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Abstract: Cellular protein homeostasis in the lungs is constantly disrupted by recurrent exposure to
various external and internal stressors, which may cause considerable protein secretion pressure on
the endoplasmic reticulum (ER), resulting in the survival and differentiation of these cell types to meet
the increased functional demands. Cells are able to induce a highly conserved adaptive mechanism,
known as the unfolded protein response (UPR), to manage such stresses. UPR dysregulation and
ER stress are involved in numerous human illnesses, such as metabolic syndrome, fibrotic diseases,
and neurodegeneration, and cancer. Therefore, effective and specific compounds targeting the UPR
pathway are being considered as potential therapies. This review focuses on the impact of both exter-
nal and internal stressors on the ER in idiopathic pulmonary fibrosis (IPF) and chronic obstructive
pulmonary disease (COPD) and discusses the role of the UPR signaling pathway activation in the
control of cellular damage and specifically highlights the potential involvement of non-coding RNAs
in COPD. Summaries of pathogenic mechanisms associated with the ER stress/UPR axis contributing
to IPF and COPD, and promising pharmacological intervention strategies, are also presented.
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1. Introduction

The endoplasmic reticulum (ER) is derived from the outer membrane of the nucleus
and represents one of the most active intracellular organelles. In cells that have devel-
oped an ER, including those residing in the lungs, the balance between synthesis and
protein secretion sometimes fails, or proteins cannot be properly degraded or reduced by
proteases. A disturbance in the synthesis, secretion, or destruction of proteins may lead
to the accumulation of non-folded or mis-folded proteins within the ER, disrupting its
normal function [1,2]. Such an impairment of ER homeostasis is referred to as ER stress,
which plays a significant role in cellular survival and function [3].

The unfolded protein response (UPR) signaling pathway in ER stress was first identi-
fied in Saccharomyces, in which ER stress is exclusively controlled by the serine/threonine-
protein kinase/endoribonuclease inositol-requiring enzyme 1 (IRE1). This is in contrast to
vertebrates, where three main signaling arms regulate UPR: IRE1, activating transcription
factor (ATF) -6β, and protein kinase R like ER kinase (PERK) (Figure 1). These pathways
transfer information on the protein folding status in the ER to the cytosol and nucleus to
restore protein-folding capacity. Binding of the ER chaperone-binding immunoglobulin
protein (BiP), also known as GRP-78 or heat shock 70 kDa protein 5 (HSPA5), to IRE1α
causes its deactivation [4,5]. Under ER stress, BiP preferentially binds to mis-folded pro-
teins and subsequently is released from PERK and IRE1, which initiates these proteins’
dimerization [6]. Recent studies demonstrated a role for ER stress in fibrosis in multiple
organs, including the lungs [1,7]. For example, recent reports highlight the importance of
ER stress and UPR in chronic obstructive pulmonary disease (COPD) [8–10], and the rela-
tion between ER stress and familial idiopathic pulmonary fibrosis (IPF) [7,11]. This review
will focus on our current understanding of the role of ER stress and UPR in COPD and IPF.
First, we will briefly review details of the UPR and the pathogeneses of COPD and IPF,
after which we will discuss the potential link between the UPR and the onset, progression,
and severity of these diseases.
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Figure 1. Schematic representation of the unfolded protein response (UPR) pathway. Idopathic pulmonary fibrosis (IPF) 
and chronic obstructive pulmonary disease (COPD)-involved mechanisms are generally involved in UPR induction. In-
correctly folded proteins bind to (UPR) sensor proteins in the endoplasmic reticulum (ER) lumen, resulting in activation 
of the UPR. Protein kinase R-like ER kinase (PERK), activating transcription factor 6 (ATF6), and serine/threonine-protein 
kinase/endoribonuclease inositol-requiring enzyme (IRE)-1 activate a series of reactions and signaling pathways, which 
eventually leads to transcription initiation and translation regulation of the effector genes. These genes include C/EBP-
homologous protein (CHOP) and components of the ER-associated degradation (ERAD) system and regulated IRE1-de-
pendent decay (RIDD), which regulate apoptosis/autophagy, ER expansion, and protein folding. Abbreviations: eIF2α 
(eukaryotic initiation factor 2 alpha), ATF4 (activating transcription factor 4), XBP-1 (X-box binding protein-1), ER chap-
erone-binding immunoglobulin protein (BiP). 

