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Mammals sense pathogen invasion through pattern-recognition
receptors. A group of transmembrane proteins, Toll-like
receptors (TLRs), play critical roles as pattern-recognition
receptors. They are mainly expressed on antigen-presenting
cells, such as macrophages or dendritic cells, and their
signaling activates antigen-presenting cells to provoke innate
immunity and to establish adaptive immunity. Each TLR has
common effects, such as inflammatory cytokine induction or
upregulation of costimulatory molecule expression, but also has
its specific function, exemplified by type I IFN-inducing ability.
These immunoadjuvant effects are not only critical in
antimicrobial immunity but are also involved in manifestations
of autoimmunity. Furthermore, some TLR agonists are now
promising therapeutic tools for various immune disorders,
including allergy. Therefore understanding molecular
mechanisms on TLRs should be quite useful in the development
of therapeutic maneuvers against allergy and autoimmune
diseases. (J Allergy Clin Immunol 2006;117:979-87.)
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Host defense in mammals copes with pathogens
through 2 types of immunity: innate and adaptive immu-
nity. Innate immunity functions as a pathogen sensor and
contributes to the eradication of pathogens and the
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Abbreviations used
APC: Antigen-presenting cell
CARD: Caspase activation and recruitment domain
DC: Dendritic cell
ds: Double stranded
IKK: IkB kinase
IPS-1: IFN-Bstimulator 1
IRAK: IL-1 receptor—associated kinase
IRF: IFN regulatory factor
MAMP: Microorganism-associated molecular pattern
MAPK: Mitogen-activated protein kinase
NF: Nuclear factor
NOD: Nucleotide-binding oligomerization domain
PDC: Plasmacytoid dendritic cell
PRR: Pattern-recognition receptor
RF: Rheumatoid factor
RIG-I: Retinoic acid—inducible gene I
RIP: Receptor interacting protein
SARM: Sterile a and armadillo motifs
SLE: Systemic lupus erythematosus
TAK: TGF-B—activated kinase
TBK1: TANK-binding kinase 1
TIR: Toll/IL-1 receptor homologous
TIRAP: TIR domain—containing adapter protein
TLR: Toll-like receptor
TRIF: TIR domain—containing adapter protein
inducing IFN-3

establishment of adaptive immunity. These functions
heavily depend on pattern-recognition receptors (PRRs)."
Among PRRs, a group of transmembrane proteins, Toll-
like receptors (TLRs), are featured by their potent immu-
noadjuvant ability to activate antigen-presenting cells
(APCs).>* TLRs include 10 (TLRs 1-10) and 12 (TLRs
1-9 and 11-13) family members in human subjects and
mice, respectively (Fig 1). Most TLR ligands have been
identified as a variety of molecular components derived
from microorganisms. They can be categorized into lipid,
protein, and nucleic acids, according to their ingredients.
Importantly, all of these TLR ligands function as immune
adjuvants. Principally, TLR signaling activates APCs to
support Tyl cell differentiation. Blocking or augmenting
TLR function can modify Tyl/Ty2 balance and
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FIG 1. Phylogenetic tree of human and murine TLRs. Human and murine TLRs are connected with solid lines
on the basis of the phylogenetic analysis of their amino acid structures. Branch length is proportional to
evolutionary distances. Dotted arrows indicate representative ligands. Human TLR8 can function as a sensor,

whereas there are no reports on the function of murine TLR8. h, Human; m, murine.

manipulate a variety of immune disorders, such as cancer,
allergy, and autoimmunity. In this review we will summa-
rize current knowledge of TLR function and signaling by
relating them to some immune disorders.

TLRs AS TRANSMEMBRANE
SIGNALING PRRs

PRRs can be functionally classified into 2 classes: non-
signaling and signaling PRRs. Nonsignaling PRRs include
soluble factors or transmembrane proteins. Acute-phase
proteins, such as C-reactive protein or lectins, are impor-
tant soluble molecules that can bind to the invading
microorganisms. Those microorganisms bound by these
molecules are vulnerable to phagocytosis or recognized
by the complement system followed by activation of pro-
tease cascades. Transmembrane proteins, such as scaven-
ger receptors, also bind to the microorganisms. Then the
organisms are internalized and transported to lysosomal
compartments. These recognition systems do not princi-
pally activate the signaling cascades in innate immune cells.

Innate immune cells carry the molecules that can not
only recognize the microorganisms but can also trigger
the signaling pathways, leading to production of inflam-
matory cytokines or type I IFNs. These signaling PRRs
include transmembrane and cytosolic proteins. TLRs are
representative as transmembrane-signaling PRRs. Their
extracellular domain includes a repetitive structure rich
in leucine residues, called leucine-rich repeat, that is
involved in the ligand recognition. The intracellular region
contains a common structure in TLR and IL-1 receptor
family members, called Toll/IL-1 receptor homologous
(TIR) domain, which is essential for signal transduction.

The nucleotide-binding oligomerization domain (NOD)
molecules Nod1 and Nod?2 are cytosolic signaling PRRs.*
Both Nod1 and Nod2 have leucine-rich repeat regions at

their carboxy terminus, thereby recognizing bacterial pep-
tidoglycans. They also carry a Nod domain and a caspase
activation and recruitment domain (CARD), which can
stimulate signaling pathways that lead to the activation
of nuclear factor (NF) kB or mitogen-activated protein
kinases (MAPKSs). Retinoic acid-inducible gene I (RIG-I)
and Mda-5 are also cytosolic signaling PRRs that can
recognize double-stranded RNA (dsRNA; see below).

