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Introduction: Recent advances in human cardiac 3D approaches have yielded
progressively more complex and physiologically relevant culture systems.
However, their application in the study of complex pathological processes, such
as inflammation and fibrosis, and their utility as models for drug development
have been thus far limited.
Methods: In this work, we report the development of chamber-specific,
vascularised human induced pluripotent stem cell-derived cardiac microtissues,
which allow for the multi-parametric assessment of cardiac fibrosis.
Results: We demonstrate the generation of a robust vascular system in the
microtissues composed of endothelial cells, fibroblasts and atrial or ventricular
cardiomyocytes that exhibit gene expression signatures, architectural, and
electrophysiological resemblance to in vivo-derived anatomical cardiac tissues.
Following pro-fibrotic stimulation using TGFβ, cardiac microtissues recapitulated
hallmarks of cardiac fibrosis, including myofibroblast activation and collagen
deposition. A study of Ca2+ dynamics in fibrotic microtissues using optical
mapping revealed prolonged Ca2+ decay, reflecting cardiomyocyte dysfunction,
which is linked to the severity of fibrosis. This phenotype could be reversed by
TGFβ receptor inhibition or by using the BET bromodomain inhibitor, JQ1.
Discussion: In conclusion, we present a novel methodology for the generation of
chamber-specific cardiac microtissues that is highly scalable and allows for the
multi-parametric assessment of cardiac remodelling and pharmacological
screening.
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Introduction

Cardiovascular diseases (CVDs) remain the leading cause of

death in the western world (1–3), with current avenues in the

development of novel cardiovascular therapeutics yielding poor

outcomes due to inherent adverse side effects (4). As a result,

there is an unmet need to develop safer and more effective,

reproducible and high throughput cardiac models to assess the

efficacy of new therapies to improve pre-clinical research (4).

While recent cell line-based technologies provide some insight into

how human CVDs can be modelled in vitro, they fail to reproduce

the complexity of the native system (5). Although small animal

models have been extensively used to model CVDs, there remain

inherent differences in physiology which can confound attempts to

translate these studies to human disease and therapies (6).

The use of human induced pluripotent stem cells (hiPSCs) has

provided a means for the generation of cardiomyocytes for

personalised disease modelling and drug screening (5, 7–10). These

cells have been effective in understanding cardiac development, as

well cardiac disease modelling and toxicology. However, thus far

these approaches have had limited direct translational application

as hiPSC-derived cardiomyocytes are embryonic, lacking the

architecture, functionality, and molecular composition of adult/

primary cardiomyocytes (11). Moreover, 2D single-cell type

cultures do not effectively recapitulate the cellular heterogeneity

present in the cardiac tissue in vivo. Therefore, the study of more

complex and difficult to treat pathologies like cardiac fibrosis in

these models is limited due to the lack of intercellular interactions,

which contribute to the onset and progression of disease.

Recent advances in cardiac tissue engineering technologies have

allowed the development of physiologically relevant tissue models,

that emulate a higher degree of complexity, organisation and

dynamics that is seen in human cardiac tissue (12–14). These

include hydrogel-cell mixtures, whereby multiple cell types (e.g.,

cardiomyocytes, endothelial cells and fibroblasts) are encapsulated

into hydrogel structures to generate 3D bioprinted tissues (15–19).

Cardiac sheets and engineered heart tissues involve the growth of

cardiomyocytes in addition to other cell types in collagen moulds,

which can be used as cardiac patches for cardiac regeneration (20,

21). In addition, 3D cardiac microtissue models (also known as

cardiac organoids) have emerged, including both self-assembling

and bioprinted structures (22–24).

Cardiac microtissues were first described using murine

pluripotent stem cells, or as part of gastruloids, in which generated

cells of interest spontaneously self-organised with distinct atrial and

ventricular like regions (25, 26). Following on from these studies,

similar models were generated using hiPSCs by assembling different

cardiac cell types (15, 18, 19, 23, 27–36), and more recently self-

organising models using pre-differentiated hiPSCs that recapitulate

cardiac development (16, 17, 26, 37–41). Both types of cardiac

microtissue models offer significant advances over standard 2D

culture techniques and those involving advanced tissue engineering

approaches with improved cell-cell communication between

cardiomyocytes and other cell types while using fewer cells than

other tissue engineering approaches (42). In addition, many of these
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microtissue models have substantially relied on the use of

ventricular cardiomyocytes, the use of external extracellular matrix

compositions, such as Matrigel, or the co-emergence of cardiac

microtissues with gut tissue (15, 18, 19, 23, 27–38, 43, 44).

Importantly, the extracellular matrix plays a role in regulating

mechanical stress and supporting vasculogenesis (45). Several

cardiac microtissue models have been described incorporating

either synthetic or natural materials like collagen and Matrigel

(16, 17, 19). Although these microtissue models incorporated

endothelial cells either through direct differentiation protocols or

through the addition of endothelial cells from human sources, they

lack the architectural organisation that supports cellular crosstalk.

For example, microtissue models reporting an endothelial

compartment don’t show the patterned branched vessel network

observed in the heart which is important for the alignment of

axillary stromal and mural cells. Finally, studies utilising self-

assembling microtissues have primarily focused on the

developmental aspects of cardiac microtissue generation (16, 17,

39–41), with thus far limited attention to the utility of complex 3D

culture systems for modelling late-onset multi-cellular pathologies

and interrogating potential pharmacological interventions.

Herewe report a newmicrotissue culturemethod by differentiating

vascular and cardiomyocyte lineages (atrial and ventricular) from

hiPSCs before combing them to generate chamber-specific cardiac

microtissues. This approach scalably and reproducibly generates

vascularised atrial- and ventricular-specific cardiac microtissues,

which were validated transcriptionally, architecturally and

functionally using optical mapping electrophysiology. When

challenged with transforming growth factor-β (TGFβ) to mimic

acute effects of cardiac fibrosis (46), these multicellular human

cardiac microtissues recapitulated the progressive nature of cardiac

fibrosis pathology, including fibroblast activation, fibroblast to

myofibroblast transition, and excessive collagen deposition. Optical

mapping demonstrated a functional effect of fibrosis, and blockade of

these phenotypes could be observed using the TGFβ receptor

inhibitor SB431542, and the BET bromodomain inhibitor JQ1. Our

results highlight the generation of robust vascularised chamber-

specific cardiac models that can be used as an effective platform for

drug discovery and in vitro disease modelling.
Results

Generation of atrial and ventricular cardiac
microtissue models from human iPSCs

While some emerging cardiac organoid models demonstrate

endothelial differentiation, developed branching networks with

supporting stromal compartments throughout the volume of 3D

cardiac cultures have not yet been reported. Here we adapted an

approach whereby vascular sprouts are generated through

hydrogel embedding to generate a vascular scaffold (as reported

by Wimmer et al.) onto which hiPSC-derived cardiomyocytes

generated from parallel atrial and ventricular differentiations

were seeded (47, 48) (Figure 1A). We exposed a common
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FIGURE 1

