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Abstract

There have been recent extensive studies and rapid advancement on the pathogenesis underlying idiopathic pulmonary fibrosis (H’}),
and intricate pathogenesis of IPF has been suggested. The purpose of this study was to clarify the logical relationship between these
mechanisms. An extensive search was undertaken of the PubMed using the following keywords: “etiology,” “pathogenesis,” “alveolar
epithelial cell (AEC),” “fibroblast,” “lymphocyte,” “macrophage,” “epigenomics,” “histone,” acetylation,” “methylation,”
“endoplasmic reticulum stress,” “mitochondrial dysfunction,” “telomerase,” “proteases,” “plasminogen,” “epithelial-mesenchymal
transition,” ? ” “apoptosis,” and “idiopathic pulmonary fibrosis.” This search covered relevant

)

oxidative stress,” “inflammation,
research articles published up to April 30, 2020. Original articles, reviews, and other articles were searched and reviewed for content;
240 highly relevant studies were obtained after screening. IPF is likely the result of complex interactions between environmental,
genetic, and epigenetic factors: environmental exposures affect epigenetic marks; epigenetic processes translate environmental
exposures into the regulation of chromatin; epigenetic processes shape gene expression profiles; in turn, an individual’s genetic
background determines epigenetic marks; finally, these genetic and epigenetic factors act in concert to dysregulate gene expression in IPF
lung tissue. The pathogenesis of IPF involves various imbalances including endoplasmic reticulum, telomere length homeostasis,
mitochondrial dysfunction, oxidant/antioxidant imbalance, Th1/Th2 imbalance, M1-M2 polarization of macrophages, protease/
antiprotease imbalance, and plasminogen activation/inhibition imbalance. These affect each other, promote each other, and ultimately
promote AEC/fibroblast apoptosis imbalance directly or indirectly. Excessive AEC apoptosis and impaired apoptosis of fibroblasts
contribute to fibrosis. IPF is likely the result of complex interactions between environmental, genetic, and epigenetic factors. The

pathogenesis of IPF involves various imbalances centered on AEC/fibroblast apoptosis imbalance.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, age-related,
progressive lung disease characterized by progressive lung
fibrogenesis and the histological picture of usual interstitial
pneumonia (UIP). It is associated with increased cough and
dyspnea and impaired quality of life. The median survival of
patients with IPF is 3 to 5 years from diagnosis.!!!

The paradigm about disease pathogenesis has shifted from
belief that chronic inflammation is the direct cause of IPF!>>!
to theidea that oxidative stress Z]i)lays animportantrole in the
onset and progression of IPF™* to more recent suggestion
that repetitive micro-injuries and dysfunction of the alveolar
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epithelial cells (AECs) injury lead to uncontrolled activation
and proliferation of fibroblasts, and excessive accumulation
of extracellular matrix (ECM), be ?enerating crucial
profibrotic signaling and mediators.>**) Correspondingly,
the therapy for IPF has also undergone a transition from
treatment with anti-inflammatory and immunosuppressant
drugs (eg, prednisone and azathioprine) to treatment with
antioxidant drugs (eg, N-acetylcysteine [NAC]) and to
treatment with more recent antifibrotic drugs (nintedanib
and pirfenidone). Unfortunately, it gradually became
evident that anti-inflammatory and antioxidative therapy
was_ineffective in improving survival in patients with
IPF.[81 Although pirfenidone and nintedanib are effective
at reducing lung function decline, neither is curative for the
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disease.””"'”! Does the ineffectiveness of anti-inflammatory
and antioxidative therapy mean that inflammation and
oxidant/antioxidant imbalance are not particularly impor-
tant in the pathogenesis of IPF?

Various mechanisms underlying IPF have been identified.
A body of evidence indicates that IPF is related to possible
triggers or environmental risk factors, genetic predisposi-
tion, and epigenetics,''"'* and these various mechanisms
— such as endoplasmic reticulum (ER) stress,!'*'®
telomere length homeostasis,'”! mitochondrial dysfunc-
tion,"®! oxidant/antioxidant imbalance,'"”! T helper type 1
cell (Th1)/Th2 imbalance,'***! M1-M2 polarization of
macrophages,'*>2%! protease/antiprotease imbalance, 262!
plasminogen activation/inhibition imbalance,'*”! AEC/
fibroblast apoptosis imbalance,**3! epithelial-mesenchy-
mal transition (EMT), and transforming growth factor
(TGF)- — are involved in the pathogenesis of IPF. What is
the relationship during environmental risk factors, genetic
predisposition, and epigenetics, and what are their
underlying mechanisms for initiating IPF? What relation-
ships and interactions exist among various mechanisms
mentioned above?

In the present review, we begin with a discussion on the
role of possible triggers, genetic instability, and epigenetic
changes in the pathogenesis of IPF and their interplay,
followed by the contribution of various imbalances
centered around an AEC/fibroblast apoptosis imbalance
in the pathogenesis of IPF and their interaction and end
with opinions on potential therapeutic targets based on the
above-mentioned complex pathogenesis.

Etiology: Environmental, Genetic, and Epigenetic Factors

Possible triggers/environmental risk factors

Although the exact cause of IPF remains unclear, toxic
exposures, including cigarette smoking, environmental and
occupational exposures, infection, and gastroesopha%eal
reflux, appear to be important contributing factors.['13!

