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Inflammatory bowel disease likely derives from a loss of homeostasis between the host and
the commensal microbiota in a genetically susceptible host 1. Our insight into the three
major components that underlie this model has vastly expanded: namely host genetic
susceptibility, the commensal microbiota; and the immunologic basis of this disorder. The
latter in particular has generated new therapeutic ideas that have been stimulated by
preclinical studies in a wide variety of mouse models and to a limited extent studies in
human tissues, with several of them having undergone testing in human clinical studies

One aspect of the immunobiology of these disorders, both Crohn’s disease (CD) and
ulcerative colitis (UC), is the important role played by chronically activated T lymphocytes,
which has become a central part of the paradigm of the immunologic basis of IBD. CD4*
and CD8* T cells are increased within the lamina propria in IBD with T cell receptors
(TCR) demonstrating common elements suggestive of an antigen driven T cell response 2.
Additionally, the MHC region is associated with genetic risk for IBD (more so for UC
compared to CD) as are several cytokine and —receptor genes that are linked to T cell
function. Animal studies in models of IBD have further indicated that elimination of T cells,
inhibition of secreted cytokines, or blockade of their activation results in disruption of
different types of intestinal inflammation. This has led to a deep interest in understanding
the mechanisms of T cell activation and resulted in specific approaches aimed at disrupting
this activation. One such concept is based on blocking the co-stimulatory pathways involved
in T cell activation. Blockade of co-stimulation has worked in other non-intestinal antigen
specific inflammatory diseases where the antigen is not known. As reported by Sandborn
and colleagues, phase Il trials in moderate to severe CD and UC revealed no demonstrable
evidence for a therapeutic benefit of Abatacept (CTLAA4-Ig) 3, despite Abatacept’s efficacy
in diseases such as psoriasis and rheumatoid arthritis (RA), which exhibit substantial
immunogenetic overlap with IBD. How can this be interpreted?

What is co-stimulation?

T cells are educated in the thymus to avoid responses to self-antigens through complex
pathways of positive and negative selection. T cells that then enter the peripheral circulation
are considered to be naive, antigen inexperienced cells which migrate extensively through
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secondary lymphoid structures such as the spleen and lymph nodes. Activation of a naive T
cell in a secondary lymphoid organ requires three signals. Signal 1 is provided by a major
histocompatibility complex class 1l (HLA-DR, DP or DQ) or MHC class | (HLA-A, B or C)
on an antigen presenting cell (APC) to a CD4* or CD8" T cell, respectively. An externally
positioned groove of the MHC presents a small 10-20 amino acid peptide to a T cell, with
the peptide deriving from the proteolytic intracellular digestion of a larger soluble protein
within the APC. Dendritic cells (DCs) represent the most potent type of APC that are
capable of activating a naive T cell. In the absence of further stimuli, signal 1 alone is a
tolerogenic signal leading to deletion or anergy of that cell. To become an active, effector T
cell, the naive T cell must simultaneously receive signal 2; the co-called co-stimulatory
signal. The best studied co-stimulatory molecule on naive T cells is CD28. Binding of CD80
and/or CD86 on an APC to CD28 on a T cell stimulates additional signals critical to
activation of a naive T cell. These include up-regulation of other co-stimulatory molecules
on the T cell such as CD40-ligand (CD40L) which binds to CD40 on the APC and promotes
the production of interleukin-2 (IL-2) and expression of the high affinity IL-2 receptor
(CD25) on the T cell. The latter represents signal 3, which drives the T cell into proliferation
and further differentiation. The subsequent short-term fate is determined by the local
microenvironment that triggers different effector functions such as T helper (Th) 1
(secreting interferon gamma and tumor necrosis factor), Th2 (secreting IL-4 and IL-13),
Th17 (secreting IL-17A, IL-17F, IL-21 and 1L-22) or T regulatory (Treg; secreting
transforming growth factor B, IL-10 and 1L-35).

