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Mitochondria are complex intracellular organelles traditionally identified as the powerhouses of eukaryotic cells due to
their central role in bioenergetic metabolism. The intercellular transport of mitochondria, defined as horizontal
mitochondrial transfer, can occur in mammalian cells both in vitro and in vivo, and in physiological and pathological
conditions. Mitochondrial transfer can provide an exogenous mitochondrial source, replenishing dysfunctional
mitochondria, thereby improving mitochondrial faults or, as in in the case of tumor cells, changing their functional skills
and response to chemotherapy.
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| 1. Introduction

Mitochondria are complex intracellular organelles long identified as the cellular power plants due to their vital role in
oxidative energy metabolism. Acting as central metabolic hubs, mitochondria rapidly adapt to different environmental cues
and metabolic alterations to meet the bioenergetics demands of the cell, recently defined as mitochondrial plasticity .
Owing to their highly plastic nature, mitochondria constitute a dynamic network of signaling organelles with multifunctional
key roles in cell metabolism, proliferation and survival 2. Notably, a variety of pre-clinical and clinical studies have
demonstrated that metabolic and/or genetic mitochondrial alterations are involved in the pathogenesis of a large number
of diseases, including cancer BI4],

Mitochondria are highly interconnected entities ongoing fusion and fission events &, with the capability to dynamically
redesign their morphology as well as to move within the cell, thus supporting critical energy power needs [8l. Homeostasis
of the mitochondrial pool is guaranteed by selective removal of mitochondria through mitophagy and by biogenetic
mitochondrial supply, thus keeping an active and dynamic mitochondrial network within the cell . In particular, in
neurons, anterograde mitochondrial transfer from the cell body to the axonal extensions of the cell, or retrograde moving
from axon to cell body can allow the removal of injured mitochondria or the restoration of healthy mitochondria. & In
invasive cancer cells, mitochondria relocate to the leading edge of the cells to provide fuel for their movement [2I19],

Emerging evidence is revealing that the dynamic nature of mitochondria can go beyond cell boundaries, allowing for their
translocation between mammalian cells, radically challenging the hitherto known concepts of intracellular segregation of
mitochondria and mitochondrial DNA (mtDNA) inheritance . Their signaling role can extend to intercellular
communication, showing that the mitochondrial genome and even entire mitochondria are indeed mobile and can mediate
the transfer of information between cells. This mobile transfer task of mitochondria and mtDNA has been recently termed
“momioma” to indicate all the “mobile functions of mitochondria and mitochondrial genome” 2. Mitochondrial intercellular
transfer promotes the integration of mitochondria into the endogenous mitochondrial network of recipient cells,
contributing to changes in their bioenergetic status and other functional skills of receiver cells, not only in vitro but also in
vivo 31 Furthermore, the horizontal transfer of mitochondrial genes can lead to serious implications in the
pathophysiology of mitochondrial dysfunction 241,

Although the physiological relevance of this phenomenon is still a matter of debate, several in vitro and in vivo studies
have shown how the transfer of mitochondria among cells is able to recover mitochondrial respiratory defects in recipient
cells, rescuing and regulating signaling, proliferation or resistance to chemotherapy, also functioning as means of tissue
revitalization (151,



2. Modes and Cellular Structures Mediating Intercellular Mitochondrial
Transfer

The molecular mechanisms through which cells containing dysfunctional mitochondria acquire new mitochondria from
other cells and the signaling pathways regulating this process remains yet poorly understood. The cells likely have
developed mechanisms to trigger the transfer in response to the injury signals emanating from the recipient cell. However,
the molecular signals initiating this type of crosstalk are yet unknown.

