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Abstract

Crohn’s disease (CD) and ulcerative colitis (UC) are
chronic inflammatory disorders of the gastrointestinal
tract that share clinical and pathological characteristics.
The most accredited hypothesis is that both CD and UC
result from a deregulated mucosal immune response
to normal constituents of the gut microflora. Evidence,
however, indicates that the main pathological processes
in these two diseases are distinct. In CD, the tissue-
damaging inflammatory reaction is driven by activated
type 1 helper T-cell (Th1), whereas a humoral response
predominates in UC. Consistently, a marked accumulation
of macrophages making interleukin (IL)-12, the major
Th1l-inducing factor, is seen in CD but not in UC mucosa.
Preliminary studies also indicate that administration of
a monoclonal antibody blocking the IL-12/p40 subunit
can be useful to induce and maintain clinical remission
in CD patients. Notably, the recently described IL-23
shares the p40 subunit with IL-12, raising the possibility
that the clinical benefit of the anti-IL-12/p40 antibody
in CD may also be due to the neutralization of IL-23
activity. This review summarizes the current information
on the expression and functional role of IL-12 and IL-
12-associated signaling pathways both in patients with
CD and experimental models of colitis, thus emphasizing
major differences between IL-12 and IL-23 activity on
the development of intestinal inflammation.
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INTRODUCTION

Inflammatory bowel disease (IBD) is the general term
indicating Crohn’s disease (CD) and ulcerative colitis (UC),
two chronic inflammatory disorders of the intestine that
have different morphological, immunological and clinical
characteristics. The etiology of IBD is unknown, but
evidence has been accumulated to show that the liability to
develop CD or UC is influenced by a wide range of genetic
and environmental factors, which have been only in part
characterized. Over the last recent years, it has also become
evident that both CD and UC are caused by excessive
immune reactivity in the gut wall, and that this is directed
against normal constituents of the luminal flora. However,
CD and UC are immunologically different diseases, even
though they share end-stage effector pathways of tissue
damage. These advances led to the development of novel
therapeutic agents that are currently being studied for their
capacity to specifically target the mucosal inflammatory
pathways occurring in IBD patients.

IL-12 AND TH1 CYTOKINES IN CD

In both CD and UC, the inflamed tissue is heavily
infiltrated with leukocytes, mostly T lymphocytes. These
cells are activated and make increased amounts of
cytokines, which are thought to have a primary role in
promoting the disease process. Using sensitive assays,
several authors have shown that CD and UC have distinct
profiles of cytokine production. While in CD there is
a predominant synthesis of type 1 helper T-cell (Thl)
cytokines, including IFN-y and TNF-q, Th2 cytokines,
such as IL.-5 and I1.-13, are considered to have a more
prominent role in UC™?, T-lamina propria lymphocytes
(T-LPL) isolated from the inflamed colon of UC patients
also make more IFN-y than normal T-LPL following
in vitro activation with anti-CD3/CD28 antibodies™.
Therefore, the classic Th1-Th2 paradigm seems to be
overly simplistic, and there is now sufficient evidence to
believe that these two pathways can co-exist rather than
being mutually exclusive in the human gut.

The discovery that IFN-y-secreting T-LPL are
abundant in CD mucosa has paved the way for studies
in which the switch that controls the differentiation of
such cell type was investigated. This research led to the
demonstration that in CD mucosa there is increased
production of IL-12, the major Thl-inducing factor in
man"", 1L.-12 is a heterodimeric cytokine composed
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of two covalently linked subunits (p40 and p35) and
synthesized by monocytes/macrophages/dendritic cells”,
Transcripts for both 11.-12 subunits have been detected in
gastric and intestinal mucosa of patients with CD". In
addition, it was shown that lamina propria mononuclear
cells isolated from intestinal mucosal areas of CD, but not
UC, patients released iz vitro functionally active 1L-12, and
that neutralization of endogenous 1L-12, in CD mucosal
cell cultures, resulted in a significant decrease in the
number of TFN-y-producing cells™".

