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Preface

The first edition of this book was published in 2014, but many new developments in
the field concerning our understanding of pathogenesis, advances in diagnosis, and
new therapies to treat patients with idiopathic pulmonary fibrosis (IPF) have trans-
pired in just the past few years. This second edition of the book is intended to pro-
vide readers with an up-to-date and comprehensive understanding of this enigmatic
lung disease that continues to elude more effective pharmacologic therapies. Despite
the two approved drugs that are variably available around the world, further thera-
peutics to arrest or reverse the fibrotic process remains an urgent yet unmet need.

Chapter 1 reviews the evolution of definitions and classification systems for the
interstitial lung diseases and the subset of idiopathic interstitial pneumonias (IIPs)
of which IPF is the most commonly encountered and diagnosed disorder. As we
learn more about the etiology, pathogenesis, and underlying genetic and epigenetic
phenomena that are associated with various forms of interstitial lung disease (ILD),
current classification systems will undoubtedly change considerably over the com-
ing decades. The incidence and prevalence of IPF has been estimated by a number
of investigators over the past two decades, and tools to determine disease demo-
graphics and identify risk factors for developing IPF have improved over time. Drs.
Michael Mohning, Jeffrey Swigris, and Amy Olson comprehensively review and
provide up-to-date knowledge concerning the epidemiology and natural history of
IPF and the many factors that have been implicated as increasing the risk for devel-
oping IPF in Chap. 2.

Imaging of the thorax with high-resolution computed tomography (HRCT) and
examining lung tissue specimens for histopathological manifestations of IPF are
key procedures in diagnosing IPF and differentiating IPF from other forms of fibros-
ing ILD. Drs. Amir Lagstein and Jeffrey Myers provide a review of the pathologic
features of IPF in Chap. 3 and identify key features that help differentiate IPF from
other mimics of the disease that may have similar clinical presentations and charac-
teristics. Next up in Chap. 4, Drs. Jonathan Chung and Jeffrey Kanne update the
current role of radiologic imaging of ILD and discuss the key role that HRCT plays
in the diagnosis of IPF. Pulmonary function testing (PFT) plays an important role in
characterizing disease status, providing a prognosis, making clinical decisions
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concerning disease management, and assessing responses to therapies. In Chap. 5
Drs. Francesco Bonella, Fabiano di Marco, and Paolo Spagnolo review the various
components of such testing in the clinical practice setting and in clinical trials
assessing the efficacy of novel agents for treating IPF.

In the later 1900s, immune-mediated inflammation was thought to be a defining
feature of the disease. However, as more has been learned through the turn of the
century and beyond, the role of inflammation has been questioned, and a new patho-
genetic paradigm has emerged. The newer concept that currently prevails recog-
nizes the dominant role of epithelial cell injury, aberrant wound healing responses,
and fibrosing tissue responses. Additionally, the notion that IPF may respond to
immunomodulatory/anti-inflammatory therapies has been dampened not only by a
lack of clinical response to a variety of such agents but also the potential harms that
such treatments can cause. Drs. Marcus Butler and Michael Keane provide a review
of the literature that has investigated the role of inflammation in the pathogenesis of
IPF in Chap. 6. While the impact and significance of innate and adaptive immune
responses in IPF have been difficult to tease out, there is renewed interest in the role
of various aspects of immune-mediated inflammation including macrophages, auto-
immunity, chemokines, vascular remodeling, and altered host defense mechanisms
in IPF. Dr. Nathan Sandbo discusses the meat of the matter regarding wound healing
responses and tissue fibrosis in the IPF lung in Chap. 7 as he reviews the plethora of
literature from the past two decades that enables a better understanding of the inter-
actions of alveolar epithelial cells, fibroblasts/myofibroblasts, and other cell types
with the lung matrix in IPF. Included within this section is the potentially key con-
tribution of tissue stiffness and mechanical forces in initiating and promoting the
fibroproliferative response.

The fields of genetics and genomics have literally exploded over the past two
decades, and various studies of gene variants and epigenetic gene regulation have
yielded important information that may, at least in part, explain disease risk and
disease behavior in IPF. Drs. Traci Adams and Christine Garcia review the many
studies that have detected a variety of gene variants in kindreds of patients with
familial pulmonary fibrosis (FPF), sporadic IPF, and other fibrosing IIPs in Chap. 8.
Drs. Gabriel Ibarra, Jose Herazo-Maya, and Naftali Kaminski complement Chap. 8
with their cogent and comprehensive discussion of the evolving knowledge of
genomics in fibrosing ILD in Chap. 9. A variety of novel techniques are now avail-
able to evaluate differential gene expression, such as genome-scale transcript profil-
ing, and such methods may help phenotype IPF variants, identify and validate useful
biomarkers, provide key prognostic information, and differentiate IPF from other
forms of fibrosing ILD. Clearly, the study of gene variants and epigenetic gene regu-
lation hold the promise of detecting and characterizing the molecular phenomena
that underpin disease risk and pathogenesis of IPF and other fibrosing ILDs.

Many potentially useful biomarkers of IPF have been identified by examining
lung tissue, bronchoalveolar lavage fluid, and peripheral blood from patients with
IPF. These are discussed by Drs. Shweta Sood, Tonya Russell, and Adrian Shifren
in Chap. 10. While there is a critical need for biomarkers that are useful in differen-
tial diagnosis, assessing prognosis, and monitoring disease course, a single
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biomarker or combination of multiple biomarkers has yet to be validated as being
sufficiently reliable for use in clinical settings or in trials evaluating new therapies.
However, biomarker surrogates may become a reality in the near future. Another
important issue is identifying and characterizing phenotypes that exist within the
broad spectrum of patients with IPF, and a fair degree of disease heterogeneity in
terms of manifestations and disease behavior over time complicates such an
endeavor. Drs. Christopher King, Shambhu Aryal, and Steven Nathan discuss cur-
rent views concerning IPF phenotypes as well as the various comorbidities and
complications that can arise in patients with IPF in Chap. 11.

Making a confident diagnosis of IPF requires clinicians to obtain and integrate
all clinical data, serologic studies, HRCT imaging, and histopathologic specimens
(if needed) to determine whether criteria are met that are consistent with a diagnosis
of IPF. Drs. Jamie Sheth, Anish Wadhwa, and Kevin Flaherty provide an excellent
review of the key aspects of IPF diagnosis along with a diagnostic algorithm for
evaluating patients with suspected IPF in Chap. 12. Because attaining an accurate
and confident diagnosis of IPF can be challenging even at centers with extensive
experience in diagnosing IPF, a multidisciplinary approach is likely to provide max-
imal diagnostic confidence.

Many clinical trials evaluating novel pharmacologic therapies for IPF have been
conducted over the past two decades, but the majority of candidate drugs did not
demonstrate a favorable impact on the disease. However, the antifibrotic agents,
pirfenidone and nintedanib, were found to significantly slow disease progression
and are now available for clinical use. Drs. Andrea Smargiassi, Giuliana Pasciuto,
Emanuele Conte, Mariarita Andreani, Roberta Marra, and Luca Richeldi provide a
comprehensive review of randomized clinical trials that have been completed or are
currently in progress in Chap. 13.

Chapters 14, 15, 16, and 17 address additional aspects that clinicians should be
aware of when diagnosing and managing patients with IPF. The coeditors tackle
Chap. 14 wherein we discuss other forms of fibrosing ILD that can mimic IPF in
their clinical presentation, imaging characteristics, and histopathological appear-
ance. Chronic hypersensitivity pneumonitis is especially difficult to differentiate
from IPF, and antifibrotic therapies are not currently indicated for fibrosing ILDs
other than IPF. An abnormal degree of gastroesophageal reflux (GER) is highly
prevalent in patients with IPF, and a considerable body of literature supports a role
for GER with microaspiration of refluxed gastric secretions as a potential trigger
and/or driver of lung injury and fibrosis in IPF. Dr. Joyce Lee discusses various stud-
ies that support gastroesophageal reflux disease (GERD) as an important comorbid-
ity to diagnose and manage in Chap. 15. Other important components in the
comprehensive management of IPF patients are the implementation of pulmonary
rehabilitation and prescribing supplemental oxygen to facilitate symptom relief and
help maintain the quality of life. Drs. Catherine Wittman and Jeffrey Swigris dis-
cuss the integral role of these interventions and provide guidance for their use in IPF
patients in Chap. 16. Despite optimal care many patients with IPF will suffer a
devastating decline in lung function with a high probability of death should they
develop an acute exacerbation of IPF (AEIPF). Drs. Joyce Lee and Harold Collard
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present a case of AEIPF in Chap. 17 and discuss current concepts of AEIPF patho-
genesis, diagnostic criteria, prognosis, and management.

For patients with progressive disease and evolving respiratory insufficiency, lung
transplantation may be the only treatment option that can provide an opportunity to
have a second chance at normalizing lung function and restoring the quality of life.
Unfortunately, however, only a minority of patients will be able to meet the criteria
that allow them to become candidates for lung transplantation. Drs. Daniela Lamas
and David Lederer discuss the role of lung transplantation in the treatment of
patients with IPF in Chap. 18 and review criteria and timing for referral and listing
as well as outcomes and potential complications once patients receive a lung
transplant.

Many clinical trials have been performed over the past two decades with a vari-
ety of novel agents that had shown promise in preclinical investigations and early-
phase studies in human volunteers. However, only pirfenidone and nintedanib have
demonstrated significant efficacy as pharmacological therapies, and both have been
variably approved around the world for clinical use in IPF patients. Considerable
ongoing research has provided new insights into IPF pathogenesis and identified a
variety of agents that may benefit patients. However, detecting a significant treat-
ment response has become more challenging since the majority of patients enrolled
in clinical trials will be on background therapy with either of the two approved
agents, which are now perceived as standard of care for patients with IPF. Drs. Paolo
Spagnolo, Elisabetta Cocconcelli, and Vincent Cottin discuss the challenges that
researchers face when attempting to demonstrate a significant effect of novel thera-
pies on the clinical course of IPF in Chap. 19. They highlight that the choice of
endpoints may prove to be critical for detecting a treatment response. In addition,
enrichment strategies for patients at higher risk of disease progression, identifying
reliable biomarkers as surrogate endpoints, and using composite endpoints may all
help to improve trial efficiency.

Finally, Drs. Matt Craig, Neil Aggarwal, and James Kiley provide an excellent
review of basic research that has been performed to date on the pathogenesis of IPF
in Chap. 20. Their chapter reviews current knowledge of the salient features of the
interplay of alveolar epithelial cells, myofibroblasts, extracellular matrix, and
immune activation in the development and progression of IPF. They also cover
emerging knowledge concerning the role of various genes and environmental influ-
ences in disease risk and pathogenesis. Finally, they provide a roadmap for the
future of clinical trials to identify novel therapies for IPF.

We trust that the second edition of this book will update and improve our readers’
knowledge of the various aspects of the disease that we recognize as IPF. We hope
that it serves as an inspiration to engage in and/or support meaningful basic and
clinical research in the ongoing quest to identify therapies that can successfully stop
disease progression and even restore lung function without resorting to lung trans-
plantation. The fact that IPF is the number one indication for lung transplantation is
a composite measure of its prevalence and lack of sufficiently effective medications.
Both coeditors are in the lung transplant “business,” and while it is a lofty goal to
achieve a successful transplant with long-term survival and restored quality of life,
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perhaps we can be put of this “business’ in the not too distant future with the advent
of earlier diagnosis and more effective therapies for this devastating disease. Finally
but very importantly, we are extremely indebted to the authors who graciously con-
tributed their time, energy, and passion in providing chapters for this book. As is the
hope for combination therapy, we believe that the synergy of these chapters will
render this book an indispensable resource for anyone with an interest in IPF.

Madison, WI, USA Keith C. Meyer
Falls Church, VA, USA Steven D. Nathan
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Chapter 1
Classification and Nomenclature
of Interstitial Lung Disease

Keith C. Meyer

Introduction

The term idiopathic pulmonary fibrosis (IPF) was initially used by clinicians and
radiologists in the mid-1900s to refer to fibrosing pneumonitis of unknown cause.
IPF was one of a number of terminologies coined over the span of the twentieth
century by leaders in the field as a diagnosis for patients whose lungs showed inter-
stitial patterns on plain chest radiographs that could not be explained by entities such
as congestive heart failure. In the 1930s Hamman and Rich described four patients
with rapidly progressive respiratory worsening due to diffuse alveolar wall thicken-
ing of unidentifiable cause, and the term “Hamman-Rich syndrome” came into use
as a diagnosis for patients with evidence of either acute, subacute, or even chronic
onset ILD with features of lung fibrosis [1]. As knowledge of interstitial disorders
increased, diffuse pulmonary fibrosis was recognized as frequently associated with
forms of connective tissue disease (CTD) such as rheumatoid arthritis (RA) or
scleroderma, exposure to inhaled inorganic or organic agents, and pneumotoxic
reactions to drugs. However, no explanations or plausible associations could be iden-
tified for many cases of ILD, but because these disorders were thought to generally
occur as a consequence of alveolar wall inflammation (“alveolitis”), terms such as
diffuse fibrosing alveolitis, chronic idiopathic interstitial fibrosis, or IPF were used
as diagnostic terms to designate fibrosing ILD of unknown etiology. Scadding coined
the term, diffuse fibrosing alveolitis, to indicate the presence of widespread fibrotic
change beyond the level of terminal bronchioles on histopathologic tissue speci-
mens. He subdivided various entities according to known or as yet unrecognized
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associations and patterns of fibrosis [2]. Additionally, Liebow and Carrington pro-
posed a classification system for differentiating forms of chronic idiopathic intersti-
tial pneumonia based on histopathologic changes [3, 4]. One of the five major entities
they described was termed “usual” interstitial pneumonia (UIP), and the Hamman-
Rich syndrome was perceived as an acute form of UIP. Although the histopathology-
based classification systems that were proposed by Scadding or Liebow and
Carrington (Table 1.1) had many similarities but recognized significant variations
among a number of entities, clinicians tended to overlook these differences and used
the terms cryptogenic fibrosing alveolitis (Europe) or IPF (United States) as a diag-
nosis for what was perceived as idiopathic chronic fibrosing ILD [5].

Table 1.1 Evolution of terminology and classification for interstitial lung disorders

Diffuse fibrosing alveolitis [2]
Known etiology (e.g., inhaled substances, infections)

Defined histopathology with unknown etiology

Systemic diseases with similar histopathology
Limited to lung (cryptogenic fibrosing alveolitis)

Desquamative changes only

Fibrosis with architectural distortion (known or unknown etiology)

Idiopathic interstitial pneumonias [3, 4]

Usual interstitial pneumonia (UIP)

Desquamative interstitial pneumonia (DIP)

Bronchiolocentric interstitial pneumonia (BIP)

Giant cell interstitial pneumonia (GIP)

Lymphoid interstitial pneumonia (LIP)

Idiopathic pulmonary fibrosis/idiopathic interstitial pneumonias [6)
Acute interstitial pneumonia (AIP)

Usual interstitial pneumonia (UIP)

Desquamative interstitial pneumonia (DIP)

Respiratory bronchiolitis with interstitial lung disease (RBILD)

Non-specific interstitial pneumonia (NSIP)

Interstitial lung diseases/idiopathic interstitial pneumonias ([7, 8]; ATS/ERS Statements in 2002
and 2013)

Diffuse parenchymal lung disease (DPLD) of known cause (e.g., asbestosis)

Granulomatous DPLD (e.g., sarcoidosis)
Other DPLD (e.g., PLCH, PAP)
Idiopathic interstitial pneumonias

Idiopathic pulmonary fibrosis (i.e., idiopathic UIP)
Idiopathic non-specific interstitial pneumonia (NSIP)

Respiratory bronchiolitis with interstitial lung disease (RBILD)

Desquamative interstitial pneumonia (DIP)

Cryptogenic organizing pneumonia (COP)

Idiopathic lymphoid interstitial pneumonia (LIP)

Idiopathic pleuropulmonary fibroelastosis (PPFE)

Undifferentiated idiopathic interstitial pneumonia (UIIP)
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Katzenstein and Myers [6] reexamined earlier classification systems and added
the new entities of non-specific interstitial pneumonia (NSIP) and respiratory
bronchiolitis-associated ILD (RBILD) while retaining and/or revising Liebow’s
entities of usual interstitial pneumonia (UIP) and desquamative interstitial pneumo-
nia (DIP). Additionally, they coined the term acute interstitial pneumonia (AIP) as
a replacement for the “Hamman-Rich syndrome” term. Their scheme recognized
giant cell interstitial pneumonia (GIP) as caused by hard-metal exposure, and lym-
phoid interstitial pneumonia (LIP) was recognized as a lymphoproliferative disor-
der. Bronchiolitis interstitial pneumonia (BIP) was recognized as an intraluminal
(not interstitial) process that could take the form of organizing pneumonia (aka
bronchiolitis obliterans organizing pneumonia [BOOP]). The proposed histopatho-
logic pattern-based classification system was also correlated with clinical features
and natural history of specific disorders.

These evolving classification and diagnostic schemes combined with the advent
of high-resolution computed tomography (HRCT) imaging of the lung and novel
approaches to the histopathologic examination of diseased lung tissue facilitated the
identification of disorders with distinct clinical, radiologic, and histopathologic
characteristics that allowed different forms of ILD to be recognized as unique diag-
noses [7-11]. As the ILD classification system evolved, it became clear that the term
IPF had to be redefined, and it was transformed from a relatively non-specific diag-
nosis to current usage as a diagnostic term for patients with a usual interstitial pneu-
monia (UIP) pattern on histopathology (or definite UIP pattern radiologically in the
absence of a surgical lung biopsy). A diagnosis of IPF can only be made in the
context of a consistent clinical presentation and the lack of an alternative explana-
tion for the presence of UIP such as connective tissue disease (CTD) or chronic
hypersensitivity pneumonitis (HP) [12]. Indeed, one must beware of these and other
mimics of IPF that have a UIP histopathology and UIP HRCT pattern when making
a diagnosis of IPF.

Current Approaches to the Classification of ILD

Over 200 forms of ILD comprise the pantheon of disorders that are now recognized
as relatively distinct ILD entities (Table 1.2). A consensus classification system,
which was recently updated and forged by expert opinion while using a multidisci-
plinary approach to combine clinical characteristics with HRCT and histopatho-
logic patterns, recognized four major categories of diffuse parenchymal lung disease
(DPLD) and focused especially on the category of idiopathic interstitial pneumo-
nias (IIPs) [7, 8]. One can also approach the classification of ILD by focusing spe-
cifically on etiologies, clinical presentation and findings on physical examination,
HRCT imaging patterns, and/or histopathologic characteristics. Differentiating fac-
tors include acute (e.g., acute interstitial pneumonia [AIP]) versus chronic onset
(e.g., IPF/UIP), disorders that tend to be more responsive to anti-inflammatory/
immunomodulatory therapies, (e.g., sarcoidosis, hypersensitivity pneumonitis
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Table 1.2 A comprehensive classification scheme for interstitial lung disease (diffuse
parenchymal lung disease)

1. Primary disease-related

Sarcoidosis

Pulmonary Langerhans cell histiocytosis (PLCH)

Lymphangioleiomyomatosis (LAM)

Eosinophilic lung disease-related (e.g., eosinophilic pneumonia)

Chronic aspiration

Pulmonary alveolar proteinosis (PAP)

2. Idiopathic interstitial pneumonia

Idiopathic pulmonary fibrosis (i.e., idiopathic usual interstitial pneumonia)

Non-specific interstitial pneumonia (NSIP)

Desquamative interstitial pneumonia (DIP)
Respiratory bronchiolitis-associated interstitial lung disease (RBILD)

Acute interstitial pneumonia (AIP)

Cryptogenic organizing pneumonia (COP)

Lymphocytic interstitial pneumonia (LIP)

Pleuro-parenchymal fibroelastosis (PPFE)

Non-classifiable interstitial pneumonia (NCIP)

3. Inherited lung disease
Familial interstitial pneumonia (FIP)
Hermansky-Pudlak syndrome (HPS)
Others (e.g., metabolic storage diseases)

4. Connective tissue disease-associated

Rheumatoid arthritis

Systemic sclerosis (scleroderma)

Anti-synthetase syndromes

Sjogren syndrome

Systemic lupus erythematosus

Ankylosing spondylitis

5. Inhalational exposure-related (occupational or environmental)

Hypersensitivity pneumonitis (organic antigen inhalation)

Acute/subacute

Chronic fibrosing

Inorganic dust/fiber/fume-related

Pneumoconiosis (e.g., asbestosis, silicosis, hard metal lung disease)
Others (e.g., berylliosis, chronic beryllium disease, ILD induced by gaseous phase agents)

6. latrogenic

Drug-induced

Radiation pneumonitis/fibrosis

7. Miscellaneous disorders

Interstitial pneumonia with autoimmune features (IPAF)

Diffuse alveolar hemorrhage (e.g., Goodpasture syndrome)

Idiopathic diffuse alveolar hemorrhage

Acute fibrinous and organizing pneumonia (AFOP)
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Table 1.2 (continued)

Bronchiolocentric pattern of interstitial pneumonia

Amyloidosis
Diffuse alveolar damage (idiopathic, subacute onset)
Chronic lung allograft dysfunction (restrictive allograft syndrome)

ILD associated with inflammatory bowel disease

ILD associated with hepatic disease (e.g., primary biliary cirrhosis, viral hepatitis)
Mimics of ILD (e.g., infection or malignancy-associated)

[HP], CTD-associated ILD, interstitial pneumonia with autoimmune features
(IPAF), cryptogenic organizing pneumonia [COP]) versus those unlikely to respond
to such therapy (e.g., UIP, asbestosis, silicosis). Additional differentiating character-
istics include disorders that may remit with appropriate therapy but have a propen-
sity to relapse when such therapy is tapered or withdrawn (e.g., COP), disorders
linked to ambient/environmental/occupational exposures (e.g., pneumoconioses,
HP), lung-limited disorders (e.g., IIPs) versus those linked to extrapulmonary dis-
ease processes (e.g., sarcoidosis, CTD-associated ILD), iatrogenic disorders caused
by therapeutic interventions for pulmonary or non-pulmonary disorders (e.g., ILD
due to drug reactions or radiation therapy), or disorders that are clearly caused by
inherited gene variants (e.g., Hermansky-Pudlak syndrome).

Because there can be considerable overlap in characteristics of various forms of
ILD, making a definitive diagnosis can be quite challenging. However, various find-
ings that can help to narrow the differential diagnosis, such as velcro-like crackles
on chest auscultation, are usually detected in patients with IPF, although such aus-
cultatory findings may also be present with other forms of ILD when advanced
fibrosis is present. Other examples include finding a UIP radiologic and/or histo-
pathologic pattern, which can be seen not only in IPF but also other ILD such as
CTD-associated ILD, chronic HP, asbestosis, or drug reactions, or detecting a sig-
nificant lymphocytosis in bronchoalveolar lavage fluid (BALF), which essentially
rules out IPF but implicates other entities such as sarcoidosis, acute HP, or cellular
NSIP. However, some ILD presentations do not adequately satisfy criteria that allow
a definitive diagnosis to be assigned, and the terms undifferentiated ILD or undif-
ferentiated IIP may be needed when a diagnosis cannot be confidently made. One
must, nonetheless, put all the data together to navigate through various levels of
potential overlap among characteristics of specific entities to arrive at a consensus
clinical-radiologic-pathologic diagnosis that is most consistent with the specific dis-
ease at hand.

Many forms of ILD including IPF have recently been linked to specific inherited
gene mutations and polymorphisms, and an evolving understanding of genomics
has also identified various epigenetic mechanisms that are associated with disease
pathogenesis [13—17]. Telomere dysfunction (e.g., TERT or TERC gene variants),
MUCSB gene polymorphisms, and a variety of single nucleotide polymorphisms
for genes such as TOLLIP or TLR3 have been associated with both disease risk and
disease behavior for patients with IPF. Ongoing studies are likely to discover many
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other genetic factors that are associated with ILD diagnoses and identify specific
genotype-phenotype relationships that modulate the natural history of disease and/
or interact with environmental risk factors to increase the risk of developing a spe-
cific ILD entity. The terms, familial pulmonary fibrosis or familial interstitial pneu-
monia, have been used as a diagnostic term for patients when ILD has been linked
to an inherited genetic variant that is found in multiple family members who develop
an interstitial disorder. Although the interstitial disorder is usually UIP or UIP-like
radiologically and/or on lung histopathology, variations in histopathologic patterns
and disease characteristics can be found among family members with the same pre-
disposing gene variant [18]. As useful biomarkers of disease and genetic/genomic
characteristics of ILD are identified and validated, classification systems are likely
to change and evolve as new discoveries further our understanding of disease pro-
cesses and relationships.

Idiopathic Interstitial Pneumonias

IPF is the most common form of IIP that is encountered in clinical medicine. For an
IPF diagnosis to be made, the criteria of a consistent clinical presentation, the pres-
ence of a confident UIP pattern on HRCT imaging, exclusion of other potential
diagnoses, and, if a lung tissue biopsy is needed, a UIP pattern on lung biopsy speci-
mens (if the HRCT does not adequately identify a typical UIP pattern) must be
present [12]. However, a definitive diagnosis may not be forthcoming despite
obtaining HRCT imaging and an adequately sampled lung biopsy specimen, and a
multidisciplinary discussion may be required to facilitate inter-observer agreement
and reach a consensus diagnosis of a specific form of IIP versus other possibilities
such as chronic HP [19-22]. An important confounder in making an IPF diagnosis
is that other disease entities (e.g., CTD-ILD, chronic HP) can present with a HRCT
UIP pattern and even have a histopathologic UIP or UIP-like pattern. A search for
evidence of CTD is essential, as UIP, NSIP, AIP, or DIP patterns can be seen when
patients have CTD-associated ILD [23] or IPAF (when criteria for a specific CTD
diagnosis are not adequately met) [24]. When clinical and laboratory data are
obtained that suggest a diagnosis of CTD but criteria for a specific CTD are not met
and the only finding is a positive antinuclear antibody or rheumatoid factor without
any other criteria for a diagnosis of CTD or IPAF, a diagnosis of IIP (e.g., IPF) can
still be assigned and maintained. Some of these patients may, however, develop
criteria for a diagnosis of CTD as their disease evolves over time, and the diagnosis
can be revised if such occurs.

The updated statement on multidisciplinary classification of the IIPs [8] added
the category of undifferentiated IIP for cases that appear to be consistent with an ITP
diagnosis but do not adequately satisfy criteria for diagnosis of a specific form of
IIP. Circumstances in which a final diagnosis cannot be reached include (1) a lack
of adequate clinical, radiologic, or pathologic data that allow a specific diagnosis to
be rendered or (2) major discordance among clinical, radiologic, and pathologic
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findings that preclude reaching a specific diagnosis. Additionally, an accurate diag-
nosis can be obscured if previous therapies (e.g., corticosteroids) alter subsequent
radiologic imaging characteristics or histologic findings that are obtained at a later
point in time when a patient undergoes a diagnostic evaluation for suspected IIP.

Differentiating IPF from Non-IPF ILD

A systematic approach [25] is required to accurately diagnose IPF and differentiate
IPF from other specific forms of ILD. Although the majority of patients present with
new onset of symptoms such as dyspnea on exertion, cough, and/or fatigue, patients
may be in earlier stages of disease and be asymptomatic or relatively asymptomatic
with interstitial abnormalities as an incidental finding on thoracic imaging that is
obtained for other indications. A careful and comprehensive interview is a key first
step and should include whether there is a history of medication/drug exposures
(e.g., amiodarone, nitrofurantoin, methotrexate), occupational or environmental
exposures, or a history of CTD; such information may provide important clues to an
ultimate diagnosis. Advanced age and to a lesser extent male gender and prior smok-
ing history increase the likelihood of IPF as an ultimate diagnosis. The presence of
“velcro-like” crackles upon auscultation of the lower lung regions or the finding of
diffuse digital clubbing are also quite suggestive of a diagnosis of IPF, but other
physical examination findings may suggest a non-IPF diagnosis. Laboratory testing
(pulmonary function testing, CTD serologies, other testing as appropriate) com-
bined with the history, physical examination, and routine chest radiographic imag-
ing (posteroanterior and lateral view x-rays) may provide adequate information to
establish a reasonably confident ILD diagnosis. However, additional diagnostic test-
ing is usually needed, and a non-contrast HRCT that is performed at full inspiration
with both supine and prone positioning as well as expiratory views can provide
essential diagnostic information. If a definite radiologic pattern of UIP (subpleural
and basilar predominant changes, reticular pattern, honeycomb change with or with-
out traction bronchiectasis, and absence of features that are inconsistent with a UIP
pattern) is present on HRCT, a confident diagnosis of IPF can be made if clinical
features do not suggest the presence of a non-IPF ILD diagnosis, such as a CTD that
presents with lung involvement and a UIP pattern on HRCT.

If a confident ILD diagnosis cannot be made by combining findings from a
patient’s clinical presentation (comprehensive medical history, physical examina-
tion) combined with HRCT imaging results, invasive testing should be considered
to secure a diagnosis. Bronchoscopy is a relatively safe procedure, and bronchoal-
veolar lavage (BAL) and/or endoscopic lung biopsies may provide very useful
information that can allow a reasonably confident diagnosis to be made when com-
bined with other clinical data and HRCT imaging. However, bronchoscopy is often
perceived as unlikely to aid in securing a diagnosis, especially if a form of IIP is
strongly suspected. Progression to a more invasive, non-bronchoscopic type of lung
biopsy without performing bronchoscopy may be reasonable and may also be
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required if a bronchoscopy does not provide useful diagnostic findings. Furthermore,
current analytic techniques for BAL fluid/cells or TBLB tissue are unlikely to pro-
vide useful diagnostic information if a patient has IPF. Bronchoscopic lung cryobi-
opsy (BLC), which can retrieve much larger tissue specimens than endoscopic
transbronchial biopsies, is being increasingly used as an alternative to surgical lung
biopsy (SLB) [26, 27]. However, the accuracy, safety, and utility of BLC remains to
be determined [28]. Obtaining a SLB, which is usually performed via a video-
assisted thoracoscopic surgery (VATS) approach, remains the procedure of choice at
most centers if other diagnostic testing does not establish a confident diagnosis and
BLC is not an option. Patients with significant comorbidities may be at high risk for
serious complications and, therefore, may not be good candidates for SLB. Patients
should also thoroughly understand the potential risks and benefits when SLB is
considered. Importantly, multidisciplinary discussions among clinicians, radiolo-
gists, and pathologists (especially if lung tissue biopsies are obtained) should be
held to attain an ultimate, “best fit” diagnosis [20].

Summary

The definition and implementation of the term IPF as a diagnostic entity has changed
since it was first applied to cases of pulmonary fibrosis of unknown cause. IPF is
now used as a diagnostic term for idiopathic UIP, and its diagnosis is based upon
consistent clinical, radiologic, and, if needed, histopathologic data that are consis-
tent with the presence of UIP. It is incumbent on clinicians to rule out other possible
diagnoses that can have a UIP or UIP-like histopathology and mimic IPF. Such
mimics of IPF include cases of CTD-ILD and chronic HP and may be difficult to
diagnose. Multidisciplinary discussions are very helpful in making a confident diag-
nosis of IPF (other forms of IIP and non-IIP ILD) and should be utilized whenever
possible. Nonetheless, some cases of ILD or probable IIP may remain unclassifi-
able, even after adequate lung tissue has been sampled via a surgical lung biopsy.
Although the causes of IPF remain elusive, it is now firmly linked to genetic and
epigenetic variants as risk factors for developing the disease. The term, familial
interstitial pneumonia (FIP), is generally used when multiple cases occur within
families with a specific gene variant. As our understanding of the genetic and
molecular underpinnings of IPF and other forms of ILD advance, classification sys-
tems and terminology for specific entities will undoubtedly change in the future.
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Idiopathic Pulmonary Fibrosis:

The Epidemiology and Natural History
of Disease

Michael P. Mohning, Jeffrey J. Swigris, and Amy L. Olson

Introduction

Idiopathic pulmonary fibrosis (IPF) has been classically described as a disease that
progresses in a “relentless and often insidious manner,” with median survival esti-
mates of 2-3 years from the time of diagnosis [1, 2]. However, research over the
past two decades has improved our understanding of the natural history of
IPE. Although some patients experience steadily progressive respiratory decline, it
is now recognized that the clinical course for others is marked by rapid progression
and/or acute episodes of worsening that not infrequently result in death. At the
group level, clinical factors associated with an increased risk of mortality have been
identified, but predicting the course of disease in an individual patient is challeng-
ing, if not impossible. Whether differences in the clinical course result from varying
phenotypes of IPF or from other factors (e.g., differences in the type, degree, or
intensity of environmental exposures or ethnic and racial differences) is unclear [2, 3].
While certain investigators were generating research that refined understanding of
how IPF behaves over time, others were performing epidemiologic studies that bet-
ter defined the societal burden of IPF and identified environmental exposures asso-
ciated with an increased risk for developing the disease. In this chapter, we review
recently acquired epidemiologic data on IPF and describe the variable natural his-
tory of a disease that continues to confound clinicians and researchers alike.
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The Epidemiology of IPF

Background

Investigators have used epidemiologic studies to determine the societal burden of
IPF and to identify possible exposures and risk factors (predominantly through
case-control studies) for disease development. These studies have revealed that IPF
is not as rare as it was once believed to be, underscoring the need for more resources
to advance research for this devastating condition. Results from additional epide-
miologic studies have identified specific risk factors for IPF, providing insight into
possible pathobiologic mechanisms for disease. Hopefully, these studies will prove
useful as investigators search for approaches to limit disease occurrence [4].

Prior to the 1990s, factors that kept investigators from conducting large-scale
epidemiologic studies in IPF included the supposed rarity of disease, the evolving
(changing) case definition of IPF, and the lack of a specific International Classification
of Diseases (ICD) diagnostic code. Since then, three developments have changed
the landscape of epidemiologic research in IPF: (1) the ninth revision of the ICD
coding (ICD-9) system (which for the first time assigned a diagnostic code for IPF
and occurred at the end of the 1970s), (2) large population databases (including
death certificate data and healthcare claims data), and (3) both regional and multi-
center collaborative efforts to determine both the extent of and risk factors for
disease.

Prevalence, Incidence, and Secular Trends

Prevalence is a ratio defined as the number of persons with a disease at a specific
point in time divided by the total population at that time. Incidence is a rate, defined
as the number of new cases (that have developed over a given period of time) divided
by the number of persons at risk for developing disease over that period of time.

Coultas and colleagues performed the first regional epidemiologic investigation
in the United States to determine the prevalence and incidence of interstitial lung
disease (ILD) [5]. Using multiple case-finding methods (including primary care and
pulmonary physician’s records, histopathology reports, hospital discharge diagno-
ses, death certificates, and autopsy reports), these investigators established a
population-based ILD registry in Bernalillo County, New Mexico — a county with a
population of nearly one-half million at the time of this study. Based on data from
1988 to 1993, the overall prevalence of IPF was 20.2 cases per 100,000 men and
13.2 cases per 100,000 women. When these data were stratified by age and gender,
the prevalence of IPF increased with increasing age and was higher for men than for
women in each age strata (Table 2.1). The incidence of IPF was 10.7 per 100,000
persons/year in men and 7.4 per 100,000 persons/year in women. Again, when
stratified by age and gender, the incidence of IPF generally increased with increas-
ing age and was typically higher for men than for women (Table 2.2).
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Table 2.1 The prevalence of IPF by age strata and gender in Bernalillo County, New Mexico,
from 1988 to 1993 [5] compared to a healthcare claims processing system of a large US health plan
from 1996 to 2000 using the broad case definition [6] (see text)

Idiopathic pulmonary fibrosis (prevalence, per 100,000 persons)

1988-1993 1996-2000
Age strata (years) Men Women Men Women
35-44 2.7 - 49 12.7
45-54 8.7 8.1 22.3 22.6
55-64 28.4 5.0 62.8 50.9
65-74 104.6 72.3 148.5 106.7
>75 174.7 73.2 276.9 192.1

Adapted from Table 4 in [5] and Fig. 1 in [6]

Table 2.2 The incidence of IPF by age strata and gender from Bernalillo County, New Mexico,
from 1988 to 1993 [5] compared to a healthcare claims processing system of a large US health plan
from 1996 to 2000 using the broad case definition [6] (see text)

Idiopathic pulmonary fibrosis (incidence, per 100,000 persons/year)

1988-1993 1996-2000
Age strata (years) Men ‘Women Men Women
35-44 4.0 - 1.1 54
45-54 2.2 4.0 11.4 10.9
55-64 14.2 10.0 35.1 22.6
65-74 48.6 21.1 49.1 36.0
>75 101.9 57.0 97.6 62.2

Adapted from Table 5 in [5] and Fig. 2 in [6]

Raghu and colleagues determined the prevalence and incidence of IPF from
1996 to 2000 using data from a large US healthcare plan’s claims system [6]. Using
a broad definition for IPF (age >18 years, one or more medical encounters coded for
IPF, and no medical encounters after that IPF encounter with a diagnosis code for
any other type of ILD), these investigators estimated the prevalence and annual
incidence of the disease to be 42.7 and 16.3 per 100,000 people, respectively. A nar-
row case definition (broad definition plus at least one medical encounter with a
procedure code for a surgical lung biopsy, transbronchial biopsy, or computed
tomography [CT] of the thorax) yielded a prevalence and annual incidence of 14.0
per 100,000 people and 6.8 per 100,000 people, respectively. In their dataset both
prevalence and incidence increased with increasing age, and rates were higher in
men than women (see Tables 2.1 and 2.2). Results from these two studies suggest
that rates have increased over time; however, their limitations constrain these stud-
ies as only being hypothesis-generating.

Fernandez-Pérez and colleagues performed a population-based, historical cohort
study in Olmsted County, Minnesota, of patients evaluated at their center between
1997 and 2005. They had three aims for their study: (1) determine the prevalence
and incidence of IPF, (2) determine if incidence changed over time, and (3) predict
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the future burden of disease [7]. For 2005, using narrow case-finding criteria (usual
interstitial pneumonia [UIP] pattern on surgical lung biopsy or definite UIP pattern
on high-resolution CT [HRCT]), the age- and sex-adjusted prevalence (for people
over the age of 50 years) was 27.9 cases per 100,000 persons (95% CI = 10.4-45.4);
using broad case-finding criteria (UIP pattern on surgical lung biopsy or definite or
possible UIP pattern on HRCT), it was 63 cases per 100,000 persons (95%
CI =36.4-89.6). Over the 9 years of this study, the age- and sex-adjusted incidence
(for those over the age of 50) was 8.8 cases per 100,000 person-years (95% CI=5.3—
12.4) and 17.4 cases per 100,000 person-years (95% CI = 12.4-22.4) for the narrow
and broad case-finding criteria, respectively. In contrast to the incidence rates
reported by Coultas and Raghu [5, 6], results here suggest significantly decreasing
incidence rates over the last 3 years of the study to 6.0 or 11.0 per 100,000 person-
years using the narrow or broad case-finding criteria, respectively (p < 0.001).
Despite the estimated declining incidence, given the aging US population, these
investigators projected that the annual number of new cases will continue to rise
with between 12,000 and 21,000 new IPF cases diagnosed annually by the year
2050. However, several limitations including the small total number of incident IPF
cases (only 47 based on the broad case criteria) detract from the confidence that
these results accurately reflect national trends.

In a second large-scale epidemiologic study, Raghu and colleagues [8] deter-
mined the annual incidence and prevalence of IPF in a 5% random sample of
Medicare beneficiaries during the years 2001-2011. Using the ICD-9 codes 516.3
for IPF and 515 for post-inflammatory pulmonary fibrosis, the authors found the
incidence of IPF to be stable over the time period at 93.7 cases per 100,000 person-
years (95% CI = 91.9-95.4). However, it was notable that the annual cumulative
prevalence increased dramatically from 202.2 cases per 100,000 persons in 2001 to
494.2 cases per 100,000 persons in 2011. To possibly account for the increasing
cumulative prevalence in spite of the stable incidence rates, the investigators found
that cases diagnosed in 2007 had longer survival times (4 years vs. 3.3 years) than
those diagnosed earlier in the years that were evaluated. Because this study specifi-
cally examined patients 65 years or older (Medicare beneficiaries), a follow-up
study by Raghu and colleagues [9] was performed to assess the incidence and preva-
lence in a younger population for comparison. A large patient claims database cov-
ering more than 89 million people aged 18—64 was examined, and it was found that
the annual incidence decreased from 7.9 cases per 100,000 person-years in 2005 to
5.8 cases per 100,000 person-years in 2010. However, the cumulative prevalence
was again found to have increased from 13.4 cases per 100,000 persons in 2005 to
18.2 cases per 100,000 persons in 2010.

Because of the concern that the use of electronic databases to determine inci-
dence and prevalence of IPF may provide inaccurate data when case validation is
not performed, Esposito and colleagues [10] developed algorithms using the
HealthCore Integrated Research Database to identify IPF cases. Positive predictive
values (PPVs) for their algorithms were determined after cases were adjudicated.
Using a broad definition algorithm (an ICD-9 code-based algorithm similar to those
used in prior studies), the PPV was found to be only 44.4%, suggesting that overes-
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timation had occurred in prior studies. After correcting for the PPV of the algorithm,
the authors determined the incidence of IPF to be 14.6 per 100,000 person-years
with a prevalence of 58.7 per 100,000 persons.

Large-scale epidemiologic studies from the United Kingdom also suggest an
increase in the incidence of IPF over time. Gribbin and colleagues [11] analyzed a
large longitudinal general practice database in the United Kingdom from 1991 to
2003 and found that overall the incidence of IPF more than doubled during this time
period. The overall crude incidence of IPF was 4.6 per 100,000 person-years, and
the annual increase in the incidence of IPF was 11% (rate ratio 1.11; 95% CI = 1.09—
1.13, p <0.0001) after adjusting for sex, age, and geographic region. As in the stud-
ies described above, these investigators found the incidence of IPF was higher in
men than women and increased with age (until >85 years of age). They could not
determine if the trends observed were from increased case ascertainment due either
to the expanding routine use of HRCT scanning or simply and increased awareness
that perhaps emanated from globally visible consensus statements and multina-
tional IPF drug trials.

Recently, Navaratnam and colleagues [12] extended the work of Gribbin and
colleagues. Using the same longitudinal primary care database from the United
Kingdom, these investigators determined the incidence of what they called the IPF
clinical syndrome (IPF-CS) (defined by the diagnostic codes of idiopathic fibrosing
alveolitis, Hamman-Rich syndrome, cryptogenic fibrosing alveolitis, diffuse pul-
monary fibrosis, or idiopathic fibrosing alveolitis NOS but excluding connective
tissue disease, extrinsic allergic alveolitis, asbestosis, pneumoconiosis, and sarcoid-
osis) from 2000 to 2008. The overall crude incidence of IPF-CS in their study was
7.44 per 100,000 person-years (nearly double the rate that Gribbin and colleagues
reported for the prior decade); it was higher in men than women and generally
increased with age. After adjusting for age, sex, and health authority, the incidence
of IPF-CS increased by 5% annually from 2000 to 2008 (rate ratio 1.05, 95%
CI = 1.03-1.06).

As highlighted in a recent systematic review by Hutchinson et al. [13], the major-
ity of these data suggest the incidence of IPF is increasing worldwide. Because the
disease is lethal within a relatively short period of time, mortality rates should mir-
ror incidence rates, making mortality rate studies an additional, potentially rich
source of data on these trends.

Mortality Rates and Secular Trends

Mortality rates for a condition are calculated as the number of deaths per year
caused by the condition of interest, divided by the number of persons alive in the
midyear population. Death certificate and census recording can provide data for
such calculations. Because the validity of IPF death certificate data is largely
unknown, studies using these data should be interpreted with caution. In the era of
ICD-9 coding, when IPF (ICD-9 code 516.3) was coded on a death certificate, it was
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generally accurate. However, because a significant proportion of decedents with IPF
were coded as 515 (the code for post-inflammatory pulmonary fibrosis [PIPF]), IPF
(whose ICD-9 code is 516.3) was typically under-recorded as the cause of death
[14, 15]. In 1998 the ICD-10 coding system combined both IPF and PIPF into one
diagnostic code (J84.1). Investigators have used this code in some studies (while
making concerted efforts to exclude decedents with codes for known causes of ILD)
in an attempt to capture a cohort most likely to have IPF. Other investigators have
conducted similar studies and either intentionally or unintentionally included dece-
dents with coexisting conditions associated with pulmonary fibrosis (e.g., connec-
tive tissue disease), leaving cohorts they labeled as having pulmonary fibrosis (PF)
or IPF clinical syndrome (IPF-CS) [12, 16, 17]. Regardless of the term used, a great
many decedents in these studies had IPF, and all of them almost certainly had pro-
gressive fibrotic lung disease that resulted in death.

In the first large-scale study of mortality rates from IPF, Johnston and colleagues
examined ICD-9-coded death certificates from 1979 to 1988 and found that mortal-
ity rates from IPF (ICD-9 code 516.3) in England and Wales more than doubled
over this time period [14]. Although more men than women died of IPF (60% of
decedents) over the duration of the study period, mortality rates increased in both
men and women (after standardization for age) and were greater among those of
older age. Specifically, the mortality rate in those aged >75 years was eight times
that of those aged 45-54. They identified higher mortality rates in the industrialized
central areas of England and Wales, raising the possibility of occupational or envi-
ronmental exposures as potential risk factors for the disease. Confirming and
expanding the findings of Johnston and colleagues, Hubbard and colleagues exam-
ined ICD-9-coded death certificates and found that mortality rates from IPF rose in
England, Wales, Scotland, Australia, and Canada from 1979 to 1992 [18].

Mannino and colleagues examined US death certificate data from 1979 to 1991
and found that age-adjusted mortality for pulmonary fibrosis (PF) increased 4.7% in
men (from 48.6 deaths per million to 50.9 deaths per million) and 27.1% in women
(from 21.4 deaths per million to 27.2 deaths per million). Again, PF-associated
mortality increased with increasing age [16]. Higher mortality rates were identified
in the West and Southeast, and lower mortality rates occurred in the Midwest and
Northeast.

Using the same database as Mannino and colleagues, our group found that, from
1992 to 2003, PF-associated mortality rates increased 29.4% in men (from 49.7
deaths per million to 64.3 deaths per million) and increased 38.1% in women (from
42.3 deaths per million to 58.4 deaths per million) (Fig. 2.1). Mortality rates
increased with advancing age and were consistently higher in men than in women;
however, mortality rates increased at a faster pace in women than in men over this
period of time [17].

Similar trends in mortality were recently reported in the United Kingdom; the
overall age- and sex-adjusted mortality rate from IPF-CS from 2005 to 2008 was
found to be 50.1 per million person-years. The overall annual increase in mortality
was approximately 5% per year (RR = 1.05, 95% CI = 1.04-1.05) from 1968 to
2008, which equated to a sixfold increase in mortality over this study period [12].
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Fig. 2.1 Actual number of deaths per year (first y-axis) and age-adjusted mortality rates (second
y-axis) in decedents with PF per 1,000,000 population from 1992 to 2003 in the United States.
Mortality rates are standardized to the 2000 US Census Population. (Reprinted with permission of
the American Thoracic Society. Copyright (C) 2012 American Thoracic Society. Olson et al. [17].
Official journal of the American Thoracic Society)

Hutchinson and colleagues also recently demonstrated a steadily increasing mortal-
ity rate in ten countries (including the United States and United Kingdom) using
data collected between the years 1999 and 2012 [19]. These studies suggest mortal-
ity from IPF is increasing, and IPF is an important and growing public health con-
cern, particularly in the aging population.

Risk Factors
Definitions and Limitations
Most studies of risk factors for IPF have been retrospective and subject to a num-

ber of limitations. Because the disease status and the exposure are assessed at the
same time, a temporal relationship cannot be established. Furthermore,
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systematic biases resulting from both exposure recall and diagnostic misclassifi-
cation are possible. Recall bias exists when subjects recall past exposures differ-
ently than controls, and the net effect results in an exaggeration of risk [20].
Diagnostic misclassification bias arises when cases are incorrectly diagnosed
with the disease or when controls have subclinical and undiagnosed disease.
These scenarios have likely occurred in IPF, specifically in the time period before
the routine use of HRCT scanning and the emergence of consensus statements on
the classification of idiopathic interstitial pneumonias (IIPs) including IPF [1,
21]. The net effect of this type of error results in bias toward the null (a reduction
in the strength of the association between exposure and disease). When identified,
dose-response relationships strengthen the likelihood of a significant risk for the
development of disease.

Genetic Risk Factors

Over the past decade, there have been many new and important studies evaluating
genetic risk factors and susceptibility for IPF. These significant genetic risk factors
are discussed separately in Chap. 8.

Cigarette Smoking

Cigarette smoking has been identified as a risk factor for IPF and for familial pul-
monary fibrosis (FPF) in a number of case-control studies. In the United States,
Baumgartner and colleagues performed an extensive analysis of the risk of IPF
associated with smoking [22]. From 1989 to 1993, they compared 248 IPF patients
at any of 16 referral centers to 491 controls matched for age, sex, and geography.
They found that a history of ever smoking was associated with a 60% increase in
risk for the development of IPF (OR = 1.6, 95% CI = 1.1-2.2). Additional analysis
revealed that former smoking was associated with a 90% increased risk for the
development of IPF (OR = 1.9, 95% CI = 1.3-2.9), whereas current smoking was
not associated with an elevated risk (OR = 1.06, 95% CI = 0.6—1.8). A dose-response
relationship was not identified; when compared to subjects with a less than 20 pack-
year history, those who smoked 21-40 pack-years had an increased risk of IPF
(OR =2.26,95% CI = 1.3-3.8), while those who smoked more than 40 pack-years
did not (OR =1.12,95% CI = 0.7-1.9). However, among former smokers those who
had recently stopped smoking possessed the highest risk for the development of IPF
(for those who stopped smoking less than 2.5 years prior, OR =3.5,95% CI = 1.1-
11.9; for those who stopped smoking 2.5-10 years prior, OR = 2.3, 95% CI = 1.3—
4.2; for those who stopped smoking 10-25 years prior, OR =1.9,95% CI =1.1-3.2;
and for those who stopped smoking more than 25 years ago, OR = 1.3, 95%
CI =0.7-2.3). Similar to Baumgartner and colleagues, Miyake and colleagues com-
pared 102 cases of IPF to 59 controls in Japan and found an increased risk of IPF
only in those who smoked between 20 and 40 pack-years (OR = 3.23, 95%
CI=1.01-10.84) compared to never smokers [23].
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Taskar and colleagues [24] conducted a meta-analysis that included the two
investigations above [22, 23] plus three additional case-control studies from the
United Kingdom [25, 26] and Japan [27]. Ever smoking was associated with a 58%
increase in the risk for the development of IPF (OR = 1.58, 95% CI = 1.27-1.97).
Given the high prevalence of smoking, these investigators determined that 49% of
IPF cases could be prevented by entirely eliminating smoking within the popula-
tion. The results from two other case-control studies from Mexico that were not
included in the meta-analysis also suggest that smoking is a risk factor for IPF (OR
adjusted = 3.2, 95% CI = 1.2-8.5 and OR adjusted = 2.5, 95% CI = 1.4-4.6) [28,
29]. An association between smoking and lung fibrosis has also been identified in
FPE. Steele and colleagues compared 309 cases of FPF with 360 unaffected family
members from 111 families and found that after adjustment for age and sex, ever
smoking was associated with a greater than threefold increased odds of developing
disease (OR = 3.6, 95% CI = 1.3-9.8) [30].

