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Abstract

Crohn’s disease (CD) and ulcerative colitis (UC), collectively termed inflammatory bowel disease
(IBD), are immunological disorders that represent the prototypes of chronic intestinal
inflammation. Their pathogenesis involves the dysregulated interaction between the intestinal
microbiota and the gut-associated mucosal immune system that takes place when genetically
predisposed individuals are exposed to detrimental environmental triggers. In recent years, the
therapeutic dogma in IBD has shifted away from the administration of non-specific
immunosuppressives towards a pathway-based approach. In this review we will present an oulook
of IBD treatment, based on this new conceptual approach. Firstly, we will provide an overview of
the major aspects of IBD pathogenesis with emphasis on specific pathway-based defects.
Subsequently, we will examine in detail the development of novel therapeutic approaches that can
be used to target genetics, dysbiosis, the epithelial barrier, pro inflammatory cytokines, and
leukocyte trafficking. Most of these strategies are still in the developmental phase, but promising
approaches include: fecal microbiota transplantation as a means to correct IBD-related dysbiosis;
administration of modified phosphatidylcoline (PC) to enhance the function of the intestinal
mucous and tighten the defective epithelial barrier; the reduction of over-reactive pro-
inflammatory pathways through the blockade of novel, non-TNF inflammatory mediators, via
monoclonal antibodies against the common p40 chain of IL-12 and IL-23, JAK kinase inhibitors,
or antisense oligonuclotides against inhibitors of the immunosuppressive cytokine TGF-p1; and,
finally, inhibition of leukocyte trafficking to the gut via neutralization of the gut-specific integrin
a4P7 integrin. Availability of such diverse treatment modalities with specific pathway-based
targets will increase the therapeutic options for patients with IBD.
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INTRODUCTION

IBD is a collective term for UC and CD. These clinical entities are the prototypes of chronic
persistent inflammation of the intestines with a combined prevalence of more than
300/100.000 individuals in Western populations (1). UC and CD share several
clinicopathological features, such as a fluctuating chronic pattern, preference for younger
individuals, acute and chronic inflammatory infiltrates within the lamina propria, as well as
common extra-intestinal manifestations. Nevertheless, they are also distinguished by certain
separating features (2, 3). UC affects the colon, exclusively, with the inflammatory reaction
being confined to the mucosa and spreading continuously from the anus and extends
proximally. In contrast, CD may affect any region of the Gl tract and any layer of the bowel
wall, leading to the disease-specific phenotypes of fibrostenosis and/or fistula formation.

UC and CD may cause continuous clinical symptoms due to anatomic and functional
damage of the Gl tract. They are also often associated with specific complications that
necessitate surgical intervention, which further impairs bowel function. A systemic
inflammatory response may occasionally develop with serious and occasionally life-
threatening consequences. Finally, patients with IBD frequently develop inflammation in
extra-intestinal tissues, which add up to the overall disease burden and present unique
therapeutic challenges. As a result, IBD is associated with serious compromise of the quality
of life, loss of productivity, as well as frequent utilization of health care resources and
considerable costs (4).

CD and UC are immune-mediated conditions; hence, their management has traditionally
focused on anti-inflammatory treatments. In the last two decades, the therapeutic dogma has
shifted away from general immunosuppressive treatment with corticosteroids and
thiopurines towards a pathway-based approach. The latter initially implicates identification
of specific immunomodulatory molecules that possess defined pathogenetic roles.
Subsequently, these pathways are either neutralized via the administration of monoclonal
antibodies or enhanced by using recombinant proteins. These new therapies aim not only to
clinical improvement, but, most importantly, to prevention of long-term sequelae through
the complete abrogation of inflammatory activity (the so-called deep remission) (5).
Analyzing the effects of such treatments is necessary for their incorporation into updated
therapeutic algorithms while at the same time, facilitate the elucidation of the precise roles
of specific pathways for the initiation and perpetuation of intestinal inflammation. In the
present review, we will discuss current and developing therapeutic approaches to IBD in
relation to the increasing understanding of its pathogenesis.

OVERVIEW OF IBD PATHOGENESIS

The development of chronic inflammation in IBD signifies the miscommunication between
the gut microbiota and the intestinal mucosal immune system, resulting in the failure of
mucosal homeostasis (6). This dysregulated interaction critically depends upon the integrity
of the epithelial barrier, is determined by genetic defects, and requires the presence of
triggering environmental factors (Figure 1). Diverse lines of research have brought about the
importance of each of the aforementioned factors.
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Application of high-throughput genomic analysis has resulted in the identification of more
than 150 loci that are associated with modified risk for developing IBD (7), among which
110 are shared by both disease subtypes (UC and CD) (8). The majority of identified
polymorphisms involve genes that encode for proteins with critical roles in immune
responses against microorganisms. In fact, major pathways that have emerged from these
genome-wide association studies include autophagy, intracellular recognition of pathogen-
associated molecular patterns, and endoplasmic reticulum stress/unfolded protein responses
(9). The sole existence of a genetic polymorphism is not sufficient to generate the
inflammatory phenotype of IBD; nonetheless, it places upon the individual the risk for
developing the disease when challenged by specific environmental pressures. Identification
of the responsible environmental triggers has proven extremely difficult due to the
significant overlap between diverse factors and the possible temporal dissociation between
these factors and the initiation of disease (10). The strongest association has been
established for smoking, which appears to be protective for UC and harmful for CD (11).
Additional factors include medications (antibiotics in early life, estrogens and non-steroid
anti-inflammatory drugs in adulthood), stress and dietary habits (12). It should also be noted
that environmental factors may also influence the risk for developing IBD indirectly by
inducing epigenetic changes to the genome or altering the composition of the microbiota
(13).

