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Abstract
Commensal bacteria regulate the homeostasis of host effector immune cell subsets. The
mechanisms involved in this commensal–host crosstalk are not well understood. Intestinal
epithelial cells (IECs) not only create a physical barrier between the commensals and immune
cells in host tissues, but also facilitate interactions between them. Perturbations of epithelial
homeostasis or function lead to the development of intestinal disorders such as inflammatory
bowel diseases (IBD) and intestinal cancer. IECs receive signals from commensals and produce
effector immune molecules. IECs also affect the function of immune cells in the lamina propria.
Here we discuss some of these properties of IECs that define them as innate immune cells. We
focus on how IECs may integrate and transmit signals from individual commensal bacteria to
mucosal innate and adaptive immune cells for the establishment of the unique mucosal
immunological equilibrium.
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Mucous membranes (mucosae) line body cavities and passages. Together with the skin,
mucosae form a contiguous barrier that separates the body’s internal organs from the outside
environment. Mucosal surfaces represent a first line of defense against invading pathogens.
They provide physical protection, but also an interface, through which cells of the host
immune system detect foreign substances and initiate appropriate immune responses. The
mucosa of the gastrointestinal (GI) tract is particularly enriched in environment–host
interactions. Owing to its function as a nutrient portal, the gut is constantly ‘flooded’ with
non-self-derived antigenic substances, which include, in addition to food antigens, potential
hazards, such as invasive and non-invasive pathogens or environmental toxins. In addition,
the intestinal mucosa is a permanent home to ~1014 bacteria, called commensal microbiota,
that peacefully colonize the human GI tract.1 All this accounts for an astronomic antigenic
load in the lumen of the intestine, which in turn leads to accumulation of immune cells in the
mucosa. Despite the panoply of antigenic substances in the lumen, the various immune cell
subsets in the mucosa normally exist in a controlled equilibrium without causing any overt
pathology. Perturbations of the mechanisms controlling this immune homeostasis lead to
loss of protective immunity and result in disease. Multiple factors help establish and regulate
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mucosal immune homeostasis, among which, commensal bacteria have a dominant role.
Moreover, individual bacterial species or groups have now been shown to specifically
modulate different aspects of host immunity, including anatomical location, abundance or
function of various immune subsets. Commensals are physically separated from immune
cells in the lamina propria (LP) by the intestinal epithelial cell (IEC) layer. Therefore, how
they exercise immunomodulatory effects on LP immune cells is an area of intense
investigation.

In the GI tract, the crosstalk between microbiota and immune cells occurs across a single
layer of IECs. IECs have an important role in separating the two sides of this ‘discussion’.
Formation of tight junctions and secretion of mucus or antimicrobial peptides (AMPs) are
examples of the barrier function of IECs. At the same time, because of these mechanisms,
IECs also represent the main cell type that is in direct contact with both luminal microbiota
(or their products) and LP immune cells. Therefore, IECs must be crucial participants in
commensal–host interactions. Indeed it is well accepted that proper IEC barrier function is
essential for sustaining a healthy immune status. However, IECs are more than just a barrier.
IECs communicate constantly with commensal bacteria and a lot is known about how
commensals affect IEC function and, at the same time, how IEC activity affects and
regulates bacterial populations in the lumen. Relatively less is known about how IEC
function controls the immune homeostasis of LP effector cells. Here, we review the role of
IECs as important innate immune cells that interact and influence the activity of both
commensal bacteria and host immune cells. We discuss specifically how IECs may
participate in mediating commensal immunomodulatory effects by integrating signals from
lumenal bacteria and affecting immune homeostasis in the LP.

IMMUNOMODULATORY FUNCTIONS OF COMMENSAL BACTERIA
The presence of commensal bacteria affects multiple facets of host immunity, and several
comprehensive reviews have recently examined this question in detail.2,3 Here we briefly
outline some of these effects in order to demonstrate the diversity of commensal immune
functions.

Development of organized GALT
In the gut, mucosal immune cells are either organized in gut-associated lymphoid tissues
(GALT), where they carry out antigen-specific adaptive immune responses, or accumulate in
the LP as a network of innate and adaptive effector cells. Commensal bacteria control the
general cellularity and organization of both organized GALT and the LP immune network.
Organized GALT consists of anatomical structures of various sizes that contain lymphoid
follicles. These include mesenteric lymph nodes, Peyer’s patches (PPs), isolated lymphoid
follicles (ILFs) and cryptopatches. Organogenesis of these lymphoid organs initiates during
embryonic life when commensals are not present. Nevertheless, commensal bacteria are
required for their maturation and maintenance after birth. Indeed, germ-free (GF) mice have
hypoplastic PPs and lack most ILFs.4 Colonization with commensal bacteria induces both
the generation of immature ILFs (iILFs), presumably from cryptopatches, and their
maturation to mature ILFs (mILFs), which contain a fully organized B-cell follicle.
Interestingly, these two steps of ILF development seem to be controlled by different types of
commensals. Thus, Gram-negative bacteria induce iILF development through the
nucleotide-binding oligomerization domain containing 1 (NOD1) receptor and, accordingly,
iILFs are absent in NOD1-deficient mice. At the same time, generation of mILFs from iILFs
in the SI, but not in the colon, is blocked in mice with perturbed TLR signaling due to
absence of the adapter proteins MyD88 or TRIF,4 suggesting that different bacterial signals
are required for this step.

