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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!3? replaced
with Ala (§139A) 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), H77¢ (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 MyD88, 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, Catlsbad, 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-
RAKI-myc and pPCMVIRAK4-myc, encoding {L-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/ml 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/mi) throughout the experiments.

Immunoeprecipitation and immunobletting. 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 g 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 ul 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 h;
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 (1202/Y204) (Cell
Signaling Technology, Inc., Beverly, MA). Cells (1 X 10° cellsvell) were treated
with various doses of mouse IFN-a (PBL Biomedical Laboratories, New Brunswick,
NI) 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 immunosorbent 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° cellswell and
stimulated with various doses of LPS, PGN, R-837, or mCpG. After 24 h of incu-
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° celisfwell) 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),,
primer. Each cDNA was estimated by Platinum SYBR Green gPCR 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-04, and IL-1-a genes were amplified with
primer pairs 5'-GCATCCACGTGTTGGCTCA-3’ and 5'-CTCCAGCCTACTC
ATTGGGATCA-3', 5'-ACACCAGCCTGGCTTCCATC-3' and 5/-TTGGAG
CTGGAGCTGCTTATAGTTG-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'-AGCTCTTTGGCTCITCTG-3' and 5'-AGAACTGGGGGATATGC-
3, 5-AAATCCTTGCGTTGCGAAGTG-3' and 5'-TCAGTTGGGCGTTGTT
CAAGAG-3', 5'-GCCTCGAATCCTGAGCAAACA-3' and 5'-CTTCTGCCC
GGTAAGGTCCA-3', 5-TCTGCAGGAGCTCTGTCCTTGA-3' and 5'-CAAG
GCATGTCCTAGGTGGTGA-3, 5'-ACCAATGGCACCCTGCCTAA-3' and §'-
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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° cells) and immunoblotted with antibodies against HCV proteins or B-actin. (B) Total RNA was
extracted from macrophage cell lines expressing NSSA (gray bars) or control (white bars), and the expréssion of mRNA of TLRs was determined
by real-time PCR. (C) The subcellular localization of NS5A 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.

CGTCTTGAGAATGTTGTGGCTGA-3', and 5'-ACCACAGTCCATGCCATC
AC-3" and 5'-TCCACCACCCTGTTGCTGTA-3', respectively. The expression of
mRNAs of each of the chemokines, cytokines, 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% paraformaldehyde 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 1 h
with 1 ug of mouse anti-NSS5A 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 pg of Alexa Fluor 488-conjugated anti-mouse 1gG
(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-organelle, nuclear, and cytoskeleton proteins, respectively.
Each fraction was concentrated by Microcon (Millipere) and subjected to im-
munoblotting. PA28« (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

TLRY9 was observed, a substantial amount of mRNA of the
_examined TLRs was detected in the cell lines expressing NSSA
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-

t
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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 the culture supernatants was determined by sandwich ELISA. Data are
shown as means * standard deviations (SD). (B) Cells (2 X 10° cells/well) were stimulated with 10 wg/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 105 cells/well) were stimulated with 10 ug/ml of mCpG, 25 ng/ml of LPS, or 10 ug/ml of PGN for the times -

indicated, and ERK1/2 phosphorylation was determined by immunoblotting.

focal microscopy and cell fractionation (Fig. 1C). HCV NS5A
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 NS5A proteins,
cytoplasmic, membrane-organelle, and nuclear fractions of the
cell line expressing NSSA were analyzed by Western blotting.
NS5A was detected mainly in the membrane-organelle frac-
tion.

Expression of HCV NS3, NS3/4A, NS4B, or NSSA modulates

" the TLR-dependent signaling pathway in macrophage cell

lines. In order to determine the effect of the expression of
HCV 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 ligahds in macrophage celf lines. Cells
(3 X 105 cells/well) were stimutated 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.
Total RNA was extracted from macrophage cell lines expressing NS5A (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.

had no effect on IL-6 production after stimulation with mCpG,
R-837, LPS, or PGN, which are ligands for TLR9, TLR7,
TLR4, and TLR2, 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-«B 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 NSSA 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

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
NSS5A 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 NSSA 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 NS3A 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-la expression by treatment with LPS, probably due
to the TRIF-dependent activation of NF-xB. To further con-
firm the specific inhibition of the MyD88-dependent signaling
pathway by NS5A, 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 NS5A was impaired after
stimulation with mCpG or LPS, the expression of IFN-B was
enhanced. These results suggest that the expression of NSSA
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 MyD88. Further-
more, RIG-I 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 dsSRNA-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®*”, 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. Immunoblot 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
NS5A on TLR-dependent and -independent immune activa-
tion induced by dsRNA. VSV and poly(I:C) were inoculated
into macrophage cell lines, and the expression of mRNA of
IFN-B and IL-1o was determined by real-time PCR (Fig. 4E).
The macrophage cell lines expressing NS3/4A exhibited inhi-
bition of IL-1a and IFN- 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-IPS-1- and TLR3-TRIF-depen-
dent signaling pathways, respectively. Inhibition of IL-1a and
IFN-8 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 NSSA 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 NS5A 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-B 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 TLR9 (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-a
production by the expression of HCV NS5A in human immune
cells.

