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Abstract Inflammatory diseases of mucosal organs are

significantly influenced by the microenvironment in which

they reside. Cytokines found within this microenvironment

contribute significantly to endpoint functions of the

mucosa. Studies dating back to the 1990s have revealed

that epithelial cells are both a source as well as a target for

numerous cytokines and that such signaling can substan-

tially influence the outcome of mucosal disease, such as

inflammatory bowel disease. Here, we will review litera-

ture regarding intestinal epithelial cells as sources and

responders to cytokines found in the intestinal milieu.

These studies highlight the dynamic nature of these path-

ways and lend insight into the complexity of treating

mucosal inflammation.
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Background

Epithelial cells that line mucosal organs are uniquely

positioned to serve as a line of communication between the

immune system and the external environment. In their

normal state, mucosal surfaces of the alimentary tract are

exposed on the luminal surface to high concentrations of

foreign antigens, while at the same time, intimately

associated with the immune system via subepithelial lym-

phoid tissue [1]. As a result, the epithelium forms an

important barrier, preventing the free mixing of luminal

microbiota/antigenic material with the lamina propria that

houses the mucosal immune system [1]. This latter capa-

bility is attributable primarily to intercellular tight

junctions, which function as selectively permeable gaskets

that circumferentially join epithelial cells at their apices.

Tight junctions regulate the passive permeation of hydro-

philic solutes through the ‘‘paracellular’’ space. Tight

junctions are dynamic structures, the permeability of which

is a highly regulated process [2], whereby dysregulation

can result in a multiplicity of disease states [3]. A second

important function of the epithelium is the maintenance of

mucosal hydration [4]. A plethora of epithelial stimuli

(secretagogues) activate membrane ion channels and

transporters that result in absorption or secretion of ions

that provide the driving force for paracellular water trans-

port. Like many aspects of cell biology and immunology,

this view has changed dramatically in the past decade. The

epithelium is now viewed as an active part of mucosal

innate immunity and orchestrates mucosal responses in a

variety of diseases [1, 5].

The observation that epithelial cells produce and

respond to cytokines has contributed significantly to the

burgeoning area of mucosal immunology. In the past, it

was broadly accepted that mucosal immunity differed from

other classical immune responses, and that the difference

likely rested on the ability of mucosal tissues to separate

and distinguish themselves from the outside world. The

observations that epithelial cells respond to, and provide an

available reservoir of cytokines, chemokines and growth

factors have ushered in a new view of the epithelium as a

functionally dynamic cell type critical for normal innate

immune responses. It is important to consider that the
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surface area of the intestine covered by epithelial cells is

orders of magnitude larger than that covered by immune

cells, and thus, even with smaller amounts produced per

epithelial cell, the total quantity of epithelial-derived

cytokine can be quite large and physiologically important

in this regard. Here, we will review the recent literature

with regard to epithelial cytokine responses, with particular

emphasis on functional consequences within the intestinal

mucosa.

Intestinal epithelial cytokine receptors

The microenvironment surrounding intestinal epithelial

cells (IEC) is particularly enriched with cytokine-liberating

cell types. In close proximity, and even juxtaposed against

the basolateral epithelial membrane, are intraepithelial

lymphocytes, dendritic cells, and resident eosinophils [5].

During disease states, the number and composition of these

cells can dramatically change, providing a new array of

signals for which epithelial cells must adapt. As such, in

both health and disease, cytokines can be delivered directly

to the epithelial plasma membrane. Important in this

regard, the cytokine receptors studied to date are expressed

in a polarized fashion. With some exceptions (see later),

cytokine receptors are expressed on the basolateral surface,

in close physiologic proximity to cytokine sources.

One of the first cytokines studied with regard to para-

crine activation of intestinal epithelia was IFNc [6]. This

was particularly interesting given that IFNc production is

readily detectable in the mucosa, and the mucosa is one of

the more enriched sources of IFNc [7]. During numerous

disease states, the number of lymphocytes increases, and

upon antigenic challenge of mucosal T-lymphocytes, these

older studies revealed IFNc signal is markedly enhanced in

the mucosa [7]. The biological effects of IFNc are pleio-

tropic and have been most extensively studied in its role as

a modulator of the immune system. IFNc-elicited
immunomodulation may extend to cell types not classically

associated with the immune system. For example, older

studies showed compelling evidence that this lymphokine

elicits MHC class II molecule expression on epithelial

cells, and as a result, these cells may become primed with

the ability to present antigen [8, 9].

