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Abstract:

Background - The mesenchymal stem cell (MSC), known to remodel in disease and have an
extensive secretome, has recently been isolated from the human heart. However, the effects of
normal and diseased cardiac MSCs on myocyte electrophysiology remain unclear. We
hypothesize that in disease the inflammatory secretome of cardiac hMSCs remodels and can
regulate arrhythmia substrates.

Methods - Human cardiac MSCs (hMSCs) were isolated from patients with or without heart
failure from tissue attached to extracted device leads and from samples taken from
explanted/donor hearts. Failing hMSCs or non-failing hMSCs were co-cultured with normal
human myocytes (hCM) derived from induced pluripotent stem cells. Using fluorescent
indicators, APD, Ca2+ alternans, and spontaneous calcium release (SCR) incidence were
determined.

Results - Failing and non-failing hMSCs from both sources exhibited similar tri-lineage
differentiation potential and cell surface marker expression as bone marrow hMSCs. Compared
to non-failing hMSCs, failing hMSCs prolonged APD by 24% (p<0.001, n=15), increased Ca2+
alternans by 300% (p<0.001, n=18), and promoted SCR activity (n=14, p <0.013) in hCM.
Failing hMSCs exhibited increased secretion of inflammatory cytokines IL-1 (98%, p<0.0001)
and IL-6 (460%, p <0.02) compared to non-failing hMSCs. IL-1p or IL-6 in the absence of
hMSCs prolonged APD but only I1L-6 increased Ca2+ alternans and promoted SCR activity in
hCM, replicating the effects of failing hMSCs. In contrast, non-failing hMSCs prevented Ca2+
alternans in hCM during oxidative stress. Finally, non-failing hMSCs exhibited >25 times
higher secretion of IGF-1 compared to failing hMSCs. Importantly, IGF-1 supplementation or
anti-1L-6 treatment rescued the arrhythmia substrates induced by failing hMSCs.

Conclusions - We identified device leads as a novel source of cardiac hMSCs. Our findings
show that cardiac hMSCs can regulate arrhythmia substrates by remodeling their secretome in
disease. Importantly, therapy inhibiting (anti-1L-6) or mimicking (IGF-1) the cardiac hMSC

secretome can rescue arrhythmia substrates.
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Nonstandard Abbreviations and Acronyms

MSC: mesenchymal stem cell

hMSC: human mesenchymal stem cell

BM: bone marrow

hCM: Human cardiac myocytes derived from induced pluripotent stem cells
SCR: Spontaneous calcium release

WORT: Wortmannin

IGF-1: Insulin-like growth factor 1

IL-6: Interleukin 6

IL-1p: Interleukin 1

VEGF: Vascular endothelial growth factor

APD90: Action potential duration at 90% repolarization
APDS50: Action potential duration at 50% repolarization
H202: Hydrogen peroxide

TNFa: Tumor necrosis factor

MCP-1: monocyte chemoattractant protein 1

LPS: Lipopolysaccharides

SERCAZ2a: sarcoplasmic reticulum Ca?*-ATPase

Introduction

The mesenchymal stem cell (MSC) has an extensive secretion profile!, which is consistent with
its role as a supportive (i.e. stromal) cell. MSCs can be readily isolated from several sources
including bone marrow (BM) and adipose tissue, and they can also originate in the heart by
endothelial to mesenchymal transition?. Despite this possibility, there are very few reports of
resident MSCs derived from the human heart. Recently, it was shown that MSCs, defined by tri-
lineage potential, can be isolated from explanted human hearts and cardiac biopsy samples®®.

It has been proposed that MSCs are the “sentinel and safe-guards of injury” as
demonstrated by their ability to assess injury and then treat damaged tissue®. Consistent with this
concept, we have recently shown that BM derived MSCs can suppress cardiac alternans, an
important cause of arrhythmia’, in human myocytes by paracrine action®. This result builds upon

an earlier study demonstrating that MSCs can enhance SERCA2a function by paracrine activity®,



and is in keeping with a subsequent computer simulation showing the benefit of MSC paracrine
activity over direct cellular coupling®. However, there are several lines of evidence
demonstrating that MSCs remodel in disease!'"2 and can secrete inflammatory cytokines!®1112,
Among the MSC secretome, IGF-1, IL-1p and IL-6 are suspected to modulate inflammation and
have been associated with heart failure!**°, It is unknown if cytokines secreted by cardiac MSCs
change in disease. We hypothesize that in disease the inflammatory secretome of cardiac
hMSCs remodels and can regulate arrhythmia substrates. An important clinical implication of
this study is that targeted anti-inflammatory therapies that are FDA approved for rheumatologic
disorders'® and cytokine release syndrome!’, and being considered for cardiac disease'®° or

severe COVID-19%, may prove useful as antiarrhythmics.

