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Abstract
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have the potential to remuscularize infarcted 
hearts but their arrhythmogenicity remains an obstacle to safe transplantation. Myofibroblasts are the predominant cell-type 
in the infarcted myocardium but their impact on transplanted hiPSC-CMs remains poorly defined. Here, we investigate the 
effect of myofibroblasts on hiPSC-CMs electrophysiology and  Ca2+ handling using optical mapping of advanced human cell 
coculture systems mimicking cell–cell interaction modalities. Human myofibroblasts altered the electrophysiology and  Ca2+ 
handling of hiPSC-CMs and downregulated mRNAs encoding voltage channels  (KV4.3,  KV11.1 and Kir6.2) and SERCA2a 
calcium pump. Interleukin-6 was elevated in the presence of myofibroblasts and direct stimulation of hiPSC-CMs with 
exogenous interleukin-6 recapitulated the paracrine effects of myofibroblasts. Blocking interleukin-6 reduced the effects of 
myofibroblasts only in the absence of physical contact between cell-types. Myofibroblast-specific connexin43 knockdown 
reduced functional changes in contact cocultures only when combined with interleukin-6 blockade. This provides the first 
in-depth investigation into how human myofibroblasts modulate hiPSC-CMs function, identifying interleukin-6 and con-
nexin43 as paracrine- and contact-mediators respectively, and highlighting their potential as targets for reducing arrhythmic 
risk in cardiac cell therapy.
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Introduction

Myocardial infarction (MI), and subsequent heart failure, 
remain leading causes of mortality and morbidity world-
wide. MI leads to cardiomyocyte loss, activation and dif-
ferentiation of cardiac fibroblasts into myofibroblasts 
(MyoFBs), and ultimately the formation of a fibrotic scar 
which often initiates heart failure [1].

Currently available treatments, although capable of slow-
ing disease progression and providing symptomatic relief, 
are unable to replace the lost myocardium and restore 
functional contractility. Human pluripotent stem cells 
(PSCs), such as embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs), can generate unlimited num-
bers of functional cardiomyocytes, providing a promising 
source for cell-based therapeutic approaches [2]. Trans-
plantation of cardiomyocytes derived from ESCs/iPSCs 
into the infarcted myocardium of small and large animals 
can lead to remuscularization and improved cardiac func-
tion [3, 4], although long-term engraftment and survival of 
transplanted cells is questionable [5, 6]. Importantly, in large 
animals, transplantation of cardiomyocytes is consistently 
accompanied by ventricular arrhythmias [3, 7], which can 
be lethal [8]. Recent studies suggest that arrhythmias arise 
from focally mediated mechanisms originating from the 
site of transplantation [7, 9], although electrophysiological 
heterogeneity and conduction slowing or block in regions 
of engrafted cardiomyocytes have also been proposed to 
promote vulnerable substrates for re-entry in the post-MI 
heart [10]. Therefore, arrhythmia has emerged as the major 
obstacle to the clinical translation of human cardiomyocyte 
transplantation.
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MyoFBs are the predominant cell type in the post-MI 
infarcted myocardium and drive the healing response and 
formation of the fibrotic scar [1, 11]. Often characterised 
by the expression of alpha-smooth muscle actin, these 
cells exhibit increased secretion of cytokines and soluble 
factors, specifically TNF-α, IL-6 and IL-1β, in response 
to pathological stimuli [12, 13]. MyoFBs have also been 
shown to be persistent, with evidence indicating survival 
of MyoFBs at the infarct site for up to 17 years in humans 
[14].

It is important to consider the persistence of MyoFBs 
in the infarcted myocardium when utilising ESC/iPSC-
cardiomyocyte transplantation as a therapeutic option 
post-MI, as ESC/iPSC-cardiomyocytes are transplanted 
into a MyoFB-rich environment and remain surrounded 
by MyoFB-rich fibrotic tissue months after successful 
engraftment [3, 7]. This is of particular importance as 
MyoFBs have previously been shown capable of directly 
modulating the electrophysiology of cardiomyocytes, 
either through paracrine signalling [15, 16] or direct het-
erocellular coupling [17–19]. Various paracrine media-
tors released by MyoFBs have been implicated to affect 
cardiomyocytes [20, 21], with IL-6, a pro-inflammatory 
cytokine elevated in MI and congestive heart failure 
patients, of particular interest through its involvement in 
cardiac fibrosis and correlation with ventricular dysfunc-
tion [22–24]. Gap junctional coupling between cardio-
myocytes and cardiac fibroblasts has been demonstrated 
in vitro [17] and in situ [25], with recent studies showing 
evidence for cardiomyocyte—non-cardiomyocyte coupling 
in situ at the ventricular infarct border zone [26, 27] and 
within the infarct [28] of post-MI mouse hearts. Therefore, 
MyoFBs present in the infarcted myocardium may affect 
the therapeutic potential of stem cell therapies post-MI 
by modulating ESC/iPSC-cardiomyocyte electrophysiol-
ogy, and potentially play a key role in post-transplantation 
arrhythmias.

Despite the abundance of MyoFBs residing in the 
infarcted myocardium, how these cells affect the func-
tion, electrophysiology and arrhythmogenic potential of 
transplanted human iPSC-cardiomyocytes (hiPSC-CMs) 
remains unknown. In the present study, we tested the 
hypothesis that adult human cardiac MyoFBs modulate 
hiPSC-CM action potential and calcium handling, actively 
contributing to the arrhythmogenic risk of cell therapy. 
Using a system that allows fine control of cell phenotype 
and organisation, mimicking one-way/bidirectional parac-
rine interactions between MyoFBs and transplanted cells 
prior integration and contact interactions post integration, 
we; (1) compared the effect of MyoFB paracrine signal-
ling and direct physical contact on hiPSC-CM function; 
(2) quantified MyoFB-mediated changes to hiPSC-CM ion 
channel expression; and (3) studied the contribution of 

specific paracrine signalling and heterocellular coupling 
to changes in hiPSC-CM function.

Materials and methods

Cell culture

Human induced-pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs; iCell Cardiomyocytes—Cellular 
Dynamics International) were plated onto fibronectin coated 
(50 µg/mL) glass-bottom dishes, at a density of 6 ×  104 cells/
dish, as per manufacturer’s protocol. Cells were cultured in 
cardiomyocytes maintenance media at 37 °C and 5%  CO2 
for 8 days, with medium renewed every 48 h.

Primary human adult ventricular cardiac fibroblasts (Sci-
enCell Research Laboratory) were maintained at 37 °C and 
5%  CO2 and used during experiments between passages 3–5. 
Fibroblasts were cultured on poly-l-lysine (2 µg/cm2) coated 
culture plates in FM-2 medium containing 5% FBS. Myofi-
broblasts (MyoFBs) were obtained by activation of fibro-
blasts through serum-starvation (DMEM medium only) for 
12–16 h, followed by treatment with TGF-β1 (5 ng/mL) for 
48 h in serum-free DMEM. MyoFBs showed an increased 
proportion of α-SMA positive cells and increased levels of 
α-SMA, Col1A1, IL-6 and IL-11 mRNA (Supplementary 
Fig. 1) compared to control fibroblasts, consistent with a 
MyoFB phenotype. Flow cytometry further confirmed 
absence of endothelial and immune cells in MyoFB cultures 
(Supplementary Fig. 1).

Coculture setup

hiPSC-CMs were cultured with adult human cardiac 
MyoFBs at a ratio of 1:2 for 48 h, in three culture conditions 
designed to mimic the potential mechanisms of cell–cell 
interactions (Fig. 1A). To mimic one-way paracrine com-
munication, confluent hiPSC-CM monolayers were treated 
with media conditioned by MyoFBs (conditioned medium). 
1.2 ×  105 MyoFBs were cultured in serum-free DMEM for 
48 h. Media was collected, centrifuged at 500g for 5 min 
and applied to hiPSC-CMs. To mimic bidirectional parac-
rine communication whilst preventing direct heterocellular 
interactions (noncontact coculture), 1.2 ×  105 MyoFBs were 
cultured on 24 mm  Transwell® inserts (with 0.4 µm pores) 
suspended above hiPSC-CMs in serum-free DMEM. To 
mimic direct heterocellular contact interactions in addition 
to short-range paracrine communication (contact coculture), 
1.2 ×  105 MyoFBs were seeded directly on top of hiPSC-
CMs in serum-free DMEM. As control, hiPSC-CMs were 
cultured in the presence of media conditioned by hiPSC-
CMs. 6 ×  104 hiPSC-CMs were cultured in serum-free 
DMEM for 48 h. Media was collected and centrifuged at 
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Fig. 1  Effects of human cardiac 
myofibroblasts on hiPSC-CM 
electrical function. A Sche-
matic of culture conditions. 
hiPSC-CMs were cultured 
with myofibroblasts (MyoFB) 
in three conditions: with 
MyoFB conditioned medium, 
with MyoFBs separated by 
a semipermeable membrane 
(noncontact coculture), 
and with MyoFBs in direct 
contact (contact coculture). 
Control: hiPSC-CM cultured 
with hiPSC-CM conditioned 
medium. B Spontaneous beating 
frequency of hiPSC-CM in con-
trol, conditioned medium, non-
contact and contact coculture 
(n = 24–28 treated monolayers). 
C Superimposed representative 
optical action potentials from 
hiPSC-CM in control (black), 
conditioned medium (red), 
noncontact (blue) and contact 
coculture (purple) conditions. 
Cells were electrically stimu-
lated at 1 Hz. D, E Summary 
of APD50 (C) and APD90 (D) 
changes for hiPSC-CM cultured 
with MyoFBs in the three con-
ditions versus control, at 1 Hz 
pacing rate (n = 21–22 treated 
monolayers). F Average pacing 
rate needed to induce loss of 1:1 
action potential (AP) capture in 
hiPSC-CM cultures (n = 11–16 
treated monolayers). Bars rep-
resent means ± SEM. *p < 0.05, 
**p < 0.01, ****p < 0.0001 
(one‐way ANOVA with post 
hoc Tukey’s test)
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500g for 5 min before application to hiPSC-CM monolayers. 
Culturing hiPSC-CMs in the absence of serum for 48 h did 
not affect their electrophysiological properties (Supplemen-
tary Fig. 2).

