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molecular arms to sensitively detect viral RNA. The molecular
complexes sensing viral RNA may not be so simple that we will
be able to identify more molecules than Riplet as enhancers for
integral RNA recognition. In either case, yeast screening will be
a good strategy to pick up such proteins in other RNA recogni-
tion systems. A molecular switch selecting IFN induction by
virus RNA will then be clarified.

We show that the ubiquitination sites targeted by Riplet are
the helicase and RD domains of RIG-1 but not its CARD-like
domains in contrast to TRIM25. Riplet may be a complement
factor of the reported TRIM25 function for RIG-I activation
(23). A previous report (25) failed to polyubiquitinate the RIG-1
protein by TRIM25 alone. If Riplet were added to TRIM25 for
RIG-I ubiquitination in the previous study, Riplet would have
enabled TRIM25 to polyubiquitinate the RIG-1 CARD-like
region. Further studies using TRIM25 and Riplet will be
required to clarify this point.

Based on our results, we propose that RIG-I-like receptors
form a molecular complex that efficiently recognizes low copy
numbers of viral RNA. Riplet is implicated in the RIG-I com-
plex to enhance viral RNA response in some organs. In this
context, MDA5-associated molecules might also exist in the
cytoplasm to augment IFN output. Although MDAS5 possesses
the RD domain, it fails to recruit Riplet (data not shown) or
augment IFN-B-induction in conjunction with Riplet (Fig. 2E).
Because RLR-associated molecules naturally reside in cells and
facilitate inhibition of low dose viral infection until RLRs
become expressed, they may be useful therapeutic targets for an
early phase antiviral immunotherapy.
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Teleost TLR22 Recognizes RNA Duplex to Induce IFN and

Protect Cells from Birnaviruses’

Aya Matsuo,>* Hiroyulu Oshiumi

i,>* Tadayuki Tsujita,** Hiroshi Mitani," Hisae Kasai,

Mamoru Yoshimizu,” Misako Matsnmoto, and Tsukasa Seya**

TLR22 occurs exclusively in aquatic animals and its role is unknown. Herein we show that the fugu (Takifugu rubripes) (fg)TLR3 and
fgTLR22 link the IFN-inducing pathway via the fg Toll-IL-1R homology domain-containing adaptor protein 1(fgTICAM-1, or TRIF)
adaptor in fish cells. [gTLR3 resides in endoplasmic reticulum and recognizes relatively short-sized dsRNA, whereas [gTLR22 recog-
nizes long-sized dsRNA on the cell surface. On poly(I:C)-stimulated fish cells, both recruit fgTICAM-1, which in turn moves from the
TLR to a cytoplasmic signalosome region. Thus, fgTICAM-1 acts as a shuttling platform for IFN signaling. When fish cells expressing
fgTLR22 are exposed to dsRNA or aguatic dsRNA viruses, cells induce IFN responses to acquire resistance to virus infection. Thus, fish
have a novel TICAM-1-coupling TLR that is distinct from the mammalian TLR3 in cellular localization, ligand selection, and tissue
distribution. TLR22 may be a functional substitute of human cell-surface TLR3 and serve as a surveillant for infection with dsRNA virus
to alert the immune system for antiviral protection in fish. The Journal of Immunology, 2008, 181: 3474-3485.

pathogens in animals (1, 2), In acute viral infections, IFN

induces Mx and oligoadenylate synthetase (o suppress vi-
ral replication (3). In late-phase infection it orchestrates cellular
immunity including T and NK cells and protects hosts from per-
sistent or repetitive viral infections (2, 4),

Earlier reports suggested that in mammalian fibroblasts, dsRNA (or
its analog poly(1:C)) acts as an inducer for type 1 IFN, but the recep-
tors for tiggening IFN induction had not been identified until recently.
Currently, in mammals, TLR3 on the endosomal membrane and reti-
noic acid-inducible gene 1 (RIG-1)* and melanoma differentiation-
associated gene 5 (MDAS) in the cytoplasm are identified as sensors

T he type I IFN system is a host defense against microbial

“Depar of Microbiclogy and I logy, Hokkaido University Grad
School of Medi lapan; "Dy of I Biosciences, Univer-
sity ofTokyo Chiba, Ilpu\ and *Faculty of Fisheries Sciences, Hokkaido University,
Hakodate, Japan

Received for publication November 14, 2007, Accepied for publication June
20, 2008.

The costs of publication of this anicle were defrayed i part by the payment aof page
charges. This article must therefore be herchy marked advertisemens in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

' ‘This work was supported in part by CREST-JST (Japan Science and Technology
Corporation). by Grants-in-Aid from the Ministry of Education, Science, and Culture
(Specified Project lvanncedR:snthmdmthuwyof&M Labor, and
Welfare of Japan. and by the Takeda Science Foundation, Uchara N | Foun-
dation, Northiee Fr Akiyama Found and Mitsubishi Foundation. Fi-

nancial support by the Sapporo Biocluster "B:c»? the luowlndne (.'1usm Initiative
of the MEXT, and the Program of Foundi Centers for E

Reemerging Infectious Diseases, MEXT, are pm(ulry acknowledged.

< A.Y. and H.O. contributed equally to this paper.

* Current address: Exph yR h for Ad d Technology/Japan Science and
Technology Center, Lat y of Molezular and Develoy I Binlogy, University
of Tsukuba, Tennoudad 1-1-1. Tsukuba 305-8577, Japan.

‘Add'ess-. - lndupmn g 10 Dr. Tsukasa Seya, Department of

v, Grnduate Schoaol of Medicine, Hokkaido University.
Kita-ku, Suum 060-8638, Japan. E-mail address: seya-n@ pop.med hokudai ac.jp

* Abbreviations used in this paper: RIG-1, retinoic acid-iducible gune I BLAST.
hasic local alignment search tool: CPE, pathic effect: ER. endop reticulum:
1. Takifugu rubripes; HA, hl:m:ulwumra IPNV, infectious pancreatic necrosis vinus,

for dsRNA (1, 5). When viral genome RNA replicates in the cyto-
plasm, RIG-1 and MDAS sense it and assemble the adaptor mitochon-
drial antiviral signaling protein (MAVS: also called Cardif, IPS-1,
orVISA) on the mitochondrial membrane (5). RIG-1 preferentially
recognizes 5'-phosphates of RNA (6, 7), whereas MDAS recognizes
the signature of dsRNA (8). They are distributed ubiquitously in cells/
tissues and trigger IFN regulatory factor 3 (IRF-3) activation followed
by type | IFN induction through the MAVS signal cascade (1. 2, 5).
This intrinsic pathway appears to link main protective responses
against RNA virus infection in mammals.

On the other hand, human TLR3 signals the presence of extrin-
sic dsRNA, recruits the adaptor Toll-IL-IR homology domain-
containing adaptor protein [ (TICAM-1), and induces IRF-3 acti-
vation followed by IFN-B promoter activation (1, 2, 9). Human
TLR3 resides limitedly in myeloid dendritic cells, fibroblasts, and
epithelial cells (10). TICAM-1 recruits TNF receptor-associated
factor (TRAF) and TNF receptor-associated NF-xB kinase
(TANK) family proteins for IFN-inducing signaling (11, 12; M.
Sasai, H. Oshiumi, and T. Seya. unpublished data). NAK-associ-
ated protein 1 (NAPI1), like other TANK family subunits (13),
assembles two kinases, IKKe and TBK1, which activate the tran-
scription factor IRF-3 (14). We call this extrinsic pathway the TI-
CAM-1 pathway.

The TICAM-1 pathway and the cytoplasmic MAVS pathway con-
verge on NAPI 1o activate IRF-3 in human cells (15). Gene-disrupted
mouse analyses show that TICAM-1 1s involved in induction of
the anti-mCMV immune response for host protection (16). The
TICAM-1 pathway also appears to be involved in other DNA virus
infections (16, 17). No clear involvement of TLR3 and TICAM-1
in defense against RNA virus infection has been offered using
gene-disrupted mice, although many studies have anticipated that
the TICAM-1 pathway has antiviral function against RNA viruses.

In fish studies, teleost [FN was recently discovered in the zebrafish
{(Danio rerio) (18), and since has been found in many fish species
(19). Although the predicted protein sequence of the fish IFN has low

IRF-3, IFN regulatory factor 3; ISRE. IFN-stimulated ¥ LRR.
leucine-rich repeat; MAVS, 1 antiviral signaling protein: MDAS, mela-
noma differentiation-associated gene 5: moi. multiplicity of “infection: NAP1, NAK-
associated prowein 1. PGN, peptidoglycan: . ruinbow trout: polyC, polycytidylic
acid; polyU, polyuridylic acid: TCIDy,, SO% tissue culture-infective dose. TICAM-1.
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(<20%) similarity 10 mammalian and avian type I [FNs, IFN-a and
IFN-B, it up-regulates Mx and IFN-stimulated regulatory element
(ISRE) promoter activation (18). Hence, fish possess IFN-inducing
machinery. Since fish are exposed to viruses and RNA in water, they
must have [FN-inducing receptors. However, no receptors for IFN
induction have been identified yet in fish.

The existence of the TLR family in teleosts has been predicted
from the genome database (20-23). According to the database of
Takifugu rubripes (puffer fish), this teleost species possesses an
ortholog of human TLR3 and other orthologs of human TLR mem-
bers (20). Additionally. this teleost has a gene encoding a fish-
specific TLR (hereafter called TLR22), whose functions are un-
known. Fish may have a part of the gene of MDAS-like product,
but its functional features are also unidentified. What happens in
the TFN response during viral infection accordingly remains to be
addressed in fish.

We found TLR22 in many aquatic vertebrate species (19, 20,
24), but not in birds and land animals (24). In this study. we dem-
onstrate that TLR22 is a dsRNA-recognizing pattern receptor that
recruits TICAM-1 to induce IFN and exens a protective role in fish
cells against dsRNA virus infection.