Methods

The data that support the findings of this study are available from the corresponding author upon
reasonable request.

Isolation of human cardiac MSCs from device leads and human heart samples

Human cardiac MSCs were isolated from device lead tips and explanted/donor hearts. For the
device lead tips, human cardiac tissue was carefully separated (pulled or scraped off) from the
lead tip under sterile conditions within 1-2 hours after lead extraction (Figure 1). This small
amount of tissue was washed with PBS, minced into tiny pieces with scissors, extensively
washed with PBS again, and was then digested with 0.2% Collagenase Type 2 (Worthington) for
3 hours in an incubator. Human cardiac tissue from explanted/donor hearts was isolated from the
right ventricle RV, in regions without scar, and was maintained in cardioplegia soon after

resection. Within 2 hours, it was washed with PBS, minced into tiny pieces, extensively washed



with PBS again, and was also digested with 0.2% Collagenase Type 2 for 3 hours in an
incubator. The cell isolation and culture protocol are the same after this step for cardiac tissue
obtained from leads and explanted/donor hearts. Intermittent vigorous pipetting is done to aid
digestion and isolate cells while constantly monitoring under the microscope. Digested tissue
with isolated cells was centrifuged, collagenase was removed, and plated onto 35mm plastic dish
with media containing F12/DMEM (Gibco), E8, MEM/NEA (Non-essential amino acids), FGF
Basic (R&D systems) 20 ng/ml, 20% FBS (Biowest), and Penicillin/Streptomycin. Maintenance
media consisted of DMEM Low Glucose (Gibco), MEM/NEA (Non-essential amino acids), FGF
Basic (R&D systems) 10 ng/ml, 10% FBS (Biowest), and Penicillin/Streptomycin. This media
was replaced every 3-4 days. To enrich for hMSCs, a higher concentration of FBS (20%) was
used as others have described previously?!, cellular attachment for 2-3 days was utilized, and
trypsin selected adherent cells were allowed to proliferate in the isolation medium for 8-10 days.
Cells were further proliferated and maintained in the maintenance medium and were typically
used between passages 3-5.

Failing hMSCs were obtained from 6 patients; 2 from leads and 4 from explanted hearts
with systolic heart failure (Patient Characteristics Table 1). For non-failing hMSCs, leads from 2
patients without systolic heart failure who underwent lead extraction for lead malfunction and 1
donor heart sample donated for research were used. Patients with a known recent history of
infection were excluded. Tissue from the RV of non-failing and failing human heart samples
were acquired from the Cleveland Clinic Foundation tissue repository. All protocols were
approved by the Cleveland Clinic Foundation Institutional Review Board (IRB no. 2378).

Samples were received coded, and no identifying metrics were documented for the study.



Human myocytes derived from induced pluripotent stem cells

Human cardiac myocytes derived from induced pluripotent stem cells (hCM) were purchased
from Cellular Dynamics Inc. Cell pellets in the cryoprecipitate tube were thawed and cultured as
monolayers according to the protocol provided by the manufacturer. Cells were plated onto
fibronectin coated 25mm coverslips at cell density of 50 x 10* per coverslip and culture media
was changed every 2 days until day 14-20 when experiments were performed.

Differentiating human cardiac MSCs to determine tri-lineage potential

After hMSCs are 70-80% confluent, they are cultured in the adipocyte differentiation media,
DM-2 (Zenbio), for 1 weeks, and then adipocyte maintenance media, AM-1 (Zenbio), for 2
weeks per the manufacturer instructions. DM-2 contains insulin, dexamethasone, IBMX, and a
PPAR-gamma agonist. AM-1 contains insulin and dexamethasone. Adipose vacuoles can be
noted within the hMSCs as early as 1 week into differentiation. Adipocytes are confirmed by
staining with Qil Red-O per the protocol in the lipid staining kit, ST-R100 (Zenbio).
Osteogenesis is induced by exposing hMSCs that are 70-80% confluent to osteogenesis media
for 3 weeks with media changes every 3-4 days. Osteogenesis media contains DMEM High
Glucose (Sigma), FBS (Sigma), Dexamethasone (Sigma), Penicillin/Streptomycin, Ascorbic acid
2-phosphate (Wako USA), B-glycerophosphate (Calbiochem), and BMP-2. First evidence of
calcium mineralization can be noted 2 weeks into the differentiation. Osteogenesis is confirmed
by staining with Alizarin Red S (Sigma). Chondrogenesis is induced by performing micromass
pellet culture of hMSCs with chondrogenesis media (StemPro) for 3 weeks with media changes
every 3 days per protocol outlined in the Chondrogenesis Differentiation Kit by StemPro.
Morphological changes with collagen deposition were noted as early as after 1 week.

Chondrogenesis was confirmed by staining with Alcian Blue (Sigma). For all cell groups tested



(failing hMSCs, non-failing hMSCs, BM hMSCs, dermal fibroblasts), differentiation media
changes and image acquisition were all performed on the same day.