Voltage and calcium optical mapping

Action potentials (AP) and  Ca2+ transients were assessed 
using high resolution optical mapping [29]. Cultures were 
loaded with FluoVolt (1:1000) or Fluo‐4AM (4 µM plus 
1 mM Probenecid). Following dye loading, cultures were 
transferred to Normal Tyrode’s solution (140 mM NaCl, 
4.5  mM KCl, 10  mM Glucose, 10  mM HEPES, 1  mM 
 MgCl2, 1.8 mM  CaCl2, pH 7.4) for optical recordings. For 
AP recordings, Normal Tyrode’s solution was supplemented 
with 10 µM blebbistatin to prevent cardiomyocyte move-
ment. Optical mapping was performed with the Photomet-
rics Evolve 512 EMCCD camera (Photometrics) mounted 
on a custom macroscope (Cairn Research) equipped with a 
water‐immersion 20× objective, appropriate excitation/emis-
sion filters, and 470 nm light‐emitting diode illumination, 
using the recording software WinFluor [30]. Action potential 
recordings were performed at 1000 fps, from a 295 × 295 µm 
area;  Ca2+ transient recordings were performed at 200 fps, 
from an 820 × 820 µm area. All recordings were performed 
at 35–37 °C, with cultures electrically paced at a frequency 
of 1 Hz (unless otherwise stated). AP and  Ca2+ transients 
were analysed using OPTIQ (Cairn Research). For each 
monolayer culture, multiple regions were recorded per dish 
(> 5), and for each recording 5 AP/Ca2+ transients were 
analysed, allowing spatial and temporal averaging. Optical 
mapping signals were filtered using a Gaussian spatial filter 
(radius 2 pixels) before relevant parameters were extracted 
[31]. For AP, action potential duration (APD)50 and APD90 
were analysed (time from AP upstroke to 50% and 90% repo-
larisation respectively). For  Ca2+ transients, time to  Ca2+ 
transient peak, time to 50%  Ca2+ decay (t50) and time to 
80%  Ca2+ decay (t80) were analysed (time from transient 
peak to 50% and 80% decay respectively). Rate of  Ca2+ tran-
sient decay was calculated by fitting a single exponential 
equation to the decay phase of each  Ca2+ transient using 
Graphpad Prism version 8.1.

hiPSC‑CM spontaneous activity recording

hiPSC-CM spontaneous contractions were recorded using a 
brightfield microscope immediately prior to dye loading for 
optical mapping. For each monolayer, three different regions 
were recorded at 60 fps for ~ 30 s. Spontaneous activity was 
defined as frequency of contractions (number of contrac-
tions/recording time).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 10 min at 
room temperature (RT), permeabilised with 0.1% triton 
x-100 and blocked with 1% bovine serum albumin (BSA) 
for 1 h at RT. Cells were incubated with primary antibod-
ies mouse anti-human α-SMA (1:100; Dako) or rabbit 
anti-Cx43 (1:300; Sigma-Aldrich) overnight at 4 °C, fol-
lowed by AlexaFluor 488 conjugated secondary antibody 
(1:200; ThermoFisher) for 2 h at RT. Cells were mounted 
with VectaShield Propidium iodide. Images were taken 
with a Nikon Ti-Eclipse A1M confocal microscope using a 
20×-objective. Cells positive for α-SMA were counted in 5 
randomly chosen images per sample, with a minimum of 100 
cells counted per sample. Cx43 was quantified with ImageJ 
by dividing the area of total Cx43 staining by the number of 
nuclei in each image.

Flow cytometry

Fibroblasts and MyoFBs were dissociated using accutase, 
resuspended in phosphate buffered saline, and viability 
staining was performed using the Zombie Red Fixable Via-
bility dye (1:100 dilution; BioLegend). Cells were resus-
pended in cell staining buffer (BioLegend) and Fc receptors 
were blocked adding TruStain FcX (BioLegend) for 10 min 
at RT, prior to staining. For cell surface staining, cells were 
incubated for 30 min at 4 °C in cell staining buffer con-
taining APC/Cy7-conjugated CD31 antibody (BioLegend), 
Alexa Fluor 700-conjugated CD45 antibody (BioLegend), 
isotype controls or no antibody. Following incubation, cells 
were washed with cell staining buffer, and fixed with 4% 
paraformaldehyde for 15 min at RT. Flow cytometry was 
performed using the BD FACSCelesta (BD Bioscience) and 
data analysis was done using FlowJo.

Fluorescence‑activated cell sorting (FACS)

Flow cytometric sorting was used to separate MyoFBs 
from hiPSC-CMs in contact cocultures, allowing molecular 
analysis of just hiPSC-CMs. Fibroblasts were stained with 
CellTrace Far Red (ThermoFisher) prior to MyoFB dif-
ferentiation as per manufacturer’s instructions. Cells were 
sorted immediately following optical mapping using the BD 
FACSAria (BD Bioscience) at 4 °C, with hiPSC-CMs sorted 
directly into lysis buffer for downstream RNA extraction.

IL‑6 quantification by ELISA

Quantification of IL-6 in media samples collected from dif-
ferent culture conditions was performed using the Human 
IL-6 Quantikine ELISA kit (R&D systems). Optical density 
was measured in 96-well plates using a SpectraMax iD3 
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plate reader (Molecular Devices) at a wavelength of 450 nm, 
with 540 nm wavelength correction. Standard curves were 
generated using a 4-parameter logistic curve fit. The stand-
ard curve was used to convert the absorbance for each sam-
ple into concentration, before final concentrations were 
calculated by considering any initial dilution factor (1:4 or 
1:8 dilution). All assays were done in duplicate. Results are 
expressed as ng of IL-6/mL media.

IL‑6 stimulation and IL‑6 blocking

For IL-6 stimulation experiments, recombinant human IL-6 
protein (PHC0064, ThermoFisher) was reconstituted in 
100 mM acetic acid to create a 0.1 mg/mL stock solution. 
Further dilutions were made in a buffer containing 0.1% 
BSA as carrier protein. hiPSC-CM monolayers were treated 
with 0 (control), 0.5, 1 and 1.5 ng/mL IL-6 for 48 h.

For experiments where IL-6 signalling was blocked, a 
human anti-IL-6 neutralising antibody (MA5-23698, Ther-
moFisher) was used. The antibody concentration was deter-
mined by adding increasing concentrations of IL-6 antibody 
(IL-6 Ab) to hiPSC-CM monolayers stimulated with 1 ng/
mL IL-6 (48-h stimulation) to assess which concentration 
prevented IL-6 induced changes to hiPSC-CM APD and 
 Ca2+ decay. The concentrations of IL-6 Ab used were 1 ng/
mL, 10 ng/mL and 100 ng/mL, representing 1, 10 and 100 
times the molar concentration of IL-6 used. The 100 ng/mL 
concentration of IL-6 Ab was shown to completely prevent 
all effects resulting from stimulation of hiPSC-CMs with 
1 ng/mL IL-6. During IL-6 neutralising antibody coculture 
experiments, the IL-6 Ab was added at the point of coculture 
initiation (following media conditioning) at a concentration 
of 150 ng/mL, 100 times the highest concentration of IL-6 
measured in any coculture sample, to ensure complete IL-6 
blockade in all conditions.

mRNA analysis by Quantitative Real‑Time PCR 
(RT‑qPCR)

Total RNA was extracted from hiPSC-CMs or MyoFBs 
using the RNAqueous™-4PCR Total RNA Isolation Kit 
(ThermoFisher) as per manufacturer’s instructions. RNA 
was quantified using the Qubit™ 3.0 Fluorometer (Ther-
moFisher) and the RNA high sensitivity (HS) assay kit. 
RNA was reverse transcribed to cDNA using the Super-
Script™ VILO™ cDNA Synthesis Kit (ThermoFisher). 
RT-qPCR was conducted using the ABsolute qPCR ROX 
Master Mix (ThermoFisher). Samples were analysed on a 
QuantStudio7 system (Applied Biosystems) in duplicate 
with Taqman probes. Samples were normalised against 
the endogenous control gene beta-2-microgloublin (B2M) 
and analysed using the ΔΔCT method. Taqman assays for 

RT-qPCR were purchased from Applied Biosystems and are 
listed in Supplementary Table 1.