Genetic predisposition

Several genetic mutations have been implicated in familial
IPF, which broadly are subdivided into two categories:
genes related to surfactant protein processing and traffick-
ing (SFTPA1,B*3ISFTPA2,3¢ISFTPB,B7ISFTPC, 138! ATP-
binding cassette-type 3°”)) and genes that maintain telomere
length (TERT and TERC).[*!

The mutation results in an aberrant surfactant protein that
cannot be correctly processed, resulting in protein misfold-
ing, accumulation, induction of ER stress, and apoptosis of
AEGs.*1"*3I Mutations in TERT or TERC lead to loss of
telomerase activity. Consequently, telomeres shorten suc-
cessively with each cell division, and when they achieve a
critical length they activate p53-dependent apoptosis or
replicative senescence.*¥ Additionally, a genome-wide
association study found that a single-nucleotide polymor-
hism in the promoter region of the mucin 5B genel***"!and
phismin the p g g
a loss-of-function polymorphism in TOLLIP*®! which is a
gene encoding the inhibitor of toll-like receptor 4 (TLR4)
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are strongly associated with IPF. Some of these mutations
have been reported not only in several familial IPF cases but
also in sporadic cases of IPF,3%4%48! which suggests that
sporadic and familial cases of IPF probably reflect a
continuum of genetic risk and that sporadic IPF is also a
disease with a genetic predisposition.

Epigenetics

Epigenetic factors contribute to the dysregulation of gene
expression in IPF lung, which leads to changes in gene
expression without a change in the gene-coding sequences.
The most common epigenetic mechanisms include DNA
methylation and histone modifications and non-coding
RNA (ncRNA) regulation.

Methylation of DNA

Methylation of DNA is usually associated with decreased
gene expression. For example, Thyl, a receptor that
inhibits the differentiation of fibroblasts to myofibroblasts,
is not expressed in fibroblastic foci i vivo.[*”' Loss of Thy1
occurs through epigenetic silencing caused by hyper-
methylation of cytosine-guanine islands in the gene
promoter. As a result, such epigenetic change leads to
the aggressive behavior of IPF fibroblasts.

Histone modifications

In quiescent cells, genomic DNA is wrapped around
histones to form nucleosomes, restricting transcriptional
access to the DNA. Methylation, acetylation, phosphor-
ylation, and ubiquitylation of histone tails occur at specific
residues and control gene expression by regulating DNA
accessibility to RNA polymerase II and transcription
factors. For example, acetylation of histones results in the
relaxation of chromatin, facilitating gene transcription.
Histone acetylation and deacetylation on lysine residues by
histone acetyltransferases and histone deacetylation by
histone deacetylases (HDACs) are closely associated with
active and repressive chromatin states and increased and
decreased transcription factor binding to specific gene
promoters, respectively.®® Prostaglandin (PG)E2, a
cyclooxygenase (COX)-dependent arachidonic acid me-
tabolite in the lung, exerts an important antifibrotic effect
by promoting the survival of AECs while increasing the
sensitivity of fibroblasts/myofibroblasts to apoptosis,
whereas fibroblasts from IPF patients are unable to up-
regulate the COX-2 enzyme and are thereby deficient in
PGE2 production. Defective histone acetylation is respon-
sible for the diminished expression of COX-2.°'l One
study found aberrant expression and activity of histone
deacetylases in sporadic IPF and observed that compared
with control lungs, protein levels of HDACs are
significantly elevated in IPF lungs, and apoptosis resistance
in IPF fibroblasts is mediated by enhanced activity of
HDAC enzymes."*?! Pan-HDAC inhibition by LBHS589
may present a novel therapeutic option for patients with
IPF. Huang et al'®®' found that increased histone
deacetylase expression was partially responsible for the
down-regulation of the factor-associated suicide (Fas)
death receptor in fibrotic fibroblasts, another reason for
apoptosis resistance in fibroblasts.
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ncRNA regulation

ncRNAs are often considered a part of the epigenome.
ncRNAs are functional RNA molecules that are not
translated into proteins, including transfer RNAs, ribosom-
al RNAs, small nucleolar RNAs, microRNAs (miRNAs),
and long non-coding RNAs.5* miRNAs are the most
extensively studied family of small ncRNAs. miRNAs are
short (~22 nt) single-stranded ribonucleic acids functioning
as post-transcriptional regulators of gene expression that
play important roles by binding to specific sequences,
blocking translation, or causing degradation of the target
mRNA, which results in gene silencing. Through various
mechanisms, some miRNAs (eg, miR-21,15%%¢I miR-31,57)
rniR-145,[58i miR-154,"! and miR-199a!°")) play a role in
promoting fibrosis during the pathogenesis of IPF, and their
expression levels are often elevated, while others (such as let-
7d,15%¢1 miR-9,[¢21 miR-18a,/%3! miR-26a,°! miR-27b,*¥
miR-29,%°T miR-30a,”*¢*! miR-155,”? miR-200,'** miR-
221,V miR-323a,l7"" miR-326,71" miR-338,7% miR-
375731 and miR-486!"*) prevent fibrosis, and their
expression levels are reduced. One recent study demon-
strated that the long-intervening non-coding RNAs (lincR-
NAs) LINC00960 and LINC01140 can regulate fibroblast
proliferation and inflammation, while changes in
LINCO01140 expression may mediate a reduced inflamma-
tory response in IPF fibroblasts.”>! While the mechanisms
by which these lincRNAs regulate these responses are
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unknown, it is speculated that the biological actions of
lincRNAs may be mediated through domains containing
conserved sequences, which interact with proteins and/or
base pairs with RNA/DNA."¢!

