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Abstract

A century ago, the Warburg effect was first proposed, revealing that cancer cells predominantly rely on glycolysis
during the process of tumorigenesis, even in the presence of abundant oxygen, shifting the main pathway of energy
metabolism from the tricarboxylic acid cycle to aerobic glycolysis. Recent studies have unveiled the dynamic transfer
of mitochondria within the tumor microenvironment, not only between tumor cells but also between tumor cells
and stromal cells, immune cells, and others. In this review, we explore the pathways and mechanisms of mitochon-
drial transfer within the tumor microenvironment, as well as how these transfer activities promote tumor aggres-
siveness, chemotherapy resistance, and immune evasion. Further, we discuss the research progress and potential
clinical significance targeting these phenomena. We also highlight the therapeutic potential of targeting intercellular
mitochondrial transfer as a future anti-cancer strategy and enhancing cell-mediated immunotherapy.
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Mitochondrial Transfer in the Tumor Microenvironment. This review elaborates in detail on the molecular mechanisms and pathophysiological sig-
nificance behind the mitochondrial transfer occurring between tumor cells and their microenvironment. This biological phenomenon of mitochon-
drial transfer is prevalent in a variety of cancers, including both solid tumors and hematologic malignancies, with a high incidence in acute myeloid
leukemia (AML), breast cancer, and gliomas. The review also discusses therapeutic approaches targeting mitochondrial transfer, with a special focus
on its application in immunotherapy, particularly in CAR-T cell therapy, where it has begun to show unique advantages

Background

Unrestricted rapid proliferation is one of the most impor-
tant biological characteristics of tumor cells [1]. To meet
the substantial energy and nutritional needs for their
rapid division, proliferation, and growth, tumor cells
often exhibit a unique mode of energy metabolism. Even
in the presence of sufficient oxygen, tumor cells prefer
to metabolize glucose via glycolysis rather than through
mitochondrial oxidative phosphorylation (OXPHOS); the
latter produces more ATP. This phenomenon is known as
aerobic glycolysis, also referred to as the Warburg effect,
and is a main feature distinguishing tumor cells from
normal cells [2]. Mitochondria are the centers of energy
metabolism in all eukaryotes [3]. Studies have shown that
some tumor cells indeed exhibit varying degrees of irre-
versible mitochondrial functional damage. For example,
the activity of respiratory chain complex III in breast can-
cer cells is significantly lower compared to normal breast
cells [4]. Other studies indicate that the main driving fac-
tor behind the high glycolysis of tumor cells is not mito-
chondrial dysfunction but rather an adaptive response
to microenvironmental changes and genetic regulation.
For instance, the activation of the c-Myc gene drives the

increased expression of key glycolytic enzymes such as
hexokinase (HK), pyruvate kinase M2 (PKM2), and glu-
cose transporter 1 (GLUT-1). Meanwhile, the activation
of protein kinase B (AKT) further triggers the activa-
tion of mTOR and the phosphorylation of HK and phos-
phofructokinase (PFK), while the inactivation of p53
upregulates the level of aerobic glycolysis [5-7]. Utilizing
specific enzyme inhibitors, such as lactate dehydrogenase
inhibitors, can slow down the conversion of pyruvate to
lactate during aerobic glycolysis. When this conversion is
reduced, the function of mitochondrial OXPHOS may be
restored, suggesting that mitochondrial function has not
been lost but has entered a specific "dormant” state.
However, recent studies have shown that mitochon-
dria and the mitochondrial genome (mitochondrial
DNA (mtDNA)) also play significant roles in tumor cells
and their metabolic microenvironment. For instance,
certain mitochondrial metabolites are sufficient to drive
tumorigenesis [8]; some mitochondrial pathways adapt
to the unique bioenergetic or biosynthetic metabolic
functions of tumors, thereby endowing malignant cells
with considerable metabolic plasticity [9, 10]. Interest-
ingly, it has been further discovered that mitochondria
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can undergo transfer within the tumor microenviron-
ment [11], and this transfer is not only limited to tumor
cells themselves [12, 13], but also occurs between tumor
cells and stromal cells [14, 15], tumor cells and immune
cells [16, 17], tumor cells and endothelial cells [18], or
between tumor cells and homologous normal cells
[19]. Moreover, mitochondrial transfer occurs between
tumor cells and platelets [20]. In most cases, tumor cells
plunder mitochondria from other cells in the microen-
vironment to promote their own invasion and metasta-
sis [20, 21], chemotherapy resistance [22], and immune
evasion [17]. In a few cases, tumor cells transfer mito-
chondria to stromal cells to resist oxidative stress [23].
High-metastasis tumor cells can also transfer mtDNA
with metastatic mutations to low-metastasis cancer
cells and stromal cells through small extracellular vesi-
cles (s-EVs) [24]. In this review, we thoroughly explore
the impact of the tumor microenvironment on mito-
chondrial dynamics and their transfer pathways and
mechanisms, as well as the pathophysiological impor-
tance of these processes in the metabolic adaptation of
tumor cells. Additionally, this article discusses potential
clinical intervention strategies targeting the biologi-
cal process of mitochondrial transfer and highlights its
potential in future cancer treatments and enhancing the
efficacy of cell-mediated immunotherapy.

Mechanisms of mitochondrial transfer

Tunneling nanotubes (TNTs)

Tunneling nanotubes represent the most crucial pathway
for mitochondrial transfer between tumor cells. TNTs
are nano-scale membranous channels between cells,
with diameters ranging from 50 to 1500 nm and lengths
of 5-200 pm, with some TNTs reaching thicknesses up
to 700 nm [25]. TNTs are not empty membranous tubes
but are filled with cytoskeletal filaments. F-actin is pre-
sent in most TNTs and is a critical structural compo-
nent. On one hand, the cross-linking of F-actin ensures
the rigidity of the TNT, ensuring its stability for outward
growth [26, 27]; on the other hand, the cross-linking of
F-actin mediates the biosynthesis of TNTs and allows
mitochondria to be transported along the cytoskeletal
structures within TNTs [28].

