
ANTIOXIDANTS & REDOX SIGNALING
Volume 10, Number 2, 2008
© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2007.1897

Forum Review

The Role of Inflammation in the Pathogenesis of 
Idiopathic Pulmonary Fibrosis

BENJAMIN D. BRINGARDNER, CHRISTOPHER P. BARAN, TIMOTHY D. EUBANK, 
and CLAY. B. MARSH

ABSTRACT

The role of inflammation in idiopathic pulmonary fibrosis (IPF) is controversial. If inflammation were criti-
cal to the disease process, lung pathology would demonstrate an influx of inflammatory cells, and that the dis-
ease would respond to immunosuppression. Neither is true. The classic pathology does not display substan-
tial inflammation, and no modulation of the immune system is effective as treatment. Recent data suggest that
the pathophysiology of the disease is more a product of fibroblast dysfunction than of dysregulated inflam-
mation. The role of inflammation in disease pathogenesis comes from pathology from atypical patients, bio-
logic samples procured during exacerbations of the disease, and careful examination of biologic specimens
from patients with stable disease. We suggest that inflammation is indeed a critical factor in IPF and propose
five potential nontraditional mechanisms for the role of inflammation in the pathogenesis of IPF: the direct
inflammatory hypothesis, the matrix hypothesis, the growth factor–receptor hypothesis, the plasticity hy-
pothesis, and the vascular hypothesis. To address these, we review the literature exploring the differences in
pathology, prognosis, and clinical course, as well as the role of cytokines, growth factors, and other media-
tors of inflammation, and last, the role of matrix and vascular supply in patients with IPF. Antioxid. Redox Sig-
nal. 10, 287–301.
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THE CONTROVERSIAL ROLE OF
INFLAMMATION IN HUMAN

PULMONARY FIBROSIS

THE DISCUSSION of and the debate over the role of inflam-
mation in idiopathic pulmonary fibrosis (IPF) is not new

(48, 139). Initially, experts suggested that the fibrosis seen in
IPF resulted from a robust alveolar and interstitial inflamma-
tory response to an unknown insult. To conclude that inflam-
mation is critical to the disease process, one assumes that lung
pathology from patients with the disease has an influx of in-
flammatory cells. Moreover, an expectation exists that the dis-
ease responds to immunosuppression. Neither is true in IPF.
Usual interstitial pneumonia (UIP) is the classic pathologic de-
scription of IPF. UIP is characterized by areas of normal lung

intermixed with varying staged destruction of the interstitial
space. This temporal heterogeneity with fibroblastic foci is the
hallmark for UIP. Note that this description does not include or
require the presence of an inflammatory cellular infiltrate. Ad-
ditionally, no effective modulation of the immune system im-
proves mortality or alters the inexorable clinical course. The
only debatable beneficial medical treatments are from very
small studies and case series in which the antioxidant N-acetyl-
cysteine (NAC) (15, 36) and anticoagulation (86) demonstrated
benefits. Therefore, by classic measures, no clear causal role is
known for active inflammation in IPF. Additionally, new in-
sights into the disease, like identifying genetic polymorphisms
in genes regulating telomere length in patients with IPF (12,
144) and identifying reduced calveolin-1 in fibroblasts from pa-
tients with IPF (150), suggest the dominant role of fibroblast
dysfunction in IPF as opposed to an inflammatory process.
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However, hints exist that inflammation has a distinct role in
the disease. In addition to UIP, nonspecific interstitial pneu-
monia (NSIP) can be seen in surgical lung biopsy samples in
patients diagnosed clinically with IPF. NSIP has more patho-
logic inflammation and, when seen in biopsy samples, can af-
fect prognosis (18). Furthermore, patients with IPF have peri-
ods of acute decline called exacerbations (78, 115). During
exacerbations, an influx of inflammatory cells is seen in bron-
choalveolar (BAL) fluid and in open lung biopsies from af-
fected patients. Last, numerous proinflammatory mediators and
cytokines are found in BAL and lung biopsies from patients
with active IPF.

In this review, we propose that inflammation is indeed a crit-
ical factor in IPF. However, we speculate that the mechanism of
inflammation in this disease may be nontraditional. We offer five
hypotheses for inflammation: the direct inflammatory hypothe-
sis, the matrix hypothesis, the growth factor–receptor hypothe-
sis, the plasticity hypothesis, and the vascular hypothesis. To ad-
dress these, we review the literature exploring the differences in
pathology, prognosis, and clinical course, as well as the role of
cytokines, growth factors, and other mediators of inflammation,
and the role of matrix and vascular supply in patients with IPF.
We propose that inflammation, although not in a traditional sense,
plays a critical role in the pathogenesis of IPF.

DEFINING AND DIAGNOSING
IDIOPATHIC PULMONARY 

FIBROSIS (IPF)

Idiopathic pulmonary fibrosis (IPF) is characterized by in-
exorable, progressive fibrosis involving the interstitial space,
existing between the vascular endothelium and alveolar ep-
ithelium. In this critical space, gas is exchanged between red
blood cells circulating in blood vessels and alveolar air. When
this space is deranged by inflammatory cells or collagen depo-
sition, gas exchange is impaired, and functional alveolar units
are reduced (54). Collectively, diseases that affect this space
are called interstitial lung diseases (ILDs) and were initially de-
scribed by Hamman and Rich in the 1940s (56). The disease
first described by Hamman and Rich is a rapidly progressive
interstitial pneumonia, now called acute interstitial pneumonia
(AIP) (140). IPF is one of the most common forms of ILD
whose chronic progressive course has an elusive pathophysiol-
ogy, has no effective treatment options (other than organ trans-
plantation), and is uniformly fatal (54, 78, 149).