Interactions between environmental, genetic, and epigenetic
factors

IPF is likely the result of complex interactions between
environmental, genetic, and epigenetic factors.

First, environmental exposures strongly affect epigenetic
marks.l””! Epigenetic processes translate environmental
exposures into the regulation of chromatin. Cigarette
smoke, the main environmental risk factor for IPF,
influences the methylation of specific promoters in genes
involved in the pathogenesis of IPF, such as WNT7A.l#!
One study revealed how cigarette smoke influences histone
modifications and chromatin accessibility.”””! Additional-
ly, epigenetic processes shape the gene-expression profiles
involved in disease pathophysiology. In turn, an individu-
al’s genetic background determines epigenetic marks in
two ways: by direct inheritance!®” and by genetic variants.
Genome-wide studies demonstrate a strong genetic
component to inter-individual variation in methylation
and histone modification profiles.®! Finally, genetic and
epigenetic factors act in concert to dysregulate gene
expression in IPF lung [Figure 1].
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Figure 1:

The etiology and pathogenesis of IPF: various imbalances centered on AECs/fibroblasts apoptosis imbalance. AECs: Alveolar epithelial cells; EMT: Epithelial-mesenchymal

transition; ER: Endoplasmic reticulum; IPF: Idiopathic pulmonary fibrosis; TGF-B: Transforming growth factor-g; Th: T helper.
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Various Imbalances Gentered on an Apoptosis Imbalance in
AECS and Fibroblasts

ER stress

Accumulation of mutant and misfolded proteins in the ER
has been shown to induce severe ER stress. Reduced
clearance of misfolded proteins (eg, proteasomal dysfunc-
tion, impaired autophagy), disturbances in redox homeo-
static, nutrient deprivation, and environmental insults (eg,
viral infection) can bring about the aggregation of
unfolded or misfolded proteins, exacerbating ER stress,
which triggers the activation of the unfolded protein
response (UPR) to alleviate ER stress and sustain the
cellular homeostasis.’®*! However, when stress is over-
loaded or prolonged, the UPR becomes maladaptive and
triggers apoptotic cell death through activating cell death
pathways such as caspase-4, c-Jun NH2 terminal kinase,
and C/EBP homologous protein.®3#5 ER stress may cause
fibrosis through AEC apoptosis, EMT, myofibroblast
differentiation, and M2 macrophage polarlzatlon [14-16]

Telomere length homeostasis

A telomere is a region of tandem repeats of short DNA
sequences at the ends of chromosomes, which are important
for their stability and allow the complete replication of the
ends. Telomere length homeostasis is essential for proper
cellular function.®® Telomeres shorten with every cell
division owing to incomplete replication of telomere caps on
the ends of chromosomes. Telomerase, a specialized RNA-
directed DNA polymerase, elongates telomere sequences at
the termini of chromosome DNA, preventing progressive
telomere loss and maintaining chromosome stabilization.
Mutations in the essential telomerase genes, found in both
sporadic and familial IPF cases, result in telomerase loss of
function and reduced telomerase activity, thereby acceler-
ating the telomere shortemng I'In addition, other factors
such as smoking,'®”! chronic inflammation, and cumulatlve
oxidative stress can cause telomere shortemng

When telomeres shorten to a critical length, they can be
sensed as double-stranded DNA breaks, activating the
DNA damage sensor and checkpoint inhibitor 7?5 3, which
leads to apoptosis or replicative senescence,'”! impairing
normal lung epithelial homeostasis.

Mitochondria-regulated homeostasis

Contents of mitochondrial dysfunction

Mitochondrial dysfunction, which means mitochondria-
regulated homeostasis is broken, in IPF includes reduced
efficiency of electron transport chain (ETC) function along
with excessive production of reactive oxygen species
(ROS), decreased mitochondrial biogenesis, and impaired
mitophagy — a key pathway for mitochondria turnover
and the removal of dysfunctional mitochondria.

Mechanisms of mitochondrial dysfunction

First, telomere shortening stimulates the DNA damage sensor
and checkpoint inhibitor p53; activated p53 then further
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impairs mitochondrial biogenesis by repressing expression of
a key mediator of mitochondrial biogenesis, Peroxisome
proliferator-activated receptor gamma (PPARY) coactivator-
la, resulting in inefficient ox1dat1ve phosphorylation and
increased ROS production.®! Second, phosphatase and
tensin homolog-induced putative kinase 1 (PINK1) labels the
dysfunctional mitochondrion for trafficking to the autopha-
gosome. ER stress then causes downregulation of PINK1
expression in AECs, resulting in an accumulation of
dysmorphic mitochondria, deficient mitophagy reduced
ETC activity, and increased ROS product10r1i As a
consequence, ROS produced by dysfunctlonal mltochondrla
can cause further ER stress, thus forming a vicious circle.”
Third, oxidative stress can cause mitochondrial dysfunctlon
Excessive ROS promote mitochondrial DNA (mtDNA)
damage,”” but additionally, that mtDNA damage can
augment further increases in ROS production,'®”3! leading
to a vicious feed-forward cycle that worsens mitochondrial
dysfunction. In addition, a profibrotic environment promotes
mitochondrial dysfunction in pulmonary epithelial cells. One
study found that TGF-B down-regulates rn1tochondr1a1 ETC
function, leading to increased ROS production.””* Increased
ROS can further activate latent TGF-, thus creating a vicious
feed-forward cycle with the potential to recruit fibroblasts
and promote fibrogenesis.'”>) Mitochondrial dysfunctlon can
also activate TGF-B through metabolic reprogramming: the
metabolic shift from the highly efficient method of ATP
production to the less efficient method of glycolysis due to
mitochondrial dysfunction — and correspondingly, fatty acid
oxidation increases in response to the shift to glycolysis in
fibroblasts or alveolar macrophages in fibrotic lung tissue —
resembles the cancer-associated Warburg effect.[*610!
Glycolytic flux increases lactate production and lowers the
local tissue pH, causing increased activation of TGF-B, which
induces differentiation of fibroblasts to myofibroblasts.!*®!

