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Abstract 1 

Abstract 

Background: Accumulating evidence points to an ambiguous role of autophagy activa-

tion in the development of pulmonary hypertension (PH). Here, we speculate that autoph-

agy activation may induce differential responses in macro- and micro-vascular endothelial 

cells, resulting in the proliferation of pulmonary artery endothelial cells (PAEC) and au-

tophagic cell death of microvascular endothelial cells (MVEC). Thus, proliferating PAEC 

may replace MVEC in pulmonary precapillary arterioles, driving small vessel musculari-

zation and the development of PH. 

Methods: Proliferative and apoptotic states were evaluated by ki67 and cleaved caspase 

3 (Cl-Cas3) immunostaining, respectively, in human and rat PAEC and MVEC, and in 

precision cut lung slices (PCLS) of wild-type (WT) mice or mice with an endothelial-specific 

autophagy related gene 7 deletion (Atg7EN-KO). To probe for replacement of MVEC by PAEC, 

we discriminated between PAEC as Weibel-Palade body positive (WPbs+) endothelial 

cells (ECs) by transmission electron microscopy (TEM) and Griffonia simplicifolia positive 

(GS+) MVEC by immunofluorescence. Right heart hemodynamics and hypertrophy were 

quantified by right ventricular systolic pressure (RVSP) and Fulton index measurements, 

respectively. Vascular muscularization was quantified by immunohistostaining of α-actin.  
Results: Immunostaining results, both in vitro and in vivo, revealed an increased prolif-

eration of PAEC and apoptosis of MVEC under hypoxia as compared to normoxia. These 

distinct responses were prevented in hypoxic Atg7EN-KO mice, with reduced proliferation 

in PAEC and inhibited apoptosis of MVEC compared to hypoxic WT mice. Chronic hy-

poxia increased the abundance of WPbs+ PAEC and decreased GS+ MVEC in precapil-

lary arterioles, suggesting that MVEC were replaced by PAEC, while this phenomenon 

was reversed in hypoxic Atg7EN-KO mice. Conditioned medium from hypoxic PAEC, not 

MVEC, stimulated smooth muscle cell (SMC) proliferation and migration. Chronic hypoxia 

resulted in elevated RVSP, Fulton index, and distal vessel muscularization in WT mice 

that was attenuated in Atg7EN-KO mice.  

Conclusion: Hypoxia-induced autophagy activation in parallel promotes PAEC prolifer-

ation and MVEC apoptosis. These antithetical responses to autophagy cause proliferative 

PAEC to replace MVEC in small pulmonary arterioles, promoting SMC proliferation and 

migration, ultimately driving distal vessel muscularization and the development of PH. 
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Zusammenfassung 

Hintergrund: Zahlreiche Hinweise deuten auf eine relevante Autophagie-Aktivierung bei 

der Entwicklung der pulmonalen Hypertonie (PH) hin; deren Rolle ist bislang aber unklar. 

Hier spekulieren wir, dass die Autophagie-Aktivierung unterschiedliche Reaktionen in 

makro- und mikrovaskulären Endothelzellen auslösen könnte, was zur Proliferation von 

Lungenarterien-Endothelzellen (PAEC) und zum autophagischen Zelltod von 

mikrovaskulären Endothelzellen (MVEC) führt. Somit könnten proliferierende PAEC die 

MVEC in den pulmonalen präkapillären Arteriolen ersetzen und so die Muskularisierung 

der kleinen Gefäße und die Entwicklung der PH befördern. 

Methoden: Zellproliferation und -apoptose wurden durch ki67- bzw. Cl-Cas3-

Immunfärbung in PAEC und MVEC von Mensch und Ratte sowie in 

präzisionsgeschnittenen Lungenschnitten (PCLS) von Wildtyp-Mäusen (WT) oder 

Mäusen mit einer endothelspezifischen Deletion des Autophagie-Gens Atg7 (Atg7EN-KO) 

untersucht. Um den Ersatz von MVEC durch PAEC zu untersuchen, identifizierten wir 

PAEC mittels Transmissionselektronenmikroskopie (TEM) als Weibel-Palade 

Körperchen positive (WPbs+) Endothelzellen (ECs) und MVEC mittels Immunfluoreszenz 

als Griffonia simplicifolia positive (GS+) EC. Hämodynamik und Hypertrophie des rechten 

Herzens wurden durch Messung des systolischen Drucks der rechten Herzkammer 

(RVSP) bzw. des Fulton-Index quantifiziert. Die vaskuläre Muskularisierung der Lunge 

wurde durch Immunhistologische Färbung von α-Actin quantifiziert.  

Ergebnisse: Die Ergebnisse der Immunfärbungen in vitro als auch in vivo zeigten eine 

erhöhte Proliferation von PAEC und die Apoptose von MVEC unter Hypoxie im Vergleich 

zu Normoxie. Diese Reaktionen waren bei hypoxischen Atg7EN-KO-Mäusen vermindert, 

insofern dass die Proliferation von PAEC reduziert und die Apoptose von MVEC im 

Vergleich zu hypoxischen WT-Mäusen gehemmt waren. Chronische Hypoxie erhöhte das 

Vorkommen von WPbs+ PAEC und verringerte die Zahl GS+ MVEC in präkapillären 

Arteriolen. Dies weist darauf hin, dass MVEC durch PAEC ersetzt wurden. Hingegen war 

dieses Phänomen bei hypoxischen Atg7EN-KO-Mäusen umgekehrt. Konditioniertes 

Medium von hypoxischen PAEC, nicht aber solches von MVEC, stimulierte die 

Proliferation und Migration von glatten Muskelzellen (SMC). Chronische Hypoxie führte 

bei WT-Mäusen zu einem erhöhtem RVSP, einem Anstieg des Fulton-Index und distaler 
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Gefäßmuskularisierung, diese Veränderungen waren bei Atg7EN-KO-Mäusen 

abgeschwächt.  

Schlussfolgerung: Hypoxie-induzierte Autophagie-Aktivierung fördert parallel die 

Proliferation von PAEC und die Apoptose von MVEC. Diese gegensätzlichen Reaktionen 

auf Autophagie führen dazu, dass proliferative PAEC die MVEC in den kleinen 

Lungenarteriolen ersetzen, wodurch die SMC-Proliferation und -Migration gefördert wird, 

was letztlich zur Muskularisierung der distalen Gefäße und zur Entwicklung einer PH führt. 
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1. Introduction 

Pulmonary hypertension is a general term encompassing a heterogeneous group of life-

threatening cardiopulmonary diseases, defined by a mean pulmonary arterial pressure 

(mPAP) exceeding 20 mmHg at rest1. The 2022 ESC/ERS Guidelines for the diagnosis 

and treatment of PH classify PH as follows: 1) pulmonary arterial hypertension (PAH); 2) 

PH associated with left heart disease; 3) PH associated with lung diseases and/or hypoxia; 

4) PH associated with pulmonary artery obstructions; 5) PH with unclear and/or multifac-

torial mechanisms1. PH commonly presents with a series of symptoms, e.g., dyspnea, 

fatigue, and chest pain, at a rather late stage of the disease when detrimental remodeling 

in the lung and of the RV has already progressed extensively. This can ultimately lead to 

advanced right ventricular failure and death, with an estimated mean 5-year mortality be-

tween 33.3% and 46% depending on PH subtype2. Current existing therapies for PH, 

such as prostacyclin analogues or endothelin receptor antagonists, target specific molec-

ular pathways involved in regulating vascular tone and pulmonary vascular resistance. 

Although these medications can help improve symptoms and slow down disease pro-

gression, they do not specifically address or reverse pulmonary vascular remodeling in 

PH, and as such, are not able to reverse the disease process. As a result, there is still a 

dire need for novel therapies that directly target and modulate the remodeling process to 

further improve outcomes in patients with PH. 

1.1 Pulmonary hypertension 

1.1.1 Vascular remodeling in PH 

Pulmonary vascular remodeling constitutes a pivotal structural alteration in the pathogen-

esis of pulmonary hypertension (PH) and encompasses a complex array of maladaptive 

processes. These processes include the hypertrophy of the vascular media and intima, 

muscularization of small vessels, and the formation of plexiform lesions, specifically ob-

served in idiopathic pulmonary arterial hypertension (IPAH)3. Consequently, these 

changes culminate in the narrowing or complete occlusion of the effective vascular lumen, 

primarily affecting the small precapillary arterioles. In healthy lungs, fully-muscularized 

pulmonary arteries and arterioles are predominantly confined to pulmonary arteries larger 

than 40 µm in diameter, while smaller arterioles are not or only partially muscularized4. In 
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PH, however, distal pulmonary arterioles with < 50 µm in diameter become progressively 

muscularized with a thickened media, a process considered critical for the characteristic 

alteration in pulmonary hemodynamics in PH5,6. Studies aimed at understanding the pro-

cess of small vessel muscularization have mainly focused on pulmonary arterial smooth 

muscle cells (PASMC). In contrast, the role of the vascular endothelium in this process 

has been sparsely addressed, although endothelial dysfunction constitutes an important 

initial trigger of structural changes in the vasculature 7.  

1.1.2 Endothelial dysfunction in PH 

Endothelial cell (EC) dysfunction is a critical pathophysiological characteristic in pulmo-

nary hypertension (PH). EC form a monolayer along the inner surface of blood vessels 

and play a crucial role in regulating vascular tone, coagulation and immune cell trafficking, 

in maintaining vascular barrier function, and in the control of blood flow. However, in PH, 

various environmental stressors, including hypoxia, inflammation, and shear stress, can 

lead to damage and dysfunction of EC, serving as early triggers for lung vascular remod-

eling. Dysfunctional EC in PH are characterized by an inability to balance vasodilation 

and contraction, by dysregulated growth factor production, and by impaired homeostasis 

of EC apoptosis and proliferation. In particular, the latter has been proposed as a driver 

of lung vascular remodeling in PH8.  

Over the past decade, multiple lines of evidence from various animal models of PH and 

IPAH patients have consistently shown an increase in apoptosis of pulmonary EC in PH9-

11. Notably, the occurrence of EC apoptosis is detected as early as the third day following 

monocrotaline (MCT) injection in rats9, while peak levels of apoptotic EC are observed on 

the seventh day after initiating the exposure of mice to hypoxia or a combination of the 

VEGF receptor antagonist Sugen5416 with hypoxia (SuHx)12. These findings strongly 

suggest that EC apoptosis is predominantly an early event in PH pathogenesis.  

In line with this notion, apoptosis has been considered an initial trigger event in PH. As 

reported by Taraseviciene-Stewart and colleagues, the use of a pan-caspase inhibitor, Z-

Asp-CH2-DCB, decreased caspase 3 activity and alleviated right ventricular systolic pres-

sure (RVSP) as well as distal arteriolar muscularization in the SuHx rat model11. This 
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indicates that inhibiting apoptosis can effectively prevent the development of PH. Con-

versely, transgenic mice expressing a Fas-induced apoptosis construct under the regu-

lation of the EC-specific Tie2 promoter develop EC apoptosis, which in turn results in the 

subsequent development of pulmonary hypertension (PH)13. Hence, EC apoptosis is not 

only required but sufficient to drive PH development.  

Alongside endothelial apoptosis, however, PH is also characterized by both intimal thick-

ening and excessive EC proliferation12. Plexiform lesions in lung samples from IPAH pa-

tients have been reported to exhibit monoclonal growth of ECs14. Disordered endothelial 

proliferation is also thought to underlie the formation of plexiform lesions, which are a 

pathognomonic morphological feature of severe idiopathic PAH15. In accordance with this 

view, cultured pulmonary ECs isolated from IPAH patients showed augmented prolifera-

tion as compared to ECs isolated from healthy donors16, and lung biopsies from PH pa-

tients expressed high levels of the anti-apoptotic protein Bcl-217. In the SuHx rat model, 

inhibition of Notch signaling, which promotes pulmonary artery endothelial cell (PAEC) 

proliferation through downregulation of P21 expression, significantly ameliorated right 

ventricular dysfunction18, further consolidating the functional relevance of endothelial pro-

liferation in PH.  

Interestingly, in chronic hypoxic and SuHx murine models, EC apoptosis reaches its peak 

on the seventh day, while EC proliferation gradually increases over the subsequent three 

weeks12. The paradoxical coexistence of EC apoptosis and proliferation in PH has been 

attributed to the notion that early EC apoptosis is followed by the subsequent emergence 

of anti-apoptotic and over-proliferative EC, which then propagate pulmonary vascular re-

modeling19. However, there is still no direct evidence to validate the sequential or causal 

relationship between EC apoptosis and proliferation in PH, due to the lack of reporter 

mice allowing the monitoring of apoptotic and proliferative EC in real time as well as due 

to the lack of non-invasive techniques for long-term dynamic observation of ECs in vivo. 

More notably, the mechanisms underlying the differential fate of EC, with some cells un-

dergoing apoptosis and others becoming apoptosis-resistant and hyperproliferative, re-

main largely unclear. Recently, a series of single cell sequencing (scRNA-seq) studies 

have unveiled a remarkable heterogeneity of transcriptome changes among different pul-

monary EC subtypes in response to PH20-22. These findings raise an intriguing possibility, 
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namely that the parallel presence of apoptotic and proliferative ECs in PH could be at-

tributable to distinct EC subtypes. 

1.1.3 Lung EC heterogeneity in PH 

EC line the inner surface of blood vessels and lymphatic vessels in all organs. Although 

EC share some common functions, such as the maintenance of vascular barrier function 

as well as the balance between coagulation and anticoagulation, EC exhibit remarkable 

heterogeneity in terms of cell morphology, function, and molecular profiles23,24. For in-

stance, brain capillaries exhibit a highly selective barrier property, while glomerular ECs 

are characterized by a high level of filtration23,25,26. EC in the linear segments of arteries, 

but not in veins, are aligned in the direction of blood flow24. EC are heterogeneous be-

tween different organs, different vascular segments in the identical organ, and even 

among adjacent ECs. A recent scRNA-seq study revealed two distinct subtypes of lung 

MVEC, namely aerocyte and general capillary EC (gCap)27. Although both subtypes are 

distributed within the pulmonary microvasculature, aerocytes play a primary role in gas 

exchange and leukocyte trafficking, whereas gCaps proliferate and can differentiate into 

aerocytes to replenish the loss of aerocytes in cases of injury.  

