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Lymphocyte migration (homing) to specific tissues has
an important role during protective and pathological
immune responses, including inflammatory bowel dis-
eases. Lymphocytes use integrin o437 and the chemo-
kine receptor CCR9 to localize to the gastrointestinal
mucosa; their respective ligands, mucosal addressin cell
adhesion molecule-1 and CCL25, are displayed on en-
dothelial cells in intestinal postcapillary venules. Al-
though gastrointestinal-homing receptors are required
for lymphocyte migration to the intestine in the nonin-
flamed steady state, their role during inflammation is a
matter of debate. Reagents designed to block interac-
tions between these receptors and their ligands have
had variable degrees of success in animal models of
inflammatory bowel diseases and patients. We discuss
the mechanisms involved in lymphocyte localization to
the intestinal mucosa and how they can be applied to
therapy for inflammatory bowel diseases.

Keywords: CCR9; a437; IBD; Ulcerative Colitis; Crohn’s
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ymphocytes localize to specific tissues during the

protective immune response and in inflammatory
disorders. Learning how these cells localize to different
organs is important for understanding basic immunol-
ogy as well as disease pathogenesis.

Circulating lymphocytes are exposed to extreme shear
forces so they do not randomly adhere to endothelial
cells'; instead, they express adhesion receptors for ligands
expressed on endothelial cells. Adhesion usually takes
place in postcapillary venules via a multistep process.
First, lymphocytes are captured and loosely adhere to the
endothelial cells (tethering and rolling, respectively), a
step that usually requires selectins and their ligands,
although the integrins @47 and a4f1 can also con-
tribute to this step in some tissues. While lymphocytes
are rolling they can be stimulated, generally via chemo-

kine receptors (activation), which increases integrins’
binding affinity and avidity. Integrin activation causes
the lymphocytes to adhere to the endothelium (stick-
ing) and then extravasation into noninflamed or in-
flamed tissues.

Lymphocyte migration and adhesion to specific tissues
are determined by the combination of receptors involved in
each step, rather than a single receptor and adhesive mole-
cule. The diversity of receptors used in each step of the
adhesion process allows for versatile and tissue-specific lo-
calization of lymphocytes, making lymphocyte adhesion
amenable to modulation for therapeutic purposes.

The mechanisms that regulate lymphocyte homing to
different tissues have been reviewed? 4; we focus on lym-
phocyte migration to the gastrointestinal (GI) mucosa
and discuss how this process might be modulated in
patients, to reduce GI inflammation.

Compartmentalized Homing to the
Intestine

Naive T and B cells constantly transit between the
blood and secondary lymphoid organs, such as spleen,
lymph nodes, and Peyer’s patches. Upon activation in
secondary lymphoid organs, naive lymphocytes become
effector and/or memory T and B cells and express recep-
tors that control their migration to extralymphoid tis-
sues, such as the skin, GI lamina propria, central nervous
system (CNS), liver, and lungs.5

Abbreviations used in this paper: CD, Crohn’s disease; CNS, central
nervous system; Gl, gastrointestinal; IBD, inflammatory bowel disease;
ICAM-1, intercellular adhesion molecule-1; LFA, lymphocyte function
antigen; MAACAM1, mucosal addressin cell adhesion molecule-1; RA,
retinoic acid; TNF-a, tumor necrosis factor-«; Treg, regulatory T cells;
UC, ulcerative colitis; VCAM-1, vascular cell adhesion molecule-1.
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Figure 1. Different lymphocyte subsets use distinct homing receptors and ligands to localize to specific regions of the intestine. (A) Effector CD8* T cells
use CCR9 and a4 7, and possibly CXCR4 and/or CXCRS3, to localize to the Gl mucosa. Th17 cells might also use CCRB to localize to small bowel, and
IgA-secreting cells use CCR10 to localize to Gl and other mucosal tissue compartments. (B) Expression of addressins varies throughout the intestine, even
in the steady state. MAdCAM-1 is expressed along the whole intestine (small and large bowel), and it is up-regulated during inflammation. CCL25, a ligand
for CCRY, is expressed in a proximal-to-distal gradient in the small bowel but absent from the colon. CCL28, a ligand for CCR10, is expressed mostly in
colon and other mucosal sites; it regulates localization of IgA-secreting cells, but not T cells. CCL20, a ligand for CCRB, is most highly expressed in Peyer’s

patches and the small bowel, but also it is up-regulated in inflamed colon.

