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Abstract: Although cell-based therapies show potential antiarrhythmic effects that could be
mediated by their paracrine action, the mechanisms and the extent of these effects were not deeply
explored. We investigated the antiarrhythmic mechanisms of extracellular vesicles secreted by
cardiosphere-derived cells (CDC-EVs) on the electrophysiological properties and gene expression
profile of HL1 cardiomyocytes. HL-1 cultures were primed with CDC-EVs or serum-free medium
alone for 48 h, followed by optical mapping and gene expression analysis. In optical mapping
recordings, CDC-EVs reduced the activation complexity of the cardiomyocytes by 40%, increased rotor
meandering, and reduced rotor curvature, as well as induced an 80% increase in conduction velocity.
HL-1 cells primed with CDC-EVs presented higher expression of SCN5A, CACNAIC, and GJAI,
coding for proteins involved in Iny, Icar, and Cx43, respectively. Our results suggest that CDC-EVs
reduce activation complexity by increasing conduction velocity and modifying rotor dynamics, which
could be driven by an increase in expression of SCN5A and CACNAIC genes, respectively. Our results
provide new insights into the antiarrhythmic mechanisms of cell therapies, which should be further
validated using other models.

Keywords: cell therapy; extracellular vesicles; antiarrhythmic effects; optical mapping;
conduction velocity

1. Introduction

Tachyarrhythmias are variations that increase the normal heart rate without a physiological
justification [1], and they are classified into supraventricular and ventricular arrhythmias according
to their origin [2]. They affect over 2.2% of the population [3], and they are one of the main causes
of morbidity and mortality worldwide [4]. Clinically, they can manifest as heart failure, chest pain,

Processes 2020, 8, 924; doi:10.3390/pr8080924 www.mdpi.com/journal/processes


http://www.mdpi.com/journal/processes
http://www.mdpi.com
https://orcid.org/0000-0002-0525-7476
http://dx.doi.org/10.3390/pr8080924
http://www.mdpi.com/journal/processes
http://www.mdpi.com/2227-9717/8/8/924?type=check_update&version=2

Processes 2020, 8, 924 20f13

weakness, syncope, cardiomyopathy, and even cardiac arrest and death [5]. Despite their high
prevalence and impact, current treatments are still suboptimal [4].

To improve treatment efficacy, an understanding of the physiological mechanisms behind the
tachyarrhythmias becomes essential [6]. The two main pointed mechanisms are enhanced impulse
formation and conduction disturbances. Contrary to impulse formation, conduction disturbances
produce so-called reentrant arrhythmias, in which the arrhythmia is commonly both initiated and
sustained [1]. Rotors (spiral wave reentries that rotate around anatomical points) can occur around
anatomical or functional obstacles, such as fibrotic regions, but their initiation and maintenance success
is tightly related to low conduction velocity [1,7] and short action potential duration [8].

Despite some studies reducing arrhythmogenicity by improving conduction velocity [9,10],
antiarrhythmic drugs used in the clinic do not currently act through this mechanism [11,12].
Conduction velocity in the cardiac tissue is mainly determined by the presence of gap junctions
and by the late sodium current (In,). Gap junctions play an important role in action potential
propagation between cardiomyocytes [10,13], as they allow the passage of ions between different
cells [14].

Shortening of the action potential durations is associated with shorter refractory periods and larger
rotor stability [15]. Low L-type calcium current (Ic,1,, determined by the presence of voltage-dependent
L-type calcium channels coded by the CACNA family), is related to shorter action potential durations [16]
(p. 187) and decreased meandering [17], leading to more rotor stability. Decreased meandering and an
increase in rotor curvature reduce the probability of collision with other rotors and reduce the area
needed for the rotor to self-sustain, increasing the number of possible simultaneous rotors in a certain
area. These rotor dynamics related to shorter action potentials and low conduction velocities allow
for a larger number of reentries in the cardiac tissue, leading to a larger activation complexity [18]
(p. 347). This increase in complexity, as a more arrhythmogenic profile, is related to longer arrhythmia
sustainment and lower ablation success [19].

