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ABSTRACT

BACKGROUND Anthracycline-induced cardiomyopathy (AIC) is a significant source of morbidity and mortality in cancer
survivors. The role of mesenchymal stem cells (MSCs) in treating AIC was evaluated in the SENECA trial, a Phase 1 Na-
tional Heart, Lung, and Blood Institute-sponsored study, but the mechanisms underpinning efficacy in human tissue need
clarification.

OBJECTIVES The purpose of this study was to perform an in vitro clinical trial evaluating the efficacy and putative
mechanisms of SENECA trial-specific MSCs in treating doxorubicin (DOX) injury, using patient-specific induced pluripo-
tent stem cell-derived cardiomyocytes (iCMs) generated from SENECA patients.

METHODS Patient-specific iCMs were injured with 1 umol/L DOX for 24 hours, treated with extracellular vesicles (EVs)
from MSCs by either coculture or direct incubation and then assessed for viability and markers of improved cellular
physiology. MSC-derived EVs were separated into large extracellular vesicles (L-EVs) (>200 nm) and small EVs
(<220nm) using a novel filtration system.

RESULTS iCMs cocultured with MSCs in a transwell system demonstrated improved iCM viability and attenuated
apoptosis. L-EVs but not small EVs recapitulated this therapeutic effect. L-EVs were found to be enriched in mito-
chondria, which were shown to be taken up by iCMs. iCMs treated with L-EVs demonstrated improved contractility,
reactive oxygen species production, ATP production, and mitochondrial biogenesis. Inhibiting L-EV mitochondrial func-
tion with 1-methyl-4-phenylpyridinium attenuated efficacy.

CONCLUSIONS L-EV-mediated mitochondrial transfer mitigates DOX injury in patient-specific iCMs. Although SENECA
was not designed to test MSC efficacy, consistent tendencies toward a positive effect were observed across endpoints.
Our results suggest a mechanism by which MSCs may improve cardiovascular performance in AIC independent of
regeneration, which could inform future trial design evaluating the therapeutic potential of MSCs.

(J Am Coll Cardiol CardioOnc 2021;3:428-440) © 2021 The Authors. Published by Elsevier on behalf of the American
College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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nthracycline-induced cardiomyopathy (AIC)

is one of the most morbid complications of

chemotherapy (1). AIC is associated with a
higher relative risk of death than both idiopathic
and ischemic cardiomyopathy (2). Doxorubicin
(DOX) enters the myocardium by passive diffusion
(3), accumulating in the nucleus and mitochondria
(4). Myocardial toxicity occurs via numerous mecha-
nisms: 1) direct production of reactive oxygen species
(ROS) and peroxide radicals by the quinone forms of
anthracyclines (5); 2) ROS production mediated
through iron-anthracycline complex redox reactions
(6); and 3) topoisomerase 2B interactions leading to
double-stranded DNA breaks (7). All lead to mito-
chondrial dysfunction and induction of apoptosis
(8,9). DOX-induced ROS and double-stranded DNA
breaks lead to nuclear translocation of ERK1/2 and
p53, resulting in cytochrome C release driving
collapse of mitochondrial membrane potential and
apoptosis (8).

Stem cells have been evaluated as a reparative
strategy. Despite poor cell retention (10), studies
demonstrate that bone marrow-derived mesen-
chymal stem cells (MSCs) possess the ability to both
prevent and reverse DOX-induced myocardial injury
and fibrosis (11,12) as well as modulate neurohor-
monal systems active in heart failure (13). Therapeu-
tic efficacy may be mediated through mitochondrial
transfer (14).

Herein, we describe an in vitro clinical trial evalu-
ating MSC-derived paracrine factors for efficacy in
treating AIC in human cardiac tissue. We leveraged
our participation in the National Institutes of Health/
National Heart, Lung, and Blood Institute-sponsored
SENECA trial (Phase I, First-in-Human, Multicenter,
Randomized, Double-Blinded, Placebo-Controlled
Study of the Safety and Efficacy of Allogeneic
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Mesenchymal Stem Cells in Cancer Survivors
with Anthracycline-Induced Cardiomyopa-
thy). We successfully reprogrammed 3 pa-
tients’ peripheral blood mononuclear cells
into induced pluripotent stem cells (iPSCs)
and differentiated these into cardiomyocytes
(iCMs). Using these AIC patient-specific iCMs,
we demonstrated that coculture of trial-
specific MSCs successfully preserved iCM
viability following DOX injury. We showed
that this effect is mediated in a paracrine
fashion via direct transfer of mesenchymal
stem cell-derived extracellular vesicles (MSC-
EVs) containing viable mitochondria. DOX-
injured iCMs treated with MSC-EVs demon-
strated reduced apoptosis, decreased ROS
production, augmented ATP production, and
preserved cellular physiology providing
mechanistic insights into the results of the
SENECA trial.

