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Clinical evaluation and diagnostic approach to IPF

Abstract

Recent years have seen a robust influx of exciting new observations regarding the
mechanisms that regulate the initiation and progression of pulmonary fibrosis but
the pathogenesis remains poorly understood. The search for an alternative hypothe-
sis to unremitting, chronic inflammation as the primary explanation for the patho-
physiology of idiopathic pulmonary fibrosis (IPF) derives, in part, from the lack of
therapeutic efficacy of high-dose immunosuppressive therapy in patients with IPF.
The inflammatory hypothesis of IPF has since been challenged by the epithelial
injury hypothesis, in which fibrosis is believed to result from epithelial injury, activa-
tion, and/or apoptosis with abnormal wound healing. This hypothesis suggests that
recurrent unknown injury to distal pulmonary parenchyma causes repeated epithe-
lial injury and apoptosis. The resultant loss of alveolar epithelium exposes the
underlying basement membrane to oxidative damage and degradation. Emerging
concepts suggest that IPF is the result of epithelial-mesenchymal interaction. The
initiation of this fibrotic response may depend upon genetic factors and environmen-
tal triggers; the role of Thl or Th2 cell-derived cytokines may also be important.
This process appears to be unique to usual interstitial pneumonia/IPF. It is clear
that IPF is a heterogeneous disease with variations in pathology, high-resolution
computed tomography findings, and patterns of progression. Idiopathic pulmonary
fibrosis is a complex disorder, and no unifying hypothesis has been identified at
present that explains all the abnormalities.

Secondary causes of pulmonary fibrosis such as collagen-vas-
cular disease, chronic hypersensitivity pneumonitis, adverse

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive
parenchymal lung disease with a median survival of less
than 3-5 years following diagnosis, although the clinical
course can be highly variable (1, 2). Idiopathic pulmonary
fibrosis is the most common of the idiopathic interstitial
pneumonias (IIPs) with a prevalence of 13-20 per 100 000
people in the general population (3, 4). Predictors of a worse
outcome include progressive dyspnea, oxygen desaturation,
and distance walk during the 6-min walking test (5, 6), wors-
ening pulmonary function and gas-exchange (7-10), the pres-
ence and extent of honeycombing on high-resolution
computed tomography (HRCT) (11, 12), and the presence of
pulmonary hypertension (PH) (13).

The diagnosis of IPF is based on clinical, radiographic,
and histopathologic evaluations (4). Common clinical fea-
tures consist of progressive dyspnea, dry cough, and the pres-
ence of basilar ‘velcro-like’ rales on examination. Digital
clubbing and clinical signs of cor-pulmonale may be present.
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drug reactions, granulomatous diseases, and pneumoconiosis
must be excluded. High-resolution computed tomography has
taken a prominent role in the diagnosis of IPF and can help
distinguish IPF from other IIPs (14). A patchy pattern of
peripheral, sub-pleural and predominantly lower lobe reticu-
lar opacities combined with honeycombing, traction bronchi-
ectasis, and the absence of significant ground-glass together
constitute the classic radiographic features of IPF (Fig. 1).
The presence of these features on HRCT in the context of an
appropriate clinical presentation may abrogate the need for a
surgical lung biopsy.

In the absence of typical clinical and radiographic features,
a surgical biopsy is recommended for the definitive diagnosis
of IPF. Diagnostic accuracy may be improved if biopsies are
obtained from multiple lobes, as it has shown that several
distinct histopathologic patterns may coexist in the same
patient, and the presence of usual interstitial pneumonia
(UIP) on any biopsy confer a worse prognosis (15). Usual
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Figure 1 A 73-year-old man, current smokers, with clinical-radio-
logical diagnosis of end-stage idiopathic pulmonary fibrosis. (A)
Chest X-ray shows reticular opacities, reduced lung volume. High-
resolution computed tomography (HRCT)at three levels shows

interstitial pneumonia is the pathological hallmark of IPF.
Histopathologic features of UIP include patchy areas of
fibrosis in association with areas of normal lung architecture,
the so-called temporal heterogeneity of UIP (Fig. 2). Mild
inflammatory cell infiltration may be present in UIP, but is
not a prominent feature. Fibroblastic foci, consisting of
aggregates of myofibroblasts underlying ‘injured’, reparative
epithelium, are key histologic features of IPF (16) (Fig. 3).
The presence and extent of fibroblastic foci, while not patho-
gnomonic, are of prognostic value in IPF as these lesions
correlates with a worse prognosis (17).

Patients with IPF may experience a rapidly progressive
decline in lung function from onset or a slowly progressive
decline course of illness, during which the development of
acute exacerbations (AEs) can lead to rapid respiratory fail-
ure and early death (18). Prognosis is extremely poor, and
there is no known curative therapy for IPF. Immunosuppres-
sive treatment regimens have been used in the treatment of

intra-lobular interstitial thickening, diffuse honeycombing, predomi-
nantly in the lower lungs, architectural distortion, and traction bron-
chiectasis; ground-glass is absent. Honeycomb cysts typically share
walls on HRCT and occur in several layers in the sub-pleural lung.

IPF; however, there is little evidence to support their efficacy
and safety. The combination of the unique pathologic
features of UIP on biopsy, the progressive clinical course and
resistance to anti-inflammatory therapy constitute the cardi-
nal manifestations of what is now termed IPF/UIP and have
led to recent suggestions that new therapies should be direc-
ted at regulating fibroblast functions rather than targeting
the inflammatory response (19). There has been growing
interest in the diagnosis and prevention of AEs in patients
with IPF (20). It has been shown that AEs are quite preva-
lent among patients with IPF that they occur at any stage of
the illness and that they are frequently fatal events (19, 20).

Pathogenesis of IPF - fibroblastic foci

The etiopathogenesis of IPF remains enigmatic. Despite con-
siderable recent investigation of UIP, neither the initial cause
nor the reasons for progression are known. The precise
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Figure 2 Low-power examination of a surgical lung biopsy demon-
strating the patchy nature of fibrosis in idiopathic pulmonary fibro-
sis. Fibrotic zones of dense collagen with a typically sub-pleural and
paraseptal distribution, a sharp demarcation between normal lung
and abnormal honeycomb lung, and little nonspecific chronic inflam-
mation are the histological hallmark of usual interstitial pneumonia.

