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Hepatitis C virus (HCV) infection induces a wide range of chronic liver injuries; however, the mechanism through
which HCV evades the immune surveillance system remains obscure. Blood dendritic cells (DCs) play a pivotal role
in the recognition of viral infection and the induction of innate and adaptive immune responses. Several reports
suggest that HCV infection induces the dysfunction of DCs in patients with chronic hepatitis C. Toll-like receptor
(TLR) has been shown to play various roles in many viral infections; however, the involvement of HCV proteins in
the TLR signaling pathway has not yet been precisely elucidated. In this study, we established mouse macrophage
cell lines stably expressing HCV proteins and determined the effect of HCV proteins on the TLR signaling pathways.
Immune cells expressing NS3, NS3/4A, NS4B, or NS5A were found to inhibit the activation of the TLR2, TLR4,
TLR7, and TLRY signaling pathways. Various genotypes of NS5A bound to MyD88, a major adaptor molecule in
TLR, inhibited the recruitment of interleukin-1 receptor-associated kinase 1 to MyD88, and impaired cytokine
production in response to TLR ligands. Amino acid residues 240 to 280, previously identified as the interferon
sensitivity-determining region (ISDR) in NS5A, interacted with the death domain of MyD88, and the expression of
a mutant NS5A lacking the ISDR partially restored cytokine production. These results suggest that the expression

of HCV proteins modulates the TLR signaling pathway in immune cells.

Hepatitis C virus (HCV) belongs to the family Flaviviridae
and possesses a positive, single-stranded RNA genome that
encodes a single polyprotein composed of approximately 3,000
amino acids. HCV polyprotein is processed by host and viral
proteases, resulting in 10 viral proteins. Viral structural pro-
teins, including the capsid protein and two envelope proteins,
are located in the N-terminal one-third of the polyprotein,
followed by nonstructural proteins. HCV infects 170 million
people worldwide and frequently leads to cirrhosis and hepa-
tocellular carcinoma (36). In over one-half of patients, acute
infection evolves into a persistent carrier state, presumably due
to the ability of HCV to incapacitate the activation of the host
immune mechanisms. Dendritic cells (DCs) are one type of
potent antigen-presenting cell in vivo and play a crucial role in
the enhancement and regulation of cell-mediated immune
reactions. Since DCs express various costimulatory and/or
adhesion molecules, they can activate even naive T cells in a
primary response. The role of the response of HCV antigen-
specific T cells in viral clearance or persistence has been in-
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vestigated extensively in both humans and chimpanzees (6, 27,
48, 51). These studies suggest that acute HCV infections fol-
lowed by viral clearance are associated with a high frequency of
HCV-specific CD4™ and CD8" T-cell responses that can per-
sist (27, 51), while chronic HCV infections are characterized by
weak and restricted CD4™ and CD8" T-cell responses that are
not sustained (51).

Toll-like receptors (TLRs) are membrane-bound receptors
that can be activated by the binding of molecular structures
conserved among families of microbes. More than 10 different
TLRs have been identified to date (2). They are highly con-
served among mammals and are expressed in a variety of cell
types. TLR binding and stimulation by pathogen-associated
molecules is followed by a cascade of intracellular events that
culminate in the expression of multiple genes (2). TLR signal-
ing is mediated primarily by the adaptor protein myeloid dif-
ferentiation factor 88 (MyD88), which triggers the activation of
transcription factors, such as NF-«B, that are essential for the
expression of proinflammatory cytokine genes (2). This path-
way also leads to the potent production of type I interferon
(IFN) through the activation of IFN regulatory factor 7 (IRF7)
upon stimulation of TLR7 or TLR9Y (22). In contrast, Tol)/
interleukin-1 (IL-1) receptor homology domain-containing
adaptor-inducing IFN-B (TRIF/TICAM-1) mediates the pro-
duction of type I IFNs primarily through the activation of IRF3
in response to TLR3 or TLR4 stimulation (2). Type I IFN
induces the maturation of DCs by increasing both the expres-
sion of costimulatory molecules such as CD80, CD86, and
CDA40 and antigen presentation via major histocompatibility
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complex class I in addition to classical endogenous antigen
presentation; it also facilitates the cross-presentation of viral
antigens. A cumulative report has shown that DC activation via
TLR signaling is a prerequisite for the subsequent induction of
vigorous T-cell responses (42). Some viral proteins have been
shown to inhibit the TLR-dependent signaling pathway
through interactions with the downstream adaptor molecules,
suggesting that the alteration of TLR-mediated signals is one
of the mechanisms of virus-induced immune modulation (49).
Dysfunction of DCs in patients with chronic HCV infection
due to immaturation caused by the direct infection of DCs by
HCYV or by interactions with HCV proteins has been reported
previously (4, 21). On the other hand, there have also been
contrasting reports suggesting a lack of impairment of DC
function in both chimpanzees and humans chronically infected
with HCV (26, 32). Thus, at present, alterations in the TLR
signaling pathway in the immune cells of patients with chronic
hepatitis C virus infection are not well understood.

In the present study, we examined the effect of HCV pro-
teins on TLR function in murine macrophage cell lines stably
expressing HCV proteins. The expression of NS3, NS3/4A,
NS4B, or NS5A was found to impair the activation of the TLR
signaling pathways, and NS5A interacted with MyD88 through
the IFN sensitivity-determining region (ISDR) and impaired
cytokine production. To the best of our knowledge, this is the
first demonstration of NS5A as an immunomodulator of TLR
signaling pathways through the direct interaction with an adap-
tor molecule in immune cells.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney 293T cells and mouse macrophage
RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO) containing 10% fetal calf serum. All cells were cultured
at 37°C in a humidified atmosphere with 5% CO,.

Plasmids and viruses. DNA fragments encoding each of the HCV structural
and nonstructural proteins were generated from a full-length cDNA clone of
genotype 1b strain J1 (1) by PCR using Pfu Turbo DNA polymerase (Stratagene,
La Jolla, CA). The fragments were cloned into pCAGGs-puro/N-Flag, in which
the sequence encoding a Flag tag is inserted at the 5' terminus of the cloning site
of pCAGGs-puro (37). A protease-deficient NS3/4A mutant with Ser'® replaced
with Ala (S139A) was generated by the method of splicing by overlap extension
and cloned into pCAGGs-puro. NS5A genes were amplified by PCR from HCV
clones of strains of J1 (genotype 1b), H77c (genotype 1a, kindly provided by J.
Bukh), and JFH1 (genotype 2a, kindly provided by T. Wakita) and cloned into
pcDNA3.1Flag/HA (38). The NSSA deletion mutants were prepared as de-
scribed previously (16). DNA fragments encoding a human MyD8§8, human
Toll-IL-1 receptor domain-containing adapter protein (TIRAP), and human
TRIF-related adapter molecule (TRAM) were amplified by reverse transcrip-
tion-PCR from total RNA of THP-1 cells and cloned into pcDNA3.1-C-Myc-His
(Invitrogen, Carlsbad, CA) and pcDNA3.1Flag/HA. Murine IPS-1 (mIPS-1) was
amplified from total RNA of RAW264.7 cells by reverse transcription-PCR and
cloned into pcDNA3.1Flag/HA. Human MyD88 deletion mutants and a mIPS-1
mutant with Cys>° replaced by Ala (C508A) were generated by the method of
splicing by overlap extension and cloned into pcDNA3.1Flag/HA. pCMVI-
RAKI1-myc and pCMVIRAK4-myc, encoding IL-1 receptor-associated kinase 1
(IRAK-1) and IRAK-4, respectively, were prepared as described previously (53).
pEFBossTICAM-I-HA was kindly provided by T. Seya (44). All PCR products
were confirmed by sequencing by using an ABI PRSM 310 genetic analyzer
(Applied Biosystems, Tokyo, Japan). Vesicular stomatitis virus (VSV) (Indiana
strain, NCP12.1) (19) was kindly provided by M. A. Whitt.

Establishment of stable cell lines expressing HCV proteins. pCAGGs-puro/
N-Flag plasmids encoding HCV proteins were transfected into RAW264.7 cells
by liposome-mediated transfection using Lipofectamine 2000 (Invitrogen) and
selected with 10 pg/m! of puromycin (InvivoGen, San Diego, CA). After about
2 to 3 weeks of selection, several clones were isolated, and cell lysates of each
clone were immunoblotted with each of specific mouse anti-HCV antibody (1) or
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anti-Flag M2 mouse monoclonal antibody (Sigma). Macrophage cell lines stably
expressing HCV proteins and a control cell line obtained by transfection with an
empty pCAGGs-puro vector were maintained in the presence of puromycin (10
wg/ml) throughout the experiments.

Immunoprecipitation and immunoblotting. Cells were seeded onto a six-well
tissue culture plate 24 h before transfection. The plasmids were transfected by
the lipofection method, and the cells were harvested at 48 h posttransfection,
washed three times with 1 ml of ice-cold phosphate-buffered saline (PBS), and
suspended in 0.4 ml lysis buffer containing 20 mM Tris-HCl (pH 7.4), 135 mM
NaCl, 1% Triton X-100, 10% glycerol, and protease inhibitor cocktail tablets
(Roche Molecular Biochemicals, Mannheim, Germany). Cell lysates were incu-
bated for 30 min at 4°C and centrifuged at 14,000 X g for 15 min at 4°C. The
supernatant was immunoprecipitated with 1 pg of mouse monoclonal anti-Flag
M2, anti-hemagglutinin (HA) 16B12 (HA.11; BabCO, Richmond, CA), or anti-
hexahistidine (Santa Cruz Biotechnology, Santa Cruz, CA) antibody and 10 pl of
protein G-Sepharose 4B Fast Flow beads (Amersham Pharmacia Biotech,
Franklin Lakes, NJ) at 4°C for 90 min. The immunocomplex was precipitated
with the beads by centrifugation at 5,000 X g for 1 min and then washed five
times with 0.4 ml of 20 mM Tris-HCl (pH 7.4) containing 135 mM NaCl and
0.05% Tween 20 (TBST buffer) by centrifugation. The proteins binding to the
beads were boiled in 20 ul of sample buffer and then subjected to sodium dodecyl
sulfate-12.5% polyacrylamide gel electrophoresis and transferred onto polyvi-
nylidene difluoride membranes (Millipore, Tokyo, Japan). The membranes were
blocked with TBST containing 5% skim milk at room temperature for 1 b;
incubated with mouse monoclonal anti-Flag M2, anti-HA 16B12, or anti-hexa-
histidine monoclonal antibody at room temperature for 1 h; and then incubated
with horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG)

antibody at room temperature for 1 h. The cell lines (2 X 10° cells/well) were .

stimulated with various doses of lipopolysaccharide (LPS) derived from Salmonella
enterica serovar Minnesota (Re-595) (Sigma), peptidoglycans (PGN) derived from
Staphylococcus aureus (Sigma), R-837 (InvivoGen), or phosphorothioate-stabilized
mouse CpG (mCpG) oligodeoxynucleotides (ODN1668) (TCC-ATG-ACG-TTC-
CTG-ATG-CT) (Invitrogen) for the times indicated, and the phosphorylation status
of extracellular signal-regulated kinase (ERK) was determined by immunoblotting
using antibodies specific to ERK1/2 or phosphorylated ERK1/2 (T202/Y204) (Cell
Signaling Technology, Inc., Beverly, MA). Cells (1 X 10° cells/well) were treated
with various doses of mouse IFN-a (PBL Biomedical Laboratories, New Brunswick,
NJ) or VSV for 24 h, and the phosphorylation status of double-stranded RNA-
dependent protein kinase (PKR) and signal transducer and activator of transcription
1 (STAT1) was determined by immunoblotting using antibodies specific to STAT1
(Cell Signaling), phosphorylated STAT1 (Cell Signaling), or phosphorylated PKR
(BioSource International, Inc., Camarillo, CA). The immune complexes were
visualized with Super Signal West Femto substrate (Pierce, Rockford, IL) and
detected by using an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan).

