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Abstract Pattern recognition receptors are somatically

encoded and participate in the innate immune responses

of a host to microbes. It is increasingly acknowledged

that these receptors play a central role both in beneficial

and pathogenic interactions with microbes. In particular,

these receptors participate actively in shaping the gut

environment to establish a fruitful life-long relationship

between a host and its microbiota. Commensal bacteria

engage Toll-like receptors (TLRs) and nucleotide oligo-

merization domain (NOD)-like receptors (NLRs) to

induce specific responses by intestinal epithelial cells

such as production of antimicrobial products or of a

functional mucus layer. Furthermore, a complex crosstalk

between intestinal epithelial cells and the immune system

is initiated leading to a mature gut-associated lymphoid

tissue to secrete IgA. Impairment in NLR and TLR

functionality in epithelial cells is strongly associated with

chronic inflammatory diseases such as Crohn’s disease,

cancer, and with control of the commensal microbiota

creating a more favorable environment for the emergence

of new infections.
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Introduction

Different types and functions of intestinal epithelial

cells (IECs)

The intestinal epithelium is largely composed of a polar-

ized monolayer of epithelial cells named enterocytes,

which provide the gut with the necessary functionality to

absorb nutrients. This is accomplished by the presence on

the apical side of the polarized cell of microvilli rich in

digestive enzymes, such as hydrolases, and multiple

transporters. These cells form the biggest surface in the

body in contact with the environment and therefore con-

stitute the first layer of protection against foreign bodies.

This is accomplished physically through very tight junc-

tions separating the body from the luminal content. Besides

the digestive function and the physical barrier, enterocytes

also provide defensive mechanisms against microbes by

producing antimicrobial peptides such as b-defensins and

cathelicidins. Some antimicrobial mechanisms are consti-

tutive, while others are inducible [1] (Fig. 1).

The second most abundant epithelial cell is a specialized

cell, the goblet cell, which has as its main function to

secrete mucus into the lumen of the gut. The mucus is

composed of a matrix of glycoproteins, the mucins, and

glycolipids strongly associated with the epithelial cell layer

that provide the gut with a protective slime. Furthermore,

the mucus layer has an essential digestive function of

providing a smooth gliding surface favoring the proper
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flow of nutrients along the digestive tract by peristalsis.

Finally, the rare enteroendocrine cells constitute less than

1% of the epithelial cells and produce hormones such as

serotonin, the P substance, and secretin [2]. There are up to

15 different types of enteroendocrine cells that can be

characterized based on several criteria such as hormone

expression, morphology of secretory granules, and spatial

localization along the crypt-villus axis and from the duo-

denum to the distal colon. These three types of epithelial

cells—enterocytes, goblet cells, and enteroendocrine cells—

are renewed by a mechanism of differentiation and migration

from the crypt to the extruding villus tip. The process

takes 2–5 days from the precursor stem cells located in

the crypts.

These same stem cells can migrate down to the villus to

differentiate into Paneth cells [3], which are localized

exclusively at the base of crypts. Paneth cells are involved

in gut homeostasis by regulating the composition of the

intestinal flora and defending against pathogens. These

effects are mediated by the production of effector mole-

cules such as secreted cryptidins also know as a-defensins,

including DEFA-1 and DEFA-4, and other antimicrobial

peptides (e.g., RegIIIc) in response to bacteria. Of note,

murine Paneth cells secrete more than 20 a-defensins,

while only 2 a-defensins are secreted by human Paneth

cells [4].

Furthermore, several effector enzymes such as phos-

pholipase A2 (PLA2) and lysozyme are produced by Paneth

cells. Finally, Paneth cells have a central role in controlling

the homeostasis of the crypt-villus axis by providing a

supporting role to the crypt epithelial stem cells. Most of

these responses, such as the expression of antimicrobials

[5], are induced by the presence of a microbiota, and defi-

ciencies in these responses have been implicated in

inflammatory bowel diseases such as Crohn’s [3].

In addition to the described epithelial cells that consti-

tute the first cell monolayer, M cells are specialized

epithelial cells of the gut that perform essential functions in

translocating and presenting microbiota-derived antigens to

antigen-presenting cells such as dendritic cells and mac-

rophages. These cells localize above Peyer’s patches or

above isolated lymphoid follicles (ILFs). These are orga-

nized lymphoid tissues known as gut-associated lymphoid

tissues (GALT) composed essentially of B cell follicles

surrounded by dendritic cells. Although these structures are

not part of the epithelial cell layer, their maturation into

functional IgA-producing follicles is dependent on signal-

ing events occurring in epithelial cells [6, 7].

Fig. 1 Role of different pattern recognition receptors (PRRs) in

intestinal epithelial cell (IEC) signaling. Microbial recognition by

IECs leads to the production of different effector molecules that are

either secreted into the lumen, such as antimicrobial peptides

(cryptidins and b-defensin 3), or at the basolateral side to establish

a direct communication with stroma cells and cells of the immune

system. These signaling cascades involve NOD1 in enterocytes to

produce CCL20 and b-defensin 3 to induce cryptopatch maturation

assisted by TLRs and NOD2, and TLR-mediated production of

APRIL, CCL20, and CCL28, and recruitment of B cells to ILFs and

Peyer’s patches. Goblet cells respond to TLR2 stimulation to produce

TFF3, which supports the epithelial layer integrity both during

homeostasis and tissue injury
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We will focus on the role of innate immune receptors in

the epithelial cell response and their functional importance

both in homeostasis as well as during disease.

