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3D Human iPSC Blood Vessel Organoids as a Source
of Flow-Adaptive Vascular Cells for Creating a Human-
Relevant 3D-Scaffold Based Macrovessel Model

Elana M. Meijer, Suzanne E. Koch, Christian G.M. van Dijk, Renee G.C. Maas,
lhsan Chrifi, Wojciech Szymczyk, Paul J. Besseling, Lisa Pomp, Vera J.C.H. Koomen,
Jan Willem Buikema, Carlijn V.C. Bouten, Marianne C. Verhaar, Anthal I.P.M. Smits,

and Caroline Cheng*

3D-scaffold based in vitro human tissue models accelerate disease studies
and screening of pharmaceutics while improving the clinical translation

of findings. Here is reported the use of human induced pluripotent stem
cell (hiPSC)-derived vascular organoid cells as a new cell source for the
creation of an electrospun polycaprolactone-bisurea (PCL-BU) 3D-scaffold-
based, perfused human macrovessel model. A separation protocol is
developed to obtain monocultures of organoid-derived endothelial cells
(ODECs) and mural cells (ODMCs) from hiPSC vascular organoids. Shear
stress responses of ODECs versus HUVECs and barrier function (by trans
endothelial electrical resistance) are measured. PCL-BU scaffolds are seeded
with ODECs and ODMCs, and tissue organization and flow adaptation are
evaluated in a perfused bioreactor system. ODECs and ODMCs harvested
from vascular organoids can be cryopreserved and expanded without loss of
cell purity and proliferative capacity. ODECs are shear stress responsive and
establish a functional barrier that self-restores after the thrombin challenge.
Static bioreactor culture of ODECs/ODMCs seeded scaffolds results in a
biomimetic vascular bi-layer hierarchy, which is preserved under laminar
flow similar to scaffolds seeded with primary vascular cells. HiPSC-derived
vascular organoids can be used as a source of functional, flow-adaptive
vascular cells for the creation of 3D-scaffold based human macrovascular
models.

1. Introduction

Cardiovascular disease (CVD) is a leading
cause of death and morbidity with rising
prevalence in Western and Westernized
countries.l One of the principal disease
mechanisms of CVD is the adverse, func-
tional, and structural adaptation of the
vascular tissue, leading to clinical com-
plications including myocardial infarc-
tion, ischemia, stroke and aneurysms.?
Studies based on human samples and
animal experiments have contributed con-
siderably to build our understanding of
the pathways and mechanisms that drive
pathological adaptation in CVD. Neverthe-
less, the involvement of multiple dynamic
factors in CVD that interact in complex
cross-cell type systems, as well as the fact
that animal models are limited in their
capacity to mimic the full human disease
condition on a physiological and biological
level,3-] considerably restrict the translat-
ability of these findings to the clinic. Simi-
larly, the growing demand for synthetic
3D vascular scaffolds for surgical replace-
ment of diseased arteries in CVD patients,
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increasingly recognizes the value of the optimization of scaf-
fold prototypes in in vitro bioreactor setups before testing the
most improved design in animal studies. In particular, for the
emerging field of scaffold based in situ tissue engineering, in
which the material design is adapted to exploit the regenera-
tive potential of autologous cells in the host’s body to stimulate
tissue formation, the step of ex vivo evaluation in high com-
plexity bioreactor models could considerably reduce develop-
ment costs associated with direct animal testing.*®! Human
focused in vitro vascular models could also aid in reducing the
use of animals in research and improve the translational value
of findings. Vascular models that combine cells with biomate-
rial scaffolds in vitro provide valuable simulates of the in vivo
condition to study cell behavior in disease and tissue genera-
tion, in a controlled manner that allows systematic evaluation
of the impact of individual biological and mechanical cues.
Although most in vitro models only rely on established 2D cul-
ture techniques, the introduction of biomaterials in combina-
tion with solution electrospinning (SES) that allows 3D-scaffold
designs that mimic the properties of the ECM environment
of the vessel wall, may provide improved models that better
recapitulate native in situ cell behavior. This, combined with
advancement in the fluidics and bioreactor research field may
enable perfused culture of 3D-scaffold based vessels and thus
the introduction of fluid forces to the models, enabling the
study of the role of hemodynamics in driving vascular disease
as well as its impact on vascular regeneration.

To increase human relevance, human induced-pluripotent
stem cells (hiPSCs) may be used as an autologous cell source
for 3D-scaffold based vascular models. HiPSCs bypass the eth-
ical dilemmas surrounding the use of embryonic stem cells and
can be differentiated in any specialized cell type including vas-
cular cells,*! while the required dermal fibroblast or peripheral
blood mononuclear cells for iPSC reprogramming can be easily
sourced from healthy donors or CVD patients. The use of patient
derived hiPSC in this setting also opens the door to complex
human in vitro modeling of genetic vascular disease and offers
a more direct translational alternative to mouse genetic disease
models, as well as providing an ex vivo testing platform to adapt
scaffold design for any negative impact of mutations on the
patient’s autologous regenerative capacity in situ. In vitro tissue
engineered human vessels (TEHV) such as rolled cell-sheets
based constructs in hydrogel,'¥l or expanded polytetrafluoroeth-
ylene, silicone or polyglycolic acid (PGA) scaffolds seeded with
primary vascular cells have already demonstrated the feasibility
of these systems in mimicking native cellular responses after
exposure to mechanical and biological stimuli in bioreactor
systems.[1213]
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Different culture methods for the generation of only iPSC-
derived endothelial cells (ECs) or only iPSC-derived mural cells
(MCs) have been previously described,*121l with each study
reporting a different set of cell qualities and applications. It was
previously shown that iPSC-derived ECs could display similar
characteristics of primary endothelial cells in terms of mor-
phology, junction formation, barrier function and shear stress
response.[?223 For iPSC derived MCs, differentiation protocols
typically generate smooth muscle-like cells that were similar to
human aortic vascular smooth muscle cells (VSMCs) in terms
of gene expression patterns, morphology, vascular cell marker
expression and in vitro functional properties.?'?4 Although
iPSC derived vascular cells are now frequently used in 2D cul-
ture studies, only a very limited number of studies have tested
their application creating hierarchically organized 3D-scaffold
based blood vessels.?>*] More importantly, reports that dem-
onstrate the combined application of both hiPSC-ECs and
hiPSC-MCs for the creation of a complex in vitro 3D-scaffold
based human perfused blood vessel model, is currently lacking.

Here we aim to investigate the use of vascular cells from
hiPSC-derived vascular organoids, as a cell source for the crea-
tion of 3D-scaffold based, biomimetic human blood vessel
model in a perfused bioreactor system. Based on the protocol
published by Wimmer et al.,, these blood vessel organoids
are composed of endothelial cells and mural cells that self-
assemble into vascular networks enveloped by a basement
membrane. Vascular differentiation from the mesoderm phase
takes place in a 3D environment in which the EC and MC line-
ages can establish during natural interaction between the dif-
ferent cell types, instead of differentiation in cell type specific
isolated cultures.?®l Used in our pipeline this eliminates the
need for establishing and maintaining two separate hiPSC-dif-
ferentiation cultures. Pools of hiPSCs vascular organoid derived
ECs and VSMCs can be harvested and expanded in traditional
2D culture without reduction in cell survival and proliferation
capacity or loss of cell phenotype. The capacity of organoid
derived ECs (ODECsS) to respond to shear stress and to establish
and regulate endothelial barrier function was demonstrated in
2D assays. ODECs and organoid derived mural cells (ODMCs)
were capable to grow and form native-like hierarchical vascular
tissue in SES polycaprolactone-bisurea (PCL-BU) 3D-vascular
scaffolds comparable to human primary vascular cells. ODECs
and ODMCs derived human vessels preserved native-like tissue
organization in response to hemodynamic exposure when
tested in a previously published perfused bioreactor set-up.?’!