Since these initial studies with IFNc, functional recep-
tors for a wide variety of cytokines (as well as those for

growth factors and chemokines), have been described

[1] (see Table 1). It is notable that the expression of these

receptors can also be regulated by cytokines and inflam-

matory stimuli. For example, IFNc has been shown to

regulate the IEC IL-1 and IL-6R [10] and IFNc induces

IEC TNFcR II [11]. Some redundancy also exists among

the expression and function of these cytokine receptors. For

instance, functional IL-2 receptors are expressed on IEC

[12], the signaling of which requires the dimerization of the

IL-2 receptor beta chain and a common gamma chain that

is shared with IL-7 and IL-9 [13]. Similarly, IL-4 and IL-13

receptors share a common heterodimeric IL-4 alpha chain

[14].

It was recently shown that intestinal epithelial cells

express IL-10 receptors in response to IFNc activation

[15]. From initial microarray analysis, these studies

revealed that IFN-c selectively induced the expression of

the alpha chain of the IL-10 receptor (IL-10R1, also called

IL-10RA) on intestinal epithelia. This receptor complex

shares a common IL-10R2 chain with five class 2 cytoki-

nes, namely IL-10, IL-22, IL-26, IL-28 and IL-29 [16]. The

IL-10R2 chain was shown to be constitutively expressed in

high levels in both cultured intestinal epithelia as well as

epithelial cells in intact colonic tissue [17]. Notably, further

analysis revealed that IL-10R1 was expressed predomi-

nantly on the apical membrane of polarized epithelial cells.

Receptor activation functionally induced canonical IL-10

target gene expression in epithelia and resulted in enhanced

barrier restitution following injury. Studies of colitis in

intestinal epithelial-specific IL-10R1-null mice revealed a

remarkable increase in disease susceptibility associated

with increased intestinal permeability. These results pro-

vided important insight into an underappreciated role of

epithelial IL-10 signaling in the maintenance and restitu-

tion of epithelial barrier and of the temporal regulation of

these pathways by IFN-c (Fig. 1). While such studies lar-

gely analyze single cytokine-elicited modulations on cell

surfaces/secreted proteins, in aggregate, these results sup-

port the original idea of a global phenotypic switch from

cells expressing classic epithelial function (e.g. barrier, ion

transport) to those with significant immune function (reg-

ulated MHC function, chemokine and cytokine balance,

coordination of leukocyte trafficking) [18].

Epithelial endpoint responses to cytokines

The intestinal mucosa is a particularly complicated tissue.

The complex structure of the intact intestinal mucosa

(many cell types including epithelia, endothelia, smooth

muscle, nerves, etc.), as well as cells that traffic through the

intestinal mucosa (monocytes, dendritic cells, lympho-

cytes, eosinophils and neutrophils), is organized in a three-

dimensional fashion and contributes to the dynamic nature

of this tissue. Each individual cell type can be a source of

cytokines and each expresses its own array of cytokine

responses. Studying this tissue has been complicated by the

need for primary cultures of native epithelial cells. Only

recently have we been able to culture primary cells in a

reliable manner that allows for interpretation of tissue
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function [19]. The ability to culture complex 3D epithelial

tissue, known as enteroids, colonoids or organoids, based

on cellular sources and culture conditions, has the potential

to significantly expand our understanding of epithelial

responses and interactions [20–22]. Nonetheless, the

majority of studies have relied on cultured epithelial cell

lines, a number of which form polarized cell monolayers

with high barrier and ion transport properties which reca-

pitulate native epithelia in both structure and function.

Here, we will discuss the direct consequences of cytokines

on aspects of epithelial function (Table 1).