TLR LIGANDS

TLRs can recognize common molecular structures
detected in certain groups of microorganisms (Fig 1).
These were originally called pathogen-associated molecu-
lar patterns, but here we call them microorganism-associ-
ated molecular patterns (MAMPs) because they are found
not only in pathogenic but also in nonpathogenic com-
mensal microorganisms. Principally, toxins, which are
involved in pathogenicity, are not recognized by TLRs.
Furthermore, MAMPs are not expressed in the host and
behave as nonself, although nucleic acids can act as non-
self to some extent (see below).

MAMPs are generated through metabolic pathways
specific for a group of microorganisms. MAMPs are re-
quired for the survival of microorganisms and therefore are
highly conserved over the course of evolution. They are
not as heterogeneous as viral proteins, the structure of
which can be rapidly changed to escape immune surveil-
lance. Therefore the structural stability of MAMPs enables
germline-encoded PRRs to recognize MAMPs with a
limited repertoire.

Representative MAMPs are bacterial cell-wall compo-
nents. The cell walls of gram-negative bacteria contain
LPS, an immune adjuvant identified first as a TLR ligand.6
LPS is recognized by TLR4 and a TLR4-associated solu-
ble factor, MD-2, derived from the host.” Gram-positive
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bacteria do not carry LPS, but their cell walls contain a
thick layer of peptidoglycans and a number of lipoproteins
or lipopeptides. Mycoplasma does not possess cell walls,
but its plasma membrane also contains several lipopep-
tides. These components also function as adjuvants and
are recognized by TLR2 and its relatives, such as TLR1
or TLR6.

TLRs can also recognize proteins. TLRS recognizes a
protein, flagellin, which is a component of the bacterial
flagella. Murine TLR11 recognizes a protozoan-derived
profilin-like protein. These proteins are not as heteroge-
neous among the microorganisms.

Nucleic acids are also important MAMPs recognized
by TLRs.*? Bacterial and viral DNA contains a high fre-
quency of unmethylated CpG motif, and this sequence
confers immune adjuvant activity through TLR9. TLR7
and TLRS are closely related to TLR9 and are involved
in recognizing virus-derived single-stranded RNAs or
synthetic antiviral compounds, such as imidazoquinoline
derivatives.'® Furthermore, dsRNA, which is generated
in virally infected cells, is recognized by TLR3.

ADJUVANT EFFECTS OF TLRs

The main functions of TLRs are induction of inflam-
mation and establishment of adaptive immunity. TLR
signaling can induce robust production of inflammatory
cytokines, including IL-6 and TNF-a. These cytokines
then activate surrounding cells to produce chemokines or
adhesion molecules, thereby recruiting various inflamma-
tory cells into the infection sites. Recruited macrophages
or neutrophils are activated and ingest invading pathogens
through internalizing PRRs. Subsequently, those cells kill
them by producing nitric oxide, reactive oxygen species,
or defensins. Thus inflammation is a critical local response
to resolve infection. However, inflammation is a double-
edged sword because excessive amounts of cytokines can
be lethal for the host, as is the case in endotoxin shock.

TLR-activated APCs enhance expression of surface
molecules and activate T cells, together with antigen
presentation. CD4™ T cells differentiate into Tyl or Ty2
cells.'! Ty cells produce IFN-y and mediate antiviral or
antibacterial immunity, whereas Ty2 cells secrete 1L-4,
IL-13, or both and are involved in allergic reactions or
immunity against helminths. TLR2 and TLRS5 agonists
can provoke Ty2 immune responses in certain conditions.
Furthermore, LPS can induce Ty2 responses at low doses
or when inhaled.'> Most TLR ligands, however, stimulate
APCs to produce Tyl-inducing cytokines, such as IL-12
and IL-18, and to support Ty1-skewed immune responses.
Mutant mice lacking a TLR adapter, MyD88 (see below),
fail to generate Tyl responses and rather mount Ty2
responses when challenged with LPS."?

MANIPULATION OF ALLERGIC DISEASES

Allergic diseases, such as asthma, are polygenic
diseases, and their cause depends on both genetic and
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environmental factors. In particular, increase of incidence
for the last several decades should be caused mainly by
environmental factors because it is hard to reconcile that
genetic factors changed so rapidly. The hygiene hypoth-
esis has proposed that a Tyl deviation on early exposure
to bacterial or viral infection protects against allergic
diseases by reducing the expression of Ty2 cytokines and
that increase of allergy incidence results from a decrease of
infectious diseases in the early life of individuals because
of improvement in lifestyle or sanitary conditions.'* This
hypothesis is, although controversial, supported by vari-
ous epidemiologic or immunologic studies. On the basis
of the hygiene hypothesis, microbial infection can shift
the immune status to Tyl conditions and can reduce
allergic Ty?2 reactions. In this context activation of TLR
signaling instead of microbial infection is important as
a therapeutic maneuver for allergy. In particular, TLR9
signaling activated by CpG DNA has the strongest activity
to induce Tyl cell differentiation.'>

A number of reports support successful effects of CpG
DNA in murine and primate models for allergen-induced
airway hyperresponsiveness. 16-19 CpG DNA inhibited air-
way eosinophilia and airway hypersensitivity and devi-
ated cytokine balances to Tyl status. This activity lasted
6 weeks in ragweed-induced asthma.'® When conjugated
with antigen, CpG DNA showed more potent and longer
effects.**' Conjugation also led to a diminished ability
of antigen to react with IgE. Histamine release induced
by antigen—CpG DNA conjugates was much lower than
that induced by antigen alone. Thus conjugation is benefi-
cial also in reducing the allergenicity.