Goto and Ivanov Page 2

Immunol Cell Biol. Author manuscript; available in PMC 2014 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mucosal immunoglobulin A (IgA) production
IgA production and secretion into the lumen are characteristic features of gut immunity. IgA
is produced by GALT and LP B-cells, and transported through IECs into the gut lumen as
secretory IgA (SIgA). Most SIgA recognizes and opsonizes bacteria in the lumen, thus
preventing their access to the LP. IgA is induced by two general mechanisms in the gut—T-
cell-dependent and T-cell-independent. Organized GALT is important in both cases. T-cell-
dependent IgA induction occurs in the context of the germinal center reaction in PPs. T-cell-
independent IgA induction mostly occurs in mILFs.5 As maturation of GALT, as discussed
above, requires commensal bacteria, IgA production could be expected to also depend on the
presence of microbiota. An alternative T-cell-independent pathway of IgA induction relies
on B-cell-activating cytokines produced by IECs in response to commensal signals, as
discussed in more detail below. In agreement with these mechanisms, IgA production is
impaired in GF mice, even though B-cells are present in the LP. The ability of different
commensal bacteria to induce IgA has not been studied systematically. There are,
nevertheless, reports that not all commensal bacteria induce IgA. In gnotobiotic
experiments, segmented filamentous bacteria (SFB) induced IgA, but a mixture of 46
Clostridia did not.6 The IgA induction may also depend on the anatomical location. For
example, in monocolonized GF mice Bacteroides acidifaciens induces IgA in the colon, but
not in the ileum.7 The mechanisms of commensal-mediated IgA induction are also unclear.
In accordance with the NOD1-dependent mILF induction by Gram-negative bacteria, B.
acidifaciens (G−), but not Lactobacillus johnsonii (G+), induced germinal centers and IgA
production in organized GALT.7 At the same time, mucosa-associated bacteria, such as
SFB, may modify IEC function to induce IgA. The secretion of opsonizing SIgA in response
to commensals can be considered a mechanism of mucosal protection from pathogens, but
also a mechanism to establish a long-term commensal–host mutualism by sequestering
commensals in the gut lumen (Figure 1).

Innate immune cells
Innate immune cells are functionally hard-wired to recognize microbes and their products.
Commensal bacteria are therefore expected to affect the development or function of innate
immune cells. Several reviews in this issue describe in detail the different subsets of innate
immune cells and their interactions with the microbiota. In some cases, studies of gut innate
immune subsets have been difficult to reconcile, possibly due to the difficulty in isolating
these cells, differences in isolation procedures, and also due to the lack of reliable in vivo
genetic ablation models to study their function. Nevertheless, it seems that commensal
bacteria are not generally required for the development of dendritic cells (DCs),
macrophages (Mf), natural killer (NK) cells, or innate lymphoid cells (ILCs). Even though
some studies have reported differences in DC or ILC numbers in GF mice, in general, all
major innate immune subsets are present in GF mice.8,9 What seems to be under the control
of commensal-derived signals, are the effector functions of innate immune cells. Pro- and
anti-inflammatory cytokine production, for example, IL-6, IL-23, TGF-β, IL-10, by DCs and
Mfs can be induced by different types of commensals. IL-22 production by ILCs, which
mediates many of their intestinal homeostatic functions, also seems to be controlled by
commensal-derived signals, although the direction of this control is a matter of debate (see
review by Philip et al.10 in this issue). Whether the effects of microbiota are direct or
indirect is an important question in each case, as it provides crucial mechanistic insights.
Direct effects result from the direct detection of commensal products by innate immune cell,
for example by DCs in PPs or DCs sampling luminal contents.11 In contrast, commensals
mediate NK cell function indirectly. Even though NK cell numbers are normal in GF mice,
they are functionally deficient in antiviral activity.12 NK cell priming requires interferon,
and it was shown that the NK cell priming deficiency is an indirect effect of the lack of type
I interferon production by DCs in the absence of commensal bacteria.12 Similarly,

Goto and Ivanov Page 3

Immunol Cell Biol. Author manuscript; available in PMC 2014 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



commensal-induced epithelial expression of IL-25 indirectly controls IL-22 production by
ILCs.13

T-cells and T-cell homeostasis
The balance between multiple effector T-cell subsets in the gut mucosa is referred to as T-
cell homeostasis. The maintenance of this balance and the relative contribution of different
effector T-cell subsets at any given moment direct the maintenance of a healthy immune
state and the progression of intestinal diseases. Some of the best known examples of
commensal immunomodulatory effects occur at the level of T-cell homeostasis, and the
presence of commensals influences the development or function of almost all T-cell subsets
in the gut.

Intraepithelial lymphocytes (IELs)
IELs are a unique subset of intestinal T-cells that is located in the epithelial layer and is
therefore physically separated from LP lymphocytes. In contrast to LP T-cells, IELs are
enriched in T-cell receptor (TCR) γδ cells, as well as in CD8+ cells. They also contain a
unique population of CD8αα+ cells. IEL development and functions are not completely
understood, but spatially they are well situated to receive signals from both commensals and
IECs. IELs promote epithelial barrier functions, have cytotoxic activity to help clear infected
or damaged IECs, and induce antimicrobial peptide production from IECs. Therefore, there
is a constant IEL–IEC crosstalk. Indeed, TCRαβ+ IELs do not respond to conventional
major histocompatibility complex (MHC)-peptide ligands, but to ligands expressed
abundantly on IECs, such as the thymus leukemia antigen ligand for CD8αα+ IELs.14

Besides affecting IEC function, IELs also have regulatory functions and suppress
inflammation in animal models.15 TCRγδ IELs have been shown to produce AMPs.16 The
presence of commensal bacteria affects development and function of IELs. In GF mice,
TCRαβ+ IELs are almost absent and TCRγδ IELs have impaired cytolitic function.17–19

Production of the AMP RegIIIγ by TCRγδ IELs also depends on the presence of commensal
bacteria.16 Interestingly, commensal modulation of IEL homeostasis seems to depend on the
type of commensal. For example, restoration of RegIIIγ production occurs after colonization
with only certain commensals.16 SFB colonization restores TCRαβ IEL numbers
preferentially in the small intestine (SI), whereas colonization with a mix of autochthonous
Clostridia restores IEL numbers in the colon.6 Therefore, the composition of commensal
bacteria may control the outlook of the IEL compartment by controlling the abundance and
function of various IEL subsets. The molecular and cellular mechanisms of this control
remain to be elucidated, but could involve transmission of signals through the IECs.

LP CD4 T-cell homeostasis
In the LP CD4 TCRαβ T-cells are the predominant T cell type. At steady state, in specific
pathogen-free mouse colonies, the two most abundant effector CD4 T-cell types in the LP
are IL-17-producing Th17 cells and regulatory T-cells (Treg). Both of these subsets are
heterogeneous, but in general, Th17 cells promote inflammatory protective immune
responses and Tregs suppress excessive or unwanted immune activation, and therefore have
a general anti-inflammatory function. The balance between these two functionally
antagonistic subsets establishes the immune status in the LP. It also represents one of the
better-studied examples of control by the composition of commensal microbiota.