IL-12 mediates its biological activities through
a receptor composed of two subunits, f1 and 2",
Although both subunits are required to form a functional
receptor, 32 appears to be crucial in controlling Th1 cell
lineage commitment!™”, Consistently, high expression of
IL-12RB2 has been described in various Th1-mediated
diseases, as well as in CD T-lamina propria lymphocytes
(T-LPL)" ", Additionally, CD mucosal lymphocytes
express high levels of active STAT-4, a transcription
factor that is activated by 1L-12R signals and is necessaty
to promote the induction of II-12-driven Thl-associated
genes'!. Notably, T cells from STAT-4-deficient mice
manifest impaired IFN-y production in response to 1L-12
and are unable to efficiently promote the development
of colitis when transferred in immunodeficient mice!™.
On the other hand, studies in mice over-expressing
STAT-4 revealed that such animals developed colitis that
is characterized by the presence of a diffuse infiltration of
Th1 cytokine-secreting cells in the intestinal wall"”.

While 11.-12 appears to be sufficient to trigger the
Th1 cell program in naive T cells, the expansion and
maintenance of Thl cell response in the gut would
require additional signals (Figure 1). Indeed, the IL-12-
induced synthesis of IFN-y by intestinal lamina propria
T lymphocytes can be enhanced by cytokines that signal
through the common y-chain receptor, such as IL-7,
I1.-15 and TL-21"*"!, Additionally, in CD mucosa, there
is an enhanced production of biologically active IL-18, a
cytokine involved in perpetuating Th1 cell responses' ™",
Immunohistochemical analysis has localized 1L-18 to both
lamina propria mononuclear cells and intestinal epithelial
cells. In these cells, the expression of IL-18 is invariably
associated with active subunits of IL-1B-converting
enzyme, a molecule capable of cleaving the precursor form
of 11-18 to the active protein"®". Moreover, functional
studies showed that down-regulation of IL-18 expression
in cultures of CD lamina propria mononuclear cells by
specific IL.-18 antisense oligonucleotides significantly
inhibited IFN-y synthesis, further supporting the concept
that IL.-18 serves as a strong costimulatory factor of IL-
12-driven Th1 responses'”. A newly discovered TNFE-
superfamily cytokine (TL1A) has also been involved in
initiating or promoting the Thl response in CD as well as
in experimental models of IBD"*"”. Another protein that
could contribute to the ongoing Thl immune response
in CD is osteopontin, a 60 kDa phosphoprotein, that is
highly expressed in epithelial cells and macrophages in CD
and shown to increase IL-12 production in CD mucosal
cells™,

An analysis of transcription factors expressed in
Th1 »s Th2 cells led to the discovery of T-bet, a novel

Figure 1 Some putative mechanisms implicated in the induction and expansion
of Th1 cells in the gut of patients with Crohn’s disease. Cytokines produced by
antigen presenting cells, such as IL-23 and IL-12, promote the differentiation of
Th1 cells. The expansion and mucosal accumulation of this cell subtype are then
sustained by additional molecules, such as IL-18, IL-7, IL-15, IL-21 and TL1A.

member of the T-box family of transcription factors.
T-bet drives chromatin remodelling of the IFN-y locus
and up-regulates IL-12RB2 chain. Therefore, its expression
strictly correlates with the differentiation of Thl cells™".
As expected, T-bet is markedly over-expressed in CD4+
T-LPL of patients with CD and it associates with a
reduced expression of GATA-3, a transcription factor that
governs Th2 cell polarization™

The molecular mechanisms underlying T-bet induction
are not fully understood, even though there is evidence
that cytokines that activate STAT1, such as IFN-y and
IL-21, may positively regulate T-bet expression. In line
with these observations, neutralization of 1L-21 in
cultures of CD mucosal T cells is followed by a decreased
expression of T-bet and secretion of IFN—yM.

REGULATION OF IL-12 PRODUCTION

A critical question remains as to what induces IL-12 in
CD gut and which mechanisms are in place to regulate
IL-12 production. IL-12 is produced by antigen-
presenting cells mostly in response to bacteria or bacterial
products/components”. Since the development of Th1-
mediated colitis both in humans and mice requires the
presence of gut microbiota, it is conceivable that IL-12
production is driven by luminal bacteria. Indeed, it was
shown that LPMC isolated from the inflamed intestine of
CD patients are hyper-responsive to sonicates of bacteria
from autologous intestine (BsA), and this phenomenon
associates with increased expression of activation markers
on both CD4+ and CD8+ lymphocyte subsets and
production of IL-12 and IFN—ym. Consistently, both local
and systemic tolerance to BsA is broken in a murine model
of chronic intestinal inflammation induced by the hapten
reagent 2, 4, 6-trinitrobenzene sulfonic acid (TNBS), which
mimics several important characteristics of CD. Tolerance
to BsA is, however, restored in mice systemically treated
with antibodies to IL.-124.

