
MucosalImmunology | VOLUME 3 NUMBER 1 | JANUARY 2010 17

nature publishing group REVIEW

 INTRODUCTION 
 Activation of the innate immune system is triggered when patho-

gen-associated molecular patterns or endogenous damage-asso-

ciated molecular patterns engage pattern recognition molecules 

(PRMs) on cells including epithelial cells, macrophages, and den-

dritic cells (DCs). These molecules can be grouped into Toll-like 

receptors (TLRs), nucleotide-binding domain and leucine-rich 

repeat containing receptors (NLRs), and retinoic acid-inducible 

gene-I (RIG-)-like receptors (RLRs). 1  Engagement of PRMs on 

mucosal cells and consequent activation of signaling cascades 

including NF- � B, interferon (IFN) response factors (IRFs), acti-

vator protein 1 (AP1), and mitogen-activated protein kinases 

can promote the production of proinflammatory cytokines and 

antimicrobial peptides, as well as the maintenance of epithelial 

barrier function and epithelial cell proliferation. TLR signaling, 

particularly through TLR2, has an important role in maintaining 

intestinal epithelial homeostasis and protection from epithelial 

injury. 2  Commensal bacteria including  Bacteroides thetaiotaomi-

cron  induce the modulation of many genes involved in intesti-

nal barrier function and nutrient absorption. 3  The uptake of 

soluble and particulate antigens across the intestinal epithelium 

by both transcellular and paracellular routes is influenced by 

microbial and inflammatory factors and is regulated by PRMs. 

The microbiota are localized to the intestinal lumen and the 

mucosal immune compartment, which comprises the lamina 

propria, Peyer ’ s patches, and mesenteric lymph nodes. 4  The 

ability to contain the microbiota in this region is dependent on 

PRMs, as a deficiency in TLR signaling results in the increased 

uptake of bacteria into the spleens of mice. 5,6  

 The expression and localization of PRMs on intestinal epithe-

lial cells (IECs) and DCs in the intestinal mucosa differ signifi-

cantly from those of other tissues. In particular, TLR expression 

on IECs is generally low and many of the receptors are expressed 

basolaterally, preventing interaction with pathogen-associated 

molecular patterns in the lumen. Nevertheless, epithelial cells 

are responsive to certain TLR ligands and recognition of com-

mensal bacteria by TLRs on IEC under steady-state conditions 

induces tissue protective factors including interleukin (IL)-6 

and the chemokine KC-1, suggesting that low-level recognition 

of commensals by TLRs enhances protection from intestinal 

epithelial injury. 2  Microbiota-induced TLR signaling triggers 

innate immune responses that are required to prevent exagger-

ated adaptive immunity to these organisms. 6  In this context, 

deficiency in TLR signaling resulted in high titer serum antibody 

responses against the intestinal microbiota that were essential to 

maintain host-commensal mutualism in the deficient animals. 

Furthermore, a deficiency in TLR or NLR signaling can result 

in intestinal inflammatory responses, and in murine models 
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these responses depend on the microbiota. 7  Adaptive immune 

responses in the intestine are characterized by high numbers of 

lgA producing plasma cells, regulatory T cells and IL-17-pro-

ducing T cells whose development is closely linked to factors 

produced by PRMs expressing IECs, DCs, and macrophages. 

Thus, commensal ligands for PRMs are involved in the positive 

and negative regulation of both innate and adaptive immunity 

in the intestine and elucidating the molecular basis of this regu-

lation will be of great value in the design of both vaccines and 

therapeutic anti-inflammatory strategies.   

 TOLL-LIKE RECEPTORS 
 The TLRs are a family of transmembrane glycoproteins, which 

contains 10 members in humans and 13 in mice. They are 

located on the cell surface or on endosomes and recognize the 

presence of microbes through pathogen-associated molecu-

lar patterns and damage-associated molecular patterns. 1  The 

TLRs contain 16 – 28 leucine-rich repeats (LRRs) that mediate 

ligand binding. 8  The LRRs are 20 – 30 amino acids long, con-

tain a conserved  “ LxxLxLxxN ”  motif, 9,10  and share a common 

horseshoe-like shape, with the  “  ’ LxxLxLxxN ”  motifs located on 

the inner concave surfaces. 11  On ligand binding, the C termini 

of the extracellular domains come together, bringing the intra-

cellular Toll / IL-1R (TIR) domains into close proximity, 12  facil-

itating the docking of adapter molecules. For example, the 

TLR1 / 2 heterodimer and the TLR3 homodimers are induced 

by binding agonistic ligands, forming a common  “ m ” -shaped 

architecture. There are four activating adapters: Myeloid 

differentiating factor-88 (MyD88), MyD88 adapter-like (Mal), 

TIR domain-containing adapter-inducing IFN- �  (TRIF), and 

TRIF-related adapter molecule (TRAM), whereas sterile- �  

and Armadillo repeat-containing molecule (SARM) nega-

tively regulates TRIF signaling. 13  Binding of the activating 

adapters through their TIR domains results in the recruitment 

of the IL-1R-associated kinases (IRAKs) and downstream 

activation of transcription factors including NF- � B and IFN 

regulatory factor 3 (IRF3), which induces proinflammatory 

cytokines and type I IFNs. 13  MyD88 is required for signal-

ing by all TLRs with the exception of TLR3 which uses TRIF. 

Lipopolysaccharide (LPS)-induced IRF3 production is also 

MyD88 independent. TLR4 recruits TRAM – TRIF through 

their TIR domains and the TLR4-TRAM complex moves into 

early endosomes where it signals through TRIF to activate 

IRF3 and IRF7 through TRAF3, TBK1, and IKK � . 14  Mal was 

originally found to be required for both TLR2 and TLR4 sign-

aling, 15  but it is now thought that Mal may be dispensable for 

TLR2 signaling at high ligand concentrations in macrophages 

and DCs. 16  Furthermore, Mal was dispensable for IL-6 pro-

duction at high levels of infection with the enteric pathogen, 

 Salmonella typhimurium . 16  

 Primary human IECs express constitutive TLR3 and TLR5 

and low levels of TLR2 and TLR4. 17  The location of TLRs is 

crucial to their function as TLRs 1, 2, 4, 5, and 6 expressed on the 

cell surface recognize extracellular microbes, whereas TLR3, 7, 

8, and 9 are thought to detect the presence of viral particles and 

are located on early endosomal membranes. TLR3 recognizes 

double-stranded RNA, TLR7 and TLR8 recognize single-

stranded RNA, whereas TLR9 recognizes unmethylated CpG 

DNA. Both TLR7 and TLR9 are highly expressed on plasmacy-

toid DCs (pDCs). On viral infection, pDCs secrete high concen-

trations of type I IFN 18  and a population of CCR9     +      pDCs are 

present in the murine small intestine. 19  It will be important to 

resolve the role of these cells in the recognition of viral nucleic 

acids and induction of antiviral immunity in the intestine. 

