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2009 Hales Lung Conference: 
Clinical and Pathophysiologic Aspects 
of Diffuse Parenchymal Lung Disease 

Sergei P. Atamas1,2 and Jeffrey D. Hasday1,2 
1University of Maryland School of Medicine and 2Baltimore VA Medical Center 

The first Hales Lung Conference took 
place on April 27, 2009 in Baltimore, marking 
the beginning of a new series of conferences on 
pulmonary fibrosis. This series was made possi-
ble by a generous gift from the Hales Family 
Foundation, founded by Mr. Thomas E. Hales 
and his wife, Alice Marie. The first conference 
focused on pathophysiologic mechanisms, as 
well as diagnostic approaches to, and care for, 
patients with diffuse parenchymal disease. 

Diffuse parenchymal lung disease, also 
know as interstitial lung disease, encompasses a 
spectrum of conditions in which various degrees 
of inflammation and fibrosis are present in the 
patient’s lungs. Fibrosis, a result of numerical 
expansion of fibroblasts in combination with 
excessive accumulation of extracellular matrix, 
particularly collagen, may occur in a variety of 
diseases, such as idiopathic interstitial pneumo-
nias, systemic connective tissue diseases, sar-
coidosis, graft-versus-host disease, occupational 
or environmental lung diseases, radiation or 
chemotherapy exposure, and some rare genetic 
diseases. Pulmonary fibrosis is often debilitating 
and fatal. For example, the median survival of 
patients with idiopathic pulmonary fibrosis 
(IPF) is approximately 3 years from the time of 
diagnosis. Depending on the underlying disease, 
therapies for pulmonary fibrosis have been inef-
fective (e.g., in IPF) or poorly effective (e.g., in 
scleroderma lung disease), and lung transplanta-

                                                        
Send correspondence to Jeffrey D. Hasday, MD, 
University of Maryland School of Medicine, 
10 S. Pine St., MSTF 8-34, Baltimore, MD 21201, 
email: jhasday@umaryland.edu 

tion remains the only viable intervention in end-
stage pulmonary fibrosis. The selection of 
speakers at this conference is reflective of the 
diverse directions in which research in the field 
of interstitial lung disease is heading. 

Dr. Richard Phipps (University of Roch-
ester) reviewed the importance of pulmonary fi-
broblasts, particularly with respect to their dif-
ferentiation and phenotypic diversity, in the 
mechanism of the disease. Phenotypic differen-
tiation of quiescent fibroblasts into myofibro-
blasts has been appreciated as an important 
mechanism of fibrosis since the early 1970s. A 
different kind of differentiation leading to fibro-
blast diversity based on the expression of the 
Thy-1 (CD90) marker has been characterized by 
Phipps in the past two decades. The Thy1+ and 
Thy1– fibroblasts differ morphologically and in 
their expression of IL-1α, MHC class II, IL-4R, 
fibronectin, and collagen. Thy1+ fibroblasts ap-
pear to be scar-forming cells, whereas Thy1– fi-
broblasts promote inflammation and T cell acti-
vation in the lung. Moreover, data suggest that 
Thy1+ fibroblasts differentiate into scar-forming 
cells when stimulated with TGFβ, whereas 
Thy1– fibroblasts differentiate into adipocytes 
when stimulated with various peroxisome pro-
liferator-activated receptor gamma (PPARγ) 
ligands. Dr. Phipps suggested that PPARγ 
ligands act as anti-scarring agents and shared 
the data in support of this notion. 

Dr. Mary Armanios (Johns Hopkins Uni-
versity) spoke about a possible pathophysiologic 
role of telomerase in idiopathic pulmonary fi-
brosis, and Dr. Sem Phan (University of Michi-
gan) presented his findings on induction of te-
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lomerase in pulmonary fibrosis. Dr. Armanios 
shared the hypothesis that short telomeres and 
mutant telomerase are a cause of familial IPF. 
Data suggest that mutations in either of the es-
sential telomerase components underlie the in-
heritance of IPF in at least 8–15% of families 
and that 1–3% of patients with no family history 
of IPF carry a mutant telomerase gene. Dr. Ar-
manios discussed molecular mechanisms 
through which telomerase mutations may drive 
interstitial lung disease. Dr. Phan pointed out 
that, in addition to its well-documented role in 
telomere maintenance, telomerase reverse tran-
scriptase (TERT) appears to have activities un-
related to telomere lengthening, including en-
hanced DNA repair and additional functions that 
are independent of its catalytic activity, such as 
enhanced expression of genes of the Wnt signal-
ing pathways, as well as Myc. It remains to be 
determined which of the telomerase activities 
are mechanistically involved in promoting pul-
monary fibrosis. Dr. Phan shared his observa-
tions suggesting that the cells from fibrotic tis-
sues are phenotypically different than normal 
lung tissue fibroblasts and that the telomerase-
inducible cells may have been recruited to the 
site of active fibrosis. Evidence indicates that 
the telomerase-inducible fibroblasts in pulmo-
nary fibrosis are primarily of bone marrow ori-
gin. In the absence of TERT, pulmonary fibrosis 
was significantly reduced in the bleomycin-
induced mouse model. The deficient telomerase 
induction in TERT-knockout mice is restored by 
transplantation with wild type donor bone mar-
row; this restoration is accompanied by reconsti-
tution of a normal fibrotic response, indicating 
the importance of telomerase induction in bone 
marrow-derived cells in this model of pulmo-
nary fibrosis. That these cells do not differenti-
ate into myofibroblasts argues that telomerase-
expressing bone marrow-derived cells that traf-
fic to lung do not contribute to the fibrotic re-
sponse by simply serving as a source of myofi-
broblasts, but must provide some other essential 
function(s) required for fibrosis, for example, by 
playing a paracrine role by secreting factors that 
promote local lung myofibroblast differentia-
tion. 

Several speakers focused on the possible 
roles of innate and adaptive immunity, infec-
tions, and the contribution of inflammation to 
pulmonary fibrosis. This group of speakers in-
cluded Dr. Cory Hogaboam (University of 
Michigan), who discussed the role of toll-like 
receptor (TLR) proteins; Dr. Sergei Atamas 
(University of Maryland), who shared data on 
possible involvement of non-classical regulatory 
T lymphocytes; Dr. Patricia Sime (University of 
Michigan), who reported on her studies of the 
role of the aryl hydrocarbon receptor (AhR) in 
regulating pulmonary inflammation; and Dr. 
Rose Viscardi (University of Maryland), who 
focused on the mechanisms by which Urea-
plasma infection drives bronchopulmonary dys-
plasia. 

Dr. Hogaboam identified TLR9 expres-
sion on fibroblasts as potentially important to 
the pathogenesis of fibrosing lung diseases and 
reviewed his experience with a disease model in 
which human lung fibroblasts are transferred to 
SCID mice. The driving hypothesis of these 
studies is that TLR activation by chronic or re-
petitive exposure to pathogen-associated mo-
lecular patterns leads to fibrosis. Expression 
levels of TLR9 are increased on fibroblasts from 
human lung biopsies from fibrosing diseases 
compared to normal controls, and activation of 
TLR9 with a synthetic CpG-containing oligonu-
cleotide agonist promotes transition to a mye-
lofibroblast phenotype. The Th2 environment 
coupled with the presence of microbial and viral 
byproducts drives the activation of these TLR9-
positive cells, leading to their transformation 
into myofibroblasts and the increased generation 
of profibrotic chemokines and matrix deposi-
tion. 

Dr. Sime focused her report on the role 
of AhR in dampening inflammation in the lung. 
Mice deficient in AhR have increased expres-
sion of numerous pro-inflammatory mediators at 
baseline and demonstrate heightened inflamma-
tion in response to inhalation of cigarette smoke 
or exposure to LPS. Importantly, structural 
cells, such as fibroblasts and epithelial cells, and 
inflammatory cells, such as macrophages from 
AhR–/– mice, produce heightened responses 
when exposed to inflammatory stimuli ex vivo. 
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Mechanistic molecular studies suggested that 
AhR stabilizes RelB, and RelB dampens in-
flammation. Based on these observations, her 
team set out to explore the possibility that AhR 
and its ligands could regulate fibroblast differ-
entiation into the myofibroblast phenotype. 
Myofibroblasts are central to the mechanism of 
fibrosis; therefore, development of approaches 
to manipulating myofibroblastic differentiation 
may allow for creating better therapies for fibro-
sis. Experiments revealed that activation of the 
AhR with an endogenous ligand suppressed 
TGF-β-induced myofibroblastic differentiation 
of primary human fibroblasts.  

Dr. Atamas emphasized that, despite re-
cent evidence implicating epithelial disturbances 
and transdifferentiation of epithelial or bone-
marrow-derived cells into pulmonary fibro-
blasts, it may be too early to discard the notion 
of inflammatory cell involvement in pulmonary 
fibrosis, especially in interstitial pneumonias as-
sociated with collagen vascular diseases. His 
team discovered that pulmonary T cells infiltrat-
ing the lungs of patients with scleroderma lung 
disease express elevated levels of αV-containing 
integrins, particularly integrins αVβ3 and αVβ5. 
Furthermore, experiments revealed that these in-
tegrin-expressing T lymphocytes directly stimu-
late collagen production in cultured fibroblasts 
by binding latent transforming growth factor 
(TGF)-β, activating it, and thus stimulating 
Smad-dependent profibrotic signaling. Sepa-
rately, the observation of elevated integrin ex-
pression on T cells explains their persistence in 
the lungs in interstitial lung disease. These ob-
servations support the notion that pulmonary T 
lymphocytes act profibrotically, antifibrotically, 
or are innocent bystanders in interstitial lung 
disease, depending on their expression of cyto-
kines and cell surface molecules. 

Dr. Viscardi focused on bronchopul-
monary dysplasia (BPD), a neonatal chronic 
lung condition characterized by chronic in-
flammation, disordered elastin, and fibrosis. She 
presented clinical and experimental evidence 
that intrauterine infection with Ureaplasma con-
tributes to the development of BPD. Dr. Vis-
cardi’s work reveals the mechanisms by which 
infection and inflammation may promote fibro-

sis, with a particular role for cytokines IL-1β, 
IL-6, IL-8, MCP-1, and TNF-α. 

Another putative driving mechanism of 
pulmonary fibrosis, apoptosis of epithelial cells, 
was considered by Dr. Timothy Blackwell 
(Vanderbilt University). Experimental evidence 
suggests that surfactant protein processing, ER 
stress, and herpesvirus infections may increase 
the susceptibility of epithelial cells to injury and 
contribute to the pathogenesis of pulmonary fi-
brosis. Dr. Blackwell formulated the “vulner-
able epithelial cell” hypothesis, which suggests 
that genetic or acquired factors that increase the 
susceptibility of lung epithelial cells to injury 
and/or apoptosis underlie the pathogenesis of 
IPF. Particularly important among these factors 
leading to endoplasmic reticulum (ER) stress is 
accumulation of large amounts of protein in the 
ER, which occurs in the setting of misfolded 
proteins and leads to an unfolded protein re-
sponse. 

Dr. Jeffrey Galvin (University of Mary-
land) outlined his observations on radiologic 
and pathologic correlations in interstitial lung 
disease. His team’s experience suggests that 
idiopathic interstitial pneumonias result from 
varying combinations of pathophysiologic 
pathways that lead to alveolar wall thickening, 
volume loss, and lung parenchymal distortion. 
These pathways are (1) alveolar collapse, (2) in-
corporation of fibroblastic material into alveolar 
walls, and (3) cigarette smoke-related inflamma-
tion and fibrosis. Dr, Galvin concluded with the 
notion that the term "honeycombing", which is 
often used to describe cystic spaces in the lung, 
may be too general to derive specific patho-
physiologic conclusions. This is because cysts 
that appear similar histologically or on imaging 
can result from different mechanisms that imply 
differing prognoses and different approaches to 
treatment. 

The conference brought together experts 
from various fields of research in pulmonary fi-
brosis, and allowed for cross-dissemination of 
ideas and experiences. We asked the speakers to 
share their reports, which are included here. We 
hope that the reader will find this compendium 
of reports useful and thought-provoking. 
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Lung Fibrosis: the Impact of Fibroblast 
Diversity and Differentiation 

Richard P. Phipps, Geniece M. Lehmann, and Patricia J. Sime 

University of Rochester School of Medicine, Rochester, NY 14642, USA 

 
Abstract.Fibrosis can be defined as 

tissue remodeling due to an overabundance 
of fibroblasts and connective tissue that usu-
ally results in tissue dysfunction. In this pa-
per, we discuss the concept of fibroblast het-
erogeneity, which is manifested by the par-
ticipation of fibroblasts in scar formation, 
and the techniques that have been developed 
to identify fibroblast subsets. We show that 
lung fibroblasts differ from fibroblasts in 
most other tissues in lacking the potential for 
PPARγ-driven adipocyte differentiation. 
However, we have found that PPARγ ago-
nists appear to block TGFβ-induced differen-
tiation of lung fibroblasts to myofibroblasts, 
as well as lung fibrosis. The potential thera-
peutic applications of agents that modify fi-
broblast differentiation are discussed. 

Introduction. Fibroblasts were previ-
ously considered to be relatively inert cells 
whose sole function was to provide a supporting 
superstructure, a sort of scaffolding to create tis-
sue architecture. We now know that fibroblasts 
have much more complex biological activities 
than simply to act as scaffolding for other cells. 
Many studies now show that fibroblasts from 
the lung and other tissues, such as the eye, have 
great potential to produce a variety of pro-
inflammatory, immunoregulatory, and cell-cell 
communication factors (1-6). It is now appreci-
ated that fibroblasts not only respond to in-
flammatory mediators but also initiate inflam-

                                                        

Send correspondence to Richard P. Phipps, PhD,  
Department of Environmental Medicine, Box 850, 
Rm 3-11104 MRBX, 601 Elmwood Ave., Rochester, NY 
14642, telephone: (585) 275-8326, fax: (585) 276-0239. 

matory responses and propagate tissue inflam-
mation (1, 2, 4, 5, 7). In order to understand the 
complex functions of the fibroblast, it is impor-
tant to realize that they differ from tissue to tis-
sue and also within tissues (2, 4, 5, 7-10). 

Fibrosis can be broadly defined as a 
pathologic overabundance of fibroblasts and 
connective tissue (11-19), and the scarring that 
results causes tissue dysfunction. For example, 
excessive scarring of the lung leads to disrup-
tion of normal tissue architecture, impaired 
compliance, and poor oxygenation of the blood 
(12, 15, 19-21). A complete understanding of 
the complex process of pulmonary fibrosis re-
quires an understanding of 1) the key effector 
cell, namely the fibroblast, and 2) the concept of 
fibroblast diversity. 

Approaches to identifying fibroblast 
diversity. Over the past 20 years, a number of 
approaches have been used to address the con-
cept of fibroblast heterogeneity. One of the first 
examples of this was described by Gabianni in 
1971 where he reported a population of “modi-
fied fibroblasts” in granulation tissue (22). 
These cells displayed properties intermediate 
between the fibroblast and the smooth muscle 
cell. This “myofibroblast” has received much at-
tention over the past decade, as it expresses al-
pha smooth muscle actin (αSMA), has a high 
rate of proliferation, and produces large 
amounts of extracellular matrix proteins, includ-
ing collagen (11, 12, 14-16, 20, 21). Many stud-
ies have focused on the differentiation process 
in which provocation by cytokines, such as 
transforming growth factor beta (TGFβ), trig-
gers fibroblast conversion into a myofibroblast 
(11, 12, 15, 21, 23-25). Morphology and stain-
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ing for intracellular proteins, such as αSMA, are 
one strategy for identifying different types of fi-
broblasts (11, 12, 23, 25). Over the past few 
years, other approaches have also been used, 
which include determining proliferative poten-
tial, cell size, or the presence of C1q receptors 
(26, 27). 

One approach that has led to tremendous 
advances in understanding the complexity of 
immune cells is the use of surface markers to 
identify sub-types of cells with unique func-
tions. For example, surface markers were used 
to separate lymphocytes into the two major 
classes of B cells and T cells and later into many 
different subsets of each major class with 
unique functions. Our laboratory used a similar 
approach in 1989 to describe mouse lung fibro-
blast subsets that either did or did not express 
the cell surface marker Thy1 (CD90) (28). We 
were able to derive nearly pure Thy1+ and 
Thy1– subsets from parental strains of lung fi-
broblasts via fluorescence-activated cell sorting. 
These subsets showed fidelity and, upon further 
culture, did not interconvert. Another approach 
we took was to derive clones from mixed popu-
lations of fibroblasts. The resulting clonal popu-
lations consisted of either Thy1+ or Thy1– cells. 
More recently, we and others have developed 
magnetic bead-based methods to isolate Thy1+ 
and Thy1– fibroblast subsets (2, 29). Figure 1 
shows some of the key differences between 
Thy1+ and Thy1– fibroblasts in the mouse lung. 
Essentially, we found that Thy1+ mouse lung fi-
broblasts were more elongated than the rounded 
and spread out Thy1– fibroblasts (28, 30). The 
Thy1+ subset proliferated faster (28), produced 
more collagen (30, 31), and expressed more IL-
4 receptors than Thy1– fibroblasts (32). The 
Thy1– fibroblasts produced more fibronectin 
than Thy1+ fibroblasts (31), responded to tumor 
necrosis factor-alpha (TNF-α) treatment by syn-
thesizing IL-1α (33), and were capable of both 
expressing class II MHC antigens on their sur-
face (28, 34) and presenting antigen to and acti-
vating T cells (28). 