Cytokine production and enzyme-linked immunesorbent assay (ELISA). To
evaluate cytokine production in macrophage cell lines expressing HCV proteins,
cells were seeded onto 96-well plates at a concentration of 1 X 10° cellsiwell and
stimulated with various doses of LPS, PGN, R-837, or mCpG. After 24 h of ncu-
bation, culture supernatants were collected, and IL-6 production was determined by
using an OptEIA mouse IL-6 set purchased from BD Pharmingen (San Diego, CA).

Real-time PCR. The cell lines (3 X 10° cells/well) were stimulated with R-837,
LPS, PGN, mCpG, VSV, and polyinosine-poly(C) [poly(I:C)] (Invivogen) for the
times indicated, and the expression of mRNA of cytokines, chemokines, and
TLR genes was determined by real-time PCR. Total RNA was prepared from the
macrophage cell lines using an RNeasy Mini kit (QLAGEN). First-strand cDNA
was synthesized using a ReverTra Ace (TOYOBO, Japan) and oligo(dT),q

primer. Each cDNA was estimated by Platinum SYBR Green qPCR SuperMix -

UDG (Invitrogen) according to the manufacturer’s protocol. Fluorescent signals
were analyzed by using an ABI PRISM 7000 apparatus (Applied Biosystems).
Mouse Ccl2, IFN-B, IFN-al, IFN-a4, and IL-1-a genes were amplified with
primer pairs 5'-GCATCCACGTGTTGGCTCA-3' and 5'-CTCCAGCCTACTC
ATTGGGATCA-3', 5'-ACACCAGCCTGGCTTCCATC-3' and 5-TTGGAG
CTGGAGCTGCITATAGTTG-3, 5'-AGCCTTGACACTCCTGGTACAAAT
G-3' and 5'-TGGGTCAGCTCACTCAGGACA-3', 5'-GCTCAAGCCATCCT
TGTGCTAA-3' and 5'-CATTGAGCTGATGGAGGTC-3', and 5'-TTGGTTA
AATGACCTGCAACAGGA-3' and 5'-AGGTCGGTCTCACTACCTGTGAT
G-3', respectively. The mouse TLR2, TLR3, TLR4, TLR7, TLRY, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) genes were amplified using primer
pairs 5'-AGCTCTTTGGCTCTTCTG-3' and 5'-AGAACTGGGGGATATGC-
¥, 5'-AAATCCTTGCGTTGCGAAGTG-3’ and 5'-TCAGTTGGGCGTTGTT
CAAGAG-3', 5'-GCCTCGAATCCTGAGCAAACA-3' and 5'-CTTCTGCCC
GGTAAGGTCCA-3', 5'-TCTGCAGGAGCTCITGTCCTTGA-3' and 5'-CAAG
GCATGTCCTAGGTGGTGA-3', 5'~ACCAATGGCACCCTGCCTAA-3’ and 5'-
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FIG. 1. Establishment of stable macrophage cell lines expressing HCV proteins. (A) Cell lysates were prepared from macrophage cell lines
expressing each of the HCV proteins (4 X 10° celis) and immunoblotted with antibodies against HCV protems or B-actin. (B) Total RNA was
extracted from macrophage cell lines expressing NSSA (gray bars) or control (white bars), and the expression of mRNA of TLRs was determined
by real-time PCR. (C) The subcellular localization of NSSA was examined by confocal microscopy. Cells were fixed with 4% paraformaldehyde-
PBS, permeabilized with 0.5% Triton X-100, and stained with specific antibodies. Cells expressing NSSA or control cells were extracted into cytosol
(C), membrane-organelle (M), and nuclear (N) fractions. Each fraction was concentrated and subjected to immunoblotting with specific antibodies.
PA28a, calregulin, and histone H1 were used as markers for cytosol, membrane-organelle, and nuclear fractions, respectively.

CGTC_'IT GAGAATGTTGTGGCTGA-3, and 5'-ACCACAGTCCATGCCATC
AC-3' and 5'-TCCACCACCCTGTTGCTGTA-3', respectively. The expression of
mRNAs of each of the chemokines, cytokmes, and TLR was normalized with that of
GAPDH mRNA.

Immunofluorescence microscopy and subcellular localization of HCV proteins
in stable macrophage cell lines. Cells were seeded onto an eight-well chamber
slide at 1.5 X 10° cells per well, washed twice with PBS, fixed with PBS containing
4% paraformaldehydé at 18 h of cultivation, and permeabilized with PBS con-

taining 0.5% Triton X-100 at 15 min. The cells were then incubated at 4°Cfor 1h

with 1 pg of mouse anti-NS5A antibody (Austral Biologicals, San Ramon, CA)
or rabbit polyclonal antibody against calregulin (Santa Cruz Biotechnology) in
PBS containing 10% fetal calf serum (PBSF) and then incubated at room tem-
perature for 1 h with 0.5 ug of Alexa Fluor 488-conjugated anti-mouse IgG
{(Molecular Probes) or Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular
Probes) after three washes with PBSF. After extensive washing with PBSF, the
samples were examined with a FluoView FV1000 laser scanning confocal micro-
scope (Olympus, Japan). To confirm the subcellular localization of the HCV
proteins in the macrophage cell lines, each stable cell line was fractionated with
a Subcellular Proteome Extraction kit (Calbiochem, Darmstadt, Germany).
Stepwise extraction resulted in four distinct fractions, which contained primarily
cytosolic, membrane-organelie, nuclear, and cytoskeleton proteins, respectively.
Each fraction was concentrated by Microcon (Millipore) and subjected to im-
munoblotting. PA28a (Biomol International, Plymouth Meeting, PA), calregu-
lin, and histone H1 (Santa Cruz Biotechnology) were used as cytoplasmic, mem-
brane, and nuclear markers, respectively.

RESULTS

Establishment of macrophage cell lines stably expressing
HCYV proteins. To examine the effect of HCV proteins on the
TLR function of immune cells, we established murine macro-
phage cell lines stably expressing HCV structural or nonstruc-
tural proteins. We selected mouse macrophage RAW264.7
cells due to their high level of expression of various TLRs (3)
and their high sensitivity to stimulation with TLR ligands.
Processed HCV structural and nonstructural proteins were
detected in each of the cell lines by immunoblot analyses using
specific monoclonal antibodies (Fig. 1A). To examine the ef-
fect of HCV proteins on TLR expression in macrophage cell
lines, the mRNA of TLRs in cells expressing NS5A was deter-
mined by real-time PCR (Fig. 1B). Although slight reductions
in TLR2, TLR3, and TLR4 or enhancement of TLR7 and
TLR9 was observed, a substantial amount of mRNA of the
examined TLRs was detected in the cell lines expressing NS5A
and other HCV proteins (data not shown). To determine the
subcellular localization of HCV proteins in macrophage cell
lines, the expression of HCV proteins was examined by con-
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FIG. 2. Expression of HCV nonstructural proteins modulates IL-6 production and MAPK cascades through the TLR-dependent signaling
pathway in macrophage cell lines. (A) Cells were seeded onto 96-well plates (1 X 10° cells/well) and stimulated with the indicated amounts of

mCpG, R-837, LPS, or PGN. After 24 h of stimulation, IL-6 production in t

he culture supernatants was determined by sandwich ELISA. Data are

shown as means * standard deviations (SD). (B) Cells (2 X 10° cellsjwell) were stimulated with 10 pg/ml of R-837 for the times indicated, and
ERK1/2 phosphorylation was determined by immunoblotting with antibodies to ERK and phosphorylated ERK (p-ERK). Asterisks indicate
nonspecific bands. (C) Cells (2 X 10° cells/well) were stimulated with 10 pg/ml of mCpG, 25 ng/ml of LPS, or 10 pg/ml of PGN for the times
indicated, and ERK1/2 phosphorylation was determined by immunoblotting.

focal microscopy and cell fractionation (Fig. 1C). HCV NSSA
was colocalized with the endoplasmic reticulum marker cal-
regulin in the macrophage cell line as reported previously for
human hepatoma cell lines (47). Other HCV proteins exhib-
ited similar localization with NS5A (data not shown). To fur-
ther confirm the subcellular localization of NSSA proteins,
cytoplasmic, membrane-organelle, and nuclear fractions of the
cell line expressing NS5A were analyzed by Western blotting.
NS5A was detected mainly in the membrane-organelle frac-
tion. ‘

Expression of HCV NS3, NS3/4A, NS4B, or NS5A modulates
the TLR-dependent signaling pathway in macrophage cell
lines. In order to determine the effect of the expression of
HCYV proteins on the TLR signaling pathway in macrophage
cell lines, we examined the ability of HCV proteins to inhibit
NF-«B activation via stimulation with various TLR ligands.
The macrophage cell lines were stimulated with the TLR li-
gands, and the production of the proinflammatory cytokine
IL-6 in the culture supernatants was determined by ELISA
(Fig. 2A). The expression of HCV structural proteins or NS5B
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FIG. 3. Effect of NS5A expression on the production of cytokines and chemokines in response to TLR ligands in macrophage cell lines. Cells
(3 X 10° cells/well) were stimulated with 10 pg/ml of mCpG, 10 pg/ml of R-837, 25 ng/ml of LPS, and 10 pg/ml of PGN for the times indicated.