Figure 3 On higher magnification, a fibroblastic foci, a cardinal
feature of usual interstitial pneumonia (UIP), is evident. These appear
as areas of loose fibroblastic proliferation, either re-epithelializing
or de-epithelializing that are highly interconnected on sequential
sectioning. It is a reactive rather than a malignant process. The fibro-
blastic foci are of lower vascularity than the intra-alveolar foci of fibro-
blastic proliferation seen in organising pneumonia and inflammatory
cells are typically seen in areas of established fibrosis rather than
the fibroblastic areas. These findings, amongst others, have led to
the view that, although inflammation still has a role in pathogenesis,
there may be significant epithelial-mesenchymal interaction in UIP
as a response to repetitive alveolar epithelial injury and an altered
alveolar microenvironment.

factors that initiate and maintain the inflammatory and fibro-
tic responses observed in IPF are unknown. However, some
risk factors are associated with IPF, including smoking, infec-
tions, environmental pollutants, chronic aspiration, and drugs
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(4). A question arose about the importance of fibroblastic foci
in IPF. Although IPF is a disease of unknown etiology, the
current hypothesis regarding its development conceptualizes
ongoing multiple, small, focal, and isolated episodes of epithe-
lial injury followed by a pathologic fibrotic-repair mechanism
(21). It is probable that the disease results from a series
of nonspecific insults to both the epithelial barrier and
the pulmonary parenchyma (21, 22). The clinical features of
IPF — insidious onset, progression over years, infrequent but
abrupt episodes of deterioration (23), and failure to respond
to immunosuppressive therapy — have offered indirect evi-
dence in support of this hypothesis. More substantial support
comes from the histopathologic features of the disease. Usual
interstitial pneumonia is characterized by a temporally hetero-
geneous appearance with areas of normal appearing lung
intermixed with older collagenized fibrosis, microscopic
honeycombing, and small focal areas of younger, myxoid-
appearing matrix with aggregates of actively proliferating and
collagen-producing myofibroblasts termed ‘fibroblast foci’
(24, 25). These foci are often identified in a transition zone
between the more normal uninvolved lung and the abnormal
fibrotic lung. They have been interpreted to represent an orga-
nizing phase of focal acute lung injury (24, 26, 27) and
believed to recapitulate the events that typify the healing skin
wound. Three-dimensional reconstruction indicated that foci
are the leading edge of a continuous fibrotic reticulum that
extends from the pleural surface into the lung parenchyma.
In addition, clonality analysis revealed that the foci are
polyclonal, rather than monoclonal (28). This support the
longstanding impression that UIP is not a malignant but a
reactive process. These findings argue against the underlying
biological cause of UIP being the result of multiple, small,
focal, and isolated episodes of epithelial injury followed by
a pathologic fibrotic-repair mechanism. This concept, of a
‘wave’ of fibrosis progressing through the lung, alters our
underlying assumptions regarding the initiation and progres-
sion of IPF and suggests new hypotheses for the initiation
and progression of fibrosing lung disease. It is increasingly
apparent that mesenchymal cells in fibroblastic foci in IPF
exhibit a variety of abnormalities compared to normal lung
fibroblasts or fibroblasts from other lung diseases. The origin
of pathological fibroblast foci within the IPF lesion remains
puzzling. Possibilities include differentiation of resident fibro-
blasts, recruitment of circulating fibroblast precursors, and
transdifferentiation of epithelial cells into pathological fibro-
blast phenotypes (29-31) (Fig. 4).

Epithelial cell activation

A marked disruption in the integrity of the alveolar epithe-
lium with presence of several altered phenotypes is a distinc-
tive feature in IPF lung. Morphologic phenotypes may
include: (i) hyperplastic type 2 pneumocytes, (ii) reactive
large and elongated epithelial cells (putative transitional
cells among type 2 and type 1 pneumocytes), (iii) flattened
and attenuated epithelial cells usually overlying the fibro-
blastic foci, (iv) bronchiolar-type epithelium lining the
enlarged airspaces of honeycomb lesions, and (v) squamous
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Figure 4 The primary effector cell in idiopathic pulmonary fibrosis
is the myofibroblast; a cell that is highly synthetic, exhibits a

metaplasia. Importantly, lung carcinomas develop in a high
percentage of patients with IPF, and it may be difficult to
differentiate prominent reactive epithelial proliferations from
well-differentiated adenocarcinomas (32) (Fig. 5). The reasons
for all these epithelial changes are unknown, but some of
them seem to be related to the initial insult, whereas others
appear to represent a reactive response to lung remodeling.
Regarding the former, although the etiology of IPF is

a =T

Figure 5 Patchy fibrosis with remodeling of the lung architecture
is present in this surgical lung biopsy. In addition to a usual intersti-
tial pneumonia pattern, this case shows atypical epithelial prolifera-
tion. It can be especially difficult to separate prominent reactive
epithelial proliferations from well-differentiated adenocarcinomas.
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contractile phenotype, and is characterized by the presence of
a-smooth muscle actin stress fibres (adapted from reference 108).