Th17 cells are abundant in the SI at steady state in specific pathogen-free mice, but are
almost absent in GF mice.20 Moreover, GF mice are deficient in some systemic Th17 cell
responses as well, such as generation of encephalitogenic brain-infiltrating Th17 cells in the
EAE model of MS.21 Therefore, commensal bacteria are required for the induction of
mucosal, and at least some non-mucosal, Th17 cells. Interestingly, when mice from different
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commercial colonies were examined, Th17 cell presence depended on the microbiota
composition. C57BL/6 (B6) mice from the Jackson laboratory (Bar Harbor, ME, USA) had
very low levels of mucosal Th17 cells compared to B6 mice from Taconic Farms
(Germantown, NY, USA), and transfer of commensal microbiota from Jackson B6 mice
induced much lower levels of Th17 cells in GF mice than did the transfer of Taconic B6
microbiota.20 Direct comparison between Taconic and Jackson B6 microbiota identified
SFB as the most overrepresented commensal species in the SI lumen of Taconic B6 mice.22

SFB are Clostridia that colonize preferentially the terminal ileum of many animal species.
Although they are present in the fecal material throughout the GI tract, in the terminal ileum,
SFB grow as characteristic long filaments that establish tight contacts with the IECs. In
gnotobiotic studies, out of ~80 different commensal isolates tested, SFB were the only
commensals that could induce high levels of Th17 cells in the LP of GF mice.22 Induction of
Th17 cells by SFB also did not require additional commensals.22 Thus SFB is a commensal
species whose presence is sufficient to induce mucosal Th17 cells. The molecular and
cellular mechanisms by which SFB induce Th17 cells are currently unknown. However, in
contrast to most other commensals, SFB interact directly with IECs. Hence, modulations of
IEC function are suspected to somehow be involved. Indeed, SFB have multiple epithelial
effects as discussed in more detail below.

Tregs are present in all peripheral tissues where they provide immune suppression and
downregulate excessive inflammatory responses. They are enriched throughout the GI tract,
presumably due to the astronomic amount of antigens present and the enhanced requirement
for immune tolerance. Tregs are especially enriched in the colon, where they may represent
up to 40–50% of CD4 T-cells.23 Interestingly, Treg induction in the SI is not dependent on
commensal signals, because Tregs are present in similar or even enriched numbers in the SI
of GF mice and have unperturbed function.23 In contrast, GF mice contain three–fourfold
less Foxp3+ Tregs in the colon, and colonization with fecal microbiota from non-GF mice
restores Treg numbers.23 Therefore, colonic Tregs are controlled by commensal-derived
signals. As in the case of Th17 cells, not all commensal bacteria are capable of inducing
colonic Tregs. It was shown that colonization with a mixture of 46 autochthonous
commensal species belonging to Clostridia clusters IV and XIVa is sufficient to completely
restore Treg levels in the colon of GF mice.23 In specific pathogen-free mice, these
Clostridia colonize preferentially the colon where they occupy the mucus layer, again, in
close proximity to IECs. In human, members of the same groups of Clostridia have been
associated with IL-10 induction and protection from colitis.24 Lumenal bacteria may also
affect the function of Tregs. For example, B. fragilis induces IL-10 production, and
increases suppressive and anti-inflammatory functions of Foxp3+ Tregs.25

The ability of different commensals to induce or modify the function of CD4 T-cell subsets
has important functional consequences. It shows that the relative abundance of these
immunomodulatory commensals can dictate the composition of the LP CD4 T-cell
compartment. Moreover, the composition of the LP CD4 T-cell compartment directs the
nature and intensity of the adaptive immune response. Indeed, SFB colonization is
associated with protection from intestinal infections in mice, rats and rabbits,22,26,27 and
colonization with Treg-inducing Clostridia increases resistance to colitis and systemic IgE
responses.23 On the other hand, the Th17 cell-biased T-cell homeostasis in the presence of
SFB renders mice with these bacteria more susceptible to autoimmunity upon external
challenge, as demonstrated in increased pathology in animal models of multiple sclerosis
and rheumatoid arthritis.21,28
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Invariant NKT cells
Invariant NKT (iNKT) cells are innate-like T-cells that express invariant TCRs and respond
to glycolipids presented by the non-classical MHC-I molecule, CD1d. iNKT cells have
various functions in first-line responses to microbial infections and tumors, but, similarly to
Th17 cells, may also contribute to autoimmune inflammation in colitis, rheumatoid arthritis
and asthma. Development and function of iNKT cells is controlled by commensal
microbiota. In GF mice, elevated numbers of iNKT cells are observed in both the colonic
and lung mucosa.29 This leads to increased susceptibility and morbidity of GF mice in
oxazolone-induced colitis and allergic asthma, which are mediated by CD1d-restricted iNKT
cells. Interestingly, colonization of GF mice with conventional microbiota in the neonatal
stage had preventive effects on autoimmunity by decreasing mucosal iNKT cell levels, but
colonization of adult GF mice had no impact on iNKT cells and disease susceptibility.29

Moreover, the effects of commensal bacteria on mucosal iNKT accumulation were
dependent on epithelial-derived signals.29 The role of microbiota composition on decreasing
mucosal iNKT cell levels was not examined in this study. However, effects of different
commensal bacteria on the levels and function of systemic iNKT cells have been reported.
In contrast to mucosal iNKT cells, systemic iNKT cell function seems to require
Sphingomonas spp., which carry antigenic glycosphingolipid products presented by CD1d.30

Further studies are needed to characterize the detailed molecular mechanisms and
spatiotemporal regulation of iNKT cell development and maintenance by commensal
bacteria.

IECs AND THE COMMENSAL-IMMUNE CROSSTALK
The epithelial barrier separates commensal bacteria from host immune cells. The separation
is important for maintaining a healthy host as well as for the establishment of mutualistic
environment for the microbiota. Therefore, one of the main functions of the single layer of
IECs in the gut is to sustain this separation. At the same time, IECs can receive and integrate
signals from both sides, and provide an important way of communication between bacteria
and host. Therefore, IECs may serve as crucial mediators of immunomodulatory commensal
effects.