No matter what the genetic defects and environmental triggers may be, the final outcome is
disruption of mucosal homeostasis. The latter is maintained by the healthy interaction
between three participating parties, namely, the microbiota, the gut-associated immune
system, and the epithelial barrier (14). In IBD, any of these parameters may be defective.
The existence of IBD-specific alterations of the flora has been described and is collectively
referred to as “dysbiosis” (15). Encompassed within this concept are a decreased diversity of
microorganisms, changes in the relative proportions of the major bacterial phyla (i.e.
Firmicutes vs. Bacteriodetes), as well as altered detection frequencies for certain
microorganisms (16). Nevertheless, it is not clear whether such changes precede (and even
cause) the development of IBD or whether they represent a by-product of mucosal
inflammation. On the other hand, there is now ample evidence that immune cells within the
lamina propria of patients with IBD exist in an activated state and demonstrate hyper-
reactivity against bacterial antigens (17). There is still debate regarding the primary
abnormality, whether it is loss of regulatory mechanisms or inherent over-reactivity of
effector pathways. In any case, the end result is the amplification of proinflammatory
responses within the affected mucosa. This is coupled by increased recruitment of
leukocytes, mainly lymphocytes, via the combined action of chemokines and cell-adhesion
molecules that is reflected in the robust inflammatory infiltrate seen in pathological
specimens from IBD patients (18). Recruited immunocytes produce a variety of
inflammatory mediators that further amplify immunological reactions and result in bowel
damage. Pivotal among such factors are cytokines that are secreted by several cell-types and
are further diversified into subgroups (19). Thl and Th17 pathways appear to predominate
in the inflamed mucosa of CD patients, whereas Th2 and Th17 factors are abundant in UC
(20). It should be noted, however, that strict terminal polarization of effector responses does
not seem to take place and significant overlap exists between the immunological pathways
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in UC and CD (21). One additional point that needs to be considered is that there is now
increasing evidence that over-reactivity of adaptive effector responses may be preceded by
an initial phase that is characterized by failure of innate immunity mechanisms (22). This
“innate immunodeficiency” is translated into failure of effective clearance of bacteria and
their products by phagocytic cells within the lamina propria (23). This is also supported by
the association of IBD with polymorphisms in genes that encode for proteins that participate
in the recognition and elimination of intruding microorganisms. Other polymorphisms affect
components of the epithelial barrier itself (24). This is a complex structure that allows the
regulated communication between intraluminal commensals and immunocytes at the lamina
propria. It is formed by the single layer of epithelial cells and the dense network of
interconnecting proteins of tight junctions, and further supported by the mucus layer, as well
as the secretion of several natural antimicrobial peptides and repair factors (25). There are
now several lines of evidence showing that failure of the integrity of the epithelial barrier
may be an early event in the natural history of IBD, which allows for the uncontrolled influx
of bacterial products into the lamina propria and the propagation of pro-inflammatory
mucosal responses (26).

It is obvious that identification of defined defects in the factors that participate in mucosal
homeostasis not only offers insights into the pathogenesis of IBD, but also establishes the
basis for the development of targeted therapies. These will be discussed below in detail.

A “PATHOGENETIC” APPROACH TO IBD TREATMENT

Correcting the genetic defect

For the majority of IBD cases, the underlying genetic predisposition is not due to a single
mutation that is inherited in a Mendelian manner. Instead, most IBD-associated
polymorphisms have only a minor contribution to disease heritability (27). In fact, the 163
identified loci account for only 13.6% of CD and 7.5% of UC variance (8). Most probably,
IBD patients may bear multiple minor traits, which add up and interact with environmental
factors to result in the functional defect, and eventually to the clinical phenotype. This is not,
however, the case for the rare patient who bears single mutations in critical genes that have
immediate and direct results. In fact, it is now recognized that several monogenic diseases
present with IBD-like chronic intestinal inflammation (28). Due to the definitive effect of
these genetic defects on the functional level, a common clinical phenotype is the
development of early-onset IBD.

