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A B S T R A C T

Mitochondria are more than mere energy generators; they are multifaceted organelles that integrate metabolic, 
signalling, and immune functions, making them indispensable players in maintaining cellular and systemic 
health. Mitochondrial transfer has recently garnered attention due to its potential role in several physiological 
and pathological processes. This process involves multiple mechanisms by which mitochondria, along with 
mitochondrial DNA and other components, are exchanged between cells. In this review, we examine the critical 
roles of mitochondrial transfer in health and disease, focusing on its impact on immune cell function, the res
olution of inflammation, tissue repair, and regeneration. Additionally, we explore its implications in viral in
fections and cancer progression. We also provide insights into emerging therapeutic applications, emphasizing its 
potential to address unmet clinical needs.

1. Overview of mitochondrial transfer and its mechanisms

Mitochondria, traditionally considered the powerhouses of the cell, 
are now recognised as fundamental players in cellular signalling [1], 
metabolism [2], and immune responses [3]. Indeed, mitochondria are 
key elements of several cell signalling cascades where GTPases, kinases, 
and phosphatases have a role in reciprocal interaction between the 
mitochondrial reticulum and the other components of the cell [4].

Mitochondrial dysfunction refers to a broad range of conditions 
characterised by impaired mitochondrial function that can arise from 
genetic mutations, environmental factors, or a combination of both 
[5–7]. Mitochondrial dysfunction has been implicated in various dis
eases, including neurodegenerative diseases, cardiovascular diseases, 
metabolic disorders, musculoskeletal disorders, liver diseases, 
ophthalmic disorders, renal disorders, and cancer [8,9].

Mitochondria and their constituent parts are mobile within cells, but 
they can also exist outside of the original cells [10]. Mitochondrial 
transfer, also known as mitochondrial trafficking or exchange, has 
recently garnered attention due to its potential role in various physio
logical and pathological processes [11–14]. The first observation of 
mitochondrial transfer occurred in 2006 in cell cultures, where adeno
carcinoma (A549) cells lacking mitochondrial DNA (mtDNA) (ρ0 cells) 

were able to restore their mitochondrial respiration and regain the 
ability to proliferate when co-cultured with bone marrow stem cells 
(BMSCs) containing intact mtDNA [15].

Nowadays, numerous studies have explored mitochondrial transfer 
by tracking fluorescently labelled mitochondria and performing mtDNA 
sequencing, advancing our understanding of mitochondrial transfer 
mechanisms. These mechanisms include direct cell-to-cell transfer be
tween neighbouring cells through physical contact or via tunnelling 
nanotubes (TNTs); release and uptake of mitochondrial vesicles, i.e., 
through endocytosis or phagocytosis; extracellular vesicle (EV)-medi
ated transfer, such as exosomes and microvesicles (MVs); mitochondrial 
protrusions and filaments; and cell fusion, as observed during develop
ment or in pathological conditions like cancer [10,13,16–18]. These 
mechanisms of mitochondrial transfer enable the exchange of functional 
mitochondria, mtDNA, and other mitochondrial components between 
cells, contributing to cellular homeostasis, repair processes, and the 
regulation of various physiological functions.

In this review, we explore the diverse implications of mitochondrial 
transfer in health and disease. Specifically, we discuss its role in shaping 
immune cell function (Section 2), as well as its involvement in inflam
mation resolution, tissue repair, and regeneration (Section 3). Further
more, we examine how mitochondrial transfer influences viral 
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infections (Section 4) and cancer progression (Section 5). Finally, we 
provide insights into future perspectives and potential therapeutic ap
plications of mitochondrial transfer (Section 6), highlighting its 
emerging relevance as a target for biomedical interventions.

2. Effect of mitochondrial transfer on immune cells function

The mammalian immune system engages in continuous surveillance 
of bodily tissues, identifying and eliminating pathogens to preserve 
tissue integrity and support overall homeostasis. Macrophages, dendritic 
cells (DCs), neutrophils, B and T cells rely heavily on mitochondrial 
function to execute their roles effectively [17,19]. The intricate rela
tionship between mitochondrial function and immune cell activity is an 
emerging area of research with profound implications. Understanding 
how mitochondrial dynamics influence immune responses opens 
exciting possibilities for novel therapeutic interventions aimed at 
modulating immune function by targeting mitochondrial health. For 
instance, a study investigated how macrophages adapt their mitochon
drial electron transport chain (ETC) in response to the detection of live 
bacteria. The authors demonstrated that the detection of live bacteria by 
macrophages transiently decreases the assembly of ETC complex I (CI) 
and CI-containing supercomplexes and switches the relative contribu
tions of CI and CII to mitochondrial respiration [20]. This highlights the 
remarkable plasticity of immune cell mitochondria and suggests that 
fine-tuning mitochondrial activity could be a strategic approach to 
enhance or suppress immune responses in a disease-specific manner.

The shape and function of mitochondria in Th17 cells have been 
suggested to play a crucial role in autoimmune and inflammatory dis
orders like multiple sclerosis. For instance, Baixauli et al. [21] showed 
that optic atrophy 1 (OPA1) is essential for maintaining mitochondrial 
structure and function in Th17 cells. Deletion of OPA1 disrupts the 
tricarboxylic acid cycle, leading to metabolic and epigenetic changes 
that impair Th17 cell function. The study also highlights that the kinase 
LKB1 senses mitochondrial dysfunction and regulates cytokine expres
sion, with the deletion of LKB1 restoring IL-17 production in 
OPA1-deficient cells, indicating its role in linking mitochondrial health 
to immune responses. These findings underscore the potential of tar
geting mitochondrial dynamics in immune cells as a novel therapeutic 
strategy for inflammatory and autoimmune diseases.

By preserving or restoring mitochondrial integrity, it may be possible 
to modulate immune responses and prevent disease progression. Also, 
the metabolic state of B cells, regulated by mitochondrial function, af
fects their ability to differentiate into plasma cells and memory B cells. 
Efficient mitochondrial activity supports the energy demands of rapidly 
dividing B cells during differentiation and influences gene expression 
related to B cell activation and antibody production [22]. This further 
reinforces the idea that mitochondrial health is a critical determinant of 
immune function. Indeed, mitochondrial dysfunction has been impli
cated in immune exhaustion. Harnessing this knowledge could lead to 
groundbreaking approaches for immunomodulation, offering new ave
nues for treating chronic infections, autoimmune diseases, and even 
cancer.

2.1. Mitochondrial transfer and innate immune cells

Innate immune cells, including macrophages, neutrophils, and DCs, 
play a crucial role in the first line of defence against infections and tissue 
damage. Recent evidence suggests that intercellular mitochondrial 
transfer may represent an additional layer of immune regulation, where 
healthy cells can donate functional mitochondria to support immune 
cells under metabolic stress. Interestingly, the initial increase in mito
chondrial mass that occurs in haemopoietic stem cells (HSCs) during 
bacterial infection is the consequence of mitochondrial trafficking from 
bone marrow mesenchymal stem cells (BMSCs) to HSCs via a reactive 
oxygen species (ROS)-dependent pathway [23]. This finding highlights a 
previously unrecognized mechanism, representing a significant 

breakthrough. This study provides evidence that mitochondrial transfer 
is not just a passive process but an active immune adaptation mechanism 
during infections. These finding challenges traditional views of immune 
activation, positioning mitochondrial exchange as a key regulator of 
haematopoiesis and immune system priming.

Macrophages serve as dynamic hubs of mitochondrial exchange, 
actively receiving and donating mitochondria to surrounding cells [24]. 
The bidirectional exchange of mitochondria by macrophages un
derscores their central role not only as immune effectors but also as 
metabolic regulators, capable of influencing the fate and function of 
neighbouring cells. As mitochondria-receiving cells, macrophages help 
neighbouring cells by acting as damaged mitochondria destroyers in a 
process known as transcellular mitophagy, or transmitophagy, by which 
mitochondria are transferred between cells and subsequently targeted 
for degradation via autophagy machinery [25]. The degree of trans
mitophagy within macrophages influences macrophage polarisation and 
function, which suggests that mitophagy (Box 1) may influence recipient 
macrophages as well as donor cells in regulating tissue homeostasis 
[24].

