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Abstract The intestinal tract is one of the most complex

organs of the human body. It has to exercise various

functions including food and water absorption, as well as

barrier and immune regulation. These functions affect not

only the gut itself, but influence the overall health of the

organism. Diseases involving the gastrointestinal tract such

as inflammatory bowel disease and colorectal cancer

therefore severely affect the patient’s quality of life and

can become life-threatening. Intestinal epithelial cells

(IECs) play an important role in intestinal inflammation,

infection, and cancer development. IECs not only consti-

tute the first barrier in the gut against the lumen, they also

constantly signal information about the gut lumen to

immune cells, thereby influencing their behaviour. In

contrast, by producing various antimicrobial peptides, IECs

shape the microbial community within the gut. IECs also

respond to cytokines and other mediators of immune cells

in the lamina propria. Interactions between epithelial cells

and immune cells in the intestine are responsible for gut

homeostasis, and modulations of this crosstalk have been

reported in studies of gut diseases. This review discusses

the wide field of immune-epithelial interactions and shows

the importance of immune-epithelial crosstalk in the

intestine to gut homeostasis and the overall health status.
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The intestinal epithelium in gastrointestinal diseases

Infection, inflammation, and tumour development are

common diseases of the human gut and pose serious threats

to health and life. The gut is a biological system of very

high complexity and is considered to be the largest

immunological organ in the human organism, since it

harbours an estimated 80 % of the immune cells of the

body [1]. Immune cells and intestinal epithelial cells

(IECs) represent the major components of the gut. The

intestinal epithelium is composed of a single cell layer that

constitutes the lining of the gut, the outer barrier against the

lumen. But the thin epithelial cell layer is much more than

just a simple barrier that is crucial for the absorption of

nutrients and recovery of water. Recent studies have

highlighted the role of IECs in the regulation and adaption

of mucosal immune responses. The intestinal epithelium

undergoes continuous and rapid self-renewal. Most IECs

have a very short life span since they are renewed every

4–5 days [2]. This self-renewal process needs to be tightly

regulated, and irregularities might cause pathologies [3].

The intestinal epithelium is composed of several mature

cell types, such as enterocytes, enteroendocrine cells,

goblet cells, and Paneth cells [2]. These cell types are

functionally different and essential to fulfill all the different

tasks of the intestinal epithelium. For example, enteroen-

docrine cells secrete hormones such as secretin and gastrin,

thereby influencing other organs like the pancreas and

stomach [4]. IECs not only produce substances acting on

distant organs, but also constantly interact with subjacent

immune cells, thereby ensuring the maintenance of a

healthy gastrointestinal tract. Disruptions of this complex

system are involved in many diseases such as chronic

infections, inflammatory bowel disease (IBD), and colon

cancer.
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Pathogenic bacteria can overgrow the commensal flora

in the gut and cause severe diseases, often including diar-

rhoea. An estimated 2.5 million deaths per year are the

consequence of infections of the gastrointestinal tract

accompanied by diarrhoea and dehydration [5]. For

example, pathogenic Escherichia coli such as enteropath-

ogenic Escherichia coli (EPEC) and enterohaemorrhagic

Escherichia coli (EHEC) are key causes of diarrhoeal

diseases [6, 7]. Infections with EPEC cause non-specific

gastroenteritis, low-grade fever, vomiting, and diarrhoea

[8]. EHEC infections lead to severe, crampy abdominal

pain, bloody diarrhoea, and can cause haemolytic uraemic

syndrome (HUS) [9]. Severe infections from enterohaem-

orrhagic E. coli occurred in spring 2011 in Germany, with

an excess of 2,900 cases of acute gastroenteritis, more than

850 cases of HUS, and at least 50 EHEC-related deaths

[10]. IECs are of utmost importance to maintain intestinal

homeostasis and to combat intestinal infections. The

intestinal epithelium not only represents a physical barrier

protecting against the invasion of pathogens, it also senses

information from microbial communities in the gut lumen

and signals this information to the subjacent immune cells

[11]. Most importantly, IECs possess antibacterial proper-

ties essential for host defence against pathogens: they

secrete antimicrobial peptides (AMPs) into the gut lumen

and therefore contribute to the elimination of bacterial

pathogens [12]. Moreover, the regulated expression of

many such antimicrobial peptides is considered to shape

the gut flora in an efficient way to allow the commensal

flora to occupy niches that could otherwise be exploited by

pathogenic bacteria [13]. In that way, the intestinal epi-

thelium contributes to gut homeostasis.

