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Aims Stem cell therapy has shown promise for treating myocardial infarction via re-muscularization and paracrine signal-
ling in both small and large animals. Non-human primates (NHPs), such as rhesus macaques (Macaca mulatta), are
primarily utilized in preclinical trials due to their similarity to humans, both genetically and physiologically.
Currently, induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) are delivered into the infarcted myo-
cardium by either direct cell injection or an engineered tissue patch. Although both approaches have advantages in
terms of sample preparation, cell–host interaction, and engraftment, how the iPSC-CMs respond to ischaemic con-
ditions in the infarcted heart under these two different delivery approaches remains unclear. Here, we aim to gain
a better understanding of the effects of hypoxia on iPSC-CMs at the transcriptome level.

....................................................................................................................................................................................................
Methods
and results

NHP iPSC-CMs in both monolayer culture (2D) and engineered heart tissue (EHT) (3D) format were exposed to
hypoxic conditions to serve as surrogates of direct cell injection and tissue implantation in vivo, respectively.
Outcomes were compared at the transcriptome level. We found the 3D EHT model was more sensitive to ischae-
mic conditions and similar to the native in vivo myocardium in terms of cell–extracellular matrix/cell–cell interac-
tions, energy metabolism, and paracrine signalling.

....................................................................................................................................................................................................
Conclusion By exposing NHP iPSC-CMs to different culture conditions, transcriptome profiling improves our understanding of

the mechanism of ischaemic injury.
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1. Introduction

Excessive loss of cardiomyocytes (CMs) in the heart resulting from myo-
cardial infarction (MI) can give rise to heart failure.1–3 In comparison to

conventional medical treatment, cell therapy has the potential to restore
heart function by regenerating the damaged myocardium through the
reintroduction of endogenous/exogenous CMs.4 Pluripotent stem cell-
derived cardiomyocytes (PSC-CMs) are a potential cell source to
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.
improve cardiac structure and function and remuscularize the damaged
myocardium resulting from a MI.5–9 A number of preclinical studies using
direct human embryonic stem cell-derived cardiomyocyte (hESC-CM)
injections into the infarcted myocardium of non-human primates
(NHPs) have shown integration of the cells and regeneration of the in-
farcted myocardium.5,6,10 Moreover, allogeneic induced pluripotent
stem cell-derived cardiomyocyte (iPSC-CM) transplantation was also
performed in cynomolgus monkeys.6 NHPs are utilized in preclinical
studies, primarily because of their physiologic, anatomic, and genetic sim-
ilarity to humans. Cardioprotective effects using directly injected NHP
(rhesus macaques) or human iPSC-CMs for the treatment of MI in athy-
mic nude rat model have also been reported.11 Collectively, these stud-
ies support the notion that NHPs can be used to recapitulate human
pathophysiological conditions.11,12

Generally, two approaches have been developed for in vivo cell deliv-
ery in the infarcted myocardium: direct cell injection and cell patch trans-
plantation.13 Both methods have their individual advantages and
disadvantages. For example, direct cell injection has few cell culture and
technical obstacles, and this approach allows cells to have prolonged
contact with the host tissue; however, the resulting cell engraftment rate
is relatively low.14 In contrast, the preparation of a cell patch is time-
consuming and requires pre-culturing in special engineering platforms.
However, when patching from outside of the myocardium, cell patches
enhance the survival rate post-implantation with less ‘washing-away’ of
cells,15,16 and can also mechanically support myocardial contrac-
tions.17,18 Overall, both approaches have been shown to improve car-
diac function, but the manner in which these two delivery methods
respond to ischaemic conditions in the infarcted heart before and after
transplantation remains unclear.

Here, we used iPSC-CMs from rhesus macaques (Macaca mulatta) in
both 2D monolayer and 3D engineered heart tissue (EHT) cultures to
model direct cell injection vs. tissue patch approaches, with hypoxic con-
ditioning included to recapitulate the ischaemic milieu effects on trans-
planted CMs. This allowed for the isolation of two key factors: the
dimension outcome (2D vs. 3D) of cell transplantation and the impact of
ischaemia. We compared 2D NHP iPSC-CM monolayer culture and 3D
NHP EHTs using an equivalent cell differentiation protocol. These in vitro
models were then pre-conditioned in hypoxic conditions to simulate the
ischaemia associated with MI. After the hypoxic treatment, the differen-
tial transcriptome of all four groups (2D-Normoxia, 2D-Hypoxia, 3D-
Normoxia, and 3D-Hypoxia) were further analysed and profiled. The
transcriptional profiling approach allowed a better understanding of the
effects of NHP iPSC-CMs under ischaemic conditions and in different
culture dimensions, which may help improve future delivery approaches
for regenerative medicine.