Several structures are involved in transcellular mitochondria transfer L€ (the main forms are depicted in Figure 1), among
which tunneling nanotubes (TNTS) represent the main cellular system mediating intercellular mitochondrial translocation.
Other modes of transfer have been identified, including membrane micro-vesicles, gap junctions, cell fusion or
mitochondrial expulsion. Mitochondrial transfer through these different structures can lead to different functional outcomes
for the recipient cells, i.e., functional mitochondrial acquisition, immune activation or trans-mitophagy 24. Therefore, a
clear understanding of the mechanisms that mediate mitochondrial transfer will shed light on how this process is regulated
and can be exploited for therapeutic purposes.
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Figure 1. Three main forms of intercellular communication related to transcellular mitochondrial transfer. Under different
injury signaling, three main forms of intercellular communication related to mitochondrial transcellular transfer can be
formed: tunneling nanotubes (A), extracellular vesicles (B), and gap junctions. (C). For details see the text.

TNTs are nanotubular structures generated through formation of cell membrane protrusions that attach to the target cell.
The membrane of each cell extends to fuse together, thus forming a firmly connected bridge suspended in the
extracellular space 2. TNTs allow unidirectional and bidirectional transport of a variety of components, including small
molecules, proteins, organelles, and even viral particles 281191[20]

The discovery of TNTs in 2004 appeared as an innovative cell-to-cell communication mechanism, demonstrating the
ability of mammalian cells to exchange organelles with other cells 21, TNTs are dynamic structures forming de novo in a
few minutes and with a half-life ranging from a few minutes to several hours 2122l TNTs have a skeleton composed
mainly of F-actin and transport proteins that assist the active transport of cargoes and mitochondria along these structures
(23] TNTs act as channels for mitochondrial transfer between various cells. In particular, under conditions of oxidative
stress, the intracellular expression of p53 is upregulated and the protein kinase B-phosphoinositide 3-kinase-mechanistic
target of rapamycin (AKT-PI3K-mTOR) signaling pathway is activated, leading to the formation of TNTs between stressed
and unstressed cells mediating the transcellular transport of several organelles, including ER, Golgi, endosomes and
mitochondria 4. In the bone marrow microenvironment of multiple myeloma, TNT-mediated transcellular transfer of
mitochondria from neighboring nonmalignant bone marrow stromal cells to multiple myeloma cells supports oxidative



phosphorylation of multiple myeloma cells and is dependent on the expression of CD38 [22. TNTs also form between
tumor cells and have been implicated in their survival and drug resistance 2811271,

In neurons, the molecular motor myosin X is also required for TNT formation 8. A study picked out the participation of an
extracellular protein, S100A4, and its receptor RAGE (Receptor for Advanced Glycation End Product) in managing TNT
growth direction in the nervous tissue 29, Under oxidative stress, hippocampal neurons and astrocytes initiated the
formation of TNTs after p53-mediated activation of caspase-3. S100A4 cleavage by activated caspase-3 formed a
gradient of low levels of S100A4 in initiating damaged cells towards a higher concentration in receiving cells, i.e.,
astrocytes (23, The results of this study disclose that injured neurons transfer cellular contents to astrocytes, scattering the
danger signals and inducing mitochondrial transfer. TNT-mediated mitochondrial transfer can act as a survival way for
cells under stress, for example, by saving damaged ischemic cells 29, by protecting the alveolar epithelium from injury 21
and repairing the tissues [221133[34]

2.1. Mitochondrial Transfer via Extracellular Vesicles

A heterogeneous population of vesicles (ranging from 40 to 1000 nm) are generally released from the intracellular to the
extracellular environment. These vesicles are denoted as extracellular vesicles (EVs). They include exosomes (30-100
nm in diameter), micro-vesicles (MVs) (100 nm to 1 ym in diameter) and apoptotic bodies (1-2 pm) depending on their
source and molecular structure 231, Apoptotic bodies are the least studied due to their rapid elimination by phagocytic cells
361 Exosomes and micro-vesicles were originally defined as vesicles to eliminate ancient proteins in immune cells and
reticulocytes B8l but, more recently, it has been shown that they are released from nearly all cell types and considered
responsible for communication between cells in a variety of pathophysiological events 37,

