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Abstract (German)

Endothelzellen, die innerste Schicht aller BlutgefaRe, konnen im Verlauf einer SARS-CoV2 Infektion
stark beeintrachtigt werden. Anhaltende endotheliale Fehlfunktion, ein charakteristisches Merkmal
von Long-COVID, wurde mit der Entwicklung von progressiver Lungenfibrose in Verbindung gebracht.
Etwa 25% der schweren COVID-19-Falle sind davon betroffen. Progressive Lungenfibrose ist ebenso
eine zentrale Komponente zahlreicher anderer chronischer Lungenerkrankungen, wie z.B.
idiopathische Lungenfibrose, systemische Sklerose oder allergische Alveolitis. Alle diese
fibrotisierenden interstitiellen Lungenerkrankungen teilen endotheliale Fehlfunktionen, die sich zum
Beispiel als GefaBumbau und daraus resultierender pulmonaler Hypertonie, Koagulopathie,
Integritatsverlust, Hyperaktivierung und Entziindung sowie erhdhte Angiogenese oder dem Absterben
von GefdRen manifestieren kdnnen. Bisher konzentrierte sich die Forschung hauptsachlich auf die
Rolle von Epithelzellen und Fibroblasten in der Pathogenese der progressiven Lungenfibrose, wahrend
Endothelzellen wenig erforschtes zellulares Kompartiment darstellen. Basierend auf den
Beobachtungen in COVID-19, vermuten wir, dass das vaskuldre Endothel eine zentrale Rolle in der
Pathogenese von progressiver Lungenfibrose spielt. Durch die Untersuchung von Lungengewebe,
sowie Plasmaproben von schwer erkrankten COVID-19-Patienten bestatigten wir, dass das Endothel
signifikant von SARS-CoV-2 beeintrachtigt ist. Dies dullerte sich in einer starken Hochregulierung
mehrerer endothelbezogener Integritats- und Aktivierungsmarker (z.B. ICAM-1, vVWF, VEGFR-2, VCAM-
1, E-Selektin, CD31 IL-6 oder MCP-1) in den Lungen von COVID-19 Patienten sowie im Plasma infizierter
Personen. Unsere anschlieRende Analyse des Endothels in mit interstitieller Lungenerkrankung-
assoziierter Fibrose zeigte &dhnliche Ergebnisse. Zusammenfassend zeigen wir basierend auf
Lungentransplantat-Proben, Patientenplasma, isolierten pulmonalen Arterienendothelzellen und
einem offentlich zuganglichen Microarray Dataset, dass die Struktur und Funktion von Endothelzellen
in fibrotischen Lungen signifikant verandert sind. Auf struktureller Ebene beobachteten wir
geschwollene, unregelmalig geformte Endothelzellen, die den Eindruck einer Hyperaktivierung
vermittelten. Die Hyperaktivierung wurde durch unsere in-vitro-Analyse weiter bestdtigt. Hier
beobachteten wir eine erhdhte Sensitivitdt gegeniber pro-inflammatorischer Stimulantien und eine
erhohte Adhasion von Immunzellen an Endothelzellen aus fibrotischen Lungen. Dies ging mit einer
ausgepragten Beeintrdchtigung der Integritdt einher, die sich in einer reduzierten Barrierefunktion
sowie einem Verlust der typischen Endothelzell-Anordnung in-vitro ausdriickte. Darliber hinaus
zeigten wir in einem in-vivo Mausmodell, dass diese Verdanderungen bereits zu Beginn der Krankheit
erkennbar sind. Unsere Ergebnisse bestdtigen die Beeintrachtigung der Endothelzellen in der PF-
Pathogenese und legen nahe, dass die Wiederherstellung der vaskularen Homoostase eine neuartige

Therapiestrategie darstellen konnte.
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Abstract (English)

Endothelial cells, the inner lining of all blood vessels, are heavily affected in COVID-19. The ongoing
endothelial dysfunction, a hallmark of long-COVID, has been linked to the progression to pulmonary
fibrosis, affecting approximately 25% of severe COVID-19 cases.

Progressive pulmonary fibrosis (PPF) is also associated with numerous other chronic lung diseases,
such as idiopathic pulmonary fibrosis, systemic sclerosis or hypersensitivity pneumonitis. All of these
fibrosing interstitial lung diseases (ILDs) share endothelial maladaptations, which can manifest for
example as vascular remodeling and pulmonary hypertension, coagulopathy, integrity loss, hyper-
activation and inflammation and/or elevated angiogenesis or vessel loss. So far, research in the field
has focused mainly on the role of epithelial cells and fibroblast to myofibroblast differentiation in the
pathogenesis of progressive pulmonary fibrosis. The vascular endothelium however remains an under-
investigated cellular compartment in the disease. Based on the compelling evidence from COVID-19,
which suggests endothelial cells as crucial drivers of fibrogenesis, we hypothesized that the vascular
endothelium is also involved in the pathogenesis of PPF.

Through examination of lung tissue as well as plasma samples from severely ill COVID-19 patients, we
confirmed that the endothelium is significantly impacted by SARS-CoV-2. This was manifested as strong
upregulation of several endothelium-related integrity and activation markers (e.g. ICAM-1, VWF,
VEGFR-2, VCAM-1, E-selectin, CD31 IL-6 or MCP-1) in COVID-19 lungs as well as plasma of infected
individuals. Our subsequent analysis of the endothelium in PPF showed similar results. Collectively,
through the utilization of human lung transplant samples, patients' plasma, isolated pulmonary artery
endothelial cells, and a publicly available transcriptomic dataset of PPF, we demonstrate that
endothelial cells (ECs) are significantly altered in structure and function in PPF. On the structural level,
we observed swollen, misshaped ECs, which gave the impression of hyper-activation. The endothelial
hyper-activation was further corroborated by our in-vitro analysis, which uncovered increased
sensitivity to a pro-inflammatory milieu and simultaneous elevated immune cell adhesion to fibrotic
ECs. This was associated with a pronounced dysfunction of endothelial integrity, which was
represented in a reduced barrier strength as well as loss of the typical endothelial cobblestone
structure in-vitro. Furthermore, the incorporation of the bleomycin mouse model of lung fibrosis
revealed that these changes are already evident at the onset of the disease.

Our findings corroborate a vascular component in PF pathogenesis and suggest that the re-

establishment of vascular homeostasis might become a novel therapy strategy.
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Introduction (State of the art and hypothesis)

Chronic lung diseases (CLDs)
CLDs, such as chronic obstructive pulmonary disease (COPD), pulmonary hypertension (PH) or

interstitial lung disease (ILD), including pulmonary fibrosis (PF) encompass conditions affecting the
airways and other lung structures. Despite the varied underlying patho-mechanisms, severity levels,
and progression patterns, CLDs contribute to approximately 3 million deaths annually.

COPD manifests itself as chronic inflammatory disease leading to emphysematous destruction of the
airways and limitation of expiratory airflow (1, 2). Besides cigarette smoke, air pollution, dust, fume or
viral/bacterial infections are major triggers of the disease. In addition, autoimmunity and cell
senescence are crucial contributors to the structural deterioration and hyper-inflammation in COPD
patients. The loss of lung function is driven by the occurrence of acute exacerbations in COPD patients,
which are periods of exaggerated pulmonary obstruction and inflammatory processes (1, 2). As
underlying disease mechanisms are still understood poorly, there are only limited therapeutic options
available. Thus, COPD is the third leading cause of death worldwide (1, 2).

Idiopathic pulmonary hypertension (IPAH) is another chronic inflammatory lung disease, marked by
intimal hyper-proliferation, medial hypertrophy and adventitial cell proliferation (3). The hyper-
proliferative phenotype leads to increased pulmonary vascular resistance and elevated mean
pulmonary arterial pressure at rest (mPAP, 220 mmHg). As the disease advances, endothelial function
loss is increasing and intimal fibrosis together with thrombosis lead to the development of so-called
plexiform lesions (3). To differentiate between IPAH and PH due to other causes, such as pulmonary
vascular disease or left heart disease, it is important to also include the values of the pulmonary
vascular resistance (PVR) and pulmonary arterial wedge pressure (PAWP) in the diagnosis (4). Based
on these hemodynamic measurements together with clinical presentation (e.g. connective tissue
disease, infections, heart failure, chronic lung diseases, systemic disorders, metabolic disorders) and
therapeutic management, PH is generally divided into 5 subgroups, including the following:

Group 1 Pulmonary arterial hypertension (PAH)

Group 2 PH associated with left heart disease

Group 3 PH associated with lung diseases and/or hypoxia

Group 4 PH associated with pulmonary artery obstructions

Group 5 PH with unclear and/or multifactorial mechanisms.

Prevalence and therapeutic strategies differ depending on the subgroup (4).

Progressive pulmonary fibrosis
Progressive pulmonary fibrosis (PPF) refers to the non-resolving, fibrosing phenotype observed across

various subtypes of ILDs (5, 6). Broadly, ILDs are divided into 5 sub-categories, including ILDs related
to distinct primary diseases (e.g. sarcoidosis or eosinophilic pneumonia), ILDs related to environmental
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triggers (e.g. hypersensitivity pneumonitis), drug-induced ILDs, ILDs associated with autoimmune
diseases (e.g. Systemic Sclerosis, Rheumatoid Arthritis or Sjoégren’s Syndrome) and ILDs of unknown
cause (idiopathic pulmonary fibrosis, IPF) (7). Patients with PPF experience ongoing and advancing lung
fibrosis, despite receiving the maximum conventional therapy (6).

The progressive fibrosing phenotype is characterized by a severe decline in lung function, increasing
distortion of the normal lung architecture due to excessive extracellular matrix (ECM) deposition and
a mortality rate of 69% beyond 5 years in untreated patients (8). The occurrence of an acute
exacerbations decreases the 3 months survival rate even to approximately 40% (9). Acute exacerbation
is marked by a severe worsening of parenchymal remodeling, coupled with a sudden respiratory
decline and is linked to heavy inflammation and endothelial injury (9). Usually PPF follows a usual
interstitial pneumonia (UIP) pattern (5, 10). UIP characterizes itself by spatial and temporal
heterogeneity of fibrotic changes and the presence of ground glass opacities (areas of increased
attenuation due to decreasing amounts of air), septal thickening, traction bronchiectasis (airway
dilation) and honeycombing (enlarged airspaces) (10). In rare cases, the non-specific interstitial
pneumonia (NSIP) pattern is observed in PPF, however, patients with NSIP typically respond well to
treatment (6, 10). PPF is recognized as a multi-factorial condition, triggered by a combination of genetic
and epigenetic pre-disposition as well as environmental risk factors. Environmental factors include for
example antigens, bacterial and viral infections, cigarette smoke, silica or metal dust (5, 10, 11).
Together with advanced age and diet, these factors trigger epigenetic shifts, which are marked by
changes in DNA methylation patterns, modifications of histones and the presence of micro-RNAs,
further resulting in mRNA degradation and the inhibition of proper protein translation (10, 11).
Mutations are specifically associated with genes related to telomeres and their premature and
accelerated shortening and to the promoter of Mucin 5B (MUC5B), a mucin important for epithelial
clearance and host defense (5).

A continuous exposure to the above-mentioned triggers and environmental factors in genetically
predisposed individuals leads to a repeated injury of the alveolar epithelium and subsequent
destruction of the alveolar-endothelial barrier. The lacking ability to properly reestablish the barrier
induces immune cell recruitment, heavy inflammation and the establishment of a pro-fibrotic
environment, composed of platelet-derived growth factor (PDGF)-AA and PDGF-BB, fibroblast growth
factor (FGF)-2, vascular endothelial growth factor (VEGF) and macrophage colony-stimulating factor
(M-CSF) amongst others (5). Following this, fibroblasts become activated and undergo differentiation
into apoptosis-resistant myofibroblasts, which then produce exuberant amounts of ECM (5, 7). See

scheme Figure 1.
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Figure 1: Lung fibrosis patho-mechanism. Environmental factors, such as viruses, bacteria, dust or smoke trigger a chronic
epithelial injury, which leads to the destruction of airway epithelium, basement membrane and endothelial barrier in
genetically predisposed individuals (1). Plasma leakage, cell apoptosis and inflammation induce a repair reaction (2), which is
characterized by migration, activation and proliferation of fibroblasts. Their differentiation causes the accumulation of
apoptosis-resident myofibroblasts, which produce excessive amount of extracellular matrix and thus trigger the irreversible

scarring of the lung (3). Created with BioRender.com (Agreement number: JD26HLA04B).

Immune system in lung fibrosis
The chronic injury and non-resolving parenchymal remodeling in PPF is accompanied by the presence

of persistent inflammation. The persistent inflammation is characterized by elevated inflammatory
infiltration, upregulation of pro-inflammatory signaling and increased levels of pro-inflammatory
mediators in the lungs and circulation of lung fibrosis patients (12). Increased presence of
inflammatory cells and mediators is moreover associated with accelerated progression of the disease.
In addition, autoantibodies against heat shock protein 70 and periplakin, a cytoskeleton component,
have been detected in the circulation and bronchoalveolar lavage of patients suffering from idiopathic
PF. The presence of autoantibodies is associated with more severe disease and thus suggests that
autoimmunity is another component contributing to fibrosis pathogenesis (12-14).

In genome-wide association studies (GWAS), genetic variants linked to increased risk for and severity
of lung fibrosis are involved in inflammatory processes, host defense and immune response (12-14).
Single nucleotide polymorphism affected genes include for example toll interacting protein (TOLLIP),
an inhibitor of toll-like receptor signaling, toll like receptor 3 (TLR3), a component of anti-viral signaling
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or human leucocyte antigen (HLA) regions, which are important for the induction of adaptive immune

responses (14).

Endothelial cells (ECs) and pulmonary vasculature in lung fibrosis
The pulmonary vasculature encompasses a vast surface area within the lungs to ensure proper gas

exchange and nutrient supply. In addition to that, it holds significant functional importance in
maintaining a silent, anti-coagulative state in the lung (15). This is mainly achieved through the
production of the two mediator nitric oxide (NO) and prostaglandin-1 (=prostacyclin), which inhibit
platelet activation, adhesion and aggregation. NO furthermore serves as a crucial vasorelaxant,
thereby inhibiting inappropriate vasoconstriction (15). The pulmonary vasculature consists of arteries,
veins and capillaries, which are sub-classified based on structural features, such as the degree of
elasticity and muscularity (16). ECs form the thin layer in the innermost part, the so-called intima,
which has a large number of adherens and tight junctions. Those junctions are important to maintain
the barrier integrity, which limits the transfer of fluids, proteins and other blood constituents to the
pulmonary interstitium (15, 16). Moreover, ECs can be sub-divided by their functional specialization.
Only recently, capillary ECs have been subdivided into two distinct populations, the general capillary
cells (gCap), as well as the alveolar capillary cells or aerocytes (aCap) (17). aCaps are important for
immune cell translocation and gas exchange and play a significant role in alveologenesis and thus
maturation of the lung. On the contrary, gCap cells are responsible for endothelial homeostasis and
regeneration and act as endothelial stem cells (17-19).

PF is characterized by several vascular abnormalities, which manifest as vessel narrowing and
occlusion, plexiform lesions, intima proliferation and thickening of the smooth muscle cell layer (20-
22). Moreover, PH is a common comorbidity/complication in PF, leading to worse disease outcome in
patients. PH is defined by an increase of PVR above 3 and elevated mPAP (> 20 mmHg) (3). The
prevalence of PH is about 25% in patients with different forms of PPF, who are referred to lung
transplantation (23). The prevalence can significantly increase depending on the specific fibrosis
subtype. For example, in HP patients, the prevalence of PH ranges from 30 to 50%, while in IPF the
prevalence ranges from 40 to even 85% (23). Furthermore, alterations in the distribution and structure
of the pulmonary vasculature have been noted in fibrotic lungs. This manifested as diffuse
vascularization as well as atypical anastomoses between the systemic and pulmonary vasculature (24).
To uphold the functions and minimize dysfunction, ECs possess specialized receptors and mediators:
VWEF

Von-Willebrand-Factor (VWF) is a glycoprotein, which is only synthesized in ECs and to a lesser extent
in platelets and megakaryocytes, the progenitors of platelets (25). VWF is stored in special organelles,

the Weibel Palade bodies (WPB), together with cytokines and mediators important for vascular
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homeostasis, angiogenesis and inflammation . Loss of vWF leads to a disturbed distribution of WPB
across the endothelium and thus dysregulation in angiogenesis and inflammatory responses. VWF is
secreted upon endothelial injury (26, 27). In the circulation vVWF exerts two main functions. First, it is
an important carrier for the blood-clotting protein Factor VIII and inhibits its’ degradation. Second, it
is a sensor for vessel damage and induces platelet adhesion and aggregation (26, 27). The activity of
VvWF is dependent on its size. vVWF exists as multimer in the circulation. Greater size in the multimer
corresponds on increased activity of VWF (26, 27). Therefore, cleavage via the metalloprotease Adam-
13 is important for vascular homeostasis. Less is known about the role of inflammation. However, as
vWEF provides binding sites for leucocytes, an implication in immune cell rolling, adhesion and
extravasation is assumable (26, 27).

