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Abstract

Human induced pluripotent stem cell (hiPSC) derived angiogenesis models present a unique
opportunity for patient-specific platforms to study the complex process of angiogenesis and the
endothelial cell response to biomaterial and biophysical changes in a defined microenvironment.
We present a refined method for differentiating hiPSCs into a CD31+ endothelial cell population
(hiPSC-ECs) using a single basal medium from pluripotency to the final stage of differentiation.
This protocol produces endothelial cells that are functionally competent in assays following
purification. Subsequently, an /n vitro angiogenesis model was developed by encapsulating the
hiPSC-ECs into a tunable, growth factor sequestering hyaluronic acid (HyA) matrix where they
formed stable, capillary-like networks that responded to environmental stimuli. Perfusion of the
networks was demonstrated using fluorescent beads in a microfluidic device designed to study
angiogenesis. The combination of hiPSC-ECs, bioinspired hydrogel, and the microfluidic platform
creates a unique testbed for rapidly assessing the performance of angiogenic biomaterials.

"Corresponding author: Kevin E. Healy, kehealy@berkeley.edu.

Current affiliation: Department of Biomedical & Chemical Engineering, Syracuse Biomaterials Institute, Syracuse University,
Syracuse, NY
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

7-Declarations of interest
KEH has a financial relationship with Organos Inc. and both he and the company may benefit from commercialization of the results of
this research.

8.Data Availability Statement
The raw and processed data required to reproduce these findings will be made available via contact with corresponding author.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Natividad-Diaz et al.

Keywords

Page 2

human induced pluripotent stem cells (hiPSCs); hiPSC-derived endothelial cells (hiPSC-ECs);
differentiation; hyaluronic acid; hydrogel; /n vitro angiogenesis model

1. Introduction

Angiogenesis is a complex process that is involved in disease progression and tissue repair.
The multifaceted, spatiotemporal mechanisms of angiogenesis along with the relatively high
cost and technical skill level associated with /in vivo studies make it difficult to rapidly and
efficiently evaluate the efficacy of both biomaterials and molecular therapies targeting
vascular network formation [1-11]. /n vitro models provide a less expensive, more
controlled, and reproducible platform for better quantification of isolated angiogenic
processes in response to biomaterial, biochemical, or biophysical stimuli [3, 11-15].

Biomaterials designed for angiogenesis have typically exploited key extracellular matrix
(ECM) parameters such as mechanical properties, ligand density of integrin-engaging
peptides, growth factor presentation, and cell-mediated matrix metalloproteinase (MMP)
degradation. While ECM-derived materials such as collagen and gelatin offer intrinsic
support for encapsulated cells, control over matrix parameters is somewhat limited [16-19].
Decellularized ECM (dECM) are often used for tissue-specific applications, and provide an
ideal structure of ECM proteins and glycosaminoglycans (GAGS) to stimulate cell
proliferation and migration [20, 21]. However, given that dECM are derived from natural
sources, engineering control over key parameters remains a challenge. In contrast, synthetic
materials provide a wide design space for control over the aforementioned key parameters,
but lack the intrinsic bioactivity vascular cells require to self-assemble into networks. Thus,
semisynthetic matrices (SECM), where biopolymers are modified to impart controlled and
defined bioactivity, provide an ideal platform to control the formation of vascular networks
[15]. In this regard, hyaluronic acid (HyA) stands out as a readily modifiable biopolymer to
construct defined SECM [5, 22-24].

Although current /n vitro angiogenesis models employing biomaterials have provided great
advances and insight into this process, many models continue to rely on primary endothelial
cells (ECs) (human umbilical vein endothelial cells [HUVEC], human microvascular
endothelial cells [HMVEC], human aortic endothelial cells [HAEC], etc) or immortalized
cell lines [3, 4, 9, 11, 25-29]. Primary ECs are plagued by patient source variation, and in
some cases genetic diversity, so that patients from different backgrounds (gender, age, race/
ethnicity, etc) are not well represented in the models. Furthermore, primary cell lines are
limited in supply and are notoriously difficult to culture and expand, thus failing to provide a
sustainable source for /n vitro studies [3, 11, 28, 30]. Additionally, HUVECs have a
tendency to form unstable capillary structures /n vitro that quickly and spontaneously regress
making it difficult to assess the impact of biomaterial design on study outcomes. Many
studies include secondary stromal cells, often from a different patient (e.g. allogenic model),
to stabilize these capillary-like networks [25, 26, 31-33], which adds confounding factors
associated with the different genetic backgrounds.
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In contrast to primary endothelial cells, human induced pluripotent stem cell (hiPSC)
derived endothelial cells (hiPSC-ECs) have the potential to provide a limitless supply of
patient-specific vascular cells to research pathological angiogenesis, vascular diseases, and
matrix-assisted cell transplantation for regeneration of ischemic tissues [1, 3, 11, 13, 30].
More recently refined endothelial cell differentiation protocols include both CD31+ and
CD34+ populations, which negates the need for additional co-cultured stromal cells to
support the hiPSC-EC’s function and formed vessel structure [34]. Incorporating hiPSC-ECs
into angiogenesis models provides a patient-specific platform to study /7 vitro the complex
process of biomaterial-based angiogenesis.[3, 11, 14, 35].

