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Pulmonary fibrosis is a common consequence and
often a central feature of many lung diseases. In some
disorders fibrosis develops focally and to a limited
degree. For example, in asthma and chronic obstruc-
tive pulmonary disease fibrotic changes occur around
conducting airways where scarring may be important
to the pathophysiology (1, 2). But fibrosis is not the
dominant pathological feature of either disease. In
contrast, a subset of lung diseases are particularly vex-
ing because the degree of fibroproliferation and fibro-
sis is a dominant determinant of clinical outcome and
yet for the most part current therapies are ineffective
or only marginally effective. These diseases share in
common the propensity for progressive fibrosis lead-
ing to respiratory failure and thus they are, in a sense,
disorders of lung matrix remodeling. They also share
common elements of pathobiology favoring matrix
and architectural remodeling and disease progression,

especially repeated epithelial cell death, and for all of
these reasons are grouped together (Table 1). The dis-
orders listed in Table 1 are mostly diseases of the mod-
ern era. This grouping underrepresents causes of
severe fibrotic lung disease in regions of heavy dust
exposure and endemic tuberculosis. But better control
of infections, work conditions, longer life spans, and
new medical technology such as mechanical ventila-
tion and organ transplantation have resulted in disor-
ders of lung matrix remodeling becoming more preva-
lent. A patient over the age of 50 presenting with
several months of dyspnea without signs of infection,
bilateral infiltrates on chest X-ray, and a restrictive pat-
tern of pulmonary function abnormalities now has
almost a 40% chance of having idiopathic pulmonary
fibrosis (IPF) as the underlying disease (3).

Differences in the tempo and sites of disease pro-
gression among these disorders (Table 1) tend to
obscure common clinical features. The adult respira-
tory distress syndrome (ARDS) is a dramatic example
of acute, diffuse alveolar damage and non-cardiogenic
pulmonary edema. But an important issue for long-
term survival is the degree of parenchymal fibrosis and
loss of lung function (4–6). This development during
the acute or subacute setting, heralded by a progressive
increase in pulmonary vascular resistance, leads to the
hallmark clinical features of pulmonary fibrosis com-
mon to all of these disorders: persistent patchy radi-
ographic infiltrates, reduced lung compliance indica-
tive of restrictive lung disease, progressively impaired
gas exchange, and ultimately cor pulmonale. The same
applies to acute interstitial pneumonitis (AIP), which
has a similar time course and pathology as ARDS but
no known precipitating event (7). In stark contrast to
the dramatic nature of ARDS and AIP is the prototyp-
ic fibrotic lung disease, IPF, a diagnosis more recently
restricted to the histological pattern, usual interstitial
pneumonitis (UIP) (8). In this disease, there is virtually
no evidence of an acute process on plain chest radi-
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ographs. Fibrosis associated with well-defined collagen
vascular diseases (CVDs) such as scleroderma fall some-
where between ARDS and IPF, with elements of acute
and chronic inflammation and injury. Three of these
disorders are strikingly bronchocentric: sarcoidosis,
eosinophilic granuloma, and bronchiolitis obliterans
(BO). Accordingly, their clinical features are a mixture
of both restriction (from progressive fibrosis) and
obstruction (from airway narrowing). Although respi-
ratory failure is very uncommon in sarcoidosis and
variable in eosinophilic granuloma, both disorders are
found as indications for lung transplantation in the
setting of end-stage fibrosis (9). Progressive intralume-
nal and airway matrix organization in BO is a major
cause of disability and fatality following lung or bone
marrow transplantation (10).

In spite of their clinical distinctions, the disorders of
matrix remodeling share a common paradigm of dis-
ease progression: provisional matrices formed in the
context of injury emit signals to activate an inflamma-
tory response and epithelial cells, provoking ingrowth
and/or expansion of connective tissue elements that
lead to persistent and at times permanent matrix
reordering. This is highlighted in Figure 1, which illus-
trates the loose matrices of lesional activity in UIP, BO,
and cryptogenic organizing pneumonia (COP) being
covered by epithelial cells and invaded by inflammato-
ry cells and fibroblasts. Several comprehensive reviews
focused on the distinguishing clinical, radiographic,
and histological patterns among these diseases have
been recently published (3, 8, 11). This review will focus
on our current understanding of the pathobiology com-
mon to the progressively fibrotic lung diseases (Table 1).
Understanding molecular mechanisms driving the
fibrotic process for even one of these disorders may
empower new efforts to monitor and treat the group of
disorders where lung matrix remodeling dominates.