In this study, we mainly focused on EC subtypes lining the distal pulmonary arterioles and 

the pulmonary microvasculature. This focus was motivated by the fact that the primary 

pulmonary vascular lesions in PH are distal arteriole muscularization and microvascular 

rarefaction28. There are two distinct EC subtypes in this region: pulmonary arteries with 

inner diameters of > 60 µm are covered primarily by PAEC, while vessels less than 20 

µm in diameter are predominantly covered by MVEC, with vessel diameters between 60 

and 20 µm exhibiting a mixed endothelial phenotype. This region is accordingly referred 

to as the “transition zone” 29. It was previously recognized that PAEC and MVEC differ 

remarkably not only in terms of their localization, but also in their origin, structure, function, 

and specific markers25. PAEC are derived from the pulmonary trunk through angiogenesis, 

while MVEC originate from blood islands by vasculogenesis. In terms of their functional 

characteristics, PAEC and MVEC differ in terms of their barrier function (with MVEC being 

more restrictive to protein and water flux as compared to PAEC), nitric oxide production 

(MVEC < PAEC), responses to mechanical stress, and their Ca2+ response to different 

stimuli30-33. Rat PAEC and MVEC can be differentiated based on lectin staining of the 
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sugar residues expressed on their plasma membrane surface, in that rat PAEC stain pos-

itively with Helix pomatia lectin but not Griffonia simplicifolia, whereas rat MVEC show the 

opposite staining pattern29,30. Furthermore, the cytosolic organelles of PAEC and MVEC 

differ, with PAEC containing Weibel-Palade bodies (WPbs) while they are lacking in 

MVEC34. At the transcriptome level, recent scRNA-seq studies have revealed a remark-

able difference in up- and down-regulated genes and gene ontology (GO) terms between 

PAEC and MVEC in PH animal models and IPAH patients20-22. However, the specific roles 

and fate of these distinct phenotypes within the context of PH, as well as the cellular 

signaling pathways that underlie differential responses of EC subsets in PH, have yet to 

be investigated. 

1.2 Autophagy in PH 

A potential underlying pathway that may contribute to the differential responses of EC in 

PH is autophagy. This hypothesis is primarily supported by two rationales: first, numerous 

studies have demonstrated an upregulation of autophagic flux in lung tissues of individu-

als with pulmonary hypertension; and second, autophagy plays a crucial regulatory role 

in determining cell survival versus cell death. In the following sections, I will provide a 

detailed introduction to autophagy and its potential role in PH. 

1.2.1 Autophagy as a regulator of cell death and survival 

Over the past decade, autophagy has garnered significant attention as a fundamental 

process in the regulation of cellular homeostasis and in the pathogenesis of numerous 

human diseases. Autophagy is a physiological cellular process by which unused cyto-

plasmic proteins and damaged organelles are degraded and recycled through a lyso-

some-dependent degradation pathway35. In brief, redundant or defective proteins and or-

ganelles are gradually encapsulated by the initiation and elongation of a bilayer mem-

brane (the so called “phagophore”), eventually leading to vesiculation (the “autophago-

some”) and subsequent fusion with lysosomes for degradation (the “autophagolyso-

some”) (Figure 1). Autophagy is primarily regulated by a group of autophagy-related 

genes (ATGs) and their corresponding gene products, of which 27 have been identified 

thus far35.  These ATGs participate in the formation of two ubiquitin-like conjugate sys-

tems, namely the ATG5-12 system and the ATG8 system (known as LC3-I in mammals) 

(Figure 1). The ATG5-12 conjugate system facilitates autophagosome formation, while 
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the ATG8 system is responsible for autophagosome expansion, closure, and cargo deg-

radation36. Of importance, both conjugation systems are critically reliant on ATG7. Under 

physiological conditions, starvation or energy depletion upregulates autophagy by inhib-

iting the mammalian target of rapamycin (mTOR) pathway and the consequent disinhibi-

tion of the mammalian uncoordinated-51-like protein kinase (ULK1/2) complex37. Activa-

tion of the ULK1/2 complex triggers the activation of Beclin-1, which, in turn, promotes 

phagosome formation. 

Autophagy serves as a cell survival mechanism in response to environmental stress by 

recycling unused proteins and organelles, providing energy resources, and inhibiting 

apoptosis and necrosis37. However, it is important to note that excessive activation of 

autophagy can also lead to autophagic cell death (ACD) or necrosis38,39. The specific 

outcome of autophagy, namely whether it is cytoprotective40 or lethal39, depends on var-

ious factors such as the specific stimulus, cell type, intracellular metabolic activity, and 

extracellular nutrient supply. Consequently, autophagy acts as a double-edged sword in 

the regulation of cell death versus survival41.  

 

Figure 1. Diagram of autophagy pathway. Autophagy is upregulated by starvation or energy depletion 

via inhibition of the mammalian target of rapamycin complex 1 (mTORC1) and consequential disinhibition 

of the mammalian uncoordinated-51-like protein kinase (ULK1/2) complex. The ULK1/2 complex, in turn, 

activates Beclin-1, which drives the formation of the isolation membrane. Autophagy is regulated by a set 

of so far 27 identified autophagy-related genes (ATGs) and gene products forming 2 sequential conjugate 

systems, named ATG5-12 and ATG8 (known as LC3-I in mammals), respectively. Both systems are reliant 

on ATG7. The cargo adaptor protein p62 binds to ubiquitinated substrates and interfaces with LC3-II on the 
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autophagosome membrane, facilitating the fusion of the autophagosome with the lysosome, culminating in 

substrate degradation within the autolysosome. 

 

1.2.2 Autophagy in PH 

Recent studies have provided emerging insights into the activation of autophagy in EC 

and SMC in patients with PH and in corresponding animal models42-45. Elevated expres-

sion of microtubule-associated protein-1 light chain-3B (LC3B) and an increased ratio of 

LC3B-II over LC3B-I have been detected by Western blot in the lungs of PH patients and 

chronic hypoxic PH mice, indicating autophagy activation. However, seemingly contra-

dictory findings have been reported regarding the role of autophagy in PH. For instance, 

inhibition of autophagy by chloroquine has been shown to attenuate monocrotaline-in-

duced PH in rats42. Similarly, inhibition of the autophagy pathway by activation of mTOR 

has been demonstrated to attenuate hypoxia-induced proliferation of PAEC and the pro-

gression of PH46. Conversely, however, chronic hypoxic LC3B knockout mice have been 

found to exhibit more severe PH compared to wild-type mice, suggesting a protective role 

of autophagy43. Such seemingly paradoxical results may be attributable to cell-specific 

roles of autophagy and the previous inability of pharmacological interventions or global 

knockout models to target autophagy activation or inhibition in a cell type-specific manner, 

particularly in EC and PASMC. As such, the mechanisms by which autophagy determines 

the fate of different cell types and how autophagy activation in individual cell subtypes 

affects the progression of PH remain unclear.  

1.3 Central hypothesis 

In this study, we hypothesize that hypoxia induces the activation of autophagy in both PAEC 

and MVEC. However, activation of autophagy may stimulate pro-survival and proliferative 

responses in PAEC, while MVEC undergo autophagic cell death. As a result, hyperprolif-

erative PAEC would gradually replace apoptotic MVEC in the precapillary transition zone 

of the pulmonary vasculature, i.e., in the distal arterioles which, in the healthy lung, con-

tain both PAEC and MVEC. Additionally, autophagy-activated PAEC may release growth 

factors that stimulate SMC migration and proliferation. Consequently, SMC would migrate 

and progressively populate the small microvessels, which would be now predominantly 

lined by PAEC instead of MVEC. This process eventually leads to small vessel muscu-

larization and the development of PH. 
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Figure 2. Schematic illustration of the novel concept of distal vessel muscularization in PH. In 

healthy lungs, PAEC cover larger (> 60 µm diameter) pulmonary arteries and arterioles, while microvessels 

and precapillaries <20 μm are populated by MVEC, and vessels with diameters between 20-60 μm show 

mixed EC subtypes. Following stimulation with PH triggers such as hypoxia, autophagy is induced in both 

endothelial cell subtypes, yet while PAEC begin to hyperproliferate in response to autophagic stress, MVEC 

undergo autophagic cell death. This differential response results in the invasion of PAEC into distal pulmo-

nary microvessels where they replace MVEC. Secretion of growth factors by PAEC stimulates SMC prolif-

eration and guides their migration into precapillary arterioles, resulting in distal vessel muscularization and 

the development of PH. 
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2. Methods 

2.1 Animals 

All animal experiments were performed at the Charité-Universitätsmedizin Berlin and ap-

proved by the local government authorities (LAGeSo Berlin) under animal protocol num-

ber G0066/19. All animal experiments conformed to the Guide for the Care and Use of 

Laboratory Animals published in 1996 by the US National Institutes of Health (NIH Publi-

cation No. 85-23) as well as Directive 2010/63/EU of the European Parliament on the 

protection of animals used for scientific purposes. In all experiments, 8-10-week-old male 

mice of a C57BL/6 background were used. Mice were housed in enriched cages, limited 

to 4 mice each, on ventilated racks under a controlled 12 hr/12 hr light-dark cycle. 

To evaluate the role of autophagy in EC and SMC for the development of PH, we gener-

ated mice with an EC-specific or SMC-specific knockout of the core autophagy gene Atg7 

by crossing Atg7flox/- mice47,48 with mice expressing the Cre recombinase under control of 

either the VE-cadherin promoter (Cdh5-Cretg/+)49 or the Sm22α promoter (Sm22α-

Cretg/+)50, respectively. Atg7flox/flox; Cdh5-Cretg/+ and Atg7flox/flox; Sm22α-Cretg/+ mice were 

used as EC-(Atg7EN-KO) and SMC-(Atg7SMC-KO) specific Atg7 knockout mice, with 

Atg7flox/flox; Cdh5-Cre-/- (Atg7EN-WT) and Atg7flox/flox; Sm22α-Cre-/- (Atg7SMC-WT) mice serving 

as corresponding controls. Homozygous GFP-LC3 transgenic mice51 were utilized to 

evaluate autophagic flux in EC, as measured by counting GFP+ punctate signals by fluo-

rescence microscopy. Ear biopsies were collected for genotyping by PCR.   

All mouse strains were either exposed to 10% oxygen for 5 weeks to induce chronic hy-

poxic PH, or to 21% oxygen as normoxic controls.  

2.2 Pulmonary hemodynamics and right ventricular hypertrophy 

The measurements of right ventricular hemodynamics and hypertrophy in chronic hypoxic 

mice have been described previously52. Briefly, mice were anesthetized by intraperitoneal 

injection of ketamine (200mg/kg) and xylazine (10mg/kg). Adequate depth of anesthesia 

was confirmed by checking the absence of the inter-toe reflex. To measure right ventric-

ular systolic pressure (RVSP), a 1F Millar Micro-Tip Catheter (SPR-1000; Millar, Houston, 

TX) linked to a PowerLab data acquisition system was introduced into the right ventricle 

(RV) via the jugular vein, and a steady RV pressure signal was recorded for at least 2 
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minutes with LabChart 8 software (ADInstruments, Australia). Immediately after the hae-

modynamic measurements, mice were sacrificed by exsanguination using a cardiac 

puncture. The heart was removed and dissected into the RV and the left ventricle includ-

ing the septum (LV+S) to determine the Fulton index, a weight ratio of RV/(LV+S) as a 

measure of RV hypertrophy. 

2.3 Immunofluorescence and histology of lung sections 

2.3.1 Precision cut lung slices 

Precision cut lung slices (PCLS) present an effective ex vivo tool for maintaining cellular 

viability and lung structural integrity in lung sections of 100-500 μm thickness53. Here, 

PCLS was used for differentiating EC subtypes by lectin staining and evaluating au-

tophagic flux in the lungs of GFP-LC3 transgenic mice. PCLS was generated from lungs 

perfused in situ, as described before54,55. In short, Hank’s balanced salt solution (HBSS; 

Gibco, REF14025; Waltham, MA) containing 4% bovine serum albumin (BSA, Roth, 

Karlsruhe, Germany) was perfused in situ into murine lungs through a cannula introduced 

into the main pulmonary artery (PA) and eventually exited through a catheter inserted into 

the apex of the left ventricle. Subsequently, the perfusion was changed to pre-warmed 6% 

gelatin (AppliChem, Darmstadt, Germany) for 5 min, and lungs were inflated by slow in-

jection of 1.5 mL of pre-warmed 2% low-melting-point agarose (Roth, Karlsruhe, Ger-

many) in HBSS via the tracheal cannula. Lungs were excised and cooled at 4°C for 15 

min. The left lung lobe was isolated and temporarily stored in ice-cold 10% fetal bovine 

serum (FBS, PAN-Biotech, Germany) diluted by Dulbecco's Modified Eagle Medium 

(DMEM; Gibco, REF31053; USA) and subsequently sectioned into 120 μm thick PCLS 

using a vibratome system (Leica VT1200, Wetzlar, Germany). The collected PCLS were 

either directly immunostained or cultured in 10% FBS/DMEM at 37°C and 5% CO2 in 24-

well plates for three days with a daily medium change. 

