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Abstract

Background and Purpose: Vasoreactivity of pulmonary arteries regulates blood flow
through the lungs. Excessive constriction of these vessels contributes to pulmonary
arterial hypertension (PAH), a progressive and incurable condition, resulting in right
heart failure. The search for new and improved drug treatments is hampered by
laboratory models that do not reproduce the vasoactive behaviour of healthy and dis-
eased human arteries.

Experimental Approach: We have developed an innovative technique for producing
miniature, three-dimensional arterial structures that allow proxy evaluation of human
pulmonary artery contractility. These “engineered pulmonary artery tissues” or
“EPATs” are fabricated by suspending human pulmonary artery vascular smooth
muscle cells (VSMCs) in fibrin hydrogels between pairs of silicone posts, located on
custom-made racks, in 24-well culture plates.

Key Results: EPATs exhibit rapid, robust and reproducible contraction responses to
vasoconstrictors (KCl, ET-1, U46619) as well as relaxation responses to clinically
approved PAH vasodilatory drugs that target several signalling pathways, such as
bosentan, epoprostenol, selexipag and imatinib. EPATs composed of pulmonary artery
VSMCs from PAH patients exhibit enhanced contraction to vasoconstrictors and relax-
ation in response to vasodilators. We also demonstrate the incorporation of endothelial
cells into EPATS for the measurement of endothelium-dependent dilatory responses.
Conclusion and Implications: We demonstrate the capacity and suitability of EPATs
for studying the contractile behaviour of human arterial cells and preclinical drug
testing. This novel biomimetic platform has the potential to dramatically improve our

understanding and treatment of cardiovascular disease.
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1 | INTRODUCTION

Excessive vasoconstriction of the pulmonary arteries (Cahill
et al., 2012) is the primary target of current therapies for pulmonary
arterial hypertension (PAH) (Humbert, Sitbon, et al., 2023). A major
hindrance to the development of new and better therapies for PAH
has been the lack of appropriate preclinical models that capture the
full phenotype of the human disease (Stenmark et al., 2009). This
hindrance, combined with a lack of an accurate platform to measure
human vasoreactivity in vitro, has limited our capacity to evaluate
potential therapies, further widening the translational gap between
bench and bedside.

Arterial control of blood flow is ultimately determined by the
contractile state of vascular smooth muscle cells (VSMCs) within the
medial layer of the vessel wall, wherein VSMC contraction leads to
vasoconstriction and VSMC relaxation leads to vasodilation. Predic-
tive measurements of human VSMC contractility in the laboratory are
crucial to improving our understanding of vascular physiology and dis-
ease. Myography, the current gold standard technique, is performed
ex vivo and, despite providing absolute measurements of force
generation, suffers from being technically challenging, labour inten-
sive, expensive and low throughput (Wenceslau et al., 2021). Myogra-
phy also requires specialist equipment and access to fresh tissue,
meaning that experiments are usually conducted in animals because
access to healthy human vessels is severely limited. This limitation
diminishes the translatability of findings because VSMC contractility
varies significantly between species (Douglas et al., 2000; Fuchikami
et al,, 2017).

Alternative in vitro methods to measure VSMC contractility
include single-cell shortening (Ahmetaj-Shala et al., 2021), electric
cell-substrate impedance sensing (Bogunovic et al., 2019) and traction
force microscopy (Petit et al., 2021). In these methods, cells are iso-
lated and assessed under conventional monolayer conditions, which
fail to accurately reproduce interactions between VSMCs and the
extracellular matrix—factors which are crucial in maintaining a mature
and contractile phenotype (Swiatlowska et al., 2022). These issues are
partially addressed with the 3D collagen gel contraction assay, which
also is used to determine VSMC contractile phenotype (Jia
et al.,, 2022; Wu et al,, 2017) but is negated by difficulties in reliable
quantification and reproducibility (Chen et al., 2013). Above all, the
ability to measure VSMC contractility in vitro is severely undermined
by the rapid and marked loss of contractility during culture, in favour
of a more migratory and phagocytic phenotype (Chamley-Campbell
et al., 1979; Proudfoot & Shanahan, 2012).

Advances in tissue engineering and materials science have
enabled the development of three-dimensional vascular cell culture
systems (Fleischer et al., 2020). In traditional, two-dimensional tissue
culture, a combination of anticontractile factors in media supple-
ments and the nonphysiological stiffness of tissue culture plastic,
result in the dedifferentiation of VSMCs (Sandison et al., 2016;
Swiatlowska et al., 2022), rendering them unsuitable for studying vas-

cular contractility. Replication of the native mechanical environment

What is already known

e Pulmonary arterial hypertension is characterised by
excessive, sustained contraction of vascular smooth mus-
cle cells.

o Current laboratory methods fail to reliably reproduce the

vasoactive behaviour of human pulmonary arteries.

What does this study add

e “Engineered pulmonary artery tissues” (EPATSs) are minia-
ture, three-dimensional contractile surrogates of human
pulmonary arteries.

o The EPATs method is medium-throughput, cost-effective,
technically straightforward, and accurately mimics human

artery contractility.

What is the clinical significance

e EPATSs are an innovative platform to conduct vasoactive
drug screening for pulmonary arterial hypertension.
e This method will generate more effective treatments

leading to reduced patient morbidity and mortality rates.

is essential for the maintenance of VSMC contractility (Swiatlowska
et al., 2022) and, therefore, new cell culture platforms need to be
established. Previously, miniaturised and spontaneously beating
three-dimensional “engineered heart tissues” have been developed
to measure contractility of primary and iPSC (induced pluripotent
stem cell)-derived cardiomyocytes in a 24-well format (Breckwoldt
et al., 2017; Hansen et al., 2010). These constructs are fabricated
using a biocompatible fibrin hydrogel combined with isolated cardio-
myocytes, which leads to the formation over time of coherently beat-
ing “tissues.” This culture platform provides a physiological system
for preclinical disease modelling and drug development, which has
recently been adapted for use in studies of skeletal muscle dystrophy
(Maffioletti et al., 2018; Pinton et al., 2023) and VSMCs (Reed
et al., 2022).

Based on our engineered VSMC tissue (EVT) platform (Reed et al.,
2022), we have demonstrated its application for measuring VSMC
contractility in vitro and adapted it for use with pulmonary artery-
derived VSMCs. We have evaluated the suitability of EPATSs for phar-
macological drug testing, disease modelling of PAH, and provided
proof-of-concept for the incorporation of endothelial cells. Overall,
EPATSs represent an exciting new tool with the potential to transform

our approach to preclinical vascular research.
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2 | METHODS

21 | Experimental design

EPATs were generated from human pulmonary artery VSMCs and
human pulmonary artery endothelial cells (HPAECs) to evaluate their
contractility. The methodology was optimised for robustness and
reproducibility, in comparison to human isolated pulmonary artery
vessels, to maximise the applicability of the findings to improve the

understanding and treatment of PAH.