unknown and probably multifactorial in a susceptibly host,
the putative injuring candidates are more likely associated
with an initial alveolar epithelial damage. Thus, environmen-
tal exposure to different dusts, gastro-esophageal reflux, and
viral infections has been associated with the development of
IPF, suggesting that diverse epithelial injuries may trigger the
disease in different individuals (33). Re-establishing an intact
epithelium following injury is a key component of normal
wound healing. This may require orchestrated epithelial cell
responses that include proliferation and expansion of progen-
itor/stem cells, migration, and differentiation. The homeo-
static function of an intact epithelium may be necessary to
suppress mesenchymal cell activation. Idiopathic pulmonary
fibrosis more likely results from an aberrant activation of
alveolar epithelial cells (AEC)s after injury that provoke the
migration, proliferation, and activation of mesenchymal cells
with the formation of fibroblastic/myofibroblastic foci, lead-
ing to the exaggerated accumulation of extracellular matrix
(ECM) with the irreversible destruction of the lung paren-
chyma (21, 34). The precise process by which AECs become
‘activated’ and communicate with fibroblasts leading to unre-
mitting fibrosis in IPF remains poorly understood. Nonethe-
less, various theories have been proposed to explain this
process, including the production of fibroblasts chemotactic
factors by activated AECs and the release of growth factors
involved in re-epithelization. These growth factors include
transforming grow factor-f (TGF-p), platelet-derived growth
factor (PDGF), insulin-like growth factor (ILGF)-1, and
endothelin (ET)-1, among others. Thus, when the distal epi-
thelium in the lung becomes injured and the basement mem-
brane loses its integrity, it endeavours to re-epithelialize the
surface and, as a result, growth factor is produced that can
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potentially recruit fibroblasts or myofibroblasts. Thus, instead
of healing by repair, myofibroblasts proliferation and ECM
deposition continues unabated (35) (Fig. 6). In IPF, there is
loss of epithelial type I cells and a marked proliferation of
epithelial type II cells; however, these cells generally do not
appear to re-epithelialize the alveolar space because the base-
ment membranes of patients with IPF remain abnormal,
demonstrating microscopic alterations including duplication
and fragmentation (36). These basement membrane abnor-
malities also permit the migration of mesenchymal cells from
interstitium to the alveolar regions of the injured lung. These
changes suggest that a chronic injury to the alveolar epithe-
lium may result in perpetual nature of intra-alveolar exu-
dates, fibrosis, and remodeling. Dysregulated interactions
between epithelial and mesenchymal cells within the context
of a damaged basement membrane and the surrounding
ECM are increasingly recognized as a key control point in
the pathogenesis of fibrotic disorders. Morphologic changes
suggestive of epithelial cell injury and apoptosis are early fea-
tures in the histopathology of IPF (16, 37). Several studies
have described phenotypic alterations in type II AECs includ-
ing proliferation (38), bronchiolarization (39), apoptosis, and
regenerative hyperplasia (40). Underlying areas of atypical

Pathogenesis of IPF

and apoptotic epithelial cells are fibroblastic foci containing
activated contractile myofibroblasts that secrete abundant
ECM proteins (16). These myofibroblasts are closely associ-
ated with areas of epithelial cell death and regeneration. The
molecular mechanisms that determine the persistent nature of
IPF are poorly understood. While aberrant activation of
developmental pathways that are usually suppressed in adult
tissues is often noticed in cancer, it is only rarely observed in
nonmalignant diseases. Microarray analysis identified an
IPF-specific gene expression signature characterized by the
up-regulation of genes indicative of an active tissue remodel-
ing program, including ECM and a large number of myofi-
broblast/smooth muscle cell-associated and epithelial cell-
related genes (34). Idiopathic pulmonary fibrosis lungs are
significantly enriched with genes associated with lung devel-
opment (41). The up-regulated development-relevant genes
included several members of transcription factor families.
While transcription factors active in morphogenesis and
differentiation of the embryonic lung may be transiently
expressed during adult lung repair, they are only rarely
expressed in the normal lung. In fact, their sustained expres-
sion is often thought of as a marker for malignant transfor-
mation. In IPF, there is increasing evidence supporting the
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Figure 6 The pathogenesis of idiopathic pulmonary fibrosis idio-
pathic pulmonary fibrosis idiopathic pulmonary fibrosis idiopathic
pulmonary fibrosis is complex, and three major hypothesis or
paradigms for the pathogenesis of idiopathic pulmonary fibrosis
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have emerged: dysregulated epithelial-mesenchymal interactions,
aberrant angiogenesis, and the Th1/Th2 cytokine imbalance
(adapted from reference 61).
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idea that AECs are the primary source of cytokines and
growth factors involved in fibroblast migration and prolifera-
tion, and myofibroblast differentiation. Thus, various studies
performed by in situ hybridization and immunohistochemis-
try have demonstrated that in this disease, AECs are the
main site of synthesis of PDGF, TGF-f, and tumor necrosis
factor-oo (TNF-a), all of them central pieces for the develop-
ment of pulmonary fibrosis (33, 42-44). Likewise, ET-1, a
multifunctional peptide able to induce mesenchymal cell
mitosis is strongly up-regulated in type 2 pneumocytes pri-
marily in those located close to fibroblastic foci (45). Connec-
tive tissue growth factor (CTGF), a chemotactic and
mitogenic factor for fibroblasts, is also up-regulated in type 2
AECs and fibroblasts in IPF lungs (46).

Epithelial cell plasticity

Epithelial cells are motile and can migrate away from their
nearest neighbors (47). However, under normal conditions,
they do not detach and move away from the epithelial layer.
This arrangement can be disturbed by a process known as
epithelial-mesenchymal transition (EMT). In the process of
EMT, epithelial cells lose many of their epithelial characteris-
tics and obtain properties that are distinctive of mesenchymal
cells (48). They become migratory, down-regulate the expres-
sion of cell adhesion molecules, primarily E-cadherin, lose
their apical-basal polarity, and express mesenchymal mole-
cules such as fibronectin and N-cadherin (49, 50). Epithelial-
mesenchymal transition is a key process in embryogenesis.
An EMT-like process has been reported in cancer progression
and metastasis and in fibrotic disorders (51-54). Recently,

TGF-B
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EMT was also observed in lung fibrosis and is another
possible explanation for AEC activation: numerous cells
co-expressing epithelial and mesenchymal markers (thyroid
transcription factor-1/a-smooth muscle actin or surfactant
protein C/N-cadherin) within the expanded interstitium in
IPF lungs (54, 55). Bone morphogenetic proteins (BMPs) and
TGEF-B belong to a superfamily of multifunctional cytokines
that includes different isoforms with highly specific functions
including wound healing, ECM remodeling, and the control
of epithelial-mesenchymal interactions during embryogenesis
(56). Importantly, BMPs antagonize the effects of TGF-j3
regarding EMT and induce the inverse process of mesenchy-
mal-to-epithelial transition (48). Gremlin, the main BMP
antagonist, is increased in IPF lung (57). Transforming grow
factor-f induces gremlin expression in association with
EMT in lung epithelial cells (57). Taken together, these data
suggest that increased TGF-B expression and active BMP
inhibition by gremlin create an EMT-favoring environment
in IPF lungs (Fig. 7). The occurrence of EMT in the lung
represents a dramatic shift in cellular phenotype and requires
reversal of early embryonic programs. In the lung, the forma-
tion of the various cell types lining the proximal and distal
airways occurs through the differentiation of the epithelial
precursor cells (58). Thus, EMT in IPF probably represents a
dramatic reprogramming of epithelial cells (59).

