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Lipopolysaccharide Stimulates the MyD88-Independent
Pathway and Results in Activation of IFN-Regulatory
Factor 3 and the Expression of a Subset of
Lipopolysaccharide-Inducible Genes

Taro Kawai,* " Osamu Takeuchi,*" Takashi Fuijita,* Jun-ichiro Inoue,® Peter F. Mihlradt, T
Shintaro Sato,*" Katsuaki Hoshino,*" and Shizuo Akira®* "

Bacterial lipopolysaccharide (LPS) triggers innate immune responses through Toll-like receptor (TLR) 4, a member of the TLR
family that participates in pathogen recognition. TLRs recruit a cytoplasmic protein, MyD88, upon pathogen recognition, medi-
ating its function for immune responses. Two major pathways for LPS have been suggested in recent studies, which are referred
to as MyD88-dependent and -independent pathways. We report in this study the characterization of the MyD88-independent
pathway via TLR4. MyD88-deficient cells failed to produce inflammatory cytokines in response to LPS, whereas they responded
to LPS by activating IFN-regulatory factor 3 as well as inducing the genes containing IFN-stimulated regulatory elements such as
IP-10. In contrast, a lipopeptide that activates TLR2 had no ability to activate IFN-regulatory factor 3. The MyD88-independent
pathway was also activated in cells lacking both MyD88 and TNFR-associated factor 6. Thus, TLR4 signaling is composed of at
least two distinct pathways, a MyD88-dependent pathway that is critical to the induction of inflammatory cytokines and a
MyD88/TNFR-associated factor 6-independent pathway that regulates induction of IP-10.The Journal of Immunology, 2001, 167:
5887-5894.
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he recognition of pathogens is mediated by a set of germof at least 10 members in mammals (4—8). One of the PAMPs
I line-encoded receptors that are referred to as pattern-rezecognized by a member of the TLR family is bacterial LPS, a 2

ognition receptors. These receptors recognize conservephajor component of the outer membrane of Gram-negative bac-g
molecular patterns (pathogen-associated molecular patterns @ria. In mammals, macrophages and monocytes primarily respond
PAMPs} shared by large groups of microorganisms (1-3). Thisto LPS and release inflammatory cytokines such as TNE=6,
recognition system is not only responsible for the first-line minO-”__]_B, and chemokines (9) The cellular response by LPS occurs
bial clearance but also plays an instructive role in the adaptivehrough interaction of LPS with a circulating LPS-binding protein
immune response through release of inflammatory cytokines angnq cb14, a glycosylphosphatidyl inositol-linked surface receptor, 8
expression of costimulatory molecules by APCs. Recently, theand subsequent activation of TLR4. TLR4 has been genetically3
family of Toll-like receptors (TLRs) has been found to function as jgenified as a signaling molecule essential for the responses (&
pattern-recognition receptors. The TLR family is now comprised| pg (10). Furthermore, mice with targeted disruption of Th4 ;
gene are LPS unresponsive (11). In contrast to TLR4-deficienty
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Tokyo Metropolitan Institute of Medical Science, Tokyo, Jap¥bepartment of Ap-  activating lipopeptide-2 kDa (MALP-2) derived fromycoplasma

plied Chemistry, Faculty of Science and Technology, Keio University, Yokohama,fermentans indicating the different roles of the TLR family in the
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the IL-1R/TLR family (13, 20, 21). However, the difference be-
tween TLR2 and TLR4 signalings has been suggested. In MyD88-
deficient macrophages, production of 1L-18, TNF-«, and IL-6 in
response to LPS and MALP-2 was completely impaired. However,
LPS stimulation of MyD88-deficient macrophages activates
NF-«kB and JNK/p38, athough this activation is delayed when
compared with wild-type (21). In contrast, NF-«xB activation by
MALP-2 stimulation is completely abolished in MyD88-deficient
macrophages (13). These results suggested the existence of
MyD88-independent pathway(s) that lead to NF-«B and JNK/p38
activation in TLR4 signaling.

In the present study, we demonstrate that activation of IFN reg-
ulatory factor (IRF) 3, aswell asinduction of IFN-inducible genes,
is regulated by the MyD88- and TRAF6-independent pathway in
TLR4 signaing.

Materials and Methods
Reagents, cells, and animals

Escherichia coli-type synthetic lipid A (compound 506) was purchased
from Dai-ichi Pure Chemicals (Tokyo, Japan; Ref. 21). MALP-2 was syn-
thesized as described previously (13). MyD88-deficient and TLR4-defi-
cient mice were generated and maintained as described previously (11, 20).
Age-matched mice were used for al experiments. C3H/HeN and C3H/HeJ
mice were obtained from SLC (Shizuoka, Japan). Peritoneal macrophages
were purified 4 days after 2 ml of 4.0% thioglycollate injection of mice. Ab
against mouse |IRF-3 was as described previously (22). Anti-lkBe, anti-
CREB-binding protein (CBP), anti-p300, and anti-JINK1 Abs were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-IRAK1 Ab
was provided by Hayashibara Biochemical Laboratories (Okayama, Ja-
pan). Pyrrolidine dithiocarbamate (PDTC) was also purchased from Cal-
biochem (San Diego, CA). Recombinant TNF-« and IL-13 were purchased
from Genzyme (Cambridge, MA).

