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Animal models of mucosal inflammation and their relation to
human inflammatory bowel disease
Richard S Blumberg*, Lawrence J Saubermann® and Warren Strober?

Animal models of inflammatory bowel disease (IBD) have been
useful in the identification of those immune responses uniquely
involved in IBD pathogenesis and in defining the important
roles of environmental influences, such as normal luminal
bacterial flora and the genetic composition of the host, in
modifying IBD-associated inflammation. Recent studies have
focused particular attention on CD4+ T cells which produce
excessive quantities either of Th1 cytokines (IFN-y and TNF)
directed by IL-12 or of aTh2 cytokine (IL-4), relative to the
production of suppressive cytokines such as IL-10 and
transforming growth factor 3. Such insights will be extremely
beneficial in the development of novel approaches to the
control of IBD-type inflammation, such as the use of
anticytokine therapies and gene therapy, and, finally, in the
identification of the genetic abnormalities and the antigens
driving the inflammation that underlies the human disease.
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Abbreviations

APC antigen-presenting cell
CD Crohn’s disease

CMV cytomegalovirus

IBD inflammatory bowel disease
IEC intestinal epithelial cell
IFN-y  interferony

LPS lipopolysaccharide

Stat3  signal transducer and activator of transcription 3
TGF-B  transforming growth factor 3

TNBS trinitrobenzene sulphonic acid

TNF tumor necrosis factor

TNFRI  TNF receptor |

uc ulcerative colitis

Introduction

Human inflammatory bowel disease (IBD) is a chronic,
relapsing and remitting inflammatory condition of unknown
origin that afflicts individuals of both sexes throughout life.
The disease is clinically characterized by two overlapping
phenotypes — ulcerative colitis (UC) and Crohn’s disease
(CD) — which predominantly affect the colon (UC and CD)
and/or the distal small intestine (CD) in either a superficial
(UC) or transmural (CD) manner. Clinical and laboratory
studies in humans with IBD have long suggested that genet-
ic and environmental factors play an inter-related role in the

pathogenesis of these disorders. These studies complement
the more recent immunologic studies of the disease that
have focused attention on the possibility that IBD is due to
a dysregulated mucosal immune response to one or more
unknown antigens present in the normal, indigenous bacter-
ial flora. These lines of research meet in the hypothesis that
IBD is due to a dysregulated response that has its origin in
genetic factors that are activated by a variety of environmen-
tal factors, including those that affect the nature of the
bacterial flora itself [1].

A major advance in the study of IBD and one that provides
strong support for the above concept has been the discov-
ery and subsequent analysis of a number of models of
mucosal inflammation that resemble IBD [2—4]. As shown
in Table 1, these models fall into four main categories and
each provides unique opportunities to discover insights
into the nature of the pathogenesis of IBD.

One major category consists of experimental colitides in
which the mucosal inflammation develops spontaneously.
T'hese models offer the best possibility of defining genet-
ic factors that lead to mucosal inflammation; the factors
leading to inflammation can be studied in animals (e.g.
mice) with relatively defined genetic backgrounds.

Another main category involves mucosal inflammation
occurring in otherwise normal animals that are exposed to
an exogenous agent, usually an agent that induces an
immune response. This category affords the ability to
relate particular kinds of immune responses to particular
histopathologic reactions and to delineate the relation of
immunopathogenesis to treatment.

A third category of experimental models embraces those
with particular genetic disturbances produced by either
gene targeting or the introduction of a transgene. These
can be subgrouped into those in which a particular
cytokine or cytokine receptor is involved, those in which
the TCR and/or or the antigen-presenting complex is
involved or those in which the intestinal epithelial cell
(IEQC) layer is targeted in various ways. The major advan-
tage of these models is that they allow one to identify how
and why particular immunologic defects lead to mucosal
inflammation and how contributions of epithelial cell func-
tion and/or barrier activity lead to bowel inflammation.

A fourth and historically important category of experimen-
tal inflammation (it was in fact the first experimental
inflammation to be fully analyzed with modern immuno-
logic tools) comprises ‘transfer models’ in which
inflammation is induced by transferring particular cell pop-
ulations into a ‘neutral’ host lacking lymphoid tissue, for



Table 1
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Animal models of IBD.