Cell apoptosis

There is growing circumstantial evidence to suggest that in
IPF the alveolar epithelium is prone to undergoing pro-
grammed cell death, although the mechanism for inducing
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Figure 7 Schematic overview of the epithelial-mesenchimal transi-
tion as modulated by transforming grow factor-p (TGF-B) and
BMPs. In idiopathic pulmonary fibrosis lungs, TGF-B3, gremlin, and
lymphoid enhancer factor-1 (LEF-1) are up-regulated, while BMP-2
is down-regulated. Dysregulation of TGF-B/BMP pathway induces a
fibrotic phenotype. Epithelial-mesenchymal transition (EMT), so
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important in development, is more likely to represent one possible
response of the alveolar epithelial cell facing sustained injury.
Increased expression of BMPs may not only antagonize TGF-B-
induced EMT, enhancing re-epithelialization, but also may cause the
opposite process, mesenchymal-to-epithelial transition (MET)
(adapted from reference 56).
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epithelial apoptosis is, as yet, unknown. Epithelial apoptosis
is accompanied by damage to the basement membrane lead-
ing to the release of growth factors and chemokines. It
appears that some of the products of epithelial cell injury
may stimulate fibroblasts to produce ECM components, most
notably collagen, that can lead to dysregulated repair of the
epithelial/endothelial barrier (35). The specific mediator(s)
responsible for epithelial cell apoptosis in pulmonary fibrosis
remain unclear, and several different mechanisms, including
TGF-B1, oxidative stress, Fas activation, and angiotensin II
have been proposed. In epithelial cells, TGF-B1 typically
functions as a tumor suppressor through growth-inhibition
and induction of apoptosis (60, 61). Oxidative stress resulting
from the release of reactive oxygen species (ROS) by acti-
vated phagocytic cells has also been proposed as a mecha-
nism for epithelial cell injury in IPF (62). Although ROS are
well recognized to induce cell injury, they are also important
regulators of intra- and inter-cellular signaling (63). Trans-
forming grow factor-B1 is a strong inducer of the sustained
production of extracellular oxidants in human lung fibro-
blasts (64), and extracellular hydrogen peroxide (H,O,) gen-
erated by IPF myofibroblasts in response to TGF-B1 has
been shown to mediate paracrine induction of epithelial cell
apoptosis/death (64). Up-regulation of the Fas signaling
pathway has been demonstrated in human IPF (65), and a
number of studies in animal models have explored the role of
Fas-Fas ligand cascade in epithelial cell apoptosis, sometimes
with conflicting results (66, 67). Angiotensin II has also been
proposed as a soluble mediator of epithelial cell apoptosis
in the pathogenesis of IPF. Inhibition of angiotensin II
or the angiotensin receptor has been shown to block
Fas-mediated epithelial cell apoptosis (68, 69). Moreover,
IPF-derived fibroblasts can induce paracrine epithelial cell
apoptosis through generation of angiotensin II (70). In
animal models, inhibition of angiotensin II activation and
blockade of its receptor abrogates bleomycin-induced fibrosis
(71, 72). Telomeres are noncoding DNA sequences at the end
of eukaryotic chromosomes that maintain chromosomal
integrity and prevent replication of defective genes (73).
When normal cells reach a critical telomere length, they exit
the cell cycle and undergo senescence. The putative relation-
ship between telomerase and human disease is demonstrated
in two opposite situations. On one side of the spectrum, most
human cancers are characterized by the expression of telo-
merase, which helps to maintain telomere length and enhance
indefinite cell proliferation (74). On the other side of the
spectrum, in pulmonary fibrosis, telomerase activity seems to
be diminished, with consequent premature telomere shorten-
ing. Two recent reports demonstrated that mutations in the
genes encoding telomerase components are detected in
patients with familial IPF and occasionally in patients with
sporadic IPF (75). According to these studies, pulmonary
fibrosis may be at least partially related to a telomerase
deficiency and short dysfunctional telomeres, which after
DNA damage leads to cell death or cell cycle arrest. Interest-
ingly, cigarette smoking, a strong environmental risk factor
for IPF, causes telomere shortening in a dose-dependent
manner (76). As AECs play a critical role in the pathogenesis
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of IPF, and telomerase expression is generally restricted to
cells with the capacity to proliferate, it has been speculated
that fibrotic response in patients with short telomeres is pro-
voked by a loss of alveolar cells (75), which may be enhanced
by exposure to cigarette smoke. Stresses within the endoplas-
mic reticulum (ER), the side of protein synthesis within the
cell, can lead to protein misfolding and aggregation. To pre-
vent misfolded protein aggregation, the ER activates the
unfolded protein response (UPR). This signal transduction
cascade allows for: (i) an increase in capacity for protein
folding; (ii) a reduction in newly translated proteins entering
the ER; and (iii) an increase in the breakdown of misfolded
proteins. Ultimately, the UPR signals cell apoptosis (35).

Mesenchymal cell phenotypes

Underlying areas of epithelial injury in lungs of patients with
IPF are fibroblastic foci composed of aggregates of activated
fibroblasts/myofibroblasts, which are the key effector cells in
fibrogenesis (16, 61). Myofibroblasts are contractile and
highly activated, secretory cells with characteristics intermedi-
ate between fibroblasts and smooth muscle cells (77).
Following injury, mesenchymal cells infiltrate wounds, differ-
entiate into myofibroblasts, and secrete ECM proteins that
help to constitute provisional matrix, which serves as the
‘scaffold” for normal tissue repair (77). Contraction of the
provisional matrix approximates epithelial cells margins to
facilitate re-epithelialization while collagen secretion stabilizes
the contracted matrix. Interestingly, recent studies indicate
that lung mesenchymal cells following injury may derive from
several sources including resident interstitial fibroblasts (29),
circulating fibrocytes (30, 78), bone marrow-derived fibroblast
precursors (79), and lung epithelial cells via EMT (31, 595).
For normal healing to occur, wound myofibroblasts must
undergo apoptosis (80); failure of apoptosis leads to myofi-
broblasts accumulation, exuberant ECM production, persis-
tent tissue contraction, and pathologic scar formation (81).
Transforming grow factor-Bl is a critical mediator of the
myofibroblast phenotype and has been implicated in the
pathogenesis of fibrotic disease in virtually every organ
system studied (82-84). In contrast to its effects on epithelial
cells, TGF-B1 promotes an anti-apoptotic phenotype in fibro-
blasts (85, 86). Accumulating evidence supports the emer-
gence of an ‘apoptosis paradox’ in IPF — apoptosis
susceptibility in epithelial cells and apoptosis resistance in
myofibroblasts. Another contrasting feature is the susceptibil-
ity of epithelial cells to ROS-induced injury and apoptosis
whereas myofibroblasts appear to be relatively resistant to
similar levels of oxidative stress.