Other good examples for the important function of the

intestinal epithelium are inflammatory bowel diseases such

as Crohn’s disease and ulcerative colitis [14]. Inflamma-

tory bowel diseases are described by a chronic inflamma-

tion of the gut mucosa characterized by intestinal epithelial

damage and infiltration of immune cells. Despite consid-

erable research efforts worldwide, the pathogenesis of IBD

is still incompletely understood and the present therapy is

not curative, but merely symptomatic. A variety of dif-

ferent factors are involved in the aetiology of IBD such as

genetic and environmental factors, deregulated immune

responses, and the bacterial microflora. Although the exact

aetiology is not known, research on animal models and

genome-wide association studies have made it evident that

defects in the intestinal epithelium may contribute as a

major aetiological factor to the pathogenesis of IBD [15,

16]. Accordingly, disruption of the intestinal epithelium or

defects in its barrier function may lead to the invasion of

components of the commensal microflora. Although com-

mensal bacteria are generally tolerated in the gut lumen,

their deregulated invasion into the bowel wall is believed

to cause deregulation of the immune response and chronic

inflammation.

One mechanism by which the intestinal barrier pre-

vents a deregulated invasion of bacteria into the bowel

wall is the establishment of a mucus layer by goblet cells.

The mucus physically separates the intestinal epithelium

from the luminal contents, thereby limiting the access of

bacteria [17]. Disruption of this mucus was demonstrated

to cause pathologies. Accordingly, mice deficient for the

mucin Muc2, a major component of the mucus layer,

spontaneously developed colitis [18]. It was reasoned that

the inflammation resulted from the direct contact of

bacteria with the intestinal epithelium [17]. Dependent on

the composition of the bacterial microflora in the gut,

IECs were demonstrated to produce a wide range of

cytokines [19], which in turn stimulate the reaction of

subjacent immune cells, potentially causing colitis. In line

with this model, increased numbers of activated dendritic

cells (DCs) and increased amounts of inflammatory

cytokines such as IL (Interleukin)-1b and IL-12p40 were

detected in the gut of another mouse strain showing a

missense mutation in Muc2 (Winnie mice), which also

spontaneously developed intestinal inflammation [20].

Winnie mice showed alterations in the composition of

different immune cell populations in the gut towards a T

helper (Th)1- and Th17-dominated immune response. The

altered cytokine profile and immune cell populations in

the guts of mice that lack Muc2 demonstrate the impact

of mucus secreted by goblet cells on intestinal immune

homeostasis.

Paneth cells are another component of the intestinal

epithelial barrier essential for intestinal immune homeo-

stasis. They are located at the bottom of the crypts, in close

contact to the stem cells, and secrete factors important for

stem cell maintenance such as Wnt3, the Notch ligand DII4

(Delta-like ligand), and EGF (epidermal growth factor)

[21]. In addition and of prime importance, Paneth cells

produce and secrete antimicrobial granules into the crypt

lumen. These granules contain IgA (Immunoglobulin A),

TNF-a (tumour necrosis factor alpha), CD95 ligand

(CD95L) and antimicrobial peptides, such as lysozyme,

secretory phospholipase A2 (sPLA2), a-defensins, and

HIP/PAP (hepatocarcinoma-intestine-pancreas/pancreatic-

associated protein; mouse counterpart is termed RegIIIc)

[22]. Thereby, the factors released by Paneth cells protect

intestinal stem cells and are further dispersed in the mucus

layer, generating a general antimicrobial milieu close to the

epithelium [23].

Similar to mucus produced by goblet cells, most anti-

microbial peptides indirectly regulate immune reactions in

the gut: they influence and shape the bacterial gut flora,

which in turn affects the host immune status. For example,

mice with an altered expression of alpha-defensins showed
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changes in microbiota composition such as the number of

segmented filamentous bacteria (SFB) [13]. Importantly,

antimicrobial peptides not only shape the commensal

microflora, they are also fundamental for an efficient

eradication of bacterial pathogens. Studies on NOD2

(nucleotide-binding oligomerisation domain-containing

protein 2) have further highlighted the importance of a

tightly regulated antibacterial response. NOD2 was the first

gene identified whose polymorphisms were associated with

an increased risk for the development of Crohn’s disease

[24, 25]. NOD2 is highly expressed in the cytoplasm of

Paneth cells and its activation by bacterial muramyl

dipeptide leads to NF-jB (nuclear factor kappa-light-

chain-enhancer of activated B cells) activation followed by

production of defensins [26]. Interestingly, the polymor-

phisms of the IBD risk allele NOD2 have been associated

with diminished expression of the a-defensins HD5 and

HD6 [27]. Mice deficient for NOD2 also showed decreased

expression of certain cryptdins and were highly susceptible

to oral infection with Listeria monocytogenes [28]. In line

with these findings, several other studies linked changes in

antimicrobial peptide expression to an altered susceptibility

to infections with gut pathogens. For example, mice

overexpressing CRAMP (cathelin-related antimicrobial

peptide) were protected from an oral challenge with Cit-

robacter rodentium [29]. In contrast, mice lacking mature

cryptdins were highly susceptible to oral infection with

Salmonella Typhimurium [30]. Interestingly, altered

expression of some AMPs such as b-defensins and the

cathelicidin LL-37 (human orthologue to CRAMP) has

been found in patients with Crohn’s disease [31].