Although migration to secondary lymphoid organs
occurs through the mechanism described here, lympho-
cyte migration to some extralymphoid tissues requires
expression of specific receptors. T-cell localization in the
GI mucosa and the skin—the largest surfaces in the body
that are exposed to the external environment—has been
well characterized. T-cell migration to the skin requires
ligands for P- and E-selectins, CCR4, and the integrin
lymphocyte function antigen (LFA)-1.6

In contrast to the skin, migration of T and B cells to
the small intestine requires the integrin a47 and CCR9,
the induction of which depends on the vitamin A metab-
olite all-trans retinoic acid (RA)? (Figure 1). Localization
to colon partially requires a4f7, but not CCR9’; the
chemokine receptor(s) required for lymphocyte migra-
tion to the colon have not been identified.

The ligand for CCR9, CCL25/TECK, is differentially
distributed in a proximal-to-distal gradient in the small
bowel; CD8* T cells localize to the ileum partially via
CCR9-independent mechanisms (Figure 1).” Alternative
candidates for T-cell migration to the small bowel in-
clude CXCR3 and CXCR4, the ligands of which (CXCL10
and CXCL12, respectively) are expressed in the GI mu-
cosa.? Consistent with an in vivo role for these alternative
chemokine pathways, CXCR3~/~ mice have lower num-
bers of CD87 intestinal epithelial cells in the lamina
propria®; blocking the interaction between CXCR4 and
CXCL12 inhibits entry of T cells to the small intestine in
steady-state and inflammatory conditions.'®

Localization of lymphocytes to the colon differs in some
ways from migration to the small bowel—it requires either
a4f7 or a4f1, but not CCR9.%!! The ligand for a4f7,
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mucosal addressin cell adhesion molecule-1 (MAdCAM-1), is
expressed in small bowel and colon, whereas CCL2S is
expressed in the small bowel only.1213 Moreover, al-
though migration to the small intestine was impaired in
CCR9~/~ and B7 integrin chain-deficient (37/~) T-helper
(Th)17, homing to the colon was reduced in only the
B77/~ Th17 cells.!* Transfer of B77/~ Th17 cells into
severe combined immune-deficient mice induced less in-
flammation in the small and large bowel than transfer of
wild-type Th17 cells (Table 1), whereas transfer of
CCR97/~ Th17 induced less inflammation than wild-type
cells in the small bowel only.'* Together, these data
indicate that CCRY is required for T-cell migration and
pathogenicity primarily in the small intestine, whereas
a47 is required for T-cell migration and pathogenicity
in the small bowel and colon.

Migration of T cells to the intestinal mucosa also
depends on their specific subset and phenotype. Recently
activated CD8* T cells require CCR9 for migration to the
small bowel, whereas effector CD4* T cells are less de-
pendent on CCRY for homing into this GI compart-
ment.'S Moreover, homing of CCR6™/~ Thl7 cells to
Peyer’s patches and small bowel was significantly reduced
compared to wild-type Th17 cells, whereas homing of
Thl or Foxp3* regulatory T cells (Tgrgg) to these com-
partments did not require CCR6.1¢ RA induces o487 and
CCROY on Trgg'”'8; however, mice given diets that did not
contain vitamin A (and therefore lack RA synthesis) did
not have decreased numbers of Tygg in the small bowel,
although Th17 cells were markedly reduced in this com-
partment.'® Moreover, Tggg isolated from mice depleted
of dietary vitamin A were equally efficient in suppressing
ileitis as Trpg from mice on a vitamin A-sufficient diet (or
that received extra vitamin A).2° However, these studies
did not discriminate between thymus-derived or induc-
ible Trgg. Further studies are needed to determine the in
vivo roles of RA in localization of Tygg in the GI mucosa
and their immunoregulatory functions there.