Materials and Methods

Accession numbers

Accession numbers for all genes used in this study are listed below: T.
rubripes (fg)TLR22 (AB197916), rainbow trout (r)TLR22-1 (AJ628348),
nTLR22-2 (AJ878915), nTLR3 (DQ459470), nIFN (AJ582754), and in-
fectious pancreatic necrosis virus (IPNV) (NC001915). Rainbow trout has
two orthologs of fgTLR22, nTLR22-1 and nTLR22-2, which were 93.0%
homelogous to each other (data not shown). Appropriate primers for de-
tection of mRNAs of these genes are listed in Table I

Cells and reagents

Human HEK293 or HeLa cells were cultured as described previously (10).
A fibroblast-like cell line (OLHd-rRe3) of Japanese medaka fish, Oryzias
latipes, was cultured in L-15 medium containing 20% heat-inactivated FCS
and 10 mM HEPES at 33°C. RTG-2 cells derived from rainbow trout were
cultured in & medium containing 10% heat-inactivated FCS and antibiotics
(100 U/ml penicillin and 100 wg/ml streptomycin) at 20°C. LPS was pur-
chased from BD Biosciences. Peptidoglycan (PGN) was purified from
Staphylococcus aureus (Fluka), All nucleotide primers and oligode-
oxynucleotides (ODN) containing CpG motifs (CpG-ODN) were pur-
chased from Sigma-Genosys. Poly(1:C), polyeytidylic acid (polyC), poly-
uridylic acid (polyU), and poly(dl:dC) were purchased from Amersham
Biosciences, Vanable-sized dsRNAs were transcribed from a cDNA tem-
plate of measles virus with MEGAscript (Ambion) in vitro.

Maolecular cloning of T. rubripes DNAs

First-strand ¢cDNAs were reverse-transcribed from random-primed RNA
wemplates extracted from 7. rubripes kidoey or eye lissues using
M-MLV(~=) reverse transcriptase (Promega). FgTLR3, fgTLR22, and
feTICAM-1 full-length cDNA fragments were amplified by PCR using
primers shown in Table . The PCR products were cloned using pCR-Blunt
vector (Invitrogen). Several independent clones were subjected 10 DNA
sequencing using ABI 3100 sequencer (PE Applied Biosystems) for as-
sessing sequence accuracy. IFN of T. rubripes was searched by homology
to zebrafish IFN using the basic local alignment search tool (BLAST)
server. The 5' promoter region identified from T, rubripes genomic DNA
as =1 10 =777 was subcloned into pEFBOS vector. FgMyD88 Toll-IL-1
receptor (TIR) domain was found in the T. rubripes database by BLAST
search with reference to the human MyD88 protein sequence, and ampli-
fied by PCR using the primers shown in Table L.

cDNA expression vector

The ¢cDNAs encoding fgTLR3 and fgTLR22 were placed between the Xhol
and Notl sites of the pFEBOS expression vector. Flag-, hemagglutinin
(HA)-, and Myc-tags were attached 10 the C- or N-terminus of the proteins
as described previously (15, 25). Constitutively active CD4A/TLR22 was
constructed by fusing cDNAs encoding the extracellular domam of huCDd
(from 1 10 391 aa region) to the it and cytopl.

of fgTLR22 (from 565 to 935 aa region). The oblalneld chimera CD4/

3475

Table L. Primer list

Primer Name* Sequence
fgTLR22-F CTCAGAGCTTTGTGGTGTCT
fgTLR22-R TTGCTTCTCTGATTAAGCCC
fgTLR3-F CCAAGTGAAAACCACACGCA
fgTLR3-R CTGGGACAACGGGACCTTT
fgTICAM-F CATCTCTGCTGAATGGGE
fgTICAM-R GTGGTGTAATGGACTGTAG
fgMyD88-F CTCGGTAGGTCCAGTTTTC
fgMyDS88-R TCCTGCACCATATTCTGC
fglFN promoter-F TTGAATGGAAACAAGTCAGT
fglFN promoter-R CTTTCACTCAAGGAGGTCGC
nlFN-F CTGACCGGATGCAGAAGGA
nIFN-R TGGAGAGAGAAGCCAAGATGGA
nTLR22-F CTTTGATGAGCAGAAGGACS
nTLR22-R CTAAAGCCAGCCGTAGTTGC
np-actin-F CCTGTGTATCACCTGCCATGA
rf-actin-R ACGCCTGTGCACTGTAGTTCA

“F indicates forward: R, reverse.

TLR22 construct was placed between the Xhol and Nodl sites of pEFBOS.
Flag-tag was inscried just before the stop codon of fgTLR22 and placed
between the Xhol and Noil sites of pEFBOS. To make the fgTLR22-myc
expression vector, myc-tag was added to the C-terminal end of the signal
peptide sequence of fgTLR22 and subcloned into Xhol and Nol sites of the
pEFBOS expression vector. FgTLR3-yellow fluorscent protein (YFP) ex-
pression vector was constructed by inserting the full-length fgTLR3 into
the pEYFP-N1 vector at the Xhol and Kpnl sites. The constructs of the
dominant-negative human TICAM-1 (TICAM TIR (P434H)) and MyD8&8
(TIR) were described previously (25). Dominant-negative forms of
fgTICAM-1 and fgMyD88 were constructed as human dominant-negative
counterparts. Preciscly, ¢cDNA encoding the 341-479 aa region of
fgTICAM was inserted into the pEFBOS Xhol-Notl sites and substituted
proline at 382 with histidine. The fgMyD88 TIR domuin-encoding region
(152-288 aa region) was subcloned into the Xhol-Nod sites of pEF-BOS.

Reporter gene assay

HEK203 cells (1 % 10° cells/well) were transiently transfected in 24-well
plates using Lipofectamine 2000 reagent (Invitrogen) with pEFBOS human
TLR2, human TLR3, human TLR4, human TLRY, fgTLR3, fgTLR22 (200
ng), dominant-negative human TICAM-1 (P434H), human MyD88 (TIR)
(50, 200 ng) or empty vector, together with a luciferase-linked IFN-f pro-
moter gene (Stratagene, 100 ng). RTG-2 cells (1 % 10° cell/well) were
transiently transfected in 24-well plates using FuGene HD (Roche) with
fgTLR22. fgTLR3 (200 ng), dominant-negative fgTICAM-1 (50 or 200
ng), or empty vector together with a luciferase-linked [gIFN promoter
gene. In some experiments, stable clones with this gene (named RTG (Luc-
{gIFN) cells) were used instead of human IFN reporter. phRL-TK vector (1
ng) (Promega) was used as an intemal control. Twenty-four hours afier
transfection, cells were stimulated with LPS (100 ng/ml), PGN (10 pg/ml),
CpG (2 mM), or poly(1:C) (10 or 50 pg/mi), polyC (10 pug/ml), polyU (10
pug/ml), poly(dl:dC) (10 pg/ml). and in vitro-transcribed dsRNA (typically
10 pg/ml) for 6 h. The cells were lysed with lysis buffer (Promega) and
lucifernse activity was measured using a dual-luciferase reporter assay kit
(Promega) with luminometer (Berthold Technologies). Specific activity
was calculated from light intensity measurements with a Renilla lucifernse
internal control. Values were expressed as mean relative stimulation with
SD from triplicatle values from a minimum of three separate experiments.

Confocal microscopy

HeLa, OLHd-rRe3, and RTG-2 cells were plated onto coverglass in a 24-
well plate. In the following day, cells were transfected with indicated plas-
mids using FuGene HD. The amount of DNA was kept constant by adding
empty vector. After 24 h, cells were stimulated with poly(1:C) and fixed
with 3% of formaldehyde in PBS as indicated periods, and then washed
four times with PBS. Cells were permeabilized with PBS containing 0.2%
Triton X-100 for 15 min. Permeabilized cells were blocked with PBS con-
taining 1% BSA, and were labeled with anti-Flag mAb (Sigma-Aldrich) or
anti-HA pAb (Sigma-Aldrich) in 1% BSA/PBS for 1 h al room tempera-
ture. The cells were then washed with 1% BSA/PBS and treated for 30 min
at room temperature with Alexa-conjugated Abs (Molecular Probes). For
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A GgLOC415623 FgTLR21

FgTLR9

FIGURE 1. Structures and phylo-
genic analysis of TLRA and TLR22. A,
Gene tree for fgTLR2L Teleost and
chicken TLR protein sequences were
aligned with ClustalW on DDBJ server,
and lhc phylugemr: tree was made by a
i | hod  program,
Numhu on cach node represents boot-
strap probability that is 1000 reitera-
tion, Fg, Ca, Dr, Tn, Po, Rt, and Ss stand
for Takifugu rubripes, Carassius aura-
tus, Danio rerio, Tetradon nigroviridis,
Paralichthys olivaceus, rainbow trout, or
Salmo  salar. GgLOC415623 is a
chicken protein that is most similar to
fgTLR22. The protein was classified into
TLR21 by the phylogenic tree. B, Motif
structures of human, mouse, and fugu
TLR3 and fugu TLR22. Possible domain
structures of the fish TLRs were ob-
tained with SMART search according 1o
the primary sequences. Vertical
bars represent LRRs and filled bars rep- B
resent transmembrane domains.
LRR-CT (the leucine-rich repeat at the C
terminus) is shown by circles. The signal
sequences are shown to the left and TIRs
are to the right. Amino acid sequence
alignmenm of the linker regions of
huTLR3, moTLR3, fTLR3, and
fgTLR22 are shown at the bottom

FgTLR8

— 0.1

huTLR3

moTLR3

huTLR3
moTLR3
fgTLR3

fgTLR22

organclle marker g. cells were 1 with calnexin (StressGen Bio-
technologies) and then FITC-labeled goat anti-mouse IgG secondary Ab. In
some cases cells were prestained with anti-TLR Abs. Thereafter, micro-
covergl were d onto a slide glass using PBS containing 2.3%
1. 4-dinzabicyclo(2.2.2)octane (DABCO) and 50% of glycerol. In some ex-
periments, we used YFP-labeled fgTLR3 instead of tagged f[gTLR3, since
the background by the secondary Ab (against tag) was i d for un-

FgTLR3

ANTIVIRAL RESPONSE BY TLR22

100X RETLRII
SsTLR22

FgTLRS
FgTLR5S

FgTLR1

(IIIHIHID- IO —>
IH-THI-{IOK

wrins = I HO 000>
orinzz ([ {IITH-OK >

754
731 755
T -T88

745-LTYAYYFFLALLADKKRKNQ--QTPR-768

®  signal sequence

0 tre

I transmembrane

O TIR domain

O LrrcT

known reasons in the case of fgTLR3. The d cells were visualized at
% 60 magnification under a FluoView (Olympus),

Isolation of IPNV RNA

IPNV was propagated with RTG-2 cells. RTG-2 cells cultured in a 75-cm®
T NMask were infected with IPNV. Afier 4-7 days incubation, viruses were
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FIGURE 2. Human cells expressing fgTLR22 in-
duce activation of the human IFN-B promoter in re-
sponse to poly(1:C). A, HEK293 cells were transfected

3477

with expression vector for CD4 + TLR22, where the B
cytosolic domain of fgTLR22 (the TIR domain) was

fused to the extracellular portion of CD4. The amount

of DNA transfected was equalized with empty expres-

sion vector, which was also used as the control. Re-

porter activity was determined as described in the text.