Historical perspectives and emergence 
of current concepts
Role of inflammation. A seminal set of findings in the
mid-1970s and early 1980s, based on the introduction
into clinical research of bronchoalveolar lavage (BAL),
revealed that patients with UIP or any of the related set

of chronic fibrotic disorders (Table 1) have a persistent
alveolitis (12, 13). This was found to be true whether or
not any evidence of edema or inflammation was
detectable on the plain radiograph, leading to the par-
adigm that early and persistent inflammation was the
cause of injury and subsequent development of fibro-
sis. This idea was seemingly corroborated by then-
emerging high resolution chest imaging techniques:
changes consistent with edema and inflammation, i.e.,
hazy increased densities on the radiograph not obscur-
ing the underlying architecture (termed “ground glass”
changes), were found to be very common, even in UIP,
and the extent of these changes tended to correlate
with less fibrotic, early phases of disease (8). Because
the alveolar space could be readily sampled in these
patients, this paradigm also spawned many studies
examining the levels of inflammatory mediators, bio-
markers of injury, and cytokines thought to be relevant
to matrix remodeling and fibrosis. Over time, several
paradigms have emerged. One paradigm is that
chemokines, cytokines, and other mediators found to
be upregulated in the BAL of patients with fibrotic
processes act at more than one point in the inflamma-
tory response. Leukotrienes promote the inflammato-
ry response and impair barrier function of the lung
epithelium, perhaps important to host defense (14).
Cysteinyl-leukotrienes such as LTC4 also stimulate
fibroblast proliferation and collagen production, a
potential mechanism for an exaggerated healing
response (15). Other chemokines exhibit similar pro-
files (16). Conversely, a cytokine strongly linked to
fibroblast activation and matrix production, TGF-β1,
also regulates lung permeability in response to acute
injury (17). A second paradigm is that there are pat-

Table 1 
Disorders of lung matrix remodeling

Idiopathic pulmonary fibrosis
Adult respiratory distress syndrome
Fibrosis with collagen vascular disease
Cryptogenic organizing pneumonia
Bronchiolitis obliterans, transplant associated
Sarcoidosis
Histiocytosis X (eosinophilic granuloma)
Hermansky-Pudlak syndrome

Disorders where fibrosis is frequently prominent but not usually a cause of death:
asbestosis, hypersensitivity pneumonitis, drug-induced lung disease, localized
fibrosis around airways in asthma and emphysema, and lung irradiation.

Figure 1
Photomicrographs of active matrix remodeling in: (a) UIP, (b) BO,
and (c) COP. Filled arrows point to areas of active matrix remodel-
ing in each disorder. Open arrows point to airway or alveolar epithe-
lial cells overlying the remodeling matrix. Images were kindly provid-
ed by Kirk Jones, Department of Pathology, University of California,
San Francisco, San Francisco, California, USA. Magnifications: (a,
b) ×400; (c) ×100.
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terns of chemokine and/or cytokine expression in
patient BAL which appear to correlate with progression
of the fibrotic process. The group of profibrotic medi-
ators shown in Table 2 are elevated in the BAL and tis-
sues of several of the disorders listed in Table 1, though
the majority of studies have been done with patients
thought to have IPF (18–24). Because individual
chemokines, cytokines, and leukotrienes act at multi-
ple points and regulate each others’ expression levels,
determining the importance of any single mediator
among these patients remains a challenge. Further-
more, key events in matrix remodeling take place at
sites of cell-matrix and cell-cell interaction not neces-
sarily reflected by soluble mediator levels. Perhaps for
these reasons, serial measurements of chemokines and
other soluble mediators (Table 2) have so far not
proven valuable in predicting disease progression or
treatment response. Recent results in experimental
models, discussed further below, also call into question
the degree to which inflammation per se actually drives
fibrosis. Nonetheless, to date, efforts to control pul-
monary fibrosis have mostly targeted proinflammato-
ry mediators found in Table 2.