2. Unfolded Protein Response 
The UPR aims to reestablish ER homeostasis to ultimately facilitate cell adaptation to 

ER stress. Two main models for UPR activation have been discussed most frequently. The 
first model is similar to that of the heat shock response pathway and relies on the availa-
bility and regulated binding of the chaperone BiP [2,3,12,13]. BiP homeostatically binds to 
UPR sensor proteins to prevent their oligomerization, which is interrupted during ER 
stress. This action leads to the oligomerization of the monomers, resulting in the activation 
of UPR [14,15]. There is experimental evidence of the interaction between BiP and IRE1, 
ATF6, and PERK in unstressed cells with subsequent dissociation during ER stress [16–
20]. “Filamentation induced by c-AMP” (FIC) domains are conserved domains from bac-
teria to eukaryotes including in humans and are involved in stress responses and infec-
tions [21,22]. They catalyze the transfer and covalent binding of adenosine monophos-
phate (AMP) (AMPylation/adenylation) to hydroxyl side chains of several proteins, such 
as Rho GTPases, which induces actin cytoskeleton collapse by inhibiting the interaction 
of Rho proteins with their downstream effectors. The AMPylation of BiP offers an addi-
tional regulatory mechanism affecting ER homeostasis. BiP activity serves as a quality 
control process for ER protein homeostasis to regulate the UPR [21,23]. FIC domains are 
not restricted to promoting the aforementioned post-translational modifications of 
GTPases, as they can reverse AMPylation and also catalyze deAMPylation of the BiP 
chaperone [21,22]. Both FIC and BiP are transcriptionally activated upon ER stress induc-
tion [23], confirming the role of FIC-mediated AMPylation of BiP in UPR [23]. Regulation 

Figure 1. Schematic representation of the unfolded protein response (UPR) pathway. Idopathic pulmonary fibrosis (IPF) and
chronic obstructive pulmonary disease (COPD)-involved mechanisms are generally involved in UPR induction. Incorrectly
folded proteins bind to (UPR) sensor proteins in the endoplasmic reticulum (ER) lumen, resulting in activation of the
UPR. Protein kinase R-like ER kinase (PERK), activating transcription factor 6 (ATF6), and serine/threonine-protein
kinase/endoribonuclease inositol-requiring enzyme (IRE)-1 activate a series of reactions and signaling pathways, which
eventually leads to transcription initiation and translation regulation of the effector genes. These genes include C/EBP-
homologous protein (CHOP) and components of the ER-associated degradation (ERAD) system and regulated IRE1-
dependent decay (RIDD), which regulate apoptosis/autophagy, ER expansion, and protein folding. Abbreviations: eIF2α
(eukaryotic initiation factor 2 alpha), ATF4 (activating transcription factor 4), XBP-1 (X-box binding protein-1), ER chaperone-
binding immunoglobulin protein (BiP).

2. Unfolded Protein Response

The UPR aims to reestablish ER homeostasis to ultimately facilitate cell adaptation
to ER stress. Two main models for UPR activation have been discussed most frequently.
The first model is similar to that of the heat shock response pathway and relies on the
availability and regulated binding of the chaperone BiP [2,3,12,13]. BiP homeostatically
binds to UPR sensor proteins to prevent their oligomerization, which is interrupted dur-
ing ER stress. This action leads to the oligomerization of the monomers, resulting in the
activation of UPR [14,15]. There is experimental evidence of the interaction between BiP
and IRE1, ATF6, and PERK in unstressed cells with subsequent dissociation during ER
stress [16–20]. “Filamentation induced by c-AMP” (FIC) domains are conserved domains
from bacteria to eukaryotes including in humans and are involved in stress responses and
infections [21,22]. They catalyze the transfer and covalent binding of adenosine monophos-
phate (AMP) (AMPylation/adenylation) to hydroxyl side chains of several proteins, such
as Rho GTPases, which induces actin cytoskeleton collapse by inhibiting the interaction of
Rho proteins with their downstream effectors. The AMPylation of BiP offers an additional
regulatory mechanism affecting ER homeostasis. BiP activity serves as a quality control
process for ER protein homeostasis to regulate the UPR [21,23]. FIC domains are not
restricted to promoting the aforementioned post-translational modifications of GTPases, as
they can reverse AMPylation and also catalyze deAMPylation of the BiP chaperone [21,22].
Both FIC and BiP are transcriptionally activated upon ER stress induction [23], confirm-
ing the role of FIC-mediated AMPylation of BiP in UPR [23]. Regulation of the UPR by
FIC-mediated BiP AMPylation also protects photoreceptors in the Drosophila visual system
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in response to constant 72-hour light stress. It is required for the photoreceptor neurons
to adapt to transient stress demands in order to maintain proper vision [24]. The human
FIC-domain protein HYPE (or FICD) is also involved in AMPylation and deAMPylation of
BiP [21,22,25]. A single Fic protein, called HYPE (Huntingtin yeast interacting protein), was
shown to contain a tetratricopeptide repeat (TPR) that can be used as a cellular targeting
sequence [22]. It uses the same active site on BiP (threonine 518) to affect both AMPylation
and deAMPylation in a time- and concentration-dependent manner [26]. When AMPy-
lation activity of FICD is inhibited, the default activity is deAMPylation [22,25]. It has
been proposed that the dimerization of FIC inhibits its AMPylation without affecting the
deAMPylation activity [26]. This process requires a functional switch in FICD to change
the unfolded protein load; yet its molecular basis remains unclear.