B, HEK293 cells were transfected with fgTLR22 (full-
length)-expressing vector or pEFBOS (vector only).
Twenty-four hours after transfection, cells were stimu-

lated with PGN (10 pg/ml). LPS (100 ng/ml), and CpG

(2 uM) for 6 h and NF-xB promoter activation was
determined (left panel). Right panel, poly(1:C) (50 pg/

mlj was used i d of other stimul and relative

IFN-B promoter activation by poly(1:C) was compared c
between fgTLR22 and human (hu)TLR3, C, HEK cells

were transfected with the vector for expression of
huTLR3, fgTLR22, or fgTLR3. pEFBOS and pEFBOS
(huTLR3) were used as controls. Twenty-four hours af-

ter transfection, cells were stimulated with poly(1:C) (5,

10, 50 pg/ml) for 6 h. IFN-B promoter activation was
measured by luciferase activity in the cell lysaes. D,

Cells were transfected with full-length fgTLR22- or
fgTLR3-expressing vector. pEFBOS was a control for

vector only. Twenty-four hours later, cells were stimu-

lated with 10 pg/ml of poly(l:C) or vanable-sized D 18
(100-, 200-, 500-, and 1000-bp) dsRNA for 6 h. IFN-g
promoter activation was measured by lucifernse assay
as in C,

Relative activity(NF-«B )

Relative activity(IFN-f1)
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harvested from infected cell lysates by freeze-thaw cycles. Cell debris was
removed by centrifugation at 10 krpm for 10 min, and then virus particles
were concentrated by ultracentrifuge at 23 krpm for | h. Viral RNA was
extracted from 15 ml of these lysates with 500 ul of TRIzol (Invitrogen)
according to the manufacturer's instructions.

Quantitative PCR

Total RNA of RTG-2 cells were extracted using TRIzol reagents, and
¢DNA was made by using MV-reverse transcriptase with random primers.
iQ SYBER Green Supermix was used for PCR reactions and analyzed with
iCycler iQ real-time PCR analyzing system (Bio-Rad). Primers for quan-
titative PCR are shown in Table . Relative nlFN mRNA levels were cal-
culated by dividing the relative amounts of mRNA of rllFN by those of the
rainbow trout S-actin mRNA.

Immunoprecipitation

HEK293FT cells were transiently transfected with expression vectors in a
6-well plate using Lipof ine 2000 reagent (Invitrogen) and incubated
for 24 h. Cells were lysed with lysis buffer (25 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1% of Nonidet P-40, 2 mM PMSF, 25 mM iodoacetaminde. 10
mM EDTA), and proteins were immunoprecipitated with anti-Flag mAb
and then washed four times with lysis buffer. Obtained samples were an-
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alyzed by SDS-PAGE (7.5 or 10% gel) and Westem blotting using anti-HA
pAb (Sigma-Aldrich),

Titration of virus

RTG-2 cells (1 x 10° cells/well) were infected with IPNV (typical mul-
tiplicity of infection (moi) of 0.1). Afier 24 h, supernatanis were serially
10-fold diluted and incubated with RTG-2 cells placed on a flat 96-well
plate, and 100 pl medium with 8 dilution cycles was added to determine
the S0% tissue culture-infective dose (TCIDg,), Cells were incubated at
15°C for 7 days. On day 7 of incubation, the plates were examined for the
presence of viral cytopathic effect (CPE) under the microscope.

Results
Identification of TLR22 in T. rubripes

We used the predicted protein sequence of fgTLR22 for a
BLASTP search on the National Center for Biotechnology Infor-
mation (NCBI) BLAST server for a nonredundant database, and
found that teleosts and frogs (Xenopus tropicalis) have TLR22
orthologs by phylogenetic analyses (20, 24) (Fig. 14). However,
no expressed sequence tag or genome region encoding TLR22 was
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FIGURE 3. fgTLR22 recognizes poly(1:C) to induce
fish IFN in fish cells. A, Rainbow trout RTG-2 cells
were stably transfected with Luc-fgIFN vector (see Ma-
terials and Methods), The RTG (Luc-fglFN) cells were
then transiently transfected with fgTLR22 or fgTLR3
expression vector or control pEFBOS. Twenty-four
hours later, cells were stimulated with poly(1:C) (5. 10,
S0 pg/ml) for 6 h, and fgIlFN promoter activation was
determined by luciferase activity in the cell lysate. B,
RTG-2 cells were transiently transfected with fgTLR22-
expressing vector or control pEFBOS. Twenty-four
hours later, cells were stimulated with poly(I:C) (25 ug/
ml) for the indicated intervals. Since the rainbow trout
possesses two mRNAs of TLR22, we referred them to
ATLR22-1 and nTLR22-2. The mRNA levels of nlFN,
nTLR22-1, nTLR22-2, nTLR3, and nTICAM-1 were
monitored by RT-PCR. The nTICAM-1 message was
constitutively expressed imespective of poly(I:C) stim-
ulation (data not shown). nf3-actin was used for the con-
trol. PCR products were analyzed by gel electrophoresis
(1.5% TAE agarose) and visualized with ethidium bro-
mide (1 pg/ml). Three individual experiments were per-
formed, and a representative one is shown. C, RTG-2
cells were transfected with pEFBOS (fgTLR22),
pEFBOS (fgTLR3), or empty pEFBOS. Twenty-four
hours later, cells were stimulated with poly(L:C) (25 ug/
ml) for the indicated periods. The mRNA levels of nlFN
were measured by quantitative PCR. Relative fold in-
duction against rif-actin level is shown. The experi-
ments were performed three times and representative
results are shown.

found in mammals and birds. Thus, these homology search anal-
yses indicate that the TLR22 gene is conserved across aquatic
vertebrates, To further confirm the absence of the TLR22 gene in
the chicken genome, we conducted a TBLASTN search with
feTLR22 against the Gallus gallus whole genome. The best hits
sequence in the chicken genome was the region encoding
LOC415623, but the protein was an ortholog of TLR21 (data not
shown), In the mouse genome, the most similar sequence to
fgTLR22 was mouse TLR13. These analyses confirmed that
TLR22 is conserved in vertebrates living in water or wet condi-
tions, but not in animals living on land.

We cloned the fgTLR22 ¢cDNA from the kidney and eye of T.
rubripes to test its function. The ¢cDNA sequence of the isolated
feTLR22 was identical to the sequence we previously predicted,
and its open reading frame was encoded by three exons (20). The
feTLR22 protein had 15 leucine-rich repeats (LRRs) and one C-
terminal LRR domain at the extracellular region and a TIR domain
in the cytoplasmic region, suggesting that fgTLR22 possesses a
typical structure of TLR but differs in the primary structure from
TLR3 (Fig. 1B).

IFN promoter activation by fgTLR22 in a human cell line

Vertebrate IFN promoter and NF-kB activation has been deter-
mined successfully using human cells that have the human TLR
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signal system (26, 27). Thus, we first tested the functional ability
of the TIR domain of fgTLR22 in human cell line HEK293. To
estimate the output of fgTLR22 signaling, we made a chimera
protein in which the Ig-like domain of CD4 was ligated with the
transmembrane and intracellular region of fgTLR22. The human
TLR4-CD4 chimera construct is known to activate the downstream
signal of TLR4 by dimerization of the extracellular CD4 region
(28), We examined whether the CD4-fgTLR22 chimera protein
activates the human IFN-B promoter or NF-kB. The chimera pro-
tein was coexpressed in human HEK293 cells with an IFN-pB pro-
moter or NF-xB reporter plasmid. We observed minimal activation
of NF-«kB and about & 4-fold significant activation of the IFN-B
promoter by expression of the chimera protein (Fig. 24), suggest-
ing that the TIR domain of fgTLR22 retains the capacity to acti-
vate the human IFN-8 promoter and, to a lesser extent, the tran-
scription factor NF-«xB in human cells,

Ligand properties of fgTLR2
feTLR3

The functional ability of fgTLR22 in HEK293 cells encouraged us
to look for the ligand of fgTLR22. We subcloned the fgTLR22
full-length cDNA into the expression vector pEFBOS and trans-
fected it into human HEK293 cells with reporter plasmids,
FgTLR22 or mock-transfected cells were stimulated with PGN,

2 in comparisan with those of
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FIGURE 4. Localization of fgTLR22
and fgTLR3 in mammalian and fish
cells. Confocal analysis using Hela
or medaka cells (OLHd-rRe3)
fgTLR22 with C-erminal Flag,
fgTLRY with C-terminal YFP (green),
and/or other markers were expressed
in the indicated cells. fgTLR22 was
labeled with mouse anti-Flag mAb
and stained with Alexa 568-conju-

Hel.a

\

gated (red) or Alexa 488-conjugated
(green, only in the second column)
goat anti-mouse 1gG. Cells were then
treated with mAbs against Calnexin
(ER marker) or f-actin (cytoskeleton
marker) and Alexa 568-conjugated
goat anti-mouse 1gG. Phase-contrast
features of cells are shown to the left
Cells were analyzed on FluoView

medaka

LPS, CpG, or poly(1:C) for 6 h, and cell lysates were then prepared
to measure reporter activation. PGN, LPS, and CpG activated nei-
ther NF-xB nor the IFN-B promoter via fgTLR22, although they
activated the reporter via stimulation of the relevant human TLRs
In contrast, only poly(I:C) significantly activated the IFN-§ pro-
moter in fgTLR22-expressing cells (Fig. 2B). Thus, poly(l:C) is a
ligand for fgTLR22. Because T. rubripes possesses an ortholog of
TLR3 (20), we cloned fgTLR3 and measured the IFN-B promoter
activation induced by poly(l:C) in fgTLR3-expressing cells.
fgTLR3 also conferred the responsiveness to poly(L:C) on
HEK293 cells in a way similar to fgTLR22 (Fig. 2C). Hence, the
T. rubripes possesses two types of TLRs that recognize poly(1:C).