Rustom and colleagues observed the ultrastructure
of rat pheochromocytoma (PC) 12 cells, where they
first discovered TNTs and observed intercellular mate-
rial exchange via TNTs using organelle-specific fluo-
rescent dyes [29]. Subsequently, studies using electron
microscopy revealed that TNTs could transfer mito-
chondria from mesenchymal stem cells (MSCs) to
cardiomyocytes, marking one of the earliest pieces of
research to reveal TNT-mediated mitochondrial trans-
fer between cells [11, 30]. With the advancement of
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imaging technologies, scanning electron microscopy
(SEM), atomic force microscopy (AFM), cryo-electron
microscopy, and others have been widely applied to
observe TNTs [31]. The challenges posed by the fragil-
ity and sensitivity of TNTs have been overcome, and
TNTs are now extensively studied. Currently, TNT-
mediated mitochondrial transfer is involved in various
cellular microenvironments, including the cardiovas-
cular system, immune system, respiratory system, cor-
neal epithelium, tumors, and in neuronal injury and
neurodegeneration within the central nervous system
[11]. TNTs participate in a wide range of physiological
and pathological events, such as immune responses, cell
proliferation and apoptosis, substance transport, and
angiogenesis. TNTs can transport a variety of materials
over distances as long as 150 mm, including mitochon-
dria and other organelles, lipid droplets, proteins, ions,
RNA, and pathogens [29, 32].

Two mechanisms of TNT formation have been exten-
sively discussed [33, 34]. In the actin-driven mechanism,
a cell extends a pseudopod-like protrusion containing
actin filaments that fuses with the edge of a neighboring
cell, leading to TNT formation. This mechanism does not
rely on cell motility or close contact. The other mecha-
nism is the cell displacement mechanism, which occurs
when two closely situated cells move in opposite direc-
tions. During this movement, the cells extend membrane
protrusions that lead to TNT formation, thus it highly
depends on cell movement. Since continuous cell contact
occurs within minutes, this process can be temporar-
ily regulated [30, 35]. However, it is still unclear whether
these two mechanisms lead to the same tubular struc-
tures and whether cells utilize both mechanisms simulta-
neously to form TNTs.

Specifically, the transport of mitochondria via TNTs
involves mainly two mechanisms, one of which is pri-
marily mediated by the mitochondrial Rho GTPase 1
(Mirol). Research has shown that TNTs mediate the
transfer of mitochondria from MSCs to epithelial cells.
If the Mirol in MSCs is knocked out, mitochondria are
unable to transfer to epithelial cells. This study con-
firmed that Mirol, acting as a motor protein-associated,
calcium-sensitive linker protein, can mediate the transfer
of mitochondria through TNTs from MSCs to epithe-
lial cells, with Mirol playing a role in regulating mito-
chondrial homeostasis and transport [36]. The specific
mechanism involves Mirol, along with auxiliary proteins
Miro2, transport associated protein 1 (TRAK1), TRAK2,
and myosin XIX (Myo19), driving the mitochondria to
bind with the Kruppel-like factor 5 (KLF5) driven pro-
teins. When bound, they form a motor-adaptor complex,
thereby facilitating the transport of mitochondria within
TNTs and regulating their movement. At the same time,
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these structures stabilize and protect mitochondria from
degradation.

Extracellular vesicles (EVs)

In addition to transport mediated by tunneling nano-
tubes, mitochondria can also be transferred between
cells encapsulated within EVs. EVs are nano-sized bilayer
vesicles secreted by cells, capable of carrying various
lipids, proteins, RNA, microRNA (miRNA), and mito-
chondria [37]. EVs include exosomes with a diameter of
30-100 nm, microvesicles ranging from 100 nm to 1 pm,
and apoptotic bodies sized from 1 pm to more than 2
pm [38]. Due to their smaller volume, exosomes can
only carry mtDNA, miRNA, cytokines, chemokines, and
other small molecular proteins, while microvesicles are
capable of transporting entire mitochondria [39].

Artificial mechanisms of mitochondrial transfer

Aside from the physiological release and uptake of mito-
chondria, artificial transfer of mitochondria has also been
achieved. Researchers have developed a technique called
MitoCeption, which relies on the ability of recipient cells
to internalize isolated mitochondria, a process associ-
ated with macropinocytosis [40]. Labeled mitochondria
isolated from donor cells are centrifuged together with
similarly labeled recipient cells, then co-cultured under
normal conditions. During co-culture, the isolated mito-
chondria are internalized by the recipient cells, thereby
allowing entry into the recipient cells [41]. The process of
mitochondria entering recipient cells through internali-
zation induced by centrifugation and heat shock during
co-culture is referred to as MitoCeption. The researchers
developed MitoCeption to achieve mitochondrial trans-
fer from MSCs to cancer cells. They further validated the
mitochondrial transfer process using microscopy imag-
ing, fluorescence-activated cell sorting (FACS), real-time
quantitative PCR (qPCR) and other techniques [42].
Techniques like MitoCeption, which represent artificial
mitochondrial transfer, not only provide effective tools
for studying intercellular mitochondrial transfer but also
have significant implications for understanding cell inter-
actions within the tumor microenvironment, developing
new therapeutic strategies, and studying the role of mito-
chondria in diseases.

Cell fusion

Cell fusion can also mediate the transfer of mitochondria
between cells. This process occurs both through partial
cell fusion facilitated by TNTs and through complete
cell fusion. Researchers co-cultured free mitochondria
extracted from cervical cancer cells with cardiomyo-
cytes and observed the mitochondria being endocytosed
by the cardiomyocytes [43]. However, when the actin
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polymerization of cardiomyocytes was inhibited using
cytochalasin D (CytoD), the transfer of mitochondria
to cardiomyocytes was significantly reduced [44]. This
study represents a process of partial cell fusion achieved
through TNTs. In the case of complete cell fusion, mito-
chondrial transfer can be identified when MSCs are co-
cultured with transgenic mouse cardiomyocytes and fully
fuse with mitochondria-damaged cardiomyocytes. How-
ever, since cell fusion is rarely found in higher eukaryotes
under normal physiological conditions, it is not the main
mechanism for mitochondrial transfer.

Current research has revealed that cells release free
mitochondria in a manner dependent on mitochon-
drial fission proteins, such as dynamin-related protein 1
(DRP1) and mitochondrial fission 1 protein (FIS1). How-
ever, more studies are needed to fully understand the
specific mechanisms through which mitochondria are
packaged and transported (Fig. 1).