Most pharmacologic therapies act by modulating or blocking ion channels, but do not correct
the underlying causes [20]. On the other hand, ablation therapy produces irreversible changes in
the cardiac substrate that limit its long-term success and its use in complex activation cases [21].
The efficacy of ablation and pharmacological therapies for tachyarrhythmias could be eventually
optimized by emerging biological therapies, capable of modifying the pathophysiological substrate [20].
Some studies showed the antiarrhythmic properties of mesenchymal stem cells (MSCs) [22-26]
or cardiosphere-derived cells (CDCs) [27,28], while others demonstrated pro-arrhythmic effects [29,30].
While the topic is still controversial, most of this proarrhythmicity is associated with stem cell
engraftment itself and the alteration of the overall tissue excitability, as these effects are not observed
or seem to be opposite when their paracrine factors are used instead [25,29]. Extracellular vesicles
(EVs) are the main paracrine mediators of stem cells [31,32], and their use as therapeutics may have
advantages compared to their parenteral cells [33,34]. It was demonstrated that blocking production of
EVs renders CDCs ineffective, whereas CDC-EVs reproduce the benefits of the parent CDCs [32,33],
as well as cardiac progenitor cells with broad-ranging bioactivity in preclinical and clinical
studies [35,36].

Therefore, a deeper understanding and exploration of the mechanisms behind the potential
antiarrhythmic effects of EVs secreted by cardiac stem cells and whether these are comparable to
antiarrhythmic drugs could contribute to the development of more effective antiarrhythmic therapeutics.
The objective of this study was to investigate the antiarrhythmic effects of extracellular vesicles secreted
by human CDCs (CDC-EVs) on the cardiomyocyte monolayer presenting spontaneous arrhythmogenic
activity and to elucidate the underlying antiarrhythmic mechanisms.
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2. Materials and Methods

2.1. CDCs and Derived Extracellular Vesicle Isolation

Extracellular vesicles (EVs) used as treatment were isolated from CDCs from two different human
donors. Half of the CDC-EV plates were treated with EVs from one donor, and the other half were treated
with CDC-EVs from the other donor. No significant differences in proliferation, electrophysiological
properties (i.e., activation complexity, dominant frequency, rotor dynamics, and conduction velocity),
and gene expression profile were observed between the two donors. The process of CDC obtainment,
illustrated in Figure 1, was described in detail by Smith et al. [37]. In brief, cardiac biopsies from patients
undergoing cardiac surgery were processed through mechanical and enzymatic digestion to obtain
explants of 1-2 mm. The explants were cultured over fibronectin-coated plates in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented 20% with Fetal Bovine Serum (FBS). Explant-derived cells
(EDCs) started leaving the explant and colonizing the plate after approximately 48 h of culture, and they
reached full confluency after approximately 16 days. Then, cells were transferred at a density of
25,000 cells/cm2 to ultra-low-attachment Nunclon Plates for 72 h to allow them to form three-dimensional
(3D) spheroids (cardiospheres), which are known to potentiate stemness and regenerative potential [37].
The cardiospheres were passaged to produce the CDCs, and their identity was confirmed by flow
cytometry (0.9% CD45+ cells, 10.6% CD90+ cells, 6.6% CD117+ cells, 99.8% CD105+ cells, and 7.4%
CD31+ cells). When CDCs-P3 reached 80% confluence, the medium was changed to FBS-free IMDM and
left unchanged for 15 days to allow CDCs to secrete and concentrate EVs in the medium. Conditioned
medium was filtrated using a 0.45-um filter and ultraconcentrated using Centricon-Plus 70 Centrifugal
Filter with 3-kDa cut-off frequency (Merck KGaA, Darmstadt, Germany). EVs were then analyzed
by nanoparticle tracking analysis (NTA, performed with NanoSight NS300 from Malvern Panalytical
Ltd., Malvern, United Kingdom), and their protein content was determined with Bradford assay after
EV lysis and protease inactivation. EVs were precipitated after incubation with 4% w/v polyethylene
glycol (PEG) overnight at 4 °C and centrifugation at 4 °C at 1500 g for 30 min. For experiments,
the precipitated EVs were resuspended in Claycomb medium without FBS at 100 pg/mL.