We postulated that, due to its ability to 
produce more collagen, the Thy1+ fibroblast 
would be a more important scar-forming cell 
than the Thy1– fibroblast. Indeed, in studies us-

ing human orbital and myometrial tissue, we 
found that only Thy1+ fibroblasts were capable 
of differentiating into myofibroblasts when 
treated with TGFβ(35). However, these results 
contrast with some of the findings of Hagood 
and colleagues who showed that in rat lung fi-
broblasts, the Thy1– subset expressed the major-
ity of αSMA (36). Species differences may ac-
count for some of the discrepancies in correlat-
ing Thy1 expression with myofibroblast differ-
entiation. Nonetheless, all of these studies show 
the durability of using surface markers, such as 
Thy1, to identify functional fibroblast subsets. 

 

 
 

 
 

Why do some tissues only scar while 
others can scar or turn to fat? Upon injury, 
the lung produces scar tissue, but not fat tissue. 
In contrast, post-injury repair in other tissues, 
such as the orbit of the eye (9, 35, 37), liver 
(38), skin (39), and bone marrow (40), also in-
cludes production of fat. One possible explana-
tion for these differences is that the potential of 
the fibroblast to differentiate to a scar-forming 
myofibroblast or to an adipocyte varies between 
tissues. In recently published studies, we 
showed that human orbital fibroblasts from pa-
tients with thyroid eye disease consist of Thy1+ 
and Thy1– subsets (10). In addition to differ-
ences in biosynthetic capability, these subsets 
showed differences in their potential to differen-
tiate into scar-forming cells or into adipocytes 
(2, 35). That is, isolated Thy1+ orbital fibro-

Figure 1. Thy-1 expression defines fibroblast subsets.
Summary of key differences between Thy1+ and 
Thy1– mouse lung fibroblasts.  
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blasts differentiate into scar-forming cells when 
stimulated with TGFβ, whereas isolated Thy1– 
fibroblasts differentiate to adipocytes when 
stimulated with various peroxisome proliferator-
activated receptor gamma (PPARγ) ligands (35). 
When studying the ability of cells to become 
scar-forming cells in vitro, we discovered that 
certain PPARγ ligands could interfere with the 
ability of TGFβ to drive cells to myofibroblasts 
(11, 12). Fibroblasts from the lung, when ex-
posed to PPARγ ligands, do not differentiate 
into adipocytes. The reason for this remains a 
perplexing unanswered question, and further 
mechanistic studies will be required to under-
stand why these cells are incapable of being 
driven to adipocytes. Figure 2 shows an exam-
ple of how certain PPARγ ligands can blunt fi-
broblast-to-myofibroblast differentiation. 

 

 
As part of our studies investigating fi-

broblast subset differentiation to scar cells and 
adipocytes, we have worked with a new analyti-
cal instrument called an imaging flow cytometer 
(Amnis Imagestream). We have developed new 
strategies using this technology to more accu-
rately identify and quantify the ability of cells to 
become myofibroblasts (12) or adipocytes (un-
published data). Using this technique, cells can 
be simultaneously stained for surface markers, 
such as Thy1, intracellular proteins, such as 
αSMA, or lipids, such as neutral lipids (unpub-
lished data). In this way, in addition to using tra-
ditional methods, such as western blotting, we 
can use imaging flow cytometry to track subsets 
of fibroblasts as they differentiate into scar-

forming cells or to fat cells. In the future, this 
technology will also be used to monitor sub-
cellular localization and movement of proteins, 
such as transcription factors. 

The use of PPARγ ligands as anti-
scarring agents. As mentioned above, our pub-
lished in vitro data show that a variety of natural 
(15-deoxy-12,14-prostaglandin J2 [15d-PGJ2]), 
synthetic (rosiglitazone), and semi-synthetic 
(2 - cyano - 3,12 - dioxolean - 1,9 - dien - 28 - 
oic acid [CDDO]) PPARγ ligands can interfere 
with the process of myofibroblast formation (11, 
12). Recently, our team evaluated several differ-
ent PPARγ ligands for their ability to interfere 
with lung scarring induced by inhalation of 
profibrogenic silica (unpublished data). We 
found that natural, synthetic, and semi-synthetic 
PPARγ ligands could not only interfere with 
mouse lung fibroblast differentiation in vitro but 
also showed great promise in reducing the 
amount of scarring in the mouse lung 3 weeks 
after silica instillation. Current studies are fo-
cused on the ability of additional PPARγ ligands 
to efficiently block lung scarring induced by sil-
ica and other agents. We are also working to 
identify the molecular mechanisms whereby 
small molecule PPARγ ligands block the differ-
entiation of fibroblasts to myofibroblasts. Figure 
3 summarizes the ability of PPARγ ligands and 
TGFβ to mutually repress each other’s effects 
on fibroblast differentiation. Understanding how 
these agents interfere with fibroblast differentia-
tion could lead to new strategies to prevent 
pathological formation of scar or fat tissue. 
 

 

Figure 2. Certain PPARγ ligands blunt fibroblast-to-
myofibroblast differentiation. Primary human lung 
fibro-blasts express less TGFβ-induced αSMA when 
treated with PPARγ agonists, as shown by western 
blotting. 

Figure 3. PPARγ 
pathway and fi-
brosis summary. 
PPARγ ligands 
and TGFβ mutu-
ally repress each 
other’s ability to 
drive fibroblast 
differentiation. 



FIBROBLAST DIVERSITY AND DIFFERENTIATION 

13 

Summary and conclusions. It is now 
clear that fibroblasts from diverse human tissues 
are more than mere structural cells. Fibroblasts 
are currently recognized for their diversity, both 
between and within tissues (2, 4, 5, 7-10). Ap-
preciation of the importance of fibroblast diver-
sity will lead to new approaches to targeting the 
fibroblast in pathological conditions, such as 
idiopathic pulmonary fibrosis (IPF). Currently, 
there are no effective therapies for IPF (24). 
Understanding fibroblast diversity in the lung 
and eye may also lead to tissue-specific treat-
ments for lung scarring and orbital fat and con-
nective tissue deposition. 

Acknowledgments. This work was sup-
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Idiopathic Pulmonary Fibrosis as a Disease of Aging: 
the Connection to Short Telomeres 

Jonathan K. Alder and Mary Armanios 

Johns Hopkins University School of Medicine 

Abstract. Idiopathic pulmonary fi-
brosis (IPF) is an age-related disease for 
which no effective treatment has been identi-
fied. Inherited mutations in components of 
the telomerase enzyme are the most common 
identifiable causes of familial forms of IPF, 
and short telomeres appear to be a common 
finding in IPF patients. Here we discuss in-
sights into IPF pathogenesis provided by this 
connection to telomeres. We also define the 
spectrum of extra-pulmonary manifestations 
of telomere shortening in IPF patients and 
their significance for diagnostic decisions. 

Idiopathic pulmonary fibrosis (IPF) ac-
counts for as many deaths (estimated at 20–
30,000 per year in the United States) as some 
common cancers, and its incidence is increasing 
(1, 2). Still, there are no approved therapies. 
Age is the biggest risk factor for the develop-
ment of IPF, yet the biology that underlies its 
age-related onset is unclear, and understanding 
its etiology will be essential to any treatment 
approach. Of the idiopathic disorders in clinical 
medicine, IPF may be the most common, and it 
is associated with the heaviest burden of mor-
bidity and mortality. Familial clustering of IPF 
cases has long been appreciated, and it is esti-
mated that as many as one in five patients with 
IPF has an affected family member (3, 4). This 
observation has held promise that genetics 
might provide clues about the cause of IPF and, 
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ultimately, provide a bridge towards an effective 
translational strategy for its treatment. 

Telomeres are DNA–protein structures 
that protect chromosome ends; they have the re-
petitive sequence (TTAGGG)n and are bound by 
specialized proteins that comprise the shelterin 
complex (5). Telomeres shorten successively 
with each round of cell replication and ulti-
mately cause cell loss by mediating apoptosis 
and senescence (6, 7). They are thus a determi-
nant of the replicative potential of cells (6, 8). 
Telomerase is a specialized polymerase that 
adds telomere repeats (9, 10). To perform its 
function, telomerase has two essential compo-
nents: a reverse transcriptase, hTERT, and an 
RNA component, hTR, which provides a tem-
plate for de novo telomere addition (Figure 1). 
The role of telomeres and telomerase in disease 
was first recognized in the rare disorder 
dyskeratosis congenita (11, 12), which is classi-
cally defined by mucocutaneous features: oral 
leukoplakia, nail dystrophy, and skin hyperpig-
mentation (13). In affected patients, the primary 
cause of mortality is bone marrow failure mani-
fested as aplastic anemia. Mutations in hTERT 
and hTR cause an autosomal dominant form of 
dyskeratosis congenita (14, 15). In affected 
families, phenotypes appear earlier and more 
severely with each successive generation. This 
phenomenon, known as genetic anticipation, 
correlates with an accumulation of short te-
lomeres, implicating telomere dysfunction as the 
primary mediator of disease severity in dyskera-
tosis congenita (14, 16, 17). 

Based on the observation that IPF clus-
tered in a dyskeratosis congenita family with a 
mutant hTERT gene, we previously hypothe-
sized that short telomeres and mutant telomerase 
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may be a cause of familial IPF (14). Indeed, mu-
tations in either of the essential telomerase 
components underlie the inheritance of IPF in at 
least 8–15% of families (18,19). Although IPF 
is the most common diagnosis, other types of 
idiopathic interstitial lung disease are also pre-
sent in these families (18-20). In addition, 1–3% 
of IPF patients with no family history carry a 
mutant telomerase gene (19-21). Importantly, 
short telomeres appear to be a common shared 
feature in even sporadic cases of IPF, suggesting 
that they may be an important risk factor for this 
disease process (20, 21). Mutations in the genes 
encoding Surfactant Protein A2 and Surfactant 
Protein C have been identified in ~1–2% of fa-
milial IPF cases (22, 23). Defects in telomerase 
genes are therefore the most frequent known 
genetic cause of IPF. 

The connection between short telomeres 
and IPF has direct implications at the bedside. 
In families with IPF that carry mutant telom-
erase genes, features of dyskeratosis congenita 
can be identified. Even in the absence of the 
classic mucocutaneous features, IPF families 
can have occult cases of aplastic anemia (or re-
lated bone marrow-failure syndromes) and cryp-
togenic cirrhosis (18, 21, 24). The clustering of 
these features in IPF families has suggested that 
the triad of IPF, hematologic abnormalities, and 
cryptogenic cirrhosis is sufficient to define a 
syndrome of telomere shortening in the absence 
of the classic dyskeratosis congenita features 
(25). This syndrome is therefore distinct from, 
but falls on the same spectrum as, dyskeratosis 
congenita. Recognizing the pattern of a te-
lomere-mediated syndrome has implications for 
the care of IPF patients, and their relatives, who 
carry mutant telomerase genes. For example, pa-
tients with telomere-mediated disease can be 
exquisitely susceptible to chemotherapy. In 
dyskeratosis congenita patients, use of pulmo-
nary toxic drugs in the setting of bone marrow 
transplant (e.g., busulfan), is known to cause fa-
tal lung fibrosis (13, 26). Therefore, the diagno-
sis of telomere-mediated disease prior to bone 
marrow transplant is essential and can drasti-
cally alter treatment decisions. It is therefore 
important that IPF patients be routinely queried 
for a family history of hematologic and liver 

disorders. In patients who have a family history 
of cryptogenic liver disease and/or bone marrow 
failure, a referral for genetic counseling may be 
critical for the care of the entire family and, af-
ter counseling, patients can be offered telom-
erase genetic testing. Making the clinical and 
genetic diagnosis of a telomere syndrome there-
fore has implications for therapeutic decisions in 
a subset of IPF families. 

The etiologic clue that, in at least some 
cases, IPF is a disease of short telomeres may 
also provide insight into options for effective 
therapeutic strategies. Short telomeres activate a 
DNA damage response that mediates senes-
cence and apoptosis. In the bone marrow, it is 
clear that short telomeres lead to a stem cell 
failure syndrome and patients with telomere-
mediated disorders do not respond to immuno-
suppression (reviewed in (25)). In this setting, 
approaches that replenish hematopoietic stem 
cells can favorably alter the disease course. IPF 
characteristically also does not respond to im-
munosuppression. The pathophysiology of te-
lomere-mediated organ failure in bone marrow 
suggests the possibility that IPF may  be a dis-
ease of stem cell failure in the lung (18). In this 
case, regions of the lung that are most suscepti-
ble to loss of telomere reserves should manifest 
the earliest signs of locoregional stem cell fail-
ure. Such an hypothesis suggests that efforts to 
restore telomere length or reverse its down-
stream consequences may be an effective trans-
lational approach to IPF (18). 

The genetic evidence supports the idea 
that a decrease in telomerase dose, not its over-
activation, underlies the fibrotic process in IPF. 
Indeed, in IPF families where we can clearly 
identify a genetic cause, a decrease in the avail-
able telomerase dose (haploinsufficiency) and 
the resultant telomere shortening are the etio-
logic process (Figure 1). In fact, telomerase 
dose is tightly regulated and, in animal models, 
short telomeres are sufficient to cause features 
of dyskeratosis congenita even when telomerase 
is wildtype (27). The collective genetic observa-
tions therefore underscore the conclusion that 
IPF is likely a manifestation of age-related de-
generative organ failure in the lung and that its 
biology is intimately connected with the biology 
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of short telomeres and telomerase haploinsuffi-
ciency. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Mutations in the telomerase components 
hTERT and hTR lead to telomere shortening. And a 
syndrome that has its common manifestations in IPF 
and related idiopathic interstitial pneumonias (IIP). 
A. Telomerase has two essential components: a pro-
tein reverse transcriptase, hTERT, which relies on a 
template provided by hTR, and the telomerase RNA, 
to synthesize new TTAGGG telomere sequences 
onto chromosome ends. When telomerase levels are 
wildtype, telomere shortening is slow and gradual. 
B. In the presence of mutant hTERT or hTR in fami-
lies with IPF, there is a decrease in the available te-
lomerase dose in halpoinsufficiency, and short te-
lomeres lead to a syndrome of telomere shortening 
that has prominent manifestations in the lung, bone 
marrow, and liver. 

In summary, mutations in telomerase 
components are currently the most common 
identifiable causes of familial IPF. Short te-
lomeres also appear to be a shared risk factor for 
the disease. These genetic clues have implica-
tions at the bedside, since they have revealed the 
presence of extra-pulmonary telomere-mediated 
disease in a subset of families. Although pulmo-
nary fibrosis is often the most prominent mani-
festation in these families, cases of aplastic ane-
mia and cryptogenic cirrhosis tend to cluster 
with it. Recognizing this clustering may enable 
better diagnostic and therapeutic decisions and 
may have specific implications for the care of 
IPF patients. Beyond this, the genetic clue that 
short telomeres cause IPF provides the potential 
for novel hypotheses about how to approach its 
treatment. 

Acknowledgements. Work in the Ar-
manios laboratory is supported by grants from 
the National Institutes of Health and the Mary-
land Stem Cell Foundation. Dr. Alder is a Fran-
cis B. Parker Foundation Fellow. 

References 
1. Olson AL, Swigris JJ, Lezotte DC, 

Norris JM, Wilson CG, Brown KK. Mortality 
from pulmonary fibrosis increased in the united 
states from 1992 to 2003. Am J Respir Crit Care 
Med 2007;176:277-284. 

2. Raghu G, Weycker D, Edelsberg J, 
Bradford WZ, Oster G. Incidence and 
prevalence of idiopathic pulmonary fibrosis. Am 
J Respir Crit Care Med 2006;174:810-816. 

3. Loyd JE. Pulmonary fibrosis in families. 
Am J Respir Cell Mol Biol 2003;29:S47-50. 

4. McKusick VA, Fisher AM. Congenital 
cystic disease of the lung with progressive 
pulmonary fibrosis and carcinomatosis. Ann 
Intern Med 1958;48:774-790. 

5. Palm W, de Lange T. How shelterin 
protects mammalian telomeres. Annu Rev Genet 
2008;42:301-334. 

6. Harley CB, Futcher AB, Greider CW. 
Telomeres shorten during ageing of human 
fibroblasts. Nature 1990;345:458-460. 

7. Lee HW, Blasco MA, Gottlieb GJ, 
Horner JW, 2nd, Greider CW, DePinho RA. 
Essential role of mouse telomerase in highly 
proliferative organs. Nature 1998;392:569-574. 

8. Lundblad V, Szostak JW. A mutant with 
a defect in telomere elongation leads to 
senescence in yeast. Cell 1989;57:633-643. 

9. Greider CW, Blackburn EH. 
Identification of a specific telomere terminal 
transferase activity in tetrahymena extracts. Cell 
1985;43:405-413. 

10. Greider CW, Blackburn EH. The 
telomere terminal transferase of tetrahymena is 
a ribonucleoprotein enzyme with two kinds of 
primer specificity. Cell 1987;51:887-898. 

11. Heiss NS, Knight SW, Vulliamy TJ, 
Klauck SM, Wiemann S, Mason PJ, Poustka A, 
Dokal I. X-linked dyskeratosis congenita is 
caused by mutations in a highly conserved gene 
with putative nucleolar functions. Nat Genet 
1998;19:32-38. 



IPF, AGING, AND SHORT TELOMERES 

19 

12. Mitchell JR, Wood E, Collins K. A 
telomerase component is defective in the human 
disease dyskeratosis congenita. Nature 
1999;402:551-555. 

13. de la Fuente J, Dokal I. Dyskeratosis 
congenita: Advances in the understanding of the 
telomerase defect and the role of stem cell 
transplantation. Pediatr Transplant 
2007;11:584-594. 

14. Armanios M, Chen JL, Chang YP, 
Brodsky RA, Hawkins A, Griffin CA, Eshleman 
JR, Cohen AR, Chakravarti A, Hamosh A, et al. 
Haploinsufficiency of telomerase reverse 
transcriptase leads to anticipation in autosomal 
dominant dyskeratosis congenita. Proc Natl 
Acad Sci U S A 2005;102:15960-15964. 