Generation of multicellular chamber-specific human iPSC-derived cardiac microtissues. (A) Schematic representation of atrial (aCM MT) and ventricular
microtissue (vCM MT) generation methodology. (B) Representative bright-field images of 3D day 10 aCM MT and vCM MT. The scale bar represents
100 µm. (C) Quantification of aCM MTs and vCM MTs size. Data are presented as mean ± SD (n= 48 microtissues from 6 independent experiments).
(D) Whole microtissue immunofluorescent staining of α-actinin (cardiomyocytes), PDGFRβ (fibroblasts), UEA-1 (endothelial cells) and DAPI (nuclei) in
an aCM MT (left) and vCM- MT (right) at day 10. Smaller panels show single stained images of cardiomyocytes (α-actinin) and endothelial cells (UEA-
1) showing cellular localisation within the cardiac microtissues. The scale bar represents 100 µm. (E) IMARIS rendered imaging of the endothelial
vascularised network in the cardiac tissue.
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mesodermal aggregate to FGF2, VEGFA and embedded it in a

collagen I:matrigel hydrogel to generate 3D vascular sprouts.

These vascular sprouts expressed high levels of endothelial cell

genes (CDH5, ITGA4 and PECAM1) and fibroblast genes (NG2,

PDGFRB, COL1A2, ACTA2, POSTN and COL1A1), but little to

no expression of cardiomyocyte genes (NKX2-5, ACTN2, IRX4,

NPPA, TNNT2 and MYL3; Supplementary Figure S1). In

parallel, chamber-specific cardiomyocytes were generated through

the stepwise activation and inhibition of Wnt signalling (49)

(Figure 1A).

To specify atrial-like cardiomyocytes, we added retinoic acid

(RA) to the cultures from day 3 to 6. We observed beating

cultures of atrial and ventricular cardiomyocytes as early as day 8

of differentiation and we cultured these until day 20.

Cardiomyocyte atrial and ventricular differentiations yielded a

high level of purity as assessed by flow cytometry using the

cardiac marker cardiac troponin-T (Supplementary Figure S2A).

Assessment of chamber-specificity of day 20 cardiomyocytes

revealed robust expression of MYL2 and GJA1 in ventricular

cardiomyocytes and NR2F2, NPPA, KCNA5 and CACNA1C in

atrial cardiomyocytes, consistent with previous reports of hiPSC-

derived chamber-specific cardiomyocytes (49, 50) (Supplementary

Figure S2B). Next, we dissociated atrial and ventricular

cardiomyocytes into a single-cell suspension and co-cultured these

with vascular sprouts in ultra-low attachment plates to facilitate

cardiomyocyte clumping when forming cardiac microtissues.

We cultured the microtissues for an additional 10 days to

promote synchronous beating across the microtissue. Brightfield

image analysis revealed similar sizes of ventricular cardiac

microtissues (vCM MTs) compared to atrial cardiac microtissues

(aCM MTs) (Figures 1B,C). We have, therefore, established a

new in vitro human chamber-specific vascularised cardiac

microtissue model containing endothelial and fibroblasts, in

addition to atrial or ventricular cardiomyocytes.
Phenotypic characterisation of
hiPSC-derived atrial and ventricular
cardiac microtissues

To gain insight into the cellular organisation of cells within the

cardiac microtissues, we carried out whole mount

immunofluorescence analysis using cell-type specific markers.

Both aCM MTs and vCM MTs showed expression of

cardiomyocytes (α-actinin+) throughout the microtissues, in close

proximity to endothelial cells (UEA1+) and fibroblasts

(PDGRFβ+) (Figure 1D). Both MTs formed a compact spherical

culture, with cardiomyocytes and fibroblasts amongst a core

containing a vascular network of endothelial cells (Figure 1D).

Further analysis of the endothelial compartment within the

cardiac microtissues revealed a vascularised network investing the

culture (Figure 1E).

Next, we performed quantitative fluorescent antibody-based

profiling of the cardiac microtissues by flow cytometry with the

cardiac marker cTnT, the endothelial markers CD31 and CD144

and the fibroblast marker PDGRFβ. aCM MTs and vCM MTs
Frontiers in Cardiovascular Medicine 04
contained similar frequency expression patterns with 45.4 ±

5.93% cTnT+ cells, 21.17 ± 3.64% CD31+CD144+ cells and

33.31 ± 3.94% PDGFRβ+ cells (Figure 2A). Additional gene

expression analysis showed similar expression of TNNT2 and

NKX2-5 in aCM MTs and vCM MTs compared to 2D cultured

hiPSC-derived atrial cardiomyocytes and ventricular

cardiomyocytes (Figure 2B). In addition, the expression of

endothelial genes CDH5 and PECAM1 (Figure 2C), along with

fibroblast genes PDGFRB and POSTN (Figure 2D), was only

observed in aCM MTs and vCM MTs at similar levels, but

absent in standard CM 2D-cultures. Together, this data

demonstrates that cardiac microtissues are comprised of a

vascular network supporting cardiomyocytes and fibroblasts in a

ratio comparable to adult human cardiac tissue (51, 52).

To investigate whether MT cardiomyocytes retained their

chamber-specific gene signatures, we performed qRT-PCR and

immunofluorescence imaging of atrial and ventricular specific

cardiomyocyte markers (49). aCM MTs showed robust

expression of the atrial markers NR2F2 and NPPA, similar to 2D

cultured atrial cardiomyocytes (Figure 2E), whilst the expression

of these markers was low in vCM MTs and 2D cultured

ventricular cardiomyocytes. On the contrary, vCM MTs

expressed high levels of the ventricular markers IRX4 and HEY2,

which were expressed at lower levels in aCM MTs and 2D

cultured atrial cardiomyocytes (Figure 2F). In addition, culture

of the cardiac microtissues improved the expression of cardiac

structural genes, including TCAP and GJA1 that encode for the

sarcomeric protein Titin-cap and the junctional protein

Connexin 43, respectively (Supplementary Figure S3). In

addition, incorporation of cardiomyocytes into the microtissue

environment increased the expression of the adult isoform of

cardiac troponin (TNNI3), with reduced expression of the fetal

isoform (TNNI1), suggesting cardiomyocyte maturation

(Supplementary Figure S3). Immunofluorescence staining of

sectioned cardiac MTs revealed high expression of the atrial

myosin light chain variant (MLC2a) in aCM MTs, whilst vCM

MTs expressed high levels of the ventricular variant (Figure 2G).