Elevated levels of plasma vWF can be measured in various conditions, including for example systemic
sclerosis, diabetes mellitus or acute lung injury and is associated with thromboembolic events (28, 29).
Increased pulmonary levels of vVWF have been measured in a rat model of radiation-induced lung
fibrosis. Whether this is due to increased biosynthesis or stronger retention of vVWF in the endothelium

is not clear until now (29).

Thrombomodulin
Thrombomodulin (Thbd) is an integral membrane glycoprotein, which is constitutively expressed on

the surface of ECs (30). Thbd maintains endothelial thrombo-resistance via binding of thrombin and
subsequent activation of protein C (30). Mouse models with Thbd mutations or endothelial-specific
Thbd deletion have been shown to be unable to generate protein C and are thus in a hyper-
thrombotic/hyper-coagulable state (30). Reduced Thbd expression and/or increased soluble Thbd
levels have therefore been associated with endothelial injury and vascular dysfunction (30). Moreover,
loss of endothelial Thbd led to increased inflammatory signaling and endothelial activation in-vitro(30).
Treatment of PF patients with human soluble Thbd demonstrated favorable efficacy, as evidenced by

improved 3-month survival and enhanced respiratory function (31-33).

CD31
The platelet endothelial adhesion molecule cluster of differentiation (CD)-31 is a glycoprotein, which

is constitutively expressed on the endothelial surface (34). CD31 has efficient signaling ability and is
involved in various cellular events, including immune cell transmigration and regulation of endothelial
permeability, motility and phenotype (34). Underlying mechanisms are mostly unknown, however
impaired immune cell translocation as well as enhanced vascular permeability was confirmed in both
rat and mouse models via administration of anti-CD31 antibodies or specific knockout of CD31 (34).

CD31 has been implicated in various inflammatory and vascular conditions, including atherosclerosis,
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rheumatoid arthritis, multiple sclerosis or sepsis. The functional diversity complicates the utilization of
CD31 as a therapeutic target, as targeting it is frequently associated with vascular dysfunction and loss

of a functional vascular barrier integrity (34).

VE-Cadherin
VE-Cadherin is an endothelial restricted cell adhesion molecule, which is required for the formation of

vascular adherens junction and thus the establishment and maintenance of a proper, functional
endothelial barrier (35, 36). The junction marker consists of five extracellular cadherin domains, a
transmembrane domain and a cytoplasmic tail. VE-Cadherin form homophilic and multimeric
complexes at the adhesion junctions (35, 36). VE-Cadherin is indispensable for the formation of a
functional vasculature. This was validated in mice lacking VE-Cadherin, resulting in their inability to
survive (35, 36). Functional blocking of VE-Cadherin, leucocyte docking to ECs or the presence of
soluble tumor necrosis factor (TNF)-a, VEGF, thrombin or histamine, amongst other factors, induces

cell-cell contact disruption, vascular permeability and increased immune cell transmigration (35, 36).

Intercellular adhesion molecule (ICAM)-2
ICAM-2 is a transmembrane glycoprotein of the immunoglobulin superfamily, which is expressed

constitutively at the site of endothelial junctions, but also on the vascular surface. ICAM-2 was shown
to have important roles in both endothelial barrier formation and maintenance and immune cell
trafficking (34, 35, 37). In-vitro knock-out of ICAM-2 led to increased gap formation in human umbilical
vein ECs (HUVECs), although VE-Cadherin levels have not been changed and in-vivo, mice deficient of
ICAM-2 exhibited a significantly increased thrombin-induced vascular permeability (35). On the other
hand, ICAM-2 knock-out mice or mice treated with anti-ICAM-2 antibody had a significantly reduced
neutrophil accumulation (34). Thus, it is assumed that ICAM-2 together with ICAM-1 is important for

neutrophil/immune cell adhesion and translocation.

ICAM-1
ICAM-1 is a transmembrane glycoprotein of the immunoglobulin superfamily, which is expressed on

the surface of ECs in response to a pro-inflammatory milieu. ICAM-1 consists of five extracellular
domains, a transmembrane domain and a short cytoplasmic domain (38). Post-transcriptional
alternative splicing results in different ICAM-1 variants, which can influence disease-specific outcomes,
due to altered ligand-receptor structure and functional adaptations. This was for example shown in
experimental autoimmune and inflammation models (39). ICAM-1 is a main conductor of immune cell
adhesion, rolling and translocation (37, 38). Moreover, ICAM-1 downstream kinase signaling, ICAM-1
induced cytokine production and ICAM-1 mediated regulation of the actin cytoskeleton is influencing

barrier strength and integrity (38).
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Vascular cell adhesion molecule (VCAM)-1
VCAM-1 is a glycoprotein of the immunoglobulin superfamily, which is expressed on the surface of the

endothelium in response to pro-inflammatory stimuli (40). It consists of either six or seven extracellular
domains, a transmembrane domain and a small cytoplasmic tail (40). VCAM-1 is important for immune
cell adhesion and rolling and facilitates their transmigration as it induces endothelial gap formation via
generation of reactive oxygen species (ROS), activation of matrix metalloproteinases (MMPs) and the
formation of stress fibers (41). Its neutralization or knock-down was shown to significantly reduce
immune cell recruitment and translocation both in-vitro and in-vivo (42). VCAM-1 is implicated in
different immunological disorders, as rheumatoid arthritis, asthma bronchiale and organ transplant
rejection (40). In IPF patients, elevated pulmonary gene expression levels of VCAM-1 correlated with

a reduced lung function (40).

Vascular endothelial growth factor receptor (VEGFR)-2
VEGFR-2 is a transmembrane protein of ECs, which gets activated upon homo- or heterodimerization

(43). Binding of its ligands VEGF-A, VEGF-C or VEGF-D induces endothelial proliferation, invasion,
migration, survival and finally vascularization. VEGFR-2 VEGF-A signaling is central for vasculogenesis
(= de-novo formation of blood vessels from endothelial precursors) and angiogenesis (= growth,
sprouting and splitting of existing vasculature) and VEGFR-2 deficient mice are not viable due to
impaired endothelial development (43). In addition, VEGFR-2 is an important conductor of vascular
permeability via endothelial nitric oxide synthase (eNOS) activation and subsequent nitric oxide (NO)
generation (43). Blocking of VEGFR-2 signaling with the tyrosine kinase inhibitor SU5416 was shown

to attenuate bleomycin-induced lung fibrosis in mice (44).

Interleukin (IL)-8
Generally, interleukins participate in the innate and adaptive immune response and facilitate the

proliferation, differentiation and recruitment of inflammatory/immune cells (45). In PF, increased
levels of interleukins have been measured in the lung, bronchoalveolar fluid as well as the blood
circulation of patients. The levels are not only differing between healthy individuals and patients, but
are also varying depending on the stage of the disease (45). IL-8 is secreted from immune cells, but
also fibroblasts and ECs. It belongs to the CXC-subfamily of chemokines (chemoattractant for
neutrophils) and exists in two different forms, depending on its length (monocyte-derived IL-8 versus
endothelial/fibroblast-derived IL-8) (46). The main functions include immune cell attraction, activation
and migration. Additionally, IL-8 acts as chemoattractant on fibroblasts during the process of wound
healing and induces their migration and deposition of collagen and fibronectin (46). IL-8 is implicated

in various inflammatory conditions/diseases, including for example COPD, ARDS or asthma bronchiale
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(46). In PF, serum levels of IL-8 have been correlated with worsened lung function and increased

mortality (45).

P-selectin
P-selectin is a type | membrane protein, which is constitutively expressed and stored in either a-

granules of platelets or WBP of ECs (47). Upon activation of platelets and ECs due to a pro-
inflammatory, injurious trigger, P-selectin is transferred to the cell surface and also being shed and
secreted to the circulation (47). P-selectin has two main functions, which are recruitment of leucocytes
to the site of inflammation and facilitation of platelet-platelet interaction. The main ligand for
leucocyte recruitment is P-selectin glycoprotein ligand 1. Moreover, increased levels of P-selectin
induce the synthesis and secretion of tissue factor (TF) by monocytes. Therefore, P-selectin is a central
conductor in coagulation and thrombus formation (47, 48). In PF patients, a significant increase of both
platelet activity and soluble P-selectin levels have been measured (48). The genetic ablation or
antibody-mediated neutralization of P-selectin have been shown to attenuate the extent of
parenchymal remodeling in the mouse models of bleomycin-induced PF and in the GATA-1!°") mouse

model of myelofibrosis (49).

Angiogenesis in PF
Research indicates the presence of altered angiogenesis, which is defined as the formation of new

blood vessels from existing vasculature, in PF. A notable increase in CD34-positive ECs has been
observed in non-fibrotic regions of fibrotic lung biopsies, while fibrotic foci lacked CD34-positive and
Thbd-positive capillaries, as well as vWF-positive vessels (50-52). This was further confirmed in a rat
model of bleomycin-induced PF as well as in a lung fibrosis model of adenovector-mediated
transforming growth factor (TGF)-B transfer in rats (53, 54). The capillary regression was associated
with advanced age in a mouse model of bleomycin-induced PF (55). The reduced ability for proper
angiogenesis and vascular remodeling was associated with an impaired chromatin accessibility due to
dysfunctional transcriptional signaling as assessed by an integrative epigenetic and transcriptional
analysis (18).

In human lungs affected by fibrosis, imbalances of pro- and antiangiogenic factors have been
measured. Proangiogenic IL-8 was elevated in PF lungs, while antiangiogenic interferon-gamma-
inducible protein (IP)-10 was reduced as compared to donor specimen (56). Moreover, fibrotic foci
showed increased levels of antiangiogenic pigment epithelium-derived factor (PEDF), while
proangiogenic VEGF was diminished in these areas (57, 58). Lungs of bleomycin-treated mice exhibited
elevated proangiogenic macrophage inflammatory protein (MIP)-2 and neutralization of MIP-2 or

administration of antiangiogenic mediator IP-10 significantly improved the fibrotic phenotype (59, 60).
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Mice deficient of IP-10 showed worsened fibrotic remodeling (61). However inhibition of angiogenesis
via CXC motif chemokine receptor (CXCR)-2 antagonist DF2162 was reported to ameliorate PF in the
bleomycin model (62). In line, scRNA-seq revealed that an endothelial subpopulation enriched in
proangiogenic genes was significantly larger in bleomycin-treated rats as compared to controls (63).
On the contrary, the deficiency of endothelial ETS-related gene (ERG), a mediator of chromatin
remodeling, was associated with the repression of angiogenesis-associated genes (e.g. Mmp14,
Semag3 and Tek) and a worse fibrotic phenotype in young mice treated with bleomycin as compared

to the non-deficient littermates (18).

Vascular permeability in PF
The endothelial barrier integrity is maintained by specific molecules, such as VE-Cadherin, occludin or

claudin-5, which form tight and adherens junctions (64). In fibrotic lungs, signs of endothelial integrity
disruption are evident. This phenomenon was assessed through the administration of various contrast
agents, which exhibited significantly faster clearance from fibrotic lungs compared to healthy ones (65,
66). An accelerated clearing rate was correlated with a more pronounced decline in lung function (65,
66). Moreover, leaky vessels were suggested to serve as a trigger for fibrinogen extravasation and fibrin
deposition in the interstitium and cross-linked fibrin complexes can subsequently induce their
replacement by exuberant amounts of granulation tissue and maturation of the granulation tissue to
connective tissue (67).

Different signaling pathways and mediators of vascular permeability have been reported to be
dysregulated in both the human disease and animal models of PF, including the sphingosine-1-
phosphate (S1P) — S1P-receptor signaling axis, the angiopoietin-1 (Ang-1)/angiopoietin-2 (Ang-2)—
tunica internal endothelial cell kinase-2 (Tie-2) receptor axis and the VEGFR-2-VEGF-A axis. S1P
deficiency enhanced the vascular permeability and worsened the fibrotic phenotype in the bleomycin
mouse model (68). On the contrary, another study showed that S1P-kinase inhibition led to an
improvement in the disease progression and S1P-kinase levels have been associated with an
accelerated lung function decline and mortality in PF patients (69, 70). The knockdown of S1P-kinase
in mice and therefore absence of S1P reduced fibrotic remodeling in mice (70). Studies on the VEGFR-
2-VEGF-A axis led to controversial findings as well. On one hand, inhibition of VEGF-signaling via gene
therapy or specific inhibitors effectively reduced lung fibrosis in mice treated with bleomycin, while
VEGF-overexpression worsened fibrogenesis (44, 54, 71, 72). On the other hand, another findings,
indicated an improvement in lung fibrosis when vascular endothelial growth factor (VEGF) is
overexpressed (73, 74).

Furthermore, the permeability enhancer Ang-2 is elevated in the serum and bronchoalveolar lavage

fluid of PF patients and correlates with acute exacerbation (75-77).
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Endothelial activation and inflammation in PF
ECs actively participate in and serve as crucial regulators of immune and inflammatory responses. This

primarily relies on the expression of specific adhesion molecules (e.g. VCAM-1, ICAM-1) and selectins
(E-selectin, P-selectin, L-selectin) on the vascular surface (15).

Single cell RNA sequencing (scRNA-seq) uncovered an immune-cell like EC population in murine lungs,
which was enriched in genes related to functions such as immune cell adhesion, activation, migration
and their functionality (78). In parallel, two novel capillary subpopulations have been identified in
murine and human lungs by scRNA-seq, referred to as “general capillary ECs” (gCap) and “aerocytes”
(aCap) (17, 79). Both have been enriched in genes related to immune responses, including “immune
cell trafficking” or “antigen presentation”. gCap have additionally been enriched in genes important
for vascular homeostasis and repair and were diminished in lung tissue samples from PF patients (79).
In the presence of a pro-inflammatory milieu (lipopolysaccharide-stimulation) pulmonary ECs reacted
more sensitive, as measured by a significant downregulation of canonical vascular markers (78).

EC adhesion molecules can exist as both, as transmembrane as well as a soluble form (80). The process
of adhesion molecule cleavage from the cell surface is called ectodomain cleavage and is facilitated by
different proteases, including MMPs, disintegrin metalloproteinases (ADAMs), neutrophil elastase,
cathepsins and proteinase-3 (81). In-vitro the levels of soluble adhesion molecules were increased after
ECs were cultured in a pro-inflammatory milieu (TNF-a) (82). Shedding has been postulated as an
important regulatory mechanism of inflammation, as increased adhesion molecule shedding is
characteristic for many inflammation-driven diseases, like sepsis, vasculitis, atherosclerosis, cancer and
also PF (81, 83-85). Soluble VCAM-1, ICAM-1, and IL-8 have been proposed as predictors for poor
transplant-free survival, poor progression-free survival, and overall poor survival in the patients and
sVCAM-1, sICAM-1 and sP-selectin have been associated with reduced lung function and worse disease

outcome (86-88).

Coronavirus disease 2019 (COVID-19) and PF
Over the last years, pulmonary fibrosis has also been recognized as a potential consequence of severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (89-93). SARS-CoV-2 was initially
observed in Wuhan, China, in late 2019 causing pneumonia-like infections with unusual characteristics.
Soon after, the COVID-19 pandemic was declared by the world health organization on March 11 2020,
with approximately 7 million deaths until now. The manifestation of COVID-19 varies, ranging from
asymptomatic course of infection to cases with few symptoms and severe disease, including
pneumonia, acute respiratory distress syndrome (ARDS) and the need for admission to the intensive

care unit (ICU) (94). SARS-CoV-2 is a single stranded positive-sense RNA virus and belongs to the beta-
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coronavirus group (95). The virus is composed of a spike (S) protein, a membrane (M) protein, an
envelope (E) protein and a nucleocapsid (N) protein (90). Binding and fusion between the virus and
host cell membrane depends on the interaction between the surface S protein and the angiotensin-
converting enzyme 2 (ACE2), the main vehicle for viral entrance into pulmonary epithelial cells (90,
96). The S protein is a homotrimer, which is cleaved by the host cell convertase furin to generate the
subunits S1 and S2. S1 is needed for binding between the virus and host cell, while S2 is important for
firm anchoring (97). The conformational change induced by furin-cleavage triggers an additional
cleavage step in the S2 subunit. Cleavage by the target cell transmembrane serine protease 2
(TMPRSS2) or lysosomal protease cathepsin L results in a fusion pore, which allows the viral genome
to enter the target cell (97) .

ACE2 is a zinc metallopeptidase and an important component of the renin-angiotensin-system (RAS)
(98). While ACE generates angiotensin (ANG) Il from ANG |, ACE2 generates angiotensin (1-9) from ANG
| and Ang (1-7) from ANG Il (98). ANG I is originating from renin-mediated Angiotensinogen cleavage.
ANG Il induces vasoconstriction, inflammation and oxidative stress by binding to its receptor ANG Il
type 1 receptor (AT1R). Ang (1-7) and Ang (1-9) lead to vasodilation by binding to the receptors AT2R
or Mas (98). The balance between vasoconstriction and vasodilation, and consequently vascular
homeostasis, stems from the central influence of the renin-angiotensin system on NO metabolism
(Figure 2) (99). NO is a central mediator for the maintenance of a quiescent endothelium and is
produced by the eNOS (100). eNOS is active in the presence of ACE2, but deactivated in the presence
of increasing ANG Il levels (99). In COVID-19 patients, ANG Il levels are significantly upregulated and
correlate with the viral load and degree of lung injury (101).