Mitochondrial transfer in tumor dynamics
Mitochondrial transfer promotes tumor proliferation

The earliest studies showed that p0O tumor cells, which
lack mtDNA, divided more slowly [11], but could restore
respiratory function by seizing whole mitochondria
and associated mtDNA from neighboring cells [45-47],
thereby achieving faster cell division and restoring their
tumorigenic capacity [46, 48]. Research indicates that
unlike solid tumors, AML cells rely more on OXPHOS
than on glycolysis [49]. In AML cells, NADPH oxidase
2 (NOX2) generates superoxides, stimulating bone mar-
row stromal cells (BMSCs) to transfer mitochondria to
AML blast cells via TNTs derived from AML, thereby
promoting AML cell proliferation. However, NOX2 has
no detectable effect on the survival of non-malignant
CD34* cells, suggesting AML cells may specifically plun-
der mitochondria from stromal cells via NOX2 to meet
their proliferation needs [50]. Interestingly, another study
showed that transferred mitochondria are not in optimal
condition but rather are dysfunctional with high Reac-
tive Oxygen Species (ROS) content, and recipient tumor
cells do not require these dysfunctional mitochondria to
restore their respiratory function but rather stimulate
other signaling pathways through ROS. For example,
malignant breast cancer cells plunder dysfunctional mito-
chondria from macrophages in the microenvironment
and accumulate ROS, which activates the ERK pathway
thus promoting tumor proliferation [51] (Fig. 2). In glio-
mas, the tumor-associated stromal cells (TASCs) transfer
mitochondria to glioblastoma (GBM) cells, thereby pro-
moting tumor proliferation. This transfer occurs through
structures such as TNTs, EVs, etc [52]. Studies have
shown that lung cancer cells form cancer-initiating cell
(CIC) structures to plunder lymphocyte mitochondria,
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Fig. 2 Mitochondrial transfer from stromal cells to tumor cells. In AML cells, NOX2 in mitochondria can produce ROS to further promote tumor
cell proliferation. The possible mechanism is that mitochondrial Reactive Oxygen Species (mtROS) stimulates ERK to further activate the AKT-mTOR
signaling pathway. The mtROS generated by mitochondria can also activate the transforming growth factor- 3 (TGF-) signaling pathway, thereby
promoting tumor metastasis. In prostate cancer, tumor cells change the metabolic pattern of cancer-associated fibroblasts (CAFs), causing them
to produce lactate. Then, through their own lactate receptor monocarboxylate transporter 1(MCT1), the lactate is received, further activating PKM2
into the nucleus, and enhancing the demand for CAF mitochondria through the downstream SIRT1-PGC-1a signaling pathway

thereby activating the mitogen-activated protein kinase
(MAPK) and AKT signaling pathways, promoting their
own proliferation [17]. The transfer of mitochondria from
stem cells to immortalized cells rapidly induces tumori-
genesis. For instance, the transfer of mitochondria from

adipose stem cells to HEK293 cells not only makes them
more tumorigenic but also enhances their aggressive-
ness [53]. In gliomas, the uptake of astrocyte mitochon-
dria promotes cell cycle progression to the proliferative
G2/M phase, enhancing self-renewal and tumorigenicity
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of GBM cells [54, 55]. Some research teams have devel-
oped a tool, MitoCeption (as mentioned above), that
enables the transfer of mitochondria in stromal cell to
tumor cells, thereby restoring respiratory function and
increasing proliferation rates [42]. In melanoma, tumor
cells attract bone marrow-derived stromal cells (MSCs)
to the primary tumor site, stimulate PGC-1a to promote
the biogenesis of MSC mitochondria, and transfer these
mitochondria to tumor cells to promote their prolifera-
tio [56]. The mechanism by which exogenous mitochon-
dria drive cancer cell proliferation is not clear but may be
related to the production of ROS [51], and ROS can stim-
ulate the transport of mitochondria to cancer cells [50].

Mitochondrial transfer promotes tumor invasion

and metastasis

Increasing evidence indicates that mitochondrial trans-
fer promotes the invasion and metastasis of tumor cells,
which is one of the main hallmarks of tumors. In pros-
tate cancer (PCa) research, it has been discovered that
tumor cells and CAFs form a dual-compartment meta-
bolic system that promotes the malignant progression
of cancer [57, 58]. In this interaction, CAFs change their
metabolism to glycolysis after contact with PCa, produc-
ing lactate and releasing it into the surrounding micro-
environment. PCa cells absorb these lactates through the
MCT1 on their surface, further triggering the nuclear
translocation of PKM2, which acts as a transcription fac-
tor participating in and activating OXPHOS [59], changing
the intracellular NAD*/NADH ratio, and then enhancing
mitochondrial activity in PCa cells through the SIRT1—
PGC-1a pathway. To meet this increased energy demand,
CAFs transfer mitochondria to PCa cells through TNTs.
This metabolic mode is also known as the "Reverse War-
burg Effect” [60]. In another study, overexpression of mito-
chondrial fission factor (MFF) in an hTERT-immortalized
human fibroblast line led to oxidative stress, increased
ROS production, NF-kB activation, driving autophagy,
mitophagy, and ultimately glycolytic metabolism, result-
ing in mitochondrial dysfunction. MFF-overexpressing
fibroblasts similarly exhibited increased ATP consumption
and L-lactate production, thus promoting tumor develop-
ment [61]. This metabolic symbiosis not only enhances
the energy metabolism of PCa cells but also promotes
tumor invasiveness and epithelial-mesenchymal transition
(EMT) [14], which is an important step for cancer cells to
increase mobility and invasiveness. Research shows that
mitochondrial transfer occurs between tumor cells, and
the core component of mitochondria, mtDNA, can also
be transferred individually. The increase of extracellular
glutamate through mGIluR3 activation in MDA-MB-231 (a
human breast cancer cell line) leads to the release of EVs
dependent on Rab27. These EVs contain mtDNA packaged
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through a PTEN-induced putative kinase 1 (PINK1)
-dependent manner, are transported to glutamate-starved
MDA-MB-231 cells, and enhance their invasiveness and
metastatic capacity through cell surface toll-like recep-
tor 9 (TLR9) [13](Fig. 3). Direct transfer of mitochondria
to MDA-MB-231 cells can enhance their proliferative and
invasive capabilities [62], and also increase their sensitiv-
ity to cisplatin [63]. Studies have shown that melanoma
cells plunder mtDNA from host cells to restore respiratory
capacity, promoting their own invasion and metastasis.
The inability of tumor cells to fully restore mitochondrial
function during prolonged ex vivo maintenance highlights
a crucial aspect. These cells require exposure to the micro-
environment to regain their complete respiratory capacity.
This underscores the significance of mitochondrial transfer
and its components within the tumor microenvironment
for tumor development and progression [48]. Subsequent
studies by the same authors proved that tumor formation
directly depends on the restoration of mitochondrial res-
piration [64]. Research found that high activity of the TCA
cycle or electron transport chain (ETC) can activate the
TGEF-p pathway through mtROS, promoting cancer migra-
tion, invasion, and metastasis. This might be one of the
important reasons why tumor cells plunder mitochondria
to promote their invasion and metastasis [65]. In blad-
der cancer, mitochondrial transfer between heterogene-
ous tumor cells occurs (Fig. 4). Fluorescence imaging and
flow cytometry detected the spontaneous unidirectional
transfer of mitochondria from T24 to RT4 cells, and the
AKT, mTOR, and downstream mediators were activated
and increased in recipient cells. An increase in the inva-
siveness of bladder cancer cells was detected both in vitro
and in vivo [12]. Other studies have shown that mitochon-
dria from platelets transferred to tumor cells through the
PINK1/Parkin-Mfn2 pathway, increasing their depend-
ency on glycolytic metabolism to control intracellular ROS
levels, and reducing their proliferation rate. However, this
process promotes EMT in tumor cells, leading to metasta-
sis [20].

