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Abstract

Recent developments in cell therapy using human induced pluripotent stem cell-derived
endothelial cells (iPSC-ECs) hold great promise for treating ischemic cardiovascular tissues.
However, poor post-transplantation viability largely limits the potential of stem cell therapy.
Although the extracellular matrix (ECM) has become increasingly recognized as an important cell
survival factor, conventional approaches primarily rely on single ECMs for /n vivo co-delivery
with cells, even though the endothelial basement membrane is comprised of a milieu of different
ECMs. To address this limitation, we developed a combinatorial ECM microarray platform to
simultaneously interrogate hundreds of micro-scale multi-component chemical compositions of
ECMs on iPSC-EC response. After seeding iPSC-ECs onto ECM microarrays, we performed
high-throughput analysis of the effects of combinatorial ECMs on iPSC-EC survival, endothelial
phenotype, and nitric oxide production under conditions of hypoxia (1% O,) and reduced nutrients
(1% fetal bovine serum), as is present in ischemic injury sites. Using automated image acquisition
and analysis, we identified combinatorial ECMs such as collagen IV+gelatin+heparan sulfate
+laminin and collagen I\V+fibronectin+gelatin+heparan sulfate+laminin that significantly
improved cell survival, nitric oxide production, and CD31 phenotypic expression, in comparison to
single-component ECMs. These results were further validated in conventional cell culture
platforms and within three-dimensional scaffolds. Furthermore, this approach revealed complex
ECM interactions and non-intuitive cell behavior that otherwise could not be easily determined

#Address for Correspondence: Ngan F. Huang, PhD, Assistant Professor, Department of Cardiothoracic Surgery, Stanford University,
300 Pasteur Drive, Stanford, CA 94305-5407, Tel: (650) 849-0559, Fax: (650)-725-3846, ngantina@stanford.edu.

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.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hou et al. Page 2

using conventional cell culture platforms. Together these data suggested that iPSC-EC delivery
within optimal combinatorial ECMs may improve their survival and function under the condition
of hypoxia with reduced nutrients.

Graphical abstract
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1. Introduction

Cardiovascular disease is the leading cause of death in United States, affecting more than
eighty-five million people [1]. Stem cell-based therapies using autologous endothelial
progenitor cells or mononuclear cells to treat myocardial infarction, critical limb ischemia,
or other ischemic insults have shown only moderate benefits in clinical trials [2-6]. More
recently, we and others have demonstrated that endothelial cells (ECs) differentiated from
embryonic stem cells or induced pluripotent stem cells (iPSC-ECs) are another potent class
of therapeutic cells for treatment of critical limb ischemia in pre-clinical animal models [7—
11]. Given the infinite expansion capability of iPSCs, iPSC-ECs represent a promising
therapeutic cell type for cell therapy and regenerative medicine.

Although stem cell delivery is a promising approach to treat cardiovascular diseases,
numerous recent studies demonstrate the critical limitation of low post-implantation cell
survival, leading to reduced therapeutic potential of the cells [12, 13]. Genetic approaches to
enhance cell survival by induction of pro-survival factors such as Akt or hemoxygenase-1
have shown positive benefit [14-19]. However, due to concerns surrounding the safety of
genetic modification, non-genetic approaches to improve cell survival are an attractive
alternative.

In recent years, naturally derived extracellular matrix (ECM) proteins have been employed
as cell delivery vehicles that provide pro-survival cues to the transplanted cells. Such ECMs
include alginate [20], collagen [21], fibrin [22], hyaluronan [23], and chitosan [24].
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However, a limitation of these ECMs is that they consist of single-factor ECMs, which
overly simplifies the complex ECM milieu within biological tissues. In particular, ECs
physiologically reside within an endothelial basement membrane that is comprised of
numerous ECMs including laminin, collagen type 1V, fibronectin, and heparan sulfate
proteoglycans [25]. It is well-recognized that the complex ECM composition of the
endothelial basement membrane provides important signaling cues for physiological
maintenance of endothelial behavior and function [26]. However, so far there has been no
study systematically quantifying the effects of chemically complex multi-component ECMs
on endothelial survival and function under the condition of hypoxia (1% O5) and reduced
nutrients (1% fetal bovine serum), as is present in ischemic injury sites.. This dearth of
knowledge undermines the therapeutic potential of stem cell therapy for treatment of tissue
ischemia and other cardiovascular diseases.

Under both physiological as well as pathological conditions, ECs interact with a milieu of
combinatorial ECMs. Accordingly, we tested the hypothesis that combinatorial ECM
interactions may be more effective than single-factor ECMs in improving iPSC-EC viability
and function under hypoxia with reduced nutrient condition. Using a micro-scale high-
throughput platform for simultaneous screening of iPSC-EC function and survival when
cultured on hundreds of combinatorial ECMs, we demonstrate that multi-component ECM
combinations such as collagen 1V+gelatin+heparan sulfate+laminin (CGHL) and collagen
IV+fibronectin+gelatin+heparan sulfate+laminin (CFGHL) show significant improvement
over single-factor ECMs in maintaining phenotypic marker expression, as well as
augmenting cell survival and function under the condition of hypoxia with reduced serum.
Furthermore, this approach enables full-factorial analysis of interaction effects between
ECMs, which may be critical for understanding how cells respond to complex
microenvironmental cues.