Importance of the provisional matrix. The recognition of
an alveolitis in patients at risk of interstitial fibrosis led
to careful pathological studies examining the relation-
ship between alveolitis and interstitial fibrosis in dif-
fuse alveolar damage, UIP, and other chronic fibrotic
processes (25, 26). These studies indicated that a major
pathway of interstitial fibrosis is organization of a pro-
visional matrix that appears in the alveolus as a conse-
quence of alveolar wall injury, its ultimate appearance
as a thickened alveolar wall being due to incorporation
of the alveolar fibrotic process by re-epithelialization

(Figure 1, Figure 2, a and c). This is not to say that the
interstitium itself is unaffected; indeed, expansion of
mesenchymal elements (meaning interstitial connec-
tive tissue) occurs early and prominently in lung injury.
But the lung appears particularly robust in its devel-
opment and organization of fibrinous, provisional
alveolar matrices. The structure of the lung suggests a
reason for this propensity. The airway and alveolar
compartment is virtually an open space surrounded by
the entire blood volume and separated from it by
microscopic epithelial and endothelial barriers. The
lung defends this precarious situation not only by
shunting blood flow away from areas of low oxygen
level (e.g., areas poorly ventilated after edema or hem-
orrhage occurs), but also by expressing high levels of
the key procoagulant, tissue factor, promoting coagu-
lation along alveolar and airway surfaces (Figure 2a).
Both alveolar macrophages (AMs) and epithelial cells
constitutively express tissue factor, which is released in
lipid vesicles into the surfactant-rich airway lining fluid
(27–29). The appearance of proteinaceous exudates in
alveoli as a result of barrier breakdown provides sub-
strate to empower thrombin activation and fibrin for-
mation. Further thrombin formation is then normally
limited by local thrombin activation of activated pro-
tein C (APC) which then degrades a key procoagulant,
Factor V. Thrombin activity is blocked by complexing
with plasma-derived antithrombin III. Concurrently,
low but significant levels of the plasminogen activator
urokinase are continuously released along alveolar sur-
faces to facilitate timely resolution of extensive fibrin
deposition and associated provisional matrix proteins
(30). This is important because the insoluble matrix
which accumulates in alveolar spaces contains both
chemotactic and growth factors to support an influx of
fibroblasts and fibroproliferation. This reportedly
occurs within days of plasma leakage into alveoli in
ARDS (Figure 1) (31–33). The importance of this reso-
lution pathway is highlighted by the spontaneous
appearance of fibrin and lung fibrosis in mice as a con-
sequence of deficiency of combined urokinase and tis-
sue plasminogen activators (34). Thus, normal coordi-
nation of the activation and function of the cascades of
coagulation and fibrinolysis facilitates resolution of
proteinaceous exudates and/or blood from alveolar
spaces (Figure 1, a and b). Parallel with resorption of
proteinaceous deposits is the removal of other matrix
components such as the hyaluronans through
macrophage scavenger receptors, such as CD44, which
otherwise further provokes a remodeling response (35).

Role of epithelial lining cells. The focus on the alveolus
in the 1980s also led to greater attention to the biol-
ogy of alveolar and airway epithelial cells in lung
injury and repair. The epithelial barrier is a potent
regulator of inflammation in the lung. In part this is
because of the extensive network of dendritic cells
interdigitated with epithelial cells along the entire
conducting airway surfaces (36). But epithelial cells
themselves have been demonstrated to release

Table 2 
Profibrotic mediators of human lung fibrosis

Chemokines
IL-1β
CXC ligand epithelial neutrophil activating protein-78
MCP-1A

Leukotrienes
Leukotrienes C4, E4A

Cytokines
TGF-α, TGF-βA

IGF-1
TNFα
Connective tissue growth factor
PDGF
Endothelin-1A

Thrombin A

Protease inhibitors
PAI-1A

APC inhibitor
Tissue inhibitor of metalloprotease-1

BAL fluids may also show relatively low levels of PGE2, IFN-γ, and certain
chemokines thought to counteract profibrotic mediators. Replacement of
these downregulated mediators is also a therapeutic strategy. AMediators val-
idated as profibrotic in the lung by loss-of-function studies in mice (see text).
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chemotactic factors and, along with macrophages,
control the type of inflammatory cell influx into the
lung. Also, alveolar epithelial cell death, mainly by
apoptosis, is an early and consistent finding in these
disorders, whether dramatic as in ARDS or very focal
as in UIP or BO (37–39). Thus epithelial cells have
emerged as a key site of initial injury as well as a
major determinant of repair. The mechanisms of
epithelial cell apoptosis in patients developing ARDS
or UIP are still unclear but recent evidence points to
the Fas/Fas ligand pathway (40–42). The implication
that epithelial apoptosis is an early event is an impor-
tant concept both because it can explain much of the
breakdown of barrier function and because activa-
tion of the Fas signaling cascade culminating in
apoptosis can also lead to release of pro-inflamma-
tory mediators and overt inflammation (43). IL-8
expression and neutrophilic inflammation occur as
a consequence of Fas activation in macrophages (44).
Apoptosis, inflammation, and matrix remodeling in
the lung appear intricately linked.