2.2 | Fabrication of PDMS racks

Moulds to produce custom-made PDMS racks were created using
computer-aided design software (Autodesk Fusion) and 3D-printing
with black resin (Formlabs RS-F2-GPBK-04). The resin moulds were
rinsed in isopropanol and treated with trichloro(1H,1H,2H,2H-per-
fluorooctyl)silane (Sigma 448931) to minimise adhesion. PDMS racks
of normal stiffness were produced by combining curing agent with
the base reagent in a 1:10 ratio (VWR 634165S), mixing thoroughly
with a plastic pasteur pipette and degassing for at least 2 h using a
vacuum pump. Soft racks and stiff racks were made using a 1:15
ratio and 1:5 ratio of curing agent to base reagent, respectively. EHT
(engineered heart tissue) racks, as used previously (Hansen
et al., 2010), were purchased from a commercial source (EHT Tech-
nologies CO001). Next, PDMS was injected carefully into the mould,
using a 10-ml syringe to avoid creating bubbles, then left to solidify
at room temperature for at least 3 days before being removed from

the moulds.

23 | Cell culture

Human pulmonary artery VSMCs were initially cultured in medium,
containing  supplements and  penicillin-streptomycin  (Gibco
15140-122; 100 U-ml~Y), in a humidified incubator at 37°C containing
5% CO,. Cells were split in an approximately 1:3 ratio using trypsin/
EDTA (Gibco 25300-062). All flasks and plates were coated with 0.2%
gelatin (Sigma G1393) prior to cell seeding. Once cultures were estab-
lished, cells were transferred to DMEM (Thermo Fisher 10313021)
containing 10%-20% FBS (Gibco 10082-147; 20%), penicillin/
streptomycin (Gibco 15140-122; 100 U-ml~%), L-glutamine (Gibco
25030081; 200 mM), amphotericin B (Sigma A2942; 250 ng-ml~1%)
and MycoZGAP (Lonza VZA-2031). Cells were used at passage 6-13
and donor information is listed in Table S1. HPAECs were obtained
from commercial sources (detailed below) and cultured in a relevant
endothelial cell medium, containing supplements and Pen/Strep
(Gibco, 15140-122; 100 U-ml~Y), in a humidified incubator at 37°C
containing 5% CO,. All flasks and plates were coated with 10 pg-ml~!
fibronectin (Sigma Aldrich, F1141) diluted in PBS (Sigma Aldrich
D8537) prior to cell seeding. HPAECs were used at passage 9-13 and
donor information is listed in Table S2.
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24 | EPAT generation

EPATs were produced in a manner similar to previous reports which
used cardiomyocytes, aortic smooth muscle cells and skeletal muscle
myotubes (Breckwoldt et al., 2017; Pinton et al., 2023; Reed
et al., 2022). Teflon spacers were boiled twice in dH,O for 5 min each
and autoclaved prior to use. PDMS racks were cleaned thoroughly
with dH,O and autoclaved prior to EPAT fabrication. After achieving
at least 90% confluency and displaying a “hill and valley” morphology,
VSMCs were considered suitable for EPAT fabrication. Per EPAT, a
mastermix with 2.75-ul fibrinogen (Sigma F8630; 200 mg'ml’1 in
0.9% NaCl), 101.2-ul DMEM (as used for culture) and 6.05 ul 2x
DMEM (20% FBS, 100 U-ml~* penicillin-streptomycin in dH,O) was
prepared on ice. VSMCs were suspended in 110-ul mastermix per
1,100,000 cells. The cell mixture was triturated thoroughly before
being cast. EPAT casting moulds were prepared by adding warm 2%
agarose (Sigma A9539) in PBS into the wells of a 24-well plate
(Thermo Fisher 144530) and placing Teflon spacers (EHT Technolo-
gies C0002) into these wells. Following the solidification of the aga-
rose solution after 15 min, spacers were removed and the PDMS cell
racks were placed into the wells such that every well contains a pair
of posts. For each EPAT, 97 ul of mastermix containing VSMCs is
added to 3-pl thrombin (Sigma T7513; 100 U-ml~! in PBS:H,O
[60:40]) and cast into the agarose wells. EPATs were then incubated
at 37°C with 5% CO, for 90 min. Next, each of the wells was given
500-pul DMEM for 10 min to loosen each EPAT from the walls of the
moulds. The EPATs were then transferred to a new 24-well plate with
1.5 ml EPAT medium (DMEM; 10% FBS; 100 Uml~?t penicillin-strep-
tomycin; 200-mM L-glutamine; 0.1% aprotinin [Sigma A1153],
250 ng-ml~! amphotericin) per well. EPATs were maintained under
standard culture conditions. The EPATs were subjected to a change of
EPAT medium every Monday, Wednesday and Friday. For vasoreac-
tivity experiments, EPATs had been fabricated at least 7 days prior.

2.5 | Vasoreactivity experiments

All EPAT vasoreactivity experiments were conducted using time-lapse
widefield microscopy (Zeiss Axio Observer). The microscope was
equipped with a temperature-controlled chamber and controlled by
Zen acquisition software. To ensure sufficient pre-equilibration, all
EPATs were incubated in serum-free DMEM (Thermo Fisher
21068028) containing 2.5-mM CaCl, under standard culture condi-
tions for 3-4 h before any baseline reading measurements. All con-
tractility measurements were performed using this medium. During
baseline measurements, the EPATs were imaged every 5 min for a
duration of 15 min, to verify the absence of contractility before add-
ing vasoconstrictors. For the contraction and dilation experiments
comparing EPATSs of 500,000 versus 1,000,000 PASMCs, EPATs were
exposed to KCI (75 mM) for 30 min to elicit contraction and then
exposed to a combination of nifedipine (100 nM) and sildenafil
(10 uM) for 30 min to elicit dilation; throughout, images were cap-

tured every 5 min. For vasoconstrictor concentration-response curves,
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EPATs were exposed to increasing concentrations of vasoconstrictor
(as stated) for 30 min each and images captured every 5 min. For
vasodilator concentration-response curves, EPATs were first precon-
tracted with ET-1 (100 nM or 1 uM) or U46619 (1 uM) for 1 h and
images captured every 10 min, then EPATs were exposed to a given
concentration of vasodilator (as stated) for 30 min each—in the pres-
ence of the same vasoconstrictor at the same concentration—and
images captured every 5 min. These intervals were used as a compro-
mise between the time required to image each EPAT individually
(~10 s per EPAT, up to 4 min for an entire plate [10s x 24]) and the
initial observed changes in contractile state (usually 5-10 min after
exposure to drugs). Images were taken for longer periods (30-60 min)
to ensure the maximum response to each drug was captured. Contrac-
tility experiments were performed at least 48 h apart to allow the

EPATSs to recover.

