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Acute lung injury is a common disorder with a highmortality rate, but
previous efforts to develop drugs to treat this disorder have been
unsuccessful. In an effort to develop more effective treatments, we
havebeen studying themolecular pathways that regulate thedysfunc-
tion of alveolar epithelial cells and endothelial cells that serve as a final
common pathway leading to alveolar flooding. Using integrin subunit
knockout mice and antibodies we developed by immunizing these
mice,wehave found important anddistinct roles for theavb6 integrin
on epithelial cells and theavb5 integrin on endothelial cells inmediat-
ing increases in alveolar permeability in multiplemodels of acute lung
injury. We have also found therapeutic effects of avb5 inhibition in
two models of septic shock even when the antibody was adminis-
tered to animals that were obviously ill. These results identify avb6
and avb5 as promising therapeutic targets for the treatment of
acute lung injury and septic shock.
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Acute lung injury is characterizedby increased alveolar epithelial and
endothelial permeability and impaired uptake of fluid from the alve-
olar space (1). The cumulative effects of these abnormalities result in
alveolar flooding, impaired gas exchange, and hypoxic respiratory
failure. Because these events are usually triggered by epithelial and/
or endothelial injury and resultant inflammation, most efforts to
develop pharmacologic interventions for acute lung injury have fo-
cused on inhibition of inflammatory mediators or leukocyte recruit-
ment. None of these strategies has been effective in patients,
perhaps because of the redundant cells and mediators that can affect
epithelial and endothelial permeability and alveolar fluid reabsorp-
tion. An alternative strategy that might be more promising is to
target the final common pathways in the alveolar epithelial cells
and pulmonary endothelial cells whose dysfunction leads to alveolar
flooding.With that idea in mind, we have been focusing on integrins,
a family of transmembrane, heterodimeric receptors that play crit-
ical roles in many aspects of cellular homeostasis (2). Using mice, we
and others, lacking individual integrin subunit genes and blocking
antibodies that we generated by immunizing these integrin knockout
mice, have identified critical roles for three integrins (avb3, avb5,
and avb6) in regulating alveolar endothelial and epithelial perme-
ability and a role for one of these in impairing fluid reabsorption in
the setting of acute lung injury. These results have identified avb5
and avb6 as potential therapeutic targets and raised questions about
the safety of drugs currently under development to inhibit avb3.

The mammalian integrin family includes 24 receptors, each con-
taining a single a subunit and a single b subunit (Figure 1). Both
subunits are type 1 transmembrane proteins containing a large ex-
tracellular domain and a relatively short cytoplasmic domain. Ad-
jacent surfaces of the extracellular domain of each subunit directly
interact with short linear peptides on integrin ligands, while the

cytoplamic domains nucleate large multiprotein signaling com-
plexes that modulate a wide variety of signaling events and cell
behaviors. Adaptor proteins present in these complexes directly
connect integrins to the actin cytoskeleton, positioning these
receptors as critical detectors of mechanical forces and as modu-
lators of cytoskeletal remodeling and transmission of contractile
forces to adjacent cells and the extracellular matrix (2). Most cells
express multiple members of the integrin family, but studies inac-
tivating individual integrin subunit genes have identified a surpris-
ing number of nonredundant functions for individual integrins (3).

We have been especially interested in a subset of integrins that
share the promiscuous a subunit, av. There are five members of
this subfamily: avb1, avb3, avb5, avb6, and avb8. Each of these
integrins recognizes the same core linear tripetide, arginine-
glycine-aspartic acid (RGD), but adjacent amino acids dramati-
cally alter the relative affinity of each av integrin for specific
ligands. avb6 and avb8 bind with highest affinity to the RGD site
in the latency-associated peptide of transforming growth factors 1
and 3 (4, 5), avb1 preferentially binds the extracellular matrix
protein fibronectin (6), avb5 preferentially binds the serum pro-
tein vitronectin, and avb3 promiscuously binds to many proteins
containing an exposed RGD sequence. However, in most cases,
these differences in ligand preference are relative rather than ab-
solute, so which integrin–ligand interactions are involved in many
integrin-mediated events remains controversial.

Every integrin subunit gene has been inactivated in mice (glob-
ally and in some cases conditionally), and these knockout mice
have been useful for identifying important roles for individual
integrins in development, homeostasis, and models of human dis-
ease (3). Among the av subfamily, this approach has identified
a number of unique roles for avb3, avb5 (7–10), avb6 (5, 11), and
avb8 (12–14). The in vivo functions of avb1 have remained elu-
sive because both subunits are present in multiple integrins and
because there are no effective specific inhibitors of avb1.

