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Beyond epithelial damage: vascular and endothelial
contributions to idiopathic pulmonary fibrosis
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Idiopathic pulmonary fibrosis (IPF) is a progressive scarring disease of the lung with poor survival. The incidence and mortality
of IPF are rising, but treatment remains limited. Currently, two drugs can slow the scarring process but often at the expense of
intolerable side effects, and without substantially changing overall survival. A better understanding of mechanisms underlying
IPF is likely to lead to improved therapies. The current paradigm proposes that repetitive alveolar epithelial injury from noxious
stimuli in a genetically primed individual is followed by abnormal wound healing, including aberrant activity of extracellular
matrix-secreting cells, with resultant tissue fibrosis and parenchymal damage. However, this may underplay the importance

of the vascular contribution to fibrogenesis. The lungs receive 100% of the cardiac output, and vascular abnormalities in IPF
include (a) heterogeneous vessel formation throughout fibrotic lung, including the development of abnormal dilated vessels
and anastomoses; (b) abnormal spatially distributed populations of endothelial cells (ECs); (c) dysregulation of endothelial
protective pathways such as prostacyclin signaling; and (d) an increased frequency of common vascular and metabolic
comorbidities. Here, we propose that vascular and EC abnormalities are both causal and consequential in the pathobiology of
IPF and that fuller evaluation of dysregulated pathways may lead to effective therapies and a cure for this devastating disease.

Introduction

Idiopathic pulmonary fibrosis (IPF) (1) is a progressive fibrotic
lung disease with a poor prognosis (2). As fibrosis progresses there
is worsening gas exchange with consequent increasing dyspnea,
development of respiratory failure, and ultimately death. The
adjusted incidence and prevalence of IPF globally are estimated to
be between 0.09 and 1.30 and between 0.33 and 4.51 per 10,000
persons, respectively (3), and the incidence is rising (4). The poor
prognosis of IPF equates to a median survival of just 3 to 4 years,
although survival may improve with antifibrotic therapies (5, 6).
At present, there are only two licensed therapies, pirfenidone and
nintedanib, that slow the rate of decline in forced vital capacity
(FVC) and increase progression-free survival (7, 8).

The pathogenesis of IPF is considered to result from injury to
the alveolar epithelium by a range of insults including cigarette
smoke, gastric acid, air pollution, and viruses in a genetically
primed individual, driving aberrant activity of mesenchymal cell
populations (9). Subsequent production of extracellular matrix
(ECM) components including collagens and fibronectin results
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in interstitial fibrosis, alveolar collapse, and loss of effective lung
tissue (10). Many of the genes that confer increased risk of dis-
ease development are associated with alveolar epithelial cells
(11). Similarly, telomere shortening in alveolar epithelial cells is
sufficient to promote the development of pulmonary fibrosis in
mice (12). Furthermore, biomarkers that reflect epithelial inju-
ry are associated with poorer outcomes in patients with IPF (13).
Because of the intimate anatomical proximity of the alveolar epi-
thelium and endothelium, injury to the alveoli will also result in
vascular damage. Indeed, Margaret Turner-Warwick highlight-
ed the importance of the vasculature over 50 years ago and first
described the development of digital clubbing, an important
vascular phenomenon associated with IPF (14, 15). Furthermore,
one of the major targets of nintedanib is the receptor for VEGF,
a potently angiogenic molecule. Consistently, recent trials have
identified potential antifibrotic effects of treprostinil, which
mimics the cardioprotective hormone prostacyclin, in IPF (16).
Finally, the importance of vascular comorbidities and their treat-
ment in pulmonary fibrosis is emerging (17-19). It is, therefore,
likely that the pulmonary vasculature may have a prominent role
in the pathogenesis of IPF and the systemic vasculature in car-
diovascular comorbidities.

The vasculature in IPF

Vascular abnormalities in IPF include the development of vascu-
lar connections known as pulmonary-bronchial artery anastomo-
ses and are accompanied by abnormal populations of endothelial
cells (ECs) and vascular comorbidities such as pulmonary hyper-
tension (PH) and coronary artery disease (20) (Figure 1). How-
ever, targeting vascular-relevant pathways has yielded conflict-
ing results (1, 21, 22) (Table 1). Whether vascular abnormalities
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Figure 1. Vascular abnormalities in IPF are reflected within cells, tissue, and the entire organism. (A) Pulmonary-bronchial anastomoses often develop
in IPF and can be visualized by radiography. In healthy tissue, vessels communicate through the capillary bed, and there is an absence of these larger,
tortuous communications (23). (B) Fibroblastic foci from fibrotic parenchyma lack ECs (as indicated by an absence of staining for CD34), confirming a lack
of vascularity. In healthy tissue, ECs line the vessel walls and are distributed throughout lung tissue. Reproduced with permission from the American
Thoracic Society (159). (C) Vascular comorbidities associate with IPF, suggesting that ECs contribute to and are affected by fibrosis.

promote IPF or are a consequence of progressive fibrosis remains
controversial. This Review summarizes the current understand-
ing of the vasculature in IPF and provides support for the concept
that vascular injury promotes fibrosis.

Cellular mechanisms

Vascular remodeling. Margaret Turner-Warwick described the
expansion of the vasculature with numerous pulmonary-bron-
chial arterial anastomoses in diffuse pulmonary fibrosis as early
as 1963 (23) (Figure 1). These abnormally dilated large vessels
are found in the periphery of honeycomb cysts. However, there is
marked heterogeneity in fibrotic tissue, and, in particular, areas
of minimal fibrosis have been shown to have dense capillary net-
works whereas the most scarred tissue, rich in fibroblastic foci,
almost complete lacks vasculature (Figure 1) (24). These vascula-
ture changes correspond with a relevant growth factor gradient,
with VEGF having almost undetectable levels in the regions of
worst scarring (25) and showing higher concentrations in areas
of relatively preserved lung tissue (26). In some animal models,
inhibition of VEGF protects against bleomycin-induced lung
injury (27). Conversely, and somewhat contradictorily, VEGF
overexpression in transgenic mice attenuated the fibrotic effect
of bleomycin, and in vitro application of VEGF to apoptotic ECs
prevented an injurious signal to epithelial cells (28).