In this work we present a method for differentiating a CD31+ endothelial cell population
from hiPSCs, a 3D angiogenesis model employing these cells, and a combined microfluidic
testbed for studying angiogenesis /n vitro. A schematic diagram of our workflow is shown in
Figure 1(a). To develop this model and assess the behavior of these hiPSC-ECs, we used a
growth factor sequestering hyaluronic acid (HyA) matrix to promote cell survival and
maintenance of lineage-specific function [36—38]. The HyA hydrogel synthesis for hiPSC-
EC encapsulation included an integrin binding peptide (bsp-RGD(15)) [39], high molecular
weight heparin as a growth-factor presenting agent [36], and a MMP-degradable peptide
crosslinker. HyA offers many benefits as a matrix to support hiPSC-ECs, since it is a
naturally occurring biopolymer that is biocompatible, biodegradable, non-immunogenic, and
has been shown to promote cell migration, proliferation, and angiogenesis in wound healing
processes [5, 6, 10, 24, 36-38, 40, 41]. The hiPSC-ECs were encapsulated within the HyA
matrix, using different media and growth factor combinations, and their ability to respond to
changes in their microenvironment was demonstrated with dynamic changes in capillary-like
network formation and nitric oxide production similar to physiological angiogenesis. The
dependence of network formation on proangiogenic signaling was further demonstrated by
treatment with a small-molecule VEGFR2/FGFR inhibitor which eliminated network
formation and permitted assessment of the toxicity of the compound. We then incorporated
the Jn vitro angiogenesis model containing the HyA matrix and hiPSC-ECs within a tri-
chamber microfluidic device that mimicked vascular flow and demonstrated perfusion of
hollow capillary tube networks.

2. Materials and Methods

2.1 Human Pluripotent Stem Cell Culture and Maintenance

Human induced pluripotent stem cell (hiPSC) line WTC and human embryonic stem cell
(hESC) line H9 were grown on plates coated with growth factor-reduced Matrigel (Corning)
at 15,000-20,000 cells/cm? and were fed Essential 8 Medium (ThermoFisher). The cells
were passaged every 3 days and 10 uM rho-associated protein kinase (ROCK) inhibitor
(Y-27632, STEMCELL Technologies) was added to the culture medium for the first 24
hours after passaging.

2.2 Modified Protocol for hPSC-Endothelial Cell Differentiation

The modified protocol for endothelial cell differentiation in 2D culture developed in this
study is summarized in Figure 1(a). First, the human pluripotent stem cells were passaged
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onto plates coated with growth factor-reduced Matrigel (Corning) at 25,000-30,000
cells/cm? and fed Essential 8 Medium supplemented with 10 uM ROCK inhibitor (day -2).
The medium was replaced the next day (day -1) with Essential 8 without ROCK inhibitor.
The cells were grown to approximately 80% confluency which occurs on day 0 with this
initial seeding density. Differentiation was initiated on day 0, by feeding the cells Essential 8
Medium supplemented with 6 uM CHIR 99021 (STEMCELL Technologies). Endothelial
lineage specification was started on day 2 by the addition of Essential 8 Medium
supplemented with 10 ng/ml BMP4 (R&D systems), 50 ng/ml VEGF-A¢g5 (R&D Systems),
and 10 uM SB431542 (TOCRIS). The cells were fed this medium (E8BVi) everyday for 3
more days up to the final stage of differentiation on day 5. After day 5, the cells were
magnetically sorted for CD31+ expression and expanded in EGM2. (Commercially available
media compositions are summarized in Supplementary Table 1)

2.3 Flow Cytometry Analysis

Cells were dissociated using TrypLE (ThermoFisher) with a 7-minute incubation in 37°C
(5% CO») and quenched with EGM2 (1:5 enzyme to EGM2). The cells were then
centrifuged at 1200 rpm for 5 minutes and the supernatant was removed. The cells were then
washed with PBS and fixed with 4% paraformaldehyde for 10 minutes. The sample was
centrifuged to remove PFA and then washed twice with PBS. The sample was resuspended
in FACSB10 buffer [42] and stained with the fluorescently labeled antibodies listed in Table
2. The sample and antibodies were incubated overnight at 4°C. Samples were analyzed with
a Beckman Coulter FC500 flow cytometer. The data was analyzed with Kaluza software
(Beckman Coulter) and gating was based on corresponding isotype controls.

2.4 CD31+ Endothelial Cell Magnetic-Activated Cell Sorting (MACS)

Magnetic-activated cell sorting (MACS) was done on day 5 of differentiation or the
following day to avoid over-confluence of cultures, which would decrease purity of the
positively isolated population. Endothelial cells were magnetically sorted with Dynabeads
M-280 Sheep Anti-Mouse (Invitrogen, Carlsbad, CA) coated with primary mouse anti-
human CD31 antibody (Invitrogen) at a ratio of 5:1 beads to cells. Prior to sorting, the
dynabeads were washed twice with sterile FACSB10 buffer [42] with a DynaMag-15 magnet
(Invitrogen). The beads were resuspended in 200 uL FACSB10 and incubated with mouse
anti-human CD31 antibody (1:50) for 30 minutes at room temperature with gentle rocking.
Antibody conjugated beads were then washed twice with FACSB10 and resuspended in 500
uL FACSB10. Cells were singularized using TrypLE with a 7-minute incubation period
(37°C, 5% CO,) and quenched with EGM2 (1:5 enzyme to EGM2). The cells were then
centrifuged at 1200 rpm for 5 minutes and the supernatant was removed. The antibody-
conjugated beads were then mixed with the cells and incubated at room temperature with
gentle rocking for 30 minutes. The CD31+ cells were then isolated from the rest of the
population with the DynaMag-15 magnet with two washes consisting of FACSB10 and one
wash with EGM2. The isolated, bead-bound endothelial cells were then resuspended in
EGM2 with 10uM Rock Inhibitor. The cells were seeded at 150,000 cells/cm? on 0.2%
Gelatin coated TCPS plates. The cells were fed EGM2 the following day and every two days
thereafter.