Innate immune receptors

TLRs, NLRs, and RLRs

Innate immune receptors are best known as pattern rec-

ognition receptors (PRRs) involved in the recognition of

microbial-associated molecular patterns (MAMPs) as well

as danger-associated molecular patterns (DAMPs). PRRs

are composed of two major families: those that are mainly

located at the cell membrane and those localized in the

cytosol. The cell membrane PRRs include only the Toll-

like receptor (TLR) family. These can be on the cell sur-

face, such as TLR4, TLR2, or TLR5, or in endosomes, such

as TLR3, TLR7, and TLR9. Most of the cell surface TLRs

recognize bacterial-surface-exposed structures such as

lipopolysaccharide (LPS), lipoproteins, or flagellin, while

the TLRs present in cellular compartments recognize

nucleic acids (dsRNA, ssRNA, and dsDNA).

The cytosolic receptors can be classified into two major

families: the nucleotide oligomerization domain (NOD)-

like receptors (NLRs) and the retinoic acid inducible gene I

(RIG-1)-like receptors (RLRs). Although there are more

than 20 members of the NLR family, in the intestine only

the NOD1 and NOD2 functions have been well charac-

terized. NOD1 and NOD2 have been shown to recognize

fragments of peptidoglycan (PGN). PGN is a unique and

major component of the bacterial cell wall. It is a hetero-

polymer composed of glycan chains of repeating

disaccharide units of N-acetylglucosaminyl-b1,4-N-acetyl

muramic acid, linked by short peptides. While NOD1

senses meso-diaminopimelic-type of PGN [8, 9], most

frequently found in Gram-negative bacteria and some

species of the Bacillales order such as Bacillus and Listeria

sp., NOD2 has a broader spectrum of sensing as it recog-

nizes the smallest fragment common to both Gram-

negative and Gram-positive bacteria, the muramyldipeptide

N-acetylmuramoyl-L-alanyl-D-glutamate [9, 10]. Other

members of the NLR family such as NLRP1 and NLRP3

have been studied particularly in the context of the in-

flammasome required for IL-1b secretion. However, their

role in intestinal epithelial function remains poorly studied

[11], although NLRP1 can be found expressed in glandular

epithelial structures in the gut [12]. NLRP1 has been shown

to detect toxins, while NLRP3 senses danger signals such

as potassium imbalance or ATP release [13]. Finally, the

RLRs are a family of RNA helicases that recognize viral

RNAs and induce innate antiviral responses, including

activation of pro-inflammatory cytokines and type-I IFN

[14].

Expression and localization

The gut is exposed continuously to a huge commensal flora.

Although the thick mucus layer physically separates the

commensal flora from the epithelial cells, bacteria constantly

shed surface components such LPS, PGN fragments, or fla-

gellin as part of their growth cycle. Thus, the most intriguing

aspect of PRR function has been to decipher the mechanisms

by which cells discriminate friend from foe. Part of the

answer lies in the expression and localization of these PRRs,

in particular of TLRs, which can be surface exposed and

directly in contact with bacteria or bacterial components.

Although the information about TLR expression and com-

partmentalization is incomplete [15], some of these appear to

be expressed and localized exclusively in the crypt epithelial

cells both in the stomach and the intestine [14–17] far from

the commensal bacteria. Furthermore, in the case of TLR4,

the essential co-receptor MD2 is poorly expressed [16].

Finally, TLR4 seems to be sequestered in the Golgi [18] and

requires prior internalization of LPS to induce an immune

response [19]. In contrast, TLR9, the receptor of CpG DNA,

is found on the surface of intestinal epithelial cells but dis-

plays a differential response depending on its localization on

the apical or the basolateral side. While TLR9 on the apical

side activates a tolerogenic response, TLR9 on the basolat-

eral side triggers the translocation of NF-jB into the nucleus

[20] suggesting that the TLR pathways on polarized cells are

regulated differently with respect to their location (apical vs.

basolateral membrane). Alternatively, some TLRs might be

localized exclusively to the basolateral side where invading

microbes can be detected triggering an appropriate response.

Thus, at the beginning of this century, the discovery of

the NLRs [21, 22] led to the hypothesis that surface-

exposed TLR signaling was dampened in the intestinal

track to avoid overstimulation by the commensal flora and

that the NLRs would be the cytosolic sentinels of the innate

immune system to detect the intrusion of foreign organisms

such as intracellular pathogens. Thus, tolerance to the gut

flora would rely on compartmentalization as most PRRs

would be either downregulated or localized in cellular

compartments out of reach of the normal flora. However,

this view has been challenged as both NOD1 and NOD2

appear to have central roles in beneficial interactions with

the commensal flora [7].

Expression of NLRs has mainly been studied for NOD1

and NOD2. NOD1 is constitutively expressed in a broad

range of tissue types, including intestinal cells such as

caco-2 cell line, primary mouse intestinal epithelial cells,

freshly isolated human colon epithelial cells, human

embryonic kidney cells (HEK293T), and HeLa cells [8, 21,

23, 24]. In stomach and intestinal epithelial cells, it appears

indeed that NOD1 is the first line of defense against

pathogens [23, 24]. In contrast, NOD2 expression is absent
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in epithelial cell lines although it can be upregulated after

NF-jB activation [25, 26]. NOD2 seems to be confined in

the gut to Paneth cells in the terminal ileum as well as in

metaplastic Paneth cells in the colon [27, 28].