Itis, therefore, unclear whether the VEGF-inhibiting effects of
nintedanib are undermining or augmenting its antifibrotic effects.
In advanced disease states, the overall effect is a net reduction
in pulmonary vascular surface area, which, in part, explains the

:

increased frequency of PH. This loss of pulmonary vascular sur-
face area is associated with distinct cellular changes in ECs, vascu-
lar smooth muscle cells (VSMCs), and pericytes, all of which may
directly contribute to the pathogenesis of IPF (Figure 2).

Endothelial cells. Alveolar injury is likely to directly injure ECs
(Figure 2A). ECs share a basement membrane with the alveolar
epithelial cells and are key components of the alveolus, compris-
ing approximately 30% of pulmonary cells in normal lung (29).
Bleomycin studies modeling lung injury in mice have demonstrat-
ed that ECs upregulate profibrotic molecules such as plasminogen
activator inhibitor-1 (PAI-1), TGF-B, and PDGF and lose their abil-
ity to generate nitric oxide synthase (NOS) and prostacyclin (30).
In IPF, there is evidence that epithelial cell injury results in release
of active TGF-, which can activate ECs, causing an imbalance of
angiostatic and angiogenic mediators including VEGF, resulting in
abnormal EC proliferation and apoptosis (31) (Figure 2).

In IPF, an abnormal, ectopic population of COL151A-express-
ing ECs have been identified using single-cell RNA sequencing
(32). These COL151A cells are normally confined to the peribron-
chial and subpleural regions of large airways but are never embed-
ded within parenchyma in healthy states. However, they are found
in larger numbers in more distal lung tissue and especially areas
of fibrosis in patients with IPF. Antibodies targeting ECs that can
induce microvascular injury and accelerate EC necrosis have also
been identified in the sera of patients with IPF (33). Similarly, cir-
culating ECs, serving as markers of EC damage, are found in high-
er concentrations in the sera of patients with IPF, while myeloid
progenitor cells are found at lower concentration (34).
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Table 1. Conflicting outcomes of trials targeting vascular pathways and mechanisms in patients with IPF
Drug/trial Design Outcome Benefit (+); harm (X);  Ref.
no effect (-)

Bosentan/BUILD-3 RCT; 616 patients No difference between groups in disease progression / = 21
(dual ET receptor antagonist) time to death
Macitentan/MUSIC RCT; 178 patients No difference between groups in change in FVC - 22
(dual ET receptor antagonist)
Ambrisentan /ATEMIS-IPF RCT; 494 patients Disease progression (including time to death) worse in X 1
(selective ETA receptor antagonist) ambrisentan group (study terminated early)
Sildenafil /STEP-IPF RCT; 180 patients with severe disease, No improvement in 6MWD between groups; - 91
(PDES inhibitor) as defined by low DLco and evidence of PH no significant effect on FVC in secondary analysis
Sildenafil + nintedanib/INSTAGE Randomized trial (1:1 of nintedanib No difference between groups in change in SGRQ; + 92
(PDES inhibitor and antifibrotic) or nintetanib+sildenafil) of 274 patients secondary endpoint of reduction in decline in FVC

with severe disease, as for STEP-IPF) favors sildenafil
BI-1015550 RCT, phase II; 147 patients with or without Stabilization of FVC favoring BI-1015550 + 19
(PDE4B inhibitor) background antifibrotic use
Riociguat/RISE-IIP RCT, phase lIb, of 147 patients with ILD (74% IPF); Increased risk of serious adverse events and death X 67
(sGC stimulator) RHC confirmed PH with riociguat (study terminated early)
Treprostinil/INCREASE RCT; PH in ILD, 326 patients enrolled (28% IPF)  Improvement in 6MWD; secondary analysis demonstrating + 16
(prostacyclin analog) with RHC evidence of PH improvement in FVC in subgroup analysis favoring treprostinil
Inhaled nitric oxide RCT, phase II; ILD (63% IPF) patients Stabilization of physical activity, improvement in symptoms + 68
(iN0) on supplemental oxygen favoring iNO; no data available on FVC effect
Belumosudil Randomized, phase Il, open-label crossover study; No significant effect on change in FVC - 137
(ROCK2 inhibitor) 76 patients with IPF (results yet to be published but available online)
Ziritaxestat/ISABELA-1 and -2 RCT, phase lII; 525 patients No improvement in rate of decline of FVC (primary outcome) X 138
(autotaxin inhibitor) and higher mortality in treatment group
Bexotegrast Phase lla trial Reduction in FVC decline observed and treatment + 139
(o, B,/ 1B, inhibitor) well tolerated
Pamrevlumab/ZEPHYRUS-1 Phase IIl RCT; 356 patients No significant effect on change in FVC = 140

(preliminary results published per press release)

C21/AIR Phase lla trial Currently under way; however, interim results suggest + NCT04533022;
(ATR2 agonist) a benefit with an increase in FVC 14

SGRQ, St. George's Respiratory Questionnaire, used to assess the impact of obstructive airway disease on patient health and well-being. RHC, right heart catheter.