Besides ACE2, basigin (BSG, CD147) is another transmembrane protein on epithelial cells facilitating
the entrance of SARS-CoV2. Suppression of BSG via silencing or antibodies resulted in a reduction of
viral infection, however the exact interaction mechanisms between SARS-CoV2 and BSG remain

unknown (102).
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Figure 2: Overview of the renin-angiotensin-system (RAS). (A) Cleavage enzymes and products of angiotensinogen. (B)
Receptors AT1-R, AT2-R and Mas-R and their corresponding ligands as well as resulting functional alterations upon binding.

Created with BioRender.com (Agreement number: XO26H9TUC5 and OQ26H9TX80).

COVID-19 is associated with marked morphological and molecular vascular alterations. Key features
like alveolar-capillary damage, edema, micro-thrombosis, angiogenesis and increased platelet
activation pointed towards a substantial vascular involvement right from the early stages of the
pandemic (96). Depending on the severity of the infection, extensive alveolar-capillary damage can
cause “diffuse alveolar damage” (DAD), which is characterized by barrier disruption, edema and hyper-
inflammation (103). DAD is the histological hallmark of ARDS (103). ARDS is presented by severely
impaired gas exchange and hypoxemia due to excessive destruction of the alveolar-capillary barrier
and is coming along with loss of endothelial function, obliteration of the microvasculature and heavy
vascular inflammation (103, 104). The exuberant inflammatory response observed in severe COVID-
19 is commonly referred to as “cytokine storm” (96). The cytokine storm, consisting of crucial
inflammatory cytokines such as IL-1, IL-2, IL-6, TNF-a, interferon (IFN)-y, IP-10, granulocyte-
macrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant protein-1 (MCP-1), and
IL-10 triggers the disruption of vascular adherens and tight junctions as well as shedding of glycocalix
components (100, 105). This is followed by further endothelial activation, characterized by increased
expression of surface adhesion molecules (e.g. ICAM-1, VCAM-1, E-selectin), release of pro-

inflammatory cytokines as well as vVWF and mitochondrial/oxidative stress (100, 106). The hyper-
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inflammatory state is accompanied by a strong pro-coagulative environment in severely ill individuals,
which together is widely recognized as “immuno-thrombosis”. Immuno-thrombosis refers to the
maladapted interplay between the hyper-activated endothelium, the immune system and the
coagulation cascade (100, 107). The lack of homeostasis mediator NO and simultaneous inflammation-
induced overexpression of TF trigger the recruitment and adhesion of immune cells as well as the
secretion and aggregation of platelets (99, 100, 108). Platelets from severely ill patients demonstrate
heightened activation and aggregation capability, attributed to an increased surface expression of P-
selectin (107). Neutrophils are recruited increasingly from the early stages of infection onward. They
release proteolytic enzymes, chemokines, cytokines and ROS on the one hand and undergo
programmed cell death, called NETosis, which leads to the formation of extracellular web-like
structures (NETs) containing DNA, histones, proteins, enzymes, coagulants and other factors. Both
mechanisms promote inflammation and coagulation (107). TF induces thrombin generation, which in
further consequence propagates fibrin deposition (108). This interaction among neutrophils, NETSs,
fibrin and hyperactive platelets leads to the formation of intra- and extravascular fibrin clots, which
cannot be degraded, as the pro-inflammatory environment disrupts anti-coagulative and pro-
fibrinolytic pathways (108). A notable increase in the shedding of fibrinolytic thrombomodulin from
the endothelial surface is commonly observed in COVID-19 (99). Additional vascular abnormalities
frequently observed in critically ill COVID-19 patients include intussusceptive, non-sprouting
angiogenesis and endothelial senescence (100). Intussusceptive angiogenesis is accompanied by
increased circulatory levels of angiogenesis mediators, such as VEGF, VEGFR-1, PDGF, MMP-2 or
hypoxia inducible factor (HIF)-1la and is further promoting permeability, vascular leakage and
infiltration of immune cells (Figure 3) (99). Endothelial senescence serves as a primary stress response
and is accompanied by further inflammation (109). Dysbalances of various endothelial dysfunction-
related markers can be measured in critically ill COVID-19 patients, including D-dimer (coagulation),
VWF (coagulation, inflammation), factor VIII (coagulation), plasminogen activator inhibitor (PAI)-1
(endothelial damage and senescence), Thbd (fibrinolysis), P-selectin (coagulation), Ang-2
(angiogenesis), E-selectin, ICAM-1, VCAM-1, IL-6, IL-8 and MCP-1 (activation and inflammation) or

syndecan-1 (glycocalix damage) (100, 106).
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Figure 3: Intussusceptive angiogenesis. (A) Schematic overview of intussusceptive, branching angiogenesis in the presence
of pro-angiogenic mediators Matrix Metalloproteinase (MMP)-2, vascular endothelial growth factor (VEGF), hypoxia inducible
factor (HIF)-1a and platelet derived growth factor (PDGF) as well as vascular endothelial growth factor receptor (VEGF-R).
The process is divided into endothelial activation (1), migration (2) and proliferation and invasion into the lumen of the
existing vessel (3). (B) Newly formed, branched vessel after intussusceptive angiogenesis. (C) Mediators participating in

intussusceptive angiogenesis. Created with BioRender.com (Agreement number: WG26H9TN7C).

After resolution of the acute phase of ARDS, some patients exhibit persistent presence of fatigue,
shortness of breath, cognitive abnormalities and limited capabilities to perform daily activities. These
symptoms can persist for months or even years and are commonly referred to as "long COVID" (110,
111). In this context, the potential development of progressive pulmonary fibrosis represents a
significant concern associated with long COVID. The prevalence of COVID-associated fibrosis remains
undefined. Estimates indicate that around one-third of individuals who have recovered from the virus
may experience fibrotic manifestations in the lungs (112). The prevalence is also dependent on the
duration of the initial infection (112). SARS-CoV-2 is thought to provoke the development of PPF based
on 2 mechanisms: 1) through continuous and excessive viral invasion of the pulmonary epithelium,
activating abnormal wound healing and 2) through the persisting accumulation of immune cells, which
are propagating a pro-fibrotic milieu (90). Mediators and pathways, which are important and well-
characterized in ILD-associated PPF, have also been shown to be upregulated in COVID-19 associated
PF. Upon those, TGF-B, a highly pro-fibrotic molecule, is continuously elevated in severe COVID-19
(113). Moreover, WNT signaling is crucial in the regulation of cell proliferation and migration in both,
pulmonary inflammation and fibrosis. In COVID-19, Wnt5a and Wntl11 have been proposed as
biomarkers indicating the disease severity (114). Another signaling axis implicated in the

pathophysiology of fibrotic lung diseases is the Hippo - Yes-Associated Proteins (YAP) and
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Transcriptional co-activator with PDZ-binding motif (TAZ) pathway (115). Aberrant activation of the
Hippo — YAP/TAZ signaling pathway causes disturbed lung alveolar regeneration and exuberant
fibroblast activation, thus leading to increased fibrotic remodeling (115). The pathway is also
exuberantly activated during COVID-19 disease, as it acts antiviral as well (116). In addition COVID-19
associated PF follows a UIP pattern, similar to most ILD-PPFs (112). Parenchymal abnormalities,
including ground glass opacities, septal thickening, and traction bronchiectasis or honeycombing have
been identified in nearly 25% of severely ill COVID-19 patients at the one year follow-up examination
(112). Several studies indicate that the risk factors for the development of lung fibrosis due to COVID-
19 are comparable to those of ILD-PPF and include advanced age (> 40 years), male sex, smoking or
comorbidities (e.g. diabetes, hypertension, cardiovascular disease). In the case of COVID-19 prolonged
hospitalization, the need for intensive care unit (ICU, > 16 days) and mechanical ventilation depict
additional risk factors (89, 112).

The main predictor for the progression to lung fibrosis following a severe COVID-19 infection is the
occurrence/presence of ARDS. As mentioned above, ARDS is characterized by the disruption of the
alveolar-capillary barrier, causing endothelial dysfunction, microvascular destruction and heavy
vascular inflammation (103, 104). The initial injury phase is followed by a repair phase and finally a
fibro-proliferative response. The extent of the fibro-proliferative response is closely associated with
poor prognosis in ARDS (103, 104). The underlying mechanisms causing persistent, non-resolving fibro-
proliferation in a subset of COVID-19 - ARDS patients are poorly understood so far (89). However, the
risk of progressing to the unregulated fibro-proliferative phenotype cannot be overlooked, as ARDS
has an overall prevalence of 3.6% amongst COVID-19 patients (117). Long-term data must be awaited,
which will resolve whether long-COVID associated fibro-proliferation results either in a self-resolving

or progressive and irreversible phenotype.

Treatment of PPF
Despite extensive research efforts, PPF is still regarded a non-curable disease (118). The availability of

anti-fibrotic and disease-modifying treatment options is limited, with Pirfenidone and Nintedanib
being the only approved drugs for IPF to date (118). Due to rapid loss of proper lung function and
architecture, lung transplantation remains inevitable in PPF patients (6).

Pirfenidone is a pharmacological compound with anti-inflammatory and anti-fibrotic properties (119).
Although the exact underlying mechanisms of action remain unknown, Pirfenidone attenuates
fibroblast proliferation, inhibits myofibroblast differentiation and reduces collagen and ECM as well as
pro-inflammatory cytokine synthesis (119). The drug, which got approved in 2008 for the treatment of

IPF, was shown to significantly lower mortality, forced vital capacity decline, hospitalization rate and
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increases exercise capacity. Adverse effects are generally mild and can be circumvented by adjusting
the dose (119).

Nintedanib is a small-molecule tyrosine kinase inhibitor, which got approved for the treatment of IPF
in 2014 (120). The drug interferes with PDGF-receptor, FGF-receptor and VEGF-receptor signaling,
thereby inhibiting fibroblast proliferation and differentiation (120). Moreover, Nintedanib inhibits the
growth of various other cells, including endothelial cells, smooth muscle cells and pericytes. Thus it
also limits vascular remodeling as well as the extent of inflammation, by reducing the release of pro-
inflammatory cytokines (120).

Various studies have been conducted or are currently ongoing to proof whether the two anti-fibrotic
drugs are also effective in other fibrosing ILDs. In 2019, the INBUILD study was published, reporting
that Nintedanib is effective for the treatment of 5 major ILD entities, including Hypersensitivity
Pneumonitis (HP), autoimmune ILDs, idiopathic NSIP unclassifiable idiopathic interstitial pneumonia
and other ILDs (121). Whether Pirfenidone is also feasible to be applied in various fibrosing ILDs
remains unknown, as the RELIEF study had to be terminated early due to too low numbers of recruited
patients (6, 122) .

Currently, individuals with HP or NSIP commonly undergo anti-inflammatory/immunomodulatory
treatment, whereas connective tissue disease related ILDs are treated with immunosuppressive
therapy options. As anti-inflammatory treatment was shown to have harmful effects in IPF patients
(122), leading to elevated mortality, a thorough and precise diagnosis of the exact ILD entity holds

paramount significance.

Endothelial-directed therapy options
While the precise mechanism of action of the two approved anti-fibrotic drugs, Pirfenidone and

Nintedanib, are not fully understood, they both, in part, operate through the endothelial VEGFR-2
VEGFA signaling axis. Besides, other endothelial-directed therapies have been investigated in various
clinical trials (120, 123).

Sildenafil, a vasodilating phosphodiesterase-5 inhibitor for the treatment of PH, has been shown in the
2016 INSTAGE trial to further decrease the decline of FVC in a combination therapy with Nintedanib
(124).

More recently, the INCREASE trial tested inhaled Treprostinil, a vasodilating and anti-coagulative
prostacyclin analog, in ILD-PH patients (125). Administering Treprostinil over a period of 16 weeks led
to a significant improvement in the 6 minute walk distance (6MWD), a reduction of N-terminal pro-B-
type natriuretic peptide (NT-proBNP) levels and a slowed progression of the disease (126). Currently,

a prospective study of inhaled Treprostinil is underway, with initial results being awaited soon.
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Rationale of the study
Despite distinct clinical, radiological, and pathological features, ILDs and COVID-19 share a common

progressive fibrotic phenotype. This phenotype is characterized by epithelial injury, accumulation of
fibroblasts and myofibroblasts, as well as excessive ECM production.

So far, research in the field of PPF has mainly focused on the interplay of an initial epithelial injury and
the subsequent aberrant fibroblast activation and differentiation into myofibroblasts (127, 128).
However, as the epithelium is separated from the endothelium only by a thin basement membrane,
the initial injury must affect the capillaries as well. Particularly in COVID-19, it becomes evident that
alveolar destruction is closely linked to a significant impairment of the endothelial compartment. As
demonstrated by our research and that of others, this phenomenon is characterized by a hyper-
activated, hyper-inflamed, and hyper-coagulable endothelium (129). It is accompanied by metabolic
maladaptation, loss of vascular integrity, and increased shedding of endothelial surface and glycocalix
components (129).

Similar observations have recently also been reported in PPF associated with ILD. Reports highlighting
pronounced vascular remodeling and inflammation, abnormal alveolar-capillary permeability, and
aberrant coagulation and vessel density are becoming more prevalent (129). Furthermore,
endothelium-targeting therapy options are now being considered, as they demonstrate significant

improvements in the disease for the first time (125, 126, 130, 131).

Based on the reported findings and observations, we hypothesized that the endothelium is
dysfunctional in COVID-19 and PPF and plays a central and active role, rather than acting as a passive

bystander, in the disease pathogenesis (Figure 4).

The overarching aim of the project was to comprehensively evaluate alterations of the endothelium in
PPF, with regard to spatial and temporal changes of its activation and integrity. For this purpose, we
performed a detailed analysis of ECs on a structural, functional, transcriptional and protein level both
locally in the lungs as well as systemically in the blood circulation of PPF patients and controls. As a
complementary approach, we utilized the bleomycin-induced mouse model of PF-PH to investigate

time-dependent alterations over the course of the disease.
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HYPOTHESIS

Figure 4: Proposed hypothesis of the dissertation. The endothelium is dysfunctional in COVID 19 and PPF and actively

participates in the disease pathogenesis. Created with Smart Servier Medical Art.
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Detailed materials and methods

Human tissue and plasma
Lung tissue samples were collected post mortem from 19 critically ill COVID-19 patients and 11 age

and sex-matched autopsy controls without any lung pathology at the Medical University of Graz (ethic
number: 32-362 ex 19/20) (Table 1), from patients with COPD (n = 28), IPAH (n = 10) and PF (n = 10)
(Table 2) and from 16 PF patients and 19 donors (Table 3) during lung transplantation at the
Department of Surgery, Division of Thoracic Surgery at the Medical University of Vienna (ethic number:

976/2010).

Ethylenediaminetetraacetic acid (EDTA) plasma samples were collected from 21 critically ill COVID-19
patients and 22 age and sex-matched healthy controls (Table 4) at the Hannover Medical School,
Hannover, Germany and from the Department of Clinical Immunology and Transfusion Medicine at the
Justus-Liebig University of Giessen, Germany (ethic numbers: SEPSIS/ARDS Registry 8146_BO_K_2018
and 05/00). EDTA plasma samples from 19 PF patients were collected during lung transplantation at
the Department of Surgery, Division of Thoracic Surgery at the Medical University of Vienna (ethic
number: 976/2010). 28 healthy control plasma samples were collected by the Biobank at the Medical
University of Graz (ethic number: 23-408 ex 10/11) (Table 3). Plasma samples from 25 COPD, 15 IPAH
and 10 PF patients were collected either prospectively from an IPAH cohort of patients undergoing
right heart characterization at the Medical University of Graz (ethic number: 23-408 ex 10/11) or
during lung transplantation at the Medical University of Vienna (ethic number: 976/2010). Control
plasma (n = 35) was collected prospectively at the Biobank of the Medical University of Graz (ethic

number: 23-408 ex 10/11) (Table 5). Plasma samples were stored at -80°C until further analysis.

Written informed consent was obtained from all patients/participants.

Table 1: Clinical characteristics of COVID-19 patients and CONTROLS used for gene expression analysis. CRP = C-reactive
protein.

Autopsy lung tissue samples

COVID-19 CONTROL
Subjects (n) 19 11
Age (years) 78.4+9.5 72.9+8.2
Sex (male:female) 13:6 6:5
CRP (mg/l) 114.1 + 86.6 54.9 + 109.9
D-dimer (mg/l) 3.0+29 NA
Fibrinogen (mg/ml) 49+0.9 3.1+1.6
Thrombocytes (n/l) 201.0+78.0 214.0£63.8
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Table 2: Clinical characteristics of COPD, IPAH and PF patients and CONTROLS used for gene expression analysis. LTX =
lung transplantation. BMI = body mass index. FEV1 = forced expiratory volume in 1 second. FVC = forced vital capacity. pO;

= partial pressure of O,.

