The Journal of Immunology

A

Wiid-type

D19 1668 1668
M UM 003uM
m136138136¢(h)

L - T.IIFN-Q
I L D ;I IFN-8
|_~wetws-we]i12p0
| #w we we|rer
lpu--u-.u.:] factin

B Wiki-type IFN-/BR*

D19 1668 D18 {668
M 3uM HM M
m1361386m136138 (h)

| o} - ll?N—u
| _wlee w & |1FNg
[ weone -wewmd]iL1zpwo
[ us »a | rF7
[.-mu--u.:] B-actin

FIGURE 5. Northemn blot analysis of FI3L-BMDCs stimulated with
D19 or ODN1668. FIt3L-BMDCs from wild-type or IFN-o/BR™" mice
were stimulated with CpG DNAs for the indicated periods. Total RNAs
were extracted and subjected to Northern blot analysis.

{18-20). We found that A/D-type CpG DNAs also stimulated
B220* CD11e*" cells to induce 1FN-& production. B220* CD11¢M
cells could also produce significant, but smaller, amounts of
IFN-a by conventional CpGG DNAs only at low doses, while
B2207CDI1c™#" celis did not (data not shown). Interestingly,
although B2207CD11cME" cells secreted similar amounts of 1L-12
in response to the twoe types of CpG DNAs, B220* CD1 1c®™" cells
produced smaller amounts of 1L-12 when stimulated with A/D-
type CpG DNAs than with conventional CpG DNAs. Meanwhile,
costimulatory molecule expression in B2207CD1c™" and B220~
CD11c™e" cells was comparatively up-regulated by both types of
CpG DNAs. These results suggest that differential responses to con-
ventional or A/D-type CpG DNAs are observed in cytokine-pro-
ducing ability, but not in the ability to enhance costimulatory mol-
ecule expression. Notably, B2207CDI11cM#" cells, which cannot
praduce IFN-a, responded to the two types of CpG DNAs in an
indistinguishable manner. Thus, the differential ability of DCs 1o
produce cytokines in response to conventional or A/D-type CpG
DNAs is based on the characteristics of B220*CD11¢™" cells.
At present we do not know how TLRY can transduce such dif-
ferential activity depending on the ligand. Klinman et al. (7) have
shown that TLR9 overexpression can render a human kidney cell
line responsive to conventional CpG DNAs, but not to A/D-type
CpG DNAs. This suggests that TLRY is not sufficient for trans-
ducing the A/D-type CpG DNA signal, and that another mole-
cule(s) cooperatively functions to induce 1FN-a production with
TLR9. Tt is assumed that oligodcoxynucleotides are incorporated
into cells through a pathway not requiring any specific sequences
and that only CpG DNAs can bind 1o TLR® and trigger TLR9
signaling in the endosome (10, 28). However, confocal micro-
scopic analysis revealed that conventional and A/D-CpG DNAs
are destined for different cell compartments (29). Such differential
behavior of CpG DNAs might lead to the induction of distinct
cytokines. It is also possible that dificrential TLR9 responses are
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caused by coligation of other transmembrane proteins, In this con-
text, it is noteworthy that scavenger receptor A (SR-A) can bind to
the polyG stretch and that SR-A ligands can inhibit the binding of
CpG DNAs containing the polyG stretch to splenic CD11¢* DCs
(30). However, it remains unknown whether SR-A is involved in
DC responses caused by A/D-type CpG DNAs.

DNA-PKes was suggested as a signaling molecule for CpG
DNA-induced immune responscs (24). However, a recent report
has shown that DNA-PKcs is not essential for CpG DNA re-
sponses (31). Our present results are consistent with the latter re-
port and further show that the enzyme is dispensable not only for
conventional, but also for A/D-type, CpG DNAs-induced signal-
ing. In addition, MyD88™'~ and TLR9™" cells lacked any re-
sponse to either type of CpG DNAs (Fig. 3). Thus, CpG DNAs can
manifest their multiple immunostimulatery finctions through the
TLRS-MyD88-dependent pathway.

Viral infection can induce type 1 IFN production that is vigor-
ously amplified by type I IFN itself (32, 33). IFN-a/BR™" cells
decreased their ability to produce IFN-ar in response to A/D-type
CpG DNAs, indicating that type I IFN signaling is also involved in
TLR9-induced IFN-ar production. IRF7 mRNA can be induced by
type I IFN. The induction was suggested to be critical for IFN-a
preduction through the analysis of IRF-9-deficient mice that lack
IRF7 mRNA induction {27). However, wild-type DCs could pro-
duce similarly increased levels of IRF7 mRNA expression in re-
sponse to 3 uM ODNI668, although IFN-a production was pro-
foundly decreased (Fig. 5). Thus, IRF7 mRNA induction is not
sufficient for TLR9-induced IFN-a production.

In response to 3 uM ODNI1668, low levels of type L IFN mRNA
expression can be induced at | h, but the induction rapidly declines
at later time points. Meanwhile, at 0.03 £M ODN1668 the induc-
tion comes later and reaches comparable levels as with D19. These
results suggest the possibility that a high concentration of
ODNI1668 induces unknown negative feedback mechanism result-
ing in the abolishment of type I IFN gene cxpression. Further
studies are necessary to clarify how TLRY induces differential re-
sponses depending on its ligands.

Among TLR family members, TLR7 is closely related to TLRS
based on their molecular structures. In humans, TLR7 and TLR9
arc expressed on a subsct of DCs, PDC. Activation of TLR7 or
TLRY enhances the survival of DCs and the expression of surface
molecules, such as costimulatory molecules and MHC class 11
Thus, TLR7 and TLR9Y have common features in their molecular
structures and functions. While TLR is expressed exclusively on
PDC, TLR7 is also expressed on another subset, myeloid DC. Ex-
periments with TLR7 ligands clarified that TLR7 signaling can
differentially induce IFN-a and IL-12 from PDC and mycloid DC,
respectively (34}, The mechanism is unknown at present, but it is
intriguing that murine TLRY and the human TLR7 systems are
well conserved in differential cytokine inducibility depending on
DC subscts. Another intriguing point is that murine B220%
CD11c*" cells do not produce high levels of 1L-12 in response to
D19, although they can in response to ODN468. This is in con-
trast to the human TLR7 system, because human PDC cannot pro-
duce IL-12 in response to any stimuli. IFN-& can inhibit [L-12
production (35), but that cannot account for the inability of A/D-
type CpG DNA-stimulated B220* CD11e™" cells to produce IL-
12, because costimulation with 1FN-or and ODN1668 did not de-
crease 1L-12 production from B2207CDI11c™e" cells (data not
shown). Furthermore, type ! IFN-neutralizing Abs could not
increase IL-12 production from D19-treated B220* CD1 ]!
cells (data not shown). Thus, it is unlikely that IFN-a produc-
tion induced by D19 prevents B220*CD11¢®" cells from pro-
ducing IL-12.
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The present study has revealed subset-dependent responses of

murine DCs to distinct types of Cp(G DNA. Further clarification of
the underlying molecular mechanisms should contribute to eluci-
dating how DCs are activated by CpG DNAs and to developing
efficient vaccination strategics with CpG DNAs.
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TRAM is specifically involved in the Toll-like receptor
4-mediated MyD88-independent signaling pathway

Masahiro Yamamoto!, Shintaro Sato?, Hiroaki Hemmi', Satoshi Uematsu!, Katsuaki Hoshino?,
Tsuneyasu Kaisho', Osamu Takeuchi!, Kiyoshi Takeda!s? & Shizuo Akira®?

Recognition of pathogens by Toll-like receptors (TLRs) triggers innate immune responses through signaling pathways mediated
by Toll-interleukin 1 receptor {TIR) domain—containing adaptors such as MyD88, TIRAP and TRIF. MyD88 is a common adaptor
that is essential for proinflammatory cytokine production, whereas TRIF mediates the MyD88-independent pathway from TLR3
and TLR4. Here we have identified a fourth TIR domain—containing adaptor, TRIF-related adaptor molecule (TRAM), and
analyzed its physiological function by gene targeting. TRAM-deficient mice showed defects in cytokine production in response
to the TLR4 ligand, but not to other TLR ligands. TLR4- but not TLR3-mediated MyD88-independent interferon- production
and activation of signaling cascades were abolished in TRAM-deficient cells. Thus, TRAM provides specificity for the MyD88-

independent component of TLR4 signaling.