Numerous animal models have shed light on the role of the
endothelium in pulmonary fibrosis. In one mouse model, pulmo-
nary capillary ECs have been shown to support epithelial cell prolif-
eration and alveolar regeneration through the secretion of factors
including MMP-14, a process that is dependent on the activation
of VEGF receptors present on ECs (35). Bleomycin-induced lung
injury downregulates protective EC signals and recruits profibrotic
macrophages that signal through ECs via the Wnt/B-catenin path-
way to secrete profibrotic factors including Jagl (36). These factors
activate Notch signaling in neighboring fibroblasts and drive fibro-
genesis (36). In similar models, EC autocrine signaling, through
sphingosine-1-phosphate (SIP1) GPCRs, is critical in maintaining
endothelial barrier integrity and tight junction formation. Dis-
rupted barrier integrity results in increased vascular permeability,
exuberant coagulation, and worsened fibrosis following bleomycin
administration (37). The endothelial transcription factor ETS-relat-
ed gene (ERG) is implicated in the generation of regenerative cap-
illary ECs following injury. In bleomycin models, there is evidence
that the dysregulated ERG pathway in aging cells is associated with
accelerated fibrosis (38). Abnormal ERG signaling is additionally
associated with endothelial paracrine signaling through the secre-
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tion of connective tissue growth factor (CTGF) that enhances the
activity of neighboring fibroblasts that drive tissue remodeling.

ECs may also be directly involved in fibrogenesis through endo-
thelial-mesenchymal transition (EndMT) whereby they develop a
contractile, o-smooth muscle actin-expressing phenotype (39). This
effect can be induced by the profibrotic mediator TGF-p and is exag-
gerated when the cells are exposed to hypoxic conditions with conse-
quent induction of HIF-2a. (40). EndMT has been further evaluated
in mouse models of fibrosis. In a transgenic model that tracked cells
following bleomycin injury, accumulated cells identified as having
endothelial origin contributed to nearly 20% of the total cell popu-
lation in areas of active fibrosis (41). A proportion of these cells, 16%,
coexpressed collagen I, suggesting they were in a state of transition
to a myofibroblast-like cell. Another study has shown that EndMT is
dependent on the binding of sterol regulatory element-binding pro-
tein 2 (SREBP2), a key protein in cholesterol homeostasis, to specific
promoter regions (42). Notably, SREBP2 is upregulated in ECs from
bleomycin and IPF models.

These data suggest that following lung injury, damaged ECs
secrete profibrotic mediators and are capable of migrating to the
parenchymal regions of lung and transdifferentiating into pathogenic
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Figure 2. ECs support healthy vasculature and undergo dramatic changes
in IPF. (A) Damaged epithelium releases active TGF-B and other profibrotic
mediators. The original injury also disrupts the BM and the neighboring
endothelial layer, which responds to the profibrotic signal. ECs subse-
quently secrete similar profibrotic mediators and lose the ability to syn-
thesize protective hormones such as eNOS and prostacyclin. This process
can stimulate VEGF production, which drives EC proliferation, and ECs
distributed throughout the lung propagate fibrosis. Compared with healthy
lungs, IPF lungs have a higher proportion of apoptotic ECs, fibroblasts,
pericytes, and VSMCs. Cellular proliferation and newly generated vessels
expand affected lung tissue. With progressive vascular pathology there is
ultimately advanced tissue destruction, and eventually vascular regression
develops in the fibroblastic foci. (B) In IPF, the EC participates in several
cell-cell interactions and cell transitions. Damaged ECs produce factors
that signal to other ECs and promote damage or drive the transition to
other cell types: (i) EC-fibroblast: ECs transition into a fibroblast-type cell
via EndMT to contribute to the pool of profibrotic cells. (ii) EC-myofibro-
blast: Damaged ECs also secrete TGF-f3, PDGF, and Jag1 to enhance fibro-
blast-myofibroblast transition and ECM secretion. (iii) EC-EC: Abnormal
ECs secrete VEGF, which promotes EC proliferation and abnormal vessel
formation, thus contributing to the pool of ECs that can propagate this
process. Compromised tight junctions leak coagulation factors, driving
fibrosis. (iv) EC-VSMC: EC production of TGF-B and ET1 promotes VSMC
proliferation, contributing to PH and a switch to a synthetic phenotype. (v)
EC-epithelial cell: Downregulation of protective factors such as MMP-14
delays epithelial repair, allowing persistent epithelial-mesenchymal cross-
talk. (vi) Pericyte-myofibroblast: Disrupted Wnt signaling associated with
ECs drives pericytes to transition into a myofibroblast-type cell.

myofibroblasts. This model implies that ECs play a fundamental role
in pathogenesis, serving as much more than mere bystander cells.
Vascular smooth muscle cells. VSMCs are highly contractile cells
that constitute the structural form of blood vessels. There is abnor-
mal proliferation and distribution of smooth muscle cells in IPF tis-
sue (43), and under the influence of the tissue microenvironment
and growth factors including PDGF and TGF-B, VSMCs may devel-
op a synthetic phenotype capable of producing multiple components
of the blood vessel wall, including collagen (44). In vitro studies
show upregulation of markers representing a switch from contrac-
tile to synthetic phenotype in response to TGF-f stimulation (45).
In addition, TGF-f from damaged epithelium and PDGF released
from apoptotic ECs stimulate the proliferation of VSMCs (as well as
fibroblasts). The cell expansion thickens the intimal layer of the pul-
monary artery and arterioles, generating resistance and subsequent
PH. VSMC proliferation is additionally driven by other mediators,
including CTGF as demonstrated in bleomycin models (46).
VSMCs isolated from patients with IPF show a hyperprolifer-
ative state and produce more collagen I via induction of reactive
oxygen species compared with cells from control donors. This
effect can be blunted by the antifibrotic therapeutic pirfenidone
(47). The proliferative, contractile, and synthetic properties of
VSMCs are dysregulated in IPF and, therefore, have the potential
to contribute to parenchymal fibrosis as well as associated PH.
Adenoviral overexpression of TGF-f1 in the lungs of mice
leads to signaling crosstalk between ECs, VSMCs, and fibroblasts,
which not only results in increased rates of apoptosis of ECs but
also induces activation and proliferation of VSMCs. Importantly,
defective bone morphogenetic protein receptor 2 (BMPR2) sig-
naling has been implicated in VSMC activation and proliferation
(48). In particular, restoration of the BMPR2 pathway attenuates
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fibrosis and reduces VSMC activation and proliferation. Further,
genetic defects in BMPR2 are well recognized in pulmonary arte-
rial hypertension (PAH) and are present in IPF, supporting a link
between the two disease processes.