Preparation of mouse embryonic fibroblasts (EFs)

E13.5 embryos were dissected, cut into small pieces, and soaked for 30 min
in 5 ml 0.25% trypsin EDTA at room temperature with shaking and then
inactivated with DMEM supplemented with 10% FBS. The cells were then
suspended by pipetting, plated on two 10-cm dishes per embryo, and cul-
tured in DMEM supplemented with 10% FBS. Cells cultured during days
3-5 were used for experiments.

Subtractive hybridization

Subtraction was performed essentially according to the manufacturer’sin-
structions for the PCR-select subtraction kit (Clontech Laboratories, Palo
Alto, CA) (23). In brief, 1 X 10° peritoneal macrophages from MyD88-
deficient mice were stimulated with 1.0 wg/ml lipid A for 4 h. Cytoplasmic
RNA was extracted by guanidine isothiocyanate-cecium chloride gradient
centrifugation. Poly(A) + RNA was purified using oligo-dT30 latex beads
(Takara Shuzo, Kyoto, Japan). cDNAs were synthesized from 2.0 ug of
poly(A) + RNA from lipid A-stimulated cells for tester and 2.0 pg of
unstimulated cells for driver. Following Rsal digestion, adoptors 1 and 2R
were ligated to the tester. Tester cDNA was hybridized with excess driver
cDNA. After hybridization, differential cDNAs were selectively amplified
by suppression PCR. Nested PCR products were ligated into a pGEM-T
vector (Promega, Madison, WI). A subtracted library was constructed and
independent clones were amplified by colony PCR. Differential screening
against 500 clones was performed according to the manufacturer’ s instruc-
tions (Clontech Laboratories).

Northern blot analysis

Total RNA was extracted using the TRIzol reagent (Life Technologies,
Gaithersburg, MD). Total RNA was electrophoresed, transferred to anylon
membrane, and hybridized with cDNA probes as described previously
(20). cDNA probes specific for IFN-y-inducible protein 10 (IP-10), glu-
cocorticoid attenuated response gene (GARG) 16, and immune-responsive
gene 1 (IRG1) were obtained from the subtractive screening. Probes for
IL-6 and TNF-a were described previously (21). The cyclooxygenase
(COX)-2 probe was amplified by RT-PCR from LPS-stimulated mouse
peritoneal macrophages.

MYD88-INDEPENDENT PATHWAY VIA TLR4

EMSA

The nuclear extracts of peritoneal macrophages (5 X 10°) were purified
after lipid A or MALP-2 stimulation as described previously (20). The
extracts were incubated with a specific probe for the | FN-stimulated regulatory
dement (ISRE; 5-GATCCATGCCTCGGGAAAGGGAAACCGAAACT
GAAGCC-3') found in the ISG15 gene (24) or NF-kB (5'-ATCAGGGACTT
TCCGCTGGGGACTTTCC-3") DNA-hinding Site, electrophoresed, and vi-
sualized by autoradiography as described previously (20).

Immunostaining of cells

Peritoneal macrophages seeded on glass plates at a density of 20,000
cells/ml were stimulated with 1.0 wg/ml lipid A for 4 h. The cells were
washed twice with PBS before being incubated in a mixture of 3.0% para-
formaldehyde and 0.3% Triton X-100 in PBS for 5 min to simultaneously
fix and permeabilize, and then incubated in 3.0% paraformaldehyde for 20
min. The cells were washed three times in PBS and, following blocking
with 3.0% BSA, then were washed in PBS for 60 min. The cells were
incubated with anti-IRF-3 Ab for 60 min. They then were washed three
times in PBS and incubated with biotinylated anti-rabbit Ig Ab (Vector
Laboratories, Burlingame, CA) for 30 min. After washing, the cells were
incubated with avidin-FITC (BD PharMingen, San Diego, CA) and 0.5 ug
of 4’,6-diamidino-2-phenylindole (Wako, Osaka, Japan) for an additional
30 min. The glass plates were washed four times in PBS, and drained.
Microscopy analysis was conducted under the conditions of fluorescent
light.

Western blot analysis

The nuclear extracts were separated on SDS-PAGE, transferred onto a
nitrocellulose filter membrane, and incubated with the blocking buffer con-
taining 5.0% skim milk. The filter was incubated with the indicated Ab
before being washed three times in TBST and then incubated with anti-
rabbit peroxidase-conjugated secondary Ab (Amersham Pharmacia Bio-
tech, Chalfont, U.K.). After further washing with TBST, peroxidase activ-
ity was detected by using the ECL system (DuPont Pharmaceuticals,
Boston, MA).