2. Experimental Section

2.1. Cell Culture
2.1.1. Derivation and Culture of Human iPSCs

The hiPSCs (SCVI273) used in this study were kindly donated
by the Joseph Wu Lab (Stanford Medicine, Department of
Medicine and Radiology, Stanford CVI Biobank). Sendai viral
reprogramming was used to generate all hiPSC lines from
peripheral blood mononuclear cells obtained from individuals
who gave informed consent under protocols approved by the
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Stanford University Human Subjects Research Institutional
Review Board as described previously.?Y The hiPSC were
nonenzymatically passaged using 0.5 x 1073 m EDTA (Invit-
rogen) every 4 d. HiPSC clumps were passaged in a splitting
ratio of 1:13 routinely at 80% confluence. Cells were plated
in matrigel-coated 12-well plates and supplemented with E8
medium. Medium was changed every day. To improve cell
survival, split ratio reliability and to reduce selective pres-
sure, 1:2000 ROCK inhibitor (Calbiochem) was used in the
first 24 h.

2.1.2. Vascular Organoid Differentiation

HiPSCs were harvested using EDTA and subsequently resus-
pended in differentiation medium (Dulbecco’s modified Eagle’s
culture medium (DMEM): F12, 20% KnockOut Serum (KOSR),
1% Penicillin Streptomycin (PS), Glutamax and nonessential
amino acids (NEAA); all Gibco), including 50 x 10° M ROCK-
inhibitor Y-27632 (Calbiochem). A schematic overview of the
differentiation process is displayed in Figure la. Cells were
plated into an ultra-low attachment six-well plate (Corning),
in a final concentration of 2*10° cells per well. Cells were
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incubated on a shaker plate at 37 °C for 2 h to form aggregates
and subsequently transferred to hypoxic conditions (5% O,).
Cell aggregates were treated with 13 x 107® m GSK-3 inhibitor
CHIR99021 (Tocris) on day 3. On day 5, 7 and 9, the aggre-
gates were treated with bone morphogenetic protein 4 (BMP4)
(30 ng mL7%; Stemcell Technologies), vascular endothelial
growth factor A (VEGF-A) (30 ng mL™; Peprotech) and fibro-
blast growth factor 2 (FGF-2) (30 ng mL™}; Miltenyi Biotec) to
promote the vascular lineage. On day 11, medium was supple-
mented with VEGF-A (30 ng mL™), FGF-2 (30 ng mL™) and
transforming growth factor  (TGFf)-inhibitor SB43152 (10 X
107° m; Stemcell Technologies) to increase the yield of endothe-
lial cells and suppress excessive differentiation into mesen-
chymal/mural like cells. The aggregates were collected on day
13, embedded in a 3:1 matrigel:collagen mixture (Atelocollagen
Bovine Dermis 3 mg mL™, Bio-connect) and supplemented
with differentiation medium containing 15% fetal bovine
serum (FBS), VEGF-A (100 ng mL™) and FGF-2 (100 ng mL™}).
Medium was changed every other day. Vascular organoids were
collected on day 18 and either disaggregated for further experi-
ments or cultured in a 96-wells round bottom plate without
ECM support to stimulate self-assemble into spheroid-shaped
vascular organoids.

HUVECs

HUVECs

Figure 1. Validation of ODEC and ODMC populations. a) Schematic overview of the cell culture regime, in which MACS is performed to obtain pure
ODEC and ODMC populations. Isolated ODEC and ODMC pools were expanded and stored in liquid nitrogen at P4 prior to further experiments. Valida-
tion experiments including FACS analysis were performed after thawing and P5 or P6 cells were used in the dynamic experiments. Bright field pictures
of the b) ODECs, c¢) HUVECs, d) ODMCs, and e) VSMCs. Scale bars represent 20 pum. Immunofluorescent staining of f) ODECs and g) HUVECs
for F-actin and EC marker VE-Cadherin and h) ODMCs and i) VSMCs for MC marker aSMA (Smooth muscle Actin). Scale bars represents 20 um.
j) Representative flow cytometry histograms of ODECs and ODMCs stained for both CD31 and CD140b. k) Mean fluorescent intensity (MFI) of ODEC
and ODMC. Shown are mean + SEM, n = 4, Paired t-test; * p < 0.001 compared to CD140b. T p < 0.05 compared to CD140b. ® p < 0.0001 compared
to ODMCs. ¥ p < 0.05 compared to ODECs. P, passage; MACS, magnetic activated cell sorting; ODECs, organoid derived endothelial cells; ODMCs,
organoid derived mural cells.
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2.1.3. Organoid-Derived Cell Culture

Organoid-derived mural cells (ODMCs) and organoid-derived
endothelial cells (ODECs) were labeled PO directly after sorting
(described in section “MACS” below). ODMCs were cultured
on SMGM2 medium (Lonza) and ODECs were cultured on
EGM2 medium (Lonza) supplemented with TGFf-inhibitor
SB43152 (10 x 10 M) and medium was changed every other
day. Cells were passaged for expansion using Trypsin/EDTA
(Gibco). Cells were harvested at P4 and stored in liquid nitrogen
in medium supplemented with 10% FBS and 10% DMSO. Both
ODMC s and ODECs were cultured in gelatin coated dishes at
37 °C with 5% CO, after thawing and used in experiments till
the 7! passage.

2.1.4. Primary Cell Culture

For control experiments, primary human umbilical vein
endothelial cells (HUVECs) were purchased from Lonza and
maintained in EGM2 medium with 1% PS. Primary human
brain-derived vascular pericytes were purchased from Scien-
Cell and maintained in DMEM (Gibco)+10% FBS with 1% PS.
Aortic vascular smooth muscle cells (VSMCs) were purchased
from Lonza and maintained in SMGM2 medium supple-
mented with 1% PS. All cell types were cultured till passage 8
in gelatin coated dishes at 37 °C with 5% CO,.

2.2. Cell Sorting and Analysis
2.2.1. Flow Cytometry

Vascular organoids were mechanically disrupted and disag-
gregated using 3 U mL™ dispase (Gibco), 2 U mL™! liberase
(Roche) and 100 U DNase (Stemcell Technologies) in warm
DMEM:F12 for 20 min at 37°C while rotating. To remove
excess gel and cell clumps from the suspension, the solu-
tion was filtered using a 70 um cell strainer and spun down
for 5 min at 400 g. Cells were subsequently stained with anti-
CD31 and anti-CD140b antibodies (Table S1, Supporting Infor-
mation), together with Sytox blue (Invitrogen) to exclude dead
cells. CytoFLEX flow cytometer (Beckman Coulter) was used
for cell analysis and data analysis was performed using Flow]o
software (Version 10.2).

2.2.2. Magnetic-Activated Cell Sorting (MACS)

Vascular organoids were dissociated as described above. To
ensure purity of the populations, cells were separated using a
2-step protocol. The cells were labeled with anti-CD140b anti-
body (PE) and subsequently with anti-PE magnetic beads. Cell
pools were separated using the LS column (Miltenyi Biotec) on
the MidiMACS (Miltenyi Biotec) separator according to manu-
facturer’s instructions. Cells positive for CD140b were further
cultured in a gelatin-coated six-well plate, supplemented with
SMGM2 medium. Cells negative for CD140b were stained with
anti-CD31 magnetic beads and cell pools were separated using
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the LS column on the MidiMACS separator again. Cells positive
for CD31 were further cultured on a gelatin-coated six-well
plate, supplemented with EGM2 medium. Single-step MACS
protocol was performed after 2 passages, to ensure purity of the
populations. Anti-CD31 labeling was used for ODECs and anti-
CD140b was used for ODMCs.