A. Epithelial barrier function The loss of epithelial

barrier function, with concomitant increases in paracellular

permeability, has been reported in a number of entero-

pathies, including the inflammatory bowel diseases (IBD)

Crohn’s disease and ulcerative colitis [23]. Debates still

exist as to whether decreased barrier function is associated

with the etiology of IBD or rather, as a potentiating factor

of ongoing disease [24]. Nonetheless, of particular interest

is the observation that epithelial barrier function is mark-

edly attenuated upon exposure to pro-inflammatory

cytokines [25]. A number of elegant studies have addressed

the molecular details of this response. For instance, Man-

kertz et al. originally demonstrated that TNFc and IFNc
independently and synergistically down-regulate tran-

scription of occludin [26], one of the transmembrane

‘‘sealing’’ proteins localized to the tight junction [27]. This

transcriptional response mapped within the occludin pro-

moter to a *200 bp fragment upstream from the

transcription start site, an area rich in binding sites for the

transcription factors AP2 and NFIL6 (CEBPb). It has also
been reported that IFNc regulates epithelial homeostasis

through convergent beta-catenin signaling modules,

involving increased Dkk1-mediated apoptosis with exten-

ded cytokine exposure and reduced proliferation through

depletion of the Wnt coreceptor LRP6 [28]. Similarly to

Table 1 Roles of cytokines in epithelial function

Epithelial function Regulatory cytokines Target cells

Barrier IFNc, TNFa, IL-1b, IL-10, IL-6, IL-22, IL-4, IL-13 IECs

Leukocyte recruitment IL-8, MCP-1, CCL20 Leukocytes

Antigen presentation IFNc, TSLP, APRIL IECs, dendritic cells, B cells

Homeostasis IL-10, TGFb, TSLP, APRIL, IL-25, IL-22 IECs, dendritic cells, macrophages, B cells

Proinflammatory response(s) IFNc, TNFa, IL-1b, IL-8 IECs, leukocytes

Regulation of solute/water transport IFNc, IL-4, IL-13 IECs

Fig. 1 IFN-gamma as a model cytokine signaling hub in the

intestinal mucosa: 1 IFN-gamma signaling through basolaterally

localized receptors induces the expression of immune regulatory

components including MHC class I and II, CD1d as well as the apical

IL-10R. 2 Through the down-regulation of CFTR and multiple ion

channels in the epithelial membrane, IFN-gamma abrogates electro-

genic chloride secretion and associated water transport (see text for

details). 3 IFN-gamma signaling increases epithelial permeability

through the regulation of tight junction (TJ) and adherens junction

(AJ) component expression. 4 IFN-gamma signaling induces the

apical expression of ICAM-1 and the basolateral expression of CD47.

Together this allows migration and apical localization of neutrophils

(PMN)
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IFNc and TNFc, one of the critical proinflammatory

cytokines in the intestine, IL-1b, has been demonstrated to

increase epithelial tight junction permeability, also by

down-regulation of occludin expression, in an NF-jB
dependent manner [29]. Other cytokines, including both

IL-4 and IL-13, attenuate epithelial barrier function in vitro

[30], and compelling evidence exists that IL-4 significantly

enhances transepithelial transport of lumenal antigens

in vivo [31, 32]. Additionally, IL-6 has been demonstrated

to attenuate IEC barrier function in vitro, mainly through a

claudin-2 dependent increase in tight junction permeability

[33, 34]. Conversely, IL-6, which is produced by several

cell types including epithelial cells and intraepithelial

lymphocytes, has been shown to protect epithelial cells

from apoptosis and promote epithelial proliferation in the

setting of injury [35, 36].

Anti-inflammatory cytokines mainly have a protective

effect on intestinal epithelial barrier function. Mice lacking

IL-10 (IL-10KO mice) develop spontaneous microbiota-

dependent colitis and are a well-established model of

Crohn’s colitis. Prior to the onset of colitis, it has been

established that these mice develop a permeability defect in

the ileum and colon associated with elevated levels of

TNFa and IFNc [37]. IECs are demonstrated sources of IL-

10 [38] and significant evidence exists that IL-10 con-

tributes to the development of mucosal tolerance of

commensal bacteria and homeostasis as previously dis-

cussed in the case of IL-10KO mice. As noted earlier, IEC-

specific IL-10R1 deletion leads to barrier defects which are

associated with increased pro-inflammatory cytokine

expression and increased susceptibility to experimental

colitis which supports the importance of IL-10 signaling in

maintenance of the epithelial barrier [15]. IL-10’s protec-

tive effects are likely related to inhibition of the effects of

TNFa and IFNc on the epithelial barrier, given that therapy
targeted towards restoring the permeability defect alone, is