2. Methods

2.1 Fabrication of ECM microarray slides

ECM microarray was generated using single ECMs or multi-component mixtures of the
following ECM proteins: collagen IV (C, mouse, Southern Biotech; Cat. No. 1250-04S ),
fibronectin (F, bovine, Sigma; Cat No. F1141), laminin (L, mouse, Life Technologies; Cat
No. 23017-015), gelatin (G, bovine, Sigma; Cat No. G1393), heparan sulfate (H, mouse,
Sigma; H4777), and Matrigel (M, mouse, BD Biosciences; Cat No. 356231) (Supp Figure
1). Stock solutions (0.5 mg/ml) of each ECM combination were loaded into micro-well
reservoirs. Using the OmniGrid Accent Microarrayer (Gene Machines), combinatorial
ECMs were drawn from a reservoir using circular pins and spotted onto protein binding
Schott H slides (Nexterion), forming individual circular “islands” that were 0.3 mm in
diameter and 0.3 mm apart from neighboring islands. Each of the 63 single or multi-
component (2-factor, 3-factor, 4-factor, 5-factor, and 6-factor) ECM compositions were
printed onto slides with 6 replicates, which resulted in a total of 378 ECM islands. The total
ECM concentration for each ECM combination was held constant at 0.5 mg/ml. For multi-
component compositions, each individual ECM component was loaded in equal mass ratios
as other ECMs (ie, 1:1, 1:1:1, etc). After covalent attachment of the ECMs, the microarray
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slides were air dried and transferred into vacuum sealed boxes and stored in the dark at 4 °C
until used. Although Matrigel is composed of non-defined ECMs derived from Engelbreth-
Holm-Swarm sarcoma, it was included for comparison to defined combinatorial ECMs
because it has been frequently used for /n vivo cell delivery applications [13].

Green 540 Reactive Fluorescence Dye (Arrayit) was used to reveal the amount of proteins
attached to the slides after fabrication based on the intensity of fluorescence. Microarray
slides were incubated in Green 540 Dye (1x) for 1 hour, followed by washes with phosphate-
buffered saline (PBS). Similar procedures were performed to quantify the amount of specific
ECMs (laminin and fibronectin) using anti-laminin (Abcam) and anti-fibronectin (EMD
Millipore) antibodies. Images were obtained using fluorescence microscope (Keyence, BZ-
X710) at 4X objective. Quantification of fluorescence intensity was performed using Image
J.

2.2 Generation and characterization of iPSC-ECs

Human iPSCs (HUFS5 strain) were previously derived by retroviral-mediated transduction of
Oct-4, Sox-2, KlIf-4 and c-Myc in adult human dermal fibroblasts [27]. To generate iPSC-
ECs, iPSCs were differentiated in the presence of vascular endothelial growth factor and
bone morphogenetic protein-4 for two weeks as previously described [28]. Fluorescent
activated cell sorting (FACS) for CD31 expression previously indicated >90% of the human
iPSC-ECs expressed CD31 (Supp Figure 2A-B) [7, 28, 29]. Immunofluorescence staining
demonstrated that the cells express known endothelial markers such as von Willebrand
Factor and could functionally take up acetylated low density lipoprotein (Supp Figure 2C-
D). Genetic, protein, and functional characterization of this strain of iPSC-ECs have been
previously reported by us and others to confirm endothelial identity [28, 30].

2.3 Cell seeding on ECM microarray slides

Prior to /n vitro studies, ECM microarray slides were sterilized in 1X anti-mycotic solution
(Life Technologies) for 30 minutes at 37°C, followed by 3 washes in PBS. The iPSC-ECs
were dissociated with Tryple Express (Life Technologies) and seeded on top of the slides at
a density of 5x10° cells per slide in 5 ml EGM-2MV growth medium (Lonza) which
contains growth factors and 5% fetal bovine serum (FBS). The cells were redistributed
through gently shaking the slides every 1 hour to avoid cell aggregation. After 6 hours,
unbound cells were removed and the medium was replaced with fresh medium. Cells seeded
on the slides were incubated overnight at 37°C with 5% CO, prior to hypoxia studies. Initial
cell attachment was relatively uniform throughout the slide based on the quantification of
total nuclei using Hoechst 33342 staining after 8 hour of cell seeding (Supp Figure 3).

2.4 Endothelial phenotypic marker expression of CD31 on ECM microarrays under hypoxia
with reduced serum conditions

After overnight cell attachment, the cells on the ECM microarrays were subjected to
conditionsfrequently found at sites of tissue ischemia, namely reduced nutrients and
hypoxia. Specifically, the media was replaced with endothelial basal media (EBM, Lonza),
which lacks growth factors, supplemented by 1% FBS. The cell-seeded ECM microarray
slides were transferred into hypoxia chambers filled with hypoxic gas (1% O, 5% CO,,
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94% N») and maintained at 37 °C for 48 hours. After the 48-hour incubation in hypoxia with
reduced serum condition, the ECM microarray slides were fixed in 4% paraformaldehyde,
permeabilized in 0.1% Triton-X100, blocked in 1% bovine serum albumin, and then
incubated with an antibody targeting the endothelial phenotypic marker, CD31 (Dako). After
primary antibody incubation, the samples were incubated with Alexa Fluor-488-conjugated
goat anti-mouse secondary antibody (Life Technologies), followed by incubation in Hoechst
33342 nuclear dye (Life Technologies). Each ECM microarray was imaged by the
ImageXpress Micro high-content imaging system (Molecular Device). Automated images
were acquired for each individual ECM island in the channels of 488 (CD31) and Hoechst
33342 using 10X objectives at a focal plane that gave the maximum fluorescent signal for
each channel.

The acquired images were analyzed using MetaXpress software (version 5.0) to measure the
integrated fluorescence intensity of CD31 staining in each ECM island, after thresholding
above the background fluorescence (n=10 independent ECM microarray slides). CD31 data
for each ECM island was normalized to total cell nuclei based on the corresponding Hoechst
33342 image. For comparison of data between independent ECM microarray slide, the data
was standardized by the Z-score method as described by Brafman et a/. [31] in which Z;=
(X;—W/o, where X;is the log, transformed data for ECM composition /, | is the averaged
log, transformed data through the entire ECM slide, and o is the standard deviation of the
log, transformed data among all spots on each array. Data from replicate spots (17= 6 per
ECM composition) were averaged for each microarray slide. Heat maps were generated
using Multiple Experiment Viewer (MeV, The Perl Foundation) by plotting the Z-scores
from each ECM slide using a color code of red and blue representing higher and lower
intensities, respectively, relative to the global average. For the ease of describing the ranked
ECM combinations derived from heat maps the ECM compositions were clustered into four
tiers, where Tier | compounds were associated with the highest expression of CD31.

2.5 Validation of combinatorial ECM effects on CD31 expression using a conventional
tissue culture format

To verify the CD31 data from ECM microarrays, similar experiments were also performed
using conventional cell culture settings.

