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Abstract

The pathological process that causes tissue damage in Crohn’s disease (CD) and ulcerative colitis, the major
inflammatory bowel diseases (IBD) in humans, is supposed to be mediated by distinct subsets of effector T cells,
which accumulate in inflamed intestine of patients as a result of multiple mechanisms. These include enhanced
recruitment of T cells from the systemic circulation, increased cell cycling and resistance against apoptotic stimuli.
Within the inflamed gut, effector T cells produce elevated levels of cytokines, which target multiple immune and non-
immune cell types thus contributing to amplify the detrimental inflammatory response. Strategies aimed at blocking T
cell function in the gut have been employed with some success in patients with CD and patients with UC. This article
summarizes the available data on T cell-directed therapies in IBD.
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Introduction

Crohn’s disease (CD) and ulcerative colitis (UC), collectively
known as inflammatory bowel diseases (IBD), represent a significant
socioeconomic burden for western countries, due to their chronic and
progressive disease course, which leads to frequent hospitalizations
and surgical operations. The etiology of IBD remains unknown, but
accumulating evidence suggests that environmental factors contribute
to trigger in genetically predisposed individuals an exaggerated
immune-inflammatory response against components of the luminal
flora, which eventually leads to mucosal erosions, ulcers and fistulas
[1]. Epidemiological and clinical observations in humans and studies
in murine models of IBD suggest that T helper (Th) lymphocytes are
master regulators of intestinal inflammation [2]. First, T cell accumulate
heavily in inflamed gut of patients with CD and patients with UC. This
phenomenon is the result of multiple mechanisms, including enhanced
recruitment of cells from the systemic circulation due to high production
of chemoattractants within the inflammatory microenvironment and
regulated expression of adhesion molecules on vascular endothelium
and integrins on T cells [3], increased cell cycling [4] and resistance of
T cells against apoptotic stimuli [5]. Second, IBD ameliorates following
the development of lymphopenia, such as that observed in patients
with active HIV infection [6] or in patients undergoing bone-marrow
transplantation [7]. Third, both CD and UC are frequently associated
with other T-cell mediated diseases (i.e. psoriasis and multiple sclerosis)
[8]. Fourth, colitis can be induced in immunodeficient mice by transfer
of naive T cells [9]. Fifth, strategies blocking T-cell function are useful
for attenuating mucosal inflammation in mice with experimental
colitis [10]. Altogether, these observations suggest that T cell blockers
could be employed with success in IBD. In this context, it is however
noteworthy that further cell types other than T cells contribute to
sustain and amplify the tissue damaging-immune response in these
disorders. Therefore, it is conceivable that other immunotherapeutic
strategies, either alone or in combination with T cell-targeted therapy,
could be used to dampen the IBD-associated pathogenic process in the
next future [11-14]. In this article, we will summarize the available data
on T cell-directed therapies in IBD.

Induction of T cell apoptosis as a mechanism to control IBD-
related mucosal inflammation