Spontaneous

Induced

Administration of
exogenous agents

Gene targeting:
knockout or transgenic

Transfer of cells into
immunodeficient animals

Cotton top Tamarin
C3H-HelBir mouse
SAMP1/Yit mouse

Enema

TNBS

Oxazolone

Acetic acid
Immune-complex-formalin

Oral

Indomethacin
Carageenan

Dextran sodium sulfate

Subcutaneous
Cyclosporin A

Intracolonic

Peptidoglycan polysaccharide

Cytokine function
IL-2-/-

IL-2Ra~/-

IL-10-/-

TGF-B/-
TNFAARE
IL-7-transgenic
CRFB4-/-
Stat4-transgenic

T cell function

Gai2-/-

TCRa~/~

TCRB/~

MHC class II-/=
HLA-B27-transgenic rat

CD4+ CD45RBbNi into scid or Rag™~ mice
Bone marrow into Tge26 mice

IEC barrier function

*Trefoil factor—/-

N-cadherin dominant negative
mdria=’-

*Requires environmental stress such as concomitant dextran sulfate sodium. IL-2R, IL-2 receptor.

example scid or Rag== animals. This category is in a sense
similar to the one involving gene targeting in that it allows
dissection of the abnormal responses leading to bowel
inflammation; however, in transfer models, the focus is
more on cell populations responsible rather than molecules.

Although the above categories of mucosal inflammation make
a distinction between spontaneous and induced models, this
distinction is more apparent than real. Thus, in many of the
‘spontancous’ or induced models, hidden (subtle) environ-
mental and/or genetic factors must be present for
inflammation to occur. This is illustrated by the fact that in
some of the induced models, one sees evidence of an under-
lying genetic defect. Moreover, in some of the gene-targeted
models, an appropriate environmental stimulus must be pre-
sent (such as a particular type of bowel flora). These facts
emphasize once again the inter-relation between the immune
system and the genetic and environmental influences that
operate in the development of experimental mucosal inflam-
mation and, by extension, in human IBD. In the present
review, we will summarize the major insights provided by
recent studies of models of mucosal inflammation.

Functionally important cell types in
experimental mucosal inflammation

T cells and B cells

The CD4+ T cell plays a key role in the pathogenesis of
experimental mucosal inflammation. Thus in many of the
models described in Table 1 — including the scid and
CDeTg26 (also known as T'ge26) transfer models, several

of the knockout mice (IL-10--, IL-2-- and TCRa--
models) and finally the induced model of inflammation
associated with TNBS (trinitrobenzene sulphonic acid)
administration — infiltration of lamina propria by CD4+
T cells is a key feature of the immunopathology. More
importantly, direct inhibition of CD4+ T cells by either
CD4 mimetics or anti-CD4 monoclonal antibodies pre-
vents development of disease [5]. By contrast, the CD8+
T cell — although present in the lamina propria infiltrate
of many of the same models — is not an essential ele-
ment since its deletion does not result in amelioration of
inflammation [6]. If B cells have any role in experimental
mucosal inflammation, it is to promote downregulation of
the inflammatory response [7]. Finally, yd T may function
to prevent colitis or hasten its healing by regulating the
IEC barrier function through the production of factors
such as keratinocyte growth factor [8].

Although (as noted above) CD4+ T cells are responsible
for the initiation of colitis, they also play a role as counter-
regulatory T" cells that limit or abrogate mucosal
inflammation. In the initial description of the scid transfer
model, for instance, the autoaggressive cells were shown to
be contained in the CD4+ CD45RBM (naive) T cell subset
whereas inhibitory or counter-regulatory cells were found
to be present in the CD4+ CD45RB!° (memory) T cell sub-
set [2]. Thus whereas transfer of CD45RBhi T cells
resulted in colitis, co-transfer of CD45RBhi and CD45RBlo
cells resulted in no colitis. More recently, this simple
dichotomy has been refined in studies that show that the
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CD45RB!° T cell subset contains cells capable of causing
progressive colitis; however, in this case the colitis exhibits
delayed kinetics in comparison with that induced by the
CD45RBh T cell subset, indicating that the CD45RBlo
'T" cell subset in reality contains a mixture of autoaggressive
and counter-regulatory cells [9°]. In any case, the nature of
the autoaggressive CD4+ 'T" cell in this model and indeed
in most models of mucosal inflammation is as an I1.-12-dri-
ven Th1 T cell that produces TNF [10°°,11,12] and IFN-y
[13°,14,15°°,16]. On the other hand, the inhibitory or
counter-regulatory T' cell is a cell producing suppressor
cytokines — either Th3 T cells producing transforming
growth factor B (TGF-B) or so-called Tr1 cells producing
IL-10 and TGF-f [17°°,18,19°°,20,21].