15. Vulliamy T, Marrone A, Goldman F, 
Dearlove A, Bessler M, Mason PJ, Dokal I. The 
rna component of telomerase is mutated in 
autosomal dominant dyskeratosis congenita. 
Nature 2001;413:432-435. 

16. Hao LY, Armanios M, Strong MA, 
Karim B, Feldser DM, Huso D, Greider CW. 
Short telomeres, even in the presence of 
telomerase, limit tissue renewal capacity. Cell 
2005;123:1121-1131. 

17. Vulliamy T, Marrone A, Szydlo R, 
Walne A, Mason PJ, Dokal I. Disease 
anticipation is associated with progressive 
telomere shortening in families with 
dyskeratosis congenita due to mutations in terc. 
Nat Genet 2004;36:447-449. 

18. Armanios MY, Chen JJ, Cogan JD, 
Alder JK, Ingersoll RG, Markin C, Lawson WE, 
Xie M, Vulto I, Phillips JA, 3rd, et al. 
Telomerase mutations in families with 
idiopathic pulmonary fibrosis. N Engl J Med 
2007;356:1317-1326. 

19. Tsakiri KD, Cronkhite JT, Kuan PJ, 
Xing C, Raghu G, Weissler JC, Rosenblatt RL, 
Shay JW, Garcia CK. Adult-onset pulmonary 
fibrosis caused by mutations in telomerase. Proc 
Natl Acad Sci U S A 2007;104:7552-7557. 

20. Cronkhite JT, Xing C, Raghu G, Chin 
KM, Torres F, Rosenblatt RL, Garcia CK. 

Telomere shortening in familial and sporadic 
pulmonary fibrosis. Am J Respir Crit Care Med 
2008;178:729-737. 

21. Alder JK, Chen JJ, Lancaster L, Danoff 
S, Su SC, Cogan JD, Vulto I, Xie M, Qi X, 
Tuder RM, et al. Short telomeres are a risk 
factor for idiopathic pulmonary fibrosis. Proc 
Natl Acad Sci U S A 2008;105:13051-13056. 

22. Thomas AQ, Lane K, Phillips J, 3rd, 
Prince M, Markin C, Speer M, Schwartz DA, 
Gaddipati R, Marney A, Johnson J, et al. 
Heterozygosity for a surfactant protein c gene 
mutation associated with usual interstitial 
pneumonitis and cellular nonspecific interstitial 
pneumonitis in one kindred. Am J Respir Crit 
Care Med 2002;165:1322-1328. 

23. Wang Y, Kuan PJ, Xing C, Cronkhite 
JT, Torres F, Rosenblatt RL, DiMaio JM, Kinch 
LN, Grishin NV, Garcia CK. Genetic defects in 
surfactant protein a2 are associated with 
pulmonary fibrosis and lung cancer. Am J Hum 
Genet 2009;84:52-59. 

24. Alder JK, Cogan JD, Brown AF, 
Anderson CJ, Lawson WE, Lansdorp PM, 
Phillips JA, 3rd, Loyd JE, Chen JJ, Armanios 
M. Ancestral mutation in telomerase causes 
defects in repeat addition processivity and 
manifests as familial pulmonary fibrosis. PLoS 
genetics 2011;7:e1001352. 

25. Armanios M. Syndromes of telomere 
shortening. Annu Rev Genomics Hum Genet 
2009;10:45-61. 

26. Yabe M, Yabe H, Hattori K, Morimoto 
T, Hinohara T, Takakura I, Shimizu T, 
Shimamura K, Tang X, Kato S. Fatal interstitial 
pulmonary disease in a patient with dyskeratosis 
congenita after allogeneic bone marrow 
transplantation. Bone Marrow Transplant 
1997;19:389-392. 

27. Armanios M, Alder JK, Parry EM, 
Karim B, Strong MA, Greider CW. Short 
telomeres are sufficient to cause the 
degenerative defects associated with aging. Am 
J Hum Genet 2009;85:823-832. 

 

 



PROCEEDINGS OF 2009 HALES LUNG CONFERENCE 

 2011 The Authors. Published by BioBitField LLC, Ellicott City, MD 21041-1816, USA. 

Induction of Telomerase in Pulmonary Fibrosis 
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Abstract. Telomerase is a ribonucleo-
protein enzyme complex with a key role in 
maintenance of telomeres, which are complex 
protective structures at chromosome ends 
composed of 5’-TTAGGG-3’ repeats and as-
sociated proteins. Telomerase is highly ex-
pressed in early development, as well as in 
stem cells and many cancers, but not in most 
normal adult somatic cells. However recent 
evidence suggests that telomerase activity is 
induced in certain adult somatic cells in cer-
tain situations, such as in pulmonary fibrosis. 
Moreover mutations in telomerase compo-
nents and telomere shortening may be associ-
ated with pulmonary fibrosis. Animal model 
studies suggest the importance of telomerase 
induction in lung fibroblasts during pulmo-
nary fibrosis and specifically suggest that in-
duction of telomerase in bone marrow-
derived cells is important in pulmonary fi-
brosis. These findings suggest an important 
role for telomerase in fibrosis that may be re-
lated to increased survival of these telom-
erase-expressing bone marrow-derived cells. 
However in view of the association of te-
lomere shortening with pulmonary fibrosis in 
certain patients, this role may not be due to 
its telomere maintenance function, but to its 
well-known extra-telomeric effects. More 
work is required to elucidate the nature of 
these effects that are of relevance to pulmo-
nary fibrosis. 

Myofibroblasts, which emerge de novo 
in pulmonary fibrosis, are thought to be a major 
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source of extracellular matrix deposition, which 
is a primary characteristic of fibrotic lesions. 
Additionally, they represent an important source 
of profibrotic mediators, including TGFβ, and 
can contribute to the altered mechanical proper-
ties of the fibrotic tissue. This presentation is 
focused on the contribution of telomerase induc-
tion to myofibroblast development and the sig-
nificance of telomerase and telomere length in 
lung fibrosis. 

The importance of complex, specialized 
structures at chromosome ends to protect against 
end-to-end fusions was recognized over six dec-
ades ago (1, 2). It was not until over three dec-
ades later that the characteristic hexameric re-
peat sequences that comprise these linear chro-
mosome ends were discovered (3). In verte-
brates, these sequences consist of tandem re-
peats of 5’-TTAGGG-3’, averaging 2–15 kb in 
length in human somatic cells (4), but much 
longer (40–60 kb) in inbred mice (5). Today it is 
recognized that these complex structures, 
termed telomeres, contain several associated 
proteins, which together mediate the myriad 
functions attributed to telomeres (6). Key 
among these is their role in preventing activa-
tion of the DNA repair response (6, 7) and pre-
venting cell senescence by maintaining telomere 
length above a critical limit (8, 9). Maintenance 
of telomere length, which is particularly critical 
in cells with great or unlimited replicative po-
tential, such as germ/stem or cancer cells, is as-
sumed primarily by a ribonucleoprotein enzyme 
complex called telomerase. 

The telomerase enzyme complex is com-
posed of a catalytic component, telomerase re-
verse transcriptase (TERT), and a universal 
RNA template, the telomerase RNA component 
(TERC) (10). While these two components are 
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sufficient to reconstitute telomerase activity in 
vitro, other protein components, such as 
dyskerin, have been described that may regulate 
this activity in the intact cell (11). Mutations in 
any of these components are associated with 
shortened telomere lengths (12). The absence of 
telomerase activity in most normal adult somatic 
cells is thought to be due to repression of TERT 
gene expression, since the TERC is constitu-
tively expressed in these cells (13). Conse-
quently, induction of telomerase activity is 
viewed as being due to transcriptional activation 
of the TERT gene. Recent evidence indicates 
that epigenetic control of TERT gene expression 
also plays a role in this process (14). 

In addition to this well-documented role 
in telomere maintenance, TERT appears to have 
activities unrelated to telomere lengthening, in-
cluding enhanced DNA repair and additional 
functions that are independent of its catalytic ac-
tivity (15, 16). Induction of TERT expression 
can activate proliferation of hair follicle stem 
cells even in TERC-knockout mice (17) and is 
associated with significant alterations in gene 
expression profile that suggest enhanced expres-
sion of genes of the Wnt signaling pathways and 
Myc (16). TERT also has anti-apoptotic effects 
that are independent of catalytic activity (18). 

Telomerase activity is not expressed in 
most adult mammalian cells, but is highly ex-
pressed in most cancer cells, where it is thought 
to imbue the cancerous cells with unlimited rep-
licative potential (10). However there is mount-
ing evidence that it is also expressed in non-
malignant cells in situations where unlimited 
proliferation is not a feature of the pathology. 
Of particular relevance to this discussion, te-
lomerase activity is found to be transiently in-
duced in lung tissues and fibroblasts in an ani-
mal model of lung injury and fibrosis (19). In-
duction of activity, as well as TERT expression, 
occurs over a 2–3 week period 7 days after lung 
injury and declines to normal levels after 4 
weeks. Human lung fibroblasts from patients 
with interstitial lung disease also exhibit induc-
tion of telomerase (20). Similar induction occurs 
in an animal model of silicosis, spontaneously 
hypertensive rats, vascular smooth muscle cells 
exposed to hypoxia, synoviocytes from rheuma-

toid arthritis patients, as well as in fibroblasts 
and endothelial cells of human dermal granula-
tion tissue (21-25). Telomerase induction also 
occurs in microglial cells in response to brain 
injury (26) and in vascular smooth muscle fol-
lowing vascular injury. In the latter case, telom-
erase induction and associated neointimal hy-
perplasia was suppressed by PPARγ, resulting 
in diminished fibroproliferation (27). In many of 
the situations where telomerase activity is in-
duced, there is associated induction of TERT 
expression and evidence of increased cellular 
proliferation and life span. Induction of telom-
erase in lung fibroblasts in pulmonary fibrosis is 
localized to cells that do not express α-smooth 
muscle actin, indicative of their non-
myofibroblastic nature (19). Indeed myofibro-
blast differentiation induced by IL-4 or TGFβ 
results in diminished telomerase and TERT ex-
pression (28). Thus, in the case of pulmonary fi-
brosis in an animal model, there is evidence of 
transient telomerase induction selectively in 
lung fibroblasts, but not in myofibroblasts. 
Overall this non-tumorigenic induction of te-
lomerase appears to be associated with the re-
sponse to tissue injury and remodeling or fibro-
sis. 

The origin of this telomerase-expressing 
cell and the mechanism of telomerase induction 
have not been adequately defined. It is unclear 
whether this induction of telomerase in response 
to tissue injury or hypoxia is due to induction of 
TERT expression and/or recruitment of cells 
with inducible TERT expression. An interesting 
clue is provided by the observation that only 
lung fibroblasts from fibrotic lung tissue, but not 
normal controls, express high levels of telom-
erase activity and TERT in response to treat-
ment with bFGF (28). This differential bFGF-
induced telomerase expression in cells from dis-
eased, but not normal, tissues is also noted in 
other tissues (25). These findings argue that the 
cells from fibrotic tissues are phenotypically dif-
ferent than normal lung tissue fibroblasts and 
that the telomerase-inducible cells may have 
been recruited to the site of active fibrosis. Re-
cent evidence for bone marrow-derived lung fi-
broblast-like cells in fibrotic lung tissue sup-
ports the possibility of extrapulmonary recruit-
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ment of progenitor cells with inducible TERT 
expression (29). Moreover this is consistent 
with the well-known expression of telomerase in 
stem cells, especially when activated and in-
duced to differentiate (30). TERT may also be 
induced in endogenous lung fibroblasts in re-
sponse to certain factors generated in injured 
lung, as occurs in lymphocytes and vascular 
smooth muscle cells exposed to IL-7 and serum, 
respectively (31, 32). However a study using 
green fluorescent protein (GFP) bone marrow 
chimera mice indicates that the majority of 
TERT-expressing cells in fibrotic lung tissue are 
of bone marrow origin (29). Thus, current evi-
dence indicates that the telomerase-inducible fi-
broblast in pulmonary fibrosis is primarily of 
bone marrow origin. Presumably, upon recruit-
ment to the lung, these cells respond to locally 
generated factors, such as bFGF, which are in-
duced in injured lungs undergoing fibrosis (28). 
Telomerase induction by bFGF appears to be 
unrelated to its growth factor activity, since 
other growth factors, such as PDGF, cannot in-
duce telomerase in these cells. Another factor 
known to induce telomerase is stem cell factor 
(SCF) (30, 33), whose receptor, c-kit, is ex-
pressed in lung cells from patients with idio-
pathic pulmonary fibrosis (IPF), but not in nor-
mal lungs (34). 

Since activation or re-activation of te-
lomerase expression is primarily dependent on 
induction of TERT gene expression, the focus 
on understanding its mechanism is directed at 
the transcriptional and epigenetic regulation of 
TERT gene expression. Analysis of upstream 
regulatory sequences of the TERT gene suggests 
that multiple transcription factors may be in-
volved in its regulation, and indeed there is evi-
dence that several of these, such as c-myc and 
Sp1, play significant roles in regulating TERT 
gene expression (35-44). TERT expression is 
also regulated by transcriptional repression: 
TGFβ suppresses TERT transcription in lung fi-
broblasts directly via Smad3 binding to the 
TERT promoter and indirectly by suppressing c-
myc expression (45). Additional evidence also 
implicates E2F transcription factors in TGFβ-
induced repression of TERT expression (46). 
Epigenetic regulation is suggested by evidence 

that methylation of the CpG islands in the TERT 
promoter significantly affects gene expression 
(47), and that treatment with the histone deace-
tylase inhibitor, trichostatin A, modifies TERT 
expression (48, 49). Which regulatory mecha-
nism(s) are important in the induction of telom-
erase in pulmonary fibrosis remains to be de-
termined. 

While telomerase induction in lung fi-
broblasts is associated with pulmonary fibrosis 
(19, 20), inhibition of telomerase in fibrotic lung 
fibroblasts in vitro promotes myofibroblast dif-
ferentiation, which is expected to promote fibro-
sis (50). The availability of mice deficient in 
TERT (51) has recently been exploited to clarify 
this apparent paradox (52). In the absence of 
TERT, pulmonary fibrosis was significantly re-
duced in the bleomycin-induced model, indicat-
ing the importance of telomerase induction in 
the fibrotic response (52). Moreover, additional 
studies using bone marrow chimera mice indi-
cate that most of the induced telomerase is con-
tributed by bone marrow-derived cells, since de-
ficient telomerase induction in TERT knockout 
mice is essentially completely restored by trans-
plantation with wild type donor bone marrow. 
This restoration is accompanied by reconstitu-
tion of a normal fibrotic response, indicating the 
importance of telomerase induction in bone 
marrow-derived cells in this model of pulmo-
nary fibrosis. That these cells do not differenti-
ate into myofibroblasts (29, 53-55) argues that 
telomerase-expressing bone marrow-derived 
cells that traffic to lung do not contribute to the 
fibrotic response by simply serving as a source 
of myofibroblasts, but must provide some other 
essential function(s) required for fibrosis. The 
absence of TERT causes lung fibroblasts to ex-
hibit increased susceptibility to apoptosis and 
decreased proliferation. Thus, greater persis-
tence of TERT-inducible cells in wild type mice 
is somehow contributing to fibrosis associated 
with increased endogenous lung myofibroblast 
differentiation. One possible scenario is that the 
bone marrow-derived TERT-inducible cells play 
a paracrine role by secreting factors that pro-
mote local lung myofibroblast differentiation, as 
has been shown for fibrocytes in dermal burn in-
jury (56). Fibrocytes from patients with burn in-
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jury secrete TGFβ, promoting myofibroblast 
differentiation in a culture of normal dermal fi-
broblasts, which is accompanied by stimulation 
of collagen synthesis. Alternative roles are sug-
gested by the diverse functions of TERT on 
gene expression, many of which are independ-
ent of its well-known role in telomere mainte-
nance (56). Some of these TERT-regulated 
genes are known to have potential roles in fibro-
sis, including elements of the Wnt signaling 
pathway, which has been implicated in pulmo-
nary fibrosis (57). 

There is mounting evidence for an ex-
panded role for telomerase, and especially 
TERT, in disease processes not related to tu-
morigenesis. While the potential significance of 
telomerase through its contribution to telomere 
maintenance is well established, additional roles 
must be considered given the expanding list of 
functions attributed to TERT that are independ-
ent of telomere elongation. In pulmonary fibro-
sis, the significance of telomerase induction in 
fibroblasts appears to lie in bone marrow-
derived fibroblast-like cells capable of tran-
siently expressing high levels of telomerase. 
This needs to be confirmed in human fibrotic 
lung disease and could provide a novel thera-
peutic target if found to be of significance in 
pathogenesis. But the overall value of these re-
cent findings on telomerase induction in fibrosis 
lies in revealing novel insight into the impor-
tance of bone marrow-derived, fibroblast-like 
cells. 
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Can We Blame the Innate Immune System? 
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Abstract. We have identified TLR9 
expression on fibroblasts as potentially im-
portant to the pathogenesis of fibrosing lung 
diseases. We review our studies demonstrat-
ing increased TLR9 expression on fibroblasts 
in human lung biopsies from fibrosing dis-
ease patients vs. normal controls, show that 
activation of TLR9 with a synthetic CpG-
containing oligonucleotide agonist promotes 
transition to a myelofibroblast phenotype, 
and review our experience with a model in 
which human lung fibroblasts are trans-
ferred to severe combined immunodeficiency 
(SCID) mice. 