In particular, iPSC-ECs were cultured on 4-well chamber slides that were pre-coated for 3
hours with selected ECM compositions spanning the four tiers of the heat map: C+F+G+H
+L (CFGHL, Tier I), C+G+H+L (CGHL, Tier 1), F (Tier I11), and C (Tier IV). Cells were
seeded at a density of 5 x 104 cells/well. After overnight incubation, the cells were incubated
in hypoxia, followed by fixation and immunofluorescence staining against CD31 antibody
and Hoechst 33342. Imaging was performed on a Zeiss LSM710 confocal microscope under
10X objective (n=6 samples). Using ImageJ software, images of CD31 staining were
converted into grey scale, and then the integrated intensity was measured after thresholding
above the background fluorescence. To normalize the data, total nuclei in images stained for
Hoechst 33342 images were quantified by first applying thresholding to reduce the
background florescence and then using the particle counting function to count total nuclei.
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2.6 Cell viability on ECM microarrays under hypoxia with reduced serum condition

After overnight cell seeding on the ECM microarrays, the growth medium was replaced with
EBM basal media with 1% FBS in the absence of growth factors. The ECM microarray
slides were transferred into hypoxia chambers filled with hypoxic gas (1% Oy, 5% CO,,
94% N») and maintained at 37 °C for 48 hours. The Live/Dead Cytotoxicity Kit (Life
Technologies) was used to determine cell viability on the slides (n=5 microarray slides).
Calcein-AM (2 pM) and ethidium homodimer-1 (4 uM) vital dyes were added to the
medium for 30 minutes prior to imaging to detect live cells (green) and dead cells (red),
respectively. Images for each ECM island were acquired using the ImageXpress Micro high-
content imaging system under 10X objectives. Automated image analysis for cell viability
on each ECM island was performed using MetaXpress software by separately quantifying
the number of green and red cells based on cell size and fluorescence intensity after
thresholding. The percentage of viable cells was calculated by number of green cells divided
by the total (green plus red) cells on each ECM island. The average of 6 replicates for each
ECM slide was calculated, log, transformed, and then used for Z-score calculation and heat
map display as described in section 2.4. For the ease of describing the ranked ECM
combinations derived from heat maps, the ECM compositions were clustered into four tiers,
where Tier | compounds were associated with the highest cell viability.

2.7 Validation of combinatorial ECM effects on cell viability using a conventional tissue
culture format

To verify the results from the ECM microarray platform, similar experiments were
performed using 4-well chamber slides pre-coated with representative combinatorial and
single-factor ECMs spanning the four tiers of the heat map: CFGHL, (Tier 1), CGHL (Tier
1), F (Tier 1), and C (Tier IV) (n=3 samples). The cells were cultured for 48 hours under
hypoxia in EBM media with 1% FBS prior to the addition of vital dyes. Images were taken
by Zeiss confocal microscope using 10X objectives and analyzed by ImageJ software.
Fluorescent images of each vital dye were acquired and converted into grey scale, and
thresholding was applied to reduce the background. The numbers of green and red cells were
separately counted using the particle counting function. The percentage of live cells was
calculated by the number of green cells divided by the number of total (green plus red) cells.

2.8 Nitric oxide (NO) production on ECM microarrays under hypoxia with reduced serum

condition

After overnight cell seeding, ECM microarray slides were incubated in EBM basal media
with 1% FBS in the absence of growth factors in hypoxic gas (1% O, 5% CO, 94% Ny).
After 24 hours under hypoxia with reduced serum conditions, ECM microarray slides were
then incubated with the fluorescent NO probe, 4-amino-5-methylamino-2",7’-
difluororescein diacetate (DAF-FM, 5 uM, Thermo Fisher) for 30 minutes. Afterwards, the
slides were replaced with fresh medium and incubated for additional 20 minutes before
high-throughput imaging using the ImageXpress Micro system under 10X objectives (n=5
microarray slides). Using the MetaXpress software, integrated fluorescence intensity of the
NO probe was measured and normalized by total cell number for each ECM island in a
similar manner as described in section 2.4. Cell numbers were measured using the cell
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counting function in MetaXpress software based on the size of the cells and the fluorescence
intensity above the background. For the ease of describing the ranked ECM combinations
derived from heat maps, the ECM compositions were clustered into four tiers, where Tier |
compounds were associated with the highest NO production.

2.9 Validation of combinatorial ECM effects on NO production using conventional tissue
culture settings

Verification of NO results from ECM microarrays was performed under a similar condition
at a cell density of 5 x 104 cells/well in 4-well chamber slides pre-coated with selected
combinatorial or single-factor ECMs spanning the tiers of the heat map: CFGHL, (Tier I),
CGHL (Tier I), F (Tier 111), and C (Tier 1V) (n=4 samples). After incubation in hypoxia and
reduced nutrient conditions for 24 hours, the cells were incubated with the NO probe. The
NO fluorescence intensity for each treatment group was imaged by a fluorescence
microscope (Keyence, BZ-X710). The integrated fluorescence intensity was quantified after
thresholding and normalized to total cell number by counting green particles in each image
using ImageJ software as described earlier.

2.10 Validation of combinatorial ECM effect on cell viability in three-dimensional scaffold

Bioluminescent iPSC-ECs were generated as previously described [28]. Briefly, human
iPSC-ECs were transduced with a lentiviral vector (LV-pUb-Fluc-GFP) carrying an ubiquitin
promoter driving firefly luciferase (Fluc) and enhanced green fluorescence protein (GFP).
These cells were previously purified by FACS for dual expression of green fluorescence
protein (GFP) and CD31 positive expression. The purified bioluminescent iPSC-ECs were
then seeded into 3D porous polystyrene scaffolds (Biotek, 5 mm diameter, 0.6 mm
thickness, 200 um pore size) at 1x108 cells/scaffold for 24 hours under normoxic conditions
in EGM2-MV, before transferring to hypoxia for 48 hours in EBM media containing 1%
FBS (n=5 samples). Prior to cell seeding, the scaffolds were pre-coated by submerging in
500 pl of CGHL or C for three hours at 4 °C before washing the scaffolds with PBS.
Bioluminescence imaging (BLI) was performed by the addition of reporter probe D-luciferin
(150 pg/ml) to the cells, followed by imaging with the In Vivo Imaging System Spectrum
(IVIS Spectrum; Caliper Life Sciences). The BLI intensity was expressed in units of
radiance (p/cm?/s/sr).

