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Abstract. The microbiota, epithelial cells, and mucosal immune cells in the intestine com-
prise an important gastrointestinal coalition. The intestinal microbiota can exert both
beneficial as well as deleterious effects on their animal hosts. They interact with the innate
defenses provided by epithelial cells through microbial recognition receptors. This com-
munication, under normal conditions, results in a state of controlled inflammation. This
article will focus on several animal models of intestinal inflammation, in which spontaneous
or induced mutations or other genetic manipulations result in severe alterations in one of the
members of the gastrointestinal coalition. These animal models of colitis have shown that
alterations in communication between members of this coalition ultimately lead to gas-
trointestinal disease.

Introduction

The adult gastrointestinal (GI) tract comprises a stable coalition between the resident
microbiota, the epithelial barrier, and immune cells (Fig. 1). All three components are es-
sential for functional and developmental maturity of the GI system. The mammalian GI tract
harbors a dense and diverse community of bacteria, containing up to 1014 CFU of bacteria,
some ten times the number of host cells [1]. The majority of these microorganisms cannot be
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conventionally cultured and are only identifiable by molecular methods [2, 3]. The resident
microbiota have been described as a virtual organ with a metabolic activity in excess of the
liver and a collective genome (microbiome) much larger than its host [4]. The host is
protected from the resident intestinal microbiota by the physical and functional barriers
formed by the GI epithelium [5, 6]. These barriers are reinforced by the innate and adaptive
mucosal immune system. If any component of the coalition is missing, or genetically or
environmentally altered, the precarious coalition is broken and intestinal inflammation
ensues.

It is apparent that bacteria exert beneficial as well as deleterious effects on their animal
hosts. Recent studies on germfree mice and zebrafish have shown that the intestinal mi-
crobiota modulate a wide range of gastrointestinal functions, such as nutrient processing and
absorption, maturation of the intestine, and stimulation of the mucosal immune system [7, 8].
The physical barrier is initially established in humans within 48 h of birth through membrane
closure, which limits systemic exposure to antigens [9]. Luminal IgA also helps to protect

Fig. 1Microbiota–epithelial–immune coalition. Enteric bacteria and their products can act on epithelial cells to
alter epithelial gene expression and function. The epithelial cells in turn interact with immune cells within the
epithelial layer and in the lamina propria. These epithelial and immune cells can influence the microbiota
through the production of cytokines and immunoglobulins such as IgA. The mucosal immune response to the
enteric bacteria is comprised of both regulatory Tcells (Tr) and effector Tcells (Te). In health, the Tr population
is dominant, and thus the intestine is in a state of controlled inflammation. Abnormal epithelial function,
abnormal innate immune cell function, deficient Tr function, or excessive Te function can all result in chronic
intestinal inflammation
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against mucosal penetration by commensals [10]. Innate defenses produced by intestinal
epithelial cells include mucins and a variety of antimicrobial compounds, such as lysozyme
and defensins. These molecules directly inhibit bacterial growth and protect the epithelium
by preventing microbial adhesion and by forming a layer of antimicrobial peptides and se-
cretory antibody close to the epithelial surface [11, 12]. Additionally, epithelial cells secrete
several cytokines, including interleukin-1α (IL-1α), IL-1β, IL-6, IL-8, IL-10, monocyte
chemoattractant protein-1 (MCP-1), granulocyte-macrophage colony-stimulating factor (GM-
CSF), tumor necrosis factor-α (TNF-α), and transforming growth factor-β (TGF-β) [13].
Epithelial cells are also able to sense the intestinal microbiota due to their expression of several
microbial sensors including toll-like receptor (TLR)2, TLR4, TLR5, and TLR9 [14, 15].

Although epithelial cells and innate immune cells have microbial recognition receptors
and can respond vigorously to invasive bacteria, they exhibit little or no response to the
abundant intestinal microbiota. This is despite the commensals expressing many of the same
TLR ligands expressed by pathogenic bacteria. The cellular and molecular mechanisms
responsible for this limited, noninflammatory host immune response to the microbiota are
being identified by use of new genetic technologies to mutate or insert genes into mice. This
technology has been used to generate large numbers of “knockout” and transgenic lines.
Some of these mutants develop colitis as they age, indicating that the gene involved plays an
important role in intestinal homeostasis. Mutations that affect either the epithelium or the
innate or adaptive immune system are most common, supporting the importance of the
microbial–epithelial–immune coalition in mucosal homeostasis. Most of these mutant mouse
strains demonstrate pathogenic Th1 cell responses to the microbiota, which results in colonic
inflammation and tissue damage. In virtually every instance, such colitis does not occur if the
mice are raised under germfree conditions, but colitis returns if such mutant germfree mice
are administered a normal commensal microbiota or given selected microbes. Transfer of
colitogenic memory T cells from a conventional mouse into a germfree mouse does not result
in colitis unless the germfree mouse is colonized with commensal bacteria [16].