Reporter assay

EF cells (1 X 10°) seeded on a 6-well plate were transiently cotransfected
with 1.0 ug reporter gene plasmid (pNF-«B Luc) together with 0.1 ug of
pRL-SV40 by lipofection. After 24 h of transfection, cells were stimulated
with 1.0 uwg/ml lipid A, 30 ng/ml MALP-2, 10 ng/ml IL-13, or 10 ng/ml
TNF-a for 8 h. Therelative NF-«B activity was determined and normalized on
the basis of sea pansy luciferase activity as described previoudy (20).

In vitro kinase assay

EF cells stimulated with 100 ng/ml lipid A were lysed and immunopre-
cipitated with anti-IRAK Ab, then the kinase activity was measured by in
vitro kinase assay as described previously (21).

The cell lysates were immunoprecipitated with anti-JNK1 Ab, then anin
vitro kinase assay was performed using GST-c-Jun as the substrate as de-
scribed previously (20).

Results
Induction of IFN-inducible genes in response to lipid A in
MyD88-deficient macrophages

To search for genes activated upon LPS stimulation in a MyD88-
independent manner, we prepared a cDNA library from MyD88-
deficient peritoneal macrophages with or without lipid A stimula-
tion and performed the suppression-subtractive hybridization. The
screening identified several genes that are induced in MyD88-de-
ficient macrophages upon stimulation with lipid A. Sequence anal-
ysis of these clones revealed that most were identical to the gene
encoding IP-10, a family of CXC chemokines. Other than I1P-10,
GARG16 and IRG1 were obtained by this screening. These genes
were reported to be induced upon stimulation with IFN (25-30).
Consistent with our previous study with MyD88-deficient mice,
neither gene coding for TNF-«, IL-6 nor IL-18 was obtained in
this screening. We therefore examined the expression of 1P-10,
GARG16, and IRG1 in response to lipid A in wild-type, MyD88-
and TLR4-deficient macrophages. Thioglycollate-elicited perito-
neal macrophages were treated with 1 pg/ml lipid A for 4 or 8 h
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Induction of IFN-inducible genesin responseto lipid A in MyD88-deficient macrophages. A, Thioglycollate-elicited peritoneal macrophages

from wild-type, MyD88-deficient, and TLR4-deficient mice were stimulated with 1.0 ug/ml of synthetic lipid A (compound 506) for 4 or 8 h. Total RNA
(5.0 ng) was electrophoresed, transferred, and hybridized with 2P-labeled probes specific for IP-10, GARG16, IRG-1, COX-2, or GAPDH. B, Peritoneal
macrophages from wild-type and MyD88-deficient mice were stimulated with 10 uM Taxol for 4 h. Five micrograms of total RNA were subjected to
Northern blot analysis using cDNA probe for IP-10 or 1L-6. GAPDH was used for an internal control. C, Peritoneal macrophages from wild-type and
MyD88-deficient mice were stimulated with 10 uM Taxol for 10, 30, or 60 min. Nuclear extracts were then prepared and EMSA was performed using
NF-«B as a probe. The result was representative of two independent experiments. D, Total RNA was extracted from wild-type or MyD88-deficient
peritoneal macrophages after 4 h stimulation with 1.0 wg/ml lipid A or 3.0 ng/ml MALP-2. Five micrograms of total RNA were subjected to Northern blot
analysis using a cONA probe for 1P-10 or IL-6. GAPDH was used for an internal control.

and expression of these genes was examined by Northern blot
analysis. As shown in Fig. 1A, mRNAs for IP-10, GARG16, and
IRG1 were significantly induced in response to lipid A in both
wild-type and MyD88-deficient macrophages. In contrast, induc-
tion of these genes was not observed in TLR4-deficient macro-
phages. These results indicate that MyD88 is dispensable for lipid
A-induced expression of these genes, although TLR4 isessential to
these inductions. In contrast, lipid A induction of the COX-2 gene
was completely abolished in MyD88-deficient macrophages.

We next investigated whether or not MyD88-independent sig-
nals are also activated in response to other stimuli using TLRA4.
Taxol, an antitumor agent derived from a plant, is known to mimic
LPSin mice, although its structure is unrelated to that of LPS (31).
It has been shown that the action of Taxol completely depends on
TLR4 (31-33). Stimulation with Taxol induced 1P-10 (but not
IL-6) in MyD88-deficient macrophages as did LPS (Fig. 1B), rais-
ing the possibility that the MyD88-independent pathway could be
transmitted from TLRA4. In addition, stimulation with Taxol re-
sulted in the delayed activation of NF-«B in MyD88-deficient
macrophages as did LPS (Fig. 1C).