Signaling

Activation of the PRRs leads to a signaling cascade that

triggers a transcriptional program. The master transcription

factor involved in immune signaling is NF-jB, which is

sequestered in the cytosol. The activation of the NF-jB

cascade releases NF-jB from its inhibitors leading to

nuclear translocation and gene transcription. TLR signaling

also leads to MAPK activation acting synergistically with

NF-jB to express antimicrobial effectors, chemokines, and

cytokines. TLRs, except TLR3, transmit the signal infor-

mation through the recruitment of an adaptor molecule,

MyD88. TLR4 and TLR3 can also engage another adaptor

molecule, TRIF, which instead activates the IFN response

factor 3 and type-I interferon production. Interestingly,

while TLR4 signaling through MyD88 does not necessarily

require trafficking from the plasma membrane to endocytic

vesicles, it appears that TRIF-mediated signaling requires

internalization of TLR4 [29].

NOD1 and NOD2 are cytosolic PRRs that also lead to

MAPK and NF-jB activation. However, activation requires

recruitment of both molecules to the plasma membrane [30–

32]. NF-jB activation requires the adaptor molecule RIP2

[33], while the MAPK pathway is mediated by CARD9

[34]. In parallel with the transcriptional response to NOD1

and NOD2 stimulation, it has been shown recently that

control of bacterial infection by NOD1 and NOD2 can also

induce autophagy as a response to pure MAMPs as well as

to bacterial infections with Listeria and Shigella [35].

Interestingly, this response is RIP2-independent and requires

the recruitment of ATG16L1 [35]. This is in sharp contrast

to TLRs, which are also able to induce autophagy but use the

same adaptor molecules MyD88 and TRIF [36]. Autophagy

targets bacteria to the lysosomal compartment for degrada-

tion, enhancing bacterial clearance.

The TLR and NLR pathways use distinct adaptor mol-

ecules but lead to similar downstream signaling events with

activation of NF-jB, MAPK, the inflammasome, and

autophagy. Hence, cross-regulation of TLRs and NLRs is

likely to exist. In fact, there is a wealth of information on

the crosstalk between TLRs and NLRs that can be syner-

gistic as well as antagonistic. However, most of the

available data concerns cells of the immune system [37],

and few data exist on IECs [26]. Recently, NOD2 activa-

tion in IECs was shown to be crucial to dampen TLR2 and

TLR4 signaling in the gut and prevent enhanced inflam-

mation [38]. As most of the PRRs (except NOD1) can be

upregulated by NF-jB activation, it is crucial that their

function in epithelial cells must be controlled to avoid

pathological responses.

Regulation of the TLR and NLR response in intestinal

epithelial cells appears to be governed by a variety of

inhibitors such as IRAK-M, Tollip, SIGIRR, and A20 [39].

These inhibitors have been mostly studied in the TLR

context and dampen their responses, regulating the poten-

tial of chronic inflammation in the gut. Most of these

molecules are active in cells of the immune system while

expression in IECs has not been assessed. SIGIRR, on the

contrary, seems to be specifically active in IECs and not in

immune cells [39]. Some of these inhibitors such as A20

[40] have been shown to also regulate NLRs although it has

not been demonstrated yet to occur in IECs. Beyond direct

inhibitors, regulation by miRNAs has also been emerging

as a central regulatory mechanism in inducing tolerance in

the gut to MAMPs. The miR-146a was shown to mediate

protection by inducing IRAK1 degradation to bacterial-

induced damage in early life during the transition from the

sterile environment of the uterus to bacterial exposure after

birth [41]. Among other miRNAs, miR-155 has a central

role in modulating the immune response [42], although

little is currently known about its role in intestinal epi-

thelial cells. It has been suggested to play an important role

in dampening Helicobacter pylori–induced inflammation in

gastric epithelial cells [43].

Function of innate immune receptors for gut mucosal

homeostasis

Triggering of innate immune receptors in IECs leads to the

expression of pro-inflammatory mediators and antimicro-

bial peptides, as well as the direct induction of IgA class

switching by B cells. Some of these downstream effects

require the sensing by IECs of microbes to establish a

crosstalk between the epithelium layer and the adjacent

cells. IECs can interact with intact microbes or with mol-

ecules released by them such as components of the bacteria

cell wall or metabolites. This interaction occurs via PRRs

(despite the mechanisms described above to modulate their

activation) that trigger the expression of a number of

immune modulators including defensins, cytokines, and

chemokines. These mediators will have an impact on the

regulation of the immune function of other cells in the

mucosal site and are necessary to maintain intestinal

homeostasis. Deregulation of this crosstalk results in

abnormal mucosal response and concomitant pathology.

Regulating homeostasis

A number of mouse models deficient in different PRRs

show a rupture in this equilibrium. However in most of

3664 R. Marques, I. G. Boneca

123



these mouse models, the deficiency is not epithelial cell

specific. To discriminate the role of hematopoietic versus

non-hematopoietic cells (which include, but are not

restricted to epithelial cells) it is common to conduct

reciprocal bone marrow transplants. Mice in which MyD88

is expressed exclusively on Paneth cells show that the

production of several antimicrobial factors, such as RegI-

IIc, RegIIIb, CRP-ductin, and RELMb, is MyD88-

dependent and is activated by the microbiota in a reversible

fashion. Importantly, Paneth cell–specific MyD88 activa-

tion is sufficient to limit microbial penetration to

mesenteric lymph nodes [44]. Similarly, NOD2 deficiency

leads to reduced expression of cryptidins in Paneth cells

[45]. Additionally, NOD2 regulates transcellular perme-

ability and bacterial translocation into Peyer’s patches [38].