The consequences of mitochondrial dysfunction

To summarize, telomere shortening, ER stress, oxidative
stress, and a profibrotic environment (TGF-B) promote
mitochondrial dysfunction in pulmonary epithelial cells; as
a consequence, mitochondrial dysfunction can further
stimulate ER stress, oxidative stress, and TGF-B, creating a
vicious feed-forward cycle. In addition, mitochondrial
dysfunction promotes AEC apoptosis and senescence.!'®!

Oxidant/antioxidant imbalance

Both endogenous and exogenous sources included in
the oxidative stress and generation of ROS

One theory regarding the pathogenesis of IPF is that an
oxidant/antioxidant imbalance, known as oxidative stress,
exists in the alveolar regions of affected lungs. In lungs
from IPF patients, ROS are produced by inflammatory cells
(lymphocytes, macrophages, and neutrophils) and paren-
chymal cells (eg, myofibroblasts and fibroblasts) in
response to cytokmes, growth factors, and exogenous
ents such as air pollutants and cigarette
smoke.! i62) Some factors, such as TGF-B, inflamma-
tion, and mltochondrlal dysfunctlon can induce the
sustained production of ROS. 18231
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Effects of oxidant/antioxidant imbalance

ROS further amplify the proﬁbrotlc TGF-B downstream
signal and promote inflammation.!"®! Therefore, reciprocal
promotion of TGF-f and ROS, of inflammation and ROS,
and of mitochondrial dysfunction and ROS results in a
perverse and vicious cycle for fibrosis. ROS also cause
direct damages to AECs, predisposing individuals to lung
fibrosis.!¥ Importantly, ROS may contribute to a protease/
antiprotease imbalance because they can d1rectl¥ induce
matrix metalloproteinase (MMP) transcription,' %! acti-
vate MMPs,"* and inactivate protease inhibitors.| 1% Tn
addition, mitochondrial ROS promote AEC cell apoptosis
and senescence, while fibroblasts are resistant to apopto-
sis.[1H92196:1071 Ope reason for this is that ROS activate the
persistent platelet derived growth factor (PDGF) receptor
production that is implicated in ﬁbroblast differentiation
and proliferation in fibrosis.!"'%8! Considered together,
ROS result in other pathophysiological consequences,
including TGF-B activation, inflammation, protease/anti-
protease imbalance, AEC damage, apoptosis and senes-
cence, and fibroblast differentiation; all of these are
implicated in driving lung fibrosis [Figure 1].

Inflammation and immunity
Th1/Th2 imbalance

The toll-like receptor (TLR) signaling pathway and T-cell
differentiation mediated by fate-specifying cytokines

Although the role of inflammation in the pathogenesis of
IPF remains controversial, evidence supports the fact that
immune responses play an important role in the initiation
or progression of IPF. Pathogen-associated molecular
patterns and damage-associated molecular patterns are
recognized by TLRs expressed in monocytes, macro-
phages, dendritic cells (DCs), mast cells, neutrophils,
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eosinophils, basophils, and epithelial cells, thereby initiat-
ing an innate immune response, which activates nuclear
factor-kB (NF-kB) to produce proinflammation cytokines
or activates interferon (IFN) regulatory factors to produce
type I IFNs. Cytokines produced by these cells prime the
differentiation of naive T cells into Th1, Th2, Th17, or
regulatory T cell (Treg) pheno ?Ipes according to the
antigenic stimulation involved!'*! [Figure 2].

The existence and causes of Th1/Th2 imbalance in IPF

T-cell act1vat1on 1n IPF patients is likely skewed toward a
Th2 response.?°*! Studies have shown that Th1 cells and
secretory cytokine (IFNwy) levels decrease in the bron-
choalveolar lavage or circulation of patients with IPF,!''%!
whereas Th2 cells and associated cytokines (mterleukm
[IL]-4, IL-5, and IL- 13% increase in the lungs or circulation
of patients with IPE.22111] Th1/Th2 imbalance toward a
Th2 phenotype is induced by damaged tissues or mediators
that promote Th2 differentiation. One recent study
showed an elevated level of galectin-1 in bronchoalveolar
lavage of patients with IPF, which contributed to a Th1/
Th2 imbalance toward a Th2 phenotype by selectively
inducing apoptosis on Th1 and Th17 cells, but not on
naive, Th2, or regulatory FoxP3+ T cells.l'' >3 PGE2 can
direct Th2 differentiation by inhibiting IL-12 production
by monocytes cultured in the presence of IL-4 and
granulocyte-macrophage colony-stimulating factor.!''#!
In addition, a decrease in a suppressor of cytokine
signaling (SOCS)-1 expression is involved in IPF, because
SOCS-1 may inhibit Th2 dlfferentlatlon as an 1nh1b1tor of
profibrotic cytokines, such as IL-4.[115!