IPF is a confusing term with myriad definitions over the
years. This has led to variability in the literature about the spe-
cific lung-disease categories being evaluated. IPF is also re-
ferred to as cryptogenic fibrosing alveolitis (CFA), “lone CFA”
(CFA not associated with the presence of collagen vascular dis-
ease), and UIP (3). Recently, several international expert groups
attempted to standardize the diagnostic, classification, and treat-
ment protocols (2, 3). Despite this work, controversy remains
about the diagnosis and the clinical approach (41).

Currently, the diagnosis of IPF can be made without lung bi-
opsy when the patient is initially seen with typical clinical and
radiologic findings. However, the gold standard remains patho-
logically diagnosing UIP (2, 3, 74, 129). Pathologically, UIP lung
biopsies show temporal heterogeneity of fibrosis and character-

istic fibroblastic foci. Interestingly, a diagnosis of NSIP is made
by temporal homogeneity and inflammatory cells in the biopsy
and is associated with a better prognosis than is UIP (18). Im-
portantly, when UIP and NSIP are found in the same biopsy, pa-
tients tend to reflect the prognosis of UIP alone (43). These data
support the concept that direct inflammation is not likely a key
biologic mechanism of UIP. A question of efficacy exists in per-
forming a lung biopsy on patients with advanced IPF, as surgi-
cal biopsy in these patients carries considerable risk (84), and a
question exists of the clinical significance of histologic classifi-
cation (42). Currently, treatment of the disease also is contro-
versial. Some experts recommend a brief trial of immunosup-
pression, with continuation if a response is seen. However, if no
response occurs, physicians usually stop the treatment and sug-
gest seeking supportive care, enrollment in clinical trials, or ad-
dition of antioxidants like N-acetylcysteine (NAC) to the regi-
men. Others recommend only supportive treatment, pulmonary
rehabilitation, and referral for lung transplantation.

As mentioned, many older studies are difficult to summarize
and interpret because of the varying pathology and hetero-
geneity of the disease and diagnosis. Additionally, most avail-
able research data are based on small series of mixed groups of
patients with fibrosis resulting from systemic conditioning rang-
ing from sarcoidosis to scleroderma, drug-induced fibrosis to
agents like amiodarone and bleomycin, and postinfectious dis-
ease. By taking the information obtained from patients with
UIP/IPF and defining animal models that resemble the disease
pathogenesis and pathology, we can obtain a better under-
standing of the disease.

MODELS OF PULMONARY FIBROSIS:
HUMAN AND ANIMAL CORRELATIONS

One of the ongoing debates in animal models of pulmonary
fibrosis concerns the relative dissimilarity of the observed phe-
notype to human IPF. Researchers use various methods to in-
duce pulmonary fibrosis in mice, and the results have identi-
fied numerous cells, cytokines, growth factors, and profibrotic
factors that play a role in the pathogenesis of this disease. Re-
searchers have also turned to other human diseases and envi-
ronmental insults that result in fibrosis and have made correla-
tions to the pathophysiology of IPF.

The “naturally” occurring model of pulmonary fibrosis, and
one of the earliest studied, is the tyrosine phosphatase SHP-
1–deficient (motheaten) mouse, which has severe organ in-
flammation, including within the lung (127). However, this
model reflects more inflammation than fibrosis. Numerous
other models have followed, each with its own benefits and
shortcomings. Some mimic cytokine profiles, and some mimic
pathology, whereas others mimic cell populations seen in hu-
man IPF. None recreates the entire pathologic picture.

Most models are based on known causes of fibrosis in hu-
mans and are replicated in animals, but no one standard proto-
col for inducing pulmonary fibrosis in animals resembles that
for pulmonary fibrosis in patients with UIP/IPF. Researchers
use many different approaches, especially in rats and mice, to
dissect pathogenic mechanisms. The most widely used method
of inducing experimental pulmonary fibrosis in mice is the ad-
ministration of intratracheal bleomycin. Other models include
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fluorescein isothiocyanate (FITC), silica, asbestos, and irradia-
tion. We briefly review these models.

Bleomycin

It is recognized that a subset of patients that receive bleomycin
have pulmonary fibrosis in an age- and dose-dependent manner
that can pathologically resemble UIP (4, 5, 91, 117). Hence,
many researchers adapted it use as an experimental means of in-
ducing pulmonary fibrosis in animals. Bleomycin is a cancer
chemotherapeutic agent that is given systemically in the treat-
ment of squamous cell carcinomas, testicular cancer, esophageal
carcinoma, germ cell ovarian tumors, and gestational tro-
phoblastic neoplasms, as well as Hodgkin disease and non-
Hodgkin lymphoma, malignant effusions of the peritoneum,
pericardium, and pleura, thyroid tumors, and osteosarcomas.

Mice have subsequently been treated with bleomycin to induce
fibrosis as a model for human IPF (6, 72). A single dose of intra-
tracheal (IT) bleomycin is the most prevalent stimulus to induce
pulmonary fibrosis in mice, and the relative simplicity makes this
approach very attractive. However, pathologically, IT bleomycin
does not resemble human IPF. Alternatively, intraperitoneal (IP),
intravenous (IV), and intra-nasal (IN) challenges of fibrosis-in-
ducing stimuli have been used, with each differing in the duration
of the exposure and the areas of the lung that are affected. We
record the pathologic pattern of lung injury and fibrosis in Table
1 for stimuli inducing pulmonary fibrosis in mice.