2.11 Statistical analysis

All data are expressed as mean + standard deviation. The microarray data was log,-
transformed and standardized by Z-scores as previously described [31]. For ECM
microarray analysis, multi-factorial Analysis of Variance (ANOVA) decomposition (main
effects, 2-factor, 3-factor, 4-factor, 5-factor and 6-factor interactions) was computed using
software in R with Bonferroni adjustment (63 tests) using standard factorial analysis
formulae [32]. A null set of baseline values (ie, no ECM) was created by using the lowest
yield from any of the experiments in order to balance the full set of data. While this is
arguably artificial, it is conservative, since it overestimates the values in the true null set. For
validation of ECM microarray data using chamber slides, ANOVA with Bonferroni
adjustment was employed. For comparison between two groups, a Student’s t-test was used.
Statistical significance was accepted at p<0.05.
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3.1 Combinatorial ECMs modulate CD31 expression in iPSC-ECs under hypoxia with
reduced serum condition

Combinatorial ECM microarrays consisting of ECMs found in the endothelial basement
membrane were fabricated as previously described with some modifications [33]. Each

ECM microarray slide included 63 unique ECM compositions derived from the 6 ECM
proteins at equal mass ratios (1:1, 1:1:1, etc.). Each of the 63 ECM compositions were
printed onto the microarray in replicates of 6, resulting in a total of 378 ECM individual
islands that were 0.3 mm in diameter. Although there were slight differences in iPSC-EC
attachment on different chemical compositions of ECMs, the iPSC-ECs attached
reproducibly among replicates of the same combinatorial ECM. An example of consistent
cell attachment among three replicates of the same ECM composition is highlighted by the
white box in Figure 1A. In addition, the intensity of protein-binding fluorescence dye
showed relatively consistent amount of ECMs attached to the slides, as shown in Supp
Figure 4A. Further quantification was performed using specific antibodies against laminin
and fibronectin (Supp Figure 4B-C). As expected, the intensity of laminin and fibronectin
staining decreased from one-factor to three-factor to five-factor ECM compositions.
Throughout the three in vitro assays, we observed relatively uniform cell attachment across
different combinatorial ECMs (Supp Figure 5A-C). To assess the role of combinatorial
ECMs in modulating iPSC-EC phenotype and function, we first quantitatively compared the
expression of CD31, which is a characteristic phenotypic marker of ECs that has been shown
to be differentially regulated under disease-like conditions [34]. We first compared the
expression levels of CD31 in iPSC-ECs after culture on the ECM microarrays in hypoxia for
48 hours (Figure 1A & B). We used well-established image analysis software and Z-score
standardization algorithms [31, 35] to compare the intensity of CD31 among combinatorial
ECMs after normalization by cell number. The results were then displayed in a heat map that
ranked the combinatorial ECMs compositions in four tiers. The ECMs that maintained the
highest CD31 expression were located in Tier I, and they consisted predominantly of
combinatorial ECMs such as C+H (CH) and C+H+L (CHL). Among single-factor ECMs, G
and H were ranked within Tier I, whereas F and L were ranked in Tier I1l, and C and M were
ranked in the bottom-most tier. These results strongly indicated that combinatorial ECMs in
Tier | promoted greater expression of CD31, when compared to 4 out of 6 of the single-
factor ECMs.

To validate these results from an ECM microarray in a conventional cell culture format,
iPSC-ECs were cultured on ECM-coated chamber slides in hypoxia to compare the
normalized expression of CD31 among high scoring (Tier 1) combinatorial ECMs to
representative single-factor ECMs: CGHL (Tier I), CFGHL (Tier I), F (Tier H11), and C (Tier
IV) (Figure 1C-D). After 48 hours of culture under hypoxia with reduced serum condition,
the normalized relative expression levels followed a similar expression pattern to that on the
ECM microarray: CGHL (189.6+13.0%), CFGHL (164.7+16.7%), F (130.1+8.3%), and C
(100+0%). These results demonstrated a significant relative increase in CD31 expression in
Tier | combinatorial ECM CGHL, when compared to single-factor ECMs C or F. (p<0.05).
These results concurred with that of the microarray analysis of CD31 expression, suggesting
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that combinatorial ECMs in the first tier could augment CD31 expression, when compared
to single-factor ECMs from lower tiers.

3.2 Combinatorial ECMs modulate cell viability of iPSC-ECs under hypoxia with reduced
serum condition

Next, to compare the effect of combinatorial ECMs to single-factor ECMSs in modulating
cell survival under hypoxia with reduced serum condition, the cells were cultured on ECM
microarray under 1% O, and 1% FBS conditions for 48 hours. To quantify cell viability, the
cells on the arrays were then incubated with vital dyes calcein-AM (green) for live cells and
ethidium homodimer-1 (red) for dead cells (Figure 2A). Cell viability was consistent among
replicates of the same combinatorial ECM (Figure 2A, white box). The heat map showing
normalized cell viability across all combinatorial ECMs among 5 independent slides
indicates that combinatorial ECMs promoted greater cell viability, compared to single-factor
ECMs (Figure 2B). For example, Tier I combinatorial ECMs such as C+G+H+M (CGHM)
and C+F+G+H (CFGH), supported higher cell viability when compared to single-factor
ECMs such as F (Tier 111) and C (Tier 1V). The only single-factor ECM that was ranked
among the Tier | ECMs was G, whereas the remaining single-factor ECMs resided in Tiers
Il through IV. These results suggest that combinatorial ECMs in Tier | promoted greater cell
survival than 5 out of 6 single-factor ECMs.

