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INTRODUCTION generation of immunological memory. Whereas the adaptive

The innate immune system constitutes the first line of host
defense during infection and therefore plays a crucial role in
the early recognition and subsequent triggering of a proinflam-
matory response to invading pathogens (242). The adaptive
immune system, on the other hand, is responsible for elimina-
tion of pathogens in the late phase of infection and in the
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immune response is characterized by specificity developed by
clonal gene rearrangements from a broad repertoire of anti-
gen-specific receptors on lymphocytes, the innate immune re-
sponse is mediated primarily by phagocytic cells and antigen-
presenting cells (APCs), such as granulocytes, macrophages,
and dendritic cells (DCs), and has been regarded as relatively
nonspecific (151).

The innate immune response relies on recognition of evo-
lutionarily conserved structures on pathogens, termed patho-
gen-associated molecular patterns (PAMPs), through a limited
number of germ line-encoded pattern recognition receptors
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FIG. 1. Principles in innate immune recognition by PRRs. During
microbial infection or breakdown of tolerance, pathogen-specific mol-
ecules, aberrant localization of foreign or self molecules, or abnormal
molecular complexes are recognized by PRRs. This event triggers
PRR-mediated signaling and induction of an innate immune response,
which ultimately results in resolution of infection but also may cause
inflammatory diseases or autoimmunity.

(PRRs), of which the family of Toll-like receptors (TLRs) has
been studied most extensively (7, 242). PAMPs are character-
ized by being invariant among entire classes of pathogens,
essential for the survival of the pathogen, and distinguishable
from “self” (153). However, in certain cases, PRRs also rec-
ognize host factors as “danger” signals, when they are present
in aberrant locations or abnormal molecular complexes as a
consequence of infection, inflammation, or other types of cel-
lular stress (32, 236) (Fig. 1). Upon PAMP recognition, PRRs
present at the cell surface or intracellularly signal to the host
the presence of infection and trigger proinflammatory and
antimicrobial responses by activating a multitude of intracel-
lular signaling pathways, including adaptor molecules, kinases,
and transcription factors (6). PRR-induced signal transduction
pathways ultimately result in the activation of gene expression
and synthesis of a broad range of molecules, including cyto-
kines, chemokines, cell adhesion molecules, and immunore-
ceptors (7), which together orchestrate the early host response
to infection and at the same time represent an important link
to the adaptive immune response.

The relatively recent understanding of the nature of patho-
gen recognition and signaling mechanisms in innate immune
defenses has significantly changed previous ideas about this
system. Janeway was the first to propose the existence of a class
of innate immune receptors recognizing conserved microbial
structures or “patterns,” even prior to the molecular identifi-
cation of such a system (153). However, the immunostimula-
tory activity of nucleic acids had long been recognized. Already
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in 1963, two separate groups reported the observation that
DNA and RNA derived from pathogens or host cells were
capable of inducing interferon (IFN) production in fibroblasts
(156, 309), but cellular receptors for nucleic acids, as well as for
other microbial components, have remained unknown until a
few years ago (12, 76, 119, 121, 243, 357, 393). Accordingly, the
current view on pathogen recognition has been shaped only
during the last two decades, initiated by Janeway’s hypothesis
and further stimulated by the identification of TLRs in 1997
(154, 243). Given the fact that sensing and defeating microbial
infection is essential for mammalian species, PRRs and the
signal transduction pathways they activate belong to an old and
evolutionarily conserved system (211, 242). Pathogens of quite
different biochemical composition and with entirely different
life cycles, including viruses, bacteria, fungi, and protozoa, are
recognized by slightly different yet surprisingly similar and
overlapping mechanisms by host PRRs (7), and the unraveling
of these common principles has contributed significantly to the
understanding of these systems. Thus, recent studies have
demonstrated that the innate immune system has a greater
specificity than was previously thought and that it appears to be
highly developed in its ability to discriminate between self and
foreign. The innate immune system is therefore no longer
regarded as a primitive, nonspecific system involved only in
destroying and presenting antigen to cells of the adaptive im-
mune system. Moreover, it now appears that innate and adap-
tive immune responses are much more intimately connected
than initially believed, and several important findings support
the idea that the innate immune system, besides being essential
for early pathogen recognition, is also involved in the activa-
tion and shaping of adaptive immunity (151).

In this review, mechanisms of pathogen recognition and
proinflammatory signal transduction in innate immune de-
fenses are presented. To illustrate the complexity, yet similar-
ities in overall principles, of these signaling pathways, viral,
bacterial, fungal, and protozoan recognition by PRRs will be
covered. Moreover, interference with pathogen-induced in-
flammatory responses by endogenous mechanisms and by
pathogens is described. Finally, medical implications, including
understanding of the role of PRRs in primary immunodefi-
ciencies and in the pathogenesis of infectious diseases and
autoimmunity, as well as the possibilities of therapeutic inter-
vention with pathogen recognition and innate immune signal-
ing are discussed.

INNATE IMMUNE DEFENSES AND PRRs

The innate immune system is based principally on physical
and chemical barriers to infection, as well as on different cell
types recognizing invading pathogens and activating antimicro-
bial immune responses (31, 242). Physical and chemical de-
fense mechanisms are represented by epidermis, ciliated respi-
ratory epithelium, vascular endothelium, and mucosal surfaces
with antimicrobial secretions (31). Likewise, the cellular com-
ponents of innate immunity include antigen-presenting DCs,
phagocytic macrophages and granulocytes, cytotoxic natural
killer (NK) cells, and y3 T lymphocytes (31). The important
ability of the innate immune system to recognize and limit
microbes early during infection is based primarily on employ-
ment of complement activation, phagocytosis, autophagy, and
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FIG. 2. Cellular PRRs. TLRs are membrane-bound receptors localized at the cellular or endosomal membranes, recognizing PAMPs via the
LRR domain and transducing signals to the intracellular environment through the TIR domain. RLRs with a C-terminal helicase domain bind
RNA and become activated to transduce CARD-dependent signaling. The dsRNA-activated kinase PKR is an intracellular PRR that senses RNA
through binding to two N-terminal dsRNA-binding domains. DAI and AIM2 are intracellular DNA sensors. NLRs are a class of intracellular
proteins characterized by a central NOD domain and a C-terminal LRR domain, the latter of which serves as a pattern recognition domain. Signals
are transduced through N-terminal domains, including CARD and pyrin (PYD) domains.

immune activation by different families of PRRs (Fig. 2).
Whereas the focus in this review is on pathogen recognition
and PRR-mediated proinflammatory signal transduction path-
ways, other components of innate immune defenses have been
reviewed elsewhere, for instance, by Basset et al. (31). The
different families of PRRs are shown in Fig. 2, and general
principles of pathogen recognition by PRRs are presented
below.

TLRs

The family of TLRs is the major and most extensively stud-
ied class of PRRs. TLRs derived their name and were origi-
nally discovered based on homology to the Drosophila mela-
nogaster Toll protein (243), which plays a role in dorso-ventral
patterning during embryogenesis as well as in the antifungal
response in Drosophila (211). Structurally, TLRs are integral
glycoproteins characterized by an extracellular or luminal li-
gand-binding domain containing leucine-rich repeat (LRR)
motifs and a cytoplasmic signaling Toll/interleukin-1 (IL-1)
receptor homology (TIR) domain (280). Ligand binding to
TLRs through PAMP-TLR interaction induces receptor oligo-
merization, which subsequently triggers intracellular signal
transduction. To date, 10 TLRs have been identified in hu-
mans, and they each recognize distinct PAMPs derived from
various microbial pathogens, including viruses, bacteria, fungi,
and protozoa (7) (Table 1).

TLRs can be divided into subfamilies primarily recognizing
related PAMPs; TLR1, TLR2, TLR4, and TLR6 recognize
lipids, whereas TLR3, TLR7, TLRS, and TLR9 recognize nu-
cleic acids (7). Moreover, it appears that TLRs can recognize
PAMPs either through direct interaction or via an intermedi-
ate PAMP-binding molecule. Thus, TLR1/2, TLR3, and TLR9
directly bind to triacetylated lipopeptides, double-stranded

RNA (dsRNA), and CpG DNA, respectively (159, 202, 216),
whereas TLR4 recognizes lipopolysaccharide (LPS) through
the accessory molecule MD2 (187). Intriguingly, some TLRs
are endowed with the capacity to recognize structurally and
biochemically unrelated ligands, as exemplified by the ability of
TLRA4 to recognize such divergent structures as LPS, the fusion
protein of respiratory syncytial virus (RSV), and cellular heat
shock proteins (HSPs) (7). The molecular basis of this phe-
nomenon may be the ability of different regions of the extra-
cellular portion of TLRs to bind their cognate ligands or the
involvement of different PAMP-binding molecules, such as
MD2 (187, 216). Further distinction between different PAMPs
is accomplished through the formation of heterodimers be-
tween TLR2 and either TLR1 or TLR6 (287). Another way of
grouping TLRs is based on their cellular distribution. Certain
TLRs (TLR1, -2, -4, -5, -6, and -10) are expressed at the cell
surface and mainly recognize bacterial products unique to bac-
teria and not produced by the host, whereas others (TLR3, -7,
-8, and -9) are located almost exclusively in intracellular com-
partments, including endosomes and lysosomes, and are spe-
cialized in recognition of nucleic acids, with self versus nonself
discrimination provided by the exclusive localization of the
ligands rather than solely based on a unique molecular struc-
ture different from that of the host (151).

The most important cell types expressing TLRs are APCs,
including macrophages, DCs, and B lymphocytes (151). In
different experimental systems, however, TLRs have been
identified in most cell types, expressed either constitutively or
in an inducible manner in the course of infection (151, 252,
269). Although patterns of TLR expression in different cell
types and anatomical tissue locations, as well as mechanisms
regulating TLR gene expression in response to inflammatory
mediators, are of great relevance and potential profound bio-
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TABLE 1. Recognition of microbial components by PRRs
Receptor Cellular localization Microbial component(s) Origin(s)
TLRs
TLR1/TLR2  Cell surface Triacyl lipopeptides Bacteria
TLR2/TLR6  Cell surface Diacyl lipopeptides Mycoplasma
Lipoteichoic acid Gram-positive bacteria
TLR2 Cell surface Lipoproteins Various pathogens
Peptidoglycan Gram-positive and -negative bacteria
Lipoarabinomannan Mycobacteria
Porins Neisseria
Envelope glycoproteins Viruses (e.g., measles virus, HSV, cytomegalovirus)
GPI-mucin Protozoa
Phospholipomannan Candida
Zymosan Fungi
-Glycan Fungi
TLR3 Cell surface/endosomes ~ dsRNA Viruses
TLR4 Cell surface LPS Gram-negative bacteria
Envelope glycoproteins Viruses (e.g., RSV)
Glycoinositolphospholipids Protozoa
Mannan Candida
HSP70 Host
TLRS Cell surface Flagellin Flagellated bacteria
TLR7/8 Endosome ssSRNA RNA viruses
TLR9 Endosome CpG DNA Viruses, bacteria, protozoa
RLRs
RIG-I Cytoplasm dsRNA (short), 5'-triphosphate RNA Viruses (e.g., influenza A virus, HCV, RSV)
MDAS5 Cytoplasm dsRNA (long) Viruses (picorna- and noroviruses)
NLRs
NOD1 Cytoplasm Diaminopimelic acid Gram-negative bacteria
NOD2 Cytoplasm MDP Gram-positive and -negative bacteria
NALP1 Cytoplasm MDP Gram-positive and -negative bacteria
NALP3 Cytoplasm ATP, uric acid crystals, RNA, DNA, MDP  Viruses, bacteria, and host
Miscellaneous
DAI Cytoplasm DNA DNA viruses, intracellular bacteria
AIM2 Cytoplasm DNA DNA viruses
PKR Cytoplasm dsRNA, 5'-triphosphate RNA Viruses

logical significance, many of these aspects remain poorly char-
acterized.

As a general rule, gram-negative bacteria are recognized by
TLR4 via the lipid A portion of LPS (296), whereas lipo-
teichoic acid, lipoproteins, and peptidoglycan of gram-positive
bacteria are detected by TLR2 (328, 395). However, most
gram-positive and -negative bacteria can activate additional
TLRs via alternative PAMPs present in the cell membrane, cell
wall, or intracellularly (262), as illustrated in Fig. 3. For in-
stance, flagellin, the major constituent of the motility appara-
tus of flagellated bacteria, is recognized by TLRS (117, 118).
With respect to TLR-mediated recognition of nucleic acids in
intracellular compartments, TLR3 recognizes dsRNA pro-
duced during viral replication (12), whereas TLR7 and TLRS8
are activated by single-stranded RNA (ssRNA) (76, 119). Fi-
nally, TLRO is responsible for the detection of unmethylated

CpG DNA present in the genomes of both viruses and bacteria
(121) as opposed to methylated DNA present in mammalian
cells, which generally does not activate the immune system. A
fundamental property of this system is that a given pathogen
can activate several different TLRs via different PAMPs, and
likewise, several structurally unrelated pathogens can activate
any given TLR. The net result of TLR engagement of a rele-
vant PAMP is the triggering of downstream signaling path-
ways, ultimately resulting in the generation of an antimicrobial
proinflammatory response. More details on PRRs and their
ligands are given in Table 1.

Cytosolic PRRs

Since TLRs are expressed at either the cell surface or the
luminal aspect of endo-lysosomal membranes, they do not
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FIG. 3. Recognition of PAMPs from different classes of microbial pathogens. Viruses, bacteria, fungi, and protozoa display several different
PAMPs, some of which are shared between different classes of pathogens. Major PAMPs are nucleic acids, including DNA, dsRNA, ssRNA, and
S'-triphosphate RNA, as well as surface glycoproteins (GP), lipoproteins (LP), and membrane components (peptidoglycans [PG], lipoteichoic acid
[LTA], LPS, and GPI anchors). These PAMPs are recognized by different families of PRRs.

seem capable of recognizing intracellular cytosolic pathogens
and their derivatives, such as viral sSRNA, dsRNA, and DNA,
as well as components of internalized or intracellular bacteria.
Additionally, data from animal studies indicated the existence
of other classes of PRRs. More specifically, evidence suggested
that receptors other than TLR3 and TLR9 were able to induce
type I IFN (IFN-a and IFN-B) production in response to RNA,
DNA, or viral infections (81, 127, 149, 344). Subsequent stud-
ies revealed that TLR-independent recognition of pathogens is
accomplished by a large group of cytosolic PRRs, which can be
broadly divided into retinoid acid-inducible gene I (RIG-I)-
like receptors (RLRs) (393) and nucleotide-binding oligomer-
ization domain (NOD)-like receptors (NLRs) (169).

