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ENGINEERED TISSUES DERIVED FROM INDUCED-PLURIPOTENT STEM CELLS (IPSCs) FOR DISEASE
MODELING, DRUG DISCOVERY, AND REPLACEMENT THERAPIES*

Phenotypic Variation Between Stromal Cells Differentially
Impacts Engineered Cardiac Tissue Function

Tracy A. Hookway, PhD,1,** Oriane B. Matthys,1,2 Federico N. Mendoza-Camacho,1 Sarah Rains,1,3

Jessica E. Sepulveda,1,4 David A. Joy,1,2 and Todd C. McDevitt, PhD1,5

Throughout heart development, cardiomyocytes differentiate and mature in direct contact with nonparenchymal
cell types, such as cardiac fibroblasts. Thus, when modeling myocardial tissue in vitro, tissue engineers include
a supporting stromal cell population that is necessary for tissue formation, although the source of stromal cells
has varied widely. This study systematically characterized the phenotype of commonly used stromal cell
populations and analyzed the differential impacts of stromal phenotype on cardiac microtissue phenotype and
function. Quantitative morphometric analysis, flow cytometry, unbiased morphological feature clustering, and
RNA sequencing of the different stromal populations revealed variable cell morphologies, surface marker
expression, and gene signatures, with primary adult stromal populations exhibiting more similar phenotypes to
each other than to stem cell-derived and progenitor populations. The ability of self-assembled cardiac mi-
crotissues to consistently form tissues was highly dependent on the stromal population mixed with stem cell-
derived cardiomyocytes, with cardiac fibroblasts and dermal fibroblasts (DFs) forming the most robust tissues
compared with mesenchymal stromal cells and induced pluripotent stem cell-derived fibroblasts. Cardiac
fibroblasts and DFs also resulted in cardiac microtissues displaying a more mature calcium handling profile,
with increased amplitude and upstroke velocity. These results demonstrate the breadth of phenotypic variation
across stromal populations owing to cell and tissue source, with certain primary populations, such as cardiac
fibroblasts and DFs, supporting cardiac microtissue phenotype and improved calcium handling function.

Keywords: cardiomyocytes, fibroblasts, cardiac microtissues, heterotypic interactions, stromal cells, stem cell-
derived tissues

Impact Statement

Understanding the relationship between parenchymal and supporting cell populations is paramount to recapitulate the
multicellular complexity of native tissues. Incorporation of stromal cells is widely recognized to be necessary for the stable
formation of stem cell-derived cardiac tissues; yet, the types of stromal cells used have varied widely. This study sys-
tematically characterized several stromal populations and found that stromal phenotype and morphology was highly
variable depending on cell source and exerted differential impacts on cardiac tissue function and induced pluripotent stem
cell–cardiomyocyte phenotype. Therefore, the choice of supporting stromal population can differentially impact the phe-
notypic or functional performance of engineered cardiac tissues.

Introduction

The heart is composed of multiple cell types that in-
teract through numerous heterotypic interactions and

collectively impact cardiac tissue structure and function.

During normal heart development, cardiomyocytes (CMs)
differentiate and mature in intimate contact with non-
myocytes, such as cardiac fibroblasts, which concurrently
increase in number and ultimately constitute >50% of the total
number of cells in the heart.1 Cardiac fibroblasts interact with
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cardiomyocytes through direct cell–cell contacts,2–6 are the
primary producers of extracellular matrix,7,8 and secrete
paracrine mediators9–12 that affect cardiac homeostasis, car-
diomyocyte phenotype, hypertrophy, and tissue remodeling.
The wide variety of mechanisms by which cardiac fibroblasts
can influence the microenvironment of cardiomyocytes and
the close spatial relationship throughout pre- and postnatal
development reflect the importance of heterotypic interac-
tions in influencing cardiomyocyte phenotype and cardiac
tissue function. Despite the well-known physical juxtaposi-
tion between the two cell types, the specific mechanisms by
which cardiac fibroblasts influence cardiomyocytes have not
been rigorously interrogated.

Recent advances in pluripotent stem cell-directed differ-
entiation protocols13,14 have provided a robust source of hu-
man cardiomyocytes (hPSC-CMs) that can be used to study
heterotypic interactions in vitro. Tissue engineering ap-
proaches utilizing hPSC-CMs to mimic the myocardium en-
able precise control over the cellular composition. Cardiac
tissue biologists have long recognized the need for using
heterogeneous, nonpurified differentiations of hPSC-CMs or
including nonmyocyte populations along with cardiomyocytes
to enable stable tissue formation.15–17 A wide variety of dif-
ferent stromal cell types has been mixed with hPSC-CMs in
engineered constructs including cardiac fibroblasts,18 dermal
fibroblasts (DFs),19,20 mesenchymal stromal cells (MSCs),21

induced pluripotent stem (iPS) cell-derived fibroblasts,15,17

endothelial cells (EC),16,18 and/or combinations of these cell
types.22–25 Generally speaking, the inclusion of stromal pop-
ulations increases the expression of cardiac-specific genes16,18

and improves functional properties, such as calcium handling,
action potential kinetics,16 and contractile force.18 However,
the variability of stromal cell type has led to inconsistencies in
cardiac tissue function and cardiomyocyte pharmacological
responses reported by independent studies, thus limiting our
understanding of the impact of different stromal cells on en-
gineered cardiac tissues.

Because of the variability in stromal cell use throughout
the field, this study systematically evaluated the effects of
commonly used stromal populations on cardiac microtissue
formation, phenotype, and physiological function through
a series of quantitative phenotypic and transcriptomic ap-
proaches. This study (i) characterizes the phenotypic dif-
ferences between stromal cells obtained from different cell
and tissue sources and (ii) examines their respective conse-
quences on hPSC-CM phenotype and cardiac microtissue
function. These results emphasize the importance of hetero-
typic mixing with nonmyocytes in complex three-dimensional
(3D) cardiac models and highlight the need for detailed
characterization of starting cell populations to better define
their functional impacts on engineered cardiac tissue cal-
cium handling.

