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The intestinal epithelium—which constitutes the interface between 
the enteric microbiota and host tissues—actively contributes to the 
maintenance of mucosal homeostasis and defends against patho-
genic microbes. The recognition of conserved microbial products 
by cytosolic or transmembrane pattern recognition receptors in 
epithelial cells initiates signal transduction and influences effector 
cell function. However, the signalling pathways, effector molecules  
and regulatory mechanisms involved are not yet fully understood, 
and the functional outcome is poorly defined. This review analyses 
the complex and dynamic role of intestinal epithelial innate immune 
recognition and signalling, on the basis of results in intestinal epithe-
lial cell-specific transgene or gene-deficient animals. This approach 
identifies specific epithelial cell functions within the diverse cellular 
composition of the mucosal tissue, in the presence of the complex 
and dynamic gut microbiota. These insights have thus provided a 
more comprehensive understanding of the role of the intestinal 
epithelium in innate immunity during homeostasis and disease.
Keywords: intestinal epithelium; innate immunity; mucosal 
immunity; host–microbial homeostasis
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See the Glossary for abbreviations used in this article.

Introduction
The intestinal lumen harbours trillions of microbes and represents 
one of the most densely populated habitats [1]. Major advances in 
microbiological research have made possible the analysis of human 
microbiota composition, and the intimate interplay between the 
host and its microbial inhabitants is increasingly recognized [2]. 
Commensal bacteria provide a large repertoire of enzymes not 
encoded by the host genome, thereby contributing to the digestion 
of dietary substances and the synthesis of essential food supplements 
such as vitamins [1,3]. The microbiota also provides protection 
from infection with enteropathogenic bacteria through competi-
tion for space and nutrients [4,5]. Finally, the constant presence of 

commensal bacteria crucially contributes to the differentiation and 
maturation of the mucosal immune system [6–9].

A monolayer of polarized epithelial cells covers the intestinal sur-
face and provides the only cellular border between the microbially 
colonized lumen and the largely sterile subepithelial tissue (Fig 1). The 
mucosal surface is significantly enlarged by the formation of small 
intestinal finger-like protrusions called villi and gland-like invagina-
tions known as crypts, which provide efficient nutrient absorption 
and generate a protected stem cell niche, respectively. The epithe-
lium is composed of different specialized cell types: stem cells, goblet 
cells, neuroendocrine cells, Paneth cells and enteroabsorptive cells. 
Notch-mediated epithelial cell differentiation into the various cell lin-
eages is required to maintain mucosal homeostasis [10]. Goblet cells 
produce heavily glycosylated mucins that form a mucus matrix cov-
ering the epithelium in the small and large bowel [11]. Recent results 
suggest that they might also contribute to the delivery of luminal 
antigens to subepithelial antigen-presenting cells [12]. The semisolid 
mucus barrier matrix produced by goblet cells is reinforced by the 
local secretion of antimicrobial peptides from crypt-based secretory 
Paneth cells. These cells produce large amounts of α‑defensins—also 
called cryptdins in mice—cryptdin-related sequence (CRS) pep-
tides, so far only described in mice, RegIIIα in humans and RegIIIγ in 
mice [2,13,14]. RegIIIα and RegIIIγ are also expressed in IECs [14]. 
In addition, apical shedding of microvillus-derived vesicles by IECs 
could have an antimicrobial effector function. These vesicles were 
shown to contain catalytically active alkaline phosphatase able to 
detoxify bacterial endotoxin, prevent adherence and restrict the pro-
liferation of enteropathogenic bacteria  [15]. Enteroabsorptive cells 
differ in their gene expression and phenotype depending on their 
position along the crypt villus axis, their localization along the proxi-
mal–distal axis of the intestinal tract and their anatomical relation 
to other cell types or subepithelial secondary lymphoid structures, 
such as Peyer’s patches, isolated lymphoid follicles—FAE cells and  
M cells—and CX3CR1+ phagocytes.

Large structural and functional differences are found between 
the small and large intestine—divided in the duodenum, jejunum, 
ileum, caecum and colon. These include variations in: luminal 
water, ion and nutrient concentration; pH level; oxygen tension; 
retention time of luminal material; microbiota composition and 
bacterial density; concentration of immunostimulatory microbial 
ligands; thickness and composition of the mucus layer; spectrum 
and regulation of enteric antimicrobial peptides [16]; anatomical 
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surface structure—for example the presence and length of villi; num-
ber of epithelial cell subtypes; enzymatic and metabolic features of 
the epithelium; transepithelial transport capacities and underlying  
subepithelial immune cells.

Numerous professional immune cells, lymphocytes, dendritic 
cells and macrophages are in close proximity to the mucosal surface. 
Intraepithelial lymphocytes (IELs) are found between epithelial cells, 
and CX3CR1+ phagocytes penetrate the epithelium and extend den-
drites to sample luminal antigens. Other cells are situated in organ-
ized lymphoid structures such as Peyer’s patches and cryptopatches, 

or are scattered throughout the lamina propria. Studies indicate that 
the epithelium functions as a communicator between the luminal 
flora and the subepithelial immune system (Fig 2; [6,17]). For exam-
ple, the regulatory T lymphocyte (TReg)-promoting effect of certain 
Clostridium spp. at the colon mucosa is mediated by epithelium-
derived TGF‑β  [6]. The epithelium also reacts through metabolic 
changes to alterations of the immune system and host microbial 
homeostasis. The gene expression profile of intestinal epithelial cells 
shifts from metabolic activity to epithelial host defence in the absence 
of IgA, possibly to compensate for the loss of adaptive immunity [18].
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Fig 1 | Structural features of the intestinal mucosa. Paraffin-embedded, formalin-fixed sections of small intestinal (upper panel) and colon tissue (lower panel) 
from a C57Bl/6 mouse were stained as described elsewhere [49]. E‑cadherin (E-cad) is shown in red and CD3 in green. The highly polarized epithelium of the 
small intestine is organized in a crypt–villus structure. Crypts provide a protective niche for proliferating stem cells (not depicted), and continuous migration 
along the crypt–villi axis is accompanied by IEC differentiation. The Paneth cells (small white vesicles) are next to the stem cells at the bottom of the crypts, and 
goblet cells (large white vesicles) are dispersed along the crypt and lower villus region. These two cell types generate the mucus barrier. T cells are shown as an 
example of intestinal immune cells; lymphocytes can be seen in between or adjacent to the epithelium (IELs) or within the lamina propria (LPL). Epithelium 
organization in the colon: the crypts end in a flat surface without villi, generating a smoother mucosal tissue. A large number of goblet cells produce a dense mucus 
layer that covers the epithelium (not depicted). There are no Paneth cells in the healthy colon and the number of immune cells in the lamina propria is much lower 
than in the small intestine. IEC, intestinal epithelial cell; IEL, intraepithelial lymphocytes; LPL, lamina propria lymphocytes, WGA, wheat germ agglutinin.
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The differences between the small and large intestine seem to con-
tribute to the organ-specific manifestation observed in several human 
mucosal diseases and animal models, although the mechanisms are 
not entirely clear. The two best-known human inflammatory diseases 
of the gastrointestinal tract are ulcerative colitis, which is restricted to 
the colonic mucosa and cured by colectomy, and Crohn’s disease, 
which can affect the whole gastrointestinal tract and even other body 
sites. Similarly, certain pathogens predominantly affect specific parts 
of the intestine. For example, Citrobacter rodentium—a frequently 
used mouse pathogen—is restricted to colonizing the large intestine 
and caecum, whereas rotavirus-infected cells are only observed in 
the small intestine. Non-infectious animal models also present strict 
organ specificity: inflammatory changes after oral application of DSS 
are almost completely restricted to the colon, whereas epithelial 
damage as a consequence of intraperitoneal administration of 
poly(I:C) or TNF occurs primarily in the small intestine [19–21].