One of the major disadvantages of the lack of a standard ap-
proach to inducing pulmonary fibrosis in animals is the intrin-
sic variability of results and limited application to the human
disease. Administration of bleomycin by using a single systemic
injection or repeated bleomycin dosing gives a pathologic dis-
tribution more closely resembling human UIP, with subpleural
collagen deposition and lung injury. The IT delivery method
gives predominantly bronchocentric injury (30). Bleomycin
challenge is a well-established model of murine pulmonary fi-
brosis and is used to investigate the pathophysiology of IPF.

Irradiation and free radicals

Irradiation is a well-described cause of lung injury and fibro-
sis in humans (33, 104). Irradiation induces free radical produc-
tion and DNA damage, leading to apoptotic cell death. Free rad-

icals induced by radiation stimulate inflammation and cytokine
release in the target tissue. Radiation pneumonitis is characterized
by lung edema from enhanced vascular permeability and increased
recruitment of leukocytes and increased numbers of alveolar mac-
rophages (100). This cascade can lead to fibrosis in the radiation
field and can result in restrictive lung disease (40, 80, 128).

A late manifestation of disease can result in pathology outside
the original radiation field (11). This “out-of-field” disease is from
a systemic manifestation of the radiation (11). Treatment for fi-
brosis within and outside the field of radiation is effective. Ste-
roid treatment is beneficial for challenged mice (53) and humans,
but the pathology tends to recur after treatment is stopped (11).
Pentoxifylline, which decreases neutrophil adhesion and activa-
tion, can be used for radiation-induced pneumonitis and fibrosis
in humans (113). Pentoxifylline may work in bleomycin-induced
murine inflammation (39, 85) but has not been trialed in patients
with IPF. Other drugs like amifostine (a free radical scavenger
and cisplatin metabolizer), Gleevec (an Abl tyrosine kinase in-
hibitor), and captopril (an angiotensin-converting enzyme inhibi-
tor) have also been trialed with minimal or unproven success.

Like bleomycin, irradiation and other murine models induc-
ing free radical production in the lung have been used in murine
models. Thoracic radiation to mice results in lymphocyte and
macrophage recruitment and is used as a model for lung injury
(71). Oxygen toxicity has also been implicated in pulmonary
fibrosis. Persistently elevated levels of oxygen in the lung in-
crease the incidence of lung fibrosis and are associated with the
bronchopulmonary dysplasia seen in neonates (38). Hyperoxia
leads to reactive oxygen species production, exhausting cellu-
lar antioxidant and oxygen-scavenging mechanisms, leaving the
cells vulnerable to free radical–mediated damage (45). In rats,
hyperoxia leads to pulmonary edema and to fibrosis (8). It is
possible that genetic mutations caused by free radicals may be
protective; this is the subject of ongoing investigation (81, 82).
In human disease, NAC has some benefit in the treatment of
IPF (36), implying a potential role of oxidants and free radicals
in the pathophysiology of native IPF.

Inhaled irritants: silicosis, asbestosis, and
cigarette smoking

Inhaled silica and asbestos can lead to lung disease, includ-
ing fibrosis. Silica, in the crystalline form, is toxic, as it accu-
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TABLE 1. PATHOLOGY OF VARIOUS MODELS FOR FIBROSIS

Single/repeated Duration
Agent Route dose (days) Pathological pattern

Asbestos(35,124) Aerosolized Repeated 5–30 Bronchocentric
Asbestos(143) IT Single 7–28 Bronchocentric
Bleomycin(95) IN Single 14 Both
Bleomycin(13) IP Repeated 28–33 Subpleural
Bleomycin(58) IT Single 14–21 Bronchocentric
Bleomycin(99) IV Single or Repeated 14–49 Subpleural
FITC(101) IT Single 21 Bronchocentric
Radiation(71) Thoracic Single Both
Silica(87) Aspiration Single Diffuse
Silica(26, 70) IN Repeated Diffuse
Silica(20, 62) IT Single Diffuse

IN, intranasal; IT, intratracheal; IP, intraperitoneal; IV, intravenous.



mulates in alveolar macrophages, induces cytokine release, and
results in an inflammatory response leading to fibrosis (1, 123).
Exposure to larger doses results in acute silicosis, resulting in
secondary alveolar proteinosis, and can lead to massive fibro-
sis (1). Chronic silicosis results in a slow, progressive disease.
It results in nodule formation, fibrosis, and increased macro-
phage infiltration (123). Murine models of silica exposure are
used to study lung fibrosis. These studies suggest a necessary
inflammatory component with a critical role for alveolar and
interstitial mononuclear phagocytes (7, 21, 22). Silica can be
delivered intranasally (26, 70), intratracheally (7, 62, 87, 109),
or via oral aspiration (87) to develop murine lung disease. As
with bleomycin, debate exists as to the optimal route of ad-
ministration (87).