Introduction. The wound repair process 
occurs in response to epithelial and endothelial 
cell damage and is characterized by a number of 
phases. In the injury phase, hematological 
mechanisms involving platelets and newly re-
cruited inflammatory cells are employed. The 
inflammatory stage is complex, involving a mix 
of innate and adaptive immune mechanisms in-
terfacing with stromal and structural elements to 
terminate the immune response and facilitate the 
appropriate depositions of extracellular matrix. 
Fibrosis differs dramatically from wound heal-
ing in that it appears that the remodeling phase 
remains active, leading to the copious produc-
tion of ECM and disruption of normal tissue ar-
chitecture. Fibrotic disorders are of clinical sig-
nificance in that they account for approximately 
45% of all deaths, including those associated 
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with atherosclerosis, connective tissue diseases, 
surgical complications, and radiation-induced 
fibrosis. The emphasis of this talk will be on 
idiopathic interstitial pneumonias (IIPs) and, in 
particular, idiopathic pulmonary fibrosis (IPF). 

The etiopathogenesis of IPF remains en-
igmatic, but many investigators have observed 
that several exogenous and endogenous stimuli 
can cause fibrosis. An important factor in the 
aberrant wound healing response is the spatial 
and temporal separation of the microscopic foci 
of lung injury. Our research has focused on the 
mechanism through which infections or infec-
tious agents might drive injury events in the 
lung leading to pulmonary fibrosis. 

Accordingly, we have investigated a 
number of infectious agents, including bacteria, 
viruses, parasites, and fungi, for their tissue in-
jury effects and modulatory effects on structural 
cells, such as epithelial cells and fibroblasts, and 
leukocytes, such as macrophages, eosinophils, 
and DCs. Under many circumstances, the innate 
immune system is ideally suited to handle infec-
tious agents and usually results in effective 
pathogen clearance and resolution of the im-
mune response, with little evidence of patho-
logic wound repair. However, when the innate 
immune response is ineffective and infectious 
agents persist, key changes in the phenotypes of 
some of the participating immune and structural 
cells occur (examples include alternative activa-
tion of macrophages and the development of 
myofibroblasts). We propose that the combined 
effects of alternative differentiation/activation of 
key structural and immune cells in the lung and 
continuous activation of these cells by persistent 
infectious agents or endogenous host factors 
leads to fibrosis. We discuss possible mecha-
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nisms responsible for persistent activation of 
these cells below. 

Toll-like receptors (TLRs) drive fi-
brotic responses in response to byproducts of 
infectious agents. Response to infectious agents 
involves the toll-like receptors (TLRs). Numer-
ous cell surface or endosomically localized re-
ceptors are exquisitely adapted to respond to 
pathogen-associated molecular patterns 
(PAMPs). Our driving hypothesis is that TLR 
activation by chronic or repetitive exposure to 
PAMPs leads to fibrosis. An alternative and 
equally attractive hypothesis is that, instead of 
initiating fibrotic responses, TLR activation is 
involved in acute exacerbations of fibrotic lung 
disease, as is frequently observed in IPF. 

Of the TLRs we have examined to date, 
the most compelling case for a role in fibrosis 
can be made for TLR9, which is endosomically 
localized and recognizes bacterial and viral nu-
cleic acids that are hypomethylated. Under basal 
conditions in humans, TLR9 is expressed on B 
cells, monocytes, and plasmacytoid dendritic 
cells. However, structural cells, such as epithe-
lial cells, also constitutively express TLR9. Pub-
lished reports point to a major role for TLR9 ac-
tivation in fibrotic processes in liver and kidney. 
So what about the lung? 

TLR9 expression is increased in IPF 
biopsies and fibroblasts. We have recently re-
ported that TLR9 is expressed in IIP and that its 
activation promotes myofibroblast differentia-
tion (1). Using Taqman™ real-time reverse 
transcriptase/polymerase chain reaction, we ob-
served that TLR9 transcript expression was in-
creased approximately 6-fold in surgical lung 
biopsies taken from IPF patients that exhibited 
an usual interstitial pneumonia (UIP) histologi-
cal pattern. Biopsies from patients with non-
specific interstitial pneumonia (NSIP), another 
IIP, but with a more benign prognosis than IPF, 
exhibited an approximately 2.5-fold increase in 
TLR9 transcript expression compared with his-
tologically normal control biopsies. Immunohis-
tochemical analysis of biopsies from IPF, NSIP, 
and histologically normal controls demonstrated 
TLR9 protein levels that paralleled the increase 
in TLR9 mRNA levels found in lung tissue from 
patients with IPF and NSIP. Of interest, the 

TLR9 staining was localized not only in the al-
veolar epithelium but also in the interstitium of 
both groups of IIP. The biopsies from patients 
with IPF showed a mild and heterogeneous in-
flammation, while NSIP biopsies showed more 
intense and diffuse inflammatory infltrates with 
very intense TLR9 staining, particularly in mor-
phologically distinct macrophages. By contrast, 
TLR9 expression was weak or undetectable in 
normal lung tissue and, when present, appeared 
to be confined to small lymphocytes. 

We have isolated primary lung fibro-
blasts from these biopsies, which has allowed us 
to focus on the function of this cell type in vitro. 
Immunohistochemical analysis of TLR9 expres-
sion in these cell types revealed that TLR9 was 
highly expressed under basal conditions and fur-
ther increased after 24-h incubation with IL-4 or 
IL-13. In contrast, fibroblasts from normal lung 
exhibited much lower basal TLR9 protein ex-
pression, which did not increase after treatment 
with IL-4 or IL-13. To understand the functional 
significance of TLR9 expression in fibroblasts, 
we examined the effect of CpG-ODN (synthetic 
oligonucleotides containing CpG motifs that ac-
tivate TLR9) on the phenotype of cultured pri-
mary human fibroblasts. When added to primary 
lung fibroblast cultures in the absence of IL-4, 
CpG-ODN induced a transition to a myofibro-
blast phenotype and, when added with IL-4, en-
hanced the effects of IL-4 on this process. Thus, 
activation of TLR9 by CpG-containing DNA 
appeared to be a potent stimulus in driving hu-
man fibroblasts toward a myofibroblast pheno-
type. We are presently exploring the molecular 
mechanism through which this occurs, and it 
appears that this process is not driven by TLR9 
in the endosome. With the recent recognition 
that mitochondrial DNA released from mam-
malian cells is a potent TLR9 agonist, the en-
hanced expression of TLR9 in lung fibroblasts 
from patients with IIPs and its influence on fi-
broblast phenotype takes on even more potential 
importance. 

CpG-ODN drives fibrosis in a novel 
mouse model of pulmonary fibrosis. We next 
addressed whether CpG-ODN drives a fibrotic 
response in vivo. For these studies, we em-
ployed a model that we have recently developed 
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in which PKH26-labeled lung fibroblasts from 
normal or IIP biopsies are transferred to C.B17 
SCID/Bg mice via intravenous tail injection(2). 
At various times after injection, we evaluated 
the tissue distribution of the labeled human fi-
broblasts and analyzed the mouse lungs for his-
tologic changes consistent with fibrosis. We 
found that PKH-labeled human lung fibroblasts 
localized almost exclusively to the lungs of 
SCID mice. Representative histopathology at 
day 35 after IPF fibroblast injection into SCID 
mice revealed that lung fibroblasts from IPF, but 
not normal, lung biopsies induced histological 
changes consistent with pulmonary fibrosis in 
the surrounding lung tissue of the recipient mice 
(2). Hydroxyproline analysis confirmed that IIP 
fibroblasts, but not normal fibroblasts, promoted 
pulmonary fibrosis. Treating the mice that re-
ceived IPF fibroblasts with CpG-ODN further 
increased the magnitude of lung fibrosis when 
studied 63 days after cell transfer, as assessed 
histologically and by measuring hydroxyproline 
levels. By contrast, lung fibrosis did not develop 
in mice that received fibroblasts from normal 
lung either without or with CpG-ODN. Thus, 
IPF fibroblasts are fibrogenic and this potential 
is further increased by co-exposure to exoge-
nous TLR9 agonist. 

TLR9 and pulmonary fibrosis. Our 
current working model is summarized in Figure 
1. We propose that while the nature of the 
stimulus leading to TLR9 expression, in particu-
lar by collagen-producing cells, such as fibro-
blasts and fibrocytes, is unknown, these cells 
express higher amounts of TLR9 in IPF. The 
Th2 environment coupled with the presence of 
microbial and viral byproducts drives the activa-
tion of these TLR9-positive cells, leading to 
their transformation into myofibroblasts and the 

increased generation of profibrotic chemokines 
and matrix deposition. 

 

 
 

Figure 1. Working model of the role of TLRs in 
IPF-associated fibroproliferation. 
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The Integrin-Mediated Profibrotic 
Effect of T Lymphocytes 
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Abstract. The exact pathophysiologi-
cal mechanisms of pulmonary fibrosis remain 
unknown, but they are likely diverse. This 
paper focuses on the potential contribution of 
lymphocyte subsets to pulmonary fibrosis. 
We show that integrins αVβ3 and αVβ5, 
which are present on some T cells in fibrotic 
human lungs and induced on T cells in the 
CCL18-treated mouse lung, are capable of 
directly stimulating fibroblast collagen pro-
duction and provide evidence that the 
mechanism operates through activation of 
immobilized TGFβ. These data demonstrate 
one mechanism by which chronic inflamma-
tion may lead to fibrosis. 

Interstitial lung disease (ILD), also 
known as diffuse parenchymal lung disease 
(DPLD), is a syndrome characterized by a com-
bination of various degrees of pulmonary in-
flammation and fibrosis. It may occur independ-
ently of other diseases in patients with idio-
pathic pulmonary fibrosis (IPF) or may be asso-
ciated with systemic sclerosis (scleroderma lung 
disease), rheumatoid arthritis, sarcoidosis, graft-
versus-host disease, occupational or environ-
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mental lung diseases, radiation or chemotherapy 
exposure, and some rare genetic diseases (1). 
ILD poses a serious biomedical problem for 
several reasons. Firstly, there are no proven 
methods of controlling deposition of collagen in 
the lungs. Secondly, pulmonary fibrosis is heav-
ily debilitating and deadly, and the mortality 
from it continues to increase, with mortality 
rates now exceeding those from malignancies, 
such as acute myeloid leukemia, multiple mye-
loma, and bladder cancer (2). Thirdly, it is diffi-
cult to estimate the exact incidence and preva-
lence of ILD, because it is often undiagnosed, 
and data are scattered among various specific 
forms of ILD. However, the prevalence of IPF 
alone is 227 per 100,000 among those 75 years 
or older and nearly 43 per 100,000 in the overall 
US population (3), suggesting that the combined 
prevalence of ILD from all causes is substantial. 

The exact pathophysiological mecha-
nisms of pulmonary fibrosis remain unknown, 
but they are likely diverse. The inflammation 
hypothesis suggests that pulmonary fibrosis is 
driven by inflammation, and this indeed appears 
to be the case in some, but not all, instances, at 
least not in IPF. While there are several lines of 
evidence against the inflammation hypothesis in 
IPF (4), this hypothesis has, overall, been very 
fruitful and led to numerous discoveries, par-
ticularly of cytokines and cell surface molecules 
driving fibroblast proliferation, accelerated col-
lagen production and attenuated turnover, and 
ultimately collagen deposition in the lungs (5-
7). A major argument against the inflammation 
hypothesis is that anti-inflammatory therapies 
do not appear to attenuate the downward course 
of IPF. An additional argument is that the histo-
logical pattern of usual interstitial pneumonia 
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(UIP), so common for IPF, is characterized by a 
paucity of inflammatory infiltrates. As a result, 
alternative hypotheses arguing that epithelial 
disturbances and transdifferentiation of epithe-
lial- or bone marrow-derived cells into pulmo-
nary fibroblasts drives excessive collagen depo-
sition in the lungs have been suggested. Never-
theless, recent findings suggest that it may be 
too early to discard the notion of inflammatory 
cell involvement in pulmonary fibrosis (4, 8), 
especially in interstitial pneumonias associated 
with collagen vascular diseases (5-10). Al-
though acute inflammation attenuates collagen 
production and accelerates collagen turnover, 
chronic inflammation has been linked to exces-
sive deposition of scar tissue in various organs, 
including liver (11), pancreas (12), heart (9), 
kidney (13), gut (14), and skin (15). Inflamma-
tion mediates radiation-induced fibrosis (16), 
chronic allergic inflammation mediates fibrosis 
in asthma (17) and eosinophilic esophagitis 
(18), and chronic autoimmune inflammation 
mediates fibrosis in collagen vascular diseases 
(5-10, 19-25). 

Accumulation of mononuclear cells, par-
ticularly lymphocytes, in the tissues is the hall-
mark of chronic inflammation, in contrast with 
acute inflammation, which is characterized by 
infiltration of polymorphonuclear leukocytes. 
Pulmonary accumulation of lymphocytes is 
common in fibrotic interstitial lung disease of 
various etiologies, and, depending on their phe-
notype and the nature of the pulmonary milieu, 
pulmonary T cells may act profibrotically, anti-
fibrotically, or be innocent bystanders in the fi-
brotic process, including in IPF (10). Several 
questions of mechanistic importance need to be 
understood in this regard, including what drives 
T cells to the lungs, what makes them stay there, 
and how do they exert their pro- or antifibrotic 
action? An important finding was made in puri-
fied pulmonary T cells from patients with 
scleroderma lung disease (SLD) (20). These T 
cells expressed significantly higher levels of 
several integrin chains, notably integrin αV, 
compared with pulmonary T cells from 
scleroderma patients without interstitial lung 
disease or from healthy controls. The impor-
tance of this finding was two-fold. Firstly, it ex-

plained the mechanistic reason for the persis-
tence of T lymphocytes in the lungs of patients, 
as αV-containing integrins (αVβ1, αVβ3, αVβ5, 
αVβ6, and αVβ8) bind extracellular matrix 
ligands containing the RGD (Arg-Gly-Asp) se-
quence, such as fibronectin, fibrinogen, throm-
bospondin, vitronectin, laminin, osteopontin, 
and other ligands. Secondly, these integrins also 
bind latent transforming growth factor (TGF)-β 
and activate it (26), and this cytokine is the 
strongest known profibrotic mediator (5-7). 

We performed immunohistochemical 
analyses of lung sections from patients with 
SLD and IPF (23). T lymphocytes, including 
CD3+CD4+ and CD3+CD8+ cells, were abundant 
in the lungs of patients with SLD and also pre-
sent in sections from the lungs of IPF patients. 
There were also numerous cells that stained for 
integrins αVβ3 or αVβ5 in these tissues. Confo-
cal microscopy analyses revealed that these in-
tegrins and the markers of T lymphocytes co-
localized on numerous cells infiltrating pulmo-
nary parenchyma. To further confirm that these 
integrins are indeed expressed on T cells in the 
lungs of patients with SLD, flow cytometry 
analyses of bronchoalveolar lavage (BAL) cells 
were performed, which revealed that these in-
tegrins were expressed on as many as 50% of T 
cells from the lungs of patients, but not healthy 
controls. Additionally, quantitative PCR ex-
periments with purified pulmonary T cells re-
vealed higher expression levels of integrin 
mRNAs in patients than in healthy controls. Of 
these two integrins, αVβ3 binds to a much 
broader spectrum of RGD-containing ligands 
than does αVβ5 (27), suggesting that the former 
might play a more significant role in these pul-
monary diseases than the latter. Nevertheless, 
our study (23) addressed expression and roles of 
both integrin αVβ3 (ITGAVB3) and integrin 
αVβ5 (ITGAVB5), which will be referred to as 
ITGAVB3/5 or simply "integrins" below. 

We then considered that a chemokine as-
sociated with pulmonary fibrosis in humans, 
CCL18, causes pulmonary infiltration of T lym-
phocytes (10, 21, 22, 25). Similar to the obser-
vations in humans, pulmonary T lymphocytes in 
the animal model of CCL18 overexpression also 
expressed ITGAVB3/5 based on immunohisto-
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chemical and flow cytometric observations (23). 
This similarity between human patients and the 
animal model allowed for evaluation of the 
mechanistic roles of integrin expression on pul-
monary T lymphocytes. Systemic administration 
of neutralizing anti-ITGAV antibody signifi-
cantly attenuated lymphocytic infiltration and 
collagen deposition in the lungs of CCL18-
overexpressing lung, and germline deficiency of 
ITGB3 completely abrogated these effects of 
CCL18. These observations suggest that these 
integrins might be a suitable therapeutic target 
in humans with interstitial lung disease (23). 

Subsequent experiments in cell culture 
focused on outlining the mechanism by which 
expression of ITGAVB3/5 on T lymphocytes 
may promote fibrosis. Jurkat cells (a T cell line) 
were transfected to overexpress ITGAVB3 or 
ITGAVB5 and co-cultured with primary pul-
monary fibroblasts, and increases in collagen 
production and α-smooth muscle expression (in-
dicative of myofibroblastic transformation) were 
observed. Interestingly, the effect of integrin 
expression on collagen production was attenu-
ated in the presence of anti-TGF-β antibody, al-
though TGF-β was not detectable in the super-
natants of these co-cultures. In further support 
of a mechanistic contribution of TGF-β to in-
tegrin-mediated fibrosis, nuclear translocation 
of a Smad2–GFP fusion protein was observed in 
fibroblasts in these co-cultures, and western 
blotting analyses confirmed elevated Smad2/3 
in nuclear compared to cytoplasmic lysates of 
these fibroblasts (23). Together, these data sug-
gest that ITGAVB3/5 expressed on T cells are 
important for their pulmonary infiltration and 
the TGF-β-mediated profibrotic effect on pul-
monary fibroblasts. Our data suggest that these 
integrins do not stimulate production of TGF-β, 
but rather activate already present, latent TGF-β 
that is tethered to extracellular matrix or the sur-
face of the target cell (fibroblasts). As a result of 
such activation, TGF-β acts immediately on the 
target cells without becoming a solute (26). 