Dysregulation of BiP is associated with numerous diseases, including neurological
disorders and cancers [23]. BiP AMPylation is increased in a stable situation, when unfolded
proteins are reduced, but decreased during ER stress. AMPylation locks BiP into a state
resembling the ATP-bound conformation with high “substrate off” rates, thereby inhibiting
its chaperone function [24]. BiP in its ATP-bound conformation is the favored substrate
for AMPylation [25]. BIP AMPylation regulates UPR by chaperone inhibition to match the
concentration of active chaperone to the amount of unfolded proteins [25]. A disturbance
of the BiP AMPylation/deAMPylation cycle not only affects the ability of BiP to respond to
misfolded protein aggregates but also interferes with its regulation of UPR activation [24].

The currently accepted model identifies that misfolded or unfolded proteins bind
directly to UPR sensor proteins (including PERK and IRE1), which drives their oligomeriza-
tion and subsequent activation of UPR [27–29]. One study suggests that activation via this
model requires two steps: the separation of BiP from IRE1, resulting in cluster formation,
followed by a direct interaction of unfolded proteins with the core stress-sensing region of
the dimerized IRE1 cluster, rendering highly oligomerized and active IRE1 [27,30].

It is debatable which of these models is most accurate as the basal cellular abundance
of UPR sensor proteins is relatively low and the measurement of formed complexes during
ER stress is challenging [31]. Emerging evidence supports the second model for UPR
activation as emerging new data seem to indicate that preformed UPR sensor complexes
are activated upon the direct binding of misfolded proteins [32]. Under conditions of stress
caused by the accumulation of misfolded or aggregated proteins, UPR is regulated and
activated by IRE1 via non-conventional splicing; translationally by PERK through phospho-
rylation of eukaryotic translation initiation factor 2A (eIF2a); and by ATF6 via regulated
proteolysis [14]. BiP is also recruited to the ER lumen to increase its folding capacity as the
load of accumulated misfolded protein becomes greater and the dissociation of BiP from
the three UPR sensors further increases their activation [33]. Activated ATF6 plays a role
in this process. Upon the accumulation of misfolded proteins, ATF6 is translocated to the
Golgi apparatus and processed by the proteases Site 1 Protease (S1P) and Site 2 Protease
(S2P); this produces a cleaved cytosolic ATF6 fragment that acts as a pivotal transcriptional
factor to induce genes encoding BiP and several other chaperone proteins that mediate ER
expansion and increase ER folding capacity [1,33].

2.1. Integral UPR Pathway Proteins

The three UPR sensors are not activated simultaneously. Activation of ATF6 and
IRE1 is immediate and gradually attenuates, whereas PERK activation occurs later and
can persist with chronic ER stress [34,35]. The activation of both ATF6 and IRE1 induces
several transcriptional pathways dedicated to developing ER protein folding capacity and
promoting selective protein degradation [1] (Figure 1).