To validate the accuracy of results from a micro-scale ECM array format, we performed a
similar assay using ECM-coated chamber slides. To demonstrate consistency of results from
the ECM microarray format, we compared iPSC-EC viability among representative
combinatorial and single-factor ECMs: CGHL (Tier I), CFGHL (Tier I); F (Tier I1l); and C
(Tier IV). As shown in Figure 2C-D, quantification of viability showed that CGHL and
CFGHL promoted significantly higher percentage of viable cells (CGHL.: 81.2+5.3%;
CFGHL 75.04£5.41%), compared to C (55.84+5.5%) (p<0.05). These results confirmed that
our microarray-based analysis of cell viability could be reproduced under a conventional
tissue culture format.

3.3 Combinatorial ECMs modulate nitric oxide production in iPSC-ECs under hypoxia with
reduced serum condition

As a vasodilator and anti-atherogenic molecule that is released by ECs [36, 37], nitric oxide
(NO) is an important soluble gas that is produced by ECs to maintain cardiovascular
homeostasis. To assess for functional differences among iPSC-ECs on combinatorial ECM
microenvironments in hypoxia with reduced serum condition, we compared NO production
using DAF-FM [38], which is a fluorescent reagent that detects NO. The microarray slides
seeded with iPSC-ECs were cultured for 24 hour in hypoxia and 1% FBS, followed by
incubation with DAF-FM. The fluorescence intensity of DAF-FM was quantified and
normalized by total cell number. As shown in the heat map of 5 independent ECM
microarray slides (Figure 3A), cells produced NO at varying levels among combinatorial
ECMs. The intensity of fluorescence was quantified, and the normalized values were plotted
in a heap map in Figure 3B. The tier | ECM compositions included combinatorial ECMs
such as CGHL and H+L+M (HLM). Among single-factor ECMs, only H was present in Tier
I, whereas the other remaining 5 single-factor ECMs were ranked in the bottom two tiers.
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These results suggest that combinatorial ECMs in Tier | promoted greater NO production
than 5 out of 6 single-factor ECMs.

In order to verify our findings of NO production using conventional tissue culture format,
cells were cultured on chamber slides in the presence of representative combinatorial and
single-factor ECMs, namely CGHL (Tier I), CFGHL (Tier I), F (Tier I11), and C (Tier IV)
(Figure 3C-D). After 24 hours under hypoxia with reduced serum condition, the normalized
relative NO accumulation levels in the CGHL (189.6+£12.9%) and CFGHL (164.7+16.7%)
treatment groups were significantly higher than that of C (100+0%) (p<0.05). These results
confirmed that microscale analysis of NO production was consistent using a conventional
tissue culture format.

Based on the averaged levels of CD31 expression, cell viability, and NO production,
combinatorial ECM compositions were ranked and plotted in a heat map (Figure 4).
Although no ECM composition could produce maximum benefit in all three assays, the
overall top 3 ECM compositions were identified in Tier | to be CGHM, CH, and CGHL.
Within the top tier, all of the ranked ECMs were combinatorial with the exception of H.
Together, the results from the three assays suggest that combinatorial ECMs in Tier I showed
greater improvement in iPSC-EC viability, phenotype, and function when compared to 5 out
of 6 of the single-factor ECMs.

3.4 Analysis of multi-factorial interactions and non-intuitive cellular response

Besides examining the empirical effects of combinatorial ECMs on iPSC-EC behavior and
phenotype, we further applied this combinatorial approach to explore the main ECM effects.
This analysis revealed fundamental insights into endothelial response to complex ECM
microenvironments. A fully orthogonal basis was used for analysis of main effects and
multi-factorial interactions. This analysis allows for the main and multi-factorial interactions
to be tested irrespective of the others. As shown in Supp Figure 6, the bars represent the
main effects measured by the change in yield in having the listed ECM component present
vs. absent. The dotted line represents two-sided p-value cut-offs with Bonferroni corrections.
Based on full-factorial analysis, C, G and H had overall positive effects in augmenting CD31
expression, whereas the other three ECMs (F, L, and M) had significant negative effects
(Supp Figure 6A) (p<0.05). With respect to cell viability, C, G, and H had positive main
effects in increasing the percentage of viable cells (p<0.05); whereas F, L or M alone did not
affect cell viability significantly (Supp Figure 6B). As for the NO assay, main effect analysis
showed that F was the only single ECM that significantly affected NO production, and the
effect magnitude was negative (Supp Figure 6C) (p<0.05). Besides main effects, our results
also suggest many significant multi-factorial interactions (up to the highest order) that also
impact yield. Interactions are difficult to interpret, and more so the higher the order.

Based on iPSC-EC response to combinatorial ECMs under hypoxia with reduced serum
condition, non-intuitive interaction effects among ECM components were observed. In
comparing the CD31 expression among ECM combinations (Figure 5A), H or C single-
factor ECMs maintained CD31 expression at levels of 1.18+0.18 and —0.95+0.13,
respectively. However, the two-factor combination of C+H produced a synergistic increase
in the normalized yield of 2.15+0.16. In addition, some interactions identified were
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redundant in nature. For example, in comparison to single-factor M (-0.68+0.04), the
addition of single-factor G (1.94+0.21) showed no marked change to normalized CD31
expression yield in the two-factor combination of G+M (—0.68+0.05), suggesting that M
played a dominant role over G in modulating CD31 expression. With respect to cell viability
(Figure 5B), L or M single-factor ECMs could maintain cell viability at normalized yields of
-0.09+0.11 and -0.01+0.17, respectively. However, the two-factor combination of L+ M
reduced the normalized yields to —1.00+0.48 (in red), suggesting an inhibitory interaction of
the two individual ECMs. Similarly, an inhibitory interaction was observed in NO
production when iPSC-ECs were cultured on the three-factor combination of F+G+H
(-1.82+0.48), in comparison to that of single-factors F (0.20+0.16), G (-0.14+0.51), or H
(2.10+0.65) (Figure 5C). On the other hand, synergistic effects were also identified. For
example, C as a single-factor ECM maintained cell viability at normalized yields of
-0.49+0.25 (Figure 5B). However, when C was combined with L+M (-1.00+0.0.48), the
normalized yield of the three-factor combination C+L+M increased synergistically to
0.85+0.09 (in green). These examples highlight the power of this combinatorial ECM
microarray platform to provide new insights into iPSC-EC response to complex ECM
environments, which would otherwise be difficult to achieve in conventional tissue culture
plate formats.

