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Summary

The magnitude of the response to a specific im-
munogen such as an infectious agent is the result
of a complex interaction between genetic and en-
vironmental factors. For example, in intestinal in-
flammation, the inflammatory response appears to
be regulated by the indigenous microflora of the
gut, by receptors in epithelial cells and antigen-pre-
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senting cells in the intestinal mucosa, and by im-
munologic factors. Recent evidence suggests that
genetic variants of human immunomodulating
genes influence the susceptibility to and severity of
infectious diseases and the subsequent clinical out-
come of disease.

This review will focus on recently identified pat-
tern recognition receptors which are located on in-
nate immune and epithelial cells, and recognize
pathogen-associated molecular patterns. The bind-
ing of specific pathogen-associated molecular pat-
terns to these receptors results in the activation of
a signal transduction pathway through nuclear fac-
tor (NF)-xB which leads to either enhanced or in-
hibited immune responses that modify the produc-
tion of inflammatory effectors, such as cytokines.
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This article reports on the identification and func-
tional characterization including the discovery of
mutants which completely abolish NF-xB signal
transduction of pattern recognition receptors, such
as the extracellular Toll-like receptors and the in-
tracellular nucleotide oligomerization domain/cas-
pase recruitment domain (NOD/CARD) receptors,
as well as their role in clinical disease.

Knowledge of pattern recognition receptors such
as Toll-like receptors and NOD/CARD intracytoplas-
mic proteins, including their functions and their down-
stream signaling pathways, may provide a new molec-
ular basis for preventing or blocking inflammation as-
sociated with pathogenic microorganisms. This could
direct a new focus for better and more specific ther-
apedutic treatments based on immuno-intervention
that can promise a better quality of life for those suf-
fering from chronic disturbances of the immune re-
sponse. © 2003 Prous Science. All rights reserved.

Introduction

The ability of a multicellular organism to defend
itself against microorganisms depends on its abili-
ty to mount a proper immune response. The innate
immune system is an ancient defense system that
provides the first line of host defense (1). This de-
fense system appeared before the separation of
vertebrates and invertebrates. The vertebrates have
not only innate immunity but are also able to mount
defense mechanisms that constitute adaptive im-
munity as well (2, 3). The innate immune system is
composed of humoral factors (such as complement,
acute-phase proteins and cytokines) and cellular
components (such as macrophages, monocytes, gra-
nulocytes, dendritic cells, T cells, B cells and natu-
ral killer [NK] cells). Pattern recognition receptors
located either on the surface or in the cytoplasm of
innate immune cells appear to play a crucial role
since they are able to recognize pathogen-associ-
ated molecular patterns without the specificity re-
quired by the acquired immune system. Upon acti-
vation of these receptors, a cascade of intracellular
events culminates in the production of inflammatory
effectors such as interleukin (IL)-12 and IL-23 (4—6).

Pathogen-associated molecular patterns

In prokaryotes, molecular structures are essen-
tially polysaccharides and polynucleotides that dif-
fer little from one pathogen to another but are not
found in the host. They are conserved structures
within a class of microbes, and in most cases they
are expressed constitutively, which is probably the
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reason why they were selected as targets by the
innate immune response during evolution. Exam-
ples of pathogen-associated molecular patterns are
mannans in the yeast cell wall, flagellin in bacterial
flagella, peptidoglycan, lipopolysaccharide, double-
stranded ribonucleic acid (dsRNA) and unmethy-
lated cytidine-phosphate-guanosine (CpG) DNA
4, 7-9).

Pattern recognition receptors

This group of proteins is responsible for recog-
nizing pathogen-associated molecular patterns and
detecting the presence of infection. The pattern re-
cognition receptors could be classified into three sub-
groups: 1) secreted pattern recognition receptor
molecules such as C4 and C2, which’ induce de-
struction of pathogens by the complement system
or phagocytosis; 2) surface pattern recognition re-
ceptors on phagocytic cells, which bind the patho-
gen for engulfment; and 3) cell pattern recognition
receptors (i.e., Toll-like receptors and NOD/CARDs}),
which bind the pathogen, and, upon activation,
cause the release of effector molecules against the
pathogen, thus initiating the inflammatory response
(Table 1).

Commensal and pathogenic microorganisms
have pathogen-associated molecular patterns, but
the recognition and development of an immune re-
sponse depends on where the pathogen-associat-
ed molecular patterns can be accessed by the pat-
tern recognition receptors and consequently con-
tribute to inducing an immune response (4, 7-9).

Toll-like receptors

The Toll-like receptors are pattern recognition
receptors that activate signaling pathways that
sense invasion by microorganisms and induce an-
timicrobial responses triggering inflammation upon
recognition of pathogen-associated molecular pat-
terns. These molecules play a central role in innate
immunity (8).

dTOLL

Studies on the innate immunity of Drosophila
melanogaster identified the first member of the Toll
family, Drosophila Toll (dToll). This Toll receptor
plays a role in dorsal-ventral development during
embryogenesis and in the innate immune response
in this fly. Lemaitre et al. (10-12) reported that the
Toll receptor and downstream elements of the Toll
signaling pathway were implicated in the control of
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Table I. Principal characteristics of Toll-like receptors and NOD/CARD proteins.

Toll-like receptors (ref.)

NOD/CARD (ref.)

Function Participate in the innate immune
response to microbial agents (8)
Act via MyD88 and TRAF6 (15),

leading to NF-xB activation,

Induces NF-kB and apoptosis (81)

Confers responsiveness to intracellular bacterial
lipopolysaccharide and peptidoglycan

(42, 82, 91, 137)

cytokine secretion and inflammatory

response (4, 15, 99)

1 TIR domain and LRR domains
(4,9, 15)

Domains

Subunits

Subcellular localization Type | membrane protein (8)

Bind MyD88 (and TIRAP for TLR4)
via their respective TIR domains (7)

CARD domain(s), NBS domain and
LRR domains (81)

Binds to RIPK-2 (RICK, RIP or CARDIAK)
by CARD-CARD interaction (77, 78, 103)

Cytoplasmatic (77, 78)

the expression of antifungal peptides (Drosomycin)
in Drosophila. Spéatzle factor is a secreted ligand
that stimulates dToll. The activation of this trans-
membrane receptor culminates in the translocation
of a transcription factor, Dorsal, to the nucleus (13).
To date, there are nine Toll members described in
Drosophila (13).

Human Toll-like receptors

There is a close analogy between the signaling
pathways of mammals and flies, but with the differ-
ence that dToll does not function directly as a pat-
tern recognition receptor. This analogy appears to
represent an ancient host pathway conserved dur-
ing evolution. Members of the Toll family play a key
role in innate antibacterial and antifungal immunity
in insects as well as in mammals (8, 14). The sig-
naling pathway activated by hToll receptors acti-
vates NF-xB, a key molecule in the activation of
proinflammatory and immunoregulatory genes (15).
Activation of Toll-like receptors by microbial lipo-
proteins may initiate innate defense mechanisms
against infectious agents and trigger inflammation
upon recognition of pathogen-associated molecu-
lar patterns. Brightbill et al. (16) demonstrated that
microbial lipoproteins stimulate the Toll-like recep-
tors in human macrophages and the production of
IL-12, a special cytokine of the innate immune sys-
tem which may be the link with the acquired im-
mune response.