METHODS

ABBREVIATIONS
AND ACRONYMS

AIC = anthracycline induced
cardiomyopathy

DOX = doxorubicin

DZR = dexrazoxane

EV = extracellular vesicle
iCM = induced cardiomyocyte

L-EV = large extracellular
vesicle

MPP-+ = 1-methyl-4-
phenylpyrindinium

MSC = mesenchymal stem cell

MSC-EV = mesenchymal stem
cell derived extracellular
vesicle

MTDR = MitoTracker Deep Red
MTG = MitoTracker Green
RBC = red blood cell

ROS = reactive oxygen species

S-EV = small extracellular
vesicle

Detailed methods can be found in the Supplemental

Appendix.

GENERATION OF PATIENT-SPECIFIC

iPSCs. We

recruited 3 SENECA trial patients. This study was
approved by Stanford University School of Medicine
institutional review board committee (approval num-
ber: 35266). Patients were breast cancer survivors who
were cancer free for =2 years, received >240 mg/m? of

DOX, and had a left ventricular ejection fraction <45%.
Peripheral blood mononuclear cells (PBMCs) were

isolated, reprogrammed,

and differentiated

as

described previously (9,15) (Figure 1A, Supplemental

Figure 1).
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FIGURE 1 iCM Pharmacodynamic Response to DOX
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pluripotent stem cell; PBMC = peripheral blood mononuclear cell.

(A) Workflow for generating patient-specific iCMs; (B) summary pharmacodynamic data report mean viability by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolim bromide from patient-specific iCMs, in triplicate (n = 9); and (C) iCM pharmacodynamics by annexin-PI for 24-hour
DOX exposure highlight a significant increase in apoptosis between 24 and 48 hours (n = 3). iCM = induced cardiomyocyte; iPSC = induced

MSC-EV ISOLATION AND CHARACTERIZATION.
Extracellular vesicle isolation and segregation. MSCs
were washed with phosphate-buffered saline (PBS)
and Dulbecco’s Modified Eagle Medium containing
10% exosome-free fetal bovine serum (Systems
Biosciences) was added to culture. After 48 hours,
MSC supernatant was centrifuged at 500g for 10
minutes and then isolated. Supernatant was either
left unfiltered to isolate MSC-EV or passed through a
220 nm filter to isolate small extracellular vesicles
(S-EV) as previously described (16). Extracellular
vesicles (EVs) larger than 200 nmol/L (large
extracellular vesicles [L-EVs]) were isolated using a
proprietary size-based filtration platform named
ExoTIC (Supplemental Figure 2) (17). MSC
supernatant was centrifuged at 500g for 10 minutes
then flowed through ExoTIC via syringe pump at
4°C. ExoTIC was decorated using a track-etched
polycarbonate, low-protein binding filter with 200-
nm pores concentrating L-EVs. L-EVs were eluted

from the filter with PBS. EVs were characterized
using nanoparticle tracking analysis, flow cytometry
(Supplemental Figure 3), gel, and
transmission electron microscopy (TEM) (Figure 2),
as described in the Supplemental Methods and
previously (18). Red blood cell (RBC)-derived L-EVs
were isolated from supernatant collected from RBC

western

cultures maintained in exosome-free conditions.

