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Abstract

Blood flow produces shear stress that homeostatically regulates the phenotype of pulmonary 

endothelial cells exerting anti-inflammatory and anti-thrombotic actions and maintaining 

normal barrier function. Hypoxia due to diseases, such as COPD, causes vasoconstriction, 

increased vascular resistance and pulmonary hypertension. Hypoxia-induced changes in 

endothelial function play a central role in the development of pulmonary hypertension. 

However, the interactive effects of hypoxia and shear stress on the pulmonary endothelial 

phenotype have not been studied. Human pulmonary microvascular endothelial cells were 

cultured in normoxia or hypoxia while subjected to physiological shear stress or in static 

conditions.  Unbiased proteomics was used to identify hypoxia-induced changes in protein 

expression. Using publicly available scRNAseq datasets, differences in gene expression 

between the alveolar endothelial cells from COPD and healthy lungs were identified. 60 

proteins were identified whose expression changed in response to hypoxia in conditions of 

physiological shear stress but not in static conditions. These included proteins that are crucial 

for endothelial homeostasis e.g. JAM-A, ERG or implicated in pulmonary hypertension e.g. 

thrombospondin-1. 55 of these 60 have not been previously implicated in the development 

of hypoxic lung diseases. mRNA for five of the 60 (ERG, MCRIP1, EIF4A2, HSP90AA1 and 

DNAJA1) showed similar changes in the alveolar endothelial cells of COPD compared to 

healthy lungs in females but not in males. These data show that the proteomic responses of 

the pulmonary microvascular endothelium to hypoxia are significantly altered by shear stress 

and suggest that these shear-hypoxia interactions are important in the development of 

hypoxic pulmonary vascular disease.  

Keywords

Page 2 of 59

 AJRCMB Articles in Press. Published February 02, 2023 as 10.1165/rcmb.2022-0340OC 
 Copyright © 2023 by the American Thoracic Society 



3

Pulmonary microvascular endothelial cells, shear stress, hypoxia, COPD

Page 3 of 59

 AJRCMB Articles in Press. Published February 02, 2023 as 10.1165/rcmb.2022-0340OC 
 Copyright © 2023 by the American Thoracic Society 



4

Introduction

Pulmonary endothelial cells in vivo constantly experience shear stress caused by blood flow. 

Shear stress regulates numerous signalling pathways and the expression of hundreds of genes 

in the endothelium (1). Unidirectional, laminar shear stress, as experienced by most 

endothelial cells under physiological conditions, induces endothelial cell elongation in the 

direction of flow, increases expression of vasodilator, anti-inflammatory, and anti-oxidative 

genes, and improves endothelial cell layer barrier function (1). The transcription factors 

Krüppel-like 2 and 4 (KLF2 and KLF4) play a central role in regulating the changes in gene 

expression in response to shear stress (1). 

Alveolar hypoxia occurs in chronic lung diseases, the most common of which are chronic 

obstructive pulmonary disease (COPD), obstructive sleep apnoea and interstitial lung diseases 

(2). This alveolar hypoxia induces pulmonary artery vasoconstriction and remodelling which 

lead to the development of pulmonary hypertension (2). Pulmonary hypertension due to 

hypoxic lung diseases independently predicts increased morbidity and mortality (3).  

Pulmonary endothelial cells play a crucial role in the vasoconstriction and vascular 

remodelling that lead to the development of pulmonary hypertension in response to alveolar 

hypoxia. Hypoxia also stimulates the development of a pro-inflammatory phenotype in the 

pulmonary endothelium (4). However, the endothelial cell responses to hypoxia in vitro have 

almost exclusively been examined under static conditions, in contrast to in vivo conditions in 

which they experience shear stress. 

We hypothesised that physiological shear stress would alter the hypoxic responses of human 

pulmonary microvascular endothelial cells and that those responses would be similar to the 

responses of pulmonary endothelial cells to hypoxia in vivo.  We compared the changes in the 
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proteome of human pulmonary microvascular endothelial cells exposed to hypoxia under 

conditions of physiological shear stress in vitro to the changes detected in endothelial cells 

cultured in static conditions. We identified a set of hypoxia-induced changes in protein 

expression that were specific to cells under conditions of shear stress and examined the 

corresponding mRNA expression in the alveolar endothelial cells of COPD lungs using single 

cell RNA sequencing data.  Some of the results of these studies have been previously reported 

in the form of an abstract (5).

Methods

Additional details are provided in the online data supplement.

Shear stress application

Human pulmonary microvascular endothelial cells (HPMEC, Promocell) from healthy male 

and female donors (53-70 years old) were exposed to shear stress, using an orbital shaker 

(SSM1, Stuart) (187 rotations per minute) and the relative viscosity of the cell culture medium 

was increased to 3.2 by addition of 7% Ficoll® PM400 (6). These conditions gave a shear stress 

of 10 dyn/cm2 as calculated using an extended solution to Stokes’ second problem (6, 7). After 

24 hours in these normoxic conditions, cells were either placed into hypoxic conditions 

(1% O2) or remained in normoxic conditions for a further 24 hours while shear stress 

continued. Separate cells were simultaneously cultured in standard static conditions in 

normoxia or hypoxia. Computational fluid dynamics (CFD) were used to characterise the 

applied shear stress in detail.

RT-qPCR 
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TaqMan assays (Thermo Scientific) were used. Target gene expression was normalized to 

housekeeping gene (HPRT1). For statistical analysis normalized target gene expression was 

log2 transformed. P values were calculated using repeated measures ANOVA with Geisser-

Greenhouse correction and followed by the Holm-Šídák’s step-down test for pairwise 

comparisons (Prism 9, GraphPad).

ELISA

Interleukin 6 (IL-6) was measured in HPMEC supernatant using ELISA. P values were calculated 

using Friedman test with Dunn’s multiple comparisons test.   

Western Blotting

Proteins were separated by electrophoresis and transferred to polyvinylidene fluoride 

membranes. Specific proteins were labelled using appropriate primary and secondary 

antibodies and then detected using fluorescent labels. Target protein expression was 

normalized to β-actin.  Data were log2 transformed and P values were calculated using a 

paired t-test.  

Proteomics

HPMEC lysates were analysed using label-free quantitative mass spectrometry connected to 

a chromatography system. Raw data were processed using MaxQuant incorporating 

Andromeda (8, 9). Differentially expressed proteins were identified using Perseus software 

(ANOVA, permutation-based FDR, q<0.05). Pairwise comparisons were undertaken using 

Tukey’s honestly significant difference test. Where expression of specific individual proteins 

was examined, P values were calculated using ANOVA and followed by the Holm-Šídák’s step-
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down test for pairwise comparisons. Data are available via ProteomeXchange with identifier 

PXD036260.

Immunofluorescent imaging 

HPMEC monolayers were fixed on six well plates and stained using primary anti-zonula 

occludens-1 antibodies. Images were acquired using a Zeiss confocal microscope with 

Airyscan. Identical settings were applied to acquire and display images from all four 

experimental conditions. 

Single cell RNA sequencing

Pulmonary endothelial cells from male and female COPD patients and healthy donors were 

identified from four publicly available single cell RNA sequencing datasets (10–13). Analysis 

was undertaken using “Seurat”. For the final analysis we identified the pulmonary endothelial 

cells from donors that were from an age range (50-76 years old) similar to that of the donors 

of the HPMEC used in our in vitro studies. Because COPD leads to alveolar hypoxia we focused 

on two types of alveolar endothelial cells (aerocytes and general capillary cells). Genes 

differentially expressed between healthy and COPD lungs were identified using Wilcoxon two 

sample test with Bonferroni correction (p-adjusted<0.05) and a log2 difference >0.6 (fold 

change >1.5).

Results

Shear stress characterisation 

Using computational fluid dynamics (CFD) we characterised in detail the shear stress 

conditions experienced by the cells cultured on the orbital shaker (Figure 1). The mean 
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magnitude of shear stress experienced by the HPMEC was 13.1 dyn/cm2, i.e. approximately 

31% greater than the value (10 dyn/cm2) given by the commonly used extended solution to 

Stokes’ second problem (6, 7) (Suppl. Table 1).  It varied from 7 to 21 dyn/cm2 at different 

points within the well (Figure 1A and 1B). These values lie within the range of the shear stress 

values predicted by recently published models for endothelial cells in the intact pulmonary 

microvasculature in the healthy lung (14, 15).

Previously it has been shown that a high oscillatory shear index (OSI > 0.2) induced a pro-

inflammatory state in endothelial cells and that very high OSI (>0.4) caused increased 

permeability of the endothelial barrier (16, 17). We found that in the shear stress conditions 

we used, OSI was low (<0.2) on 91% of the well area, and only 0.25% of the well area in the 

center of the well experienced an OSI>0.4 (Figure 1C and 1D). 