Work from several laboratories over the past decade has sug-
gested roles for a number of integrins in acute lung injury and
responses to sepsis. The earliest work implicated leukocyte integrins
that share the integrin b2 subunit because these integrins mediate
firm arrest of circulating leukocytes at sites of injury or infection
(15). Several more recent studies have continued to explore the
roles these integrins play in regulating acute lung injury and septic
shock (16–18). The avb3 integrin has also been shown to be up-
regulated in the lungs of septic humans (19). Recently, the a6b4
integrin has also been identified as an important regulator of vas-
cular endothelial permeability (20).

INTEGRIN-MEDIATED ACTIVATION OF TGF-b

More than a decade ago, we identified activation of latent TGF-b
as the principal in vivo function of the avb6 integrin, based on
the phenotype of b6 subunit knockout mice, which develop ex-
aggerated inflammation in response to normally trivial injuries
(21) but are protected from tissue fibrosis in multiple epithelial
organs (5, 22). We and others have subsequently shown that the
closely related integrin avb8 (4) can also activate latent TGF-b
and that most, if not all, of the in vivo pheotypes that result from
inactivation of avb6 and avb8 can be explained by a loss of TGF-b
activity. Combined inhibition of these two integrins from birth
phenocopies all of the developmental effects of loss of TGF-b1
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and -3 (23), suggesting that these two integrins are required for all
biologically relevant TGF-b1 and -3 activation during development.
Neither of these integrins can activate TGF-b2, and the mechanisms
of TGF-b2 activation in vivo remain largely unexplored. Further-
more, it is likely that additional mechanisms, perhaps involving the
lower-affinity interactions of other av integrins with TGF-b LAP,
are involved in the exaggerated TGF-b activation that occurs in the
setting of chronic diseases.

Although avb6 and avb8 can bind to the same RGD sequence
and activate TGF-b1 and -3, they are expressed on different cells
and activate TGF-b by different mechanisms. avb6 is largely re-
stricted to a subset of epithelial cells (24), and its expression is
dramatically up-regulating in the setting of epithelial injury and
inflammation (25, 26). This integrin activates TGF-b by transmit-
ting retractile force to the tethered latent complex (27), a process
that has been confirmed by the recently solved crystal structure of
latent TGF-b combined with electron microscopy of integrin/
TGF-b complexes (28). In contrast, avb8 appears to principally
activate TGF-b on the surface of fibroblasts and dendritic cells by
presenting the latent complex to transmembrane metaloproteases,
which cleave the latency-associated peptide to release the active
cytokine (4).

ROLES OF INTEGRIN-MEDIATED TGF-b ACTIVATION
IN MODELS OF ACUTE LUNG INJURY

Microarrayswe performed at various time points after treatment of
wild-type mice with bleomycin revealed increased expression of
TGF-b–inducible genes at early time points associated with the
well characterized acute lung injury that is caused by bleomycin
(29). We therefore examined bleomycin-induced acute lung injury
in b6 knockout mice and found that these mice were completely
protected from increased albumin permeability despite an in-
crease in bleomycin-induced alveolar inflammation (11). This pro-
tective effect appeared to be due to a loss of TGF-b activation
because inhibition of TGF-b with a TGF-bRII-Fc fusion protein
completely protected wild-type mice from the increased albumin
permeability induced by bleomycin. Furthermore, loss or block-
ade of avb6 or TGF-b also protected mice from the increased
permeability induced by LPS or large tidal volume ventilation,

suggesting that blocking this integrin might be generally useful
for preventing or treating acute lung injury.

avb6 is only expressed on epithelial cells, so we explored how
TGF-b activation on the surface of alveolar epithelial cells might
contribute to the accumulation of fluid in the alveolar space. We
and others found that TGF-b directly increases the permeability
across the endothelial and the epithelial barriers (11, 30). TGF-b
also induces the rapid removal of the a subunit of the apical sodium
channel ENac from the cell surface of alveolar epithelial cells (31),
potentially further exaggerating alveolar flooding by impairing the
removal of salt, and thus water, from the alveolar space.

ROLE OF THE aVb5 INTEGRIN IN MODULATING
ACUTE LUNG INJURY AND SEPTIC SHOCK

The avb5 integrin is expressed in virtually every cell, and expres-
sion is tightly regulated during development. Experiments block-
ing this integrin in various cell types have suggested critical roles
for avb5 in development, wound healing, and angiogenesis, so we
were initially disappointed when the mice we generated lacking
the integrin b5 subunit lacked any obvious phenotype (10). The
first phenotype we observed in the mice was protection from the
increase in cutaneous and cerebral vascular permeability induced
by direct administration of vascular endothelial growth factor
(VEGF) (9). This phenotype was shown to have potential thera-
peutic relevance because b5 knockout mice were also protected
from brain infarction in a model of ischemic stroke induced by
carotid artery occlusion and reperfusion, presumably due to the
contribution of cerebral edema to infarct size in the closed intra-
cerebral compartment.

