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Summary
The mucosal immune system is governed by a unique set of rules and regulations. The local
microenvironment dictates the necessity for these differences. The intestinal epithelial cell (IEC)
sits at the interface between an antigen-rich lumen and a lymphocyte-rich lamina propria (LP).
The cross talk that occurs between these compartments serves to maintain intestinal homeostasis.
IECs have the capacity to talk to LP lymphocytes, activating populations of unique regulatory T
cells. These cells have the capacity to talk back to the epithelium, influencing epithelial cell
growth and differentiation. This review looks at this cross talk and places it in the context of
mucosal immunoregulation.
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Introduction
For many years, intestinal epithelial cells (IECs) were believed to be exclusively involved in
the absorptive process of digestion. However, based on their location between the lumen and
a wide array of mucosal lymphocytes, the concept that the IECs played a role in immune
regulation evolved. The IEC lies at the border between an enormous number of dietary
antigens and commensal bacteria present in the intestinal lumen and the most abundant
accumulation of lymphocytes in the body, the mucosa-associated lymphoid tissue (MALT).
As a physical barrier, the intestinal epithelium represents a potential entry site for both
dietary and non-dietary luminal antigens. Far from being a passive barrier between these
different compartments, evidence from a number of laboratories suggests that IECs can
receive signals and interpret and transmit this information to the diverse populations of
lymphocytes in the underlying lamina propria (LP). Considering the tremendous load of
foreign antigen ingested daily, combined with the large number of lymphocytes resident in
the mucosa, the intestine seems primed for an inevitable accident. Yet, despite these
conditions, the normal state of the gut is one characterized by immune hyporesponsiveness.
This suppressed state has implications for both normal and abnormal mucosal immune
regulation, such as that seen in intestinal inflammatory disorders. With this in mind, the
central issue in mucosal immunity relates to the mechanism by which the immune response
in the gut is maintained and regulated. One possibility is that a key interaction occurs
between the T cells that either regulate or promote inflammation and the IECs that control
access to the mucosal compartments. Under normal circumstances, the presentation of
antigen by IECs appears to lead to inactivation or suppression of the immune response.
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Several groups have proposed that IECs may also receive signals from underlying
lymphocytes that might alter their barrier function or differentiation state. In this model,
IECs are a central and critical component in a lively dialogue between bacteria or dietary
antigen and underlying lymphocytes. In the intestine, two main lymphocyte populations
exist: the intraepithelial lymphocytes (IELs), which remain associated with the basolateral
membrane of the IECs, and the lamina propria lymphocytes (LPLs), which can localize to
the subepithelial LP and are in contact with IECs via basolateral projections through the
semiporous basement membrane (1).

IECs as sentinels
The human intestinal tract is continuously exposed to a wide range of food and other
antigens from the external environment. It has the formidable task of discriminating between
antigens that are harmless and those that are pathogenic. Unlike other epithelial surfaces
such as the bladder or lung, which are sterile under non-pathological conditions, the
epithelium of the colon must maintain a physical and immunological barrier in the presence
of enormous quantities of luminal bacteria (2, 3). Commensal bacteria and food proteins
must be distinguished from billions and trillions of potentially harmful organisms. The
intestinal immune system has developed to simultaneously protect the host from pathogenic
infections, while maintaining a quiet coexistence with the commensal flora.

The ability of IECs to recognize and respond to this enormous diversity of microorganisms
relies upon a set of receptors that recognize conserved bacterial and viral motifs. These
include lectins and adhesins, the nucleotide-binding oligomerization domain (NOD) family,
and the Toll-like receptors (TLRs) (Fig. 1) (4).

The innate immune system recognizes the presence of an infection and provides the
necessary signals to elicit an adaptive immune response to the pathogen. In particular, TLR
signaling is important for the maturation of antigen-presenting cells (APCs) that is necessary
for the activation of T cells.