2.1.1. IRE1

Two human isoforms of IRE1, IRE1α and IRE1β, have thus far been identified encoded
by ERN1 and ERN2, respectively. IRE1α is expressed ubiquitously, while IRE1β is predomi-
nantly expressed in goblet cells of the intestinal epithelium and the lungs [36]. Interestingly,
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IRE1α−/− mice are embryonically lethal, whereas IRE1β−/− mice are viable [37,38].
Furthermore, IRE1β−/− mice display a gross accumulation of Mucin 2 (MUC2) and in-
tense ER stress, revealing that (in goblet cells) IRE1β negatively affects MUC2 expression
and that an unsupported stockpile of MUC2 in the ER produces ER stress [38]. IRE1α
has been the focus of major research as it was initially identified as having a vital role in
the determination of cell fate, but we now know it is also intricately linked to ER stress
and UPR signaling [39,40]. IRE1α is a type 1 ER transmembrane protein possessing both
intrinsic kinase and endoribonuclease activity [19,29,36]. IRE1α can initiate UPR signaling
through its endoribonuclease activity and subsequent unconventional selective splicing of
a segment of XBP1 mRNA, which is localized to the ER, allowing the translation of active
XBP1 [41–45] (Figure 1). The transcription factor XBP1 then enters the nucleus and upregu-
lates several UPR genes encoding ER chaperones and activates the UPR element (UPRE),
which is critical for the regulation of the ER-associated degradation (ERAD) system [46].
The genes regulated by the interaction between IRE1α and XBP1 ultimately enhance protein
transport and folding in the ER and also promote relevant degradation pathways [47]. At
least four molecules make up IRE1α oligomers. These oligomers dissociate with chronic ER
stress, resulting in a reduction in IRE1 endoribonuclease activity and dephosphorylation of
the kinase [48]. Autophosphorylation of IRE1α at the ser724 residue has been observed
during the initiation of the UPR signaling cascade [49]. In addition, IRE1α can induce
UPR signaling through post-transcriptional modifications, such as ERAD of RNAs via
Regulated IRE1-Dependent Decay (RIDD), to reduce the ER load [50,51].

IRE1α is most active in the early stages of ER stress; following its autophosphorylation,
IRE1α kinase and ribonuclease activities are initiated. The latter cleaves XBP1u mRNA to
produce a mRNA expressing an active transcription factor called spliced XBP1 (XBP1s).
The XBP1s protein controls the transcription of genes involved in ERAD, protein folding,
and phospholipid synthesis [52,53]. The endoribonuclease also degrades specific mRNAs,
identified as the RIDD process, and IRE1α kinase activity generates stress alert pathways by
binding to TNF receptor-associated factor 2 (TRAF2) adapter proteins, resulting in nuclear
factor-kappa B (NF-kB)- and Jun NH2-terminal kinase (JNK)-mediated signaling [54].

Inactivating oligomerization and AMPylation decreases BiP expression [22,25].
For years, this process has proven relevant for the recovery of BiP from the complex
with IRE1 under ER stress conditions [16,17,55]. A recent study demonstrated an ATP- and
co-chaperone-dependent system by which BiP stimulates the formation of a monomeric,
inactive state of IRE1’s stress-sensing luminal domain (IRE1LD), which further supports
the existence of a competitive suppression model in which the potential of BIP to affect
key conversions in IRE1 activity is modified [56]. Amin-Wetzel et al. (2019) reported
that compelled loading of the endogenous BiP onto endogenous IRE1α suppressed UPR
signaling in CHO cells. Deletions in the IRE1α locus that de-suppressed the UPR encrypted
flexible regions of IRE1LD mediate BiP-induced monomerization in vitro [56].

2.1.2. ATF6

ATF6 is a type 2 transmembrane receptor and ER stress-regulated transcription factor.
ATF6 activates the transcription and expression of an array of components important in
boosting protein folding, regulating protein degradation, and ER expansion [57]. As dis-
cussed earlier, the bond between BiP and ATF6 is relieved during ER stress, allowing the
translocation of these proteins to the Golgi apparatus [58], where the cytosolic domain
of ATF6 is cleaved by S1P and S2P to produce an active transcription factor [15,59,60].
The transcriptional upregulation of XBP1 mRNA, which is non-canonically spliced by
IRE1α, is also mediated by activated ATF6, further allowing the translation and activation
of XBP1 [57]. In addition, ATF6 can regulate ER stress by binding to and inducing tran-
scription through ER stress response element (ERSE) and via the activation of multiple ER
chaperone proteins [46,61,62] (Figure 1).
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2.1.3. PERK

PERK is a type 1 ER transmembrane protein (like IRE1), encoded by EIF2AK3, and has
intrinsic kinase activity. PERK was initially identified as an integral protein in the UPR
pathway and has been recognized as a key player in insulin biogenesis. PERK deficiency
has been demonstrated to cause Wolcott Rallison syndrome (WRS), leading to permanent
neonatal diabetes and the onset of growth retardation later in life [63,64]. In the ER lumen,
PERK is kept inactive through binding to BiP; however, the cytoplasmic domain of PERK
harbors Ser/Thr kinase activity, and PERK activation is followed by autophosphorylation of
its kinase domain, providing PERK with full catalytic activity [36]. Upon the accumulation
of misfolded proteins and initiation of ER stress, BiP bound to PERK is released, allowing for
dimerization, autophosphorylation, and activation. PERK then selectively phosphorylates
the α-subunit of eIF2α, leading to the translational attenuation of several mRNAs, reducing
the load on the ER and inhibiting the translation of a multitude of proteins involved in cell
growth [65–67].