2.3.2 Fluorescence imaging of PCLS 

To distinguish PAEC from MVEC, PCLS were stained with von Willebrand factor (vWF) 

as a pan-EC marker and Alexa Fluor 647-conjugated isolectin Griffonia simplicifolia IB4 

(GS-IB4), which specifically labels MVEC but not PAEC56. In brief, PCLS were incubated 

with GS-IB4 (0.5 μg/mL; InvitrogenTM, Carlsbad, CA) at 37°C for 15 min, then rinsed three 

times with DMEM. PCLS were sequentially fixed with 4% paraformaldehyde (PFA; Roth, 
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Karlsruhe, Germany) for 20 min, washed three times with PBS, then incubated with PBTB 

solution (0.2% Triton X-100, 5% normal goat serum, 0.2% BSA in PBS) for 1 h for per-

meabilization and blocking, and eventually incubated with primary antibody at 4°C over-

night. The primary antibodies and respective dilutions applied for immunostaining of 

PCLS as well as lung histological sections were as follows: anti-PECAM-1 (1:400; mouse 

monoclonal; #sc-376764, Santa Cruz, CA), anti-Ki67 (1:1000; rabbit polyclonal; 

#ab15580, Abcam, Cambridge, UK), anti-cleaved-caspase 3 (Cl-Cas3; 1:400; rabbit pol-

yclonal; #9661, Cell Signaling, Danvers, MA), anti-von Willebrand factor (vWF; 1:400; 

rabbit polyclonal; Sigma-Aldrich, #F3520, Burlington, MA). After incubation with primary 

antibodies, PCLS were washed 3x with PBS, followed by incubation with fluorescent dye-

conjugated secondary antibodies at room temperature (RT) for 1 h and again 3x washing 

in PBS. The secondary antibodies were: Alexa FluorTM 488 goat anti-rabbit antibody 

(1:800; A11034); Alexa FluorTM 568 goat anti-rabbit antibody (1:800; A11011); Alexa 

FluorTM 488 goat anti-mouse antibody (1:800; #A11001); Alexa FluorTM 568 goat anti-

mouse antibody (1:800; #A-11004; all InvitrogenTM, Carlsbad, CA). Stained PCLS were 

placed and gently flattened on glass slides and mounted using Fluoromount-GTM with 

DAPI (InvitrogenTM, Carlsbad, CA). PCLS were imaged by confocal microscopy (upright 

spinning disk CSU-X on a Nikon Ti2 base; Nikon Instruments, Tokyo, Japan), and Z-

stacks were recorded for 3-dimensional vascular reconstruction.  

To assess cell type-specific changes in autophagic flux in response to hypoxia, PCLS 

from GFP-LC3 transgenic mice were incubated under hypoxia (1% O2) or normoxia (21% 

O2) for 24 h in the presence of 20 nMol/L bafilomycin A1 (BafA1, AdipoGen, San Diego, 

CA) to preserve autophagosomes for subsequent imaging of GFP fluorescence with EC 

counterstained for vWF. 

In a subset of experiments, PCLS were imaged continuously over 48 h. After washing 

with pre-warmed PBS, PCLS were stained with GS-IB4 (1:1000), Alexa FluorTM 488-anti-

CD31 (1:200; InvitrogenTM, # MA5-18135, Carlsbad, CA), and Hoechst 33342 (1:1000; 

InvitrogenTM, # 62249, Carlsbad, CA) in ECGMMV for 1.5 hours at 37°C. Following an-

other round of washing, PCLS were placed in a 10 mm2 dish and gently covered with a 

40 µm cell strainer (BD #352340, NJ). PCLS were cultured in 3 ml ECGMMV containing 

3x penicillin/streptomycin, and were kept in an incubator (37 degrees, 1% O2, 5% CO2) 

on an EVOS fluorescence microscope. Images were captured every 5 min for 2 days. 

Time-series images were analyzed using ImageJ software. 



Methods 15 

2.3.3 Histological assessment of lung sections 

Pulmonary arteriolar muscularization was assessed as described before57,58. In brief, 

lungs were harvested from euthanized mice, gently inflated with 1.6 ml room air, and fixed 

in 4% PFA for 24 h. Lung lobes were embedded in paraffin and sectioned at a thickness 

of 5 μm. Paraffin-embedded slices were dewaxed with xylene and then successively im-

mersed in 100%, 95%, 70%, and 50% ethanol for 3 min each. Samples were boiled in 

Tris-EDTA buffer for 10 min in a microwave oven at 600 W, followed by cooling for 20 

min. After rinsing in PBS for 5 min, slices were blocked with PBTB solution at RT for 1 h, 

and subsequently incubated with primary anti-α-smooth muscle actin (α-SMA) antibody 

(1: 400; mouse monoclonal; Sigma-Aldrich, Burlington, MA) in PBTB at 4°C overnight.  

After washing three times with PBS for 5 min each, samples were incubated with a horse 

radish peroxidase-conjugated goat anti-mouse IgG secondary antibody (#ab97023; 

Abcam, Cambridge, UK) in PBTB at RT for 1.5 h, then washed again as in the previous 

step. The whole slices were covered with DAB solution and then rinsed with double-dis-

tilled H2O (ddH2O) to stop the reaction.  Sections were mounted with resin and stored at 

RT for further visualization. Vascular muscularization was assessed based on the pattern 

of α-SMA staining, and the proportion of non- (i.e., no apparent smooth muscle attached), 

partially- (i.e., with only a crescent of muscle), or fully- (i.e., with a complete medial coat 

of muscle) muscularized pulmonary arterioles of <50 µm diameter was calculated in a 

blinded manner as previously described58. In parallel, paraffin-embedded lung sections 

were stained with hematoxylin and eosin (H&E), and the absolute vessel wall thickness 

of pulmonary arteri(ol)es was measured in a blinded manner with vessels categorized in 

10 µm intervals of inner diameter. 

2.4 In vitro experiments 

2.4.1 Cell culture 

All human primary cells and their respective adapted media were ordered from Promocell 

(Heidelberg, Germany). Human PAEC (hPAEC) were cultured in Endothelial Cell Growth 

Medium (ECGM) containing supplementMix (C-22010), human pulmonary MVEC 

(hMVEC) in Endothelial Cell Growth Medium MV (ECGM·MV) with supplementMix (C-

22020), and human PASMC (hPASMC) in Smooth Muscle Cell Growth Medium 2 with 

supplementMix (C-22062), with all media supplemented with 1x penicillin/streptomycin 

solution (Gibco, Waltham, Massachusetts). Cells were used at passage numbers of 4-10. 
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Rat PAEC (rPAEC) and MVEC (rMVEC) were kindly provided by Drs. Troy Stevens and 

Diego Alvarez, University of South Alabama, AL, and cultured in the same way as human 

cells. To generate conditioned media (CM), media were exchanged after EC reached 

subconfluence; subsequently, CM was harvested from flasks after EC had been exposed 

to hypoxia (1% O2) or normoxia (21% O2) for 24 h and CM was stored at -80°C. 

2.4.2 Reagents 

Tat-Beclin1 D11 autophagy-inducing Peptide (#NBP2-49888) was used to induce autoph-

agy activation in hPAEC and hMVEC according to the official user manual, while the 

scrambled control peptide Tat-Beclin1 L11S Peptide (#NBP2-49887; both Novus Biolog-

icals, Englewood, CO) was used as negative control. Briefly, cells were treated with 20 

μMol/L Beclin11 D11 or L11s in acidified OptiMEM (Gibco, Waltham, MA) with 0.15 % 6 

N HCl for 24 h at 37°C. BafA1 was applied to inhibit the late stage of autophagy by pre-

venting the fusion of lysosome s with autophagosomes. BafA1 was dissolved in DMSO 

to generate a stock solution of 8 mMol/L, and cells were treated with 20 nMol/L BafA1 

diluted in culture medium for 24 h, or medium containing equal amounts of DMSO as 

negative control.  

2.4.3 siRNA transfection 

ATG7 small interfering RNA (siRNA) transfection was used to inhibit autophagy by pre-

venting ATG7 translation in hPAEC and hMVEC. ON-TARGETplus human ATG7 siRNA 

(siATG7) and the corresponding non-targeting control siRNAs (siCtrl) were purchased 

from Horizon Discovery (Cambridge, UK). Following the manufacturer's instructions, ECs 

were seeded on 12-well plates and cultured in antibiotic-free medium until cells reached 

70% confluence. In brief, DharmaFECT Transfection Reagents (Horizon Discovery, Cam-

bridge, UK) were either added with siATG7 or siCtrl working solution and incubated at RT 

for 20 min, then diluted in antibiotic-free complete medium to a final siRNA concentration 

of 100 nMol/L. After 24 h of siRNA treatment of the cells, the medium was changed back 

to the regular complete medium. After another 24 h, cells were collected for WB to verify 

the efficiency of ATG7 knockdown or transferred to the hypoxic incubator (1% O2) at 37°C 

for 24 h, followed by cell proliferation or apoptosis assays as described below.  
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2.4.4 Autophagy imaging in cultured ECs 

A CYTO-ID® autophagy detection kit was used to assess autophagic flux in cells. In brief, 

15,000 hPAEC or hMVEC were seeded on ibidi μ-slide 8-well plates (ibidi, Cat.No:80826, 

Gräfelfing, Germany). When 50-70% confluence was reached, cells were exposed to hy-

poxia (1% O2) or normoxia (21%) for 24 h, then stained with CYTO-ID® green dye (1:500) 

for autophagic vacuoles and Hoechst 33342 for nuclei (1:1,000, both from Enzo Biochem, 

USA) for 30 min at 37°C. Green fluorescent punctae located in the cytoplasm were de-

tected by confocal microscopy (vide supra) and counted in 50 random cells from three 

independent replicates of each group for quantitative analysis. 

2.4.5 Endothelial cell co-culture 

To investigate whether PAEC would replace MVEC under hypoxic conditions, both EC 

subtypes were respectively labeled with PKH26 Red Fluorescent Cell Linker® (for rPAEC) 

and PKH67 Green Fluorescent Cell Linker® (for rMVEC, both from Sigma-Aldrich, Bur-

lington, MA), then mixed 1:1 and co-seeded in 24-well plates in hypoxia or normoxia for 

up to 7 days. The ratio of the area covered by rPAEC (red) at day 1, 3, or 7 was quantified 

relative to day 0 as a measure of rPAEC expansion.  

As the staining with the lipophilic membrane dyes PKH26 and PKH67 is not retained after 

fixation and permeabilization for immunostaining, a different strategy had to be applied to 

concurrently assess cell proliferation by Ki67 immunostaining. To this end, hPAEC were 

stained with CellTrace™ Oregon Green® 488 (C34555; Thermo Fisher, Waltham, Mas-

sachusetts) and hMVEC with CellTracker™ Blue CMAC Dye (C2110; Thermo Fisher, 

Waltham, Massachusetts), then mixed 1:1 and co-seeded in an ibidi 8-well plate. EC were 

serum starved overnight in basal medium with 0.2% FBS, followed by exposure to hy-

poxia or normoxia for 24 h, and staining for Ki67 to assess cell proliferation. 

2.4.6 BrdU assay 

Besides Ki67 staining, EC proliferation was also evaluated by BrdU assay (Abcam, 

#ab126556, Cambridge, UK). To this end, fifteen thousand cells were seeded in a 96-well 

plate. Twenty μL of 1×BrdU was loaded into each well 12 hours before the endpoint of 

the experiment. After fixation and DNA denaturation, cells were incubated with the ready-

made anti-BrdU antibody for 1 h at RT, rinsed three times with PBS, subsequently incu-

bated with peroxidase-conjugated secondary antibody for 30 min at RT, and rinsed 3x 
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again. Tetra-methylbenzidine (TMB) peroxidase substrate was added and incubated for 

30 min at RT, and the reaction was stopped by adding 2N HCl. Absorbance at λ=450 nm 

was measured with a spectrometer.  

2.4.7 Wound healing assay 

Culture-insert 2 well 24 plates (ibidi, Gräfelfing, Germany) were used for the wound heal-

ing assay. In brief, twenty thousand hPAEC and hMVEC were seeded in the left or right 

silicon wells of the plate, respectively. The plates were exposed to hypoxia or normoxia 

for 24 h, and serum starved in medium with 0.2% FBS for the last 12 h, then the silicone 

inserts were removed to generate a 500 μm cell-free gap ("wound"). Brightfield micro-

scopic images of the original gap area were captured at 0 and 12 h. To study the effect 

of autophagy on cell motility, EC were treated with the autophagy inhibitor BafA1 (20 

nMol/L) or DMSO (vehicle) after the silicon inserts were removed. To record an accurate 

migration distance, specific landmarks were marked on the plate. To assess the effect of 

hypoxic PAEC or MVEC on PASMC motility, CM from hypoxic hPAEC or hMVEC was 

harvested and added to a confluent monolayer of hPASMC after scratching a gap with a 

200 μl pipette tip. In some experiments, hPASMC were cultured in CM from hPAEC or 

hMVEC with or without the platelet-derived growth factor receptor (PDGFR) inhibitor 

imatinib (100 nMol/L; Sigma-Aldrich, #SML-1207, Burlington, MA), followed by staining 

with Ki67 antibody to detect proliferation. 

2.5 Transmission electron microscopy 

TEM was performed to detect WPbs in PAEC. In detail, murine lungs were gently per-

fused with 4% FBS/HBSS as described above to flush out blood, followed by 2.5% glu-

taraldehyde (Serva, Heidelberg, Germany) in 0.1 M sodium cacodylate buffer (Serva, 

Heidelberg, Germany) for 10 min. Left lung lobes were cut into small pieces and pre-

served in fixative at 4°C. After washing with cacodylate buffer, the samples were post-

fixed with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, USA) and 0.8% 

potassium ferrocyanide II (Roth, Karlsruhe, Germany) in 0.1 M cacodylate buffer for 1.5 

h followed by another washing step. The samples were dehydrated in a graded ethanol 

series, transferred to a mixture of propylene oxide (Serva, Heidelberg, Germany) and 

Epon resin, and eventually embedded in Epon resin (Roth, Karlsruhe, Germany).  
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Ultrathin sections of 70 nm were gently sliced by a diamond knife on an ultramicrotome 

(Leica, Wetzlar, Germany), collected on pioloform-coated copper grids, and stained with 

uranyl acetate and lead citrate59. Images were obtained with a Zeiss EM 906 electron 

microscope at 80 kV acceleration voltage (Carl Zeiss, Oberkochen, Germany), equipped 

with a 2K CCD camera (TRS, Moorenweis, Germany). The samples used for imaging 

were randomly selected, and the operator was blinded to the individual sample group 

during the imaging process. 