Another example of differential gut-homing require-
ments is cells that secrete IgA (IgA-secreting cells). CCR10
is expressed primarily by IgA-secreting cells, whereas cells
that secrete antibodies against IgG or IgM do not express
this receptor.2! Moreover, IgA-secreting cells require
CCRI10 to localize to the intestine, although CCR10 is
not expressed on gut-associated T cells.42! In addition to
CCR10, IgA-secreting cells also express CCR9; mice defi-
cient in this receptor have reduced numbers of these cells
in the small intestine.?? Interestingly, blocking CCR9
prevented localization of IgA-secreting cells to the small
bowel, whereas blocking either CCR10 or its mucosal
ligand, CCL28, impaired their localization to small and
large bowel.2® Similar to T cells, RA was sufficient to
induce CCR9 and a4B7 (but not CCR10) on activated B
cells and mice depleted of vitamin A had very low num-
bers of small bowel IgA-secreting cells.192425
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Aberrant Recruitment of Lymphocyte
in IBDs

IBDs, which include Crohn’s disease (CD) and
ulcerative colitis (UC), are associated with a massive in-
flux of immune cells into the GI tract. During disease
development, altered production of proinflammatory cy-
tokines induces expression of alternative adhesion recep-
tors and chemokines on intestinal endothelial cells,
which might allow lymphocytes to migrate to the intes-
tine without expression of the receptors that normally
regulate their localization in that compartment.'* These
alternative pathways of lymphocyte recruitment might
have important implications for IBD therapy.

Studies of animal models and human tissues have indi-
cated the role for gut-homing effector T cells in IBD patho-
genesis. In experimental models of IBD, MAdCAM-1 is
up-regulated in the intestinal lamina propria.26-282° Similar
MAdCAM-1 up-regulation is observed in active inflamed
tissues from patients with CD or UC, which is associated
with increased numbers of 487" T cells compared with
normal tissues.3%3! Deficiency of B7 integrin subunit
inhibits inflammation in a mouse model of CD32 and
antibodies against 37 or MAACAM-1 reduced inflamma-
tion in mice with trinitrobenzene sulfonic acid —induced
or cell transfer-induced colitis3334 (Table 1). Blocking a4
or o437 reduced colitis in a nonhuman primate model of
IBD.3536 Additional mechanistic insights have come from
studies of SAMP1/Yit mice, which spontaneously develop
CD-like ileitis. Although SAMP1/Yit mice deficient in 37
have reduced intestinal inflammation,3” antibodies that
block a4B7 or MAACAM-1 did not decrease the inflamma-
tion; only combined blockade of vascular cell adhesion
molecule 1 (VCAM-1) and MAdCAM-1 significantly im-
proved ileitis.??

Blocking a4f1, a collagen-binding integrin that is up-
regulated in inflamed tissues, reduced trinitrobenzene sul-
fonic acid-induced colitis in mice.3® Mice with dextran so-
dium sulfate—induced colitis have varied results-some
studies reported that blockers of MAdCAM-1 reduced in-
flammation,333%4° whereas others showed that develop-
ment of colitis required a437-VCAM-1 and LFA-1-intercel-
lular adhesion molecule 1 (ICAM-1) interactions, but not
a4p7-MAdCAM-1.4142 Pathogenic effector T cells might
not require only interaction between lymphocyte o437 and
endothelial cell MAdCAM-1 to promote chronic inflamma-
tion, but other integrins that mediate immune cell localiza-
tion during general inflammation might fulfill redundant
roles in intestinal pathology.

SAMP1/Yit mice have increased numbers of IgA-secreting
cells in the mesenteric lymph nodes and lamina propria.*3
Adoptive transfer of B cells and T cells from SAMP1/Yit
into severe combined immune-deficient mice increased ile-
itis, compared with transfer of only T cells.** Moreover, B
cells required o437 to exacerbate ileitis,?” indicating that
B-cell localization to the GI tract might also be involved in
IBD pathogenesis.