Importantly, not all instances of pulmo-
nary infiltration of T lymphocytes or associated 
pulmonary fibrosis are dependent on 
ITGAVB3/5. For example, our unpublished data 
show that in the bleomycin model of lung in-

jury, abundant T lymphocytes accumulate in the 
lungs of mice, but in contrast to the CCL18 
overexpression model, they do not express 
ITGAVB3/5; antibody-mediated inhibition or 
germline deficiency of these integrins does not 
affect pulmonary infiltration of lymphocytes 
and accumulation of collagen in the bleomycin 
model. We also did not observe any effect of 
systemic depletion of T cells on the degree of 
pulmonary fibrosis in the bleomycin model (25). 
It remains to be seen how universal is the 
mechanistic engagement of integrin-expressing 
pulmonary lymphocytes in human interstitial 
lung diseases beyond SLD and IPF. These con-
siderations further support the notion that pul-
monary T lymphocytes may act profibrotically, 
antifibrotically, or as innocent bystanders in in-
terstitial lung disease, depending on their pheno-
types (10). 

Our observations offer a new perspective 
on the regulatory T cell phenotype, because 
ITGAVB3/5-expressing T cells activate TGF-β, 
which is not only the most potent profibrotic cy-
tokine, but also a powerful anti-inflammatory 
and immunosuppressive mediator. Integrin-
expressing T cells may activate latent TGF-β al-
ready present in the tissues without producing 
this cytokine themselves or without having ac-
tive TGF-β bound to their surface; they are 
therefore similar but not identical to Th3 cells 
(28). We did not observe an increase in the frac-
tion of CD4+CD25+ cells among CD3+ cells in 
the lungs of CCL18-overexpressing mice, sug-
gesting that these TGF-β-activating cells are not 
classical Treg cells either. The new type of 
regulatory T cells discovered by us would be 
expected to act on contact with latent TGF-β 
tethered to extracellular matrix or the cell sur-
face, and therefore would mediate not only cell 
adhesion but also anti-inflammatory and immu-
nosuppressive effects in the immediate vicinity 
of these T lymphocytes. We speculate that this 
may be a possible explanation for the ineffec-
tiveness of anti-inflammatory therapies in pa-
tients with interstitial lung disease. The local in-
flammation in their lungs is already suppressed, 
to an extent, by this new type of regulatory T 
cell through the same mechanism that facilitates 
their adhesion and profibrotic effects; inflamma-
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tion therefore is not a cause of fibrosis in such 
cases. This notion is in agreement with the ear-
lier suggestion that more pronounced inflamma-
tion may be protective against pulmonary fibro-
sis (29). Our studies suggest that expression or 
non-expression of integrins on the infiltrating 
pulmonary T lymphocytes may render them pro- 
or antifibrotic, respectively (Figure 1). In 
agreement with this line of thinking and our ob-
servations that pulmonary lymphocytes in the 
bleomycin injury model do not express 
ITGAVB3/B5 and do not contribute to pulmo-
nary fibrosis (see above), our recent study (25) 
revealed that in a combined CCL18 overexpres-
sion/ bleomycin injury model, pulmonary levels 
of pro-inflammatory mediators were higher and 
collagen accumulation lower than upon bleomy-
cin injury alone. These observations also sug-
gest that the bleomycin model is more represen-
tative of acute lung injury/inflammation-induced 
fibrosis, whereas the CCL18 overexpression 
model is likely more representative of chronic 
interstitial lung disease in humans (such as SLD 
or IPF). 
 

 
 

Although the expression of integrins 
αVβ3 and αVβ5 on subpopulations of T cells 
was discovered more than a decade ago (30-33), 
its role in disease processes remains unclear. 

Our observations suggest, for the first time, a 
pathophysiologically important engagement of 
these cells. What regulates expression of these 
integrins on T lymphocytes remains completely 
unknown. In unpublished experiments in cell 
culture, we were not able to induce expression 
of these integrins on primary human T cells by 
stimulation with CCL18, VCAM-1, or CCL21 
alone or in combination. There was no induction 
of integrins in primary T cells co-cultured with 
primary pulmonary fibroblasts with or without 
the aforementioned factors. Future work will 
outline the mechanism by which expression of 
integrins on T lymphocytes is regulated. 

In summary, T lymphocytes may modu-
late homeostasis of connective tissue toward 
deposition or turnover through several mecha-
nisms, including production of cytokines (5-7), 
expression or non-expression of cell-surface 
molecules, such as CD40L (34) or Fas/FasL 
(10), and now a new mechanism, integrin-
mediated adhesion and activation of TGF-β 
(23). Further understanding of the mechanisms 
by which T lymphocytes regulate connective 
tissue homeostasis may allow for development 
of novel therapies for interstitial lung disease. 

References 
1. Schwartz MI, King TE, Jr. Hamilton, 

Canada: B.C. Decker; 2003. 
2. Olson AL, Swigris JJ, Lezotte DC, 

Norris JM, Wilson CG, Brown KK. Mortality 
from pulmonary fibrosis increased in the united 
states from 1992 to 2003. Am J Respir Crit Care 
Med 2007;176(3):277-284. 

3. Raghu G, Weycker D, Edelsberg J, 
Bradford WZ, Oster G. Incidence and 
prevalence of idiopathic pulmonary fibrosis. Am 
J Respir Crit Care Med 2006;174(7):810-816. 

4. Kamp DW. Idiopathic pulmonary 
fibrosis: The inflammation hypothesis revisited. 
Chest 2003;124(4):1187-1190. 

5. Atamas SP. Complex cytokine 
regulation of tissue fibrosis. Life Sci 
2002;72(6):631-643. 

6. Atamas SP, White B. Cytokine 
regulation of pulmonary fibrosis in scleroderma. 
Cytokine Growth Factor Rev 2003;14(6):537-
550. 

TGF-β 
activation 

Figure 1. Hypothetical generalized mechanism  
regulating pro- or antifibrotic properties of 
pulmonary T lymphocytes. 

Attenuated inflammation, 
accelerated production and 

attenuated turnover of 
collagen by fibroblasts 

PROFIBROTIC 

Inflammation, attenuated 
production and accelerated 

turnover of collagen by
fibroblasts 

ANTIFIBROTIC



LUZINA & ATAMAS 

34 

7. Atamas SP, White B. The role of 
chemokines in the pathogenesis of scleroderma. 
Curr Opin Rheumatol 2003;15(6):772-777. 

8. Feghali-Bostwick CA, Tsai CG, 
Valentine VG, Kantrow S, Stoner MW, 
Pilewski JM, Gadgil A, George MP, Gibson KF, 
Choi AM, et al. Cellular and humoral 
autoreactivity in idiopathic pulmonary fibrosis. 
J Immunol 2007;179(4):2592-2599. 

9. Kai H, Kudo H, Takayama N, Yasuoka 
S, Kajimoto H, Imaizumi T. Large blood 
pressure variability and hypertensive cardiac 
remodeling--role of cardiac inflammation. Circ 
J 2009;73(12):2198-2203. 

10. Luzina IG, Todd NW, Iacono AT, 
Atamas SP. Roles of t lymphocytes in 
pulmonary fibrosis. J Leukoc Biol 
2008;83(2):237-244. 

11. Pinzani M, Vizzutti F. Fibrosis and 
cirrhosis reversibility: Clinical features and 
implications. Clin Liver Dis 2008;12(4):901-
913, x. 

12. Masamune A, Watanabe T, Kikuta K, 
Shimosegawa T. Roles of pancreatic stellate 
cells in pancreatic inflammation and fibrosis. 
Clin Gastroenterol Hepatol 2009;7(11 
Suppl):S48-54. 

13. Furuichi K, Kaneko S, Wada T. 
Chemokine/chemokine receptor-mediated 
inflammation regulates pathologic changes from 
acute kidney injury to chronic kidney disease. 
Clin Exp Nephrol 2009;13(1):9-14. 

14. Andoh A, Bamba S, Brittan M, 
Fujiyama Y, Wright NA. Role of intestinal 
subepithelial myofibroblasts in inflammation 
and regenerative response in the gut. Pharmacol 
Ther 2007;114(1):94-106. 

15. Stramer BM, Mori R, Martin P. The 
inflammation-fibrosis link? A jekyll and hyde 
role for blood cells during wound repair. J 
Invest Dermatol 2007;127(5):1009-1017. 

16. Zhao W, Robbins ME. Inflammation and 
chronic oxidative stress in radiation-induced late 
normal tissue injury: Therapeutic implications. 
Curr Med Chem 2009;16(2):130-143. 

17. Burgess JK. The role of the extracellular 
matrix and specific growth factors in the 
regulation of inflammation and remodelling in 
asthma. Pharmacol Ther 2009;122(1):19-29. 

18. Aceves SS, Ackerman SJ. Relationships 
between eosinophilic inflammation, tissue 
remodeling, and fibrosis in eosinophilic 
esophagitis. Immunol Allergy Clin North Am 
2009;29(1):197-211, xiii-xiv. 

19. Atamas SP, Yurovsky VV, Wise R, 
Wigley FM, Goter Robinson CJ, Henry P, Alms 
WJ, White B. Production of type 2 cytokines by 
cd8+ lung cells is associated with greater 
decline in pulmonary function in patients with 
systemic sclerosis. Arthritis Rheum 
1999;42(6):1168-1178. 

20. Luzina IG, Atamas SP, Wise R, Wigley 
FM, Choi J, Xiao HQ, White B. Occurrence of 
an activated, profibrotic pattern of gene 
expression in lung cd8+ t cells from 
scleroderma patients. Arthritis Rheum 
2003;48(8):2262-2274. 

21. Luzina IG, Atamas SP, Wise R, Wigley 
FM, Xiao HQ, White B. Gene expression in 
bronchoalveolar lavage cells from scleroderma 
patients. Am J Respir Cell Mol Biol 
2002;26(5):549-557. 

22. Luzina IG, Papadimitriou JC, Anderson 
R, Pochetuhen K, Atamas SP. Induction of 
prolonged infiltration of t lymphocytes and 
transient t lymphocyte-dependent collagen 
deposition in mouse lungs following adenoviral 
gene transfer of ccl18. Arthritis Rheum 
2006;54(8):2643-2655. 

23. Luzina IG, Todd NW, Nacu N, Lockatell 
V, Choi J, Hummers LK, Atamas SP. 
Regulation of pulmonary inflammation and 
fibrosis through expression of integrins 
alphavbeta3 and alphavbeta5 on pulmonary t 
lymphocytes. Arthritis Rheum 2009;60(5):1530-
1539. 

24. Mozaffarian A, Brewer AW, Trueblood 
ES, Luzina IG, Todd NW, Atamas SP, Arnett 
HA. Mechanisms of oncostatin m-induced 
pulmonary inflammation and fibrosis. J 
Immunol 2008;181(10):7243-7253. 

25. Pochetuhen K, Luzina IG, Lockatell V, 
Choi J, Todd NW, Atamas SP. Complex 
regulation of pulmonary inflammation and 
fibrosis by ccl18. Am J Pathol 2007;171(2):428-
437. 

26. Sheppard D. Integrin-mediated 
activation of latent transforming growth factor 



INTEGRINS & LYMPHOCYTES 

35 

beta. Cancer Metastasis Rev 2005;24(3):395-
402. 

27. Stupack DG, Cheresh DA. Get a ligand, 
get a life: Integrins, signaling and cell survival. 
J Cell Sci 2002;115(Pt 19):3729-3738. 

28. Carrier Y, Yuan J, Kuchroo VK, Weiner 
HL. Th3 cells in peripheral tolerance. I. 
Induction of foxp3-positive regulatory t cells by 
th3 cells derived from tgf-beta t cell-transgenic 
mice. J Immunol 2007;178(1):179-185. 

29. Gauldie J. Pro: Inflammatory 
mechanisms are a minor component of the 
pathogenesis of idiopathic pulmonary fibrosis. 
Am J Respir Crit Care Med 2002;165(9):1205-
1206. 

30. Brando C, Shevach EM. Engagement of 
the vitronectin receptor (alpha v beta 3) on 
murine t cells stimulates tyrosine 
phosphorylation of a 115-kda protein. J 
Immunol 1995;154(5):2005-2011. 

31. Gerber DJ, Pereira P, Huang SY, 
Pelletier C, Tonegawa S. Expression of alpha v 
and beta 3 integrin chains on murine 
lymphocytes. Proc Natl Acad Sci U S A 
1996;93(25):14698-14703. 

32. Halvorson MJ, Coligan JE, Sturmhofel 
K. The vitronectin receptor (alpha v beta 3) as 
an example for the role of integrins in t 
lymphocyte stimulation. Immunol Res 
1996;15(1):16-29. 

33. Huang S, Endo RI, Nemerow GR. 
Upregulation of integrins alpha v beta 3 and 
alpha v beta 5 on human monocytes and t 
lymphocytes facilitates adenovirus-mediated 
gene delivery. J Virol 1995;69(4):2257-2263. 

34. Atamas SP, Luzina IG, Dai H, Wilt SG, 
White B. Synergy between cd40 ligation and il-
4 on fibroblast proliferation involves il-4 
receptor signaling. J Immunol 
2002;168(3):1139-1145. 
 



PROCEEDINGS OF 2009 HALES LUNG CONFERENCE 

 2011 The Authors. Published by BioBitField LLC, Ellicott City, MD 21041-1816, USA. 

Stamping Out the Fires of Lung Inflammation: 
a Role for the Aryl Hydrocarbon Receptor 
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Ajit A. Kulkarni, and Richard P. Phipps 

University of Rochester 

Abstract. This paper focuses on the 
potential anti-inflammatory effects of AhR. 
We review studies of AhR ligands and AhR-
null mice demonstrating that AhR is anti-
inflammatory in mouse models of lung in-
flammation and injury and reduces fibro-
blast activation and transition to the myofi-
broblast phenotype. 

Inflammatory, fibrotic, and remodeling 
pathologies underlie or contribute to many com-
mon pulmonary diseases. As a scientific com-
munity, we have identified pro-inflammatory 
and pro-fibrotic signals, but our understanding 
of the endogenous mechanisms controlling these 
pathologies lags behind. The aryl hydrocarbon 
receptor (AhR) is a ligand-activated, basic, he-
lix-loop-helix transcription factor, well known 
as the receptor for environmental toxicants, such 
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
and other aromatic hydrocarbons (1). The AhR 
is widely expressed in many tissues, including 
the lung, and is found in both structural and 
immune cells. Before activation, the AhR re-
sides in the cytoplasm. Upon ligand binding, it 
translocates into the nucleus where it het-
erodimerizes with the AhR nuclear transporter 
(ARNT) and then binds to DNA sequences 
termed dioxin response elements (DREs) (2). 
Many phase I and phase II genes, such as cyto-
chrome p450, contain DREs, and it is well 
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known that the AhR plays an important role in 
regulating the detoxification response to envi-
ronmental pollutants (1). However, our own 
new data, as well as that of others, suggests that 
the AhR has important roles in regulating im-
mune and inflammatory responses in the lung 
and other organs (3). For example, AhR and its 
ligands have been reported to modulate immune 
responses in models of allergic encephalomye-
litis and parasitic infection (4, 5). Studies also 
show that altered immune responses following 
exposure to TCDD are AhR-dependent and that 
TCDD affects T cell differentiation and function 
(6, 7). Furthermore, several candidate endoge-
nous AhR ligands have been identified, includ-
ing tryptophan metabolites and 2-(1’H-indole-
s’-carbonyl)-thiazole-4-carboxylic acid methyl 
ester (ITE), a high-affinity ligand originally iso-
lated from porcine lung (8-10). The role of these 
endogenous ligands has not been fully eluci-
dated and their role in lung disease has not yet 
been well studied. 

Exciting recent data from our laboratory 
has shown that AhR down-regulates lung in-
flammation in vivo, incited by a variety of stim-
uli, including inhalation of cigarette smoke or 
lipopolysaccharide (LPS) (11). Mice deficient in 
AhR (AhR–/–) have increased expression of in-
flammatory mediators, including macrophage 
inflammatory protein (MIP-2), tumor necrosis 
factor alpha (TNF-α), KC, and inflammatory 
prostaglandins, in their bronchoalveolar lavage 
fluid at baseline, although they show no evi-
dence of cellular inflammation in their lungs or 
other organs. This suggests that they are primed 
to develop inflammation when exposed to an 



ARYL HYDROCARBON RECEPTOR IN LUNG INFLAMMATION 

37 

appropriate stimulus. Indeed, following inhala-
tion of cigarette smoke, AhR–/– mice develop 
heightened neutrophilic inflammation with in-
creased levels of pro-inflammatory mediators 
compared to wild-type controls. Similarly, ex-
posure to LPS, which is not an AhR ligand, also 
results in heightened inflammation in AhR 
knockout mice compared to wild type mice. 
Structural cells, such as fibroblasts and epithe-
lial cells, and inflammatory cells, such as 
macrophages, from AhR–/– mice produce 
heightened responses when exposed to inflam-
matory stimuli ex vivo (11, 12). This suggests 
that AhR deficiency in a variety of cell types is 
responsible for the observed phenotype in vivo. 