NSS5A interacts with MyD88 in mammalian cells. The inhi-

bition of the production of proinflammatory cytokines and

chemokines and the MAPK cascade by NS5A expression in
response to stimulation by various TLR ligands without par-
ticipation of TRIF- and IPS-1-dependent signaling pathways
suggests that NSSA 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
MAPKSs. 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. 5A and B, MyD88 was coimmunoprecipitated
with NSS5A 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). NS5SA interacted with. MyD88
but not other adaptor molecules, suggesting that NSSA 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.

NS5A interacts with the death domain of MyD88 through
the ISDR and inhibits recruitment of IRAK to MyD88. To
determine the region of NSSA responsible for the interaction
with MyD&8, a series of deletion mutants of N-terminal Flag-
tagged NS5A was constructed, and its interaction with His-
tagged MyDS88 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 éxpressing theNS3/4A or NSSA protein by RNA vitus and
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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 (CS08A) were
coexpressed with Flag-NS3, -NS3/4A, or -NS3/4A(8139A) 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 B-actin. The cleavage product of mIPS-11s indicated as mIPS-I*. (E) Cells (3 X 10° cells/well) were stimulated
with 2 X 10° PFU/ml of VSV or 50 pg/ml of poly(I:C) for the times indicated. Total RNA was extracted from the macrophage cell lines expressing
NS3/4A (black bars), NSSA (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, El, 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 NS5A in 293T cells and immunoprecipitated
with anti-His antibody. A MyD88 deletion mutant lacking
amino acids 1 to 50, but not one Jacking 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-
MyDS88-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
TRAK-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 NS5A 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 NSSA,
Flag-tagged MyD88 and Myc-tagged IRAK-1 were coex-
pressed with Flag-tagged NS5A in 293T cells. The interaction

8002 ‘02 Arenigad uo Aussaaiun eyesQ 1. Bio wse Al woiy papeojumoq



A Domain | Domain | Domain Hl
A —_——

1(1973) 221 276 336 376 447(2419)
I,”’::, ; ﬁ-" o | M ‘;
N-terminal  Hyperphosphorylation ~ | SDR Polyproline
amphipathic helix cluster (237-276 aa) cluster

MyD88 binding region {5 240-280 2
MyD88-HIs + + + + +

Flag-NSSA + + MyDBB-His  + + + +
Flag-1-353 + Flag-NS5A +
Flag-1-280 + Flag-A240-280 +
Flag-1-200 + Flag-A280-300 +
Flag-1-100 + ¥Da —
Mo iP:Flag I~
a5 ; IB: His ¥57
IP:His 284" 7 ° ; 62+
IB: Flag o B:
e B: Flag 7.5+
 asd 1 IB: His i ’
I1B: Fiag 5] }NSSA w5 ¥ MyD88

o
' 3.
:His £
iB: His 2s MyD8S 3
a
[1]
B _ g
Flog-NSS5A + +++++ + + 5
MyD8s-His  + S
AN1-His + <
ANZ-His + ®
AN3-His + 3
AC1T-His + e
AC2-His + =
AC3-His + @)
D 7]
IP: His g4_ - D
IB:Flag .~ 2
25 ¥ 2
B His | [Myos g
§ g
. ) g
1B:Flag © NSSA 2
g
c
C 5
~
Flag-MyD88 + + + Flag-NS5A + + + - N
IRAK-1-Myc + IRAK-1-Myc + Flag-NS5A + + + o
IRAK-4-Myc + IRAK-4&Myc + IRAK-1-Myc + + + + =]
- — KDa Flag-MyD88 + + + + ®

] NS5A K

NS5A

IRAK-1

IRAK-4

75
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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-NSSA deletion mutants
(4240-280 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
anti-His antibody, and immunoblotted with anti-Flag antibody. The structures of MyD88 and the deletion mutants and the NSSA 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
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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 transtection 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 signaling 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 [acking amino acids 240 to 280 of Flag-NSSA 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 la and 1b are indicated by boxes. Conserved amino acids among all strains are indicated by asterisks. (D) Macrophage cell lines
expressing NS3A 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
NSS5A 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.

NSSA 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
NSS5A of genotype 1la (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, aithough it
should be noted that the interaction between the MyD88 and
NS5A of genotype 2a was weaker than that of the other geno-
types (Fig. 7A). To determine the region of the NS5As of
genotype la or 2a responsible for the interaction with MyD88,
N-terminal Flag-tagged NS5As of genotype la 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 MyDS88 (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 NS5A expression of other geno-
types on the TLR signaling pathway, we established macro-
phage cell lines expressing NSS5A of each genotype. NSSA
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 NS5A of genotype 2a to
MyD88 was weaker than that of other genotypes, the expres-
sion of genotype 2a NS5A in macrophage cells exhibited com-
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FIG. 8. ISDR in NSS5A 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). Immunoblot analyses of cells expressing wild-type or mutant NS5A (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 STAT! or PKR in response to treatment
with murine IFN-« 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/MyDS88 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 NS5A 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 NSSA deletion mutant
retaining the ISDR (A280-300) (Fig. 8B). These results sug-
gest that the interaction of NSSA 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 NSSA 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 NSS5A 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 NS5A is involved in the IFN signaling pathway. Al-
though cells expressing wild-type NS5A reduced PKR phos-
phorylation, those expressing mutant NSSA (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