TLRs function as pattern recognition receptors (PRRs) in the innate immune system (5).
They protect against dysregulated inflammation in the presence of commensal bacteria while
defending the host against pathogens. In response to their different and specific ligands, they
activate signal transduction pathways, usually through the nuclear factor-κB family of
transcription factors, that induce the expression of a variety of immune/proinflammatory
responses. The expression of TLRs is variable depending on the region within the intestinal
tract (TLRs differ in the colon versus the small intestine where there is a lower bacterial
load) (6, 7), the types of cells within the mucosa that express TLRs, and the regulation of
TLR expression to specific compartments within cells (8, 9) (Table 1). In general, TLR
expression is carefully regulated to shut down a proinflammatory response to commensal
organisms. Some groups have reported that IECs do express several members of the TLR
family, although this finding has been controversial. TLRs have been found to be associated
with the Golgi apparatus, resulting in intracellular recognition of lipopolysaccharide. By
controlling which cells express which TLRs and in which cellular compartment, the small
intestine maintains tissue-specific homeostasis. This mechanism is underscored by several
recent papers assessing the effects of TLR expression and function in mucosal inflammation
models. The laboratories of Medhitov and Abreu both reported that dextran sodium sulfate
(DSS)–induced colitis is more severe (greater bleeding and weight loss) in TLR4−/− and
myeloid differentiation factor 88 (MyD88)−/− mice. This phenotype appears to segregate
with the source of the IEC and stroma. From these data, one could hypothesize that TLR
signals help to maintain the epithelial barrier and promote normal growth and differentiation
of IECs. Others have brought this concept into the human model of inflammatory bowel
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disease (IBD), Crohn’s disease (CD). NOD2, an intracellular PRR recognizing muramyl
dipeptide, has been implicated in the pathogenesis of CD. Between 19% and 37% of patients
with CD carry one of three mutations in NOD2. The leucine-rich repeat region of NOD2
confers binding to MDP, and the three common mutations occur in this region, resulting in a
failure to bind MDP. In Paneth cells, this result translates into a failure to secrete defensins.
In the IECs, it may correlate with a failure to clear intracellular bacteria resulting in IEC
dysfunction.

There are other mechanisms whereby IECs act as a sentinel for mucosal immune responses.
Both cytokine and chemokine production occurs within the epithelium. This production was
initially documented in systems where bacterial invasion triggered a cascade of chemokines
[e.g. interleukin-8 (IL-8), epithelial neutrophil-activating protein 78, monocyte chemotactic
protein 1, macrophage inflammatory protein 3α (MIP-3α)]. Upregulation of epithelial-
derived chemokines was also shown in IBD specimens. Similarly, a wide array of cytokines
has been shown to be secreted by IECs, including IL-18, IL-7, IL-15, granulocyte-
macrophage colony-stimulating factor, IL-6, and transforming growth factor-β (TGF-β).
These cytokines can play inflammatory or regulatory roles, depending upon the local
conditions. For example, recent data suggest that the ‘toxic’ portion of the gliadin peptide is
a potent stimulus of IL-15 secretion. The aberrant production of this cytokine may play a
key role in the pathogenesis of celiac disease.

IECs and their role as non-professional APCs
Antigen uptake

In order for IECs to act as APCs, they must be able to internalize and process antigen. The
apical mucous layer and glycocalyx in the intestine can act as the initial barrier and restrict
the size of particles capable of being internalized by IECs; this restriction would favor
antigen uptake by the modified ‘dome’ epithelium (M cells), which overlie Peyer’s patches
(PPs) (10). The highly specialized M cells facilitate transport of macromolecules, without
notable or significant ‘cellular processing’, to the underlying lymphoid tissue, which
contains several different types of professional APCs, including macrophages, dendritic
cells (DCs), and B cells (11) (Fig. 2). However, the surface area of the villous epithelium is
extraordinary, and IECs have a well-documented role in nutrient and soluble antigen uptake.
IECs are exposed to a wide variety of antigens of diverse sizes and varying biochemical
properties, including some antigens, such as gliadin, with known pathological significance
in celiac disease. Collectively, these observations highlight a physiological role for IECs in
the uptake and processing of luminal antigens and pathogens. Studies by So et al. (114)
documented the ability of IEC lines as well as primary cells to take up soluble but not
particulate antigens with kinetics that were slower than those seen with conventional APCs.
IECs are also able to take up antigen by receptor-mediated endocytosis (e.g. CD23, asialo-
GM1), although these antigens may traffic via different intracellular pathways. Indeed, the
literature is replete with data from a variety of in vivo models showing uptake and
endolysosomal delivery of macromolecules by IECs from the lumen of the gastrointestinal
(GI) tract (12).