Occupational Exposures

Case-control studies have also found an association between a number of dusts and/
or dusty environments and the development of IPF.

Metal Dusts

In a meta-analysis of five case-control studies published between 1990 and 2005,
investigators found a significant association between metal dust exposure and the
development of IPF (OR = 2.44, 95% CI = 1.74-3.40) [23-27, 31]. Baumgartner
and colleagues identified a dose-response relationship between metal dust exposure
and IPF. For subjects with less than 5 years of metal dust exposure, no association
was identified (OR = 1.4, 95% CI = 0.4-4.9); however, for those with more than
5 years of metal dust exposure, the risk for the development of IPF was elevated
more than twofold (OR =2.2,95% CI = 1.1-4.7) [31].

Hubbard and colleagues analyzed data from the pension fund archives of a metal
engineering company and identified more deaths within this cohort than would be
expected from national mortality data [32]. For all decedents with IPF and available
records, an increased risk of IPF associated with metal dust exposure was not found.
However, there was a dose-response relationship for those with more than 10 years
of exposure as well as an increased risk of IPF (OR = 1.71, 95% CI = 1.09-2.68).

Pinheiro and colleagues analyzed mortality data from 1999 to 2003 and found an
increased proportionate mortality ratio (PMR) and mortality odds ratio (MOR)
among decedents with ICD-10 for pulmonary fibrosis and whose records also con-
tained a code for “metal mining” (PMR = 2.4, 95% CI = 1.3-4.0; MOR 2.2, 95%
CI=1.1-4.4) and “fabricated structural metal products” (PMR =1.9,95% CI=1.1-
3.1; MOR 1.7, 95% CI = 1.0-3.1) [33]. In contrast a recent study from Sweden did
not identify an association between metal dust exposure and IPF among patients on
oxygen therapy (OR = 0.8, 95% CI = 0.43-1.44) [34].
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Wood Dust

Results from two of five case-control studies (one from the United Kingdom and
one from Japan) plus a meta-analysis of these studies suggest an association between
wood dust exposure and IPF (summary OR= 1.94, 95% CI = 1.34-2.81) [23-26, 31,
35]. Discrepancies in results between individual studies may result from differences
in the type of wood exposure. In a case-control study, investigators in Sweden found
an association between both birch (OR = 2.4, 95% CI = 1.18-4.92) and hardwood
dust (OR = 2.5, 95% CI = 1.06-5.89) exposure and IPF, but an association with fir
dust (OR = 1.4, 95% CI = 0.82-2.52) was not identified [34].

Agriculture (Farming and Livestock)

Both farming and livestock exposures have been linked to an increased risk of
IPF. In each of two case-control studies (one from the United States and one from
Japan), investigators found a significant association between farming or residing in
an agricultural region and IPF (summary OR = 1.65, 95% CI = 1.20-2.26) [24, 27,
31]. Exposure to agricultural chemicals was also associated with an increased risk
of IPF in the Japanese study (OR = 3.32, 95% CI = 1.22-9.05) [27].

Results from two case-control studies (one from the United States and one from
the United Kingdom) suggest an association between livestock and IPF (summary
OR =2.17,95% CI = 1.28-3.68) [24, 25, 31]. In the US study, investigators observed
a dose-response relationship between exposure to livestock and IPF; no association
was identified for subjects with less than 5 years of exposure (OR = 2.1, 95%
CI = 0.7-6.1), but subjects with more than 5 years of exposure to livestock had a
greater than threefold increased risk for IPF (OR = 3.3, 95% CI = 1.3-8.3) [31].

Sand, Stone, and Silica

Results from a meta-analysis of four studies with contrasting results show a signifi-
cant association between IPF and exposure to stone, sand, and silica dusts (sum-
mary OR =1.97, 95% CI = 1.09-3.55) [23-25, 31, 35].

Miscellaneous Exposures

Baumgartner and colleagues found an association between IPF and hairdressing
(OR = 4.4, 95% CI = 1.2-16.3) or raising birds (OR = 4.7, 95% CI = 4.7, 95%
1.6-14.1) after adjusting for age and cigarette smoking [31]. The latter association
raises the possibility that some patients with chronic hypersensitivity pneumonitis
might have been inadvertently diagnosed as having IPF. Residing in an urban or
polluted area is another risk factor for IPF that had emerged from a case-control
study in Japan (OR =3.33,95% CI = 1.26-8.79) [27], and a cluster of IPF cases was
recently identified in dental personnel in Virginia, raising the possibility of occupa-
tional exposure in dental work as a potential risk [36].
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The Natural History of IPF

Background

IPF has historically been described as a disease marked by inexorable progres-
sion [1, 2]. For patients with steadily progressive disease (i.e., moderately wors-
ening lung function with each passing year), symptoms of breathlessness
typically precede the diagnosis of IPF by 1-3 years [37-39], and median survival
ranges from 2 to 3 years from the time of diagnosis [1, 2, 37-40]. However, care-
ful inspection of results reveals significant heterogeneity in survival rates within
cohorts [1, 41, 42]. Over the past few years, investigators have drilled deeply into
their datasets in an attempt to better understand this heterogeneity. Although
some of the heterogeneity may result from differences in disease severity at the
time of diagnosis, it has become clear to the ILD field that there are actually dif-
ferent IPF phenotypes that can be defined by disease behavior over time (Fig. 2.2).
For example, in every IPF study, a subgroup of long-term survivors is identified,
a significant minority of IPF patients will suffer one or more acute exacerbations
of IPF, and investigators are finding more and more patients with subclinical
disease. What drives the phenotypic expression is unknown, but current theory
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Fig. 2.2 Schematic representation of potential clinical courses of IPF. The y-axis represents dis-
ease progression from the onset of disease with a likely subclinical/asymptomatic period, which is
followed by a period of symptoms that precede a formal diagnosis and then followed by the period
of diagnosis through death with the x-axis representing time. As noted in the text, disease progres-
sion may be accelerated (A), relatively stable (C, D), or alternate between periods of relative stabil-
ity marked by acute worsening (stars) (B). (Reprinted with permission of the American Thoracic
Society. Copyright (C) 2012 American Thoracic Society. Ley et al. [43]. Official journal of the
American Thoracic Society)
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holds that it results from complex interactions involving the age and genetic
makeup of the host and environmental exposures.

Predicting Survival

Nathan and colleagues examined data from their center collected over the previous
decade and found that the median survival for 357 IPF patients was 45.9 months
(3.8 years) from the time of their initial pulmonary function test. When stratified by
disease severity, patients with percent predicted forced vital capacity (FVC%)
>70%, 55-69%, or <55% had median survival values of 55.6 months (4.6 years),
38.7 months (3.2 years), and 27.4 months (2.3 years), respectively [42].

In addition to FVC, a number of other individual clinical, radiographic, physio-
logic, and pathologic variables as well as various biomarkers correlate with survival
[43]. Several investigators have generated prognostic models that incorporate com-
binations of these variables collected at the time of diagnosis [38, 39]. For example,
King and colleagues used data from 183 patients with biopsy-proven IPF and found
that survival was dependent on a combination of age, smoking status, clubbing,
extent of interstitial abnormalities, findings suggesting the presence of pulmonary
hypertension on chest radiograph, total lung capacity (TLC), and abnormal gas
exchange during maximal exercise [39]. Based on this model (with these clinical,
radiological, and physiological [CRP] determinants), 5-year survival ranged from
89% in patients with lower scores to <1% in patients with higher CRP scores.
Although this model and other similar modeling [44, 45] have revealed that differ-
ences in survival depend on baseline characteristics, none have been formally exter-
nally validated, and each model has limited ability to predict disease behavior in an
individual patient.

Collard and colleagues determined that after adjustment for baseline values,
6- and 12-month change in any of a number of variables including dyspnea
score, TLC, FVC, partial pressure of arterial oxygen, peripheral oxyhemoglobin
saturation, and alveolar-arterial oxygen gradient predicted survival time [41].
As with baseline predictors, these seem to perform well at the group level [46,
47] but may not be predictive at the patient level. Furthermore, while these
prediction models may provide some utility in mortality and respiratory
hospitalization prediction, they perform very poorly in predicting risk of disease
progression [48].

Rate of Decline in FVC

Data from the placebo arms of several therapeutic trials reveal that the annual
decline in absolute FVC ranges from 0.15 to 0.22 L [49-56] (Table 2.3). Given the
inclusion criteria (which typically seek to identify patients with earlier/milder dis-
ease) and exclusion criteria (which typically exclude patients with significant
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comorbid conditions) used in these clinical trials [42], these estimates of disease
progression as reflected by a decline in FVC are unlikely to apply to the general
population of IPF patients.

The Underlying Cause of Death

The underlying cause of death (UCD) for the majority of patients with IPF is respira-
tory failure [16, 17, 43, 57]. Panos and colleagues reviewed a series of cases with
mortality data published from 1964 to 1983 and found that among 326 deaths respira-
tory failure was the UCD in 38.7% of the decedents [57]. Using US death certificate
data from 1979 to 1991, Mannino and colleagues found that in patients with pulmo-
nary fibrosis, the UCD was the disease itself in 50% of decedents [16]. Our group
extended the work of Mannino and colleagues by examining US death certificate data
from 1992 to 2003 and found that pulmonary fibrosis was the UCD in 60% of

Table 2.3 Recent randomized, placebo-controlled trials in which the absolute decline in forced
vital capacity (FVC) for the placebo group was reported over the study period [49-56]

Baseline Absolute Annual rate of
FVC, L decline in Time of decline in
Study Drug (FVC%) FVC,L assessment | FVC, L/year
ASCEND(King Pirfenidone | NR (68.6%) | —0.28/year |52 weeks —0.28/year
2014) [106]
INPULSIS-1 Nintedanib | 2.85 (80.5%) |—0.24/year |52 weeks —0.24/year
(Richeldi 2014) [107]
INPULSIS-2 Nintedanib | 2.62 (78.1%) |—0.21/year |52 weeks —0.21/year
(Richeldi 2014) [107]
TOMORROW Nintedanib | 2.70 (77.6%) | —0.19 52 weeks —0.19/year
(Richeldi 2011)
BUILD-3 (King Bosentan | 2.66 (73.1%) | —0.18 52 weeks | —0.18/year
2011)
Imatinib (Daniels Imatinib 2.54 (65.5%) | —0.14 48 weeks —0.15/year
2010)
Shionogi, (Taniguchi | Pirfenidone | 2.47* (79.1%)* | —0.16* 52 weeks | —0.16/year*
2010)
Etanercept (Raghu Etanercept | NR (63.0%) | —0.20 48 weeks | —0.22/year
2008)
Shionogi (Azuma Pirfenidone | NR (78.4)* -0.13* 36 weeks —0.19/year*
2005)
IFIGENIA, (Demedts | NAC 2.36* (66.6%)* | —0.19* 52 weeks —0.19/year*
2005)
GIPF-001 (Raghu Interferon | NR (64.1%) | —0.16 48 weeks —0.17/year
2004) gamma-1b

In those studies that were less than 52 weeks in duration, the annual rate of decline was determined
from available data by assuming a constant rate of decline

Abbreviation: NR not reported

aStudies actually reported vital capacity (VC)
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decedents with IPF [17]. Among IPF subjects in therapeutic trials, the UCD is a
respiratory cause in nearly 80% [43, 51, 53, 58]. Taken together, these data reveal that
over the past 50 years, the proportion of patients with IPF who are dying from (rather
than with) the disease has grown, and these trends may reflect advances in diagnostic
accuracy. However, another potential explanation is that effective therapies for some
of the more common comorbid conditions (e.g., cardiovascular disease) result in
patients being more likely to die from IPF rather than other treatable conditions
(Table 2.4).

Apart from lung disease progression, UCDs in patients with IPF include coro-
nary artery disease (CAD), pulmonary embolism, and lung cancer. While the pro-
portion dying from cardiovascular disease has declined over time (see Table 2.4),
patients with IPF appear to be at greater risk for CAD than patients with chronic
obstructive pulmonary disease (COPD) (or other respiratory diseases requiring
transplantation) [59-61] or matched people in the background population [62—64].
Thromboembolic disease and pulmonary embolism occur more often in patients
with IPF than those with COPD and lung cancer or in people in the background
population [63, 65, 66]. Furthermore, IPF decedents with a code for thromboem-
bolic disease on their death certificates died younger (74.3 vs. 77.4 years in females
[p < 0.0001] and 72.0 vs. 74.4 years in males [p < 0.0001]) than IPF decedents
without codes for thromboembolic disease [65]. Compared with the background
population, the risk for lung cancer is significantly elevated in patients with IPF, and
this risk appears to be independent of smoking history [67, 68]; however, its overall
effect on survival in this population remains unknown [69].

Phenotypic Subgroups
Long-Term Survivors

In studies conducted prior to the development of the current IIP classification
system [16], nearly 30% of subjects with IPF were alive at 10 years from diagnosis

Table 2.4 The underlying cause of death in patients with idiopathic pulmonary fibrosis (see text)
[16, 17, 57, 65]

Underlying cause | Respiratory Cardio-

of death Pulmonary | Respiratory | Respiratory | Respiratory | Lung | vascular

Study fibrosis Pneumonia | COPD PE cancer | disease | Other
Panos 39% 2.8% NR 3.4% 10.4% | 27.0% | 14.1%
(1964-1983)

Mannino 50.0% NR 22.6% NR 4.8% |22.6% |NR
(1979-1991)

Olson/ 60.0% 2.4% NR 1.74% [65] | 2.9% | 9.6% | 23.4%
Sprunger [17]

(1992-2003)/

(1998-2007) [65]

Abbreviation: NR not reported
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[70, 71]. In retrospect it has been assumed that these long-term survivors had
diseases other than IPF (e.g., non-specific interstitial pneumonia [NSIP]).
However, using the ATS/ERJ criteria for the diagnosis of IPF [1] and cumulative
data from the previous decade, Nathan and colleagues found that approximately
one-quarter of their IPF patients (n = 357) survived more than 5 years from the
time of diagnosis, and survival time was not necessarily associated with baseline
FVC [42].

Rapid Progression from Diagnosis

Some patients with IPF follow a rapidly progressive clinical course from the onset
(see Fig. 2.2). Selman and colleagues compared IPF patients with <6 months of
symptoms (rapid progressors) to those with symptoms for >24 months (slow pro-
gressors) prior to first presentation. They found that despite the absence of differ-
ences between groups in baseline age, physiology, or gas exchange parameters,
rapid progressors had a significantly increased risk of death when compared with
slow progressors (HR =9.0; 95% CI = 4.48-18.3) and were more likely to be male
(OR =6.5;95% CI = 1.4-29.5) and either former or current smokers (OR = 3.04;
95% CI = 1.1-8.3) [72]. Additionally, the authors found a distinctive gene expres-
sion pattern in rapid progressors that was marked by overexpression of genes
involved in morphogenesis, oxidative stress, and migration and proliferation of
fibroblasts and smooth muscle cells.

Boon and colleagues examined gene expression profiles in surgical lung biopsy
specimens and identified 134 transcripts that sufficiently distinguished relatively
stable disease from progressive IPF [73]. They commented that similar to human
cancers, genes related to cell proliferation, migration, invasion, and morphology
were overrepresented in subjects with progressive disease. These findings highlight
the heterogeneity of IPF at the transcriptional level and probably partly explain the
varying clinical courses among patients with disease.

Stable Disease Followed by Accelerated Disease

Some IPF patients follow a relatively stable or mildly progressive course for
months to years, and then their disease accelerates. Using data from the placebo
arm of a large therapeutic trial, Martinez and his co-investigators observed that
among patients who survived to the end of the 72-week study (78.6%), the mean
FVC% decreased from 64.5+11.1 to 61+14.1, the mean DLCO% decreased
from 37.8+11.1% to 37.0£19.9%, and there was little worsening in dyspnea
[58]. However, among 36 subjects who died (21.4%), death was IPF-related in
32 patients (89%) and the result of disease progression in 20 patients (56%). Of
those deaths resulting from progressive IPF, 47% were acute (deterioration over
4 weeks or less), and 50% were subacute (progression over weeks to months),
thus demonstrating that disease progression accelerates prior to death in some
patients.
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Acute Exacerbations of IPF

In Japan it has been recognized for over 30 years that some patients with IPF experi-
ence acute respiratory decline [74, 75], but this was thought to be a rare phenome-
non in Western countries until recently [76]. However, sudden respiratory decline in
a previously stable patient is now a well-recognized phenomenon that can affect IPF
patients around the world. When these events appear to be idiopathic, they have
been termed acute exacerbations (AEx) of IPF and are associated with significant
morbidity and mortality [77].

To help unify research efforts, Collard and colleagues proposed the following
definition for AEx: (1) a previous or concurrent diagnosis of IPF, (2) unexplained
development of dyspnea or worsening within 30 days, (3) high-resolution computed
tomography (HRCT) with new bilateral ground-glass abnormality and/or consoli-
dation superimposed on a background pattern consistent with IPF, (4) no evidence
of pulmonary infection by endotracheal aspirate or bronchoalveolar lavage (BAL),
and (5) exclusion of alternative causes including left heart failure, pulmonary embo-
lism, and identifiable causes of acute lung injury [77].

Since these criteria were proposed, two retrospective analyses have better defined
the incidence of risk factors for AEx and mortality from these events. Kondoh and
colleagues retrospectively studied 74 patients with IPF and observed that the 1-year,
2-year, and 3-year incidence of AEx was 8.6% (95% CI = 1.7-12.6%), 12.6% (95%
CI =4.5-20.0%), and 23.9% (95% CI = 12.9-33.5%), respectively [78]. In a multi-
variate analysis, they found that a decline of 10% in FVC at 6 months, a higher
BMI, and greater dyspnea at baseline were significant risk factors for AEx. The
survival time in subjects with an AEx was significantly shorter (median 26.4 months)
compared to those without an AEx (median 52.8 months). Song and colleagues
reviewed records of 461 patients with IPF with a median follow-up time of
22.9 months and observed that 96 patients (20.8%) had either a definite (using
Collard’s criteria) or suspected AEx [79] and 17 of these patients (17.7%) experi-
enced multiple episodes of AEx. The 1-, 2-, and 3-year incidences (excluding
patients who presented concurrently with a new diagnosis of IPF while having an
AEx event) were 11.6%, 16.3%, and 18.2%, respectively. A multivariate analysis
showed that a lower FVC% and never smoking were significant risk factors for an
AEx, and AEx events were associated with poor outcomes: 50% of patients died
during hospitalization for the AEx, 90% of those who required mechanical ventila-
tion died, and 60% of patients died within 90 days. For those who lived past 90 days,
the median survival was 15.5 months as compared with 60.6 months for those with-
out an AEX (p <0.001). Clearly, AEx are not as rare as once believed and are associ-
ated with poor survival.

Additional data from recent prospective therapeutic trials have reported AEx fre-
quencies ranging from 1.7% over 96 weeks to 14.2% over 36 weeks [49-52, 54, 56,
58, 80-83] (Table 2.5). Differences in baseline patient populations, diagnostic crite-
ria used, and case-finding methods likely account for some of the variability in
reported frequency of AEx. These discordant data confirm that additional research
regarding AEx of IPF is needed.
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Table 2.5 Recent randomized, placebo-controlled trials in which the incidence or percentage of
patients with acute decompensation and/or an acute exacerbation was reported [49-52, 54, 58,
80-83]. Definitions from the study for acute exacerbation, acute worsening, or acute decompensation

are given below

Incidence
Placebo | FVC (L or
cohort |or % percentage | Study
Study Drug (n) predicted) | Definition reported | period
IMPULSIS-1 | Nintedanib | 204 2.85 Acute 5.4% 52 weeks
(Richeldi (80.5%) | exacerbation®
2014) [107]
IMPULSIS-2 | Nintedanib | 219 2.62 Acute 9.6% 52 weeks
(Richeldi (78.1%) | exacerbation®
2014) [107]
ACE-IPF Warfarin 73 58.7% Acute 2.7% 28 weeks
(IPFnet 2012) exacerbation® (mean
follow-up)
TOMORROW | Nintedanib | 87 2.70L Acute 15.7 per 52 weeks
(Richeldi exacerbation® 100
2011) patient-
years
BUILD-3 Bosentan | 209 2.66 L Acute 2.9% 80 weeks
(King 2011) exacerbation® (mean
study
duration)
STEP-IPF Sildenafil 91 58.7% Acute 4.4% 12 weeks
(IPFnet 2010) exacerbation?
STEP-IPF Sildenafil 91 58.7% Acute 7.7% 24 weeks
(IPFnet 2010) exacerbation? (last
12 weeks
on therapy)
Imatinib Imatinib 60 2.54L Acute worsening® | 1.7% 96 weeks
(Daniels 2010)
Shionogi Pirfenidone | 104 247L Acute 3.8% 52 weeks
(Taniguchi exacerbation’
2010)
INSPIRE INF-y 275 73.1% Acute 8.7% 77 weeks
(King 2009) decompensation® (mean
study
duration)
INSPIRE INF-y 275 73.1% Acute 5.4% 77 weeks
(King 2009) exacerbation® (mean
study
duration)
BUILD-1 Bosentan 83 69.5% Acute 3.6% 54 weeks
(King 2008) decompensation” (mean
study
duration)

(continued)
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Table 2.5 (continued)

Incidence
Placebo | FVC (L or
cohort |or % percentage | Study
Study Drug (n) predicted) | Definition reported period
Shionogi, Pirfenidone | 35 78.4% | Acute 14.2% 36 weeks
(Azuma 2005) exacerbation'
GIPF-001, Interferon | 168 64.1% | Death from either 4.8% |76 weeks
(Raghu 2004; | gamma-1b progression of (median
Martinez IPF or acute observation
2005) respiratory period)
distress syndrome
after a period of
decompensation
lasting <4 weeks

*Acute exacerbation was determined via adjudication as part of the study

"Acute exacerbation definition: Progression of dyspnea over several days to 4 weeks, new paren-
chymal ground-glass abnormalities on x-ray or HRCT, and a decrease in PaO, > 10 mmHg or
increase in alveolar-arterial oxygen gradient, within a 1-month period that could not be otherwise
explained

°Acute exacerbation definition: Unexplained rapid deterioration of condition within 4 weeks with
increasing dyspnea requiring hospitalization and O, supplementation

dAcute exacerbation definition: (1) Unexplained worsening of dyspnea or cough within 30 days,
triggering medical care with no clinical suspicion or overt evidence of cardiac event, pulmonary
embolism, deep venous thrombosis to explain worsening of dyspnea, or pneumothorax; (2) one of
the following radiologic or physiologic findings: (a) new ground-glass opacity or consolidation on
CT scan or new alveolar opacities on chest x-ray or (b) decline of >5% in resting room air SpO,
from last recorded level or decline of >8 mmHg in resting room air PaO, from last recorded level;
and (3) no clinical or microbiologic evidence of infection

°Acute worsening was not otherwise specified

fAcute exacerbation definition: Worsening clinical features within 1 month including progression
of dyspnea, new radiographic/HRCT ground-glass abnormalities without pneumothorax or pleural
effusion, a decrease in PaO, by 10 mmHg or more, and exclusion of obvious causes including
infection, cancer, pulmonary thromboembolism, malignancy, or congestive heart failure

¢Acute respiratory decompensation: Evidence of all of the following must be present within a
4-week period: worsening PaO, or new or significant increase in the use of supplemental oxygen,
clinically significant worsening of dyspnea, and new or worsening radiographic abnormalities on
chest radiograph or HRCT. Acute exacerbation = Evidence of all of the following must be present
within a 4-week period: worsening PaO, at rest (>8 mmHg drop from most recent pre-worsening
value), clinically significant worsening of dyspnea, new ground-glass opacities on HRCT, and all
other causes, such as cardiac, thromboembolic, aspiration, or infectious processes, have been
excluded

"Acute decompensation definition: Unexplained rapid deterioration over 4 weeks with increased
dyspnea requiring hospitalization and oxygen supplementations of >5 L/min to maintain a resting
oxygen saturation by blood gas of >90% or PaO, > 55 mmHg (sea level) or PaO, > 50 mmHg
(above 1400 m)

iAcute exacerbation definition: Worsening clinical features within 1 month with progression of
dyspnea over a few days to less than 5 weeks, new radiographic/HRCT parenchymal abnormalities
without pneumothorax or pleural effusion, a decrease in PaO, by 10 mmHg or more, and exclusion
of apparent infection by absence of Aspergillus and pneumococcus antibodies in blood, urine for
Legionella pneumophilia, and sputum cultures



2 Idiopathic Pulmonary Fibrosis: The Epidemiology and Natural History of Disease 29

Subclinical Disease

Based largely on studies of family members of patients with familial FPF, it is
apparent that asymptomatic/subclinical disease precedes the development of symp-
tomatic IPF. Some asymptomatic relatives from FPF kindreds have evidence of
alveolar inflammation on bronchoalveolar lavage [84] or evidence of pulmonary
fibrosis (with a usual interstitial pneumonia [UIP] pattern of injury) on either imag-
ing or on the basis of a surgical lung biopsy [30, 85].

Among 417 unaffected (by self-report) family members from 111 families with
FPF, 28 (6.7%) had possible disease (based on chest radiographs), and 33 persons
(7.9%) had either probable (based on HRCT abnormalities) or definite (based on
either surgical lung biopsy or autopsy evidence of an IIP) disease [30]. Rosas and
colleagues evaluated 143 asymptomatic subjects from 18 kindreds with FPF and
found that 31 subjects (22%) had HRCT changes (including increased septal lines,
peribronchovascular thickening, reticulation, and ground-glass opacities) consistent
with interstitial lung disease (ILD) [85]. When compared with affected family mem-
bers, those with HRCT evidence of ILD but without symptoms were younger
(46 years vs. 67 years, p < 0.001). These findings suggest that progression of asymp-
tomatic to symptomatic disease may occur over a period of decades; however, the
proportion of people who will progress, over what time frame progression occurs,
and which variables predict progression remain unknown.

In 1982 Bitterman and colleagues assessed 17 clinically unaffected family mem-
bers of three families with FPF and found that 8 (47%) had evidence of alveolar
inflammation on BAL studies [84]. Two of these patients were reassessed 27 years
later; one had developed symptomatic IPF, and the other was asymptomatic but did
have evidence of early IPF on HRCT, suggesting that there may be a latency period
of two to three decades in some cases from early asymptomatic alveolar inflamma-
tion to overt fibrotic disease [86].

Additional evidence suggesting that subclinical disease precedes symptomatic
clinical disease is found in reports of acute exacerbations in the subclinical period.
Case reports and series have described patients without known ILD who present
with acute respiratory failure (clinical adult respiratory distress syndrome [ARDS])
and histopathologic findings of diffuse alveolar damage (DAD) superimposed on a
UIP pattern, which is the same pattern observed in AEx of IPF [79, 87-89].

Patients with subclinical IPF and lung cancer who undergo surgical lobectomy
appear to be at an increased risk of AEx. In a review of 1148 patients with lung
cancer who underwent thoracotomy, investigators found 15 patients who devel-
oped postoperative ARDS. Eleven (73%) of these patients had both interstitial
abnormalities on preoperative CT and a UIP pattern in resected lung tissue. The
risk of postoperative ARDS was significantly higher in those with evidence of sub-
clinical IPF on CT imaging (8.8%) compared to those without ILD (0.4%)
(p» <0.001) [90]. Fukushima and colleagues found subpleural fibrosis in 127 of 776
patients (16.4%) who underwent lobectomy for lung cancer. Three patients pro-
gressed acutely following surgery, and another seven progressed to classic IPF
over a period of 5 years [91].
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Araya and colleagues reviewed 14 autopsy cases of idiopathic DAD (acute inter-
stitial pneumonia [AIP]) and found that 50% of cases also had evidence of subpleu-
ral fibrosis, suggesting that some cases of AIP may in fact be the result of an AEx of
subclinical IPF [92].

With the increasing use of HRCT, a new category of subclinical ILD has been
defined. Interstitial lung abnormalities (ILAs) have recently been investigated in a
number of large cohort studies [93, 94]. In the Framingham Heart Study and the
AGES-Reykjavik study, it was determined that 7% of participants had ILAs present
on CT imaging. Furthermore, in the COPDGene study, ILAs were present in 8% of
participants, whereas 9% of participants in the ECLIPSE (Evaluation of COPD
Longitudinally to Identify Predictive Surrogate Endpoints) study had ILAs present.
Using these cohorts Putman and colleagues demonstrated that ILAs were associated
with greater all-cause mortality, and in the AGES-Reykjavik cohort, ILAs were
associated with greater mortality due to pulmonary fibrosis [94]. Notably, ILAs
were associated with the MUCS5B promoter polymorphism that has been associated
with IPF [93]. Given the commonality of ILAs in these cohorts, it is clear that they
do not universally lead to the development of IPF. However, it is possible that some
ILAs may represent an early stage of disease, and detection could allow for early
treatment.

Although subclinical disease is becoming increasingly recognized [95], many
questions concerning the clinical significance of subclinical disease remain.
Longitudinal studies are needed to determine risk factors for disease progression,
the time period over which the transition from subclinical to clinically relevant dis-
ease occurs, and whether early interventions can improve outcomes.

Specific Clinical Phenotypes of Disease

Identifying specific clinical phenotypes of disease is paramount, because doing so
may provide insight into the pathobiology of disease [96]. Patients with IPF and
either disproportionate pulmonary hypertension or concurrent emphysema are
believed by some experts to represent distinct clinical phenotypes of disease, and
investigation of these concurrent processes has furthered our understanding of the
heterogeneous clinical course.

IPF with Pulmonary Hypertension

The development of pulmonary hypertension in patients with IPF was once believed
to be due to vascular obliteration from pulmonary fibrosis. However, in several stud-
ies investigators have not found a clear association between the severity of fibrosis
and the presence or severity of pulmonary hypertension, suggesting that additional
factors are involved [97-99]. Regardless of the underlying mechanisms that lead to
the development of pulmonary hypertension, its presence negatively impacts sur-
vival [39, 98, 100, 101].
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Combined Pulmonary Fibrosis and Emphysema

There is increasing recognition of the coexistence of pulmonary fibrosis and emphy-
sema (a syndrome termed combined pulmonary fibrosis and emphysema [CPFE])
within individual patients. CPFE is characterized by relatively preserved static and
forced lung volumes, a disproportionately reduced diffusing capacity, and a high
prevalence of pulmonary hypertension [102, 103]. In patients with apparent IPF,
concurrent evidence of emphysema on HRCT imaging ranges from 18.8% to 50.9%,
and the median survival in such patients is estimated at 2.1-8.5 years [104]. It
remains unclear if patients with CPFE have a worse survival compared to those with
IPF alone. Mejia and colleagues suggested that the reduced survival among subjects
with CPFE compared to IPF subjects was due to the presence of pulmonary hyper-
tension in patients with CPFE [105].

Summary

Over the past two decades, results from multiple studies have advanced our under-
standing of the natural history of IPF. It has become evident that IPF, once thought
to be a steadily progressive disease in all patients, may actually follow any number
of different courses. This heterogeneity makes it impossible to confidently deter-
mine how the disease will behave over time in an individual patient. However, given
this knowledge investigators may now embark on studies to explain this variability
and tease out the pathobiologic mechanisms that drive it. Epidemiologic studies
suggest that IPF should no longer be considered an orphan disease, especially con-
sidering that mortality rates are similar to those associated with some common
malignancies. Case-control studies have revealed potential exposures for disease
development, but these studies are subject to a number of potential biases.
Maintaining the momentum of clinical research and propelling the field forward
will require carefully planned, well-designed studies to further decipher disease
heterogeneity, identify additional risk factor for disease development, and deter-
mine how to prevent and treat this devastating disease.
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Chapter 3
Histopathology of IPF and Related
Disorders

Amir Lagstein and Jeffrey L. Myers

Introduction

Idiopathic interstitial pneumonias are an important subset of the broader category of
diffuse, nonneoplastic interstitial lung diseases [1-3]. Common to all idiopathic
interstitial pneumonias is expansion, and potentially distortion, of distal lung inter-
stitium by some combination of inflammation and/or fibrosis. Fibrosis, when pres-
ent, takes the form of increased numbers of fibroblasts and myofibroblasts and/or
collagen deposition. These changes are usually seen in patients with breathlessness
or cough, diffuse radiological abnormalities, and evidence of physiologic
dysfunction.

Averill Liebow pioneered the notion that morphologic classification of idio-
pathic interstitial pneumonias is useful in separating them into distinct clinical
categories [4]. Since then a number of classification schemes have been proposed.
In 2002 an international committee, sponsored by the American Thoracic Society
(ATS) and the European Respiratory Society (ERS), proposed a classification
scheme reflecting consensus of a large multidisciplinary group of experts [5]. This
statement has had a profound impact, influencing management of patients with
suspected idiopathic interstitial pneumonias, driving study design for clinical tri-
als, and creating opportunities for research to challenge areas in which evidence
was weak. An updated statement published in 2013 highlighted substantial
changes that have occurred in the intervening decade that impact the role of biopsy
in patients with idiopathic interstitial pneumonia including more refined criteria
for identifying patients with nonspecific interstitial pneumonia (NSIP) and the
importance of acute exacerbation in our revised understanding of the natural his-
tory of untreated idiopathic pulmonary fibrosis (IPF) [6]. The purpose of this
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review is to briefly summarize the relationship between clinical, radiological, and
histopathologic features of the idiopathic interstitial pneumonias, focusing pri-
marily on usual interstitial pneumonia (UIP) and IPF. Other forms of diffuse lung
disease typically included with the idiopathic interstitial pneumonias are briefly
discussed to highlight those features that set them apart from UIP in surgical lung
biopsies.

Histopathologic Classification of Idiopathic Interstitial
Pneumonias

The previously referenced 2002 consensus classification proposed seven categories
of idiopathic interstitial pneumonia, ordering them by relative frequency and sepa-
rating histologic patterns from clinical-radiologic-pathologic diagnoses [5]. The
2013 updated statement reorganizes them into “major”” (more common) and “minor”
(rare) types (see Table 3.1) and subclassifies them into chronic fibrosing, smoking-
related, and acute/subacute types. Acute interstitial pneumonia (AIP), a form of
rapidly progressive diffuse lung disease first described by Hamman and Rich in the
1930s and 1940s, is not included in this review, which is focused instead on the
chronic forms of idiopathic interstitial pneumonia [7, 8].

In the 2013 revision, pleuroparenchymal fibroelastosis (PPFE) is added to lym-
phoid interstitial pneumonia as rare forms of idiopathic interstitial pneumonia. The
authors also recognize that some patients may have unclassifiable disease even after
full evaluation. Acute fibrinous and organizing pneumonia (AFOP) and interstitial
pneumonias with a bronchiolocentric distribution are added as “rare histologic pat-
terns” of interstitial pneumonia though they are not recognized as specific clinico-
pathologic entities given the uncertainty as to whether they reflect variants of
existing IIP categories rather than distinct diagnostic groups.

Table 3.1 Classification of idiopathic interstitial pneumonias

International consensus classification

Katzenstein [2] Clinical-radiologic-pathologic diagnoses [5]
Usual interstitial pneumonia Idiopathic pulmonary fibrosis (IPF)

(UIP)

Desquamative interstitial Desquamative interstitial pneumonia (DIP)

pneumonia (DIP)/respiratory Respiratory bronchiolitis interstitial lung disease (RBILD)
bronchiolitis interstitial lung

disease (RBILD)

Acute interstitial pneumonia Acute interstitial pneumonia (AIP)

(AIP)

Nonspecific interstitial Nonspecific interstitial pneumonia (NSIP)
pneumonia (NSIP) Cryptogenic organizing pneumonia (COP)

Lymphoid interstitial pneumonia (LIP)
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Katzenstein has popularized a simplified approach that uses a single unifying
terminology and omits cryptogenic organizing pneumonia (COP), also termed idio-
pathic bronchiolitis obliterans organizing pneumonia (BOOP), and lymphoid inter-
stitial pneumonia (LIP) [2]. The rationale for omitting idiopathic COP is that
pathologically it is predominantly an air space, rather than an interstitial, process
and clinically mimics infectious pneumonias rather than diffuse interstitial pneu-
monia. LIP is omitted because it represents a form of lymphoproliferative disorder
more closely allied to follicular bronchiolitis on one hand and low-grade lymphoma
on the other. Katzenstein’s classification scheme serves as a framework for this
overview.

Usual Interstitial Pneumonia

Usual interstitial pneumonia (UIP) is the most common of the idiopathic intersti-
tial pneumonias, accounting for about 60% of biopsied patients [9-12]. An ATS
consensus statement published in 2000 cemented the link between UIP and IPF
by defining the latter as “a specific form of chronic fibrosing interstitial pneumo-
nia limited to the lung and associated with histologic appearance of usual intersti-
tial pneumonia (UIP) on surgical (thoracoscopic or open) lung biopsy” [13]. A
revision published in 2011 as a multidisciplinary guideline for diagnosis and
management of IPF affirmed UIP as the defining feature of IPF [14]. As these
statements imply, UIP and IPF are nearly synonymous terms, exceptions being
those patients with underlying systemic connective tissue diseases or occupa-
tional/environmental exposures that suggest an etiology for their lung disease
(e.g., asbestosis). UIP is also the most common finding in patients with familial
interstitial pneumonia [15, 16].

Clinical Features

The clinical features of UIP/IPF are detailed elsewhere in this text (see Chap. 11).
Briefly, patients with surgical lung biopsy diagnoses of UIP usually present in the
sixth or seventh decade of life with slowly progressive dyspnea and nonproductive
cough. Men are affected more commonly than women by a ratio of nearly 2:1.
Physical findings include bibasilar inspiratory crackles, a nonspecific but character-
istic finding in nearly all patients. Pulmonary function studies show restrictive
abnormalities in most patients accompanied by a reduction in the diffusion capacity
for carbon monoxide (DL¢o) with hypoxemia at rest and/or with exercise (see Chap.
5). No single pharmacologic agent or combination of drugs has shown consistent
efficacy in all patients with UIP, although a number of novel antifibrotic therapies
are now available and show promise in patients with mild disease (see Chap. 13).
Lung transplantation is used in some patients, but its application is limited due to
older age and frequent comorbidities. In most patients UIP pursues a progressive
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course with median survivals from the time of diagnosis of about 3 years in retro-
spective observational case-based studies [9, 17].

Occasional patients present with a more acute onset of respiratory symptoms that
may mimic the clinical presentation of acute interstitial pneumonia (AIP) [18, 19].
This syndrome has been termed acute exacerbation of IPF (or accelerated UIP) and
occurs in as many as 14% of untreated patients and about half of those who die from
respiratory failure (see Chap. 17) [20, 21]. Histopathologic findings consistent with
acute exacerbation are common at autopsy in UIP patients [22]. Acute exacerbation
is defined as the sudden onset of marked respiratory deterioration in patients with
UIP characterized by the development of widespread new alveolar abnormalities on
chest imaging [23]. Diagnosis depends on exclusion of other known and potentially
treatable causes of clinical worsening, such as cardiac disease, pulmonary embo-
lism, and infection. This revised definition dispenses with the requirement that an
episode of acute exacerbation be idiopathic. The definition also links acute exacer-
bation to more specific radiological (i.e., widespread ground glass opacities/con-
solidation) and histologic (i.e., diffuse alveolar damage or rarely organizing
pneumonia) findings — in a UIP/IPF patient with precipitous respiratory decompen-
sation. This revision is consonant with well-recognized criteria for the acute respira-
tory distress syndrome (ARDS), and in effect acknowledges that “acute exacerbation”
represents the development of ARDS in a patient with UIP/IPF. Most patients are
known to have UIP at the time of acute worsening, but some patients with clinically
occult IPF present with acute exacerbation without a previously established diagno-
sis of fibrotic lung disease [19]. Therefore, if and when such patients undergo lung
biopsy, the diagnosis of UIP often comes as a diagnostic “surprise” [19, 24]. The
prognosis is grim, with short-term mortality rates in excess of 50% in the majority
of reported series.

The relative role of imaging studies and surgical lung biopsies in patients with
UIP has changed over the last decade and a half, as reflected in the most recently
published guideline for diagnosis [14]. High-resolution computed tomography
(HRCT) scans have greatly improved diagnostic accuracy over conventional
chest radiography, revolutionizing the role of radiology in managing patients with
diffuse interstitial lung diseases (see Chap. 4). HRCT scans in about half of
patients show a characteristic combination of peripheral (subpleural), irregular,
linear (“reticular”) opacities involving predominantly the lower lung zones with
associated architectural distortion in the form of traction bronchiectasis and
bibasilar honeycomb change [25-28]. Experienced radiologists can make a spe-
cific diagnosis of UIP with a high degree of accuracy in patients with this combi-
nation of findings thus obviating the need for lung biopsy. Lung biopsy is
increasingly limited to those patients with atypical radiological findings, meaning
that there is a growing selection bias toward reserving surgical lung biopsy for
patients with potentially “discordant” or atypical radiological findings. It is this
change that has created confusion around the relative roles of clinicians, radiolo-
gists, and pathologists in biopsied patients. In this context most of the evidence
indicates that a biopsy diagnosis of UIP remains the single most important pre-
dictor of outcome at the time of diagnosis and thus remains a diagnostic “gold
standard” of sorts [25, 29].
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Pathologic Features

Usual interstitial pneumonia is a specific morphologic entity defined by a combina-
tion of (1) fibrosis, (2) a heterogeneous (“patchwork™) distribution of qualitatively
variable abnormalities, (3) architectural distortion in the form of honeycomb change
and/or scars, and (4) fibroblast foci [1, 2, 30-32]. The histologic hallmark of UIP in
surgical lung biopsies is a heterogeneous or variegated appearance resulting from
irregularly distributed fibrotic scarring, honeycomb change, interstitial inflamma-
tion, and relatively unaffected lung (Fig. 3.1). This distinctive “patchwork” appear-
ance is fundamental to recognizing UIP at low magnification.

Fibrosis predominates over inflammation in classical UIP and comprises dense
eosinophilic collagen deposition, often accompanied by smooth muscle hyperpla-
sia. Fibroblast foci are a characteristic but nonspecific finding, representing small
interstitial foci of acute lung injury in which fibroblasts and myofibroblasts are
arranged in a linear fashion within a pale-staining matrix (Fig. 3.2) [33]. Overlying

Fig. 3.1 Low
magnification
photomicrograph of
surgical lung biopsy
showing UIP (hematoxylin
and eosin stain; original
magnification 20x). There
is patchy fibrosis affecting
subpleural and paraseptal
parenchyma as well as
bronchovascular bundles,
leaving intervening lung
tissue relatively unaffected.
The fibrosis is
paucicellular with minimal
associated inflammation

Fig. 3.2 High magnification
photomicrograph showing
fibroblast focus in UIP
(hematoxylin and eosin
stain; original magnification
200x). A small area of
subepithelial stromal pallor
demonstrates plump
fibroblasts and myofibro-
blasts arranged in a vaguely
linear fashion. The fibroblast
focus is sandwiched between
overlying type 2 pneumo-
cytes and adjacent fibrotic
scar
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epithelium consists of hyperplastic pneumocytes or columnar non-ciliated bron-
chiolar cells. Fibroblast foci, although seen in other conditions, are characteristic of
UIP and an important diagnostic feature when seen in the context of patchy fibrosis
and honeycomb change. The presence of these microscopic zones of acute lung
injury set against a backdrop of chronic scarring accounts for the femporal hetero-
geneity typical of UIP.

Honeycomb change is present in most surgical lung biopsies and is another
important diagnostic feature. Honeycomb change comprises cystic-like, dilated air
spaces that are frequently lined by columnar respiratory epithelium in scarred,
fibrotic lung tissue (Fig. 3.3). The honeycomb spaces affect primarily peripheral
subpleural lung, resulting in a characteristic cobblestone appearance of the visceral
pleural surface that resembles cirrhotic liver (Fig. 3.4). Fibrotic scars that obscure
the underlying lung architecture without associated honeycomb change are another
form of architectural distortion characteristic of UIP (Fig. 3.5). Smooth muscle
hyperplasia is commonly seen in areas of fibrosis and honeycomb change and can
be striking in some patients. The histopathologic findings described for patients
with sporadic IPF are indistinguishable from the findings seen in patients with
familial disease [15, 16].

Usual interstitial pneumonia is a relatively common finding in patients with
underlying systemic connective tissue disease (CTD), especially rheumatoid arthri-
tis, systemic sclerosis, and inflammatory myositis [34-36]. By consensus, UIP in
patients with systemic CTD (UIP-CTD) is not considered IPF. While in most
patients with UIP-CTD, the diagnosis of CTD precedes diagnosis of UIP,
occasionally the interstitial pneumonia is diagnosed before the patient is known to
have CTD [37].

In some patients an underlying CTD may be suspected based on a combination
of clinical, laboratory, and/or morphological features that fall short of meeting
diagnostic criteria for a specific CTD. An ERS/ATS task force published a research
statement in 2015 proposing criteria for what was termed interstitial pneumonia

Fig. 3.3 Low
magnification
photomicrograph showing
honeycomb change in a
surgical lung biopsy from a
patient with UIP/IPF
(hematoxylin and eosin
stain; original
magnification 40x). Cystic
spaces situated in densely
scarred subpleural lung
(visceral pleural surface at
upper left) are lined by
bronchiolar epithelium
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Fig. 3.4 Photograph
showing visceral pleural
surface (left) and cut
surface (right) of autopsy
lung from patient with
UIP/IPFE. Peripheral,
subpleural honeycomb
change results in a
cobblestone appearance of
the lung surface

Fig. 3.5 Low magnification
photomicrograph showing
area of subpleural scarring
without well-developed
honeycomb change in a
patient with UIP (hematoxy-
lin and eosin stain; original
magnification 40x). The area
of scarring effaces the lung
architecture and is character-
ized by a combination of
dense collagen deposition
and smooth muscle
hyperplasia with minimal
inflammation

with autoimmune features (IPAF) [38]. This statement is not meant for clinical
decision-making or diagnosis but instead to standardize criteria for defining mean-
ingful patient cohorts for future study. The practical utility of identifying IPAF as a
specific entity separate from IPF remains to be proven. UIP was not included as one
of the proposed morphologic criteria which instead comprise NSIP, organizing
pneumonia (OP), “NSIP with OP overlap,” and LIP. Two additional findings were
proposed that may apply to otherwise classical UIP: interstitial lymphoid aggre-
gates with germinal centers and diffuse lymphoplasmacytic infiltration with or
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without lymphoid follicles. These six criteria were chosen as they were deemed
“highly associated with, but not diagnostic for” CTD. Although UIP was not
included in the morphologic “domain,” a patient with UIP may still be included in
the IPAF category based on the presence of one or both of the described morpho-
logic criteria in combination with a criterion from another domain. Patients with
histologically classic UIP without either of these two superimposed findings may
also be included in the IPAF category by satisfying criteria in the other domains.
While the practical utility of IPAF as a diagnostic category remains unknown, from
a histologic standpoint, it remains the case that UIP in IPF patients cannot be reli-
ably separated from UIP in patients with underlying systemic CTD on the basis of
histology alone. And while lymphoid hyperplasia in the form of peribronchiolar
lymphoid aggregates (“follicular bronchiolitis”) is more common in patients with
underlying rheumatoid arthritis, it also occurs, albeit less commonly, in patients
with IPF (Fig. 3.6) [39]. For that reason the presence or absence of associated
lymphoid hyperplasia in an individual surgical lung biopsy demonstrating other-
wise typical UIP cannot by itself be used to separate IPF from CTD-associated
pulmonary fibrosis.

Biopsies from patients with acute exacerbation usually show a combination of
UIP and superimposed diffuse alveolar damage (DAD) (Fig. 3.7) [18, 19]. The fea-
tures of DAD may be patchy and typically include some combination of confluent
alveolar septal thickening and distortion by fibroblasts and myofibroblasts with
minimal associated inflammatory cells, marked hyperplasia of cytologically atypi-
cal type 2 pneumocytes, hyaline membranes, fibrin thrombi in small vessels, and
squamous metaplasia of bronchiolar epithelium. In other patients the superimposed
pattern of acute lung injury has been reported to more closely resemble organizing
pneumonia, though the organizing phase of DAD shows substantial histologic over-
lap with organizing pneumonia. In some patients with acute exacerbation, the vaga-
ries of sampling may account for the failure to identify diagnostic evidence of DAD
on the one hand or of underlying UIP on the other.

Fig. 3.6 Low magnification
photomicrograph of UIP with
lymphoid hyperplasia
comprising multiple
lymphoid follicles with
secondary germinal centers
localized to the peribronchio-
lar interstitium and pleura.
This finding may be seen in
idiopathic UIP/IPF or in
connective tissue disease-
associated UIP, though
somewhat more commonly
in the latter (hematoxylin and
eosin stain; original
magnification 40x)
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Fig. 3.7 (a) Low magnification photomicrograph showing combination of “patchwork fibrosis”
and honeycomb change typical of UIP in a patient with IPF (hematoxylin and eosin stain; original
magnification 20x). (b) High magnification photomicrograph from different area of same biopsy
showing an area of diffuse alveolar damage (hematoxylin and eosin stain; original magnification
400x). Alveolar septa show a scant inflammatory infiltrate, myofibroblasts and a few residual
pneumocytes associated with distinct eosinophilic hyaline membranes. Hyaline membranes are the
histologic hallmark of diffuse alveolar damage, establishing the diagnosis of acute exacerbation in
a patient with IPF for whom there is no other identifiable cause for acute respiratory distress

No single histologic finding consistently predicts prognosis in individual patients
with UIP. Patients with more extensive fibroblast foci have experienced shorter
mean survivals in some studies [40—43], while other investigators have failed to
demonstrate the same relationship to survival in patients with neither clinical nor
histologic evidence of acute exacerbation [17, 44].