2.2.3. Quantitative Polymerase Chain Reaction Analysis

Total RNA was isolated from cultures (ODECs, ODMC s,
HUVEG s, Pericytes and VSMCs) using RNA isolation kit (Bio-
line) according to the manufacturer’s instructions. RNA from
organoids and TEVGs was isolated using Trizol (Invitrogen)
according to manufacturer’s instructions. The purity and con-
centrations of RNA were quantified using spectrophotometry
(DS-11; DeNovix) absorbance measurements at 260/280 nm.
cDNA synthesis was performed according to the instructions
from the Bioline cDNA synthesis kit. Gene expression was
determined using FastStart SYBR-green (Roche) following
the quantitative polymerase chain reaction (qPCR) pro-
gram: 8,5 95 °C, 38 cycles (15" 95 °C; 45” 60 °C) 1" 95 °C,
1 65 °C, 62 cycles (10” 65 °C + 0.5 °C) in the SYBR-Green-
Cycler 1Q5 detection protocol (Biorad CFX384), performed in
384-wells plates (Merck). The primer sequences used are listed
in Table S2 (Supporting Information). All results were nor-
malized for house-keeping gene S-actin, resulting in relative
mRNA expression. In dynamic experiments, results were com-
pared to static controls and represented as fold change (AACt).

2.3. In Vitro Assays
2.3.1. PrestoBlue Assay

Cells (N =5 different vials) were seeded on a gelatin coated six-
well plate with a cell density of 5¥10* cells per well. Cell viability
was measured 24, 72 and 120 h post-seeding using PrestoBlue
Cell Viability Reagent (ThermoScientific) according to manu-
facturer’s protocol.

2.3.2. PicoGreen Assay

Cells (N =5 different vials) were seeded on a gelatin coated six-
well plate with a cell density of 5%10* cells per well. To quantify
the amount of double stranded DNA, a Quant-iT PicoGreen
dsDNA Assay (ThermoFisher) was performed 24, 72 and 120 h
post-seeding according to manufacturer’s protocol.

2.3.3. Transendothelial resistance measurements

ODECs (9*10* N = 4 individual experiments) and HUVECs
(5*¥10* N = 3 individual experiments) were seeded on a 0.1%
gelatin permeable filter insert (0.4 um pore, Falcon). Before
the experiment, the resistance (Rblank) was measured by
placing unseeded inserts in an Endohm-SNAP chamber filled
with 5 mL of EGM2 medium (World Precision Instruments).

© 2022 The Authors. Advanced Biology published by Wiley-VCH GmbH
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The chamber was coupled to an EVOMX resistance meter
(World Precision Instruments). The transendothelial electrical
resistance (TEER) was measured daily to monitor resist-
ance buildup during growth toward full confluence. At day 4,
confluent monolayers were treated with 1 U mL™ thrombin
(Sigma) for 30 min while the TEER was measured every 5 min.
After 30 min, the thrombin solution was washed away and
replaced with normal medium. TEER was measured every
15 min during the restoration phase for 2 h.

2.3.4. 2D flow experiments

ECs (N = 4 individual experiments) were seeded on collagen IV
(HUVECs) or gelatin (ODECs) coated 6-channel p-slides (VI
0.4, 1bidi) with a cell density of 1¥10° cells mL™". The ECs were
suspended in culture medium (40 puL/channel) and 1% PS.
After 1 h incubation (37 °C, 5% CO,), 100 uL of EGM2 medium
was added into each channel. The cells were cultured statically
for 24 h before exposure to shear stress. Medium was changed
after 24 h for the static control conditions. An overview of the
applied incremental shear stress levels can be seen in Table S3
(Supporting Information). For each Ibidi system, the red perfu-
sion set (Ibidi) in combination with a fluidic unit (Ibidi) and
flow pump system (Ibidi) was used to create a unidirectional
laminar flow. The u-slides were connected in series. The
u-slides were subjected to wall shear stress for 48 h (1.5 Pa) after
which two channels were fixed and used for immunostaining
and four channels harvested and pooled for RNA isolation.

2.4. 3D Experiments
2.4.1. Scaffold preparation

Tubular scaffolds (& 3 mm, 25 mm, 250 um wall thickness, iso-
tropic fiber orientation, 5 um fibers) were produced using elec-
trospinning. The tubular scaffolds were electrospun from 23.3%
(w/w) Dbis-urea (BU)-modified poly(e-caprolactone) (PCL-BU,
SyMO-Chem,) and 76.7% (w/w) chloroform (Sigma) polymer
solutions, which were transferred (flow rate: 40 ul/min) through
a charged needle (18 kV) toward the negatively charged (-1 kV)
rotating mandrel (400 rpm), which was placed at 175 cm dis-
tance in the climate controlled cabinet (23 °C and 30% relative
humidity, IME Technologies). To facilitate scaffold removal,
the mandrel was coated prior to electrospinning with 5% (w/v)
poly(ethylene oxide) (PEO, Sigma, M,, 900 kDa) aqueous solu-
tion. This electrospraying PEO solution was transferred (flow
rate: 75 ul min™)) through a charged needle (15 kV) toward a
negatively charged, rotating 3 mm @ mandrel (-1 kV, 1000 rpm,
needle-mandrel distance: 16.5 cm). After electrospinning, the
scaffolds were removed from the mandrels, cut to size (25 mm
in length) and placed in a vacuum oven at 37 °C overnight to
remove residual solvent.

Before cell seeding, the scaffolds were sterilized by UV-light
exposure with wavelength of 253.7 nm (30 min/side), incu-
bated in phosphate buffered saline (PBS) and 2% PS (Lonza)
for 24 h and afterward coated in a collagen I/fibronectin
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solution (30 ug mL™ rat tail collagen I; Corning, 50 ug mL™
fibronectin from bovine plasma; Sigma-Aldrich) for 1 h at
37 °C to enhance cell adhesion and retention to the graft.
Thereafter, the scaffolds were incubated in culture medium
with 10% FBS for 24 h.

2.4.2. Cell seeding

ODMCs and ODECs were seeded separately to obtain a bi-
layered structure of the vascular graft (N = 4 individual experi-
ments). Prior to cell seeding, culture medium was removed and
3.8%10° ODMCs/graft were seeded using fibrin as a cell carrier
as described before.BY In short, cells were suspended in a mix-
ture of fibrinogen (bovine, 10 mg mL™, Sigma) and thrombin
(bovine, 10 IU mL™, Sigma) and homogeneously dripped over
both the lumen and adventitial side of the graft. To promote
a uniform distribution of cells, the cell-loaded constructs were
rotated by 180° every 15 min in a general incubator (37 °C,
5% CO,) for 1 h. After 1 h polymerization at 37 °C, SMGM2
medium with 0.25 mg mL™ ascorbic acid was added to induce
ECM production and ODMCs were further cultured in static
conditions for 48 h.

After 48 h, the same procedure was repeated with ODECs
(3.8%¥10° ODEC’s/graft) which were only seeded on the luminal
side of the graft. The ODMCs- and ODECs-seeded graft was
cultured statically for another 5 d in 1:1 SMGM2 with ascorbic
acid and EGM2 media.

2.4.3. Hemodynamic loading of vascular graft

After 7 d of static culture, the grafts were mounted into a pre-
viously developed vascular flow bioreactor!?’! and connected
to the flow loop to start the 48 h perfusion period. The flow
bioreactor is designed to allow for culturing of vascular con-
structs with separated luminal and adventitial media to support
vascular co-cultures, as previously described in detail.?’l The
seeded tubular grafts were connected to a Luer Lock Connector
Male (Ibidi) and a Luer Connector Male (Ibidi) on each side of
the graft and mounted in the custom-made culture chamber
with surgical prolene sutures (4-0 Ethicon, Johnson&Johnson),
connecting the luminal side of the graft to the flow loop for uni-
directional flow application, controlled by a flow pump system
(Ibidi) with two medium reservoirs with EGM2 medium (total
volume 8 mL medium/reservoir). Subsequently, the bioreactor
was closed and the outer compartment was filled with SMGM2
medium supplemented with ascorbic acid. The bioreactor
was placed in a general incubator (37 °C, 5% CO,). Gradu-
ally increased shear stress was applied toward 0.08 Pa with a
flow rate toward 18 mL/min (Table S3, Supporting Informa-
tion). Static controls were connected to the pump system, and
subjected to the minimum amount of flow (0.01 Pa) to allow
for medium exchange. An overview of the shear stress levels
applied on the TEVG, can be seen in Table S3 (Supporting
Information). Grafts seeded with HUVECs and VSMCs were
used as control, and coupled to the same flow pump in parallel
to the organoid seeded grafts.
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2.4.4. Scanning Electron Microscopy

The microstructure and surface coverage of the electrospun
PCL-BU graft was analyzed using scanning electron micros-
copy (SEM) (Quanta 600F; Thermo Fisher). The cell-laden sam-
ples were dehydrated by ethanol washing steps on a shaker (2 x
10 min PBS, 15 min 50% ethanol/MiliQ, 10 min 70% ethanol/
MiliQ, 10 min 80% ethanol/MiliQ, 10 min 90% ethanol/MiliQ,
10 min 95% ethanol/MiliQ, 3 x 10 min 100% ethanol). The
samples were dried with the critical point dryer (EM CPD300,
Leica) and were gold sputtered. Samples were visualized with
SEM in low vacuum, using an electron beam of 10 kV and low-
vacuum secondary electron (LFD) and electron backscattered
diffraction (EBSD) detectors, visualized with a yellow and blue
filter respectively. Images were taken at different representative
locations at multiple magnifications (100x, 1000x).