Donor COPD IPAH PF
Subjects (N) 10 28 10 9
Sex (male:female) 4:6 13:16 3.7 6:3
Age at LTX (years) 41(+18.7) | 57 (¢£5.6) | 31(+12.2) | 56(¢9.2)
BMI (kg/m?) 25 (£ 4.3) 22 (£ 2.5) 20 (£3.1) 25(+4.2)
Smoking status NA 1/23/0/5 NA NA
(never/former/active/unknown)
FEV1 (% predicted) NA 23(x11.2) | 73(x7.0) 43.3 (

10.7)

FVC (% predicted) NA 48 (+18.1) | 80(+9.2) | 43 (x10.1)
mPAP (mmHg) NA 32 (+10.8) | 68(+26.9) | 41(+6.8)
pO, (MmHg) NA 70 (£ 12.1) | 70 (£ 13.8) | 60 (£ 20.4)

Table 3: Clinical characteristics of endstage disease patients and donors used for gene expression and plasma analysis.

TLC = total lung capacity.

Transplant lung tissue

Plasma samples

Donor PF Control PF

Subjects (n) 19 16 28 19

7 IPF, 12 other

1IPF, 15 other
fibrosing ILDs (1
fibrosing ILDs (1
Classification NA NA familial PF, 8
familial PF, 14
HP, 1 NSIP, 2
HP)

unclassifyable)
Age at lung transplantation (years) 48.5+14.5 57.2+6.8 56.3+7.7 61.5+7.4
Sex (female/male) 10/9 5/11 19/9 6/13
BMI (kg/m?) 248+4.0 25.3+3.7 27.0+£8.2 26.4+£3.8
FEV1 (% predicted) - 46.6 £ 17.3 - 54.6 +21.6
FVC (% predicted) - 38.0.£14.6 - 50.3+24.1
mMPAP (mmHg) - 31.9+8.5 - 39.7+11.2
TLC (% predicted) - 50.8 £16.5 - 64.7+21.3
CRP (mg/l) - 17422 - 1.4%2.0
PH (yes/no) - 13/3 - 16/3
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Table 4: Clinical characteristics of COVID-19 patients and CONTROLS used for plasma analysis. PCT = Procalcitonin. PTT =
Partial Thromboplastin Time. SOFA score = Sepsis Related Organ Failure Assessment Score.

Plasma samples

COoVID-19 CONTROL
Subjects (n) 21 22
Age (years) 59 (19-82) 61 (19-78)
Males (%) 90 89
BMI (kg/m?) 29 (15-62) NA
CRP (mg/l) 151 (68-292) NA
PCT (ng/!) 1(0.1-6.6) NA
D-dimer (mg/1) 4 (1-35) NA
Fibrinogen (mg/ml) 7 (4-9) NA
PTT (s) 36 (26-55) NA
SOFA score 13 (9-17) NA
Thrombocytes (n/l) 247 (99-581) NA
Mechanical ventilation (%) 100 NA
Received vasopressors (%) 100 NA

Table 5: Clinical characteristics of COPD, IPAH and PF patients and CONTROLS used for ACE2 plasma analysis.

PLASMA
Donor CcopD IPAH PF
Subjects (N) 35 24 15 10
Sex (male:female) NA 8:16 4:11 7:3
BMI (kg/m2) NA 22.4 (+ 23.7 (t 26.7 (+
3.2) 2.8) 3.7)
Smoking status NA 2/22/1/0 NA NA
(never/former/active/unknown)
FEV1 (% predicted) NA 23.7 (= 76.8 (+ 459 (+
9.8) 10.1) 11.3)
FVC (% predicted) NA 50.3 (£ 81.2 (% 38.4 (+
16.4) 12.9) 8.8)
mMPAP (mmHg) NA 30.3 ( 56.2 (£ 41.2 (
9.7) 24.5) 9.3)
p0O2 (mmHg) NA 66.3 (+ 46.2 (+ 54.5 (+
11.7) 16.8) 16.2)

Bleomycin mouse model
Mice (C57BL6 background) were kept at the Biomedical Research facility of the Medical University of

Graz in isolated and ventilated cages with 12-hour light/dark cycles. Water and chow were supplied ad
libitum. Experienced Personnel took care of the mice daily. The well-being of the animals was further
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assured through nesting material and tunnels. To minimize the animals’ stress level, it was avoided to
keep single mice alone in cages and mice were transferred to the experimental facility at least 3 days
prior to the experiment. All animal experiments were approved by the local authorities (Austrian
Ministry of Education, Science and Culture) and performed in accordance with the EU directive

2010/63/EU.

Bleomycin (1.5 U/kg body weight, Sigma Aldrich) or saline was applied intratracheally with a
MicroSprayer Aerosolizer (Penn-Century, Pennsylvania, US) under light (~2%) isoflurane anesthesia.
Either 3 days, 14 days or 21 days after bleomycin administration, lung function measurements
(FlexiVent, Meyers GmbH, Germany) were conducted prior to opening the thorax and exsanguinating
the mice by collecting the maximum volume of blood from the right ventricle. The blood was collected
in tubes containing 30 pl 3.6% sodium citrate for plasma collection. 1 ml phosphate-buffered saline
(PBS) supplemented with 2mM EDTA and protease inhibitors (Sigma Aldrich, Missouri, US) was used
to lavage the lungs. The bronchoalveolar lavage was kept on ice until centrifugation for 5 minutes at
500 g at 4°C for cell collection. Cells were fixed in 1% paraformaldehyde (PFA) in PBS for 20 minutes,
washed with magnetic activated cell sorting (MACS) buffer and used for flow cytometry analysis. After
lung lavage, an incision was made in the left atrium to flush the lungs with PBS rough the right ventricle
until the lungs appeared in white color. A suture was applied below the right lung lobes to tie them
off. The middle right lobe was collected in medium for flow cytometry analysis. The remaining right
lobes were shock frozen in liquid nitrogen for further RNA and protein analysis. The left lobe was filled
with formalin, taken out of the murine thorax and fixed in formalin for 24 hours before embedding in

paraffin.

Quantitative real-time PCR (qRT-PCR)
Human and murine lung tissue samples were collected and cryopreserved in liquid nitrogen. Human

pulmonary endothelial cells were lysed in buffer RLT (Qiagen, Hilden, Germany) and stored at -80°C.
Prior to RNA isolation, tissue was homogenized in a Magnalyser (Roche Diagnostics, Rotkreuz,
Switzerland). RNA was isolated from homogenized tissue or lysed cells using either the peqGOLD Total
RNA Kit (Peqlab, Erlangen, Germany) or the the innuPREP RNA Mini Kit (IST Innuscree, Berlin, Germany)
according to the manufacturer’s instructions. cDNA synthesis was done using the qScript™ cDNA
Synthesis Kit (Quantabio, Massachusetts, US) according to the manufacturer's instructions. qPCR was
run on a LightCycler® 480 System (Roche Applied Science, Penzberg, Germany) using the QuantiFast®
SYBR® Green PCR kit (Qiagen). gPCRs were performed according to the following protocol: 5 minutes
at 95 °C (5 seconds at 95 °C, 5 seconds at 60 °C, and 10 seconds at 72 °C) x 45. Primer specificity was

confirmed with melting curve analysis and gel electrophoresis. Primer sequences are shown in Table
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4. Hydroxymethylbilane synthase (HMBS/PBGD) and beta-2-microglobulin (B2M) were used as the

reference genes.

The ACt values were calculated using the following formula:

ACt = Ct (reference gene) — Ct (gene of interest)

ACt values of donors and patients or saline and bleomycin treated mice were normalized to the mean

gene expression of donors/saline treated mice (AACt):

AACt = ACt diseased — mean ACt of all controls

Table 1. List of applied human (Hs) and murine (Mm) primers.

Gene name Primer sequence forward 5" - 3’ Primer sequence reverse 5" - 3°
Hs_PECAM1 TCCGTTGCGAATCGATCAGT ACGTCTTCAGTGGGGTTGTC
Hs_THBD ACATCCTGGACGACGGTTTC CGCAGATGCACTCGAAGGTA
Hs_CDH5 GCCCATGAAGCCCTCGGATTA GTATCGGAGGTCGATGGTGG
Hs_ICAM2 CGGATGAGAAGGTATTCGAGGT CACCCACTTCAGGCTGGTTAC
Hs_ICAM1 AGCTTCGTGTCCTGTATGGC TTTTCTGGCCACGTCCAGTT
Hs_VCAM1 TGTTTGCAGCTTCTCAAGCTTTT GATGTGGTCCCCTCATTCGT
Hs_VWF GGAGCATGTACAGCTTTGCG CCCAAGATACACGGAGAGGC
Hs_SELP GATGGGAAATGCCCCTTGAA ACAGGCTGGTCCAGAGCTAAT
Hs_IL8 ATAAAGACATACTCCAAACCTTTCCAC | AAGCTTTACAATAATTTCTGTGTTGGC
Hs_ACE2 CGAGTGGCTAATTTGAAACCAAGAA | ATTGATACGGCTCCGGGACA
Hs_TMPRSS2 CACGGACTGGATTTATCGACAA CGTCAAGGACGAAGACCATGT
Hs_BSG CTGTTCGTGCTGCTGGGATT GGAGCCAAGGTCTTCTACGG
Hs_FURIN GCAAAGCGACGGACTAAACG TGCCATCGTCCAGAATGGAGA
Hs_B2M CCTGGAGGCTATCCAGCGTACTCC TGTCGGATGGATGAAACCCAGACA
Hs_HMBS ACCCTAGAAACCCTGCCAGAGAA GCCGGGTGTTGAGGTTTCCCC
Mm_Pecam1 ACGCTGGTGCTCTATGCAAG TCAGTTGCTGCCCATTCATCA
Mm_Kdr GCCTCTGTGACTTCTTTGCG GGGGGATGGAGAAAATCGCC
Mm_Thbd TAGGGCCCTGGATCGGTTTA CTGGTGTGGTTATCGCCAGT
Mm_lcam1 TCCGCTACCATCACCGTGTA CAGGGTGAGGTCCTTGCCTA
Mm_Vcam1 CTGGGAAGCTGGAACGAAGT GCCAAACACTTGACCGTGAC
Mm_vwf GGAGCATGTACAGCTTTGCG CCCAAGATACACGGAGAGGC
Mm_Selp TCTGGACCGGAAAGACTGGA ACACCAAACTCTCCGTGGAC
Mm_Cxcl1 CCTTGACCCTGAAGCTCCCT CGGTGCCATCAGAGCAGTCT
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Mm_B2m CGGCCTGTATGCTATCCAGAAAACC TGTGAGGCGGGTGGAACTGTG

Mm_Hmbs TCCGGAGGCGGGTGTTGAGG GCCAGAGAAAAGTGCCGTGGG

Public microarray dataset
The microarray dataset GSE47460 (132), containing PF lung transplant and donor samples, was

downloaded from GEO DataSets and expression values for the genes PECAM1, THBD, KDR, ICAM1,
ICAM3, VCAM1, SELP, VWF and CXCL8 were extracted from the platforms GPL14550 and GPL6480.
After a batch effect was excluded, pooling of all samples resulted in a total number of 254 PF and 108

control samples.

Immunofluorescence staining
Immunofluorescence staining was performed on formalin fixed paraffin embedded lung tissue samples

from COVID-19 patients and autopsy controls. 2.5 um thick tissue sections were deparaffinized in
ROTICLEAR® (Carl Roth, Karlsruhe, Germany) and decreasing concentrations of ethanol. Antigen
retrieval was done in citrate buffer (pH 6) for 20 minutes in a 95°C hot water bath. After cooling down,
sections were incubated with 3% H202 in Methanol for 10 min and blocked in 5% donkey serum and
3% bovine serum albumin (BSA) in PBS for 30 minutes each. The primary antibodies CD45 (1:250,
#10558, Abcam, Cambridge, UK) and vWF (1:1000, #M0616, California, US) were applied overnight at
4°C and antibody detection was done with Alexa Fluor 488 and 555 secondary antibody (1:500,
ThermoFisher Scientific, Massachusetts, US). DAPI (1:1000, #62248, ThermoFisher Scientific) was used
for nuclei staining and slides were preserved in Fluorescence Mounting Medium (#5302380-2, DAKO
Agilent). Imaging was done on an Al confocal laser microscope (Nikon, Tokyo, Japan) at 60X

magnification. A summary of antibody details can be found in Table 6.

Immunohistochemistry staining
Human lung tissue sections
Formalin-fixed and paraffin-embedded lung tissue samples were cut into 2.5 um thick sections for

histological analysis. Deparaffinization was done in ROTICLEAR® (Carl Roth), followed by decreasing
concentrations of ethanol. Antigen retrieval was performed using citrate buffer (pH 6) in a 95°C hot
water bath for 20 minutes. Sections were treated with 3% H202 in Methanol for 10 minutes, blocked
in 2.5% normal horse serum (Vector Laboratories) for 30 min and incubated with the primary
antibodies against CD45 (1:250, #10558, Abcam), VE-Cadherin (1:500, #TA804746, eubio, Vienna,
Austria) / vVWF (1:1000, #M0616, DAKO Agilent) / CD31 (1:250, #NB600-562, Novus Biologicals,
Colorado, US) and Collagen 1 antibody (1:500, #1310-01, Southern Biotech, Alabama, US) overnight at
4°C. The primary antibodies were detected using the Blue/AP Substrate Kit (#LS-11089, Vector
Laboratories, California, US), the DAB/HRP Substrate Kit (#SK-4105, Vector Laboratories), the
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StayYellow/HRP Substrate Kit (#ab169561, Abcam) or the ImmPACT Vector Red/AP Substrate Kit (#SK-
5105, Vector Laboratories).

Detection was done according to the manufacturer’s instructions. When using StayYellow, slides were
air dried and permanently mounted in agueous mounting medium. Otherwise, slides were dehydrated
in increasing concentrations of ethanol and ROTICLEAR and permanently mounted in ROTI®Mount
(#HP68.1, Carl Roth). Images were obtained using an Olympus VS120 slide-scanning microscope

(Olympus) at 40X magnification. A summary of antibody details can be found in Table 6.

Murine lung tissue sections
2.5 um formalin-fixed, paraffin-embedded murine lung tissue sections were deparaffinised and

rehydrated in ethanol. Sections were treated with sodium citrate buffer (pH6) and Bloxall Blocking
Solution (#VECSP-6000, Vector Laboratories) and blocked with 2.5% normal horse serum ((#5-2012-50,
Vector Laboratories). Thereafter, sections were incubated with the primary antibody against vWF
(1:100, #A0082, DAKO Agilent) overnight at 4°C. Antibody detection was done using the ImmPACT
Vector Red/AP Substrate Kit (#SK-5105, Vector Laboratories) according to the manufacturer’s
instructions. Counterstaining was done using FastGreen (0.1% w/v in 1% acetic acid, #F7258-25G,
Sigma Aldrich). Slides were dehydrated in ROTICLEAR® solution (#A538, Carl Roth) and permanently
mounted in ROTI®Mount (#HP68.1, Carl Roth). Images were obtained using an Olympus VS200 slide-
scanning microscope (Olympus) at 40X magnification. A summary of antibody details can be found in

Table 6.

Visiopharm
Analysis of human lung tissue
The vascularization was quantified in donor and fibrosis lung tissue slides stained against vWF, Collagen

type | and CDA45, as described above. The quantification was done using the Visiopharm image analysis
software (VIS 2020.08, Visiopharm, Hoersholm, Denmark). Twenty regions of interest were selected
randomly per slide. The area of vWF, collagen type | and CD45 has been determined in each region and
subsequently normalized to the entire area of each selected region. A Collagen type | portion of 15%
or more has been defined as “fibrotic region”. Regions with less than 15% Collagen type | have been

defined as “non-fibrotic region”.

Analysis of murine lung tissue
The vascularization was quantified in lung tissue slides from mice treated either with saline or

bleomycin (3 days, 14 days, 21 days), which have been stained against vVWF as described above. The
quantification was done using the Visiopharm image analysis software (VIS 2020.08). Twenty regions
of interest were selected randomly per slide. The area of vWF and Fastgreen-positive areas (= tissue)
have been determined in each region and subsequently normalized to the entire area of each selected

region.
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ELISA and multiplex assay

Human plasma
A customized magnetic bead-based Human Luminex Discovery Assay (#LXSAHM, R&D Systems,

Minnesota, US) was used to quantitatively determine protein levels of CD31, Thrombomodulin, VEGFR-
2, ICAM-1, VCAM-1, P-selectin, vWF and IL-8 in plasma samples of PF patients and corresponding
controls. The assay was conducted based on the manufacturer’s instructions and fluorescence
emission levels were determined on a BioPlex-200 (Bio-Rad). Protein levels of human ACE2
(#SEB886Hu; Dianova GmbH, Hamburg, Germany), VE-Cadherin (#DCADVO, R&D Systems) and ICAM-
2 (#ab46080, Abcam) were measured using a sandwich high-sensitivity ELISA according to the
manufacturer’s instructions. Absorption values were determined on a ClarioStar microplate reader
(BMG Labtech, Ortenberg, Germany). Plasma levels of E-selectin, P-selectin, ICAM-1, VCAM-1 and
CD31 were determined in COVID-19 plasma samples and corresponding controls using a customized,
bead-based LEGENDplex assay. The quantification was done by flow cytometry. Plasma levels of vWF
(HEHVWF, ThermoFisher Scientific), IL-6 (#430507), IL-8 (#431507), TNF-a (#430207) and MCP-1
(#438807, all Biolegend, California, US) were measured based on sandwich high-sensitivity ELISA on a

ClarioStar microplate reader.