We compared the shear stress pattern produced by the high viscosity medium we used 

(relative viscosity 3.2) to that which cells would have experienced if we had used standard 

(low viscosity) cell culture medium (relative viscosity 1.1) combined with a higher rate of 

rotation (275 rotations per minute) to produce the same shear stress, calculated using the 

extended Stokes’ solution i.e. the commonly used approach (6, 7). CFD demonstrated that 

use of standard medium would have substantially reduced the area of low OSI (<0.2) to 77% 

of the well (Suppl. Figure 1B; Suppl. Table 1).  A further possible advantage of using the high 

viscosity medium was a significant reduction of the Reynolds and Froude numbers (Suppl. 

Table 1). Lower Reynolds and Froude numbers are associated with lower turbulence 

intensities.  Normalized fluid velocities were plotted throughout one complete rotation for 

three radial locations (Figure 1E and 1F). 
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Expression of the well-characterised shear responsive genes, endothelial nitric oxide synthase 

(eNOS) (1) and superoxide dismutase 1 (SOD1) (18), was increased in response to shear stress 

in both cells collected from whole well and cells collected from the periphery of the well alone 

(Figure 1G and 1H). Based on these results, all further experiments were undertaken on whole 

well lysates.

The effect of shear stress and hypoxia on shear-responsive genes and inflammatory markers

As we had designed our experimental conditions to produce a physiological response to shear 

stress, we examined changes in the expression of genes and proteins known to be increased 

in response to laminar flow conditions (1, 18). The shear-responsive transcription factors 

Kruppel-like factors 2 and 4 (KLF2 and KLF4) (1) were upregulated in response to shear stress 

in both normoxic and hypoxic conditions (Figure 2A and 2B).  eNOS mRNA was upregulated in 

response to shear in normoxia and also in hypoxia (Figure 2C).  However, a second shear-

responsive gene, SOD1 (18), was upregulated in response to shear stress in normoxia but, 

interestingly, was not significantly changed in response to shear stress in hypoxia (Figure 2D). 

KLF2 and KLF4 proteins were not detected by mass spectrometric analysis. Mass 

spectrometric analysis showed that eNOS protein was upregulated in response to shear stress 

in both normoxic and hypoxic conditions (Figure 2E).  SOD1 protein was statistically 

significantly upregulated in response to shear stress only in normoxia (Figure 2F). Taken 

together, these results confirmed classic shear stress-induced changes in pulmonary 

microvascular endothelial homeostatic genes and proteins (1, 18).  

Endothelial inflammation was assessed by studying protein expression of intercellular 

adhesion molecule 1 (ICAM1) and secreted interleukin 6 (IL-6) in the culture medium (Figure 
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2G and 2H). There were no differences in either of these inflammatory markers across the 

four experimental conditions, suggesting that neither the shear stress nor the hypoxic 

conditions caused an inflammatory phenotype.

The effect of shear stress on canonical responses to hypoxia  

Next, we checked the regulators of the hypoxic response, hypoxia-inducible factors (HIF) 

proteins, and their targets (Figure 3). HIF-1α and HIF-2α proteins were not detectable in 

normoxia in either static or sheared conditions but were abundant in hypoxia (Figure 3, A and 

B). Both HIF-1α and HIF-2α proteins were reduced in sheared hypoxic conditions compared 

to static hypoxic conditions (Figure 3A and 3B). HIF1A mRNA expression was not reduced in 

sheared hypoxic compared to static hypoxic conditions (Figure 3A).  Thus, the reduction of 

HIF1A protein expression in sheared hypoxic conditions compared to static hypoxic conditions 

was not caused by changes in gene transcription. HIF2A mRNA was also similar in static 

hypoxic and sheared hypoxic conditions and thus the reduction in HIF-2α protein expression 

observed in sheared hypoxic conditions must have been caused by mRNA-independent 

mechanisms (Figure 3B). Hypoxia induced a decrease of HIF1A mRNA in static conditions 

(Figure 3A), in agreement with previously published data (19). We found that a similar 

hypoxia-induced reduction of HIF1A and HIF2A mRNA was observed in sheared conditions 

(Figure 3A and 3B).

We also examined the well-known HIF regulated genes glucose transporter 1 (GLUT1) and 

vascular endothelial growth factor A (VEGFA) (20, 21) and confirmed that hypoxia induced 

upregulation of GLUT1 and VEGFA mRNA expression in static and sheared conditions (Figure 

3C and 3E). Interestingly, GLUT1 mRNA and protein were also upregulated in response to 
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shear stress in normoxia (Figure 3C and 3D). VEGFA protein was not detected by mass 

spectrometric analysis. However, another well-known HIF-responsive, pro-angiogenic 

protein, angiopoietin-like 4 (ANGPTL4) (21), showed a robust, hypoxia-induced increase in 

expression to similar levels in both static and sheared conditions (Figure 3F). The hypoxia-

induced increase in expression of GLUT1, VEGFA and ANGPTL4 was not diminished in sheared 

conditions despite the decreased abundance of HIF-1α and HIF-2α proteins (Figure 3A and 

3B). Taken together, these results confirmed classic hypoxia-induced changes in pulmonary 

microvascular endothelial gene and protein expression in both static and sheared conditions 

(20, 21). 

Shear stress altered the proteomic response to hypoxia in HPMEC  

The unbiased proteomics analysis detected 2192 proteins in total. Principal component 

analysis (PCA) was undertaken on proteomics data on the individual samples from the four 

experimental conditions (static normoxia, static hypoxia, shear normoxia and shear hypoxia) 

and revealed two clusters (Figure 4A). One cluster consisted of static samples, independent 

of whether they were normoxic or hypoxic, while all the sheared samples (both normoxic and 

hypoxic) were in the second cluster (Figure 4A). 

We compared the four experimental conditions and identified 308 proteins whose expression 

was significantly different (ANOVA, FDR q value<0.05) and these are presented as a heatmap 

(Figure 4B). Among these 308 proteins we found 86 whose expression was significantly 

increased or decreased by hypoxia. Of these, 16 proteins changed similarly in response to 

hypoxia in both static and sheared conditions (Figure 4C and 4D, Suppl. Tables 2 and 3). 13 

increased in response to hypoxia: ANGPTL4, solute carrier family 2 member 3 (SLC2A3) also 
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known as facilitated glucose transporter 3 (GLUT3), protein tyrosine phosphatase receptor 

type B (PTPRB) also known as vascular endothelial protein tyrosine phosphatase, A-kinase 

anchoring protein 12 (AKAP12), lysyl oxidase like 2 (LOXL2), acireductone dioxygenase 1 

(ADI1), succinate dehydrogenase complex flavoprotein subunit A (SDHA), cold inducible RNA 

binding protein (CIRBP), cellular communication network factor 2 (CCN2) also known as 

connective tissue growth factor (CTGF), AHNAK nucleoprotein (AHNAK), NADH:ubiquinone 

oxidoreductase core subunit S1 (NDUFS1), lactate dehydrogenase A (LDHA), S100 calcium 

binding protein A10 (S100A10) and three decreased in response to hypoxia: microtubule 

associated protein 1B (MAP1B), growth factor receptor bound protein 2 (GRB2), cysteine and 

histidine rich domain containing 1 (CHORDC) (Figure 4C and 4D, Suppl. Tables 2 and 3). 

We identified 70 proteins whose responses to hypoxia were different in static and sheared 

conditions (Figure 5). Of these, 10 proteins changed in response to hypoxia in static 

conditions, but not in sheared conditions. Seven increased expression in response to hypoxia: 

breast cancer anti-estrogen resistance protein 1 isoform 1 (BCAR1), SH2 domain-containing 

protein 3C isoform c (SH2D3C), solute carrier family 2 member 1 (SLC2A1) also known as 

facilitated glucose transporter 1 (GLUT1), phosphoglycerate mutase 1 (PGAM1), fructose-

bisphosphate aldolase C (ALDOC), Hemoglobin subunit alpha (HBA), Syntaxin-3 (STX3) and 

three reduced expression in response to hypoxia: ADP-ribosylation factor GTPase-activating 

protein 1 (ARFGAP1), Cytospin-A (SPECC1L), Delta-1-pyrroline-5-carboxylate synthase 

(ALDH18A1) (Figure 5A and 5B, Suppl. Tables 4 and 5). 