A representative example is the occurrence of very-early, CD-like intestinal disease in
individuals bearing mutations in the IL-10 or IL-10R genes (29, 30). Indeed, a recent study
examined 66 patients with early-onset disease and found frequent mutations in IL-10RA (5
patients), IL-10RB (8 patients) or IL-10 (3 patients) genes (31). What is important from the
therapeutic standpoint is the potential for correcting the genetic defect in such cases via
allogeneic hematopoietic stem cell transplantation (HSCT). Along this line, this therapy was
applied to 5 patients with mutations in IL-10R deficiency (31). The concept behind this
approach is that HSCT would reconstitute 1L-10R signaling in PBMCs and correct the
functional defect; as a proof of principle, this was actually the case in all transplanted
patients. HSCT induced a clinical remission in all patients that was sustained throughout a 2-
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year follow up period. These results are complementary to previous studies showing that
bone marrow/HSCT is a valuable treatment option for other monogenic diseases that cause
intestinal inflammation, such as immune dysregulation, polyendocrinopathy, enteropathy, X
linked (IPEX) syndrome, chronic granulomatous disease (CGD), or X linked
lymphoproliferative syndrome 2 (XIAP deficiency) (32).

Although anecdotal reports have reported induction of remission following allogeneic HSCT
in patients with adult-onset, sporadic IBD (33, 34), the aforementioned results in specific
inherited syndromes cannot be generalized (31). It should be noted that HSCT can only
correct defects with functional consequences on hematopoietic cells. Furthermore, the
underlying mutation should be clearly defined (if it is to be corrected with HSCT), which is
not the case for the majority of UC or CD cases. Finally, the potential for adverse effects
should not be underestimated, in particular when other therapeutic options exist.

Reversing dysbiosis

As previously mentioned, IBD-specific changes in the gut microbiota have been long
recognized and are increasingly typified in recent years (16). Nevertheless, the majority of
such changes refer to alterations of the relative proportions of the major subgroups of
bacteria and not the involvement of single pathobionts. Consequently, correction of the
observed abnormalities has been proven very difficult, if not impossible, to achieve. This is
reflected in the failure of antibiotics or probiotics to provide permanent and long-lasting
suppression of intestinal inflammation in IBD patients. Moreover, analysis of existing data
is compromised by the effects of heterogeneity between studies that have to do with the type
of antibiotic regimen or the strains of probiotic administered, the duration and dose of each
specific treatment, and the concomitant therapies (35). Two exceptions, however, exist and
may offer important pathogenetic insights. First, the multi-probiotic preparation VSL#3 is
very effective in preventing the development or recurrence of pouchitis in patients with UC
who have undergone ileal-pouch-anal anastomosis (IPAA) (36). Second, antibiotics prevent
the short-term post-operative recurrence of CD in the neoterminal ileum following right
hemicolectomy for L1-type disease (Montreal classification) (37). Therefore, it appears that
antibiotics and probiotics are most effective when given in a preventive fashion; this, in turn,
may imply that the role of the microbiota in IBD is more significant during the onset of
intestinal inflammation, rather than after it is fully established. This concept is further
supported by studies in SAMP1/YitFc mice (38). These mice spontaneously develop chronic
intestinal inflammation that is fully established by 10 weeks of age and remains throughout
the mouse lifespan (39). Disease in SAMP1/YitFc mice truly resembles CD, as it is
localized at the terminal ileum, extends transmurally, and is associated with the development
of fibrotic strictures and the occasional formation of granulomas. lleitis in SAMP1/YitFc
mice is significantly ameliorated by broad-spectrum antibiotic administration and
completely abrogated by probiotics (40, 41). Nevertheless, this happens only when treatment
is administered before the onset of ileitis, whereas no effect was observed when treatment
was initiated during established inflammation.

A different approach, which has gained increasing attention in recent years, is fecal
microbiota transplantation (FMT). This technique aims at replacing the “dysbiotic” flora of
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IBD patients with that of a healthy donor in hopes that this will re-establish mucosal
homeostasis (42). The donor is tested for various communicable diseases and the feces are
infused into the recipient’s Gl tract via a variety of ways, such as through a nasogastric or
nasojejunal tube, through upper or lower GI endoscopy, or via retention enemas. Although
this approach has proven highly effective in patients with recurrent Cl. difficile colitis,
results from I1BD studies have not allowed for definitive conclusions (43). In either UC or
CD, when FMT was applied in cases with concomitant Cl. difficile infection, the majority of
patients reported resolution or reduction of symptoms (44). Results, however, were more
ambiguous when patients with IBD and no Cl. difficile infection were studied. In a minority
of studies, the effect of FMT on flora composition of recipients was also examined (45, 46).
It is interesting that FMT increased the phylotype richness (which, as said, is decreased in
UC) and resulted in similarity of flora of the recipient compared to that of the donor.
Nevertheless, these modifications were transient in nature and not uniformly translated to
clinical improvement. It should be noted that large heterogeneity between trials exists and
this makes the interpretation of results, as a whole, unreliable. The resulting difficulties in
clinical trial design and analysis are clearly depicted in the recent publication of two double-
blind, randomized, controlled trials on FMT in patients with UC (47, 48). Importanty, both
trials were prematurely terminated at interim analysis by the data safety and monitoring
board because of futility. Both studies were seriously criticized for overestimating the effect
of FMT, which led to the trials being underpowered. In one study, however, further analysis
after inclusion of additional 22 subjects, who had already been enrolled, significance was
accomplished for the primary end point of remission (47). This “partially positive” trial
differed from the “negative” one in the route of fecal administration (enema vs. oral
gavage), number of FMTSs (six vs. two), and allowance for anti-TNF administration (vs. no
allowance). Furthermore, a smaller number of fecal donors were included (six vs. fifteen).
Interestingly, receiving feces from a particular donor may have been responsible for the
positive result of the one trial. Another important signal was that the effect of FMT on the
recipient microbiome appeared to significantly differ between clinical responders and non-
responders. In all, these conflicting results further emphasize that better designed studies are
needed to clarify the role, if any, of FMT in patients with IBD and no concurrent Cl. difficile
infection.

