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The understanding of the pathogenesis of pulmonary fibrosis continues to evolve. The initial
hypothetical model suggested chronic inflammation as the cause of pulmonary fibrosis, whereas
a subsequent hypothesis posited epithelial injury and impaired wound repair as the etiology of
fibrosis without preceding inflammation. Over the past decade, several concepts have led to
refinement of these hypotheses. These include the following: (1) the importance of the integrity
of the alveolar-capillary barrier basement membrane (BM) to conserving the architecture of the
injured lung; (2) conversely, that the failure of reepithelialization and reendothelialization of this
BM results in pathologic fibrosis; (3) transforming growth factor-␤ is necessary but not sufficient
to the pathologic fibrosis of the lungs; (4) the role of persistent antigens in the pathogenesis of
usual interstitial pneumonia; and (5) the contribution of epithelial-to-mesenchymal transformation and bone marrow-derived progenitor cells in the pathogenesis of lung fibrosis. In this review,
we will discuss these evolving conceptual mechanisms for the pathogenesis of pulmonary fibrosis
relevant to idiopathic pulmonary fibrosis.
(CHEST 2009; 136:1364 –1370)
Abbreviations: BM ⫽ basement membrane; ECM ⫽ extracellular matrix; EMT ⫽ epithelial to mesenchymal transition; IL ⫽ interleukin; IPF ⫽ idiopathic pulmonary fibrosis; TGF ⫽ transforming growth factor; UIP ⫽ usual interstitial
pneumonia

understanding of the pathogenesis of idioO urpathic
pulmonary fibrosis (IPF) continues to
evolve. The initial hypothetical model of the development of this illness, proposed ⬎ 3 decades
ago, suggested that chronic inflammation was the
underlying cause of pulmonary fibrosis.1,2 This
hypothesis was subsequently called into question
based on the following two clinical observations:
(1) that measures of tissue inflammation correlate
poorly to the severity or outcome of pulmonary
fibrosis; and (2) that the use of immunosuppressive drugs does not influence the natural history of
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the disease.3 Instead, a competing hypothesis was
proposed that the pathogenesis of IPF is the
consequence of epithelial injury of unknown cause
followed by abnormal wound healing, but is independent of preceding inflammation.
Over the past decade, the following several
concepts have lead to refinement of these hypotheses: (1) the loss of alveolar-capillary barrier basement membrane (BM) integrity represents the
“point of no return” that favors pathologic fibrosis
instead of reestablishing normal lung architecture;
(2) the failure of reepithelialization and reendothelialization in the context of the loss of the BM
integrity in usual interstitial pneumonia (UIP)
associated with IPF leads to destroyed lung architecture and pathologic fibrosis; (3) transforming
growth factor (TGF)-␤ is necessary but not entirely sufficient to promote permanent fibrosis; (4)
a persistent injury/antigen/irritant is necessary for
the propagation of fibrosis; and (5) epithelial to
mesenchymal transition (EMT) and a bone marrowderived progenitor cell (the fibrocyte) are critical
cellular mechanisms in the regulation of fibrosis. In
this review, we will discuss these evolving conceptual
mechanisms for the pathogenesis of pulmonary fibrosis relevant to IPF.
Translating Basic Research Into Clinical Practice

Downloaded from chestjournal.chestpubs.org at Hellenic Society of Intensive Care on November 5, 2009
© 2009 American College of Chest Physicians

Figure 1. Diagrammatic representation of physiologic and pathologic fibrotic response to lung injury.

Loss of Alveolar-Capillary Barrier BM
Integrity as the Point of No Return
The alveolar-capillary barrier represents the gas
exchange surface of the lungs and is, by far, the
largest surface area within the lungs that separates
the interior of the body from the environment.
Ultrastructurally, this barrier is composed of the type
I alveolar epithelial cell, the capillary endothelial
cell, and their respective BMs. Over about one-half
of the barrier, the two BMs are fused, and in the
remainder they are separated by a thin sheet of
interstitium. Since both the epithelial and the endothelial cells are flat cells with large surface areas but
little cytoplasm, most of the barrier is composed of
four phospholipid bilayers, minimal cytoplasm and
the BMs, and is as thin as 0.3 m.4
Acute lung injury and normal repair of the alveolarcapillary barrier results in a rapid restoration of
tissue integrity and function following a variety of
insults. Following injury to this barrier, the process
immediately begins with hemorrhage and extravasation of plasma into lung tissue.5–7 Platelet activation
and degranulation also occurs during coagulation,
leading to the release of a number of lipid mediators
and cytokines into the provisional matrix.5–7 These
lipid mediators and cytokines are either important
growth factors or chemotaxins that incite leukocyte,
endothelial cell, fibroblast/myofibroblast, and epithelial cell activation.5–7 The transition of tissue
repair of the alveolar-capillary barrier from acute
inflammation to the deposition of extracellular matrix (ECM) is an essential event. If the BM is intact
www.chestjournal.org