In sheared conditions, 60 proteins changed in response to hypoxia but were not statistically 

significantly different between normoxia and hypoxia under static conditions (Figure 5C and 

5D and Suppl. Tables 6 and 7). Of these, 17 proteins showed increased expression and 43 
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proteins showed reduced expression in response to hypoxia. To illustrate  more clearly this 

shear-dependent alteration of protein expression in response to hypoxia, scatter plots of two 

of these previously known to be important in endothelial function and vascular remodelling 

are shown (Figure 5E and 5F). Thrombospondin 1 (THBS1) protein increased in response to 

hypoxia only in sheared conditions (Figure 5E), while heat shock protein HSP 90-alpha 

isoform 1 (HSP90AA1) decreased in response to hypoxia only in sheared conditions 

(Figure 5F) (22–25). Taken together, these results demonstrate that the effect of hypoxia on 

the abundance of some proteins is different in HPMEC that are cultured under physiological 

shear stress conditions compared to standard static conditions. 

We were interested to note that junctional adhesion molecule A (JAM-A), also known as F11R, 

was one of the proteins whose expression was reduced in response to hypoxia only in sheared 

conditions (Figure 6A). This protein is required for the normal formation and function of 

endothelial cell junctions (26–28). JAM-A mRNA changed in a similar way (reduced in hypoxia 

only in the presence of shear stress) suggesting that the reduction in protein was due to 

change in mRNA expression (Figure 6B). Because JAM-A regulates cells junctions, we 

examined tight junction protein (TJP1), also known as zonula occludens 1 (ZO-1), and VE-

cadherin (CDH5) (Figure 6C-6G). ZO-1 and CDH5 protein expression increased in response to 

shear stress but neither mRNA was altered by shear stress (Figure 6C, 6D, 6E and 6F). Both 

CDH5 and ZO-1 were unchanged in hypoxia. Immunostaining of the cultured endothelial 

monolayer showed that in normoxia shear stress increased ZO-1 localization to the cell 

junction region compared to static conditions but that this shear-induced localization was 

markedly reduced in hypoxia (Figure 6G). 
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Differentially expressed mRNAs in the alveolar endothelial cells of COPD lungs

Changes in protein expression in response to hypoxia in endothelial cells exposed to shear 

stress (16 that changed in response to hypoxia in both static and sheared conditions and 60 

that changed in sheared conditions alone) may have been produced either by changes in gene 

expression or by post-transcriptional or by post-translational mechanisms. Thus, we expected 

that for some, but not all, of these 76 proteins corresponding changes in mRNA might be 

detected in endothelial cells that were hypoxic in vivo. To test this hypothesis, we compared 

single cell RNA sequencing data from healthy lungs and from the lungs of patients with COPD, 

which were obtained from publicly available data sets (10–13).  Alveolar hypoxia is a 

characteristic feature of the lungs of patients with COPD (2).  

We identified six different subtypes of endothelial cells (arterial, general capillary, aerocytes, 

pulmonary venous, systemic venous, and lymphatic endothelial cells) (Figure 7A and 7B). For 

further analysis we focused on the endothelial cells that are located in alveoli and thus are 

most directly exposed to alveolar hypoxia i.e. general capillary endothelial cells and aerocytes 

(29). 

We next examined the single cell RNA sequencing data sets to identify differentially expressed 

genes in COPD capillary endothelial cells that coded for proteins that had changed expression 

in response to hypoxia in the cultured endothelial cells (Figure 7). Previously it has been 

reported that females have better survival with COPD than males (30). Because of this striking 

sex difference, we examined male and female data separately. The mRNAs of four proteins 

that were increased in hypoxia in both static and sheared pulmonary microvascular 

endothelial cells (SLC2A3, PTPRB, AHNAK and LOXL2) were increased significantly in the 

general capillary cells of female COPD lungs compared to female control lungs (Figure 7C).  
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Three of these four genes (SLC2A3, AHNAK and LOXL2) were also significantly increased in the 

aerocytes of female COPD lungs. 

Of the proteins whose expression was increased in response to hypoxia only when endothelial 

cells were exposed to sheared conditions, the encoding mRNAs for ETS transcription factor 

ERG (ERG) and MAPK regulated corepressor interacting protein 1 (MCRIP1) were upregulated 

in the general capillary endothelial cells of female COPD lung samples (Figure 7D). In the 

aeroctyes of female COPD lungs ERG mRNA was also significantly increased (Figure 7D).  

There were three genes that were significantly downregulated in both general capillary cells 

and in the aerocytes of female COPD samples whose corresponding proteins were reduced in 

HPMEC in response to hypoxia only in sheared conditions: eukaryotic translation initiation 

factor 4A2 (EIF4A2), HSP90AA1 and DnaJ heat shock protein family (Hsp40) member A1 

(DNAJA1) (Figure 7E). 

No statistically significant differences in the expression of these mRNAs (encoding proteins 

that had changed expression in response to hypoxia in the cultured endothelial cells) between 

healthy and COPD endothelial cells were detected in males (Figure 7C, 7D and 7E). 

Discussion

The work reported here was undertaken to examine the hypoxic responses of human 

pulmonary microvascular endothelial cells under conditions of continuous shear stress since 

in vivo these cells are exposed throughout life to blood flow-induced shear stress. Our results 

show for the first time that the proteomic response of the human pulmonary microvascular 

endothelium to hypoxia is significantly altered in the presence of physiological shear stress.  
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For our in vitro experiments, we aimed to expose the pulmonary endothelial cells to shear 

stress that was representative of that which endothelial cells experience in vivo.  However, 

direct measurement of the wall shear stress in the arterioles, capillaries and venules of the 

pulmonary circulation has not been made to date. Direct determination of wall shear stress 

in vivo in the systemic microcirculation using microviscometric technique showed that the 

wall shear stress was in the range of 5-10 dyn/cm2 (31). Wall shear stress, predicted on the 

basis of a number of different mathematical models, varies extensively, reflecting the 

differing assumptions and simplifications incorporated into such models (14, 15, 32–34). 

Given these uncertainties, we chose our experimental conditions so that the endothelium 

would show physiological features of a healthy endothelial monolayer. We have previously 

shown that shear stress similar to that used in the present study (i.e. 10 dyn/cm2 predicted 

by an extended solution to Stokes’ second problem), achieved using high viscosity culture 

medium, improved barrier function in a pulmonary endothelial monolayer when compared 

to lower shear stress conditions (6). In a series of preliminary experiments (data not shown), 

we increased the shear stress to a higher value (14 dyn/cm2 as predicted by an extended 

solution to Stokes’ second problem) and observed significant loss of cells due to their 

detachment leaving visible defects in the monolayer.  Based on these considerations, we 

chose the value of 10 dyn/cm2 for the current investigations.  Our finding of the increased 

expression of markers that are well-known to be upregulated in response to protective shear 

stress (KLF2, KLF4, NOS3 and SOD1) provides evidence of the homeostatic, protective nature 

of the shear stress we used and demonstrate that these conditions induced a more 

physiological phenotype in the cells than those cultured under static conditions (1). This 

agrees well with previous reports of improved endothelial barrier function following exposure 
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to shear stress induced by orbital rotation in the endothelial cells from other vascular beds 

(35).

We first checked the effects of shear stress on the canonical regulators of hypoxic responses, 

hypoxia-inducible factors (HIF) proteins, and their targets (20). HIF-1α and HIF-2α proteins  

were reduced in sheared conditions independently of changes in their mRNAs, possibly by 

post-translational mechanisms (Figure 3), in keeping with previous reports of post-

translational regulation of HIF protein abundance (36). Interestingly, despite the shear stress 

induced decrease in hypoxic accumulation of HIF-1α and HIF-2α, some of their well-known 

mRNA targets, for example GLUT1 and VEGFA (20), were increased to the same extent as in 

static conditions (Figure 3C and 3E).   

As was anticipated, the proteomic analysis identified increases in the expression of proteins 

that are well recognised as hypoxia responsive under static conditions, such as GLUT1, 

ANGPTL4, LDHA, ALDOC, confirming the validity of our experimental model (20, 21) (Figure 

3D and 3F, Figure 4C and Figure 5A).  However, we also found that 60 proteins were changed 

in response to hypoxia in sheared but not static conditions, changes that would not have been 

detected if hypoxic responses had only been examined under the static conditions commonly 

used in in vitro models. A number of these 60 proteins have previously been shown to be 

hypoxia-responsive in other cells and tissues e.g. SERPINE1, cellular communication network 

factor 1 (CCN1), RNA-binding protein 3 (RBM3), THBS1, tyrosine-protein kinase CSK also 

known as C-terminal Src kinase (CSK), JAM-A, HSP90AA1, Ras GTPase-activating protein 1 

(RASA1), Heat shock 70 kDa protein 1B (HSPA1B, also known as HSP70-2), Heat shock 70 kDa 

protein 12B (HSPA12B) and plasma membrane calcium-transporting ATPase 4 (ATP2B4).  