This is the case of cardiomyocytes/cardiac-resident macrophages 
[26] and BMSCs/macrophages [8]. Also, mitochondrial transfer from 
adipocytes to macrophages is crucial for maintaining metabolic white 
and brown adipose tissue homeostasis and is disrupted in obese mice 
[27]. Interestingly, when a macrophage itself has impaired mitochon
drial function, it can take up exogenous, cell-free mitochondria to 
restore its metabolic capacity [28]. By acquiring mitochondria from 
other sources, macrophages overcome metabolic crises, maintain their 
energy levels, and continue functioning effectively, highlighting a novel 
mechanism of cellular adaptation in response to metabolic challenges 
[28]. This remarkable ability positions macrophages as highly adaptable 
immune cells that can recover from metabolic distress through mito
chondrial acquisition, further reinforcing the therapeutic potential of 
mitochondrial transfer in immune modulation.

On the other side, macrophages can transfer mitochondria to the 
surrounding cells. It was demonstrated that in sepsis, pyroptotic mac
rophages released microvesicles play a significant role in exacerbating 
immune responses. These MVs carry mitochondria that express the N- 
terminal fragment of gasdermin D (GSDMD-N), a critical component in 
pyroptosis, which then promotes the formation of neutrophil extracel
lular traps. Specifically, the transfer of GSDMD-N-positive mitochondria 
activates the mitochondrial reactive oxygen species (mtROS) pathway, 
which, in combination with GSDMD, triggers the mtROS/GSDMD sig
nalling axis. This pathway contributes to widespread inflammatory re
sponses, leading to systemic issues like organ dysfunction and increased 
blood coagulation, both characteristic of severe sepsis [29]. While the 
ability of macrophages to serve as both donors and recipients of mito
chondria highlights their exceptional plasticity, it remains unclear what 
signals govern this bidirectional exchange and how these dynamics are 
influenced by the tissue microenvironment or disease states.

Shifting the focus to the central nervous system (CNS), the work of 
Chakraborty et al. on mitochondrial transfer from microglia to neurons 
represents a major paradigm shift. The authors reported for the first time 
the presence of functional TNTs between neuronal and microglial cell 
lines that enable movement of mitochondria and α-synuclein aggregates 
between these cells in both a uni- and bi-directional manner [30]. 
Traditionally, microglia were viewed mainly as immune sentinels of the 
CNS. The discovery that they actively donate mitochondria to sustain 
neuronal function and mitigate oxidative stress in neurodegenerative 
diseases introduces an exciting neuroprotective role. This suggests po
tential therapeutic avenues for delaying the progression of Alzheimer’s, 
Parkinson’s, and Huntington’s disease through targeted enhancement of 
mitochondrial transfer.

Also, Scheiblich et al. reported that microglial cells can mitigate 
α-synuclein- or tau-induced oxidative stress by transferring healthy 
mitochondria to dysfunctional neurones, thereby restoring mitochon
drial function. Using in vitro co-culture models, the authors prove that 
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the mitochondrial transfer occurs through TNTs formation and results in 
improved neuronal bioenergetics [31]. This discovery reinforces the 
idea that modulating mitochondrial transfer could be a novel thera
peutic avenue for restoring neuronal function and delaying neurode
generative processes. This finding highlights a crucial role for microglia 
as active participants in neuronal maintenance and repair, extending 
beyond their traditional functions in immune surveillance and neuro
inflammation. By donating functional mitochondria, microglia can help 
sustain neuronal metabolism, restore bioenergetic balance, and coun
teract oxidative damage, key factors in preventing neurodegeneration. 
Given that mitochondrial dysfunction is a central driver of neuronal loss 
in these disorders, microglial-mediated mitochondrial transfer repre
sents a promising neuroprotective strategy. Understanding the mecha
nisms that regulate this process could pave the way for novel therapeutic 
approaches aimed at enhancing microglial support to neurons, ulti
mately promoting brain resilience and delaying the progression of 
neurodegenerative diseases.

Similarly, astrocytes have also been found to transfer mitochondria 
to microglia through TNTs, or EVs [43]. This transfer supports the en
ergy needs of microglia and enhances their ability to respond to neu
roinflammation and injury. Astrocytes can also release functional 
mitochondria that are taken up by neurons. This transfer, mediated by a 
calcium-dependent mechanism involving CD38 signalling, enhances 
neuronal survival after stroke. Disruption of CD38 signalling reduces 
this mitochondrial transfer and worsens outcomes, highlighting a new 
mechanism of neuroglial communication that may contribute to brain 
recovery after injury [44]. Additionally, the work of Guo et al. linking 
zinc to the regulation of mitochondrial transfer via Sirtuin (SIRT) 3 and 
mitofusin 2 (Mfn2) is particularly innovative [32]. It suggests that 
micronutrients play a previously unrecognized role in enhancing inter
cellular mitochondrial exchange. This opens new perspectives for di
etary or pharmacological interventions to boost mitochondrial transfer 
to support neuronal survival after injury.

2.2. Mitochondrial transfer and adaptive immune cells

Mitochondrial transfer also plays a pivotal role in adaptive immu
nity, particularly in modulating T and B cell function. Metabolic 
reprogramming is essential for T cell activation, differentiation, and 
memory formation. Similarly, mitochondrial transfer has been impli
cated in the regulation of B cell function, influencing antibody produc
tion and immune responses. Noteworthy, mitochondrial exchange 
between mesenchimal stem cells (MSCs) and lymphocytes is more 
prevalent in CD4+ T cells than in CD8+ T cells or CD19+ B cells. In 
addition to its role in immune cell activation and differentiation, mito
chondrial transfer has been shown to influence specific pathways that 
enhance immune tolerance and resilience. For instance, recipient CD4+
T-cells undergo cellular reprogramming, where enhanced expression of 
mRNA transcripts involved in T-cell activation and T regulatory cell 
differentiation (including FOXP3, IL2RA, CTLA4, and TGFβ1) results in 
an increase in highly suppressive CD25+FoxP3+ cells [33]. This high
lights a novel mechanism by which mitochondrial transfer from MSCs 

can actively promote immune tolerance. Building on this discovery, 
further investigations have demonstrated that mitochondrial transfer 
not only influences T cell differentiation but also significantly impacts 
the host survival. Indeed, the authors demonstrate that T cells that 
received MSCs-derived mitochondria using a technique named Mito
Ception [34] transplanted in a human xenogeneic mouse model of graft 
versus host disease displayed a significant improvement in mice’s sur
vival rate compared with controls [33]. These results highlight the 
therapeutic potential of mitochondrial transfer in immune modulation, 
particularly in conditions where immune tolerance and cell survival are 
critical, such as graft-versus-host disease.

Later, the same research group proved that transferring active and 
functional mitochondria from umbilical cord-derived mesenchymal 
stem cells (UC-MSCs) alters the expression of several mRNA transcripts 
in T cells, affecting pathways related to immune response, cell survival, 
and apoptosis [35]. This further expands our understanding of how 
mitochondrial transfer directly impacts T cell function at the molecular 
level, shaping their ability to respond to stress and maintain immune 
homeostasis. Specifically, genes such as PLD1, BARD1, TNFR2, and 
DUSP1, showed changes in expression following mitochondrial uptake. 
This mitochondrial acquisition also enhanced the resilience of CD3+ T 
cells against apoptosis, as demonstrated by increased resistance to 
staurosporine-induced apoptosis in T cells that received 
UC-MSC-derived mitochondria. These findings underscore the 
far-reaching impact of mitochondrial acquisition on immune cell fate, as 
these genetic alterations not only enhance metabolic resilience but also 
influence survival mechanisms critical for immune homeostasis and 
response to stress.