Mitochondrial Llabeling. MSC supernatant was
collected as described in the previous text and was
stained with 50 nmol/L MitoTracker Green™ (MTG)
and/or MitoTracker Deep Red™ (MTDR) (Thermo
Fisher Scientific). EVs were then isolated and washed

as described previously for analysis by flow
cytometry.
DOXORUBICIN EXPOSURE ASSAYS.In vitro

anthracycline induced cardiomyopathy model. iCMs
were seeded on 12-well plates (2.5 x 10> iCMs/well).
For iCMs treated with dexrazoxane (DZR), 100 pmol/L
dexrazoxane in iCM maintenance media was added 2
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FIGURE 2 EV Size and Mitochondrial Content Characterization
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(A, top left) Representative dot plot of MSC-EVs displaying a population of MitoTracker Green positive [MTG(+)] and MitoTracker Deep Red positive [MTDR(+)] EVs in
the L-EV (>200 nm) size range by side scatter. (A, top right) Dot plot of the same MSC-EVs in top left gated to show MTG(+)/MTDR(+) vesicles (red oval). (A,
bottom) Apogee bead reference dot plot (right) and size histogram (left). (B) Representative dot plot for L-EVs showing a distinct MTG(+)/MTDR(+) population (red
oval). (C, top) Representative dot plot for L-EVs with accompanying gNano analysis demonstrated a mean particle size of 352 nm (216-498 nm). (C, middle)
Representative dot plot for S-EVs showing smaller side scatter profile lacking MTG signal with accompanying gNano analysis showing mean particle size of 92 nm
(58-122 nm). (C, bottom) Representative dot plot for BD FACSAria sorting of MSC-EVs showing relative size by side scatter of mitochondria(+) EVs (red) vs mito-
chondria(—) EVs (green) with accompanying gNano analysis of sorted mitochondria(+) EVs showing mean particle size of 428 nm (350-800 nm), similar to L-EVs. (D,
top) TEM image of L-EVs measuring 250-500 nm. (D, bottom) Immunogold (10 nm) labeling showing 200-500 nm L-EVs are CD9(+) (red arrows) (n = 3). (E)
Western blot confirming presence of complete mitochondria within L-EVs and MSC-lysate represented by outer membrane (VDAC), inner membrane (COX4), and
matrix (pyruvate dehydrogenase) proteins (n = 3). COX4 = cytochrome C oxidase subunit 4; VDAC = voltage dependent anion channel; other abbreviations as in

Figure 3.

hours prior to DOX exposure. 0.1, 1, or 10 pmol/L DOXin
iCM maintenance media was added to culture for 24,
48, or 72 hours. All treatment assays adhered to a 1-
umol/L exposure for 24 hours. Cells were washed and
iCM maintenance medium with or without MSC-EV,
S-EV, or L-EV was added to culture. Viability was
then assessed by either 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide or annexin-PI assay
per manufacturer protocol.

1-methyl-4-phenylpyridinium assays. L-EVs
exposed to 10 mmol/L 1-methyl-4-phenylpyridinium
(MPP+) for 90 minutes (19), centrifuged at 10,0008
for 30 minutes, resuspended in 20 mL of MSC media,
and collected using Exo-TIC. Loss of mitochondrial
membrane potential was confirmed with JC-1
(Cayman Chemical) and MTG/MTDR staining

were

(Supplemental Figure 4), and 50 pumol/L carbonyl
cyanide m-chlorophenyl hydrazon served as a posi-
tive control.

Cell physiology assays. The 96-well plates (Greiner
Bio-One) were seeded with 1 x 10° iCMs/well. iCMs
were exposed to 1 pmol/L DOX for 24 hours and then
received iCM maintenance media either with or
without S- or L-EV. iCM beating was confirmed prior
to initiating analysis.

Immunohistochemical analysis of L-EV uptake. iCMs were
seeded onto MatriGel (Corning) coated coverslips. S-
and L-EVs were incubated in 50 nmol/L MTDR for 1
hour immediately before isolation as described in the
previous text. A total of 1 x 108 MTDR stained S- or
L-EVs were added to iCM culture at 37°C for 6 hours.
iCMs were washed, fixed, and stained as described
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FIGURE 3 Pharmacodynamic Effect of MSC Co-culture and Paracrine Therapy on DOX Injury
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(A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide 48-hour iCM viability assays showing: (Top) iCMs cocultured with MSCs demonstrated significant
improvement in viability at a 1:1 culture ratio (n = 9). (Second) MSC-EVs had a dose-dependent effect and an optimized therapeutic response at 5,000 EV/iCM (n = 9).
(Third) L-EVs significantly improved iCM viability similar to MSC-EV (n = 9). (Fourth) S-EVs did not mitigate DOX-induced cell death (n = 9). DZR treatment served as a
positive control in all assays showing preservation of iCM viability. (B) Nanoparticle tracking analysis of MSC-EVs highlights distinct S- and L-EV populations ranging
from 90-800 nm; (C) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide 72-hour viability assay demonstrated sustained therapeutic effect of MSC-EVs.
(D) AnnexinV-PI data showed reduced apoptosis and improved viability at 48 hours following MSC coculture, MSC-EV, and L-EV treatments, but no response to S-EVs
(n =9). All viability assays were performed in 3 patient lines in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 by a 1-way analysis of variance or 2-way analysis of
variance with repeated measures followed by Tukey's test. DZR = dexrazoxane; EV = extracellular vesicle; iCM = induced cardiomyocyte; L-EV = large extracellular
vesicle; MSC = mesenchymal stem cell; MSC-EV = mesenchymal stem cell derived extracellular vesicle; S-EV = small extracellular vesicle.
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FIGURE 4 Mitochondria From L-EVs Are Directly Taken Up by iCMs
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as in Figures 1 and 3.