Table 1. Role of Gut-Homing Receptors in Experimental Inflammatory Bowel Disease Models

Blocking homing receptors

Gut
Model segment Pathogenic cells Advantages Limitations a4 B7/MAdACAM-1 CCR9/CCL25 References
Mouse DSS colitis Colon Innate immunity T/B- Easy to set up, Mostly colon inflammation, Variable, with only some ND 33, 39-42
cell-independent fast readout acute disease (can also studies showing an
(occurs in RAGL~/~ be made chronic), T/B- effect in decreasing
mice) cell-independent, little inflammation
resemblance to human
IBD
Mouse TNBS Colon Thi Easy to set up, Mostly colon, acute Decreases colitis ND 33
colitis fast readout disease, little
resemblance to human
IBD
Naive CD4 T-cell Colon Thi, Th17? Chronic disease, Mostly colon inflammation Decreases colitis ND 34
transfer into easy to set
RAG1~/~ or up,
SCID mice reproducibility
Gut-tropic Th17 lleum and Ex vivo differentiated Involvement of Need transfer of ex vivo Decreases ileitis and Only decreases 14
cell transfer into colon gut-homing Th17 small bowel differentiated gut-homing colitis ileitis
RAG1~/~ mice (ileitis) and Th17 cells
colon
Cotton-top tamarin Colon Th1? Nonhuman Cost, logistical limitations Decreases colitis ND 35, 36
primate
TNFARE mice lleum Thl Affects small Logistical (mice are Suppresses ileitis No effect 32
(TNF-a bowel (ileitis), noncommercially
overproduction) chronic available)
disease,
model for
human CD
Sampl/Yit mice lleum Th2, Th17, B cells Affects small Reduced ileitis in Can prevent 29, 37,50
bowel (ileitis), SAMP1/Yit b7/~ inflammation,
chronic mice but only
disease, Decreased ileitis when early in
model for blocking both disease
human CD MAdCAM-1 and

VCAM-1

DSS, dextran sodium sulfate; ND, not determined; RAG, recombination activating gene; SCID, severe combined immune-deficient; Th, T-helper; TNBS, trinitrobenzene sulfonic acid; VCAM-1,
vascular cell adhesion molecule 1.
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Treg cells are believed to prevent or even cure intestinal
inflammation, based on studies from different models of
IBD. However, the precise role of a47 and CCR9 in
trafficking and function of Tggg cells during GI inflam-
mation is unclear. Tggg cells seem to require B7-indepen-
dent pathways—rather, those that involve CCR7 and
CCR4 —for their immune suppressive functions and to
prevent colitis.#4-4¢ These alternative migratory pathways
might allow Tggg cell function in lymphoid compart-
ments, such as prophylactic suppression before the onset
of inflammation in MLN or Peyer’s patches. However,
Tre cells might need GI homing receptors to suppress
immune activity in the lamina propria during active
inflammation,*” which is probably most relevant for de-
velopment of therapeutics.

CCLS and CCRS are also up-regulated in experimental
models of ileitis and mediate the specific recruitment of
Treg cells and some subsets of effector CD4" T cells.*®
These alternative chemokine pathways could account for
the observation that blocking CCL25 or CCRY is only
effective at early stages of disease, even though expression
of CCL25 increases in the small bowel of patients with
CD.#° Other, perhaps non-GlI-specific, chemokine signals
might mediate lymphocyte homing at later stages during
inflammation.’® Human lamina propria and intraepithe-
lial lymphocytes also express CXCR3, CX3CRI1, and
CCR2, and levels of their ligands are increased in tissues
of patients with CD.5! Moreover, recruitment of T cells,
monocytes, and DC to the inflamed mucosa might in-
volve CX3CL1 and its receptor CX3CR1, which contrib-
utes to pathogenesis of IBD.52>4

Some of the extraintestinal pathologies associated with
IBD might arise from aberrant homing of immune cells.
For instance, MAdCAM-1 and CCL25 are up-regulated in
the liver during primary sclerosing cholangitis, a chronic
disease characterized by progressive inflammation and
scarring of the bile ducts. Primary sclerosing cholangitis
has been associated with UC in epidemiologic studies.>

Therapies for IBD

Patients with IBD usually require life-long therapy
with corticosteroids and other immunosuppressive drugs.
Choice of therapy depends on the primary clinical goal
(induction or maintenance of remission), the extent and
severity of disease, the response to current or prior treat-
ments, and the occurrence of side effects (summarized in
Supplementary Tables 1-2). Many drugs for IBD can have
serious adverse effects, and some patients become refractory
to treatment during disease progression and require sur-
gery. Therefore, new therapeutic approaches, that target
specific inflammatory mediators, are needed.