2.6 | Materials

Drugs were diluted to the desired working concentration in warm
serum-free DMEM containing 2.5-mM CaCl,, vortexed thoroughly
and then added to 24-well plates at 1.5 ml per well. Plates were incu-
bated for at least 2 h prior to vasoreactivity experiments. Further
information on sources of all vasoactive drugs used in this study are
provided in Tables S3 and S4.

2.7 | Contractility data analysis

The distance between the PDMS posts is inversely proportional to
the degree of contraction (Hansen et al., 2010). Images were exported
into .tiff files using Zen Blue software and the precise distance
between the posts was measured using the line function on FlJI. Data
were exported to Microsoft Excel for further analysis. Data were first
screened to exclude nonresponsive EPATs, deemed to be less than
5% maximum contraction (peak change in length). This threshold was
employed following numerous observations that a contraction of less
than 5% could not be sustained for more than 1 h and constitutes a
very low signal-to-noise ratio, when accounting for technical issues
such as image stitching and precise delineation of silicone posts. Base-
line measurements of all other EPATs were then examined to ensure
an adequate and complete equilibration to the baseline medium.
Concentration-response curves and representative EPAT length
traces were generated from the collected data using GraphPad Prism
(Version 10). GraphPad Prism log (agonist/inhibitor) versus response
(three parameter) nonlinear regression analysis was used to determine
ECso or ICsq values for vasoconstrictors or vasodilators. For vasocon-
strictor concentration-response curves, the lowest stated concentra-
tion actually represents the change in length of EPATs between the
first recorded image at baseline (O min) and the last recorded image at
baseline (15 min). Consistently, these changes were extremely minimal
(<1%). For vasodilator concentration-response curves, the lowest

stated concentration actually represents the maximal contraction

induced by the vasoconstrictor during the precontraction phase (with-
out any vasodilator), with a mean value of 100%. This value was then
used to calculate the amount of dilation, expressed as a percentage of
the amount of maximum contraction. For example, an EPAT with the
following measurements: baseline =4 mm; precontraction with
vasoconstrictor = 3 mm (25% contraction from baseline); vasocon-
strictor plus vasodilator = 3.4 mm (15% contraction from baseline),
results in a dilation of 40% (100 — (15+25 x 100)).

2.8 | Pulmonary artery VSMCs from PAH patients

Pulmonary artery VSMCs obtained from PAH patients were kindly
provided by Professor Nick Morrell and Dr Paul Upton (University of
Cambridge) and were isolated as previously described (Morrell

et al., 1999). The demographics of these donors are listed in Table S5.

29 | Western blotting

The immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander et al.,
2018). Conditioned media were collected from EPATs, using a
method adapted from a previous report (Yu et al., 2018). After 7 days
following fabrication, EPATs were placed in warm PBS for 2 min,
then transferred two times to serum-free, Phenol red-free DMEM
(Thermo 31053028) containing Pen/Strep and glutamine (Thermo
Fisher 10378016) for 30 min each and finally left for 24 h in a cell
culture incubator. Conditioned media were collected on ice by pool-
ing from 2-4 individual EPATs (3-6 ml in total), vortexed briefly and
centrifuged at 500 g for 10 min to remove living cells, then 2000 g
for 20 min to remove dead cells and finally for 5000 g for 15 min to
remove cell debris. All centrifugation steps were performed at 4°C,
samples were kept on ice in between spins and supernatant was
transferred to new 15-ml Falcon tubes after each step. Equal vol-
umes of sample were added into Amicon® 4 ml centrifugal filters
(Merck UFC801024) and centrifuged at 5000 g (4°C) for 40 min,
resulting in a ~50x concentration of media. Concentrated superna-
tant was transferred to low protein-binding 1.5 ml tubes (Sarstedt
72.703.600.) and stored at —80°C. For western blotting, samples
were thawed on ice and centrifuged at 3000 g for 5 min at 4°C then
diluted with 4x reducing Laemmli buffer (Alfa Aesar, J60015). There-
after, samples were gently vortexed, boiled at 98°C for 5 min in a
heating block, cooled on ice for 2 min and centrifuged at 16,000 g
for 2 min. Equal sample volumes were loaded into 10-, 15- or
17-well NuPAGE 4%-12% Bis-Tris polyacrylamide gels (Thermo
Fisher, NPO335BOX, NP0336BOX, NP0329BOX) alongside a broad-
range protein standard (Thermo Fisher, 26634) and separated by
electrophoresis at 100-200 V (Biorad, Powerpac 300) for 1-2 h
using SDS running buffer (Invitrogen, NP0002-02), then washed
briefly in H,O and transferred to PVDF membranes (Biorad,
1704156) using the Transblot® Turbo™ transfer system (Biorad,
1704150). Next, membranes were washed in H,O, blocked in milk
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(EMD Millipore, 1.15363.0500; 5% in TBST) for 1 h and incubated at
4°C for a minimum of 16 h in primary antibody (PAI-1 (ab66705, rab-
bit polyclonal 1gG, RRID:AB_1310540; 1:1000); MMP-2 (Cell Signal-
ing Technology 4022, rabbit polyclonal 1gG, RRID:AB_2266622;
1:1000)), diluted in 5% BSA (Sigma Aldrich, A9418) in TBST (Thermo
Fisher, J77500). After, membranes were washed three times in TBST
for 15 min each then incubated with HRP-conjugated secondary anti-
bodies for anti-Rabbit (Sigma Aldrich A6154, goat polyclonal, RRID:
AB_258284; 1:2000) and anti-Mouse (Sigma Aldrich A6782, sheep
polyclonal, RRID:AB_258315; 1:2000) diluted in 5% BSA/TBST for
1 h followed by three washes in TBST for 10 min each. Imaging was
performed using Immobilon® Forte HRP substrate (EMD Millipore,
WBLUF0100) and a ChemiDoc system (Biorad, 731BR01754). To
reprobe, membranes were washed twice in PBS for 2 min each, incu-
bated with stripping buffer (Thermo Fisher, 21059) for 5-15 min,
washed again in PBS before the protocol was repeated as above
from the blocking step. Correct bands were identified by their molec-
ular weight and quantified using the gel imaging tool on ImagelJ. All
values were normalised to MMP-2 as a loading control.