 In contrast to control tissue, the expression of TLR4 is 

increased on IECs in ulcerative colitis (UC) and Crohn ’ s disease 

(CD), and expression of both TLR2 and TLR4 was selectively 

increased on intestinal macrophages. 17,20  Intestinal monocytes 

from inflamed tissue also responded to LPS stimulation with 

increased expression of IL-1 �  and a higher percentage of intes-

tinal DCs expressed TLR4 (and TLR2) in inflammatory bowel 

disease compared with control patients. 20,21  Thus, the expression 

of specific PRMs and the consequences of PRM engagement by 

cognate ligands differ greatly between normal and pathological 

conditions. This may depend in part on whether intestinal injury 

occurs, as although resident mucosal cells may be hyporespon-

sive to specific ligands such as LPS, naive cells may be recruited 

from other tissues that respond strongly to these ligands. 

In addition, injury may allow the paracellular uptake of TLR 

ligands that engage basolateral TLRs on IEC. 

 Although the injection of TLR agonists is a potent means of 

inducing adaptive immune responses, commensal ligands do not 

generally elicit strong adaptive immunity. Challenge of MyD88 /

 TRIF-deficient mice with the commensal bacterium,  Escherichia 

coli  K-12, resulted in the recovery of more live bacteria from 

the spleens than in the case of control mice. 6  Thus, the ability 

to localize the microbiota in the lumen and mucosal immune 

compartment is dependent on intact TLR signaling. This effect 

was not a result of compromised intestinal barrier function or 

intestinal pathology and deficiency in TLR signaling resulted in 

the spontaneous induction of serum antibody responses against 

the microbiota, which restored host-commensal mutualism. 

The induction of a protective humoral immune response against 

bacteria in mice deficient in TLR signaling indicates an impor-

tant role for other PRMs including NLRs or RLRs or both in 

triggering adaptive immunity by intestinal bacteria.   

 TLR SIGNALING MAINTAINS THE INTEGRITY AND 
FUNCTION OF THE INTESTINAL EPITHELIUM 
 Disruption of the epithelial layer in mice promotes inflamma-

tion in the intestine, proving that maintaining epithelial barrier 

integrity is vital. The intestinal microbiota have a key role in pro-

moting mucosal homeostasis and the underlying mechanisms 

are currently being addressed. 3    

 TLR2 
 Intestinal epithelial cells express TLR2 and commensal ligand-

induced activation of TLR2 is thought to have an important role 

in maintaining the integrity of the intestinal epithelial barrier. 22  

TLR2 interacts with ligands including bacterial lipopeptides, 

lipoteichoic acid and yeast zymosan, and forms heterodimers 

with TLR1 or TLR 6. 1  Repeated stimulation of TLR2 causes IECs 
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to become unresponsive to lipopeptide ligands. 23  The uptake of 

molecules by paracellular and transcellular pathways is regulated 

by tight and gap junctions between IECs. Tight junctions are regu-

lated by protein kinase C (PKC) and the tight junction protein, 

zonula occludens-1, which may be a specific PKC target. Ligand-

induced TLR2 activation led to the specific activation of PKC- �  

and PKC- � , 22  which correlated with enhanced transepithelial 

resistance to invading bacteria and increased apical tightening 

and sealing of the tight junctions. The TLR2-induced phosphory-

lation of PKC was blocked by transfection with a TLR2 deletion 

mutant. TLR2 signaling has recently been shown to promote 

gap junctional intercellular communication, 24  a process that 

coordinates the cell – cell passage of ions and small metabolites 

(    <    1   kDa) on acute IEC injury. Treatment of IECs with the TLR2 

agonist Pam3CSK4 increased gap junctional intercellular com-

munication through the connexin, Cx43, during IEC injury 24  

and knockdown of Cx43 using siRNA inhibited TLR2-induced 

IEC barrier restitution and delayed wound closure in the acute 

(dextran sodium sulfate, DSS) colitis model. 24  The protec-

tive effects of TLR2 stimulation on tight junction-associated 

barrier assembly have been shown to be MyD88 dependent 

and to require PI3K / Akt-mediated cell survival. 25  Prophylaxis 

with Pam3CSK4 also prevented spontaneous disease onset in a 

chronic colitis model. Among Caucasians, the TLR2-R753Q poly-

morphism correlates with the incidence of sepsis 26  and is asso-

ciated with a more severe disease phenotype in UC patients, 27  

which was recently associated with a defect in gap junctional 

intercellular communication. 24  Furthermore, in a neonatal rat 

model of necrotizing enterocolitis-induced mucosal injury, there 

was increased expression of both TLR2 and TLR4, suggesting 

that TLR2 may promote intestinal inflammation under circum-

stances where the epithelial barrier has been compromised. 28  

Combined, these findings highlight the importance of TLR2 in 

intestinal epithelial barrier function. Further characterization of 

TLR2 signaling effects in this context are required, however, as 

pharmacological targeting of TLR2 in IECs to improve barrier 

integrity may be a potential therapeutic approach.   

