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Human induced pluripotent stem cell derived cardiac fibroblasts (hiPSC-CFs) play a critical role in modeling
human cardiovascular diseases in vitro. However, current culture substrates used for hiPSC-CF differentiation and
expansion, such as Matrigel and tissue culture plastic (TCPs), are tissue mismatched and may provide pathogenic
cues. Here, we report that hiPSC-CFs differentiated on Matrigel and expanded on tissue culture plastic (M-TCP-
iCFs) exhibit transcriptomic hallmarks of activated fibroblasts limiting their translational potential. To alleviate
pathogenic activation of hiPSC-CFs, we utilized decellularized extracellular matrix derived from porcine heart
extracellular matrix (HEM) to provide a biomimetic substrate for improving hiPSC-CF phenotypes. We show that
hiPSC-CFs differentiated and expanded on HEM (HEM-iCFs) exhibited reduced expression of hallmark activated
fibroblast markers versus M-TCP-iCFs while retaining their cardiac fibroblast phenotype. HEM-iCFs also main-
tained a reduction in expression of hallmark genes associated with pathogenic fibroblasts when seeded onto
TCPs. Further, HEM-iCFs more homogenously integrated into an hiPSC-derived cardiac organoid model,
resulting in improved cardiomyocyte sarcomere development. In conclusion, HEM provides an improved sub-
strate for the differentiation and propagation of hiPSC-CFs for disease modeling.

leads to disrupted healing responses during injury and can result in
cardiac rupture [8]. Notably, the structure and composition of cardiac
ECM can influence cardiac fibroblast behavior. For example, decellu-
larized ECM derived from dilated cardiomyopathy biopsies triggered

1. Introduction

Cardiovascular disease remains the leading cause of mortality death
worldwide [1]. Alterations in the extracellular matrix (ECM) are key
events in cardiovascular disease and are often used as predictors of
mortality and disease progression [2-4]. The cardiac ECM is made up of
collagens, growth factors, proteoglycans, and glycoproteins that are
dynamically remodeled by cardiac fibroblasts (CFs) during develop-
ment, homeostasis, and cardiovascular disease [5]. CF mediated path-
ogenic remodeling of the ECM (i.e., fibrosis) has been linked to various
cardiovascular diseases and can ultimately lead to heart failure [6,7]. In
addition, the lack of major subsets of fibroblasts during development
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pathogenic activation of cardiac fibroblasts in vitro [9]. This highlights
the intricate communication between fibroblasts and ECM in cardiac
pathology.

The current in vitro cardiovascular disease models typically are
insufficient with recapitulating the cardiac ECM and fibroblast in-
teractions, with previous models emphasizing the use of human induced
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) on 2D sub-
strates [10-13]. More recent studies combine hiPSC-CMs with sup-
porting cell types (e.g., hiPSC-CFs) to fabricate multicellular engineered
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Abbreviations

DCM-CF dilated cardiomyopathy-cardiac fibroblasts; cardiac
fibroblasts derived from donors experiencing dilated
cardiomyopathy

ECM xtracellular matrix

Healthy-CF healthy cardiac fibroblasts; cardiac fibroblasts
isolated from healthy human donors

HEM heart ECM; pepsin digested porcine heart ECM

HEM-iCF hiPSC-CF differentiated and expanded on HEM-coated
TCP

hiPSC human induced pluripotent stem cells

hiPSC-CF hiPSC-derived cardiac fibroblasts

hiPSC-CM hiPSC-derived cardiomyocytes

hiPSC-EC hiPSC-derived endothelial cells

M-TCP-iCF hiPSC-CF differentiated on Matrigel and expanded on

TCP
MAT Matrigel
TCP tissue culture plastic

3D cardiac microtissues [14-16]. Presently, hiPSC-CFs have been
differentiated on Matrigel and expanded on tissue culture plastic (TCP).
Derived from Engelbreth-Holm-Swarm tumors in mice, Matrigel is
composed of vast array of ECM proteins that does not necessarily reflect
those in cardiac ECM [17]. In addition, TCPs have been well known to
stimulate fibroblast activation [18]. Meanwhile, decellularized cardiac
ECM scaffolds and gels are promising in vivo therapeutics for treating
heart disease [19-22] while also demonstrating benefits for enhancing
cardiac phenotypes during hiPSC-CM differentiations in 2D cultures as a
solubilized TCP coating [23-25]. Thus, we reasoned the utilization of a
biomimetic substrate of healthy ECM would better foster homeostatic
hiPSC-cardiac fibroblasts for downstream applications.

Here, we report for the first time, using heart ECM derived from
porcine hearts (HEM) as a biomimetic substrate to enhance hiPSC-CF
differentiation and expansion through a reduction in activation poten-
tial of TCP. Initially, we show that hiPSC-CFs, differentiated on Matrigel
and expanded on tissue culture plastic (TCP) (M-TCP-iCFs) tran-
scriptomically align with activated fibroblasts found within dilated
cardiomyopathy patients and even exhibit heightened enrichment for
activated fibroblast properties. Additionally, we show that HEM does
not adversely alter hiPSC-CFs’ cardiac fibroblast phenotype while
limiting the activation of hiPSC-CF during differentiation. hiPSC-CFs
differentiated on HEM (HEM-iCFs) also maintained their inactivation
during expansion on HEM. Further activation of M-TCP-iCFs was
reduced when plated onto HEM. In an isogenic cardiac organoid model,
HEM-iCFs more homogeneously integrated within an isogenic cardiac
organoid model, improved a-sarcomeric actinin expression in hiPSC-
CMs and reduced the angiogenic properties of hiPSC-endothelial cells
(hiPSC-EC). In conclusion, this study demonstrates that biomimetic ECM
substrates can enhance cardiac fibroblast differentiation and expansion
to develop high fidelity multicellular cardiac tissues for disease
modeling.

2. Methods
2.1. RNA-sequencing meta-analysis

Raw FASTQ files were retrieved from the European Nucleotide
archive (https://www.ebi.ac.uk/) using the accession numbers for DCM
and healthy primary cardiac fibroblasts (PRJINA649946/GSE155495
[9]) and hiPSC-derived cardiac cell types (PRJINA707062/GSE168380
[26] and PRJNA328021\ GSE84085 [27]). Genome alignment was
performed using RNA STAR (v2.7.8a) in the Galaxy Project online
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platform (v21.01, https://galaxyproject.org/). Reads were aligned to
the hg38 reference genome GRCh38.p13 built into RNA STAR. Gene
counts were subsequently generated using htseq-count (v13.5). The next
stage of analyzes were then performed in R Studio (v1.3.1093) (R lan-
guage v3.6.1).