(A, top) iCMs incubated with MTDR-stained L-EVs (red) demonstrated colocalized MTDR signal (red arrows) and alpha-actin (green). (A, middle and bottom) iCMs
incubated with MTDR-stained S-EVs or unstained L-EVs, respectively, demonstrated an absence of MTDR signal (n = 6). (B, top) z-stack analysis of same visual field
from A, top demonstrated an intracytoplasmic and perinuclear MTDR signal. (B, bottom) Magnified view of a single iCM (red box). (C) ImageJ quantification showing
MTDR(+) L-EV-treated iCMs demonstrated increased red channel signal intensity compared with iCMs treated with MTDR(+) S-EVs and untreated. P value <0.01 by
1-way analysis of variance followed by Tukey's test (n = 6). Combined Color Channel intensity did not differ across iCMs. (D) MTG-stained iCMs incubated with
MTDR-stained L-EVs showed expected perinuclear distribution of native mitochondria (green) (top), MTDR uptake (red) (middle), and co-localization of MTG and
MTDR signal (yellow) suggesting fusion of L-EV-derived and native iCM mitochondria (bottom). (E) Representative dot plots show cardiac troponin-T (cTnT)-labeled
iCMs incubated with MTDR-stained L-EVs (left) with colocalization (red arrow), suggesting mitochondrial uptake, whereas iCMs incubated with MTDR-stained S-EVs
(right) showed no colocalization (n = 3). (F) Representative dot plots show DOX-injured iCMs treated with MTDR-stained L-EVs (left) with reduced annexin V signal
and greater MTDR uptake (red arrow) than iCMs treated with MTDR-stained S-EVs, suggesting mitochondrial-uptake correlates with reduced apoptosis. Abbreviations

previously (20). For colocalization experiments, iCMs
were stained with 100 nmol/L. MTG per protocol,
washed, incubated with MTDR(+) L-EVs for 6 hours,
washed, and imaged in PBS.

STATISTICAL ANALYSIS. Data are presented as mean
+ SD. Statistical significance was determined by un-
paired Student’s t-tests for comparisons of 2 groups,
1-way analysis of variance followed by Tukey’s post
hoc Tukey test for multiple pairwise comparisons
among 3 or more groups at a single time point, or 2-
way analysis of variance with repeated measures for
comparisons among 3 groups or more at multiple time
points (Prism 8.3, GraphPad Software). A P
value <0.05 was considered significant.

RESULTS

DOX PHARMACODYNAMICS IN iCMs. Our patient-
specific iCM lines demonstrated similar sensitivity
to DOX when compared with previously published
values in patient-specific lines (Figures 1B and 1C)

(9). Modern DOX protocols result in areas under the
curve and Cpax of ~3.8 umol/L-h and 1.65 pmol/L,
respectively (21,22). In vitro, this converts to
1 pmol/L DOX exposure for 24 hours, which results
in equal cell death at 24, 48, and 72 hours as
continuous exposure protocols (Figure 1B). Using an
annexin-PI assay, we demonstrated that the iCMs
exposed to DOX for 24 hours underwent a dramatic
increase in apoptosis 24-48 hours after DOX expo-
sure (Figure 1C), suggesting that the majority of
cardiomyocyte injury in vitro occurs in the first 24
hours of exposure. Based on this result, we chose to
treat at 24 hours and evaluate survival and cellular
function at 48 hours.