 TLR4 
 Ligand binding induces aggregation of a TLR4 – MD2 com-

plex, which initiates signaling. 12  However, in addition to MD2, 

TLR signaling also requires two additional accessory proteins, 

LPS-binding protein and CD14. LPS-binding protein extracts 

LPS from the outer membrane of Gram-negative bacteria and 

transfers it to CD14. As CD14 has no intracellular signaling 

domain, LPS must be transferred to TLR4 – MD2 to initiate 

signaling. Under normal conditions, expression of the TLR4 –

 MD2 – CD14 receptor complex is low and the intestinal tissue 

does not respond strongly to LPS. 29  However, cells from the 

murine intestinal crypt epithelium express TLR4 internally 

and may be more responsive to LPS than epithelial cells from 

other sites. 30  A recent study found that intestinal DCs from rats 

were responsive to the TLR agonists Pam3CSK4 (TLR2), poly I:

C (TLR3), flagellin (TLR5), R848 (TLR7 / 8), and CpG (TLR9), 

but not to LPS. 31  Poor responsiveness to LPS stimulation has 

also been associated with low TLR4 expression in rat intestinal 

DCs 31  and murine lamina propria CD11c     +      cells. 32  However, 

mucosal DCs can respond to other TLR stimuli and intestinal 

DCs are not generally hyporesponsive to TLR stimulation, sug-

gesting that other mechanisms must act to prevent their activa-

tion. As there is great variation in TLR expression in IEC and 

DC populations in the intestine, it is difficult to fully ascertain 

the responsiveness to TLR stimuli from  in vitro  studies. Delivery 

of TLR ligands by oral gavage and challenge studies with enteric 

pathogens or commensals may provide a better indication of the 

consequences of intestinal exposure to TLR ligands on intestinal 

innate and adaptive immunity. 

 Stimulation of IECs with TLR4 induced proliferation, NF- � B 

activation and release of proinflammatory cytokines, 33,34  and 

the inflammatory cytokines IFN- �  and TNF- �  enhanced IEC 

expression of TLR4 and MD2 on IECs. 35  Although short-term 

exposure of IECs to LPS induced proinflammatory signaling cas-

cades, persistent exposure led to reduced cell surface-expressed 

TLR4 and increased the inhibitory protein Toll-interacting pro-

tein (TOLLIP) leading to reduced IRAK activity. 33  The migration 

of enterocytes into areas of damaged intestine is important for 

wound healing and this was inhibited by LPS-induced activation 

of Rho-GTPase and increased focal adhesions. 36  Treatment of 

mice with a TLR4 antagonist inhibited the development of disease 

in the acute DSS colitis model and a spontaneous (MDR1 �     −     /     −    ) 

chronic colitis model. 37  It was proposed that this was a result 

of blocking the interaction between enteric bacteria and the 

innate immune system. Necrotizing enterocolitis is associated 

with increased expression of TLR4 in the intestinal mucosa and 

exposure to LPS and hypoxia sensitized the intestinal epithelium 

to LPS through TLR4 upregulation. TLR4-mutant C3H / HeJ 

mice, which are hyporesponsive to LPS, were protected from the 

development of necrotizing enterocolitis and exhibited enhanced 

enterocyte restitution and proliferation after mucosal injury. 38  

However, in a further study, it was shown that although a TLR4-

blocking antibody could limit acute inflammation in the DSS 

model of colitis, subsequent tissue repair was also inhibited. 39  

This indicates an important role for TLR4 in the resolution of 

inflammation and restoration of tissue integrity, highlighting the 

complexity of TLR4-induced effects in the mucosa. 

 In addition to the uptake of molecules between cells by para-

cellular routes and transcellular uptake across IECs, microfold 

(M) cells have an important role in the uptake of both soluble 

and particulate antigens and their transport to the underlying 

lymphoid tissue. 40  M cells are found in the follicle-associated 

epithelium overlying intestinal Peyer ’ s patches and isolated 

lymphoid follicles. MyD88 and TLR4 were found to have a role in 

the development of Peyer ’ s patches in the early postnatal period 

in mice. 41  Challenge with  Streptococcus pneumoniae  upregulated 

the M-cell-mediated uptake of microparticles across the folli-

cle-associated epithelium of the rabbit Peyer ’ s patches. 42  This 

effect was due to the increased intraluminal concentrations of 

macrophage migration inhibitory factor (MIF), which induced 

the appearance of cells with the functional attributes of antigen 

sampling M cells. 40  Furthermore, increased numbers of M cells 

were documented in the inflamed ileal mucosa in humans. 43  

Thus, M-cell-mediated uptake of antigens and particulates is 
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regulated by exposure to microbes and it will be important to 

determine the PRMs involved in these processes. In addition 

to the vital role of Peyer ’ s patches in the initiation of mucosal 

immune responses, isolated lymphoid follicles are also impli-

cated in the induction of adaptive immunity in the intestine, 

including the T-cell-independent development of IgA     +      cells that 

principally occurs at these sites. 44  The development of isolated 

lymphoid follicles is compromised in germ-free mice, suggest-

ing an important role for the commensal flora in promoting their 

development. Furthermore, the microbiota is altered in the absence 

of isolated lymphoid follicles. This promoting effect is mediated 

through peptidoglycan-induced nucleotide-binding oligomeriza-

tion domain 1 (NOD1) signaling. 44,45  The identification of PRMs 

that regulate M-cell transport of particulates can have potential in 

the development of improved oral vaccines by enhancing vaccine 

uptake and induction of innate immune responses.   

 ROLES FOR OTHER TLRs IN REGULATING INTESTINAL 
INFLAMMATORY RESPONSES 
 Many bacterial species that colonize the intestine express flag-

ellin, 46  including  E. coli , which is normally a commensal, 47  

but when the gastrointestinal barrier is compromised, it can 

become pathogenic. Ligation of TLR5 on IECs by flagellin leads 

to increased expression of antiapoptotic genes, 48  which may 

correlate with the observed protective effects of TLR5 signal-

ing in epithelial homeostasis. This suggests that under normal 

conditions, ligation of TLR5 by flagellin in IECs does not exert 

inflammatory effects and may be cytoprotective. In contrast, 

flagellated bacteria including  E. coli  can induce proinflammatory 

responses by interacting with basolateral TLR5 in epithelial cell 

lines 49  and the intact human colonic mucosa. 50  Exposure of the 

injured mouse colon to flagellin resulted in aggravated colonic 

inflammation, whereas the normal colon was not responsive 

to flagellin. 50  TLR5-deficient mice develop spontaneous coli-

tis 46  and this was abrogated in mice that were also deficient in 

TLR4, indicating a key role for TLR4 ligands in promoting the 

inflammatory response. The inflammatory pathology associated 

with  Salmonella  infection, which occurs in Peyer ’ s patches, is 

dependent on TLR5 51  and the migration of DCs into the gut 

lumen in response to  S. typhimurium  was dependent on flagel-

lin and MyD88. 52  Thus, the consequences of TLR5 ligation with 

flagellin depend on whether the interaction is with IECs under 

noninflammatory conditions, where the outcome may be cyto-

protective, or with nonepithelial cells, where the outcome may 

be amplified inflammatory responses. 

