5’ end (5" OH) were diminished after addition of
recombinant Ifitl (Fig. 4A). Furthermore, Ifit]l blocked the elec-
trophoretic mobility of the 5' cap*/2’-O Me™ RNA. However,
this effect was rescued by exogenous addition in vitro of 2'-O
methylation (5’ cap*/2’-O Me™). The efficient binding of Ifit1 to
5' cap™/2'-O Me~ RNA was corroborated by RNA pulldown as-
says (Fig. 4B). HA-tagged Ifitl was expressed in HEK293T cells,
and cell lysates were incubated with biotin-labeled in vitro-tran-
scribed RNA and streptavidin-agarose. Then, binding complexes
of Ifit]/RNA were analyzed by Western blotting. While Ifitl was
not pulled down with 5 OH RNA, modest binding of Ifitl to
5'-PPP RNA and 5 cap™/2'-O Me™ RNA was observed. In com-
parison, the strongest Ifitl protein signal was observed with 5'
cap*/2'-O Me™ RNA. These findings suggest that Ifitl preferen-
tially binds to 5" capped RNA lacking 2'-O methylation.

To confirm independently that Ifit] interacts with 5" capped
RNA lacking 2'-O methylation, we performed RNA immunopre-
cipitation assays using cell lysates from JEV-infected MEFs that
ectopically expressed a Flag-tagged Ifit]l. After immunoprecipita-
tion with an anti-Flag antibody, the JEV mRNA was measured by
nested RT-PCR analysis (Fig. 4C). JEV RNA was only marginally
detected in lysates precipitated with control IgG and lysates of
Ifit1 ™'~ MEFs infected with the JEV K61A mutant, indicating the
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specificity of Ifitl binding in the assay. Virus RNA in JEV K61A
mutant-infected MEFs was detected at a level over 37-fold higher
than that in JEV WT-infected MEFs. Taken together, these find-
ings suggest that Ifitl directly interacts with virus mRNA lacking
2'-0 methylation.

Ifitl selectively inhibits translation of 5’ capped 2'-O un-
methylated mRNA. To examine the mechanism by which Ifitl
exerts an antiviral effect by associating with mRNA lacking
2'-O methylation, we used a luciferase translational reporter
assay. Luciferase RNAs with different 5’ structures were trans-
fected into type I IFN-primed MEFs, and total RNA and cell
lysates were harvested 6 h later. Importantly, the levels of lu-
ciferase RNAs in wild-type and Ifit] =/~ cells were unaffected by
any of the 5’ modifications (Fig. 5A). We then analyzed the
translational efficiency of the transfected RNAs by measuring
the luciferase activity (Fig. 5B). As expected (1), uncapped 5’-
PPP luciferase mRNA was not translated in either wild-type or
Ifit1~'~ MEFs. Capping of the mRNA (5’ cap®/2’-O Me™)
increased translation in wild-type cells, although the levels
were profoundly lower (P < 0.05) than those in Ifit] '~ cells.
In comparison, addition of 2'-O methylation to the 5" cap (5’
cap*/2’'-OMe™") in vitro resulted in similar levels of translation
in wild-type and Ifit1 '~ MEFs. Even in MEFs that were not
treated with type I IFN, similar patterns of luciferase activity
were observed (Fig. 5C), indicating that slightly expressed Ifitl
might contribute to the inhibition. Taken together, our data
establish that Ifitl preferentially binds to 5 capped mRNA
lacking 2'-O methylation and inhibits its translation.
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FIG 5 Ifit] selectively inhibits the translation of mRNA lacking 2’-O methylation. (A) The luciferase RNA amounts at 6 h after RNA transfection were
determined by quantitative real-time RT-PCR. The relative luciferase mRNA amounts, calculated as the amount of each transfected mRNA (luc2) divided by the
level of GAPDH mRNA expression, are shown. The presence or absence of a 5’ cap and 2'-O Me of the introduced luciferase RNA is indicated. Data are shown
as means % SDs and are representative of three independent experiments. (B, C) Wild-type and Ifit] =/~ MEFs pretreated with type I IFN (B) or untreated (C)
were transiently transfected with luciferase mRNA. Luciferase activities were measured at 6 h after the transfection and are shown as relative light units (RLU).
The presence or absence of a 5’ cap and 2’-O Me of the introduced luciferase RNA is indicated. Data are shown as means * SDs of triplicate samples of the
representative results. Similar results were obtained in three independent experiments. *, P < 0.05.