Thus, the intestinal epithelium, which is exposed to the micro-
biota and supported by the underlying immune cells, forms the 
mucosal barrier. It has a complex anatomical and functional diver-
sity with significant influence on innate immune recognition, host 
defence and mucosal homeostasis, as discussed in this review.

Innate immune receptor expression in IECs
Similarly to professional immune cells—such as macrophages and 
dendritic cells—IECs express innate immune receptors, although 
the set of receptor molecules is less diverse. The best-studied 
innate immune receptors are those of the TLR family. They are 
transmembrane receptors that recognize bacterial, viral, parasite or 
self-derived ligands, and initiate several signalling cascades, lead-
ing to transcriptional responses. Tlr2 recognizes di- and tri-acylated 
lipoproteins, Tlr3 double-stranded RNA, TLR4 lipopolysaccharide, 
Tlr5 flagellin and TLR9 hypomethylated double-stranded DNA. 
TLR1–5/9 transcription has been detected in human small intesti-
nal tissue, and Tlr1–9 was detected in murine small intestinal tissue. 
TLR1–9 mRNA has also been detected in human colon tissue and 
Tlr1–4/9 in mice [22]. Epithelial TLR expression has been reviewed 
in depth elsewhere [22].

IECs also express the cytosolic helicases Rig‑I and Mda5, which 
sense the presence of RNA, and the Nod-like receptors (NLRs) Nod1, 
which detects the DAP-type tri-peptide motif of peptidoglycan, and 
Nod2, which recognizes the muramyl-di-peptide motif of peptido-
glycan. Activation of these receptors is followed by a transcriptional 
response. Nod2 expression is predominantly found in the crypt 
region, and immunohistological stainings in human samples have 
suggested that Paneth cells express Nod2, in agreement with data 
showing reduced cryptdin expression in Nod2-deficient murine 
Paneth cells [23,24]. Nod1 and Nod2 seem to act synergistically to 
protect the colon epithelium during bacterial infection [25,26].

On the other hand, activation of the second group of NLRs leads 
to a non-transcriptional response. This group of cytosolic NLRs 
mediates activation of the inflammasome, thereby facilitating the 
maturation of pro-IL‑1β and pro-IL‑18 into mature, secreted inter-
leukins. The inflammasome has received significant attention due 
to the high expression level and functional significance of IL-1β/
IL-18 in mucosal host defence. Human small intestinal tissue 
expresses high levels of NLRP10, whereas there is high expression 
of Nlrp6 and Nlrp1, 2, 6, 10 and 12 in mouse small intestinal and 
colon tissue, respectively [27]. Epithelial expression of Nlrp3 (also 
known as Nalp3), Nlrc4 (also known as IPAF; activated by flagellin 

Glossary

Alpi	 intestinal alkaline lipopolysaccharide phosphatase
AOM	 azoxymethane
April	 a proliferation inducing ligand
ATG5/7	 autophagy 5/7
CAC	 colitis associated cancer
CCL20/28	 chemokine, CC-motif, ligand 20/28
CFU	 coloy forming units
CX3CR1+	 chemokine, CX3C motif, receptor 1
DAP	 diaminopimelic acid
DLG5	 homologue of drosophila disc large 5
DSS	 dextran sulphate sodium
ERT2	 tamoxifen-sensitive estradiol receptor
Fadd	 Fas-associated death domain protein
FAE	 follicle associated epithelial
hPepT1	 intestinal hydrogen ion/peptide cotransporter
ICAM1	 intracellular adhesion molecule 1
IEC	 intestinal epithelial cell
IEL	 intraepithelial lymphocyte
I-Fabp/Fabpi/Fabp2	� intestinal fatty acid-binding protein 
IκB-α	 inhibitor of kappa light chain gene enhancer in
	 B cells alpha
Ikk	 IκB kinase
IPAF/ Nlrc4	 Ice protease-activating factor
IRAK	 IL‑1 receptor-associated kinase
LPS	 lipopolysaccharide
LRR	 leucine-rich repeat
Mda5	 melanoma differentiation-associated gene 5
MDR1	 multidrug resistance 1
Mip	 macrophage inflammatory protein
muc2	 intestinal mucin 2
MyD88	 myeloid differentiation primary response gene 88
NF-κB	 nuclear factor kappa B
Nemo	 nuclear factor κ‑B essential modulator
NLR	 nucleotide-binding domain and leucin-rich
	 repeat-containing
NLRC	 NACHT, LRR and CARD domains-containing protein
NLRP	 NACHT, LRR and PYD domains-containing protein
NOD2	 nucleotide-binding oligomerization domain-
	 containing protein 2 organic cation transporter 1/2
OCTN1/2	 organic cation transporter 1/2
pIgR	 polymeric immunglobulin receptor
Poly(I:C)	 polyinosinic:polycytidylic acid
Pparγ	 peroxisome proliferator-activated receptor-gamma
PTEN	 phosphatase and tensin homolog
PYD	 pyrin domain
RBP-J	 recombination signal-binding protein for 
	 immunoglobulin kappa J region
RegIIIα/γ	 regenerating islet-derived III alpha/gamma
Rig‑I	 retinoic acid-inducible gene I
Rip3	 receptor interacting protein 3
RLR	 Rig-I-like receptor
Sigirr	 single immunoglobulin domain-containing 
	 IL-1R-related protein
Tak1	 TGF‑β-activated kinase 1
TCR	 T-cell receptor
TFF	 trefoil factor
TLR	 Toll-like receptor 
TNBS	 trinitrobenzene suflonic acid
Tnfaip	 TNF‑α induced protein
Trif	 TIR-domain-containing adaptor inducing interferon‑β
Tslp	 thymic stromal lymophopoietin
Xbp1	 X box-binding protein 1
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and bacterial type III secretion apparatus components) and Nlrp6, 
of unknown ligand, has been suggested, but their functional role is 
only beginning to be examined [28]. Although epithelial-specific 
expression of the inflammasome-activating NLRs has not formally 
been proven, processed IL‑18 is present in colon enterocytes after 
DSS treatment, suggesting inflammasome activation and therefore 
the expression of NLR family members in epithelial cells  [29]. A 
summary of intestinal epithelial NLR expression is shown in Table 1.