Knockdown of Cx43 by siRNA

siRNA knockdown of Cx43 expression in MyoFBs was 
performed by transient transfection with two synthetic siR-
NAs targeting Cx43: siRNA1 (Ambion, s5757), siRNA2 
(Ambion, s5759), or a combination of siRNA1 and siRNA2. 
siRNA targeting GAPDH (Ambion, 4,390,849) was used 
as a positive control, whilst siRNA that had no significant 
sequence similarity to human gene sequences  (Silencer® 
Select Negative Control No. 1 siRNA, 4390843) was used as 
a negative control. BLOCK-iT™ Alexa Fluor™ Red Fluo-
rescent Control (ThermoFisher) was used to check transfec-
tion efficiency. MyoFBs in 6-well plates were transfected 
using Lipofectamine RNAiMAX (ThermoFisher) according 
to manufacturer’s instructions. Cx43 knockdown was vali-
dated using RT-qPCR and Cx43 protein expression assessed 
with immunostaining analysis.

Statistical analysis

Student t-test was used to compare values from two groups. 
One-way ANOVA was used to compare values from more 
than two groups, with significant group difference compared 
using Tukey’s multiple comparison post-hoc test. Two-way 
ANOVA with Tukey’s multiple comparison post-hoc test 
was used when two variables were present. Statistical analy-
sis was performed using GraphPad Prism version 8.1. Data 
are presented as mean ± SEM, and a p value of < 0.05 was 
considered significant.

Results

Cardiac myofibroblasts alter hiPSC‑CM electrical 
function and calcium handling

The hypothesis that MyoFBs might affect arrhythmogenicity 
of hiPSC-CM was investigated by culturing hiPSC-CM with 
adult human cardiac MyoFBs at a ratio of 1:2, in three cul-
ture conditions designed to mimic the potential mechanisms 
of cell–cell interactions. Confluent hiPSC-CM monolayers 
were treated with media conditioned by MyoFBs to mimic 
one-way paracrine communication (conditioned medium); 
hiPSC-CM monolayers were cocultured with MyoFBs sepa-
rated by a semipermeable membrane to mimic bidirectional 
paracrine communication whilst preventing direct hetero-
cellular interactions (noncontact coculture); finally hiPSC-
CM monolayers coated with MyoFBs (contact coculture) 
were used to mimic direct heterocellular contact interac-
tions in addition to short-range paracrine communication. 
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hiPSC-CMs were cultured in the presence of hiPSC-CM-
conditioned medium as control condition (Fig. 1A).

After 48 h of culture, hiPSC-CMs were assessed for sev-
eral electrophysiological and calcium handling parameters 
using brightfield microscopy and optical mapping (Figs. 1 
and 2). Spontaneous beating frequency was significantly 
increased in contact coculture versus control but was unaf-
fected by conditioned medium and in noncontact cocul-
ture (Fig. 1B). Optical action potentials (AP) recorded at 
1 Hz pacing rate (Fig. 1C) revealed that hiPSC-CM APD50 
increased with conditioned medium treatment and in non-
contact cocultures compared to control but did not signifi-
cantly change in contact cocultures (Fig. 1D). However, 
APD90 was prolonged in all culture conditions compared 
to control, with the largest effect observed in noncontact 
cocultures (+ 19.7% versus control; Fig. 1E). AP recorded at 
progressively faster pacing rates revealed that loss of 1:1 AP 
capture occurred at lower threshold in conditioned medium 
(2.14 ± 0.08  Hz, p < 0.01), noncontact (1.95 ± 0.07  Hz, 
p < 0.0001) and contact coculture (1.84 ± 0.06  Hz, 
p < 0.0001) compared to control (2.56 ± 0.08 Hz; Fig. 1F).

Optical  Ca2+ transients recorded at 1 Hz pacing rate 
(Fig. 2A) were also affected by MyoFB coculture. Time to 
 Ca2+ transient peak was reduced following contact coculture 
(− 20.33% versus control, p < 0.0001; Fig. 2B), but unaf-
fected in other culture conditions. Time to 50%  Ca2+ decay 
(t50) (Fig. 2C) and time to 80%  Ca2+ decay (t80) (Fig. 2D) 
were prolonged in all culture conditions compared to con-
trol. Also, the rate of  Ca2+ transient decay was reduced in all 
culture conditions compared to control (Fig. 2E).

Cardiac myofibroblasts alter the abundance 
of mRNAs encoding ion channels in hiPSC‑CM

To investigate the molecular mechanism underlying the 
changes in hiPSC-CM electrical function and  Ca2+ han-
dling following MyoFB coculture, we quantified changes in 
the abundance of mRNAs associated with AP repolarisation 
and  Ca2+ cycling in hiPSC-CMs. For contact cocultures, 

hiPSC-CMs were separated from MyoFBs using FACS before 
mRNA extraction. Levels of each mRNA tested were normal-
ised to the control group (hiPSC-CM cultured in the presence 
of hiPSC-CM-conditioned medium; RQ = 1 for all genes; 
Fig. 3). As shown in Fig. 3A, the mRNA levels of KCND3 
(encodes the  KV4.3 protein) were reduced in all culture con-
ditions compared to control, and were significantly lower in 
contact coculture compared to both conditioned medium and 
noncontact coculture. The mRNA levels of KCNH2 (encodes 
the  KV11.1 protein) were significantly reduced in conditioned 
medium and contact coculture, but were unchanged in non-
contact coculture (Fig. 3B). Furthermore, the mRNA levels of 
KCNJ11 (encodes the Kir6.2 protein) were also significantly 
reduced in all culture conditions (Fig. 3C). ATP2A2 (encodes 
SERCA2a) mRNA levels were reduced in all culture condi-
tions (Fig. 3D), however SLC8A1 (encodes the sodium-cal-
cium exchanger—NCX1; Fig. 3E) and CACNA1C (encodes 
 CaV1.2 protein which contributes to  ICaL; Fig. 3F) mRNA 
levels remained unchanged in all conditions.

Stimulation of hiPSC‑CMs with IL‑6 recapitulates 
the paracrine‑mediated effects of cardiac 
myofibroblasts

IL-6 was measured in the media collected from the different 
culture conditions by ELISA. IL-6 was detected at very low 
levels in hiPSC-CM control cultures (< 0.001 ng/mL) but was 
significantly increased in all MyoFB-treated cultures (condi-
tioned medium: 0.4 ± 0.06 ng/mL; noncontact: 0.5 ± 0.1 ng/
mL; contact: 1 ± 0.1 ng/mL; p < 0.05, p < 0.01, p < 0.0001 
respectively; Supplementary Fig. 3). Importantly, RT-qPCR 
analysis revealed that hiPSC-CMs express mRNA encoding 
the interleukin-6 receptor (IL-6R), which we show remains 
unchanged during stimulation with different concentrations 
of exogenous IL-6 (Supplementary Fig. 4F).

Stimulation of hiPSC-CMs with exogenous IL-6 was able 
to recapitulate the paracrine-mediated effects of MyoFB on 
hiPSC-CM function. Treatment of hiPSC-CMs with 0.5, 1 and 
1.5 ng/mL (to cover the range of IL-6 concentrations observed 
in different culture conditions) for 48 h led to APD50 and 
APD90 prolongation, whilst 1 and 1.5 ng/mL also led to loss 
of 1:1 AP capture at significantly lower pacing rates (Supple-
mentary Fig. 3). Exogenous IL-6 treatment prolonged t50 and 
t80, and reduced rate of  Ca2+ transient decay (Supplementary 
Fig. 4). As expected, no concentration-depended effect was 
observed as a narrow range of IL-6 concentrations was used 
(0.5–1.5 ng/mL). Importantly, exogenous IL-6 effects were 
similar in magnitude to those observed in conditioned medium 
and noncontact cocultures (Figs. 1 and 2).

Fig. 2  Effects of human cardiac myofibroblasts on hiPSC-CM cal-
cium handling. A Superimposed representative optical  Ca2+ tran-
sients from hiPSC-CM in control (black), conditioned medium (red), 
noncontact (blue) and contact coculture (purple) conditions. Cells 
were electrically stimulated at 1 Hz. B–E Summary of time to  Ca2+ 
transient peak (B), time to 50%  Ca2+ decay (C), time to 80%  Ca2+ 
decay (D), and rate of  Ca2+ transient decay (E) changes for hiPSC-
CM cultured with MyoFBs in the three conditions versus con-
trol, at 1  Hz pacing rate. Bars represent means ± SEM (n = 12–23 
treated monolayers). *p < 0.05, **p < 0.01, ****p < 0.0001 (one‐way 
ANOVA with post hoc Tukey’s test)

◂
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Blockade of IL‑6 signalling reduces the effect 
of paracrine‑mediated communication 
during myofibroblast‑hiPSC‑CM coculture, 
but has no effect on direct contact coculture

To further investigate the role of IL-6, we blocked IL-6 
signalling in all culture conditions by adding an anti-IL-6 
neutralising antibody (IL-6 Ab) to the culture medium for 
the 48 h coculture period. The concentration of IL-6 Ab 
used was 150 ng/mL (~ 100 times the highest concentration 
of IL-6 measured in the media of all culture conditions) as 
this concentration completely prevented the APD and t50 
prolongation observed during stimulation of hiPSC-CM by 
exogenous IL-6 (Supplementary Fig. 5).