In addition to the transfer of information by IECs to the MALT, indirectly via the secretion
of chemokines, IECs can transmit information from luminal microorganisms and antigens
by directly processing and presenting them to antigen-specific lymphocytes. IECs
throughout the bowel constitutively express major histocompatibility complex (MHC) class
I, but they also express MHC class II constitutively, predominantly in the small bowel. The
expression of these molecules can be upregulated in response to proinflammatory signals,
such as interferon-γ (IFN-γ), throughout the intestine. IFN-γ has also been shown to cause
antigens to be sorted into MHC II–positive late endosomes in epithelial cells (13). Epithelial
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antigen processing occurs in a highly polarized fashion with apical antigens being sorted,
processed, and presented exclusively basolaterally (14, 15). Hershberg’s group further
documented that IEC lines expressed cathepsins and were able to process intact antigen into
appropriate immunogenic peptides for presentation to CD4+ T-cell hybridomas.

Like other non-professional APCs, IECs lack expression of the classical costimulatory
molecules (CD80, CD86) needed to activate naive T-cell responses. However, IECs do
express novel members of the B7 family, including inducible costimulatory ligand (ICOS/
B7h) and programmed death-1 ligand (PD1-L/B7-H1) (16). Additionally, IECs express a
number of non-classical MHC class I molecules that enable them to transmit luminal signals
to LPLs and make them a unique APC in the gut. These molecules include CD1d, MHC
class I chain–related gene A/B (MICA/B), human leukocyte antigen-E (HLA-E), FcRn,
MR1, and UL16-binding protein. The expression, constitutive or induced, of these
molecules plays a key role in activating populations of T cells in the LP that can either
regulate or promote inflammation.

Various phenotypically distinct subpopulations of CD4+ and CD8+ T cells interact with
IECs within the GI mucosa. CD4+ T-cell responses are critical both for the establishment of
oral tolerance (17, 18) and, in several experimental models, IBD (19). Two distinct
populations of CD4+ T cells are present within the intestinal mucosa and are in intimate
contact with IECs: a limited but significant number of IELs express CD4 (most notably in
the colon) (20, 21), and approximately two thirds of LPLs express CD4. IECs are highly
polarized cells, with distinct apical and basolateral domains with very different
physicochemical properties. The highly polarized morphology of IECs highlights several
important distinctions in MHC class II processing between IECs and other more
conventional APCs. Classical MHC class II pathways have been described in IECs for over
a decade (22, 23). The expression of HLA class II antigens in vivo and in cell culture models
of polarized IECs is mostly restricted to the basolateral membrane, a situation that implies a
possible in vivo interaction with mucosal lymphocytes (15, 24, 25). Class II molecules have
been shown to be functional as well. Indeed, IECs have the machinery required for
appropriate antigen processing; whole antigen can be processed into immunogenic
fragments for presentation. Because of the lack of classical costimulatory molecules on the
IEC surface, the interaction between IECs and naive CD4+ T cells could result in the
induction of anergy.

In the earliest studies assessing the capacity of IECs to act as non-professional APCs, the T
cells activated were predominantly CD8+, which functionally suppressed immune responses
in an antigen–non-specific fashion (23). Consistent with the somewhat unusual features of
these CD8+ T cells stimulated by IECs (the lack of cytotoxicity and the ability of these cells
to suppress a variety of T-cell functions), these findings supported the expression of class I–
like molecules IECs.