2. Methods

2.1 Fabrication and characterization of
EHT
2.1.1 Master mold design and 3D printing
The master mold was designed by AutoCAD (Autodesk Inc.), and then
fabricated using a 3D printer with a proprietary ‘acrylic’ type material
(3D Systems, Inc.). The final products were cleaned and heated to 65�C
for polymerization deactivation.

2.1.2 Polydimethylsiloxane mold fabrication
The polydimethylsiloxane (PDMS) mold was cast from the acrylic master
mold after PDMS mixing (Dow Corning Sylgard 184), degassing, and po-
lymerization. The PDMS mold for EHT formation consisted of three res-
ervoirs. Each reservoir was 4 mm wide, 12 mm long, and 6 mm deep, and
had two posts at either end for EHT attachments that were 1 mm thick,
2 mm wide, and 6 mm apart. The centre-to-centre distance between the
two reservoirs was 8 mm.

2.1.3 EHT formation
The NHP EHT was fabricated with the same method as the human EHT
as previously reported.19 Briefly, 200mL of 10 g/mL collagen type I, 21mL
of 10� PBS (Life Technologies, 70011-044), 4mL of 1 N NaOH, 67.4mL
of CM media (RPMIþB27), and 100mL of Matrigel were pre-mixed on
ice, then added into the pellet of NHP iPSC-CMs at 2 million per 275mL.
Afterwards, the cell and hydrogel mixture were carefully loaded into
each reservoir. The entire plate was placed in a cell culture incubator at
37�C for 1 h to allow for hydrogel solidification. Then 4 mL of media was
added to the wells for further EHT culture. On Day 45, EHT was used
for the following experiments.

2.1.4 Immunofluorescent staining of EHT
EHT was fixed in 4% paraformaldehyde in PBS (PFA) for 15 min and then
washed with PBS for 10 min three times. EHT was equilibrated in 30%
sucrose (filter-sterilized) overnight, embedded in OCT on dry ice, and
frozen at <_ -80�C. The samples were cryosectioned into 10mm sections
and mounted onto Superfrost Plus slides (Thermo Fisher Scientific). The
slides were permeabilized with 0.1% Triton X-100 for 30 min at room
temperature (RT) and then blocked with 10% normal goat serum in PBS
for 25 min at RT. Then the primary antibodies (anti-alpha-actinin from
mouse, 1:200 (Sigma) and anti-human Troponin T from rabbit, 1:200
(Abcam)) were applied at 4�C overnight. Secondary antibodies (Goat-
anti-mouse-Alexa Fluor 488 and Goat-anti-rabbit-Alexa Fluor 633,
1:200, Thermo Fisher) were applied for 1 h at RT and followed by 5 min
washes (three times) in wash buffer. Finally, the slides were sealed in a
mounting solution with DAPI co-staining (ProLong Gold Antifade
Mountant with DAPI).

2.2 Hypoxic conditioning
Three individual EHT samples were placed and sealed in three respective
anaerobic pouches (GasPak EZ Anaerobe Pouch System, Fisher
Scientific, MA) with fresh culture medium in a cell culture incubator at
37�C and 5% CO2. The other three individual EHT samples served as
normoxic controls at 37�C and 5% CO2. EHTs were further incubated
for another 24 h, then the conditioned culture medium from each EHT
sample was collected for secreted growth factor measurement, and the
EHT was collected for RNA extraction and RNA sequencing. The condi-
tioned medium and RNA from the remaining three EHT samples under
normoxic condition were also collected at the same time and served as
controls.

2.3 Proteomic angiogenesis assay
A similar procedure was described previously.11 In brief, cytokines
(VEGF, IL-8, and MCP-1) in the conditioned medium collected from the
four groups were detected by the reconstituted antibody cocktail. After
incubating with blotting membrane, 2 mL of diluted streptavidin-HRP
was added into each well of the 4-well multi-dish for chemical conjuga-
tion. The membrane was then developed with the Chemi Reagent Mix

2126 H. Yang et al.
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for imaging with the Chemidoc Imaging system (Bio-Rad). The intensities
of VEGF, IL-8, and MCP-1 blots were processed and analysed with
ImageJ (NIH).

