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Cell Trafficking Interference in Inflammatory Bowel Disease: 
Therapeutic Interventions Based on Basic Pathogenesis Concepts

Tamara Pérez-Jeldres, MD,*,‡,§ Christopher J. Tyler, PhD,*,† Joshua D. Boyer, MS,*,†  
Thangaraj Karuppuchamy, PhD,*,† Giorgos Bamias, MD,¶ Parambir S. Dulai, MD,*,†  
Brigid S. Boland, MD,* William J. Sandborn, MD,* Derek R. Patel, MD,* and Jesús Rivera-Nieves, MD*,†

After 20 years of successful targeting of pro-inflammatory cytokines for the treatment of IBD, an alternative therapeutic strategy has emerged, 
based on several decades of advances in understanding the pathogenesis of IBD. The targeting of molecules involved in leukocyte traffic has 
recently become a safe and effective alternative. With 2 currently approved drugs (ie, natalizumab, vedolizumab) and several others in phase 3 
trials (eg, etrolizumab, ozanimod, anti-MAdCAM-1), the blockade of trafficking molecules has firmly emerged as a new therapeutic era for 
IBD. We discuss the targets that have been explored in clinical trials: chemokines and its receptors (eg, IP10, CCR9), integrins (eg, natalizumab, 
AJM300, vedolizumab, and etrolizumab), and its endothelial ligands (MAdCAM-1, ICAM-1). We also discuss a distinct strategy that interferes 
with lymphocyte recirculation by blocking lymphocyte egress from lymph nodes (small molecule sphingosine-phosphate receptor [S1PR] ago-
nists: fingolimod, ozanimod, etrasimod, amiselimod). Strategies on the horizon include additional small molecules, allosteric inhibitors that spe-
cifically bind to the active integrin form and nanovectors that allow for the use of RNA interference in the quest to modulate pro-inflammatory 
leukocyte trafficking in IBD.
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INTRODUCTION
Crohn’s disease (CD) and ulcerative colitis (UC) com-

prise the 2 main inflammatory bowel diseases (IBD), char-
acterized by chronic persistent recruitment of inflammatory 
cells, as would happen during a chronic infection that fails 
to resolve (eg, intestinal tuberculosis). The current model 
for IBD pathogenesis considers microbial “dysbiosis” and 
impairment of intestinal epithelial barrier function as ini-
tiating events, triggering a dysregulated immune response in 

genetically predisposed individuals, with the contribution of 
poorly understood environmental factors. Microbial antigens 
are taken up by antigen-presenting cells (eg, dendritic cells), 
which migrate to secondary lymphoid tissues to present anti-
gens to naïve T lymphocytes. This is followed by differentiation 
of the latter into effector T cells, with subsequent prolifera-
tion (clonal expansion), acquisition of a cytokine-producing 
program, and an array of surface molecules (eg, chemokine 
receptors, integrins) that allow them to recirculate back to 
the intestine.1,2 Subsequently, these antigen-primed T helper 
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lymphocytes either retain their expression of lymphoid tissue 
homing receptors (eg, CCR7, central memory cells) and remain 
in the lymph node or they lose it, which allows them to traf-
fic to the intestinal lamina propria. Here, they either become 
tissue-resident memory or recirculating cells.1 Once in the 
intestine, tissue-resident and trafficking effector cells are able 
to rapidly secrete pro-inflammatory cytokines in response to 
microbial antigens or inflammatory stimuli.2

Dysregulated leukocyte recruitment is considered a hall-
mark of IBD, as signified by accelerated recruitment or enhanced 
retention signals (likely chemoattractant chemokines) at sites of 
inflammation, particularly T cells.3, 4 Leukocytes migrate from 
blood into tissues across post-capillary venules by engaging spe-
cific molecules that are presented at the glycocalyx or expressed 
on the surface of specialized endothelial cells. These latter mol-
ecules, belonging to the immunoglobulin superfamily, serve as 
mechanical anchors and confer tissue specificity to the recruit-
ment process. The molecules that mediate the sequential steps of 
the leukocyte adhesion cascade (ie, capture/tethering, rolling, acti-
vation, and firm adhesion) allow leukocytes to escape the circula-
tion and migrate to sites of inflammation.3 The discovery of this 
sequence of steps was recognized by the Royal Swedish Academy 
of Sciences and the Crafoord Foundation with the Crafoord prize 
awarded to Eugene Butcher and Timothy Springer.

The success of interfering with each step in this sequence 
for therapeutic purposes in IBD has been variable. Some of the 
strategies failed at the preclinical stage (eg, targeting selectins/

rolling), whereas others have become the latest safe and effec-
tive therapies in our armamentarium (ie, targeting integrins). 
In this review, we approach drug discovery based on our best 
understanding of IBD pathogenesis and the molecules and pro-
cesses that allow leukocytes to escape the circulation to migrate 
to the intestine and induce or maintain IBD (Fig. 1).

Capture Tethering/Rolling
Leukocyte trafficking to the small and large intestine 

is tightly regulated to maintain intestinal immune homeosta-
sis, mediate immune responses, and prevent overt inflamma-
tion.5 The first step in the recruitment process allows cells to 
slow down along endothelium, by engaging selectin ligands 
expressed on microvascular beds. This slowdown then allows 
leukocyte exposure to chemoattractant molecules. Selectins 
are carbohydrate-binding molecules that bind fucosylated and 
sialylated glycoprotein ligands, found on endothelial cell, leu-
kocytes, and platelets. They are involved during homeostasis 
and during acute and chronic inflammatory processes.6

L-selectin is expressed on leukocytes, whereas P-selectin 
is stored in platelet alpha granules and in Weibel-Palade bodies 
of endothelial cells, translocating to the cell surface of activated 
endothelial cells and platelets. E-selectin is not expressed under 
baseline conditions—except in skin microvessels—but is rap-
idly induced on endothelial cells by inflammatory cytokines.7 
The most important ligands for selectins include P-selectin 
glycoprotein ligand 1 (PSGL-1), E- selectin ligand-1 (ESL-1), 