IECs and their suppressive effect
The LP in the normal state and in patients with CD is replete with macrophages and DCs,
which play an essential role in antigen presentation and shaping an immune response to
particular antigens, including bacterial antigens. DCs contribute to the decision by naive T
cells to drive polarized differentiation into T-helper 1 (Th1) or Th2 cytokine-producing
lymphocytes (26). Intestine-specific DCs and macrophages use signals from luminal bacteria
to generate tolerance/hyporesponsiveness through Tregs (27–30). A number of experimental
systems show that altered regulation of intestinal T-cell function can result in chronic
intestinal inflammation (19, 31–35). We know from these models that antigenic stimuli from
the gut lumen may drive the expansion of both effector cells (potentially pathogenic) and
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regulatory T cells (Tregs), the latter being there to control the immune response (36). A lack
of activation and/or expansion of regulatory cells could play a role in the uncontrolled
inflammation seen in IBD. Distinct Tregs have been described, including CD4+ and CD8+

T-cell populations, many of which reside in the intestinal mucosa (37).

Tregs can be functionally defined as T cells that suppress immune responses either by
producing IL-10 or TGF-β, resulting in antigen–non-specific decreases in T-effector
responses or by cell–cell contact. The potential importance of CD4+ Tregs in the gut comes
from numerous observations made in mouse models of IBD and oral tolerance. Initial
studies using a cell transfer model of colitis, where disease is induced simply by the
adoptive transfer of naive CD45RBhi cells into severe combined immunodeficiency (SCID)
or recombination-activating gene (RAG)–deficient mice, have shown that cotransfer of
CD4+ T cells with a ‘memory’ phenotype (CD45RBlo) prevents the development of disease
(35). Since these early studies, several subpopulations of CD4+ Tregs have been described in
mice. Tr1 cells, initially described by Groux and associates (115), produce high levels of
IL-10 with little TGF-β and no IL-4. These cells have been found in the intestine of normal
mice, were shown to be capable of inhibiting the induction of experimental colitis and
murine allergic asthma, and may be involved in limiting immune responses to intestinal
pathogens (38–41). Th3 cells, first described by Weiner and colleagues, were shown to be
generated following the induction of oral tolerance to MBP and were shown to suppress the
development of experimental autoimmune encephalitis through the production of TGF-β
along with varying amounts of IL-4 and IL-10 (39, 40, 42). While both of these cells types
have yet to be identified in humans, a third class of CD4+ Tregs has been described in both
species. First identified by Sakaguchi et al., CD4+CD25+ forkhead box protein 3 (Foxp3)+

Tregs comprise 5–10% of total circulating CD4+ T cells, and these cells are believed to be
critical for the regulation of autoreactive T cells that escape negative selection in the thymus
(40, 43–46). Though initially believed to be generated only in the thymus, recent studies in
mice have shown that these cells can be generated in the periphery from CD4+CD25−

precursors (43). They primarily function through an unknown mechanism requiring direct
cell–cell contact that may or may not involve the expression of cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and/or membrane-bound TGF-β, although they have also been shown to
produce variable amounts of TGF-β and IL-10 (39, 40, 42). CD4+CD25+ Tregs
constitutively express the T-cell-inhibitory receptor CTLA-4 and the glucocorticoid-
inducible TNF receptor (47–50). These cells also express the transcription factor Foxp3,
which serves as a marker of these cells. In murine models of IBD, the protective role of a
variety of Tregs has been definitively shown (38, 51–53). Investigators have used a variety
of technical approaches to identify regulatory cell defects in CD. Some of the limitations of
these studies have to do with identifying reliable markers of Tregs in vivo.