sufficient to significantly attenuate development of colitis

[39]. It was recently demonstrated that IL-10 specifically

suppresses tyrosine phosphorylation of signal transducer

and activator of transcription-1 (STAT-1), a component of

the IFNc-induced DNA complex [40].

Another cytokine in the IL-10 family, IL-22, has

recently been identified as important in maintenance of the

intestinal epithelial barrier. It has been demonstrated to be

protective in models of experimental colitis in mice and

increased expression has been noted in the colons of

patients with ulcerative colitis and Crohn’s disease [41].

IL-22 is produced mainly by cells of the lymphoid lineage

including T cells and innate lymphoid cells including

natural killer cells and lymphoid tissue inducer cells

[42–45]. IL-22 binds to its heterodimeric receptor con-

sisting of IL-22R1 and IL-10R2 located on the basolateral

surface of colonic epithelial cells [46–49]. IL-22 signaling

in IECs is via STAT3 [50, 51] and acts to augment the

production of antimicrobial peptides, mucin, and proin-

flammatory cytokines while increasing epithelial migration

and proliferation [47, 49, 52]. In total, IL-22 signaling in

the epithelium appears to play a primary role in reconsti-

tution of the epithelial barrier in the setting of injury.

B. Epithelial ion and water transport A number of

cytokines have also been shown to influence epithelial

electrogenic chloride secretion, the transport event

responsible for mucosal hydration. This aspect of epithelial

function has been studied in detail utilizing IFNc
[18, 53–55]. For example, exposure to IFNc elicits a

marked attenuation in stimulated Cl- secretion and con-

comitant water transport. Importantly, the observed

downregulation of Cl- secretion is not simply a reflection

of altered barrier function of IFNc treated monolayers. The

IFNc-mediated attenuation of Cl- secretion was demon-

strated at times which predated any alteration in barrier

function. The global nature of IFNc-mediated downregu-

lation of Cl- secretion is further highlighted by the fact that

agonists acting through differing signaling pathways and

exerting primary effects at differing membrane channels

(Ca2?, receptor-mediated and non-receptor-mediated

cAMP pathways) were all markedly downregulated. The

influence of IFNc on chloride secretion was documented

using rate constant measurements of uptake/efflux experi-

ments which delineate the specific transport proteins

involved independent of monolayer confluency. Interest-

ingly, these later studies demonstrated that the functionally

defined surface expression of all transporters, pumps, and

channels contributing to Cl- secretion were downregulated

by IFNc. Extensions of these studies revealed that IL-4 and

IFNc post-transcriptionally downregulate expression of the

cystic fibrosis transmembrane regulator (CFTR) in intesti-

nal cell lines [30, 53]. Interestingly, it was also found that

post-colitis epithelial responses may be selectively

impaired. Utilizing a rat model of colitis, Asfaha et al.

demonstrated that at 6 weeks post-colitis induction, barrier

function defects had resolved but colonic secretory dys-

function persisted [56]. These findings paralleled increased

bacterial translocation and increased colonic aerobes,

suggesting that prolonged secretory impairment may

underlie the chronic nature of enteropathies such as IBD.

An interesting exception with regard to cytokine influences

on ion transport is that of IL-4 and IL-13. While these

cytokines share common receptor subunits and in most

cases display overlapping functions (e.g., attenuation of

barrier function) [57], only IL-4 appears to influence

electrogenic chloride secretion [30]. This finding was one

of the first divergent functions ascribed to these apparently

redundant cytokines, although some studies have suggested

no differences between IL-4 and IL-13 with regard to

proximal receptor activation [58]. Nonetheless, a number
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of discernible differences between IL-4 and IL-13 have

