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This article provides an overview of how intestinal epithelial cells
(IEC) recognize commensals and how they maintain host-bacterial
symbiosis. Endocrine, goblet cells, and enterocytes of the intestinal
epithelium express a range of pattern recognition receptors (PRR)
to sense the presence of microbes. The best characterized are the
Toll-like receptors (TLR) and nucleotide oligomerization domain-
like receptors (NLR), which play a key role in pathogen recognition
and the induction of innate effectors and inflammation. Several
adaptations of PRR signaling have evolved in the gut to avoid
uncontrolled and potentially destructive inflammatory responses
toward the resident microbiota. PRR signaling in IEC serve to
maintain the barrier functions of the epithelium, including the
production of secretory IgA (sIgA). Additionally, IECs play a cardinal
role in setting the immunosuppressive tone of themucosa to inhibit
overreaction against innocuous luminal antigens. This includes
regulation of dendritic cells (DC), macrophage and lymphocyte
functions by epithelial secreted cytokines. These immune mecha-
nisms depend heavily on IEC recognition of microbes and are
consistent with several studies in knockout mice that demonstrate
TLR signaling in the epithelium has a profoundly beneficial role in
maintaining homeostasis.
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A single layer of epithelial cells separates the inimical con-
tents of the mammalian intestine from the underlying tis-

sues of the body. Excluded are an estimated 1 × 1014 commensal
bacteria consisting of at least 160 species of >1,000 identified in
one of the most densely populated habitats known in biology (1,
2). The small intestine is organized into crypts and villi to in-
crease the surface area for absorption of nutrients whereas, in
the colon, there are no villi and the surface of the epithelium is
flat. The entire epithelium is renewed approximately every 5
d in humans because of proliferation and differentiation of the
pluripotent stem cells residing in the crypts. The cells migrate
upwards and differentiate into three different cell lineages:
enterocytes, enteroendocrine cells and mucus producing goblet
cells (3). In the small intestine, the stem cells migrating to the
bottom of the crypt differentiate into Paneth cells, which pro-
duce a range of antimicrobial factors to protect the crypt cells
from infection by microorganisms (4). The layer of mucosal tis-
sue directly under the intestinal epithelium, known as the lamina
propia (LP), contains B cells (especially sIgA-producing plasma
cells), T cells, stromal cells, and antigen-presenting cells (APC)
such as macrophages and DC. Additionally, the epithelium
contains intraepithelial lymphocytes with unclear ontogeny and
reactivity that localize to this site independently of antigen-spe-
cific activation in the secondary lymphoid organs. Two radial
layers of innervated smooth muscle surround the gut wall and LP
to propel the luminal contents through the intestine by peristalsis.
The gastrointestinal tract is also enveloped by nerves of the enteric
nervous system involved in two-way signaling with the central
nervous system. Here, microbe interactions with the epithelium
and, in particular, the surface sensory enteroendocrine cells in the
small intestine can potentially mediate communication between
the brain and the intestine.

Although once considered simply a physical barrier, it is be-
coming increasingly evident that the epithelium is a crucial
regulator of intestinal immune homeostasis. In this respect, the
interaction of epithelial cells with microbes and components
released by microbes including their metabolites, is a key medi-
ator of the cross-talk between the epithelium and other cell types
in the mucosa. The interactions between bacteria and epithelium
may differ in the small and large intestine because of anatomical
differences and the extent to which the secreted mucus layer
covers the epithelium. The mouse colonic mucus consists of two
layers extending 150 μm above the epithelial surface with a sim-
ilar protein composition (5). Whereas the inner layer is densely
packed and devoid of bacteria, the outer layer is less dense and
colonized by bacteria (5). It is not known whether the mucus in
the small intestine also consists of two layers and if it would
entirely cover the large surface area of the villi in the small in-
testine. In addition, the density and composition of bacteria
differs substantially between the colon and small intestine, sug-
gesting that microbe–epithelial interactions will be different in
each location.
Microbe–epithelial interactions do not necessarily involve in-

tact bacteria because diffusible compounds released from live or
dead bacterial cells could also interact with the cognate PRR of
the host. The well characterized PRR expressed by epithelial
cells include members of the TLR family and intracellular NLR,
which can trigger expression of a surprising diversity of chemo-
kines, cytokines, and effectors of innate immunity (Table 1). In
this review, we discuss what is known about the role of some of
these factors in regulating immune functions, including antigen
sampling, B cell function, sIgA production, DC function, and
innate immunity.