Materials and Methods

Stromal cell culture

See Supplementary Table S1 for cell source and donor
information. Human fetal cardiac fibroblasts (fCFs) were
purchased from Cell Applications (San Diego, CA) and
human adult cardiac fibroblasts (aCFs) were purchased from
Cell Applications and PromoCell (aCFPC) (Heidelberg, DE).
Cardiac fibroblasts were seeded at a concentration of 1 · 104

cells/cm2 and expanded in cardiac fibroblast growth medium
(Cell Applications) or fibroblast growth medium 3 (Pro-
moCell) for up to 10 passages. Human bone marrow-derived
MSCs were purchased from RoosterBio (Frederick, MD),
maintained in Rooster-Nourish MSC medium, replated at
1 · 104 cells/cm2, and cultured for up to 10 passages. Human
DFs were purchased from Cell Applications, maintained in
fibroblast medium (KnockOut Dulbecco’s modified Eagle’s
medium [KO DMEM; Thermo Fisher, Waltham, MA], 10%
fetal bovine serum [FBS; Atlanta Biologicals, Flowery
Branch, GA], 1 · nonessential amino acid [NEAA], 1 · l-
glut, 0.1 mM b-mercaptoethanol [Bio-Rad, Hercules, CA]),
replated at 1 · 104 cells/cm2, and cultured for up to 10
passages. iPS cell-derived teratoma outgrowth stromal cells
(iPS-Ftera)

26 were maintained in KO DMEM containing 10%
FBS, 1 mM NEAA, 1 mM l-glut, and 1 mM antibiotic–
antimycotic (Thermo Fisher), replated at 1 · 104 cells/cm2,
and cultured for up to 15 passages. iPS cell-derived embry-
oid body outgrowth stromal cells (iPS-FEB)17 were main-
tained in fibroblast medium, replated at 1 · 104 cells/cm2,
and cultured for up to 10 passages.

Flow cytometry

Stromal cells were fixed with 4% paraformaldehyde for
15–20 min at room temperature (RT). Based on the stan-
dards issued by the International Society for Cellular
Therapy for mesenchymal stromal markers,27 stromal cells
were stained for CD166, CD90, CD73, CD45, and CD34
(Supplementary Table S3) using Stain Buffer (FBS; BD
Biosciences). Samples were analyzed on a BD FACSCalibur
DxP8 and the resulting data were analyzed using FlowJo
software (v.10).

Immunocytochemistry

Stromal cells were fixed with 4% paraformaldehyde for 15–
20 min at RT and stained with antibodies against vimentin
overnight at 4�C. Alexa Fluor 647, phalloidin 488, HCS Cell
Mask Red, and Hoechst were added for 45 min at RT (Supple-
mentary Table S3 for antibody information and concentrations).

Image acquisition and morphometric assessment

A minimum of 150 stained cells was imaged for each
stromal cell population on the Cellomics ArrayScan XTI
(Thermo Fisher) and then analyzed with HCS Studio Cell
Analysis Software using the Morphology Assay (v.6.0.3.4024)
to obtain measurements of the following morphological fea-
tures: cell length, cell width, cell area, fiber area, cell pe-
rimeter, nuclear area, fiber alignment 1, and fiber alignment
2. Fiber alignment 1 corresponds to the standard deviation
of each fiber measurement with the axis of the image. Fiber
alignment 2 is related to the anisotropy of a cell that cor-
responds to the ratio of second moments of the principle
axes. The Kolmogorov–Smirnov statistical test with Holm–
Bonferroni multiple comparison correction was performed
to compare empirical distributions of morphometric mea-
surements between stromal cell populations. Statistical sig-
nificance was determined at p < 0.05 for Holm–Bonferroni
corrected p-values.
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Principle component analysis

Principal component analysis (PCA) was performed with a
Python (v.3.6) script implementing the scikit-learn package28

to analyze primary morphological feature measurements (cell
length, cell width, cell perimeter, cell area, nuclear area, fiber
area, fiber alignment 1, and fiber alignment 2) of *100–150
cells per stromal cell population obtained from the HCS
Studio Cell Analysis Morphology Assay.

PhenoRipper

PhenoRipper software (v.1.20)29 was used to compare
stromal cell images in an unbiased fashion with minimal
user input. Eight-bit tiff images acquired by Cellomics Ar-
rayScan XTI (n > 100 for each stromal cell population) were
analyzed with the following parameters specified within the
software: threshold intensity: 16; block size: 10; number of
colors used: 10; number of block types: 10; number of su-
perblock types: 30; training images: 50–100; use back-
ground images to obtain a multidimensional scaling plot and
clustergram of top ranking superblocks found within the
dataset.

RNA sequencing

Stromal cells were lysed with Trizol for RNA extraction
with the Direct-zol RNA Miniprep kit (ZymoResearch, Irvine,
CA). All groups were collected in duplicate or triplicate. RNA
was quantified using the NanoDrop 2000c (Thermo Fisher).
RNAseq libraries were created using the SMARTer Stranded
Total RNA Sample Prep Kit (Takara Bio, Kusatsu, JP) and
sequenced on the NextSeq 500 (Illumina, San Diego, CA) to a
minimum depth of 25 million reads per sample. The sequences
were aligned to hg19 using TopHat2,30 reads were quantified
using featureCounts,31 and differential expression analysis was
determined using edgeR.32,33 Hierarchical clustering was car-
ried out using the Hierarchical Ordered Partitioning and Col-
lapsing Hybrid (HOPACH) package in R.34 Raw data will be
available at GEO (Accession #: GSE129058).