Asbestos also induces lung injury. Asbestos fibers are de-
posited on the epithelial cells of the airways and alveolar space.
Here, macrophages engulf the fibers, become activated, and ini-
tiate the inflammatory cascade that ultimately results in fibro-
sis (124). Asbestos exposure results in slowly developing sub-
pleural fibrosis over decades, with eventual nodule formation
and characteristic diaphragmatic pleural-based fibrosis and cal-
cifications. Asbestos exposure can lead to malignant mesothe-
lioma, and when associated with smoking, asbestosis can lead
to bronchogenic lung cancer (57). Asbestos delivery to the lung
has been used in the mouse to cause lung fibrosis (23). As 
with bleomycin, numerous routes of administration include
aerosolization (23, 35, 119, 125, 136) and intratracheal admin-
istration (143). In the investigation of asbestos-induced fibro-
sis in mice, various cytokines and mediators of inflammation
and cell signaling have been implicated, including the MAP ki-
nase pathway (125) and ERK1/2 (35), protein kinase C (136),
MMPs (143), TNF-� (90), and oxidative stress (69, 103). All
indicate an inflammatory role for asbestos-mediated inflamma-
tion.

Smoking is causally related to desquamative interstitial pneu-
monia (DIP), respiratory bronchiolitis–related interstitial lung
disease (RB-ILD), and pulmonary Langerhans cell histiocyto-
sis (LCH); however, its role in UIP is unclear (59, 106). Epi-
demiologically, a smoking history is frequently elicited in pa-

tients with UIP/IPF and appears to worsen the disease course
(134), but its role in the pathogenesis is debated. It is likely that
smoking alters the oxidative stress in the lungs and may work
through this mechanism (120). In addition, smoking reduces
telomere length, hastening cellular senescence (102). Smad sig-
naling may also play a role in this interaction between smok-
ing and IPF (49), and this is especially important because IPF
is causally associated with increased levels of active TGF-�,
which signals through the Smad pathway.

Smoking has been combined with bleomycin in guinea pigs,
and data suggest that smoking alone can induce fibrosis. The
combination of both agents leads to worsened fibrosis, thought
to be mediated by alterations in TIMP, IL-4, and eosinophils
(32). Interestingly, conflicting data suggest that smoking is pro-
tective in hamsters given intratracheal bleomycin (111). The
role of smoking and IPF is currently under investigation, and
their interactions must be further elucidated.

Inflammatory profile: cells

When researchers study pulmonary fibrosis in animals, the
type of agent being used (bleomycin, FITC, silica, asbestos, ir-
radiation) and how it is administered (IT, IP, IV, IN, aerosol,
thoracic exposure) result in different inflammatory profiles. Pa-
tients with IPF have various immune cells within the lung, in-
cluding alveolar macrophages, neutrophils, and lymphocytes,
all of which contribute to the pathogenesis of this disease. In
animal models, these cells also play a significant role in vary-
ing degrees in the pathologic outcome.

As evident in Table 2, regardless of the route of administra-
tion, alveolar macrophages are the predominant cell type in the
lung after agent-induced lung injury in mice. The significance
of these cells is thoroughly discussed in a recent review, de-
tailing the contribution of alveolar macrophages to lung disease
and their importance as immune effector cells within the lung
in patients with IPF (121).

In summary, numerous murine models of pulmonary fibro-
sis exist. Although no single model accurately mimics the dis-
ease, one can use information from each model to get a better
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TABLE 2. BAL ANALYSIS OF INFLAMMATORY CELL

RECRUITMENT FOLLOWING LUNG INJURY

Alveolar
Agent Route macrophages Neutrophils Lymphocytes

Asbestos(25,124) Aerosol 3 2 1
Asbestos(25,124) IT 3 2 1
Bleomycin(95) IN 3 2 1
Bleomycin(13) IP 3 1 2
Bleomycin(58) IT 3 2 1
Bleomycin(99) IV 3 1 2
FITC(101) IT 3 2 1
Radiation(71) Thoracic 3 1 2
Silica(87) Aspiration 3 2 1
Silica(26, 70) IN 3 3 1
Silica(20, 62) IT 3 2 1

Least (1) to most numerous (3), IN, intranasal; IT, intratracheal; IP, intraperitoneal;
IV, intravenous.



sense of how various cells, cytokines, growth factors, and other
mediators of inflammation and fibrosis interact to create vari-
ous phenotypes. As we uncover a more thorough understand-
ing of these interactions and combine those data with informa-
tion from patients with IPF, a better understanding of the disease
can be achieved.

As stated, we believe that inflammation is important in hu-
man IPF; five hypotheses may explain the role of inflammation
in this disease (Fig. 1).

HYPOTHESES FOR POTENTIAL ROLES
OF INFLAMMATION IN 

THE DEVELOPMENT OF 
PULMONARY FIBROSIS

Direct inflammation hypothesis (Fig. 2)
Most data suggest that a direct role of inflammation is not

present in the pathogenesis of UIP/IPF. Supporting this argu-
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FIG. 1. Inflammation and pulmonary fibrosis. Numerous mediators of inflammation have been implicated in the pathogen-
esis of IPF. This review proposes five possible hypotheses for the pathogenesis of IPF. (A) The direct inflammation hypothesis
suggests that inflammatory cells directly damage the tissues via substances like elastases, as well as cytokines and growth fac-
tors, which amplify this process. (B) The matrix hypothesis, in which inflammatory mediators released as a result of a remote
injury are trapped in the pulmonary extracellular matrix. This leads to a prolonged and amplified wound-repair mechanism that
results in the fibrotic phenotype. (C) The growth factor–receptor hypothesis suggests that some cell types with growth factor re-
ceptors proliferate unchecked in this environment, resulting in activation and amplification of the inflammatory cascade. Addi-
tionally, these receptors are upregulated in the presence of steroids, suggesting a rationale as to why immunosuppression is not
successful in the treatment of IPF. (D) The plasticity hypothesis suggests that numerous cell types can differentiate into other cell
types [for example, epithelial cells to mesenchymal cells (EMT), neutrophils and monocytes to macrophages], and this differen-
tiation is a result of complex interactions of inflammatory mediators, growth factors, and other unidentified factors. These acti-
vated cells then mediate the fibrotic phenotype. (E) The vascular hypothesis suggests that some initial endothelial injury acti-
vates the inflammatory cascade with subsequent antibody deposition and resultant fibrosis. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).



