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It is now recognized that tumors are not merely masses of transformed cells but are intricately interconnected
with healthy cells in the tumor microenvironment (TME), forming complex and heterogeneous structures. Recent
studies discovered that cancer cells can steal mitochondria from healthy cells to empower themselves, while
reducing the functions of their target organ. Mitochondrial transfer, i.e. the intercellular movement of mito-
chondria, is recently emerging as a novel process in cancer biology, contributing to tumor growth, metastasis,

and resistance to therapy by shaping the metabolic landscape of the tumor microenvironment. This review
highlights the influence of transferred mitochondria on cancer bioenergetics, redox balance and apoptotic
resistance, which collectively foster aggressive cancer phenotype. Furthermore, the therapeutic implications of
mitochondrial transfer are discussed, emphasizing the potential of targeting these pathways to overcome drug
resistance and improve treatment efficacy.

1. Introduction

Mitochondria, often referred to as the powerhouse of the cell, play a
pivotal role in cellular metabolism, energy production, and apoptosis. In
cancer, mitochondria exhibit remarkable plasticity, undergoing dy-
namic changes that support tumor initiation, progression, dissemination
and therapeutic resistance. Dysfunctional mitochondria are frequently
observed in cancer cells, characterized by alterations in mitochondrial
morphology, metabolism, and bioenergetics. These alterations enable
cancer cells to adapt to the demanding metabolic requirements of un-
controlled proliferation, often shifting towards glycolytic metabolism
even in the presence of oxygen, a phenomenon known as the Warburg
effect [1]. Furthermore, by modulating mitochondrial function, cancer

cells can rewire their metabolic pathways to use alternative fuels and
survive under hostile conditions, such as nutrient deprivation and
hypoxia [2]. This intrinsic adaptive plasticity of mitochondria confers a
survival advantage to cancer cells, allowing them to maintain energy
homeostasis, resist apoptosis, and thrive in the tumor microenvironment
(TME) [3]. In cancer, mitochondria plasticity is influenced by various
intracellular processes, including alterations in mitochondrial dynamics
[4]. Moreover, the interaction between mitochondria and other cellular
organelles, such as the endoplasmic reticulum and lysosomes, contrib-
utes to mitochondrial plasticity by regulating calcium homeostasis, lipid
metabolism, and autophagy. Increasing evidence shows that mito-
chondrial homeostasis can also be regulated by intercellular communi-
cations [5].
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Mitochondria typically distribute themselves during cell division and
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mitochondria by establishing direct or indirect cell-cell interactions that

differentiation, passing directly from parent to daughter cells along with
their mitochondrial DNA through a process called vertical inheritance
[6]. Interestingly, over the past twenty years, recent research unveiled
the capability of cells to export mitochondria and to transfer them to
different and unrelated cell types. This mechanism is known as hori-
zontal mitochondrial transfer (HMT), a process that holds significant
implications for health and disease [7,8]. In recent years, it was proven
that cancer cells are able to deliver mitochondria to other malignant
cells (homotypic transfer), as well as to acquire mitochondria from
healthy cell populations present in the TME (heterotypic transfer),
through multiple mechanisms following intrinsic (e.g. reduced mito-
chondrial function) and extrinsic (e.g. hypoxic extracellular milieu)
stimuli [7-9].

This review provides a detailed overview of the roles of HMT in
different cancer types. The mechanisms of cell-cell interactions and
global or context-specific consequences of HMT in the regulation of TME
will be described, with a particular focus on the potential of targeting
HMT as a strategy to improve anti-cancer therapy.

will be described below (Fig. 1).
2.1. Tunneling nanotubes (TNTs)

Amongst the cellular structures highly contributing to cell-to-cell
communication are tunneling nanotubes: long, membranous pro-
trusions connecting distant cells that were discovered in 2004 by Rus-
tom and colleagues [10]. These cellular extensions are unique as they
allow the transfer of various-sized cargoes, from small molecules (e.g.
calcium ions) and macromolecules (nucleic acids, proteins, etc.) to
entire organelles, including mitochondria. These long tubular struc-
tures, with 50-1500 nm diameters, can span several tens to hundreds of
microns, connecting two distant cells together, thus forming extensive
intercellular networks. Formation of TNTs has been observed in a
number of cancer cell types, [11], either connecting cancer cells
together or cancer cells to healthy stromal cells, notably mesenchymal
stem cells (MSCs). Examples of the latter include bidirectional TNTs
connections from nonmalignant IOSE human ovarian epithelial cells to
SKOV3 ovarian cancer cells, stromal MC3T3 murine osteoblast cells to
K7M2 osteosarcoma cells, or HeLa cells to fibroblasts [12,13]. Mito-
chondria, as well as endosomes, lysosomes, ribosomes, are well-known
TNT cargoes [14], and molecular motors such as Myosin Va, Myosin X
[15], dynein and kinesin have been shown to be essential for trafficking
through TNTs along actin fibers and microtubules [16-20]. Amongst the