To distinguish PAEC from MVEC by TEM, we screened for WPbs, a vesicular organelle 

of arterial EC that is absent in lung capillaries29,60. In PAEC, WPbs are visible as rod-

shaped, dense organelles with numerous parallel stripes along the long axis of the orga-

nelle, wrapped by a smooth and tight bounding mono-membrane60,61. In highly mature 

WPbs, it may occasionally be challenging to identify the characteristic parallel stripes as 

the electron density of the WPbs matrix may vary from moderate to high based on the 

maturity of the organelle62,63.   

To evaluate autophagic processes in EC, we detected autophagosomes by TEM, which 

have a double membrane structure containing undigested cellular components such as 

endoplasmic reticulum membranes, mitochondria, or ribosomes64. 

2.6 Western blotting 

Cells were cultured on 6-well plates until confluence, washed with ice-cold PBS, then 

treated with 100 μL radioimmunoprecipitation assay buffer (RIPA) containing 1X protease 

inhibitor (Roche, REF 04693124001; Switzerland) and 1X phosphatase inhibitor (Thermo 

Fisher, #A32957; Waltham, MA). Cells were scraped off with a cell scraper, and the sus-

pension was harvested and incubated on ice for 30 min, subsequently vortexed and cen-

trifuged for 10 min at 14 rpm at 4°C. Protein concentration was quantified by Pierce bi-

cinchoninic acid (BCA) assay (Thermo Fisher, #23227, Waltham, MA). Proteins (20 μg) 

were loaded on a gel, with an appropriate gel concentration depending on the molecular 

size of the target protein. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and electrophoretic transfer were performed sequentially. Polyvinylidene 

difluoride (PVDF) membranes (Roth, T830.1; Karlsruhe, Germany) were blocked with 4% 

BSA in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h at RT, then incubated with 

primary antibody in blocking buffer at 4°C overnight, and rinsed 3 times with TBST, fol-

lowed by incubation with secondary antibody for 1.5 h at RT, then washed again 3x with 
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TBST, immersed in Clarify ECL substrate working solution (Bio-Rad, #1705061, Hercules, 

CA) for 2 min, and finally exposed in a Biostep Chemiluminescence-Imager CELVIN S 

420 (Burkhardtsdorf, Germany). The primary antibodies used for immunoblotting included: 

anti-LC3B (1:1000; Cell Signaling, #2775, Danvers, MA), anti-α-tubulin (1:1000, Sigma-

Aldrich, #T6199, Burlington, MA), anti-ATG7 (1:1000; Cell Signaling, #8558, Danvers, 

MA), and anti-β-actin (1:1000; Cell Signaling, #3700, Danvers, MA). The secondary anti-

bodies included goat anti-rabbit antibody (1:10000; Abcam, #ab97051, Cambridge, UK) 

and sheep anti-mouse antibody (1:10000; GE Healthcare, #NA931V, Chicago, IL). 

2.7 Bulk RNA sequencing 

To explore whether hypoxia induces a phenotypic switch from MVEC to PAEC, we per-

formed bulk RNA sequencing (RNA-seq) of hypoxic (1% O2, 24 h) and normoxic hPAEC 

and hMVEC in three biological replicates. Total RNA was purified from cell pellets using 

a QIAGEN RNeasy kit (QIAGEN, Germantown, MD). A TruSeq® Stranded mRNA Library 

Prep Kit (Illumina, San Diego, CA) was used for library preparation. After the RNA quality 

was confirmed by a Bioanalyzer system, the RNA was loaded on a NovaSeq 6000 se-

quencer for RNA-seq. Sequencing datasets were uploaded to Dr. Tom, a web-based bi-

oinformatics platform provided by the Beijing Genomics Institute, for downstream RNA-

seq analysis. RNA-seq Data were normalized and are shown as transcripts per million 

(TPM). Differentially expressed genes between normoxic hPAEC versus hMVEC were 

filtered based on a q-value <0.05 and log2 fold-change ≥3 or ≤-3, respectively. 

2.8 Statistical analysis 

Statistical analyses were performed using GraphPad Prism 8 software or IBM SPSS Sta-

tistics 20. Normal distribution and equality of variance were assessed by Shapiro-Wilk 

test and Levene's test, respectively. Data were analyzed by unpaired two-sided t-test or 

one-way analysis of variance (ANOVA) with post-hoc Tukey HSD for multiple compari-

sons. Results are presented as means ± SD, and differences with p<0.05 are considered 

significant.
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3. Results  

3.1 PAEC and MVEC differ in their response to PH triggers in vitro 

3.1.1 Hypoxia 

To probe for potential differential responses of PAEC and MVEC to PH stimuli, we meas-

ured proliferation and apoptosis of both EC subtypes after 24 h and 48 h exposure to 

hypoxia (1% O2) or normoxia (21% O2).  Ki67 staining revealed that proliferation was 

increased in hypoxic hPAEC yet decreased in hypoxic hMVEC as compared to normoxia 

(Fig. 3A,B). On the other hand, Cl-Cas3 staining showed a significant increase in the 

proportion of apoptotic cells in hypoxic vs. normoxic hMVEC, yet hPAEC remained un-

changed (Fig. 3C,D).  

 

Figure 3. Differential responses of PAEC and MVEC to hypoxia in vitro.  Representative images (A,C) 

and quantitative analysis (B,D) of Ki67 (red) (A,B) and cleaved caspase 3 (Cl-Cas3, green) (C,D) staining 

in human PAEC (hPAEC) and human MVEC (hMVEC) in response to 24 h and 48 h of hypoxia (1% O2). 

Data are given as percentage of Ki67+ cells relative to normoxia (B), and percentage of Cl-Cas3 positive 

cells (D), respectively. A-B: n=5-6 replicates each, C-D: n=6 replicates each; ** P ≤0.01, *** P ≤0.001. 
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3.1.2 TGF-β1 

To validate the findings in Section 3.1.1, hPAEC and hMVEC were subjected to another 

PH trigger, transforming growth factor beta 1 (TGF-β1), for 72 hours. Consistent with the 

response to hypoxia, ki67 staining revealed an increase in proliferation in hPAEC in re-

sponse to TGF-β1, while hMVEC showed reduced proliferation (Fig. 4A,B). Furthermore, 

Cl-cas3 staining indicated a higher percentage of apoptosis in TGF-β1 treated hMVEC 

compared to control, whereas apoptosis was still sparse in hPAEC (Fig. 4C,D). These 

findings provide further support that hPAEC and hMVEC respond differentially to PH trig-

gers. 

 

Figure 4. Differential responses of PAEC and MVEC to TGF-β1 in vitro. Representative images (A,C) 

and quantitative analysis (B,D) of Ki67 (red) (A,B) and cleaved caspase 3 (Cl-Cas3, green) (C,D) staining 

in human PAEC (hPAEC) and human MVEC (hMVEC) in response to 72 h of TGF-β1 (10 ng/mL). Data are 

given as percentage of Ki67+ cells relative to vehicle control (B), and percentage of Cl-Cas3 positive cells 

(D), respectively. A-D: n=6 replicates each; * P ≤0.05, ** P ≤0.01, *** P ≤0.001. 
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3.2 PAEC and MVEC differ in their response to hypoxia in vivo 

3.2.1 Validation of GS-IB4 as a reliable marker for MVEC in vivo 

Before testing for a similar differential response of the two EC subsets in vivo, we tested 

the validity of Griffonia simplicfolia IB4 (GS-IB4)25 as a marker for MVEC in PCLS from 

mice. GS-IB4 lectin is commonly used to stain MVEC as it recognizes the terminal α-D-

galactose residues on MVEC-specific glycoproteins. To assess the specificity of GS-IB4 

in intact lung tissue, we treated PCLS with α-galactosidase, an enzyme that catalyzes the 

removal of the terminal α-galactose from oligosaccharides, followed by GS-IB4 staining. 

As shown in Fig. 5A, capillaries and precapillaries can be positively labeled by GS-IB4, 

but this staining is no longer detectable after α-galactosidase treatment, confirming the 

specificity of GS-IB4 for MVEC. As endothelial glycocalyx may be shed in response to 

stressors such as hyperglycemia or hemorrhagic shock65, we next tested whether α-D-

galactose expression on MVEC is preserved under hypoxia. To this end, both rat EC 

subsets were subjected to hypoxic or normoxic conditions for 24 hours, followed by GS-

IB4 staining. As shown in Fig. 5B-C, the mean intensity of GS-IB4 in hypoxic MVEC re-

mained significantly higher than that in hypoxic PAEC. These findings demonstrate that 

GS-IB4 can be utilized as a reliable marker for MVEC both in vitro and in PCLS. 

 

Figure 5.  GS-IB4 stains MVEC in murine lungs.  (A, top) GS-IB4 (red) positively stains α-galactose 

residues on capillaries and precapillaries. (A, bottom) GS-IB4 positivity is largely lost following PCLS treat-

ment with α-galactosidase (1.2 U/mL at 37°C for 40 min). Representative images (B) and quantitative data 

(C) show GS-IB4 staining only in MVEC that is maintained in hypoxia. A: n=5 replicates each, B-C: n=4-5 

replicates each. ** P ≤0.01, *** P ≤0.001. 
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3.2.2 PAEC and MVEC differ in their response to hypoxia in vivo 

To investigate whether the differential responses observed in vitro are consistent with in 

vivo effects, we performed Ki67 and Cl-Cas3 staining on PCLS from mice exposed to 

chronic hypoxia or normoxia to assess proliferation and apoptosis in both EC subsets, 

respectively. MVEC were defined as GS-IB4+CD31+ cells, and PAEC as GS-IB4-CD31+ 

cells. By analyzing the stained PCLS, we observed that the proportion of vessels contain-

ing at least one proliferating (Ki67+) PAEC was approximately four times higher in the 

PCLS of chronically hypoxic mice compared to normoxic mice. However, the ratio of ves-

sels with Ki67+ MVEC remained unchanged (Fig. 6A,B). Conversely, we found that the 

proportion of vessels with at least one apoptotic (Cl-Cas3+) MVEC increased in PCLS 

from hypoxic mice, while apoptotic PAEC were rarely observed (Fig. 6C,D). These find-

ings provide further evidence for the differential behavior of PAEC and MVEC in response 

to hypoxia both in vitro and in vivo. 

 

 

 
Figure 6. Differential responses of PAEC and MVEC to hypoxia in vivo. Representative images (A,C) 

and quantitative analysis (B,D) of Ki67 (orange) (A,B) and cleaved caspase 3 (Cl-Cas3, orange) (C,D) 
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staining in PAEC- and MVEC-dominant vessels in precision-cut lung slices (PCLS) from chronic (5 weeks) 

normoxic or hypoxic (10% O2) mice. MVEC are identified by double positivity for the pan-endothelial marker 

CD31 (green) and Griffonia simplicifolia IB4 lectin (GS-IB4; white), while PAEC are defined by CD31 posi-

tivity but GS-IB4 negativity. Proliferating GS-IB4-CD31+ PAEC and apoptotic GS-IB4+CD31+ MVEC in 

chronic hypoxic lungs are marked by arrowheads. Data are shown as percentage of vessels containing at 

least one Ki67 (B) or Cl-Cas3 (D) positive PAEC or MVEC, respectively. n=6 replicates each; *** P ≤0.001. 

3.3 PAEC replace MVEC in chronic hypoxia 

3.3.1 PAEC replace MVEC in chronic hypoxia in vitro 

Based on the observed differential responses described in Sections 3.1 and 3.2, we hy-

pothesized that simultaneous PAEC proliferation and MVEC apoptosis may result in the 

progressive replacement of MVEC by PAEC. To test this in vitro, rat PAEC (rPAEC) and 

rat MVEC (rMVEC) labeled with different fluorophores were co-cultured under normoxic 

or hypoxic conditions for up to 7 days. Under hypoxic conditions, the proportion of the 

surface occupied by rPAEC gradually increased, whereas it remained relatively un-

changed under normoxia, demonstrating rPAEC expansion at the expense of rMVEC (Fig. 

7A,B). Additionally, a wound healing assay showed higher migration rates of hPAEC com-

pared to hMVEC that were further accelerated by hypoxia (Fig. 7C,D), suggesting that 

hypoxic PAEC could migrate rapidly and occupy the vacant spaces opened by apoptotic 

MVEC.  
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Figure 7. PAEC replace MVEC under hypoxia in vitro. Representative images (A) and quantitative anal-

ysis (B) depict the co-culture of PKH26 red-labeled rat PAEC (rPAEC) with PKH67 green-labeled rat MVEC 

(rMVEC) under hypoxia (1% O2) or normoxia at day 0, 1, 3, and 7. The progressive coverage by rPAEC is 

presented as the ratio of the total red (rPAEC) area at each specific day relative to day 0. Representative 

images (C) and quantitative analysis (D) demonstrate a wound healing assay with hMVEC (M) and hPAEC 

(P) cultured on the left and right side of the wound, respectively. The outlines of the wound gap captured 

at 0 and 12 hours under normoxia or hypoxia are marked by yellow and cyan lines, respectively. Data give 

the average migration distance. A,B: n=5-6 replicates each, C,D: n=3-4 replicates each; * P ≤0.05, ** P 

≤0.01, *** P ≤0.001.  