ELISA

IGF-1, IL-1B and IL-6 secretion is quantified using Human ELISA kits (R&D Systems) per
standard protocol outlined. Supernatant from cell culture (1ml in 24-well plate and 4 days since
last media change with fully confluent monolayer of cells confirmed to have similar number of
cells in each group) is used for the ELISA measurements. Standard curves with known
concentrations are created for each ELISA experiment, and are used to calculate the
concentrations of the measured protein from the optical density measurements. Multiple samples
within the same group are measured to ensure reliable results.

Culturing bone marrow MSCs

Human BM MSCs were isolated from BM aspirates and purified at the Case Comprehensive
Cancer Center Hematopoietic Biorepository and Cellular Therapy Core using protocol
previously described??2. BM hMSCs are stored in -80C. For use, they were thawed, cultured,
proliferated and maintained with the Stromal Cell Maintenance Medium that contains DMEM
Low glucose (Gibco), Non-Essential Amino acids (NEA), 10% FBS (Biowest), and
Penicillin/Streptomycin. Cells are used between passages 3-5.

Surface Marker Expression

The MSCs used in this study were further characterized by their surface marker expression. The
protocol for characterizing cells isolated from heart samples published by Monsanto et al.® was
used. Live human BM MSCs and cardiac failing and non-failing hMSCs in passages 3-5 were
stained using human anti-CD 117 antibody (R&D Systems), human anti-CD90 antibody

(Biolegend), human anti-CD105 antibody (Biolegend), human anti-CD45 (Biolegend), human



anti-CD133 (R&D Systems). Stained cells were counted using a benchtop flow cytometer (BD
Accuri™ C6, BD Biosciences). Gating and analysis were performed using the BD Accuri
software.

Co-culture and cytokine supplementation

Monolayers are formed by hCM plated at 50 x10* cells per 25mm coverslip coated with
fibronectin for each functional experiment. hMSCs (passage 3-5) are plated onto the coverslips
with hCM at a density of 15 x 10* cells per 25mm coverslip and maintained in hCM media for 2
days prior to functional measurements. For experiments with cytokine supplementation,
concentrations used were comparable to that measured with ELISA. Each factor, IGF-1 (50
ng/ml), VEGF (50 ng/ml), IL-1f (40 ng/ml), IL-6 (20 ng/ml), anti-1L6 monoclonal antibody
(anti-hIL-6-1gG, Invitrogen, 100 ng/ml) was maintained in culture for 48hrs prior to and during
experimentation. For assessing the PI3K signaling pathway, a PI3K inhibitor, Wortmannin (100
nmol/L) was used.

Assessment of electrophysiological substrates

Intracellular Ca2+ and action potentials were measured from monolayers to assess
electrophysiological substrates. Alternans measurements and analysis were performed with
Ca2+ staining and imaging using Fluo4 (Sigma), as described previously®. Alternans was
measured at a pacing period of 800ms at room temperature. Response to oxidative stress was
measured by repeating the same measurement 2 minutes after administration of H202 (200 uM).
Mean % alternans was determined for each monolayer. Action potentials were measured after
staining with the voltage sensitive dye FluoVolt (Sigma) at room temperature as described
previously®. Action potential durations (APD50 and APD90) were measured at room

temperature when cells were paced at a period of 2000ms. Finally, spontaneous calcium release



(SCR) activity was assessed immediately after stopping rapid pacing (periods: 1200ms, 1000ms,
800ms, 600ms, 400ms, then stop pacing) post H202 administration. The presence of SCRs was
identified by an expert blinded to the groups.

For statistical analysis of continuous variables, unpaired student’s t-test was performed,;
whereas, for categorical variables (e.g. SCR incidence) Fisher’s exact test was used. Differences
among 3 or more groups of continuous variables were compared using 1-way ANOVA followed
by Bonferroni test for multiple comparison. Statistical analysis was performed using SPSS

version 24.0. A p value < 0.05 was considered statistically significant.

Results

Tri-lineage potential was tested for cells isolated from non-failing and failing hearts as well as
from BM hMSCs (positive control) and dermal fibroblasts (negative control). Standard
differentiation protocols for osteoblasts, adipocytes and chondrocytes were used. As shown in
Figure 2, osteoblasts (Alizarin Red), adipocytes (Oil Red), and chondrocytes (Alcian Blue) were
readily differentiated from purified BM hMSCs (positive control, left), hMSCs from a non-
failing heart (device lead), and hMSCs from a failing heart (device lead), but not from dermal
fibroblasts (negative control). Similar tri-lineage potential was observed for samples from
explanted/donor hearts. Furthermore, flow cytometry for BM, non-failing, and failing hMSCs
demonstrated the absence of CD45+ cells (leukocytes) and a high percentage of CD90+ and
CD105+ cells, which are characteristic of hMSCs (Figure 3). Finally, BM, non-failing and
failing hMSCs exhibited similar growth curves (Supplement Figure S1). These results suggest

that the composition of cells from failing and non-failing hearts either isolated from cardiac



device leads and donor hearts contains a significant and similar amount of hMSCs, with very few
leukocytes (CD45+) or endothelial cells.