2.4 RNA-sequencing and analysis
RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany).
Briefly, EHTs were homogenized in Trizol (Roche, Switzerland), and
chloroform was further added. After vortexing and incubating at RT for
10 min, samples were centrifuged at 16000g at 4�C for 30 min. The up-
per, transparent supernatant was collected, and an equal volume of 70%
ethanol was added and mixed thoroughly, and then the mixture was
loaded into an isolation column. Following the steps of column washes,
RNA was eluted and collected from the column with nuclease-free wa-
ter. The concentration of RNA was measured by the NanoDrop (2000/
2000c Spectrophotometers, Thermo Fisher), and the purity of RNA was
determined by the ratio of A260/280. All the RNAs used in this study
were A260/280 = 1.9� 2.1.

Kits used for RNA-sequencing (RNA-seq) were purchased from
ThermoFisher. Total RNA was mixed with ERCC RNA Spike-In Mix 1,
and polyadenylated mRNA was isolated using the Dynabeads mRNA
DIRECTTM Micro Purification Kit. A cDNA library was prepared using
the Ion Total RNA-Seq Kit v2 and sequenced by the Ion Proton method
using Ion PI Hi-Q Sequencing kit. Unaligned BAM files were generated by
the Ion Torrent Suite 5.0.4 and converted into FASTQ files. The raw
reads were aligned to the rhesus monkey genome rheMac2 by Bowtie2
and Tophat2, and then annotated with ENSEMBL Release 84 by HT-
seq.20 The differentially expressed genes (DEGs) were detected by
DESeq2,21 and the adjusted P-value cutoff of DEGs was 0.001. The total
reads of each sample were normalized by the ERCC reads. The likeli-
hood ratio test was performed as the statistical inference to estimate
DEGs. The variances stabilizing transformed values generated by
DESeq2 were used as input for hierarchical clustering and further analy-
ses. The line plots of gene expression levels were generated based on

clustering by R package ggplot2 (https://cran.r-project.org/web/pack
ages/ggplot2/index.html). Functional enrichment analysis was imple-
mented by the Bioconductor package GeneAnswers (https://www.bio
conductor.org/ packages/release/bioc/html/GeneAnswers.html).

2.5 Analysis of microarray data
The public microarray data of heart failure patients with post-MI
(GSE59867, 10 patients and 10 healthy controls) were extracted by
GEO2R from NCBI. Downstream analysis was the same as described
RNA-seq analysis.

2.6 Statistical analysis
Data are presented as mean±SEM. Statistical significance was deter-
mined using either the Student’s t-test or one-way ANOVA. P < 0.05
was considered statistically significant.

Animal experiments and procedures were approved by the Stanford
Administrative Panel on Laboratory Animal Care (APLAC) guidelines
and policies, following the NIH Guide for the Care and Use of
Laboratory Animals. Mice were anesthetized with 1–5% isoflurane for
NHP iPSCs (1–5 million cells in 50mL Matrigel) injection and were eutha-
nized with saturated KCl after being anesthetized with 4% isoflurane.
NHP fibroblasts were obtained from a 1-year-old male rhesus monkey
small skin biopsy according to a University of California Davis
Institutional Animal Care and Use Committee (IACUC) approved
protocol.

3. Results

3.1 Establishment of NHP iPSC line
The overall experimental design is shown in Figure 1, including NHP iPSC
reprogramming, NHP iPSC-CM differentiation and characterization, 2D
monolayer culture, 3D EHT fabrication and culture, and RNA-seq analy-
sis of NHP iPSC-CMs in 2D monolayer and 3D EHT cultures under nor-
moxic or hypoxic conditions. The reprogramming strategy for
generating NHP iPSCs from skin fibroblasts of a male rhesus monkey is
shown in Supplementary material online, Figure S1A. The NHP iPSC col-
ony was formed after reprogramming as shown in Supplementary mate-
rial online, Figure S1B. NHP iPSCs exhibited pluripotency markers (Oct3/
4, Sox2, SSEA-4, and TRA-4) which are shown in Supplementary mate-
rial online, Figure S1C. After reprogramming and passaging for 30 times,
the NHP iPSCs maintained a normal karyotype with 20 pairs of autoso-
mal chromosomes, as well as X and Y sex chromosomes
(Supplementary material online, Figure S1D). Moreover, teratoma were
formed from subcutaneous injection in rats after 1–2 months, with for-
mation of three germ layers as identified by haematoxylin and eosin
(H&E) staining. Supplementary material online, Figure S1E shows the ec-
todermal lineage with primitive neuroectodermal development with
rosettes and mesodermal and endodermal lineages with cartilage and en-
dodermal gland.