In 1997, Medzhitov et al. (1) reported on a hu-
man homologue of dToll, Toll-like receptor (TLR)4.
The mRNA of this human Toll-like receptor was de-
tected in many tissues and human cell lines. All hu-
man Toll-like receptors are type | membrane pro-

5

teins with an extracellular leucine-rich region (LRR)
domain and an intracellular domain homologous
to Toll-interleukin-1 receptor (4, 9, 15) (Fig. 1).
Despite the important role of Toll-like receptors in
the recognition of pathogen-associated molecular
pattems, it is possible that these proteins cannot
identify all microbial antigens because they may
have limited functional plasticity. Other molecules
probably participate in this process (1, 8, 17).

Significance of the domains of Toll-like receptors

THE LRR pomAIN

The LRR domains are short sequence motifs
(2029 residues) present in tandem arrays and in
different proteins of many organisms with diverse
biological functions and cellular locations (Fig. 1).
Their primary function appears to be to provide a
versatile structural framework for the formation of
protein-protein interactions and subsequent signal
transduction, such as hormone-receptor interactions,
enzyme inhibition, cell adhesion and cellular traf-
ficking (18-20). Bacterial LRR-containing proteins
are found in Listeria monocytogenes: InlA and InIB,
internalins with a critical role in the phagocytosis in-
duced by this pathogen in mammalian cells, pro-
mote invasion of permissive cells (21). LRR-con-
taining proteins have also been identified in Yersi-
nia pestis (YopM, a plague virulence protein), Shigelia
flexneri (IpaH) (22), Salmonella typhimurium (SspH1
and SspH2) (23) and Burkholderia (Pseudomonas)
solanacearum (Hrp) (24). Among eukaryotic cells,
LRR domains are present in proteins involved in
early mammalian development, neural development,
cell polarization, regulation of gene expression and
apoptotic signaling (i.e., the disease-resistant



418

Toll-like receptors and NOD/CARDs proteins

Extracellular domains

_nnwn_nn |t
A7 423 444 491

_ﬂﬁﬂﬂﬂﬂg‘ﬂ“_ﬂﬂﬁﬂﬂﬂﬂ
- 52

—umwnmnn-uu--mmnnnunmlunnu
210 247 220 659

—nmmmuulnn-mmuuumuuuumuu
197 203 363 217

I U T R [ S R S W O W (R R e
456894 117 184 192 287 407415437447 495501 570

-Hﬂﬂﬂlﬁﬂ.ﬂ—ﬂﬂﬂﬂﬂﬂ
144 158 201 222248 i) BE

Cytoplasmatic
domain

L]
836 904

818 B39

43 B7 110 195203 275289 443 492

147 169 267 286 L

82 110 122 190198 268 283 356 363 440 470

[ Leucine rich region (LRR)

\B S5 795 1036 1049

—mwu-umuu-uuuuuu—n-uunulnnnnuu
490 511528

630 638 THS 1025 1041

.
772 : 1016 1032

_HHHMM_H-HEIH!III -]
325 348371 489 556 581

[]7IR domain

Fig. 1. Localization of the domains and the mutations of Toll-like proteins.

genes of the plant immune system, and the Toll and
Toll-like genes of Drosophila and mammals, re-
spectively) (18, 19, 25). Sequence analyses of LRR
proteins suggested the existence of several differ-
ent subfamilies of LRRs (26, 27). The most recent
classifications reveal at least seven distinct sub-
families characterized by different lengths and con-
sensus sequences of the repeats that have most
probably evolved independently. All major classes
of LRRs have curved horseshoe structures with a
parallel sheet on the concave side and mostly he-
lical elements on the convex side (27, 28). The
concave face and the adjacent loops are the most
common protein interaction surfaces on LRR pro-
teins. The three-dimensional structure of some LRR
protein-ligand complexes show that the concave
surface of the LRR domain is ideal for interaction
with a-helix, supporting earlier conclusions that the
elongated and curved LRR structure provides an
outstanding framework for achieving diverse pro-
tein-protein interactions. Little is known about the

three-dimensional structure of LRRs, although it is
believed that they can form amphipathic structures
with hydrophobic surfaces capable of interacting
with membranes (26—28) (Table I1).

TOLL-INTERLEUKIN-1 RECEPTOR DOMAIN

Toll-interleukin-1 receptor (TIR) domain is a mem-
brane component found in transmembrane and cy-
toplasmatic proteins (8) (Fig. 1). TIR functions as
a transmembrane receptor, a protein-interaction
module involved in animal and plant immunity
(Table I1). This domain is found in a number of plant
proteins and is implicated in host defense. In Dro-
sophila spp., at least two types of proteins with this
domain, myeloid differentiation primary response
gene (MyD)88 and Toll-like receptor family, have
been described (29). These two proteins are also
found in mammals and additional members have
been identified: IL-1R family (IL-1R and IL-18R)
and TIR domain-containing adaptor protein (TIRAP).
MyD88 and TIRAP are signaling receptors that
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Table Il. Characteristics of the most important domains in Toll-like receptors and NOD/CARDs proteins.

LRR (ref.)

TIR (ref.) CARD (ref.)

Process Host defense Apoptosis (3, 77, 78, 84, 85)
Apoptosis (30-32)

Function Transmembrane Apoptosis regulator
receptor (8) (3, 77, 78, 84, 85)

Component Membrane (8) Intracellular (3, 77, 84, 85)

Signal transduction for different mechanisms,
such as hormone receptor interactions,
enzyme inhibition, cell adhesion and cellular
trafficking (18, 19, 104)

Protein-protein interaction. In combination
with a NBD domain, mediates innate defenses
against pathogens in diverse organisms (4, 19)

Extracellular or intracellular (4, 19, 77)

participate in Toll-like receptor signal transduction,
and the TIR domain of MyD88 is associated with a
so-called DEATH domain (DD/DED) (30-32). The
defined similarity found between Toll-like receptors
and IL-1R is not restricted to sequence homology;
these proteins also share a similar signaling path-
way with activation of a Rel-type transcription fac-
tor via an adaptor protein and a protein kinase (15,
17, 29, 33, 34).

The essential role of TIR in Toll and IL-1R ac-
tivities has been shown by site-directed mutagene-
sis and deletion analysis. Using sequence analysis,
Slak et al. (34) identified three highly conserved re-
gions or boxes among the different members of the
family: box 1, box 2 and box 3. Boxes 1 and 2 may
be implicated in the binding of proteins involved in
signaling, whereas box 3 is primarily involved in di-
recting receptor localization, perhaps through inter-
actions with cytoskeletal elements.

Human Toll-like receptor family:
A brief description

At present, ten Toll-like receptor each special-
ized, often with the aid of accessory molecules, in
a subset of pathogen-associated molecular pat-
terns have been identified in mammals (Table I11).
The ligand identification is still in progress for many
of the Toll-like receptors.

TLR1

TLR1 cooperates with TLR2 of other Toll-like
receptors and modulates the response to bacterial
constituents. Rock et al. (35) found that TLR1 is
ubiquitously expressed in leukocytes and at higher
levels than the other Toll-like receptor genes. TLR1
expression is unchanged in response to lipopoly-
saccharide (35, 36). TLR1 is supposed to function-
ally interact with TLR2 in the recognition of bacteri-
al triacyl lipopeptides and lipoproteins from Myco-

bacterium spp. and soluble factors of Neisseria
meningitides (13, 37).