Expression and Compartmentalization of PRR in the
Intestinal Epithelium
The detection of pathogens by the host is achieved through the
families of PRR that recognize conserved molecular structures
known as pathogen-associated molecular patterns (PAMP) and
induce production of innate effector molecules. Because these
structures are also found on nonpathogenic microorganisms, the
term microbe-associated molecular patterns (MAMP) is in-
creasingly used, particularly in the context of host–commensal
interactions. These signaling receptors can be divided into three
families: TLR, retinoic acid inducible gene I (RIG-I)-like recep-
tors (RLR), and nucleotide oligomerization domain (NOD)-like
receptors (NLR). The TLR family is the best characterized, and
13 receptors have been reported in mice and humans. For TLR, it
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has been shown that ligand sensing and specificity is achieved
through the arrangement and sequence variation in the conserved
leucine-rich repeat (LRR) domains. TLR2 can form hetero-
dimers with TLR1 or TLR6 to detect different but related ligands
(Table 2). TLR are localized in the cell membrane and/or endo-
somal membrane components to recognize extracellular and
endocytosed MAMP (Table 2). The ubiquitously expressed RIG-

I-like receptor (RLR) family of RNA helicases are cytoplasmic
proteins that recognize viral RNAs and induce innate antiviral
responses, including the activation of proinflammatory cytokines
and type I interferon (IFN) (10). The third family, containing >20
cytoplasmic NLR in humans and mice, is divided into four major
groups based on the nature of the N-terminal activation domains
involved in signal transduction. The NLR characterized to date

Table 1. Chemokines and effectors of innate immunity produced by intestinal epithelial cells

Effector Function Source or ref.

APRIL B cell proliferation inducing ligand promoting Ig class switching Entrez Gene/GeneRIFs
TSLP Activates and stimulates survival of immune cell types including DC and

CD4+ T cells
Entrez Gene/GeneRIFs

SLPI Conferring protection of epithelia from attack by endogenous proteolytic
enzymes during immune responses

HPRD (6)*

TGF-β Cytokine involved in cell proliferation, differentiation, apoptosis and
coagulation; mainly secreted by macrophages

Entrez Gene/GeneRIFs, HPRD

ALPI Detoxifies lipopolysaccharide and prevents bacterial invasion across the gut
mucosal barrier

Entrez Gene/GeneRIFs, HPRD

IL-1β An important mediator of the inflammatory response; is involved in diverse
cellular activities including cell proliferation, differentiation and
apoptosis.

(7), Entrez Gene GeneRIFs, HPRD

IL-7 Important for B and T cell development and cell survival Entrez Gene, HPRD
IL-8 T cell chemotactic factor; angiogenic factor; mediates inflammatory

responses
HPRD (7, 8)

IL-15 Cytokine that regulates T and natural killer cell activation and proliferation. Entrez Gene/GeneRIFs, HPRD
CCL20 Chemokine; macrophage inflammatory protein 3 alpha; small inducible

cytokine
HPRD

CD46 Type I membrane protein that is a regulatory part of the complement system This publication
CD55 Glycoprotein involved in the regulation of the complement cascade Entrez Gene/GeneRIFs, HPRD
SOCS3 Suppresses proinflammatory cytokine signaling; inhibitor of JAK2 and STAT3

signaling
(9)

ADM Suppresses proinflammatory cytokines, chemokines and NO production;
inhibits T cell proliferation, induces regulatory T (Treg) cells

Entrez Gene, HPRD

POMC Peptide hormone precursor with roles in energy homeostasis and immune
modulation and homeostasis.

HPRD

defensins A family of microbicidal and cytotoxic peptides involved in host defense (4)

*Human Protein Reference Database, www.hprd.org.