Initially, we examined the impact of pooling samples across several
studies utilizing principal component analysis (PCA). Our initial
assessment identified distinct differences between primary and hiPSC
derived cell type across the 3 studies (Supplementary Fig. 1). These
studies also contained samples from human primary and hPSC derived
epicardial cells and cardiomyocytes as well as hiPSC second heart field
derived fibroblasts [26]. To provide stronger confidence in the under-
lying transcriptomic differences between primary and hiPSC-derived
cardiac fibroblasts, we perform batch correction using “ComBat_seq”
[28] in the Surrogate Variable Analysis (“sva”, v3.35.2) R package. After
batch correction, samples from DCM-CFs, Healthy-CFs and hiPSC-CFs
were used for our subsequent analysis.

Principal Component Analysis (PCA) and gene set enrichment anal-
ysis (GSEA) was performed as previously reported using the Bio-
conductor (v3.1.2) [29,30] package in R Studio [31,32]. Briefly, a gene
count matrix generated from the htse-count package on GalaxyProject
was loaded into R Studio. Genes with <2 counts were removed. The
package “DESeq2” (v1.32) [33] was used to create a summarized
experiment object from the gene counts matrix. For PCA analysis, an
r-log transformation was performed on the summarized experiment
object to stabilize the variation and the subsequent PCA analysis was
performed using the “prcomp” function. PCA plots were generated using
the package “ggplot2” (v3.3.5) [34]. Gene loadings for PC1 and PC2
were used as gene rankings for GSEA (v4.0.3) (Broad Institute) [35,36].
GSEA was performed using a curation of canonical pathway databases
composed of databases: BioCarta, KEGG, Pathway Interaction Database,
Reactome, SigmaAldrich, Signaling Gateway, SuperArray SABiosciences
and Wikipathways, (C2.all.v2022.1.Hs.symbols.gmt; http://www.
gsea-msigdb.org/gsea/msigdb/human/collection_details.jsp#C2) (19
October 2022). The R package, “DESeq2” [33], was used to perform the
differential gene expression (DGE) analysis. Three DGE analysis were
performed: 1) DCM-CF vs. Healthy-CF, 2) hiPSC-CF vs. Healthy-CF, and
3) DCM-CF vs. hiPSC-CF. Volcano plots were generated using “ggplot2”.
DEG’s that exhibited a log2fold change greater than 1.33 (Fold Change
>2.5) or less than 1.33 (Fold change < —2.5) and an adjusted p-value
<0.001 were loaded into Metascape [37].(https://metascape.org/), an
online tool for pathway overrepresentation analysis. All canonical
pathway databases were used in the pathway analysis and visualized
used “ggplot2”. Gene Set Variation Analysis (GSVA) was performed
using the R package, “gsva”, comparing DC-CF, Healthy-CF and
hiPSC-CF to defined gene sets generated from a single cell sequencing
study examining the populations of cells sequence from healthy and
DCM hearts of human donors [38]. We used the top genes that defined
the clusters “Activated Fibroblast”, “Fibroblast I and “Fibroblast II” to
be used for comparing the gene enrichment of the different cardiac fi-
broblasts in these cell type clusters.

2.2. HEM decellularization, digestion and cell culture plastic coating

HEM was produced based on previously established methods [39].
Briefly, samples of left ventricular tissues were isolated from whole
porcine hearts purchased locally. Left ventricular tissues were cleaned of
adipose tissue and blot clots and cut into smaller pieces. The tissues were
decellularized using a serial treatment of 1% (v/v) SDS (Sigma-Aldrich,
St. Louis, MO USA) for 24 h and then with 1% (w/v) Triton X-100
(Sigma-Aldrich, St. Louis, MO USA) supplemented with 0.1% (v/v)
ammonium hydroxide (Sigma-Aldrich, St. Louis, MO USA) for 6 h at 4 °C
under agitation. The decellularized tissues were rinsed with distilled
water for 24 h, treated with 1% (v/v) penicillin-streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA) for 2 h and then rinsed again with
distilled water. The decellularized HEM was lyophilized and stored at
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4 °C. The decellularized HEM was cut into smaller pieces and dissolved
as 10 mg of tissue per 1 mL in a pepsin solution (4 mg/mL pepsin in0.02
M HCI) (Roche Life Sciences, Penzberg, DE) for 48 h at room tempera-
ture with constant stirring. The HEM solution was aliquoted and stored
at —20 °C for no more than 3 months. For coating TCP, the HEM solution
(10 mg/mL) was diluted in 0.02 M acetic acid to 20 pg/mL and added to
TCP wells. The plates were incubated for >16 h at 37 °C, 5% COx,.
Immediately prior to seeding cells, the HEM solution was aspirated, and
the wells were rinsed with 1X DPBS (Thermo Fisher Scientific, Waltham,

MA).
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2.3. hiPSC (19-9-11) expansion and maintenance

Prior to hiPSC thawing, TCP was coated with hESC-certified Matrigel
(Corning Inc., Corning, NY, USA) for >16 h at 37 °C, 5% COx, using the
manufacturer’s recommended dilution factor. The hiPSC cell line, 19-9-
11 (WiCell, Madison, WI, USA), were gently thawed and resuspended in
mTeSR1 media (StemCell Technologies, Vancouver, Canada) and
centrifuged (200xg, 5 min, room temperature). The cells were resus-
pended in mTeSR1 with 5 pM Y-27632 (Tocris Bioscience, Bristol, UK)
and seeded onto Matrigel-coated wells of TCPs. The hiPSCs were
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Fig. 1. M-TCP-iCF display an enhanced activated fibroblast associated transcriptome

(A) Principal component analysis of DCM-CF (n = 6), Healthy-CF (n = 3), and M-TCP-iCF (n = 3) differentiated on Matrigel and expanded on tissue culture plastic.
(B) GSEA using enrichment of canonical pathways (C2.all.v2022.1.Hs.symbols.gmt) on gene loadings of PC1 and PC2 (C). Volcano plot of differentially expressed
comparing M-TCP-iCF vs. DCM-CF (D), DECM-CF vs. Healthy-CF (E), and M-TCP-iCF vs. Healthy-CF (F). Genes were considered significant if adjusted p-value >0.001
and |log2fold| > 1.33. (G) Pathway overrepresentation analysis of upregulated and downregulated genes comparing M-TCP-iCF vs. DCM-CF. (H) GSVA analysis
utilizing genelists of scRNA-seq clusters of DCM and healthy hearts of Activated Fibroblasts, Fibroblast I and Fibroblast II and reference gene sets(Chaffin et al.,

2022). (I) Pathway analysis of DCM and healthy hearts scRNA-seq-derived gene sets.