Mitochondrial transfer helps tumor cells cope

with oxidative stress

Whether mitochondria are transferred into or out of
tumor cells, there are instances showing that this trans-
fer reduces the oxidative stress faced by tumor cells,
thereby aiding tumor development and progression.
PC12 cells avoid apoptosis induced by ultraviolet (UV)
radiation by plundering mitochondria from healthy
cells [66]. The transfer of mitochondria from MSC cells
to ALL cells reduces the mortality of ALL cells after
treatment with ROS and subsequent treatment with
cytarabine (AraC) and daunorubicin (DNR) [15]. Stud-
ies have shown that the transfer of mitochondria from
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Fig. 3 Mitochondria and their mtDNA are transferred via EVs. A In the glutamate in MDA-MB-231 cells is encapsulated into EVs through the PINK1
pathway, leading to an increase in extracellular glutamate concentration which activates mGLUR3 on the cell membrane. This activation stimulates
the downstream Rab, promoting the packaging and transport of mtDNA. The mtDNA released from cells is reuptaken by glutamate-hungry
MDA-MB-231, which, by stimulating TLR9, enhances the invasive capability of glutamate-hungry MDA-MB-231. B In platelets transfer mitochondria
to tumor cells via the PINK1/Parkin-Mfn2 pathway via EVs. The mitochondria from platelets promote an increase in glycolytic metabolism

and a decrease in ROS levels in tumor cells, although their proliferation rate decreases. As a result, they are more susceptible to experiencing EMT,

which can consequently lead to metastasis

platelets to tumor cells shifts their metabolic mode
towards glycolysis, and by controlling the ratio of oxi-
dized glutathione to ROS within tumor cells, it effec-
tively protects them. Destroying platelet mitochondria
or inhibiting this antioxidant pathway increases the
apoptosis rate of tumor cells [20]. In response to oxida-
tive stress, tumor cells can also transfer mitochondria
to stromal cells. Research indicates that T-ALL cells
transfer mitochondria to mesenchymal stem cells via
cell adhesion to reduce the oxidative stress produced by
chemotherapy, with few mitochondria being accepted
from mesenchymal stem cells [23]. This demonstrates
that the transfer of mitochondria between tumor cells
and stromal cells is often bidirectional.

Mitochondrial transfer promotes tumor resistance

to chemotherapy

Chemotherapy remains one of the most common
means of controlling and treating cancer clinically,
yet many cancers exhibit chemotherapy resistance
during clinical treatment [67, 68]. Interestingly, one
of the most common phenotypes gained by tumor
cells through mitochondrial transfer is chemotherapy

resistance. This phenotype was first observed in 2013
when MCEF-7 cancer cells, having acquired mito-
chondria from epithelial cells, gained resistance to
doxorubicin [18]. Studies suggest that mitochondrial
transfer may occur in response to chemical drugs pos-
ing a threat to tumor survival. For example, multiple
myeloma cells primarily metabolize through glycolysis
[69] and have been shown to be sensitive to glycolysis
inhibitors [70, 71]. However, it was found that multiple
myeloma cells could perform functional OXPHOS after
treatment with the glycolysis inhibitor ritonavir, and
mitochondria were transferred from BMSCs to multi-
ple myeloma cells when co-cultured together. Using a
CD38-targeting agent (which inhibits the formation of
TNTs) in combination with a glycolysis inhibitor led to
extensive apoptosis of malignant plasma cells. This sug-
gests that multiple myeloma cells resist chemical drugs
by plundering mitochondria from stromal cells [72, 73].
It has also been shown that multiple myeloma cells can
resist belamaf (a monoclonal antibody conjugated with
microtubule-disrupting agent monomethyl auristatin-
F (MMAF)) through this mechanism, thus avoiding
apoptosis [74].
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Fig. 4 Highly malignant tumor cells can transfer mitochondria to less malignant tumor cells. The transferred mitochondria increases

the proliferation and metastatic capabilities of the less malignant tumor cells. Moreover, mtDNA can also be transferred, which restores

the dysfunctional mitochondria in less malignant tumor cells, enabling them to regain respiratory function. In addition, tumor cells resistant
to chemotherapy transfer mitochondria to chemotherapy-sensitive tumor cells, making them resistant to chemotherapy