On the other hand, phosphorylation of elF2α also favors the translation of ATF4
mRNA along with other selective mRNAs during the activation of stress-responsive tran-
scription factors [66,68]. In addition, PERK induces phosphorylation of the transcription
factor nuclear factor erythroid 2-related factor 2 (NRF2), promoting its translocation to
the nucleus [69]. Activated NRF2 is required for free radical scavenging and controlling
redox homeostasis [70]. In response to ER stress, NRF2 works synergistically with ATF4
to activate genes associated with the modulation of redox homeostasis [71–73]. PERK sig-
naling also controls pathways that regulate the status of mitochondria during ER stress
by preventing the accumulation of proteins that may affect mitochondrial function [74].
Furthermore, PERK-dependent regulation of stress-induced mitochondrial hyperfusion
(SIMH), a survival mechanism in which protective elongation of mitochondria occurs along
with increased production of ATP [75–77], serves as a mitochondrial protective mechanism
during ER stress and constitutes another facet of the UPR pathway. A schematic summary
highlighting the main signaling arms of the UPR as a communication mechanism between
the ER and nucleus is shown in Figure 1.

In summary, misfolded proteins bind directly to UPR sensor proteins at the same
time as BiP dissociates; this drives sensor oligomerization and results in the activation of
UPR [14,78,79]. Activated proteins of the UPR pathway play key roles in the regulation
of protein folding, ER expansion, and pro-survival responses. Conversely, UPR-mediated
signaling is also importantly involved in other cellular processes, such as apoptosis, au-
tophagy, and pro-death responses [67,78,80].

2.2. Signaling Pathways Activated by UPR

Under conditions where the UPR is hindered and the load of unfolded
proteins becomes higher, the UPR can initiate apoptosis [81], autophagy [2,36,82,83], or cell
death [33,44,45]. Although the ER is quite robust and resilient, often, cells are operating
at the limits of their capacity [84]. With continued stress, when the cell fails to restore ER
homeostasis and appropriate protein folding, the UPR adopts alternate signaling termed
“terminal UPR”, which pushes the cell towards apoptosis [85].

IRE1α is required for ER stress-induced activation of apoptosis, whereas PERK and
ATF6 can also be involved but are not essential [39]. IRE1α has been linked to a regulatory
role in ER stress-induced apoptosis as it forms a complex with apoptosis signal-regulating
kinase 1 (ASK1) and activates its downstream target c-Jun NH2-terminal kinase (JNK)
via binding to TNF receptor-associated factor 2 (TRAF2) [86–89]. Excessive activation of
PERK results in the upregulation of the growth arrest and DNA damage-inducible gene 153
C/EBP homologous protein (CHOP or GADD153), a transcription factor that inhibits the
encoding of the anti-apoptotic B-cell lymphoma (BCL) 2 gene and promotes the expression
of related pro-apoptotic proteins [90]. Furthermore, PERK is a critical part of mitochon-
drial associated membranes (MAMs), which are important in sustaining the structural
and functional integrity of mitochondria, maintaining calcium dynamics, and regulating



Life 2021, 11, 1 7 of 27

metabolism as a communication mechanism between the ER and mitochondria [77,91].
The absence of PERK disrupts MAM-associated mechanisms, resulting in ER fragmentation
and a reduction in apoptosis induced by reactive oxygen species (ROS) and mediated by
ER stress with perturbed Ca2+ signaling [77]. Hence, PERK acts as an interface between
ER and mitochondria, regulating ROS-induced apoptosis, and the lack of PERK protects
mitochondria from ROS.

Autophagy is another homeostatic process that is increasingly activated upon changes
in the cell, such as starvation, hypoxia, or ER stress [80,92–95]. Autophagy is a recycling
mechanism that degrades aggregated proteins and toxic components, relieving cellular
stress and maintaining homeostasis [94,96–99]. Autophagy flux is increased with per-
sistent ER stress to promote cell survival. ATF4 and CHOP (both activated by PERK)
are mostly associated with cellular death pathways upon overexpression; however, au-
tophagy is transcriptionally regulated by both ATF4 and CHOP and can oppose terminal
UPR [33,100]. These two proteins have also been identified in the regulation of numerous
autophagy-related genes (ATG) [101]. ER stress also activates JNK via the interaction
between IRE1α and TRAF2, which ultimately phosphorylates Bcl2 and leads to dissocia-
tion of Bcl2 and Beclin1 proteins, enabling the activation of the phosphoinositide-3-kinase
(PI3K) complex and initiation of autophagy [102]. Following continued cellular stress,
JNK-mediated autophagy can occur independently of IRE1 [103]. Autophagy deficiency
and inhibition renders UPR-dependent inflammation in intestinal epithelial cells, highlight-
ing another functional association between UPR and autophagy with pathophysiological
implications [104].