Multiple other soluble and insoluble substances in the
cellular microenvironment have been shown to promote a
‘pro-fibrotic’ mesenchymal cell phenotype. Soluble factors
that induce myofibroblast differentiation include ET-1 (87),
thrombin (88), and thrombospondin-1 (89). Phosphatase and
tensin homologue deleted on chromosome 10 (PTEN)
is a phosphatidylinositol phosphate phosphatase that is
frequently deleted or inactivated in human cancers (90).
Phosphatase and tensin homologue deleted on chromosome
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10 is critical in development (91, 92). A critical role for
PTEN in the orchestrated death and removal of myofibro-
blasts has been suggested. Myofibroblasts from IPF fibroblast
foci undergo decreased apoptosis compared to myofibroblasts
from fibromyxoid lesions of cryptogenic organizing pneumo-
nia, a potentially reversible lung disorder (93, 94). Impaired
apoptosis may be at least partially associated with the
decreased expression of PTEN observed in IPF lungs (95).
Additionally, as PTEN suppresses fibroblast differentiation
to myofibroblasts (95), its reduced expression in IPF fibro-
blastic foci may have a dual deleterious effect, inducing myo-
fibroblast differentiation and increasing survival.

Caveolin-1 has been proposed as a protective regulator
of pulmonary fibrosis (96, 97). Caveolin-1 limits TGF-B1-
induced production of ECM and restores alveolar epithelial-
repair processes. It is the predominant structural protein of
caveolae, which are flask-shaped invaginations of the plasma
membrane and are abundantly present in many terminally
differentiated cells (98). These plasmalemmal microdomains
serve many fundamental biologic processes, including vesicu-
lar and cholesterol trafficking and transcytosis. They represent
a regulatory hub controlling the signaling activity of many
molecules, including nitric oxide. Wang et al. (96) used several
strategies to test the hypothesis that caveolin-1 is an endo-
genous inhibitor of pulmonary fibrosis. First, they observed
that expression of the molecule was markedly reduced in lung
tissue from patients with IPF and that this reduction was pre-
dominant in AECs. Furthermore, they found that fibroblasts,
the key cellular element of fibrosis, had low levels of caveolin-
1 expression in patients with IPF. The authors also observed
an inverse relationship between caveolin-1 and TGF-f1
signaling. Transforming grow factor-f1 attenuated the expres-
sion of caveolin-1 in human pulmonary fibroblasts, but over-
expression of caveolin-1  suppressed TGF-B1-induced
production of ECM protein by fibroblasts. Thus, decreased
caveolin-1 expression may unleash TGF-B1 signaling in
epithelial cells and fibroblasts. Transforming grow factor-f1
negatively regulates telomerase activity (99), the key regulator
of telomere length, cell division, and senescence. Genetic
mutations affecting telomerase may also increase susceptibility
to IPF (75). Assessing caveolin-1 expression in patients with
mutant telomerase may uncover a link between molecular
signaling and a genetic predisposition to IPF. Caveolin-1 is
a novel and essential regulator of fibroblast proliferation,
and these recent observations suggest that it is a logical tar-
get for therapeutic intervention to reduce the development
and progression of IPF. Treatment approaches that augment
caveolin-1 bioavailability may help to restore normal alveolar
epithelial repair and regeneration (97).

Pulmonary hypertension in IPF

Pulmonary hypertension may be an important risk factor for
increased mortality in patients with IPF (2, 61). Early studies
showed that patients with IPF had elevated mean pulmonary
artery pressures compared to patients with non-IPF intersti-
tial lung diseases; pulmonary pressures increased with
exercise to a greater extent in patients with IPF that in
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non-IPF patients (100). When present at rest, PH is, in
general, of mild to moderate severity (100) but may also
sometimes be severe (101). Chronic alveolar hypoxia with
subsequent vascular remodeling is probably involved in
pathogenesis of PH in this setting, but the most prominent
mechanism is thought to be reduction in pulmonary vascular
bed because of extension of fibrosis (102). In particular,
vascular changes are reported as frequent in scarred areas.
They include intimal proliferation and medial thickening of
muscular pulmonary arteries, muscularization of the arteri-
oles, and intimal proliferation of pulmonary veins (32, 103).
An occlusive venopathy was observed in 65% of cases in a
recent study (104). Diffusion capacity is strongly correlated
with PH, being inversely related (105).

In patients with IPF, early studies demonstrated presence
of pulmonary-systemic vascular anastomoses (106). Abnor-
malities in vascular remodeling are an important component
of IPF pathology. A more recent study showed increased
levels of proangiogenic chemokines and cytokines in plasma
of patients with IPF compared to normal volunteers (107). An
imbalance of angiogenic and angiostatic chemokines contrib-
utes to pulmonary fibrosis pathogenesis and intervention
targeted at this imbalance may be beneficial in IPF treatment.
There is good evidence that in patients with pulmonary fibro-
sis, the balance is greatly shifted in favor of procoagulant
activity and also antifibrinolytic activity (108).