Crohn’s disease patients have further been demonstrated

to show epithelial barrier dysfunction [32]. Since an altered

permeability of the gut epithelium has also been detected in

some first-degree relatives without symptoms of Crohn’s

disease, the maintenance of barrier function was discussed

to be an important factor in the pathogenesis of IBD [33].

Tight junction proteins are essential to maintaining epi-

thelial barrier integrity and regulating trans-epithelial per-

meability. Interestingly, junction proteins such as claudins

and the junctional adhesion molecule-A (JAM-A) were

demonstrated to show altered expression in patients with

IBD [34, 35]. The tight junction permeability can be reg-

ulated by multiple factors such as physiological stimuli

without giving access for bacteria [36]. However, when

tight junctions are not accurately formed, the increased

permeability of the intestinal epithelium can become

pathologic. In agreement with this hypothesis, mice with

loss of JAM-A showed increased susceptibility to DSS

(dextran sodium sulphate) and developed a strong colitis,

which might be reasoned by the increased intestinal per-

meability and subsequent barrier dysfunction observed in

these mice [33].

Barrier dysfunction cannot only be the consequence of

altered tight junction expression, but also of a deregulated

cellular homeostasis of the epithelium. Excessive cell

death in the epithelium without appropriate replacement

has been shown to drive chronic inflammation similar to

IBD [3, 37]. While excessive epithelial cell death can

drive barrier dysfunction and inflammation, deficient epi-

thelial cell death promotes intestinal cancer. It has been

known for several decades that the accumulation of

mutations in substantial genes such as proto-oncogenes,

DNA-repair genes and tumour suppressor genes in IECs

can deregulate epithelial homeostasis and cause the

development of colorectal cancer [38]. However, in addi-

tion to such cell intrinsic mechanisms, it has recently been

appreciated that a tumour is more than the accumulation of

mutations in the tumour cell itself. Tumours contain not

only neoplastic IECs, but also a large amount of immune

cells. To protect the tumour from an anti-tumour immune

response, tumour cells enact immune-escape mechanisms

by directly influencing the activity of immune cells [39].

Furthermore, the increased risk for the development of

colorectal cancer observed in IBD-patients is believed to

be due to the inflammatory microenvironment—inflam-

matory cytokines produced by activated immune cells can

serve as growth factors and favour the proliferation of pre-

neoplastic epithelial cells [40–42]. Thus, immune-epithe-

lial interactions in cancerogenesis act in both directions. It

is therefore essential for the understanding of tumour

pathogenesis and for the development of new therapeutic

strategies to not only investigate the tumour cell itself, but

also to define the complex interplay between immune cells

and tumour cells.

Overall, protection of the gut from severe diseases such

as infections, IBD, and cancer are of utmost importance for

health and survival. The intestine is composed of immune

cells, stromal cells, and epithelial cells that constantly

interact for the maintenance of a healthy gut. Efforts to

understand these interactions have been increased in the

last decade and provide promising novel approaches for

targeting gut-related diseases. This review focuses on the

importance of such epithelial-immune crosstalk in the gut.

Epithelial cells influence immune cells in the gut

The intestinal epithelium is strategically located between

potential antigens within the gut lumen and the large

number of immune cells in the lamina propria. IECs not

only physically separate these two compartments, they also

communicate and translate signals from one compartment

to the other. The communication between IECs and

immune cells is mediated via cell–cell contact and che-

mokine and cytokine signalling (Fig. 1). It has been shown
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that signals from IECs can directly and indirectly act on

resident immune cells and thereby shape mucosal immune

responses. This communication might by crucial to exert-

ing an appropriate immune response to microbial

challenges.

IECs induce immune tolerance in the gut

IECs are believed to play a major role in inducing immune

tolerance to harmless antigens present in the gut lumen.

IECs sense bacteria by means of pattern recognition

receptors (PRRs), such as Toll-like receptors (TLRs),

nucleotide-binding site and leucine-rich repeat-containing

receptors (NLRs), and retinoic acid inducible gene-I (RIG)-

like receptors (RLRs), which detect conserved pathogen-

associated molecular patterns (PAMPs) [43–45]. In healthy

intestinal tissue, IECs express low levels of TLRs on the

apical side and higher levels on the basolateral side [43,

46]. This may also contribute to the tolerance of bacteria in

the gut. In fact, activation of TLRs on IECs under steady-

Fig. 1 Intestinal epithelial cells have diverse effects on and also respond to factors produced by the subjacent immune cells. The immune-

epithelial crosstalk at the intestinal epithelial surface is important for gut homeostasis and during gastrointestinal diseases
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state conditions results in the production of factors that are

important for homeostasis of the intestinal epithelium [47].