Tightening the epithelial barrier

The competence of the epithelial barrier is maintained through the structural and functional
integrity of its several discrete, but interconnected components. Among those are the mucus
layer, the epithelial monolayer with the various types of cells (enterocytes, goblet cells,
Paneth cells), the intercellular connective structures and tight junctions, as well as the
secreted natural antimicrobial peptides and trefoil factors. Defects in any of these integral
parts may result in failure of the overall “barrier” function, causing inadequate control of the
bacterial influx into the lamina propria. Such events are now considered among the earliest
that take place in the natural history of IBD and precede the development of pro-
inflammatory mucosal reaction. It follows that restitution of the defective barrier is a desired
therapeutic aim in patients with UC and CD. Nevertheless, very few efforts have reached the
clinical stage, thus far (49). It should be noted that a major mode of action of mesalazine
may be the improvement of epithelial integrity through its function as an agonist for
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peroxisome proliferator-activated receptor-y (PPAR-y) (50). Similarly, hyperbaric oxygen
treatment may augment barrier function by reducing the adverse effects of tissue hypoxia
(51, 52).

Phosphatidylcholine (PC) is the major mucus phospholipid and is essential for the protective
function of colonic mucus. PC was found to be substantially decreased in the mucus of
patients with UC as compared to healthy individuals, but also to patients with CD (53). In
addition to its role in mucus stabilization, PC has also been shown to exert intrinsic anti-
inflammatory properties (54). These data led investigators to hypothesize that replacement
of PC in patients with UC may restore barrier function and ameliorate intestinal
inflammation. The hypothesis has been tested so far in a number of studies, all of which
demonstrated positive results. Initial studies used a slow-release PC that was first tested
against placebo in chronic active UC (55). PC administration induced a clinical favorable
outcome (remission or >50% improvement) in 90% of patients as opposed to a 10%
response in patients in the placebo. The same PC compound was subsequently tested in the
steroid-refractory UC population; PC induced a response (CAI index of<3 or CAl
improvement of >50%) in 50% of the patients, whereas placebo was successful only in 10%
of treated patients (56). Similar results were recently reported for the administration of
LT-02 (0, 0.8, 1.6, or 3.2 g), a modified release PC-enriched formula in patients with
clinically active UC (Simple Clinical Colitis Activity Index =5), despite appropriate
treatment with mesalazine (57). Patients were treated for 12-wks and followed for an
additional 8-wks. Patients that received the high LT-02 dose (3.2 g) had a significantly
higher SCCAI drop (51.7 %) compared to placebo (33.3 %, P=0.03). In other analyses,
patients on high-dose LT-02 also achieved higher rates for remission (31.4 % vs. 15 %),
mucosal healing (47.4 % vs. 32.5 %), and histologic remission (40.5 % vs. 20 %).
Furthermore, treatment with LT-02 was associated with earlier (>2-wks) first symptom
resolution, whereas, at the same time, twice as many patients reached complete symptom
resolution compared to placebo. Treatment with PC was not associated with serious adverse
events in the aforementioned studies. These encouraging results have prompted the design of
phase 111 trials, which are currently recruiting patients (Clinical Trials.gov Identifiers:
NCT02280629 and NCT02142725).

Ameliorating pro-inflammatory responses

Anti-cytokine therapeutics—The elucidation of immunological pathways that underlie
the pathogenesis of clinical and experimental intestinal inflammation has resulted in an
abundance of therapeutic targets, the majority of which are pro-inflammatory cytokines. The
first neutralization attempt was directed against tumor necrosis factor (TNF)-a. The high
success of this therapy has led to the development of several anti-TNF monoclonal
antibodies that have been incorporated into current therapeutic algorithms for UC
(infliximab, adalimumab, golimumab) and CD (infliximab, adalimumab, certolizumab
pegol) (58). More importantly, it has offered proof of principle that blockade of a single
molecule/pathway may be sufficient to induce complete and sustainable remission of
chronic intestinal inflammation. At the same time, however, a significant proportion of
patients do not improve on anti-TNF treatments; this has led to the conclusion that other
immunological pathways may be dominant in these groups of non-responders.
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Consequently, during the last two decades, the quest for the next appropriate target has been
continuous, and, although failures have been many more than successes, it has provided the
pool for the next IBD biologics.