now been documented. These differences lie in activity

associated with two novel proteins, termed IL-13R alpha 1

and 2 [59, 60], which demonstrated that IL-13 signaling

may be more complicated than first appreciated. More

work is required to definitively define the relative role of

IL-13 and IL-4 in epithelial responses. Some studies also

indicate an interesting role for epidermal growth factor, a

homolog of TGFa, in inhibition of Ca2?-mediated epithe-

lial chloride secretion. For instance, Keely et al., reported

that transactivation of the epithelial EGF receptor by the

muscarinic agonist carbachol may mediate inhibitory

influences on electrogenic chloride secretion [61], and as

such, may provide an ‘‘off switch’’ for chloride secretion

under some circumstances.

C. Interactions with the microbiota The alimentary tract

is initially sterile in utero but soon after birth is subject to

colonization by a complex variety of anaerobic and aerobic

bacteria ranging in density from 103 organisms per ml in

the upper digestive tract up to 1012 in the colon [62]. There

is increasing evidence that the composition of the com-

mensal microbiota influences disease susceptibility,

responses to environmental antigens and challenge from

pathogenic organisms. Intestinal epithelial cells play a

significant role in regulating the response to the microbiota

through multiple pattern recognition receptors that recog-

nize microbial-associated molecular patterns (MAMPs)

and facilitate crosstalk with luminal bacteria and their

antigens. These include Toll-like receptors (TLR) which

are expressed on apical, basolateral and endosomal mem-

branes [63] as well as nucleotide oligomerization domain-

like receptors (NLR) which are present in the cytosol.

TLRs recruit adaptor proteins such as MyD88, or TRIF in

the case of TLR3 and TLR4, which lead to activation of the

MAPK pathway or NF-jB which translocates to the

nucleus to initiate transcription of cytokines and chemo-

kines. NLRs similarly activate the MAPK and NF-jB
pathways but through alternative mechanisms [5].

Apical or basolateral stimulation of polarized intestinal

epithelial TLRs appears to have different effects on cyto-

kine production that may be important in maintaining

intestinal homeostasis. It has been demonstrated that

basolateral stimulation of TLR3, TLR5 and TLR9 leads to

significant expression of the mainly neutrophil chemokine,

IL-8/CXCL8, but not apical stimulation, while the opposite

is the case for TLR2 [64, 65]. Interestingly, while TLR9 is

expressed apically and basolaterally, IL-8 is only produced

after basolateral stimulation while apical stimulation inhi-

bits IL-8 production, even with subsequent basolateral

stimulation. This signaling mechanism, termed the ‘‘po-

larizing-tolerizing’’ response [66], suggests a mechanism

by which epithelial cell responses are dampened by luminal

commensal bacteria in homeostasis while in the setting of

epithelial barrier disruption, recruited leukocytes in close

proximity to IECs may play a role in eliciting a proin-

flammatory IEC response to even commensal bacteria [67].

TLR5 expression isolated to the basolateral membrane

appears to be an alternate mechanism for sensing mucosal

bacterial invasion/translocation leading to a protective

homeostatic response that includes IL-8 expression [65]. In

the absence of TLR5, there is significant dysregulation of

commensal bacterial populations, increased translocation

of bacteria to extra-luminal sites and development of colitis

associated with TLR4 mediated proinflammatory cytokine

signaling [68]. Part of the reason for this development may

be the loss of TLR5 mediated crosstalk between IECs and

B cells which is epithelial thymic stromal lymphoprotein

(TSLP) and a proliferation-inducing ligand (APRIL)

dependent and promotes IgA antibodies active against

commensal bacteria that help regulate their population

[69].

D. Regulation of adaptive immunity Appropriate

responses to non-pathogenic constituents of the commensal

microbiota are regulated in part by crosstalk between IECs

and resident/non-resident antigen presenting cells (APCs)

such as macrophages and dendritic cells. In response to

commensal bacteria, IEC derived cytokines, TSLP and

transforming growth factor b (TGFb), promote tolerant

APCs which then traffic to secondary lymphoid sites and

promote the development of regulatory T cells [70]. IECs

constitutively express TSLP mRNA and protein at baseline

which can be increased upon exposure to multiple stimuli

including bacteria, viruses, parasites and proinflammatory

cytokines like IL-1b and TNFa. NF-jB has been identified

as a transcriptional activator of TSLP [71]. Both TSLP and

TGFb play a role in conditioning dendritic cells to down-

regulate inflammatory cytokines and skew naı̈ve T cells

towards a Th2[Th1 phenotype as well as promote Fox-

p3? Treg differentiation [72]. The absence of TSLP

signaling worsens experimental colitis in mice associated

with increased proinflammatory cytokine production and

increased IFNc? CD4? T cells in mesenteric lymph nodes

as well as inadequate responses to helminth infection [73].