Although the primary causes of IBD are not clear,
many molecules that are involved in disease pathogenesis
have been identified as targets for therapy. Therapeutics
that have been developed include inhibitors of T-cell
activation, costimulatory pathways, proinflammatory cy-
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tokine receptors, Th1 polarization, cytokines and their
regulatory proteins, growth hormone, and growth factors
(Supplementary Tables 3-4).

Although many of these biologic agents showed effi-
cacy in preclinical studies, most of them have not shown
efficacy in clinical trials, or have caused significant side
effects.>® Antibodies to the cytokine tumor necrosis fac-
tor-a (TNF-a) have been the most effective, and are
currently used to treat patients with refractory moderate-
to-severe active CD or UC. Infliximab binds the soluble
bioactive and membrane-bound forms of human TNF-«
and reduces its toxicity. Although infliximab is effective
in reducing the symptoms of IBDs, its immunosuppres-
sive effects predispose patients to infections and increase
risk of malignancies, such as lymphomas.3”-%8

Blocking Adbesion Receptors

Molecules that mediate lymphocyte localization
to the GI mucosa, in the steady state or during develop-
ment of inflammatory diseases such as IBD, are attractive
targets for drug development. Antibodies or compounds
that selectively block homing receptors,'! or reagents
that sequester lymphocytes in secondary lymphoid or-
gans (to prevent their migration to sites of inflamma-
tion),” have shown efficacy in animal models and in
clinical trials for psoriasis,®®®! asthma,? graft-vs-host dis-
ease,% and multiple sclerosis.>

Because a487 and CCRY are the primary mediators of
lymphocyte migration to the intestine, reagents that block
their function should reduce inflammation in the intestinal
mucosa, yet cause low levels of systemic immunosuppres-
sion. Agents developed for treatment of IBD disrupt inter-
actions between LFA-1 and ICAM-1, a4B1, and VCAM-1, as
well as 47 and MAdCAM-1 (Figure 2, Table 2).

The first successful clinical use of anti-ICAM-1 was in
treatment of rheumatoid arthritis.®* Antibodies against
ICAM-1 or antisense oligonucleotides that disrupt ex-
pression of ICAM-1 showed efficacy in mouse models of
IBD, including dextran sodium sulfate-induced colitis
and SAMP-1/Yit mice ileitis.>% Interestingly, in SAMP-1/
Yit mice, anti-ICAM-1 was only effective when adminis-
tered in combination with anti-VCAM-1 or anti-a4 in-
tegrins, indicating redundancy between LFA-1/ICAM-1
and a4B1/VCAM-1 pathways during inflammation in
mice. Clinical trials that investigated the effects of re-
agents against ICAM-1 in patients with IBD included
investigation of alicaforsen (ISIS 2302), an antisense oli-
gonucleotide that prevents expression of ICAM-1.
Whereas an early-stage clinical trial suggested a therapeu-
tic potential for alicaforsen in patients with mild-to-
moderate active CD,% two subsequent, larger, multi-
center trials failed to demonstrate significant efficacy.%®%?
Despite this setback, patients treated with alicaforsen, in
an enema formulation, had significant improvements in
distal UC in a randomized, placebo-controlled trial.”
However, given the important role of LFA-1 interaction
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Figure 2. Interfering with homing receptors as therapy for inflammatory bowel diseases. Natalizumab is a monoclonal antibody (mAb) that blocks
theintegrins a4B7 and a4 31, preventing their binding to MAdCAM-1 and VCAM-1, respectively. Similarly, AJM300 is an orally bioavailable antagonist
of the integrin a4 subunit. The mAbs vedolizumab and Pf-00547,659 bind specifically to «4B7 and MAJCAM-1, respectively, blocking their
interaction. Traficet-EN (CCX282-B) is an orally bioavailable selective antagonist of CCR9 that blocks its functional interaction with CCL25.
Alicaforsen (ISIS 2302) is an antisense oligodeoxynucleotide that binds to the 3’ UTR portion of the ICAM1 messenger RNA and prevents its

translation.