2.5. (Immuno)histochemistry

All samples were fixed in 4% paraformaldehyde solution for
20 min at room temperature (RT) and subsequently washed
with PBS. All samples were stored at 4 °C until further staining.

2.5.1. 2D cell cultures

Cell cultures on coverslips were blocked using a 2% PBS/
bovine serum albumin (BSA) solution for 30 min. The cells
were stained with anti-CD31, anti-VE-Cadherin, anti-o-SMA,
anti-PDGFrf, anti-yH2AX, and anti-Ki67 overnight at 4 °C
(Table S4, Supporting Information). Thereafter, the staining
solution was removed and the coverslips were washed with
PBS. Secondary antibody incubation was performed for 1 h at
RT (Table S4, Supporting Information). The coverslips were
washed with PBS and counterstained with DAPI for 5 min.
Coverslips were mounted on microscope glass with Mowiol
4-88. Samples were stored at 4 °C prior to imaging.

2.5.2. 2D Hemodynamically Loaded Slides

Cells were blocked using 2% BSA/PBS for 30 min at RT. Cells
were stained for anti-CD31 and anti-VE-cadherin (Table S4,
Supporting Information) overnight 4 °C. Thereafter, the cells
were washed with PBS and secondary antibody incubation
(Table S4, Supporting Information) was performed for 1 h at
RT. DAPI was used as counterstaining and channels were filled
with Mowiol 4-88. Samples were stored at 4 °C.

2.5.3. 3D Organoid Cultures

Cells were blocked and permeabilized using 3% FBS, 1%
BSA, 0.5% Triton x-100 and 0.5% Tween in PBS for 2 h at
RT. 3D cell cultures were stained with anti-CD31 and anti-
PDGFrf antibodies (Table S4, Supporting Information) for
2 h at RT. The cells were washed with PBS-/Tween and sec-
ondary antibody incubation was performed for 2 h at RT.
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DAPI was used as counterstaining and 3D cell cultures were
mounted with Mowiol4-88. Samples were stored at 4 °C prior
to imaging.

2.5.4. Paraffin Sectioning of 3D Grafts

Grafts were embedded into 25% agarose gel to protect the
graft material during tissue processing steps. Grafts were pro-
cessed (Leica EM tissue processor, overnight without formalin)
and subsequently embedded in paraffin. Sections (7 X 10° m
thickness) were deparaffinized and citrate buffer was used for
antigen retrieval for 20 min. Sections were subsequently blocked
in 2% BSA/PBS and stained with anti-CD31, anti-PDGFrf, anti-
collagen IV and anti-o~SMA (Table S4, Supporting Information)
overnight at 4 °C. Constructs were washed with PBS and sec-
ondary antibody staining (Table S4, Supporting Information)
was performed for 1h at RT. DAPI was used as counterstaining
and constructs were mounted with Mowiol 4-88. In addi-
tion, paraffin sections were stained for hematoxylin and eosin
(H&E). Samples were stored at 4 °C prior to imaging.

2.5.5. Whole Mount Staining of 3D Grafts

Grafts were blocked using a 2% PBS/BSA solution for 30 min.
The grafts were stained with anti-CD31, anti-VE-Cadherin anti-
collagen IV and anti-o~SMA (Table S4, Supporting Information)
overnight at 4 °C. The staining solution was removed, and the
coverslips were washed with PBS. Secondary antibody incu-
bation (Table S4, Supporting Information) was performed for
1 h at RT. The constructs were washed with PBS and counter-
stained with DAPI. Constructs were mounted on microscope
glass with Mowiol 4-88. Samples were stored at 4 °C prior to
imaging.

2.5.6. Imaging and Analysis

Imaging was performed using the Leica Confocal SP8x (10X,
20x magnifications), the Leica Thunder microscope (10X, 20x
and 40x magnifications for 3D organoid cultures, paraffin sec-
tions, Ibidi slides and 3D grafts) and the Olympus BX51 micro-
scope (4x and 10x magnifications for 2D cell cultures). Images
were analyzed using Image] software (V1.47). 3D images were
composed in LASX (version 3.5.723225).

2.5.7. Statistical Analysis

The statistical analyses were performed using Graphpad Prism
(version 8.3). Values are shown as individual data points with
mean+SEM. Prior to statistical testing, outliers were removed
from the results when detected using a Grubbs’ test (alpha = 0.05).
The paired, two-sided t-test and the ordinary one-way ANOVA
test with Tukey post hoc test were used when appropriate. Experi-
ments were performed at least in triplicate. The detailed sample
size for each result is listed in the legend of the figures. A p-value
of p<0.05 was accepted as statistically significant.
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3. Results

3.1. Generation and Characterization of Human iPSC-Derived
Blood Vessel Organoids

Vascular organoids were generated according to the hiPSCs
differentiation protocol described by Wimmer et al.?®l Gene
expression profiling (Figure Slc, Supporting Information)
showed steady increase in the expression of EC markers CD31
and VE-cadherin, as well as an increase in expression of MC
markers PDGFrf3 and ACTA2 over time during the differentia-
tion process. In addition, EC progenitor marker CD34 increased
during vascular lineage promotion and decreased during matu-
ration of the vascular networks. In line with these differentia-
tion steps, iPSC specific marker expression decreased over time
(NANOG and OCT4) while expression of mesoderm markers
(SLUG, SNAIL and TWIST) showed a positive parabolic curve
with a peak expression at day 11 (Figure S2b, Supporting Infor-
mation). The presence of ECs and MCs was further supported
by whole-mount staining of the vascular organoids at day 21;
ECs and MCs were visualized by CD31 and PDGFrf staining,
respectively, forming a dense vascular network (Figure Sld,e,
Supporting Information). Cross-section images of the vascular
networks confirm lumenization of the vascular networks and
close proximity between ECs and MCs within the vessel struc-
tures, despite the absence of flow (Figure Sif,g, Supporting
Information). These findings indicate that the iPSC to vascular
organoid differentiation protocol as described by Wimmer et
al. was successfully reproduced. At day 21, vascular organoids
contained the highest relative numbers of vascular cells with a
mature phenotype that could be used for isolation to generate
pure EC and MC pools for further use.

3.2. Vascular Organoid-Derived, Cell Type-Specific Populations
Can be Isolated, Cryopreserved, and Vultured in 2D Culture
without Significant Loss in Cell Phenotype, Viability, or
Proliferative Capacity

To investigate if both ECs and MCs populations can be iso-
lated and cultured separately in 2D culture, fully differentiated
organoids from day 18 till day 21 in 3D culture were chemically
dissociated into a single-cell solution prior to cell sorting. Mag-
netic activated cell sorting (MACS) was used to isolate EC and
MC populations from other cell types. To ensure purity of the
EC and MC populations, the sorting process was repeated after
expansion for two passages in 2D single culture. Cell popula-
tions were further expanded prior to cryopreservation and
freezing, resulting in a biobank of pure organoid derived EC
(ODEC) or organoid derived MC (ODMC) populations for fur-
ther use (Figure 1a). To evaluate if EC and MC purity and phe-
notypes were maintained after cell sorting, cryopreservation,
and prolonged 2D culture, batches of OCECs and ODMCs were
thawed, followed by use in analysis and dynamic experiments
up to passage 7.