This article will focus on multiple animal models of intestinal inflammation that have
predominant alterations in one of the members of the gastrointestinal coalition: the intestinal
microbiota, the epithelial cells, or the mucosal immune cells. These alterations in com-
munication between members of this coalition ultimately lead to gastrointestinal disease.

Microbes

One of the barriers to investigation of the interaction of the host with the microbiota is
the latter’s sheer complexity, comprising an estimated 500–2,000 species. The aggregate
number of genes associated with the microbiota, the “microbiome,” has been estimated at
2–4 million genes [4]. These estimates are based on newer molecular methods that can
identify microbes without requiring their cultivation in vitro and on data from sequencing
the entire genome of selected bacteria, including commensals. The most common approach
to identification uses PCR amplification and then sequencing of the 16S ribosomal DNA
that is present in all microbes. This technique was first used to identify microbes in soil and
in the sea but is being applied also to analysis of the intestinal microbiota. The same types
of bacteria are represented in the microbiota of both humans and mice. In both species, most
of the bacteria are anaerobes and are numerically dominated by Clostridia spp., particularly
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Clostridia cocciodes group, and Bacteroides spp. [3, 17]. These bacteria almost certainly
interact with one another in complex ways and form biofilms within the gut as do microbes
in the mouth. Some reside in the lumen, others in mucus blanket over the epithelium, and
yet others like Helicobacter spp. down in the crypts below the mucus layer [18]. Some
species, such as segmented filamentous bacteria, are clearly more immunostimulatory than
others, but the factors that determine this property are as yet unknown [19, 20]. The com-
position of the flora appears to change during active colitis, becoming less complex, with a
smaller number of microbes becoming numerically dominant. Using fluorescent in situ
hybridization (FISH) with 16S rDNA oligonucleotide probes, a complex microbial biofilm
has been detected on the surface of the intestinal mucosa in patients with Crohn’s disease,
although biofilms are not seen in normal control intestine [97]. The biofilm occurred in areas
where there was no underlying mucosal inflammation, and the role of this biofilm in stim-
ulating pathogenic immune responses is unknown. There is a belief that microbes that re-
side closer to the mucosa are more likely to stimulate immune responses than are microbes
that inhabit the lumen, but there are no data to support this notion at present. Clearly, bac-
teria that reside only in the lumen can have profound effects on the intestine [8]. It is fair to
say that our ignorance about the microbial flora vastly exceeds our knowledge of it.

Interactions between the microbiota and the host are lifelong. The cellular and molecular
basis of these interactions are being defined by experimental models in which there is some
impairment of the host, usually by induced mutations of critical genes. Many microbes sit
close to the epithelium and communicate with it. For example, some commensals can prevent
inflammation by altering the NF-κB signaling pathway in epithelial cells [21]. Intestinal
microbes likely translocate across the epithelial barrier at a continuous, but low, rate and
interact with cells of the innate immune system. Several studies have shown uptake of bac-
teria by mouse dendritic cells (DC) in the lamina propria and Peyer’s patches, a process that
can result in activation of the IL-23 gene in DCs [10, 22, 23]. The innate immune system
is capable of dealing with such translocating bacteria as demonstrated by the ability of
RAG−/− mice, which lack adaptive immunity, to interact with the intestinal microbiota with-
out overt inflammation. However, in mice with intact immune systems, commensal bacteria
are coated with IgA, which represents another important focus of interaction of the host with
the microbiota [24]. Intestinal IgA can alter the composition of the microbiota and can limit
their translocation [25]. The IgA response to the microbiota in normal mice occurs in the
absence of serum IgG responses and appears to be restricted to the mucosal compartment.
This might be explained by the ability of bacteria-loaded mucosal DCs to interact directly
with B cells to induce IgA responses independent of T cell help [10]. Thus the “normal”
murine immune response to the microbiota is comprised of mucosal innate cell and IgA
responses in the absence of systemic T cell or B cell responses.

