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The homing of activated T lymphocytes to the gut in inflammatory bowel diseases is dependent on their coordinated,
integrin-mediated adhesion and de-adhesion to substrates and blood vessel walls. In this issue of the JC/, Park and
colleagues reveal a key modulatory role of a binding site within B integrins, known as the ADMIDAS domain, in controlling
integrin de-adhesion in mice (see the related article beginning on page 2526). These observations add to our growing
understanding of how integrin adhesiveness is regulated and raise the notion of the existence of a biological rheostat for
lymphocyte homing. Disturbed migratory rheostat tone could account for variations in interindividual immune responses
observed in patients with inflammatory bowel disease or other lymphocyte-mediated inflammatory disorders. These
findings will inform future strategies to design small molecules for the treatment of a spectrum of chronic inflammatory
conditions.
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The homing of activated T lymphocytes to the gut in inflammatory bowel
diseases is dependent on their coordinated, integrin-mediated adhesion and
de-adhesion to substrates and blood vessel walls. In this issue of the JCI, Park
and colleagues reveal a key modulatory role of a binding site within 3 integ-
rins, known as the ADMIDAS domain, in controlling integrin de-adhesion
in mice (see the related article beginning on page 2526). These observations
add to our growing understanding of how integrin adhesiveness is regulated
and raise the notion of the existence of a biological rheostat for lymphocyte
homing. Disturbed migratory rheostat tone could account for variations in
interindividual immune responses observed in patients with inflammatory
bowel disease or other lymphocyte-mediated inflammatory disorders. These
findings will inform future strategies to design small molecules for the treat-
ment of a spectrum of chronic inflammatory conditions.

Multiple lines of evidence from ani-
mal models and diseased humans have
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cent to metal ion-dependent adhesion site;

CAM, cell adhesion molecule; CD, Crohn disease;
HEV, high endothelial venule; IBD, inflammatory
bowel disease; ILK-1, integrin-linked kinase-1;
MAdCAM-1, mucosal addressin cell adhesion
molecule-1; UC, ulcerative colitis.
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defined the central role of gut-homing
effector and regulatory T lymphocytes in
the pathogenesis of inflammatory bowel
diseases (IBDs) (1).

Integrins are cell surface-expressed, het-
erodimeric glycoproteins that play a promi-
nent role in diverse immune cell interactions
aswell as in regulating lymphocyte migration,
homing, survival, and proliferation (2, 3).
The addressin receptors are expressed on gut
lamina propria postcapillary venules and on
high endothelial venules (HEVs; specialized

postcapillary endothelial structures in mes-
enteric lymph nodes and Peyer’s patches) and
function as organ-specific molecular “zip
codes” for lymphocytes by facilitating integ-
rin-mediated lymphocyte homing and tran-
sendothelial migration in a classical 4-step
process. After initial tethering and rolling
(step 1), lymphocytes are activated (step 2)
and then undergo an activation-dependent
change in conformational state of the o.and
B integrins, resulting in the upregulation of
integrin adhesiveness (step 3). Ligand-recep-
tor avidity and affinity interactions between
lymphocyte integrins and addressin recep-
tors are regulated by inside-out signaling in
response to cytoskeletal stress, G protein-
coupled receptor activation, or receptor tyro-
sine kinase receptor activation (3). This high-
affinity binding is essential for lymphocyte
migration across the endothelium (step 4)
and into target organs (4).

Integrin-mediated adhesion and
de-adhesion in leukocyte migration
Transendothelial lymphocyte diapede-
sis into target tissues such as the gut is
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regulated both by integrin-receptor adhe-
sion and by de-adhesion. This tightly
regulated shuffling of leading and trail-
ing edges of transendothelial migratory
cells is mediated largely by cytoskeletal
plasticity signaled by the integrin recep-
tors in response to microenvironment
matrix proteins (such as fibronectin via
the extracellular RGD domains) and inte-
grin receptors of the immunoglobulin
superfamily. This process of sticking and
unsticking facilitates remarkably efficient
migration along chemokine gradients. In
this issue of the JCI, Park and cowork-
ers (5) present, in meticulous detail, the
effects on lymphocyte de-adhesion and
migration of a targeted activating muta-
tion of one of three conformational regu-
latory extracellular domains of the integ-
rin  subunit, a ligand-binding regulatory
domain known as the adjacent to metal
ion-dependent adhesion site (ADMIDAS;
Figure 1). Multiple cation-binding sites
are found in both o and  integrin sub-
units. The ADMIDAS domain regulates
conformational activation by binding
cations (Ca?*, Mg?*, and Mn?*), thereby
allosterically stabilizing alternative con-
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Endothelial cell

