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targets for IBD

Current and emerging therapeutic

Markus F. Neurath

Inflammatory bowel diseases (including IBD, exempli-
fied by Crohn’s disease and ulcerative colitis) are chronic
relapsing disorders affecting the gastrointestinal tract.
IBD has a progressive and destructive nature and, there-
fore, can cause various complications including steno-
ses, abscesses, fistulas, extraintestinal manifestations
and colitis-associated neoplasias and cancer’* Thus,
effective therapeutic approaches are of high clinical rele-
vance in patients with IBD. This Review summarizes
current therapeutic strategies and highlights emerging
new treatment approaches for IBD with special refer-
ence to the proposed molecular mechanisms of action
of anti-inflammatory drugs.

Current IBD therapies
Classic anti-inflammatory drugs. 5-Aminosalicylates
(5-ASAs) are important anti-inflammatory drugs that
are frequently used for anti-inflammatory therapy in
patients with ulcerative colitis®. By contrast, 5-ASA-
based drugs show little or no efficacy in inducing res-
olution of clinical symptoms and tissue inflammation
in patients with Crohn’s disease*.

5-ASAs are effective for induction and mainten-
ance of remission in ulcerative colitis and might
also reduce the risk of developing colitis-associated
tumours in these patients’. Several mechanisms of
action for 5-ASAs have been proposed, including
reduction of prostaglandin synthesis via inhibition

Abstract | Various therapeutic advances have led to a paradigm shift in the clinical management
of patients with IBD. The introduction of immunosuppressive (such as azathioprine) and biologic
agents (such as TNF blockers) has markedly reduced the need to use corticosteroids for therapy.
Furthermore, the a4B7 integrin blocker vedolizumab has been introduced for clinical IBD therapy.
Moreover, various new inhibitors of cytokines (for example, IL-6-IL-6R and IL-12-IL-23 blockers or
apremilast), modulators of cytokine signalling events (for example, JAK inhibitors or SMAD7
blocker), inhibitors of transcription factors (for example, GATA3 or RORyt) and new anti-adhesion
and anti-T-cell-activation and migration strategies (for example, 7 integrin, sphingosine
1-phosphate receptors and MAdCAM1 inhibitors, regulatory T-cell therapy and stem cells)

are currently being evaluated in controlled clinical trials. This Review aims to provide a
comprehensive overview about current and future therapeutic approaches for IBD therapy.
Furthermore, potential mechanisms of action of these therapeutic approaches and their
implications for clinical therapy in IBD are discussed.

of cyclooxygenase, suppression of proinflammatory
cytokine production and oxygen-free radicals, inhib-
ition of lipoxygenase, blockade of neutrophil chemo-
taxis and mast cell activation, and impairment of
nuclear factor-kB activation (NF-kB) in immune cells?.
Moreover, studies in mice revealed that 5-ASA-based
drugs augment peroxisome proliferator-activated
receptor-y (PPARY) expression and promote PPARy
translocation from the cytoplasm to the nucleus where
they result in activation of peroxisome-proliferator
hormone response element-driven genes to suppress
colitis activity®’.

In addition to 5-ASAs, corticosteroids (systemically
or topically delivered) have been used for remission
induction in ulcerative colitis®. Although cortico-
steroids favour induction of remission in both ulcer-
ative colitis and Crohn’s disease, they are not suitable
for maintenance of remission in IBD"?. Mechanistically,
glucocorticoids bind to a specific cytosolic receptor fol-
lowed by translocation of the complex to the nucleus to
either activate or repress gene transcription (via bind-
ing to DNA corticosteroid-response elements)®°.
Additionally, the glucocorticoid-receptor complex can
inactivate proinflammatory transcription factors such
as NF-kB and activator protein 1 (AP1) via protein—
protein interactions, thereby preventing their activation
of inflammatory mediators (for example, leukotrienes
and cytokines such as IL-1 and IL-6).
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Key points

e Several new drugs have been introduced into clinical IBD therapy in the past
few decades that have helped to reduce corticosteroid use (e.g. anti-TNF and

anti-integrin agents)

* A large unmet need for novel therapeutic approaches exists, as many patients do not
respond to the clinically approved drugs, including TNF blockers and vedolizumab

* Many new therapeutic approaches have been developed based on studies in IBD
mouse models, analyses of IBD tissues and new insights into inflammatory pathways
in other chronic inflammatory disorders

 Cytokine blockers (such as ustekinumab and JAK inhibitors) suppressing cytokine
signalling are probably a new addition to our future clinical armamentarium for

patients with IBD

* New therapeutic concepts might enable achievement of new strict end points
in IBD therapy, including mucosal healing, deep remission, transmural healing

and histological healing

e |dentification of biomarkers to predict and monitor therapeutic success will be crucial
to enable individualized therapy