Clearly, there is a great deal of cross-talk between the microbiota, epithelial cells, and
immune cells: an ongoing “conversation” if you will. As will be discussed below, ab-
normalities of the latter two can disrupt this normal communication and result in in-
flammatory bowel disease. An important but unanswered question is whether an abnormal
commensal microbiota, or “dysbiosis” of the microbiota, can induce inflammation in the
absence of defects in either host epithelial or immune cells.
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Epithelial cells

A thin layer of epithelial cells covers the mucosal surface of the digestive system, which is in
continuous contact with the enormous populations of intestinal microbiota. One major role of
this gastrointestinal epithelium is barrier function, which includes both selective intestinal
permeability and regulation of host defense mechanisms at the mucosal interface. A change
in epithelial barrier permeability clearly allows for an increased exposure to microbial prod-
ucts, as has been demonstrated in both the murine IL-10−/− model of T regulatory cell (Tr)
dysfunction and in mice with an epithelial abnormality secondary to the forced expression of
a dominant negative N-cadherin (NCADΔ) (Table 1) [26, 27]. Expression of NCADΔ along
the entire crypt–villus axis causes a loss of endogenous E-cadherin on the cell surface and a
disruption of cell–cell and cell-matrix adhesion. This loss produces an inflammatory disease
characterized by a transmural infiltration of lymphocytes, histiocytes, and plasma cells. This
transmural colitis develops only in areas adjacent to the chimeric epithelium which possesses
defective barrier function due to lack of E-cadherin function, implying that the physical
breakdown of the epithelial barrier is the primary mechanism for induction of IBD. Ad-
ditional features of colitis in NCADΔ mice include increased intraepithelial lymphocytes
(IELs), crypt abscesses characterized by neutrophil infiltrates, depletion of goblet cells,
perturbed crypt–villus architecture, Paneth cell hyperplasia, and aphthoid ulcers. These
features are similar to the histopathologic features of Crohn’s disease. Intriguingly, disease
does not develop when the dominant negative N-cadherin is expressed in the villus epi-
thelium alone [27].

Two alternative models of epithelial disruption due to loss of the expression of epithelial
barrier proteins have also been described. The first is a model of colorectal hyperplasia and
inflammation that develops after the targeted disruption of the keratin 8 gene (mK8−/−) [28].
Keratin 8 is a type II keratin which forms extended keratin filaments in simple epithelia. Villi
in mK8−/− mice are elongated; however, no epithelial abnormalities are noted, as normal
epithelial maturation is seen and production of mucin-producing goblet cells is maintained.
The only intestinal abnormality associated with villi elongation is the presence of submucosal

Table 1 Selected animal models of intestinal inflammation

Model Defective coalition
member

Bacterial flora
driven

Strains examined; strain variation;
genetic modifiers

Reference

C3H/HeJBir Adaptive: effector Yes C3H/HeJ [94]
SAMP/Yit Adaptive: effector Yes SAMP1/Yit [91]
STAT-4 Tg Adaptive: effector Probable FVB/N [90]
CD4+, CD45RBhi

transfer
Adaptive: regulation Yes BALB>B6 [74]

IL-10−/− Epithelial and adaptive:
regulation

Yes C3H, BALB, 129>(129×B6)F1>B6 [86]

NCADΔ Epithelial Probable C57BL/6 [27]
mK8−/− Epithelial Unknown FVB/N [28]
ITF−/− Epithelial Unknown Undefined [29]
Mdr1a−/− Epithelial Yes FVB/N [36]
DSS Epithelial: chemical Yes Multiple [44]
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and mucosal inflammation; however, a coagulative liver necrosis and pericholangial fibrosis
were also observed. A second model of impaired epithelial defense has been generated by the
disruption of the gene encoding intestinal trefoil factor (ITF−/−) [29]. ITF−/− mice exhibit
normal mucosal architecture but have an expanded proliferative compartment. There is no
increase in intestinal inflammation at baseline, but ITF−/− mice are extremely sensitive to
intestinal injury: ITF−/− mice exhibit impaired mucosal healing and extensive colitis and high
mortality after oral administration of dextran sulfate sodium (DSS).