Table 2. The PRRs, subcellular localization, and recognized ligands

Receptor Subcellular localization Ligand Origin of ligand

TLR2 Cell surface Lipoteichoic acid G (+) bacteria
Lipoprotein/ lipopeptides Various pathogens
Hemoagglutinin protein Viruses (Measles Virus)
Glycosyl-phosphatidylinositols Parasites (Toxoplasma gondii)

TLR2/1 Cell surface Triacyl lipopeptides Bacteria and mycobacteria
TLR2/6 Cell surface Diacyl lipopeptides Mycobacteria

Zymosan Fungi
TLR3 Cellular compartment dsRNA Viruses
TLR4 Cell surface Lipopolysaccharide G (−) bacteria

Envelope proteins Viruses (Respiratory Syncytial Virus)
Glycosyl-phosphatidylinositols Parasites (Toxoplasma gondii)

TLR5 Cell surface Flagellin Bacteria
TLR7/8 Cellular compartment ssRNA Viruses
TLR9 Cellular compartment/cell surface CpG-containing DNA Bacteria and viruses
TLR11 Cell surface Uropathogenic bacteria component Bacteria (uropathogenic Escherichia coli)

Profilin Parasites
NOD1 Cell cytoplasm Meso-diaminopimelic acid PGN of G (−) and some G (+) bacteria
NOD2 Cell cytoplasm Muramyl dipeptide PGN of G (+) and G (−) bacteria
RIG-I Cell cytoplasm 5′-triphosphate-bearing RNAs Viruses

G (+), Gram-positive; G (−), Gram-negative; dsRNA, double-stranded RNA; ssRNA, single-stranded RNA; PGN, peptidoglycan; Meso-DAP, γ-D-glutamyl-meso-
diaminopimelic acid; MDP, muramyl dipeptide NOD1, nucleotide oligomerization domain-like receptor 1; NOD2 nucleotide oligomerization domain-like
receptor 2.

4608 | www.pnas.org/cgi/doi/10.1073/pnas.1000092107 Wells et al.

http://www.hprd.org
www.pnas.org/cgi/doi/10.1073/pnas.1000092107


recognize a wide range of bacterial ligands and toxins as well as
certain damage-associated molecular patterns (DAMP) of the
host cell (11). NLR proteins can signal through different multi-
component signal complexes to activate alternative signaling
pathways, including caspase activation, cell death, and NF-κB
leading to cytokine, chemokine, and defensin expression. In the
intestine, only the functions of NOD1 and NOD2 have been well
characterized, and these NLR respond to the synthetic peptido-
glycan components meso-diaminopimelic acid (DAP) and mur-
amyl dipeptide (MDP), respectively (Table 2).
The NOD1 receptors are constitutively expressed in a broad

range of tissue types, including intestinal cells such as the Caco-2
cell line (12–14). In contrast, NOD2 expression was reported to
be absent in epithelial cell lines and human tissue samples and
confined to Paneth cells in the small intestine (14–16).
Almost all TLR have been shown to be expressed at the

mRNA level in the human colon and small intestine, but our
knowledge about their spatial distribution in the epithelium, cell
lineage specificity, and function in different parts of the intestine
is incomplete (17, 18). Immunohistochemical techniques have
shown that TLR2 and TLR4 are expressed at low levels by IEC
in normal human colon tissues and predominantly in the crypt
epithelial cells (19–22). The compartmentalization of TLR4 to
the colonic crypts has also been reported in the mouse (23). In
contrast, TLR3 seems to be abundantly expressed only in mature
enterocytes of the normal human small intestine and colon.
TLR5 is expressed predominantly in the colon (20). In the
mouse, immunohistochemical analyses showed that TLR2,
TLR4, and TLR5 are localized on both the follicle-associated
epithelium (FAE) and the epithelium of the small intestinal villi
and crypts (24), but TLR4 expression was relatively low. TLR2
and TLR9 expression is found on both apical and basolateral
sides of the FAE but only on the apical membrane of small in-
testinal IECs in the mouse and human. TLR4 signaling is gen-
erally thought to occur at the plasma membrane after the binding
of LPS to MD2–TLR4 complexes, but a study in a mouse epi-
thelial cell line showed that TLR4 was located in the Golgi ap-
paratus along with LPS (25). Internalization of LPS was
necessary for CXCL2 chemokine induction, suggesting that in-
tracellular TLR4 signaling is required for activation of NF-κB in
the epithelium (26).