with ICAM-1 in leukocyte localization to many lymphoid
and nonlymphoid tissues, as well as in T-cell activation,!!
it is likely that blockers of ICAM-1 will cause significant
systemic immunosuppression.

Natalizumab is a recombinant, humanized, monoclo-
nal IgG4 against the alpha-4 integrin chain; it inhibits
MAdCAM-1 binding to integrin a437 and VCAM-1 bind-
ing to integrin a4f31.”! In placebo-controlled, random-
ized trials, 40% patients with moderate-to-severe CD re-
sponded to natalizumab and went to remission,
compared to 8% in the group that received placebo.”?
However, phase III clinical trials that included clinical re-
sponse, remission, and maintenance as end points showed
that the drug was more effective when given in combination
with other immunosuppressants or before therapy with an
anti-TNF-a reagent.”3”* Because blockers of the alpha-4
integrin chain probably do not affect T cells that have
already localized to intestinal tissues, natalizumab might
not be sufficient to effectively reduce ongoing inflamma-
tion—its combination with other immunosuppressant
drugs might be required. natalizumab has also shown po-
tential for treatment of UC,” probably due to its ability to
block a4f7 and 41 (integrins involved in localization of
lymphocytes to the colon).

Natalizumab has also been used to treat patients with
multiple sclerosis,”® based on the role of @41 interaction
with VCAM-1 in leukocyte homing to the CNS and
experimental allergic encephalomyelitis.”” However, cases
of progressive multifocal leukoencephalopathy—a rare
and often fatal opportunistic infection of the CNS— have
developed in some patients given natalizumab (approxi-
mate incidence 1/1000), raising concerns about its
safety.”8”? Sporadic cases of melanoma have also been
reported in patients treated with natalizumab, which
might be associated with impaired immunosurveillance
of the skin following o481 blockade.8%8! However, larger
cohorts of patients that have received natalizumab need
to be studied to determine more precisely the incidence
of these rare side effects. Similar safety concerns might
apply to an orally bioavailable inhibitor of the alpha-4
integrin chain (AJM300), which has also shown to be effec-
tive in patients with active CD.3? Some cases of progressive
multifocal leukoencephalopathy also occurred in patients
with psoriasis who were treated with efalizumab, a mono-
clonal antibody against LFA-1.8% Reagents that selectively
block homing of lymphocytes to the GI without affecting
immunosurveillance in other tissues (including the CNS)
are urgently required for IBD.
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might affect migration of plasmacytoid DC and their
tolerogenic functions in the intestine, with potential ef-
fects that should be considered and explored in models
of IBD pathogenesis.

Conclusions

Although the exact cellular and molecular mech-
anisms of IBD pathogenesis are undefined, lymphocyte
homing has an important role. Improved understanding
of lymphocyte localization to the noninflamed and in-
flamed intestinal mucosa has led to specific and effective
therapies for IBD and improved the benefit-to-risk profile
for patients.

Nevertheless, results from studies of animal models of
IBD have identified alternative homing receptors that, in
addition to a4f7 and/or CCRY, have roles in lymphocyte
migration to the GI tract and might contribute to in-
flammation; these redundant homing pathways could
account for the varying degrees of effectiveness of re-
agents that target GI-specific homing receptors in clinical
trials. It is important to better define which receptors,
adhesion molecules, and chemokine pathways contribute
to chronic intestinal inflammation in humans. It is also
important to determine the precise role of Tpgg cells in
intestinal inflammation and whether GI-specific reagents
that interfere with lymphocyte adhesion affect Tggg func-
tions. Combination therapies, which target more than
one step in adhesion of lymphocytes to the intestinal
epithelium, might be the most effective strategy for IBD.
Combinations such as anti-a4f7 and antagonists of
CCRO9 could have additive effects to reduce inflammation
in patients with IBD.
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Supplementary Table 1. Currently Used Immunomodulatory Therapies for Inflammatory Bowel Disease That Do Not Primarily
Target Leukocyte Homing Receptors: Classic Anti-inflammatory/Immunosuppressive Drugs?