In recent years, converging lines of evidence have supported an important role for the 1L-23/
Th17 pathway in chronic intestinal inflammation (59). First, genetic polymorphisms of the
IL-23R gene, but also for several other molecules related to this pathway, have been
associated with IBD. Second, mRNA and protein expression of 1L-23, IL-17A and other
associated cytokines are highly upregulated in the inflamed mucosa of patients with CD, and
to a lesser extent, UC. Finally, animal studies have shown that inhibition of the IL-23/Th17
pathway is effective in ameliorating experimental colitis. This background evidence has led
to clinical trials testing the efficacy of anti-I1L-23 therapies in CD.

Ustekinumab is a monoclonal 1gG1 antibody directed against the p40 subunit of IL-23. It
should be emphasized that p40 is also a subunit of 1L-12, a prototype Th1 cytokine. Thus,
ustekinumab has the ability to block both Th1 and Th17 pathways. As these are considered
the major mucosal immunological pathways that take place in CD, ustekinumab was tested
in this patient population. An initial study demonstrated that subcutaneous or intravenous
ustekinumab effectively induced clinical response in the short (4 and 6 wks), but not
medium (week 8), term in CD (60). This study showed that patients that had previously
received anti-TNF biologics tended to respond better to ustekinumab. Indeed, in subanalysis
of the results, the effect of ustekinumab was almost 60% in anti-TNF experienced patients
(placebo response rate: 269%). Furthermore, response was higher in patients with higher CRP
values, indicating that anti-inflammatory therapies work better in patients with significant
inflammation, probably due to the high availability of molecular targets (61). The
aforementioned observations prompted a phase I1b trial, which included only patients with
moderate to severe, active CD that was refractory to anti-TNF therapy (62). The efficacy of
ustekinumab as induction or maintenance therapy was tested in 526 patients. In the
induction study, ustekinumab was administered as intravenous therapy with increasing doses
(1, 3 or 6 mg/kg). At week 6, all three ustekinumab groups achieved significantly higher
clinical response rates (=100 points decrease in CDAI) (placebo: 23.5%, ustekinumab 1
mg/kg: 37%, P=0.02, ustekinumab 3 mg/kg 34%, P=0.06, ustekinumab 6 mg/kg 40%,
P=0.005). There were no significant differences regarding the rates of clinical remission. In
the follow-up maintenance study, responders at week 6 (n=146) received either placebo or
subcutaneous ustekinumab (90 mg) at weeks 8 and 16, and evaluated at week 22. Analysis
of the results detected a significant increase in the number of patients on ustekinumab
regarding either clinical response (69% vs. 42.5%, P<0.001) or clinical remission (42% vs.
27%, P<0.03), in comparison to patients on placebo. Ustekinumab demonstrated a good
safety profile. These studies set the basis for a phase 11 trial that is currently ongoing and
have generated hopes that this anti-1L-12/anti-1L23 therapy will find application in CD,
particular in the difficult to treat population with refractoriness to anti-TNF.

A different approach to block the pro-inflammatory pathways in chronic intestinal

inflammation is through the use of inhibitors of JAK kinases. JAK kinases are a family of
intracellular tyrosine kinases, consisting of JAK1, JAK2, JAK3 and tyrosine kinase 2 (63).
These are associated with intracellular signaling that is initiated by the bindings of various
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cytokines to their cognate receptors. Therefore, by inhibiting JAK kinase activity, the effects
of multiple cytokines are blocked. This is a theoretical advantage compared to the
neutralization of a single cytokine by monoclonal antibodies. Tofacitinib is a small molecule
that is administered orally and selectively inhibits JAK1 and JAK3. This leads to inhibition
of signaling through the common vy-chain (y. or CD132). This is a cytokine receptor subunit
common to the receptor complexes for several cytokines, including IL-2, IL-7, IL-9, I1L-15,
IL-21 (64). As these cytokines play pivotal roles in immune function, their blockade by
tofacitinib leads to anti-inflammatory effects. Among those are inhibition of the
differentiation of effector lymphocytes of the Th2 and Th17 types, suppression of innate
immune responses induced by LPS, and attenuation of proinflammatory signaling by
interleukin-6 and interferon-y.

The short-term effect of tofacitinib administration in patients with UC has been tested (65).
Patients with moderate-to-severe, active UC were randomized to receive placebo or one of 4
doses of tofacitinib (0.5, 3, 19, 15 mg) twice daily for 8 weeks, and were followed for an
additional 4 weeks. At 8-wks clinical response (primary endpoint) was seen in 42% of the
placebo group and 32%, 48%, 61%, and 78% for the 0.5, 3, 10, and 15 mg, groups,
respectively. The difference was significant for the comparison between placebo and the 15
mg group (P<0.001). Several secondary endpoints reached statistical significance for the
high dose tofacitinib group, including clinical remission, endoscopic response, and
endoscopic remission. There was also biological response (decrease in CRP, fecal
calprotectin) and improvements in the Inflammatory Bowel Disease Questionnaire score. No
major safety concerns were raised in these trials. It was noted, however, that, similarly to the
trials in rheumatoid arthritis, tofacitinib therapy in UC was associated with a dose-dependent
elevation of low-density and high-density lipoprotein cholesterol concentration. This,
however, was reversed after treatment cessation. Moreover, 3 patients developed tofacitinib-
induced leucopenia (absolute neutrophil count <1500). Taken together, tofacitinib appears to
be a promising oral anti-inflammatory treatment for UC (66); nevertheless, its clinical
application will largely depend upon the results of long-term, maintenance of response trials
and the clarification of the aforementioned safety concerns. It should also be noted that
administration of tofacitinib in patients with CD failed to induce a significant clinical benefit
(67).