had no effect on IL-6 production after stimulation with mCpG,
R-837, LPS, or PGN, which are ligands for TLR9, TLR7,
TLR4, and TLR?2, respectively. On the other hand, the expres-
sion of NS3, NS3/4A, NS4B, or NS5A inhibited the production
of IL-6 induced by treatment with the ligands. These results
_indicate that the expression of NS3, NS3/4A, NS4B, and NS5A
inhibits the production of IL-6 through the TLR-dependent

signaling pathway in macrophage cell lines.
In addition to proinflammatory cytokine production via

NF-kB activation, stimulation of TLR also activates mitogen- -

activated protein kinases (MAPKs). We then examined the
activation of ERK, a MAPK signaling pathway, in response to
the TLR ligands in the macrophage cells expressing HCV
proteins (Fig. 2B). Although the expression of the HCV struc-
tural proteins NS3, NS4B, and NS5B did not alter the phos-
phorylation status of ERK1/2 in response to stimulation with
the TLR7 ligand R-837, the expression of NS5A exhibited a
clear inhibition of the phosphorylation of ERK1/2. To further
examine the effect of NS5A expression on the MAPK cascade
-in response to the TLR ligands, the cells were treated with
mCpG, LPS, and PGN. NS5A expression was found to inhibit
the phosphorylation of ERK1/2 in response to stimulation
with the ligands for TLR9, TLR4, and TLR2 (Fig. 2C). In
contrast, the phosphorylation of c-Jun NH,-terminal kinase in

- Total RNA was extracted from macrophage cell lines expressing NSSA (gray bars) or control (white bars), and the expression of mRNA of IL-1a
and Ccl2 (A) and IFN-B and IL-6 (B) was determined by real-time PCR.

response to stimulation with R-837 was less impaired in the
macrophage cell line expressing NS5A (data not shown). These
results indicate that the expression of NS3, NS3/4A, NS4B, or
NS5A inhibits the production of proinflammatory cytokines
and that the expression of NS5A alone induces the inhibition
of the MAPK cascade in response to stimulation by various
TLR ligands in macrophage cells.

To further examine the effect of NS5A expression on the
production of the other proinflammatory cytokines and che-
mokines in response to TLR ligands, the expression of mRNA
of IL-1a and Ccl2 in cells expressing NS5A after stimulation
with TLR ligands was determined by real-time PCR (Fig. 3A).
Expression of IL-1a and Ccl2 was reduced in cells expressing
NS5A by stimulation with mCpG, R-837, LPS, or PGN except
for the IL-1a expression by treatment with LPS, probably due
to the TRIF-dependent activation of NF-kB. To further con-
firm the specific inhibition of the MyD88-dependent signaling
pathway by NSSA, we examined the effects of NS5A expression
in macrophage cells on the MyD88-independent/TRIF-depen-
dent production of IFN-B (Fig. 3B). Although the expression
of IL-6 mRNA in cells expressing NSSA was impaired after
stimulation with mCpG or LPS, the expression of IFN-8 was
enhanced. These results suggest that the expression of NS5A
specifically inhibits the MyD88-dependent signaling pathway.
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TLR-dependent and -independent immune activation of
macrophage cells expressing NS3/4A or NS5A protein by RNA
virus and dsRNA. TLR3 has been shown to sensitize cells in
response to double-stranded RNA (dsRNA) generated by viral
infection and a synthetic dsRNA analog, poly(I:C), through an
adaptor molecule, TRIF/TICAM-1, but not MyD8&8. Further-
more, RIG-1 and MDAS have been identified as being cyto-
plasmic dsRNA detectors responding to poly(I:C) and viral
RNAs (57, 58), sensitizing cells through an adaptor molecule,
IPS-1/MAVS/VISA/CARDIF, in a TLR-independent manner
(24, 35, 46, 55). Recently, HCV NS3/4A protease was shown
not only to cleave HCV nonstructural proteins but also to
inhibit viral RNA- and dsRNA-induced IFN production
through the cleavage of the adaptor molecules TRIF (28) and
IPS-1 (29, 30, 33, 35). Moreover, it has been shown that
NS3/4A protease inhibits dSRNA-induced immune activation
in a protease-dependent manner in human hepatoma cell lines
(11).

To determine whether murine TRIF (mTRIF) is cleaved by
HCV NS3/4A protease, C-terminally His-tagged mTRIF was
coexpressed with N-terminally Flag-tagged NS3, NS3/4A, or
NS3/4A(S139A) in 293T cells. Immunoblot analyses revealed
that mTRIF was not processed by HCV NS3/4A protease,
probably due to differences in the amino acid sequences at the
cleavage site in mTRIF (Fig. 4A). Amino acid sequences at the
cleavage site of human TRIF are Cys®>’? and Ser*”3, and those
at the cleavage sites of mTRIF are Pro®”? and Ala®” (Fig. 4B).
These results suggest that HCV NS3/4A protease could not
inhibit immune activation through the TLR3-mTRIF-depen-
dent signaling pathway in murine cells. We next determined
the processing of IPS-1 by HCV NS3/4A protease. N-termi-
nally Flag-tagged mIPS-1 or its C508A mutant, with Cys>%®
replaced with Ala to prevent cleavage by HCV NS3/4A pro-
tease, was coexpressed with N-terminally Flag-tagged NS3,
NS3/4A, or NS3/4A(S139A) in 293T cells. Inmunoblot analy-
ses revealed that wild-type mIPS-1 was cleaved in cells coex-
pressing the active NS3/4A protease but not in those with NS3
(Fig. 4C). mIPS-1 processing was reduced in cells coexpressing
NS3/4A(S139A) as well as in those coexpressing mIPS-
1(C508A) and NS3/4A (Fig. 4C). Furthermore, we were able
to detect cleavage of endogenous mIPS-1 in macrophage cell
lines expressing NS3/4A but not in those expressing NS3 or
NS3/4A(S139A) (Fig. 4D), indicating that mIPS-1 in murine
macrophage cell lines is cleaved by HCV NS3/4A protease, as
reported previously for a human hepatoma cell line.

We then examined the effect of expression of NS3/4A and
NS5SA on TLR-dependent and -independent immune activa-
tion induced by dsRNA. VSV and poly(1:C) were inoculated
into macrophage cell lines, and the expression of mRNA of
IFN-B and IL-1a was determined by real-time PCR (Fig. 4E).
The macrophage cell lines expressing NS3/4A exhibited inhi-
bition of IL-1a and IFN-B expression upon infection with VSV
but not in response to poly(I:C), whereas no inhibition was
observed in those expressing NS5A. These results suggest that
the invasion of VSV and poly(I:C) is preferentially recognized
in RAW cell lines by RIG-1-1PS-1- and TLR3-TRIF-depen-
dent signaling pathways, respectively. Inhibition of IL-1a and
TFN-B expression upon infection with VSV but not in response
to poly(I:C) is probably due to the selective cleavage of IPS-1
but not TRIF by NS3/4A protease in the macrophage cell lines.

J. VIROL.

In contrast, the expression of NS5A has no effect on both
TLR3-TRIF and RIG-I-IPS-1-dependent signaling pathways
in macrophage cells. :

Although MyD88/IRF7-dependent production of IFN-a
upon activation was reported in plasmacytoid DCs (pDCs) (17,
23), it is unclear whether murine macrophage cells are capable
of producing IFN-a in a TLR/MyD88/IRF7-dependent man-
ner. To examine the effect of NSSA expression on IFN-a pro-
duction, the expression of IFN-al and IFN-a4 in the macro-
phage cell line upon infection with VSV was determined (Fig.
4E, bottom). In contrast to the effect on IFN-8 production, the
expression of NS5A in the macrophage cells reduced the pro-
duction of IFN-al and IFN-a4 upon infection with VSV, al-
though the inhibitory effect was weaker than that of NS3/4A.
These results suggest that RAW264.7 cells are capable of pro-
ducing IFN-a in a TLR/MyD88/IRF7-dependent manner upon
infection with VSV as reported for pDCs, and the expression
of NS5A partially counteracts this signaling pathway. However,
the production of type I IFNs by the treatment with ligands for
TLR7 (R-837) and TLRY (mouse CpG) was weaker than that
induced by infection with VSV in macrophage cells (data not
shown). Further study is needed to clarify the precise mecha-
nisms of the inhibition of TLR/MyD88/IRF7-dependent IFN-«
production by the expression of HCV NS5A in human immune
cells.

NS5A interacts with MyD88 in mammalian cells. The inhi-
bition of the production of proinflammatory cytokines and
chemokines and the MAPK cascade by NSS5A expression in
response to stimulation by various TLR ligands without par-
ticipation of TRIF- and IPS-1-dependent signaling pathways
suggests that NS5A specifically inhibits the TLR-MyD88-de-
pendent signaling pathway in macrophage cell lines. MyD88 is
a critical component of the signaling pathway and leads to the
production of proinflammatory cytokines, chemokines, and
MAPKs. To determine the effect of the expression of HCV
proteins on the TLR signaling pathway in macrophage cell
lines, the interaction of the HCV proteins with the adaptor
molecules in the signaling pathway of the TLR family was
examined by immunoprecipitation analysis. His-tagged MyD88
was coexpressed with Flag-tagged HCV proteins in 293T cells
and immunoprecipitated with the indicated antibodies. As
shown in Fig. SA and B, MyD88 was coimmunoprecipitated
with NS5A but not with structural and other nonstructural
proteins in 293T cells.

To further confirm the specificity of the interaction of NS5A
with MyD88, NS5A was coexpressed with other adaptor mol-
ecules in the TLR signaling pathway, TRAM, TIRAP, or
TRIF, in 293T cells (Fig. 5C). NS5A interacted with MyD88
but not other adaptor molecules, suggesting that NS5A may
inhibit the production of proinflammatory cytokines and che-
mokines and the phosphorylation of MAPKs through the
counteraction of the MyD88-dependent TLR signaling path-
way.