High-affinity
binding state

Lymphocyte

formations of the integrin and affecting
cellular adherence and release during
adhesion and migration. The authors
demonstrate, in genetically engineered
mice carrying a targeted, activating
mutation of the ADMIDAS domain, that
lymphocyte migration is paralyzed both
in vivo and in vitro because of impaired
de-adhesion and excessive lymphocyte
adhesiveness during migratory shuffling
through HEVs in the gut. The impair-
ment in de-adhesion was affected by fewer
cell surface-expressed integrin molecules
than in wild-type control animals, sug-
gesting a particularly powerful regulatory
role for ADMIDAS-mediated conforma-
tional activation in regulating lympho-
cyte de-adhesion.

Role of integrin-dependent

T lymphocyte migration in IBDs
Integrin a4f7 is the major lymphocyte-
expressed ligand for addressins in the
postcapillary venules of the intestinal
lamina propria and in the HEVs of the
gut secondary lymphoid organs, such as
Peyer’s patches and mesenteric lymph
nodes (Figure 2). Integrin a4f7 is also a
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Figure 1

The interaction of the 3 -chain cation-binding
sites of lymphocyte auf37 integrin in the unli-
ganded state and in the liganded conforma-
tion with endothelial cell MAACAM-1. Inside-
out signaling coordinates cation-dependent
allosteric conformational activation of the af37
integrin with the transition from a low-affinity
binding state to an “open-hinge,” high-affin-
ity binding state. This facilitates MAdCAM-1
binding and firm adhesion to a4f7. The ori-
entation in the MAdCAM-1-liganded form
of the linear cluster of 3 metal-binding sites
(ligand-induced metal-binding site [LIMBS],
metal ion—dependent adhesion site [MIDAS],
and ADMIDAS) in the ligand-binding head
region of the integrin  subunit von Wille-
brand factor type A (BA or I-like) domain are
shown in green, red, and yellow, respectively.
ADMIDAS and ligand-induced metal-binding
site are regulators of adhesion and de-adhe-
sion and contribute to adhesive rheo-tone.
As reported by Park et al. (5) in this issue of
the JCI, ADMIDAS regulates de-adhesion of
the lymphocyte’s trailing edge integrins, thus
facilitating transendothelial migration along
chemokine gradients.

well-characterized gut-homing molecule
and is important for the transendothe-
lial migration of activated T cells in IBDs
(6). Expression of mucosal addressin cell
adhesion molecule-1 (MAdCAM-1), a
cognate ligand for a4f, is increased in
the inflamed mucosa of patients with
ulcerative colitis (UC) and Crohn disease
(CD) (7, 8) (Figure 3). The alternative a.
chain partner for 7 is ag, also known as
CD103. agfy is expressed on CD25* Tregs,
is a potential MAdCAM-1 ligand, and is
implicated in lymphocyte binding to
intestinal epithelial cells (9).

Expression of endothelial cell adhesion
molecules (CAMs) such as MAACAM-1 is
upregulated in several lymphocyte-depen-
dent models of IBD (10, 11). The Cot-
ton-top tamarin (CTT) is a New World
primate that experiences a spontaneous,
chronic colitis marked by periodic relaps-
es of acute inflammation. This colitis
model closely mimics human UC in its
histologic features and response to phar-
macologic agents. In landmark studies,
administration of anti-o.s and anti-of7
monoclonal antibodies attenuated acute
and chronic colitis in the CTT model
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Gut-targeted homing of asf7* naive and effector T cells. The gut-associated lymphoid tissues consist of (A) inductive sites, including second-
ary lymphoid organs, organized lymphoid tissues such as Peyer’s patches, and mesenteric lymph nodes that are responsible for the inductive
phase of the immune response; and (B) effector sites, including epithelium and lamina propria (LP) of the intestinal mucosa. Endothelial cells
of HEVs secrete chemokines that attract naive T cells. Endothelial chemokines trigger the activation of a4f7 integrin, which binds MAdCAM-1
on HEVs with high affinity, leading to the firm adhesion of rolling lymphocytes. The T cells then transmigrate across the endothelium into
the T cell zone of the secondary lymphoid organs, where dendritic cells present antigen to the T cells. Antigen sampling in Peyer’s patches
is controlled by a layer of specialized epithelial cells known as the follicular-associated epithelium. Peyer’s patch dendritic cells imprint gut-
homing specificity on T cells (34), which become activated and upregulate integrin a3z expression. These activated T cells then migrate to
the epithelium and lamina propria of the gut (B).