We next used MALP-2 that activates macrophages via TLR2
and investigated its ability to induce the IP-10 gene. As shown in
Fig. 1D, stimulation with lipid A induced strong expression of
IP-10 mRNA in both wild-type and MyD88-deficient macro-
phages, whereas the IP-10 gene was only slightly induced in re-
sponse to MALP-2 and itsinduction is MyD88-dependent. In con-
trast, IL-6 mRNA was induced in wild-type macrophages after
MALP-2 stimulation to the same extent as lipid A stimulation.
However, IL-6 mRNA induction was dramatically decreased in
lipid A-stimulated cells and completely abolished in MALP-2-
stimulated cells from MyD88-deficient mice. These results dem-
onstrate that IP-10 gene expression is regulated mainly by TLR4-
dependent and MyD88-independent pathways.

Induction of 1SRE-binding activity in response to lipid A in
MyD88-deficient mice

Previous reports indicated that expression of 1P-10 is regulated in
part by the IRF family of transcription factors, and the promoter
region of the IP-10 gene contains typical | SRE and NF-«B-binding
motifs recognized by IRFs and NF-«B, respectively (25, 34).
Therefore, we investigated the | SRE-binding activity after lipid A
stimulation in macrophages. Nuclear extracts of peritoneal macro-
phages treated with lipid A or MALP-2 were subjected to EMSA
using ISRE found in the IFN-stimulated gene 15 (1SG15) promoter
asaprobe. Asshown in Fig. 2A, ISRE binding was clearly induced
after 120 min of stimulation with lipid A. In agreement with North-
ern blot analysis of IP-10 expression, MALP-2 had no ability to
induce | SRE-binding activity. However, NF-«B was significantly
activated in the nuclear extract of cells stimulated with either lipid
A or MALP-2. These results strongly suggest a possible involve-
ment of ISRE-binding proteins in the induction of IP-10 in TLR4,
but not TLR2, signaling. We next tested whether MyD88 is re-
quired for ISRE binding after lipid A stimulation. As shown in Fig.
2B, ISRE binding was aso induced in MyD88-deficient macro-
phages as in the case of wild-type macrophages, suggesting that
ISRE activation after lipid A stimulation is MyD88-independent.
We next examined lipid A-induced NF-«B and ISRE-binding ac-
tivation in C3H/HeJ mice that are unresponsive to LPS due to a
point mutation of proline at 712 to histidine residue in the cyto-
plasmic region of TLR4 (10, 11). As shown in Fig. 2C, lipid A-
induced NF-«kB and ISRE-binding activation were completely
abolished in C3H/HeJ macrophages, whereas the activity was in-
duced in C3H/HeN macrophages. The possibility that our C3H/
HeJ mice might have a defect in NF-«xB activation was ruled out
because MALP-2-induced NF-«B activation was comparable be-
tween C3H/HeN and Hel macrophages (Fig. 2D). In addition, it
was reported that LPS or lipid A-induced IL-6 and IP-10 expres-
sion was abolished in C3H/HeJ macrophages (32). These results
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FIGURE 2. Increased |SRE-binding activity in re- A
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NF-«B as a probe. B, Nuclear extracts of wild-type,
MyD88-deficient, or TLR4-deficient macrophages
were prepared after stimulation with 1.0 png/ml lipid
A asindicated. EMSA was performed using ISRE as
a probe. C, Peritoneal macrophages from C3H/HeN
or C3H/HeJ mice were stimulated with 1.0 ug/ml
lipid A for theindicated period. Nuclear extracts were
prepared and then ISRE or NF-xB DNA binding ac-

for the indicated period. Nuclear extracts were then ‘
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tivity was monitored by EMSA. D, Peritoneal mac-
rophages from C3H/HeN or C3H/HeJ mice were

. | ee- NF-<B
“ ‘ NF-xB

stimulated with 3.0 ng/ml MALP-2 for 4 h. Nuclear
extracts were prepared and then NF-«B activity was
monitored by EMSA.

demonstrate that the proline residue at 712 is critical for activation
of both NF-«B and ISRE in TLR4 signaling and for induction of
IP-10 as well as of proinflammatory cytokines.

Involvement of IRF-3 in TLR4 signaling

IRF-3 is reported to bind ISRE and induce expression of many
genes containing this motif including RANTES (35). IRF-3isaso
known to be phosphorylated in response to viral infection and
DNA-damaging agents (36). Phosphorylated IRF-3 translocates
into the nucleus to induce gene expression by associating with
coactivator p300/CBP (22, 37). Therefore, we next tested whether
or not IRF-3 is activated by TLR4 signaling. As shown in Fig. 3A,
lipid A-induced | SRE-binding complex in EMSA was supershifted
by adding specific Ab against IRF-3 in both wild-type and
MyD88-deficient macrophages, indicating that IRF-3 is responsi-
ble for ISRE binding in response to lipid A in a MyD88-indepen-
dent manner. The anti-IRF-3 Ab did not cross-react with mouse

