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Mitochondrial damage has a particular impact on the immune system and tumor
microenvironment, which can trigger cell stress, an inflammatory response, and
disrupt immune cell function, thus all of which can accelerate the progression of
the tumor. Therefore, it is of essence to comprehend how the immune system
function and the tumor microenvironment interact with mitochondrial
dysfunction for cancer treatment. Preserving the integrity of mitochondria or
regulating the function of immune cells, such as macrophages, may enhance the
efficacy of cancer therapy. Future research should concentrate on the
interactions among mitochondria, the immune system, and the tumor
microenvironment to identify new therapeutic strategies.
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1 Introduction

Mitochondria are the sites of acrobic respiration, which take place fundamental metabolic
processes including the metabolism of proteins and nucleic acids (1). Mitochondrial damage
is intimately associated with an elevated likelihood of developing a variety of diseases,
including cancer and immune system dysfunction (2). The association between
mitochondrial damage and the immune system as well as the tumor microenvironment

Abbreviations: TME, tumor microenvironment; ROS, reactive oxygen species; OXPHOS, oxidative
phosphorylation; Drpl, dynamin-related protein 1; TAMs, Tumor-associated macrophage; PGC,
PPARgamma-coactivator; STAT 6, signal transducer and activator of transcription 6; ACs, apoptotic cells;
Tregs, Regulatory T cells; TFAM, transcription factor A, mitochondrial; GPX4, glutathione peroxidase;
AMPK, AMP-activated protein kinase; TLR2, toll-like receptor 2; SAPE-OOH, 1-steaoryl-2-15-HpETE-sn-

glycero-3-phosphatidylethanolamine; ER, endoplasmic reticulum.
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(TME) has drawn an extensive amount of attention more recently.
Previous researches revealed that mitochondria are essential for the
normal activation, signaling, and management of the immune system
(3). Mitochondrial damage can lead to mitochondrial dysfunction to
trigger cellular stress and inflammatory responses, which impact the
immune system (4).

TME encompasses vascular endothelial cells, immune cells,
fibroblasts, non-cellular components, and more surrounding the
tumor cells. It becomes an imperative target for cancer treatment
and medication research because it provides essential conditions for
tumor development and metastasis (5). According to recent research,
many proteins that exists on mitochondria-associated membranes
and can manipulate the tumor immune microenvironment.
Mitochondrial damage can accelerate tumor progression through a
variety of mechanisms to affect prognosis (6). Furthermore, the
hypoxic, acidic TME brought on by mitochondrial damage elevates
the possibility of cancer development and metastasis (7).

In summary, mitochondrial damage has considerable impacts
on the TME and immune system. In this review, we first summarize
the molecular mechanisms of mitochondrial damage, along with its
connection with the immune system and the TME. Through
investigating the interactions among mitochondria, the immune
system, and the TME, our ultimate objective is to provide novel
perspectives and strategies for enhancing immune regulation and
cancer therapy.

2 The role of mitochondrial damage in
changing tumor microenvironment

The mechanism of mitochondrial damage is complex and
comprehensive (Figure 1). Mitochondrial damage and TME
interact and affect each other. A deterioration in TME stability
might induce mitochondrial damage. Meanwhile, mitochondrial
damage performs a crucial role in modifying TME, affecting the
immune system, ferroptosis, and the conduction of calcium ions.
Elevated levels of ROS, a crucial characteristic of mitochondrial
damage, have a wide range of influences on the TME (8). In the
following sections, we will explore the interaction between
mitochondrial damage and TME from three perspectives: the
ramifications of mitochondrial damage in the immune cells,
ferroptosis in tumors, and the role of Ca®" in changing TME.

2.1 The characteristics of TME and the role
of mitochondria in TME

TME, a crucial environmental factor for the development and
progression of cancer, is generated by the interaction of malignant
and non-transformed cells in tumor tissues (9). Various cells and
elements coexist in this complicated ecosystem, including immune
cells, endothelial cells, and fibroblasts (10). The composition and
characteristics of TME vary depending on the tumor’s location in
the body, the tumor’s stage, the patient’s clinical characteristics, and
other factors (10). However, the primary function of TME remains
constant, coordinating tumorigenesis and malignant progression
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(10, 11). To support the development of tumors, satisfy the elevated
metabolic requirements, and promote the growth of blood vessels,
TME plays a vital role in evading immune attack and acquiring
oxygen and nutrients (12, 13). Nevertheless, TME is not a balanced
microenvironment. It has been recognized to be nutrient-deficient
and hypoxic, acidic, exhibiting heightened oxidative stress and
imbalances in electrolytes (14).