TLRs discriminate among molecular patterns associated with microbial
components. TLEs are abundantly expressed on professional antigen-
presenting cells such as macrophages and dendritic cells, and serve as an
important link between the innate and adaptive immune responsesh2.
So far, genes encoding ten TLRs (TLR1-TLRIQ) have been found in the
human genome, and each TLR recognizes specific pathogen-associated
patterns. TLR1 recognizes triacylated lipoprotein®. TLR2 is essential for
recognition of peptidoglycan (PGN), the main Gram-positive bacterial
cell wall component*. TLR3 is involved in recognition of double-
stranded RNA, which is generated in the life cycle of RNA viruses®.
TLR4 is a receptor for lipopolysaccharide (LPS), a Gram-negative cell
wall component®’, TLR5 recognizes flagellin, a component of bacterial
flagella®. TLRS is required for recognition of diacylated lipoprotein®,
whereas TLR7 is crucial for recognition of imidazoquinoline, an antivi-
ral synthetic compound, and its derivative, R-848 (ref. 10). TLR9 is a
receptor for bacterial unmethylated CpG DNAM,

Intracellular signaling pathways of TLRs are elicited from the TIR
domain, which is conserved among the cytoplasmic regions of TLRs. A
cytoplasmic molecule, MyD88, contains a TIR domain and a death
domain. The death domain of MyD88 is required for interaction with
other death domain—containing molecules such as IRAXK-1 and IRAK-
4 (refs. 12-14). The TIR domain is reportedly required for the forma-
tion of dimers with other TIR domain—containing receptors or
adaptors. Indeed, MyD88-deficient mice show neither splenocyte pro-
liferation nor production of proinflammatory cytokines in response to
all TLR ligands and interleukin 1 {(IL-1), indicating that MyD88 is
essential for the immune responses through all TLRs and the [L-1

receptor (IL-1R)'S. However, a TLR3 ligand, poly(l:C), and the TLR4
ligand, LPS, still stimulate the expression of certain genes, such as the
gene encoding interferon-f (IFN-P), in MyDB88-deficient mice.
Induction of IFN-} expression leads to maturation of dendritic cells
and subsequent expression of IFN-inducible genes'®-8, These obser-
vations indicated that TLR signaling is composed of at least two path-
ways: a MyD88-dependent pathway that leads to the production of
proinflammatory cytokines, and 2 MyD88-independent pathway asso-
ciated with the induction of IFN-inducible genes and maturation of
dendritic cells. Moreover, the specificity of the MyD§8-dependent sig-
naling pathways through all TLRs is provided by TIRAP, the second
TIR domain—containing adaptor discovered!?20, TIRAP-deficient
mice show defects in activation of the MyD88-dependent signaling
pathway through TLR2 and TLR4, but not other TLRs?h22.

Although the precise molecular mechanisms of the MyD88-inde-
pendent signaling pathway are unknown, identification of another TIR
domain—containing molecule, TRIF?># (also called TICAM-1}, and
genetic evidence from mice carrying a mutation in this gene demon-
strated that TRIF is crucial in the MyD88-independent signaling path-
way shared by TLR3 and TLR4 (refs. 25,26). Furthermore, two
noncanonical IkB kinases (IKKs), IKK-i (also called IKKe) and TBK1
{also called T2K), interact with TRIF, activate IRE-3 and, finally, lead to
YFN-B induction?™2%,

Two more TIR domain—containing adaptors have been identified in
the human genome. The physiological function of the first, SARM (for
sterile alpha motif (SAM) and Armadillo motif (ARM) domain—
containing protein), in TLR-IL-1R signaling remains unclear®®>C,

IDepartment of Host Defense, Research Institute for Microbial Diseases, Osaka University, and 2ERATO, Japan Science and Technology Corporation, 3-1 Yamada-oka,
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Previous in vitro analysis of the other, TRAM (also called TIRP)!,
indicates that its ectopic expression activates NF-«B, as does MyD388,
TIRAP and TRIF. However, it does not activate the promoter for the
gene encoding IFN-, unlike TRIF. Dominant negative mutants of this
protein inhibit the NF-xB activation through IL-1R, but not through
TLRs, indicating that TRAM is a specific adaptor protein in the IL-1R-
mediated MyD88-dependent signaling pathway. However, the func-
tion of TRAM in vive remains to be clarified.

Here we report the generation of TRAM-deficient mice and detailed
analysis of TLR-IL-IR signaling in these mutant mice. TRAM-
deficient mice showed normal responses to ligands for TLR2, TLR7, TLRS
and IL-1f, but defective macrophage responses to the TLR4 ligand in
cytokine production and B cell activation. Furthermore, activation of the
TLR4-mediated MyD88-independent, but not MyDBB-dependent, sig-
naling cascade was abolished in TRAM-deficient mice. Although this
phenotype was reminiscent of that of TRIF-deficient mice, which lack
activation of the MyD88-independent pathway in both TLR3 and TLR4
signaling, TRAM-deficient mice showed a norrmal response to the TLR3
ligand, These results indicate that TRAM is an adaptor molecule that pro-
vides specificity for the MyDB8-independent pathway of TLR4 signaling.

a b IL-1B c
WT KO
0 153060 0 15630 60 (min}
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Figure 1 Cloning and characterization of human TRAM and targeted
disruption of the gene encoding mouse TRAM, (a) Comparison of the
structures of human TRAM, TRIF, MyCB8 and TIRAP. Domains were
determined with the BLAST program, Lengths are indicated in amino acids
{aa). DD, death domain; TIR, TIR domain. (b,c) 293 cells were transiently
transfected with 1 ug TRAM, MyDBE&, TRIF or empty vector {-), plus 0.1 pg
NF-xB reporter (b} or the IFN-B promoter luciferase reporter (c). Then, 24 h
after transtection, luciferase activity was measured. Numbers over each
column indicate the fold induction', which for empty vector was normalized
to onefold. (d) The structures of the gene encoding TRAM (top), the targeting
vector (middle} and the predicted disrupted gene (bottom). Gray box, coding
exon. B, BamH]. (e) Southern blot analysis of offspring from the
heterozygote intercrosses. Genomic DNA was extracted from mouse tail
tissue, digested with Bamt, separated by electrophovesis and hybridized
with the radiolabeled probe shown in d. Southern blot analysis detected a
single 7.6-kb band for wild-type mice (+/+), a 2.4-kb band for homozygous
TRAM-deficient mice (-~} and both bands for heterozygous mice (+/-).

{f} Cell lysates prepared from macrophages were immunoprecipitated and
immuneblotted with anti-TRAM, Bottom, the same lysates blotted with anti-

actin to monitor protein expression, WT, wild-type; KO, TRAM-deficient,

RESULTS

fdentification of TRAM

The TIR domain—ontaining adaptor TRIF was identified by a database
search analysis® (Fig. 1a). During this analysis, we identified another
TIR domain-—<ontaining molecule. The TIR domain of this molecule
showed greater homology with the TIR domain of TRIF than with that
of MyD88 or TIRAP (data not shown). The gene encoding has an open
reading frame of 708 base pairs (bp) that encodes 235 amino acids.
Ectopic expression of TRAM in 293 cells activated luciferase reporters
containing the NF-xB—dependent promoter or the promoter for the
gene encoding [FN-f, albeit at low amounts compated with that of
MyD388- and TRIF-mediated activation, respectively (Fig. 1b,c). Thus,
in vitrg studies indicated that TRAM is involved in TLR-IL-1R signal-
ing pathways.

Generation of TRAM-deficient mice

To elucidate the physiological function of TRAM, we generated TRAM-
deficient mice by gene targeting. The gene encoding mouse TRAM
consists of one exon. We constructed the targeting vector to replace the
entire exon with a neomycin-resistance gene cassette (Fig. 1d). We

Figure 2 1L-1-induced responses in TRAM-
deficient cells, {a) Embryonic fibroblasts from
wild-type and TRAM-deficient mice were
stimulated with 100 ng/ml of IL-18. Supernatants
were collected 24 h later for 1L-6 analysis by
ELISA. Data represent means + $.4. of triplicate

KO

n

L -——

samples, N.D., not detected. (b) Embryonic
fibroblasts were stimulated with 100 ng/ml of

- — -« p-JNK1

i _u.._.-.._n—.—l -« JNKY

IL-1f (time, above lanes). Nuclear extracts were

IL-6 {ng/ml}

-

Med IL-p
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prepared, and NF-xB DNA-binding activity was
determined by electrophoretic mobility shift assay
with an NF-xB-specific prebe. {c) INK activation
was also determined by immuncbiot of cell
extracts with anti-phospho-JNK (p-JNK).