Interestingly, the activation of TLRs on IECs by bacterial

products has also been demonstrated to result in the release

of the TNF-family member APRIL (a proliferation-induc-

ing ligand), triggering an IgA(2) class switch in B cells

[48].

IECs can recognize and take up bacterial antigens [50],

process them, and further present them via the major

histocompatibility complex (MHC)-class Ib molecule

CD1d. This results in the activation of special regulatory

T cells and contributes to the tolerogenic milieu of the gut

[49, 50]. In addition to the activation of special regulatory

T cells, IECs themselves produce suppressive cytokines

such as IL-10 that act on the subjacent immune cells [51].

The important role of IL-10 in the lamina propria was

established when the investigation of IL-10-/- mice led to

the discovery that these mice spontaneously developed

chronic enterocolitis [52]. In addition to the induction of

regulatory T cells and IL-10 production, IECs were

demonstrated to contribute to tolerance by influencing the

maturation of tolerogenic dendritic cells. It has recently

been shown that antigen-sampling dendritic cells took up

Muc2 and that glycans associated with Muc2 imprinted

the DCs with anti-inflammatory properties [53]. Further-

more, Rimoldi et al. [54] demonstrated that IECs released

TSLP (thymic stromal lymphopoietin), driving dendritic

cells towards a tolerogenic phenotype. These tolerogenic

DCs suppressed the development of a Th1 response and

promoted the polarization towards Th2 cells. An impor-

tant influence of IECs on DC maturation for immune

homeostasis in the gut was further demonstrated by Iliev

et al. However, in their study, the release of TGF-b
(transforming growth factor beta) and retinoic acid (RA)

by IECs, rather than of TSLP, was required for the mat-

uration of tolerogenic DCs, which were able to induce de

novo Treg cells [55]. Most interestingly, the transfer of

these induced regulatory cells was capable of protecting

mice from experimentally-induced colitis, providing evi-

dence that IECs can mediate immune tolerance by directly

influencing immune cells. In another study, IECs were

shown to regulate DC function via secretion of the inte-

grin avb6. Accordingly, the authors showed that uptake of

food antigens by IECs upregulated avb6 in IECs [56].

Food antigens together with avb6 were transported to the

extracellular environment via exosomes and uptake of

these by dendritic cells resulted in the production of TGF-

b and the generation of Tregs. Importantly, IEC-derived

signals not only act on lamina propria immune cells, but

can influence immune cells at distant sites. For example,

exosome-like nanoparticles derived from IECs were

shown to carry prostaglandin E2 and migrate to the liver

where they act on NKT cells and induce anergy [57].

IECs initiate inflammatory responses

In contrast to the induction of immune tolerance by IECs,

several studies have demonstrated an involvement of such

an epithelial-immune crosstalk in the induction of gut

inflammation.

As mentioned before, IECs express TLRs, allowing

them to recognize microbial antigens. However, in contrast

to the anti-inflammatory mechanisms described above,

under yet-to-be-defined circumstances, TLR-signalling in

IECs can promote inflammation. TLR2 and TLR4

expression have been shown to be strongly upregulated on

IECs of patients with Crohn’s disease and ulcerative colitis

[46], and this might suggest a greater sensitivity of CD and

UC patients to the bacterial microflora in the gut [58].

Upon stimulation of IECs via TLR, these cells can produce

pro-inflammatory cytokines such as IL-8, IL-18, and TNF-

a [59, 60]. Accordingly, infection with pathogenic bacteria

such as enterohaemorrhagic Escherichia coli results in the

production of the chemokine IL-8 by IECs [61]. IL-8 then

recruits immune cells such as neutrophil granulocytes to

the site of infections. Interestingly, the capacity of epi-

thelial cells to produce cytokines and chemokines seems to

depend on the nature of the signal that IECs are confronted

with—while non-invasive bacteria were mostly unable to

stimulate epithelial cells for the production of inflamma-

tory cytokines, invasive bacteria stimulated IECs to pro-

duce and release pro-inflammatory cytokines and

chemokines, which induce the maturation of dendritic cells

[62]. For example, human IECs treated with Vibrio chol-

erae produced the cytokine TSLP and the chemokine

CCL20, which attract dendritic cells [63]; Bhowmick et al.

[63] demonstrated that the mediators produced by Vibrio

cholerae stimulated IECs to activate dendritic cells for the

expression and secretion of the inflammatory cytokines

TNF-a, IL-6, and IL-1b. Furthermore, the activated den-

dritic cells now produced the Th2 cell-attracting chemo-

kines CCL17 and CCL22, and promoted differentiation of

CD4? T cells into Th2 cells, producing high amounts of

IL-4, IL-13, and TNF-a. In that way, IECs sense patho-

genic bacteria and initiate inflammatory responses by

influencing the maturation of dendritic cells. Induction of

TSLP was also observed for gastric epithelial cells treated

with Helicobacter pylori [64].