Biomaterials. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Natividad-Diaz et al. Page 5

2.5 Fluorescence Microscopy

Cells were rinsed with PBS and fixed with 4% PFA for 10 minutes. They were then washed
with PBS and stained sequentially with primary and secondary antibodies in 1% BSA buffer
for either 2 hours at room temperature or overnight at 4°C (antibodies are listed in
Supplemental Table 2). The samples were then washed twice with PBS. Fluorescent and
phase contrast images were taken on a Nikon Eclipse TE300 microscope with a Hamamatsu
C11440 digital camera and Zen lite software (Carl Zeiss, Thornwood, NY).

2.6 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated and purified using the RNeasy Mini Kit (Qiagen, Germantown,
MD) according to manufacturer specifications, including the DNase | treatment (RNase-Free
DNase Set, Qiagen). A NanoDrop™ 2000/2000c spectrophotometer (ThermoFisher) was
used to measure RNA concentration. RNA (1-2 ug) was reverse transcribed to cDNA using
the SuperScript 11 Reverse Transcriptase kit (Invitrogen) with Oligo(dT) primer according
to manufacturer specifications. Real-time quantitative PCR was done on 10 ng of cDNA
from each sample with RT2 SYBR Green Mastermix (Qiagen) on a StepOnePlus
thermocycler (Applied Biosystems). The primers for the tested genes are listed in
Supplemental Table 3, GAPDH and HSP90AB1 were used as endogenous housekeeping
controls.

2.7 Dil Ac-LDL Uptake Assay

Live, CD31+ purified cells were incubated with Dil fluorescent dye-labeled acetylated low-
density lipoprotein (Dil-ac-LDL) (ThermoFisher) at 10 ug/mL in EGM2 for 4 hours at 37°C,
5% CO». The cells were then rinsed with PBS and imaged on a Nikon Eclipse TE300
microscope.

2.8 Matrigel Angiogenesis Assay

CD31+ purified endothelial cells were seeded at 62,500 cells per cm? on 100 uL growth-
factor reduced Matrigel in a 96-well plate in EGM2. Tube formation was observed with
Nikon Eclipse TE300 phase contrast microscope after 24 hours, 48 hours, and 72 hours of
incubation.

2.9 Hyaluronic Acid (HyA)-Based Matrix Synthesis

2.9.1 Acrylated HyA Synthesis—HyA was purchased from LifeCore Biomedical with
a reported molecular weight of 500kDa, which was determined through viscosity
measurements by the manufacturer. The HyA was modified to carry acrylate groups using a
previously reported method [38]. Briefly, the hyaluronic acid was dissolved in deionized
water overnight to form a 3 mg/mL solution. A 30 molar excess of adipic acid dihydrazide
(ADH) was added to the solution and the pH was adjusted to 6.8 using 0.1 M NaOH and 0.1
M HCI. Next, 1-Ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Fisher
Scientific) and 1-Hydroxybenzotriazole hydrate (HOBt) (Sigma-Aldrich) were dissolved
separately at 3 mmol in DMSO/DI water (1:1 volume ratio, 3 mL) and sequentially added to
the reaction solution. The solution pH was then adjusted to 6.8 and maintained for 4 hours
before letting the reaction proceed overnight. The solution was exhaustively dialyzed for 3
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days in 10 kDa molecular weight cut-off (MWCO) dialysis tubes (Spectrum Labs) against 1
g/L NaCL in DI water for the first two days and pure DI water the third day. Following
dialysis, NaCl was added to form a 5 mg/mL solution which was then precipitated in 100%
ethanol. The precipitated HyA-ADH was pelleted by centrifugation and re-dissolved in DI
water. The solution was again dialyzed using the same method. To generate acrylate groups
on the HyA, 700 mg of N-Acryloxysuccinimide (NAS) (Acros Organics) was reacted
overnight with the HyA-ADH solution (300 mg, 100 mL DI water). The solution was
dialyzed following the same method and then lyophilized for at least 3 days to remove all
water and stored at —20°C. Previous reports confirmed with proton (*H) NMR that ~30% of
the available carboxyl groups were conjugated with acrylated groups [38].