3.2 Cardiac differentiation of NHP iPSCs
As shown in the protocol illustrated in Supplementary material online,
Figure S2A, NHP iPSCs were successfully differentiated into beating NHP
iPSC-CMs (Supplementary material online, Video S1). The confocal
images of NHP iPSC-CMs immunostained with cardiac troponin T
(cTnT) and alpha-actinin show the characteristic striated sarcomeric
structure (Supplementary material online, Figure S2B). The purity of

Figure 1 Diagram of experimental design. Skin fibroblasts were
grown from a 1-year-old male rhesus monkey skin biopsy. This was fol-
lowed by generating iPSCs which were differentiated using a cardiac dif-
ferentiation protocol to derive the NHP iPSC-CMs for generation of
the 2D monolayer and 3D EHT. Both culture conditions (2D, 3D)
were then exposed to hypoxic conditions to allow transcriptional
analysis by RNA-seq.
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..iPSC-CMs was �80% of cTnT and alpha-actinin double-positive cells as
measured by FACS (Supplementary material online, Figure S2C and D).
From the single-cell RT–qPCR experiment, the �20% non-CMs in the
differentiated NHP iPSC-CMs were THY-1 positive fibroblasts
(Supplementary material online, Figure S2G). The pluripotency genes
(SOX2, NANOG, POU5F1, and LIN28) were not detected in the NHP
iPSC-CMs or the whole heart RNA from NHP left ventricle (Zyagen,
rhesus monkey) in comparison to the NHP iPSCs (Supplementary mate-
rial online, Figure S2F). Cardiac-related genes were also examined, and
NHP iPSC-CMs (�80% CMs and 20% non-CMs, such as fibroblasts)
were found to have relatively higher expression of NKX2.5 and relatively
lower expression of TNNT2 and MYH7 than the RNA from NHP left
ventricle (Supplementary material online, Figure S2F). The derived NHP
iPSC-CMs include all three CM action potential (AP) subtype morpholo-
gies: ventricular-, atrial-, and nodal-like, presenting similar action poten-
tial patterns to human iPSC-CM, as noted in Supplementary material
online, Figure S3A and B. The detailed parameters of AP of NHP iPSC-
CMs and human iPSC-CMs are summarized in Supplementary material
online, Table S1. Calcium imaging suggests that NHP iPSC-CMs exhibit
decreased transient amplitude, and slower calcium transient dynamics

compared to human iPSC-CMs (Supplementary material online, Figure
S3C).

3.3 3D culture of NHP EHT
Our previous approach for EHT fabrication was used to make the NHP
EHT.19 First, the master mold shown in Figure 2A was designed, 3D-
printed with polyacrylic, and polished. Then the silicone mold with two
flexible and separated posts, as shown in Figure 2B, was cast from the
master mold with PDMS. After filling the reservoirs of the PDMS mold,
the hydrogel/cell mixture was solidified (Figure 2C). The elongated 3D
EHT was formed after 24 h upon the stimulation of passive force from
separated flexible posts (Figure 2C). The EHT was cultured for four addi-
tional weeks. The anisotropic contraction is shown in Supplementary
material online, Video S2. The sarcomeric structure of NHP iPSC-CMs in-
side the EHT was examined by fluorescent immunostaining of EHT sec-
tions with anti-alpha actinin and cTnT. The results are shown in Figure 2D
and Supplementary material online, Figure S4, revealing a well-distributed
and interconnected NHP iPSC-CM network (10� and 20�) with stri-
ated sarcomeres (63�).