J. VIROL.

patients (9) and also in an HCV subgenomic RNA replicon
system (15) have been made. Moreover, the expression of
NS5A 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 STATT1 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 NSSA 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(I: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- plausibie 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 1la 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
JFHI1 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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Essential role of IRAK-4 protein and
its kinase activity in Toll-like receptor—
mediated immune responses but not

mn TCR signaling
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Interleukin-1 receptor—associated kinase 4 (IRAK-4) was reported to be essential for the
Toll-like receptor (TLR)- and T cell receptor (TCR)-mediated signaling leading to the
activation of nuclear factor kB (NF-xB). However, the importance of kinase activity of
IRAK family members is unclear. In this study, we investigated the functional role of IRAK-4
activity in vivo by generating mice carrying a knockin mutation (KK213AA) that abro-
gates its kinase activity. JRAK-4NXN mice were highly resistant to TLR-induced shock
response. The cytokine production in response to TLR ligands was severely impaired in
IRAK-4XN/XN a5 well as IRAK-4/— macrophages. The IRAK-4 activity was ‘essential for the
activation of signaling pathways leading to mitogen-activated protein kinases. TLR-
induced IRAK-4/IRAK-1-dependent and —independent pathways were involved in early
induction of NF-kB-requlated genes in response to TLR ligands such as tumor necrosis
factor a and IkBC. In contrast to a previous paper (Suzuki, N., S. Suzuki, D.G. Millar,

M. Unno, H. Hara, T. Calzascia, S. Yamasaki, T. Yokosuka, N.J. Chen, A.R. Elford, et al.
2006. Science. 311:1927~1932), the TCR signaling was not impaired in IRAK-4-/- and
IRAK-4KNIXN mice. Thus, the kinase activity of IRAK-4 is essential for the regulation of

TLR-mediated innate immune responses.

The innate immune system senses pathogen-
specific molecular patterns via pattern recogni-
tion receptors, such as Toll-like receptors (TLRs;
references 1-3). 12 TLR family members have
been identified in mammals, and the pathogen-
specific molecular patterns recognized by these
TLRs have been mostly identified. The cyto-
plasmic portion of TLRs, called TIR (Toll/IL-1
receptor [[L-1R]) domain, resembles that of
IL-1R family members, and these two receptor
families in part share intracellular signaling
machineries. Stimulation with TLR ligands or
IL-1 family cytokines recruits a TIR domain—
containing adaptor, MyD88, to the receptors.
IL-1R~associated kinases (IR AKs) are recruited
to MyD88 through a homophilic interaction
of the death domains and associate with TNF
receptor—associated factor 6 (TRAF6), which acts

The online version of this article contains supplemental material.
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as an ubiquitin protein ligase. TRAF6 catalyzes
the formation of a K63-linked polyubiquitin
chain on TRAF® itself and on IkB kinase vy
(IKK-v)/NF-kB essential modulator. TGF-3—
activated kinase 1 is also recruited to TRAF6
and then phosphorylates IKK-3 and mitogen-
activated protein (MAP) kinase kinase 6. Phos-
phorylation of IkB by the IKK complex leads to
its degradation, and freed NF-«kB translocates
into the nucleus, resulting in induction of genes
involved in inflammatory responses as well as
increase in the surface expression of costimula-
tory molecules on innate immune cells. The ac-
tivation of MAP kinase cascade is responsible
for AP-1-induced gene expression. In addition
to the MyD88-dependent signaling pathway,
the TLR4 signaling also activates a MyD88-
independent signaling cascade via another TIR
domain—containing adaptor protein inducing
IEN-B, TRIF (4). It triggers the signaling cas-
cade leading to the production of type I [FNs

1013

8002 ‘g1 A1eniga uo Bio"wsl mmm ol papeojumog

Supplemental Material can be found at:
http:/Awww jem.org/cgifcontentAull/jem.20061523/0C1




JEM

via IKK-related kinases, TANK-binding kinase 1 (TBK1) and
IKK~i. The TLR3 signaling also entirely relies on TRIF to
activate NF-«B and [FN-regulatory factors.

The IRAK family is comprised of four members and is
characterized by the presence of an N-terminal death domain
and a serine/threonine kinase domain (5). IRAK-1 was ini-
dally identified as a kinase that is coprecipitated with [L-1R
in response to IL-1 stimulation (6). IRAK-1 associates with
MyD88 through a homophilic interaction of the death do-
mains (7). Whereas IRAK-1 has a nonredundant role in the
production of type I IFNs in response to TLR9 ligands in
plasmacytoid DCs (pDCs; reference 8), IRAK1-deficient
(IRAK-17/") macrophages show modest impairment in IL-1R~
and TLR-mediated proinflammatory cytokine production
(9, 10). IRAK-2 is suggested to be involved in the signaling
via TIRAP/Mal, an adaptor protein responsible for TLR2
and TLR4 responses (11). In contrast, IRAK-M was identi-
fied as the negative regulator of the TLR/IL-1R signaling
(12). The fourth member of IRAK family members, IRAK-4,
has been discovered by a database search (13). Generation
of IRAK-4~/~ mice revealed its essential role in IL-1R/TLR~
mediated responses (14, 15). Furthermore, the poor defenses
against bacterial infection were observed in patients having
autosomal recessive amorphic mutations in [IRAK-4 (16, 17).
It was suggested that IRAK-4 can directly phosphorylate
IR AK-1 for the signaling. Recently, IRAK-4 has been re-
ported to be a requisite for TCR-induced NF-kB activation
by associating with ZAP-70 (18).