DISCUSSION

In this study, we investigated the mechanisms by which Ifit1 recog-
nizes RNA of JEV lacking 2'-O MTase activity. Ifitl inhibited the
translation of mRNA through association with mRNA lacking 2'-O
methylation.

To analyze the role of Ifitl in 5 cap structure-dependent antiviral
responses, we generated a JEV MTase mutant. The K61, D146, K182,
and E218 residues have all been shown to be essential for the MTase
activity of the NS5 protein and replication of WNV (8, 11). While a
WNV E218A mutant was previously used for analysis of Ifitl-medi-
ated antiviral responses (13), in our assays, the corresponding JEV
E218A mutant was severely impaired in replication in Vero cells and
rapidly reverted to the wild type during cell culture, preventing its use
(data not shown). A similar phenotype was observed with the WNV
D146A 2'-O methylation mutant (11). However, unlike our results, it
has recently been reported that a JEV E218A mutant is stable in Vero
cells (39). This would be due to the different strains used in the two
studies. Thus, mutation of residues that are essential for the 2’'-O
MTase activity of a flavivirus NS5 protein can differentially impact
replication of JEV and WNV even in cells Jacking type I IFN responses
and IFIT1 expression.

Previous in vitro studies indicated that IFIT family proteins bind
to several types of RNA, including 5'-PPP RNA and AU-rich double-
stranded RNA (31, 32). Indeed, an analysis of the IFIT?2 crystal struc-
ture indicated the presence of a positively charged RNA-binding
channel (31), findings which were supported by the X-ray crystallo-
graphic structure of complexes of 5-PPP RNA with human IFIT5
(33,40). We also observed that Ifit] could bind to 5'-PPP RNA. How-
ever, our biochemical analysis showed that Ifit] bound strongly to 5'
capped RNA lacking 2'-O methylation and addition of 2'-O methyl-
ation weakened the binding of Ifitl to the RNA. Since mRNAs of
virtually all higher eukaryotes are believed to be methylated at the
ribose 2'-O position (41), this modification likely serves as a molec-
ular pattern for discriminating self from nonself.

Although it remains unclear how 2'-O methylation reduces Ifitl
binding to RNA, structural changes to the RNA at the 5’ terminus
after 2'-O methylation could sterically hamper Ifitl binding. The
crystal structure of the 5'-PPP RNA/IFIT5 complex has indicated that
the RNA-binding site on human IFIT5 is located in a narrow pocket,

10002 jviasm.org

thus raising the possibility that 5’ capped and 2'-O methylated RNA
cannot fit within an analogous pocket of Ifit1 due to a size limitation
(33). Future structural analyses of the binding complex of 5" capped
RNA with Ifit] will be required to reveal the precise mechanisms by
which Ifitl recognizes 5’ capped RNA lacking 2'-O methylation. Ad-
ditional studies must also test whether other IFITs preferentially as-
sociate with 5’ capped RNA lacking 2'-O methylation.

Ifitl also has an antiviral activity against several negative-
stranded viruses, such as vesicular stomatitis virus (VSV) and
parainfluenza virus type 5 (PIV5) (32, 42), whose mRNAs are
2'-O methylated (6, 42). In this regard, Ifit1 is supposed to have an
antiviral effect independent of 2'-O methylation. Indeed, IFIT1 is
able to bind 5'-PPP genomic RNA (32).

Given the previous and present findings that Ifitl inhibits
mRNA translation (23-26), our data are most consistent with a
model in which Ifit] restricts replication of viruses with 5’ capped
RNA lacking 2'-O methylation through direct RNA binding and
subsequent inhibition of translation. Human IFIT1 and murine
Ifit]l were previously reported to interact with eIF3 to interfere
with translation (23-26), and replication of hepatitis C virus,
whose RNA lacks a 5" cap, was also impaired by IFIT1 through
binding to eIF3 (43). Thus, Ifit] may associate with both eIF3 and
virus mRNA to inhibit translation and infection.

The Ifit family proteins consist of several conserved members.
However, Ifit]l and Ifit2 appear to have distinct antiviral activities
(44). Thus, the nonredundant and redundant roles of the Ifit fam-
ily proteins remain to be elucidated. Generation of mice lacking
the other members or all of the Ifit family proteins will be useful to
reveal the physiological functions.
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