This data show MT-cardiac chamber specificity at both the RNA

and protein level.

In the human heart, atrial and ventricular cardiomyocytes

acquire unique electrophysiological properties that play an

important functional role in their excitation-contraction coupling

(53). Fundamental to this, is the regulation of Ca2+ within

cardiomyocytes. To functionally characterise the Ca2+ dynamics

within the cardiac microtissues, optical mapping was conducted

using the Ca2+ indicator dye Rhod-2 AM (49). aCM MTs and

vCM MTs showed differences in Ca2+ trace morphology, with the

vCM MTs having a more prolonged Ca2+ trace compared to aCM

MTs (Figure 2H and Supplementary Figure S4A). In addition,

vCM MTs showed a slower time to peak (Figure 2I) and

prolonged Ca2+ transient duration at CaTD50 and CaTD90

(Figure 2J) compared to aCM MTs. Additional calcium analysis

revealed a prolonged calcium transient decay in vCM MTs

compared to aCM MTs which was associated with no changes in

Ca2+ tau nor the beating rate between aCM MTs and vCM MTs

(Supplementary Figures S4B–D). This functional characterisation
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FIGURE 2

Cellular phenotyping of human iPSC-derived aCM MTs and vCM MTs reveals chamber specific cellular expression profiles. (A) Quantification of
cardiomyocyte, endothelial and fibroblast populations in aCM MTs and vCM MTs by flow cytometry. Representative FACS plots are shown with the
percentage microtissue composition quantification on the right. Data are presented as mean ± SD (n= 6 independent experiments). (B–D) Gene
expression of (B) cardiomyocyte (TNNT2 and NKX2-5), (C) endothelial (CDH5 and PECAM1) and (D) fibroblast (PDGFRβ and POSTN) markers in day 10
aCM MTs and vCM MTs compared to 2D cultured day 20 hiPSC-derived aCMs and vCMs. Data are presented as mean ± SD (n= 3 independent
experiments) relative to the expression of 2D hiPSC-vCMs in the case of cardiomyocyte genes or relative to 3D vCM MTs in the case of endothelial
and fibroblast genes. Statistical analysis was performed using a One-way ANOVA followed by a Kruskal Wallis post-hoc test. (E,F) Gene expression of
(E) atrial (NR2F2 and NPPA) and (F) ventricular (IRX4 and HEY2) in day 10 aCM MTs and vCM MTs compared to 2D cultured day 20 iPSC-derived
aCMs and vCMs. Data are presented as mean ± SD (n= 3 independent experiments) relative to 2D hiPSC-aCMs for atrial genes or 2D hiPSC-vCMs for
ventricular genes. Statistical analysis was performed using a One-way ANOVA followed by a Kruskal Wallis post-hoc test. (G) Immunofluorescence
analysis of cardiac chamber specific myosin light chain variants (MLC2a and MLC2v) in day 10 sectioned aCM MTs and vCM MTs. The scale bar
represents 100 µm. (H–J) Ca2+ dynamics in aCM MTs and vCM MTs using optical mapping. (H) Averaged Ca2+ traces from aCM MTs and vCM MTs.
Error bars represent SEM. (I) Quantification of Ca2+ transient time-to-peak (CaT TtP) and (J) Ca2+ transient duration (CaTD) in aCM MTs and vCM
MTs. Data are presented as mean ± SD (n= 10 aCM MTs and n= 10 vCM MTs from 3 independent experiments). Statistical analysis was performed
using a Mann-Whitney U-test or a Two-way ANOVA when comparing between multiple groups.

Reyat et al. 10.3389/fcvm.2023.1156759
of Ca2+ dynamics reveals that aCMMTs display similar properties to

cardiomyocytes from human atria, whereas vCM MTs show

similarities to human ventricles. This data show that our protocol

robustly incorporates hiPSC-derived atrial and ventricular

cardiomyocytes to form vascularised 3D cardiac chamber-specific

microtissues, which retain chamber specificity at the gene

expression, protein and function level.
Treatment with TGFβ drives fibrotic
remodelling in atrial cardiac microtissues

In order to validate the functionality of the cardiac microtissues

for disease modelling, we assessed the ability of the cardiac
Frontiers in Cardiovascular Medicine 05
microtissues to mimic cardiac fibrosis as a model of cardiac

dysfunction (54). To do this, we incubated aCM MTs with the

potent pro-fibrotic stimulant TGFβ (46) and assessed the resultant

fibrosis by immunofluorescence analysis of sectioned aCM MTs.

We observed increased expression of α-smooth muscle actin

(αSMA) and collagen 1 (COL1A1) (Figure 3A). Furthermore,

TGFβ-induced fibrosis in aCM MTs was confirmed using

haematoxylin and eosin (H&E) and Picro Sirius red staining

(Figure 3B). At the gene level, TGFβ treatment promoted an

increase in the expression of the pro-fibrotic genes ACTA2,

COL1A1, COL1A2 and POSTN in aCM MTs (Figure 3C). This

effect was prevented by using SB431542, a selective small molecule

inhibitor for TGFβ receptor I (55), and the BET bromodomain

small molecule inhibitor JQ1, which has been shown to block
frontiersin.org
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FIGURE 3