PSC culture

Human PSCs (WTC11 cells modified with GCaMP6f re-
porter; generously donated by Dr. Bruce Conklin)35,36 were
cultured on Matrigel-coated (80mg/mL; Corning, Corning,
NY) plates in mTeSR medium (Stem Cell Technologies,
Vancouver, CA). Cells were grown to 70% confluence, pas-
saged using Accutase (Innovative Cell Technologies, San
Diego, CA), and seeded in mTeSR medium with 10mM
ROCK inhibitor (Y27632; SelleckChem, Houston, TX) at a
density of 1 · 104 cells/cm2.

Cardiomyocyte differentiation

Differentiation of CM from human induced pluripotent
stem cells (hiPSCs) was achieved with a serum-free, chem-
ically defined protocol on monolayer cultures.13,14 In brief,
GCaMP6f WTC11 hiPSCs were seeded onto Matrigel-
coated dishes at 3 · 104 cells/cm2 in mTeSR medium and
grown to confluence for 3 days. On day 0 of differentiation,
the cultures were fed with RPMI 1640 medium (Thermo
Fisher) and B27 supplement minus insulin (referred to as
RPMI/B27- medium; Life Technologies, Grand Island, NY)

supplemented with 12mM CHIR99021 (SelleckChem). The
initial induction medium was completely removed after 24 h
and exchanged with RPMI/B27- medium. On day 3 of dif-
ferentiation, the medium was changed to RPMI/B27- me-
dium supplemented with 5mM IWP2 (Tocris, Bristol, United
Kingdom) for 48 h and then replaced with fresh RPMI/B27-
on day 5. On day 7 of differentiation, medium was changed
to RPMI 1640 medium with B27 supplement plus insulin
(referred to as RPMI/B27+ medium; Life Technologies) and
refreshed every 3 days thereafter. Cells were replated at a
concentration of 80,000 cells/cm2 on day 15 onto Matrigel-
coated dishes in RPMI/B27+ medium. Purification of cardio-
myocytes occurred on days 20–24 by feeding cells with lactate
purification medium37 (no-glucose DMEM [Thermo Fisher]
with 1 · NEAA [Corning], 1 · GlutaMAX [l-glut; Life Tech-
nologies], and 4 mM lactate), refreshing the medium once on
day 22. On day 24, the medium was refreshed with RPMI/
B27+ and hPSC-CMs were subsequently maintained with
RPMI/B27+ medium completely exchanged every 3 days
thereafter until harvest (D35 – 7).

Cardiac microtissue formation

Lactate purified cardiomyocytes (>85% cTnT+; day 35 – 7)
were mixed at a 3:1 ratio with human aCFs, DFs, MSCs, or
iPS cell-derived fibroblasts (teratoma outgrowth stromal cells)
before seeding *2000 cells per inverted 400mm pyramidal
agarose microwell.38 Cells self-assembled over the course of
18–24 h and the resultant microtissues were then removed
from the microwells and maintained in rotary orbital sus-
pension culture for 7 days in RPMI/B27+ medium at a density
of *2000 microtissues per 100 mm Petri dish.38

Gene expression analysis

Stromal cells and cardiac microtissues were lysed with
Trizol (Invitrogen, Carlsbad, CA) for RNA extraction with the
RNeasy Mini Kit (Qiagen, Hilden, DE). All groups were
collected in duplicate or triplicate. RNA was converted to
cDNA following the iScript cDNA Synthesis Kit (Bio-Rad).
Forward and reverse primers (Supplementary Table S2) were
designed with the NCBI Primer-BLAST. Preamplified cDNA
samples and primers were mixed with Sso Fast EvaGreen
Supermix (Bio-Rad), loaded onto a 96.96 Dynamic Array inte-
grated fluidic circuit (Fluidigm, San Francisco, CA), and run on a
BioMark HD system. Relative gene expression levels were
normalized to reference gene 18s rRNA, and fold changes were
calculated using the DDCt method39 compared with expression
in 3D microtissues composed of CMs alone. Results were plotted
using Genesis software (Graz University of Technology40).

Calcium imaging analysis

WTC11 hiPSCs with genetically encoded GCaMP6f cal-
cium indicator were used to enable visualization of calcium
transients in hPSC-CMs. Day 7 aggregates were equilibrated
in Tyrode’s solution (137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 0.2 mM Na2HPO4, 12 mM NaHCO3, 5.5 mM d-
glucose, and 1.8 mM CaCl2; Sigma-Aldrich) in 35 mm Petri
dishes for 30 min at 37�C before measuring calcium tran-
sients. Samples were mounted on a Zeiss Axio Observer Z1
inverted microscope equipped with an Orca Flash Hamma-
matsu camera. Electrodes were placed in the Petri dish and
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electrical field stimulation was applied at 1 Hz (MyoPacer,
IonOptix). Video acquisition of calcium flux was obtained
using Zen Professional software (v.2.0.0.0) with 10 ms ex-
posure and 100 fps. One circular 120-pixel region of interest
was selected at the center of each aggregate and the mean
fluorescent intensity values were plotted. Calcium fluores-
cence intensity profiles were further analyzed through a
custom R-script to quantify the kinetics of each transient
(i.e., amplitude, time, velocity, and beat rate).

