Molecular Therapy

Commentary

Harnessing mitochondrial
transplantation to sustain cardiac
function: Another step forward
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The mitochondria, apart from balancing
optimal cellular homeostasis and energetics
to sustain life, also mediate pathophysiological
mechanisms leading to injury and death. In
this regard, mitochondrial transplantation is
emerging as a novel therapeutic strategy to
circumvent deleterious effects of mitochon-
drial dysfunction in various pathological disor-
ders. The transplantation of mitochondria in-
volves the process of isolation, selection of
optimal mitochondria, transfer, and internali-
zation of exogenous intact mitochondria into
the target cells or tissue. In the myocardium,
metabolic and ionic changes secondary to the
lack of oxygen are major contributors to mito-
chondrial damage. Mitochondrial transplanta-
tion has been demonstrated to protect against
cardiac ischemia-reperfusion injury' * as well
as to rescue the diabetic heart,” with improved
cardiac function and a reduction in infarct size.

In their study published in this issue of Molec-
ular Therapy,® Zhang et al. demonstrated the
benefits of mitochondrial transplantation in
two different models of heart failure, namely
an anthracycline-induced form and a geneti-
cally driven form of dilated cardiomyopathy.
The authors started by testing different mito-
chondrial isolation methods in four different
cell types, namely the human colon carci-
noma cell line (R-mito), mouse fibroblast
(F-mito), mouse skeletal muscle (M-mito),
and mouse neonatal myocytes (H-mito).
Mitochondrial isolation efficiency in terms
of mitochondrial number as well as mito-
chondrial activity such as membrane poten-
tial and superoxide production were assessed.
At 24 hours post-injection of human cell line-
derived mitochondria into murine hearts,
both human and mouse mtDNA were de-
tected in the mouse hearts, confirming up-
take of mitochondria, albeit cross-species, as

well as upregulation of host mtDNA replica-
tion as early as 2 hours post-transplantation.
Intramyocardial mitochondrial transplanta-
tion into murine hearts prevented doxoru-
bicin-induced cardiotoxicity via prevention
of apoptosis and restoration of mitochondrial
respiration. Although the protection against
death was associated with an increased mito-
chondrial amount, restoration of contractile
function in the doxorubicin-challenged
neonatal mouse ventricular myocytes relies
on the presence of metabolically matched
transplanted mitochondria. In addition,
only the transplantation of H-mito induced
maximal respiration alongside upregulated
mitochondrial fusion protein Opal.

In the genetically driven model of dilated car-
diomyopathy (DCM), the authors chose to uti-
lize human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) from
Duchenne muscular dystrophy patients.
Transplanted isogenic mitochondria at the
onset of reperfusion into ischemic hiPSC-
CMs restored mitochondrial membrane
potential. Isogenic mitochondrial transplanta-
tion into DCM hiPSC-CMs improved con-
tractile velocity, albeit only limited to ventricu-
lar hiPSC-CMs, despite equal mitochondrial
uptake rates. Similar to the doxorubicin-chal-
lenged neonatal myocytes, H-mito transplan-
tation into the DCM hiPSC-CMs also
increased maximal mitochondrial respiration.
Single-cell RN A-seq by the authors revealed an
induction of gene networks associated with cell
cycle status (mitosis, cell cycle, and cell divi-
sion) and structural reinforcement (cytoskel-
eton, actin binding, and muscle protein) in
these H-mito-transplanted ventricular DCM
hiPSC-CMs. In the atrial DCM hiPSC-CMs,
however, cytoskeletal remodeling and mito-
chondrial respiration pathways remain un-
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changed, thereby signifying that the restora-
tion of mitochondrial respiration by
mitochondrial transplantation may be the ma-
jor factor underlying the benefits observed in
the ventricular hiPSC-CMs.
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Figure 1. Hypothetical optimal approach to harnessing mitochondrial transplantation to confer

cardioprotection

Isogenic, allogeneic, or even xenogeneic mitochondria can be isolated and transplanted to myocytes or hiPSC-
CMs to determine the benefits with regard to cellular death reduction and prolonging survival. The mitochondrial
to be transplanted have to be abundant and functional even after transplantation. Transplantation techniques
have to be clinically relevant and robust, while taking into account the proper timing of transplantation during the
course of disease. Optimal homeostatic mechanisms in both the recipient cells as well as the host/transplanted
mitochondria are key to maintaining optimal cellular survival. Created with Biorender.com.