Although microbial products are largely prevented from gaining access to host tissues by
the epithelial barrier, antigens do routinely enter by one of two pathways. In the first and
better characterized scenario, the M cell, a specialized epithelial cell type, transports mi-
crobial products to an underlying aggregation of lymphoid cells within Peyer’s patches,
where antigen presentation and affinity maturation occur [30, 31]. The second route of entry
involves transport via a transcellular epithelial pathway or less commonly via a paracellular
route [32]. Microbial products entering by this route may gain access to basolateral epithelial
microbial sensors, and may be taken up by antigen presenting cells in the lamina propria and
presented to lamina propria T cells [31]. The physical epithelial barrier for transcellular and
paracellular fluxes is tightly controlled by membrane pumps and tight junctions, respectively
[33, 34]. One membrane pump that is found in very high levels in human and murine distal
small intestine and colon is P-glycoprotein, the product of the multidrug-resistance gene 1a
(mdr1a) [35]. One function of P-glycoprotein is to limit intestinal transcellular permeability
of xenobiotics. Dysregulated expression of P-glycoprotein results in intestinal inflammation
because P-glycoprotein-deficient mice (mdr1a−/−) develop spontaneous transmural colitis
when maintained under specific pathogen-free conditions [36]. The inflammation is char-
acterized by a thickening of the mucosa, crypt abscesses, and ulcerations extending to the
muscular layer. The inflammation is composed of infiltrating T cells, B cells, and gran-
ulocytes. This inflammation has been described as resembling human ulcerative colitis [36].
Colitic mdr1a−/− mice also have elevated serum anti-flagellin responses and Th1 T cell
responses to flagellin, and the colitis can be attenuated by the administration of antibiotics
and accelerated by infection with Helicobacter bilis, illustrating the dependence on micro-
bial factors in this murine model of IBD [37, 38]. Extensive studies of the function of
P-glycoprotein as a drug transporter in the human intestine have shown that the apical
surfaces of superficial columnar epithelial cells in the colon and distal small bowel express
P-glycoprotein, which can pump drugs such as corticosteroids and cyclosporin [39]. Further
interest in intestinal P-glycoprotein was raised when it was shown that human MDR1 is
present in a region of the human genome (7q21.1) that harbors an IBD disease susceptibility
gene and that functional polymorphisms of human MDR1 correlate with P-glycoprotein
expression and activity [40]. A polymorphism recently discovered in human volunteers
(C3435T) causes a significant decrease in the expression and function of P-glycoprotein, and
humans bearing the C3435T polymorphism are at increased risk for developing ulcerative
colitis [40, 41].

Disruption of epithelial barrier function can contribute to intestinal inflammation [42].
Barrier function includes both epithelial integrity, as well as secretion of immune modula-
tors by intestinal epithelial cells. Disruption of the permeability barrier is common in IBD
models that utilize physical agents such as DSS or trinitrobenzenesulphonic acid (TNBS),
and colitis associated with IL-2 deficiency has also been shown to have abnormal epithe-
lial barrier function [43]. The DSS colitis model is characterized by acute clinical symptoms
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(diarrhea and/or grossly bloody stools) and the presence of erosions and inflammation [44].
These signs and symptoms are preceded by early crypt loss (day 3), which is not accompa-
nied by inflammation, but is accompanied by a decrease in expression and function of
P-glycoprotein and increased mucosal permeability [43, 45]. Therefore, in this model, in-
flammation is a secondary phenomenon. This concept is reinforced by the demonstration
that acute DSS colitis does not require the presence of T cells or B cells [46]. The critical
mediators of acute DSS colitis have not been completely elucidated, but it has been re-
ported that IL-6, -12, -17, -18, TNFα, and the background strain of the mice all play mod-
ulating roles [47–51]. The main proposed mechanism of the action of DSS has been its
toxicity for epithelial cells leading to increased colonic permeability [43].