RLRs and other cytosolic nucleotide sensors. RIG-I and
melanoma differentiation-associated gene 5 (MDAS) are IFN-
inducible RNA helicases that play a pivotal role in sensing of
cytoplasmic RNA (392, 393). These RNA helicases contain an
N-terminal caspase recruitment domain (CARD) and a central
helicase domain with ATPase activity required for RNA-acti-
vated signaling (393). Binding of dsRNA or 5'-triphosphate
RNA to the C-terminal domains of RLRs (65, 356) triggers
signaling via CARD-CARD interactions between the helicase
and the adaptor protein IFN-B promoter stimulator 1 (IPS-1)
(179, 246, 329, 383), ultimately resulting in an antiviral re-
sponse mediated by type I IFN production (172, 393). The
importance of CARDs is evidenced by the third helicase,
LGP2, which is devoid of such domains and hence does not
induce signaling but rather prevents RIG-I signaling (310),
whereas the specific role of LGP2 in MDAS-activated signaling
remains unresolved, with indications of a positive function
(374). Although RIG-I and MDAS function by similar mech-
anisms, studies have suggested differential roles of these two
helicases, with RIG-I being essential for the response to
paramyxoviruses and influenza virus, whereas MDAS seems to
be critical for the response to picornavirus and norovirus (174,
238). At the biochemical level, these differences may be due to
length-dependent binding of dsRNA by these two RLRs (173).
Specifically, RIG-I and MDAS recognize short and long
dsRNAs, respectively (173), and in addition, RIG-I detects
5'-triphosphate RNA (174, 295). Furthermore, one report has

demonstrated that in addition to viral RNA, RLRs can recog-
nize self-derived small RNAs generated by RNase L, thus
amplifying the IFN response (221).

Viral RNA can also be recognized by the IFN-inducible
dsRNA-activated protein kinase (PKR), which represents a
major mediator of the antiviral and antiproliferative activities
of IFN (270, 312, 389). Binding of dsRNA, 5’-triphosphate
RNA, or poly(I-C) induces conformational changes in PKR,
resulting in autophosphorylation, dimerization, and subse-
quent substrate phosphorylation (50, 270, 306). The best-char-
acterized PKR substrate is the eukaryotic initiation factor
elF2a, the phosphorylation of which leads to inhibition of
protein synthesis (312). Moreover, PKR has been assigned a
role in proinflammatory signal transduction as an upstream
kinase involved in mediating dsRNA-dependent nuclear factor
(NF)-«kB activation (396). However, although PKR was origi-
nally considered the principal molecule responsible for cellular
recognition of dsRNA, this perception was questioned by data
from PKR-deficient mice, which did not show considerable
impairment in their response to viral infection (2, 131, 389).
The subsequent identification of RLRs has resolved some of
this paradox. The prevailing view is that the major contribution
to dsRNA-activated responses is mediated by RLRs, with re-
cent data suggesting that PKR may be able to amplify RLR
signaling (237, 399), thus illustrating cross talk between these
different cellular dSRNA-sensing systems involved in antiviral
defense.

Cytoplasmic localization of DNA is recognized by the innate
immune system independently of TLRs, RLRs, and NLRs
(338, 345) and seems to be involved in mounting a response to
both bacteria and DNA viruses (55, 208, 274, 301, 344). Re-
cently, the identification of the first cytosolic DNA sensor, DAI
(DNA-dependent activator of IFN-regulatory factors), was re-
ported (357). DNAs from various sources were demonstrated
to bind to DAI, thereby inducing DNA-mediated induction of
type I IFN and the products of other genes involved in innate
immunity (357). However, DAI is probably not the only cyto-
solic DNA receptor triggering the IFN response, since inhibi-
tion of DAI by small interfering RNA had little or no effect on
the IFN response to different types of DNA (357, 379). This is
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supported by a report demonstrating induction of type I IFN
by group B streptococcus via intracellular recognition of its
DNA independently of DAI (55).

Although cytosolic DNA has been ascribed particularly im-
portant roles in activation of the IFN response (55, 208, 274,
301, 344), members of this class of PAMPs also activate other
parts of the innate immune response (268). Recently a cyto-
solic DNA receptor stimulating proinflammatory signaling and
maturation of pro-IL-1B has been reported and named AIM2
(absent in melanoma 2) (136). Considering the large and het-
erogeneous group of proteins belonging to the family of PRRs,
it will not be surprising if even more cytoplasmic DNA recep-
tors are identified.

NLRs and the inflammasome. NLRs belong to a family of
innate immune receptors which have gained increasing interest
over the past few years and are now considered key sensors of
intracellular microbes and danger signals and therefore be-
lieved to play an important role in infection and immunity.
NLRs are defined by a centrally located NOD that induces
oligomerization, a C-terminal LRR that mediates ligand sens-
ing (in analogy with TLRs), and an N-terminal CARD that is
responsible for the initiation of signaling (169). The two best-
characterized members of the NLR family are NOD1 and
NOD?2, which sense bacterial molecules derived from the syn-
thesis and degradation of peptidoglycan (169). Whereas
NODL1 recognizes diaminopimelic acid produced primarily by
gram-negative bacteria (53, 101), NOD?2 is activated by mu-
ramyl dipeptide (MDP), a component of both gram-positive
and -negative bacteria (102). It is currently unresolved whether
NOD1 and NOD2 serve as direct receptors of PAMPs or
instead detect modifications of host factors as a consequence
of the presence of microbial molecules in the cytosol (169).
Irrespective of the specific mechanism, activation of NOD pro-
teins induces oligomerization and recruitment of downstream
signaling molecules and transcriptional upregulation of inflam-
matory genes (169).

Whereas NOD1 and NOD2 stimulation results primarily in
activation of proinflammatory gene expression, other NLR
proteins are involved in activation of caspases (169). During
infection, microbes induce TLR-dependent cytosolic accumu-
lation of inactive IL-1B precursor and activation of caspase-1,
the latter of which catalyzes the cleavage of the IL-1 precursor
pro-IL-1B (226, 231). A protein complex responsible for this
catalytic activity has been identified by Martinon et al. and was
termed the inflammasome (231). This inflammasome is com-
posed of the adaptor ASC (apoptosis-associated speck-like
protein containing a CARD), pro-caspase-1, and an NLR fam-
ily member, such as Ipaf (Ice protease-activating factor),
NALP (NAcht LRR protein) 1, or NALP3/Cryopyrin (226,
231). Oligomerization of these proteins through CARD-
CARD interactions results in activation of caspase-1, which
subsequently cleaves the accumulated IL-1 precursor, eventu-
ally resulting in secretion of biologically active IL-1 (5, 169).
Several families of inflammasomes have been identified, each
recognizing different danger signals or PAMPs through their
respective NLR (169) (Fig. 3). For instance, NALP3 has been
ascribed a role in recognition of ATP (226), uric acid crystals
(232), viral RNA (168), and bacterial DNA (268), whereas
both NALP3 and NALP1 have been demonstrated to mediate
caspase-1 activation in response to bacterial MDP (85, 230).
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Intriguingly, NALP1 engages in a protein complex with NOD2
to mediate caspase-1 activation in response to MDP recogni-
tion (140), thus implying that NOD?2 plays a dual role in both
pro-IL-1B synthesis and caspase-1-dependent IL-1p matura-
tion. Recent data suggest that the composition of the inflam-
masome may be even more complex than first anticipated,
since the cytosolic DNA receptor AIM2 was found to associate
with ASC and form a caspase-1-activating inflammasome
(136).

PATHOGEN RECOGNITION IN INNATE IMMUNITY

The repertoire of PRRs is very extensive, and similarly, the
classes of pathogens recognized by PRRs are very diverse. A
central feature of innate pathogen recognition is that microbes
of quite different biochemical composition and with entirely
different life cycles are recognized by relatively similar mech-
anisms by host PRRs (7). Moreover, an important property of
this system is that no single class of pathogen is sensed by only
one type of PRR. Rather, a number of different PRRs are
engaged by a given pathogen via various PAMPs, hence secur-
ing a rapid and potent inflammatory response and also allow-
ing for some specificity of the response.

Viruses

The outcome of virus-mediated PRR activation can range
from an antiviral response that efficiently clears the infection to
the establishment of a cellular environment that favors viral
replication and spread (261). Viruses possess several structur-
ally diverse PAMPs, including surface glycoproteins, DNA,
and RNA species (261). These immunostimulatory nucleotides
may be present in the infecting virion or may be produced
during viral replication, and the host is in possession of a broad
range of viral nucleotide sensors. Whereas viral DNA is rec-
ognized by TLRY and DAI, ssRNA is detected by TLR7 and
TLRS, and finally, dSRNA and 5'-triphosphate RNA activate
RLRs, TLR3, and PKR (261). Furthermore, several viral gly-
coproteins are recognized by TLR2 and TLR4 (7, 261). For
instance, the fusion protein from RSV activates TLR4 (199),
whereas TLR2 is activated by different viruses or viral compo-
nents, including measles virus hemagglutinin, cytomegalovirus,
and herpes simplex virus (HSV) (35, 60, 198). Prominent ex-
amples of viral PAMPs and their recognition by PRRs are
listed in Table 1, and a more detailed description of HSV
recognition is presented below.

HSV is an enveloped DNA virus with the two closely related
subtypes HSV-1 and HSV-2. This important human pathogen
can cause various diseases ranging from relatively mild illness,
as in the case of gingivostomatitis, herpes labialis, and herpes
genitalis, to severe and potentially fatal infections, including
encephalitis, meningitis, and neonatal herpes infection (305).
During an HSV infection, multiple mechanisms of pathogen
recognition are operating, depending on the cell type and the
stage of the viral replication cycle (301). First, HSV virions or
virion surface glycoproteins interact with TLR2 on the cell
surface (198). Although the molecular nature of the TLR2
agonist remains to be defined, TLR2 activation by HSV has
been demonstrated to result in cytokine production (19) and to
play a prominent role in HSV-1-associated immunopathology
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by contributing to lethal encephalitis in mice (198). Another
early response evoked by the incoming virus particle is a potent
type I IFN response, which is induced by viral DNA and me-
diated by TLRY (194, 220, 301). This response is independent
of viral replication but is cell type specific and limited to plas-
macytoid DCs (pDCs) (127, 301). It is interesting that recog-
nition of viral DNA is dependent on the endosomal location of
TLRY, suggesting that virion degradation in this compartment
may be required for DNA to become accessible to TLR9 (30).

The involvement of TLR-independent recognition systems
in the early response to HSV infection has been strongly sug-
gested by several individual reports (127, 223, 301) and further
supported by in vivo data demonstrating that mice lacking
TLRY or myeloid differentiation primary-response gene 88
(MyD88) can still control HSV infection (194). Cell types other
than pDCs may therefore have TLR-independent receptors
that exert effective antiviral responses later during infection
(127, 259, 301). Indeed, a recent study has demonstrated the
involvement of RLRs in HSV-induced type I IFN production,
which was abolished in fibroblasts unable to signal through this
pathway (301). This is in agreement with the recent finding that
dsRNA accumulates in the cytoplasm during infection of per-
missive cells with DNA viruses, including HSV, and thus rep-
resents a potential ligand for cytosolic dsSRNA receptors (380).
An alternative dsSRNA-sensing molecule during HSV infection
is PKR, which has been implicated in HSV-induced NF-«B
activation and IFN production in several studies, although
mainly in non-pDCs. (223, 353). Finally, a role for DNA-
sensing proteins such as DAI has been suggested by data dem-
onstrating that entry-dependent IFN production requires the
presence of viral genomic DNA and proceeds through a mech-
anism independent of TLRs and viral replication (301). Col-
lectively, HSV is detected by multiple cellular recognition sys-
tems, which operate in cell type- and time-dependent manners
to trigger an antiviral response.

Gram-Positive Bacteria

The cell walls of gram-positive bacteria consist mainly of
peptidoglycan composed of linear sugar chains of alternating
N-acetylglucosamine and N-acetylmuramic acid, cross-linked
by peptide bridges to form a large macromolecular structure
surrounding the cytoplasmic membrane (9). Other important
components include the glycolipid lipoteichoic acid anchored
in the cytoplasmic membrane as well as lipoproteins embedded
in the bacterial cell wall (9). As previously described, TLR2
plays a major role in the detection of gram-positive bacteria via
recognition of cell wall PAMPs, including lipoteichoic acid,
lipoproteins, and peptidoglycan (328, 395), although the rec-
ognition of peptidoglycan by TLR2 remains controversial due
to the possibility of endotoxin contamination (366). The im-
portance of TLR2 in host defense against gram-positive bac-
teria is evidenced by studies in TLR2-deficient mice, which
display increased susceptibility to challenge with Streptococcus
pneumoniae and Staphylococcus aureus compared to wild-type
mice (80, 224, 359). In addition, bacterial CpG DNA repre-
sents an important PAMP of gram-positive bacteria and is
recognized by TLRY (121). In order to achieve a potent in-
flammatory response, gram-positive bacteria are also able to
trigger cytosolic PRRs, including NOD2 and the NALP1 in-
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flammasome, both activated by the peptidoglycan-derivative
MDP (102) (85). Further evidence about the role of PRRs in
protection from gram-positive bacterial infection is listed in
Table 1 and presented below in a description of PRR-mediated
recognition of S. pneumoniae.

The spectrum of diseases caused by S. pneumoniae is diverse,
with invasive pneumococcal diseases such as pneumonia, sep-
sis, and meningitis representing a significant burden of disease
in both developing and developed countries (192). S. pneu-
moniae is endowed with several PAMPs, and, perhaps due to
the high incidence, mortality, and morbidity associated with
pneumococcal diseases, recognition of this pathogen has been
extensively studied (192). As is characteristic for gram-positive
bacteria, TLR2 is activated by the cell wall components pep-
tidoglycan and lipoteichoic acid (262, 327, 395). Moreover,
some data suggest that the important virulence factor pneu-
molysin may stimulate TLR4, but controversy exists as to the
importance of TLR4 in the immune response to pneumococci
(40, 222, 262). Studies using preparations of live pneumococci
have demonstrated activation of both TLR2 and TLR9 in vitro,
whereas TLR4 did not contribute significantly to the produc-
tion of proinflammatory cytokines (262). Such findings under-
score the strength of using preparations of entire live organ-
isms, which in many contexts seem to be physiologically more
relevant (258, 262, 263), although at the expense of specificity
in the molecular characterization of PAMP-TLR interactions.
The importance of TLRY in the generation of an inflammatory
response to pneumococci is supported by detection of residual
immune activation present in TLR2/TLR4 double-knockout
mice (123). Further evidence of the involvement of TLR9 has
been gained from studies with TLR9-deficient mice displaying
increased susceptibility to pneumococcal respiratory tract in-
fection, which was attributable to impaired pneumococcal up-
take and killing by macrophages (10). Finally, NOD proteins
have been demonstrated to recognize intracellular S. preu-
moniae and thus to represent cytosolic innate immune recep-
tors for this organism (281).