We next compared the response of fgTLR3 and fgTLR22 1o
polyU. polyC, poly(dl:dC), poly(l:C), and dsRNA using HEK
transfectants. Ultimately, poly(I:C) and in vitro-transcribed
dsRNA, but not polyU, polyC. or poly(dl:dC), activated the re-
porter in fgTLR22- or fgTLR3-expressing cells (data not shown),
suggesting that both fgTLR22 and TLR3 signal the presence of
dsRNA in human cells

Next, we used various sizes of in vitro-transcribed dsRNA (29).
Human TLR3 activated reporter genes in response 1o vanable-
sized dsRNA to similar extents irrespective of the length of
dsRNA. In contrast, f{gTLR22 and fgTLR3 showed different prop-
erties on responsiveness (o variable-sized dsRNAs. In fgTLR22-
expressing cells, 1000-bp dsRNA most strongly activated the re-
porter gene, but in fgTLR3-expressing cells, 200-bp dsRNA
induced preferential activation of the reporter (Fig. 2D). Therefore,
feTLR3, fgTLR22, and human TLR3 exhibit differences in pref-
erence to the size of dsRNA, although the three TLRs essentially
confer response to poly(I:C) or dsRNA on HEK293 cells. These
observations using the human cell indicate a unique role of
fgTLR22 in poly(l:C) or dsRNA recognition

IFN induction by fgTLR22 in fish cells

We assessed the function of feTLR22 in a teleost fibroblastic cell
line, RTG-2. Teleosts also have an ortholog of human IFN, but
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previous phylogenetic analyses suggest that fish IFN forms a clade
distinct from that of mammalian type I [FNs (18). The zebrafish
(zf) IPN can be induced by overexpression of z2{TICAM-1 (30).
and it exerts antiviral effects through the induction of antiviral
protein like Mx (31). We cloned the promoter region of the T.
rubripes IFN gene that corresponds to the zfIFN and fused it to the
luciferase open reading frame. fgTLR22 is widely expressed in
various tissues and cell lines (20), Of the cell lines tested, the
rainbow trout cell line, RTG-2, expressed only minuie levels of the
nTLR2YATLR3 messages, which allowed us to employ RTG-2
for the fgTLR3/22 reporter analyses,

The RTG-2 cells were transfectable, but the transfection efficacy
was ~10% by lipofection. fgTLR22 protein showed 80.8% simi-
larity to nTLR22 (nTLR22-1 and nTLR22-2), which was barely
expressed in both unstimulated and poly(1:C)-stimulated cells (see
Fig. 3B). The TIR sequences of fgTLR22 and nTLR22 were
93.8% similar (data not shown), suggesting that they are function-
ally compatible. We transfected {gTLR22, fgTLR3, or mock ex-
pression vectors into RTG-2 cells wogether with the fglFN pro-
moter reporter plasmid (Fig. 34). At 24 h after transfection, cells
were stimulated with poly(1:C). Cell lysate was prepared 6 h after
poly(1:C) stimulation, and luciferase activities were measured
Poly(1:C) barely activated the fgIFN reporter in control cells, but
significantly activated it in fgTLR22- or fgTLR3-transfected cells
(Fig. 3A), as observed in the human reporter assay system

We next examined whether fgTLR22 transmits the signal to the

endogenous IFN promoter (Fig. 38). The NCBI DNA database has
two ¢DNA sequences of the IFN gene in rainbow trout (AJ582754
and AM235738). We examined the poly(l:C)-inducible IFN
(AJ582754) expression through fgTLR22 stimulation with
poly(I:C) by RT-PCR analysis. RTG-2 cells transfected with
fgTLR22 or empty vectors were incubated with medium containing
poly(l:C), and expression of ntIFN was examined by RT-PCR and
quantitative PCR. The IFN mRNA expression was more strongly in-
creased 2 h after poly(I:C) stimulation in fgTLR22-expressing cells
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FIGURE 5. fg/huTICAM-1 is the adaptor for
fgTLR22- and fgTLR3 d IFN pr acti-
vation. A, Human (hu)TICAM-1 transmits signal for
IFN-B promoter activation by fgTLR3 and fgTLR22 in
HEK293 cells. HEK293 cells were transfected with
fgTLR22 or fgTLR3 plasmid 1ogether with the plasmid
encoding dominant-negative forms of huTICAM-1 or
huMyD88. huTLR3 and TIR P434H were used as con-

trols (right panel). Twenty-four hours later, cells were
stimulated with paly(1:C) (10 pg/ml) for 6 h, and IFN-8
promoter activation was determined by luciferase ac-
tivity in the cell lysate. B, fgTICAM-1 acts as the
adaptor for fgTLR3 and fgTLR22 tw activate the
fglFN promoter in response 1o poly(1:C) in RTG-2
cells. RTG-2 cells were transfected with pEFBOS
(fgTLR22), pEFBOS (fgTLR3). or pEFBOS together
with dominant-negative forms of fgTICAM-1. After
24 h, cells were stimulated with poly(1:C) (10 pg/mi) for
6 h, and fgIFN promoter activity was determined by
luciferase activity in cell lysate. C, fgTICAM-1 physi-
cally binds fgTLR3 and fgTLR22. HEK293 cells were
transfected with plasmid with fgTLR22 or fgTLR3 to-
gether with plasmid of fgTICAM-1. Lysates from the
cells transfected with the indicated vectors were immu-
noprecipitated (IP) with anti-Flag Ab and the samples c
were resolved on SDS-PAGE and analyzed by immu-
noblotting, which were probed with anti-HA Ab (1op

panel) or anti-Flag Ab (middle panel). fgTICAM-1 was
detected in the blot of the total lysate by anti-HA Ab
(bortom panel). Protein bands were developed by ECL

kit, Arrows indicate HA-tagged fgTICAM-1 (1op and

bottom panels). Flag-tagged fgTLRs (middle panel).

than in control cells, and then gradually decreased in both types of
cells (Fig. 3B).

Because human TLR3 expression is induced by poly(l:C)
(32), we investigated whether teleost TLR22 or TLR3 transcrip-
tions are activated by poly(I:C) stimulation. Endogenous
rtTLR22 or nTLR3 expression was scarcely observed without
stimulation, and nTLR22 expression was induced from 12 h
after stimulation. tfTLR3 was also up-regulated but more
mildly than fgTLR22 in response to poly(1:C) stimulation (Fig.
3C). These data are consistent with the notion that TLR22 is
involved in the dsRNA recognition pathway.

Localization of fgTLR3 and fgTLR22

Why are there two TLRs that respond to poly(I:C) or dsRNA in
teleosts? The answer may lie in the differences between the two
TLRs. fgTLR3 and fgTLR22 preferentially recognize different
sizes of dsRNA, as suggested by the reporter analyses. An addi-
tional difference is that fgTL22 localizes to the surface of the cell
membrane while fgTLR3 localizes inside the cell. TLRs are type
I transmembrane proteins, and their subcellular localizations are
determined based on their primary structures and coupling proteins
(33, 34). Human TLR1, 2, 4, 5, and 6 are expressed on the cell
surface, but TLR3, 7, and 9 are mainly localized at intracellular
compartments, endoplasmic reticulum (ER), and early endosomes

fgTICAMDN  fgTICAMDN  fgTICAMDN
control fgTLR22 fgTLR3
Lanes 1 2 3 4 5
fgTLR22-Flag - * . + .
fgTLR3-Flag P
fgTICAMHA  * - - + +
IP:Flag .{3-- 4 fgTICAM
WB:HA
IP:Flag -d‘
ks fgTLR22 or fgTLR3

(10, 35). In the case of human TLR3, its linker region between the
transmembrane and TIR domain is a critical determinant for its
localization (33). Human TLR3 and fgTLR3 share similar linker
regions, but fgTLR22 does not have a similar linker sequence (Fig.
1B). Thus, we expected that fgTLR22 and fgTLR3 are distinctly
localized,

To test this premise, we transfected HEK293 cells with myc-
tagged fgTLR22 or Flag-tagged fgTLR3 and examined their ex-
pression using FACS analysis. fgTLR22 protein was observed par-
tially on the cell surface (data not shown), On the cell surface,
however, no fgTLR3 expression was observed, consistent with the
case of dendritic cell human TLR3, which resides in the cytoplas-
mic compartments, Next, we overexpressed fgTLR22 or fgTLR3
in HeLa cells and visualized their localizations using a confocal
microscope. YFP-labeled fgTLR3 was used in this study to avoid
artificial deposition of fluorescence-labeled secondary Abs onto
the cells. YFP labeling and HA or Flag labeling gave a similar
imaging profile to fgTLR3 (data not shown). fgTLR3 was local-
ized in the cytoplasm (Fig. 4). FgTLR3 was largely merged with
calnexin (an integral protein localized in ER), suggesting that
feTLR3 localizes in the ER. In contrast, fgTLR22 was largely
situated in close proximity to the cell surface, with only a minor
population sitting in the cytoplasm (Fig. 4). These results confirm
the predominant localization of fgTLR22 on the cell surface.
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FIGURE 6. Dynamics of
fgTICAM-1, fgTLR22, and fgTLR3
after poly(l:C) stimulation. RTG-2
cells onto coverslips were trans
fected with fgTLR22 (Fl 1) 4h
and fgTICAM-1 (HA-tagged "

fgTLR3 (YFP) and fgTICAM-I
HA-tagged) (B). Cells

lowed to stand for 24 h, stimulated

with poly(1:C) (25 pg/ml) for the in B
dicated intervals, and then stained

with anti-Flag mAb and anti-HA

were  al-

analyzed by
YFP and Flag 0h

zave a similar localization

pAb. Samples were
confocal microscopy

labeling
profile to TLR3 (data not shown)

4h

In the next experiment, we transfected OLHd-rRe3 fibroblastic
cells derived from . latipes (36) with fgTLR22 or fgTLR3 and
tested their localizations. Although the transfection efficacy was
very low in OLHd-rRe3 cells, we checked localization of TLRs by
confocal analysis. As in the HelLa cells, cytoplasmic localization of
feTLR3 and cell surface-dominant localization of fgTLR22 were
confirmed with OLHd-rRe3 cells (Fig. 4). Double staining of both
fgTLR22 and fgTLR3 clearly supported their differential localiza-
tions. We also observed these localization differences in RTG-2
cells (data not shown). Taken together, [gTLR22 mainly localizes
on the cell-surface membranes distinct from fgTLR3 in fish cells
Adaptor selection of fgTLR22
Human TLR family proteins use four adaptor proteins, MyD8E,
Mal/Toll-IL-1R domain-containing adaptor protein (TIRAP)
TICAM-I/TRIF, and TICAM-2TRAM., to induce cytokine pro-

everal teleost genomes encode three adaptor pro-

duction (1, 2).
teins, MyD8&8, TIRAP, and TICAM-1 (37). Teleost TICAM-2 has
not been found and may have been lost in the teleost lineage dunng
evolution (30). At first we used HEK293 cells to determine which
human adaptor protein is compatible with fgTLR22 by reponer

assay. FgTLR22 and a dominant-negative form of human MyD88
or TICAM-1 were transfected into HEK293 cells with the human
IFN-B promoter reporter, and the cells were stimulated with
human TICAM-I1

-EXpress-

poly(1:C). The dominant-negative form of
(P434H) inhibited IFN-B promoter activation in fgTLR2
ing cells, but the dominant-negative human MyD88 did not (Fig
5A). Additionally, P434H inhibited fgTLR3-mediated IFN-§ pro-
moter activation in fgTLR3-expressing HEK293 cells (Fig. 5A4)
T'hus, human TICAM-1 can act as an adaptor for fgTLRs.