Finally, it should be noted that Th2 T cells can also sub-
serve effector functions in certain models of inflammation.
Thus in the TCRo~~ mice already mentioned, as well as
in an induced model of inflammation in which the contac-
tant oxazolone is administered to SJL/] mice, one sees a
relatively superficial inflammation (resembling UC rather
than CD) that is mediated by IL.-4-producing Th2 T cells
and which is abrogated by inter-crossing with IL-4-- mice
(in TCRa—~- mice) or administration of anti-IL-4 (in oxa-
zolone-induced colitis) [22°,23°°,24°].

Macrophages

In the various experimental models of mucosal inflamma-
tion, as in human IBD, recruitment and enhanced
activation of macrophages is a constant feature of the
immunopathology [25]. This raises the possibility that
functional disturbances of macrophages may be important
in disease pathogenesis. In support of this possibility one
can point to recent findings in mice with myeloid-specific
deficiency of Stat3 (signal transducer and activator of tran-
scription 3) that results from gene targeting; such mice
exhibit an inability to produce several Stat3-dependent
cytokines, most notably I1.-10 — an important downregu-
lating cytokine for macrophages [26°°]. Macrophages from
such mice exhibit the phenotype of IFN-y-primed
macrophages that cannot be inhibited by regulatory
cytokines (such as IL-10). As a result, triggering of
macrophages from these mice by lipopolysaccharide (LLPS)
in vitro results in excessive proinflammatory macrophage
activity characterized by increased 1L.-12, TNEF, IL-6 and
IL-1B secretion; administration of LPS to these mice
results in the occurrence of inflammation. These studies
thus show quite clearly that a primary defect in
macrophage function can result in mucosal inflammation.

IECs

"There are several features of IECs that make them relevant
to the pathogenesis of chronic mucosal immune inflamma-
tion both in mice and humans [27]. One of these is that IECs
form a barrier to the passage of organisms and restrict the pas-
sage of macromolecules into the lamina propria, where the
macromolecules might be taken up by antigen-presenting
cells (APCs) and thus stimulate lymphocytes. The relation of

this barrier function to the occurrence of mucosal inflamma-
tion is shown quite dramatically in two quite different mouse
models of experimental mucosal inflammation. In mice that
express a ‘dominant negative’ N-cadherin gene, N-cadherin
function is defective and thus the integrity of tight junctions
(of which they are a critical part) is compromised [28]. The
result is a UC-like inflammation that closely correlates in
location with epithelial cells expressing the defective gene
function. Similarly, mice with disruption of the multidrug
resistance gene la (mdrla=-), as a result of gene targeting,
manifest IECs and lIymphocytes that cannot pump out
potentially deleterious substances from within the cell. It is
thought that this may lead to premature cell death [29°].
"This defect also leads to a UC-like inflammation most prob-
ably due to defective IEC function (rather than defective
lymphocyte function) irradiated bone-marrow-
chimeras of mutant mice that are repleted with normal
lymphocytes still develop colitis whereas normal mice replet-
ed with mutant #drla~- lymphocytes do not.

since

Non-immune cells

In any discussion of cells potentially involved in the causa-
tion of experimental mucosal inflammation or indeed in
human IBD, it is easy to overlook cell types that at first
glance have little relation to mucosal immune function.
However, the mucosa is a complex environment whose
physiology is regulated by a variety of cell types, not just
lymphoid/myeloid cells or epithelial cells, that could also
be a nexus involved in inflammation. This possibility is
supported by recent studies showing that transgenic mice
that express herpes simplex virus thymidine kinase, under
the control of a glial fibrillary acid protein function, devel-
op colitis when ganciclovir is administered to induce DNA
chain termination [30°°]. Interestingly, the glial cell death
occurs selectively in the jejunal nerves — not in the
colonic nerves or in other nerve tissues. This leads to
reduced intestinal motility of affected jejunal segments
and secondary bacterial overgrowth in these segments.
However this outgrowth does not appear to be the cause of
the colitis, since the colitis is not ameliorated by anti-
microbial agents. In fact the lesion produced resembles
ischemic bowel disease, suggesting that that the colitis has
its origin in vascular dysfunction. Interestingly, ischemia
has been suggested as a pathogenic mechanism in human
CD affecting the small bowel; however, how such ischemia
would lead to inflammation in humans or indeed in mice is
still not understood [1].