Addition of the IL-6 Ab did not block the increase in 
hiPSC-CM spontaneous beating frequency observed in 
contact coculture (Fig. 4A). However, addition of the IL-6 
Ab prevented APD50 prolongation (Fig. 4B) and reduced 
APD90 prolongation (Fig. 4C) in hiPSC-CM cultures treated 
with conditioned medium and in noncontact cocultures but 
had no effect on APD90 prolongation observed in contact 
cocultures (Fig. 4C). Addition of the IL-6 Ab prevented 
changes in loss of 1:1 AP capture threshold following treat-
ment of hiPSC-CMs with conditioned medium or noncontact 
coculture but did not prevent threshold changes in contact 
cocultures (Fig. 4D).

Addition of the IL-6 Ab reduced the increase in hiPSC-
CM t50 and t80 in conditioned medium and noncontact 
cocultures, but did not affect the prolonged  Ca2+ transient 
decay in contact cocultures (Fig. 5B, C) or prevent the 
reduction in time to  Ca2+ transient peak observed in con-
tact cocultures (Fig. 5A). Late-phase  Ca2+ decay, the time 
from t50 to t80, was unaffected in all culture conditions and 
did not change with addition of IL-6 Ab (Fig. 5D). Further, 
addition of the IL-6 Ab reduced the effect of conditioned 
medium and noncontact coculture on hiPSC-CM rate of 
 Ca2+ decay (Fig. 5E).

These results indicate IL-6 plays a key role in the electro-
physiological and  Ca2+ handling changes observed in cul-
tures mimicking paracrine interactions between MyoFBs and 
hiPSC-CMs in the absence of contact interactions.

Connexin43 knockdown in myofibroblasts does 
not prevent electrophysiological and calcium 
handling changes in direct contact coculture

Connexin43 (Cx43) has previously been implicated in gap-
junction mediated heterocellular coupling between fibro-
blasts and cardiomyocytes both in vitro and in situ [32]. 
MyoFBs at the infarct border zone and in the scar express 
Cx43 [17, 27, 28, 33] and can electrically couple with car-
diomyocytes [26–28]. This functional coupling mediated by 
Cx43 interactions has been proposed to promote arrhythmo-
genic phenotypes [28, 34].

As IL-6 blockade did not prevent the electrical and  Ca2+ 
handling changes observed in contact coculture, we decided 
to assess the contribution of Cx43-mediated interactions by 
downregulating Cx43 expression specifically in MyoFBs, 
prior to culture in contact with hiPSC-CMs. Knockdown of 
Cx43 was achieved by transfecting MyoFBs with a Cx43-
specific siRNA (Ambion Silencer™ Select siRNA s5759) 
and was compared against MyoFBs transfected with a neg-
ative control siRNA (Ambion Silencer™ Select Negative 
Control No. 1 siRNA) and GAPDH-specific siRNA (Ambion 
Silencer™ Select GAPDH Positive Control siRNA). Knock-
down of Cx43 mRNA was confirmed via RT-qPCR, with 
significant knockdown observed both immediately following 
transfection (1 day of transfection, 1DT; 64.7% knockdown; 
p < 0.01 versus negative control) and 48 h-post transfection 
(1DT + 2; 81.9% knockdown; p < 0.0001 versus negative 
control), confirming Cx43 mRNA knockdown (Cx43-KD) 
remained for the duration of the contact coculture (Fig. 6A). 
No change in Cx43 mRNA levels were detected follow-
ing transfection with GAPDH-specific siRNA at 1DT or 
1DT + 2 (Fig. 6A). RT-qPCR data were complemented with 
immunostaining analysis, showing Cx43 protein expression 
was significantly lower in Cx43-KD MyoFBs compared to 
control cells (Supplementary Fig. 6). MyoFBs transfected 
with the negative control siRNA (control KD MyoFBs) and 
non-transfected MyoFBs had the same effect on hiPSC-CM 
APD and  Ca2+ transients (Supplementary Fig. 7).

Following knockdown of Cx43 in MyoFBs, optical AP 
were recorded at 1 Hz pacing rate in hiPSC-CMs alone, in 
contact with control KD MyoFBs, or in contact with Cx43-
KD MyoFBs (Fig. 6B). Cx43-KD did not prevent hiPSC-CM 
APD90 prolongation observed in cocultures with control KD 
MyoFBs compared to hiPSC-CMs alone, but further exacer-
bated the effect (Fig. 6D). Furthermore, Cx43-KD MyoFBs 
significantly prolonged APD50 compared to both control KD 
MyoFBs and hiPSC-CMs alone (Fig. 6C). Cx43-KD did not 

Fig. 3  Effect of human cardiac myofibroblasts on hiPSC-CM molecu-
lar profile. A–F Changes in the abundance of mRNAs associated 
with AP repolarisation and  Ca2+ cycling in hiPSC-CM after culture 
with MyoFBs conditioned medium (red), with MyoFBs separated 
by a semipermeable membrane (noncontact coculture, blue), and 
with MyoFBs in direct contact (contact coculture, purple). Levels of 
each mRNA were normalised to the control group (hiPSC-CM cul-
tured in the presence of hiPSC-CM-conditioned medium; RQ = 1 for 
all genes). KCND3 encodes the transient outward potassium channel 
 KV4.3; KCNH2 encodes the potassium voltage-gated channel  KV11.1; 
KCNJ11 encodes the Kir6.2 protein which contributes to  IK-ATP; 
ATP2A2 encodes the sarcoplasmic reticulum  Ca2+-ATPase (SER-
CA2a); SLC8A1 encodes the sodium-calcium exchanger (NCX1); 
CACNA1C encodes  CaV1.2 protein which contributes to  ICaL. RT-
qPCR performed on mRNA isolated from hiPSC-CM only. Values 
expressed as means ± SEM (n = 6–7 treated monolayers). $p < 0.05, 
$$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 versus control. *p < 0.05 (one‐
way ANOVA with post hoc Tukey’s test)

◂



 R. D. Johnson et al.

1 3

276 Page 10 of 18

prevent the increased susceptibility to loss of 1:1 AP capture 
observed in cocultures with control KD MyoFBs (Fig. 6E).

Similarly, optical  Ca2+ transients were recorded at 1 Hz 
pacing rate in hiPSC-CMs alone, in contact with control KD 
MyoFBs, or in contact with Cx43-KD MyoFBs (Fig. 7A). 
Cx43-KD in MyoFBs did not prevent or reduce the increase 
in hiPSC-CM t50 or t80 observed in cultures with control 
KD MyoFBs (Fig. 7C, D), however Cx43-KD significantly 
reduced the decrease in time to  Ca2+ transient peak observed 
in cultures with control KD MyoFBs versus hiPSC-CMs alone 
(Fig. 7B). Cx43-KD MyoFBs did not prevent rate of  Ca2+ 
transient decay reduction (Fig. 7E).

These results indicate that knockdown of Cx43 in MyoFBs 
is unable to prevent hiPSC-CM electrophysiological and  Ca2+ 
handling changes observed when the two cell types are cul-
tured in contact. On the contrary, knockdown of Cx43 in 
MyoFBs promotes further changes in APD50 and APD90, 
similar to those observed in noncontact cocultures.

Combination of myofibroblast‑Cx43 knockdown 
and IL‑6 blockade reduces electrophysiological 
and calcium handling changes in direct contact 
coculture

As knockdown of Cx43 in MyoFBs in contact cocultures 
appeared to promote changes in hiPSC-CM function similar 
to those observed in noncontact cocultures, we combined 
MyoFB-specific Cx43-KD with IL-6 neutralisation to quan-
tify the contribution of IL-6 signalling in this setting.

Optical APs recorded at 1 Hz pacing rate showed that 
treating Cx43-KD MyoFB—hiPSC-CM contact cocultures 
with IL-6 Ab prevented APD50 (Fig.  8A) and reduced 
APD90 prolongation (Fig.  8B), recapitulating effects 
observed when treating noncontact cocultures with IL-6 Ab 
(Fig. 4B, C).

Optical  Ca2+ transients recorded at 1 Hz pacing rate 
showed that combination of IL-6 blockade and MyoFB-
specific Cx43-KD prevented the reduction in hiPSC-CM 
time to  Ca2+ transient peak (Fig. 8C) and the increase in 

Fig. 4  Blockade of IL-6 signalling reduces the effects of myofibro-
blast-conditioned medium and noncontact coculture on hiPSC-CM 
electrical function. A Spontaneous beating frequency of hiPSC-CM 
in control (black), conditioned medium (red), noncontact (blue) 
and contact coculture (purple), in the presence (diagonal pattern) or 
absence (no pattern) of a neutralising IL-6 antibody. Values expressed 
as means ± SEM (n = 16–20 treated monolayers). B, C Summary of 
APD50 (B) and APD90 (C) for hiPSC-CM in control, conditioned 

medium, noncontact and contact coculture, in the presence (diago-
nal pattern) or absence (no pattern) of a neutralising IL-6 antibody, 
at 1  Hz pacing rate. Values expressed as means ± SEM (n = 7–8 
treated monolayers). D Average pacing rate needed to induce loss of 
1:1 action potential capture in hiPSC-CM cultures. Values expressed 
as means ± SEM (n = 7–8 treated monolayers). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 (two‐way ANOVA with post hoc Tuk-
ey’s test)
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t80 (Fig. 8E), and reduced the increase in t50 (Fig. 8D) 
observed in control KD MyoFBs contact cocultures ver-
sus hiPSC-CMs alone. Further, combination of IL-6 Ab 
with Cx43-KD reduced the effect of contact coculture on 
hiPSC-CM rate of  Ca2+ decay (Fig. 8F). In control con-
tact cocultures, addition of the IL-6 Ab had no effect on 
hiPSC-CM time to  Ca2+ transient peak, t50, t80 or rate of 
 Ca2+ transient decay (Fig. 8C–F), consistent with results 
in Figs. 4 and 5.