An additional route of ER stress-induced apoptosis is via a caspase-dependent path-
way. Caspase-12 belongs to the group 1 family or IL-1β-converting enzyme (ICE)-like
caspases and is activated following ER stress, mediating apoptosis independently of mito-
chondria [105–107]. ER stress leads to the translocation of Bim, a BH-3 (Bcl-2 homology
domain-3)-only protein, to the ER, resulting in caspase-12 activation [108]. Under condi-
tions of ER stress, caspase-12 directly activates caspase-9, and it has been proposed that
caspase-3 is activated downstream in this cascade, triggering apoptosis [109,110]. Selective
activation of caspase-12 has been demonstrated in the motor neurons of rabbits following
spinal cord trauma [111]. In addition, caspase-12 has been reported to be activated as a
result of treatment with two chemotherapy drugs [105,112].

CHOP also plays an important role downstream in the pro-death response [45,113].
Whilst ATF4 can activate CHOP, IRE1α can lead to the phosphorylation and activation of
CHOP through binding and activation of p38 MAPK [57]. CHOP downregulates Bcl-2 and
upregulates the transcription of Bim, ultimately resulting in the downstream initiation of
an apoptotic cascade [114–116]. Interestingly, reduced levels of apoptosis in response to ER
stress have been observed in CHOP knockout mice [117].

3. Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death
and fifth most prevalent disease worldwide [118,119]. COPD is a chronic and progressive
lung disease characterized by irreversible airway obstruction due to obliteration of the
small airways and loss of alveoli, which leads to emphysema. Some COPD patients can
also manifest airway hyperreactivity associated with smoking and/or concurrent allergic
disease. Symptoms include chronic cough, sputum production, dyspnea, intermittent
wheezing, chronic airflow obstruction, and reduced to poor quality of life [120,121]. Al-
though the underlying mechanisms of COPD are not completely understood, the disease is
also associated with chronic corticosteroid-resistant inflammation, which contributes to the
limited therapeutic options that are currently available.

3.1. COPD Pathophysiology

COPD is defined by chronic airway inflammation and enlargement of mucous glands
in the central airways. This leads to mucus hypersecretion and airway mucus plugging,
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change. Abbreviations: CHOP (C/EBP-homologous protein), IRE1 (serine/threonine-protein kinase/endoribonuclease
inositol-requiring enzyme 1), RIDD (regulated IRE1-dependent decay), NLRP3 (NOD-, LRR-, and pyrin domain-containing
protein 3).

In IPF, type I alveolar epithelial cells (AECs-I) are typically damaged and shed off
the alveolar lining layer, possibly due to enhanced apoptosis, aging/shortening of telom-
eres, and activation of stress response pathways. Moreover, deficiencies in the normal
re-epithelialization process force restoration of the epithelial surface by type II alveolar
epithelial cells (AECs-II). This abnormal restoration attempt results in epithelial hyperplasia
and triggers the secretion of several profibrotic factors, such as tissue factor plasminogen
activator inhibitor (PAI)-1 and -2, by injured/activated AECs. These pro-fibrotic factors
create a procoagulant/anti-fibrinolytic intra-alveolar environment that facilitates increased
fibrotic responses [234–236]. Subsequently, this stimulates the secretion of multiple cy-
tokines and growth factors, including TGF-β, TNF-α, and PDGF. Such cytokines promote
the disruption of the epithelial basement membrane and increase the migration, prolifer-
ation, and accumulation of alveolar fibroblasts and myofibroblasts, which are relatively
resistant to apoptosis. Accumulation of these cells increases the extracellular matrix (ECM)
that results in the formation of fibroblast foci, a typical characteristic of the UIP pattern and
morphological feature in IPF. Fibroblasts and myofibroblasts secrete fibrillar collagens, fi-
bronectin, elastic fibers, and prostaglandins (PGs), further contributing to ECM deposition,
and play a major role in lung parenchymal ECM remodeling, which represents another
hallmark of aberrant tissue remodeling in IPF [237,238]. ECM remodeling, dysregulation
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of lung architecture, and the amount of fibroblast/myofibroblasts foci are considered major
prognostic factors in IPF patients [201].