TSLP and APRIL from epithelial cells are important for

triggering IgA class switching in effector B cells inde-

pendently and with the assistance of mucosal dendritic

cells [69]. APRIL is a member of the TNF ligand family

and is induced in IECs through stimulation of TLRs by

commensal bacteria while epithelial TSLP also stimulates

dendritic cell production of APRIL [69]. TLR stimulation

and pathogenic bacterial exposure has been demonstrated

to promote recruitment of B cells, dendritic cells and T

cells through IEC expression of the chemokine CCL20

[74–76]. Exposure to commensal bacteria, however, does

inhibit epithelial inflammatory cytokine expression,

including the chemokine CCL20 [77–79]. The commensal
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microbiota also stimulates production of IL-25 (IL-17E) by

IECs which acts to limit colonic IL-23 production (which

plays a role in IBD pathogenesis), and regulate the numbers

of IL-17 producing CD4? T cells (Th17), which may play a

proinflammatory role under certain conditions [80–82].

E. Antigen processing and presentation The over-

whelming majority of antigen encounters occurs at

mucosal surfaces, particularly those associated with the

intestine. Moreover, this surface is constitutively bathed in

a heterogeneous population of microorganisms comprised

of the commensal flora [62]. While IECs are important for

the conditioning of tolerant APCs and T cells in response to

the microbiota, IECs can also independently act as APCs

and promote Foxp3? Treg development utilizing MHC

class II [83]. MHC class II is constitutively expressed by

villus epithelial cells of the small intestine of rodents and

humans and upregulated by inflammation, presumably in

response to cytokines such as IFNc. Receptor- and non-

receptor-mediated processes of antigen uptake have the

capability of delivering macromolecules into endosomal

compartments in association with MHC class II antigen

presentation. Upon exposure to IFNc in vitro, MHC class II

is distributed predominantly on the basolateral surface

consistent with a presentation function to CD4? intraep-

ithelial and lamina propria lymphocytes [84]. Although

little is known of the MHC class II associated antigen

processing machinery in IECs, it is clear that IECs may

express invariant chain, cathepsins and process soluble

antigens for presentation to T cells [85]. In modeling MHC

class II function, Hershberg, et al. originally provided

strong evidence for epithelial uptake of soluble antigen

either apically or basolaterally and presentation from the

basolateral surface [86]. Interestingly, in this system,

antigen presentation was more efficient as a consequence

of receptor-mediated uptake when antigen was coupled to

the cholera toxin B subunit which, targets uptake by GM-1

gangliosides. Since IECs take up antigen poorly, receptor-

mediated uptake may be of major importance to such a

process. In addition, basal processing, which models anti-

gen delivered paracellularly, revealed T cell responses to

neoepitopes not observed when processing proceeded from

the apical surface. Taken together, these studies suggest

antigen uptake under non-inflammatory (antigen uptake

apical) and inflammatory (antigen uptake basal) conditions

may have different outcomes. The consequences of MHC

class II presentation are, however, unclear. Some evidence

exists in support of MHC class II function in vivo [85], and

other work revealed that the co-stimulatory molecule

CD58, but not CD80 or CD86, was observed to be

expressed constitutively on both native epithelia and in T84

and HT-29 cell lines [87]. Surface expression of CD58 was

polarized to the basolateral surface of the cell, and anti-

bodies directed against CD58, but not CD80 or CD86,

inhibited the stimulation of CD4? T cell proliferation

mediated by epithelia.