Next, we made the dominant-negative form of fgTICAM-1,

which has a mutation similar to that of the human dominant-neg-
ative form, We transfected fgTLR22, fgTLR3, and type 1 IFN re-
porter into RTG-2 cells with or without the dominant-negative
form of fgTICAM-1 and then examined reporter activation. As in
human cells, dominant-negative fgTICAM-1 inhibited the reponer
activation in fgTLR22- and fgTLR3-transfected cells (Fig. 58)
Hence, fgTLR22 and fgTLR3 used fgTICAM-1 as the adaptor
T'o further confirm the utilization of fgTICAM-1 as the adaptor

by fgTLR22, we performed immunoprecipitation analyses. Full-
length Flag-tagged fgTLR22 or fgTLR3 was transfected into

HEK293 cells together with HA-tagged full-length fgTICAM-1

)0
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FIGURE 7. Viral dsRNA-mediated fglFN induction interferes with
fgTLR22. RTG-2 cells were transfected with the fgTLR22 plasmid
(pEFBOS (fgTLR22)) or pEFBOS (vector only) and the fgIFN reporter
plasmid. Twenty-four hours later, cells were treated for 6 h with me-
dium only, poly(1:.C), RTG-2 cell 1otal RNA, or dsRNA of IPNV or
rotavirus (SA11) origin. fgIFN activation was monitored by lucilerase
activity in the cell lysate.

We prepared cell lysates 24 h after transfection, and fgTLR22 and
fgTLR3 were immunoprecipitated with anti-Flag Ab. Precipitates
were analyzed by SDS-PAGE and stained with anti-Flag or HA
Abs, Co-immunoprecipitation was confirmed with fgTICAM-1
and fgTLR22 or fgTLR3 (Fig. 5C), suggesting that fgTICAM-1
binds fgTLR22 and fgTLR3 in HEK cells.

Stimul,
SfeTLR22

On cytological analyses with OLHd-rRe3 cells, overexpressed
feTICAM-1 was uniformly distributed over the cytoplasm without

t of feTICAM to feTLR3 and

P .
induced recrui

A a)

mock

FIGURE 8. (gTLR22 expression protects cells from
IPNV infection. A, RTG-2 cells were transfected with
pEFBOS (fgTLR22) plasmid or empty vector, and 24 h
later cells were exposed to the indicated moi of IPNV
propagated with the RTG-2 cells. Imact IPNV (a) or a
preparation pretreated with RNase 111 to remove con-
taminating dsRNA (b) was used as a virus source,
dsRNA degradation was confirmed with agarose gel (c).
At timed intervals (usually 7 days), when cells die by
IPNV-induced cell death, CPE was observed under the B

T

fgTLR22 control b)

moi= 0.1

moi=0.01

ANTIVIRAL RESPONSE BY TLR22

stimulation. The localization profile of fgTICAM-1was not much
changed after poly(I:C) stimulation in later time points (Fig. 6).
Likewise, a major population of fgTLR22 barely changed its lo-
calization even when stimulated with poly(1:C) (Fig. 6B8). Only a
small population appeared inside the cells in response to poly(l:C)
and it partially merged with fgTICAM-1 (Fig. 68). FgTLR3 was
distributed in the cytoplasm in resting cells, but 2 h after the stim-
ulation the fgTLR3 gathered to form “speckles™ in the cytoplasm
(Fig. 64). Although some fgTLR22 and fgTLR3 colocalized with
fgTICAM-1 on poly(I:C) stimulation, they gradually dissociated
(Fig. 6). These data show that both fgTLR22 and fgTLR3 use
TICAM-1 as the shuttling adaptor for IFN induction.

TLR22-mediated antiviral response in fish cells

Type | IFN is crucial for the antiviral response in mammals.
Because fgTLR22 induced IFN in fish cells, we expected it o
be required for cell protection against virus infection. To test
this hypothesis, we prepared dsRNA of the IPNV (38, 39).
IPNV genomic dsRNA was extracted from IPNV-infected
RTG-2 cells. Isolated dsRNA of IPNV was poured over RTG-2
cells expressing fgTLR22. Like synthetic dsRNA or rotavirus-
derived dsRNA (SA11), dsRNA of IPNV-induced endogenous
IFN gene expression in fgTLR22-expressing cells compared
with control vector-transfected cells (no induction of IFN) 2 h
after stimulation (Fig. 7).

To test the resistance of RTG-2 cells to IPNV infection, we
propagated a large-scale IPNV preparation amplified with RTG-2
cells. The preparation usually contained naked RNA of the IPNV
genome. Thus, we prepared two infection sources for the assay: an
IPNV preparation containing dsRNA, and an IPNV preparation
depleted of free dsSRNA, The latter sample was prepared by treat-
ing the IPNV preparation with RNase Il (Fig. 84). The IPNV
preparations depleted of dsRNA infected RTG-2 cells and induced

<)
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T
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PNV
(dsRNA)
RNase Il

microscope. Cells were fixed with 10% for 10
and stained with crystal violet. B and C, RTG-2 cells
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CPE followed by apoptosis (Fig. 84). Infected RTG-2 cells were
rescued from CPE if the cells expressed fgTLR22 beforehand (sce
the wells of moi of 0.01) (Fig. 8A).

We then quantitatively determined fgTLR22-mediated inhibi-
tion of IPNV infection. IPNV (moi = 0.1) (10 pg/ml) with (Fig.
88) or without (Fig. BC) naked dsRNA was added to TLR22-
expressing RTG-2 cells, We measured the virus titer (TCID,/ml)
in the supernatants of control and fgTLR22-expressing cells.
Twenty-four hours after infection, the IPNV titer was greatly de-
creased in f[gTLR22-expressing cells compared with untransfected
cells (Fig. 8, B and C). The IFN message was efficiently induced
in cells with fgTLR22 concomitant with [PNV infection. Control
cells. however, barely raise the IFN message in response to IPNV
(Fig. BD), suggesting that fgTLR22 has a critical role in IFN-
mediated antiviral defense in fish cells. In conclusion, fgTLR22
governs antiviral response to a dsRNA virus IPNV via induction of
fish IFN.

Discussion

Herein, we demonstrated that TLR22 is a dsRNA recognition
receptor. Since fish possess both TLR3 and TLR22, they have
a dual dsRNA recognition system. TLR3 and TLR22 recruit a
common adaptor, TICAM-1. TLR22 preferentially recognizes
long-sized dsRNA, localizes to the cell surface, and is widely
distributed to tissue/organs (20). This is the first study to reveal
that the TICAM-1 pathway serves as a key alert for an RNA
virus sensor on the veriebrates.

According to bootstrap probability analysis, TLR22 does not
belong to the TLR3 family; instead, it is proximal to mouse
TLR13, which has not been characterized as a dsRNA-recognizing
TLR. Thus, two arms of the TICAM-1 pathway have evolved as
dsRNA receptors in fish, and only one (TLR3) has been preserved
in mammals. Development of TLR22 instead of TLR3 may have
some merit for protection against viruses with dsRNAs by aug-
menting the susceptibility of the local IFN response to long RNA
duplexes in the vertebrates.

We wanted to clarify why teleosts need a cell surface RNA
recognition system. Fish live in water and are exposed to many
kinds of negative-stranded RNA viruses belonging to the Rhab-
doviridae and to dsRNA viruses (40, 41). Bacteria such as
Rhodovulum sulfidophilum and perhaps other species extracellu-
larly liberate ribosomal and transfer RNAs (42). Thus, the sea may
contain RNA viruses and RNA products of microbial origin. The
sea is home to a unique and mysterious microbial environment.
During evolution, vertebrates in water may have been protected
from these pathogens by developing the set of RNA-sensing TLRs
and the IFN system, which are distinct from those expressed in
land animals. Our results indicate that RNA-sensing by TLRs pro-
tects fish from spreading or exacerbating infection. Viral RNAs
often form a stem-loop or duplex signature (43) and are released
from infected individual fish into the sea. TLR22 may sense such
floating RNA as an infection threat.

Overexpressed teleost TLR22 protects host cells from infection
with IPNV, which is a naked bisegmented dsRNA virus belonging
to the family Birnaviridae (44). Binaviruses have a single T = 13
icosahedral shell composed of 120 subunits and they lack the char-
acteristic inner capsid. Aquatic birnaviruses are distributed world-
wide, can infect a range of fish and shellfish species (44, 45), and
are viral pathogens that cause problems in fry and young fish.
Although teleosts have the gene encoding a putative ortholog of
the cytoplasmic RNA sensor MDAS (24), IPNV efficiently infect
teleost cells unless TLR22 is expressed in some population of
cells. Thus, fish MDAS is insufficient for protection against this
type of dsRNA virus. Although not all cells express TLR22, IFN
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seems to be sufficiently induced by TLR22-expressing cells (Fig.
8D) to provide antiviral environment in surrounding cells, result-
ing in host cell protection. However, how TLR22 detects the [PNV
infection remains to be clarified. The necessity of TLR22 and the
mode of its dsSRNA recognition in fish are of interest for further
investigation.