465



C.M. Kerr et al.

maintained at 37 °C, 5% CO5 and medium was exchanged daily within
27 h. Once 90% confluent, hiPSCs were passaged using Versene (Thermo
Fisher Scientific) (5 min, 37 °C, 5% CO5). Versene was aspirated and
hiPSCs were gently rinsed off the wells with mTeSR1 and collected. Cells
were replated 1:6 on fresh Matrigel-coated TCP. hiPSC were passaged 4
times prior to beginning all differentiations.

2.4. hiPSC-cardiac fibroblast differentiation

hiPSC-CF were differentiated based on previous methods [26] from
the 19-9-11 hiPSC stem cell line. In summary, hiPSCs were differentiated
based on the GiWi protocol to derived cardiac progenitors [40], differ-
entiated into hiPSC-epicardial cells [27,41]and then subsequently
differentiated into hiPSC-CF. For cardiac progenitor differentiation, 90%
confluent hiPSC were singularized using Accutase (Sigma-Aldrich) (6
min, 37 °C, 5% CO-) and seeded onto Matrigel-coated TCP at 300,000
cells/cm?® in mTeSR1 with 5 pM Y-27632 (Day —2). Media was
exchanged 24 h later. On Day O, cells were treated with 6 pM
CHIR99021 (Selleck Chemicals, Houston, TX, USA) in RPMI 1640
(Thermo Fisher Scientific) supplemented with B27 Minus Insulin
(Thermo Fisher Scientific) (RPMI/B27") for precisely 24-h after which
media was replaced with fresh RPMI/B27". On Day 3, cells were treated
for precisely 48 h with IWP2 (Sigma-Aldrich) in RPMI/B27" after which
media was exchanged. By Day 6, these cells are considered to be cardiac
progenitors. For hiPSC-epicardial differentiation, Day 6 cardiac pro-
genitors were dissociated using Accutase (10 min, 37 °C, 5% CO) and
replated 50,000 cells/cm? in LaSR basal media composed of Advanced
DMEM/F12 (Thermo Fisher Scientific), 10 pg/mL r-Ascorbic Acid (Sig-
ma-Aldrich) and 1X GlutaMAX (Thermo Fisher Scientific) and further
supplemented with 5 pM Y-27632. On Day 7, cells were treated for 48 h
with 8 pyM CHIR99021 in LaSR; after 24 h, fresh LaSR with CHIR99021
was exchanged. After the 48-h treatment, the media was exchanged
daily with LaSR basal until Day 12. On Day 12, cells were considered to
be hiPSC-epicardial and passaged 1:6 and/or cryopreserved in LaSR
supplemented with 0.5 pM A83-01 (Abcam, Cambridge, UK), 10% FBS
(Sigma Aldrich), and 10% DMSO (Sigma-Aldrich). For downstream ap-
plications, hiPSC-epicardial cells were thawed in LaSR supplemented
with 10% FBS, 0.5 pM A83-01 and 5 pM Y-27632 on Matrigel-coated
TCP. hiPSC-epicardial cells were maintained in LaSR supplemented
with 0.5 pM A83-01 (37 °C, 5% CO3) and passaged 2-3 times prior to
hiPSC-CF differentiation. hiPSC-Epicardial cells were passaged at 90%
confluency using TrypLE (10 min, 37 °C, 5% CO;) and replated in LaSR
supplemented with 0.5 pM A83-0land 5 pM Y-27632 onto
Matrigel-coated TCP. hiPSC-CF differentiation (Fig. 2B) started once
hiPSC-epicardial cells reached 100% confluency on Matrigel-coated
TCP. The hiPSC-epicardial cells were passaged 1:1 onto either Matri-
gel- or HEM-coated TCP (Day —1). hiPSC-CF differentiation began on
Day 0 with 10 days of treatment with LaSR +10 ng/mL BFGF (Invi-
trogen, Waltham, MA, USA) and media was changed daily. On Day 10,
cells were considered to be hiPSC-CF and passaged onto either uncoated
TCP or HEM-coated TCP in FibroGRO Complete Media (Millipore Sigma,
Burlington, MA, USA) with 2% FBS and 1X GlutaMAX. Cells were
maintained in FibroGRO and passaged 1:6 using TrypLE when they
reached 80-90% confluency.

2.5. mRNA isolation, cDNA synthesis and RT-qPCR analysis

For Real Time-quantitative Polymerase Chain Reaction (RT-qPCR)
analysis, mRNA was isolated using the E.N.Z.A. Total RNA Isolation kit I
(Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s
instructions. Briefly, hiPSC-CFs were lysed using TRK Lysis buffer sup-
plemented with 1:1000 dilution of f-mercaptoethanol(Sigma-Aldrich).
Solutions of lysed cells were homogenized using the Omega Homoge-
nizer spin columns. Following homogenization, mRNA was bound to
HiBind mRNA binding columns and rinsed once with Wash Buffer I and
twice with Wash Buffer II. mRNA was eluted in RNAse-, DNAse-Free DI
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water (Thermo Fisher Scientific) and measured using a NanoDrop One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific). For
cDNA synthesis, the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA) was used according to the manufacturer’s instructions using an
Axygen MacGENE II Thermocycler (Thermo Fisher Scientific). Real
Time-qPCR was performed using the Life Technologies Tagman probe
system. 25 ng of cDNA templates were mixed with 2X Applied Bio-
systems Universal PCR Mastermix (Thermo Fisher Scientific) and Taq-
man primers and probes (shown below) (Thermo Fisher Scientific)
according to the manufacturer’s instructions and ran on CFX96 Real
Time PCR detection machines (Bio-Rad). mRNA expression per gene was
expressed as 2799%, First, data was normalized as the difference in cycle
threshold (Ct) of the gene of interest to the housekeeping gene, GAPDH,
(ACt) and then normalized per experimental group by taking the dif-
ference in ACt of the sample of interest to the negative control(AACt)
and reported as the mRNA relative expression (2744,

Gene Tagman Assay ID
GAPDH Hs_ 02786624 _g1
ACTA2 Hs_00426835_g1
COL1A1 Hs_001164004_m1
TGFB1 Hs_0098133_m1

2.6. Flow cytometry analysis

To prepare cells for flow cytometry, hiPSC-CF were dissociated using
1X TrypLE select (Thermo Fisher Scientific) for 10 min. Cells were
centrifuged (200xg, 5 min, room temperature) and resuspended in cold
1% Paraformaldehyde for fixation (20 min, 4 °C). Cells were diluted
1:10 with 1X PBS and centrifuged (200xg, 5 min, room temperature).
Cells were then rinsed once with Flow Buffer (1X DPBS, 1% Bovine
Serum Albumin (Thermo Fisher Scientific) and 0.1% Triton X-100
(Sigma-Aldrich)) and stored at 4 °C. Fixed cells were then centrifuged
(200xg, 5 min, room temperature) and resuspended in Flow Buffer with
Rabbit anti-Vimentin primary antibody (1:200) (abcam). An unstained
control group was incubated in only Flow Buffer. Cells were incubated
with primary antibody or Flow Buffer overnight at 4 °C. Post-incubation,
all groups were rinsed with Flow Buffer, centrifuged (200xg, 5 min,
room temperature) and resuspended in Flow Buffer with Goat anti-
Rabbit Alexa Fluor 647 secondary antibody (abcam) and incubated for
1 h at room temperature, protected from light. Stained cells were rinsed
twice, and flow cytometry analysis was performed using a MACSQuant
Analyzer 10 (Miltenyi Biotec) and analysis performed using FlowJo
(FlowJo, Ashland, OR, USA).