2.9.2 Synthesis of Thiolated Heparin—Thiolated Heparin was synthesized using a
previously reported method [38]. Briefly, heparin (50 mg) (Sigma Aldrich) was dissolved in
DI water to form a 5 mg/mL solution which was reacted with an excess amount of
cysteamine (76 mg) and the solution pH was adjusted to 6.8. Next, 1-Ethyl-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Fisher Scientific) and 1-
Hydroxybenzotriazole hydrate (HOBt) (Sigma-Aldrich) were dissolved separately at 3 mmol
in DMSO/DI water (1:1 volume ratio, 0.5 mL) and sequentially added to the reaction
solution. The solution pH was then adjusted to 6.8 and maintained for 5 hours before letting
the reaction proceed overnight. A 10-fold molar excess of tris (2-carboxyethyl) phosphine
(TCEP) was added to reduce any disulfide bonds that may have formed between thiol
groups. The solution pH was adjusted to 5.0 and then dialyzed following the same method as
described for the synthesis of acrylated HyA. The thiolated heparin was lyophilized for at
least 3 days and stored at —20°C.

2.9.3 Gelation of HyA for Encapsulation of hiPSC-EC—The gelation procedure
for the HyA hydrogel was previously reported [36—39]. To promote cellular adhesion, HyA
was conjugated with an integrin binding peptide, bsp-RGD(15) with the amino acid
sequence CGGNGEPRGDTYRAY [39, 43]. HyA-RGD was synthesized by reacting 10 mg
of bsp-RGD(15) to 25 mg AcHyA in 10 mL of DI water at room temperature. To make a 3
wit% hydrogel HyA (13.3 mg/mL), HyA-RGD (20 mg/mL), and heparin-SH (0.03 wt%)
were dissolved in 0.3 mL of triethanolamine buffer (TEA; 0.3M, pH 8) and incubated at
37°C for 30 minutes. For gels with exogenous growth factor addition, VEGF-A4g5 (5
ug/mL) or TGF-B1 (1 ug/mL) was incubated with the solution for 30 minutes at 4°C. Sorted
CD31+ WTC hiPSC-ECs were then gently mixed into the solution at a concentration of
3x106 cells/mL. Hydrogels were generated by in situ crosslinking with an MMP-13
cleavable peptide sequence CQPQGLAKC (3 mg, 50 pL TEA buffer). The reported shear
modulus (G’) of the 3 wt% HyA hydrogel was 850 Pa and a 2 wt% hydrogel was reported to
have a shear modulus (G’) of 170 Pa [38]. Therefore, the 3wt% HyA hydrogel was referred
to as HyA-850 and the 2 wt% hydrogel was HyA-170.

2.10 Hydrogel Immunofluorescence and confocal microscopy

Cells encapsulated within the hydrogel were rinsed with PBS and fixed with 4% PFA for 30
minutes and permeabilized for 5 minutes with 0.1% Triton. The samples were then rinsed
three times with PBS and blocked with 3% BSA for 30 minutes. They were then stained
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with 1:200 primary anti-human CD31 (Supplemental Table 2) and 1:200 Actin-stain 555
phalloidin (Cytoskeleton, Inc.) in PBS overnight at 4°C. Next, the samples were washed in
triplicate with PBS and stained with Alexa Fluor 488 goat anti-mouse secondary antibody
(1:200 in PBS) and incubated overnight at 4°C. The samples were then washed three times
with PBS. Prior to imaging, cell nuclei were stained with DAPI (Invitrogen) for 5 minutes
and washed once with PBS. Fluorescent images were taken with a Prairie Technologies
Swept Field Confocal (SFC) microscope (Prairie Technologies, Middleton, WI).

2.11 Angiogenesis Analysis

Tube formation in the hiPSC-EC hydrogel samples was quantified with the ImageJ
Angiogenesis Analyzer plugin [44] by measuring total branching and segment lengths
(termed total network length) in confocal images. To help the software distinguish between
tube structures and background, the images were converted to binary images. The
Angiogenesis Analysis software was then used to convert the binary image to a “branching
skeleton”, or binary tree, and the total length was measured using the “Analyze Binary Tree”
function.

2.12 Nitric Oxide Assay

The presence of nitric oxide released into the culture medium by the encapsulated hiPSC-
ECs was detected using the Griess Reagent System (Promega) according to manufacturer
specifications. This assay measures the concentration of nitrite, a stable degradation product
of nitric oxide, present in the sample culture medium. Hydrogel samples were fed every
other day with EGM2, which was collected and tested at days 3, 7, and 14.

2.13 Angiogenesis Inhibition Assay

The angiogenesis inhibition assay was performed with a ten-fold dilution series of the small
molecule VEGFR2/FGFR inhibitor SU5402 (Sigma) in EGM2 and feeding it to hiPSC-ECs
encapsulated in 3 wt% HyA hydrogel on day 1 to day 7. The samples were fixed with 4%
PFA and stained for F-actin and DAPI, as described above. Fluorescent images were taken
with a Prairie two photon/confocal microscope and analyzed with the ImageJ Angiogenesis
Analyzer plugin. Nonlinear regression analysis of the dose-response curve to calculate 1Cgg
was performed with Graphpad Prism 6 (data represents a fit to three experimental
replicates).

2.14 Perfusion Analysis

The 3wt% HyA hydrogel with 3x10° cells/mL (WTC hiPSC-ECs) was loaded with a P200
positive pressure pipette into a 3-chamber microfluidic device shown in Figure 7(a-1) and
described previously [25, 45]. The microfluidic platform was designed to mimic vascular
flow and originally consisted of two fluidic channels separated by a central channel of 12
consecutively connected diamond tissue chambers. The central channel containing the tissue
chambers had ports at each end where the cell-hydrogel solution was loaded. The fluidic
channels connected on either side of the tissue chamber via a single connecting pore
designed to act as a capillary burst microvalve to keep liquid from leaking out. The samples
were fed EGM2 every other day through gravity-fed flow from filterless P200 pipette tips.