Histology and immunofluorescent staining

Microtissues were fixed for 1 h in 10% neutral-buffered
formalin at RT. Microtissues were then embedded in His-
toGel Specimen Processing Gel (Thermo Fisher), paraffin
processed, sectioned at 5mm-thickness, and adhered to Su-
perFrost Plus microscope slides (Thermo Fisher). Samples
were deparaffinized with xylene, rehydrated by a series of
graded ethanol steps, and washed in phosphate-buffered
saline. Slides were immersed in citrate buffer (Vector La-
boratories, Burlingame, CA) at pH 6.0 in a 95�C water bath
for 35 min for heat-induced epitope retrieval. Samples were
then permeabilized in 0.2% Triton X-100 (Sigma-Aldrich),
blocked (1.5% normal donkey serum) for 1 h at RT, probed
with primary and secondary antibodies against cardiac tro-
ponin T, slow+fast troponin I, and cardiac troponin I, and
counterstained with Hoechst and wheat germ agglutinin
(WGA; antibody information in Supplementary Table S3).
Coverslips were mounted with antifade mounting medium
(ProlongGold; Life Technologies). All samples were imaged
on a Zeiss Axio Observer Z1 inverted microscope equipped
with an Orca Flash Hamamatsu camera.

Statistics

The mean – standard deviation was calculated from at
least 10 biological replicates for all data unless otherwise
noted. When comparing three or more groups, one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc analysis was performed. For all comparisons, statistical
significance was determined at p < 0.05. All statistical ana-
lyses were performed using GraphPad Prism 7.0 software.

Results

Stromal populations have distinct expression
and morphological profiles

Phenotypic profiling of the stromal populations was per-
formed to gain insight into the differences between fibroblast
populations. To more completely reflect the breadth of stromal
populations used in heterotypic co-culture studies across the
field, a wide variety of stromal cell types (aCFs, fCFs, DFs,
MSCs, iPS-Ftera, and iPS-FEB) were examined by the following
phenotypic analyses. A panel of common stromal surface
markers was measured in individual cell types by flow cytom-
etry to reveal expression levels across stromal populations. As
expected, no cell types expressed CD45 and most cells types did
not express CD34 at appreciable amounts except for iPS-Ftera

(>50% of cells), MSCs (*20%), and DFs (*25%) (Supple-
mentary Fig. S1 and Supplementary Table S4). All stromal
populations contained many CD166+ cells; however, fCFs
and aCFs had moderate expression (*23% and *45%, re-
spectively) compared with DFs, MSCs, iPS-Ftera, and iPS-

FEB, which contained >98% CD166+ cells. MSCs were the
only cell population that expressed CD73 (*97%). CD90
expression was highly variable among the different cell pop-
ulations with very little expression observed in aCFs and fCFs
(Supplementary Table S4).

Dramatic differences among stromal cell morphometry
were revealed by fluorescent labeling of F-actin with phal-
loidin (Fig. 1A). MSCs and DFs were the largest cells that
spread out the most (average area >5000mm2) in contrast to
the iPS-Ftera and fCFs that exhibited a small, compact mor-
phology (average area <2500mm2; Fig. 1B). MSCs were the
most variable with regard to cell size and shape, as indicated
by the wide distribution with each measured parameter
(Fig. 1B). Cultures of both aCFs and fCFs included many
long, thin spindle-shaped cells, whereas DFs contained long,
wide cells, giving rise to apparent differences in cell area
across stromal type (Fig. 1B). Automated imaging of each
stromal cell type enabled high throughput analysis of popu-
lation morphometry. Specific features of individual cells
(length, width, perimeter, area, fiber area, nuclear area, and
fiber alignment) extracted from the images were compared
between the different stromal populations (Fig. 1B and Sup-
plementary Fig. S2). iPS-FEB displayed the widest distribu-
tion in length and area, indicating more morphological
variability within this population. This variability reflects the
iPS-FEB differentiation itself, which was inconsistent and did
not yield large quantities of stromal cells as easily as the iPS-
Ftera differentiation did. DFs and MSCs exhibited the largest
nuclear area (>295mm2), but the smallest nuclear area-to-cell
area ratio given that they also had the largest average cell
areas. MSCs displayed the greatest cell area (>6200 mm2)
and corresponding fiber area, although actin fibers were
more unaligned compared with the other stromal popula-
tions (Fig. 1B and Supplementary Fig. S2). The iPS-FEB

exhibited the highest actin fiber alignment despite having
the lowest fiber area (Fig. 1B and Supplementary Fig. S2).

Although the individual morphometric parameters il-
lustrate some differences between cell types, the correlated
image-extracted measurements were subjected to PCA to
reveal uncorrelated variables contributing to morphologi-
cal differences (Supplementary Fig. S3). The overall vari-
ance in cell morphology was separated along two principal
components on the PCA biplot based on their morphologic
characteristics. PC1 captured 91% of the variance and was
primarily correlated to differences in cell area (Supplemen-
tary Fig. S3), demonstrated by individual images of smaller
cells on the left of the plot compared with the larger cells on
the right of the plot. PC2 captured only 4% of the variance
and was largely driven by fiber area. Cells did not com-
pletely separate by stromal type, but MSCs, DFs, and aCFs
appeared to cluster more closely together, perhaps reflecting
a more similar morphology.

The PCA was run on a small number of known (i.e., bi-
ased) parameters that were predetermined and measured from
the images to quantify cell morphometrics. To contrast this
approach, PhenoRipper was used to evaluate cell morphology
in an unbiased manner (Fig. 2 and Supplementary Fig. S4).29

The individual cells were analyzed based on similarity of like
features within the images (Fig. 2, examples of features are
shown in images along the top of the heatmap). Clustering
stromal cells based on like features indicated that pri-
mary isolated adult cells (DFs, aCFs, MSCs) shared greater
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FIG. 1. Morphometric analysis of stromal cell populations. (A) F-actin labeling (phalloidin) of all stromal cell popula-
tions. (B) Violin plots of morphological features: cell length, cell width, cell area, and fiber (F-actin) area. Kolmogorov–
Smirnov statistical test with Holm–Bonferroni multiple comparison correction was used to compare empirical distributions
of morphological feature measurements for each stromal cell type with significance determined at p < 0.05 (Supplementary
Fig. S2 for table of p-values). Color images are available online.