A notable difference between fgTLR22 and surface-expressed
human TLR3 is that fgTLR22 is ubiguitous whereas surface TLR3
is expressed exclusively together with endosomal/ER TLR3 in
TLR3-positive cells. In humans, cell-surface TLR3 is therefore
distributed limitedly to the fibroblasts and epithelial cells. We pre-
viously found human TLR3 on the cell surface of fibroblasts,
which therefore binds anti-TLR3 mAb, TLR3.7 (46). TLR3 on the
fibroblasts recognizes exogenously added poly(I:C) to confer
IFN-B induction (46). The IFN-inducing properties of human
TLR3 by fibroblasts are blocked by this mAb. The result is a
unique and exceptional TLR3 feature that reflects a differential
TLR3 function (10). Ultimately, in humans TLR3 is expressed in
the cytoplasmic compartments and on the surface of fibroblasts
(33). Other reports also found that human bronchial, bile duct, and
intestinal epithelial cells express TLR3 on the cell-surface mem-
brane (47-50). In this view, surface-expressed human TLR3 is a
functional remnant of fish TLR22: TLR3 functions in the mucosal
region wherein body fluids are continuously in contact with the
flora. Because the cell surface-associated dsRNA recognition is
important even in humans, TLR3 is expressed on human fibro-
blasts and epithelial cells (50-52).

In this study, we found that fgTLR3 and fgTLR22 recognize its
ligand dsRNA at the different sites and recruit fgTICAM-1. Al-
though TLR22 expression is limited to part of the cell surface, a
colocalization study with cholera toxin did not support its expres-
sion being restricted to lipid rafts (data not shown). Unlike the case
of human TLR3, the chloroquin treatment of HEK293 cells ex-
pressing TLR22 did not abrogate the activation of the IFN-§ re-
porter gene by poly(I:C) (data not shown). Thus, it is unlikely that
TLR22 captures poly(I:C) at the endosome, as does TLR3. Human
and mouse TLR3 in myeloid dendritic cells have a role in driving
the cells to a maturation stage sufficiently activating NK and T
cells (9, 53). Itis intriguing whether TLLR22 possesses this function
in dendritic cells.

In this context, the question is how TLR22 assembles TICAM-1
to transmit the dsRNA-recognition signal. Possible answers may
lie in the fish-specific TLR22 pathway and in the functional dif-
ference between mammalian and teleost TICAM-1. A recent study
of 2[TICAM-1 suggested that overexpression of Z{TICAM-1 acti-
vates the zfIFN promoter but that TICAM-1 does not interact with
zfTRAF6 (30). The zfTICAM-1 N-terminal region does not con-
tain a TRAF6-binding motif, and the C-terminal region of
2fTICAM-1 sufficiently activates the IFN promoter, suggesting the
involvement of RIP1-mediated NF-xB activation in zf{IFN pro-
moter activation (30). In OLHd-rRe3 cells, a zebrafish minimal
Mx promoter that contains two ISRE barely responds to overex-
pressed fgTICAM-1 or its N-terminal-deleted form, but it en-
hances activation of the zfIFN promoter, as shown by reporter
assay. In human TICAM-1, the N-terminal region is mandatory for
IRF-3-mediated type I IFN induction in the human system (14,
54), Ultimately, fish TICAM-1 behaves like human TICAM-1. al-
though fish TICAM-1 does not mediate IRF-3 for activation of the
IFN-B promoter (30). It takes a longer period for fish cells (com-
pared with human cells; see Refs, 54, 55) to evoke TLR-TICAM-1
interaction in response to poly(l:C), which may be attributable to
the temperature (~20°C) where the fish cells are grown, rather
than to the difference of signaling mode. Hence, the TICAM-1
pathway is conserved across fish and humans, but its molecular
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bases for IFN induction are different between them. Our specula-
tion is that fish cells have an IFN output similar to that of human
cells (54, 55) but that the signal cascade for IFN production is
modally different. Teleost TICAM-1, which is partly dissimilar to
human TICAM-1 in its structure, might explain the differential
selection of their signal pathways.

An alternative possibility is that the [FN-inducing capacity due

to the recruitment of TICAM-1 lies within the molecular feature of
TLR22. Supporting evidence is that surface-expressed TLR22 re-
tains the capacity to confer the responsiveness to poly(1:C) not
only in fish RTG-2 cells but also in human HEK293 cells.
FgTLR22 and even only the TIR domain of fgTLR22 can couple
with human TICAM-1 as well as fish TICAM-1 to activate the
human and fish ISRE promoter. Either way, TLR3 is not the only
partner of TICAM-1 in the water venebrates.
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Hepatitis C Virus—-Infected Hepatocytes Extrinsically
Modulate Dendritic Cell Maturation To Activate T Cells
and Natural Killer Cells

Takashi Ebihara,' Masashi Shingai,' Misako Matsumoto,' Takaji Wakita,* and Tsukasa Seya'

Dendritic cell maturation critically modulates antiviral immune responses, and facili-
tates viral clearance. Hepatitis C virus (HCV) is characterized by its high predisposition
to persistent infection. Here, we examined the inmune response of human monocyte-
derived dendritic cells (MoDCs) to the JFHI strain of HCV, which can efficiently
replicate in cell culture, However, neither HCV RNA replication nor antigen production
was detected in MoDCs inoculated with JFH1. None of the indicators of HCV interact-
ing with MoDCs we evaluated were affected, including expression of maturation mark-
ers (CD80, 83, 86), cytokines (interleukin-6 and interferon-beta), the mixed lymphocyte
reaction, and natural killer (NK) cell cytotoxicity. Strikingly, MoDCs matured by
phagocytosing extrinsically-infected vesicles containing HCV-derived double-stranded
RNA (dsRNA). When MoDCs were cocultured with HCV-infected apoptotic Huh7.5.1
hepatic cells, there was increased CD86 expression and interleukin-6 and interferon-
beta production in MoDCs, which were characterized by the potential to activate NK
cells and induce CD4* T cells into the T helper 1 type. Lipid raft-dependent phagocy-
tosis of HCV-infected apoptotic vesicles containing dsRNA was indispensable to MoDC
maturation. Colocalization of dsRNA with Toll-like receptor 3 (TLR3) in phagosomes
suggested the importance of TLR3 signaling in the MoDC response against HCV.
Conclusion: The JFH1 strain does not directly stimulate MoDCs to activate T cells and
NK cells, but phagocytosing HCV-infected apoptotic cells and their interaction with the
TLR3 pathway in MoDCs plays a critical role in MoDC maturation and reciprocal
activation of T and NK cells. (HeraTOLOGY 2008;48:48-58.)

Abbreviations: CPZ. chlorpromazine: CTL, cywxic T lymphocyte; DC, dendritic cell: DC-SIGN, dendritic cell-specific intercellular adheion molecule 3-grabbing
namintegrin: diRNA, dowble-sranded RNA; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell soriing; HCV, hepatitis C virus: IFN,
interferon; IFNAR, type | IEN-alpha receptor; IL, interlewkin; IRF, IFN regulatory factor; MBCD., methyl-beta-cyclode MDAS, mels differentiation asociated
gene 5: mAb, monoclonal antibody: MoDC. manocyte-derived dendritic cell: MOI, mulsiplicity of infection: MV. measles virus; NK natural killer; NKG2D, natural killer
group 2, member D; PAMP, pathogen associnted molecular pattern; PBMC, peripheral blood mononuclear cells; pDC, plasmacytoid DC; poly I'C, polyinosinic:polycytidylic
acid: RIG-1, retinoic acid inducible gene I: RSV, respiratory symeytial virus; RT-PCR, reverse-ranscription pa;frmrm:lr chain reaction; siRNA, small ;'unn_'fm'n_g RNA:
SNARF1, far red immunoftusrescence dye; Thi, T helper 1; TLR. Toll-like receptor; TNF, tumor necrosis factor.
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epatitis C virus (HCV) is a single-strand, posi-

tive-sense RNA virus belonging to the flaviviri-

dae family. HCV develops persistent infection
in <70% of infected patients, and eventually causes
chronic hepatitis, cirrhosis, and hepatocellular carcinoma
in some patients.! Once chronic infection is established in
patients with HCV, spontaneous viral clearance fails,!
although how HCV remains persistently infecting the
liver is unknown, It has been accepred thar successful viral
clearance by the host is largely attributed to robust induc-
tion of type I interferon (IFN) and antiviral cellular effec-
tors, cytotoxic T lymphocyte (CTL) and natural killer
(NK) cells.** In HCV-infected patients and chimpan-
zees, type | IFN induction and activation of HCV-specific
CD4" T/CD8™ T cells and NK cells are indeed detected
during acute infection. ¢ However, why these antiviral
factors cannor eradicate HCV from most patients is not
addressed. Facilities for inducing the antiviral effectors
and their role against HCV persistence have not been well
determined. A main cause for the deficiency of knowledge
on the host response to HCV is the lack of an appropriate
model for experimental HCV infection.

Two breakthroughs have now made it possible to in-
vestigate the immune response against HCV. First, Toll-
like receprors (TLRs) and other innate immune receptors
of dendritic cells (DCs) were found to be involved in the
host antiviral IFN response, followed by CTL and NK
cell activation.27? Some reports revealed that HCV pro-
teins participate in the regulation of IFN-inducing innate
responses.'®!2 Second, an in vitro amplifiable 2a type
HCV strain, JFH 1, was established by Wakira eral.'* and
Zhong et al.'# Infection studies for testing HCV replica-
tion and the immune response are therefore now feasible
in vitro.

There are two major subsets of DCs in humans: plas-
macytoid DCs (pDCs) expressing TLR7 and TLR9 and
myeloid DCs expressing Toll-like recepror 3 (TLR3) for
viral RNA/DNA recognition. Cytoplasmic RNA sensors,
retinoic acid inducible gene I (RIG-I)-like receprors, also
participate in viral RNA recognition and IFN induction.”
RNA virus infection allows pDCs o induce type I IFN via
TLR7.'5 On the contrary, myeloid DCs recognize virus-
derived double-stranded RNA (dsRNA) to activate path-
ways for IFN-beta production and NK/CTL induction.”
916 What happens in the pathway of myeloid DC
maturation during HCV infection can now be experi-
mentally followed up in infected cells as the JFH1 strain
can be used for in vitro infection studies. Hence, we inoc-
ulated monocyte-derived (Mo)DCs with JFH1 of HCV.

Here, we show evidence that the JFH1 strain has no
direct route for MoDC infection and MoDCs phagocy-
tosing HCV-infected apoprotic vesicles participate in
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MoDC maturation and reciprocal activation of T cells
and NK cells.