>

TLR2

TLR2 plays a pivotal role in the recognition of
Gram-positive bacteria (38), mycobacteria (39, 40)
and fungi (41). Aderem and Ulevitch (7) demon-
strated that Gram-positive cell wall components, as
well as mycobacterial cell wall components (lipo-
arabinomannan and mycolylarabinogalactan) and
yeast cell wall zymozan, activate TLR2. Recently,
Inohara et al. (42) reported that TLR2 in combination
with TLR1/TLR6 do not activate NF-xB in response
to muramyl dipeptide derivated from peptidoglycan.
Atypical lipopolysaccharide present in Leptospira in-
terrogans (43} and Porphyromonas gingivalis (44—486)
is, however, recognized by TLR2. This broad range
of ligands recognized by TLR2 can be partially ex-
plained by the collaboration between TLR2 and an-
other Toll-like receptor (TLR1 or TLR6) (47). Hetero-
dimeric formation between TLR2 and TLR1 or TLR6
determines the specificity for the ligand to be rec-
ognized. TLR2 cooperates with TLR6 in the recog-
nition of mycoplasmal macrophage-activating lipo-
peptide (MALP)-2, phenol-soluble modulin and Bor-
relia burgdorferi outer surface protein A lipoprotein
(OspA-L) (48). TLR2 stimulation resulted in the re-
lease of the inhibitory IL-12 p40 homodimer, which
favors Th2 development and IL-8 and IL-23 p19 ex-
pression (49).

TLR3

TLR3 is the pattern recognition receptor that re-
cognizes dsRNA, which it is predominantly expres-
sed in dendritic cells but not expressed in mono-
cytes/macrophages (13, 50). Activation of TLR3 in-
duces the production of a- and B-interferons and
other multiple mechanisms to enhance and sustain
a strongly antiviral response (51). This molecular
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Table lil. Characteristics of Toll-like receptor (TLR) proteins.

TLRA1 TLR2 TLR3 TLR4 TLR5
Function Cooperates with Cooperates with May be involved  Cooperates with Mediates detection
TLR2 and modul- MD-2 to mediate in the recognition MD-2 and CD14 1o of bacterial flagellin
ates the response  the innate immune  of double-siranded mediate the innate (65)
to microbial con- response to bacterial A (52) immune response
stituents (35, 36, 70) lipopalysaccharide to bacterial lipopoly-
and other microbial saccharide.
cell comg’aonents Activation of the
156, 157). NF-kB pathway also
ay also promote occurs via TIRAP (8)
apoptosis in re-
sponse to i opolg-
saccharide ﬁ 56,157).
Recognizes MALP-2,
PSM and OspA-L
coc'::?eranveiy with
TLR6 (48)
Subunit Binds TLR2 via their Binds MD-2, TLR1 Belongs to the lipo-
respective extra- and TLR6 via extra- polysaccharide re-
cellular domains cellular domain (95) ceptor, a multi-
(35, 36, 70) protein complex s
containing at least
CD14, MD-2 and
TLR4. Binds MD-2
via extracellular
domain. Lipopoly-
saccharide binding
protein can form a
complex tolgether
with lipopolysac-
charide and CD14
and activates TLR4
(7, 8, 95)
Tissue Ubiquitous. Highly expressed in  Highly expressed Highly expressed in Highly expressed in
specificity  Highly expressed leukocytes (mono-  in placenta and lacenta, spleen and ovary and leuko-
in spleen, ovary, cytes/macrophages), pancreas. Predo- leukocytes, mono-  cyles, monocytes/
leukocytes, mono-  myeloid dendritic minantly expressed cytes/macrophages, macrophages, mye-
cytes/macrophages, cells, mast cells, in dendritic cells  dendritic cells, mast  loid dendritic cells
myeloid dendritic bone marrow, lymph  and not in other cells and several and in the basola-
cells, thymus and node and spleen. leukocytes, includ- types of T-cells, cor- teral surface of
small intestine Detected in lung and in% monocytes neal epithelial cells, intestinal epithelial
(35, 36, 70) in fetal liver. (36, 70) dermal endothelial  cells. Detected in
Low levels in other cells and low ex- prostate, testis
tissues (35) pression in intestinal (36, 70, 159)
epithelial cells
(36, 50, 70).
High expression in
myocytes (61)
N°of LRR 8 14 22 21 15
Synonyms  Toll/interleukin-1 Toll/interleukin-1 None hToll, homologue Toll/interleukin-1
receptor-like TIL receptor-like 4, of Toll Drosophila receptor-like 3;
(35) TIL4 (159) (35) TIL3 (159)
Gene map 4p14 (162) 4q32 (35) 4435 (35) 9¢32-q33 (35) 1q41-g42 (35)
Length 786 AA (35) 784 AA (159) 904 AA (35) 841 AA (8) 858 AA (159)
Poly- Allele 2 (677W) is Allele 2 (299G, 3991)
morphisms associated with sus- is associated with

ceptibilitP/ to lepro-

matous leprosy and

affects IL-12 produc-

tion by monocytes

in Iaapromatous leprae
105).

(AL Py
llele 2 (Gln-753) is

blunted response to
inhaled lipopolysac-
charide, lower level
of certain cytokines,

acute phase proteins,

soluble adhesion

molecules, more sus-

potentially associated
with stapi rlococcal
infection (106}

ceptibility to bacterial
infection, lower risk of
carotid atherosclerosis
and a smaller intimae-
media thickness in the
common carotid artery
(58, 107, 108)
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TLR6

TLR7

TLR8

TLR9

TLR10

Participates in the
innate immune re-
sponse to Gram-
positive bacteria
and fungi. Recog-
nizes MALP-2,
soluble tuberculosis
factor, phenol-soluble
modulin and OspA-L
cooperatively with
TLR2 (8, 48

Binds TLR2 via their

respective extracellular

domains (69)

Detected in mono-
cytes/macrophages,
myeloid dendritic
cells, mast cells,

plasmacytoid dendritic

cells, mast cells and
dermal microvessel
endothelial cells

(8, 36, 70)

20 (69)
None

Chr. 4 (69)
796 AA (69)

Mediates the immune
response to imidazoqui-
nolines: imiquimod and
resiquimod-induced re-
sponse. Deficiency pro-
duces undetectable IL-12
and TNF in response to
imidazoquinolines (71)

Detected in brain,
placenta, spleen,
stomach, small intes-
tine, lung, plasmacytioid
and myeloid dendritic
cells and macrophages
(73, 160)

27 (73, 160)
None

Xp22 (73, 160)
1049 AA (73, 160)

Detected in brain,
ﬁlacenta, lung, liver,

eart, trachea, mono-
cytes, mast cells and
myeloid dendritic cells
(73, 160)

24 (73, 160)
None

Xp22.3-p22.2 (73, 160)
1041 AA (73, 160)

Detects the unmeth-

ylated CpG motifs
resent in bacterial
NA (71, 158)

Highly expressed
in spleen, 1Ymph
node, tonsil and
eripheral blood
eukocytes, espe-
cially in P!asmacy-
toid dentritic cells,
monocytes. Also
detected in Iun%;
and liver (160, 161)

26
None

3p21.3 (73, 160)
1032AA (71)

The -1237C allele
has been asso-
ciated with asthma
among the Euro-
pean-American
population

Closely related to
TLR1 and TLR6 (72)

Highly expressed in
macrophages, spleen,
lymph node, thymus,
tonsil and a lower levels
in lung. Highly ex-
pressed in promyelocy-
tic HL-80 cells and in
B-cell lines (72, 160)

12 (160)
None

811 AA (160)
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pattern is associated with viral infection because
most viruses produce it at some point during their
replication (52). TLR3-deficient mice showed re-
duced responses to a synthetic dsRNA, polyino-
sine-polycitidylic acid (polylC), and reduced pro-
duction of the inflammatory cytokines IL-6, IL-12
and tumor necrosis factor (TNF)-o.. TLR3 induces
cytokine production through a signaling pathway
dependent on MyD88 (52). In intestinal epithelial
cells of active Crohn’s disease but not in ulcerative
colitis, a down-regulated expression of TLR3 has
been related to a selective change in Toll-like re-
ceptor expression that may contribute to alteration
of the innate immune response and to the patho-
genesis associated with inflammatory bowel dis-
ease (IBD) (53, 54).