It still remains unknown how CpG DNA improves
manifestations (Fig 2). CpG DNA can activate APCs to
promote Tyl cell support and inhibit T2 cell activation
by preventing APCs from presenting allergens to Ty2
cells. CpG DNA can also inhibit IgE-dependent release
of T2 cytokines, especially IL-4, from mast cells.?* It is
also possible that CpG DNA can directly act on B cells
to inhibit IgE production.23

Contrary to the hygiene hypothesis, certain infections
can promote allergy status. For example, influenza virus
infection enhanced allergen-specific asthma, possibly
through Ty 1 responses during the acute viral infection.”*
Furthermore, it is important to note that Ty2 responses
themselves do not mean vulnerability or susceptibility to
allergy. Helminth infection can manifest a protective
effect against allergic responses.”> >’ Regulatory T-cell
generation, rather than Ty2-to-Ty1 shift, is possibly in-
volved in alleviating allergic inflammation.*®

NUCLEIC ACID TLR LIGANDS AND
AUTOIMMUNITY

Compared with lipid or protein TLR ligands, nucleic
acid TLR ligands, including CpG DNA, have distinct
features in several aspects. Notably, nucleic acid TLR
ligands show ambiguous distinction between the host
and microorganisms. For example, LPS and flagellin are

("]
T 0
52
25
2L
>
S%o
L




)
Q
-
c
=
o
[
3
O
o
“n

PUD SM3IAY

982 Kaisho and Akira

T @ Allergen

® -

Thi A
@ IL-12
~
~
IFN-y ™ . TT.66 1717

Igczk\\@ R l \

P]asma cell

J ALLERGY CLIN IMMUNOL
MAY 2006

Th2
‘ ' S~ -~ ©
1 ~ - -~
A Chel-nical =~ IL-4
mediaters IL-13

'
| Mast cell

A

ﬁ\ @
| '-""\?

&)

Plasmﬂ cell

1
1

FIG 2. Allergy pathogenesis and effects of CpG DNAs. Allergen induces T2 cell differentiation. T2 cytokines
facilitate further T2 cell differentiation and activate B cells to produce IgE. Allergen-IgE complexes bind to
mast cells through the high-affinity FceR and induce production of chemical mediators or IL-4. T2 cell- or
mast cell-derived IL-4 accelerates the vicious cycle to generate disease status. CpG DNAs act on several points
in a positive or negative manner and dampen the manifestations.

apparently exogenous and are not found at all in the
host. However, unmethylated CpG motifs can be found
in mammals, although the frequency is much lower than
in bacteria or viruses. Furthermore, host-derived single-
stranded RNAs and dsRNAs can also function as TLR7
and TLR3 stimulators, respectively. Thus the structural
and functional differences between pathogen and host
nucleic acids are not very prominent. Host-derived nucleic
acids are quite unstable but can be accessible to recogni-
tion by TLRs. For example, host cells are incorporated by
certain APCs after they die, and nucleic acids from ingested
cells are then released into endosomes or lysosomes. This
can cause potential danger for autoimmunity. Such danger,
however, is evaded through several mechanisms.

First, nucleic acid TLR ligands are recognized in
different cellular compartments from lipid or protein
TLR ligands. Lipid or protein TLR ligands are recognized
on the plasma membrane, whereas nucleic acids are
recognized by TLRs in the endosome. If manipulated to
express on the plasma membrane, TLR9 can be stimulated
by self DNA.? Thus endosomal expression of TLR7/9
can prevent self DNA from being recognized, although
it is beneficial for recognizing viral DNA. Second,
TLR7 expression is very low in cells with high phagocytic
activity.®® Third, the host possesses certain DNA
sequences that can inhibit TLRY signaling, for example
in the telomere.®' Fourth, compared with bacterial RNA,
host-derived RNA carries abundantly modified nucleo-
sides. These modified RNAs are much less potent in den-
dritic cell (DC) activation than unmodified RNA.*
Furthermore, TLR7/9 expression and released nucleic
acids can be localized in different cell compartments,
although there is no formal proof of this. Thus several
failsafe mechanisms prevent an autoimmune reaction.

Nucleic acid TLR ligands are also peculiar among TLR
agonists in their ability to induce type I IFNs. Type I IFNs

consist of more than 10 IFN-as and a single IFN-3 and can
induce expression of several antiviral proteins and MHC
and induce DC maturation, thereby exerting a critical
function in antiviral immunity. Nucleic acid TLR ligands
can induce both IFN-a and IFN-f3. Lipid or protein TLR
ligands fail to induce type I IFNs, although LPS is
exceptional in that it can induce only IFN-B and not
IFN-a. This type I IFN-inducing ability greatly contrib-
utes to antiviral function in nucleic acid-recognizing
TLRs.

Expression of nucleic acid—recognizing TLRs is con-
fined to certain types of cells. Plasmacytoid DCs (PDCs)
are a discrete DC subset from conventional DCs and are
also known as type I IFN-producing cells.>* PDCs express
TLR7 and TLRY exclusively among TLRs and secrete
vigorous amounts of type I IFN, especially IFN-a, in a
TLR7/9-dependent manner. PDCs play critical roles in an-
tiviral immune responses. However, PDCs do not express
TLR3 and fail to respond to dsSRNA. TLR3-induced type I
IFN production depends on other types of cells.

Several studies indicate that TLR activation leading to
type I IFNs contributes to the pathogenesis of autoimmune
diseases, such as systemic lupus erythematosus (SLE).»
In SLE antinuclear antibodies are produced and nuclear
proteins are released from damaged or inflamed tissues.
These proteins stabilize nucleic acids to act as efficient
TLR agonists (Fig 3). Protein—nucleic acid complexes
can activate PDCs to produce IFN-a by coengaging TLR
and FcR. Furthermore, the number of activated PDCs is in-
creased in skin lesions in patients with SLE. As a result, se-
rum IFN-a levels are increased in patients with SLE and
correlate with the severity of the disease. This hypothesis
can also explain deterioration of SLE manifestations after
viral infection, which can trigger PDC activation.

