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Impact statement

Stroke constitutes a global health crisis,
yet potent, applicable therapeutic options
remain effectively inaccessible for many
patients. To this end, stem cell transplants
stand as a promising stroke treatment and
as an emerging subject of research for cell-
based regenerative medicine. This is the
first review to synthesize the implications of
stem cell-derived mitochondrial transfer in
both the brain and the eye. As such, this
report carries fresh insight into the com-
monalities between the two stroke-
affected organs. We present the findings of
this developing area of research inquiry
with the hope that our evaluation may
advance the use of stem cell transplants as
viable therapeutic alternatives for ischemic
stroke and related disorders characterized
by mitochondrial dysfunction. Such lab-to-
clinic translational advancement has the
potential to save and improve the ever
increasing millions of lives affected by
stroke.

Abstract

Stroke remains a devastating disease with limited treatment options, despite our growing
understanding of its pathology. While ischemic stroke is traditionally characterized by a
blockage of blood flow to the brain, this may coincide with reduced blood circulation to
the eye, resulting in retinal ischemia, which may in turn lead to visual impairment. Although
effective treatment options for retinal ischemia are similarly scarce, new evidence suggests
that deleterious changes to mitochondrial structure and function play a major role in both
cerebral and retinal ischemia pathologies. Prior studies establish that astrocytes transfer
healthy mitochondria to ischemic neurons following stroke; however, this alone is not
enough to significantly mitigate the damage caused by primary and secondary cell death.
Thus, stem cell-based regenerative medicine targeting amelioration of ischemia-induced
mitochondrial dysfunction via the transfer of functional mitochondria to injured neural cells
represents a promising approach to improve stroke outcomes for both cerebral and retinal
ischemia. In this review, we evaluate recent laboratory evidence supporting the remedial
capabilities of mitochondrial transfer as an innovative stroke treatment. In particular, we
examine exogenous stem cell transplants in their potential role as suppliers of healthy
mitochondria to neurons, brain endothelial cells, and retinal cells.
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Introduction

Stroke, a leading cause of mortality and disability through-
out the modern world, imposes a major health and econom-
ic burden.' However, despite the widespread prevalence of
stroke, its immense costs, and our ever-broadening insight
into stroke pathology, tissue plasminogen activator (tPA)
remains the only drug-based stroke therapy approved by
the Food and Drug Administration (FDA).? The restrictive
time frame for safe and effective tPA treatment—4.5h fol-
lowing stroke onset—due to high risk for hemorrhagic
transformation severely limits the number of patients
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eligible for its therapeutic benefits.> While endovascular
thrombectomy represents another available therapeutic
option for stroke, strict criteria for its usage and consider-
able danger of hemorrhagic evolution similarly hinder its
utility, further exacerbating this dearth of treatment
options.>~

While tPA and endovascular intervention are thus
restricted to acute phase treatment of stroke, physical ther-
apy and cognitive rehabilitation can be effective in the long
term. However, various post-stroke consequences may
impede recovery. Specifically, visual impairment is a
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prominent and common sequela of stroke which may
complicate functional outcomes in both the short and
long term.®” In fact, 92% of all stroke victims suffer
some degree of visual impairment,® while vision problems
persisting up to 90days after stroke onset plague 20.5%
of patients.® While it may be expected that ischemic
stroke—usually affecting only one hemisphere of the
brain — coincides with elevated risk of monocular vision
loss, the reverse is also evident.*'® Approximately 16% of
post-stroke visual impairments are primarily attributable to
retinal ischemia, which displays a similar pathology
to other common vascular diseases of the eye (e.g. central
retinal artery occlusion, retinal vein occlusion, diabetic
retinopathy, and glaucoma) and indeed to ischemia of
the brain.'*"*