The effects of failing and non-failing hMSCs on arrhythmia substrates

We first tested the effects of failing and non-failing hMSCs on electrophysiological substrates
measured in hCM monolayers under normal conditions. Shown in Figure 4 are the effects on
Ca2+ alternans and APD. The traces (Panel A) show that non-failing hMSCs co-cultured with
hCM slightly decreased Ca2+ alternans (left) and APD (right) compared to hCM alone. In
contrast, failing hMSCs significantly increased Ca2+ alternans and APD compared to hCM
alone. Summary data (Panel B) that includes samples from leads (filled circles) and
explanted/donor hearts (empty circles) also show that failing hMSCs significantly increase Ca2+
alternans and APD90 compared to hCM alone; however, non-failing hMSCs had little effect
because, possibly, Ca2+ alternans was small to begin with. When analyzed separately, the
increase in APD50 with failing hMSCs was greater for explanted/donor hearts compared to
leads; however, this difference could not account for the significant difference observed between
non-failing and failing hMSCs when the samples were pooled. No other differences were
observed between leads and explanted/donor hearts. In separate experiments, we found that
hMSCs isolated from BM had no significant effect on Ca2+ alternans, APD50, and APD90
compared to hCM alone (Supplement Figure S2).

Spontaneous calcium release (SCR) is typically associated with Ca2+ dysregulation and
heart failure. SCR activity following rapid pacing was rarely observed in hCM monolayers
when cultured alone or when co-cultured under normal conditions with BM hMSCs, non-failing
hMSCs, or failing hMSCs. However, in the presence of H202, SCR activity was observed when

hCM were cultured with failing hMSCs but not with non-failing hMSCs or hCM alone. Shown
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in Figure 5 are Ca2+ transients measured in an hCM monolayer co-cultured with failing (top)
and non-failing (bottom) hMSCs upon termination of rapid pacing. SCR activity (arrows) alone
and preceding full Ca2+ transients after rapid pacing were clearly observed only with failing
hMSCs. Under conditions of H202 no SCR activity was observed in 14 experiments with non-
failing hMSCs; however, 7 out of 19 experiments with failing hMSCs exhibited SCR activity (p
<0.02).

The effects of failing and non-failing hMSCs on arrhythmia substrates under oxidative
stress

To test if non-failing hMSCs can suppress heightened Ca2+ alternans, as observed in disease,
experiments were repeated under oxidative stress conditions. Shown in Figure 6 are Ca2+
alternans and the effect of failing and non-failing hMSCs on hCM monolayers treated with H20x.
In Panel A, the traces show a heightened level of Ca2+ alternans in hCM with H202 in the
absence of failing or non-failing hMSCs. When failing hMSCs were co-cultured with hCM
treated with H202, Ca2+ alternans was not further increased. Interestingly, non-failing hMSCs
reduced Ca2+ alternans in hCM treated with H202, similar to hCM alone and what we have
reported previously with BM hMSCs®. Summary data (Panel B) show results from all leads
(filled circles) and all explanted/donor heart samples (empty circles). As in the traces, failing
hMSCs did not further increase Ca2+ alternans; however, non-failing hMSCs significantly
reduced Ca2+ alternans compared to H202+hCM. When analyzed separately, the suppression of
Ca2+ alternans by non-failing hMSCs from explanted/donor hearts was greater than that with
hMSCs from leads; however, this difference could not account for the significant difference
observed between failing and non-failing MSCs when samples were pooled. No other

differences were observed between leads and explanted/donor hearts. Finally, there was no
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statistical difference between non-failing hMSCs and hCM without H202 (from Figure 4, shown
for reference).