These results indicate IL-6 plays a major role in contact 
cocultures following MyoFB-specific Cx43 knockdown, 
suggesting Cx43 may suppress or prevent IL-6 paracrine 
signalling during contact cocultures.

Discussion

Improved understanding of how grafted cell therapies 
interact with the native myocardium is essential for treat-
ment optimisation and prevention of potentially fatal 
arrythmia. Here we shed light on the mechanisms through 
which MyoFBs, the predominant cell-type in the recipient 
tissue, modulate the electrophysiology and  Ca2+ handling 
of hiPSC-CMs and identify potential targets for reducing 
arrhythmic risk in cardiac cell therapy. The key findings 
are that (1) human adult cardiac MyoFBs exert adverse 
effects on the electrophysiological and  Ca2+ handling prop-
erties of hiPSC-CMs through specific paracrine-mediated 

Fig. 5  Blockade of IL-6 signalling reduces the effects of myofibro-
blast-conditioned medium and noncontact coculture on hiPSC-CM 
calcium handling. A–E Time to  Ca2+ transient peak (A), time to 
50%  Ca2+ decay (B), time to 80%  Ca2+ decay (C), time from 50 to 
80%  Ca2+ decay (D) and rate of  Ca2+ transient decay (E) for hiPSC-
CM in control (black), conditioned medium (red), noncontact (blue) 

and contact coculture (purple), in the presence (diagonal pattern) or 
absence (no pattern) of a neutralising IL-6 antibody, at 1 Hz pacing 
rate. Values expressed as means ± SEM (n = 8–12 treated monolay-
ers). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two‐way 
ANOVA with post hoc Tukey's test)
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and direct heterocellular coupling mechanisms; (2) block-
ing IL-6 signalling prevents/reduces changes observed in 
paracrine-mediated cultures; (3) MyoFB-specific Cx43 
knockdown alone does not prevent changes in contact 
cocultures, but combined Cx43 knockdown and IL-6 
blockade has beneficial effects. To our knowledge, this is 

the first study to perform in-depth investigation of changes 
to hiPSC-CM AP and  Ca2+ transients following coculture 
with adult human MyoFBs through both paracrine- and 
contact-mediated signalling.

The results presented here show that MyoFBs prolong 
hiPSC-CM APD50, APD90 and  Ca2+ transient decay, with 
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no changes in time to  Ca2+ transient peak, when cocultured 
in a system that only allows paracrine communication. Fur-
thermore, treating hiPSC-CM with MyoFBs-conditioned 
medium displays similar effects, suggesting that a dynamic 
interaction between the two cell types is not required to pro-
mote these functional changes. MyoFBs paracrine factors 
have been shown to prolong APD in neonatal and adult rat 
cardiomyocytes [15, 16, 35] and mouse ESC-cardiomyo-
cytes [36], although specific paracrine factors and signalling 
mechanisms are yet to be identified. The molecular mecha-
nisms underlying APD prolongation in these settings also 
remain poorly defined. Previous work indicates that soluble 
mediators released by MyoFBs may alter transcription of 
ion channels in neonatal and adult rat cardiomyocytes [15, 
16, 35]. In this study we report reduced KCND3, KCNH2, 
and KCNJ11 mRNA expression in hiPSC-CMs, with these 
genes encoding the pore-forming subunits of  Ito,  IKr and 
 IK-ATP channels, respectively. Downregulation of KCND3/
KCND2 and KCNJ11 mRNA, as well as inhibition of  Ito, 
 IKr and  IK-ATP currents have been associated with prolonged 
APD [15, 16, 35, 37–39]. While the reduction in KCND3, 
KCNH2, and KCNJ11 mRNA levels could account for the 
observed APD50 and APD90 prolongation in our study, 
changes in the expression of channel-interacting proteins 
(e.g. KChIP2 [16]), other ion channels (e.g.  IKs) or post-
translational modifications (e.g. phosphorylation) cannot 
be excluded as contributors. Importantly, no changes in 
SLC8A1 and CACNA1C mRNA levels were detected in our 
hiPSC-CM cultures, indicating that L-type calcium chan-
nels and sodium-calcium exchanger (NCX) are unlikely to 
contribute to APD prolongation.

The effect of MyoFBs paracrine factors on cardiomyo-
cyte  Ca2+ handling remains largely unexplored. In an ear-
lier study, Cartledge et al. [20] showed that soluble factors 
released by adult rat MyoFBs reduce  Ca2+ transient decay 
in adult rat cardiomyocyte. We report prolongation of  Ca2+ 
transient decay in hiPSC-CMs treated with adult human 
MyoFBs-conditioned medium and in noncontact cocultures. 
The molecular mechanisms underlying MyoFBs-mediated 
 Ca2+ handling changes in cardiomyocytes have not been pre-
viously investigated. The prolonged  Ca2+ decay observed in 
our study is likely a result of the reduced SERCA2a mRNA 
expression, with SERCA2a the primary route of  Ca2+ 
removal in hiPSC-CMs [40]. This is further supported by 
our observation that early  Ca2+ decay (t50) was significantly 
prolonged, but late  Ca2+ decay (t50-t80) was unaffected by 
MyoFBs, with early  Ca2+ removal mainly driven via SER-
CA2a, and late phase  Ca2+ removal primarily driven via 
NCX [41].

The effect of heterocellular contact interactions on cardio-
myocyte AP remains controversial, with studies performed 
on animal cells suggesting both APD shortening [17, 42] and 
prolongation [17, 34, 43]. Our results demonstrate that adult 
human MyoFBs prolong hiPSC-CM APD90, but have no 
effect on APD50, when cocultured in direct physical contact. 
qRT-PCR analysis of hiPSC-CMs shows downregulation of 
KCND3, KCNH2, and KCNJ11 mRNA. Given the role of 
 Ito current in early AP repolarisation, the reduced KCND3 
mRNA expression following contact coculture would be 
expected to prolong APD50, as we observed in noncontact 
cocultures. The gap junction current  (IGap) identified in com-
putational studies of fibroblasts coupled with cardiomyo-
cytes could explain this difference [44]. The early  Ito-like 
component of  IGap could generate transient outward current 
counteracting the effect of reduction in KCND3 mRNA, 
while the late background current component could act as 
current source during late repolarisation to prolong APD90 
[44–46]. Downregulation of KCNH2 and KCNJ11 mRNA is 
also likely to contribute to APD90 prolongation.

Direct contact between human MyoFBs and hiPSC-CMs 
also altered  Ca2+ handling, significantly prolonging  Ca2+ 
transient decay and reducing time to  Ca2+ transient peak. 
The reduced SERCA2a mRNA expression could account 
for the early  Ca2+ decay prolongation, however the mecha-
nism behind the reduced time to  Ca2+ transient peak requires 
further investigation. Fibroblasts have been proposed to 
increase hiPSC-CM sarcoplasmic reticulum  Ca2+ content 
[47], however if fibroblasts affect ryanodine receptor-2  Ca2+ 
cycling kinetics remains unknown. It should be mentioned 
here that although hiPSC-CMs are the major contributors 
to optically recorded AP and  Ca2+ transients in direct con-
tact cocultures, fluorescence from MyoFBs could influence 
the overall signal. MyoFBs are nonexitable cells (no signals 
were detected in MyoFBs only cultures), however when 

Fig. 6  Effect of Cx43 silencing in myofibroblasts on hiPSC-CM 
electrical function following contact coculture. A Quantification of 
changes in Cx43 mRNA abundance in MyoFBs following transfec-
tion with a negative control siRNA, a GAPDH-specific siRNA, and 
a Cx43-specific siRNA (Ambion Silencer™ Select siRNA s5759) 
by RT-qPCR. RNA was collected at two timepoints: immediately 
following transfection (24-h transfection time; 1DT), and 48  h after 
transfection was completed (cells washed post-transfection and then 
cultured in basal DMEM; 1DT + 2). Values expressed as percentage 
relative to the negative control ± SEM (n = 3 independent experi-
ments). **p < 0.01, ****p < 0.0001 (one‐way ANOVA with post hoc 
Tukey's test). B Superimposed representative optical AP from hiPSC-
CM cultured in direct contact with MyoFBs treated with a non-target-
ing negative control siRNA (HiPSC-CM + Control KD MyoFBs, light 
blue) or in contact with MyoFBs treated with a Cx43-specific siRNA 
(HiPSC-CM + Cx43-KD MyoFBs, orange). Pure hiPSC-CM cultures 
(HiPSC-CM Only, black): hiPSC-CM cultured with basal DMEM 
media. Cells were electrically stimulated at 1 Hz. C, D APD50 (C) 
and APD90 (D) changes for hiPSC-CM cultured in contact with 
control KD and Cx43-KD MyoFBs versus hiPSC-CM alone, at 
1  Hz pacing rate. Values expressed as means ± SEM (n = 9 treated 
monolayers). E Average pacing rate needed to induce loss of 1:1 
action potential capture in hiPSC-CM cultures. Values expressed as 
means ± SEM (n = 7–9 treated monolayers). **p < 0.01, ***p < 0.001, 
****p < 0.0001 (one‐way ANOVA with post hoc Tukey's test)
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electrotonically coupled to cardiomyocytes they could dis-
play AP-like signals [26].