WT, wild-type; KO, TRAM-deficient.
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Figure 3 Impaired TLR4-mediated cytokine
production and B cell activation in TRAM-
deficient mice. (a) Peritoneal macrophages from
TRIF-deficient mice or wild-type mice were left
unstimulated (Med) or were stimulated with

10 pg/mi of PGN, 100 ng/ml of LPS, 100 aM
R-848 or 1 pM CpG DNA in the presence of

39 ng/ml of IFN-y. Supernatanis were collacted
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microinjected two correctly targeted embryonic stem cell clones into
C57BL/6 blastocysts to generate chimeric mice. We crossed male
chimeric mice with female C57BL/6 mice, and monitored transmission
of the mutated allele by Southern blot analysis (Fig. 1¢). We then inter-
bred heterozygous mice to produce offspring carrying a null mutation
of the gene encoding TRAM. TRAM-deficient mice were born at the
expected mendelian ratio and showed no developmental abnormali-
ties. To confirm the disruption of the gene encoding TRAM, we ana-
lyzed total RNA from wild-type and TRAM-deficient lung fibroblast
cells by RNA blot. We found no transcripts for TRAM in RNA from
TRAM-deficient mice (data not shown). Immunoprecipitation analy-
sis of macrophages further confirmed that disruption of the gene
encoding TRAM abolished expression of TRAM protein (Fig. 1f),

TRAM is not involved in IL-1R signaling

As a previous int vitrg study showed that TRAM (also known as TIRP)
is involved in the IL-1R-mediated MyD88-dependent pathway?!, we
first tested whether IL-1R signaling was impaired in TRAM-deficient
cells. We measured production of 1L-6 by mouse embryonic fibrob-
lasts from wild-type and TRAM-deficient mice in response to IL-15 by
enzyme-linked immunosorbent assay (ELISA; Fig. 2a). IL-1B-induced
IL-6 production was normal in TRAM-deficient mouse embryonic
fibroblasts. We next analyzed activation of NF-xB and the kinase ]NK1
in response to 1L-1(3 (Fig. Zb,c). IL-1P stimulation activated NF-xB
and JNKI activation equivalently in both wild-type and TRAM-defi-
cient mouse embryonic fibroblasts, demonstrating that TRAM is not
involved in the IL-1R-mediated signaling pathway.
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15 20 24 h later for TNF (left) and IL-6 (right) analysis
by ELISA. Data represent means £ s.d, of
triplicate samples, N.D., not detected.

(b) Peritoneal macrophages were stimulated for
24 h with LPS (concentrations, horizontal axes)
in the presence of 30 ng/ml of IFN-v, and

TNF {left}, IL-6 (middle) and IL-12 p40 {right)
in supernatants was measured by ELISA, Data
represent means + 5.d. of triplicate samples.

{c} Praliferation of splenocytes stimulated with
LPS, R-843 or CpG DNA. Splenccytes were
cultured for 24 h with LPS, R-848 or CpG DNA
{concentraticns, horizental axes; wedges indicate
increasing concentrations). Samples were pulsed
with [3H]thymidine (1 uCi) for the last 12 h, then
[*H)thymidine incorporation was measured with
1Al a scintillation counter. {d) Splenic B220-positive
cells were cultured with 10 ug/mi of LPS or

10 pg/ml of anti-IgM (o-1gM). After 36 h of
culture, cells were collected and stained with
biatin-conjugated anti-CD69, anti-CDB6

1 10 100

— Med or anti-t-A® followed by phycoerythrin-conjugated
—algd  cireptavidin, WT, wild-type; KO, TRAM-deficient;
LPS Med, medium.
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TLR4-mediated cytokine production and B cell activation

We next analyzed the production of proinflammatory cytokines such
as tumor necrosis factor (TNF) and IL-6 by peritoneal macrophages
in response to various TLR ligands, including PGN, LPS, R-348 and
CpG DNA. Wild-type and TRAM-deficient macrophages produced
similar amounts of IL-6 and TNF when stimulated with PGN, R-848
or CpG DNA. However, LPS-induced production was reduced in
‘TRAM-deficient cells (Fig. 3a). Wild-type cells produced TNE, IL-6
and p40 subunit of IL-12 in response to LPS stimulation in a dose-
dependent way {Fig. 3b). In contrast, LPS-induced production in
TRAM-deficient cells was impaired. Thus, TRAM-deficient mice
showed defective responses in terms of LPS-induced cytokine pro-
duction. Next, we analyzed splenocyte proliferation in response to
stimulation with LPS, R-848 or CpG DNA. Proliferation of wild-type
and TRAM-deficient splenocytes in response to R-848 and CpG
DNA was similar. However, TRAM-deficient splenocytes showed
defective proliferation after LPS stimulation (Fig. 3c). We next ana-
lyzed surface expression of CD69, CD86 and major histocompatibil-
ity complex ctass 1 molecules on B220-positive splenocytes by flow
cytometry after stimulation with LPS or antibody to IgM (anti-IgM).
Both wild-type and TRAM-deficient B220-positive cells showed
similar CD69, CD86 and major histocompatibility complex class [I
up-regulation in response to anti-lgM (Fig. 3d). However, LPS-
induced up-regulation of these molecules was perturbed in TRAM-
deficient cells. Therefore, these data indicated that TLR4-mediated,
but not other TLR-mediated, responses were impaired in TRAM-
deficient mice.
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TLR4-mediated MyD&8-independent responses

TLR3 and TLR4 ligands induce IFN-B production and subsequent
expression of IFN-inducible genes in 2 MyD88-independent way®17.18,
The impaired TLR4-mediated cytokine production and B cell activation

. in TRAM-deficient mice prompted us to investigate whether the MyD88-

independent responses were also impaired in these mice, We analyzed
expression of the gene encoding IFN-B and IFN-inducible genes in both
wild-type and TRAM-deficient mice by RNA blot. LP$ stimulated
expression of the gene encoding [FN-f and IFN-inducible genes, indud-
ing Ifit2 (encoding 1SG54), Cxcl 10 (encoding [P-10) and Cd5 (encoding
RANTES), in wild-type peritoneal macrophages. However, LPS-induced
expression of these genes was impaited in TRAM-deficient cells (Fig. 4a),
As for TLR3 responses, both wild-type and TRAM-deficient peritoneal
macrophages showed similar amounts of gene expression after poly(I:C)
stimulation (Fig. 4b). These data indicated that TRAM deficiency
affected the MyD>88-independent responses mediated by TLR4.

TLR4-mediated MyD88-independent signal transduction
LPS induction of Cxcl10 mRNA is dependent on signal transducer
and activator of transcription 1 (STAT-1), as demonstrated with
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Figure 5 TRAM-deficient cells lack TLR4- e LPS
mediated MyD88-independent signal transduction. wT Ko

{a—d) Peritoneal macrophages were stimulated with
1 prg/mi of LPS (a,c) and lung fibroblasts were
stimulated with 50 pg/ml of poly(}:C) (b,d).

(a,b) STAT-1 activation determined by immunoblot
of cell extracts with anti-phospho-STAT-1 {p-STAT-
1e/B). (c,d} Cell lysates were prepared and
separated by native PAGE, and monomeric {arrows)
and dimeric (armowheads} forms of IRF-3 were
detected by immunoblot, (&) Peritoneal
macrophages were stimulated with 100 ng/m|

LPS (e} and lung fibroblasts were stimulated with
150 pg/ml poty{1:C) (f). Nuclear extracts were
prepared, and NF-xB DNA-binding activity was
determined by electrophoretic mobility shift assay
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Figure 4 Defects in YLR4-mediated MyD88-independent respanses in
TRAM-deficient mice. Peritoneal macrophages were stimulated with

1C0 ng/mi of LPS {a} or 50 pg/mi of poly(1:C) (b}. Total RNA {10 pg) was
extracted and analyzed by RNA blot for expression of b (IFN-B), Hit2
(15G54), Cxct10(1P-10), Cel5 (RANTES) and Acth {B-actin). Stimulation
times are above each lane. WT, wild-type; KO, TRAM-deficient.

STAT-1-deficient mice, which show a reduction in Cxcl/0 mRNA
expression in LPS-stimulated macrophages compared with that of
wild-type cells32-34, In wild-type macrophages, the tyrosine residue at
position 701 of STAT-1 was phosphorylated afier 2 h of LPS stimula-
tion. However, this typrosine remained unphosphorylated in TRAM-
deficient macrophages {Fig. 5a). In contrast, poly(I:C) stimulation
resulted in similar degrees of STAT-1 phosphorylation in both wild-
type and TRAM-deficient cells (Fig. 5b). Given that STAT-1 phospho-
rylation is IFN-B dependent®, we investigated the activation of
signaling molecules required for IFN-B production. The transcrip-
tion factor IRF-3 is essential for LPS- and poly(I:C}-mediated IFN-]
production®*3%, Indeed, native PAGE analysis showed LPS-induced
formation of IRF-3 homodimers in wild-type cells. However, LPS-
induced [RF-3 activation was abolished in cells from TRAM-deficient
mice (Fig. 5¢). In contrast, TRAM-deficient cells showed amounts of
IRF-3 dimer formation similar to those of wild-type cells after
poly(I:C) stimulation (Fig. 5d). As LPS-induced STAT-1 phosphory-
lation and IRF-3 activation are MyD88 independent, these data indi-
cated that TLR4-mediated, but not TLR3-mediated, activation of the
MyD88-independent signaling pathway was impaired in TRAM-defi-
cient mice. In addition to IRF-3 activation, TLR4-mediated MyD88-
independent signaling leads to late-phase NF-xB activation, which is
evident in MyD88-deficient mice'$2122, In contrast 1o wild-type
macrophages, MyD88-deficient macrophages did not show NF-xB
activation 10 min after LPS stimulation. However, we found NF-xB
activation at 20 min or at later time points in MyD88-deficient
macrophages?!22. Therefore, LPS-induced NF-xB activation is
probably biphasic, and the early-phase NF-xB activation is MyD88
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with an NF-x8-specific probe. (8} LPS-induced INK activation was also determined by immunoblot with anti-phospho-JNK (bottom; p-JNK), (g} Lysates from
fmacrophages stimulated with LPS were immunoprecipitated with anti-IRAK-1. The kinase activity of IRAK-1 was measured by in vitro kinase assay {top; Auto,
auto-phosphorylation). The same lysates were biglted with anti-JRAK-1 (bottom). Stimulation times are abave lanes. WT, wild-type; O, TRAM deficient,
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Figure & Participation of TIR domain—containing adaptor melecules in
TLR3 and TLR4 signaling pathways. Four TIR domain—containing adaptors,
MyD88, TIRAP, TRIF and TRAM, have been identified. MyDBR and TIRAP
fake part in TLR4-mediated proinflammatory ¢ytokine production and B cell
activation, but not in induction of the gene encoding IFN-B and IFN-
inducible genes, the so-called MyD88-independent pathway!7.18.21.22 TR|F
is essential in the MyD88-independent pathway shared by TLR3 and TLR4
{refs. 25,26). TRAM specifically participates in the MyD88-independent
pathway of TLR4, but not TLR3, signaling.