Finally, key signaling pathways through which the
epithelium and mesenchyme (embryonic connective
tissue) communicate to effect lung development have
recently been found to reappear during lung injury
(45). Though this field is still maturing, the prospects
for new mechanistic insights are promising. Capital-
izing on clues from invertebrate models, studies of ver-
tebrate lung development have identified several medi-
ators of epithelial and mesenchymal crosstalk,
including sonic hedgehog (SHH), epidermal growth
factor (EGF), fibroblast growth factor 10, TGF-β1/
bone morphogenic protein, Wnt, fibronectin, and oth-
ers (46–48). Each of these mediators has correspon-
ding cellular receptors, which initiate signaling path-
ways. Integration of these signaling pathways
orchestrates proliferation, migration, differentiation,
and apoptosis of airway epithelial and mesenchymal
cells during airway morphogenesis. At least two of
these pathways, and likely others, are active during the
response to lung injury in humans. SHH, a secreted
ligand of embryonic epithelial cells critical to early air-

Figure 2
Determinants of lung response to breakdown in epithelial barrier function. (a) Coordinated processes of tissue factor/factor VII complexes
initiating thrombin formation and plasminogen activation by urokinase (uPA). Plasmin facilitates initial exudate turnover. Ingrowth of fibro-
blasts and organization of exudates into a collagenous matrix occurs quickly. (b) Maintenance of epithelial integrity, resorption of ECMs by
AMs, and fibroblast apoptosis favor resolution. (c) Epithelial cell apoptosis, activation of receptors of the profibrotic cytokines thrombin,
leukotrienes, and TGF-β1, and persistence of the ECM secondary to excess protease inhibitors (PAI-1 and tissue inhibitor of metalloprotease)
with accumulation of fibroblast growth factors (IGF, PDGF, CTGF) favors fibrosis.
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way formation, reappears in response to injury and
promotes proliferation especially of neuroendocrine
cells in the airway epithelium (49). SHH could also be
expected to promote mesenchymal expansion, a point
encouraging further investigation (50). Another path-
way is signaling through β-catenin, a transcription fac-
tor connected to the cytoplasmic tails of epithelial
adhesion proteins (cadherins) and implicated in pro-
moting epithelial cell motility and matrix invasion
(51). β-catenin was recently found by immunostaining
in nuclei of hyperplastic epithelial cells and fibroblast-
like cells within fibroblastic foci of UIP patients (52).
Nuclear accumulation of β-catenin is a direct conse-
quence of Wnt signaling, another critical signaling
network for early lung development (53). A prominent
downstream target of β-catenin signaling, MMP7 is
highly expressed in lungs of UIP patients and has been
shown to be an important protease in regulation of
both epithelial cell apoptosis and epithelial cell migra-
tion (54, 55). Epithelial-mesenchymal transition
(EMT), a consequence of β-catenin signaling, is a

prominent pathway of matrix remodeling and fibrosis
in injured kidney, liver, and breast tissues, where the
appearance of matrix-secreting myofibroblasts derives
in part from epithelial cells stimulated to undergo
EMT through TGF-β1, EGF, and Wnt/β-catenin sig-
naling pathways (56, 57). The evidence for an active
Wnt pathway in lung matrix remodeling is rather pre-
liminary, but an attractive concept in that EMT could
promote epithelial-mesenchymal interactions not only
by movement of fibroblastoid epithelial cells into con-
tact with resident fibroblasts but also by promoting
provisional matrix invasion and organization by
epithelial cells undergoing this putative phenotypic
switch. The documented involvement of signaling
pathways known to be prominent in pulmonary fibro-
sis in the development of EMT in other tissues invites
studies to explore the importance of this pathway in
disorders of lung matrix remodeling.