Cytokines that may explain the effects of failing and non-failing hMSCs

To better understand the mechanisms of arrhythmia substrates induced by failing hMSCs,
cytokines associated with MSCs and heart failure?* were investigated. In preliminary studies,
several combinations of such cytokines including TNFa, MCP-1, IL-1f, and IL-6 were tested for
their effect on Ca2+ alternans and APD in hCM monolayers. Only IL-6 showed a significant
effect on Ca2+ alternans, but both I1L-6 and IL-1p accounted for a majority of APD prolongation
(Supplement Figure S3). Summarized in Figure 7 (Panel A) are the effects of IL-1p or IL-6 on
Ca2+ alternans and APD measured in hCM. Also shown are hCM alone and hCM co-cultured
with failing hMSCs for reference. Interestingly, IL-1 tended to decrease Ca2+ alternans
compared to hCM alone, whereas IL-6 significantly increased Ca2+ alternans. Also, only IL-6
promoted SCRs (2 of 5 experiments, data not shown). This finding is in line with clinical data
showing a greater than 6 times higher mortality risk associated with elevated IL-6 in patients
with heart failure, much more than other cytokines®. In contrast, both IL-1p and IL-6 increased
APD50 and APD90 compared to hCM alone, similar to the effects of failing hMSCs. In separate
experiments, secreted levels of IL-1B (Panel B, left) and IL-6 (Panel B, right) were significantly
increased only in failing hMSCs compared to BM hMSCs. Furthermore, levels of secreted IL-13
and IL-6 were very low in hCM and, thus, unlikely to explain both the increase in Ca2+ alternans
and APD. These results suggest that IL-1 and IL-6 can explain the increase in APD; however,
IL-6 seems to be mainly responsible for Ca2+ alternans and increased SCR activity.
Furthermore, even though IL-1p increased APD it did not increase Ca2+ alternans, suggesting

that Ca2+ alternans is independent of APD prolongation. To further test the effect of IL-6 on
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Ca2+ alternans and its potential for targeted therapy, failing hMSC co-cultures were treated with
anti-IL-6 monoclonal antibody. This treatment completely rescued Ca2+ alternans induced by
failing MSCs compared to hCM alone (p=ns, Figure 7, Panel C). Finally, no SCR activity was
observed with anti-IL-6 treatment.

Previously we have shown that the suppression of oxidative stress-induced Ca2+
alternans by BM hMSCs could be attributed to activation of the PI3K-Akt pathway®. To further
determine the signaling mechanisms involved, we investigated two important PI3K-Akt
activators, IGF-1 and VEGF. Summarized in Figure 8 (Panel A) are the average magnitude of
Ca2+ alternans when hCM treated with H202 were incubated with IGF-1, VEGF, IGF-1+WORT.
Ca2+ alternans in hCM, hCM treated with H202 alone, and in hCM co-cultured with non-failing
hMSCs are shown for reference. We found that IGF-1 restored Ca2+ alternans to control levels
(hCM alone) and non-failing hMSCs (p=ns), but VEFG did not. When WORT (an inhibitor of
PI3K-Akt pathway) was incubated along with IGF-1, the suppression of Ca2+ alternans was lost.
Shown in Figure 8 (Panel B) are levels of secreted IGF-1 measured in BM hMSCs, non-failing
hMSCs, failing hMSCs, and hCM. Levels of secreted IGF-1 was lowest in failing hMSCs
compared to all other cell populations, which may explain why they were unable to suppress
Ca2+ alternans. Finally, we tested if IGF-1 can also suppress arrhythmia substrates induced by
failing hMSCs (Figure 8C). Incubating failing hMSCs with IGF-1 markedly decreased Ca2+
alternans compared to failing hMSCs without IGF-1, and no SCR activity (n=7) was noted in the
presence of H202 after rapid pacing. Interestingly, IGF-1 also rescued Ca2+ alternans when
failing hMSCs were treated with H202 (data not shown). Furthermore, incubating failing hMSCs

with IGF-1 decreased APD50 and APD90 to control levels (hCM alone, p=ns).
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Discussion

We show that hMSCs can be successfully isolated from extracted device lead tips. Furthermore,
our main findings show that cardiac hMSCs remodel in disease and can regulate important
arrhythmia substrates. More specifically, pro-arrhythmic inflammatory cytokines IL-1p and IL-6
secreted by failing hMSCs enhanced arrhythmia substrates; whereas, secretion of IGF-1 by non-
failing hMSCs suppressed arrhythmia substrates. Finally, IGF-1 supplementation and anti-1L-6
rescued the effects of failing hMSCs on hCM. Taken together, these findings suggest that
resident cardiac hMSCs can play an important role in human cardiac electrophysiology by
remodeling their secretion profiles from an anti-arrhythmic phenotype to a pro-arrhythmic
phenotype in disease. Furthermore, these insights suggest novel therapeutic strategies for
treating arrhythmias associated with heart failure and, possibly, cytokine syndromes.

Human MSC:s isolated from device leads.