PRR Signaling in the Intestinal Epithelium
After ligand binding, TLRs recruit adaptor proteins and cellular
kinases that trigger downstream signaling cascades, leading to the
activation of theMAPKpathway and canonical pathway of NF-κB
activation (recently reviewed in refs. 17 and 18). Consequently,
NF-κB is translocated into the nucleus, where it induces expres-
sion of proinflammatory cytokines and chemokines (Fig. 1). TLR3
and TLR4 can also activate the IFN response factor 3 via re-
cruitment of the adaptor protein TRIF, leading to expression of
type 1 interferons. NOD1 and NOD2 signal by acting as a scaffold
for the assembly of multicomponent signaling complexes that lead
to activation of NF-κB through interactions with receptor inter-
acting protein 2 (RIP2, also known as RICK or CARDIAK) and
a serine/threonine kinase (11).
PRR signaling is a crucial aspect of innate defense, but if un-

controlled at mucosal surfaces, it would be pathological. Thus,
there must be robust mechanisms in place to avoid chronic stim-
ulation of inflammatory signaling by the resident microbiota while
maintaining responsiveness to pathogens. In this respect, the po-
larization of IEC seems to play a crucial role. Recently, TLR9
activation through the apical and basolateral membranes of IECs
was shown to induce distinct transcription responses. The apical
activation of TLR9 conferred a homeostatic response and toler-
ance to subsequent TLR challenges, whereas basal stimulation
triggers IκB degradation and activation of the canonical NF-κB
pathway (27). In addition, a growing list of inhibitors of TLR sig-

naling in IECs, including IRAK-M, TOLLIP, SIGIRR, A20, and
peroxisome proliferator-activated receptor-γ (PPARγ), ensure
that chronic inflammatory and potentially destructive TLR
responses to MAMP do not occur (28).
Although various mechanisms are in place to dampen PRR

signaling in the healthy gut, there is clear evidence from work in
TLR knockout mice that a tonic level of signaling is necessary to
maintain intestinal homeostasis. For example, mouse knockouts
in TLR9, -4, -2, and the adaptor protein MyD88 all showed in-
creased susceptibility to DSS-induced colitis (27, 29). Addition-
ally, germ-free mice and mice treated with multiple antibiotics to
reduce the microbial content of the intestine are also more
susceptible to DSS-induced colitis but can be protected by ad-
ministration of agonists for TLR2 and -4 (29).

Epithelial Regulation of Innate Immunity
In addition to promoting digestion and absorption of nutrients,
IEC contribute to the mucosal barrier functions by producing
a range of antimicrobial factors, including defensins, cathelecidins,
calprotectin, and antimicrobial polypeptides such as HIP/PAP
(Reg3γ and Reg3β in the mouse) (4, 18). It was not surprising
therefore to discover that IEC-specific deletion of TLR4 and
NOD1 or MyD88 impaired immunity to bacterial infections (30–
32). TLR5knockoutmice have a tendency to develop spontaneous
colitis. In these mice, there are more bacteria closely associated
with the colon epithelium and increased bacterial translocation to
the liver and spleen, indicating a failure to control the microbiota.
Additionally, NOD2 polymorphisms in Crohn’s disease patients
are associated with impaired innate immunity, reduced expression
of antimicrobial peptides, and deregulation of immune tolerance
to the microbiota (33, 34).
Accumulating evidence indicates that the inducible expression

of defensins and other antimicrobial factors depends on TLR or
MyD88-dependent signaling (35, 36). Using a mouse transgenic
model in which MyD88 was expressed specifically in Paneth cells
on a MyD88−/− background, it was shown that Paneth cell pro-
duction of several antimicrobial factors was MyD88-dependent
(35). This model was also used to show that Paneth cell-specific
expression of antimicrobial factors is sufficient to limit mucosal
uptake of commensal and pathogenic bacteria into the mesenteric
lymph nodes (MLN) although it did not impact on the density of
luminal bacteria. These findings are consistent with a Paneth cell
model where MyD88-dependent TLR signaling triggered by
commensal bacteria at the mucosal surface induces expression of
several antimicrobial factors that inhibit growth of bacterial
pathogens and commensals in the epithelial crypts of the small
intestine.
Apart from their antimicrobial activities, the β-defensins are

proposed to have additional signaling functions. Human beta
defensin-2 (HBD-2), for example, has been shown to be a che-
moattractant of immature DC through its interaction with the
chemokine receptor-6 (CCR6) (37, 38). Furthermore, HBD-2
may activate epithelial restitution and barrier repair in an
autocrine fashion by binding to CCR6 on colonic epithelial cells
(39). Murine β-defensin 2 (MBD-2) and human β-defensin 3
have been reported to have effects on DC function by binding to
TLR4 and TLR1/2, respectively (37, 40). These studies highlight
additional mechanisms by which TLR signaling in epithelial cells
can influence both adaptive and innate immunity.