Direct heterocellular contact increased hiPSC-CM spon-
taneous activity in our study similarly to previous work [34, 
48, 49], an effect reported to be a result of heterocellular 
coupling independent from media conditioning [50]. Impor-
tantly, increased spontaneous activity of transplanted cells 
has been linked to arrhythmia in large animal studies [8].

MyoFBs reduced the ability of hiPSC-CMs to respond 
to increasing pacing frequencies in all culture conditions, 

resulting in loss of 1:1 AP capture and arrhythmic behaviour. 
APD prolongation and therefore longer refractory period are 
likely the mechanism leading to the loss of 1:1 capture in our 
study. Impaired ability of hiPSC-CMs to respond to the next 
stimulus could promote conduction block and the forma-
tion of a substrate for re-entrant arrhythmia [51]. hiPSC-CM 
APD prolongation would also increase the difference in APD 
between transplanted and resident cells, creating a substrate 
for arrhythmogenic activity [10].

Fig. 7  Effect of Cx43 silencing 
in myofibroblasts on hiPSC-CM 
calcium handling following 
contact coculture. A Superim-
posed representative optical 
 Ca2+ transients from hiPSC-
CM cultured in direct contact 
with MyoFBs treated with a 
non-targeting negative control 
siRNA (HiPSC-CM + Control 
KD MyoFBs, light blue) or in 
contact with MyoFBs treated 
with a Cx43-specific siRNA 
(HiPSC-CM + Cx43-KD 
MyoFBs, orange). Pure hiPSC-
CM cultures (HiPSC-CM Only, 
black): hiPSC-CM cultured 
with basal DMEM media. Cells 
were electrically stimulated at 
1 Hz. B–E Summary of time to 
 Ca2+ transient peak (B), time 
to 50%  Ca2+ decay (C), time 
to 80%  Ca2+ decay (D) and 
rate of  Ca2+ transient decay 
(E) changes for hiPSC-CM 
cultured in contact with control 
KD MyoFBs or Cx43-KD 
MyoFBs versus hiPSC-CM 
alone, at 1 Hz pacing rate. Bars 
represent means ± SEM (n = 9 
treated monolayers). **p < 0.01, 
****p < 0.0001 (one‐way 
ANOVA with post hoc Tukey's 
test)
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Our results show that IL-6 plays a major role in 
MyoFBs–hiPSC-CMs paracrine communication. IL-6, 
a pro-inflammatory cytokine produced by both cardio-
myocytes and fibroblasts [23, 52], is increased in post-MI 
patients [22] and elevated in patients with heart failure [24], 
where it correlates with increased risk of cardiovascular 
events and ventricular dysfunction [24, 53]. Blocking IL-6 
with a neutralising antibody prevented/reduced the effect of 
MyoFBs on hiPSC-CM APD,  Ca2+ decay and loss of 1:1 
capture in noncontact coculture and in the presence of con-
ditioned medium. However, in contact cocultures blocking 
IL-6 had no effect, suggesting that contact-mediated com-
munication may be the predominant mechanism in these 

settings. Adding exogenous IL-6 directly to hiPSC-CMs 
recapitulated the prolongation of APD50/90 and  Ca2+ decay 
observed in noncontact coculture and conditioned medium, 
supporting the conclusion that these effects are due to direct 
IL-6 signalling. IL-6 has been shown to prolong APD50 and 
APD90 in adult guinea-pig cardiomyocytes [54] and  Ca2+ 
decay in adult mouse cardiomyocytes [55] through reduced 
KCNH2 and SERCA2a mRNA expression respectively [56]. 
IL-6 involvement in KCNH2 and SERCA2a mRNA down-
regulation in hiPSC-CMs warrants further investigation.

To dissect the mechanism underlying the effect of 
MyoFBs on hiPSC-CM function in contact cocultures, we 
knocked down Cx43 specifically in MyoFBs prior to culture 

Fig. 8  Effect of myofibroblast Cx43 silencing and IL-6 signalling 
blockade on hiPSC-CM electrical function and calcium handling fol-
lowing contact coculture. A–F APD50 (A), APD90 (B), time to  Ca2+ 
transient peak (C), time to 50%  Ca2+ decay (D), time to 80%  Ca2+ 
decay (E) and rate of  Ca2+ transient decay (F) for hiPSC-CM cultured 
in contact with control KD MyoFBs or Cx43-KD MyoFBs versus 

hiPSC-CM alone, in the presence (diagonal pattern) or absence (no 
pattern) of a neutralising IL-6 antibody, at 1 Hz pacing rate. Values 
expressed as means ± SEM (n = 3–9 treated monolayers). *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 (two‐way ANOVA with 
post hoc Tukey’s test)
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in contact with hiPSC-CMs. Silencing of Cx43 expression in 
MyoFBs has previously been shown to be anti-arrhythmic, 
leading to reduced APD prolongation, ectopic activity and 
cell excitability in neonatal rat cardiomyocytes [34], whilst 
knockdown of Cx43 in non-cardiomyocytes cultured with 
hiPSC-CMs has been shown to increase upstroke veloc-
ity and reduce AP triangulation [57]. In contrast, we found 
that MyoFB-specific Cx43-KD did not prevent or reduce 
changes to hiPSC-CM electrophysiology. Instead, Cx43-KD 
appeared to promote a paracrine-mediated mechanism and 
a profile of functional changes similar to those observed in 
noncontact cocultures. This idea was further supported as 
IL-6 blockade in Cx43-KD contact cocultures was able to 
prevent/reduce changes to APD and  Ca2+ decay. This sug-
gests a dynamic interaction between gap junctional and par-
acrine signalling in contact cocultures, with gap junctional 
signalling dominating in the presence of Cx43-based het-
erocellular coupling while paracrine signalling dominates 
in the absence of Cx43-mediated interactions. Both uncou-
pling of MyoFBs and hiPSC-CMs and blockade of paracrine 
signalling appear to be needed to reduce electrophysiology 
and  Ca2+ handling changes in this scenario, although further 
contribution of mechanical interactions or ephaptic coupling 
cannot be excluded [58, 59]. Crosstalk between gap junc-
tional and paracrine signalling remains largely unexplored in 
the heart, however a study by Salvarani et al. demonstrated 
that both TGF-β1 signalling and MyoFB-cardiomyocyte 
coupling contribute to the changes in conduction and ectopic 
activity of neonatal rat cardiomyocytes in fibrotic coculture 
[60].

Cell-based therapy can improve cardiac function but 
has been associated with increased incidence of ventricu-
lar arrhythmias [3, 7, 9, 61, 62]. Focal activity, primar-
ily enhanced automaticity, as well as re-entrant circuits 
have been proposed as mechanisms of arrhythmogenicity. 
Whilst the immature nature of transplanted grafts is an 
important factor, the influence of the fibrotic niche on graft 
electrical activity needs consideration [7, 63]. Fibroblasts 
have been shown to exert a negative influence on hiPSC-
CMs maturation through both Cx43-mediated cell–cell 
contacts [57] and paracrine signalling [64, 65]. Electro-
physiological heterogeneity at the site of hiPSC-CMs 
grafts may create a substrate for arrhythmogenic activity 
[10, 66] which can be further exacerbated by the MyoFB 
induced changes to APD or  Ca2+ decay reported here. Our 
study identifies druggable pathways that could reduce the 
risks of cell therapy mediated arrhythmia. IL-6 is a poten-
tial therapeutic target to reduce APD and  Ca2+ transient 
changes and decrease susceptibility of hiPSC-CMs to loss 
of capture and potential conduction block when cocultured 
with MyoFBs, which in-turn may lead to reduced elec-
trophysiological heterogeneity at the site of hiPSC-CMs 
grafts and reduced risk of arrhythmia post-engraftment. 

The ongoing ASSAIL-MI trial has shown the potential 
for anti-IL-6 treatment to increase myocardial salvage in 
STEMI patients at the time of reperfusion [67], whilst 
previous evidence has highlighted the anti-arrhythmic 
potential of anti-IL-6R therapy in patients with rheuma-
toid arthritis and COVID-19 [53, 68]. Furthermore, given 
the number of connexin-targeted agents currently in clini-
cal trials, which includes Cx43 antisense oligonucleotide 
and mimetic peptides [69], combining IL-6 therapy with 
connexin therapeutics could become a feasible avenue to 
improve the outcome of cardiac cell therapy.