ment, immunosuppression is not an effective therapy for pa-
tients with IPF. 67Ga, a nuclear medicine agent, is largely taken
up by macrophages and is a measure of inflammation in the
lung (50). 67Ga uptake in the lungs of patients with IPF is de-
creased after corticosteroid treatment, suggesting that steroid
treatment is effective in reducing lung inflammation. Despite
the effective reduction of inflammation in the lung, no correla-
tion is found with survival or improvement in clinical outcome
in IPF patients treated with steroids (52), suggesting that a di-
rect role for inflammation in basal IPF is unlikely.

In contrast to the lack of benefit of steroids in basal IPF, im-
munosuppression with steroids may be effective in acute exac-
erbations of the disease, particularly those spawned by viral in-
fection. Despite this clinical observation, steroid treatment for
acute exacerbations in IPF has not been demonstrated in large
trials (31, 75). One reason for this dearth of information is the
heterogeneity of acute exacerbations and the lack of agreement
on clear diagnostic criteria (34). Evaluating patients with ex-
acerbation is problematic, and some centers will not obtain BAL
fluid from patients with exacerbation, as bronchoscopy with
BAL may exacerbate IPF (61).

Inflammatory cell influx in surgical lung biopsies predicts 
a worse outcome (115). Lung samples from patients with 

an accelerated course of IPF overexpress genes involved in 
repair/remodeling, morphogenesis, oxidative stress, migration/
proliferation, and genes from fibroblasts/smooth muscle cells,
including adenosine-2B receptor and prominin-1/CD133, and
matrix metalloproteinase-9 (134). These data do not specifically
address the issue of a role for inflammation in the basal dis-
ease, but suggest that inflammation may play an important role
in acute exacerbations of IPF.

Proinflammatory cytokines in IPF

Patterns of cytokines may provide clues to the predominant
cell types critical to various stages of disease. Th2 cytokines
such as IL-4, IL-5, and IL-13, are significantly higher in cellu-
lar cultures from IPF patients than from normal volunteers (46).
T cells from these patients also display differences from those
of normal patients. For example, IL-10 suppresses T-cell pro-
liferation in alveolar macrophages from healthy volunteers
(smokers and nonsmokers), but not from patients with IPF. In
addition, differences in cytokine and cytokine receptors are
noted in pathologic tissue from patients with UIP and NSIP.
For example, IL-13 receptor levels are elevated in lung biop-
sies from UIP patients compared with those with NSIP (68).
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FIG. 2. Direct inflammation hypothesis. Inflammatory cell recruitment is believed to be mediated by chemokines like CCL2,
CCL3, and IL8. These facilitate tissue deposition of inflammatory cells with further release of inflammatory mediators such as
TGF-�, TNF-�, and others with direct toxic effects (elastase, MMPs, and ECP). These proinflammatory cytokines are linked to
profibrotic mediators like CTGF. These complex and incompletely understood interactions eventually result in myofibroblast ac-
tivation and collagen deposition. Some of these pathways have been delineated, but numerous others still must be further inves-
tigated. Data to support this hypothesis largely revolve around the consistent elevation of these inflammatory mediators and cells
that are found in pathologic lung biopsy samples, as well as BAL fluid from patients with IPF. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).



Differences in receptor subunit localization also are seen. Fi-
broblastic foci in patients with UIP strongly stain for IL-4R�
and IL-13R�2. Localized expression of IL-4R� is also seen in
surgical lung biopsies from patients with NSIP but not in other
groups (68).

Cytokines that are involved in neutrophil, monocytes, and
lymphocyte chemotaxis and activation are elevated in tissue or
fluid from the lungs of patients with IPF. These cytokines in-
clude macrophage inflammatory protein-1� (MIP-1�/CCL3)
(137, 138), MCP-1/CCL2 (27), and IL-8 (27, 108). Cytokines
involved in systemic diseases that mimic IPF may also provide
clues to underlying pathology. CCL7/MCP-3 is elevated in
serum from patients with systemic scleroderma, and the levels
correlate with disease severity, including the extent of pul-
monary fibrosis (157). CCL7/MCP-3 interacts with CCR1,
CCR2, and CCR3 receptors and has a spectrum of action en-
compassing T cells, NK cells, eosinophils, dendritic cells (DC),
and mononuclear phagocytes. Angiogenesis is also affected by
several proangiogenic (VEGF, ENA-78, GRO-�, IL-8) and an-
tiangiogenic (MIG, CTGF) cytokines, which are elevated in
serum, BAL fluid, and lung tissue in patients with IPF (10, 24).