Gram-Negative Bacteria

The gram-negative bacterial cell wall contains a thin layer of
peptidoglycan adjacent to the cytoplasmic membrane and an
outer membrane consisting of LPS, phospholipids, and pro-
teins. LPS, which is also termed endotoxin, is composed of an
O-linked polysaccharide attached to the lipid A moiety via the
core polysaccharide and for most bacteria is crucial for viability
(11). LPS, and in particular the lipid A portion, is a prominent
feature of gram-negative bacteria, being one of the most po-
tent PAMPs known and responsible for the inflammatory re-
sponse observed during endotoxic shock (7, 367). Lipid A has
a mono- or biphosphorylated disaccharide backbone acety-
lated with fatty acids, and the levels of both phosphorylation
and acylation determine the immunostimulatory potency of
lipid A and LPS (9). Different bacteria produce structurally
different lipid A and LPS molecules with various phosphory-
lations, numbers of acyl chains, and fatty acid compositions,
which can profoundly affect bacterial virulence and immuno-
genicity and thus constitute one of the determinants of whether
a bacterial strain is pathogenic or nonpathogenic (24). LPS
liberated from gram-negative bacteria associates with the ex-
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tracellular acute-phase protein LPS-binding protein and then
binds to the coreceptor CD14 expressed at the cell surface.
This event allows transfer of LPS to the accessory molecule
MD2, which is associated with the extracellular domain of
TLRA4, and is followed by TLR4 oligomerization and signaling
(7). Accordingly, C3H/HelJ mice with nonfunctional TLR4 dis-
play impaired LPS responses and are highly susceptible to
infection with gram-negative bacteria, such as Neisseria men-
ingitidis and Salmonella enterica serotype Typhimurium (296).

Furthermore, many gram-negative bacteria are simulta-
neously recognized by several PRRs in addition to TLR4; for
instance, peptidoglycan and bacterial membrane proteins also
stimulate TLR2 (88, 234, 328). Flagellin, being part of some
gram-negative bacteria, is a strong activator of TLRS (118) as
demonstrated in experimental models of infection with Salmo-
nella species, Legionella pneumophila, and Escherichia coli (15,
115, 335), and this potent PAMP also activates the Ipaf inflam-
masome (249). Increasing evidence suggests that TLRO activa-
tion by unmethylated CpG DNA derived from bacterial
genomes also plays an important role during infection with
gram-negative bacteria, frequently in cooperation with other
PRRs (26, 262). Finally, peptidoglycan derivatives of gram-
negative bacteria are recognized in the cytosol by NOD1 and
NOD?2 (53, 102).

A complex pattern of TLR activation by a single microbe is
illustrated by the gram-negative bacterium N. meningitidis,
which is recognized by three different TLRs, namely, TLR2, -4,
and -9 (262). N. meningitidis is responsible for conditions rang-
ing from colonization of the nasopharynx to chronic meningo-
coccemia or severe acute diseases, including fulminant menin-
gococcal meningitis and sepsis (82, 307). During initial studies
involving purified bacterial components from N. meningitidis,
the activation of TLR2 by the outer membrane protein porin
(234) as well as recognition of meningococcal lipooligosaccha-
ride (LOS) by TLR4 was established (403). Different strains of
N. meningitidis produce structurally different LOSs exhibiting
varied biological activity (297), and this may be reflected in
differences in the ability to induce TLR4-mediated inflamma-
tory signaling and hence in bacterial pathogenicity (7, 263).
Studies using preparations of live N. meningitidis have con-
firmed the involvement of TLR2 and TLR4 and additionally
have established a role for TLRY in the proinflammatory re-
sponse induced by N. meningitidis (262). Moreover, it was
demonstrated that only live as opposed to heat-inactivated
meningococci are able to activate TLR9 (262). Meningococci
have mechanisms to enter into cellular endocytic vacuoles
(343), where TLRY is also located, and this mechanism may be
dependent on bacterial viability, thus possibly explaining why
TLRY activation by meningococcal DNA was observed only
when cells were infected with live bacteria (262). An important
role of TLRY in vivo was recently described in a murine model
of meningococcal sepsis, in which TLR9-deficient mice dis-
played reduced survival and elevated levels of bacteremia
(336a). At the cellular level, reduced signaling to NF-«kB and
diminished expression of cytokines was observed in pDCs but
not macrophages and bone marrow-derived DCs (336a). Col-
lectively, these studies analyzing immune recognition of N.
meningitidis demonstrate the utilization of several TLRs to
recognize a pathogen and initiate an inflammatory response.
Theoretically, such a strategy may enhance the immune re-
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sponse by engaging TLRs on multiple cell types and in a
sequential manner, thus inducing a synergistic response and
possibly avoiding immune evasion by the pathogen (26, 262).

Fungi

The original observation of Toll-deficient Drosophila being
highly susceptible to fungal infection indicated that mamma-
lian TLRs may also play a role in antifungal immunity (211). In
addition to innate receptors such as dectin-1, pentraxin, man-
nose receptors, and scavenger receptors, TLR2 and TLR4
have been implicated in innate immune responses toward im-
portant fungal pathogens, such as Candida albicans, Aspergillus
fumigatus, Cryptococcus neoformans, and Pneumocystis jirovecii
(304), and several PAMPs located in the cell wall or at the cell
surface of these fungi have been defined (Fig. 3.) First, the
yeast cell wall particle zymosan activates TLR2/6 heterodimers
(287), whereas C. albicans-derived mannan is detected by
TLR4 (271, 352). TLR2 is also activated by phospholipoman-
nan from C. albicans (161) and by B-glycan, the latter of which
is a component of many fungal pathogens, including C. albi-
cans and P. jirovecii (97, 210). In contrast, TLR4 is the receptor
for glucuronoxylomannan, the major capsular polysaccharide
from C. neoformans (333). An important contribution to the
understanding of antifungal immunity was provided by Under-
hill et al., by their observation that TLR2 is specifically re-
cruited to phagosomes containing fungi (371). Thus, two dif-
ferent classes of innate immune receptors cooperate in a
process whereby phagocytic receptors, such as the mannose
receptor, mediate particle internalization, after which TLRs
trigger an inflammatory response (371). Subsequent studies by
the same group demonstrated enhancement of TLR2-medi-
ated NF-«kB activation by dectin-1, a lectin receptor on mac-
rophages responsible for phagocytosis of various fungi (42, 96).
More recent evidence support a central role of dectin-1 in
recognition of B-glycan-containing structures, including zymo-
san, A. fumigatus, and C. albicans (104, 248). Thus, close co-
operation between TLRs and other innate immune receptors
seems to be a very elaborate theme in antifungal immunity.

Protozoa

The role of PRRs during infection with protozoan pathogens
is less well described than in the case of viruses and bacteria,
although evidence is now accumulating, and the general prin-
ciples appear to be similar to the ones described for other
classes of pathogens (98). Major PAMPs identified in protozoa
include glycosylphosphatidylinositol (GPI) anchors (14), which
activate TLR2 and TLR4, as well as unmethylated DNA acti-
vating TLR9 (69, 98). In addition, it was originally suggested
that the malaria pigment hemozoin, which represents a heme
degradation product, stimulates TLRY (58). However, a sub-
sequent study demonstrated that hemozoin per se is immuno-
logically inert but is coated with malarial DNA and enhances
innate recognition through TLRY by targeting DNA to the
endosome (288). The intracellular protozoan Toxoplasma gon-
dii causes asymptomatic infection in normal hosts but can be
fatal in immunocompromised individuals, particularly in the
absence of IL-12 production (73). In response to 7. gondii
infection, IL-12 is produced through a mechanism dependent
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FIG. 4. TLRs and TIR domain-containing adaptor molecules. TLR1/2 and TLR2/6 utilize MyD88 and Mal as adaptors. TLR3 is dependent on

TRIF for signaling. In the case of TLR4, four different adaptors, i.e.,

MyD88, Mal, TRIF, and TRAM, are involved, whereas TLRS, -7, -8, and

-9 utilize only MyDS88. The fifth adaptor, SARM, negatively regulates TRIF-dependent signaling. Overall, MyD88-dependent signaling induces
proinflammatory cytokine production, whereas TRIF-dependent signaling stimulates a type I IFN response. In pDCs, stimulation of TLR7 or
TLRO induces type I IFN production by a mechanism dependent on MyDS88. See text for further details.

on MyD88 (188, 319), hence suggesting the involvement of
TLRs in recognition of this parasite. Studies further addressing
this issue have now confirmed that this is indeed the case, since
TLR2 and TLR4 are activated by GPIs derived from 7. gondii
(70). Finally, the potent IL-12 inducer profilin-like protein
from T. gondii tachyzoites is recognized by murine TLR11
(390), a nonfunctional TLR in humans (7).

PRINCIPLES IN INNATE SIGNAL TRANSDUCTION

Upon engagement of TLRs by individual PAMPs, a number
of different signaling pathways are triggered. Signal transduc-
tion is mediated initially by a family of adaptor molecules,
which at least in part determines the specificity of the response
(280). Recruitment of one or several adaptor molecules to a
given TLR is followed by activation of downstream signal
transduction pathways via phosphorylation, ubiquitination, or
protein-protein interactions, ultimately culminating in activa-
tion of transcription factors that regulate the expression of
genes involved in inflammation and antimicrobial host de-
fenses (7) (Fig. 4). TLR-induced signaling pathways can be
broadly classified on the basis of their utilization of different
adaptor molecules, i.e., dependent on or independent of the
adaptor MyD88 or TIR domain-containing adaptor inducing
IFN-B (TRIF), and, additionally, their respective activation of
individual kinases and transcription factors (6, 280). Three
major signaling pathways responsible for mediating TLR-in-
duced responses include (i) NF-«B, (ii) mitogen-activated pro-
tein kinases (MAPKs), and (iii) IFN regulatory factors (IRFs)
(6, 7, 177). Whereas NF-kB and MAPKs play central roles in
induction of a proinflammatory response, IRFs are essential
for stimulation of IFN production (6, 177).

TLR Adaptor Molecules

Following ligand binding, TLRs dimerize and undergo con-
formational changes required for the subsequent recruitment
of cytosolic TIR domain-containing adaptor molecules (280).
MyDS88, which was the first adaptor molecule to be identified
(44, 381), is involved in signaling triggered by all TLRs, with
the exception of TLR3, and plays a major role in TLR-induced
signal transduction (176, 280). Despite the prominent role of
MyD88, studies with MyD88-deficient mice revealed the exis-
tence of both MyD88-dependent and -independent pathways
(176, 180), resulting in subsequent identification of additional
adaptor molecules, including MyD88 adaptor-like protein
(Mal) (90, 135), TRIF (283, 387), TRIF-related adaptor mol-
ecule (TRAM) (91, 284, 386), and sterile alpha- and armadillo
motif-containing protein (SARM) (51, 253). Figure 4 illus-
trates the utilization of different adaptor molecules by individ-
ual TLRs.

Based on findings that NF-«kB activation and the inflamma-
tory cytokine response are abolished in mice deficient in
MyD88 but normal in mice deficient in Mal, TRIF, or TRAM
in response to agonists of TLRS, -7, and -9, it was inferred that
MyD88 is used as the only adaptor by these TLRs (120, 135,
384-386). MyDS8S8 is also utilized by TLR2, heterodimerizing
with TLR1 or TLR6 (287), but in addition, Mal appears to be
required for linking TLR2 and MyDS88 together (135, 385). In
the case of TLR4, four different adaptors, i.e., MyD88, Mal,
TRIF, and TRAM, are involved in signal transduction (129,
135, 384-386), reflecting the complexity of signaling down-
stream of this receptor (Fig. 4). Several attempts have been
made to explain how TLR4 coordinates recruitment and sig-
naling through two potentially competing adaptor systems. Re-
cently, Kagan et al. presented data suggesting that TLR4 ac-
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tivates these two pathways in a sequential manner determined
by endocytosis of the TLR4 complex (162). The authors pro-
posed a scenario in which endocytosis of TLR4 terminates an
initial phase of Mal-MyD88-dependent signaling and triggers a
second phase of TRAM-TRIF-dependent signal transduction
originating from TLR4 molecules localized in endosomes and
aided by improved access to the adaptor protein tumor necro-
sis factor (TNF) receptor-associated factor 3 (TRAF3) (162).
Finally, TLR3 is the only TLR that does not use MyD88 but
instead is dependent on TRIF for signaling (384). In contrast
to these four adaptor molecules with activating potential, the
fifth adaptor, SARM, appears to be a negative regulator of
TRIF-dependent signaling in human cells (51), although this
finding was not confirmed in studies of SARM-deficient mice
(189). In summary, the existence of this family of adaptors has
the important implication that the selective usage of individual
adaptor molecules or combinations of molecules may explain,
to some degree, the differential responses induced by different
TLRs. Thus, TLR-induced signaling can be largely divided into
MyD88-dependent and MyD88-independent, TRIF-depen-
dent pathways, which are both capable of activating NF-«kB,
although each activates additional signaling components, in-
cluding MAPKs and IRFs.

The MyD88-Dependent Signaling Pathway

MyD88-dependent signaling is activated downstream of all
TLRs except TLR3 (7). In the pathways stimulated through
TLR2, -4, and -5, MyDS88 primarily drives inflammatory gene
expression, whereas MyDS88 relays signaling to type I IFN
production in pathways triggered from TLR7 and TLRY, oc-
curring primarily in pDCs. In this review, these two MyD88-
dependent signaling pathways are described separately, with
TLR4 signaling representing the prototypic MyD88-dependent
proinflammatory pathway as illustrated in Fig. 5.