2. Mechanisms of horizontal mitochondrial transfer

Multiple cell-type-specific mechanisms of mitochondrial transfer
have been linked to various physiological and pathological processes in
different tissues. Cancer cells have shown to be capable of releasing
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Fig. 1. Routes of mitochondrial transfer from donor to recipient cells. a) Trafficking of mitochondria through tunneling nanotubes (TNTs) occurs via actin filaments
and microtubules connecting donor-to-recipient cytoplasms. This process involves molecular motors such as myosins, kinesin and dynein as well as adaptors such as
Miro proteins, Trakl and Trak2. b) Extracellular vesicles (EVs) can mediate mitochondrial transfer between two distant cells. Their size varies from 50 nm to
5000 nm and they can shuttle either intact or fragmented mitochondria. Mitochondria-containing EVs bud off or are secreted/released from donor cells, and then are
taken up by recipient cells by fusing with their plasma membrane. ¢) Cx43-mediated gap junctions (GJs) facilitate mitochondrial transfer at cell-cell junctions.
Trafficking of mitochondria through GJs can occur when recipient cells’ plasma membrane invaginates donor cell GJ, forming the so called annular GJ, so leading to
the internalization of cytoplasmic content, including donor mitochondria. The figure depicts the formation of connexon channels from a single transmembrane
connexin that is regulated by phosphorylation of Cx43, performed by the indicated protein kinases. d) Cell fusion facilitates the sharing of mitochondria during either
transient or permanent fusion of the plasma membrane of two cells. This process is preceded by the remodeling of actin filaments in the donor cell to form bundles,
and by the activation of Myosin II in the recipient cell. Expression of syncitins in the cell surface of two fusing cells is required for a complete fusion. Created with
BioRender.com. Miro: Mitochondrial Rho (MIRO) GTPases; Trakl: Trafficking Kinesin Protein 1; Trak2: Trafficking Kinesin Protein 2; Myol0: Myosin 10; Cx43:
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Protein Kinase II; CKII: Casein Kinase IIL.
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key regulators of the directionality of TNT-mediated mitochondrial
trafficking is the small GTPase Mirol, which was found to be upregu-
lated in the mitochondrial membrane of donor cells [21]. The most
important role of Mirol is the regulation of mitochondrial movement
and distribution within (and among) cells, acting as an adaptor linking
organelles to cytoskeleton-associated motor proteins. In line with this
function, deletion of Mirol in mouse embryonic fibroblast (MEFs) re-
sults in the perinuclear clustering of mitochondria, altering intracellular
ATP:ADP gradients, and impairs energy-expensive cell migratory pro-
cesses [22]. Although the majority of studies focused on the multiple
functions of Mirol in pathophysiological contexts [23-27], its implica-
tion in several cancer settings is newly emerging [28]. In particular,
Mirol-dependent mitochondrial control is crucial to face oxidative
stress [27]. In cancer cells with aberrant oxidative phosphorylation,
mitochondrial transfer is necessary to initiate tumor progression and
intracellular positioning of mitochondria is crucial for further invasion
and metastasis.

Both intrinsic and extrinsic cancer features can influence mito-
chondrial transfer by means of TNTs formation. It was reported that,
under oxidative stress conditions, upregulation of p53 and activation of
the AKT-PI3K-mTOR signaling pathway triggers the formation of TNTs
from stressed cells to non-stressed cells, and induces the transcellular
transport of four organelles including mitochondria [11]. P53, indeed,
as an oncosuppressor, could control cellular homeostasis through the
induction of intracellular material transfer to prevent intracellular
toxicity. Given these functions, targeting TNTs formation could be of
great therapeutic interest to curtail vital cancer processes and improve
treatment efficacy.

2.2. Extracellular vesicles (EVs)

Extracellular vesicles are a heterogeneous group of biological
nanoparticles that can be classified according to the cellular compart-
ment they originate from and their morphology and size. In details, EVs
comprise exosomes (~30-150 nm in diameter) [29], microvesicles
(~200-1000 nm), large oncosomes (>1000 nm) [30], apoptotic vesicles
(~50-2000 nm), and the newly described exomeres (<50 nm) [31] and
migrasomes [32].

In the last decades, EVs raised a great interest because of their ability
to carry and “protect” biologically active molecules in the extracellular
environment and through the body fluids; for this reason, they are
considered an important means of intercellular communication. These
vesicles are structurally composed by a lipidic bilayer enclosing their
heterogeneous molecular cargo composed of lipids [33], proteins [34],
nucleic acids (DNA, RNA, microRNA) [35] and organelles such as
mitochondria [36]. Stress or injury induce cells to encapsulate mito-
chondria or mitochondrial fragments into EVs, defined as mitoEVs, in a
regulated way [37]. Different studies describe the presence of multiple
types of mitochondrial components in mitoEVs, such as mitochondrial
DNA (mtDNA) fragments, full-length mtDNA, mitochondrial proteins
and even intact mitochondria [38-41], depending on the EVs size [42,
43]. For instance, Johnson and colleagues described the presence of
intact mitochondria in CD19+ large extracellular vesicles, identified in
diagnostic samples of acute lymphoblastic leukemia patients [44]. In
migrating cells, the damaged mitochondria are uploaded in migrasomes
to maintain the homeostasis of the mitochondrial pool and their quality,
with a process called ‘mitocytosis’ [45]. Mechanistically, mitocytosis is
regulated by the coordinated action of KIF5B, a protein that control the
outward movement of mitochondria [46], the pro-fission factor
dynamin-related protein 1 (Drpl) [47] and Myosin19, a myosin isoform
that binds both mitochondria and actin [48-50].

Mitochondria-containing EVs, once released into the extracellular
environment, enter into bodily fluids, such as blood or interstitial fluid,
and are internalized by recipient cells through mechanisms like endo-
cytosis, phagocytosis, or direct membrane fusion [51,52]. Nowadays,
the mechanisms governing mitochondrial encapsulation, release and
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uptake by EVs need to be fully elucidated. Indeed, tumor cells can
exploit mitochondrial transfer to enhance their survival and metastatic
potential (see below).