Accumulating evidence indicates that the dysfunction of
mitochondria contributes to the pathological progression of
stroke, retinal ischemia, and various neurological diseases,
including Huntington disease, Parkinson disease,
Alzheimer disease, and fragile X-associated tremor/ataxia
syndrome.?**® During cerebral and retinal ischemia, the
lack of oxygen and nutrients prevents mitochondrial regen-
eration of adenosine triphosphate (ATP), depriving the cell
of energy for metabolism and initiating a cascade of cell
death processes.”” > A novel observation of host repair
mechanisms indicates that astrocytes initiate transfer of
functional mitochondria to neurons in order to protect
them and delay cell death within these ischemic condi-
tions.** On its own, this natural mechanism is largely
unable to confer sufficient neuroprotection during stroke.
However, the evident capacity of stem cell transplants to
serve as surrogate sources of healthy mitochondria for
ischemia-threatened cells lays the foundations for an inno-
vative approach to stem cell-based repair of mitochondrial
dysfunction in stroke.” In this review, we analyze and
progress the auspicious potential of stem cells as crucial
reservoirs of healthy mitochondria not only for neurons,
but also for brain endothelial cells and retinal cells of the
eye.

The role of mitochondria in stroke pathology

During ischemic stroke, glucose and oxygen deprivation —
the result of insufficient blood circulation in cerebral
tissue —causes deleterious structural changes to mitochon-
dria, compromising oxidative metabolism and exacerbat-
ing the loss of neural cells as well as the inflammatory
response.”” Following stroke, ischemia-induced mito-
chondrial impairments inhibit regeneration of ATP.
Because mitochondrial oxidative phosphorylation accounts
for 92% of overall cellular ATP generation, stroke-damaged
cells may therefore lack sufficient energy to properly main-
tain metabolic functions.>®>3® Moreover, defective oxidative
metabolism in dysfunctional mitochondria precipitates the
overproduction of reactive oxygen species (ROS) and, in
turn, reactive nitrogen species (RNS) following the return
of normal oxygen concentrations during reperfusion.®
Oxidative stress resulting from the disproportionate
increase in ROS and RNS destructively alters proteins,
lipids, and deoxyribonucleic acid (DNA).>® In response to

this critical threat posed to cellular ultrastructure, mito-
chondria possess mechanisms at various levels of their
structural hierarchy to protect against oxidative stress.®
At the level of mitochondrial networks, for example, the
dynamic processes of mitochondrial fusion and
fission sequester functional mitochondria from oxidative
damage, while systematically eliminating dysfunctional
mitochondria by mitophagy.® Further down this hierarchy,
at the level of mitochondrial membrane structure, the
excessively permeable membrane of severely damaged
mitochondria permits the passage of pro-apoptotic mole-
cules into the cytoplasm, resulting in apoptotic cell death.*

Mitochondrial and cytosolic creatine kinase (CK) isoen-
zymes —which comprise an important homeostatic mecha-
nism in tissues with high ATP demand such as brain and
muscle—are also particularly susceptible to damage by
ROS and RNS.***! CK enzymes, primarily those seques-
tered within mitochondria, reversibly phosphorylate crea-
tine to maintain high intracellular concentrations of
phosphocreatine.*™** Because phosphocreatine diffuses
slightly faster than ATP, cytosolic CK enzymes form an
intracellular energy buffer by rapidly converting phospho-
creatine back to creatine and regenerating ATP*'™*
Impairments to cellular energy metabolism, often resulting
from ischemia and oxidative stress, are characterized by
upregulated expression of mitochondrial CK to delay
ATP depletion, and the localization of mitochondrial
CK complexes within mitochondria compounds their vul-
nerability to oxidative damage, potentially leading to a
buildup of crystalline mitochondrial CK inclusion bodies
and exacerbating mitochondrial dysfunction and energy
deficits.?”*8*1 Thus, interconversion of creatine to phos-
phocreatine plays a large role in cellular energetics, and
rescue of this fragile process may be a prime target for
mitochondria-mediated cell therapy.

Taken together, mitochondrial impairment due to oxida-
tive stress likely plays a pivotal role in cell death processes
during stroke. In the context of mitochondrial repair
in stroke, stem-cell based regenerative medicine holds
promise based on stem cell transplants’ extensive reper-
toire of therapeutic benefits, ranging from cell replacement
and trophic support to anti-inflammation and stimulation
of endogenous neurorestorative processes.”> With these
aspects of stem cells’ therapeutic features, we now aim to
evaluate the prospects of stem cell-based mitochondria
transfer as a treatment for stroke.