Classic immunosuppressive drugs. Classic immunosup-
pressive drugs for IBD therapy include azathioprine or
6-mercaptopurine'®*, methotrexate'® and ciclosporin-A
or tacrolimus'®. The latter drugs have been used in stud-
ies for induction of remission in patients with ulcer-
ative colitis, methotrexate has been used for induction
and maintenance of remission in Crohn’s disease and
azathioprine is frequently used for maintenance of
remission in both Crohn’s disease and ulcerative coli-
tis'*1>17, Several in vitro and in vivo studies have high-
lighted the potential mechanism of action of these drugs.
Ciclosporin-A and tacrolimus bind to specific intra-
cellular receptors (immunophilins) and act by blocking
the activation of the transcription factor nuclear fac-
tor of activated T cells (NFAT) that controls cytokine
gene transcription and apoptosis resistance of lympho-
cytes'!. Moreover, methotrexate affects survival of
immune cells by blocking cell proliferation and inducing
apoptosis®. This drug also increases endogenous adeno-
sine release, alters expression of cellular adhesion mol-
ecules and suppresses production of proinflammatory
cytokines?. Finally, azathioprine and 6-mercaptopurine
are metabolized to 6-thioguanine triphosphates that
bind to the small GTPase RACI, thereby suppress-
ing the guanine exchange activity of VAV1 on RAC1
(REFS 10,11,22). Thus, RAC1 activation is suppressed,
leading to inhibited activation of cells in both the innate
and adaptive immune systems. In T cells for instance,
azathioprine and 6-mercaptopurine can cause apoptosis
through RACI inhibition". Furthermore, T-cell apopto-
sis has been shown to correlate with responsiveness to
azathioprine or 6-mercaptopurine in patients with IBD'.

Biologic therapy with anti-TNF agents. As many patients
with IBD were either refractory or intolerant to treat-
ment with the classic agents already discussed, there was
an urgent need for the development of more specific novel
therapeutic approaches. In this context, anti-TNF agents,
including infliximab, adalimumab, golimumab and certo-
lizumab pegol, were introduced into clinical therapy for
IBD'**-%, For instance, infliximab was shown to be
effective for induction and maintenance of remission

in both Crohn’s disease and ulcerative colitis as well as
for treatment of fistulas in Crohn’s disease, highlighting
the broad relevance of anti-TNF therapy'**. In 2015 and
2016, infliximab biosimilars — biological products that
are highly similar in structure and clinical efficacy to
an already FDA-approved biological reference product
— were approved for clinical therapy and adalimumab
biosimilars are currently under development?*.

Anti-TNF agents such as infliximab can be combined
with immunosuppressive agents such as azathioprine in
IBD. In fact, prospective clinical trials'*** showed that
combination therapy with infliximab and azathioprine
is superior to induce corticosteroid-free clinical remis-
sion than monotherapy with either agent in both Crohn’s
disease and ulcerative colitis. Further studies indi-
cated that initiation of more intensive treatment early
in the course of the disease could result in improved
outcomes®*”’. Specifically, early combined immuno-
suppression (so-called top-down therapy with early
azathioprine plus infliximab followed by de-escalation
if possible) reduced the risk of major adverse outcomes
in Crohn’s disease as compared with conventional
management (so-called step-up therapy: first cortico-
steroids, followed, in sequence, by azathioprine and
then infliximab). Although early combined immuno-
suppression was not associated with an increased risk of
serious drug-related adverse events or mortality in sev-
eral studies®”, future studies will have to determine the
risk of adverse events of long-term combined immuno-
suppressive therapy. The described combination therapy
with immunosuppressive agents and TNF antagonists
is probably the best strategy for achieving optimal out-
comes in patients at high risk of disease progression
(for example, fistulizing or extensive disease). However,
long-term prospective studies are still needed to under-
stand the value of early combination therapy to prevent
bowel damage, loss of gastrointestinal tract function and
permanent disability?*.

TNF is produced by various immune and non-
immune cells in the inflamed gut of patients with
IBD, including macrophages, T cells, dendritic cells,
fibroblasts and fat cells*’. This cytokine has pleiotropic
effects in the bowel wall: it induces neoangiogenesis*;
activates macrophages to produce proinflammatory
cytokines; favours Paneth cell death via necroptosis*;
augments apoptosis of intestinal epithelial cells*; regu-
lates T-cell apoptosis*****; and reduces production of
tissue inhibitor of matrix metalloproteinases (MMPs) by
fibroblasts to mediate tissue injury via activated MMPs*.
Thus, anti-TNF antibodies can suppress intestinal
inflammation in IBD through several mechanisms.