Of note, innate immune receptor expression in IECs is regulated 
by both endogenous and exogenous stimuli [30,31]. For example, 
murine Tlr2 and Nod2 expression is upregulated after microbial 
stimulation [32,33], but species-specific differences in receptor 
regulation clearly exist [27]. In addition, developmentally regulated 
alterations in IEC immune receptor level have been reported for Tlr3, 
Tlr4 and Tlr9 during the pre-and postnatal period, and contribute to 
age-dependent disease susceptibility in neonates [34,35].

Cell polarization and receptor compartmentalization
Epithelial cells in the intestine—similarly to the epithelium at other 
body sites—have a polarized phenotype. The expression of lateral 
cell–cell contacts divides the plasma membrane into apical and 
basolateral domains, with a distinct lipid and protein composi-
tion, facilitating site-specific exo- and endocytic processes and 
targeted membrane trafficking. The apical plasma membrane is 
exposed to the enteric microbiota, as well as to environmental 
and nutrient-derived stimuli, whereas the basolateral side—at 

least under physiological conditions—is largely protected from 
direct microbial encounter. Not surprisingly, the cellular localiza-
tion of innate immune receptors is also influenced by the polar-
ized epithelial cell organization, possibly reflecting the exposure 
to microbial and environmental stimuli. For example, IEC Tlr5 
expression is restricted to the basolateral side of polarized human 
colon epithelial cells, and murine colon mucosa is only stimu-
lated by luminal flagellin exposure ex vivo after disruption of the 
epithelial barrier [36,37]. Such subcellular localization might pre-
vent inappropriate stimulation by flagellin from commensal bac-
teria, but allow recognition after invasive infection. However, Tlr5 
is expressed at the apical membrane of murine small intestine FAE 
cells and, thus, differences might exist between small intestinal 
and colon epithelium [38]. Tlr9 is found on both the apical and the 
basolateral membranes [38], but ligand binding initiates different 
cellular signalling in each compartment. Stimulation at the apical 
plasma membrane dampens epithelial cell activation and thus 
supports mucosal tolerance towards microbial exposure, whereas 
basolateral ligand exposure—and therefore the presence of bac
terial DNA underneath the epithelial barrier—strongly stimulates 
proinflammatory chemokine secretion [39]. Of note, Tlr9 locali-
zation in macrophages is restricted to intracellular endosomal  
compartments and receptor stimulation requires ligand internali-
zation, indicating that significant differences might exist between 
receptor stimulation and downstream signalling in macrophages 
and IECs. TLR2 and TLR4 have been detected at the apical epithelial 
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Fig 2 | Intestinal epithelial cells in microbial homeostasis. The microbiota and microbiota-derived immune stimuli are shown in red. IECs, which are the 
communicators between microbiota and professional immune cells, and IEC-mediated effects are shown in yellow. Immune cells and their influence on epithelial 
barrier formation and IgA-mediated mucosal host protection are shown in blue. Please refer to the text for details. AMP, antimicrobial peptide; IEC, intestinal 
epithelial cell,; LPS, lipopolysaccharide; PSA, polysaccharide A; TGF-β, transforming growth factor beta;  TNF, tumour necrosis factor; TSLP, thymic stromal 
lymophopoietin; MIP2, macrophage inflammatory protein 2.
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plasma membrane of a human colon epithelial cell line  [38,40]. 
Both receptors were shown to change cellular distribution on 
ligand stimulation, which might reflect their signalling from intra-
cellular compartments [41,42]. In the small intestine, epithelial 
expression of TLR4 is restricted to an intracellular compartment 
and could predominate in the crypt region [32,43]. Stimulation 
requires ligand internalization, allowing differentiation between 
different kinds of LPS [44,45] and facilitating a sustained epi-
thelial response [46]. However, it is important to keep in mind 
that immunohistological studies in primary tissue sections and 
functional assays have been hampered by the lack of sensitive  
and specific Tlr antibodies, as well as the extremely limited survival 
of isolated primary intestinal epithelial cells under in vitro culture 
conditions. Nevertheless, the evidence suggests that cellular locali-
zation of TLRs significantly contributes to their functional role. 

Other functionally relevant innate immune receptors expressed by 
IECs, such as NLRs and helicases, are cytosolic molecules. Ligand 
interaction might occur after cellular invasion by microorganisms, 
or through so far ill-defined cellular or microbial mechanisms of 
ligand translocation [47,48].

Epithelial polarization and compartmentalized receptor expres-
sion also contribute to restrict the recognition of endogenous 
soluble mediators. IECs in  vivo are readily stimulated by type  III  
IFN produced during viral infection, but fail to respond to type  I 
IFN, despite expression of both the type  III and type  I IFN recep-
tors. Lack of an epithelial type I IFN response seems to be caused 
by restriction of the responsive type I IFN receptor to the apical sur-
face [49]. The close proximity and direct intercellular connections 
through gap junctions might allow yet another unique feature of the 
epithelial innate immune response. Epithelial cells communicate 

Table 1 | NLR expression and function in the intestinal epithelium 

NLR Involved in colitis Expressed by IECs Functional in IECs

Human Mouse

CIITA Colorectal cancer in UC  
patients: methylation status  
of CIITA correlates with  
certain risk alleles [118]

Overexpression in T cells 
DSS: no altered pathology, 
oxazolone-induced TH2-driven model:  
more severe [119]

Yes [120] Yes [120,121]

NAIP ND ND Yes [122] ND

NOD1 SNP association with early  
onset IBD [123]

Nod1/2 double knockout: attenuated 
Salmonella-colitis model [25], increased 
susceptibility to DSS [124]; protective  
in Clostridium difficile colitis [125]

Yes Yes

NOD2 SNPs linked to cluster  
of differentiation [126]

Nod1/2 double knockout, see NOD1; 
decreased clearance of C. rodentium [127]; 
increased susceptibility to TNBS colitis [128]

IEC [129],  
Paneth cells [23,24]

Yes [24,130]

NLRC3 ND ND ND ND

NLRC4/Ipaf ND Controversial phenotype in DSS colitis:  
no effect in knockout [111] compared with 
increased susceptibility in DSS and  
Salmonella colitis [131]