Modelling TGFβ-induced cardiac fibrosis in aCM MTs and its blockade using SB431542 and JQ1. (A) Immunofluorescent analysis of pro-fibrotic markers
(αSMA and COL1A1) on sectioned aCM MTs following a 2 days treatment with TGFβ alone or in combination with a TGFβ-receptor I inhibitor (SB431542)
or a BET bromodomain inhibitor (JQ1). The scale bar represents 100 µm. (B) Representative haematoxylin and eosin (H&E) and Picro Sirius Red stained
images of aCM MTs treated with TGFβ alone or in combination with SB431542 or JQ1. Quantification of Picro Sirius Red is shown as a percentage of the
total microtissue (right; n= 10 from 2 independent experiments). The scale bar represents 75 µm. (C) Gene expression analysis of pro-fibrotic genes
(ACTA2, COL1A1, COL1A2 and POSTN) in aCM MTs treated with TGFβ alone or in combination with SB431542 (SB) or JQ1. Data are presented as
mean ± SD (n= 3 independent experiments) relative to control treated aCM-MTs. Statistical analysis was performed using a Kruskal-Wallis test. (D,E)
Ca2+ dynamics in aCM MTs treated with TGFβ alone or in combination with SB431542 (SB) or JQ1. (D) Averaged Ca2+ traces of treated aCM MTs.
Error bars represent SEM. (E) Quantification of Ca2+ time to peak (Fmax/F0), Ca

2+ tau, Ca2+ transient duration 50% (CaTD50) and Ca2+ transient
duration (CaTD). Data are presented as mean ± SD (n= 20 Control, n= 33 TGFβ, n= 32 TGFβ+ SB and n= 20 TGFβ+ JQ1 treated aCM MTs from 4
independent experiments). Statistical analysis was performed using a Kruskal-Wallis test. (F) Gene expression analysis of calcium handling genes
(ATP2A2, RYR2 and CACNA1C) in aCM MTs treated with TGFβ alone or in combination with SB or JQ1. Data are presented as mean ± SD (n= 3
independent experiments) relative to control treated aCM-MTs. Statistical analysis was performed using a Kruskal-Wallis test. (G) Gene expression
analysis of endothelial (CDH5 and PECAM1) and (H) Cardiac (TNNT2, ACTN2, DES and GJA1) and in aCM MTs treated with TGFβ alone or in
combination with SB or JQ1. Data are presented as mean ± SD (n= 3 independent experiments) relative to control aCM-MTs. Statistical analysis was
performed using a Kruskal-Wallis test.
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cardiac fibrosis (56–58). In both cases, we observed reduced

expression of αSMA and COL1A1 (Figure 3A), reduced collagen

deposition (as shown by Picro Sirius red staining, Figure 3B) and

reduced expression of key pro-fibrotic genes (ACTA2, COL1A1,

COL1A2 and POSTN, Figure 3C) in aCM MTs.

Recent work indicates that altered Ca2+ signalling in

cardiomyocytes is observed during cardiac fibrosis, and that

changes in Ca2+ dynamics can reflect optimal cardiomyocyte

function (59, 60). Therefore, measuring changes in Ca2+ offers a

potential readout for the evaluation of fibrotic severity, but also

the efficacy of pharmacological interventions which may

ameliorate fibrotic markers at the gene level, but with minimal

effects on restoring function. We therefore employed optical

mapping-based live cell imaging using the Ca2+ indicator, Rhod-

2 AM, to quantify Ca2+ activity (49) in our cardiac microtissues

subjected to pro-fibrotic stimulation. In aCM MTs, TGFβ

treatment resulted in a prolonged Ca2+ trace (Figure 3D). This

was accompanied by an increase in Ca2+ decay (Ca Tau) and

Ca2+ transient duration (CaTD50 and CaTD90) without

changing Ca2+ peak fluorescence (Fmax/F0) (Figure 3E).
Frontiers in Cardiovascular Medicine 06
We next assessed the effects of fibrosis blockade on Ca2+

dynamics. The combined treatment of TGFβ with JQ1, but not

with SB431542, shortened the Ca2+ transient, with only TGFβ

plus JQ1 treatment sufficient to reduce Ca2+ decay (Figures 3D,

E). Additional Ca2+ transient analysis revealed the presence of

ectopic Ca2+ spark events following TGFβ treatment which were

absent in control, SB431542 or JQ1 treated aCM MTs

(Supplementary Figure S5A). No changes in calcium time-to-

peak nor beating rate were observed following TGFβ treatment in

the presence or absence of TGFβ inhibitors (Supplementary

Figure S5C). At the molecular level, TGFβ treatment in aCM

MTs resulted in a reduction in ATP2A2 and RYR2 expression

(Figure 3F). These genes encode the SERCA channel and the

ryanodine receptor proteins, respectively, which are involved in

cardiomyocyte Ca2+ handling. The expression levels of ATP2A2

and RYR2 could be restored to basal levels following JQ1

incubation, but not SB431542 treatment (Figure 3F). No changes

in CACNA1C, that encodes the Ca2+ channel Cav1.2, were

observed following TGFβ plus anti-fibrotic inhibitors treatment

(Figure 3F).
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FIGURE 4

Fibrotic phenotyping of vCM MTs treated with TGFβ. (A) Immunofluorescent analysis of pro-fibrotic markers (αSMA and COL1A1) on sectioned vCM-MTs
following a 2 days treatment with TGFβ alone or in combination with a TGFβ-receptor I inhibitor (SB431542) or a BET bromodomain inhibitor (JQ1). The
scale bar represents 100 µm. (B) Representative haematoxylin and eosin (H&E) and Picro Sirius Red stained images of vCM MTs treated with TGFβ alone or
in combination with SB431542 or JQ1. Quantification of Picro Sirius Red is shown as a percentage of the total microtissue (right; n= 10 from 2
independent experiments). The scale bar represents 75 µm. (C) Gene expression analysis of pro-fibrotic genes (ACTA2, COL1A1, COL1A2 and POSTN)
in vCM MTs treated with TGFβ alone or in combination with SB431542 (SB) or JQ1. Data are presented as mean ± SD (n= 3 independent experiments)
relative to control vCM-MTs. Statistical analysis was performed using a Kruskal-Wallis test. (D,E) Ca2+ dynamics in vCM MTs treated with TGFβ alone
or in combination with SB431542 (SB) or JQ1. (D) Averaged Ca2+ traces of treated vCM MTs. Error bars represent SEM. (E) Quantification of Ca2+ time
to peak (Fmax/F0), Ca