3.5 Combinatorial ECMs that Enhance Cell Survival in 3D

To demonstrate whether combinatorial ECMs show consistent benefit even within a 3D
system, we pre-coated 3D porous polystyrene scaffolds (Supp Figure 7) with ECM
combinations CGHL (Tier I) or C (Tier 1V) (Figure 4). Although the porous polystyrene
scaffolds differ from the ECM microarrays in substrate stiffness and attachment chemistry,
the primary purpose of the experiment was to assess whether the chemical composition of
top tier combinatorial ECMs could produce a marked effect on iPSC-EC survival in a three-
dimensional environment. The iPSC-ECs were cultured under hypoxia with reduced serum
condition for 48 hours within the scaffolds. To quantify cell viability in 3D environments,
bioluminescence imaging was performed as a measure of cell viability, where
bioluminescence intensity correlates linearly with viable cell number (Supp Figure 8).
Consistent to the microarray and chamber slide culture experiments, scaffolds coated with
Tier | combinatorial ECM CGHL was able to significantly augment cell survival after 48
hours of hypoxia, compared to treatment with single-factor C (CGHL: 2.88+0.09x10°
p/slcm?/sr, C:1.75+0.24x10° p/sicm?/sr, Figure 6, p<0.05). These results demonstrate the
translatability of the micro-scale combinatorial ECM microarray findings to a 3D platform,
which has the potential for clinical application.

4. Discussion

In this work, we successfully developed a high-throughput ECM microarray to assess the
role of combinatorial ECMs under hypoxia with reduced serum condition. The salient
findings of this work are that: 1) the Tier | combinatorial ECMs (ie CGHL & CFGHL) were
capable of maintaining phenotypic marker expression and improving cell survival and
function (Figures 1-4), when compared to some Tier Il or Tier 11l ECM compositions such
as C or F; 2) the ECM microarray findings could be validated in conventional tissue culture
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format such as chamber slides (Figures 1D, 2D, & 3D); 3) main and multi-factorial
interactions analysis provides insight into how cells respond to complex cues (Supp Figure
6), although the basic signaling mechanisms that influence cellular response to
combinatorial ECMs remain unknown; 4) the ECM microarray platform could identify in a
facile manner the combinatorial ECMs that give rise to nonintuitive cellular responses,
which would otherwise be difficult to identify in conventional cell culture platforms (Figure
5); and 5) the 2D micro-scale findings could be recapitulated in 3D microenvironments
(Figure 6). For therapeutic translatability, we chose ECM combinations containing
chemically defined ECM components for verifying the microarray data in conventional 2D
tissue culture formats as well in a 3D scaffold environment. Based on these findings, human
iPSC-EC delivery within combinatorial ECMs in Tier | (Figure 4) may improve the survival
and function of these therapeutic cells under ischemic conditions such as heart failure or
critical limb ischemia.

The ECM microarray platform enabled us to examine cell survival, phenotype and function
in a high-throughput and systematic manner. Previous studies with ECM microarray have
focused on ECM-mediated induction of stem cell differentiation and renewal. Flaim et a/.
employed ECM microarrays to study the effect of combinatorial ECMs on the maintenance
of primary rat hepatocyte and differentiation of mouse embryonic stem cells (ESCs) toward
hepatic fate [39]. This microarray system was later used by Brafman ef a/. to study the
effects of combinatorial ECMs on modulating hepatic stellate cells phenotype [40]. In
addition, the microarray platform was utilized to identify synthetic polymers that promote
attachment, proliferation and self-renewal among human embryonic stem cell lines [33].
More recently, Brafman et a/. reported that this platform could be used to examine ECMs
that regulate endodermal differentiation in human ESCs [35], as well as identify synthetic
polymers that support neuronal differentiation of neural progenitor cells [41]. These
aforementioned works primarily employed ECM microarrays to identify the ideal
microenvironment niche for cell maintenance and differentiation. In contrast, we believe this
platform can serve as a powerful tool to advance the clinical application of stem cell therapy
by improving cell survival and function under disease mimetic conditions. More importantly,
our results could be validated in 3D settings to enhance the survival and function of human
stem cells for therapeutic applications.

Although our ECM microarray utilized ~400 ECM islands, the ECM microarray platform is
capable of testing thousands of proteins in microliter volumes at the same time under
identical conditions. In addition, it utilizes a small number of cells (5x10°) and small media
volumes (5 ml), which is more cost-effective compared to larger cell culture dishes.
Furthermore, ECM microarrays enable the assessment of interaction effects between ECMs
in a systematic way. Our data clearly suggest that when multiple ECM components are
present, synergistic and redundant effects were exhibited in cell survival, phenotype marker
expression, and NO production (Figure 5, Supp Figure 3). In some cases, the multi-factorial
interactions were significant through up to 6-factor interactions. This indicates that ECM
interactions play a major role in influencing function of cells. However, a limitation of this
high-throughput screening approach is that it enables identification of a general subset of
possible ECMs that elicit differential responses from the iPSC-ECs, but it is not strong
enough for cross-comparison of individual combinations due to the variances in response.
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Nevertheless, to the best of our knowledge, this is the first systematic study of multi-factorial
interactions among different ECMs on cell behavior under hypoxia and reduced nutrient
condition.

Similar to primary ECs, the human iPSC-ECs used in this study have shown endothelial
identity by expressing multiple EC markers such as CD31, CD144 and Willebrand Factor
[28]. Functionally, they form tube-like structures in matrigel, take up acetylated low density
lipoprotein, undergo chemotaxis in response to vascular endothelial growth factor
stimulation, exhibit tumor necrosis factor-induced upregulation of cell adhesion molecules,
and polarize along the direction of laminar wall shear stress [42]. However, at the
transcriptome level, there are differences in gene expression between iPSC-ECs and primary
ECs [30]. The findings from this study using iPSC-ECs should be validated for consistency
using primary ECs as a gold standard, since iPSC-ECs are not phenotypically identical to
ECs. This limitation will be further addressed in the future investigations.