 

3.3.2 Differentiation between PAEC and MVEC in vivo. 

Next, we aimed to validate this concept in an in vivo setting. Prior to this, it was essential 

to determine the respective distribution of the two EC subsets based on vessel size in the 

normal mouse lung. The prevailing consensus is that pulmonary macrovascular seg-

ments (arteries and veins) and microvascular segments (capillaries) develop inde-

pendently and subsequently merge during the later stages of the pseudo-glandular phase 

of pulmonary development66,67. This concept suggests the existence of a transition zone 

between capillaries predominantly composed of MVEC and arterioles predominantly 

composed of PAEC. In Fig. 8A, a small vessel is depicted with positive staining for GS-

IB4, whereas a large vessel shows negative staining for GS-IB4. In addition, Fig. 8B dis-

plays a 3D-rendered vessel containing yellow line enclosed GS-IB4- PAEC as opposed 

to GS-IB4+ MVEC. To facilitate quantitative analysis of PAEC/MVEC coverage in the tran-

sition zone, we determined a GS-IB4 mean intensity of 2500 in EC (identified as CD31 or 

vWF positive) as the threshold to distinguish between PAEC- (< 2500) and MVEC- (≥ 

2500) dominant vessels (Fig. 8C). In line with a previous study29, we found vessels larger 

than 60 µm in diameter to be outlined by PAEC, while vessels with a diameter < 20 µm 

were predominantly covered by MVEC, with vessels in between forming a transition zone 

(Fig. 8D). 
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Figure 8. Definition of PAEC- and MVEC-dominant vessels. (A) Representative images of CD31 (green) 

and Griffonia simplicifolia IB4 (GS-IB4; white) staining in a PAEC- (upper) and MVEC- (lower) dominant 

vessel. (B) Representative 3D rendered image of a vessel containing GS+vWF+MVEC and GS-vWF+ PAEC 

(yellow lines). (C) Scatter plot showing the relationship between vessel diameter and GS-IB4 mean intensity. 

A mean intensity of 2500 was defined as the threshold to distinguish PAEC- (GS-IB4-) and MVEC- (GS-

IB4+) dominant vessels. (D) Quantitative analysis shows the level of GS-IB4 negativity in different sizes of 

vessels in normoxic mice. The area above the curve indicates MVEC coverage, while the area below the 

curve denotes PAEC coverage. The red area highlights vessels with a diameter ranging from 20 to 60 μm 

which showed a mixed coverage by PAEC and MVEC and were accordingly designated as the transition 

zone. A-D: n=6 replicates. 

 

3.3.3 PAEC replace MVEC in chronic hypoxia in vivo 

Based on the technique we developed in the previous section, we next assessed MVEC 

replacement by PAEC in hypoxia in vivo. To this end, GS-IB4 negativity of subgroups with 

different vessel diameters was quantified in normoxic and chronic hypoxic mice. Within 

the transition zone, there was a notable increase in the proportion of vessels dominated 

by PAEC in PCLS obtained from chronically hypoxic mice compared to normoxic mice 
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(Fig. 9A,B). In contrast, the abundance of vessels dominated by either PAEC or MVEC 

remained relatively constant in both larger and smaller vessels, respectively (Fig. 9B). To 

further consolidate this concept of PAEC replacing MVEC within the transition zone, we 

employed electron microscopy to examine the presence of WPb, an organelle that is typ-

ically found in PAEC but absent in MVEC34.  Consistent with our hypothesis, TEM analy-

sis showed a significantly increased percentage of PAEC-containing vessels in the tran-

sition zone in hypoxia when compared to normoxia (Fig. 9C,D), while WPb remained 

abundant or absent in larger and smaller vessels, respectively (Fig. 9D). These data sug-

gest that in hypoxia, proliferative PAEC replace apoptotic MVEC in the transition zone.  

 
 
Figure 9. PAEC replace MVEC in hypoxia in vivo. Representative micrographs (A) and quantitative anal-

ysis (B) show abundance of MVEC (double positive with von Willebrand factor (vWF; green) and Griffonia 

simplicifolia IB4 (GS-IB4; red) and GS-IB4- vWF+ PAEC in precapillary arterioles of 20-60 μm diameter in 

precision cut lung slices (PCLS) from chronic (5 weeks) normoxic or hypoxic (10% O2) mice. Data give 

percentage of GS-IB4 negative (i.e., PAEC-dominant) vessels as a function of vessel diameter. C: Repre-

sentative transmission electron micrographs of pulmonary precapillary arterioles (diameters approximately 

20 μm) from chronic hypoxic or normoxic mice at (from left to right) increasing levels of magnification show 

Weibel-Palade bodies (WPb), a PAEC-specific organelle (marked by arrowheads and shown enlarged as 
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inserts (scalebar: 200 nm)). D: Corresponding quantitative analysis shows the percentage of WPb+ (i.e., 

PAEC-containing) vessels, defined as vessels with at least one WPb detected in the endothelium, as a 

function of vessel diameter. A,B: n=6 replicates each, C,D: n=5 replicates each, ** P ≤0.01, *** P ≤0.001. 

 

3.3.4 Live imaging of MVEC loss in chronic hypoxia 

The results of the previous section confirm that PAEC progressively invade the transition 

zone to replace MVEC, causing a progressive functional arterialization of lung precapil-

lary microvessels in hypoxia. However, this notion is based on static end-point analyses 

rather than time-resolved monitoring. To address this issue at least in part, we developed 

an ex vivo imaging system to visualize the dynamic changes in PAEC and MVEC under 

hypoxia. PCLS with a thickness of 150 μm were stained with GS-IB4, Alexa 488-labeled 

anti-CD31 antibody, and Hoechst 33342 to mark MVEC, pan-endothelial cells, and nuclei, 

respectively. The pre-stained PCLS were placed in a 10 mm² dish and gently pressed 

using a 45 mm filter, ensuring that the PCLS remained in a stable position (Fig. 10A). 

This device was then placed on an EVOS fluorescence microscope equipped with an 

incubating chamber containing an O2, CO2, and temperature controller system to maintain 

the viability of the PCLS. As shown in exemplary images in Fig 10B, we observed several 

GS-IB4+ MVEC detaching from the vessel wall over a 48 h period of hypoxia. Over time, 

this process led to the transition of the respective vessel from a vessel containing both 

GS-IB4-CD31+ PAEC and GS-IB4+CD31+ MVEC to a vessel outlined by GS-IB4-CD31+ 

PAEC only. In PCLS exposed to 48 h of normoxia, no such detachment of MVEC and 

subsequent replacement by PAEC was detected (Fig 10B). 
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Figure 10. Live imaging of PCLS under hypoxia shows MVEC detachment and replacement by PAEC. 
(A) Schematic representation of the ex vivo setup for live imaging of PCLS; (B) Representative images 

show detachment of MVEC (GS-IB4+CD31+) between 24-48 hours after onset of hypoxia (1% O2, lower 

panel). This is not detected in normoxic PCLS (upper panel). Detached MVEC are indicated by white ar-

rowheads. Time is displayed as hr:min:sec. A,B: n=6 replicates. 

 

3.3.5 Phenotypic switch of PAEC to MVEC 

In our current discourse, we primarily focused on the concept of PAEC replacing MVEC 

in hypoxic lung precapillary microvessels. As an alternative mechanism, however, we 

also took into consideration the possibility that the increased prevalence of PAEC in the 

transition zone may not solely result from the proliferation and migration of PAEC into 

distal lung vessels, but could potentially be attributed to a phenotypic conversion of MVEC 

into PAEC under hypoxia. To address and investigate this hypothesis, we performed next-

generation mRNA sequencing analyses of cultured hPAEC and hMVEC exposed to either 

hypoxia or normoxia for 24 h and 7 d. Principal component analysis (PCA) revealed no 

evidence of transdifferentiation of hMVEC into a hPAEC-like phenotype under hypoxic 
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conditions after exposure to hypoxia for either 24 h or after 7 d. Specifically, the cluster 

of hypoxic hMVEC did not overlap with either the normoxic or hypoxic hPAEC clusters 

(Fig. 11A). Additionally, the expression levels of specific hMVEC marker genes recently 

identified by single-cell RNA-seq68 such as CA4, AFF3, and NCALD remained high, while 

the expression of hPAEC marker genes including DKK2, FBLN5, and MCTP1 remained 

low in hypoxic hMVEC (Fig. 11B). Similarly, the expression levels of the top 15 ranked 

genes specific to normoxic hPAEC did not show a significant increase in hypoxic hMVEC 

compared to normoxic hMVEC (Fig. 11C).  

In a parallel approach, we utilized WPb, a characteristic organelle of PAEC, to probe for 

a potential phenotypic switch of MVEC to PAEC. As depicted in Figure 11D-F, TEM anal-

ysis revealed the absence of WPb in rat MVEC exposed to both normoxia and hypoxia 

for 7 days. Similarly, vessels smaller than 5 μm in chronic hypoxic mice exhibited no 

detectable WPb either in normoxia or in hypoxia. These findings collectively suggest that 

the observed increase in PAEC coverage in the transition zone is not due to a phenotypic 

transition of MVEC into PAEC in response to hypoxia, but due to a progressive invasion 

of PAEC where they replace MVEC. 
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Figure 11. MVEC retain their microvascular transcriptomic signature in hypoxia. (A) Principal com-

ponent analysis (PCA) of the mRNA expression profile in normoxic or hypoxic (1%O2 for 24 h and 7d) 

hPAEC and hMVEC reveals no overlap between the hypoxic hMVEC cluster and any of the hPAEC clusters. 

PV: Proportion of variance. (B) Heatmap of representative hMVEC marker genes and hPAEC marker genes 

in normoxic and hypoxic hPAEC and hMVEC. hPAEC and hMVEC marker genes were selected from pub-

lished single-cell RNA sequencing analyses69. (C) Heatmap of the top 15 ranked differentially expressed 

genes (sorted by log2 fold difference of ≥ 3 or ≤ -3 between normoxic human PAEC (hPAEC) and MVEC 

(hMVEC)) in normoxic and hypoxic (1%O2, for 24 h and 7d) hPAEC and hMVEC. Note that expression 

profiles between hPAEC and hMVEC remain distinct in hypoxia. (D) Representative transmission electron 

(TEM) micrographs of rat MVEC exposed to normoxia and hypoxia for 7 d. Autophagosomes are marked 
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by black arrowheads. (E) Representative TEM micrographs of two capillaries (diameters < 5 μm) from 

chronic hypoxic or normoxic mice and (F) corresponding quantitative analysis show no Weibel-Palade body 

(WPb) positive endothelial cells in capillaries of chronic hypoxic or normoxic mice. A-F: n=6 replicates; * P 

≤0.05, ** P ≤0.01, *** P ≤0.001. 

3.4 Differential responses of PAEC and MVEC to PH triggers are mediated by au-
tophagy 

So far, we have demonstrated that PH triggers lead to differential responses in two EC 

subsets, namely PAEC proliferation and MVEC apoptosis, which in turn cause progres-

sive endothelial arterialization of precapillary lung microvessels, with the replacement of 

MVEC by PAEC in the transition zone. As a putative mechanism underlying these distinct 

changes, we propose the central hypothesis that the differential responses of PAEC and 

MVEC may be attributed to the activation of autophagy in PH. 

3.4.1 Activation of endothelial autophagy in vitro 

To investigate this hypothesis, we first assessed the autophagic flux in PAEC and MVEC 

in hypoxia in vitro. As depicted in Figure 12A, using Western blot analysis, we detected 

an increased ratio of LC3BII/I, a well-established marker of autophagy activation, in both 

hypoxic PAEC and MVEC compared to their normoxic counterparts. To quantitatively as-

sess the accumulation of autophagosomes in both cell subsets in response to hypoxia, 

we next treated cells with BafA1 to inhibit the fusion of autophagosomes with lysosomes. 

When either PAEC or MVEC were exposed to hypoxia in conjunction with BafA1, a more 

pronounced reduction in the level of LC3B-I was detected, indicating a higher conversion 

of LC3B-I to LC3B-II (Fig. 12A,B). Additionally, we performed Cyto-ID staining to label 

autophagic vacuoles and found an elevated number of autophagic vacuoles in both PAEC 

and MVEC following exposure to hypoxia relative to normoxic controls (Fig. 12C-D). In-

terestingly, MVEC exhibited a higher baseline level of autophagic vacuoles compared to 

PAEC under normoxia, which increased further in response to hypoxia. Similarly, MVEC 

consistently exhibited a relatively higher level of autophagic vacuoles at each time point 

during TGF-β1 treatment when compared to PAEC (Fig. 12E,F). These findings suggest 

that the autophagy flux in MVEC stimulated with characteristic PH triggers may be more 

likely to reach the threshold for autophagy-induced cell death (ACD) when compared to 

PAEC, and thus contribute to their propensity for apoptosis under hypoxia. 
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Figure 12. Hypoxia induces autophagy activation in PAEC and MVEC in vitro . Representative West-

ern blots (A) and quantitative densitometric analysis (B) of LC3B expression in human PAEC (hPAEC) and 

MVEC (hMVEC) exposed to normoxia or hypoxia (1% O2), with or without the autophagy inhibitor bafilo-

mycin A1 (BafA1, 20 nMol/L) or vehicle (DMSO) for 24 h. The LC3B II/I ratio was used as an indicator of 

autophagy flux. Representative images (C,E) and quantitative analysis (D,F) of Cyto-ID staining for au-

tophagic vacuoles (green; nuclei counterstained with DAPI) in hPAEC and hMVEC exposed to hypoxia for 

24 h (C,D) or to TGFβ1 for 72 h (E,F), with comparison to their untreated controls. Data give GFP-positive 

puncta/cell. A,B: n=3 replicates each; C-F: n=6 replicates each; ** P ≤0.01, *** P ≤0.001. 