and the stimulus for the original injury has been
removed, the deposition of ECM is remodeled/
reabsorbed and occurs concurrently with the reepithelialization and reendothelialization of the alveolarcapillary barrier.5–7 The normal repair process is
complete when the epithelium and endothelium
have reestablished their normal spatial orientation
on the BM7,8 (Fig 1).
In contrast, the pathogenesis of fibrosis in patients
with diffuse parenchymal lung diseases is associated
with the following events: (1) the loss of type I
epithelial cells and endothelial cells7–13; (2) the loss
of the integrity of the BM of the alveolar-capillary
barrier with collapse of the alveolar structures and
fusion of their BMs8 –14; (3) the proliferation of type
II alveolar epithelial cells and endothelial cells on an
inappropriate ECM without reestablishment of normal alveolar structures8 –14; and (4) the recruitment
and proliferation of fibroblasts and myofibroblasts,
with the deposition of mature ECM leading to
end-stage alveolar fibrosis.8 –14 This process results in
the loss of alveolar structures that can include the
entire anatomical lobule.8 –14 The evolution of ECM
deposition is associated with a hypocellular state and
a loss of cells that produce proteinases, which could
normally be involved in remodeling/reabsorbing the
ECM.8 –14 The process leads to the end-stage histopathology of UIP (Fig 1).
The integrity of the alveolar-capillary barrier BM
has been underappreciated as the pivotal determinant of whether the injured lung returns to normal
or is replaced by a scar, with complete loss of the
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alveolar structures. The loss of this structure and
function is dependent on the magnitude of persistent
inflammation and exposure to specific proteinases
related to the significant loss of the epithelium and
endothelium of the alveolar-capillary barrier.8,14
Therefore, the integrity of the alveolar-capillary barrier BM dictates whether normal reepithelialization
and endothelialization will occur with preservation of
the alveolar structures; or whether the loss of BM
integrity of the alveolar-capillary barrier will contribute to alveolar collapse and fusion of adjacent BMs,
contributing to the loss of alveolar structures, including the entire anatomical lobule.7,8,14

Failure of Reepithelialization and
Reendothelialization Due to the Loss of
Alveolar-Capillary Barrier BM Leads to
Destroyed Lung Architecture and Fibrosis
An ultrastructural analysis of tissue from the lungs
of patients with IPF demonstrated the following: (1)
both type I pneumocyte and endothelial cell injury
with loss of integrity of the alveolar-capillary barrier
BM8 –14; (2) intraalveolar deposition of ECM with
accumulation of fibroblasts and myofibroblasts; and
(3) obliteration and fibrosis of the alveoli with fusion
of adjacent alveolar-capillary barrier BM residual
structures, leading to the development of fibroblastic
foci.8 –14 A three-dimensional reconstruction of UIP
has demonstrated thickening of the visceral pleura,
extensive vascular remodeling, and fibroblastic foci
that appear to be interconnected by fascial planes of
connective tissue.15 Moreover, the nature of these
interconnected fibroblastic foci highlights that these
structures are not anatomically separate entities.15
This supports the notion that fibroblastic foci may
represent the loss of alveolar architecture of an
entire anatomical respiratory lobule of the lung. The
anatomical respiratory lobule structure represents
the respiratory unit of the lung, consisting of a
terminal bronchiole, respiratory bronchioles, alveolar ducts, alveoli with associated pulmonary arteries,
alveolar capillaries, and a pulmonary venule supported by alveolar-capillary barrier BM and interstitial ECM.16 Physiologically, these lobular structures
are interconnected, as shown by the ability of the
lung tissue to demonstrate collateral ventilation.
Therefore, the respiratory lobule (airspace or vascular side) may represent the anatomical target of
persistent or recurrent injury that leads to the loss of
alveolar-capillary barrier BM integrity with organizing fibrosis, which ultimately destroys the integrity of
the entire respiratory lobule, leading to the formation of the fibroblastic foci of UIP. In other words,
the above findings support the notion that UIP is a
1366

process that may result in the targeted loss of
respiratory lobules leading to the formation of fibroblastic foci.