INTESTINAL EPITHELIAL BARRIER SYSTEM
Several subsets of IECs compose the gut epithelial monolayer. These include entero-
absorptive enterocytes, entero-endocrine cells, goblet cells and Paneth cells, all of which
differentiate from epithelial stem cells residing in the villous crypt region. Tight junctions
between IECs form a contiguous physical barrier that separates the gut lumen from the LP.
At the same time tight junctions divide the IEC membrane into an apical and basolateral
part, and help establish and maintain IEC polarity, which is crucial for IEC function. Goblet
cells produce heavily glycosylated mucins, which form the gel-like layer of mucus that
covers the luminal surface of the epithelium. In mouse colon, the mucus consists of two
layers, an outer diffuse layer and an inner layer that is firmly associated with the epithelium.
The vast majority of commensals are ‘trapped’ in the outer layer and the inner layer is
virtually devoid of bacteria.31 The critical role of the mucus layer in microbiota
sequestration is demonstrated by studies in mice that lack the main structural mucus protein,
MUC2. MUC2-deficient mice lack mucus layer, allowing direct contact of commensal
bacteria with IECs, which leads to spontaneous colitis and colorectal cancer.32,33 In addition
to this physical separation, the mucus layer provides an environment in which secreted
antimicrobial molecules accumulate to further facilitate bacterial sequestration. These
molecules include IEC-derived substances, such as AMPs, and non-IEC derived substances,
such as SIgA, which is transcytosed by the IEC. In addition, Paneth cell-derived
microbicidal molecules such as defensins, lysozymes, cathelicidins, secretory phospholipase
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A2 and C-type lectins are secreted in the lumen and contribute to general bacterial
sequestration as well as protection of stem cells in the crypt.34

IECs RECEIVE SIGNALS FROM COMMENSAL BACTERIA
Commensal bacteria control epithelial barrier functions

Even though IECs employ mechanisms to limit direct access of live bacteria to the epithelial
surface, they are capable of detecting bacterial products. Similarly to conventional innate
immune cells, IECs express pattern-recognition receptors (PRRs) to detect common
microbial ligands. PRRs, include Toll-like receptors (TLRs), Nod-like receptors (NLRs) and
Rig-I like receptors (for a recent review on mucosal PRRs see35). Moreover, almost all of
the mechanisms promoting epithelial barrier function are influenced by the presence of
microbiota. Commensal bacteria can upregulate tight junction molecules and control
intestinal permeability,36 and microbial signals through TLR receptors are required for
maintenance of the epithelial barrier. Indeed, ZO-1 expression, formation of tight junctions,
and epithelial turnover are disrupted in TLR2- and MyD88-deficient mice, which leads to
increased susceptibility to epithelial damage.37,38

Secretion of mucus and AMPs is also induced by commensal bacteria. The mucus layer is
considerably reduced in GF mice, but recovers upon exposure to bacterial products, such as
LPS or peptidoglycan.39 RegIIIγ is a member of the C-type lectin family and targets cell
wall peptidoglycan of Gram-positive bacteria.40 RegIIIγ expression in ileal tissues is absent
in GF mice and is induced by commensal bacteria.40 Production of RegIIIγ by IECs at
steady state is directly induced by microbial signals in a TLR/MyD88-dependent manner,
and Paneth cell-restricted MyD88 expression was sufficient to recover microbiota-induced
RegIIIγ expression and to restore defects in epithelial barrier function in MyD88-deficient
mice.41 The expression of angiogenin-4, a Paneth cell-secreted ribonuclease-like protein
with microbicidal activity, is dramatically reduced in GF mice.42 Likewise, the expression
of RegIIIβ, CRP-ductin and resistin-like molecule β is regulated by MyD88, suggesting that
expression of multiple antimicrobial molecules occurs in response to commensal stimulation
in a TLR-dependent manner41 (Figure 1). In contrast, the expression of several AMPs such
as lysozyme, secretory phospholipase A2, human cathelicidin LL-37, α-defensins and
certain β-defensins does not seem to be affected by the microbiota.43 Combined with the
control of SIgA, these studies show that commensals are major regulators of the intestinal
epithelial barrier system. How the composition of commensal bacteria affect barrier function
is not completely clear. It is possible that a full complement of diverse microbiota is
required for optimal induction of the complete array of barrier mechanisms. Combined,
these mechanisms help sequester commensal bacteria, without ablating them. For example,
the mucus restricts direct bacterial access to the LP, and at the same time facilitates the host–
commensal crosstalk by providing a specific environment for the growth of the microbiota
and the diffusion of commensal bioproducts. Therefore, the ability of commensals to induce
these mechanisms may represent evolutionary adaptation for the establishment of
mutualism.

Commensal bacteria control epithelial intracellular signaling and homeostasis
Even though sequestration mechanisms prevent most direct interaction with IECs,
commensal signals are continuously reaching the epithelium, and are involved in
maintaining immune tolerance and homeostasis. Indeed, loss of steady state commensal
detection by TLRs in MyD88-KO mice leads to a deficiency in epithelial homeostasis and
increased mortality in the DSS model of colitis.37 Through interaction with TLRs and
NLRs, commensals or their products may activate NF-κB signaling in IECs. For example, B.
vulgatus activates the NF-κB pathway through IkB degradation and RelA phosphorylation
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in IECs.44 NF-κB activation is crucial for maintaining epithelial homeostasis. Indeed IEC-
specific ablation of the pathway activator NEMO (NF-kB-essential modifier) or of the two
upstream NF-kB-activating kinases, IKK1 and IKK2 (though not individually), leads to
severe chronic intestinal inflammation, accompanied by increased IEC apoptosis, loss of
barrier function and bacterial translocation.45 The colitis is ameliorated in the absence of
MyD88, suggesting that it requires commensal-derived signals.45 Similarly, epithelial cell-
specific deletion of TAK1, a TLR-signaling molecule upstream of the IKK complex, elicits
increased number of apoptotic cells and severe intestinal inflammation, which supports a
role for NF-κB signaling in IEC maintenance.46

At the same time, excessive NF-κB activation in IECs may predispose to colitis, and
commensals can control this by inhibiting NF-κB signaling and exerting anti-inflammatory
effects. For example, commensal signals inhibit the pathway activator IRAK1 in neonatal
mice to prevent epithelial damage in early life47 or may inhibit the degradation of the
pathway inhibitor IκBα after contact with IECs.48 B. thetaiotaomicron can negatively
regulate NF-κB function and exert anti-inflammatory effects by inducing peroxisome
proliferator activated receptor-γ (PPAR-γ), which binds and diverts activated NF-κB from
the nucleus to the cytoplasm.49 Mice deficient in single immunoglobulin IL-1R-related
receptor, a negative regulator of TLR/IL-1R signaling (SIGIRR), show loss of epithelial
homeostasis, hyperactivation of NF-κB and increased susceptibility to DSS-colitis and
colitis-associated cancer.50