Adoptive transfer of CD4+ T cells depleted of CD25+ T cells into immune-deficient mice
(SCID or RAG−/−) results in the development of severe colitis, which is only prevented by
cotransfer of CD4+CD25+ T cells (54). Furthermore, Foxp3 deficiency in both mice (scurfy
mouse) and humans [immune dysfunction, polyendocrinopathy, enteropathy, X-linked
inheritance (IPEX syndrome)] results in fatal multiorgan autoimmunity that includes
involvement of the small bowel, indicating that these cells may play a role in normal gut
immune homeostasis (55–58). In contrast, CD4+CD25+FoxP3+ Tregs have been cultured
from the inflamed mucosa of patients with CD, indicating that the presence of these
regulatory cells is not enough to inhibit disease (59). Thus, while numerous mouse models
have described the importance of CD4+ Tregs in immunity in the gut, their functional role in
mucosal immune responses in humans is poorly understood.

Our laboratory has examined the in vitro and in vivo potential to generate Tregs in the
human intestine (60, 61). We have shown that IECs may play a role in the regulation of
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immune responses toward luminal antigen. We showed that a subset of CD8+ T cells
undergoes oligoclonal expansion in the intestinal mucosa, through the interaction of these T
cells with a unique complex expressed on IECs, formed by a CEA subfamily member
(gp180) and CD1d. This subset, which is regulatory in vitro, may play a role in the control
of intestinal immune responses toward luminal antigens. A lack of expansion of these CD8+

Tregs, probably related to the defective expression of the gp180/CD1d complex, is observed
in IBD (62). Notably, we have also shown that patients with IBD are deficient in the
expression of CEA subfamily members and that this lack correlates with an inability of these
patients to be tolerized to orally administered antigens (63, 64). Together, these findings
suggest that CD8+ T cells with regulatory activity present in the LP of healthy individuals,
but not in the LP of patients with IBD activated by IECs through a CD1d/gp180 complex,
play a central role in maintaining controlled inflammation in the intestinal mucosa.

Using another epithelial cell–T-cell interaction model, we confirmed our findings regarding
the importance of distinct Treg populations regulated by unique restriction elements,
costimulatory signals, and antigens (65). Mucosal surfaces such as the intestine are subject
to constant antigenic challenge and have developed specific mechanisms for controlling
immune responses, including the activation of Tregs. Similarly, the uterus may face a
persistent, albeit temporary, antigenic challenge in the form of a semiallogeneic fetus (66,
67). Trophoblasts are anatomically poised to serve as modulators of the maternal immune
system during pregnancy. Indeed, a recent study in our laboratory showed that trophoblasts
could modulate the immune system through an interaction, via a member of the CEA family,
with CD8+ T cells. The specificity of trophoblast-activated CD8+ T cells for regulating T-
cell-dependent B-cell responses and the efficiency at which these cells are able to suppress
immunoglobulin secretion suggests that these cells may occupy a regulatory niche during
pregnancy.

The expansion of Tregs may have therapeutic efficacy in the treatment of IBD, especially in
maintaining remission. Several Treg subsets produce high levels of IL-10. However, IL-10
has not been proven to be effective in the treatment of human IBD. A better understanding
of the pathway of activation of Tregs may help to expand them in vivo.

IEC–T-cell interactions from the IEC’s point of view
For a very long time, the intestinal epithelial barrier was believed to exclusively serve an
absorptive cell function in the digestive process. Later, the concept of IECs playing a role in
mucosal immunity emerged. More recently, others have focused on the effect of IEC–T-cell
interactions from the standpoint of the effect on IECs, and in particular on the role of LP T
cells or IELs in IEC proliferation, differentiation, and homeostasis.

Cell proliferation, lineage-specific differentiation, migration, and finally apoptosis and/or
cell shedding are tightly regulated processes that are spatially and temporally regulated
along the crypt/surface axis in the colon. The epithelium is characterized by its rapid and
continuous renewal. This process involves cell generation and migration from the stem cell
population located at the bottom of the crypt to the extrusion of terminally differentiated
cells at the tip of the villus (68, 69). Thus, the crypt is mainly composed of proliferative and
poorly differentiated cells, whereas the villus is lined with functional absorptive, goblet, and
endocrine cells (70). The molecular and cellular mechanisms responsible for the fine
coordination between proliferation, migration, and differentiation along the crypt–villus axis
are still largely unknown (Fig. 3).