Materials and Methods

Cell Lines, Antibodies, and Reagents. Huh7.5.1
cells were kindly provided by Dr. Francis V. Chisari (The
Scripps Research Institute, La Jolla, CA), and maintained
in Dulbecco’s modified Eagle’s medium—based medi-
um.'¥ Following materials were obrained as indicated:
anti-HCV-core monoclonal antibody (mAb; C7-50)
from Affinity BioReagents (Golden, CO), mAbs against
CD80, CD83, and CD86 from Immunotech (Fullerton,
CA), anti-dsRNA mAb (K1) from English & Scientific
Consulting Bt (Szirak, Hungary), biotin-conjugated
anti-TLR3 mAb from eBioscience (San Diego, CA), flu-
orescein isothiocyanate—labeled goat anti-mouse immu-
noglobulin G from American Qualex (San Clemente,
CA), Streptavidin Alexa Fluor 594 conjugate and
SNARF] from Molecular Probe (Carlsbad, CA), Methyl-
beta-cyclodextrin (MBCD), chlorpromazine (CPZ), and
bafilomycin (BAF) from Sigma-Aldrich (St. Louis, MO).

Preparation of Immature MoDCs, NK Cells, and T
Cells. CD14" monocytes and autologous NK cells were
isolated from human peripheral blood mononuclear cells
(PBMCs) using a MACS system (Miltenyi Biotec, Ber-
gisch Gladbach, Germany).'” Cells purified by this tech-
nique had an average purity of 95%, as assessed by flow
cytometry. Immature MoDCs were generated from
monocytes using human granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF; PeproTech, Rocky Hill,
NJ) and interleukin (IL)-4 (PeproTech).'” Autologous
NK cells were stocked in Cell Banker (Diaton, Tokyo,
Japan) at —80°C. Allogencic CD4" and CD8" T cells
were also negatively isolated by a MACS system (Miltenyi
Biotec).

Stimulation of Immature MoDC, Cytokine Assay,
Immunofluorescent Staining, and Flow Cytometry.
The immature MoDCs (2 X 10°) were inoculated with
HCV and respiratory syncytial virus (RSV) ata multiplic-
ity of infection (MOI) of one or treated with polyinosinic:
polycytidylic acid (poly I:C; 10 pg/mL), and cultured ina
24-well plare. The cells and culture supernatant were har-
vested at indicated time points for reverse transcription
polymerase chain reaction (RT-PCR), fluorescence-acti-
vated cell sorting (FACS), and enzyme-linked immu-
nosorbent assay (ELISA; [FN-beta, [FN-gamma;
Fujirebio, Inc., Tokyo, Japan; IL-6; BD Biosciences,
Franklin Lakes, NJ). In some experiments, immature
MoDCs (2 X 10%) were cocultured with HCV- or non-
infected apoproric cells (4 X 10%). MoDCs were treated
with MBCD (1 mM), CPZ (5 pg/mL), and BAF (100
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nM) for 1 hour before coculture. The viability of these
MoDCs was examined by proidium iodide staining. After
2 days of coculture, the MoDCs were isolated from the
apoptotic cells by Ficoll-Paque Plus (GE-Healthcare,
Waukesha, WI1) using the manufacturer’s methods, and
used for further analysis to assess MoDC functions. The
cell lysates were produced from the apoptotic cells by
three freeze/thaw cycles, followed by centrifugation at
15,000 rpm for 5 minutes or by sonication three times for
20 seconds on ice. Toral RNA was extracted by Trizol
(Invitrogen, Carlsbad, CA) by the manufacturer’s meth-
ods. MoDCs (5 X 10° cells) were transfected with 0.625
g total RNA by N-[1-(2,3-Dioleoyloxy)propyl]-N, N,
N-trimethylammonium methyl-sulfate (DOTAP; Roche,
Mannheim, Germany) and cultured in 24-well plates for
1 day. Huh7.5.1 cells were transfected with poly I:C using
Lipofectamine 2000 (Invitrogen) by the manufacturer’s
methods. ELISA for determination of cyrokine levels,
flow cytometry, and immunofluorescent staining were
performed as reported.!”.18

Virus Propagation. The method to generate infec-
tious HCV particles was referred 1o an in vitro system
using the plasmid pJFH-1.'¢ Noninfected cell superna-
tant was used as noninfected control. The concentrated
virus had a titer of 1 to 2 X 10° flu/mL. A RSV field-
isolate strain (RSV2177) was propagated with Hep-2 cells
as described.!” The titer of RSV2177 was determined by
50% tissue culture infective dose (TCID50) with Hep-2
cells.

Real-time PCR Quantification of Positive-Strand
and Negative-Strand HCV RNA. Toral Trizol-ex-
tracted RNA was analyzed by reverse transcription-PCR
(RT-PCR) with a modification of the previously de-
scribed strand-specific rTth RT-PCR method.!” RT
primers for complementary DNA synthesis of positive
and negative strand HCV RNA were GTGCACGGTC-
TACGAGACCT and GAGTGTCGTACAGCCTC-
CAG, respectively. Positive-strand and negative-strand
HCV PCR amplifications were performed using Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen)
with 200 nM of paired primers, forward CGG-
GAGAGCCATAGTGG and reverse AGTACCA-
CAAGGCCTTTCG. The PCR conditions were 95°C
for 10 minutes, followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. This PCR method could
detect 10 copies of positive-strand or negative-strand
HCV.

Induction and Certification of Apoptosis. A total of
1 X 10° Huh7.5.1 cells were plated in a 24-well plate and
infected with the JFH1 strain at an MOI of 1. At indi-
cated timed intervals, the infected cells and poly I:C-
transfected cells were pretreated with cycloheximide
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Fig. 1. MoDCs are not permissive for HCV replication. (A) Huh7.5.1
cells and MoDCs were inoculated with HCV at an MOI of 1 and cultured
for 3 days. The presence of HCV core antigens was assessed by
immunofiuorescent staining. (B) Real-time RT-PCR to detect positive-
strand and negative-strand HCV RNA. Data show means = SD from three
independent experiments using three different donors.

(20 pg/mL; Sigma) for 30 minutes, followed by tumor
necrosis factor (TNF)-alpha (10 ng/mL; Pepro-Tech).
The HCV-infected and noninfected apoprotic cells were
harvested after another 24-hour culture. Using the HCV-
infected apoptotic cells, we examined the presence of
HCV core antigens and dsRNA by FACS using anti-
HCV core mAb and anti-dsRNA mAb, respectively. Ap-
optosis was assessed by 4',6-diamidino-2-phenylindole-
staining, DNA fragmentation, and FACS by using
fluorescein isothiocyanate-labeled annexin-V and proidium
iodide (Roche).??

Assay for Lymphocyte Proliferation by MoDC., Af-
ter 2 days culture of MoDCs with HCV, poly I:C (10
pg/mL), or the apoprotic cells, MoDCs were harvested
and treated with mitomycin C (20 pg/mL) in phosphate
buffered saline for 45 minutes. For the proliferation assay,
the stimulated-MoDCs (1 X 10%) were cultured with 1 X
10° allogeneic PBMCs, CD4™* T cells, or CD8™ T cells in
U-bottom 96-well plates for 6 days. During the last 24
hours of culturing, [PH]thymidine (1 mCi/well) was
added to the culture medium. Then the cells and medium
were harvested separately by a cell-harvester, and the ra-
dioactivity was measured by a liquid scintillation counter
(Aloca, Tokyo, Japan). For the analysis of CD4" T cell
polarization, the stimulated-MoDCs (1 X 10%) were
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Fig. 2. HCV fails to induce MoDC maturation and cylokine response.
MoDCs were inoculated with HCV at an MOl of 1 and cultured for 48
hours. (A) The supematant was assayed for production of IFN-beta and
IL-6. (B) The cells were harvested for FACS and (C) mixed lymphocyle
reaction (MIR). Allogeneic PBMC were cultured with the inoculated-
MoDCs for 6 days. Proliferation was determined by [*H|thymidine uptake.
Data show means = SD of duplicate or triplicate samples from one
experiment representative of three donors.

treated with mitomycin C and cultured with allogeneic
CD4™ T cells (1 X 10°) for 6 days. Then the cells were
washed and transferred to new round-bottom 96-well
plates. Phorbol 12-myristate 13-acetate (10 ng/mL; Sig-
ma-Aldrich) and ionomycin (1 pg/mL; Sigma-Aldrich)
were added and plates were incubared for a further 24
hours. Supernatants were harvested for cytokine produc-
tion (IL-4, IFN-gamma; GE-Healthcare).

MoDC-NK Coculture and > Cr Release Assay. The
stimulated-MoDCs were harvested for MoDC-NK cocul-
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rure at indicated time points. Autologous NK cells (5 X 10%)
were cocultured with the MoDCs (1 X 10%) in 24-well plates
for 24 hours. Transwell (Corning) was inserted to block the
MoDC-NK cell contact. The supernatants and NK cells
were collected from the MoDC-NK coculture and assayed
for IFN-gamma production (GE Healthcare) and cytorox-
icity against K562. Cytotoxicity was determined by standard
31Cr release assay as described.!?

Gene Silencing of TLR3 in MoDC. Small interfering
RNA (siRNA)-based gene knockdown was preformed with
MoDCs by electroporation as described.?' siRNA duplexes
(small interfering TLR3: car #107056, negative control: cat
#AM4635) were obtained from Ambion (Tokyo, Japan).
Expression of TLR3 was examined by SYBR green real-time
PCR using forward primer, AAGACCCATTATG-
CAAAAGATTCAA and reverse primer, TCCAGATTTT-
GTTCAATAGCTTGTTG. MoDCs (1 X 10 cells) were
electroporated with these siRNA and cultured for 4 hours.
Then, HCV-infected or noninfected apoprotic Huh7.5.1
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Fig. 3. MoDCs inoculated with HCV barely activate NK cells. MoDCs
were harvested at 24 hours after inoculation of RSV and HCV. Autologous
NK cells were cocultured with the MoDCs for 24 hours. (A) The super-
natant were assayed for NK IFN-gamma production. (B) NK cells were
harvested for 51Cr release assay to examine NK cytotoxic activity against
K562, A representative of the three similar experiments with individual
donors is shown.
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Fig. 4. Preparation of HCV-infected apoptotic Huh7.5.1 cells.