Microbial products are also detected by NLR receptors that induce the formation of
inflammasomes. Inflammasomes are a group of large protein complexes that include PRR
microbial sensors, such as NLRs or AIM2; the adapter protein Apoptotic Speck protein
containing a Caspase-recruitment domain (ASC); and inflammatory caspases, the most
important of which is caspase-1. Inflammasome activation, through activated caspase-1 and
other caspases, regulates the production of active forms of important pro-inflammatory
cytokines, such as IL-1β and IL-18, as well as other inflammatory processes. Although
details remain to be investigated, inflammasome function in the gut mucosa seems crucial
for the maintenance of immune, epithelial and microbiota homeostasis.51 A recent study
reported that an NLRP6 inflammasome in IECs regulates the composition of commensal
microbiota and epithelial homeostasis. This occurred through the induction of basolateral
secretion of IL-18 in IECs.52 As a result, NLRP6-deficient mice acquire colitogenic
microflora and have increased susceptibility to colonic inflammation.52 The NLRP3
inflammasome has also been implicated in commensal regulation and promotion of
epithelial regeneration.51 Revealing the details on the expression and function of different
inflammasomes in IECs, and hematopoietic immune cells and their role in immune
homeostasis and the microbiota–IEC–immune cells crosstalk represent exciting future
directions.

Combined, the above studies provide examples of how epithelial PRRs, through NF-κB
signaling or inflammasome activation, maintain epithelial homeostasis under the control of
commensal bacteria.

Commensal-derived metabolites regulate epithelial function
Commensals are permanent inhabitants of the intestinal lumen. Therefore, factors that are
produced during the life cycle of these organisms may act directly on the neighboring
epithelium or modify the luminal environment in order to generate metabolites that affect
epithelial functions. One of the main functions of commensal bacteria is to process dietary
or environmental substances. This generates vitamins or metabolites that, although not
produced by bacteria per se, are nevertheless dependent on commensal activity. For
example, commensal bacteria are required to break down complex dietary polysaccharides
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into short-chain fatty acids (SCFAs).53 SCFAs, mainly acetate, butyrate and propionate, are
energy sources, but they also affect epithelial and immune host cell functions. There are two
known mechanisms of SCFA action—direct inhibition of histone deacetylases and ligation
of the G-protein-coupled receptors, GPR43 and GPR41.53 SCFAs are important for
intestinal and epithelial homeostasis. Indeed, decreased SCFA levels are observed in IBD
patients,54 and butyrate deficiency due to downregulation of expression of the transporter
MCT-1 is associated with IBD pathogenesis.55 Butyrate reduces the expression of
inflammatory cytokines such as tumor necrosis factor (TNF), IL-6 and IL-1β by LP cells in
Crohn’s disease patients and ameliorates trinitrobenzene sulfonic acid-induced colitis
through inhibition of NF-κB activation in IECs.56 In general, generation of SCFAs in the
colon by microbiota has been associated with decreased incidence of colorectal cancer and
IBD.54 Mice lacking GPR43 show increased susceptibility in several models of autoimmune
inflammation, including DSS-colitis.57 SCFAs have been shown to affect epithelial barrier
function. Butyrate and propionate generated by commensal microbiota upregulate
cytoprotective heat-shock proteins in IECs.58 Acetate and butyrate stimulate the secretion of
mucins both in vitro and in vivo.59 GPR109A, a low-affinity receptor for butyrate expressed
on IECs and LP cells, is downregulated in colon cancer, and has been associated with tumor
suppressive effects of butyrate.60

Commensals differ in their ability to process complex polysaccharides and generate SCFAs.
Commensals from the Bacteroidetes group produce acetate and propionate, whereas
butyrate, is mainly provided by Firmicutes.61 SCFA production could also be a major
mechanism of protection by probiotic bacteria. Indeed, acetate produced by protective
Bifidobacteria strains prevented IEC apoptosis induced by enteropathogenic Escherichia
coli.62 Only protective Bifidobacteria contained ATP-binding cassette transporters that
enabled production of acetate, which acted on IECs to increase barrier function and prevent
lethal translocation of Shiga toxin from the gut lumen to the blood62 (Figure 1).

Combined, these data show mostly beneficial effects of commensal-derived SCFAs on
epithelial integrity and modulation of epithelial cell function. However, in most cases the
molecular mechanisms of IEC activation and the relative participation of individual
commensals have not been studied in detail.

Other commensal effects on IECs
Commensal bacteria elicit expression of various genes from IECs that may potentially affect
immune responses. For example, commensal bacteria upregulate MHCII expression by
IECs.63 That IECs express MHCII, has been appreciated for some time, but the function of
this expression is not known.64 In contrast to the conventional antigen presenting cells, IECs
hardly express costimulatory molecules, which has led to a speculation that MHCII on IECs
may elicit T-cell tolerance. Interestingly, MHCII expression is induced on IECs only by
certain bacteria, most notably by immunomodulatory SFB, which raises interesting
questions of whether it may somehow be involved in commensal effects on T-cell
homeostasis.

Another important effect of commensals is the modification of IEC glycosylation patterns.
The enzyme fucosyltransferase 2 (Fut2) and fucosyl asialo GM1 glycolipids on IECs are
induced by commensal bacteria.63 Fut2 catalyzes the addition of α(1,2)-fucose to terminal
galactose residues of secreted and membrane-bound IEC proteins (Figure 1). It is
noteworthy that fucose moieties expressed on IECs and fucosylated carbohydrate chains
secreted by goblet cells could be utilized as nutrients for Bacteroides spp.65,66 Therefore,
epithelial fucose may help maintain homeostasis of the gut microbiota. In humans, non-
functional Fut2 leads to alterations of the microbiota and specific loss of the diversity of
Bifidobacteria.67 In genome-wide association studies, Fut2 mutations show strong
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association with several host disorders that have a known microbial component. Fut2 loss-
of-function mutation W143X (G428A) is associated with susceptibility to type 1 diabetes
and Crohn’s disease.68,69

IECs REGULATE IMMUNE FUNCTIONS OF THE HOST
In addition to receiving signals from commensal bacteria, and secreting mucus and
antimicrobial substances in the lumen, IECs also modulate the function of host immune
cells. These functions are mediated by the expression of immune receptors, and the secretion
of cytokines and chemokines from the IEC basolateral side. In such way, IECs recruit and
activate immune cells in the mucosa.