Additionally, Hough et al. [36] demonstrate that mitochondria 
contained within myeloid-derived regulatory cells (MDRC)-derived EVs 
can independently activate CD4+ T cells, bypassing the requirement for 
traditional cell-to-cell contact and signalling interactions. This finding 
suggests that mitochondrial transfer via EVs provides a unique mode of 
MDRC-T cell communication, occurring both in vitro and in vivo. This 
interaction stands at the intersection of bioenergetics and immune cell 
function, where the mitochondria transferred by EVs may supply T cells 
with not only energy but also signalling molecules that promote acti
vation in an unconventional way. By bypassing traditional signalling 
mechanisms, this pathway introduces an innovative perspective on how 
mitochondria can serve as both energy suppliers and regulators of im
mune activation.

Recent findings have revealed that mitochondrial transfer is also 
involved in enhancing cytotoxic T cell function, with BMSCs shown to 
donate mitochondria to CD8+ T cells through nanotubular connections. 
Baldwin et al. discovered that CD8+ T cells that received donated 
mitochondria exhibited increased mitochondrial respiration and spare 
respiratory capacity [37]. These findings reveal a previously unrecog
nized mechanism by which mitochondrial donation enhances the 
metabolic fitness of cytotoxic T cells, a factor that could be exploited to 
improve T cell persistence and efficacy in cancer immunotherapy and 
chronic infections.

Beyond immune cells, platelets also contribute to mitochondrial 

Box 1 
Mitophagy in Immunology.

Mitophagy is a specialised form of autophagy responsible for the selective degradation of mitochondria playing a crucial role in cellular quality control and homeostasis. Mitophagy 
ensures the removal of damaged mitochondria thereby supporting cellular energy metabolism and preventing oxidative damage. Mitophagy is critical for immune cell function and 
the regulation of immune responses. Mitophagy is thus integral to immune system regulation preventing unwanted immune activation and contributing to the resolution of 
inflammation. Key aspects include: 

1) Immune cell function: essential for the maintenance of mitochondrial health in immune cells, supporting their energy demands and proper function.
2) Inflammation: modulates inflammation by removing damaged mitochondria, thereby reducing the release of pro-inflammatory mitochondrial DNA (mtDNA) and reactive oxygen 

species (ROS).
3) Pathogen response: plays a role in the immune response to pathogens by eliminating mitochondria damaged during infection, helping to prevent excessive inflammation and tissue 

damage.
4) Antigen presentation: influences the processing and presentation of antigens, impacting the activation of adaptive immune responses.
5) Autoimmune diseases: dysregulated mitophagy is linked to autoimmune diseases such as systemic lupus erythematosus (SLE), where the accumulation of mtDNA can trigger 

immune responses.
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transfer, adding a layer of complexity to how mitochondria influence 
both immune activation and tissue repair. In fact, upon degranulation, 
platelets can release mitochondria in the extracellular space as EVs or 
free functional mitochondria (freeMitos). These platelet-derived mito
chondria can bind to the surface of neutrophils, driving an antimicrobial 
inflammatory response [38,39]. Moreover, it was shown that 
platelet-derived mitochondria are captured by subendothelial MSCs, 
leading to the secretion of proangiogenic factors into the vessel micro
environment to promote a wound-healing response [40]. This suggests 
that platelet-derived mitochondria may serve a dual role in both im
mune activation and tissue regeneration.

3. Mitochondrial transfer and inflammation resolution, tissue 
repair, and regeneration

Mitochondria play a central role in regulating innate immunity and 
inflammation, serving as key platforms for immune signalling. They are 
directly involved in controlling several inflammatory pathways, 
including the generation of ROS and the activation of inflammasomes, 
highlighting their critical function in immune responses [41]. Mito
chondrial dysfunction can lead to the release of damage-associated 
molecular patterns (DAMPs) into the cytosol or extracellular milieu, 
including mtDNA and mitochondrial proteins, lipids, and metabolites, 
which activate innate immune responses and contribute to the onset of 
severe chronic inflammatory diseases [10,42–44]. In addition, intact 
mitochondria released have the potential to function as danger signals 
by stimulating immune cells and triggering an inflammatory response. 
Beyond their well-established phagocytic function, macrophages have 
been recently identified as key players in the active resolution of in
flammatory pain [45]. During the resolution of inflammatory pain in 
mice, M2-like macrophages were found to infiltrate the dorsal root 
ganglia, which contain the sensory neuron cell bodies. This is accom
panied by the recovery of oxidative phosphorylation (OXPHOS) in the 
latter. Specifically, in this work the authors discovered that macro
phages actively transfer mitochondria to the sensory neurones to resolve 
the pain. This mitochondrial transfer requires the expression of the 
CD200 receptor (CD200R) on macrophages and the non-canonical 
CD200R ligand iSec1 on the sensory neurones.

Mitochondrial transfer has also been implicated in tissue repair and 
regeneration processes. By transferring functional mitochondria to 
damaged cells, neighbouring healthy cells can support the recovery of 
injured tissues, promoting resolution of inflammation and restoration of 
homeostasis [46]. For instance, BMSCs-to-alveolar epithelial cells 
mitochondrial transfer protect mice against lipopolysaccharide 
(LPS)-induced acute lung injury by restoring alveolar bioenergetics 
[47]. MSC mitochondrial transfer supports lung repair in the respiratory 
system, alleviates cardiomyopathy symptoms in the circulatory system, 
and alleviates neurological disease symptoms, such as Alzheimer’s dis
ease, by increasing mitochondrial membrane potential, recovering aer
obic respiration, reducing apoptosis, or reducing inflammation [46]. 
Thus, mitochondrial transfer represents a promising therapeutic strat
egy in regenerative medicine, offering specific, non-invasive treatment 
options that enhance cellular function and tissue repair [48].

Noteworthy, the immune-modulatory role of extracellular mito
chondria in immune cells intriguingly mirrors the degree of primary cell 
activation [10]. Indeed, it is crucial to consider the metabolic state of 
donor cells when evaluating the effects of mitochondrial transfer, as the 
process may not always be beneficial. If donor mitochondria are 
dysfunctional or carry pro-inflammatory signals, their transfer can have 
detrimental consequences for recipient cells, potentially exacerbating 
cellular stress and contributing to disease progression. For instance, Gao 
et al. discovered that EVs encapsulating inflammatory mitochondria 
from M1 macrophages can enter pancreatic beta cells. As a consequence, 
lipid peroxidation and mitochondrial disruption occur due to the fusion 
of inflammatory mitochondria with the mitochondria of pancreatic beta 
cells [49]. Moreover, Chen et al. demonstrated that macrophage-derived 

mitochondria were internalised into cardiomyocytes through clathrin- 
and/or lipid raft-mediated endocytosis, and uptake of exogenous 
macrophage mitochondria induced cardiomyocyte injury via triggering 
ferroptosis [50]. These findings reveal a previously unknown detri
mental aspect of mitochondrial transfer, indicating that under certain 
conditions, mitochondrial trafficking can contribute to cellular damage 
rather than repair.

4. Mitochondrial transfer in viral infection

Cell-mediated immunity is increasingly linked to mitochondria [51]. 
Indeed, infectious pathogens have developed strategies to specifically 
target and alter mitochondria morphology and function to effectively 
replicate [52,53]. This interplay between viruses and mitochondria 
highlights the organelle’s dual role as both a cellular defence hub and a 
target for viral manipulation, revealing its critical involvement in the life 
cycle of infectious pathogens.