Murine plasma
Murine plasma levels of VE-Cadherin (#ab206980, Abcam), Thrombomodulin (#MTHBDO, R&D

Systems), ICAM-1 (#EMICAM1ALPHA, Thermofisher Scientific), VCAM-1 (#EMVCAM1, Thermofisher
Scientific), VWF (#ab208980, Abcam) and P-selectin (HEMSELP, Thermofisher Scientific) were
determined using sandwich high-sensitivity ELISA. The assays were performed according to the

manufacturer’s instructions and absorption values were measured on a ClarioStar microplate reader.

Transmission electron microscopy (TEM)
Fresh human fibrosis and donor lung transplant tissue samples were fixed with 2% (m/v) PFA and 2.5%

(m/v) glutaraldehyde in 0.1M cacodylate buffer, pH 7.2, and post-fixed in osmium tetroxide.
Consequently, samples were dehydrated, embedded in epoxy resin and cut into 70 nm ultrathin
sections (UC 7Ultramicrotome, Leica Microsystems, Wetzlar, Germany). Following to uranyl acetate
staining, images were taken using a transmission electron microscope (EM 900 or EM109, Zeiss, Jena,

Germany).

In-vitro analyses

Cell isolation
For the isolation of human donor and fibrosis pulmonary artery endothelial cells (HPAECs), pulmonary

arteries (< 2 mm in diameter) were collected from transplant lung tissue. After removing the adventitia,
pulmonary arteries were cut and minced and digested in an enzymatic digestion solution containing

PBS, 5 mg/ml DNase (#04716728001, Sigma Aldrich) and 35 mg/ml Collagenase A (#11088793001,
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Sigma Aldrich). The digestion was done for 40 min at 37°C on an orbital shaker (50 rpm). Subsequently,
the cell suspension was passed through a 100 um cell strainer and centrifuged at 350g for 7 minutes
to collect the cell pellet. Cells were resuspended in RPMI complete medium (#31870-074,
ThermoFisher Scientific) containing 10% fetal calf serum (FCS), 1% penicillin and streptomycin and 1%
L-Glutamin. Thereafter, cells were MACS-sorted using the human CD31 MicroBead Kit (#130-091-935,
Miltenyi) according to the manufacturer’s instructions. Cells were applied on a LS column (#130-042-
401, Miltenyi, Gladbach, Germany) and separation was done on a MidiMACS Separator. After three
consecutive washing steps with basal EGM-2 Endothelial Medium (#CC-3156, Szabo Scandic, Vienna,
Austria), the CD31+ cell fraction was collected in EGM-2 Endothelial Medium with EC supplementary
kit (#CC-3156 and #CC-4176, Szabo Scandic) and culture in gelatin-coated T25/T75 flasks at 37°C and

5% CO,. The MACS separation was repeated at least up to passage 3.

Additionally, cryopreserved donor HPAECs were purchased from Lonza (#CC-2530, Basel, Switzerland).

Cells up to passage 7 were used for experiments.

For the isolation of human peripheral blood granulocytes, ca. 5 ml of 3.8% sodium citrate were filled
up to ca. 40 ml with freshly drawn healthy donor blood (17-291 ex 05/06) and centrifuged for 20
minutes at 400g without brake. After removal of the platelet-rich plasma (top), 6 ml of 6% dextran was
added and the tube filled up to 50 ml of 0.9% saline. After 30 minutes incubation at room temperature,
the upper phase was put onto 15 ml of peripheral blood mononuclear cells (PBMC) spin medium (#60-
00092, pluriSelect, Leipzig, Germany) and centrifuged for 20 minutes at 400g without brake.
Thereafter, PBMCs, the saline phase and PBMC spin medium was removed and polymorphnuclear cells
(PMNL) were washed twice with 20 ml HBSS buffer. For haemolysis, the cell pellet was resuspended in
10 ml 0.2% saline, gently mixed and filled up to 20 ml with 1.6% saline. After addition of 10 ml HBSS,
the suspension was centrifuged at 400g for 7 minutes and cells were re-suspended in 10 ml washing
buffer (PBS pH 7.4 without Ca** and Mg?** containing 0.1% BSA and 10 mM HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) and 10 mM glucose) and counted.

Endothelial barrier monitoring
The endothelial barrier establishment and maintenance was measured using the electrical cell-

substrate impedance sensing system (ECIS, Applied Biophysics, New York, US). Donor and fibrosis
HPAECs were seeded on 8W10E+ PET Chips (#72040, Applied Biophysics) at a density of 70.000
cells/well in full EGM-2 Endothelial Medium. Chips were pre-activated with 10 mM L-cystein (Sigma
Aldrich) and pre-coated with 1% gelatine. Chips were transferred to the ECIS machine to monitor the
establishment and maintenance of the endothelial barrier at 4,000 Hertz (Hz) over a period of

approximately 48 hour every 60 seconds. Monitoring was done in full EGM-2 Endothelial Medium
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throughout the whole experiment. Data are represented as absolute resistance values versus time and

as the mean of the maximum resistance reached. The measurements were done in quadruplicates.

Immunofluorescence staining of HPAECs
Donor and fibrosis HPAECs were seeded on eight-well chamber slides (Falcon, Corning, New York, US)

after pre-coating with 1% gelatine at a density of 20.000 cells/well in full EGM-2 Endothelial Medium
and kept at 37°C and 5% CO,. As the endothelial monolayer was fully established (approximately 48h
after seeding), cells were fixed in 4% (m/v) paraformaldehyde in MACS buffer (PBS + 2mM EDTA + 0.5%
(m/v) bovine serum albumin) for 25 min and blocked with 5% (m/v) donkey serum and 3% (m/v) BSA
in PBS at room temperature. Cells were incubated overnight with the primary antibody against VE-
Cadherin (1:100, #AF938, R&D Systems). The following day antibody detection was done using Alexa
Fluor 555 secondary antibody (1:500, #A21432, ThermoFisher Scientific). DAPI (1:1000, #62248,
ThermoFisher Scientific) was used to stain the nuclei and slides were preserved using Fluorescence
Mounting Medium (#5302380-2, Agilent Dako). Imaging was done on an Al confocal laser microscope

(Nikon) at 60X magnification. A summary of antibody details can be found in Table 6.

Adhesion assay
Donor and fibrosis HPAECs were seeded on eight-well chamber slides (Falcon, Corning) after pre-

coating with 1% gelatine at a density of 20.000 cells/well in full EGM-2 Endothelial Medium and kept
at 37°C and 5% CO.. As the endothelial monolayer was fully established, the medium was changed to
basal EGM-2 Endothelial Medium containing 5% FCS and kept at 37°C and 5% CO; for another hour.
Thereafter, cells were pre-stimulated with either vehicle, 10 ng/ml TNF-a (#11343015, Immunotools,
Friesoythe, Germany), 10 ng/ml IFN-y (#11343534, Immunotools) or 10 ng/ml IL-1p (#200-01B,
Peprotech, Korea, Asia) for 1 hour at 37°C and 5% CO,in basal EGM-2 Endothelial Medium containing
5% FCS.

Isolated PMNLs were pre-stained with CellTracker™ Green CMFDA Dye (#C7025, ThermoFisher
Scientific) according to the manufacturer’s instructions and re-suspended in basal EGM-2 Endothelial
Medium containing 5% FCS. 500.000 PMNL were added to the pre-stimulated HPAECs, after stimuli
have been removed and allowed to adhere for 1.5 hour at 37°C and 5% CO.. Subsequently, cells were
fixed in 4% (m/v) paraformaldehyde in MACS buffer (PBS + 2mM EDTA + 0.5% (m/v) bovine serum
albumin) for 25 minutes. The mean count of adhered PMNLs was determined by imaging of five

random regions at 10X quantification.

Transmigration assay
Donor and fibrosis HPAECs were seeded on 96-well transwell inserts (3.0 um Pore Polycarbonate

Membrane, Corning) pre-coated with 1% gelatin at a density of 5000 cells/well in full EGM-2

Endothelial Medium at 37°C and 5% CO.,. After approximately 72-96 hours medium was changed to
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basal EGM-2 Endothelial Medium containing 5% FCS. Cells were kept at 37°C and 5% CO; for another
hour prior to pre-stimulation with either vehicle, 10 ng/ml TNF-a, 10 ng/ml IFN-y or 10 ng/ml IL-1p for
1 hour. Thereafter, the medium was changed to basal RPMI medium containing either 5% or 0% FCS
and 500.000 PMNLs in basal RPMI medium (0% FCS) were added to the upper compartment. PMNLs
were allowed to migrate to the lower compartment containing RPMI with either 5% FCS or 0% FCS for
2.5 hour at 37°C. PMNLs were collected from the lower compartment, fixed in PBS containing 1% (m/v)

paraformaldehyde and quantified on a Cytoflex S flow cytometer (Beckman Coulter, California, US).

Statistics: Correlation analysis
Data were analysed at least from 3 independent experiments per assay. Graphs and statistical analysis

were performed in R (version number 4, www.r-project.org). Data are shown as single data points with

lines indicating the mean or as boxplots with dot-plot overlay. Specific tests used for each experiment
are indicated in the figure legends. Probability values of p < 0.05 were considered statistically

significant.

Table 2: Antibodies used for immunohistochemistry and immunofluorescence stainings.

Antibody Company Order# Species Dilution
CD45 Abcam #10558 rabbit 1:250
vWF Dako Agilent #MO0616 mouse 1:1000

VE-
Cadherin Eubio #TAB804746 mouse 1:500
#NB600-
CD31 Novus Biologicals 562 mouse 1:250

Collagen | | Southern Biotech | #1310-01 goat 1:500

vWF DAKO Agilent #A0082 rabbit 1:100
VE-
Cadherin R&D Systems #AF938 goat 1:100
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Results

Results 1: Chronic lung diseases and COVID-19

Gene expression analysis of COVID-19 relevant entrance and priming proteins

During the initial stages of the COVID-19 pandemic, there was uncertainty regarding whether patients
with chronic lung diseases were at a heightened risk of infection. Additionally, it was unclear whether
infected individuals with chronic lung diseases experienced more severe infections, leading to
increased rates of hospitalization and mortality. To investigate this, we assessed the gene expression
levels of various molecules that are crucial for the entry and modification of SARS-CoV-2 in the lung
tissue derived from endstage COPD, IPAH and PF as well as in donor tissue. The analysis revealed that
lungs affected by COPD exhibited the most pronounced dysregulations. While the gene expression of
entrance receptor ACE2 and cleavage protease TMPRSS2 were significantly upregulated in COPD as
compared to donors, host cell convertase FURIN and alternative entrance mediator BSG were
significantly downregulated (Figure 5A). No significant changes were observed between donor, IPAH
and PF groups (Figure 5A). ACE2 can also be cleaved from the surface of epithelial cells and it has been
reported, that soluble ACE2 is significantly increased in infected individuals suffering from severe
COVID-19. The exact mechanisms of SACE2-SARS-CoV2 interaction is not elucidated yet, however it has
been proposed, that SACE2-SARS-CoV2 complex formation supports spreading of the virus throughout
the body and leads to the entrance of increased number of viral particles (133). Interestingly, we
measured significantly lowered levels of SACE2 in the plasma of both, uninfected endstage COPD and
PF patients (Figure 5B). Increased gene expression levels of ACE2 correlated significantly with improved
FVC (%) in COPD patients (Figure 6). No other correlations with clinical parameters or hemodynamics

have been found for any disease group.

ACE2 TMPRSS2 CD147/BSG FURIN
7.5 6! 151 5.0

ng/ml

Donor COPD IPAH  PF Donor COPD IPAH  PF Daner COPD IPAH  PF Donor COPD IPAH  PF

Figure 5: COVID-19 relevant mediators in different chronic lung diseases. (A) Gene expression of ACE2, TMPRSS2, CD147
(BSG) and FURIN in whole lung tissue from COPD, IPAH, PF patients and donors evaluated by RT-qPCR. (B) EDTA plasma levels
of ACE2 in donor, COPD, IPAH and PF samples measured by ELISA. Kruskal-Wallis testing was performed. *: p<0.05; **: p<0.01;
**%. p<0.001. . Reproduced with permission of JOHN WILEY AND SONS (license number: 5737500756530) (134).
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Figure 6: Correlation between pulmonary ACE2 gene expression and forced vital capacity (FVC %). Correlation analysis of
ACE2 gene expression in the lung and forced vital capacity (FVC (%)) in COPD based on Spearman’s rank calculation.

Reproduced with permission of JOHN WILEY AND SONS (license number: 5737500756530) (134).

Results 2: Endothelial cells in severe COVID-19

Gene expression analysis of vascular identity, barrier and injury markers in severe COVID-19

Already at the very beginning of the COVID-19 pandemic, early studies have shown that endothelial-
associated factors, such as VCAM-1 and IL-8 and inflammatory factors, such as MCP-1 are increased in
COVID-19 lung tissue (135). In addition, endothelial dysfunction was associated with poor disease
outcome early on (136). The exact mechanisms and affected endothelial functions that lead to
vasculopathy were previously unknown. Here we analyzed the gene expression levels of a
comprehensive set of vascular markers implicated in EC activation (E-selectin, ICAM-1, VCAM-1),
barrier integrity and cell identity (CD31, VEGFR-2) and in injury/repair response (P-selectin, vWF) in
lung tissue of severely affected COVID-19 patients (n = 19) and autopsy controls without pulmonary
pathology (n = 11, provided by Assoz. Prof. Priv.-Doz. Dr.med.univ. Gregor Gorkiewicz, Diagnostic and

Research Center for Molecular Biomedicine, Medical University of Graz).

Our analysis indeed revealed a striking upregulation of the gene expression levels of ICAM-1, vWF and
VEGFR-2 (KDR) in COVID-19 lung tissue as compared to control tissue, indicating that different

endothelial-related functions are affected in the course of a SARS-CoV-2 infection (Figure 7).

44



Control CovID-19

KDR **

VWF Ry

D31

VvCAMI

ICAMI ***

SELP

2 14 0 1 2
| A
zZ-scores
Figure 7: Gene expression of endothelial cell markers are upregulated in lungs of severely ill COVID-19 patients. gPCR
analysis of endothelial vascular endothelial growth factor receptor (VEGFR)-2 (KDR), von Willebrand Factor (vWF), CD31,
vascular cell adhesion molecule (VCAM)-1, intercellular adhesion molecule (ICAM)-1 and P-selectin (SELP) in lung tissue
homogenate of severely ill COVID-19 patients (n = 19) and controls (n = 11). The heatmap represents relative expression by
showing z-scores. Reproduced with permission of the ERS 2024: European Respiratory Journal Sep 2021, 58 (3) 2100377,
DOI: 10.1183/13993003.00377-2021 (106).

Vascular injury in severe COVID-19

Pro-thrombotic vVWF is released from ECs in case of vascular damage. To prove the increased presence
of the endothelial injury marker on a protein level, we conducted immunofluorescence staining. The
staining uncovered an intense, but patchy and diffuse vWF signal in COVID10 lung tissue as compared
to control samples. This was coming along with an elevated extravasation of inflammatory cells (Figure

8). This supports the notion, that the endothelium is highly activated and damaged in COVID-19.
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Figure 8: Severe COVID-19 is associated with increased immune cell infiltration and diffuse vVWF distribution.
Representative immunofluorescence images of control and COVID-19 lung tissue (n = 5) stained against endothelial marker
VWF (red) and immune cell marker CD45 (green). White arrowheads = immune cells; white asterisks = collagen; scale bar =
50 um. Reproduced with permission of the ERS 2024: European Respiratory Journal Sep 2021, 58 (3) 2100377; DOI:
10.1183/13993003.00377-2021 (106).