In addition to Paneth cells, goblet cells have an important

role generating a functional mucus layer that separates the

epithelial layer from the commensal flora. Mice devoid of

Muc2, the major mucin in the intestinal track, spontane-

ously develop inflammation and cancer [46]. TLR2 seems

to perform an important role in goblet cells by inducing

trefoild factor 3 (TFF3) required for mucosal repair [47].

However, most mice deficient in different PRRs do not

develop spontaneous inflammatory diseases unless induced

by certain enteropathogens or chemical damage (see

below), which is in sharp contrast with mice selectively

deficient in the NF-jB pathway.

Signaling through PRRs initiates signaling cascades that

lead to the activation of pro-inflammatory pathways

including NF-jB. Although several mouse models of

colitis show excessive NF-jB activation, a beneficial role

of NF-jB has been shown in other models. [48]. Mice in

which NEMO—a molecule required for activation of

canonical NF-jB signaling—was specifically deleted in

IECs developed spontaneous severe chronic colitis char-

acterized by epithelial ulceration, impaired expression of

antimicrobial peptides, elevated expression of proinflam-

matory mediators, infiltration of immune cells, and

translocation of bacteria into the mucosa, demonstrating

that activation of the canonical NF-jB pathway in IECs is

essential for colonic homeostasis. The NF-jB pathway is

common to both TLR and NLR signaling. Importantly,

MyD88 deficiency prevented intestinal inflammation indi-

cating that TLR signaling in this model is essential for

disease pathogenesis. Moreover, TNF receptor-1 signaling

was shown to be crucial for disease induction [49]. Fur-

thermore mice lacking TAK1, a molecule that acts

upstream of the IKK complex, specifically in IECs, also

developed spontaneous intestinal inflammation (more

extensive and more severe than the NEMO) supporting the

role of NF-jB activation as essential for the maintenance

of intestinal mucosal homeostasis [48]. Interestingly,

humans carrying hypomorphic NEMO mutations present a

variety of immunological disorders including inflammatory

diseases in 23% of the patients [50]. The L153R mutation

was frequently associated with excessive inflammation

despite an impaired TLR and TNF-a mediated activation of

NF-jB. The clinical association of this mutation with

inflammatory diseases seemed to be related to the increased

TNF-a-induced programmed cell death due to a downreg-

ulation of A20 [50], again highlighting the importance of

maintaining the check-and-balance mechanisms in IECs to

establish homeostasis.

Most of the antimicrobial responses that keep the com-

mensal flora in check occur locally in IECs, particularly in

Paneth cells. A second major mechanism contributing to

homeostasis involves IgA class switching, which requires

instead a complex dialog between IECs and the immune

system. Plasma cells in the intestine secrete IgA, which is

transported into the intestinal lumen by IECs (at a rate of

0.8 g/m of intestine per day). The signals required for class

switch recombination (CSR) from IgM to IgA positive B

cells are typically induced in the germinal centers of Peyer’s

patches (PP), and IgA plasma B cells recirculate through the

thoracic duct lymph to enter the bloodstream and return

back to the intestinal lamina propria, where they secrete

IgA. Secretory IgA (sIgA) is then transported to the intes-

tinal lumen via the polymeric immunoglobulin receptor

(pIgR) expressed on IECs [51]. However, IEC secretion of

cytokines upon TLR activation can trigger IgA class

switching locally in the lamina propria through a T-cell

independent process. Indeed, TLR signaling in IECs leads

to the secretion of APRIL and BAFF by these cells. APRIL

directly induces IgA CSR, whereas BAFF enhances B cell

survival and proliferation. Furthermore, IECs can also

induce CSR indirectly through secretion of TSLP, which

will stimulate lamina propria DC to secrete APRIL [52].

Furthermore, transgenic mice expressing a constitutively

active form of TLR4 in IECs showed a marked increase in

intestinal B cells and IgA production, which resulted from

the epithelial production of the chemokines CCL20 and

CCL28, which promote B cell recruitment and APRIL-

mediated IgA class switch [53] in intestinal lymphoid tis-

sues, which include PP and ILFs.

Interestingly, the organogenesis of intestinal lymphoid

tissues such as PP and lymph nodes (LNs) is programmed

to develop during embryonic stages. However, ILFs are

induced after birth by the commensal flora and require the

nuclear hormone receptor RORct [7]. IEC triggering of

NOD1 was recently shown to be necessary and sufficient

for the maturation of cryptopatches into ILFs [6]. Crypto-

patches are small clusters of lymphoid tissue inducer cells

located between the crypts of the intestinal lamina propria.

The intestine contains several hundred of these structures.

Upon bacterial colonization, CPs recruit B cells and

develop into ILFs. Bone marrow transplants revealed that

PRRs and intestinal epithelial cells 3665
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expression of NOD1 in nonhematopoietc cells was

responsible for the induction of ILFs [6]. Triggering of

NOD1 leads to the release of CCR6 ligands CCL20 and

b-defensin 3 by the IECs. CCR6 is expressed by B cells that

are recruited to ILFs [6]. However, full maturation of ILFs

into sIgA-producing germinal centers requires additional

signals involving TLRs and NOD2 [6, 53].