Autoreactive B cells can also be activated by protein—
nucleic acid complexes (Fig 3).** Rheumatoid factor (RF)
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FIG 3. Autoimmune induction by self nucleic acids. Self DNA containing a CpG motif activates DCs and PDCs.
PDCs produce type | IFN and infiltrate in the skin. Type | IFN induces activation of DCs and polyclonal B cells,
including autoreactive RF-positive B cells. RF B cells are also stimulated by coengaging anti-lg B-cell receptor
(RF BCR) and TLR9. Self RNA also forms a complex with ribonuclear proteins and activates the similar system

through TLR7.

is an Ig that can bind to certain types of IgG and that is
often found in the sera of patients with autoimmune dis-
orders. DNA-anti-DNA complexes are recognized by RF
on the B-cell surface. RF BCR (B-cell receptor) mediates
internalization and transport of these complexes into the
endosome, where TLR9Y is expressed. Then CpG DNA in
the complex stimulates TLR9 and, in turn, activates B cells
to produce RF. Dual engagement of both BCR and TLR9 is
mandatory for this type of autoreactive B-cell activation.
Thus TLR signaling is critically involved in autoimmune
pathogenesis.

EFFECTS OF VARIOUS TYPES OF CpG DNA

The biologic effects of TLR9 signaling heavily depend
on the nature of the ligands. At least 3 distinct classes
of oligonucleotides containing CpG motif have been
reported.35 Conventional CpG DNA, also called K-type
CpG DNA or CpG-B, has the potent ability to activate B
cells and induce cytokine production from macrophages.
K/B-type CpG DNA has multiple CpG motifs, and the ac-
tivity is stabilized by phosphorothioate backbone. D-type
CpG DNA, also called CpG-A, shows a weaker ability to
activate B cells or macrophages but a stronger ability to in-
duce type I IFN production from PDCs. D/A-type CpG
DNA contains a single CpG motif, and the activity re-
quires a mixed backbone of phosphodiester-phosphoro-
tioate. Especially the region around a CpG motif should
be palindromic and phosphodiester linked. In addition,
poly-G tail should be included at the 3’ end. C-type
CpG DNA exhibit type I IFN-inducing, as well as B
cell-activating, functions. It is comprised of phosphoro-
thioate backbone with multiple CpG motif and TCG dimer
at the 5" end.

It is notable that the TLR9 system is different between
human subjects and mice. First, in human subjects TLR9
expression is restricted to PDCs and B cells, whereas in

mice TLRY expression is observed also in conventional
DCs. Furthermore, responsiveness of PDCs to TLR9
agonists is also different. Human PDCs can secrete IFN-a
but do not produce IL-12 in response not only to various
TLR9 agonists but also to any other stimuli. Murine PDCs,
however, can produce both IFN-o and IL-12 through
TLRY signaling. Interestingly, murine PDCs dominantly
produce IFN-a and IL-12 in response to D/A- and K/B-
type CpG DNAs, respectively. Despite these differences,
the PDC system in human subjects and mice is common in
terms of selective expression of TLR7/9 and the unique
ability to produce IFN-a in response to TLR7/9 agonists.
It remains unknown how different TLR9 agonists lead
to such distinct outcomes. The importance of their intra-
cellular localization has been suggested.>® K/B-type CpG
DNA is rapidly transferred and degraded in the lysosome,
whereas D/A-type CpG DNA is retained in the endosome
of PDCs, together with signal-transducing molecules, such
as MyD88 and IFN regulatory factor (IRF)-7, for long pe-
riods. If K/B-type CpG DNA is modified by cationic lipids
to be retained in the endosome, it can induce type I IFN
production, even from conventional DCs. Through G-
tetrad formation of poly-G tail, D/A-type CpG DNA tends
to self-assemble to a nanoparticle, which resembles the
viral structure.>’ This particular structure contributes to
intracellular localization of D/A-type CpG DNA.

TLR SIGNALING PATHWAYS

TLR signaling can lead to activation of several tran-
scription factors, including NF-kB and IRFs (Fig 4).
Subsequently, expression of a variety of immune response
genes is induced. Each TLR activates similar signaling
pathways, but some TLRs trigger their specific pathways.
This differential induction pattern heavily depends on
cytoplasmic adapter molecules that can associate with
the intracytoplasmic region of TLRs.*®
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FIG 4. TLR and RIG-I signaling pathways. TLRs activate the signaling pathways through TIR-domain containing
adapters (green). TLR2 and TLR4 trigger the MyD88-dependent pathway, which is dependent also on TIRAP.
The TLR9 pathway is MyD88 dependent. TLR3 and TLR4 can stimulate the MyD88-independent, TRIF-
dependent pathway. RIG-I/Mdab activates the IPS-1-dependent (light blue) cytosolic pathway. This pathway is
also triggered by another cytosolic PRR (X) that probably recognizes dsDNA. These pathways lead to translo-

cation of various transcription factors (orange) and activation of target genes.

MyD88-dependent pathway in
TLR2/4 signaling

There are 5 intracytoplasmic adapter molecules carry-
ing the TIR domain. MyD88 was first found to be critical
for TLR signaling.®* MyD88 can associate with all TLRs
except TLR3 and is required for induction of inflamma-
tory cytokines, including IL-6 and IL-12p40. MyD88
has a death and TIR domain at its N- and C-terminal por-
tion, respectively. A TIR domain is involved in interaction
with TLRs, and a death domain recruits IL-1 receptor—
associated kinase (IRAK) family members.*’ There
are 4 IRAKs: IRAK-1, IRAK-2, IRAK-4, and IRAK-M.
Among these, IRAK-4 is most critically involved in the
MyD88-dependent pathway. TRAF6 is also critical for
this pathway by activating TGF-B-activated kinase
(TAK) 1 through ubiquitination and the canonical kB
kinases (IKK) IKKa and IKK{3. The IKKs then phosphor-
ylate IkB and render it degraded, thereby leading to
the nuclear translocation and activation of NF-kB. The
MyD88-dependent pathway can also lead to activation
of MAPKSs, such as p38 and JNK (not shown). These chain
reactions finally result in gene expression of inflammatory
cytokine genes.