CO-CULTURE WITH MSCs IMPROVES CARDIOMYOCYTE
VIABILITY. Using a 1,000 nm transwell system
(Figure 3A), we demonstrated a dose-dependent
improvement in viability following DOX exposure
iCMs cocultured with MSCs. Cardiomyocyte
viability improved significantly in coculture when

in
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FIGURE 5 L-EVs Improve Cardiomyocyte Function After DOX Injury
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sentative calcium transient tracing from all 4 groups at 96 hours showed greater signal amplitude, faster upstroke, more rapid signal recovery, and higher beat
frequency in DOX-injured iCMs treated with L-EVs compared with negative control and S-EV-treated iCMs (n = 5). (F) Representative action potential (AP) tracing from
iCMs at 96 hours showed recovery of AP amplitude, upstroke Vmax, and downstroke Vmax in DOX-injured iCMs treated with L-EVs relative to negative control subjects
and S-EV-treated iCMs (n = 5). Abbreviations as in Figures 1 and 3.

iCMs and MSCs were cocultured in a 1:1 ratio,
resulting in a 48% improvement in viability (P =
0.038) (Figure 3A).

Given the absence of cell-cell contact within the
transwell system, we hypothesized that the survival
benefit must be mediated by paracrine factors.
Nanoparticle tracking analysis of MSC-supernatant
showed 2 populations of MSC-EVs that could
transit through transwell pores: a population in the

exosome size range (30-200 nm) and a population in
the microvesicle size range (200-800 nm)
(Figure 3B). To test if MSC-EVs are responsible for
the paracrine effects, MSC-EVs were added to iCM
culture at day 1 following DOX exposure (Figure 3A).
MSC-EVs improved iCM viability in a dose-
dependent fashion (Figure 3A). Viability remained
steady at 72 hours in MSC-EV-treated iCMs,
whereas viability in untreated iCMs continued to
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(A) iCMs treated with L-EVs at 24 hours following DOX injury showed reduced cytoplasmic (top, CellROX Deep Red) and mitochondrial (bottom, CellROX Green) ROS
production (n = 6). (B) Following DOX injury, iCMs treated with L-EVs demonstrate greater ATP production per iCM (n = 4). (C, left) Representative western blot
showing Peroxisome proliferator-activated receptor-gamma coactivator 1 (PGC1)-alpha expression in iCMs. (C, right) ImageJ analysis of relative PGC1-alpha expression
in 3 iCM groups following DOX injury. iCMs treated with L-EVs show greater expression than both no DOX and DOX-injured iCMs (n = 4). (D) 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolim bromide 48-hour viability assay showing MPP+ iodide attenuates the therapeutic effect of L-EVs. Red blood cell (RBC)-derived L-EVs lack
mitochondria and show no therapeutic effect. Dexrazoxane (DZR) serves as positive control (n = 9). *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way analysis of
variance or 2-way analysis of variance with repeated measures followed by Tukey's test. Abbreviations as in Figures 1 and 3.

decline (Figure 3C). MSC-EVs did not artificially
amplify the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolim bromide signal (Supplemental
Figure 5D). Treatment with 100 pmol/L DZR was
used as a control therapy, showing consistent
preservation of iCM viability.

L-EVs IMPROVE iCM VIABILITY. We separated MSC-
EVs into S-EVs (<200 nm) and L-EVs (>200 nm). We
tested each population separately. L-EVs significantly
improved viability at 48 hours (P < 0.001) (Figure 3A).
In contrast, S-EV demonstrated no effect on iCM
viability across a broad dose range (P = 0.19)
(Figure 3A). Flow cytometry analysis further sup-
ported a therapeutic effect showing that apoptosis
was inhibited by L-EV, MSC-EV, and coculture, but
not S-EV in an annexin-V assay (Figure 3D).

L-EVs ARE ENRICHED WITH MITOCHONDRIA. MSCs
have been shown to mitigate anthracycline injury by
donating mitochondria to injured cardiomyocytes via
nanotubes (14). Guided by these findings,
analyzed MSC-EVs for mitochondrial content
(Figure 2A). We identified 3 vesicle populations: 1)
110-235 nm size range and double negative for MTG
and MTDR [MTG(-)/MTDR(-)]; 2) 200-400 nm size
range and MTG(+)/MTDR(-), suggesting the presence
of nonviable mitochondria or mitochondrial frag-
ments; and 3) 300-800 nm size range and MTG(+)/
MTDR(+), suggesting the presence of viable mito-
chondria. This MTG(+)/MTDR(+) population is
enriched in L-EV (Figure 2B). We then sorted MTG(+)/
MTDR(+) MSC-EVs (Figure 2C) using a FACSAria
(Becton Dickenson). Using tunable resistive pulse

we
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TABLE SENECA Trial Findings of 3 Patients