In addition to MHC class I and II antigens, intestinal

epithelia constitutively express the non-classical MHC

molecule CD1d, a transmembrane molecule with a short

cytoplasmic tail expressed as a b2-microglobulin-associ-

ated 48kD glycoprotein and novel b2-microglobulin-

independent 37kD nonglycosylated protein on intestinal

epithelia [88]. Like MHC class I and II, epithelial CD1d is

induced by IFNc [89]. Mouse CD1 and human CD1d have

been shown to present a model glycolipid antigen a-
galactosyl-ceramide (a-GalCer) to a specialized subset of T
cells (NK-T cells) that expresses both the TCR/CD3

complex and CD161 [90]. NK-T cells utilize an invariant

TCR-a chain paired with a limited set of TCR-b chains. In

mice, this invariant TCR is composed of Va14-Ja281
paired predominantly with Vb8.2, while in humans, a

homologous TCR is found that is comprised of Va24-JaQ
paired with Vb1[91]. Cross-linking of the non-classical

MHC molecule CD1d expressed by IECs leads to

protective IL-10 production, which may dampen proin-

flammatory cytokine-mediated barrier disruption [38].

Studies using genetic mouse models have revealed that

IEC-specific deletion of CD1d or IL-10 results in NKT cell

mediated colitis [92]. NK-T cells appear to play an

important role in regulating immune responses through

their rapid production of large amounts of IL-4 and IFNc
upon stimulation. In support of this, they have been implied

to be critical for tumor surveillance and the control of viral

infections and certain autoimmune disorders [90].

F. Neutrophil trafficking and epithelial cytokine regu-

lation Neutrophil (polymorphonuclear leukocyte, PMN)

accumulation on the luminal side of intestinal epithelia,

termed the crypt abscess, is one of the pathological hall-

marks of inflammatory intestinal disease [93]. PMN

migration into and across intestinal epithelia is a result of

an orchestrated series of steps and the interplay of

numerous cell types. In the late 1960s, it was observed that

mice colonized with pathogenic bacterial strains resulted in

the large scale accumulation of PMN at the epithelial

surface [94]. Such morphologic observations lead to a

burgeoning area of research into defining mechanism(s) of

bacterial–epithelial–PMN interactions. A few highlighted

studies provide important insight into basic mechanisms of

inflammation. First, it is clear that pathogenic bacteria have

evolved complex mechanisms to utilize host machinery to

successfully invade and colonize the epithelium. The

interaction of Shigella species with epithelial cells, for

example, includes interactions of bacteria with the epithe-

lial cell surface and release of Ipa proteins through a

specialized type III secretion system. A complex signaling

process involving activation of small GTPases of the Rho

family and c-src results in dramatic rearrangements of the
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subcortical cytoskeleton. Actin-mediated motility promotes

efficient colonization of the host cell cytoplasm and rapid

cell-to-cell dissemination through protrusions that are

engulfed by adjacent cells in a cadherin-dependent process

[95]. Second, successful bacterial invasion transforms

infected cells into strongly proinflammatory cells, not the

least of which includes the liberation of numerous factors

for recruitment of large numbers of PMN to the epithelial

surface. These factors include chemokines, cytokines, cell

adhesion molecules and lipid mediators [1]. Intracellular

invasion of IECs by pathogenic bacteria in vitro has been

demonstrated to elicit a strong leukocyte independent

inflammatory cytokine response, typically involving

expression of IL-8, MCP-1, TNFa, and GM-CSF [96].

Additionally, polarized IECs express receptors for TNFa
and IL-1b on the basolateral surface and several types of

mucosal immune cells elaborate these pro-inflammatory

cytokines in the setting of infection which induce chemo-

kine production by IECs [97]. Third, some pathogenic

bacterial strains have developed mechanisms to defend

against host inflammatory elements. For example, studies

in the oral cavity have indicated that active bacterial

infection (e.g. P. gingivalis) may ‘‘paralyze’’ chemokine

generation and subvert a number of PMN functions [98].