TLR4

TLR4 protein is the first characterized mammal
Toll-like receptor expressed in a variety of cell ty-
pes, (i.e., macrophages and dendritic cells) (1, 9,
12). It functions as a signal-transducting receptor
for the lipopolysaccharide of Gram-negative bacte-
ria (55-57) and is involved in the recognition of
lipoteichoic acid (38) and mannuronic acid poly-
mers (58). Recognition of viral products has also
been proposed to be mediated by TLR4, and stud-
ies using animal models point to a major role of
TLR4 in the response to F protein of respiratory syn-
cytial virus (9, 59). Heat shock protein (Hsp)60, a
molecular region conserved from bacteria to mam-
mals that induces inflammatory responses, is also
bound by TLR4 (9). The lipopolysaccharide recog-
nition is complex and requires several accessory
molecules, such as membrane or serum monocyte
differentiation antigen (mCD14 or sCD14), lipopo-
lysaccharide binding protein and MD-2 (9, 37). This
receptor is highly expressed in the cardiac my-
ocytes of normal myocardium and is unregulated in
injured myocardium (60, 61). Muzio et al. (36, 62)
reported an increased expression of this receptor
in the presence of bacterial products and proin-
flammatory cytokines. TLR4 is expressed at low
levels in intestinal epithelial cells (63). A strongly
upregulated expression of this receptor in patients
with IBD has been associated with an inflammatory
response to intestinal flora potentially related to the
phenotype of IBD (53, 54). C3H/HeJ mice, which
have a defective TLR4 gene, exhibit defective lipo-
polysaccharide signaling (55, 56) and an increased
susceptibility to disseminated candidiasis (64). A
remarkable finding is that the TLR4 promoter gene

Toll-like receptors and NOD/CARD:s proteins

region is characterized by the absence of TATA
and CCAAT boxes (35).

TLR5

TLR5 recognizes flagellin from both Gram-pos-
itive and Gram-negative bactetia (65). Flagellin is a
principal component of bacterial flagella and a vir-
ulence factor recognized by the innate immune sys-
tem in plants, insect and mammals that induces IL-
6 production by a MyD88-dependent mechanism in
the pathway activation. This monomeric functional
unit of the flagella is very important for bacterial in-
vasion and adhesion, and it additionally functions
as a modulin (66). Flagellin is important for the ac-
tivation of epithelial cells and is associated with dif-
ferent clinical symptoms: systemic ihflammation,
pulmonary inflammation, shock and .acute respira-
tory distress syndrome. Flagellin is critical for bac-
terial motility and is therefore conserved. Thus, it is
a relatively invariant pathogen-associated molecu-
lar pattern that serves as a ligand for a pattern re-
cognition receptor. Activation of the receptor stimu-
lates TNF-o production (65, 66). Murine TLR5 lies
within a locus that is associated with susceptibility
to Salmonella spp. TLR5 is expressed on the baso-
lateral side of the intestinal epithelium, where the
flagellin from pathogenic bacteria such as Salmo-
nella spp. could be sensed (8, 66—68). The rele-
vance of TLR5 in the development of strategies to
counteract flagellin-mediated immune inflammato-
ry responses needs to be studied in greater depth.
The development of interferences with the binding
of flagellin to TLR5, either by competitive/noncom-
petitive antagonist molecules or by targeting down-
stream pathways triggered for TLR5, has been sug-
gested (66).

TLR6

TLR6 is not as well understood as other mem-
bers of the Toll-like receptor family. It has a 69%
similarity to human TLR1, with 90% of the TIR do-
mains of both proteins being conserved (69), sug-
gesting that TLR6 could be the product of an evo-
lutionary duplication (13). TLR6 apparently discti-
minates between bacterial lipoproteins, which are
triacylated at the N-terminal cysteine residue, and
the diacylated MALP-2 (8, 37). Moreover, TLR6
participates in the innate immune response to Gram-
positive bacteria and fungi (69). In addition to rec-
ognizing MALP-2, TLR6 also senses soluble tuber-
culosis factor, phenol-soluble modulin and OspA-L,
in cooperation with TLR2. Both TLR6and TLR1 are
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expressed constitutively on many cell types, but
TLR2 expression is regulated and restricted to anti-
gen-presenting cells and endothelial cells (8, 70).

TLR7

TLR7 appears to be required for imidazoguino-
line-induced antiviral and antitumor responses.
Macrophages of mice deficient in TLR7 but not oth-
er Toll-like receptors did not induce detectable pro-
duction of the cytokines IL-12 and TNF in response
to imidazoquinolines (potent synthetic activators of
immune cells with antiviral and antitumor proper-
ties) such as imiquimod and resiquimod (71). The
activation of TLR7 by endogenous ligands gener-
ated during a viral infection or by viral products is
suspected (37, 71).

TLR8

The function of TLR8 is still not clearly under-
stood. TLR8 gene has a 42% similarity to TLR7
gene and the protein is 73% similar to TLR7. Both
genes are located close to each other on chromo-
some X (72, 73).

TLR9

TLR9 mediates the recognition of bacterial DNA,
which has an immunostimulatory effect on the mam-
malian immune system (i.e., dendritic cell matura-
tion, B-cell proliferation, and production of IL-6 and
1I-12 by monocytes) through the presence of un-
methylated CpG motifs (37). Human DNA, unlike
bacterial DNA, is mostly methylated (37). Hemmi et
al. (71) showed that TLR9 mediated a cellular re-
sponse against CpG DNA present in bacteria. It is
presumed that TLR9 responsiveness to CpG re-
quires endosome acidification (74-76).

TLR10

TLR10 protein is 50% identical to TLR1 and TLR6.
The function of this recently cloned gene is not
clearly understood.

NOD/CARD family

NOD/CARDs have striking structural similarity
to a class of cytosolic plant disease-resistant gene
products and are among the intracellular apoptosis
regulators (77, 78). Ced4 is a nematode protein
that plays an important role during the execution of
programmed cell death during worm development
(77). APAF1 is also involved in apoptosis in mam-
mals during the development of different tissues,
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including brain, limb and eye (79, 80). It has been
suggested that NOD/CARDs are involved in the
cellular response to pathogen components, as an
intracellular bacterial pattern-recognition receptor
protein (78, 81) and in the apoptotic process (82,
83). The CED4/APAF1 superfamily is composed of
N-terminal CARD, a centrally located nucleotide
binding domain/nucleotide oligomerization domain
(NBD/NOD) and a C-terminal regulatory domain
with eight tandem repeats of about 40 residues,
each containing a central Trp-Asp motif (WD40 re-
peats) (82, 83). NOD1/CARD4 and NOD2/CARD15
proteins belong to this family. Both molecules in-
duce activation of the NF-xB pathway. CARD and
NBD/NOD domains are found in NOD1/CARD4 and
NOD2/CARD15 proteins. LRR domains are located
in the carboxy terminal region (81) like the WD40 re-
peats of the CED4/APAF1 proteins (77, 78, 81, 82).

Significance of the NOD/CARD family domains

CASPASE RECRUITMENT DOMAIN

This domain is an intracellular component wide-
spread among apoptotic signaling molecules and
mediates homodimerization. The CARD domain
typically associates through homophilic CARD in-
teractions with other proteins, forming either di-
mers or trimers. It has been predicted that CARD is
related in structure and sequence to both DD and
DED domains, which activate similar pathways and
show similar interactive properties. Its structure con-
sists of six antiparallel helices arranged in a topo-
logy homologous to the DEATH and the DED do-
main (3, 77, 78, 84, 85) (Table II).