Effector mechanisms in models of mucosal
inflammation

IL-12/1FN-y-mediated pathways

It was mentioned above that the major effector cell in
experimental inflammation, the CD4+ 'T" cell, causes dis-
ease through the excessive secretion of either Thl
cytokines (e.g. IFN-y and 'T'NF) or Th2 cytokines (e.g.
IL-4, 1L.-5 and IL.-13). It is of interest that the histopathol-
ogy of the inflammation associated with these different
cytokine production patterns is quite distinct. The
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Th1-cell-induced mucosal inflammatory diseases are gen-
erally transmural inflammations that are more or less
granulomatous in character and contain relatively few
acute inflammatory cells such as neutrophils and
eosinophils. In contrast, Th2-cell-induced discases are
characterized by more superficial inflammations associated
with an acute inflammatory cell exudate and/or the pres-
ence of mucosal edema. This has led to the notion that
experimental inflammations dominated by Thl cytokines
are models of CD whereas those dominated by Th2
cytokines are representative of UC. This concept obtains
support from a recently described mixed model in which
both Th1 and Th2 cytokine overproduction is seen. This
is a TNBS-induced colitis model in which mice that are
given 'T'NBS per rectum are from the BALB/c strain (i.e. a
T'h2-oriented mouse) rather than the SJL/] mouse strain
that is usually employed to obtain TNBS-induced colitis.
In the case of BALLB/c mice both 11.-4 and IFN-y overpro-
duction occurs, with the former predominating over the
latter and the histopathology is more like that seen in UC
than in CD [24°].

The Thl cytokine pathway is initiated by IL-12, a
p40—p35 heterodimer produced by macrophages, B cells
and follicular dendritic cells. 11.-12 signaling occurs
through a heterodimeric I1.-12 receptor which, when cross-
linked, leads to activation of the kinases Jak2 and "Tyk2
followed by Stat3 and Stat4 activation and nuclear translo-
cation and then induction of IFN-y mRNA synthesis.

Given the central role of I1.-12 in the Th1 cytokine path-
way, it is not surprising that this cytokine has been shown
to be a key factor in the pathogenesis of virtually all exper-
imental models of mucosal inflammation that have been
appropriately studied, most notably the scid and T'ge26
transfer models and the TNBS-induced colitis model [2].
Thus, in each of these models, either inter-crossing with
IL.-12-- mice or administration of anti-I[.-12 has a pro-
found ability to either prevent development of colitis or,
in the case of anti-I.-12 administration, to treat already
established colitis. This is in some contrast with the fact
that anti-IFN-yadministration is a less effective treatment
and it has been shown that IFN-y~- mice can be induced
to develop TNBS-induced colitis. The reasons for this
discrepancy may be at least two-fold. First, it is now
known that anti-IL.-12 administration to mice with
"I'NBS-induced colitis leads to death of activated Thl
cells by Fas-mediated apoptosis whereas anti-IFN-y does
not have this effect [13°]. Thus, while anti-IL-12 leads to
loss of Th1 cells, anti-IFN-y merely blocks the function of
IFN-y. Second, Thl inflammation also results in TNF
production and it is likely that the latter cytokine can
cause experimental mucosal inflammation even in the
absence of IFN-y. This suggestion is supported by a
recently described model of inflammation in which the
sole defect is TNF overproduction that is probably driven
by IL-12 [10°°].

Experimental mucosal inflammation due to excessive
Th1 cell activity and overproduction of I1.-12 can have
several possible underlying causes. One is the presence of
an abnormality leading to intrinsic hyperactivity of the
Th1 pathway. This is exemplified by a recently described
mouse model in which the mice have a Stat4 transgene
under the control of a cytomegalovirus (CMV) promotor
[14]. Such mice are free of inflammation unless they are
administered LLPS, which causes activation of the CMV
promotor. Alternatively, the mice develop inflammation
when they are exposed to nonindigenous bacterial
microflora and are therefore exposed to bacteria to which
they have not been previously tolerized; the immune
response thus evoked again leads to activation of the
CMV promotor. Overall, this model offers proof that
intrinsic overactivity of the Thl pathway can lead to
inflammation that can be driven by bacteria in the mucos-
al bacterial microflora.