The reason why CD LPMC would respond to luminal
bacteria with enhanced production of IL-12 remains,
however, unclear. One possibility is that, in CD, LPMC
are primed to synthesize high levels of II.-12 by specific
stimuli. This hypothesis is suggested by the recent
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observation that flagellin, a major antigenic target of
immune response associated with CD””, can activate innate
immunity »ia Toll-like receptor 5 (TLR5), and instruct
dendritic cells to promote Thl responses via 1L-12p70
production”. Another possibility is that CD LPMC lack
negative regulators of bacteria-driven intracellular signals,
and therefore would respond to bacterial stimulation with
enhanced IL-12 synthesis. In line with this, it has recently
been shown that splenocytes of mice carrying on deletions
of CARD15, a gene whose mutations are associated with
CD, and encoding NOD2, respond to peptidoglycan
(PGN) stimulation with exaggerated activation of NF-
kB and production of I1.-12 and 11.-18"". According to
these data, NOD2 would function as a negative regulator
of IL-12 production mediated by PGN. Therefore, in the
absence of this negative regulation, PGN could elicit an
excessive NF-kB-dependent I1.-12 response by mucosal
cells™. In the gut, NOD2 also regulates the production
of anti-bacterial peptides, such as defensin-5, by Paneth
cells™. Consistently, epithelial cells expressing mutated
NOD2 have a reduced capacity to restrict proliferation of
bacterial pathogens in monolayer cultures™, raising the
possibility that CARD15 mutations could facilitate the
colonization of the intestine with bacteria that eventually
sustain macrophage/dendritic cell activation and enhance
IL-12-driven Th1 cell responses. Whether this explanation
really fits with the mucosal IL-12 synthesis in CD patients
with mutations remains, however, unknown, as no study
has yet analyzed whether intestinal mucosal cells of CD
patients with CARD15 mutations make 7z vivo more 11.-12
than those of CD patients without CARD15 mutations.

IL-12-INDUCED T CELL RESPONSE LEADS
TO MUCOSAL DESTRUCTION IN HUMAN

FETAL GUT

Taken together, the above data suggest that the IL-12-
driven Th1 signaling pathway can be important in immune-
mediated injury in the gut. This is also substantiated by
observations made in ex vivo models of T cell-mediated
gut inflammation. By using human fetal gut explants, we
previously showed that activation of T-LPL by anti-CD3
and IL-12 resulted in a strongly Thl-biased response that
was followed by severe tissue injury, with destruction of
the mucosa. Furthermore, analysis of explants culture
supernatants revealed that stimulation of fetal gut tissues
with anti-CD3 and IL-12 increased the production of
matrix metalloproteinase 1 (MMP-1, collagenase) and
MMP-3 (stromelysin 1), while the synthesis of tissue
inhibitors of MMP-1 and 2 remained unchanged[m.
Stromelysin 1 has a broad substrate specificity, being
capable of degrading proteoglycans, laminin, fibronectin,
collagen core protein, and non-helical cross-linked regions
of type IV collagen. Stromelysin 1 has, therefore, the
potential to destroy the structure of the intestinal lamina
propria, thereby removing the scaffolding on which the
epithelium lies. Indeed, abundant stromelysin 1 has been
found in the mucosa of patients with CD, particularly near
ulcers™. Notably, the addition of a stromelysin 1 inhibitor
to the IL-12-stimulated fetal gut organ culture prevented
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the tissue damage without altering T cell activation.
Similarly, a p55 TNF receptor human IgG fusion protein
was able to prevent the mucosal degradation and inhibit
stromelysin 1 production, thus suggesting that TNF-q, is a
key mediator of the I1.-12-induced tissue damage®".