FIGURE 1. Lymphocyte trafficking: stages, molecular targets and drugs.
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and glycoproteins such as CD44, CD34, CD24, cellular adhe-
sion molecule-1 (CAM-1), Glycosylation-dependent CAM-1 
(GlyCAM-1), and mucosal addressin cell adhesion molecule-1 
(MAdCAM-1). Of these ligands, the most extensively charac-
terized at the molecular, cellular, and functional level is PSGL-
1.6 The capture of T cells starts with the interaction between 
selectins and oligosaccharide moieties present in their ligands. 
The initial loose (carbohydrate-carbohydrate) interactions are 
mediated by PSLG-1 and L-selectin binding to endothelial 
E-selectin/P-selectin and PNAd, respectively.8

These loose initial contacts slow down the leukocyte to 
overcome the shear forces within the blood vessel and allow leu-
kocytes to roll along the endothelium.8 By sequentially engag-
ing their endothelial ligands, their velocity is slowed enough 
to allow exposure to chemoattractant/arrest chemokines that 
are held locally by the endothelial glycocalyx due to their basic 
properties  (Figs. 2 and 3).

Targeting selectins
The pharmacological blockade at this level of the leu-

kocyte recruitment process was previously seen as promising 
strategy for therapeutic intervention in inflammatory disorders. 
Selectin-neutralizing monoclonal antibodies and small-mole-
cule inhibitors have been tested in clinical trials on patients with 
trauma, cardiac indications, and asthma.9–11 Antiselectin anti-
bodies have also been successfully used in preclinical models 
to deliver imaging contrast agents and therapeutics to the sites 
of inflammation.12 In patients with UC, a double-blind pla-
cebo control phase I-II with GI-270384X (an oral ICAM-1 and 
E-selectin inhibitor) was carried out. The study was concluded, 
yet the results were not published.13 Further improvements 
in the efficiency, availability, specificity, and pharmacokinet-
ics of selectin inhibitors may hold promise for therapeutic 
indications.6

Chemokine Engagement
Chemokines (ie, chemo-tactic cyto-kines) are small 

secreted polypeptides that, among multiple other functions, 

direct the movement of circulating leukocytes to sites of inflam-
mation (chemotaxis) (Table 1) and play a main role in integrin 
activation (arrest chemokines).14 During rolling, lymphocytes 
express specific chemokine receptors that bind chemokines 
displayed on glycosaminoglycans (GAGs) of endothelial cells. 
Chemokine receptors belong to a family of 7-transmembrane, 
G protein–coupled receptors (7-TM-GPCRs) (Fig. 4).

TARGETING CHEMOKINE AND CHEMOKINE 
RECEPTORS IN IBD.

Vercirnon (CCX282-B) is a small molecule antagonist 
against CCR9, which mediates homing of T and B lymphocytes 
and dendritic cells to the small intestine, through its interaction 
with CCL25, a chemokine expressed predominantly in small 
intestine and thymus under physiologic conditions. In a ran-
domized, placebo-control phase 2 study in 436 patients with 
CD, this drug was not better than placebo.15, 16 In addition, the 
phase 3 trial did not demonstrate the efficacy of vercirnon as 
an induction therapy in patients with moderately to severely 
active Crohn’s disease. Its effect in maintenance therapy was 
not addressed.17 Basic pitfalls of the concept of CCR9/CCL25 
axis targeting include: 1)  extrapolation of CCR9 expression 
in mouse CD4+ cells, without regard to potential differences 
between the ligand/receptor expression in humans; 2) the fact 
that the trial included patients with Crohn’s colitis, a manifes-
tation which could be fundamentally different from Crohn’s 
ileitis;18 3)  and that CCR9/CCL25 might be predominantly 
homeostatic molecules with a limited role during inflammation.

Eldelumab is a fully human monoclonal antibody against 
Interferon-γ-inducible protein-10 (IP-10). IP-10 or CXCL10 is 
a chemokine that mediates trafficking of activated T cells, den-
dritic cells and monocytes to the inflamed colon. Its efficacy 
was evaluated in both UC (n = 252) and CD (n = 121). In both, 
eldelumab did not demonstrate efficacy over placebo.19, 20, 21

GSK3050002 (MorphotekTM) is a humanized IgG1κ 
antibody with high binding affinity to human CCL20. The che-
mokine CCL20 may be of particular interest in IBD, as it is 
upregulated in active ulcerative colitis and Crohn’s disease.22 

TABLE  1. Major Human Chemokines and Chemokine Receptors Involved in Leukocyte Trafficking to the Small 
Intestine and Colon

Chemokines Receptor Key/main inmune function

CXCL10 CXCR3 Leukocyte recruitment to inflamed intestine.
Th1 response.

CCL20 CCR6 Th17 responses.B cell and DC homing to gut-associated lymphoid tissues
CCL21 CCR6, CCR7 T cell and DC homing to LN.
CCL25 CCR9 T cell homing to gut:thymocyte migration.
CCL28 CCR3, CCR10 T cell and IgA plasma cell homing to mucosa. Homing to colon.

Table is modified from reference (Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: positioning cells for host defense and immunity. Annu Rev Immunol. 
2014;32:659–702.) Abbreviations: DC, dendritic cells;LN, lymph nodes, natural killer; Th, T helper cell
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CCL20 binds exclusively to CCR6 and is constitutively 
expressed by neutrophils, enterocytes, B cells and dendritic 
cells, and other cell types after stimulation with pro-inflamma-
tory ligands.21 Its receptor, CCR6 is expressed by T regulatory 
(Treg), T helper type 17 (Th17), and immature dendritic and 
B cells. CCL20 has been shown to direct Treg, Th17, B cells 
and immature dendritic cell recruitment to the gut mucosa.22 
Recently, GSK3050002 was administered to 48 healthy volun-
teers to evaluate safety, pharmacokinetics (PK), and pharma-
codynamics (PD).23 An experimental skin suction blister model 
was employed to assess target engagement and the ability of 
the compound to inhibit recruitment of inflammatory CCR6-
expressing cells. The results showed a relationship between PK, 
target engagement, and PD, suggesting selective inhibition of 
recruitment of CCR6+ cells by GSK3050002 and supporting 
further development.24