210 | Gelatin Zymography

Conditioned media were collected from EPATs as described above
and gelatin zymography was performed as previously described (Yu
et al, 2018). Polyacrylamide gels were produced containing
1 mg-ml~? gelatin (Sigma Aldrich G9391), Trizma base (Sigma Aldrich
T1503; separating gel—375 mM, pH 8.8; stacking gel—125 mM,
pH 6.8), acrylamide/bis-acrylamide (Sigma Aldrich A7802; separating
gel—10%; stacking gel—4%), 0.1% SDS (Sigma Aldrich L3771), 0.1%
ammonium persulfate (Sigma Aldrich A3678) and TEMED (Sigma
Aldrich T9281; separating gel—1.25%; stacking gel—0.2%). Condi-
tioned media samples were mixed with 2x nondenaturing sample
buffer (125-mM Tris pH 6.8, 4% SDS, 20% glycerol, 50 pg-ml~* bro-
mophenol blue) and separated by electrophoresis using zymography
running buffer (240-mM Tris, 1.9-M glycine, 1% SDS) for 2 h at
120 V. Next, gels were washed briefly in water and incubated in
2.5% Triton X-100 for 30 min. Gels were then washed in incubation
buffer (1% Triton X-100, 50-mM Tris, 5-mM CaCl,, 1-uM ZnCl,,
0.05% Na-Azide) for 5 min and then overnight in fresh incubation
buffer at 37°C. Gels were then stained using Coomassie blue solu-
tion (40% MeOH, 10% acetic acid, 0.5-g Coomassie blue), washed
thoroughly in water and destained in buffer (40% MeOH, 10%

acetic acid) before imaging using the colorimetric setting on the

ChemiDoc system. Bands corresponding to the molecular weight of
MMP-13 were quantified as described above using colour-inverted

8-bit images.

2.11 | Incorporation of endothelial cells

HPAECs (Promocell C-12241) were incorporated following a 3-day
maturation period of the EPATs. EPATSs casting moulds were prepared
in a 24-well plate using the same protocol as described previously.
Growth factor-reduced Matrigel (Corning 354230; 80 ug-ml~2) was
prepared and added to the moulds. The EPATs were placed in the
moulds to be incubated with Matrigel for 5 min under standard culture
conditions. The EPATs were removed from the moulds and transferred
into empty wells on a 24-well plate for 2 min, allowing excess media to
evaporate. The remaining Matrigel in the moulds was removed through
aspiration. HPAECs were resuspended at a cell density of 1.5 x 10°
cellssml~! with complete endothelial growth medium (Promocell
C-22211); 80 ul of HPAECs suspension was added into each EPAT
casting mould. The EPATSs were returned to the moulds and were incu-
bated for 60-120 min. During the incubation, the plate was inverted
every 15-30 min to ensure an even incorporation of HPAECs around
the EPAT. Brightfield images were captured during this process to con-
firm the attachment of HPAECs from the mould surface to the EPATSs.
The resulting EC-EPATs were maintained in complete endothelial
growth medium supplemented with 33 pg-ml~! aprotinin. The EC-
EPATSs were allowed to mature for at least an additional 4 days prior to
experiments. To maintain consistency, only one HPAEC donor was
used and always paired with EPATs composed of HPA-VSMCs from
Donor 6. Control EPATs containing only HPA-VSMCs were subjected
to exactly the same protocol except that endothelial growth medium
without HPAECs was added into the EPAT casting moulds.

2.12 | Fluorescence Microscopy

HPAECs were transfected with recombinant adenoviruses overex-
pressing GFP, 1 h prior to their incorporation into EPATSs. Brightfield
and fluorescent images were captured 2 weeks later using a Zeiss
Axio Observer microscope at 472/30-nm excitation and 520/535-nm
emission to observe GFP-expressing endothelial cells within EPATSs.
Z-stacks were captured to confirm the localisation of HPAECs specifi-
cally on the surface of EPATS, representing the endothelial monolayer

present in blood vessels.

FIGURE 1

Experimental procedure for generating engineered pulmonary artery tissues (EPATSs). (a) Protocol and schematic of computer-

aided design images of the custom-made three-part resin mould (left) used to produce PDMS racks (centre) containing four pairs of posts (right)
suitable for 24-well culture plates. (b) Photographs of commercially available PTFE (Teflon) spacer (left) and custom-made PDMS rack (right).

(c) Protocol outline for fabricating EPATs from human pulmonary artery smooth muscle cells (PASMCs). (d) PASMCs in conventional monolayer
culture (left) and a side-on image of a single EPAT (right). () Top-down image of a single EPAT taken using Widefield brightfield microscopy (top)
alongside a schematic showing the cellular composition of the three layers of the vessel wall (bottom). The boxes with green dashed lines indicate
that the PASMCs within EPATSs represent the SMCs within the medial layer of the human pulmonary artery.
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213 | Endothelium-dependent dilation

For dilation studies in EPATs containing HPAECs (EC-EPATS), experi-
ments were performed as described in “Vasoreactivity Experiments,”
wherein EC-EPATs (and controls) were equilibrated for 3-4 h, pre-
contracted using U46619 (100 nM or 300 nM) for 1 h, then dilated
using carbachol (100 uM) for 30 min and then carbachol plus
histamine (100 uM or 300 uM) for another 30 min. Carbachol and
histamine were added in the presence of the same concentration of
U46619 used to induce precontraction. All vasoreactivity experi-
ments using EC-EPATs were performed in endothelial cell medium
(without supplements) containing 0.1% FBS. EC-EPATs were only
included in the final analyses if found to dilate >10% to either carba-
chol or the combination of carbachol and histamine. Images were
captured every 5 min throughout the experiment, except for the

precontraction phase of vasodilator studies where images were
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captured every 10 min for a period of 1 h. For ADMA experiments,
300-uM ADMA (Sigma D4268) was present in all solutions through-

out, including during equilibration.

2.14 | Comparisons of EPATs with human
pulmonary arteries

Published studies which evaluated the vasoactivity of healthy adult
human pulmonary arteries (HPAs) were identified using the PubMed
database. The vast majority of studies utilised the wire myography or
organ bath technique. Data involving the same vasoactive compounds
tested in EPATs (KCl, ET-1, U46619, bosentan, epoprostenol/PGl,,
selexipag / MRE-269, imatinib) were manually extracted in order to
compare their efficacy and/or potency using the two different
approaches. For the EPATs data, the mean and 95% symmetrical

Time-lapse brightfield
microscopy
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tiling for rapid imaging
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FIGURE 2 Engineered pulmonary artery
tissues (EPATS) exhibit robust contractility
over time. (a) Microscope setup for
performing contractility analysis of EPATs
(adapted from Hansen et al., 2010). (b)
Representative light microscopy images of
the same EPAT before (left) and after (right)
the addition of U46619 (1 uM) for 30 min to
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(asymptotic) confidence intervals were calculated directly from the non-
linear regression curves (ECso/ICso values) or from the combined raw
Enax Values. From the HPA studies, data were compiled and presented
as median [range] due to the low number of data points for certain
groups. The raw data from each study are outlined and referenced in
Tables S6 and S7.