A wT MyD88-/-
- - + - - + alRF3Ab
- + + LipidA

- -
' 'j‘
-+

B

MyD88-/-

alRF3Ab  DAPI

alRF3Ab  DAPI

HeN Hed
0 4 04h MALP

# #|NFB

IRF-1, IRF-2, IRF-7, and latent cytosolic transcription fac-
tor(ISGF3) +y (data not shown). In addition, the levels of IRF-3
protein expression were not dtered by stimulation with LPS in both
wild-type and MyD88-deficient macrophages, suggesting that IRF-3
isactivated posttrandationaly in responseto lipid A (datanot shown).
We aso investigated whether or not signaing molecules other than
IRF-3 are do involved in ISRE binding after lipid A stimulation.
However, we could not detect any supershifted band in EMSA in the
extracts incubated with Abs against ISGF3y, IRF-4, IRF-7, STATL,
STAT2, STAT3, and phosphotyrosine (data not shown).

We next determined the cellular localization of IRF-3. Perito-
neal macrophages from wild-type and MyD88-deficient mice were
stimulated with lipid A for 2 h and stained with anti-IRF-3 Ab. As
shown in Fig. 3B, IRF-3 was normally localized in the cytoplasms
in both wild-type and MyD88-deficient macrophages. Following
lipid A stimulation, IRF-3 protein accumulated in the nuclel in
both macrophages.

C o 2 s Lpda
S =]wr
[ =] mybse.-
Nuclear protein
WB: a-IRF3

D wr MyD88-/-
0 2 4 0 2 4h LipdA

1 TIY T ising

~IRF-3

"o - - ¥ ¥ ap300Ab
- -+ - + «CBP Ab
- + 4+ 4+ + LipidA

FIGURE 3. MyD88-independent activation of IRF-3 in response to lipid A. A, Nuclear extracts were prepared after 2 h of stimulation of peritoneal
macrophages from wild-type or MyD88-deficient mice with 1.0 ng/ml lipid A. EMSA was performed using nuclear extracts incubated with |SRE probe
and anti-IRF-3 Ab as indicated. B, Peritoneal macrophages from wild-type or MyD88-deficient mice were stimulated with 1.0 wg/ml lipid A for 2 h. The
cells were stained with anti-IRF-3 Ab together with 4',6-diamidino-2-phenylindole, and the cellular localization was determined under the conditions of
fluorescent light. C, Nuclear extracts used in (B) were separated on SDS-PAGE, and blotted with anti-IRF-3 Ab. D, Peritoneal macrophages from wild-type
or MyD88-deficient mice were stimulated with 1.0 ng/ml lipid A for 2 or 4 h. Whole cell lysates were separated on SDS-PAGE and assayed for IRF-3
by Western blot analysis. E, Nuclear extracts prepared from wild-type macrophages stimulated with 1.0 p.g/ml LPS were incubated with anti-CBP Ab and/or
anti-p300 Ab. EMSA was performed using these nuclear extracts and an ISRE probe.

20z 14dy 61 uo 1senb Aq ypd-288G//91.0€ 1 1/2885/01/291/3pd-8oie/jounwwil/Bio 1ee sjeuinolj/:dny woy pspeojumoq



The Journa of Immunology

To confirm further, the nuclear extract of lipid A-stimulated
macrophages from wild-type and MyD88-deficient mice was im-
munoblotted with anti-IRF-3 Ab. As shown in Fig. 3C, IRF-3 pro-
tein was detected in the nuclear extracts of cells after 2 h of stim-
ulation with lipid A in both wild-type and MyD88-deficient cells,
confirming that IRF-3 translocated into the nucleus in response to
lipid A.

Phosphorylation of IRF-3 is known to be required for its tran-
scriptional activation. Peritoneal macrophages from wild-type and
MyD88-deficient mice were stimulated with lipid A, and mobility
shift of the IRF-3 protein on SDS-PAGE was studied by western
blot analysis with anti-IRF-3 Ab. As shown in Fig. 3D, IRF-3
protein migrated more slowly on SDS-PAGE in response to lipid
A in both wild-type and MyD88-deficient macrophages. Phospha-
tase treatment of the lysates reduced this mobility shift, indicating
that this shift was due to phosphorylation (data not shown).

To investigate whether coactivators CBP and p300 are involved
in the ISRE-binding complex, we incubated the nuclear extract of
lipid A-stimulated cells with anti-CBP Ab and/or anti-p300 Ab
before they were subjected to EMSA analysis. The ISRE-hinding
complex was diminished by adding Abs to the coactivators CBP
and p300 (Fig. 3E), indicating that the mixture of CBP/p300 is
involved in this complex.