In 1994, Somasundaran et al. [54] used cellular fractionation and in 
situ hybridisation, which was detected by electron microscopy, to 
investigate the intracellular distribution of Human Immunodeficiency 
Virus (HIV)− 1 RNA transcripts in infected cells. They reported that viral 
RNA accumulation increased in mitochondria in tandem with HIV 
expression levels, and in turn HIV expression was accompanied by a 
decline in mitochondrial viability. There was an inverse relationship 
between the amount of viral RNA and mitochondrial integrity, as 
detected by simultaneously using immunofluorescent markers to detect 
antibodies to mitochondrial proteins and probes to HIV RNA transcripts 
in single cells. Cells that were acutely (but not persistently) infected had 
high amounts of viral RNA in their mitochondria. They suggest that 
mitochondrial function may be compromised by HIV RNA import.

Building on these findings, Lee-Huang et al. later uncovered that 
HIV-infected mitochondria could travel to uninfected target cells, 
effectively acting as carriers to facilitate viral spread [55]. In 2011, they 
demonstrate how human mitochondria can travel between cells and 
function as carriers and reservoirs for viruses. The findings that HIV is 
contagious even in purified mitochondria from infected cells and that 
HIV is prevented from spreading by mitochondrial inhibitors supported 
their hypothesis.

As we now know, TNTs can connect cells and facilitate the transfer of 
viral particles, organelles, and other cellular components. Additionally, 
viruses can hijack exosomes and other vesicles to transfer infectious 
material or genetic information, promoting infection and dissemination 
within the host while avoiding immune responses and antiviral drug 
effects. These processes are crucial for the persistence and spread of 
various viruses within the host organism [56]. In this regard, Guo et al. 
showed that TNTs facilitate the spread of porcine reproductive and 
respiratory syndrome virus (PRRSV) and transfer functional mitochon
dria between cells. PRRSV infection prompts TNT formation between 
infected and uninfected cells, rescuing infected cells from apoptosis or 
necrosis by transferring healthy mitochondria. If TNT formation is 
impaired or if defective mitochondria are transferred, infected cells are 
not rescued. Additionally, PRRSV proteins are transported via mito
chondria through TNTs to uninfected cells, aiding viral spread [57].

Taken together, these findings reveal a novel dimension of viral 
pathogenesis. However, despite their intriguing nature, these studies 
have not been followed up extensively, leaving many questions unan
swered. Notably, the mechanisms described, such as the use of mito
chondria as viral reservoirs or vehicles, have not been confirmed in 
other viruses beyond the limited examples discussed. This lack of 
broader validation raises important questions about the universality of 
these mechanisms and whether they represent unique adaptations of 
specific viruses or a more generalizable strategy that remains underex
plored. Future research is needed to investigate whether similar pro
cesses occur in other viral infections, as understanding these interactions 
could open new avenues for antiviral strategies.
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5. Mitochondrial transfer and cancer

In cancer, mitochondrial transfer plays a crucial role in shaping 
tumour dynamics, enabling the exchange of mitochondria between 
cancer cells and key components of the tumour microenvironment 
(TME), including stromal cells, immune cells, and endothelial cells 
(ECs). This intercellular interaction fuels tumour progression, enhances 
metabolic adaptability, and contributes to immune evasion, under
scoring its significance in cancer biology [58]. In the following para
graphs, we will explore the role of mitochondrial transfer across these 
various aspects.

Immune evasion by cancer cells can be facilitated by mitochondrial 
exchange, which alters the metabolic and functional state of immune 
cells, weakening their ability to mount an effective anti-tumour 
response. In this regard, Saha et al. explore how cancer cells utilise 
intercellular nanotubes to transfer mitochondria to immune cells, 
impacting immune function and promoting cancer cell survival and 
growth [59]. The authors discovered that mitochondrial trafficking re
shapes the metabolism of both cancer and immune cells, simultaneously 
enhancing cancer cell resilience and suppressing immune responses. 
Specifically, they demonstrated that cancer cells can exploit physical 
nanotubes to hijack mitochondria from immune cells. This transfer not 
only provides cancer cells with a metabolic advantage but also weakens 
immune cells, unveiling a novel mechanism by which cancer evades 
immune surveillance [59]. Also, Kidwell et al. [60] reported that 
mitochondrial transfer from pro-tumorigenic macrophages to cancer 
cells promotes their spreading. In fact, activation of this M2-like 
macrophage phenotype promotes mitochondrial fragmentation, which 
facilitates mitochondrial trafficking to recipient cancer cells. Despite 
lacking membrane potential, the transferred macrophage mitochondria 
persist as a distinct population within the cancer cells, separate from the 
host mitochondrial network and resistant to degradation. Instead of 
boosting metabolic or energetic functions, these mitochondria likely act 
as signalling hubs, sustaining altered behaviour in cancer cells. ROS 
accumulate at the sites of transferred mitochondria within cancer cells, 
promoting proliferation through ROS-dependent mechanisms. Thus, 
induction of mitochondrially localised ROS can directly stimulate cancer 
cell proliferation.

Moreover, the transfer of mitochondria further enhances the meta
bolic flexibility of cancer cells, allowing them to adapt more efficiently 
to the dynamic TME. This adaptability can support tumour growth and 
survival under stress conditions. In an acute myeloid leukaemia (AML) 
model, cancer cells were shown to acquire mitochondria from stromal 
cells within the TME, boosting their metabolic function by increasing 
ATP production [61]. A later study has shown that in human AML, su
peroxide produced by NOX2 stimulates BMSCs to transfer mitochondria 
through AML-derived TNTs. Specifically, Marlein et al. [62] demon
strated that by inhibiting NOX2, it was possible to enhance AML 
apoptosis, stop mitochondrial transfer, and boost NSG AML mouse sur
vival. Moreover, they demonstrated that, even though oxidative stress 
triggers mitochondrial transfer from BMSC to non-malignant CD34+
cells, NOX2 suppression had no discernible impact on the survival of 
non-malignant CD34+ cells ex vivo. Finally, reinforcing previous find
ings, they observed that mitochondrial transfer from BMSCs to primary 
myeloma cells increased their ATP production and proliferation rate 
both in vitro and in vivo.

Metabolic adaptability is particularly important in the context of 
solid tumours, where the local environment is often hypoxic and 
nutrient-deprived [63]. In this regard, the study of Watson et al. iden
tifies mitochondrial transfer as a significant contributor to the metabolic 
and proliferative capabilities of glioblastoma (GBM) cells. Mitochon
drial transfer from astrocytes to GBM cells was shown to promote 
tumour cell self-renewal, increase tumorigenicity, and decrease survival 
in orthotopic GBM models [64]. Finally, in a patient-derived organoid 
model using GBM stem cells, mitochondrial transfer was observed be
tween cells in both 2D and 3D cultures, suggesting that this process also 

occurs in human brain tumours [65].
In prostate cancer, cancer-associated fibroblasts (CAFs) contribute to 

cancer aggressiveness by forming a metabolic partnership with cancer 
cells through lactate shuttling. This process alters the NAD+/NADH 
ratio, activating SIRT1 and peroxisome proliferator-activated receptor- 
gamma coactivator − 1alpha (PGC-1α), leading to increased mitochon
drial activity and oncometabolite accumulation. Prostate cancer cells 
also acquire functional mitochondria from CAFs through cellular 
bridges, enhancing their energy production and metabolic flexibility 
[66].

In addition to the transfer of intact mitochondria, Tan et al. found 
that also mtDNA can be transferred from host cells in the TME to tumour 
cells with damaged respiratory function. This horizontal transfer helps 
restore respiration and enhance the tumour-initiating capacity of cancer 
cells. These findings suggest that cancer cells can overcome mtDNA 
damage by acquiring it from surrounding cells, demonstrating the high 
adaptability and plasticity of malignant cells in their ability to maintain 
essential functions and support tumour growth [67].