Although IRAK family members are involved in TLR/
IL-1R signaling, the role of their kinase activity is still con-
troversial. Among IRAK family members, IRAK-1 and -4
were shown to possess intrinsic kinase activity (13, 19). Nev-
ertheless, it has been shown that IRAK-1 kinase activity is
dispensable for its ability to activate NF-«B (20). IRAK-1
could act as a scaffold protein recruiting MyD88 and TRAF6
for the signaling (13). Second, a critical aspartate residue in
the catalytic domain has changed to an asparagine or a serine
in IRAK-2 or -M, and their kinase domains have been shown
to be inactive (21). Regarding the requirement of IRAK-4
activity for the IL-1R signaling, two controversial observa-
tions have been reported to date (22, 23). One paper showed
that the reconstitution with the kinase-inactive mutant
IR AK-4 fully restored IL-1 responsiveness (22), whereas the
other showed that the same reconstitution was capable of re-
storing only a partial cytokine response to IL-1B (23). There-
fore, the requirement of kinase activity in IRAK family
members has not been well understood.

In the present study, we generated mice carrying a knockin
mutation that abrogated IRAK-4 activity. For the assessment
~ of the roles of kinase activity, we also generated IRAK-47/~
mice. The analysis of these mice revealed that the kinase acu-
vity of IRAK-4 is essential for the physiological function
of IRAK-4, and the TLR-mediated proinflammatory respon-
ses are severely impaired in these mice. Nevertheless, we did
not observe any defects in the T cell responses in either
IRAK-47/ or IRAK-4*N/KN mjce. This study demonstrates
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Figure 1. Generation of JRAK-4%N mice. (A) Schematic representa-
tion of (RAK-4 (KK213AA) knockin.allefe. The targeting vector contains,
point mutations in exon 2 that change lysines at position 213 and 214 to
alanine (KK213AA). (B) Southern blot analysis of offspring from the hetero-
zygote intercrosses. Genomic DNA was extracted from mouse tails,
digested with BamHl, separated by electrophoresis, and hybridized with
the radiolabeled probe indicated in A. (C) Nothern blot analysis of the
expression of IRAK-4 mRNA. Total RNA from wild-type, IRAK-4-1-, and
IRAK-4KNIKN peritoneal macrophages were extracted and subjected to the
Northern blot analysis for the expression of IRAK-4 mRNA. The same
membrane was rehybridized with a B~actin probe. (D} Immunoblot analy-
sis for the expression of {RAK-4 protein expression in wild-type (+/+),
IRAK-4-1= [—[=), and IRAK-4*NIN (KN/KN) macrophages. Cell lysates
from peritoneal macrophages stimulated with 10 ng/mi MALP-2 for the
indicated times were immunoblotted with Ab to [RAK-4. Probing for
ERK1/2 was used to ensure equal loading. (E) PCR amplification products
from wild-type (+/+) and JRAK-4N {KN/KN) macrophages were sub-
cloned and sequenced to demonstrate the presence of the KK213AA
mutation; representative traces are shown.
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that IRAK-4 functions as an actual kinase for relaying the
TLR signaling.

RESULTS

Generation of IRAK-4N/N and JRAK-4-/~ mice

It has been shown that a mutation in ATP binding pocket
(K239S) of IRAK-1 abrogated its kinase activity. Neverthe-
less, overexpression of this mutant IRAK-1 still efficiently
induced NF-kB activation. Corresponding mutations in
IRAK-4 (KK213AA) was capable of inducing activation of
NF-kB in response to IL-18 stimulation. These results sug-
gested that IRAK family members function as adaptor mole-
cules for the signaling, and the IRAK kinase activity was
dispensable for their function. To identify the role of IRAK-4
activity in TLR signaling, we inserted a mutation (KK213AA)
of IRAK-4. To replace serines 213 and 214 of IRAK-4 with
alanines, a loxP-flanked Neo cassette was inserted. Serine to
alanine substitutions were introduced by site-directed muta-
genesis (Fig. 1 A). A targeting vector containing these muta-
tions were electroporated into embryonic stem (ES) cells,
clones with homologous recombination at the IRAK-4 locus
were obtained, and IR AK-4—mutated mice were generated.
The mice were crossed with CAG-~Cre transgenic mice to
excise the neo resistant gene. Homologous recombination
of IRAK-4 locus was confirmed by Southern blotting, and
the sequencing analysis revealed that the mutations were
correctly introduced (Fig. 1, B and E). The Northem blot
and immunoblot analysis showed that IRAK-4 messenger
RINA (mRNA) and protein were expressed in wild-type and