RNA [110] ND [132]

NLRC5 ND ND High RNA in human;  
low in mouse [133]

ND

NLRP1/2 ND ND ND ND

NLRP3 SNPs and decreased  
expression linked to cluster  
of differentiation [134]

Controversial: 
NLRP3 expressed by colonic epithelial cells 
crucial for protection [29], 
NLRP3 signalling of haematopoetic cells 
protective in DSS colitis [111], 
NLRP3 protective in DSS colitis [112], 
NLRP3 signalling exacerbates inflammation  
in DSS colitis [135]

Yes [29] Yes [29]

NLRP4/5 ND ND ND ND

NLRP6 ND NLRP6 deficiency leads to colitogenic 
microflora [109] and increased susceptibility  
to DSS colits [108,109,136]

RNA, protein 
[108,109,136]

Yes [109]

NLRP7–14 ND ND ND ND

NLRX1 ND ND ND ND

CIITA, class II transactivator; DSS, dextran sulphate sodium; IBD, inflammatory bowel disease; IEC, intestinal epithelial cell; Ipaf, ICE protease-activating factor; NAIP, neuronal 
apoptosis inhibitory protein; ND, not determined; NLR, Nod-like receptor; NLRC3/4/5, NACHT, LRR and CARD domains-containing protein 3/4/5; NLRP1–14, NACHT, LRR 
and PYD domains-containing protein 1–14; NLRX1, NLR family member X1; NOD1/2, nucleotide-binding oligomerization domain-containing protein 1/2; SNP, single nucleotide 
polymorphism; TNBS, 2,4,6-trinitrobenzene sulphonic acid; UC, ulcerative colitis. 
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horizontally to forward the information of immune-receptor-
mediated stimulation through the secretion and lateral diffusion 
of oxygen radicals, or the lateral spread of so far unidentified mes-
senger molecules through gap junctions [50,51]. Interestingly, gap-
junctional intercellular communication (GJIC) is promoted by Tlr2 
through enhanced connexin‑43 expression [52]. In addition, IL-17C 
secretion has been shown to forward epithelial innate immune 
stimulation in an autocrine manner to neighbouring cells [53,54]. 
Cell-to-cell communication thus allows a coordinated antimicrobial 
response on infection. It also opens up the possibility that immune 
recognition by individual ‘sensor cells’ might influence total 
epithelial gene expression.

Technical and methodological considerations
Significant differences in innate immune recognition have been 
noted between professional immune cells and IECs. A more in-
depth analysis is needed to understand the biological features and 
functional significance of epithelial innate immune recognition 
(Sidebars A,B; [32,36,39,55,56]). Several cell lines from mouse, rat 
and human small and large intestine have been established, and their 
analysis has helped to reveal important aspects of epithelial cell biol-
ogy. Their clonal character, however, does not reflect the complex 
composition of the intestinal epithelium, which contains distinct cell 
types and differentiation stages. On the other hand, the functional 
analysis of isolated primary IECs has been hampered by their rapid 
decrease in viability on in vitro culture. Promising new techniques 
have been reported that allow long-term culture of isolated epithe-
lial cells forming crypt-like structures, including the generation of 
Paneth cells [57,58]. In vitro epithelial culture conditions, however, 
do not allow sustained exposure to commensal bacteria and fail to 
reflect the interaction with underlying immune cells. The use of chi-
meric mice generated by bone marrow transplantation has revealed 
the crucial role of innate immune signalling in tissue-resident 
stromal cells. However, these mice could contain radioresistant 
myeloid cells, and the complex composition of the so-called ‘non-
haematopoietic’ or ‘stromal’ cell compartment precludes final 
conclusions on epithelial-cell-specific functions. Gene deletion and 
transgene expression under control of an epithelial-cell-specific pro-
moter allow a more specific analysis under in vivo conditions (Fig 3). 
The results of in  vivo studies on epithelial innate immune func-
tion using epithelial-specific gene-deficient or transgene mice are 
summarized in Table 2 and discussed below.

The most widely used promoter to target intestinal epithelial gene 
expression is that of the villin gene. Villin modulates the structure 
and assembly of actin filaments and contributes to the reorganiza-
tion of the actin cytoskeleton elicited by stress conditions. Villin is 
a major structural component of the brush border of specialized 
absorptive cells and is mainly expressed in IECs. It is found in intes-
tinal crypts and reaches its maximum level at the base of the villus, 

Sidebar A | In need of answers
(i)	 What is the functional outcome of epithelial innate immune 

stimulation under homeostatic conditions and after challenge?
(ii)	 Which mechanisms allow the discrimination between commensal and 

enteropathogenic bacteria by IECs?
(iii)	How does the intestinal epithelium contribute to the establishment and 

maintenance of the enteric microbiota?
(iv)	 How do alterations of the microbiota affect epithelial homeostasis?

Sidebar B | Tools needed
■	 Improved breeding conditions to restrict uncontrolled microbiota-

mediated effects
■	 The development and improvement of ex vivo models of primary 

IEC culture
■	 The use of cell-type-specific/conditional gene-deficient and transgene 

animal models

Immune
cells

Stromal
cells

IECs

Villin/I-Fabp promoter

Cre-recombinase

LoxP sites �anking
the target region

Expression of the cre-recombinase
only in cells that have an active villin 
or I-Fabp promoter

Deletion of the target region �anked 
by LoxP sites by the cre-recombinase 
only in these cells

Cre-positive cell

Fig 3 | Generation of IEC-specific gene-deficient animals. Transgenic mice 
carrying cre-recombinase (cre) under the control of the IEC-specific villin or 
I‑Fabp promoter are cross-bred with mice that encode the target gene flanked 
by loxP sites. Expression of the cre-recombinase in IECs leads to excision of 
the region flanked by loxP sites in the target gene and thereby the generation 
of an IEC-specific gene-deficient mouse. IEC, intestinal epithelial cell; I‑Fabp, 
intestinal fatty acid-binding protein.
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Table 2 | Intestinal epithelium-specific transgene mice

Mouse strain Gene product function/
mouse description

Model examined/phenotype

Sp
on

ta
ne

ou
s 

co
lit

is
Su

sc
ep

tib
ili

ty
 

to
 D

SS
SI

  
in

fla
m

m
at

io
n

R
ef

er
en

ce

TLR signalling

Villin-MyD88 dn-tg Central adaptor for TLR/  
IL-1R signalling

Spontaneous inflammation of SI in aged animals, infiltration, reduced 
AMP expression, flora translocation

ND ND Yes [66]

Villin-MyD88-ko No spontaneous pathology, decreased expression of AMPs, muc2  
and pIgR; increased bacterial translocation and altered microflora; 
DSS: increased pathology