 An additional role for TLR5 has been revealed in pro-

moting IgA     +      B-cell differentiation. A population of 

TLR5     +     CD11c     +     CD11b     +      DCs in the small intestine promotes 

IgA     +      cell differentiation by a retinoic acid-dependent process. 53  

Flagellin-induced expression of retinal dehydrogenase 2 in these 

cells converts vitamin A into retinoic acid, which acts on naive 

B cells to promote their differentiation into IgA     +      plasma cells. 

These cells can also promote antigen-specific Th1 and Th17 

responses and their efficacy in promoting Th17 cells is associ-

ated with the production of retinoic acid. 53  Flagellin may there-

fore have potential in mucosal vaccines as a means to promote 

vaccine-specific T-cell and IgA responses. However, delivery 

systems will be required to transport the flagellin across the 

epithelium to enable interaction with basolateral TLR5 on 

epithelial cells and TLR5-expressing DCs and macrophages. 

 A human IEC line expressed TLR9 and responded to CpG 

DNA stimulation with enhanced activation of NF- � B and pro-

duction of IL-8. However, fully differentiated human colonic 

epithelial cells were unresponsive when challenged with CpG. 54  

However, polarity-dependent discrimination was recently shown 

between the responsiveness and nonresponsiveness of IECs to 

TLR9 activation. 55  Although localized exclusively to the endo-

some in immune cells, TLR9 was detected on the basolateral (and 

apical) surface of polarized (and nonpolarized) IECs. Activation 

of basolateral TLR9 resulted in I � B �  degradation and NF- � B 

activation, whereas stimulation of apical TLR9 led to the accumu-

lation of poly-ubiquitinated I � B �  in the cytoplasm, preventing 

NF- � B activation. This effect was associated with intracellular 

tolerance to subsequent TLR challenges. IECs in TLR9-deficient 

mice showed a lower NF- � B activation threshold and greater 

susceptibility to experimental colitis. In addition to the role of 

TLR9 in IECs, Paneth cells express TLR9 close to the antimicro-

bial peptide-containing secretory granules and injection of CpG 

resulted in a reduction in the numbers of secretory granules, 

consistent with Paneth cell degranulation and defensin release. 56  

Furthermore, the delivery of CpG increased the resistance of 

mice to oral challenge with  S. typhimurium . The use of probio-

tics has been proposed as a therapeutic strategy for inflamma-

tory bowel diseases. TLR9 signaling was required to mediate the 

anti-inflammatory effect of probiotics or probiotic DNA in the 

DSS colitis model 57  and the anti-inflammatory effects of TLR9 

agonists in colitis are mediated by type I IFN. 58  Recent evidence 

was reported for genetic interactions between the single-nucleo-

tide TLR9 polymorphisms, 1237T / C and 2848A / G, and CD-

associated variants in NOD2, IL-23R, and DLG5 in modulating 

susceptibility to CD. 59  The stimulation of human cells with the 

NOD2 agonist muramyl dipeptide (MDP) enhanced CpG-

induced TLR9 responses. 60  This indicates that PRMs do not act 

in isolation but that complex synergistic interactions operate 

to amplify the inflammatory responses. Regulatory T cells in 

the intestine maintain immunological tolerance to self-antigens 

and have an important role in suppressing damaging inflamma-

tory responses. 61  However, in contrast to the anti-inflammatory 

roles for TLR9 described above, DNA from commensal bacteria 

limits the induction of inducible regulatory T cells through 

TLR9 signaling. 62    

 REGULATION OF IgA RESPONSES 
 The microbiota has an essential role in promoting the develop-

ment of IgA-producing plasma cells and there is evidence that 

this enhancing effect is driven by specific bacterial species. 63  

Mice deficient in activation-induced cytidine deaminase, which 

leads to a loss of IgA-producing plasma cells, exhibit expansion 

of anaerobic, particularly segmented filamentous bacteria in the 

small intestine. 64  The commensal bacterium  B. thetaiotaomi-

cron  induces strong innate immune responses in the absence of 

IgA. 65  TLR agonists can act directly on B cells in the presence of 
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TGF- �  to promote IgA class switching in B cells. 66  A population 

of TNF- �  / iNOS-producing DCs in the intestinal lamina propria 

produce nitric oxide and this leads to the induction of BAFF 

and APRIL, which promote activation-induced cytidine deami-

nase expression and IgA class switching. 67  The development of 

TNF- �  / iNOS-producing DCs requires TLR signaling as the 

numbers of these cells in the lamina propria are reduced in 

MyD88-deficient and TLR2     −    \    −     TLR4     −    \    −     \TLR9     −    \    −      mice. 67  

As IgA can have protective roles in immunity against patho-

gens, targeting cells including TNF- �  / iNOS-producing DCs 

and TLR5-expressing DCs may have potential in vaccine 

development.   

 NEGATIVE REGULATION OF TLR SIGNALING IN THE 
INTESTINE 
 In addition to regulation mediated by tissue and cell-type-spe-

cific expression of PRMs in the gastrointestinal tract, there is 

also selective expression of negative innate signaling regulators 

in intestinal cells ( Table 1 ). Mice deficient in IL-10 develop 

spontaneous commensal-dependent colitis, characterized 

by the presence of proinflammatory Th1 cells, and this is MyD88 

dependent. 68  IL-10 signaling pathways are dependent on 

signal transducer and activator of transcription (STAT) 3 and a 

myeloid cell-specific deletion of STAT3 resulted in enterocolitis 

with enhanced Th1 responses. 69  This was dependent on IL-12 

p40 and was reduced in mice that were also deficient in TLR4, 

suggesting that the commensal TLR4 ligands induced IL-12 p40. 