Pericytes. Pericytes are mesenchymal cells, closely related to
fibroblasts, that form extensive physical contacts with ECs (e.g.,
within capillaries) with which they share a basement membrane
(49). Pericytes are activated by cyclical mechanical stretch and
are fundamental to normal alveolar development (50). Lineage
tracing in bleomycin lung injury models demonstrated that this
cell population may contribute substantially to the myofibroblast
pool in pulmonary fibrosis (51). In particular, there is evidence that
signaling disruption in the Wnt pathway occurs simultaneously in
ECs and pericytes (52). In IPF, the changes in pulmonary mecha-
nobiology and the phenotypic shift of ECs and VSMCs may have a
profound profibrotic effect on pericytes, leading to a rapid expan-
sion of the potently fibrogenic myofibroblasts.

The alveolar capillary basement membrane. The alveolar epithe-
lial-capillary basement membrane (BM) is a vital scaffold struc-
ture that supports normal repair of the alveolar parenchyma, and
loss of BM integrity has been known for many years to be a fun-
damental pathogenic change in IPF (53). Loss of the BM permits
direct alveolar epithelial-mesenchymal cell interaction and pro-
motes TGF-p activation and myofibroblast activation (54). Colla-
gen IV is a major component of the BM, and is the main collagen
synthesized by ECs, promoting cell adhesion and migration, and
serving as a cofactor in NO-dependent angiogenesis (55). Colla-
gen IV is also synthesized by alveolar type 1 (AT1) epithelial cells,
which are lost in IPF. Thus, the primary source of collagen IV in
IPF are ECs and pericytes, which are positioned to profoundly
affect the anatomical location and function of the BM.

IPF fibroblasts can also synthesize collagen IV; and human
fibroblasts exposed to TGF-B stimulation deposit abnormal «,
and o, collagen IV chains. This change in BM composition limits
myofibroblast migration and promotes their survival, which could
contribute to myofibroblast persistence and sustained activity in
fibroblastic foci (56-58). The persisting cells provide an additional
source of abnormal collagen in patients with IPF. Abnormal colla-
gen IV is associated with aberrant angiogenesis, likely due to dis-
rupted EC binding via a compromised integrin-collagen IV inter-
action (55). The collagen IV-integrin interaction may, therefore,
be a key process in the endothelial contribution to IPF. Indeed, the
stiff matrix associated with IPF has been shown to lead to integ-
rin-mediated mechanosensing that mediates MMP-2-dependent
degradation of collagen IV, which subsequently promotes myofi-
broblast invasion of the alveolus (59).

It is clear that key components of the pulmonary vasculature
become fundamentally altered during fibrogenesis and are likely
to contribute to the ongoing progression of fibrosis in IPF. There-
fore, understanding the molecular mechanisms that contribute to
these cellular and structural changes may lead to the development
of novel therapeutic targets.

Modifiable vascular signaling pathways

The key vascular signaling pathways that promote fibrogenesis
involve NO or GPCR signaling via cAMP or cGMP to promote
transcriptional events (Figure 3A) or inside-out signaling via the
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o.f, integrin (Figure 3B). Several therapeutics targeting various
components of these signaling pathways have been assessed with
varying degrees of success in IPF trials (Figure 3 and Table 1).

Endothelial NOS. NO is a free radical second messenger that
is generated by three isoforms of synthase: neuronal, inducible,
and endothelial. Endothelial NO synthase (eNOS; also known
as NOSIII) is expressed in vascular ECs and produces NO via a
calcium/calmodulin pathway. NO subsequently activates solu-
ble guanylyl cyclase (sGC) to generate cGMP, which in turn acti-
vates protein kinase G (PKG), leading to modulation/reduction of
intracellular calcium concentration, leading to EC permeability,
smooth muscle relaxation, and the inhibition of platelet aggrega-
tion (60). When eNOS is overexpressed in transgenic mice, the
degree of bleomycin-induced subpleural fibrosis is attenuated
(61). Furthermore, mice lacking all three NOS isoforms exhibit a
worse fibrotic reaction to bleomycin. These fibrotic effects were
attenuated in iNOS-null mice that possessed eNOS and in mice
supplemented with an NO donor (62), suggesting that NO is pro-
tective against fibrosis. However, application of a NO-specific
inhibitor attenuated bleomycin-induced fibrogenesis and inhib-
ited angiogenesis by regulation of VEGF and inhibition of PAI-1,
indicating that NO serves a complicated role in fibrosis (63). Res-
olution of bleomycin-induced fibrosis requires eNOS-dependent
deactivation of myofibroblasts, and there is evidence of dimin-
ished eNOS in aged mice (64). Loss of eNOS may provide one
mechanism through which aging promotes IPF.