dependent, whereas the late-phase activation is MyD88 independent,
Wild-type cells showed steady amounts of NF-xB activation even
after 60 and 120 min of LPS stimulation. In TRAM-deficient cells,
LPS-induced NF-kB activation occurred normally at early time
points (10 and 20 min) but gradually faded at later time points
{60 and 120 min), indicating that the late-phase NF-xB activation,
which is characteristic of TLR4-mediated MyD88-independent sig-
naling, was impaired in TRAM-deficient mice (Fig. 5¢). In contrast,
poly(1:C)-induced NF-kB activation was normal in TRAM-deficient
cells (Fig. 5f). LPS stimulates activation of the kinase MAPK as well as
NF-kB in a biphasic way. Even at 40 min after LPS stimulation, phos-
phorylated JNK was still present in wild-type cells. TRAM-deficient
cells showed similar amounts of JNK activation at early time points
(10 and 20 min). However, at 40 min, phosphorylated ]NK was not
detected in TRAM-deficient cells, indicating TRAM deficiency abol-
ished the LPS-induced late-phase MAPK activation {Fig. 5e).
Activation of the MyD88-dependent signaling pathway causes IRAK-
1 activation, as indicated by autophosphorylation and degradation
(Fig. 5g). TRAM-deficient macrophages showed LPS-induced IRAK-
1 activation similar to that of wild-type cells, indicating that activa-
tion of TLR4-mediated MyD88-dependent signaling was intact in
TRAM-deficient mice. These observations show that TRAM is essen-
tial specifically for the TLR4-mediated MyD88-independent signal-
ing pathway (Fig. 6)

DISCUSSION

Here we analyzed the function of TRAM in the TLR-IL-1R signaling
pathways in vive. TRAM-deficient mice showed defects in cytokine
production, splenocyte proliferation and up-regulation of surface
molecules in response to the TLR4 ligand, but not to other TLR lig-
ands. Furthermore, TLR4-mediated, but not TLR3-mediated, expres-
sion of the gene encoding IFN-B and IFN-inducible genes was
inhibited in TRAM-deficient mice. In intracellular signal transduc-
tion, LPS-induced autophosphorylation of IRAK-1 and the early
phase of NF-xB activation were intact in TRAM-deficient mice.
However, we noted no activation of IRF-3 and a defect in the late phase
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of NF-xB activation in response to LPS, but not poly{1:C), in TRAM-
deficient cells. Given that these events are features of the MyD88-inde-
pendent signaling pathway, we propose that TRAM specifically
mediates the MyD88-independent pathway of TLR4 signaling.

In TRAM-deficient mice, TLR4-mediated activation of the MyD88-
dependent pathway, which is characterized by autophosphorylation of
IRAK-! and early-phase NF-xB activation, was similar to that of wild-
type cells. However, TLR4-mediated production of proinflammatory
cytokines was impaired. Similarly, TLR4-mediated production of
proinflammatory cytokines was reduced in mice lacking TRIF, which
is essential for TLR4- and TLR3-mediated MyD88-independent path-
way. As MyD88-deficient mice showed similar phenotype, activation
of the MyD88-independent pathway is apparently required for induc-
tion of proinflammatory cytokines?>?. Therefore, in TLRA signaling,
activation of both the MyD88-dependent and the MyD83-indepen-
dent (TRAM-TRIF-dependent) pathways is required for proinflam-
matory cytokine production and B cell activation. However, in the
signaling pathways of TLR2, TLR5 and TLR9Y, none of which activate
the MyD388-independent pathway, activation of the MyD88-depen-
dent pathway alone is sufficient to .induce proinflammatory
cytokines® #3738 Therefore, at present, it remains unclear why TLR4
signaling requires activation of both the MyD88-dependent and the
TRIF-dependent pathways to induce proinflammatory cytokines.

Individual TLRs provoke distinct cellular responses, as indicated by
the presence of the MyD88-independent pathways in TLR3 and TLR4
signaling. Even in the MyD88-dependent pathways, different TLRs
induce distinct types of gene expression, For example, TLR7 and TLR9
signaling induce type I IFN production®, whereas TLR1, TLR2 and
TLR6 ligands do not. Therefore, there must be some mechanisms to
provide specificity to these signaling pathways. It is possible that other
TIR domain—containing adaptor molecules like TIRAP are involved in
MyD88-dependent TLR signals, such as TLR3, TLR7 and TLRY. In this
case, the only remaining candidate is SARM %, The C-terminal por-
tion of SARM contains the TIR domain in addition to the SAM and
ARM domains. At present, neither in vitro nor in vive analysis has
shown whether SARM is involved in the TLR-IL-IR signaling path-
ways. Alternatively, it is possible that MyD88-dependent TLRS5, TLR7,
TLRY or [L-1R signaling does not require such TIR domain—containing
adaptor molecules in addition to MyD88. In this case, signaling mole-
cules acting together with MyD88 should exist to generate the different
cellular responses of these TLRs. These molecules may include the
Pellino family of proteins, which was originally identified in Drosophila
melanogaster as a molecule that is associated with Pelle, a Drosophila
homolog of IRAK*®. The Pellino family consists of three members at
present. Pellino[ seems to activate NF-xB in the 1L-1R signaling path-
way through the integration of the IL-1R-IRAKI-IRAK4-TRAF6
complex*!. Pellino2 and Pellino3 promote activation of the kinase JNX
in the TLR-IL-1R signaling pathway*>*%. Although the physiological
functions of the Pellino family of proteins remain to be determined, it is
possible that these proteins differentially take part in distinct TLR or
IL-IR signaling pathways to diversify the cellular responses.

In summary, we have identified an essential adaptor that specifically
mediates the MyD88-independent pathway of TLR4 signaling. Precise
analysis of the involvement of TRAM in the LPS response of TRAM-
deficient mice will provide a new insight into the relationship between
TLR4-mediated MyD88-independent pathways and diseases caused
by Gram-negative bacterial infection, such as septic shock.

METHODS
Plasmids. The ELAM-1 promoter—derived luciferase reporter plasmid (NF-xB
luciferase reporter) was a gift from D.T. Golenbock (University of Massachusetts).
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The mouse IFN-B promoter luciferase reporter was generated by PCR as
described?®, Flag-tagged human or mouse TRAM was cloned into the pEF-BOS
vector. Expression vectors for TRIF and MyD88 were constructed as described?,

Luciferase reporter assay. For luciferase assays, 293 cells were transiently trans-
fected with reporter plasmids plus expression vectors. The luciferase activity of
total cell lysates was measured with the Dual-Luciferase Reporter Assay System
(Promega) as described®. The Renilla luciferase reporter gene {50 ng) was used
as an internal control.