Desquamative Interstitial Pneumonia/Respiratory Bronchiolitis
Interstitial Lung Disease

Desquamative interstitial pneumonia (DIP) and respiratory bronchiolitis interstitial
lung disease (RBILD) are two highly related and overlapping forms of diffuse inter-
stitial lung disease typically grouped with the idiopathic interstitial pneumonias.
Katzenstein has proposed collapsing the two into a single category for reasons
described later. DIP/RBILD is uncommon, accounting for only a small minority of
surgical lung biopsies from patients with idiopathic interstitial pneumonias [9-11].
They are separated from UIP/IPF because of marked differences in natural history
and prognosis [45, 46].

Clinical Features

DIP/RBILD affects younger patients, with a mean age at diagnosis in the fourth or
fifth decade of life [1, 2]. Nearly all patients have strong histories of cigarette



46 A. Lagstein and J. L. Myers

smoking prompting many to consider DIP/RBILD a form of smoking-related lung
disease rather than an idiopathic condition [26, 47]. Pulmonary function tests in
most patients show evidence of mild restrictive disease accompanied by a moderate
decrease in diffusing capacity. HRCT scans typically show patchy ground glass
opacities, often with a lower lung zone distribution, without the traction bronchiec-
tasis and honeycomb change typical of UIP.

DIP/RBILD is associated with a significantly better prognosis than UIP. Overall
survival is nearly 90%, ranging from around 70-80% in older studies to 100% in
more recently published series [1, 46]. Higher survival rates in more recent studies
may reflect a trend toward assigning cases with associated fibrosis to the category of
NSIP. RBILD is associated with an equally good or better prognosis [46, 48, 49].
Retrospective case series suggest smoking cessation as an important therapeutic
strategy, but the impact on outcome is controversial [48].

Pathologic Features

DIP/RBILD is characterized by the presence of pigmented (“smoker’s”) macro-
phages within the lumens of distal airways (i.e., respiratory bronchioles) and air
spaces. The macrophages are distinctive in that they have abundant cytoplasm con-
taining finely granular dusty brown pigment. In RBILD the changes are patchy at
low magnification and limited to the airways with only minimal or mild interstitial
inflammation or fibrosis (Fig. 3.8). The appearance is indistinguishable from iso-
lated respiratory bronchiolitis (RB), a common, incidental finding in otherwise
asymptomatic cigarette smokers without clinical evidence of restrictive lung dis-
ease. RBILD may include mild fibrotic thickening of alveolar septa without

Fig. 3.8 (a) Low magnification photomicrograph showing respiratory bronchiolitis (hematoxylin
and eosin; original magnification 40x). Pigmented alveolar macrophages are clustered within the
lumens of distal bronchioles and peribronchiolar air spaces without the fibrosis or architectural
distortion typical of UIP. (b) High magnification photomicrograph from same biopsy illustrated in
A showing respiratory bronchiolitis (hematoxylin and eosin; original magnification 400x).

5

Pigmented (“smoker’s”) macrophages are loosely clustered within the lumen of a respiratory bron-
chiole and peribronchiolar alveolar spaces



3 Histopathology of IPF and Related Disorders 47

architectural distortion immediately adjacent to the visceral pleura and bronchovas-
cular bundles in some patients (Fig. 3.9) [50]. This pattern of concomitant fibrosis
has been referred to using a variety of terms, most recently smoking-related intersti-
tial fibrosis (SRIF), and like respiratory bronchiolitis, SRIF does not by itself pre-
dict for clinically or physiologically significant lung disease [51].

Historically DIP was defined by not only the airway-centered changes described
in RBILD but also uniform alveolar septal thickening due to a combination of mild
fibrosis and inflammation (i.e., interstitial pneumonia). The advent of SRIF as a
form of fibrosis in patients who otherwise fit comfortably in the category of RBILD
and recognition of NSIP as a form of interstitial pneumonia distinctly different from
UIP have combined to effectively eliminate DIP as a modern category of idiopathic
interstitial pneumonia. Patients historically labeled as having DIP are increasingly
assigned to the categories of either RBILD (with SRIF) or NSIP. As originally
defined, the key feature that separated DIP from UIP was that the interstitial changes
were more uniform at low magnification with a focally bronchiolocentric distribu-
tion and without honeycomb change or fibrotic scarring (Fig. 3.10) [4, 52].

Significance of Pathological Diagnoses of DIP or RBILD

Neither RBILD nor DIP should be viewed as free-standing histopathologic entities,
since areas resembling both commonly occur as incidental findings in cigarette
smokers with other lung diseases, including UIP [31, 53]. In addition, there are no
histologic changes that reliably separate patients with DIP/RBILD from those with
other lung diseases in whom RB and “DIP-like reactions” represent incidental find-
ings [53]. For that reason, DIP/RBILD should be diagnosed only when other forms

o

Fig. 3.9 (a) Low magnification photomicrograph showing subpleural smoking-related interstitial
fibrosis (SRIF) in a patient with RBILD (hematoxylin and eosin stain; original magnification 40x).
Subpleural alveolar septa are mildly and diffusely thickened by paucicellular, eosinophilic colla-
gen deposition without architectural distortion in the form of tissue-destructive scarring or honey-
comb change. (b) Intermediate magnification photomicrograph illustrating uniform alveolar septal
thickening by dense eosinophilic collagen deposition with minimal associated interstitial inflam-
mation in SRIF complicating RBILD (hematoxylin and eosin stain; original magnification 100x)
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Fig. 3.10 Intermediate magnification photomicrograph showing the features that historically
defined DIP: an interstitial pneumonia characterized by mild fibrosis and inflammation resulting in
uniform thickening of alveolar septa lined by reactive type 2 pneumocytes and prominent pig-
mented macrophages within alveolar spaces (hematoxylin and eosin stain; original magnification
100x). Increasingly patients historically assigned to the category of DIP are more likely to be clas-
sified as either RBILD (with smoking-related interstitial fibrosis — SRIF) or NSIP depending on
the characteristics and extent of the interstitial changes

of interstitial lung disease have been vigorously excluded by carefully examining all
aspects of the microscopic slides and by correlating the surgical lung biopsy diagnosis
with clinical and radiological features to establish the presence of physiologically
meaningful restrictive lung disease [54]. While incidental RB can be recognized on
transbronchial biopsy (TBB), this technique cannot be used to diagnose DIP/RBILD.

Nonspecific Interstitial Pneumonia

Nonspecific interstitial pneumonia/fibrosis (NSIP) was proposed in 1994 as a form
of chronic interstitial pneumonia characterized by relatively uniform expansion of
alveolar septa by inflammation and/or fibrosis without the geographic and temporal
heterogeneity of UIP [55]. As the term implies, the histologic findings in NSIP are
not specific. Findings indistinguishable from NSIP can occur focally in other condi-
tions, most importantly UIP. The findings are also nonspecific from a clinical per-
spective given that identical changes can occur in surgical lung biopsies from
patients with a variety of underlying causes or associations, including hypersensi-
tivity pneumonia and various systemic connective tissue diseases [47, 55, 56].
Recognizing idiopathic NSIP as a distinct entity is therefore a process of exclusion
that, like DIP/RBILD, requires careful correlation with clinical and radiological
information. While the previously referenced 2002 consensus classification sug-
gested that NSIP be considered “a provisional diagnosis until there is further clarity



3 Histopathology of IPF and Related Disorders 49

on the nature of the corresponding clinical condition,” the 2013 updated statement
recognizes NSIP as a distinct clinicopathological entity that should be separated
from UIP due to important differences in natural history, treatment, and outcome [6,
30, 32, 47, 56].

Clinical Features

NSIP is the second most common idiopathic interstitial pneumonia, accounting for
as many as a third of patients undergoing surgical lung biopsy in retrospective series
[9-12, 47]. NSIP fails to show the gender predilection for men seen in UIP, and in
some series is more common in women [56]. NSIP also differs from UIP in that it
tends to affect younger patients, with an average age at diagnosis of around 50 years
[47, 56]. Shortness of breath and dry cough are the most common complaints, often
developing in an insidious fashion indistinguishable from that described for patients
with UIP. Pulmonary function studies show restricted lung volumes and abnormali-
ties of oxygenation, although the degree of abnormality tends to be less severe com-
pared to patients with UIP. CT scans show a nonspecific but characteristic
combination of ground glass opacities, irregular lines, and traction bronchiectasis,
occasionally with subpleural sparing.

Multiple studies have now confirmed the survival advantage associated with a
diagnosis of NSIP compared to UIP [47, 56]. Median survival for all NSIP cases is
over 9 years, with the best prognosis occurring in patients with minimal fibrosis
(i.e., “cellular NSIP”). Most patients with cellular NSIP survive, but about half have
persistent stable disease. Patients in whom fibrosis predominates in surgical lung
biopsies do worse than those with more cellular lesions, although still better than
UIP [11, 55, 57-60]. Mortality rates for patients with fibrotic NSIP vary widely,
ranging from 11% to 68% in various studies (mean + STD, 30.4+18.9%) [10, 11,
55-58, 61]. Reported 5-year survivals of such patients are about 76% compared to
about 45% for UIP [37, 60]. Survivors typically have persistent lung disease. To
some extent variation in mortality rates reported for patients with fibrotic NSIP
reflects differences in histologic definitions and the difficulty in separating fibrotic
NSIP from UIP. Corticosteroids have not been prospectively evaluated in a random-
ized fashion but may be effective in a subset of patients, especially those with mini-
mal associated fibrosis [57].

Pathologic Features

A diagnosis of NSIP in surgical lung biopsies requires the presence of a chronic
interstitial pneumonia without findings to prompt diagnosis of a more specific
pathologic process. Unlike UIP, NSIP is in many respects a diagnosis of exclusion.
Defined in this way, NSIP spans a range of histologic abnormalities ranging from a
predominantly cellular process (i.e., cellular NSIP) to paucicellular lung fibrosis
(i.e., fibrotic NSIP). The most cellular forms are characterized by an alveolar septal
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infiltrate of mononuclear cells that may be patchy or diffuse (Fig. 3.11). Whether
patchy or diffuse, the qualitative features of the interstitial abnormalities remain
constant without the geographic and temporal heterogeneity associated with
UIP. The inflammatory infiltrate consists of lymphocytes and variable numbers of
admixed plasma cells. Neutrophils, eosinophils, and histiocytes are relatively incon-
spicuous. Granulomas are rare in NSIP and, if present, should raise other consider-
ations such as infection or hypersensitivity pneumonia.

The relative frequency of fibrosis in NSIP is variable. Patients with fibrotic NSIP
outnumber patients with cellular NSIP by a ratio of nearly 4:1 in published studies,
but this may reflect selection bias in that most reports are from tertiary referral cen-
ters where patients with fibrotic interstitial lung disease may be overrepresented. In
addition, there are no clearly articulated criteria for separating cellular from fibrotic
NSIP. The term fibrotic NSIP should be limited to those cases in which paucicellu-
lar fibrosis with minimal or mild inflammation is the predominant feature. Defined
in this way, the extent of interstitial fibrosis is variable. Fibrosis takes the form of
uniform collagen accumulation resulting in expansion of alveolar septa and peri-
bronchiolar interstitium (Fig. 3.12) without the patchwork distribution characteris-
tic of UIP. Pathology reports should comment on the presence and extent of
interstitial fibrosis, since it is associated with significantly increased risk for disease-
specific mortality [1, 2, 47, 55, 56]. Associated smooth muscle hyperplasia tends to
be less extensive than that seen in UIP. Fibroblast foci may be present but are typi-
cally less numerous and are inconspicuous compared to UIP. Honeycomb change
and broad zones of scarring should be absent. The absence of honeycomb change is
perhaps the single most important feature in distinguishing fibrotic NSIP from
UIP. Patchy intraluminal fibrosis resembling organizing pneumonia is common but
should be a focal rather than a dominant finding.
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Fig. 3.11 (a) Intermediate magnification photomicrograph of cellular NSIP (hematoxylin and
eosin stain; original magnification 100x). Alveolar septa are uniformly thickened by an infiltrate of
mononuclear inflammatory cells with minimal fibrosis and preservation of lung architecture. (b)
High magnification photomicrograph showing expansion of alveolar septa by an interstitial infil-
trate of predominantly lymphocytes and occasional plasma cells in the same patient with cellular
NSIP (hematoxylin and eosin stain; original magnification 400x)
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Fig. 3.12 (a) Low magnification photomicrograph illustrating fibrotic NSIP (hematoxylin and
eosin stain; original magnification 40x). Alveolar septa are uniformly expanded by collagen depo-
sition with mild inflammation. There is no associated scarring or honeycomb change. (b)
Intermediate magnification photomicrograph from the same patient with fibrotic NSIP illustrating
expansion of alveolar septa by eosinophilic collagen with a mild and patchy associated infiltrate of
mononuclear inflammatory cells (hematoxylin and eosin stain; original magnification 100x).
Thickened alveolar septa are lined by reactive pneumocytes, a nonspecific but common manifesta-
tion of interstitial injury

Pleuroparenchymal Fibroelastosis

The newest addition to the group of idiopathic interstitial pneumonias is idiopathic
pleuroparenchymal fibroelastosis (PPFE), regarded (along with LIP) as one of the
rare subtypes. Indeed, in the authors’ cumulative experiences, we have encountered
only a handful of cases of PPFE on surgical lung biopsy or explant pneumonectomy
in transplant patients. The condition is thought to have been first described in the
Japanese literature in 1992 as a form of idiopathic upper lobe fibrosis but acquired
its current name in 2004 in a case series of five patients [62]. PPFE is also reported
as a rare manifestation of chronic graft-versus-host disease in bone marrow trans-
plant patients [63], as well as the histologic correlate to an uncommon form of
chronic lung transplant rejection termed restrictive allograft syndrome [64].

Clinical Features

Patients present with persistent shortness of breath, dyspnea on exertion, dry cough,
and restrictive physiology on pulmonary function testing [65, 66]. Interestingly, up
to a third of patients experienced spontaneous pneumothorax. Patients have ranged
in age quite widely from 13 to 87 years (53 years, median), without significant gen-
der predilection. There is no significant association with smoking, and serum titers
of various autoantibodies are elevated in a subset of cases. Chest CTs typically show
an upper and middle lung zone-predominant distribution of pleural and subpleural
reticular parenchymal fibrosis with clear demarcation between affected and unaf-
fected zones. The natural history of PPFE is not known for certain, ranging from
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long-term stability, to slow mild progression, to death from progressive disease.
This inconsistency is likely due, in part, to the inclusion of non-PPFE cases in some
reports of PPFE given the lack of standardized diagnostic criteria.

Pathologic Features

PPFE is characterized by the presence of pleural fibrosis and subpleural parenchy-
mal fibroelastotic scarring which lends the process its name (Fig. 3.13a, b). The
most distinctive feature of the scarring is the combination of admixed elastin and
collagen fibers, with an overabundance of the former over the latter, endowing the
lesion with a pale basophilic hue at all magnifications. While the fibrosis is most
prominent in the lung immediately beneath the pleura, there should be evidence of
deeper involvement of the lung parenchyma consistent with a diffuse fibrosing pro-
cess rather than a superficial (localized) phenomenon. Fibrotic zones are typically
sharply demarcated from the non-fibrotic areas, and the fibrotic process often seems
to take the appearance of a sweeping or pushing “front.” Fibroblast foci may be
found. It is most prominent in the upper lobes, but there should be histologic evi-
dence of involvement of other lobes in well-sampled cases with multiple-lobe
biopsies.

The most important differential diagnosis for PPFE is UIP, especially as there are
occasional cases of UIP that are rich in elastic fibers (Fig. 3.14). This is straightfor-
ward in most cases since PPFE lacks the “patchwork,” haphazard pattern of fibrosis
characteristic of UIP. In addition, though PPFE results in confluent fibrous scarring,
it does not cause either macroscopic or microscopic honeycombing.

The histologic findings in PPFE are indistinguishable from the much more com-
mon pulmonary apical cap [67]. Distinction hinges on the clinical context and the
radiologic extent and distribution of disease.

Fig. 3.13 (a) Low magnification photomicrograph demonstrating pleuroparenchymal fibroelasto-
sis (PPFE) (hematoxylin and eosin stain; original magnification 10x). There is diffuse fibroelas-
totic scarring with subpleural accentuation. Notice the sharp demarcation between fibrotic and
non-fibrotic zones. (b) Intermediate magnification view highlighting the distinctive mix of elasto-
sis and collagen fibrosis in PPFE (hematoxylin and eosin stain; original magnification 40x)
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Fig. 3.14 Low magnifica-
tion photomicrograph of a
case of UIP rich in elastotic
fibrosis. The appearance is
deceptively similar to PPFE;
however, microscopic
honeycomb change is
evident. Furthermore, other
foci (not shown) demon-
strated a haphazard
distribution to the fibroelas-
tosis which is inconsistent
with PPFE (hematoxylin
and eosin stain; original
magnification 40x)

The Role of Surgical Lung Biopsy in Classification
and Diagnosis of Idiopathic Interstitial Pneumonias

“Pattern” Versus “Diagnosis” for Reporting the Results
of Surgical Lung Biopsy

The authors of the 2002 consensus classification advocated the use of the term pat-
tern when reporting lung biopsy findings in order to distinguish the pathological
diagnosis from a final “clinico-radiologic-pathologic diagnosis,” a recommendation
that remains unaltered by the 2013 updated classification. This recommendation
emphasizes the value of an iterative dynamic multidisciplinary process that corre-
lates histologic findings with other relevant data, as reviewed in greater detail in
Chap. 12, but such a multidisciplinary process may be unnecessary and in some
cases potentially dangerous [32]. It is unnecessary in that many pathological diag-
noses are not isolated events but rather essential components of an iterative process
in which final interpretation is dynamic and framed by ongoing data collection. For
example, a lung biopsy diagnosis of adenocarcinoma may be reinterpreted as meta-
static adenocarcinoma after discovery of a previously occult primary malignancy
outside the lung. This possibility should not drive an argument for substituting the
term “adenocarcinoma pattern,” terminology that may interfere with the end-user’s
recognition that the diagnosis of malignancy is certain. The use of the term “pat-
tern” may result in confusion regarding the circumstances in which the specificity
of the histopathologic findings is, in fact, the primary driver of a final diagnosis.
UIP stands alone among the idiopathic interstitial pneumonias in being a specific
histopathological entity. Several studies have demonstrated the primary role of a
lung biopsy diagnosis of UIP in establishing a clinical diagnosis of IPF [25, 26, 29,
68, 69]. This is especially important given that increasingly patients are selected for
lung biopsy because there is some level of doubt regarding the likelihood of IPF,
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usually based on an atypical radiological pattern of disease. It is precisely in this
context that a biopsy diagnosis of UIP establishes the clinical diagnosis with cer-
tainty, and in this context, the biopsy result remains the single most powerful predic-
tor of disease-specific mortality at the time of diagnosis [10, 25]. The histopathologic
findings are less specific in all other forms of idiopathic interstitial pneumonia, and
perhaps for these a stronger argument can be made for using the term “pattern.” In
the biased view of these authors, however, this diminishes the role of the pathologist
to a technician who merely provides histologic descriptions rather than a physician
who engages in proactively integrating histological observations with clinical infor-
mation to arrive at a diagnosis. This proactive approach is common in other areas of
medicine in which the pathology report serves as a platform for integrating relevant
clinical, laboratory and radiological information that facilitates accurate interpreta-
tion of microscopic findings.

The second argument for using the term “pattern” in reporting diagnoses of
UIP is that it occurs in patients for whom the term IPF is deemed inappropriate.
The implication is that sorting patients with UIP into different clinical groups
impacts therapeutic options and outcome. The preponderance of evidence sug-
gests that patients with a biopsy diagnosis of UIP have a form of fibrotic lung
disease that is relatively insensitive to conventional immunosuppressive therapy
and likely to be associated with a progressive course regardless of the underlying
or associated condition. Although a number of studies have indicated a better
prognosis for UIP associated with connective tissue diseases, others have failed
to demonstrate the same survival advantage [17, 70-72]. The differences observed
in some studies may be related to confounding factors such as younger age,
greater prevalence of women, and lower smoking rates in patients with connec-
tive tissue diseases, factors that themselves are associated with a better prognosis
in patients with UIP/IPF. In addition the survival advantage does not apply to
patients with rheumatoid arthritis, the largest subset of patients with connective
tissue disease-associated UIP [72]. Similarly, asbestos can be viewed as a poten-
tial cause of UIP that carries significant legal ramifications but with few if any
meaningful differences between asbestosis and IPF in terms of signs and symp-
toms, morphology, treatment response, or natural history [73, 74]. Even in
patients with an exposure history suggesting chronic hypersensitivity pneumo-
nias as an alternative, a biopsy diagnosis of UIP predicts a natural history indis-
tinguishable from IPF [75-79].

Distinguishing Fibrotic NSIP from UIP

Separating fibrotic NSIP from UIP is perhaps the greatest challenge when it comes
to making meaningful distinctions among the idiopathic interstitial pneumonias
[30]. Separating fibrotic NSIP from UIP hinges on recognition of the patchwork
distribution, fibroblast foci, and honeycomb change typical of UIP. Recognition of
any one of these features in a biopsy for which a diagnosis of fibrotic NSIP is being
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contemplated is reason for caution. In this circumstance correlation with other clini-
cal data, especially HRCT findings, may be helpful.

The primary problem is that areas typical of NSIP can occur as a focal phenom-
enon in other conditions making sampling bias a potential barrier to accurate diag-
nosis. In a review of 20 explanted lungs with UIP, for example, all but 3 showed
isolated areas that were indistinguishable from NSIP (“NSIP-like areas™) [31].
Other studies have shown that the presence of UIP in even a single piece of tissue
defined a survival curve typical of IPF in patients from whom surgical lung biopsies
taken from more than one site demonstrated both UIP and NSIP (“discordant UIP”)
[80, 81]. For these reasons establishing a diagnosis of idiopathic NSIP requires the
absence of clinical, radiological, or pathological findings to suggest an alternative.
For example, a biopsy diagnosis of fibrotic NSIP in a patient with bibasilar honey-
comb change on HRCT is almost certainly a sampling error in a patient with
UIP. While the 2002 consensus classification would suggest that this issue be
resolved by producing a pathology report with a diagnosis of fibrotic NSIP pattern,
it may be more prudent to instead offer a descriptive diagnosis in the pathology
report that synthesizes histopathologic, clinical, and radiological data (e.g., chronic
interstitial pneumonia with fibrosis most consistent with UIP) with a comment
acknowledging that the biopsy is not by itself diagnostic but that correlation with
imaging studies indicates UIP as the correct diagnosis. This approach avoids the
risk of others who are engaged in a patient’s care having to reconcile seemingly
discordant information when comparing pathology reports with other clinical or
radiological data.

Role of Transbronchial Biopsies

Transbronchial biopsies may be useful in managing selected patients suspected of
having idiopathic interstitial pneumonias, but its role in establishing a diagnosis of
UIP remains controversial [82, 83]. The 2011 ATS/ERS/JRS/ALAT statement on
IPF recommends that “Transbronchial biopsy should not be used in the evaluation
of IPF in the majority of patients, but may be appropriate in a minority (weak rec-
ommendation, low-quality evidence)” [14]. In a retrospective case study limited to
patients with UIP, about a third of transbronchial biopsies showed some combina-
tion of fibrosis distributed in a patchwork pattern, fibroblast foci, and honeycomb
change considered diagnostic or at least suggestive of UIP [82]. Two recent trends
have sparked renewed interest in the potential value of transbronchial biopsy in the
diagnosis of patients for whom the cost/risk of surgical lung biopsy outweighs the
benefits. The first is a novel biopsy technique termed cryobiopsy in which a freezing
probe is introduced bronchoscopically and the tissue is then frozen to the probe and
retrieved. When compared to traditional forceps biopsy, cryobiopsy is reported to
increase the tissue yield and improve readability by decreasing “crush’ artifact [84].
This in turn has improved diagnostic confidence according to at least one study [85].
The second major trend stems from the continued emphasis on an integrated
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multidisciplinary approach utilizing specialists in pulmonary medicine, thoracic
radiology, and pathology (multidisciplinary discussion [MDD]) in the diagnosis of
patients with unexplained diffuse lung disease. Specifically, a recent study demon-
strated that MDD was able to achieve a confident diagnosis in 20-30% of patients
utilizing review of TBB alone [86]. Additional studies are necessary to more fully
understand the diagnostic sensitivity and specificity of transbronchial lung biopsy in
this setting.

Summary

Surgical lung biopsy diagnosis is an essential component of the diagnostic algo-
rithm for the majority of patients with idiopathic interstitial pneumonia.
Differentiating these entities is important because of significant differences in thera-
peutic options and outcome. As HRCT gains widespread acceptance as a primary
diagnostic modality for a subset of patients with UIP, lung biopsies will be increas-
ingly limited to patients with atypical and nondiagnostic radiological findings. It is
in this subset of patients that surgical lung biopsy plays a key role in diagnosis and
management.
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Chapter 4
Imaging of Idiopathic Pulmonary Fibrosis

Check for
updates

Jonathan H. Chung and Jeffrey P. Kanne

Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common cause of fibrotic lung dis-
ease. Approximately, 1-2/10,000 people are diagnosed with IPF, with an increased
prevalence in elderly patients. Men are affected nearly twice as often as women [1].
There is a strong association between IPF and cigarette smoking, especially in
patients with a >20 pack-year smoking history [2]. Additionally, gastroesophageal
reflux disease (GERD) is also very common in patients with IPF; 90% of patients
with IPF have GERD, and treatment for GERD has been associated with increased
survival [3]. The prognosis of patients with IPF is poor (approaching levels similar
to non-small cell lung cancer), with a median survival of approximately 3 years [4].
The clinical presentation is nonspecific and includes progressive dyspnea (espe-
cially upon exertion), dry cough, early inspiratory crackles on chest auscultation,
and digital clubbing. Usual interstitial pneumonia (UIP) is the most common imag-
ing correlate in patients with IPF [5, 6]. Based on imaging, a confident diagnosis of
UIP can often be made, obviating the need for biopsy.

Radiography

Given its poor contrast resolution compared to computerized tomography (CT), rou-
tine use of radiography in the work-up of patients with known or suspected IPF has
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Fig. 4.1 PA (a) and lateral (b) chest radiographs show small lung volumes and basilar-predomi-
nant reticulation highly suggestive of pulmonary fibrosis. Further evaluation with HRCT would be
necessary to more accurately characterize underlying lung disease

markedly decreased with the widespread availability of multidetector CT. However,
because imaging findings of UIP may be detected before patients become symptom-
atic, recognition of the radiographic pattern of UIP remains important, because the
radiologist may be the first to suggest underlying pulmonary fibrosis. The main pat-
tern on chest radiography is that of bilateral symmetric reticulation and irregular
linear opacities [7]. Superimposition of reticulation on radiography may lead to
apparent reticulonodular opacities, though no nodules are actually present. Traction
bronchiectasis may also be evident. UIP favors the subpleural and basal lung regions
(Fig. 4.1). In typical cases, pulmonary fibrosis will lead to basilar-predominant vol-
ume loss. In cases of concomitant upper lobe-predominant emphysema from smok-
ing, total lung volume may be normal. In more advanced cases, subpleural
honeycombing, which manifests as basilar-predominant cystic spaces, may be
apparent [8]. Honeycombing implies local areas of advanced pulmonary fibrosis and
is highly specific for the diagnosis of UIP [9]. In a study of 16 patients with UIP, 15
had interstitial opacities on the chest radiograph, 10 patients had reticular opacities,
2 had reticulonodular opacities, 3 had frank honeycombing, and 1 patient had mixed
alveolar and interstitial opacities (although the distinction between “interstitial” and
“alveolar” opacities has fallen out of favor among many thoracic radiologists). Lung
volumes were decreased in the majority of patients (12/16 = 75%). No patients had
increased lung volumes in keeping with the restrictive nature of pulmonary fibrosis
[10]. If pulmonary fibrosis is suspected on radiography, the next step is further eval-
uation with high-resolution CT (HRCT) of the chest.

Technical Aspects of HRCT

The rapid growth of CT in the late 1990s revolutionized lung imaging. Because
images are acquired in cross section with CT, contrast resolution is superior to
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radiography (where overlapping structures complicate an accurate assessment of
the lung parenchyma) [11]. HRCT is the reference standard for imaging the lungs in
the setting of diffuse lung disease, and with current multidetector scanners, images
can be reconstructed in any plane given the near-isovolumetric acquisition. Modern
CT scanners are able to acquire volumetric data of the entire chest in a single breath
hold and reconstruct high-resolution images [12].

Unfortunately, there is no standard HRCT protocol. CT scans can be acquired in
a helical manner (most common) or in a sequential or “step-and-shoot” fashion.
Helical CT acquisition allows for more diverse reconstruction parameters and
images the entire chest as opposed to the step-and-shoot strategy. However, the step-
and-shoot method allows for gapped imaging such that significant portions of the
chest are not scanned, leading to substantial reduction in radiation dose. This is most
advantageous in the setting of diffuse lung diseases where complete imaging of the
thorax is not usually necessary [7]. However, given the short life spans of most
patients with pulmonary fibrosis and the long lead time for the development of radi-
ation-induced malignancy (the risk of which is controversial at doses used with diag-
nostic imaging), volumetric HRCT is preferred, as it can detect subtle fibrosis and
honeycombing, which may alter management. Different centers use different acqui-
sition parameters (CT scanner make and model, tube peak kilovoltage (kVp), tube
current (mA), tube rotation time, table speed) as well as different image reconstruc-
tion parameters (slice thickness, slice interval, reconstruction kernel and method,
field of view). Typically, the kVp should be 80-120 kV, depending on patient size,
and the mA should be less than 250 mA. Tube current modulation, available on most
modern scanners, has become the standard of care because it significantly reduces
patient radiation exposure [13—15]. Field of view should include both lungs, while
the inclusion of an excess amount of overlying air should be avoided. Prone and
expiratory imaging can be helpful in distinguishing mild pulmonary fibrosis from
peripheral atelectasis (particularly in the dependent aspect of the lungs) and to assess
for air trapping, respectively. A dynamic expiratory scan can also be included to
assess for tracheobronchomalacia. Although there are many variations, any HRCT
scan should include a number of mandatory requirements that include (1) thin-sec-
tion reconstruction (0.5-1.5 mm), (2) high spatial frequency (edge-enhancing)
reconstruction kernel, (3) full inspiration, and (4) absence of motion artifact.

Typical HRCT Pulmonary Findings

The vast majority of patients with UIP have reticulation in a subpleural and basilar-
predominant distribution. A small percentage of patients have upper lobe-predomi-
nant fibrosis, although this pattern is more suggestive of non-UIP conditions such as
sarcoidosis [16]. Associated architectural distortion with traction bronchiectasis and
bronchiolectasis are the rule. Honeycombing occurs in the subpleural lung and typi-
cally manifests as “clustered cystic air spaces, typically of comparable diameters on
the order of 3-10 mm” [17]. Honeycombing, in addition to upper lobe, subpleural
linear lines, is the most specific finding of UIP on HRCT and is quite common,
occurring in up to 90% of UIP cases [9, 18]. A small amount of ground-glass
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opacity is not uncommon [19] (Fig. 4.2). When there are other findings of frank
fibrosis (traction bronchiectasis and bronchiolectasis, reticulation, and honeycomb-
ing), ground-glass opacity almost assuredly represents microscopic pulmonary
fibrosis. In cases in which ground-glass opacity is isolated, it may alternatively rep-
resent active inflammation [20, 21].

Mild mediastinal and hilar lymph node enlargement is present on HRCT in up to
70-86% of patients with UIP [22-24] (Fig. 4.3). Lymph node size usually does not
exceed 1.5 cm in short axis and is typically isolated to one or two lymph node sta-
tions, most commonly levels 4 (lower paratracheal), 5 (subaortic), 7 (subcarinal),
and 10R (right hilar) [22]. In one study of 30 patients with pulmonary fibrosis (25
of whom had IPF), patients with more ground-glass opacity tended to have larger
individual lymph nodes, while those with more fibrosis had an overall greater num-
ber of enlarged lymph nodes [24]. However, a larger study with similar design
showed that the presence of lymph node enlargement did not correlate to any spe-
cific pattern or to the extent of disease on HRCT [23].

Fig. 4.2 Axial HRCT
image shows a small
amount of ground-glass
opacity (arrows) in the left
upper lobe. Given the large
degree of adjacent
pulmonary fibrosis,
ground-glass opacity likely
represents microscopic
pulmonary fibrosis rather
than inflammation




4 Imaging of Idiopathic Pulmonary Fibrosis 65

Fig. 4.3 Axial CT image
shows mild mediastinal
lymph node enlargement
(arrows) in this patient
with UIP

The syndrome of combined pulmonary fibrosis and emphysema (CPFE) has
recently gained increased recognition. Approximately one-third of patients with
IPF also have emphysema [25]. This association is not surprising, considering
that smoking is a common risk factor for both emphysema and IPF (Fig. 4.4).
As is typical for smoking-related emphysema, emphysema predominates in the
upper lobes and has a centrilobular distribution. Fibrosis is peripheral and basi-
lar predominant and has typical findings of UIP. Pulmonary function testing in
patients with combined IPF and emphysema usually shows little or modest
decreases in forced vital capacity and forced expiratory volume in I s, but a
marked decrease in the diffusion capacity is typically present [26]. Interestingly,
there is a strong association with combined disease and pulmonary hyperten-
sion; in one series, 47% of patients with combined emphysema and IPF had
pulmonary hypertension on initial diagnosis, which increased to 55% on fol-
low-up [26]. Patients with CPFE tend to have a poor prognosis. This is espe-
cially true if there is concomitant pulmonary hypertension; one study showed
that patients with CPFE and pulmonary hypertension have a 1-year survival of
only 60% [26].



66 J. H. Chung and J. P. Kanne

Fig. 4.4 Coronal
reformatted HRCT
image shows
basilar-predominant
pulmonary fibrosis
(black arrows) with
upper lung zone
emphysema (white
arrows) consistent
with combined
pulmonary fibrosis
and emphysema

Accuracy of HRCT

The accuracy of HRCT in the setting of UIP is approximately 80-90% [9, 27-30]
when UIP is the first-choice diagnosis. However, when a confident diagnosis of UIP
can be made on HRCT, the accuracy increases to 90-100%. Unfortunately, HRCT
is not a perfect tool for the diagnosis of pulmonary fibrosis because different condi-
tions may manifest with similar imaging findings. A confident diagnosis of UIP
cannot be established by HRCT in approximately 50% of patients who are ulti-
mately diagnosed with IPF [31, 32].

The most recent consensus statement from the American Thoracic Society,
European Respiratory Society, Japanese Respiratory Society, and Latin American
Thoracic Association (ATS/ERS/JRS/ALAT) on idiopathic pulmonary fibrosis sug-
gested guidelines for radiologists when interpreting and reporting cases in which
UIP is being considered [33]. In the setting of fibrotic interstitial lung diseases, the
three classes of UIP diagnoses on HRCT are (definite) UIP pattern, possible UIP
pattern, and inconsistent with UIP pattern. A confident diagnosis of UIP can be
made on HRCT if the following four imaging parameters are met: (1) basilar and
subpleural predominance, (2) reticulation, (3) honeycombing (with or without trac-
tion bronchiectasis), and (4) absence of features to suggest another diagnosis
(inconsistent with UIP pattern) (Fig. 4.5). When there is a definite UIP pattern, the
diagnosis will almost always be IPF, although a definite UIP pattern can occasion-
ally be seen with collagen vascular disease, asbestosis, familial fibrosis, chronic
hypersensitivity pneumonitis, or drug-related pulmonary fibrosis. The possible UIP
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Fig. 4.5 Multiple axial HRCT images show basilar- and peripheral-predominant pulmonary fibro-
sis characterized by reticulation, traction bronchiolectasis, and subpleural honeycombing (arrows),
diagnostic of UIP

pattern on HRCT includes all the imaging parameters of the definite UIP pattern
with the exception of honeycombing, which is absent (Fig. 4.6). The distinction
between a confident UIP diagnosis and possible UIP diagnosis can be challenging,
given that the main distinction between these two groups is the presence or absence
of honeycombing, which may be difficult to identify when honeycombing is subtle
or when HRCT images are noncontiguous. This is highlighted by the finding that
only fair-to-moderate agreement exists among expert readers for the identification
of honeycombing (mean kappa of 0.45 in one study) [34]. A larger study of 112
international observers (96 of whom were thoracic radiologists) who reviewed 150
HRCT scans found mean kappa of 0.59 for honeycombing and mean kappa values
of 0.48 and 0.52 for general and thoracic radiologists, respectively, for ATS/ERS/
JRS/ALAT categories [35]. The pattern should be considered as inconsistent with
UIP if any one of the following imaging parameters is present: (1) upper or mid-
lung predominance (Fig. 4.7), (2) peribronchovascular predominance (Fig. 4.8), (3)
extensive ground-glass opacity (more extensive than reticulation) (see Fig. 4.8), (4)
profuse micronodules (Fig. 4.9), (5) discrete cysts (multiple, not consistent with
honeycombing) (Fig. 4.10), (6) diffuse mosaic attenuation or air trapping (involv-
ing three or more lobes and bilateral) (Fig. 4.11), or (7) consolidation (Fig. 4.12).
The presence of any of these findings is much more suggestive of an alternative
diagnosis to UIP (Table 4.1). Patients with a HRCT pattern of possible UIP or
inconsistent with UIP need further work-up and will often require biopsy to estab-
lish a confident diagnosis.
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Fig. 4.6 Multiple axial HRCT images show basilar- and peripheral-predominant pulmonary fibro-
sis characterized by reticulation, mild ground-glass opacity, and traction bronchiolectasis, meeting
criteria for possible usual interstitial pneumonia. The main distinction between a HRCT diagnosis
of definite UIP and possible UIP is the presence or absence of honeycombing

Fig. 4.7 Coronal
reformatted HRCT image
shows peripheral-
predominant pulmonary
fibrosis. However, as
opposed to typical cases of
UIP, fibrosis in this case
predominates in the upper
lungs. This patient was
shown to have sarcoidosis-
related pulmonary fibrosis
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Fig. 4.8 Axial (a) and coronal (b) HRCT images show basilar- and bronchovascular-predominant
pulmonary fibrosis characterized by ground-glass opacity, mild reticulation, and traction bronchi-
ectasis. There is relative sparing of the subpleural lung (arrows). These findings strongly favor
NSIP over UI

Fig. 4.9 Coronal
reformatted HRCT
image shows multiple
nodules (arrows) in
the mid- and upper
lungs in a perilym-
phatic distribution
along bronchovascular
structures, interlobular
septa, and subpleural
lung in this patient
with sarcoidosis
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Fig. 4.10 Coronal
reformatted HRCT
image shows multiple
uniform thin-walled
lung cysts (arrows),
which are more
profuse in the mid-
and lower lungs in this
patient with
lymphangioleiomyo-
matosis

Fig. 4.11 Axial HRCT images taken during inspiration (a) and end-expiration (b) show lobular
areas of air trapping with adjacent pulmonary fibrosis, typical of hypersensitivity pneumonitis. The
combination of fibrosis and air trapping represents a combination of the subacute and chronic
phases of hypersensitivity pneumonitis

Recent publications have addressed the fact that many patients with a possible
UIP pattern on HRCT findings have a histologic diagnosis of UIP on surgical
biopsy, which is currently recommended by ATS/ERS/JRS/ALAT guidelines [36,
37]. However, avoiding surgical biopsies in patients with pulmonary fibrosis when
possible is important given associated morbidity and mortality. One recent study of
201 subjects with HRCT scans and surgical biopsies performed within 1 year
grouped subjects into four UIP categories (definite, probable, indeterminate, and
inconsistent) [36]. The 34 subjects (16.9%) in the probable UIP group had all of the
typical UIP findings except honeycombing, while the 72 subjects (35.8%) in the
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Fig. 4.12 Axial
HRCT image shows
subpleural consolida-
tion (arrow) and
ground-glass opacity
in the right lower lobe
in this patient with
organizing pneumonia

e

Table 4.1 Differential diagnosis of imaging features that are considered to be inconsistent with a
diagnosis of UIP

Imaging finding Differential diagnosis (diffuse lung diseases)

Upper or mid-lung predominance Sarcoidosis, HP, familial pulmonary fibrosis,
pleuroparenchymal fibroelastosis

Peribronchovascular predominance NSIP

Extensive ground-glass abnormality NSIP, HP, DIP, PAP

Profuse micronodules (predominantly in Ground-glass: HP, RB

upper lobes) Solid: sarcoidosis, silicosis/CWP

Discrete cysts (not consistent with Cystic lung disease (LAM, LCH, LIP)

honeycombing)

Diffuse mosaic attenuation/air trapping HP, OB

Consolidation COP, CEP

CEP chronic eosinophilic pneumonia, COP cryptogenic organizing pneumonia, CWP coal work-
ers” pneumoconiosis, DIP desquamative interstitial pneumonitis, HP hypersensitivity pneumoni-
tis, LAM lymphangioleiomyomatosis, LCH Langerhans cell histiocytosis, LIP lymphocytic
interstitial pneumonitis, NSIP nonspecific interstitial pneumonitis, PAP pulmonary alveolar pro-
teinosis, RB respiratory bronchiolitis, OB obliterative bronchiolitis

indeterminate group had fibrosis findings not sufficiently characteristic to reach a
definite, probable, or inconsistent with UIP level. There was a statistically signifi-
cant difference between the proportion of UIP diagnosis on histology in these two
subgroups, with 82.4% of subjects with probable UIP on HRCT having a probable
or definite UIP diagnosis on histology as opposed to 54.2% of subjects with inde-
terminate UIP [36]. This study suggests that it may be useful to separate the possi-
ble UIP pattern group of patients into two categories, so that some patients in the
possible UIP group could, after careful multidisciplinary discussion, avoid unnec-
essary biopsies.
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Prognosis

Unfortunately, a diagnosis of UIP carries a poor prognosis. In a study in patients
with various interstitial lung diseases, UIP histopathology was shown to have the
worst prognosis [38]. Interestingly, imaging findings, which may be discordant
with histopathologic findings, correlate with survival, even in patients with known
histopathology; patients with a nonspecific interstitial pneumonia (NSIP) pattern
on HRCT but UIP on histopathology have survival rates that are more similar to
patients with NSIP. Patients with indeterminate HRCT patterns with UIP on histo-
pathology also have 3.68 years of increased median survival relative to patients
with a UIP HRCT pattern and histopathologic UIP [27]. The extent of honeycomb-
ing and pulmonary fibrosis has been shown to be associated with prognosis in the
setting of pulmonary fibrosis [18, 39—42]. Lead time bias may play a role in the
longer survival of patients with milder fibrosis, because honeycombing and more
extensive fibrosis suggest that the fibrosis has likely been present for a longer
duration.

Nonetheless, the ability to predict survival from the time of CT scanning still has
importance. Therefore, either qualitative or quantitative assessment of the degree of
pulmonary fibrosis and of honeycombing is mandatory. It is intuitive that the rate of
progression of fibrosis and honeycombing would be associated with survival in the
setting of fibrosing interstitial pneumonitis; a recent study demonstrated that
progression of honeycombing on follow-up CT is an important determinant of sur-
vival in patients with fibrosing interstitial pneumonia [43].

Thoracic Complications of IPF

An acute exacerbation of IPF carries a poor prognosis, with most patients eventually
dying within weeks to months after the initial onset of acute respiratory worsening
[44—46]. The most common histological correlate is diffuse alveolar damage, with
organizing pneumonia occurring less commonly [47]. The HRCT manifestations
reflect the underlying histology; ground-glass opacity, consolidation, or both are
superimposed on underlying pulmonary fibrosis [48, 49] (Fig. 4.13). Given the
somewhat nonspecific pattern of HRCT abnormalities, pneumonia and pulmonary
edema must first be excluded. The distribution of lung disease may be peripheral,
patchy, or diffuse. Based on limited data, it appears that a peripheral pattern of dis-
ease is less often fatal than multifocal or diffuse patterns [48, 49]. Patients with an
organizing pneumonia have a better prognosis than those with diffuse alveolar dam-
age. Therefore, one would expect patients with more consolidation, which is a pat-
tern that is more typical of organizing pneumonia (peripheral and bronchovascular),
to have a better prognosis than those patients with ground-glass opacities that are
more typical for diffuse alveolar damage (Fig. 4.14). However, this has not been
shown conclusively.
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Fig. 4.13 Coronal reformatted HRCT image (a) shows typical findings of basilar- and peripheral-
predominant pulmonary fibrosis in UIP. Coronal reformatted HRCT image obtained approxi-
mately 18 months later (b) shows diffuse ground-glass opacity in this patient with acute
exacerbation of IPF. Ground-glass opacity in this case is consistent with diffuse alveolar damage
histopathology

Fig. 4.14 Coronal reformatted HRCT image (a) shows pulmonary fibrosis in this patient with
UIP. Coronal reformatted HRCT image obtained approximately 2 years later (b) shows broncho-
vascular-predominant ground-glass opacity (black arrows) and consolidation (white arrow) in this
patient with acute exacerbation of IPF. The pattern of bronchovascular ground-glass opacity and
consolidation is consistent with organizing pneumonia histopathology

Patients with IPF are at fivefold increased risk of developing lung cancer than the
general population [50], and older men with a history of smoking are most often
affected. Synchronous cancers are not uncommon and occur in up to 15% of patients
[51]. Lung cancers in these patients arise most frequently in the peripheral lung in
areas of more severe fibrosis or at the junction of fibrosis and normal lung [52-55]
(Fig. 4.15). With regard to lobar distribution, lung cancers in patients with IPF have
been reported to occur more often in the lower lobes [56, 57], but other studies
report a more balanced distribution of cancer between the upper and lower lobes
[52, 58]. The most common types of primary lung cancer in IPF are adenocarcinoma
and squamous cell carcinoma [52]. On HRCT, the most common manifestation of
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Fig. 4.15 Axial
HRCT image shows
typical findings of UIP
(peripheral-predomi-
nant reticulation and
honeycombing). The
nodule (arrow) in the
peripheral left lower
lobe was new.
Transcutaneous needle
biopsy showed
primary lung
adenocarcinoma

lung cancer in association with IPF is an ill- or well-defined nodule or mass. At
times, lung cancer can present as air-space consolidation, which usually represents
a mucinous adenocarcinoma. Given that lung cancer tends to arise in or adjacent to
areas of fibrosis [59], the early detection of lung cancer in IPF can be challenging.
Therefore, comparison of current images to previous studies to assess for any new
focal nodular or consolidative opacity is, therefore, paramount. In one retrospective
study, the authors found that there was a 409-day median delay in lung cancer diag-
nosis in patients with pulmonary fibrosis, indicating the subtle nature of early lung
cancer in this setting [55].

Patients with pulmonary fibrosis are also predisposed to pneumonia, especially
from mycobacterial and Aspergillus species as well as Pneumocystis jirovecii pneu-
monia (PJP). These tend to develop during periods of immunosuppression in
patients with worsening fibrosis and clinical disease progression [50]. Aspergillus
infection in patients with IPF usually manifests as an aspergilloma in areas of pre-
existing fibrocavitary disease or as chronic necrotizing aspergillosis [60, 61].
Aspergillomas represent a saprophytic infection in which the fungus ball can shift
freely within a lung cavity or dilated bronchus (Fig. 4.16). Because the associated
inflammatory response leads to friable and hypervascular cavity walls, patients can
develop hemoptysis, which may be life-threatening. Chronic necrotizing aspergil-
losis presents as focal consolidation, usually within the upper lobes, that eventually
cavitates [60]. Patients with secondary pulmonary tuberculosis in the setting of IPF
may present with an atypical imaging pattern. Rather than classic upper lobe-pre-
dominant cavitary disease with tree-in-bud opacities and centrilobular nodules, sub-
pleural nodules, masses, coalescent consolidation, or a combination of these findings
may be seen [62]. Although patients with IPF are unlikely to be at significantly
increased risk for PJP if not immunosuppressed, individuals on even mild cortico-
steroid therapy are more susceptible to PJP. Unfortunately, the HRCT manifesta-
tions of PJP in IPF may mimic the findings of an acute exacerbation, with bilateral,
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Fig. 4.16 Axial HRCT
image shows nodular
filling defects (arrow) in
cystic areas of
bronchiectasis and
honeycombing shown to
represent aspergillomas

diffuse ground-glass opacities, reticulation, and mild consolidation all possible on
HRCT imaging. Patients with IPF (especially those on immunosuppression) who
present with acute to subacute dyspnea in the context of one of the latter HRCT pat-
terns should be evaluated for infection (including PJP) before the initiation or aug-
mentation of immunosuppression is considered.

Spontaneous pneumomediastinum and pneumothorax develop in up to 11.5% of
patients with IPF [63-65] (Fig. 4.17). Pneumothoraces are likely caused by rupture
of honeycomb cysts into the pleural space. Pneumomediastinum may be caused by
the Macklin effect, in which increased intrathoracic pressure results in alveolar rup-
ture with subsequent dissection of gas along the peribronchial sheaths centrally into
the mediastinum. Accurate estimates of the incidence of events where gas gains
access to extra-alveolar spaces are difficult to make, because in many cases, patients
may be only mildly symptomatic or even asymptomatic. The clinical significance of
pneumomediastinum and pneumothorax in asymptomatic patients is unclear.
However, when patients present with cough, dyspnea, or chest pain, extra-alveolar
gas may portend a poor prognosis, although the evidence for this is weak [64].