However, none of these has previously been identified as hypoxia responsive in pulmonary 
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microvascular endothelial cells (37–46). Only two of the 60 proteins, CCN1 and THBS1, which 

were among those increased in hypoxia only in sheared conditions, have been previously 

reported to increase in hypoxic lungs in vivo and in hypoxic endothelial cells from large 

pulmonary arteries (22, 23, 38). The identification of these two proteins with known roles in 

the development of vascular disease among those altered by hypoxia only in the presence of 

shear stress supports the view that this in vitro model recapitulates important physiological 

mechanisms activated in the hypoxic pulmonary endothelium in vivo. 

Of the 17 proteins increased by hypoxia only in sheared conditions, 15 have not previously 

been identified as hypoxia responsive in pulmonary vascular endothelial cells.  Of the 43 

proteins that we identified as reduced by hypoxia only in sheared conditions (Figure 5D), five 

(CSK, HSP90AA1, HSPA1B, ATP2B4, HSPA12B) were previously shown to be increased in 

response to hypoxia in other cells types i.e. a changed in the opposite direction to that which 

we found (40, 42, 44–46). Of these 43 proteins (Figure 5D) 41 have not previously been 

implicated in the development of hypoxic lung diseases. Taken together, these finding show 

that the hypoxic responses of the pulmonary microvascular endothelium are substantially 

altered in the presence of shear stress and are very different from previously reported 

hypoxia responses in other cell types.  This suggests that the hypoxia-shear stress interaction 

is central to the unique responses of the pulmonary circulation to hypoxia in vivo, including 

hypoxia-induced increase in vascular resistance (47).   

It is particularly interesting to note that our results identified reduction of expression of 

proteins known to be essential for normal vascular homeostasis in systemic endothelial cells 

although these have not previously been shown to be hypoxia responsive in the pulmonary 

microvascular endothelium, for example JAM-A, Ephrin-B1 (EFNB1) and Prelamin-A/C (LMNA) 
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(26, 48, 49). We examined JAM-A further as it is required to maintain normal endothelial 

barrier permeability in the systemic circulation (26, 28).  This was of particular interest given 

that increased endothelial permeability is a key step in the development of both hypoxia-

induced pulmonary edema and hypoxic pulmonary hypertension (50, 51). It has previously 

been shown that reduction of JAM-A in dermal capillary endothelial cells leads to movement 

of ZO-1 out of the endothelial tight junctions into the cytosol thus causing increased 

endothelial permeability (26).  These reports taken together with our findings that hypoxia in 

shear stress conditions caused reduction of JAM-A expression and loss of ZO-1 from 

pulmonary endothelial junctions suggest that this mechanism could contribute to hypoxia-

induced increases in pulmonary vascular permeability and thus to the development of lung 

diseases.  

The data comparing alveolar capillary endothelial cells of COPD lungs to those of normal lungs 

provide strong supporting evidence for the pathophysiological relevance of the proteins 

identified in vitro as hypoxia responsive. As expected, this was a subset of the list of the 

hypoxia responsive proteins since among them there must be proteins that were altered by 

post-translational mechanisms.  In addition, since the single cell RNA sequencing analysis was 

undertaken on all lung cells and endothelial cells were not the focus of those studies, there 

were relatively few endothelial cells in the data sets (10–13). Nonetheless, the differentially 

expressed genes code for proteins that are known to be hypoxia responsive and proteins that 

have important functions within the vasculature. 

In females, mRNAs encoding nine of the proteins identified in the in vitro proteomic data set 

were differentially expressed.  Four of these were upregulated in both static and sheared 

conditions and three of these four have previously been shown to play a role in endothelial 
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homeostasis and angiogenesis in systemic organs, although not in the lungs.  SCL2A3 (GLUT3) 

is a hypoxia responsive gene whose increased expression in the aortic endothelium promotes 

endothelial cell motility (52). LOXL2 is also expressed in the systemic endothelium and is 

known to be hypoxia responsive (53). It is required for angiogenesis, playing a role in the 

formation of the basement membrane (53).  PTPRB is an hypoxia regulated, endothelial-

specific receptor-type tyrosine phosphatase essential for angiogenesis and normal shear 

stress induced endothelial alignment (54).

The finding in the single cell RNA sequencing analysis of lung samples from females with COPD 

that a group of mRNAs in capillary endothelial cells, which coded for proteins changed by 

hypoxia only under shear stress, were similarly altered (reduced or increased) in COPD lungs 

compared to healthy lungs provides further support for the relevance of our findings to 

hypoxic lung disease. For the reasons outlined above, this is a subset of the list of 60 proteins. 

Nonetheless, it is notable that among these was ERG, a transcription factor essential for the 

maintenance of normal endothelial barrier function and vascular stability in healthy 

endothelium (55). Included in the genes whose expression was reduced, there was one that 

is required for normal endothelial cell homeostasis, HSP90AA1. In endothelial cells HSP90AA1 

is essential for the normal function of eNOS and VEGFR2 (24, 25). Reduction in the expression 

of these homeostatic genes and proteins could therefore have contributed to altered vascular 

function in COPD, although further research will be required in the future to investigate this 

directly as these genes have not previously been identified as hypoxia responsive in the 

pulmonary microvascular endothelium.  

Intriguingly, the differences in gene expression between healthy and COPD female samples 

contrasted markedly with the absence of significant differences in expression observed 
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between healthy and COPD male samples. For some mRNAs the difference in expression 

between control male samples and samples from male COPD lungs seems to follow the same 

pattern as the differences between the female control and COPD lungs. The absence of 

statistically significant differences may reflect a lack of statistical power due to the smaller 

number of cells identified in male lungs e.g. aerocytes (Figure 7C and 7D).  However, for the 

mRNAs coding for proteins that were reduced only in sheared conditions the pattern of 

differential expression between healthy and COPD lungs suggests a sex different response in 

both general capillary cells and aerocytes (Figure 7E).  The presence of sex differences in vivo 

that we did not observe in vitro may be due to differences in the sex hormones or due to the 

influence of other cells in the intact lungs on the pulmonary endothelium (56). Further work 

will be required specifically designed to assess sex differences in the response of these genes 

and proteins in the lungs.

In this work we have shown that physiological shear stress alters the response to hypoxia in 

human pulmonary microvascular endothelial cells. We identified 60 proteins whose 

expression was significantly changed in response to hypoxia only in sheared conditions. 

Importantly, 55 of these have not previously been reported to be hypoxia responsive in the 

lung and have not been previously linked to hypoxic lung diseases.  These changes would not 

have been detected if cells had only been examined in the more commonly used static culture 

conditions. Thus, in order to gain insights that are directly relevant to the role of hypoxic 

responses of endothelial cells in vivo, future work should include in vitro models that expose 

endothelial cells to shear stress. The in vivo relevance of the identified changes in the context 

of hypoxic lung disease is supported by our finding that for a sub-set of these proteins the 

encoding mRNA was similarly changed in the alveolar endothelial cells of COPD lungs in 

females. Taken together, these results suggest that the interactions of shear stress and 
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hypoxia are central in the development of the vascular abnormalities characteristic of hypoxic 

lung diseases.  
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Figure legends

Figure 1. Characterization of shear stress on an endothelial monolayer within a single well (in 
a six well plate) during rotation on an orbital shaker together with the effects on shear 
responsive gene expression (rotation frequency - 187 rotations per minute, radius of gyration 
- 0.8 cm, radius of well - 1.75 cm, medium volume - 4 ml, medium relative viscosity - 3.23, 
medium density 1023 kg/m3). (A) Schematic representation of the magnitude and direction 
of shear stress vectors throughout the base of the well. (B) Mean magnitude of wall shear 
stress (red curve) and mean wall shear stress (blue curve) throughout a single complete 
rotation plotted against radial distance from the well centre. (C) Color-coded representation 
showing the Oscillatory Shear Index (OSI) throughout the base of the well. (D) Oscillatory 
Shear Index (OSI) plotted against radial distance from the well centre. (E) Color-coded 
representation of normalized fluid velocities at a single time point at the base of the well (0.06 
mm above the endothelial cell surface). (F) Normalized fluid velocities at 10% (r/R =0.10), 50% 
(r/R =0.50), and 70% (r/R=0.70) of the radius of the well throughout one complete orbit. (G 
and H) Expression of the shear-responsive genes eNOS and SOD1 in HPMEC collected from 
the whole area of the base of the well and in HPMEC collected from the periphery of the well 
alone (HPMEC from the central 40% of the basal well area were removed) after shear stress 
(72 hours) in normoxia. Target gene expression was normalised to housekeeping gene 
(HPRT1) expression in each sample. Data are presented as mean (SD), each symbol represents 
an individual donor. Solid symbols represent HPMEC from female donors, open symbols 
represent HPMEC from male donors. Values were log2 transformed for calculation of P values 
(repeated measures ANOVA followed by the Holm-Šídák’s step-down test for pairwise 
comparisons). *p value <0.05.