Generation of TRIF-deficient mice. The gene encoding TRAM was isolated
from genomic DNA extracted from embryonic stem cells (E14.1) by PCR
with TaKaRa LA Taq {(TaKaRa). The targeting vector was constructed by
replacement of a 1.0-kb fragment encoding the entire TRAM open reading
frame with a neomycin-resistance gene cassette {reo”), and a gene encoding
herpes simplex virus thymidine kinase driven by a phosphoglycerate kinase
promoter was inserted into the genomic fragment for negative selection
(Fig. 1d). Affter the targeting vector was transfected into embryonic stem
cells, G418 and gancyclovir double-resistant colonies were selected and
screened by PCR and Southern blot analysis. Homologous recombinants
were microinjected into C57BL/6 female mice, and heterozygous F1 progeny
mice were intercrossed to obtain TRAM-deficient mice, TRAM-deficient
mice and their wild-type littermates from these intercrosses were used for
experiments. All animal experiments were done with the approval of the
Animal Research Committee of the Research Institute for Microbial Diseases
(Osaka University). -

Reagents. R-848 was provided by the Pharmaceuticals and Biotechnology
Laboratory of Japan Energy Corporation. CpG oligodeoxynucleotides were
prepared as described!!. LPS from Salmonella minnesota Re 595 (prepared by a
phenol—chloroform—petroleum ether extraction procedure), PGN from
Staphylococcus aureus and poly (I:C) were purchased from Sigma, Fluka and
Amersham, respectively. Anti-phospho-fNK and anti-phospho-STAT-1 were
purchased from Cell Signaling Technology. Anti-JNK]1, anti-STAT-1 and anti-
actin were from Santa Cruz Biotechnology. Polyclonal anti-TRAM was raised
against amino acids 219-232 of mouse TRAM. This antibody specifically rec-
ognizes human and mouse TRAM in virre (Supplementary Fig. 1 online).
Polyclonal anti-IRF-3 and anti-IRAK-1 were as described®. Anti-IgM was
purchased from Jackson ImmunoResearch Laboratory. Fluorescein isothio-
cyanate-labeled streptavidin (554060), phycoerythrin-conjugated anti-B220
(553090), biotin-conjugated anti-CD&9 (553235), anti-CD8s (553690} and
anti-I-A® (06252D) were from Pharmingen.

Measurement of proinflammatery cytokine concentrations. Thioglycollate-
elicited peritoneal macrophages were cultured in 96-well plates (5 x 104 cells
per well) with PGN, LPS, R-848 or CpG DNA. The concentrations of TNE, IL-6
and [L-12 p40 in the culture supernatant were measured by ELISA according to
the manufacturer’s instructions (Genzyme for TNF-¢t and IL-12 p40; R&D
Systems for 1L-6).

Preparation of lung Rbroblasts. Lungs from mice were excised, washed in PBS,
cut into small pieces, agitated and digested enzymatically for 30 min at 37 °C.
The digestion buffer (10 milung) was composed of a 0.25% trypsin solution
containing 400 nM EDTA. Ice-cold complete DMEM was added to the result-
ing cell suspension. After centrifugation (240g for 5 min), pellets were resus-
pended in complete medium, then cultured in dishes. Lung fibroblasts were
used 10 d after excision for each experiment.

Electrophoretic mobility shift assay. Peritoneal macrophages and lung fibrob-
lasts {1 x 10%) were stimulated with 100 ng/m! of LPS and 50 pg/m! of
poly(1:C), respectively. Nuclear extracts were purified from cells and incubated
with a probe specific for NF-xB DNA-binding site, separated by electrophoresis
and visualized by autoradiography as described’s.

Splenocyte proliferation assay. Splenocytes (| x 105} were cultured in 96-well
plates for 24 h with LPS, R-848 or CpG DNA, Samples were ‘pulsed” with 1 pCi
|*H]thymidine for the last 12 h, and then *H uptake was measured in a
B-scintillation counter (Packard).
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Immunoblot analysis and in vitre kinase assay. Peritoneal macrophages (2 x
10%), embryonic fibroblasts (1 x 10°) and lung fibroblasts (1 x 10%) were stimu-
lated with 100 ng/ml of LPS, 10 ng/ml of IL-1B and 50 pg/m! of poly (I:C),
respectively. The cells were then lysed in a lysis buffer containing 1.0% Nonidet-
P40, 150 mM NaCl, 20 mM Tris-Cl, pH 7.5, 1 mM EDTA and a protease
inhibitor ‘cocktail’ (Roche Diagnostics). The cell lysates were separated by SDS-
PAGE and transferred onto a polyvinylfuoride membrane (BioRad). The
membrane was blotted with specific antibodies, and samples were visualized
with an enhanced chemiluminescence system (Perkin Elmer Life Sciences).
[RAK-1 activity in the cell lysates was measured by in vitro kinase assay as
described*$.

Detection of TRAM protein by immunoprecipitation. For immunoprecipita-
tion, cell lysates were precleared for 2 h with protein G-Sepharose (Amersham
Pharmacia Biotech) and then incubated for 12 h with rotation at 4 °C with pro-
tein G-Sepharose containing 1.0 pg anti-TRAM, The immunoprecipitants
were washed four times with lysis buffer, eluted by being beiled with Laemmli
sample buffer and analyzed by immunoblot with anti-TRAM, as described
above.

Flow cytometry. Splenocytes (2 x 10%) were cultured with 50 pg/m! of
paly(I:C), 10 pg/m! of LPS or 10 pg/ml of anti-IgM. After 35 h of culture, cells
were collected and stained with phycoerythrin-conjugated anti-B220 and
biotin-conjugated anti-CD69, anti-CD86 or anti-1-A® followed by fluorescein
isothiocyanate—conjugated streptavidin. Stained cells were analyzed by
FACSCalibur with CellQuest software (Becton Dickinson).

Native PAGE assay. Lung fibroblasts (1 x 10%) and peritoneal macrophages (5 x
10%) were stimulated with 50 pg/ml of poly ([:C) and 1 pug/ml of LPS, respec-
tively, and then lysed. Cell lysates in native PAGE sample buffer (62.5mM Tris-
Cl, pH 6.8, 15% glycerol and 1% deoxycholate) were separated by native PAGE
and then immunoblotied with anti-1RF-3 as described*S.

GenBank accession number. TRAM, AY232653.
Note: Supplementary information is available on the Nature Immunology website.
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B Abstract The innate immune system in drosophila and mammals senses the
invasion of microorganisms using the family of Toll receptors, stimulation of which
initiates a range of host defense mechanisms. In dresophila antimicrobial responses rely
on two signaling pathways: the Toll pathway and the IMD pathway. In mammals there
are at least 10 members of the Toll-like receptor (TLLR} family that recognize specific
components conserved among microorganisms. Activation of the TLRs leads not only
to the induction of inflammatory responses but also to the development of antigen-
specific adaptive immunity. The TLR-induced inflammatory response is dependent
on a common signaling pathway that is mediated by the adaptor molecule MyD38.
Howevet, there is evidence for additional pathways that mediate TLR ligand-specific
biological responses.

INTRODUCTION

The immune system detects and eliminates invading pathogenic microorganisms
by discriminating between self and non-self. In mammals the immune system
can be divided into two branches: “innate immunity” and “adaptive immunity.”
Adaptive immunity detects non-self through recognition of peptide antigens using
antigen receptors expressed on the surface of B and T cells. In order torespond to a
wide range of potential antigens, B and T cells rearrange their immunoglobulin and
T cell receptor genes to generate over 10'! different species of antigen receptors.
Engagement of antigen receptors by the cognate antigen triggers clonal expan-
sion of the lymphocyte and further production of antigen-specific antibodies. This
highly sophisticated system is observed only in vertebrates and is a potent defense
against microbial infection. In contrast, the innate immune system, which was
first described over a century ago, is phylogenetically conserved and is present in
almost all multicellular organisms (1). Whereas the system of adaptive immunity

0732-0582/03/0407-0335$14.00 335

— 408 —



336

TAKEDA ® KAISHO ® AKIRA

has been the subject of considerable study in the past century, innate immunity
has been less well appreciated. Therefore, the mechanism by which innate imm-
unity recognizes non-self remained unknown until quite recently. However, the
recent identification of Toll-like receptors in mammals has made immunologists
aware that innate immunity plays an important role in the detection of invading
pathogens. Recent evidence shows that Toll-like receptors recognize specific patt-
erns of microbial components, especially those from pathogens, and regulates the
activation of both innate and adaptive immunity. In this review we focus on re-
cent progress regarding the functions of Toll-like receptors and their signaling
pathways.