However, the anti-TNF agent etanercept has shown
no efficacy in patients with Crohn’s disease®, suggest-
ing differences among anti-TNF drugs. Several potential
explanations for this observation have been suggested.
First, differences in tissue degradation of anti-TNF
antibodies were found. After MMP3 and MMP12
induced proteolytic degradation, cleaved infliximab
and adalimumab functioned as F(ab’)2 fragments,
whereas cleaved etanercept lost its ability to neutralize
TNEFY. This finding suggests that rapid MMP-induced
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degradation of etanercept might limit its capacity to
block TNF in the inflamed mucosa in IBD. Second, only
full IgG1 monoclonal anti-TNF antibodies such as inflix-
imab and adalimumab were found to induce regulatory
macrophages with wound-healing potential via Fc recep-
tor signalling, suggesting that etanercept might fail to
regulate macrophage function in IBD*. Third, in com-
parison to other TNF blockers, etanercept has a lower
affinity to transmembrane TNF*. Membrane-bound
TNE however, is an important co-stimulatory signal
for TNFR2 on mucosal T cells in IBD and mediates
their resistance to apoptosis®. Thus, other TNF block-
ers might more effectively induce T-cell apoptosis than
etanercept and such apoptosis induction has been shown
to correlate with clinical responses to anti-TNF therapy
in vivo*. Consistently, the presence of membrane-
bound TNF on mucosal immune cells in vivo has been
identified as a predictor of response to subsequent anti-
TNF therapy®, further highlighting the relevance of
membrane-bound TNF in IBD pathogenesis.

Current and emerging drugs

T-cell trafficking: integrin blockers and beyond. Studies
over the past 10 years have found that ~30-50% of
patients with IBD do not respond to anti-TNF therapy,
indicative of the need for new therapies. Experimental
studies indicated that blockade of activated lympho-
cyte homing to the inflamed gut might provide a new
approach for therapy of intestinal inflammation®"*2.,
Subsequently, the anti-a4 integrin antibody natalizumab
was tested in clinical trials for Crohn’s disease therapy to
block T-cell homing to the inflamed intestine via a4p7
integrins®-* (FIC. 1). However, in spite of evidence for

e;::s:::s:mmmmggmmmm

E-Cadherin

Retention

Etrollzumabqr . Q
CD8*
aEp7 integrin
subsets Teell
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Accumulation _T

Vedolizumab

‘ Etrolizumab
PF-00547659 (anti-MAdCAM1)

Figure 1| New therapeutic approaches in IBD therapy based on blockade of T-cell
homing and retention. Several new drugs — vedolizumab, anti-MAdCAM1 antibodies
and etrolizumab — target T-cell homing and retention as a therapeutic target in IBD.
Specifically, inhibition of the interaction between a4f7 integrins on T cells with
MAdCAM1 on gut endothelial cells (via vedolizumab or etrolizumab) blocks homing

of T,1,T,2,T,17 and T_, cells to the inflamed colon in IBD and their subsequent
accumulation in the tissue. Moreover, targeting of the interaction between oE on
intestinal T cells with E-cadherin on gut epithelial cells (via etrolizumab) inhibits the
retention of T,9 and CD8" T cells in the inflamed tissue in IBD. Thus, targeting of both T-cell
homing and retention affects T-cell trafficking and might be used to suppress local
T-cell accumulation in gut inflammation. MAACAM1, mucosal addressin cell adhesion
molecular 1; T, 1, type 1 T helper cell; T2, type 2 T helper cell; 9, type 9 T helper cell;

T,,17,type 17 T helper cell; T

regulatory T cell; VCAM1, vascular adhesion protein 1.
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clinical efficacy in Crohn’s disease, treatment-related JC
virus infections causing progressive multifocal leuko-
encephalopathy limited the use of this agent in IBD
therapy*®. For example, in JC virus-seropositive patients
with prior immunosuppressant use, the incidence of
progressive multifocal leukoencephalopathy during
months 25-48 of natalizumab therapy was reported to
be 19.5 per thousand; without prior immunosuppressant
use, the incidence during months 25-48 was ~7.4 per
thousand®”. These infections were probably related to
natalizumab-induced blockade of T-cell homing to the
brain via a4f1 integrins, suggesting that a more specific
blockade of a4(7 integrins was important. Subsequently,
the a4p7-integrin-specific antibody vedolizumab was
developed and showed efficacy in clinical phase III trials
for remission induction and maintenance in Crohn’s
disease and ulcerative colitis®*.