Figure 2. Shear-responsive genes (A) KLF2, (B) KLF4, (C) eNOS, (D) SOD1, shear-responsive 
proteins (E) eNOS, (F) SOD1 and inflammatory markers (G) ICAM1 and (H) IL-6 after exposure 
to shear stress in normoxia (Norm, 21% O2) or hypoxia (Hypo, 1% O2) for 24 hours. For target 
genes expression (A-D) was normalised to housekeeping gene (HPRT1) expression in each 
sample. Values were log2 transformed for calculation of P values (repeated measures ANOVA 
followed by the Holm-Šídák’s step-down test for pairwise comparisons). Protein expression 
(E-G) was quantified by mass spectrometric analysis. LFQ, label-free quantification. P values 
were calculated using ANOVA and followed by the Holm-Šídák’s step-down test for pairwise 
comparisons. (#) indicates that in this experimental group this protein was not detected in 
one of the subjects. (F) IL-6 secreted by HPMEC and measured in supernatant. P values were 
calculated using Friedman test with Dunn’s multiple comparisons test. Data are presented as 
mean (SD), each symbol represents an individual donor. Solid symbols represent HPMEC from 
female donors, open symbols represent HPMEC from male donors. *p value <0.05.  

Figure 3. (A-B) Hypoxia (1% O2 for 24 hours) induced accumulation of (A) HIF-1α and (B) HIF-
2α proteins that was reduced by shear stress, although HIF-1α and HIF-2α (EPAS1) mRNA 
were not altered by shear stress. Representative immunoblots of HIF-1α and HIF-2α protein 
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abundance for one donor are shown. Plots show values (western blotting) for five donors in 
each condition presented as percentages of the mean value of the “Static Hypoxia” group. 
For statistical analysis of western blotting data values were log2 transformed and P values 
were calculated using a paired t-test.  Expression of hypoxia-responsive genes (C) GLUT1, (E) 
VEGFA and proteins (D) GLUT1 and (F) ANGPTL4 in HPMEC after exposure to shear stress in 
normoxia (Norm, 21% O2) or hypoxia (Hypo, 1% O2) for 24 hours. For (C and E) values were 
log2 transformed for calculation of P values (repeated measures ANOVA followed by the 
Holm-Šídák’s step-down test for pairwise comparisons). Protein expression (D, F) was 
quantified by mass spectrometric analysis. P values were calculated using ANOVA and 
followed by the Holm-Šídák’s step-down test for pairwise comparisons. Data are presented 
as mean (SD), each symbol represents an individual donor. Solid symbols represent HPMEC 
from female donors, open symbols represent HPMEC from male donors. *p value <0.05.

Figure 4. Results of proteomics analysis on HPMEC after shear stress in normoxia (Norm, 21% 
O2) or hypoxia (Hypo, 1% O2 for 24 hours). (A) Principal component analysis (PCA) of HPMEC. 
In a scatter plot of the first two principal components (Component 2 vs Component 1) the 
proteomic profile of each HPMEC sample is presented as a single symbol and coloured 
according to their experimental condition (black symbols - static normoxia, n=6; red symbols 
– static hypoxia, n=6, blue symbols - shear normoxia, n=6, green symbols – shear hypoxia, 
n=5). Individual donors are identified as male (M) or female (F) together with their age (years). 
Lines between points connect samples from an individual subject in normoxia and hypoxia. 
Samples segregate into static and sheared clusters according to Component 1 (separated by 
dotted curve).  (B) Hierarchical clustering of 308 proteins found to have significantly different 
expression between HPMEC cultured in static conditions or shear stress in normoxia or 
hypoxia (FDR q value<0.05, ANOVA). (C) Heatmap showing a subset of the 308 proteins that 
were upregulated in response to hypoxia in both static and sheared conditions. (D) Heatmap 
showing a subset of the 308 proteins that were downregulated in response to hypoxia in both 
static and sheared conditions. High and low expression are shown in red and green 
respectively. Protein codes (Uniprot) were converted into gene names (HGNC) (Suppl. Tables 
2 and 3). *FDR q value<0.05, ANOVA with Tukey’s honestly significant difference (THSD) 
performed on ANOVA significant hits.  

Figure 5. Heatmaps showing proteins (from the group of 308 proteins shown in Figure 4B) 
that changed in HPMEC in response to hypoxia (1% O2 for 24 hours) in either static or sheared 
conditions but not both, detected using the proteomics analysis. (A) proteins that were 
upregulated in response to hypoxia only in static conditions. (B) proteins that were 
downregulated in response to hypoxia only in static conditions. (C) proteins that were 
upregulated in response to hypoxia only in sheared conditions. (D) proteins that were 
downregulated in response to hypoxia only in sheared conditions. High and low expression 
are shown in red and green respectively. For (A-D) *FDR q value<0.05, ANOVA with Tukey’s 
honestly significant difference (THSD) performed on ANOVA significant hits. Protein codes 
(Uniprot) were converted into gene names (HGNC) (Suppl. Tables 4-7). “LMNA” Uniprot code 
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is P02545, “LMNA ($)” Uniprot code is Q3BDU5. Black arrows indicate proteins that were 
plotted as representative examples of proteins from heatmaps (Figure 5C and 5D), 
thrombospondin 1 (THBS1) (E) and heat shock protein 90 (HSP90AA1) (F). LFQ, label-free 
quantification. For (E, F) data are presented as mean (SD), each symbol represents an 
individual donor. Solid symbols represent HPMEC from female donors, open symbols 
represent HPMEC from male donors. For (E, F) values were log2 transformed for calculation 
of P values (repeated measures ANOVA followed by the Holm-Šídák’s step-down test for 
pairwise comparisons). For (E, F) *p value <0.05.

Figure 6. The effect of shear stress and hypoxia (1% O2 for 24 hours) on the markers of 
endothelial cell barrier integrity. (A) Junctional adhesion molecule A (JAM-A) also known as 
F11R, (B) F11R mRNA expression, (C) Tight junction protein 1 (TJP1), also known as ZO-1 
protein, (D) TJP1 mRNA, (E) VE-cadherin (CDH5) protein and (F) CDH5 mRNA expression. (G) 
Immunofluorescent staining of ZO-1 (red). Nuclei were stained with DAPI (blue). White arrows 
indicate membrane localization. The scale bar corresponds to 10 µm (40x objective). For (A, 
C and E) protein expression was quantified by mass spectrometric analysis. LFQ, label-free 
quantification. (#) indicates that in this experimental group this protein was not detected in 
one of the subjects. P values were calculated using ANOVA and followed by the Holm-Šídák’s 
step-down test for pairwise comparisons. For statistical analysis of (B, D and F) normalized 
target gene expression was log2 transformed. P values were calculated using repeated 
measures ANOVA followed by the Holm-Šídák’s step-down test for pairwise comparisons. *p 
value <0.05. Data are presented as mean (SD), each symbol represents an individual donor. 
Solid symbols represent HPMEC from female donors, open symbols represent HPMEC from 
male donors. 