Recently, it has been proposed that MSCs are the “sentinel and safe guard for injury” as
demonstrated by their ability to assess injury and then treat damaged tissue®. This notion
inspired us to develop an innovative approach to obtain cardiac MSCs from extracted cardiac
device leads (i.e. pacemaker and defibrillators). Our results suggest that the cells we isolated
from cardiac device leads and explanted hearts contains a similar and significant number of
MSCs as demonstrated by cell surface marker expression (Figure 3), growth rates (Supplemental
Figure S1), and their tri-lineage differentiation potential which is considered the gold standard
for verifying MSCs (Figure 2). There are no clear markers that can distinguish between
fibroblasts and MSCs; nevertheless, preferential selection in culture and the results mentioned

above suggest a similar cellular composition that mostly consists of MSCs. Furthermore, our
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findings are consistent with a recent report showing that MSCs with multi-lineage potential can
be isolated from human cardiac tissue samples®.
Functional effects of human MSCs isolated from failing and non-failing hearts
In the absence of oxidative stress, failing hMSCs significantly increased Ca2+ alternans, APD90,
and APD50, which are well established heart failure phenotypes. These results suggest that
failing hMSCs may contribute to the electrophysiological phenotype observed in heart failure
patients. It is difficult to remark on the extent of this contribution because remodeling of ion
channels?®2” and Ca2+ regulation? in myocytes are already known to contribute to a similar
electrophysiological phenotype associated with heart failure. Unlike failing hMSCs, non-failing
hMSCs did not increase Ca2+ alternans, APD90, and APD50, suggesting that in a normal heart
hMSCs are not proarrhythmic. It has been previously shown that non-myocytes, such as
fibroblasts, isolated from both infarcted and non-infarcted rat hearts have the same prolonging
effect on APD when plated at a high density and APD shortening effect when plated at a lower
density?®. These results, which are inconsistent with ours, provide functional evidence that the
hMSCs we isolated have properties unlike fibroblasts. In that study, Vasquez et al.?®
preferentially selected for fibroblasts by using cells that attach within 30 minutes. Our isolation
protocol allowed cells to attach for 2-3 days (see Methods), which is similar to other protocols
used to isolate MSCs®®. Furthermore, all our tissue samples were taken from areas without scar.
Importantly, under conditions of oxidative stress, non-failing hMSCs decreased Ca2+
alternans, which is consistent with our previous findings using BM hMSCs®. Furthermore, IGF-
1 that is secreted at high levels in BM hMSCs and non-failing hMSCs but not in failing hMSCs,
rescued the increase in Ca2+ alternans and APD caused by failing hMSCs (Figure 8C) even in

the presence of oxidative stress. These results suggest that cardiac hMSCs, like BM hMSCs, can
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suppress arrhythmia substrates. We have previously shown using conditioned media and
transwell inserts that the suppression of Ca2+ alternans persists®, and in the current study we
observed no significant effect of BM hMSCs (Supplement Figure S2) or non-failing hMSCs on
APD (Figure 4). These results strongly suggest that at the cell densities we tested, the effects
reported are largely paracrine. These results may explain how BM MSCs can reduce arrhythmia
in patients with acute MI3° and promote repair®! by paracrine action.

The significant differences between failing and non-failing MSCs (including their
secretome) that we report suggest the intriguing possibility that in disease, cardiac hMSCs
remodel and can induce arrhythmia substrates that are often observed in patients with heart
failure (e.g. cardiac alternans, prolonged repolarization, and spontaneous calcium release).
Previous studies have shown that non-myocytes in the heart can remodel in disease®?. For
example, plastic adherent stromal cardiac cells have been shown to change their secretion profile
in disease and aging to a pro-inflammatory phenotype expressing high levels of cytokines,
including TNFo, IL-1B and IL-6% that are associated with heart failure!**>2°. Similarly, it was
recently shown that among MSCs isolated from failing human hearts, IL-1p is increased and
IGF-2 is decreased compared to other stem cell populations isolated from the same human
hearts®, which is consistent with our findings.

Molecular signals responsible for electrophysiological action of cardiac MSCs

We found that IL-1p and IL-6 are increased in failing hMSCs, which may explain enhanced
arrhythmia substrates. While both IL-18 and IL-6 prolonged APD, only IL-6 increased Ca2+
alternans. De Jesus et al.>* found in a mouse model of MI with severe inflammation induced
with LPS, that non-selective IL-1 inhibition (both IL-1a and IL-1p) with anakinra decreased

Ca2+ alternans, which is inconsistent with our result. One possible explanation for this is that
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the mouse relies more on SERCAZ2a function to remove cytoplasmic Ca2+ compared to
humans®, which might make Ca2+ alternans more sensitive to changes in IL-1. Another
possible explanation is that IL-1f is a known potent activator of IL-6 in vivo and antagonists
targeting IL-1B have been shown to also decrease IL-6%°. Importantly, our results show that IL-6
inhibition rescued the failing Ca2+ phenotype induced by the diseased hMSCs. IL-6 is abundant
in cardiac cells*"=® and is known to remodel cardiac ion channels and cause Ca2+
dysregulation®. Thus, within the MSC inflammatory secretome, IL-6 may be an important
mechanism of arrhythmia substrates, which raises the intriguing possibility of novel therapeutic
strategies targeting non-myocytes and their inflammatory secretome.