TOLL IN DROSOPHILA

The Toll Pathway

The involvement of the Toll receptors in innate immunity was first described in
drosophila, Drosophila Tol! was originally identified as a transmembrane receptor
required for the establishment of dorso-ventral polarity in the developing embryo
{2). Stimulation of Toll by the secreted Spitzle factor, a ligand of Toll, activates the
cytoplasmic serine/threonine kinase Pelle via the adaptor protein Tube. Activation
of Pelle promotes degradation of the ankyrin-repeat protein Cactus, which asso-
ciates with the Rel-type transcription factor Dorsal in the cytoplasm. Once Cactus
is degraded in response to the Toll-mediated signal, Dorsal is free to translocate to
the nucleus, where it regulates transcription of specific target genes (3). The signal-
ing pathway of drosophila Toll shows remarkable similarity to the mammalian IL-1
pathway, which leads to activation of NF-x' B, a transcription factor responsible for
many aspects of inflammatory and immune responses. Indeed, the cytoplasmic do-
mains of drosophila Toll and the mammatian IL-1 receptor are highly conserved and
are referred to as the Toll/TL-1 receptor (TIR) domain. Based on this similarity, it
was proposed that the Toll-mediated pathway might be involved in regulating imm-
une responses (3). This was clearly demonstrated in a study of mutant flies lacking
individual components of the Toll-mediated pathway, i.e., Toll, Spétzle, Tube, or
Pelle (4). Each mutant fly was highly sensitive to fungal infection owing to a lack
of expression of the antifungal peptide Drosomycin. In drosophila two additional
Rel-type transcription factors, Dorsal-type immune factor, and Relish, have been
identified in addition to Dorsal. Dorsal-type immune factor is mainly involved in
the induction of antifungal peptide genes in adult flies, whereas Dorsal is invelved
in dorso-ventral patterning in the embryo (5, 6). Relish regulates the induction of
peptides active against Gram-negative bacteria (7). A recent study indicated that the
Toll pathway is required for resistance to Gram-positive bacterial infections in ad-
dition to fungal infections (8). Indeed, infection with either Gram-positive bacteria
or fungi induced Toll-dependent expression of the antifungal peptide Drosomycin.

Tube is an adaptor that functions downstream of Tol! and upstream of Pelle.
Although Tube and Pelle have been shown to interact via conserved death domains
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(9, 10), no direct interaction has been demonstrated between Tube and Tolf. How-
ever, the protein DmMyD88 appears to function as an adaptor linking Toll and
Pelle; the TIR domain of DmMyD88 associates with the TIR domain of Toll, and
the death domain of DmMyD88 associates with the death domain of Pelle (11, 12).
DmMyD88 mutant flies are highly sensitive to fungal infection, suggesting that
DmMyD88 is an essential component of the Toll pathway in drosophila. However,
the functional relation between Tube and DmMyD88 remains unclear.

The protein Spitzle is secreted as a precursor form that is cleaved to its active
form by a serine protease in response to immune challenge. The cleaved Spitzle
then activates Toll. Mutant flies with a loss-of-function mutation in the gene en-
coding the serine protease inhibitor Spnd43Ac exhibit constitutive expression of
cleaved Spitzle and, consequently, constitutive expression of Drosomycin (13).
These data demonstrate that Toll is indirectly activated by Spitzle, rather than dir-
ectly by microbial components. The precise mechanism by which Toll is activated
in response to microbial infection is not well understood, but a recent genetic study
has provided some possible clues. An ethyl-methyl-sulfonate—induced mutation
of the semmelweis (seml) gene was shown to cause impaired expression of Dro-
somycin in response to infection by Gram-positive bacteria but not fungi {14). The
gene responsible for the mutation was analyzed and found to encode PGRP-SA,
the peptidoglycan recognition protein. PGRP-SA recognizes peptidoglycans that
are abundant in Gram-positive bacterial cell walls (15). Thus, infection by Gram-
positive bacteria is detected by PGRP-SA, which in turn activates the Toll-mediated
pathway. A factor that is involved in the detection of fungal infection and activation
of the Toll-mediated pathway has recently been identified. Ethyl-methyl-sulfonate
mutagenesis of drosophila produced a mutant with impaired activation of the Toll
pathway in response to fungal infection but not to Gram-positive bacterial infec-
tion (16). This mutation was localized to the Persephone gene, which encodes a
serine protease but possesses no obvious microbial pattern recognition domain
(Figure 1). Most likely, there is a molecule upstream of Persephone that detects
fungal infection. Identification of this molecule may provide new insights into the
mechanisms of microbial recognition in drosophila.

IMD Pathway

The immune response against Gram-negative bacteria is mediated by a distinct
pathway first identified by a mutation in the immune deficiency (imd) gene of
drosophila (17). Imd mutant flies are highly susceptible to infection by Gram-
negative bacteria but not to fungi, whereas Toll mutants are highly susceptible to
fungi but not to Gram-negative bacteria. The imd gene encodes an adaptor protein
containing a death domain with similarity to the mammalian receptor interacting
protein (18). Genetic studies have identified several molecules involved in the
IMD pathway that are involved in the response against Gram-negative bacteria.
These include DmIKK S, DmIKKy, dTAK1, and Relish (7, 19-22). Fruitflies with
mutations in these genes are defective in expression of the antibacterial peptide
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Diptericin and highly susceptible to Gram-negative bacterial infection. No receptor
involved in the IMD pathway has been identified. Mutant flies lacking 18-wheeler,
a member of the Toll family, are susceptible to Gram-negative bacterial infection,
but expression of Diptericin is normal in these mutants (23, 24). Moreover, there
are nine Toll family members in drosophila, but none of them has been shown
to induce expression of Diprericin (25). These results indicate the existence of a
non-Toll-related receptor that initiates signaling in the IMD pathway. Indeed, a
member of the PGRP family, PGRP-LC, has been implicated in the activation of
the IMD pathway, because induction of Diptericin in response to Gram-negative
bacterial infection was shown to be defective in PGRP-LC mutant flies (26-28).
Unlike PGRP-SA, PGRP-LC is atransmembrane protein (15). Although it remains
unclear whether the intracellular portion of PGRP-LC possesses a domain required
for activation of signaling cascades, it is possible that this protein may act as a
receptor linking the recognition of Gram-negative bacteria to the activation of the
IMD pathway (Figure 1). PGRPs in drosophila consist of a large family containing
12 members (15) and thus could be invelved in sensing a variety of different
microbes in drosophila.

One component of the IMD pathway, Relish, is activated by a cléavage into
two domains: the DNA-binding Rel homology domain and the inhibitory ankyrin
repeat domain. Although the mechanism by which Relish is cleaved is unclear,
it has been suggested that Dredd, a homologue of mammalian caspase-8, may be
somehow involved. Dredd mutant flies are defective in cleavage of Relish, and
are very susceptible to infection by Gram-negative bacteria (29-31). Dredd asso-
ciates with drosophila Fas associating death domain (dFADD), a homologue of
mammalian FADD (12, 32). In mammals the FADD/caspase8-dependent pathway
is activated as a result of signaling from the type I TNF receptor (TNF-RI) and
mediates induction of apoptosis. Overexpression of IMD, a homeologue of mam-
malian receptor interacting protein that associates with TNF-RI, induces apoptosis
in drosophila, whereas imd mutant flies are resistant to UV-induced apoptosis (18).
Thus, the IMD pathway is presumably involved in the induction of apoptosis as
well as the response against Gram-negative bacteria. This also indicates that IMD
may act upstream of dFADD-Dredd, similar to receptor interacting protein’s act-
ing upstream of FADD-casapase-8 in the mammalian TNF-RI-mediated signal
pathway.

TOLL-LIKE RECEPTORS IN MAMMALS

A year afler the discovery of the role of the drosophila Toll in the host defense
against fungal infection, a mammalian homologue of the drosophila Toll was
identified (33). Subsequently, a family of proteins structurally related to drosophila
Toll was identified, collectively referred to as the Toll-like receptors (TLRs). The
TLR family is known to consist of 10 members (TLR1-TLR10), and no doubt more
will be found in the future (33-38). The chromosomal location of each human TLR
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gene has been determined. TLR/ and TLR6 map very close to 4p14 (34,35); TLRZ
and TLR3 map to 4q32 and 4935, respectively; TLR4 and TLR5 map to 9932-33
and 1g33.3, respectively (34). TLR7 and TLRS are located in tandem in Xp22,
whereas TLRY maps to 3p21.3 (36, 38).

TLR family members are characterized structurally by the presence of aleucine-
rich repeat (LRR) domain in their extraceltular domain and a TIR domain in their
intracellular domain. A comparison of the amino acid sequences of the human
TLRs reveals that members of the TLR family can be divided into five subfamilies:
the TLR3, TLR4, TLRS, TLR2 and TLR9 subfamilies (Figure 2). The TLR2
subfamily is composed of TLR 1, TLR2, TLR6, and TLR 10; the TLR9 subfamily is
composed of TLR7, TLR8, and TLR9. In the TLR2 subfamily TLR1 and TLR6 are
highty similar proteins and exhibit 69.3% identity in overall amino acid sequence,
but the TIR domains of both receptors are highly conserved, with over 90% identity
(35). Because TLRI and TLR6 have similar genomic structures, consisting of one
exon, and are located in tandem in the same chromosome, they may be the products
of an evolutionary duplication. Division of TLRs into five subfamilies is also
based on genomic structure. The TLR2 gene has two exons, but all of the coding
sequences are contained within, exon 2. In contrast, the TLR9 subfamily members
including TLR7, TLRS, and TLR9 are encoded by two exons (36, 38). The genes
for TLR7 and TLRS show 42.3% identity and 72.7% similarity in their amino acid
sequences, have similar genomic structures, and are located close to each other on
the X chromosome (36, 38). The TLR{ and TLRS5 genes have four and five exons,

hTLR4

Figure 2 Phylogenetic tree of human Toll-like receptors (TLRs). The phy-
logenetic tree was derived from an alignment of the amino acid sequences for
the human TLR members using the neighbor-joining method.
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respectively. TLR3 has a unique structure among the TLRs in that it has five exons
and the protein is encoded by exons 2 through 5. This is in contrast to all of the
other TLRs, which are encoded by only one or two exons.