Th1 and Th2 cells take on opposite roles in fibrogenesis

Th1 cells and their secretory cytokines (IFNy) are thought
of as being antifibrotic. For instance, one study showed
that IL-12 exerted an antifibrotic effect by promoting the
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Figure 2: The differentiation of naive T cells into specific phenotypes induced by fate-specifying cytokines. IFN-y: Interferon-+y; IL: Interleukin; iTreg: Inducible regulatory T population; TGF-

B: Transforming growth factor-g; Ty: T helper.
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production of IFNy in a bleomycin-induced animal model
of IPF.1"®! Inhibiting Th1 differentiation by targeting of
the transcri][otion factor T-bet increased bleomycin-induced
lung injury.""'”! By contrast, Th2 and associated cytokines
(IL-4, TL-5, and IL-13) exhibit a fibrogenic property by
stimulating fibroblast proliferation, fibroblast differentia-
tion into myofibroblasts, and collagen production.!'%117]
Therefore, the imbalance between Th1 and Th2 is actually
an imbalance between profibrosis and antifibrosis.

M1-M2 polarization of macrophages

Macrophages can be broadly classified as M1 and M2
according to their phenotype and role.'?! The M1-M2
polarization of macrophages and the Th1-Th2 polariza-
tion of T cells are well-correlated processes with positive
feedback between each other. A high amount of IFN-y
produced by Th1 cells is the major inducing factor in the
activation of M1 macrophages, whereas high amounts of
IL-4 and IL-13 produced by Th2 cells can activate M2
macrophages, which suppress inflammation and confer a
tissue repair function."*'"'#*! An overzealous or prolonged
M2 polarization results in excessive amounts of profibrotic
mediators (TGF-B1, PDGF, and tissue inhibitors of metal
proteinase 1 [TIMP1], and CCL18), which promote
fibroblast accumulation and the differentiation of fibro-
blasts into myofibroblasts, and collagen production and
deposition. Thus, M2 macrophages act as the keP] effector
arm of Th2-driven type 2 responses in fibrosis.””>*°! ER
stress has been re(}aorted to regulate skew toward M2
polarization.'2%-12¢]

Protease/antiprotease imbalance

MMPs are a family of endopeptidases with 23 members in
humans. These enzymes are responsible for ECM degrada-
tion and for cleaving membrane receptors and various
bioactive mediators (such as cytokines, growth factors,
and chemokines)."?”! It is well known that an imbalance
of MMPs and their inhibitors, the TIMPs, mainly due
to overexpression of MMPs, is implicated in the pathogen-
esis of IPF."**! Most MMPs, such as MMP1,"*"
MMP3.11300 " MMP7.1291311 Mivip-8. 1301311 N MP-
9,130,131 N VP12, MMP14,132) and MMP28,113
are overexpressed in IPF lungs compared with controls and
play a profibrotic role, contributing to the progression of
IPF. Protease and antiprotease imbalance may cause fibrosis
by promoting EMT,*®! by inflammation,?”! by promoting
M1-M2 polarization,?® and by activating TGF-B signal-
ing. It is worth noting that not all MMPs have harmful
effects, and sporadic MMPs may have beneficial effects; for
example, MMP19 upregulated in AECs plays a protective
role in IPF.3%

Plasminogen activation/inhibition imbalance

Plasmin plays an antifibrotic role in the pathogenesis of IPF
by promoting fibrinolysis as well as degradation of ECM.
Plasmin has been shown previously to induce COX-2,
PGE2, and hepatocyte growth-promoting factor (HGF)
synthesis in AECs and fibroblasts, which are important
effectors of antifibrotic actions. By contrast, plasminogen
activator inhibitor 1 (PAI-1) plays a profibrotic role in the
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pathogenesis of IPF as a primary inhibitor of urokinase-
type and tissue-type plasminogen activators, respectively,
which convert plasminogen into plasmin.!*? 51 One mecha-
nism whereby increased PAI-1 promotes lung fibrosis
involves increasing the sensitivity of fibroblasts to TGF-
B.[13¢1 PAI-1 expression is increased relative to the
plasminogen activators, contributing to plasminogen
activation/inhibition imbalance. AEC damage causes
PAI-1 overexpression in AECs and lung macrophages.!*!
Evidence shows that there is a positive feedback loop
between PAI-1 and TGF-B.['3®) Moreover, ROS, IL-1B,
and tumor necrosis factor (TNF) promote expression of
PAI-1.1%7]

AEC/fibroblast apoptosis imbalance

Homeostasis of AECs and fibroblasts

In the normal repair of AECs, activated fibroblasts produce
ECM and provide a provisional scaffold for AEC
migration, proliferation, and re-epithelization. After the
AEC damage has been repaired, fibroblasts undergo
apoptosis in order to restore normal cellular homeostasis
and maintain tissue architecture and organ function.
Fibroblast apoptosis is essential in normal wound healing
but is dysregulated in IPF.

Imbalance of AEC and fibroblast apoptosis in IPF

In IPF, the phenotypes of fibroblasts and AECs change.
Considering AECs as an example, aberrantly activated
AECs, which are characterized by cells undergoing
apoptosis, senescence, or damage, secrete cell-type-specific
profibrotic and proinflammatory cytokines. As a result, the
dysregulated crosstalk and abnormal mediators between
them lead to AEC apoptosis, fibroblast anti-apoptosis, and
abnormal ECM.