Progression of disease

Idiopathic pulmonary fibrosis is unresponsive to current
therapy, and most patients die within 3-5 years after diagnosis
(21). However, it is increasingly apparent that patients with
IPF exhibit distinct patterns of disease progression (18). Most
of them show a long duration of symptoms before diagnosis
and then experience a slowly progressive clinical course (‘slow’
progressors) (18). Often, an acute clinical deterioration (‘AE’
of IPF) precedes the terminal phase of the illness in this sub-
group (18, 109). Acute exacerbations of IPF is defined as a clin-
ical syndrome characterized by sudden worsening of dyspnea,
newly developing diffuse radiographic opacities (Fig. 8), wors-
ening hypoxemia, and absence of infectious pneumonia, heart
failure, or sepsis (20). This process is characterized by diffuse
alveolar damage on the background of the otherwise typical
UIP pattern of injury found in IPF. Quite distinct from these
observations, some patients with IPF display a more rapidly
progressive clinical course with a shorter duration of symptoms
before diagnosis and progression to death (‘rapid’ progressors).
However, a systematic characterization of these distinct disease
progression phenotypes has not been performed (18). A recent
study represents the first identification of a distinct clinical
phenotype of IPF — one that differs in clinical course and
transcriptional profile, despite having similar lung function,
chest imaging, and histology findings (110). Up-regulation of
several functional pathways became apparent in the lungs from
rapid progressor patients. These pathways seem to reflect
diverse molecular mechanisms mostly operating in alveolar
epithelial and mesenchymal cells and include genes involved in
cell motility, myofibroblast differentiation, oxidative stress,
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Figure 8 Ground-glass opacity in a 63-year-old man with acute
exacerbation of idiopathic pulmonary fibrosis. The high-resolution
computed tomography findings consist of extensive multifocal,

coagulation, and development. These findings suggest that dur-
ing the development of this complex disease, genetic modifiers
(and environmental factors, i.e. smoking) may play an impor-
tant role in determining the eventual clinical phenotype and
that some modifiers genes are inducing a more aggressive IPF
phenotype. Taken together with reports of the impact of AEs
of IPF on morbidity and mortality, these results further high-
light the variability in the progression and outcome of IPF.
These findings may explain, in part, the difficulty in obtaining
significant and reproducible results in studies of therapeutic
interventions in patients with IPF (111) and support prospec-
tive studies to identify highly reproducible biomarkers for dis-
ease progression and outcome (110).

Acute exacerbation of IPF

The etiology of AE of IPF is unknown. Perhaps, AE of IPF
represents a distinct, pathobiological manifestation of the
primary disease process, characterized by idiopathic lung

© 2010 John Wiley & Sons A/S

diffuse ground-glass opacification superimposed on a background
of irregular linear opacities and sub-pleural peripheral honeycom-
bing.

injury. Second, AEs of IPF may represent clinically occult
but biologically distinct conditions that go undiagnosed (e.g.
viral infection, aspiration). Acute exacerbations of IPF may
be the sequelae of an acute direct stress to the lung, with a
subsequent acceleration of the already abnormal fibroprolif-
erative process intrinsic to IPF (20, 21). Loss of AEC integ-
rity and injury may play an important role in AEs, leading to
the extrusion of fibrin onto the alveolar surface and remodel-
ing (20). Acute exacerbations is morphologically character-
ized by bronchoalveolar lavage (BAL) neutrophilia and
histopathology showing diffuse alveolar damage. Both of
these observations suggest that loss of AEC integrity and
injury may play an important role (109, 112, 113). Environ-
mental factors more likely interact with a genetic variability
in epithelial cell function, which may explain why only a sub-
set of patients with IPF appears to develop AEs (114).
Patients with rapidly progressive IPF show increases in active
matrix metalloproteinases (MMPs)-9 in BAL (115). Excessive
MMP-9 may severely disrupt the structural and functional
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integrity of the alveolar-capillary basement membrane (116)
and may activate latent TGF-B, a profibrotic cytokine (117).
Thus, increases in MMP-9 and TGF-B activation may pro-
mote the development of AE in IPF. Disordered coagulation
and fibrinolysis may be important components of AEs of IPF
(118). Recently, the presence of heterozygous mutations in
the telomerase reverse transcriptase (W"TERT) and/or RNA
component (hTR) genes encoding telomerase components
have been reported in several families with IPF and in one
patient with sporadic IPF (75, 119). These mutations lead to
shortened telomeres that may limit the regenerative capacity
of AECs and contribute to the pathobiology of AE (20). Ini-
tially described as a primary response gene at the initial stage
of fibroblast proliferation, ST2 gene products are expressed
during the T-helper type 2 inflammatory response (120),
which is the predominant immune response seen in patients
with IPF. Elevated serum-soluble ST2 protein has been noted
in patients with AEs compared with those with stable disease
and healthy control subjects (121). ST2 elevation during an
AE-IPF suggests that the T-helper type 2 inflammatory
response may be an important part of the pathogenesis in
this setting (122). Acute exacerbations of IPF have become
increasingly important as a target for therapy (112). For
example, one clinical study (123) comparing pirfenidone with
placebo was prematurely terminated by the Data Safety
Monitoring Board when a higher number of AEs was noted
in the placebo group (placebo group, 5 of 35 patients;
pirfenidone group, 0 of 35 patients). Kubo et al. (118), in
studying the utility of anticoagulation as a possible treatment
for IPF, noted that the major cause of clinical deterioration
was AE. In a study of cyclosporine-treated patients vs those
treated without cyclosporine, Homma et al. (124) suggested a
better prognosis with regard to the AE of IPF in the cyclo-
sporine-treated group. These studies indicate that AEs may
be a potential therapeutic target in IPF (125).