The ECMs in this study were selected based on their abundance in the basement membrane
of blood vessels during physiological or pathological conditions, or due to their common
usage for promoting adhesion of ECs to tissue culture Petri dishes. Laminin, collagen IV,
and heparan sulfate are abundant ECMs in the basement membrane [25] of blood vessels,
whereas fibronectin is secreted by ECs into the provisional matrix during angiogenesis [43,
44]. In addition, gelatin [45] and Matrigel [46] are common ECMs used in the /n vitro
culture of ECs, so they serve as a basis for comparison to the other ECMs. Accordingly, a
limitation of this study is in the assessment of only these specific ECMs, which neglects
other important ECMs that interact with ECs. In addition, drying of the ECM microarrays
prior to cell seeding introduces the potential protein denaturation, which may also influence
the findings.

It has been long recognized that ECMs regulate cell function, viability, and differentiation.

In particular, EC function and protein expression has been shown to be modulated by ECMs.
For example, endothelial NO synthase (eNOS) which catalyzes the production of NO has
been shown to be down-regulated through integrin p1 interaction when primary ECs were
cultured on fibronectin, collagen I, and collagen IV substrates [47]. More specifically,
fibronectin has been shown to negatively modulate eNOS through a asp1-p38 MAPK
dependent pathway [48]. In addition, the glycation of ECM also contributes to NO release. It
has been reported that glycated collagen reduced shear stress-mediated NO release by 50%,
when comparing to that of cells on native collagen [49]. This reduction in NO release was
correlated with decreased eNOS phosphorylation. In contrast to other studies, Gloe et al.
showed that cells seeded on laminin substrates induced a 2-fold increase of eNOS
expression in the presence of shear stress, while cells on non-coated or fibronectin-coated
glass plates showed no significant effects [50]. Our microarray data also revealed that certain
ECM combinations could reduce the production of NO without noticeable effects on cell
viability (Figure 4). Together, our results support previously published findings that ECMs
are potent modulators of endothelial behavior.

Non-intuitive interactions derived from combinatorial ECM cues have been reported not
only by us, but also by others as well. For example, rat hepatocytes cultured on
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combinatorial ECM microarrays revealed that fibronectin or collagen IV single-component
ECMs produced positive effects on albumin expression, whereas when combined fibronectin
+collagen 1V led to negative effects on albumin expression [39]. Conversely, single-factor
ECMs of collagen I11 or laminin alone had negative interactions on albumin expression,
whereas the two-component compositions of collagen I11+laminin resulted in a positive
interaction. Using the ECM microarray platform, Brafman et a/. reported a number of
synergistic and antagonistic interactions between ECMs. For example, in the two-factor
interaction analysis, fibronectin and laminin alone had a positive effect on the activation of
hepatic stellate cells (increase in proliferation, production of abnormal ECMs and
inflammatory mediators), but when combined, fibronection+laminin strongly decreased the
activation of these cells [40].

Although the mechanism by which combinatorial ECMs modulate cell behavior or lead to
non-intuitive interactions is largely unknown, the likely contributing factors include
including cell shape [51], ECM stiffness [52, 53], mechanical stimuli [54], and activation of
integrin-mediated signal transduction pathways [55]. In addition, the actin cytoskeleton has
been suggested to be an important component of the mechanosignaling cascade, as well as a
number of transcription factors and chromatin remodeling enzymes. Manipulation of RhoA
and its downstream effector, Rho kinase, appears to be important for cell differentiation [56].
The adhesion molecules also contribute to asymmetric stem cell division, including 1
integrin, CD146, and E-cadherin [57, 58]. The inhibition and synergistic effects reported in
this study may likely result from crosstalk between integrin and growth factor signaling
among matrix molecules [59]. For example, Kim et a/. reported that fibronectin binding to
integrin asPq enhanced endothelial cell migration on vitronectin through integrin a3,
without influencing cell adhesion [60]. A recent study also reported cell adhesion can be
suppressed by specific integrin crosstalk using a number of integrin binding peptides,
including FIBL1 (integrin ay/f3), EF1zz (integrin a,p1) and 531 (integrin a3Pq) [61]. It is
plausible that combinatorial ECMs fine-tune cellular responses by differential activation of
integrins. Together, these studies suggest that numerous signaling pathways are activated in
response to ECM signaling cues, which may contribute to the non-intuitive interactions
associated with combinatorial ECMs

Since cells can remodel their microenvironment by producing endogenous ECMs, it is likely
that the ECM composition may be modified during the course of our studies. Although the
ECM microarray platform can only control initial ECM composition, it has been shown by
Brafman et al. that the starting ECM composition directs cell fate, despite endogenous
production and/or remodeling of ECMs over time [35]. For this reason, the initial ECM
microenvironment plays an important role in modulating cell function. It is also
acknowledged that the endothelial basement ECM milieu is highly complex in not only
chemical composition, but also in other factors such as secondary structure and mechanical
properties. Although simple mixing of ECMs is an oversimplification of the physiological
ECM microenvironment, it is an important first step towards understanding the role of
combinatorial ECM chemical composition on cellular response.

When designing the ECM microarray slides, Matrigel was included as one of the
components, owing to its importance in stem cell culture, maintenance, and transplantation

Acta Biomater. Author manuscript; available in PMC 2017 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hou et al.

Page 15

[62-64]. However, the non-defined ECM composition of Matrigel, presence of growth
factors, and batch-to-batch variability largely limits its clinical translatability [65]. Our
results demonstrate that Matrigel was ranked overall in Tier I11 based on the three /n vitro
assays (Figure 4), suggesting that other combinatorial ECMs may be more suitable for iPSC-
ECs than Matrigel. Since our ECM microarray is the 2D platform, we also performed cell
viability assay using a 3D porous scaffold pre-coated with combinatorial ECMs to better
mimic the 3D niche under hypoxia. The 3D results are promising, and future /n vivo
assessment of combinatorial ECMs as pro-survival carriers of stem cells is warranted for the
treatment of ischemic cardiovascular diseases.