2.7. 2D fluorescent imaging and quantification

hiPSC-CF were seeded at 5000 cells/cm? and fixed 2 days post-
seeding with 4% Paraformaldehyde (20 min, room temperature). Cells
were rinsed with 1X DPBS + Ca®t + Mg2+ (Thermo Fisher Scientific)
twice and stored in 1X DPBS + Ca®* 4+ Mg®* at 4 °C. Antigen blocking
was performed using 10% Goat Serum (Millipore Sigma) in PBST1 (1X
DPBS + Ca?t + Mg%" supplemented with 0.01% Triton-X) (Sigma
Alrich) (1 h, room temperature) and then rinsed twice with PBST1. Cells
were then stained with primary antibodies (Rabbit anti-Vimentin
(1:200), Mouse anti-CD90 (1:200) (Thermo Fisher Scientific) or Rabbit
anti-a-Smooth Muscle Actin (1:100) (abclonal, Wuhan, Hubei, CN) in
PBST1 (>16 h, 4 °C). Cells were rinsed twice with PBST1 and stained
with secondary antibodies (Goat anti-Rabbit Alexa Fluor 647 (Abcam)
(1:200), Goat anti-Mouse Alexa Fluor 488 (Abcam) (1:200)) (1 h, room
temperature, protected from light). Stained cells were rinsed once with
PBST and then stained with NucBlue nuclei stain (Thermo Fisher Sci-
entific) diluted in PBST1 according to the manufacturer’s instruction
(20 min, room temperature, protected from light). Cells were rinsed
twice with PBST1 and then a circular coverslip was mounted on top of
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cells within well of TCP plates using Fluoroshield(Sigma-Aldrich). Im-
ages were taken using a BZ-X All-in-One Fluorescence Microscope
(Keyence, Osaka, JP) using the same excitation and parameters for each
image. Analysis of images were performed using FIJI (National Institute
of Health). For measuring area of fluorescence of CD90, Vimentin and
aSMA, image threshold was performed on 8-bit images of each channel
to measure the total area of fluorescent channel. Using the Nuclei
channel, the number of cells per image were calculated and used to
divide the fluorescent area by the number of cells per field of view
(FOV).

2.8. Collagen contraction assay

M-TCP-iCF and HEM-iCF were first dissociated using TrypLE select
(10 min, 37 °C, 5% COy). Cells were quenched with FibroGRO and
centrifuged (200xg, 5 min, room temperature). Cells were resuspended
to 3 million cells/mL in cold FibroGRO and kept on ice. Solutions of rat
tail Collagen Type I (collagen I) (Corning) and suspended hiPSC-CF cells
were prepared on ice with final concentrations of 1.75 mg/mL collagen I
and 600,000 hiPSC-CFs/mL. Ensuring collagen gel suspensions remain
cold, 500 mL of gel suspension were added to individual wells of a 24-
well plate and allowed to gel for 16 h at 37 °C, 5% CO,. After the in-
cubation, the gels were carefully detached from the walls of the wells
using a 10 pL pipet tip. After 48 h, images were taken of the gels and Fiji
imaging software was used to measure the area of the gel per well.

2.9. hiPSC-CF spheroid analysis

hiPSC-CF spheroids were fabricated based on previously established
methods [42-44]. Agarose molds containing micro-recesses for 3D
spheroid self-assembly were fabricated with 2% agarose, 24-h prior to
seeding. Molds were maintained in FibroGRO media to prevent drying.
Both M-TCP-iCF and HEM-iCF were dissociated using TrypLE and
resuspended to 4 x 10° cells/mL and 80 L of each cell type were loaded
into a well of an agarose mold. Cells were allowed to settle to the bottom
of micro recesses for 20 min then 2 mL of FibroGRO were carefully
added to wells surrounding molds to prevent washing out the cells. Two
days after spheroid fabrication, images of spheroids were taken and
spheroids were lysed for downstream RT-qPCR (see Methods 2.5). Im-
ages of spheroids were used to quantify spheroid area in FIJI.

2.10. Isogenic organoid fabrication and hiPSC-CM and hiPSC-EC
differentiation

For isogenic organoid fabrication, hiPSC-CM and hiPSC-EC differ-
entiations were performed in addition to hiPSC-CF. The hiPSC-CM dif-
ferentiation was based on previously established methods [26,40].
Briefly, Day 6 hiPSC cardiac progenitors (see Methods 2.4) were
differentiated after seeding 19-9-11 hiPSC on Day —2 at 550,000
cells/cm? into a Matrigel-coated 48-well plate and treated with 8-9 uM
CHIR99021 on Day 0. On Day 7, media was exchanged for RPMI 1640
supplemented with B27 with Insulin (Thermo Fisher Scientific)
(RPMI/B27") and media was replaced every other day. On Day 10, cells
were purified for 48-h using lactate purification [45] consisting of
feeding cells with glucose free DMEM (Thermo Fisher Scientific) sup-
plemented with 4 mM Na-1-Lactate (BeanTown Chemical, Hudson, NH,
USA). Cells were allowed to recover for 2 days after which they were
prepared for cryopreservation (Day 14) [46]. On Day 14, purified
hiPSC-CM were dissociated using Accutase (37 °C, 5% CO2, 40 min),
quenched with RPMI/B27 ", centrifuged (200xg, 5 min, room temper-
ature), and resuspended in RPMI/B27 " supplemented with 30% Defined
FBS (Cytiva Life Sciences, Marlborough, MA, USA) and 10% DMSO
(Sigma-Aldrich). hiPSC-CM were frozen overnight at —80 °C in a Nal-
gene Mr. Frosty Freezing Container (Thermo Fisher Scientific) and then
transferred to Liquid Nitrogen for long term storage. Cryopreserved
hiPSC-CM were thawed and seeded onto Matrigel-coated plates at 8500