FIG. 2. PhenoRipper analysis of images of F-actin-labeled stromal cell populations. (A) MDS plots of individual cell
images colored by stromal cell identity. (B) Clustergram of differentially expressed superblocks. Expanded views of su-
perblocks representing (i) cell perimeter, (ii) actin fiber-rich cell interior, (iii) nucleus, and (iv) cell interior with less defined
actin fibers. MDS, multidimensional scaling. Color images are available online.
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morphological similarity than the fetal or iPS cell-derived
fibroblasts (fCFs, iPS-Ftera, iPS-FEB) (Fig. 2B). Taken to-
gether, these phenotypic data suggest that cultured stromal
cells adopt characteristic physical features that enable dis-
tinction based on morphometric analysis.

Stromal populations have distinct
transcriptomic profiles

Transcriptional analysis was performed to characterize
phenotypic differences between stromal cell populations. Not
surprisingly, all the stromal populations were more tran-
scriptionally similar to each other than to hPSC-CMs (Sup-
plementary Fig. S5A, B). As illustrated in the PCA, the
variance in cell phenotype was separated along two principal
components based on their subtype. PC1 captured 62% of the
variance and was based largely on the differences between
cardiomyocytes and all stromal populations combined (Sup-
plementary Fig. S5B). PC2 captured 12% of the variance and
separated the stromal cells into three clusters based on their
similarity with one another. DF clustered individually, fCFs
and aCFs clustered together, and MSCs, iPS-Ftera, and iPS-
FEB clustered together in the third group. To enable better
separation of the individual stromal populations, the tran-
scriptomic data were reclustered without the cardiomyocytes.
This reclustering further highlighted the similarities among
MSCs, iPS-Ftera, and iPS-FEB compared with the other stro-
mal cell populations (Fig. 3A, B), indicating a transcriptional
difference in stromal cells isolated from progenitor or stem
cell-based differentiations. Adult CF populations from dif-
ferent vendors (aCFs that were used throughout these studies
vs. aCFPC) did not cluster together with the PCA, indicating
variability in fibroblasts even from the same tissue source,
perhaps as a result of different isolation and culture methods.

Nine individual clusters of genes that shared similar expres-
sion patterns across the cell populations were identified using
the HOPACH clustering algorithm on the RNAseq results.34

The separation of five clusters (2, 3, 5, 6, and 7) was driven
entirely by the comparison of stromal cells with cardiomyocyte
transcriptomes (Supplementary Fig. S5C). Several of the top
GO terms associated with these clusters included cardiac de-
velopmental and regulatory pathways such as muscle contrac-
tion, conduction, and sarcomeric organization. However, the
differences between the remaining HOPACH clusters (1, 4, 8,
and 9) could be attributed to other specific stromal populations.
For example, the differential genes in cluster 4 were linked with
MSCs, iPS-Ftera, and iPS-FEB, which contained several home-
otic genes (i.e., HOXA9, HOXA13, HOXC10, HOXC11, and
HOXD10) with associated GO terms involved in embryonic
morphogenesis and pattern formation. In contrast, the differ-
ential genes in cluster 8 were associated with DFs and aCFPC,
which contained several extracellular matrix-related genes (i.e.,
HAS1, ELN, COL22A1, VIT, and ACAN) and associated with
GO terms involved in tissue regeneration and collagen organi-
zation (Supplementary Fig. S5C). The genes driving clusters 1
and 9 were largely expressed in the cardiac fibroblast popula-
tions (aCFs, fCFs, and aCFPC) and associated with GO terms
related to chemokine signaling, inflammatory response, and
peptide signaling (Supplementary Fig. S5C). Taken together,
these results demonstrate that stromal cells obtained from var-
ious sources are transcriptionally distinct from one another, but
that some gene expression patterns may be conserved across
primary isolated stromal cells (aCFs, fCFs, and DFs) compared
with progenitor or stem cell-derived stromal cells (MSCs, iPS-
Ftera, and iPS-FEB).

Stromal cells enable variable cardiac
microtissue formation

Given the observed variability in stromal phenotypes, we
hypothesized each population would differentially impact
cardiac microtissue formation, phenotype, and function. To
determine the required stromal fraction for consistent cardiac
microtissue formation, lactate-purified hPSC-CMs were

FIG. 3. RNA sequencing analysis of stromal cell populations through (A) differential gene expression heatmap and (B)
PCA plot. PCA, principal component analysis. Color images are available online.
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mixed with varying ratios of aCFs (0%, 5%, 10%, 20%,
25% fibroblasts). Aggregation with ratios <10% aCFs did
not yield microtissues, only small clusters containing a few
cells. Larger, more uniform aggregates were observed using
>10% stromal fraction. However, the most consistent, robust
formation was observed with 25% stromal incorporation
(Fig. 4A). Thus, to ensure consistency across studies, lactate-
purified hPSC-CMs were combined with 25% stromal frac-
tion for all subsequent experiments.

As different stromal populations have been used in en-
gineered cardiac tissues, microtissue aggregation potential
was compared using cardiomyocytes mixed with the most
commonly used stromal types: aCFs, DFs, MSCs, and iPS-
Ftera (Fig. 4B). The resulting microtissues were highly variable
in size across groups. Microtissues composed of only cardi-
omyocytes did not form well with many small clusters of only
a few cells, similar to that observed in the cell ratio study.
Microtissues generated with MSCs or iPS-derived fibroblasts

FIG. 4. Stromal cells differentially impact cardiac microtissue formation. (A) Ability of tissues to form was based on the
incorporation fraction of stromal cells (0–25% adult cardiac fibroblasts). (B) Graphical representation of heterotypic cardiac
microtissue groups. (C) Tissue formation at day 0 and 3 of cardiomyocytes alone and cardiomyocytes with adult cardiac
fibroblasts, dermal fibroblasts, mesenchymal stromal cells, and iPS cell-derived fibroblasts. (D) Average diameter of cardiac
microtissues comprised cardiomyocytes with different stromal cell populations (n > 125; *p < 0.05; ***p < 0.001;
****p < 0.0001). iPS, induced pluripotent stem. Color images are available online.