2.2. Experimental Protocol

The overall experimental protocol is summarized in Figure 2a. After CDC-EV isolation and
quantification, HL-1 cells were plated in 35-mm-diameter petri dishes at a density of 26,000 cells/cm?
and maintained according to the protocol established by Claycomb et al. [38]. Spontaneous beating
activity was observed during cell expansion. When cultures reached a confluency of 80% (two days
after plating), the culture medium was changed to serum-free medium, resulting in a control group
and an EV group (with EVs resuspended in the serum-free medium). Fully confluent cultures were
analyzed with the optical mapping (OM) technique, obtaining recordings of 20 s (N = 12 in control and
N =12 in CDC-EV group). After OM, cells were lysed and kept for further gene expression analysis in
order to contrast the electrophysiological results with cardiac remodeling at the molecular level.

2.3. Optical Mapping Recordings

Cell cultures were stained with rhod-2 AM (Ca?*-sensitive probe) fluorescent dye prior to the
calcium transient (CaT) imaging so that the propagation patterns could be recorded. HL-1 cells were
incubated in serum-free media with rhod-2 (AAT Bioquest) at 3.3 uM (from 1 mM aliquots in dimethyl
sulfoxide, DMSO) and Probenecid (AAT Bioquest) at 1.75 mM (from 265 mM aliquots in Tyrode
solution) for 30 min at 37 °C and 5% CO,. After dye loading, the serum-free medium was changed to
fresh Tyrode solution (containing, in mM, NaCl 130, NaHCOj3 24, NaH,PO4-H,0 1.2, MgCl, 1, KCl1 4,
glucose 5.6, and CaCl, 2.3) at physiological temperature.

To excite rhod-2, cultures were illuminated with a green light-emitting diode light source with a
plano-convex lens and a green excitation filter. Fluorescence was recorded with an electron-multiplying
charge-coupled device with a custom emission filter and a high-speed camera lens as described in
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Reference [39]. Basal recordings of fluorescence were acquired at 50 frames/s and a field of view of
~2 X 2 em?. To facilitate linear propagation for velocity measurement, cell cultures were delimited in
rectangular areas and stimulated with pulses of 40 V amplitude, 4 ms width, and 1 Hz pacing period.

2.4. Calcium Image Processing

Electrophysiological properties of cell cultures were analyzed by processing CaT recordings as
illustrated in Figure 2b with custom software written in MATLAB, quantifying dominant frequency
(DF), complexity, curvature, rotor meandering, and CV as described by Climent et al. [39,40].

2.4.1. Spectral Analysis

Power spectra were obtained using a Welch periodogram (2-s Hamming window overlap). DF for
each pixel was defined as the frequency with the largest peak in the power spectrum, and DF for each
culture was calculated as its maximum DF value.

Mechanical >
13 days
- % fragmentation —» -
and enzymatic Explants
digestion
3 days s
-
CSphrs —

]

Confirm cell identity

=}

% of + cells
B foa)
o

Cardiosphere-derived Cells (CDCs)
3

0

o o DD

h (,Ob &ﬂp (5,"9 (9"7 (95

» CDCs-P3 - 80% confluence CDCs-P3 - SFM Media Confirm vesicles size, number and protein content

% 1 ——

g ——) . ——

— —=iuuxi:—~———"11

> =

[ R g

‘—‘ w S

32> P - —— g

8 3 _ i ,_'1 = 15 days 8

®a —— | —f = f— > %

w S ——— §

= 3

g L] (N P

= — ES—————

= » | T I | T T T T T T T 1

S S —— | NN

:_ ze / Concentratior

Averagec Si tion
Red error bars indicata +/- 1 standard error of the mean

[

Figure 1. Methodology employed for cardiosphere-derived cell extracellular vesicle (CDC-EV) isolation.
Scale bars correspond to 200 um. Cardiac biopsies from patients were immediately processed through
mechanical and enzymatic digestion to obtain explants of 1-2 mm. Explant-derived cells (EDCs)
started leaving the explant and colonizing the plate after approximately 48 h of culture and reached full
confluency after approximately 16 days. Then, the cells were transferred to ultra-low-attachment plates
for 72 h to allow them to form three-dimensional (3D) spheroids (cardiospheres). Cardiospheres were
passaged to produce the so-called cardiosphere-derived cells (CDCs-P0). Cell identity was confirmed
by flow cytometry in CDCs-P1 cells, with 0.9% CD45+ cells, 10.6% CD90+ cells, 6.6% CD117+ cells,
99.8% CD105+ cells, and 7.4% CD31+ cells. CDCs were further passaged until CDCs-P3 reached 80%
confluence. At that point, the medium was changed to FBS-free IMDM and left unchanged for 15 days
to allow CDCs to secrete and concentrate EVs in the medium. Conditioned medium was filtrated and
ultraconcentrated, and EVs were precipitated and further resuspended. Quantification was performed
through nanoparticle tracking analysis (NTA). The average particle size was 200 um and the maximum
particle size was 450 um.