Morphologically, ODECs formed a squamous-shaped, cobble-
stone-like single layer of cells when cultured on a gelatin coated
2D surface, similar to static 2D culture of primary human ECs
(Figure 1b,c). ODMCs became elongated and were randomly
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distributed throughout the plate with the ability to form multi-
layers, similar to primary human VSMCs (Figure 1d,e). Immu-
nofluorescent staining for EC marker VE-cadherin (Figure 1f,g)
and MC marker aSMA (Figure 1h,i) confirmed the EC and MC
phenotypes of ODECs and ODMCs and showed the ability of
ODECs to form adherent junctions comparably to control pri-
mary cell cultures. Flow cytometry analysis using EC marker
CD31 and MC marker CD140b showed limited to no cross-con-
tamination and high purity of the ODEC and ODMC popula-
tions (Figure 1j,k).

Both ODECs and ODMCs show persistent high viability
(Figure 2a,b) and high proliferative capacity (based on DNA
content assessment and Ki67 nucleus staining, Figure 2c)
over different passages (5-7) in prolonged 2D single culture.
Both ODECs and ODMCs showed no DNA damage, based
on yH2AX nucleus staining quantification that was compa-
rable to HUVECs and VSMCs at passage 4 (Figure 2d). Dox-
orubicin treated pericytes were used as a negative control. In
addition, qPCR analysis (Figure 2e) showed increased expres-
sion of EC markers (VE-cadherin and CD31) in ODECs similar
to HUVECs compared to ODMCs and pericytes. Visa versa,
expression of both mural cell marker PDGFrf8 and VSMC
marker ACTA2 were increased in ODMCs similar to primary
cell cultures of human pericytes and VSMCs, compared to
HUVECs and ODECs.

3.3. Endothelium Formed by ODECs Is Shear Stress Responsive
and Can Actively Maintain Endothelial Barrier Function in 2D
Assay Evaluation

To evaluate the shear stress responsiveness of ODECs, the
Ibidi pump/slide system was used to expose ODEC mon-
olayers to shear stress (1.5 Pa) for 48 h. A static condition
was included as control. Bright field microscopy evaluation
(Figure 3a,b) showed that ODECs subjected to shear stress
become elongated and actively aligned in the direction of the
flow, whereas static ODECs retained their cobblestone mor-
phology. This was further confirmed by immunofluorescent
staining (Figure 3c,d) of EC marker CD31 (green) and cytoskel-
eton fibers (f-actin; red) demonstrating cell alignment and ori-
entation parallel to the direction of the flow. Similarly, qPCR
results show upregulation of shear stress responsive genes
KLF2, COX2 and eNOS in ODEC 2D cultures exposed to shear
stress compared to static controls (Figure 3e, dotted line). Sig-
nificant downregulation of pro-inflammatory genes VCAM
and IL-8 were observed in ODECs exposed to shear stress
compared to static controls, whereas MCP1 expression was not
significantly affected (Figure S3a, Supporting Information).
Exposure to shear stress did not significantly affect expression
of EC specific markers VE-cadherin and CD31 (Figure S3b,
Supporting Information).

Next, the ability of ODECs to form an endothelial barrier
was studied using a trans-endothelial electrical resistance
(TEER) assay. Endothelial barrier integrity of ODECs increased
over 4 d and stabilized after reaching confluency (Figure 3f).
HUVECs were used as a positive control and showed sim-
ilar results to ODECs. To evaluate the potential of ODECs to
regulate and maintain resistance and barrier function, we
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Figure 2. Organoid derived vascular cell populations preserve specific vascular cell type markers, viability and proliferative capacity. a) Results of
PrestoBlue viability assay and PicoGreen proliferation assay for passage 5. Results are presented as mean + SEM, n = 6, one-way ANOVA with Tukey
post hoc test. *p < 0.01 for ODECs compared to day 1 and p < 0.05 for ODMCs compared to day 1. Pp < 0.01 for both ODECs and ODMCs compared
to day 1. b) Results of PrestoBlue viability assay and PicoGreen proliferation assay for multiple passages of ODECs and ODMCs. Results are presented
as mean + SEM, n = 6, one-way ANOVA with Tukey post hoc test ¥p < 0.001 for P5 and P7 compared to day 1. p < 0.0001 for P10 compared to day 1.
£p < 0.05 for P5 and P10 compared to day 1. X p < 0.01 for P5 compared to D1. “p < 0.01 for P5 compared to day 1 and p < 0.05 for P10 compared to day
1. ¢) Immunofluorescent stainings for proliferation marker Ki67 (green), counterstained with phalloidin (red), and DAPI (blue). HUVECs and VSMCs
were used as positive control and pericytes + 0.1 x 107 m doxorubicin (DOXO) were used as a negative control. Scale bar represents 20 um. d) Quan-
tification of yH2AX positive cells. Pericytes cultured in absence (neg) or presence (pos) 0.1 x 1078 m doxorubicin for 72 h are used as positive control
for DNA damage (yH2AX). Results are presented as mean £ SEM, n =4 (ODECs and ODMCs) and n =1 (control cells). e) QPCR results of ODECs,
ODMCs with commercially available ECs and MCs as comparison (referred to as control; HUVECs, VSMCs and pericytes). Results are presented as
mean £ SEM, n = 5 for control primary cell cultures and n = 8 for organoid-derived cells. VE-cadherin, vascular endothelial cadherin; oSMA, alpha
smooth muscle actin; RFU, relative fluorescent units; VE-cad, Vascular endothelial cadherin; CD, cluster of differentiation; PDGFrf3, platelet derived
growth factor receptor f8; ACTA2, actin alpha 2; ODECs, organoid derived endothelial cells; ODMCs, organoid derived mural cells; HUVEC, human
umbilical vein endothelial cells; VSMCs, vascular smooth muscle cells.

challenged ODEC and HUVEC monolayers with thrombin. restoration, resulting in complete recovery of both ODEC
Thrombin treatment (Figure 3g, gray area) for 30 min resulted and HUVEC endothelial electrical resistance after 150 min
in a significant decrease of barrier resistance in both ODECs  (Figure 3g). These data indicate that similar to primary human
and HUVECs. Removal of thrombin triggered barrier function = ECs, ODECs can form an endothelium monolayer that is shear
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Figure 3. Functional analysis of ODECs. Bright field image of ODECs on Ibidi slide after 48 h of a) static and b) dynamic culture (1.5 Pa). Scale bar
represents 50 um. Immunofluorescent staining of ODECs for F-actin (red) and EC marker CD31 (green) after 48 h of c) static and d) dynamic culture.
DAPI (blue) was used as counterstaining. €) qPCR analysis of shear stress responsive genes KLF2, COX2, and eNOS after 48 h static and dynamic
culture. Dashed line represents baseline expression levels of the static culture. Data are presented as mean + SEM, n = 4. One-way ANOVA with
Tukey post hoc test; *p < 0.05, ™ p < 0.001, ™ p < 0.0001. f) Trans-endothelial electrical resistance (TEER) of ODECs and HUVECs over time. Data
are presented as mean £ SEM, n =4 (HUVECs), n = 3 (ODECs). Paired t-test; “ p < <0.0001 for both HUVECs and ODECs compared to day 1. g)
TEER of ODECs and HUVECs over time during 30 min thrombin treatment (gray area) and subsequent recovery. Data are presented as mean £ SEM,
n =4 (HUVECs), n =3 (ODECs), Paired t-test; * p < 0.001 for HUVECs compared to 0 min and p < 0.01 for ODECs compared to 0 min. = p < 0.05
for both HUVECs and ODECs compared to 30 min. KLF2, Kriippel-like factor 2; COX2, Prostaglandin-endoperoxide synthase 2; eNOS, endothelial

nitric oxide synthase.

stress responsive and establish an endothelial barrier that is
actively preserved.