Squamous cell carcinoma antigen (SCCA), which is a marker for epithelial instability
and/or EMT, is overexpressed in IPF [239–241]. EMT is the process by which epithelial
cells lose their typical characteristics (such as cuboidal shape, apical-basal polarization,
cell–cell contacts, epithelial gene repertoire, and downregulation of epithelial marker E-
cadherin) and acquire mesenchymal cell-like features (e.g., spindle morphology, loss of cell
contacts, mesenchymal gene expression, and upregulation of mesenchymal markers, such
as N-cadherin and vimentin). Transcription factors that are upregulated in the EMT process
include Twist, SNAI1 (snail), and SNAI2 (Slug) [242,243]. Lung tissue samples obtained
from IPF patients demonstrate an increase in the expression of Twist and Snail, suggesting
that EMT-associated signaling pathways are activated [244,245]. The balance between
TGF-β and bone morphogenetic proteins (BMPs) is also important in the development
of the mesodermal/epithelial compartment and in regulation of EMT. TGF-β is a potent
inducer of EMT, whereas BMP antagonizes TGF-β-dependent signaling. Expression of
Gremlin, an antagonist of BMP signaling, is upregulated in IPF lungs, indicating that the
balance between TGF-β and BMP signaling is dysregulated [205,231,246,247].

4.3. IPF and UPR: Cellular Mechanisms
4.3.1. UPR Signaling in IPF

Emerging evidence implicates ER stress in the pathogenesis of IPF. Lung samples
from both FIP and sporadic IPF patients have shown the presence of ER stress [93,155,248].
Strong positive staining for BiP, ERAD-enhancing α-mannosidase-like proteins (EDEM),
and XBP1 in epithelial cells from IPF lungs, expression of misfolded precursor protein
for surfactant protein-C (pro-SP-C), mutant protein aggregates in A549 type II alveolar
epithelial cells, and expression of p50ATF6 (i.e., a processed form of ATF6), ATF4, and
CHOP in sporadic IPF lung samples support a correlation between ER stress and IPF.
Importantly, mutations in surfactant protein C (SFTP) C and A2 (SFTPA2) infer a role for
ER stress in FIP [249,250]. Moreover, several cellular in vitro and animal in vivo studies
suggest that increased ER stress is a key component of IPF pathogenesis [155,251–259].
A schematic summary of IPF pathology and the role of ER stress is shown in Figure 3.

4.3.2. Exogenous Stimuli Contributing to ER Stress in IPF
Smoke

Multiple in vitro and in vivo studies have confirmed that CS and other inhalational
pollutants can trigger ER stress and the UPR through the active phosphorylation of eIF2α
by PERK followed by the induction of ATF4, GADD34, and UPR markers, such as BiP,
XBP1, and GRP94. Another mechanism through which cigarette smoking induces ER stress
is by altering cellular redox status. CS contains many oxidizing agents that can impair the
function of ER by affecting disulfide bond formation in PDI, a redox sensitive chaperone.
Acrolein, hydroxyquinones, and peroxynitrite, which emanate from smoke, lead to PDI
nitrosylation of cysteine and tyrosine residues and a reduction in disulfide bonds, resulting
in the formation of misfolded proteins [260].

Viruses

Airborne viruses may be involved in the onset and progression of IPF. Implicated
viruses include human herpes viruses (HHVs), a large family of ubiquitous DNA viruses,
such as the common pathogen herpes simplex virus type 1 (HSV-1)), cytomegalovirus
(CMV), Epstein–Barr virus (EBV), HHV-7, and HHV-8. HHV infection induces all three
branches of UPR signaling (i.e. PERK, ATF6, and IRE-1) to favor its own replication.
However, convincing evidence confirming that UPR activation by viruses leads to IPF is
currently lacking. Another mechanism through which HHV may induce fibrosis is by
causing a cytokine imbalance favoring IL-4, IL-1β, and TGF-β1 [261–265]. Coronaviruses
might be also involved in the pathogenesis of IPF. Previous investigations showed res-
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piratory coronavirus infections such as Severe Acute Respiratory Syndrome (SARS) and
Middle East Respiratory Syndrome (MERS) have severe fibrotic consequences in the lung
and increase the risk of developing fibrotic lung diseases including IPF [266]. These obser-
vations could be potentially true for Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) infection which is responsible for the Coronavirus Disease 2019 (COVID-19)
pandemic. A recent study showed that COVID-19 is associated with increased mortality in
IPF patients [267].