In summary, early and repeated epithelial cell stim-
ulation and injury, and its consequent interplay with
inflammatory and mesenchymal cells, has emerged as

Figure 3
Pre- and postreceptor regulation of TGF-β1 signaling. Latent TGF-β1 can be activated by proteases (such asMMPs, plasmin) and by binding
to TSP-1 or the integrin αvβ6, expressed on epithelial cells. Signaling through the TGF-β1 receptor leads to phosphorylation of SMADs 2 and
3 and their translocation to the nucleus to mediate transcription of target genes. IFN-γ and IL-7 induce counter-regulatory SMAD 7. Cellu-
lar responses to TGF-β1 signaling are modulated by concurrent signaling through growth factor (GF) and adhesion receptors (β1 integrins).
Integrated inputs from the pathways shown in the figure link deposition and turnover of ECM elements and GFs to expansion of mesenchymal
elements such as fibroblasts and smooth muscle cells and the matrix proteins they secrete. Chemokines acting through G protein–coupled
receptors also modulate TFβ1 responses (not shown).
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a focal point in disorders of lung matrix remodeling
(Figure 2). Therapeutic intervention, however, re-
quires validation of the suspected molecular events.
In this regard, targeted gene deficiency in mice has
proven invaluable.

Lessons learned from genetically altered mice
Studies of pulmonary fibrosis in mice have largely used
a model of drug-induced lung injury, bleomycin-
induced lung fibrosis. This model emanates from clin-
ical observations that the use of bleomycin as an anti-
cancer drug in humans is limited by development of
widespread alveolar epithelial cell injury and develop-
ment of pulmonary fibrosis (58). The mouse model has
key elements of not only human bleomycin toxicity but
also the prominent pathological features of the matrix
remodeling disorders of unknown cause (Table 1):
epithelial cell injury, inflammation and alveolar exu-
dates, fibroblast activation and expansion with new
collagen deposition, and thickened alveolar walls with
reduced lung compliance. Also, like the human disor-
ders, the intensity and progression of bleomycin injury
is dependent on genetic background. Some mouse
strains experience progressive fibrosis and in other
models the process wanes and even reverses (59). What
has been learned from studies of this model?

TGF-β1. The cytokine most consistently linked both
experimentally and by association in human and ani-
mal studies with tissue fibrosis is TGF-β1. Indeed,
microarray analysis of whole lung mRNA during
bleomycin-induced fibrosis shows most of the known
TGF-β1–inducible genes to be upregulated (60). Over-
expression of active TGF-β1 along alveolar surfaces of
mice leads to a vigorous fibrotic response, and inhibi-
tion of TGF-β1 by antibodies or decoys abrogates
bleomycin-induced fibrosis (61). TGF-β1’s activation,
signaling, and actions to promote fibrosis are compli-
cated but important to consider in the context of cur-
rent and future clinical interventions.

TGF-β1 is synthesized as an inactive precursor, but its
subsequent activation is rather complex. Initial cleav-
age of pro-TGF-β1 results in an inactive complex of
mature TGF-β1 and its propiece (termed the latency-
associated peptide, LAP). Full activation and compe-
tency for receptor engagement require an additional
step to remove LAP. As indicated in Figure 3, there are
at least three distinct mechanisms for TGF-β1 activa-
tion, and studies in animals suggest that all of them are
potentially active in the lung. In the bleomycin-induced
lung fibrosis model the key pathway of TGF-β activa-
tion appears to be through binding of LAP/ TGF-β1 to
the epithelial cell integrin αv/β6 (illustrated in Figure 3)
and its subsequent activation by a presumed confor-
mational change mediated by the integrin and leading
to presentation of active TGF-β1 to TGF-β1 receptors
on adjacent cells (62). Importantly, LAP contains a typ-
ical integrin-binding sequence (arginine-glycine-aspar-
tate). Munger and colleagues found that mice deficient
in the beta6 integrin, expressed exclusively in epithelial

cells, were virtually completely protected from bleo-
mycin-induced lung fibrosis, implying the integrin
pathway is dominant in vivo. TGF-β1 can also be acti-
vated by at least two additional pathways: binding of
LAP/TGFβ to the matrix protein thrombospondin-1
(TSP-1), again releasing TGF-β1, and proteolytic cleav-
age of LAP by plasmin and certain metalloproteases
(63, 64). Therefore regulation of integrin αv/β6 expres-
sion and activation in alveolar epithelial cells of TSP-1
deposition and turnover in provisional matrices during
injury, and the proteolytic activities of plasmin and
metalloproteases, may all influence the levels of active
TGF-β1 in the lung. Yet another level of regulation is
the spatial distribution of TGF-β1, regulated by a set of
proteins capable of binding both TGF-β1 and the extra-
cellular matrix (ECM): latent TGF-binding proteins
(LTBPs) (65). The intricacy of regulation of TGF-β1

activation attests to the critical importance the level of
active TGF-β1 has on lung biology.