BLOCKADE OF IL-12 FACILITATES
THE RESOLUTION OF TH1-MEDIATED
INFLAMMATION IN THE GUT

The role of 1L-12 in the mucosal inflammation in patients
with CD is also supported by the demonstration that this
cytokine is produced in excess in experimental models of
Th1-induced colitis, such as the TNBS-induced colitis. Im-
portantly, treatment of mice with antibodies to 11.-12/p40
abrogates the TNBS-induced colitis, and the beneficial ef-
fect of such a treatment has been linked to the capacity of
the blocking antibody to enhance mucosal T cell apoptosis
through a FAS-dependent mechanism®>*,

Consistently, a randomized controlled study of 79 CD
patients receiving 1 or 3 mg of an anti-1L.-12p40 mono-
clonal antibody versus placebo demonstrated a response in
75% of CD patients compared with 25% in the placebo
group. These responses paralleled a decrease in down-
stream cytokines, including ITFN-y and TNF-g"”. In sub-
sequent studies, it was also shown that patients with CD
manifested both increased IL-12p70 and IL-23 secretion
before anti-IL-12p40 mAb treatment and normal levels of
sectetion of these cytokines following cessation of treat-
ment. Moreover, 11.-23-induced T cell production of IL.-17
and IL-6 was greatly reduced after IL-12 antibody treat-
ment™, More recently, it has been shown that treatment
of active CD patients with two doses of Fontolizumab, an
anti-IFN-y antibody, which interferes with Th1 polariza-
tion as well as activation of macrophages, monocytes and
natural killer cells, resulted in increased rates of clinical
response and induction of remission compared with pla-

cebo®”

THE EMERGING ROLE OF IL-23 IN GUT
INFLAMMATION

Whereas the central role of IL-12 in the generation of
IFN-y-secreting cells has long been appreciated, recent
studies have shown that Th1 cell responses can also be
regulated by IL-23. Importantly, I1.-23 shares with IL-12
the p40 subunit™, and therefore, 11.-23 biological activ-
ity is fully inhibitable by neutralising 1I.-12p40 antibodies.
This fact and the demonstration that I1.-23 is up-regulated
in CD mucosa”™ raise the question whether the beneficial
effect of the blocking IL.-12p40 antibody observed in
CD patients is due to the neutralization of IL-12 and/ot
IL-23. Results from studies in mice with targeted deletion
of either the IL-12/p35 or IL.-23/p19 subunit suggest the
possibility that I1.-23 and not IL-12 is essential for mani-
festation of intestinal inflammation occurring in IL.-10-de-
ficient mice. The IL-23-driven intestinal inflammation ap-
pears to be mediated by the production of IL-17 and IL-6.
Moreover, administration of recombinant IT.-23 accelet-
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ates the development of colitis in lymphocyte-deficient
recombinase-activating genes-knockout (RAG-KO) mice
after reconstitution with CD4+ T cells from intetleukin-
10-knockout (IL-10-KO) mice™”. Whether 11.-23 plays a
similar role in other models of Th1-mediated colitis, such
as the TNBS-colitis, remains however unknown. Similarly,
it remains to be ascertained whether the deletetious effect
of IL-23 on the ongoing mucosal inflaimmation occurs
only in the absence of IL-10-related regulatory effects.

In conclusion, human IBD are thought to be caused by
a dysregulated T cell response directed against constitu-
ents of the intestinal bacterial microflora. In CD, such a
response is associated with an exaggerated production of
IL-12 and IFN-y. There is also evidence that the recently
described IL-23 may drive the intestinal inflammation in
murine models of IBD, thus suggesting that strategies
aimed at specifically inhibiting the p19 subunit of IL-23
could be therapeutically useful in CD. Some observations
made in cell systems, however, suggest to be cautious be-
fore drawing any conclusion. In fact, it has been reported
that T-bet negatively regulates I1.-17 production, thus pro-
moting the shift of IL-17-producing cells towards a classi-
cal Th1 phenotype characterized by high TFN-y*'. Based
on these findings, it is conceivable that I1L.-23 may play a
determinant role in the eatly phase of T cell-mediated im-
mune responses, thus leaving the place to IL-12/IFN-y/
T-bet pathway in the late phase.
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