Relationship between IPF and other IIPs

The relationship between IPF and other IIPs, such as non-
specific interstitial pneumonia (NSIP) and desquamative
interstitial pneumonia (DIP) are not well defined. Recent
studies have identified UIP, NSIP, and even DIP in biopsy
specimens from the same patient, suggesting that host
responses may produce different histopathologic tissue reac-
tions to the same stimulus/injury or that these histopatho-
logic patterns represent a continuum that varies temporally
and spatially within the same lung (126). Although fibro-
blastic foci are the histologic hallmark of UIP, they can
occasionally be found in other IIPs and by themselves are
not pathognomonic for IPF. Fibroblastic foci observed in
these different conditions might reflect different disease pro-
cesses. It is noteworthy that a classic UIP pattern, including
honeycombing, is sometimes observed with hypersensitivity
pneumonitis and in others diseases (connective tissue dis-
eases, asbestosis and sarcoidosis). Connective tissue disease,
hypersensitivity pneumonitis, drug-induced lung disease,
resolved acute respiratory distress syndrome and some cases
of cryptogenic organising pneumonia may all produce a his-
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tological picture of NSIP (127, 128). Overall, the prognosis
for patients with NSIP on biopsy is better than that for
patients with UIP (median survival 33 months vs
56 months) (129). However, histology is not the sole deter-
minant of disease outcome. Latsi et al. (129) have shown
that mortality during the first 2 years following diagnosis is
primarily linked to severity of pulmonary function impair-
ment and not to histological diagnosis. Furthermore,
patients with UIP on biopsy but an indeterminate or NSIP
appearance on HRCT have a better prognosis than those
with UIP and a typical IPF appearance on HRCT (130).
Another recent observation is that disease progression in
IPF, rather than always being gradual and progressive,
frequently occurs through a series of rapid stepwise deterio-
rations (131). These apparent AEs of IPF are characterized
on biopsy by the appearance of diffuse alveolar damage, the
histological lesion of acute interstitial pneumonia (131). This
coexistence of histological patterns and disease behavior
challenges classical thinking concerning the separate and
unrelated nature of these conditions (Fig. 9) (126). Familial
IPF may manifest as either UIP or NSIP in different mem-
bers of the same affected family. A recent study of gene
expression profiling in UIP and NSIP of either familial or
nonfamilial origin found only minor gene expression
changes between sporadic UIP and sporadic NSIP cases but
much greater variation between familial and nonfamilial
cases (132). In an earlier study, Selman et al. (34) demon-
strated significant gene expression profile differences between
UIP and hypersensitivities pneumonitis, but found cases of
NSIP with a profile indistinguishable from that of UIP.
These data provide compelling evidence for the idea that a
single disease entity may be responsible for causing a spec-
trum of histological abnormality (126).

New therapies

Idiopathic pulmonary fibrosis is among the most therapeuti-
cally challenging lung disorders. Conventional approaches to
IPF treatment have been largely empirical and were based on
the belief that IPF was a chronic inflammatory disease. More
recently, following the emergence of a better understanding
of underlying disease mechanisms, treatment approaches have
been based on targeting the molecular events believed to per-
petuate and sustain the fibrotic process in IPF. Patients
should be told that there are no studies that prove that any
medication is efficacious for IPF treatment (19). The most
effective approaches are obvious; patients should stop smok-
ing, because cigarette smoking increases the risk of superim-
posed inflammatory bronchial disease and neoplasia and
aggravates UIP. Influenza and pneumonia vaccine should be
administered. Oxygen saturation should be maintained at a
level above 90% through the use of oxygen therapy. Treat-
ment of PH with newer agents may be of benefit (133).
Although in some cases improvement has been reported with
corticosteroids and immunosuppressive therapies, a Cochrane
Review found no data that support the use of immuno-
suppressive medications (134). Lung transplantation is the
last resort. The search for an effective agent to treat IPF
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Figure 9 (A) The paradigm suggested by the current classification
system is one of separate injuries giving rise to separate histologi-
cal lesions and hence separate diseases. (B) A more recent
hypothesis proposes that the same injury may result in one or a

continues. Many clinical trials of new therapies for IPF are
ongoing and planned. Elevated levels of TNF-a, a cytokine
with inflammatory and fibrogenic properties, have been
detected in the lungs in patients with IPF. Etanercept is a
recombinant soluble human TNF receptor, which binds to
TNF and neutralizes its activity in vitro (135). The negative
result of the etanercept study (a well-designed randomized
controlled trial of TNF-a antagonist therapy) is unequivocal
because the trial used a placebo-controlled design, which is
ethically acceptable when no known effective therapy exists
(136, 137). Even though there was a trend suggesting slower
disease progression for patients on etanercept vs placebo, no
positive conclusions about its benefit or efficacy should be
made based on this study (137). Apart from mortality, the
appropriate primary endpoints for IPF trials are arguable
and undecided. The use of surrogate markers for mortality in
clinical trials is attractive because it allows investigators to
design trials of shorter duration, thus lowering costs and
improving patient retention. There has been much interest in
identifying physiologic variables that may be used as surro-
gates for mortality in IPF (7, 8, 129). This study used two
measures of pulmonary function (forced vital capacity and
diffusing capacity) and a measure of gas exchange, rather
than mortality, as primary endpoints. Other IPF trials have
used similar surrogate measures as primary outcomes (111,
123, 138). All have failed to show the efficacy of the treat-
ment arm. These negative results may be because surrogate
markers of mortality are insensitive to the effects of the
experimental treatments. Another possibility is that the
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combination of histological lesions that, when sharing a common
clinical phenotype, represent the single disease idiopathic pulmo-
nary fibrosis (adapted from reference 126).

treatment outcomes used in murine model studies for IPF
(prevention or resolution of scar tissue) vary greatly from
those used in human trials (prevention of disease progression
or decreased mortality). When investigators of the negative
trial, who explored treatment of IPF with interferon-gamma
1b, examined the efficacy of the study endpoints (all surro-
gate markers for mortality), they concluded that mortality
was the best endpoint for therapeutic studies in IPF (23).
Although the study of IPF requires large numbers of sub-
jects, the power of such studies to find differences in mortal-
ity is critical for effective drug development, and mortality
should be the primary endpoint for phase 3 clinical trials in
IPF. Validated outcome measures that represent either
improvement or progression of diseases are need (137).
Endothelin-1, a potent, endogenous vasoconstrictor, is
implicated in the pathophysiology of PH through prolifera-
tion of smooth muscle cells, inflammation, fibrosis, and endo-
thelial dysfunction. In addition, ET-1 is a profibrotic
molecule that can modulate matrix production and turnover,
resulting in increased collagen synthesis and decreased inter-
stitial collagenase production (139). In BUILD-1 study, was
hypothesized that bosentan, a dual ET receptor antagonist,
may influence the course of IPF through its anti-inflamma-
tory and antifibrotic effects. In this study, bosentan treatment
in patients with IPF did not show superiority over placebo
on change in 6-min walking distance (6-MWD) from baseline
up to month 12, the primary endpoint. However, bosentan
was well tolerated and the observed clinically relevant delay
in time to disease progression or death warrants further
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investigation (138). A more pronounced effect was observed
in patients with surgical lung biopsy-proven IPF. In conclu-
sion, the results of the BUILD-1 study are sufficiently
encouraging to be evaluated further in a larger trial. Selection
of a primary endpoint of accepted clinical relevance is of
paramount importance in any new trial and has already been
addressed in the design of the ongoing, larger BUILD-3 mor-
bidity/mortality study in patients with IPF (138). A phase 3
randomized, double-blind, placebo-controlled study to evalu-
ate the safety and effectiveness of ambrisentan, an ET recep-
tor antagonist that is selective for the type A ET receptor, in
early IPF is ongoing. Recently macitentan, a nonselective ET
A and B receptor antagonist, is being studied in a multicenter
phase 2 study in patients with IPF.