T cell apoptosis is a critical mechanism aimed at preventing
uncontrolled lymphocyte proliferation and preserving immune
homeostasis. A specialized form of T cell apoptosis is represented by
activation-induced cell death (AICD), which follows antigen-induced
T cell stimulation and is mediated by the triggering of Fas (CD95) on T
cell membrane by the cognate molecule Fas ligand (FasL) [15]. AICD
apparatus is particularly relevant in the context of chronic antigenic
stimulation, such as that occurring in the intestinal tract, where the
mucosal immune system is constantly exposed to luminal antigens
deriving from bacterial flora and diet. Indeed, apoptosis of intestinal
T-lamina propria lymphocytes (T-LPL) is a physiological phenomenon
in healthy individuals and normal intestinal T-LPL undergo apoptosis
when stimulated in vitro with FasL [16]. In contrast, intestinal T-LPL of
CD patients are resistant to Fas-mediated cell death and this defect has
been associated with up-regulation of known inhibitors of Fas-driven
apoptotic programs, such as Bcl-X(L) and Flip [17,18]. The functional
relevance of resistance of T cells against apoptosis in the maintenance of
CD-associated tissue inflammation is supported by the demonstration
that induction of intestinal T-LPL apoptosis is one of the main
mechanisms of action of drugs already employed in the management
of IBD patients, such as thiopurines and anti-TNF antibodies. The
effectiveness of thiopurines (azathioprine/6-mercaptopurine) in CD
has been recently confirmed by two meta-analyses reporting odds
ratios of 2.43 and 2.32 for the induction and maintenance of clinical
remission respectively as compared with placebo in active CD [19,20].
Tiede et al. demonstrated that azathioprine inhibits CD28-induced
Racl activation, thereby reducing the activity of several anti-apoptotic
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factors in T lymphocytes with the downstream effect of promoting
apoptosis [21]. Enhanced rates of T cell death have been observed in CD
tissue following administration of TNF-a blockers, such as infliximab
(a chimeric human/murine IgG1k antibody) [22] and adalimumab (a
fully humanized IgGlk antibody) [23]. Overall, these drugs are able
to induce and maintain one-year clinical remission in up to 70% and
45% patients with CD respectively, while the corresponding figures for
UC are slightly lower [24-26]. In this context, infliximab is successfully
employed as a rescue therapy in patients with acute severe colitis [27].
Interestingly, etanercept, a fusion protein that neutralizes both soluble
and membrane-bound TNF with high affinity without inducing T-LPL
apoptosis, is not beneficial in CD [28], supporting the hypothesis
that the therapeutic efficacy of anti-TNF-a is strictly dependent on
induction of T-LPL apoptosis. Various cytokines produced in inflamed
tissue of IBD patients could contribute to make T-LPL resistant against
apoptosis. For example, interleukin (IL)-6,IL-12,IL-15and IL-21 canall
activate signaling pathways that enhance anti-apoptotic molecules [29-
31]. Consistent with this is the demonstration that the beneficial effects
of tocilizumab, an IgGlk monoclonal antibody directed against IL-6
receptor, and able to induce clinical response in up to 80% of patients
with active CD, are associated with induction of T-LPL apoptosis in
CD [32].

Inhibitors of T cell homing to gut tissue

In the last two decades, work from several groups has greatly
advanced our understanding of mechanisms regulating lymphocyte
homing to the gut [3]. It is now evident that, in the gut, differentiation
of naive T cells into effector or regulatory subsets occurs mostly in
‘inductive sites” (e.g. Peyer’s patches and mesenteric lymph nodes) [33].
Differentiated T lymphocytes, which egress from these sites, enter the
peripheral circulation and go back to the intestinal lamina propria. T
cell trafficking in mucosal surfaces is mostly mediated by interactions
between integrins (e.g. a4p7) expressed on leukocyte surface and
cognate endothelial ligands (i.e. members of the immunoglobulin
superfamily of adhesion molecules, intercellular adhesion molecule-1,
mucosal addressin cell adhesion molecule-1 and vascular cell adhesion
molecule-1) [34]. To reduce recruitment of inflammatory cells to
inflamed gut, several compounds have been developed and tested in
IBD patients. One such a compounds is natalizumab, a monoclonal
IgG4 antibody directed against the a4 subunit of integrins [35]. The
levels of a4p7 integrin and its endothelial ligand, mucosal addressin
cell adhesion molecule-1, are up-regulated in colons of IBD patients
[36], while the numbers of T lymphocytes expressing a4p7 are reduced
in peripheral blood in patients with colonic inflammation [37], thus
suggesting that the engagement of these molecules is associated with
homing of gut-associated lymphocytes to inflamed colonic mucosa.
Initial clinical trials showed that natalizumab was effective in inducing
and maintaining remission in CD and UC patients [38,39], but
unfortunately the use of natalizumab in IBD was halted when several
cases of progressive multifocal encephalopathy (PML), a severe and
potentially fatal neurologic disease, were documented in natalizumab-
treated patients [40]. After a review of safety information, natalizumab
was reintroduced in the USA with a surveillance program for the
management of CD and finally approved by FDA in January 2008 for
both induction and maintenance of remission in moderate to severe
CD. The drug has not been yet approved for CD in the European Union.
More recently, vedolizumab (formerly MLN0002), an a4f7 integrin
antagonist, and Etrolizumab (formerly rhuMAb Beta7), a humanized
IgG1 monoclonal antibody targeting the p7 integrin subunit, which
specifically regulate migration of cells to the gut, have been used in
IBD. Vedolizumab was beneficial in inducing and maintaining clinical