Integrin Activation, Arrest, and Transmigration
Integrins are cell-adhesion receptors, expressed on leu-

kocytes as heterodimeric transmembrane proteins. They inter-
act with molecular components of the extracellular matrix 
but also with ligands displayed by endothelial and other cells. 
Chemokine binding triggers conformational changes, resulting 
in their activation.8 This process, referred to as inside-out sig-
naling, is initiated by adaptor molecules that affect the position 
of the integrin α and β cytoplasmic tails relative to each other 
and to the plasma membrane. The best known positive regula-
tors of integrin activation are the adaptor molecules talin-1 and 
the kindlins.25, 26 Integrins on resting cells are maintained in an 
inactive state, in which the headpiece is folded back to the leg 
pieces, thereby exhibiting a bent conformation. In this inactive 
conformation, the ligand-binding domain is in a low affinity 
configuration, oriented unfavorably for interacting with ligand. 
Upon integrin activation, the interface between headpiece and 
tailpiece is opened in a switchblade-like movement, thereby 
exhibiting an extended conformation, in which the ligand-bind-
ing headpiece is oriented favorably toward ligand on endothe-
lial cells. The conversion from the inactive bent conformation 
to the active extended conformation with open headpiece is 
triggered by the separation of the α/β cytoplasmic domains 
and is linked to structural rearrangements in the ligand-binding 
domain, leading to the high-affinity configuration.26, 27

After activation, integrins demonstrate strong and stable 
protein-protein binding to ligand, resulting in arrest of leu-
kocytes on the vessel wall. These firm, adhesive bonds allow 
for arrest of lymphocytes to sites of inflammation, guided by 
chemoattract gradients, which further localizes them within tis-
sues. The endothelial ligands for integrins are members of the 
immunoglobulin superfamily (ie, ICAM-1, ICAM-2, VCAM-1, 
MAdCAM-1).

Integrins and their ligands play pivotal roles in IBD, as 
they are major mediators of the dysregulated traffic of lym-
phocytes and other immune cells to the inflamed intestine. In 

addition, they may participate in the pathogenesis of extrain-
testinal inflammatory manifestations of IBD.3 Among the 
several members of the immunoglobulin superfamily, the fol-
lowing adhesion molecules have established roles in IBD: inter-
cellular adhesion molecule-1 (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1), and MAdCAM-1.3, 8

The integrins are formed by the noncovalent association 
of an α and β subunit. Both α subunits determine the specific-
ity of the integrin ligand (α4β1/VCAM-1, α4β7/MAdCAM-1), 
whereas the β subunit also regulates binding of ligands.3 The 
β7 subunit pairs with α4 (α4β7), which binds to MAdCAM-1 
expressed on gut endothelial and MLN cells. The α4β7 can 
also bind to VCAM-1 and the extracellular matrix protein 
fibronectin, when on a highly activated state.3, 28 Integrin α4β7 
is expressed on lymphocytes that migrate to the gut and gut-as-
sociated lymphoid tissues (GALT). The β7 subunit can also 
dimerize with αE to form αEβ7 heterodimer. The only known 
ligand for αEβ7 is E-cadherin, an adhesion molecule present on 
epithelial cells and absent on endothelial cells.27 Integrin αEβ7 
is expressed by intraepithelial T lymphocytes in the spleen, 
thymus, skeletal muscle, heart, liver, kidney, brain, gastroin-
testinal tract, urogenital tract and lungs, binding selectively to 
E-cadherin on epithelial cells.5, 29

The α4 subunit pairs with β1 to form α4β1 (very late acti-
vation-4, VLA-4), the primary receptor recognizing VCAM-1, 
being mainly responsible for lymphocyte and monocyte adhe-
sion to vascular endothelium. The steady state-expression of 
VCAM-1 on endothelium is very low or undetectable. Under 
inflammatory or other stimulatory conditions, VCAM-1 expres-
sion is upregulated.3 VCAM-1 is not exclusively expressed by 
endothelial cells, being also detected on epithelial cells, den-
dritic cells (DCs), Kupffer cells, and smooth muscle cells within 
atherosclerotic lesions.

Another group of integrins involved in the traffick-
ing of leukocytes is the CD18 integrins. The αLβ2 (CD11a/
CD18), also known as leukocyte functional antigen-1 (LFA-
1), is expressed on lymphocytes and neutrophils and binds to 
ICAM-1 and ICAM-2 expressed on endothelial cells. It medi-
ates migration, antigen presentation, and cell proliferation. 
ICAM-2 is expressed constitutively on all endothelial cells, 
whereas ICAM-1 is expressed at low levels on endothelial 
cell membrane and on macrophages and lymphocytes in the 
absence of inflammation. Its expression is induced by inflam-
matory cytokines. LFA-1 enables migration of both naïve and 
effector T cells to sites of inflammation.3 (Fig. 5).

ANTI-INTEGRIN THERAPIES IN IBD
Natalizumab is a recombinant humanized IgG4 mono-

clonal antibody that binds to α4 integrin. It was approved by 
US Food and Drug Administration for the treatment of multi-
ple sclerosis (MS) and CD in 1998, therefore being the prototype 
anti-integrin strategy. By targeting the shared α4 subunit of 2 
distinct integrin heterodimers, natalizumab blocks both α4β1 
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and α4β7 integrin interactions with fibronectin, VCAM-1, and 
MAdCAM-1. Its use in IBD has been limited by its associa-
tion with progressive multifocal leukoencephalopathy (PML).30 
The pathogenesis of PML in patients receiving natalizumab is 
unknown; however, it is primarily associated with the block-
ade of α4β1 integrin/VCAM-1 interactions by natalizumab in 
the central nervous system. Thus, natalizumab confers a risk 
of PML on those that are JCV seropositive, which is otherwise 
seen only in severely immunocompromised patients.30 Risk fac-
tors to PML include a longer than 2-year treatment duration, 
prior immunosuppressant use, and positive anti-JC virus serol-
ogy. Patients with all 3 risk factors have a 1 in 100 chances of 
developing PML.31, 32