As it is now known that IL-12 p40 is a component of IL-23 as 

well as IL-12, the proinflammatory phenotype in the STAT3-

deficient mice may reflect contributions from both cytokines. 

 Suppressor of cytokine signaling 1 (SOCS1) deficient 

mice exhibit more severe DSS-induced colitis than do wild-

type mice, 70  which is dependent on the microbiota. 71  The 

TLR adapter protein, Mal, contains a PEST domain that 

allows it to be degraded by SOCS1. 72  Thus, the absence of 

SOCS1 may result in amplified Mal signaling in response to 

TLR4 and TLR2 agonists. 

 Single immunoglobulin IL-1 receptor-related molecule 

(SIGIRR) / TIR8 is a negative regulator for Toll-IL-1R signal-

ing. 73  Mice deficient in SIGIRR were more susceptible to DSS-

induced colitis and commensal bacteria induced higher levels 

of cytokines by epithelial cells from SIGIRR-deficient cells than 

from wild-type cells. 74  SIGIRR functions as an intra cellular 

decoy for TRAF6 and IRAK1 in both IECs and intestinal DCs. 

SIGIRR-deficient colonic epithelial cells exhibited commensal-

dependent upregulation of inflammatory genes, whereas gut 

epithelium-specific expression of the SIGIRR transgene in 

the SIGIRR-deficient mice abrogated the hypersensitivity to 

DSS-induced colitis. 73  

 IRAK-M is an inactive kinase, restricted to monocytes and 

macrophages whose expression is increased by TLR stimulation. 

IRAK-M prevented the dissociation of IRAK-1 and IRAK-4 from 

MyD88 and the formation of IRAK – TRAF6 complexes and IRAK-

M-deficient mice exhibited amplified inflammatory responses to 

 S. typhimurium.  75  However, it is not clear whether IRAK-M has 

a role in regulating colitis. The cytoplasmic ubiquitin-modifying 

enzyme, A20, removes ubiquitin molecules from TRAF6, abro-

gating TLR-dependent responses. 76  Deficiency in A20 led to 

spontaneous intestinal inflammation, which was eliminated if 

mice were also deficient in MyD88, and was also reduced by 

treatment of mice with antibiotics. 77  Thus, a number of regula-

tory pathways, particularly directed at MyD88-dependent sig-

naling, operate in the intestine to limit inflammatory responses 

to the microbiota.   

 THE ROLE OF NLRs IN MUCOSAL IMMUNITY 
 To date, 23 NLR proteins have been identified in humans and 

34 NLR genes are present in mice. 78  These intracellular recep-

tors are structurally composed of an N-terminal effector domain 

that can comprise caspase recruitment domains (CARDs) as in 

the case of the NODs, a pryin domain as in the case of NLRP, or 

a baculovirus-inhibitor-of-apoptosis repeats domain for 

NAIP. 1  NLRs comprise a central oligomerization domain and 

a C-terminal LRR domain 79,80  and mediate signaling cas-

cades through homophilic and heterophilic protein – protein 

  Table 1     Regulation of innate and adaptive intestinal 
responses by PRM signaling 

   Defi cient 
immune molecule  Disease pathology   Reference  

   MyD88  Impaired development of 
Peyer’s patches 
 Spontaneous intestinal tumors 

  2,136  

   TRIF  More commensal bacteria in 
spleen when challenged with 
 E. coli  

  6  

   TLR5  Spontaneous colitis   46  

   TLR9  Lower NF- � B activation, 
greater susceptibility to DSS 
colitis 

  55  

   TLR2  Compromised integrity of 
epithelial barrier 

  137  

   TLR4 –  
(blocking with 
antagonist) 

 Inhibits DSS-induced colitis 
and in spontaneous chronic 
colitis model 

  39  

   NOD2  Abnormal development and 
function of Peyer’s patches, 
increased bacteria and yeast 
translocation 

  90  

     Increased susceptibility to 
oral infection with  L. monocy-
togenes  

  92  

   NOD1  Increased susceptibility to 
 H. pylori  

  91  

   STAT3  Develop chronic enterocolitis   69  

   SOCS1  Increased susceptibility to 
DSS-induced colitis 

  70  

   SIGIRR  Increased susceptibility to 
DSS-induced colitis 

  74  

   IRAK-M  Amplified inflammatory 
responses to  S. typhimurium  

  75  

     DSS, dextran sodium sulfate.   
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inter actions. In addition to their roles in PRM recognition, NLR 

family members are increasingly implicated in the proinflamma-

tory forms of cell death, pyroptosis, and pyronecrosis. 81  Thus, in 

inflammatory conditions, where significant mucosal cell death is 

ongoing, it will be important to assess the contribution of NLR 

family members, including NLRP1 and NLRP3, to the inflam-

matory process.   

 NOD 1 AND NOD 2 
 Nucleotide-binding oligomerization domains 1 and 2 (CARD15) 

are intracellular sensors of bacterial peptidoglycan components. 

NOD2 recognizes the presence of MDP, whereas NOD1 senses 

 � - D - meso -DAP (iE-DAP). 82 – 84  NOD1 and NOD2 activat-

ing ligands are thought to enter cells by endocytosis through 

clathrin-coated pits. 85  The internalization of the peptides is 

pH dependent and the peptides are enzymatically processed in 

endosomes before transport into the cytosol. NOD1 is ubiq-

uitously expressed in adult human tissues, whereas NOD2 is 

expressed in leukocytes, DCs, and epithelial cells. 86,87  NOD1 

expression is upregulated by IFN- �  in IECs and NOD2 expres-

sion is increased by inflammatory stimuli such as LPS, TNF- � , 

or IFN- � . 87,88  NOD1 and NOD2 interact with the inhibitor of 

apoptosis proteins (cIAP1 and cIAP2) that possess C-termi-

nal RING-finger domains with E3 ligase activity ( Figure 1 ). 89  

Although cIAP proteins have CARD domains, the NOD1 and 

NOD2 interactions occur independently of these, indicating 

that the interaction between the NODs, cIAPs, and receptor-

interacting protein 2 (RIP2) is independent of their CARD 

domains. Following recruitment to NOD1 and NOD2, the 

cIAP proteins function as E3 ligases and mediate the binding of 

lysine (K) 63-linked ubiquitin to RIP2. Ubiquitination of RIP2 

causes its activation and subsequent binding and activation of 

TGF- � -associated kinase 1 (TAK1). The kinase activity of TAK1 

activates both IKK �  and MKK, which culminates in the trans-

location of NF- � B and mitogen-activated protein kinase into 

the nucleus to upregulate the transcription of proinflammatory 

genes and mediate antibacterial effects by the upregulation of 

defensins. 