Circulatory levels of vascular and inflammatory factors in COVID-19

Severe COVID-19 is characterized by an excessive release of pro-inflammatory mediators, a so-called
“cytokine storm”, as reported previously (137-139). The exuberant amounts of pro-inflammatory
cytokines support the occurrence of a hyper-activated endothelium. Endothelial hyper-activation is
moreover linked to the release and shedding of endothelial-related molecules (140). To determine
whether COVID-19 is characterized by increased adhesion molecule shedding, we measured our set of
endothelial-cell related markers as well as a set of pro-inflammatory mediators, including IL-6, IL-8,
TNF-a and MCP-1 in the plasma of critically ill COVID-19 patients (n = 21) and healthy controls (n = 22).
The measurement indeed revealed significantly increased levels of VCAM-1, E-selectin and CD31 in

COVID-10 plasma (Figure 9).
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Figure 9: Soluble endothelial markers are increased in COVID-19 plasma. Plasma levels of ICAM-1, VCAM-1, E-selectin, CD31,
P-selectin and VWF in the plasma of severely ill COVID-19 patients (n = 21) and healthy controls (n = 22) measured by ELISA.
Kruskal-Wallis testing was performed. *: p<0.05; **: p<0.01; ***: p<0.001. Reproduced with permission of the ERS 2024:
European Respiratory Journal Sep 2021, 58 (3) 2100377; DOI: 10.1183/13993003.00377-2021 (106).

The increase of soluble endothelial-derived markers was moreover associated with the presence of
various inflammatory cytokines IL-6, IL-8, MCP-1 and TNF-a, confirming the aforementioned “cytokine-

storm” (Figure 10).
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Figure 10: Soluble markers of inflammation are increased in COVID-19 plasma. Plasma levels of interleukin (IL)-6, monocyte
chemoattractant protein (MCP)-1, IL-8 and tumor necrosis factor (TNF)-a in the plasma of severely ill COVID-19 patients (n =
21) and healthy controls (n = 22) measured by ELISA. Kruskal-Wallis testing was performed. *: p<0.05; **: p<0.01; ***:
p<0.001. Reproduced with permission of the ERS 2024: European Respiratory Journal Sep 2021, 58 (3) 2100377; DOI:
10.1183/13993003.00377-2021 (106).

Importantly, the altered circulatory levels correlated with different clinical parameters. Soluble VWF
strongly correlated with D-dimer, a marker of coagulation and poor outcome in COVID-19, and with IL-
8 plasma levels, an activator of coagulation (Figure 11A). Elevated P-selectin correlated with increased
fibrinogen, another coagulation marker. The shedding of EC surface markers ICAM-1, E-selectin and

CD31 was accompanied by an increase of partial thromboplastin time, the time it takes for a clot to
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form in a blood sample. In addition, the circulating endothelial-derived markers were also highly

correlated with each other (Figure 11B).
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Figure 11: COVID-19 is associated with strong correlations between soluble markers of coagulation. (A) Comprehensive
correlation matrix of COVID-19 patients’ characteristics (age, BMI), clinical parameters (CRP, PCT, Ddimer, Fibrinogen, ptt;
SOFA, thrombocytes) and soluble endotehlial and inflammatory marker. Dot size / color = correlation coefficient. Circled dots
= signficant correlation. (B) Pairwise correlation anaylsis between vWF and D-Dimer, vVWF and IL-8 and P-selectin and
Fibrinogen based on Spearmans rank correlation analysis. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. Reproduced

with permission of the ERS 2024: European Respiratory Journal Sep 2021, 58 (3) 2100377; DOI: 10.1183/13993003.00377-

2021 (106).

Results 3: Endothelial cells in pulmonary fibrosis

Ultrastructural properties of the pulmonary endothelium

Vascular abnormalities are occurring frequently in the course of PF (129). Whether this also applies to
the structural properties of individual ECs has not yet been deciphered yet. To uncover potential
phenotypic changes and structural deformation of pulmonary ECs in fibrotic lungs, we made use of
ultrastructural transmission electron microscopy. While donor lungs were characterized by a flat,
organized endothelium, fibrosis lung tissue sections clearly showed disorganized, swollen endothelial
cells (Figure 12). The micrographs indicated loss of the healthy, regular shape and marked vascular

lumen narrowing.
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Figure 12: The endothelial ultrastructure is changed in pulmonary fibrosis. Representative ultrastructural micrographs from
PF transplant and donor tissue (n = 3). Arrow = EC. P = pericyte. E = erythrocyte. L = lumen. * = collagen. Scale bar = 250 um.

The imaging was done in cooperation with the Core Facility Ultrastructural Analysis, Medical University of Graz, Graz, Austria.

Endothelial integrity and activation in pulmonary fibrosis

The ultrastructural analysis of structural abnormalities of the pulmonary vasculature was
complemented by an immunohistochemical staining approach. To better understand structural
alterations specifically related to activation and barrier, we stained against vascular activation marker
vWF or against the barrier markers VE-Cadherin or CD31. A triple-staining approach together with the
immune cell marker CD45 and the tissue fibrosis marker Collagen allowed not only evaluating
structural vascular differences between donor and fibrosis lungs, but to also connect vascular changes,
tissue remodeling and immune cell infiltration. Indeed, the signal intensity of all three investigated
markers was clearly increased in fibrosis lungs as compared to donor tissue. Similar to observations
from our ultrastructural analysis (Figure 12), donor lungs showed a flat, well-organized endothelium
and only moderate tissue inflammation. On the contrary, fibrotic lungs were marked by heavy
inflammation together with a prominent staining of vWF, VE-Cadherin and CD31. This further supports
the presence of a heavily activated endothelium with disorganized barrier integrity in PF. More
interestingly, vWF is usually located to large vessels and rarely present in the microvasculature (50).
However, in fibrotic lungs VWF was located also prominently in the microvasculature/capillaries, which

further underpins the heavy inflammatory and coagulative phenotype of fibrotic lungs (Figure 13).
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Figure 13: Endothelial cells are structurally distinct compared to donor endothelium. Representative immunohistochemistry
images of donor and fibrosis lung sections (n = 5) stained against Collagen | (orange), CD45 (blue) and CD31 (brown, A), VE-

Cadherin (brown, B) or VWF (brown, C). Scale bar = 50 um in Overview, 10 um in Zoom.

The relationship between endothelial activation, tissue fibrosis and lung inflammation

PF is characterized by chronic inflammation (12, 13, 141) and — as shown above — a hyper-activated
vasculature. To better understand the potential relationship between endothelial activation, lung
inflammation and tissue fibrosis, we conducted image analysis using the Visiopharm software (Figure
14A). The software enabled us to quantitative assess the area (%) of VWF, collagen | and CD45 within
immunohistochemically stained donor and fibrosis lung tissue sections based on colour recognition.
As expected, both the collagen-positive area (%) and immune cell infiltration (%) were significantly

increased in lung fibrosis as compared to donors (Figure 14B). Moreover, the area covered by VWF (%)
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was significantly greater in PF lungs (Figure 14B), confirming our assumption of an augmented
activation of the pulmonary vasculature.

Histologically, the UIP pattern is characterized by spatial and temporal heterogeneity (10). Areas with
preserved lung architecture and normal lung parenchyma co-exist with heavily remodelled and
inflamed areas. Due to this histological heterogeneity, we compared the area of VWF (%) in fibrotic
versus non-fibrotic regions. This uncovered a significant increase of vWF-positive areas in the heavily
remodelled, fibrotic parts (Figure 14C). The connection between parenchymal remodelling and
endothelial activation was moreover supported by a positive correlation between VWF (%) and

collagen (%) in fibrotic lungs (Figure 14D).
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Figure 14: Remodeled and inflamed regions correlate with endothelial alterations. (A) Examples of raw and labeled images
for quantification of vWF (blue), collagen (pink) and CD45 (orange) stained on human lung tissue. (B) Determination of the
area of collagen (%), CD45 (%) and VWF (%) in twenty randomly chosen donor and fibrosis (n = 5) lung tissue regions based
on automated color recognition. (C) Determination of the area of VWF (%) in fibrotic (collagen area > 15%) versus non-fibrotic
(collagen area < 15%) randomly chosen areas of fibrosis lung tissue sections (n = 5). (D) Correlation of VWF (%), collagen (%)
and CD45 (%) in PF lung tissue sections. Kruskal Wallis test and Spearman’s Rank analysis was performed. *: p<0.05; **:

p<0.01; ***: p<0.001; ****: p<0.0001.
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Alterations of activation and integrity markers in whole lung tissue
To obtain detailed information on the activation, barrier function, cell identity and injury response of
EC in PF, we analyzed the respective set of vascular markers in 16 explanted PF and 19 donor lungs by

quantitative RT-PCR.

The gene expression analysis revealed a striking decrease of ICAM2 in PF lung homogenate (LH)
compared to control (CTRL) LH (p = 0.0008). PECAM1 and CDH5 gene expression was downregulated
by trend (p = 0.070 and p = 0.053, respectively). Other investigated markers THBD, KDR, ICAM1,
VCAM1, SELP, VWF and CXCL8 did not show significant changes in in this specific lung cohort (Figure
15A). To strengthen our results, we investigated the publicly available microarray dataset GSE47460
(132), which includes RNA samples from 254 PF and 108 CTRL lungs and could observe similar
directions as in our cohort (Figure 16B). The differences were even more pronounced in this dataset,
with a highly significant downregulation of PECAM1, THBD, KDR, ICAM1, ICAM2, SELP and VWF gene
expression and a strong upregulation of VCAM1 and /L8 in PF lung tissue compared to CTRL (Figure
15B).
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Figure 15: Integrity and activation marker gene expression in donor and fibrosis transplant lungs. (A) RT-gqPCR analysis of
integrity markers CD31 (PECAM1) vascular endothelial growth factor receptor (VEGFR)-2 (KDR), VE-Cadherin (CDH5),
Thrombomodulin (THBD), intercellular adhesion molecule 2 (ICAM2), vascular cell adhesion molecule 1 (VCAM1) von
Willebrand Factor (VWF), P-selectin (SELP) and interleukin (IL)-8 measured in whole lung homogenate of PF patients (n = 16)
and donors (n = 19). (B) Expression profiling of endothelial cell markers in the publicly available dataset GSE47460, including
lung biopsy tissue (CTRL, n = 108, grey) and lung explant tissue (PF, n = 160, blue). Heatmap representation of relative
expression changes. Z-scores are shown. Kruskal Wallis test was performed. *: p<0.05; **: p<0.01; ***: p<0.001; ****:

p<0.0001.

Loss of vascular endothelial barrier function in pulmonary fibrosis

As we observed a prominent downregulation of integrity markers PECAm1, KDR, THBD and ICAM2 on
gene expression level (publicly available microarray dataset) and stronger signal intensity of CD31 and
VE-Cadherin on immunohistochemical level in fibrotic lungs, we speculated, that ECs isolated from
fibrotic lungs have an altered barrier strength compared to ECs from donor lungs. To investigate this,
we conducted electric cell-substrate impedance sensing (ECIS) experiments with HPAECs in-vitro and
monitored the establishment and maintenance of endothelial barrier over a time of approximately

40h. The measurement revealed that the barrier establishment of HPAECs isolated from fibrotic lungs
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was delayed as compared to that of healthy HPAECs (Figure 16A). Moreover, fibrosis HPAECs were not
capable to reach a barrier strength as strong as donor HPAECs (Figure 16B). This indicated that, despite
an increased gene and protein expression of integrity markers, the vascular barrier was not fully
functional in PPF. Our immunofluorescence staining approach further substantiated this. Staining
against the junction marker VE-Cadherin in a fully established endothelial monolayer in-vitro showed
a disorganization of junctions and loss of the typical cobblestone-like structures, while junctions were

uniformly distributed in the donor monolayer (Figure 16C).
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Figure 16: Impairment of endothelial barrier in lung fibrosis. (A) Representation of donor and fibrosis HPAEC barrier
establishment and maintenance over a time span of 40 h recorded as resistance (Ohm) by Electrical cell substrate impedance
sensing (ECIS). (B) Mean maximum barrier resistance (Ohm) reached by donor (technical replicates of n = 4) and fibrosis
(technical replicates of n = 4) HPAECs measured in quadruplicates. (C) Representative images of fully established donor (n =
3) and fibrosis (n = 3) HPAEC monolayers immunofluorescently stained against VE-Cadherin. Nuclear staining was done using
DAPI. Arrow heads: disorganized junctions. Scale bar: 20 um. Kruskal Wallis test was performed. *: p<0.05; **: p<0.01; ***:

p<0.001; ****: p<0.0001.

Endothelial response to a pro-inflammatory/anti-fibrotic environment

TNF-a and IL-1B are pro-inflammatory and pro-fibrotic cytokines commonly found in fibrotic lungs
(142, 143). On the opposite, the cytokine IFN-y acts anti-fibrotic and has been shown to increase the
effect of Pirfenidone (144). Here, we aimed to test, whether endothelial integrity and/or activation is
affected differently in donor and fibrosis ECs in the presence of either TNF-a, IL-1B or IFN-y. Thus, we

measured the gene expression levels of VE-Cadherin (CDH5), CD31 (PECAM1), Thrombomodulin
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(THBD), P-Selectin (SELP) and vWF (VWF) in donor and fibrosis HPAECs after they have been stimulated
for one hour. Treatment with the vehicle control revealed a significantly decreased gene expression of
THBD, while VWF gene expression was elevated by trend (p = 0.09, Figure 17). The increase in vWF
gene expression became significant after TNF-a and IFN-y. The level of SELP was markedly decreased
in donor ECs after IFN-y stimulation as compared to vehicle, TNF-a or IL-1B treated donor ECs, leading
to significantly higher P-selectin gene expression in the IFN-y treated fibrosis HPAECs. A transcriptional
regulation of P-selectin after IFN-y stimulation could account for the drop in the donor HPAECs (145).

PECAM1 was increased by trend in the presence of IFN-y (p = 0.08, Figure 17).
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Figure 17: Endothelial cell behavior in a pro-inflammatory milieu. RT-qPCR analysis of CD31 (PECAM1), VE-Cadherin (CDHS5),
Thrombomodulin (THBD), von Willebrand Factor (VWF) and P-selectin (SELP) in fully established donor (n = 3) or fibrosis (n =
3) HPAEC monolayers after stimulation with either TNF-a, IFN-y or IL-1p or the corresponding vehicle control. Kruskal Wallis

test was performed. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

Adhesion of immune cells to endothelial monolayers

Neutrophils and eosinophils have been shown to occur in increased numbers in the lung tissue and
bronchoalveolar fluid of PF patients (146, 147). This together with our observations, that the
endothelium is in its’ inflamed/activated state in fibrotic lungs, prompted us to investigate the
interaction between ECs and immune cells in-vitro. HPAECs isolated from either fibrosis or donor lungs

were pre-stimulated with TNF-a, IFN-y, IL-1B or the corresponding vehicle control for 1 hour and pre-
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labeled PMNLs were allowed to adhere to the monolayers for 1.5 h. Generally, pre-treatment of
HPAECs led to increased PMNL adhesion (Figure 18A). The count of adhered PMNLs to untreated
fibrosis HPAECs was significantly lower as to donor HPAECs (Figure 19B). However, TNF-a pre-
treatment led to significantly higher numbers of PMNL adhered to fibrosis HPAECs as to donor ECs
(Figure 18B). This indicates that a pro-inflammatory environment induces increased immune — EC

interaction in PF.
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Figure 18: Adhesion of immune cells to endothelial cells. (A) Quantification of adhered polymorphnuclear leucocytes
(PMNLs) to an established donor (technical replicates of n = 4) or fibrosis (technical replicates of n = 5) HPAEC monolayer.
Pre-stimulation was done using either TNF-a, IFN-y or IL-1B or the corresponding vehicle control. PMNLs were counted in 5
randomly chosen regions per well and the mean is shown. Kruskal Wallis test was performed. *: p<0.05; **: p<0.01; ***:

p<0.001; ****: p<0.0001.

Translocation of immune cells through endothelial monolayers

PF is characterized by chronic inflammation and immune cell accumulation (12, 13, 148). To investigate
whether the increased endothelial activation and disturbed integrity was accompanied by an altered
immune cell diapedesis, we measured immune cell migration across the EC monolayer. Again, donor
and fibrosis HPAEC monolayers were pre-stimulated with TNF-a, IFN-y or IL-1B for 1 hour and PMNLs
were allowed to transmigrate for 3 hours in-vitro. The measurement was conducted in a transwell
system. The presence of an endothelial monolayer led to a reduced PMNL migration as compared to
the control transwell (Figure 19A). The overall count of transmigrated PMNLs was not different
between healthy and diseased HPAECs, neither in the unstimulated nor in the stimulated condition
(Figure 19B). These data however correspond to disease endstage and might not represent the

situation during earlier disease stages.
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Figure 19: Transmigration of immune cells through endothelial cells. (A) Migration of PMNLs through 3 um transwell insets
with (+EC) and without (-EC) donor (CTRL) or fibrosis (PF) HPAEC monolayers in basal medium with 0% fetal bovine serum.
(B) Transendothelial migration of PMNLs to basal media supplemented with 5% fetal bovine serum through established donor
(technical replicates of n = 4) and fibrosis (technical replicates of n = 3) HPAEC monolayers after pre-stimulation of HPAECs
with TNF-a, IFN-y, IL-1B or the corresponding vehicle control. Kruskal Wallis test was performed. *: p<0.05; **: p<0.01; ***.

p<0.001; ****: p<0.0001.