Pulmonary hypertension (PH) is present in up to 46% of patients with IPF
referred for lung transplantation [66, 67]. In addition, patients with concomitant IPF
and PH have a worse prognosis compared to patients with IPF without PH [68]. In
one study, the 1-year mortality rate was 28.0% for patients with IPF and PH com-
pared to 5.5% for patients with IPF but without PH [69]. In another study, IPF
patients with mean systolic pulmonary artery pressure above 50 mmHg had a mean
survival of only 0.7 years compared to 4.8 years for IPF patients with mean systolic
pulmonary artery pressure below 35 mmHg [70]. The pathophysiological relation-
ship between IPF and PH is complex and likely includes fibrotic destruction of the
vasculature and chronic hypoxic vasoconstriction of small pulmonary vessels.
However, these factors in isolation may not explain the relationship between IPF
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Fig. 4.17 Axial HRCT
image shows
pneumomediastinum
(arrow) in this patient
with UIP

and PH. There are a significant number of cases in which there is discordance
between the degree of IPF or oxygen saturation and PH, which implies that other
underlying factors may be present that have not yet been fully identified [71].
Although a correlation between pulmonary arterial diameter and mean pulmonary
artery pressure has been shown in the general population, it appears that this rela-
tionship may not be extrapolated to patients with IPF. One study showed that the
diameter of the main pulmonary artery and the pulmonary artery to aorta diameter
ratio did not differ between those with and without PH, and no significant correla-
tion was found between the mean pulmonary artery pressure and pulmonary arterial
diameter [72]. Another study also showed that pulmonary artery diameters or ratios
were unreliable in predicting mean pulmonary artery pressure. In fact, pulmonary
artery dilation may occur in the absence of significant pulmonary hypertension [73].

Atypical UIP on HRCT and How to Distinguish It from Other
Common Fibrotic Lung Diseases

In addition to indeterminate HRCT patterns in patients with UIP, the pattern of lung
disease on HRCT in UIP may mimic other interstitial lung diseases, most com-
monly NSIP or chronic (fibrotic) hypersensitivity pneumonitis (HP) and less com-
monly sarcoidosis (Figs. 4.18 and 4.19). In one study of 55 patients with
biopsy-proven UIP, UIP was considered low probability (<30%) by at least two out
of three observers on HRCT for 34 of the 55 patients, and NSIP (18/34 = 53%),
chronic HP (4/34 = 12%), and sarcoidosis (3/34 = 9%) were scored as the most
likely (high degree of probability) first-choice diagnoses. Additionally, NSIP,
chronic HP, and sarcoidosis were also most often included in the differential
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Fig. 4.18 Axial HRCT
image during expiration
shows lobular areas of air
trapping (arrows) as well
as mild pulmonary fibrosis,
consistent with chronic
hypersensitivity
pneumonitis; however,
open lung biopsy showed
UIP. Based on clinical
work-up, the patient was
diagnosed with IPF

Fig. 4.19 Axial
HRCT image shows
basilar ground-glass
opacity, reticulation,
and traction bronchiec-
tasis, most consistent
with NSIP. However,
open lung biopsy
showed UIP. Based on
clinical work-up, the
patient was diagnosed
with IPF

diagnosis, even when these were not scored as the first-choice diagnosis [74]. Silva
et al. also compared HRCT appearances of patients with IPF, NSIP, and chronic HP
and found that in 23 cases of histopathologically proven UIP, observers chose NSIP
or chronic HP as a first-choice diagnosis 25.7% of the time (exclusive of cases in
which the first-choice diagnosis was “indeterminate’) [30].

Findings suggestive of NSIP include ground-glass opacity (the salient feature,
which is present in nearly all cases), fine reticulation, traction bronchiectasis, and
lower lobe volume loss [75—79]. Basilar and peribronchovascular predominance is
the rule, and upper lobe-predominant disease favors an alternative diagnosis such as
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sarcoidosis, HP, or familial pulmonary fibrosis. Because UIP is also nearly always
basilar preponderant, the cranio-caudad distribution of disease is not helpful in dis-
tinguishing NSIP from UIP. However, the axial distribution of disease can be quite
helpful in distinguishing NSIP from IPF. Specifically, although the axial distribu-
tion of fibrosis in NSIP can be peripheral, diffuse, or peribronchovascular, the latter
pattern combined with relative sparing of the subpleural lung is much more sugges-
tive of NSIP rather than UIP [30] (see Fig. 4.8).

Chronic HP may have findings on HRCT that are identical to those of UIP [80].
However, a confident diagnosis of chronic HP can be made if certain imaging
parameters are present. The most specific findings for chronic HP include centri-
lobular ground-glass nodules, mosaic attenuation (reflecting air trapping), and mid-
to upper lobe-predominant pulmonary fibrosis [30, 81, 82]. This combination of
findings actually represents overlap of the subacute and chronic phases of HP [83]
(see Fig. 4.11). In more advanced cases of chronic HP, honeycombing is quite com-
mon, and the HRCT pattern may mimic that of UIP [30, 84].

In the absence of a high-confidence diagnosis of UIP on HRCT, no single test or
set of tests has proven to be adequately sensitive and specific in the diagnosis of
UIP. In fact, because of the difficulty in establishing a firm diagnosis of UIP (as
well as other diffuse lung diseases), a multidisciplinary review of cases by pulmo-
nologists, radiologists, and pathologists is essential in establishing the most accu-
rate diagnosis. One study of 58 patients with suspected interstitial lung disease
showed that after consensus review of the clinical, radiological, and pathological
data, radiologists changed their initial diagnosis in 50% of cases, pulmonologists
in 30% of cases, and pathologists in 20% of cases [85]. Radiologists most com-
monly changed their initial diagnoses of NSIP to UIP as well as respiratory bron-
chiolitis or desquamative interstitial pneumonia, and HP was often changed to
NSIP. In a study of patients with IPF diagnosed locally by international consensus
criteria, the diagnosis of IPF was rejected by an expert panel in 12.8% of cases
based on their review of the HRCT and histopathologic findings [86]. Interestingly,
the mean kappa value for three expert thoracic radiologists” HRCT evaluations was
0.40, and the kappa value was even lower at 0.30 for two expert pulmonary pathol-
ogists’ histopathologic evaluations. This further supports the importance of a mul-
tidisciplinary diagnostic approach, as disagreements clearly occur even among
experts. By increasing opportunities for the pulmonologist, radiologist, or patholo-
gist to make a confident diagnosis of a specific diagnosis (often UIP), a more accu-
rate diagnosis can be established in a greater percentage of patients with diffuse
lung disease.

Summary

UIP is the imaging and histopathologic correlate of IPF. If the typical pattern of UIP
is present on HRCT, a confident and accurate diagnosis of UIP can be made, obviat-
ing the need for lung biopsy. However, in up to half of patients, who ultimately are
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proven to have UIP on biopsy, a confident diagnosis of UIP cannot be made by
HRCT,; these patients often require further work-up with a surgical lung biopsy. The
most common diseases that mimic UIP are NSIP and chronic HP. Although there is
often overlap in radiographic appearance among these conditions, HRCT can often
distinguish UIP from NSIP or chronic HP if certain imaging patterns are present.
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Chapter 5
Pulmonary Function Tests in Idiopathic
Pulmonary Fibrosis

Francesco Bonella, Fabiano di Marco, and Paolo Spagnolo

Pulmonary Function Tests in IPF

Pulmonary fibrosis affects both the mechanical properties of the lung as well as gas
exchange. Impairment of the mechanical properties is due to decreased lung com-
pliance (i.e., the lungs become “stiff” and have a high level of elastic recoil), which
leads to restrictive abnormalities. A pure restrictive ventilatory defect is character-
ized by a reduction in total lung capacity (TLC) and a normal forced expiratory
volume in 1 s/vital capacity (FEV1/VC) ratio [1]. An example of a restrictive venti-
latory pattern is shown in Fig. 5.1. As expected, flow rates are often increased due
to the increased elastic recoil, with the presence of a concomitant chronic airflow
obstruction component only in smokers with significant small airway disease [2—4].
Another condition that can impact the extent of the expected restrictive ventilatory
defect in “pure” pulmonary fibrosis is the contemporaneous presence of emphy-
sema, as seen in combined pulmonary fibrosis and emphysema (CPFE) [5]. Indeed,
emphysema leads to a significant increase of lung compliance (i.e., reduction of
elastic recoil), which can counterbalance the “mechanical” effects of pulmonary
fibrosis, leading to “pseudonormalized” lung volumes and flows [5]. In the case of
idiopathic pulmonary fibrosis (IPF), impairment of gas exchange properties, as
demonstrated by a reduction of lung diffusion for carbon monoxide (DLco), is
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Fig. 5.1 A normal flow-volume loop in a healthy subject (a) compared with a patient with IPF (b).
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Fig. 5.2 Diffusing capacity of the lung for carbon monoxide (DLco) in a healthy subject (a) and
in a patient with IPF (b). The diffusion is clearly also reduced in the patient after adjustment per
alveolar volume (Kco)

caused by loss of pulmonary capillary volume and by ventilation and perfusion
abnormalities (Fig. 5.2). Increased ventilation/perfusion mismatching results in an
increased ratio of dead space ventilation to tidal volume (V/Vy) due to hypoperfu-
sion of ventilated alveoli, while a reduced pulmonary capillary bed results in short-
ened red blood cell transit times. In addition, right-to-left shunt through a patent
foramen oval may also cause further gas exchange impairment. Also, a frequent
complication/comorbidity of IPF is pulmonary hypertension (PH), which can fur-
ther worsen gas exchange. In the case of CPFE, unlike well-maintained lung vol-
umes, the DL is substantially reduced, since the effects of the two conditions (i.e.,
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fibrosis and emphysema) have additive effects on gas exchange. Moreover, CPFE
has a greater propensity for complicating PH. At rest, the ventilatory pattern of
patients with IPF is characterized by an increased respiratory rate, with a rapid shal-
low breathing pattern [2, 4]. Since no defined “chemical” reasons for this modifica-
tion of breathing pattern have been clearly demonstrated, the main reason can be the
altered mechanical reflexes due to the increased elastic recoil of the lung.

Additional sources of ventilatory stimulation include early metabolic acidosis
with activity due to deconditioning, increased peripheral muscle ergo-receptor acti-
vation, altered reflex afferent activation of vagal receptors in the lung parenchyma
and airways [6], or the presence of comorbidities/complications, such as PH,
emphysema, cardiovascular diseases, or obesity. Arterial blood gas analysis at rest
can be normal in some IPF patients with mild disease, but in most cases it shows
hypoxemia with a reduced PaCO, (i.e., respiratory alkalosis), which reflects the
increase of minute ventilation. However, exercise desaturation is very common,
including cases of mild disease with normal arterial blood gas analysis at rest.
During exercise the capillary transit time is shortened due to the rise in cardiac out-
put. In normal subjects mixed venous oxygen levels fall due to increased tissue
oxygen extraction, but hypoxemia does not develop due to the recruitment and dis-
tension of capillaries and a rise in alveolar oxygen tension. In contrast to normal
subjects, patients with IPF fail to recruit additional capillaries, leading to exercise-
induced hypoxemia/desaturation.

Exercise intolerance is a cardinal feature of IPF and is often associated with sig-
nificant exertional dyspnea and fatigue that typically progress over time and cause
impairment of patients’ quality of life. Healthy subjects increase ventilation mainly
by increasing tidal volume during mild-to-moderate exercise. In contrast, the typi-
cal rapid, shallow breathing pattern that is present in patients with IPF worsens
during exercise. The low tidal volume accompanying IPF precludes a normal decre-
ment in the V/Vy ratio, which worsens ventilatory inefficiency and increases inspi-
ratory neural drive, leaving an increased respiratory rate as the only option to meet
the higher ventilatory needs [6]. Therefore, in IPF the efficiency of ventilation dur-
ing exercise is impaired, as demonstrated by the increased minute ventilation/CO,
production (Vg/Vce,) ratio. The higher level of ventilation needed during exercise
for the elimination of the same amount of CO, can be the result of two mechanisms,
which are both potentially present in patients with IPF as previously discussed: (1)
increased wasted ventilation (i.e., increased Vp/Vr) and (2) reduction of CO, set
point (i.e., change in neural drive with relative alveolar hyperventilation). Inspiratory
muscle function is often preserved in patients with IPF as a result of the combina-
tion of the training effect due to mechanical loading and the mechanical advantage
due to the lower than normal operational lung volume. However, some conditions
can lead to impairment of muscle function, such as the effect of systemic inflamma-
tion, malnutrition, cachexia or electrolyte disturbances, side effects of drugs, or
deconditioning. Despite this abnormal ventilatory pattern, respiratory mechanics
are not thought to be the major contributor to exercise limitation in all patients, as
demonstrated by the presence of a large ventilatory reserve (i.e., the difference
between ventilation at peak of exercise and the maximal ventilation possible) at the
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end of exercise. Thus, other factors, including impairment of gas exchange and
circulatory limitation, may play important roles in exercise limitation for patients
with IPF. During exercise, patients with IPF show a larger increase in the alveolar-
arterial oxygen pressure gradient than those with other interstitial lung disease (such
as sarcoidosis or asbestosis) due to the generally greater extent of interstitial fibrosis
seen in IPF. In IPF an increased pulmonary vascular resistance (PVR) is common,
leading in some cases to right ventricular hypertrophy and PH (cor pulmonale).
Even if, in absence of a significant comorbidity, left ventricular ejection fraction can
be preserved with normal values of systolic pressure and pulmonary artery occlu-
sion pressure, the rate of rise of cardiac output can diminish at higher work rate in
some patients with IPF, which is partially due to the increase of pulmonary vascular
resistances. Pulmonary hypertension at rest or during exercise can lead to a further
worsening of ventilatory efficiency, as demonstrated by a very high Vi/Vco,.

FVC and DLco in Routine Clinical Practice and Clinical
Trials: Strengths and Pitfalls

FVC is widely used both in clinical practice and clinical trials to evaluate disease
status/severity, progression, and response to treatment in patients with [IPF. Measuring
FVC is simple, widely available, and easily obtainable. In addition, reproducibility
of FVC is excellent, with 90% of patients being able to repeat the test with <5%
variation [7]. Accordingly, current guidelines recommend measuring the FVC every
3—4 months for monitoring disease status and behavior. While the guideline docu-
ment does not specify the absolute minimum magnitude of FVC change required for
determining disease progression [8], a 10% decline in an individual’s FVC has been
correlated with increased mortality in multiple studies [9-12]. Du Bois and col-
leagues measured FVC and other measures of functional status at baseline and
24-week intervals in a large cohort of patients enrolled in two clinical trials of [FN-y
1b (N =1156) [13]. They assessed FVC reliability (based on two proximal measures
of FVC), validity (based on correlations between FVC and other measures of func-
tional status), and responsiveness (based on the relationship between 24-week
changes in FVC and other measures of functional status). Correlation of percent-
predicted FVC between measurements was high (r=0.93; p <0.001), while correla-
tions of FVC with other parameters were generally weak, with the strongest
correlation being observed between FVC and the DLy (r = 0.38; p < 0.001).
Correlations between change in FVC and changes in other parameters were slightly
stronger (r = 0.16-0.37; p < 0.001). Importantly, patients experiencing a 24-week
decline in FVC between 5% and 10% had a more than twofold higher risk of death
at 1 year. In addition, du Bois and colleagues showed that a decline in FVC of 2-6%
(minimal clinically important difference) is associated with clinically relevant
changes of disease status. The observation that marginal changes in FVC over a
24-week period predict mortality during the subsequent 1-year period corroborates
previously published data by Zappala and co-workers [14]. The categorical 6-month
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changes in FVC and DL¢q regarded as “significant” (FVC >10%, DLy >15%) or
“marginal” (FVC 5-10%, DL 7.5-15%) in a cohort of patients with IPF (N = 84)
and nonspecific interstitial pneumonia (NSIP) (N = 72) demonstrated that IPF
patients with a significant decline in FVC and those with a marginal decline in FVC
had a higher mortality compared with patients with stable disease (hazard ratio (HR)
2.80; p <0.001 and HR 2.31; p = 0.01, respectively). More recently, Reichmann and
co-workers performed a retrospective chart review to examine change in FVC across
IPF patients (N = 490) in the 6 months after diagnosis and its association with clini-
cal and healthcare resource utilization (HRU) outcomes in a real-world setting in the
USA [15]. Patients were categorized as stable (decline <5%), marginal decline
(decline >5% and < 10%), or significant decline (decline >10%) based on the rela-
tive change in percent-predicted FVC. At 6 months, 250 (51%) patients were stable,
98 (20%) experienced a marginal decline, and 142 (29%) a significant decline. In
both unadjusted and multivariable analysis, greater FVC decline was associated
with significantly increased risk of worse clinical outcomes, including further dis-
ease progression, suspected acute exacerbations, mortality, and higher rate of
HRU. On the other hand, a marginal (i.e., 5%) decline in FVC was not significantly
associated with increased risk of death in a large cohort of patients randomized to
placebo from six pirfenidone and nintedanib trials (N = 1132), although this was
probably due to the shorter duration of observation [16]. In the same study, Paterniti
and colleagues evaluated the association between FVC decline and mortality and,
consistent with previous studies, confirmed that an absolute decline in FVC of >10%
(at any time point during follow-up) increased the risk of death significantly [17].
In clinical trials of IPF, change in FVC has been the most widely used primary
endpoint, the rationale being that, due to the archetypal pathophysiology of IPF
(i.e., a fibrotic process that reduces the size of the lung), decline in FVC over time
is likely to represent disease progression. Change in FVC is analyzed either as a
continuous variable or by predefined thresholds for change over time. Analyses of
continuous change are more sensitive, but evaluation of FVC as a continuous vari-
able may not capture disease progression occurring in a stepwise fashion. An abso-
lute decline in percent-predicted FVC >10% (i.e., from 60% predicted to 50%
predicted) at 24 weeks is associated with a nearly fivefold increase in the risk of
mortality over the subsequent year [9, 18]. Yet, the optimal threshold for FVC
change in patients with IPF is unknown. Similarly unclear is whether the 10%
threshold for an FVC decline to be significant refers to “relative change” (i.e., a
reduction in percent-predicted values from 60% to 54%) or “absolute change” (i.e.,
a reduction in percent-predicted values from 60% to 50%) [19]. An obvious disad-
vantage of absolute thresholds for change is they may have different implications in
mild and severe disease. For instance, a 10% absolute change would arguably be
regarded as a relatively minor decline in patients with mild disease, but a consider-
able fall in those with advanced disease (i.e., a fall in FVC from 40% to 30% and,
thus, a 25% fall from baseline) [20]. Relative change in FVC does not suffer from
this problem and deals more closely with the confounding effect of measurement
variation, which is expressed as the standard deviation of change from measured
baseline values [20]. Richeldi and colleagues compared the prognostic value of
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absolute and relative FVC change thresholds of 10% and 5% in 142 patients with
IPF with baseline and 12-month follow-up FVC data from two prospective cohorts
[21]. The relative and absolute methods were compared in their ability to predict
2-year transplant-free survival. The frequency of any given FVC decline was sig-
nificantly greater using the relative change in FVC method. However, for >10%
decline, both methods predicted 2-year transplant-free survival with similar accu-
racy and remained significant predictors after adjusting for baseline characteristics.
Therefore, using the relative change in FVC maximizes the chance of identifying a
>10% decline in FVC without sacrificing prognostic accuracy.

The physiological effect of coexisting emphysema on the predictive values of
serial changes in FVC is unclear, but emphysema is likely to be a confounding fac-
tor by artificially preserving lung volumes [22]. Yet, a reduction in FVC can also be
caused by progressive hyperinflation and must therefore be interpreted in the light
of other lung function parameters, primarily DL [22]. In a post hoc analysis of
data derived from a subset of patients (N = 455) from two phase III trials of IFN-
y-1b in IPF (GIPF-001 [NCT00047645] and GIPF-007 [NCT00075998]), Cottin
and colleagues investigated the relationship between baseline emphysema and
fibrosis extent, as well as pulmonary function changes, over 48 weeks [23]. Patients
with the greatest emphysema extent (28-65%) showed the smallest FVC decline,
with a difference of 3.32% at week 48 versus patients with no emphysema
(p = 0.047). More importantly, emphysema extent >15% was associated with sig-
nificantly reduced FVC decline over 48 weeks versus no emphysema or emphysema
<15%, suggesting that FVC measurements may not be appropriate for monitoring
disease progression in IPF patients with extent of emphysema >15% [23].

Since a large body of evidence supports that decline in FVC within 6-12 months
increases the subsequent risk of mortality [9-12], FVC has been incorporated into
several cross-sectional and longitudinal indexes for staging IPF [24-27]. The most
recent one is the gender-age-physiology (GAP) index, which had favorable perfor-
mance characteristics in terms of correlation with mortality in IPF and other ILDs
[25, 28, 29]. What makes the clinical assessment of disease progression and thera-
peutic response challenging is the marginal decline in FVC, given that an annual-
ized decline of >5% in FVC is also associated with mortality [14] and that the
intra-subject variability in patients with IPF can be high [30].

A recent retrospective study examined the variability in the rate of disease pro-
gression and evaluated the effect of treatment continuation in patients enrolled in
the ASCEND and CAPACITY trials who experienced meaningful progression dur-
ing treatment [31]. Analysis of longitudinal FVC data showed only a weak inverse
correlation between changes in FVC during two consecutive 6-month intervals,
highlighting the variability in both the magnitude and direction of change in this
prospective, clinical trial population (Fig. 5.3). A similar conclusion has been drawn
from a pooled analysis of data from the phase III trials with nintedanib. FVC
declines of >5% or >10% predicted in the first 24 weeks did not predict FVC
decline from week 24 to 52, but these declines were associated with higher mortal-
ity [32]. These results are similar to observations from a retrospective analysis of a
real-world IPF cohort, which suggested that FVC decline in the Ist year of follow-
up after diagnosis was not predictive of future declines in physiology [33].
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Fig. 5.3 Relationship between changes in percent-predicted FVC during two consecutive 6-month
intervals*. *Pooled placebo population, CAPACITY and ASCEND studies (N = 540) [31]

Summarizing, the reliability to predict the expected rate of change in FVC during
subsequent periods based on prior trends is precluded by the intrinsic variability in
the rate of this biomarker [31]. Last but not least, FVC is not a “patient-centered”
outcome, and treatment-induced reduction in the rate of functional decline is not
perceived as a tangible benefit from the patient’s perspective [34].

The measurement of the single-breath DLco is more problematic than FVC and
requires a breath hold that can be difficult for more symptomatic patients and has
greater intrinsic variability, which is reported as high as 15% [35]. The threshold of
15% change has therefore been utilized to define a significant change. DLco has
also been integrated into the GAP index [25], given the fact that stratification of
patients on the basis of their DLco allows discrimination of groups with distinctly
different long-term survivals [36]. The issue of collinearity between FVC and unad-
justed DLco is well known and has raised the notion that the Kco value, which
represents the DLco value adjusted for the alveolar volume, might be a better bio-
marker to serve as an endpoint or to be included in staging indexes [35].

Interestingly, a recent analysis of 416 patients with mild IPF from the Australian
IPF Registry has pointed out that there was only fair concordance between FVC and
DLco in classifying disease severity, with the FVC >80% classifying more patients
as mild than DLco >55%. A better concordance in classification was reached with
composite values (GAP and CPI), as opposed to between single measures such as
FVC and DLco, probably due to the integration of both these single measures into
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the calculation of the composite scores. It was also highlighted that the DLco <55%
and the composite scores were better at predicting survival in comparison to FVC
<80% suggesting again that, while it is commonly used, the FVC threshold may not
be the most clinically useful criterion [17, 37, 38].

Future Directions: Home Daily Spirometry in IPF

Within respiratory medicine home peak flow measurement is already a feature of
asthma self-management, and home spirometry in lung transplant recipients is now
an established method to detect early changes in graft function [39—46]. It is not
known whether the adoption of a similar approach in IPF might be either feasible or
clinically useful. Potential clinical advantages of routine home monitoring in IPF
include early detection of rapidly declining patients or those with acute exacerba-
tion and monitoring of response to novel therapies.

While transplant patients receive frequent and lifelong medical outpatient follow-
up care at the transplant center, most IPF patients, excluding those participating in
clinical trials, usually undergo follow-up visits every 3 months. This raises the issue
of adherence to daily measurement and what patients’ perception of changes in the
FVC might be, given that they are prone to develop anxiety and depression [47].

In arecent study by Russell and colleagues, 50 IPF patients were asked to use the
spirometry device once daily, and 13 completed the 70-week follow-up [48].
Subjects were adequately trained on how to perform spirometry, in order to ensure
regularity and timing of self-monitoring. Daily home monitoring of FVC resulted in
a well-accepted, feasible, and reliable assessment tool, and the readings were com-
parable to those from healthy volunteers and COPD patients. It was possible to
identify patterns of disease behavior (Fig. 5.4), and the rate of decline in FVC was
highly predictive of outcome and subsequent mortality when measured at 3, 6, and
12 months. This study of home spirometry, in general, underestimated the values
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Fig. 5.4 Daily FVC measurements for IPF patients with (a) progressive disease and (b) an acute
exacerbation. Each point represents a single FVC measurement. (Reprinted with permission of the
American Thoracic Society. Copyright © 2018 American Thoracic Society. Russell et al. [48])
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obtained on hospital-based lung function equipment. The extent of the underesti-
mate was consistent across all levels of baseline FVC, remained stable over time,
and, interestingly, did not significantly affect the predictive value of serial measure-
ment of the FVC [48].

With regard to compliance, some subjects dropped out of the study due to cough
that was triggered by the maneuver itself. Moreover, in a minority of cases asking
patients to record their own FVC so frequently caused psychological distress due to
increasing awareness about the rapidity of their own disease progression.

Although this study is promising, additional data in larger cohorts are needed
before daily home spirometry can be used routinely in IPF management. Patient
compliance, misperformance of spirometry maneuvers, and validation of the quality
of individual daily readings are crucial issues to be addressed, especially if treatment
assessment is based on these values [49]. A major challenge is, in general, the fact
that the maneuver is performed without supervision, and patients should therefore
receive adequate training with ongoing verification over time (or refresher training).
In addition, spirometers with electronic records of results should be used to reduce
errors. In a recent study on posttransplant patients receiving long-term macrolides,
difficulties in performing the forced expiratory maneuver were evident in 60% of
subjects showing greater variability in home spirometry measurements [50].
Implausible values were also observed, suggesting alternative explanations (includ-
ing use of the device by another person) [50].

A study comparing unsupervised daily home-based spirometry with hospital-
based readings is mandatory in IPF. Until confirmatory data are available, changes
in home spirometry should be confirmed by office spirometry, for example, every
4 weeks. It would also be of interest to investigate whether a close correlation exists
between changes in FVC measured by home spirometry and quality of life or other
patient-centered outcome measures.

In summary, home-based daily monitoring of lung function represents a major step
forward in IPF, since it has the potential to improve prediction of disease behavior and
response to treatment [49]. From a research perspective, increasing frequency of FVC
monitoring may provide an earlier treatment efficacy signal than the classical 3-month
follow-up period, making daily spirometry a suitable tool for future clinical trials.
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Chapter 6
The Role of Immunity and Inflammation
in IPF Pathogenesis

Marcus W. Butler and Michael P. Keane

There has been a revolution in the prevailing concensus regarding the pathogenesis
of IPF over the course of the past couple of decades, with a retreat from paradigms
solely based on IPF as an immune-mediated disorder involving chronic inflamma-
tion of the lower airways which progresses to fibrosis, towards a view of IPF as a
disease of abnormal pulmonary fibroproliferation/disorganised matrix deposition in
the face of repetitive injury to an ageing alveolar epithelium that is genetically pre-
disposed to UIP formation [1-4] (Fig. 6.1). The historical term “cryptogenic fibros-
ing alveolitis” used interchangeably with IPF encapsulates the thinking decades ago
when much of the available evidence pointed to a likely dominant role for chronic
alveolar epithelial inflammation progressing to injury and dysregulated repair
resulting in fibrosis, not least of all because alveolar inflammation appeared to pre-
cede fibrotic lesion development [5]. Initial enthusiasm for a chronic inflammatory
basis for IPF also stemmed from observations of an excess of neutrophils within
alveolar walls and the alveolar epithelial surfaces in IPF [6]. In addition, immune
complexes of mainly IgG were found in the epithelial lining fluid of IPF individuals
[7]. In an older study, alveolar inflammation was found to occur in approximately
half of clinically unaffected family members who are at risk of inheriting autosomal
dominant idiopathic pulmonary fibrosis, termed familial interstitial pneumonia
(FIP) [8]; however a more recent larger study (FIP defined as at least two family
members with IIP including IPF in at least one affected individual per family) failed
to replicate this finding, with no difference seen in inflammatory cell proportions in
BAL fluid among at-risk (asymptomatic first-degree relatives of FIP patients) and
healthy control subjects [9]. Part of the shift away from the notion of chronic inflam-
mation as a basis for IPF came with the tighter concensus surrounding the patho-
logic classification of the disease two decades ago, which up to then had included
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Fig. 6.1 A proposed pathogenetic model of idiopathic pulmonary fibrosis. (From Ref. [4])

what are now widely accepted as being separate forms of idiopathic interstitial
pneumonia such as non-specific interstitial pneumonia and acute interstitial pneu-
monia, for which anti-inflammatory treatments may show more benefit [10-12]. A
sentinel event in shaping the current prevailing view that immunomodulatory thera-
pies are to be avoided in IPF came with the discovery in the PANTHER study that a
then standard-of-care though unproven therapy for IPF, the combination of oral
corticosteroid, azathioprine and N-acetylcysteine was not only inefficacious in IPF
but led to higher mortality and hospitalisation within a mean of only 32 weeks of
treatment versus placebo [13]. The dawn of a new era of therapeutic options for
what was until then an untreatable disease arrived on May 18, 2014, with the simul-
taneous publication of phase III studies of two very different disease modification
compounds, pirfenidone and nintedanib, which both share antifibrotic properties
and have highly pleiotropic mechanisms of action, suggestive of a need in IPF to
address multiple redundant wound-healing pathways in order to control what is a
complex polygenic disorder [14, 15]. Nearly all of the compounds currently in
development for the treatment of IPF involve mechanisms relating to lung tissue
repair, regeneration, inhibition of epithelial cell apoptosis and inhibition of collagen
deposition, with little interest in an anti-inflammatory/immunosuppressing approach
[2], given the unequivocal failures of such approaches in the past [13, 16]. Within
these few years, long-held theories of IPF pathogenesis had been overturned.

The delight that universally accompanied the long-awaited emergence of IPF
medications with some disease-modifying effects needs to be tempered against the
ongoing unmet needs of these patients, who are far from cured by current antifi-
brotic strategies. Somewhat at odds with a more dismissive view of an immunologic
and inflammatory role in IPF pathogenesis are a wealth of data that provides the
smoking gun to an immunobiological role in either the initiation or progression of
IPF, which remains incompletely understood and, arguably therefore, unsuccess-
fully addressed in treatment approaches. Such a role may be more important for
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subtypes of IPF that await elucidation, though it is also plausible that the association
of immunologic abnormalities with IPF are a process that is downstream from fibro-
sis-driven biology [2, 17]. Strongly pointing towards a chronic immune process in
IPF are the replicated observations in IPF lung tissue of lymphoid aggregates, sug-
gestive of lymphoid neogenesis [17-20]. These are found in close proximity to
fibroblastic foci and are composed of mainly activated CD3* T lymphocytes and
mature dendritic cells, with a subset of activated CD20" cells, with some evidence
also pointing to chemokine receptor (CCR)6 expression in these infiltrates, as found
on memory T cells, Th-17 cells, B cells and dendritic cells [18, 20] (Fig. 6.2). These
aggregates were seen in increasing numbers in IPF explants versus less advanced
IPF lung surgical biopsy specimens, suggestive of a sustained role for such lym-
phoid tissue in progressive IPF [19]. The picture is confused however by the obser-
vation that these tertiary lymphoid structures (TLS) contain non-proliferating and
non-apoptotic mature CD45RO* T and B cells [18, 19], which has led to a hypoth-
esis of these cells homing to the lung from the systemic circulation, although data is
lacking to support such an origin [19].

Another difficulty in dismissing an important role for the immune system in IPF
lies in the repeated observation of areas of histopathologic UIP and non-specific
interstitial pneumonia (NSIP) in the same patient when biopsies are obtained from

Fig. 6.2 Idiopathic pulmonary fibrosis inflammatory infiltrates. All photomicrographs show the
tissue stained with Fast Red and haematoxylin counterstain. (a—f) The photos have a magnification
of x200. (g, h) The photos have a magnification of x400. (From Ref. [20])
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Fig. 6.2 (continued)

different lobar locations, a phenomenon thought to occur in 13-26% of cases [21,
22]. NSIP can have varying degrees of alveolar wall inflammation by predomi-
nantly lymphocytes and plasma cells in addition to fibrosis and has a better progno-
sis than UIP, but individuals with discordant UIP and NSIP on their multiple biopsies
have a poor prognosis similar to those with concordant UIP on multiple biopsies
[21, 22]. In support of an endotypic difference among the two diseases, NSIP fibro-
blasts appear to behave more like normal fibroblasts than is seen in IPF fibroblasts,
where the latter exhibit greater contractility and secrete greater amounts of fibronec-
tin and TGF-P1 [23]. There is a great need to further improve our understanding of
the potential for an evolution of NSIP into fibrotic NSIP and later into UIP, as
immunomodulatory therapy for NSIP, a putative early treatment strategy for IPF,
demonstrates some efficacy versus being ineffective in UIP [24]. Some have sug-
gested that a greater understanding of rheumatoid arthritis-associated interstitial
lung disease, where the undoubtedly inflammatory disease of rheumatoid arthritis
can result in either an NSIP or UIP pattern, offers a good model for gaining further
insight into the pathogenesis of both of these related interstitial pneumonias [25].
Lending support of such a model, a recent study that established and validated a role
for a biomarker index of three plasma molecules, MMP-7, surfactant protein D and
osteopontin in discriminating IPF from alternative interstitial lung diseases (adjusted
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area under the curve of 0.766, excluding RA-ILD), could not distinguish IPF from
RA-ILD [26]. Of interest in such an IPF model is the shared risk factor of chronic
tobacco smoke exposure in both idiopathic and RA-associated UIP. In recent times,
the contributory role of immune mediators and inflammatory cells have once again
gained more acceptance in schemata of IPF pathogenesis, though far more ques-
tions than answers are found [27]. The remainder of this chapter will discuss the
evidence that implicates a variety of inflammatory and immunologic processes in
contributing to the pathogenesis of IPF.

Innate Immunity and Altered Host Defence Mechanisms

In IPF, a repetitive cycle of local micro-injury to ageing alveolar epithelium by vari-
ous factors and processes including cigarette smoke, environmental exposures,
microbial colonisation/infection, microaspiration, endoplasmic reticulum stress
and oxidative stress is believed to underpin the development of disease, with resul-
tant aberrant wound healing [1]. A prototypic example of how such a diverse array
of stressors can mediate tissue injury via innate immune mechanisms is the Toll-
like receptor family of pattern-recognition receptors that recognise pathogen-asso-
ciated molecular patterns (PAMPs) from microbes or danger-associated molecular
patterns (DAMPs) from damaged tissues (Fig. 6.3) [28]. In the case of IPF, a front-
line cell in this process is the type II alveolar epithelial (AEC2) cell, a pulmonary
form of stem cell capable of long-term self-renewal, and in IPF, the majority of
such cells exhibit evidence of apoptosis [29, 30]. In healthy innate immune sys-
tems, these AEC2 cells are recognised and phagocytosed in a non-inflammatory
process known as efferocytosis [31]. Critical to the regulation of lung-injury
response is the interaction of the evolutionarily conserved danger recognition
receptor termed Toll-like receptor (TLR) 4 with the DAMP known as hyaluronan, a
glycosaminoglycan that maintains structural integrity of the lung extracellular
matrix but which is elevated in BAL fluid in IPF patients where it correlates with
disease severity [32, 33]. A widely used model of experimental IPF is the use of the
cancer chemotherapy agent bleomycin, instilled into mice to bring about oxidative
DNA damage, cell death of alveolar macrophages and airway epithelial cells with
ensuing fibrosis. In a bleomycin-induced lung fibrosis model where organoids were
created from highly purified AEC2 cells, the hyaluronan-TLR4 axis was shown to
play a key role in lung stem cell renewal, and perturbation of this axis by deletion
of the hyaluronan synthase 2 (HAS2) enzyme led to worsened fibrosis. The same
authors also demonstrated that AEC2 cells from IPF patients studied in organoid
cultures had reduced HAS2 and hyaluronan expression and reduced renewal capac-
ity (See Fig. 6.4) [33, 34].

A familial form of IPF has been linked to damaged AEC?2 cells associated with a
mutation in the surfactant protein C gene [35]. Ineffective repair of damaged alveo-
lar epithelium leading to pulmonary fibrosis is supported by the observations made
in a transgenic mouse model expressing human diphtheria toxin receptor on AEC2
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Fig. 6.3 A detailed knowledge of how mammalian Toll-like receptors (TLRs) signal has devel-
oped over the past 15 years. TLRS, TLR11, TLR4, and the heterodimers of TLR2-TLR1 or TLR2-
TLR6 bind to their respective ligands at the cell surface, whereas TLR3, TLR7-TLR8, TLR 9 and
TLR 13 localise to the endosomes, where they sense microbial and host-derived nucleic acids.
TLR4 localises at both the plasma membrane and the endosomes. TLR signalling is initiated by
ligand-induced dimerisation of receptors. Following this, the Toll-IL-1-resistance (TIR) domains
of TLRs engage TIR domain-containing adaptor proteins (either myeloid differentiation primary-
response protein 88 (MYD88) and MY D88-adaptor-like protein (MAL) or TIR domain-containing
adaptor protein inducing IFNf (TRIF) and TRIF-related adaptor molecule (TRAM)). TLR4 moves
from the plasma membrane to the endosomes in order to switch signalling from MYDS88 to
TRIF. Engagement of the signalling adaptor molecules stimulates downstream signalling pathways
that involve interactions between IL-1R-associated kinases (IRAKs) and the adaptor molecules
TNF receptor-associated factors (TRAFs), and that lead to the activation of the mitogen-activated
protein kinases (MAPKs) JUN N-terminal kinase (JNK) and p38, and to the activation of transcrip-
tion factors. Two important families of transcription factors that are activated downstream of TLR
signalling are nuclear factor-kB (NF-kB) and the interferon-regulatory factors (IRFs), but other
transcription factors, such as cyclic AMP-responsive element-binding protein (CREB) and activa-
tor protein 1 (AP1), are also important. A major consequence of TLR signalling is the induction of
pro-inflammatory cytokines, and in the case of the endosomal TLRs, the induction of type I inter-
feron (IFN). dsRNA double-stranded RNA, IKK inhibitor of NF-xB kinase, LPS lipopolysaccha-
ride, MKK MAP kinase kinase, RIP1 receptor-interacting protein 1, rRNA ribosomal RNA,
ssRNA single-stranded RNA, TAB TAK1-binding protein, TAK TGFf-activated kinase, TBK1
TANK-binding kinase 1. (From Ref. [28])
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alveolus alveolus
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Robust renewal Impaired renewal

Fig. 6.4 In healthy AEC2 cells, regenerative capacity is maintained by hyaluronan synthase 2
(HAS2)-mediated production of HA, which interacts with Toll-like receptor 4 (TLR4). This in turn
results in the expression of IL-6 (either indirectly or directly). In IPF-derived AEC2 cells, HAS2
expression is reduced, which causes decreased regenerative and impaired response to injury.
NF-kB nuclear factor-kB, STAT3 signal transducer and activator of transcription 3, GP130 glyco-
protein 130, AEC2 type 2 alveolar epithelial cell. (From Ref. [33])

cells, where administration of diphtheria toxin to these animals resulted in AEC2
cell injury and pulmonary fibrosis [36]. Among the more developed compounds
currently being evaluated as investigational new drugs for IPF is a small molecule
BMS-986020 antagonising a lysophosphatidic acid receptor (LPA1) in an effort to
inhibit the airway epithelial cell apoptosis observed in IPF, among its many other
mechanisms of action (Phase II Trial number: NCT01766817) [2, 37].

Based on the fact that gut commensal bacteria are known to influence stem cell
renewal in intestinal epithelium through TLR4 interactions with microbiome com-
ponents, it is plausible that the lung microbiome could influence alveolar epithelial
homeostasis that is perturbed in IPF [33]. MUCS5B is a gel-forming mucin that con-
stitutes a major component of airway mucus, and along with MUCI is the most
highly expressed mucin gene in distal human airways [38]. It normally plays a key
role in innate defence of airway epithelial mucosa but is overexpressed in IPF lungs
[39]. A large-scale genome-wide association study [40] of idiopathic interstitial
pneumonia (IIP) cases (mostly IPF) versus controls revealed common genetic varia-
tions associated with risk for IIP, including a T/G SNP in the MUC5B promoter
(rs35705950), a region which has been identified previously as a risk locus for ITP
[39]. A meta-analysis has since shown that the MUCS5B rs35705950 polymorphism
confers susceptibility to IPF in those of European or Asian genetic ancestry, and the
same SNP is associated with progression of subclinical interstitial lung abnormali-
ties on serial CT scans, though conversely also associated with improved survival in
IPF [41-43]. A recent systems biology study incorporating a novel modified aptamer
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technology to study proteomic differences among blood of 60 IPF subjects and 21
normal subjects pointed to a host defence defect in IPF versus normals, with great-
est enrichment, among all downregulated proteins, for those governing host defence,
potentially indicative of attempts in IPF to restrict airway epithelial damage and
initiate reparative processes [44] (Fig. 6.5). In addition to the MUC5B SNP, other
polymorphisms in genes related to epithelial integrity and host defence have been

Enrichment downregulated proteome

Category Term Count % Fold enrichment  Bonferroni BH FDR Kappa
GO BP GO:0006952~defense response 25 22 4.87 2.25E-07 2.25E-07 2.56E-07
GO BP G0:0006916~anti-apoptosis 14 12 8.14 2.14E-05 1.07E-05 2.43E-05
GO BP GO:0006955~immune response 23 20 3.99 5.93E-05 1.98E-05 6.74E-05| 0.47
GO MF GO:0005125~cytokine activity 13 11 8.09 1.76E-05 1.76E-05 8.02E-05
GO BP G0:0009611~response to wounding 20 17 4.52 9.25E-05 2.31E-05 1.05E-04| 0.59
GO BP G0:0032101~regulation of response to external stimulus 12 10 9.04 1.15E-04 2.30E-05 1.31E-04
GO BP GO:0042127~regulation of cell proliferation 24 21 3.65 1.36E-04 2.27E-05 1.55E-04
GO BP G0:0042981~regulation of apoptosis 24 21 3.57 2.01E-04 2.87E-05 2.28E-04
GO BP G0:0043067~regulation of progeammed cell death 24 21 3.54 2.40E-04 3.00E-05 2.72E-04
GO BP G0:0010941~regulation of cell death 24 21 3.53 2.56E-04 2.84E-05 2.91E-04
b
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Fig. 6.5 Enrichment and network analysis of the downregulated IPF plasma proteome. (a) DAVID
enrichment analysis was employed to select the most significantly enriched terms within the sam-
ple of downregulated proteins (n = 116). Bonferroni-corrected P value, BH P value and FDRs are
reported. Kappa statistics reporting similarity to most significant term (low > 0.25, moderate 0.25—
0.5, high 0.5-0.75, very high 0.75-1). (b) ClueGO visualisation and analysis of biological role
(GO, Kegg pathways) was undertaken. GO terms are mapped in clusters by Kappa statistics.
[Hexagon = Kegg pathway, Ellipse = Gene ontology term, arrow depicts direction of association].
The major overview term (smallest P value within cluster) is depicted in colour. Node size depicts
Bonferroni-corrected P value < 0.0005 for all terms reported. Further details can be found in online
supplement. (From Ref. [44])
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identified as predisposing to IPF, such as the TOLLIP rs5743890 polymorphism
[39, 40, 43, 45]. TOLLIP, a key modulator of innate immune responses, activates
MYD88-dependent NF-kB to regulate TLR signalling and also antagonises TGF-f§
signalling, in addition to roles in intracellular trafficking via SMAD7 and a role in
governing antigen-specific proliferation of T cells and/or B cells [46—48]. TOLLIP
is also one of many gene regions that exhibit differential hypomethylation of CpG
islands in IPF lung tissues compared to control lungs assessed by CpG island micro-
array [49]. In a discovery genome-wide association study and subsequent indepen-
dent replication case-control studies with over a thousand IPF patients and over
1200 control subjects, three TOLLIP SNPs were among a handful of SNPs that
remained significantly associated with IPF susceptibility, including one SNP that
was also associated with IPF mortality (rs5743890), with these polymorphisms
regulating TOLLIP gene expression levels in IPF [45].

The links between Toll-like signalling and IPF pathogenesis have further grown
in recent years with the observation that the functional TLR3 polymorphism
rs3775291, which results in defective NF-xB and IRF3 activation, is associated with
increased mortality risk and accelerated decline in FVC in patients with IPF [50].
The same authors examined human IPF fibroblasts that were wild-type, heterozy-
gous or homozygous for the rs3775291 mutation in addition to utilising a murine
bleomycin model of lung fibrosis that included TLR3 knockout (TLR3—/—) mice
and demonstrated defective fibroproliferative responses and impaired interferon
gamma responses in the fibroblasts with alleles for rs3775291 and worsened lung
fibrosis and mortality in TLR3—/— mice [50].

Independent groups have shown associations among the lung microbiome and
IPF [51-54]. Han and co-investigators had obtained BAL fluid from 55 subjects
with moderately severe IPF in the prospectively recruited COMET-IPF study and,
in a manner not pre-specified, carried out subsequent bacterial 16 ribosomal RNA
pyrosequencing to characterise the microbiome, with IPF progression defined as a
composite of deteriorating pulmonary function tests (relative decrease in FVC or
DLCO of >10% or >15%, respectively), death, acute exacerbation or lung trans-
plantation. Using principal components analysis, they showed significant associa-
tions of IPF progression with increased relative abundance of a Streptococcus
operational taxonomic unit (OTU) and a Staphylococcus OTU [51]. The same
group more recently explored host immune responses in a given lung microbiome
context using paired samples of peripheral blood mononuclear cell (PBMC) gene
expression profiles and their BAL microbiome data, in addition to lung fibroblasts
cultured from transbronchial biopsies, and found that immune response pathways
including NOD-like receptor, TLR and RIG-like receptor signalling pathways
were downregulated in association with worse progression-free survival (PES).
Their data showed that lung microbes with increased abundance and decreased
community diversity were associated with decreased PBMC transcriptomic expres-
sion of immune pathways and shorter PFS. This study also provided data to sup-
port the idea that host-microbiome interactions might influence immune-mediated
resident fibroblast responsiveness to TLR9 stimulation using CpG oligodeoxynu-
cleotide [53].
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Herpesviruses, a highly prevalent group of viruses, have frequently been found
to be associated with the much rarer entity of IPF, suggesting a possible gene-envi-
ronment interaction, with plausibility coming from the known life-long latency in
the host that follows infection, potentially leading to a reactivation phenomenon in
old age as a potential aetiologic trigger in susceptible individuals [55]. Among the
evidence for this is the study from Kropski et al. that evaluated 75 asymptomatic
at-risk first-degree relatives of FIP patients alongside 12 sporadic IPF patients and
27 healthy control subjects, which found a 14% prevalence of early interstitial lung
abnormalities on high-resolution chest CT scanning and over 35% with abnormali-
ties such as peribronchiolar and interstitial fibrosis on transbronchial biopsies in the
at-risk subjects. In this study, quantitative polymerase chain reaction was used on
DNA isolated from cell-free BAL supernatant and demonstrated lowest quantities
of herpesviruses in normals, intermediate quantities in the at-risk subjects and high-
est copies of herpesviruses per millilitre of BAL fluid in those with IPF, suggestive
of ongoing viral replication in those with and at risk of a UIP lung disease and
compatible with a greater burden of virus mediating a greater extent of airway epi-
thelial cell injury. For at-risk subjects, a correlation was seen among endoplasmic
reticulum (ER) stress markers and herpesvirus antigens using immunohistochemi-
cal analysis of transbronchial biopsies, consistent with a mechanism of virus-medi-
ated epithelial cell injury [9]. None of these studies, though suggestive, can prove a
causal link between microbes and IPF but could support the hypothesis that dysbio-
sis plays a role in IPF pathogenesis, if, for example, host defence proteins are being
downregulated in a given microbiomic context.

Chemotactic Cytokines

Leukocyte infiltration is a universally recognised hallmark of inflammation. Once
recruited to lung tissues, leukocytes can contribute to the pathogenesis of chronic
inflammation and promote fibrogenesis via the elaboration of various cytokines.
Maintenance of leukocyte recruitment during inflammation requires the cell sur-
faces to express adhesion molecules and the production of chemotactic molecules
termed chemokines [56, 57]. Chemokines can be subdivided into four families—
CXC, CC, C and CXXXC—and these function as potent chemotactic factors for a
variety of cell types including neutrophils, eosinophils, basophils, monocytes, mast
cells, dendritic cells, NK cells and T and B lymphocytes (Table 6.1). The members
of the four chemokine families exhibit approximately 20-40% homology [58].
Chemokines are elaborated from an array of cells, including monocytes, neutro-
phils, alveolar macrophages, eosinophils, mast cells, T and B lymphocytes, NK
cells, platelets and various structural cells, including keratinocytes, epithelial cells,
mesangial cells, hepatocytes, fibroblasts, mesothelial cells, smooth muscle cells and
endothelial cells. The ability of both immune and nonimmune cells to produce these
chemokines supports the contention that such cytokines may play a pivotal role in
orchestrating chronic inflammation [59].
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Table 6.1 The four families of human chemokines: C, CC, CXC and CXXXC [57]

Systemic name

‘ Human ligand name

The C chemokines

XCL1 Lymphotactin

XCL2 SCM-1B

The CC chemokines

CCL1 1-309

CCL2 Monocyte chemotactic protein-1 (MCP-1)

CCL3 Macrophage inflammatory protein-1 alpha (MIP-1a)
CCL4 Macrophage inflammatory protein-1 beta (MIP-1§)
CCLS5 Regulated on activation normal T-cell expressed and secreted (RANTES)
CCL7 Monocyte chemotactic protein-3 (MCP-3)

CCLS8 Monocyte chemotactic protein-2 (MCP-2)

CCL9 Macrophage inflammatory protein-1 delta (MIP-18)
CCL11 Eotaxin

CCLI13 Monocyte chemotactic protein-4 (MCP-4)

CCL14 HCC-1

CCL15 HCC-2

CCL16 HCC-4

CCL17 Thymus and activation-regulated chemokine (TARC)
CCL18 DC-CK-1

CCL19 Macrophage inflammatory protein-3 beta (MIP-3f)
CCL20 Macrophage inflammatory protein-3 alpha (MIP-3a)
CCL21 6Ckine

CCL22 MDC

CCL23 MPIF-1

CCL24 MPIF-2

CCL25 TECK

CCL26 Eotaxin-3

CCL27 CTACK

CCL28 MEC

The CXC chemokines

CXCL1 Growth-related oncogene alpha (GRO-o)

CXCL2 Growth-related oncogene beta (GRO-f3)

CXCL3 Growth-related oncogene gamma (GRO-y)

CXCL4 Platelet factor-4 (PF4)

CXCLS5 Epithelial neutrophil-activating protein-78 (ENA-78)
CXCL6 Granulocyte chemotactic protein-2 (GCP-2)

CXCL7 Neutrophil-activating protein-2 (NAP-2)

CXCL8 Interleukin-8 (IL-8)

CXCL9 Monokine induced by interferon-y (MIG)

CXCL10 Interferon-y-inducible protein (IP-10)

CXCLI11 Interferon-inducible T-cell alpha chemoattractant (ITAC)

(continued)
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Table 6.1 (continued)

Systemic name Human ligand name

CXCL12 Stromal cell-derived factor-1 (SDF-1)
CXCL13 B-cell-attracting chemokine-1 (BCA-1)
CXCL14 BRAK/bolekine

CXCL16

The CXXXC chemokine

CXC3CL1 ‘ Fractalkine

CXC Chemokines and Their Receptors

Within the CXC chemokine family, there are subdivisions on the basis of a struc-
ture/function domain reflecting the presence or absence of three amino acid residues
(Glu-Leu-Arg; ELR motif) that are located before the first cysteine amino acid resi-
due in the primary structure of these cytokines. CXC chemokines that are ELR posi-
tive are chemoattractants for neutrophils and have potent angiogenic activities. The
ELR negative CXC chemokines are highly induced by interferons, are chemoat-
tractants for mononuclear cells, and inhibit angiogenesis [60].