Figure 7. Results of single cell RNA sequencing in lungs from healthy donors and lungs from 
patients with COPD from four publicly available datasets (10–13).  (A) UMAP visualization of 
endothelial subtypes. (B) Heatmap of the top 15 differentially expressed genes (rows) for 
individual cells (columns) in each endothelial subtype. (C, D, E and F) Differentially expressed 
genes in general capillary cells and aerocytes that coded for proteins that were similarly 
changed in the proteomic analysis of HMPEC in response to hypoxia in sheared conditions. 
Males and females were compared separately: healthy females (Con, n=9) vs females with 
COPD (n=9) and healthy males (Con, n=12) vs males with COPD (n=7). (C) genes that increased 
in COPD and encoded proteins that also increased in response to hypoxia in both static and 
sheared conditions in HPMEC. (D) genes that increased in COPD and encoded proteins that 
increased in HPMEC in response to hypoxia only in sheared conditions. (E) genes that 
decreased in COPD and encoded proteins that decreased in HPMEC in response to hypoxia 
only in sheared conditions. Data are presented as violin plots, dots represent individual cells. 
General capillary cells female control, 692 cells.  General capillary cells female COPD, 147 cells.  
General capillary cells male control, 166 cells. General capillary cells male COPD, 72 cells. 
Aerocytes female control, 256 cells. Aerocytes female COPD, 91 cells.  Aerocytes male control, 
60 cells. Aerocytes male COPD, 21 cells. Differentially expressed genes were identified using 
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Wilcoxon two sample test with Bonferroni correction (*p-adjusted<0.05) and log2 difference 
>0.6 (1.5 fold-change). ns, p adjusted = 1.
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Shear stress markedly alters the proteomic response to hypoxia in human pulmonary 
endothelial cells

Daria S. Kostyunina, Simon C. Rowan, Nikolai V. Pakhomov, Eugene Dillon, Keith D. Rochfort, 
Philip M. Cummins, Malachy J. O’Rourke, Paul McLoughlin

ONLINE DATA SUPPLEMENT
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Suppl. Methods

Shear stress application

Human pulmonary microvascular endothelial cells (HPMEC) from nine different healthy 

donors (four females and five males, 53-70 years old) were purchased (Promocell, Heidelberg, 

Germany) and grown in a standard medium MV2 (Promocell, Heidelberg, Germany) with 

Penicillin-Streptomycin 1% (Thermo Scientific, Waltham, USA). 

HPMEC (passage 5) were seeded (9000 cells/cm2) onto six well plates which had been 

precoated with 0.1% gelatine (Attachment Factor, Thermo Scientific, Waltham, USA). and 

grown in a standard tissue incubator (5%CO2, 21%O2) until 80-90% confluent.   

To expose cells to shear stress, six well plates were placed on an orbital shaker (SSM1, Stuart, 

UK) (187 rotations per minute, radius of gyration 0.80 cm) and the relative viscosity of the cell 

culture medium was increased to 3.2 (measured using an Ostwald Viscometer) by addition of 

high molecular weight Ficoll® (7% Ficoll® PM400, Merck, Darmstadt, Germany) as previously 

described (1, 2). These conditions gave a shear stress of 10 dyn/cm2 as calculated using a 

formula based on an extended solution to Stokes’ second problem), 

                                                              (1)𝜏 = 𝑎 𝜌µ(2𝜋𝑓)3

where  is the radius of gyration of the orbital shaker, ρ is medium density, µ is medium 𝑎

viscosity,  is frequency of rotation, an approach previously used to determine the shear 𝑓

stress experienced by cells cultured on an orbital shaker (1–3).  We had previously shown that 

this produced optimal barrier function when compared to a lower level of shear stress (2). 

After 24 hours in these normoxic conditions, cells were either placed into hypoxic conditions 
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(1% O2 chamber, Coy Labs, Grass Lake, USA) or remained in normoxic conditions for a further 

24 hours while shear stress continued.  

Following 24 hours of hypoxia (and 48 hours of shear overall) HPMEC were lysed in buffer 

RLT™ (Qiagen, Germantown, USA) with 1 M DTT (Merck, Darmstadt, Germany) for RNA 

analysis or in RIPA buffer (Thermo Scientific, Waltham, USA) for protein analysis inside the 

hypoxic chamber. Separate cells were simultaneously cultured in standard static conditions 

in normoxia or hypoxia. 

Computational Fluid Dynamics

Computational fluid dynamics (CFD) were used to characterise applied shear stress in detail. 

The parameters used for CFD were as follows: radius of gyration was 0.80 cm, radius of one 

well was 1.75 cm, the height of the medium in the well was 0.42cm, the medium viscosity was 

0.00204 Ns/m2 (high viscosity medium) or 0.00066 Ns/m2 (standard viscosity medium), the 

medium density was 1023 kg/m3 (high viscosity medium) or 998.5 kg/m3 (standard viscosity 

medium), the frequency of rotation  was 187 rotations per minute (high viscosity medium) or 

275 rotations per minute (standard viscosity medium).

In general, the shear stress vector is given by

                                                                                                                              (2)𝜏 = 𝜏𝑥𝑖 + 𝜏𝑦𝑗 + 𝜏𝑧𝑗 

Assuming that the surface of interest is an  plane, the wall shear stress is determined at 𝑥 ― 𝑦

:𝑧 = 0
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                                                                                                                          (3)𝜏𝑤(𝑧 = 0) = 𝜏𝑤𝑖 + 𝜏𝑦𝑗

The magnitude of the shear stress vector is given by

                                                                                                                                               (4)|𝜏𝑤| =  𝜏2
𝑥 +  𝜏2

𝑦

There are two time averaged quantities to be considered the time average of wall shear stress 

and the time average of the magnitude of wall shear stress. The time average of wall shear 

stress is given by 

                                                                                                                               (5)𝑇𝐴𝑊𝑆𝑆 =
1
𝑇∫𝑇

0𝜏𝑤𝑑𝑡

The time average of the magnitude of the wall shear stress is given by

                                                                                                                             (6)𝑇𝐴𝑀𝑊𝑆𝑆 =
1
𝑇∫𝑇

0|𝜏𝑤|𝑑𝑡

Oscillatory shear index is defined as

                                                                OSI=0.5                                                           (7)(1 ―
|∫𝑇

0𝜏𝑤𝑑𝑡|

∫𝑇
0|𝜏𝑤|𝑑𝑡)

The oscillatory shear index (OSI) describes shear stress acting in directions other than the 

direction of the mean shear stress vector i.e. multi-directional shear stress (4).  In vivo, in 

areas of blood vessels with multi-directional shear stress, endothelial cells have cobble-stone 

appearance, are more permeable and express pro-inflammatory, pro-thrombothic and pro-

oxidative genes (5, 6). OSI varies between a value of 0 and 0.5, 0 indicating unidirectional WSS 

throughout a complete rotation and 0.5 indicating purely oscillatory shear stress with a time-

average of zero (4, 7).
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Determination of Mean Shear Stress

Transient data (shear stress), sampled at  equispaced discrete points along a single radius 𝑛

on the base of the well and extending over one period of revolution of the shaker, was 

exported from Ansys-Fluent to Matlab for post processing. A temporal average (5) yielded the 

radial distribution of the time-averaged wall shear stress. An area weighted average of this 

wall shear stress was then computed to yield the average wall shear stress on the base of the 

wall using equation (8)

                                                                                                                          (8)𝜏 =
∑𝑛

𝑘 = 1𝑇𝐴𝑊𝑆𝑆𝑘(2π𝑟𝑘)∆r

π𝑅2

where ∆𝑟 = 𝑅/𝑛

Numerical simulations were performed using Ansys 2021R2. The geometry of a single well 

was recreated in Ansys-Spaceclaim and imported in Ansys-Meshing. Mesh inflation was 

applied on both the bottom and side walls of the well. Following mesh independence studies 

the final computational mesh consisted of 1.05 million hexahedral elements. The mesh was 

then imported into Ansys-Fluent. The geometry was orientated with the axis vertical, 𝑧 ―

gravity applied in the direction. The multiphase volume of fluid method was utilised to ―𝑧 

simulate the interaction between the two fluids in the simulation, the medium in the well and 

the ambient air. As the flow was turbulent, the k- Shear Stress Transport (SST) model was 

invoked, + values on the walls observed of order 1. The top surface of the well was specified 𝑦 

as an outlet boundary condition with the pressure set at 0 Pa gauge (i.e. atmospheric 

pressure).  The remaining boundary surfaces of the well were specified as no-slip wall 

boundary conditions. The well was rotated in the plane. Named expressions were used 𝑥 ― 𝑦 
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to specify the instantaneous  and  components of velocity calculated from the rotational 𝑢 𝑣

speed U (= ) and the period of rotation  as follows𝑅𝜔 𝑇

                                                              (8)𝑢(𝑡) = 𝑈𝑐𝑜𝑠(
2𝜋𝑡

𝑇 )

                                                               (9)𝑣(𝑡) = 𝑈𝑠𝑖𝑛(
3𝜋𝑡

𝑇 )

The coupled solver was utilised with default settings. All simulations were run for three 

rotations of the shaker initially ensuring that the calculation had become periodic. 1000 time 

steps per period of rotation were utilised. At each timestep, convergence was achieved when 

all residuals had fallen below 0.0001. The simulation was then run for one further rotation of 

the well during which time transient results were written to file for postprocessing in 

Paraview (Paraview-11.0) and Matlab (Matlab R2022a). Additionally, ’data sampling for time 

statistics’, an option available within Ansys-Fluent, was used to average the flow field and 

obtain a time average of the velocity, pressure and stress fields. The outcome of this averaging 

process within Ansys-Fluent was compared with the same calculated from the transient data 

with Matlab. Excellent agreement was observed between the results.