The current study supports previous findings
from other groups that transplantation of the
mitochondria may exert protective benefits
to the recipient myocardium. In this regard,
the novelty of the current study lies in (1)
the comparison of mitochondrial isolation
efficiency and resulting mitochondrial func-
tion between different mitochondrial isola-
tion methods applied to different cellular
sources, (2) successful transplantation of hu-
man cell line-derived mitochondria into the
murine heart and neonatal mouse mitochon-
dria into hiPSC-CMs, (3) maintenance of
cardiac function in an in vivo murine model
of doxorubicin-mediated heart failure post-
mitochondrial transplantation, as well as
(4) sustaining contraction and respiration
in ventricular myocytes in an hiPSC-CM
model of mutation-driven DCM. Although
the current study puts forth an additional
facet of utilizing mitochondrial transplanta-
tion to circumvent cardiac failure, there are
some observations that may further help
put the research findings into perspective.
The models used in the study, although
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converging in cardiac failure, were two
different models of in vivo and in vitro
heart failure, with different time points
of mitochondrial transplantation (pre-doxo-
rubicin challenge in mice versus direct trans-
plantation in DCM hiPSC-CMs). In the
mouse model used, M-mito transplantation
was carried out a day before the start of
doxorubicin administration, and hearts
were retrieved after at the sixth week after
4 weeks of doxorubicin administration. As-
sessing the proportion of the transplanted
M-mito in the hearts after removal via fluo-
rescent labeling will allow an evaluation of
the sustainability of the transplanted mito-
chondria over time. This will help in allaying
the concern whether the increased mito-
chondrial abundance via transplantation or
other factors such as maintenance of mito-
chondrial homeostasis and upregulation of
certain pro-survival kinases are responsible
for the beneficial effects observed. The trans-
lational aspect of this study is also compli-
cated in that the doxorubicin model utilizes
mice and isolated murine cardiomyocytes,
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while genetically driven DCM was based
on hiPSC-CMs derived from patients.
The murine cardiomyocytes received allo-
genic mitochondria, while the hiPSC-CMs
received mitochondria from CRISPR-cor-
rected isogenic cells to assess cardioprotec-
tive effects following ischemia-reperfusion
and H-mito to examine contractile function.
The immunological responses, if any, in the
recipient cells was not clearly stated. Other
alternatives will be to compare the effects
of human (R-mito) mitochondrial trans-
plantation in doxorubicin-challenged mice
or standardize by using hiPSC-CMs for
both models of heart failure.

In addition, the effects of differing mitochon-
drial DNA (mtDNA) haplotypes between
humans and mice, the resulting manifested
phenotypes, if any, remain to be clarified.
Fusion of the mitochondria has been previ-
ously demonstrated to dilute effects of
mtDNA mutations’ as well as to support res-
piratory capability.® It is plausible that the
observed increase in Opal post-H-mito-
chondrial transplantation in the doxoru-
bicin-challenged cardiomyocytes may sup-
port respiratory function in the recipient
cells. Examining the morphological pheno-
type of the host and transplanted mitochon-
dria in both the neonatal myocytes as well as
DCM hiPSC-CMs may further support this
notion. Another caveat lies in the intramyo-
cardial delivery method of mitochondria.
Refining the study by exploring a more clin-
ically relevant delivery method of external
mitochondria”"”
(e.g., during ischemia versus post-reperfu-
sion) may further enhance the clinical value
of the findings.

at different time points

To conclude, the study puts forth an addi-
tional notion of utilizing exogenous mito-
chondria to prevent doxorubicin- and muta-
tion-induced heart failure in the murine
heart and hiPSC-CMs respectively. Further
investigation in large animal models may be
warranted upon refinement of the methodol-
ogy. Ultimately, the ability to transplant
mitochondria with optimal function, in rela-
tive abundance, at the right time, into the hu-
man heartat the targeted site of injury or even
to rejuvenate the myocardium will remain
the crux of research efforts in harnessing
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complementary benefits of external mito-
chondria in the diseased heart (Figure 1).
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