467

Bioactive Materials 31 (2024) 463—474

cells/cm? in RPMI/B27* supplemented with 10 pM Y-27632. After 24-h,
hiPSC-CM expansion was initiated [46,47] and media was replaced with
RPMI/B27" supplemented with 4 pM CHIR99021. Media was
exchanged every other day for 2 weeks until cardiac organoid
fabrication.

hiPSC-EC differentiation was based on previous reports [48-50].
Briefly, 80-90% confluent 19-9-11 hiPSC’s were dissociated with
Accutase (6 min, 37 °C, 5% CO3) quenched with equal parts mTeSR1 and
centrifuged (200xg, 5 min, room temperature). Cells were resuspended
in mTeSR1 supplemented with 5 pM Y-27632 and seeded 125,000
cells/cm? (Day-2) and media was replaced with mTeSR1, 1 day after
seeding (D-1). On Day 0, cells were treated with 6 pM CHIR99021 in
LaSR Basal for precisely 48 h, replacing with fresh treatment media after
24 h. On Day 2, media was changed to LaSR Basal and replaced daily. On
Day 5, cells were dissociated with Accutase (10 min, 37 °C, 5% CO3)
quenched with LaSR Basal and purified using CD34" Microbeads (Mil-
tenyi Biotec) following the manufacturer’s instructions. Purified CD34"
cells were seeded 10,000/cm? onto collagen I-coated TCP (50 pg/mL) in
Endothelial Growth Media-2 (EGM2) (PromoCell, Heidellberg, DEU)
supplemented with 0.5 pM A83-01 and 10 pM Y-27632. Media was
replaced 1 day after with EGM2 supplemented with 0.5 pM A83-01 (Day
6) and media was further exchanged every other day. On Day 10, cells
were purified by treatment with Versene for 5 min to remove
non-endothelial cells and rinsed with 1X DPBS. Cells were subsequently
replated 1:3 onto fresh collagen I-coated plates after dissociation with
TrypLE (15 min, 37 °C, 5% CO3) and maintained in EGM2 supplemented
with 0.5 pM A83-01 until cardiac organoid fabrication.

Isogenic cardiac organoid fabrication is based on our previously
established methods [31,32,51-53]. Briefly, hiPSC-CM were expanded
until confluency and permitted to recover in RPMI/B27" for 24 h.
Agarose molds containing micro-recesses for organoid self-assembly
were fabricated with 2% agarose, 24-h prior to seeding. Agarose
molds were maintained in organoid media to prevent drying. Organoid
media consisted of 48% % RPMI 1640 (Thermo Fisher Scientific), 5.4%
Defined FBS, 0.54% Non-essential amino acids (Thermo Fisher Scienti-
fic), 30% Fibroblast Growth Media 3 (PromoCell), and 16% EGM2. All
cell types were dissociated using TrypLE (37 °C, 5% COs3): 40 min for
hiPSC-CM, 20 min for hiPSC-EC and 10 min for hiPSC-CF. Cells were
quenched and collected in their cell-type specific maintenance media,
centrifuged (200xg, 5 min, room temperature) and resuspended to 5.25
x 108 cells/mL in organoid media. The cells were mixed at the ratio of
70:15:15 (hiPSC-CM: hiPSC-CF: hiPSC-EC); separate organoids with
M-TCP-iCF or HEM-iCF were fabricated. Media was aspirated from the
agarose mold and 80 pL of mixed cell suspension were added to the wells
of the agarose molds. Cells were permitted to settle into the
micro-recesses of the agarose molds for 20 min, the wells of the plates
were then filled with organoid media and then the organoids were
maintained at 37 °C, 5% CO2. Organoid media was exchanged every
other day for 10 days.

2.11. Organoid immunofluorescent staining and analysis

Organoid immunofluorescent staining was performed as previously
described [31]. In brief, one well of organoids were embedded in
Optimal Cutting Temperature Compound (OCT) (Thermo Fisher Scien-
tific) in Tissue-Tek plastic cryomolds (Sakura Finetek, Torrance, CA,
USA), and immediately frozen to —80 °C. Embedded blocks were
sectioned using a Cryostat Microtome (Leica Biosystems, Wetzlar, DEU),
sections were mounted on glass slides (Fisher Scientific, Pittsburgh, PA,
USA) and mounted sections were stored at —20 °C. Sections were then
fixed with 100% cold Acetone (12 min) and allowed to dry. Sections
were blocked with 10% Goat Serum in 1X DPBS with 0.01% Triton
X-100 (PBST2) (1 h, room temperature). Subsequently, sections were
stained with primary antibodies (Rabbit anti-a-sarcomeric actinin («SA)
(abclonal) (1:200), Mouse anti-Vimentin (Abcam) (1:200) or Mouse
anti-CD31 (BD Pharmigen, San Diego, CA, USA) (1:50)) diluted in PBST2



C.M. Kerr et al.

(>16 h, 4 °C). Sections were then rinsed for 5 min with PBST2 and then
stained with secondary antibodies (Goat anti-Rabbit Alexa Fluor 647
(Abcam) (1:200), Goat anti-Mouse Alexa Fluor 488 (Abcam) (1:200)) (1
h, room temperature, protected from light). Sections were then rinsed
for 5 min with PBST2 and then stained NucBlue (20 min, room tem-
perature, protected from light). Sections were then rinsed for 5 min with
PBST2, twice, and then a coverslip was mounted using Fluoroshield.
Sections were imaged using Leica SP5 Confocal microscope (Leica Bio-
systems). Image analysis was performed in Fiji and the area measure-
ment analysis was performed as outlined in section 2.6. The area of aSA,
Vimentin and CD31 was normalized to the area of individual organoids
fixed on Day 10 or Day 14, post-organoid fabrication. Vimentin radial
analysis was performed as previously described [31] using the Radial
Profile plugin in Fiji of vimentin expression.

2.12. Organoid contraction analysis

Cardiac organoid contraction analysis was performed as previously
described [31]. Videos of beating organoids were recorded using a Carl
Zeiss Axiovert Al Inverted Microscope and Zen 2011 software (Zeiss).
To measure changes in area during contraction and relaxation, a
threshold was applied to high contraction videos of contracting orga-
noids and the area of the organoids was subsequently measured for each
frame of the video. The changes in area during contraction and relaxa-
tion were measured as a percent change in fractional area change
amplitude.