Down-regulated factors promoting the survival of
AECs and inducing fibroblast apoptosis

For instance, in IPF, PGE2"'38! produced by AECs and
fibroblasts, and HGF and keratinocyte growth factor
produced by fibroblasts,!'**! reduce. Studies showed that
both miR-30a and miR-29 in AECs can suppress AEC
apoptosis' ' **' and promote apoptosis of lung fibroblasts in
an IPF animal model."*" Their expression decreases in
AECs during IPF development. Interestingly, the con-
clusions of the research on fibroblast growth factor (FGF)
expressed by both fibroblasts and AECs in the lung are
controversial. Some studies reHort that FGF expression
levels decrease (eg, FGF-101'*?!) and FGF plays a
pathological role (fibroblast invasion) in IPF, while other
studies report that FGF expression levels increase (eg, FGF-
10,1431 EGF-1,"** basic FGF,'"**! FGF-9 and FGEF-
18,11*¢! and FGF-23!"*") and FGF plays a protective role
(AEC survival and fibroblast apoptosis). A possible
explanation for these findings is that, on the one hand,
FGF may have a potential dual nature in the lung, while, on
the other hand, this heterogeneity may originate from
different specimen types and different microenvironments
(in vivo or ex vivo).
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Overexpressed factors inducing the apoptosis of
AECs and promoting proliferation or anti-apoptosis of
fibroblasts are overexpressed

TGF-B and ROS overexpressed by fibroblasts promote
AEC apoptosis while increasing resistance to apoptosis in
fibroblasts.!"-?196¢-1971 AECs can also excessively secrete
profibrotic mediators, including TGF-B, connective tissue
growth factor (CTGF), PDGF, and some Th2 cytokines
(eg, IL-17E) [Figure 3]. These mediators not only promote
AEC apoptosis via an autocrine mechanism but also incite
overactivation and proliferation of fibroblasts,[3%148:14]

Other overexpressed factors inducing apoptosis of
AECs

In addition to the factors mentioned above (TGF-B, ROS,
CTGF, PDGF, and IL-17E), the following further elaborate
on other factors that can promote AEC apoptosis.
Angiotensin-II"% and factor-associated suicide ligand
(FasL)"5!! overexpressed by fibroblasts may directly or
indirectly induce apoptosis of adjacent AECs. The lincRNA
maternally expressed gene 3 increased in AECs of IPF! s

AECs survival
Fibroblast quiescence
Normal ECM

Homeostasis

miR-29¢ HGF

miR-30 KGF Fas
CTGF ROS SPARC
TNF-a FasL. Survivin
Endothelin Angll c-FLIP
IL-25 PAI XIAP
TRAIL I'LR4

Meg-3

AECs

Fibroblast

AECs apoptosis
Fibroblast proliferation
or anti-apoptosis
Abnormal ECM

Lung fibrosis

Figure 3: Profibrotic phenotype of AECs and fibroblasts and abnormal mediators produced
by AECs or fibroblasts contribute to fibrosis. The mediators in the black circle named AECs
on the left indicate the mediators secreted by AECs. The mediators in the blue circle named
fibroblasts on the right indicate the mediators secreted by fibroblasts. Mediators marked in
the green font indicate whose expression is downregulated. Mediators identified in the red
font indicate whose expression is upregulated. The mediators marked in the black font
indicate whether their expression level is downregulated or upregulated is still
controversial. AECs: Alveolar epithelial cells; Ang Il: Angiotensin II; c-FLIP: Cellular
FLICE-like inhibitory protein; CTGF: Connective tissue growth factor; ECM: Extracellular
matrix; EMMPRIN: ECM metalloproteinase inducer; Fas: Factor-associated suicide; FasL:
Factor-associated suicide ligand; FGF: Fibroblast growth factor; HGF: Hepatocyte growth-
promoting factors; IL-25: Interleukin-25; KGF: Keratinocyte growth factor; Meg-3:
Maternally expressed gene 3; miR: MicroRNA; PAI: Plasminogen activator inhibitor; PDGF:
Platelet-derived growth factor; PGE,: Prostaglandin E2; ROS: Reactive oxygen species;
SPARC: Secreted protein acidic and rich in cysteine; TGF-@: Transforming growth factor-3;
TLR4: Toll-like receptors 4; TNF-o.: Tumor necrosis factor-o; TRAIL, TNF-related apoptosis-
inducing ligand; XIAP: X-linked inhibitor of apoptosis.

267

WWW.Cmj.0rg

known to induce apoptosis by activating pro-apoptotic
protein P53.1"52 TNF-related apoptosis-inducing ligand, a
member of the TNF superfamily, which is upregulated in
AECs of IPF lung tissue samples, has been shown to induce
apoptosis via DR4 and DRS receptor binding.!'>3! Numer-
ous studies prove that telomere attrition,'"**! unchecked ER
stress,!'°”) and mitophagy deficiency!'® can induce AEC
apoptosis in lungs with IPF [Figure 3].