In ALL, mitochondrial transfer occurs more frequently,
and traditional chemotherapy drugs like AraC and DNR
always fail to completely eliminate tumor cells [75]. A
more thorough clearance of ALL cells was achieved by
using microtubule inhibitors (e.g., vincristine (VCR)) to
disrupt the formation of TNTs, which could hinder the
transfer of mitochondria from MSCs to ALL cells [15].
Under chemotherapy pressure, tumor cells can also trans-
fer mitochondria to stromal cells to avoid being killed [23].
Further research indicates that treating AML cells with
OXPHOS inhibitors rapidly induces both the transfer of
exogenous mitochondria from bone marrow (BM) stro-
mal cells to AML cells and the internal mitochondrial fis-
sion and mitophagy. This spontaneous enhancement of
mitochondrial quality and quantity in tumor cells plays a
crucial role in the compensatory adaptation of AML cells
to energy stress in the BM environment [76-78]. Mito-
chondrial transfer from mesenchymal stem cells through
metabolic rewiring also endows glioblastoma stem cells
with chemotherapy resistance [52, 79]. Additionally, chem-
otherapy-resistant triple-negative breast cancer (TNBC)
has been shown to transport mitochondria with mutant
genes (mtND4) to ordinary TNBC cells via EVs, thereby
conferring chemotherapy resistance [80]. The transfer of
mtDNA levels from EVs also acts as a carcinogenic signal,
promoting the exit of treatment-induced cancer stem-like

cells from dormancy and leading to endocrine therapy
resistance in OXPHOS-dependent breast cancer [81].
Mitochondrial transfer also occurs between tumor cells
and endothelial cells, a pathway that is preferred over the
formation between tumor cells and stromal cells, and also
modulates chemotherapy resistance in tumor cells [18].

Mitochondrial transfer promotes tumor immune escape

Mitochondrial transfer, as a significant biological phe-
nomenon, has recently been revealed to play a key role in
promoting tumor immune evasion, offering a new per-
spective on how tumors evade immune surveillance. Cell-
in-cell structures (CICs) is defined as the entry of living
cells of one type into another type of cell [82], and studies
have found that CICs between immune cells and tumor
cells are associated with the malignancy of many can-
cers. It has been shown that lung cancer cells form CICs
with infiltrating lymphocytes, and through these CICs,
mitochondria are transferred from lymphocytes to tumor
cells, promoting immune evasion by upregulating PD-L1
expression (Fig. 5). CICs also induce reprogramming of
glucose metabolism in lung cancer cells by upregulating
glucose intake and glycolytic enzymes, affecting the normal
energy metabolism of lymphocytes and weakening their
immune killing ability [17]. Further studies using emis-
sion scanning electron microscopy, fluorescently labeled
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Fig. 5 Mitochondrial transfer from CD8*T cells to tumor cells. A Tumor cells hijack mitochondria from immune cells to facilitate immune evasion.
Tumor cells can engulf T cells into their cytoplasm to form heterotypic cell-in-cell structures (CICs). The mitochondria from T cells entering tumor
cells can promote tumor cell proliferation through the AKT and MAPK signaling pathways and upregulate their glycolytic metabolism process. It can
also activate c-Myc to increase the expression of GLUT-1, thereby enhancing glucose uptake. Most importantly, by hijacking mitochondria from T
cells, tumor cells upregulate PD-L1 on the cell membrane. BT cells also transfer mitochondria to tumor cells through TNTSs, leading to a reduction

in their own OXPHOS levels, a decrease in anti-tumor immunity, and promoting tumor immune evasion

mitochondrial transfer tracking, and metabolic quantifica-
tion have directly demonstrated that mitochondrial trans-
fer from immune cells to cancer cells mediated by TNTs
metabolically enhances cancer cells and depletes immune
cells. Inhibiting the assembly mechanism of nanotubes can
significantly reduce mitochondrial transfer and prevent
immune cell exhaustion [16]. In the latest research, single-
cell RNA sequencing technology combined with mito-
chondrial-enabled reconstruction of cellular interactions
(MERCI) was used to track and quantify mitochondrial
traffic between cancer cells and T cells. The application of
MERCI to human cancer samples identified recurrent phe-
notypes associated with mitochondrial transfer, with char-
acteristic genes involved in cytoskeletal remodeling, energy
production, and the tumor necrosis factor-a (TNF-«) sign-
aling pathway [83], providing new insights for clinical can-
cer immunotherapy (Table 1).

Clinical application of mitochondrial
transplantation

With the revelation of intercellular mitochondrial trans-
fer, mitochondrial transplantation based on this phenom-
enon is gradually increasing across various medical fields.
Although mitochondrial transfer in the tumor microen-
vironment generally promotes tumor progression, intro-
ducing healthy mitochondria into cells exogenously can
produce the opposite effect. At present, the first step in
mitochondrial transplantation is to isolate functional
mitochondria from cells and tissues. Several methods for

mitochondrial transplantation in vitro already exist, with
incubation being the most basic method, which involves
co-culturing isolated mitochondria with recipient cells.
However, this basic method is limited by the endocy-
tosis capabilities of the recipient cells, so researchers
have employed various methods to improve efficiency
[85]. For example, MitoCeption mentioned before and
Mitopunch, which uses a pressure-driven device to intro-
duce isolated mitochondria into recipient cells lacking
mtDNA (Fig. 6) [86]. Mitochondrial transplantation for
oocytes can be done using autologous microinjection.
Other than methods for mitochondrial transplantation in
vitro, there are also methods for in vivo transplantation,
including direct injection, intravenous injection, or intra-
nasal injection [86].

