
The role of integrins in pulmonary fibrosis
D. Sheppard

ABSTRACT: Integrins are a large family of transmembrane glycoprotein receptors initially

identified as mediators of cell adhesion and tissue integrity. However, it is now known that the

primary function of integrins in mammals is to act as signalling proteins.

Signals from integrins are known to play critical roles in virtually every aspect of the behaviour

of epithelial cells and in the development of certain pathological conditions, including pulmonary

fibrosis. In this respect, the interaction between transforming growth factor-b, which is known to

be pivotal in the development of pulmonary fibrosis, and the integrin aVb6 is of particular interest.

Integrin aVb6 is responsible for the activation of constitutively expressed latent transforming

growth factor-b by a mechanism that allows for temporal and spatial activity control.

There is increasing evidence that this mechanism plays a critical role in the pathological activity

of transforming growth factor-b. Although other activation mechanisms have been identified,

studies suggest that aVb6-mediated activation of transforming growth factor-b is necessary for the

development of fibrosis in lung-disease models. The data from such studies imply that integrins

may be attractive targets for intervention in pulmonary fibrotic diseases, such as idiopathic

pulmonary fibrosis.
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I
ntegrins are a large family of heterodimeric
transmembrane glycoprotein receptors, which
have been shown to: mediate cell adhesion to a

wide variety of extracellular matrix (ECM) pro-
teins; mediate cell surface counter-receptors,
including members of the immunoglobulin and
cadherin families [1]; and mediate members of
several other families, including growth factors [2]
and proteases [3]. The maintenance of cell adhe-
sion and tissue integrity is an important function
for these receptors and is their major function in
invertebrates. However, research has shown that
the integrin family is far more complex in
vertebrates, where they perform a range of
important functions over and above their role in
cell adhesion. In mammals, integrins act primarily
as signalling proteins, transmitting a variety of
signals involved in cell growth, division, survival,
differentiation and apoptosis. Integrins do not
contain any catalytic activity and do not indepen-
dently initiate signalling cascades, but instead
serve as scaffolds for the assembly of signalling
complexes. Integrins are composed of a single a-
and a single b-subunit. In mammals, there are 18
human a-subunits and eight b-subunits that can
form a total of 24 integrin heterodimers (fig. 1) [4].
The organisation of the integrin family is similar in
all mammals and varies only slightly in other
vertebrates. Defects in transforming growth factor
(TGF)-b function are associated with a number of
pathological states, including tumour cell growth,

autoimmune disease and fibrosis [5]. A number of
specific integrins have been shown to play a role in
pulmonary fibrosis in various animal models or to
have an important biological role that might
contribute to pulmonary fibrosis. One such role
involves their interaction with latent complexes of
TGF-b.

TGF-b
There are three major isoforms of TGF-b in
mammals: TGF-b1, 2 and 3. All isoforms are
similarly organised and activate similar signal-
ling pathways in vitro but each has distinct in
vitro effects, and knockouts of the genes encoding
each isoform in mice result in widely divergent
phenotypes [6–8]. TGF-b is synthesised from a
large precursor protein following cleavage of a
signal peptide. Once in the secretory apparatus,
this precursor protein is cleaved by an endopro-
tease, furin, and then assembled as two homo-
dimers that are linked by disulfide bonds (fig. 2).
The largest part of this protein is made up of the
amino terminal fragment, which does not have
cytokine activity and is known as the latency
associated peptide (LAP); the shorter carboxy
terminal fragment forms the active cytokine [9].
In the secretory apparatus of most cells this
complex is assembled as a noncovalent associa-
tion of these two homodimers. This is known as
the small-latent complex because the active sites
on the TGF-b molecule are masked. It is usually
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further associated with members of another family of gene
products: the latent TGF-b binding proteins. Four of these
proteins have been identified in mammals, three of which are
capable of forming a disulfide bond to LAP and are central to
TGF-b regulation [10]. This is the form in which TGF-b is
secreted from cells in the vast majority of cases, although there
is some evidence that these complexes can also assemble
extracellularly. The latent TGF-b binding proteins target the
latent complexes to the ECM, and are directly chemically cross-
linked to the matrix via the action of an extracellular enzyme,
tissue transglutaminase [11].