A final way to ameliorate pro-inflammatory mucosal responses is via the enhancement of
immunosuppressive elements. This approach was taken in the recent clinical trial on the
efficacy of Mongersen in CD (68). Morgensen is an orally administered anti-sense
oligonucleotide that acts by inhibiting SMAD7 production. SMAD7 acts as an inhibitor of
TGF-B1 and was found to be upregulated in CD. Thus, inactivation of SMAD7 by
Morgensen restores TGF-B1 signaling, and, in turn, leads to suppression of inflammatory
cytokine production. The efficacy of Mongersen (at increasing doses of 10, 40, or 160 mg
per day for 2 weeks) in active CD was tested in a double-blind, placebo-controlled, phase 2
trial. The primary end-point (clinical remission at day 15) was reached by significantly more
patients in the 40-mg and 160-mg Mongersen groups (55% and 65%, respectively), as
compared to the placebo group (10%, P<0.001). Similar beneficial effects were seen for the
secondary endpoint of clinical response which was reached by more patients receiving 10
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mg (37%), 40 mg (58%), or 160 mg (72%) of Mongersen than those receiving placebo
(17%). The majority of adverse events were related to complications and symptoms of CD.
If these results are confirmed in larger trials, they will offer a novel and more convenient
(due to the oral administration) therapeutic option for CD.

Anti-adhesion therapeutics—A major development in IBD therapeutics in recent years
has been the emergence of treatments that target the trafficking of immunocytes to the
inflamed bowel (69). This approach is based upon the fact that dysregulated leukocyte
recruitment takes place in immune-mediated chronic inflammatory diseases, including CD
and UC. In particular, lymphocytic trafficking has been explored in depth (70, 71). Naive T-
cells migrate to mesenteric lymph nodes, where they encounter antigens, become activated
and acquire an effector phenotype. This transformation is associated not only with a specific
set of cytokines, but also a distinct repertoire of adhesion molecule and chemokine
receptors. These specific molecular signatures allow lymphocytes to recognize tissue-
specific endothelial ligands on vascular structures and preferentially recirculate to the
corresponding inflamed sites. This is critical for the maintenance of chronic inflammatory
processes, including IBD. Thus, the molecules that mediate leukocyte traffic represent
attractive therapeutic targets for chronic inflammatory conditions (72). The clinical
application of such approaches has been aggressively sought for in recent years (73).

Integrins are cell-adhesion receptors, which are expressed on leukocytes as heterodimeric
transmembrane glycoproteins consisting of the combination of one large (a) and one small
(B) subunit (74). Integrins recognize and bind adhesion molecules on endothelial cells that
belong to the immunoglobulin superfamily. Interactions between a4f7 integrin on
lymphocytes and Mucosal Addressin Cell Adhesion Molecule-1 (MAdCAM-1) on
endothelial cells are considered specific for recirculation of lymphocytes to the inflamed gut
(75). Similarly, the expression of the chemokine CCL25/TECK is strictly restricted to the
small intestine. Therefore, interactions between CCL25 and lymphocytes that bear its
receptor, CCR9, may underlie the pathogenesis of CD with localization to the terminal ileum
(76). This is supported by the fact that patients with small intestinal CD have increased
numbers of CCR9+ T cells in the peripheral blood (77). The importance of tissue specificity
for certain ligand/receptor combinations is obvious as blockade of these pathways will have
effects that will be localized on the particular sites and not affect trafficking to other organs.
This might have a significant impact from the safety standpoint as it may lead to decreased
systemic toxicity. This was actually learned the hard way in the case of natalizumab. This is
an 1gG4 humanized monoclonal antibody against a4 integrin (78). It was found to be
effective as an induction and maintenance therapy in CD (79). Nevertheless, its further
clinical utilization was halted after the reports of progressive multifocal
leukoencephalopathy (PML), due to JC virus reactivation in some cases (80). The biology of
a4 integrin function explains this adverse outcome. Indeed, a4 is a component of the gut-
specific a4f7 integrin (which recognizes MAdCAM-1), but also of the a4p1 integrin (74,
75). The latter binds to vascular cell adhesion molecule 1 (VCAM-1), and this interaction is
critical for the prevention of JC virus infection of the brain. The latter is prohibited after
blockade of a4 with natalizumab, therefore leading to PML. As a result, the use of
natalizumab in CD has been practically abandoned and research has been directed to the
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blockade of gut-specific pathways. Two monoclonal antibodies that specifically target gut-
specific trafficking of lymphocytes are vedolizumab and etrolizumab.