2+ tau, Ca2+ transient duration 50% (CaTD50) and Ca2+ transient duration (CaTD). Data are presented as mean ± SD (n= 16
control, n= 15 TGFβ, n= 15 TGFβ+ SB, n= 17 TGFβ+ JQ1 treated vCM MTs from 4 independent experiments). Statistical analysis was performed using
a Kruskal-Wallis test. (F) Gene expression analysis of calcium handling genes (ATP2A2, RYR2 and CACNA1C) in vCM MTs treated with TGFβ alone or in
combination with SB or JQ1. Data are presented as mean ± SD (n= 3 independent experiments) relative to control vCM-MTs. Statistical analysis was
performed using a Kruskal-Wallis test. (G) Gene expression analysis of endothelial (CDH5 and PECAM1) and cardiac (TNNT2, ACTN2, DES and GJA1)
and (H) In vCM MTs treated with TGFβ alone or in combination with SB or JQ1. Data are presented as mean ± SD (n= 3 independent experiments)
relative to control vCM-MTs. Statistical analysis was performed using a Kruskal-Wallis test.
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Concerning additional cell types within aCM MTs, qRT-PCR

analysis of TGFβ treated aCM MTs revealed no changes in the

expression levels of endothelial genes (CDH5 and PECAM1)

(Figure 3G) but significant reductions in cardiac gene expression

levels (TNNT2, DES and GJA1) (Figure 3H). Interestingly, TGFβ

plus JQ1 treatment of aCM MTs restored the expression of

TNNT2, ACTN2, DES and GJA1. Conversely, TGFβ plus

SB431542 treatment only improved the expression of TNNT2,

but not of the other cardiac genes (Figure 3H).

Taken together, this data suggests that TGFβ potently alters

basal Ca2+ dynamics in aCM MTs, which is driven largely

through changes in cardiomyocyte function. These phenotypes

can be prevented by JQ1 treatment, but not SB431542 treatment.
Modelling TGFβ-induced cardiac
remodelling in ventricular cardiac
microtissues

Having shown the profibrotic remodelling in aCM MTs

following TGFβ treatment, we next focused on the responses of
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vCM MTs to similar profibrotic stimulation. Like aCM MTs,

TGFβ potently upregulated the expression of αSMA and

COL1A1 in vCM MTs, as observed by immunofluorescence

staining (Figure 4A). TGFβ treatment increased deposition of

collagen, as shown by Picro Sirius red staining (Figure 4B). In

addition, TGFβ treatment led to an upregulation in the

expression of pro-fibrotic genes (ACTA2, COL1A1, COL1A2 and

POSTN) (Figure 4C). By adding either SB431542 or JQ1

inhibitors, we observed a reduction in αSMA and COL1A1

expression, as shown by immunofluorescence microscopy

(Figure 4A), and a reduction in global collagen staining

(Figure 4B). In addition, TGFβ plus SB431542 or JQ1 treatment

restored the expression of ACTA2, COL1A1, COL1A2 and

POSTN to basal levels (Figure 4C), mimicking a similar response

to what was observed in aCM MTs.

Similar to the phenotypes observed in aCM MTs, TGFβ

treatment of vCM MTs resulted in a more prolonged Ca2+ trace

(Figure 4D), that was associated with no changes in Ca2+ peak

fluorescence, but revealed an increase in Ca2+ decay and a more

prolonged Ca2+ transient (Figure 4D), indicative of dysregulated

Ca2+ handling which correlated to cardiac dysfunction. We next
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assessed the effects of fibrosis blockade using SB431542 and JQ1

inhibitors. In vCM MTs, combined treatment of TGFβ and

SB431542 shortened the prolonged Ca2+ trace that was observed

with TGFβ treatment alone (Figure 4D). Interestingly, combined

TGFβ treatment with SB431542 was not sufficient to reduce Ca2+

decay, even if significantly shortening the Ca2+ transient duration

(Figure 4E). Similarly, combined treatment of TGFβ with JQ1

did not alter Ca2+ decay, but significantly shortened the overall

Ca2+ transient duration (Figure 4E). Additional analysis of Ca2+

dynamics in vCM MTs revealed the presence of ectopic calcium

sparks following TGFβ treatment (Supplementary Figure S5B)

with a prolonged calcium time-to-peak (Supplementary

Figure S5D). This wasn’t accompanied by changes in beating

rate. These phenotypes could be reversed in the presence of

either SB431542 or JQ1 treatment. TGFβ treatment of vCM MTs

showed reductions in the expression of ATP2A2 and RYR2,

which were restored following SB431542 or JQ1 treatment

(Figure 4F). No differences in the expression of CACNA1C were

observed following TGFβ treatment of vCM MTs alone or in

combination with SB431542 or JQ1 (Figure 4F). TGFβ treatment

of vCM MTs reduced PECAM1 expression and downregulated

cardiac gene expression too (Figures 4G,H). The combined

treatment of TGFβ and SB431542 restored the expression levels

of PECAM1 (Figure 4G). In addition, ACTN2, DES and GJA1,

but not TNNT2, gene expression levels returned to basal levels

following the combined treatment of TGFβ and SB431542

(Figure 4H). Finally, the combined treatment of TGFβ and JQ1

in vCM MTs restored the fibrotic gene expression of CDH5,

PECAM1, TNNT2 and DES but not ACTN2 or GJA1

(Figures 4G,H).

Collectively, this data demonstrate the spatio-temporal

interactions that occur between cardiomyocytes, fibroblasts and

endothelial cells within atrial and ventricular microenvironments

following pro-fibrotic activation and offer insights into plausible

therapeutics to treat cardiac fibrosis.
Discussion

As a leading cause of death worldwide, there is a pressing need

for improved translational models for both the study of complex

cardiac pathologies, but also the robust and scalable interrogation

of new therapeutic interventions (6). The development of cardiac

microtissues (also referred to as cardiac organoids and/or

cardioids) offer a route towards addressing this need. Recent

advances in hiPSC technologies have allowed the production of

several cardiac microtissue models (23, 37, 38, 43). However,

intrinsic limitation within the current cardiac microtissue

models, such as variability in composition and structural

organisation, and lack of patterned vasculature limit their

application. Moreover, current cardiac models have largely been

utilised to study cardiac developmental biology, with limited

insights into the utilisation of these models to assess cardiac

pathology (37, 38).

Here, we present a highly robust protocol for producing

chamber-specific cardiac microtissues involving the simultaneous
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differentiation of vascular sprouts and atrial or ventricular

cardiomyocytes from hiPSCs. When combined, these formed 3D

cardiac microtissues that retained a patterned vascular network.