ROLES OF TLRS IN RECOGNITION OF
MICROBIAL COMPONENTS

Ectopic overexpression of TLR4, the first mammalian TLR identified, was shown
to cause induction of the genes for several inflammatory cytokines and costimula-
tory molecules (33). Therefore, it was anticipated that the TLRs might be involved
in immune responses, especially in the activation of innate immunity. In 1998
TLR4 was shown to be involved in the recognition of lipopolysaccharide (LPS), a
major cell wall component of Gram-negative bacteria. Subsequently, other mem-
bers of the TLR family have been shown to be essential for the recognition of a
range of microbial components (Table 1). The structural similarity of TLRs seems
to reflect their common function in the recognition of microbial components.

TLR4

TLR4 RECOGNIZES LIPOPOLYSACCHARIDE Two mouse strains, C3H/HeJ and
C57BL.10/ScCr, have long been known to be hypo-responsive to LPS. Two indep-
endent groups searching for the genes responsible for this hyporesponsiveness
identified mutations in Tir4 (39, 40). The C3H/HeJ mouse strain has a point mu-
tation in the intracellular region of the Tir4 gene leading to the replacement of a

* highly conserved proline with histidine. This mutation results in the generation of
a dominant negative allele, defects in TLR4-mediated signaling, and consequent
suppression of the response to LPS (41). Another LPS hypo-responsive strain,
C57BL10/ScCr, has a null mutation in the Tird gene (39,40). TLR4-deficient
mice generated by gene targeting are also hypo-responsive to LPS, confirming
that TLR4 is an essential receptor for the recognition of LPS (41).

Recognition of LPS requires other molecules in addition to TLR4. LPS binds
to LPS-binding protein, present in the serum, and this LPS-LPS-binding protein
complex is subsequently recognized by CD14, a glycosylphosphatidylinositol-
anchored molecule preferentially expressed in monocytes/macrophages and neu-
trophils. LPS stimulation is followed by increased physical proximity between
CD14 and TLR4, suggesting that CD14 and TLR4 may interact in LPS signaling
(42, 43). MD-2 was identified as 2 molecule that associates with the extracellu-
lar portion of TLR4 and enhances LPS responsiveness (44, 45). Chinese hamster
ovary cell lines that are hypo-responsive to LPS have mutations in the MD-2 gene
(46). Generation of MD-2-deficient mice demonstrated its essential role in the re-
sponse to LPS. Macrophages, dendritic cells, and B cells from MD-2-deficient mice
display severely impaired responses to LPS. Furthermore, MD-2-deficient mice
are resistant to LPS-induced endotoxin shock, similar to TLR4-deficient mice (47).
MD-2 associates with TLR4 in the endoplasmic reticulum/cis Golgi and then the
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TABLE1 Toli-like receptors and their ligands

TLR family

Ligands (origin)

TLRI

TLR2

TLR3
TLR4

TLRS
TLR&
TLR7

TLRS
TLRS
TLR10

Tri-acy! lipopeptides (bacteria, mycobacteria)
Soluble factors (Neisseria meningitides)
Lipoprotein/lipopeptides (a variety of pathogens})
Peptidoglycan (Gram-positive bacteria}
Lipoteichoic acid (Gram-positive bacleria)
Lipoarabinomannan (mycobacteria)

A phenol-soluble modulin (Staphylococcus epidermidis)
Glycoinositolphospholipids (Trypanosoma Cruzi)
Glycolipids (Treponema maltophilum)

Porins (Neisseria)

Zymosan (fungi)

Atypical LPS (Leptospira interrogans)

Atypical LPS (Porphyromonas gingivalis)
HSP70 (host)

Double-stranded RNA (virus)

LPS (Gram-negative bacteria)

Taxol {plant}

Fusion protein (RSV)

Envelope proteins (MMTV)

HSP60 (Chlamydia pneumoniae)

HSP60 (host)

HSP70 (host)

Type Il repeat extra domain A of fibronectin (host)
Oligosaccharides of hyaluronic acid (host)
Polysaccharide fragments of heparan sulfate (host)
Fibrinogen (host)

Flagellin (bacteria)

Di-acyl lipopeptides {(mycoplasma}
Imidazoquinoline (synthetic compounds)
Loxoribine {(synthetic compounds)

Bropirimine (synthetic compounds)

2

CpG DNA (bacteria)
?

TLR4/MD-2 complex moves to the cell surface, where excess MD-2 is secreted
(48). Whereas TLR4 normally resides on the cell surface in wild-type cells, it is
found in the Golgi apparatus in cells deficient for MD-2, indicating that MD-2 is es-
sential for the intracellular distribution of TLR4 (47). Another cell-surface protein,
RP105, is also involved in the recognition of LPS. RP105 contains an LRR domain
that is structurally related to those found in the extracellular portion of the TLRs
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and is preferentially expressed on the surface of B cells (49). B cells from RP105-
deficient mice show a severely reduced response to LPS. RP105 functionally asso-
ciates with TLR4 to recognize LPS (50). Thus, several components are implicated
in the recognition of LPS, indicating that the functional LPS receptor forms a large
complex.

OTHER TLR4 LIGANDS Inaddition to LPS, TLR4 recognizes several other ligands.

“Taxol is a product of the Pacific yew (Taxus brevifolia) and exhibits potent anti-

tumor activity in humans. The antimitotic action of Taxol is due to its ability to
bind and stabilize microtubules, which prevents proper cell division during mito-
sis. Taxol possesses similar immunostimulatory activities to those of LPS in mice
but not in humans. Mouse TLR4 and MD-2 mediate the LPS-mimetic activity of
Taxol (51-53). TLR4 and CD14 recognize the fusion protein of respiratory syn-
cytical virus (54, 55). Accordingly, C3H/He) and C57BL/10ScNCr mice, which
are mutated for TLR4, exhibited a reduced inflammatory response against and
impaired clearance of respiratory syncytical virus. Activation of B cells by murine
retroviruses such as mouse mammary tumor virus is dependent on TLR4. The
envelope proteins of mouse mammary turnor virus and Moloney murine leukemia

' virus were reported to co-tmmunoprecipitate with TLR4 (56). Thus, TLR4 is pre-

sumably involved in the recognition of a certain group of viruses.

TLR4 seems to recognize some endogenous ligands as well. Heat shock proteins
are highly conserved among organisms ranging from bacteria to mammals. A wide
variety of stressful conditions such as heat shock, ultraviolet radiation, and viral
and bacterial infection induce the increased synthesis of heat shock proteins. The
primary functions of heat shock proteins are to chaperone nascent or aberrantly
folded proteins. In addition, heat shock proteins activate macrophages and dendritic
cells to secrete proinflammatory cytokines and to express costimulatory molecules.
Thus, heat shock proteins may be representative of a type of endogenous “danger
signal,” i.e., molecules or molecular structures that are released or produced by

- cells undergoing stress or abnormal cell death (necrosis). These signals are recog-

nized by macrophages and dendritic cells and thereby initiate immune responses
(57).

The ability of heat shock protein to activate the immune cells is best docu-
mented for the heat shock protein HSP60. The immuno-stimulatory activity of
HSP60 is mediated by TLR4 (58, 59). For example, HSP60 has been implicated in
inflammation accompanying atherosclerosis, development of which is associated
with chronic infection by Chlamydia pneumoniae. HSP60 derived from Chlamydia
pneumoniae (cHSP60) colocalizes with macrophages in the atheromatous lesion
and induces an inflammatory response. Therefore, cHSP60 is thought to be one of
the factors causing atherosclerosis in chronic Chlamydial infection. cHSP60 also
activates vascular smooth muscle cells and macrophages through TLR4 (60, 61).
Mice defective for TLR4 show defective production of inflammatory cytokines in
response to HSP70) as well as HSP6O (62-64). Thus, TLR4 seems to be respon-
sible for the inflammatory responses elicited by heat shock proteins. However,
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both TLR2 and TLR4 are required for recognition of HSP70 (63, 64). CD91
{z-macroglobulin receptor) has been identified as a receptor for several heat shock
proteins, including HSP70 (65). Furthermore, HSP60 binds to macrophages from
TLR4-deficient C57BL/10ScCr mice, despite the fact that no HSP60-induced pro-
duction of inflammatory cytokines is observed (66). These data suggest that TLR4
is not directly involved in the recognition of heat shock proteins.