Biomaterials. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Natividad-Diaz et al.

Page 8

To test perfusion, the samples were fixed on day 14 and the device was loaded with 2 um
diameter fluorescent microbeads (Fluospheres, Invitrogen). Fluorescent images and videos
were taken at a 100 fps on the Prairie Technologies Swept Field Confocal (SFC) microscope
(Prairie Technologies, Middleton, W1).

2.15 Statistical Analysis

All quantitative measurements were performed at least in triplicate samples and values are
expressed as mean + standard deviation (SD). One-way ANOVA with post-hoc Tukey tests
were used to compare treatment groups and p<0.05 was used to assess statistical
significance.

3. Results
3.1 hiPSC-EC Differentiation

The protocol timeline for hiPSC-EC differentiation developed in this study is summarized in
Figure 1(b). The protocol is primarily based on the SMAD and MAPK signaling pathways,
which are active during embryonic vasculogenesis and angiogenesis [46—48]. Mesoderm
formation was initiated on day 0 by supplementing E8 media with the small molecule,
CHIR99021, which inhibited the serine/threonine protein kinase, GSK3 [49]. On day 2, E8
was supplemented with BMP4, VEGF-A, and the small molecule SB431542. The inherent
TGF-p1 and supplemented BMP4 bind the ALK1/5 and ALK3/6 transmembrane receptors
respectively, and activate the SMAD1/5 signaling pathway, which promotes endothelial cell
lineage specification and proliferation [50-52]. However, TGF-B1 also activates the SMAD
2/3 pathway via ALKS5 activation, which inhibits endothelial cell proliferation. Thus, the E8
media was supplemented with the small-molecule ALKS5 inhibitor, SB431542 [53]. Finally,
VEGF-A and the innate bFGF, which are potent proangionenic growth factors, promoted
endothelial cell specification and proliferation through the MAPK signaling pathway [46,
54-56].

Figures 1(c-h) demonstrates phase contrast images of the hiPSCs during the endothelial cell
differentiation protocol. Higher magnification phase contrast images are shown in Figure S1.
On day -1 hiPSCs were organized into colonies typical of pluripotent stem cells. At the
initiation of differentiation (Fig. 1c), the cells re-organized and continued to proliferate into
a confluent monolayer. CD31+ endothelial cells were sorted after the differentiation process
was complete (day 5) and the ligand-bound magnetic beads could be seen 24 hours after re-
plating (Fig. 1h). The sorted endothelial cells exhibited the same “cobblestone” morphology
that is typically seen in cultured primary and immortalized endothelial cell lines. These
changes in cell morphology and organization throughout the differentiation process
demonstrated a distinct transition from pluripotency to the endothelial lineage.

3.2 Characterization of the hiPSCs demonstrates endothelial cell-specific gene

expression,

phenotype, and stable network formation

The hiPSCs were temporally analyzed for gene expression from the pluripotency stage to the
final differentiation stage. Figure 2(a) shows gene expression of pluripotency (OC74and
NANOG) along with mesoderm ( 7) and endothelial cell lineage markers (CD34, PECAM!I,

Biomaterials. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Natividad-Diaz et al.

Page 9

CDH5, KDR, FLT1, and ENG). These results demonstrate expression of pluripotency
markers OCT74 and NANOG at day -1 and no expression by day 5. Accordingly, the
upregulation of early mesoderm marker 7 (Brachyury) was observed 24 hours after
differentiation was initiated and little expression was detected by day 5. Increased gene
expression for endothelial cell lineage markers CD34, PECAM1 (CD31), ENG (CD105),
KDR (VEGFR2), FLT1 (VEGFR1), and CDH5 (VE-CAD) was observed by day 5. The
hiPSC’s phenotype was characterized with flow cytometry. Figure S2 shows representative
histograms for pluripotency markers and endothelial cell lineage markers CD31, VEGFR2
(KDR), and VE-CAD on day -1. Flow cytometry analysis demonstrated the population at the
end of differentiation on day 5 was 33% CD31+, 58% VEGFR2 (KDR)+, and 68% VE-
CAD+ (Fig. 2(b)). The overall differentiation efficiency for CD31 expression with this
method was determined to be 27.8% + 4.6% with flow cytometry analysis of four different
differentiations on separate occasions (Fig. S3). The purified population after two passages
was 92% CD31+, 78% VEGFR2 (kpry+, and 99% VE-Cadherin+ (Fig. 2(b)). Figure 2(c-f)
shows the cells stained positive for the endothelial markers CD31, eNOS, VE-CAD, and
VWEF. Additionally, the purified endothelial cells seven days after magnetic sorting readily
took up Ac-LDL within 4 hours of treatment (Fig. 2(g)). Finally, the cells spontaneously
formed cord-like networks in a 2D Matrigel angiogenesis assay within 24 hours and, unlike
HUVECs used in a the same assay, were stable up to 48 hours in culture (Fig 2(h)). To
confirm applicability of the differentiation process across different pluripotent cells, the H9
human embryonic stem cell line was differentiated and the unpurified population was
analyzed with flow cytometry and fluorescence microscopy on day 5 (Fig. S4). Similar
results were seen with the H9 hESC, with approximately 31% of the unpurified population
expressing CD31.