By using a parallel differentiation methodology, our protocol

controls for the number of cardiomyocytes that are added to

form the 3D cardiac microtissue and recapitulate the

physiological cell ratios seen in adult healthy cardiac tissue (51,

52). By combining cardiomyocytes with a vascular sprout grown

in a 3D matrix, we promote the development of an integrated

cardiac vascular network, offering a method to investigate cardiac

cellular interactions in a microtissue environment which

recapitulates the microvasculature of the human heart. These

tend to rely on a single differentiation protocol to produce

multiple cell types that form a patterned 3D structure but lack

branched endothelial architecture (37, 43, 61). Moreover, several

of the current models have relied on the use of fibroblasts and

endothelial cells from dermal, foetal or venular origin, which,

although human in nature, may differentially impact on

cardiomyocyte behaviour and function within the microtissues

(15, 27, 29, 31, 34). Although the existence of vascular

endothelial cells within cardiac microtissue models has been

described (23, 38, 43), the low abundance and lack of tubular

structure within the microtissues preclude them from presenting

the physiologically relevant communication with stromal and

cardiac cell types (61, 62). Therefore, our cardiac microtissue

models may provide a reliable platform for investigating

chamber-specific pathologies associated with changes in

interactions between endothelial cells, cardiomyocytes and

stromal cells within the cardiac tissue niche.

Cardiac microtissues have been used to investigate various

aspects of cardiac physiology and pathophysiology. Several recent

studies have focused on the generation of cardiac microtissue

models primarily composed of ventricular cardiomyocytes

(23, 43). These models are derived from common differentiation

protocols which involve self-aggregation of multiple cell types to

form beating microtissues. Although integral to the study of

ventricular cell biology, these models do not take into

consideration the anatomical presence of the atria. More recently,

studies have focused on the generation of atrial microtissues to

understand atrial biology (37, 38). Consistent with these studies,

our chamber-specific cardiac microtissues resemble many aspects

of healthy atrial and ventricular cardiac tissue (14). In addition,

by using optical mapping of aCM MTs and vCM MTs we were

able to show that atrial and ventricular Ca2+ dynamics are

unique, with aCM MTs having shortened Ca2+ transients and a

quicker Ca2+ decay compared to vCM MTs, which is consistent

with 2D cultured atrial and ventricular cardiomyocytes derived

from hiPSCs (49).

Two of the ultimate goals for generating hiPSC-derived cardiac

microtissues is to model human disease and create a reliable

platform for drug discovery. With this in mind, we focused on

recapitulating cardiac fibrosis, a pathological complication

observed in heart failure patients. Previous studies have

demonstrated that cardiac fibrosis can be induced in cardiac

microtissues (18, 63). Consistent with these studies, our vCM-

MTs demonstrated hallmarks of fibrosis in the presence of TGFβ,
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with evidence of fibroblast to myofibroblast activation (elevations

in αSMA staining) and excessive deposition of collagen.

Similarly, our study showed aCM MTs react to TGFβ in a

similar manner to vCM MTs. Cardiomyocyte cell death is a

hallmark observation following persistent TGFβ exposure in

conditions of heart failure (65). In our model, exposure of TGFβ

reduced the expression of cardiac and endothelial markers in

vCM MTs. Importantly, this phenotype was seen to a lesser

extent in aCM MTs, suggesting divergent mechanisms of fibrosis

atrium vs. ventricle. Functionally, induction of fibrosis altered

Ca2+ dynamics in both aCM MTs and vCM MTs and resulted in

a more prolonged Ca2+ transient, contrary to a previous report

that showed shortening in Ca2+ transients with increased Ca2+

sparks in cardiac microtissues subjected to hypoxia-induced

cardiac fibrosis (18). The differences in Ca2+ dynamics observed

between the two models are likely due to the markedly different

methods applied for the induction of cardiac fibrosis (hypoxia in

the Richards et al. study vs. TGFβ-induced in our study), the

nature of the model used, and the post analysis (regions of

interest in the Richards et al. study vs. whole microtissue in our

study). It remains to be shown if cardiomyocyte cell death within

the cardiac microtissues accounts for the divergent effects

observed following fibrosis induction.

When looking to block the effects of TGFβ treatment, both

TGFβ receptor I inhibition (SB431542) and BET bromodomain

inhibition (JQ1) were able to prevent the TGFβ-induced pro-

fibrotic effects observed in vCM MTs. In aCM MTs, only JQ1

treatment could reverse the pro-fibrotic effects induced by TGFβ,

but not SB431542. One plausible reason for the lack of fibrosis

blockade seen in aCM MTs treated with SB431542 could be due

to the fact that TGFβ can exert its effects via non-canonical

signalling pathways (46). Given the preferential targeting of

SB431542 to the Activin receptor like kinase-5 (TGFβ receptor I)

protein (55), it remains to be shown if differential TGFβ receptor

1 expression levels between the aCM MTs and vCM MTs could

explain the differences in the results observed. BET

bromodomain inhibition has been identified as a method to

block cardiac fibrosis (18, 57, 58, 66). More recently, the

mechanisms of JQ1’s action have been explored in the context of

cardiac fibrosis with the identification of the transcriptional

factor Meox1 as a central target that BET promotes transcription

of via an enhancer/promoter interaction (56, 57). It remains to

be shown if similar mechanisms are required in JQ1-medicated

fibrosis blockade in our cardiac microtissue models.

In addition to these common findings between aCM MTs and

vCM MTs, there were several findings that were unique to the

chambered microtissues. When looking at Ca2+ dynamics in the

microtissues, calcium decay was reduced following combined

treatment of aCM MTs with TGFβ and JQ1 when compared to

TGFβ treated aCM MTs. This observation was not observed in

vCM MTs most likely due to the higher degree of variability in

calcium decay dynamics observed. Interestingly, at the molecular

level, vCM MTs showed reductions in key Ca2+ handling genes

following TGFβ treatment which could potentially be due to

direct electrical remodelling in the presence of TGFβ that has

previously been shown to reduce RyR2 and SERCA function in
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neonatal rat ventricular cardiomyocytes (67, 68). As to why this

observation was more pronounce in vCM MTs compared to

aCM MTs remains to be determined.