Efalizumab (Raptiva) targets the αL subunit of LFA-1. 
An open-label study evaluated the efficacy and safety of efali-
zumab in 15 subjects with moderate to severe CD. At 8 weeks, 10 
(67%) subjects had clinical response, and 6 (40%) were in remis-
sion. No serious adverse events (AEs) occurred.33 Nevertheless, 
similar to natalizumab, its use was associated with PML and 
subsequently withdrawn from the market.4, 34

Vedolizumab, a humanized monoclonal antibody that 
specifically blocks α4β7-MAdCAM-1 interactions, is approved 
for the treatment of adults with UC and CD. The efficacy of 
vedolizumab in patients with UC and CD was demonstrated 
in the GEMINI 1 and GEMINI 2 trials, achieving up to 44% 
and 39% of clinical remission at week 52, respectively.35, 36 Its 
efficacy in both UC and CD is greater in patients naïve to anti-
TNF therapy.37, 38

Vedolizumab has a favorable safety profile. No cases of 
progressive PML have been reported, nor has it been associ-
ated with increased risk of serious or opportunistic infections. 
Furthermore, the rate of malignancy is consistent with baseline 
rates observed in patients with IBD.39 In comparison with anti-
TNF antibodies, vedolizumab needs a longer treatment time 
to exert its full effect. This could be due to the dynamics of  
T cell recirculation and our limited understanding of the role of 
tissue resident T cells during IBD. Blockade of de novo T-cell 
recruitment may be only apparent after a significant portion of 
the existing lamina propria T-effector cells undergo apoptosis 
and their replenishment is impeded.1, 35, 36 This seems to be a 
class effect for all antitrafficking therapies.

Treatment with vedolizumab decreases gut mucosal 
immune responses to oral cholera vaccine, while preserving 
the normal immune response to systemic immunization with 
hepatitis B surface antibody.40 The accumulated evidence sug-
gests that the risk of systemic infections and PML is lower with 
drugs that selectively target leukocyte trafficking to the gut.39 
Questions remain as to whether patients treated with such 
agents will be more susceptible to enteric pathogens such as 
cytomegalovirus, giardiasis, or Clostridium difficile.32, 40

An ongoing study will determine the effect of combina-
tion therapy (vedolizumab, adalimumab, and methotrexate) 
on endoscopic remission in newly diagnosed patients with 

Crohn’s disease, who are stratified at higher risk for complica-
tions.41 Furthermore there are 2 ongoing phase 4 studies eval-
uating its effectiveness for treatment of fistulizing disease42 and 
pouchitis.43

Abrilumab (AMG 181, Amgen), a completely human 
subcutaneously administered antibody against α4β7 integrin, 
has recently completed phase 2b studies.44, 45 In the CD study 
(n = 249), the primary endpoint (clinical remission at week 8, 
defined as a Crohn’s disease activity index [CDAI] score <150) 
was not met.45 However, in the UC study (n = 354), a signifi-
cantly higher proportion of patients experienced clinical remis-
sion (defined as a total Mayo Clinic score <3 with no subscore 
>1) at week 8 in the highest abrilumab dose groups as com-
pared with placebo.44

Etrolizumab, a humanized monoclonal antibody that 
selectively binds to the β7 subunit of both α4β7 and αEβ7 inte-
grin heterodimers, antagonizes α4β7-MAdCAM interactions 
and αEβ7-E-cadherin interactions (believed to be involved in 
retention of αEβ7 cells within the intraepithelial compartment 
and migration of DC subsets to mesenteric lymph nodes).46 
Etrolizumab efficacy was assessed in a double-blind, place-
bo-controlled, randomized, phase 2 study in patients (n = 119) 
with moderately to severely active UC who had not responded 
to conventional therapy. Clinical remission at week 10 was 
achieved in none of the subjects in the placebo group compared 
with 21% in the 100-mg group and 10% in the 300-mg plus load-
ing dose group. Safety and pharmacokinetics were examined at 
various time points. Etrolizumab was well tolerated with the 
most common side effect being exacerbation of colitis, followed 
by nasopharyngitis (also observed with vedolizumab). No seri-
ous opportunistic infections were reported. Interestingly, the 
higher dose was not superior to placebo, a feature that was 
shared with higher doses of the anti-MAdCAM-1 antibody in 
the UC trial.46 Although this could be an artifact, we may spec-
ulate that higher drug tissue levels might potentially interfere 
with CD103:E-cadherin interactions or recruitment of T-regs. 
A phase 3 study was designed to evaluate the safety and efficacy 
of etrolizumab in patients with moderate to severe CD. In this 
study, 300 patients (73% anti TNF-experienced) with moderate 
to severe CD received 105 mg of etrolizumab (n = 120), 210 mg 
of etrolizumab (n  =  121), or placebo (n  =  59). Symptomatic 
remission was observed in a greater proportion of patients 
treated with 105 mg and 210 mg of etrolizumab compared with 
placebo at weeks 6, 10, and 14. A greater proportion of patients 
achieved endoscopic improvement with 105 mg and 210 mg of 
etrolizumab compared with placebo at week 14. CDAI remission 
was achieved at week 14 in 23.3% of patients receiving 105 mg 
of etrolizumab, 28.9% of those receiving 210  mg, and 16.9% 
of those receiving placebo. In this induction cohort, treatment 
with etrolizumab was well tolerated and resulted in clinically 
meaningful endoscopic improvement, with rapid symptomatic 
remission as early as week 6 and sustained through week 14. 
These early results are indicative of the efficacy of etrolizumab 

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/25/2/270/5079145 by guest on 23 April 2024