Processes 2020, 8, 924 50f 13

CDC-EVs-SF . .
/ Optical mapping
\ SF(CNT) and cell lysis for
gene expression analysis
Day 0 Day 2 Day 4

[ I L.

(a)

Hilbert
. . Transform . Phase
Time=0ms Time =200 ms Time=0ms (rad)
1 m
T2
ES
25
- -
Dominant Frequency
= 10 2.5Hz A
© —
% 0.8] E :
£ o4 5.
2 g : 5
Time (s) Frequency (Hz) (’.-;;\'s./ 5N \) N

e

Conduction Velocity X ;T
Il Stimulation [P Before correle!tlon ¥ RS :" Oy v

3 ATime

o &
L]
T
2
s
&

Time (s)

After correlation

—
5 mm

Amplitude (au)

m— Anterior signal
Posterior signal

Time (s)

(b)

Figure 2. Experimental protocol and methodology employed for calcium transient (CaT) recording
analysis: (a) experimental set-up consisting of cell seeding at day 0, Claycomb medium without
FBS (serum-free (SF)) and with addition of EVs in CDC-EV group at day 2, and optical mapping
and cell lysis for later RNA extraction at day 4; (b) example of optical mapping recording analysis.
Two snapshots of optical mapping recordings are shown at 0 and 200 ms (upper left), as well as their
phase maps, obtained by applying Hilbert transform (upper right). Example of the optical mapping
signal for a specific pixel and its corresponding power spectrum, with the peak marking the dominant
frequency, are shown (middle left). For conduction velocity (CV) (lower left), the culture is divided
into delimited areas, and two pixels are selected (with their corresponding optical mapping signals).
Correlation of these signals gives the time elapsed (At) between the activation of the two points. CV is
calculated as the ratio between the physical distance between the two points and the time elapsed.
Rotor curvature, complexity, and meandering calculated from phase maps are represented. Rotor
curvature was determined from the derivative of the relative angle («) over the relative distance ()
in lines from the rotor tip to 27t (middle right). For complexity, phase singularities (PSs) were identified
and quantified in a certain area (middle right). In rotor meandering, from the phase map, the path
followed by the tip was traced and quantified (lower right).
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2.4.2. Phase Singularities and Rotor Dynamics

Phase maps were obtained by applying Hilbert transform to CaT signals, defining phase
singularities (PSs) as points surrounded by phases from 0 to 2w monotonically changing.
Complexity was defined as the mean number of simultaneous functional reentries in a certain
area (PS/cm?).

For curvature measuring, lines connecting phase transitions from 0 to 27t were traced from the
rotor tip to the periphery. The curvature of the rotor was the mean of the curvatures at each point,
which were calculated as the derivative of the relative angle (x) over the relative distance (5).

Rotor meandering was defined as the distance covered by the rotor tip over PS duration (cm/s).
From the phase map, the path followed by the tip was traced and quantified. Meandering in each cell
culture was calculated as the mean value of the meandering of all the PS.

2.4.3. Conduction Velocity

CV was defined as the distance traveled by the linear propagation front (cm/s) in areas that
only allowed unidirectional propagation. CaT signals from pixels at a known spatial distance were
correlated to obtain time elapsed between their activations (At). CV was calculated as the distance
between the pixels divided by the elapsed time. For each culture, mean CV was computed with a
minimum of eight delimitated areas.