A 4+ -/~ KN/KN

B IRAK-4 - WT KN WT KN

IRAK-T  + - — + +
(aa 301-500)

IRAK-1 WT KN
(aa 301-500)

50kD — i« IRAK-4

37kD -
4 |RAK-1

Figure 2. The kinase activity in JRAK-4"NIKN mice, (A) Peritoneal
macrophages were stimulated with 10 ng/ml MALP-2 for 0, 10, and

20 min. The cell lysates were prepared and immunoprecipitated with anti-
IRAK-4 Ab. The kinase activity of IRAK-4 was measured by in vitro kinase
assay. The data shown are representative of three independent experiments.
Auto, autophosphorylation. (B) IRAK-4 ¢cDNA was obtained from total
RNA of wild-type and [RAK-4NKN macrophages, Wild-type and
KK213AA IRAK-4 proteins were expressed in the rabbit reticulocyte
lysates, and in vitro kinase assay was performed in the presence of IRAK-1
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IRAK-4NEN macrophages, although the expression of IRAK-4
protein was slightly reduced in IRAK-4N/KN"macrophages
(Fig. 1, C and D). -
We also generated IRAK-4/~ mice by homologous re-
combination to compare the importance of kinase activity
of IRAK-4 (Fig. S1,A and B, available at http://www.jem
.org/cgi/content/full/jem.20061523/DC1). For generation of
IRAK-4""~ mice, we targeted exon 2 of mouse [IRAK-4 gene
with the neo cassette in ES cells and established IRAK-4~/~
mice. Absence of IRAK-4 protein in IRAK-4"/~ macro-
phages was confirmed by Northern blotting and immuno-

Dblotting (Fig. 1, C and D).

In vitro kinase assay revealed that IRAK-4 autophos-
phorylation was induced in wild-type macrophages in re-
sponse to TLR2 stimulation (Fig. 2 A). In contrast, the
autophosphorylation of IRAK-4 was not observed either in
IRAK-4XN/EN or JRAK-47/" cells. To further investigate
whether the mutant IRAK-4 can phosphorylate IRAK-1,
we isolated IRAK-4 cDNA from wild-type and IRAK-4XNEN

cells. The IRAK-4 proteins were expressed using thé rabbit -

reticulocyte lysate system, and in vitro kinase assay was per-
formed with mouse IRAK-~1 protein (aa-301-500), which
contains an activation loop, as a substrate. As shown in Fig,
2 B, the wild-type IRAK-4, but not IRAK-4 (KK213AA),
phosphorylated IRAK-1. Immunoblot analysis revealed that
the amounts of wild-type and IRAK-4 (KK213AA) expressed
were not altered (Fig. 2 B).

We next examined whether IRAK-4 activity was re-
quired for the recruitment of IRAK-4 in the complex of

C IP: MyD88
+/+ KN/KN
0 2 510 0 2 5 10 (min)iL-1p

IB: IRAK-4
IB: MyD88
IP: IRAK4
++ KN/KN
0 2 510 0 2 5 10(min)|L-1B
' § IB: IRAK-1
IB: IRAK-4

(a3 301-500; top panel). The expression of wild-type and KK213AA IRAK-4
and IRAK-1 {aa 301-500) was determined by immunoblot analysis
(bottom panel). (C} Interaction of MyD88 and IRAK-4. MEFs were stimulated
with 10 ng/m! IL-1B for the indicated periods. The cell lysates were
immunoprecipitaed with anti-MyD88, followed by immunoblot with anti-
IRAK-4 and anti-MyD88. (D} IL-1B~induced coprecipitation of IRAK-1

and -4. The cell lysates prepared in C were immunoprecipitated with anti~
IRAK-4, followed by immunoblot with anti-IRAK-1 and anti-IRAK-4.
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MyD88 and IRAK-1 i response to IL-1R stimulation.
When mouse embryonic fibroblasts (MEFs) were stimulated
with IL-1B, IRAK-4 was coprecipitaited with MyD88 in
both wild-type and IRAK-4XNEN cells (Fig. 2 C). In con-
trast, interaction between IR AK-4 and -1 was not induced in
IRAK-48NAN macrophages (Fig. 2 D). These results indicate
that IRAK-4 activity is dispensable for the recruitment of
IRAK-4 to MyD88, although the kinase activity is essential
for the recruitment of IRAK-1 to -4.

The role of IRAK-4 activity in TLR-induced responses

We first examined the role of IRAK-4 activity in response to
TLR ligand stimulation in vivo. After challenge with LPS or
CpG-DNA together with p-galactosamine, wild-type mice
succumbed to shock and died, whereas all IRAK-4"/~ and
IRAK-4¥N/®N mice survived, indicating that the kinase activ-
ity of IRAK-4 is critical for the TLR -induced shock in vivo
(Fig. 3, A and B). We examined cytokine production of
macrophages possessing mutated [R AK-4 against TLR ligands,
including macrophage-activating lipopeptide-2 (MALP-2;
TLR6/TLR2), poly I:C (TLR3), LPS (TLR4), R-848 (TLR7),
and CpG-DNA (TLR9). Thioglycollate-elicited peritoneal
macrophages were stimulated with each TLR ligand and the