2.15 | Data and statistical analysis

Recommendations were adhered to as set out in the British Journal
of Pharmacology editorials for experimental design and analysis. Due
to the method of fabrication and analysis, individual EPATSs are trea-
ted as independent values rather than technical replicates. Equal
group sizes were not possible due to inherent variability in VSMC
growth in culture and occasional failure of EPATs during fabrication
or analysis. All data subjected to statistical analysis contain at least
n = 5 per group, although data with smaller sample sizes are included
to demonstrate proof-of-concept. Samples were not randomised or
blinded due to practical constraints during method development, but
will be prioritised for future studies. Sigmoidal concentration-
response curves were generated using nonlinear regression analysis
of the logyo concentration versus response (three parameters) to pro-
duce ECs0/ICsq values. Maximum responses (E.n.,) were defined as
the value corresponding to the greatest response among technical
replicates from the same biological donor in an individual experiment.
P-values for differences between concentration-response curves
were obtained from extra-sum-of-squares F test. Paired analyses
were not performed because all comparisons were between groups,
rather than the same samples over time. Statistical comparisons
between three or more groups were performed with ordinary one-
way or two-way ANOVA plus Tukey's multiple comparisons test.
Gaussian distributions were confirmed using Shapiro-Wilk and
Kolmogorov-Smirnov normality tests and equal variances were con-
firmed using Bartlett's and Browne-Forsythe's tests prior to further
statistical analysis. Distributions and variances were only deemed to
be different if all tests were P < 0.01. Variance between two groups
was compared using an F test and statistical differences between
two groups were performed using Students t test. Data were pre-
sented as bar charts, violin plots or scatter plots. The threshold for
statistical significance is defined as P < 0.05 throughout and is indi-
cated as appropriate when comparing groups. Where appropriate,
graphs are presented as mean + SEM (where n > 3) and mean +*
range (where n = 2). All analyses were conducted using GraphPad
Prism 10.1.1. to 10.3.1.
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216 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in https://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | Fabricating EPATs from human pulmonary
artery VSMCs

The arterial extracellular matrix provides a greater stiffness on the res-
ident cells compared with softer tissues such as the heart or skeletal
muscle. Here, we formulated a method to produce racks for tissue
constructs using 3D-printed resin moulds and polydimethylsiloxane
(PDMS), a transparent, inert, nontoxic, flexible, gas-permeable poly-
mer (Figure 1a), which were customisable in terms of stiffness. Teflon
spacers and the custom-made PDMS racks (Figure 1b) were used to
fabricate miniaturised, three-dimensional cellular constructs encapsu-
lated in fibrin hydrogels between pairs of PDMS posts (Figure 1c). For
the first time, we have used primary human pulmonary artery VSMCs
(HPA-VSMCs) in this format to create EPATSs (Figure 1d). Conceptu-
ally, EPATSs represent the medial layer of the pulmonary artery wall
which is composed of densely populated VSMCs (Figure 1e).

3.2 | EPATs as a novel platform for studying
VSMC contractility

We developed a protocol to assess the contractile behaviour of

EPATSs as a surrogate marker of vasoreactivity. EPATs were assessed

TABLE 1 ECsg values for vasoconstrictors in EPATs compared
with human pulmonary arteries (HPAs).

Vasoconstrictor (—logECso)

Method KCI ET-1 U46619

EPATs 1.42 8.65 6.44
(0.88-1.95) (8.31-8.99) (6.03-6.86)

HPAs 1.54 8.29 7.70
[1.30-1.76] [7.24-8.83] [5.50-8.70]

Note: Values are given as mean (95% Cl) for EPATs and median [range] for
HPAs. The published data using HPAs are summarised in Table Sé.

FIGURE 3

EPATSs closely replicate human pulmonary artery responses to vasoconstrictors. (a) Experimental protocol for generating

concentration-dependent responses with vasoconstrictors. (b) Representative line chart showing change in EPAT length over time in response to
increasing concentrations of U46619. Concentration-response curves for the vasoconstrictors (c) KCI, (d) endothelin-1 and (e) U46619 generated
within EPATSs. (f) Violin plot showing maximal responses of each vasoconstrictor. Statistical comparisons were performed using one-way ANOVA
with Tukey's test. (g) Scatter plots showing logECs values for each vasoconstrictor. Each symbol represents data obtained from an individual
EPAT and each symbol shape represents a different PASMC donor. KCI: n = 11 from three donors in three independent experiments, ET-1:

n = 30 from four donors in six independent experiments, U46619: n = 15 from five donors in six independent experiments. P-values from one-
way ANOVA with Tukey's test.

ASUAOIT SUOWIWO)) dANLAI)) d[qedrdde ayy Aq pauIaA0S are sa[onIe () asn Jo sa[nI 10§ A1eIqr auruQ AJ[IA\ UO (SUOHIPUOD-PUE-SULIa)/w0d" AAIm  Areiqrjauruo,/:sdny) suonipuoy) pue suua [ 2y 90§ *[sz07/€0/81] uo Areiqr suruQ Ao1pn 1591 £q 9t 1ydq/1 111°01/10p/wod Kapim’Aresqrjauruosqndsdq,/:sdny woiy papeoumo( ‘0 ‘18€S9LY T


https://www.guidetopharmacology.org

FELLOWS ET AL.

10 BRITISH
PHARMACOLOGICAL
SOCIETY

5.0 Endothelin-1 . Bosentan (+Endothelin-1)
(a) B
< Vasodilator concentration
«° =
& & o 3 o € 4.5
& S c
11 ] ] ! 5
15m 60m 30m 30m 30m 'i_) 4.0
+ Vasoconstrictor E
w
3549 :
i H ‘ i
0 30 60 90 120 150 180
min
(C) Bosentan (d ) Epoprostenol
100 - 100
S - S
= 757 = 754
Qo i)
© P <0.05 ©
£ 504 £ 504
c c
o Q
&) O
254 ] 25
@ ET-1 @ ET-1
- U46619 - U46619
0 T T T T T 0 T T T T T
-8 - -6 -5 -4 -9 -8 -7 -6 -5
log [Bosentan(M)] log [Epoprostenol(M)]
(e) Selexipag (f) Imatinib
100 I\:‘\é\ 1004 [
g . g =
= 75+ = 75—
5 S * P <0.05
3 3 ~]
© - E - )y
£ 50 £ 50 *
S S
25 P <0.05 254
-0 ETA1 o ET-1
- U46619 - U46619
0 T T T T T 0 T T T T T
-8 -7 -6 -5 -4 -8 -7 -6 -5 -4
log [Selexipag(M)] log [Imatinib(M)]
(g) Propranolol
100
9
= 75+ §
o
©
£ 50-
c
o
O
25+
O ETA1
- U46619
0 T T T T
- - -5 -4
log [Propranolol(M)]
FIGURE 4 Legend on next page.