Importantly, we recently demonstrated that macrophage
colony-stimulating factor (M-CSF) is elevated in BAL fluid of

patients with IPF, and that M-CSF directed mononuclear phago-
cyte recruitment and CCL2 production in a bleomycin model
of murine lung fibrosis (13). Other mediators of inflammation
may also be important, such as MMP-2, which is activated in
IPF. Pro-MMP-2 is activated by membrane-type MMP (MT-
MMP), of which the several subtypes appear to be upregulated
in patients with IPF. These include MT1- and MT2-MMP (alve-
olar epithelial), as well as MT3-MMP, which is upregulated by
TGF-� (47)

TGF-� and CTGF

In addition to inflammatory cells producing chemokines and
cytokines to direct repair and remodeling in the lung, these cells
also are important producers and activators of profibrotic pro-
teins like TGF-� and connective tissue growth factor (CTGF).
Active TGF-� is a multifunctional cytokine that is causally
linked to animal models of lung fibrosis. TGF-� is produced as
a latent complex with active TGF-� sequestered by the latency-
associated peptide (LAP). Macrophages activate TGF-�
through direct interactions with the latent complex or through
the production of oxidants or proteases that also lead to TGF-
� activation. Activation of latent TGF-� by the integrin �v�6
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FIG. 3. Matrix hypothesis. Repeated and remote lung injury leads to inflammatory cell deposition in the pulmonary extra-
cellular matrix. These cells deposit inflammatory mediators within the matrix where they are entrapped. Dysregulated deposition
and clearance of collagen in a repeated wound repair/remodel results in the pathologic findings. Proteoglycans and integrins ac-
tivate free and matrix-bound TGF-� and CTGF (83). This results in fibroblast (myofibroblasts) activation and subsequent pro-
duction of collagen type I and type III. Growth factors like IGF-1, TNF-�, FGF, VEGF, IL-1�, PDGF, EGF, and M-CSF (44,
142, 155), as well as other mediators of inflammation, are matrix bound and deposited and result in cell recruitment and activa-
tion (110, 148). It is hypothesized that the fibroblastic foci seen in IPF are centers of matrix deposition of these mediators. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.lieber-
tonline.com/ars).



is important in epithelial to mesenchymal transformation (79),
and mice deficient in the �6 integrin are protected from
bleomycin-induced pulmonary fibrosis (105). Active TGF-� is
important in a number of models of pulmonary fibrosis but does
not induce sustained lung fibrosis alone (159). Importantly,
TGF-� works with CTGF to induce and sustain lung fibrosis
in animal models (155). CTGF is in the CCN (CYR61/
CTGF/NOV) gene family and is produced by inflammatory
cells, including macrophages, and by fibroblasts in response to
active TGF-�. The combination of active TGF-� and CTGF

augments and sustains lung fibrosis, through inducing expres-
sion and release of collagen from tissue fibroblasts (19, 64, 65,
88).

Cellularity in IPF

The last 40 years has seen exploration of almost every in-
flammatory cell type in the genesis and progression of IPF. In
the 1970s, the lymphocytes and eosinophils were identified as
mediators of the disease. In the 1980,s neutrophils were iden-
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FIG. 4. Plasticity hypothesis and growth factor–receptor hypothesis. Numerous cells have been shown to undergo pheno-
typic transformation, and this is well documented. Monocytes can differentiate into macrophages, as can neutrophils. Epithelial
cells have been shown to transform into mesenchymal cells, the basis of the epithelial–mesenchymal transformation hypothesis
(EMT). We expand on these findings and propose that a CD14� cell may be a progenitor cell that is capable of transforming
from a peripheral blood cell to endothelial cells, macrophages, epithelial cells, fibroblasts, fibrocytes, or a combination of these.
Additionally, growth factor–receptor expressing cells are resistant to traditional immunosuppression. Glucocorticoids have been
shown to upregulate M-CSF receptors on other cells similar to macrophages, like osteoblasts. Once the growth-factor receptors
are unregulated, this cell population is sensitized and results in increased cytokine secretion and subsequently activates numer-
ous proinflammatory cascades as well as cross-talks with other inflammatory cell populations. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).



tified as key contributors to the lung pathology in IPF (63, 135,
152, 158), and investigators found that elevated neutrophil num-
bers in BAL fluid were typical in patients with the disease (55,
122, 152, 158). The 1990s work demonstrated the importance
of macrophages, cytokines, and “cross-talk” between cells (63,
112, 133, 137, 138). Now researchers are focusing on the
mononuclear phagocyte, the fibroblast, the myofibroblast, the
fibrocyte, the epithelial cell, and the role of the lung microen-
vironment in IPF.

The eosinophil also appears to play an important role in pul-
monary fibrosis. Increased numbers of eosinophils in IPF pa-
tient lung biopsies or BAL fluid (122, 158) increase the risk of
progressive lung disease (60, 118). The eosinophil may pro-
mote lung injury via eosinophil cationic protein (ECP) release,
which is increased in IPF, suggesting that eosinophil activation
is part of the inflammatory process in IPF (55).

Lymphocyte infiltration in areas of honeycombed lung in pa-
tients with UIP correlates positively with survival (114, 116,
141), and these lymphocytes display elevated CD4/CD8 T-cell
ratios, highlighting the importance of this subpopulation in IPF.
Such features are also seen in NSIP and indicate improved prog-
nosis (76). Lymphocytes likely play a more dominate role in
the infiltrative lesions seen in NSIP, whereas other inflamma-
tory cells like neutrophils are involved in the fibrotic lesions of
UIP (135, 152). Plasma cells infiltrating the honeycombed ar-
eas of fibrosis in surgical lung biopsies from patients with UIP
also correlate with survival (114, 116, 141).