IEC effects on GALT development and function
Organized GALT structures, such as PPs, ILFs and cryptopatches are intimately associated
with the epithelial layer. Indeed, PPs and ILFs are covered by a modified epithelium called
follicle-associated epithelium (FAE). FAE has an important role in the structural
organization and function of PPs and ILFs as sites for generation of intestinal antigen-
specific immune responses, and in particular T-cell-dependent IgA production. PPs and ILFs
are the sites of sampling of luminal content. Therefore, FAE is designed to both facilitate
and control this process. IECs in the FAE show modified expression of TLRs, compared to
the rest of the epithelium, which is thought to mediate these gatekeeping functions.70 One of
the main features of the FAE is the presence of microfold or M cells. M cells are specialized
antigen-sampling IECs, which have increased levels of endocytosis and can, in such way,
acquire particulate antigens from the lumen. In contrast to phagocytic cells, M cells are
devoid of lysosomes, and instead unidirectionally transport almost intact luminal antigens to
antigen presenting cells situated underneath the FAE, in the so-called subepithelial dome
area. These antigen presenting cells are mostly DCs and they take up the antigens and prime
T-and B-cells in the context of a germinal center reaction to initiate Ag-specific immune
responses. This requires structural organization that is controlled by chemokines expressed
by the FAE, which include CCL20 and CCL9 in mice, and CCL20 and CCL23 in
humans.71,72 Although the exact details are not completely worked out, certain
combinations of FAE chemokines recruit DCs into the subepithelial dome area.72,73

CCL20–CCR6 interactions are also important for the recruitment of B-cells into ILF and PP
follicles.74 At the same time, recognition of commensal signals through NOD1 on IECs has
been shown to induce maturation of cryptopatches into ILFs.4 Therefore, IEC-derived
signals are necessary for organized GALT development.

IEC effects on IEL function
IELs are spatially distributed within the epithelial layer and, therefore, closely interact with
IECs. Indeed, signals from IECs control the recruitment, maturation and function of IELs.
The chemokine CCL25 produced constitutively by IECs recruits CCR9+ IELs.75 The main
adhesion molecule that localizes IELs to the epithelium is the heterodimeric integrin αEβ7
(the αE chain is also known as CD103). αEβ7 on IELs interacts with E-cadherin expressed
on the basolateral side of IECs.76 The maintenance of the IEL compartment also depends on
IEC-derived signals. IL-15 has an important role in IEL maintenance, and IL-15-deficient
mice have severely reduced numbers of both TCRαβ and TCRγδ IELs.77 IL-15 and IL-15Rα
are expressed by IECs, and IECs participate in IEL maintenance through trans-presentation
of IL-15 bound to IL-15Rα.78 At the same time, epithelial expression of IL-7 restores
TCRγδ+ IEL numbers in IL-7- deficient mice.79 Both IL-7 and IL-15 are induced following
bacterial exposure. In addition, secretion of IL-15 by IECs is MyD88-dependent80 and
MyD88-KO mice have reduced numbers of IELs, which can be restored upon transgenic
expression of IL-15. This suggests that commensal signals regulate IEL numbers partially
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through the induction of IL-15 and/or IL-7 production by IECs. Finally, as discussed earlier,
IEL function requires activation by non-classical MHCI-like ligands, such as the thymus
leukemia antigen, which are expressed by IECs14,64 (Figure 2a).

IEC effects on LP immunity
Most currently known effects of IECs on processes in the LP probably occur through
secretion of cytokines or cytokine-like molecules. Multiple studies have shown that IECs
can secrete a number of cytokines both in vitro and in vivo. These include molecules that are
known to be crucial for effector B- and T-cell differentiation or DC function, such as TGF-β,
TGF-α, IL-6, IL-7, TNFα, IL-1 and so on. However, these cytokines can be produced by
many other cell types as well, and in most cases the contribution of IEC-derived cytokine
production to individual immune homeostatic mechanisms or responses is not completely
clear. Nevertheless, IECs have the potential to modulate immune responses through cytokine
production, and examples of this have accumulated.

As described above, IgA class switching and generation of IgA-producing B-cells occurs in
the context of germinal centers in PPs in a T-cell dependent manner. However, T-cell-
deficient mice have SIgA,81 and a T-cell-independent pathway of IgA production has been
described to occur in ILFs and LP.5 IgA production in the LP seems to be directed by
cytokine production from IECs. Class switching to IgA2, the main mucosal IgA class in
humans, is induced by the production of the TNF-superfamily members, a proliferation-
inducing ligand (APRIL) and B-cell-activating factor of the tumor necrosis factor family
(BAFF) from IECs in a T-cell-independent matter.82 IECs secrete APRIL, as well as thymic
stromal lymphopoietin (TSLP) that stimulates APRIL production by DCs, in response to
TLR-mediated signals from commensal bacteria82 (Figure 2a). In mice, targeted
overexpression of TLR4 in IECs leads to an increased IEC expression of CCL20, CCL28
and APRIL, which results in an increase in LP B-cell recruitment and IgA class switching.83

These data support a model in which commensal-derived signals induce cytokine expression
from IECs to control steady-state T-cell-independent IgA production.

LP DCs and Mfs present antigens for initiation of Ag-specific T-cell responses, but also
provide cytokines for T-cell differentiation or for activation of other immune cells. The
intestinal LP contains several subsets of MHCII+CD11c+ cells that can be divided into
CD103+ DC lineage cells and CX3CR1+ Mf lineage cells (for details see review by Farache
et al.84 in this issue). LP DCs and Mfs can extend dendrites in-between IECs to sample
luminal contents,11,85 and this requires TLR-dependent commensal signals.85 In the case of
CX3CR1+ cells, the process is controlled by the expression of its ligand, CX3CL1, on
IECs.86 Expression of Semaphorin 7A on the basolateral surface of IECs has been shown to
engage CX3CR1+ Mfs through αvβ1 integrins, stimulate Mf IL-10 production and suppress
inflammatory responses. Semaphorin 7A-deficient mice are susceptible to DSS-induced
colitis accompanied by reduction of IL-10 expression from Mfs87 (Figure 2a).