Our study focused on the interaction between MyoFBs 
and hiPSC-CM, however MyoFBs present at the border 
zone are likely to also affect resident adult cardiomyocytes 
post-MI. Ex-vivo studies in Langendorff-perfused mouse 
hearts have shown that MyoFBs can electrically couple to 
cardiomyocytes in the infarct border zone [26–28, 70]. This 
coupling has recently been associated with proarrhythmic 
remodelling at the infarct border zone in aged rabbits [71]. 
In vitro studies indicate that paracrine communication could 
also promote adult cardiomyocyte remodelling [16, 20], 
however if this occurs in cultures of human cells or in the 
whole organ remains unknown. Further research investigat-
ing mechanisms of crosstalk between human MyoFBs and 
adult cardiomyocytes both in vitro and in situ is needed. 
The recent development of protocols to induce maturation 
of hiPSC-CM will benefit future in vitro work [72].

In our study we used iCell hiPSC-CMs (Cellular Dynam-
ics International) and it is possible that alternative cell 
lines may respond differently. The experimental protocols 
presented here could be used to identify hiPSC-CMs with 
the most favourable properties for grafting. This would be 
particularly valuable for screening the clinical-grade hap-
lobanks which are being generated to provide iPSCs matched 
to human leukocyte antigens to avoid immune-rejection [73].

In conclusion, this study shows that human cardiac 
MyoFBs alter both electrical and  Ca2+ handling properties 
of hiPSC-CMs through distinct paracrine-mediated and con-
tact-mediated mechanisms, leading to electrophysiological 
changes which promote loss of 1:1 AP capture, potential 
conduction block and increased susceptibility to arrhythmia. 
This study also highlights the complex interplay of parac-
rine-signalling and heterocellular coupling when MyoFBs 
and hiPSC-CMs are in contact. The pivotal role of IL-6 and 
Cx43-signalling identified here highlights these pathways as 
potential therapeutic targets to reduce the risk of arrhythmia 
following hiPSC-CMs transplant post-MI.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 023- 04924-3.

Acknowledgements This work was supported by the British Heart 
Foundation (FS/17/33/32931) and the Royal Society (RSG/R1/180198).

https://doi.org/10.1007/s00018-023-04924-3


Human myofibroblasts increase the arrhythmogenic potential of human induced pluripotent…

1 3

Page 17 of 18 276

Author contributions RDJ designed and performed experiments and 
analyzed the results with help from PC and JHM. RDJ and PC wrote 
the manuscript. ML and JHM have critically reviewed the manuscript. 
PC conceived the study. PC, ML and JHM supervised the study.

Availability of data and material The raw data supporting the conclu-
sions of this manuscript are included in this manuscript and Supple-
mentary Information.

Declarations 

Conflict of interest The authors declare no potential conflicts of interest.

Ethics approval Not applicable.

Consent for publication All authors read and approved the final manu-
script.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Chen W et al (2021) Cardiac fibroblasts and myocardial regenera-
tion. Front Bioeng Biotechnol 9(227):599928

 2. Liew LC, Ho BX, Soh B-S (2020) Mending a broken heart: cur-
rent strategies and limitations of cell-based therapy. Stem Cell Res 
Ther 11(1):138

 3. Shiba Y et  al (2016) Allogeneic transplantation of iPS cell-
derived cardiomyocytes regenerates primate hearts. Nature 
538(7625):388–391

 4. Guan X et al (2020) Transplantation of human induced pluripotent 
stem cell-derived cardiomyocytes improves myocardial function 
and reverses ventricular remodeling in infarcted rat hearts. Stem 
Cell Res Ther 11(1):73

 5. Rojas SV et  al (2017) Transplantation of purified iPSC-
derived cardiomyocytes in myocardial infarction. PLoS ONE 
12(5):e0173222

 6. Ye L et al (2014) Cardiac repair in a porcine model of acute 
myocardial infarction with human induced pluripotent stem cell-
derived cardiovascular cells. Cell Stem Cell 15(6):750–761

 7. Liu YW et al (2018) Human embryonic stem cell-derived car-
diomyocytes restore function in infarcted hearts of non-human 
primates. Nat Biotechnol 36(7):597–605

 8. Nakamura K et al (2021) Pharmacologic therapy for engraftment 
arrhythmia induced by transplantation of human cardiomyocytes. 
Stem Cell Rep 16(10):2473–2487

 9. Romagnuolo R et al (2019) Human embryonic stem cell-derived 
cardiomyocytes regenerate the infarcted pig heart but induce ven-
tricular tachyarrhythmias. Stem Cell Rep 12(5):967–981

 10. Yu JK et al (2019) A comprehensive, multiscale framework for 
evaluation of arrhythmias arising from cell therapy in the whole 
post-myocardial infarcted heart. Sci Rep 9(1):9238

 11. Camelliti P, Borg TK, Kohl P (2005) Structural and functional 
characterisation of cardiac fibroblasts. Cardiovasc Res 65(1):40–51

 12. Turner NA et al (2009) Interleukin-1alpha stimulates proinflam-
matory cytokine expression in human cardiac myofibroblasts. Am 
J Physiol Heart Circ Physiol 297(3):H1117–H1127

 13. Souders CA, Bowers SLK, Baudino TA (2009) Cardiac fibroblast: 
the renaissance cell. Circ Res 105(12):1164–1176

 14. Willems IE et al (1994) The alpha-smooth muscle actin-pos-
itive cells in healing human myocardial scars. Am J Pathol 
145(4):868–875

 15. Pedrotty DM et al (2009) Cardiac fibroblast paracrine factors alter 
impulse conduction and ion channel expression of neonatal rat 
cardiomyocytes. Cardiovasc Res 83(4):688–697

 16. Kaur K et al (2013) TGF-beta1, released by myofibroblasts, dif-
ferentially regulates transcription and function of sodium and 
potassium channels in adult rat ventricular myocytes. PLoS ONE 
8(2):e55391

 17. Vasquez C et al (2010) Enhanced fibroblast–myocyte interactions 
in response to cardiac injury. Circ Res 107(8):1011–1020

 18. Miragoli M, Gaudesius G, Rohr S (2006) Electrotonic modula-
tion of cardiac impulse conduction by myofibroblasts. Circ Res 
98(6):801–810

 19. Kohl P et al (2005) Electrical coupling of fibroblasts and myo-
cytes: relevance for cardiac propagation. J Electrocardiol 38(4 
Suppl):45–50

 20. Cartledge JE et al (2015) Functional crosstalk between cardiac 
fibroblasts and adult cardiomyocytes by soluble mediators. Car-
diovasc Res 105(3):260–270

 21. Hatada K et al (2006) Tumor necrosis factor-α inhibits the cardiac 
delayed rectifier K current via the asphingomyelin pathway. Bio-
chem Biophys Res Commun 344(1):189–193

 22. Kucharz EJ, Wilk T (2000) Dynamics of serum interleukin-6 level 
in patients with acute myocardial infarction. Eur J Intern Med 
11(5):253–256

 23. Ma F et al (2012) Macrophage-stimulated cardiac fibroblast pro-
duction of IL-6 is essential for TGF β/Smad activation and cardiac 
fibrosis induced by angiotensin II. PLoS ONE 7(5):e35144

 24. Wollert KC, Drexler H (2001) The role of interleukin-6 in the 
failing heart. Heart Fail Rev 6(2):95–103

 25. Camelliti P et al (2004) Fibroblast network in rabbit sinoatrial 
node. Circ Res 94(6):828–835

 26. Quinn TA et al (2016) Electrotonic coupling of excitable and non-
excitable cells in the heart revealed by optogenetics. Proc Natl 
Acad Sci USA 113(51):14852

 27. Rubart M et al (2018) Electrical coupling between ventricular 
myocytes and myofibroblasts in the infarcted mouse heart. Car-
diovasc Res 114(3):389–400

 28. Mahoney VM et al (2016) Connexin43 contributes to electro-
tonic conduction across scar tissue in the intact heart. Sci Rep 
6(1):26744

 29. Jasmin NH et al (2021) Myocardial viability imaging using man-
ganese-enhanced MRI in the first hours after myocardial infarc-
tion. Adv Sci (Weinh) 8(11):e2003987

 30. Dempster J et al (2002) WinFluor: an integrated system for the 
simultaneous recording of cell fluorescence images and electro-
physiological signals on a single computer system. Br J Pharmacol 
137(proceedings supplement):146P-146P

 31. Nisbet AM et al (2016) Prolongation of atrio-ventricular node 
conduction in a rabbit model of ischaemic cardiomyopathy: role 
of fibrosis and connexin remodelling. J Mol Cell Cardiol 94:54–64

 32. Johnson RD, Camelliti P (2018) Role of non-myocyte gap junc-
tions and connexin hemichannels in cardiovascular health and 
disease: novel therapeutic targets? Int J Mol Sci 19(3):866

 33. Camelliti P et al (2004) Spatially and temporally distinct expres-
sion of fibroblast connexins after sheep ventricular infarction. 
Cardiovasc Res 62(2):415–425

http://creativecommons.org/licenses/by/4.0/


 R. D. Johnson et al.

1 3

276 Page 18 of 18

 34. Askar SF et al (2011) Connexin43 silencing in myofibroblasts 
prevents arrhythmias in myocardial cultures: role of maximal 
diastolic potential. Cardiovasc Res 93(3):434–444