3.4. Organoid-Derived Vascular Cells Can be Used to Populate
Small Human Artery Sized 3D-Vascular Scaffolds to Generate
Biomimetic Bi-layered Human Blood Vessels

To evaluate if organoid derived vascular cells can be used to
create a 3D-scaffold based biomimetic human blood vessel with
dimensions relevant for human sized small arteries (2-4 mm
range), ODECs and ODMCs were seeded in a layered fashion
onto PCL-BU scaffolds by using fibrin as a cell carrier and
cultured for 48 h in static conditions. For the control group,
a combination of HUVECs and VSMCs was seeded onto sim-
ilar PCL-BU scaffolds using the same protocol. Scaffolds were
processed according to a predefined scheme (Figure S3c, Sup-
porting Information).

Whole-mount staining revealed monolayer formation, with
VE-cadherin expression and cell-cell junction formation on the
luminal side of both 3D-vascular scaffolds seeded with con-
trol cells and organoid-derived cells (Figure 4a,b). Paraffin sec-
tioning and subsequent H&E staining showed cell distribution
throughout the scaffolds (Figure 4c,d, Figure S3d, Supporting
Information), and the formation of MC and EC layers by immu-
nofluorescent staining of PDGFrf3 and CD31, respectively, in
both control and organoid-derived blood vessels (Figure 4e,f).
3D reconstruction of the lumen area of whole-mount stained

Adb. Biology 2022, 2200137 2200137 (9 of 16)

samples revealed a bi-layered configuration consisting of a mon-
olayer of VE-cadherin positive ECs and a thicker multicellular,
subendothelial layer composed of actin positive MCs, in both
vascular organoid derived and control blood vessels (Figure 4g,h).

3.5. Organoid-Derived Human Blood Vessels Exposed to Flow
in a Perfused Bioreactor System Preserve Intact Endothelium
and Bi-Layer Configuration

Organoid- or control vascular cells seeded 3D-vascular scaf-
folds were mounted in a previously established bioreactor
system that allows for vessel perfusion (Figure S3e, Supporting
Information).?”! Luminal flow generating a gradual increase
in laminar shear stress of 0.08 Pa was applied and maintained
for 48 h (Table S3, Supporting Information). Immunofluores-
cent whole mount staining of both organoid and control vas-
cular cells derived human blood vessels showed preserved
adherent junctions (VE-cadherin) and bi-layer configuration
(VE-cadherin positive endothelial monolayer, and a multicel-
lular subendothelial layer visualized by actin staining) after 48 h
of flow exposure (Figure 5a,b and gh). H&E staining of cross-
sections of organoid-derived and control blood vessels showed
the cell distribution throughout the scaffold (Figure 5c,d and
Figure S3d, Supporting Information) after 48 h of flow. the MC
and EC layers were preserved after flow exposure, as shown by
immunofluorescent staining of ECs (CD31) and MCs (PDGFrp)
in both control and organoid-derived human blood vessels
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Figure 4. Evaluation of vascular grafts in static culture. En-face Immunofluorescent whole-mount staining of a vascular graft seeded with a) orga-
noid-derived cells and b) control primary cell cultures with actin phalloidin (red) and EC marker VE-cadherin (green) signal after 48 h of static
culture. DAPI (blue) was used to identify cell nuclei. Scale bar represents 50 um. H&E staining of vascular graft seeded with c) ODECs and ODMCs
and d) control primary cell cultures after 48 h of static culture. Scale bar represents 50 pm. Cross-sectional immunofluorescent staining of vascular
grafts, seeded with e) ODECs and ODMCs and f) control primary cell cultures after 48 h of static culture. Stained with anti-PDGFrf3 (green), anti-
CD31 (red), and DAPI (blue). X indicates the lumen area and scale bar represents 50 um. 3D images of whole mount staining of vascular graft
seeded with g) ODECs and ODMCs and h) control primary cell cultures after 48 h of static culture immunostained for VE-cadherin (red), actin
(green), and DAPI (blue). Scale bar represents 50 um. PDGFrf3, platelet derived growth factor receptor f5; VE-cad, vascular endothelial cadherin;

CD, cluster of differentiation.

(Figure 5e,(f). PCL-BU grafts were analyzed before seeding
using SEM (Figure 6a,b).

SEM analysis of vascular organoid blood vessels showed a
continuous lining of the luminal side of the scaffold in static
culture (Figure 6¢), which was preserved after 48 h of dynamic
culture (Figure S3f, Supporting Information). Increased col-
lagen IV deposition in dynamic conditions was shown by
immunofluorescent staining in both organoid-derived and
control human blood vessels (Figure 6d—g). mRNA analysis
of shear stress responsive genes including KLF2, COX2 and
eNOS showed no significant increase in expression in both
organoid derived and control blood vessels in response to flow
(Figure 6h). However, flow increased the expression of cal-
ponin in organoid-derived human blood vessels, whereas cal-
ponin levels in control human vessels remained unchanged
(Figure 6h). Expression levels of cell specific markers were
preserved in both organoid derived and control human vessels
after 48 h of flow (Figure S3g, Supporting Information). Simi-
larly, dynamic culture did not affect the mRNA level of multiple
ECM components in both organoid derived and vascular con-
trol human vessels (Figure 6i).

Adv. Biology 2022, 2200137 2200137 (10 of 16)

4, Discussion

The new method developed in this study uses hiPSC-organoid
derived vascular cells to create for 3D-scaffold based tissue
engineering to create a perfusable human blood vessel model
that recapitulates the bi-layer architecture of native vessels. The
hiPSC vascular organoid-derived pipeline eliminates the need
for establishing and maintaining two separate hiPSC-differen-
tiation cultures. The resulting system offers a complex biore-
actor model to meet the growing demand for in vitro testing
of different scaffold prototypes for the emerging field of in situ
tissue engineering.[®’) This model may be used in combination
with patient-derived hiPSCs to enable to study the role of hemo-
dynamics in driving genetic vascular disease and its impact on
vascular regeneration.

4.1. Perfused 3D-Scaffold Based Human Blood Vessel Model

Although multiple human 2D and 3D-scaffold based vascular
platforms have been described in literature, most of these use
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Figure 5. Evaluation of vascular grafts exposed to 48 h of flow. En-face Immunofluorescent whole-mount stainings of a vascular graft seeded with
a) organoid-derived cells and b) control primary cell cultures with phalloidin (red) and EC marker VE-cadherin (green) after 48 h of dynamic culture
(gradually increased up to 0.08 Pa, Table S3, Supporting Information). DAPI (blue) was used to identify cell nuclei. Scale bar represents 50 pm. H&E
staining of vascular graft seeded with ¢) ODECs and ODMCs and d) control primary cell cultures after 48 h of dynamic culture (0.08 Pa). Scale bar
represents 50 um. Cross-sectional immunofluorescent staining of vascular graft, seeded with e) ODECs and ODMCs and f) control primary cell cultures
after 48 h of dynamic culture (0.08 Pa). Stained with anti-PDGFr/3 (green), anti-CD31 (red), and DAPI (blue). X indicates the lumen area and the scale
bar represents 50 um. 3D images of whole mount staining of vascular graft seeded with g) ODECs and ODMCs and h) control primary cell cultures
after 48 h of dynamic culture immunostained for VE-cadherin (red), actin (green), and DAPI (blue). Scale bar represents 50 um. PDGFrf, platelet

derived growth factor receptor f3; VE-cad, vascular endothelial cadherin; CD, cluster of differentiation.