Changes in the epithelial barrier clearly lead to an increased exposure of the mucosal
immune system to intestinal microbiota, and many studies have now shown the importance
of this microbiota to the initiation of murine inflammatory bowel disease [42]. However, it is
now also clear that these intestinal microbiota can be recognized by the healthy gastro-
intestinal tract, and that this recognition is actually critical for normal steady-state conditions.
Intestinal epithelial cells express several microbial sensors in vivo and in vitro, such as TLR2,
-4, -5, and -9, which may play a role in the epithelial response to intestinal microbiota [14, 15,
52–54]. In the normal intestine, expression of these microbial sensors appears to be restricted
to niches where exposure to microbiota would be limited. TLR4 expression is restricted to
epithelial cells at the bottom of crypts, and TLR5 expression may be limited to the basolateral
surface of intestinal epithelia [14, 55]. In addition, it has been reported that human intestinal
epithelial cells are unresponsive to TLR2 ligands [56]. However, it has recently been reported
that mice deficient in MyD88, an adaptor molecule essential for TLR-mediated signals, were
extremely sensitive to the administration of DSS [57]. This same increased sensitivity to DSS
colitis was also seen if wild-type animals were treated with a combination of antibiotics,
indicating that the intestinal microbiota were actually protecting against colonic injury. The
mechanisms by which intestinal microbiota could play a protective role are not clear; how-
ever, enterocyte function can clearly be modulated by both gram-positive and gram-negative
microorganisms [58].

In the inflamed intestine, the levels and pattern of expression of TLR4 have clearly been
demonstrated to change dramatically, as TLR4 RNA levels are increased and expression is no
longer limited to crypt cells, but extend throughout the crypt–villus axis [14, 53, 59]. The
mechanisms that drive these changes in the expression and response of epithelial microbial
sensors are not clear. The importance of internalized LPS has been recently reported in
intestinal epithelial cells, as prevention of LPS internalization significantly impairs rec-
ognition by epithelial cells and TLR4 clearly traffics to cytoplasmic compartments in po-
larized intestinal epithelium [54, 55]. In addition, the recent identification of epithelial
NOD2, an intracellular protein that recognizes muramyl dipeptide, further implicates in-
tracellular recognition of microbial products by sensors in epithelial cells as critical in IBD
[60–64]. Therefore, the epithelial cell appears to play a role of interpreter in the gastro-
intestinal tract’s coalition, listening to the signals from the microbiota and turning them into
mediators that the mucosal immune system can understand.
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Immune cells

Innate immunity

As mentioned previously, innate immune cells of the intestine play a major role in host
interactions with the microbiota, particularly with those that translocate across the epi-
thelium. The first encounter of such bacteria is likely to be with resident macrophages, which
are abundant in the intestinal lamina propria. A recent important study of human intestinal
macrophages has discovered that they are intensely phagocytic and bacteriocidal, but do not
produce or release cytokines, nor do they express many cell-surface receptors and co-
stimulatory molecules that would lead to immunity or inflammation [65]. This phenotype has
been termed “inflammatory anergy.” Intestinal macrophages eat and destroy translocating
bacteria in silence without issuing alarm or danger signals to the rest of the immune system in
the form of inflammatory cytokines or chemokines. Interestingly, exposure of blood mono-
cytes to the intestinal stroma can convert them to the intestinal macrophage phenotype, an
effect blocked by antibody to TGFβ [65]. The benefits of inflammatory anergy in regard to
translocating commensal bacteria are obvious. The macrophages could also deal with small
inocula of invasive pathogens, although in this case, the epithelium would likely be sounding
the alarm by releasing chemokines and cytokines. Dendritic cells are also present in the
intestine, although at lower numbers. Whether intestinal dendritic cells have some form of
inflammatory anergy is, at present, unknown. However, dendritic cells in the intestine or
draining lymph nodes are likely to play a pivotal role in determining whether a given
microbe, commensal or otherwise, results in a benign immune response or in inflammation.
Mesenteric lymph node dendritic cells bearing the CD134L marker have been shown to be
required to sustain pathogenic CD4+ T cells that mediate chronic intestinal inflammation
[66]. Thus, DCs are important not only in initiating inflammation, but also in maintaining it.