The function and ability of LP DCs to prime and direct T-cell responses is also modulated
by IEC-derived factors. IEC supernatants can condition DCs in vitro to produce IL-10 and
direct differentiation of T-cells into more anti-inflammatory fates, such as Th2 or Treg.88 In
this study, the anti-inflammatory DC modulation was a preferential property of supernatants
from IECs treated with non-invasive commensal bacteria. Even more interestingly, if the
bacteria were allowed to interact directly with DCs (bypassing the IEC), they induced pro-
inflammatory IL-12 production and Th1 differentiation.88 In vitro, the IEC effects on DCs
were shown to depend on the epithelial production of TSLP.88 TSLP derived from IECs
prevents secretion of IL-12 from mucosal DCs stimulated by bacterial and TLR ligands.
TSLP-conditioned DCs instead induce IL-10, leading to the induction of Th2 cells.88,89

Although the mechanisms of induction of TSLP at steady state are not clear, intrinsic IKKβ-
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mediated NF-κB signaling in IECs is important for the production of TSLP in an infection
model with the helminth Trichuris muris.89 Successful clearance of Trichuris infection
requires protective Th2 type immune response. IEC-specific deletion of IKKβ leads to
decrease in TSLP production and consequent increase in proinflammatory cytokine
production from LP DCs, increase in Th1/Th17 differentiation and severe intestinal
inflammation following Trichuris infection.89 In agreement with TSLP effects on DCs, LP
DCs from TSLPR-deficient mice have a propensity to produce IL-12, have defective Th2
responses and are susceptible to Trichuris infection.89

TGF-β is another immunoregulatory cytokine in the intestine. TGF-β generally has anti-
inflammatory effects. It inhibits pro-inflammatory cytokine production by intestinal DCs
and Mfs and controls T-cell homeostasis by participating in both Th17 and Treg
differentiation, depending on the partnering cytokines.90 TGF-β is produced by IECs and
IEC-derived TGF-β together with retinoic acid (RA) can convert intestinal DCs into a Treg-
promoting tolerogenic phenotype.91 RA, a vitamin A metabolite, has pleiotropic effects in
the mucosal immune system. RA is crucial for imprinting gut-homing capabilities on B- and
T-cells and production of RA by CD103+ DCs is important for LP Treg induction (see
review by Stock et al.92 in this issue). In addition to CD103+ DCs, IECs can also express
RA and may, in such way, modulate mucosal T-cell homeostasis.93 Supporting this idea,
human IECs produce RA that conditions DCs to induce Treg cells in in vitro co-culture
system.94 Therefore, IEC cytokines can modulate the function of LP DCs, which in turn
control T-cell homeostasis (Figure 2b).

IL-25 (IL-17E) is an IL-17 cytokine family member originally described as a Th2 cytokine.
However, IL-25 expression is observed in IECs.95 IEC-derived IL-25 expression is defective
in GF mice, suggesting that commensal bacteria induce IL-25 from IECs.13 Microbiota-
induced IL-25 can repress the number and IL-22 expression of RORγt+ ILCs,13 however,
the IL-25 effects seem indirect because they required the presence of DCs in vitro.13 IL-22
is a major effector ILC cytokine, which is required for their immunoprotective functions.
Combined, the data suggest that IEC-derived IL-25, induced by commensal microbiota,
controls ILC function, although whether IECs are the only IL-25-producing cell requires
further study (Figure 2a).

CONNECTING THE DOTS
IECs are uniquely located at the border of two different and mutually exclusive
environments. They form a physical separation, which is de facto necessary for the co-
existence of these two environments. It has now been well established that signals from
luminal commensal microbiota are transmitted and modulate immune responses in the LP of
the host. Therefore, the epithelium has an important role in mediating these interactions. It
may be that the barrier mechanisms ensure that only the right type of signals will be
transmitted to the host, which is illustrated by the fact that a lot of these barrier mechanisms
are induced by the commensals themselves.

It is clear that intact IEC function is required for healthy intestinal homeostasis.
Perturbations of epithelial function are major contributors to disease pathogenesis in many
intestinal immune diseases, including IBD and cancer, however relatively little is known
about the exact mechanisms by which IECs control immune homeostasis and the initiating
signals. In particular, whether and how IECs participate in immunomodulatory effects of
commensal bacteria is not known.

Commensals in the lumen affect the homeostasis of effector immune cells in the LP. These
effects are not simply a result of the presence of innocuous bacteria. They depend on the
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presence of microbiota that has been evolutionarily adapted to the host species.96 Moreover,
they depend on the composition of the microbiota, and in the last few years several
commensal species have been shown to induce specific changes in steady-state immune
homeostasis.

As discussed above, there are two indirect lines of evidence that IECs can be crucial for the
immunomodulatory effects of commensals. Firstly, commensal bacteria or their products are
in constant interaction with IECs and modulate IEC function. Secondly, IECs produce
cytokines and chemokines that are known to regulate immune cell accumulation,
differentiation or function, and in many cases the production of IEC cytokines is induced by
bacteria-derived signals. However, connecting these data into a definitive demonstration of
the role of IECs has been difficult. One reason for this is that most IEC-derived cytokines
are also produced by other cell types, and therefore the IEC involvement in vivo is inferred,
but has not been proven. Even TSLP, which in the intestine is considered an epithelial or
stromal cell-derived cytokine, is also produced by intestinal DCs in a MyD88-dependent
fashion.97 Conditional ablation of effector molecules specifically in intestinal epithelium
will help define the role of IECs in their immune effects. A lot of questions remain also
about the role of commensals in induction of effectors from IECs. In most cases this has
been inferred from studies in PRR-deficient mice, mostly MyD88- or TLR-deficient.
However, effects on IECs in MyD88-deficient mice do not necessarily mean that the IEC is
the microbe-recognizing cell. Indeed, elegant studies from the groups of Lora Hooper and
Eric Pamer have shown that even for IEC-specific effectors, such as RegIIIγ, the
mechanisms are complex. Steady-state RegIIIγ production is induced by direct engagement
of TLRs on IECs.41 In contrast, in the context of opportunistic infections, increased RegIIIγ
expression also depends on TLR-signaling, but the microbial product-recognizing cells are
TLR5+ DCs, which produce IL-23 upon bacterial flagellin detection. IL-23 in turn induces
IL-22 production, most likely from ILCs, which induces RegIIIγ production from IECs.98

Conditional ablation of TLR-signaling in IECs will help better define the roles of IECs as
actual sensors of commensal bacterial signals.