2.5. Gene Expression Analysis

RNA of cell cultures was isolated using QIAzol Lysis Reagent (QIAGEN, Venlo, The Netherlands)
and relative gene expression quantification was performed with a two-step RT-PCR. One microgram
of total RNA was reverse-transcribed into complementary DNA (cDNA) using the iScriptTM
cDNA Synthesis Kit and random hexamer primers in 20-pL reactions, following the manufacturer’s
instructions. cDNA obtained was diluted 1:20, and gene expression quantification was performed in a
CFX Real-Time PCR Detection System (Bio-Rad Laboratories) using a 96-well plate where each sample
was analyzed in triplicate. PCR amplifications were done with 2 puL of diluted cDNA using SYBR Green
chemistry and specific primer pairs (Supplementary Materials, Table S1) in a final volume of 20 pL.
RT-qPCR efficiency for each assay was controlled using relative standard curves generated from a pool
of cDNA. Ct data was collected and analyzed applying the 2744t method for relative quantification
using the sample with the highest expression as calibrator. Gene expression normalization factor
was calculated for each sample based on the geometric mean of GUSB and 36B4 reference genes in
geNorm [41].

The genes under study—SCN5A, CACNAI1C, and GJAl—encode for proteins related to cardiac
impulse propagation and involved in different ion currents and channels: voltage-activated sodium
current (In,), L-type calcium current (Ic,1,), and connexin 43 (Cx43), respectively.

2.6. Statistical Analysis

Results are presented as mean + standard deviation in the text and + standard error of the
mean in figures. Continuous variables were compared using Student’s t-tests. Pearson tests were
performed to study the correlation among the different electrophysiological parameters and between
gene expression.

3. Results

CDC-EVs seem to drive HL-1 cells to a less arrhythmogenic profile. Figure 3 shows the comparison
of the complexity, the dominant frequency, rotor dynamics, and conduction velocity for control vs.
treated with CDC-EV HL-1 cell monolayers to illustrate the differences in their electrophysiological
properties. The corresponding graphs summarizing the results, as well as representative images
of culture wells in both groups, are also shown. The plates were fully confluent during optical
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mapping recordings (plates in both groups reached confluency simultaneously), and there were
no significant differences in the cell density between the control and the active treatment arms
(0.42 + 0.03 x 10° cells/cm? vs. 0.45 + 0.05 X 10° cells/cm?, p > 0.05; Supplementary Materials, Figure S1).
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Figure 3. Electrophysiological characteristics comparison (N = 12 in each group) and representative
examples of control (CNT) and CDC-EV treated cultures. Examples of complexity, dominant frequency,
rotor dynamics, and conduction velocity are illustrated for both groups. (a) Complexity was higher in
the CNT vs. the CDC-EV group (** p < 0.01). (b) Average dominant frequency was not significantly
different among both groups (p > 0.05). (c) Rotor meandering was larger in the CDC-EV group vs.
CNT (** p < 0.01), while curvature was smaller (** p < 0.01). (d) Conduction velocity was higher in the
CDC-EV group (** p < 0.01). The isochrone map shows how the impulse took less time to travel the
same distance in the CDC-EV group (500 ms) vs. the CNT group (1000 ms).



Processes 2020, 8, 924 8of 13

3.1. Effects of Extracellular Vesicles Derived from CDCs on Activation Dominant Frequency, Complexity,
and Rotor Dynamics

In order to study the electrophysiological modifications of CDC-EVs on baseline arrhythmogenic
substrate (spontaneously activating), dominant frequency, activation complexity, and rotor dynamics
were analyzed (Figure 3). We observed a significant reduction of ~40% in the activation complexity
of the CDC-EV treated group (number of phase singularity points per square centimeter, 2.60 + 0.57
vs. 1.54 + 0.20 PS/cm?, p < 0.01, Figure 3a). It can be noticed how, in the control group, there were
abundant wavebreaks and secondary rotors, while, in the CDC-EV treated group, there were fewer and
larger rotors, with one main rotor covering most of the dish, indicative of simpler activation patterns
(Figure 3a; Supplementary Materials, Video S1). However, regarding spectral characteristics, both
control and treated groups presented no significant differences in their activation rate, which was
around a frequency of 4 Hz (3.61 + 1.44 vs. 4.69 + 2.15 Hz; p = not significant; Figure 3b). CDC-EVs
also induced significant differences in rotor dynamics. In particular, HL-1 monolayers treated with
CDC-EVs presented significant larger spatial rotor instability in contrast to control plates, as rotors
tended not to remain at fixed positions in the CDC-EV treated group. As a result, rotor meandering
was significantly higher (1.45 + 0.7 vs. 4.48 + 1.95 cm/s, p < 0.01; Figure 3c) and presented smaller
curvatures (1.95 + 0.45 vs. 0.92 + 0.23 rad/cm, p < 0.01; Figure 3c).