In response to TLR4 stimulation by an appropriate PAMP,
MyD88 associates with the cytoplasmic part of the receptor
and subsequently recruits members of the IL-1 receptor (IL-
1R)-associated kinase (IRAK) family (44, 381). Following as-
sociation with MyD88, IRAK4 and IRAK1/2 are sequentially
phosphorylated, with IRAK4 being of particular importance,
as it has been demonstrated to be indispensable for the re-
sponse to IL-1 and various TLR ligands (348). IRAKI1 was
originally thought to play an essential role in TLR-induced
NF-«B activation (164), but more recent data have emerged
suggesting that instead IRAK2 may play a prominent role in
NF-«kB activation, particularly during the late phase of TLR
signaling (175, 182). Further downstream, IRAK1, or alterna-
tively IRAK?2, associates with TRAF6, which acts as a ubiquitin
protein ligase (E3) (214) that, together with the ubiquitination
enzyme complex (E2), catalyzes the synthesis of K63-linked
polyubiquitin chains on TRAF®6 itself and other substrates,
including transforming growth factor-activated protein kinase
1 (TAK1) and the IkB kinase (IKK) subunit NF-kB essential
modifier (NEMO) (378). A central step in the downstream
signaling events is the recruitment of TAK1-binding protein 2
(TAB2) and TAB3 to ubiquitinated TRAF6, which brings
TAKI into proximity to the signaling complex, leading to its
activation (165). TAK1 then stimulates two distinct pathways

MICROBIAL ACTIVATION OF INNATE IMMUNITY 249

involving the IKK complex and the MAPK pathway, respec-
tively (378) (Fig. 5).

In the first pathway, TAK1-mediated activation of the IKK
complex results in site-specific phosphorylation of the inhibi-
tory IkB protein. Being the point of convergence for multiple
NF-kB-inducible stimuli, IKK represents an essential compo-
nent in many inflammatory signaling pathways (112). This
high-molecular-weight kinase is composed of two structurally
related kinases, IKKa and IKK, as well as the chaperone IKK
complex-associated protein and the adaptor NEMO/IKKry.
NEMO appears to function as a signal integrator in the NF-«xB
pathway by receiving and transmitting converging signals from
various stimuli and pathways to common downstream signaling
events (112, 244, 311, 397). Despite early reports of IKK de-
pendency upon ubiquitination for optimal kinase activity, it
was only recently resolved that direct ubiquitination of NEMO
is mediated by TRAF6 (346). Following phosphorylation, IxB
undergoes proteasomal degradation to allow activation and
translocation of NF-kB to the nucleus, where it binds to kB
sites present in promoters and enhancers of a broad range of
proinflammatory genes, which are then transcribed (112).

In the second pathway, TAK1 phosphorylates members of
the MAPK kinase (MKK) family, including MKK3, -4, -6, and
-7 (54). MKK3/6 subsequently phosphorylate and activate p38,
whereas MKK4/7 activate c-Jun N-terminal kinase (JNK).
However, in studies analyzing 7. gondii-activated signaling, an
alternative mechanism involving p38 autophosphorylation pro-
ceeding in a TAKI-dependent and MKK3/6-independent
pathway has been described (188). Ultimately, these signaling
pathways lead to activation of the transcription factor activator
protein 1 (AP1) (54). Moreover, other members of MKK ki-
nases, most notably MKK kinase 3 and tumor-progression lo-
cus 2, have also been implicated in MAPK activation down-
stream of TLR4 (28, 142). The essential and nonredundant
role played by TAKI is strongly suggested by significantly re-
duced NF-«kB, JNK, and p38 responses to various TLR ligands
in cells derived from mice deficient in this kinase (317, 332).

The MyD88-Independent, TRIF-Dependent
Signaling Pathway

The existence of a MyD88-independent pathway down-
stream of TLR3 and TLR4 was indicated by data from MyD88-
deficient mice displaying normal IFN-f production (176, 180).
Extensive molecular studies by Akira and associates then led to
the identification of TRIF as the adaptor responsible for sig-
naling in the MyD88-independent pathway (384). Subse-
quently, the equally important discovery of two IKK-related
kinases, TRAF family member-associated NF-kB activator
(TANK)-binding kinase 1 (TBK1) and IKKg, and their essen-
tial role in induction of type I IFN were reported (89, 122,
330).

During TLR3- and TLR4-mediated signaling, TRIF (asso-
ciated with TRAM in the case of TLR4) (91, 386) is respon-
sible for initiating a signaling pathway in which TRAF3 and
TANK serve to bridge to the IKK-related kinases TBK1 and
IKKe (108, 113, 276, 318), which mediate direct phosphoryla-
tion of IRF3 and IRF7 (89, 330). Studies with cells lacking
TBKI1 or IKKe have revealed that TBK1 and, to a lesser extent,
IKKe are responsible for TRIF-mediated IFN responses (122,
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FIG. 5. Principles in TLR signaling. TLR4 activates both the MyD88-dependent and MyD88-independent, TRIF-dependent pathways. The
MyDS88-dependent pathway is responsible for early-phase NF-xkB and MAPK activation, which control the induction of proinflammatory cytokines.
The MyDS88-independent, TRIF-dependent pathway activates IRF3, which is required for the induction of IFN-B- and IFN-inducible genes. In
addition, this pathway mediates late-phase NF-kB as well as MAPK activation, also contributing to inflammatory responses.

240, 292). It is notable, however, that whereas TBK1 and IKKe
are essential for TRIF-dependent IRF3/7 phosphorylation,
these kinases are not involved in TLR-mediated NF-kB acti-
vation (122). As a consequence of phosphorylation, IRF3 and
IRF7 form hetero- or homodimers, translocate to the nucleus,
and, in association with transcriptional coactivators such as
CBP and p300, bind to target sequences in DNA, such as
IFN-stimulated response elements (89, 330). Importantly,
IRFs together with NF-kB and AP1 form a multiprotein com-
plex termed the enhanceosome, which induces transcription of
the IFN-B gene (364).

TRIF-dependent activation of NF-kB occurs through bind-
ing of TRAFG6 to TRIF and subsequent ubiquitination-depen-
dent recruitment and activation of TAK1 (318). In order to
obtain robust NF-«kB activation, a second molecule, receptor-
interacting protein 1 (RIP1), involved in TNF-receptor medi-

ated NF-«B activation, is also recruited to TRIF (245). RIP1 is
polyubiquitinated to form a complex with TRAF6, and these
two molecules appear to cooperate in facilitating TAKI acti-
vation, resulting in IKK-mediated activation of NF-kB as well
as activation of the MAPK pathway (66). Thus, molecular
signaling mechanisms within the TRIF-dependent pathway il-
lustrate how selective binding of different molecules, i.e., either
TRAF3 or TRAFG6, results in recruitment and downstream
activation of TBKI-IRF versus TAKI1-IKK-NF-«kB, respec-
tively (Fig. 5). An example of differential pathogen-induced
activation of diverse signaling pathways emanating from a
given TLR has been reported for two strains of N. meningitidis
with different abilities to stimulate TLR4 through the MyD§8-
independent pathway (263). In molecular terms, this observa-
tion may be explained by the ability of CD14 to distinguish
between different carbohydrate chains of LPS/LOS, which gov-
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erns the MyD&88-independent signaling pathway of TLR4
(157).

MyD88-Dependent Signaling from TLR7 and TLR9Y

It has been well established for some time that in addition to
TLR3 and TLR4 activation, TLR7 and TLR9 activation also
triggers IFN production in pDCs, a subset of DCs specialized
in producing large amounts of type I IFN in response to virus
infection (59). Intriguingly, however, TLR7- and TLR9-medi-
ated IFN production requires MyD88, in contrast to TLR3-
and TLR4-mediated IFN production, which is dependent on
TRIF (128, 178, 384). Another notable difference between
these pathways is that TLR7- and TLR9-mediated IFN pro-
duction does not depend on TBK1/IKKe but instead proceeds
through a molecular network including IRAKI1, IRAK4,
TRAF6, TRAF3, and IKK« (113, 132, 138, 178, 276, 370) (Fig.
5). The presence in this network of IKKa, which otherwise
mediates its primary function as part of IKK, is surprising and
still not fully understood. In pDCs, which are characterized by
constitutive expression of IRF7, TLR7 and TLR9 signaling
results in IRAK1-mediated phosphorylation of IRF7 and pro-
duction of type I IFN (370). Several reports analyzing this
pathway in mice deficient in relevant components have dem-
onstrated an important and nonredundant role of MyDS§S,
IRAK1/4, and IRF7 (178, 370), thus emphasizing that IRF7 is
an essential transcription factor regulating IFN production in
pDCs (133). In addition, stimulation of TLR7 and TLRY also
triggers MyD88-dependent activation of NF-kB and MAPKs
in all cell types by mechanisms similar to the ones operating
downstream of TLR3 and TLR4. Finally, IRF5 has been re-
ported to interact with MyD88 in hematopoietic cells (358) and
to play a role in induction of type I IFN production through
TLR7 and TLR9 (63, 291, 324). IRFS also participates in
induction of inflammatory cytokines through TLR3, -4, -7, and
-9 (291, 324, 358).

In summary, TLRs signal through a proinflammatory
MyD88-dependent pathway mainly responsible for cytokine
expression induced by potent activation of NF-kB and
MAPKs. An additional MyD88-dependent pathway is trig-
gered by TLR7 and TLRY and induces type IFN production,
particularly in pDCs. On the other hand, a MyD88-indepen-
dent, TRIF-dependent pathway is essential for mounting a
type I IFN response in non-pDCs as well as for contributing to
activation of NF-kB.

Signaling by Cytosolic PRRs

In addition to RNA detection in the endosomal compart-
ment through TLR3- and TLR7/8-mediated recognition of
dsRNA and ssRNA, respectively, several cytosolic RNA-sens-
ing receptors have been identified, including RLRs and NLRs,
as previously described (Fig. 6). Binding of dsRNA or 5'-
triphosphate RNA to RLRs triggers signaling via CARD-
CARD interactions between the helicase RIG-I/MDAS and
the adaptor protein IPS-1 (179). This adaptor protein, which
has been independently characterized by several groups and
also named, in abbreviated form, CARDIF (246), MAVS
(329), or VISA (383), appears to be associated with the outer
mitochondrial membrane (329), and this association is essen-

MICROBIAL ACTIVATION OF INNATE IMMUNITY 251

tial for the function of IPS-1 (246). Yet another adaptor pro-
tein, stimulator of IFN genes (STING, also termed MITA),
was recently described (150, 402). Although also present in the
mitochondrial membrane, STING resides predominantly in
the endoplasmic reticulum (ER) and interacts with RIG-I and
IPS-1, which are linked to the mitochondrial membrane, thus
potentially allowing cross talk between these two organelles, in
terms of both viral recognition and signaling (150, 402). In-
deed, a central position of mitochondria in virus-induced
NF-«B activation was already reported prior to the identifica-
tion of RLRs, IPS-1, and STING (259). In this early study,
NF-«kB activation in HSV-infected murine macrophages was
demonstrated to be associated with generation of mitochon-
drial oxidative stress and calcium release and to be dependent
on activation of TAK1, MKK kinase 1, and IKK (259). Since
many viruses replicate in the membranous web connecting the
ER to mitochondria, the localization of dsSRNA sensing and
signaling pathways to these organelles may provide the host
with an opportunity to sense an incoming viral challenge and
subsequently coordinate an immune or apoptotic response
(125). However, the precise connection of mitochondrial oxida-
tive stress and calcium-dependent signaling to mitochondrion-
associated adaptor proteins such as IPS-1 remains to be fully
understood.

In the RLR pathway, IPS-1 appears to be the point of di-
vergence of two different signaling pathways, involving either
IRFs or NF-kB, as illustrated in Fig. 6. A central role of TNF
receptor-associated death domain (TRADD) in signal trans-
duction from IPS-1 to both of these pathways was reported by
Michallet et al. (251). TRADD, which is also an essential
adaptor for the TNF receptor, was demonstrated to be re-
cruited to IPS-1 and to orchestrate complex formation with
downstream effector molecules (251). Thus, the IPS-1-
TRADD complex recruits the E3 ubiquitin ligase TRAF3 and
the adaptor protein TANK (108, 251, 313), which subsequently
activate TBK1/IKKe to phosphorylate IRF3 and IRF7, ulti-
mately resulting in an antiviral response mediated by IFN-
production (172, 174, 393). Alternatively, the IPS-1-TRADD
complex propagates the signal to NF-kB by a mechanism in-
volving interaction with Fas-associated death domain, RIP1,
and caspase-8/10, which were also originally identified in the
signaling pathway downstream of the TNF receptor (27, 355).
These molecules transduce the signal to IKK, eventually me-
diating NF-kB activation. NEMO has been demonstrated to
participate not only in NF-kB activation but also in IRF3
activation (401), although the mechanism, by which NEMO
activates IRF3 remains to be clarified. In similarity with most
TLR signaling pathways, RLRs also propagate activating sig-
nals to MAPKs (329).

Intracellular sensing of RNA has also been attributed to
PKR, which plays a role in IFN and stress responses (270, 312,
389). In studies of PKR signal transduction pathways, it was
demonstrated that PKR-mediated NF-kB activation in re-
sponse to poly(I-C) is transduced through NF-«kB-inducing ki-
nase and IKK (396). Moreover, a number of reports have
described the involvement of PKR in signaling induced by
diverse proinflammatory stimuli, including TNF-a (74, 396),
IFN-y (68), and LPS (109). It remains unsettled, however,
whether PKR kinase activity is a prerequisite for signal trans-
duction or whether PKR mediates its functions as a structural
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FIG. 6. Intracellular RNA recognition and signaling. Cytosolic dsRNA or 5'-triphosphate ssSRNA is recognized primarily by the cytoplasmic
RNA helicases RIG-I and MDAS, which mediate interaction with the adaptor IPS-1, localized to mitochondria, and trigger signaling to NF-«kB
and IRF3 via IKK and TBK/IKKge, respectively. dSRNA can also be recognized by TLR3 localized in the endosomal compartment or by cytosolic
PKR, but whereas TLR3 triggers signaling to NF-kB and IRF3, PKR instead activates NF-kB and MAPKs. Finally, ssRNA is recognized by
TLR7/8 in endosomes and induces signaling to IRF7 as well as to NF-kB and MAPKs (not shown in the figure).

protein through interaction with other kinases and adaptor
proteins. For instance, it has been suggested that PKR may
participate in TLR3-dependent NF-kB activation by function-
ing as a scaffold protein as part of an intracellular complex
containing TRAF6, TAKI, and TAB2 (158), and others have

demonstrated that interaction of PKR with TRAF2 and
TRAFS leads to activation of IKK (100). Furthermore, one
study with human keratinocytes has suggested that PKR may
be involved in the dsRNA response through both TLR3 and
RLR signaling pathways (163). This was supported by findings
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of PKR facilitating IPS-1-dependent signaling to induce IFN-f
and apoptosis in response to vaccinia virus infection and 5'-
triphosphate RNA (237, 399). Alternatively, PKR may be as-
sociated with the IKK complex under certain conditions or in
response to specific stimuli (312, 396), thus explaining the
importance of PKR in obtaining a full response under some
experimental conditions, whereas in other situations PKR
seems to be redundant. Such models may be a way to reconcile
the apparent involvement of PKR in several proinflammatory
pathways with recent data on more prominent dSRNA-sensing
systems, such as TLR3 and RIG-I. Finally, several pieces of
evidence suggest that PKR activates p38 in response to dsSRNA
by a mechanism that may include PKR-mediated phosphory-
lation of the p38 upstream kinase MKKG6 (334).