Seven CXC chemokine receptors have been identified, which are G protein-cou-
pled receptors. CXCR1 and CXCR?2 receptors are found on neutrophils, T lympho-
cytes, monocytes/macrophages, eosinophils, basophils, keratinocytes and mast cells
and endothelial cells, and these bind to ELR+ chemokines [61]. CXCR3 is expressed
on activated T lymphocytes and HUMVECs and is the receptor for CXCL9, CXCL10
and CXCL11. The CXCL12 receptor is CXCR4 and is the cofactor for lymphotropic
HIV-1, and in contrast to CXCR3, CXCR4 appears to be expressed on unactivated
T-lymphocytes [61]. There are other chemokine receptors that bind chemokines
without a subsequent signal-coupling event. The DARC receptor binds both CXC
and CC chemokines without apparent signal coupling. This receptor, first discovered
on human erythrocytes, is thought to represent a reservoir for chemokines, binding
pro-inflammatory chemokines when concentration levels are high during tissue
inflammation and releasing them when chemokine levels are lower [62, 63]. A sec-
ond nonsignalling chemokine receptor is the D6 receptor, which binds several CC
chemokines with high affinity, including CCL2, CCL4, CCLS5 and CCL7" [64].

The Role of CXC Chemokines in Pulmonary Fibrosis

IPF is characterised by the progressive deposition of collagen within the interstitium
and subsequent destruction of lung tissue [10, 12, 65]. While the mechanisms of cel-
lular injury and the role of classic inflammatory cells remain unclear, CXCLS is sig-
nificantly elevated in IPF, as compared with either normal or sarcoidosis patients, and
correlates with BALF presence of neutrophils. The alveolar macrophage is an impor-
tant cellular source of CXCLS in IPF [66]. In addition, BALF levels of CXCLS in IPF
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may correlate with a worse prognosis [67]. More recently, CXCL13, which mediates
B-cell trafficking in concert with its cognate receptor CXCRS and is implicated in the
pathogenesis of several immunologic disorders, was studied in the lung and plasma
from IPF, COPD and control subjects. By way of biomarker utility, plasma CXCL13
was shown to be higher in IPF and highest in IPF complicated by pulmonary arterial
hypertension or acute exacerbations. Interestingly, longitudinal measures of the che-
mokine over time (yearly) showing a relative rise of at least 50% from an earlier value
were predictive of respiratory failure. The specificity of the biomarker to IPF was
supported by less predictive abilities of the biomarker in COPD subjects [68].

Vascular Remodelling in Pulmonary Fibrosis: The Role
of CXC Chemokines

The first to identify neovascularisation in IPF was Turner-Warwick in 1963, who
demonstrated extensive neovascularisation within areas of pulmonary fibrosis, with
anastomoses between the systemic and pulmonary microvasculature [69]. Further
evidence of neovascularisation during the pathogenesis of pulmonary fibrosis has
been uncovered in the bleomycin model of pulmonary fibrosis [70]. An imbalance
in the levels of angiogenic chemokines (CXCL5, CXCLS), as compared with angio-
static chemokines (CXCL9, CXCL10, CXCL11), favouring net angiogenesis has
been demonstrated in animal models but additionally in tissue specimens from
patients with IPF [71]. Renzoni et al. have shown evidence of vascular remodelling
in both IPF and fibrosing alveolitis associated with systemic sclerosis [72]. Cosgrove
et al. demonstrated a relative absence of vessels in the fibroblastic foci of IPF, pro-
viding further support for the concept of vascular remodelling in IPF. They also
noted significant vascularity in the areas of fibrosis around the fibroblastic foci, with
numerous abnormal vessels in the regions of severe architectural distortion [73].
These findings are similar to those of Renzoni and support the concept of regional
heterogeneity of vascularity in IPF. This heterogeneity is an intuitive feature, as
usual interstitial pneumonia, which is the pathological description of IPF, is defined
by its regional and temporal heterogeneity [65].

CXCLI14 is another CXC chemokine family member, known to be involved in
the trafficking of various inflammatory mononuclear cells including immature den-
dritic cells, and can antagonise CXCL12-CXCR4 interactions [74—76]. Its expres-
sion in lung epithelium is modestly upregulated in healthy smokers and even more
so in COPD and lung adenocarcinoma [77]. CXCL14 is also a potent inhibitor of
angiogenesis, and recently it has been demonstrated to be elevated in IPF lung tissue
at the RNA and protein level and in blood, where it is postulated to have a role as a
biomarker of Hedgehog signalling [75, 78]. With the availability of effective IPF
therapeutic agents, there is now interest in clarifying the mechanisms of action of
these agents, and as a relevant example, nintedanib is known to inhibit tumour
angiogenesis in lungs by acting on endothelial cells, pericytes and smooth muscle
cells, though the role for nintedanib-mediated angiogenesis regulation in IPF awaits
further study [79, 80].
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Macrophages

Macrophages, highly plastic and diverse types of cell which arise from monocyte
lineage as part of the mononuclear phagocytic system, are important for host
defence including antimicrobial activities while also having a recognised role in
wound healing and fibrogenesis through the production and release of chemokines
capable of recruiting inflammatory cells and leading to the proliferation and activa-
tion of collagen-secreting myofibroblasts (Fig. 6.6). While much of the data linking
macrophages to IPF pathogenesis has centred on the use of imperfect models of
lung fibrosis such as the murine bleomycin model, such models provide important
insights that can be extended by supportive human biospecimen data, and the plau-
sibility of a macrophage role in IPF is suggested by various findings, not least of all
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the expansion of alveolar macrophages in BAL fluid in response to chronic smok-
ing, an IPF risk factor, and in IPF itself [81-83]. Before the vast diversity of cells
and functionality within the mononuclear phagocytic system was better appreci-
ated, working classifications were arrived at, such as term M1 or classically acti-
vated macrophages (“inflammatory phenotype”), to describe macrophages that
activate immune defences (e.g. TNF-a, IL-1, IL-6, ROS, NOS2) in response to
pathogens or tissue injury that elicit Th1 inflammation. In contrast, M2 or alterna-
tively activated macrophages are found in response to type II inflammation (e.g.
IL-4, IL-13) and mediate wound healing and fibrosis among other reparative and
homeostatic effects that can be subverted by recurring insults [84]. The complexity
of macrophage involvement in airway epithelial homeostasis is apparent from the
work of Cao and colleagues, who extended their previous discovery of a pulmonary
vascular niche (involving a platelet-derived CXCL12 homolog called SDF1 which
primes pulmonary capillary endothelial cells, or PCECs) that drives alveolar regen-
eration in mice, by studying this niche in models of lung fibrosis [85, 86]. They
identified a population of perivascular macrophages that interact with PCECs and
perivascular fibroblasts following repetitive lung injury, to obstruct normal lung

<
<

Fig. 6.6 Macrophages exhibiting unique activation profiles regulate disease progression and reso-
lution. Macrophages are highly plastic cells that adopt a variety of activation states in response to
stimuli found in the local milieu. During pathogen invasion or following tissue injury, local tissue
macrophages often adopt an activated or “inflammatory phenotype”. These cells are commonly
called “classically activated” macrophages (CAMs), because they were the first activated macro-
phage population to receive a formal definition. These macrophages are activated by IFN-y and/or
following Toll-like receptor engagement, leading to the activation of the NF-kf and Statl signal-
ling pathways, which in turn increases production of reactive oxygen and nitrogen species and
pro-inflammatory cytokines like TNF-a, IL-1 and IL-6 that enhance anti-microbial and anti-
tumour immunity, but may also contribute to the development of insulin resistance and diet-
induced obesity. Epithelial-derived alarmins and the type-2 cytokines IL4 and IL13, in contrast,
result in an “alternative” state of macrophage activation that has been associated with wound heal-
ing, fibrosis, insulin sensitivity and immunoregulatory functions. These wound-healing, pro-angio-
genic and pro-fibrotic macrophages (PfMg) express TGF-f1, PDGF, VEGF, WNT ligands and
various matrix metalloproteinases that regulate myofibroblast activation and deposition of extra-
cellular matrix components. Alternatively activated macrophages (AAMs) also express a variety of
immunoregulatory proteins like arginase-1 (Arg/), Relm-alpha (Remmla), Pd12 and 1110 that regu-
late the magnitude and duration of immune responses. Therefore, in contrast to CAMs that activate
immune defences, AAMs are typically involved in the suppression of immunity and re-establish-
ment of homeostasis. Although type-2 cytokines are important inducers of suppressive or immu-
noregulatory macrophages, it is now clear that several additional mechanisms can also contribute
to the activation of macrophages with immunoregulatory activity. Indeed, IL10-producing Tregs,
Fc gamma receptor engagement, engulfment of apoptotic cells and prostaglandins have also been
shown to preferentially increase the numbers of regulatory macrophages (Mregs) that suppress
inflammation and inhibit anti-microbial and anti-tumour defences. The tumour microenvironment
itself also promotes the recruitment and activation of immune inhibitory cells, including those of
the mononuclear phagocytic series such as myeloid-derived suppressor cells (MDSCs), tumour-
infiltrating macrophages (TIMs), tumour-associated macrophages (TAMs) and metastasis-associ-
ated macrophages (MAMs) that promote angiogenesis and tumour growth, while suppressing
anti-tumour immunity. (From Ref. [84])
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regeneration and contribute to pulmonary fibrosis by suppressing PCEC-derived
CXCRT7 expression. Loss of CXCR7 on PCECs leads to recruitment of vascular
endothelial growth factor 1 (VEGFRI1)-expressing perivascular macrophages that
stimulate Wnt/p-catenin-dependent upregulation of Notch ligand Jagged 1, with
pro-fibrotic sequelae [85].

Abnormal persistence of pulmonary macrophages has also been found to have
pro-fibrotic potential. The homeostasis of such cells is regulated in part by mitoph-
agy (a type of autophagy with selective engulfment of dysfunctional mitochondria
by autophagosomes), a quality-control process that can be switched on by mito-
chondrial reactive oxygen species [87]. Larson-Casey and co-workers implicated
AKT1, one of the family of three serine/threonine protein kinases called AKT that
ordinarily regulates cell survival, proliferation and differentiation, in the mitochon-
drial ROS generation and macrophage dysfunction that can lead to impaired mitoph-
agy with resultant apoptosis resistance and the development of pulmonary fibrosis
versus controls, employing a bleomycin murine model with conditional deletion of
Akt] in macrophages. The authors additionally showed the alveolar macrophages
obtained from IPF patients had evidence of increased mitophagy and resistance to
apoptosis, consistent with a mechanistic role for these processes in IPF [88]. Another
member of the AKT family, AKT2, has been shown to be necessary for bleomycin-
induced pulmonary fibrosis and inflammation, and in the fibrosis-resistant Akt2—/—
mice, adoptive transfer of wild-type macrophages restored the fibrosis in a process
that also involved macrophage-specific production of TGF-f1 and IL-13, raising
interest in AKT?2 as a potential therapeutic target for IPF [82].

IPF is characterised by high expression of the protein chitinase 3-like 1(CHI3L1
or YKL-40; the mouse homolog is Brp39) in the lung and in the circulation [89, 90].
CHI3L1 has been found to augment expression of the alternative macrophage acti-
vation marker CD206 in response to IL-13, and CD206+ macrophages are present
at increased levels in IPF lungs [91]. CHI3L1 also tracks with CCL18 expression,
another marker of alternatively activated macrophages [90]. Zhou et al. also showed
that CHI3L1 exerts context-specific effects in IPF, with translational data showing a
potential inhibitory effect (low CHI3LI levels) on lung injury in the bleomycin-
induced mouse model injury phase, while also showing an apparent augmentation
of fibrogenesis (with high CHI3L1 levels) during the fibrotic phase in these animals.
A YKL-40 transgenic mouse model was used to show an increased collagen, mac-
rophage and lymphocyte accumulation in the lungs of the YKL-40-upregulated
mice in response to bleomycin administration, with M2 markers markedly increased
in lung tissue. The CD206" macrophages in the transgenic YKL-40 mice showed
in vitro evidence of stimulating fibroblasts to proliferate (but not transform into
myofibroblasts). When total lung macrophages were depleted in the transgenic mice
by liposomal clodronate, there was a significant reduction in bleomycin-induced
pulmonary fibrosis [90].

Subsets of circulating monocytes have been identified in efforts to simplify the
complexities of the mononuclear phagocytic system, including an “inflammatory
monocyte” which highly expresses Ly6C, among other cell surface markers, that is
recruited from the circulation in response to injury or infection [84]. In a study that
used multiple in vivo depletional strategies and adoptive transfer techniques, circu-
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lating Ly6C" monocytes were shown in separate models of pulmonary fibrosis to
facilitate progression of the fibrosis with evidence also provided from human IPF
BAL samples of markedly increased expression of the M2/alternatively activated
marker CD163 on IPF alveolar macrophages vs control subjects [92]. More recently,
an atypical monocyte has been characterised that shares features of a granulocyte
(bi-lobed segmented nuclear shape and many cytoplasmic granules) and has been
termed segregated-nucleus-containing atypical monocytes (SatM), bearing the
marker signature of Ceacam1+Msr1+Ly6C-F4/80-Mac1+, and appears to be critical
for fibrosis. The cells are regulated by CCAAT/enhancer binding protein 3 (C/
EBP), and Cebpb—/— chimaeric mice, lacking in SatM cells, were found to be pro-
tected from bleomycin-induced fibrosis, but not bleomycin-induced inflammation,
and adoptive transfer of SatM into Cebpb—/— mice restored fibrosis susceptibility
[93]. The lack of participation of this cell type in general inflammatory responses
sets it apart from other monocytes and emphasises the redundancy of the simplistic
M1/M2 classification, as multiple distinct phenotypes with disorder-specific behav-
iour are now being identified, creating an imperative for better understanding of how
monocyte/macrophage biology pertains to IPF pathogenesis [93, 94].

Neutrophils

The increased numbers of neutrophils in IPF lungs versus normals has been
described for decades, including a tendency for the cells to persist over time [5, 95].
Since the widespread adoption of idiopathic interstitial pneumonia classification
with a stricter definition of IPF, it has become apparent that neutrophilic infiltrates
are rare in IPF compared to the extent of fibrotic changes, with minimal interstitial
inflammation usually evident on histopathologic inspection, and usually more
mononuclear cells than neutrophils [5, 10, 20]. The mild degree of inflammation
observed histopathologically in the UIP lesion of IPF is composed of mainly small
lymphocytes, with scattered plasma cells, and occasional neutrophils and eosino-
phils. The location of the inflammation tends to be mainly in areas of collagen
deposition or honeycomb change and is rare to be seen in otherwise structurally
normal alveolar septa, and in contrast with historical opinion of IPF pathogenesis,
the presence of severe inflammation now leads pathologists to suspect an alternative
diagnosis other than UIP [10]. The neutrophil remains an important target in fibrotic
disorders, including IPF, with evidence that the cells are implicated in bleomycin-
induced pulmonary fibrosis, where resistance to the fibrotic process is observed
among neutrophil elastase-knockout mice [96]. Though originally approved in
Japan for ARDS therapy, the neutrophil elastase inhibitor sivelestat appeared to
increase the long-termmortality rate in mechanically ventilated patients with acute
lung injury and is not being developed for ILD [97].

A more successful therapy, pirfenidone, possesses antifibrotic and antioxidant
properties but also has anti-inflammatory effects, with the precise mechanism of
action in IPF still unclear [2]. It is possible that acute effects ascribed to the drug
may be relevant to the observed lower rate of IPF acute exacerbations with pirfeni-
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done. When rats are challenged with LPS, their BAL neutrophilia induced by LPS
is inhibited in a dose-dependent manner by pretreatment with pirfenidone [98].
Among the other pleiotropic capabilities of pirfenidone is the ability to inhibit
TNF-a secreted and cell-associated levels, although only at supratherapeutic doses
in animal models, and the pulmonary anti-inflammatory activity of the drug has
been shown to occur independently of TNF-« inhibition [98, 99]. There is also evi-
dence of it having an inhibitory effect on other Th1 inflammatory mediators includ-
ing IL-1, IL-6, IL-8 and IL-12 [100]. Much is still to be learned regarding the extent
of redundancy of pirfenidone’s many effects in mediating its benefit in IPF.

Balestro and colleagues took an interesting approach to exploring hypothetical
factors involved in IPF progression by performing pathologic quantification of cells
from the explanted lung in slow progressors (annual decline in % predicted FVC
<10%, n = 48) and rapid progressors (annual decline in % predicted FVC >10%,
n =25) who underwent lung transplantation for IPF. Morphometric analysis showed
the rapid progressors had a higher quantity of CD45* leukocytes/mm [2] than the
slow progressors (p = 0.01), with both innate (neutrophils p = 0.02 and macro-
phages p = 0.04) andadaptive (CD4* p=0.01, CD8* p =0.005 and B cells p = 0.003)
inflammatory cells expanded in numbers in rapid versus slow progressors [101]. It
can be argued that although such an approach has the limitation of looking at the
final pathway (consequences, not causes) of the disease, the “end stage” cannot
account for the observed differences among rapid and slow progressors. In contrast,
an earlier, smaller study that defined slow progressors by >24 months of symptoms
before first presentation, and rapid progressors by <6 months of symptoms before
first presentation, had 8 open lung biopsy cases from “rapid” progressors and 27
from “slow” progressors, with a semi-quantitative approach used to define various
histopathologic parameters, including extent of interstitial inflammation, with no
discriminative ability found among rapid versus slow progressors using histopathol-
ogy at the time of IPF diagnosis, or using BAL cell profile in rapid versus slow
progressors [102].

An intriguing new role for the neutrophil in mediating age-related pulmonary
fibrosis, and hence of potential relevance to IPF and/or acute exacerbations of IPF,
is a process termed NETosis, whereby activated neutrophils release their chromatin
as neutrophil extracellular traps (NETs) [103]. These traps/NETs are composed of
filaments of decondensed chromatin which extrudes from the dying neutrophil and
are covered in granular proteins including antimicrobial peptides that can entrap
pathogens [104]. A potentially protective role for such NETs is offset by the poten-
tial for tissue damage and inflammation from inappropriate NET release however,
as has been demonstrated in a mouse model of transfusion-related acute lung injury,
with NETs appearing in the lung microvasculature [105]. There is in vitro evidence
that in response to exposure to fibrogenic agents including cigarette smoke extract
and bleomycin, NET-derived components promote the differentiation of human
lung fibroblasts into a myofibroblast phenotype and ex vivo evidence of NETs in
close proximity to alpha-smooth muscle actin-expressing fibroblasts obtained from
NSIP lung biopsies [106]. NETosis appears to be dependent on the citrullination of
specific arginine residues on histone tails catalysed by the enzyme peptidylarginine
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deiminase 4 (PADI4). Using a padi4-deficient (padi4—/—) mouse model, Martinod
et al. found that the incidence of age-induced pulmonary fibrosis was reduced
(although not completely prevented) in padi4—/— mice than in wild-type mice.
PADI4 is known to be highly expressed in inflammatory cellsand weakly expressed
in lung tissue, leading the authors to surmise that reduced neutrophil NETosis is
likely responsible for the antifibrotic effect, supported by the observation that neu-
trophils were primed for NETosis (as defined by a high percentage of citrullinated
histone H3-positive neutrophils) in aged wild-type mice but not in aged padi4—/—
mice [107]. It is timely now for work to target PADI4 as a lung protection strategy
in acute exacerbations of IPF.

Adaptive Immunity

There is increasing awareness of roles for adaptive immunity in IPF, potentially in
initiation and/or disease progression. As mentioned earlier, lymphoid aggregates are
a recognised pathologic feature of IPF lesions and in most if not all other disease
settings are usually pathognomic for the presence of chronic immune responses [18,
19, 108]. From an immunity standpoint, there is a predominance of T cells in BAL
fluid and lung tissue from IPF patient, with CD3" T lymphocytes and mature den-
dritic cells found in the vicinity of fibroblastic foci and regions of high collagen
deposition [17-19, 68]. The aggregates also display CD20* B lymphocytes, which
form cohesive clusters in the centre of these aggregates (Fig. 6.7). In contrast with
COPD or idiopathic pulmonary arterial hypertension, these tertiary lymphoid struc-
tures have non-proliferating and non-apoptotic features and therefore are likely to
have already been activated when recruited to the lymphoid aggregate lesions [18].

Fig. 6.7 Accumulation of CD20* B-cell aggregates in the lung tissue of IPF patients around areas
of pulmonary fibrosis that are normally absent in healthy lungs. (a) Masson’s trichrome stain of the
lung tissue of an IPF patient. (b) Immunohistochemical stain of CD20* B cells in a serial section
of the same tissue. The CD20* aggregates accumulate in areas where there is fibrosis (blue areas in
a). (From Ref. [110])
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The tertiary lymphoid structures include mature dendritic cells, and because it is
known that activated T cells within the lung retain competency in effector cytokine
production, it is plausible that chronic pulmonary inflammation could result from
reactivation of memory T cells by maturing dendritic cells within IPF lymphoid
aggregates [18, 109, 110].

In a study of 53 IPF patients’ surgical lung biopsies, multivariate analyses
showed that increasing fibroblastic foci scores were independently associated with
greater declines in FVC and DL¢q at 6 and 12 months of follow-up, but unexpect-
edly at the time of this study, increasing interstitial mononuclear cell infiltrates were
also independently associated with lung function decline, though only at 6 months,
leading the authors to postulate that such active inflammation could have a role
early in the development of fibrosis, or represent an epiphenomenon related to fibro-
blastic activity [111].

In further support of immune mechanisms in IPF beyond the lung compartment,
circulating T lymphocytes are abnormally activated in IPF versus normal and exhibit
biased CD4 T-cell receptor -chain variable (TCRBYV) repertoires relating to oligo-
clonal proliferations that indicate the presence of cellular immune responses to anti-
gens in IPF [112]. This does not occur in health, where T lymphocytes do not react
to anatomically accessible self-antigens [113]. A prevalent feature of many chronic
adaptive immune response states is that repeated cycles of antigen-induced prolif-
eration will lead to the loss of cell surface CD28 expression in T lymphocytes [114].
Gilani and colleagues have demonstrated a similar form of marked differentiation of
circulating CD4"* T cells in IPF with striking downregulation of CD28. Furthermore,
these CD4* CD28~ cells had discordant expression of various activation and cyto-
toxic markers versus control cells and were also demonstrated in IPF lung tissues
and associated with poor clinical outcomes [115].

Interleukin 13 and its receptors have received attention as a potential inflamma-
tory target in IPF, given its secretion from Th2 lymphocytes, epithelial cells,
innate lymphoid cells-2 and macrophages and the recognition that IL-13 stimu-
lates fibroblast proliferation and extracellular matrix synthesis by inducing TGF-
B, platelet-derived growth factor, connective tissue growth factor, collagen 1 and
fibronectin production [95, 116]. Pulmonary tissue fibroblast cell lines from IPF
patients exhibit the highest expression of IL-13 receptor alpha 1 and IL-13 recep-
tor alpha 2 compared to similar cell lines from other idiopathic interstitial pneu-
monia patients and normals, and the proliferation of such IPF fibroblasts was
inhibited by a chimeric protein of human IL-13 and a truncated version of
Pseudomonas exotoxin [117].

There is controversy attached to a potential role for T-cell co-stimulatory cells in
regulating lung fibrosis, with discordant regulatory effects identified in inducible
T-cell co-stimulator (ICOS) depending on tissue compartment and species under
study [44, 118]. One study of IPF subjects utilised a discovery cohort (n = 45) and
a separate replication cohort (n = 75) to validate a PBMC gene expression profile
and found deceased expression of “the costimulatory signal during T-cell activa-
tion” Biocarta pathway in those who had a shorter transplant-free survival, with a
putative four-gene biomarker of ICOS, CD28, ICK and ITK proving most predictive
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of such an adverse course, and the proteins likely to arise from CD4+CD28+ T cells.
The biomarker showed an area under the (receiver operating characteristic) curve of
78.5% at 2.4 months for predicting death and lung transplant in the replication
cohort, representing a two- to fourfold increased risk of patients dying of IPF or
having a lung transplant [118]. Another study, which lacked a validation cohort,
showed an ostensibly opposing direction of expression for ICOS (i.e. upregulation)
in IPF versus normals. The authors speculated that in light of the known secretion
of ICOS by activated T lymphocytes in IPF [119], there could be a correlation of a
loss of ICOS expression on cells with elevated plasma ICOS levels and reduced
transcription [44].

The IPF therapy nintedanib was first developed as an anti-angiogenic anti-cancer
drug and functions as an ATP-competitive inhibitor of fibroblast growth factor
receptor (FGFR)-1 and vascular endothelial growth factor receptor (VEGFR)-2. Its
ability to inhibit platelet-derived growth factor receptor (PDGFR)-o and PDGFR-f
led to its therapeutic evaluation in IPF [80], and these mechanisms that diminish
fibroblast-/myofibroblast-mediated fibrogenesis are likely to be responsible for the
observed benefit of the drug in IPF. Nintedanib has also been shown in animal
model systems to possess potent anti-inflammatory effects [120]. In a bleomycin-
induced mouse model of lung fibrosis, lymphocyte counts in BAL fluid were signifi-
cantly lowered irrespective of the nintedanib dose delivered, in addition to reductions
of the pro-inflammatory cytokine IL-1f in lung tissue, while in another in vivo
model of silica-induced lung fibrosis, the injured mice that received nintedanib
exhibited reductions in both neutrophils and lymphocytes, but not in macrophages
in BAL, in addition to reduced lung tissue levels of IL-1f and another pro-inflam-
matory cytokine IL-6 [120].

Autoimmunity and IPF

The observations by independent investigators of lymphoid aggregates in peri-
fibrotic lung tissue coupled with various autoantibodies in serum have led to a
theory in IPF of a breakdown in immunological self-tolerance to antigens
derived from injured and ageing airway epithelial cells [17-20, 110] (Fig. 6.8).
The earliest descriptions of autoantibodies in what we now call IPF were
hypothesised and described in the pre-pathological-standardisation era, when
IPF/CFA included other IIP entities such as DIP and NSIP, with reactive IgG
autoantibodies (molecular weight 70-90 kDa) identified in CFA patients against
lung alveolar lining cells and DNA topoisomerase II o [121-123]. Nonetheless,
idiopathic UIP is recognised to have a multiplicity of associations with autoan-
tibodies, as outlined in Table 6.1 [124-136]. Both blood and BAL fluid of IPF
patients have decreased CD4+ CD25+ FOXP3+ regulatory T cells or Tregs ver-
sus healthy controls and may be central to IPF pathogenesis, given their key role
in the generation of immunologic tolerance which is a checkpoint to autoanti-
body production [137].
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Fig. 6.8 Model of disease pathogenesis of IPF due to breakdown in self-tolerance to lung-specific
protein antigens. (a) In the thymus, AIRE* mTECs can present self-antigens to developing thymo-
cytes and self-reactive T cells are eliminated by apoptosis. In patients with APS-1 with mutations
in which the Aire gene is faulty, mTECs fail to eliminate lung-specific T cells, and they complete
maturation in the thymus and migrate to the periphery. (b) In response to injury in the lung, den-
dritic cells (DCs) can pick up and process lung-specific Ag and migrate to regional lymph nodes or
spleen to present Ag to lung-specific Th cells. (¢) The activated Th cells can provide help to
Ag-specific B cells and both undergo clonal expansion, and Ag-specific B cells can mature as
plasma cells and secrete autoantibodies into the blood. (d) Autoreactive T and B cells migrate to
the lung to form TLSs, but they typically lack proliferating B cells and apoptotic cells in these sites,
which are hallmarks of active germinal centres [9, 12, 44]. Due to chronic tissue damage, fibrosis
develops and leads to IPF pathogenesis. (From Ref. [110])

Some of these associations of autoantibodies with IPF are plausibly pathogenic
due to high expression of the target antigen in lung parenchymal tissues and/or have
been linked to functional decline in IPF or other poor outcomes. For example, peri-
plakin, a component of desmosomes but also strongly expressed in bronchial and
alveolar epithelium, is one such target autoantigen, with circulating autoantibodies
directed against it over-represented in the serum of IPF subjects compared to CTD-
ILD, COPD or healthy subjects and associated with worse physiologic restriction
and gas exchange on pulmonary function testing [126].

Type V collagen, a relatively less abundant collagen of pulmonary interstitial
tissues compared to the major collagen in the lung, type I collagen, is ordinarily
sequestered within fibrils of type I collagen but can become exposed to immune
processes arising from lung remodelling of IPF, with subsequent development of
anti-collagen V antibodies. This increase in type V collagen in IPF lung is associ-
ated with extent of fibrosis and predicts survival [138]. Interest is beginning to rise
again in immunotherapies for IPF, exemplified by the knowledge that circulating
autoantibodies against type V collagen are found in approximately 40% of patients
with IPF [130], with even higher prevalence (60%) in IPF of anti-collagen V reac-
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tive T cells using a trans-vivo delayed-type hypersensitivity test [139]. Nebulised
type V collagen given in a murine bleomycin-induced fibrosis model prevented fur-
ther collagen deposition and fibrosis by suppressing TGF-$ superfamily of genes
[130]. A subsequent proof-of-concept phase I study using oral immunotherapy with
bovine type V collagen given once daily for 6 months to IPF patients (n = 30)
showed a suggestion of stabilisation of the IPF-progression marker MMP7, and a
decrease in Clq binding, consistent with a potential immunological effect of ther-
apy on anti-collagen V antibody binding and activity, when the lowest-dose cohort
was compared to the highest-dose cohort [140].

Also illustrative of the case for autoimmune dysregulation in IPF progression is
the identification of anti-heat shock protein (HSP)70 humoral and cellular
autoreactivity found in 30/122 (25%) IPF subjects versus 5/60 (3%) control subjects
and found to be associated with HLA allele biases, significantly worse FVC and a
worse 1-year survival of 40+10% versus 80+5% in controls (hazard ratio = 42;
95% confidence interval = 2.0-8.6; p < 0.0001) [127]. These antibodies were seen
in non-IPF ILD patients also but not linked to clinical progression in such patients.
In contrast, the circulating autoantibodies widely obtained for clinical use in con-
nective tissue disorders (including antinuclear antibody, extractible nuclear antigens
such as Jo-1, etc.) have been shown to be no more frequently found in IPF subjects
(22% prevalence) versus healthy control subjects (21%) and to be associated with a
more favourable survival in IPF [141]. Others have found a positive serologic test
rate in IPF subjects lacking clinical features of connective tissue disease, of 29%
[142]. The IPF subjects in these latter studies are distinct from subjects that are now
studied under the emerging label of interstitial pneumonia with autoimmune fea-
tures (IPAF), where criteria from both serologic domains and clinical domains of
connective tissue disorders would need to accompany the presence of ostensibly
idiopathic UIP in order to be considered IPAF [143].

Recently, a study employing whole-proteomic analysis (>7900 proteins) of 45
ILD tissues (including IPF) in addition to fibrotic scleroderma skin samples and
suitable controls for both organ types identified the most significant common factor
among different idiopathic ILD and skin fibrosis samples to be a protein MZBI,
localised to a terminally differentiated, antibody-producing tissue resident plasma
B-cell phenotype, MZB1*/CD38*/CD138*/CD27*/CD45/CD20-, in both lung and
skin fibrosis at high prevalence. These MZB1 plasma B cells were quite dispersed
beyond tertiary lymphoid structures, though with a perivascular abundance, and
levels correlated positively with tissue immunoglobulin G levels and DLCO, consis-
tent with a common involvement of antibody-mediated autoimmunity in pulmonary
and non-pulmonary fibrosis [136].

Other Immunologically Active Cells

Fibrocytes are bone marrow-derived mesenchymal cells of monocyte origin that
have features of both macrophages and fibroblasts and found in circulating blood as
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well as sites of tissue fibrosis in a variety of injured organs including the lungs,
where they have been postulated to be recruited through a CXCR4/CXCL12 axis
[144—147]. It has been established that chronic inflammatory stimuli mediate dif-
ferentiation, trafficking and accumulation of fibrocytes in autoimmune conditions
characterised by the additional presence of fibrosis, such as asthma with chronic
airflow obstruction due to subepithelial basement membrane fibrosis, or sclero-
derma, and several potential roles for the cell have been postulated in chronic
inflammatory disease states based on observations to date (Fig. 6.9) [144]. Fibrocytes
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Fig. 6.9 Using autoimmunity as a model, the possible roles of fibrocytes are proposed. In the set-
ting of autoantigen exposure or acute injury, or following stimulation by interleukin-1p (IL-1p),
serum factors and innate immune stimuli, fibrocytes adopt a pro-inflammatory phenotype charac-
terised by the secretion of interferon-y (IFNy), IL-6, IL-8, CC-chemokine ligand 3 (CCL3) and
CCLA4. Leukocyte trafficking is enhanced through the expression of intercellular adhesion mole-
cule 1 (ICAM1). Production of extracellular matrix (ECM) components is decreased, and antigen-
presenting capabilities are increased by the expression of CD80, CD86 and MHC class I and II
molecules. Tissue destruction may be increased by the expression of matrix metalloproteinases
(MMPs). As the local milieu begins to favour repair and remodelling (or perhaps concurrently with
ongoing injury in the right biological context), fibrocytes adopt a more reparative phenotype. In
this setting, transforming growth factor-p1 (TGFp1) stimulates fibrocyte development through
non-canonical pathways mediated by semaphorin 7A (SEMA7A) and p1 integrin, although other
TGFp1-mediated signalling pathways may also be involved. SEMA7A could activate monocytes
and dendritic cells (DCs) while dampening T-cell responses. ECM production is also stimulated by
T helper 2 (Ty2) cell cytokines (such as IL-4 and IL-13), as well as by exposure to apoptotic cells
and cellular debris. Myofibroblast transformation is promoted by TGFf1. Platelet-derived growth
factor-o (PDGFa), IL-10, vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF) and basic fibroblast growth factor (bFGF) support neoangiogenesis, and recruitment to sites
of injury is promoted by the expression of chemokine receptors such as CXC-chemokine receptor
4 (CXCR4). aSMA a-smooth muscle actin, CXCL CXC-chemokine ligand, ERK extracellular
signal-regulated kinase, TLR Toll-like receptor. (From Ref. [144])
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gained increased attention in IPF with the finding of significantly higher levels of
circulating CD45+, collagen 1+ fibrocytes in stable IPF patients versus ARDS or
healthy control subjects, and in this study the levels of circulating fibrocytes
increased further during acute exacerbations of IPF, in addition to being associated
with worse survival [148]. Further proof for this biomarker principle came in a
study of patients with Hermansky-Pudlak syndrome, a group of autosomal recessive
disorders that result in oculocutaneous albinism, and (in the case of genotypes HPS-
1, HPS-2 and HPS-4) development of interstitial pneumonia of a UIP-like pathol-
ogy that can be slowed by pirfenidone [149, 150]. In a cross-sectional analysis of 66
patients with Hermansky-Pudlak syndrome and 12 age-matched controls, circulat-
ing fibrocytes (CD45+, Coll+) and activated fibrocytes (also positive for a—smooth
muscle actin) were markedly elevated in certain subjects with HPS who had ILD but
not in ILD-free HPS or controls. They also followed patients with longitudinal
fibrocyte estimations and showed episodic spikes in levels of fibrocytes that strongly
associated with death from pulmonary fibrosis [151]. Due to conflicting studies
regarding whether or not these cells can differentiate in vivo into myofibroblasts, it
is perhaps more likely that fibrocytes are contributing to fibrogenesis through para-
crine signalling, potentially influencing other inflammatory cells or resident lung
cells in the vicinity such as fibroblasts, endothelial or airway epithelial cells [147,
152, 153]. A proposed model of the potential role for fibrocytes in tissue injury,
repair and remodelling is shown in Fig. 6.10 [144]. A key issue that has muddied the
waters in the elucidation of fibrocyte pathobiology is the lack of consistency across
investigative laboratories as to what cell marker sets should be used to define fibro-
cytes and other technical factors that may affect reproducibility of findings [153].

Inflammation and Acute Exacerbations of IPF

The natural history of IPF can be interspersed by an acute, clinically significant
respiratory deterioration characterised by evidence of new, widespread alveolar
abnormalities, termed an acute exacerbation [154]. There is uncertainty as to the
aetiology of these deadly exacerbations, but the prevailing view is that acute factors
known to cause acute lung injury, such as microbial infection, microaspiration or
mechanical lung stretch, interact with chronic factors including the upregulated
population of fibroblasts and dysfunctional epithelial cells, to bring about the wide-
spread acute lung injury that typifies these exacerbations, with hyaline membrane
formation and interstitial oedema, in addition to a variable presence of neutrophils
[154, 155]. In the acute exacerbation of IPF setting, there has long been a theory that
viruses in particular play a key aetiologic role. In contrast, a study of 43 patients
who were experiencing an acute exacerbation found that the majority of such IPF
subjects appeared to have no evidence of viral infection when BALF and serum
were subjected to multiplex PCR, pan-viral microarray and high-throughput cDNA
sequencing for viruses. A significant minority, 28%, had evidence of torque teno
virus and significantly more so than in stable controls, with a similar rate of this
virus also found in acute lung injury controls [156]. The ability of nintedanib and
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Fig. 6.10 (a) Current models suggest that in response to injurious stimuli, classically activated
macrophages infiltrate diseased organs and mediate a programme of acute inflammation. As injury
ceases and repair begins, the macrophage phenotype shifts towards that of alternative activation to
dampen inflammation and promote repair. These macrophages stimulate resident fibroblasts to
adopt an activated effector state characterised by the expression of a-smooth muscle actin (¢®SMA)
and enhanced extracellular matrix (ECM) production. In the setting of severe or persistent injury,
or a profibrotic milieu, this response shifts towards excessive remodelling and fibrosis. (b) This
model of many cells acting together is contradicted by the finding that fibrocytes have properties
of both macrophages and fibroblasts. Thus, an alternative model of repair is proposed in which
fibrocytes traffic to injured organs, where they participate in the inflammatory events that are also
attributed to macrophages. As damage subsides, fibrocytes respond to local cues to downregulate
their inflammatory responses and adopt a fibroblastic phenotype to promote repair and, in some
pathological conditions, remodelling and fibrosis. (From Ref. [144])

pirfenidone to favourably impact on the incidence of acute exacerbations of IPF
may relate to some or all of purported mechanisms of action of these agents, includ-
ing potentially their anti-inflammatory effects. Pirfenidone also appears to have a
beneficial effect on respiratory-related hospitalisations in IPF patients, events that
are more common than purely acute exacerbations of IPF, and, for example, included
pneumonia events [157].

The prognosis for IPF acute exacerbations, which is poor, has been evaluated
alongside putative serum biomarkers, one of which is anti-heat shock protein 70
autoantibody level. In a study of 122 IPF patients and 60 controls, anti-HSP70 IgG
autoantibodies were found in 25% and 3%, respectively, and in IPF the autoanti-
body was associated with IPF CD4 T-lymphocyte and monocyte autoreactivity,
greater FVC reduction and a shorter 1-year survival [127]. A small trial of 11 criti-
cally ill IPF subjects with acute exacerbation, 7 of whom had autoantibodies against
HEp-2 cells, investigated outcomes following treatment with rituximab and thera-
peutic plasma exchanges and in some cases the further addition of intravenous
immunoglobulin. An intention-to-treat analysis (including the two withdrawals
prior to treatment) showed a 1-year survival advantage versus 20 historical controls
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(controls from within 2 years prior to the experimental therapy enrolment) of 39%
versus 0% (and 46+15% versus 0% for 11 treated subjects vs controls), although
the lack of a prospective control group and potential confounding limit interpreta-
tion of the results [158].

Future and Ongoing Work

The pleiotropic effects and substantial redundancy that constitute the various immu-
nomodulatory pathways implicated to date in IPF make for great difficulties in
reductionist approaches to deciphering cause or effect of a given pathway target
molecule. It is impossible with our present knowledge to conclusively state whether
or not the indisputably present immune dysfunction of IPF is a primary cause, a
cause of progressive disease, or a secondary response such as immunosenescence, or
a phenomenon downstream of more pathogenic initial injuries in ageing lungs.
There is a distinct possibility that immune-mediated IPF endotypes have been over-
looked in studies of unselected immunomodulatory therapies for IPF to date [159,
160]. Interest is now increasing again in therapies that attempt to address immune or
inflammatory mechanisms in IPF. From a microbiomic perspective, there are at least
two clinical trials planned or underway to evaluate the impact of co-trimoxazole or
doxycycline on IPF-relevant clinical outcomes in selected patients with IPF
(Clean-up IPF Trial, ClinicalTrials.gov identifier NCT02759120 and EME-TIPAC,
EudraCT number 2014-004058-32) [159]. Based on a recent methodologically
flawed but thought-provoking retrospective multicohort analysis of 11 IPF patients
treated with the well-tolerated mycophenolate modafinil (MME, a potent inhibitor of
lymphocyte purine synthesis and lymphocyte proliferation) who seemed to have a
weak signal towards reduced FVC decline and reduced mortality compared to 30
IPF patients receiving other historically ineffective/harmful therapies or no thera-
pies, the authors suggested a future trial of combination therapy of a licenced IPF
antifibrotic agent and MMEF, in a justifiable bid to better address inflammatory endo-
types missed by current antifibrotic agents [161]. Efforts to modulate neutrophil
function offer new promise in fibrotic disorders, including IPF. Inhibitors of NETosis
(e.g. a PADI4 inhibitor) could plausibly offer hope as a therapy in the setting of acute
exacerbations of IPF, where neutrophilia is a known feature [94]. An ongoing trial is
examining the role of rituximab as a B-lymphocyte depletion strategy for the reduc-
tion of autoantibodies implicated in IPF, in the hope that clinical benefits will also be
apparent, including the effect on acute exacerbations (ClinicalTrials.gov trial identi-
fier: NCT01969409). Recent developments in the re-engineering of chimeric antigen
receptor T cells specific for autoantigen-producing B cells, as a means of targeting
therapy for autoimmune disease, offer an intriguing new tool to deplete autoreactive
B-cell clones, while conserving normal adaptive immune processes, and an appro-
priate design may have utility in an autoimmune-mediated IPF [162]. Through
investigative approaches such as those outlined above, it may yet prove possible to
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Table 6.2 Putative autoantibodies of relevance to idiopathic pulmonary fibrosis

Name of

autoantigen Comment References

Annexin 1 The most abundant annexin in mammalian lung, expressed in [129]
alveolar epithelial type II cells and macrophages. Identified in
acute exacerbations of IPF

BPIFB1 12% of IPF patients had autoantibodies against BPIFB1 [125]

Collagen V Linked to fibrosis extent and survival [130]

Cytokeratin 8 Epithelial cell cytoskeleton filament. Antibody complexes found | [131]
in 29% of IPF patients

Cytokeratin 18 | Detected in sera of IPF patients [132]

Cytokeratin 19 | Detected in sera of IPF [133]

HSP70 Associated with poor prognosis in IPF [127]

Interleukin-la | Associated with rapidly progressive IPF [128]

KCNRG A bronchial epithelial antigen [134]

LPLUNCI1 A vomeromodulin-like protein expressed in human bronchiolar | [124]
epithelium. Linked with pulmonary fibrosis of autoimmune
polyglandular syndrome type I

MZBI1 Prevalent across ILD types and skin fibrosis, localised to B [136]
lymphocytes

Periplakin Found in IPF serum and BALE. Associated with more severe [126]
disease

Vimentin Autoantibody levels linked to serious adverse outcomes in two [135]
separate IPF cohorts

exploit immune and inflammatory pathways in IPF that have been partially deci-
phered but that have thus far eluded successful therapeutic intervention (Table 6.2).
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MUCS5B Mucin 5B gene

PAI-1 Plasminogen activator inhibitor-1

PAI-2 Plasminogen activator inhibitor-2

PAMPs Pathogen-associated molecular patterns
PDGF Platelet-derived growth factor

PEDF Pigment epithelium-derived factor

PGE2 Prostaglandin E2

PI3K Phosphoinositide 3-kinase

PINK1 Putative kinase 1

PRA Proteinase-activated receptors

PTEN Phosphatase and tensin homolog deleted on chromosome 10
PTGER2 Prostaglandin E2 receptor

RAGE Receptor for advanced glycation end products
SASP Senescence-associated secretory phenotype
SNP Single nucleotide polymorphism

SP-C Surfactant protein C

TERC RNA component of telomerase

TGF-p Transforming growth factor-f§

TGF-pR1 TGF-p type I receptor

TGF-pR2 TGF-p type II receptor

TIMPs Tissue inhibitors of matrix metalloproteinases
TNF-a Tumor necrosis factor-a

TOLLIP Toll-interacting protein

uIlp Usual interstitial pneumonia

UPR Unfolded protein response

VEGF Vascular endothelial growth factor

WISP WNT-induced signaling protein

a-SMA a-Isoform of smooth muscle actin
Introduction

The normal reparative response to tissue injury involves the orchestrated involve-
ment of multiple cell types under the influence of a myriad of autocrine, paracrine,
and inflammatory mediators, with a goal of reestablishing tissue integrity and bar-
rier function. Wound-healing in the adult human does not fully recapitulate embryo-
logic developmental patterning, resulting in the formation of a scar at the site of
injury [1, 2]. Resolution of the reparative response is important to preserve existing
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normal tissue architecture and involves the tight spatiotemporal regulation of sig-
naling involved in wound healing [3]. Fibrosis, characterized by excessive extracel-
lular matrix accumulation and disruption of normal tissue architecture, can occur as
a result of chronic injury, chronic inflammation, or dysregulation of the normal
reparative process within a tissue bed.

In the lung the alveolar walls are formed by delicately apposed monolayers of
alveolar epithelial cells and endothelial cells that are separated only by their respec-
tive basement membranes [4]. This delicate architecture forms the primary gas
exchanging interface of the lung, allowing rapid diffusion of oxygen and carbon
dioxide between the alveolar airspace and the alveolar capillary blood. The sur-
rounding supporting interstitial spaces of the lung are comprised of a fine network
of fibrillar proteins (collagens, fibronectin, elastin) in composite with hydrated gly-
cosaminoglycans [5]. In pulmonary fibrosis, there is a dramatic disruption of this
intricate structural organization with expansion of the connective tissue compart-
ment of the lung due to accumulation of matrix components, associated alveolar
obliteration and collapse, and progressive distortion of normal lung architecture [6].
These changes result in disturbances in gas exchange and, when progressive, respi-
ratory failure and death.

IPF is one of several disorders of the lung characterized by aberrant tissue fibro-
sis. In contrast to several other forms of pulmonary fibrosis, such as the fibroprolif-
erative phase of acute respiratory distress syndrome (diffuse alveolar epithelial cell
injury), or fibrotic sarcoidosis (exuberant granulomatous inflammation), the under-
lying etiology of the fibrotic response has historically not been immediately clini-
cally apparent in IPF, hence its name. However, aging is one of the single most
important demographic risk factors for the development of IPF, making it a proto-
typical aging-related disorder. More recently, several genetic alterations have been
identified that increase the risk for development of the disease. Understanding how
age-related changes in cell function intersects with underlying genetic susceptibili-
ties and exogenous insults to drive recurrent injury and the non-resolving wound-
healing response may be getting us closer to understanding the etiology of this
disorder.

The histopathology of IPF is defined by the usual interstitial pneumonia (UIP)
pattern [7], which is characterized by spatial variegation of the fibrotic process [0,
8, 9] with normal-appearing areas of the lung adjacent to areas characterized by
severe scarring and architectural distortion and the presence of microscopic honey-
combing [6, 7].

Staining for early collagen forms that are indicative of collagen synthesis reveals
that active, synthetic fibroblasts are present in clusters near the air-tissue interface,
termed fibroblastic foci [6]. The presence of these spatially discreet foci of “acti-
vated” fibroblasts in juxtaposition to areas of “old” scar containing fewer fibroblasts
and more mature collagen along with normal-appearing alveoli suggests an indolent
but progressive process. The presence of these various stages of fibrosis within the
same pathologic specimen is termed “temporal heterogeneity” and is a required
diagnostic element of the UIP pattern [7]. While areas of scarring may contain a
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mild, mixed inflammatory infiltrate as part of the UIP pattern, it does not predomi-
nate when compared to the fibrotic reaction.

The distinctive lesions of IPF, which are the fibroblastic foci, lend some insight
into the underlying biology mediating this disorder. The fibroblastic foci are the site
of “new fibrosis” with fibroblasts most proximal to the airspace demonstrating the
greatest amount of collagen synthesis. Basal lamina remnants appear on the intersti-
tial side of the fibroblastic focus, suggesting that this structure has developed within
the previously intact airspace [6]. Supporting this concept, foci are often associated
with a poorly adherent, hyperplastic epithelial cell layer on their luminal (airspace)
side along with areas of epithelial sloughing. These structures form a reticulated
network of fibrosis throughout the lung and are thought to represent the “leading
edge” of new fibrosis [10]. The numbers of these structures present on surgical lung
biopsy correlate with survival [11, 12], consistent with this role in disease
progression.