 NOD2 deficiency resulted in the abnormal development and 

function of Peyer ’ s patches in mice. 90  This phenotype was Peyer ’ s 

patch specific and was not apparent after birth but progressed 

with time, being observed for up to 52 weeks. Peyer ’ s patches in 

NOD2-deficient mice were larger than controls with increased 

numbers of both M cells and CD4     +      T cells. The knockout mice 

exhibited increased translocation of yeast and bacteria across 

Peyer ’ s patches and higher concentrations of the cytokines TNF- � , 

IFN- � , IL-12, and IL-4. 

 NOD1-deficient mice are highly susceptible to infection with 

 Helicobacter pylori , 91  whereas NOD2-deficient mice are more 

susceptible to oral infection with  Listeria monocytogenes . 92  

The uptake of  L. monocytogenes  into phagolysosomes gener-

ates bacterial peptides that enter the cytosol and interact with 

NOD2. This interaction is thought to specifically trigger type 

I IFN responses. 93  NOD2 is expressed in ileal Paneth cells, and 

production of the cryptidin subgroup of antimicrobial pep-

tides is reduced in NOD2-deficient cells. 92  Furthermore, the 

expression of  � -defensins is reduced in CD patients with NOD2 

mutations. 94  

 Crohn ’ s disease, which is characterized by chronic granu-

lomatous intestinal inflammation and ulcers of the mucosa, 

has a complex pathology associated with a combination of 

genetic factors, deregulated interaction with the microbiota, 

and immune-mediated tissue injury. Three polymorphisms 

of NOD2 are associated with CD (Arg702Trp, Gly908Arg, 

and Leu1007fsinsC). These missense polymorphisms are 

located within the LRR domain of NOD2, involved in sensing 

MDP, and are associated with decreased MDP-induced NF- � B 

activity and impaired bacterial clearance. 83,95,96  Individuals 

with the Leu1007fsinsC frameshift mutation have an inabil-

ity to signal in response to MDP, and an impaired response 

to intracellular  Salmonella , indicating that NOD2 is required 

for protection against intracellular bacteria. 97  A NOD2 gain-

of-function mutation is also associated with a chronic sys-

temic inflammatory disorder known as  “ Blau syndrome, ”  in 

which NOD2 2932iC  is constitutively active and can cause 

ligand-independent activation of NF- � B. In mice, this 

mutation enhanced NF- � B activation and increased apoptosis 

and secretion of IL-1 � , which was linked to increased susceptibil-

ity to bacteria-induced intestinal inflammation. 98  The 3020insC 

(SNP13) mutation in  NOD2 , found in Paneth cells, is associated 

with reduced levels of human defensins 5 and 6. 94,99,100  A genetic 

association was identified between the Wnt-signaling pathway 

transcription factor TCF-4, which regulates Paneth cell differ-

entiation and  � -defensin expression, and ileal CD, indicating 

that deficiency in Paneth cell  � -defensins is a primary factor in 

the pathogenesis of ileal CD. 101  In addition to these findings on 

the importance of NOD2 in Paneth cells, NOD2-sufficient mast 

cells were significantly increased in the colonic lamina propria of 

CD patients in comparison with those of UC and control indi-

viduals. 102  It was suggested that NOD2     +      mast cells have a role in 

pathogenicity, associated with the recruitment of inflammatory 

cells in individuals with CD. In addition to the established link 

between NOD2 mutations and CD,  NOD1  gene polymorphisms 

are also associated with susceptibility to CD and UC. 103    

 INFLAMMASOMES 
 Inflammasomes are cytoplasmic multiprotein complexes con-

taining an NLR and caspase-1, which assemble on activation, 

leading to the multimerization of the adapter molecule, apop-

tosis speck-like protein (ASC). Procaspase-1 is recruited to 

ASC through CARD domain interactions and autocleavage of 

caspase-1 is triggered. 104  The cleaved caspase-1 p10 and p20 

subunits assemble into active caspase-1, which cleaves not only 

pro-IL-1 �  into active IL-1 �  but also IL-18 into its active form. A 

number of NLR family members have now been shown to form 

inflammasomes including NLRP1, NLRP2, NLRP3, and NLRP4 

(IPAF). 105  NLRP4 responds to the presence of flagellated bacte-

ria ( Figure 1 ) and  Salmonella  uses a type III secretion system to 

deliver flagellin into the cytosol, 106  resulting in NLRP4 inflam-

masome activation .  Salmonella -induced activation of caspase-1 

and secretion of IL-1 �  in macrophages is NLRP4 dependent and 

TLR5-independent . 106,107    
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 NLRP3 
 NLRP3 forms an inflammasome complex with ASC, 