Inflammatory bowel diseases

Genetic associations of TLRs

Inflammatory bowel diseases (IBD) include Crohn’s dis-

ease (CD) and ulcerative colitis. Both are characterized by

chronic inflammatory response to commensal bacteria. IBD

patients have been shown to have increased expression of

multiple TLRs although a decrease in TLR3 mucosal

expression has also been shown in a subset of patients with

Crohn’s disease [54]. Furthermore, several TLR polymor-

phisms have been associated with IDB, such as the TLR4

polymorphism D299G, the TLR9 polymorphism-1237C, or

the TLR2 polymorphism R753Q. The strongest association

with Crohn’s disease is with the TLR4 polymorphism

D299G, which is located within the extracellular domain of

TLR4 suggesting a decrease in recognition of ligands [55].

TLR expression is not restricted to epithelial cells but

extends to myeloid and lymphoid cells. Human association

studies do not define which cell types are involved in

susceptibility to disease. In this respect, mouse studies can

shed some light on cell-specific contributions to disease.

Mouse models have clearly shown that intact TLR sig-

naling is necessary for homeostasis [56, 57]. One of the

mechanisms by which TLR polymorphisms contribute to

susceptibility to IBD is by causing impairment in epithelial

repair. For example, TLR2 has been shown to have an

important role in inducing gap junctional intercellular

communication via Cx43. This controls IEC barrier func-

tion and restitution during acute and chronic inflammatory

damage [58]. However, whereas some studies have shown

a protective role of TLRs and MyD88 in intestinal

inflammation by promoting epithelial repair [57, 59], oth-

ers suggest that MyD88 signaling can promote intestinal

inflammation. Maloy and colleagues have looked at the

contribution of MyD88 signaling in distinct cellular com-

partments in the Helicobacter hepaticus model of intestinal

immune pathology. In the absence of adaptive immunity,

the study revealed that MyD88 signaling from hemato-

poietic cells and not epithelial cells was required for

inflammation. Epithelial MyD88 signaling however was

important for host survival by driving antimicrobial peptide

expression, demonstrating that MyD88 signaling has dis-

tinct roles in immune and epithelial cells [60]. Thus, it is

likely that TLR and MyD88 signaling will have a

differential impact on the control of the host response

depending on the model of infection used and whether the

epithelial or immune compartment has a dominant role in

the pathology. Moreover, establishing the contribution of

MyD88 in PRR versus IL-1R/IL18R signaling pathway is

also important.

This balance between the epithelial and immune com-

partment can also be assessed by the contribution of PRRs

in chemically induced models of IDB. In the chemically

induced model of intestinal inflammation by administration

of DSS, MyD88-dependent signaling pathway was shown

to be protective against colonic injury. This protection was

given by hematopoietic cells [61]. Using the same protocol,

i.e., 2% (wt/vol) DSS in drinking water for 7 days, Brandl

et al. [62] found divergent results. The authors found that

protection was given by nonhematopoietic cells. Although

in this study MyD88/TRIF-deficient mice were used, the

differences could not be accounted for by this since TRIF

alone had no role in DSS colitis. The authors further show

that protection is given by the epidermal growth factor

(EGF) receptor ligands amphiregulin (AREG) and epireg-

ulin (EREG) [62].

Genetic associations of NLRs

Although TLR mutations have been implicated in IBD, the

strongest associations are with mutations in NLRs. In

particular, homozygous mutations in NOD2 are highly

correlated with the incidence of Crohn’s disease (CD) [63,

64]. Although CD is characterized by a strong Th1-medi-

ated inflammation, these NOD2 mutations associated with

CD are clustered in the leucine-rich repeat, ligand-sensing

domain, and are found to involve loss of function [10, 63,

64]. Thus, the physiological roles of NOD2 in intestinal

immunity and CD remain unclear. Possible mechanisms

involving IECs specifically are the regulation of antimi-

crobial peptides, epithelial permeability, and the regulation

of commensal flora.

Cryptidins are a group of antimicrobial peptides pref-

erentially produced by Paneth cells. NOD2-deficient mice

have significantly lower expression of defensin-related

cryptdin 4 (Defcr4) and Defcr-related sequence 10 (Defcr-

rs10) when compared to wild-type [45]. Interestingly, ileal

CD is characterized by a decrease in antimicrobial

a-defensins produced by Paneth cells. In patients with an

NOD2 mutation, a defective production of a-defensins

DEFA5 and DEFA6 has been observed [65, 66]. Accord-

ingly, monolayers of NOD2-deficient epithelial cells are

more sensitive to Salmonella infection [67]. NOD2 also

appears to regulate epithelial transcellular permeability

indirectly through a crosstalk between T cells and epithelial

cells leading to increased bacterial translocation. In NOD2-

deficient mice, an increase in the permeability appears to
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be mediated by an increase in the long isoform of myosin

light chain kinase (MLCK) that can be restored by injection

of ML-7, a MLCK inhibitor [38].

Chemical models of IBD have shown that NOD2 is

protective, in particular, in the TNBS model that induces an

acute Th1-dependent inflammation similar to CD. NOD2

ligands can induce an NOD2-dependent protection [68,

69]. However, in these experimental models, protection

appears to be conferred by hematopoietic cells, particularly

dendritic cells, through a downregulation by NOD2 of the

TLR pathways [68, 69]. These experimental models

instead support a central role in the crosstalk mechanisms

between NOD2 and TLRs in immune cells, in particular,

TLR2 leading to a Th1 prone response [70].