275

Inflamm Bowel Dis • Volume 25, Number 2, February 2019 Cell Trafficking Interference in IBD: Therapeutic Interventions

in treating CD.47 Currently, phase 3 clinical trials are ongoing 
in CD and UC, evaluating etrolizumab safety and efficacy. An 
ongoing clinical trial in UC will compare the effectiveness of 
etrolizumab with anti-TNF.48, 49, 50, 51

AJM300 (AjinomotoTM, EA PharmaTM) is an orally 
administered small molecule that, like natalizumab, blocks 
binding of the shared α4 integrin subunit. Its efficacy and safety 
were evaluated in a double-blind, placebo-controlled, phase 
2a study in UC (n = 102). Clinical response rates were 62.7% 
and 25.5% at week 8 in the AJM300 group and placebo group, 
respectively. Rates of clinical remission (Mayo Clinic score ≤2 
and no subscore >1) were 23.5% and 3.9% in the AJM300 group 
and placebo groups, and rates of mucosal healing (endoscopic 
subscores of 0 or 1) were 58.8% and 29.4%. No serious adverse 
events, including PML, were observed in this short-term trial.52 
However concerns remain regarding the risk of PML during 
long-term treatment that block the shared α4 integrin subunit.

PTG-100 (Protagonist) is a novel oral α4β7 antagonist 
peptide with minimal systemic absorption and distribution 
largely restricted to the gut. PTG-100 was evaluated in patients 
with moderate to severe ulcerative colitis in the phase 2b 
PROPEL study and was discontinued because it did not meet 
its primary endpoint of clinical remission.53, 54

ET3764 (Encycle TherapeuticsTM) is an oral inhibitor of 
integrin α4β7 that is being developed as a candidate drug to 
treat IBD and other inflammatory disorders.55

TARGETING THE IMMUNOGLOBULIN 
SUPERFAMILY OF MOLECULES

ICAM-1
Alicaforsen is an antisense oligonucleotide against 

ICAM-1, which acts via downregulation of ICAM-1 mRNA. 
In CD, parenterally administered alicaforsen was not more 
effective than placebo in phase 2 and 3 trials.56, 57 In UC, a place-
bo-controlled, double-blind, multicenter study randomized 112 
patients with UC to receive 1 of 4 alicaforsen enema regimens 
or placebo daily for 6 weeks. The primary endpoint was Disease 
Activity Index (DAI) at week 6; however, no significant differ-
ences were observed between the treatment arms and placebo. 
However, a post hoc analysis was performed on subjects whose 
extent of bowel involvement ranged from 15 to 40 cm at baseline 
(n = 70) showed a difference in response to the 240-mg daily ali-
caforsen enema treatment as early as week 3, with a 41% reduc-
tion in mean DAI vs 14% in placebo (P = 0.01); this extended to 
week 30 with a 57% vs 10% reduction of the same (P = 0.04).58 
Another randomized, double-blind, active controlled trial com-
pared the effects of alicaforsen enema with mesalazine enema in 
subjects with mild to moderate, active, left-sided ulcerative coli-
tis. Subjects received a nightly enema of 120 mg of alicaforsen 
(n = 55), 240 mg of alicaforsen (n = 50), or 4 g of mesalazine 
(n = 54) for 6 weeks, followed by a 24-week monitoring period. 
There was no difference compared with mesalamine enemas, 

although alicaforsen seemed to have a more durable effect in 
comparison with mesalazine.59 In pouchitis, an open-label trial 
showed encouraging results, and currently, a phase 3, multi-
center, double-blind, randomized, controlled trial in subjects 
with chronic antibiotic refractory pouchitis is underway.56, 60

MAdCAM-1 Blockade (PF-00547659/SHP647) is a 
humanized monoclonal antibody against MAdCAM-1 (the 
endothelial ligand for integrin α4β7). Recently, the results of 
the TURANDOT—a phase 2, randomized, double-blind, pla-
cebo-controlled trial in patients with UC—have been reported. 
Patients (n  =  357) were treated with subcutaneous injections 
of 1 of 4 doses (7.5, 22.5, 75, or 225 mg) of PF-00547659 or 
placebo. The primary endpoint was remission at week 12. This 
was met in 3 of the 4 groups (7.5, 22.5, or 75 mg); the highest 
difference in efficacy compared with placebo was observed in 
the 22.5-mg group.61 In this study, higher doses were less effec-
tive (hormesis), with the maximum effect observed below the 
highest dose studied. The authors propose that decreased effi-
cacy at increased doses is related to overdepletion of regulatory 
T cell and known to express α4β7 integrin, like intraepithelial 
lymphocytes, mucosal-associated invariant T cells, and eosin-
ophils. This effect is potentially undesirable and could explain 
the weaker responses seen at higher doses.62, 63, 64 The authors 
conclude that the gut effector cell population is more suscep-
tible than the regulatory T-cell population to MAdCAM-1 
blockade, resulting in a net immunoregulatory phenotype in 
the intestine at lower efficacious doses.61

In contrast, 265 patients with active moderate to severe 
CD (CDAI 220–450), history of failure or intolerance to anti-
TNF and/or immunosuppressive agents, high-sensitivity C 
reactive protein >3.0  mg/L, and ulcers on colonoscopy were 
randomized to PF-00547659—22.5  mg, 75  mg, 225  mg, or 
placebo. Patients receiving anti-MAdCAM-1 therapy in the 
OPERA study had no greater efficacy than placebo in any of 
the studied doses.65 The primary endpoint (70-point decrease 
CDAI from baseline at week 8 or 12) was not met, in part due 
to high placebo response rate. However, in patients with evi-
dence of inflammation by high-sensitivity C reactive protein or 
Simple Endoscopic Activity Score, post hoc analyses suggested 
the presence of a drug effect.65 The Opera II was a 72-week, 
phase 2 extension study designed to assess the long safety and 
efficacy of SHP647 (Shire designation). A total of 268 patients 
were enrolled, and 149 completed the study. The antibody was 
well tolerated, with a safety profile similar to that observed in 
previous trials and no PML cases reported; the clinical response 
and remission rates were sustained, suggesting efficacy over 72 
weeks.66 Future clinical trials are needed to determine the role 
of anti-MAdCAM therapy for the treatment of CD (Fig. 6).67