3.3 hiPSC-ECs form capillary-like networks that are responsive to biochemical stimuli
within the HyA hydrogel

To validate the ability of the hiPSC-ECs encapsulated within the HyA hydrogel to respond
to proangiogenic signals, the system was cultured in only EGM2 media (E) or in EMG2
with exogenous growth factors VEGF-A (EV) or TGF-B1 (ET) loaded within the matrix
(HyA-850). Additionally, to further establish the necessity of biochemical signals for
endothelial cell network formation, the system was cultured in RPMI B27 complete medium
(R), which lacks proangiogenic growth factors. Figure 3 shows confocal images of hiPSC-
EC networks with the different culture conditions at day 3, 7, and 14 after cell
encapsulation. The cells in HyA-850R remained rounded and exhibited limited CD31
expression at day 3 and day 7. They appeared to aggregate and slightly elongate by day 14
and recovered some CD31 expression; however, network formation was not observed. The
images demonstrate the EC’s limited ability to form networks within the matrix in the
complete absence of proangiogenic signals. For HyA-850E, cell elongation appeared to
begin by day 3. Sprouting was observed on day 7, and a stable capillary-like network of
vessels was established by day 14. The HyA-850EV models exhibited pathological
angiogenesis when exogenous VEGF-A was loaded within the hydrogel during cell
encapsulation. By day 7 HyA-850EV demonstrated a high-density network relative to
HyA-850E. This capillary-like network was unstable and deteriorated by day 14. The
HyA-850ET demonstrated cell elongation and sprouting as early as day 3. The hiPSC-ECs
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continued to sprout and form nodes by day 7 and a complex capillary-like network was
observed by day 14. The quantitative data for total length of the vessel network are shown in
Figure 4(a). The quantitative analysis demonstrates that the HyA-850ET had a higher total
network length than HyA-850R and HyA-850E on day 3 that was statistically significant.
Further, HyA-850E, HyA-850EV, and HyA-850ET all had significantly higher network
length than HyA-850R at day 7 and 14. Consistent with the fluorescent microscopy,
HyA-850EV showed a significantly higher network length compared to HyA-850E on day
7, but not day 14, indicative of unstable networks. Finally, as seen in the confocal images,
HyA-850E and HyA-850ET maintained significantly higher total network length and
demonstrated the most stable tube formation up to day 14 relative to HyA-850R.

3.4 Matrix rigidity affects hiPSC-EC network formation and function

The ability of the system to respond to changes in matrix stiffness was evaluated by
comparing hiPSC-EC within HyA-850E to a less rigid matrix, HyA-170E. Figure 4(a)
shows the quantitative analysis of the EC networks for 850Pa and 170Pa hydrogels, where
for each day the right column represents the 170 Pa hydrogels. We observed early sprouting
and tube formation at day 3 in HyA-170E. However, this was significantly reduced by day 7,
where only elongated cells were observed and no tube formation was detected. Some
elongated cells remained at day 14, but no further tube formation occurred in the softer
HyA-170E compared to the HyA-850E, which had a higher shear modulus and showed
stable tube formation along with a statistically significant increase in total network length
for only HyA-850E and ET on day 14. Despite being fed EGM2 media, which contains
several proangiogenic factors, HyA-170E could not support long-term, stable tube
formation.

3.5 hiPSC-ECs produce nitric oxide in response to microenvironmental stimuli

The production of NO by the hiPSC-ECs in the HyA-850 matrix was similar among the
different media conditions on day 3 and 7 (Fig. 4(b)). A statistically significant increase in
nitric oxide production was found at day 14 in HyA-850E matrix, compared to those loaded
with exogenous VEGF-A and TGF-BE This finding corresponds with the stable tube
formation found in HyA-850E at day 14. Cells in HyA-850E also demonstrated an overall
increase in nitrite concentration from day 7 to day 14.

3.6 hiPSC-EC sprouting was eliminated by treatment with an angiogenesis inhibitor

A dose response study was performed with HyA-850E by treating the culture media with
the VEGFR2/FGFR small-molecule inhibitor SU5402 for 7 days. Figure 5(a) shows the
untreated samples exhibited normal sprouting behavior by day 7. In contrast, the treated
groups demonstrated a pronounced decrease in cell elongation at the lowest dose, while
angiogenic sprouting was eliminated and only rounded cells remained in the highest dose of
10 uM. Figure 5(b) shows the dose-response curve with a nonlinear regression analysis
based on total network length fitted to all experimental replicates. The 1Cgq value was
determined to be 0.017 pM, which is in agreement with previously published data that
reports an 1Cgq value of 0.02 uM [57].
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3.7 hiPSC-ECs encapsulated within HyA matrix and loaded in a microfluidic device
demonstrated perfusion of capillary-like network

The patency of the vessel-like networks was demonstrated by loading HyA-850E into a tri-
chamber microfluidic device intended to create 3D vascular-like fluid flow (Fig 6(a-1,2))
[25, 26, 45]. The hiPSC-ECs formed interconnected tubes with visibly hollow lumen that
remained stable throughout the experiment. Fluorescently conjugated Ac-LDL was added to
demonstrate the cells remained functional and viable when loaded into the device (Fig.
6(a-3)). The device was then loaded with 2 um diameter fluorescent microbeads to
demonstrate the presence of a perfusable lumen within the networks. Figure 6(b) shows a
time-lapse montage of the beads flowing into an open-ended tube (seg, Suppl. Movie 1).
Figure 6(c) shows a high-magnification confocal z-stack image of fluorescent microbeads
flowing through the capillary-like tube within the sample.