Stem cells as a source of healthy
mitochondria

The ability of stem cells to convey healthy mitochondria to
damaged cells is a novel finding and could prove to be
beneficial for stroke therapy.***” Mitochondria are trans-
ferred from stem cells to injured cells via tunneling nano-
tubes, microvesicles, gap junctions, cell fusion, or direct
uptake.***” In pathological conditions, endogenous mito-
chondrial transfer has restored damaged cell function;
however, further investigation is warranted to establish
the necessary conditions and molecular signals for optimal-
ly inducing mitochondrial release from stem cells.***”



A variety of cell types have demonstrated the ability to
convey healthy mitochondria, such as pulmonary alveoli,
astrocytes, neurons, and bone marrow-derived mesenchy-
mal stem cells (BM-MSCs).>*#849

Since stem cell-based mitochondrial transfer is a rela-
tively new potential treatment for stroke, an ideal cell
type has not yet been established. A potential candidate is
the BM-MSC-derived endothelial progenitor cells (EPCs),
which comprise populations of immature endothelial cells
circulating the human bloodstream.” Through migration
to the brain and restoration of the blood-brain barrier
(BBB), EPCs exhibit positive regenerative effects on brain
vasculature.”’ While recent evidence suggests that the
transfer of EPC-derived mitochondria to ischemic brain
endothelial cells contributes significantly to the promotion
of angiogenesis and BBB repair, it cannot be ruled out that
other effects of EPC transplants, such as the secretion of
various angiogenic factors, also play a major role in these
regards. For example, EPCs secrete the pro-angiogenic
enzyme thymidine phosphorylase, an important regulator
of the angiogenic potential of EPC cultures and colony-
forming units.”®> Moreover, the mechanism through which
EPCs convey mitochondria is unknown. Therefore, three
questions may be asked to determine the efficacy of EPC-
based mitochondrial transfer as a potential treatment: one,
can EPCs release mitochondria; two, can brain endothelial
cells accept and avail themselves of these mitochondria;
and three, can stem cell-derived mitochondria restore cell
viability and function.

To address the first question, human EPCs were identi-
fied by representative markers including vVWF, lectin-UEA,
CD34, and Flk-1 after subjection to an in vitro stroke
model.”® Centrifuge and Western blot analysis of the super-
natant and particle fractions reveal that EPC-conditioned
media enriches TOM40 mitochondrial membrane protein
and increases ATP levels.” Furthermore, flow cytometry
with MitoTracker Red and electron microscopy displays
mitochondria in EPC-derived extracellular vesicles.
Measurement of oxygen consumption levels indicates that
these extracellular mitochondria are viable.”® Likewise,
media derived from other cell populations, including endo-
thelial cells, human astrocytes, and pericytes, exhibits sim-
ilar vascular function in the neurovascular unit.”® Flow
cytometry of the conditioned media using markers
MitoTracker Deep Red, CD63, and JC-1 respectively for
each cell type reveals that EPC-derived particles contain
levels of extracellular mitochondria similar to other cell
types.” In all, these findings indicate that EPCs support a
mode of action for releasing active extracellular mitochon-
dria, thus resolving the first question.