No ++ ND [70]

Villin-MyD88-ko /  
villin-MyD88-tg × 
MyD88-ko

Epithelial-specific-ko  
or epithelial-specific 
expression of MyD88

RegIIIγ expression dependent on MyD88 signalling of epithelium and is 
required to ‘promote the spatial segregation of microbiota and host’

No ND No [14]

CR2-MyD88-tg × 
MyD88-ko

Mice only express MyD88 in 
Paneth cells

Restored RegIIIγ expression in Paneth cells; decreased bacterial penetration No ND No [13]

Villin-mCD4- hTLR4-tg Receptor for bacterial LPS; 
constitutively active 

B-cell-recruitment and class switch to IgA No ND No [75]

Villin-mCD4-hTLR4-tg DSS: increased susceptibility to acute and chronic colitis  
AOM–DSS: increased incidence of CAC

No ++ No [137]

Regulatory factors

Fabpi-Sigirr-tg × 
Sigirr-ko

Negative regulator of TLR/ 
IL1R signalling 

DSS: less severe pathology compared to severe pathology of Sigirr-ko No – ND [101]

Villin-A20-ko (tnfaip3) Ubiquitine editing enzyme; 
terminating NF-kB activation 

DSS: highly susceptible and impaired recovery, TNF-induced epithelial 
pathology, worse on MyD88-ko background

No ++ Yes [20]

Villin-tnfaip3-tg see A20 I.p. LPS: reduced transepithelial flux, occludin relocation from apical surface, 
reduced barrier permeability; DSS: protective; TNBS: unaffected phenotype

No + No [97, 
138]

Villin-PTEN-ko Phosphatase inhibiting PI3K 
signalling

Minor effect on small intestinal and colonic epithelial homeostasis;  
19% develop tumours

No ND No [139]

Villin-DICER-ko RNase mandatory for miRNA 
maturation

Disorganized epithelium in SI and colon, increased apoptosis, decreased 
number of goblet cells, increased number of B cells, enhanced permeablility

Yes ND Yes [140]

Villin-hPepT1-tg Di / tripeptide transporter DSS: increased susceptible, less pronounced on Nod2-ko background
TNBS: no phenotype

No + No [141]

Villin-PPARγ- 
ko on C57BL/6

Nuclear receptor DSS: worsened pathology, reduced expression of lysosomal pathway genes  
and reduced IL-10 producing CD4+ T cells

No + ND [99, 
100]

Downstream signalling molecules

Villin-TAK1-ko / 
Villin-ERT2-TAK1-ko

Essential kinase in innate 
immune signalling pathways

Villin-TAK1-ko lethal at P1, increased enterocyte apoptosis; dependent on 
TNF signalling, if rescued on TNFR1-ko development of colitis around P13;  
inducible villin-ERT2-TAK1-ko mice develop spontanous enteritis and 
enterocyte apoptosis 2 days after induction 

Yes ND Yes [65]

Villin-Nemo-ko IKKγ, essential IKK subunit 
for NF-κB activation

Apoptosis of colonocytes, reduced AMP expression, translocation of 
commensals; less severe on MyD88-ko or TNFR-ko background

Yes ND No [67]

Villin-IKK1-ko IKKα No spontaneous phenotype No ND No [67]

Villin-IKK2-ko IKKβ Residual NF-κB activity;
radiation: increased apoptosis of IECs;
Trichuris infection: shifted TH response to TH1/17 instead of protective  
TH2, exacerbated inflammation;
DSS: increased susceptibility;
CAC: reduced tumor number

No + ND [67, 
142–
145]

Villin-IKK2(EE) Constitutive active IKK2 Increased inflammatory cytokines and cell infiltration;
LPS challenge: increased IEC apoptosis in SI, enhanced mortality, 
dependent on TNF; C.rodentium infection: same CFU in faeces,  
increased ulceration and crypt apoptosis, elevated numbers in liver

No ND Yes [146]

Villin-IKK1/2-ko Similar to Nemo phenotype Yes ND ND [67]
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Mouse strain Gene product function/
mouse description

Model examined/phenotype
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Villin-RelA-ko p65 subunit of NF-κB DSS: increased apoptosis, increased proliferation, poor recovery Few + Few [68]

Fabp-mIκBα-tg Repressor of NF-κB; mutation 
prevents signal-induced 
degradation

Anti-CD3: TG mice less severe disease (weight loss, diarrhoea) due to 
diminished transepithelial permeability

No ND No [147]

Villin-p38α-ko Mitogen activated protein 
kinase

DSS: increased susceptibility
TNBS: increased and sustained pathology

No + ND [96]

Apoptosis / autophagy / ER stress

Villin-atg7-ko Essential molecules for 
autophagosome formation

Paneth cell abnormality in the SI, also for villin-atg5-ko; 
DSS: no phenotype;
Increased suseptibility to C. rodentium infection

No No Yes [87, 
89, 
148]

Villin-XBP1-ko Involved in ER stress Spontaneous enteritis; decreased number of Paneth cells and AMP activity; 
DSS: increased susceptibility

No + Yes [88]

Villin-Fadd-ko Adaptor molecule mediating 
apoptotic signals

Spontaneous colitis dependent on Rip3, MyD88 and microbiota
Spontaneous enteritis dependent on Rip3 but not on MyD88 or microbiota

Yes ND Yes [84]

Villin-Caspase8-ko Initiator caspase during 
apoptosis

Spontaneous inflammation of terminal ileum; lack of Paneth cells;  
DSS: highly susceptible

No ++ Yes [85]

Cytokine / cytokine signalling

Fabpi-MIP2-tg Chemokine Infiltration of granulocytes and lymphocytes; DSS: increased infiltration No + No [103, 
149]

Villin-IL15Rα-tg/  
Villin-IL15-tg

Cytokine receptor Restores IEL compartment compared to complete absence of IL15Rα; 
villin-IL-15-tg partly restores the IEL number of MyD88-ko

No ND Yes [77, 
78]

I-Fabp-IL7-tg × IL7-ko IL7 is required for TCRγδ cell 
development

Restores IEL TCRγδ cells No ND Yes  [79]

Fabpi-IL5-tg Elevated levels of eosinophils in peripheral blood and locally in SI No ND Yes [82]

Fabpi-Eotaxin-tg Chemokine selectively for 
eosinophils

Elevated levels of eosinophils in intestinal mucosa, dependent on β7 integrin No ND Yes [82]

Fabpi-IL10-tg Anti-inflammatory cytokine Cecal ligation and puncture: slightly better survival rate of tg mice No ND No [150]

Villin-STAT3-ko Transcription factor in 
cytokine signalling

DSS: more severe pathology, IL22 mediated activation of STAT3 regulates 
colonic IEC homeostasis

No ++ ND [151]