TIR domain—containing adapter protein (TIRAP), also
known as MyD88 adaptor—like, was subsequently identi-
fied.*'** TIRAP-deficient mice showed similar impair-
ment to MyD88-deficient mice in terms of TLR2- and
TLR4-induced effects. MyD88/TIRAP double-deficient
mice did not show further defects compared with single-
deficient mice, indicating that TIRAP functions in the
MyD88-dependent pathway together with MyD88 down-
stream of TLR2/4 signaling. TIRAP is not required for
TLR7/9 signaling (see below).

MyD88-independent pathway in
TLR3/4 signaling

The diversity of TLR signaling pathway was first re-
vealed by the retained response of MyD88-deficient mice
to LPS. TLR4 signaling can activate NF-kB and MAPKs
in MyD88-deficient cells, albeit with delayed kinetics.*
These delayed responses fail to induce gene expression
of inflammatory cytokines but are sufficient for DC matu-
ration or expression of IFN-f3 and IFN-inducible genes.
IFN- gene expression requires IRF-3 activation, which is
detected in LPS-activated MyD88-deficient macrophages.

The function of TIR domain—containing adapter protein
inducing IFN-B (TRIF), also called TICAM-1, was
revealed by means of analysis on TRIF-deficient mice.*?
This analysis first clarified the MyD88-independent path-
way in TLR signaling (Fig 2). Through TRIF, TLR3
and TLR4 can activate this pathway, leading to IRF-3 or
NF-«kB activation. TLR3 can directly associate with
TRIF, whereas TLR4 requires another adapter, TRIF-
related adapter molecule,44 also known as TICAM-2, for
the association with TRIF. TRIF can interact with the non-
canonical IkB kinases IKKe and TANK-binding kinase
1 (TBK1). IRF-3 is phosphorylated by these kinases,
translocates to the nucleus, and induces several target
genes, including the IFN-3 gene.

TRIF can also lead to NF-kB activation through
TRAF6. Furthermore, TRIF can also interact with recep-
tor-interacting protein (RIP) 1 through an RIP homotypic
interaction motif. This interaction is also critical for
NF-kB activation.*” NF-kB activation leads to gene ex-
pression of IFN-3 and inflammatory cytokines.

Sterile « and armadillo motifs (SARM) is the fifth
adapter containing the TIR domain. A nematode ortholog
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of SARM, TIR-1, was found to be critical for TLR-
independent innate immunity.46 However, the function of
mammalian SARM is not clear at present.

Both MyD88 and TRIF deficiency lead to defective
NF-kB activation in response to TLR4 signaling. How-
ever, the underlying mechanism for the defect is differ-
ent.*’ MyD88 deficiency lacks earlier activation, whereas
TRIF deficiency shows impairment in late activation.
LPS can induce rapid production of TNF through TRIF-
dependent IRF-3 activation. TNF then activates NF-xB
in an autocrine manner, which is responsible for delayed
activation. This mechanism can account for impairment
in late NF-kB in the absence of TRIF, but it is hard to
reconcile retained activation of late NF-kB without
MyD88 because TNF is not produced from LPS-stimu-
lated MyD88-deficient cells. It can be assumed that trace
amounts of TNF in the absence of MyD88 can contribute
to late NF-kB activation on the basis of their finding that
anti-TNF can decrease nuclear NF-kB activity.47

MyD88-dependent pathway in TLR9 signaling

TLR7 and TLR9 signaling can induce not only inflam-
matory cytokines but also type I IFNs, including IFN-a
and IFN-B. All of these effects are dependent on MyD88**
and do not require any other MyD88-related adapters.
TRIF is dispensable for this type I IFN gene induction,
although it is essential for TLR4-induced IFN-3 expres-
sion. Furthermore, IKKe and TBK1 are also dispensable
for TLR7/9-mediated induction of type I IFN genes.

Downstream of MyDS88, signaling pathways are bifur-
cated into NF-kB— and IRF-7-activating pathways (Fig
4). The latter pathway is evident in PDCs. NF-kB is re-
quired for inflammatory gene expression, whereas IRF-7
is essential for type I IFN gene induction. Both transcrip-
tion factors reside in the cytoplasm as inactive forms and
are translocated into the nucleus on stimulation.

IRF-7 colocalizes with MyD88 in endosomal vesicles,
whereas IRF-3 does not.*>>° IRF-7 can directly associate
with MyD88 or TRAF6, forming a large molecular com-
plex that leads to type I IFN production. IRF-7 is critically
and selectively involved in this pathway because IRF-7
deficiency severely impaired the ability of TLR7/9-
stimulated PDCs to produce type I IFNs but not other
cytokines.”' TIRAK-1 also associates with IRF-7 and is
critical for IRF-7 activation and induction of type I IFN
genes. Similar to IRF-7 deficiency, IRAK-1 deficiency
does not lead to defective production of inflammatory
cytokines.”?