EVs containing lipids, proteins, RNA and mitochondria represent a competent mode to transport functional loads from one
cell to another 8. This discovery has introduced a new mode of interactions to an already multifaceted communication
network and a new signal transmission mechanism B2,

Although the mechanisms by which mitochondrial proteins or mtDNA are loaded into EVs are still unknown, surely
mitochondrial components have been detected in EVs. If smaller EVs such as exosomes can mainly carry small RNAs
(49 hut genomic DNA and mtDNA have also been detected (2142l |arger EVs such as MVs can enclose even entire
mitochondria “3l. MVs carrying mitochondria can be secreted by different cell types, as observed in astrocytes, neurons
and mesenchymal stem cells BL44I45]146]47] 5 transferred into epithelial cells, immune cells, astrocytes and neurons 141,
The mitochondrial transfer does not always keep damaged cells, but also works to recover organelles into other cells by a
transcellular degradation process 4445l Furthermore, Morrison et al. showed that mesenchymal stromal cells (MSCs)
modulate macrophages, improving their respiration and phagocytic activity in clinically relevant lung injury models by EVs
containing mitochondria “Z. Importantly, these exosome-mediated transferred mitochondria co-localize with the
mitochondrial network and produce reactive oxygen species (ROS) within the recipient T cells 48],

2.2. Transfer via Gap Junction Channels

Gap junction channel (GJC) is a structure joining the cytoplasm of two separate cells. GJCs allow the passive transport of
nutrients, metabolites, second messengers, cations, anions and also mitochondria [BL[4849] Cx43 is a connexin that
participates in the transcellular transfer of mitochondria. In a model of lipopolysaccharide (LPS)-induced acute lung injury,
bone marrow stromal cells (BMSCs) transport mitochondria to the damaged alveolar epithelium, a process based on
Ca?* exchange between the two cells through CX43-GJCs 1. Recently, it was shown that the transfer of mitochondria
from BMSCs to hematopoietic stem cells (HSCs) is a timely physiological event in the mammalian response to acute
bacterial infection 2. Mechanistically, oxidative stress was found to regulate the opening of connexin channels in a PI3K-
mediated system, the activation of which allowed the transfer of mitochondria from BMSCs to HSCs (48] Cx43-GJCs
participate in the intercellular exchange of ROS BY and a direct mitochondrial transfer via Cx43 GJC has been
hypothesized X8l which could represent a mechanism for TNT formation and intercellular transport of mitochondria.

2.3. Mitochondrial Transfer via Other Routes: Mitochondrial Extrusion and Cell Fusion

In addition to TNTs, EVs and Cx43-GJCs, representing the main routes that mediate transcellular transfer of mitochondria,
other potential mechanisms for mitochondrial transfer from one cell to another are the mitochondrial extrusion and the
cytoplasmic fusion.

The mitochondrial extrusion allows the release of mitochondria or mitochondrial components from cells under specific
conditions during which mitochondria become inadequate to remain in cells. Retaining damaged mitochondria can
produce large quantities of ROS Y and under such circumstances, cells tend to dispose mitochondria extrusion into the



intercellular space 1. Naked mitochondria or mitochondrial components can also be extruded and internalized without
carrier, through processes of exocytosis and endocytosis 2. Mitochondrial extrusion takes place not only in vitro but also
in vivo. Few studies have shown the release of naked or encapsulated mitochondria into the extracellular environment.
Nakajima et al. confirmed in a mouse model the release of naked mitochondria into the intercellular space after an
injection of anti-Fas antibodies B2, In response to this treatment, the cytoplasmic vacuoles englobed the fragmented
mitochondria and extruded them from the apoptotic hepatocytes. Similarly, activated platelets released respiration-
competent mitochondria, as either free organelles or mitochondria engulfed within microparticles 21,

Cytoplasmic fusion is a common phenomenon in which the membrane of two or more cells fuse together, sharing the
organelles, when injury and inflammation may trigger this process B3l In particular, cell fusion regulates the potential of

stem cells, playing a significant role in regeneration and oncogenesis 24, Mitochondrial transfer takes part in this process
[16]