Villin-STAT5-ko Transcription factor in cytokine 
and growth hormone signalling

Acute DSS: increased pathology; recovery from short DSS: delayed; 
increased TJ permeability

No ++ ND [152]

Physiological processes (examples)

Villin-RBP-J Transcription factor 
downstream of NOTCH 
signalling

Increased permeablility, translocation of commensals leads to 
accumulation of CD11b+ and Th17 cells and colitis development

Yes ND No [153]

Villin-pofut1-ko Involved in NOTCH 
signalling

Abolished NOTCH signalling, hyperproliferation of secretory lineages, 
altered microflora, bacterial translocation, inflammation

Yes ND Yes [10]

Villin-blimp1-ko Transcriptional repressor Premature intestinal epithelium No ND Yes [154, 
155]

Villin-CD97-tg Adhesion G-protein-coupled 
receptor

AOM+DSS: less severe inflammation due to increased barrier 
(strengthened cell–cell contact)

No – No [156]

Villin-CD98-tg Transmembrane proteine 
involved in amino acid 
transport and integrin signalling

Increased permeability, impaired nutrition uptake;  
DSS: increased susceptibility; promoting CAC,

Few ++ ND [157]

Villin-CD98-ko DSS: attenuated inflammatory response, resistance to colitis and CAC No – ND [157]

I-Fabp-hEcad In this context: receptor for 
Listeria

L. monocytogenes infection: highly susceptible to oral challenge with  
wild-type bacteria

No ND No [158]

dn, dominant negative; i.p., intraperitoneal; ko, knockout; ND, not determined; tg, transgenic.
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in which the cells become fully differentiated. Of note, expression 
is also found in the urogenital and respiratory tracts [59,60] and 
in cells derived from the embryonic gut—such as duct cells of the 
exocrine pancreas and biliary cells of the liver [61].

The villin promoter induces gene expression within the crypt 
epithelium and is maximal at the villus base, whereas expression 
under control of the second, frequently used, epithelial promoter, 
that of the intestinal fatty-acid-binding protein known as I-Fabp/
Fabpi/Fabp2, is not observed in intestinal crypts and reaches its 
maximum at the villus tip. I‑Fabp is involved in the cytoplasmic 
transport and metabolism of long-chain fatty acids, and belongs to 
a group of tissue-specific proteins involved in the uptake and trans-
port of ligands to the site of metabolic processing. I‑Fabp is highly 
expressed and represents 2–3% of the cytoplasmic protein content 
of the enterocyte [62]. Increasing expression levels are found along 
the proximal–distal axis of the small intestine, whereas low levels 
are observed in the caecum and even lower levels in murine colon 
epithelium [63]. Both I‑Fabp and villin are expressed during fetal gut 
development, and transgene expression is already expected at birth. 
In addition to the villin and I‑Fabp promoters, Paneth-cell-specific 
gene expression under control of a human and mouse α‑defensin 
promoter has been reported [13,64].

Maintenance of homeostasis and barrier integrity
What is the evidence for epithelial innate immune signalling and 
its biological significance (Sidebar A)? In contrast to professional 
immune cells, innate immune receptor stimulation occurs under 
homeostatic conditions in IECs but does not seem to mount a proin-
flammatory response, although the epithelium is constantly exposed 
to a certain amount of microbial innate immune stimuli. These are 
released from viable and dead members of the microbiota within 
the intestinal lumen, and are also present in food and drinking water, 
although the concentration of stimuli in the intestinal epithelium 
is unknown. Fig 4A provides an overview of the mechanisms and 
functional significance of epithelial innate immune signalling.

Lack of innate immune signal transduction in mice with an 
epithelial-specific deficiency in central signalling molecules such as 
Nemo, Ikk1/2, Tak1 and p65/RelA, and overexpression of a dominant- 
negative form of MyD88 in the epithelium, leads to spontaneous 
barrier dysfunction associated with mucosal damage and inflamma-
tion [65–68]. These results argue in favour of the functional relevance 
of homeostatic epithelial signalling. However, significant differences 
in manifestation frequency, organ tropism and disease severity were 
reported, indicating that homeostatic epithelial cell function is regu-
lated by a complex signalling network. Spontaneous inflammation 
and Tnf-dependent epithelial apoptosis were observed in the small 
and large bowel of epithelial-specific Tak1-deficient mice shortly 
after birth. Inducible deletion of epithelial Tak1 expression in adult 
mice also resulted in mucosal inflammation a few days after induc-
tion [65]. Similarly, spontaneous mucosal damage in both the small 
and large intestine was observed during early postnatal development 
in 10–15% of animals with epithelial deficiency in RelA, whereas 
most animals survived to adulthood. The reason for this surprising 
finding, as well as the characterization of the underlying mecha-
nisms, deserves further investigation. Translocation of commensal 
bacteria was observed in epithelial-specific Nemo, Ikk1/2 knock-out 
and MyD88 dominant-negative mice and, therefore, inflammation 
might occur due to a lack of homeostatic signalling, epithelial bar-
rier dysfunction and bacterial ligand translocation. In accordance, 

deficiency of epithelial Nemo and Ikk1/2 expression in a MyD88 
knockout background does not lead to spontaneous inflamma-
tion [67], and MyD88 signalling in subepithelial myeloid immune 
cells promotes inflammation [56]. MyD88-mediated inflamma-
tion might involve the production and secretion of Tnf, because the 
phenotype of epithelial Nemo-, Tak1- and Ikk1/2-deficient mice 
was equally ameliorated in mice lacking Tnfr expression [65,67]. 
Notably, administration of TNF antibodies represents an established 
therapeutic option in patients with inflammatory bowel disease [69].

Of note, the contribution of individual microbial ligands and 
innate immune receptors has not been clearly identified, and no 
spontaneous inflammation has been observed in animals defi-
cient for individual TLRs and other innate immune receptors. This 
raises the possibility that MyD88-dependent signalling through 
Il‑1β, Il‑18 and Il‑33 receptors—or others so far unidentified that 
recognize endogenous or exogenous ligands—contributes to, or 
is largely responsible for, the phenotype observed in mice lacking 
central downstream signalling molecules. Interestingly, epithe-
lial expression of the dominant-negative MyD88 isoform induces 
inflammation in the small intestine, whereas epithelial deficiency of 
Nemo and Ikk1/2 causes colitis [66,67]. In addition, small intesti-
nal inflammation in MyD88 dominant-negative transgenic mice is 
only observed when they are older than 24 weeks, whereas Nemo, 
Ikk1 and Ikk2 IEC-deficient mice exhibit colitis already at 3 weeks. 
Finally, enhanced Tnfr-mediated epithelial apoptosis occurs in IEC 
Nemo-deficient animals, whereas in epithelium-specific MyD88 
dominant-negative transgenic mice there is increased epithe-
lial proliferation but not apoptosis. Although MyD88 dominant-
negative transgene expression is highest in the small intestine, and 
each model uses a different way of impairing signalling, this strik-
ing difference could indicate that homeostatic epithelial signalling 
is elicited by different upstream events in the small intestine and 
colon epithelium. A report using murine epithelial-specific MyD88 
knockout did not find spontaneous colitis, further complicating the 
issue. Nevertheless, these mice have reduced AMP and pIgR expres-
sion and a higher incidence of bacterial translocation, which is a 
similar—but milder—phenotype as compared with the MyD88 
dominant-negative transgenic mice [70].