Other cells like neutrophils also play a role in pulmonary fi-
brosis. Neutrophil infiltration is a characteristic feature of the
alveolitis of IPF, with high levels of neutrophil elastase found
in the lung parenchyma (158). Therefore, neutrophils likely play
an important role in the pathogenesis of IPF (107). Sputum and
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FIG. 5. Vascular hypothesis. Autoantibodies or systemic toxins result in underlying endothelial injury via monocyte recruit-
ment and activation. Once the tissue is injured, antibodies initiate inflammatory cascades and subsequent cellular recruitment.
Additionally, this endothelial injury results in a hypercoagulable state, as evidenced by elevated d-dimer and probable microthrombi
(86). The antibodies that are seen in patients with UIP (93) may be circulating antinuclear antibodies (122), anti–endothelial cell
antibodies (63), or be related to viral processes (94). Subsequent fibroblast activation may be a result of these autoantibodies (66,
92, 156), as well as cellular growth and differentiation via M-CSF–dependent pathways (96–98). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com/ars).



BAL samples from patients with IPF show elevated levels of
IL-8, an important neutrophil chemoattractant and proangio-
genic molecule, which correlates with lung-function impair-
ment and prognosis (14, 60). Neutrophilic infiltration in the
honeycombed fibrotic areas of surgical lung biopsies from pa-
tients with UIP correlates inversely with survival (114, 116,
141). Alveolar macrophages are elevated in BAL samples (133)
and are critical in promoting neutrophil influx (63, 112, 137,
138) through MIP-1�/CCL3 and IL-8 release (137, 138). In ad-
dition to the role of leukocytes in the disease, epithelial cell
proliferation and transition to fibroblasts or myofibroblasts to
the lung are critical, leading to the concept of epithelial–mes-
enchymal transition of cells in the remodeled lung (79, 154).

It is very unlikely that a single cell type, cytokine, or growth
factor is responsible for the phenotype of IPF. Rather, complex
interactions between numerous cytokines and cells probably
drive the phenotype. The delicate balance between pro- and an-
tiinflammatory and fibrotic mediators becomes unbalanced and
leads to the pulmonary fibrosis phenotype. Does the matrix
within the lung parenchyma house this deposition of cytokines
and growth factors left from an original inflammatory insult
eventually induce a profibrotic environment? This concept has
been previously suggested (48, 131, 132).

Matrix hypothesis

IPF appears to be a disease of repeated lung injury and al-
tered repair/remodeling. Experts agree that dysregulated depo-
sition and clearance of collagen in a repeated wound-heal-
ing–like response characterizes the pathologic picture.
However, the mechanisms leading to abnormal collagen depo-
sition and repeated lung injury are not known. We speculate
that deposits of growth factors, cytokines, and other profibrotic
and inflammatory proteins within the lung matrix of patients
with IPF drive the disease (Fig. 3). Some examples to support
this hypothesis. First, the proteoglycans decorin and biglycan
found in the matrix modulate the activity of TGF-� in pul-
monary fibrosis (83). Moreover, TGF-� itself is matrix bound
and may play an important role of inducing pulmonary fibro-
sis and EMT via integrin activation of TGF-� (73, 79, 105).

Similarly, CTGF is matrix bound and is critical in directing fi-
brosis. Bound CTGF may combine with active TGF-� to promote
fibroblasts to produce collagen I and III. M-CSF is also matrix
deposited and directs mononuclear phagocyte recruitment and ac-
tivation (110, 148). Furthermore, proliferating smooth muscle
cells express M-CSF receptors and are activated by M-CSF. M-
CSF also induces the fibroblast recruitment factors CCL2 in hu-
mans and CCL12 in mice (13). The appearance of fibroblastic
foci is a hallmark of IPF, and these cells are likely recruited and
activated by growth factors and cytokines in the matrix.

Several other growth factors are embedded in the extracellular
matrix to facilitate cellular functions, such as cell proliferation and
differentiation. These factors include IGF-1, TNF-�, FGF, VEGF,
IL-1�, PDGF, and EGF (44, 142, 155), which may influence and
regulate fibrosis, angiogenesis, and tissue repair.

Growth factor–receptor hypothesis

As mentioned, the observed lack of response to antiinflam-
matory therapies in IPF dampens enthusiasm for implicating in-

flammation in IPF. Interestingly, mononuclear phagocytes and
the growth factors M-CSF and the chemokine CCL2 play a
causal role in bleomycin-induced pulmonary fibrosis in mice
(13). In addition, both M-CSF and CCL2 are elevated in BAL
fluid from patients with IPF, suggesting that these cytokines
may play an important role in human disease. It is important to
note that M-CSF directly stimulates monocytes to produce
CCL2 and CCL12, which appear to play important roles in pul-
monary fibrosis after bleomycin challenge in mice. Importantly,
both M-CSF and CCL2 induce mononuclear phagocyte chemo-
taxis. In addition to recruiting mononuclear phagocytes, CCL2
attracts fibrocytes, and CCL12 recruits fibroblasts to contribute
to lung repair and remodeling.

These observations are relevant to the issue of tissue in-
flammation, repair, and remodeling. Specifically, responsive-
ness to M-CSF is largely governed by M-CSF receptor ex-
pression, a member of the growth factor–receptor family.
Importantly, M-CSF-, insulin-like growth factor (IGF)- (51),
and PDGF-receptor expression and activation (89) increase in
the presence of dexamethasone (29), suggesting that a number
of cells activated by these growth factors are unaffected by glu-
cocorticoids. The expression of the growth-factor receptor on
the surface of responding cells governs the biologic effect of
growth factors. Cellular activation and survival by M-CSF bind-
ing to its cognate receptor involves the production of intracel-
lular oxidants and the activation of several biochemical path-
ways, including ROS, PI 3-K/Akt, PI 3-K/Erk, and p38 (17,
151). Antioxidants like NAC reduce M-CSF–induced cellular
activation and survival, suggesting that antioxidant strategies
may target these activated cells. These data create a scenario
by which M-CSF–induced cellular activation is augmented in
the presence of steroid treatment. Similarly, PDGF (9) and in-
sulin-like growth factor (146) are implicated in the pathogene-
sis of IPF and are similarly affected by corticosteroids.