cardinal, and procaspase-1. 108 – 110  The NLPR3 inflammasome 

has attracted increasing interest with growing recognition of 

its role in innate responses induced by stimuli including 

adenosine triphosphate (ATP), pore-forming toxins, and 

uric acid. 105  Our recent work suggests that the combination of 

parti culates and TLR agonists is a strong stimulus for NLRP3 

inflammasome activation. 111  Furthermore, the enteric pathogens 

 L. monocytogenes  and  Shigella flexneri  have been found to signal 
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   Figure 1        Nucleotide-binding domain and Leucine-rich repeat containing receptor (NLR)- and Toll-like receptor (TLR)-mediated signaling cascades 
in the gut epithelia. NLRs are composed of N-terminal effector domains that mediate protein – protein interactions with their binding partners. NOD1 
and NLRP4 (IPAF) are composed of one caspase recruitment domain (CARD), whereas NOD2 is composed of two. All NLRs have a central 
oligomerization domain and C-terminal LRR regions. Cytosolic  L. monocytogenes  are recognized by NOD1 and NOD2,  H. pylori  is identified by 
NOD1, and  S. typhimurium  is recognized by NOD2. Extracellular flagellated  S. typhimurium  is recognized by TLR5, whereas NLRP4 identifies 
flagellin, which reaches the cytosol. NOD1 and NOD2 interact with the inhibitor of apoptosis proteins (cIAP1 and cIAP2), which have been found 
to possess C-terminal RING-finger domains with E3 ligase activity. cIAP1 or cIAP2 bind and ubiquitinate RIP2, adding K63-linked ubiquitin units to 
the kinase protein. Ubiquitinated RIP2 binds and activates TAK1. The kinase activity of TAK1 activates both IKK �  and MKK, which culminates in the 
translocation of NF- � B and mitogen-activated protein kinase into the nucleus, upregulating the transcription of proinflammatory genes and mediating 
the antibacterial effects by the upregulation of defensins. The bacterial translocation complex SipB mediates the translocation of flagellin across the 
plasma membrane, which is recognized by NLRP4, which in turn recruits apoptosis speck-like protein (ASC) through its N-terminal CARD domain. 
ASC then recruits and activates caspase-1, forming the NLRP4 inflammasome. TLRs contain an N-terminal LRR domain, a transmembrane domain, 
and a C-terminal cytoplasmic TIR domain. TLR5 is activated on ligation to extracellular flagellin, and TLR5 recruits adaptor MyD88 to upregulate a 
signaling cascade that activates the proinflammatory transcription factors NF- � B and AP1. Basolaterally polarized TLR5 is found in the colon and is 
upregulated by invasive bacteria that have breached the transepithelial barrier. TLR4 and TLR2 are found on the epithelial surface at a relatively low 
level; however, the expression of TLR4 and TLR2 is increased by proinflammatory cytokines. Basolateral TLR9 has been found to activate NF- � B, 
whereas apical TLR9 has been shown to cause the accumulation of ubiquitinated I � B preventing the activation of NF- � B.  
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through NLRP3 and  S. flexneri  induces a form of pyronecrosis 

in human monocytes, which is dependent on ASC, NLRP3, and 

cathepsin B. 110  Extracellular ATP is a potent stimulus for NLRP3 

inflammasome activation and is produced in high concentra-

tions by commensal bacteria. 112   In vitro , the addition of ATP 

to macrophages and DCs following TLR stimulation potently 

promotes NLRP3-mediated secretion of active IL-1 �  and IL-

18. This process is mediated by ATP binding to P2X7 receptors 

and requires potassium efflux from cells. 113  In addition, ATP 

binds specifically to NLRP3, which exerts its effect as an ATPase, 

and it was proposed that this nucleotide hydrolysis was required 

for NLRP3 self-association, interaction with ASC, activation of 

caspase-1, and release of IL-1 � . 114  

 IL-17-producing CD4  +  T cells (Th17 cells) are a subset of 

T helper cells that are implicated in protection against a number 

of extracellular pathogens, including the enteric pathogen 

 Citrobacter rodentium , 115  and also in autoimmune conditions. 116  

These cells are characterized by the production of IL-17A, 

IL-17F, IL-21, and IL-22 and require the STAT3-dependent 

expression of the transcription factor ROR- � t . 117  Th17 cells are 

highly enriched and constitutively present in the intestinal lam-

ina propria, 118  and this requires the microbiota as the numbers 

of Th17 cells are reduced in germ-free mice. 112  Remarkably, the 

development of Th17 cells in the lamina propria was independ-

ent of TLR signaling as it was intact in MyD88 / TRIF-deficient 

mice. ATP activates a population of CD70(high) CD11c(low) 

cells in the intestinal lamina propria leading to the differen-

tiation of Th17 cells. 112  There were lower concentrations of 

luminal ATP and Th17 cells in germ-free mice, implicating the 

microbiota in both processes. Furthermore, the administration 

of ATP to germ-free mice resulted in a large increase in the num-

bers of Th17 cells in the lamina propria and delivery of ATP-

exacerbated pathology in a T-cell-mediated colitis model. The 

CD70(high) CD11c(low) cells produced the Th17 polarizing 

factors IL-6, IL-23, and integrin- � V and - � 8, which are involved 

in activating latent complexes of TGF- � . We have reported an 

essential role for IL-1 in the induction of Th17 cells in mice. 119  

As ATP is a potent stimulus for NLRP3 inflammasome activa-

tion, it is likely that ATP produced by the microbiota would 

promote NLRP3 activation in intestinal DCs and macrophages. 