Although controlled clinical trials suggested that
vedolizumab might induce more rapid clinical remis-
sion in ulcerative colitis than in Crohn’s disease®, sub-
sequent real-world data confirmed efficacy of this drug
for moderate-severe Crohn’s disease in routine clinical
practice® with similar rates of long-term remission in
Crohn’s disease and ulcerative colitis®®. The reasons for
potential differences between vedolizumab in Crohn’s
disease versus ulcerative colitis remain to be deter-
mined. Clinically, vedolizumab and TNF blockers are
usually considered as alternative first-line induction
treatment for patients with moderate-severe Crohn’s
disease and ulcerative colitis despite conventional ther-
apy (with corticosteroids). Additionally, vedolizumab
can be used in patients already exposed to anti-TNF
agents. Prospective studies comparing vedolizumab
with TNF blockers such as infliximab in anti-TNF-
agent-naive patients will determine the precise position-
ing of vedolizumab in the treatment algorithm for IBD.
On the basis of the success of the anti-a4p7 integrin
approach with vedolizumab, further therapies target-
ing T-cell homing are currently tested in clinical trials
including anti-MAdCAMI1 antibodies (PF-00547659)
and the anti-B7 integrin antibody etrolizumab®** (FIC. 1).
The latter drug is particularly interesting, as it blocks
not only a4f7-mediated homing but additionally T-cell
retention via inhibition of aE(CD103)B7-mediated bind-
ing to E-cadherin on gut epithelial cells*®*”. Consistently,
in a humanized mouse model of colitis with ulcerative
colitis T cells, etrolizumab was superior to vedolizumab
in reducing T-cell trafficking in the inflamed tissue
due to effects on ulcerative colitis T-cell retention®.
However, phase III clinical data on clinical efficacy and
safety of etrolizumab are still missing, although phase II
data indicated efficacy for induction of remission in
ulcerative colitis®.

Another important development in the context of
immune cell trafficking in IBD relates to sphingosine
1-phosphate (S1P) signalling®. The bioactive lipid SIP
has been shown to activate NF-kB and STAT3 tran-
scription factors via a family of five G protein-coupled
receptors (S1PR) expressed on lymphocytes (so-called
inside-out signalling). Functionally, S1PR signalling
induces cell proliferation, vascular permeability and
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angiogenesis®. Moreover, S1PR expressed in immune
cells controls their egress from lymph nodes to lymph
and plasma and S1PR agonists cause lymphopenia
in blood and thoracic duct lymph by cell sequestration in
lymph nodes®. Inhibition of lymphocyte recirculation
via S1PR signalling suppressed experimental colitis and
development of colitis-associated neoplasias in mice”72.
Thus, S1P receptor agonists (ozanimod (formerly known
as RPC1063), APD334 and MT-1303) have been tested
in human ulcerative colitis. For instance, ozanimod is
an oral agonist of S1PR subtypes 1 and 5 that induces
peripheral lymphocyte sequestration. A phase II trial
indicated that ozanimod (daily dose of 1 mg) results
in a slightly higher clinical remission rate in ulcerative
colitis than placebo, suggesting that such drugs might
be therapeutically effective in human ulcerative coli-
tis”. However, further prospective studies are needed to
determine efficacy and safety of ozanimod treatment in
ulcerative colitis.

Emerging targets in fibrosis and tissue remodelling.
Tissue remodelling and destruction in patients with
IBD is controlled by MMPs. In this context, expression
of MMP9 was found to be increased in IBD, particularly
in patients with ulcerative colitis”*. Functional data in
experimental models of inflammation have suggested
an important role of MMP9 in impairing colonic epi-
thelial permeability and augmenting inflammation

via activation of myosin light chain kinase (MLCK)™.
Furthermore, MMP9 favoured angiogenesis and
created a proteolytic environment in the inflamed gut
of a mouse model of colitis that stimulated the influx of
myeloid cells into the colonic epithelium and the prod-
uction of TNF>7¢, Consecutively, a potent and highly
selective allosteric MMPY9 inhibitor (humanized mono-
clonal antibody GS-5745) has been developed and is
currently being tested in clinical trials in patients with
IBD® (FIC. 2). However, in September 2016, the com-
pany has stopped its combined phase II/III clinical
study of GS-5745 among patients with moderately to
severely active ulcerative colitis due to insufficient evi-
dence of a treatment benefit in the group of patients
randomly assigned to receive either one of two doses of
GS-5745 (REF. 77).