As NOD2 has a direct impact on IEC function, in par-

ticular Paneth cell production of antimicrobial products, it

is likely that these alterations have an impact on the

existing flora. Indeed, NOD2- (and RIP2-) deficient mice

have an increased load of certain commensal bacteria

strains in the terminal ileum [71, 72]. These results are

correlated with human studies [72]. The microbiota itself

can regulate the expression of NOD2 as shown by the fact

that germ-free mice have reduced expression of NOD2

(and RIP2) in the terminal ileum, compared with SPF mice.

Furthermore, NOD2 expression could be restored by

complementation of GF mice with a conventional com-

mensal flora [71].

Besides NOD2, polymorphisms in the NOD1 gene have

been associated with the age of IBD onset [73]. However,

the precise mechanism governing this NOD1 association

remains uncharacterized. As NOD1 is important for ILF

induction in the ileum, the major provider of sIgA, and has

a major impact on the gut flora composition, again the data

point to an imbalance between the immune system and its

gut flora. Similarly, NLRP3 single nucleotide polymor-

phisms (SNPs) have also been shown to contribute to CD

susceptibility [74], but the precise role of the NLRP3 in-

flammasome in IBD is still a matter of debate [75]. Not

surprisingly, NLRP3-deficient mice have altered microbi-

ota composition [76].

Because NLRP3 is expressed in both immune and epi-

thelial cells [12], bone marrow chimeric mice were used to

determine that NLRP3 signaling in the nonhematopoietic

compartment is crucial for NLRP3 inflammasome-medi-

ated protection against colitis. Indeed, expression of

NLRP3 [77] and caspase-1 [78] in this compartment pre-

vented the disease symptoms seen in DSS-administered

nlrp3 -/- and casp1 -/- mice. However, in the chronic

azoxymethane (AOM)/DSS model of colitis, reconstitution

of NLRP3-deficient mice with wild type bone marrow was

shown to confer resistance against colon tumorigenesis

[79] demonstrating a protective role of NLRP3 inflamma-

some signaling in myeloid cells. Taken together these

results suggest that inflammasome-mediated protection

against colitis relies on both hematopoietic and nonhe-

matopoietic cells. Indeed, colitis-associated tumorigenesis

was recently demonstrated to be more severe in

casp1 -/- mice when compared to mice specifically

deficient for caspase-1 in either the epithelial or myeloid

compartments [80].

Other susceptibility genes for CD include ATG16L1,

IL23R, and IRGM along with many new loci [81–84].

Interestingly, ATG16L1 and IRGM establish a direct link

between CD and autophagy.

Autophagy and PRRs

Autophagy defines a general mechanism to target large

particles in the cytosol to a lysosomal degradation pathway.

It was initially described as an energy-saving mechanism

during nutrient restriction of eukaryotic cells to target

misfolded protein aggregates or dysfunctional mitochondria

for recycling. However, in recent years, autophagy has also

been implicated in innate immune regulation, antigen pre-

sentation, and microbial killing and clearing [85]. Targeting

of microbes to the autophagic pathway can occur both for

microbes that escape into the cytosol and for those that

remain in a vacuole. The mechanisms that target the auto-

phagic machinery to intact vacuoles remain poorly

characterized. Part of the explanation resides in the ability

of MAMPs to induce autophagy through their cognate

PRRs. TLR stimulation has been shown to induce the

autophagic pathway [86]. However, the role of TLRs in

targeting particles (live or dead) to the autophagosome has

been studied in the context of macrophages and dendritic

cells, and their role in IECs has remained uncharacterized.

In contrast, the NLRs, in particular NOD1 and NOD2, have

been shown to mediate the induction of autophagy both in

immune cells and epithelial cells [35, 87, 88]. Upon NOD1

and NOD2 stimulation, these PRRs recruit ATG16L1 to the

membrane by a direct interaction initiating the autophagic

pathway [35]. Interestingly, this pathway is independent of

the adaptor RIP2 and NF-jB activation. Travassos and

colleagues have shown that the NOD2 frame shift mutation

associated with CD fails to recruit ATG16L1 [35]. In con-

trast, the ATG16L1 T300A mutation also associated with

CD still interacted with NOD2 [35] despite an impaired

autophagy and bacterial clearing in epithelial cells [88]. In

fact, this impaired bacterial killing was restricted to colonic

epithelial cells [88]. Consistent with an important role of the

autophagic machinery in epithelial cells, ATG16L1 and

ATG5, another component of the autophagic machinery,

have a key role in antimicrobial degranulation by Paneth

cells in both mouse and human [89].
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PRRs and intestinal cancer

The discovery in 1982 of Helicobacter pylori by Barry

Marshall and Robin Warren as the etiological agent of

duodenal and gastric ulcers as well as gastric adenoma and

mucosal associated lymphoid tissue (MALT) lymphoma

has modified our vision of the role that bacteria might play

in the occurrence of certain cancers, particularly of the

gastrointestinal tract. However, while the case of H. pylori

and gastric cancer has been clearly established by epide-

miological studies [90], the relationship between the

intestinal flora (or certain of its members) and other cancers

has remained uncertain. For example, intestinal MALT

lymphomas have been associated with the presence of

Campylobacter jejuni [91], and colorectal cancer with the

presence of Streptococcus bovis/gallolyticcus (reviewed in

[92]).