That EPCs may release viable extracellular mitochondria
raises the questions of whether these mitochondria may be
transferred into the desired cells and whether this would
confer any benefits. In response to the first part, confocal
microscopy reveals that EPC-derived extracellular mito-
chondria can indeed be relayed to brain endothelial
cells.”® In response to the second part, several observations
suggest an answer. For one, capillary-like structures
spontaneously form on the brain endothelial cells upon
exposure to EPC-conditioned media.”® Matrigel assay of
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these structures indicates that both particle fractions and
supernatant can increase angiogenesis in the EPC-
conditioned media groups, whereas the empty and
ATP-loaded liposome controls produce no variation.”
Aside from angiogenesis, barrier function constitutes
another important role in the brain endothelium. To this
end, tight junctions and adherens may be assessed by
using occludin and VE-cadherin as markers of each respec-
tively. While Western blot analysis demonstrates similar
levels of protein expression for both molecules, regardless
of condition, immunocytochemistry reveals that EPC-
conditioned media particle fraction elevates VE-cadherin
membrane localization, suggesting greater levels of adhe-
rens.”’ Furthermore, an endothelial permeability assay
using a transwell system evinces that EPC-derived particles
with mitochondria enclosed may decrease brain endotheli-
al permeability, whereas liposome controls do not.”
To more closely approximate actual ischemic conditions,
an in vitro stroke model may be used to conduct further
tests of EPC-derived mitochondria’s neuroprotective
effects. After subjecting brain endothelial cells to oxygen
and glucose deprivation (OGD) and treating with
EPC-derived particles, the affected endothelium exhibited
upregulation of TOMA40, a mitochondrial protein.”® Western
blot analysis further indicates that the EPC-derived particle
treatment restores intracellular mitochondrial DNA
(mtDNA) and ATP levels, and also reduces endothelial
permeability.”® Moreover, administering EPC-derived
extracellular mitochondria, which were isolated through
fluorescence-activated cell sorting (FACS), to OGD-
subjected brain endothelial cells results in increased cell
viability and endothelial tightness, in line with previous
findings. Taken together, these results suggest that EPC
mitochondria can be transferred to brain endothelial cells
and consequently recover mitochondrial capability.

The remaining questions primarily relate to the lingering
gaps in knowledge concerning the relationship between
mitochondrial incorporation and endothelial functional
improvement, as well as identifying the mechanism under-
lying the therapeutic influences of mitochondrial transfer.
To investigate these gaps, endothelial cells in the brain were
subjected to proteome analysis after exposure to OGD, with
the goal of distinguishing the cells that integrated
EPC-derived mitochondria from the cells that did not.”
FACS demonstrates a greater amount of angiogenesis and
BBB proteins, such as Serpin E1, plasminogen, FGF-4, and
bFGE, in cells with foreign mitochondria than in cells with-
out.”® Thus, the transferred mitochondria’s mtDNA may
increase expression of genes that protect the endothelium
in response to OGD. In sum, once functioning mitochon-
dria carried in EPC-derived particles are secreted, they can
be incorporated into endothelial cells in the brain, where
they then enhance angiogenesis and ameliorate BBB func-
tion post-OGD exposure in vitro. Overall, stem cells, such
as EPCs, that are able to convey mitochondria may serve as
therapeutic tools for improving mitochondrial function in
stroke and other disorders.

The incorporation of mitochondria derived from stem
cells into ischemic cells may serve as an effective new strat-
egy for treating stroke. However, a black box remains as to
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the mechanism behind the observed neuroprotection con-
ferred by the transfer of mitochondria from stem cells into
ischemic neurons. Thus, it is necessary to establish a causal
relationship between the transferred mitochondria and the
ensuing neuroprotection. Moreover, it must be demonstrat-
ed whether stem cells’ capacity to release the functioning
mitochondria that induce recovery of cellular bioenergetics
can be translated to ischemic tissue. To this end, mitochon-
drial transfer into impaired neurons may be distinguished
by immunofluorescent imaging in vitro and in vivo.
Furthermore, Seahorse or the Clark electrode assays may
indicate  mitochondrial  functionality = from  both
non-transplanted and transplanted stroke tissue. These
methods are employed to both visually inspect the
transfer of healthy mitochondria as well as measure the
recovery of cellular bioenergetics mediated by these
mitochondria. Although long-term graft survival may be
low, that mitochondrial transfer from transplanted stem
cells into ischemic neurons may transpire in the short
term while granting lasting ameliorative effects may
explain the observed long-term neuroprotective effects.
Recognizing the therapeutic potential of mitochondrial
transfer from stem cells, the functional benefit bestowed by
grafted stem cells beyond that which is already granted by
astrocytes requires greater elucidation. Astrocytes indeed
transfer healthy mitochondria into impaired neurons, yet
this astrocyte-mediated transfer is brief and does not
engender potent, reliable neuroprotection. Thus, the sec-
ondary cell death that occurs in stroke cannot be effectively
inhibited with the astrocyte-transfer alone and necessitates
the complement of stem cell-derived transfers. Stem cell-
induced mitochondrial transfer strategies may demonstrate
that EPCs confer greater neuroprotection than astrocytes in
this respect. To this end, direct comparison between the
mitochondria from endogenous astrocytes and from exog-
enous stem cells should elucidate this efficacy difference.
After validation of stem cell-mediated transfer of
mitochondria into ischemic neurons, the role of electron
transport chain (ETC) complexes I-IV in conferring neuro-
protection can be determined by applying corresponding
inhibitors to examine mitochondrial activity in isolation.
Additionally, generating cells containing malfunctioning
mitochondria (e.g. RhoO cells) may serve as another way
to avoid confounds and confirm mitochondria as the prin-
cipal mechanism behind the observed neuroprotection.
Comparing the neuroprotection afforded in ischemic
neurons after EPC co-culture or transplantation with the
neuroprotection provided in RhoO cells with ETC inhibitors
may elucidate this mechanism. In both the EPC and Rho0
cultures, during the early period (1-14 days), graft survival
in the brain was moderate (<1%), and, in the later phase
(1-3 months), graft survival was too low to be discerned.*
Notwithstanding this low survival, EPC-mediated mito-
chondrial transfer should be considered more important
for neuroprotection than graft survival. To this end, the
RhoO culture did not afford neuroprotection, supporting
the hypothesis advanced here. Further extensive studies
examining molecules correlated with both cell death and
cell viability are warranted as a means of continuing