Other factors promoting proliferation or anti-apoptosis
of fibroblasts

In addition to the factors mentioned above (TGF-3, ROS,
CTGF, PDGF, and IL-17E), the following further elaborate
on other factors that can promote the proliferation or anti-
apoptosis of fibroblasts. Increased expression of inhibitors
of apoptosis in fibroblasts, such as surviving,!"**! the Fas
death rece]ptor, cellular FLICE-like inhibitory protein,!!¢!
PAI-1,"7 secreted protein acidic and rich in cysteine
(SPARC),!"*®! and X-linked inhibitor of apoptosis
(XIAP),1>?! protects lung fibroblasts from apoptosis.
Studies demonstrate decreased Fas expression in fibro-
blasts during histone modifications,”**! and ECM metal-
loproteinase inducer overexpression!'®” in fibroblasts
from IPF can induce an apoptosis-resistant phenotype of
fibroblasts in IPF. Apoptosis resistance in fibroblasts is
partially mediated by TLR4 activation, which results in the
transcription of pro-survival signaling factors via NF-xB
and PI3K-Akt activation.!'®"1®2l Of note, injured or
activated AECs produce virtually mediators contributing
to apoptosis-resistant phenotypes of fibroblasts, such as
TNF-a, endothelin 1, CXCL12,'%3! IL-25, and IL-17BR
(IL-25’s receptor).®?! The underlying mechanism is as
follows: increased levels of SPARC, TGF-B, and endothe-
lin-1 in IPF lung promote fibroblast resistance to apoptosis
by activating the Akt signal pathway."5%1¢* Both TGF-B
and endothelin-1 induce XIAP expression to inhibit Fas-
mediated apoptosis in fibroblasts.['®*1 CXCL12, a potent
chemoattractant for local fibroblasts, is essential for EMT
and fibroblast-to-myofibroblast differentiation.**! One
study demonstrated that the mRNA and protein levels
of IL-25 and IL-17BR (IL-25’s receptor) are significantly
higher in IPF patients and that IL-25 potentiates the
expression of CTGF in AECs and the recruitment and
proliferation of lung fibroblasts .*%!

AEC/fibroblasts apoptosis imbalance is the core of IPF

In summary, the pathogenesis of IPF involves various
imbalances including ER, telomere length homeostasis,
mitochondrial dysfunction, oxidant/antioxidantimbalance,
Th1/Th2 imbalance, M1-M2 polarization of macrophages,
protease/antiprotease imbalance, plasminogen activation/
inhibition imbalance, and AEC/fibroblast apoptosis imbal-
ance. As can be seen from the above description and
Figure 1, among them, AEC/fibroblast apoptosis imbalance
is the core of IPF, because although other imbalances affect
each other and promote each other, they ultimately promote
AEC/fibroblast apoptosis imbalance directly or indirectly.

Excess AEC apoptosis induces alveolar basement mem-
brane destruction, leading to inefficient re-epithelialization
and the recruitment of fibroblasts to the site of damage to
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promote excess ECM deposition and pulmonary architec-
ture destruction.!'®®! An alternative mechanism is that the
apoptotic AECs can directly trigger progressive fibrosis by
inducing a response in neighboring cells. Studies have
revealed that uptake of apoptotic AECs by macrophages
contributes to fibrosis through the increased expression of
TGFR, a growth factor with both anti-inflammatory and
profibrotic activities.! 17168

Fibroblast apoptosis is the primary mechanism by which
fibroblasts are removed, whereas fibroblasts differentiate
into myofibroblasts in profibrotic microenvironments
owing to impaired apoptosis of fibroblasts, resulting in
the aggregation of activated myofibroblasts. Myofibro-
blasts are the major actors in the fibrogenetic process and
are characterized by expression of a-smooth muscle actin
and synthesis of varying amounts of ECM, including
collagens, glycoproteins, and proteoglycans, which will
ultimately lead to lung architecture destruction and
fibrosis."®’! Indeed, myofibroblast accumulation and
activation are hallmarks of the pathobiology of UIP
which is a typical pathological manifestation of IPF.6:170]

Views on Therapeutic Approaches Based on Complex
Pathogenesis

Therapy targeting inflammation and immune response

The following evidence could help explain why anti-
inflammatory drugs are mostly ineffective in IPF: First, B
cells are the antibody-producing cells of the adaptive
immune system and B cell abnormalities are involved in the
pathogenesis of IPF,'"”! but lung diseases involving
humoral immunity mediated by B cells are usually
insufficiently responsive or refractory to glucocorticoste-
roid therapy.l'”?! Second, studies show that glucocorti-
costeroid treatment is not sufficient to inhibit the activity of
alveolar macrophages, instead, it activates a class of M2
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macrophages and causes M1-M2 polarization of macro-
hages.!'”*174 In addition, a recent study demonstrates
phages , y
that activated and non-proliferating lymphocytes and
mature DCs are involved in the pathogenesis of IPF,!'”"!
glucocorticosteroid-based therapy has a poor activity on
differentiated lymphocytes and especially mature DCs.!17¢!
As the research progresses, we will find that inflammation
and immune response is still important in the pathogenesis
of IPF, but it is complicated and needs to be further studied.

Therapy targeting oxidant/antioxidant imbalance

As shown in Figure 4, oxidant mainly refers to the
following ROS: '0,, 0,7, HO,, HO-, and H,O,.
Endogenous ROS are mainly produced through the ETC
in mitochondria and by chemical reactions catalyzed by
NADPH oxidase (NOX). The antioxidant defense system
includes small-molecular-weight antioxidants (eg, vitamin
E/C, glutathione [GSH]), superoxide dismutase, and
enzymes that catalyze H, O, metabolism (GSH peroxidase,
GSH reductase, and catalase).''””!

NAC is an antioxidant that not only can be metabolized
into GSH precursor, cysteine, to supplement intracellular
GSH. Clinical trials or meta-analysis indicate NAC offers
no benefit for the preservation of forced vital capacity
compared with placebo in IPE.[#17%17] This by no means
implies that oxidant/antioxidant imbalance is no longer
important in the pathogenesis of IPF. As can be seen from
Figure 4, GSH is just one branch of the body’s antioxidant
defense system.