3. Intercellular Mitochondrial Transfer in Different Pathophysiological
Conditions

3.1. Transcellular Mitochondrial Transfer in Nervous Cells

In the central nervous system (CNS), mitochondrial transfer constitutes an important form of intercellular crosstalk
contributing to the homeostasis and neuroprotection of CNS “2l. The transfer of mitochondria among nervous cells
participates in the cellular and tissue defense against CNS damage, performing a relevant function in recovery after injury
@5 |n the CNS, astrocytes perform a wide range of functions, including the regulation of neurodevelopment,
neurotransmission and metabolism (reviewed in 4). Emerging studies show that the neuroprotective functions of
astrocytes may comprise the transfer of mitochondria from these cells to damaged neurons 42331561 ynder physiological
conditions, astrocytes defend neurons, counteracting oxidative stress and excitotoxicity and ensuring neurotrophic support
(571581 |n the context of injury, astrocytes can transfer healthy mitochondria to axons 4359, Recently, a study of Cheng et
al. in co-culture systems of human-induced pluripotent stem cells (iPSC) showed that iPSC-derived astrocytes can
transfer mitochondria to neurons, recovering dopaminergic neuronal toxicity 89 The neuroprotective function of astrocyte-
derived mitochondria transfer to neurons has been highlighted in other studies of neurotoxicity; for instance, English et al.
demonstrated, in their in vitro work on a co-culture of cisplatin-treated neurons with astrocytes, that neurons that had
received mitochondria from astrocytes showed improved neuronal survival, reinstated neuronal mitochondrial membrane
potential and normalized neuronal calcium dynamics, underlining the relevance of transcellular mitochondrial transfer €41,
Notably, under stress conditions, astrocytes may interrupt their protective function and release danger signaling factors,
such as inflammatory cytokines, thus damaging neurons (reviewed in [14}),

In broader terms, there is growing evidence revealing that like in the whole CNS, transcellular transfer of mitochondria can
have significant relevance and multifunctional roles in various physio-pathological contexts:

« The transfer of mitochondria from neurons to astrocytes can activate a process known as trans-mitophagy, allowing
cells to degrade dysfunctional mitochondria 42!;

« The transfer of astrocytic mitochondria to injured neurons can lead neuroprotective benefits 42I551[56]:

« The transfer of active mitochondria from endothelial progenitor cells to brain endothelial cells can enhance cell viability
and improve their function of defensive barrier (62][63].

« The transfer of mitochondria from hematopoietic stem and progenitor cells to neurons can improve their mitochondrial
functional efficiency 141,

3.2. Mitochondrial Transfer in Dysfunctional Mitochondria-Related Neurodegenerative Disorders: Therapeutic Use
of Exogenous Mitochondria for Alzheimer’s and Parkinson’s Diseases

Pathogenesis of neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases, involves dysfunction of
mitochondria [B4165],

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, characterized by a progressive failure in
cognitive function due to progressive loss of neurons in forebrain and other brain areas [%8l. Mitochondrial dysfunction has
been established as an early and prominent feature of the disease 4. The multiform, and even opposed, modes involving
mitochondrial dysfunction in AD pathophysiology and their complex regulation make the aim of targeting mitochondrial
deficits very difficult. Nitzan and coworker’s experimental strategy aimed at overcoming this limitation by using active and