Endothelial-related molecules can be measured in the systemic circulation

To date diagnostic and predictive peripheral blood biomarkers in PF are still limited (149). Since all
markers included in our analysis can be cleaved or secreted from ECs, we determined their levels in
EDTA plasma samples from endstage PF patients (n=19) as well as control samples (n=28). Detailed

patient and control characteristics are given in Table 3.

We found that the levels of VEGFR-2, VE-Cadherin and Thrombomodulin were significantly lower in
plasma samples from PF patients as compared to the control samples, while vVWF and IL-8 showed a
strong increase. Furthermore, the activity of ICAM-2 was markedly lowered in PF plasma. No changes
were observed for CD31, ICAM-1, VCAM-1 and P-selectin (Figure 20). A detailed correlation analysis of
altered circulating EC markers and commonly used clinical parameters (e.g. forced vital capacity, total

lung capacity, diffusion capacity of carbon monoxide) did not reach any significance (data not shown).
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Figure 20: Endothelial cell markers in the systemic blood circulation. Determination of the levels/activity of endothelial
integrity markers CD31, VEGFR-2, CDH5, THBD and ICAM-2 and activation markers ICAM-1, VCAM-1, vWF, SELP and IL-8 in

EDTA plasma samples of PF patients (n = 19) and healthy controls (n = 28) measured by ELISA. Kruskal Wallis test was
performed. *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

Endothelial alterations during disease onset and progression

To investigate, whether the changes of the vascular compartment follow a temporal dependency
during disease onset and progression, we employed the mouse model of bleomycin-induced lung
fibrosis. After receiving a single dose of either saline or bleomycin, mice were sacrificed 3 days, 14 days
or 21 days later. In this way, we were able to analyze vascular changes in the early injury phase (3d),
during the strong inflammatory and fibrotic phase (14d) and in the late fibrosis phase (21d) (150). A

schematic representation of the experimental setup is given in Figure 21.

. 3d 14d 21d
Bleomycin
3 ) Saline @ @ @
3 _) ¢ X X X
Acute
lung injury [Inflammatory phase
e

Figure 21: Schematic overview of the experimental strategy for the performance of the bleomycin-induced time course

mouse model.

Whole lung gene expression analysis revealed that most changes were apparent in the early injury

phase. We observed a significant downregulation of the endothelial integrity genes Pecam1, Cdh5 and

58



Thbd, while the activation genes Selp and Cxcl1 were significantly upregulated. Selp was continuously
upregulated also in the strong inflammatory and fibrotic phase (14d), but balanced out again in the
late fibrosis phase (21d). Icam2 gene expression was significantly elevated 3 days after bleomycin
administration, but significantly decreased at the later time points. The expression of Cdh5 and Kdr
was significantly lowered 21 days after bleomycin application as compared to the saline group.
Interestingly, the expression of Thbd was significantly decreased 3 and 21 days after bleomycin

administration, but increased in the active fibrotic phase (14d) (Figure 22).
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Figure 22: Changes of endothelial marker gene expression over time. RT-PCR analysis of endothelial integrity and activation
markers CD31 (Pecam1), vascular endothelial growth factor receptor 2 (VEGFR-2, Kdr), VE-Cadherin (Cdh5), Thrombomodulin
(Thbd), intercellular adhesion molecule 2 (Icam2), Icam1, vascular adhesion molecule 1 (Vcam1), von Willebrand Factor (Vwf),
P-selectin (Selp) and interleukin-8 (Cxcl1) expression levels in lung homogenates of mice treated with saline (n = 31) or mice
three (n = 16), 14 (n = 19) or 21 (n = 17) days post bleomycin administration. Kruskal Wallis test was performed. *: p<0.05;
**: p<0.01; ***: p<0.001; ****: p<0.0001.

To investigate the status of EC activation we used immunohistochemical staining of vVWF and
subsequent quantitative image analysis based on color recognition (Figure 23A). The quantification
revealed a significant increase of the relative abundance of vVWF-positive regions (%) in mice 14 days
after bleomycin administration. There were no differences in vVWF-positive regions (%) between the

saline group and the 3 day or 21 day bleomycin group (Figure 23B).
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Figure 23: Endothelial activation over time in the lungs of bleomycin-treated mice. Representative images of lung tissue
from mice treated with saline or bleomycin immunohistochemically stained against VWF (pink) with Fast Green
counterstaining (green). Scale bar = 50 um. Representative images of n = 7 (saline), n = 3 (3 days bleomycin), n = 6 (14 days
bleomycin) and n = 3 (21 days bleomycin). (F) Quantification of VWF (%) in murine lung tissue sections after treatment with

saline or bleomycin.

Lastly, we measured the corresponding plasma levels to check whether endothelial alterations are
reflected in the animals’ circulation. Thrombomodulin was significantly upregulated 14 days after
bleomycin treatment, while ICAM-2 was significantly decreased. No changes were measured for other

markers (Figure 24).

INTEGRITY
CD31 VEGFR-2 VE-Cad Thbd ICAM-2
500 5.0 3 10.0
z s g B 5% & oo £ i
E Ié L] E 20 n o
52l 2 ° B g 40 £ |l d %o H 5 50
= & o} ol 8 2000 ea) e = oo 99 @ = 3 = X Q
3 ® . o L] 2 cogoo P * - 5 o oo
o 3 100! & 2 351080 gy ele = 25 C e
‘ » &
! 3.0 0 0.0
Saline | 3d  14d  21d ) Saline, 3d 14d 21d Saline (3d 14d 21d Saline | 3d 14d 21d | Saline (3d 14d 21d
Bleo Bleo Blea Blea Bleo
ACTIVATION
ICAM-1 VCAM-1 VWF P-Selectin Cxcl-1
5 3 4 120
g 7 # £ 2 g4
oo )
E S e um 5 & M 3° o .l @ A z @
S = ® £ o £ 2180 B =
=1 » 3, = % x ® =% T ® = H
= o E 2 oe * = !
7 iy B8 w» § 8 B, . P
- aoooo G & ootltes
Saline | 3d 14d 21d | Saline 3d 14d  21d | Saline |3d 14d  21d, Saline | 3d  14d 21d Saline (3d  14d 21d
Bleo Bleo Bleo Bleo Bleo

Figure 24: Changes of circulating endothelial cell markers over time in bleomycin-treated mice. Soluble levels of endothelial

integrity and activation markers measured by ELISA in plasma samples of mice treated with saline (n = 16) or mice three (n =

8), 14 (n = 7) or 21 (n = 12) days post bleomycin administration measured by ELISA. Kruskal Wallis test was performed. *:
p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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Discussion

The lung is spanned by an extensive vascular network. The thin endothelial lining forms the interface
between the blood circulation and the lung tissue, making it a central regulator of lung homeostasis.
The maintenance of this homeostasis relies on an optimized gas exchange and nutrient supply, but
also on other crucial endothelial functions. These functions include the control of vascular barrier
integrity, regulation of vascular tone and inflammation via immune cell recruitment and translocation
and finally managing coagulation and wound healing processes (129, 151). Abnormalities of one or
several of these functions are central to the pathogenesis of various pulmonary diseases, such as IPAH
and COPD and is manifested for example as hyper-permeability, leakage and edema formation,
vascular remodeling, chronic endothelial inflammation or hypercoagulability (104, 129, 151, 152).

The current work demonstrates, that the endothelium undergoes significant changes in PPF. This is
evident on a structural level in terms of change in shape and distribution as well as functionally in
terms of endothelial activation and barrier integrity and strength. Moreover, the vascular changes
were already evident during the development of the disease, as investigated in the bleomycin mouse

model of lung fibrosis.

COVID-19 and chronic lung diseases
At the onset of the COVID-19 pandemic, it was initially not known, whether patients suffering from

CLDs were at higher risk of facing severe infection. However, since it is known from literature, that for
example COPD patients are more susceptible to respiratory viruses, which account for approximately
50% of acute exacerbations in COPD patients (153), an association between CLD and critical COVID-19
disease was likely. Also IPF and IPAH were associated with poor outcomes of SARS-CoV2 infection,
severe complications during the infection and accelerated progression of CLD after the infection (154-
156). These observations however were limited by the fact that they were based only on few case
series and surveys back then.

Since then, numerous cohort studies have examined the impact of CLD on the progression of SARS-
CoV-2 infection, both prospectively and retrospectively. A Korean retrospective cohort study on 4610
COVID-19 patients revealed increased need for mechanical ventilation and intensive care in COPD
patients versus non-COPD controls (157). Moreover, COPD depicted an independent risk factor for all-
cause mortality in COVID-19 (157). Two other, even bigger studies, confirmed that COPD increases the
severity and mortality of SARS-CoV2 infection (158). The exact underlying molecular mechanisms are
poorly understood. Possible explanations suggest that common pathological features occurring in
COPD, such as compromised ventilation/hypoxia due to edema, vasoconstriction, and coagulation,
may be exacerbated by COVID-19 (135, 159). As mentioned above, bacterial and viral infections are

potent triggers of acute exacerbations in COPD-patients, as dampened innate and adaptive immune
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responses provoke reoccurrence and persistence of respiratory infections (160). We and others also
showed, that the entrance receptor ACE2 and other COVID-19 relevant mediators, such as TMPRSS2
are upregulated in the lungs of COPD patients on both, gene expression and protein level (134, 161-
164). Elevated ACE2 gene expression was positively correlated with increased FVC (%), indicating that
in non-infected COPD patients ACE2 is important to sustain better lung function. However, in parallel
COPD presents several potential mechanisms that may facilitate the easier entry and spread of SARS-
CoV-2.

On the other hand, linking IPF with increased susceptibility for and severity of COVID-19 remains
inconclusive. Although case reports from COVID-19 patients with pre-existing IPF suggested, that SARS-
CoV2 triggers acute exacerbation, a larger cohort could not confirm, that COVID-19 was directly
increasing mortality in those patients (165, 166). Another multicenter study suggested increased rate
of hospitalization, intensive care and mortality in IPF patients, however it did not include a control
group (167). Other smaller studies found increased progression to acute exacerbation and heightened
mortality rates in COVID-19 patients with pre-existing IPF (163, 168). Also studies on underlying
interaction-mechanisms between SARS-CoV2 and the epithelium in IPF lungs remain contradictory.
Our gene expression and immunohistochemical analysis of entrance proteins ACE2 and BSG and SARS-
CoV2 modifying proteins TMPRSS2 and Furin did not show any differences between donor or PF
transplant lungs. Yet another group reports significantly increased protein levels of the respective
molecules in IPF lungs (169).

ACE2 can be cleaved from the cell surface via ADAM17, a disintegrin and metallopeptidase (170).
Soluble ACE2 (sACE2) is increased in males and is associated with metabolic maladaptations, higher
risk for and severity of SARS-CoV2 infection and comorbidities, such as diabetes mellitus or
hypertension (171-173). Whether ACE2-shedding depicts a regulatory mechanism to prevent further
SARS-CoV2 spreading or whether it is even accelerating the viral spreading, remains under-
investigated. However, the soluble form of ACE2 keeps its’ SARS-CoV2 interaction site and can thus
form complexes with the virus (174). The administration of sACE2 protein led to increased binding of
SARS-CoV?2 virus particles in a mouse model of severe COVID-19 and thus alleviated the severity of
infection (175). Our measurement of sACE2 revealed significantly lower levels of the mediator in
plasma of both COPD and PF patients as compared to donor plasma. However, lowered circulatory
ACE2 was neither positively nor negatively correlated with any lung function parameter in COPD or PF.
Even today, four years after COVID-19 was declared a pandemic, studies in the field still cannot
definitively establish whether CLDs represent a specific risk factor for severe COVID-19 and increased
mortality. Larger studies with meticulously chosen patient cohorts would be necessary to address this

question.
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COVID-19, endotheliopathy and development of COVID-19-PF
Severe cases of acute COVID-19 demonstrated significant functional impairment/dysregulation and

partial destruction of the pulmonary endothelium (100, 106, 135). These manifestations might arise
both, directly via interaction with the virus and indirectly via the cytokine storm provoked by the virus.
The presence of the virus and the cytokine storm initiate vascular hyper-inflammation and
inflammasome activation, which in further consequence leads to loss of endothelial barrier structure,
damage of endothelial glycocalyx, increased immune cell recruitment and translocation, as well as
abnormal angiogenesis and hyper-coagulation (100, 106, 135). This provokes the impairment of central
endothelial functions and thus endothelial dysfunction (endotheliopathy), senescence and apoptosis
(100, 176). A hallmark of endothelial dysfunction and apoptosis is the release of circulating endothelial
cells (CECs) into the bloodstream (177). Clinically, levels of circulating CECs have been considered as a
valuable biomarker for assessing the presence and severity of COVID-19 (177). Moreover, the
extensive impairment of the endothelium results in a vast array of additional potential biomarkers.
The pulmonary endothelium of severely ill COVID-19 individuals exhibits increased gene expression
levels of cellular stressors (e.g. NO synthase-2), pro-inflammatory cytokines (e.g. IL-6, TNF-a) and
surface adhesion molecules (e.g. ICAM-1, VCAM-1), while genes involved barrier integrity (e.g. VE-
Cadherin, CD31, Thrombomodulin) are decreased (100, 178, 179). In line, our findings unveiled a
significant dysregulation of several endothelial markers implicated in vascular inflammation,
coagulation, integrity and angiogenesis (ICAM-1, vWF, VEGR-2) locally in the lungs of severely ill COVID-
19 patients (106). These results confirm the presence of endothelial inflammation and coagulation as
well as abnormal angiogenic activities, which have been observed in COVID-19 patients of various
disease severity (135). Moreover, activation markers vWF, VCAM-1 and E-selectin as well as integrity
molecule CD31 were found to be strongly increased in the patients circulation (106). Shedding of
activation markers is associated with a highly activated endothelium, while increased soluble CD31 is
reported to originate from apoptotic endothelial cells (15). Therefore, our results reflect significant
vascular inflammation as well as endothelial damage in COVID-19. The constant virus-mediated
endothelial injury and thus continuous vascular permeability and glycocalyx degradation enhances
edema formation in the airspaces as well as inflammatory cell entry into the parenchyma (100).

Concurrently we measured increased soluble levels of various cytokines, such as IL-6, IL-8, MCP-1, and
TNF-a (106), which have been implicated in the so-called "cytokine storm" as well as in endothelial
activation (96, 100, 179). Furthermore, we observed significant correlations between soluble vWF and
D-dimer, soluble P-selectin and fibrinogen, and soluble vWF and IL-8 (106). vWF and IL-8 are stored
together in the so-called Weibel-Palade bodies in ECs and get released in case of a "vascular
emergency” (180). Moreover, D-dimer, fibrinogen, IL-8, vVWF, and P-selectin are crucial components of

the coagulation cascade (181).
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Coagulopathy is a major complication in severe COVID-19. Coagulopathy involves a complex
interaction network between the coagulation cascade and the aberrantly activated immune system,
which is summed up as “immune-thrombosis” (96). Under physiological conditions, the endothelium
provides an anti-thrombotic surface, which prevents platelet activation via expression of e.g.
prostacyclin or NO and inhibits coagulation via thrombomodulin or tissue factor pathway inhibitor
(TFPI1) amongst others (107). Additionally, the endothelial glycocalyx provides anti-thrombotic heparin
sulfate (107). In the case of SARS-CoV2 infection, TFPI loses its’ function and thrombomodulin is shed
from the vascular surface, while pro-coagulant mediators, such as TF get upregulated (107). The
accompanying endothelial injury and degradation of the glycocalyx attract neutrophils, which are cells
of the very early immune response (107). As part of their mechanism of action, neutrophils undergo
programmed cell death, so called “NETosis”, which leads to the formation of web-like nets containing
DNA, histones, oxidant enzymes, complement factors as well as pro-coagulant mediators (107).
Elevated accumulation of active complement factors cause the release of those mediators from NETs
and induce platelet activation, P-selectin expression and release of pro-thrombotic factors from
platelets (107). Moreover, platelets are being activated by other factors, such as vVWF, IL-8 or TF (107).
Thus, heightened pro-coagulant activity (TF, vWF, Factor VIIl, complement), neutrophil recruitment
and NETosis, enhanced fibrinogen to fibrin turn-over via TF and impaired fibrinolysis cause
characteristic features of critical COVID-19, such as deep venous thrombosis, pulmonary
thromboembolism or arterial embolism (182).

A brief overview of mediators implicated in the COVID-19 — endotheliopathy is given in Figure 25.

ICAM-1, VCAM-1, E-selectin, CD31, vWF, IL-6,
MCP-1, IL-8, TNFa

Tissue Factor, vWF, Factor VIII, D-Dimer, P-
selectin, Fibrinogen

Markers of endothelial
dysfunction in COVID-19

Syndecan-1, Circulating endothelial cells,
VEGFR-2, VEGF-A, Neutrophils

Figure 25: Markers of endothelial dysfunction in COVID-19. Created with BioRender.com (Agreement number: XZ26HLC6EN).