NUCLEOTIDE-BINDING OLIGOMERIZATION DOMAIN

NBD/NOD domain participates in the process
of oligomerization of molecules. The apoptotic sig-
nal initiated by ligand-induced oligomerization of
death receptors is mediated by a number of adap-
tor proteins containing specialized interaction do-
mains. The combination of this domain with LRR
constitutes the crucial structural domains involved
in mediating pathogen recognition and/or inflam-
mation (4, 77).

LRR DOMAINS

The carboxy terminal LRR probably plays a
negative regulatory role in the NF-kB pathway be-
cause the presence of mutations in this region has
shown low activation of this pathway. A good ex-
ample of the role of this domain in NOD2/CARD15
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Table 1V. Characteristics of NOD/CARD proteins.

Toll-like receptors and NOD/CARDs proteins

NOD1/CARD4

NOD2/CARD15

Function Mediates responsiveness to

lipopolysaccharide and peptidoglycan
Induction of apoptosis (86)

Tissue specificity  Broadly expressed

1 CARD, 1 NBS, 10 LRR (82, 84)
7p15-p14 (82)
953 AA (84)

Domains
Gene map
Protein length

Polymorphisms

Mediates responsiveness to peptidoglycan
Induction of apoptosis (81, 121)

Peripheral blood, leukocytes. Primarily in monocytes
(81, 121) and intestinal epithelial cell lines (89, 90)

2 CARDs, 1 NBS, 10 LRR (81, 121)
16912 (81, 121)
1040 AA (81, 121)

R702W, G908R and L1007fs are associated with Crohn’s
disease in Western populations primarily. lleum-terminal
lesions, early onset and less frequency of colonic involve-
ment are the common phenotypes of Crohn's disease in
cases with CARD15 mutations (81, 120, 121)

R790E associated with Crohn's disease in African-Ame-
ricans (131, 135)

Haplotype combination [VS8+158 (C>T) and 268S associ-
ated with Crohn'’s disease in Ashkenazi Jews (139)
R334Q, R334W and L469F are associated with Blau syn-
drome (145)

P2688S is inversely associated with ulcerative colitis-spon-
dylitis ankylopoetica and greater disease severity (140)

can be seen in the structurally similar R resistance
genes in plants. Each R gene protects plant cell
from a specific pathogen. Specificity of R proteins
for pathogens is determined by genetic variations
in the LRRs of the R proteins (18, 20, 28).

NOD/CARD family: A brief description

To date, there are just two NOD/CARD mem-
bers in this family described in mammals (Table
V).

CASPASE RECRUITMENT DOMAIN-CONTAINING PROTEIN 4
(NOD1/CARD4)

The gene map locus of NOD1/CARD4 is on
7p15-p14. The cytosolic NOD1/CARD4 protein, com-
posed of 53 amino acids, has a CARD domain that
along with the NBS/NOD domain induces NF-kB
activation (82, 84). The LRR is composed of ten
tandem repeats like the LRR of NOD2/CARD15.
The CARD domain of NOD1/CARD4 induces acti-
vation of NF-xB (through this pathway it promotes
apoptosis) and ¢c-JUN N-terminal kinase by inva-
sive Salmonella flexneri (86). This protein has been
found in adult heart, spleen and lungs, as well as in

numerous cancer cell lines and fetal tissues (84); it
mediates responsiveness to bacterial lipopolysac-
charide and peptidoglycan (87). CARD4/NOD1 gene
has not been involved in IBD of its phenotype (88).

CASPASE RECRUITMENT
DOMAIN-CONTAINING PROTEIN 15

The NOD2/CARD15 gene located at 16q12 co-
difies a 1040-amino acid protein. Unlike NOD1/
CARD4, NOD2/CARD15 protein possesses two N-
terminal CARDs. Both CARDs are necessary for
the NF-xB pathway activation via the signal trans-
ducers IKKs and RICK (81). This cytoplasmatic
bacterial pattern recognition receptor protein is ex-
pressed in monocytes (78, 81) and intestinal ep-
ithelial cells (89, 90), and has been shown to me-
diate responsiveness to preparations of lipopoly-
saccharide and peptidoglycan (82). However, recent
biochemical and functional analyses identified mu-
ramy| dipeptide derived from peptidoglycan as the
essential structure in bacteria recognized by NOD2/
CARD15. Notably, TLR4, but not NOD2/CARD15,
was stimulated by highly purified lipopolysaccha-
ride prepared by gel-filtration chromatography, show-



L.S. Murillo, S.A Morré and A.S. Pefa

ing that previous results identifying lipopolysaccha-
ride as the ligand for NOD2 were based on the
presence of peptidoglycan in poorly purified lipopo-
lysaccharide preparations. Although NOD2/CARD15
can mediate the recognition of muropeptides, the
mechanism involved is unclear and remains to be
determined. Because the LRRs are required for
recognition, muropeptides could interact directly
with NOD2/CARD15 via as yet to be identified cel-
lular factor(s) (42, 91, 92). Because activation of
NF-«kB in response to bacterial components medi-
ates protection of the host against pathogens,
NOD2/CARD15-mediated susceptibility to disease
may be caused by a failure to trigger a protective
NF-xB pathway in response to muropeptides. Such
a defective response against certain bacterial prod-
ucts may secondarily influence the diffuse activa-
tion of NF-xB by NOD2/CARD15-independent me-
chanisms, including those mediated by the Toll-like
receptors. Expression of NOD2/CARD15 results in
NF-xB activation and mutants lacking the LRRs had
reduced NF-«xB activation (81).

NF-xB pathway activation

NF-xB is a transcription factor detected in nu-
merous cell types that is involved in the expression
of cytokines, chemokines, growth factors, cell ad-
hesion molecules and some acute-phase proteins
in health and in various disease states. NF-xB is
activated by a wide variety of stimuli such as cy-
tokines, oxidant-free radicals, inhaled particles, ul-
traviolet irradiation and bacterial or viral products.
Inappropriate activation of NF-xB has been linked
to inflammatory events associated with autoim-
mune arthritis, asthma, septic shock, lung fibrosis,
glomerulonephritis, atherosclerosis and AIDS (93).
In contrast, complete and persistent inhibition of
NF-xB has been directly linked to apoptosis, inap-
propriate immune cell development and delayed
cell growth. NF-xB is a heterodimer composed of
two subunits: p65 (also called relA) and p50. The
inactive form of NF-xB is cytoplasmatic and is
bound to Ik-Ka and Ik-KB, which are phosphorylat-
ed by IKKs, causing its degradation and the entry
of NF-xB into the nucleus, where it binds to specif-
ic promoter regions (93).

In general, binding of the pathogen to the Toll-
like receptors or NOD/CARD proteins initiates a sig-
naling pathway leading to the activation of NF-xB.
This transcription factor turns on many cytokine
genes such as those for TNF-q, IL-1 or chemokines,
which attract white blood cells to the site of infec-
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tion. All of these effector molecules lead to inflam-
mation and can trigger adaptive immunity (93). NF-
kB activation by Toll-like receptors or NOD/CARD
proteins is described below.