It has recently been discovered, that some antimicrobial

peptides not only show direct antibacterial activities, but

also primary innate immune functions, and are involved in

the attraction of immune cells. Cathelicidins, such as the

human LL-37, which is expressed by surface colonic epi-

thelial cells, was demonstrated to facilitate recruitment of

eosinophils and neutrophils [65, 66]. Furthermore, LL-37

induced the expression of chemokines, further supporting

the recruitment of immune cells [67]. Although LL-37 is
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constitutively expressed in the colonic epithelium [66], its

expression can be increased under certain conditions such

as inflammation and infection [68, 69]. Therefore, it is

speculated that the increased LL-37 expression by colonic

epithelial cells under certain conditions attracts other

immune cells such as neutrophil granulocytes, which have

been demonstrated to migrate into the gut lumen during

intestinal infections or inflammatory bowel disease [70].

As another example of the direct effect of regulators

produced by IECs on immune cells, mice deficient for the

secreted goblet cell-derived protein known as resistin-like

molecule beta (RELMbeta) failed to develop intestinal

inflammation induced by the helminth Trichuris muris

[71]. RELMbeta activated macrophages to express MHC

class II molecules, to secrete IL-12/23p40, and to mediate

antigen-specific IFN-c (Interferon gamma) expression in

CD4? T cells during Trichuris muris infection. The

crosstalk between goblet cells and macrophages seems to

be important for the development of a CD4? T-cell

response during infection with parasitic helminths.

IECs promote immunosuppression in tumours

In the human body, neoplastic cells are usually recognized

and eliminated by the immune system as soon as they arise.

Under certain circumstances, the neoplastic cells are not

cleared by the immune system and can give rise to cancer.

However, colorectal tumours still harbour immunogenic

potential [72, 73]. In response to tumour formation, in

several studies it was shown that immune cells infiltrate

into the tumour and inhibit tumour growth [74, 75]. These

studies showed that the immune system is capable of ini-

tiating immune responses to intestinal cancer. However, it

is obvious, that the immune system is not always effective

in eliminating cancer cells, suggesting that there must be a

mechanism allowing the tumours to survive. In fact, human

tumours including intestinal cancer are known to develop

strategies that allow them to escape surveillance and

clearance by the immune system. For example, tumour

cells can become resistant to immune reaction or exert

immunosuppressive functions [76]. This suppression of the

immune system is partially based on a suppression of Th1

responses, which are necessary for the activation of an

efficient cytotoxic T-cell response [77]. It has been dis-

cussed that colon tumour cells suppress Th1 responses and

favour Th2 responses by several different mechanisms,

such as Cox-2 (cyclooxygenase-2) and IL-10 overexpres-

sion [78]. Cox-2 overexpression was observed in 86 % of

colon carcinomas [79]. Cox-2 caused prostaglandin E2

expression, resulting in the reduced activation of NK cells

and cytotoxic T lymphocytes and the inhibition of IL-2

production [80]. Colorectal tumour cells have further been

shown to produce IL-10 themselves [81]. IL-10 is a

pleiotropic cytokine with many immunosuppressive func-

tions and has been shown to be overexpressed in multiple

malignant diseases, such as melanomas, squamous carci-

noma, renal cell carcinoma and colorectal cancer [78].

Moreover, colon tumour cells have been reported to secrete

elevated levels of prostaglandin E2 and TGF-b, resulting in

the stimulation of monocytes and intestinal macrophages to

produce IL-10 [82]. The secretion of TGF-b by tumour

cells in the gut has many additional effects on immune

cells in the tumour microenvironment such as the inhibition

of T-cell proliferation, differentiation, and maturation,

inhibition of the expression of co-stimulatory molecules on

dendritic cells, and suppression of macrophage TNF-a,

reactive oxygen, and nitric oxide production [78]. Besides

the observations that tumour cells favour a Th2 immune

response, tumour cells have been reported to secrete VEGF

(vascular endothelial growth factor), not only causing

neovasculation, but also inhibiting dendritic cell differen-

tiation; the immature dendritic cells in turn inhibited T cell

proliferation [83, 84].

Interestingly, colon tumour cells not only influence the

subjacent immune cells in regard to their maturation and

activation state via the secretion of cytokines: some

studies showed that tumour cells in the gut can further

express the cell death receptor ligand Fas-ligand (Fas-L),

thus triggering lymphocytes to undergo apoptosis [85, 86].

This theory has been termed ‘‘tumour counterattack

hypothesis’’ and in that way, the tumour cells themselves

escape the immune response by inducing cell death in

immune cells. However, this model of tumour immuno-

suppression is controversial, since other studies showed

that colon cancer cells cannot induce T-cell death via Fas-

L [87].