Epithelial Regulation of Antigen Sampling in the Mucosa
The intestinal epithelium is in close proximity to a large number of
gut-associated lymphoid cells, most noticeably in the small in-
testine where aggregates of lymphoid follicles form specialized
structures known as Peyer’s Patches (PP) (41). Isolated lymphoid
follicles (ILFs) are also present throughout the intestinal tract
including the colon. The smooth follicular epithelium covering the
PP and ILFs contains specialized antigen-sampling cells (called M

Wells et al. PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4609



cells), which take up particulate antigens and specific binding
proteins by endocytosis. M cells are devoid of lysosomes, and
sampled antigens are transcytosed relatively intact to antigen-
presenting cells in the PP lymphoid cells lying in close proximity to
the epithelial basal membrane (42). After being primed, naive T
and B cells become memory/effector cells and migrate from the
efferent lymph vessels of the gut-associated lymphoid tissue
(GALT) to the MLN and then via the thoracic duct to peripheral
blood to other mucosal effector sites such as the LP. Homing of
MLN-primed lymphocytes to distal mucosal sites is controlled by
the profile of adhesion molecules and chemokines expressed on
the endothelial cells of the gut microvasculature (43). The FAE
cells express TLR and express chemokines to attract antigen-
presenting subepithelial DC into the dome (apical) area of the PP
lymphoid follicles. Injection of bacterial peptidoglycan, lipopoly-
saccharide, and Pam3Cys (a synthetic agonist of TLR2) results in
enhanced transepithelial transport of microparticles by M cells in

a dose-dependent manner (24). Furthermore, TLR2 activation
induced the matrix metalloproteinase-dependent migration of
subepithelial DC into the FAE, but not into villus epithelium.
These responses were not observed in TLR2- and -4-deficient
mice, demonstrating that the TLR recognition of microbial ligands
functions to promote antigen capture and antigen presentation by
DC in the PP.
Another mode of antigen uptake by DC located in the LP

involves the extension of dendrites (membrane extensions) be-
tween epithelial cells to directly sample luminal antigens (25, 26,
44). Remarkably, DC sampling through the epithelium occurs
without loss of epithelial integrity because of the creation of tight
junction-like complexes between DC and IEC (45). Recent
studies showed that active DC sampling is induced by epithelial
cell TLR signaling upon exposure to microbial stimuli (46).
Epithelial produced chemokines or other factors may play also
a role in promoting DC extensions.

Fig. 1. Simplified cartoon of PRR signaling in epithelial cells showing only the canonical pathway of NF-κB activation and some of the key receptors,
adaptors, and kinases involved. After stimulation of TLRs or NLRs by microbial products, the inhibitor of IkB is phosphorylated, leading to its degradation and
the translocation of NF-κB into the nucleus where it activates the expression of cytokines and chemokines and other effectors.
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Microbe-Epithelial Cell Regulation of Intestinal Secretory
IgA
The gut is by far the largest antibody-producing organ in the
body, and in humans, >80% of the activated B cells reside in the
mucosal tissues (47). In germ-free mice, IgA production is very
low but increases considerably after colonization with intestinal
bacteria (48, 49). In mucosal tissues, secretory antibody provides
a crucial defense against pathogens and also plays a role in
shaping the ecology of the microbiota (50, 51). The signals re-
quired for class switch recombination of IgM-positive B cells to
IgA occur in the PP after which the committed plasma B cells
undergo recirculation via the lymph, thoracic duct, and blood-
stream to the LP where they secrete IgA. The production of
retinoic acid by DC in the PP is one of the key factors driving the
class switch recombination of IgM-positive B cells to IgA (52).
APRIL, a B cell proliferation-inducing ligand, also stimulates
class switch recombination to IgA in mucosal B cells and appears
to be necessary for IgA production in vivo. Both APRIL and
TGF-β, another important cytokine that signals IgA induction
(53–55), are produced by DC, macrophages, activated T cells,
and epithelial cells (Fig. 2). Recently, a role for epithelial TLR4
recognition of commensal bacteria in B cell recruitment and IgA
class switching was revealed in transgenic mice expressing
a constitutively active form of TLR4 in IEC (56). These mice did
not have histopathological inflammation but rather striking
increases in B cell recruitment and IgA production due to the
increased IEC expression of chemokines CCL20, CCL28, and
APRIL (56). Another recent study showed that switching to
IgA2, a more proteolytically resistant class of IgA, occurs pri-
marily in the colon because of the microbial induction of APRIL
and BAFF expression in IEC (Fig. 2) (57). IEC secrete APRIL in

response to TLR signaling and also thymic stromal lympho-
poietin (TSLP), which stimulates APRIL production by DC (57).
Thus, steady-state signaling induced by commensal bacteria
appears to contribute to intestinal homeostasis by eliciting pro-
duction of APRIL and BAFF to promote IgA2 class switching.
Once secretory IgA (sIgA) and secretory IgM (sIgM) have been
produced in the LP, they are exported to the lumen via the ep-
ithelial polymeric immunoglobulin receptor.