Figure 2 Design and fabrication of the master mold, PDMS mold, and NHP EHTs. (A) Master mold designed by AutoCAD and fabricated by 3D printing,
and sizes in three dimensions are shown. (B) PDMS mold with flexible posts. (C) EHT formation in the PDMS mold at 30 min and 24 h. (D)
Immunofluorescence staining of NHP EHTs at Day 50 with alpha-actinin (green), troponin T (red), and DAPI (blue) showing striated sarcomeres.
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..3.4 Distinct transcriptional program of
NHP iPSC-CMs in 2D and 3D hypoxic
cultures
To determine the microenvironment-specific transcriptional program
deployed in NHP iPSC-CMs, we performed RNA-seq on the following
four groups: 2D-Normoxia, 2D-Hypoxia, 3D-Normoxia, and 3D-
Hypoxia. Thousands of differentially regulated genes were identified
within each microenvironment condition, with the clear majority of dif-
ferences accounted for by the culture dimensional variance and ischae-
mia conditioning (Figure 3A). The four clusters were labelled as Clusters
1, 2, 3, and 4 as shown in Figure 3A.

To visualize the relative transcriptional distances of each RNA-seq
sample, we employed principal component analysis (PCA). Each micro-
environment condition within the RNA-seq dataset was grouped into a
defined cluster in the PCA plot (Figure 3B). PC1 contributed 63%

variance and clearly indicated the difference between 2D and 3D cul-
tures, whereas PC2 contributed 19% variance and indicated the differ-
ence between normoxia (N) and hypoxia (H).

We further performed Pathway Enrichment Analysis on the 2D and
3D culture samples in response to the hypoxic treatment. In Figure 3C,
the weighted trends of enriched pathways in 2D and 3D cultures in the
four clusters were compared between normoxia and hypoxia condi-
tions. In general, the gene expression of the enriched pathways in
Clusters 1, 2, and 3 were up-regulated in the 3D culture, whereas the
gene expression in Cluster 4 was up-regulated in the 2D culture.

3.5 Differential gene expression and
related pathways in four clusters
We further performed Pathway Enrichment Analysis on the DEGs of
2D and 3D culture samples in response to the hypoxic treatment. The

Figure 3 Differential transcriptome of NHP iPSC-CMs in 2D and 3D culture models under normoxic or hypoxic conditions by RNA-seq analysis. (A)
Heatmap of four groups: 2D-Normoxia, 2D-Hypoxia, 3D-Normoxia, and 3D-Hypoxia, and with four clusters segregated, N = 3 biological samples in each
group. (B) PCA for each group: red represents hypoxia, green represents normoxia, a solid circle represents 2D, and solid triangle represents 3D. (C)
Overall gene expression trends of four clusters in 2D and 3D culture models under normoxic vs. hypoxic conditions. N = 3 biological samples in each group.
The detailed RNA-seq and statistical analysis are in the Methods section.
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Figure 4 Enrichment analysis in the groups of 2D-Normoxia, 2D-Hypoxia, 3D-Normoxia, and 3D-Hypoxia. (A) Top 10 pathways in four clusters by GO
enrichment analysis. (B) Corresponding genes of the activated pathways with GO numbers in the following four categories: cell–cell/cell–ECM interactions,
energy metabolism, hypoxic responses, and paracrine signalling.
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..top 10 enriched pathways in each cluster and the corresponding gene
numbers and P-values are shown in Figure 4A. Detailed information on
pathways and genes is summarized in Figure 4B, which shows that four
key pathways in each cluster were significantly regulated in response to
the culture model and hypoxia: cell–extracellular matrix (ECM)/cell–cell
interactions, energy metabolism, hypoxic response, and paracrine
signalling.

Differential enrichment was found when comparing 2D and 3D cul-
ture conditions as shown in Figure 4A and B by applying gene ontology
(GO) and reactome enrichment analysis (Supplementary material online,
Figure S5). In comparison to the 2D culture, iPSC-CMs interacted more
with the microenvironment via ECM in the 3D culture via collagen for-
mation, degradation of the ECM, ECM organization, integrin cell surface
interactions, cell–cell communications, and cell junction organizations in
Cluster 1. A number of these hub-genes are highlighted in Figure 4B:
COL17A1, COL9A1, COL9A3, ITGA6, LAMA3, and CDH1.

In Cluster 2 (Figure 4B), a number of energy metabolism-related path-
ways were up-regulated in the 3D culture, including glycolysis, glucose
metabolism, and metabolism of carbonates. We also found the
ischaemia-induced hypoxic responses were differentially modulated be-
tween the 2D and 3D cultures: regulation of gene expression by a
hypoxia-inducible factor, and cellular response to hypoxia. The genes in-
volved in energy metabolism were ALDOC, ENO2, and PFKFB4, whereas
CA9 appeared in both energy metabolism and the hypoxic response.