Overall, all types of IECs have diverse effects on sub-

jacent immune cells. Mucus produced by goblet cells, Pa-

neth cell products, and the multiple factors released by

enterocytes are important for gut homeostasis and are also

involved in gut diseases (Fig. 1).

Immune cells influence epithelial cells in the gut

IECs not only produce and release mediators affecting

immune cells, they also respond to factors produced by the

subjacent immune cells (Fig. 1). That IECs respond to a

wide range of cytokines has already been reported two

decades ago. IECs were shown to express the common c
chain of the IL-2 receptor, enabling them to interact with

IL-2, IL-4, IL-9, and IL-13 [88]. Kumar et al. [89] dem-

onstrated that IL-2 plays an important role in intestinal

epithelial homeostasis, since it can induce wound repair

mechanisms dependent on Janus kinase 3 (Jak3). The

binding of IL-2 to the IL-2 receptor on the IECs was then
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demonstrated to regulate proliferation and cell death of

IECs [90].

Regulation of IECs during intestinal infection

and inflammation

Intestinal infections lead to the secretion of a wide range of

inflammatory cytokines by lamina propria immune cells,

thereby providing constant information about the activation

status of the mucosal immune system to the epithelial

barrier. For example, bacterial flaggelin has been demon-

strated to induce high expression of IL-23 by

CD103?CD11b? dendritic cells present in the lamina

propria [91]. This subsequently caused the secretion of IL-

22 by immune cells and the induction of IL-22-dependent

responses in IECs, such as the expression of the antimi-

crobial peptide RegIIIc. Thus, immune cells can regulate

the antimicrobial activity of the epithelium. This axis

seems to be essential for the efficient fight against patho-

genic bacteria, as IL-22-deficient mice infected with Cit-

robacter rodentium showed decreased RegIIIc production,

increased epithelial damage, systemic bacterial burden and

mortality [92]. Immune cells not only induce the produc-

tion of defence proteins by IECs, they further promote

wound healing [93]. During the course of infection, the

immune cell-induced elimination of pathogens also affects

host tissue and causes tissue destruction. Therefore,

effective healing of host tissue is urgently required and

managed by the organism in a smart way: cytokines that

induce inflammation to efficiently eradicate a pathogen at

the same time protect the tissue from the consequences of

inflammation by inducing wound healing. A good example

is the cytokine IL-6. On the one hand, IL-6 is a pro-

inflammatory cytokine influencing immune cells and pro-

duced after bacterial infection [92, 94]. On the other hand,

IL-6 and also IL-22 at the same time induce Stat3 (signal

transducer and activator of transcription 3) signalling in

epithelial cells, leading to epithelial regeneration and

wound healing [93] (Fig. 2).

During gastrointestinal infections and in the course of

Crohn’s disease, highly increased production of the

inflammatory cytokine IFN-c by lymphocytes in the gut

has also been observed [95–97]. IECs respond to IFN-c via

the increased expression of MHC I and II and the upreg-

ulation of the adhesion molecule ICAM-1 (Intercellular

Adhesion Molecule 1) [98]. These changes in the intestinal

epithelium are essential to allow antigen-presentation by

IECs and adhesion of neutrophils to the intestinal epithe-

lium during infections. Interestingly, the IFN-c-induced

expression of MHC II molecules is blocked by the direct

binding of IL-10 to IECs, showing the anti-inflammatory

effect of IL-10 also directly on IECs [99]. IFN-c further

contributes to host defence by the modulation of goblet cell

function [100]. While INF-c signalling in lamina propria

Fig. 2 Cytokines inducing

inflammation at the same time

induce healing of damaged

intestinal epithelial tissue
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immune cells was important for the restriction of Salmo-

nella typhimurium, IFN-c signalling to the intestinal epi-

thelium caused a ‘‘loss’’ of mucus-filled goblet cell

vacuoles that was suggested to result from increased mucus

secretion [100]. This ‘‘loss’’ of goblet cell vacuoles was not

detected in IFN-c-/- mice infected with S. Typhimurium.

The same study demonstrated that IFN-c-/- mice show

increased pathogen colonization of the lamina propria and

pathogen loads in the cecal epithelium after S. Typhimu-

rium infection. This might suggest that the reduced goblet

cell vacuole secretion in IFN-c-/- mice resulted in an

impaired clearance of bacteria and increased invasion of

pathogens. However, counteracting the potential positive

effect of IFN-c on the intestinal epithelial barrier, IFN-c
has been demonstrated to be responsible for the elimination

of Paneth cells during infection with parasites [101, 102].

IFN-c produced by CD4? Th1 cells during infection with

Toxoplasma gondii resulted in Paneth cell death and the

loss of antimicrobial peptides [101]. Since Paneth cell loss

has also been observed in Crohn’s disease patients, this

suggests that IFN-c might promote intestinal inflammation

by inducing Paneth cell death.