Lymph Node Egress
The egress of lymphocytes from lymph nodes is an early 

event that allows lymphocytes to traffic to circulation and back 
to effector sites for immune surveillance (Fig.  7). T cell exit 
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from the lymph nodes is dependent on sphingosine 1-phos-
phate (S1P), a membrane-derived lysophospholipid signaling 
molecule, which binds to 7 membrane–spanning, G protein–
coupled receptors on T cells and other cell types.68

T-cell exit from the lymph nodes is dependent on sphin-
gosine 1-phosphate (S1P), a membrane-derived lysophospho-
lipid-signaling molecule, which binds to 7 membrane–spanning, 
G protein–coupled receptors on T cells and other cell types.68 
Sphingolipids are essential constituents of cellular membranes, 

and S1P is a sphingolipid metabolite derived from sphingosine 
by sphingosine kinases 1, 2 actions and can be reversibly 
dephosphorylated to sphingosine by sphingosine phospha-
tases 1, 2 and irreversibly degraded by S1P lyase. This enzy-
matic pathway is responsible for the regulation of S1P levels.69 
S1P receptors (S1PR) show overlapping or distinct expression 
patterns in various cells and tissues and regulate diverse cellu-
lar functions by signaling through its receptor subtypes (S1PR 
1–5). S1PR1 plays a predominant role in controlling lympho-
cyte egress from secondary lymphoid organs, thymus, and bone 
marrow.70–73

The S1P gradient between tissues and systemic circula-
tion is essential for lymphocytes to egress from the thymus and 
lymph nodes. S1P is present at higher concentrations in the 
blood and lymph than in tissues. This concentration gradient 
is maintained by the S1P degrading enzyme S1P lyase, which 
is present in tissues but not in blood.74 S1P/S1PR1 interactions 
are important for the trafficking of both naïve and activated T 
cells. The signals generated by S1P binding to S1PR1 on naïve 
T cells stimulate directed movement of the cells along the S1P 
concentration gradient out of the lymph node parenchyma. 
Circulating naïve T cells have very little surface S1PR1 because 
the high blood concentration of S1P induces internalization of 
the receptor. After naïve T cells enter the lymph node, where 
S1P concentrations are low, S1PR1 is re-expressed on the cell 
surface over a period of several hours. This time lag allows a 
naïve T cell to interact with antigen-presenting cells. Once 
S1PR1 receptor is re-expressed, T cells leave the lymph node by 

FIGURE 2. Tethering/rolling.

FIGURE 3. Selectins and their ligands.75
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sensing the S1P concentration gradient into the efferent lym-
phatics (Fig. 7).74 Activated T cells in lymphoid organs down-
regulate the surface expression of the S1P receptor, S1PR1, for 
several days. During this period, T cells cannot respond to the 
S1P gradient and do not exit the lymphoid organs. After several 
days of proliferation, as T-cell activation wanes, S1PR1 is re-ex-
pressed, allowing them to migrate out of the lymphoid tissue in 
response to the S1P gradient.74 S1PR1 agonists binding to S1P1 
lead to the internalization of the receptor on naïve and central 
memory T and B cells, rendering them unable to respond to the 
S1P gradient and impeding lymph node exit.74 Receptor inter-
nalization, induced by continuous exposure to effective concen-
trations of S1PR agonists, leads to receptor ubiquitination and 
proteasome degradation in lymphocytes, causing long-lasting 
receptor downregulation and lymphocyte sequestration in lym-
phoid tissues, potentially preventing them from reaching sites 
of inflammation.2 (Fig. 7).

S1P may also act through a completely different mecha-
nism. S1PR1 is strongly expressed by lymphatic endothelium. 
S1PR1 agonists tighten the lymphatic endothelial barrier, 
inhibiting transendothelial migration and blocking lymphocyte 

egress from the lymph node. Consequently, lymphocytes are 
trapped, decreasing circulating lymphocyte counts (Fig.  7). 
Upon withdrawal of the agent, the permeability is restored and 
lymphocyte trafficking resumes.76–78

Further investigation revealed that traffic of specific sub-
sets of immune cells is compromised by S1PR agonists; thus, 
immune surveillance and the innate immune system against 
cancer and virally infected cells are maintained, at least in the 
short term. In particular, central memory and naïve T cells and 
B cells are decreased, with the effect on CD4+T cells being 
more pronounced as compared with cytotoxic CD8+T cells. No 
effect was observed on effector memory T cells.79, 80 Research on 
the traffic of lymphocytes has come to the forefront by explor-
ing the possible roles of S1PR agonists in IBD and various 
immune-mediated disorders. Its promising profile is based on 
receptor specificity of novel agents, a short half-life that allows 
a faster recovery of lymphocyte counts in case of complications, 
convenient oral route of administration, absence of immunoge-
nicity, selective effects on memory and naïve cells, with limited 
effects on effector T-cell pool, maintenance of immune surveil-
lance, and potentially lower cost of manufacturing and admin-
istration as compared with monoclonal antibodies. Further 
understanding of the relevant receptor and cellular targets may 
allow for improved efficacy and safety profiles.81

THERAPEUTIC TARGETING OF THE 
SPHINGOSINE 1-PHOSPHATE PATHWAY IN IBD

Given the potential role for S1PR in the pathogenesis of 
immune-mediated diseases, the S1P/R axis could be potentially 
targeted to treat MS, psoriasis, rheumatoid arthritis (RA), and 
IBD.68, 82, 83 Several potential drug candidates that modulate S1P 
receptors have been or are being tested for the treatment of IBD.