functional mitochondria, thereby allowing mitochondria to act as whole organelles rather than targeting only one of their
dysfunctional tasks. The results of their analysis suggest that transfer of functionally active mitochondria, aimed at
efficiently mimicking mitochondrial function, is beneficial to treat AD deficits, correcting cognitive deficits, brain pathology
and mitochondrial defects in an AD mouse model €8], In this recent in vivo study, the effect of transferring active intact
mitochondria was investigated, by treating AD-mice (amyloid, intracerebroventricularly injected) intravenously (IV) with
fresh human isolated mitochondria. Fourteen days after mitochondrial transplantation, AD-mice treated with exogenous
mitochondria showed significantly improved cognitive performances almost comparable to those of untreated control mice
[68] A significant recovery in neuronal loss and reduced gliosis were also detected in the hippocampus of treated mice
respect to untreated AD-mice. Increased citrate synthase and cytochrome c¢ oxidase activities were measured in
mitochondria-treated AD-mice, reaching activity values close to untreated control mice 8. Increased mitochondrial
activity was also detected in the liver of mitochondria-treated mice. No toxicity associated with the treatment was
detected. Therefore, mitochondrial transfer could offer a novel therapeutic approach for AD treatment.

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, characterized by the selective loss of
dopaminergic neurons of the substantia nigra pars compacta (SNc) with motor and nonmotor symptoms 82, The main
histopathological marker of PD is the presence in neurons of a-synuclein (a-syn) protein aggregates forming in inclusion
bodies, indicated as Lewy bodies Z9. a-Syn is principally expressed pre-synaptically and there is evidence of the
existence of a-syn transfer from neurons to neuronal and non-neuronal cells in vitro, indicating that a-syn pathology
propagates between anatomically adjacent brain regions by an intercellular transfer mode . Mitochondrial dysfunction is
widely recognized as a common central pathway involved in the pathogenetic processes of sporadic and genetic PD
(reviewed in 7). Dysfunctional mitochondria are constant presences in PD Z8; moreover, a-syn can be located at
mitochondrial membranes and its aggregation can be related to mitochondrial dysfunction in PD 4. Increased ROS
levels resulting from reduced efficiency in the electron transport chain activity are involved in the formation of a-syn
aggregates and neuronal loss 23],

Increasing evidence suggests that astrocytes have a relevant part in the progression of PD (reviewed in Z2)). A recent
work presented clear evidence that transneuronal mitophagy occurs in vivo in PD models 8. In PD models, astrocytes
are primarily responsible for clearance of damaged mitochondria—a functional role of considerable relevance in the
context of PD associated to mutations of Parkin and PINK1 [Z2, Notably, PINK1 activity was recently predominantly found
in astrocytes while almost absent in neurons 4. Exogenous supplementation of mitochondria to damaged regions may
be a potential and innovative therapeutic strategy for the treatment of PD, as shown in the in vivo work of Chang et al.,
demonstrating that injection of mitochondria into medical forebrain bundle (MFB) of 6-hydroxydopamine-unilaterally
infused PD rats enhanced the survival of dopaminergic neurons and improved mitochondrial functions by recovering
normal levels of mitochondrial complex I-IV and reducing mitochondrial oxidative stress in vivo 8],

Remarkably, the translational application of mitochondrial transfer should be further evaluated and its therapeutic potential
exploited for the treatment of neurodegenerative diseases, such as AD and PD.

3.3. Mitochondrial Transfer in Neurodevelopmental Diseases: Extracellular Mitochondrial Release Reflecting
Mitochondrial Dysfunction in Down Syndrome and Fragile X Syndrome

Mitochondrial dysfunction is a critical player contributing to the pathogenesis of several neurodevelopmental diseases,
including Down syndrome (DS), the most common genetic defect leading to intellectual disability and caused by the
trisomy of human chromosome 21. DS is characterized by neuropathological changes occurring already in fetal and
neonatal life, leading to alterations in brain development (22,

Defective mitochondrial bioenergetics negatively compromise neuronal development and represent an early event in
developing the neurobiological alterations characterizing the syndrome BYBLIE2 Ajthough DS is a multi-genic disorder
and many pathways are affected, oxidative phosphorylation (OXPHOS) dysfunction was found ubiquitously present in any
tissue or cell type, regardless of age, including fetal one, so that DS is now regarded as an OXPHOS disorder 2],