UPR-Associated Diagnostic Markers in IPF

To date, no ER stress-induced UPR-specific diagnostic marker for IPF has been iden-
tified. However, the existence of key mediators of the three UPR arms in lung samples
obtained from patients provides a predictable impression of IPF features induced by ER
stress. Expression levels of BiP, EDEM, XBP1 (34–60), p50ATF6, ATF6, ATF4, CHOP, and
misfolded pro-SP-C mutant protein aggregates in AECs-II can serve as potential diagnostic
markers of ER stress in IPF [155,248,251,252]. Further research is needed in this area before
reliable diagnostic markers can be developed.

5. Conclusions and Future Directions

ER stress can be triggered by several common pathogenic mechanisms affecting the
lungs. In recent years, the effects of ER stress and activated UPR have attracted enormous
interest both as a cause and consequence in inflammation and fibrosis in several lung
diseases including COPD, asthma, cystic fibrosis (CF), and IPF, respectively [265,268–270].
Continuous exposure of pulmonary cells to diverse environmental stimulants can activate
UPR pathways specifically in the lung. In COPD, there is an increased expression of UPR
transcription factors, such as p-eIF2α, CHOP, and several proteins involved in the ERAD
pathway. Although the ATF6 and IRE1 UPR arms are not affected, expression of these
UPR transcription factors has a positive correlation with the degree and severity of airflow
obstruction [268,269,271]. In IPF, increased expression of BiP, XBP1, IRE1, ATF6, and CHOP
in AECs-II, as well as the induction of ATF4, CHOP, and BAX, is evident [231,272,273].
Thus, both ER stress and UPR appear to be critically involved in several chronic and
debilitating respiratory disorders.

CS induces alterations in protein metabolism and the UPR cascade via oxidative stress,
which irreversibly damages a variety of lung proteins. Acute exposure to CS causes an
increase in the expression of BiP, calnexin, calreticulin, ATF4, PERK, p-eIF2α, and CHOP.
In general, smoking not only increases the loading of proteins in the ER but also reduces
the ability of ER capacity [265,274]. Overall, while several in vivo and in vitro studies have
shown the profibrotic effects of ER stress, our understanding of the exact role of UPR in the
pathogenesis of lung diseases remains limited.

Targeting ER stress and UPR components may have therapeutic benefits in the treat-
ment of lung diseases. For instance, in mouse models of lung fibrosis, the chemical
chaperones 4-phenyl butyric acid (4-PBA) and taurohyodeoxycholic acid (TUDCA) showed
beneficial effects [265,268,275]. In addition, the use of specific inhibitors of IRE1 could
represent a potential therapeutic approach in IPF [93].

In recent years, there have been advancements in our understanding of the source
of fibroblasts. It was previously thought that resident fibroblasts were the only source
of these cells in different organs. However, fibrocytes have been identified as one of the
sources for fibroblasts [276]. The detection of circulation fibrocytes could serve as an
indicator and potential biomarker for IPF and COPD [277–279]. Fibrocytes are produced
in the bone marrow stroma, and they transmigrate from the blood to sites of lung injury
via different chemokine gradients [279]. They later change their phenotype to resident
fibroblasts and participate in the organs’ response to stress. Therefore, targeting such
fibrocyte pathways and their subsequent phenoconversion could be targeted for future
therapeutic development in the treatment of IPF and COPD. Given that UPR is involved in
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the regulation of phenotype conversion [93] and cellular secretome [78], targeting these
pathways in fibrocytes could be a new therapeutic strategy for both COPD and IPF.

In this review, we have discussed the emerging role of ER stress and UPR activation
in COPD and IPF. Research on the ER stress–UPR axis is in its infancy; therefore, future in-
depth research efforts are warranted to further investigate this complex pathway and its
impact on the onset and progression of chronic lung diseases, with the ultimate goal of
developing novel therapies. Of note, UPR signaling pathways are common and required
for the maintenance of physiological balance as well. Therefore, comprehensive in vitro
and in vivo research approaches are required for the identification and development of
specific and safe ER/UPR-modulating therapies.

Epigenetic regulation of ER stress is also of importance when considering disease
therapy. An accumulating body of evidence demonstrates the regulation of ER stress
by ncRNAs mediators such as miRNAs, lncRNAs, and circRNAs [280–283]. Various
interactions between ncRNAs and ER stress mediators have already been identified in
different types of cancers [284,285]. Future research endeavors are needed to elucidate the
relationships between ncRNAs and the UPR in IPF and COPD. Such studies may reveal
that targeted strategies to modulate aberrant ER stress and UPR signaling have promising
therapeutic potential in the treatment of chronic lung diseases.
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