FIG. 5. Immunofluorescent staining of day 7 heterotypic cardiac microtissues. Top row: cardiac-specific marker cardiac
troponin T (TNNT2, red) and membrane marker WGA (blue). Bottom row: slow+fast troponin I (TNNI1, green) and cardiac
troponin I (TNNI3, red) and Hoechst nuclear stain (blue). WGA, wheat germ agglutinin. Color images are available online.
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also contained small clusters of cells in addition to larger,
nonuniform aggregates leading to highly heterogeneous size
distributions based on measured aggregate diameter (+MSC:
*55–250mm; +iPS-Ftera: *50–180mm) (Fig. 4C, D). The
variability in size of aggregates led to an overall decrease in
the total number of cardiac microtissues observed in groups
with CM alone, MSCs, or iPS-Ftera compared with groups
with aCFs or DFs. The inclusion of aCFs and DFs led to the
formation of large, uniform aggregates with consistent size
(*180mm in diameter) (Fig. 4C, D). These data suggest that
some stromal populations (MSCs and iPS-Ftera) do not support
uniform formation of microtissues, whereas other stromal
populations (aCFs and DFs) readily support consistent gen-
eration of cardiac tissues.

To determine structural uniformity between different
heterotypic mixes, cardiac troponin T (TNNT2) distribution
was analyzed across fixed, 7-day-old microtissues (Fig. 5).
Even distribution of cardiomyocytes (TNNT2+) was ob-
served in all aggregates. Stromal cells (WGA+) appeared to
be evenly distributed within individual aggregates, out-
numbered by TNNT2+ cells in all groups except microtissues
with iPS-Ftera. Differences in expression of cardiac troponin I
isoforms were observed between groups. Microtissues
formed with aCFs and MSCs contained the most robust
TNNI3 staining throughout, whereas TNNI1 and TNNI3 were
more diffuse in microtissues without stromal cells, with DFs,
or with iPS-Ftera (Fig. 5). These data reflect the similarity in
microtissue composition between groups and suggest that
different stromal interactions may lead to CM phenotypic
changes (TNNI1 vs. TNNI3 expression).

Stromal cell inclusion yields phenotypic variation
among cardiac microtissues

In addition to differences in aggregation potential re-
sulting from heterotypic interactions, CM phenotype was
compared across 7-day-old microtissues to analyze chan-
ges in cardiac gene expression as a result of culture with
various stromal populations (Fig. 6). A panel of primarily
cardiac-specific gene markers was assessed for the cardiac
microtissues and normalized to microtissues comprised
entirely from cardiomyocytes. The same panel of markers
was characterized on individual stromal cell populations
and, as expected, cardiac-related genes were not expressed
in the stromal cells (Supplementary Fig. S6). Commonly
expressed stroma-related genes (i.e., THY1, VIM, GJA1,
and GJC1) were abundant, although differentially ex-
pressed, by the different stromal cell populations. Gene
expression profiles of cardiac microtissues comprising only
CMs or with iPS-Ftera were clearly distinguished from the
other stromal cell populations through hierarchical clus-
tering of the gene expression profiles (Fig. 6). The stark
contrast in gene expression profiles between the hetero-
typic cardiac microtissues and their respective individual
stromal populations allowed for direct comparison of the
specific influence of stromal cell type on cardiomyocyte
phenotype within the microtissues.

Increased expression of genes mediating ion exchange
(SLN and KCNH2) was observed in all microtissues con-
taining stromal cells compared with microtissues consisting
of only CMs (Fig. 6). Several genes involved in cardio-
myocyte development (TBX5, MESP1, MEF2C, GATA4,

ISL1, and LEF1), contractility (MYH6, MYH7, MYL7,
TNNT2, TNNI1, and TNNI3), and metabolism (PGC1B and
PPARA) were expressed at higher levels in the microtissues
cultured with MSCs, aCFs, and DFs than those containing
iPS-Ftera. Microtissues containing MSCs expressed higher
levels of most genes, including regulators of metabolism
(FABP2 and PGC1A) and sodium ion channels (SCN5A and
SLC8A1), than microtissues with aCFs or DFs. Of interest, a
subset of genes related to early cardiac development (TBX5
and MESP1) were expressed at higher levels in microtissues
containing DFs than aCFs, whereas some genes related to
myocyte contractility (ACTN2 and MYBPC3) were expressed
at higher levels in microtissues containing aCFs than DFs.
Overall, microtissues containing iPS-Ftera expressed lower
levels of most cardiac-related genes, suggesting that iPS-Ftera

cells may not support cardiac phenotype as well as the stromal
cell populations sourced from primary tissues. Together, these

FIG. 6. Gene expression analysis of cardiac- and stromal-
specific markers on day 7 heterotypic microtissues com-
pared with day 7 homotypic microtissues comprised only
cardiomyocytes. Color images are available online.
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data demonstrate that cardiomyocyte phenotype is altered by
heterotypic interactions and that culture with primary-derived
stromal cells (aCFs, DFs, and MSCs) promotes a more robust
cardiac phenotype compared with culture without exogenous
fibroblasts or with iPS-derived fibroblasts.