The sGC stimulator riociguat targets the NO/cGMP pathway
and is licensed for use specifically in chronic thromboembolic
pulmonary hypertension and also has demonstrable antifibrotic
effects in animal models (65, 66). In the RISE-IIP phase II ran-
domized controlled trial (RCT) of 147 patients, riociguat was
compared with placebo in patients with PH and interstitial lung
disease (ILD), of which IPF was the most common subtype, rep-
resenting 74% of the treatment arm (67). The trial was terminat-
ed early due to earlier mortality and an increased risk of adverse
events, including worsening of ILD in the treatment group, and no
evidence of any therapeutic benefit.

Inhaled NO gas has recently been shown to improve exercise
capacity (as assessed by ability to undertake moderate to vigor-
ous activities) and was well tolerated in patients with ILD and PH
(ILD-PH) where IPF represented the largest subgroup of ILD in a
phase IIb RCT (68). However, no data on functional markers of
fibrosis (e.g., FVC) were measured in follow-up. A randomized
trial assessing the effects of NO on dyspnea specifically in IPF
patients is under way (ClinicalTrials.gov NCT05052229).

Endothelin. Endothelin (ET) is a potent vasoconstrictor with
vascular remodeling properties; therefore, ET antagonists are
used in the treatment of idiopathic PAH. ETA and ETB receptors
are expressed on alveolar epithelial cells and fibroblasts, both of
which, under certain disease conditions, are capable themselves
of ET synthesis (69). ET can induce fibroblast differentiation,
migration, and survival; and epithelial-mesenchymal transition
(EMT) and EndMT and ECM production and antagonism of ET
can attenuate fibrosis in animal models (70, 71). Similarly, VSMCs
when stimulated with interferon in combination with TNF-o
acquire the ability to synthesize ET (72-77). ET is increased in
plasma and bronchoalveolar lavage (BAL) of patients with IPF
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and in bleomycin animal models with evidence of increased ET
expression in fibrotic tissue particularly in ECs in areas of angio-
genesis (78-80).

The dual ETA and ETB receptor antagonist bosentan was
compared with placebo in 158 patients with IPF in the BUILD-1
study. Bosentan was well tolerated; however, the trial did not meet
its primary endpoint of improvement in 6-minute walk distance
(6MWD) (81). However, a trend favoring bosentan was noted
toward reduced death and disease progression (although the tri-
al was not appropriately powered to conclude either). A post hoc
subgroup analysis suggested that this effect was more pronounced
in patients with biopsy-proven IPF. Therefore, the BUILD-3 study
was powered to meet these endpoints and enrolled 616 patients
with IPF diagnosed by surgical lung biopsy. No significant differ-
ence was observed between the bosentan and treatment groups in
stabilization of lung function or death (21). Macitentan, another
dual receptor antagonist, also did not meet its primary endpoint
of change in pulmonary function tests, disease progression, or
death in a phase II RCT (22). Assessment of a potent ETA-selec-
tive receptor antagonist, ambrisentan, in IPF was terminated early
due to worsening disease progression in the treatment (27%) ver-
sus control group (17%) (1). These trials demonstrate no beneficial
effect of ET receptor antagonists in IPF and suggest that specific
targeting of the ETA receptor is harmful. It is, therefore, possible
that targeting the ETB receptor may have a beneficial effect in IPF,
although specific inhibitors have not yet been developed.

Cyclic nucleotides and phosphodiesterases. cAMP is an intracel-
lular messenger formed by adenylate cyclase. In the endothelium,
cAMP functions to maintain barrier junction integrity and perme-
ability (through a combined effect with Rho) and vascular smooth
muscle tone (82). In human lung fibroblasts, cAMP activation can
limit proliferation and ECM differentiation (83). cAMP is degrad-
ed by several intracellular phosphodiesterases (PDEs). Dual inhi-
bition of PDE3 and PDE4 can inhibit migration of VSMCs in rats
and reverse the vascular remodeling of PH (84), and specific PDE4
inhibition causes less histological fibrosis and collagen accumula-
tion in murine models compared with controls (85, 86).

The nonselective PDE4 inhibitor roflumilast is currently in
use in chronic obstructive pulmonary disease and has proven
effective in bleomycin mouse models in limiting fibrosis and vas-
cular remodeling (87). However, it is limited by its side effect pro-
file, notably substantial diarrhea. A recent phase II trial of a pref-
erential PDE4B inhibitor, BI-1015550, in patients with IPF proved
effective in stabilizing FVC after 12 weeks, and this result was
independent of concurrent antifibrotic use (based on median dif-
ference in FVC between treatment and placebo groups of 62.4 mL
and 88.4 mL in patients with and without concurrent antifibrot-
ic use, respectively) (19). Thirteen percent of patients discontin-
ued therapy in the treatment arm due to diarrhea. The proposed
mechanisms of action of the PDE4B inhibitor include an inhibi-
tory effect on fibroblast proliferation and ECM production and
an anti-inflammatory component (88). These benefits have made
BI-1015550 a promising agent, and it is being further assessed in
large phase III studies (NCT05321069).

cGMP is a parallel intracellular second messenger to cAMP
with similar functional effects in some systems. cGMP is catab-
olized by a number of PDE enzymes, with PDE5 being the most
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therapeutically valuable and a standard target in the treatment
of PAH. Inhibition of PDES in in vitro models with sildenafil pre-
vents TGF-p-induced EndoMT and VSMC-mesenchymal transi-
tion through downstream signaling on ERK1/2 and SMAD, pro-
viding further evidence of a beneficial antifibrotic effect of these
pathways (89).