Another and perhaps more important cause of excessive
Th1 cell activity and overproduction of I1.-12 is that the
latter is not appropriately counter-regulated. As discussed
in detail below this can be due to inadequate suppressor
cytokine responses or, more subtly, to an abnormality in
the ability of Th1 cells to be regulated by normal suppres-
sor cytokine responses. Finally, as also discussed below,
Th1 overactivity can be due to intrinsic overproduction of
a Thl cytokine component such as TNFE.

An interesting point that has become apparent in recent
studies is that while Thl-induced IL-12-mediated inflam-
mation is largely channeled through the Stat4-IFN-y
pathway, neither of these components is entirely critical to
such inflammation. For instance in the case of Stat4 (an
intracellular signaling protein) its absence neither prevents
IFN-y production nor prevents inflammation; this is shown
by the fact that transfer of CD45RBh T cells from Stat4-/-
mice to Rag=/-recipients still results in induction of colitis,
albeit that the colitis is diminished compared with that
obtained upon transfer of normal CD45RBhi cells [15°°].
The latter observation accords with the fact that Stat4-/~
mice do produce IFN-y when stimulated with anti-CD3 in
the presence of IL-2. In the case of IFN-y, it has already
been noted that TNBS-induced colitis can be induced in
IFN-y-/- mice; in addition, it has been shown that whereas
transfer of bone marrow from IL-12-- mice prevents
development of colitis in the Tgg26-transfer model, such
transfer from IFN-y -~ mice does not prevent develop-
ment of colitis [15°°]. Thus, the data strongly support the
view that [L.-12 functions in both an IFN-y-dependent and
-independent manner to produce inflammation. Finally, it
should be noted that in humans IFN-y can be induced by
IFN-y itself, raising the question as to whether an I1.-12-
independent Thl inflammation can exist in the species.
T'his question may be resolved when patients with Th1-
induced colitis such as those with CD are subjected to
anti-IL-12 therapy.
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Th1/TNF-mediated pathways of inflammation

IL.-12 acts on T cells to induce the production of TNF as
well as IFN-y; both of the latter cytokines induce positive
feedback for further IL-12 production as well as ‘down-
stream’ production of a series of proinflammatory
macrophage-derived cytokines that include IL-1B, IL-6
and TNF itself. Recently, an experimental model of
mucosal inflammation has been produced by creating mice
that overexpress TNF (TNFAARE mice) [10°°]. This was
accomplished by gene-targeting AU-rich elements of the
"'NF gene so as to produce a mutant gene that gave rise to
a more stable TNF mRNA. The disease in such TNF-
overproducing mice is unique in that it involves primarily
the small intestine rather than the large intestine and has a
markedly granulomatous histology that is remarkably sim-
ilar to that in CD. The intestinal pathology in this model
results from TNF signaling through the either TNF recep-
tor I (TNFRI; also known as p55) or TNFRII (p75),
suggesting that specific effector cells and/or downstream
effector molecules (related to TNFRI and TNFRII) are
ultimately responsible for the immunopathology of this
inflammation. In recent studies it has been shown that
mice resulting from crosses between IL-12-- mice and
mice with the above-described altered TNF gene do not
manifest disease. Thus, while T'NF emerges as a key
effector cytokine in inflammation of the small bowel,
IL-12 remains as the ‘master’ cytokine necessary for initi-
ation of such inflammation.

The TNFR is part of the TNFR family of molecules,
many of which have important effects on immune func-
tions. Thus, it is hardly surprising that other members of
the family can also affect the development of experimen-
tal mucosal inflammation. Perhaps the most important of
these family members is CD40, the receptor present at the
surface of APCs (and B cells) that interacts with the
counter-receptor (CD40 ligand) which is present on acti-
vated T cells. Such interactions lead to initiation of the
Th1 differentiation pathway via backstimulation of APCs
and IL.-12 production. The importance of this to models of
mucosal inflammation is dramatically shown by the fact
that administration of anti-CD40-ligand antibody com-
pletely blocks induction of TNBS-induced -colitis,
presumably by preventing the signaling of APCs necessary
for 11.-12 production [31]. Interestingly, however, such
antibody treatment is not effective in the treatment of
established 'TNBS-induced colitis — presumably because
after inflammation is initiated there is disruption of mucos-
al integrity and APCs produce 1L.-12 in the absence of
CD40 ligand via stimulation by bacterial products.