2.3. Gap Junctions (GJs)

Gap junctions are clusters of intercellular channels (assembled con-
nexins, Cx) facilitating the exchange of small molecules, such as nutri-
ents (with molecular mass <1000 Da) among neighboring cells [53] to
protect cells from injury, or participating on clathrin-dependent EV
endocytosis [54]. Over 20 known Cx isoforms, Cx43 is the most
expressed and studied. Cx43 is involved in a series of physiological
functions, such as vesicle transport and mitochondrial respiration. While
the canonical role of GJ limits the possibility to transfer organelles, it has
been observed an alternative structure, called connexosome or annular
gap junction, formed when one of the two connected cells engulf the gap
junction, together with part of the plasma membrane and cytosol of its
neighboring cell, to form a double membrane vesicle. Several works
suggest that this structure may facilitate the transfer of mitochondria as
well other cytoplasmic components among cells [55-59]. Horizontal
mitochondrial transfer associated with gap junctions was reported to
occur through Cx43 gap junctions within ovarian follicles [58] or from
donor hematopoietic progenitors to stromal cells [60]. This evidence
supports the idea that exchange of these organelles could shape cell fate
even in the TME. Interestingly, Cx43 is documented to be involved also
in TNT formation in various other scenarios of mitochondrial transfer,
including asthmatic inflammation, viral infections, and leukemia
[61-63], proposing a broader role for the connexin system in mediating
mitochondrial transfer beyond gap junctions.

2.4. Cell fusion

Cell fusion is a process by which two individual cells fuse their
plasma membranes to form a multinucleate cell [64]. When two cells are
juxtaposed, cytosolic constituents and organelles are hence evenly or, in
some cases, partially shared [65], resulting in the delivery of mito-
chondria [66]. Cell-cell fusion can happen by homotypic (hybrids of two
identical cell types) or heterotypic (hybrids of different cell types)
mechanisms. Homotypic cell fusion predominantly occurs in physiologic
processes, e.g. placentation and myogenesis, while both homo- and
hetero-typic fusion events occur in cancer cells and in the TME between
cancer cells and MSCs [67-69], macrophages [70,71], fibroblasts
[72-74] or endothelial cells [75] respectively. In addition, cumulative
reports have demonstrated that cancer cells can obtain new cellular
features from cell fusions within the microenvironment [76,77]. In line
with this, primary glioblastoma cells were found to take up mitochon-
dria by engulfing tumor-activated stromal cells (TASCs), thereby
sequestering TASCs’ cellular components for themselves [78]. The
principal molecular determinants of cell fusion are syncytins, the only
fusogens expressed in humans, which were found to be upregulated in
tumors such as neuroblastoma and endometrial cancer [79]. The
expression of these proteins is fundamental to acquire pro-fusogenic
properties and is propaedeutic to cell fusion initiation, thus its expres-
sion could become a biomarker to detect and study cell hybrids within
tumors. Moreover, changes in intracellular contractile elements of
cytoskeletal proteins have a profound influence on cell fusion events.
These changes are mainly orchestrated by GTPases Rac1 and Cdc42, and
the Arp2/3-WASP complex which reorganize the actinic cytoskeleton
and promote an actin-mediated cell motility. Several tumors display
overexpression of Arp2/3 that was found to be strictly associated with
disease progression and metastases of several tumor types, including
breast, lung, colorectal, prostate, and pancreas [80].

Recently, there has been growing skepticism about the somatic
mutation theory (SMT) as a comprehensive explanation for all aspects of
tumorigenesis. New theories suggest that abnormal mitochondria might
play a critical role in the development of tumors. According to Seyfried
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and Shelton’s work, when the nuclei of normal cells are transplanted
into the enucleated cytoplasm of tumor cells, the resulting cells can
exhibit malignant behavior [81]. This opens the hypothesis that cyto-
plasmic abnormalities, e.g. those caused by dysfunctional mitochondria,
may drive tumorigenesis rather than changes in nuclear genes. How-
ever, it is important to note that the malignant transformation of normal
cells via cell fusion has been observed in vivo in a limited subset of solid
tumors, such as breast, ovarian, colon, lung, renal cancers [82,83]. This
indicates that the process may not be universal across all types of cancer.
This could be explained by the fact that this process is known to be
dependent on genetic instability levels, as well as on stemness features,
which can be highly variable in different cancer types [82-84].

3. Biological functions of mitochondrial transfer in tumors

Both homotypic and heterotypic mitochondrial exchanges have been
reported to play a role in tumor biology shaping cancer evolution at
multiple levels, including regulation of the intratumoral metabolic state,
the TME, the recognition by immune cells and ultimately metastases
formation. Here, we review the main known functions of HMT in cancer
biology (Fig. 2).
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3.1. Cancer metabolism