We have further studied the role of the 
AhR in regulating inflammatory responses in 
lung fibroblasts, which are important sentinel 
cells in the lung capable of responding to and 
amplifying inflammatory cascades. Primary 
lung fibroblasts from AhR–/– mice display 
heightened inflammatory responses when ex-
posed to stimuli, such as cigarette smoke extract 
(CSE). For example, expression of the pro-
inflammatory enzyme cyclo-oxygenase-2 (Cox-
2) and generation of its downstream pros-
taglandin (PGE2) (13) are increased. Reconstitu-
tion of AhR by transfection with an AhR plas-
mid restores CSE-induced PGE2 production to 
the lower levels seen in wild-type fibroblasts, 
confirming that the pro-inflammatory defect in 
AhR–/– fibroblasts is a direct result of their AhR 
deficiency. It has been shown that AhR can 
physically interact with NF-κB (14-17). How-
ever, we determined that the heightened in-
flammatory responses in AhR–/– fibroblasts were 
not due to canonical NF-κB (p50/p65) activa-
tion. Instead, AhR–/– fibroblasts exhibited loss 
of the NF-κB family member RelB when ex-
posed to CSE. We also reported that RelB levels 
were severely decreased in lung tissue from 
AhR–/– mice exposed to cigarette smoke or LPS 
in vivo (11). RelB is a component of an alterna-
tive NF-κB pathway that primarily involves 
p52/RelB heterodimers and is activated by a 
limited number of agonists (18). In contrast to 
many classical inflammatory functions of NF-
κB, RelB may actually function to dampen in-
flammation in certain settings. For example, fi-

broblasts from RelB-deficient mice exhibit in-
creased chemokine production after LPS stimu-
lation, and RelB knockout mice die of sponta-
neous, widespread, multi-organ inflammation in 
the absence of inflammatory insult (19-21). Our 
evidence suggests that in our experimental sys-
tem, RelB acts as a down-regulator of the in-
flammatory response, possibly by interfering 
with inflammatory gene activation by the classi-
cal NF-κB p65/p50 pathway. In support of this 
hypothesis, we have found that overexpression 
of RelB in AhR–/– lung fibroblasts suppresses 
inflammatory cytokine production to the same 
extent as reconstitution of AhR expression, that 
reconstitution of AhR stabilizes RelB in AhR–/– 
fibroblasts, and that AhR and RelB co-
immunoprecipitate [(13) and unpublished data]. 
Therefore, we argue that AhR and RelB interact 
in a novel way to regulate inflammation. Further 
in vivo studies of RelB and AhR are in progress 
in our laboratory. Going forward, it will be im-
portant to understand how AhR and RelB inter-
act and precisely how AhR “protects” RelB 
from degradation after inflammatory challenge. 
Together, these data are exciting, as they iden-
tify both AhR and RelB as novel targets for 
therapy in inflammatory lung disease. 

In addition to increased acute inflamma-
tion, AhR-deficient mice exhibit defects in lung 
inflammation, remodeling, and emphysema fol-
lowing chronic cigarette smoke exposure. Al-
though mice do not develop all of the typical 
morphological changes of human emphysema, 
they do develop airspace enlargement and re-
duced alveolar number, expressed as changes in 
mean linear intercept (Lm), a measure of aver-
age alveolar size. The response to chronic ciga-
rette smoke exposure in mice is strain- and 
dose-dependent; in C57BL/6 mice, statistically 
significant increases in Lm are usually seen af-
ter 6 months of daily smoke exposure (22). We 
exposed AhR-deficient mice (which are on the 
C57BL/6 background) to cigarette smoke for 4 
and 6 months and observed a 25% increase in 
Lm after 4 months, at which time the wild-type 
C57BL/6 controls did not yet exhibit significant 
airspace enlargement. Interestingly, preliminary 
data identified increased terminal deoxynucleo-
tidyl transferase dUTP nick end labeling 
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(TUNEL)-positive (apoptotic) cells in the alveo-
lar walls of AhR–/– mice compared with controls 
(unpublished data). AhR–/– fibroblasts also ex-
hibit increased apoptosis in vivo. The role of the 
AhR in regulating apoptosis is under further 
study. 

Since AhR clearly regulates inflamma-
tion and fibroblast activation, we were inter-
ested to determine whether AhR and its ligands 
could regulate fibroblast differentiation into the 
myofibroblast phenotype. Using primary human 
fibroblasts, we determined that activation of the 
AhR with the endogenous ligand ITE suppresses 
TGF-β-induced fibroblast-to-myofibroblast dif-
ferentiation (unpublished data). Myofibroblasts 
are central to many scarring pathologies, includ-
ing IPF and airway remodeling in asthma, and 
are important sources of increased matrix pro-
duction found in these diseases. It is thus in-
triguing to speculate that AhR may regulate fi-
brotic and remodeling pathologies. 

In terms of human disease, there is evi-
dence for AhR polymorphisms, which may be 
important in regulating the response to exposure 
to environmental and occupational toxicants 
(23-25). Future studies will be needed to deter-
mine whether AhR polymorphisms or abnor-
malities in AhR function play a role in deter-
mining individual susceptibility to inflammation 
and other diseases with an inflammatory com-
ponent. Similarly, it will be important to iden-
tify and characterize AhR ligands in the lung 
and their modulation during physiologic and 
pathologic conditions. 

In summary, we have identified AhR 
and its ligands as novel regulators of lung in-
flammation. From a mechanistic perspective, 
AhR loss is associated with loss of RelB, which 
has anti-inflammatory functions in vitro and in 
vivo. Inflammatory stimuli lead to loss of AhR 
and RelB, offering the intriguing and exciting 
possibility of augmenting AhR and/or RelB and 
their signaling as novel therapeutics for inflam-
matory and remodeling lung diseases. 
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Figure 1. Known and hypothesized roles of the 
AhR. AhR ligands, such as TCDD (dioxin) or aryl 
hydrocarbons contained in cigarette smoke and other 
hydrocarbon pollutants enter the cell and bind to 
AhR, which then translocates to the nucleus, forms a 
heterodimer with the Arnt protein, and activates the 
transcription of genes containing dioxin response 
elements (DRE). This results in a detoxification re-
sponse. We hypothesize that the AhR pathway also 
regulates inflammation, immunity, and fibrosis in 
response to exogenous and endogenous AhR 
ligands, as well as other inflammatory stimuli. 
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Ureaplasma Intrauterine Infection: Evidence for its 
Role in BPD Pathogenesis in Preterm Infants 

Rose M. Viscardi 

University of Maryland School of Medicine  

Abstract. This presentation focuses on 
the effect of an inflammatory, pro-fibrotic re-
sponse to an intrauterine infection on devel-
opmental signals in preterm human lung. I 
have summarized the clinical and experimen-
tal evidence that intrauterine infection with 
the mycoplasma species Ureaplasma parvum 
and U. urealyticum contributes to the devel-
opment of bronchopulmonary dysplasia, a 
neonatal chronic lung condition character-
ized by chronic inflammation, disordered 
elastin, and fibrosis and discuss how this may 
lead to diagnostic and therapeutic advances 
in fibrosing lung disease in the premature in-
fant. Evidence for a link between inflamma-
tion, fibrosis, and altered lung development is 
discussed. 

BPD: major morbidity of prematur-
ity. Bronchopulmonary dysplasia (BPD) was 
first described over 40 years ago as a progres-
sion of characteristic chest radiographic findings 
that correlated with pathologic changes of acute 
and chronic lung inflammation, fibrosis, and 
bronchial smooth muscle hypertrophy in prema-
ture, ventilator-dependent infants (1, 2). Al-
though BPD remains the major cause of morbid-
ity for preterm births, recent improvements in 
perinatal care, such as antenatal steroids, exoge-
nous surfactant, and lung-protective ventilator 
strategies have limited the disease to the most 
immature infants (3). Currently the incidence is 
30% in infants born at ≤28 weeks gestation, but 
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only 3% in infants born at >28 weeks (4). Long-
term sequelae include prolonged dependence on 
supplemental oxygen, reactive airway disease, 
risk of pulmonary infections, and neurodevel-
opmental delays. Compared to the lung histol-
ogy observed in the ventilated preterm lung dur-
ing the pre-exogenous surfactant era, the "new" 
BPD is characterized by more uniform inflation, 
fewer, but larger, alveoli, and less fulminant, but 
with persistent inflammation (5).  

The role of early inflammation in ini-
tiating BPD pathogenesis. Studies of human 
infants and experimental animal models indicate 
that the central event in BPD pathogenesis is the 
interruption of normal developmental signaling 
during early stages of lung development by lung 
injury, which is often initiated in utero by in-
trauterine infection and augmented postnatally 
by exposure to hyperoxia and volutrauma, con-
tributing to a dysregulated inflammatory re-
sponse (3). Amniotic fluid concentrations of 
pro-inflammatory cytokines, interleukin (IL)-1ß, 
IL-6, IL-8, and tumor necrosis factor-α 
(TNFα)are higher in pregnancies producing in-
fants who developed BPD than in pregnancies 
producing infants without BPD (6). The fetal in-
flammatory response characterized by placental 
vasculitis and/or elevated cord serum IL-6 con-
centrations is an independent risk factor for 
BPD (7, 8). Increased concentrations of IL-6 
and IL-1ß have been detected in tracheal aspi-
rates of preterm infants on the first day of life 
and are associated with prolonged rupture of the 
membranes (9) and histologic chorioamnionitis 
(10, 11), respectively. In a series of longitudinal 
studies comparing the temporal changes in in-
flammatory mediators and their inhibitors in tra-
cheal aspirates from preterm infants with and 
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without lung disease, we and others have shown 
that there is an imbalance in the levels of pro- 
and anti-inflammatory cytokines during the first 
week of life in infants who develop BPD (12-
15). The increase in expression of pulmonary 
pro-inflammatory cytokines, in concert with a 
decreased capacity to down-regulate this re-
sponse in infants who develop BPD, suggest 
that persistent endogenous generation of these 
cytokines might contribute to chronic lung in-
jury and inflammation. 

Chronic inflammation in the imma-
ture lung alters developmental signaling and 
fibrosis. Transforming growth factor beta 1 
(TGFß1) is involved in lung morphogenesis, re-
pair of lung injury, airway remodeling, lung fi-
brosis and BPD (16). TGFß was detected at sites 
of lung injury in association with myofibroblast 
proliferation in lungs of infants dying with res-
piratory distress syndrome (RDS), implicating 
TGFß in the preterm lung response to injury 
(17). TGFß1 is elevated in tracheal aspirates of 
infants who progress to BPD (18) and is in-
creased in autopsy lung specimens from Urea-
plasma-infected preterm infants (19), who, as 
discussed below, are at increased risk for BPD. 
Overexpression of TGFß1 in the lungs of new-
born rodents produces a phenotype similar to 
human BPD, with arrested lung sacculation, 
epithelial differentiation, and vascular develop-
ment (16, 20-23), demonstrating that excessive 
TGFß1 signaling during lung development con-
tributes to two hallmarks of BPD: arrest of al-
veolarization and fibrosis (Figure 1). 
Transgenic mice overexpressing IL-1ß, TNFα, 
IL-6, or IL-11 exhibit reduced alveolarization, 
indicating that prolonged exposure of the pre-
term lung to a pro-inflammatory environment 
may contribute to abnormal alveolar septation 
(3, 24). At least in some models, the effects of 
prolonged exposure to pro-inflammatory cyto-
kines on alveolarization may be mediated by up-
regulation of TGFß1. Transient overexpression 
of TNFα (25) or IL-1ß (26) in rat lung by ade-
noviral gene transfer produces lung fibrosis due 
to stimulation of TGFß1 and induction of myo-
fibroblasts. TNFα, IL-1ß, and TGFß1 are ele-
vated in tracheal aspirates of infants who pro-
gress to BPD (12, 13, 18, 27, 28). Taken collec-

tively, these data indicate that prolonged expo-
sure of the developing lung to pro-
inflammatory, pro-fibrotic factors may contrib-
ute to BPD by disrupting normal developmental 
signaling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Proposed central role of inflammation and 
TGFß1 signaling in BPD pathogenesis. Prolonged 
exposure of the developing lung to inflammatory cy-
tokines and chemokines leads to leukocyte recruit-
ment, macrophage TGFß1 production, myofibrobast 
proliferation, disordered alpha smooth muscle actin 
and elastin, and excessive collagen production, con-
tributing to altered alveolar development. 

 
Ureaplasma species and BPD. A genus 

of the Mollicutes class, Ureaplasma, is com-
prised of 14 serovars distributed across two spe-
cies, U. parvum and U. urealyticum (29), all of 
which lack cell walls, exhibit limited biosyn-
thetic abilities, hydrolyze urea to generate ATP, 
and adhere to human mucosal surfaces (29). Be-
cause Ureaplasma is a commensal in the adult 
female genital tract, it has been considered to be 
of low virulence. However, it has been associ-
ated with multiple obstetrical complications, in-
cluding infertility, stillbirth, and preterm deliv-
ery (29). U. parvum and U. urealyticum are the 
most common organisms isolated from amniotic 
fluid and infected placentas (30-33). Intrauterine 
infection with Ureaplasma is significantly asso-
ciated with adverse pregnancy outcomes, in-
cluding premature delivery, histologic 
chorioamnionitis, neonatal morbidity, and peri-
natal death (30, 32). Respiratory tract coloniza-
tion in the neonate has been associated with 
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higher incidence of pneumonia (34, 35) and 
BPD (29, 36-38). Detection of respiratory tract 
colonization with Ureaplasma by polymerase 
chain reaction (PCR) suggests that colonization 
in infants of <1500 g birth weight is much 
higher (35–46%) (39-41) than previously re-
ported for culture-based studies (20%)(36). The 
contribution of respiratory tract colonization 
with Ureaplasma to the development of BPD 
had been debated, but two meta-analyses sup-
ported a significant association between Urea-
plasma respiratory tract colonization and the 
development of BPD (36, 42).  

Evidence from studies of human preterm 
infants (19, 43, 44) and intrauterine infection 
models in mice (45), sheep (46, 47), and non-
human primates (48, 49) support the conclusion 
that Ureaplasma infection is pro-inflammatory 

and pro-fibrotic and results in a BPD phenotype. 
In an analysis of lung pathology of archived au-
topsy specimens from Ureaplasma-infected pre-
term infants, the most striking findings were 1) 
the presence of moderate-to-severe fibrosis, 2) 
increased numbers of myofibroblasts, 3) disor-
dered elastin accumulation, and 4) increased 
numbers of TNFα- and TGFβ1-immunoreactive 
cells in all Ureaplasma-infected infants com-
pared to gestational controls and infants who 
died with pneumonia from other causes (19, 44). 
The increase in fibrosis and elastic fiber accu-
mulation in the distal lung correlated spatially 
and temporally with the presence of macro-
phages positive for TGFß1. Preterm infants with 
Ureaplasma respiratory colonization have ele-
vated tracheal aspirate concentrations of IL-1ß, 
TNFα, and monocyte chemoattractant protein-1 
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Figure 2. Proposed model for the role of Ureaplasma infection in BPD pathogenesis. In this schematic, prolonged 
intra-amniotic exposure of the fetal lung to Ureaplasma infection and maternal- and fetal-derived cytokines recruits 
inflammatory cells and alters TGFß1 developmental signaling in the lung. Postnatal exposure to ventilation and 
oxygen augments this pro-inflammatory response, leading to arrested alveolarization, disordered myofibroblast pro-
liferation, and excessive collagen and elastin deposition. Reproduced from (54) with permission. 
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(MCP-1) and increased neutrophil chemotactic 
activity during the first weeks of life compared 
to non-colonized infants (43, 50, 51). 

In our own mouse Ureaplasma pneumo-
nia model, intratracheal inoculation with Urea-
plasma induced a prolonged inflammatory re-
sponse, as indicated by a sustained recruitment 
of neutrophils and macrophages into the lung 
(52). Experimental murine intrauterine U. par-
vum exposure stimulated fetal lung cytokine ex-
pression and augmented hyperoxia-induced lung 
injury (45). We observed extensive fibrosis, an 
increase in the myofibroblast phenotype, in-
creased expression of pro-inflammatory (TNFα 
and IL-1ß) and pro-fibrotic (TGFß1 and on-
costatin M) cytokines, and the presence of 
macrophages as the predominant recruited leu-
kocyte in lungs of immature baboons exposed in 
utero to U. parvum and postnatally to hyperoxia 
and ventilation compared to gestational controls 
or non-infected ventilated animals (48).  

In rhesus macaques, histologic changes 
in fetal lungs depended on the duration of in-
trauterine exposure to U. parvum (49). Infection 
exposure durations of less than 136 h resulted in 
neutrophil infiltration without epithelial injury. 
With progressive duration of exposure, there 
was an influx of neutrophils and macrophages, 
epithelial necrosis, and type II cell proliferation. 
For exposure durations of >10 d, increased col-
lagen and thickened alveolar walls were evident. 
These observations suggest that an early and 
prolonged exposure to Ureaplasma-mediated in-
flammation may be necessary to adversely af-
fect lung development (Figure 2). 

The stimulatory effect of Ureaplasma on 
cytokine release has been confirmed in vitro. In 
cultured human monocytes, Ureaplasma stimu-
lates release of TNFα and IL-8 (53). Moreover, 
in the presence of bacterial endotoxic lipopoly-
saccharide (LPS), Ureaplasma greatly augments 
monocyte production of pro-inflammatory cyto-
kines, while blocking expression of anti-
inflammatory cytokines. These data confirm that 
Ureaplasma infection contributes to chronic in-
flammation and fibrosis in the preterm lung. 
Moreover, these data suggest that Ureaplasma 
acts as a co-inflammatory stimulus by causing 
an augmented, dysregulated inflammatory re-

sponse to subsequent inflammatory insults, such 
as hyperoxia, volutrauma, and other infections.  

Future directions. There is currently no 
effective therapy to eliminate Ureaplasma from 
the lungs of preterm infants or ameliorate the ef-
fects of infection-induced prolonged inflamma-
tion. We are currently investigating azithromy-
cin as a therapeutic agent with anti-bacterial and 
anti-inflammatory properties in infants at risk 
for Ureaplasma respiratory colonization and 
BPD. Additional studies are in progress to iden-
tify host and pathogen factors that contribute to 
persistent colonization and chronic inflamma-
tion. These data may lead to the generation of 
novel therapeutic approaches to counteract the 
detrimental effects of Ureaplasma on normal 
lung development and neonatal lung injury. 

Acknowledgements. This work was 
supported by NIH grants HL71113, HL087166, 
and HD056424. 

References 
1. Northway WH, Rosan RC, Porter DY. 