2.13. Statistical analysis

Statistical differences between experimental groups were analyzed
using GraphPad Prism Statistical tools (v9.3.0) (Dotmatics, Boston, MA,
USA). Statistical analysis was performed using one-way ANOVA with
post hoc Tukey’s multiple comparison’s test and Student’s t-test; p-value
<0.05 was considered significantly different, unless noted. Grub’s
outlier analysis performed using alpha of 0.1. More specific details
regarding each analysis are indicated in figure legends.

3. Results and discussion
3.1. M-TCP-iCFs displayed activated cardiac fibroblast transcriptome

Previous studies have demonstrated M-TCP-iCFs, which are hiPSC-
CFs differentiated from epicardial cells on Matrigel and then expanded
on TCPs, recapitulate the cardiac fibroblast phenotype when compared
to primary cardiac fibroblasts [26]. However, Matrigel is not cardiac
specific, and TCP is a well-documented inducer of fibroblast activation.
To investigate whether Matrigel and TCP induce activation of
hiPSC-CFs, we performed an RNA-sequencing meta-analysis of
M-TCP-iCFs [26] and human primary cardiac fibroblasts isolated from
healthy (healthy-CFs) and dilated cardiomyopathic hearts (DCM-CFs)
[9]. Our samples were batch corrected for inherent differences between
hiPSC and primary cell types (see Methods 2.1). Principal component
analysis (PCA) revealed that M-TCP-iCFs, healthy-CFs, and DCM-CFs
each displayed a unique transcriptome (Fig. 1A). Along Principal
Component 1 (PC1), accounting for 41% of the variance, M-TCP-iCFs
displayed a unique transcriptome apart from both healthy-CFs and
DCM-CFs, suggesting distinct gene expression from primary cardiac fi-
broblasts. Previous reports have shown slight transcriptomic dissimi-
larity of hiPSC-cardiac fibroblasts to primary CF [26,54,55], yet
hiPSC-CF are more similar to primary CF compared to dermal fibro-
blasts [26,54]. While our analysis removed general confounding dif-
ferences between hiPSC and primary cell types, there appeared to
remain underlying transcriptomic differences between hiPSC and pri-
mary CF. To deduce functional characteristics corresponding to the
transcriptomic differences shown in the PCA, gene Set Enrichment
Analysis (GSEA) on the gene loadings of PCl revealed that the
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M-TCP-iCFs (i.e., positive enrichment) were enriched in “Reactome Cell
Cycle Mitotic”, “Weston VEGFA targets 6hr”, and “Reactome Extracel-
lular Matrix Organization” (Fig. 1B). These pathways are consistent with
established reports that activated fibroblasts are more proliferative,
angiogenic and capable of remodeling ECM [7]. Further, “Benporath
MYC max targets” exhibited the largest significance suggesting
enhanced MYC activity, which has been shown to induce activation of
renal fibroblasts through integrin and TGFp signaling [56]. Previous
reports have indicated enhanced integrin expression in cells cultured on
TCP compared to basement membrane coated TCP [57], and integrin
regulation of MYC expression [58]. Together, these results suggested
that the cell culture conditions might play a significant role in the
activation of the M-TCP-iCFs involving MYC signaling. Additionally,
M-TCP-iCFs and DCM-CFs overlapped along PC2 (Fig. 1C) and were
enriched in “Overview of Proinflammatory and Profibrotic mediators”,
“Foroutan TGFB EMT Up”, “Hinata NFKB Targets fibroblast up”, “Wu
cell migration”, “Reactome Cell cycle mitotic”, also consistent with
functions of activated fibroblast. These enriched pathways highlight that
M-TCP-iCFs share some pathogenic traits of DCM-CF, but also display
enhanced proliferation, VEGF signaling and ECM deposition in com-
parison to both DCM-CFs and healthy-CFs (Fig. 1B). A complete list of
enriched terms for PC1 and PC2 can be found in Supplementary Tables 1
and 2

To further deduce transcriptomic differences between M-TCP-iCFs,
healthy-CFs and DCM-CFs, we conducted a differential gene expression
(DGE) analysis performing 3 comparisons: 1) M-TCP-iCFs vs. Healthy-
CFs, 2) DCM-CFs vs. Healthy-CFs and 3) M-TCP-iCFs vs. DCM-CF. We
identified that M-TCP-iCFs and DCM-CFs displayed the most similarity
among the DGE comparisons as fewer differentially expressed genes
were found between them (Fig. 1D), rather than when each were
compared to Healthy-CFs (Fig. 1E and F). Over representation analyses
performed using the differentially expressed genes revealed that genes
downregulated in M-TCP-iCFs compared to DCM-CFs exhibit higher
enrichment in “hallmark inflammatory response” and “NABA matrisome
associated”, indicating different exposure to pathological stimuli.
Meanwhile, M-TCP-iCFs had transcriptomic upregulation associated
with the activated fibroblast phenotype, such as “hsa04350 TGF-beta
Signaling Pathway” (Fig. 1G). As bulk RNA-sequencing of isolating
CFs from heart tissue may contain a heterogenous population of fibro-
blasts, we performed a Gene Set Variation Analysis (GSVA) using cell-
type specific gene lists derived from single cell RNA-sequencing data
of healthy and DCM donors [38] to identify the similarity of M-TCP-CFs
to a homogenous, activated fibroblast population. The M-TCP-iCFs dis-
played a higher GSVA score indicating their enhanced recapitulation of
the specific activated fibroblast transcriptome (Fig. 1H). The
M-TCP-iCFs also displayed an elevated GSVA score for 2 fibroblast
populations. Both fibroblast populations showed higher enrichment for
general fibroblast phenotypes (e.g., “GO-1903053: regulation of extra-
cellular matrix organization”), suggesting that M-TCP-iCFs have
enhanced ECM-related functions (Fig. 1I). Additionally, “Pid Integrin5
Pathway” showed shared expression between activated fibroblasts and
upregulated genes in M-TCP-iCFs suggesting that the M-TCP conditions
may foster similar overexpression of integrins, known to influence the
behavior of fibroblasts during pathogenesis [59]. In summary,
M-TCP-iCFs displayed a higher transcriptomic similarity to activated
cardiac fibroblasts and heterogenous populations of DCM fibroblasts
than healthy-CFs.