Mechanisms involving Toll-like receptors

The binding of microbial products to pattern re-
cognition receptors such as Toll-like receptors acti-
vates intracellular signaling pathways that result in
the expression of inflammatory genes through NF-
kB and MAPK signaling (94). Figure 2 shows the
principal molecules participating in the activation of
Toll-like receptors by pathogen-associated molecu-
lar patterns. Pathogen-associated molecular pat-
terns such as lipopolysaccharide initiate their bio-
logical activities through a heteromeric receptor
complex containing CD14, TLR4 (7) and at least
one other protein, MD-2 (7, 8). MD-2 is a secreted
protein that binds to the extracellular domain of
TLR4, where it facilitates lipopolysaccharide re-
sponsiveness (8, 95). CD14 works as a receptor
and is expressed either anchored to the cell mem-
brane (mCD14) or secreted by myeloid cells (SCD14).
Both molecules are critical for the transduction of
the signal provoked by lipopolysaccharide, but
sCD14 confers sensitivity to cells lacking mCD14.
Lipopolysaccharide binds a serum circulating lig-
and known as lipopolysaccharide-binding protein.
This lipopolysaccharide/lipopolysaccharide-bind-
ing protein complex is recognized by CD14, which,
in the presence of lipopolysaccharide stimulation,
become physically closer to TLR4. Lipopolysaccha-
ride-binding protein is an opsonin for mCD14 (96).

TLR4 is activated by the LRR region. The TIR
domain of TLR4 interacts with the TIR domain of
MyD88 (7). MyD88 is an adaptor protein also in-
volved in TLR2, TLR3, TLR5, TLR6 and TLR9 sig-
naling (97). MyD88 links Toll-like receptors to IRAK,
a serine-threonine kinase, by a CARD-CARD inter-
action. Upon this interaction, IRAK is autophos-
phorylated and subsequently dissociated from the
receptor complex, after which it forms a complex
with TRAF6 (7).

TRAF®6 is a signal transducer in the NF-xB path-
way that activates the [-xB kinase complex. A het-
erodimeric protein complex, composed of TRAF6-
regulated IKK activator (TRIKA)1 and TRIKA2, links
TRAF®6 to IKK activation. TRIKA1, is composed of
the ubiquitin-conjugating enzyme UBC13 and the
UBC-like protein UBE2V1. TRIKA2 is composed of
TAK1 and its binding partners, TAB1 and TAB2
(98). This process leads to the activation of the
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Fig. 2. Activation of the NF-kB pathway through the Toll-like receptors (TLR).

[-xB kinase complex, which is finally responsible
for the phosphorylation of serine residues on the
I-xB proteins, its subsequent degradation via the
ubiquitination pathway and translocation of NF-xB
to the nucleus (7). The |-xB kinase complex con-
sists of two kinases, IKK-o. and IKK-B and a regu-
latory subunit IKK-y and is responsible for the ser-
ine phosphorylation of the inhibitory molecules of
the NF-xB complex, the |-xB that inactivates NF-
kB by trapping it in the cytoplasm (4, 99). The acti-
vated NF-kB moves into the nucleus, where it acts
as a transcription factor, binding to the promoters at
kB-binding motifs and/or enhancer of genes of in-
nate host defense, such as encoding IL-1 and other
inflammatory cytokines and upregulating co-stimu-
latory molecules, thus providing clues that are es-
sential to directing adaptive immune responses.
The activation of TLR4 also results in the activation
of different pathways that involve the c-Jun NH2-
terminal kinase (Jnk) and p38 MAPK signaling path-
ways (8, 15, 94).

In this Toll-like receptor pathway activation, there
are other proteins participating, yet not with all Toll-
like receptors. Toll-interacting protein interacts with
TLR2 and TLR4 and is involved in the recruitment
of IRAK (100). TIRAP is involved in TLR4 and TLR2
signaling pathways (101).

MAL (also called TIRAP) is a specific adaptor
for TLR4 signaling that selectively interacts with
serine/threonine kinase inducers of NF-xB and can
compensate for the lack of MyD88 (8).

RP105 is a receptor expressed on the surface
of B cells involved in the recognition of lipopolysac-
charide and is functionally association with TLR4
(13, 66).

Mechanisms involving NOD/CARDs

The NOD/CARD proteins are able to induce
apoptosis (77, 102) and to trigger the NF-«xB sig-
naling pathway (81) (Fig. 3). Both processes are
initiated respectively through a CARD-CARD inter-
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Fig. 3. Mechanism of NF-xB pathway activation by NOD/CARD proteins.

action with caspase-9 (involved in apoptosis) and
intracellular signaling mediated by the serine/threo-
nine kinase RIP2 (also named RICK or CARDIAK)
(77, 78, 103). This signal transduction pathway is
preceded by the interaction of peptidoglycan to the
LRR domain of NOD/CARDs (42, 91). Mutation in
RIP2 results in reduced IL-2 production, low prolif-
eration of T-cell receptors and low differentiation to
the T,1 cells (103).

Pattern recognition receptor variants
associated with disease

A) Allelic variants of Toll-like receptors
associated with disease

LEPROMATOUS LEPROSY AND TLR2

Lepra is a chronic disease produced by a de-
fect in cell-mediated immunity in response to the
antigens of Mycobacterium leprae. Depending on
the cell-mediated immune response, it has been di-
vided into lepromatous lepra (with a lack of cell-
mediated immunity and therefore a large number
of bacilli in the tissue) and tuberculoid lepra (a re-

sponse reaction to antigens of M. leprae resulting
in few bacilli present in the lesions). R677W poly-
morphism of the TLR2 gene has been associated
with susceptibility to lepromatous leprosy in the
Korean population (104). This same mutation in
the intracellular domain of the TLR2 gene was later
associated with IL-12 production from monocytes
in lepromatous Ieprosy. Patients with this mutation
were less responsive to the cell lysate of M. leprae
and presented lower serum levels of IL-12, in com-
parison with TLR2 wild types (105) (Fig. 4}.

STAPHYLOCOCCAL INFECTION AND TLR2

R753Q mutation in the TLR2 gene has been
potentially associated with staphylococcal infection
(106) in the Western population. Transfection of 293T
cells with wild-type and mutant staphylococci show-
ed that the response to lipopolysaccharide was un-
affected by the R753Q mutation, although the re-
sponses to other bacterial peptides, including Osp-A
of Borrelia burgdoferi and Treponema pallidum-de-
rived 47L, were affected (106) (Fig. 4).
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HYPORESPONSIVENESS
TO LIPOPOLYSACCHARIDE AND TLR4

In humans, the D299G mutation, affecting the
LRR domain of TLR4, has been found to be asso-
ciated with blunted response to inhaled lipopoly-
saccharide, with a dominant genetic effect in hu-
mans (107). A second missense mutation, T399I,
which is in tight linkage disequilibrium with D299G,
also demonstrated hyporesponsive reaction to lipo-
polysaccharide (108, 109). The transfection of THP-1
cells demonstrated that only the D299G polymor-
phism but not the T399I polymorphism interrupts
TLR4-mediated lipopolysaccharide signaling (107).
The D299G substitution results in reduction in cell
surface expression of TLR4 and subsequent dis-
ruption of lipopolysaccharide signaling (60, 107-
109) (Fig. 4).

OTHER CLINICAL MANIFESTATIONS AND TLR4

Besides the hyporesponsiveness to lipopoly-
saccharide, the 299Gly allele has been associated
with lower levels of certain proinflammatory cyto-
kines, acute-phase proteins and soluble adhesion
molecules, with increased susceptibility to severe
bacterial infections, with lower risk of carotid athero-
sclerosis and with a smaller intima-media thick-
ness in the common carotid artery (60). Finally, the
D299G polymorphism is associated with an in-
creased incidence of Gram-negative infections in
critically ill patients in a surgical setting (110) and
may also predispose people to developing septic
shock with Gram-negative microorganisms (108).
Recently, in a study involving Finnish patients, the
299Gly allele was associated with increased risk of
premature births (108).
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Other studies failed to show association be-
tween the D299G mutation and a variety of clinical
manifestations, such as asthma or atopy-related
phenotypes (111), or Candida albicans (112) and
Chlamydia trachomatis infections (113).