We also found that IGF-1 is increased in non-failing hMSCs, which may explain the
suppression of arrhythmia substrates. IGF-1 levels were much higher (Figure 8B) in BM hMSCs
and non-failing hMSCs compared to failing hMSCs, which were unable to suppress Ca2+
alternans. IGF-1 supplementation rescued the failing phenotype induced by failing hMSCs on
both normal myocytes (Figure 8C) and myocytes under oxidative stress (Figure 8A). Finally,
Wortmannin, a PI3K inhibitor, blocked the effect of IGF-1 supplementation (Figure 8A). These
results are consistent with our previous study showing that BM hMSCs suppress Ca2+ alternans
by activation of the PI3K/Akt pathway®. While not directly tested in the present study, there
might be a link between IGF-1 and IL-6 as reported previously, where IGF-1 activation was
found to decrease 1L-6 secretion®®. Future work in this area might better elucidate the signaling
pathways between IGF-1 and IL-6 in cardiac tissue.

Clinical Implications
We show that extracted device leads are a novel source of human cardiac MSCs. This represents

a unique and untapped resource, because thousands of device leads are extracted across the U.S.
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each year that are currently destined to be discarded.

There is now renewed and growing interest in understanding the action of specific
inflammatory components and targeted anti-inflammatory therapy*83*, Herein, we show that
specific inflammatory cytokines in heart failure contribute differentially to arrhythmia
mechanisms (IL-1p vs IL-6), and that IL-6 may be partly responsible for Ca2+ mediated
arrhythmia substrates seen in heart failure, which may explain the higher mortality risk noted
clinically in patients with elevated 1L-6'42°, Additionally, our results suggest that elevated
cytokines*, especially IL-6? may explain arrhythmia in patients with severe COVID-19 and
concerns using hydroxychloroquine, which can further prolong QT in such patients*®. Novel
therapies that inhibit (e.g. IL-6) or mimic (e.g. IGF-1 pathway activation) specific cytokines may
be effective at treating arrhythmias associated with heart failure or cytokine storm such as
COVID-19%°, Furthermore, our results warrant studying the antiarrhythmic efficacy of targeted
anti-inflammatory drugs (tocilizumab, sarilumab, canakinumab or anakinra) currently used in
rheumatology, gastroenterology, oncology, and in cardiology for atherosclerosis and pericarditis.
Limitations
Due to the lack of clear specific markers, it can be difficult to distinguish between MSCs and
fibroblasts. However, our isolation procedure, cell surface marker expression, growth rate, and
tri-lineage differentiation potential suggest a similar composition for failing and non-failing
hearts. Experiments were performed in an unsealed chamber open to room air, which may not
mirror the ischemic oxygen-deplete environment where cells would need to function in disease.
While we do show that levels of certain cytokines (IL-1p, IL-6, and IGF-1) change in failing vs.
non-failing hMSCs and they can regulate arrhythmia substrates, we cannot rule out the

possibility that other cytokines are playing a role. Additionally, though hCM used in our study
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provide the advantage of experimentation in human myocytes, they are considered immature.
Finally, to focus on the effects of failing and non-failing hMSCs we did not use failing myocytes.
We chose this method to be consistent with our previously published work using BM hMSCs?,
and because the formation of myocyte monolayers co-cultured with hMSCs (2 days) is

problematic with adult, diseased myocytes.
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Table 1: Patient Characteristics. ICM — ischemic cardiomyopathy, NICM — non-ischemic
cardiomyopathy.

Group Age | Sex EF Type Tissue Origin NC\I(anl'sA\
Non-Failing | 31 | Male | 60% NA RV from Lead I
Non-Failing | 62 | Female | >60% NA RV from Lead I

Failing 70 | Male | 20% ICM RV from Lead Il

Failing 59 | Male | 20% | NICM- Sarcoidosis RV from Lead I
Non-Failing | 65 | Male |>60% NA RV from Explant I

Failing 63 | Female | 21% | NICM-Myocarditis | RV from Explant I

Failing 49 | Male | 15% ICM RV from Explant Il

Failing 64 | Male | 23% ICM RV from Explant v

Failing 43 | Male | 25% ICM RV from Explant Il
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Figure Legends:

Figure 1: Shown is a myocardial tissue sample obtained from a cardiac device lead extraction
procedure as it exists on the tip of the lead after extraction (Panel A) and after removal from the
tip (Panel B). In both panels, the arrow points to the tissue sample. Shown at the bottom are
cardiac MSCs from device leads from a non-failing heart (Panel C), and cardiac hMSCs from

device leads from a failing heart (Panel D) after isolation and plating.

Figure 2: Examples of osteoblasts (Alizarin Red, top), adipocytes (Oil Red, middle), and
chondroblasts (Alcian Blue, bottom) differentiated from plastic adherent cells isolated from the
bone marrow (positive control), a device lead extracted from a patient with a normal EF (non-
failing hMSC, middle left) and a failing heart (Failing hMSC, middle right), and human dermal
fibroblasts (negative control). After 3 weeks, a similar differentiation potential was observed in

all groups, except dermal fibroblasts.