 35. Guo W et al (1999) Paracrine hypertrophic factors from cardiac 
non-myocyte cells downregulate the transient outward current 
density and Kv4.2 K+ channel expression in cultured rat cardio-
myocytes. Cardiovasc Res 41(1):157–165

 36. Trieschmann J et al (2016) The interaction between adult cardiac 
fibroblasts and embryonic stem cell-derived cardiomyocytes leads 
to proarrhythmic changes in in vitro cocultures. Stem Cells Int 
2016:2936126–2936126

 37. Zhao Z et al (2018) Ion channel expression and characterization 
in human induced pluripotent stem cell-derived cardiomyocytes. 
Stem Cells Int 2018:6067096–6067096

 38. Kääb S et al (1998) Molecular basis of transient outward potas-
sium current downregulation in human heart failure: a decrease 
in Kv4.3 mRNA correlates with a reduction in current density. 
Circulation 98(14):1383–1393

 39. El-Battrawy I et al (2018) Electrical dysfunctions in human-
induced pluripotent stem cell-derived cardiomyocytes from a 
patient with an arrhythmogenic right ventricular cardiomyopathy. 
Europace 20(Fi1):f46–f56

 40. Hwang HS et al (2015) Comparable calcium handling of human 
iPSC-derived cardiomyocytes generated by multiple laboratories. 
J Mol Cell Cardiol 85:79–88

 41. Kuster GM et al (2010) Redox-mediated reciprocal regulation of 
SERCA and Na+-Ca2+ exchanger contributes to sarcoplasmic 
reticulum Ca2+ depletion in cardiac myocytes. Free Radic Biol 
Med 48(9):1182–1187

 42. Nagaraju CK et al (2019) Myofibroblast modulation of cardiac 
myocyte structure and function. Sci Rep 9(1):8879

 43. Kofron CM et al (2017) Gq-activated fibroblasts induce cardio-
myocyte action potential prolongation and automaticity in a three-
dimensional microtissue environment. Am J Physiol Heart Circ 
313(4):H810–H827

 44. Xie Y et al (2009) Cardiac alternans induced by fibroblast-myo-
cyte coupling: mechanistic insights from computational models. 
Am J Physiol Heart Circ Physiol 297(2):H775–H784

 45. MacCannell KA et al (2007) A mathematical model of electro-
tonic interactions between ventricular myocytes and fibroblasts. 
Biophys J 92(11):4121–4132

 46. Maleckar MM et al (2009) Electrotonic coupling between human 
atrial myocytes and fibroblasts alters myocyte excitability and 
repolarization. Biophys J 97(8):2179–2190

 47. Kane C, Terracciano CM (2018) Human cardiac fibroblasts 
engage the sarcoplasmic reticulum in induced pluripotent stem 
cell-derived cardiomyocyte excitation-contraction coupling. J Am 
Coll Cardiol 72(9):1061

 48. Beauchamp P et al (2020) 3D co-culture of hiPSC-derived cardio-
myocytes with cardiac fibroblasts improves tissue-like features of 
cardiac spheroids. Front Mol Biosci 7:14

 49. Giacomelli E et al (2020) Human-iPSC-derived cardiac stromal 
cells enhance maturation in 3D cardiac microtissues and reveal 
non-cardiomyocyte contributions to heart disease. Cell Stem Cell 
26(6):862-879 e11

 50. Miragoli M, Salvarani N, Rohr S (2007) Myofibroblasts induce 
ectopic activity in cardiac tissue. Circ Res 101(8):755–758

 51. Campos FO et al (2019) Factors promoting conduction slowing 
as substrates for block and reentry in infarcted hearts. Biophys J 
117(12):2361–2374

 52. Ancey C et al (2002) Secretion of IL-6, IL-11 and LIF by human 
cardiomyocytes in primary culture. Cytokine 18(4):199–205

 53. Lazzerini PE et al (2020) IL-6 (interleukin 6) blockade and heart 
rate corrected QT interval prolongation in COVID-19. Circ 
Arrhythm Electrophysiol 13(9):e008791–e008791

 54. Aromolaran AS et al (2018) Interleukin-6 inhibition of hERG 
underlies risk for acquired long QT in cardiac and systemic 
inflammation. PLoS ONE 13(12):e0208321–e0208321

 55. Zuo S et al (2020) Pravastatin alleviates intracellular calcium dysreg-
ulation induced by Interleukin-6 via the mitochondrial ROS pathway 
in adult ventricular myocytes. J Pharmacol Sci 143(3):141–147

 56. Tanaka T et al (2004) Interleukin-6-induced reciprocal expres-
sion of SERCA and natriuretic peptides mRNA in cultured rat 
ventricular myocytes. J Int Med Res 32(1):57–61

 57. Biendarra-Tiegs SM et al (2020) Human induced pluripotent stem 
cell-derived non-cardiomyocytes modulate cardiac electrophysi-
ological maturation through connexin 43-mediated cell-cell inter-
actions. Stem Cells Dev 29(2):75–89

 58. Thompson SA et al (2011) Mechanical coupling between myofi-
broblasts and cardiomyocytes slows electric conduction in fibrotic 
cell monolayers. Circulation 123(19):2083–2093

 59. Lin J, Keener JP (2013) Ephaptic coupling in cardiac myocytes. 
IEEE Trans Biomed Eng 60(2):576–582

 60. Salvarani N et al (2017) TGF-β1 (transforming growth factor-β1) 
plays a pivotal role in cardiac myofibroblast arrhythmogenicity. 
Circ Arrhythm Electrophysiol 10(5):e004567

 61. Chong JJ et  al (2014) Human embryonic-stem-cell-derived 
cardiomyocytes regenerate non-human primate hearts. Nature 
510(7504):273–277

 62. Kawaguchi S et al (2021) Intramyocardial transplantation of 
human iPS cell-derived cardiac spheroids improves cardiac func-
tion in heart failure animals. JACC Basic Transl Sci 6(3):239–254

 63. Ramkisoensing AA et al (2014) Interaction between myofibro-
blasts and stem cells in the fibrotic heart: balancing between dete-
rioration and regeneration. Cardiovasc Res 102(2):224–231

 64. Fontes JA, Rose NR, Čiháková D (2015) The varying faces of IL-6: 
From cardiac protection to cardiac failure. Cytokine 74(1):62–68

 65. Kadota S et al (2017) In vivo maturation of human induced pluri-
potent stem cell-derived cardiomyocytes in neonatal and adult rat 
hearts. Stem Cell Rep 8(2):278–289

 66. Fassina D et al (2023) Assessing the arrhythmogenic risk of 
engineered heart tissue patches through in silico application on 
infarcted ventricle models. Comput Biol Med 154:106550

 67. Broch K et al (2021) Randomized trial of interleukin-6 receptor 
inhibition in patients with acute ST-segment elevation myocardial 
infarction. J Am Coll Cardiol 77(15):1845–1855

 68. Lazzerini PE et al (2015) Antiarrhythmic potential of anticytokine 
therapy in rheumatoid arthritis: tocilizumab reduces corrected QT 
interval by controlling systemic inflammation. Arthritis Care Res 
(Hoboken) 67(3):332–339

 69. Laird DW, Lampe PD (2018) Therapeutic strategies targeting con-
nexins. Nat Rev Drug Discov 17(12):905–921

 70. Roell W et al (2018) Overexpression of Cx43 in cells of the myo-
cardial scar: correction of post-infarct arrhythmias through het-
erotypic cell-cell coupling. Sci Rep 8(1):7145

 71. Baggett BC et al (2023) Myofibroblast senescence promotes 
arrhythmogenic remodeling in the aged infarcted rabbit heart. 
Elife 12:e84088

 72. Feyen DAM et al (2020) Metabolic maturation media improve 
physiological function of human iPSC-derived cardiomyocytes. 
Cell Rep 32(3):107925

 73. Yoshida S et al (2023) A clinical-grade HLA haplobank of human 
induced pluripotent stem cells matching approximately 40% of the 
Japanese population. Med 4(1):51-66 e10

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Human myofibroblasts increase the arrhythmogenic potential of human induced pluripotent stem cell-derived cardiomyocytes
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Coculture setup
	Voltage and calcium optical mapping
	hiPSC-CM spontaneous activity recording
	Immunofluorescence staining
	Flow cytometry
	Fluorescence-activated cell sorting (FACS)
	IL-6 quantification by ELISA
	IL-6 stimulation and IL-6 blocking
	mRNA analysis by Quantitative Real-Time PCR (RT-qPCR)
	Knockdown of Cx43 by siRNA
	Statistical analysis

	Results
	Cardiac myofibroblasts alter hiPSC-CM electrical function and calcium handling
	Cardiac myofibroblasts alter the abundance of mRNAs encoding ion channels in hiPSC-CM
	Stimulation of hiPSC-CMs with IL-6 recapitulates the paracrine-mediated effects of cardiac myofibroblasts
	Blockade of IL-6 signalling reduces the effect of paracrine-mediated communication during myofibroblast-hiPSC-CM coculture, but has no effect on direct contact coculture
	Connexin43 knockdown in myofibroblasts does not prevent electrophysiological and calcium handling changes in direct contact coculture
	Combination of myofibroblast-Cx43 knockdown and IL-6 blockade reduces electrophysiological and calcium handling changes in direct contact coculture

	Discussion
	Anchor 25
	Acknowledgements 
	References