One study found that mitochondrial catalase—overex-
pressed transgenic mice are protected against lung fibrosis
in part via the prevention of AEC mtDNA damage.*”!
Evidence has also demonstrated that NOX-4 is a
significant enzyme that catalyzes the generation of ROS
in the pathogenesis of IPE.['8%18! Directly reducing ROS

/

HO,"
£ \
Endogenous sources H*
(mitochondria, NOX,
\_catecholamine, etc.)
02 » O)'
’ Exodogenous sources h
v (smoking, radiation,
10, air pollution, etc.)
Less reactive radicals Vitamin E/C

SOD

NADP+ NADPH

R

GSH GSSG

R T
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H,0, H,0+0,

~

\
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Figure 4: Source and metabolic pathway of reactive oxygen species (ROS). The chemical molecules marked in the red font are ROS, and the substances marked in the blue font belong to the
antioxidant system. GPX: GSH peroxidase; GRD: GSH reductase; GSH: Glutathione; GSSG: Oxidized glutathione; NOX: NADPH oxidase; SOD: Superoxide dismutase; hv: Irradiation with light.
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production by inhibition of NOX or rapidly scavenging
ROS produced in mitochondria by targeting mitochondri-
al ROS seems to be more specific and efficient than general
antioxidant treatment for IPF. They are promlsmg
therapeutic targets, but their safety and effectiveness in
humans are yet to be confirmed.

Treatment plan targeting multiple points centered on one
point

These evolving concepts of disease pathogenesis of IPF are the
bases for emerging pharmacotherapies for this complex
disease. As shown in Figure 1, AEC/fibroblast apoptosis
imbalance is at the core of the pathogenesis of IPF, so the
treatment plan for IPF should be mainly based on the
adjustment of AEC/fibroblast apoptosis/proliferation imbal-
ance, taking into account various other imbalances. Down-
regulation of factors leading to apoptosis of AECs and anti-
apoptosis of fibroblasts may be a potential treatment. For
instance, AT-406, a blockade of XIAP and the cellular IAP
(cIAP), has been shown to restore apoptotic sensitivity of
fibroblasts from IPF,!'®*! and animal studies have shown AT-
406 to be of benefit in treating IPF."®?! The resistance to
apoptosis of fibroblasts could be caused by downregulating
the expression of miR-29c as well as Fas receptor by TGF-B.
Therefore, the upregulation of miR-29 expression in IPF
lungs could restore the sensitivity to a]?o]}?tosis of lung
fibroblasts and inhibit ECM production."*"" Additionally,
FasL is up-regulated in lung tissues of IPF; therefore, specific
inhibition of the Fas-FasL pathway in AECs may prevent the
development of pulmonary fibrosis. Up-regulation of factors
reducing apoptosis of AECs and restoring the sensitivity to
apoptosis of fibroblasts is another potential treatment. For
example, miR-30a expression decreases in AECs, and the up-
regulation of miR-30a can suppress AEC apoptosis.

As mentioned above, fibrosis may be heterogeneous and
multifactorial in etiology and pathogenesis.

Therefore, attempts to prevent or counteract a single
upstream pathway may not be enough to inhibit the
progression of fibrosis. Future research should focus on
treatment methods that target multiple mechanisms, with
adjustment of AEC/fibroblast apoptosis imbalance as the
central focus and adjustment of various other imbalances
as the secondary points of focus.

Conclusions

IPF is likely the result of complex interactions between
environmental, genetic, and epigenetic factors.

First, environmental exposures strongly affect epigenetic
marks, and epigenetic processes translate environmental
exposures into the regulation of chromatin. Second,
epigenetic processes shape the gene expression profiles
involved in disease pathophysiology. In turn, an individual’s
genetic background determines epigenetic marks in two
ways: by direct inheritance and by genetic variants. Finally,
genetic and epigenetic factors act in concert to dysregulate
gene expression in IPF lung. The pathogenesis of IPF involves
various imbalances centered on AEC/fibroblast apoptosis
imbalance, including ER, telomere length homeostasis,

269

WWW.Cmj.0rg

mitochondrial dysfunction, oxidant/antioxidant imbalance,
Th1/Th2 imbalance, M1-M2 polarization of macrophages,
protease/antiprotease imbalance, and plasminogen activa-
tion/inhibition imbalance. Among them, AEC/fibroblast
apoptosis imbalance is the core of IPF, because although
other imbalances affect each other and promote each other,
they eventually lead to dysregulated crosstalk between AECs
and fibroblasts. As a result, the dysregulated crosstalk and
abnormal mediators between them result in AEC apoptosis,
fibroblast anti-apoptosis, and abnormal ECM. It is worth
noting that the ineffectiveness of anti-inflammatory and
antioxidative therapies for IPF patients in no way means that
inflammation and oxidant/antioxidant imbalances are no
longer important in the pathogenesis of IPF. Fibrosis may be
heterogeneous and multifactorial in etiology and pathogene-
sis. Therefore, attempts to prevent or counteract a single
upstream pathway may not be enough to inhibit the
progression of fibrosis. Future research should focus on
treatment methods that target multiple mechanisms, with
adjustment of AEC/fibroblast apoptosis imbalance as the
central focus and adjustment of various other imbalances as
the secondary points of focus.
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