To ameliorate tissue fibrosis in IBD, enzymes con-
trolling degradation of matrix compounds might be
druggable targets. Specifically, a study has examined
carbohydrate sulfotransferase 15 (CHST15) in gut
inflammation. CHST15 is a specific enzyme bio-
synthesizing chondroitin sulfate E that binds to vari-
ous pathogenic mediators and favours tissue fibrosis.
In experimental acute dextran sulfate sodium colitis,
small-interfering RNA (siRNA)-based silencing of
CHST15 reduced colitis activity and intestinal accumu-
lation of F4/80* macrophages and ER-TR7* fibroblasts.
In chronic dextran sulfate sodium colitis, CHST15

Drugs in clinical trials
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e Apremilast

Target Effector mechanism
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Figure 2 | New therapeutic approaches in IBD with their specific targets. Modulation of barrier function, gut
microbiota, matrix remodelling, macrophage and lymphocyte activation, homing and retention, as well as angiogenesis,
are emerging new targets for therapy. This schematic diagram shows the target, proposed mechanisms and agent in
development. I[EC, intestinal epithelial cell; IL-6R, IL-6 receptor; MAdJCAM1, mucosal addressin cell adhesion molecular 1;

MMP9, matrix metalloproteinase 9; ROR, RAR-related orphan receptor; T

cell, regulatory T cell.
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Figure 3 | The T-cell cytokine tree in IBD. Various T-cell subsets, their differentiation pathways and their signature
cytokines have been identified in patients with IBD. Some of these cytokines, as well as T-cell homing and activation,

are important new targets for therapeutic approaches in IBD. Although IL-12-induced mucosal T,1 cells producing IFNy,
TNF and IL-6 have been detected in Crohn’s disease, T,2-type cytokines such as IL-5 and IL-13 are induced in ulcerative
colitis. Moreover, T,17 cells that are activated by IL-23 have been seen in both Crohn’s disease and ulcerative colitis.
Additionally, IL-33-induced T,/9 cells have been identified in ulcerative colitis. Finally, a reduction of IL-22-producing

T cells was detected in ulcerative colitis, as well as a reduced ratio between regulatory T cells (producing IL-10 and TGFp)
and effector T cells in the inflamed mucosa in IBD. The potential target structures of new therapeutic approaches in IBD

are indicated. TGF, transforming growth factor; T,,1, type 1 T helper cell; T,;2, type 2 T helper cell; T,,9, type 9 T helper cell;

T,17,type 17 T helper cell; T, 22, type 22 T helper cell; T,

reg’

regulatory T cell.

siRNA reduced colitis activity and numbers of a-SMA
(smooth muscle actin)-positive fibroblasts and collagen
deposition. Furthermore, a phase I study in 18 patients
with Crohn’s disease published in 2016 determined the
safety of STNMO1, a synthetic double-stranded RNA
oligonucleotide directed against CHST15, in Crohn’s
disease”. The majority of individuals who received
STNMO1 showed a reduction of endoscopic inflam-
mation as compared with placebo therapy. Moreover,
histological analyses revealed that STNMO1 reduces
tissue fibrosis in Crohn’s disease. Larger prospective
studies on this compound are needed to determine the
efficacy of this new therapeutic approach.

New blockers of proinflammatory cytokines and
cytokine signalling. On the basis of the success of anti-
TNF agents in IBD there has been an intensive search
for additional effective anticytokine strategies. However,
several studies on new cytokine blockers have yielded
disappointing results. For instance, the anti-IFNy anti-
body fontolizumab showed low efficacy in patients for
treatment of active Crohn’s disease®®. Moreover, the
anti-IL-17A antibody secukinumab resulted in aggrav-
ation of Crohn’s disease in many patients, possibly

owing to the protective effects of IL-17A on gut epi-
thelial cells®'-*. Consistently, IL-17A inactivation did
not result in amelioration of experimental colitis in
mice®*®. In addition to IFNy and IL-17A blockers, two
prospective studies did not show efficacy of anti-IL-13
antibodies (anrukinzumab, tralokinumab) in patients
with ulcerative colitis despite promising results in animal
models of colitis®**. In contrast to these observations,
additional cytokine blockers have shown more promis-
ing results in clinical trials that will be reviewed in the
next paragraphs (FIGS 3,4).

IL-6 is a proinflammatory cytokine activating
immune cells”'. In patients with IBD, levels of IL-6 and
its agonistic soluble receptor (sIL-6R) are induced
and mediate activation of T cells and their resistance
against programmed cell death (apoptosis)®. In experi-
mental colitis models, IL-6R blockade was effective
in suppressing intestinal inflammation. Consistently,
a small pilot study using an anti-IL-6R antibody (tocili-
zumab, previously known as MRA) suggested higher
response and remission rates in Crohn’s disease than the
placebo group”. Additionally, according to results pre-
sented in abstract form, an IL-6 antibody (PF-04236921)
yielded higher clinical response (Crohn’s disease activity