5. Conclusions

In conclusion, we demonstrate that combinatorial ECMs microenvironments such as CGHL
and CFGHL could enhance iPSC-EC function and cell survival in hypoxia with reduced
serum condition. These results derived from micro-scale platforms were reproducible in
conventional tissue culture settings as well as in 3D scaffolds. Furthermore, main and multi-
factorial analysis revealed overall positive benefits of G and H in sustaining cell viability and
phenotype. Evidence of non-intuitive interaction effects highlighted the complexity of
cellular response to combinatorial ECM environments. The fundamental insights gained
from this micro-scale high-throughput ECM microarray platform would be precluded in
conventional tissue culture formats. The findings from this study have important
implications in the co-delivery of iPSC-ECs with combinatorial ECMs to improve the
efficiency of stem cell therapy for treatment of ischemic cardiovascular diseases.
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Statement of Significance

Human endothelial cells (ECs) derived from induced pluripotent stem cells (iPSC-ECs)
are promising for treating diseases associated with reduced nutrient and oxygen supply
like heart failure. However, diminished iPSC-EC survival after implantation into diseased
environments limits their therapeutic potential. Since native ECs interact with numerous
extracellular matrix (ECM) proteins for functional maintenance, we hypothesized that
combinatorial ECMs may improve cell survival and function under conditions of reduced
oxygen and nutrients. We developed a high-throughput system for simultaneous
screening of iPSC-ECs cultured on multi-component ECM combinations under the
condition of hypoxia and reduced serum. Using automated image acquisition and
analytical algorithms, we identified combinatorial ECMs that significantly improved cell
survival and function, in comparison to single ECMs. Furthermore, this approach
revealed complex ECM interactions and non-intuitive cell behavior that otherwise could
not be easily determined.
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Figure 1. Differential expression of CD31 phenotypic marker in human iPSC-ECs cultured on
ECM microarray in hypoxia with reduced serum condition

(A) CD31 immunostaining after 48 hours of hypoxia treatment in reduced serum conditions.
CD31 expression among representative replicates of the same ECM composition is shown in
the white box. Enlarged image shows CD31 expression on iPSC-ECs cultured on a
representative ECM island. (B) Heat map of normalized CD31 expression derived from
ECM microarray data is shown for five independent slides in columns. Integrated
fluorescence data was measured from each combinatorial ECM and averaged among the 6
replicates on each microarray slide. The normalized data for each dataset was then
standardized by Z-score calculation to generate a heat map. The identity of all 63
combinatorial ECMs is shown on the right in which white or grey boxes denotes the absence
or present, respectively, of an ECM component. Combinatorial ECMs were grouped into
four tiers from high (Tier 1) to low (Tier IV). (C) Human iPSC-EC expression of CD31
when cultured on 4-well chamber slides pre-coated with representative combinatorial or
single-factor ECMs: (DC (Tier 1V), @F (Tier I11), @CFGHL (Tier I), and ®CGHL (Tier I).
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(D) Quantification of relative fold increase of CD31 expression, normalized to total cell
number (*p<0.05, n=3 slides). Scale bars: 100 pm (A); 200 um (C).
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Figure 2. Cell viability on ECM microarray in hypoxia with reduced serum condition
(A) Viability of iPSC-ECs on ECM microarray after 48 hours of hypoxia treatment in

reduced serum conditions as assessed by fluorescent vital dyes. Viability among
representative replicates of the same ECM composition is shown in the white box. Enlarged
image shows the proportion of live vs. dead cells within a representative ECM island. (B)
Quantification of normalized cell viability from ECM microarray data arranged into a heat
map from high (Tier I) to low (Tier 1V). The percentage of live cells was calculated by
dividing the number of green cell by total cell number (green plus red cells). Viability data
between samples were then standardized by Z-score transformation. Each column represents
an independent ECM microarray sample (n=5). (C) Human iPSC-EC viability after 48 hours
of hypoxia when cultured on 4-well chamber slides pre-coated with selected combinatorial
or single-factor ECMs: (DC (Tier 1V), @F (Tier 111), @CFGHL (Tier 1), and ®CGHL (Tier
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). (D) Quantification of cell viability on chamber slides (*p<0.05, n=6 slides). Scale bars:
100 pm (A); 200 um (C).
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Figure 3. Nitric oxide (NO) production on ECM microarrays under hypoxia with reduced serum
condition

(A) NO production was detected by fluorescence detection of the NO probe, DAF-FM
diacetate. NO production among representative replicates of the same ECM composition is
shown in the white box. Enlarged image shows NO production of iPSC-ECs on a
representative island. (B) Heat map of NO assay showing normalized fluorescent intensity.
Integrated fluorescence was measured and normalized to generate the heat map. Each
column represents an independent ECM microarray sample (n=5). (C) NO production in
iPSC-ECs after 48 hours of hypoxia when cultured on 4-well chamber slides pre-coated with
selected combinatorial or single-factor ECMs: (DC (Tier IV), @F (Tier 111), @CFGHL
(Tier 1), and @CGHL (Tier 1). (D) Quantification of NO production, normalized to total cell
count (*p<0.05, n=4). Scale bars: 100 pm (A); 200 um (C).
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Figure 4. Heat map of CD31 expression, viability, and NO production among combinatorial

ECMs
Combinatorial ECMs were ranked based on the average scores of the three assays.
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Figure 5. Non-additive interaction effects among ECM combinations
(A) CD31 expression was grouped by the number of ECM components and ranked among

combinatorial ECMs. (B) Cell viability was grouped by the number of ECM components
and ranked among combinatorial ECMs. (C) NO production was grouped by the number of
ECM components and ranked among combinatorial ECMs.
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Figure 6. Combinatorial ECMs modulate iPSC-EC viability in three-dimensional (3D) scaffolds
(A) 3D porous polystyrene scaffolds were pre-coated with combinatorial ECM CGHL (Tier

) or single-factor C (Tier IVV). Human iPSC-ECs were cultured under hypoxia for 48 hours
in pre-coated scaffolds. Shown are bioluminescence images depicting cell survival between
the treatment groups. (B) Quantification of cell survival based on bioluminescent imaging

(*p<0.05, n=5).
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