A number of studies demonstrate that several cell types in the tumor-
surrounding tissue can donate functional mitochondria to tumor cells.
As a first result, cancer cells, that usually display high mtDNA damage
and mitochondrial dysfunction, will benefit from mitochondrial supply.
Cancer cells, after receiving mitochondria, restore mitochondrial respi-
ration, which is reduced in several tumor types with respect to glycol-
ysis, due to the Warburg effect. This metabolic boost potentiates cancer
cell proliferation and malignant features, while reducing donor cell
metabolic capacity. The first observations of this phenomenon was made
using mitochondrial DNA-depleted cancer cells (p° cancer cells) in
models of both breast cancer and melanoma both in vitro and in vivo
[85]. The investigators demonstrated that the absence of mitochondrial
respiratory functions impacts both tumor growth and the metastatic
capability of p° cancer cells, while the acquisition of mtDNA from the
TME of the host mouse re-established oxidative phosphorylation
(OXPHOS) and tumor growth [85]. Interestingly, Bajzikova and co-
workers elucidate that, after mtDNA uptake, the rescue of cancer cell
proliferation depends on OXPHOS-induced reactivation of dihydroor-
otate dehydrogenase (DHODH)-driven pyrimidine synthesis, rather than
on ATP production [86]. Another work highlighted that the direct
transfer of intact mitochondria from MSCs was responsible for the
mtDNA gain described above [87]. A prominent role in this context is
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Fig. 2. Horizontal mitochondrial transfer (HMT) in the TME and its biological effects. Transfer of mitochondria in the TME can occur via multiple intercellular
connections. a) Cancer cells can steal mitochondria from healthy cells (e.g. CAF, astrocytes, MSCs) as a mechanism to potentiate OXPHOS, to reduce ROS levels and to
enhance cancer growth or therapy resistance. b) Mitochondria can be transferred among different cancer cells shaping malignant properties in recipient cells.
Mitochondria derived from high invasive cells can trigger new invasion capabilities in non-invasive recipient cancer cells. ¢) Cancer cells can deliver their damaged
mitochondria to surrounding healthy cells in the TME, keeping their own mitochondrial quality control and outsourcing mitochondrial degradation to recipient cells.
This event can favor tumor growth and relieve mitochondrial dysfunction in the donor cells, while inducing oxidative stress, metabolic impairment and immune
escape in healthy recipient cells. Types of both donor cells and recipient tumors are indicated. Created with BioRender.com.
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also exerted by cancer-associated fibroblasts (CAFs) which are involved
in the metabolic reprogramming in solid tumors. Indeed, highly glyco-
lytic CAFs, that do not exploit mitochondria as energy source, were re-
ported to donate their mitochondria to adjacent prostate cancer cells
boosting their OXPHOS capacity [88]. Thus, intercellular mitochondrial
transfer mediated by CAFs could be considered as an additional way to
support high energy in the TME; the enhancement of consuming ma-
lignant cells metabolism contributes to their enhanced malignancy.
These series of studies put in light the relevance of mitochondrial
respiration in tumor formation and point to mitochondrial acquisition
from healthy cells as a founding event during tumorigenesis. Never-
theless, it may be important to determine which tumor-derived mole-
cules may signal the need for mitochondrial supply to other cells in the
microenvironment. Identification of those signals, that could result from
mitochondrial dysfunction or from tumor-specific metabolic programs,
could be critical to deepen our knowledge as well as to develop a tar-
geted therapeutic intervention.

3.2. Cancer metastasis

A number of studies indicated that the acquisition of mitochondria
could not only satisfy the metabolic requirements of cancer cells, but
could also enable them with new malignant properties, ultimately
leading to metastases. It is widely recognized that mitochondria are core
regulators of metabolic reprogramming required for cancer cells to
metastasize, and glycolysis, together with the associated lactate meta-
bolism, promotes cancer cell invasion and epithelial-mesenchymal
transition (EMT) programs. Numerous studies reported a key role for
homotypic HMT in the promotion of invasion and metastases. In
particular, the direct transfer of mitochondria from highly invasive cells
led to an increase in cell migration and metastatic potential to low
invasive cells [89,90]. This effect was found to be driven by F-actin
redistribution, regulating cell-cell communications between bladder
cancer cells [90]. Accordingly, the exchange of mitochondria through
TNTs between HCC cells was found to trigger new invasion abilities in
non-invasive recipient cells through the HMGB1-RHOT1 molecular axis
[89]. Particularly interesting is RHOT1, a protein involved in mito-
chondrial transport that can regulate the spatial localization of mito-
chondria within and between cells [91]. Currently, the role of RHOT1 in
mitochondrial positioning is mostly studied in neurons [23-25], and its
involvement in cancer is still underappreciated. Several studies report
an upregulation of RHOT1 in pancreatic cancer patients consistent with
its genetic down regulation, resulting in reduced migration and invasion
of SW1990 pancreatic cancer cells [28]. Deepening our knowledge
about specific regulators of mitochondrial positioning within cancer
cells and among them would be significant to understand mitochondrial
dependent control of cancer metastases. A different function for mito-
chondrial transfer in cancer metastases was recently reported in a work
by Zhang and colleagues. They discovered that osteosarcoma cells can
acquire mitochondria from platelets: in contrast to other studies
revealing the rescue of aerobic respiration after mitochondrial transfer
in cancer cells, they found that platelets-derived mitochondria induced a
metabolic shift, increasing anaerobic glycolysis while reducing ROS
levels both in vitro and in vivo [92]. In line with these findings, the in-
duction of mitochondrial dysfunction in platelets led to the transfer of
damaged mitochondria to cancer cells, activating PINK1-Parkin depen-
dent mitophagy and ultimately reducing the incidence of metastases in
vivo [92]. The authors suggest targeting platelet-derived mitochondria
as a strategy to counteract lung metastases, through the impairment of
metabolic shift in primary osteosarcoma cells [92]. These studies un-
derscore the key role of mitochondrial transfer in modulating multiple
stages of cancer, through their direct effect both on cancer cell meta-
bolism and on regulation of signal transduction pathways during cancer
progression.
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3.3. Mitochondria clearance