Upon exposure to hypoxia, the NHP iPSC-CMs in 3D culture were
more likely to engage in paracrine signalling than those in 2D culture;
such as signalling by PDGF, as well as Wnt ligand biogenesis and Wnt
trafficking. Signalling of FGFR, ERBB2, EGFR, and PI3K was enriched in
Cluster 1 (Figure 4B). The genes included ADCY1, ADCY8, ERBB3, FGFR2,
and FGFR3. In Cluster 2, the VEGF ligand–receptor interaction pathway
was up-regulated in the 3D culture, with the pivotal gene, PGF, playing a
significant role.

3.6 Gene networks and validation of
representative genes in corresponding
pathways
The corresponding gene networks in the four clusters are shown in
Figure 5 and annotated with corresponding pathways. Specifically, the
ECM organization, integrin cell surface interactions, cell adhesion mole-
cules, and cell–cell junction organization in the four clusters bridged the
paracrine signalling of PDGF and Rho GTPases. These processes of en-
ergy metabolism were enriched in Cluster 2 of glucose catabolic process
and NADH regeneration. The WNT ligand biogenesis and trafficking, as
well as VEGF binding to VEGFR that led to receptor dimerization, were
also significantly represented in Clusters 1 and 2, respectively.

Moreover, the secreted VEGF, IL-8, and MCP-1 proteins were exam-
ined before and after hypoxic treatment in both 2D and 3D, along with
the corresponding VEGFA, CXCL8, and CCL2 gene expressions under
normoxic and hypoxic conditions. As demonstrated in Figures 6A and B,
the expression of VEGF and IL-8 protein and VEGFA and CXCL8 in-
creased under hypoxic treatment in both 2D and 3D cultures in compar-
ison to normoxia; however, the 3D culture had significantly higher
expression of VEGF and VEGFA and IL-8 and CXCL8 in response to hyp-
oxia compared with the 2D culture (P < 0.01). The decreases of MCP-1
and CCL2 were found in the 2D hypoxia condition, while relatively fewer
decreases were noticed in the 3D hypoxia condition.

The corresponding key genes and their relative expression are further
noted in Figure 6C. Cell–cell/cell–ECM interaction-related pathways, as
well as the expression of COL17A1, COL9A1, COL9A3, ITGA6, LAMA3,
CDH1, CTSV, BOC, EFNA1, EPHA1, ITGB6, and KRT5 were significantly in-
creased in the 3D culture under hypoxia compared to 2D conditions,
whereas the expression of BGN, COL4A1, ITGA11, NID1, CDH2, DPYSL3,
and SEMA7A had no significant changes when the 2D and 3D cultures
were compared under ischaemic conditions. Energy metabolism and
hypoxic response-related pathways, as well as the expression of ALDOC,
ENO2, PFKFB4, CA3, and CA9, were significantly up-regulated in 3D cul-
ture compared to 2D hypoxic conditions. Paracrine signalling-related
pathways such as WNT10A, WNT3, WNT6, WNT7A, ADCY1, ADCY8,
ERBB3, ADCY1, ADCY8, ERBB3, FGFR2, FGFR3, KIT, PGF, and FGFR4 were
also up-regulated under the 3D hypoxic conditions.

We further validated our results by comparing them with public mi-
croarray data from heart failure patients’ post-MI. The genes from four
clusters were analysed and are summarized in Supplementary material
online, Figure S6. We found a similar trend of higher DEGs in the MI
group in comparison to healthy controls (Supplementary material online,
Figure S6A). The same set of genes from Figure 6C, related to the path-
ways of cell–ECM/cell–cell interactions, energy metabolism/hypoxia, and
paracrine signalling were selected and compared, suggesting higher gene
expressions in MI patients, as demonstrated in the 3D hypoxic group
shown in Supplementary material online, Figure S6B–D.

4. Discussion

Recently, iPSC-CMs have been extensively employed in cell therapy-
based small and large animal (e.g. NHP) preclinical trials to treat MI.6,8,9

Prior to in vivo cell delivery, iPSC-CMs are prepared either in 2D mono-
layer or as a 3D bioengineered construct.6,8,9 How the iPSC-CMs under
the different culture models respond to the ischaemic microenviron-
ment at the transcriptional level remains unclear. In this study, we estab-
lished a simple and direct comparison of NHP iPSC-CMs within the 2D
monolayer and 3D EHT models, focusing on the transcriptional signa-
tures of the ischaemic niche. Based on our results, the NHP iPSC-CMs
cultured in the different culture conditions responded differently to hyp-
oxia. In general, the responses can be summarized into the following cat-
egories: cell–cell/cell–ECM interactions, energy metabolism, hypoxic
responses, and paracrine signalling.