Another complicating issue is the heterogeneity and redundancy in commensal effects.
Different commensals may affect IEC function through different pathways or induce
different responses from IECs. Therefore, investigation of the function of IECs in the
context of the effects of individual commensals, rather than the vastly diverse complete
microbiota, is necessary to define the contribution of individual mechanisms. Examples of
immunomodulatory commensals, commensals that regulate immune cell homeostasis, have
now been described. Investigation of the role of IECs in these interactions is particularly
interesting. For example, as described above, two types of commensals have now been
shown to affect Th17–Treg homeostasis in the LP. SFB induce preferentially Th17 cells and
Clostridia from clusters IV and XIVa induce Tregs.22,23 Almost nothing is currently known
about the underlying mechanisms. However, IECs are likely to be involved. Colonization
with Treg-inducing Clostridia was shown to induce TGF-β production from IECs, and TGF-
β induces Tregs.23 SFB can affect multiple aspects of IEC function. These effects include
production of AMPs (for example, RegIIIγ and resistin-like molecule β) and enzymes
involved in AMP activation (for example, MMP7), modification of IEC glycosylation
patterns through induction of cellular glycosyl-transferases (for example Fut2) and induction
of basolaterally secreted cytokines, such as an isoform of serum amyloid A.22,63 Serum
amyloid A isoforms have been shown to stimulate IL-23 production from DCs, and IL-23 is
necessary for Th17 cell maintenance.99 Therefore, IECs may mediate SFB Th17 cell-
inducing effects through the production of serum amyloid A or other cytokines (Figure 2b).
However, all this remains to be tested. How individual commensals activate IECs is also
unclear. In the case of both SFB and Clostridia, the effects on T-cell homeostasis are
specific for the particular commensal, and seem independent of TLR or NLR
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signaling.20,23,100 Therefore, bacteria-specific mechanisms must be invoked. Clostridia
reside in the intestinal mucus, and therefore secreted bacterial products are likely to be
involved. In contrast, SFB attachment to IECs results in a well-defined synapse with
apparent actin cytoskeletal re-organization in the IEC. Therefore, recognition of surface
receptors by unique bacterial ligands and activation of specific intracellular signaling
pathways in the IEC may be required.

As discussed above, IECs respond to commensal signals, and modulate the tropism and
function of various mucosal immune cells through the activation of antigen receptors and
production of effector cytokines. IECs, therefore, function in a lot of ways as an innate
immune cell subset, despite their non-hematopoietic origin. In particular, these properties
make IECs ideal candidates for transmitting immunomodulatory signals from various
commensal bacteria. Future studies will be required to define the specific role of IECs and
the bacterial products and bacterial recognition systems involved in this fascinating
crosstalk.
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Figure 1.
Commensal bacteria regulate IEC barrier functions. Microbiota induce epithelial barrier
mechanisms: (1) Commensal bacteria, such as Bifidobacteria, produce SCFAs, which
protect IECs from epithelial apoptosis induced by enteropathogenic Escherichia coli and
inhibit NF-κB activation. (2) Dimeric IgA produced by mucosal plasma cells binds to
polymeric immunoglobulin receptor (poly-Ig receptor) expressed on basolateral side of IECs
and is transcytosed to the apical surface, where it is released as SIgA. Both IgA class
switching and poly-Ig receptor expression are regulated by commensal bacteria. (3)
Commensal bacteria induce multiple AMPs such as RegIIIβ, RegIIIγ, Angiogenin-4 from
Paneth cells in a TLR-dependent manner. (4) Commensal bacteria strengthen tight junctions
(TJ). Epithelial tight junction protein, ZO-1, is upregulated by commensals in a TLR-
dependent manner. (5) Commensal bacteria induce the expression of Fut2 and fucosylation
of surface proteins on IECs. (6) Commensal bacterial products such as lipopolysaccharide
(LPS) and peptidoglycan (PGN) induce mucus production from goblet cells.
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Figure 2.
IECs integrate signals from the commensal microbiota to regulate homeostasis of mucosal
immune cells in the LP. (a) Commensal bacteria regulate the recruitment, maintenance and
function of intraepithelial lymphocytes (IELs) (left panel), T-cell-independent IgA induction
(middle panel), and innate lymphoid cell homeostasis (right panel). (Left panel) Recruitment
of IELs is mediated by epithelial E-cadherin and αEβ7 on IELs. IL-7 and IL-15 secretion by
IECs induced by commensal bacteria leads to expansion of IELs. IEL function is regulated
by ligation of IEL TCRs by thymus leukemia antigen on IECs. (Middle panel) Commensal-
derived lipopolysaccharide (LPS) recruits B-cells and plasma cells by inducing CCL20 and
CCL28, respectively, from IECs. Commensal bacteria and commensal-derived LPS also
induce BAFF and APRIL production from IECs. TSLP produced by IECs acts on LP DCs
and induces APRIL secretion. Combined, these cytokines elicit IgA class switching in a T-
cell-independent manner. (Right panel) Commensal bacteria induce CCL20 and IL-25 from
IECs, which respectively regulate recruitment and IL-22 production of ILCs. Extension of
dendrites between IECs by CX3CR1+ Mfs/DC are regulated by commensal bacteria and
epithelial CX3CL1. Semaphorin 7A (Sema7A) on IECs induces IL-10 from CX3CR1+ Mf.
Dashed arrows indicate IEC molecules induced by commensal bacteria. (b) Commensal
bacteria induce production of various cytokines from IECs, which may help modulate
mucosal T-cell differentiation. IEC-derived RA and TGF-β instruct DCs to induce Treg.
DCs directly stimulated by commensal bacteria produce IL-12 and induce Th1 cells. IECs
stimulated by commensal bacteria produce TSLP to upregulate IL-10 production by DCs,
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leading to Th2 cell induction. SFB are able to attach to IECs and induce serum amyloid A
(SAA). DCs stimulated by SAA produce IL-6 and IL-23, and may drive Th17 cell
differentiation. Clostridia clusters IV and XIVa induce TGF-β from IECs, which may
promote differentiation of Treg.
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