Fingolimod/FTY720 (Gilenya) is a S1P-analogue, acting 
as nonselective potent agonist of S1PR1,3,4,5. FTY720 was the 
first S1PR agonist approved for clinical use for relapsing MS.2, 

68 Numerous preclinical studies have shown its efficacy at ame-
liorating intestinal inflammation.78, 84–87 The safety profile of 
FTY720 therapy has been carefully examined, being generally 
well tolerated, with most adverse events being mild to moderate 
in severity. The most common AEs are cardiovascular events, 
including bradycardia and first‐degree or second‐degree atrio-
ventricular block. Cases of PML during FTY720 treatment have 
been identified; however in most cases, it was difficult to deter-
mine whether PML was related to FTY720 or a “carry‐over” 
effect of previously natalizumab use.88 Finally, more S1PR ago-
nists have been developed to improve the drug safety profile.68

KRP-203 (NovartisTM) is a S1PR1,4,5 agonist and par-
tial agonist of S1PR3. Its efficacy, safety, and tolerability were 
evaluated in patients with moderately active refractory UC in 
a multicenter, double-blind, placebo-controlled, parallel group 
study. KRP203 was safe and well tolerated, and there were no 
reported cardiac adverse events. However, KRP203 was infe-
rior to the minimal clinically relevant threshold, but remission 

FIGURE 4. Chemokine receptor engagement.

FIGURE 5. Integrin activation, firm adhesion/transmigration.
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was observed in 2 of 14 patients (14%) in the KRP203 group 
and 0 of 8 (0%) in the placebo group.82 Nevertheless, this small 
study was terminated.89 Ozanimod/RPC1063 (Celgene) is an 
oral S1P1 receptor agonist, with enhanced selectivity for S1PR1 
and S1PR5. Ozanimod has a half-life of 19 hours; thus upon 
drug discontinuation, lymphocyte counts rebound to the nor-
mal range within 3 days.90 A multicenter, phase 2 human study 
examined the safety and efficacy of 0.5 and 1 mg of ozanimod 
daily compared with placebo in patients (n = 199) with mod-
erate to severe UC. The primary outcomes were that clinical 
remission at week 8 was achieved by 13.8% and 16.4% in the 
0.5-mg and 1-mg ozanimod groups, compared with 6.2% in pla-
cebo. Clinical response rates at 8 weeks occurred in 57%, 54%, 
and 37% for 1 mg, 0.5 mg, and placebo, respectively. Ozanimod 
also induced mucosal improvement or healing (34%, 28%, and 
12%, respectively) at week 8. However, histological remission 
rates at week 8 were nonsignificant for both high- and low-
dose ozanimod. At week 32, the rate of clinical remission was 
21%, 26%, and 6% for 1 mg, 0.5 mg, and placebo, respectively. 
Clinical response rates were 51%, 35%, and 20%, and mucosal 
improvement or healing was 33%, 32%, and 12%, respectively. 
Histological remission rates at week 32 were 31% and 23% for 
the active drug arm and 8% for the placebo arm. At week 8, 
absolute lymphocyte counts declined 49% from baseline in the 
group that received 1 mg and 32% in the group that received 
0.5  mg. The investigators concluded that the 1-mg dose was 
optimal for future studies. The adverse-event profile was simi-
lar across groups. One patient who had evidence of preexisting 
bradycardia had mild asymptomatic and transient bradycardia 
and first-degree AV block that resolved without intervention.91

The results of the phase 2, open-label, nonplacebo controlled 
study with oral ozanimod in moderate to severe active Crohn’s 

disease were reported, showing meaningful clinical improvement 
at week 4 and endoscopic improvement at week 12.92 The role of 
ozanimod continues to be investigated in phase 3 studies in IBD.81 
The shorter half-life and rapid peripheral lymphocyte recovery of 
ozanimod may provide safety advantages over fingolimod, should 
opportunistic infections or other treatment-related complications 
arise during the perioperative period. The drug should be avoided 
during pregnancy due to known teratogenicity.90

Etrasimod/APD334 (Arena) is a S1PR1,4,5 selective ago-
nist.93 Two randomized, double-blind studies in healthy subjects 
(n = 100) evaluated its safety and impact on lymphocyte sub-
populations. Etrasimod was administered in single-ascending 
doses or multiple-ascending doses for up to 21 days. The drug 
rapidly decreased circulating T lymphocytes in healthy subjects 
with a fast recovery after therapy cessation. The primary effect 
was on T-helper and naïve cells and seemed safe and well toler-
ated in healthy volunteers when administered at the target ther-
apeutic dose of 2.0 mg daily.94 Recently, the preliminary phase 
2 results from the OASIS trial in moderate to severe UC were 
reported.93, 95 The primary endpoint, defined as an improvement 
in the 3-component (stool frequency, rectal bleeding, and find-
ings on endoscopy) Mayo Clinic Score with 2 mg at week 12, 
was met. In addition, significantly more patients in the 2-mg 
group achieved endoscopic improvement compared with pla-
cebo (41.8% vs17.8%, P = 0.003). The proportion of patients 
achieving clinical remission, defined by the 3-component Mayo 
Clinic Score, was 33.0% in the 2-mg group compared with 8.1% 
in the placebo group (P < 0.001). Remission, as defined by the 
4-component Total Mayo Score, was 24.5% and 6.0% for the 
2-mg and placebo groups, respectively (P = 0.004). Etrasimod 
was well tolerated, and there were fewer patients with serious 
adverse events (SAEs) compared with placebo (0% in 2  mg, 

FIGURE 6. Integrin targeting.75
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5.8% in 1 mg, and 11.1% in placebo). Arena intends to initiate 
a phase 3 program in ulcerative colitis.96

Amiselimod/MT-1303 (Biogen) is an oral selective 
S1PR1,5 receptor developed for the treatment of autoimmune 
diseases. Amiselimod, unlike to Fingolimod, has little agonistic 
activity at human S1PR3 receptors, resulting in a better cardiac 
safety profile in preclinical, phase 1 and 2 studies.97 Amiselimod 
was under investigation for moderate to severe, active Crohn’s 
disease in a 14-week, randomized, placebo-controlled, phase 2 
trial, with an open-label extension of ≥22 weeks; nevertheless, 
the results of this trial have not been reported. Amiselimod was 
also studied for ulcerative colitis, MS, and other autoimmune 
conditions; however, Biogen stopped its development.68

Future Directions for the S1P Pathway
Other S1PR agonists (eg, AUY954, SEW2871, AUY954, 

W061, CS-0777, Ponesimod, Ceralifimod, GSK2018682, and 

Siponimod) are being studied in other inflammatory diseases.98 
In the search for new therapies within the S1P pathway, there 
are several potential drug candidates, targeting S1P synthesis, 
transport, and degradation. Some aspects in the mechanism 
of action of these potential drugs that needs to be investigated 
comprehensively are the effects beyond T cells on innate immu-
nity, dendritic cells, and vascular barrier.