(12, 13). Treatment with anti-MAdCAM-1
antibodies ameliorates intestinal inflam-
mation in several IBD models, including
dextran sodium sulfate-induced colitis
(14, 15) and the ileitis of SAMP1/Yit mice
(16). Antisense MAdACAM-1 oligonucle-
otides suppress the development of trini-
trobenzene sulfonate-induced colitis in
mice, a T cell-mediated animal model of
IBD (17). Neutralizing monoclonal anti-
bodies directed against other endothelial
CAMs have also shown efficacy in some
animal models by decreasing inflamma-
tion and mucosal damage (18-20). CAMs
have also been demonstrated to be of
importance in non-IBD models of bowel
inflammation, such as graft-versus-host
disease (21).

In humans with CD and UC, therapeutic
targeting of gut integrins and addressins
may represent a treatment option, partic-
ularly for patients with refractory disease.
Natalizumab, a humanized monoclonal

The Journal of Clinical Investigation

antibody against o4 integrin, is effica-
cious in inducing remission in patients
with moderate to severe CD and elevated
levels of C-reactive protein (22). However,
therapeutic integrin modulation for the
treatment of autoimmune diseases may
have adverse effects on adaptive immune
responses to infection: patients with mul-
tiple sclerosis and CD that were treated
with natalizumab (23) developed progres-
sive multifocal leukoencephalopathy, pos-
sibly as a result of inhibition of lymphocyte
trafficking and impaired immune surveil-
lance, presumably leading to reactivation
of a clinically latent JC polyomavirus infec-
tion. MLNO2, an anti-a4ff7 humanized
monoclonal antibody, has shown promise
in reducing gut inflammation without the
attendant risk of more widespread immu-
nosuppression in UC (24).

The CD4*CD45RB"eh adoptive trans-
fer model of inflammatory colitis has
provided important insights into the
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pathogenesis of gut inflammation. SCID
or Rag~/~ mice and athymic rats recon-
stituted with CD4*CD45RB"gh T lym-
phocytes from normal animals develop
a Thl-type chronic colitis (25). As in
human IBD, mucosal microflora are criti-
cally important in this model: the immu-
nodeficient mice do not develop colitis in
a germ-free environment, and antibiotic
therapy ameliorates the inflammation.
The power of this model lies in the dem-
onstration that cotransfer of CD45RBlov
(i.e., mature) T lymphocytes prevents coli-
tis. Elegant work has demonstrated that
this cell population contains Tregs that
antagonize the proinflammatory effector
T cells via production of antiinflamma-
tory cytokines such as IL-10 and TGF-f
(26, 27). The findings of Park et al. (5) do
not indicate whether the striking paraly-
sis of lymphocyte migration in ADMIDAS
mutants results in functional impairment
of Tregs as well as effector T cells. This
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Activated asp7* T cells drive gut inflammation in IBD. (A) Barrier dysfunction of the follicular-associated epithelium may represent a crucial
step in the initiation of gut inflammation. The sites of initial inflammation in IBD are the lymphoid follicles, in which the aphthoid lesions
originate from small erosions of the follicular-associated epithelium (35, 36). In IBD, the expression of proinflammatory cytokines (e.g.,
TNF-a, IFN-y, and IL-12) leads to endothelial cell activation and upregulation of the expression of MAdACAM-1 and other endothelial CAMs.
(B) Greater numbers of activated gut-homing T cells migrate through the endothelium to the lamina propria and the epithelium, where they

are involved in tissue injury.

is of potential importance because Stas-
sen et al. (28) have reported that acti-
vated human CD25%a4f3;" Tregs induce,
through direct cell-cell contact, differ-
entiation of a discrete IL-10-producing
subset of T suppressor (Trl-like) cells. It
remains uncertain whether this integrin-
dependent Treg effect is relevant to dis-
ease or a response to specific o4f37 inhibi-
tion, because P77/~ Tregs were as efficient
as wild-type cells in suppressing inflam-
mation in the murine adoptive transfer
colitis model (29). Further, Annacker and
colleagues have demonstrated that og*
dendritic cells, but not agf;* Tregs, are
essential for development of lymphocyte-
mediated colitis in the adoptive transfer
model (30).