It is still unclear how the molecular complex including
MyD8S8, IRAK-1, and IRF-7 leads to NF-kB or IRF-7
activation. Interestingly, TRAF-3 deficiency also led to
similar defective phenotype in TLR7/9 signaling to that of
IRF-7- or IRAK-1-deficient mice in terms of selective
impairment in type I IEN induction.>*-** TRAF3 seems to
function as a molecular rudder to steer into type I IFN
induction. TRAF3 deficiency also leads to defective pro-
duction of IL-10, which in turn causes overproduction of
inflammatory cytokines. TRAF3 seems to play broader
critical roles not only in TLR7/9 signaling but also in
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TLR3/4 and TLR-independent cytosolic pathways (see
below) through the interaction with TRIF or IKKe/
TBKI1 (not depicted in Fig 4).>*~*

IRFs in TLR signaling

In addition to IRF-3 and IRF-7, critical roles of other
IRFs have been also revealed. IRF-5 also colocalizes and
associates with MyD88 and TRAF6.% In TLR7/9 signal-
ing IRF-5 was required for induction of inflammatory cy-
tokines but not for type I IFN induction. NF-«kB activation
is intact, at least when analyzed with a gel mobility shift
assay, in IRF-5—deficient cells, indicating that IRF-5 is
dispensable for NF-kB activation and that both IRF-5
and NF-«kB are required for production of inflammatory
cytokines. Furthermore, IRF-5 is essential for other TLR-
induced cytokine production as well.>>

MyDS88 also interacts with another IRF, IRF-4. IRF-4
negatively regulates the signaling pathway.>® IRF-4 defi-
ciency does not affect the ability of TLR7/9-stimulated
PDCs to secrete IFN-a but caused overproduction of
inflammatory cytokines. This was accompanied by en-
hanced activation of NF-kB and MAPKs. This hyperreac-
tivity is observed not only in TLR7/9 but also in TLR2/4
signaling. IRF-4, but not IRF-7, can compete with IRF-5
for association with MyD88, which can account for the
phenotype of IRF-4-deficient mice. Thus IRF family
members are critically involved in TLR signaling.

CYTOSOLIC PRRs FOR NUCLEIC ACIDS

The TLR-independent cytosolic PRR system for
nucleic acids has been clarified recently’ and was first
described for the dsRNA recognition system.57 dsRNA
is not only recognized by TLR3 but also by the cytosolic
molecules RIG-I and Mda5. RIG-I and Mda5 are RNA
helicases and carry 2 CARD-like domains and 1 helicase
domain. The helicase domain is involved in recognizing
dsRNA, and CARD-like domains are critical for activat-
ing downstream signaling pathways. The pathways lead
to activation of NF-kB and IRF-3, thereby inducing
inflammatory cytokines and type I IFNs. IFN-f3 stimulator
1 (IPS-1), also called mitochondrial antiviral signaling
protein, virus-induced signaling adaptor, or CARD adap-
tor inducing IFN-[3, is a critical adapter molecule that can
interact with RIG-I/Mda$5 through the homophilic interac-
tion of their CARD-like domains.” IPS-1 activates NF-kB
through Fas-associated death domain protein and RIP-1.
IPS-1-induced IRF3 activation requires IKKe/TBK-1.
Thus IKKe and TBK-1 are converging points between
TLR3/4 and the RIG-I/Mda5 pathway.

Not only dsRNA but also dsDNA can also activate the
IPS-1-mediated pathway, although recognition molecules
for dsDNA have not been identified.>® Notably, several
pieces of evidence suggest that plasmid DNA vaccines
can exhibit the adjuvant activity through a TLR9-indepen-
dent, as well as a TLR9-dependent, pathway.””*® This
cytosolic PRR system should be involved in the TLR9-
independent pathway.
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CONCLUSION

The TLR system has been rapidly and extensively

clarified for the last decades. TLRs are critically involved
not only in antimicrobial immunity but also in certain
immune disorders, such as autoimmunity. Some TLR
ligands, especially nucleic acids, can be synthesized
in vitro and promisingly applied for antiallergic vaccines.
Furthermore, the non-TLR system for nucleic acid recog-
nition has also been gradually revealed. Clarification of
these mechanisms should contribute to further develop-
ment and improvement of therapeutic strategies against
various types of immune diseases.

REFERENCES

1.

20.

Janeway CA Jr. Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol 1989;54:1-13.

. Medzhitov R. Toll-like receptors and innate immunity. Nat Rev Immunol

2001;1:135-45.

. Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol

2003;21:335-76.

. Inohara N, Nunez G. NODs: intracellular proteins involved in inflamma-

tion and apoptosis. Nat Rev Immunol 2003;3:371-82.

. Kawai T, Akira S. Innate immune recognition of viral infection.

Nat Immunol 2006;7:131-7.

. Beutler B. Tlr4: central component of the sole mammalian LPS sensor.

Curr Opin Immunol 2000;12:20-6.

. Miyake K. Endotoxin recognition molecules, Toll-like receptor 4-MD-2.

Semin Immunol 2004;16:11-6.

. Wagner H. Bacterial CpG DNA activates immune cells to signal infec-

tious danger. Adv Immunol 1999;73:329-68.

. Krieg AM. The role of CpG motifs in innate immunity. Curr Opin Immu-

nol 2000;12:35-43.

. Wagner H. The immunobiology of the TLR9 subfamily. Trends Immu-

nol 2004;25:381-6.

. Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lym-

phocytes. Nature 1996;383:787-93.

. Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CA, Bot-

tomly K. Lipopolysaccharide-enhanced, toll-like receptor 4-dependent
T helper cell type 2 responses to inhaled antigen. J Exp Med 2002;
196:1645-51.

. Kaisho T, Hoshino K, Iwabe T, Takeuchi O, Yasui T, Akira S. Endotoxin

can induce MyD88-deficient dendritic cells to support T(h)2 cell differ-
entiation. Int Immunol 2002;14:695-700.

. Strachan D. Hay fever, hygiene, and household size. BMJ 1989;299:

1259-60.