In one murine model of IBD, the IL-10–deficient mouse, lymphocyte development and
antibody responses are normal, but most animals are growth retarded and anemic. The
IL-10–deficient mice raised under conventional conditions develop a disease that becomes
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apparent by weight loss and anemia at the age of 4–8 weeks and is lethal for most animals.
Profound alterations are present in the intestinal tract of these animals, such as a chronic
enterocolitis that can involve the entire intestinal tract, with the duodenum, proximal
jejunum, and the proximal colon being most severely affected. The mucosal inflammation is
associated with either hyperregenerative or degenerative lesions of the intestinal epithelia.
Some histopathological features of the intestine in these animals are reminiscent of human
intestinal disorders with immunopathogenetic underpinnings of ulcerative colitis and celiac
disease, the enterocolitis yet that develops cannot directly be equated with any human
disease. The authors suggested that the primary defect in IL-10–deficient mice is a failure to
control normal intestinal immune responses against enteric antigens, leading to chronic
inflammation by unopposed production of TNF-α, IL-1, and IFN-γ. In a second step,
enhanced epithelial MHC class II expression and antigen presentation and epithelial lesions
may lead to a greater exposure of lymphoid cells in the mucosa to luminal antigens and
bacterial cell wall components, reinforcing the inflammatory process. Moreover, the typical
architecture of the mucosa is disturbed by the formation of abnormal crypt and villus
structures consisting of branched and fused villi, enlarged and branched crypts, and
labyrinthine sheets of enterocytes on the surface of the mucosa (33). These findings suggest
that IL-10 and probably other factors involved in regulating inflammation may have an
essential role in controlling intestinal epithelial homeostasis: proliferation versus
differentiation.

The fact that lymphocytes could regulate IEC differentiation has been seen in several
models. Kerneis et al. (71) documented the ability of PP lymphocytes to induce the
differentiation of Caco-2 cells into M cells and showed that this was cell contact dependent.
This observation supports the hypothesis that lymphocytes affect epithelial cell
differentiation. Passage of antigens and microorganisms though M cells is an essential step
for the development of mucosal immune responses and the pathophysiology of many
infectious diseases. A consequence of the increase in follicle-associated epithelium would
likely lead to an increase in antigen sampling, possibly promoting chronic inflammation.

Intestinal γδ IELs represent another important subset of mucosal T cells, especially within
the epithelium (72). The role of IELs under normal and disease conditions remains
controversial. However, IELs are involved in the maintenance of epithelial integrity through
the production of cytokines and growth factors (73–76). Activated but not resting intestinal
γδ IELs express the epithelial growth factor keratinocyte growth factor (KGF) (74).
Administration of recombinant KGF to animals promotes the growth and differentiation of
epithelial cells in various organs. In particular, epithelial cells lining the GI tract are highly
responsive to KGF (77–81). Supporting a role for KGF in tissue repair, both KGF and its
receptor (KGFR) are overexpressed in intestinal tissues obtained from patients with IBD
(82, 83). Chen et al. evaluated the role of γδ intraepithelial T cells in the DSS-induced
mouse colitis model system. γδ IELs in DSS-treated mice expressed KGF, a potent IEC
mitogen. In this study, the authors showed that γδ T cell–deficient mice (TCRδ−/−) and
KGF-deficient mice (KGF−/−) but not αβ T cell–deficient mice (TCRα−/−) were more prone
than wildtype (WT) mice to DSS-induced mucosal injury and showed delayed tissue repair
after termination of DSS treatment. These results suggest that γδ IELs help preserve the
integrity of damaged epithelial surfaces by providing the localized delivery of an epithelial
cell growth factor. Moreover, γδ IELs residing in skin, another epithelial tissue, were
recently shown (84) to perform a role similar to that described by Chen et al. in the intestine.
Thus, all these events may be part of a general immune mechanism involving γδ IELs that
serves to monitor and maintain the integrity of epithelial tissues.