response and remission in patients with CD [41] and patients with
UC [42], with short-term response rates of 29% and 66% in CD and
UC respectively. Vedolizumab administration was not associated with
cases of PML or increased risk of severe side effects. A phase I clinical
trial conducted in patients with moderate-to-severe UC showed that
etrolizumab is well tolerated, even if a small proportion of patients
experienced impaired wound healing following abdominal surgery. A
clinical response was observed in 12/18 patients [43].

Homing of lymphocytes to the gut is also regulated by various
chemokines produced by mucosal immune and non-immune cells. For
example, interaction of CCL25, a chemokine expressed by small intestine
epithelial cells, with CCR9 drives recruitment of T lymphocytes to the
small intestine [44]. Thus, blockade of this pathway could be a promising
therapeutic strategy in patients with ileal CD. CCX282-B (Traficet-EN), a
small inhibitor of CCR9, showed clinical efficacy in up to 60% of patients
with moderate-to-severe CD [45]. More recently, antagonists of CXCL10
(also known as IP10), a molecule implicated in chemoattraction of CXCR3-
expressing T cells have been tested in the treatment of patients with UC.
BMS-936557, a fully human, monoclonal antibody to IP-10, induced clinical
response has shown to induce clinical response in up to 53% of patients
with moderate-to-severe UC, even though administration was associated
with an enhanced rate of infections in comparison to placebo [46]. Another
fully human monoclonal antibody against IP-10, named MDX-1100, is
now under clinical evaluation in UC patients.

Alicaforsen (ISIS-2302) is an antisense oligonucleotide designed
to inhibit the expression of ICAM-1, an endothelial molecule that
selectively binds the integrin leukocyte function-associated antigen-1
expressed on leukocyte surface. Despite the initial and promising
results, a randomized, placebo-controlled study documented no
efficacy of alicaforsen in patients with active CD [47].

Inhibitors of T cell proliferation and activation

T-cell-receptor (TCR) engagement by antigen/MHC ligand
initiates a complex signaling cascade culminating in the massive release
of calcium in the cytoplasm and activation of calcineurin, a serine/
threonine phosphatase, which promotes nuclear factor of activated
T-cells, cytoplasmic (NFATc)-dependent transcription of several
genes involved in cell proliferation and cytokine production [48,49].
Consistently, pharmacological inhibition of calcineurin reduces TCR-
induced T cell activation [50]. Cyclosporine and tacrolimus, two
calcineurin inhibitors, are used for inducing and maintaining clinical
response and remission in fistulizing CD [51,52] and in severe, steroid-
refractory UC [53,54], even though both drugs can cause hypertension,
paresthesiae and renal dysfunction especially in the long-term setting.

Engagement of TCR without simultaneous activation of
costimulatory molecules on T cell surface (e.g. CD40L, CD28) by
cognate antigen-presenting cell (APC) receptors (e.g. CD40, CD80,
CD86) results in a state of T cell unresponsiveness, known as anergy
[55]. For this reason, individual components of the ‘immunological
synapse, which sustains T cell activation, have been considered valid
targets for designing novel anti-inflammatory compounds. Abatacept is
a recombinant fusion protein composed of a fragment of IgG1 and the
extracellular domain of cytotoxic T-lymphocyte antigen-4, a molecule
which binds CD80 and CD86 with high affinity, thus preventing CD28-
mediated co-stimulation of T-cells [56]. Unfortunately, four placebo-
controlled trials showed that abatacept was not effective in patients with

CD and patients with UC [57].
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Inhibitors of T cell differentiation or T cell-derived cytokine
function