LESSONS FROM THE CLINICS, CONCLUSIONS, 
AND FUTURE DIRECTIONS

The translation of basic science concepts to the clinics has 
now allowed for real-life lessons from the clinical application of 
these concepts to illuminate gaps in our understanding of basic 
concepts, only superficially understood from in vitro or animal 
studies. Indeed, a more precise understanding of the mecha-
nisms of action of anti-integrin therapies is still needed. A recent 
study suggested that effects of α4β7 antibodies extend beyond T 

FIGURE 7. Lymph node egress and targets.
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cells to innate immunity, including changes in macrophage pop-
ulations (eg, switch from an M1 to an M2 macrophage profile in 
patients who achieved remission specifically with vedolizumab) 
and pronounced alterations in the expression of molecules 
involved in microbial sensing, chemoattraction, and regulation 
of innate effector response.99 Although this data seems to indi-
cate that α4β7 plays a limited role in the regulation of intestinal 
T-cell trafficking in humans, it is important to highlight that 
their longest time point from the onset of vedolizumab was 14 
weeks. Given that lymphocytes are long-lived cells and that the 
clinical data seems to show added benefit with longer duration 
of therapy, longer time points should have been assessed.99 This 
might be particularly relevant due to the description of long-
lived, tissue-resident memory cells, which may not depend on 
trafficking molecules.100 Another relevant question in this con-
text is whether current anti-adhesion therapy with vedolizumab 
and potential future therapies with etrolizumab or anti-MAd-
CAM could differ in their potential to inhibit α4β7-MAd-
CAM-1 interactions or in their overall efficacy.101

Similarly, for S1PR agonists, its mechanism of action has 
been focused on the retention of lymphocytes on lymph nodes, 
but given the expression of S1PR1 on dendritic cells and lymphat-
ics, this simple explanation is likely another oversimplification.78

Pharmacokinetic-pharmacodynamic data from a pro-
spective study of real-life patients with IBD showed that vedol-
izumab drug levels were associated with remission, and this 
study also showed that integrin α4β7 was blocked in almost 
all T cells, regardless of serum drug levels or response to treat-
ment.102 This is fundamentally different from what is known 
of anti-TNF levels and how they are used to guide anti-TNF 
dosing in the clinics.103 Thus, our understanding of the phar-
macokinetic-pharmacodynamics of these drugs is superficial, 
representing another important knowledge gap that needs to 
be addressed. There could additionally be an immunological 
mechanism of escape. In mice and humans, there is evidence 
to suggest that chronic inflammation may allow pathogenic cell 
subsets to escape their dependence on α4β7-MAdCAM-1 inter-
actions, perhaps by utilizing α4β1 -VCAM-1 to traffic to the 
chronically inflamed bowel.104, 105

The success of TNF inhibitors during the late 1990s 
revolutionized the treatment of IBD; however, only around 
two thirds of patients respond to this therapy, and around 
50% lose response during maintenance. TNF inhibitors are 
associated with important toxicities, making it necessary to 
search for novel strategies with distinct mechanisms of action. 
Understanding the molecules involved in cell trafficking to the 
intestine and elsewhere has led to the development of a novel, 
effective, and well-tolerated strategy for the treatment of IBD. 
Small molecules (eg, S1PR agonists) could be a good alterna-
tive to biologics due to inherent advantages such as low manu-
facturing cost, absence of immunogenicity, short half-life, and 
oral administration; however, more studies are necessary to 
evaluate their position among IBD therapies.

Strategies utilizing nanoparticles as vectors of small 
interfering RNA (siRNA), microRNA (miRNA) or antisense 
oligonucleotides (ASO) modifying the expression of adhe-
sion molecules, integrins, and other adhesion molecules could 
potentially have a place within the IBD treatment algorithms in 
the future.106–108 Competitive antagonists and allosteric integrin 
inhibitors that selectively bind to the active integrin conforma-
tion might also have important clinical applications.26, 27, 109 The 
design of nano-delivery systems has significantly advanced the 
future for IBD therapy by improving the selective targeting, 
increasing the drug availability in disease tissue with fewer sys-
temic adverse effects.110 Also, siRNA directed against integrins 
or adhesion molecule mRNAs might be useful novel strategies 
for IBD. However, low penetration of siRNA across cell mem-
branes is a major obstacle for siRNA delivery. This could be 
circumvented by a stable nanoparticle delivery system.107 The 
intestine is an attractive site for nanomaterial delivery, which 
enables safe and efficient delivery of peptides to the intestinal 
mucosa.106 ASO are oligomers designed to hybridize to mRNAs 
coding for a targeted protein. Antisense oligonucleotides can 
reduce the abundance of specific RNAs through multiple 
mechanisms such as the RNase H (an intracellular endoribonu-
clease that recognizes DNA:RNA heteroduplexes for selective 
hydrolysis), mediated degradation of target RNA, translational 
arrest, and altered RNA splicing.107 Alicaforsen, an ASO ther-
apy, is a good example of this technology, and a nanoparti-
cle delivery system could improve its efficacy.60 Inhibition of 
MAdCAM-1 expression by ASO in TBNS-induced mice colitis 
significantly suppressed the development of colitis compared 
with controls.111 However, the clinical use of these nanoparti-
cles will require that several issues are addressed such as safety, 
stability in the human GI tract, best formulation, and doses for 
human administration.106, 112
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