As illustrated in Figure 3, the consequences of the
binding of TGF-β1 to its receptor are also complex.
Once binding to the serine-threonine kinase receptor
occurs, a signaling complex is formed, leading to the
phosphorylation of SMADs 2 and 3, the main cytoplas-
mic protein mediators of TGF-β1 signaling, and their
subsequent trafficking as a complex to the nucleus
where they bind a well-defined SMAD-response element
(66). Because direct DNA binding by SMADs is relative-
ly weak, the SMADs must organize a nuclear transcrip-
tional complex consisting of coactivators and the
SMADs, which together initiate new gene transcription.
All steps in this process appear to be elaborately regu-
lated, and thus the consequences of SMAD signaling
depend on the context in which it occurs. For example,
TGF-β1 signaling has different effects in embryonic and
adult lung. Active TGF-β1 suppresses alveolar epithelial
cell proliferation. In the embryonic lung, TGF-β1 over-
expression leads to hypoplasia and lack of alveolar
development (67). In the adult lung, TGF-β1 overex-
pression leads to progressive fibrosis (68).

One key step of SMAD regulation is the expression of
inhibitory SMAD elements, mainly SMADs 6 and 7,
which act by preventing productive complex formation
between SMADs 2 and 3 (Figure 3) (66). Potent induc-
ers of SMAD7 are IFN-γ and IL-7 (69). Induction of
inhibitory SMADs by IFN-γ is important in the inter-
play between TGF-β1 and these cytokines in immune
cell function. Although there are a number of ratio-
nales for using IFN-γ in the treatment of patients with
IPF, blockade of TGF-β1 signaling may be the most
compelling. Unfortunately, to date there is no infor-
mation available as to whether lung TGF-β1 signaling
is altered in patients given IFN-γ infusions (70, 71).

TGF-β1 signaling is also critically regulated by integra-
tion with other cell signaling pathways (highlighted in
Figure 3). One key point of intersection among signal-
ing intermediates is MAP kinase activation occurring fol-
lowing engagement of growth factors, integrins, and
even chemokine receptors (72–76). In most cases, acti-
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vated MAP kinases promote TGF-β1’s actions to enhance
cell migration and mesenchymal expansion. Thus deter-
minants of growth factor receptor activation, integrin
signaling, and the pattern of cytokine/chemokine sig-
naling all influence the response of cells to TGF-β1. A
future challenge is to determine critical points where
therapeutic manipulation of active TGF-β1 levels, or sig-
naling pathways which influence the cells’ response to
TGF-β1, will ameliorate excessive mesenchymal expan-
sion without deleterious side effects.

Plasmin and thrombin. One gene highly induced in
response to TGF-β1 is the plasminogen activator
inhibitor PAI-1. Mice deficient in PAI-1 are protected
from, and mice overproducing PAI-1 are more suscep-
tible to, bleomycin-induced lung fibrosis (77, 78). Fur-
ther, inducible expression of the plasminogen activator
urokinase in the alveolar compartment ameliorates
fibrosis in this model (79). These findings demonstrate
that the urokinase/plasmin/PAI-1 system is function-
ally important in lung matrix remodeling. These ani-
mal studies are consistent with many pathological and
biochemical observations in humans with ARDS, UIP,
scleroderma, and sarcoidosis, all of which indicate an
activation of both procoagulant and antifibrinolytic
pathways (Figure 2) in these disorders (28, 80, 81).
Recent studies in mice, however, reveal that turnover of
fibrin as the principal component of a provisional
matrix does not explain the functional role of PAI-1
and plasmin in matrix remodeling: fibrinogen null
mice develop bleomycin-induced fibrosis comparably
to wild-type mice, and yet PAI-1 still promotes the
process (82). Thus the urokinase/PAI-1/plasmin system
must also act at other sites, possibly by affecting medi-
ator turnover or matrix-integrin signaling (Figure 3).