3.2. HEM supports cardiac fibroblasts differentiation

The activated fibroblast phenotype of M-TCP-iCFs can be attributed
to the pathogenic cell culture conditions during and after the differen-
tiation of hiPSC-CFs. To limit the activation of hiPSC-CFs, we hypothe-
sized that a biomimetic substrate composed of cardiac-specific
matrisomal proteins would provide a more biomimetic ECM environ-
ment during differentiation and expansion. We utilized porcine heart
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extracellular matrix (HEM) as an alternative to Matrigel and uncoated
TCP during and after differentiation, respectively. HEM has demon-
strated efficacy in enhancing induced cardiomyocyte differentiation
from cardiac fibroblasts in a 3D environment [39]. Compared to HEM,
we found that Matrigel contains matrisome-associated protein SPARC
(Fig. 2A). SPARC is a well-known inducer of activated fibroblasts and
fibrosis [60-63]. SPARC plays a critical role in the activation of fibro-
blasts through crosstalk with TGFf signaling [64] where a decrease in
SPARC expression leads to decreased TGFf} expression [65]. and thus,
less activation stimuli. Further, the crosstalk between fibronectin and
SPARC has also been shown to activate fibroblasts [66]. As Matrigel
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contains both fibronectin and SPARC (Fig. 2A) and SPARC’s role in TGFf
signaling, Matrigel may induce activation of cardiac fibroblasts through
SPARC.

During heart development, epicardial cells depolarize and dissociate
from the basement membrane of epicardium then migrate into the un-
derlying myocardium to differentiate into cardiac fibroblasts [67,68].
These newly formed cardiac fibroblasts are quiescent and gradually
maintain healthy ECM surrounding the cardiomyocytes. Meanwhile,
deriving hiPSC-CFs in vitro typically occurs on Matrigel and then
expanded on TCP [26,54,69]. Thus, current methods of differentiating
hiPSC-CFs may induce pathogenic activation. Further, one study utilized
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TGFp inhibition during and after differentiation to generate less acti-
vated cardiac fibroblasts [54], implying the inherent activation stimuli
of Matrigel and TCP. To develop a more biomimetic strategy for
hiPSC-CF derivation, we differentiated hiPSC-CFs on HEM and passaged
them on HEM coated TCP (HEM-iCF), (Fig. 2B). To evaluate the effects
of the HEM substrates on HEM-iCFs, we first assessed broad changes in
cell morphology and expression of the known cardiac fibroblast
markers, Vimentin and CD90 [6]. At low confluency, there appeared to
be minor morphological differences between M-TCP-iCFs and HEM-iCFs
(Fig. 2C). Yet, M-TCP-iCFs formed cell clusters at high confluency sug-
gesting that HEM promotes enhanced cell attachment (Fig. 2D).
HEM-iCFs also displayed a reduction in cell size but an improvement in
size homogeneity, utilizing CD90 expression as a cell membrane marker
(Fig. 2E and F). Interestingly, stiffer substrates have been shown to in-
crease cell size [70] and mechanically stimulate the activation of cardiac
fibroblasts [70-72]. Thus, HEM may reduce mechanical stress on the
HEM-iCFs during expansion on TCP. Vimentin expression per cell and
per cell size was not significantly different (Fig. 2G and 2H), suggesting
no adverse changes to cardiac fibroblast phenotypes on HEM. Flow
cytometry of vimentin confirmed HEM does not affect purity of
hiPSC-CFs (Fig. 2I). Thus, while HEM reduces the cell size of hiPSC-CFs,
it does not appear to adversely impair hiPSC-CF differentiation. Further,
a larger cell size is not only associated with stiffer substrates, but also a
characteristic of activated fibroblasts [73]. Thus, we hypothesized that
the homeostatic ECM components found in HEM do not stimulate
fibroblast activation when compared to SPARC-containing Matrigel and
uncoated TCP.

3.3. HEM alleviates cardiac fibroblast activation during differentiation
and expansion

To investigate if HEM can restrict hiPSC-CF activation, we examined
expression of known activated cardiac fibroblast markers on the last day
of differentiation (Day 10). We measured gene expression of ACTA2,
COL1A1 and TGFBI1, all hallmark genes reported to be upregulated in
activated fibroblasts [73]. Compared to Matrigel, hiPSC-CFs differenti-
ated on HEM displayed reduced expression of the hallmark activated
fibroblast genes (Fig. 3A), indicating HEM can restrict activation during
hiPSC-CF differentiation. HEM-iCFs also had reduced expression of the
activation hallmark genes compared to M-TCP-iCFs when passaged onto
fresh cell culture substrates (Fig. 3B), indicating HEM can maintain the
reduction in activation versus non-coated TCP. Additionally, HEM
reduced the activation of hiPSC-CFs differentiated on Matrigel
(M-HEM-iCFs) suggesting that HEM can relieve the activation already
induced through cell culture conditions. This was further confirmed by
replating low and higher passage M-TCP-iCFs onto HEM, which resulted
in a reduction in ACTA2, COL1A1, TGFB1 (Supplementary Fig. 2).
Meanwhile, HEM-iCFs exhibited the most robust reduction in activated
fibroblast gene expression in comparison to M-HEM-iCFs. In support of
our gene expression assays, protein expression analysis for a-smooth
muscle actin (a(SMA), encoded by ACTA2, revealed lower expression in
HEM-iCFs than M-TCP-iCFs (Fig. 3C and D), supporting the lack of an
activated fibroblast phenotype in HEM-iCFs. As aSMA is a contractile
cytoskeletal protein, we performed a collagen contraction assay to assess
the functional properties of hiPSC-CFs. While not significant, collagen
gels embedded with HEM-iCFs did show a slightly larger collagen area
compared to M-TCP-iCFs (Fig. 3E and F). As the HEM-iCFs expressed
minimal levels of aSMA, we speculate that the HEM-iCFs retain some
contractile function, though lower than M-TCP-iCFs. Further, this sug-
gests that HEM-iCF can maintain their inactivation in 3D environments,
which is important for downstream applications in engineered cardiac
microtissues. To further assess if HEM-iCFs can maintain reduced acti-
vation in the presence of activation stimuli, HEM-iCFs were passaged
onto uncoated TCP. HEM-iCFs plated onto TCP had reduced ACTA2
expression compared to M-TCP-iCFs (Fig. 3G). To further assess their
phenotype in 3D self-assembling microtissue models, hiPSC-CF
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spheroids were fabricated with M-TCP-iCFs and HEM-iCFs. HEM-iCFs
formed less aggregated spheroids (Fig. 3H and I) and reduced ACTA2
expression in comparison to M-TCP-iCFs (Fig. 3J). Taken together, this
suggests HEM-iCFs maintain less activated phenotype when imple-
mented into 3D culture environments. In summary, HEM reduced the
expression of activation markers during differentiation and passaging of
hiPSC-CF which can be maintained both in the presence of activating
stimuli and in 3D constructs. Thus, HEM enhances hiPSC-CF differenti-
ation compared to standard practices on Matrigel and uncoated TCPs.