3.4.2 Activation of endothelial autophagy in vivo 

To validate autophagy activation of lung EC in vivo, we probed PAEC and MVEC for the 

characteristic double-membrane structure of autophagosomes by transmission electron 

microscopy (TEM). Consistently, TEM analysis revealed an increased abundance of au-

tophagosomes in both PAEC and MVEC in the lungs of chronic hypoxic mice compared 

to normoxic mice (Fig. 13A). Furthermore, hypoxia-induced autophagy induction was also 

evident in situ in PCLS from GFP-LC3 homozygous mice where activated autophagy of 

lung EC was evident as an increased GFP signal. Upon exposure of PCLS to hypoxia for 

24 h, we detected an increase in GFP fluorescence in both GS-IB4+vWF+ MVEC and GS-

IB4-vWF+ PAEC, indicating enhanced autophagy activity compared to normoxic controls 

(Fig. 13B,C). In line with our in vitro findings, MVEC displayed a comparatively higher 
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level of autophagic vacuoles both at baseline and after 24 h of hypoxia compared to 

PAEC.   

 

Figure 13. In vivo/ex vivo evidence shows autophagy activation in hypoxic PAEC and MVEC. (A) 
Representative transmission electron micrographs of pulmonary precapillary arterioles from chronic hy-

poxic or normoxic mice at (from top to bottom) increasing levels of magnification show autophagosomes in 

hypoxic PAEC and MVEC (highlighted by yellow arrowheads, with Weibel-Palade bodies in PAEC marked 

by black arrowheads). Quantitative analysis (B) and representative micrographs (C) show autophagic acti-

vation, assessed as GFP fluorescence (green; in fluorescence units, FU), in precision cut lung slices (PCLS) 

from GFP-LC3 mice exposed to hypoxia (1%) or normoxia for 24 h in the presence of 20 nMol/L bafilomycin 

A1. EC are identified by the pan-endothelial marker vWF (red), MVEC by positivity for Griffonia simplicifolia 

IB4 (GS-IB4; white), and PAEC by GS-IB4 negativity, respectively. White arrowheads mark GFP-positive 

PAEC and MVEC in hypoxic PCLS. Data give the mean GFP fluorescence intensity of GS-IB4-vWF+ PAEC 

and GS-IB4+vWF+ MVEC, as well as the difference in GFP fluorescence between hypoxic and normoxic 

PCLS from the same mouse lung (ΔFU). A: n=5 replicates each; B,C: n=6 replicates each. ** P ≤0.01, *** 

P ≤0.001. 
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3.4.3 Autophagy triggers differential responses in PAEC and MVEC in vitro 

To investigate the impact of autophagy on PAEC and MVEC, we treated both cell types 

with TAT-Beclin-1, an autophagy inducer, for 24 h. Fig. 14A-B show that TAT-Beclin-1 

treatment led to increased proliferation in hPAEC but decreased proliferation in MVEC, 

as assessed by Ki67 staining. Conversely, the induction of autophagy by Beclin-1 resulted 

in a significant increase in apoptosis specifically in hMVEC, as indicated by increased Cl-

Cas3 staining (Fig. 14C-D). Based on the fact that a) both MVEC and PAEC increase 

autophagic activation in response to hypoxia, but b) autophagy activation results in op-

posing effects in terms of proliferation and apoptosis in these EC subsets, which mirror 

their differential response to hypoxia, we speculated that the differential response of 

PAEC and MVEC to hypoxia may be mediated by autophagy activation. To test this hy-

pothesis, we silenced the key autophagy gene ATG7 by siATG7 transfection. Validation 

of ATG7 knockdown by WB showed an approximately 40% reduction of ATG7 protein 

expression in hPAEC and a 50% reduction in hMVEC (Fig. 14E). The knockdown of ATG7, 

in contrast to the scrambled control siRNA, resulted in a reversal of hypoxia-induced pro-

liferation in hPAEC and counteracted the suppressed proliferation in hMVEC, as demon-

strated by BrdU assay (Fig. 14F). In parallel, silencing of ATG7 attenuated apoptosis in 

MVEC, as evidenced by Annexin V staining (Fig. 14G-H). These findings identify a sig-

nificant role for autophagy in mediating the differential responses of PAEC and MVEC to 

hypoxia.  
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Figure 14. Differential responses of PAEC and MVEC to hypoxia are mediated by autophagy in vitro. 
Representative images (A,C) and quantitative analysis (B,D) of Ki67 (red) (A,B) and cleaved caspase 3 

(Cl-Cas3, green) (C,D) staining in human PAEC (hPAEC) and MVEC (hMVEC) in response to the autoph-

agy inducer Beclin-1 D11 (20 μMol/L, 24h) or the scrambled control L11S (20 μMol/L, 24h). Data are given 

as percentage of Ki67+ (B) and Cl-Cas3+ cells (D), respectively. (E) Representative immunoblotting images 

and quantitative analysis show knockdown of ATG7 by siRNA (siATG7, 100nMol/L, 48h) in human EC. 

BrdU assay (F) and staining for annexin V (green; nuclei counterstained with DAPI) (G,H) show proliferation 

and apoptosis, respectively, in hypoxic (Hx; 1% O2, 24 h) hPAEC and hMVEC transfected with siATG7 or 

non-targeting control siRNA (siCtrl). Data give the percentage of Annexin V-positive cells (H). A,B: n=6 

replicates each; C,D: n=4-5 replicates each; E: n=3 replicates each; F: n=3-5 replicates each; G,H: n=4-6 

replicates each; * P ≤0.05, ** P ≤0.01, *** P ≤0.001. 

 

3.4.4 Autophagy triggers differential responses in PAEC and MVEC in vivo 

We next validated the findings in Section 3.4.3 by assessing the role of autophagy in lung 

endothelial responses to hypoxia in vivo. To this end, we measured proliferation and 

apoptosis in both EC subtypes in PCLS from chronic hypoxic Atg7EN-KO and correspond-

ing wild-type Atg7EN-WT mice. ATG7 deficiency in EC was confirmed by ATG7 immunoflu-

orescence staining, which showed no detectable ATG7 signal in EC in Atg7EN-KO mice 

(Fig. 15A). Ki67 staining revealed that the ratio of vessels containing at least one Ki67+ 

PAEC (defined again as GS-IB4-CD31+ cells) was reduced in the transition zone in 

chronic hypoxic Atg7EN-KO mice when compared to chronic hypoxic Atg7EN-WT mice, while 

the proliferation of GS-IB4+CD31+ MVEC increased in chronic hypoxic Atg7EN-KO mice 

when compared to hypoxic Atg7EN-WT mice (Fig. 15B-E). Furthermore, Cl-Cas3 staining 

exhibited a reduced proportion of vessels containing apoptotic MVEC in chronic hypoxic 

Atg7EN-KO relative to chronic hypoxic Atg7EN-WT mice, while the level of apoptosis in PAEC 

remained low in both groups (Fig. 15F-G). Both PAEC and MVEC had a low level of 

proliferation and apoptosis in normoxia, with no significant differences between Atg7EN-

KO mice and Atg7EN-WT mice (Fig. 15H-K). These findings further support the conclusion 

that autophagy plays a critical role in the differential responses of different EC subtypes 

to hypoxia, both in vitro and in vivo.  
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Figure 15. Differential responses of PAEC and MVEC to hypoxia are mediated by autophagy in vivo.  
(A) Representative images of ATG7 (red) staining in PCLS from normoxic endothelial Atg7-deficient 

(Atg7EN-KO) and corresponding wild-type (Atg7EN-WT) mice. ECs were identified by immunofluorescence 

staining for CD31 (green).  Representative images (B,D) and quantitative analysis (C,E) of Ki67 (orange) 

staining in PAEC- (B,C) and MVEC- (D,E) dominant vessels in the transition zone in precision cut lung 
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slices (PCLS) from chronic (5 weeks) hypoxic (10% O2) Atg7EN-KO and Atg7EN-WT mice. Representative im-

ages (F) and quantitative analysis (G) of Cl-Cas3 (orange) staining in PAEC- and MVEC-dominant vessels 

in PCLS from chronic (5 weeks) hypoxic (10% O2) Atg7EN-KO and Atg7EN-WT mice. EC are identified by CD31 

(green), MVEC by positivity for Griffonia simplicifolia IB4 (GS-IB4; white), and PAEC by GS-IB4 negativity, 

respectively. Proliferating GS-IB4-CD31+ PAEC (B) and apoptotic GS-IB4+CD31+ MVEC (F) in lungs of 

chronic hypoxic Atg7EN-WT mice, and proliferating GS-IB4+CD31+ MVEC (D) in lungs of chronic hypoxic 

Atg7EN-KO mice are highlighted by white arrowheads. Data are shown as percentage of vessels containing 

at least one Ki67 (C,E) or Cl-Cas3 (G) positive PAEC or MVEC, respectively. Representative images (I) 
and quantitative analysis (H) show very low levels of proliferating PAEC and MVEC in PCLS from normoxic 

Atg7EN-WT and Atg7EN-KO mice, as measured by Ki67 (orange) staining. Similarly, representative images (J) 

and quantitative analysis (K) of cleaved caspase-3 (Cl-Cas3, orange) staining show paucity of apoptotic 

PAEC and MVEC in PCLS from normoxic Atg7EN-WT and Atg7EN-KO mice. A-E: n=6 replicates each; F-G: n=5 

replicates each; H-K: n≥4 replicates each; * P ≤0.05, ** P ≤0.01, *** P ≤0.001. 

3.5 MVEC apoptosis promotes PAEC proliferation 

In Section 3.4, we demonstrate that PAEC proliferation is stimulated by hypoxia-induced 

autophagy activation. Interestingly, the results from our Ki67 staining in the lungs of hy-

poxic mice indicate that the proliferation of PAEC was more prominent in the transition 

zone (20-60 µm in diameter), where both MVEC and PAEC coexist, as compared to the 

increased level of PAEC proliferation in vessels larger than 80 µm that are exclusively 

covered by PAEC (Fig. 16A,B). We hence speculated that in addition to their higher basal 

propensity to proliferate in response to hypoxia, PAEC proliferation may be further en-

hanced by cell death in neighboring MVEC. To substantiate this concept, we labeled 

hPAEC with CellTrace™ Oregon Green and evaluated their proliferative capacity using 

Ki67 staining under normoxic and hypoxic conditions, both in mono-culture and co-culture 

with CellTracker™ Blue-labeled hMVEC. As shown in Fig. 16C,D, hypoxia increased cell 

proliferation in mono-cultured hPAEC as compared to normoxic hPAEC, and this effect 

was further enhanced when hPAEC were co-cultured with hMVEC. Based on this finding, 

we hypothesized that autophagy-induced cell death of hMVEC could potentially promote 

hPAEC proliferation due to the loss of contact inhibition70. Contact inhibition is a regula-

tory process in which cells cease to divide when they come into contact with adjacent 

cells, preventing overgrowth. To test this notion, we silenced ATG7 in hMVEC by siRNA 

before co-culturing them with hPAEC in normoxia or hypoxia. Subsequent Ki67 staining 

showed reduced hPAEC proliferation when PAEC were co-cultured with ATG7-knock-

down hMVEC when compared to cells transfected with a scrambled siRNA (Fig. 16E,F). 



Results 40 

 

Figure 16. MVEC apoptosis promotes PAEC proliferation. Representative images (A) and quantitative 

analysis (B) of Ki67 (red) staining in two PAEC-dominant vessels, one in the transition zone (20-60μm) and 

the other > 80μm in diameter, in precision-cut lung slices (PCLS) from chronic (5 weeks) hypoxic mice. EC 

are identified by the pan-endothelial marker CD31 (green), MVEC by positivity for Griffonia simplicifolia IB4 

(GS-IB4; white), and PAEC by GS-IB4 negativity, respectively. A proliferating GS-IB4-CD31+ PAEC neigh-

boring GS-IB4+CD31+ MVEC is highlighted by a white arrowhead. Data are shown as percentage of vessels 

containing at least one Ki67+ PAEC (B). Representative micrographs (C) and quantitative analysis (D) show 

the proliferation of CellTrace™ Oregon Green-labeled human PAEC (hPAEC) in mono-culture (C, left pan-

els) or in co-culture with CellTracker™ Blue-labeled human MVEC (hMVEC) (C, right panels) in response 

to 24 h of hypoxia (1% O2) as detected by Ki67 staining (red). (D) Quantitative data are given as a percent-

age of Ki67+ hPAEC. Representative micrographs (F) and quantitative analysis (E) show proliferation of 

CellTrace™ Oregon Green-labeled hPAEC cocultured with CellTracker™ Blue-labeled hMVEC transfected 

with siATG7 (100 nMol/L) or non-targeting control siRNA (siCtrl, 100 nMol/L) in response to 24 h of hypoxia 

as detected by Ki67 staining (red). A-F: n=4-6 replicates each; * P ≤0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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3.6 Autophagy drives PAEC replacement of MVEC in hypoxia 

So far, we have demonstrated that hypoxia-induced autophagy induces differential re-

sponses in PAEC and MVEC, and that PAEC replace MVEC in distal arterioles of the 

transition zone in chronic hypoxic mice. To establish a causal mechanistic link between 

both findings, we next tested whether autophagy would regulate the replacement of 

MVEC by PAEC. To test this concept, we first co-cultured differentially labeled rPAEC 

and rMVEC in a 1:1 ratio. After 24 h exposure to hypoxia, we observed a significant ex-

pansion of the area occupied by rPAEC, which was approximately 40% larger than the 

respective area in normoxic conditions. However, this effect was completely reversed by 

the autophagy inhibitor BafA1 (Fig. 17A,B). Likewise, BafA1 inhibited the hypoxia-induced 

acceleration in hPAEC migration (that was notably absent in hMVEC) in a classic wound 

healing assay (Fig. 17C,D).   