In a very recent study, a new population of extracellular vesicles containing mitochondrial proteins, named “mitovesicles”,
were identified and found altered in Down syndrome 4. D’Acunzo et al. have shown that brain-derived mitochondria
contain a specific subset of mitochondrial components and that their levels and cargo are aberrant in DS 4, Comparative
analysis of EVs derived from brains of Ts2 mouse model of DS and obtained from post-mortem human brains of
individuals with DS showed higher numbers of mitovesicles with altered composition in the DS brain parenchyma, in both
murine and human post-mortem brains B4l (Figure 2A). These data indicate that mitochondrial damage directly affects
mitochondrial biology, either by activating the release of these vesicles or by regulating the mitochondrial cargo in the
single extracellular vesicle.
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Figure 2. EVs of mitochondrial origin reflect mitochondrial dysfunction in DS and FXS. (A) Mitovesicles are a novel
population of extracellular vesicles of mitochondrial origin altered in DS. Comparative analysis of EVs obtained from
individuals with DS and Ts2 mouse model of DS showed higher numbers of mitovesicles with altered composition in the
cerebral parenchyma, in both DS murine and human post-mortem brains B4l (B) Depletion of mitochondrial components
from extracellular vesicles secreted from astrocytes in a mouse model of FXS. Mitochondrial components contained in
EVs derived from both cerebral cortices and astrocytes of Fmr1 KO mice were found reduced 2],

Taken together, these data show that mitochondrial levels and composition of mitovesicles mirror mitochondrial alterations
within the cell of origin and could be used as biomarkers for assessing mitochondrial brain dysfunctions in neurological
disorders.

Mitochondrial dysfunction contributes to the pathogenesis of another neurodevelopmental disease, the Fragile X
syndrome (FXS). FXS is an inherited disorder characterized by mental retardation, caused by silencing of the fmr1 gene,
encoding the Fragile X mental retardation protein (FMRP) 88 an RNA-binding protein expressed mainly in neurons and
astrocytes of the brain and associated with approximately 4% of transcripts, including those for mitochondrial proteins B2,
Neuronal development in Fmrl knock-out (KO) mice exhibited impaired dendritic maturation, altered expression of
mitochondrial genes, fragmented mitochondria, impaired mitochondrial function and increased oxidative stress [88],

D’Antoni et al. provided the first evidence of a compromised and inefficient mitochondrial bioenergetics in the brain cortex
of Fmrl KO mice, a model of FXS, supporting the idea that mitochondrial dysfunctions may play a critical role in
pathogenesis of the syndrome [,

In a recent study, the ability of EVs to transfer mitochondrial components and their role in mitochondrial dysfunction was
assessed in astrocytes and brain cortices from Fmrl KO mice FLX model 5, The mitochondrial protein levels of the
transcription factor NRF-1 (nuclear respirator factor 1), the subunits ATP5A and ATPB of ATP synthase and the
mitochondrial membrane protein VDACL1 in EVs were found drastically reduced in cerebral cortex and astrocyte samples
from Fmrl KO mice compared to euploid mice. These reductions are related to a reduction in mitochondrial biogenesis in
the Fmrl KO brain, associated with decreased mitochondrial membrane potential in Fmrl KO astrocytes. Mitochondrial
components were found reduced in both EVs derived from cerebral cortices and those secreted from astrocytes
of Fmrl KO mice (Figure 2B). The depletion of mitochondrial proteins contributes to mitochondrial dysfunction in
astrocytes 82, This study indicates that mitochondrial dysfunction in astrocytes is related to the pathogenesis of FXS and
can be monitored by depletion of EV mitochondrial components.

These findings may improve the ability to diagnose neurodevelopmental diseases associated with mitochondrial
dysfunction. However, this kind of study is nascent and further investigations are needed to define the exact mechanisms
responsible for the observed decrease in mitochondrial proteins, which could mirror a deficit in intracellular transferring
from mitochondria to EVs or a compromised EVs formation.

Furthermore, to better understand the complex physiological functions of astrocyte-derived EVs, it will be crucial to

determine which components of EVs critically impact the progression of FXS disease and its regulatory mechanism.
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