Velocity vectors, normalised by rotational speed U (=  of the shaker were exported from 𝑅𝜔)

Fluent to Matlab and plotted over the circumference at radii of 10%, 50% and 70% of the dish 

radius.

The Reynolds number Re was calculated as in (8) and given by

                                                                                                                                           (10)𝑅𝑒 =  
HR2π𝑓𝜌

µ

where  is the height of fluid in the well, R is the well radius,  is the frequency of rotation,  𝐻 𝑓 𝜌

is the fluid density,  is the medium viscosity.µ
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The Froude number was calculated as in (8) and given by

                                                                                                                                             (11)𝐹𝑟 =  
R2π𝑓

𝑔𝐻

Where  is the well radius,  is the frequency of rotation,  is the gravitational constant, and 𝑅 𝑓 𝑔

 is the height of the fluid. 𝐻

RT-qPCR

Total RNA was extracted using columns (RNeasy Mini Kit, Qiagen, Germantown, USA) with 

on-column DNAse treatment (RNAse-Free DNase Set, Qiagen, Germantown, USA). RNA 

concentration was measured by Nanodrop 1000 (Thermo Scientific, Waltham, USA). Total 

RNA 1 (µg) was used for reverse transcription (SuperScript™ III, Invitrogen). RT-qPCR was 

undertaken using a thermocycler (QuantStudio 7 Flex, Thermo Scientific, Waltham, USA) 

using TaqMan probes (Thermo Scientific, Waltham, USA): KLF2 (Hs00360439_g1), KLF4 

(Hs00358836_m1), NOS3 (eNOS) (Hs01574665_m1), SOD1 (Hs00533490_m1), HIF1A 

(Hs00153153_m1), EPAS1 (HIF2A) (Hs01026149_m1), SLC2A1 (GLUT1) (Hs00892681_m1), 

VEGFA (Hs00900055_m1), F11R (Hs00375889_m1), CDH5 (Hs00901465_m1), TJP1 

(Hs01551871_m1). Analysis of RT-qPCR data was performed using the standard curve 

method. Target gene expression was normalized to housekeeping gene expression (HPRT1, 

Hs02800695_m1). HPMEC from seven donors (n=7) (three males and four females) were used 

for RT-qPCR. For statistical analysis normalized target gene expression was log2 transformed. 

P values were calculated using repeated measures one-way ANOVA with Geisser-Greenhouse 

correction and Holm-Šídák’s multiple comparisons test (Prism 9, GraphPad, San Diego, USA). 
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ELISA

Supernatant from cell culture plates was collected and stored at -80 °C until further analysis. 

IL-6 concentrations in supernatant were analysed using DuoSet ELISA for IL6 (lot P326914, 

DY406, R&D Systems, Minneapolis, MN) according to manufacturer’s instructions. End-point 

values of samples and standards in duplicates were read by Clariostar (MBG Labtech, 

Germany). Quantification of IL-6 in samples was performed using extrapolation function of 

linear curve fit. P values were calculated using Friedman test with Dunn’s correction for 

multiple comparisons (Prism 9, GraphPad, San Diego, USA).  

Western Blotting

HPMEC protein lysates were centrifuged at 16000 g at 4°C for 15 minutes and supernatant 

was collected. Protein concentration was measured using BCA protein assay (PierceTM, 

Thermo Scientific, Waltham, USA). 12 µg of protein was mixed with LDS Sample Loading Buffer 

(4X) (G-Biosciences, St. Louis, USA) and Bolt™ Sample Reducing Agent (10X) (Invitrogen, 

Waltham, USA) and incubated at 70°C for 10 minutes for denaturation. Proteins were 

separated by electrophoresis in 8% gels (ProtoGel 30%, ProtoGel Stacking Buffer, ProtoGel 

Resolving Buffer 4X, National Diagnostics, Nottingham, UK) that was followed by transfer on 

polyvinylidene fluoride (PVDF) membrane, 0.45 µm pore size (Millipore, Merck, Darmstadt, 

Germany). The membranes were blocked with 5% skim milk (Millipore, Merck, Darmstadt, 

Germany) in TBS-T buffer for 1 hour at room temperature and incubated with primary 

antibodies at 4°C overnight. Primary antibodies used against: HIF-1α (1:1000, rabbit 
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monoclonal, 36169S (D1S7W), lot 2, Cell Signaling, Beverly, USA), HIF-2α (1:1000, rabbit 

polyclonal, NB100-122SS, lot CO-3, Novus, Abington, UK), β-actin (1:5000, mouse monoclonal, 

A5441, lot 029M4883V, Merck, Darmstadt, Germany). The next day membranes were washed 

in Tris-buffered saline with 0.1% Tween 20 (TBS-T), incubated with secondary antibodies for 

1 hour at room temperature, and washed in TBS-T again. The secondary antibodies used were 

as follows: goat anti-rabbit IgG (1:5000, DyLightTM 800, SA535571, lot TL277458, Invitrogen, 

Waltham, USA) and goat anti-mouse IgG (1:1000, DyLightTM 680, 35519, lot VB298075, 

Invitrogen, Waltham, USA). Protein was detected using fluorescence imaging system 

(Odyssey CLx, Li-Cor, Cambridge, UK) and quantified using Image Studio Lite software (Li-Cor, 

Cambridge, UK). Target protein expression was normalised to β-actin from the same sample.  

HPMEC from six donors were set to be used for protein analysis, however, there was 

insufficient protein available from one the sample of one subject, probably due to a technical 

error at the time of initial collection, so the final number of HPMEC donors for western 

blotting was five (n=5) (three females and two males). For statistical analysis normalised 

target protein expression was log2 transformed.  P values were calculated using paired T-test 

(Prism 9, GraphPad, San Diego, USA).  

Immunofluorescent imaging

HPMEC (from a male donor, 62 years old) were fixed in six well plates using 1 ml of 4% 

paraformaldehyde for 2 minutes at 37 °C, which were followed by 15 minutes of incubation 
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at room temperature. Wells were washed with PBS and left at 4 °C covered with PBS for two 

days until staining was performed. For permeabilization cells were incubated with 1 ml/well 

of 0.2% saponin (S7900, Sigma) for 20 minutes at room temperature and then washed with 

PBS. For blocking cells were incubated with 1 ml/well of bovine serum albumin (BSA) (A21153, 

Sigma-Aldrich, Merck, Darmstadt, Germany) for 30 minutes at room temperature and then 

washed with PBS. Cells were incubated with primary antibodies tight junction protein 1 (ZO-

1) (1:100, mouse monoclonal, ZO1-1A12, 33-9100, Thermo Scientific, Waltham, USA) in 5% 

BSA in PBS overnight at 4 °C. The next day antibody solution was removed, and cells were 

washed twice with PBS. Cells were incubated with goat anti-mouse IgG (1:500, DyLight™ 680, 

35519, lot VB298075, Invitrogen, Waltham, USA) in 5% BSA in PBS for two hours at room 

temperature and washed twice with PBS. Nuclei were stained with DAPI (D9542, Sigma) 2 

µg/ml for 3 minutes at room temperature. After washing, cells were mounted using Mowiol® 

4-88 (81381, Sigma-Aldrich, Merck, Darmstadt, Germany) (1 hour at room temperature). 

Images were acquired using Zeiss microscope (Axio Imager Z2, LSM 800 confocal with Airy 

scan, Zeiss, Germany) at 40x magnification (C Plan-Apochromat 40x/1.30 objective). Identical 

settings were applied to acquire images from all four experimental conditions (static 

normoxia, static hypoxia, shear normoxia and shear hypoxia). Track 1 DyLight™ 680: pinhole 

- 5.00 AU/192µm, laser - 640 nm: 5.00 %, excitation - 691 nm, emission - 709 nm, detector 

gain - 900 V. Track 3 DAPI: pinhole - 5.41 AU/156 µm, laser - 405 nm: 0.4 %, excitation - 353 

nm, emission - 465 nm, detector gain - 872 V. For all images white display was set to 400 for 

DyLight™680 and to 5000 for DAPI. Black was set to 0 and gamma was set to 1 for both 

channels.

Page 48 of 59

 AJRCMB Articles in Press. Published February 02, 2023 as 10.1165/rcmb.2022-0340OC 
 Copyright © 2023 by the American Thoracic Society 



11

Mass spectrometry

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (9) partner repository with the dataset identifier PXD036260 and 

10.6019/PXD036260.