Vedolizumab is a humanized monoclonal antibody that has already been approved for use in
both UC and CD (81). It specifically blocks a437/MAdCAM-1 binding; hence, it only exerts
anti-inflammatory effects on the gut without affecting trafficking to other sites, including the
brain. Its efficacy in UC was reported in the GEMINI | trial, which included an induction
study (374 patients) and maintenance study in induction responders (373 patients) (82). The
induction regimen consisted of two 300 mg intravenous injections at wk 0 and 2. Analysis
showed that by wk 6, vedolizumab was significantly more effective that placebo at inducing
clinical response (25.5% vs. 47%, P<0.001), clinical remission (5% vs. 17%, P=0.001), and
mucosal healing (25% vs. 41%, P=0.001). Similarly, in the maintenance phase, continuous
vedolizumab treatment every 4 or 8 wks was more effective than placebo at inducing
clinical response (24% vs. 57% and 52%, both P<0.001), durable clinical remission (9% vs.
20.5%, P=0.008 and 24%, P=0.001), and mucosal healing (20% vs. 52% and 56%, both
P<0.001) at week 52. The GEMINI Il trial that tested the efficacy of vedolizumab in CD had
the same design and included 368 patients in the induction study and 461 in the maintenance
study (83). Results were not as good as in the UC trial; however, a clear superiority of
vedolizumab over placebo was again shown. In the induction phase, by wk 6, more patients
on vedolizumab achieved clinical remission (7% vs. 14.5%, P=0.02) and clinical response
(26% vs. 31%, not statistically significant). In the maintenance study, significant differences
between placebo and vedolizumab every 4 and 8 wks were seen at week 52 for clinical
response (30% vs. 43.5%, P=0.01 and 45.5%, P=0.005) and clinical remission (22% vs.
39%, P<0.001 and 36%, P=0.004). Due to the aforementioned association of natalizumab
with PML, safety reports from the vedolizumab studies were eagerly awaited. In all, among
more than 3000 patients, no cases of PML were reported and no other safety alarms were
raised.

Etrolizumab is a fully humanized monoclonal antibody that also demonstrates gut
selectivity, attributed to its specificity for the 7 subunit that is shared by integrins a4f7 and
agB7 (84). The chief ligand for agB7 is the epithelial-specific adhesion molecule, E-
cadherin. agB7/E-cadherin interaction is considered important for T-cell homing to the
intestine (75). This adds an important advantage to etrolizumab over other anti-adhesion
medications; that is, the reduction of intraepithelial leucocytes in the gut. Recently,
etrolizumab was tested in a phase 1l, randomized controlled trial in moderate-to-severe
active UC (85). In this study, 124 patients were randomized to receive as induction therapy,
either placebo or one of two regimens of etrolizumab (100 mg or 300 mg plus loading dose).
Analysis was performed at wk 10 and showed that the primary endpoint of clinical
remission was achieved in significantly higher proportions of patients receiving etrolizumab
than placebo [placebo 0/41, etrolizumab 100 mg 8/39 (21%), etrolizumab 300 mg plus
loading 4/39 (10%)]. Treatment with etrolizumab was well tolerated. An important aspect of
this study was that molecular markers of drug efficacy were studied. In particular, clinical
remission rates were highly affected by the baseline mucosal mRNA expression of ag, as
well as the numbers of ag+ cells in the colonic biopsy samples. Patients with the highest
mucosal expression of the integrin ag were those who responded better. Furthermore, the
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occupancy of 7 receptors by etrolizumab was quantified on circulating CD4+ and CD8+37+
T lymphocytes. These findings are complementary to a recent study that reported that
patients with the highest expression of mucosal TNF-a were those who responded better to
the anti-TNF agent, adalimumab (86). Taken together, these studies are gradually
establishing the basis for a personalized medicine-approach to IBD. As a result, currently,
several additional anti-adhesion and anti-chemokine medications are in various stages of
development and/or clinical testing.

WHAT DO FAILURES TEACH US?

Although several biological agents have reached the “bedside” in recent years, there have
been many more that were highly successful at the “bench,” but the subsequent clinical trials
failed to show a clear beneficial effect for IBD patients. Although such negative results
always lead to disappointment, there are, at the same time, important lessons that can be
learned from these failures. These data need to be considered in the future development of
novel therapeutic approaches.

First, two decades ago, a simplified model for IBD pathogenesis known as the “CD/Th1 vs.
UC/Th2” model was proposed and dictated scientific thinking in regards to therapeutic
design. It is now accepted that the inflammatory pathways that take place during IBD are
much more complex and that the mucosal milieu found in UC and CD consists of multiple,
diverse and highly overlapping pathways (21). The existence of 110 common genetic loci
between the two diseases also highlights their similarities, rather than their differences.
These concepts are reflected in the failure of the neutralization of lineage-specific cytokines
to induce disease remission. Fontolizumab is a monoclonal antibody against the prototypic
Th1 molecule, IFN-y. Fontolizumab was tested in patients with CD, but, so far has failed to
induce a meaningful therapeutic effect (87). Similarly, the main Th2 effector cytokine, IL-13
was the target of anrukinzumab, a humanized antibody that inhibits human IL-13. This
treatment was tested in UC, as this condition is considered a typical Th2 response, highly
dependent upon the actions of IL-13. Nevertheless, a recent randomized, double-blind,
placebo-controlled study failed to demonstrate a statistically significant therapeutic effect of
(88).