Pulmonary disease following respirator therapy 
of haline-membrane disease. The New England 
Journal of Medicine 1967;276:357-368. 

2. Bonikos DS, Bensch KG, Northway 
WH, Edwards DK. Broncholpulmonary 
dysplasia: The pulmonary pathologic sequel of 
necrotizing bonchiolitis and pulmonary fibrosis. 
Human Pathology 1976;7:643-666. 

3. Jobe AH, Bancalari E. 
Bronchopulmonary dysplasia. Am J Respir Crit 
Care Med 2001;163:1723-1729. 

4. Viscardi RM, Muhumuza CK, 
Rodriguez A, Fairchild KD, Sun CC, Gross 
GW, Campbell AB, Wilson PD, Hester L, 
Hasday JD. Inflammatory markers in 
intrauterine and fetal blood and cerebrospinal 
fluid compartments are associated with adverse 
pulmonary and neurologic outcomes in preterm 
infants. Pediatr Res 2004;55:1009-1017. 

5. Husain AN, Siddiqui NH, Stocker JT. 
Pathology of arrested acinar development in 
postsurfactant bronchopulmonary dysplasia. 
Hum Pathol 1998;29:710-717. 

6. Yoon BH, Romero R, Jun JK, Park KH, 
Park JD, Ghezzi F, Kim BI. Amniotic fluid 
cytokines (interleukin-6, tumor necrosis factor-
α, interleukin-1ß, and interleukin-8) and the risk 



Ureaplasma & BPD 

45 

for the development of bronchopulmonary 
dysplasia. Am J Obstet Gynecol 1997;177:825-
830. 

7. Gomez R, Romero R, Ghezzi F, Yoon 
BH, Mazor M, Berry SM. The fetal 
inflammatory response syndrome. Am J Obstet 
Gynecol 1998;179:194-202. 

8. Yoon BH, Romero R, Kim KS, Park JS, 
Ki SH, Kim BI, Jun JK. A systematic fetal 
inflammatory response and the development of 
bronchopulmonary dysplasia. Am J Obstet 
Gynecol 1999;181:773-779. 

9. Grigg J, Arnon S, Jones T, Clarke A, 
Silverman M. Delivery of therapeutic aerosols 
to intubated babies. Arch Dis Child 1992;67:25-
30. 

10. Watterberg KL, Demers LM, Scott SM, 
Murphy S. Chorioamnionitis and early lung 
inflammation in infants in whom 
bronchopulmonary dysplasia develops. 
Pediatrics 1996;97:210-215. 

11. Kwong KY, Jones CA, Cayabyab R, 
Lecart C, Stotts CL, Randhawa I, Ramanathan 
R, Khuu N, Minoo P, deLemos RA. Differential 
regulation of il-8 by il-1ß and TNFα in hyaline 
membrane disease. J Clin Immunol 1998;18:71-
80. 

12. Bagchi A, Viscardi RM, Taciak V, 
Ensor JE, McCrea KA, Hasday JD. Increased 
activity of interleukin-6 but not tumor necrosis 
factor-αin lung lavage of premature infants is 
associated with the development of 
bronchopulmonary dysplasia. Pediatr Res 
1994;36:244-252. 

13. Rindfleisch MS, Hasday JD, Taciak V, 
Broderick K, Viscardi RM. Potential role of 
interleukin-1 in the development of 
bronchopulmonary dysplasia. J Interferon 
Cytokine Res 1996;16:365-373. 

14. Viscardi RM, Hasday JD, Gumpper KF, 
Taciak V, Campbell AB, Palmer TW. Cromolyn 
sodium prophylaxis inhibits pulmonary 
proinflammatory cytokines in infants at high 
risk for bronchopulmonary dysplasia. Am J 
Respir Crit Care Med 1997;156:1523-1529. 

15. Jones CA, Cayabyab RG, Kwong KYC, 
Stotts C, Wong B, Hamdan H, Minoo P, 
deLemos RA. Undetectable interleukin (il)-10 
and persistent il-8 expression early in hyaline 

membrane disease: A possible developmental 
basis for the predisposition to chronic lung 
inflammation in preterm newborns. Pediatr Res 
1996;39:966-975. 

16. Warburton D, Tefft D, Mailleux A, 
Bellusci S, Thiery JP, Zhao J, Buckley S, Shi 
W, Driscoll B. Do lung remodeling, repair, and 
regeneration recapitulate respiratory ontogeny? 
Am J Respir Crit Care Med 2001;164:S59-62. 

17. Toti P, Buonocore G, Tanganelli P, 
Catella AM, Palmeri ML, Vatti R, Seemayer 
TA. Bronchopulmonary dysplasia of the 
premature baby: An immunohistochemical 
study. Pediatr Pulmonol 1997;24:22-28. 

18. Lecart C, Cayabyab R, Buckley S, 
Morrison J, Kwong KY, Warburton D, 
Ramanathan R, Jones CA, Minoo P. Bioactive 
transforming growth factor-beta in the lungs of 
extremely low birthweight neonates predicts the 
need for home oxygen supplementation. Biol 
Neonate 2000;77:217-223. 

19. Viscardi R, Manimtim W, He JR, 
Hasday JD, Sun CC, Joyce B, Pierce RA. 
Disordered pulmonary myofibroblast 
distribution and elastin expression in preterm 
infants with ureaplasma urealyticum 
pneumonitis. Pediatr Dev Pathol 2006;9:143-
151. 

20. Zhou L, Dey CR, Wert SE, Whitsett JA. 
Arrested lung morphogenesis in transgenic mice 
bearing an sp-c-tgf-beta 1 chimeric gene. Dev 
Biol 1996;175:227-238. 

21. Zeng X, Gray M, Stahlman MT, 
Whitsett JA. Tgf-beta1 perturbs vascular 
development and inhibits epithelial 
differentiation in fetal lung in vivo. Dev Dyn 
2001;221:289-301. 

22. Vicencio AG, Lee CG, Cho SJ, 
Eickelberg O, Chuu Y, Haddad GG, Elias JA. 
Conditional overexpression of bioactive 
transforming growth factor-beta1 in neonatal 
mouse lung: A new model for 
bronchopulmonary dysplasia? Am J Respir Cell 
Mol Biol 2004;31:650-656. 

23. Gauldie J, Galt T, Bonniaud P, Robbins 
C, Kelly M, Warburton D. Transfer of the active 
form of transforming growth factor-beta 1 gene 
to newborn rat lung induces changes consistent 



VISCARDI 

46 

with bronchopulmonary dysplasia. Am J Pathol 
2003;163:2575-2584. 

24. Bry K, Whitsett JA, Lappalainen U. Il-
1beta disrupts postnatal lung morphogenesis in 
the mouse. Am J Respir Cell Mol Biol 
2007;36:32-42. 

25. Sime PJ, Marr RA, Gauldie D, Xing Z, 
Hewlett BR, Graham FL, Gauldie J. Transfer of 
tumor necrosis factor-alpha to rat lung induces 
severe pulmonary inflammation and patchy 
interstitial fibrogenesis with induction of 
transforming growth factor-beta1 and 
myofibroblasts. Am J Pathol 1998;153:825-832. 

26. Kolb M, Margetts P, Anthony D, Pitossi 
F, Gauldie J. Transient expression of il-1ß 
induces acute lung injury and chronic repair 
leading to pulmonary fibrosis. J Clin Invest 
2001;107:1529-1536. 

27. Kotecha S. Cytokines in chronic lung 
disease of prematurity. Eur J Pediatr 1996;155 
(Supppl 2):S14-S17. 

28. Jonsson B, Li YH, Noack G, Brauner A, 
Tullus K. Downregulatory cytokines in 
tracheobronchial aspirate fluid from infants with 
chronic lung disease of prematurity. Acta 
Paediatr 2000;89:1375-1380. 

29. Waites KB, Katz B, Schelonka RL. 
Mycoplasmas and ureaplasmas as neonatal 
pathogens. Clin Microbiol Rev 2005;18:757-
789. 

30. Romero R, Yoon BH, Mazor M, Gomez 
R, Gonzalez R, Diamond MP, Baumann P, 
Araneda H, Kenney J, Cotton DB, Seghal P. A 
comparative study of the diagnostic 
performance of amniotic fluid glucose, white 
blood cell count, interleukin-6, and gram stain 
in the detection of microbial invasion in patients 
with preterm premature rupture of membranes. 
Am J Obstet Gynecol 1993;169:839-851. 

31. Gomez R, Ghezzi F, Romero R, Munoz 
H, Tolosa JE, Rojas I. Premature labor and 
intra-amniotic infection. Clin Perinatol 
1995;22:281-342. 

32. Yoon BH, Chang JW, Romero R. 
Isolation of ureaplasma urealyticum from the 
amniotic cavity and adverse outcome in preterm 
labor. Obstet Gynecol 1998;92:77-82. 

33. Witt A, Berger A, Gruber CJ, Petricevic 
L, Apfalter P, Husslein P. Il-8 concentrations in 

maternal serum, amniotic fluid and cord blood 
in relation to different pathogens within the 
amniotic cavity. J Perinat Med 2005;33:22-26. 

34. Crouse DT, Odrezin GT, Cutter GR, 
Reese JM, Hamrick WB, Waites KB, Cassell 
GH. Radiographic changes associated with 
tracheal isolation of ureaplasma urealyticum 
from neonates. Clin Infect Dis 1993;17 (Suppl 
1):S122-S130. 

35. Panero A, Pacifico L, Roggini M, Chiesa 
C. Ureaplasma urealyticum as a cause of 
pneumonia in preterm infants: Analysis of the 
white cell response. Arch Dis Child 
1995;73:F37-F40. 

36. Wang EL, Ohlsson A, Kellner JD. 
Association of ureaplasma urealyticum 
colonization with chronic lung disease of 
prematurity: Results of a metaanalysis. J 
Pediatr 1995;127:640-644. 

37. Hannaford K, Todd DA, Jeffrey H, John 
E, Byth K, Gilbert GL. Role of ureaplasma 
urealyticum in lung disease of prematurity. Arch 
Dis Child Fetal Neonatal Ed 1999;81:F162-
F167. 

38. Castro-Alcaraz S, Greenberg EM, 
Bateman DA, Regan JA. Patterns of 
colonization with ureaplasma urealyticum 
during neonatal intensive care unit 
hospitalizations of very low birth weight infants 
and the development of chronic lung disease. 
Pediatrics 2002;110:E45-45. 

39. Da Silva O, Gregson D, Hammerberg O. 
Role of ureaplasma urealyticum and chlamydia 
trachomatis in development of 
bronchopulmonary dysplasia in very low birth 
weight infants. Pediatr Infect Dis J 
1997;16:364-369. 

40. Nelson S, Matlow A, Johnson G, C. Tn, 
Dunn M, Quinn P. Detection of ureaplasma 
urealyticum in endotracheal tube aspirates from 
neonates by pcr. J Clin Microbiol 
1998;36:1236-1239. 

41. Pillers DM, Hatch JC, Sklar RS, Duncan 
NM, Kuforiji TA. High incidence of 
ureaplasma urealyticum in oregon vlbw infans 
by pcr. Pediatr Res 1998;43:250A. 

42. Schelonka RL, Katz B, Waites KB, 
Benjamin DK, Jr. Critical appraisal of the role 
of ureaplasma in the development of 



Ureaplasma & BPD 

47 

bronchopulmonary dysplasia with metaanalytic 
techniques. Pediatr Infect Dis J 2005;24:1033-
1039. 

43. Patterson AM, Taciak V, Lovchik J, Fox 
RE, Campbell AB, Viscardi RM. Ureaplasma 
urealyticum respiratory tract colonization is 
associated with an increase in il-1ß and tnf-
αrelative to il-6 in tracheal aspirates of preterm 
infants. Pediatr Infect Dis J 1998;17:321-328. 

44. Viscardi RM, Manimtim WM, Sun CCJ, 
Duffy L, Cassell GH. Lung pathology in 
premature infants with ureaplasma urealyticum 
infection. Pediatr Devel Pathol 2002;5:141-150. 

45. Normann E, Lacaze-Masmonteil T, 
Eaton F, Schwendimann L, Gressens P, 
Thebaud B. A novel mouse model of 
ureaplasma-induced perinatal inflammation: 
Effects on lung and brain injury. Pediatr Res 
2009;65:430-436. 

46. Moss TJ, Nitsos I, Ikegami M, Jobe AH, 
Newnham JP. Experimental intrauterine 
ureaplasma infection in sheep. Am J Obstet 
Gynecol 2005;192:1179-1186. 

47. Moss TJ, Knox CL, Kallapur SG, Nitsos 
I, Theodoropoulos C, Newnham JP, Ikegami M, 
Jobe AH. Experimental amniotic fluid infection 
in sheep: Effects of ureaplasma parvum serovars 
3 and 6 on preterm or term fetal sheep. Am J 
Obstet Gynecol 2008;198:122 e121-128. 

48. Viscardi RM, Atamas SP, Luzina IG, 
Hasday JD, He JR, Sime PJ, Coalson JJ, Yoder 
BA. Antenatal ureaplasma urealyticum 
respiratory tract infection stimulates 
proinflammatory, profibrotic responses in the 
preterm baboon lung. Pediatr Res 2006;60:141-
146. 

49. Novy MJ, Duffy L, Axthelm MK, 
Sadowsky DW, Witkin SS, Gravett MG, Cassell 
GH, Waites KB. Ureaplasma parvum or 
mycoplasma hominis as sole pathogens cause 
chorioamnionitis, preterm delivery, and fetal 
pneumonia in rhesus macaques. Reprod Sci 
2009;16:56-70. 

50. Groneck P, Goetze-Speer B, Speer CP. 
Inflammatory bronchopulmonary response of 
preterm infants with microbial colonisation of 
the airways at birth. Arch Dis Child Fetal 
Neonatal Ed 1996;74:F51-F55. 

51. Baier RJ, Loggins J, Kruger TE. 
Monocyte chemoattractant protein-1 and 
interleukin-8 are increased in 
bronchopulmonary dysplasia: Relation to 
isolation of ureaplasma urealyticum. J Invest 
Med 2001;49:362-369. 

52. Viscardi RM, Kaplan J, Lovchik JC, He 
JR, Hester L, Rao S, Hasday JD. 
Characterization of a murine model of 
ureaplasma urealyticum pneumonia. Infect 
Immun 2002;70:5721-5729. 

53. Manimtim WM, Hasday JD, Hester L, 
Fairchild KD, Lovchik JC, Viscardi RM. 
Ureaplasma urealyticum modulates endotoxin-
induced cytokine release by human monocytes 
derived from preterm and term newborns and 
adults. Infect Immun 2001;69:3906-3915. 

54. Viscardi RM, Hasday JD. Role of 
ureaplasma species in neonatal chronic lung 
disease: Epidemiologic and experimental 
evidence. Pediatr Res 2009;65:84R-90R. 

 

 



PROCEEDINGS OF 2009 HALES LUNG CONFERENCE 

 2011 The Authors. Published by BioBitField LLC, Ellicott City, MD 21041-1816, USA. 

Impact of ER Stress and Apoptosis of Epithelial 
Cells on Pulmonary Fibrosis 

Timothy S. Blackwell1,2 and William E. Lawson1,2 
1Vanderbilt University School of Medicine and 

2Department of Veterans Affairs Medical Center 

Abstract. Recent evidence points to a 
critical role for epithelial cells in determining 
the extent and progression of lung fibrosis. 
The importance of epithelial cells in fibro-
genesis is highlighted by the identification of 
mutations in the epithelial-restricted gene en-
coding surfactant protein C (SFTPC) that are 
associated with familial interstitial pneumo-
nia. Here we discuss evidence that alterations 
in surfactant protein processing, ER stress, 
and herpesvirus infections increase the sus-
ceptibility of epithelial cells to injury and 
contribute to idiopathic pulmonary fibrosis 
(IPF) pathogenesis. In addition, alveolar 
epithelial cells may contribute to fibrosis by 
shifting to a fibroblast phenotype during the 
epithelial-to-mesenchymal transition. By con-
tinuing to investigate the mechanisms by 
which epithelial cells contribute to alveolar 
homeostasis and fibrotic remodeling, we hope 
to advance the understanding of IPF patho-
genesis. 

For many years, the prevailing hypothe-
sis regarding the pathogenesis of idiopathic 
pulmonary fibrosis (IPF) was that chronic in-
flammation of the lungs leads to progressive fi-
brosis. However, the lack of response to anti-
inflammatory and cytotoxic reagents and related 
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experimental data have led to a reformulation of 
ideas regarding disease pathogenesis within the 
last decade. A more recent concept for IPF has 
emerged in which repeated stimuli cause injury 
to epithelial cells and result in an aberrant 
wound healing response that is influenced by in-
flammatory cells, cytokine signaling, and ge-
netic factors, resulting in tissue fibrosis (1). De-
spite recent advances in understanding disease 
pathogenesis, a number of critical, unanswered 
questions remain. These include: 1) what initi-
ates the injury/repair cycle and what are the tar-
get cells, 2) what factors determine whether in-
jured alveoli repair normally or progress to fi-
brosis, 3) where do the effector cells of fibrotic 
modeling (fibroblasts) come from and how are 
they regulated, and 4) how can we interrupt this 
cycle to limit or reverse fibrosis? Based on work 
in our laboratory and recent literature, we have 
formulated the “vulnerable epithelial cell” hy-
pothesis in an attempt to answer some of these 
questions (Figure 1). We suggest that genetic or 
acquired factors that increase the susceptibility 
of lung epithelial cells to injury and/or apoptosis 
underlie the pathogenesis of IPF. In-
jury/apoptosis of vulnerable alveolar epithelial 
cells (AECs) in response to common injuri-
ous/toxic environmental stimuli initiates at-
tempts at alveolar repair and transition of some 
surviving epithelial cells to a mesenchymal phe-
notype. Together, these changes create the nec-
essary local conditions to support fibrotic re-
modeling. Here, we present a conceptual 
framework and supporting data for this epithe-
lial-centric paradigm. 
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A variety of studies have emphasized the 

role of the alveolar epithelium in both clinical 
IPF and animal models of lung fibrosis. In lung 
biopsies from patients with IPF, epithelial ab-
normalities are common and include hyperplas-
tic type II AECs and bronchiolar-like epithelial 
cells lining areas of honeycombing (2). Fur-
thermore, epithelial cells have been shown to 
produce key pro-fibrotic mediators, including 
transforming growth factor β (TGFβ), platelet-
derived growth factor (PDGF), and connective 
tissue growth factor (CTGF) (3-6). AEC apop-
tosis has been implicated in the pathogenesis of 
pulmonary fibrosis based on observations in 
human forms of the disease and in animal mod-
els (7, 8). In IPF lung biopsies, AEC apoptosis 
is noted in regions adjacent to areas of collagen 
deposition and greater myofibroblast activity (9-
11). Animal studies with the bleomycin model 
have shown that lung fibrosis is associated with 
AEC apoptosis (12-14), and inhibition of apop-
tosis by treatment with caspase inhibitors at-
tenuates the fibrotic response (15, 16). Other 
studies have demonstrated that AEC apoptosis is 
an essential and critical component of TGFβ1-
induced lung fibrosis (17).  