This may particularly be the case during epithelial injury where 

PRM ligands can access their receptors on epithelial and innate 

cells. This would induce pro-IL-1 �  production and ATP activa-

tion could activate the NLRP3 inflammasome with consequent 

activation of caspase-1 and cleavage and secretion of IL-1 �  and 

IL-18. Thus, both MyD88-dependent and -independent mecha-

nisms for Th17 cell development probably exist, as NLRP3 may 

be a mediator of commensal bacteria-induced Th17 responses 

in the intestine ( Figure 2 ). In addition,  �  � T cells, which are 

abundant in the intestinal epithelium, 120  respond to stimula-

tion with IL-1 and IL-23 by secreting IL-17 and act to amplify 

Th17 cell responses. 121  Thus, NLRP3 activation in the intestine 

may promote IL-1 secretion in response to ATP, which acts in 

synergy with other PRM-induced polarizing cytokines to gener-

ate an environment particularly conducive to the differentiation 

of Th17 cells in the lamina propria ( Figure 2 ). As ATP-induced 

Th17 cell differentiation was independent of TLR signaling, this 

suggests that the induction of IL-23 and other Th17 cell-polar-

izing cytokines must be driven through signaling through other 

PRMs. 112  In this regard, NOD2 and Dectin 1 have been impli-

cated in the induction of IL-23. 122  

 Despite evidence from the studies above, indicating that the 

promoting effects of the microbiota on Th17 cells are TLR inde-

pendent, TLR5-expressing DCs can promote the differentia-

tion of Th17 cells on stimulation with flagellin 53  and there were 

reduced numbers of lamina propria Th17 cells in TLR9-deficient 

mice. 62  Thus, the role of TLR signaling in promoting Th17 cells 

may be context dependent. The Th17-promoting cytokine IL-23 

mediates intestinal inflammation 123,124  and an IL-23 receptor 

variant is associated with inflammatory bowel disease. 125    

 RLRs 
 The detection of viruses can be largely attributed to the pres-

ence of intracellular TLRs and RLRs. 126  The RLRs, RIG-I, and 

Mda-5 are cytoplasmic RNA helicases containing a DExD / H 

box RNA helicase domain and two CARD-like domains. 126  

These recognize viral RNA and signal downstream to NF- � B, 

mitogen-activated protein kinases, and IRFs, which transcribe 

genes encoding type I IFN and proinflammatory cytokines. 

RIG-I specifically recognizes 5 � -triphosphate-containing viral 

RNA and upregulates downstream signaling cascades that cause 

the phosphorylation and dimerization of IRF3 through a TBK1 –

 IKK �  – DDX3 complex. Activation of the IRF3 complex causes its 

translocation into the nucleus to upregulate the transcription of 

IFN- � , protecting the host from viral infection. 

 Downstream of RIG-I and Mda5 is an adapter molecule 

known as mitochondrial antiviral signaling adapter, also known 

as IPS-1. It has an N-terminal CARD domain and a C-terminal 

ATP ATP

NLRP3

IL-1β

Th17

IL-23
TGF-β

IL-6

   Figure 2        Hypothetical model for ATP-driven NLRP3 activation in 
promoting Th17 responses in the intestine. ATP produced by commensal 
bacteria (red boxes) acts on CD70(high)CD11c(low) cells to enhance the 
Toll-like receptor (TLR)-independent secretion of the Th17 cell-polarizing 
cytokines, IL-6, IL-23, and TGF- � . 112  In parallel, ATP may act on 
intestinal dendritic cells (DCs) and macrophages through P2X7 receptors 
to enhance NLRP3 inflammasome activation, promoting caspase-1 
activity and secretion of IL-1 � . These Th17-polarizing cytokines act in 
synergy to drive Th17 responses in the lamina propria.  
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transmembrane domain that localizes it to the mitochondrial 

membrane. Mitochondrial antiviral signaling adapter functions 

to activate IFN- � , IFN- � , and NF- � B promoters in a TBK1-

dependent manner. 127  Recently, RIG-I was also shown to sense 

AT-rich double-stranded DNA through the induction of an 

RNA polymerase III-transcribed RNA intermediate. 128  

 Signaling through RLRs, similar to TLRs, induces the phospho-

rylation and homodimerization of constitutively expressed IRF3, 

triggering the translation of type I IFN (IFN- � ). IRF3 is present 

in cells in an inactive state, its activation requiring the phosphor-

ylation of multiple serine / threonine residues at its C terminus. 129  

The phosphorylation of IRF3 on serine clusters is carried out by 

TBK-1, and IKK � , which allows IRF3 dimerization to occur, 

followed by its nuclear accumulation. The IRF3 dimer forms 

a complex with the transcription factors ATF-2 / c-Jun (AP-1) 

and NF- � B (p65 and p50 heterodimer) and the co-activator 

CBP / p300, allowing it to bind to DNA in a sequence-specific 

manner. 129 – 132  RIG-I disruption in mice resulted in reduced 

body weight, which was caused by severe damage and inflamma-

tory infiltration into the colonic mucosa. 133,134  Given the recent 

findings on the ability of RIG-I to recognize DNA as well as 

RNA, it will be important to identify the ligand promoting this 

process. In addition to these inflammatory effects, the number 

of Peyer ’ s patches was significantly reduced in RIG-I-deficient 

mice and RIGI was found to control the transcriptional activity 

of G � i2, a negative regulator of T-cell responses, which may 

mediate the modulatory effects of RIG-I. 134    

 CONCLUSIONS 
 Both epithelial barrier function and mucosal immunity depend 

on interactions between the microbiota and PRMs on epithelial 

and other mucosal cells. In particular, signaling through TLR2 

has an essential role in maintaining the integrity of the epithelial 

barrier and controlling intestinal permeability. The finding that 

the spontaneous hyperactivation of systemic antibody responses 

against intestinal bacteria occurs in the absence of TLR signaling 

shows the vital role of innate immune signaling in corralling the 

microbiota in the mucosal compartment. The nature of adap-

tive immune responses at the mucosae also exhibits unique 

features including a preponderance of Th17 cells in the lamina 

propria and a preferential secretion of IgA. In both cases, the 

microbiota are required to drive these responses, although the 

specific PRMs responsible in most cases await determination. 

The finding that the induction of IgA responses requires the 

microbiota and TLR signaling, whereas Th17 cell induction is 

not TLR dependent, 112  suggests that the relationships between 

innate signaling and adaptive immunity are diverse, indicat-

ing that other PRMs such as NLRs, RLRs, or C-type lectins are 

involved in promoting Th17 cell responses. A further exam-

ple of this is the requirement for microbiota and TLR signal-

ing for TNF- �  / iNOS-producing DCs in the lamina propria of 

mice. 67  NOD1 and NOD2 are important in the recognition of 

intracellular bacteria that have breached the epithelial wall and 

mutations result in the increased bacterial uptake into epithelial 

cells. The recent finding that the normal intestinal microbiota 

can alleviate the progression of autoimmune diabetes in a 

MyD88-independent manner 135  suggests that the consequences 

of innate receptor signaling in the intestine may have systemic as 

well as local consequences. In addition, as UC is an important risk 

factor for the development of colorectal cancer, the consequences 

of aberrant innate signaling in the intestine are many. As a result, 

an increased understanding of the ligands and receptors respon-

sible for promoting and inhibiting innate and adaptive immunity 

in the intestine has tremendous therapeutic implications.    
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