The effect of the constitutively activat-
ing ADMIDAS mutation (23) was abro-
gation of the magnitude and extent of
inflammation in a T cell-transfer colitis
model using Rag-17/- mice, in association
with dramatically impaired gut accumu-
lation of activated T lymphocytes. The
observation of extraintestinal seques-

2394

The Journal of Clinical Investigation

tration in the bone marrow or spleen of
ADMIDAS mutant lymphocytes might
explain, in part, the reduced gut homing
observed in this model. Using intravital
microscopy studies, the authors demon-
strate circumstantially that this is not the
case, because ADMIDAS mutant lympho-
cyte trafficking through Peyer’s patches is
preserved and there are stable circulating
lymphocyte numbers present as detect-
ed by competitive homing assays. The
results of these studies strongly support
the notion that the ADMIDAS domain
is necessary for the de-adhesive phase of
lymphocyte migration and is a potential-
ly druggable target for novel therapeutic
intervention.

Rheostatic adhesive tone may
regulate leukocyte homing and
migration to target organs

The observations of Park et al. (5) raise sev-
eral questions about the relevance of integ-
rin-mediated adhesive/de-adhesive balance
to human disease both in the gut and in
other target organs affected by lymphocyte-
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and autoimmune-mediated inflammation,
including bronchiolitis, interstitial pneu-
monitis, systemic sclerosis, rheumatoid
disease, autoimmune hepatitis, cholangi-
tis, autoimmune endocrinopathies, and
neurological disorders.

The genetically engineered, constitu-
tively active ADMIDAS domain pheno-
type (5) represents an extreme form of
impaired de-adhesion during lymphocyte
migration. It is possible that naturally
occurring conformational variants of
integrin ADMIDAS, whether regulated by
SNPs or by epigenetic or posttranslation-
al modifications, could contribute to a
spectrum of lymphocyte “migratory tone”
that contributes to both the risk for auto-
immune disease and/or the magnitude
of host adaptive immune responses to
environmental stimuli. The interplay of
integrin adhesive/de-adhesive resistance
could function as a biological rheostat for
target organ homing by activated effector
and/or regulatory lymphocytes. In future
studies it will be important to address
whether constitutively active ADMIDAS
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domain-containing Tregs are also com-
promised. Conceptually, this hypothesis
might be extended to explain variations
in interindividual responses to intralu-
minal gut flora or inhaled environmental
antigens. Individuals with high de-adhe-
sive rheo-tone may be at a lower risk for
developing diseases such as IBDs, asthma,
or interstitial pneumonia.

Supportive of the integrin-addressin
rheostat concept are associations between
an ICAM-1/CDS54 (K469E) SNP and the
occurrence, disease localization, and
severity of human IBD (31-33). Migra-
tory rheostat resistance could be affected
both in the lymph node and in the tar-
get organ in response to environmental
stimuli such as matrix interactions and
integrin coregulatory molecules (e.g.,
integrin-linked kinase-1; ILK-1). ILK-1
is a serine/threonine kinase that binds
the cytoplasmic tail of B integrins and
through actin cytoskeletal modifications
is involved in coordinating intercellular
focal adhesions. Mice carrying a targeted
T cell-specific deletion of ILK-1 have a
50% reduction in chemokine-mediated
T cell chemotaxis without altered static
adhesion to VCAM-1 or changes in cell
surface expression of f integrins (24). It
is unknown whether this is a result of
altered de-adhesion, but this may be a
further regulator of the leukocyte migra-
tory rheostat.

The migratory rheostat concept could
inform future strategies for personalized
diagnosis and therapeutic small-molecule
screening and design in a spectrum of
chronic inflammatory conditions includ-
ing IBD, interstitial and granulomatous
lung diseases, asthma, rheumatoid arthri-
tis, and a wide variety of immune-medi-
ated neurological conditions including
multiple sclerosis. Strategies that selec-
tively target homing molecules, avoid sys-
temic immunosuppression, and regulate
end-organ inflammation represent excit-
ing opportunities for future therapies for
these diseases.
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