Regarding cytosolic DNA sensors, including DAI, strong
evidence suggests that these receptors signal via TBK1/IKKEe to
IRFs, whereas the pathway for NF-«kB activation remains un-
known (149, 344, 345, 357). Considerably more data describing
signaling mechanisms have been collected in the case of NOD
proteins. Signaling by these cytosolic PRRs involves recruit-
ment of the kinase RIP2, which promotes polyubiquitination of
NEMO and TAKI (1, 382), a prerequisite for activation of
NF-«B. Likewise, the adaptor molecule CARDY is directly
recruited to NOD proteins, thus allowing downstream activa-
tion of MAPK signaling (169).

INNATE AND ADAPTIVE IMMUNE RESPONSES

Proinflammatory signaling pathways induced by PRRs acti-
vate the innate immune response and also play a role in the
activation, maturation, and shaping of the adaptive immune
response (151). To initiate these responses, the transcription
factors NF-kB, AP1, and IRF3/7 play pivotal roles (54, 177)
due to their capacity to stimulate the production of proinflam-
matory mediators, including cytokines and IFNs. However,
tight regulation is essential to ensure the strong, albeit tran-
sient, nature of these responses, and this is achieved via am-
plification early during infection, as well as restriction and
downregulation when needed at later stages. It is notable that
regulation of gene expression at the transcriptional level plays
an important, although not exclusive, role in the generation of
an adequate immune response; posttranscriptional mecha-
nisms regulating the decay of mRNAs encoding various pro-
and anti-inflammatory molecules also contribute to achieve
this goal.

NF-kB-Inducible Proinflammatory Mediators

The central role played by NF-«B in both innate and adap-
tive inflammation and immunity is mediated by the coordinate
expression of multiple genes essential for the immune re-
sponse. The importance of NF-«kB is revealed by the extensive
list of NF-kB-inducible genes, including those for proinflam-
matory cytokines such as IL-1, IL-6, and TNF-qa, as well as
chemokines, including IL-8 and RANTES (99). Moreover, the
expression of cell adhesion molecules, such as intercellular
adhesion molecule-1 and E-selectin, is upregulated. A major
class of molecules involved in many aspects of the inflamma-
tory response and upregulated in response to cellular pathogen
recognition consists of immunoreceptors, including cytokine
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and chemokine receptors, immunoglobulins, TLRs, major his-
tocompatibility complex (MHC) molecules, and costimulatory
molecules (99, 151, 252). Together, these NF-«kB-inducible
proteins participate in the activation and recruitment of leu-
kocytes to sites of inflammation, in enhanced phagocytosis of
microbes, in complement- or NK cell-mediated cellular lysis,
and in enhanced antigen presentation. Finally, in some in-
stances, it appears to be advantageous for the host to stimulate
cell division and inhibit apoptosis, and in order to achieve
these effects, NF-kB induces a number of growth factors and
antiapoptotic proteins (99, 171).

Posttranscriptional Regulatory Mechanisms

Posttranscriptional regulation, particularly control of mRNA
stability, also represents an important level of regulation of the
proinflammatory response (184). In this respect, two prominent
mechanisms are micro-RNAs and AU-rich element (ARE)-me-
diated mRNA degradation (184). RNA degradation proceeds
through specific, inducible ARE-binding proteins that determine
the fate of a given mRNA, i.e., degradation versus stabilization,
through binding to the 3’ untranslated region (29). Many gene
products involved in immunity and inflammation, especially cyto-
kines and chemokines, harbor such destabilization sequence ele-
ments (92). ARE-binding proteins function by targeting AU-rich
RNA to the exosome for degradation or by recruitment of alter-
native degradation factors (87, 139). Several signaling pathways
with impact on mRNA stability have been described, with the p38
MAPK pathway being one of the most prominent (92).

The importance of ARE-mediated mRNA regulation in
generation of an inflammatory response was described in a
study of live S. pneumoniae-induced TNF-a production, which
was demonstrated to be highly dependent on p38 and AREs in
the 3’ untranslated region of TNF-a mRNA (257). However,
despite previous findings that many purified and synthetic TLR
ligands can stabilize RNA (114, 302), in this study, TNF-a
mRNA stabilization was found to be independent of MyDS88.
An interpretation of these results is that other members of the
PRR family, such as NLRs or DNA receptors, may be acti-
vated by S. pneumoniae and mediate the effect (257). The close
relationship between PRRs and the mRNA-regulating machin-
ery is suggested by other examples illustrating both coopera-
tion and interplay between these evolutionary ancient systems.
For instance, several micro-RNAs which have the ability to
bind and induce degradation of specific mRNA transcripts
through the enzyme Dicer (145) are encoded by LPS-respon-
sive genes (275, 354), and likewise, specific micro-RNAs are
involved in regulation of TRAF6 and IRAK1, prominent mem-
bers of TLR-induced signaling pathways (354).

Leukocyte Recruitment and Activation

Overall, pathogen recognition through PRRs regulates leu-
kocyte recruitment to sites of infection by activating several
cell type subsets, including tissue stromal cells, tissue-resident
innate cells (most notably DCs and macrophages), and circu-
lating leukocytes. Leukocyte recruitment is a complex process
involving a series of interactions with integrins expressed on
vascular endothelium. The sequential rolling, adhesion, and
migration of leukocytes into the inflamed tissue is tightly reg-
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ulated through induced expression of cell adhesion molecules
and integrins in response to PRR activation (141, 151, 204).
The acute inflammatory cellular infiltrate consists of mono-
cytes, DCs, neutrophils, and NK cells. Among these, neutro-
phils and NK cells are critical innate effector cells protecting
the host by killing pathogenic microbes and infected cells,
respectively (31, 151). Whereas neutrophils express mRNA for
all TLRs and can be activated by most PAMPs, NK cells seem
to be activated mainly by type I IFN produced by pDCs in a
TLR-dependent manner. These activated NK cells in turn se-
crete IFN-v, hence augmenting pathogen clearance by macro-
phages (229, 315). Despite the central role played by these
innate immune cells, recognition of PAMPs by epithelial, en-
dothelial, and hematopoietic cells in different tissues through
TLRs is also an integral part of innate immune defenses at
sites of infection (151, 236).

IFN Responses

The ability of IFNs to confer an antiviral state on cells is
their defining activity and at the same time one of the funda-
mental properties that allowed their discovery (148). Type I
IFN, which is induced by PRR signaling and plays a major role
in innate antiviral defenses, consists of IFN-a and IFN-(.
IFN-v, on the other hand, belongs to type II IFN, is produced
by T lymphocytes and NK cells, and plays a central role in
activation of macrophages (143). Finally, type III IFN is rep-
resented by IFN-\ and shares many properties with type I IFN
(18). As previously described, type I IFN can be induced
through different pathways depending on the cell type in-
volved. In pDCs, which are responsible for the majority of IFN
produced during a viral infection, stimulation of TLR7 or
TLRY with relevant ligands induces type I IFN in a MyD88-
dependent manner (132, 178). Conversely, in macrophages,
conventional DCs, and fibroblasts, type I IFN is induced by
cytoplasmic RNA primarily via RLR-mediated signaling or,
alternatively, by TLR3 or TLR4 stimulation by a mechanism
dependent on TRIF (172, 384).

An important aspect adding to the complexity of IFN pro-
duction and regulation is the existence of a positive feedback
loop, which represents a way to significantly enhance the IFN
response (227). Whereas IRF3 is constitutively expressed,
IRF7 expression is weak in unstimulated non-pDCs but is
dramatically upregulated in response to virus infection, LPS, or
type I IFN (59, 227). Initial expression of IFN-B is therefore
largely dependent on phosphorylation and activation of IRF3,
but the secreted IFN-B subsequently acts on neighboring cells
to induce expression of IRF7. Finally, IRF7 phosphorylated
during virus infection together with phosphorylated IRF3 in-
duces the production of both IFN-B and IFN-a subtypes,
thereby amplifying the response (133, 227, 316).

IFNs mediate their responses by signaling through distinct
but related pathways via specific type 1 or 2 receptors that bind
to Janus kinases (JAKSs) and subsequently activate signal trans-
ducers and activators of transcription (STATS), resulting in
expression of a broad range of IFN-stimulated genes (74, 342).
Classical functions of type I IFN comprise antiviral activities
mediated by PKR, 2'-5'-oligoadenylate synthase/2-5A-depen-
dent RNase L, and Mx proteins, which together inhibit protein
synthesis, induce RNA cleavage, and interfere with viral rep-
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lication (342). Type I IFN also plays a prominent role in inhi-
bition of cellular growth and control of apoptosis, although the
effect may be either pro- or antiapoptotic depending on the
cellular context (342).

The importance of IFN in innate immunity can be extended
to include a role in adaptive immune defenses as well (151).
For instance, cross-presentation of viral antigens occurs via a
mechanism dependent on type I IFN (209a), and B-lymphocyte
isotype switching and differentiation into plasma cells have also
been attributed to IFN-«/B as well as to IFN-y (209). Finally,
DC maturation is induced by IFN-o/B following stimulation
with unmethylated CpG DNA, poly(I-C), LPS, or viral infec-
tion (129, 131, 137). It is notable that only a subset of TLRs,
including TLR3, -4, -7, and -9, have the ability to induce IFN,
although through different signaling pathways. However, since
many pathogens activate several TLRs or additional PRRs,
most antimicrobial responses seem to include some degree of
IFN production. In regard to type II IFN, IFN-y participates in
many aspects of innate and adaptive immunity in cooperation
with type I IFN, but IFN-y also has unique roles, of which
activation of macrophages and intracellular killing of microbial
pathogens are among the most prominent (342). Despite the
IFN system being known for decades, novel functions of these
molecules have been described in recent years. For instance,
accumulating evidence suggests that type I IFN may not only
be involved in antiviral defenses but also may play a role in
antibacterial defenses (71), representing a subject of current
interest in the field.

Bridging Innate and Adaptive Inmune Defenses

A number of studies have established the important link
between innate and adaptive immunity provided by PRRs,
particularly via TLR-mediated maturation of DCs and activa-
tion of pathogen-specific T lymphocytes (151, 303). Following
antigen uptake by DCs, these cells become activated and mi-
grate to regional lymph nodes to present antigenic peptides in
the context of relevant MHC molecules. During this process,
phagocytosis, upregulation of costimulatory molecules (includ-
ing CD80, CD86, and CD40, and antigen-presenting MHC
molecules), switches in chemokine receptor expression, and
cytokine secretion are all events that are regulated through the
recognition of pathogens by PRRs expressed on DCs (129, 131,
137, 151). Importantly, different subsets of DCs express differ-
ent and nonoverlapping sets of TLRs, which together with the
selective tissue distribution may explain some of the diverse
functions carried out by these DC subsets (77). This subject has
been excellently reviewed by Iwasaki and Medzhitov (151) but
is not within the scope of the present review. After having
undergone maturation, DCs are endowed with the ability to
stimulate naive CD4™" T lymphocytes into different T helper
(Th) subsets, the differentiation of which is controlled by a
variety of factors, including TLR-induced cytokines. The Th1-
Th2 paradigm introduced by Mosmann et al. in 1986 states that
Th cells can be separated into two distinct subsets, depending
on the cytokines they produce (265). In general, Th1 responses
are important for protection against viruses and intracellular
bacteria, whereas Th2 responses mediate immunity to extra-
cellular protozoa at mucosal surfaces and are involved in al-
lergic responses. More recently, a Th17 subset with important
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functions in protection against certain bacterial infections and
with possible roles in the development of autoimmunity was
discovered (286, 372).

In the process of DC-mediated polarization of different Th
subsets, IL-12 plays a critical role in inducing Thl responses,
most notably IFN-y (368), whereas IL-23 and IL-1 in humans,
and transforming growth factor 8 and IL-6 in mice, participate
in inducing Th17 responses with preferential secretion of IL-
17,1L-21, and IL-22 (225, 286, 372). In contrast, Th2 responses
consisting of IL-4, IL-5, and IL-13 are largely dependent on
IL-4 (265). The demonstration that mice deficient in MyD88
display severely compromised Thl differentiation and instead
undergo Th2 differentiation is consistent with the view that
TLRs primarily control the induction of Thl and Thl17 re-
sponses as opposed to Th2 responses (323). The relationship
between PRRs and the induction of Th17 responses has been
further elaborated in a recent report demonstrating that bac-
teria prime DCs to stimulate IL-17 production in human mem-
ory T lymphocytes through the NOD2 ligand MDP (372). Also
of interest is the demonstration of a critical role of NOD1 in
synergizing with TLRs to prime Th1 and Th17 pathways in vivo
(93). TLRs may also play a role in mechanisms of immune
suppression by regulatory T lymphocytes and in humoral im-
mune responses mediated by B lymphocytes (48, 289, 290).
Collectively, the important coupling of pathogen recognition
with the induction of costimulation and hence activation of
pathogen-specific T lymphocytes, an idea originally introduced
by Janeway (153), supports the view that innate immunity and
adaptive immunity should be perceived as tightly connected
and interacting mechanisms of defense, rather than as two
separate systems.

INTERFERENCE WITH
PATHOGEN-ACTIVATED SIGNALING

Although the generation of a potent immune response is of
crucial importance for the containment and eradication of
microbial infection, excessive or inappropriate inflammation
may be harmful to the host and result in immunopathology or
autoimmunity. The innate immune system therefore needs to
be able to control inflammatory signaling during infection and,
not least, to downregulate the inflammatory response once the
infection has been resolved. Recent progress in understanding
mechanisms of regulation of innate immunity has revealed a
common theme, in which PRRs that detect microbial patho-
gens activate both a proinflammatory response directed against
the pathogen and a specific inhibitory pathway to limit the
duration and magnitude of inflammation. This implies that
both activating and inhibitory signals are induced sequentially
by a given PAMP during generation of the inflammatory re-
sponse. Furthermore, pathogenic microbes have evolved so-
phisticated molecular strategies to subvert host defenses by
interfering with molecules involved in pathogen recognition
and signaling.