investigation of the role of healthy mitochondria transfers
in alleviating stroke-induced secondary cell death.

Although BM-MSCs generally display robust safety pro-
files compared to other stem cell types, the potential
adverse effects of EPCs must be considered. While EPCs
do not evidently elicit tumorigenesis directly, neovascula-
rization of pre-existing tumors may facilitate tumor angio-
genesis and metastasis.”>* Thus, EPC transplantation is
likely an unsuitable treatment option for stroke patients
with tumors.>* Additionally, EPC-induced cerebral neovas-
cularization via vascular endothelial growth factor signal-
ing has been associated with elevated levels of brain
edema.” A few studies suggest that EPCs may also secrete
pro-inflammatory molecules (e.g. interleukin-8 and mono-
cyte chemotactic protein-1) and recruit monocytes and
macrophages to the stroke brain, thereby exacerbating
inflammatory neural cell loss.%°%8 However, these findings
are contradicted by many other studies that evince that
MSCs and EPCs may instead reduce inflammation.””®°
This has been supported by multiple proposed
mechanisms, including BBB regulation,” splenic involve-
ment,®"*? vasculome inflammation-related gene suppres-
sion,*® and endogenous T-regulatory cell populations.®*®>
Altogether, these studies provide strong evidence of EPCs’
and MSCs' net anti-inflammatory effects, and thus contend
that EPCs may be safe for clinical trials. Even so, in light
of this discrepancy and the other aforementioned potential
caveats, employing animal models in further laboratory
studies may clarify both the short and long-term
pathophysiological effects of EPCs and provide a better
assessment of their net safety and efficacy as a future
stroke therapy.

Stem cell-mediated mitochondrial transfer
to treat retinal ischemia

Thus far, we have primarily focused on present literature
describing stem cell-based mitochondrial transfer to neu-
rons and endothelial cells of the ischemic brain. However,
comprehensive improvement of functional outcomes
for stroke victims often does not concern the brain
alone. Specifically, the eye is another organ particularly
susceptible to stroke damage, and visual impairment in
the aftermath of stroke is not only prevalent, but may also
significantly impede recovery.®” Retinal ischemia contrib-
utes considerably to post-stroke visual impairments, and
evidence implicates mitochondrial activity as a key deter-
minant of retinal cell survival and death in this ocular
disease,*** paralleling the case of ischemic stroke.
Acknowledging the overlapping pathological hallmarks
between cerebral and retinal ischemia, the role of mitochon-
drial dysfunction in the progression of cerebral and retinal
ischemia following stroke represents an appealing cell
death pathway in further understating stroke pathology
and its treatment.®® Furthermore, the potential of MSC
treatment to restore mitochondrial function may prove ben-
eficial in attenuating ischemic retinal cell 1oss.®® To this end,
both a middle cerebral artery occlusion (MCAO) rat model
and a retinal pigment epithelium (RPE) cell culture model
of OGD were employed.®® The noteworthy findings of this