While most studies have clarified the role of cancer cells as recipients
of healthy mitochondria from various cell populations within the TME,
cancer cells can also act as donors of damaged mitochondria. The
intercellular exchange of unhealthy mitochondria is a phenomenon that
has been highlighted in different physiopathological conditions
involving damaged tissue repair, inflammation, thermogenesis, neuro-
degenerative diseases, myocardial fibrosis and also in cancer (reviewed
by Li et al., 2024) [93]. Damaged or depolarized mitochondria are
mainly degraded by intracellular pathways including the fine-tuned
regulation between fusion and fission processes and mitophagy, a se-
lective form of mitochondrial autophagy enabling entire organelle
degradation. Transcellular degradation of mitochondria was first
revealed between retinal ganglion axons and astrocytes [94]. The au-
thors observed EV-engulfed mitochondria being extruded by axonal
protrusions and being internalized and degraded via mitophagy by as-
trocytes. This phenomenon, termed ‘transmitophagy’, is gaining
increasing attention and has been proposed as a mechanism to protect
neurons and prevent neuroinflammation in both Alzheimer and Par-
kinson’s diseases [95]. Cancer cells can also deliver their damaged
mitochondria to normal cells within their microenvironment to adapt to
various conditions and avoid the overload of intracellular quality con-
trol machinery, thus favoring tumor progression [96]. Moreover, it was
demonstrated that in vitro induction of hypoxia resulted in transferring
mitochondria via TNTs from glioblastoma (GBM) cells to human pri-
mary astrocytes after co-culture [97]. Tumor-derived mitochondria
were enlarged or fused and harbored mtDNA mutations. As a result,
recipient astrocytes changed their metabolism becoming more reliant on
glucose and glutamine [97]. In addition, mitochondrial exchange be-
tween GBM cancer cells and astrocytes confers protection to non-tumor
astrocytes from hypoxic conditions, suggesting a pivotal role in GBM
response to therapy. These studies underlie the relevance of HMT as a
means to mitigate the effects of mitochondrial dysfunction. Given that
cancer cells can be both recipients and donors of mitochondria, it will be
highly relevant to study the context-dependent regulation of this phe-
nomenon. Differential metabolic states may dictate the directionality of
mitochondrial transfer. OXPHOS-dependent cancers would preferen-
tially import functional mitochondria to increase respiration, while
glycolytic cancers would prefer to reduce intracellular ROS by
outsourcing mitochondrial degradation. Furthermore, intratumor het-
erogeneity could influence metabolic-dependent regulation of mito-
chondrial transfer within the same tumor mass.

3.4. Anti-cancer immunity

Mitochondrial transfer can impact immune regulation and this
phenomenon elicits great interest in oncology because of its potential
role in modulating the TME and, thus, influencing immune responses
against tumor cells. The regulation of anticancer immune activity by
mitochondrial exchange represents a complex interplay among cancer
cells, immune cells, and the TME. The HMT between immune cells and
cancer cells has been reported to have both anti-tumor and pro-tumor
effects through different mechanisms [11,98,99]. For instance, the
release of mtDNA into the cytoplasm can trigger innate immune
signaling pathways, such as the pathway of cyclic GMP-AMP synthase
(cGAS) and stimulator of interferon genes (STING), acting as
damage-associated molecular patterns (DAMPs) and leading to the
production of proinflammatory cytokines and the activation of anti-
tumor immune responses [100,101]. Conversely, the mitochondrial
transfer from lymphocyte to cancer cells modulates the immunosup-
pressive characteristics of the TME both through TNTs and EVs [102], by
the up-regulation of Programmed Death-Ligand 1 (PD-L1) and thus the
inhibition of lymphocyte cytotoxic activity, together with the induction
of tumor cell proliferation [11,103]. In addition, cancer cells are
described to be able to hijack mitochondria using TNTs, depriving
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immune cells of these powerhouse organelles crucial for their activation
and at the same time empowering their own metabolism. This unidi-
rectional transfer of mitochondria (from immune cells to cancer cells) is
associated with poor clinical outcomes and can be considered as a
mechanism of immune evasion [98,104]. Further effort is needed to
elucidate the precise mechanisms underlying this mitochondrial ex-
change with the aim of developing innovative therapeutic strategies
targeting mitochondrial transfer for cancer immunotherapy.

4. Mitochondrial transfer in different cancer types
4.1. Mitochondrial transfer in hematological cancers

The transfer of mitochondria between hematological cancer cells and
surrounding non-cancerous cells, such as stromal and/or blood vessels in
bone marrow (BM) TME, influences disease progression, metastasis
formation, drug resistance, immune escape, immune surveillance and
the TME.

4.1.1. Multiple myeloma (MM)

MM, a widespread hematological cancer characterized by an
abnormal clonal proliferation of malignant plasma cells (PCs) in BM.
Malignant clones interaction with bone marrow stromal cells (BMSCs)
was found to be critical for MM cells survival [105]. Interestingly,
mitochondrial transfer from BMSCs to MM cells has been shown to
support the metabolic demands of the tumor cells, supporting their
survival and proliferation. Marlein and coworkers, indeed, showed that
MM cells acquired mitochondria from BMSCs through CD38-dependent
tumor-derived TNT. After mitochondrial transfer, MM relies on both
oxidative phosphorylation and glycolysis with a consequent increase in
cellular respiration and proliferation [105]. Other factors involved in
the mitochondrial transfer process are CXCL12 and its receptor CXCR4
[106]. In fact, it was demonstrated that the Plerixafor-mediated inhi-
bition of CXCR4 results in a decreased transmission of mitochondria
between MSCs and MM cells [107]. Interestingly, a recent research
described that the mitochondrial transfer between BMSCs and MM cells
could be bidirectional and could be mainly mediated by TNTs, and in
part by cell fusion. This process is enhanced by chemotherapeutic
treatment in a dose-dependent manner; this results, on one hand, in
increasing high ATP-MM cell survival and reducing mitochondrial su-
peroxide levels, on the other hand enhancing superoxide levels in
BMSCs. The supporting effect of mitochondrial transfer between MM
cells and BMSCs could be prevented with the administration of an in-
hibitor of oxidative phosphorylation that influences MM cell metabolism
[108].