Endogenous Mechanisms

Several cellular molecules that negatively regulate PRR sig-
naling, particularly targeting the NF-kB pathway, have been
identified (Fig. 7). First, the fifth TLR adaptor molecule
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SARM acts as a negative regulator of TRIF-dependent signal-
ing from TLR3 and TLR4 (51). TLR adaptor molecules are
also the target of another inhibitory molecule, MyD88s, an
alternatively spliced variant of MyD88, which does not bind to
IRAK4 and hence does not promote IRAK1/2 phosphoryla-
tion and NF-kB activation in response to LPS (43). Similar
principles are employed by TIR domain-containing orphan
receptors, such as single immunoglobulin IL-1R-related mol-
ecule and ST2, which have been demonstrated to negatively
regulate TLR signaling by sequestration of MyD88 and Mal
(41, 377). In addition, a molecule belonging to the family of
IRAKS but deficient in kinase activity, and therefore abrogat-
ing further downstream signaling to NF-kB, has been identi-
fied and termed IRAK-M (155). Importantly, IRAK-M-defi-
cient mice secrete elevated levels of proinflammatory cytokines
and are defective in induction of LPS tolerance (191). Another
family of proteins with negative regulatory function is the sup-
pressor of cytokine signaling (SOCS) proteins. These proteins,
originally defined by their ability to interfere with cytokine-
induced JAK-STAT signaling, are inducible by both cytokines
and TLR ligands, although their action appears to be mediated
indirectly by negative regulation of paracrine IFN-@ signaling
rather than by direct inhibition of TLR-induced signaling path-
ways (25, 67).

A key role in terminating TLR responses has been attributed
to the deubiquitinating enzymes A20 and CYLD, which regu-
late TLR- and TNF-a-induced NF-kB activation by a mecha-
nism involving deubiquitination of TRAF6 (38, 193, 394).
Likewise, recent data suggest that A20 restricts NOD-medi-
ated signaling to NF-kB by interfering with NOD2-induced
ubiquitination of RIP2 (126). More recently, it was demon-
strated that the tripartite-motif protein family member
TRIM30« negatively regulates TLR4-mediated NF-kB activa-
tion by specifically inducing degradation of TAB2/3 required
for TAK1 activation and function, thus preventing downstream
signaling to NF-«kB (331). Since TRIM30a gene expression is
itself stimulated by NF-«kB, this represents a negative feedback
loop with potentially important implications due to the central
position of TAKI in TLR- as well as in IL-1- and TNF-a-
induced signaling (331). At a level further downstream, an-
other example of an elegant autoregulatory circuit is provided
by the NF-kB-mediated induction of IkB gene expression (56).
Newly synthesized IkB protein in the cytoplasm or nucleus
binds to free activated NF-kB, thereby preventing NF-kB from
inducing further inflammatory mediators and in this way con-
tributing to downregulation of the inflammatory response
(347). A direct role of IKKa in the degradation of the NF-«kB
subunits p65 and c-Rel bound to the promoter has also been
suggested as a means of terminating the response and sup-
pressing DNA-bound NF-«B (205).

Within the IFN pathway, a negative regulatory feedback
circuit is provided by the ring finger protein RNF125, which
induces ubiquitination and proteasomal degradation of RIG-I,
MDAS, and IPS-1, resulting in termination of IFN responses
(21). Since RNF125 is itself induced by IFN, this again illus-
trates a manner, in which the initial stimulus activating RLR
signaling subsequently triggers production of a factor capable
of terminating the response. Furthermore, the RNA helicase
LGP2 devoid of CARDs prevents activation of antiviral re-
sponses, most likely through sequestration of dsRNA from



256 MOGENSEN

Bound pathogen

TLR

SIGIRR/ST2

CLIN. MICROBIOL. REV.

TRAF3
(TAN

Proinflammatory cytokines

Influenza

—HCV NS3/4A

Caspase-8/10

@l@ i 4

Ebola
NS1 VP35

LGP2
L

Mitochondrion

Endosome

TRAF3)

— Measles
—Rsv

RSV NS1/2 —
IxB

IFN and IFN-inducible genes

FIG. 7. Negative regulation of PRR signaling. Signaling through PRRs is negatively regulated by endogenous and microbial proteins.
Endogenous negative control of PRR signaling (molecules depicted in red) serves the purpose of mediating negative feedback on the inflammatory
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RIG-I and by prevention of RIG-I multimerization (310, 314).
In addition, CYLD inhibits the ubiquitination essential for
signaling through RIG-I, and accordingly, loss of CYLD causes
constitutive activation of TBK1/IKKe (94, 398). Finally, an
important level of negative regulation in TLR-induced signal-

ing appears to be RNA-destabilizing proteins, the absence of
which leads to exaggerated inflammation in experimental ani-
mals due to overproduction of TNF-a and IL-1 as a result of
impaired degradation of mRNA encoding these cytokines
(219).
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Viral Immune Evasion Strategies

Given the fact that mounting an inflammatory response
through PRRs is a prerequisite for containment and eradica-
tion of invading pathogens, it is not surprising that most patho-
gens have developed mechanisms for modulating or interfering
with PRR-mediated responses. Viruses are the class of patho-
gens that have evolved the most diverse and sophisticated
molecular mechanisms for interfering with antimicrobial and
proinflammatory responses. Due to the ability of viruses to
exploit the cellular machinery during their replication cycle, an
intricate virus-host relationship has developed throughout evo-
lution, and this allows many types of viruses to interfere pro-
foundly with host signaling (125) (Fig. 7). Overall, viruses can
interfere in multiple ways with NF-kB and IRF pathways to
inhibit induction of proinflammatory molecules and IFN. Par-
adoxically, however, viruses can also stimulate NF-kB activa-
tion in order to induce viral replication due to the presence of
NF-kB DNA-binding sites in many viral promoters, including
the human immunodeficiency virus (HIV) long terminal repeat
(23, 125). Viruses with oncogenic potential can induce consti-
tutive NF-kB activation and modulate cellular growth path-
ways and apoptosis, hence profoundly influencing cell cycle
regulation and promoting malignant transformation, as in the
case of Epstein-Barr virus (lymphoma), human herpesvirus 8
(Kaposi sarcoma), and human T-cell leukemia/lymphotropic
virus type I (adult T-cell leukemia) (125).

One of the first examples of viral interference with TLR-
induced signaling to be described was the identification of the
vaccinia virus proteins A46R and A52R, with putative TIR
domains targeting host MyD88 and TRIF and suppressing
TLR- and IL-1R-induced NF-«kB activation (39, 341). How-
ever, despite its sequence similarities with TIR domains, A52R
appears to fold like a Bcl-2-like domain and hence is not a
bona fide viral TIR family member (106). In addition, the
HSV-1 immediate-early protein infected-cell protein 0 (ICP0)
inhibits IRF3- and IRF7-mediated activation of IFN-stimu-
lated genes (215). Likewise, RSV NS1/2 interferes with TBK1-
mediated phosphorylation of IRF3 (339), whereas measles vi-
rus prevents phosphorylation of IRF7 (322). Moreover, as
might be expected based on recent knowledge on the central
role played by dsRNA-sensing systems, RLR-mediated signal-
ing pathways are also the target of several viral components, of
which the most extensively studied is the hepatitis C virus
(HCV) NS3/4 serine protease. In addition to cleaving TRIF
and thereby abrogating TLR3 responses to extracellular and
endosomal dsRNA (212), NS3/4 also targets IPS-1 and pre-
vents cytosolic dsSRNA-induced production of type I IFN (212,
246). In this manner, HCV targets both TLR-dependent and
-independent arms of the host antiviral response.

The induction of IFN-B by viral dsSRNA can also be inhibited
by paramyxoviruses, such as parainfluenza virus type 2, mumps
virus, and Hendra virus, through association between the viral
V protein and MDAS (17). Similarly, RIG-I signaling is tar-
geted by the influenza A virus NS1 and the Ebola virus VP35
proteins through sequestration of viral RNA and direct inter-
action with RIG-I/IPS-1 (49, 250, 295), the result being inhi-
bition of downstream signaling to IRF3. Recently, a novel
mechanism for prevention of RIG-I activation was described,
consisting of virally induced posttranscriptional removal of 5'-
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triphosphate RNA from genomes of negative-strand RNA vi-
ruses, including Hantaan virus, Crimean-Congo hemorrhagic
fever virus, and Borna disease virus (111). By cleavage of
triphosphates from their RNA, these viruses impede RIG-I-
binding and activation (268). Additionally, PKR appears to be
the target of several viral proteins, including the E2 and NS5A
proteins of HCV, which bind to PKR to inhibit IRF1 activation
(95, 293), and the influenza A NS1 protein, which functions as
an IFN antagonist in part through inhibition of PKR (213),
although the precise mechanism of action is controversial (125,
250).

Finally, proinflammatory cytokine and IFN expression can
also be manipulated by viral interference with the posttran-
scriptional machinery of the host. For instance, vesicular sto-
matitis virus M protein inhibits nuclear-to-cytoplasmic export
of mRNAs, including those encoding IFN-«/B (124). More-
over, in studies of virus-host interactions, HSV-1 has been
reported to suppress proinflammatory cytokine production by
a mechanism involving destabilization of mRNA encoding
proinflammatory cytokines, in a process dependent on the viral
immediate-early proteins ICP4 and ICP27, thus impeding the
antiviral host response to infection (260).

Bacterial, Protozoan, and Fungal Immune
Evasion Strategies

Although viral evasion strategies may be the most elaborate
and have been studied most extensively, other classes of patho-
gens have also developed several elegant evasion strategies,
either by altering their PAMPs to be less immunogenic or
through activation of anti-inflammatory responses induced by
different virulence factors. Certain bacteria, such as Helico-
bacter pylori, Porphyromonas gingivalis, and L. pneumophila,
synthesize modified forms of LPS, which are not recognized by
TLR4 (134), and similarly, Campylobacter jejuni, H. pylori, and
Bartonella bacilliformis produce subclasses of flagellin that do
not activate TLR5 (16). Recently, a novel family of virulence
factors was identified in Escherichia coli and Brucella melitensis
(57). These proteins, which have been named TIR domain-
containing proteins, impede TLR signaling through direct
binding to MyDS88, thus suppressing innate immunity and in-
creasing bacterial virulence (57).

Important enteric pathogens, including Shigella, Salmonella,
and Yersinia species, are endowed with a type III secretion
system mediating the delivery of effector proteins into host
cells, thus representing bacterial virulence factors (9). One
such type III effector protein is the Yop protein of Yersinia
pestis, which has been demonstrated to act as a deubiquitinat-
ing protease acting on TRAF6 and TRAF3 to inhibit NF-xkB/
MAPK and IRF signaling, respectively (350). Other data sug-
gest that Yop may also act as an acetyltransferase that modifies
critical residues in the activation loop of MAPK6 and IKKp,
thereby preventing their phosphorylation and further down-
stream signaling (267). A similar type III effector is repre-
sented by the Shigella OspG protein kinase, which appears to
bind a subset of ubiquitin-conjugating enzymes, including
those mediating degradation of IkB, thereby preventing nu-
clear translocation of NF-kB (186). Finally, another class of
virulence factors is the V antigens, which in the case of Yersinia
species induce an anti-inflammatory response by stimulating
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TLR2-mediated IL-10 production, ultimately resulting in
TLR2-deficient mice being less susceptible to yersinia infection
(336). Likewise, the Vi antigen of S. enterica serotype Typhi
exerts an immunosuppressive effect in the intestinal mucosa
that promotes bacterial dissemination and invasive disease
(298). The Vi antigen is therefore considered to play a role in
the differences in pathogenesis between S. enterica serotype
Typhi and S. enterica serotype Typhimurium, the latter of
which does not express the Vi antigen and causes only local
inflammatory disease (298).

At present, much less is known about protozoan and fungal
immune evasion strategies, although in particular in the case of
protozoans, such strategies are likely to be of major impor-
tance for the establishment of long-term residence within their
hosts (98). For instance, 7. gondii induces LPS unresponsive-
ness mediated at least in part by activation of STAT3, a tran-
scription factor also used by IL-10 to exert anti-inflammatory
activities (45). T. gondii also negatively regulates LPS-induced
MAPK activation and IL-12 production, although it remains
unresolved whether the target is a p38-activating kinase or
induction of a p38 MAPK phosphatase (188). Suppression of
macrophage IL-12 production is also the final outcome of
infection with Leishmania mexicana due to expression of amas-
tigote-specific cysteine peptidases that proteolytically degrade
IkB and NF-kB (47). Finally, a number of fungal immune
evasion strategies have been described, exemplified by IL-10-
mediated immunosuppression induced through TLR2 by C.
albicans and A. fumigatus (272).

MEDICAL IMPLICATIONS

The pivotal role of TLRs in innate host defenses was first
indicated by the finding that C3H/HeJ mice with nonfunctional
TLR4 are resistant to LPS-mediated shock (296), and valuable
insights into TLR-mediated pathogen recognition and signal-
ing has since been gained from the use of knockout mice
challenged with individual purified PAMPs or entire microbial
pathogens. However, data from in vitro studies or mouse mod-
els may not be entirely representative of the physiological
situation in the human organism with respect to understanding
natural conditions of infection and immunity, primary immu-
nodeficiencies, altered disease susceptibility, and development
of autoimmunity. Therefore, it is important to translate find-
ings from cell culture and animal studies to the human organ-
ism, where important lessons may be learned from the identi-
fication and description of associations between alterations in
the function of PRRs and development of human diseases.