Cytokine Mediators of Lung Fibrosis and
Loss of Tissue Architecture
TGF-␤ is a pleiotropic cytokine that has been
found to be highly associated in promoting fibrosis.
TGF-␤ itself has been found to promote fibrosis in
the lung. Adenoviral transgenic delivery and the
overexpression of active TGF-␤ promotes marked
fibrosis in rodent models.17 However, in another
study,18 conditional transgenic mice were generated
that express active TGF-␤ in airway cells. TGF-␤
overexpression led to peribronchial fibrosis with
extension to the adjacent lung parenchyma.18 In
contrast, if they “turned off” the TGF-␤ transgene
after peribronchial fibrosis has developed, the fibrosis was completely reabsorbed with the return of
normal peribronchial and lung parenchymal architecture.18 These findings demonstrate that TGF-␤
was necessary to induce fibrosis, but was not entirely
sufficient to maintain fibrosis. In another study,19
adenoviral delivery of human interleukin (IL)-1␤
resulted in marked inflammation and destruction of
the lung architecture followed by persistent fibrosis,
which appeared to be mediated by the sustained
expression of TGF-␤. In contrast to the conditional
expression of TGF-␤, the overexpression of IL-1␤ led
to the loss of integrity of the alveolar-capillary barrier
BM with failure of reepithelialization or reendothelialization, leading to destroyed lung architecture (ie, the
point of no return with ultimate fibrosis). Thus, TGF-␤
appears to be necessary but not sufficient to perpetuate
fibrosis and loss of lung architecture.
Other cytokine growth factors have long been
implicated in the pathogenesis of pulmonary fibrosis.
Platelet-derived growth factor and insulin-like growth
factor are spontaneously generated in the lungs of
patients with diverse interstitial lung diseases,20 –26
whereas the production of hepatocyte growth factor by
lung fibroblasts is reduced in IPF patients.27 Treatment
with platelet-derived growth factor receptor tyrosine
kinase inhibitors in murine models has been shown
to result in attenuated fibrosis in radiation-induced
and transgenic TGF-␤-induced pulmonary fibrosis
models.28,29 Similarly, pharmacologic inhibition of
the epidermal growth factor receptor tyrosine kinase
resulted in attenuated fibrosis in the bleomycin
model.30
The T-helper type 2 cytokine IL-13 is also expressed in the lungs in many human fibrotic lung
diseases, including at least some patients with IPF31
as well as in animal models of lung fibrosis. TransTranslating Basic Research Into Clinical Practice
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genic overexpression of IL-13 by airway epithelial
cells has been shown to induce lung fibrosis in
rodent models,32 whereas antibody-mediated neutralization or genetic deletion of IL-13, as well as the
targeting of IL-13-producing cells with an immunotoxin in mouse models resulted in protection from
lung fibrosis.33–35 In contrast to profibrotic effects of
IL-13 in models of liver fibrosis, IL-13-mediated
fibrosis in the lungs appears to be mediated via
TGF-␤.36,37

adenopathy in IPF patients to be approximately 55%.
Moreover, radiographic quantification of the magnitude of ground-glass opacities, fibrosis, and progression
of fibrosis in IPF patients correlated directly with the
degree of lymphadenopathy.40 Taken together, the
above studies at the molecular, cellular, and imaging
levels support the concept of the potential of a persistent or recurrent antigen exposure in the lungs of
patients with IPF that correlates with the progression
of fibrosis.

The Pathogenesis of Usual Interstitial
Pneumonitis Is a Process Related to a
Persistent “Antigen” That Promotes
Chronic Inflammation, Destruction of
Lung Architecture, and Progressive
Fibrosis

EMT and Fibrocytes Are Critical Cellular
Players in the Regulation of Fibrosis

In addition to IPF (which is defined as idiopathic
UIP), the histologic pattern of UIP is also found in
asbestosis (in the context of a persistent inorganic
irritant), hypersensitivity pneumonitis (recurrent exposure to exogenous antigens), and collagen vascular
diseases such as rheumatoid arthritis or scleroderma
(recurrent exposure to self antigens).14 Thus, in each
of the illnesses when UIP is attributable to a known
cause, it is the result of a persistent or repetitive
insult that leads to chronic inflammation, epithelial
and endothelial injury of the alveolar-capillary barrier with loss of its BM, alveolar collapse and fusion,
and fibroblast/myofibroblast activation and ECM
deposition.8 –14 A gene microarray analysis38 of pulmonary fibrosis has found genes related to smooth
muscle markers, proteins involved in ECM formation, degradation, and signaling; and genes normally
associated with chronic inflammation and immune
responses, such as cytokines, chemokines, antioxidants, complement, amyloid, and Igs. The latter
findings are suggestive of a chronic inflammation/
immune response in the lungs of patients with IPF.
In support of this notion is the finding of tertiary
lymphoid tissue with the accumulation of reactivated
memory T cells, B cells, and locally maturing dendritic cells in the lungs of IPF patients.39 The
presence of tertiary lymphoid tissue in IPF lungs
represents an immunologic response that may play a
central role in sustaining chronic inflammation that
could be resistant to antiinflammatory agents. Further support of the concept of an immunologic
response in the lungs of IPF patients has come
from40,41 imaging studies that demonstrate a direct
correlation of the presence of mediastinal lymphadenopathy on chest CT scans and fibrosis in patients
with IPF. These studies40,41 independently demonstrated the baseline prevalence of mediastinal lymphwww.chestjournal.org