Conclusion of the immune response includes elimination of effector T cells via activation-
induced programmed cell death, but also differentiation into memory cells 4. The latter allow
the host to rapidly respond to subsequent exposure to the same antigen. Two major types of
memory cells, effector-memory (EM) and central memory (CM) cells accumulate in tertiary
(e.g. intestinal lamina propria) or secondary lymphoid organs (e.g. lymph nodes),
respectively. In fact, the intestinal lamina propria is comprised almost exclusively of
effector-memory T cells with very few naive T cells . Different cell surface markers on
Tem and T control their migration to these various destinations.

In addition, powerful forces from regulatory pathways restrain the functional activity of
effector T cells. Cell intrinsic T cell regulation involves upregulation of co-inhibitory
molecules on the cell surface of the T cells, such as CTLA4. CTLA4, expressed 47 days
after T cell activation, has 100-fold increased avidity for CD80 and CD86 compared to
CD28. CTLA4 thereby out-competes CD28 for CD80/CD86 binding and at the same time
delivers an inhibitory signal to the T cell.

Cell extrinsic T cell regulation is imposed by other cell types such as regulatory T cells
(Treg)- Treg are also educated in the thymus or induced in peripheral tissues such as the gut,
and their differentiation is controlled by a transcription factor, FOXP3. Humans with a
genetic defect in FOXP3do not develop Treg cells and suffer from IPEX, an inflammatory
condition in various organ systems including the intestine, which resembles a similar
condition called scurfy in mice lacking Foxp3. Teg cells control effector T cells by contact-
independent or contact-dependent mechanisms, the latter involving secretion of inhibitory
cytokines such as IL-10, TGF-p and 1L-35. The contact-dependent mechanisms include the
expression of CTLA4 on the Tyeq which binds to CD80 or CD86 on activated T cells and
delivers an inhibitory signal 6, including the activation of indoleamine-dioxygenase (IDO)
IDO catabolizes tryptophan (required for proliferation of activated T cells) and generates
inhibitory metabolites such as indoleamine. CTLA4 on Treg can also remove CD80 and
CD86 from the cell surface of the APC 7.
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CTLA4-lIg and blockade of co-stimulation as an immunotherapeutic
mechanism

Co-stimulatory blockade has emerged as an appealing methodologic approach in the
treatment of a variety of inflammatory disorders considered to be T cell driven. Most
experience has been gathered with blockade of the CD28-CD80 and CD86 system via a
genetically engineered fusion protein that chimerizes CTLAA4 to the Fc portion of 1gG
(CTLA4-1g; Abatacept™). Mechanistically, due to its much higher affinity for CD80 and
CD86, CTLA4-Ig is thought to outcompete CD28 binding. CTLA4-1g has been well-known
to block T cell activation for 20 years based upon beneficial CTLA4-1g treatment in a model
of pancreatic islet cell transplantation 8. Since that time, CTLA4-Ig (Abatacept™) has been
tested in human RA 2, psoriatic arthritis 10, type 1 diabetes (T1D) 11, multiple sclerosis 12,
alopecia totalis 13, systemic lupus erythematosus 14 and as now published in
Gastroenterology, 1BD 3.

CTLA4-1g has exhibited efficacy in RA in phase Il trials, and exhibits promise in phase Il
trials in psoriatic arthritis and T1D. In the current report, Sandborn and colleagues 3 describe
the results of four placebo-controlled trials that evaluated Abatacept™ for induction and
maintenance of remission in patients with CD and UC at doses of 30, 10 or 3 mg/kg with
dosing at weeks 0, 2, 4 and 8. In the maintenance protocol, responders to Abatacept from the
CD and UC induction trials were randomized to 10 mg/kg Abatacept™ or placebo. In all
four trials, even though Abatacept™ was generally well tolerated, there was no evidence of
efficacy. In the UC trials, patients underwent sigmoidoscopy at weeks 0, 8, 12, 36 and 52
which allowed for an assessment of histology and immunohistochemical expression of
CD68 (a marker for macrophages), CD20 (a marker for B cells), CD86 (a marker for
activated T cells and APC), CD4 (a marker for Th cells), FOXP3 (a marker for regulatory
cells and activated T cells), caspase 3 (a marker of programmed cell death) and tenascin (a
measure of the extracellular matrix). None of these markers exhibited differences over time.
These observations add CTLA4-1g to an increasingly large list of biologic therapies that
have failed in IBD trials.