Activation of NF-«B is required for induction of the IP-10 gene

Our previous study showed that lipid A-stimulation of MyD88-
deficient macrophages resulted in the induction of NF-«B-binding
activity with delayed kinetics in EMSA (21). We next examined
whether NF-«B translocation is accompanied by |«B degradation.
Peritoneal macrophages from wild-type and MyD88-deficient
mice were incubated with lipid A, then the cell extracts were pre-
pared and used for Western blot analysis with anti-lkBa Ab. As
shownin Fig. 4A. |kBa degraded in 10 min and reappeared 30 min
after stimulation. In contrast, the degradation of IkBa was ob-
served with the delayed kinetics in MyD88-deficient macrophages
consistent with the kinetics of NF-«xB activation. Degradation of
1kBB was also delayed in MyD88-deficient cells (data not shown).
However, it is not clear whether NF-«B in MyD88-deficient mice
possesses a transcriptional activity. Therefore, we determined by
reporter gene assay whether NF-«B activation in MyD88-deficient
mice is functional or not. EF cells derived from MyD88-deficient
mice aso exhibited the induction of the IP-10 gene and the de-

FIGURE 4. Functional activation of NF-«B in
MyD88-deficient cellsin responseto lipid A. A, Peri-
toneal macrophages from wild-type and MyD88-de-

A
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layed NF-kB DNA-binding in response to lipid A as seen in mac-
rophages (Fig. 5C). Therefore, we used these cells to perform the
reporter gene assay. EF cells were transiently transfected with
NF-«B reporter gene plasmid, and then stimulated with lipid A,
MALP-2, TNF-«, and IL-18. As shown in Fig. 4B, NF-«kB-driven
reporter gene expression was stimulated in response to lipid A in
both wild-type and MyD88-deficient cells. In contrast, activation
of NF-kB was not observed in MyD88-deficient cells in response
to MALP-2 and IL-1, being consistent with the results obtained
from EMSA. TNF-a-stimulated NF-«B activation was comparable
between wild-type and MyD88-deficient cells. These results indi-
cate that lipid A-mediated NF-«B activation in MyD88-deficient
macrophages is also functional. It was shown that there are typical
ISRE and adjacent NF-«B-binding sites in the promoter region of
the IP-10 gene, and both sites were required for induction of IP-10
(34). We next used PDTC, a potent inhibitor for NF-«B, to inves-
tigate its affect on induction of the IP-10 gene. Peritoneal macro-
phages were pretreated with PDTC for 1 h and stimulated with
lipid A for 4 h. As shown in Fig. 4C, induction of 1P-10 mRNA
was impaired by treatment with PDTC in both wild-type and
MyD88-deficient macrophages. Whereas this reagent decreased
lipid A-induced NF-«kB activation in EMSA, it did not affect the
nuclear translocation of IRF-3 (Fig. 4D), indicating that lipid A-
induced IRF-3 activation occurs independent of NF-«B transloca-
tion. Taken together, these results indicate that the delayed acti-
vation of NF-kB observed in MyD88-deficient cells is functional
and suggest that NF-«B activation is required for IP-10 gene in-
duction in response to lipid A.

Lipid A activates NF-«xB and induces IP-10 gene expression in a
MyD88- and TRAF6-independent manner

We next tested whether or not TRAF6 is aso involved in a
MyD88-independent pathway. EF cells derived from wild-type,
MyD88-deficient, TRAF6-deficient, and MyD88/TRAF6-doubly
deficient mice were stimulated with lipid A or IL-18 for 4 h and
subjected to the expression of 1P-10 and IL-6. Induction of IL-6 in
response to lipid A or IL-18 was impaired in MyD88-, TRAF6-,
and MyD88/TRAF6-deficient cells, whereas IP-10 was signifi-
cantly induced in response to lipid A in a MyD88/TRAF6-inde-
pendent manner (Fig. 5A). In contrast, IL-13 had no ability to
induce 1P-10 in wild-type cells (Fig. 5A).

ficient mice were stimulated with 1.0 wg/ml lipid A

for the indicated period followed by Western blot
analysis with anti-lkBa specific Ab. B, Embryonic

fibroblasts from wild-type and MyD88-deficient
mice were transiently transfected with 1.0 ug NF-
kB-dependent reporter gene plasmid. After 12 h,
cells were stimulated with 1.0 ug/ml lipid A, 30
ng/ml MALP-2, 10 ng/ml IL-13, or 10 ng/ml TNF-c.