4.1.2. Acute myeloid leukemia (AML)

The role of BMSCs in the interaction with transformed cells has been
studied also in AML, a very aggressive hematological cancer that arises
in the BM by an abnormal proliferation of transformed myeloid cells. In
AML, NADPH oxidase-2 (NOX-2) drives the transfer of mitochondria by
producing superoxide that stimulates BMSCs with a consequent increase
of cancer cell survival [109]. Besides the supporting role of BMSCs
through the mitochondrial transmission, this process can affect AML
chemoresistance. In fact, some evidence demonstrated that stromal cells
are able to transfer intact mitochondria to AML cells via endocytic
pathways, resulting in a promotion of OXPHOS-dependent ATP pro-
duction and influencing AML susceptibility to cytarabine (or Ara-C)
[110,111]. Under these conditions, it was described that metformin, a
widely used pharmaceutical for type II diabetes treatment, inhibits the
transport of healthy mitochondria in AML cells, thus reducing the
resistance to Ara-C acquired after mitochondria transferring [112].
Furthermore, the transfer of mitochondria in this malignancy occurs by
both TNTs or endocytic pathways and it could represent a promising
therapeutic target because of its role in influencing the chemothera-
peutic susceptibility of cancer cells [113]. The mentioned studies

Pharmacological Research 208 (2024) 107382

strengthen the importance of stromal cells in supporting cancer cells
through the mitochondrial transfer in BM TME in the context of AML.

4.1.3. Chronic myeloid leukemia (CML)

CML is a myeloproliferative disease of BM often caused by a recip-
rocal translocation of a part of chromosomes 9 and 22 leading to the
formation of BCR-ABL fusion gene. Similarly to the other mentioned
hematological tumors, the surrounding cells in TME plays an important
role in favoring drug resistance and inhibiting CML cell apoptosis thanks
to the intercellular interaction including the exchange of mitochondria
through TNTs [114].

4.1.4. Acute lymphoblastic leukemia (ALL)

Finally, HMT has been demonstrated in ALL, a tumor that emerges
following malignant transformation of lymphoblast, a precursor of the
lymphoid line of blood cells, and is characterized by the development of
large numbers of immature lymphocytes. In this pathological context,
the mitochondrial transfer can occur through CD19 expressing EVs that
can be considered as biomarkers for this type of cancer [44]. ALL in-
cludes T cell acute lymphoblastic leukemia (T-ALL) and B cell acute
lymphoblastic leukemia (B-ALL), depending on the type of progenitor
that underwent the transformation. In these malignancies, the mito-
chondrial transfer promotes cancer development and cell survival.
Differently from AML that imports mitochondria from stromal cells to
meet its energy requirements, T-ALL is characterized by a glycolytic
metabolism and needs to secrete mitochondria in order to decrease ROS
levels. A work by Wang and colleagues revealed a bidirectional transfer
of mitochondria between MSCs and T-ALL cells via TNTs [96].
Following chemotherapy, indeed, T-ALL cells transferred a significantly
higher number of mitochondria to adherent MSCs compared to the
mitochondria received from MSCs. This resulted in decreased mito-
chondrial ROS production and enhanced resistance to chemotherapy
[96]. In a recent study, the authors demonstrated that B-ALL-derived
MSCs acquire a CAF phenotype, following the administration of
chemotherapeutic drugs as Ara-C or erythromycin. These MSCs transfer
their mitochondria to B-ALL cells by TNTs, thereby protecting cancer
cells from ROS-induced cell death and reducing their susceptibility to
drug treatment [115].

4.2. Mitochondrial transfer in solid tumors

Up to date, HMT in solid tumors seems to rely on TNTs as the main
delivery route [116]. Cells of mesenchymal origin and CAFs are the most
common mitochondrial donor cells. However, TME is composed of many
different cell types, and competition among cells could have a significant
influence on mitochondrial transfer. Furthermore, the structural orga-
nization of tumor masses can result in distinct metabolic features within
cancer cells, influencing the specific pattern of mitochondrial spread.
Both the donation and acceptance of mitochondria by cancer cells have
been observed in solid tumors, with most evidence highlighting cancer
cells as recipients of mitochondria from populations in the TME to
enhance their malignant properties.

4.2.1. Lung cancer

A pioneering study from Spees et al. (2006), by means of in vitro co-
culture experiments, first observed active mitochondria transferring
from MSCs tomtDNA-depleted A549 lung cancer cells, leading to the
restoration of aerobic respiration [117]. More recently, lung cancer cells
were found to partially fuse with infiltrated lymphocytes to share
mitochondria. This relevant work revealed the occurrence of heterotypic
cell-in-cell structures (CICs) by histochemistry, indicating the entry of
one type of living cells into another type of cell in a wide spectrum of
clinical lung cancer tissue specimens [103]. Intriguingly, they found that
CIC positively correlates with lung cancer malignancy in vivo. Through
specific labeling of lymphocyte mitochondria with MitoTracker Red
CMXRos, the authors observed that CIC-dependent pro-tumorigenesis
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essentially relies on the donation of mitochondria from infiltrating
lymphocytes to cancer cells [103]. Indeed, mice xenografting with LLC
cells previously incubated with lymphocyte-derived mitochondria
resulted in enhanced tumor progression in vivo that was associated with
increased PD-L1 expression, activation of ROS-dependent MAPK
pathway activation and enhanced glucose metabolism, supporting
tumor proliferation and immune evasion. These studies present a novel
perspective on the role of mitochondria in immune-tumor cell in-
teractions in the TME in the setting of lung cancer. In this view,
mitochondrial-related CICs of immune cells and tumor cells may be a
novel indicator of lung cancer prognosis, providing a novel target for the
treatment of chemotherapy-resistant lung cancer.