Primary Immunodeficiencies and Susceptibility to
Infectious Diseases

To date, six Mendelian primary immunodeficiencies associ-
ated with impaired TLR signaling and NF-«kB activation have
been reported (52, 62, 78, 294, 376, 400) (Table 2). These
genetic disorders are excessively rare, and progress has been
made primarily through international collaborations directed
by Casanova (196). First, anhydrotic ectodermal dysplasia with
immunodeficiency (EDA-ID) is an X-linked recessive immu-
nodeficiency caused by mutations in NEMO, a critical compo-
nent of the IKK complex, and resulting in impaired NF-«B
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signaling (78). Affected patients display abnormalities in ecto-
dermal development, including absent or diminished dental
growth and hair, as well as various degrees of immunodefi-
ciency. The infectious phenotype is dominated by invasive in-
fections by encapsulated pyogenic bacteria, such as Haemophi-
lus influenzae, S. pyogenes, and S. aureus (195). These patients
can also be affected by weakly pathogenic mycobacteria, viral
illnesses with herpesviruses (282), and fungal diseases, partic-
ularly P. jirovecii pneumonitis (78, 195). Laboratory investiga-
tions reveal various degrees of hyper-immunoglobulin M syn-
drome (152), NK cell abnormalities (282), and a poor response
to LPS, IL-1B, and TNF-a (196). Moreover, a second form of
EDA-ID inherited in a dominant way has been reported in a
patient with a mutation in the ikba gene (62), which prevents
IkBa phosphorylation and NF-«kB activation.

The third primary immunodeficiency, involving IRAK4, is
inherited as an autosomal recessive disorder (294). As previ-
ously described, IRAK4 plays an important role in signal prop-
agation to NF-kB and MAPKs downstream of certain TLRs
(294, 348). Accordingly, poor inflammatory responses and re-
current pyogenic bacterial infections, particularly with S. pneu-
moniae, have been reported in patients with this disorder
(294). Blood cells from these patients fail to produce IL-18,
IL-6, IL-8, IL-12, and TNF-a in response to various TLR
agonists (196), and fibroblasts are unable to activate both
NF-kB and MAPK pathways following IL-18 stimulation
(196). Given the central position of IRAK4 in TLR and IL-1R
signaling, the relatively mild phenotype of TRAK4-deficient
patients may seem surprising. However, a similar immunolog-
ical and infectious phenotype was recently described in the
case of MyD88-deficient patients, who are vulnerable to recur-
rent pyogenic infections early in life (376), supporting a narrow
but nonredundant role of both IRAK4 and MyDS88 in protec-
tive immunity against certain bacterial infections. The obser-
vation that both IRAK4- and MyD88-deficient patients are
affected mostly in the neonatal and childhood period and then
appear to improve with age may also suggest that maturation
of TLR-independent innate immunity or T and B lymphocyte-
specific adaptive responses progressively compensate for the
poor innate immune response early in life.

The first immunodeficiency originating from a TLR muta-
tion was identified in a recent report describing increased sus-
ceptibility to HSV encephalitis in patients with rare mutations
in TLR3, indicating a possible role for this receptor in central
nervous system infections with HSV and possibly other neuro-
tropic viruses (400). Finally, a genetic predisposition to HSV
encephalitis was identified in two children lacking functional
UNC-93B (52), an ER protein required for delivering nucle-
otide-sensing TLRs (TLR3, -7, -8, and -9) from the ER to
endosomes (190, 351).

The list of associations between PRR single-nucleotide poly-
morphisms (SNPs) and altered susceptibility to different
pathogens is rapidly expanding; some examples are given be-
low, and a more extensive overview is presented in Table 2.
However, interpretation of the causal association between an
SNP and alteration in disease susceptibility at the mechanistic
level is frequently hampered by inadequate knowledge of the
molecular consequences of the polymorphism, i.e., whether
any given SNP results in diminished or increased inflamma-
tion.
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TABLE 2. Genetic disorders in innate immunity: associations with human diseases

Gene product® Disease association Reference(s)
TLRs

TLR2 Susceptibility to leprosy and tuberculosis 33, 167

TLR2 Protection from Lyme disease; susceptibility to staphylococcal disease and 217, 278, 326

tuberculosis

TLR2 Increased severity of genital herpes 37

TLR3 Susceptibility to HSV encephalitis 400

TLR4 Susceptibility to infection with gram-negative bacteria, malaria, and RSV 4, 218, 255, 360

TLR4 Susceptibility to meningococcal sepsis 337

TLR4 Protection from Legionnaires’ disease 116

TLRS Susceptibility to Legionnaires’ disease 117

TLR7 Protection from hepatic fibrosis in chronic HCV infection 325

TLRY9 Susceptibility to SLE 361

TLRO9 Rapid progression of HIV infection 36

TLRY Increased risk of low birth wt in malaria during pregnancy 256
Signaling proteins

MyD88 Susceptibility to infection with pyogenic bacteria 376

Mal Protection from invasive pneumococcal disease, malaria, and tuberculosis 185

IRAK1 Increased severity of sepsis 20

IRAK4 Susceptibility to infection with pyogenic bacteria 294

NEMO EDA-ID; susceptibility to infection with pyogenic bacteria, mycobacteria, 78, 195, 282

herpesviruses, fungi

IkBa EDA-ID 62

IRF5 Increased risk of SLE 105, 183
NLRs

NOD2 Susceptibility to Crohn’s disease 144, 277

NOD2 Blau syndrome, early-onset sarcoidosis 166

NOD2 Susceptibility to psoriatic arthritis 299

NALP1 Susceptibility to vitiligo-associated multiple autoimmune diseases 160

NALP3 Periodic fever syndromes 86
Miscellaneous

CD14 Susceptibility to RSV bronchiolitis 147

UNC93B Susceptibility to HSV encephalitis 52

“ In cases where the same PRR gene product is listed repeatedly, each entry represents a different mutation/SNP.

Two SNPs in TLR2 have been linked to reduced NF-«B
activation and human diseases (363). First, the Arg677Trp
polymorphism has been associated with leprosy in a Korean
population (167) and with susceptibility to tuberculosis in a
Tunisian population (33). At the mechanistic level, this may be
explained by the mutation causing reduced IL-12 levels in
response to mycobacteria, thereby resulting in diminished
IFN-y-mediated Th1 responses. The second functional TLR2
variant, Arg753Gln, is overrepresented in patients with staph-
ylococcal septic shock (217) and associated with an increased
risk of developing tuberculosis (278), in agreement with TLR2
recognizing PAMPs from these two pathogens. The central
position of TLR4 as the receptor for LPS of gram-negative
bacteria has inspired several studies on the role of this receptor
in human diseases. Two relatively frequent cosegregating poly-
morphisms in TLR4, Asp299Gly and Thr399Ile, have been
linked to an increased risk of infection and septic shock with
gram-negative bacteria as well as to an increased risk of severe
malaria in African children (4, 218, 255). Furthermore, rare
TLR4 mutations were associated with increased meningococ-
cal susceptibility in a study involving a large collection of pa-
tients with meningococcal sepsis (337). In a case-control study,
other TLR4 polymorphisms have been associated with resis-
tance to Legionnaires’ disease, suggesting a protective associ-
ation (116). In contrast, TLRS has a stop codon variant (TLRS

392STOP) that is associated with increased susceptibility to
pneumonia caused by L. pneumophila (117).

Regarding TLRY, data from the Swiss HIV cohort have
suggested that TLR9 polymorphisms may influence the clinical
course of HIV type 1 infection, based on findings that two
SNPs in TLRY were associated with rapid progression of HIV
type 1 infection (36). Although the cellular mechanism behind
this association remains to be elucidated, a possible explana-
tion may be that TLR9-mediated NF-kB activation enhances
HIV replication by binding to HIV long terminal repeats or,
alternatively, that nonspecific immunostimulation participates
in CD4 T-lymphocyte depletion and exhaustion of cellular
immunity (75, 83). A negative influence of excessive immuno-
stimulation was also reported by Arcaroli et al., who identified
a variant IRAK1 haplotype (Leu522Ser) associated with in-
creased NF-«B activation and increased severity of sepsis (20).
In a large epidemiological study, heterozygosity of a Mal
Ser180Leu functional variant has been associated with protec-
tion from invasive pneumococcal disease, bacteremia, malaria,
and tuberculosis (185). The authors investigated the functional
consequences of this amino acid substitution and concluded
that the Mal variant attenuated TLR2 signal transduction, thus
implying that strong TLR2 activation may be disadvantageous
in these common infectious diseases (185).

Collectively, the majority of studies strongly suggest that in
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humans as well as in mice, TLRs play an important role in
inflammatory immune responses. However, genetic population
studies seem to indicate that no strong selective pressure op-
erates on TLRs, and thus it has been speculated that TLRs
may be redundant and that other sensors of innate immunity
can substitute for their functions (196). Alternatively, it may be
that a more profound defect in pan-TLR signaling has not
been identified in humans, simply because it would be incom-
patible with survival, thus supporting the current idea that
TLRs are key sensors of invading pathogens in innate immune
defenses.

Hereditary Periodic Fever Syndromes and Other
Disorders of NLRs

Alterations in the function of NLR proteins can also cause
human disease. Mutations in NALP3/cryopyrin or other sub-
units of the inflammasome have been linked to relatively rare
hereditary periodic fever syndromes as a consequence of con-
stitutive caspase activity and excessive production of IL-1
(233). Patients with the syndromes neonatal-onset multisystem
inflammatory disease, familial cold autoinflammatory syn-
drome, Muckle-Wells syndrome, and familiary Mediterranean
fever suffer from periodic attacks of fever and inflammation
(86, 233). Fever episodes seem to be triggered more or less
spontaneously, possibly by subclinical viral infections or cellu-
lar stress activating the inflammasome, and the resultant IL-1
hyperproduction results in a clinical picture resembling a mi-
crobial infection (169, 233). Accordingly, some of the periodic
fever syndromes have been successfully treated with the spe-
cific IL-1R antagonist Anakinra (130).

Other members of the family of NLRs have been implicated
in aberrant NF-«kB regulation, although mutations can result in
either inhibition or activation of NF-kB. For instance, a mis-
sense point mutation in the human NOD2 gene resulting in
defective NF-kB activation has been correlated to increased
susceptibility to Crohn’s disease (144, 277). In contrast, con-
stitutive NF-kB activation is responsible for development of
early-onset sarcoidosis and Blau syndrome, two closely related
juvenile systemic granulomatosis syndromes, originating from
other mutations in NOD2 (166). Finally, SNPs in NALP1 were
demonstrated to contribute to the risk of vitiligo-associated
multiple autoimmune diseases (160).

Systemic Autoimmune Disorders

Since nucleic acids of the host are generally inaccessible to
RNA- and DNA-sensing receptors present in specific compart-
ments, they do not trigger PRR signaling. However, under
certain pathological conditions, such as incomplete clearance
of apoptotic cells, host-derived nucleic acids may become avail-
able for TLRs, an event that may break tolerance and result in
autoimmunity (228, 236). Despite TLR3, -7, -8, and -9 being
originally identified as receptors specific for microbial nucleic
acids, more recently some of these receptors have been linked
to the detection of endogenous host RNA and DNA in sys-
temic autoimmune diseases (228). Fundamental progress in
the understanding of the pathogenesis of systemic autoimmune
diseases was made when the need for dual engagement of the
B-cell receptor (BCR) and TLRs by autoreactive B lympho-
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cytes was described (207). These self-reactive B lymphocytes
are responsible for the formation of immune complexes by
producing antibodies recognizing a limited range of nuclear
self-autoantigens, including DNA, histones, RNA, and RNA-
binding proteins (207). Binding of the immune complex by the
BCR, or by the FcyR in the case of pDCs, is followed by
BCR-mediated endocytosis and delivery of the immune com-
plex to an endosomal compartment, which allows ssRNA and
CpG DNA motifs within the autoantigen to activate the cell
through TLR7 and TLROY, respectively (203, 207, 241).

Based on findings that immune complexes associated with
self-DNA and -RNA can activate pDCs to produce large
amounts of IFN-«, coupled with clinical data revealing that
IFN-producing pDCs accumulate in cutaneous systemic lupus
erythematosus (SLE) lesions (84, 241), the common mecha-
nism, by which TLRs play a role in SLE pathogenesis, is be-
lieved to be via production of IFN-a. This is supported by
epidemiological studies, which have demonstrated an associa-
tion between a TLR9 polymorphism and susceptibility to SLE
in a Japanese population (361). Furthermore, an association
between genetic variants of IRFS5, which is involved in regu-
lating IFN-a production, and SLE in multiple ethnic groups
has now been established (105, 183, 358). Mechanistic insights
into the process of immune complex formation and uptake,
TLR activation, and type I IFN production may explain some
fundamental observations on the nature of systemic autoim-
mune diseases, such as the association between infections and
a triggering event in disease development, and the subsequent
association between infection and disease flares once an auto-
immune condition has manifested. However, despite recent
progress in the understanding of autoimmune diseases such as
SLE, the precise mechanism behind loss of peripheral toler-
ance remains unknown (228).

Finally, uncontrolled excessive or constitutive NF-kB activa-
tion has been associated with oncogenesis, particularly in the
lymphoid system, and has been implicated in the development
of multiple hematological malignancies as well as in several
solid tumors. This subject is not within the scope of the present
review but has been excellently reviewed by Courtois and Gil-
more (61) and by Karin (171).

Therapeutic Implications

Since excessive inflammation plays an important role in the
pathogenesis of many infectious diseases and autoimmune
conditions as well as in the development of malignancy, tar-
geting innate immune activation and signaling potentially
holds great medical promise.

Glucocorticoids. Glucocorticoids have been used extensively
in the treatment of various medical conditions, where their
potent immunosuppressive and anti-inflammatory effects may
be desirable. However, whereas the use of adjunctive dexa-
methasone for the treatment of bacterial meningitis, at least in
an adult population in the developed world, is currently well
documented from large clinical trials (72, 273, 320), the use of
high-dose glucocorticoids in patients with septic shock remains
controversial and may even be harmful (340).

Several targets of glucocorticoids have been identified, but
the molecular mechanisms behind these effects are very com-
plex and remain incompletely understood. Since glucocorti-
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coids are known to interfere with various signaling pathways
and molecules involved in TLR signaling, it has been hypoth-
esized that these pathways may be important targets of glu-
cocorticoid action and hence may explain many of their effects
(13, 266). A number of levels at which glucocorticoids can exert
their effects have been defined, including interference with
upstream signal transduction, direct interaction with the tran-
scriptional machinery, and modulation of RNA stability (13,
266). Classically, glucocorticoids bind to the intracellular glu-
cocorticoid receptor and subsequently translocate to the nu-
cleus, where they bind to glucocorticoid response elements to
activate expression of anti-inflammatory genes (3, 13, 258).