Severe impairment of innate immune function can result in intestinal inflammation, even
in the absence of adaptive immunity. This has been shown in mice with deficient myeloid cell
STAT3 expression and in mice that are deficient in the molecule A20, which provides
important feedback signals to toll-like receptors [67–70]. In both instances, RAG−/− mice
bearing mutations in these genes have intestinal inflammation in the absence of B cells or T
cells. There are likely subtle defects in innate immunity in many other models. For example,
in IL-10−/− mice, dendritic cells exhibit an excessive IL-12 response to TLR4 signaling [71].
We have previously shown that there are genetic modifiers in different inbred strains that can
greatly affect the phenotype exhibited by IL-10−/−mice [72]. One of those modifiers, a colitis
susceptibility gene locus on chromosome 3 (termed Cdcs1), has recently been found to
regulate the innate immune response to TLR ligands, as well as the CD4+ T cell response to
microbial antigens [73]. How exactly an impaired innate immune response to microbes
translates into inflammatory bowel disease is as yet unknown, but deficiency in innate
immune function has been found in autoimmune diseases as well. The CARD15 mutation
conferring susceptibility to Crohn’s disease in humans may be yet another instance of de-
ficient innate responses resulting in chronic intestinal inflammation.
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Adaptive immunity: regulation

As mentioned above, local mucosal regulatory mechanisms limit the immune response to
antigens of the bacterial flora. Impairment of these mechanisms results in an unrestrained
effector response to intestinal bacteria and chronic intestinal inflammation. Multiple cells
contribute, but CD4+ T regulatory cells appear to play the predominant role in mucosal
regulation. The induced mutations that result in IBD in mice are defining the critical, non-
redundant pathways of mucosal immune regulation.

Subacute combined immunodeficient (SCID) mice have intact innate immunity but lack
B cells and T cells. The adoptive transfer of normal CD4+, CD45RBhi T cells into SCID mice
results in colitis and wasting, whereas transfer of the reciprocal CD4+, CD45RBlo does not
(Table 1) [74]. Disease can be prevented by treatment with anti-IFNγ, anti-TNFα, or murine
IL-10 but not by administration of IL-4, consistent with the colitis being mediated by Th1
effector cells [75]. One of the most important aspects of the CD45RB transfer model is that
colitis is abrogated by co-transfer of the CD4+, CD45RBlo T cell subset or of whole CD4+ T
cells along with the colitogenic CD4+ CD45RBhi T cell subset. Prevention of colitis by this
subset can be abrogated by administration of either anti-TGFβ or anti-IL10R [76, 77]. These
results are consistent with the presence in the CD4+, CD45RBlo subset of regulatory
population(s) producing IL-10 and TGFβ1. Some data suggest that this regulatory popu-
lation may be derived from the CD4+, CD25+ “natural Treg” subset. Transfer of natural Tregs
can prevent and treat colitis in this model [78]. Exogenously generated Tr1 cells produc-
ing high levels of IL-10 are also capable of inhibiting the induction of colitis in this model
in vivo [79].

After transfer to SCID mice, both CD4+, CD45RBhi and CD4+, CD45RBlo T subsets
traffic to the intestine and populate both lamina propria and intraepithelial compartments
[80]. The cell surface markers that they express are typical of mucosal lymphocytes, namely,
αEβ7

hi, CD69hi, L-selectinlo, and CD45RBlo. Inhibition of cell migration to the intestine with
anti-β7 integrin or anti-MAdCAM-1 attenuates disease [81]. IL-12 is required for disease
initiation and possibly perpetuation; antibody blockade of CD40L, which is required for
sustained IL-12 production, prevents colitis and ameliorates established disease [82]. When
colitogenic CD4+, CD45RBhi T cells are transferred to SCID recipients with a reduced flora,
or to recipients that are treated with antibiotics, the colitis is attenuated [80, 83]. These results
indicate that the bacterial flora is driving the colitis. Indeed, the transferred T cells dem-
onstrate reactivity to antigens of the bacterial flora and become oligoclonal [84, 85]. This
model illustrates two important concepts, namely, that normal T cells can cause intestinal
inflammation and, secondly, that these effector cells are prevented in normal mice from doing
so by the presence of regulatory cells.

IL-10 deficient mice (IL-10−/−) develop normally; however, with age, the animals develop
anemia, growth retardation, and chronic IBD [86]. The lamina propria and submucosa of
affected areas is infiltrated with T cells, macrophages, neutrophils, B cells, plasma cells, and
occasional multinucleated giant cells. There is an increased and aberrant expression of MHC
class II on the epithelium of both small intestine and colon. Germfree IL-10−/− mice do not
develop IBD unless they are reconstituted with a bacterial flora [87]. Anti-IFN-γ given to
young IL-10-/- mice attenuates their colitis, as does the administration of IL-10 or anti-IL-
12p40 [88, 89]. Anti-IL-12p40 can also treat established disease in adult IL-10−/− mice [89].
These data are consistent with the pathogenic mechanism being an enhanced Th1 response
in the mucosa due to a lack of inhibition by IL-10. This leads to macrophage activation and
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overproduction of inflammatory cytokines such as IL-1, IL-6, and TNF-α, all of which have
been demonstrated in the lesions.