0Q ‘0 “T8ESILYT

Indsdqy/:sdny woxy papeoy

ASUAOIT SUOWIWO)) dANEI)) d[qedrdde ayy Aq pauIaaoS are sa[orIe () asn Jo sa[nI 10§ AI1eIqr] duruQ) AJ[IA\ UO (SUOHIPUOD-PUE-SULIS)/W0d" AAIm  ATeIqrjauruo,/:sdny) suonipuoy) pue suua [ 3y 008 *[sz07/€0/81] uo Areqr suruQ LI IS9L £q ZotL 1ydq/1 [11°01/10p/wod*Ko[m’ AIeIqI[auIjuo



FELLOWS ET AL.

for contractility at weekly intervals, 7-21 days following tissue assem-
bly, and analysis was conducted in 24-well plates and monitored by
time-lapse brightfield microscopy inside a chamber maintained at
37°C (Figure 2a). Quantification of contractility was performed by
analysis of images of individual EPATs (Figure 2b), where a reduction
in length represents VSMC contraction (vasoconstriction) and an
increase in length represents VSMC dilation (vasodilation). EPATs
responded accordingly to vasoconstrictor and vasodilator agents,
whereby maximal effect was reached within 10-15 min and main-
tained for 30 min after exposure (Figure 2c). The optimal number of
cells required for the measurement of contractility was determined
over time. At 7 days after fabrication, we observed a similar amount
of contraction between EPATs containing 500,000 and 1,000,000
cells (-11.1 + 1.9% vs. —8.5 + 0.9%). However, there was a greater
degree of contraction within EPATs of 1,000,000 cells versus 500,000
cells at day 14 (—10.9 £ 0.6% vs. —7.1 + 1.2%) and day 21 (-13.0
+ 1.8% vs. —7.5 + 2.6%) (Figure 2d). Similar results were observed at
day 14 when evaluating dilation (Figure 2e). PDMS racks for EPATSs,
which are customisable and cheaper compared with commercial racks,
displayed greater levels of contraction (Figure S1). We also found that
stiffer PDMS racks resulted in reduced contraction whereas softer
racks produced greater contraction (Figure S2). In summary, EPATs
composed of 1,000,000 VSMCs were best suited to contractile analy-
sis over an extended time in culture. This also demonstrates a unique
and powerful advantage of EPATSs, to perform repeated contractility

measurements over several weeks with no diminution in function.

3.3 |
in EPATs

Pharmacological profiling of vasoconstrictors

Next, we evaluated the ability of EPATs to produce concentration-
dependent contractile responses and therefore generate vital data on
drug pharmacology, as would be performed in myography studies
(Figure 3a). EPATs showed a concentration-dependent contraction
(Figure 3b) in response to three established vasoconstrictor drugs:
potassium chloride (KCI) (Figure 3c), ET-1 (Figure 3d) and U46619
(Figure 3e). Crucially, the ECsq values and degrees of maximal contrac-
tion were almost identical to those observed in human pulmonary arter-
ies (Dora et al., 2016) (Figure 3fg;, Table 1). We verified that
concentration-dependent contraction and the level of maximal contrac-
tion were retained over several weeks (Figure S3). Additionally, individ-
ual EPATs were capable of robust and repeatable contractions to the

same vasoconstrictor over time. Specifically, EPATs showed no
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attenuation in contraction in response to U46619 in multiple experi-
mental repeats over a 24-day period (Figure S3). Importantly, EPATs
composed of VSMCs from different passage numbers exhibited similar
levels of contraction and dilation (Figure S4). Also, EPATs containing
VSMCs from the same biological donor at similar passage and time
point, when exposed to the same concentration of ET-1 showed a
highly similar degree of contraction when the entire experimental
method is performed independently several months apart (Figure S4).
Moreover, only approximately 5%-10% of EPATs failed to either
assemble or contract sufficiently following fabrication. Altogether, this
outlines the versatility, robustness, reproducibility and high success rate
of the EPATs method.

34 |
in EPATs

Pharmacological profiling of vasodilators

We assessed concentration-dependent vasodilator responses in
EPATSs (Figure 4a). To do this, we induced EPAT contraction with a
sub-maximal concentration of vasoconstrictor, which was gradually
reversed by increasing concentrations of vasodilator (Figure 4b).
Whereas the kinetics of EPATs contraction varied slightly according
to VSMC donor, allowing maximal responses to develop over a 1-h
period meant that stable contraction was achieved across all donors,
prior to administration of vasodilators (Figure S5). In order to evaluate
the potential suitability of EPATSs as a platform for testing novel vaso-
dilator therapies for PAH, we analysed various clinically available
drugs in response to two PAH-relevant vasoconstrictors: ET-1 and
U46619 (Weatherald et al., 2022; Wilson et al., 2018). With the
endothelin receptor antagonist bosentan, EPATs displayed a
near-complete reversal of contraction in the presence of ET-1 but
were relatively unaffected when using U46619 (Figure 4c). Con-
versely, epoprostenol (prostacyclin) caused moderate levels of dilation
to both ET-1 and U46619 (Figure 4d). The selective prostacyclin
receptor agonist selexipag generated a strong reversal in contraction
to both vasoconstrictors, with a greater effect in the presence of
U46619 (Figure 4e). The tyrosine kinase inhibitor imatinib has demon-
strated clinical efficacy in PAH patients but the underlying mechanism
remains unknown (Wilkins et al., 2021). Interestingly, imatinib induced
dilation in the presence of ET-1 but had no effect on U46619
(Figure 4f). To confirm that the observed responses were linked to
vasodilatory actions of the tested drugs, we also assessed the effect
of propranolol—a nonselective p-adrenoceptor antagonist used in the

treatment of systemic hypertension. The antihypertensive impact of

FIGURE 4

EPATS reproduce vascular contractile responses to pulmonary arterial hypertension vasodilator therapies. (a) Experimental

protocol for generating concentration-dependent responses with vasodilators following precontraction with either endothelin-1 (100 nM/1 pM)
or U46619 (1 uM). (b) Representative line chart showing change in EPAT length over time in response to increasing concentrations of bosentan
after precontraction with endothelin-1. Concentration-response curves for the vasodilators (c) bosentan, (d) epoprostenol, (e) selexipag, (f)
imatinib plus and (g) propranolol, generated within EPATs. Bosentan: n = 8 from two donors in three independent experiments, epoprostenol:

n = 8 from two donors in three independent experiments, selexipag: n = 7-8 from two donors in three independent experiments, imatinib:

n = 11-14 from three to four donors in three to four independent experiments, propranolol: n = 11-13 from two donors in four independent

experiments. P-values obtained from extra-sum-of-squares F test.
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propranolol is primarily due to blockade of cardiac $1-adrenoceptors,
although studies in mouse pulmonary arteries show that smooth mus-
cle B-adrenoceptor stimulation elicits vasodilation (Leblais
et al.,, 2008; Neumann et al., 2018), meaning that propranolol is not
recommended for use in PAH in patients (Humbert et al., 2023).
Accordingly, propranolol exerted no vasodilatory impact in EPATs
(Figure 4g), although, at higher concentrations (100 uM), propranolol
induced a rapid and extreme increase in EPAT length (Figure S6), likely
as a result of cytotoxicity, as reported previously in human lung cells
(Kastelova et al., 2003). A summary comparison of maximal responses
(Emax) revealed that selexipag was the only vasodilator that showed
significantly greater levels of dilation versus propranolol, in the pres-
ence of both ET-1 and U46619 (Figure S7). Although considerable
variation was observed in vasodilator potency (ECs/1Csq values) for
all vasodilators (except selexipag), significant differences between
ET-1 and U46619 were found for bosentan and epoprostenol
(Figure S7). Again, the EC50/ICs5q values and degree of maximal dila-
tion of the four vasodilators were highly similar to those observed in
human pulmonary arteries (Table 2). Overall, EPATs recapitulate the
contractile behaviour and pharmacological profile of the human pul-

monary artery in response to vasoactive drugs related to PAH.