Relative Change From
Baseline at 12 Months

Average Absolute Change
From Baseline at 12 Months

MSC Treated Placebo Treated MSC Treated Placebo Treated

(n=1) (n=2) (n=1) (n=2)
Left ventricular ejection fraction +19 +18° +7 +7°
Global longitudinal strain -15 +18 -1.84 +1.99
Left ventricular myocardial scar -20 +64° —2.70 +3.867
6-min walk test +18 +6 +68.5 feet +18 feet
Minnesota living with heart —51 -7 —24.85 points -5 points

failure questionnaire

Values are % unless otherwise indicated. The table reflects the relative percentage change from baseline ach-
ieved by 3 trial patients at 12 months of follow-up. Incomplete 12-month data, n = 1.

MSC = mesenchymal stem cell.

sensing (qNano, Izon, TRPS), we found this sorted
population to be similar in size to L-EVs: mean size
352 nm (216-498 nm) vs 428 nm (350-800 nm),
respectively (Figure 2C). S-EV isolations measured
58-122 nm with a mean size of 92 nm by TRPS
(Figure 2C) and were consistently MTG(-—)/MTDR(-)
(Supplemental Figure 3B). We further characterized
our L-EVs with TEM and Western blotting. Bright field
TEM evaluation of L-EVs demonstrated CD9+ parti-
cles ranging from 220-500nm (Figure 2D). Western
blot showed that L-EVs but not S-EVs were calnexin
positive (Figure 2E). Our TEM and Western data sug-
gest that L-EVs are microvesicles and S-EVs are exo-
somes (23), which is consistent with prior EV profiling
work done in our laboratory (18,24). Western blot
showed that L-EVs contain intact mitochondria by
demonstrating presence of mitochondria-specific in-
ner membrane, outer membrane, and matrix proteins
(voltage dependent anion channel, cytochrome C
oxidase subunit 4, and pyruvate dehydrogenase,
respectively), which were absent in S-EV prepara-
tions (Figure 2E).

L-EV MITOCHONDRIA ARE TAKEN UP BY
PATIENT-SPECIFIC iCMs. Using confocal microscopy
and 3-dimensional analysis, iCMs incubated with
MTDR(+) L-EVs were shown to accumulate MTDR
signal within iCM cytoplasm (Figures 4A and 4B). iCMs
incubated with MTDR-stained S-EVs showed no
MTDR uptake (Figure 4B). ImageJ analysis shows
higher maximal Red Channel signal confirming MTDR
uptake (P = 0.004) (Figure 4C). The MTDR signal
consistently demonstrated a perinuclear distribution,
which is the natural distribution of mitochondria in
iCMs. Based on this observation, we stained native
mitochondria with MTG and were able to show MTDR
and MTG signal colocalization following MTDR(+) L-
EV treatment, suggesting that the separate mito-
chondria undergo fusion (Figure 4D, Supplemental
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Figure 6). iCM uptake of L-EVs was further demon-
strated using flow cytometry. iCMs incubated with
MTDR(+) L-EVs exhibit colocalized MTDR and
troponin signal, whereas iCMs incubated with S-EVs
showed no colocalization (Figure 4E). Furthermore,
DOX-injured iCMs treated with MTDR(+) L-EVs
demonstrated mitochondrial uptake and reduced
annexin signal compared with S-EV-treated iCMs
(P = 0.036) (Figure 4E). Uptake of MSC L-EV mito-
chondria was robust because ~95% of iCMs demon-
strated MTDR positivity after coincubation with
MTDR(+) L-EVs (Figures 4E and 4F).