production of proinflammatory cytokines was measured by
ELISA. In accordance with a previous paper, production of
IL-6, TNF-a, and IL-12p40 in response to these TLR ligands
except poly I:C was severely impaired in IRAK-4"/~ macro-
phages compared with wild-type cells (14). The production
of IL-6, TNF-a, and IL-12p40 was also profoundly impaired
in IRAK-4KNKN cells. and the extent of reduction was similar
to that of IRAK-47/" cells (Fig. 3, C-E). In contrast, IL-6
and TNF-a production in response to poly I:C was not al-
tered between wild-type, IRAK-47/", and IRAK-4KN/KN
macrophages. DCs from IRAK-4NKN mjce also showed de-
fective cytokine production in response to these TLR ligands
(unpublished data). Thus, the IRAK-4 activity is important
for evoking cytokine production in response to varous TLR
ligands, except for TLR3 ligand.

- Not only proinflammatory cytokines but also type I IFNs
are strongly induced in response to TLR7 and TLR9 stimula-
tion in pDCs (8, 17, 24). It has been shown that [RAK-4 and
-1 are essential for TLR 9-induced type [ IFN production in
pDCs. To examine the role of IRAK-4 activity in type I IFN
response, we generated pDCs by cultivating bone-marrow

_cells in the presence of FIt3 ligand. Whereas wild-type FIt3L-

DCs produced IFN-a and IL-6 in response to A/D-type
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Figure 3. Essential role of IRAK-4 activity in TLR-mediated cyto-
kine responses. (A and B) Age-matched wild-type (n = 10), IRAK-4-I~
(n = 5), and JRAK-4NIKN (n = 5) mice were challenged with 2 mg LPS
(A) and 20 nmol CpG-DNA together with 20 mg b-galactosamine (B). The
survival of mice was monitored for 5 d. (C-£) Thioglycollate-elicited peri-
toneal macrophages from wild-type, IRAK-471=, and IRAK-4NKN mice
were stimulated with MALP-2, poly 1:C, LPS, R-848, and CpG-DNA for

24 h. For measuring IL-12 p40 concentration, macrophages were stimu-
lated with the indicated TLR ligands in the presence of 30 ng/ml IFN-v.

1016

Concentrations of IL-6 (C), TNF-a (D), and HL-12 p40 (E} in the culture
supernatants were measured by ELISA. Data are shown as mean = SD of
triplicates. Similar results were obtained in three independent experiments.
(Fand G) FIt3L-DCs from wild-type, IRAK-471=, and IRAK-4NIKN mice
were stimulated with the indicated concentrations of A/D type CpG-DNA.

Production of IFN-a (D) and IL-6 (E) was measured by ELISA. Data are

representative of three independent experiments. Indicated values are
mean = SD of triplicates.
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CpG-DNA, cells from neither IRAK-4"'" nor IRAK-4XN/KN
mice produced both IFN-a and IL-6 (Fig. 3, F and G).

Next we investigated the proliferation of B cells in re-
sponse to these TLR ligands. When we stimulated purified
B cells with MALP-2, poly I:C, LPS, R-848, and CpG-DNA,
wild-type B cells proliferated in a dose-dependent manner
(Fig. 4). In contrast, IRAK-47/" as well as IRAK-4XN/KN
B cells failed to proliferate in response to MALP-2, LPS,
R-848, and CpG-DNA. Stimulation with poly I:C induced
proliferadon of B cells even in IRAK-47/~ and IRAK-4XN/KN
mice, suggesting.that TLR3 signals independent of IRAK-4
in B cells. The proliferative responses against anti-IgM, anti-
CD40 antibodies (Abs) were not altered in wild-type, IRAK-
47/~, and IRAK-4XN/KN splenocytes, indicating that the
MyD88-dependent responses were specifically impaired in
IRAK-47'" or IRAK-4XN/KN cells. Collectively, the kinase
activity of IRAK-4 is essential for the pleiotrophic effects in
response to TLR stimulation.

Expression of TLR-mediated gene expression in IRAK-4
mutated mice

We examined whether the defects in cytokine response to
TLR stimulation in [RAK-4 mutation were regulated in a
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Figure 4. |RAK-4 activity is critical for TLR-mediated proliferation
of splenocytes. Splenocytes were cultured with the indicated concentra-
tions of MALP-2, poly I:C, LPS, R-848, CpG-DNA, anti-IgM, or anti-CD40
for 48 h. Samples were pulsed with 1 nCi PH]thymidine for the last 16 h.
[BH]thymidine incorporation was measured by a scintillation counter. Data
are representative of three independent experiments. Indicated values are
mean = SD of triplicates.
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gene expression level by Northemn blot analysis. We chose
TLR2 ligands as the stimulant because TLR2 signals only via
the MyD88-dependent pathway. In response to MALP-2 stim-
ulation, wild-type macrophages induced expression of IL-6,
TNF-a, IkB, and cyclooxygenase-2 (COX-2) genes (Fig. 5 A).
In contrast, IRAK-47'~ and IRAK-4™/KN macrophages failed