Other clinical pathologies have been associat-
ed with changes in the expression of TLR4. Ex-
pression of TLR4 in intestinal epithelial cells is up-
regulated in Crohn's disease but not in ulcerative
colitis (53, 54).

ASTHMA AND TLRO

The T-1237C mutation, affecting the promoter
region of the TLA9 gene, has been associated with
asthma. An increased risk of asthma among
European-Americans with a C allele at position
—1237 was described, but no associations were
found with other clinical pathologies, including deep
venous thrombosis, myocardial infarction and
chronic obstructive pulmonary disease, in this pop-
ulation. Moreover, this polymorphism was not as-
sociated with asthma in African-American or His-
panic patients (114).

B) Allelic variants of NOD/CARDs
associated with disease

CROHN's DISEASE AND NOD2/CARD15

Crohn’s disease pathogenesis is the result of
enhanced mucosal permeability or absorption of
potentially inflammatory bacterial polymers from
the small-bowel system (115). Genetics and environ-
mental factors have been implicated in the patho-
genesis of this disease (116-118).

In 1996 Hugot (119) reported an association
between the IBD1 loci on the pericentromeric re-
gion of chromosome 16 and susceptibility to Crohn’s
disease in French families with multiple members
affected. Hugot et al. (120) in France and Ogura et
al. (121) in the United States identified the relevant
gene on chromosome 16q12: CARD15. Subsequent-
ly, an association was demonstrated for Crohn's
disease with three of these identified SNPs: a fra-
meshift mutation in nucleotide 3020 in exon 11 pro-
duced by a cytosine insertion and two independent
missense mutations G908R and R702W, located
on exons 4 and 8, respectively (120) (Fig. 4). Ogura
et al. (121) independently identified the frameshift
mutation in association with Crohn’s disease. These
studies demonstrated that the CARD15 gene is the
first locus causing susceptibility to Crohn’s disease in
the Western population (81, 119-124).
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The frameshift mutation affects the tenth LRR,
resulting in a truncated protein with 1007 amino
acids instead of 1040 amino acids. This variant has
been shown to be defective in vitro in the activation
of the NF-kB pathway, modifying the response to
peptidoglycan. Defects in sensing peptidoglycan
might give rise to an abnormal innate and adaptive
immune response (77, 125—-128). The two noncon-
servative amino-acid substitutions G908R and
R702W affect the LRR and an adjacent region of
the LRR respectively (120, 129). P268S, a fourth
variant adjacent to the NBD region on exon 4, is
described in the literature (130). This variant has
strong linkage disequilibrium with the three main
variations described above in association with Crohn’s
disease, forming three independent disease haplo-
types (130). Defects in the protein function were
shown by Bonen et al. in 2003 (131) to result in de-
creased NF-kB activation for R702W and G908R
compared with wild-type NOD2 and NOD2 P268S.

It is now clear that CARD15 gene variations
predispose some but not all populations to Crohn’s
disease. European populations with at least one of
the three frequent variants (R702W, G908R and
L1007fs) were more likely to have Crohn’s disease.
Hugot et al. (120, 132) observed a gene dose-ef-
fect for susceptibility to Crohn’s disease.

In the Japanese population, NOD2/CARD15
variants were not found in Crohn’s disease, ulcer-
ative colitis or controls (133, 134). Bonen et al. (135)
found lower allele frequencies of the three Crohn’s
disease-associated variants (R702W, G908R and
L1007fs) in African-Americans as compared to
Caucasian cohorts, although they identified anoth-
er variant (R790E) solely present in African-Ameri-
cans. Adams et al. (136) found a similar frequency
of the L1007fs in familial Australian Crohn’s dis-
ease to that previously reported in others popula-
tions. In Ashkenazi Jews, a positive linkage was
described for the frameshift mutation L1007fs and
G908R with Crohn’s disease. In this group, no sig-
nificant relationship between Crohn’s disease and
the R702W mutation was found (131, 137, 138).
Recently, Sugimura et al. (139) have reported a
haplotype combination 1VS8+158 (C>T) and 268S
associated with Crohn’s disease in Ashkenazi Jews,
suggesting a genetic-specific disease-predispos-
ing factor in this population.

A genetic divergence may explain the lack of
CARD15 gene mutations in Eastern populations
with Crohn's disease and suggests that these mu-
tations are a relatively late evolutionary develop-
ment. The same clinical situation may be caused
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by different evolutionary responses to the environ-
ment. The European stem required a modification
in the immune response, allowing changes in the
pathogenic mechanisms of response to the ubiqui-
tous bacteria of these populations.

There are different conclusions that can be
drawn from the phenotypic effect of these muta-
tions in the clinical subtypes and course of Crohn’s
disease. This may be the result of ethnic differ-
ences in disease classification, particularly when
the length of follow-up of the patients is taken into
account. In general, the studies have demonstrat-
ed an increased risk to ileum-terminal lesions, an
early onset and a less frequent colonic involvement
in the Western European population with at least
one of the mutations. The variability of the pheno-
type-genotype relations reported does not allow
definitive conclusions to be drawn. Efforts should
be directed towards building a molecular classifi-
cation based on genotype and/or haplotype that
may help fuffill the need to better predict the prog-
nosis, response to therapy and outcome of Crohn’s
disease, as well as possibly predicting whether
surgery will be needed.

Recently, Hisamatsu et al. (89) studied the ex-
pression of the wild-type CARD15/NOD2 gene in a
variety of human cell culture lines and primary epithe-
lial cells and compared its function to the 3020insC
mutant counterpart in response to challenge by Sal-
monella typhimurium. Several intestinal epithelial
cell lines and primary intestinal epithelial cells ex-
pressed CARD15/NOD2 and expression could be
increased with TNF-stimulation. When expressed
in human colonic epithelial Caco2 cells, wild-type
CARD15/NOD2 limited the number of viable inter-
nalized S. typhimurium compared with untransfect-
ed or transfected cells with the wild-type (89).
Another study reported that TNF-o. and IFN-y up-
regulate the CARD15/NOD2 expression synergisti-
cally on intestinal epithelial cells lines (80). The pro-
inflammatory cytokine TNF-o.is involved in the regula-
tion of NF-xB by inducing upregulation of CARD15/
NOD2 protein and mRNA levels in epithelial cells
lines and primary intestinal epithelial cells (89, 90).
This upregulation is dependent on NF-xB activa-
tion and on the binding of NF-xB to two different
sites of the CARD15/NOD2 promoter. In Crohn’s dis-
ease patients, an upregulation of CARD15/ NOD2
expression in colonic epithelial cells, as well as high
levels of NF-xB, have been described. This over-
expression makes intestinal epithelial cells more
sensitive to bacterial components and points to an
increased secretion of the chemotactic cytokine IL-8
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under peptidoglycan stimulation (90). This antibac-
terial function of CARD15/NOD?2 in intestinal ep-
ithelial cells is genetically affected in the presence
of defective CARD15/NOD2 variants that may en-
hance the inflammatory process by disturbing the
epithelial barrier functions (89, 90).