In a small open-label study, beneficial effects of sildena-
fil on 6MWD observed in patients with IPF-PH suggested that
enhancing NO/cGMP pathways has therapeutic potential in
this condition (90). Subsequently, the STEP-IPF double-blind
RCT of sildenafil compared with placebo in 180 patients with
advanced IPF (defined by diffusing capacity of carbon monox-
ide [DLco] of less than 35% of predicted) did not meet its pri-
mary endpoint of improvement in 6MWD, although there were
improvements in DLco, which was a key secondary endpoint
(91). Some subjective secondary endpoints, including quality of
life, also showed improvement. The INSTAGE trial, comparing
nintedanib as the standard of care combined with sildenafil ver-
sus placebo, also did not meet its primary endpoint of change
in quality of life as measured by the St. George’s Respiratory
Questionnaire (92). However, a reduction of the rate of decline
in FVC of at least 5% was observed in the nintedanib plus silde-
nafil group versus the control arm (31.4% vs. 50.7% of patients;
HR 0.56;95% CI 0.38-0.82). Additionally, a recent cohort study
identified a survival benefit in patients with ILD-PH who were
treated with sildenafil (93).

Prostanoids. Prostanoids comprise a group of lipid mediators
including thromboxane, prostaglandin E, (PGE,), PGI, (prosta-
cyclin), and PGD,, all formed from arachidonic acid (94). Arachi-
donic acid is liberated from membrane phospholipid in multiple
cells by the action of phospholipase A, and converted to PGH, by
the action of cyclooxygenase 1 (COX-1) (constitutive) or COX-
2 (inducible). PGH, is converted to its respective prostanoid by
the action of the site-specific synthase. In the vasculature, pros-
tacyclin is the primary prostanoid produced, largely because of
coexpression of COX-1 and prostacyclin synthase by ECs (95). As
a counterbalance, platelets release primarily thromboxane since
they coexpress COX-1 and thromboxane synthase (96). Prostacy-
clin is a fundamental antithrombotic mediator and induces vaso-
dilation in some, but not other, vascular beds. Inhibition of COX-2
with NSAIDs, including COX-2-selective medications, is associ-
ated with increased risk of cardiovascular mortality due to loss of
prostacyclin (97). By contrast, inhibition of COX-1in platelets (i.e.,
with low-dose aspirin) is an established preventative therapy for
secondary cardiovascular events. Prostacyclin and its analogs
have an established role in the therapy of PAH and in the treat-
ment of peripheral vascular disease. Therapeutic formulations
that target prostacyclin receptor pathways include iloprost, selexi-
pag, and treprostinil (98).

Prostanoids have long been investigated as possible antifi-
brotic mediators. Reduced levels of PGE, are found in the BAL flu-
id from patients with IPF (99). In gene knockout models of fibro-
sis, mice deficient in the prostacyclin receptor developed worse
fibrosis in response to bleomycin as measured by hydroxyproline
content and measures of lung mechanics (100). This effect was
dependent on COX-2 expression. A prostacyclin receptor-specific
agonist applied to human IPF fibroblasts demonstrated an antifi-
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brotic effect, with inhibition of fibroblast proliferation, reduced
ECM secretion, and, importantly, a reversal of the myofibroblast
phenotype. These effects were mediated by cAMP with proposed
downstream mechanisms including hijacking of gene transcrip-
tion from the TGF-B/SMAD canonical pathway, such as the inhib-
iting transcription factors YAP and TAZ, which are implicated in
transcription of genes including the gene encoding connective
tissue growth factor (CTGF) (101). cAMP also inhibits the MAPK
pathway, which is implicated in fibrosis via a mitogenic effect of
PDGF. Upregulation of PKA activity inhibits downstream effec-
tors in this pathway, such as ERK, which is also implicated in
fibrogenesis. Inhibition of the ERK pathway can be enhanced
when there is a sustained cAMP activity within the cell nucleus
as opposed to cAMP activity within the cytosol alone, an effect
seen with treprostinil (102). This synthetic prostacyclin analog
can also upregulate inhibitors of ERK, notably DUSP1, and inhibit
activity of microRNA clusters involved in regulation of this path-
way (103). In VSMCs, prostacyclin can inhibit cell proliferation
through a cAMP/EPAC/PKA-dependent mechanism and also
inhibit vascular smooth muscle cell migration via a cAMP/EPAC/
RhoA pathway, which prevents cytoskeletal reorganization (104).
In addition, activation of a range of PPAR receptors has an inhibi-
tory effect on TGF-p signaling and fibrogenesis in animal models
of fibrosis (105).

PGE, is a central component of the inflammatory response
in humans. While a multitude of cells release the wider range of
prostanoids, PGE, is considered a critical regulator of inflamma-
tion, and inhibition of PGE, at the site of inflammation explains
much of the therapeutic benefit of NSAIDs. Animal models and
in vitro experiments on human lung fibroblasts have demonstrat-
ed reduced production of COX-2-dependent PGE,, which may
be explained by epigenetic changes in patients with IPF and the
milieu of chemokines such as CCL2, which inhibits PGE, release
(106). There is also abnormal PGE, receptor (EP1, 2, 3 and 4)
expression in fibrotic tissue. PGE, can inhibit fibroblast prolifer-
ation and ECM production through the EP2 and EP4 receptors in
a cAMP/PKA-dependent manner; however, higher PGE, concen-
trations can have a profibrotic effect via the EP1 receptor (through
downregulation of cAMP) and the EP3 receptor (via increased
intracellular calcium). PGE, can also inhibit the effect of TGF-p
and the SMAD pathway. Administration of exogenous PGE, in
mice has a protective effect against bleomycin-induced fibrosis
(107). PGE, deficiency is also important in the increased apoptot-
ic phenotype of lung epithelial cells and apoptosis resistance in
fibroblasts in IPF tissue, which contributes to disordered wound
healing of the disease (108). There is also evidence that the prosta-
noid PGD, has a protective effect in bleomycin-induced fibrosis in
mice and reduces vascular permeability (109). Stimulation of the
PGF2a receptor conversely promotes fibrogenesis (110).