T cells activated by IECs can feed back on the epithelial cell to upregulate expression of
non-classical MHC class I molecules. As seen in Fig. 4, T cells activated by IECs but not by
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professional APCs (macrophages) induce the expression of CD1d by the IECs. This occurs
through contact-dependent mechanisms at the basolateral membrane, not apically. These
data provide strong evidence that LPL–IEC interactions go both ways.

A study by Pull et al. (85) further underscores the fact that the communication between IECs
and mononuclear cells is not only directed toward the mononuclear cell but also toward the
IEC. This group (85) described that intestinal macrophages, a crucial mobile cellular
element that shapes the crypt progenitor cell niche, allow colonic epithelial progenitors to
mount an appropriate regenerative response to injury. A key initial phase of epithelial
regeneration involves the expansion of epithelial progenitors in areas immediately adjacent
to areas of damage. Colonic epithelial progenitors (CoIEPs) reside in the lower half of
mucosal invaginations known as crypts (86). The cellular and molecular factors that
determine CoIEP responses to wound repair are unclear, although recent reports have
emphasized the importance of the gut microbiota and TLR-mediated pathways (87). After
short-term oral administration of DSS to C57BL/6 (B6) mice, there is a pronounced increase
in CoIEP proliferation activity in distal colonic crypts located next to areas of exfoliated
epithelium. This group clarified a previously unappreciated function of macrophages using
germ-free and conventionally raised WT and various knockout mice. Macrophages do not
seem to be necessary for normal maintenance of crypts (88), but, when recruited to a site of
injury and activated by the microbiota, the macrophages support and promote proliferation
of CoIEPs.

The relationship between epithelial repair and inflammation is complex. An important
mediator of both inflammation and repair in the intestine is cyclooxygenase-2 (Cox-2).
Cox-1 and Cox-2 regulate prostaglandin (PG) synthesis from arachidonic acid (89).
Although IECs express Cox-1 constitutively, Cox-2 is induced by inflammatory mediators.
Cox-2–dependent PGE2 production is critical for epithelial repair in the intestine in a variety
of contexts. In the setting of IBD, increased Cox-2 and PGE2 have been implicated in the
development of colitis-associated cancers (90, 91). It was recently shown that microsomal
PGE synthase-1, the enzyme that catalyzes the conversion of PDH2 to PGE2, is increased in
IBD mucosa (90), whereas 15-hydroxyprostaglandin dehydrogenase, the enzyme
responsible for catabolism of PGE2, is reduced in the inflamed mucosa of IBD (91). This
combination results in overall increases in mucosal PGE2 and the potential for enhanced
carcinogenesis in the setting of inflammation. Fukata et al. (92) showed that Cox-2-derived
PGE2 is important in TLR4-dependent mucosal homeostasis. TLR4-deficient mice fail to
upregulate Cox-2 expression in response to epithelial injury. Both IECs and LP
macrophages express Cox-2 in a TLR4- and MyD88-dependent fashion. PGE2 is decreased
in the mucosa of TLR4−/− mice after DSS injury. Oral supplementation with PGE2 results in
increased IEC proliferation and decreased apoptosis in DSS-treated TLR4−/− mice. At least
part of the mechanism for TLR4-dependent mucosal healing involves the activation of
epidermal growth factor receptor signaling.