Studies in patients with the familial form 
of IPF, familial interstitial pneumonia (FIP), 

provide clues to the importance of AECs in de-
velopment of lung fibrosis in humans. Several 
reports have now linked mutations in the 
SFTPC gene encoding surfactant protein C (SP-
C) to familial cases of lung fibrosis (18-20). In 
2001, Nogee and coworkers first reported that a 
mutation in SFTPC was associated with intersti-
tial lung disease in an infant and mother (19). 
Here, a heterozygous G to A transition of the 
first base of intron 4 (IVS4+1 G to A) resulted 
in skipping of exon 4 with deletion of its 37 
amino acids. This mutation, SFTPCexon4, re -
sulted in an abnormal pro-SP-C protein product 
and was identified on only one allele of both pa-
tients, con sistent with an autosomal dominant 
pattern. Based on this study, we selected SFTPC 
as a candidate gene for FIP and subsequently 
discovered an SFTPC mutation in a large FIP 
family with 14 patients, 11 adults with IPF (6 
with biopsy-proven usual interstitial pneumonia 
and 5 with clinically diagnosed IPF), and three 
children with nonspecific interstitial pneumonia 
(20). This mutation (identified as L188Q) is a 
heterozygous exon 5 +128 T to A transversion 
that results in the substitution of glutamine for 
leucine at the highly conserved amino acid posi-
tion 188 of the carboxy-terminal region of pro-
SP-C. Now over 14 different mutations in 
SFTPC have been described in association with 
interstitial lung disease (21). 

While SFTPC mutations may affect SP-
C expression and the level of mature SP-C in 
the airway, evidence suggests that expression of 
mutant SP-C causes disease through aberrant in-
tracellular processing of an abnormal protein 
product and subsequent toxicity to the type II 
AEC (21, 22). SFTPC transcription and mRNA 
translation produce a 197-amino-acid precursor 
protein (pro-SP-C) (23). After translation, pro-
SP-C is routed to the endoplasmic reticulum 
(ER) where folding of the carboxy-terminal re-
gion is performed. In vitro studies have revealed 
that carboxy-terminal SFTPC mutations result 
in protein misfolding and abnormal processing 
with aggregation in secretory compartments, re-
sulting in ER stress (21, 24, 25). In cultured 
A549 epithelial cells, overexpression of 
SFTPCexon4 or SFTPCL188Q caused ER stress 
with activation of caspase-4, which is associated 

Figure 1. Schematic diagram of IPF pathogenesis 
based on the dysfunctional (vulnerable) alveolar 
epithelial cell. 
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with ER stress-induced apoptosis and increased 
cell death (26). When the SFTPCexon4 mutation 
was constitutively expressed in a transgenic 
mouse line, it resulted in disrupted lung 
morphogenesis and murine fetal death, with 
findings supporting protein misfolding and aber-
rant surfactant processing (27). 

Accumulation of large amounts of pro-
tein in the ER, which occurs in the setting of 
misfolded proteins, results in ER stress. The re-
sponse to ER stress, which is known as the un-
folded protein response (UPR), is designed to 
help abrogate the effects of the misfolded pro-
tein and comprises multiple pathways, including 
global attenuation of protein translation, expres-
sion of proteins to regulate metabolism and the 
redox environment, increased expression of 
chaperone proteins to assist folding, and expres-
sion of degradation factors to eliminate the mis-
folded product (28). Prolonged or severe ER 
stress and activation of the UPR can lead to cas-
pase pathway activation and cell death (25).  

To evaluate ER stress and activation of 
the UPR in lungs of patients with FIP, we ob-
tained lung biopsies from affected members of 
the SFTPCL188Q mutation family. In these stud-
ies, we performed immunostaining for BiP (ER 
chaperone immunoglobulin heavy-chain-
binding protein), which is upregulated during 
ER stress and serves as an indicator of UPR ac-
tivation (29). We also performed immunostain-
ing for additional markers of UPR activation, 
including ER degradation-enhancing α-
mannosidase-like protein (EDEM) and X-box 
binding protein-1 (XBP-1) on formalin-fixed 
lung tissue sections (30). We found widespread 
staining for these markers in epithelial cells lin-
ing areas of affected lung. In contrast to these 
findings, markers of ER stress and UPR activa-
tion were not identified in sections from normal 
lungs. Together, these data indicate that expres-
sion of SFTPCL188Q induces chronic ER stress 
and UPR activation, which may be important for 
the pathogenesis of lung fibrosis in individuals 
with this mutation. In addition, we investigated 
whether ER stress occurs in patients with IPF in 
the absence of SFTPC mutations. We performed 
additional studies in ten lung biopsies of FIP pa-
tients (from non-SFTPC mutation families) and 

ten biopsies from sporadic IPF, showing similar 
results. In a similar study, Korfei and coworkers 
not only showed that AECs lining areas of lung 
fibrosis in sporadic IPF showed evidence of ER 
stress, but these same cells also exhibited signs 
of apoptosis pathway activation (31).  

There are a number of possible explana-
tions for UPR pathway activation in AECs from 
IPF patients, including altered cellular metabo-
lism, hereditary or acquired defects in the pro-
tein processing or secretion pathways, and in-
fectious agents; however, we were struck by the 
association between herpesvirus infection in the 
lung and IPF (32-35). As with misfolded pro-
teins due to SFTPC mutations, herpesvirus in-
fections can induce ER stress and activate the 
UPR because of the large quantities of viral pro-
tein produced and passaged through the ER. To 
investigate the possibility that herpesviruses 
could impact UPR activation in IPF, we immu-
nostained for herpesvirus antigens in the lung 
sections that we had used to examine ER stress 
markers. We identified herpesvirus antigens in 
AECs in 2 of 3 FIP cases with SFTPCL188Q mu-
tation, 6 of 10 FIP cases without SFTPC muta-
tion, 7 of 10 sporadic IPF cases, and 0 of 10 
normal lungs (30). These studies indicate an as-
sociation between the presence of herpesvirus 
antigens in the lung and increased expression of 
ER stress markers, and suggest that herpesvirus 
infection could be a mechanism for inducing ER 
stress and UPR activation in AECs in estab-
lished IPF. 

While ER stress and UPR activation ap-
pear to be commonly present in epithelial cells 
lining areas of affected lung in IPF, the impact 
of these changes on fibrotic remodeling is not 
clear at present. To investigate the mechanisms 
by which ER stress could contribute to lung fi-
brosis, we have constructed a transgenic mouse 
model to conditionally overexpress SFTPCL188Q. 
To date, our preliminary studies with this model 
indicate that expression of mutant SFTPC alone 
is not sufficient to produce lung fibrosis, but 
bleomycin-induced fibrosis is exaggerated (un-
published observation). Additional work is 
needed to determine whether ER stress and UPR 
activation play a causal role in human IPF. 
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Another way in which epithelial cells 
could contribute to lung fibrosis is by the epithe-
lial-to-mesenchymal transition (EMT). This 
process, which is widespread in development 
and malignancy, has recently received attention 
in organ remodeling and fibrosis. Our work 
(36), along with other studies (37, 38), identified 
EMT as an important source of fibroblasts in 
lungs undergoing parenchymal fibrosis. In our 
studies, we used cell fate reporter mice that 
permanently mark cells of the lung epithelial 
lineage with β-galactosidase (βgal). Using this 
model, we found that approximately 1/3 of the 
fibroblasts were derived from lung epithelium at 
2 weeks after bleomycin treatment; however, 
few of these EMT-derived fibroblasts were α-
smooth muscle actin-expressing myofibroblasts 
(36). We have recently begun studies to deter-
mine whether ER stress predisposes AECs to 
undergo EMT. If this proves to be the case, it 
could provide another clue to the impact of ER 
stress on lung fibrosis. 

 In conclusion, epithelial cell injury and 
apoptosis appear to be important factors for in-
ducing fibrotic remodeling in the lungs. Ac-
quired or inherited factors that alter AEC sur-
vival likely impact the development of lung fi-
brosis. Alterations in surfactant protein process-
ing, ER stress, and herpesvirus infections may 
have a causal role in IPF pathogenesis. In addi-
tion, AECs may contribute to fibrosis by shift-
ing to a fibroblast phenotype. Hopefully, a bet-
ter understanding of the roles of epithelial cells 
in regulating alveolar homeostasis and fibrotic 
remodeling will lead to novel treatment ap-
proaches for IPF. 
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Lung Fibrosis Pathogenesis from the Clinical 
Perspective: Collaborative Radiologic and 

Histologic Assessment of Fibrotic Lung Disease 
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Abstract. Categorization of the idio-
pathic interstitial pneumonias (IIPs) is an in-
exact science and patients often do not fit 
neatly within the boundaries of the published 
categories. In this paper, we propose a new 
perspective based on a combined ra-
diologic/pathologic evaluation of over 1000 
cases of chronic infiltrative lung disease re-
ferred to the Armed Forces Institute of Pa-
thology (AFIP) for second-opinion consulta-
tion. We focus on alveolar collapse and in-
corporation of fibroblastic material into the 
alveolar wall, describe differences in the ex-
tent and spatial distribution of these changes 
in different IIPs, and discuss the implications 
for pathogenesis. 

Introduction. Categorization of the 
idiopathic inters titial pneumonias (IIPs) con tin-
ues to be problematic for clinicians, pathologist, 
and radio logists desp ite a recen t attem pt by a 
committee of the Am erican Thoracic Society 
(ATS) and European Respiratory S ociety (ERS) 
members to refine the diagnostic criteria (1). Pa-
tients often do not fit neatly within the bounda-
ries of  the published c ategories an d the inte r-
observer agreem ent am ong both pathologists 
and radiologists rem ains moderate, at best. Ex-
perience with m ore than 1000 cases of chronic 
infiltrative lung disease, referred f or second-
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opinion consultation to th e Armed Forces In sti-
tute of Pathology (AFIP ), led to a change in our 
approach. T here is now a greater focus on the 
pathways of lung injury that lead to alveolar 
wall thickening and fibrosis  (2 ). Ea ch case re-
viewed at the AFIP included both an open lung 
biopsy and high-resolution com puted tom o-
graphic (HRCT) imaging of the chest. The stud-
ies were read in isola tion and a collaborative f i-
nal report w as provided to  the ref erring institu-
tion after a review sessi on that included assess-
ment of both the histology and radiology. 

Review of t he AFIP ca se m aterial sug-
gests that the IIPs result from  varying combina-
tions of three pathophysiologic pathways that 
lead to a lveolar wa ll th ickening, v olume loss, 
and lung parenchym al distortion. The pathways 
include: (1) alveolar collapse, (2) incorporation 
of fibroblastic m aterial into alveolar walls, and 
(3) cigarette smoke-related inflammation and fi-
brosis. The accuracy of diagnosis im proves 
when information about the lung acquired from 
microscopy is com bined with findings derived 
from HRCT of the chest. The distribution of 
opacities an d cystic sp aces im aged by HRCT 
was key in helping to determ ine the mechanism 
of alveolar wall thickening.  

Alveolar collapse and incorporation of 
fibroblastic material. Idiopa thic Pulm onary 
Fibrosis (IPF), Acute Interstitial Pneum onia 
(AIP), and Organizing Pneum onia (OP) demon-
strate varying degrees of  alveolar collap se an d 
incorporation of fibroblas tic m aterial into the 
alveolar wall. In some cases, the pathologist has 
difficulty separating the three entities, especially 
when the biopsy specimen is limited in size.  
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HRCT provides a global assessm ent of distribu-
tion, which has im portant implications for diag-
nosis. This is especially im portant for IPF pa-
tients who rarely undergo open lung biopsy. The 
HRCT diagnosis of IPF requires the presence of 
peripheral cysts with a lower lobe distribution in 
order to make a confident diagnosis. This lower 
lobe distribution m irrors the distribution of al-
veolar collapse, which is the principal patho-
physiologic entity resp onsible for progressio n 
(3). In patients with IPF , damaged alveoli and a 
reduced level of surfactant prom otes the alveo-
lar collapse that characterizes IPF. The loss of 
surfactant m ight also prom ote the collapse of 
small alveoli into larger alveolar ducts, owing to 
the classic application of the Laplace relation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ship to  in terdependent alveo li, a nd ther efore 
also exp lains the evolu tion of perip heral cysts. 
A lower lobe predom inance of peripheral cysts 
or honeycombing has been shown to be the most 
important radiologic featur e in the diagnosis of 
IPF. The posterior basal segments should be the 
most severely involved,  as they are populated 
with the smallest alveoli in both the upright and 
supine positions (Figure 1). However, it should  
be noted th at the assu mption requ ired f or th is 
model, the interdependent  inflation of spherical 
alveoli, m ay not be accu rate and other forces 
may be responsible for the convergence of small 
alveoli into larger airspaces (4). 

AIP is a more rap idly progressive for m 
of IIP and is associated with the histologic diag-

Figure 1. UIP/IPF in a 77-year-old male. The lower lobe peripheral distribution of typical reticulation and cyst 
formation is more readily evident on coronal reconstruction of axial CT data (left) than on the source data. The dis-
tribution of lower lobe cysts in UIP/IPF follows the normal distribution of alveolar size (right) in the upright indi-
vidual. The small basal and dependent alveoli are more likely to collapse and remain closed after diffuse lung in-
jury than the large upper lobe alveoli. Reproduced from (2) with permission. 
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nosis of diffuse alveolar dam age. The early 
phase is characterized b y damage to the Type I 
epithelial c ell and  f illing of  the alveolus with 
edema fluid and cellular debris. There is wid e-
spread alveolar collaps e leading to hypoxem ia. 
Associated HRCT findi ngs include widespread 
ground glass opacity with focal “skip areas”. If  
the patient can be suppor ted through the early 
injury, the lung enters a second phase, which in-
volves organization with incorporation of alveo-
lar exudate and debris resu lting in alveolar wall 
thickening and fibrosis. This is  m irrored in  
HRCT by a  diffuse, coarse pattern of reticula-
tion, traction bronchiectasis, diffuse cysts or 
honeycombing, and volume loss. 

Organizing pneum onia is a m ore focal 
process involving the p eribronchiolar region of 
the lung. T he peribronch iolar alveoli are filled 
with plugs of fibroblasti c tissue th at are gradu-
ally incorporated into the alveolar walls of some 
patients, resulting in fibrosis. Unlike IPF and 
AIP, the resultan t cystic spaces are strik ingly 
peribronchiolar, le aving the periphery of the 
lung relatively undamaged. 

Smoking-related interstitial lung dis-
ease. Cigarette smoke is associated with varying 
degrees of inflamm ation, e mphysema, and fi-
brosis (5). The f ibrosis in these patients f its the 
pattern of nonspecific interstitial pneum onia. 
According to histology, the fibrosis is relatively 
uniform, with thickened alveolar walls sur-
rounding pre-existing emphyse matous spaces, 
which are f illed with va rying concentrations of  
“smoker’s m acrophages”. HRCT findings in 
smoking-related fibrosis include cystic spaces 
that are m ost prominent in the upper lobes, fol-
lowing the typical distribution of emphyse ma. 
There are varying degrees of ground glass de-
pending on the degree of diffuse alveolar wall  
thickening and the presence of m acrophages 
within the alveolar spaces. 

Conclusion. The term  "honeycom bing" 
is often used to describe cystic s paces in th e 
lung. However, cysts that appear sim ilar his-
tologically or on imaging can result from differ-
ent m echanisms that imply differing prognoses 
and potentially different approaches to treat-
ment. The distribution of disease, as im aged 
with HRCT in patients with IIPs, provides im -

portant inform ation rela ted to pathophysiology. 
The pres ence of periph eral cys ts w ith a lower 
lobe distribution is strongly associated with a 
poor prognosis and is key to the diagnosis of 
IPF. This patte rn follows the distr ibution of  al-
veolar size and suggests a diffuse, low level, 
chronic lung injury in which the smallest alveoli 
collapse around the alveolar ducts. There is little 
evidence of  true f ibrosis in patien ts with IPF. 
AIP is a more acute and severe lung injury in 
which there  is dif fuse alveolar collapse. The 
subsequent organization and incorporation of fi-
broblasts is diffuse in distribution, with wide-
spread cystic spaces often referred to as honey-
combing. OP is often limited to the region of the 
peripheral small airways with sparing of the ab-
solute periphery of the lung. Finally, the cysts in 
smoking-related inte rstitial lung disease follow 
the distribution of emphysem a and are m ost 
prominent in the upper lung fields. 
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