Moreover, mitochondrial transfer has been implicated in the devel
opment of resistance to chemotherapy and radiation therapy [58,68]. 
Transferred mitochondria can help cancer cells recover from 
treatment-induced mitochondrial damage, thereby supporting their 
survival and continued proliferation. Pasquier et al. demonstrated that 
the in vitro transfer of mitochondria from ECs to breast cancer cells 
(MCF7) dramatically enhanced MCF7′s chemoresistance to doxorubicin 
[69]. Moreover, the pathophysiology, advancement, and resistance to 
treatment of haematologic tumours and other rheumatologic illnesses 
are significantly influenced by mitochondrial trafficking in the bone 
marrow microenvironment [70]. In this regard, mitochondrial transfer 
can lead to a metabolic shift in leukaemia cells, making them less 
dependent on glycolysis and more reliant on OXPHOS. This shift is 
associated with increased resistance to chemotherapeutic agents that 
target glycolytic pathways [71]. This is the case of AML cells that 
receiving mitochondria from BMSCs show increased OXPHOS and ATP 
production. This enhanced mitochondrial function contributes to the 
development of chemoresistance in AML cells against the chemothera
peutic drug cytarabine (Cytarabine) [61]. Another study found that, 
unlike AML cells, chemotherapeutic drugs like cytarabine (Cytarabine) 
and methotrexate (Methotrexate) promote mitochondrial transfer from 
T cell acute lymphoblastic leukaemia (T-ALL) cells to MSCs, while the 
number of mitochondria transferred from T-ALL cells was low. This 
transfer helped reduce ROS levels in T-ALL cells, promoting their pro
liferation and survival. As a result, T-ALL cells exhibited increased 
chemoresistance, making them less responsive to chemotherapy [72]. 
The difference in mitochondrial transfer between AML and ALL cells 
may be due to their distinct adhesive properties, metabolic needs, and 
reliance on OXPHOS versus glycolysis. These differences influence the 
direction and occurrence of mitochondrial transfer between the cells and 
their microenvironment, impacting their energy production and re
sponses to treatment [46].

Ultimately, mitochondrial transfer can contribute to tumour pro
gression and metastasis by enhancing the invasive properties of cancer 
cells [34]. Caicedo et al. [34] noted that the transfer of mitochondria 
from MSCs to cancer cells resulted in improved mitochondrial functions 
(enhanced OXPHOS and ATP production), leading to increased invasion 
phenotypes and proliferation of these cells. This process can also facil
itate communication between cancer cells and other cells in the micro
environment, promoting a supportive niche for tumour growth. For 
instance, in the previous mentioned Pasquier et al. study, it has been 
demonstrated that ovarian cancer cells in metastatic nodules cultured in 
a 3D explant system can acquire mitochondria from surrounding ECs, 
highlighting mitochondrial transfer as a form of cell-to-cell communi
cation in dense cellular environments [69].

On the other side of the coin, Zhou et al. [73] discovered that oste
ocytes play a protective role against bone metastasis by transferring 
mitochondria to metastatic cancer cells, which activates the 
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cGAS/STING pathway and initiates an antitumor immune response. 
When mitochondrial transfer was blocked by removing specific mito
chondrial proteins in osteocytes, Rho GTPase 1 or mitochondrial Mfn2, 
tumour cells became less immunogenic, allowing cancer progression in 
the bone. This mitochondrial transfer from osteocytes to cancer cells 
appears essential for maintaining tumour immunogenicity and hinder
ing metastasis. Their findings highlight the role of osteocytes in limiting 
cancer spread to bone and suggest a potential therapeutic approach 
targeting mitochondrial transfer to prevent bone metastasis.

Finally, while not the primary focus of this review, introducing the 
concept of numtogenesis is necessary due to its potential link with 
mitochondrial transfer and its implications for mitochondrial and nu
clear genome interactions. Numtogenesis refers to the integration of 
mtDNA fragments into the nuclear genome, highlighting a unique 
interplay between mitochondrial and nuclear dynamics that often oc
curs under conditions of mitochondrial stress or dysfunction. Although it 
remains unclear how numtogenesis specifically alters nuclear genome 
function, the insertion of nuclear mtDNA (NUMTs) into somatic cells has 
been shown to disrupt tumour suppressor genes and pathways, poten
tially contributing to tumorigenesis. In addition, NUMTs can activate 
oncogenes or create chimeric gene fusions, driving tumour development 
[74].

A study by Srinivasainagendra et al. revealed an increased frequency 
of somatic mtDNA transfer in colorectal tumours and identified sex- 
based differences in NUMT occurrence. Interestingly, the study also 
found that NUMT abundance in tumours correlated with their abun
dance in blood, suggesting that NUMTs could serve as biomarkers for 
tumorigenesis [75]. Around the same time, a molecular technology 
called mtFIBER FISH was developed to rapidly detect and analyse NUMT 
insertions across the genome. This advancement has opened a new field, 
numtogenesis, offering insights into its role in cancer and other human 
diseases [76]. Identifying genes disrupted by NUMTs and understanding 
their contribution to tumour initiation, progression, and metastasis 
could significantly advance cancer research [74].

More recently, Zhou et al. demonstrated a high prevalence of non- 
germline NUMTs in hundreds of human brains and noted a negative 
correlation between NUMT frequency and age at death. These findings 
suggest that numtogenesis occurs throughout the human lifespan and 
may have deleterious health effects. Using a longitudinal in vitro human 
fibroblast model, they also found that NUMTs accumulate over time and 
that this process can be accelerated by certain stressors, such as mtDNA 
instability [77]. These discoveries build on previous evidence indicating 
that numtogenesis is active in the human germline and can have pro
found genomic, cellular, and health consequences for the host organism.

Interestingly, mitochondrial transfer may influence numtogenesis by 
alleviating mtDNA damage or, conversely, by increasing the likelihood 
of mtDNA release during stress. This connection underscores the intri
cate balance between mitochondrial repair mechanisms and genomic 
stability, highlighting a potential link between intercellular mitochon
drial dynamics and nuclear genomic evolution.

To summarize, thus far we have provided a detailed examination of 
the diverse biological processes influenced by mitochondrial transfer, 
highlighting its role in immune modulation, tissue repair, cancer pro
gression, and viral dissemination (Fig. 1). Understanding these processes 
not only expands our knowledge of mitochondrial biology but also paves 
the way for innovative therapeutic strategies targeting mitochondrial 
dysfunction in various pathological conditions.

6. Future perspectives and potential therapeutic applications

As discussed earlier, physiologically there are various mechanisms 
through which mitochondria can be spontaneously exchanged between 
cells, including TNTs, EVs, cell fusion, and many others. Mitochondrial 
transfer can be strategically modulated for therapeutic applications, a 
concept referred to as mitotherapy. By enhancing or inhibiting mito
chondrial exchange depending on the pathological context, mitotherapy 

holds potential as a novel strategy for treating a range of diseases such as 
neurodegenerative diseases [78,79], cardiovascular diseases [80], and 
idiopathic inflammatory myopathies [81]. For instance, different stra
tegies to enhance mitochondrial exchange in vivo have been developed. 
Huang et al. show that ionised iron oxide nanoparticles (IONPs) can 
selectively increase the intercellular mitochondrial exchange from 
human MSCs to diseased cells by inducing the formation of gap junc
tional channels that contain connexin 43. The IONP-engineered hMSCs 
in a mouse model of pulmonary fibrosis exhibit remarkable mitigation of 
fibrotic progression due to the promoted intercellular mitochondrial 
transfer, and no significant safety concerns were found [82]. A most 
recent study by Cai et al. has engineered a hierarchical hydrogel 
(Gel@MDI) with dual immune and bioenergy metabolism regulation. 
This hydrogel can increase the rate of mitochondrial transfer between 
macrophages and BMSCs, thus proving the potential of mitochondrial 
replenishment therapy in tissue engineering applications such as bone 
regeneration [83]. Maeda et al. describe how transactivator of tran
scription dextran complexes (TAT-dextran) can improve the protective 
effect of mitochondrial replenishment in neonatal rat cardiomyocytes 
against oxidative stress by improving the cellular uptake of exogenous 
mitochondria. The level of cellular uptake was significantly higher in 
TAT-Mito. Transferring mitochondria into those cells produced an 
anti-apoptotic effect and stopped the reduction of OXPHOS in mito
chondria following oxidative stress. Moreover, TAT-Mito, as opposed to 
straightforward mitochondrial transfer, dramatically lowered the rates 