Adaptive immunity: effector cells

Normal mucosal homeostasis is maintained by a balance between regulatory and effector
cells; thus, disease also could result from excessive effector cell function that overcomes
normal regulatory mechanisms. Indeed, there are several models where this appears to be the
case. The clearest example of IBD due to excessive effector cell function is the STAT-4
transgenic mouse (STAT-4 tg) [90]. STAT-4 is phosphorylated (along with STAT-3) fol-
lowing IL-12 binding to its receptor on the surface of CD4+ T cells. The phosphorylated
STAT-3/STAT-4 complex translocates to the nucleus of the cell, activating the expression of
genes such as IFNγ. If T cells overexpress STAT-4, they should be more sensitive to IL-12
signaling and should have enhanced Th1 responses. To test this idea, FVB mice transgenic
for STAT-4 under control of the CMV promotor were generated. STAT-4 mRNA was not
increased in cells from unperturbed transgenic mice nor did such mice develop IBD.
However, when the mice were immunized with DNP-KLH in CFA, transgene expression was
increased in both spleen and colon, and the transgenic mice developed an unremitting colitis
manifested by diarrhea, weight loss, and severe transmural inflammation with dense
infiltrates of CD4+ T cells expressing nuclear STAT-4 and producing IFNγ and TNFα. CD4+

T cells isolated from colitic STAT-4 transgenic mice proliferated and produced large amounts
of IFNγ when stimulated with lysates of intestinal bacteria and were able to transfer colitis to
SCID mice. Transfer of similarly treated wild-type, nontransgenic CD4+ T cells did not cause
disease. STAT-4 transgenic mice should have a normal regulatory cell activity; thus, this
model is the clearest example of excessive effector cell activity overwhelming endogenous
regulatory mechanisms to cause disease.

Two spontaneous models of colitis have been described which have been informative.
These may be due to a breakdown in communication of the coalition, but the exact mech-
anisms are as yet undefined. The first is the SAMP1/Yit model, which develops ileitis
spontaneously at about 20 weeks of age with transmural involvement, granulomas, al-
terations in epithelial morphology, and in some instances perirectal fistulas [91]. The role of
intestinal flora in this model has been demonstrated, as antibiotic treatment results in an
inhibition of Th1 cytokine production [92]. The cytokines TNFα and IL-12 also appear to be
involved [93]. The C3H/HeJBir strain develops colitis which is localized to the cecum and
right colon of young mice [94]. This colitis is usually mild and resolves by 10–12 weeks of
age. These mice exhibit an increased production of secretory IgA and have increased B cell
and T cell responses to commensal bacterial antigens [95]. Adoptive transfer of bacterial
antigen-activated CD4+ T cells from C3H/HeJBir mice into histocompatible C3H/HeSnJ
SCID recipients induces a focal colitis similar to that observed spontaneously [96]. Com-
mensal bacterial flagellins have been recently identified as immunodominant antigens
driving the pathogenic response [38]. Interestingly, about half of patients with Crohn’s
disease respond to these same flagellins. Further identification of the antigens and mech-
anisms that drive the pathogenic T cell responses to the microbiota should lead to a better
understanding of approaches to treat patients with intestinal inflammation.
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Conclusions

The normal intestine is in a state of controlled inflammation. All three components of the GI
coalition—the intestinal microbiota, the intestinal epithelium, and the immune system—are
critical in this control. The epithelium forms both a physical and a functional barrier to
protect the host from the resident intestinal microbiota. However, the presence of this
microbiota is also critical for normal immune homeostasis to occur because the microbiota
interacts with both the epithelium and innate cells of the mucosal immune system. This innate
response is reinforced by the mucosal adaptive immune response to intestinal microbiota, a
response that is normally dominated by regulatory T cells. The animal models discussed in
this article reveal that when any member of this coalition is missing or defective, the result is
intestinal inflammation.
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