In contrast to the MyD88-induced proinflammatory signalling 
in subepithelial immune cells, MyD88-dependent signalling in 
the non-haematopoietic cell compartment seems to provide  
protection from inflammation and drive tissue homeo
stasis  [55,56]. Importantly, the homeostatic effect of epithelial 
MyD88-dependent signalling in adult chimeric mice might also 
involve other stromal cells, such as fibroblasts or endothelial 
cells. Nevertheless, IECs seem to have a significant role and a 
variety of epithelial factors could be implicated. For example, 
Tlr2-induced secretion of TFF3 by goblet cells promotes mucosal 
repair after transient damage [71]. Another example is the produc-
tion of antimicrobial molecules—such as RegIIIγ—that contribute 
to the compartmentalized bacterial colonization of the intestinal 
lumen [14]. By using genetic means, Paneth cells and IECs were 
shown to express RegIIIγ in response to MyD88-mediated stim-
uli  [13]. Paneth-cell-derived α‑defensins are also reduced in 
MyD88 dominant-negative epithelial-specific transgene ani-
mals  [66], and luminal administration of Tlr3 and Tlr9 ligands 
induces rapid Paneth cell degranulation and antimicrobial 
peptide secretion [22,72,73]. Similarly, Tlr4, Tlr5 and Tlr9 stimu-
lation induces hormonal release by neuroendocrine cells [72]. In 
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addition, Tlr2 stimulation of FAE cells was suggested to enhance 
cellular translocation of luminal antigen and recruitment of 
antigen-presenting cells [74]. Expression of a constitutively 
active Tlr4 mutant in the mouse intestinal epithelium increases 
B-cell recruitment and IgA synthesis, which is a well-established 
mechanism of mucosal barrier maintenance  [75]. In addition, 
Tlr stimulation in the villus of the small intestine induces luminal 
sampling of subepithelial phagocytes [76]. IEC and microbiota-
induced innate immune signalling might also influence the 
intestinal T-lymphocyte compartment. MyD88-dependent epithe-
lial IL‑15 secretion and expression of the IL‑15 transpresenting 

receptor IL‑15Rα contributes to the maintenance of the IEL com-
partment  [77,78]. Similarly, transgene epithelial Il‑7 expression 
restores extrathymic development of TCRγδ+ IELs in the intestine 
of Il‑7-deficient mice [77,79]. Both Il‑7 and Il‑15 expression have 
previously been associated with microbial exposure [80,81]. 
Also, IEC-derived Il‑5 or eotaxin enhance eosinophils resident in 
the gut, as shown in transgene animals [82], but the endogenous 
regulation of intestinal epithelial Il‑5 and eotaxin expression under 
homeostatic conditions is ill-defined. Finally, NLRs seem to also 
significantly influence intestinal lymphoid tissue development, as 
microbial recognition by Nod1 in stromal cells—such as epithelial 
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cells—crucially stimulates the formation of isolated lymphoid 
follicles in the intestinal mucosa [83].

In addition, epithelial signalling—potentially induced and 
modified by innate immune receptor stimulation—significantly con-
tributes to cellular differentiation and survival. Epithelial-specific 
deletion of Fadd or caspase 8 leads to spontaneous inflammation 
in the small and large intestine [84,85]. Fadd/caspase 8-mediated 
proapoptotic signalling occurs downstream from Trif, an adap-
tor of Tlr3 and Tlr4 [86]. Interestingly, inflammation in the colon is 
dependent on MyD88, Rip3 and the presence of the microbiota and 
relies at least partly on Tnf, whereas small intestinal inflammation 
is MyD88 and flora-independent but requires Rip3 expres-
sion [84]. In addition, an absence of caspase 8 induces abnormal 
Paneth cell granule structures, as occurs in epithelial-specific  
Xbp1- and Atg5/7-deficient mice [85,87–89]. 

Together, these results suggest that microbiota-mediated sus-
tained activation of epithelial innate immune signalling—through 
the production of antibacterial (such as RegIIIγ, α‑ and β‑defensins 
and CRS peptides), anti-inflammatory (Tgf‑β, Tslp and Alpi), and 
chemoattractive and immunomodulatory (Il‑5/7/15, Ccl20/28 
and April) mediators—might promote cell proliferation, mainte-
nance of epithelial barrier integrity, IgA transcytosis and immune 
cell recruitment [22,66,90,91]. This would contribute to intestinal 
homoeostasis and tissue maturation.

Failure to maintain the complex functional and anatomical 
features of the intestinal epithelium reduces the antimicrobial, 
immunoregulatory and regenerative ability of the epithelial bar-
rier and might allow translocation of commensal bacteria from the 
intestinal lumen to the subepithelial tissue (Fig  4B; [66,67,70]). 
Microbial stimulation of subepithelial immune cells promotes the 
secretion of proinflammatory mediators, inducing the recruitment 
of leukocytes [56]. Functional dysregulation and leukocyte infiltra-
tion in turn lead to organ dysfunction, reduced nutrient and water 
absorption and thereby the clinical signs of enterocolitis—watery 
or bloody diarrhoea and malabsorption. The permanent exposure 
of the inflamed mucosa to highly immunostimulatory ligands might 
impair wound healing and contribute to chronic mucosal inflam-
mation, as seen for example in patients with chronic inflammatory 
bowel disease.

Epithelial barrier integrity after mucosal challenge
Not surprisingly, the lack in IECs of several genes involved in 
immune recognition, downstream signal transduction, cytokine 
signalling and cell physiology induces phenotypic alterations after 
challenge (Table 2). Therefore, more complex signalling is clearly 
required for epithelial repair and restitution of barrier integrity, as 
compared with maintenance of an established mucosa. In addition, 
a redundancy of mechanisms might exist to maintain epithelial bar-
rier integrity. However, these experiments provide information of 
what occurs to mice bred under microbially restricted, so-called 
‘specific pathogen free’ conditions, which might not be extensive 
to natural situations, such as that of humans intermittently exposed  
to enteropathogenic microorganisms.