Thrombin is also a key player in the response of the
lung to injury, with evidence of increased thrombin
activation consistently seen in the BAL of fibrosis
patients. Apart from its initial role in fibrinous matrix
formation (Figure 2a), thrombin signaling through its
cognate receptor, especially protease-activated recep-
tor-1 (PAR-1), evokes production of secondary profi-
brotic cytokines such as IL-1β and connective tissue
growth factor (CTGF) (83, 84). Inhibition of throm-
bin activity suppresses fibrosis in the bleomycin-
induced model of lung fibrosis in both rats and mice,
supporting a mechanistic role for thrombin in tissue
repair in the lung similar to that found at other sites
of injury (85). Recently, enhanced expression of PAR-
1 in the epithelial cells of patients with UIP was
reported (86). Enhanced thrombin formation persists
in the lung of patients with disordered remodeling
not only because of enhanced tissue factor activity but
also because patients with UIP, sarcoidosis, and CVDs
have lower levels of APC in their lavage fluid and
enhanced levels of an APC inhibitor (87). Coordinat-
ed expression of the APC inhibitor and PAR-1 by
epithelial cells likely acts to promote wound repair,
but in the lung this also appears to favor excessive
matrix expansion (Figure 2c).

Lipid mediators and chemokines. Studies in mice with
null mutations in lipid mediator synthesis point to this
family of mediators as important to matrix remodeling.
Mice deficient in cyclo-oxygenase–2, required for
prostaglandin E2 (PGE2) synthesis, showed enhanced
fibrosis in response to bleomycin challenge (88). Con-
versely, mice deficient in phospholipase A2 (required for
synthesis of all lipid mediators) or 5-lipoxygenase syn-
thetase (required for leukotriene synthesis) show atten-
uated fibrotic responses to bleomycin (89, 90). These
findings support the idea that PGE2 could suppress,
and leukotrienes enhance, matrix remodeling leading to
fibrosis. This conclusion in the murine model mirrors
earlier conclusions from studies of isolated fibroblasts
and tissues from patients with IPF (91). The mecha-
nism(s) underlying this set of data, however, is (are)
uncertain and likely complex. It is possible that these
mediators ultimately act at least in part through regu-
lation of the TGF-β1 signaling pathway (92).

Consistently, studies of null mutations in cytokine
and chemokine pathways in mice and the bleomycin
model show a lack of correlation between regulation of
the inflammatory response and matrix remodeling.
Mice deficient in the CC chemokine receptor 2, the
receptor for monocyte chemotactic protein-1 (MCP-1),
show an attenuated fibrotic response to bleomycin but
no change in any indices of acute or chronic inflam-
mation (21, 93). Similarly, mice deficient in platelet-
activating factor show defective acute inflammatory
responses to bleomycin injection but no change in the
overall degree of fibrosis. Inflammation in the lungs of
integrin β6-null mice was enhanced, even though fibro-
sis was blocked (62). These observations highlight
again the distinctions between regulatory pathways of
inflammation and the critical molecular events leading
to matrix accumulation and progressive fibrosis. This
conclusion is endorsed by the clinical experience that
anti-inflammatory agents are relatively ineffective in
blocking progressive fibrosis in most disorders of
matrix remodeling. Validation in mice, as summarized
above, by loss-of-function studies of several of the
profibrotic mediators prominent in human disorders
of matrix remodeling (indicated by note A in Table 2)
offers new alternative approaches to this problem.