Apoptosis induced by mitochondrial transplantation

Although mitochondrial transfer within the tumor
microenvironment generally accelerates tumor devel-
opment, introducing healthy mitochondria into cells
exogenously triggers the opposite effect. For instance,
implanting foreign mitochondria into tumor -cells
induces apoptosis in these cells. Researchers have
found that transplanting mitochondria into DU145,
PC3, or SKOV3 cancer cells, in combination with low-
dose chemotherapy, significantly increased apopto-
sis in these cells, enhancing the sensitivity of mice to
chemotherapy [87]. In tumor cells, the mitochondrial
apoptosis system is suppressed while the anti-apoptosis
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Table 1 Mitochondrial transfer in the tumor microenvironment
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Cells

Mechanism of
Mitochondrial Transfer

Mitochondrial Traffic

Functional Consequences in Recipient Cells

B16 p0 mouse metastatic
melanoma and 4T1 p0 mouse
metastatic breast cancer cells

Human MSCs and cancer cell lines

Human AML cell lines, umbilical CB
and MS-5 stromal cell line

Human mesothelioma and benign
mesothelial cell lines

Human 143B p0 osteosarcoma
cells and human WIJMSCs

Rat PC12 phaeochromocytoma
cells untreated + UV-damage

Endothelial » MSCs and human
ovarian and breast cancer cells

Human mitochondria-deficient
(p0) 143B p0 osteosarcoma cells
and MSCs

Human AML blasts and BMSCs,
healthy hematopoietic stem cells

Human highly malignant T24
urothelial carcinoma cells

and non-malignant RT4 urinary
papillary urothelial cells

Primary human multiple myeloma
cells and cell lines, BMSCs

Human MSCs and ALL cells

Human LSCC

Human MSCs, Jurkat cells
and T-ALL cells

Human TASCs and glioblastoma
cells

Human PC3 prostate cancer cells
and CAFs

MDA-MB-231 cells and hungry
MDA-MB-231 cells

Lung cancer cells and CD8+T cell
Cancer cells and endothelial cells
Cancer cells and platelet

Adipose stem cells and HEK293
PCa cells and CAFs

Chemotherapy-resistant TNBC cells
and TNBC cells

Melanoma cells and MSCs

Not clarified

TNTs

Endocytosis

TNTs

Not clarified

TNTs—MPs

TNTs

TNTs

TNTs

TNTs

TNTs

TNTs

TNTs
TNTs

TNTs, EVs and cannibalism

TNTs

EVs

Endocytosis (CICs)

TNTs

TNTs

TNTs
TNTs
TNTs

TNTs

Acquisition of mtDNA from the microenvironment

Bidirectional between MSCs and cancer cells
Unidirectional from stromal cells to AML cells

Bidirectional between malignant or between nor-
mal

Unidirectional from WJMSCs to 143B p0
Unidirectional from healthy to UV-damaged cells
Bidirectional (preference for endothelial to MSCs)

Unidirectional from MSCs to 143B p0

Unidirectional from BMSCs to AML blasts
but not to healthy hematopoietic stem cells

Unidirectional from malignant to nonmalignant
cells

Bidirectional
Unidirectional from MSCs to ALL cells

Not clarified

Bidirectional, but mostly from Jurkat cells to MSCs
and from T-ALL cells to MSCs

Unidirectional from TASCs to primary glioblastoma
cells

Unidirectional from CAFs to PC3

Unidirectional from MDA-MB-231 cells to hungry
MDA-MB-231 cells

Unidirectional from lymphocyte to Lung cancer
cells

Bidirectional between endothelial cells and cancer
cells

Unidirectional from platelet to cancer cells

Unidirectional from Adipose stem cells to HEK293
Unidirectional from CAFs to PCa cells

Unidirectional from Chemotherapy-resistant TNBC
cells to TNBC cells

Unidirectional from MSCs to Melanoma cells

Respiratory function was restored and tumori-
genicity enhanced [48]

Increased OXPHOS as well as enhanced invasion
[42]

Increased AML cells OXPHOS as well as chemo-
therapy resistance [76]

Increased invasion [21]

Respiratory function was restored [47]

Rescued of UV-damaged from apoptosis [66]
Chemotherapy resistance [18]

Restoration of mitochondrial functions [45]

Promoted AML blasts proliferation [50]

Enhanced non-malignant cell invasiveness [12]

Increased proliferation and chemotherapy resist-
ance multiple myeloma cells [73]

Chemoprotection from ROS-induced therapy
[15]

No documented consequences [84]
Chemoresistance of Jurkat and T-ALL cells [23]

Chemoresistance, Radiotherapy
resistance,increased proliferation in glioblastoma
cells [52]

Increased migratory and metastatic abilities
of prostate cancer cells [14]

Increased invasiveness and metastasis [13]
Increased proliferation and immune escape [17]
Increased Chemotherapy resistance [18]
Promoted metastasis and reduced oxidative
stress [20]

Enhanced tumorigenicity [53]

Increased invasiveness and metastasis [58]
Increased Chemotherapy resistance [80]

Increased proliferation [56]

system is activated, preventing tumor cells from under-
going apoptosis [88]. However, multiple studies on
mitochondrial transplantation have found that after
the transplant, the mitochondrial apoptosis pathway
in tumor cells is reactivated, also enhancing the sensi-
tivity of corresponding tumors to chemotherapy [87-
90]. The transplantation of healthy mitochondria into

cancer cells can induce apoptosis based on the produc-
tion of ROS [91]. This is because different types of can-
cer have different needs for ROS, and even within the
same tumor type, the need for ROS varies at different
stages [92]. Therefore, both an increase or a decrease
in ROS may activate the apoptotic signaling pathways.
Changes in ROS prompt mitochondrial pores to release
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Fig. 6 The process of mitochondrial transplantation. The process of mitochondrial transplantation involves the isolation of healthy mitochondria
from cells or tissues. In vitro mitochondrial transplantation usually co-incubates the isolated mitochondria with recipient cells, and techniques such
as Mitoception or Mitopunch are used to increase efficiency. In vivo mitochondrial transplantation can be directly administered through in situ