to express IL-6 and COX-2 in response to MALP-2 stimu-

lation. However, TNF-a and IkB{ were expressed even in the
absence of IRAK-4, albeit the expression was weaker than
wild-type cells. Thus, the kinase activity of IRAK-4 is criti-
cal for regulating IRAK-4—mediated controlling of gene
expression. Indeed, TNF bioassay revealed that a subtle amount
of TNF activity was induced 1 and 2 h after MALP-2 stimu-
lation in IRAK-47/~ and IRAK-4*N/KN macrophages, al-
though the amount was much smaller than in wild-type cells
(Fig. S2, available at http://wwwjem.org/cgi/content/full/
jem.20061523/DC1). Interestingly, MyD88~/~ macrophages
failed to induce any detectable amount of these genes in response
to MALP-2 stimulation (Fig. 5 A). In addition, PAM,CSK,,
a synthetic lipopeptide known to be recognized by TLR1/
TLR2 heterodimer, also induces expression of TNF-a and
IkB{ even in the absence of IRAK-4 (Fig. 5 B; reference 25).
These results indicate that the early expression of TNF-a and
IxB{ genes in response to TLR 2 ligands is regulated in part in
a IRAK-4-independent fashion, although IRAK-4 plays a
major role in the expression of TLR 2-inducible genes.

A WT  IRAK-4* IRAK4KVKN MyDBS*
01248012480124801248HhMALP-2

; T 2 E T

B wr IRAK-4+  IRAK-qKNKN

01248 0124 8012 4 8(h)PAM;CSK,
R 1 L6

IxBS

CoX-2

B-actin

Figure 5. IRAK-4-independent induction of gene expression in
TLR signaling. (A and B) Peritoneal macrophages were stimulated with
10 ng/mi MALP-2 (A) and 10 ng/mi PAM,CSK, (B) for the indicated peri-
ods. Total RNA was extracted and subjected to Northern blot analysis for
expression of IL-6, TNF-a,, Ik B, and COX-2. The same membrane was
rehybridized with a B-actin probe.
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The role of IRAK-4 activity in the TLR-mediated

signaling pathway

These observations prompted us to examine intracellular sig-
naling pathways in response to TLR stimulation. It has been
shown that IRAK-4 is recruited to IL-1R in response to
ligand stimulation, where it phosphorylates and activates
IRAK-1. It was also shown that JRAK-4 is essential for the
initiation of IL-1R~mediated signaling pathways leading to
the activation of NF-kB and MAP kinases in MEFs (14).

TLR2-mediated autophosphorylation of IRAK-1 was
completely abrogated in IRAK-4""" and IRAK-4NKNmjcro-
phages (Fig. 6 A). TLR/IL-1R stimulation induces not only
phosphorylation but also degradation of IRAK-1. MALP-2
stumulation decreased the IRAK-1 expression in wild-type
macrophages (Fig. 6 B). However, TLR 2-mediated degradation
of IRAK-1 was not observed in IRAK-4"/~ and IRAK-4N/KN
macrophages. Thus, [IRAK-4 activity is essential for IRAK-1
activation in response to TLR2 activation.

We examined the role of IRAK-4 activity in the activa-
tion of MAP kinases and NF-kB in macrophages. First, acti-
vation of c-Jun N-terminal kinase (JNK), p38, and extracellular
signal-regulated kinase (ERK) induced by MALP-2 was pro-
foundly impaired in IRAK-47/" as well as IRAK-4KN/KN
macrophages (Fig. 6, C-E). These results indicate that IRAK-4
activity is critical for the activation of MAP kinases in the
TLR signaling.

A +/+ -/- KN/KN  IP : IRAK-1
G 1020 0 10 20 O 10 20 (min) MALP-2

B+«

KN/KN

IRAK-1
ERK

Figure 6. IRAK-4 is critical for TLR-mediated activation.of IRAK-1
and MAP kinases. (A) In vitro kinase assay for IRAK-1 activation. Perito-
neal macrophages were stimulated with 10 ng/ml MALP-2 for the indi-
cated periods. The cell lysates were prepared and immunoprecipitated
with anti-IRAK-1 Ab, and the kinase activity of IRAK-1 was measured by
in vitro kinase assay. The data shown are representative of three indepen-
dent experiments. Auto, autophosphorylation. (B} Immuncblot analysis for
the change in IRAK-1 expression in response to MALP-2 stimulation. Peri-
toneal macrophages from wild-type, IRAK-4-=, and [RAK-4NKN mice
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We analyzed activation of NF-kB. Phosphorylation and
degradation of IkBa were also severely impaired in IRAK-
47/~ and IRAK-4XNEN macrophages (Fig. 7, A and B).
MALP-2—induced phosphorylation of NF-kB p65 was not
observed in IRAK-47/~ and IRAK-45NXN macrophages
(Fig. 7 C).'Nevertheless, an electrophoretic mobility shift as-
say (EMSA) revealed that the NF-kB-DNA binding activity
was clearly induced even in the absence of IRAK-4, although
the activation was ~10 min delayed compared with wild-
type cells (Fig. 7 D). Consistent with our previous study,
MyD88 '/~ macrophages failed to induce NF-kB-DNA
binding activity in response to MALP-2 (Fig. S3, available at
http://www jem.org/cgi/content/full/jerm.20061523/DC1;
reference 26). These results indicate that TLR2 activates
a MyD88-dependent and IRAK-4-independent signaling
pathway leading to the activation of NF-kB. To assess the
subunits of the NF-kB complexes observed in response to
MALP-2 stimulation, we performed supershift assays using
anti-p65 or anti-p50 Ab and nuclear extracts from macro-
phages stimulated with MALP-2 for 40 min (Fig. 7 E). In
wild-type and IR AK-4-mutated cells, the bands were super-
shifted with anti-p65 and anti-p50 Ab, suggesting that the
NE-«B complex is mainly composed of p65/p50 hetero-
dimers in both wild-type and IRAK-4-mutated cells. These
findings indicate that TLR2 activates a MyD88-dependent
and IRAK-4-independent signaling pathway leading to the