Fig. 1. The role of mitochondrial transfer in immunity, inflammation, 
tissue repair, and cancer. Mitochondrial transfer plays a crucial role in im
mune cell function by supporting energy demands, influencing differentiation, 
and modulating inflammatory responses. In viral infections, mitochondria can 
serve as carriers for viral particles, facilitating their spread and persistence. 
Additionally, mitochondrial transfer contributes to inflammation resolution and 
tissue repair by enhancing the function of immune cells involved in regenera
tion, promoting cellular recovery, and restoring metabolic balance in damaged 
tissues. In the context of cancer, intercellular mitochondrial trafficking en
hances tumour resilience, promotes immune evasion, and enables metabolic 
adaptability, ultimately driving tumour growth and metastasis. Furthermore, 
mitochondrial exchange between immune and cancer cells reshapes immune 
responses within the TME, fostering a niche that supports cancer survival. These 
processes highlight mitochondrial transfer as a key mechanism of cell-to-cell 
communication and adaptation, influencing both physiological and patholog
ical outcomes in immunity, inflammation, tissue repair, and cancer. Created 
with BioRender.com.
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of cardiomyocyte apoptosis following oxidative stress [84]. Last but not 
least, individuals with mitochondrial diseases often have higher fre
quencies and/or more severe infections [85]. Indeed, manipulating 
mitochondrial transfer holds therapeutic promise also for the treatment 
of both immune- and inflammatory-related disorders [86,87].

6.1. Mitochondrial transplantation

When mitochondrial transfer is artificially induced, it is referred to as 
artificial mitochondrial transfer (AMT) or mitochondrial trans
plantation. This technique, though challenging to implement, holds 
promise as a potentially revolutionary method for the treatment of 
numerous diseases characterised by mitochondrial dysfunction [88]. 
The first example of AMT was reported by Clark and Shay in 1982 and 
represented a simple yet effective co-incubation of purified mitochon
dria and recipient cells [89]. From that point onward, numerous ad
vances were achieved. Several in vitro techniques have been developed, 
including microinjection [90], the MitoCeption protocol [34], nano
blades [91], magneto-mito transfer [92], liposome-mediated delivery 
[93], peptide-mediated delivery [94,95], and cell-to-cell transplantation 
[96].

Another potential approach in mitotherapy involves the use of 
mtDNA-replaced cells as a resource for transplantation to treat mater
nally inherited mitochondrial diseases [97]. In in vivo settings, mito
chondrial administration methods, including in situ injection [98,99], 
vascular delivery [100], and intranasal administration [101–104] have 
been explored, with intravascular injection showing promising results.

6.2. Stem cell-derived mitochondrial transplantation

Stem cell transplantation has been employed given their ability to act 
as both mitochondrial donor and recipient [13]. Indeed, MSCs have 
emerged as a promising source of healthy mitochondria for therapeutic 
applications. Due to their inherent ability to transfer functional mito
chondria to recipient cells, MSCs can serve as donor cells in mitotherapy. 
This process has been shown to restore mitochondrial function, enhance 
cell survival, and promote tissue repair in various pathological condi
tions. For instance, Jackson et al. demonstrated that MSCs derived from 
human bone marrow transfer their mitochondria to macrophages in vitro 
and in a preclinical model of acute respiratory distress syndrome using 
TNT-like structures and MV secretion. This results in better bio
energetics and increases alveolar macrophage phagocytosis, explaining 
the improved antimicrobial effect of MSCs transplantation in vivo [105]. 
Lu et al. have shown that mitochondria transferred from MSCs to mac
rophages can promote the differentiation of macrophages into the 
anti-inflammatory M2 phenotype, enhancing their antimicrobial prop
erties [106]. These findings provide a strong rationale for exploring 
mitochondrial transfer as an immunomodulatory therapy. Given the 
challenges of treating chronic inflammation and autoimmune diseases, 
this study offers a novel approach by directly manipulating mitochon
drial content within immune cells to shift their functional state. Another 
study demonstrates that mitochondrial transfer from BMSCs to CD8+ T 
cells significantly enhance their antitumor function, improving their 
survival, expansion, and ability to penetrate tumours in both liquid and 
solid cancer models. The mitochondrial boost showed effectiveness 
across various T cell types, including T cell receptor (TCR)-engineered T 
cells, chimeric antigen receptor (CAR)-T cells, and tumour-infiltrating 
lymphocytes, in both mouse and human experimental settings. 
Notably, mitochondrial transfer decreased the expression of exhaustion 
markers (PD-1, LAG3, and TIGIT) in T cells, making them more 
responsive to PD-1 checkpoint blockade therapy. This suggests potential 
synergies between mitochondrial-boosted T cell therapies and immune 
checkpoint inhibitors [37].

It is important to consider that aging in MSCs leads to reduced energy 
efficiency and increased oxidative stress, which in turn impairs essential 
functions like proliferation and differentiation needed for effective 

tissue repair [107]. This decline compromises the regenerative potential 
of MSCs, limiting their therapeutic effectiveness in regenerative medi
cine and natural tissue maintenance as individuals age. Additional 
studies propose that age-related declines in MSC self-renewal capacity 
may be directly connected to compromised mitochondrial function 
[108]. A recently published work by Bourebaba et al. seeks to determine 
whether AMT could reverse aging effects and improve the function of 
MSCs. To test their hypothesis, the authors isolated mitochondria from 
healthy equine adipose-derived stromal cells (ASCs) and transferred 
them into metabolically compromised ASCs obtained from horses 
suffering from equine metabolic syndrome. Their findings clearly 
showed that mitochondrial transfer reduces apoptosis, endoplasmic re
ticulum stress, and insulin resistance, key markers of MSC aging typi
cally seen in conditions such as diabetes, obesity, and metabolic 
syndrome [109].

Emerging evidence suggests that neural stem cell (NSC) trans
plantation plays a critical role in CNS disease recovery, not only through 
cell replacement but also via alternative mechanisms such as mito
chondrial transfer. One such mechanism involves the transfer of intact 
mitochondria through EVs, contributing to cellular repair and immune 
modulation. In this regard, Peruzzotti-Jametti et al. showed that in vitro 
transferred mitochondria restored mitochondrial function and meta
bolism in target cells, reduced inflammation, and improved cell survival. 
Moreover, in an animal model of multiple sclerosis, they demonstrated 
that NSCs transferred mitochondria to inflammatory mononuclear 
phagocytes, resulting in clinical improvements [110]. However, further 
research is needed to fully understand the underlying mechanisms of 
this process and to refine its therapeutic potential for clinical 
applications.

Exploring the role of mitochondrial transfer in HSC transplantation, 
Kawano et al. investigated whether transplanted HSCs could actively 
engage in mitochondrial exchange with recipient cells, shedding light on 
the dynamics of mitochondrial trafficking in a transplant setting [111]. 
The study involved injecting mitochondrial-nuclear exchange HSCs into 
irradiated mice to observe mitochondrial exchange. After 6 weeks, high 
chimerism was observed, especially in the bone marrow, indicating 
successful engraftment. DNA analysis revealed that donor mitochondria 
were transferred to host cells, and a small amount of reverse transfer 
from host to donor cells was also detected. These findings suggests that 
mitochondrial transfer between donor and recipient cells is bidirec
tional, albeit predominantly from donor to host.