Pharmacological agent Indication Advantages Disadvantages/side effects References
Classic anti-inflammatory/
immunosuppressive drugs
Aminosalicylates  Sulphasalazine Mild-to-moderate Availability of oral and Maintenance of remission 1,2
Mesalamine UC and CD (?) topical formulations controversial in CD
selected principally on Therapeutic efficacy of
the basis of disease mesalamine can depend
location on mucosal concentration
Corticosteroids Moderated to- Available in topical Side effect profile does not 3
severe UC and formulations allow long-term treatment
CD Suppress active Possible high relapse rate
inflammation in the
acute setting
Immunomodulation and/or inhibition
of lymphocyte activation
Thiopurines Azathioprine Mild-to-moderate Effective maintenance Slow onset of action and 4
6-mercaptopurine UC and CD immunosuppressant potential serious adverse
agents indicated for events and toxicity (toxic
steroid-dependent hepatitis, pancreatitis
patients and lymphopenia,
opportunistic infections)
Cyclosporin A Severe UC and Rapidly acting therapeutic Use restricted to 5,6
CD refractory agent hospitalized patients
to Potential risks of
conventional hypertension,
therapy nephrotoxicity, electrolyte
imbalance,
encephalopathy, tremors,
myelosuppression,
opportunistic infections,
and seizures
Methotrexate Steroid- Maintenance of remission Potential myelosuppression, 7,8

dependent CD

after successful
induction

hepatotoxicity, and
teratogenic and
abortigenic effects

dnhibitors of leukocyte traffic molecules were summarized separately in Table 2.
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Supplementary Table 2. Currently Used Immunomodulatory Therapies for Inflammatory Bowel Disease That Do Not Primarily
Target Leukocyte Homing Receptors: Inhibitors of Proinflammatory Cytokines

Biological Disadvantages/
Target agent Indication Mechanism Advantages side effects References
TNF-a blockers Infliximab Moderate-to-severe Chimeric mAb targeting Long-term clinical Drug-induced lupus 9-12
UC/CD refractory human TNF-a. Binds benefit; acute infusion
to conventional soluble bioactive permits reactions;
therapy TNF in the intestinal tapering of delayed
mucosa neutralizing corticosteroids; hypersensitivity
its effect. Binds to effective in the reactions,
membrane-bound treatment of demyelination;
TNF, leading to T-cell extraintestinal limited but real
apoptosis IBD risk of
manifestations infections,
lymphoma,
cardiac failure
Adalimumab CD refractory to Fully human IgG1 anti— Well-tolerated; Injection site 13
conventional TNF-a« mAb decrease in reactions
therapy immunogenicity
compared to
infliximab
mAb, monoclonal antibody.
Supplementary Table 3. Promising Immunomodulatory Therapies for Inflammatory Bowel Disease: Inhibitors of
Proinflammatory Cytokines
Disadvantages/
Target Biological agent Indication Mechanism Clinical phase Advantages side effects References
TNF-« blockers RDP58 (delmitide Mild-to-moderate Protease resistant Phase llI/Illb Oral solution; no  No major adverse 14
acetate) active UC decapeptide; systemic events reported
inhibits synthesis of bioavailability;
pro-inflammatory not
cytokines (TNF, IFN-y, immunogenic
IL-2, and IL-12) by
blocking the
formation of the
MyD88&-IL-1
receptor-associated
kinase (IRAK)-TRAF6
cell signaling
protein complex
Certolizumab pegol CD Humanized TNF-a Fab’ Phase Il (only  Increased drug Modest 15,16
mAb fragment in United plasma half- improvement in
linked to States) life response rates;

polyethylene glycol

risk of infections

IFN, interferon; IL, interleukin; mAb, monocolonal antibody.
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Supplementary Table 4. Unsuccessful/Unproven Immunomodulatory Therapies in Inflammatory Bowel Disease