SPONDYLOARTHROPATHY AND CARD15

The term spondyloarthropathy covers spondyli-
tis ankylopoetica, undifferentiated spondyloarthro-
pathy, psoriatic arthritis and reactive arthritis. The
pathogenesis is thought to be a combination of en-
dogenic/genetic factors (HLA-B27 and others) and
exogenic factors (microorganisms such as Chlamy-
dia, Yersinia, Shigella and Salmonella spp.). Spon-
dyloarthropathies are a group of rheumatic inflam-
matory diseases with recognized extra-articular
symptoms. They are associated with IBD and Crohn’s
disease, as well as with ulcerative colitis, suggest-
ing a common pathogenic-genetic background among
these clinical entities. Approximately 10-15% of IBD
patients have complications such as spondylitis an-
kylopoetica or other forms of spondyloarthropathy.
Interestingly, Crane et al. (140) demonstrated that
the P268S CARD15/NOD2 variant was inversely
associated with ulcerative colitis-spondylitis anky-
lopoetica, and the carriership of this SNP was as-
sociated with a greater disease severity as as-
sessed by the Bath Ankylosing Spondylitis Disease
Activity Index. However, no association has been
found between the other described CARD15/NOD2
variants and primary spondylitis ankylopoetica or be-
tween ulcerative colitis and Crohn’s disease spondyli-
tis ankylopoetica (140-144).

CHRONIC GRANULOMATOUS DISEASE AND CARD15/NOD2

in granulomatous disease, several mutations in
the CARD15 gene have been found in association
with Blau syndrome, a rare genetic autosomal-do-
minant disorder characterized by granulomatous
arthritis, uveitis and skin lesions. This disease is
clearly different from Grohn’s disease, but both are
characterized by granuloma formation. A granuloma
is the product of giant and epitheloid cells aggre-
gating; these cells are differentiated forms of mono-
cytes. Three missense mutations (R334Q, R334W
and L469F) located in the NBD region of the CARD15/
NOD2 gene were found in families with this syn-
drome (Fig. 4). The heterozygosity pattern that was
found in the affected subjects was consistent with
the autosomal-dominant inheritance characteristic
of this disorder (145).
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PPROM anp CARD15

Infectious causes such as chorioamnionitis and
uterine causes such as overdistention are known
causes of preterm, premature rupture of mem-
branes (PPROM). African-Americans are an ethnic
population that presents a high incidence of PPROM.
In this population, Ferrand et al. (146) did not find
mutations of CARD15/NOD2in PPROM cases com-
pared to healthy controls. The authors concluded
that CARD15/NODZ2 probably does not contribute
to the ethnic variation in the incidence of PPROM.

Psonriasis ano CARD15

An [talian group (147) studied the relationship
between the CARD15/NOD2 gene and the suscep-
tibility to psoriasis, a relationship that appears to be
possible based on the localization of the suscepti-
bility locus on chromosome 16 for this disease. In spite
of this hypothesis, the evidence did not support a
strong genetic association between CARD15 gene
polymorphisms and psoriasis, at least in the [talian
population.

WEGENER'S GRANULOMATOSIS AND CARD15/NOD2

Wegener's granulomatosis is another disorder
characterized by granuloma. Given the association
between Crohn's disease and Blau syndrome two
granulomatous diseases and the CARD15 gene,
an influence for the gene in this third granuloma-
tous disease are possible. However, Newman et al.
(148) did not find a relationship between the CARD15
gene and susceptibility to Wegener's granulomatosis.

Clinical implications

The identification and functional characteriza-
tion of pattern recognition receptors such as Toll-
like receptors and NOD/CARDs in mammals have
expanded our understanding of the interaction be-
tween the innate immune system and pathogens.
An understanding of the immune response to this
new level and how pattern recognition receptor
function affects most aspects of the adaptive im-
mune response could be crucial in identifying tar-
gets for immune intervention. Until now, bacterial
enzymes that participate in the synthesis of bacte-
rial components have been flanked as targets for
the development of new antibiotics. Antibiotics
have proven to be a powerful tool against infec-
tious diseases, but with the increased emergence
of multidrug-resistant pathogens and, on the other
hand, the often undesirable effects of some vac-
cines, the development of novel therapeutic agents
IS necessary.
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The identification of mutations in these genes
with respect to inflammatory or infectious disease
could potentially aid in the diagnosis, prognosis
and treatment of clinical pathologies in a noninva-
sive manner. Recent investigations show different
associations between the carriership of a specific
mutation and certain clinical parameters (i.e., carri-
ership of CARD15 L1007fs with an early onset of
Crohn'’s disease, ileum-terminal lesions and a less
frequent colonic involvement). These conflicting da-
ta may be true for particular ethnic populations.
Identification and study of the genes show that the
genesis of inflammatory and infectious diseases is
the result of complex genetic disorders and that
specific risk factors are neither necessary nor suf-
ficient for developing certain diseases.

Evidence of lack of tolerance
of the indigenous microflora in chronic 1BD

Chronic IBD pathogenesis is the result of a com-
plex interaction between environmental factors (i.e.,
microflora in the gut), immunologic factors and ge-
netic predisposition (126, 149). The bacterial pa-
thogenesis hypothesis is based on experimental
data and clinical observations. The first studies in
rodent models of Crohn’s disease, such as the
transgenic HLA-B27 rats and many others in mice,
demonstrated differences in disease symptoms in
animals in germ-free environments as compared to
experimental animals with normal enteric commen-
sal microorganisms (126, 127, 150, 151). Enhanced
mucosal permeability or absorption of potential in-
flammatory bacterial polymers from the small-bowel
system has been documented based on the over-
growth of lumenal bacteria (115). These patho-
genic or normal lumenal bacteria constantly stimu-
late the mucosal and systemic immune systems and
perpetuate the inflammatory cascade (152, 153).
Pioneering studies in Oxford by the late Sidney
Truelove in the 1960s demonstrated the beneficial
effect of diverting the lumenal flow in severe colo-
nic disease. Interestingly, the first studies showed
better results in Crohn’s disease than in ulcerative
colitis. In 1983, Harper et al. (154) reported an im-
mediate but temporary clinical improvement in co-
lonic Crohn’s disease patients who had a split or
double-barreled ileostomy. Rutgeerts et al. (155) in-
vestigated the influence of the fecal stream in the
pathogenesis of Crohn’s lesions in patients with an
ileal resection. They described important differ-
ences between Crohn’s disease patients with or
without a temporally diverting terminal ileostomy.
Patients who underwent reanastomosis after six
months did not present characteristic inflammatory
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lesions of Crohn’s disease in the isolated neoter-
minal ileum. However, recurrence of disease was
observed six months after reanastomosis in these
patients as well as in patients with one-step sut-
gery. Moreover, the functional responses of intesti-
nal epithelial cells to lumenal bacterial flora and the
role of Toll-like receptor expression in these cells
have been associated with alterations in the innate
response to lumenal bacterial flora in the patho-
genesis of IBD (53, 54).

Conclusions

As is known, Toll-like receptors and NOD/
CARDs belong to the family of innate immune re-
ceptors that respond against different pathogen-
associated molecular patterns. This stimulatory re-
sponse can produce either enhancing or inhibiting
immune signaling pathways. Therefore, the ex-
panding knowledge of Toll-like receptor and NOD/
CARD specificity and their downstream signaling
pathways should provide a new molecular basis for
preventing or blocking inflammation associated with
infection or other pathological conditions. A better
understanding of pathogenic mechanisms and
phenotypic classification could provide & new focus
for better and more specific therapeutic treatments
that can promise a better quality of life for those
suffering disturbances of the inflammatory immune
response.

Since strictures appear to be more frequent in pa-
tients carrying CARD15/NOD2 mutations, CARD15/
NOD2 genotyping may be proposed to establish
prognosis in patients with an established diagno-
sis. However, the relationship between CARD15/
NOD2 mutations and specific phenotypic clinical
disease is still controversial. In addition, although
genotyping could theoretically be an ideal method
for predicting response to drug therapy, no evidence
has emerged on this topic. To elucidate the poten-
tial value of CARD15/NOD2 genotyping in clinical
practice, long follow-up studies in large groups of
patients are needed.
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