injection, intravenous injection, or intranasal injection

cytochrome C (cytC), thereby activating apoptotic pro-
tease activating factor 1 (Apafl) to induce the forma-
tion of the apoptosome, which then activates Caspase
9 and Caspase 3, triggering apoptosis [91] (Fig. 7). By
co-culturing HuCCT1 cells and mitochondria isolated
from 143Bp0 cells, it was found that mitochondrial
transplantation promoted apoptosis in cholangiocar-
cinoma (CCA) cells, thereby inhibiting CCA cell pro-
liferation. This process relied on the phosphatase and
tensin homolog (PTEN)/Phosphoinositide 3-Kinase
(PI3K)/AKT signaling pathway, where the production
of ROS and mtROS significantly decreased in CCA
cells after transplantation from 143Bp0 cells, and PTEN
expression was activated. As PTEN is a negative regula-
tor of PI3K, it inhibits the expression of PI3K and its
downstream molecule AKT [93]. The PI3K/AKT signal-
ing pathway itself inhibits apoptosis, so with the down-
regulation of PI3K and AKT, the inhibition of apoptosis
is weakened, thus increasing apoptosis in cancer cells
and achieving a tumor-suppressive effect [94]. In exper-
iments on mitochondrial transplantation in hepatocel-
lular carcinoma, healthy mitochondria were found to
inhibit tumor cells from undergoing glycolysis, pro-
moted dephosphorylation of p-Bad, downregulated the
expression of Bcl-2, increased Bax, and finally induced
tumor cell apoptosis in a Caspase-dependent man-
ner [95]. Under the mediation of Pep-1, transporting
mitochondria to MCF-7 breast cancer cells decreased
the viability of MCF-7 cells and induced caspase-inde-
pendent and apoptosis-inducing factor (AIF)-mediated
cell death [96], proving that mitochondrial transplanta-
tion can also induce other forms of cell death besides

apoptosis. Under the stimulation of mitochondrial
transplantation, the permeability of outer mitochon-
drial membrane changes [97]. At this time, AIF is
released from mitochondria into the cytosol and then
transported into the cell nucleus, promoting chroma-
tin condensation and DNA degradation in a caspase-
independent manner, causing a form of death known as
parthanatos [98]. Moreover, in melanoma mouse mod-
els, it was found that the tumor-suppressive effect pro-
duced by importing healthy mitochondria from female
sources was stronger than that from male sources [88],
potentially indicating the greater therapeutic value of
female mitochondria over male mitochondria in treat-
ing melanoma.

Necroptosis induced by mitochondrial transplantation

Mitochondrial transplantation, in addition to inducing
cancer cell apoptosis, can also lead to necroptosis under
certain conditions. When the transplanted mitochondria
increase ROS within cancer cells, the excess ROS stimu-
lates the release of TNF-a, which then activates its corre-
sponding receptors, triggering the recruitment of related
proteins to the cell membrane [91]. These proteins
include receptor-interacting protein kinase 1 (RIPK1),
TNFR-associated death domain (TRADD), TNFR-asso-
ciated factor 2 (TRAF2), TRAF5, cellular inhibitor of
apoptosis 1 (cIAP1), cIAP2, and linear ubiquitin chain
assembly complex (LUBAC). These proteins form com-
plex I, from which TRADD and RIPK1 dissociate and
undergo different processes to form two types of com-
plex II, with complex Ila composed of FADD, TRADD,
RIPK1, and caspase 8. In complex Ila, when the levels of
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RIPK3 and mixed lineage kinase domain-like (MLKL) are
sufficient and caspase 8 is inactivated, RIPK3 is recruited
[99]. Recruited RIPK3, RIPK1, and MLKL proteins form
the necrosome [100], after which MLKL forms pores in
the cell membrane, ultimately leading to cell necroptosis
[91]. It is noteworthy that the appearance of caspase 8 in
the process of necrosis means that this signaling path-
way can simultaneously induce apoptosis. This is closely
related to the intracellular ATP content; high ATP levels
convert the cell fate towards apoptosis, while necropto-
sis, which occurs without ATP, is more likely to happen
in a low ATP cellular environment [91]. Therefore, the
therapeutic effect of mitochondrial transplantation in
cancer cells may not only solely rely on apoptosis but also
be associated with necroptosis and parthanatos.

Blocking mitochondrial transfer with drugs

Although mitochondrial transplantation can exert
a tumor-suppressing effect, a lot of work is needed
before it can be practically applied in humans. Firstly, it

concerns how to ensure that mitochondria overcome the
assault of the high calcium environment outside the cell
during transportation within the body [101], so as to tar-
get tumor tissues, and achieve an effective concentration
that inhibits tumor growth within tumor cells. Secondly,
whether different types of tumors can be treated with the
same type of mitochondrial transplantation, or whether
mitochondria transplanted to different types of tumors
need to have relevant specificity [102]. In addition, if
we want to apply this widely in clinical trials, effectively
preserving mitochondria from degradation is also a chal-
lenge that must be overcome. Lastly, the safety issues of
mitochondrial transplantation remain to be resolved; we
still need more research to confirm the safety and feasi-
bility of this treatment method.

Although the application of mitochondrial transplanta-
tion is currently limited, however, this does not mean we
can not draw inspiration from mitochondrial transfer. As
mentioned earlier, spontaneous mitochondrial transfer
mostly promotes tumor development. Thus, designing
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drugs to reverse the transfer of mitochondria between
tumor cells and their microenvironment could be a strat-
egy to inhibit tumors [16]. Intercellular mitochondrial
transfer is mediated by TN'Ts, extracellular vesicles, and
gap junctions [103]. Inhibitors targeting gap junctions
include 18-a-glycyrrhetinic acid, and for inhibiting vesic-
ular endocytosis, dynasore, a dynamin inhibitor, can be
used [23]. However, TNTs are the most common route
for mitochondrial transfer [83], so blocking TNTs might
be an effective therapeutic strategy. Taxanes and vinca
alkaloids can inhibit mitochondrial transfer by prevent-
ing microtubule polymerization [34]. Additionally, actin
polymerization inhibitors such as cytochalasin B (CytoB)
[104], CytoD [23], and metformin also inhibit the for-
mation of TNTs, thereby reducing mitochondrial trans-
fer. In the experiment where tumor cells deprive T cells
of mitochondria, researchers found that L-778,123 (an
inhibitor of farnesyltransferase and geranylgeranyl trans-
ferase I) could inhibit the formation of nanotubes and
mitochondrial transfer at non-cytotoxic concentrations
[16]. Inhibiting nanotubes, which mediate tumor cells
hijacking mitochondria of immune cells, is a new mecha-
nism for tumor immune evasion. Therefore, using inhibi-
tors of nanotubes to prevent tumor cells from hijacking
T cell mitochondria can prevent immune cell exhaustion
[16], which is crucial for restoring anti-tumor immu-
nity. M-sec also serves as a therapeutic target. Inhibiting
M-sec blocks the formation of TNTs [105]. Due to the
lack of specific TNT markers, the inhibitors mentioned
earlier, including L-778,123 and cytochalasins, only par-
tially prohibit the formation of TNTs and have limited
ability to inhibit tumor growth [83]. Future research
should focus on specific inhibitors of TNTs as targets.