What can be learned from the Abatacept™ experience in IBD?

At a mechanistic level, there may be many potential, non mutually-exclusive, explanations
for this clinical result. Perhaps the most cogent reason is the relative lack of dependence on
co-stimulation that Tgp, cells, the predominant type of T cell in the gut, exhibit. Co-
stimulation is generally much more critical during the activation of naive T cells and less so
for memory and effector memory T cells 1°. This may also underlie the preferential efficacy
of CTLA4-Ig in the therapy of early compared to late T1D 11, Thus CTLA4-lg would be
more likely to be efficacious in circumstances wherein naive T cells are actively recruited
into inflamed locales; something which may not likely be a major feature of IBD where
almost exclusively Tgy cells and virtually no naive T cells are present within the intestines.
Another possibility is that CD28 related pathways are not important in the pathogenesis of
IBD. Many CD8* and CD4* T cells especially within the epithelium, do not express CD28
in the gut 16 and models of IBD such as IL-2-deficient mice develop inflammation in the
complete absence of CD28 17. The current trials may have revealed the important insight
into the CD28 independence of co-stimulation in the intestines. Indeed, intestinal lamina
propria and intraepithelial T cells have been long-known to respond better to TCR
independent signals such as CD2. Moreover, studies of model systems suggest other co-
stimulatory molecules such as OX40/0X40L not targeted by CTLA4-Ig might be important
in intestinal inflammation 18,
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A third possibility is that Abatacept might have impeded Treg function in addition to
preventing effector T cell activation. CD28 and CTLA4 are critical for Tyeq cell
development and function, respectively. CTLAA4-1g could deprive Tregs of an important
CD28-dependent signal. In fact, blockade of CTLA4 function through Ipilimumab™, which
is effective in metastatic melanoma via augmenting an anti-melanoma immune response,
induces colitis as a characteristic adverse event 19, FOXP3* cells are functional and present
in normal or increased numbers in IBD. Although no changes in FOXP3
immunohistochemistry were noted in the studies by Sandborn and colleagues 3, in the
absence of a functional analysis of the T cells in these studies, it cannot be determined
whether CTLA4-Ig had an adverse effect on Treg cell populations since FOXP3 can also be
expressed by activated T cells. Moreover, CTLAA4 binding to CD80 and CD86 may induce
tryptophan catabolism and the generation of regulatory metabolites such as indoleamine as
discussed above. Perhaps CTLA4-Ig deprives the gut T cells from this important natural
regulatory pathway that is normally provided by the interactions between endogenous
CTLA4 and CD80 and CD86.

A fourth and final possibility relates to the important role played by CD28 and CTLA4 in T
cell differentiation into Th1, Th2 and Th17 20, Each of these effectors can drive
inflammation when present at pathologic levels, and they extensively cross-regulate each
other. Blockade of CD28 pathways may diminish Th2 cytokines which would be predicted
to result in increased Th1 cytokines. This might be problematic in CD wherein a Thl
cytokine excess is consistent with the IFNy-dependent formation of granulomas in this
disorder. In the absence of tissue profiling of cytokine expression in the reported studies,
such possibilities can only be speculated upon.

The path forward?

Do these studies represent the death-knell for blocking co-stimulation as a means to affect
IBD? The answer is likely no. Next-generation forms of Abatacept™ such as CTLA4-Ig
with higher affinity for CD80 and CD86 such as Belatacept™ (L104E and A29Y mutations
in CTLAA) result in significantly improved clinical efficacy e.g. in transplant medicine 2.
Another aspect worth considering is the confounding variable introduced by azathioprine or
6-mercaptopurine that target CD28 signaling and which 30-40% of the patients in the trials
by Sandborn and colleagues were receiving 22. Treatment with azathrioprine may already
neutralize CD28-mediated signals 22. Post-hoc analysis of the data by Sandborn and
colleagues may possibly elucidate the importance or lack thereof of this potential factor. For
future trials, it could be imagined that CTLA4-1g would be effective in azathioprine naive
individuals through a top-down type approach prior to removal of active CD28 signaling
through azathioprine treatment 22, Another possibility is that due to the unique Tgm
compartment in the intestines, blockade of other co-stimulatory pathways may be more
important for treating IBD, such as OX40/0X40L or CD2-CD58 interactions 23, CD58 is
particularly interesting because of the extremely important role that CD2 activation has in
the gut and the relatively high expression of CD58 on epithelial cells; an atypical APC that
is unique to the intestines and does not typically express CD80 or CD86.