Second, inflammatory mediators exert a variety of immunological functions, which are
oftentimes dichotomous and depend on the specific clinical or experimental setting. Such
diversity may have important therapeutic implications. This was the case with abatacept, a
soluble recombinant fusion protein containing cytotoxic T-lymphocyte-associated antigen 4
and IgG1. This molecule inhibits full activation of T cells after antigen presentation by
blocking co-stimulatory signals induced by CD28/CD80 and CD28/CD86 interactions.
Although this treatment was effective in rheumatoid arthritis, it failed to produce clinical
benefit in either CD or UC (89). The reason for such failure is not clear. However, one
possible explanation is that it may be the result of concomitant inhibition of the activation of
regulatory T-cells (Tregs). This, in turn, may neutralize any effect on pathogenic T cell
development and lead to treatment failure. Therefore, blockade of pathways specific for T-
effector cell development may be required for a therapeutic effect.
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Third, safety issues, including unexpected ones, should always be kept in mind. The primary
function of the immune system is the fight against infectious agents and its blockade may
lead to uncontrollable local growth, or even systemic dissemination, of microorganisms. In
addition, manipulation of the immune system may have paradoxical effects due to the
redundant functions of diverse pathways. Such was the case with visilizumab, a monoclonal
antibody that induces apoptosis in T-cells by blocking the CD3 chain of the T-cell receptor
(90). This biological agent was found, in initial trials, to be effective in inducing remission
in steroid-resistant UC (91, 92). The drug was also tested in CD. Nevertheless, any efficacy
of this medication was hampered by the induction of a cytokine release syndrome and
infectious complications (93). Therefore, T-cell apoptosis was associated not only with
disease remission, but also with deleterious adverse events. Similarly, blockade of IL-17A
was considered a very promising therapy for CD, given the pivotal importance that has been
attributed to the IL-23/Th17 pathway in IBD. In a recent study, secukinumab, a human anti-
IL-17A monoclonal antibody, was administered in patients with moderate to severe CD
(94). Quite unexpectedly, this treatment was associated with worsening of disease and
serious adverse effects, which led to the premature discontinuation of the trial. Although
these results have not been explained yet, it should be kept in mind that IL-17A is a major
regulator of intestinal mucosal homeostasis and contributor to defense against certain
microorganisms, including fungi. Failure of these mucosal defenses in the advent of anti-
IL-17A blockade may explain the failure of such treatments.

Finally, it has been increasingly recognized that, instead of representing a single entity with
two subcategories, IBD represents a broader clinical syndrome, with chronic intestinal
inflammation being the predominant clinical phenotype. At the same time, the
immunopathogenesis may differ between separate cases and distinct groups are recognized
with unique signatures regarding environmental triggers, alterations of the microbiome,
genetic polymorphisms, and immunological pathways. It is therefore expected that reversal
of chronic intestinal inflammation will depend on the correction of the responsible
abnormalities and may differ between patient subgroups. Such differences may also explain
why in clinical trials with biological some patients respond dramatically, whereas, in others,
the severity of disease is not substantially affected. In a characteristic scenario, several
patients do not respond to anti-TNF blockade, although drug trough levels are well within
the adequate therapeutic range.

CONCLUSIONS

As the pathogenesis of IBD is gradually revealed and the underlying immunological
pathways delineated, an abundance of therapeutic targets will continue to emerge. Although
the majority of such drugs will never reach the clinical application stage, they will continue
to offer important insights into disease pathogenesis and treatment. In parallel, the
identification of environmental, microbiomic, molecular, and immunological signatures will
allow the recognition of subgroups of patients with defined characteristics. As the
pathogenetic mechanisms will be narrowed down in such cases, this will allow for the
application of more targeted therapies that will be more effective and demonstrate a safer
profile.
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Figure 1. Pathogenesis-driven therapies in IBD
Homeostasis within the intestinal mucosa is maintained through a tightly regulated

interaction between microbiota and the gut-associated immune system, which depends on
the integrity of epithelial defense mechanisms. In patients with IBD, genetic and
environmental pressures lead to failure of single or multiple components of mucosal
homeostasis, resulting in dysregulated immune-bacterial interactions characterized by the
persistence of pro-inflammatory pathways. Current therapeutic paradigms in IBD involve
manipulation at various steps of the pathogenetic process. Environmental (A) and genetic
(B) factors act at early, pre-clinical stages of IBD, and thus, can only be modified in selected
subpopulations who suffer from single, well-characterized defects. Similarly, reinforcement
of the epithelial barrier (C) can be achieved through the enhancement of mucus composition
and function, whereas correction of dysbiosis may be reversed via flora manipulation (D).
Nevertheless, the majority of current treatments aim at reducing the overactive pro-
inflammatory pathways that take place within the inflamed mucosa (E). This can be
accomplished either by blocking pro-inflammatory cytokines, primarily, but not exclusively,
TNF-q, or by inhibiting the trafficking of inflammatory cells to the affected intestinal
mucosa.
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