3.2. Extracellular Vesicles Derived from CDCs Increase Conduction Velocity in Arrhythmogenic Substrate and
Increase Ion Channel Expression

Conduction velocity was assessed in HL-1 cell monocultures in linear propagations at a controlled
stimulation rate of 1 Hz in the absence of spontaneous activity. Conduction velocity significantly
increased by 80% in cultures treated with CDC-EVs (from 1.43 + 0.53 cm/s in the control group to
2.62 £ 0.75 cm/s in the CDC-EV treated group, Figure 3d). Differences in conduction velocity can be
appreciated in representative examples of linear impulse propagation in the control vs. CDC-EV group
(Supplementary Materials, Video S2). As shown in the representative isochrone map in Figure 3d,
the electrical impulse propagated over 1.5 cm of cell culture in ~1000 ms in the control group, while
the propagation in the CDC-EVs treated group was ~500 ms.

The analysis of the relative gene expression of genes associated to relevant proteins in
electrophysiological remodeling revealed a significantly higher gene expression of SCN5A, CACNAIC,
and GJA1 (coding for proteins involved in the regulation of Iny,, Icar, and Cx43, respectively) in the
treated group (Figure 4).
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Figure 4. Relative gene expression results (N = 9 in each group) normalized to GUSB and 36B4
housekeeping genes. Relative gene expression of SCN5A (** p < 0.01), CACNAIC (** p < 0.01), and GJA1
(* p < 0.05) was significantly higher in the CDC-EV treated group.

To investigate the mechanism behind the reduction in complexity and the increase in conduction
velocity in treated plates, gene expressions of SCN5A, CACNAIC, and GJA1 were correlated to
the electrophysiological parameters measured (Figure 5a). While GJA1 did not show a significant
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relationship, an increase in SCN5A and CACNAI1C expression significantly correlated with conduction

velocity (R? = 0.26, p < 0.05 and R? = 0.57, p < 0.01, respectively), meandering (R? = 0.61, p < 0.01 and
R? =0.72, p < 0.01), and reduction in complexity (R* = 0.45, p < 0.01 and R? = 0.63, p < 0.01).
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Figure 5. Relative gene expression relationship with CV and complexity, and relationship of the

(b)

different electrophysiological parameters with activation complexity. (a) Relative gene expression of
SCNbA, CACNAIC, and GJA1 in each sample and its associated CV and complexity. While SCN5A
and CACNAIC higher expression correlated significantly with higher CV and lower complexity
measurements, GJA1 expression did not. (b) Dominant frequency (p < 0.05), CV (p < 0.01), meandering
(p < 0.01), and curvature (p < 0.05) correlated significantly to activation complexity.

3.3. Activation Complexity Electrophysiological Mechanisms

To analyze the electrophysiological mechanisms driving the reduction in the activation complexity
of the arrhythmogenic substrate under CDC-EV treatment, we analyzed mean dominant frequency,
rotor curvature, rotor meandering, and conduction velocity in relation to complexity (Figure 5b).
Changes in complexity showed a significant correlation to dominant frequency (R? = 0.19, p < 0.05),
conduction velocity (R? = 0.56, p < 0.01), meandering (R? = 0.46, p < 0.01), and curvature (R* = 0.18,
p < 0.05). Higher conduction velocities, higher rotor meandering, and lower curvatures found in
EV-treated plates are responsible for the reduction in the overall activation complexity. Changes in
rotor movement in CDC-EV treated plates (larger meandering) are associated with a decrease in their
curvature, which probably results in a larger area needed for a rotor to self-maintain. This may result in
a reduction in the possible number of active rotors in a given area and, therefore, reduce the activation
complexity. This higher conduction velocity and rotor meandering found in treated plates correlates
with the higher expression of SCN5A and CACNAI. This suggests that the antiarrhythmic properties
of EVs are mediated by the increased expression of these genes, which modifies rotor dynamics and
conduction velocity, leading to a reduction of the overall complexity of activation.