NSS5A interacts with the death domain of MyD88 through
the ISDR and inhibits recruitment of IRAK to MyD88. To
determine the region of NS5A responsible for the interaction
with MyDS88, a series of deletion mutants of N-terminal Flag-
tagged NSSA was constructed, and its interaction with His-
tagged MyD88 was examined (Fig. 6A). The NS5A mutant
covering amino acids 1 to 280 but .not that covering amino
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FIG. 4. TLR-dependent and -independent immune activation of macrophage cells expressing theNS3/4A or NS5A protein by RNA virus and
dsRNA. (A) Myc-His-mTRIF was coexpressed with Flag-NS3, -NS3/4A, or -NS3/4A(S139A) in 293T cells and immunoblotted (IB) with antibodies
against His and Flag. (B) Alignment of the flanking sequence of NS3 protease cleavage sites of NS4A/4B, NS4B/5A, TRIF, and IPS-1 of human
and murine origins. The cleavage site. is indicated by an arrow. (C) Flag-mIPS-1 and a mutant with Cys°® replaced with Ala (C508A) were
coexpressed with Flag-NS3, -NS3/4A, or -NS3/4A(S139A) in 293T cells and immunoblotted with antibodies.against mIPS-1 and NS3. (D) Pro-
cessing of endogenous mIPS-1. Cell lysates of the macrophage cell lines expressing NS3, NS3/4A, and NS3/4A(S139A) were immunoblotted with
antibodies against mIPS-1, NS3, and 8-actin. The cleavage product of mIPS-1 is indicated as mIPS-I*. (E) Cells (3 X 10° cells/well) were stimulated
with 2 X 10° PFU/mi of VSV ar 50 ug/mi of poly(I:C) for the times indicated. Total RNA was extracted from the macrophage cell lines expressing
NS3/4A (black bars), NS5A (gray bars), or control (white bars), and the expression of mRNA of IFN-B, IL-1a, IFN-al, and IFN-a4 was
determined by real-time PCR.
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FIG. 5. NS5A interacts with MyD88. MyD88-His was coexpressed with Flag-core/E1/E2 or -NS5A (A) or Flag-NS3, -NS3/4A, -NS4B, -NS5A,
or -NS5B (B) in 293T cells; immunoprecipitated (IP) with anti-Flag, E1, or E2 antibody; and immunoblotted (IB) with anti-His antibody.
(C) Flag-NS5A was coexpressed with MyD88-His, TRAM-His, TIRAP-His, or TRIF-HA in 293T cells and immunoprecipitated with anti-His or
-HA antibody. The immunoprecipitates were immunoblotted with anti-Flag antibody. Asterisks indicate nonspecific bands.

acids 1 to 200 exhibited binding to MyD88, suggesting that
amino acid residues 200 to 280 of NS5A are required for the
interaction with MyD88. Further mutational analyses of NS5A
revealed that amino acid residues 240 to 280, which overlap the
ISDR (amino acid residues 237 to 276), which was previously
suggested to be involved in IFN resistance (10, 41), are re-
quired for the interaction with MyD88 (Fig. 6A). To determine
the region of MyD88 responsible for the interaction with
NS5A, His-tagged MyD88 mutants were coexpressed with
Flag-tagged NSSA in 293T cells and immunoprecipitated
with anti-His - antibody. A MyD88 deletion mutant lacking
amino acids 1 to 50, but not one lacking amino acids 1 to 80,
and a mutant possessing amino acids 1 to 70 exhibited binding
to NS5A, suggesting that amino acid residues 50 to 70 in the
death domain of MyD88 are required for the interaction with
NS5A (Fig. 6B).

MyD88 associates with TLRs and acts as an adapter that
recruits IRAK, which is known as a key regulator for TLR7-
and TLR9-mediated IFN-a production in pDCs (53). To
determine the role of NS5A binding to MyD88 in the TLR-
MyD88-dependent signaling pathway, we examined the asso-
ciation of IRAK with MyD88 in the presence of NS5A. Flag-
tagged MyD88 was coexpressed with Myc-tagged IRAK-1 or
IRAK-4 and immunoprecipitated with anti-Myc antibody (Fig.
6C, left). IRAK-1, but not IRAK-4, was coimmunoprecipitated
with MyD88. Although NS5A did not bind to IRAK-1, it was
not possible to assess the interaction of NS5A with IRAK-4
due to the degradation of NSSA in cells coexpressing IRAK-4
for unknown reasons (Fig. 6C, middle). To examine the inter-
play between IRAK-1 and MyD88 in the presence of NS5A,
Flag-tagged MyD88 and Myc-tagged IRAK-1 were coex-
pressed with Flag-tagged NS5A in 293T cells. The interaction
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FIG. 6. NSS5A interacts with the death domain of MyD88 through the ISDR and inhibits recruitment of IRAK to MyD88. (A) The structure of NS5A and
the MyD88 binding region are indicated at the top. MyD88-His was coexpressed with C-terminal deletion mutants of Flag-NS5A in 293T cells, immunopre-
cipitated (IP) with anti-His antibody, and immunoblotted (IB) with anti-Flag antibody (left). MyD88-His was coexpressed with Flag-NSS5A deletion mutants
(A240-280 or A280-300) in 293T cells, immunoprecipitated with anti-Flag antibody, and then immunoblotted with anti-His antibody (right). (B) Flag-NS5A was
coexpressed with N-terminal or C-terminal deletion mutants of MyD88-His (AN1, AN2, AN3, AC1, AC2, or AC3) in 293T cells, immunoprecipitated with
antibody. The structures of MyD88 and the deletion mutants and the NS5A binding region are indicated
on the left. (C) Flag-MyD88 (left) or Flag-NS5A (middle) was coexpressed with IRAK-1-Myc or IRAK-4-Myc in 293T cells, immunoprecipitated with anti-Myc
antibody, and immunoblotted with anti-Flag antibody. Flag-MyD88 and IRAK-1-Myc were coexpressed with Flag-NS5A in 293T cells, immunoprecipitated with
anti-Myc antibody, and immunoblotted with anti-Flag antibody. The effect of the increase in Flag-NS5A expression on the interaction of MyD88 with IRAK-1
was examined by transfection with 0.1, 0.5, or 2 pg of Flag-NS5A expression plasmid (right).
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FIG. 7. NS5A of other genotypes also interacts with MyD88 and inhibits the TLR signating pathway. (A) Flag-NS5As of other genotypes were
coexpressed with MyD88-His in 293T cells, immunoprecipitated (IP) with anti-Flag antibody, and immunoblotted (IB) with anti-His antibody.
(B) The wild type or a deletion mutant lacking amino acids 240 to 280 of Flag-NS5A of genotype 1a or 2a was coexpressed with MyD88-His in
293T cells, immunoprecipitated with anti-Flag antibody, and immunoblotted with anti-His antibody. (C) Amino acid sequences of ISDR and its
adjacent region of strains H77c (genotype 1a), J1 (genotype 1b), Conl (genotype 1b), and JFH1 (genotype 2a). The conserved amino acids among
genotypes 1a and 1b are indicated by boxes. Conserved amino acids among all strains are indicated by asterisks. (D) Macrophage cell lines
expressing NSSA of genotypes 1a (H77c), 1b (J1), and 2a (JFH1) were established. Cells were stimulated with the indicated amounts of mCpG,
R-837, LPS, or PGN, and the production of IL-6 in the culture supernatants was determined by ELISA 24 h after stimulation. Data are shown

as the means *+ SD.

of IRAK-1 and MyD88 decreased in accord with the increasing
NS5A expression complex (Fig. 6C, right), suggesting that the
expression of NS5A may interfere with the TLR-MyD88-de-
pendent signaling pathway through the inhibition of the re-
cruitment of IRAK-1 to MyD88.

NSS5A of other genotypes also interacts with MyD88 and
inhibits the TLR signaling pathway. To determine the inter-
action of MyD88 with NS5A of other genotypes, Flag-tagged
NS5A of genotype 1a (H77c) or 2a (JFH1) was coexpressed
with His-tagged MyD88 in 293T cells. MyD88 was coprecipi-
tated with the NS5As of genotypes 1a and 2a, although it
should be noted that the interaction between the MyD88 and
NSS5A of genotype 2a was weaker than that of the other geno-
types (Fig. 7A). To -determine the region of the NS5As of
genotype 1a or 2a responsible for the interaction with MyD88,
N-terminal Flag-tagged NS5As of genotype 1a or 2a deletion

mutants lacking amino acids 240 to 280 (A240-280) were con-
structed, and their interaction with MyD88 was examined. Mu-
tational analyses revealed that amino acid residues 240 to 280
of the NS5As of genotypes 1a and 2a were also required for the
interaction with MyD88 (Fig. 7B). Amino acid alignment of
the ISDRs of genotypes 1a, 1b, and 2a revealed that the region
of genotype 2a was less conserved than those of the other
genotypes (Fig. 7C).

To determine the effect of NSSA expression of other geno-
types on the TLR signaling pathway, we established macro-
phage cell lines expressing NSSA of each genotype. NS5A
expression for all genotypes was found to inhibit IL-6 produc-
tion after stimulation with mCpG, R-837, LPS, or PGN (Fig.
7D). Although the association of NSSA of genotype 2a to
MyD88 was weaker than that of other genotypes, the expres-
sion of genotype 2a NSS5A in macrophage cells exhibited com-
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FIG. 8. ISDR in NS5A participates in the inhibition of the MyD88-dependent signaling pathway. (A) Structures of NS5A mutants lacking
amino acid residues 240 to 280, in which the ISDR/MyD88-interacting region is located (A240-280), and lacking amino acid residues 280 to 300
(A280-300) (left). Inmunoblot analyses of cells expressing wild-type or mutant NSSA (right) are shown. (B) Cells expressing wild-type or mutant
NS5A were stimulated with the indicated amounts of mCpG, R-837, LPS, or PGN, and the production of IL-6 in the culture supernatants was
determined by ELISA 24 h after stimulation. Data are shown.as the means = SD. (C) Phosphorylation of STAT1 or PKR in response to treatment
with murine IFN-a or infection with VSV. The cell lines were stimulated with two doses of murine IFN-a (2 X 10? and 2 X 10 units/ml) or VSV
(2 X 107 and 2 X 10° PFU/ml). After 24 h of stimulation, cell extracts were immunoblotted (IB) with specific antibodies. Phosphorylated STAT1
and PKR and the total amounts of STAT1 and B-actin were determined. The asterisk indicates nonspecific bands.

parable inhibition of IL-6 production in response to stimula-
tion by various TLR ligands with those of genotypes 1b and 1a.
These results suggest that NS5As of genotypes 1a, 1b, and 2a
interact with MyD88 and inhibit the TLR signaling pathway in
macrophage cell lines.