Huh7.5.1 cells were infected with HCV at an MOI of 1 and culture for 4
or 5 days. Apoptosis was induced by cycloheximide and TNF-alpha after
4 days culture. At 5 days after infection, the apoptotic cells were
harvested for counting 4',6-diamidino-2-phenylindole stained apoptotic
nuclel, FACS and examination of DNA fragmentation. (A) Typical apo-
ptotic cells stained with 4’ 6-diamidino-2-phenylindole were counted
among <1000 cells and percent cell apoptosis was determined. Data
are means = SD from three independent experiments, each performed
in triplicate. (B) HCV-core antigens were detected in the HCV-infected
apoptotic cells by FACS. (C) DNA was extracted from HCV- or noninfected
apoptotic Huh7.5.1 cells and electrophoresed on agarose gels to eval-
uate DNA fragmentation. (D) HCV- and noninfected Huh7.5.1 cells were
examined for stages of apoptosis by FACS using annexin V-fluorescein
Isothiocyanate (FITC) and proidium iodide. Data shown are representa-
tive of three independent experiments,

cells (2 X 10° cells) were added to the wells. After 48 hours of
culture, the supernatants were harvested and examined for
cytokine concentrations by ELISA.

Results

MoDCs Are Not Permissive for HCV Replication.
MoDCs and Huh7.5.1 cells were inoculated with the
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JFH1 strain at an MOI of 1, then the cells were harvested
for immunofluorescent staining and seq ucnce-spcciﬁc re-
al-time RT-PCR at indicated time points after inocula-
tion. HCV genome RNA (negarive sense of HCV RNA)
was replicated in Huh7.5.1 cells but not to a detectable
level in MoDCs at 2 to 3 days after inoculation (Fig. 1B).
Accordingly, HCV core antigens were detected in
Huh7.5.1 cells, but not in MoDCs, by immunofluores-
cent staining untl 3 days after HCV inoculation (Fig.
LA). Similar results were obtained with monocyte-derived
macrophages and BDCA4* pDCs (data not shown).

MoDC Maturation and Cytokine Response Against
the JFHI Strain, DCs work as key producers of innate
inflammatory cytokines in response to pathogen-associ-
ared molecular patterns (PAMPs). However, MoDCs in-
oculated with JFH1 (MOI = 1) did not produce IFN-
gamma or IL-6 over the noninfected conrrol (Fig. 2A).
MoDCs stimulated with PAMPs mature to up-regulate
CDB80/CD86 expression and activate T cells. Some re-
ports showed that the MoDC maturation was induced
following incorporation of HCV pseudotype particles
into the MoDCs.2?2 However, expression of costimulatory
molecules (CD80, CD86) and a marturation marker
(CD83) were not up-regulated by inoculation with the
JFH1 strain (MOI = 1; Fig. 2B). MoDCs cocultured
with JFH1 strain did not enhance the proliferation of
allogeneic PBMC compared with noninoculated MoDCs
(Fig. 2C).

MoDCs Exposed to the JFHI Strain Do Nor Acti-
vate NK Cells. MoDCs are known to recognize PAMDs
and promote NK cell activation via MoDC/NK recipro-
cal interaction.” We have reported that NK cells are acti-
vated by MoDCs infected with RNA viruses, such as
RSV, influenza virus, and measles virus.!” We inoculated
MoDCs with RSV or the JFH1 strain at an MOI of 1 and
cocultured the MoDCs with autologous NK cells. After
1-day of coculture, NK cell IFN-gamma and cytoroxicity
were markedly induced by RSV-treated MoDCs but not
HCV-treated MoDCs (Fig. 3A,B).

HCV-Infected Apoptotic Cells Induce MoDC Mat-
uration and Cytokine Responses. Then, we moved on
to whether HCV-infected cells affect MoDC marturation,
We first cocultured MoDCs with HCV-infected or non-
infected Huh7.5.1 cells and examined IL-6 production
by MoDCs. MoDCs cocultured with HCV-infected
Huh7.5.1 cells secreted more I1L-6 than those with non-
infected Huh7 cells (Fig. 5A). However, since HCV in-
fection induced apoptosis in Huh7.5.1 cells, HCV-
infecred and noninfected Huh7 cells were not in the same
apoptotic stages (Fig. 4A). We had to exclude the possi-
bility that apoproric events themselves affect MoDC mar-
Therefore, we forced HCV-infected and

uration,
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Fig. 5. HCV-infected apoptotic cells Induce MoDC maturation and cytokine response. MoDCs were cocultured with HCV-infected/noninfected
apoptotic or nonapoptotic cells for 2 days. Polyl:C stimulation was used as a positive control. (A,B) The culture supematants were assayed for
determination of IFN-beta and IL-6. The MoDCs were isolated from the apoptotic cells and used for (C) FACS and (D) mixed lymphocyte reaction
(MLR). MoDC maturation was examined by the expression of CDB0, CD83, and CD86 (C, a representative of three donor experiments). Allogeneic
PBMCs were cultured with the MoDCs for 6 days. Proliferation was determined by [*H]thymidine uptake (D, means = SD of triplicate samples from

one representative of three donors).

noninfected cells to induce full apoptosis by cyclohexi-
mide and TNF-alpha to the same level of apoptotic stages
(Fig. 4A). HCV core antigens were detected in 20.5% of
the HCV-infected apoprotic cells (Fig. 4B). Apoptotic
nuclei were observed in almost all of HCV-infected and
noninfected cells (Fig. 4A). DNA ladder formarion, a
hallmark of apoprosis, was detected in HCV-infected and
noninfected apoptotic Huh7.5.1 cells to similar levels
(Fig. 4C). Apoptotic cells, either infected or noninfected,
gave similar profiles by flow cytometry using annexin-V
for early apoptosis and propidium iedide for late apopro-
sis (Fig. 4D).

We applied these HCV-infected and noninfected ap-
optotic cells to MoDCs and determined the concentra-
tion of IFN-beta and IL-6 in the culture supernatants.
HCV-infected apoptotic cells facilitated the production
of IFN-beta and IL-6 by MoDCs compared with nonin-
fected apoproric cells (Fig. 5B). In this context, HCV
products, rather than undergoing apoptosis, in infected
cells are an essential factor for induction of MoDC mat-
uration (Fig. 5A).

We next examined whether MoDC maturation was
induced by HCV-infected apoptotic cells. After coculture

of MoDCs with the apoptotic cells, MoDCs were isolated
from the apoprotic cells using Ficol Paque. Purity of these
isolated MoDCs reached over 98%, judged by 5(6)-Car-
boxyfluorescein diacetate N-succinimidyl ester labeled
MoDCs (data not shown). CD86 of the maturation
markers on MoDCs (Fig. 5C) was especially more ex-
pressed on these cells by HCV-infected apoprotic cells
than by noninfected apoptotic cells. HCV-infected apo-
ptotic cells slightly enhanced the expression levels of ma-
jor histocompatibility complex class I, class I, and human
leukocyte antigen-E on MoDCs (data not shown).
MoDCs also acquired the increased ability to stimulate
allogeneic PBMCs, CD4™ T cells, and CD8™ T cells in
response to HCV-infected apoproric cells (Figs. 5D and
GA).

We determined the ability of CD4* T cells to pro-
duce IFN-gamma (a Thl cytokine) and IL-4 (a T
helper 2 cytokine) after coculture of allogeneic CD47*
T cells and MoDCs exposed to HCV-infected apopto-
tic cells. These CD4" T cells produced higher levels of
IFN-gamma and lower levels of IL-4 (Fig. 6B) com-
pared to the noninfected control, suggesting that
HCV-infected apoprotic cells modulate MoDC func-
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Fig. 6. HCV-infected apoptotic cells modulate MoDC function to po-
larize the Thl shift. (A) After 2 days culture with HCV-infected and
noninfected apoptotic cells, the isolated MoDCs (1 X 10*) were cultured
with allogeneic CD4*T cells and CDB* T celis (1 % 10°) for 6 days.
Proliferation was determined by [*H|thymidine uptake. (B) Allogeneic
CD4* T cells were harvested after 6 days culture with the MoDCs and
stimulated with phorbol 12-myristate 13-acetate and ionomycin for 24
hours. The supematants were collected to assess the levels of IFN-
gamma and IL-4 by ELISA. Poly I:C stimulation was used as a positive
control. Data shown are means = SD of duplicate or triplicate samples
from one experiment representative of three donors.

tion to promote Thl-dominant immunity in the
Th1/T helper 2 balance.

HCV-Infected Apoptotic Cells Stimulate MoDCs
To Activate NK Cells. We next evaluated whether these
mature MoDCs could enhance NK activity via MoDC-NK
interaction. After exposure of MoDCs to HCV-infected or
noninfected apoprotic cells, MoDCs were isolared as de-
scribed above. HCV-infected apoprotic cells promoted
MoDC function to augment NK cell cytoroxicity bur not
IFN-gamma production compared to noninfected cells (Fig.
7A,B). This up-regulation of NK cell cytotoxicity through
MoDC-NK interaction was canceled by separating MoDCs
from NK cells with a transwell insertion (Fig. 7C). This
suggested that cell-cell contact was the key factor for MoDC-
mediated NK cell cytotoxicity induced by coculture with
HCV-infected apoprortic cells,

MoDC Maturation Relied on TLR3 Signal Evoked
by dsRNA in Apoptotic Vesicles. We surveyed the
mechanism of MoDC maturation by HCV-infected ap-
optotic cells. Since HCV is a positive single-strand RNA
virus, dsRNA was detected in HCV-containing apoptotic
vesicles by mAb against dsSRNA (Fig. 8A). To investigate
whether MoDCs were taking up these apoptotic vesicles,
we labeled HCV-infected apoptotic cells with the far red
Auorescent dye, SNARF-1. MoDCs phagocytosed the
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SNAREF-1-labeled vesicles containing dsRNA, which par-
tially colocalized with TLR3 (Fig. 8B,C). N-[1-(2,3-Dio-
leoyloxy)propyl]-N, N, N-trimethylammonium methyl-
sulfate (DOTAP)-based transfection was employed for
the targeting of RNA to the TLR3-containing endo-
some.” HCV-derived RNA allowed MoDCs to induce
IL-6 production as in control poly I:C (Fig. 8D). IL-6 of
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Fig. 7. NK cell activation by MoDCs exposed to HCV-infected apopto-
tic cells. After 2 days culture with HCV-infected and noninfected apo-
ptotic cells, the isolated MoDCs were cultured with autologous NK cells
for 24 hours. (A) NK cytotoxic activity against K562 was determined by
SICr release assay. Poly I:C stimulation was used as positive control. (B)
Supematant of the MoDC-NK coculture was assayed for NK cell IFN-
gamma production. In some experiments, transwell was used to block
MoDC-NK cell contact, (C) Using these NK cells, cytotoxic activity was
measured by 5'Cr release assay. Data shown are means = SD of
duplicate or triplicate samples from one experment representative of
three donors.
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