The role of the gut flora (and potentially of certain

members in particular) has been addressed using animal

models of intestinal cancers. Germline mutations on the

adenomatous polyposis coli (APC) gene in humans are the

cause of familial adenomatous polyposis (FAP), a domi-

nant inherited colorectal cancer syndrome. APCmin/? mice,

which harbor a mutation in this gene, develop spontaneous

intestinal tumors and are considered a model for human

FAP. APCmin/? mice deficient in MyD88 have dramatically

reduced tumor-induced mortality compared to MyD88-

sufficient littermate controls, indicating that MyD88 pro-

motes tumorigenesis in this model [93]. Accordingly, in a

different model of colon cancer by administration of az-

oxymethane, MyD88-deficient mice showed decreased

incidence of tumor formation compared to normal mice

[94]. Although the role of MyD88 expression specifically

in epithelial cells was not assessed, one of the molecules

that was differentially expressed in an MyD88-dependent

manner was MMP7, which is expressed exclusively by

epithelial cells [93]. Deficiency of MMP7 in this tumor

system has been shown to reduce the incidence of tumors

by approximately 60% [95]. Taken together, these results

suggest a role for epithelial MyD88-mediated tumor pro-

gression. More recently, Lee et al. showed in the same

APCmin/? mouse model that MyD88-mediated tumorigen-

esis involved the activation of ERK, which resulted in post-

transcriptional stabilization of the c-myc protein, a product

of the oncogene Myc. C-myc then can activate genes

involved in upregulation of proliferation, anti-apoptosis,

and angiogenesis, enhancing IEC proliferation and tumor

growth. Importantly, the authors show that tumor growth

in the same model was dependent on MyD88 signaling in

IECs [96]. The role of epithelial versus myeloid cells in

colitis-associated tumor was assessed in another study

where the authors compared IKKb deletion in IEC and in

myeloid cells in the azoxymethane/DSS model of intestinal

cancer. In IEC, IKKb deletion results in a decrease in

tumor incidence without impacting inflammation [97].

In sharp contrast to the role of MyD88 (and presumably

some of the TLRs) in promoting intestinal carcinogenesis,

NOD1 protects against colonic tumor development in both

azoxymethane/DSS and APCmin/? models [98]. Tumori-

genesis in the colon (but not in the anus) was dependent on

the gut flora as antibiotic treatment greatly reduced the

tumor burden. Protection was shown to be due to the role of

NOD1 in maintaining an intestinal epithelial barrier against

injury in the context of chemically induced chronic injury

[98]. Although a role of NOD1 in nonepithelial cells cannot

be excluded, this study supports a role of NOD1 in pro-

moting survival of IEC in chemically induced injury.

Similarly, certain NOD2 mutations significantly increase

the risk of colorectal cancer in humans [99, 100], although

none in NOD1 have been associated with cancer [100].

Angiogenesis and PRRs

Angiogenesis is part of the natural tissue repair mechanism

after injury and inflammation, and yet it can be also dele-

terious in the cancer context by promoting tumor survival.

Although data on the involvement of PRRs in angiogenesis

are still limited, there is some evidence that TLR activation

promotes angiogenesis [101]. The few data available mainly

involve studies on macrophages or endothelial cells. Inter-

estingly, germ-free (GF) mice have a defective vasculature,

and this defect can be corrected by conventionalization or by

colonization by Bacteroides thetaiotaomicron, suggesting a

role for PRRs. This process occurs through an unknown

mechanism involving Paneth cells. However it must be

noted that GF mice deficient in Paneth cells have more

microvasculature defects than GF with Paneth cells [102].

Impaired host resistance towards infection

The discovery of TLRs in mammals followed closely upon

the characterization of the role of TOLL in drosophila

immunity against fungi and Gram-positive bacteria [103].

Subsequently, TLR4 was the first mammalian TLR identi-

fied for its role in endotoxic shock [104–106]. Interestingly,

as most TLR responses are dampened in the gut and TLR4

has a dominant role in septic shock, TLRs have historically

been studied in immune cells and in models of systemic

infection, TLR5 being one of the exceptions. In contrast,

NLRs have been associated since their discovery with

enteropathogens such as Shigella flexneri [107, 108],

although their role has been often studied in vitro or ex

vivo rather than in vivo. The central role of NOD1 in IECs

was demonstrated in primary intestinal epithelial cells [8].

In this section, we will briefly discuss the role of PRRs in
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impaired resistance to intestinal infections as another

review by Beth A. McCormick addresses in detail bac-

terial-epithelial interaction during microbial pathogenesis.

These can be genetically determined deficiencies as well

as impairments due to indirect effects from changing gut

flora, such as may be induced by antibiotics, and thus

relate strongly to inflammatory bowel diseases such as CD

or opportunistic nosocomial infections such as vanco-

mycin-resistant enterococci (VRE) or Clostridium

difficile. In contrast, so far, no role has been demonstrated

for IECs and their PRRs in antiparasitic and antiviral

responses.

One of the most puzzling aspects of resistance to

infections is the selective pressure that might have led to

the emergence of mutations in certain PRRs during human

evolution. For example, around 20% of humans carry a

premature stop codon in TLR5 leading to loss of function

[109]. Loss of function of TLR5 might be deleterious in

certain circumstances. For example, antibiotic treatment of

patients in the hospital setting can have a major collateral

impact by modifying the gut flora. Modifications of the

normal resident flora can modify the normal gut response.