4. Discussion

In this study, we demonstrated a novel platform combining hiPSC-ECs, a bioinspired
hydrogel, and microfluidic testbed to study angiogenesis /n vitro. The method for
differentiating human induced pluripotent stem cells to endothelial cell lineage was refined
by using a defined medium (E8) supplemented with proangiogenic factors to direct Wnt,
SMAD, and MEK/MAPK pathways that regulate embryonic vasculogenesis and
angiogenesis. The differentiation protocol resulted in the sustained expression of endothelial
lineage markers so that the terminally differentiated population could be purified based on
CD31+ expression. After a week of expansion, the sorted hiPSC-ECs took up Ac-LDL and
formed stable networks in a Matrigel angiogenesis assay for up to three days, unlike
HUVECSs which typically regress within 12-24 hours [3]. The purified population also
maintained CD31 and VEGFR2 expression, and increased VE-CAD expression. The hiPSC-
EC’s ability to perform lineage-specific functions and maintain endothelial marker
expression shortly after sorting demonstrated their suitability for assessing the angiogenic
potential of biomaterials.

Next, we verified the endothelial cells derived from this differentiation method could be
used in a relevant /i vitro angiogenesis model. The hiPSC-ECs ability to respond to
biochemical and biophysical cues within a bioinspired hyaluronic acid matrix was
demonstrated by dynamic changes in network formation and nitric oxide production. First,
we confirmed that without proangiogenic signals, the encapsulated hiPSC-ECs neither
sprouted nor self-assembled into capillary-like networks (HyA-850R). The hiPSC-EC’s
ability to form stable networks occurred once the system was cultured in the growth factor-
rich endothelial growth medium, EGM2 (HyA-850E), which demonstrated the encapsulated
hiPSC-ECs were dependent on proangiogenic signaling. The dependence of network
formation on specific growth factors could also be modeled with this system by loading the
HyA hydrogel with exogenous VEGF-A and TGF-BE The HyA-850EV demonstrated a
specific response to the addition of VEGF-A by the formation of a high-density vasculature
that had limited stability and regressed by day 14. This reaction has been observed in several
other studies where the highest concentration of VEGFA in their hydrogel system yielded a
high density but unstable capillary-like network /n vitro. [4, 58, 59]. This effect has been
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extensively reported in the tumor microenvironment where high concentrations of VEGFA
promote formation of high density, tortuous, and unstable capillaries [47, 60, 61]. The
HyA-850ET system demonstrated the most stable, long-term capillary-like network
formation, which was in agreement with previous studies that demonstrated TGF-B1 loaded
in the HyA-850 hydrogel promoted capillary-like network formation of mouse cardiac
progenitor cells /n vitro and robust angiogenesis /77 vivo [38]. Similar results were observed
in a study with human cardiac progenitor cells, where TGF-B1 signaling through the CD105
co-receptor was found to be key to the formation of vascular network formation [62]. Next,
we demonstrated the encapsulated ECs response to changes in matrix rigidity was in
congruence with several published studies where slower, but more stable tube formation has
been observed in stiffer matrices (e.g. HyA-850E) compared to the softer matrices (e.g.
HyA-170E). [38, 58, 63, 64] The current literature suggests that angiogenic sprouting and
branching depends on a myriad of parameters including matrix stiffness, pre-polymer
concentration, cross-linking density, crosslinking/gelation rates, growth factor retention,
adhesion ligand density, matrix degradation rates, and cell type/concentration. [11, 14, 38,
58, 63, 64] A full-factorial analysis of these parameters was done in previous work [36-38]
and was beyond the scope of this study, which aimed to demonstrate the ability of the HyA
matrix to support a bio-responsive hiPSC-EC /n vitro angiogenesis model. Nitric oxide (NO)
assays in angiogenesis models can aid in determining cell/tissue health, since a decrease in
NO production is associated with dysfunctional endothelial cells [60, 65-68]. The Griess
assay further validated our system as an /n vitro model for angiogenesis, since higher NO
production was detected in the HyA-850E compared to the hydrogels loaded with
significantly higher concentrations of proangiogenic growth factors (HyA-850EV and
HyA-850ET).

The dependence of tube formation on proangiogenic signaling and the potential for our
angiogenesis model to be used in preclinical toxicology and drug testing was further
demonstrated by treating the HyA-850E system with a small-molecule inhibitor of
VEGFR2/FGFR (SU5402). Endothelial tube formation was responsive to inhibitor dosage
and provided an ICsq value that was in agreement with previous reports [57]. Finally, tube
patency and perfusion were demonstrated by loading the hiPSC-ECs and HyA-850E
hydrogel into a microfluidic device. A vascular network developed that allowed fluid flow
within the lumens of the individual vessels, consistent with recent reports using hiPSC-ECs
and fibrin as the matrix [32].