Inhaled treprostinil was evaluated in patients with ILD-PH in
INCREASE, a phase III RCT looking primarily at treatment of PH.
The trial met its primary endpoint of improvement in 6MWD (16).
Interestingly, a post hoc analysis of FVCs measured found that in
the 163 patients in the treatment, there was an overall improve-
ment in FVC, and this was most pronounced in the subgroup of
patients with IPF (17). A large phase III trial is currently under way
investigating treprostinil specifically in IPF (111).
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Rho/ROCK. RhoA is a GTPase that activates Rho-associat-
ed protein kinase (ROCK), leading to phosphorylation of myo-
sin light chains to reorganize the actin cytoskeleton, promoting
cell contraction, motility, and adhesion in inflammatory cells,
smooth muscle cells (notably VSMCs that are important for regu-
lating vascular tone), and platelets (112, 113). Two isoforms have
been identified: ROCKI1, expressed ubiquitously, and ROCK2,
expressed predominantly in cardiac tissue, pulmonary tissue,
and smooth muscle (114). The RhoA/ROCK pathway is impli-
cated in the normal lung wound healing process, facilitating
fibroblast and epithelial cell migration in response to receptor
signaling by TGF-B, lysophosphatidic acid (LPA), and thrombin/
PAR-1, and may also regulate profibrotic gene expression (115,
116). The activity of RhoA/ROCK is enhanced in IPF tissue (117).
In the endothelium, activation of RhoA/ROCK signaling by LPA
is responsible for generation of vascular leak by generating cel-
lular contraction and disrupting cell-cell and cell-matrix adhe-
sion (118). Extravascular leak of profibrotic mediators, including
thrombin (itself a ROCK activator in epithelium and fibroblasts),
propagates the fibrotic process, thus driving fibrogenesis. In pul-
monary ECs in response to hypoxia, ROCK may also downregu-
late expression of eNOS, which, as described, is involved in the
generation of both fibrosis and PH (119).

A mechanistic link has been demonstrated in shared pathways
in RhoA activation and PDE4 via A-kinase anchoring protein 13
(AKAP13) (120). AKAPI13 activates PDE4, reducing protein kinase
activity in addition to having a RhoGEF function whereby it can
phosphorylate and activate RhoA, suggesting that AKAP13 may be
amaster regulator of fibrotic responses.

In animal models of fibrosis, inhibition of ROCK using fasudil
(which has clinical applications in the management of subarach-
noid hemorrhage due to its vasorelaxant properties) and the
experimental compound Y-27632 attenuates fibrosis and vascu-
lar remodeling (112, 121). In gene-deleted animal models, bleo-
mycin-induced fibrosis is attenuated when either ROCK isoform
is deleted, indicating that both enzymes are implicated in fibro-
genesis (122). This is relevant as selective ROCK inhibition may
be sufficient to inhibit fibrosis and avoid complications such as
hypotension. Selective inhibition of ROCK2 with SIx-2119 down-
regulated profibrotic gene expression in a range of fibrotic effec-
tor cells including VSMCs in in vitro models (123). The selective
ROCK2 inhibitor belumosudil has been evaluated in a phase I
trial of patients with IPF, where it was well tolerated and slowed
decline in lung function (124). Belumosudil is currently the subject
of a phase II trial (NCT02688647); although initial results have
not been published, the results posted on ClinicalTrials.gov sug-
gest that FVC remains unchanged.

Coagulation cascade. There are a number of potential mech-
anisms through which fibrosis and abnormal clotting may occur.
Tissue factor initiates the extrinsic coagulation pathway, is high-
ly expressed by alveolar epithelial cells in patients with IPF, and
generates lung-tissue fibrin deposits, which serve as a platform
for inflammatory cells and profibrotic cytokines, enhancing their
accumulation at sites of injury (125). This environment favors an
imbalance in the system toward the pro-coagulation pathway.
Activation of the coagulation cascade generates multiple proteas-
es and thrombin, which has profibrotic actions in part due to its
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action on PAR receptors, particularly PAR-1. PAR receptors are
present on a range of cells including ECs and fibroblasts, affecting
EC barrier integrity and promoting release of PDGF and CTGF,
and promoting fibroblast differentiation (126).

Similarly, elevated levels of both factor VIII, a marker of EC
injury that is implicated in thrombosis, and fibrin degradation
products, including D-dimers, are seen in patients with IPF, sug-
gesting exuberant coagulation (127). Factor X expression is also
increased in fibrotic human lung tissue and in mouse models of
fibrosis (128). This protein is implicated in myofibroblast dif-
ferentiation via activation of the PAR-1 receptor, which is highly
expressed in fibroblastic foci. Activation of PAR-1 also increases
RhoA activity, which can activate TGF-p from its latent complex
via a, B, integrin (115).

Despite the evidence of disrupted clotting in IPF, the STEP-
IPF study, comparing warfarin (an inhibitor of factors II, VII,
IX, and X) with placebo, demonstrated harm, and this detri-
ment was due to accelerated fibrosis rather than bleeding com-
plications (129). Recent registry data support this finding, with
warfarin being associated with reduced transplant-free surviv-
al; however, treatment with newer direct oral anticoagulants,
which are direct factor Xa inhibitors, was not associated with
a reduction in survival (130). These results suggest that selec-
tive inhibition of factor Xa may have antifibrotic potential. To
provide further evidence for the benefits of targeting specific
coagulation pathways, the profibrotic effects of thrombin act-
ing via the PAR-1 receptor mediated through a 8, and TGF-B
can be inhibited using the direct thrombin inhibitor dabigatran
in a murine model (131).