C v+ J- KNKN
0 204060 0 204060 0 20 40 60(min) MALP-2

D
KN/KN

0 20 4060 0 204060 0 20 40 60 {min) MALP-2

+/+ -/-

p-p38
p38

E +/+ -/-

KN/KN
0 20 4060 0 204060 0 2040 60 (min) MALP-2

p-ERK

ERK

were stimulated with MALP-2 for the indicated periods. Whole cell lysates
were subject to immunoblot analysis using anti~IRAK-1. ERK1/2 levels are
shown as loading control. {C-E) Macrophages from wild-type, [RAK-471-,
and IRAK-4KNIN mice were stimulated with MALP-2 for the indicated
periods, and whole cell lysates were subject to immunoblot analysis using
anti-phospho-JNK (C), anti-phospho-P38 (D), and anti-phospho-ERK (E).
The blots of INK, p38, and ERK are shown as loading controls. Similar
results were obtained in three independent experiments.
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Figure 7. IRAK-4-independent activation of NF-«B in TLR2
signaling. (A-C) Macrophages from wild-type, IRAK-4-1-, and JRAK-4NIN
mice were stimulated with MALP-2 for the indicated periods. Whole cell
lysates were subject to immunoblot analysis using anti-IkBa (A), anti-
phospho-IkBa (B), and anti-phospho-NF-«B p65 Abs (C}. The biots of
ERK1/2 and NF-kB p65 are shown as loading controls. The data are repre-
sentative of three independent experiments. (D) Wild-type, /RAK-4-1-,
and IRAK-4NKN macrophages were stimulated with 10 ng/ml MALP-2 for
the indicated periods. Nuclear extracts were then prepared, and NF-kB-

activation of NF-«kB. Stimulation with R-848 and CpG-
DNA also induced NF-kB activation in an IRAK-4-inde-
pendent manner without degrading IkBa (Fig. S4). When
IR AK-4-mutated cells were stimulated with LPS, degrada-
tion of IkBa as well as NF-kB-DNA binding was delayed as
observed in MyD&8™/~ macrophages (Fig. S4). These data
indicate that the IRAK- 4—mdependent pathway is activated
downstream of various TLRs.

Activation of NF-«B in the IRAK-1-independent and IRAK-4-
dependent signaling pathway

It was revealed that the death domain of MyD88 is résponsi-
ble for triggering downstream signaling cascades. Given that
only IRAK-4 and -1 have intrinsic kinase activity, it was hy-
pothesized that IRAK-4 and -1 function redundantly in acti-
vating NF-«kB. Therefore, we generated IRAK-1/IRAK-4
doubly deficient mice and examined the response to MALP-2.
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DNA binding activity was determined by EMSA using an NF-kB-specific
probe. (E) Nuclear extracts from macrophages stimulated with MALP-2 for
40 min were incubated with Abs specific to NF-«kB p65 and p50 before
addition of NF-xB probe. The single and double asterisks indicate the
supershifts induced by Ab to p65 and p50, respectively. (F) IRAK-1/IRAK-4-

" independent activation of NF-kB in response to TLR stimulation. Wild-

type, IRAK-4-1-, IRAK-1-1=, and IRAK-471-IRAK-1-I- doubly deficient
macrophages were stimulated with 10 ng/mi MALP-2 for the indicated
periods. NF-kB-DNA binding activity was determined by EMSA.

As shown in Fig. 7 F, the activation of NF-kB~DNA binding

" activity was induced even in the absence of both IRAK-1

and -4. Furthermore, TLR 2-induced TNF-a gene induction
was still observed in IRAK-17/"IRAK-47/~ macrophages
(unpublished data). Thus, [RAK-1-and [R AK-4—-independent
mechanisms are responsible for the signaling pathway leading
to the activation of NF-kB.

Normal TCR responses in IRAK-4-/~ and IRAK-4¥NKN T cells

A recent study has shown that deficiency in IRAK-~ 4 results
in the impaired responses to TCR stimulation (18). IRAK-4
interacts with ZAP-70 in the cells and regulates TCR-
mediated activation of NF-kB. We then analyzed responses
of IRAK-NKN mice to TCR stimulation. Surprisingly,
proliferation of purified T cells in response to either immobi-
lized or soluble anti-CD3 was not impaired in either IRAK-

" 47/~ or IRAK-4XN/KN mice compared with wild-type mice
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