We show the importance of chamber specific cardiac

microtissues in the context of dissecting specific effects of

remodelling. Importantly, by assessing the impact of treatments

on gene expression, microtissue architecture, and function

through calcium dynamics, we demonstrate the need for multi-

parametric assessment of the effects of both fibrosis and potential

pharmacological interventions. Ultimately, for anti-fibrotic agents

to be effective in the treatment of cardiac pathologies, a reversal

or restoration of function is required, and our proof of principle

human cardiac microtissue models offer insights into reversing

cardiac fibrosis, e.g., through the use of JQ1. Our platform is

highly scalable, reproducible, and will robustly allow for the

assessment of cardiac pathologies including, but not limited to,

cardiac fibrosis.
Limitations of study

Compared to primary adult human atrial and ventricular

cardiac tissues, there are still fundamental differences in the

electrophysiological maturation of aCM MTs and vCM MTs;

however, these microtissues do show improved maturation over

their 2D counterparts. To robustly demonstrate improved

maturation, investigating improved alignment of sarcomeres

(through imaging of cTnT and α-actinin) and a quantitative

comparison between 2D and 3D cultures reported herein is

needed. This is an important avenue of future research, and will

require the optimisation of high resolution, volumetric imaging

of microtissues. While a previously published approach (23)

whereby microtissues are disaggregated and replated to allow for

a sample which is optically amenable for high resolution imaging

can be used (Supplementary Figure S6), an ideal experiment

would image a thick section of microtissue to establish

sarcomeric alignment in 3D. Future work will focus on

establishing methods to robustly assess maturation using

sarcomere alignment, and leverage that approach to use

microtissues as a means by which to assess pathological

perturbations underlying various cardiomyopathies. Similarly,

further biochemical and proteomic/transcriptomic

characterisation over time will be critical to understand the true

effects of maturation within the 3D microtissue environment. In

addition, although the generation of aCM MTs and vCM MTs is

highly reproducible based on morphology, gene and protein

profiling, the inter- and/or intra-batch microtissue variability

does affect the microtissue response to pro-fibrotic agents. For

example, when looking at Ca2+ dynamics in the cardiac

microtissues, variability in dye loading altered the Ca2+ signal per

microtissue. This could be minimised using an hiPSC line that

contains a Ca2+ reporter dye that have previously been developed

(38, 69). The 3D vascularised endothelial structure observed in

the microtissues is an advance on current cardiac microtissue

models but it remains to be shown if these structures are

perfusable.
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Experimental procedures

Resource availability

Materials availability
Complete step-by-step protocols are available on request.

Code availability
No code was generated or used in this manuscript.

Induction of vascular sprouts from human
pluripotent stem cells (hiPSCs)

The commercially available human hiPSC line (Gibco) was

used in this study. The hiPSCs were maintained in an

undifferentiated state by culturing with feeder-free conditions

using StemFlex medium (Thermo Fisher) on plates coated with

Geltrex (Thermo Fisher) at 37°C in 5% CO2 with 95% air.

hiPSCs were differentiated into endothelial sprouts using a

previously described method with slight modifications (47, 48).

Undifferentiated hiPSCs cultured on Geltrex were dissociated

using the EDTA passaging method and incubated overnight in

StemFlex supplemented with RevitaCell (Thermo Fisher

Scientific). On the following day the resulting aggregates were

collected via centrifugation at 300xg for 5 min and resuspended

in StemPro differentiation media (Thermo Fisher), supplemented

with 6 µm CHIR99021 (MilliporeSigma) and 50 ng/ml VEGFA-

165 Vascular Endothelial Growth Factor-A (VEGF-165, StemCell

Technologies), Fibroblast Growth Factor-2 (FGF2, StemCell

Technologies), and Bone Morphogenic Protein-4 (BMP4,

Thermo Fisher). Cells were grown for 3 days before collection via

gravitation and resuspended in fresh StemPro supplemented with

50 ng/ml VEGFA and FGF2, as well as 2 µm Forskolin (Sigma).

At day 5 of the protocol, aggregates were collected once more via

gravitation before hydrogel embedding (48).

Hydrogel embedding was performed as follows: Aliquots of

Matrigel (Corning) were allowed to thaw on ice and mixed with

VitroCol Human Collagen Type I (Advanced Biomatrix) at a

30:70 ratio. 400 µl base layers of this mixture were neutralized

with 1M NaOH and added to pre-wetted wells of a 12-well plate.

The base layer was allowed to polymerise for 90 min within a

cell culture incubator before a second 300 µl layer containing cell

aggregates was prepared and added. This was allowed to

polymerize for a further 90 min, before 1 ml/well of StemPro

supplemented with 15% FBS (Thermo Fisher), 5U/ml Heparin,

and 100 ng VEGFA and FGF2 was added. Fresh media was

added at day 7, and sprouts were collected on day 10 by

trituration of hydrogels and centrifugation, before individual

sprouts were added to a 96 well ultra-low attachment plate.

Generation of atrial and ventricular
cardiomyocytes from hiPSCs

Atrial and ventricular cardiomyocytes were generated through

the modulation of Wnt signalling using a previously published

method (49). Colonies of hiPSCs were detached using Tryple

(Thermo Fisher), and 200,000 cells were plated on Geltrex coated
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tissue culture plates (Thermo Fisher). Once 90% confluent, the

media was changed to RPMI 1640 (Thermo Fisher)

supplemented with 0.2 mg/ml L-ascorbic acid (Sigma-Aldrich)

and 4 µm CHIR99021 (Sigma-Aldrich) to promote mesoderm

differentiation. 48 h after, the medium was replaced with RPMI

1640 and L-ascorbic acid containing 5 µm IWP2 (Sigma-Aldrich)

to promote cardiac progenitor differentiation. The cells were

further cultured in basal media for an additional 96 h in RPMI

1640 with L-ascorbic acid, after which the media was changed to

RPMI 1640 containing 2% B27 supplement (Thermo Fisher). To

specify atrial cardiomyocytes, retinoic acid (Sigma-Aldrich) was

added to the media for 72 h after day 3 of differentiation until

day 6. Beating cultures were observed between day 8 and 10.
Cardiac microtissue formation
To generate 3D atrial (aCM MTs) and ventricular (vCM MTs)

cardiac microtissues, day 20 atrial or ventricular cardiomyocytes

were dissociated into single cells using Accutase (Thermo Fisher),

and 5,000 cells (per well) were aggregated with individual

vascular sprouts in StemPro medium (Life Technologies)

supplemented with 2% B27 and 5% penicillin/streptomycin using

ultra-low attachment 96-well plates (Corning). The plate was

gently centrifuged at 300 rpm for 3 min to promote

cardiomyocyte clumping and maintained at 37°C in 5% CO2

with 95% air with media being replaced every 2 days.