Plasticity hypothesis

As mentioned, the expression of the M-CSF receptor is not
blocked by steroids, but antioxidants like NAC reduce M-
CSF–mediated cellular activation and survival (29, 151). Al-
though M-CSF receptor expression is usually limited to
mononuclear phagocytes, in certain situations, other cells ex-
press this receptor. For example, proliferating smooth muscle
cells (67) and neutrophils (130) can express the M-CSF recep-
tor. This observation suggests a new dimension of typical in-
flammation: plasticity of mononuclear phagocytes into cells en-
gaged in tissue repair and remodeling (Fig. 4). This may extend
to other mesenchymal cells in the tissue microenvironment, as
cells displaying macrophage markers like CD14, M-CSF-R, or
CCR2 are found in these compartments.

It is recognized that, in addition to the M-CSF receptor,
monocytes or progenitor cells circulating with the CD14� pop-
ulation retain plasticity to respond to environmental cues. For
example, CD14� cells, which typically mark monocyte/mac-
rophages, give rise to osteoblasts, skeletal myoblasts, chondro-
cytes, and adipocytes (28, 37, 77, 126, 145, 147). Thus, in-
flammatory cells may participate in lung repair/remodeling in
classic and nonclassic pathways.

We speculate that in the tissue microenvironment surround-
ing areas of remodeled lung in IPF, inflammatory cells func-
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tion in atypical manners to facilitate fibrosis. Careful studies to
address this hypothesis have not been done and could give new
insights into the roles of these cells in tissue repair and re-
modeling. These data suggest the possibility that inflammation
is indeed part of lung fibrosis, and that inflammation cannot be
ruled out as a mechanism in this disease solely on the basis of
failure of patients to respond to steroids or the lack of finding
inflammatory cells in pathologic tissues.

Vascular hypothesis

Systemic autoimmune diseases like scleroderma provide in-
sight into the pathogenesis of IPF, because scleroderma-related
lung disease often pathologically resembles IPF. Autoimmune
antibodies deposited in the vascular endothelium are seen in
scleroderma-related pulmonary fibrosis. Factors shown to be in-
creased in patients with scleroderma with lung fibrosis include
CTGF, KL-6, surfactant protein-D, tissue inhibitor of metallo-
proteinase 2 (TIMP-2), CCL2/MCP-1, CCL3/MIP-1�, soluble
interleukin-6 receptors, antiendothelial cell antibodies, and anti-
DNA topoisomerase I antibodies (153). Additionally, patients
with IPF have increased d-dimers and possible microvascular
injury (86). Does an underlying vascular injury in IPF occur
that results in cytokine trafficking, subsequently resulting in the
fibrotic phenotype?

Circulating antinuclear antibodies (ANA) are described in pa-
tients with IPF (122). We showed that IPF patients have vas-
cular injury and antiendothelial cell antibodies in their serum
compared with normal patients (63). Moreover, we found anti-
body deposition in the vascular endothelium and endothelial
cell necrosis in pathologic lung tissue in patients with UIP (93).
Similar autoantibodies are seen in response to viral infections
that can lead to pulmonary fibrosis (94). The activation of fi-
broblasts has been described in scleroderma (16), and this pro-
cess appears to be related to deposition of autoantibodies (66,
92, 156). We previously reported that deposited IgG drives the
survival of human monocytes through M-CSF production, IL-
8, and CCL2/MCP-1 (96–98), all implicated in IPF.

Additionally, we found that injecting bleomycin systemically
(IP) compared with IT in mice gave a pathologic picture of sub-
pleural lower lobe distribution of fibrosis, similar to that seen
in patients with IPF. Taken together, we speculate that inflam-
matory cells may target the vascular endothelium in IPF (Fig.
5) and be blind to routine pathologic analysis, as they are
washed away in processing.

SUMMARY: COMBINING OUR
KNOWLEDGE FROM THE 

BENCH AND BEDSIDE

In human IPF and murine models of pulmonary fibrosis, in-
flammation likely plays a role in disease genesis and progres-
sion. However, the mechanisms of involvement are not well
characterized. Many different models are used to study pul-
monary fibrosis in animals; however, the varied agents and
routes of administration of the stimuli have resulted in nonuni-
formity of the investigative techniques. This only confuses the
role of inflammation in the pathogenesis of this disease.

Extensive human data support the role of inflammation. In-
numerable cytokines and cell types have been implicated in the
disease, but their exact role remains elusive. Further delineation
of the specific role of inflammation in human IPF is compli-
cated by the lack of natural history of pathologic materials from
patients. By using new high-throughput techniques like gene
and protein arrays, as well as systems biology analysis, we an-
ticipate a better understanding of the pathophysiology of the
disease and, more important, defining new diagnostic and ther-
apeutic options for patients with IPF.

ABBREVIATIONS

BAL, bronchoalveolar lavage; EMT, epithelial–mesenchy-
mal transformation; ILD, interstitial lung disease; IN, in-
tranasal; IP, intraperitoneal; IPF, idiopathic pulmonary fibrosis;
IT, intratracheal; IV, intravenous; NAC, N-acetylcysteine;
NSIP, nonspecific interstitial pneumonia; UIP, usual interstitial
pneumonia.
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