4.2.2. Breast cancer

Heterotypic mitochondrial transfer was reported to have a signifi-
cant role in breast cancer even if the evidence collected in vivo is still
limited and partially controversial. Breast cancer cells have been found
to form TNTs with several surrounding cell populations, through in vitro
experiments, and to receive mitochondria from endothelial cells [118],
CAFs [119], MSCs [118], and immune cells respectively [98]. All this
evidence strengthens the hypothesis that breast cancer malignancy
could be potentiated by the acquisition of mitochondria from cells in the
microenvironment [119].

Strikingly, a very recent paper reported breast cancer cells hijacking
mitochondria from immune cells via physical nanotubes, thereby
metabolically empowering tumor cells while depleting immune pop-
ulations in the microenvironment. Indeed, pharmacologic combination
of L-778123, an inhibitor of farnesyltransferase and geranylgeranyl-
transferase 1, which partially inhibited nanotube formation and mito-
chondrial transfer, with PD-L1 inhibitor improved the antitumor
outcomes in vivo, in a xenograft immunocompetent breast cancer model
[98]. Considering these findings, the acquisition of mitochondria
through nanotubes could emerge as a novel target for the development
of next-generation immunotherapy agents against cancer.

In contrast with this evidence, and in line with a theory of cancer
being driven from mitochondrial dysfunction, two independent papers
documented an anti-tumor effect of cancer mitochondria restoration
when healthy mitochondria were artificially transplanted in vitro, into
breast cancer cells in culture [99,120]. Accordingly, Elliot and col-
leagues documented that the transfer of isolated mitochondria from
normal breast epithelial cells MCF-12A to both MCF-7 and MDA-MB-231
breast cancer cells and adriamycin-resistant NCI/ADR-Res ovarian
cancer cells reduced cancer cell growth and increased cell sensitivity to
chemotherapeutic drugs such as doxorubicin, paclitaxel and carboplatin
[120]. Furthermore, mitochondrial transfer from healthy cells via a
Pep-1-mediated mechanism further supported impaired viability of
MCEF-7 breast cancer cells [99], and suppression of tumorigenicity in vivo
in orthotopic mouse models, by using MDA-MB-231 human breast
cancer cells [121]. Intriguingly, this opposite result underlies the tricky
regulatory role of mitochondria in cancer cells, especially in occurrence
of cellular mitochondrial transfer initiated by the synergistic or para-
crine regulation from the peripheral environments.

4.2.3. Brain tumors

Brain tumors are complex diseases that are able to hijack cellular
processes normally present in healthy tissues of the central nervous
system. A number of studies point to a prominent role for both homo-
typic and heterotypic tumor cell connectivity in the malignancy and in
the response to therapy.

Indeed, a pioneer work by Osswald et al, first discovered the exis-
tence of ultra-long tubular protrusions in both astrocytomas and glio-
blastoma, whose number and length increases with tumor progression
and correlates with dismal prognosis in patients [122]. This observation
led to the discovery of the so-called tumor microtubes (TMs),
filopodia-like structures, that can reach a length of 500 micrometers,
resembling neuronal protrusions and that possess a potential prognostic
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value. The existence of TMs has been exclusively demonstrated in brain
tumors and not in other cancers, to date. Respect to TNTs, TMs are
remarkably thicker (average 1.7 pm vs. less than 1.0 pm), longer (several
hundred pm, up to 500 pm vs. 30 pm on average), and have a signifi-
cantly longer lifespan (over 200 days vs. a few hours) [123].

Since their initial discovery, numerous papers have demonstrated
that the establishment of these kinds of synapses among brain cancer
cells renders them more aggressive and refractory to radiotherapy-
induced cell death [122,124].

Growth-associated protein 43 (GAP43), a neuronal protein known
for its important role in axon guidance, is a major structural protein of
TMs. Recently, it has been demonstrated that GBM cells acquire host
mitochondria from astrocytes through a contact-dependent mechanism
facilitated by GAP43-+ structures consistent with TMs, resulting in
enhanced metabolic activity and augmented tumorigenicity [125]. TMs
structures were also found to mediate the delivery of tumor-derived
mitochondria into neighboring astrocytes, resulting in their adaptation
to the new tumor-related metabolism and hypoxic conditions. Indeed,
under hypoxia, GBM cells establish both TNTs and TMs to deliver their
dysfunctional mitochondria to astrocytes, conditions mimicking the
TME, suggesting that trafficking of mitochondria may be involved in
TM-dependent tumor malignancy [97].

Release of dysfunctional mitochondria to other cells was also pro-
posed to be a mechanism to avoid the overload of mitochondrial quality
control mechanisms and delegate the clearance of damaged mitochon-
dria to surrounding cells. Moreover, GBM stem cells (GSCs) were re-
ported to exchange mitochondria with mesenchymal stem cells [126]
and tumor-activated stromal cells [78]. This process has been related to
the metabolic switch of GSCs, supporting their resistance to standard
treatment such as TMZ-based therapy. All this evidence corroborates the
importance of studying this vital process in the context of malignant
brain tumors to specifically target intercellular bridges to eradicate
intrinsically resistant cancer cells.

4.2.4. Other tumors

Interestingly, using syngeneic mouse models, Dong and colleagues
have discovered that the formation of melanomas is dependent on the
acquisition of host mitochondria [87]. They induced tumorigenesis by
inoculating mouse melanoma cells devoid of mtDNA (rO cells) into
syngeneic C57BL/6Nsu9-DsRed2 mice that express red fluorescent
protein in mitochondria to trace their movement in vivo. Strikingly, they
found that horizontal transfer of mitochondria to tumor cells leads to
normalization of mitochondrial respiration and this event relies on the
activity of key mitochondrial complex I (NDUFV1) and complex II
(SDHC) subunits, respectively [87]. In line with this, targeting those
complexes result in a significant retardation of melanoma formation
pointing to a pivotal function of the electron transport chain in the
control of effective mitochondrial transfer in cancer.