Extracellular matrix components, including fibronectin, hyaluronic acid, and
heparan sulfate, are produced in response to tissue injury and play important roles
in tissue remodeling, such as containing the agent of injury, closing the wound,
and completing the healing. The type LI repeat extra domain A of fibronectin has
immuno-stimulatory activities similar to those provoked by LPS. This response to
extra domain A of fibronectin is mediated by TLR4 (67). In addition, low molec-
ular weight oligosaccharides of hyaluronic acid have been reported to be potent
activators of dendritic cells, and activation of dendritic cells by hyaluronic acid is
mediated by TLR4 (68). Furthermore, polysaccharide fragments of heparan sul-
fate have been reported to induce maturation of dendritic cells via TLR4 (69).
Extravascular fibrin deposits are an early and persistent hallmark of inflammation
accompanying injury, infection, and immune disorders. Fibrin is generated from
plasma-derived fibrinogen, which escapes the vasculature in response to endothe-
liat cell retraction at sites of inflammation. The capacity of fibrinogen to induce the
production of chemokines from macrophages is elicited through recognition by
TLR4 (70). Thus, TLR4 is presumably involved in several aspects of the inflamma-
tory response by recognizing endogenous ligands produced during inflammation,
even in the absence of infection. However, it should be noted that all of these
endogenous TLR4 ligands activate immune cells only at very high concentrations,
which is tn sharp contrast to the low concentrations required for lipopolysaccha-
ride {LPS). Therefore, there remains the possibility that these endogenous ligands
might be contaminated with a true TLR4 ligand such as LPS. '

One intriguing question is whether TLR4 recognizes its ligands directly or not.
Some groups have proposed that recognition of LPS by TLR4 involves direct
binding, while others have suggested that LPS binds to MD-2, and this complex
somehow stimulates TLLR4 (71-74). Species-specific recognition of different lig-
ands provides one kind of genetic evidence for direct interaction. For example,
mouse but not human cells recognize Taxol, and this species-specific recognition
is conferred by MD-2 (53). Another group showed that human but not murine
TLR4 recognizes the highly acylated LPS from Pseudomonas aeruginosa (75).

TLR4-INDEPENDENT RECOGNITION OF LIPOPOLYSACCHARIDE TLR4 has now been
established as an essential component in the recognition of LPS. However, several
reports have indicated that LPS can also be recognized independentty of TLR4.
A study using affinity chromatography, peptide mass fingerprinting, and fluores-
cence resonance energy transfer identified four molecules on the cell surface that
bind LPS. These are HSP70, HSP90, chemokine receptor 4 (CXCR4), and growth
differentiation factor 5 (76).
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LPS is rapidly delivered into the cytoplasm after binding to the cell surface.
This intracellular movement appears to be necessary for certain cellular responses,
since agents that block vesicular transport such as wortmannin or cytochalasin
D block the integrin-mediated adhesion of neutrophils in response to LPS (77).
This suggests that LPS may be recognized in the cytoplasm as well as on the
cell surface. A candidate molecule that confers the intracellular recognition of
LPS is Nodl. Nodl was originally identified as a molecule that is structurally
related to the apoptosis regulator, Apaf-1, which contains the caspase-recruitment
domain and the nucleotide-binding oligomerization domain. Nod! possesses an
N-terminal caspase-recruitment domain linked to a nucleotide-binding domain
and a C-terminal LRR domain. Unlike Apaf-1, Nod1 induces activation of NF-«B
(78). Nodl mediates activation of NF-«B in response to LPS and cell-invasive
Shigella flexneri, indicating that Nod1 is a cytoplasmic receptor for LPS (79, 80).
These findings suggest that the Nod family of proteins is involved in inflamma-
tory responses, possibly through the recognition of LPS in the cytoplasm. Nod2,
a molecule in the same family as Nodl and Apaf-1, also confers LPS-induced
activation of NF-¢B. Furthermore, frameshift and missense mutations in NOD2
are associated with susceptibility to Crohn’s disease (81, 82). However, the muta-
tions found in these patients are restricted to the LRR domain, which presumably
recognizes LPS, and the mutant NOD2 protein is defective in LPS-induced NF-« B
activation (81, 82). Therefore, it remains unclear exactly how mutation of NOD2
may be associated with susceptibility to Crohn’s disease.

TLR2, TLR]1, and TLR6

TLRZ RECOGNIZES A VARIETY OF MICROBIAL COMPONENTS TLR2recognizes com-
ponents from a variety of microorganisms. These include lipoproteins from patho-
gens such as Gram-negative bacteria, Mycoplasma and spirochetes (83-87),
peptidoglycan and lipoteichoic acid from Gram-positive bacteria (88-91), lipoara-
binomannan from mycobacteria (30-93), glycoinositolphospholipids from Try-
panosoma Cruzi (94), a phenol-soluble modulin from Staphylococcus epidermidis
(95), zymosan from fungi (96), glycolipids from Treponema maltophilum (97), and
porins that constitute the outer membrane of Neisseria (98). Analysis of TLR2-
deficient mice showed that TLR2 is critical to the recognition of peptidoglycan
and lipoproteins (99, 100). Accordingly, TLR2-deficient mice showed higher sus-
ceptibility to infection by the Gram-positive bacteria S. aureus than wild-type
mice (101). Another TLR2-deficient mouse strain showed defective clearance
of spirochetes after infection by Borrelia burgderferi and unresponsiveness to
B. burgdorferi lipoproteins (102). Furthermore, TLR2 recognizes several atypical
types of LPS from Leptospira interrogans and Porphyromonas gingivalis, in con-
trast to TLR4, which recognizes LPSs from enterobacteria such as Escherichia coli
and Salmonella spp. (103, 104). The properties of the atypical LPSs recognized by
TLR2 differ structurally and functionally from the enterobacteria LPS recognized
by TLRA4. In particular, the two types of LPS differ structurally in the number of
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acyl chains in the lipid A component (105). TLR2 and TLR4 may differentially
recognize these structural variations in LPS. However, as with many of these stud-
ies, it remains possible that very small amounts of contaminating TLR2 ligand in
the LPS preparations might obscure some of these results.

TLR2 COOPERATES WITH TLRI AND TLR6 One aspect of TLR2 ligand recogni-
tion involves cooperation with other TLR family members, in particular TLR6
and TLR1, which confer discrimination among different microbial components.
The role of TLR6 was analyzed by introducing a dominant negative form into
the RAW264.7 macrophage cell line. Peptidoglycan and secreted modulin from
S. aureus are TLR2 ligands that induce TNF-or production in RAW264.7 cells, but
these responses are suppressed by expression of dominant negative TLR6 (95, 106).
TLR2 and TLR6 co-immunoprecipitate, suggesting that they physically interact in
the cell (106). Analysis of TLRé-deficient mice further demonstrated that TLR6
functionally cooperates with TLR2 to recognize microbial lipopeptides (107). For
example, bacterial lipopeptides have a NH,-terminal cysteine residue that is triacy-
lated, in contrast to mycoplasmal macrophage-activating lipopeptides 2 (MALP-2)
which are only diacylated. Macrophages from TLR6-deficient mice did not show
any inflammatory response to MALP-2, whereas these cells responded normally
to bacterial lipopeptides. Macrophages from TLR2-deficient mice showed no re-
sponse (o either type of lipopeptide. Reconstitution experiments in TLRZ/TLR6
doubly deficient embryonic fibroblasts demonstrated that both TLR2 and TLR6
are required for the response to MALP-2. Thus, TLR6 functionally associates with
TLR2 to confer specific recognition of the subtle differences between triacyl and
diacyl lipopeptides.

TLR1 has also been reported to functionally associate with TLR2. Cotransfec-
tion of TLR1 and TLR2 into Hel.a cells confers responsiveness to soluble factors
released from Neisseria meningitidis (108). Analysis of TLR1-deficient mice has
demonstrated the importance of TLR1 in the recognition of triacyl lipopeptides
(109). Macrophages from TLR1-deficient mice showed impaired production of
inflammatory cytokines in response to several kinds of triacyl lipopeptides and
lipoproteins from mycobacteria. When a range of triacyl lipopeptides with differ-
ent lengths of fatty acid chains at their N-terminal cysteines was tested on cells from
TLR1-deficient mice, the response to lipopeptides with an N-palmytoyl-S-dilauryl
cysteine residue was found to be the most impaired. Although this impairment was
not complete, this study suggests that TLR1 is responsible for recognizing subtle
differences among the lipid moieties of lipopeptides. TLR1 is highly homologous
to TLR6. Therefore, TLR6 may in some cases compensate for a deficiency in
TLRI, or other TLRs, in the recognition of triacyl lipopeptides. Involvement of
TLR1 in the recognition of the outer surface lipoprotein of B. burgdorferi was also
shown (110).

Thus, TLR2 has been shown to functionally associate with several TLRs, at
least TLR1 and TLRS6, and it recognizes a wide variety of microbial components.
[tis unknown whether dimerization of TLR2 with other TLRs occurs constitutively
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