Pirfenidone is a novel anti-inflammatory, antifibrotic com-
pound that has generated significant interest as a potential
therapeutic agent. Patients treated with pirfenidone had
decreased loss of vital capacity when compared with placebo
at 9 months (123). This improved preservation of pulmo-
nary function, while statistically significant, is small in abso-
lute terms and has questionable clinical significance.
However, the pirfenidone-treatment group had no AEs,
while 14% of those treated with placebo had an AE (123).
Some experts have questioned the design of this initial
investigation, but these findings should pave the way for
larger, long-term trials that can further define the role of
pirfenidone in the treatment of IPF, and results of a large
phase 3 clinical trial (CAPACITY) are ongoing.

Anticoagulation has also been investigated as a therapeu-
tic modality in patients with pulmonary fibrosis. Efficacy
potentially occurs through the prevention of in situ throm-
bosis, the attenuation of the prothrombotic stimulus occur-
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ring after alveolar disruption, or the prevention of fibrin
deposition in the alveolar space after acute lung injury
(118).

Another potential therapy for IPF is N-acetylcysteine
(NAC), which is a molecular precursor to the naturally
occurring antioxidant glutathione. Glutathione is known to
be depleted in the lungs of patients with IPF (140). Theoreti-
cally, oral NAC should replete glutathione stores and restore
natural oxidant/antioxidant balance to prevent oxidative
injury that precedes fibroproliferation (62). A large, random-
ized, double-blinded study of 182 patients with IPF to com-
pare the efficacy of a regimen that included prednisone,
azathioprine, and NAC to a regimen of only prednisone and
azathioprine was conducted (141). A statistically significant
difference in lung function was found to favor treatment with
prednisone/azathioprine/NAC. However, the study is flawed
because of a high rate of drop-out among the study subjects.
Drop-out was addressed in statistical analysis by deriving
and using imputed data for missing data points. Both groups
in the study experienced decline of lung function over the
12-month study period; the difference was that one group
declined more. The regimen of prednisone/azathioprine/NAC
was shown to be possibly superior to prednisone/azathioprine
alone. However, the efficacy of prednisone/azathioprine/NAC
has not been compared to placebo and has never been shown
to improve or stabilize patients with IPF. The PANTHER
study for patients in the early stage of the disease will com-
pare prednisone/azathioprine/NAC against placebo. Roughly,
400 randomized patients will be treated for 60 weeks.
Patients will be divided into three categories: those who take
NAC only, those who take a combination of all three drugs,
and those who take the placebo.

Injury Particulates, chemicals, autoimmune events, viruses
Activation Coagulation Oxida.nt/anti— . Fibrocytes, TH1/TH2
cascades oxidant inflammatory cascades
cascades cells
Imbalance Profibrotic mediators: Antifibrotic mediators:
CTGF, TGF-B, PDGF, PGE2, INF-gamma
thrombia, FXa
\4
Endothelium EMT, transdifferentiation, proliferation, extracellular matrix
Epithelium production, apoptosis
Fibroblasts
Fibrosis Excessive extracellular matrix debosition

Figure 10 A new model for the pathogenesis of idiopathic
pulmonary fibrosis: injury activates multiple inflammatory, cell
signaling, and repair pathways. Activation of these cascades causes
an imbalance in pro- and antifibrotic mediators. In turn, these

mediators activate multiple cell types, causing changes in cellular
functioning and cell-cell interactions that ultimately result in
progressive fibrosis (adapted from reference 126).
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The interferon-gamma-1b INSPIRE trial was terminated
recently because of lack of efficacy at a predefined interim
analysis.

Many patients with IPF also have secondary PH. Silde-
nafil is a phosphodiesterase-5 inhibitor that dilates pulmo-
nary vasculature. A recently published case series found an
average increase in 6-MWD of 49 m in approximately half
of the patients with IPF treated with sildenafil (142).
Future-controlled studies may confirm that sildenafil repre-
sents an important treatment for improving quality of life
in a subset of patients with IPF. The STEP trial will evalu-
ate the effectiveness of sildenafil on patients with late-stage
IPF.

Imatinib mesylate inhibits activation of the PDGF recep-
tor significantly; a phase 2, randomized, double-blinded, pla-
cebo-controlled study of the safety and clinical effect of
imatinib administered orally has been concluded. The efficacy
of the biological agent has been encouraging (143), but sus-
ceptibility to infections has been a major concern. BIBF 1120
is a small molecule inhibitor targeting the receptor kinases of
PDGF, basic fibroblast growth factor and vascular endothe-
lial growth factor, which have known roles in the pathogene-
sis of pulmonary fibrosis; a phase 2 clinical trial to evaluate
the efficacy and safety of this molecule is ongoing.

Understanding the mechanism of recruitment of stem cells
to sites of injury, and their involvement in tissue repair,
regeneration, and remodeling may offer a novel therapeutic
target for developing more effective treatments against this
fatal disorder.

Conclusions

The process of evolution has created considerable pleiotro-
pism, as well as much redundancy, in cell signaling and
wound healing pathways. It is possible that IPF develops as
a consequence of abnormalities occurring in multiple biologi-
cal pathways that affect inflammation and wound repair.
Therefore, IPF represents a syndrome rather than one
specific disease and that it is the end stage of a fibrosing
process.

A consequence of evolutionary adaptation is that major
abnormalities in single key molecules can be compensated for
by the recruitment of otherwise redundant mechanisms. It is
often only when errors occur in multiple pathways that pro-
tective mechanisms are overcome and disease develops. The
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