Another central player of mitochondrial function found to act as a
mediator of mitochondrial exchange is the protein High mobility group
protein 1 (HMGB1). HMGBLI is a nucleoprotein involved in maintaining
nucleosome integrity and promoting gene transcription in the nucleus. It
has been shown to translocate to the cytoplasm to regulate mitochon-
drial homeostasis and autophagy under hypoxic conditions [127,128]
and to control hepatocellular carcinoma (HCC) progression [129].
Mitochondrial transfer has been proven in other cancer settings such as
bladder cancer [90], laryngeal carcinoma [55] and pancreatic cancer
[130]. These works underlie the concept that cell reprogramming during
cancer development fuels mitochondrial exchanges in TME by acting at
multiple intracellular levels ranging from nuclear to mitochondrial
regulation. Moreover, identification about specific protein players in
this process will help us to translate this knowledge to cancer therapy.

5. Targeting HMT in cancer therapy

Understanding mitochondrial-related processes provides new
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insights into the metabolic plasticity of cancer cells and highlights po-
tential therapeutic targets for disrupting tumor-supportive mitochon-
drial exchanges. Indeed, the treatment of several malignant and invasive
solid tumors is hindered by insufficient knowledge about the influence
of intercellular communication on anti-cancer therapy and vice-versa.
Therefore, it is of vital importance to consider cancer as a complex
and fully integrated disease in the host tissue.

Mitochondria trafficking represents a communication mechanism
that is exploited by cancer cells in their favor. Targeting mitochondrial
transfer in cancer therapy holds promising potential to revolutionize
current treatment strategies (Fig. 3).

Research has identified several compounds that could disrupt mito-
chondrial transfer via TNTs, a major route for HMT in cancer. In this
view, inhibiting structural determinants of TNTs formation could reduce
mitochondrial transfer thereby hindering tumor cell survival and pro-
liferation [131]. Thus, actin polymerization inhibitors, such as cyto-
chalasin B and metformin, have been shown to reduce TNT formation
[132]. In addition, Mirol, together with Miro2, could be considered as
potential therapeutic targets to specifically block mitochondria delivery
from cancer cells through TNTs. Direct inhibition of molecular motors,
such as myosins, dynein and kinesins could also represent a strategy to
block the bidirectional movement of mitochondria. For instance, it was
proposed that pharmacological targeting of Myosin IX-actin interaction,
by means of the small-molecule inhibitor J13, is able to reduce cancer
cell growth by inducing cytoskeleton-dependent mitochondrial
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dynamics imbalance [133]. Recent evidence also suggests a strong
translational impact for mitochondrial transfer in the context of cancer
immunotherapy. Harada and colleagues described for the first time the
benefit of artificial transfer of mitochondria into CAR T cells improving
their metabolic fitness, leading to enhanced proliferative capacity and
cytokine production, and in vitro and in vivo anti-tumor effects [134]. In
this view, transplantation of mitochondria can emerge as a novel target
for developing next-generation immunotherapy agents for cancer.

Furthermore, a work from Murphy and colleagues [135] demon-
strated that Cx43 is upregulated in GBM. They discovered that both
genetic and pharmacological inhibition of Cx43 by using aCT1, a se-
lective inhibitor of Cx43 channel activity, can restore GBM sensitivity to
TMZ. However, in this work the authors did not consider the implication
of Cx43-dependent intercellular communication through mitochondrial
transfer to other cells. TMZ is used also to treat other cancers and
ongoing clinical trials are evaluating TMZ as a single agent to treat
melanoma [135] and small cell lung cancer [136]. Hence, a combined
TMZ and Cx43 inhibitory treatment could provide a new and effective
therapy for GBM and other cancers by directly targeting mitochondrial
transfer.

Additionally, mitochondrial fission, a process necessary for mitoph-
agy and potentially for HMT, could be a novel therapeutic target. Several
reports highlight Drp1, the master regulator of mitochondrial fission, to
promote tumorigenic properties in brain tumor-initiating cells, enriched
for fragmented mitochondria [137,138]. Indeed, pharmacological Drpl
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inhibition through a small brain-permeable molecule suppressed the
growth of latent metastatic cells and reduced brain metastatic burden in
preclinical models. Inhibiting mitochondrial fission might simulta-
neously block mitophagy and mitochondrial transfer, offering a dual
approach to hinder tumor growth [138]. Moreover, tumor hypoxia can
also boost Drpl-dependent mitochondrial fission, leading to the gener-
ation of fragmented mitochondria that can be encapsulated and
exchanged via EVs or can be delivered to healthy cells via TNT. Thus,
specific inhibition of Drpl in cancer cells could prevent mito-EV traf-
ficking, as well as increase the amount of mitochondrial damage,
thereby inducing tumor cell death [137-139].

6. Conclusions

Despite these advances, current inhibitors have limited specificity
and efficacy, underscoring the need for further research. Developing
precise inhibitors that specifically target TNTs and mitochondrial
transfer mechanisms, without affecting normal cellular functions, is
essential. Understanding the detailed molecular pathways and identi-
fying specific druggable targets within these pathways could lead to
more effective and less toxic cancer therapies. In summary, targeting
mitochondrial transfer in cancer therapy offers a multifaceted approach
to counteract tumor growth, chemoresistance, and metastasis. It might
be possible to enhance the effectiveness of existing treatments and
develop new therapeutic strategies, by disrupting the mechanisms that
enable tumor cells to acquire mitochondria and energy from their
microenvironment. As research progresses, the identification of specific
and potent inhibitors will be critical to translate these insights into
clinical practice, potentially leading to significant advancements in
cancer treatment.
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