In response to activating stimuli, T cells can differentiate along
specific pathways and become able to produce distinct subsets of
cytokines. In this context, analysis of the cytokine milieu in inflamed
gut of patients with CD and UC has led to the discovery that these
two diseases are immunologically different. CD bears the stigmata of
a T helper type 1 (Th1) disease characterized by excessive production
of interferon (IFN)-y, while the immune response in UC is mostly
dominated by Th2-related cytokines, such as IL-5 and IL-13, two
Th2-related cytokines [58]. In this context, it is also noteworthy that
active CD is associated with increased mucosal levels of IL-12, a Th1-
promoting cytokine [59], and T-bet and Stat4, two transcription factors
that promote Th1 cell responses [60,61]. In both CD and UC there is also
high production of cytokines (i.e. IL-17A, IL-17F and IL-26) made by
another subset of polarized T cells, called Th17 cells [62], and elevated
levels of IL-23, an APC-derived heterodimeric cytokine, which plays
a major role in sustaining/stabilizing Th17 cell responses [63]. Since
studies in experimental models of IBD have convincingly shown that
T cell-derived cytokines are crucial in the initiation and progression
of colitis, several pharmaceutical companies have developed drugs
that interfere with T cell differentiation or T cell-derived cytokine
function for the treatment of IBD. IL-12 and IL-23 are highly related
heterodimeric cytokines, which share the common subunit, IL-12-p40
[64]. Therefore, neutralization of p40 subunit could offer the advantage
to neutralize simultaneously two cytokines that govern Thl and Th17
cell responses. Consistent with this, studies in mouse models of IBD
confirmed that blockade of IL-12p40 is therapeutic [65]. However,
clinical trials with various IL-12/IL-23 blockers in CD were quite
disappointing. For example, apilimod mesylate, a small inhibitor of IL-
12 and IL-23 transcription, was not superior to placebo in controlling
disease activity in patients with CD [66,67]. Similarly, ustekinumab, a
monoclonal antibody targeting p40 subunit was only partially effective
in patients with active CD. After 6 week-treatment, clinical response
was documented in 53% of patients given ustekinumab and 30% of
those receiving placebo. However, at week 8, there was no significant
difference in terms of clinical response between the two groups.
A subgroup analysis demonstrated that 59% of patients who had
previously been treated with infliximab responded to ustekinumab in
comparison with 26% of patients treated with placebo [68,69].

Additional results were generated with briakinumab, formerly
known as ABT-874, another monoclonal antibody neutralizing p40
subunit. Despite the positive results obtained in an initial multicenter
study [70], a larger phase IIb, randomized, controlled trial of 230
patients showed no benefit of briakinumab in the induction of
remission at week six (primary endpoint), even though a modest
benefit was seen in patients previously treated with anti-TNF agents
[71]. Similarly, 3 different clinical trials showed no beneficial effect
of fontolizumab, a monoclonal anti-IFN-y antibody, in patients with
moderate to severe CD [72,73]. Even more disappointing are the
results obtained with Secukinumab, an anti-IL-17A monoclonal
antibody, whose administration did not induce clinical response and
remission in CD patients [74]. This later negative result could reflect
the functional redundancy of Thl17 effector cytokines. Indeed, in
animal models of colitis, simultaneous blockade of IL-17A and IL-17F,
and not neutralization of IL-17A, was necessary to dampen mucosal
inflammation [75]. In humans, suppression of IL-17A and IL-17F
production can be obtained with vidofludimus (formerly SC12267 or
4SC-101), a small molecule that inhibits the enzyme dihydroorotate
dehydrogenase, involved in the de novo biosynthesis of pyrimidine by

converting dihydroorotate to orotate [76]. There is preliminary evidence
that vidofludimus attenuates chemical-induced colitis in mice [76] and
can induce remission in both CD and UC patients when administered
orally [77]. In a small open label uncontrolled study, 8 out of 14 (57.1%)
patients with CD and 6 out of 12 (50.0%) patients with UC were in
steroid-free remission after 12-week treatment [77].