ISDR participates in the inhibition of the MyD88-dependent
signaling pathway by NS5A. To further confirm the inhibitory
effect of NS5A on the TLR signaling pathway, we established
macrophage cell lines stably expressing an NS5A mutant lack-
ing the ISDR/MyD88 binding region (A240-280) or lacking a
region dispensable for the interaction with MyD88 (A280-300)
(Fig. 8A). The inhibitory effect of TLR signaling in response to

stimulation with mCpG, R-837, LPS, or PGN by NSSA was
partially restored in the cell line expressing the NS5A lacking
the ISDR (A240-280), and comparable inhibition was ob-
served in the cell line expressing the NS5A deletion mutant
retaining the ISDR (A280-300) (Fig. 8B). These results sug-
gest that the interaction of NS5A with MyD88 through the

ISDR is responsible for the disruption of the TLR-MyD88-.
dependent signaling pathway due to the expression of NS5A in

macrophage cells. Partial recovery of the TLR signaling path-
way by the expression of the NS5A mutant lacking the ISDR
suggests the involvement of other inhibitory mechanisms by
NS5A.
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Previous reports suggested that the ISDR of NS5A partici-
pates in conferring IFN sensitivity (10) and in an interaction
with PKR (13). To determine the effect of the interaction of
MyD88 with NSSA through the ISDR on the IFN signaling
pathway, we examined the phosphorylation of STAT1 and
PKR in response to treatment with murine IFN-a and infec-
tion with VSV. The expression of wild-type NS5A and the
A280-300 mutant but not the A240-280 mutant reduced the
phosphorylation of STAT1 in response to IFN-a treatment
(Fig. 8C, top), suggesting that the ISDR/MyD88 binding re-
gion in NSS5A is involved in the IFN signaling pathway. Al-
though cells expressing wild-type NS5A reduced PKR phos-
phorylation, those expressing mutant NSS5A (A240-280 or
A280-300) did not inhibit PKR phosphorylation upon infec-
tion with VSV (Fig. 8C, bottom), which is consistent with the
previous observation that the 66 ISDR-inclusive amino acid
residues (amino acids 237 to 302) are required for interactions
with PKR (13). These results suggest that the expression of
HCV NS5A in macrophage cells counteracts the IFN signaling
pathway through the repression of STAT1 and PKR due to the
interaction with ISDR and its adjacent region.

DISCUSSION

The majority of HCV-infected individuals become chronic
carriers; however, the mechanism of progression to chronicity
remains unclear. Among HCV proteins, NS3 has been shown
to be immunodominant, and T cells that are reactive to NS3
have been suggested to play a crucial role in viral clearance,
while HCV core protein is immunosuppressive (8). Treatment
of immature DCs with core or NS3 protein inhibited DC dif-
ferentiation, and DCs transduced to express core or E1 protein
exhibited poor allogeneic T-cell responses (43). The immuno-
suppressive potential of HCV proteins has been implicated as
a mechanism of the functional subversion of T cells, natural
killer (NK) cells, and DCs. The association of HCV core pro-
tein with the globular domain of the Clq receptor on T cells
down-regulates T-cell proliferation and IL-2 production (25).
Additionally, the HCV E2 protein displays a high affinity for
the tetraspanin cell surface molecule human CD81, which is
one of the candidates for an HCV entry receptor (40), and E2
cross-linking with cell surface human CD81 impairs the acti-
vation of NK cells (7, 52).

In the present study, we established macrophage cell lines
stably expressing HCV proteins and examined the effects of
viral proteins on TLR function. The expression of the NS5A
protein specifically inhibits TLR-MyD88-induced signaling by
associating with the death domain of MyD88 through the
ISDR spanning amino acid residues 240 to 280 in macrophage
cells. HCV NS5A is a phosphoprotein that appears to possess
multiple and diverse functions in viral replication, IFN resis-
tance, and pathogenesis (34). Mutation in the ISDR has been
suggested to correlate with the responsiveness of patients
chronically infected with HCV genotype 1b to IFN treatment
(10). Furthermore, NS5A has been shown to rescue virus rep-
lication in IFN-treated cell cultures (41) and to inhibit the
antiviral activity of IFN by binding to PKR through the ISDR
and its adjacent region (amino acids 237 to 302) (13, 14).
However, controversial observations that the ISDR sequence
variation does not account for differences in IFN sensitivity in
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patients (9) and also in an HCV subgenomic RNA replicon
system (15) have been made. Moreover, the expression of
NSSA or the entire HCV polyprotein has been reported to
counteract the antiviral effect of IFN in a PKR- and ISDR-
independent manner (12). Therefore, the possibility remains
that a molecule other than PKR may be involved in the NS5A-
mediated inhibition of IFN (50). Restoration of the phosphor-
ylation of STAT1 in cells expressing a deletion mutant lacking
ISDR in response to IFN-a and that of PKR phosphorylation
upon infection with VSV in cells expressing NS5A mutants
lacking amino acid residues 240 to 280 (ISDR) or 280 to 300
may support the hypothesis that the ISDR and the adjacent
region are involved in IFN sensitivity. Thus, the ISDR may
participate not only in conferring IFN resistance but also in
disrupting TLR-MyD88 signaling pathways in macrophage
cells.

Several viral proteins have been shown to counteract TLRs

and their downstream signaling cascade. The vaccinia virus

A46R protein contains a Toll/IL-1 receptor domain that inter-
acts with multiple Toll/IL-1 receptor-containing adaptor mol-
ecules, thereby inhibiting the activation of NF-kB and IRF3
(49). Measles virus and respiratory syncytial virus have been
shown to inhibit the TLR7- and TLR9-dependent IFN-induc-
ing pathways stimulated by R848 and CpG oligodeoxynucle-
otides in primary human pDCs (45). HCV NS3/4A has been
shown to influence the functions of adaptor molecules medi-
ating TLR-dependent and -independent signaling pathways,
resulting in an impairment of the induction of IFN-B as well as
the subsequent IFN-inducible genes (11). Recently, RIG-I and
MDAS have been identified as being cytoplasmic dsRNA de-
tectors responding to viral RNAs and poly(I:C) in a TLR-
independent manner and recruit IPS-1 as an adaptor molecule
for signal transduction (24). The uncapped 5'-triphosphate
RNA generated by viral polymerases was shown to be selec-
tively recognized by RIG-I (18, 39). In this study, we could
demonstrate that the invasion of VSV and poly(1:C) into RAW
cell lines is preferentially recognized by RIG-1-IPS-1- and
TLR3-TRIF-dependent signaling pathways, respectively, and
that the expression of HCV NS3/4A protease selectively inhib-
its cytokine production upon infection with VSV through the
cleavage of IPS-1. Therefore, it is feasible that the expression
of NS5A and NS3/4A proteins in macrophage cells may disrupt
TLR-dependent and -independent signaling pathways, respec-
tively. However, the mechanism for the inhibition of the TLR
signaling pathway in the macrophage cells by the expression of
NS3 or NS4B remains unclear.

Although there have been reports suggesting a lack of DC
dysfunction in both chimpanzees and humans chronically in-
fected with HCV (26, 32), direct infection of DCs with HCV
may be a plausible mechanism for the dysfunction of DCs in
patients with chronic HCV infection (4, 21). Indeed, the HCV
genome has been detected in DCs by PCR (4), and HCV was
detected in a monocyte/macrophage subpopulation of periph-
eral blood mononuclear cells from patients with chronic HCV
infection (5). Further experiments are needed to exclude the
possibility of contamination of viral RNA in blood samples.
Pseudotype VSV-bearing chimeric HCV E1 and E2 proteins
have been shown to infect immature myeloid DCs isolated
from healthy donors through interactions with lectins in a
Ca-independent manner (20). Recently, the in vitro replication
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of the HCV JFH1 clone of genotype 2a isolated from an
HCV-infected patient who developed fulminant hepatitis was
reported (31, 54, 59). However, in vitro replication was limited
in the combination of HCV clones derived from strain JFH1
and certain human hepatoma cell lines, and a robust cell cul-
ture of genotypes 1a and 1b, the most prevalent viruses in the
world and resistant to IFN therapy, has not yet been successful
except for a cell culture system for strain H77-S (genotype 1a)
in which infectivity was significantly lower than that of the
JFH1 clone (56). The establishment of a robust and reliable in
vitro replication system for various HCV isolates is essential to
determine the role of HCV infection in the modulation of TLR
function in immunocompetent cells.

In conclusion, we have shown that the expression of the
HCV nonstructural protein NS3, NS3/4A, NS4B, or NS5A
impairs the activation of TLR signaling pathways in immuno-
competent cells. Furthermore, the NS5A protein was shown to
inhibit the TLR-MyD88 signaling pathway by a direct interac-
tion with the death domain of MyD88 through the ISDR.
These findings suggest new aspects of virus-cell interactions
that may be explored to develop a greater understand of the
mechanisms of escape of HCV from the host immune surveil-
lance system and the establishment of persistent infection.
However, it remains to be proven whether the results obtained
using murine macrophage cell lines are applicable to immuno-
competent cells in patients with HCV infection.
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The flavivirus capsid protein not only is a component of nucleocapsids but also plays a role in viral
replication. In this study, we found a small capsid protein in cells infected with Japanese encephalitis virus
(JEV) but not in the viral particles. The small capsid protein was shown to be generated by processing with host
cysteine protease cathepsin L. An in vitro cleavage assay revealed that cathepsin L cleaves the capsid protein
between amino acid residues Lys'® and Arg'’, which are well conserved among the mosquito-borne flaviviruses.
A mutant JEV resistant to the cleavage of the capsid protein by cathepsin L was generated from an infectious
¢DNA clone of JEV by introducing a substitution in the cleavage site. The mutant JEV exhibited growth kinetics
similar to those of the wild-type JEV in monkey (Vero), mosquito (C6/36), and porcine (PK15) cell lines,
whereas replication of the mutant JEV in mouse macrophage (RAW264.7) and neuroblastoma (N18) cells was
impaired. Furthermore, the neurovirulence and neuroinvasiveness of the mutant JEV to mice were lower than
those of the wild-type JEV. These results suggest that the processing of the JEV capsid protein by cathepsin
L plays a crucial role in the replication of JEV in neural and macrophage cells, which leads to the pathogenesis

of JEV infection.

The genus Flavivirus within the family Flaviviridae comprises
over 70 viruses, many of which are predominantly arthropod-
borne viruses, such as Japanese encephalitis virus (JEV), West
Nile virus (WNV), Murray Valley encephalitis virus (MVE),
dengue virus (DEN), yellow fever virus (YFV), and tick-borne
encephalitis virus (TBEV). They frequently cause significant
morbidity and mortality in mammals and birds (5). JEV is
distributed in the south and southeast regions of Asia and is
kept in a zoonotic transmission cycle between pigs or birds and
mosquitoes (5, 42, 45). JEV spreads to dead-end hosts, includ-
ing humans, through the bite of JEV-infected mosquitoes and
causes infection of the central nervous system with a high
mortality rate (5, 45). JEV has a single-stranded positive-
strand RNA genome of approximately 11 kb, which is capped
at the 5’ end but lacks a 3’ polyadenine tail (24). The ability of
the flaviviral genomic RNA to cyclize is crucial for viral repli-
cation (1, 14). Among mosquito-borne flaviviruses, two com-
plementary cyclization sequences, mapped in the capsid
protein-coding region and 3’ untranslated region (UTR), me-
diated the cyclization by RNA-RNA base pairing, together

with a second pair of complementary sequences, named 5’ and.