An Overview of the Current and Evolving Model of IPF
Pathogenesis

Given that several forms of pulmonary fibrosis are the result of a robust inflamma-
tory response [13], it is not surprising that historically, IPF was originally viewed as
a disorder primarily characterized by an early, macrophage-mediated alveolitis,
with resultant progressive tissue fibrosis [14, 15]. The development of more precise
classification schemes for the idiopathic interstitial pneumonias resulted in an
improved appreciation of the lack of extensive inflammation in the histopathology
of IPF [7] and called into question the role of inflammation in the disease process.
It is now clear that broad inhibition of immune function using corticosteroids and
azathioprine does not positively affect disease progression and patient outcomes
[16—18]. Thus, the concept of IPF as a product of a robust, disordered inflammatory
response has been supplanted by the current concept of IPF as a disorder character-
ized by repetitive alveolar epithelial cell injury and an aberrant, non-resolving
wound-healing response [19, 20].

The temporal relationships of the key pathogenic events of IPF are largely
inferred from the knowledge gained from several decades of investigations into the
mechanisms of epithelial cell injury and the reparative response of cells and tissues
[2, 21, 22]. This work from animal models of pulmonary fibrosis and correlative
studies in IPF lung specimens has now been enriched by recent systems biology
(genomic, transcriptomic, proteomic, etc.) studies that had significantly increased
our understanding of IPF, leading to the current model of disease pathogenesis.

IPF pathogenesis is characterized by repetitive injury to AEC leading to apopto-
sis and disruption of the AEC layer. The risk for repetitive AEC injury in any one
individual may be modified by genetic factors, age-related changes in AEC biology,
and exogenous exposures. Dysregulated telomere biology, aging-related changes,



7 Mechanisms of Fibrosis in IPF 137

Genetic alterations
(MUCS5B, SPC) Aging
Short telomeres

Cell senescence
Exogenous
factors
’I
¥

Re-epithelialization

Mitochondrial
dysfunction .

’
7’
» m
.y)
L Gm—— ) Gm———
P8
. =
(o)
[/2]
[}
~

m

Perpetuation of reparative response | | Resolution of reparative response

Fig. 7.1 Factors contributing to AEC injury and failure of reepithelialization in
IPF. Reepithelialization is essential for resolution of the wound-healing response. Genetic suscep-
tibility, aging-related changes in mitochondrial function, and repetitive exposure to exogenous
factors all predispose to the development of UPR, ER stress, and ultimately AEC injury (apoptosis
and dropout). In IPF, normal reepithelialization is hindered by telomere dysfunction, aging-related
factors, and AEC senescence. Lack of reepithelialization (and loss of homeostatic AEC-derived
signals) results in perpetuation of the wound-healing response

and the development of cell senescence interact to inhibit the reestablishment of a
normal AEC barrier (reepithelialization), thereby perpetuating the aberrant
wound-healing response (Fig. 7.1). AEC-derived signals play an important role in
the potentiation of the wound-healing response via secretion of profibrotic cyto-
kines (especially transforming growth factor-B [TGF-f]), chemokines, and prote-
ases that trigger the recruitment and activation of inflammatory cells and fibroblasts.
Local elaboration of matrix metalloproteinases results in disruption of the basal
lamina of the alveolus. AEC injury is accompanied by the formation of a serum-
derived, fibrinous exudate, which serves as a provisional matrix analogous to that of
dermal wounds [23]. Chemokines and serum-derived factors present in the provi-
sional matrix lead to the influx and expansion of local mesenchymal cell progenitor
populations from the local interstitium, and there is also recruitment of circulating
cell populations and acquisition of aberrant epithelial cell phenotypes that may play
arole in the perpetuation of the fibrotic response. Activation of fibroblasts by TGF-f
results in a highly contractile and synthetic phenotype, termed the myofibroblast,
which serves as the primary effector cell for matrix production and tissue remodel-
ing. Myofibroblast activation and tissue remodeling persist in IPF, possibly due to
failure to reestablish normal epithelialization plus aberrant behavior of the myofi-
broblasts, which may be related to age-related cellular senescence, epigenetic repro-
gramming, or matrix-driven propagation of the fibrotic response. Progressive matrix
deposition and remodeling ensue, resulting in a severely disordered tissue architec-
ture (honeycombing) and organ dysfunction (Fig. 7.2).



138 N. Sandbo

AEC injury/apoptosis Abnormal AEC phenotypes

- Ry

o '\

Provisional matrix

\L_.J.%

®eo® o . — QO’—‘—-

Fibroblast recruitment/expansion

Myofibroblast Differentiation
Senescence/Persistence

Macrophage Phenotypes
(Propagation/Resolution)

.
.,
.
..
.

.

ECM Crosslinking/
Increasing Stiffness

rosmsat” -~

Destruction of Gas Exchanging Interface




7 Mechanisms of Fibrosis in IPF 139

Fig. 7.2 Model of fibroblast focus formation. Upper panel: Epithelial cell injury leads to apopto-
sis and AEC dropout, resulting in a denuded basement membrane. There is an attempt to reepithe-
lialize the airspace, but multiple aberrant AEC phenotypes emerge that lack proper homeostatic
function and elaborate profibrotic mediators. Disruption of the normal basement membrane (bro-
ken lines) and alterations in alveolar capillary permeability result in the elaboration of a serum-
derived exudate (provisional matrix) within the alveolar airspace. Localized progenitor populations
expand the fibroblast population, while circulating bone marrow-derived cells also populate the
wound. Lower panel: In response to TGF-f, matrix cues, and other soluble mediators, fibroblasts
differentiate into (myo)fibroblasts and elaborate and incorporate abundant ECM. ECM deposition
and cross-linking stiffen the matrix. Increases in tissue stiffness promote further TGF-f signaling,
myofibroblast differentiation, and apoptosis resistance, perpetuating the fibrotic response. Cell-
intrinsic or acquired metabolic derangements and senescence factors also perpetuate the fibrotic
response. Progressive fibrosis emanating from this lesion results in obliteration of the adjacent
capillaries, prevents gas exchange, and ultimately results in macroscopic architectural distortion
and honeycombing of the lung

<
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Several novel concepts that build upon this conceptual framework have emerged
in recent years and are discussed in greater detail later in the chapter. Repetitive
epithelial cell injury may be triggered by a combination of genetic and age-related
factors that lead to increased susceptibility to alveolar epithelial cell stress, coupled
with a “second hit” of exogenous “triggers” such as tobacco smoke, gastroesopha-
geal reflux, changes in the local bacterial microbiome, or indolent viral replication
that result in epithelial injury [24-26]. Global analysis of gene expression and non-
coding microRNA in human subjects with IPF have demonstrated that signals asso-
ciated with embryologic development and TGF-B-associated signals comprise a
significant portion of the reparative gene expression response in humans with IPF
[27]. These pathways are linked to the epithelial cell responses to injury, repair of
the disrupted alveolar cell layer, and myofibroblast activation in IPF. How differ-
ences between the developmental and reparative response in these signaling path-
ways lead to the propagation of fibrosis remains an area of investigation [28], but
given the strong link between aging and the development of IPF, it is likely that
cell-intrinsic changes with age modify these responses.

Finally, remodeled, fibrotic matrix is not merely the end result of the fibrotic
response. Biomechanical features of the matrix environment, such as its stiffness, are
an independent determinant of fibroblast response and fibrotic progression, suggest-
ing a new mechanism of aberrant cell behavior/function in IPF. In total, these mecha-
nisms result in a mutually reinforcing cycle of fibrotic signaling, leading to
non-resolving tissue fibrosis. The subsequent sections explore these concepts in detail.

Alveolar Epithelial Cell Injury and Failure of Normal
Reepithelialization

Alveolar epithelial cell injury The normal alveolar epithelial lining of the lung is
comprised of two types of epithelial cells, type I and type Il AEC, forming a single-
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cell thick layer. Type I cells are flat, highly specialized cells whose membrane com-
prises the bulk of the alveolar-capillary interface in normal lung tissue [29]. Type II
cells have a cuboidal morphology, with intracellular lamellar bodies. Type II cells
secrete surfactant proteins, retain proliferative capacity, and are responsible for the
regeneration of epithelium after injury [30], including trans-differentiation to type I
cells [31]. In IPF, alveolar epithelial cell morphology is severely deranged, with
overt epithelial cell necrosis and denudation of the capillary basement membrane
[32], as well as extensive type II pneumocyte apoptosis [33]. Alveolar spaces that
have been disrupted by extensive fibrotic changes in IPF lungs are lined with numer-
ous, hyperplastic type II pneumocytes, cuboidal epithelial cells that may be derived
from the adjacent bronchiolar lining cells [34], and abnormal-appearing, elongated
epithelial cells [35]. The presence of these abnormal epithelial phenotypes in areas
that normally contain predominately type I epithelial cells is suggestive of a failure
of normal reepithelialization after injury [36].

While AEC injury could be consequent to an ongoing, aberrant fibrotic response,
several lines of evidence suggest that AEC injury may be a primary driver of the
non-resolving reparative response. For example, in IPF alveolar epithelial cell apop-
tosis is found in areas without significant interstitial fibrosis, suggesting that this
process may be a primary inciting factor [33].

Genetic susceptibility may predispose to AEC injury and failure of reepithelial-
ization Further support for the concept of AEC-driven fibrosis comes from studies
that have identified genetic alterations that confer susceptibility to AEC injury and
apoptosis and promote aberrant AEC function. Several rare mutations in surfactant
protein C (SP-C), a protein produced by the type II AEC cells, have been identified
in patients with the familial form of pulmonary fibrosis [37, 38], which can have an
identical histopathology to sporadic IPF. These mutations result in misfolding and
altered processing of SP-C by type II AEC cells, leading to deficient expression and
secretion, ER stress, and apoptosis [38—40]. Mice with germline deletion of SP-C
develop interstitial lung disease as adults [41], suggesting a causal relationship for
disordered SP-C biology. Rare mutations in surfactant protein A2 have also been
identified in patients with familial pulmonary fibrosis (FPF) and in rare cases of
sporadic IPF [42, 43]. These mutations result in a similar defect in protein stability,
defective secretion, and a subsequent increase in ER stress-associated signaling [44].

The interaction of aging with AEC injury may be a very important etiologic fac-
tor in the development of IPF. Telomeres are multi-protein structures that cap the
end of chromosomes and prevent their degradation. Chromosomal telomere short-
ening occurs with cell division and aging and is associated with the development of
cell senescence and susceptibility to apoptosis [45]. Telomerase is present in pro-
genitor cells, where it counteracts telomere shortening, thereby preserving prolif-
erative potential [46]. Diseases of disrupted telomere homeostasis such as
dyskeratosis congenita are characterized by short telomeres, premature graying,
bone marrow failure, and the development of pulmonary fibrosis [47]. Several
mutations in the two components of telomerase, telomerase reverse transcriptase
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(hTERT) and the RNA component of telomerase (TERC) [48, 49], have been identi-
fied in patients with FPF. When compared to age-matched family members without
the mutation, family members with TERT and TERC loss-of-function mutations
had shorter telomeres and increased risk for the development of pulmonary fibrosis
[48]. The presence of these mutations was associated with a penetrance of pulmo-
nary fibrosis of 40% in the affected individuals [50]. However, the original muta-
tions identified were only identified in a small percentage of patients with sporadic
IPF [51]. Subsequent studies of patients with FPF have identified mutations in sev-
eral additional proteins associated with telomere homeostasis (RTEL, PARN, dys-
kerin, and TINF2) [52-56].

The concept of telomere length-dependent susceptibility to alveolar epithelial
injury and the development of pulmonary fibrosis are supported by the identification
of short telomeres as an independent risk factor for the development of the sporadic
IPF [57]. A genome-wide association study (GWAS) has identified a common sin-
gle nucleotide polymorphism (SNP) in the hTERT gene that confers risk for the
development of IPF [58], and whole exome sequencing of a cohort of sporadic IPF
patients found mutations in TERT, RTEL1, and PARN that may be responsible for
11% of IPF [50].

Linkage analysis of a cohort of Finnish families with FPF identified the gene
ELMO domain containing 2 (ELMOD?2) [59, 60] as a candidate gene associated
with the development of pulmonary fibrosis. ELMOD?2, which is normally expressed
in epithelial cells and macrophages of the lung, had significantly decreased expres-
sion in lungs of IPF patients. ELMOD2 may play a role in the response of epithelial
cells and macrophages to viral infection [59], potentially linking an environmental
and genetic trigger in this disorder.

Two large GWAS investigations have identified a SNP in the promoter region of
the mucin 5B gene (MUCS5B) that is strongly associated with the development of
familial and sporadic forms of pulmonary fibrosis [61, 62]. The minor (risk confer-
ring) allele is present in 34-37.5% of IPF cases and 9—11% of controls. The pres-
ence of homozygosity for the minor allele confers a 10- to 20-fold increase in the
risk for developing IPF. MUCSB is present at increased levels in fibrotic areas of
IPF lungs, and the mutant allele for this gene is associated with significantly
increased expression of MUCS5B in lungs of subjects without pulmonary fibrosis
when compared to counterparts homozygous for the wild-type allele. This suggests
that the discovered SNP results in alterations in gene expression that may contribute
to the development of IPF.

GWAS studies have also identified additional polymorphisms that are associated
with IPF in the genes of desmoplakin and dipeptidyl peptidase 9 [63], which are
involved in epithelial function, and Toll-interacting protein (TOLLIP), which is
involved in innate immune responses [64].

Exogenous factors Several exogenous agents that could trigger alveolar epithelial
injury are associated with the development of IPF. Gastroesophageal reflux disease
is present in up to 90% of patients with IPF [65, 66], and co-existing treatment with
proton pump inhibitors has been associated with longer patient survival [67, 68].
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Exposure to cigarette smoke is a powerful risk factor for the development of both
IPF and FPF [69, 70], and approximately 70% of IPF patients are current or former
cigarette smokers [71]. Workplace exposures are less robustly linked [72] but may
contribute in a cohort of IPF patients. There is evidence of microsatellite instability
in the DNA from IPF lungs [73] which suggests that somatic mutations due to exog-
enous exposures could account for acquired genetic risk and increase susceptibility
to injury and aberrant reparative responses.

Several viruses that are trophic for the lung epithelium have been identified in
IPF lungs [74] with the family of herpes viruses having the strongest association. A
high prevalence of herpes virus DNA has been identified in the AECs and immune
cells of the IPF lung [75-77]. The presence of herpes viral antigens has also been
associated with signs of ER stress in the AECs [78, 79], suggesting a possible mech-
anism of injury triggered by viral infection. Finally, alterations in the bacterial
microbiome of the lung are associated with IPF and its progression [80, 81].

These observations provide conceptual evidence that intrinsic epithelial defects
may render the epithelial cell susceptible to repetitive injury, possibly from the envi-
ronmental factors listed above, which could lead to perpetuation of the wound-heal-
ing response.

This concept has been experimentally demonstrated by targeted injury to type II
AECs in mice via transgenic expression of SP-C-driven diphtheria toxin receptor
expression followed by intraperitoneal diphtheria toxin administration. Changes in
AEC gene expression and function were present in the transgenic animals, and
repeated exposure to diphtheria toxin resulted in the development of alveolar inter-
stitial fibrosis without induction of inflammation [82].

Several potential mechanisms likely account for the development of fibrosis in
response to AEC injury. These include failure of reepithelialization with AEC drop-
out and loss of homeostatic signaling, acquisition of aberrant epithelial phenotypes
(including senescence-associated secretory phenotype (SASP) and epithelial-mes-
enchymal transition (EMT)), and endoplasmic reticulum stress and elaboration of
AEC-derived profibrotic soluble mediators (Fig. 7.1).

Failure of normal alveolar reepithelialization Self-limited lung injury is charac-
terized by regeneration of the alveolar epithelium and reestablishment of the normal
alveolar epithelial cell layer via proliferation of type II AEC and subsequent trans-
differentiation to type I AECs [83-86]. Additional epithelial progenitor populations
may contribute to this process [87]. Reepithelialization reestablishes the normal
homeostatic function of the epithelium and promotes resolution of the reparative
response. IPF is characterized by a failure of reepithelialization with the develop-
ment of a disordered epithelial layer characterized by proliferation of bronchiolar
basilar epithelial cells exhibiting signs of epithelial stress and atypia [88], along
with the presence of AECs that exhibit an abnormal, intermediate phenotype with
traits of type I and type II cells [36].

Experiments performed in an ex vivo model of hyperoxia-mediated AEC injury
support the importance of reestablishing a normal alveolar epithelial cell layer in
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regulating fibrotic progression. Lungs that exhibit decreased rates of epithelial cell
proliferation develop fibrosis, while lungs that rapidly reepithelialize revert to nor-
mal [83]. Similarly, utilizing diphtheria toxin-mediated depletion of airway
progenitor (Clara) cells, Perl and colleagues [89] demonstrated that chronic deple-
tion of Clara cells results in incomplete and aberrant reepithelialization of the bron-
chiolar airway and the development of peribronchiolar fibrosis, while acute
depletion, which presumably leaves a reserve of Clara cell progenitors, results in
normal reepithelialization and did not lead to fibrosis. Similarly, a fibrotic response
results from daily administration of diphtheria toxin to injure SP-C expressing type
II AEC in mice [82]. In contrast, repetitive injury to type II AEC every 2 weeks,
which allows for recovery of cell populations, did not result in fibrosis [86]. These
results suggest that allowing reepithelialization to occur may inhibit the develop-
ment of fibrosis.

The receptor for advanced glycation end products (RAGE) is a transmembrane
receptor that is a specific marker for differentiated type I epithelial cells [90]. The
expression of RAGE in type I cells likely plays a role in their differentiation and
homeostasis by promoting cell spreading and attachment to the basement mem-
brane [91, 92]. IPF lungs demonstrate abnormally low expression of RAGE [92, 93]
that is consistent with the presence of disrupted reepithelialization. Dysfunctional
RAGE expression may also play a role in mediating the fibrotic process, however,
as RAGE-null mice develop more severe experimental pulmonary fibrosis and
spontaneously develop fibrotic-like lesions as they age [93].

Aging is likely an important contributor to deficient reepithelialization. During
aging, somatic cells progressively lose telomere length [45, 94]. Loss of telomeres
in progenitor populations of AEC contributes to cellular senescence, apoptosis, and
diminished replicative capacity, thereby contributing to stem cell exhaustion [95].

Acquisition of aberrant epithelial cell phenotypes In addition to the morpho-
logic alterations in AEC cells visible on histologic specimens from IPF lung, unbi-
ased, single-cell transcriptional profiling of AECs from normal and IPF lung
revealed an alteration in AEC phenotypes in IPF, with frequent co-expression of
type I AEC, type II AEC, and conducting airway cell markers. This suggested that
indeterminate or transitional epithelial phenotypes are common in IPF [96]. Several
aberrant AEC phenotypes have been experimentally characterized and are discussed
below.

Epithelial-mesenchymal transition (EMT) On a morphologic basis, AECs are
present in IPF that have a flattened morphology, which may represent pro-migratory
phenotypes that are attempting to reepithelialize the alveolar space after injury [35].
This morphology is similar to epithelial cells that are undergoing EMT. EMT is the
process by which epithelial cells lose attributes of full epithelial differentiation
(cuboidal shape, apical-basal polarization, cell-cell contacts, epithelial gene reper-
toire) and take on attributes of mesenchymal cell lineages (spindle morphology, loss
of cell contacts, mesenchymal gene expression). EMT is accompanied by the loss of
several epithelial markers such as E-cadherin, the acquisition of mesenchymal
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markers N-cadherin and vimentin, and the upregulation of transcription factors
implicated in EMT, such as Twist, SNAI1 (Snail), and SNAI2 (Slug) [97]. EMT is
critical for gastrulation during embryogenesis [98], and epithelial cells that have
undergone EMT have an augmented ability to metastasize [99]. Several forms of
tissue injury and repair demonstrate the presence of EMT as part of their pathogen-
esis [100], and deletion of snail protects from the development of hepatic fibrosis
[101], suggesting a mechanistic role in the propagation of tissue fibrosis. Tissue
sections from established models of experimental pulmonary fibrosis, such as the
bleomycin model [102], also demonstrate evidence of EMT [103-105], and lung
tissue from patients with IPF demonstrates increased expression of Twist and Snail,
suggesting the presence of EMT-associated signaling in human IPF and co-localiza-
tion of epithelial and mesenchymal proteins within the same cell [105-108]. Single-
cell sequencing of AECs also identified a population of cells that displayed
co-expression of mesenchymal and AEC lineage markers [96]. These data suggest
that EMT and associated signaling is present in IPF, and this may be the source of
significant profibrotic signals.

Regulation of EMT during development is mediated, in part, by family members
of the transforming growth factor-p superfamily of cytokines [98], which includes
TGF-B1, TGF-p2, TGF-p3, and bone morphogenetic proteins (BMPs). TGF-f/BMP
balance is important in the development of the mesodermal/epithelial compartment
during development and regulates EMT [109, 110]. TGF-p induces EMT in both
developmental and fibrotic contexts [111] and is a potent inducer of EMT in ex vivo
epithelial cell cultures [112], although cell-contact and integrin-mediated signaling
can modify this response [113, 114]. Several BMPs are implicated in the reverse
process of mesenchymal to epithelial transition and can antagonize TGF-p-
dependent signaling. Interestingly, the expression of two of these BMPs, BMP-2
and BMP-4, is altered in IPF [28], and the inhibitor of BMP signaling, gremlin, is
increased in IPF lungs [115], implicating dysregulated TGF-B/BMP signaling bal-
ance in the pathogenesis of the disorder.

Senescence-associated secretory phenotype (SASP) Aging can intersect with
injury to alter AEC phenotype via the induction of cell senescence. Whereas cell
senescence plays an important embryologic and antineoplastic role in health, acqui-
sition of a hypoproliferative, secretory phenotype SASP may be deleterious in cer-
tain contexts of tissue repair. Induction of lung injury results in the induction of cell
senescence [116], aged mice have increased numbers of senescent cells in their
lungs [117], and AEC in IPF lungs display markers of senescence [118, 119]. The
SASP is associated with the elaboration of profibrotic mediators and matrix proteins
that may perpetuate the fibrotic response [120]. Senescent cells are prone to persist
in remodeled tissue, thereby contributing to the lack of resolution of the wound-
healing response. Thus, these cells may be an attractive target for antifibrotic
therapies.

Endoplasmic reticulum (ER) stress and disrupted proteostasis Type II AECs
are highly metabolically active cells that continuously secrete proteins, including
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surfactant proteins, into the alveolar space. To maintain this high level of secretory
function, highly developed protein processing machinery is required. The ER is the
subcellular site of initial posttranslational processing of secreted proteins. When an
imbalance exists between the ability of the ER to sufficiently process the requisite
amount of proteins to maintain cell homeostasis, there is activation of the unfolded
protein response (UPR), and under certain conditions activation of pro-apoptotic
pathways may occur. This pathway can be activated by the expression of misfolded
surfactant proteins that are implicated in familial forms of pulmonary fibrosis [44,
121]. ER stress and chronic aggregation of misfolded proteins are present in AEC of
lungs from patients with sporadic IPF, which is independent of known genetic
defects [78]. Chaperone proteins serve an important function in protein folding in
the ER. Loss of HSP70, an important chaperone protein, has been observed in IPF
lung and may contribute to the activation of the UPR [122]. The ER stress markers,
ATF4, ATF6, and CHOP, are preferentially localized to the epithelial cells of patients
with sporadic IPF, in contrast to normal lungs or lungs with chronic obstructive
pulmonary disease [123]. These changes are often localized to areas with significant
fibrosis and co-localize with markers of apoptosis, suggesting a role in this process
[123]. Furthermore, ER stress and UPR activation can also drive AECs toward a
more mesenchymal morphology and gene expression repertoire (EMT) [124].

Aging contributes to the development of ER stress [125], potentially increasing
the susceptibility to repetitive epithelial cell injury. A significant percentage of pro-
teins are misfolded under normal conditions [126], and aging results in derange-
ments in proteostasis with increases in misfolded proteins and oxidative damage.
This leads to the accumulation of misfolded proteins with activation of the UPR.

With increases in misfolded proteins under conditions of cellular stress and with
aging, the cell may try to compensate via catabolism and clearance of these pro-
teins. Clearance of misfolded proteins occurs via the cell-regulated process of
autophagy. Autophagy is a homeostatic function of the cell that allows for the deg-
radation of proteins and thereby participates in maintaining proteostatic balance.
Autophagy is a highly regulated process that leads to the formation of a specialized
subcellular complex called the autophagosome. Unfortunately, aging is associated
with deficient autophagy [127], and the IPF lung has evidence of abnormal autoph-
agy [128, 129]. Aged mice have deficient autophagic responses to lung injury with
a disproportionate targeting of mitochondria for autophagy (mitophagy), which can
result in a further decrease in metabolic fitness [130]. Profibrotic signaling emanat-
ing from TGF-p inhibits autophagy via signaling through mTORCI, beclinl, and
LC3 [131, 132], and genetically targeting a key component of autophagosome for-
mation (ATG4B) results in accentuation of the fibrotic response in mice [133].

In addition to disproportionate loss of mitochondria due to mitophagy, aged AEC
have increased amounts of dysmorphic and dysfunctional mitochondria [134].
Broad measures of mitochondrial fitness, such as ATP production, are also decreased
with age. Mitochondrial dysfunction in aged animals is associated with increases in
oxidative stress [135] and can lead to apoptosis of type II AEC [136]. Loss of sir-
tuin-3, a primary mitochondrial deacetylase that regulates mitochondrial integrity,
results in increased AEC mitochondrial DNA damage and apoptosis [137].
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As with aged cells, AECs in IPF lung have an increase in enlarged and dysmor-
phic mitochondria, which is associated with increased ER stress. In aged and IPF
type I AEC, there is a decrease in the expression of protein phosphatase and tensin
homolog-induced putative kinase 1 (PINK1), a kinase involved in the maintenance
of mitochondrial homeostasis [134]. Loss of PINKI1 in mice is associated with the
induction of AEC ER stress and apoptosis, along with the development of spontane-
ous pulmonary fibrosis [134, 138].

Loss of homeostatic signaling and epithelial-mesenchymal cross talk Type II
AECs maintain normal alveolar homeostasis via the production of surfactant, the
regulation of fluid balance, and the interaction with other structural cells of the
alveolus [139, 140]. Under normal conditions, AECs have an inhibitory effect on
fibroblasts [141]. Thus, AEC dropout and failure to normally reepithelialize the
airspace in IPF may lead to loss of inhibitory signaling from the AEC to the mesen-
chyme. One potential mediator of mesenchymal inhibition is prostaglandin E2
(PGE2). PGE2 is a product of cyclooxygenase and prostaglandin E synthases that is
produced by local alveolar epithelial cells, monocytes, and other structural cells of
the lung [142, 143]. PGE2 has shown to have an inhibitory effect on fibroblast pro-
liferation [144, 145], migration [146], and collagen synthesis [147, 148]. In IPF,
levels of PGE2 are decreased in bronchoalveolar lavage (BAL) [149], and EP2 pros-
taglandin receptor expression and signaling in fibroblasts are diminished [150].
Thus, AEC injury may result in the loss of the PGE2 production by AECs, leading
to fibroblast activation during pulmonary fibrosis.

The WNT/B-catenin signaling pathway has been implicated in mediating altered
epithelial cell function during lung injury and fibrosis. WNT/B-catenin signaling
mediates branching morphogenesis during lung development and the maintenance
of progenitor cells [151]. WNT proteins are secreted glycoproteins that can signal
in a paracrine or autocrine fashion through their receptors (Frizzled proteins) and
co-receptors (LRPs) to stabilize B-catenin, leading to its nuclear translocation. In
the adult lung, WNT/B-catenin signaling is involved in epithelial cell proliferation,
differentiation, and cell-cell adhesion in the lung [151, 152]. A common finding
from recent unbiased gene expression screens of lung tissue from patients with IPF
is that many developmental pathways are upregulated, including markers of the
WNT/B-catenin pathway [28, 153—-155]. The WNT genes, WNT2 and WNT5a, and
the WNT receptors, Frizzled 7 and Frizzled 10, are increased in the lungs of patients
with IPF [28, 153, 156]. Patients with IPF have increases in nuclear localization of
[-catenin in the hyperplastic epithelium adjacent to fibrotic lesions [157] as well as
increased phosphorylation of the Wnt/LRP receptors, suggesting activation of this
pathway [158]. Consistent with the role of this pathway in pulmonary fibrosis, sev-
eral WNT-/B-catenin-dependent genes are upregulated in IPF [154, 155, 159], and
disruption of signaling via the WNT target gene, WNT-induced signaling protein
(WISP), inhibited both markers of EMT and the development of fibrosis in response
to bleomycin [159].

Finally, AECs are an important source of profibrotic mediators that can signal to
the surrounding mesenchyme resulting in fibroblast recruitment and induction of
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matrix production [36]. Several profibrotic growth factors are localized to the epi-
thelial cells in IPF including TGF-B1 [160, 161], platelet-derived growth factor
(PDGF) [162], monocyte chemoattractant protein-1 (MCP-1) [163], connective tis-
sue growth factor (CTGF) [164], endothelin-1 [165], and tumor necrosis factor-o
(TNF-a) [160, 166, 167]. AECs are also the source of several matrix metalloprotein-
ases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) that are
implicated in IPF pathogenesis [168]. Experimentally, the induction of ER stress in
AEC is associated with increased secretion of TGF-f [169], linking aberrant signal-
ing from ER stress with a mechanism by which fibrotic responses can be
promoted.

The Provisional Matrix and Coagulant Balance

The fibroblastic foci of UIP are found on the luminal side of the alveolar basement
membrane in association with disruptions in the basement membrane [6]. These
structures are morphologically analogous to the fibroblast collections that organize
fibrinous alveolar exudates during the fibroproliferative phase of acute lung injury
and the Masson bodies of organizing pneumonia. IPF lungs demonstrate evidence
of endothelial injury, with swelling of endothelial cells and reduplication of the
endothelial cell capillary basement membrane [170] and increased trans-endothelial
permeability [171]. Interestingly, the degree of capillary permeability in IPF also
correlates with prognosis [171, 172]. Animal models of pulmonary fibrosis indicate
that vascular leak may be an important driver of the fibrotic response [173]. These
observations suggest that the initial injury to the alveolar epithelial cell layer in IPF
is accompanied by the exudation of serum-derived factors into the alveolar airspace
to form the provisional matrix [6, 174]. Alveolar epithelial cells and macrophages
express tissue factor [175, 176], which interacts with coagulation factors present in
the alveolar exudate and activates the extrinsic coagulation pathway. Activation of
the coagulation cascade results in the generation of thrombin, and subsequent
thrombin-mediated conversion of serum-derived fibrinogen to fibrin forms the pro-
visional matrix [177]. The provisional matrix also contains serum-derived fibronec-
tin [6, 170] and growth factors, such as PDGF, facilitating subsequent fibroblast
recruitment, migration, and matrix organization [178] (Fig. 7.2).

Stabilization of the nascent fibrin-containing provisional matrix in healing
wounds would be predicted to require the presence of an increased procoagulant
balance, as normal lung tissue expresses proteases such as the plasminogen activa-
tor, urokinase, that promote local fibrinolysis [179]. Immunohistochemical stain-
ing of IPF lungs demonstrates the deposition of fibrin localized in the alveolar
space in areas adjacent to the epithelial cell layer [180], and BAL samples from
patients with IPF demonstrate increased levels of plasminogen activator inhibitor-1
(PAI-1) and plasminogen activator inhibitor-2 (PAI-2) and a reduction in urokinase
activity [176, 181, 182], suggesting the presence of increased procoagulant
balance.
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Increased procoagulant activity also contributes to profibrotic signaling via the
entrapment of serum-derived mediators present within the provisional matrix, form-
ing a reservoir of growth factors that can be activated as the provisional matrix is
remodeled [183]. The importance of procoagulant signaling is supported by studies
in experimental models of pulmonary fibrosis. PAI-1-deficient mice are protected
from the development of fibrosis, and the fibrotic response is potentiated by trans-
genic overexpression of PAI-1 [184].

Products of activation of the coagulation cascade, such as thrombin, also act as
growth factors for fibroblasts. Thrombin is produced from the conversion of pro-
thrombin to thrombin by Factor Va and Factor Xa and can signal through protein-
ase-activated receptors (PAR) found on epithelial cells and fibroblasts in the lung.
Thrombin signaling occurs via proteolytic activation of its high-affinity receptor,
PAR-1, leading to the expression of profibrotic cytokines, activation of TGF-f, and
myofibroblast differentiation [177]. Germline deletion of the PAR1 receptor is pro-
tective against the development of bleomycin-induced pulmonary fibrosis [185].
Other coagulation proteinases may play a role in coagulation-dependent signaling
as well. Factor X co-localizes to the alveolar epithelia of IPF lungs and can signal
via PAR-1 [186]. Factor VIla is also found in abundance on tissue biopsies from IPF
lung, and in combination with tissue factor, Factor VIIa can mediate PAR-2-
dependent proliferation of fibroblasts [187].

Despite the robust evidence supporting a key role for coagulation balance in the
pathogenesis of fibrosis, a recent, large randomized clinical trial of systemic antico-
agulation with warfarin for patients with IPF did not show a benefit, and the trial
was terminated before completion due to increased deaths in the treatment arm
[188]. Nonetheless, pharmacotherapy directed at specific coagulation cascade tar-
gets and coagulation-associated signaling remains a potential strategy for therapy.

Myofibroblasts: Effector Cells of Fibrosis

Concept of the myofibroblast The primary effector cell for connective tissue
remodeling is the myofibroblast, a mechanically active, matrix-producing mesen-
chymal cell with distinct morphologic features that differ from normal resident
fibroblasts. Myofibroblasts are characterized by the presence of large, bundled
microfilaments and enlarged focal adhesions [189], and myofibroblast differentia-
tion has been historically defined by the expression of both contractile proteins,
such as the a-isoform of smooth muscle actin (a-SMA), and matrix proteins, such
as collagens and the extra type III domain A (ED-A) splice isoform of fibronectin
[190]. Myofibroblasts expressing a-SMA are not thought to be present in the nor-
mal tissue of the lung, although niche populations of microfilament containing
a-SMA(—) myofibroblasts have been identified [191]. In contrast, «-SMA(+) myo-
fibroblasts are invariably found in granulation tissue of wounds [192] and in scar-
ring diseases that occur in other organs [193, 194]. Myofibroblasts act as central
mediators of connective tissue remodeling via their production of matrix proteins,



7 Mechanisms of Fibrosis in IPF 149

pro- and anti-proteinase proteins, and modulation of matrix organization and ten-
sion [189, 195, 196]. Their presence in the lung is associated with the formation of
a dense collagen matrix and progression of pulmonary fibrosis [197].

Origins of myofibroblasts The potential origins of myofibroblasts are diverse
with several cellular precursors implicated in the expansion of the myofibroblast
population during tissue fibrosis [189]. These include the resident fibroblasts of the
alveolar interstitium, mesenchymal progenitor populations [198], alveolar epithelial
cells that have undergone EMT, and circulating, bone marrow-derived progenitors
that are termed “fibrocytes” [199].

Fibrocytes are circulating progenitor cells that express the hematopoietic surface
antigens, CD34 and CD45, along with the fibroblast-associated proteins such as
collagen I (Col I), collagen III, and collagen IV [200]. The cells were originally
identified in a model of dermal wound healing [201] and are derived from bone mar-
row precursors [202]. Subsequently, studies using chimeric mice and bone marrow
precursors tagged with green fluorescing protein (GFP) demonstrated the accumu-
lation of GFP+, Col I+ cells in their lungs after the induction of bleomycin-induced
pulmonary fibrosis [200, 203]. Fibrocytes express the chemokine receptor CXCR4,
and fibrocyte recruitment to the lung is dependent on the CXCR4 receptor ligand,
CXCLI12 [204]. Several other studies in murine models of pulmonary fibrosis have
demonstrated that circulating fibrocytes can express additional fibroblast-associated
markers (S100A, vimentin, a-SMA) in association with their recruitment to the
lung [104, 200, 204, 205]. However, conflicting data exist as to the potential of these
cells to contribute to the myofibroblast (a-SMA expressing) population in vivo,
with several studies demonstrating no evidence of an a-SMA+ fibrocyte population
during experimental fibrosis [203, 206] and an inability of fibrocytes to express
a-SMA [207]. Regardless of the ability of fibrocytes to become “fully differenti-
ated” myofibroblasts, they may promote fibrosis via other paracrine effects, such as
the production of profibrotic cytokines [208]. Fibrocytes and elevations in CXCL12
are present in the blood of patients with IPF [209] as well as in ex vivo preparations
of lung specimens from patients with IPF [210]. Elevations in circulating fibrocytes
are a marker of disease progression in human IPF [211], and neutralizing antibodies
against CXCL12 ameliorate bleomycin-induced pulmonary fibrosis [204].

An additional hypothesized source of myofibroblasts is through the process of
epithelial-mesenchymal transition. As previously discussed, substantial evidence
supports the presence of aberrant epithelial signaling, including EMT-associated
signaling, in IPF and experimental pulmonary fibrosis [108, 212]. Additionally, lin-
eage marking techniques that can broadly label distal airway and AECs during ges-
tation provide evidence that epithelial cells can express markers of mesenchymal
cells during experimental lung fibrosis [103, 104]. In contrast, a more restricted
lineage marking strategy of adult type IT AEC cells or terminal bronchial epithelial
cells found that no a-SMA+ cell population derives from these epithelial lineages in
the bleomycin model of pulmonary fibrosis [85]. Additionally, in vitro work has
demonstrated limitations in the ability of lung epithelial cells to contribute to the
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collagen organization that comprises a stiff, remodeled matrix [213]. Discrepancies
between these studies could be explained by technical differences in marking tech-
niques or the presence of a discrete epithelial progenitor population that evaded
lineage marking in the adult murine lung that could differentiate into type II cells or
undergo EMT directly in response to injury [214]. Recent evidence supports the
existence of such a population [215]. However, single-cell sequencing of IPF and
normal lung found several abnormal epithelial cell populations in the lung, but no
evidence of a population strongly co-expressing epithelial and myofibroblast mark-
ers was observed [96, 216]. Thus, while EMT-associated signaling programs are
present in pulmonary fibrosis and appear to mediate important profibrotic cross talk
between the epithelial and mesenchymal compartments, it is unlikely that epithe-
lial-derived cells are a significant contributor to the contractile and matrix-produc-
ing cells of the parenchyma in pulmonary fibrosis.

These data suggest that the resident mesenchymal precursor cell population
within the lung remains a predominant source of myofibroblasts during tissue fibro-
sis. The resident mesenchymal precursor population is a mixed population of sev-
eral different mesenchymal cell subtypes important for the normal homeostatic
maintenance and turnover of the lung connective tissue scaffold, and this cell popu-
lation can proliferate and expand in response to injury [85, 140, 191, 217]. Upon
exposure to profibrotic signals, such as cell, serum, or matrix-derived TGF-p, these
cells can differentiate into myofibroblasts [218].

Upon expansion in response to pulmonary injury and fibrosis, the fibroblast pop-
ulation exhibits significant heterogeneity with the presence of several different sub-
phenotypes [219, 220]. Myofibroblasts are defined by the expression of a-SMA and
collagen production, but a significant subset lacks the cell surface marker Thy-1
[221], which correlates with a more fibrotic myofibroblast phenotype [222]. Xia and
colleagues were able to isolate mesenchymal cell progenitors that shared features
with mesenchymal stem cells but had retained differences in profibrotic features
[198]. These profibrotic features were associated with the expression of the cal-
cium-binding protein S100A4 [223]. Single-cell sequencing-based characterization
of fibroblast populations in murine models of pulmonary fibrosis also demonstrates
heterogeneity in the mesenchymal cell population that contributes to the fibrotic
milieu [224, 225].

Aberrant fibroblast behavior Deranged fibroblast biology likely plays an impor-
tant role in the propagation of pulmonary fibrosis by enabling a disproportionate
and non-resolving fibrotic response to epithelial injury. Populations of lung fibro-
blasts isolated from patients with IPF demonstrate differences in global gene expres-
sion [226], proliferative capacity [46, 227], resistance to apoptosis [228],
anchorage-independent growth [229], and deficits in translational control [230]
when compared to normal lung fibroblasts.

The putative mechanisms mediating some of these disordered functions have
begun to be elucidated. Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) is a lipid/protein phosphatase that can act as a tumor suppressor via inhibi-
tion of phosphoinositide 3-kinase (PI3K)/Akt signaling pathway. Levels of PTEN
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are nearly absent in the fibroblastic foci of IPF lungs and in ex vivo IPF fibroblast
cultures, which stands in contrast to normal lung tissue and fibroblasts [227, 231].
Disordered PTEN activity in IPF fibroblasts conveys an abnormal proliferative
response to polymerized collagen matrices via increases in PI3K/Akt signaling, and
PTEN-deficient mice develop an accentuated fibroproliferative wound-healing
response and more severe bleomycin-induced pulmonary fibrosis [227].

Caveolin-1 (cav-1) serves as a scaffolding protein and can inhibit the responses
to growth factor signaling [232, 233]. The fibroblastic foci of IPF lungs lack cav-1
staining, and cav-1 expression by fibroblasts decreases in response to TGF-f. In
contrast, overexpression of cav-1 disrupts TGF-f signaling and matrix protein
induction, and its overexpression attenuates bleomycin-induced pulmonary fibrosis
[234]. The loss of caveolin-1 in IPF myofibroblasts also results in decreases in
PTEN expression [169].

Finally, myofibroblasts from IPF lungs manifest deficits in response to the anti-
fibrotic cytokine, PGE2 [150], and the mechanism mediating PGE2 “resistance” has
been linked to decreased expression of the PGE2 receptor, EP2, by IPF myofibro-
blasts [235].This is partially due to hypermethylation of the promoter region for the
EP2 receptor, which leads to decreased EP2 expression [236].

Just as AECs demonstrate age-related changes that can contribute to the propaga-
tion of tissue fibrosis, resident lung fibroblast behavior can change with age. Age-
related senescent fibroblasts are found in IPF lung, have increased secretion of
inflammatory mediators, and can become resistant to apoptosis, thereby perpetuat-
ing the fibrotic response [216, 237, 238]. Aged-matched fibroblasts from IPF lung
also have an observed increase in mitochondrial dysfunction, disrupted autophagy,
and mitophagy [131, 238, 239].

Paracrine Mediators of Tissue Fibrosis

Growth factors TGF-f was one of the first cytokines implicated in the normal
wound-healing response [240], and it plays a central role in the pathobiology of tis-
sue fibrosis [241-243]. Patients with IPF have increased immuno-localization of
TGF-f in epithelial cells, macrophages, and myofibroblasts in areas of active fibro-
sis (fibroblastic foci) [244, 245]. Inhibition of TGF-p signaling protects against
fibrotic progression in experimental models of pulmonary fibrosis [241, 246, 247].

TGF-p is secreted as a latent protein that is dimerized and forms a complex with
latent binding protein-1 (LTBP-1) via its latency-associated peptide (LAP) [248].
As part of this complex, it is tethered to matrix elements, such as fibrillin and fibro-
nectin [249], and is unable to activate the TGF-f receptor on neighboring cells
[250]. Activation of latent TGF-PBs may occur via direct proteolytic cleavage by
several proteinases, including MMP-2 and MMP-9, or via interactions with o,-
containing integrins [251]. In the lung o,fs integrins expressed on the surface of
epithelial cells bind the LAP of the latent TGF-p complex and facilitate its activa-
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tion by G-protein-coupled receptor agonists such as thrombin and lysophosphatidic
acid [252, 253] via the generation of cell-mediated mechanical tension. The appli-
cation of tension to the o, integrin releases TGF-f from the latent complex,
thereby allowing it to interact with its cognate receptor complex on the surface of
adjacent cells (such as fibroblasts) [254].

The TGF-P receptor complex is a heterodimer comprised of a TGF-p type I
receptor (TGF-PR1) and a type II receptor (TGF-pR2) with TGF-fR1 having ser-
ine-threonine kinase activity. Upon activation, TGF-BR1 phosphorylates receptor-
activated SMAD effector proteins (SMAD2 and SMAD3) resulting in association
with the common mediator SMAD (SMAD4) and translocation to the nucleus with
activation of SMAD target genes. Signaling via this pathway appears to be critical
during fibrogenesis, as SMAD3 null mice are protected from experimental pulmo-
nary fibrosis [241], and depletion of the high-affinity type II TGF-beta receptor in
resident fibroblasts inhibits experimental pulmonary fibrosis [255].

TGF-p receptor activation also results in the activation of several noncanonical
signaling pathways that promote myofibroblast differentiation and resistance to
apoptosis. Activations of mitogen-associated kinase pathways [256] that include
TGF-activated kinase [257], PTEN/PI3kinase/Akt [258], focal adhesion kinase
[259, 260], the tyrosine kinase c-Abelson [261], the small GTPase rho/cytoskeletal-
dependent signals [262, 263], oxidant-mediated signaling [264], and others have
been identified as downstream targets of TGF-f. Activation of these pathways
results in cell shape change and the regulation of gene programs mediating fibro-
blast phenotype and survival [265, 266].

Functionally, TGF-f results in pleotropic effects that promote a coordinated
fibrotic response. Treatment of AECs with TGF-p can result in the induction of
apoptosis or the induction of EMT, depending on the matrix substrate to which they
are exposed [103, 113]. In fibroblasts, TGF- results in myofibroblast differentia-
tion [218], apoptosis resistance [266], and marked upregulation of the expression of
matrix components [190, 267, 268]. Finally, TGF-f3 mediates the epigenetic regula-
tion of gene expression via the induction of several microRNAs that mediate the
fibrotic response, and these microRNAs are also differentially regulated in IPF and
include mir-21 and let-7d [269, 270].

Lysophosphatidic acid (LPA) is a lipid-derived mediator that can be produced by
platelets, membrane phospholipids, and lung surfactant [271], and LPA signals
through several G-protein-coupled receptors to exert its biologic effects. In the con-
text of pulmonary fibrosis, LPA appears to promote the fibrotic response via induc-
tion of epithelial cell apoptosis [272], increased endothelial cell permeability [173],
and increased fibroblast migration [173, 273] and survival [272]. Elevated levels of
LPA have been found in BAL fluid from patients with IPF, and LPA; receptor
knockout mice are protected from the development of pulmonary fibrosis [173].

Multiple other growth factors including endothelin-1 [274], angiotensin II [275],
PDGEF [276], and transforming growth factor-o [277] have been identified as play-
ing a role in the fibrotic response, are implicated in IPF pathogenesis, and may serve
as targets for therapy.
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Immune cells and inflammatory mediators Early studies in IPF lungs identified
significant alteration in levels of several cytokines and chemokines typically
involved in mediating the inflammatory response. Despite the lack of therapeutic
benefit to broad immunosuppression in IPF, inflammatory cells and their associated
signaling may still play a role in the pathobiology of IPF, potentially via the modu-
lation of the fibrotic response. BAL neutrophilia is associated with a worse progno-
sis [278], and mRNA profiling of IPF monocytes reveals upregulation of several
markers of macrophage activation [279]. Macrophage populations appear to be
important in mediating the wound-healing response, in part by contributing soluble
factors to fibroblast activation [145]. The inflammatory cytokines, TNF-a and
interleukin- 1 (IL-1p), are both localized to epithelial cells at sites of fibrosis in IPF
[167, 280] and are released by alveolar macrophages obtained from patients with
IPF or asbestosis [281]. Similarly, a downstream target of IL-1p, interleukin-17A
(IL-17A), is increased in the BAL fluid of patients with IPF and mediates the fibrotic
response to bleomycin in a murine model [282]. Markers of the Th2 immune
response, including interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13
(IL-13), also have been found in increased levels in the interstitium of patients diag-
nosed with cryptogenic fibrosing alveolitis [283]. IL-13 plays a key role in inducing
Th2 responses in the lung in chronic inflammation [284], and IL-13 levels and IL-13
receptor expression correlate with disease severity [285].

Chemokines play a role in IPF via the recruitment of monocytes, leukocytes, and
fibrocytes to the injured lung, and chemokines are involved in the angiogenic
remodeling that occurs in fibrotic lung disease. CCL-12 and its receptor CXCR4 are
strongly implicated in fibrocyte recruitment to the lung [200] along with MCP-1 and
its receptor CCR2 [286]. Macrophage inflammatory protein-loc (MIP-1ar) and
MCP-1 are increased in tissue and BAL [287-292] in human IPF and likely partici-
pate in macrophage recruitment, which can amplify the fibrotic response via pro-
duction of profibrotic cytokines and recruitment of additional inflammatory cells
via chemokines [293]. Production of CCL-18 by macrophages has also been impli-
cated in the progression of pulmonary fibrosis, and circulating levels of CCL-18
correlate with survival in IPF [294]. Conversely, macrophages may facilitate resolu-
tion of the fibrotic response via phagocytosis of apoptotic cells and the production
of matrix metalloproteinases [284]. Alternatively activated macrophages, which
represent the majority of macrophages in IPF lungs, may play a role in this process,
as depletion of this cell cohort attenuates the fibrotic response in bleomycin-induced
pulmonary fibrosis [295].

Several unbiased assessments of genetic alterations in pulmonary fibrosis have
renewed interest in derangements in innate immune signaling in IPF. TOLLIP is a
key signaling component of the innate immune system and has a single nucleotide
variant (rs5743890) that is associated with both susceptibility to developing IPF and
worse outcome [64]. In addition, polymorphic variants in Toll-like receptor 3 and 9
have also been identified as risk factors for IPF progression [296, 297]. The innate
immune system may play an important role in the response to injury via recognition
of danger- and pathogen-associated molecular patterns (DAMPs and PAMPs) by
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pattern recognition receptors. Alteration of the lung microbiome in IPF could be an
important source of PAMPs with subsequent activation of the innate immune system
and increased mortality risk [81, 298], while cell debris, collagen fragments, and
mitochondrial DNA may play a role as DAMPs in the injured and fibrotic lung.