The most frequently used model of experimental mucosal 
damage is the oral administration of DSS, a chemical agent that 
impairs the stability of the mucus layer and facilitates penetra-
tion of commensal bacteria. In addition, it damages the epithe-
lial barrier directly [92,93]. Mice deficient in the prominent 
mucus constituent Muc2 suffer spontaneous colitis, emphasizing 

the adverse effect of mucus layer impairment [94]. DSS almost 
exclusively affects colon tissue, but minor changes have also 
been noted in the small intestine  [95]. DSS-induced inflamma-
tion is aggravated in mice with epithelial deletion of the NF‑κB 
subunits RelA/p65 or p38 MAPK  [68,96], both of which are 
part of dominant signalling pathways downstream from Tlr/
Il-1r stimulation. DSS also evidences the mucosal impairment 
in mice deficient in epithelial Ikk2, which—in contrast to epi-
thelial Ikk1/Ikk2 double knockout animals—do not manifest a 
spontaneous phenotype [67]. Thus, epithelial NF‑κB and MAPK 
signalling confer resistance to DSS-induced mucosal damage. 
These signalling pathways, however, require tight regulation, 
as the NF‑κB inhibitor A20 (Tnfaip3) mediates protection dur-
ing DSS-induced colitis; mice with an epithelial-specific dele-
tion show enhanced susceptibility to, and delayed recovery 
from, DSS-mediated mucosal damage, and mice with epithelial-
specific transgene expression exhibit increased protection from 
DSS-induced pathology [20,97]. Epithelial deficiency in Pparγ—
which suppresses epithelial chemokine secretion in response to 
Tlr stimulation [98]—also aggravates mucosal inflammation after 
DSS administration [99,100]. In turn, specific expression of the 
Il-1r/Tlr antagonist Sigirr in the epithelium induces a less severe 
phenotype after DSS treatment compared with Sigirr-deficient 
animals [101]. Finally, mice overexpressing Tlr4 or the proinflam-
matory chemokine Mip2 (Cxcl2) in the epithelium are affected 
more significantly by DSS compared with wild-type littermates, 
although epithelial gene overexpression does not have a sponta-
neous phenotype [102,103]. In all, inappropriate or dysregulated 
epithelial Il-1r or TLR signalling worsens mucosal tissue inflam-
mation and damage after DSS administration, adding support  
for a mainly beneficial outcome of epithelial MyD88-dependent 
cell signalling [55,56,104].

No epithelial-specific deletion of NLRs has been reported. 
Increasing evidence indicates, however, that NLRs significantly 
contribute to mucosal host defence. For example, Nod2 influences 
the expression of CRS antimicrobial peptides after Listeria mono­
cytogenes infection, consistent with a stimulatory activity of the Nod2 
ligand muramyl di-peptide on Paneth cell degranulation  [24,105]. 
By using bone marrow transplanted chimeric mice, stromal Nod1 
and Nod2 were shown to have a protective role after infection with 
enteropathogenic Citrobacter rodentium and Salmonella, and to con-
tribute to CD4+ T lymphocyte activation and T helper 2 cell responses 
after vaccination [26,106]. These results are consistent with the signif-
icant contribution of non-haematopoietic cell signalling to protection 
after oral infection of chimeric bone marrow transplanted mice with 
Listeria monocytogenes and Citrobacter rodentium [55,107]. Nlrp6—
which is expressed by IECs and colonic myofibroblasts  [108]—is 
reported to be involved in shaping the microbiota and influences 
the susceptibility towards chemically induced mucosal inflam-
mation [109]. The role of Nlrp3 during colitis is controversial: most 
groups have observed an increased susceptibility towards chemically 
induced colitis in Nlrp3-deficient mice, but there is one report of a 
major contribution of colonic epithelial Nlrp3 signalling, and another 
that ascribes protective Nlrp3 signalling to the haematopoietic cell 
compartment [110–112].

Innate immunity in the human intestinal epithelium
Little is known about intestinal epithelial gene expression in 
response to innate immune stimulation in humans. One study 
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examined small intestinal biopsies from volunteers after oral 
ingestion of the commensal Lactobacillus plantarum and sug-
gested a significant influence on mucosal homeostatic gene 
expression  [113]. Individuals with genetic deficiency in NEMO 
and IκB‑α suffer from recurrent diarrhoea and colitis, which was 
not alleviated after bone marrow transplantation in at least two 
NEMO-deficient patients, suggesting a contribution of non-
haematopoietic cells to the clinical outcome [114]. By contrast, 
patients with MyD88 or IRAK4 deficiencies typically have upper 
respiratory infections, but no enteric symptoms [114]. In addi-
tion, humans homozygous for the ATG16L1 Crohn’s disease risk 
allele have Paneth cell abnormalities similar to norovirus-positive, 
Atg16l1-hypomorph mice  [115]. The expression of other human 
polymorphisms in genes such as NOD2 (CARD15), TLR4, MDR1, 
OCTN1/2, DLG5 and ICAM1—which are associated with an 
enhanced risk of inflammatory bowel disease—have also been 
suggested to cause an impairment of the epithelial barrier, but a 
detailed cell-type-specific analysis of the functional consequences 
of the identified risk alleles requires further investigation. For 
example, patients with Crohn’s disease—including those with the 
associated polymorphism in the CARD15 locus—seem to ben-
efit from haematopoietic cell transplantation [116]. Nevertheless, 
impairment of epithelial function, including dysregulated or abro-
gated innate immune signalling, might significantly affect intestinal 
mucosal homeostasis and promote an inflammatory response—as 
occurs in mice.

Outlook
Although much is known about the active role of epithelial 
innate immune stimulation in antimicrobial host defence and 
host–microbial homeostasis, many questions remain unresolved 
(Sidebar A). The impact of the enteric microbiota composition on 
host immune homeostasis and mucosal innate immune response 
requires careful control of the experimental conditions. Variations 
in the microbiota composition and other unknown factors 
between animal facilities could explain the discrepancies in the 
field. Efforts to establish a defined minimal but sufficient micro-
biota might help to improve the reproducibility and comparabil-
ity, but will on the other hand reduce the physiological relevance 
of the results obtained.

In addition, communication between epithelial cells [50,51], syn-
ergistic action of epithelial cells with other cell types and the influ-
ence of regulatory circuits—such as the enteric nervous system and 
hormonal influences—require further attention. In  vivo imaging 
techniques now allow high resolution visualization and will reveal 
unexpected features of the host–microbial interaction [117]. Finally, 
the use of advanced tissue culture techniques and cell-type-specific 
gene-deficient or transgene animals in combination with pharmaco-
logical, immunological and microbial models of mucosal challenge 
will improve our understanding of epithelial innate immune receptor 
expression and its functional relevance in antimicrobial host defence 
and mucosal homeostasis.
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