4.1 Cell–cell/cell–ECM interactions
Cell–cell/cell–ECM interactions were one of the primary responses to
the cell culture model and hypoxia. We found that COL9A1, ITGB6, CTSV,
and EPHA1 exhibited higher expression in the 3D than the 2D model un-
der hypoxic conditions. Recently, COL9A1 was found to be one of the
key markers in response to low oxygen in ischaemic cardiomyopathy.22

Similarly, ITGB6 was also up-regulated in the hypoxia-related pathways
as an adhesion receptor for signalling from ECM to cells.23–25 Both
COL9A1 and ITGB6 were up-regulated in the 3D model but down-
regulated in 2D, suggesting that the 3D culture better recapitulates the
host myocardium than the 2D culture in terms of cell–ECM interactions
in ischaemia. The up-regulation of EPHA1 in our 3D model was also ob-
served in the 3D culture of melanoma cells, which has a higher EPHA1
expression level when compared to the 2D culture in response to hyp-
oxia.26 Additionally, the expression of Epha1 in the murine heart was
also shown to be enhanced post-MI.27 EPHA1 belongs to the ephrinA
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..ligand family and plays a key role in cell–cell interactions via the ephrin–
eph signalling.28 This finding suggests that 3D culture better recapitulates
the host myocardium in terms of cell–cell interactions in response to
ischaemia.

4.2 Energy metabolism and hypoxic
responses
When the myocardium suffers from ischaemia, the oxygen consumption
and ATP production in the heart are greatly reduced; to compensate for

Figure 5 Networks of selective genes and pathways. The corresponding four clusters by the RNA-seq enrichment analysis interconnect genes and path-
ways belonging to the cell–cell/cell–ECM interactions, energy metabolism, hypoxic responses, and paracrine signalling.

2132 H. Yang et al.



Figure 6 Validation of gene and protein expressions in four groups: 2D-Normoxia, 2D-Hypoxia, 3D-Normoxia, and 3D-Hypoxia. (A) Relative VEGF, IL-
8, and MCP-1 secretions. N = 4�6 biological samples in each group, Student’s t-test. (B) Relative VEGFA, CXCL8, and CCL2 expressions. N = 3 biological sam-
ples in each group, Student’s t-test. (C) Profile of key genes expressed in 2D and 3D culture models under normoxic or hypoxic conditions to validate the
enrichment analysis in the categories: cell–cell/cell–ECM interactions, energy metabolism, hypoxic responses, and paracrine signalling, N = 3 biological sam-
ples in each group.
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this, glycolysis and lactate production are accelerated.29 In our in vitro
models, we showed that the relevant key genes (ALDOC, ENO2, PFKFB4,
CA3, and CA9) were up-regulated in both 2D and 3D cultures. These are
significant hypoxic regulators in energy metabolism,30–32 indicating NHP
iPSC-CMs in both culture models displayed the same trend of response
to hypoxia. In other studies, when rodent CMs were exposed to hypoxic
conditions for 24 h, the expression of ALDOC was augmented, and the in-
creased glycolytic flux further demanded an increased expression of
genes involved in glycolysis.33 When the metabolic pathways of the neo-
natal mouse heart at Days 1 and 7 were compared, ENO2 was found to
be more highly expressed in the glycolysis-dominated heart.34 The ex-
pression of the enzyme carbonic anhydrase family is also significantly in-
creased in human heart failure and cardiac hypertrophy patients.35

Interestingly, the NHP iPSC-CMs in 3D culture had greater gene expres-
sion fold-changes than those in 2D culture, an outcome that was also
found in the melanoma cells cultured in 3D when compared to 2D.26

Moreover, earlier mesoderm formation and faster cardiac maturation
were realized in the 3D iPSC cardiac differentiation conditions when
compared to the 2D differentiation. In addition, the RNA-seq compari-
son between 3D and 2D cardiac differentiation suggested that the activa-
tion of hypoxia/energy metabolism-related pathways might be
responsible for these findings.36 Overall, the 3D culture more efficiently
recapitulates the hypoxic responses and energy metabolism when com-
pared to 2D culture.