L-EVs IMPROVE iCM PHYSIOLOGY. Contractility,
calcium transients, and electrophysiological proper-
ties of iCMs were evaluated. iCM contractility signif-
icantly improved following L-EV treatment. Peak
contractility declined dramatically in all DOX-injured
groups after DOX exposure (Figure 5A). Between 48
and 96 hours, L-EV- but not S-EV-treated iCMs
recovered contractility (at 96 hours, P < 0.001)
(Figure 5A). Similarly, we demonstrated reduced cal-
cium flux (calcium transient duration 30:90) and
prolonged calcium decay (calcium transient duration
75-25) after DOX injury with near normalization be-
tween 72 and 96 hours in L-EV- but not S-EV-treated
iCMs (Figures 5B and 5C, respectively). DOX injury
depressed contractile rates, which normalized after
L-EV treatment (Figure 5D). Figure 5E shows repre-
sentative calcium transients tracings from each group
demonstrating differences in signal amplitude and
contractile frequency at 96 hours. DOX injury resul-
ted in significant negative effects on iCM action po-
tential, including depressed peak values, reduced
Vmax upstroke in phase 0, and reduced V,,x down-
stroke in phase 3. Treatment with L-EVs but not S-EVs
improved peak potential (P = 0.002), upstroke Viax
(P = 0.002), and downstroke V.x (P = 0.027)
(Figure 5F). Rise and decay time were not significantly
different because of decreased action potential
amplitude in DOX-injured iCMs.

L-EVs REDUCE ROS PRODUCTION AND PRESERVE
MITOCHONDRIAL BIOGENESIS AND FUNCTION.
Treatment with L-EVs preserved mitochondrial
function in iCMs. L-EVs attenuated both cytoplasmic
and mitochondrial ROS production (P < 0.001 and
P = 0.030, respectively) (Figure 6A). Similarly, L-EV
treatment augmented ATP production per iCM (P <
0.001) (Figure 6B), a phenomenon also seen in our
coculture experiments (Supplemental Figure 5A).
Higher ATP levels were not caused by rapid intercel-
lular transport of ATP mediated by L-EV, requiring 24
hours to deliver efficacy (Supplemental Figures 5B
and 5C). iCMs treated with L-EVs demonstrated
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preserved mitochondria biogenesis. Peroxisome pro-
liferator-activated receptor-gamma coactivator-1
alpha expression was greater in iCMs treated with

L-EVs than in DOX-injured and uninjured control

subjects (P = 0.002 and P = 0.06, respectively)
(Figure 6C). Finally, we tested whether inhibition of
mitochondrial function with MPP+ (an irreversible
inhibitor of mitochondrial function [19]) attenuated
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the therapeutic effect of L-EVs. L-EVs incubated in
MPP+ demonstrated loss of mitochondrial viability
(Supplemental Figure 4A) and an attenuated thera-
peutic effect on iCM viability (P < 0.001) (Figure 6D),
supporting the hypothesis that EV-mediated mito-
chondrial transfer plays a central role in the ability of
MSCs to mitigate myocardial DOX toxicity. Further
supporting our hypothesis, RBC-derived L-EVs, which
lack mitochondria (Supplemental Figure 7), show no
therapeutic benefit.

TRIAL TREATMENT ASSIGNMENT AND OUTCOMES.
At the completion of the SENECA trial, we were
unblinded to the trial results. In total, 2 of our
patients were randomized to placebo and 1 to treat-
ment with allogeneic MSCs. Although low sample size
precluded statistical comparisons, the MSC-treated
patient demonstrated improved myocardial function
and remodeling. Outcomes are summarized in the
Table and Supplemental Figure 8. In the SENECA
trial, MSC-treated patients demonstrated statistically
nonsignificant tendency toward higher ejection frac-
tion, improved global longitudinal strain, reduced
myocardial scar burden, and longer 6-minute walk
times. MLHFQ scores demonstrated a progressive
statistically significant improvement (-1.76 every
6 months; P = 0.038) (25).

DISCUSSION

Herein, we demonstrate that patient-specific iCMs
can be used to conduct an in vitro clinical trial. In this
study, we made several novel observations: 1) L-EVs
contain viable mitochondria; 2) mitochondrial trans-
fer reversed DOX toxicity in human cardiomyocytes
(Central Illustration); and 3) L-EVs can be isolated by a
novel technique. Transfer of mitochondria rich L-EVs
was associated with improved metrics of iCM func-
tion, including improved calcium flux and recovery,
stronger contractility, and enhanced viability.
Consistent with prior studies of mitochondrial trans-
fer (20), we exhibited that the iCMs receiving exoge-
nous mitochondria demonstrated augmented
mitochondrial biogenesis and function. Improved
mitochondrial stability may have a direct role in
preventing cardiomyocyte apoptosis as increased ATP
levels inhibit autophagic flux (26).