NATURE REVIEWS | GASTROENTEROLOGY & HEPATOLOGY

VOLUME 14 | MAY 2017 | 273

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

Lumen

Epithelium

Lamina propria

T-bet Crohn’s
‘ disease

GATA3 Ulcerative
colitis

PU.1 Ulcerative
\

Paneth cell

Innate immunity

T17 RORC Crohn'’s disease
H Ulcerative colitis
FOXP3
\

Adaptive immunity

J

Figure 4 | Proinflammatory immune cells and their crosstalk in patients with IBD. Although IL-12-driven type 1
Thelper (T,,1) cells and IL-23-activated type 17 T helper (T,,17) cells were detected in Crohn’s disease, type 2 T helper (T,,2),
type 9 T helper (T,,9) and T,,17 cells were identified in ulcerative colitis. The key transcription factors for each T-cell subset
as well as the subset associated signature cytokines are indicated. NK cell, natural killer cell; T _ cell, regulatory T cell.
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index-70) and remission rates in patients with Crohn’s
disease than placebo therapy®. However, cases with
abscess formation and perforations were noted upon
start of therapy possibly owing to protective, proliferative
effects of membrane-bound IL-6R signalling on gut epi-
thelial cells. In future studies, gp130-Fc fusion proteins
could elucidate the role of sIL-6R signalling in Crohn’s
disease, as such proteins specifically block signalling via
the soluble but not the membrane-bound IL-6R.

IL-12 p35-p40 and IL-23 p19-p40 are two hetero-
dimeric, proinflammatory cytokines that are induced
in the inflamed mucosa of patients with Crohn’s dis-
ease®®. Consistent with the type 1 T helper (T,1)-
inducing potential of IL-12, Crohn’s disease was found
to be associated with mucosal T ;1 responses. Moreover,
type 17 T helper (T,;17) responses were noted in both
patients with Crohn’s disease and ulcerative colitis**?’,
possibly owing to the presence of IL-23 as a well-known
activator of T;;17 T cells. These data provided a rational
basis for targeting of T,;1 and Ty;17 cytokines in IBD
(FIC. 2). Functional studies with genetically engineered
animals and IL-23 p19 and p40 blockers suggested that
blockade of these cytokine subunits might effectively
suppress intestinal inflammation in mouse models of
colitis®'*. In particular, IL-23 inhibition was effective
and prevented activation of T cells and innate lymphoid
cells and tissue destruction in vivo.

Subsequently, various antibodies against IL-12-
IL-23 p40 and IL-23 p19 subunits were developed for
clinical trials (such as ABT-874, ustekinumab, risanki-
zumab, LY-2525623, AMG139/MEDI2079 and guselku-
mab)'%1%, Studies with ABT-874 and ustekinumab as
p40 blockers demonstrated higher response rates in
patients with Crohn’s disease than placebo. Initial studies
also revealed that ustekinumab was particularly effective

for therapy in patients with Crohn’s disease who had
previously taken anti-TNF agents'*>'®. On the basis of
successful phase I1I studies in both anti-TNF agent-naive
and anti-TNF agent-experienced patients (UNITI-1 and
UNITI-2 programmes), ustekinumab was recently
approved for Crohn’s disease therapy in the USA and in
Europe)'®. Potentially, p19 blockers such as risankizu-
mab will also be available for Crohn’s disease therapy in
the future, as the latest phase II data presented as a late
breaker abstract suggested efficacy for this antibody in
patients with active Crohn’s disease'®.

Cytokine signalling is mediated upon binding of
cytokines to their specific receptors via intracellular
activation of Janus kinases (JAKs: JAK1, JAK2, JAK3,
TYK?2). Thus, blockade of JAK kinases might be used
to suppress cytokine signalling in mucosal immune
cells. As individual JAKs mediate cell activation via sev-
eral cytokines (for example, JAK3 is activated via
IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21) with proposed
proinflammatory roles in colitis'*'*?, this approach
opens the possibility to block the activity of several
proinflammatory cytokines simultaneously. Indeed,
several JAK inhibitors (tofacitinib, ABT494 and filgo-
tinib) have been developed for clinical therapy'*!'s.
Interestingly, the JAK1-JAK3 blocker tofacitinib, a sup-
pressor of T-cell, natural-killer-cell and B-cell activ-
ation, yielded very promising results in a phase II study
in patients with ulcerative colitis, but was not effective in
patients with Crohn’s disease'*'>. Moreover, filgotinib,
a selective JAK1 inhibitor, showed increased remission
rates in patients with moderate to severe Crohn’s dis-
ease'’®. Although the efficacy and safety profiles of these
drugs will have to be determined in large phase III trials,
these findings indicate that JAK inhibitors hold promise
for clinical therapy of patients with IBD.
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Finally, phosphodiesterase (PDE)4 inhibitors are
currently being tested in patients with IBD. PDE4
inhibitors such as apremilast and roflumilast regulate
inflammatory processes by degrading cyclic adenosine
3’5’-monophosphate (cAMP), a key second messen-
ger'”. Inhibition of PDE4 increases the intracellular
cAMP level, which in turn blocks proinflammatory
mediators and favours production of anti-inflammatory
proteins. In particular, apremilast has been found to
impair the production of the proinflammatory cytokines
IENy, TNE IL-12, IL-17 and IL-23 (REF. 118), indicating
that PDE4 blockers are multicytokine inhibitors with
potential therapeutic effects in IBD.