Stromal cell modulation of cardiac microtissue
calcium handling

Calcium transients of individual aggregates were opti-
cally monitored for 7 days after tissue formation to evaluate
the influence of various stromal populations on cardiac
tissue calcium handling properties (Fig. 7A). All the het-
erotypic microtissues exhibited a decreased T50 upstroke
compared with homotypic microtissues formed only with
CMs, demonstrating improved kinetics of calcium influx
with the inclusion of stromal cells. The amplitude of cal-
cium transients was greatest for microtissues containing DFs
and the Vmax upstroke was significantly higher in micro-
tissues containing aCFs or DFs compared with CM-alone
microtissues (Fig. 7B). The calcium handling properties of
microtissues containing CM alone, +MSC, or +iPS-Ftera

exhibited greater variability with increased standard devia-
tions for each measurement, reflecting inconsistent responses
between microtissues within these groups. These results
demonstrate that calcium handling properties of engineered
microtissues are modulated by heterotypic interactions with
different stromal cell populations and that microtissues
comprising CM with aCFs or DFs yield the most consistent
microtissues with accelerated functional maturation with re-
spect to their calcium handling properties.

Discussion

The observed phenotypic differences between fibroblastic
populations instigated assessment of the structural and func-
tional benefits of heterotypic microtissues. The International
Society for Cellular Therapy along with researchers working
with MSCs have come to consensus on a typical panel of
marker expression expected within the cell population27:
CD166+, CD90+, CD73+, CD34-, and CD45- (Supplemen-
tary Table S4 and Supplementary Fig. S1). However, stromal
cells in general are broadly defined as adherent cells that
secrete extracellular matrix and are usually characterized
by a spindle-shaped morphology. Morphometric profiling
of the different stromal populations examined in this study
revealed significant variability in cell shape, size, and actin
fiber organization (Fig. 1 and Supplementary Fig. S2),
indicating that qualitative assessment of cell appearance is
insufficient to describe fibroblast phenotype. Furthermore,
flow cytometry data demonstrated variable surface marker
expression across stromal populations (Supplementary
Fig. S1). CD90 is generally thought to be an identifying
marker of fibroblasts, yet reports of CD90 expression in
cardiac fibroblasts is variable, from high expression levels41,42

to mixed expression,43 and in this study, a distinct lack of
CD90 expression in both the fetal and adult cardiac fibroblast
populations. The reported variability could be because of
in vivo versus in vitro phenotype of cardiac fibroblasts and
changes that arise during in vitro culture.44 For example, basic
fibroblast growth factor (FGF2) specifically decreases CD90
expression in MSC populations,45 indicating that specific
culture conditions can lead to changes in surface marker ex-
pression. Altogether, these data demonstrate that singular

FIG. 7. Stromal cells impacted day 7 cardiac microtissue function. (A) ROIs (120-pixel diameter) were selected at the
center of each tissue (n > 10). (B) Representative calcium transients were determined by averaging normalized (F/F0)
fluorescent intensity values from all tissues within each group. Calcium handling properties were assessed by quantifying
amplitude (F/F0), maximum upstroke velocity (Vmax up), and time to 50% of upstroke amplitude (T50 up). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. ROIs, regions of interest. Color images are available online.
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metrics are insufficient to characterize stromal cells and
predict their suitability for use in engineered tissues.

In recent years, there has been an increase in studies using
PSC-derived cardiomyocytes as in vitro models of cardiac
behavior given the advancement of differentiation protocols,
which yield more robust cardiomyocyte populations. Several
studies have shown that engineered 3D cardiac tissues gen-
erated from hPSC-CMs serve as better predictive models of
cardiac physiology and drug response than two-dimensional
(2D) monolayers.17,46–49 Within the context of 3D-engineered
tissues, strong evidence has been presented for the inclusion of
a nonmyocyte fraction to form stable cardiac tissues.15–17

However, the requisite ratio of stromal cells and the effects of
different stromal cell populations on multicellular cardiac
tissue function have not been fully explored. Consistent with
previous reports,15,19,20,50,51 the data presented here demon-
strate the need for a minimum 10–25% stromal fraction to
ensure robust tissue formation and stability (Fig. 4A). The
variability in stromal fraction observed across studies can be
explained in part by the variety of stromal cell types used in
different engineered constructs, and also inconsistencies with
CM differentiation efficiencies from batch-to-batch and deri-
vation protocols between laboratories.52 In this study, micro-
tissues generated from CM alone resulted in inconsistent
tissue formation despite following the same differentiation and
purification protocols, highlighting the variability in pure
hPSC-CMs (Fig. 4A, C). This study aimed to systematically
compare the impacts of multiple commonly used stromal
populations on 3D-engineered cardiac tissue to determine if
specific sources of stromal cells influenced cardiac tissue
formation and function differentially.

To date, cardiac tissues have been generated using cardio-
myocytes alone,48,53–55 or by mixing with cardiac fibroblasts,18

DFs,18,19,47,56 MSCs,21,57 and, more recently, PSC-derived
fibroblasts.17,25,50,58 In a subset of these studies, EC have also
been combined with cardiomyocytes and stromal cells to
generate complex tricellular cardiac tissues.16,24,59,60 How-
ever, as a result of cell type and source variability, the func-
tional consequences of stromal inclusion have remained
elusive. Cardiac tissues comprising CM+CF+EC exhibited
appropriate contractile responses to inotropic chemical agents
compared with microtissues comprising CM+DF+EC that did
not respond to these drugs, suggesting that inclusion of DFs
may not support proper pharmacological response of cardiac
tissues.18 However, these results are confounded by the fact
that the specific influences of the fibroblasts on the cardio-
myocytes cannot be dissected apart from the cardiomyocyte–
endothelial cell interactions. Therefore, in the study described
here, only one nonmyocyte population was paired with car-
diomyocytes to study heterotypic impacts in a more controlled
manner. In contrast to the reports mentioned previously, DFs
in this two-population system supported cardiac microtissue
formation (Fig. 4C), cardiac gene expression (Fig. 6), and
calcium handling similar to or better than CFs (Fig. 7B).
Moreover, a recent report of engineered cardiac tissues com-
prising CM+DF under electrical stimulation demonstrated the
greatest extent of CM phenotypic and functional maturation
seen to date,19 suggesting that DFs are able to support cardiac
function. It is important to note that the use of primary human
cells is accompanied by inherent limitations in availability and
donor matching. The CFs and DFs in this study came from
donors of different ages and sexes, making it challenging to

dissect the exact mechanism as to why DFs showed greater
improvements in calcium handling compared with CFs. One
other limitation to this study is the in vitro passage artifact
associated with primary cells. Although restrictions on pas-
sage use (<10 passages) were implemented in this study,
primary stromal cells expanded in culture may exhibit varying
degrees of phenotypic drift leading to further observed dif-
ferences in performance.