Our recent efforts have turned to the study of the effect of LPLs on IEC differentiation.
Based on the epithelial dysfunction seen in IL-10–deficient mice and previous results from
our group, we hypothesized a putative role for LPL in IEC differentiation. Our findings
suggest that there is cross talk between LPL and IECs, which leads to IEC differentiation.
This cross talk involves different signaling pathways and transcriptional factors. The control
of immune responses in the gut is critical for normal immune homeostasis in the host, and
based on our recent studies, unbalanced IEC homeostasis can be proposed as one
mechanism for the development of IBD (1).
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Conclusions
Accumulating evidence suggests that lymphoepithelial interactions in the intestine help to
promote mucosal homeostasis. In the normal state, the epithelial cell serves as a barrier for
antigen entry (preventing activation of mucosal lymphocytes), secretes factors that modulate
lymphocyte activation and may contribute to the generally immunosuppressed tone of the GI
tract (e.g. TGF-β), and interacts with lymphocytes that control inflammation locally
(CD8+CD28− TrE cells). Mucosal lymphocytes return the favor by secreting factors (IELs
secreting KGFs) or mediating cell–cell interactions that promote IEC growth and
differentiation as well as the expression of molecules involved in mucosal immuno-
regulation (e.g. CD1d). This dialogue is disrupted in patients with chronic inflammatory
diseases (IBD, celiac disease), where alterations in cytokine secretion and Treg interactions
promote rather than inhibit inflammation. Understanding the nature of these interactions and
the defects present in disease states will aid in the development of novel strategies for
therapy.
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Fig. 1. IEC-mediated regulation of the immune response
Resident and invasive bacteria and their molecules are released into the intestinal lumen and
can be recognized by IECs. Sensing of bacteria and their products are mediated by pattern
recognition molecules (TLRs and cytosolic NODs). As a result, non-classical class I
molecules (CD1d, HLA-E, MICA/B) are expressed. Resident lymphocytes underlying the
epithelial cells can bind to these non-classical MHC-I molecules leading to a diverse array
of responses. Adapted from Shao et al.(4). NKT, natural killer T cells.
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Fig. 2. The epithelial barrier
The physical barrier that separates the large number of commensal bacteria and potential
pathogens from the underlying tissues is only a simple single-cell epithelial layer. This
monolayer predominantly consists of enterocyte interspersed by mucus-secreting goblet
cells. Antigen might enter through special ‘gateways’, which comprise membranous cells
(M cells) located in the follicles of the MALT in PPs. Here antigen is subsequently
transferred to underlying DCs. Antigen sampling has also been reported by DCs reaching to
the lumen between enterocytes. Uptake of antigens may also occur through the absorptive
enterocytes. Here, in contrast, antigens are further processed before being presented to the
immune system. T, T cells; B, B cells; MΘ, macrophages.
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Fig. 3. Crypt–villus axis
Schematic representation of the crypt–villus. Stem cells are located near the crypt bottom.
They divide bidirectionally and slowly differentiate into Paneth cells at the bottom or into
enterocytes, absorptive cells, and enteroendocrine cells along the villus axis.

Dahan et al. Page 17

Immunol Rev. Author manuscript; available in PMC 2013 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
T84 cells were cultured on collagen coated inverted transwell filters until confluence was
achieved. Peripheral blood T cells, T cells co-cultured with either allogeneic monocytes for
5 days or allogeneic intestinal epithelial cells for 5 days were added to the basolateral side of
the membrane for 48h. CD1d expression on T84 cells was then determined by staining with
the monoclonal antibody 51.1.3. CD1 expression was enhanced following co-culture with
IED activated T cells.
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Table 1

TLRs and their ligands (8, 93–113)

TLR Ligands

TLR1 Triacyl lipopeptides

TLR2 Lipoprotein, HSP60, HSP70, PGN, LTA, porins,
lipopolysaccharide, Pam3Cys, lipoarabinomannan,
zymosan, trypansomal phospholipids, defensins

TLR3 dsRNA, poly (I:C), endogenous mRNA

TLR4 Taxol, lipopolysaccharide, Pseudomonas aeruginosa
exoenzymes S, HSP60, trepansomal lipids,
HSP70, HSP90, hyaluronic acid, fibrinogen,
fibronectin, β-defensin, heparin sulphate,
RSV F protein, MMTV envelope protein

TLR5 Flagellin

TLR6 Diacyl lipopeptides

TLR7 Imiquimod, ssRNA

TLR8 Resquimod, ssRNA

TLR9 Bacterial/viral DNA, CpG DNA

TLR10 Unidentified

TLR11 Toxoplama gondii profilin-like protein

PGN, peptidoglycan; LTA, lipoteichoic acid; RSV, respiratory syncytial virus; MMTV, murine mammary tumor virus; ssRNA, single stranded
RNA.
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