Blockers of transcription factors controlling cytokine
gene transcription. Transcription factors regulating
cytokine gene expression are potential future drug
targets in IBD"'®'%. Theoretically, targeting such regu-
latory proteins might enable suppression of the produc-
tion of several proinflammatory cytokines at the same
time. Potential strategies for targeting include siRNA,
DNAzymes and chemical inhibitors. A study published
in 2016 used a chemical inhibitor of RORyt, a master
transcription factor in T,;17 cells, for successful ther-
apy of experimental T-cell-dependent colitis in mice'®.
Furthermore, genetic RORy deficiency of T cells pre-
vented T-cell transfer of colitis in RAG-knockout mice®.
As RORA and RORC proteins, as well as T};17 cytokines,
are augmented in patients with IBD'?"'%, these data
suggested that targeting of ROR proteins might be
useful in these patients. Moreover, both genetic and
pharmacological (via DNAzyme) blockade of GATA3,
a key transcription factor for T,;2 cytokine gene tran-
scription, ameliorated chronic oxazolone-mediated and
TNBS (2,4,6-trinitrobenzenesulfonic acid)-mediated
colitis in mice'’. As GATA3 expression is induced in
patients with active ulcerative colitis and correlates
with T2 and T,,9 cytokine levels in this disease, these
observations indicate that GATA3 might be targeted
for therapy of ulcerative colitis in humans. Indeed,
GATA3 DNAzyme therapy has been successfully tested
in patients with asthma'?, a chronic inflammatory dis-
order of the airways associated with type 2 T helper
(T42) cytokine production.

Strengthening barrier function and activation of
anti-inflammatory pathways. Escherichia coli Nissle
(EcN) is a nonpathogenic Gram-negative strain that
controls intestinal barrier function and induces anti-
inflammatory proteins'**'?*. EcN is an established
clinical therapy for patients with ulcerative colitis
and exhibits similar anti-inflammatory effects com-
pared with 5-ASAs'. EcN has direct antimicrobial
effects, controls biofilm formation, stimulates human
B-defensin production by intestinal epithelial cells,
and strengthens tight junctions by upregulating zonula
occludens proteins'®. In addition to this probiotic strain,
several other probiotic approaches as well as faecal
transplantation have been considered for IBD therapy,
although unequivocal results have been obtained'*'*’.
However, a randomized controlled trial in adults with
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active ulcerative colitis demonstrated that faecal micro-
biota transplantation (50 ml, via enema from healthy
anonymous donors) once weekly for 6 weeks induced
markedly higher remission rates than placebo'®. Further
studies are required to determine the efficacy and safety
of this approach in larger patient cohorts and over longer
time periods.

Additional therapeutic approaches for IBD have
been designed that might regulate barrier function and
anti-inflammatory pathways. Defects in mucin produc-
tion are well-known in patients with ulcerative colitis'*,
and so phosphatidylcholine (lecithin) therapy has been
tested in patients with promising results in phase II
studies'®. The results of the phase III study in patients
with ulcerative colitis are expected in 2017. Moreover,
IL-22 therapy or modulation of IL-22-binding protein
have been tested successfully in mouse colitis models
and proposed as new approaches for IBD therapy'®. The
IL-22 cytokine directly activates proliferation of intes-
tinal epithelial cells via STAT3 activation and induces
production of protective barrier proteins such as REG
proteins'*'. Moreover, modulators of Toll-like receptor
(TLR) signalling have been considered for IBD ther-
apy'*. CpG-site-containing oligonucleotides suppress
immune cell activation and protect barrier function
in experimental colitis via TLR9 signalling'*. Finally,
the TLR7 ligand imiquimod suppressed CD11c* den-
dritic cells and activated intestinal epithelial cells to
produce antimicrobial peptides, resulting in reduced
colitis activity'.