Epithelial Regulation of DC Functions and Oral Tolerance
In mice and humans, the intestinal DC are located throughout
intestinal LP and in the radial muscle layer (58). They also ac-
cumulate in the lymphoid tissues of the mucosa, namely PP, ILF,
and MLN (59). DC are the most important professional antigen-
presenting cells and express up to 100 times more MHC and are
more effective at differentiating naïve T cells than other APCs
(60, 61). In the PP and ILF DC are considered to be primarily
responsible for T cell-dependent IgA responses (62). In the LP,
two major subsets of DC can be discriminated that perform
different immune functions. The LP, CD103+ (also known as
αEβ7 integrin) expressing DC have recently been shown to play
a key role in regulating oral tolerance through the induction of
regulatory Foxp3+ T cells expressing gut-homing receptors in the
MLN (Fig. 3) (63, 64). A subset of LP CD103− cells which share
phenotypic traits with both macrophages and DC express the
fractalkine receptor (CX3CR1) and bind to the membrane form
of fractalkine on IEC (65, 66). The ability of DC to produce
extensions and sample antigens through the epithelium is
reported to depend on CX3CR1 expression (67), although this is
somewhat controversial, and it is possible that other subsets of
DC can sample antigens in this way (46). Recently, the CD103−

Fig. 2. The role of IEC signaling in B cell class switching. Microbial recognition by IEC leads to the production of the cytokine TGF-β and the TNF-family
member APRIL that promote IgA class switching in B cells. DC and macrophages acquire antigens from commensal bacteria promiscuously sampled by M cells
within Peyer’s patches. TSLP produced by TLR signaling in the epithelium enhances production of APRIL and BAFF by DC. Additionally retinoic acid produced
by mucosal DC appears to determine the specificity of IgA class switch recombination in the mucosa. Activated T cells may also provide cognate help for T cell-
dependent switching to IgA, although a significant proportion of IgA class-switching is T cell-independent.
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CX3CR1+ subset of LP DC were shown to be derived from
a different cell linage to the CD103+ population (68) and seem
to support inflammatory immune responses (69, 70). Taken to-
gether these findings suggest that the mucosal CD103+ DC serve
classical DC functions and promote T cell responses in the
draining lymph nodes, whereas the CX3CR1+ DC are retained
in the LP to kill colonizing and invading microorganisms and
induce inflammatory responses.
Several studies have implicated a role for epithelial cells

in endowing DC with their ability to prime noninflammatory
responses and induce regulatory T cells (64, 71, 72). Condi-
tioning of monocyte-derived DC with IEC supernatants in vitro

abolishes the ability of DC to produce IL-12 and prime naïve
T cells toward Th1 polarization in response to microbial stimuli
(71). In contrast, EC-conditioned DC produce high amounts of
IL-10 and promote Treg and Th2 cell responses. In vitro the
conditioning of DC was shown to depend on epithelial pro-
duction of TSLP (Fig. 3) (71). Another important immunoreg-
ulatory cytokine produced abundantly by IEC and stromal cells
in the intestine is TGF-β (72). This cytokine inhibits NF-κB-
dependent gene expression and the production of proinflam-
matory cytokines by macrophages and DC (73, 74). Additionally,
TGF-β acts in concert with TSLP to induce a tolerogenic phe-
notype in monocyte-derived DC in vitro (75). DC purified from