study are the observations that MCAO in vivo and OGD in
vitro recapitulate many of the pathological symptoms of
retinal ischemia.®® In vivo, laser Doppler flow following
MCAO demonstrates an 80% reduction in blood perfusion
in the ipsilateral hemisphere of the brain and the ipsilateral
eye, representative of cerebral and retinal ischemia, respec-
tively, and in line with prior investigations.66'68 Following
reperfusion, excessive, ischemia-induced retinal vasculari-
zation enables restoration of blood flow to the eye approx-
imately 5min faster than to the affected cerebral
hemisphere.®®*””? Despite this initial divergence, however,
the lack of collateral circulation to the eye likely synchro-
nizes retinal and hemispheric perfusion rates up to three -
days after MCAO.”"”® Immunohistochemical analysis at
days 3 and 14 following MCAO reveals deficient blood
flow to the retina correlating with diminished survival of
retinal ganglion cells and exacerbated optic nerve degener-
ation, paralleling reduced, post-stroke, hemispheric blood
flow.*® Additionally, immunocytochemistry indicates that
in vitro OGD insult similarly induces RPE cell death.®
That ischemic insult and the ensuing aggravated retinal
cell loss coincide with mitochondrial dysfunction both
in vivo and in vitro therefore suggests that the accumulation
of ultrastructural defects in these key cell organelles may
approximate retinal ischemia pathology.®®

Equally compelling as the observation of mitochondrial
dysfunction after experimental stroke are the apparent
therapeutic effects produced by stem cell treatment. The
MSC co-culture regimen attenuates the extent of retinal
ganglion cell loss and ameliorates deterioration of mito-
chondrial structure and function in both experimental
models, possibly because MSCs can transfer their healthy
mitochondria to the endangered retinal cells.®® Compared
to the vehicle treatment, in vivo transplantation of intrave-
nously delivered MSCs rescues mitochondrial respiration
and significantly mitigates ganglion cell loss and optic
nerve damage at the 14-day mark.®® Similarly, relative to
non-treated retinal cells, RPE cells co-cultured with MSCs
exhibit improved survivability following OGD, which
likely arises from the restored network morphology,
dynamics, and respiratory capacity of their mitochondria.®®
The dynamic and interconnected morphology of mitochon-
drial networks, which serve to shelter mitochondrial DNA,
enhance respiration, and promote mitochondrial signaling,
may be regulated by the homeostatic balance of mitochon-
drial fusion and fission.®® When mitochondrial fission
considerably exceeds fusion, the mitochondrial network
fragments into isolated, rounded mitochondria.?® Closer
in vitro examination of mitochondrial dynamics and
network morphology reveals that RPE cells co-cultured
with MSCs display more extensive mitochondrial net-
works, as well as fewer numbers of isolated, rounded mito-
chondria.®® Furthermore, co-culture with MSCs salvages
expression levels of the fusion protein mitofusin-2, which
is downregulated by OGD insult.°®®”*”> However,
OGD-induced upregulation of the fission protein
dynamin-related protein-1 is not affected by MSC treat-
ment.””””” Additionally, this study provides the first evi-
dence that exogenous MSCs moderate the mitochondrial
membrane depolarization resulting from OGD.*®
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As mentioned previously, interconversion of creatine
and phosphocreatine protects against lapses in the cellular
energy supplies under normal conditions, but may be
damaged under ischemic conditions and may exacerbate
mitochondrial dysfunction. To answer for this deficit,
creatine supplementation has demonstrated therapeutic
properties in numerous neurodegenerative disorders.”®
This indicates that rescue of endangered mitochondria via
creatine supplementation renders system-wide benefits.
This is further supported by stroke models that reveal
that creatine treatment can improve histological out-
comes.””®® Aside from the direct treatment implications,
these studies also reinforce mitochondrial functioning as
a key mediator for cerebral and retinal ischemia pathology.
To this end, stem cells’ transfer of healthy mitochondria
facilitates restoration of mitochondrial function and may
thus similarly abrogate stroke pathology.