4.3 Paracrine signalling
In our system, we also highlight the top enriched genes/pathways of para-
crine signalling, including WNT, PDGF, FGFR, EGFR, PI3K, and VEGF. These
pathways showed opposite responses between 2D and 3D cultures in
response to hypoxia. The WNT pathway is known to play a key role in
cardiac development and cardiomyopathy.37,38 Canonical Wnt signalling
actively contributes to cardiac myogenesis via the Wnt/b-catenin path-
ways,39,40 and further promotes left ventricular growth.41 The recapitu-
lation of Wnt up-regulation in heart failure patients by our 3D hypoxic
culture provides a practical in vitro model for studying the role of the
Wnt pathway on pathological remodelling of the infarcted heart.38

Another key paracrine signalling family, FGF/FGFR, also has been shown
to play a central role in cardiac development: FGFR4 is exclusively acti-
vated by FGF23 on CMs, whereas FGFR2 and the augmented expression
of FGFR4 are associated with left ventricular hypertrophy.42,43 Typically,
FGF21 efficiently binds and activates FGFR1c, FGFR2c, and FGFR3c with
bKlotho to prevent cardiac hypertrophy in a paracrine manner.44

Importantly, we found the up-regulation of PGF in the 3D hypoxic cul-
ture serves as a paracrine mediator of cardiac protection under stress.45

PGF has also been shown to promote cardiac growth and angiogenesis,
further correlating with elevated VEGF secretion during hypoxia.26,45,46

Enhanced angiogenesis is also reflected by the increase of IL-8 secretion
and CXCL8 expression.47,48

Previous studies have shown that transplantation of a 3D cardiac
patch typically results in a higher cell engraftment rate over a relatively
long period of time when compared to direct injection,8,9,49 suggesting
the CMs in the 3D patch can better adapt to the ischaemic microenvi-
ronment. In our study, we found that NHP iPSC-CMs in the 3D culture
model demonstrated similar responses to the host myocardium under
hypoxic conditioning with respect to the cell–cell/cell–ECM interactions,
energy metabolism, paracrine signalling, and hypoxic response to pro-
mote cardiac development and growth. In addition, the enhanced cardiac
protection, cardiac growth, and angiogenesis may be better achieved by
iPSC-CMs in the 3D culture model. The goal of in vitro hypoxic

conditioning of the iPSC-CMs in this study was to recapitulate the in vivo
ischaemia milieu of post-MI hearts. However, we acknowledge limita-
tions such as the lack of cells of the immune system, intercellular cross-
talk, and cell–host interactions that occur in vivo.

5. Conclusions

In this study, we compared two independent cell culture systems: a
2D monolayer and 3D EHT using NHP iPSC-CMs. Modulating expo-
sure to hypoxia was used to recapitulate the in vivo hypoxic setting of
transplanted NHP iPSC-CMs in the infarcted myocardium. Through
systematic comparisons at the transcriptome level, we found that
NHP iPSC-CMs in the 3D EHT had similar hypoxic responses to
in vivo ischaemia in terms of cell–ECM/cell–cell interaction, energy me-
tabolism, and paracrine signalling, with elevation of key gene expres-
sion and corresponding pathway activation. This transcriptional
profiling of NHP iPSC-CMs in response to different culture conditions
enhances our understanding of the mechanism of ischaemic injury,
which may prove useful for advancing cell therapy delivery approaches
in the future.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Stem cell therapy has shown promise for treating ischaemic heart tissue. However, how stem cells respond following different delivery method is
unclear. Here, hypoxic conditioning was applied to non-human primate iPSC-CMs in 2D monolayer culture and 3D engineered heart tissue to
model cell injection vs. patch implantation, respectively, in an ischaemic milieu. The differential transcriptome of hypoxic effects on iPSC-CMs show
up-regulation of ECM–cell/cell–cell interactions (COL9A1, ITGB6, CTSV, and EPHA1), energy metabolism/hypoxia (ALDOC, ENO2, PFKFB4, CA3, and
CA9), and paracrine signalling (WNT, PDGF, FGFR, EGFR, PI3K, and VEGF) in the 3D format, which suggest engineered heart tissue as more suitable
model for evaluating cardiac regenerative therapy.
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