3" upstream AUG regions (1, 10, 14, 19, 25). The genomic
RNA includes a single large open reading frame, and a
polyprotein translated at the endoplasmic reticulum (ER)
membrane is cleaved co- and posttranslationally by host and
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viral proteases to yield three structural proteins, the capsid,
precursor membrane (prM), and envelope (E) proteins, and at
least seven nonstructural proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5 (24).

Although the capsid protein has very little amino acid ho-
mology among flaviviruses—for example, the homologies of
the capsid protein of JEV to those of WNV, DEN type 2
(DEN2), and TBEV were only 67%, 33%, and 25%, respec-
tively—the structural properties, such as the hydrophobicity
profile, abundance of basic amino acid residues, and secondary
and tertiary structures, are well conserved (11, 18, 27). The
flavivirus capsid protein commonly contains two hydrophobic
sequences in the center and the carboxyl terminus. The latter
serves as a signal sequence of prM. The signal/anchor sequence
is cleaved off by the viral protease NS2B/3, and this cleavage is
required for the subsequent liberation of the amino terminus
of prM by the host signal peptidase (26, 43, 49). The mature
capsid protein may be associated with the ER membrane
through the central hydrophobic region (23, 29). Because the
capsid protein has RNA-binding ability via the basic amino
acid clusters at its amino and carboxyl termini, it is believed to
bind to the genomic RNA to form a nucleocapsid (20). Unlike
other envelope viruses, the nucleocapsid structures are rarely
found in cells infected with flaviviruses (48), although the nu-
cleocapsid of TBEV can assemble in vitro (21). Therefore,
viral assembly is thought to be a coordinated process between
the membrane-associated capsid protein and two envelope gly-
coproteins, prM and E, in the ER membrane.

In conflict with their roles as structural proteins, the capsid
proteins of some flaviviruses are localized not only in the cy-
toplasm but also in the nuclei of the infected cells (4,28, 32, 44,
46-48). We previously reported that the JEV capsid protein
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SPOTLIGHT

Articles of Significant Interest Selected from This Issue by the Editors

Novel Processing of Japanese Encephalitis Virus Capsid Protein

The Japanese encephalitis virus (JEV) capsid protein is generated from a precursor polyprotein by processing with host
and viral proteases. Mori et al. (p. 8477-8487) show that further processing of the capsid protein by cathepsin L is
involved in the replication of JEV in neural and macrophage cell lines. This work suggests that JEV uses a novel
mechanism to infect host cells via cathepsin-mediated processing of the capsid protein.

Nodavirus RNA Polymerase Synthesis Requires Cellular Chaperones

Genome translation is an essential early step in the life cycle of positive-sense RNA viruses and often involves
manipulation of the cellular translation apparatus to benefit the invading virus. Castorena et al. (p. 8412-8420) dem-
onstrate that heat shock protein 90, an abundant cellular chaperone implicated in the replication of numerous viruses,
facilitates the efficient synthesis of Flock House virus RNA polymerase. This work highlights the diverse mechanisms
whereby viruses exploit cellular machinery to accomplish specific tasks to achieve their replication.

Rotaviras-Induced Alteration of Occludin Expression

Human

Rotavirus can affect the intestinal barrier by diminishing the integrity of tight junctions (TJs). Beau et al. (p. 8579-8586)
demonstrate that rhesus monkey rotavirus (RRV) alters the expression of occludin, an integral TJ protein, in enterocyte-
like Caco-2 cells. The disappearance of occludin from the TJ plane, decrease in the nonphosphorylated form of occludin,
and diminished levels of occludin mRNA are antagonized by inhibitors of protein kinase A (PKA). This work suggests
that rotavirus uses PKA-dependent mechanisms to alter TJ function, which might in turn contribute to its pathogenicity
or dissemination. ’

Immunodeficiency Virus Escape from Potent Neutralizing Antibodies

A recent clinical trial evaluated neutralizing monoclonal antibodies (MAbs) 2F5 and 4E10 targeting the membrane-
proximal external region (MPER) of human immunodeficiency virus (HIV) gp41 together with the carbohydrate-specific
MAD 2G12. The results demonstrated that once resistance to 2G12 had evolved, viral replication resumed despite MPER
antibody treatment without evidence of escape mutations to these MAbs. Manrique et al. (p. 8793-8808), using
cell-culture-based systems, now show that resistance to the MPER MADbs is difficult to achieve and can lead to selection
of variants with impaired infectivity. This vulnerability of the virus to interference with the MPER supports the
importance of this target in vaccine design.

Superior Smallpox Vaccine Candidates with Integrated Interleukin-15

‘A smallpox vaccine suitable for contemporary populations with greater numbers of immunodeficient individuals is a

priority. Perera et al. (p. 8774-8783) report that the integration of the pleotropic cytokine interleukin-15 (IL-15), which
is essential for both innate and adaptive immune responses, into the genome of either a Wyeth vaccine strain derived
from the Dryvax vaccine or a nonreplicative modified vaccinia virus Ankara strain results in vaccine candidates with
superior immunogenicity, durable efficacy, and safety. These IL-15-integrated derivatives hold promise as more effica-
cious and safe alternatives to the Dryvax vaccine.

Ancestral Center-of-Tree Human Immunodeficiency Virus Type 1 Proteins Are Functional and Immunogenic

The extensive diversity found in human immunodeficiency virus type 1 (HIV-1) vexingly challenges vaccine development.
Rolland et al. (p. 8507-8514) developed a phylogenetics-informed algorithm to reconstruct ancestral HIV-1 sequences,
called center-of-tree (COT). COT sequences are designed to minimize genetic distances between the antigen and
circulating isolates. Computationally derived COT proteins corresponding to HIV-1 subtype B Gag, Tat, and Nef were
generated and shown to retain the functionality of the extant proteins and elicited antigen-specific cellular immune
responses in mice. This work establishes a new tool for rational vaccine design.
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has also been detected in both the nucleoli and cytoplasm and
that the mutant virus defective in the nuclear localization of
capsid protein exhibited impaired viral growth in mammalian
cells and neuroinvasiveness in mice (32). Furthermore, we
have also reported that the nuclear and cytoplasmic localiza-
tions of the JEV capsid protein are dependent on binding to
the host nucleolar protein B23 (46). It has been reported that,
in addition to the JEV capsid protein, the WNV and DEN
capsid proteins bind to several host proteins, such as Jabl, a
component of the COPY signalosome complex (34), the chap-
erone protein HSP70 (35), and the heterogenous nuclear
ribonucleoprotein K (8), to regulate these functions. Recently,
Clyde and Harris have shown that the small capsid protein
isoform translated from the second AUG codon of the DEN
genome by leaky scanning is important for viral replication (9).
In this context, these properties of the flaviviral capsid proteins
raised the possibility that they play some roles in viral growth
as “nonstructural” proteins.

In this study, we detected a small capsid protein in JEV-
infected cells, but not in the released viral particles. The small
capsid protein has been shown to be generated by host pro-
tease cathepsin L. Cathepsin L was capable of cleaving the
capsid protein between amino acid residues Lys'® and Arg?®.
Furthermore, we have generated a mutant JEV carrying a
capsid protein resistant to cleavage by cathepsin L. The char-
acterization of this mutant JEV indicated that cleavage of the
capsid protein by cathepsin L plays important roles in viral
replication in mouse neuroblastoma and macrophage cells and
in the pathogenesis of encephalitis in vivo. These results sug-
gest a novel mechanism for JEV to adapt host cells by the
processing of the capsid protein.

MATERIALS AND METHODS

Cells. The mammalian cell lines Vero (monkey kidney), 293T (human kidney),
PK15 (pig kidney), RAW264.7 (mouse macrophage), and N18 (mouse neuro-
blastoma) were maintained in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Mosquito
cell line C6/36 (Aedes albopictus) was grown in Eagle’s minimal essential medium
supplemented with 10% FBS. Vero cell lines Vero/siNC and Vero/siCTSL, stably
expressing the hairpin small interfering RNAs (siRNA) for the nonsense se-
quence and cathepsin L, respectively, were established by transfection -with
plasmids pSilencer/NC and pSilencer/CTSL (see below), respectively, and se-
lected with DMEM containing 10% FBS and 50 p.g/ml hygromycin B (Sigma, St.
Louis, MO). :

Plasmids. The cDNA for the capsid protein of JEV AT31 (amino acid residues
2 to 105) was amplified from pMWATG1 (54) by PCR using Ex-Taq (Takara,
Shiga, Japan) and cloned between the FLAG and hemagglutinin (HA) tags in
pcDNA3.1FlagHA (36). From this plasmid, the capsid cDNAs with or without
FLAG and/or HA tags were amplified by PCR and subcloned into a mammalian
expression vector pCAGPM (31) and designated pCAG/FLAG-JEC-HA,
pCAG/FLAG-JEC, pCAG/JEC-HA, and pCAG/JEC. By the same procedure,
the plasmids encoding FLAG- and HA-tagged DEN2 and DEN4 capsid proteins,
pCAG/FLAG-DEN2C-HA and pCAG/FLAG-DEN4C-HA, were generated
from the plasmids encoding the capsid proteins of DEN2 and DEN4, respectively
(the kind gifts from F. Hasebe and M. Tadano, respectively). For mutational
analyses of the amino acid residues from 14 to 23 (based on the JEV capsid
protein sequence), a series of point mutants of the FLAG- and HA-tagged JEV
capsid proteins were synthesized by PCR-based mutagenesis (17). All of the
mutant genes, as well as the wild-type gene, were cloned into pCAGPM. The
JEV capsid gene was cloned into pcDNA 3.1/myc-His (Invitrogen, Carlsbad,
CA), and the cDNA encoding the JEV capsid protein fused with myc and His
tags was amplified and cloned into bacterial expression vector pET32a (Merck
Novagen, Darmstadt, Germany). The resulting plasmid was designated pET32/
JECmycHis. The cDNAs of human cathepsins B and L were amplified from 293T
cells by reverse transcription-PCR and cloned into pcDNA 3.1/myc-His. An
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enzymatically inactive mutation of cathepsin L in which Cys**® was replaced with
Ala was generated by PCR-based mutagenesis. Expression vector pSilencer/
CTSL, for a hairpin siRNA for African green monkey cathepsin L, was generated
by annealing with synthesized nucleotides (sense, GAT CCG GCG ATG CAC
AAC AGA TTA TTC AAG AGA TAA TCT GTT GTG CAT CGC CTT TTT
TGG AAA; antisense, AGC TTT TCC AAA AAA GGC GAT GCA CAA CAG
ATT ATCTCT TGA ATA ATC TGT TGT GCA TCG CCG) and insertion into
the BamHI and HindIII sites of pSilencer 2.1 U6 hygro (Ambion Inc., Austin,
TX). pSilencer/NC, encoding an siRNA with no homology to mammalian genes,
was used as a negative control. pMWAT/L17A carrying replacements of cytosine
at nucleotide 144 and thymine at nucleotide 145 with guanine and cytosine,
respectively, in pMWATG1, an infectious cDNA clone of JEV, was constructed
by PCR-based mutagenesis which results in the replacement of Leu'’ in the
capsid protein with Ala (see Fig. 5A). In addition, adenine-to-guanine and
guanine-to-cytosine mutations were introduced into pMWATG1 and pMWAT/
L17A at nucleotides 10865 and 10866 of the JEV gene, respectively. The result-
ing plasmids were named pMWAT/CSmt and pMWAT/L17ACSmt, respectively.