In conclusion, the transfer of mitochondria by exoge-
nous MSCs may restore respiratory output in ischemic
retinal cells and thereby mitigate cell loss. Future studies
should aim to determine the precise mechanism by which
MSCs convey mitochondria to retinal ganglion cells, as well
as to thoroughly characterize the metabolic and proteomic
properties of MSC-derived mitochondria post-delivery into
ischemic retinal cells. Furthermore, EPCs’ affinity for BBB
repair positions them as an especially attractive MSC
subtype. Their record as safe and effective cell-based
therapeutics, as well as proficient donors of healthy mito-
chondria, warrants further investigation in the context of
retinal ischemia treatments. A critical study limitation is the
omission of detailed assessment of the specific phenotypic
properties of MSCs, especially the EPC subpopulation, that
may mediate mitochondrial transfer in retinal ischemia.®®
Although the function and characterization of EPC-derived
mitochondria are discussed in depth in the context of cere-
bral stroke, the role of EPCs as key drivers of mitochondrial
transfer in retinal ischemia remains to be determined.
Future endeavors should concentrate on this important
functional characterization of MSCs and EPCs to bridge
this gap in knowledge on mitochondria-mediated regener-
ative medicine for ischemic diseases.

Technical challenges facing clinical
translation

Notwithstanding the therapeutic prospects of stem cell-
mediated mitochondrial transfer as a treatment for both
cerebral and retinal ischemia, translating this approach to
clinical trials will require the resolution of a number of
technical problems. To this end, we propose applying the
STEPS recommendations as a framework for future
research in this area.®’® In short, it is of upmost impor-
tance for future laboratory research to establish the safest
and most effective stem cell type for mitochondrial transfer
in stroke and retinal ischemia.” ™ Secondly, future studies
should also aim to clarify if mitochondrial transfer repre-
sents the principal mechanism by which stem cell trans-
plants protect and restore ischemic neurons and retinal
cells, and determine the extent to which direct cell
replacement and bystander effects of stem cells —including
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Figure 1. Stem cells may transfer healthy mitochondria into endangered cells in
the brain and eye, attenuating stroke progression.

anti-inflammation, trophic support, and endogenous stem
cell recruitment®®®*® _are also necessary to significantly
improve neurological and functional outcomes.®'~* Lastly,
methodological specifications, such as the route and timing
of stem cell delivery, will likely need to be optimized in
animal models of cerebral and retinal ischemia before clin-
ical testing can be initiated.®'

Conclusion

Although stroke continues to be a major cause of death
and disability worldwide, treatment options remain severe-
ly limited. Among its numerous debilitating effects,
stroke may restrict blood flow to the eye and cause retinal
ischemia, a significant source of stroke-related visual
impairments. Mitochondrial dysfunction characterizes the
pathological progression of both stroke and retinal ische-
mia.?’"2 Therefore, the transfer of functional mitochondria
from exogenous stem cells to endangered neural and retinal
cells represents an exciting therapeutic approach to miti-
gate cell loss in cerebral and retinal ischemia (Figure 1).
Previously, we have reviewed the transfer of mitochondria,
but this article was limited to the brain only.*’ In this
review, we examined recent laboratory findings demon-
strating promising results toward these ends. Following
OGD insult in vitro, EPCs successfully supply mitochondria
to brain endothelium cells and restore ATP levels in
the brain endothelium culture, indicating that transferred
mitochondria remain functional.>®> Moreover, in both a rat
model of MCAO and an RPE cell culture model of OGD,
MSC transplants transfer healthy mitochondria to retinal
cells, ameliorating ischemia-induced impairment of mito-
chondrial structure and function within those cells and
improving their survival.®®

Despite evident therapeutic potential to treat stroke and
retinal ischemia, future research must clarify whether mito-
chondprial transfer, as opposed to other benefits mediated
by stem cells, is the primary determinant of cell survival.
Furthermore, optimizing treatment parameters such as
timing of transplantation and route of delivery, as well
as combining this novel approach of stem cell-based mito-
chondrial transfer with tPA, may further enhance post-
ischemia outcomes in the brain and eye.
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