Other pathways. Other EC-relevant pathways that have been
investigated in PF include (a) autotaxin, the enzyme responsible
for generation of the profibrotic lipid mediator LPA, which also has
phosphodiesterase activity and is highly expressed by ECs; (b) the
integrins, including a B, and a B, which are implicated in PF and
have important effects on EC function (132); (d) CTGF, which is
potently fibrogenic and contributes to the development of IPF-PH;
and, finally, (e) the renin-angiotensin system — in particular the
ATR2 receptor — agonism of which attenuates vascular remodel-
ing in models of PH (133). Specific targeting of these pathways has
been or is being trialed (Table 1 and Figure 3B).

Disease associations

It is evident from cell and molecular biology that the vascula-
ture, and related signaling pathways, have an important role in
the development of IPF. If the vasculature is playing a prominent
role in the pathogenesis of IPF, one would hypothesize that there
would be substantial systemic disease associated with IPF. While
PH is a well-recognized complication of IPF, other comorbidi-
ties are gaining prominence. Indeed, systemic hypertension and
diabetes are common comorbidities in IPF (134), while coronary
artery disease and thromboembolic disease are common causes
of death (135, 136) (Table 2).

Conclusions

The epithelium — the primary site of initial insult in IPF —
sits in close proximity to the endothelial layer in the alveolus,
separated only by a thin basement membrane, which itself is
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Table 2. Summary of common vascular comorbidities observed in IPF patients and important disease features in IPF

Disease Prevalence Features
Pulmonary hypertension 30%-50% (18) » Diagnosed based on mPAP >20 mmHg at right heart catheterization (142)
* Physiological response to divert blood flow from poorly ventilated areas to avert hypoxemia
« Discordance between severity of lung disease and severity of PH; thus other mechanisms must account for pathology
» Two phenotypes — if severe (defined by mPAP >25 mmHg with a low cardiac index, i.e., <2 L/min), may respond to
pulmonary vasodilator therapy (however, treatment must be individualized to avoid worsened shunting and hypoxemia,
largely for symptomatic benefit) (143)
* Increased mortality (1-year survival 28% vs. 5% in those being assessed for transplant [ref. 144]; median survival 0.7
years if sPAP >50 mmHg by echocardiography [ref. 145])
Systemic hypertension 19%-71% (146) * Most common cardiovascular comorbidity in IPF
* Potentially due to a common vasculopathy driving both conditions; however, confounded by other factors such as age,
ease of diagnosis, and concurrent or prior corticosteroid use
« Shared genetic risk profile due to enhanced TGF-[3 pathway activity with shared genetic locus at MADILT (mitotic spindle
checkpoint associated with chromosomal instability) (134, 147)
Coronary artery disease (CAD) 3%-68% (148) * Higher prevalence in IPF vs. COPD despite likely higher use of tobacco in the latter group, thus suggesting unifying
pathabiology (148)
» Pathways common to CAD and IPF include overexpression of inflammatory mediators (IL-8, TNF-c), denudation of the
coronary epithelium and alveolar epithelium, and dysregulated repair mechanisms; neovascularization observed
in atheroma of CAD and digital clubbing of IPF (20)
Chronic kidney disease (CKD) 30% (149) « Associated with hypertension

* Worse degrees of CKD are associated with worsened survival in IPF (149)

Venothromboembolism (VTE)

2%-3% (150, 151) « Presence of VTE represents an increased risk of developing IPF (152)

* Conflicting data when this pathway is targeted: warfarin is harmful with acceleration of fibrosis
* Directly acting oral anticoagulants safer, including benefits of dabigatran
* Abnormal coagulation may represent a specific subset of IPF patients

Diabetes

10%-32% (134) * Diabetes likely a risk factor for development of IPF and, through alterations in cell metabolism, can be profibrotic

and associated with IPF progression (153, 154)

* Glycemic control associated with worse measures of FVC and gas exchange (155)

* Animal models confirm worse histological grades of fibrosis in diabetic mice with positive staining for advanced
glycation end products (AGEs) in alveolar epithelial cells (156)

« Widely used antidiabetic drug metformin accelerates resolution of fibrosis in animal models (157)

* However, no benefit of metformin for disease progression in large-scale trials in humans (158)

mPAP, mean pulmonary artery pressure; sPAP, systolic pulmonary artery pressure.

abnormal in the condition. Injury to the former will undeniably
affect the latter. There is compelling evidence from various
in vivo, in vitro, and ex vivo models that aberrant endothelial
responses occur with resultant loss of integrity of the basement
membrane, vascular remodeling, and the generation of vascu-
lar signals further driving ECM deposition, fibrosis, and paren-
chymal lung damage. Whether it is the epithelial signal to the
endothelium that initiates this process in its entirety, or wheth-
er the endothelium is the primary culprit, remains an area for
development in the field of fibrosis research. However, given
the findings, one cannot ignore the potential role of the circula-
tion in the pathobiology of IPF.

The numerous disrupted vascular-relevant signaling path-
ways present in IPF are now being explored in greater detail
and mapped more clearly. The specific targeting of these
pathways — especially with prostanoid agents and phosphodi-
esterase inhibitors — represents an expanding chapter in the
treatment of this challenging disease. As closer associations
between IPF and numerous more common cardiovascular and
metabolic conditions are made, a deeper understanding of the

disease and how to treat it is likely to ensue. Therefore, strat-
egies that target endothelial repair by focusing on reprogram-
ming abnormal metabolic responses may ultimately provide an
opportunity to prevent the progression of, or potentially even
reverse, the fibrotic response.
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