The ratio between effector T cells and regulatory
T (T, cells is markedly increased in patients with IBD'*.
Thus, it is tempting to speculate that increasing T, -cell
numbers via T, -cell transfer might restore the bal-
ance between proinflammatory and anti-inflammatory
immune cells as a new therapeutic approach in IBD.
Indeed, naturally occurring T, cells, TGFB-induced
T, cells as well as ex vivo expanded T, cells have been
used for therapy of experimental colitis in mice and
led to suppressed colitis activity induced by effector
T cells**'%, In patients with IBD, a 12-week, single-
injection, escalating-dose, phase I/IIa clinical pilot
study in refractory Crohn’s disease with ovalbumin-
specific T, cells was well tolerated and had dose-related
efficacy’® (FIC. 3). On the basis of these results, various
clinical studies are currently studying the effects of
T,.-cell based immune therapy in IBD.

Finally, activation of TGFp signalling in immune cells
via inhibition of SMAD?7 has been tested in a phase II
study in patients with Crohn’s disease'**'*. This study
was based on previous findings showing that blockade
of SMAD7 expression in experimental colitis augmented
TGFp signalling via SMAD3 and caused suppression of
colitis activity. The clinical phase II trial with an anti-
sense SMAD?7 blocker, denoted mongersen, showed
markedly higher rates of remission and clinical response
in mongersen-treated patients than the placebo-treated
group. Owing to these promising results of the phase II
programme, a phase III study will determine the efficacy
and safety of mongersen in a larger group of patients
with Crohn’s disease.
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Stem cells for Crohn’s disease fistulas. Crohn’s disease
is associated with the development of complex fistulas
that are challenging to treat'*"*2. Adipose-derived allo-
geneic stem cells have been considered as new treatment
approaches for such fistulas'**'**. Experimental studies
revealed that mesenchymal stem cells (MSCs) might
exert potent immunomodulatory effects on antigen-
specific T cells in Crohn’s disease through paracrine
and cell-cell contact-mediated actions'*. Clinically,
local administration of allogeneic, expanded MSCs
in initial trials was not associated with severe adverse
events in patients with Crohn’s disease who had perianal
fistulas and seemed to promote healing. A large random-
ized trial subsequently showed that allogeneic MSCs
(120 million Cx601 cells) induced remission (closure of
external openings of fistulas and absence of collections
>2 cm) more frequently than placebo'. Furthermore,
a phase I-IIa study suggested potential beneficial effects
of MSCs in rectovaginal fistulas in Crohn’s disease,
suggesting that MSCs might be broadly applicable for
fistula therapy in patients with Crohn’s disease'.

Conclusions

Several new drugs such as anti-TNF agents and vedoli-
zumab have been introduced into clinical IBD therapy in
the past few decades that have helped to reduce cortico-
steroid use and to augment response and remission
rates. Evidence in both Crohn’s disease and ulcerative
colitis has been obtained that indicate some of these
drugs synergistically suppress immune cell activation

and gut inflammation (for example, azathioprine plus
infliximab), highlighting the potential of combination
therapies'**. However, there is still a large unmet need
for novel therapeutic approaches as many patients do
not respond to the clinically approved drugs, including
TNF blockers and vedolizumab'**. Thus, a plethora
of new drugs are currently being tested in clinical trials
in IBD that challenge established treatment regimens
(FIG. 2). Many of these new therapeutic approaches have
been developed on the basis of studies in IBD mouse
models, genetic studies, analyses of IBD tissues and new
insights into inflammatory pathways in other chronic
inflammatory disorders, such as rheumatoid arthritis
and psoriasis?!7!#"145_Some of these new agents might
gain approval by FDA and the European Medicines
Agency and might enable new strict end points in IBD
therapy to be achieved'*'*’, including mucosal healing
on endoscopy, deep remission (clinical remission plus
mucosal healing), transmural healing and histological
healing, thereby raising the bar for future drugs in IBD
therapy and possibly preventing severe IBD-associated
complications such as surgery and hospitalizations.
In this context, new cytokine and signalling block-
ers have yielded promising results and will probably
add to our future clinical armamentarium in patients
with IBD'%*!*>. With the introduction of additional
approved drugs in the future, it will be of crucial impor-
tance to identify biomarkers to predict and monitor
therapeutical success to enable individualized therapy
in IBD.
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CORRECTION

ERRATUM

Current and emerging therapeutic targets for IBD
Markus Neurath
Nature Reviews Gastroenterology & Hepatology 14, 269-278 (2017)

In the version of this Review published online and in print, representation of the target for the drugs ustekinumab,
risankizumab and MEDI2070 were not accurate in Figure 3 and should have highlighted that ustekinumab targets IL-12 and
I1L-23, whereas MEDI2070 and risankizumab both act onIL-23. The error has been corrected for the HTML and PDF versions
of the article.
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