 

Figure 17. Autophagy drives PAEC replacement of MVEC in hypoxia in vitro. Representative images 

(A) and quantitative analysis (B) of PKH26 red-labeled rat PAEC (rPAEC) co-cultured with PKH67 green-

labeled rat MVEC (rMVEC) in normoxia or in hypoxia (1% O2 for 24 h) in the presence or absence of 

bafilomycin A1 (BafA1, 20 nMol/L). Hypoxia, yet not normoxia, causes progressive coverage of PAEC, as 

evidenced by an increase in total red (rPAEC-covered) area at 24 h relative to 0 h. BafA1 inhibited this 

effect. Representative images (C) and quantitative analysis (D) from a wound healing assay with hMVEC 

(M) and hPAEC (P) cultured on the left and right side of the wound, respectively. Yellow and cyan lines 

mark the margins of the wound gap captured at 0 (yellow) and 12 h (cyan) of normoxia or hypoxia in the 
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presence or absence of BafA1 (20nMol/L), respectively. Quantitative data give the average migration dis-

tance. A,B: n=4-5 replicates each, C,D: n=5 replicates each; * P ≤0.05, ** P ≤0.01, *** P ≤0.001. 

 

To validate this finding in vivo, we stained endothelial cells with GS-IB4 and for vWF in 

PCLS from chronic Atg7EN-KO and Atg7EN-WT mice. As depicted in Fig. 18A,B, the absence 

of Atg7 in EC inhibited the replacement of MVEC by PAEC in distal pulmonary arterioles, 

as evidenced by a lower percentage of PAEC-dominant vessels in the transition zone 

(20-60 µm in diameter) in lungs of chronic hypoxic Atg7EN-KO mice when compared to 

corresponding wild-type mice. Moreover, TEM showed a reduced coverage of WPb-pos-

itive PAEC in the transition zone in chronic Atg7EN-KO compared to Atg7EN-WT mice (Fig 

18C,D). Collectively, these findings provide strong evidence supporting the hypothesis 

that hypoxia-induced replacement of MVEC by PAEC is driven by autophagy activation. 

 

Figure 18. Autophagy drives PAEC replacement of MVEC in hypoxia in vivo. Representative micro-

graphs (A) and quantitative analysis (B) demonstrate the abundance of MVEC and PAEC in precapillary 

arterioles of 20-60 μm diameter in precision cut lung slices (PCLS) from chronic (5 weeks) hypoxic (Hx, 10% 

O2) endothelial cell-specific Atg7-deficient mice (Atg7EN-KO) and corresponding wild-type mice (Atg7EN-WT).  

EC are identified by the pan-endothelial marker von Willebrand factor (vWF; green), MVEC by positivity for 

Griffonia simplicifolia IB4 (GS-IB4; white), and PAEC by GS-IB4 negativity, respectively. Sigmoid curve fits 
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depict the correlation between vessel diameter and GS-IB4 negativity (i.e., PAEC-dominance). (C): Repre-

sentative transmission electron micrographs of pulmonary precapillary arterioles (diameters: 15-25 μm) 

from chronic hypoxic Atg7EN-KO and Atg7EN-WT mice at (from left to right) increasing levels of magnification 

show Weibel-Palade bodies (WPb), a PAEC-specific organelle (marked by arrowhead and shown enlarged 

as inserts (scalebar: 200 nm)). (D): Corresponding quantitative analysis depicts the percentage of WPb+ 

(i.e., PAEC-containing) vessels, defined as vessels with at least one WPb detected in the endothelium, as 

a function of vessel diameter. A,B: n=6 replicates each, C,D: n=5 replicates each; B: *** P ≤ 0.001 vs. Nx-

Atg7EN-WT, ### P ≤ 0.001 vs. Hx-Atg7EN-KO. D: * P ≤0.05, ** P ≤0.01. 

3.7 EC- rather than SMC-specific autophagy promotes PH 

To probe for the effects of these distinct autophagy-driven cellular responses in PAEC 

and MVEC on the progression of PH, we assessed right ventricular hemodynamics and 

vascular remodeling in chronic hypoxic Atg7EN-WT and Atg7EN-KO mice. After being ex-

posed to hypoxia for 5 weeks, Atg7EN-KO mice exhibited a significant decrease in right 

ventricular systolic pressure (RVSP) and right ventricular hypertrophy, as measured by 

Fulton index (right ventricular weight/(septal + left ventricular weight)), compared to their 

corresponding wild-type counterparts (Fig 19A,B). Histological analysis revealed a no-

ticeable decrease in vessel wall thickness in chronic hypoxic Atg7EN-KO mice when com-

pared to hypoxic Atg7EN-WT mice (Fig. 19C-E). Furthermore, α-SMA staining revealed a 

decreased level of muscularization in distal arterioles in hypoxic Atg7EN-KO mice compared 

to Atg7EN-WT mice (Fig. 19F-G). These findings indicate that the autophagy-mediated re-

placement of MVEC by PAEC in distal pulmonary arterioles correlates with increased 

muscularization of these vessel segments, subsequently leading to the development of 

PH. To delve deeper into whether autophagy activation in PASMC is also associated with 

the PH progression, we performed the aforementioned experiments in chronic hypoxic 

Atg7SMC-KO and Atg7SMC-WT mice. There were no detectable differences in RVSP, right 

ventricular hypertrophy, and vessel wall thickness between chronic hypoxic Atg7SMC-KO 

mice and the WT counterparts (Fig 19A-C,E). These findings highlight the crucial role of 

autophagy in EC, but not in SMC in the development of pulmonary hypertension.  
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Figure 19. Role of autophagy in EC and SMC in chronic hypoxic PH. The development of chronic 

hypoxic PH was evaluated by measuring the right ventricular systolic pressure (RVSP) (A) and right ven-

tricular hypertrophy using the Fulton Index (B) in mice with EC-specific Atg7 deficiency (Atg7EN-KO) and 

SMC-specific Atg7 deficiency (Atg7SMC-KO) exposed to chronic hypoxia (Hx, 10% O2) or normoxia (Nx), 

along with their corresponding wild-type mice. The Fulton Index was calculated as the right ventricular 

weight divided by the sum of the left ventricular weight and septum weight (RV/(LV+S)). Representative 

H&E images (C) and corresponding quantitative analysis (D, E) depict the vessel wall thickness in small 

pulmonary arterioles (≤40 µm diameter) of chronic hypoxic Atg7EN-KO and Atg7SMC-KO mice compared to their 

respective wild-type. Scale bar = 20 μm. Representative images of lung sections stained for smooth muscle 

actin (F) and quantitative analysis (G) show vascular muscularization of small pulmonary arterioles (≤40 

µm diameter) in lungs of chronic hypoxic and normoxic Atg7EN-WT or Atg7EN-KO mice. Scale bar = 20 μm. 

FM, fully muscularized; PM, partially muscularized; NM, non-muscularized. A: n=3-8 replicates each; B: 

n=4-10 replicates each; D, E: n=220-380 vessels from n≥5 mice per group; G: n=187-421 vessels from n≥5 
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mice per group; A,B,G: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. D: * P ≤ 0.05 vs normoxic Atg7EN-WT, # P ≤ 

0.05 vs. hypoxic Atg7EN-KO, † P ≤ 0.05 vs. normoxic Atg7EN-KO. 

3.8 PAEC drive PASMC proliferation and migration in a PDGF-dependent manner 

Based on the data accumulated so far, we reached two important conclusions: 1) Hypoxia 

triggers autophagy, which promotes the proliferation of PAEC and the apoptosis of MVEC, 

thus promoting the progressive replacement of MVEC by PAEC in distal small arterioles. 

2) Activation of autophagy in EC drives the progression of PH, characterized by increased 

muscularization of small arterioles, elevated pulmonary arterial pressure, and right ven-

tricular dysfunction. Viewed together, these findings raise the critical question of whether 

and how the autophagy-dependent replacement of MVEC by proliferating PAEC may 

contribute to the development and progression of PH. Previous studies have shown that 

EC can regulate the growth of SMC via paracrine signals, for instance TGF-β171,72 or IL-

1β73. Therefore, we hypothesized that the presence of PAEC in small precapillary arteri-

oles of chronic hypoxic lungs may provide a specific "macrovessel" context that drives 

SMC proliferation and migration into the distal arterioles, and as a result, promote small 

vessel muscularization. To probe this hypothesis, we collected CM from hPAEC or 

hMVEC cultured in hypoxia for 24 h and added the CM to hPASMC in a scratch assay. 

As shown in Fig. 20A,B, CM derived from hypoxic hPAEC accelerated wound recovery 

in hPASMC compared to CM from hypoxic MVEC. Furthermore, the CM from hypoxic 

hPAEC promoted hPASMC proliferation, as indicated by Ki67 staining, whereas the CM 

from hMVEC did not exhibit such an effect (Fig. 20C,D). These findings suggest that hy-

poxia stimulates PAEC to release a paracrine mediator that promotes PASMC migration 

and proliferation. scRNA-seq analysis performed in collaboration with Andrew H Baker 

from the Centre for Cardiovascular Science, University of Edinburgh, identified a signifi-

cant upregulation of Pdgfb (a well-known regulator of PASMC proliferation and migration) 

in PAEC, yet not in capillary EC in hypoxic mice (data not shown), suggesting PDGF-BB 

as candidate paracrine mediator by which PAEC rather than MVEC may drive vessel 

muscularization in chronic hypoxia. Indeed, hypoxia led to a marked increase in the re-

lease of the high-affinity PDGF dimer PDGF-BB into the CM of hPAEC, while PDGF-BB 

was barely detectable in CM from hMVEC (Fig. 20E,F). To confirm the functional rele-

vance of PDGF in this scenario, we treated PASMC with imatinib, a PDGF receptor in-

hibitor, in the presence of CM obtained from hypoxic hPAEC or hMVEC. Notably, imatinib 
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markedly inhibited PASMC migration and proliferation in response to CM from hypoxic 

hPAEC, while it had no effect on the response to CM from hypoxic hMVEC (Fig. 20A-D). 

 
 
Figure 20. PAEC drive PASMC proliferation and migration in a PDGF-dependent manner. Repre-

sentative images (A) and quantitative analysis (B) show results from a scratch assay of human pulmonary 

artery smooth muscle cells (hPASMC) cultured for 6h in conditioned media (CM) from hypoxic (1%, 24h) 

human PAEC (CMHx-hPAEC) and MVEC (CMHx-hMVEC), in the presence or absence of the PDGF receptor 

inhibitor imatinib (100 nMol/L). Data are given as area recovered at 6h as a percentage of the total scratch 

gap. Representative micrographs (C) and quantitative analysis (D) show proliferation of hPASMC cultured 

for 24h in CMHx-hPAEC or CMHx-hMVEC in the presence or absence of imatinib (100 nMol/L), as detected by 

Ki67 staining (red; nuclei counterstained with DAPI in blue). Representative Western blots (E) and quanti-

tative densitometric analysis (F) show PDGF-BB expression in CM from hPAEC and hMVEC cultured for 

24h in hypoxia and normoxia, respectively. PDGF-BB expression is normalized to data from normoxic 

hPAEC. A-B: n=4-6 replicates each; C,D: n=4-9 replicates each; E,F: n=3 replicates each. * P ≤ 0.05. ** P 

≤ 0.01. 
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4. Discussion 

In this study, we propose a novel mechanistic concept for small vessel muscularization 

in PH. We suggest that this process is primarily driven by the differential response of lung 

microvascular and macrovascular endothelial cells to autophagic stress, as illustrated in 

Figure 2. Specifically, we demonstrate that the activation of autophagy in response to 

hypoxia leads to the proliferation of PAEC, while simultaneously inducing apoptosis in 

MVEC. As a result, proliferating PAEC replace apoptotic MVEC, particularly in the transi-

tion zone, which refers to precapillary vessel segments ranging between 20 and 60 μm 

in diameter in mice that contain a mix of macro- and microvascular endothelial cells. 

PAEC, in turn, stimulate PASMC proliferation and migration towards distal arterioles – in 

part via the release of PDGF-BB – leading to small vessel muscularization and eventually 

promoting the development of PH. As such, the present study provides a paradigm shift 

in our understanding of the pathobiology of PH, as it delineates the critical role of endo-

thelial cell heterogeneity in lung vascular health and disease.  

4.1 Methodological considerations 

To test the hypothesis, we developed and validated new methods, which are elaborated 

upon in the subsequent paragraphs. 

The first methodological challenge involved distinguishing between different EC pheno-

types, particularly PAEC and MVEC, which have impeded investigations into EC hetero-

geneity in acute and chronic lung disease in general, and in PH specifically. Importantly, 

canonical markers of macro- vs. microvascular endothelial cells established in the sys-

temic circulation - such as connexin 40, which is selectively expressed in systemic arterial 

EC - cannot be readily applied to the pulmonary circulation, as, for example, connexin 40 

is also expressed in pulmonary MVEC74. Furthermore, certain well-established arterial 

EC markers, which are normally absent in MVEC, can, however, be detected in MVEC 

under pathological conditions. For instance, Cytoplasmic tyrosine-protein kinase BMX 

(BMX)75, typically expressed in arterial EC, can be upregulated in capillary EC in response 

to ischemia76. Similarly, SRY-Box Transcription Factor 17 (SOX17), known for its specific 

expression in arterial EC rather than MVEC77,78, is also expressed in pulmonary MVEC 

in acute lung inflammation induced by lipopolysaccharide79.  As such, EC subset-specific 

markers previously established for healthy systemic circulation cannot be unequivocally 
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applied to diseased pulmonary circulation, hampering their applicability for testing the role 

of EC heterogeneity in the present study. 

In the current study, we utilized a lectin, i.e., GS-IB4, as a marker of MVEC, and a char-

acteristic organelle, namely WPb, as a marker of PAEC. GS-IB4 has a high affinity for α-

galactose, which is uniquely present on the MVEC surface but absent in PAEC. These 

two markers were optimized and validated for healthy pulmonary circulation in a series of 

prior studies by our collaborator Troy Stevens29,56. To validate marker specificity also un-

der conditions of hypoxia, we performed a series of experiments in which we showed that 

rMVEC can again be labeled with GS-IB4 and do not express WPb in hypoxia. This find-

ing confirms the usefulness of GS-IB4 as specific MVEC marker and also supports the 

absence of a phenotypic transition from MVEC to PAEC in hypoxia.  