Expanding the understanding of mitochondrial transfer in tissue 
repair and immune regulation, Chi et al. [112] explored its role in 
reproductive health. The authors demonstrated that stem Leydig cells 
(SLCs) transplantation reduces inflammation by transferring mitochon
dria to macrophages in a mouse model of testicular 
ischaemia-reperfusion injury. This mitochondrial delivery lowered 
inflammation, enabling the restoration of fertility and hormone levels. 
Knockdown of transient receptor potential cation channel subfamily 
member 7 (TRPM7) in SLCs impaired these benefits, highlighting the 
importance of TRPM7 in SLC-mediated protection of testicular function 
in conditions of hypogonadism linked to immune dysfunction. This 
underscores the crucial role of mitochondrial transfer in reproductive 
health and immune regulation, suggesting that targeting mitochondrial 
trafficking pathways could have far-reaching implications beyond con
ventional immunology.

6.3. Delivery of cell-free mitochondria

Emerging research has demonstrated the therapeutic potential of 
delivering cell-free mitochondria to restore cellular function and coun
teract inflammation in various pathological contexts. By transplanting 
exogenous mitochondria, researchers have explored novel strategies to 
mitigate tissue damage, improve metabolic balance, and modulate im
mune responses.

A few studies explored mitochondrial transplantation as a possibility 
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for addressing inflammatory and degenerative conditions affecting 
joints, tendons and the immune system. In this regard, Lee and col
leagues [113] demonstrate that transplanting healthy mitochondria into 
osteoarthritic joints can reduce inflammation, decrease cartilage 
degradation, and improve joint function. The findings suggest that 
mitochondrial transplantation can protect against cartilage damage and 
slow down the progression of osteoarthritis, highlighting a promising 
new approach to treating this degenerative joint disease. Also, mito
chondrial transplantation has been applied for the treatment of ten
dinopathy, showing promising results both in vitro and in vivo [114]. 
Exogenous mitochondria were successfully delivered into damaged 
tenocytes and Achilles tendons. The transplantation of mitochondria 
restored the levels of tenocyte-related markers like tenomodulin and 
collagen I while reducing the levels of matrix metalloproteinase 1 
(MMP1), a collagen-degrading enzyme. Mitochondrial transplantation 
also attenuated oxidative stress, improved mitochondrial function, and 
modulated mitochondrial dynamics by downregulating fission factors 
and upregulating fusion factors. Additionally, it inhibited apoptosis and 
inflammation in the tendinopathy models. The in vivo experiments in a 
rat model of collagenase-induced tendinopathy showed that mitochon
drial transplantation reduced tendon swelling, increased collagen con
tent, and normalised the levels of tenascin C and MMP1. Moreover, 
treating rheumatoid arthritis (RA)-associated T cells with pure mito
chondria results in restoring metabolic dysfunctions, limiting the gen
eration of pro-inflammatory cytokines, including tumour necrosis factor 
(TNF)-α and IL-17A, and reducing the development of RA-like illness in a 
humanised mouse model. These observations imply that T cells can be 
"re-engineered" metabolically ex vivo using exogenous mitochondria and 
that this method of transferring mitochondria gives anti-inflammatory 
properties that could potentially lessen the severity of RA and other 
rheumatologic illnesses [115].

Given the crucial role of mitochondrial function in immune cell ac
tivity, researchers have explored whether mitochondrial transfer could 
reverse age-related dysfunction in T cells. With increasing interest in 
understanding immune cell senescence and its implications for age- 
related diseases, the exploration of mitochondrial transplantation to 
reverse aging-related dysfunction is both intriguing and promising. A 
proof-of-principle study investigated whether transferring functional 
mitochondria into CD4+ T cells isolated from aged mice (aged CD4+ T 
cells) could reverse age-related mitochondrial dysfunction and improve 
aged CD4+ T cell functionality. Delivering exogenous mitochondria to 
aged, non-activated CD4+ T cells led to significant changes in their 
mitochondrial proteome and improved their activation-induced TCR 
signalling kinetics. In immunodeficient mouse models, adoptive transfer 
of these mitochondria-transferred aged CD4+ T cells protected the mice 
against influenza A and Mycobacterium tuberculosis infections [116]. 
However, this field remains relatively unexplored, with much work 
needed to elucidate the mechanisms, optimize protocols, and assess 
long-term outcomes. While this study provides a valuable foundation, 
further research is crucial to determine whether mitochondrial trans
plantation can become a viable strategy for mitigating immune senes
cence and improving immune resilience in aging populations.

Recent advancements in mitochondrial transplantation have 
demonstrated its potential as a therapeutic strategy for cardiovascular 
and vascular diseases. Zhang et al. unveiled how transplanting mito
chondria with optimised metabolic states into heart cells can provide 
protection through two mechanisms: increasing the number of func
tional mitochondria and enhancing their metabolic performance. Their 
research, conducted on both mouse and human heart cell systems, 
demonstrated that when the transplanted mitochondria had similar 
metabolic efficiency to the recipient cells, they were able to restore 
crucial functions such as mitochondrial membrane potential and 
contractility. Additionally, in ventricular cardiomyocytes, this process 
also promoted cell cycle activity and activated cytoskeletal remodelling 
pathways, suggesting a strong potential for this approach to be devel
oped into a clinical therapy for heart diseases [99]. Lin et al. conceived a 

strategy to artificially transplant mitochondria to transiently enhance EC 
bioenergetics and allow them to form functional vessels in ischaemic 
tissues without the support of MSCs. Notably, exogenous mitochondria 
triggered mitophagy after internalisation without integrating into the 
endogenous EC mitochondrial pool. These findings suggest potential for 
a new approach for vascular cell therapy [117].

While these studies highlight the promising therapeutic potential of 
cell-free mitochondrial transplantation in various pathological condi
tions, significant challenges remain. The long-term stability and func
tionality of transplanted mitochondria, potential immune responses, 
and the mechanisms governing mitochondrial uptake and integration 
require further investigation. Additionally, most findings are still limited 
to preclinical models, underscoring the need for rigorous clinical vali
dation before mitochondrial transplantation can be translated into 
viable therapeutic applications.

6.4. Targeting mitochondrial transfer in cancer therapy

In cancer therapy, modulating mitochondrial transfer has emerged as 
a crucial strategy, particularly in blocking the exchange of functional 
mitochondria between healthy and cancerous cells. Preventing tumour 
cells from acquiring healthy mitochondria within the TME could impede 
cancer progression and enhance treatment efficacy by reducing drug 
resistance. For instance, it was demonstrated that inhibiting mitochon
drial transfer, thus blocking the metabolic reprogramming of leukaemia 
cells, might enhance the effectiveness of current therapies, overcoming 
drug resistance in leukaemia [71]. Recently, Zhang et al. present MERCI 
(mitochondrial-enabled reconstruction of cellular interactions), a 
computational tool designed to trace and quantify mitochondrial 
transfer between cancer cells and T cells. By leveraging statistical 
deconvolution methods, MERCI can identify recipient cells and deter
mine the proportion of mitochondrial content they acquire from donor 
cells. Rigorous benchmarking demonstrated that MERCI reliably pre
dicts these interactions, providing insight into the dynamics of mito
chondrial trafficking. When applied to human cancer samples, MERCI 
revealed a distinct mitochondrial transfer phenotype. This phenotype is 
characterised by genes involved in cytoskeletal changes, energy meta
bolism, and TNF signalling pathways, all of which are linked to 
enhanced cell cycle activity and worse clinical outcomes in various 
cancer types. This method opens new opportunities for systematically 
studying tumour-immune cell interactions, which could inform future 
therapeutic strategies [118]. The development of computational tools 
like MERCI represents a significant advancement in the ability to trace 
and quantify mitochondrial trafficking, offering new insights into 
tumour-immune cell interactions. However, a deeper understanding of 
the molecular mechanisms governing mitochondrial transfer will be 
essential for harnessing its therapeutic potential in cancer treatment.