4. Discussion

The main finding of this study is that CDC-EVs reduce the spontaneous activation complexity of
HL-1 cardiomyocytes. Our results suggest that this simplification to a less arrhythmogenic profile may
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be driven by two mechanisms: the increase in the conduction velocity and the modification of rotor
dynamics, correlated to a higher SCN5A and CACNAI1C expression.

Low and heterogeneous conduction velocity of cardiac tissue is related to higher irregular reentry
formation and probability of arrhythmic episodes [7]. Despite the fact that improving conduction
velocity can reduce arrhythmogenicity under certain scenarios [9,10], no chemical drugs show strong
antiarrhythmic effects through this mechanism to date [11,12]. Therefore, if confirmed in other cellular
models, CDC-EVs may act as novel therapeutic conduction velocity modulators.

CDC-EVs seem to enhance the gene expression of SCN5A, coding for a protein directly related to
Ina and GJA1, coding for Cx43. An increase in Iy, conductance is related to a faster depolarization and,
hence, to a higher conduction velocity of the excitable tissue [7]. The higher conduction velocity in
CDC-EV treated plates may be caused by the higher expression of SCN5A. In contrast, Cx43, also known
to play an important role in action potential propagation between cardiomyocytes and strongly linked
to conduction velocity and antiarrhythmogenicity [10,13], showed a significantly higher expression in
treated plates but did not correlate significantly with conduction velocity measurements. This suggests
that SCN5A may play a dominant role in the modifications of conduction velocity in our cell model.

The second mechanism via which CDC-EVs could reduce activation complexity is by acting
over rotor dynamics. Lengthening of the action potential and the refractory period is commonly
associated with an increase in rotor meandering and reduction in curvature [15]. This promotes
rotor instability, increasing the likelihood of collision with other rotors and enlarging the area needed
for the rotor to self-maintain. As a result, the number of possible simultaneous rotors in a certain
area and, therefore, the complexity decrease. A higher increase in Ic,, is related to larger action
potential durations [16] (p. 187) and larger meandering [17]. Treated plates showed a significant
higher expression of CACNAIC (codes for a protein related to Ic,1) that correlated significantly to
rotor meandering. A higher expression of CACNAIC could lead to a higher conductance of calcium
channels and an increase in Ic,r, which could explain the higher rotor meandering found in CDC-EV
treated plates.

Recently, Cho et al. [27] demonstrated the antiarrhythmic effects of CDCs in rats with heart failure
and the preserved ejection fraction explained by the upregulation of I;,, homogenization of the action
potential duration, and fibrosis decrease. Our results are complementary to their findings and illustrate
that the antiarrhythmic effect of CDC-EVs is mediated both by an increase in conduction velocity
and by modification of rotor dynamics. Our results open new perspectives into the unraveling of the
antiarrhythmic properties of CDCs.

This study used HL-1 cardiomyocyte monolayers as models of arrhythmic substrate. Despite being
an in vitro cell line capable of presenting a mature cardiac phenotype and being widely used to study
cardiac electrophysiology and arrhythmias [39,40,42-49], their use has several limitations that must be
taken into account. HL-1 cells, although being mature, are of murine origin and present important
electrophysiological differences with adult human cardiac tissue. In fact, the expression of genes
related to potassium currents (such as Ix1) could not be analyzed in our study due to the extremely low
expression. Monolayers also represent an in vitro two-dimensional (2D) scenario that aims to represent
a more complex three-dimensional (3D) in vivo environment. In addition to that, since HL-1 cultures
present spontaneous arrhythmogenic activity, it is not possible to observe the complete elimination
of spontaneous activations under the effect of EVs. Although gene expression patterns were used to
investigate potential mechanisms of actions, we should not consider gene expression as a surrogate of
protein expression, since they do not necessarily correlate under all circumstances.

Considering these limitations, future studies should be directed toward validation of the increase
in conduction velocity, rotor meandering, and reduction in complexity of CDC-EVs in other cell models
and human samples. Protein expression should also be investigated to support the possible mechanism
of action behind the influence of CDC-EVs on the electrophysiological properties of cardiomyocytes.
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5. Conclusions

CDC-EVs reduce the spontaneous activation complexity of HL-1 cardiomyocytes, leading to a
less arrhythmogenic profile. If validated in other cellular models, CDC-EVs may be used specifically
as antiarrhythmic agents in a wide range of cardiac pathologies.
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