Relative luciferase activity was determined after
24 h. C, Peritoneal macrophages were treated or left 34
untreated with 10 uM PDTC for 1 h, and then stim-
ulated with lipid A for 4 h. Five micrograms of total
RNA were subjected to Northern blot analysis for
expression of 1P-10. A GAPDH probe was used as
an internal control. D, Peritoneal macrophages 14
pretreated with PDTC for 1 h were stimulated with I
lipid A for 2 h. Nuclear extracts were analyzed for o
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FIGURE 5. MyD88- and TRAF6-independent induction of the IP-10 gene and activation of NF-«B and JNK. A, EF cells derived from wild-type,
MyD88-deficient, TRAF6-deficient, and MyD88- and TRAF6-deficient mice were stimulated with 100 ng/ml lipid A (L) or 10 ng/ml IL-18 (1) for 4 h.
Expression of IL-6 and IP-10 was analyzed by Northern blot. GAPDH was used as a control. B, EF cells were stimulated with 100 ng/ml lipid A (L) or
10 ng/ml 1L-1B (1) for 60 min. NF-kB DNA-binding activity was analyzed by EMSA. C, EF cells were stimulated with 100 ng/ml lipid A for 10 or 60
min. NF-kB DNA-binding activity was analyzed by EMSA. D, EF cells were stimulated with 100 ng/ml lipid A for 20 or 40 min. Cell lysates were
immunoprecipitated with anti-JNK1 Ab. INK activity was analyzed by in vitro kinase assay with GST-c-Jun as the substrate (upper). Expression of JNK1
was analyzed by Western blot with anti-INK1 Ab (lower). E, EF cells were stimulated with 100 ng/ml lipid A for 20 or 40 min. Cell lysates were
immunoprecipitated with anti-IRAK Ab. IRAK activation was analyzed by in vitro kinase (upper). Expression of IRAK was analyzed by Western blot with

anti-JNK Ab (lower). Auto, autophosphorylation.

We next investigated activation of NF-kB in responseto lipid A
or IL-1B. As shown in Fig. 5B, NF-«kB was activated in response
to lipid A in cells lacking MyD88, TRAF6, and MyD88/TRAF6.
In contrast, stimulation with IL-183 failed to activate NF-kB in
these cells. Because lipid A-induced NF-«B activation was de-
layed in MyD88-deficient macrophages, we next performed time-
course analysis using EF cells. As shown in Fig. 5C, NF-«B was
activated at 10 min of stimulation in wild-type cells but not in cells
lacking MyD88, TRAF6, and MyD88/TRAF6. At 60 min stimu-
lation, NF-«B was activated in all types of cells. Furthermore,
activation of JNK in response to lipid A was aso delayed in
MyD88-, TRAF6-, and MyD88/TRAF6-deficient EF cells (Fig.
5D). The activation of other MAP kinases, such as extracellular
signal-related kinase and p38, was also delayed in these cells (data
not shown). We next investigated the activation of IRAK in re-
sponse to lipid A. Consistent with our previous report using mac-
rophages, activation of IRAK was completely abolished in
MyD88-deficient EF cells. Surprisingly, IRAK activation was also
impaired in TRAF6- and MyD88/TRAF6-deficient cells (Fig. 5E).
This result indicates that activation of IRAK is dependent on both
MyD88 and TRAF6 in EF cells. Taken together, the delayed ac-
tivation of NF-«kB and MAP kinases and the expression of IP-10in
response to lipid A occur through MyD88- and TRAF6-indepen-
dent mechanisms.

Discussion

Our previous study with MyD88-deficient mice revealed the exis-
tence of MyD88-dependent and -independent pathways in LPS
signaling (21). MyD88-deficient cells failed to produce any in-
flammatory cytokines such asIL-1p, IL-6, and TNF-« in response
to LPS. Nevertheless, activation of NF-«kB and MAP kinases was
observed in LPS-stimulated MyD88-deficient cells with the de-
layed kinetics. For the present, the nature and role of the MyD88-
independent pathway are not well understood. In this study, we

demonstrated that LPS activates IRF-3 and induces expression of
asubset of LPS-inducible genesin a MyD88-independent manner.

IRF-3 was originally identified as a member of the IRF family
that binds to the ISRE of the ISG15 (24, 38). The IRF-3 protein is
ubiquitously present in a variety of tissues and phosphorylated in
response to viral infection, dsRNA treatment, or DNA-damaging
agents (22, 36, 37, 39). Phosphorylated IRF-3 then translocates to
the nucleus, associates with the p300/CBP coactivator, and binds
to the ISRE, which results in induction of several IFN-regulated
genes. Recently, it has been reported that virus-induced 1P-10 in-
duction is dependent on IRF-3 and ISGF3 (40). It has been shown
that IRF-3 also translocates to the nucleus upon stimulation with
LPSin ahuman astrocytomacell line (41). In the present study, we
demonstrated that |RF-3 translocates to the nucleus in response to
LPS in MyD88-deficient macrophages as well as wild-type mac-
rophages. MyD88-deficient macrophages responded to LPS to in-
duce IFN-regulated genes to similar extents as those of wild-type
macrophages, indicating that LPS activation of IRF-3 is MyD88-
independent. In contrast, induction of 1L-6, IL-18, and TNF-«
mRNA in response to LPS was dramatically reduced in MyD88-
deficient macrophages. Furthermore, lipid A-induction of COX-2
mRNA was completely abolished in MyD88-deficient macro-
phages. Thus, it appears that LPS activates at least two signaling
pathways to induce different subsets of genes; the MyD88-depen-
dent pathway regulates expression of IL-6, IL-18, TNF-«, and
COX-2, whereas the MyD88-independent pathway regulates ex-
pression of IFN-regulated genes such as IP-10, GARG16, and
IRG-1, possibly through coordinate action of IRF-3 and NF-«B.
Although we used the I1SG15 ISRE in al of our IRF-3 binding
studies, we recognize that this does not imply that IRF-3 will bind
to ISREs derived from the three genes identified by subtractive
hybridization. Because our present study does not show any direct
involvement of IRF-3 in LPS-induced IP-10, GARG16, or IRG-1
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gene expression, further study will be required to ascertain this
point.