6.5. Clinical trials

Several clinical trials are currently underway to investigate the po
tential therapeutic benefits of mitochondrial transplantation. Among the 
ongoing clinical trials, two are focused on evaluating MNV-201, a cell 
therapy developed by Minovia Therapeutics Ltd. MNV-201 is based on 
the company’s mitochondrial augmentation technology and consists of 
the participant’s autologous CD34+ hematopoietic stem and progenitor 
cells enriched with allogeneic placental-derived mitochondria. This 
therapy is being tested in two distinct patient groups: paediatric patients 
with Pearson syndrome, a rare mitochondrial disorder (NCT06017869), 
and adults with low-risk myelodysplastic syndromes (NCT06465160).

Moreover, a clinical trial is evaluating the safety and efficacy of 
autologous mitochondrial transplantation using urine-derived stem cells 
in elderly patients with a poor prognosis following repeated in vitro 
fertilization (IVF) failure (NCT06020742). This study focuses on 
exploring an innovative approach to potentially improve fertility out
comes in a patient population with limited options, offering a novel 
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strategy to address age-related fertility challenges. Additionally, a 
different trial is exploring the direct injection of autologous mitochon
dria into the ischemic myocardium of patients undergoing extracorpo
real membrane oxygenation. (NCT02851758). Similarly, another trial 
investigates the infusion of healthy autologous mitochondria into cere
bral vessels supplying ischemic brain tissue in patients undergoing 
standard-of-care endovascular reperfusion therapy (NCT04998357). 
Both studies aim to improve recovery and reduce morbidity and mor
tality by enhancing mitochondrial function in ischemic tissues.

In addition to ongoing studies, three trials have been completed, 
providing early insights into the feasibility and safety of mitochondrial 
transplantation. One such trial focused on determining the maximum 
tolerated dose, based on the safety and tolerability, after single-dose 
administration of mitochondria isolated from allogeneic umbilical 
cord-derived MSCs (PN-101) in patients with refractory polymyositis or 
dermatomyositis (NCT04976140). Another completed trial explored the 
use of mitochondrial transplantation in patients with Pearson syndrome. 
The trial investigated a therapeutic process called MNV-BM-BLD, which 
involves enriching autologous CD34+ cells with healthy mitochondria 
derived from donor blood cells (NCT03384420). While no results have 
been published yet, these trials represent an innovative approach to 
potentially improve mitochondrial function. Finally, a third trial aimed 
to improve embryo quality through autologous micro-injection of 
mitochondria. The study has since been completed, and its results have 
been published in a peer-reviewed journal. Here mitochondria were 
isolated from ovarian stem cells and injected into the oocytes as a 
complementary intracytoplasmic sperm injection technique in patients 
with low embryo quality in previous IVF cycles, as well as in those who 
had not borne children (NCT02586298). However, the published results 
indicated that this autologous mitochondrial transfer did not improve 
prognosis in this population, leading to the discontinuation of the study 
[119].

While most of the discussed trials are still recruiting, the three 
completed trials offer uncertain results. The scarcity of publicly avail
able results raises questions regarding the efficacy and reproducibility of 
these approaches, emphasizing the need for increased transparency and 
peer-reviewed validation. Although these trials highlight the potential 
application of mitochondrial transplantation, the lack of conclusive 
evidence underscore the complexities of translating this approach into 
clinical practice. Future research must focus on optimizing delivery 
methods, refining patient selection criteria, and conducting larger-scale 
trials to determine the long-term efficacy and safety of mitochondrial- 
based therapies.

7. Conclusions

Recent discoveries have highlighted the multifaceted roles of mito
chondrial transfer across various biological and pathological contexts, 
underscoring its importance in both health and disease. Mitochondrial 
transfer enhances the metabolic and functional capabilities of immune 
cells, equipping them to effectively respond to infections and inflam
mation. At the same time, this process plays a complex role in supporting 
tumour progression by boosting cancer cells’ metabolic flexibility, 
resilience, and adaptation to the TME. Beyond immunity and cancer, 
mitochondrial transfer contributes significantly to tissue repair by 
improving the functionality of immune cells involved in regeneration 
and recovery. It also modulates inflammatory responses, offering the 
potential to reduce chronic inflammation and autoimmune reactions. 
Furthermore, this phenomenon facilitates the spread of viral infections 
by enabling intercellular transport of viral components, aiding immune 
evasion and infection persistence.

However, many of the reported studies rely heavily on in vitro co- 
culture systems, which, while useful, do not fully capture the 
complexity of mitochondrial transfer in a living organism. Moreover, 
some studies identify specific molecular pathways (e.g., the role of 
TRPM7 in SLC-mediated mitochondrial transfer or SIRT3 in zinc- 

mediated mitochondrial trafficking), yet there is still a lack of compre
hensive mechanistic insights. What triggers cells to donate mitochon
dria? What determines the selectivity of mitochondrial transfer? 
Answering these questions is crucial for therapeutic applications. Also, 
the observation that inflammatory mitochondria from M1 macrophages 
induce pancreatic beta cell dysfunction and cardiomyocyte injury via 
ferroptosis suggests that not all mitochondrial exchanges are beneficial. 
This raises an important limitation: under pathological conditions, 
mitochondrial transfer may contribute to disease progression rather 
than resolution, complicating its therapeutic potential. In conclusion, 
while the concept of enhancing mitochondrial transfer for therapeutic 
purposes is exciting, several challenges remain. For instance, targeted 
delivery of functional mitochondria to specific cells in vivo remains a 
major hurdle.

This review highlights the critical role of mitochondrial transfer in 
inflammation and immune regulation, emphasizing the need for further 
research to fully understand its impact on immune cell function and 
disease progression. Advancing our knowledge in this area could pave 
the way for novel therapeutic strategies aimed at restoring mitochon
drial health and modulating immune responses in various pathological 
conditions.

List of abbreviations
AML Acute Myeloid Leukaemia
AMT Artificial Mitochondrial Transfer
ASC Adipose-derived Stromal Cell
BMSC Bone Marrow Stem Cell
CAF Cancer-Associated Fibroblast
CAR Chimeric Antigen Receptor
CD200R CD200 receptor
CI Complex I
CNS Central Nervous System
DAMP Damage-associated Molecular Pattern
DC Dendritic Cell
EC Endothelial Cell
ETC Electron Transport Chain
EV Extracellular Vesicles
GBM Glioblastoma
GSDMD Gasdermin D
GSDMD-N N-terminal Fragment of Gasdermin D
HIV Human Immunodeficiency Virus
HSC Haemopoietic Stem Cells
IONP Iron Oxide Nanoparticle
IVF In Vitro Fertilization
LPS Lipopolysaccharide
MDRC Myeloid-derived Regulatory Cell
MERCI Mitochondrial-enabled Reconstruction of Cellular Interaction
Mfn2 Mitofusin 2
MMP1 Matrix Metalloproteinase 1
MSC Mesenchymal Stem Cell
mtDNA mitochondrial DNA
mtROS mitochondrial Reactive Oxygen Species
MV Microvesicle
NSC Neural Stem Cell
NUMT Nuclear Mitochondrial DNA
OPA 1 Optic Atrophy 1
OXPHOS Oxidative Phosphorylation
PGC-1α Peroxisome Proliferator-activated Receptor-gamma 

Coactivator − 1alpha
PRRSV Porcine Reproductive and Respiratory Syndrome Virus
RA Rheumatoid Arthritis
ROS Reactive Oxygen Species
SIRT Sirtuin
SLC Stem Leydig cell
T-ALL T Cell Acute Lymphoblastic Leukaemia
TAT-dextran Transactivator of Transcription dextran complexes
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TAT-Mito TAT-dextran-modified mitochondria
TCR T-cell Receptor
TME Tumour Microenvironment
TNF Tumour Necrosis Factor
TNT Tunnelling Nanotube
TRPM7 Transient Receptor Potential Cation Channel Subfamily 

Member 7
UC-MSC Umbilical Cord-derived Mesenchymal Stem Cell
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