Another major mechanism of action of glucocorticoids is
repression of proinflammatory genes, which is achieved mainly
through direct protein-protein interactions between the glu-
cocorticoid ligand-receptor complex and the transcription fac-
tors NF-kB and AP1 (266), thereby preventing interaction with
the essential transcriptional coactivator CBP/p300 (266). Fur-
ther upstream, glucocorticoids can inhibit TLR-induced proin-
flammatory signaling through MAPK, NF-«kB, and IRF path-
ways (3, 239, 321). The glucocorticoid dexamethasone has been
demonstrated to inhibit the MAPKSs extracellular signal-regu-
lated kinases 1/2, JNK, and p38 by a mechanism involving
upregulation and decreased degradation of MAPK phos-
phatase 1 (34, 46, 103, 200, 349). Further insight into the
mechanisms of glucocorticoid-mediated interference with the
inflammatory response during microbial infection was pro-
vided by a study demonstrating that dexamethasone inhibits
TLR signaling induced by N. meningitidis and S. pneumoniae by
targeting the NF-kB pathway at several levels, including inhi-
bition of IKK-mediated IkB phosphorylation and NF-«B
DNA-binding activity as well as upregulation of IkB resynthe-
sis (258). Additionally, dexamethasone has been reported to
inhibit IRF3 and the IFN response by targeting the IKK-
related kinase TBK1 (239).

Given the central position of the molecules targeted by glu-
cocorticoids (258, 266), their potent and broad range of effects
are understandable, although their use may often seem like a
double-edged sword. The long list of adverse effects of glu-
cocorticoids and their profound interference with almost any
physiological system in the organism is the rationale behind the
effort to identify and develop therapeutic molecules with more
specific cellular targets and thus theoretically a more narrow
profile of adverse effects.

NF-kB and p38 inhibitors. Specific inhibitors of the NF-«kB
pathway have been the focus of interest for a number of years
(388). More than a decade ago, nonsteroidal anti-inflammatory
drugs, such as aspirin and sodium salicylate, were reported to
prevent IkBa phosphorylation and NF-kB nuclear transloca-
tion by direct inhibition of IKK kinase activity (388, 391).
Novel specific inhibitors of IKK or inhibitors of the ubiquitin-
proteasome pathway that interferes with IkB degradation and
NF-kB activation are being developed and tested in clinical
trials (254). However, significant safety problems related to
total inhibition of all NF-kB-mediated functions, including reg-
ulation of inflammation and apoptosis, remain important mat-
ters of concern and the subject of ongoing studies.

Turning to the MAPK pathway, p38 inhibitors have received
much attention. Several chemically diverse compounds po-
tently inhibit p38a/B in an ATP-competitive manner, and spe-
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cific and selective p38a/B inhibitors have been demonstrated to
block the production of IL-1, TNF-«, and IL-6 both in vitro
and in vivo, with potential implications for the treatment of
inflammatory diseases (197). A number of p38 inhibitors have
reached clinical trials in humans, but adverse effects, including
liver toxicity and neurological manifestations, have been re-
ported. One of the reasons for these undesirable side effects
may be cross-reactivity against other cellular kinases, implying
that the development of inhibitors that are non-ATP compet-
itive may be advantageous.

TLR agonists. Triggering TLR activation during vaccina-
tion, either as part of the immunogen or as an adjuvant, is the
most extensively explored application of TLR agonists (373).
Direct TLR activation has been demonstrated in the case of
the bacillus Calmette-Guérin (BCG) vaccine for the preven-
tion of tuberculosis, in which cell wall components of BCG,
including arabinogalactomannan and peptidoglycan, activate
TLR2 and TLR4 in a MyD88-dependent manner (369). In
contrast, an adjuvant effect of TLR activation has been dem-
onstrated in an H. influenzae type B vaccine conjugated with a
meningococcal protein (201), consistent with the activation of
TLR2 by Neisseria outer membrane proteins (8, 234, 262).
Furthermore, two hepatitis B virus vaccines using TLR4 ago-
nists as adjuvants have been approved (79). One concern is
whether a TLR4 agonist may mimic the effects of LPS and
induce endotoxic shock (177). However, the TLR4 agonist
monophosphoryl lipid A exhibits low toxicity compared to LPS
and possess only weak ability to induce proinflammatory cyto-
kines, which may be explained by its selective activation of the
TRAM-TRIF pathway as opposed to the Mal-MyD88 pathway
(235). Allergy and asthma, both of which are characterized by
inappropriate Th2 responses to environmental allergens, have
also been the targets of TLR agonist therapies. Given their
ability to induce strong Th1 responses, TLR4 and TLR9 ago-
nists are being developed for the treatment of allergic diseases,
and such agonists have been administered along with an aller-
gen (170). A successful example is the report of immunother-
apy with a ragweed-TLRY agonist vaccine for allergic rhinitis,
with an observed shift in the Th2/Th1 ratio together with sig-
nificant clinical benefits (64). In the treatment of infectious
diseases, agonists of TLR3, -7, -8, and -9 have shown some
promise, particularly against chronic viral infections, where the
mechanism seem to involve production of type I IFN and
generation of IFN-dependent antiviral responses (170). For
example, the TLR7 agonist imiquimod has been approved for
topical use against genital warts caused by human papilloma-
virus, whereas other TLR7 and TLR9 agonists are undergoing
clinical trials for potential use during chronic infection with
HCV and genital HSV infection (170). Finally, a potentially
very important use of TLR agonists is in the treatment of
cancer, which has been reviewed elsewhere (170, 373).

TLR antagonists. Modulation of the inflammatory response
by TLR antagonists may be of clinical benefit in order to
dampen exaggerated responses observed during some infec-
tious diseases, thus avoiding immunopathology. Indeed, this is
the strategy behind the development of TLR4 antagonists to
prevent LPS-induced endotoxic shock during gram-negative
bacterial sepsis. Two lipid A analogues, TAK-242 and Erito-
ran, have been approved for clinical trials involving patients
with sepsis (308), and their potential benefits are awaited with
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interest, since previous efforts to modulate the pathophysiol-
ogy of sepsis by inhibiting TNF-a« or LPS have been disappoint-
ing (107). The small molecule TAK-242 selectively inhibits
TLR4-activated cytokine production by targeting the intracel-
lular domain of the receptor, thus preventing signaling to
NF-«kB through both the MyD88-dependent and -independent
pathways (181). Finally, TLR antagonists have recently been
suggested to possess desirable properties in the treatment of
autoimmune diseases, most notably SLE (170, 373). Given that
TLR7 and TLRY have been implicated in the generation of
autoantibodies directed against endogenous TLR ligands (228)
and to be essential for pDC-mediated production of type I
IFN, (84, 241), targeting of these TLRs may theoretically pre-
vent the development and progression of autoimmune
pathophysiology.

In conclusion, as knowledge on the role of inflammation in
the pathogenesis of infectious, allergic, autoimmune, and ma-
lignant conditions increases, the list of targets for therapeutic
interference with TLRs or TLR signaling components expands
accordingly. The vast number of preclinical and clinical ap-
proaches, of which only the most prominent examples are
described above, seem to indicate that it is possible to translate
the current understanding of TLRs and innate immunity into
clinically relevant therapies. However, much experimental an-
imal work, and not least clinical studies involving patients, is
needed to evaluate possible advantageous effects as well as
toxicity and side effects, such as the consequences of TLR
inhibition in terms of enhanced susceptibility to infections or,
alternatively, the consequences of TLR activation with regard
to the development of malignancy. Some of these scenarios
cannot be predicted at present due to our inadequate insight
into the complexities and full biological perspectives of the
TLR system and proinflammatory signaling in innate immune
defenses. The great challenge remains to inhibit the detrimen-
tal components of the immune response while leaving un-
touched an appropriate and beneficial immune response es-
sential for the resolution of infection and elimination of the
invading pathogen.

CONCLUDING REMARKS AND PERSPECTIVES

In this review, important aspects of pathogen recognition
and activation of signaling pathways ultimately resulting in a
proinflammatory innate immune response have been pre-
sented. Rapid and efficient mechanisms for detection of invad-
ing pathogens and triggering of proinflammatory signaling are
of pivotal importance for the initial containment and control of
infection. To achieve this, the organism is in possession of
PRRs, which recognize evolutionarily conserved structures on
pathogens, PAMPs, and trigger innate immune responses, in-
cluding production of proinflammatory cytokines and type I
IFN (7). In addition, pathogen recognition by PRRs is a pre-
requisite for the activation and shaping of adaptive immune
responses through maturation of antigen-presenting DCs and
activation of antigen-specific T lymphocytes to resolve the in-
fection and induce immunological memory (151). The devel-
opment of the concept of pattern recognition and the identi-
fication of a large family of receptors with this ability has
significantly changed the entire perception of the innate im-
mune system, which is now recognized to have a high degree of
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specificity and complexity. Moreover, current insight into com-
mon principles of cell-cell interactions and intracellular signal-
ing suggests that innate immunity and adaptive immunity are
much more intimately connected than previously believed
(242).

Despite enormous progress in this field of research during
recent years, many areas of uncertainty remain. While TLRs
represent the most extensively studied group of innate immune
receptors and have been assigned essential roles in the induc-
tion of proinflammatory and antimicrobial responses, accumu-
lating evidence has revealed that they are part of a large and
diverse family of PRRs. Thus, in addition to TLRs, cytosolic
PRRs with the ability to sense intracellular PAMPs also seem
to be important for both immediate innate protection and
bridging to the adaptive immune response (93, 174, 372). Re-
cent insight into the structure and function of these PRRs
highlights the fascinating complexity of cellular pattern recog-
nition. During a microbial infection, several different families
of PRRs are activated in a cell type- and time-dependent
manner by a given pathogen, and the PRR-derived signals
appear to cooperate in the generation of a proinflammatory
response. The relationship between TLRs and cytosolic PRRs
and the principles after which they interact during infection are
important issues that remain to be further elucidated.

Although the primary function of PRRs is to sense foreign
microbial material in the form of “infectious nonself,” in cer-
tain cases of “danger,” such as cellular injury or stress, PRRs
stimulate inflammation in response to recognition of self mol-
ecules. These danger signals originate from host molecules
with aberrant locations, structures, or interactions induced by,
e.g., necrosis or oxidative damage of cells or tissues, as exem-
plified by uric acid, ATP, potassium, hyaluronan fragments,
and HSPs (146, 236, 247, 362, 365). In this respect, HSPs,
which are highly conserved immunodominant proteins with
central roles in protein folding and transport, illustrate the
intimate relationship between danger and pathogen recogni-
tion, which is also underscored by the fact that these proteins
are shared between microbial pathogens and eukaryotes. In-
deed, endogenous HSPs are upregulated and released by
stressed, infected, necrotic, or malignant cells and mediate
activation of APCs through TLR2 and TLR4/CD14 either di-
rectly or in association with PAMPs (22, 110, 279). Addition-
ally, a role for HSPs as endogenous danger signals recognized
by APCs independently of TLRs has been proposed (285).
Recognition of endogenous danger signals is particularly evi-
dent in the case of the inflammasome, but it also seems to be
a common theme for TLRs. Therefore, PRRs may be per-
ceived as evolutionarily ancient detectors of cellular danger
invoked not only by pathogens but also by other types of
cellular stress. In line with this idea, it has been proposed that
PRRs be regarded as sensors of both “microbe-associated mo-
lecular patterns” and “danger-associated molecular patterns”
(236, 247). This concept places PRRs in a central position in
the regulation of immunity and other aspects of cellular phys-
iology. At present, the study of innate immune recognition and
signaling remains an area of intensive investigation, with new
ideas and concepts being proposed and challenged at an im-
pressing pace. Entirely new and unpredicted functions of
PRRs are emerging. For instance, work by Medzhitov and
associates has suggested that TLRs are also involved in central
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aspects of cellular physiology, as demonstrated by the require-
ment for TLR recognition of commensal microflora in intes-
tinal homeostasis (300).

The great versatility of PRRs is also apparent when consid-
ering the variability in the microbial PAMPs recognized by
these receptors. Indeed, pathogens with quite different bio-
chemical compositions and with entirely different life cycles are
recognized by slightly different yet surprisingly similar and
overlapping mechanisms (7). Likewise, the signaling pathways
they activate are shared to a great extent and regulated by the
same overall molecular mechanisms. In the future, it may be-
come apparent that PRR-activated signaling is far more tightly
connected to other cellular signaling pathways than is currently
realized. For instance, recent studies have demonstrated that
RLR signaling utilizes some of the same molecules as the
TNF-a signaling pathway (251), which may seem surprising
given the diverse functions mediated by these receptors. De-
scribing these signaling pathways in more depth, including
aspects concerning PRR expression and signaling in different
cell types and in different anatomical locations within the or-
ganism, may hold the key to a more profound understanding of
some of the central questions as to how specificity, complexity,
and regulation of both innate and adaptive immunity is
achieved.

Due to the potency of the inflammatory response, tight reg-
ulation to limit the magnitude and duration of this response is
crucial in order to avoid the development of immunopathol-
ogy. Recent progress in understanding mechanisms of regula-
tion of innate immunity has revealed a common theme, in
which PRRs detecting microbial pathogens activate both a
proinflammatory response directed against the pathogen and a
specific inhibitory pathway to downregulate the inflammatory
response once the infection has been resolved. The emerging
picture reveals intricate molecular mechanisms by which in-
nate inflammatory immune responses are regulated by tightly
connected activating and inhibitory circuits to fine-tune and
modulate an appropriate response over time. Given the ex-
treme complexity of this system, it may seem surprising that it
does not fail more frequently. Moreover, many pathogens, and
viruses in particular, have developed sophisticated molecular
strategies to subvert host defenses by targeting individual com-
ponents of PRR-mediated signaling. In this way, interactions
between host and pathogen have developed throughout evo-
lution and continue to fascinate by their great ingenuity. Im-
portantly, the molecular mechanisms of signal transduction
pathways elicited by a given pathogen and the interactions
between host and pathogen serve to illustrate and reveal im-
portant aspects of how the immune system functions in defense
and disease.

The importance of PRRs in regulating inflammatory re-
sponses is underscored by their involvement in a wide range of
medical conditions. Primary immunodeficiencies as a conse-
quence of impaired TLR signaling and NF-«kB activation have
been identified (196), and accumulating evidence also links
genetic polymorphisms in PRRs to altered susceptibility to
infectious diseases. In addition, genetic polymorphisms result-
ing in increased IFN production have recently been associated
with the development of systemic autoimmune diseases, par-
ticularly SLE (228), and rare mutations in NLR components of
the inflammasome resulting in constitutive IL-1 production
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cause hereditary inflammatory fever syndromes (233). Thus,
insight into pathogen recognition and proinflammatory signal-
ing in infection and immunity is a prerequisite for understand-
ing the nature of primary immunodeficiencies and the patho-
genesis of infectious diseases and inflammatory disorders and
hence for the development of novel therapeutic intervention
strategies.
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