Most tissues, including the lung, contain significant quantities
of latent TGF-b, and the amount of active TGF-b this could
generate is much higher than would be required to cause tissue
damage; activation of only a small fraction of this latent TGF-b
is required to generate maximal cellular responses. The
extracellular concentration of TGF-b activity is primarily
regulated by the conversion of latent TGF-b to active TGF-b
and the reason that organisms normally survive without
scarring of the lungs, kidneys, liver and other organs is the

complex biological processes involved in this conversion.
Overall, it would appear that although regulation of gene
expression is involved in the regulation of the effects of TGF-b,
this is a minor process which largely serves to maintain the
tissue levels of latent TGF-b.

Early evidence for the mechanism behind latent TGF-b
activation came from examination of the amino acid sequence
of the molecule by RUOSLAHTI and PIERSCHBACTER [12], who
suggested that TGF-b1 and 3 might interact with integrins
because they both contain a linear tripeptide sequence of
arginine, glycine, aspartic acid (RGD), which had been shown
to be critical for the interaction of many members of the
integrin family with their ligands. It is now know that this
RGD sequence in TGF-b1 and 3 is recognised by six different
integrins, at least two of which perform the function of
activating the latent complex, based on in vivo data. One of
these is aVb6, which is constituently expressed at low levels in
many epithelial tissues, including alveolar epithelium. It is
associated with latent TGF-b through interaction with RGD
sequence of latent TGF-b binding protein, and is also a receptor
for the ECM proteins fibronectin [13] and tenascin C [14]. Data
suggest that aVb6 is not important in the roles TGF-b plays in
development because mice lacking this integrin develop
normally [15]. However, as discussed later, it plays a critical
role in the pathological activity of TGF-b. A second integrin,
aVb8, also binds the same RGD sequence in latent TGF-b but
appears to activate TGF-b in a completely different manner;
this integrin has a different cytoplasmic domain on the b8
subunit that does not appear to interact with cellular actin and
is not required for the activation of TGF-b. In fact, aVb8
appears to activate TGF-b by presenting the latent complex to
metalloproteases that cleave the LAP and release free TGF-b
[16]. aVb8 is critical for vascular development, brain develop-
ment and immune homeostasis [17, 18], but has not been
shown to be important for the development of pulmonary
fibrosis. Therefore, it is likely that it is aVb6 which plays a role
in the activation of TGF-b associated with the pathogenesis of
pulmonary fibrosis.

INTEGRIN aVb6 AND TGF-b ACTIVATION
The first clue to the importance of aVb6 in vivo came from mice
homozygous for a null mutation in the gene encoding the b6
subunit, effectively creating aVb6 knockouts. Although aVb6
was known to be expressed by epithelial cells, the phenotype
seen in these mice was mostly mediated by leukocytes, with
exaggerated inflammatory responses to injury in the lungs and
skin. The responses in the skin included juvenile baldness
associated with infiltration of macrophages into the skin in
response to low-grade trauma. [15]. With regard to the lung,
mice kept in normal conditions are exposed to environmental
insults, such as ammonia off-gassing from their bedding. As a
result, they developed dramatic inflammatory lung disease.
Those kept in ventilated cages with reduced exposure to
environmental injury developed significantly lower levels of
inflammation in the lung. However, this inflammation is not
associated with increased fibrosis in the bleomycin (BLM)
model of pulmonary fibrosis. Although b6 knockout mice
show increased inflammation compared with wild-type mice
in response to BLM, there is no increase in collagen deposition
or fibrosis [2]. More recently, blocking antibodies to aVb6 have
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FIGURE 1. The mammalian integrin family. The solid lines indicate pairings

that have been identified, to date, on mammalian cells. The boxes indicate integrins

that are potentially involved in pulmonary fibrosis.
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FIGURE 2. Synthesis of latent transforming growth factor (TGF)-b. LAP:

latency associated peptide; RGD: tripeptide amino acid sequence of arginine,

glycine and aspartic acid; LTBP: latent TGF-b binding proteins.
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been shown to prevent radiation-induced pulmonary fibrosis
[19] and hepatic fibrosis induced by biliary obstruction [20].