Disadvantages/

Target Biologic agent Indication Mechanism Clinical phase Advantages side effects References
Inhibitor of T-cell
activation
IDEC-131 CD Anti-CD40 ligand Phase Il discontinued Thromboembolism 17
Anti-CD4 cM-T412 Cb/uc Anti-CD4 depleting mAb Phase | discontinued Short-term clinical CD4 lymphopenia 18,19
therapy improvement/remission
MAX.16H5 and Cb/ucC Anti-CD4 non-depleting mAb Phase | discontinued Clinical improvement in UC CD4 lymphopenia 20
B-F5
Anti-CD3 Visilizumab Severe and Humanized 1gG2 Anti-CD3e Phase Ill suspended Clinical response observed in Dose-limiting 21,22
therapy (UhM291) refractory UC mADb; induces T-cell the majority of patients toxicities;
apoptosis and enhances transient
IL-10 secretion decrease in
T-lymphocyte
counts; liver
injury;
cytokine-
release
symptoms
Anti-inflammatory
cytokines
rhiL-10 Refractory CD Down-regulates lymphocytes’  Failed phase II/1ll Safe and well-tolerated Ineffective even 23
activation in oral
formulation
rhiL-11 Mild-to-moderate Enhance epithelial integrity Phase II/11l Subcutaneous administration Minor injection 24,25
active CD safe and well-tolerated site reactions
Inhibitors of
proinflammatory cytokine receptor
Tocilizumab Active CD Humanized IgG1 monoclonal Phase Il Well-tolerated Efficacy not 26
antibody to IL-6 receptor; definitely
increases apoptosis of proven
mononuclear cells
Inhibitors of Th1
polarization
Fontolizumab Moderate-to- Humanized anti-IFN-y mAb Phase Il Well-tolerated, with a good Efficacy not 27,28
severe active safety profile definitely
CD proven
ABT-874 Active CD Human anti-IL12/23 p40 Phase Il Limited clinical 29
mAb response;
injection site
reactions;
antidrug
antibodies
development
Inhibitors of T—cell
proliferation
Anti—IL-2 Daclizumab uc Humanized 1gG1 anti-IL-2 Phase Il Clinical benefit Efficacy not
receptor receptor (CD25) mAb definitely
therapy proven
Basiliximab uc Chimeric monoclonal anti- Phase Il Clinical remission in Efficacy not
CD25 mAb combination with steroid definitely
treatment proven
Growth hormone
and growth factors
Somatropin CD Stimulates production of Phase Il Clinical benefit with Efficacy not 30
(growth insulin-like growth factor decreased disease score; definitely
hormone) 1; trophic for intestinal improved diarrhea and proven
mucosa overall well-being
Keratinocyte Active UC Stimulates epithelial Phase Il Safe and well-tolerated No adverse
growth factor proliferation and repair effects; no
(repifermin, through activation of proven efficacy
KGF-2) PIBK/AKT and MAPK over placebo
pathway
Epidermal growth uc Induces epithelial growth Phase Il Highly efficacious in patients Risk of malignant 31
factor through activation of with active distal UC transformation
PI3K/AKT and MAPK in predisposed
pathway patients
Sargramostim Steroid-dependent Activates Jak/STAT pathway, Phase Il Well-tolerated No clear benefit 32,33
(recombinant CD PI3k/AKT, and MAPK; over placebo;
human GM- immunostimulant effect irritation at the
CSF) on neutrophils injection site;
bone pain;
dyspnea
Filgrastim CD Immunostimulant effect on Phase Il Clinical remission and Transient bone 34

(recombinant
human G-CSF)

neutrophils; prevents
apoptosis in epithelial
cells

mucosal healing

pain

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase;
PI3K, phosphatidylinositol 3 kinase; rh, recombinant human; STAT, signal transducer and activation of transcription.
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