Viruses. The wild-type and L17A/CSmt JEVs were generated from plasmids
PMWATG! and pMWAT/L17ACSmt, respectively, by 2 method described pre-
viously (54). The infectivity of the viruses was determined by an immunostaining
focus assay as described previously (32) and expressed in focus-forming units
(FFU). The JEV particles were purified from the supernatant of the infected
Vero cells as described previously with some modifications (32). Briefly, the
virions were clarified by centrifugation at 6,000 X g for 30 min and precipitated
with 10% polyethylene glycol (molecular mass, approximately 6,000 kDa). The
precipitates were collected by centrifugation at 10,000 X g for 45 min and
centrifuged at 147,000 X g for 20 h on a 20 to 60% sucrose gradient. The
fractions ranging from 1.16 to 1.19 g/ml in gravity were used as the purified
virion.

Antibodies. Anti-JEV capsid protein rabbit polyclonal antibody (PAb) was
prepared as described previously (32). Monoclonal antibodies (MAbs) to JEV E
(10B4) and NS3 proteins (34A1) were generous gifts from E. Konishi and K.
Yasui, respectively. Anti-FLAG tag (M2) and anti-B-actin MAbs were purchased
from Sigma. Anti-HA (HA11) and anti-myc tag (9E10) MAbs were purchased from
Covance (Richmond, CA). An antinucleolin MAb (MS-3) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PA28-alpha and anti-cathep-
sin L rabbit PAbs were purchased from Affinity Bioreagents (Golden, CO) and
Merck Calbiochem (Darmstadt, Germany), respectively.

Infection, transfection, immunoblotting, and cell fractionation. A monolayer
of Vero or N18 cells was infected at multiplicities of infection (MOT) of 5 and 10
with the wild-type and L17A/CSmt JEVs. Plasmids were transfected by TransIT
LT-1 (Mirus, Madison, WI) and Lipofectamine 2000 (Invitrogen) for Vero and
293T cells, respectively, according to the manufacturers’ instructions. At 24 h
after inoculation or transfection, cells were lysed on ice by Triton lysis buffer (20
mM Tris-HCl [pH 7.4], 135 mM NaCl, 1% Triton X-100, 10% glycerol) supple-
mented with a protease inhibitor cocktail (Biovision, Mountain View, CA) and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting as previously described (36, 46). JEV-infected cells
were fractionated using a Nuclear/Cytosol Fractionation kit (Biovision).

Inhibition of capsid protein processing. E64d and CA074Me were purchased
from the Peptide Institute (Osaka, Japan). Z-Phe-Tyr-(tert-butyl)-diazomethyl
ketone (DMK) (Z-FY-DMK), Z-Val-Ala-Asp-fluoromethyl ketone (FMK) (Z-
VAD-FMK), PD150606, and bafilomycin Al were purchased from Merck Cal-
biochem. Chioroquine and ammonium chloride were obtained from Sigma and
Nacalai Tesque (Kyoto, Japan), respectively. Chloroquine and ammonium chlo-
ride were dissolved in distilled water, and bafilomycin Al was dissolved in
ethanol. The other reagents were dissolved in dimethyl sulfoxide (DMSO). At
24 h after inoculation or transfection, cells were incubated with the culture
medium containing each reagent or solvent for 8 h at 37°C and examined by
immunoblotting. To determine the effects of CA074Me or FY-DMK on the
cleavage of the capsid protein, cells transfected with pCAG/FLAG-JEC-HA
were treated with the inhibitor for 8 h at 37°C. The ratios of the densities of the
slower- and faster-migrating capsid proteins (C1 and C2, respectively) detected
by immunoblotting were calculated by Multi Gauge software (Fujifilm, Tokyo,
Japan). The relative cleavage values were determined as the C2 to C1 ratio in the
presence of inhibitor/the C2 to C1 ratio in the absence of inhibitor. The inhib-
itory effects of CA074Me or Z-FY-DMK to cathepsins B and L were determined
as described previously (7, 13) with some modifications. Briefly, Vero cells (2 X
10°) were treated with CAO74Me or Z-FY-DMK for 4 h at 37°C and lysed with
25 pl of acidic lysis buffer consisting of 100 mM sodium acetate (pH 5.0), 1 mM
EDTA, 0.5% Triton X-100, 2 mM AEBSF {4-(2-aminoethyl)benzenesulfony!t
fluoride] (Merck Calbiochem), 5 pg/ml aprotinin (Nacalai Tesque), 100 uM
bestatin (Sigma), and 15 pM pepstatin (Peptide Institute). Insoluble materials

2002 ‘Sz AInr uo | NIMIE AINN VIIVSO 1e Bio wse 1Al wouy pspeojumoq



Voi. 81, 2007

were sedimented in a microcentrifuge at 4°C. Ten microliters of each lysate was
mixed with 90 pl of reaction buffer (100 mM sodium acetate [pH 5.0}, 1 mM
EDTA, 4 mM dithiothreitol, 2 mM AEBSF, 5 ug/ml aprotinin, 100 wM bestatin,
15 uM pepstatin). The resulting samples were mixed with 100 wl of cathepsin
B-specific (100 pM Z-Arg-Arg-MCA [4-methylcoumaryl-7-amide; Peptide Insti-
tute}, 0.1% Brij 35) (3) or cathepsin L-specific (100 uM [Z-Phe-Arg},-R110
[Molecular Probes, Eugene, OR}, 0.1% Brij 35) (2) substrate solutions in a black
96-well plate (Corning, Corning, NY). After incubation for 30 min at room
temperature, fluorescence was measured using a fluorescence multiwell plate
reader (CytoFluor 4000 LX1; Applied Biosystems, Foster City, CA) with an
excitation of 360 nm and an emission of 460 nm for cathepsin B and with an
excitation of 485 nm and an emission of 460 nm for cathepsin L. The relative
cleavage value in the absence of each inhibitor was defined as 1.

In vitro processing of the JEV capsid protein. The JEV capsid protein fused
with thioredoxin and myc-His tags in the N and C termini, respectively, was
purified using TALON metal affinity resin (Clontech, Mountain View, CA) from
the lysate of Escherichia coli transformed by pET32/JECmycHis. The purified
protein was dialyzed with acidic dialysis buffer (50 mM sodium acetate [pH 5.5,
1 mM EDTA) for 24 h at 4°C. The recombinant JEV capsid protein (33 pg {1
nmol)/100 pl) was incubated with 0.01 units (170 ng) of human cathepsin L
(Merck Calbiochem) for 2 h at room temperature. According to the manufac-
turer’s instructions, one unit is defined as an amount of the enzyme capable of
hydrolyzing 1.0 pmol of Z-Phe-Arg-AMC (7-amino-4-methylcoumarin) per
minute at 37°C. The resulting samples were subjected to SDS-PAGE and West-
ern blotting using anti-myc MAb. The N-terminal peptide sequences of the
cleaved capsid proteins were determined by the Edman degradation method at
the APRO Life Science Institute (Tokushima, Japan).

Computer analyses of the flavivirus capsid genes, The amino acid sequences
of the flavivirus capsid proteins were aligned with the software package GENETYX-
MAC, version 12 (GENETYX, Tokyo, Japan). The GenBank accession numbers
of the analyzed sequences are as follows: JEV AT31 strain, AB196923; MVE
1-51 strain, AF161266; WNV IS-98 STD1 strain, AF481864; DEN1 Singapore
$275/90 strain, M87512; DEN2 New Guinea C strain, M29095; DEN3 H87
strain, M93130; DEN4 814669 strain, AF326573; YFV 17D strain, X03700.
Nucleotides 135 to 152 and bases 10858 to 10875 in the 5’ and 3’ termini,
respectively, connected by 8 X nucleotides alternative to bases 153 to 10857, of
the wild-type and mutant JEV genomes were applied to GENETYX-MAC to
predict RNA secondary structures with minimum free energy.

Growth kinetics of JEVs in vitro. Vero, C6/36, PK15, N18, RAW264.7, Vero/
sINC, and Vero/siCTSL cells in 24-well plates (2 X 10°) were infected with the
wild-type or L17A/CSmt virus at an MOI of 5 for 1 h, washed three times with
a medium to remove unbound viruses, and incubated with a medium supple-
mented with 5% FBS for a total duration of 72 h. To examine the effect of the
cathepsin L inhibitor on virus growth, DMSO or 1 pM Z-FY-DMK was added
to the culture medium over the incubation period (24 h). The culture superna-
tants were used for titration of infectious virus.

Mouse experiments. The pathogenicity of JEV to mice was determined as
described previously (32). Briefly, 3-week-old female ICR mice were purchased
from CLEA Japan (Osaka, Japan) and kept in special pathogen-free environ-
ments. Groups of 10 mice were intracerebrally inoculated with 30 i of 10-fold-
diluted solutions of wild-type or L17A/CSmt virus. The virus-diluting solution
(DMEM) was administered to two mice as a control. The mice were observed for
2 weeks after inoculation to determine survival rates. The value of the 50% lethal
dose (LDsp) of each virus was determined by the method by Reed and Miiench
(39). To examine viral growth in the brain, 100 FFU of the viruses were intra-
cerebrally administered to the mice. At 3 and 5 days after inoculation, the mice
were euthanized, and the brains were collected. The infectious titers in the
homogenates of the brains were determined in Vero cells as described above.
Groups of 10 mice were inoculated intraperitoneally with 1 X 10° FFU (100 pl)
of the viruses. The mice were observed for 3 weeks after inoculation to determine
survival rates.