3.5 | EPATs for PAH disease modelling

We then determined whether EPATs can model the excessive vasocon-
striction observed in PAH, by fabricating EPATs using VSMCs obtained
from the pulmonary arteries of PAH patients (Figure 5a). Remarkably,
even in the absence of any vasoconstrictor stimuli, PAH EPATs exhib-
ited spontaneous, progressive contraction over a period of several
weeks in culture, whereas healthy EPATs showed little change over
time (Figure 5b). Furthermore, we observed different concentration-
response curves in PAH versus healthy EPATSs in response to both ET-1
(Figure 5c) and U46619 (Figure 5d). PAH VSMCs displayed enhanced

contraction, predominantly in the presence of sub-maximal concentra-
tions of vasoconstrictor. No differences were observed between
healthy and PAH EPATSs in terms of the degree of maximal contraction
or vasoconstrictor ECso values (Figure S8). We also repeated
concentration-response curve experiments with the four vasodilators
(bosentan, epoprostenol, selexipag, imatinib) in PAH EPATs
(Figure 5e-h). Overall, the vasodilatory capacity of epoprostenol, selexi-
pag and imatinib was enhanced in PAH EPATs compared with healthy
EPATSs, with epoprostenol and selexipag showing a particularly marked
increase in maximal dilation and also, in some comparisons, differences
in potency (Figures S9 and S10). We also stratified the PAH-EPATs
according to whether the donors had idiopathic or heritable disease,
which revealed significant differences in concentration-dependent con-
traction in response to U46619, but not to ET-1 (Figure S11). In addi-
tion to excessive vasoconstriction, the other primary clinical driver of
PAH is vascular remodelling, characterised by hyperproliferation of
VSMCs and substantial modifications to the surrounding extracellular
matrix (Humbert, Sitbon, et al., 2023). Importantly, PAH EPATSs recapit-
ulated such pathophysiological changes following analysis of secreted
proteins in the conditioned media. Compared with healthy controls,
PAH EPATs showed reduced expression of plasminogen activator
inhibitor-1 (PAI-1) as shown by western blotting as well as raised
MMP-13 activity upon analysis by gelatin zymography (Figure S12).
Both of these factors are predominantly expressed by VSMCs in the
vascular wall and are known contributors to vascular remodelling in pul-
monary hypertension (Herget et al., 2003; Kudryashova et al., 2024). In
summary, EPATs are highly suited to measure a range of vascular dis-

ease responses related to PAH.

3.6 | Incorporation of HPAECs into EPATs

The endothelium plays a crucial role in the regulation of vascular con-
tractility and in the pathophysiology and treatment of PAH (Humbert,

TABLE 2 ECs¢/ICsg and E, .« values for vasodilators in EPATs compared with human pulmonary arteries (HPAs).
Vasodilator
Parameter Method Vasoconstrictor Bosentan Epoprostenol Selexipag Imatinib
—logECs50/ICs0 EPATs ET-1 5.56 7.33 5.93 6.08
(4.70-6.43) (6.50-8.17) (5.36-6.51) (5.12-7.05)
U46619 - 8.48 6.36 -
(6.99-9.98) (5.89-6.84)
HPAs Various 6.00 7.08 6.19 5.42
[6.19-8.36] [5.96-7.74]
E nax (% relaxation) EPATs ET-1 72.8 52.6 66.0 494
(48.4-97.1) (83.6-71.7) (46.3-85.7) (29.8-69.1)
U46619 21.3 325 83.2 19.7
(11.4-31.1) (14.6-50.4) (57.3-109.1) (4.1-35.3)
HPAs Various 100.0 85.5 83.0 66.0
[60.0-100.0] [69.0-97.0]

Note: Values are given as mean (95% Cl) for EPATs and median [range] for HPAs. ICs values for bosentan and imatinib in the presence of U46619 could
not be calculated as their effect sizes were minimal. The published data using HPAs are summarised in Table S7.
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Sitbon, et al, 2023). Therefore, for future research it is highly
advantageous to produce multi-cellular EPATs which are composed of
pulmonary artery VSMCs with a monolayer of HPAECs to mimic arte-
rial cell-cell interactions. Based on a previous report (Jin et al., 2020),
we formulated a protocol to integrate HPAECs into EPATs using a
basement membrane hydrogel (Matrigel) as a substrate (Figure 6a).
The transfer of HPAECs into EPATs was evident by both brightfield
imaging during fabrication (Figure S13) and in situ visualisation using
fluorescence microscopy (Figure éb, Figure S14). Crucially, following
precontraction with U46619, EPATs containing HPAECs displayed
rapid and potent dilation to a combination of carbachol and histamine,
two endothelium-dependent vasodilators (Figure 6c). Dilation was
achieved in the presence of HPAECs, whereas no response was noted
for EPATSs containing VSMCs alone (Figure 6d). Furthermore, endo-
thelial dysfunction was induced using the endogenous nitric oxide
synthase (NOS) inhibitor asymmetric dimethylarginine (ADMA), an
established PAH driver and biomarker previously shown to be
increased in the pulmonary endothelium during disease (lannone
et al., 2014; Pullamsetti et al., 2005). Accordingly, ADMA markedly
reduced endothelium-dependent dilation to carbachol in EC-EPATs
(Figure 6e). This shows that EC-EPATS are capable of mimicking endo-
thelial dysfunction in vitro and therefore greatly increases the utility
of EPATSs as a PAH drug testing platform.

3.7 | Discussion and conclusions

Building on our EVT platform (Reed et al., 2022) we have adapted it
for the measurement of vasoreactivity in vitro. EVTs and EPATSs offer
several advantages over currently used techniques, including three-
dimensional orientation of VSMCs, exposure to passive mechanical
stretch, physiological cell alignment and elongation. For the first time,
we now demonstrate rapid and reproducible responses that replicate
the contractile behaviour of small and medium pulmonary arteries. In
addition, EPATs have several advantages over myography, the current
gold standard method for measuring vascular contractility. These
advantages include cost-effectiveness, technical simplicity, and easy
accessibility of the required equipment and laboratory reagents.
Importantly, EPATs are composed of human cells, eliminating the
need for fresh tissue and carrying achievable implications for

the replacement and reduction of animal use in such experiments.