The findings in these mice led to interest in a possible
association with TGF-b, which had a well-established central
role in tissue inflammation at multiple sites, including the
lung. In addition, there was evidence that blocking antibodies
to TGF-b were able to prevent the development of BLM-
induced fibrosis [21]. The role of aVb6 and its association with
TGF-b was demonstrated using a co-culture bioassay system
combining b6-expressing cells and lung epithelial cells stably
transfected with a highly TGF-b–sensitive reporter system
composed of a portion of the plasminogen activator inhibitor-1
promoter driving expression of firefly luciferase [22]. Using
this system, studies clearly demonstrated that aVb6 induced
TGF-b activity, and that this effect could be equally well
inhibited by antibodies to active TGF-b1 or aVb6 [2]. This effect
was dependent on cell-cell contact and did not occur if the
reporter cells and the integrin-expressing cells were separated
by a filter that blocked cell contact while allowing passage of
any free TGF-b, or if cells co-expressing reporter and integrin
were diluted to the point at which cell-cell contact was
eliminated [2]. This implies that the TGF-b activated via aVb6
remains bound and is not released as free cytokine. Instead, the
integrin induces a conformational change in the latent complex
which presents active cytokine to TGF-b receptors in specific
sites on adjacent cells. In addition, binding of the integrin is not
sufficient to activate latent TGF-b complexes. This process is
probably regulated by a signalling pathway that involves close
association of aVb6 with the actin cytoskeleton in the integrin-
expressing epithelial cell, with contraction of this cytoskeleton
leading to the conformational changes seen on activation of
latent TGF-b [23]. Taken together with the fact that conforma-
tional change in the latent complex does not appear to release
free active TGF-b and the requirement for cell-cell contact, this
pathway provides an elegant mechanism to tightly regulate the
activity of this potent cytokine both in space and time.

The signals involved in initiating the activation of TGF-b have
not yet been fully defined. Recently, agonists of protease
activated receptor (PAR)1, including thrombin, have been shown
to activate TGF-b in an aVb6 integrin-specific manner [24]. This
effect was found to be PAR1 specific and mediated via the small
GTPase RhoA and its downstream effector, Rho kinase. The data
from this study suggest a model in which activation of RhoA/
Rho kinase, which has well-known effects in reorganising actin,
induces a change in cell shape that exerts a mechanical force on
the latent complex, in turn inducing a conformational change
that allows active TGF-b to become available to adjacent cells
[24]. Further evidence supporting this model comes from the fact
that Rho kinase inhibitors completely block TGF-b activation
through this pathway [24]. This study provides some clues as to
how the aVb6-mediated TGF-b activation pathway is activated
itself and also indicates a number of targets for how it might be
inhibited [24]. The next question to arise is whether there is
evidence to suggest that aVb6 is associated with the development
of pulmonary fibrosis in humans.

DISTRIBUTION OF aVb6 IN PULMONARY FIBROSIS
Upregulation of TGF-b has been demonstrated in a variety of
human inflammatory or fibrotic lung diseases. In addition,
upregulation of aVb6 has recently been demonstrated in lung

tissue from patients with fibrosis due to scleroderma and with
idiopathic pulmonary fibrosis (IPF; fig. 3) [25]. Intense staining
was seen within both type II and type I pneumocytes lining the
alveolar ducts and alveoli, whereas large airways were largely
negative and intra-alveolar macrophages were negative. There
was little, if any, apparent upregulation of aVb6 in patients
with scleroderma who had nonspecific interstitial pneumonia,
whereas in patients with scleroderma who had usual inter-
stitial pneumonia (UIP) or in patients with IPF and UIP, the
expression of the integrin was dramatically upregulated [25].
These findings provide further evidence of a pivotal role for
aVb6 in TGF-b activation and subsequent fibrosis in patients
with pulmonary fibrosis.

POTENTIAL FOR THERAPEUTIC INTERVENTION
It is clear that TGF-b has a central role in driving many of the
pathological processes underlying pulmonary fibrosis.
However, systemically altering TGF-b expression may be
difficult given its diverse activities and the importance of
maintaining the delicate balance of its positive and negative
effects. Disruption of this balance can contribute to aberrant
development, malignancy, or pathogenic immune and inflam-
matory responses [26]. In fact, deletion of TGF-b1 in mice is
lethal due to widespread uncontrolled inflammation [27], and
inhibition of TGF-b in animal models leads to a range of
complications including accelerated atherosclerosis [28, 29].

However, inhibition of aVb6 offers the possibility of local
inhibition of TGF-b at sites of aVb6 upregulation without
affecting other homeostatic roles of TGF-b [25]. In the BLM
model, treatment with anti-aVb6 monoclonal antibodies blocks
the development of fibrosis, even if administered f14 days
after BLM administration [25]. As mentioned previously, mice
lacking aVb6 do not develop fibrosis, which also supports the
blockage of aVb6 as a potential target; however, these mice
develop other major problems associated with an exaggerated
inflammatory response, including emphysema and activation
of macrophages with increased protease secretion. Therefore,
the question is whether there is a reasonable therapeutic
window that would allow inhibition of the integrin to block
fibrosis or the development of pulmonary oedema, which
might accompany acute exacerbations in IPF without causing
these adverse affects.