In addition to IFN-c, increased secretion of the inflam-

matory cytokine TNF-a in the gut has been detected in

inflammatory bowel disease patients and was shown to

contribute to acceleration of the disease by affecting the

intestinal epithelial barrier. TNF-a together with IFN-c has

been shown to alter the permeability of diverse, tight

junction proteins via modulation of the actin cytoskeleton

or decreased transcription of tight junction genes [103,

104]. As mentioned above, increased permeability of the

intestinal epithelial barrier and alterations of epithelial

junction adhesion molecule expression have also been

described in patients with IBD [35]. It is still not clear

whether the increased permeability is causative for the

disease or is a consequence of the disease due to the

increased amount of inflammatory cytokines. In line with a

role for TNF-a in the deregulation of barrier function, it has

long been known that anti-TNF-a therapy by antibodies

such as adalimumab and infliximab in patients with

inflammatory bowel disease can lead to restitution of the

intestinal barrier, but the mechanisms involved were lar-

gely unknown [105]. Fischer et al. recently demonstrated

that adalimumab reversed the downregulatory effects of

TNF-a on tight junction proteins, and thereby prevented

barrier dysfunction induced by TNF-a [104].

In addition to the modulatory effects of TNF-a on tight

junction proteins, TNF-a also has a profound impact on

IEC survival. It was recently suggested that cell death

triggers are constantly present in the healthy intestine

[106]. IECs lacking the crucial apoptosis inhibitor cFlip

(Cellular FLICE-Like Inhibitory Protein) died in vivo. Cell

death of cFlip-deficient IECs in mice was accompanied by

the invasion of inflammatory cells into the gut mucosa

[106]. Similarly, another study described epithelial cell

death and spontaneous development of inflammatory

lesions in the terminal ileum of mice deficient for caspase-8

in the intestinal epithelium [107]. Since cFlip deficiency

was associated with increased activation of caspase-8,

these studies showed that excessive activation, but also full

inhibition of caspase-8 in the intestinal epithelium leads to

epithelial cell death, barrier dysfunction, and intestinal

inflammation. Interestingly, both studies demonstrated that

death of IECs was dependent on extrinsic signals, such as

the death receptor ligand TNF-a. These studies also indi-

cated a different susceptibility of IEC types towards cell

death. While in cFlip-deficient mice, IECs died from

apoptosis independent of their cell type, in caspase-8-

deficient mice in the steady state, primarily Paneth cells

were affected. The Paneth cell loss observed in caspase-8-

deficient mice caused decreased production of AMPs and

barrier defects. Similar to caspase-8-deficient mice, Cro-

hn’s disease patients showed epithelial cell death at the

crypt base and human Paneth cells were hypersensitive to

TNF-induced cell death, demonstrating the potential rele-

vance of immune-epithelial interactions in human diseases

[107]. The important effect of TNF-a on the intestinal

epithelium was further shown by analysis of mice lacking

NF-kappa-B essential modulator (NEMO) in IECs [108].

The inhibition of NF-jB by deletion of NEMO in IECs

spontaneously caused severe colitis in these mice. Nenci

et al. showed that TNF-a signalling led to apoptosis of

NEMO-deficient colonic epithelial cells and impaired

expression of AMPs, followed by invasion of bacteria into

the mucosa. Overall, TNF-a and other cell death triggers

constantly secreted at low levels in the steady state in the

gut act on IECs, but execution of cell death is tightly

controlled by the intrinsic epithelial cell death machinery.

Immunoregulation of colorectal tumour growth

Interactions between tumour cells and immune cells are

more and more becoming the focus of research. However,

while the immunosuppression by intestinal tumour cells is

of interest for researchers worldwide, as discussed above,

the investigation of the influence of immune cells on

tumour cells is also of utmost importance. While only

about 20 % of colorectal cancers have been linked to

heritable genetic changes [109], most colorectal cancers

have been associated with environmental influences. For

example, patients showing chronic inflammation of the gut

mucosa such as IBD patients are at an increased risk for the

development of tumours in the gut depending on the

duration and extent of inflammation [110]. This observa-

tion highlights the important influence of immune cells on

IECs and the pathogenesis of colorectal cancer by
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providing a tumour-promoting inflammatory microenvi-

ronment. The presence of inflammatory cells in the mucosa

can lead to the secretion of various inflammatory cytokines

and the production of reactive oxygen species (ROS) by

activated immune cells [111]. ROS can induce DNA

damage and mutations in the developing tumour [112].