The molecular details of PMN–epithelial interactions

have evolved. It is now appreciated that adhesion-based

interactions, involving specific cell adhesion epitopes, are

the primary means by which PMNs interact with epithelial

cells [93]. For example, initial adhesion events between

PMN and epithelia are dependent on PMN b2 integrins

[99]. These integrins, like others, are heterodimeric gly-

coproteins that exist in four forms on the PMN. Each

displays a unique a-subunit (CD11a, b, c, or d) and an

identical b-subunit (CD18) [100]. The epithelial counter-

receptor for PMN b2 integrins remains elusive, and func-

tional mapping studies of this b2 integrin-dependent

pathway has suggested that the profile of inhibition is

distinct from that of other known ligands of CD11b/CD18

[93]. Such data suggest novel pathways for PMN traffick-

ing across the epithelium, and discovery of such pathways

provides a potential therapeutic target.

Unlike endothelial cells, a number of studies have

demonstrated that intercellular adhesion molecule-1

(ICAM-1) is not an epithelial ligand during transmigration.

Rather in some conditions, ICAM-1 may function as an

apical anchor for PMN. Original studies using either

enteric bacterial strains or IFNc as activating stimuli

resulted in induction of ICAM-1 exclusively to the apical

membrane domain [101, 102] (see Fig. 1). These studies

were verified in tissue sections from IBD patients

[101, 102]. Studies directed at defining the influence of

cytokines on PMN transepithelial migration revealed that

IFNc significantly modulates PMN transmigration, and

does so in a polarized manner [103]. In contrast to apical-

to-basolateral directed migration (i.e., non-physiologic),

both IFNc and IL-4 markedly downregulated transepithe-

lial migration of PMN in the physiologic direction

[57, 103]. This cytokine influence on transmigration was

not secondary to IFNc influences on epithelial tight junc-

tion permeability. Moreover, this downregulation of PMN

migration in the physiologic direction, however, was not

due to failure of PMN to move across filters and into

monolayers. Indeed, IFNc exposure to epithelia increased

the number of PMN which had moved into the basolateral

space of the epithelium in naturally directed transmigra-

tion. Specifically, it appeared that in naturally directed

migration, IFNc may enhance the retention time of the

recruited PMN in the paracellular space below tight junc-

tions, and did so, at least in part, by inducing a basolateral

ligand on the membrane of intestinal epithelia. Later

studies identified a functionally inhibitory monoclonal

antibody (mAb) which blocks PMN transmigration, but not

PMN adhesion, to epithelia [104]. Subsequent experiments

revealed that the antigen recognized by this mAb is CD47

(also termed integrin-associated protein), a previously

cloned protein with homology to the immunoglobulin

supergene family and with multiple ligands and a number

of demonstrated leukocyte functions [105]. As predicted by

the above-described experiments, epithelial CD47 surface

expression was induced by IFNc [104]. Thus, CD47 is

critically important for successful mucosal inflammation

provides a potential therapeutic target.

While exposure to commensal bacteria has been

demonstrated to inhibit epithelial inflammatory cytokine

expression, including the chemokine CCL20, [77–79] TLR

stimulation and pathogenic bacterial exposure has been

demonstrated to promote recruitment of B cells, dendritic

cells and T cells through IEC expression of the chemokine

CCL20 [74–76]. However, the particular environment at

the time of IEC stimulation likely also dictates the cytokine

response. In certain settings, a complex intercellular sig-

naling network may be involved in regulation of epithelial

cytokine responses, such as in the setting of acute inflam-

mation. There is evidence that even commensal bacterial

stimulation can lead to proinflammatory cytokine expres-

sion from IECs when there are leukocytes in close

proximity which may reflect the need to clear even com-

mensal bacteria when the epithelial barrier has been

disrupted in the setting of acute colitis [67].

Conclusions

Epithelial cells are anatomically positioned to serve as a

first line of communication between the immune system

and the external environment. In this regard, epithelial cells
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are now appreciated to be a central component of innate

immunity. Significant interest in epithelial cells as both a

source and a responder to cytokines has revealed that

epithelial phenotypes are plastic and moldable, depending

on the particular demand of the tissue. Significant evidence

is provided that epithelial cells contribute fundamentally to

inflammatory resolution and that the dynamic interplay

between pathogens and host epithelial cells may best

exemplify the prominent role of epithelial cells in orches-

tration of inflammation.
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