Another member of the TNFR family is OX40, a receptor
present on the surface of T cells that interacts with OX40
ligand (a counter-receptor on B cells and APCs). OX40 also
plays a role in experimental mucosal inflammation via its
signaling function. Thus administration of OX40-Fc
fusion protein, a molecule that blocks T cell signaling via
0X40, also ameliorates TNBS-induced colitis [11]. In a

like fashion, blockage of another TNFR family member,
the lymphotoxin B receptor (LTBR), by administration of
LTBR-Fc fusion protein inhibits mucosal inflammation in
both the scid and T'ge26 transfer models [12]. The mecha-
nism here again is presumed to be the inhibition of
cell—cell interactions necessary for the establishment of a
Th1 response.

Anti-inflammatory cytokine pathways in experimental
mucosal inflammation

As noted above, it is possible that over-activity of the Thl
pathway is caused by defective counter-regulation, that is
the failure to generate suppressive T' cells and their sup-
pressor cytokines. It is in this context that experimental
mucosal inflammation can be viewed as a failure of normal
mechanisms of oral tolerance, particularly by the production
of suppressor cytokines that mediate such tolerance; exam-
ples of such cytokines are TGF-3 and 11.-10 [20,32,33].

Additional evidence that T'GF-f plays a key counter-regula-
tory role in experimental mucosal inflammation comes from
the study of a Th2-cell-mediated colitis, namely oxazolone-
mediated colitis [24°]. In this case, instillation of oxazolone
per rectum induces not only an I1.-4 response which causes
the inflammation but also a TGF-3 response which ulti-
mately limits the inflammation. This is in contradistinction
to TNBS-induced colitis, which is not characterized by
TGF-B production unless the latter is administered orally
[20]. Of interest, oxazolone-induced colitis is limited to the
distal half of the colon. That this may be due to TGF-3
secretion patterns is suggested by the fact that TGF-8
secretion is higher in the proximal half of the colon and that
anti-TGF-f3 administration results in pan-colitis. The level
of TGF-f secretion in oxazolone-induced colitis is far high-
er than even the curative TGF-B levels noted in
"T'NBS-induced colitis upon feeding trinitrophenol (TNP)-
substituted protein [20,23°°]. This raises the question of
why the TGF- response in oxazolone-induced colitis does-
n’t prevent the colitis. The answer probably lies in the
greater resistance of Th2 T cells (compared with Th1 cells)
to T'GF-B suppression. Finally, it should be noted that oxa-
zolone-induced colitis is a short-lived inflammation and
rapidly resolves once the treated mice pass through an acute
period. It is likely that this rapid resolution is due to the
TGF- response, which appears to catch up with and quell
the Th2-cell-mediated inflammation in a fairly short period
of time.

Studies implicating I1.-10 as a downregulatory cytokine in
experimental mucosal inflammation are also compelling.
First and foremost are the studies of IL-10-— mice; these
studies show that in the absence of I1.-10, mice develop a
T'h1-mediated inflammation of the mucosal surfaces that is
most severe in the colon but also involves the small intes-
tine [2]. Additionally, disruption of CRFB4 — the gene
that encodes CRF2-4, a component of the IL.-10
receptor — also leads to colitis [19°°]. Thus, abnormalities
of IL.-10 itself and/or IL.-10-mediated signaling lead to
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mucosal inflammation. Further evidence of the role of
IL.-10 in the counter-regulation of mucosal inflammation
comes from the scid transfer model. In this case anti-11.-10
was co-administered along with CD45RBlo cells but did
not abrogate the protective effect of the latter cells (unlike
anti-TGF-B). In later studies it has been shown that
administration of an anti-IL.-10-receptor antibody does
have a protective effect; thus, the previously negative
result obtained with anti-IL.-10 may have been due to
inadequate shutoff of IL.-10 function by anti-I1L-10 [17°°].