Another potential mechanism by which immune-epithelial

crosstalk might support tumour development is based on

the pleiotropic function of some cytokines: IL-1, IL-6, and

TNF-a can serve as tumour survival factors and further

promote tumour growth [40–42]. The tumour-promoting

potential of most inflammatory cytokines might be based

on altered homeostatic regulation. Most of the effects of

IL-6 on tumour cells are mediated by Stat3. Activation of

Stat3 results in proliferation and inhibition of cell death,

and therefore contributes to tumour growth: mice deficient

for Stat3 in IECs, and therefore also in tumour progenitor

cells, were demonstrated to show significantly less and

smaller tumours in a colitis-associated tumour model com-

pared to mice expressing normal Stat3 [113]. However, IL-6

and the consequent activation of Stat3 play a dual role in

colitis-associated cancer. While the activation of Stat3 pro-

motes tumour growth and survival, the activation of Stat3 in

epithelial cells during colitis is protective and necessary for

the repair of injured tissue [93]. Another way that Stat3 might

promote tumour development is via NF-kB, since Stat3

activation was demonstrated to prolong activation of the

transcription factor NF-jB in tumour cells [114].

Another pleiotropic cytokine that is produced by gut

immune cells and was demonstrated to have effects on

tumour cells is TNF-a. Its tumour-suppressing and tumour-

promoting activities have long been discussed, but the

mechanisms by which TNF-a affects tumour growth are far

from being fully understood [115, 116]. As early as 1975,

TNF-a was discovered as a factor produced by human body

cells that had the potential to destroy tumours [117]. It was

first thought that the destructive effect of TNF-a on tumour

cells is dependent on the binding of TNF-a to its receptor

expressed on IECs and the subsequent activation of the

caspase-cascade, resulting in cell death. It has therefore

been hypothesized that the cytokine itself might be a

promising cancer treatment. Subsequent studies indeed

showed the tumour destructive potential of TNF-a on both

xenograft and syngeneic tumours in mice [118, 119].

However, phase I clinical trials turned out to be disap-

pointing: systemic TNF-a administration induced a

‘‘cytokine storm’’ causing severe toxicity and only few

tumour responses [120, 121]. It was then reported that a

combination of TNF-a, IFN-c, and melphalan showed

higher efficiency in killing tumours [122]. Therefore, the

original idea of TNF-a directly killing tumour cells was

questioned. It was then hypothesized that TNF-a alone

does not have toxic effects on tumour cells and that the

earlier reported cytotoxic effect of TNF-a on tumour cell

lines was reasoned by the additional presence of metabolic

inhibitors such as IFN-c [115, 123]. In fact, a study from

2010 reported that the blocking of TNF-a in a mouse

model of inflammation-associated colon cancer had no

detectable effect on tumourigenesis [124]. However, other

studies reported that TNF-a can serve as a growth factor at

least for some tumours [125, 126]. In line with this

observation, Popivanova et al. [127] demonstrated that

blocking TNF-a in mice resulted in reduced tumour

development in a mouse model of colitis-associated cancer.

Since activation of NF-jB is also mediated by TNF-a
signalling, TNF-a was thought to act on tumour epithelial

cells to promote their proliferation [126]. However, recent

publications in 2010 and 2012 again reported TNF-a-

induced cell death in colon cancer [128, 129]. Together,

although the effect of TNF-a on tumour cells has been

extensively studied, its precise and defined actions are still

incompletely understood. The contradictory reports of

TNF-a activity on tumour cells might be explained by the

observation that tumour cells can become resistant to

death-receptor ligands such as TNF-a and Fas-L by losing

cell surface expression of death receptors [130]. The

resistance to death receptor-induced apoptosis was also

attributed to altered expression of apoptosis-related mole-

cules such as the apoptosis-inhibitory protein cFlip [131].

In that way, TNF-a might play a dual role in tumour

pathogenesis depending on the molecular profile of the

tumour cells.

Conclusion

This review highlights the complex interplay at the intes-

tinal epithelial brush border. The intestinal epithelium is

centrally located, separating two distinct compartments:

the outer environment including bacteria and food antigens,

and the inner world, the host tissue. However, the intestinal

epithelial barrier does not simply protect the inner world,

the organism, from the invasion of components of the outer

environment, such as bacteria: increasing evidence indi-

cates that IECs mediate the translation of signals between

the microbial world and the host immune system. This

interplay not only affects intestinal immune tolerance, but

also might be crucial for disease prevention in distant

organs. On the other hand, immune cells constantly report

the immune status of the gut to the epithelial cells, influ-

encing their behaviour in a way that is appropriate for gut

threats such as infections. In the case of diseases such as

inflammatory bowel disease or colorectal cancer, these

well-balanced interactions are disturbed, and the same

mechanisms that are usually protective in the steady state

can contribute to IBD or tumour pathogenesis. We are just

J Gastroenterol (2014) 49:375–387 383

123



beginning to understand the complex interplay between the

gut flora and the mucosa, as well as the systemic immune

system, but it is tempting to speculate that the modulation

of epithelial-immune interactions in the gut might be a

promising therapeutic strategy for gut-related diseases.
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