Based on in vitro biochemical studies of endothelial cells trea-
ted with avb5-blocking antibodies, we initially concluded that this
effect of avb5 was due to specific interaction between the integrin
and the VEGF signaling pathway. To extend these observations to
the lung, we examined the effects of a monoclonal antibody we
generated by immunizing b5 knockout mice with murine fibro-
blasts on the increase in lung permeability induced by pulmonary
ischemia and reperfusion. Forty-five minutes of occlusion of one
pulmonary artery in rats caused a dramatic increase in albumin
permeability in that lung, and this effect was substantially inhibited
by treatment with avb5-blocking antibody (32). As expected,
ischemia-reperfusion–induced acute lung injury was mediated by
VEGF because the increase in permeability could also be inhibited
by treatment with an adenovirus encoding a chimeric protein com-
posed of the extracellular domain of VEGFR2 fused to Ig-Fc.

To assess whether the protective effects of blocking avb5 would
be relevant in other models of acute lung injury, we examined the
effects of the avb5 antibody or knockout of the b5 subunit on the
increase in albumin permeability induced by large tidal volume ven-
tilation. The avb5 antibody largely inhibited large tidal volume–
induced acute lung injury, whereas the increase in permeability
was absent in b5 knockout mice (32). Increased permeability in this
model was not inhibited by VEGFR2-fc but appeared to be princi-
pally due to activation of latent TGF-b, suggesting that inhibition of
avb5 protects against increases in vascular permeability through
mechanisms that are downstream of and independent of VEGFR
signaling.

Because loss or blockade of avb5 had no effect on lung inflam-
mation in the ischemia-reperfusion or in the ventilator-induced lung
injury model, we hypothesized that this integrin might regulate al-
veolar permeability through direct effects on alveolar epithelial cells
or endothelial cells, each of which expresses avb5 at high levels. We
found no effects of loss of avb5 on epithelial cells. However, treat-
ment of confluent monolayers of pulmonary endothelial cells with
avb5-blocking antibody prevent the increases in permeability
induced in these cells by treatment with a variety of edemagenic

Figure 1. Organization of the integrin family. Each integrin is formed by

a single a subunit and a single b subunit. Not all theoretically possible a

and b subunit pairs form. Actual heterodimer pairs are shown by connect-

ing lines. The three integrins shown in gray have been shown to modulate

acute lung injury as described in the text.
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agonists, including VEGF, TGF-b, and thrombin (32). Because
each of these agonists increases permeability by activating different
types of signaling receptors (VEGF through tyrosine kinase recep-
tors, TGF-b through serine-threonine kinase receptors, and throm-
bin through G protein–coupled receptors), these results suggest that
avb5 modulates endothelial permeability through a final common
pathway downstream of these divergent initiating events. Endothe-
lial permeability is known to be regulated by reorganization of the
actin cytoskeleton into actin-myosin cables called stress fibers,
which increase paracellular permeability by exerting retractile force
on endothelial cell–cell junctions. Each of the agonists studied rap-
idly induced the formation of actin stress fibers in pulmonary en-
dothelial cells. These effects were abrogated in endothelial cells
treated with avb5-blocking antibody.

Having determined that avb5 can modulate the permeability of
pulmonary endothelial cells downstream of multiple edemagenic
agonists, we sought to determine whether a similar effect would
have relevance in the systemic circulation. We were especially
interested in septic shock, a common disorder with a high mortality
rate and few therapeutic options. We began using a simple model,
administering high doses of intraperitoneal LPS to control of b5
knockout mice. b5 knockout mice had a dramatic and significant
survival advantage in this model and were protected from in-
creased endothelial permeability in multiple organs, an effect that
could be well visualized by examining extravasation of FITC-
dextran from mesenteric blood vessels.