With respect to the adaptive immune system, reduction in the T-cell regulatory
genes, CD28, ICOS, and the tyrosine kinases LCK and ITK is predictive of poor
outcome in IPF [299, 300]. GWAS-based studies have identified an association
between the human leukocyte antigen (HLA) region and the development of fibrotic
idiopathic interstitial pneumonias [301]. A recent proteomic analysis of IPF lung
identified the presence of a plasma B-cell population that was not seen in normal
lung [302].

Despite the abundance of inflammatory mediators and immune cell types that
have been implicated in IPF pathogenesis, much work remains to be done to deter-
mine how these varied pathways intersect with other components of the fibrotic
process. An improved understanding of these interactions may allow for a more
rational approach to targeting these pathways for therapeutic benefit in the future.

Tissue Remodeling and Failure to Resolve the Wound

Angiogenesis, the formation of new blood vessels, is an important component of the
wound-healing response in several tissue beds. In dermal wounds the angiogenic
response potentiates the influx of inflammatory mediators that participate in the tis-
sue remodeling process. Insofar as the pathobiology of IPF is an extrapolation of
many of the mechanisms that mediate other forms of wound healing, it would not
be surprising to detect an angiogenic response. Indeed, pathologic evaluation of the
IPF lung has demonstrated areas of neovascularization as well as the presence of
pulmonary-systemic anastomoses that are often seen in a subpleural location [303].
Additionally, circulating levels of the angiogenic cytokines, interleukin-8 (IL-8/
CXCLS) and endothelin-1, are elevated in patients with IPF compared to normal
controls and correlate with disease progression [304].

However, there is significant spatial heterogeneity of neovascularization and vas-
cular density in IPF tissue biopsies when compared to normal lungs. When carefully
quantified using endothelial cell markers, the level of neovascularization present
within an area of IPF lung is inversely correlated with degree of parenchymal fibro-
sis in that area [305-307]. Furthermore, complete vascular obliteration is often seen
in areas of dense parenchymal fibrosis. Most often, areas of neovascularization are
present adjacent to intact AECs, suggestive of an angiogenic response that attempts
to reestablish the normal alveolar/capillary interface [306]. This suggests significant
spatial heterogeneity to the angiogenic response in IPF with areas of angiogenic
signaling alternating with areas defined by angiostatic signaling.

Corroborating these observations, the angiostatic cytokine, endostatin, was
found to be elevated in the serum of IPF patients [308], while serum levels of vas-
cular endothelial growth factor (VEGF) have been observed to be decreased.
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Clarifying the issue significantly, it has been shown that local VEGF expression is
absent in areas of dense fibrosis, while the angiostatic protein, pigment
epithelium-derived factor (PEDF), which is a VEGF antagonist, has increased
expression in the fibroblastic foci of IPF lungs [309]. PEDF is a TGF-f target gene,
suggesting that the local environment of the fibroblastic focus is characterized by an
angiostatic environment. Whether the angiostatic environment of areas of fibrosis is
cause or consequence of the fibrotic response is unclear. Similarly, the role of the
scattered areas of neovascularization in adjacent lung tissue remains
undetermined.

Role of matrix remodeling on progression of fibrosis The normal matrix envi-
ronment is maintained by the constant and tightly regulated control of cell activa-
tion, matrix production, and extracellular matrix (ECM) proteolysis in order to
maintain “normal” lung architecture [5]. As tissue fibrosis proceeds, matrix organi-
zation is severely altered with increased accumulation of multiple matrix compo-
nents that include extra domain-A (EDA) fibronectin, hyaluronic acid, and collagen
isoforms. In response to TGF-f, other growth factors, and environmental cues, col-
lagen synthesis is induced and secreted by fibroblasts and myofibroblasts. Collagens
are secreted as a soluble promolecule that subsequently self-assembles to form
insoluble collagen fibrils that are relatively resistant to degradation by proteases
[168]. Studies of the collagen content of IPF lungs have demonstrated that collagen
IIT is the primary component in areas of alveolar septal fibrosis with collagen I pre-
dominating in areas of mature fibrosis [310, 311].

Extracellular matrix turnover is tightly regulated by several families of protein-
ases and their respective inhibitors [22]. Matrix metalloproteinases (MMPs) com-
prise a family of proteinases that can target collagen and other matrix components
for degradation. Given the role of these molecules in maintaining the balance of
matrix molecules during normal tissue homeostasis, a defect in the balance of these
factors might be expected in disorders such as IPF that are characterized by matrix
accumulation. In line with this expectation, several tissue inhibitors of metallopro-
teinases (TIMPs) are locally expressed in pulmonary fibrosis [312], and overall col-
lagenase inhibitory activity is elevated in IPF patients when compared to controls
[313]. However, total collagenase activity is increased in IPF as well [314], and
several matrix metalloproteinases including MMP-1, MMP-2, and MMP-7 have
been identified as highly enriched genes in the tissue from IPF lungs [153, 315].
Interestingly, an assessment of global gene expression in IPF lungs found a strong
bias toward increased protease expression, which supports a net degradative envi-
ronment [316]. Given this observation, the effects of spatial localization of protease/
antiprotease expression likely predominate over global assessments of protease/
antiprotease “balance.”

Analysis of MMP expression demonstrates the importance of spatial localization
in IPF. MMP-1 is increased in IPF [153] and localizes to the alveolar epithelium
[312] rather than the fibroblastic focus, where it participates in the processing of
cytokines, which stands in contrast to its role in collagen fibril degradation [168].
MMP-7 (matrilysin) is a highly upregulated gene in IPF lungs when compared with
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control samples, and the degree of MMP-7 elevation in BAL fluid from IPF patients
correlates with survival [172]. MMP-7 also localizes to the alveolar epithelial cells
[154], but it has diverse roles that are relevant to tissue remodeling, and these roles
are distinct from its degrading effect on matrix proteins. In particular, MMP-7 can
activate other MMPs, regulate TGF-f activation, and activate osteopontin [155,
317]. MMP-2 is a gelatinase that targets collagen IV as a substrate [318], and it is
increased in the BAL fluid from IPF patients [312] and has been localized to AECs
[319, 320], where it may contribute to alveolar basement membrane degradation.
MMP-9 is also expressed by epithelial cells and inflammatory cells [321], has
increased expression in patients with IPF [322], and has been associated with
increases in endothelial permeability, neutrophil activation, and rapidly progressive
disease [172, 323]. TIMPs also have differential localization with TIMP-2 predomi-
nating in the fibroblastic foci, where it may facilitate matrix stabilization and accu-
mulation [312].

MMPs can also modify the matrix remodeling response via the cleavage of
matrix proteins, which yields fragments that can act as cell signaling ligands [22].
Additionally, MMPs and TIMPs can themselves mediate profibrotic signaling via
proteolytic activation of growth factors, chemokines, and shedding of membrane-
associated ligands [318]. These profibrotic effects of MMPs may predominate in
IPF, making inferences concerning the net effect of increased MMP expression on
matrix accumulation difficult.

Matrix composition and organization plays a key role in modifying cell behavior,
and dysregulation of matrix cues has been implicated in various disease states
including tumor progression [324]. In the context of IPF, individual ECM compo-
nents can significantly modify the response to soluble and matrix-derived media-
tors. For example, primary AECs cultured on fibrinogen or fibrin and treated with
TGF-f will undergo EMT, while the same cells when cultured on Matrigel (collagen
and laminin) and treated with TGF-p will undergo apoptosis [103]. Myofibroblast
differentiation is also dependent on the presence of several matrix cues. EDA-FN is
preferentially expressed in healing wounds, and its presence is required for TGF-f3-
induced myofibroblast differentiation [190]. Mice deficient in this isoform are pro-
tected from bleomycin-induced pulmonary fibrosis [325]. De novo expression of
the matrix protein, periostin, has been implicated in the fibrotic remodeling that
occurs with asthma [326]. Periostin is also highly expressed in the fibroblastic foci
and serum of patients with IPF [327], and periostin-deficient mice are protected
from bleomycin-induced pulmonary fibrosis [328]. Increased expression of matrix-
associated proteoglycans, such as hyaluronic acid, participates in the fibrotic pro-
cess, which likely occurs via recruitment of inflammatory cells and the facilitation
of fibroblast migration through cognate receptors such as CD44 [329]. Thus, while
the in vivo details of matrix-dependent signaling are currently lacking, it is likely
that altered expression of these and other matrix components facilitate and perpetu-
ate the fibrotic response in IPF.

Incorporation of new matrix elements is not merely a result of haphazard matrix
protein accumulation but proceeds in an orderly fashion [21]. Newly synthesized
fibronectin is desolubilized by integrin-mediated incorporation [106] and serves as
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a scaffold for collagen and other matrix protein deposition [330]. Newly deposited
collagen and elastin are cross-linked via the action of tissue transglutaminases and
lysyl oxidases [331], which increases tissue stiffness. In IPF, lysyl oxidase 2
(LOXL2) is increased in the fibroblastic foci. However, directly inhibiting its activ-
ity using a monoclonal antibody did not prevent progression of IPF. Similarly, tissue
transglutaminase 2 expression and activity is upregulated in IPF, and germline
knockout of this protein prevents the development of experimental pulmonary fibro-
sis [332].

Alterations in the biomechanical characteristics of the ECM during fibrosis, such
as increased tissue elasticity (stiffness), can independently modify cell behaviors
and phenotype determination. Tissue stiffness is quantified by its shear modulus,
which is typically determined via atomic force microscopy [333]. Careful determi-
nations have demonstrated that normal lung tissue has a shear modulus of 0.5 kPa,
whereas the median shear modulus in fibrotic lung increases to 6 kPa [334].
However, significant spatial heterogeneity of tissue stiffness exists within the
fibrotic lung with uninvolved areas retaining a near normal shear modulus but areas
of dense fibrosis having a shear modulus that surpasses 15 kPa.

All cell types likely sense and respond to alterations in the biomechanical features
of the matrix [335]. The development of tension across a healing wound modifies
myofibroblast differentiation [336, 337], and release of this tension leads to the
induction of myofibroblast apoptosis [338]. Similarly, stiff matrices induce fibroblast
to myofibroblast transition [339, 340], which is accompanied by the augmentation of
matrix protein expression [334]. The development of matrix tension and stiffness
also modifies cellular responses to TGF-f. TGF-f bioavailability is directed and
modified by the transmission of tension to its associated LTBP via a,-containing
integrins [341, 342]. Therefore, myofibroblast differentiation induced by soluble
TGF-p requires the development of matrix-derived tension across the cell [343, 344].

Functionally, increases in matrix stiffness that mimic fibrotic lung result in aug-
mentation of traction forces by lung fibroblasts in response to TGF-f3, whereas nor-
mal matrix stiffness does not [345]. Epithelial cells toggle their response to TGF-§
stimulation that is dependent on the matrix stiffness of their environment, undergo-
ing apoptosis on low-stiffness substrates but EMT on high-stiffness substrates
[346]. Some matrix stiffness-dependent effects on cells may be durable, as fibro-
blasts retain the “programmed” behavior imparted by culture on a stiff matrix, even
after subsequent prolonged culture on matrix with “normal” stiffness [347].
Similarly, adoptive transfer of lung fibroblasts from patients with pulmonary fibro-
sis induces the development of fibrotic lung lesions in mice, while those from nor-
mal lungs do not [297, 348]. The acquisition of these durable aberrant behaviors
from the matrix environment may be due to epigenetic “programming,” although
this has not been formally demonstrated as of yet.

These observations strongly suggest that the ECM and its cellular constituents
participate in a reciprocal signaling fashion during fibrosis that provides a “feed-
forward” mechanism that promotes progression of fibrosis. How matrix-derived
signaling varies between fibrosis and normal wound healing remains an open area
of inquiry.
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New Directions and Targets for Therapy

Current strategies to stop IPF progression rely heavily on the mechanistic under-
standing of fibrosis that has been reviewed thus far (Table 7.1). However, only two
therapies (nintedanib and pirfenidone) have had successful Phase III trials that have
led to FDA approval for therapy (see Chap. 13). Many additional drugs have been
investigated that target known mechanisms of fibrosis, but to date these therapies
have either failed to attain the desired endpoint or are still in the developmental
pipeline (Table 7.1). New advances in the understanding of IPF pathogenesis will be
essential for the next generation of therapies to be developed. The past decade has
seen the advent of the use of unbiased GWAS investigations as well as studies of
RNA profiles (mRNA, splice isoforms, microRNA, long noncoding RNA), protein
expression (proteomics), epigenetic alterations (epigenomics), and metabolic alter-
ations (metabolomics) in human samples from patients with IPF. These analyses
have provided investigators with powerful new tools that facilitate pathway discov-
ery for complex disorders such as IPF. Single-cell sequencing has more recently

Table 7.1 Mechanistic targets of therapy for IPF

Drug
Under evaluation

Mechanistic target Ineffective (phase II/I1I) Effective
Unknown Pirfenidone
Receptor tyrosine kinases (VEGFR, Nintedanib
PDGEFR, FGF)
Receptor Tyrosine Kinases Imatinib
(PDGFR, DDRs, c-Kit, c-Abl)
Immune response Prednisone

Azathioprine
Antioxidant N-Acetylcysteine
Coagulation Warfarin
TNF-a Etanercept
Interferon y-1b Interferon y-1b
Endothelin-1 receptor Bosentan

Ambrisentan
LPA1 receptor BMS-986020
Autotaxin GLPG1690
Interleukin-13 Tralokinumab Lebrikizumab
CTGF Pamrevlumab
Avp6 (via TGF-p release) STX-100
LoxL2 (matrix cross-linking) AB0023
Serum amyloid P (macrophage PRM-151
function)
Fatty acid receptors (GPR84, PBI-4050
GPR40)
Microbiome Co-trimoxazole
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emerged and holds the promise of dramatically improving the resolution of the
changes that occur in the underlying cell populations during the induction and pro-
gression of pulmonary fibrosis, and this novel technique may inform the discrete
function of gene expression changes that are associated with IPF pathogenesis.
When coupled with the various mechanistic investigations, these methodologies
have opened the door for biomarker development and novel approaches to therapy.

RNA expression profiling Initial investigations of RNA expression focused on
mRNA to determine how global expression profiles differed between IPF and nor-
mal lung as well as between IPF and other forms of interstitial lung disease (ILD).
These studies found increased gene expression of matrix metalloproteinases,
developmental signals, adhesion proteins, extracellular matrix proteins, and mus-
cle-related proteins present in IPF lungs, when compared to normal lungs or other
ILDs [106, 153, 154, 349]. Subsequent global analysis of the cumulative datasets
demonstrated that WNT and TGF-f signaling pathways are highly enriched in IPF
lungs [28]. Moreover, recent work has uncovered differences in mRNA expression
profiles between sub-phenotypes of IPF and demonstrated distinct patterns of gene
expression in IPF patients with secondary pulmonary hypertension [350], those
with more progressive IPF [351-353], and patients with acute exacerbations of IPF
[354].

In addition to providing insight into disease pathogenesis, a major potential use
of gene expression profiling is the development of diagnostic, prognostic, and dis-
ease activity biomarkers. Several candidate biomarkers have been identified [355],
but validation of these approaches and translation to clinical practice remains a
future goal.

Proteomics Several studies have now been completed that have used comparative
proteomics to examine lungs from patients with IPF versus lung tissues from
untransplanted human donor lungs and found evidence of DNA damage stress
responses, UPR, and upregulation of heat-shock proteins in the IPF lung [356, 357]
Additionally, deep proteome profiling identified a unique B-cell type that was only
present in IPF lungs [302]. Proteomic analysis has also been performed on periph-
eral blood plasma and identified alterations in host defense, wound healing, and
protein phosphorylation in IPF samples, and these investigators were able to iden-
tify a minimal gene signature that was highly accurate in differentiating IPF patients
from normal controls [358].

Epigenetic Regulation From a mechanistic perspective, the evolving understand-
ing of epigenetic regulation of gene expression has opened a new area of investiga-
tion into the pathogenesis of pulmonary fibrosis (see Chap. 9). Epigenetic gene
regulation refers to regulation of gene expression that occurs outside of changes in
DNA germline coding and occurs via three main mechanisms: histone modifica-
tions, DNA methylation, and the effects of noncoding RNAs (microRNAs).

Unbiased oligonucleotide microarray screens to determine microRNA expres-
sion profiling have demonstrated that approximately 10% of microRNAs are
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differentially regulated in IPF [27]. RNA expression profiles of noncoding RNA
have been more recently characterized for IPF with identification of many develop-
mentally associated microRNAs and regulators of TGF-f signaling [359, 360]. The
first reports of differentially regulated microRNAs in IPF focused on let-7d [269]
and mir-21 [270]. Let-7d is a microRNA that is downregulated by TGF-p and is
decreased in the lungs of patients with IPF [269]. Let-7d is localized to the alveolar
epithelium in normal lungs, and it is involved in the regulation of EMT [269]. Mir-
21 expression is induced by TGF-f, and elevated levels of mir-21 are found in the
lungs of IPF patients as compared to controls [270]. In contrast to let-7d, mir-21
localizes to myofibroblasts and is known to mediate many of the effects of TGF-f
including the regulation of PTEN expression [361]. Mir-29 is downregulated in
pulmonary fibrosis [362], and it is also responsive to TGF-f and matrix-derived
mechanical cues [363].

Investigators are now beginning to use transcriptional profiling of individual cell
populations using single-cell RNA sequencing, which has now been used to begin
to characterize the cell population differences between normal and IPF lung. This
technique has identified distinct shifts in the gene expression profiles of epithelial
cell populations in fibrotic lung and provided evidence of activation of TGF-p,
HIPPO/YAP, WNT, and AKT signaling localized to this compartment [96].
Forthcoming studies looking at other cell populations (immune, mesenchymal, etc.)
should provide new insights into cell lineage-specific gene expression changes that
are associated with pulmonary fibrosis.

An alternative mode of epigenetic regulation occurs via acquired DNA modifica-
tions in somatic cells that can “program” gene expression and pass on this informa-
tion to daughter cells. One of the most common modifications that can alter gene
expression is gene silencing by methylation at CpG islands [364]. Hypo- and hyper-
methylation of critical genes have been implicated in the development of cancers
[365], but only limited investigations have been published in tissue fibrosis until
recently. In the context of pulmonary fibrosis, widespread alterations in epigenetic
patterning are present in IPF [366, 367], and there is upregulation of DNA methyl-
transferase 3a in the hyperplastic epithelium of IPF lung [367]. Several fibroblast-
related genes exhibit hypermethylation and silencing in fibrosis, including the
prostaglandin E2 receptor (PTGER?2) [236], IP-10 [368], and Thy-1 [369], while the
a-SMA promoter is hypermethylated at several CpG islands in epithelial cells, but
decreased methylation was found in fibroblasts [370].

These results suggest that IPF is characterized by severe derangements in the
regulatory control of gene expression, and much work remains to be done to achieve
an understanding of the origins and implications of many of these observations on
the mechanism of disease pathogenesis in IPF. However, several of these technolo-
gies have exciting therapeutic and diagnostic potential. The identification of key
gene expression profiles may lead to the development of individual biomarkers or
gene sets that may obviate the need for a surgical lung biopsy, allow for more pre-
cise identification of IPF sub-phenotypes, and identify patients at high risk for dis-
ease progression [299, 353, 371]. The identification of key microRNAs involved in
IPF may allow for a novel mode of targeting deranged signaling in IPF, as a single
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microRNA can target many different genes from divergent signaling pathways.
Implementation of this strategy will require a more detailed understanding of the
relationship of the downstream signaling pathways along with the development of
drug delivery technology that utilizes this novel mode of targeting.

Summary

IPF is a disorder characterized by the presence of extensive alveolar epithelial cell
injury accompanied by a robust, non-resolving wound-healing response. Robust
investigations in familial cohorts of patients with FPF and sporadic IPF patients
strongly suggest that genetic AEC susceptibility to injury (telomeres, MUCS5B, etc.)
compounded by age-related changes set the stage for exogenous stimuli to chroni-
cally injure the AEC, thereby initiating the fibrotic response. AEC injury and failure
to reepithelialize the airspace perpetuate the fibrotic response in concert with TGF-§
activation and WNT signaling. The reparative response in IPF is characterized by
activation of the coagulation cascade, formation of a provisional matrix, and expan-
sion of local progenitor populations for fibroblasts, all of which lead to myofibro-
blast populations that comprise the fibroblastic focus. Deposition and remodeling of
ECM yield a stiffened, fibrotic matrix that feeds forward to perpetuate the fibrotic
response. Myofibroblasts of the fibroblastic focus show evidence of resistance to
apoptosis, senescence, and metabolic derangements that likely impair the normal
resolution of the fibrotic response. Alterations in immune cell phenotype and func-
tion also contribute to abnormal repair.

While an effective therapy for IPF remains elusive, approaches to therapy have
begun to evolve toward targeted therapies directed at the putative growth factors,
receptors, and enzymes for which robust evidence for mechanistic involvement in
matrix remodeling has evolved. New approaches that encompass high-throughput
but also allow high-resolution assessments of the cell heterogeneity and gene
expression in IPF should help identify additional targets for therapies that can halt
fibrotic progression and promote reparative responses that restore tissue integrity
and function.
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Chapter 8
Genetics of Pulmonary Fibrosis

Traci N. Adams and Christine Kim Garcia

Introduction

Interstitial lung disease (ILD) is a heterogeneous group of disorders characterized
by abnormalities in the space between the alveolar epithelial cells and the capillary
vascular endothelial cells. The observation that a progressive lung fibrosis can affect
multiple members of the same family demonstrates a role of genetics in the underly-
ing pathogenesis of this disease. Recent research in this field has led to a deeper
understanding of the genes and genetic variants that are linked to familial pulmo-
nary fibrosis (FPF). The same genetic mechanisms important in FPF are also rele-
vant to sporadic forms of ILD, especially idiopathic pulmonary fibrosis (IPF). These
insights have begun to reveal the molecular basis of a disease that was initially
thought to be of unknown cause.

Epidemiology and Clinical Manifestations of Familial
Pulmonary Fibrosis

Familial pulmonary fibrosis (FPF) is characterized by the presence of pulmo-
nary fibrosis in two or more individuals from the same family. It encompasses
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those with familial interstitial pneumonia (FIP), in which affected individuals
have a diagnosis of one of several different idiopathic interstitial pneumonias
(ITPs) [1]. Affected individuals in FPF kindreds also may have a diagnosis of a
fibrotic ILD of known cause, such as chronic hypersensitivity pneumonitis [2,
3]. In FPF families, IPF is often the most common diagnosis [1, 3]. Vertical
transmission and an autosomal dominant pattern of inheritance are seen in most
kindreds.

FPF is uncommon in the general population, with a prevalence estimated to be
1.3-5.9 per million [4]. In comparison, the prevalence of idiopathic pulmonary
fibrosis (IPF), the most common IIP, has been estimated to be between 2 and 42 per
100,000 persons [5]. A positive family history, or the occurrence of another first- or
second-degree family member with a fibrotic ILD, has been reported in 2-20% of
cases [4, 6, 7]. This wide range is likely explained by various definitions used, as
well as the various cohorts studied.

The diversity of clinical manifestations of FPF was first demonstrated by Steele
and colleagues in 2005 [1]. This study evaluated 111 families with 2 or more rela-
tives affected by an IIP and found that 45% of families included patients with dif-
ferent IIP subtypes. Subsequent data have confirmed this heterogeneity, finding that
both IIPs and ILDs of known cause may be present within the same family [3, 8].
One series of 289 FPF patients reported an unclassifiable radiographic presentation
in 50%, usual interstitial pneumonia in 22%, nonspecific interstitial pneumonia
(NSIP) in 12%, and organizing pneumonia (OP) in 1% [8]. Newton and colleagues
determined multidisciplinary diagnoses for 115 patients with FPF and heterozygous
mutations in 4 telomere-related genes [3]. A diagnosis of IPF was found in 46% of
patients, unclassifiable ILD in 20%, chronic hypersensitivity pneumonitis (HP) in
12%, pleuroparenchymal fibroelastosis (PPFE) in 10%, interstitial pneumonia with
autoimmune features (IPAF) in 7%, an IIP other than IPF in 4%, and connective
tissue disease-associated ILD in 3%.

Retrospective studies of patients with HP and pleuroparenchymal fibroelastosis
(PPFE) have supported these findings. A retrospective Japanese study of patients
with HP revealed that 17.5% of HP patients have a family history of pulmonary
fibrosis [9], while a study of 12 PPFE patients revealed that 2 had a family history
of pulmonary fibrosis [10].

Even asymptomatic first-degree relatives of FPF patients may exhibit a variety
of manifestations of subclinical pulmonary disease, including radiographic abnor-
malities, reduced single-breath diffusion capacity, and reduced recruitment of dif-
fusion capacity with exercise [11]. Another study found radiographic abnormalities
in 14% of asymptomatic first-degree relatives of patients with FPF at a mean age of
50.8 years [12]. The most common findings included septal thickening, peribron-
chovascular thickening, subpleural reticulations, and ground-glass opacities.
Transbronchial biopsies were abnormal in 35% with histopathologic findings of
interstitial fibrosis, peribronchiolar fibrosis, chronic inflammation, granulomas,
and respiratory bronchiolitis. These studies demonstrate that even the earliest sub-
clinical pulmonary manifestations of lung disease in asymptomatic relatives are
diverse.
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Classification of Genetic Variants

Genetic variants are alterations in the DNA sequence that differ from a reference
sequence. Variants are predominantly classified by allele frequency. Common vari-
ants have a minor allele frequency (MAF) >5%. Variants that are termed “rare” are
much less common in the population, generally with a MAF <0.1%.

Humans have two copies of each gene located on autosomal (non-sex) chromo-
somes, one inherited from the father and the other from the mother. Consider a
single nucleotide variant with two alleles, G and T. Thus, the three possible geno-
types at this position are GG, GT, and TT. Suppose, in a group of 100 individuals,
81 are found to be homozygous for the G allele (GG), 18 are found to be heterozy-
gous (GT), and 1 is found to be homozygous for the minor allele (TT). Then the
frequency of the T allele is estimated as the fraction of all chromosomes in the
sample that carry the T allele, that is, (18 x 1 + 1 x 2)/(100 x 2) or 10%. Note that
the MAF is not equivalent to the frequency of individuals carrying an allele. For, as
in this example, 19 out of 100 (19%) individuals have at least one copy of the minor
T allele. Thus, the carrier frequency is 19%, whereas the MAF is 10%.

Variants are also classified by their predicted effect on the RNA transcript or the
protein function. Variants in the promoter region of a gene, for example, may cause
a change in gene transcription. Variants in the coding region of the protein are pre-
dicted to lead to a loss of function of the protein if they change an amino acid resi-
due to a stop codon, if they alter residues in the canonical splice donor (“gu-") or
splice acceptor (“-ag”) sites, or if they lead to a frameshift and a premature trunca-
tion of the protein. The degree of conservation of a particular amino acid across
species may predict tolerance to missense variants that change an individual amino
acid. In vitro testing of protein function or in silico prediction programs can be used
to estimate the effects of missense variants.

Recent genetic sequencing studies have shown that most human genetic variants
are rare or extremely rare [13—15]. Rare variants are more likely to affect the struc-
ture or function of proteins than common variants. Evolution predicts that deleteri-
ous variants responsible for human disease should be uncommon and recent [16].
So, if deleterious variants are extremely rare and each individual has thousands of
rare variants, then a major challenge exists to determine which of these potentially
deleterious variants are playing a role in disease.

The American College of Medical Genetics and the European Society of Human
Genetics have classified genetic variants into five categories: pathogenic, likely
pathogenic, variant uncertain significance (VUS), likely benign, and benign
(Fig. 8.1) [17, 18]. Variants with a clear causal link to disease are classified as patho-
genic, whereas those that have been shown to have no correlation with disease are
benign. Many variants, however, fall in the VUS category, which can make the
results of genetic testing challenging to interpret. A “novel” variant, or one that is
unique to an individual and which has not been reported in a disease-specific data-
base, may be classified as a VUS. If later studies, such as the demonstration of
segregation analysis in families or the finding of additional reports of the variant in



186 T. N. Adams and C. K. Garcia

Likely VUS Likely
benign pathogenic
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Normal telomeretength
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Fig. 8.1 Classification of genetic variants. Genetic variants are classified into one of the five
categories: benign, likely benign, variant of uncertain significance (VUS), likely pathogenic, and
pathogenic. The type of evidence to support each variant class in ILD patients includes the variant
minor allele frequency (MAF) in comparison with disease frequency; the predicted effect of the
variant on protein function with silent changes predicting little impact on protein function and loss
of function (LOF) variants predicting a null variant in telomere-related genes; and co-segregation
of the variant with ILD in multiple affected family members, telomere length with extremely short
lengths in support of pathogenic variants in telomere-related genes, and well-established func-
tional studies showing an alteration of protein function. The clinical significance of any sequence
variant falls on a gradient, ranging from those that are certainly benign to those that are certainly
pathogenic

patients with the same disease, suggest that the variant may be pathogenic, its clas-
sification may change over time.

Study Designs to Assess Effects of Common and Rare Variants

Common variants, or single nucleotide polymorphisms (SNPs), are commonly
assessed through the use of genome-wide association studies (GWAS). These evalu-
ate for differences in genetic variant frequencies across cohorts of cases and con-
trols. The ability to find a statistical significance in this type of analysis depends on
the effect size of an individual variant as well as the sample size of the cohorts.
Large sample sizes have more power to detect differences than small sample sizes.
GWAS findings that are confirmed in an independent replication cohort are less
likely to be due to spurious associations from subtle differences in ancestry between
cases and controls.

Exome sequencing, in contrast to GWAS studies, provides sequence informa-
tion for nearly all bases in the coding region of a gene. While exome sequencing
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generates much more data than GWAS, it is generally blind to noncoding regions.
Thus, an exome sequencing study may not capture SNPs located in the promoter or
introns of genes. In whole genome sequencing, the entire genome, rather than just
the coding regions, is sequenced. In sequencing studies, the variants in each gene
are compared across cohorts of cases and controls to determine if there are differ-
ences between the nature and number of variants per gene.

The cost of genotyping greatly influences study design. Previously, sequencing
studies were prohibitively expensive to conduct on large populations. As techno-
logical advances have driven down costs, sequencing is now much more feasible. In
time, whole genome sequencing may be routinely used to analyze all coding and
noncoding variants across the genome.

MUC5B Promoter Polymorphism

MUCS5B is a gene that encodes mucin 5B, which is a highly glycosylated protein
component of mucus. Mucin 5B lubricates the oral cavity, lung, and cervix; it
has a crucial role in innate immune function [19]. In 2011, Seibold and col-
leagues identified SNP rs35705950, which is located 3 kb upstream of the
MUCSB transcription start site, as being significantly associated with familial
and sporadic IPF [20]. The frequency of this common variant was compared
between patients and healthy control groups. The MAF of the rs35705950 vari-
ant was 33.8% in FPF patients, 37.5% in sporadic IPF patients, and 9.1% in
controls. The ORs for disease was 6.8 (95% CI 3.9-12.0) and 20.8 (95% CI
3.8-113.7) for FPF patients who are heterozygous and homozygous, respec-
tively, for the risk allele. Similarly, the OR for IPF was 9.0 (95% CI 6.2-13.1)
and 21.8 (95% CI 5.1-93.5) for sporadic IPF patents who are heterozygous and
homozygous, respectively, for this allele.

The rs35705950 variant is associated with upregulation of MUCS5B expression in
healthy lung tissue. Mucin expression is 14-fold higher in lung disease from affected
individuals versus unaffected controls [20]. This increased expression occurs pri-
marily in the distal airways rather than in honeycomb cysts [21].

The association between MUC5B promoter variant rs35705950 and IPF has been
validated in multiple independent patient cohorts collected from different countries
and with different ethnicities [20, 22-28]. The MAF of this risk allele varies across
populations, ranging from 0.8% to 12% in healthy controls of Japanese and white
ethnicity, respectively [25, 29]. Its allele frequency also varies across IPF patient
cohorts, from 3.4% to 41.9% in Japanese and French IPF patients, respectively [23,
29]. Despite these wide ranges, it has been found to be statistically associated with
IPF in patients identified from the United States, France, Italy, the United Kingdom,
Germany, and Japan.

The MUC5B promoter variant rs35705950 appears to be a risk factor that is more
specific for certain types of pulmonary fibrosis, including IPF and chronic HP [28].
This minor allele was not associated with non-IPF diagnoses of patients banked by
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the Lung Tissue Research Consortium [27]. It was not associated with ILD due to
systemic sclerosis or sarcoidosis [23, 26].

The 1s35705950 variant has also been associated with radiographic interstitial
lung abnormalities (ILAs), which are thought to be a precursor of IPF. It has been
hypothesized that a proportion of individuals with ILA radiographic findings prog-
ress over time to clinical ILD. Those with ILAs demonstrate increased mortality from
respiratory causes [30, 31]. The odds for ILAs were 2.8 times higher for each copy of
the rs35705950 minor allele in the Framingham Heart Study [32], and ILA progres-
sion was associated with increasing age and MUCS5B promoter phenotype [31].

Other Common Variants in Fibrosing IIP

Several other common variants have been statistically associated with fibrosing
IIPs. A GWAS study found an association between rs2736100 in intron 2 of the
TERT gene and IPF patients from Japan [33]. A GWAS study of sporadic IPF
patients revealed associations in common variants in genes encoding the Toll-
interacting protein (TOLLIP) and signal peptidase-like 2C (SPPL2C) [25].

A large GWAS study by Fingerlin and colleagues compared the frequency of
common variants in 1616 patients with fibrotic IIP with 4683 controls, with replica-
tion analysis using 876 IIP cases and 1890 controls [24]. The study was the largest
of its kind and confirmed previously identified genetic associations between fibrotic
IIP and SNPs in the MUC5B and TERT genes. Seven novel loci were also associated
with IIP. The common variants identified in this study were found in genes that have
arole in host defense (MUCS5B, ATP11A), cell adhesion (DSP, DPP9), and telomere
length (TERT, TERC, OBFC1I), which suggests that the pathogenesis of fibrotic ITPs
may involve disparate pathways.

Prognostic Information from Common Variants

Common variants may inform prognosis and response to treatment of IPF patients.
The MUC5B 1s35705950 risk variant is associated with improved survival in spo-
radic IPF compared to subjects without the variant [34]. Similarly, individuals who
have the TOLLIP rs5743890 risk allele have better outcomes than those individuals
with the protective allele [25].

In a retrospective analysis of data from the PANTHER-IPF trial, a significant
interaction was seen between a variant in TOLLIP (rs3750920) and N-acetylcysteine
(NAC) [35]. Those with the rs3750920 TT genotype who were treated with NAC
had a decreased risk of the composite outcome of death, transplantation, hospital-
ization, or greater than a 10% decline in forced vital capacity (FVC). In contrast,
those with the CC genotype who received NAC had an increased risk of the com-
posite endpoint. These findings possibly suggest that genotype-stratified patient
populations may respond differently to IPF therapies and deserve additional study.



8 Genetics of Pulmonary Fibrosis 189
Rare Variants in Pulmonary Fibrosis

Pathogenic rare variants, in comparison with common variants, have much lower
allele frequencies and have much greater effect sizes than SNPs in causing pulmo-
nary fibrosis. The inherited predisposition to FPF has been linked to germline rare
variants in at least ten different genes. More mutations have been described in
TERT, the protein component of telomerase, than any other gene. Over 90 different
variants in TERT have been reported in FPF and sporadic ILD patients (Table 8.1);
all are individually rare. Pathogenic rare variants in TERC, RTELI, PARN, NAF I,
DKCI1,TINF2,SFTPC,SFTPAI, and SFTPA?2 are also associated with an increased
risk for developing severe adult-onset pulmonary fibrosis. Reduced penetrance is
seen in all large kindreds, even those with well-characterized pathogenic variants
[2, 36, 37]. These findings underscore the threefold complexity of rare variants
linked to pulmonary fibrosis: (1) involvement of multiple genes (locus heterogene-
ity), (2) multiple different pathogenic variants within each gene (allelic heteroge-
neity), and (3) reduced penetrance of pulmonary fibrosis for individuals carrying
the risk allele.

Figure 8.2 summarizes the genetic locus heterogeneity observed in one FPF
cohort. Panel A describes the percentage of FPF kindreds linked to pathogenic vari-
ants in seven different genes. Panel B describes the leukocyte telomere lengths of
probands of FPF kindreds from this same cohort. It shows that there are a dispropor-
tionate number of probands with short telomere lengths: ~30% have telomere
lengths <1st percentile (adjusted for age), and an additional ~15% have telomere
lengths between the 1st and 10th percentile. Short leukocyte telomere lengths char-
acterize the majority individuals with pathogenic variants in telomere-related genes.
This FPF collection can be considered a collection of discrete genetic subtypes.
Families can be grouped by gene with ~20% characterized as TERT-associated
FPFE. They can also be grouped by pathway with ~30% characterized as telomere-
related FPFs and 3% as surfactant-related FPFs. At this time, most FPF kindreds are
currently unexplained.

Table 8.1 demonstrates the degree of allelic heterogeneity seen in one gene,
TERT. There are nearly 100 different rare variants in this gene that have been linked
to FPF or sporadic ILD in the literature. The allele frequency for each is <0.01%.
Rare variants in this gene have been found in patients collected across the globe,
including the United States, France, Canada, Brazil, and China. Some variants have
been found in multiple different unrelated families. For example, the p.Arg865His
variant has been described in unrelated families from the United States, Brazil, and
Newfoundland [2, 38, 39]. The level of evidence in support of the pathogenicity for
each variant varies widely. Data to support the pathogenicity of some variants
includes a very rare allele frequency, identification in multiple unrelated individuals
with the same phenotype, co-segregation analysis with disease in large kindreds,
association with short telomere lengths, and demonstration of decreased in vitro
protein activity. For others, the strength of evidence in support of pathogenicity is
much less robust. For this latter group, clinical counseling would be ambiguous
without additional information to support the pathogenicity of the variant.
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Fig. 8.2 Genetic heterogeneity of familial pulmonary fibrosis (FPF). (a) Percentage of variants in
different genes found in FPF probands (n = 228) [2, 3, 37, 54, 66, 95]. Only variants that are consid-
ered pathogenic or likely pathogenic were included; none were found in DKC1, TINF2, or SFTPAI
(data not shown). Rare variants were not included if the family analysis demonstrated a lack of co-
segregation of the variant and fibrotic ILD or if there was no indication that the variant led to a del-
eterious effect on protein function. Overall, ~30% of probands have pathogenic variants in
telomere-related genes, and ~3% of probands have pathogenic variants in surfactant-related genes.
(b) Percentage of probands of FPF families (n = 228) that demonstrate an age-adjusted leukocyte
telomere length of <1st percentile (~30%), <10th percentile (45%), or >10th percentile (55%)

Rare Variants in Telomere Maintenance Genes

Telomeres are repetitive nucleotide sequences at the ends of chromosomes that pre-
vent progressive shortening of the chromosome during cell replication. The overall
length of the telomere is influenced by its starting length, the cellular activity of
telomerase, the number of cell divisions, and the environment. Most rare variants in
telomere-related genes found in patients with FPF or sporadic end-stage lung fibro-
sis are found in one of four genes, TERT, TERC, RTELI, and PARN, with fewer
cases linked to NAFI, DKCI, and TINF2 [2, 36, 37, 40-45].

Telomerase is a ribonucleoprotein complex composed of a reverse transcriptase
protein (encoded by TERT) which catalyzes the addition of repeated DNA sequences
to the ends of chromosomes by using a telomerase RNA (TERC) template [46—48].
The regulator of telomere length 1 (RTELI) is a DNA helicase that disassembles
DNA secondary structures at the end of the chromosome, such as the T-loop and
G-quadruplex structures. Polyadenylation-specific RNase (PARN) removes adenos-
ine nucleotide tails from the end of TERC, allowing it to serve as the template for
the telomere repetitive sequence [49]. NAF1 loads dyskerin core complexes onto
TERC; loss of function variants in this gene have also been described in FPF patients
[43]. Rare variants in two other telomere-related genes, DKC1 and TINF?2, have also
been described in patients with ILD [44, 45].
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Regulation of telomerase activity is important in determining cellular life span.
Most somatic human cells have undetectable telomerase activity after birth, and as
a result, telomeres in these cells progressively shorten with each round of cell divi-
sion, eventually leading to cell senescence [50]. Expression of telomerase prevents
senescence of stem cells or those with increased replicative potential [51-53].

FPF kindreds with rare pathogenic variants in the telomere-related genes demon-
strate an autosomal dominant pattern of inheritance with reduced penetrance.
Pulmonary fibrosis is rare for individuals before 40 years of age, except for those
with dyskeratosis congenita. Pulmonary fibrosis in telomere-related gene mutations
may manifest as an IIP or an ILD of known cause as discussed above, and discor-
dant diagnoses for individuals with an identical mutation can occur in up to 80% of
families [3].

Pathogenic rare variants are associated with much higher penetrance of disease
than common variants. In contrast with the MUCS5B allele, in which <1% of indi-
viduals who have inherited the risk allele develop IPF, approximately 50-60% of
individuals with an inherited pathogenic TERT rare variant develop pulmonary
fibrosis by 60 years of age [54]. While smoking or exposure to other fibrogenic trig-
gers may be triggers for developing fibrosis, this has not been prospectively studied.
The association between short telomere lengths and chronic HP also supports the
role of environmental factors in the development of short telomere-associated lung
fibrosis. Perhaps cumulative environmental exposures partly explain the increasing
incidence of lung fibrosis with age.

Genetic burden of pathogenic variants and genetic anticipation lead to earlier
presentations of disease. Patients who inherit two mutations in TERT, RTELI, and
PARN may develop disease as children or young adults, in the form of dyskeratosis
congenita (DC) or Hoyeraal-Hreidarsson syndrome [55-57]. Patients with DC often
have reticular skin pigmentation, nail dystrophy, and oral mucosal leukoplakia in
childhood and bone marrow failure by the second decade of life. Onset of pulmo-
nary fibrosis occurs sooner in DC patients following a bone marrow transplant [58].
Genetic anticipation may occur in families with telomere-related gene mutations
due to progressive telomere shortening, leading to earlier and increasingly severe
disease in each generation [3, 59]. Earlier presentations of pulmonary fibrosis across
subsequent generations have been found in FPF families with TERT, TERC, and
RTELI mutations [3, 38, 60, 61].

Subclinical Pulmonary Disease in Pathogenic Rare Variant
Carriers

Asymptomatic rare variant TERT carriers may exhibit subclinical signs of pulmo-
nary fibrosis. Asymptomatic carriers may demonstrate increased quantitative tissue
volumes on high-resolution computed tomography (HRCT) and reduced diffusion
capacity at rest and with exercise [11]. The lag time between subclinical and overt
disease is highly variable [62].
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Prognosis Related to Pathogenic Rare Variants
in Telomere-Related Genes

In a study by Newton and colleagues, patients with mutations in telomere-related
genes had a uniformly progressive course [3]. The mean rate of decline in FVC was
300 mL-year~" and the median time to death or transplant was 2.87 years. There was
no significant difference in the time to death or transplant for different gene muta-
tions or for patients with a clinical diagnosis of IPF or one of several different non-
IPF ILD diagnoses. These data suggest that surgical lung biopsy may be unnecessary
in patients with FPF due to telomere-related mutations, as the exact clinical diagno-
sis does not affect prognosis.

Lung transplantation is the only curative treatment for progressive pulmonary
fibrosis. Several retrospective series have reported outcomes in patients with TERT
and TERC mutations undergoing lung transplant [63—65]. Thrombocytopenia,
myelodysplastic syndrome, bone marrow failure, acute kidney injury requiring dial-
ysis support, and adjustment of immunosuppression due to hematologic toxicity
were commonly observed.

Telomere Length and Clinical Outcomes

Telomere lengths can be measured by several different methods. Most studies
investigate the telomere lengths of leukocytes, because these are available with a
minimally invasive blood draw. Telomere length studies of lung cells are more dif-
ficult because they require surgical samples and may be influenced by regional
heterogeneity of an underlying ILD. Leukocyte telomere lengths can be measured
by quantitative immunofluorescence or flow-FISH, by Southern blot analysis or
terminal restriction fragment length (TRFL) analysis, or by quantitative PCR
(QPCR) amplification of the telomere end relative to a single-copy gene. Each
technique has inherent limitations. For example, flow-FISH requires a freshly
drawn sample of blood, TRFL analysis is very time-consuming, and QPCR can be
less reproducible [39].

Sporadic ILD patients with short leukocyte telomere lengths have a worse prog-
nosis than those with normal telomere lengths. Between 23% and 50% of patients
with sporadic IPF have age-adjusted telomere lengths less than the 10th percentile
[66, 67]. These short telomere sporadic IPF patients have worse transplant-free sur-
vival in multiple independent cohorts than sporadic patients with normal telomere
lengths [68, 69]. Interestingly, telomere length <10th percentile for age is associated
with the degree of fibrosis, histopathologic features of UIP, and reduced survival in
patients with chronic HP [28]. Leukocyte telomere length <10th percentile is also
associated with worse survival and a shorter time to onset to chronic lung allograft
dysfunction in pulmonary fibrosis patients after lung transplantation [70].
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Treatment of Pulmonary Fibrosis Associated with Pathogenic
Rare Variants

To our knowledge, there have been no studies that have investigated the effects of
various antifibrotic medications in patients stratified by rare variants or telomere
length. This is an area that is ripe for investigation. A single publication reported
that pirfenidone was well-tolerated in 18 patients with TERT or TERC rare variants,
but efficacy was not reported [71]. It is similarly unclear if patients with non-IPF
diagnoses (especially chronic HP or CTD-ILD) who have pathogenic rare variants
in telomere-related genes respond better to antifibrotic medications or
immunosuppression.

Success in treating bone marrow failure syndromes with androgen therapy pro-
vides support for sex hormones as a target of future therapies for patients with telo-
mere-related mutations. The primary mechanism for regulating telomerase activity
is transcriptional regulation of TERT [72], and sex hormones are important regula-
tors of TERT transcription. A synthetic androgen has been shown to increase in vitro
telomerase activity of lymphocytes isolated from patients with TERT or TERC
mutations [73]. Androgens are a standard therapeutic option for bone marrow fail-
ure in patients with dyskeratosis congenita who are unable to undergo hematopoi-
etic stem cell transplantation, but side effects of the treatment need to be closely
monitored [74]. Danazol, an androgenic synthetic sex hormone, was recently stud-
ied in 27 patients with telomere-related diseases (bone marrow failure and pulmo-
nary fibrosis). Treatment with danazol led to telomere elongation and a positive
hematologic response but was limited by toxicities [75]. It remains to be seen if sex
hormones may be potential treatments for pulmonary fibrosis patients with telo-
mere-related mutations or short telomere lengths.

Rare Variants in Surfactant Metabolism Genes

Pulmonary surfactant is a lipid- and protein-rich product of type II alveolar epithe-
lial cells that prevents atelectasis and participates in the host immune response.
Surfactant proteins (SP)-A and SP-D are hydrophilic proteins that assist in clearance
of bacterial and viral pathogens and can dampen immune function of effector cells
[76]. SP-B and SP-C are hydrophobic proteins that, along with phospholipids, serve
to reduce surface tension in alveoli. Phospholipids are translocated into lamellar
bodies for surfactant assembly by ABCA3, an ATP-binding cassette transporter [77].

Rare variants in surfactant genes may lead to diverse pulmonary manifestations.
SP-B deficiency most commonly leads to neonatal respiratory failure and has an
autosomal recessive pattern of inheritance [78, 79]. Biallelic ABCA3 mutations usu-
ally lead to severe neonatal disease or ILD in infancy or childhood, though case
reports of adult ILD have been described [80].
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Autosomal dominant lung disease due to mutations in the gene encoding SP-C
(SFTPC) was initially described in a neonate with respiratory distress, but adult-
onset disease is also common [81, 82]. The pathogenesis of pulmonary fibrosis
attributed to >40 different mutations in the SFTPC gene involves protein misfolding
and a toxic gain of function of the misfolded protein. Rare variants in the BRICHOS
domain lead to misfolding of pre-SP-C, resulting in ER stress and type II alveolar
cell toxicity [83], while at least one rare variant (Ile73Thr) within the non-BRICHOS
domain leads to alterations in autophagic vacuole maturation [84]. Heterozygous
variants in the genes encoding SP-A (SFTPAI and SFTPA2) are linked with pulmo-
nary fibrosis and lung adenocarcinoma [85-87]. The mechanism of disease for
SP-A mutations presumably involves decreased secretion of mature SP-A and
increased ER stress [85, 86]. Sporadic IPF has been associated with increased ER
stress, suggesting a possible shared mechanism between some patients with familial
and sporadic ILDs [88].

ILD patients with rare pathogenic variants in the SP-C gene exhibit incomplete
penetrance and phenotypic heterogeneity. SFTPC rare variants are found in 1-2%
of FPF cohorts [38, 89], though a Dutch cohort reported an incidence of 25% [90].
The most frequent radiographic patterns in ILD patients with SFTPC mutations
include diffuse ground-glass opacities, septal thickening, and upper lobe-predomi-
nant subpleural cysts [90-92]. Histologic patterns associated with these mutations
include, most commonly, UIP, followed by NSIP, OP, and desquamative interstitial
pneumonia [90]. The effect of antifibrotic therapies in patients with surfactant-
related mutations is unknown.

When to Suspect FPF

A detailed family history is essential in the evaluation of all patients with
ILD. Because FPF kindreds may demonstrate incomplete penetrance, a thorough
family history should include investigation of pulmonary fibrosis in any first, sec-
ond, and more distantly related family members. In addition, clinicians should ask
about a personal or family history of bone marrow failure, liver disease, or early
graying of hair, as these features suggest a short telomere syndrome [11, 93]. An
earlier age of the onset of ILD in subsequent generations may reflect genetic antici-
pation, which can be seen in short telomere syndromes.

Clinical Testing for FPF

Clinical evaluation is offered to all first-degree relatives of FPF patients, especially
for those in which there are many affected family members. We recommend base-
line pulmonary function testing and a HRCT for all at-risk family members over
40 years of age. If the patient is asymptomatic, no additional testing is
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recommended. Instead, we recommend avoidance of fibrogenic exposures and
regular exercise. For individuals with a cough or exertional dyspnea, we follow
serial pulmonary function testing instead of serial CT chest scans to avoid excess
radiation exposure. There are no clear guidelines regarding the frequency of testing.
Due to the efficacy of antifibrotic therapy, these agents are a therapeutic option for
those with evidence of early progressive disease.