Mitochondrial retransfusion promotes anti-tumor
immunity

Chimeric antigen receptor (CAR) T-cell therapy rep-
resents a groundbreaking innovation in immune cell
therapy, offering a personalized cancer immunother-
apy approach. By modifying patients’ T cells to express
CARs—composed of antibodies and T cell recep-
tors—on their surface, these cells can recognize tumor-
associated antigens (TAAs) in an MHC-independent
manner, thereby inducing the identification and destruc-
tion of tumor cells [106, 107]. While CAR-T cell therapy
has shown good efficacy in treating hematological tumors,
its effectiveness against solid tumors has been less sat-
isfactory [108, 109]. Moreover, treatment failures have
also been observed in some patients with hematological
malignancies following CAR-T cell therapy [110]. A major
limiting factor in the therapeutic efficacy of CAR-T cell
therapy is the early exhaustion of T cells, characterized by
impaired mitochondrial function and dynamics [109].
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T cells, as crucial players in the anti-tumor immune
response, rely on their mitochondrial activity at various
stages when generating an immune response. From T
cell polarization and migration, the formation of immune
synapses, to T cell activation, proliferation, and differ-
entiation, mitochondria play an essential and diverse
role. Mitochondria are not only producers of ATP but
also participate in calcium homeostasis regulation, lipid
synthesis, and cell apoptosis, and other processes [111].
Therefore, targeting mitochondria could be a strategy
to avoid T cell exhaustion in CAR-T cell therapy. Mito-
chondrial transplantation increases the mitochondrial
content in T cells, further enhancing T cell function. By
serving as a positive regulator, "supercharging” T cells
with mitochondria makes them more effective at attack-
ing tumor cells [110]. Research has already demonstrated
the feasibility of transplanting mitochondria from human
dermal fibroblasts (NHDF Neo) to human Jurkat cells
(immortalized T cells) [102]. Furthermore, researchers
have transferred prepared Q-mitochondria into CAR-T
cells. The results demonstrated that this led to improved
metabolic adaptability, enhanced proliferation capacity
and cytokine production ability, and strengthened anti-
tumor capability in CAR-T cells [110], potentially boost-
ing the therapeutic effects of CAR-T treatment. These
findings suggest that mitochondrial transplantation has
the potential to complement CAR-T cell therapy and can
be combined with other pharmacological methods to
further enhance the effectiveness of CAR-T cell therapy.

Conclusions

In modern oncology research, there is a pressing need to
deepen our understanding on tumor metabolic repro-
gramming and the mechanisms behind mitochondrial
transfer. This interest is not just about unraveling the fun-
damental mechanisms of tumor cell survival and prolifer-
ation; it also refers to the complexity of immunotherapy
strategies and the challenges they face. Through meta-
bolic reprogramming, tumor cells exhibit adaptability to
internal and external environmental stresses, a capabil-
ity that is particularly evident in their interactions with
surrounding cells, especially during the process of mito-
chonderial transfer. This phenomenon not only adds com-
plexity to the tumor metabolic network but also reveals
the intricate interplay between the tumor and its micro-
environment. Understanding this interplay is crucial
for grasping how tumors survive and proliferate under
adverse conditions.

Utilizing nanotechnology and single-cell analysis, sci-
entists can now explore these biological processes with
unprecedented precision, deepening our understand-
ing on tumor cell metabolic pathways. This progress not
only facilitates the study of intercellular interactions and
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communication mechanisms but also inspires the devel-
opment of new therapeutic approaches. However, despite
the new research directions opened by these technolo-
gies, our understanding of the molecular mechanisms
behind mitochondrial transfer, particularly how they
exhibit uniqueness across different tissues and cell types,
remains limited. If the specific molecular mechanisms by
which mitochondrial transfer promotes tumor develop-
ment, including proliferation, invasion and metastasis,
chemotherapy resistance, immune evasion and so on,
could be clarified, it would provide numerous targets for
drug research. Further research in this area will be key to
achieving more personalized and precise cancer treat-
ment strategies.

Mitochondrial transplantation therapy for tumor is
still in the experimental stage, although showing poten-
tial therapeutic effects in animal models, yet it has not
progressed to clinical use. The transition from labora-
tory research to clinical application presents multiple
challenges, such as safety concerns, the targeting of
mitochondria to tumor cells, and preservation issues.
Future research must overcome these hurdles to suc-
cessfully translate these findings into clinical benefits for
cancer patients. Meanwhile, current research is focusing
on how to block the pathways of mitochondrial trans-
fer between tumor cells. The preliminary success of this
strategy gives us hope, suggesting that by intervening
in the metabolic interactions of tumor cells, we might
develop new therapeutic approaches to inhibit tumor
growth and spread.

The application of mitochondrial transfer in immuno-
therapy, especially in CAR-T cell therapy, has begun to
show its unique advantages. By enhancing the metabolic
capacity of T cells, mitochondrial transplantation not
only increases the activity of CAR-T cells against tumors
but also helps these cells survive in the inhibitory tumor
microenvironment, thereby improving the effectiveness of
the treatment. This progress not only brings new hope to
the field of immunotherapy but also further emphasizes
the importance of understanding and utilizing the meta-
bolic checkpoints of tumor cells in cancer treatment.

Moreover, existing research has also demonstrated that
transferring mitochondria into tumor cells artificially can
promote tumor growth, a finding that seems contradic-
tory to other studies where mitochondrial transplantation
was shown to suppress tumor development. This raises
the question: whether mitochondrial transplantation
possesses a dual nature, or whether it only suppresses
tumor growth under specific conditions? Additionally,
the concentration of transferred mitochondria appears to
influence the extent of tumor promotion. This relation-
ship is not straightforwardly proportional; rather, it is
when mitochondria are at moderate concentrations that
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tumor growth is most significantly enhanced. Could this
imply that excessively high concentrations of mitochon-
dria might inhibit tumor cells? These are crucial ques-
tions that merit further investigation