The finding that MyD88-deficient mice, but not TLR4-deficient
and C3H/HeJ mice, could activate both NF-«kB and IRF-3 as well
as the IP-10 gene in response to LPS or Taxol indicates that the
MyD88-independent pathway originates from the cytoplasmic por-
tion of TLR4. In contrast, TLR2-dependent stimuli, such as
MALP-2, failed to activate IRF-3 and induce I P-10, which is con-
sistent with our previous finding that MALP-2-mediated activation
of NF-kB and MAP kinases is completely abolished in MyD88-
deficient cells. Consistent with our result, Hirschfeld et a. (42)
recently showed that macrophage stimulation by Porphyromonas
gingivalis LPS preparation, a potent TLR2 ligand, resulted in di-
minished |P-10 expression compared with stimulation by E. coli
LPS. Taken together, these findings show that TLR2 activates
NF-kB and MAP kinases only through the MyD88-dependent
pathway as is the case with the IL-1R family, whereas TLR4 ac-
tivates NF-kB and MAP kinases through MyD88-dependent and
-independent pathways (Fig. 6).

Recently, Perera et a. (43) showed that LPS-induced gene ex-
pression of COX-2 and IL-12, but not of TNF-a and IP-10, was
diminished in CD11b/CD18-deficient macrophages . These results
suggest that there are different mechanismsin the regulation of the
these genes in response to LPS. The genes affected by CD11b/
CD18 were induced by the MyD88-dependent pathway, implying
that the MyD88-dependent pathway may be modulated by
CD11b/CD18.

How does LPS activate NF-«kB, MAP kinases, and IRF-3 in a
MyD88-independent manner? TRAF6 is a candidate that partici-
pates in the MyD88-independent pathway as it has the ability to
activate NF-kB and MAP kinases by associating IRAK, and
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TRAF6-deficient cells are defective in activating NF-«B by 1L-1
(17, 44, 45). However, induction of 1P-10 and activation of NF-xB
and JNK were observed in response to lipid A but not IL-18 in
TRAF6-deficient fibroblast cells, as seen in MyD88-deficient cells.
Furthermore, MyD88/TRAF6-doubly deficient cells aso re-
sponded to lipid A by inducing the IP-10 gene and activating
NF-kB and INK. Taken together, TRAF6 is dispensable for LPS-
mediated induction of IP-10 and activation of NF-«xB and the
MyD88-independent pathway in TLR4 signaling integrates at a
level downstream of TRAF6, ultimately leading to the activation
of NF-kB and MAP kinases (Fig. 6). Previous reports have indi-
cated that TRAF6 acts downstream to IRAK (15, 16). However,
we showed in this study that lipid A-induced activation of IRAK
was completely abolished in TRAF6-deficient mice. This obser-
vation demonstrates that IRAK activation completely depends on
both MyD88 and TRAF®6.

Other than TRAFG, LPS is known to activate a number of sig-
naling molecules that include protein kinase C, src-type tyrosine
kinases, small G protein, PI3K, Akt, TAK1, and double-stranded
RNA-dependent protein kinase, al of which are reported to have
abilities to activate NF-«B (46-52). It is possible that these mol-
ecules are involved in the MyD88-independent pathway |eading to
NF-«B and IRF-3 activation in response to LPS.

In summary, we showed in this study that |RF-3 can be activated
in response to LPS in a MyD88-independent manner. The MyD88-
dependent pathway regulates expression of genes encoding inflam-
matory cytokines, whereas the MyD88-independent pathway reg-
ulates a subset of LPS-inducible genes that have been previously
reported to be IFN-inducible. In contrast, TLR2 failed to induce
the IP-10 gene. Given that TLR4, but not TLR2, aso activates
NF-kB in a MyD88-independent mechanism, it is possible that
TLR4 specifically uses an unknown molecule other than MyD88
for its signaling to both NF-«B and IRF-3. Future research on
identification of such a molecule may clarify its precise mecha
nism on the signaling cascade triggered by the TLR family,
especially TLR4.
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