It has been shown that antibiotic treatment can modulate

the expression of antimicrobial responses [110], and these

require stimulation by TLRs [44]. These modifications lead

consequently to an impaired resistance to different bacte-

rial infections [111, 112] if a normal gut flora is not

restored. Interestingly, protection against VRE or C. difficile

infection can be restored by TLR5-dependent stimulation by

purified flagellin [113, 114]. Nevertheless, loss of function

mutations are frequently found in humans. In fact, while

TLR5-dependent stimulation might be essential under

certain circumstances by enhancing RegIIIc secretion and

anti-apoptotic processes in IECs conferring resistance to

enteric infections [113, 114], TLR5 appears deleterious for

chronic Salmonella-induced typhoid-like disease [115],

generating a potential positive selection for TLR5 null

mutations in humans. Similar antagonistic effects can be

observed in other experimental contexts. In a model of

murine experimental ileitis induced by Toxoplasma gondii,

sensing of LPS by TLR4 exacerbates the disease [116].

Thus, the same LPS signal that protects the gut against

certain enteric infections [112] can become harmful in a

different context, highlighting the double-edged sword

‘‘personality’’ of the PRRs and their complex role in host-

microbe responses.

In the case of NLRs, the most frequently found muta-

tions are those associated with NOD2 and CD. However,

CD has emerged as a disease of developed countries during

the 20th century and has been associated with the hygiene

hypothesis [117]. But then which are the environmental

pressures selecting for loss of function mutations in NLRs

and in particular in NOD2? For example, mutations in

NOD2 associated with CD were suggested to be selected

by conferring an advantage against certain enteric infec-

tions [118]. But in general, NOD2 mutations have been

associated with impaired response to infections. NOD2

function is important for resistance against enteric infec-

tions by Listeria monocytogenes [45] or Helicobacter

hepaticus [119]. In both examples, some of the defects

appear related to Paneth cell function. Accordingly, H.

hepaticus was found in the crypts of the ileum, which are in

general free of bacteria [119]. H. hepaticus induced a Th1-

dependent granulamatous intestinal disease that could not

be rescued by adoptive transfer of normal hematopoeitic

cells, suggesting a central role for the IECs and/or stroma

cells in the infection outcome. Accordingly, the transgenic

expression of HD5 in NOD2-deficient mice by Paneth cells

was sufficient to restore their bactericidal capabilities and

control the infection [119]. Interestingly, NOD2 mutations

in humans have been associated with an increased risk of

developing H. pylori-induced gastric MALT lymphoma

[120]. However, the cellular compartment involved in the

increased risk has not been studied. H. pylori seems to rely

primarily on NOD1 in epithelial cells to induce a poten-

tially deleterious chronic inflammation [24, 121], although

NOD1 deficiency leads to increased bacterial burden.

Indeed, although NOD1 drives a strong cytokine and type-I

interferon response [24, 121], it is central for production

of the antimicrobial peptides and IP10 that control the

bacteria load [122, 123]. Most importantly, the type-I

interferon response seems to be epithelial cell–specific

[121]. Similarly, NOD1 is an essential signal transducer in

IECs infected with bacteria that avoid recognition by TLRs

[23, 124]. The fact that NOD2 is permissive to mutations

more frequently than NOD1 indicates that these two NLRs

have distinct roles in gut homeostasis and resistance to

infection. Accordingly, NOD1 seems to have a central role

in the recruitment of neutrophils to the site of infection [24,

124, 125], which is not compensated for by NOD2 [124].

Indeed, NOD1 priming by the commensal flora was shown

to be central for neutrophil activation and resistance even

to systemic infections [126].

Conclusion

The 15 years since the discovery of Toll-like receptors,

soon followed by the NOD-like receptors, have led to an

explosion of new data on the role of innate immunity in all

aspects of a host response to microbes. Initially, PRRs were

seen as the first sentinels in the fight against infectious

diseases, but soon it became evident that their functions had

to be fine-tuned spatially and temporally to establish a

tolerogenic response. In exchange, this large community of

commensal bacteria performs essential functions for the
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host and primes the host at the same time to establish a

vigorous response against pathogens. However, challenges

in the field still lay ahead to fully understand the double-

edged sword response of the immune system. It is becoming

apparent that the same PRRs can have both beneficial and

deleterious effects for the host depending on the time and

location of their effects. These aspects are just being

addressed as discussed in this review and will require sus-

tained efforts to fully grasp the interacting balances between

microbes and their hosts. Some of the future advances will

probably come from the full use of genetic manipulations of

the host (transgenic mice, fate mapping, selective ablation

of genes in different cell types, etc.) to study in detail the

contribution of different cell types both of the epithelial

layer, of the immune system, and in particular of the stroma,

which has been the forgotten child of the field despite a

highly probable central role in orchestrating the entire gut

environment. On the bacterial communities side, important

advances are being made with the use of germ-free mice and

monocolonization studies as well as metagenomic studies

both in humans and in mice. The coming years will be the

most exciting times to study and fully grasp the emerging

concept of the superorganism: that the collective force of

the host and its commensal flora in the gut, as well as in

other environmentally exposed surfaces, is more than just

the sum of the individual players.
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