Although this result was biologically interesting, we could not be
sure that it was therapeutically relevant becauseavb5 was inhibited
in these experiments before the onset of illness. We therefore
sought to determine whether treatment with avb5-blocking anti-
body could affect survival after treatment with LPS if we waited to
initiate therapy until some mice had died and the remaining mice
were moribund. We found that blockade of avb5 as late as 24
hours after administration of LPS significantly shifted the survival
curve. Because LPS is a highly artificial model, we also examined
a more physiologically relevant model, cecal ligation and puncture,
which causes septic shock as a result of polymicrobial intraperito-
neal sepsis. avb5 antibody also significantly improved survival in
this model even when given 24 hours after initiation of the model
at a time when all of the treated mice were obviously ill. Taken
together, these results suggest that inhibition of avb5 might have
therapeutic utility for treatment of acute lung injury and septic
shock. We are therefore in the process of humanizing our avb5-
blocking antibody for preclinical studies in large animals and clin-
ical studies in patients.

RECIPROCAL ROLE OF THE aVb3 INTEGRIN IN
REGULATING THE ENDOTHELIAL ACTIN
CYTOSKELETON AND MODULATING ACUTE
LUNG INJURY AND SEPTIC SHOCK

Most cells express multiple members of the integrin family. Endo-
thelial cells also express the closely related integrin avb3, which
has overlapping ligand specificity with avb5. We therefore won-
dered why avb3 was apparently unable to substitute for avb5 in
inducing actin stress fibers and mediating induced increases in
endothelial permeability. Surprisingly, treatment of pulmonary
endothelial cells with an avb3-blocking antibody had the opposite
effect on induced permeability, increasing rather than decreasing
increases induced by edemagenic agonists (33). Endothelial per-
meability is known to be reciprocally regulated by two different
modes of actin organization. Actin stress fibers mediate increases
in permeability, but these effects are normally antagonized by
organization of subcortical actin rings, termed cortical actin, which
stabilize cell–cell contacts and prevent transmission of retractile
force. Cortical actin can be induced in endothelial cells by a variety

of barrier-enhancing agonists, including the lipid phosphate
sphingosine-1 phosphate. We found that avb3 and avb5 mediate
different and antagonistic effects on the actin cytoskeleton. In
contrast to avb5, blockade of avb3 has no effect on the formation
of actin stress fibers (or perhaps enhances their formation). How-
ever, avb3 blockade prevents sphingosine-1 phosphate–induced
enhancement of cortical actin, whereas avb5 blockade has no
effect on cortical actin (Figure 2).

Several drugs have been developed to inhibit avb3. These
drugs have shown promise in preclinical studies of angiogenesis,
tumor growth, and osteoporosis, and some are being tested in
clinical trials. Our in vitro results suggested that inhibition of
avb3 could have the unwanted side effect of increasing suscepti-
bility to diseases characterized by increases in endothelial perme-
ability, such as acute lung injury and septic shock. To determine
whether this effect might be important in vivo, we examined the
responses of b3 knockout mice to LPS-induced acute lung injury
and septic shock. We found that these mice had exaggerated
increases in albumin extravasation into the lungs (in response to
intratracheal LPS) and other organs (in response to intraperito-
neal LPS) and had a dramatic increase in mortality in response to
intraperitoneal LPS (Figure 2). Because b3 is also expressed on
platelets (as aIIbb3) and leukocytes, it was important to exclude
the effects of the knockout on hematopoietic cells. We therefore
performed bone marrow chimeras and confirmed that the increase
in sepsis mortality was due to loss of b3 from tissue cells and not
hematopoietic cells. These results suggest that it will be important
to closely monitor patients in clinical trials of avb3 inhibitors for
the development of acute lung injury and/or septic shock and
suggest that it will likely be important to use highly specific
avb5 and avb6 inhibitors that do not crossreact with avb3
to optimally realize the therapeutic potential of targeting these
integrins.

CONCLUSIONS

Epithelial cells and endothelial cells express multiple members
of the integrin family, but our results suggest that each of these
receptors plays a unique role in modulating the behavior of these
critical cells that comprise the gas exchanging apparatus of the
lung. Our results suggest that targeting avb6 on epithelial cells
and avb5 on endothelial cells can potently inhibit alveolar
flooding in multiple models of acute lung injury, suggesting that
either or both of these integrins might be attractive new targets

Figure 2. Survival after administration of intraperitoneal LPS (10 mg/kg)
to control of b3 knockout mice. *P , 0.0001 compared with survival of

control mice. Reprinted by permission from Reference 33.
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for the treatment of this common, often lethal, and largely untreat-
able disorder. Our finding that inhibition of the avb3 integrin had
the opposite effect of increasing susceptibility to acute lung injury
and septic shock provides further evidence for the remarkable
specificity of integrin function and suggests that drugs targeting
integrins for treatment of acute lung injury might need to be highly
specific for avb5 and/or avb6.

Author disclosures are available with the text of this article at www.atsjournals.org.
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