Just how the suppressor cytokines function in experimen-
tal mucosal inflammation is still a matter of intense
investigation. As we have seen, TGF-f3 directly inhibits
Th1 responses and — at a higher concentration — Th2
responses as well [20,23°°]. The primary effect may be via
its ability to inhibit I1.-12 32 chain expression since, in the
presence of T'GF-P, established Th1 T cells fail to express
activated Stat4 in a normal fashion. It should also be noted
that there is some evidence that TGF-3 is necessary for
the differentiation of cells that produce TGF-B. Thus,
TGF-B seems to be necessary to sustain a suppressor
effect as well as to serve as an effector molecule in sup-
pression. The activity of IL.-10 in counter-regulating
experimental mucosal inflammation is also likely to be
multifactorial. 11.-10 is a potent downregulator of 11.-12
production so that it acts partly at the level of Thl T cell
induction. In addition, 11.-10 suppresses production of
inflammatory cytokines such as TNF at the effector stage
of the inflammatory response. Finally there is now evi-
dence that IL.-10 acts as a growth factor for Irl T cell
development and thus, as in the case of TGF-f3, may be
necessary for the development of suppressor T cells [21].

Cytotoxic mechanisms

Recently, cytotoxic T cell activity has been observed in a
number of models of experimental mucosal inflammation;
these models include the I1.-2- mouse and the colitis in
the scid and the Tge26 transfer models. Indeed, in the lat-
ter case transfer of cells from perforin/- mice show that
cytotoxic T' cells do contribute to immunopathology [34].
Nevertheless, it should be recalled from the discussion
above that studies with P,-microglobulin”- mice that
CD8+ T cells are not critical to the development of exper-
imental mucosal inflammation [6]. Thus, although
cytotoxic T cells may contribute to mucosal inflammation,
the latter can occur in their absence. These findings are
relative to human UC, where apoptotic intestinal epithelial
cells can be found and where death of epithelial cells
mediated by antibody-dependent cell-mediated cytotoxic-
ity has long been considered an important disease effector
mechanism [35]. From the animal data obtained so far,
however, we must conclude that such mechanisms are con-
tributory but nonessential factors in IBD pathogenesis.

Role of cellular traffic
CD4+ T cells that mediate inflammation in a number of
the experimental mucosal inflammations have to migrate

from sites of sensitization to sites of effector function (in
the lamina propria) to initiate and/or perpetuate the
inflammatory response. Such migration is directed and
depends on interaction between tissue-specific integrins
and addressins, which in the case of traffic to mucosal tis-
sues involves interactions between circulating cells
bearing the 047 integrin and the MadCAM-1 integrin on
surface endothelial cells. On this basis anti-04f37 antibod-
ies have been administered to the cotton-top tamarin
model of colitis, to scid mice during transfer of CD45RBhi
T cells and to IL.-2-~ mice undergoing induction of colitis
with TNP-KLH (i.e. trinitrophenol with keyhole limpet
hemocyanin); in these cases the antibodies were shown to
prevent the development of colitis [36]. Other molecules
that may be relevant to recruitment and/or retention of
cells within mucosal tissues include adhesion molecules
such as aEB7, P-selectiny VCAM-1 and ICAM-1 [37-40].
Thus, antibodies that retard migration to the mucosal areas
can prevent mucosal inflammation.

The role of luminal bacteria in experimental
mucosal inflammation

Although the various experimental models of the mucosal
inflammation are quite different from one another, they
have in common a remarkable dependence on the pres-
ence of normal nonpathogenic bacterial flora. This is
shown by the fact that none of the mice with defects asso-
ciated with mucosal inflammation develops such
inflammation under germ-free conditions (this includes
IL-10-- mice, TCRo~- mice, IL-2-- mice, HLA-B7-
transgenic rats and the SAMP1/Yit mice) [41,42]. In
addition, animals treated with antibiotics to reduce bacte-
rial colonization (mdria—— mice, scid transfer mice and the
indomethacin-induced colitis in Lewis rats) manifest
reduced colitis following treatment [2]. The mechanism
by which the normal flora participates in experimental col-
itis is only now becoming clear. Mice (and humans) are
normally nonresponsive to proteins in their autologous
microflora but respond to the microflora of other individ-
uals even if the latter are of the same strain, presumably as
a result of oral tolerance mechanisms [43]. This, plus the
fact that a germ-free environment abolishes colitis in the
various models, suggests that mucosal inflammation can
be due to a loss of counter-regulation of responses to
autologous flora.