primary vascular cells (e.g., aorta derived VSMCs and HUVEC:)
as a cell sourcel®*=34 or focus on assessment of a single cell type
in response to an isolated hemodynamic aspect without fully
recapitulating the vessel architecture.?>3>3¢ Over the past
years, more complex systems have been described, improving
the biological relevance of these systems by mimicking the
native bi-layer architecture to allow the natural paracrine, ion
channel-based and receptor-ligand interactions between ECs
and VSMCs,*”l which have been shown to play critical roles in
vasomotion, homeostasis, tissue adaptation in disease condition
and vessel regenerative and hemodynamic response.[ 04 Still,
only a limited number of these used iPSC-derived vascular cells
to create a bilayered TEVG.1¥3%2 Nakayama et al. successfully
produced bilayered aligned nanofibrillar collagen graft, using
iPSC-derived vascular cells as a cell source and demonstrated
in their experiments that EC-seeded aligned scaffolds signifi-
cantly reduced inflammatory response, based on monocytes
adhesion and thus provided an atheroprotective function, even
without application of flow on these constructs .3% In 2019, the
group of Generali et al. also demonstrated a PGA- based bilay-
ered vascular graft based on both iPSC-derived endothelial cells

Adv. Biology 2022, 2200137 2200137 (11 of 16)

and vascular smooth muscle cells under flow. These constructs
were kept in culture up to nine weeks resulting in a construct
with a thick layer of extracellular matrix, containing a SMA-
positive layer in the interstitium and a thin luminal layer of
vWE-positive endothelial cells, approximating the architecture
of native vessels.® The 3D-scaffold based model presented
in this study also offers a human blood vessel analogue that
mimics the native vessel’s bi-layer tissue organization, which
is successfully preserved under flow and derived from a single
differentiation protocol. The use of iPSC vascular organoid
derived cells for graft creation as presented in the current study,
could further open up new possibilities for tissue engineering
of patient-specific vascular grafts for disease modeling. It would
be particularly suitable in facilitating studies that require the
natural cross talk between the endothelium and medial layer to
closely represent the human disease condition in vivo.

Various designs, fabrication methods and materials have
been previously used to generate the vascular tubular scaffold
backbone.'>! In our experiments, the suitability of ODECs
and ODMCs for vascular TE was tested on a small-diam-
eter electrospun PCL-BU based scaffold with collagen I and
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Figure 6. Flow response of vascular grafts. a) A representative SEM picture of a scaffold prior cell seeding showing an average wall thickness of 268
+ 8 um. b) SEM picture of a scaffold prior seeding showing an isotropic fiber orientation with an average fiber diameter of 4.1+ 0.2 um at the luminal
side of the scaffold. c) The left SEM picture of a scaffold seeded with ODECs and ODMCs demonstrates a confluent layer of cells at the luminal side of
the scaffold. Detailed en-face SEM picture of the graft's endothelium at the right. Cross-sectional immunofluorescent staining of a vascular graft, either
seeded with d,e) ODECs and ODMCs or f,g) HUVECS and VSMCs after 48 h of static and dynamic culture, stained with anti-collagen IV (green) and
DAPI (blue). X Indicates lumen and scale bar represents 50 um. qPCR analysis of h) shear stress responsive genes KLF2, COX2, eNOS, and calponin
and of i) ECM component genes Collagen |, Collagen II, and Collagen IV after 48 h static and dynamic culture. Dotted lines represent gene expres-
sion at static culture levels. Data are presented as mean + SEM, n = 4 (organoid-derived graft), n = 4 (control graft). Paired t-test; “p < 0.001. KLF2,

Kriippel-like factor 2; COX2, Prostaglandin-endoperoxide synthase 2; eNOS, endothelial nitric oxide synthase; Col, collagen.

fibronectin coating similar to Pennings et al.,?’! while cells
were seeded in an additional fibrin carrier solution. The addi-
tion of fibrin was chosen because fibrin matrix support has
been shown to improve vascular stability upon implantation
and enhance EC retention under flow.*-*] The use of fibrin as
a cell carrier prevents loss of cell solution and ensures homoge-
neous cell distribution.*>*%l The selection of the PCL-BU mate-
rial and fiber diameter as well as the random fiber orientation
and scaffold thickness are based on findings of the successful
application of this particular design in vascular tissue engi-
neering by our group previously.”'~>3 Furthermore, PCL-BU is
an easy to functionalize polymer, which has been proven to be
biocompatible and biodegradable in the local environment of
the vascular system. >4

We observed that ODECs, similar to HUVECs in the control
grafts, maintained CD31 EC marker expression, VE-cadherin
expression in cell-cell junctions, and form a consistent mon-
olayer when seeded into the 3D scaffolds. ODMCs, similar to
VSMCs in control grafts, form tissue layers at the basal side
of the endothelium, and are located dispersed throughout the
scaffold wall. The resulting bi-layered (confluent endothelium

Adv. Biology 2022, 2200137 2200137 (12 of 16)

and basal medial layer) configuration is in line with what was
previously observed in static studies using the same bioreactor
setup and PCL grafts seeded with endothelial colony forming
cells (ECFCs) and VSMCs derived from mesenchymal stem
cells (MSCs).2! The bi-layered configuration with an intact
endothelial monolayer on the luminal side of the scaffold on
top of ODMCs or VSMCs was sustained when exposed to flow
conditions (0.08 Pa). VE-cadherin signal remained localized in
cell-cell junctions, and confluent luminal side coverage was
confirmed by SEM analysis, indicating that the endothelium
and the media was not disrupted after 48 h of flow exposure in
both the organoid derived and control grafts. However, no flow-
induced alignment was observed for both ODECs and HUVECs
in the 3D culture, despite the observed shear stress sensitivity
in 2D. The current shear stress levels of 0.08 Pa as applied in
the bioreactor may not have been sufficient to provoke EC re-
orientation. Furthermore, the high ODECs or HUVECs seeding
density that was used may also have impeded the flow induced
alignment, as was observed previously.l*’]

ECs are known to regulate phenotype switching of
VSMCs.P657l In our experiments a significant upregulation
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of the contractile marker calponin was observed, implying
a transition toward a contractile phenotype of the ODMCs in
response to shear stress exposure. In contrast, no upregula-
tion in calponin expression was observed after hemodynamic
loading of control graft. This lack of response may be due to dif-
ferences in basal expression levels. Basal (nonflowed) Calponin
mRNA levels were significantly lower in HUVECs/VSMCs
grafts versus organoid-derived grafts (mean + SEM = 0.00023
£ 0.00031 versus 0.0019 + 0.0011, for cell-line versus organoid
derived respectively, P = 0.02), implying that Calponin was
hardly transcribed in the aorta derived VSMCs compared with
ODMC:s. The plasticity of graft seeded cells to in vivo adapt to
local hemodynamic forces is critical for long term graft func-
tion and survival. In future studies, we will further assess the
capacity of scaffold seeded ODECs to regulate phenotype transi-
tion of ODMCs in response to shear stress exposure.

4.2. Vascular Organoid-Derived ODECs and ODMCs as a Cell
Source for Model Building

Differentiation protocols for iPSC-derived ECs and iPSC-
derived MCs have been previously reported.*1%142 Although
hiPSC-derived vascular cells are used for in vitro studies, only a
select number of studies report their application in hierarchical
vascular tissue engineering. Gui et al., developed hiPSC-TE
vascular constructs under static culture conditions by seeding
hiPSC-VSMCs on polyglycolic acid (PGA) scaffolds followed
by eight weeks of culture under static conditions. Scaffold-
seeded hiPSC-VSMCs retained expression of VSMC contractile
markers and collagen was deposited on scaffold fibers.””l Simi-
larly, Sundaram et al. differentiated hiPSCs into mesenchymal
progenitors and seeded these on PGA polymer scaffolds to
develop tissue engineered vessels in a bioreactor that could
provide pulsatile cyclic stretch. The use of PDGF-BB in the
culture medium secured VSMC lineage specification of hiPSC-
derived mesenchymal progenitors. This together with eight
weeks of cyclic stretch exposure, promoted expression of typical
VSMC markers and increased collagen deposition.?’) How-
ever, no introduction of hiPSC-ECs and subsequent endothe-
lialization of the 3D scaffold was reportedly achieved in these
studies. Studies that investigate the application of hiPSC-EC in
tissue engineered vessel is limited to a report by Tan et al. who
demonstrated that PCL-gelatin scaffolds supported hiPSC-EC
growth, phenotype retention and function in vitro.l?°l Neverthe-
less, reports that demonstrate the combined application of both
hiPSC-ECs and hiPSC-MCs for tissue engineering of vascular
structures for the creation of perfused human blood vessel
models, are currently lacking.