Does the failure of Abatacept and other strategies that targeted T cells indicate that IBD is a
non-T cell disease associated with abnormalities in innate immunity alone? The answer is
likely no again. Interpretation of the negative results of the study of the anti-CD3 antibody
Visilizumab™ in steroid-refractory UC24 is severely hampered by a 47% placebo response
rate and specific aspects of initial CD3 activation upon binding of this antibody to T cells.
Results of trials with the anti-CD25/IL-2RA antibodies Basiliximab™ and Daclizumab™
which also failed in steroid-refractory UC could easily be explained by potential depletion or
functional impairment of Treg cells, which typically express CD25 and represent the vast
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majority of CD4*CD25" cells 2°; as discussed above for Abatacept™. The failure of the
aforementioned antibodies is in stark contrast to the success of strategies that target T cell
immigration into the intestine such as those reported for the anti-a,4 integrin antibody
Natalizumab™ in CD and, in particular, the anti-a.4B7 antibody Vedolizumab in UC 26,
These strikingly different results of various T cell-targeted strategies, which partly contrast
with their effects in e.g. rheumatoid arthritis, may highlight the particular complexities and
specifics of the intestinal immune compartment, rather than indicate the importance (or lack
thereof) of T cells in IBD in general.

In the end, the studies reported by Sandborn and colleagues points towards the conclusion
that not all T cell mediated inflammatory diseases are alike. What works in one may not
work in another and highlights the unique rules that govern T cell activation in specific
tissue sites such as the apparent CD28-independence of lamina propria lymphocytes with the
caveats discussed. These and other possible considerations must be part of the ongoing
dialogue going forward in developing future studies in this area. Whatever the target, it
cannot be emphasized more emphatically the importance of carefully designed clinical
studies together with basic experimental investigations. Such additional experimentation can
hopefully enhance the information provided by the clinical studies and allow for the
interrogation of biologic events associated with the therapeutic intervention in order to
inform future clinical studies. In their absence, we risk not having a future road-map such
that the therapeutic agent as applied becomes a “dead-end” study. Carefully performed
clinical studies such as those reported by Sandborn and colleagues provide perhaps the best
opportunity for understanding disease mechanisms in humans.
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Figure 1.

A. Activation of naive T cells requires three signals. Antigen presented on MHC molecules
on professional antigen presenting cells (APC) engage the T cell receptor (TCR) on a naive
T cell (Signal 1). Co-stimulation (Signal 2) is provided through B7 (CD80 and CD86) on
APCs interacting with CD28 on T cells, which induces IL-2 secretion. IL-2 in turn engages
the high affinity IL-2 receptor CD25 (Signal 3), which results in T cell proliferation. B.
Activated T cells upregulate CTLA-4 4-7 days after TCR activation. CTLA-4 has higher
affinity to CD80 and CD86 and thereby out-competes CD28. C. CTLA4-1g (Abatacept™)
targets CD80/CD86 on APCs therefore depriving naive T cells from its co-stimulatory
signal (Signal 2). D. Regulatory T cells (T reg) constitutively express CTLA-4, which upon
engagement with CD80/86 on APCs are downregulated and express indoleamine 2,3-
dioxygenase (IDO), the rate limiting enzyme in tryptophan catabolism, which inhibits T cell
proliferation via tryptophan deprivation. In addition, Treg secrete inhibitory cytokines such
as IL-10, TGF-p and 1L-35.
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