5. Conclusions

We demonstrated a novel platform to study angiogenesis /n vitro by combining hiPSC-ECs
with a bioinspired hydrogel and microfluidic testbed. First, we presented a refined method
for differentiating hiPSCs into a CD31+ endothelial cell population (hiPSC-ECs), using a
single basal medium from the pluripotency stage to the final stage of differentiation. The
ability of the hiPSC-ECs obtained from the refined differentiation method to maintain
lineage-specific marker expression and function demonstrated their suitability for assessing
the angiogenic potential of biomaterials. Subsequently, we showed that a bioinspired HyA
hydrogel presented a stable 3D microenvironment for the hiPSC-ECs to respond to
biochemical and biophysical cues, which captured, dynamic changes in network formation
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and nitric oxide production. The system’s sensitivity to microenvironmental changes and 3D
capillary-like structure makes the combined platform (i.e., hiPSC derived endothelial cells,
HyA matrix, and media) a relevant /n vitro angiogenesis model for biomaterials
development and pre-clinical screening of anti-angiogenic or cardiovascular drugs.
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Refer to Web version on PubMed Central for supplementary material.
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(a) 3D Human stem cell derived
Angiogenesis Model
Human Endothelial cell hiPSC-EC encapsulation in biomimetic hydrogel
pluripotent stem differentiation
cell culture (hiPSC-EC) HyA-peplide

(b)
Human iPSC Human iPSC Mesoderm Induction  Endothelial Cell Specification Endothelial Cell Maintenance
* Essential B Medium * [ssential 8 Medium * [Essential 8 Medium + Essential 8 Medium * Magnetic Activated Cell Sorting (CD31)
* ROCK inhibitor [Y-27632) * CHIR99021 + BMP4 » EGM2
* VEGF-A,,
+ 5B431542

Figure 1.
Endothelial Cell (EC) Differentiation and hydrogel encapsulation. (a) Schematic for the

development of the 3D Angiogenesis model starting from the differentiation of hiPSC to
ECs and encapsulation within the biomimetic acrylated hyaluronic acid hydrogel (HyA). (b)
Endothelial cell differentiation protocol. (c) Phase contrast images demonstrated temporal
changes in organization and morphology of the hiPSCs undergoing endothelial cell
differentiation.
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Characterization of Endothelial Cell population after differentiation and MACS purification.
(a) Reverse Transcription quantitative PCR (RT-qPCR) analysis of hiPSCs during
endothelial cell differentiation. * p<0.05, ** p<0.01, *** p<0.001 (b) Representative flow

cytometry histograms of CD31, VEGFR2, and VE-CAD expression at day 5 and after

purification. (c-g) Immunofluorescence staining of CD31+ MACS purified endothelial cells
revealed cobblestone morphology, expression of EC-specific markers, and Ac-LDL uptake.
(f) Matrigel angiogenesis assay demonstrated stable network formation.
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Figure 3.
Analysis of in vitro 3D Angiogenesis model with confocal microscopy. Representative

confocal z-stack images of hiPSC-ECs encapsulated in acrylated HyA hydrogel stained for
F-actin and CD31 at day 3, 7, 14 demonstrated capillary-like network formation and stability
dependent on biochemical signals and matrix rigidity.

HyA-850R = 3wt% HyA +WTC hiPSC-EC+RPMI B27 complete media

HyA-850E = 3wt% HyA +WTC hiPSC-EC+EGM2 media

HyA-850ET = 3wt% HyA +WTC hiPSC-EC+EGM2 media + TGFB1 (gel)
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HyA-850EV= 3wt% AcHyA +WTC hiPSC-EC+EGM2 media + VEGF-A (gel)
HyA-170E = 2wt% AcHyA +WTC hiPSC-EC+EGM2 media
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Figure 4.

Quantification of /in vitro 3D Angiogenesis model network formation and nitric oxide
production (a) Analysis of total network length in confocal images demonstrated
proangiogenic signals are required for tube formation and stability; analysis of total network
length relative to matrix stiffness demonstrated matrix with higher shear modulus formed
significantly more tubes that are stable at 2 weeks compared to the softer matrix. (b) Highest
nitric oxide production, an indicator of endothelial cell function, corresponded with
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HyA-850E which demonstrated greatest tube formation with long-term stability. * p<0.05,
** p<0.01, *** p<0.001 vs. HyA-850R; # p<0.05, ## p<0.01, ### p<0.001 vs. HyA-850E
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Figure 5.
hiPSC-EC sprouting was eliminated by treatment with small-molecule angiogenesis

inhibitor for 7 days after hydrogel encapsulation. (a) Confocal images, (b) ICsq value
determined from dose-response curve was in agreement with previously published data.
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50 pm

Figure 6.
Cultured HyA-850E in tri-chamber microfluidic device. (a-1) Schematic of device design.

(a-2) Magnified image of diamond-shaped sample chamber with flanking media channels,
and (a-3) confocal image of fixed HyA-850E loaded into device demonstrated functional
capillary-like networks. (b) Time-lapse montage of 2 um diameter fluorescent microbeads
flowing into fixed sample stained for F-actin demonstrated networks are hollow and
perfusable (images derived from Supplementary Movie 1). (c) high-magnification confocal

Biomaterials. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Natividad-Diaz et al.

z-stack image of fluorescent microbeads flowing through capillary-like tube within
HyA-850E.
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