Fig. 3. Mucosal CD103+ DC are conditioned in the peripheral tissues by epithelial production of TSLP and TGF-β, which endows DC with the ability to prime
noninflammatory responses and induce regulatory T cells. When they receive an inflammatory or danger signal, they begin to mature, and the expression of
CCR7 increases allowing the DC to enter lymph vessels and migrate to the draining lymph nodes. In the T cell areas retinoic acid, the acid form of vitamin A
plays an important role in the ability of DC to up-regulate homing receptors on lymphocytes. Retinoic acid (RA) is also an important cofactor for the dif-
ferentiation of Foxp3+ Tregs and has been shown to inhibit the generation of Th17 cells.
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the LP have also been shown to promote a high level of regu-
latory T (Treg) cell conversion relative to lymphoid organ-
derived DC via a TGF-β and retinoic acid-dependent mecha-
nism. Consistent with these findings is the fact that TSLP de-
letion in mice leads to constitutive overexpression of IL-12p40 by
intestinal DC and inability to generate protective regulatory and
Th2 responses against the nematode parasite Trichuris muris (76).
TSLP mRNA is constitutively expressed by epithelial cells and

can be up-regulated by NF-κB-dependent pathways (77). Thus,
one may expect that recognition of microbiota by epithelial PRR
would also regulate TSLP production. Support for this idea
comes from in vitro IEC-DC co-culture studies where it was
shown that composition of the microbiota exposed to the apical
side of the IEC influenced production of TSLP and TGF-β and,
hence, the function of the underlying DC (75). In an in vivo ex-
pression profiling study where healthy adult humans consumed
preparations of viable lactic acid bacteria, a central role was un-
covered for the NF-κB signaling cascade in the regulation of
tolerance in the small intestine (78). In this study, it was found
that NF-κB signaling up-regulated the expression of downstream
effectors such as chemokines but also factors that regulate cell
survival of B and T cells and DC as well as regulators that sup-
press inappropriate immune responses.
In addition to the epithelial cytokines influencing B cell and DC

functions mentioned above, the intestinal epithelium expresses
a range of metabolic enzymes that can impact on immune cell
function. Non-bone marrow-derived stromal cells located pre-
dominantly in the villi of proximal small intestine have been shown
to constitutively produce cyclooxygenase (COX)-2 and abundantly
produce the COX-2-dependent arachidonic acid (AA) metabolite,
prostaglandin E2 (PGE2) (79). Although the production of COX-2
and COX-2-dependent metabolites does not appear to be regu-
lated by proinflammatory stimuli or the microbiota, its production
in the epithelium could contribute to the default immunoregula-
tory tone of the LP (80).

Conclusions
Endocrine, goblet cells, and enterocytes of the intestinal epithe-
lium express a range of PRR to sense the presence of microbes.
The best characterized are the TLR and NOD receptors, which
are well known for their roles in pathogen recognition and the

induction of innate effectors and inflammation (17). The innate
barrier functions of the epithelium play an important role in
maintaining a peaceful relationship with the commensal com-
munity of gut bacteria (4). These innate effectors are regulated by
PRR signaling which explains why mice with specific defects in
NF-κB pathway or TLR signaling, are more susceptible than
normal mice to the development of colitis (27, 29). Additionally,
the production of sIgA antibodies to the microbiota limits epi-
thelial contact and invasion of host cells. Epithelial cells produce
APRIL and BAFF, which promote B cell recruitment in the LP
and class switching in response to TLR signaling. Thus, the host
recognition of intestinal microbes is inextricably linked to the
production of sIgA and the immune exclusion of microbes (57).
Despite the existence of several mechanisms to avoid intimate
contact of the epithelium with intestinal bacteria, the LP has
a distinctly immunosuppressive tone to inhibit over reaction to
innocuous luminal antigens including the commensal microbiota.
This mechanism of “oral tolerance” depends largely on the de-
velopment of Treg cells in the draining lymph nodes. Epithelial
cells produce TSLP and TGF-β and possibly other factors that
abolish the ability of DC to produce inflammatory cytokine
responses and promote the induction of Treg cells in the MLN
(71). TSLP is up-regulated by NF-κB-dependent pathways, sug-
gesting that PRR signaling from the luminal side of the epithelium
would enhance the suppressive tone in the gut, normally keeping
inflammation under control. In the case of infection however,
chemokines secreted by epithelial cells would recruit uncon-
ditioned DC to mucosal sites, which deviates the response to
a more proinflammatory character.
The identification of microbe–IEC interactions as having

a crucial role in the regulation of several mucosal immunological
functions will encourage future efforts to unravel the molecular
mechanisms and cellular pathways involved. Ultimately, a better
understanding of the host–microbe interactions in the gut will
provide new opportunities for the prevention and treatment of
a number of inflammatory disorders associated with the aging
population and Westernized societies (81, 82).
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