The second methodological consideration involves dynamically observing the process by 

which MVEC is replaced by PAEC in the lung. In this study, we propose the novel concept 

that MVEC are replaced by PAEC in distal arterioles, as evidenced by decreased GS-IB4 

positivity and increased WPb positivity in the transition zone in chronic hypoxic mice. 

However, both techniques only provide the static snapshot of micrographs at a single 

time point, specifically at the endpoint of 5 weeks of hypoxia in mice in this study. The 

proof-of-principle would be even more compelling if PAEC replacement could be dynam-

ically and directly visualized by microscopy, allowing for real-time monitoring of the pro-

cess. 

Intravital imaging provides unique insights into cellular functions and spatial interactions 

in intact tissue in real time. Previous studies have made significant advancements in pul-

monary window techniques for the respective visualization of lung microvessels and tis-

sue. In 1994, Kuebler and colleagues developed an intravital microscopic method by im-

planting a thoracic window on the right chest, enabling the visualization of pulmonary 

subpleural microvessels80. Tabuchi and coworkers further improved this technique allow-

ing for the visualization of lungs in a closed thoracic cavity under physiological condi-

tions81. In brief, they surgically removed the chest muscles and ribs without touching the 

lung tissue. Afterward, the window was covered with α-cyanoacrylate glue, and the air 

within the thoracic cavity was removed via an intrapleural catheter. Looney and coworkers 

developed an alternative approach by introducing a suction device, which enhanced the 

stability of the lung window during visualization82. This innovation allowed for stable im-

aging without interference from the respiratory cycle. However, this mechanical stabiliza-
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tion of the lung surface may impact ventilation and circulation, potentially leading to in-

flammation and edema. Recently, Entenberg and colleagues introduced a novel window 

model called WHRIL (Window for High-Resolution Imaging of the Lung), enabling long-

term observation of lungs in mice83. This window is inserted into the rib incision in the 

chest wall without affecting breathing. Fiducial marks on the windows facilitate the re-

localization of specific lung areas for repeated imaging. 

In our study, we applied a previously reported method using PCLS for live imaging to 

observe the dynamics of PAEC and MVEC in distal arterioles under hypoxia84. Images 

were captured at 5-minute intervals, allowing for the dynamic observation of cell kinetics. 

Over the time course of 24 - 48 hrs of hypoxia, several GS-IB4+ MVEC were seen to 

detach from the wall of small arterioles primarily covered by GS-IB4+ MVEC. This sug-

gests that in hypoxia, MVEC are lost from the wall of precapillary arterioles, likely being 

replaced by GS-IB4- CD31+ PAEC.  

Compared to intravital microscopy, our approach using PCLS offers several clear ad-

vantages that are critical for the present study. First, live imaging of PCLS allows for fre-

quent capture of images, with intervals typically in minutes, enabling precise tracking of 

individual cell dynamics for up to 3-4 days. In contrast, intravital microscopy requires an-

imal anesthesia and immobilization, hindering continuous and long-term dynamic imaging. 

Second, in vivo labeling of EC presents challenges, particularly when specific transgenic 

models are not available. While GS-IB4 can be administered intravenously, its distribution 

in the lung is dependent on blood flow, resulting in uneven labeling. However, this issue 

is not encountered when staining PCLS. Our findings indicate that PAEC replacement 

occurs within 1-2 days after hypoxia, emphasizing the importance of short imaging inter-

vals to avoid missing this phenomenon.  

4.2 EC heterogeneity in the lung 

Over the past decade, it has been recognized that not all EC are the same, and that this 

heterogeneity has fundamental functional implications. The recent advancements of 

scRNA-seq and the discovery of new EC subtypes have further advanced this under-

standing. Our findings highlight the importance of EC heterogeneity in the development 

of PH, in that PAEC become proliferative while MVEC undergo apoptosis in response to 

PH stimuli, resulting in the progressive replacement of MVEC by PAEC. This new concept 

diverges from previously proposed scenarios, which suggested that an initial wave of EC 
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apoptosis is followed by the subsequent emergence of apoptosis-resistant and hyperpro-

liferative EC that propagate lung vascular remodeling. This prior hypothesis, however, 

failed to address important unresolved questions. Firstly, it remained unclear why some 

EC undergo apoptosis while others survive and then become hyperproliferative under the 

same pathological conditions. Secondly, if EC are viewed as a homogeneous population, 

it remained unclear why EC and SMC proliferation and muscularization predominantly 

occur in distal small arterioles rather than uniformly throughout the pulmonary circulation. 

In contrast, our new concept provides plausible explanations for these questions based 

on the recognition of the important role of EC heterogeneity, in that 1) different EC sub-

types respond differentially to PH stimuli, and 2) this differential response becomes par-

ticularly relevant in the transition zone of distal arterioles as the predominant location of 

muscularization.  

EC exhibit significant heterogeneity across different organs and vascular segments, in-

cluding arterial, capillary, and venular regions. This heterogeneity is evident in their dis-

tinct morphologies, functions, and transcriptomes, as revealed by recent advancements 

in single-cell RNA sequencing (scRNA-seq)85,86. According to a recently published 

scRNA-seq study, EC in the lung were categorized into 6 EC subsets, namely lymphatic, 

arterial, general capillary (gCap) EC, aerocyte, pulmonary-venous EC, and systemic-ve-

nous EC68. Pulmonary-venous ECs are predominantly found in the lung parenchyma, 

while systemic-venous ECs are primarily localized in the airways and the visceral pleura.  

gCap and aerocyte represent newly distinguished capillary EC subtypes that are differ-

entiated based on their morphology, localization, and function27.  Specifically, aerocytes 

are a lung-specific cell type that plays a crucial role in gas exchange and facilitates the 

trafficking of leukocytes, while gCap have a distinct function in regulating vasomotor tone 

and endothelial repair. 

In this study, we primarily focused on arterial EC and MVEC in the lung, which are es-

sentially different EC phenotypes in terms of their origin, function, and surface marker 

expression25. While PAEC are derived from the pulmonary truncus through angiogenesis, 

MVEC originate from blood islands by vasculogenesis. PAEC and MVEC also differ in 

terms of their barrier function (with MVEC being more restrictive to protein and water flux 

when compared to PAEC), NO production (MVEC < PAEC), responses to mechanical 

stress, and their Ca2+ response to different stimuli 30-32,85.  Based on the recognition of 

these important functional differences, it becomes evident that lung EC probably cannot 

be regarded as a homogeneous cell population when we try to understand the role of EC 
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in the development and progression of lung diseases. This notion is supported by the 

findings by Niethamer and colleagues, who reported an increased proportion of Car4-

high EC located in regenerating areas of the alveolus after influenza infection, suggesting 

that these cells were responsible for repairing damaged alveoli. The Car4 gene encodes 

the enzyme Carbonic Anhydrase 4, which exhibits high expression levels in mouse MVEC. 

On the other hand, a population of proliferative ECs originates from multiple EC subsets, 

including Vcam1+ macrovascular ECs, but not Car4-high ECs. This suggests that EC 

participating in proliferation and tissue repair are derived from distinct subtypes. These 

findings highlight the importance of EC heterogeneity in lung disease. 

4.3 Autophagy in PH 

Over the past decade, various studies have reported the activation of autophagy in the 

lungs of patients with PH and in various mouse models of PH43,87-90.  Specifically, studies 

have shown that the expression of LC3B and its activation, assessed by the ratio of LC3B-

II to LC3B-I, is elevated in the lungs of patients with IPAH. Immunostaining additionally 

revealed increased LC3 expression in the cells that form plexiform lesions, including EC 

and SMC43. Increased levels of autophagy were also detected in the lungs of chronic 

hypoxic mice43,44 and in a rat model of monocrotaline-induced PH91. However, it is still 

unclear whether autophagy activation plays a detrimental or protective role in the devel-

opment of PH. Some studies, however, indicate that autophagy plays a detrimental role 

in PH. Specifically, chloroquine, an inhibitor of autophagy, has been shown to attenuate 

the development of PH, right ventricular hypertrophy, and pulmonary vascular remodeling 

in monocrotaline-induced PH rats91. Consistently, overexpression of mTOR in chronic 

hypoxic mice inhibited autophagy, and this effect was associated with reduced right ven-

tricular dysfunction and pulmonary artery remodeling46. In contrast, however, LC3B 

knockout mice had a worsened right ventricular dysfunction and vascular remodeling 

when compared to LC3B wild-type mice when exposed to chronic hypoxia, indicating au-

tophagy as a protective mechanism that counteracts the development of PH43. We con-

sidered that these seemingly contradictory results may be attributed to differential roles 

of autophagy in different cell types involved in the pathobiology of PH, as neither phar-

macological inhibition of autophagy nor global knockout of autophagy-related genes can 

specifically target a particular cell type. To overcome this limitation, we focused in the 

present study specifically on the role of autophagy in endothelial cells. By doing so, we 
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were able to show that Atg7 knockout in EC alleviated hypoxia-induced PH, pulmonary 

arteriole muscularization, and right ventricular hypotrophy in a chronic hypoxia mouse 

model, while Atg7 deficiency in SMC had no such beneficial effect.  

It is important to note that autophagy is primarily a conserved physiological pathway that 

serves as a mechanism to prevent cell death under stress. Hypoxia is not only a stimulus 

for PH but also a common inducer of autophagy92, suggesting that autophagy activation 

in chronic hypoxic lungs is likely to be not limited to EC but also prominent in SMC as well 

as other cell types where autophagy activation may be an important adaptive mechanism 

counteracting the development or progression of PH. As such, caution is warranted, in 

that the present identification of a detrimental role of EC autophagy in PH does not nec-

essarily imply that global autophagy-targeted therapies would necessarily be beneficial 

in the treatment of clinical PH.  

Notably, in our recent study, we illustrated that hypoxia-induced autophagy activation in 

EC results in PAEC proliferation, while MVEC undergoes apoptosis. The underlying rea-

sons for these differential autophagic responses in the two EC subsets remain elusive. 

Although autophagy traditionally acts as a pro-survival mechanism, emerging evidence 

has highlighted its intricate relationship with cell death pathways93-95.  Some autophagy-

related proteins (Atgs) have been recognized as modulators of apoptosis. Atg5 is essen-

tial for autophagosome formation. However, when cleaved by calpain, its truncated form 

facilitates cell apoptosis96. Atg12 acts as a promoter of mitochondrial apoptosis by inter-

acting with and neutralizing pro-survival members of the B cell lymphoma (Bcl)-2 family, 

such as Bcl-2 and Mcl-197. P62 (or sequestosome 1, SQSTM1) is a cargo receptor facili-

tating the transport of ubiquitinated proteins and organelles to autophagosomes for deg-

radation. Intriguingly, p62 is instrumental in activating caspase-8, a caspase family mem-

ber integral to programmed cell death. Increased autophagy accelerates the degradation 

of p62, which in turn diminishes caspase-8 activation, ultimately inhibiting apoptosis98. 

Moreover, inefficient protein recycling via autophagy can deprive cells of essential re-

sources, compromising survival. Tumor protein 53-induced nuclear protein 1 (TP53INP1) 

functions as a tumor suppressor and exhibits reduced expression across various organ-

related cancers. Elevated levels of TP53INP1 can stimulate autophagy and competitively 

replace p62 within autophagosomes, resulting in insufficient protein recycling through au-

tophagy, ultimately leading to cell death99. All of these mediators in autophagy may po-

tentially be associated with the differential responses to autophagy in PAEC and MVEC. 



Discussion 53 

However, we have not delved deeply into the causes of this heterogeneity. Future re-

search is required to explore the origins of these differential alterations induced by au-

tophagy in both EC subsets. 

4.4 Limitations 

While our findings shed light on the intricate role of EC autophagy in the development of 

PH, it is important to recognize the following limitations. 

Firstly, we utilized GS-IB4 as a MVEC marker in mice. Unfortunately, GS-IB4 staining 

was effective only for murine MVEC and unfixed tissue samples, preventing its applica-

bility in fixed human lung tissue samples. A recent human lung atlas study identified a 

series of marker genes uniquely expressed in PAEC, such as BMX, or in MVEC, notably 

CA4 (Carbonic Anhydrase 4), in healthy donors.100 Future studies should assess the 

specificity and consistent expression of these identified markers in human IPAH lung via 

immunofluorescence. This would pave the way for exploring EC subtype distribution in 

human lung samples, enhancing our understanding of EC heterogeneity in pulmonary 

hypertension. 

Secondly, we performed live imaging on PCLS to observe the replacement of MVEC by 

PAEC. However, it is important to acknowledge that our method is not suitable for ob-

serving the effects of hypoxia over several weeks, and the in vitro cultivation of PCLS 

may not fully replicate the in vivo environment, potentially reducing the reliability of the 

results obtained. Therefore, further investigations into this pathological process in PH 

should consider the use of intravital microscopy as a complimentary approach to the im-

aging of PCLS. 

Lastly, we did not differentiate between the two types of MVEC in this study, namely gCap 

and aerocyte. Therefore, we were unable to determine whether the capillary ECs in the 

transition zone were gCap or aerocyte. This aspect requires further validation and inves-

tigation in future studies. 
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5. Conclusions  

In the present study, we have demonstrated the critical role of EC heterogeneity in the 

pathobiology of PH. Specifically, hypoxia-induced autophagy activation drives prolifera-

tion in PAEC, but apoptosis in MVEC. This divergent response to autophagy results in 

the replacement of MVEC by proliferating PAEC in distal arterioles, subsequently promot-

ing SMC proliferation and migration, and ultimately driving distal vessel muscularization 

and the progression of PH (Fig. 2). With the advent of novel technologies able to dissect 

signaling pathways and cell dynamics at the single cell level, the heterogeneous re-

sponses of distinct cell populations are rapidly developing into a vibrant research field in 

organ homeostasis and disease, including PH. Recognition of this heterogeneity may not 

only advance pathophysiological concepts and insights, but also pave the way for novel 

cell subtype-specific therapies, ultimately allowing for exquisitely tailored and personal-

ized medicine. 
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