. Kim SK, Ragupathi G, Musselli C, Choi SJ, Park YS, Livingston PO.

Comparison of the effect of different immunological adjuvants on the
antibody and T-cell response to immunization with MUCI1-KLH and
GD3-KLH conjugate cancer vaccines. Vaccine 1999;18:597-603.

. Broide D, Schwarze J, Tighe H, Gifford T, Nguyen MD, Malek S, et al.

Immunostimulatory DNA sequences inhibit IL-5, eosinophilic inflam-
mation, and airway hyperresponsiveness in mice. J Immunol 1998;161:
7054-62.

. Kline JN, Waldschmidt TJ, Businga TR, Lemish JE, Weinstock JV,

Thorne PS, et al. Modulation of airway inflammation by CpG oligodeox-
ynucleotides in a murine model of asthma. J Immunol 1998;160:2555-9.

. Sur S, Wild JS, Choudhury BK, Sur N, Alam R, Klinman DM. Long

term prevention of allergic lung inflammation in a mouse model of
asthma by CpG oligodeoxynucleotides. J Immunol 1999;162:6284-93.

. Fanucchi MV, Schelegle ES, Baker GL, Evans MJ, McDonald RJ,

Gershwin LJ, et al. Immunostimulatory oligonucleotides attenuate air-
ways remodeling in allergic monkeys. Am J Respir Crit Care Med
2004;170:1153-7.

Shirota H, Sano K, Kikuchi T, Tamura G, Shirato K. Regulation of
murine airway eosinophilia and Th2 cells by antigen-conjugated CpG
oligodeoxynucleotides as a novel antigen-specific immunomodulator.
J Immunol 2000;164:5575-82.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

J ALLERGY CLIN IMMUNOL
MAY 2006

Tighe H, Takabayashi K, Schwartz D, Van Nest G, Tuck S, Eiden JJ,
et al. Conjugation of immunostimulatory DNA to the short ragweed
allergen amb a 1 enhances its immunogenicity and reduces its allergenic-
ity. J Allergy Clin Immunol 2000;106:124-34.

Hessel EM, Chu M, Lizcano JO, Chang B, Herman N, Kell SA, et al.
Immunostimulatory oligonucleotides block allergic airway inflammation
by inhibiting Th2 cell activation and IgE-mediated cytokine induction.
J Exp Med 2005;202:1563-73.

Liu N, Ohnishi N, Ni L, Akira S, Bacon KB. CpG directly induces T-bet
expression and inhibits IgG1 and IgE switching in B cells. Nat Immunol
2003;4:687-93.

Dahl ME, Dabbagh K, Liggitt D, Kim S, Lewis DB. Viral-induced
T helper type 1 responses enhance allergic disease by effects on lung
dendritic cells. Nat Immunol 2004;5:337-43.

Bashir ME, Andersen P, Fuss 1J, Shi HN, Nagler-Anderson C. An enteric
helminth infection protects against an allergic response to dietary antigen.
J Immunol 2002;169:3284-92.

Wohlleben G, Trujillo C, Muller J, Ritze Y, Grunewald S, Tatsch U,
et al. Helminth infection modulates the development of allergen-induced
airway inflammation. Int Immunol 2004;16:585-96.

Mangan NE, van Rooijen N, McKenzie AN, Fallon PG. Helminth-mod-
ified pulmonary immune response protects mice from allergen-induced
airway hyperresponsiveness. J Immunol 2006;176:138-47.

Wilson MS, Taylor MD, Balic A, Finney CA, Lamb JR, Maizels RM.
Suppression of allergic airway inflammation by helminth-induced regula-
tory T cells. J Exp Med 2005;202:1199-212.

Barton GM, Kagan JC, Medzhitov R. Intracellular localization of Toll-
like receptor 9 prevents recognition of self DNA but facilitates access
to viral DNA. Nat Immunol 2006;7:49-56.

Edwards AD, Diebold SS, Slack EM, Tomizawa H, Hemmi H, Kaisho T,
et al. Toll-like receptor expression in murine DC subsets: lack of TLR7
expression by CD8alpha+ DC correlates with unresponsiveness to
imidazoquinolines. Eur J Immunol 2003;33:827-33.

. Gursel I, Gursel M, Yamada H, Ishii KJ, Takeshita F, Klinman DM.

Repetitive elements in mammalian telomeres suppress bacterial DNA-
induced immune activation. J Immunol 2003;171:1393-400.

. Kariko K, Buckstein M, Ni H, Weissman D. Suppression of RNA recog-

nition by Toll-like receptors: the impact of nucleoside modification and
the evolutionary origin of RNA. Immunity 2005;23:165-75.

Colonna M, Trinchieri G, Liu YJ. Plasmacytoid dendritic cells in immu-
nity. Nat Immunol 2004;5:1219-26.

Rifkin IR, Leadbetter EA, Busconi L, Viglianti G, Marshak-Rothstein A.
Toll-like receptors, endogenous ligands, and systemic autoimmune dis-
ease. Immunol Rev 2005;204:27-42.

Klinman DM. Immunotherapeutic uses of CpG oligodeoxynucleotides.
Nat Rev Immunol 2004;4:249-58.

Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T, Takaoka A, et al.
Spatiotemporal regulation of MyD88-IRF-7 signalling for robust type-I
interferon induction. Nature 2005;434:1035-40.

Kerkmann M, Costa LT, Richter C, Rothenfusser S, Battiany J, Hornung
V, et al. Spontaneous formation of nucleic acid-based nanoparticles is
responsible for high interferon-alpha induction by CpG-A in plasmacy-
toid dendritic cells. J Biol Chem 2005;280:8086-93.

Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol 2004;
4:499-511.

Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unresponsiveness of
MyD88-deficient mice to endotoxin. Immunity 1999;11:115-22.

Suzuki N, Suzuki S, Yeh WC. IRAK-4 as the central TIR signaling
mediator in innate immunity. Trends Immunol 2002;23:503-6.

Homng T, Barton GM, Flavell RA, Medzhitov R. The adaptor molecule
TIRAP provides signalling specificity for Toll-like receptors. Nature
2002;420:329-33.

Yamamoto M, Sato S, Hemmi H, Sanjo H, Uematsu S, Kaisho T, et al.
Essential role for TIRAP in activation of the signalling cascade shared by
TLR2 and TLR4. Nature 2002;420:324-9.

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al.
Role of adaptor TRIF in the MyD88-independent toll-like receptor sig-
naling pathway. Science 2003;301:640-3.

Yamamoto M, Sato S, Hemmi H, Uematsu S, Hoshino K, Kaisho T,
et al. TRAM is specifically involved in the Toll-like receptor
4-mediated MyD88-independent signaling pathway. Nat Immunol
2003;4:1144-50.



J ALLERGY CLIN IMMUNOL
VOLUME 117, NUMBER 5

45.

46.

47.

48.

49.

50.

51,

52.

Meylan E, Burns K, Hofmann K, Blancheteau V, Martinon F, Kelliher
M, et al. RIP1 is an essential mediator of Toll-like receptor 3-induced
NF-kappa B activation. Nat Immunol 2004;5:503-7.

Couillault C, Pujol N, Reboul J, Sabatier L, Guichou JF, Kohara Y, et al.
TLR-independent control of innate immunity in Caenorhabditis elegans
by the TIR domain adaptor protein TIR-1, an ortholog of human SARM.
Nat Immunol 2004;5:488-94.

Covert MW, Leung TH, Gaston JE, Baltimore D. Achieving stability of
lipopolysaccharide-induced NF-kappaB activation. Science 2005;309:
1854-7.

Hemmi H, Kaisho T, Takeda K, Akira S. The roles of Toll-like receptor
9, MyD88, and DNA-dependent protein kinase catalytic subunit in the
effects of two distinct CpG DNAs on dendritic cell subsets. J Immunol
2003;170:3059-64.

Kawai T, Sato S, Ishii KJ, Coban C, Hemmi H, Yamamoto M, et al.
Interferon-alpha induction through Toll-like receptors involves a direct in-
teraction of IRF7 with MyD88 and TRAF6. Nat Immunol 2004;5:1061-8.
Honda K, Yanai H, Mizutani T, Negishi H, Shimada N, Suzuki N, et al.
Role of a transductional-transcriptional processor complex involving
MyD88 and IRF-7 in Toll-like receptor signaling. Proc Natl Acad Sci
U S A 2004;101:15416-21.

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al.
IRF-7 is the master regulator of type-I interferon-dependent immune
responses. Nature 2005;434:772-7.

Uematsu S, Sato S, Yamamoto M, Hirotani T, Kato H, Takeshita F, et al.
Interleukin-1 receptor-associated kinase-1 plays an essential role for
Toll-like receptor (TLR)7- and TLR9-mediated interferon-a induction.
J Exp Med 2005;201:915-23.

53.

54.

55.

56.

57.

58.

59.

60.

Kaisho and Akira 987

Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, Zarnegar B, et al.
Critical role of TRAF3 in the Toll-like receptor-dependent and -indepen-
dent antiviral response. Nature 2006;439:208-11.

Hacker H, Redecke V, Blagoev B, Kratchmarova I, Hsu LC, Wang
GG, et al. Specificity in Toll-like receptor signalling through dis-
tinct effector functions of TRAF3 and TRAF6. Nature 2006:;439:
204-7.

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al.
Integral role of IRF-5 in the gene induction programme activated by
Toll-like receptors. Nature 2005;434:243-9.

Negishi H, Ohba Y, Yanai H, Takaoka A, Honma K, Yui K, et al.
Negative regulation of Toll-like-receptor signaling by IRF-4. Proc Natl
Acad Sci U S A 2005;102:15989-94.

Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T,
Miyagishi M, et al. The RNA helicase RIG-I has an essential function
in double-stranded RNA-induced innate antiviral responses. Nat Immu-
nol 2004;5:730-7.

Ishii KJ, Coban C, Kato H, Takahashi K, Torii Y, Takeshita F, et al.
A Toll-like receptor-independent antiviral response induced by double-
stranded B-form DNA. Nat Immunol 2006;7:40-8.

Spies B, Hochrein H, Vabulas M, Huster K, Busch DH, Schmitz F, et al.
Vaccination with plasmid DNA activates dendritic cells via Toll-like
receptor 9 (TLR9) but functions in TLR9-deficient mice. J Immunol
2003;171:5908-12.

Babiuk S, Mookherjee N, Pontarollo R, Griebel P, van Drunen Littel-van
den Hurk S, Hecker R, et al. TLR9—/— and TLR9+/+ mice display
similar immune responses to a DNA vaccine. Immunology 2004;113:
114-20.

("]
T 0
52
25
2L
>
S%o
L




	Toll-like receptor function and signaling
	TLRs as transmembrane signaling PRRs
	TLR ligands
	Adjuvant effects of TLRs
	Manipulation of allergic diseases
	Nucleic acid TLR ligands and autoimmunity
	Effects of various types of CpG DNA
	TLR signaling pathways
	MyD88-dependent pathway in TLR2/4 signaling
	MyD88-independent pathway in TLR3/4 signaling
	MyD88-dependent pathway in TLR9 signaling
	IRFs in TLR signaling

	Cytosolic PRRs for nucleic acids
	Conclusion
	References