It is also highly possible to imagine that individual stromal
cells contribute to cardiac microenvironments in different
ways. MSCs in co-culture models have been reported to de-
liver paracrine signals to cardiomyocytes.61 In this study, a
global increase in cardiac gene expression was observed in co-
culture of CM+MSC (Fig. 6); however, functional benefits of
MSCs were variable (Fig. 7B), mirroring the inconsistent
ability of MSCs to form robust cardiac tissues (Fig. 4C, D).
This variability in MSCs microtissue function may be a direct
result of the variability in formation given that previous re-
ports have demonstrated a link between microtissue size and
resulting functional consequences,62 highlighting the impor-
tance of robust microtissue formation for consistent functional
outcomes. The variable impact on cardiac microtissue calcium
handling properties imparted by MSCs (Fig. 7) was consistent
with reports of MSCs exerting little effect on cardiac con-
tractile function in other engineered systems.60 Also consistent
with previous reports that suggest MSCs exert paracrine ef-
fects on tissue regulation and organization,63,64 we observed
improved cardiac gene expression with the presence of MSCs,
suggesting that MSCs may contribute to phenotypic changes
in CMs but have limited functional consequences on en-
gineered cardiac tissues. This highlights the idea that stromal
populations may serve different functions within the context
of microtissues and that there is not a single stromal cell type
that will outperform others in all aspects.

As the field moves toward engineering heterotypic tissues
derived entirely from iPS cell sources to enable isogenic
modeling, how to best define iPS cell-derived stromal cells
remains a major question. There are several reports of
hPSC-derived MSC-like cells65,66 and fibroblastic cells us-
ing 2D-directed approaches,67 3D embryoid body-based
approaches,17,68 and in vivo-based derivation methods.69

However, differences between these hPSC-derived stromal
populations’ morphology, characteristic phenotypic marker
expression, and ability to support formation and function of
engineered tissues remain unclear. In this study we com-
pared iPS-F using two different derivation methods from the
same isogenic iPS cell line as the cardiomyocytes: an
in vivo-based derivation capturing teratoma outgrowth cells
(iPS-Ftera)

26 and an in vitro-based derivation using an em-
bryoid body outgrowth method (iPS-FEB).17 The resulting
cells exhibited different morphologies with the iPS-Ftera

adopting a small and spindle-like shape, whereas the iPS-
FEB were large and flat (Fig. 1 and Supplementary Fig. S2).
The iPS cell-derived fibroblasts also had distinct surface
marker expression with *60% of iPS-Ftera expressing CD90
compared with no expression in the iPS-FEB (Supplemen-
tary Fig. S1) and iPS-Ftera did not support cardiac tissue
formation, gene expression, or functional properties
(Figs. 4B, 6, and 7B). Despite their morphological differ-
ences, transcriptomic analysis of the iPS-Ftera and iPS-FEB

suggested that both stem cell-derived stromal populations
were more closely related to each other than to either the CF
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or DF populations, reflecting that the iPS-F cells may rep-
resent a more immature stromal population. Image analysis
software, PhenoRipper, classified the two iPS cell-derived
fibroblast populations as more similar to each other and to
fetal CFs than any of the primary-derived adult populations,
suggesting that the iPS cell-derived cells may be morpho-
logically more similar to an early ‘‘immature’’ develop-
mental stromal cell. The concept of cell maturation has been
a focus of iPS cell-derived parenchymal populations, but
its relevance to supporting stromal cells has largely been
overlooked. A recent study comparing the transcriptome of
fCFs versus aCFs revealed distinct signatures between them
with genes related to muscle development and function as
well as immune cell trafficking upregulated in aCFs, further
highlighting the phenotypic changes that occur through-
out stromal maturation.41 The distinctions observed in our
study between early developmental stromal populations
and adult tissue-derived fibroblasts indicate the need to
further develop fibroblast differentiation protocols to yield
homogeneous, mature populations of stromal cells that con-
sistently support all aspects of cardiac tissue development
and function.

In conclusion, this study provides a direct comparison of
individual stromal populations through quantitative phe-
notypic and transcriptomic approaches, revealing distinct
differences between primary adult fibroblasts and iPS cell-
derived stromal cells. These phenotypic differences were
also demonstrated through the inability of iPS cell-derived
stromal cells to support consistent cardiac microtissue
formation and function. With the current shift toward en-
gineering complex heterotypic tissues from isogenic sources,
ongoing development of robust directed fibroblast differen-
tiation protocols from iPS cell sources should remain a focus
of research. Recent reports of iPS cell-derived cardiac fibro-
blasts have been described,70,71 but the ability of these cells to
contribute to cardiac function remains unknown. Given the
observed benefits of adult tissue-derived fibroblasts in con-
tributing to improved cardiac microtissue function seen in this
study, identifying methods to ‘‘mature’’ iPS cell-derived fi-
broblasts toward an adult-like phenotype may provide the key
to improved function of isogenic tissues.
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