IL-2 is the prototype member of the y-chain family of cytokines,
which also includes IL-4, IL-7, IL-9, IL-13, IL-15 and IL-21 [78].
Binding of IL-2 to its receptor activates several intracellular pathways,
which promote proliferation and survival of T cells, thus amplifying
T cell responses [79]. For this reason it was postulated that blockade
of IL-2 function could be useful to control mucosal inflammation
in IBD. Two monoclonal antibodies against the a-chain of IL-2
receptor (CD25), named basiliximab and daclizumab, were tested in
UC patients. Initial studies with basiliximab in steroid-resistant UC
patients were very promising [80], but in 2012, a phase II randomized,
placebo-controlled trial showed no clinical and endoscopic benefit
[81]. Similarly, daclizumab had no therapeutic effect in patients with
moderate-severe UC [82]. These negative results are not surprising,
since there is no evidence that IL-2 is pathogenic in the gut. In contrast,
it is well known that IL-2 can activate counter-regulatory pathways (e.g.
development and maintenance of regulatory T cells) [83] and therefore
blockade of IL-2 can make worse the pre-existing intestinal immune
mediated pathology.

Janus Kinases (JAKs) are signaling molecules that act downstream a
variety of cytokine receptors, hormone receptors and chemokines [84].
Tofacitinib (CP-690,550) is an oral inhibitor of JAK 1, 2 and 3, which
interferes with Th2 and Th17 differentiation and blocks the secretion
of IL-17 and IL-22 [85-87]. A multicenter, double blind, placebo-
controlled, randomized trial has been recently carried out to text the
efficacy of tofacitinib in patients with moderate-or-severe active UC
[86]. Following 8 week-treatment clinical response was documented in
32%, 48%, 61%, and 78% of patients receiving tofacitinib at a dose of
0.5 mg (P=0.39), 3 mg (P=0.55), 10 mg (P=0.10), and 15 mg (P<0.001),
respectively, as compared with 42% of patients treated with placebo.
Clinical remission occurred in 13%, 33%, 48%, and 41% of patients
treated with tofacitinib at a dose of 0.5 mg (P=0.76), 3 mg (P=0.01),
10 mg (P<0.001), and 15 mg (P<0.001), respectively, as compared
with 10% of those treated with placebo. However, a dose-dependent
increase in both low-density and high-density lipoprotein cholesterol
was observed in tofacitinib-treated group [86].

Conclusions

In recent years, intensive basic and clinical research has enormously
advanced our understanding of the mechanisms by which T cells
amplify the mucosal inflammation that inexorably leads to tissue
damage in IBD. Nonetheless, the vast majority of clinical trials with T
cell blockers failed in IBD, raising important questions on which T cell
pathways should be targeted in order to optimize therapeutic strategies.
Altogether the accumulating data suggest that neutralization of single
T cell-derived soluble cytokines is not effective and this could strictly
rely on the fact that IBD-associated immune response is driven by
multiple and disconnected cytokine networks. Indeed, it is now evident
that tissue injury in IBD occurs in intestinal areas massively infiltrated
with various subsets of cytokine-producing effector T cells. Therefore,
targeting simultaneously two or more of effector cytokines could be
more advantageous than inhibiting selectively a single cytokine. Since
most cytokines over-produced in IBD tissue are redundant in their
function, another therapeutic approach is to use compounds that act
downstream cytokine receptors by inhibiting intracellular pathways.
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This hypothesis is supported by the clinical success seen in UC patients
treated with tofacitinib. The lesson derived from the use of anti-TNF-a
antibodies and immunosuppressors suggests that enhancing T cell
apoptosis may be beneficial in IBD and this goal could be reached by
antagonizing cytokines, which govern T cell survival and death (e.g. IL-
6, IL-15, IL-21). It should also be taken into consideration that not all
the T cell-derived cytokines are produced during the different phases
of IBD. Hence, administration of drugs blocking Th17 cytokines could
be not useful in the early stages of CD that are marked by an IL-12-
associated Th1 cell response. In contrast, compounds inhibiting either
Th1 or Th17 cytokines could be not sufficient to dampen the established
phases of the disease, in which there is a predominant mixed Th1/Th17
cell response [88]. In conclusion, the data discussed in this article
indicate that T cell-targeted therapy are useful in the management of
IBD patients, even though further studies are needed to ascertain which
patients could benefit from these treatments.
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