Although the bacterial microflora may be important in dis-
ease pathogenesis, not all bacteria have the same capacity to
induce inflammation. Some bacteria that are considered to
be probiotic, such as the various Lactobacillus species, pre-
vent colitis from occurring in IL-10-deficient animals living
under specific-pathogen-free conditions [44]. Other bacteria
such as Bacteroides vulgatus will cause significant colitis when
monoassociated in mice but this depends on the strain of
mouse and type of immunodeficiency [45]. Similarly, He/i-
cobacter hepaticus will cause colitis when introduced into
pathogen-free scid and IL-10-- mice and not in controls
[46,47]. In one study of Rag/- mice, colitis development
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associated with H. /epaticus required the presence of 1L.-7
and was downregulated by I1.-10 [48°] — suggesting that, in
the appropriate context, H. Aepaticus may be a direct stimu-
lus of IL.-7 production by IECs; these cells are known to be
a key source of 11.-7, which is a known cause of colitis when
overexpressed in epithelial cells as a transgene [49].

Finally, evidence that autologous bacterial antigens are
responsible for development of colitis comes from studies
of the T cell response itself. Thus TCRa~~ mice that
express CD4+ TCRBR* T cells in the periphery and devel-
op a colitis that is dependent on the presence of a normal
gut flora exhibit a restricted T cell clonality and a public
motif within the third complementarity-determining
region (CDR3) portion of the TCR, consistent with the
response to a common bacterial antigen [50°]. Interesting-
ly, public patterns of CDR3 region usage have been
observed before among CD4+ T cells in human CD [51].
In addition, splenic CD4+ T cells from the C3H-He]Bir
strain of mice exhibit a skewed TCR repertoire and can
transfer colitis when stimulated by protein antigens of
cecal bacteria [52°°]. This is consistent with previous stud-
ies describing selective antibody responses to luminal
bacteria in both the TCRa~- and C3H-He]Bir models of
experimental mucosal inflammation [53,54]. Identification
of these antigens, which are likely to be central to the
pathogenesis of such inflammation and which may be asso-
ciated with cross-reactive mucosal antigens, will be an
important goal of future studies.

The genetics of experimental mucosal
inflammation

While the existence of underlying genetic factors in
experimental mucosal inflammation in mice with gene
deletions and transgenes is obvious, genetic factors also
underlie the induction of colitis in mice presumed to be
normal [2]. For example, in the dextran sulfate sodium
(DSS)-induced colitis model, a hierarchy of sensitivity to
colitis has been observed: C3H-He]Bir mice show great-
est sensitivity — greater than NOD/Lg], which in turn
have greater sensitivity than C57BL/6] mice [55].
Although the specific genetic loci are unknown, there is
reason to assume from the above discussion that the
genetic makeup of a mouse is likely to influence factors
affecting the occurrence of colitis via immunoregulation
and/or mucosal barrier function.

Conclusions

The various animal models discussed above provide at
least three important insights into the nature of human
IBD. First they indicate that, just as in experimental
mucosal inflammation — which can arise in the various
models as a result of any number of distinct defects — a
variety of defects can be the cause of IBD in humans. Sec-
ond, immunologic defects leading to colitis in the animal
models are defects of dysregulation and are not due to
frank immunodeficiency; significantly, scid or Rag~~ mice
do not normally develop mucosal inflammation. Third,

there are correlations between the final common pathways
that are common to mucosal inflammation and the nature
of the induced disease. The pathway in most experimental
models is characterized by an excessive Th1 cell response;
this type of response appears to be a good mimic of CD.
The other common pathway in experimental models is
overactivity of Th2 cells; this tends to produce the histo-
logic picture of UC but there is only (at best) equivocal
evidence that this disease is indeed due to a Th2-cell-
mediated pathway.

What is the future of research involving animal models of
mucosal inflammation? Although much has been learned,
much has yet to be discovered. The models will be useful
in identification of immune responses uniquely involved
in IBD pathogenesis, in the development of novel
approaches to control IBD-type inflammation (such as the
use of novel types of anticytokine therapy or gene therapy)
and, finally, in the identification of the genetic abnormali-
ties that underlie the human disease.
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