RESULTS

JEV-infected cells contained a small capsid protein. West-
ern blotting analyses of Vero cells infected with JEV revealed
capsid proteins of 14 and 12 kDa, which were designated C1
and C2, respectively, in contrast to the purified viral particles,
in which only C1 was detected (Fig. 1A), indicating that C1 is
a mature capsid protein missing a signal sequence of the prtM
protein. The C2 protein was also detected in the other cell lines
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FIG. 1. Detection of C2 l:;rotein in cells infected with JEV. (A) De-
tection of the capsid proteins from the purified viral particles and cells
infected with JEV. Lane 1, purified JEV particles produced in Vero

cells; lanes 2 and 3, mock- and JEV-infected Vero cells, respectively. '

Arrows indicate a mature capsid protein (C1) and a further-processed
capsid protein (C2). (B) Detection of the capsid protein from various
cell lines infected with JEV. (C) Detection of the C1 and C2 proteins
in the cytoplasmic (Cyto) and nuclear (Nuc) fractions of Vero cells
infected with JEV. PA28-a and nucleolin are control proteins of the
cytoplasmic and nuclear fractions, respectively.

examined, and a further processed capsid protein was detected

in N18 cells infected with JEV (Fig. 1B). It was shown that the
JEV capsid protein is localized in the nuclei as well as in the
cytoplasm of the infected cells (32). The C1 and C2 proteins
were also detected in both the cytoplasmic and nuclear frac-
tions (Fig. 1C). These results indicate that two forms of the
capsid proteins, C1 and C2, are generated in cells infected with
JEV, and the larger capsid (C1) is selectively incorporated into
the viral particles.

The C2 protein lacks the amino terminus. To determine
which terminus is missing in the C2 protein, expression plas-
mids encoding a series of capsid proteins with or without amino-
terminal FLAG and carboxyl-terminal HA tags (F-JEC-H,
F-JEC, JEC-H, and JEC) were generated (Fig. 2A). Both the
C1 and C2 isoforms were detected in Vero cells transfected
with each of the expression plasmids by immunoblotting with
anti-JEV capsid PAb (Fig. 2B). The size of the C2 proteins in
cells transfected with JEC was similar to that of F-JEC, which

. has the amino-terminal FLAG tag, whereas larger products

were detected in the cells transfected with F-JEC-H and
JEC-H, which have the carboxyl-terminal HA tag. Consistent
with this observation, anti-HA antibody recognized both iso-
forms in cells expressing F-JEC-H and JEC-H, whereas anti-
FLAG antibody detected only C1 in cells expressing F-JEC-H
and F-JEC. These results indicate that the C2 protein lacks the
amino-terminal region of the JEV capsid protein.
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FIG. 2. The C2 protein lacks the amino terminus. (A) Series of the
capsid protein constructs with or without FLAG and HA tags in the
amino and carboxyl termini, respectively. (B) Expression of a series of
the capsid proteins in Vero cells. The cell lysates expressing F-JEC-H,
F-JEC, JEC-H, and JEC were examined by immunoblotting using
anti-capsid, anti-FLAG, and anti-HA antibodies. The molecules de-
tected by the immunoblotting are indicated on the right. White and
black arrows indicate the C2 proteins with and without HA tags in the
carboxyl terminus, respectively.

The JEV capsid protein is processed by cathepsin L. The C2
protein missing the amino-terminal region of the JEV capsid
protein may be generated through cleavage by a host cell
protease(s) or translation from the second start codon by leaky
scanning, as reported in the case of DEN2 (9). To assess these
possibilities, cells expressing F-JEC-H were treated with vari-
ous protease inhibitors. C2 production was completely abro-
gated by treatment with broad-spectrum cysteine protease in-
hibitor E64d at the concentration of 50 pM, along with an
increase in C1 expression (Fig. 3A), indicating that the JEV C2
protein was generated via cleavage of the C1 protein by a
cysteine protease(s) but not leaky scanning. To identify the
cysteine protease responsible for the processing of the JEV
capsid protein, specific inhibitors for individual cysteine pro-
teases were examined in cells expressing F-JEC-H. The inhib-
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itors for cathepsins B and L, CA(74Me (10 pM) (6) and
Z-FY-DMK (10 uM) (40), impaired the processing, while an
inhibitor of caspases, Z-VAD-FMK (20 yM), and an inhibitor
of calpains, PD150606 (20 M), exhibited no effect (Fig. 3A).
Cathepsins B and L are known to be present in the late endo-
some and lysosome. The treatments with inhibitors of these
acidic compartments, ammonium chloride (10 mM), chloro-
quine (50 uM), and bafilomycin A1 (100 nM), also blocked the
processing of the capsid protein (Fig. 3B). To determine
whether cathepsin B or L is a dominant protease for cleavage
of the JEV capsid protein, the dose dependency of the effects
of cathepsin inhibitors CA074Me and Z-FY-DMK on the
cleavage of F-JEC-H was examined. The processing of the JEV
capsid protein was inhibited in a manner that correlated closely
with the inactivation of cathepsin L rather than that of cathep-
sin B (Fig. 3C). Furthermore, overexpression of cathepsin L,
but not cathepsin B and inactive cathepsin L (C138A), resulted
in an increase of C2 production in 293T cells (Fig. 3D). In
addition, production of C2 from F-JEC-H was significantly
decreased in two independent clones of Vero cells stably ex-
pressing siRNA for cathepsin L (Fig. 3E). These results indi-
cate that cathepsin L is responsible for the processing of the
JEV capsid protein to generate the C2 protein.

Identification of the site of the cleavage of the JEV capsid
protein by cathepsin L. To determine the site of the cleavage
of the JEV capsid protein by cathepsin L, a recombinant capsid
protein possessing amino-terminal thioredoxin, His, and S tags
and carboxyl-terminal myc and His tags was prepared (Fig.
4A). The in vitro incubation of the purified capsid protein with
cathepsin L at room temperature for 60 min generated two
major cleaved products, detectable by anti-myc antibody (Fig.
4B). The amino-terminal amino acid sequencing revealed that
the mass of cleaved product 1 contained two peptides begin-
ning with the residues Ser-Asp-Lys-Ile-Ile (a minor peptide)
and Arg-Gln-His-Met-Asp (a major peptide), corresponding
to a region of the thioredoxin and S tags, respectively (Fig. 4A
and B). On the other hand, cleaved product 2 contained a
single peptide beginning with Arg-Gly-Leu-Pro-Arg, corre-
sponding to amino acid residues 19 to 23 of the JEV capsid
protein. This result indicates that the JEV capsid protein is
cleaved between Lys'® and Arg' by cathepsin L in vitro (Fig.
4C). To further confirm the cleavage of the capsid protein in
mammalian cells, a series of F-JEC-H proteins with alanine
substitutions in each residue around the cleavage site (Ile'*
to Arg>) was expressed in Vero cells (Fig. 4D). As indicated
in the reports that a hydrophobic amino acid residue at
position P2 is responsible for the substrate specificity of
cathepsin L (37, 38), the replacement of Leu'” (P2) with
alanine was crucial for capsid protein processing. In addi-
tion, although the single replacements at the cleavage site of
Lys'® (P1) and Arg'® (P1') with alanine had no effect on
cleavage, the double substitution of acidic amino acids
(Lys'® to Glu and Arg"® to Asp) resulted in impairment of
C2 production (Fig. 4D). These results indicate that the
JEV capsid protein is cleaved between Lys'® and Arg'® by
cathepsin L in vitro and in vivo.

Production of the C2 proteins of DENs. The P4 to P1' region
of the cathepsin L cleavage site is conserved among many mos-
quito-borne flaviviruses, including MVE, WNV, and DENs (Fig.
4C), and the 5’-complementary cyclization sequences are over-
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FIG. 3. JEV capsid protein is processed by cathepsin L. (A) Effects of cysteine protease inhibitors on the processing of the JEV capsid protein.
Vero cells expressing F-JEC-H were treated with 50 pM E64d, 10 pM CA074Me, 10 uM Z-FY-DMK, 20 uM Z-VAD-FMK, or 20 uM PD150606
for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. EV, empty vector. (B) Effects of anti-acidic compartment reagents
on the processing of the JEV capsid protein. Vero cells expressing F-JEC-H were treated with 10 mM ammonium chloride, 50 uM chloroquine,
or 100 nM bafilomycin Al (BFM A1) for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. EtOH, ethanol. (C) Dose-
dependent effects of two cathepsin inhibitors, CA074Me and Z-FY-DMK, on F-JEC-H processing. Vero cells expressing F-JEC-H were treated
with CAO74Me or Z-FY-DMK at the indicated concentrations for 8 h at 37°C and examined by immunoblotting using an anti-HA antibody. The
relative cleavage values for the capsid protein (solid circles) were calculated as the intensity of C2 compared to that of C1 in three independent
experiments. A representative image of the immunoblotting is indicated in each graph panel. The relative levels of cleavage of the substrates
specific to cathepsin B (gray triangles) and cathepsin L (open squares) were determined as described in Materials and Methods. The value for the
control sample without treatment of each inhibitor was taken as 1. (D) Effects of the overexpression of cathepsins on the processing of the JEV
capsid protein. 293T cells were cotransfected with plasmids encoding myc-tagged human cathepsin B (hCTSB-M), cathepsin L (hCTSL-M), or
inactive cathepsin L (hCTSL/C138A-M) with F-JEC-H. Immunoblot analysis was carried out using the antibodies shown at the left. (E) Processing
of F-JEC-H in Vero cells stably expressing hairpin siRNA corresponding to the negative control (siNC) or cathepsin L (siCTSL). Immunoblot
analysis was carried out using the antibodies shown at the left.

lapped through the P4 to P2 sites (1, 19) (Fig. 5A). The C2
proteins were also detected in cells expressing the capsid pro-
teins of DEN2 and DEN4 (Fig. 4E). To determine whether the
C2 proteins of DEN are generated in the same manner as the
C2 proteins of JEV, we examined the effect of the cysteine
protease inhibitor E64d on the productions of the DEN C2
proteins. When cells were treated with E64d at a concentration
of 50 pM, the C2 protein was diminished in cells expressing the
capsid protein of JEV, but not in those expressing DEN2 and

DEN4. However, it should be noted that treatment with the
inhibitor induced a slight delay in migration of the C2 proteins
of DENs. These results suggest that cysteine proteases do not
play a major role in the production of the C2 proteins of DENs
but play some roles in their processing.

Construction of a mutant JEV carrying the capsid protein
resistant to cleavage by cathepsin L. To assess the biological
significance of the cleavage of the JEV capsid protein by ca-
thepsin L, a mutant JEV with Leu'” replaced by Ala (L17A)

2002 ‘Sz AInp uo I NIMIG AINN YISO 1e 6:0°wse | woy papeojumoq