Figure 3: Surface marker expression by flow cytometry for BM (bone marrow, n=5), non-failing
(n=3) and failing hMSCs (n=9). All three MSC types had characteristic MSC surface marker
expression (positive for CD 90 and CD 105 and negative for CD45). CD 117 and CD 133 surface

expression are shown for further characterization.

Figure 4. Shown are Ca2+ alternans (ALT) and APD measured in hCM under normal

conditions when co-cultured with cardiac hMSCs from non-failing hearts (nonFailing hMSCs)

and failing hearts (Failing hMSC). Example traces in Panel A show Ca2+ alternans (left) and
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APD (right). Summary data are shown in Panel B. For the summary data, filled circles represent
samples from device leads and empty circles are from explanted/donor hearts. Levels of

significance are shown in the figure.

Figure 5: Shown are examples of Ca2+ transient recordings from hCM with H202 and co-
cultured with either failing (top) or non-failing cardiac hMSCs (bottom) during the termination
of rapid pacing. Spontaneous calcium release (SCR) activity (arrow) was observed with failing

but not non-failing cardiac hMSCs.

Figure 6: Shown are Ca2+ alternans (ALT) measured under conditions of oxidative stress
(H202) in hCM alone or when also co-cultured with cardiac hMSCs from a non-failing heart
(nonFailing hMSC) and failing heart (Failing hMSC). All conditions include H202 and hCM.
Example traces are shown in Panel A and summary data in Panel B. For the summary data,
filled circles represent samples from device leads and empty circles are from explanted/donor
hearts. For reference, hCM in the absence of H202 is shown. There was no significant
difference between hCM and non-failing hMSCs. Otherwise, levels of significance are shown in

the figure.

Figure 7: IL-1P and IL-6 effect on arrhythmia substrates. Panel A shows the effect of IL-1
(n=6) and IL-6 (n=5) on average Ca2+ alternans (Ca2+ ALT), APD50 and APD90 when
administered to hCM alone. Levels of significance are compared to hCM where * p < 0.001 (for
Ca2+ ALT, n=23), * p =0.002 (for APD50, n=6), * p < 0.02 (for APD90, n=6). Panel B shows

ELISA results for IL-1p (left) and IL-6 (right) in separate populations of bone marrow (BM)
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hMSCs, non-failing cardiac hMSCs, failing cardiac hMSCs, and hCM alone (n=4). Levels of
significance are compared to BM hMSC where * p < 0.001 (for IL-1p), * p = 0.008 (for IL-6).
Panel C shows the rescue of Ca2+ alternans induced by failing hMSCs (n=18) with anti-IL-6

(n=18) treatment. Levels of significance are compared to hCM (n=12) where * p < 0.001.

Figure 8: Panel A shows the effect of IGF-1 (n=6) and VEGF (n=5) on average Ca2+ alternans
when incubated with hCM alone. Also shown are the effects of IGF-1 when incubated with
Wortmannin (WORT), an inhibitor of PI3K (n=5). All conditions include hCM. Levels of
significance are * p < 0.006 compared to hCM alone (n=38). Panel B shows ELISA results for
IGF-1 in separate populations of bone marrow (BM) hMSCs (n=4), non-failing hMSCs (n=8),
failing hMSCs (n=8), and hCM alone (n=4). Levels of significance are * p < 0.0001 compared
to BM hMSC and t p <0.0001 compared to non-failing hMSC. Panel C shows IGF-1
supplementation rescues the failing phenotype induced by failing hMSCs without oxidative
stress. Ca2+ ALT (n=15), APD50 (n=6) and APD90 (n=6) are shown for hCM alone, hCM co-
cultured with failing cardiac hMSC (n=21), and with the addition of IGF-1 (n=5). Levels of
significance are compared to hCM where * p < 0.001 and T p = 0.05 (for Ca2+ ALT) and t p =

0.08 (non-significant for APD50) and * p = 0.004 (for APD90).
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What Is Known?

e Atrial and ventricular arrhythmias are frequently observed with inflammatory myocardial

disease including heart failure.

e Mesenchymal stem cells, which have an extensive inflammatory-mediating secretome,

exist in the heart.

What the Study Adds?
e Extracted device leads are a novel source of human cardiac mesenchymal stem cells.

e Human cardiac mesenchymal stem cells remodel their secretion profiles from an anti-
arrhythmic phenotype (IGF-1) to a pro-arrhythmic phenotype in heart failure (IL-1p and

especially IL-6).

e |IGF-1 supplementation or anti-IL-6 can rescue the pro-arrhythmic phenotype induced by

failing human cardiac mesenchymal stem cells in myocytes.
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