The persistence of endothelial destruction in COVID-19 is further evident from the elevated plasma

levels of syndecan-1, a marker of glycocalyx shedding, in convalescent patients as compared to healthy
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individuals (100). Moreover, also CEC levels stay continuously elevated in convalescent patients (183).
Recently, it is becoming increasingly evident that patients, who experienced prolonged and unresolved
endothelial dysfunction after COVID-19 infection are predisposed to develop lung fibrosis (89). A
plethora of reports from the COVID-19 research field supports the central role of a dysregulated
endothelium in the establishment of a pro-fibrotic environment in the lungs of severe cases. Mediators
and pathways, which drive ILD-associated PPF, are also significantly upregulated in COVID-19
associated fibrosis. These include for example TGF-B (113), a central conductor in ILD-PPF, the WNT
signaling axis (114), which facilitates cell proliferation or the YAP/TAZ pathway (115, 116), which
activates fibroblasts. According to latest observations, COVID-19 associated PF closely resembles the
pathological phenotype of end-stage ILD-associated PF (112). COVID-19 associated PF shows a UIP
pattern, similar to most ILD-PPFs. Furthermore, parenchymal abnormalities typical for ILD-associated
PPF, such as ground glass opacities, septal thickening, traction bronchiectasis and honeycombing, can
be observed in 25% of severe COVID-19 cases one year after the infection (112). These observations

indeed suggest a role of a disrupted endothelium in the onset and progression of PF.

Endothelial cells in PPF
Observations from COVID-19 suggest a potential association between the loss of endothelial

homeostasis, the establishment of a pro-fibrotic milieu, and subsequent transition into parenchymal
remodeling. This evidence supports our hypothesis that the endothelium plays a central role in the
development and progression of PPF associated with chronic lung diseases, IPF or HP as well.

Vascular remodeling is frequently observed in PPF and follows a disease-specific pattern as compared
to vascular remodeling in COPD (22). More interestingly, the vascular remodeling can either go hand
in hand with the parenchymal remodeling or even precede PPF, as shown in the bleomycin mouse
model and the Fra-2 overexpressing/transgenic mouse model of Systemic Sclerosis associated ILD,
respectively (184-186). These observations nicely demonstrate that endothelial dysfunction is not
solely a phenomenon of end-stage disease. Moreover, pre-capillary anastomoses between the
systemic and pulmonary circulation have been observed in fibrotic lungs (24). These structural changes
are consistent with our observations from the ultrastructural transmission electron microscopy of PF
lung samples. Abnormally formed capillary endothelial cells in fibrotic lungs suggest, that structural
malformations apply not only to arteries and arterioles, but also the capillaries. In addition reports
describe a heterogeneous vascularization in the fibrotic lung, with fibrotic foci being completely devoid
of any vasculature (50, 187-190). This is accompanied by an imbalance of angiogenic mediators (e.g.
VEGF-A, IL-8 or PEDF) between heavy remodeled and normal areas of fibrotic lungs (56, 57). With our
staining of progressive PPF lung tissue, we could not confirm the heterogeneous vascularization, but

observed higher abundance in stronger remodeled lung areas. This could potentially be explained by
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the use of different endothelial markers. Reports so far are based on staining against endothelial CD34
and Thrombomodulin (50). We used the integrity markers CD31 and VE-Cadherin, which gave a
markedly stronger signal in PPF lung sections as compared to donors. This is in line with the increased
gene expression of both markers in the endothelial compartment, which was extracted from a publicly
available scRNA-seq dataset. Additionally, vWF was reported to be localized only to larger vessels with
small vessels and capillaries being devoid of vWF (50). We, on the other hand, observed a very strong
signal intensity for YWF not only in large vessels, but also capillaries and found a significant association
between vWF-positivity and collagen content. Of note, previous reports are based on the analysis of
lung fibrosis biopsy tissue, while for our analysis we used endstage transplant tissue. An increase of
vWF was also reported in immunohistochemical stained murine lung tissue two weeks and four weeks
after bleomycin administration as compared to control lungs, which is in line with our observations in
the fibrosis mouse model (191). This could indicate that capillaries undergo a phenotypic switch due
to the strong parenchymal distortion, resulting in a highly activated endothelium as the disease

progresses.

Dysregulation of endothelial activation in PF
Fibrotic lungs are characterized by immune cell infiltration and chronic inflammation (192). ECs play a

crucial role as conductors of immune responses by binding of immune cells and translocating them
from the circulation to the lung tissue (15). Different immune cells, including T-cells, B-cells,
macrophages and dendritic cells accumulate in fibrotic lungs adjacent to fibrotic foci and secrete both
pro-inflammatory (e.g. tumor necrosis factor (TNF)-a, interleukin (IL)-1B, interferon (IFN)-y) as well as
pro-fibrotic (e.g. IL-13, transforming growth factor (TGF)-B) mediators (192). In the bleomycin-induced
mouse model of fibrosis, ECs have been shown to facilitate increased macrophage and dendritic cell
recruitment throughout the course of the disease, which are subsequently establishing a pro-fibrotic
milieu by secreting large amounts of mediators such as TGF-B (191).

ECs isolated from fibrosis lungs showed a marked increase of vVWF gene expression in the presence of
inflammation mediators TNF-a or IFN-y, two important mediators in fibrotic lungs (143, 144, 193, 194).
Furthermore, those endothelial cells also demonstrated increased interaction with immune cells in the
presence of a pro-inflammatory environment. In line, the intensity of vWF in fibrosis lung tissue
sections correlated significantly with immune cell infiltrates. Therefore, one can hypothesize that the
heightened endothelial activation observed in PF results from their increased sensitivity to a pro-
inflammatory environment. Maladapted communication between ECs, immune cells and platelets
have been reported in PF (195). Pulmonary injury induced the recruitment and adhesion of platelets
in aged mouse lungs, which induce wound healing upon IL-1a secretion and macrophage recruitment

(195). However, aged lungs exhibited an abnormally regulated endothelial Neuropilin-1/hypoxia-
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inducible-factor2a (Hif2a) pathway, which inhibited anti-thrombotic endothelial protein C receptor
(EPCR) (195). PF, induced either by bleomycin or hydrochloric acid, led also to the inhibition of
endothelial chemokine receptor CXCR7, which suppressed alveolar regeneration and attracted a pro-
fibrotic, VEGFR-1-positive macrophage subpopulation (196). Moreover, reduced levels of natural killer
T (NKT) cells caused the attenuation of downstream signal transducer and activator of transcription
(STAT) 1-CXC motif chemokine ligand (CXCL) 9 signaling (197). The absent signaling axis between NKT
cells and ECs provoked heavy vascular remodeling in both, PF patients and bleomycin-treated mice
(197).

This suggests that the abnormally activated pulmonary endothelium can be put in the center of chronic

inflammation and fibrogenesis.

Dysregulation of endothelial barrier integrity in PF
It is very likely, that the pro-inflammatory milieu prevailing in fibrotic lungs is not only influencing the

activation status of the pulmonary endothelium, but also the vascular barrier integrity (15, 198-203).
PF has been postulated to be associated with increased vascular barrier breakdown/leakage (152). This
has been determined in human lungs based on the clearance rate of radio-labelled technetium-99m
diethylenetriamine pentaacetate (99mTc-DTPA) and of the contrast agent albumin-binding gadolinium
(65, 66). Both studies showed, that the alveolar-capillary permeability is already increased in early
disease stages and this was observed in both, remodeled and non-remodeled areas of patient’s lungs.
Moreover, a loss of junction marker VE-Cadherin was recently reported in the Fra2-overexpression
mouse model of SSc-ILD (184). In line, we measured a downregulation of several vascular barrier
markers in the time-course mouse model of bleomycin-induced lung fibrosis. Other research groups
reported alterations of different pathways and mediators involved in the regulation barrier integrity in
various animal models and patients. The levels of barrier enhancer sphingosine-1-phosphate (S1P)
have been shown to be elevated in the human and murine fibrotic lung tissue and broncho-alveolar
lavage fluid as well as in their systemic circulation (69, 204). Interruption of the downstream S1P — S1P
receptor (S1PR1) signaling axis attenuated barrier breakdown and parenchymal remodeling in the
bleomycin mouse model (68, 70). Similar results have been found in the human disease. Enhanced
gene expression levels of S1P kinase were significantly correlated with worse lung function and
mortality (70). Also studies dealing with other pathways implicated in vascular integrity (e.g. Ang-1 /
Ang-2 / Tie-2 signaling axis or VEGFR-2 / VEGF-A) indicate a significant association between increased
vascular permeability and enhanced disease progression and rapid loss of lung function (75-77).

In contrast to the above-mentioned reports on enhanced vascular permeability in lung fibrosis, we
observed a strongly elevated signal intensity of integrity markers VE-Cadherin and CD31 in fibrotic lung

tissue sections. Simultaneously, the gene expression of those markers as well as other integrity
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markers VEGFR-2 and Thrombomodulin was significantly decreased in the LH of fibrotic lungs. In
parallel in-vitro resistance measurements demonstrated a markedly decreased barrier strength in ECs
isolated from fibrosis lungs as compared to control ECs. This suggests that the markers may not be fully
functional or may be dysregulated in these contexts. Indeed, staining against VE-Cadherin in a HPAEC
monolayer in-vitro revealed noticeable differences in the cobblestone pattern and arrangement of
junctions between donor and disease. While in donors VE-Cadherin was distributed uniformly between
the HPAECs in the monolayer, fibrosis HPAECs exhibited uneven and disrupted junctions. The
significantly stronger intensity of vascular barrier markers on immunohistochemically stained lung
tissue sections could represent a "rescue" mechanism, where dysfunctional barrier molecules are
gathering together to maintain the impaired barrier. A functional impairment is further supported by
the results obtained from the in-vitro immune cell transmigration assay. Although we measured
increased counts of PMNLs adhered to fibrotic as compared to donor HPAEC monolayers, this was not
coming along with increased immune cell transmigration through the monolayer. This might indicate
that dysfunctional barrier molecules trap immune cells in their adhesion phase and prevent the

completion of immune cell diapedesis in the endstage of PF.

Biomarker research
All endothelial markers included in our study exist as either cell-associated or soluble forms. It was

shown in-vitro that the amount of circulatory activation markers correlated with the level of the
respective marker expressed on the EC surface after being exposed to pro-inflammatory TNF-a (82).
Thus shedding of activation markers results from increased inflammation and endothelial hyper-
activation. The shedding is facilitated by matrix metalloproteinases (MMPs) and disintegrin
metalloproteinases (ADAMs), two large protease families, which are central in tissue remodeling,
angiogenesis and wound healing. The levels of both proteinase groups are significantly elevated in the
lungs and blood of patients with PF and have been postulated as contributors to disease pathogenesis
(205-210).

Biomarkers significantly facilitate the diagnosis and prognosis of a disease, but none are available for
PPF so far (211). However, some studies have already suggested a role of adhesion molecules as
potential biomarkers. Poor progression-free survival, poor transplant-free survival and poor overall
survival was predicted in IPF based on soluble VCAM-1, ICAM-1 and IL-8. VCAM-1, ICAM-1 and P-
selectin have furthermore been associated with high pulmonary attenuation areas, lowered FVC and
increased hospitalization and mortality (86, 87). And an impaired diffusion capacity of the lung for
carbon monoxide (DLCO) significantly correlated with increased serum levels of ICAM-1 and ICAM-2

(88, 212). Other smaller studies have also been able to establish links between the elevated levels of
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EC markers and disease outcome and suggest blood profiling as a considerable approach in PF
diagnosis and prognosis (213).

In line with this, we can also report an imbalance of soluble EC markers in our PF patient cohorts.
Plasma analysis revealed a significant downregulation of circulatory VEGFR-2, VE-Cadherin and
Thrombomodulin, while vWF and IL-8 were significantly upregulated in endstage PF. It is claimed that
imbalances of soluble mediators become even more pronounced as the disease worsens. Thus
dysbalances correlate with the presence of acute exacerbations in PF patients. Elevated vVWF levels
have been associated with ARDS and endothelial injury in general and with emphysema and acute
exacerbations specifically in COPD patients (214, 215). In a mouse model of chronic carbon
tetrachloride induced liver fibrosis, vWF deficiency led to the attenuation of disease progression (216).
Thus, maintaining balanced levels of VWF could also represent a potential treatment option for

improving pulmonary fibrosis.

Alterations of the vascular compartment during lung fibrosis onset and progression
To investigate whether there were sequential changes in the EC compartment, we examined the

mouse model of bleomycin-induced lung fibrosis. The induction of experimental fibrosis is based on an
acute lung injury provoked by the administration of the chemotherapeutic antibiotic “bleomycin”
(217). Bleomycin induces an initial pro-inflammatory phase, followed by a strong elevation of pro-
fibrotic mediators approximately 7-9 days after the induction. The extent of lung fibrosis peaks around
day 14 after the initial bleomycin administration. Contrary to the human disease, in the bleomycin-
induced lung fibrosis model, the progression is relatively rapid and begins to resolve approximately 4
weeks after initiation without any intervention (150, 217). In our experimental setup, mice were
sacrificed 3, 14 or 21 days after intra-tracheally receiving a single dose of either saline or bleomycin.
This approach allowed analyzing vascular changes in the early injury and inflammatory phase (1 — 3d)
and during the late inflammatory and early to late fibrotic phase (7 - 21d) (150).

In contrast to our observations in the human disease, the gene expression of investigated barrier
markers was significantly downregulated already at disease onset. This was found in both whole
murine lungs and in the extracted endothelial cell population. While the gene expression of some
markers, like CD31, stabilized again over time, other markers, like Thrombomodulin, ICAM-2, VE-
Cadherin or VEGFR-2 were significantly downregulated also in the later time point. Simultaneously,
activation molecules P-selectin and CXCL1 (murine IL-8) were strongly elevated in the early phase of
disease and again stabilized as the disease progressed into late fibrosis and early resolution. This could
be attributed to the fact, that the acute lung injury triggered by bleomycin might have severe impact
on the vasculature and thus might not mirror the situation of the slowly and chronically progressing

human PF. Currently, various murine models of lung fibrosis are frequently used in the research field
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of PF. Although, lung fibrosis development is provoked by different substances, such as bleomycin,
asbestos or fluorescein isothiocyanate (FITC) or by adenovirus-mediated overexpression of TFG-B, all
models rely on an acute injury to the lung, which is commonly accompanied by vascular remodeling,
endothelial inflammation, leakage and coagulopathy (217-221). Thus, a murine model based on acute

injury and inflammation might not be the optimal model to study vascular activation and integrity.

Limitations of the study
Our study holds several limitations. First, we investigated our set of markers in a rather small and

heterogeneous cohort. Moreover, the presence of a variety of different comorbidities has to be taken
into consideration. Their presence as well as the treatment of apparent comorbidities could affect the
activation and integrity status of the endothelium and thus influence our findings. However, as all
included tissue originated from patients, who underwent lung transplantation, the generalizability of
the results is still given.

Furthermore, not all markers included in our investigated panel are specific to endothelium, but can
also be expressed by other cell populations, such as fibroblasts, immune cells or epithelium. Therefore,
gene expression results obtained from whole lung tissue analysis cannot be solely attributed to the
vascular compartment. Ideally, our in-vitro analysis would have also included capillary endothelial cells
isolated from the patients’ lungs. Presently we have not solved the problem of contaminating other
(micro- and macrovascular) endothelial cells and we state clearly that our findings obtained with the
patients’ arteriolar/mixed endothelial cells, may or may not reflect the behaviour of the capillaries.
To get better insights into the time-dependency of vascular alterations during disease onset and
progression, we included the mouse model of bleomycin-induced lung fibrosis. This model is well-
respected and commonly used by the research community. However, as it remains unclear whether,
or to what extent, the bleomycin mouse model represents the human IPF pathology, contradictory

findings with regard to endothelial activation and integrity have to be considered with caution.

Conclusion
The significant endothelial dysfunctions observed in COVID-19, along with the increasing number of

patients developing long-COVID associated PPF, strongly indicate a central role of the pulmonary
endothelium in the transition from a healthy to a fibrotic state. Cumulatively, by taking advantage of
the human lung transplant samples, as well as patients’ plasma, isolated pulmonary artery ECs and a
publicly microarray dataset of PPF, we report that ECs are also altered drastically with regard to
structure and function in ILD-associated PPF. We revealed swollen and lumen-obliterating, highly
activated ECs in fibrotic lungs. The endothelial hyper-activation was further corroborated by our in-

vitro analysis, which uncovered increased immune cell adhesion to fibrotic ECs.
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The vascular hyper-activation was associated with a pronounced dysfunction of endothelial integrity,
which was represented in a reduced barrier strength as well as loss of the typical endothelial
cobblestone structure in-vitro.

In conclusion, our data show that the pulmonary endothelium is affected in the course of PPF.
Moreover, the changes have an essential temporal and spatial dimension during pathogenesis.
Whether maladapted endothelial-related functions belong to the main triggers of PPF or rather fuel
the fibrogenic process in its later stage, remains unknown. Detailed functional experiments are
warranted to elucidate the connection between progressive fibrosis and aberrant EC communication
and function. Concentrating on gaining a better understanding of the maladapted endothelial niche

could represent a milestone in the development of novel and effective anti-fibrotic therapies.
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