In mice, the use of a blocking antibody to aVb6 was able to
reduce BLM-induced increases in collagen expression in a
dose-dependent manner, with saturating inhibition and
reduction of collagen deposition occurring at ,1 mg?kg-1

(fig. 4) [25]. At high doses (o10 mg?kg-1), there was increased
expression of markers of inflammation and macrophage
activation, consistent with the effects of TGF-b inhibition in
the lung. However, low doses of antibody were found to
attenuate collagen expression without increasing either alveo-
lar inflammatory cell populations or macrophage activation
markers [25]. Overall, there was a 10-fold difference between
the dose of antibody needed to be administered to block
pulmonary fibrosis and the dose that caused protease induc-
tion, suggesting that the therapeutic window for anti-aVb6 is
reasonably wide, at least in the mouse model. Whether these
findings can be translated into humans remains to be
investigated.
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FIGURE 3. Immunohistochemical staining of pulmonary tissues for aVb6 integrin expression in a) a healthy patient, b) systemic sclerosis with nonspecific interstitial

pneumonitis, c and d) systemic sclerosis with usual interstitial pneumonitis, and e and f) idiopathic pulmonary fibrosis with usual interstitial pneumonitis. Cells expressing

aVb6 integrin appear darker. Nuclei were counterstained with haematoxylin and eosin. a–e) Scale bars5100 mm, f) scale bar550 mm. Reproduced from [25] with permission

from the publisher.
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aVb6 AND EPITHELIAL-TO-MESENCHYMAL TRANSITION
DURING PULMONARY FIBROSIS
Alveolar epithelial-to-mesenchymal transition (EMT) has been
shown to occur in vitro and has been proposed to be a source of
fibroblasts during pulmonary fibrogenesis. KIM et al. [30]
developed a triple transgenic mouse reporter system in which
lung epithelial cells were genetically altered to permanently
express the reporter b-galactosidase (b-gal). This system allowed
the fate of these cells to be mapped and enabled definitive testing
of whether EMT occurs in vivo in an animal model of pulmonary
fibrosis, i.e. overexpression of active TGF-b1 [30]. Within 3 weeks
of in vivo TGF-b1 expression, b-gal-positive cells expressing
mesenchymal markers accumulated in the injured lungs. The
vast majority of vimentin-positive cells were b-gal positive,
demonstrating that epithelial cells were the main source of
mesenchymal expansion in response to TGF-b in this model [30].

Interestingly, EMT could be driven in vitro without the need
for treatment with TGF-b if primary alveolar epithelial cells
were cultured on provisional matrix components, fibronectin
or fibrin. In this system, epithelial cells undergo robust EMT
via integrin-dependent activation of endogenous latent TGF-
b1. In contrast, primary cells cultured on laminin/collagen
mixtures do not activate latent TGF-b1 and undergo apoptosis
rather than EMT if exposed to active TGF-b1 [30]. Interestingly,
this phenomenon does not occur if epithelial cells from b6
knockout mice are used where there is no EMT in response to
provisional matrix components. Taken together, these data
demonstrate the importance of alveolar epithelial cells as
progenitors for fibroblasts in vivo and implicate the provisional
ECM and integrin aVb6 as key regulators of epithelial
transdifferentiation during fibrogenesis.

CONCLUSION
To summarise, the data discussed suggest a model in which
epithelial injury and subsequent activation of a number of

possible receptor pathways activate the small amount of aVb6
which is constitutively expressed on alveolar epithelial cells to
activate bound latent TGF-b. In turn, active TGF-b increases
avb6 expression on alveolar epithelial cells and also induces
production of a provisional matrix. TGF-b in the presence of a
provisional matrix, but not normal basement membrane,
supports the process of EMT and, in the presence of active
TGF-b, the fibroblasts that are induced by this process initiate
and sustain the development of fibrosis. There are a number of
levels of positive feedback in this model which, once induced
to a particular extent, could allow the process to continue to
oscillate at a much higher frequency than would occur in
normal wound repair and subsequently lead to the character-
istic pattern of progressive fibrosis in diseases such as IPF.

Currently, data regarding the importance of aVb6 and aVb6-
induced transforming growth factor-b activation in pulmonary
fibrosis are largely available from murine models. Whether this
particular integrin is also critical in humans remains to be
determined, but studies showing it is strongly upregulated in
fibrotic human lung diseases suggest that it may indeed play
an important role in driving pathological fibrosis.
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