One of the primary challenges in deciphering the
mechanisms behind stem cell-based therapy in vivo
is the rapid rejection of transplanted cells. Here, we
demonstrated that MSCs have the ability to rapidly
interact with cardiomyocytes via a paracrine mecha-
nism. Furthermore, our observations that MSCs
reduced ROS and augmented mitochondrial function
imply that the MSCs mitigate progressive
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mitochondrial dysfunction and subsequent car-
diomyocyte apoptosis, a well-described mechanism
of myocardial injury in AIC (4,9). Intercellular trans-
fer of mitochondria is an emerging field of scientific
inquiry. Transferred mitochondria are known to un-
dergo fusion with the mitochondria of the recipient
cells and play a central role in mitochondrial ho-
meostasis (27).

As SENECA was a phase I trial, caution must be
taken when interpreting clinical outcomes. Consis-
tent with previous cell-therapy trials (28), positive
tendencies were seen in surrogate markers of car-
diovascular performance, whereas imaging studies
failed to show statistically significant improvements
in ejection fraction and scar. Although MSCs do not
appear to lead to myocardial regeneration, our results
suggest that MSCs could improve cellular energetics.
Recent trials (29) have shown that treating the side
effects of chronic myocardial oxidative stress can lead
to improved heart failure outcomes. The results
herein suggest a mechanism by which MSC therapy
could improve cardiovascular performance, and may
represent an opportunity for development of cell-free
therapy. Identification of such mechanisms implies
that myocardial salvage as opposed to regeneration
could be the focus of future trial work. Adequate
assessment of the reparative changes carries impor-
trial patient selection,
outcome metrics, and patient-physician expectations.

tant considerations for

STUDY LIMITATIONS. We made several observations
that carry implications for the clinical translation of
MSCs. MSCs beyond passage 4 produced fewer mito-
chondria containing L-EVs than younger MSCs
(Supplemental Figure 9A), suggesting that fresh MSCs
have greater therapeutic potential. Furthermore, L-
EVs showed therapeutic benefit in a narrow range of
DOX exposure. In a 7-day 0.1-umol/L DOX exposure
assay, L-EVs continued to demonstrate therapeutic
efficacy, but the effect was lost when DOX was
increased to 0.5 pmol/L (Supplemental Figure 9C).
iCMs treated with 10 pmol/L. DOX showed no
improvement in viability (Supplemental Figure 9B).
Similarly, L-EVs added simultaneously with 1 pmol/L
DOX had no therapeutic effect (Supplemental
Figure 9B). iCMs demonstrate a narrow therapeutic
window, and L-EVs may lose efficacy when exposed
to DOX. Last, our in vitro iCM results demonstrated
that L-EVs mitigate immediate DOX toxicity, which
may not translate to efficacy in humans who
commonly present with chronic heart failure caused
by AIC months to years after treatment. An important
caveat to this limitation is that DOX-injured myocar-
dium demonstrates

long standing maladaptive
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changes stemming from impaired mitochondrial
function and biogenesis (30). Mitochondrial transfer
could reverse such changes, possibly preventing
progressive myocardial dysfunction (31).

CONCLUSIONS

iPSCs are an invaluable tool for modeling human
disease. Our findings suggest an expanded role for
iPSC modeling in predicting trial outcomes and eval-
uating therapeutic mechanisms. Such insights could
facilitate therapeutic candidate selection, trial
design, and biospecimen collection prior to trial
initiation.
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PERSPECTIVES

injury and dysfunction play a central role in AIC. Restoring

which mitochondrial donation can be achieved in target
myocardium and possibly reverse doxorubicin injury.

COMPETENCY IN MEDICAL KNOWLEDGE: Mitochondrial

mitochondrial function may improve myocardial function and
viability, a potentially valuable therapeutic avenue in AIC. EV-
mediated mitochondrial transfer offers a cell-free technique by

TRANSLATIONAL OUTLOOK: Future studies should deter-
mine whether EV-mediated mitochondrial transfer can mitigate
AIC in vivo. Further testing in chronic in vivo models of AIC would
be valuable because chronic cardiomyopathy models hold
greater translational value to humans. In depth analysis of car-
diovascular performance could prove illuminating because reju-
venation of cellular function may prove physiologically
significant despite an absence of myocardial regeneration or
improvement in ejection fraction.
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