Genetic Testing for FPF

Results of genetic testing in a patient with ILD may have implications regarding
prognosis or diagnostic workup. Since those with rare telomere-related mutations
may have any number of ILD diagnoses, the presence of one of these alleles may
affect the physician’s and patient’s decision to obtain a surgical lung biopsy. Further,
identification of a specific genetic cause of disease gives patients a name to a syn-
drome that may explain divergent phenotypes in themselves or family members.
When a pathogenic variant is identified in the index case, specific variant testing to
look for the presence or absence of this same variant could be considered for other
family members.

Genetic testing for inherited variants is considered a once in a lifetime test. If
genetic testing is being considered, we recommend referral to a genetic counselor to
give the patient full opportunity to discuss the risks, benefits, and costs of testing.
Insurance companies have different policies regarding coverage of these tests. Some
patients may be concerned about potential discrimination if the result of genetic
testing is positive, especially if transplant-related or long-term care costs are immi-
nent. While federal law prohibits discrimination against patients with known genetic
diseases by employers and health insurance companies, life insurance and long-
term disability do not carry federal protection against discrimination. Some patients
choose to pay out of pocket so that the results are not disclosed in the medical
record. If the patient chooses to pay out of pocket, testing may cost approximately
$200 for a specific variant found in a family member or up to $1500 for the analysis
of a single gene. Given the genetic heterogeneity of FPF, panel testing is generally
more cost-effective.

Prior to agreeing to genetic testing, the patient should understand what results
are possible. Variants that are reported usually include those that are categorized as
a pathogenic variant, likely pathogenic variant or a VUS. A VUS result causes the
most confusion and frustration for those expecting a Yes or No result. But it is
important to recognize that a VUS result is a relatively common occurrence, espe-
cially since so many different novel or ultra-rare variants underlie the genetic archi-
tecture of FPF and severe sporadic lung fibrosis (Table 8.1). The report of a VUS
may require additional evaluations such as segregation analysis in families, telo-
mere length testing, or in vitro assays of protein function.

Segregation analysis in a family is the best way to assess for pathogenicity of a
variant. However, it is often the most difficult analysis to perform. Leukocyte
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telomere length testing is often performed to assess the pathogenicity of variants in
telomere-related genes. However, it is important to note that some individuals with
pathogenic or likely pathogenic variants in telomere-related genes have telomere
lengths that are >10th percentile [3, 37, 54, 94]. Longer telomere lengths are more
commonly found in individuals with variants in PARN rather than TERC [3, 37], so
this test does not perfectly discriminate between pathogenic and nonpathogenic
telomere-related variants.

For all of the above reasons, in our practice we engage our patients in a dialogue
prior to ordering CLIA-certified genetic sequencing. Testing is recommended if the
identification of a pathogenic variant would influence clinical practice, such as the
decision to obtain a surgical lung biopsy. At this point in time, we do not recom-
mend testing for common SNPs such as the MUC5B or TOLLIP SNPs. We do not
recommend genetic testing if the pretest probability of finding a mutation is low or
if the information provided would not change clinical management for the patient or
family member.

If a pathogenic variant is discovered, a letter is provided to the patient
describing the gene variant and its clinical significance, and we also give the
patient contact information for a clinician who can provide additional informa-
tion. The patient is encouraged to share this letter with family members. If a
pathogenic variant is discovered in an at-risk family member, they are strongly
counseled to avoid smoking, minimize environmental fibrogenic exposures, and
avoid medications associated with pulmonary fibrosis (such as nitrofurantoin or
amiodarone). Telomere-related mutation carriers are counseled regarding the
incidence of bone marrow failure and liver disease. As pulmonary genetics is a
rapidly evolving field, patients are notified that specific gene-related or variant-
related recommendations may change as more knowledge on this subject
accumulates.

Conclusions

There have been numerous advances in the field of pulmonary fibrosis genetics dur-
ing the last decade. A number of common variants are associated with pulmonary
fibrosis, with the MUC5B promoter SNP the most replicated of these. Rare variants
in telomere-related and surfactant genes have also been found and characterized in
patients with familial and sporadic ILD. All of these discoveries have rapidly
changed our understanding of the molecular underpinnings of pulmonary fibrosis.
While recommendations regarding specific treatments are not yet available, future
research may illuminate how genetic information can be best utilized to improve
patient care.
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Chapter 9
Evolving Genomics of Pulmonary Fibrosis

Check for
updates

Gabriel Ibarra, Jose D. Herazo-Maya, and Naftali Kaminski

Introduction

The central dogma of gene expression in eukaryotic cells assumes a process initi-
ated by a signal that triggers the transcription of a DNA sequence into messenger
RNA, which is then translated into a protein. Recent analysis suggests that this ini-
tial dogma may have been oversimplified, and many other factors may be included
with a significant role for epigenetic modification of DNA, large and small noncod-
ing RNAs, and various posttranslational mechanisms (Fig. 9.1). This new and com-
plex image is a direct result of genomics, a discipline that emerged out of the Human
Genome Project [1] and the rapid spread of technologies that endorsed genome-
scale transcript profiling and variant calling as well as advanced computational and
analytical methods. This discipline, dedicated to study the sequence, expression,
and function of multiple genes in parallel with the goal of understanding their bio-
logical function and interactions in health and disease, is rapidly becoming a key
component of twenty-first-century medical research and an important component of
efforts to redesign the practice of medicine as a precise and personalized endeavor.
While in practice the discipline of genomics generally includes both genome-scale
studies of genetic code (DNA) and transcripts (RNA), we will mainly focus on
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Fig. 9.1 The new dogma of gene expression regulation shifts from a linear view of DNA leading
to RNA (transcription) leading to protein (translation), to a complex model in which proteins and
nonprotein-coding RNAs act as regulators of the genome expression potential on multiple levels.
Abbreviations: T-UCR RNA transcribed ultraconserved regions RNA, LincRNA large intergenic
RNA, PIWI-interacting RNA (PiRNA), tRNA-derived stress-induced RNA (TiRNA), Small nucle-
olar RNA (SnoRNA)
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advances in applying genome-scale transcript profiling approaches in this chapter,
as the DNA variant profiling approach fits more in a discussion of the genetic
sources of disease.

Genome-Scale Transcript Profiling

The concept of genome-scale transcript profiling was initially developed as a slide
hybridization-based gene expression detection technology. Gene expression micro-
arrays were originally based on the principle of light-directed, in situ oligonucle-
otide synthesis developed by Fodor and colleagues [2] and the later development of
cDNA and oligonucleotide arrays [3, 4]. More recently, novel methods in next-
generation RNA sequencing (RNAseq) that utilize high-throughput sequencing
technologies are applied to genome-scale transcript profiling. Such technologies
provide transcript-level information combined with gene structure information such
as alternative splicing, information about noncoding RNAs and posttranscriptional
modifications, and genomic variants at the nucleotide base level of resolution [5].
Therefore, these technologies will soon render arrays obsolete. However, regardless
of the technology used, experiments are performed with RNA extracted from the
tissue or cell of interest and depend on the purity and integrity of the RNA
specimens.
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Genome-scale transcript profiling experiments measure the expression of large
number of transcripts, typically around 40,000-50,000, generating a large amount of
information that has to be preprocessed, analyzed, and validated before the results
can be used. Obtaining the right information out of these large datasets represents the
major challenge when analyzing large genomic datasets. Before describing the most
significant results obtained from genomic studies in lung fibrosis, it is critical to
understand the steps required after the completion of microarray and RNAseq exper-
iments. These steps can be summarized in three broad categories: quality assessment,
normalization, and statistical analysis. Because quality assessment and normaliza-
tion approaches greatly vary with technology, they will not be discussed here.

Once the genomic dataset is assessed for quality and normalized and outliers and
batch effect (if present) are handled satisfactorily, investigators proceed to perform
statistical analyses. Different algorithms for statistical analyses can be used for
genome-scale transcriptomic data, and their use depends on the objectives of the
study. Typically, the statistical algorithms used for gene expression profiling in
human disease can be grouped into four major study objectives as defined by Simon
and colleagues [6]: class comparison, class prediction, class discovery, and pathway
analysis. We also consider including two additional study objectives in this group:
outcome analysis and meta-analysis. Table 9.1 provides a description of the types of
transcriptomic study objectives and lists some of the available algorithms that can
be applicable to each type. Some of these algorithms can be used independently; be
part of a computational software such as GeneSpring GX®, Bioconductor [44], and
BRB array tools [45]; or work in a statistical environment, the most widely used
being R statistical environment [46]. However, regardless of the tools, attention to
addressing the testing of multiple hypotheses and achieving effective visualization
is critically important.

After the statistical analysis is completed, the number of differentially expressed
transcripts can still be too large to be validated and studied in depth. Traditionally,
two different approaches have been used to deal with this issue: the reductionist or
“cherry picking” approach and the global or “systems” approach [47]. In the “cherry
picking” approach, researchers select a differentially expressed coding or noncod-
ing transcript for which there is prior biological knowledge. This transcript is vali-
dated at the RNA and protein level if it is a coding RNA, studied in depth in vitro
and in vivo to determine its disease relevance, and finally translated back to humans
to confirm the association with the disease of interest and its potential use as a bio-
marker or as a therapeutic target. When using the global or “systems” approach,
researchers try to study gene expression profiles as a unit; this involves using the
concept that differentially expressed genes belong to a common pathway that is
relevant to disease or can interact with each other depending on their pattern of
expression. The global approach has been possible with the use of gene ontology
annotations along with using previously published knowledge of gene interactions
and pathway analysis focusing on the identification of differentially expressed
genes occurring in the same molecular pathway.

Finally, the selection of relevant genes for validation can be facilitated with the
integration of patient clinical information to the analysis of gene expression data,
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Table 9.1 Summary of the type of transcript profiling experimental objectives and relevant
algorithms for statistical analysis

Study
objectives | Description Statistical algorithms for each category
Class Class comparison analyses | t-test
comparison | focus on the identification | Analysis of variance (ANOVA) [7]
of differentially e;cpéeszed Significance analysis of microarrays (SAM) [8, 9]
genes among predeling Random variance model (RVM) [10]
classes of samples
Lassoed principal component (LPC) [11]
Class Class prediction studies are | Threshold number of misclassifications (TNoM)
prediction | also based on predefined [12, 13]
f:lasses (?f samples, although Compound covariate predictor [14, 15]
1tts tgota}l IT to (:ﬁVilOp a del Partial least square [16]
stausteal preciction model 1w, rest neighbor (KNN) [17, 18]
based on the expression of a -
group of genes to allow the Support vector machine (SVM) [19]
prediction of the class in Nearest shrunken centroid (PAM) [20]
each sample Top scoring pairs [21]
Class Class discovery emphasizes | K-means clustering [22]
discovery the detection of an Hierarchical clustering [23]
unidentified class based on Biclustering [24]
the co-expression of genes. - .
Typically these studies are Self-organizing map? (SOM) [25]
performed to characterize Model-based clustering [26]
an unknown clinical disease | Gene expression dynamic inspector (GEDI) [27]
sub-phenotype based on the
expression of clusters of
genes
Pathway Pathway analysis studies Global test for groups of genes [28]
analysis focus on the identification | Gene set enrichment analysis (GSEA) [29]
of differentially expressed [ gAM_GS 130]
that in th .
genes that oceur in . ¢ same Gene set analysis (GSA) [31]
molecular pathway in - : -
predefined classes of Integrative microarray analysis of pathways
samples (IMAP) [32]
Gene set expression comparison [33]
Outcome Outcome analysis studies Cox model [34]
analysis explore the association of | Partial least squares proportional hazard regression
gene expression with a [35]
predf:ﬁned outcome (e.g., Multiple random validation [36]
survival, transplant-free o p T
. . Prediction by supervised principal component
survival, disease
. (SuperPC) [37]
progression)
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which allows the identification of profiles that characterize a clinical variable of
interest. This is typically used to study gene profiles associated with drug responses,
disease severity, disease progression, and patient outcomes.

In summary, the analysis of genome-scale transcript profiling experiments
requires dedicated quality control, data normalization, and statistical analysis based
on the objectives of the study. The selection of gene(s) or noncoding transcripts for
validation and potential translation to patient care can be facilitated using a reduc-
tionist approach, a global approach, or both. Depending on the ultimate goal of the
study, clinical variables could be introduced into the analysis of gene expression to
ensure an easier translation to clinical practice.

Contribution of Genomics to Qur Mechanistic
Understanding of Lung Fibrosis

In contrast to hypothesis-driven experimental approaches that are based on what is
known and rarely result in a novel or unexpected result, the results of genome-scale
transcript profiling experiments often contain results that were unforeseen or even
contrary to currently accepted paradigms. Considering that many breakthroughs in
modern medicine were the result of serendipity [48, 49], one could consider large-
scale genomic profiling experiments as means to introduce serendipitous discover-
ies into pulmonary research by identifying new data that provide important insights
and facilitate the generation of new hypotheses.

The lung phenotype in IPF is not a result of passive accumulation of extracellu-
lar matrix The dominant paradigm explaining fibrosis in the last decade of the
twentieth century assumed that fibrosis and accumulation of extracellular matrix
were the results of a protease-antiprotease imbalance, in which increase in activity
of naturally occurring inhibitors of metalloproteases and reduction of the activity of
matrix metalloproteases led to the accumulation of extracellular matrix [50]. This
paradigm was supported by observations from a limited set of hypothesis-based,
carefully designed experiments, but it was never tested in a global non-biased analy-
sis of the lung environment in IPF.

When Zuo et al. [51] analyzed lung tissue of patients with IPF and compared
them with healthy controls, they immediately noticed that multiple members of the
matrix metalloproteinase (MMP) family were upregulated at the mRNA and protein
level in IPF lungs, including MMPs 1, 7, and 9. Among the overexpressed genes in
IPF, MMP-7 was the most informative and was localized to the alveolar epithelium,
a finding suggestive of the active role of the alveolar epithelium in lung remodeling
that is characteristic of IPF. Interestingly, MMP-7 knockout mice were relatively
protected from bleomycin-induced fibrosis suggesting the potential role of this pro-
tease as a regulator of fibrosis. Although these original observations were obtained
on a very small number of tissue samples, it is impressive that these initial observa-
tions have been repeatedly verified [52-54].
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MMP-7 has proteolytic effects that target the cleavage of molecules such as col-
lagen type IV, aggrecan, laminin, fibronectin, gelatin, entactin, decorin, tenascin,
vitronectin, osteonectin, elastin, and SPP1, among others [55]. In addition, MMP-7
is an example of a metalloprotease that may have regulatory effects that can be
inferred by looking at its bioactive substrates that include potentially fibrosis-
relevant proteins such as FAS ligand, p4 integrin, E-cadherin, pro-HB-epidermal
growth factor, plasminogen, pro-TNF-a, pro-a-defensin, endostatin, syndecan, and
insulin growth factor binding protein-3 (IGFBP-3) [56]. While the local effects of
MMP-7 overexpression in the alveolar epithelium in humans are not clear, evidence
from mice concerning its regulation of neutrophil egress, regulation of dendritic
cells, and activation of defensins [57-59] suggest that it may have a significant role
in regulating the local inflammatory milieu, as does its effect on SPP1 [60].

Many MMPs, including MMPs 1-3, 8-16, 19, 20, 21, and 23-28 [50, 51, 54,
60-84], have been consistently found to be increased or decreased in IPF lungs,
serum, and/or BAL, and some of these MMPs have been shown to be relevant to the
pathogenesis of pulmonary fibrosis. As an example, Yamashita et al. demonstrated
that rats transfected with an adeno-MMP-3 vector developed transient pulmonary
fibrosis, and in vitro treatment of lung epithelial cells with MMP-3 resulted in acti-
vation of the f-catenin signaling pathway with subsequent induction of epithelial-
to-mesenchymal transition, which is one of the proposed mechanisms for the
development of lung fibrosis [62]. More recently, after performing microarray
expression studies of the lung microenvironment obtained from laser capture micro-
dissected lung tissue from IPF patients, our group identified MMP-19 overexpres-
sion in hyperplastic epithelial cells from IPF individuals when compared with
normal-appearing epithelial cells. The presence of MMP-19 was confirmed by
immunohistochemistry in hyperplastic epithelial cells overlying fibrotic areas.
However, in contrast to what was observed with MMP-7, MMP-19 knockout mice
developed worse fibrosis when exposed to bleomycin, suggesting that MMP-19
overexpression was actually a failed effort at protection in this model. Thus,
genome-scale transcript profiling studies led to a paradigm shift in the perception of
the role of proteases in lung fibrosis, and instead of the simplistic protease-
antiprotease imbalance paradigm, we now have a complex view that suggests that
proteases have multiple and sometimes opposing roles in lung fibrosis. These roles
depend on how MMPs are temporally expressed, the cell type and spatial distribu-
tion of MMPs in lung tissues, and the availability of MMP substrates [66].

Genome-scale transcript profiling studies not only generated relevant informa-
tion regarding the presence and potential role of some of the MMP family members
in the pathogenesis of IPF but also opened a new biomarker field for use in IPF
diagnosis, disease monitoring, and mortality prediction. Based on our previous find-
ings [51], our group applied a targeted proteomic approach and identified a protein
signature including MMP-1, MMP-7, MMP-8, IGFBP-1, and TNFRSA1F [54] that
was able to distinguish IPF from healthy controls with a sensitivity of 98.6% and
specificity of 98.1%. Two members of this signature, MMP-1 and MMP-7, differen-
tiated IPF patients from those with subacute/chronic hypersensitivity pneumonitis
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(HP) with a sensitivity of 96.3% and specificity of 87.2%. Increased concentrations
of MMPs, including MMP-7, have also been shown in the peripheral blood and
bronchoalveolar lavage of IPF patients [54, 85], confirming that these molecules not
only participate in disease pathogenesis but can also be used as makers of disease
presence. Indeed, MMP-7 peripheral blood concentrations have been significantly
associated with all-cause mortality or transplant-free survival in multiple studies
[86, 87]. Xu and collaborators applied single-cell RNAseq that identified different
subtypes of epithelial cells in IPF lungs; interestingly, MMP-7 was one of highest
differentially expressed genes described in one of the subtypes of epithelial cells
found in IPF samples [88].

Thus, the emergence of MMPs as mechanistically important in determining the
lung phenotype in IPF and other interstitial lung diseases (as well as their role as
new peripheral blood biomarkers candidates) can be fully attributed to unbiased
genome-scale transcript profiling.

Role of the Microbiome in the Development, Pathogenesis,
and Exacerbations of IPF

Although bacterial infection has only been indirectly implicated in IPF progression
and mortality, a number of studies have attempted to evaluate the role of the lung
microbiome in the pathogenesis of IPF. Given that previous studies have encoun-
tered difficulties elucidating the role of bacteria through culture-dependent micro-
biological techniques, the advent of the new genome-scale methods has led to
significant progress. In microbiome studies bacterial communities are clustered by
species using OTUs (operational taxonomic units), which are based on the sequence
of their highly conserved regions or the hypervariable regions of their 16S rRNA
that is used for sequence-based strain typing to differentiate species among bacterial
communities [89].

COMET (Correlating Outcomes with biochemical Markers to Estimate Time-
Progression in idiopathic pulmonary fibrosis), a multicenter cohort study, evaluated
the role of microbiome in IPF subjects vs a control group. In this study, Han and
colleagues pyrosequenced 16s rRNA of 454 BAL samples and found an increased
burden of bacteria in IPF [90]. They also found an association between an increased
abundance of Streptococcus and Staphylococcus specific OTU and an increased risk
of disease progression [90]. In parallel to the COMET study, Molyneaux et al. [91]
studied 65 patients with stable IPF vs 44 control subjects (17 patients with moderate
COPD and 27 healthy control subjects). They observed a twofold increase in bacte-
rial burden in IPF patients (quantified by 16S rRNA gene/mL BAL fluid) compared
to control subjects, which was associated with a decline of FVC by 10% at 6 months
(P =0.02). The species that were more abundantly found were Veillonella, Neisseria,
Streptococcus, and Haemophilus spp., providing evidence that the bacterial burden,
rather than a specific microbiological community, can predict prognosis [91]. They
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also studied a different cohort to determine the role of changes in the microbiome in
acute exacerbations of IPF, and they demonstrated that IPF patients experiencing an
acute exacerbation had a bacterial burden four times higher when compared with
stable IPF controls after the two groups were matched for age, sex, smoking history,
and baseline lung function [92]. They also found an increased burden of
Proteobacteria sp. and Stenotrophomonas spp. and, interestingly, the gastrointesti-
nal infectious agent Campylobacter spp. as compared with controls. This finding
opens the door for further studies that investigate the role of prophylactic antibiotic
use in individuals with stable disease to see if such an approach diminishes the risk
of acute exacerbations in patients with IPF [92].

This same group of researchers also studied the role of the host response to the
respiratory microbiome. Gene expression profiles in peripheral blood, using
Affymetrix Human Gene 1.1 ST arrays, provide a network analysis of gene expres-
sion data using WGCNA. This analysis identified two modules that were associated
with the diagnosis of IPF, bacterial burden, specific OTU, and peripheral blood
neutrophilia. This included expression of the NLRC4 gene, which encodes a key
component of inflammasomes and plays a crucial role in the host response to pro-
teins from pathogenic bacteria and fungi. Also identified was PGLYRP1, which is a
gene that encodes a novel antimicrobial protein with bactericidal activity against
gram-positive bacteria, as well as MMP-9 and DEFA4, which were previously
found to be associated with IPF [93, 94]. In addition, two specific antimicrobial
peptides, secretory leukoprotease inhibitor (SLPI), which is a serine protease antag-
onist, and cathelicidin antimicrobial peptide (CAMP), a molecule with antimicro-
bial activity, cell chemotaxis, immune mediator induction, and inflammatory
response regulation, were found to be expressed. Because transforming growth
factor-p (TGF-p) is usually activated by serine proteases, the finding of increased
expression of SLPI suggests the possibility of an important role of the SLPI gene in
the pathogenesis of IPF. These results further strengthen the relationships among
the host peripheral blood transcriptome, microbial signatures, and disease progres-
sion [95]. However it needs to be recognized that this correlation does not imply
causality between bacterial burden and IPF pathogenesis.

Other groups have evaluated the impact of aerosolized IFN-y in the lower airway
microbiome and the changes it causes in the host immune phenotype in IPF patients
[96]. They found only small changes in diversity of the lung microbiome, and these
were not significant. This suggests that the lung microbiome is independently asso-
ciated with host immune status and provides evidence (through a transcriptomic
approach) that modulation of the immune response is unlikely to have a critical role
on IPF pathogenesis [96].

In summary, as our understanding of the microbiome and its role in the progres-
sion and association with acute exacerbations in IPF grows, it is feasible that we can
use high-throughput technologies in the lung microbiome of IPF patients to create
various computational tools. These may help to develop peripheral biomarkers dur-
ing exacerbations and microbiome changes to guide prognostication, differentia-
tion, stratification, and diagnostic aids of IPF and potentially other ILDs.
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The Wnt Pathway in IPF

As previously mentioned, one of the advantages of the “systems” approach over the
“cherry picking approach” for genome-scale transcript profiling is that grouping
differentially expressed genes in gene sets allows researchers to identify pathways
(and genes within such pathways) that better characterize the differences between
the analyzed groups. This approach also allows the generation of new hypotheses
regarding disease pathogenesis by focusing on pathways that were not previously
perceived as relevant to pathogenesis of the disease, and it also helps researchers
focus on differentially expressed genes within a pathway that would have been oth-
erwise missed within a large list of differentially expressed genes.

Following a “systems” approach, unbiased gene expression profiling has consis-
tently validated the recapitulation of developmental pathways, specially Wnt-related
pathways and the linkage of this pathway with inflammation [97]. The finding that
Wht signaling pathways reactivated in adult tissues following injury has consistently
been validated as contributing to the pathogenesis of IPF. Indeed, canonical Wnt/p-
catenin signaling is overexpressed in various cell types in human and experimental
pulmonary fibrosis [98]. The Wnt pathways are a network of glycoproteins involved
in embryogenesis and lung development that was best characterized after the identi-
fication of a mutation in one of its genes, “Wingless,” of wingless Drosophila mela-
nogaster (fruit fly) [99]. The key player of the Wnt canonical signaling is f-catenin.
In the absence of specific Wnt ligands, cytosolic f-catenin is tightly regulated by the
so-called p-catenin destruction complex, a multiprotein complex that targets
[-catenin via phosphorylation and ubiquitination for proteasomal degradation [100,
101]. Without Wnt signaling, B-catenin is degraded by its destruction complex [102].
Classically, Wnt signaling has been separated into canonical and noncanonical sig-
naling pathways. The canonical Wnt signaling pathway involves p-catenin, and
pathways activated by Wnt ligands independently of f-catenin are classified as non-
canonical Wnt pathways. New advances and discoveries in this developmental path-
way underscore the complexity of this signaling pathway and raise questions about
the separation of Wnt signaling in purely canonical and noncanonical signaling
pathways [103]. Experiments in mice have demonstrated that -catenin is required
for the normal differentiation of the bronchiolar and alveolar epithelium [104].

In humans, mutations and genetic variances in genes of the Wnt pathway have
been associated with different conditions such as cancer, neuropsychiatric disor-
ders, cardiac diseases, and bone disorders, among others [105]. Chilosi et al. dem-
onstrated p-catenin accumulation in fibroblastic foci of IPF lungs and its expression
co-localized with two Wnt downstream target genes, cyclin-D1 and MMP-7, in pro-
liferative bronchiolar lesions [106]. This report was followed by the findings of
Konigshoff et al. that demonstrated the overexpression of WNT1, WNT7B,
WNTI10B, FZD2, FZD3, CTNNBI, and LEF1 in lung tissue of individuals with
IPF. In particular, the increase in WNT1-inducible signaling protein-1 (WISP1), a
gene reported to be involved in the regulation of epithelial cell function and fibro-
blast differentiation and a downstream regulator of fibrotic markers, suggests that



216 G. Ibarra et al.

functional Wnt/B-catenin signaling activity is enhanced in lung tissue of individuals
with IPF [98]. Through an unbiased gene expression screen to identify cell-specific
mediators of the canonical Wnt pathway in mouse type II alveolar epithelial cells,
Aumiller et al. [97] found that IL-1p, a proinflammatory cytokine that has been
shown to induce pulmonary fibrosis, was one of the highest upregulated genes
induced by WNT3A stimulation. IL-1 has since been confirmed to be upregulated
in human IPF lungs. Increased functional Wnt in IPF and the demonstration of
reversal of pulmonary fibrosis after the inhibition of Wnt/B-catenin further confirms
these results [107, 108]. Interestingly, MMP-7, recently mentioned as both a
mechanistically relevant molecule and a peripheral blood biomarker, is a well-
described Wnt pathway target gene [109].

In summary, the observation of overexpression of Wnt signaling in IPF suggests
an aberrant recapitulation of developmental pathways that are not usually involved
in normal lung health as an altered wound healing response. A better understanding
of these mechanisms could lead to potential therapeutic strategies for this devastat-
ing lung disease.

Apoptosis in lung fibrosis from a genomic perspective Two studies using genomic-
based approaches and published only a month apart confirmed the role of apoptosis
in IPF pathogenesis. Bridges et al. [110] performed microarray gene expression
experiments obtained from normal lung samples and compared them with IPF lungs,
including samples obtained from micro-dissected fibroblastic foci. They used class
discovery (unsupervised clustering) and class comparison (#-test) analyses and iden-
tified Twistl as one of the most consistently upregulated transcription factors in the
IPF lung. In this study, researchers determined that overexpression of Twistl led to
increased viability of rat lung fibroblasts when exposed to pro-apoptotic molecules
(lipid 4-HNE and thapsigargin), while knockdown of Twistl resulted in increased
activity of caspase-3, a marker of apoptosis, following addition of lower concentra-
tions of these pro-apoptotic stimuli. They also demonstrated that pro-fibrotic growth
factors such as platelet-derived growth factor (PDGF) induced Twistl expression in
rat lung fibroblasts, which was necessary to protect these cells from apoptosis, par-
ticularly in the continued presence of these pro-fibrotic growth factors. In summary,
these investigations demonstrated an anti-apoptotic role of Twistl by promoting
fibroblast viability when this cells where exposed to growth factors.

Our group corroborated these findings and confirmed the role of apoptosis in the
pathogenesis of acute exacerbations of IPF [93]. We performed microarray experi-
ments and compared lung tissue of IPF subjects with acute exacerbation, lung tissue
from IPF subjects with stable disease, and lungs with normal histology using a class
comparison approach (significance analysis of microarrays). A total of 579 genes
were found to be differentially expressed between lungs of patients with acute exac-
erbations of IPF or stable IPF; out of these genes, cyclin A2 (CCNA?2), a cell cycle
regulatory gene, was one of the top overexpressed genes in this signature, and it was
localized to alveolar epithelial cells in subjects with acute exacerbations of
IPF. Increased CCNA2 protein expression was localized to proliferating epithelial
cells, and these findings suggested accelerated epithelial cell proliferation, poten-
tially as a compensatory response to injured epithelium. More interesting was the
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finding that lungs of IPF patients showed widespread apoptosis by in situ TUNEL
assay. Taken together, these observations suggest an aberrant proliferative response
of the alveolar epithelium in response to apoptosis during IPF acute exacerbations.

Global analysis of IPF lungs reveals dramatic changes in epithelial cell pheno-
type While the histopathological hallmark of IPF is the presence of fibroblastic
foci, there is growing evidence of the role of the alveolar epithelium in IPF
pathogenesis [111, 112]. Part of this comes from the observation that a large number
of differentially expressed genes in IPF are localized to the alveolar epithelium. We
have demonstrated that MMP-1, MMP-7, and MMP-19 localize to the alveolar epi-
thelium as do SPP1, N-cadherin, IGFBP-4, and CCNA2 [113]. Similarly, the Wnt
pathway genes WNT1, WNT3a, p-catenin, and Gsk-3 have also been localized to
the alveolar and bronchial epithelium as well as HIF1A and VEGF [51, 60, 106,
114-117]. Impressively, a global view of known epithelial cells in IPF (Fig. 9.2)

The epithelium is completely changed in IPF

Control IPF

Fig. 9.2 Illustrative figure of changes in epithelial gene expression in IPF lungs. Genes known to
be expressed in the epithelium were extracted form a larger microarray dataset. Increased shades
of yellow mean increased, gray means unchanged, and increased shades of purple mean decreased
gene expression. Note the reduction in genes known to be expressed in type II cells and the change
in the cytokeratin profile of IPF lungs
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demonstrates a shift in epithelial cell markers with a decline in traditional epithelial
markers and increase in markers that are not regularly expressed. Many other genes
that may be associated with preservation of a normal epithelial cell phenotype are
differentially expressed in IPF, suggesting that key transcriptional events in IPF
occur in an injured alveolar epithelium, which in turn responds with the expression
of pro-fibrotic markers.

As an example of shifts in epithelial markers, Yang et al. described molecular
subtypes of IPF based on differential microarray expression using an analysis of
covariance (ANCOVA) model that incorporated clinical variables from patients
with varying disease behavior. The molecular signature obtained from transcrip-
tional profiles identified two subtypes of IPF. One was associated with fibrosis
(MMPs, osteopontin, keratins) as previously described in the literature; the other
molecular phenotype was characterized by cilium gene expression that was associ-
ated with more extensive microscopic honeycombing and higher expression of
MUCS5B and MMP-7. This type of approach is conducive to a more personalized
and potentially more precision medicine-based therapeutic approach to future treat-
ments of IPF [118]. In alignment with these results, Xu et al. [88] recently per-
formed single-cell sequencing in epithelial cells from normal lungs and lungs from
IPF patients that identified three subsets of epithelial cells related to IPF versus a
more homogenous epithelial gene expression profile in the control group. After
thorough tissue dissociation and using flow-assisted cell sorting (FACS) to sort
epithelial cells from other cell types, they cultured the cells, isolated and enriched
the RNA, and used single-cell RNA sequencing (using Hiseq200 Illumina and
applying analytic pipeline SINCERA to the generated dataset), which identified
four distinct cell clusters. The first cluster was consistent with typical highly dif-
ferentiated alveolar type 2 (ATII) cell markers that were also present in the signa-
ture of the three subtypes of IPF epithelial cells. Individual IPF cells had the ATII
gene expression pattern along with three individual signature expression patterns
that were consistent with conducting airway epithelial cells (TP63, KRTS, KRT 14,
BMP7, LAMB3, LAMC?2, and ITGB), goblet/club cells (SPDEF, MUCS5B, PIGR,
AQP3, and SCGB1A1), and indeterminate cells (CTGF, GF11, and FL11, which
are key regulators of “activation of myofibroblast,” “flux anion,” and “T-cell prolif-
eration”). The finding of ATI and ATII transcripts in the IPF epithelial cells and
their co-expression of conducting airway and other bronchial cell markers support
the hypothesis that epithelial cells of the remodeled distal lung of IPF acquire atyp-
ical mixed differentiation states. This is consistent with a diversity of epithelial
identities that can be defined by the biological process of the IPF microenvironment
influencing the fibrotic lung and partially explains the heterogeneous behavior of
this disease over time [88]. New high-throughput sequencing technologies require
a very thorough method of isolation of tissue and cells that usually comes from
fresh frozen whole lung lysates of tissue biopsies, making them only available in
highly specialized academic centers with tissue banking facilities. Our group
recently validated the feasibility of performing genome-scale transcript profiling
on FFPE (formalin-fixed paraffin-embedded) lung tissue, amplifying the possibil-
ity of using genomic techniques to enhance the availability of tissue biopsies for
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research in IPF, since this approach allows samples to be acquired from centers that
lack biobanking facilities [113].

In summary, the role of epithelial cells in IPF has gained increased attention
since the disease paradigm has shifted and pinpoints the repetitive injurious stimuli
to the ATII cells as playing a key role in pathogenesis. The increased injury/apopto-
sis state of epithelial cells alters the normal alveolar structure and drives fibroblast
activation and aberrant lung repair that leads to progressive fibrosis. Our under-
standing of the injurious events and processes involved in aberrant repair of the
alveolar epithelium has significantly improved with the new sequencing technolo-
gies, and these techniques and strategies hold further promise for providing a better
understanding of the pathogenesis of IPF.

Gene Expression Profiling: Classification of Interstitial Lung
Diseases and Other Chronic Lung Disease

The diagnosis of interstitial lung diseases in clinical practice can be challenging at
times given the fact that some of the patients can present with radiological patterns
that are non-conclusive [119-121], and in some cases, lung histology may show
discordant patterns such as a usual interstitial pneumonia (UIP) pattern in one lobe
and a nonspecific interstitial pneumonia (NSIP) pattern in a different lobe of the
same lung [122, 123].

A more common diagnostic dilemma occurs when comparing cases of chronic
hypersensitivity pneumonitis (HP), NSIP, and ILD associated with collagen vascu-
lar disease from cases of IPF. One of the goals of genomic studies in ILD has been
to find transcript profiles that could differentiate among these entities in order to
develop more accurate diagnostic strategies. Gene expression studies that address
these issues are discussed in the following section.

Differences in gene expression between IPF and HP To study gene expression dif-
ferences between lung tissues taken from IPF and HP patients, our group performed
gene expression microarrays and compared transcript levels using a class comparison
(t-test) and class prediction (threshold number of misclassifications — TNoM)
approach and identified 407 genes that accurately distinguished IPF from HP [114].
The pathway analysis of this signature confirmed the prior knowledge regarding the
pathogenesis of these two entities. The HP signature is characterized by enrichment
of pathways associated with cytokine and T-cell activation, inflammation, and humoral
immune response. In contrast, the IPF signature is characterized by cell adhesion,
extracellular matrix, and smooth muscle differentiation as well as genes associated
with lung development, heparin binding, enzyme inhibitor activity, and insulin growth
factor binding [47]. It is clear after looking at the gene pathway differences between
these two conditions that the role of inflammation is more pronounced in HP, while in
IPF the role of the matrix and developmental pathways is more characteristic. These
findings are concordant with the abundant evidence that inflammation in IPF is not the
primary driver of disease pathogenesis as previously thought [124].
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Overlapping similarities between COPD and IPF Given that COPD and IPF share
risk factors such as cigarette smoking, mechanisms that are common to both dis-
eases have not been clearly elucidated. Kusko et al. [125] identified convergent
transcriptomic pathways in emphysema and IPF by applying an integrative tran-
scriptomic approach using RNAseq on emphysema, IPF, and normal lung tissue
biopsies. They found 214 genes that were common to IPF and emphysema includ-
ing many differentially expressed genes from the p53/hypoxia pathway with
changes in expression of HIFla, MDM2, and NFKBIB. Analysis of the RNAseq
readouts revealed more differentially spliced genes in IPF and emphysema as com-
pared to normal histology control tissues. These included PDGFA, a gene associ-
ated with hypoxic lung injury in murine models of lung disease [126], and NUMB,
a gene involved in the prevention of the degradation of TP53 that is involved in the
p53/hypoxia pathway.

These authors also integrated miRNA array and RNAseq data with miRconnX,
a tool that combines a prior statistical network created from miRNA binding pre-
dictions and literature validation with user-submitted data. This allowed them to
create a transcriptomic gene regulatory network that identified miR96 (a key
microRNA that represses SCL1A1, BTK, and SH3BPS) as a key regulator of the
pS3/hypoxia pathway in both diseases, and in vitro experiments validate that its
overexpression recapitulates components of the shared gene expression network of
IPF and emphysema [125]. However, the authors acknowledge certain limitations,
including the difficulty in distinguishing the gene expression changes as a cause or
a consequence of the disease processes, as well as the transcript origin given the
difference in cell-type proportions. Nonetheless this study sheds light on conver-
gent core pathways that initiate chronic lung remodeling in response to environ-
mental injury.

IPF and familial pulmonary fibrosis are unexpectedly different, while IPF and
NSIP are unexpectedly similar Yang et al. [127] performed gene expression
microarrays of lung tissue from patients with sporadic IPF, familial pulmonary
fibrosis, NSIP, and normal controls. They found somewhat disappointing results
since the investigators were not able to identify statistically significant differences
between IPF and NSIP, and these findings were in agreement with our prior obser-
vations [114]. However, they identified genes that were differentially expressed
between sporadic IPF and familial pulmonary fibrosis, diseases that otherwise seem
to share many more similarities than differences. While the genes distinguishing
familial cases from sporadic IPF cases were part of the same functional pathways as
genes distinguishing IPF from normal subjects, they seemed to exhibit larger
changes. One conclusion was that familial pulmonary fibrosis may represent a more
extreme molecular phenotype of the same disease process as sporadic IPF. However,
while this is certainly possible, we suggested that harvesting stage in the course of
the disease may have played a role in these differences [128], as 50% of the familial
samples were obtained from open lung biopsies, whereas 90% of sporadic cases
were collected from explant or autopsy specimens.
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Different forms of usual interstitial pneumonia share very similar gene expres-
sion patterns The usual interstitial pneumonia (UIP) pattern in lung biopsies of
patients with systemic sclerosis can be indistinguishable from the UIP pattern of
IPF lungs [129], a finding that contrasts with major clinical differences between
these two entities. In an attempt to better elucidate the molecular mechanisms
behind the differences in systemic sclerosis and IPF, Hsu et al. [130] performed
gene expression profiling in patients with systemic sclerosis (SSc) (subclassified as
those with a predominant UIP pattern pulmonary fibrosis versus a predominant pul-
monary arterial hypertension (PAH) phenotype) and compared gene expression pro-
files with lung tissues from patients with IPF, patients with idiopathic pulmonary
arterial hypertension (IPAH), and normal donors. Using a class comparison approach
(efficiency analysis and significance analysis of microarrays), they identified 242
differentially expressed genes between the studied subclasses. The gene expression
profile of the UIP lung of IPF patients was very similar to the UIP lung of SSc
patients with only 25 genes being uniquely expressed in IPF lung tissues and 20
genes uniquely expressed in the UIP lung tissue of systemic sclerosis patients. The
authors of this study acknowledge that one of the limitations in this comparison was
the use of explanted lung tissue of patients undergoing lung transplant, which are
more likely to represent end-stage disease, and it was suggested that comparisons in
gene expression between SSc and IPF lung tissues at earlier stages of disease could
potentially provide a better molecular characterization that may distinguish between
these two entities.

Kim et al. [131] attempted to develop a molecular test that can distinguish UIP
from other ILDs in surgical lung biopsies that could eventually be applied to trans-
bronchial biopsy samples, thereby avoiding the increased risk of performing surgical
lung biopsies for the diagnosis of IPF. In this study, they took surgical lung biopsies
from 86 patients, and a panel of ILD experts classified them into UIP versus non-UIP
(including NSIP, HP, sarcoidosis, respiratory bronchiolitis, organizing pneumonia,
and other non-UIP subtypes) diagnoses. They applied gene expression profiling with
a machine learning approach and thereby built a model classifier to investigate
whether a genomic signal could differentiate UIP from other subtypes that are non-
UIP. Using sample-specific pathology labels on biopsy samples, they trained the
microarray classifier by logistic regression and identified the top 200 differentially
expressed genes to distinguish the UIP from the non-UIP samples, further cross-
validating with RNAseq. They found a 92% specificity (95% CI 81-100) and a sen-
sitivity of 82% (64-95) with the microarray classifier, while the RNAseq classifier
demonstrated a specificity of 95% (84—100) and a sensitivity of 59% (35-82) in dis-
tinguishing UIP from non-UIP. Importantly, they demonstrated a high correlation
between the molecular signal built with a classifier algorithm and the expert pulmo-
nary pathologists’ diagnoses despite having no clinical or demographic information.

In summary, new gene expression profile tools are undergoing rigorous evalua-
tion to develop new bioinformatics methods that help in the diagnosis of IPF and
other ILDs without the need for more invasive diagnostic procedures.
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Identification of Gene Expression Profiles Associated
with Disease Severity in the IPF Lung and Peripheral Blood

It has been shown that IPF patients have different patterns of disease progression.
While some patients can be stable for long period of time, others can quickly dete-
riorate, have acute exacerbations, and die as a consequence of the disease [132].
The recognition of this erratic clinical behavior of some IPF patients prompted
Selman and colleagues [115] to study gene expression profiles of IPF patients with
evidence of rapid progression (defined as symptoms starting 6 months prior to
initial presentation) and compared them with IPF patients with slow progression
(defined as symptoms present for more than 24 months) using a class comparison
and class prediction approach. The investigators identified a group of 437 differ-
entially expressed genes between these two groups. When a pathway analysis was
performed, patients with evidence of rapid progression had overexpression of
genes involved in morphogenesis, cancer, oxidative stress, cell proliferation,
apoptosis, and genes from fibroblast/smooth muscle cells. The discovery of over-
expression of genes associated with cell proliferation and apoptosis somewhat
preceded the findings by Konishi et al. [93], who demonstrated evidence of over-
expression of cyclins (cell cycle regulators) along with overwhelming apoptosis in
the lung of acute exacerbation patients, again suggesting the potential presence of
aberrant proliferative responses in reaction to cellular apoptosis in patients with
rapid progression of IPF.

Konishi et al. [93] also made another interesting discovery in the lung tissue of
IPF patients with acute exacerbations when they found that alpha defensins, particu-
larly defensin alpha 3 (DEFA3) and 4 (DEFA4), are overexpressed. The authors also
demonstrated increased serum levels of these natural antimicrobial peptides, which
are part of the innate immune response and participate in host defense [133].
Interestingly, defensins are released in response to microbial invasion and can acti-
vate adaptive immunity responses [134], a phenomenon that has been described in
IPF [135]. Defensins attract antigen-presenting dendritic cells to the site of invasion
and are mostly expressed by neutrophils, epithelial cells, and Paneth cells; interest-
ingly, they are activated by proteolytic cleavage by MMP-7 [59].

These findings complement the recent description of Molyneaux and collabora-
tors where they found an increased burden of respiratory microbiota in acute exac-
erbations of IPF patients vs stable controls. This highlights a shift in the microbiome
composition during acute exacerbations potentially resulting in differential gene
expression to a more immune profile [92].

The overexpression of defensins was validated in the peripheral blood transcrip-
tome of IPF patients with evidence of advanced disease, findings recently pub-
lished by Yang and colleagues [136] who performed gene expression profiling of
IPF patients stratified by disease severity. In this study, the investigators defined
severe disease as DLCO <35% or FVC <50% and compared them with IPF patients
with mild disease defined as DLCO >65% or FVC >75%. They also compared
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these two subclasses of IPF patients with age- and gender-matched healthy controls
using a class comparison approach (significance analysis of microarrays). When
comparing patients categorized by DLCO >65% versus DLCO <35%, the authors
identified 13 differentially expressed transcripts including once again defensin
alpha 3 (DEFA3) and 4 (DEFA4). DEFA3 also differentiated mild and severe IPF
cases from healthy controls, confirming the relevance of defensins in IPF progres-
sion. These findings provide the notion that defensins are not only surrogates of
disease activity and severity but can also be closely associated with IPF
pathogenesis.

The functional analysis performed in the study by Yang et al. using the 13 dif-
ferentially expressed transcripts differentiating mild and severe cases of IPF found
overexpression of genes associated with inflammatory responses and immune traf-
ficking in the severe IPF group, a finding that is contradictory to our prior observa-
tions in lung tissue from patients with IPF [136]. While this could represent evidence
that inflammatory responses are indeed potentially relevant in IPF, it can also repre-
sent the presence of a more inflammatory phenotype in the patients with rapid dis-
ease progression.

In addition to the aforementioned findings differentiating IPF patients with mild
and severe disease, Boon et al. [137] also studied gene expression profiles in lung
tissue of IPF patients with evidence of disease progression, defined as a decline of
>10% and >15% over 12 months in FVC% and DLCO%, respectively, and com-
pared them with lung tissue of IPF patients with relatively stable disease (defined as
adecline of <10% and <15% over 12 months in FVC% and DLCO%, respectively).
The investigators used serial analysis of gene expression (SAGE), a technique that
has the same goal as microarrays with the difference that SAGE sampling is based
on sequencing of short tags of mRNA, while microarrays are based on hybridization
of mRNAS to probes. Using a class comparison (#-test) and class discovery (hierar-
chical clustering) approach, 134 differentially expressed transcripts distinguished
the two groups. While this study was limited by the small number of samples (six in
each group), it certainly provided interesting findings since some of the overex-
pressed genes in the group of patients with evidence of IPF progression included
surfactant protein Al (SFTPA1), SPP1, and heat shock 70 KDa protein 1A
(HSPA1A), among others. These findings correlate with previous associations of
surfactant protein A levels in the serum of IPF patients with the worst survival [138]
and with recent observations that IPF patients with autoantibodies against heat
shock protein 70 (HSP70) also have increased mortality [139]. With regard to SPP1,
we previously reported consistent overexpression of SPP1 when analyzing gene
expression profiles of IPF lung tissues compared to normal controls [60] and also
demonstrated increased SPP1 levels in bronchoalveolar lavage of IPF patients. We
also found evidence suggesting that SPP1 activates MMP-7, co-localizes with this
molecule in alveolar epithelial cells of IPF patients, and has a pro-fibrotic effect on
lung fibroblasts and epithelial cells. Others have demonstrated the relative protec-
tion from bleomycin-induced fibrosis in SPP1 knockout mice and increased SPP1
levels in the serum of patients with ILD. This body of evidence suggests that SPP1
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is not only relevant to the pathogenesis of IPF but could also potentially be used as
a biomarker of disease progression.

Our group has recently identified a 52-gene signature on peripheral blood
mononuclear cells (PBMC) that predicts poor outcomes in IPF patients as deter-
mined by transplant-free survival (TFS). This was validated in independent
cohorts using microarrays of peripheral blood from IPF and control patients.
Significance analysis of microarrays (SAM), an algorithm employing hierarchi-
cal clustering to measure expression values clustering samples one gene at a time,
was used to estimate Cox scores based on univariate models. We identified
changes in the expression of gene pathways in PBMCs that were related to the
“costimulatory signal during T-cell activation.” Out of this biocarta pathway
analysis, CD28, ICOS, LCK, and ITK were the most significantly decreased
genes in the patients with the shortest period of TFS. By measuring the DCt
expression by qPCR of these aforementioned genes and through combination
with the clinical GAP (gender, age, and physiology) score, we showed a better
outcome prediction than using the clinical predictor model alone. A decrease in
CD28, ICOS, LCK, or ITK expression was associated with a median TFS that
ranged from 0.92 to 1.17 years, while increased expression was associated with
longer median TFS that ranged from 2.39 to 3.44 years. These results may have
clinical utility for predicting poor outcomes, thereby allowing the identification
of patients who should be referred for lung transplant evaluation, and these find-
ings have additional implication for subject enrollment and stratification in future
drug studies in IPF [140]. We further validated this 52-gene signature in six
cohorts using the Scoring Algorithm for Molecular Subphenotypes (SAMS) to
classify patients into high- or low-risk groups and predict differences in mortality
and TFS. The 52-gene risk profile together with the GAP index resulted in
improved predictive accuracy for mortality risk, which supports its potential util-
ity for future clinical drug studies [141].

Our group has now developed a functional genomic model for predicting prog-
nosis in IPF [142], given that our previous results using the gene sets did not pro-
vide a weighted score for the gene expression pattern and did not include other
genes that we identified in the functional genomic model. By coupling the PBMC
gene expression profiling to IPF clinical traits using a WGCNA, we constructed a
Prognostic Index (PI) score for each patient, which allowed us to develop a func-
tional genomic model that better identifies those IPF patients with a “good” vs
“poor” prognosis as well as those who may be more likely to benefit from IPF-
specific therapies.

The fact that the course of IPF is variable and unpredictable has generated
substantial interest in finding molecular signatures that help predict outcomes in
IPF patients. This need for predictive signatures has opened a new window for
prioritizing patients for lung transplantation and for stratification in future stud-
ies that evaluate prognosis and drug efficacy. A summary of the most relevant
molecules identified in IPF, based on gene expression studies, is provided in
Table 9.2.
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Table 9.2 Gene Expression in IPF
Gene/ Direction of Compartment | Relevant
pathway* | Gene name expression identified pathway References
MMP-7 Matrix Overexpressed | Lung, Extracellular | [51, 52,
metalloproteinase-7 peripheral matrix 54,114,
blood, and degradation 143]
BAL
MMP-3 Matrix Overexpressed | Lung Extracellular | [62]
metalloproteinase-3 matrix
degradation
MMP-19 | Matrix Overexpressed | Lung — Extracellular | [63]
metalloproteinase-19 hyperplastic | matrix
epithelial cells | degradation
SERPINF1 | Pigment epithelium- 