Since lung fibroblasts and myofibroblasts play an
important role in ECM deposition in pulmonary
fibrosis, the origin of the expanded populations of
these cells in the lungs is of substantial interest.
There is one classic theory and two contemporary
theories for the origin of fibroblasts/myofibroblasts.13,42 The classic concept is that tissue injury
induces the activation of a resident fibroblast to
proliferate and express constituents of the ECM.
The contemporary theory is that tissue injury with
the presence of TGF-␤ induces epithelial cells to
transition to a mesenchymal phenotype, the fibroblast/myofibroblast that subsequently contributes to
fibroproliferation.43– 46 Another contemporary theory
is that circulating fibrocytes are mesenchymal progenitor cells that home and extravasate into sites of
tissue injury, differentiate into fibroblasts/myofibroblasts, and contribute to the generation of ECM
during fibroproliferation13,42 (Fig 2).
With regard to EMT, several studies43– 45 have
demonstrated that alveolar type II pneumocytes can
serve as progenitor cells that, in response to TGF-␤,
can undergo differentiation to fibroblasts/myofibro-

Figure 2. Potential sources of lung fibroblasts.
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blasts with the generation of ECM. In addition,
studies have suggested that EMT can be found in the
lungs and can contribute to fibrosis in IPF patients.47
In contrast, a recent study48 using immunohistochemistry of appropriate epithelial and mesenchymal cell markers found little evidence for EMT in
the lungs of patients with pulmonary fibrosis. However, the disparity of these findings should not
reduce the enthusiasm for a burgeoning field of
investigation for the importance of EMT to the
progression of pulmonary fibrosis.
Fibrocytes were first identified in 1994 as circulating progenitor cells that migrated into wounds and
contributed to wound repair.49 Circulating fibrocytes
appear to originate from the bone marrow, and these
cells constitutively express markers of hematopoietic
cells (CD45, major histocompatibility complex II,
and CD34) and stromal cells (collagens I and III, and
fibronectin).13,49 –53 In addition, fibrocytes can undergo differentiation into fibroblasts/myofibroblasts
with the gain in expression of ␣-smooth muscle actin
in response to TGF-␤ and endothelin.50,54 –57 In
mouse models of pulmonary fibrosis,50,58 inhibition
of the trafficking and extravasation of fibrocytes into
the lungs is associated with a marked reduction in
pulmonary fibrosis. One study59 of patients with
idiopathic fibrotic interstitial lung disease demonstrated that the number of circulating fibrocytes
were an order of magnitude higher than that in
healthy control subjects. This study was further
confirmed by another study60 in which lung tissue
from IPF patients demonstrated the presence of
fibrocytes that coexpressed markers of collagen production and ␣-smooth muscle actin; the number of
fibrocytes in the lung tissue of these patients directly
correlated with the number of fibroblastic foci.
Moreover, the measurement of elevated levels of
circulating fibrocytes in IPF patients has been confirmed in patients with IPF, and has been shown61 to
directly correlate with both exacerbations of their
disease and as a biomarker for worse prognosis. The
results of the above studies underscore the importance of fibrocyte extravasation into the lungs during
the pathogenesis of pulmonary fibrosis, and indicate
that circulating fibrocytes may contribute to the
expansion of the fibroblast/myofibroblast population
in patients with IPF and other fibroproliferative
disorders of the lung.

Conclusions
In summary, the loss of the alveolar-capillary
barrier BM integrity is critical in determining the
point of no return, which leads to the promotion of
fibrosis. The loss of epithelial cells, endothelial cells,
1368

and alveolar-capillary barrier BM integrity in patients with UIP associated with IPF leads to destroyed lung architecture and perpetual fibrosis. The
anatomical target that leads to the hallmark features
of UIP may be the anatomical respiratory lobule.
TGF-␤ is necessary but not entirely sufficient to
promote permanent fibrosis. Persistent injury/antigen/irritant is critical for the propagation of fibrosis
in the context of the loss of BM integrity and the
failure of reepithelialization and reendothelialization. IPF is an example of a process related to the
persistence of antigens, chronic inflammation, and
fibrosis. EMT and circulating fibrocytes are critical
players in the regulation of fibrosis, and their biology
has relevance for the future consideration of therapeutic targets to attenuate the progression of pulmonary fibrosis. With the appreciation of the complexity
of pulmonary fibrosis, we hope over the next decade
that we will see further progress in our understanding of the pathogenesis of this devastating disorder.
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