For bottom-up proteomics, 25 µl of protein samples, lysed with RIPA, were mixed with 50 µl 

LYSE buffer (PreOmics, Munich, Germany), digested, and purified using columns (iST Sample 

Preparation Kit, PreOmics, Munich, Germany). The samples were analyzed by the Mass 

Spectrometry Resource (MSR) in University College Dublin on a mass spectrometer (Q 

Exactive, Thermo Scientific, Waltham, USA) connected to a chromatography system (Dionex 

Ultimate 3000, RSLCnano, Thermo Scientific, Waltham, USA). Peptides were separated on 

column, made of 3 μm C18-AQ Reprosil-Pur (Dr. Maisch, Tübingen, Germany) (length-100 

mm; diameter-0.075 mm) over 120 min at a flow rate of 250 nL/min with a linear gradient of 

increasing ACN from 1% to 27%. The mass spectrometer was operated in data dependent 

mode;  high resolution (70,000) MS scan (300-1600 m/z) was performed to select the twelve 

most intense ions and fragmented using high energy C-trap dissociation for MS/MS analysis.

Data processing and Bioinformatics

Raw data from the mass spectrometer was processed using the MaxQuant software (version 

2.0.3.0) incorporating the Andromeda search engine (10–12). To identify peptides and 

proteins, MS/MS spectra were matched against Uniprot homo sapiens database (2021_03) 

containing 78,120 entries. All searches were performed using the default setting of 

MaxQuant, with trypsin as specified enzyme allowing two missed cleavages and a false 

discovery rate of 1% on the peptide and protein level. The database searches were performed 

with carbamidomethyl (C) as fixed modification and acetylation (protein N terminus) and 
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oxidation (M) as variable modifications. For the generation of label free quantitative (LFQ) ion 

intensities for protein profiles, signals of corresponding peptides in different nano-HPLC 

MS/MS runs were matched by MaxQuant in a maximum time window of 1 min (13). Statistical 

analysis of proteomic data was undertaken in Perseus software (version 1.6.2.3) according to 

the developer’s protocol (14, 15). Differentially expressed proteins (ANOVA, permutation-

based FDR with 250 randomisations, q value<0.05) were identified. Tukey’s honestly 

significant difference (THSD) test was performed on ANOVA significant hits. Where expression 

of specific individual proteins was examined, P values were calculated using ANOVA and 

followed by the Holm-Šídák’s step-down test for pairwise comparisons.

Single cell RNA-sequencing

Four publicly available datasets from the GEO database were used for single cell RNA-

sequencing analysis (16–19). Analysis was undertaken in R (version 4.0.3(2020-10-10)) using 

Seurat version 4.0.0 (MAST version 1.15.0) (20). Endothelial cells were identified as cells 

prominently expressing canonical markers such as vWF, PECAM1, CLDN5 as well the markers 

reported by the authors of the source datasets. Quality control (QC) was undertaken on each 

individual dataset: percentage of mitochondria genes (“percent.mt”), the number of read 

counts (“nCount_RNA”) and number of genes (“nFeature_RNA”) were visualised using violin 

plots and outliers were removed.

The endothelial cell subsets from each dataset were integrated using the “SCTransform” 

methodology which replaces the NormalizeData, ScaleData and FindVariableFeature steps in 

the standard workflow. During normalization, mitochondrial mapping percentage, a 

confounding source of variation, was removed. To integrate datasets integration anchors 
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were identified with the “FindIntegrationAnchors”. Normalization method was set to “SCT”. 

Principal components were calculated using the “RunPCA” in JackStraw (result suggested 

PC8/9) and Elbow plot (result suggested PC8/9 with full flat line at PC15) methods. 

Visualisation and clustering were undertaken on the integrated dataset. Based on JackStraw 

and Elbow plot the K-nearest neighbour and clusters for various resolutions were determined. 

UMAP with selected resolutions was run to visualise cell distribution after the integration 

(Suppl. Fig. 2). Gene clusters (cell subtypes) were identified using “FindAllMarkers” command. 

Endothelial cell (EC) subtypes were identified using previously reported gene markers (21): 

EC systemic venous (ZNF385D, COL15A1, TPD52L1), EC lymphatic (LYVE1, PDPN, CCL21, 

SEMA3D), EC general capillary (FCN3, IL7R, RGCC, SCL6A4), EC pulmonary venous (CPE, CLU, 

C7, ACKR1, IGFBP7), EC arterial (DKK2, IGFBP3, SERPINE2), EC aerocyte (SOSTDC1, EDNRB, 

CA4, S100A4) (Figure 7A). A small contaminating cluster identified as immune cells (FCER1G, 

LYZ, CD68, MRC1 gene markers) was excluded. QC metrics - percentage of mitochondria 

genes (“percent.mt”), the number of read counts (“nCount_RNA”) and number of genes 

(“nFeature_RNA”), were visualised using violin plots (Suppl. Figure 3). Differentially expressed 

gene markers for each subtype were identified using MAST and the heatmap on the top 15 

genes was generated (Figure 7B). 

The integrated EC dataset contained cells from IPF donors (17–19) (Suppl. Figure 2). These 

cells were identified and excluded from further analysis (Suppl. Figure 2). For the final analysis 

we identified the ECs from donors that were age-matched (50-76 years old) to the donors of 

the HPMEC used in our in vitro studies. We set a threshold to include male donors >50 years 

old and female donors > 55 years old. Final single cell RNA-sequencing donor numbers were: 

21 control donors (12 males and 9 females) and 16 donors with COPD (7 males and 9 females) 

only. Differentially expressed genes (DEGs) between COPD and control cells were identified 
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using MAST framework with “min.pct = 0.10” i.e., 10% of cells had to express the gene in 

either the control or COPD datasets. DEGs were considered to be significant if P adjusted was 

less than 0.05, calculated using Wilcoxon two sample test with Bonferroni correction.

Because COPD leads to alveolar hypoxia (58) we focused on two types of alveolar endothelial 

cells, aerocytes, which are responsible for gas exchange, and general capillary cells, which are 

precursors of aerocytes and release vasoactive substances (22). The numbers of general 

capillary cells and aerocytes from these aged match control and COPD donors were 1077 cells, 

and 428 cells respectively. Among general capillary cells 692 cells were in a female control 

group, 147 cells were in female COPD, 166 cells were in male control and 72 cells were in male 

COPD. In a female control group, there were 256 aerocytes, in female COPD 91 aerocytes, in 

male control 60 aerocytes, in male COPD 21 aerocytes.

Data availability

Published datasets of single cell RNA sequencing data on human lung GSE128169 (16), 

GSE128033 (17), GSE136831 (18), GSE122960 (19).
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Supplemental Table 1. Comparison between standard and high viscosity medium. 

Medium

Rotation 
frequency, 
rotations 

per 
minute

Density, 
kg/m3

Viscosity, 
NS/m2

Shear stress 
according to 
equation (1), 

dyn/cm2

Mean shear 
stress 

according to 
CFD,

dyn/cm2

Reynolds 
Number

Froude 
number

High 
viscosity 
medium

187 1023 0.00204 10.02 13.1 721 1.69

Standard 
medium 275 998.5 0.00066 10.01 14.36 3221 2.48

Notes. The radius of gyration of the orbital shaker was 0.8 cm, the radius of each well was 
1.75 cm, the height of the culture medium in the well was 0.42 cm. CFD-computational fluid 
dynamics.
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Suppl. Figure 1. Shear stress which cells would have experienced if standard (low viscosity) 
cell culture medium was used and the rotation frequency increased to produce a shear stress 
identical to that used in the experiments we report, as calculated using the formula based on 
an extended solution to Stokes’ second problem (10 dyn/cm2), a commonly used approach. 
(A and B) Computational fluid dynamics, calculated for a well in a six-well plate, rotated on an 
orbital shaker (rotation frequency - 275 rpm, radius of gyration - 0.8 cm, radius of well - 1.75 
cm, medium volume - 4 ml, relative medium viscosity – 1.1, density of medium 998.5 kg/m3). 
(A) Mean wall shear stress vectors within a well and wall shear stress (red curve - time average 
of the magnitude of the shear stress; blue curve - time average of the wall shear stress 
vectors). (B) Oscillatory Shear Index.  Note the much larger area that would have experienced 
a high mean magnitude of shear stress and high OSI that in our method using a high viscosity 
medium (markedly reduced area of high mean magnitude of shear stress and reduced area 
of high OSI).

Suppl. Figure 2. UMAP showing the successful integration of single cell RNA-sequencing 
datasets from healthy and COPD lungs.

Suppl. Figure 3. Violin plots of quality control metrics: percentage of mitochondrial genes 
“percent.mt”, number of read counts (“nCount_RNA”) and number of genes 
(“nFeature_RNA”) in endothelial cell subtypes after integration.
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