Our perfused hiPSC human blood vessel model from orga-
noid-derived vascular cells offers a 3D-scaffold based bi-layer
vessel mimic in a perfusable bioreactor system that could be
particularly useful as a patient-specific in vitro disease model.
For example hiPSCs derived from CVD patients with familiar
genetic mutations or SNPs linked to early onset of coronary
artery disease and endothelial dysfunction, may be used to
model disease arteries to study their impact of on disease
mechanisms or regenerative capacity. In relation to the latter,
patient-cell derived vascular disease models are particularly
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relevant in combination with the emerging treatment strategy
of in situ vascular tissue engineering, which is heavily reliant
on the healing capacity of the recipient’s cells.’¥! In this study,
we investigated if pools of hiPSCs vascular organoid derived
ECs and MCs can be harvested and used as a cell source for in
vitro tissue engineering of small-diameter (3 mm) vascular con-
structs with native-like tissue hierarchy. In the native condition,
the process of vascular cell differentiation from a progenitor
state involves continuous guidance via cell contact and parac-
rine interaction between different cell types in the direct envi-
ronment of the developing vasculature. Indeed multiple studies
have also demonstrated that ECs and mural cells (MCs, or peri-
cytes and VSMCs) interactions are critical for EC differentiation
and function, and vice versa.’>-%2l The culture protocol used in
this study for hiPSC-derived blood vessel organoids was first
described in a recent paper by Wimmer et al.l®! Vascular differ-
entiation from the mesoderm phase in this system takes place
in a 3D environment in which the EC and MC lineages can
establish with natural cross cell type interactions and eventu-
ally forms 3D structures that resemble a vascular network after
18-21 d of culture. Similar to previously reported hiPSC-derived
EC and hiPSC-derived MCs, ODECs and ODMCs isolated
from these vascular organoids recapitulate the morphology
of human primary ECs (HUVECs) and MCs (aorta derived
VSMCs) in 2D culture and express the corresponding charac-
teristic markers.?>?4 For the in situ vascular tissue engineering
strategy, the capacity for fast in situ formation of the endothelial
monolayer barrier after scaffold implantation and subsequent
active preservation is crucial for the prevention of blood clotting
and uncontrolled, adverse interactions of circulating immune
cells and blood components with polymer structures,®*4 and
thus is essential for protection against loss of patency. Similarly,
the endothelial barrier is critical for the function of healthy ves-
sels and is often compromised in CVD. Our experiments indi-
cate that the ODECs can form confluent endothelial monolayers
with well-established VE-cadherin adherens junctions and cob-
blestone morphology similar to HUVECs. Gradual increase
of TEER signal indicates effective buildup of the endothelial
barrier by ODECs over several days post seeding, also similar
to HUVECs. More strikingly, confluent ODEC monolayers
have the capacity to restore the endothelial barrier resistance
actively and completely after thrombin challenge, similar to
HUVEC monolayers. This innate restorative capacity of ODECs
mimics the in vivo condition of healthy vessels. Future studies
should explore more aspects that define the functionality of the
endothelium, including blood contact reponse and NO produc-
tion under flow, to aid in further development and optimization
of hiPSC organoid-derived macrovascular models,

Although cell seeding on scaffolds produced vascular grafts
with a media composed of multiple layers of ODMCs, the
scaffold’s central core remained sparse of cells. This was also
observed for grafts seeded with primary VSMCs, indicating
that the observed lack of cells was not due to the iPSC origin
of ODMCs. In our current seeding procedure, ODMCs and
VSMCs were seeded on the scaffold’s luminal and adventi-
tial surface. Penetration of cells was feasible by design, as the
scaffold’s pores were on average >15 um in diameter. Indeed,
ODMCs and VSMCs tissue formation was observed inside the
scaffold, expanding from the luminal and adventitial sides.
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The current protocol includes 7 d of static culture after seeding
before hemodynamic loading. More time may be required
for ODMC and VSMC expansion to reach the core region.
Although the scaffold’s thickness (250 pum) does not exceed
the hypothetical maximal diffusion distance for cell survival
(1 mm), nutrients and oxygen may become less available at
the center once tissue structures are established in the border
regions, thus reducing further expansion efficacy. To promote
core cellularization, a protocol may be adapted in which only
the luminal side is seeded with ODMCs/VSMCs, leaving an
adventitial route of entry for the medium, followed by a pro-
longed static culture step.

The ODMCs/ODECs grafts were exposed to 0.08 Pa of shear
stress. This is only slightly lower than the levels found in
veins (0.1-0.6 Pa),®! which makes the model with the current
flowing protocol suitable to study for example, venous disease.
The current model can be further adapted to achieve a higher
range of shear stresses by increasing viscosity of the flow
medium or by application of higher flow rates. The latter
will require a prolonged culture step after scaffold seeding, to
allow more time for the deposition of the basement membrane
that is essential for the strengthening of the vessel wall. Our
data indicate, that challenging ODECs/ODMCs or HUVECs/
VSMCs grafts with 0.08 Pa shear stress during this process
can accelerate the build-up of collagen 1V, a vascular basement
membrane component vital for cell adhesion and stabiliza-
tion (Figure 6d-g). This observation is in line with previous
publications, which have shown that shear stress stimulation
during graft culture enhances several important aspects of
graft maturation relevant for enhancing vascular strength.>”]
Future studies will further explore prolonged static culture
in combination with and without prolonged 0.08 Pa of shear
stress exposure for the improvement of ODECs/ODMCs vas-
cular graft strength to achieve higher shear stress ranges with
this model.

In vivo, ECs in 3D-scaffold based grafts are required to
adapt to local hemodynamic conditions, such as local shear
stress levels to preserve vascular and endothelial integrity
and barrier function. Depending on the location on the vas-
cular tree, shear stress levels vary between 0.2-1.6 Pa,®! and
deviation in shear stress leads to onset and progression of
CVD. In our experiments, ODECs subjected to relatively high
shear stress (1.5 Pa) for 48 h responded like HUVECs, with
actin stress fiber formation and cell alignment with the flow
direction, whereas the integrity of the monolayer and adhe-
rens junctions was maintained. These findings are supported
by the detected upregulation of shear stress responsive genes
KLF2, COX2 and eNOS, upon subjection to flow. Increased
expression of the KLF2 transcription factor expression is a
key mechanism of the endothelium to mediate a protective
anti-inflammatory response to shear stress via downregula-
tion of (secreted) inflammation associated factors such as the
cytokines IL8, MCP1 and membrane VCAM that facilitates
immune cell adhesion.°%’] In ODECs, like in HUVECs, shear
stress was previously shown to indeed reduce IL8, MCP1 and
VCAM expression compared to static conditions.[®® Together,
our data indicate that ODECs have the capacity to adequately
adapt to shear stress conditions, similar to primary human
endothelial cells.
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Combined, these findings show that the use of ODECs in
the perfused human blood vessel model, could therefore make
the platform suitable for testing endothelialization and EC
response to shear stress of different 3D-scaffold designs, and
could be used for the creation of vascular disease models in
which endothelial barrier function and shear stress adaptation
are used as vital assay readouts.

In conclusion, the hiPSC derived vascular organoid cells can
be successfully used as a source of functional, flow-adaptive
vascular cells for tissue engineering of a perfused human blood
vessel model. The methods may be used to establish an in vitro
model for (cardio)vascular diseases for personalized drug treat-
ment research, using hiPSCs from patients with genetic CVD.
In addition, it may also be used as a platform for testing new
scaffold designs for the in situ TE strategy in which the impact
of genetic disease on the regeneration capacity of CVD patients
can be evaluated.
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