3.4. HEM-iCF have enhanced biomimicry in isogenic cardiac model

For disease modeling, many engineered cardiac tissues depend on
the successful integration of several cell types found in the heart to
successfully recapitulate native myocardium [32,74]. To assess the
ability of HEM-iCFs for applications in engineered cardiac microtissues,
we integrated HEM-iCFs into a 3D, isogenic cardiac organoid model.
Briefly, hiPSC-CMs, hiPSC-CFs and hiPSC-ECs were mixed at a ratio of
70:15:15 (hiPSC-CM: hiPSC-CF: hiPSC-EC) to fabricate cardiac organo-
ids based on our previously established cardiac microtissue fabrication
method [31,51,52]. In comparison to M-TCP-iCFs, HEM-iCFs demon-
strated more homogenous integration into the cardiac organoids
(Fig. 4A). While there was no total change in Vimentin expression
(Fig. 4C), the HEM-iCFs had a significantly improved homogeneity
within the organoids, particularly enhanced in the core regions
(Fig. 4B). This suggests an enhanced recapitulation of cardiac fibroblast
and cardiomyocyte interactions in myocardium, in which car-
diomyocytes and cardiac fibroblasts are homogenously distributed [75].
As activated fibroblast can impair cardiomyocyte function via physical
contact and paracrine factors, like TGFp [75], we investigated the im-
pacts of HEM-iCFs versus M-TCP-iCFs on hiPSC-CMs within the organoid
model. HEM-iCFs were shown to enhance expression of a—sarcomeric
actinin (xSA), a cardiac-specific contractile protein and biomarker,
through the whole organoid in comparison to M-TCP-iCFs (Fig. 4A and
D). This increase in aSA expression suggests that HEM-iCFs might
improve hiPSC-CM contractile development within the isogenic model.
However, while aSA expression increased in the HEM-iCFs organoids,
organoid contractility, defined as the fractional area change (FAC) was
reduced (Fig. 4E). The divergence between increased aSA expression
and contractility might be influenced by the location of hiPSC-CFs with
the organoid. For example, more internally located HEM-iCFs could
increase the internal stiffness of the cardiac organoids compared to
peripherally organized M-TCP-iCFs. Thus, a higher internal stiffness
may reduce the compliance of the organoids and manifest as a reduction
in FAC. Previous reports show that activated fibroblasts also exhibit
angiogenic properties involved in several pathologies [76]. In agree-
ment with this, cardiac organoids with HEM-iCFs showed a reduction in
CD31 expression, a marker of hiPSC-ECs, compared to those with
M-TCP-iCFs (Fig. 4F and G). Thus, further highlighting that HEM-iCFs
phenotype is more aligned with a steady state fibroblast versus the
activated phenotype represented by M-TCP-iCFs. In summary, HEM-iCFs
can promote cardiomyocyte development and a nonpathogenic cardiac
microtissue.

4. Conclusion

Here, we demonstrate that HEM-coated TCP enhances hiPSC-CF
differentiation and expansion. M-TCP-iCFs are more transcriptomically
similar with DCM-CFs than healthy-CF, and exhibit an elevated
enrichment for activated fibroblast gene expression pathways. Activa-
tion of hiPSC-CFs may be due, at least in part, to the presence of SPARC
within Matrigel followed by expansion on TCP, a mechanical inducer of
fibroblast activation. We show that HEM inhibits the activation of
hiPSC-CF during differentiation and maintained the reduction in acti-
vation during expansion. In support of this, HEM-iCFs show reductions
in aSMA expression, a functional marker of an activated fibroblast.
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Fig. 3. HEM prevents and alleviates the activation of hiPSC-CF

(A) RT-qPCR of hallmark activated fibroblast genes of hiPSC-CF on D10 of differentiation. Students t-test. (B) RT-qPCR of activated fibroblast genes of hiPSC-CF
passaged onto TCP or HEM after D10 of differentiation. M-HEM denotes hiPSC-CF differentiated on Matrigel then passaged onto HEM. One-way ANOVA with
Tukey’s multiple comparison test. (C) xSMA protein (red) expression of hiPSC-CF. Scale bar indicates 200 pm. (D) Quantification of *SMA expression per nuclei per
field of view (FOV). Student’s t-test. (E) Representative image of collagen contraction assay of hiPSC-CF in 24-well plate. (F) Collagen area of collagen contraction
assay. (G) RT-qPCR of hiPSC-CF seeded onto uncoated TCP. Student’s t-test. (H) Spheroids fabricated using hiPSC-CF. (I) Quantification of area of hiPSC-CF
spheroids. Student’s t-test. (J) RT-qPCR of hiPSC-CF spheroids. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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Fig. 4. HEM-iCF have improved biomimicry in hiPSC-cardiac organoid model.
(A) Representative images of hiPSC-cardiac organoids composed of 70% hiPSC-CMs, 15% hiPSC-ECs and 15% of either M-TCP-iCFs or HEM-iCFs. Organoids were
embedded 14 days after fabrication and stained for hiPSC-CM using a-sarcomeric actinin (¢SA) (green), hiPSC-CFs using Vimentin (red) and nuclei (blue). Scale bar
indicates 100 pm. (B) Radial intensity of vimentin expression across organoids. Student’s t-test. (C) Percent area of vimentin expression and (D) aSA expression
normalized to the area of the organoids. Student’s t-test. (E) Fractional Area Change (FAC) of contracting hiPSC-cardiac organoids. (F) Representative images of
hiPSC-cardiac organoids stained for hiPSC-EC using CD31 (green) and nuclei (blue). Scale bar indicates 100 pm. (G) Percent area of CD31 expression normalized to

area of the organoids. Student’s t-test (M-TCP-iCF: n = 11; HEM-iCF: n = 12).

Further, HEM alleviated the activation of M-TCP-iCFs. Lastly, isogenic
cardiac organoids fabricated with HEM-iCFs recapitulated homogenous
cardiomyocyte and cardiac fibroblast interactions, improved the con-
tractile development of cardiomyocytes, and demonstrated a reduction
in angiogenesis, a hallmark of activated fibroblasts. In summary, we
show that the hiPSC-iCF phenotype supported by HEM is more consis-
tent with a homeostatic fibroblast phenotype than hiPSC-CFs differen-
tiated on Matrigel and expanded on TCP. As recent investigations have
shown that HEM can improve cardiomyocyte phenotypes during direct
differentiation techniques [39], future investigations into the impact of
HEM on additional cardiac cell types may also reveal enhanced differ-
entiation capabilities given the biomimetic nature of HEM. Further,
coupling HEM to transplantable materials, such as aerogels, may pro-
vide enhanced pro-reparative constructs for treating cardiovascular
disease. Thus, HEM-iCFs have great potential to aid in the development
higher fidelity hiPSC cardiac tissue constructs for cardiotoxicity
screening and disease modeling applications.
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