Disorders of matrix remodeling: 
lessons from human mutations
UIP. Although there is little risk to relatives for most
patients with UIP, recent studies of small subgroups of
patients with familial forms of pulmonary fibrosis are
informative. Two families carrying separate mutations
in the surfactant protein C (SPC) gene have been report-
ed with progressive pneumonitis and lung fibrosis. SPC,
a normal component of alveolar surfactant, is synthe-
sized in a precursor form requiring C-terminal prote-
olytic processing for proper folding, assembly with lipid,
and secretion. Nogee et al. reported childhood onset of
interstitial pneumonitis and pulmonary fibrosis in an
affected parent within a family carrying an SPC muta-
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tion (94). The mutation resulted in a truncated form of
SPC that accumulated in the endoplasmic reticulum of
type II alveolar cells. A survey of familial pulmonary
fibrosis subjects identified at least one large kindred
showing an autosomal dominant pattern of linkage to
chromosome 6 in the region of the SPC gene (95). A sin-
gle amino acid change, L188N, in the C-terminal SPC
region was found in all six available family members
with disease, but also in two unaffected obligate het-
erozygotes, and in none of four unaffected siblings or
any of 88 unrelated control chromosomes. Expression
of this mutant in murine alveolar cells showed lipid
accumulation and toxicity, suggesting, as had the trun-
cation mutant, that normal SPC function is critical to
the health of type II cells. Studies of mice null for SPC
also show pneumonitis and lung injury, confirming
that loss of SPC function per se is sufficient to cause dis-
ease (96). Interestingly, the effects of SPC deficiency on
lung injury were strongly influenced by the genetic
background of the mice. This parallels the kindred with
the L188N transversion, in which different subjects had
markedly different histological patterns on lung biop-
sy, disease severity, and age of disease onset, implying
that expression of the risk incurred by mutations in SPC
is dependent on input from other genes.

Hermansky-Pudlak syndrome. This syndrome is a triad
of albinism (of variable penetrance), platelet dysfunc-
tion with bleeding tendencies, and progressive lysoso-
mal accumulation of ceroid lipids. The syndrome is
due to an autosomal recessive mutation in any one of
several proteins that were recently identified as form-
ing a cytoplasmic protein complex involved in lyso-
some-organelle genesis. Thus the basic defect in these
patients appears to be in lysosome formation and traf-
ficking. A subset of these patients, especially those of
Puerto Rican heritage, develop progressive pulmonary
fibrosis, typically presenting in the mid-30s, and die of
respiratory failure (97). The histological pattern,
though not its distribution, is reminiscent of UIP.
Recent studies identify lysosomal distortion and cellu-
lar toxicity of alveolar type II cells in Hermansky Pud-
lak patients (98). The type II cells show enlarged lyso-
somal granules engorged with surfactant. The studies
point to injury of type II cells as an early and likely
causal event in the initiation of the fibrotic process,
reminiscent of the cellular changes seen in patients
with mutations in the SPC gene.

Together these studies of patients with rare but
defined mutations leading to progressive fibrosis con-
firm two main observations in the broad range of
patients with disordered matrix remodeling: the impor-
tance of epithelial cells as a focal point of repeated
injury and the strong influence of genetic background
on disease progression. This underscores the impor-
tance of further detailed studies of genetic variation
and disease progression, not only in UIP, but in all the
disorders listed in Table 1. Reports of polymorphisms,
mainly single nucleotide polymorphisms (SNPs), asso-
ciated with many of these diseases are already begin-

ning to appear in the literature, but much more expe-
rience and ultimately validation of hypotheses result-
ing from SNP analyses await.

Conclusion
From a clinical perspective, a crucial issue in managing
patients with disorders of matrix remodeling is pre-
dicting which patients will develop more progressive
disease. The current classification of interstitial pneu-
monias, reflecting radiographic patterns, histopatho-
logical evaluations, and pulmonary function testing, is
focused on this issue. A radiographic and biopsy pat-
tern of nonspecific interstitial pneumonia (NSIP), cou-
pled with preserved (>50% predicted) and relatively sta-
ble vital capacity, conveys a much better prognosis than
UIP even though it is quite uncertain whether NSIP is
a disorder or only a pattern of persistent inflammation
somewhere between resolution and progression (99,
100). In a similar vein, COP responds to corticos-
teroids, whereas UIP, diffuse alveolar damage, and BO
do not. At the moment these important clinical dis-
tinctions have no molecular explanation. While all dis-
orders of lung matrix remodeling appear to share com-
mon pathways of propagation, the different inciting
events must be a determinant of progression. These are
also not understood. And yet these issues are energized
by the ongoing pace of elucidation of critical molecu-
lar pathways in epithelial injury, matrix remodeling,
and signaling within the mesenchyme as reviewed here.
These insights have already had medical impact. The
focus of newer clinical trials, such as IFN-γ for patients
with IPF (70), has turned away from agents that non-
specifically block inflammation and toward mediators
proven by experimental models to be involved in fibro-
proliferation and matrix remodeling. The promise of
genomic approaches at both the experimental and clin-
ical levels augurs for new therapeutic approaches based
on these insights in the not distant future. In the mean-
time, better understanding of the process will likely
lead to new screening tools to establish risk and predict
disease progression (101–103).
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