Another unique advantage of EPATSs is that individual constructs
remain contractile for at least 21 days after fabrication. Consequently,
this enables a high volume of repeat testing and productivity and also
the potential for more predictive, long-term preclinical modelling of
PAH responses, analogous to those performed in animal studies.

Crucially, we have demonstrated that EPATs exhibit contractility
which is highly similar to that observed in human pulmonary arteries.
Using three different vasoconstrictors (KCI, ET-1, U46619),
concentration-response curves revealed that ECso values were
extremely close to those found in previous studies using isolated
human pulmonary arteries (Table 1; Table Sé). In terms of efficacy,
comparing the degree of maximal contraction was rarely possible due
to variability in the reported units of measurement in other studies,
for example, results from myography are often reported in terms of
force/tension or as a percentage of maximum (usually in response to a
high concentration of KCI). Nevertheless, we found that maximal con-
traction (Emay) for U46619 in EPATs was —19.7 + 3.0%, which is com-
parable to the 26.0 £ 5.0% previously described in human pulmonary
arteries (Dora et al., 2016). EPATSs also were able to faithfully replicate
the pharmacological profile of four vasodilators (bosentan, epoproste-
nol, selexipag and imatinib) (Table 2; Table S7), all of which are clini-
cally effective treatments for PAH.

Given the established pathophysiological roles of both the
endothelin and thromboxane receptor pathways in PAH (Clapp
et al., 2020), we tested all vasodilators in the presence of both ET-1
and U46619. We found different vasodilatory responses between
selexipag and epoprostenol, even though they are both agonists for
the prostacyclin receptor. The differences we observed may be attrib-
uted to the fact that epoprostenol binds multiple other prostanoid
receptors, whereas selexipag and its active metabolite are highly
selective for the prostacyclin receptor (Douglas et al., 2000; Fuchikami
et al., 2017). Epoprostenol also induces vasodilation via production of
endothelial NO (Fuchikami et al., 2017). Clinically, epoprostenol is
only recommended for PAH patients with advanced disease, who are
already being treated with an endothelin receptor antagonist
(e.g., bosentan or macitentan) and a nitric oxide modulator
(e.g., sildenafil or riociguat) (Humbert, Sitbon, et al.,, 2023). In the
future, it would be beneficial to determine how various PAH vasodila-
tor therapies perform in combination as well as individually. Our
observations of potential cytotoxicity with high concentrations of pro-

pranolol reveal another application of EPATs in preclinical testing

FIGURE 5

PAH-EPATS as a new tool for disease modelling and drug testing. (a) Experimental outline for the comparison of healthy and PAH

EPATs. (b) Time course showing baseline length of EPATs made using PASMCs from healthy donors and PAH patients. Concentration-response
curves of EPATs made using PASMCs from healthy donors and PAH patients in response to (c) endothelin-1, (d) U46619, (e) bosentan, (f)
epoprostenol, (g) selexipag and (h) imatinib. Number of replicates for healthy EPATSs as previously stated for Figures 3d,e and 4c-f. For PAH,
ET-1: n = 12 from four donors in seven independent experiments; U46619: n = 17 from four donors in nine independent experiments; bosentan
versus ET-1: n = 12 from four donors in three independent experiments; bosentan versus U46619: n = 12 from four donors in three
independent experiments; epoprostenol versus ET-1: n = 11 from four donors in four independent experiments; epoprostenol versus U46619:

n = 9 from three donors in three independent experiments; selexipag versus ET-1: n = 5 from two donors in one independent experiment;
selexipag versus U46619: n = 6 from one donor in one independent experiment; imatinib versus ET-1: n = 13 from four donors in four
independent experiments; imatinib versus U46619: n = 10 from four donors in four independent experiments. P-values obtained from multiple
Mann-Whitney tests with FDR correction (b) and from extra-sum-of-squares F tests (c-h).
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FIGURE 6 Incorporating human

pulmonary artery endothelial cells into (a)
EPATs. (a) Schematic showing the protocol
for incorporating endothelial cells into
EPATSs, by first coating the smooth muscle
cells in Matrigel for 30 min, then adding
endothelial cells to form a monolayer, as
shown by expression of GFP. (b) Brightfield
and fluorescent images showing the
presence of human pulmonary artery
endothelial cells (ECs) expressing GFP as a
monolayer on the surface of EPATSs.

(c) Representative trace showing an EPAT
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regarding drug safety. Such approaches using engineered heart tissues
have been previously employed (Saleem et al., 2020) and may serve to
improve the efficiency of toxicity studies, by revealing parameters
such as the toxic threshold concentration of a drug on the vasculature
earlier on in the testing process.

We have discovered that PAH EPATs contracted more exces-
sively compared with healthy EPATSs in response to sub-maximal con-
centrations of ET-1. Recent studies have revealed that ET, receptor
expression remains unchanged in PAH (Hall et al., 2011; Wilson
et al., 2018), which suggests an underlying heightened cellular sensi-
tivity to ET-1 at the level of Ca®* flux or the contractile apparatus.
Our results also show strong evidence in favour of imatinib as a vaso-
dilator. Previous studies in animal models have demonstrated the effi-
cacy of imatinib in reversing pulmonary hypertension via inhibition of
cell-growth related kinases and mitigation of vascular remodelling

(Schermuly et al, 2005), supported by two-placebo controlled

randomised clinical trials (Ghofrani et al., 2010; Hoeper et al., 2013).
Imatinib remains a viable PAH drug candidate, especially after reports
suggesting it has an additional vasodilatory capacity (Abe et al., 2011;
Pankey et al., 2013; Rieg et al., 2019). Our results in EPATSs validate
and confirm these findings and highlight the utility of EPATSs for test-
ing novel and emerging vasoactive drug candidates for PAH.

Low accessibility of PAH VSMCs may be a limiting factor in future
applications of this platform for patient-specific responses to drugs,
although generation of induced pluripotent stem cell-derived vascular
smooth muscle and endothelial cell lines may offer a solution. Variabil-
ity is particularly evident in the ECs50/ICso values of certain vasodila-
tors, and it is important to emphasise that such differences, as well as
those seen between healthy and PAH EPATs may be due to several
factors such age and sex of donor, donor drug exposure and method
of cell isolation. Whereas we have not fully characterised the pharma-
endothelium-dependent EPATs, we

cology of responses in
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successfully incorporated HPAECs into EPATs and demonstrated their
functionality in dilation. This is a crucial step towards improving the
physiological complexity of EPATSs, which will be particularly valuable
for the preclinical disease modelling and drug testing (Schermuly
etal, 2011).

In summary, this study presents a low-cost, reproducible
method of evaluating of human VSMC contractility, with multiple
measurements performed over a prolonged period of time. We also
have shown that EPATs can be applied to preclinical drug testing and
disease modelling for cardiovascular disease.
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