For experiments involving chemical treatments, cardiac

microtissues were incubated with 25 ng/ml transforming growth

factor-β (TGFβ) for 48 h. For studies involving inhibitors, similar

48-h incubations were performed with recombinant TGFβ

(25 ng/ml) the TGFβ receptor I inhibitor, SB431542, was used at

25 um and the BET bromodomain inhibitor, JQ1, was used at

10 nm. Inhibitors were added simultaneously with chemical

treatments.
Flow cytometry
A minimum of 12 aCM MTs and vCM MTs were collected per

experiment and allowed to sediment by gravity before being

washed once with PBS (Sigma-Aldrich) and subjected to flow

cytometry processing as previously described (70). Briefly, aCM

MTs and vCM MTs were dissociated to single cells with the

treatment of Collagenase Type II (Worthington Biochemical) in

HBSS (Sigma-Aldrich) for 10 min at 37°C. Single cells were

centrifuged at 300xg followed by two washes with PBS before

being blocked for 30 min in blocking buffer (PBS supplemented

with 2% FBS and 2% BSA). The single cells were stained using

the following antibodies: FITC-conjugated cardiac troponin-T

(cTnT) (Miltenyi Biotec), PE-conjugated platelet derived growth

factor receptor-beta (PDGFRβ) (BioLegend), APC-Cy7

conjugated vascular endothelial-cadherin (CD144) (BioLegend),

PE-Cy7 conjugated Platelet-endothelial cell adhesion molecule

(CD31) (BioLegend) and APC conjugated neural/glial antigen 2

(NG2) (BioLegend). Samples were processed on the BD LSR

Fortesa using FACSDiva software (BD Biosciences) followed by

offline analysis using FlowJo (FlowJo, LCC).
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RNA isolation and RT-qPCR
RNA was isolated by combining a minimum of 12 aCM-MTs

or vCM-MTs per experiment using the RNeasy mini kit

(QIAGEN). Reverse transcription was carried out using

the High-Capacity cDNA synthesis kit (Thermo Fisher)

according to the manufacturer’s protocol. qPCR was carried

out using PowerUP SYBR green master mix (Applied

Biosystems) on a QuantStudio 3 Real-Time PCR system

(Thermo Fisher). All primers were obtained from the

Integrated DNA Technologies PrimeTime qPCR Predesigned

Primer Library (https://eu.idtdna.com/pages/products/qpcr-

and-pcr/gene-expression/primetime-primer-only-assays) (see

Supplementary Table S1). All results were normalised using

GAPDH as the housekeeping gene.
Immunofluorescent imaging
A minimum of 6 aCM MTs and vCM MTs per experiment

were collected into 15 ml falcon tubes and allowed to sediment

by gravitation before being fixed in 4% paraformaldehyde

(PFA). Samples were then washed in 0.05% PBS-Tween (PBST)

and incubated in blocking buffer (2% goat serum, 1% BSA, 1%

Triton X-100 and sodium deoxycholate) overnight. Samples

were then incubated with primary antibodies (see

Supplementary Table S2) for an additional 24 h at 4°C under

mild agitation, after which samples were incubated with Alexa

Fluor secondary antibodies (see Supplementary Table S2) for

2 h at room temperature. The samples were then washed

before being labelled with 4′6-diamidino-2-phenylindole

(DAPI) and washed an additional time using PBST. To prevent

samples from moving during acquisition, samples were

mounted using 0.5% ultra-low melting point agarose (Fisher

Scientifc) in Ibidi 8-well slides (Ibidi), followed by serial

dehydration in ethanol (30%, 50%, 70% and 100%), clearing in

ethyl cinnamate and imaging using a Zeiss LSM 880 Airyscan

confocal microscope. IMARIS was used to generate 3D-

rendered images.

For sarcomere alignment experiments, aCM MTs and vCM

MTs were dissociated with collagenase Type II (as explained

above for Flow Cytometry) and replated in Ibidi 8-well slides

prior to staining with α-actinin. Images were acquired on a Zeiss

LSM 880 Airyscan confocal microscope.
Immunohistochemistry
5 aCM MTs and vCM MTs per experiment were fixed for

30 min in 4% PFA at room temperature. For paraffin embedded

sections, samples underwent serial dehydration using 30%, 50%,

70%, 90%, 100% ethanol and finally Histo-clear II (Scientific

Laboratory Supplies). Samples were embedded in paraffin and

4 µm sections were collected using the HistoCore AUOTOCUT

microtome (Leica Biosystems). H&E and Picro Sirius Red

staining was performed as per standard protocols by Advanced

Histopathology Laboratory LTD. Quantification of Picro Sirius

Red staining was carried out as previously described (71). For

immunostaining, sections were de-paraffinized and subjected to

antigen retrieval procedure in citrate buffer (pH 6.0, 95°C) for
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5 min before staining. For frozen sections, fixed samples were

embedded using Tissue-Tek O.C.T. Compound (Sakura Finetek)

as previously described (70) and 8 µm sections were collected

using a cryostat (Leica Biosystems).

Ca2+ imaging in cardiac microtissues by optical
mapping

6 aCM MTs and vCM MTs per experiment were allowed to

sediment by gravity and loaded with 8 µm Rhod-2 AM

fluorescent calcium indicator (Thermo Fisher) and 0.02%

Pluoronic F-127 (Thermo Fisher) in Tyrode’s solution

containing 140 mm NaCl, 5.4 mm KCl, 1.8 mm CaCl2, 1 mm

MgCl2, 10 mm HEPES and 10 mm glucose (pH 7.4) for 20 min

at room temperature. Cardiac microtissues were subsequently

washed with Tyrode’s solution before being acquired on a Zeiss

Epi fluorescent microscope. Post-acquisition analysis was

carried out using Caltrack, a MatLab plugin for intracellular

Ca2+ analysis (69).

Quantification and statistical analysis
Statistical analyses were performed using GraphPad Prism 6.0

(GraphPad Software, Inc., CA, USA), using unpaired two-tailed

Student t-tests. Statistical analysis for Ca2+ transient

measurements were performed using non-parametric Kruskal-

Wallis with a post hoc Dunn-Holland-Wolf test. For comparisons

between multiple groups, a Two-way ANOVA followed by a

Bonferroni post-hoc comparison test was used, unless noted

otherwise. Statistically significant P-values (<0.05) were noted on

graphs. The total number of replicates (n) are noted in the figure

legends.
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