In the development of cancer and TME, mitochondria play
crucial roles. Series studies indicate that mitochondrial damage may
be a valuable reference to the diagnosis of cancer (15-17).
Mitochondria is an essential energy factory, producing the energy
for the growth and activity of cells. Additionally, mitochondria
conduct signal transductions in a variety of metabolic activities,
including nucleic acid synthesis, amino acid metabolism, fatty acid
synthesis, and oxidation (18). The development and evolution of
tumors, as well as the formation of TME, are significantly affected
by the metabolic interactions among various cells (19). However,
mitochondrial damage, characterized by increasing glycolysis and
decreased oxidative phosphorylation (OXPHOS), may exacerbate
hypoxia and the shortage of energy (20-22).

The changes in the TME may contribute to mitochondrial
damage. The anoxic environment in TME emerges as a result of
limited oxygen supply and elevated oxygen consumption of tumor
tissues, and mitochondria are particularly sensitive to hypoxia.
Depending on the oligomerization modification, protein
dynamin-related protein 1 (Drpl) can bind different proteins in
the ischemia and hypoxia microenvironment, which directly lead to
mitochondrial damage, altering the regulation of metabolism, and
causing mitophagy and mitochondrial fission (23). Furthermore,
the mitochondrial damage will worsen the hypoxic environment,
resulting in a vicious cycle. Additionally, studies found that the
persistent inflammation in T cells will contribute to the dysfunction
in mitochondrial biogenesis, partially facilitated by Akt-regulated
suppression of Foxo-induced PPARgamma-coactivator-lo
(PGClo) transcription (24).

2.2 Mitochondrial damage in immune cells

2.2.1 Effects of mitochondrial damage
on macrophages

Tumor-associated macrophages (TAMs) are thought to be one
of the primary constituents of TME. Studies revealed that
mitochondrial damage in macrophages is crucial in the
development, invasion, and metastasis of tumor tissues (25),
affecting the efficacy of phagocytosis, altering the immune
responses, and modifying the metabolism (26, 27).

Typically, macrophages are classified into two categories: M1
macrophages and M2 macrophages. M1 macrophages, which mostly
acquire energy sources by glycolysis, are essential cells that help
eradicate viruses, infections, and cancerous cells (28, 29). M2
macrophages, which obtain sources of energy primarily by oxidative
phosphorylation (OXPHOS), can eliminate damaged cells while also
promoting the growth of tumors (30, 31). Glycolysis plays a defensive
role in macrophage activity, controlling inflammation and promoting
phagocytosis, while OXPHOS is associated with lipid metabolism and
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FIGURE 1
The main mechanisms and characteristics of mitochondrial damage.

the capability of anti-inflammation in macrophages (32). The
transition from M1 to M2 macrophages is a significant feature of
TME, causing the disorder in the immunological microenvironment
and promoting the proliferation and metastasis of tumor cells (33).
Besides, significantly decreased rates of glycolysis and increased
OXPHOS were also observed in macrophages with mitochondrial
damage (34). However, routes for polarizing macrophages vary in
different types of tumor cells. Generally, mitochondrial damage will
lead to an increased level of ROS (35), which can induce the production
of inflammatory mediators, including IL-4, IL-6, PPARgamma-
coactivator-1 beta (PGC-1B), and other factors. Macrophages will be
activated by IL-4, leading to an increase in the oxidative metabolism
and the activation of PGC-1p, which will stimulate the transcriptional
actions of signal transducer and activator of transcription 6 (STAT 6),
polarizing macrophages to M2 macrophages and reducing
inflammation (36). In gastric malignancies, tumor development and
macrophage M2 polarization are induced by exosome-derived
circATP8A1 via the circATP8A1/miR-1-3p/STAT6 axis (37).
Additionally, glioblastoma stem cells exosomal miR-374b-3p can also
induce macrophages to M2 macrophages, releasing pro-angiogenic
factors, including fibroblast growth factor and vascular endothelial
growth factor, and leading to the angiogenesis of tumor (38), this will
ultimately stimulate the growth of vascular endothelial cells and
promote delivering nutrients and oxygen to the growth of tumor (39).

On the other side, the phagocytosis of macrophages also changes.
Phagocytosis is a crucial function of macrophages, eliminating tumor
cells and diseased cells. Damage to mitochondria will limit the activity
of phagocytosis in macrophages. Studies demonstrated that to clear
the apoptotic cells (ACs), macrophages require mitochondrial fission,
which is mediated by Drp 1 (38). However, when mitochondria are
damaged, the clearance of ACs will be hampered (40). In addition,
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hypoxia in TME may suppress the activation and proliferation of T
cells, which substantially reduces macrophages’ ability to phagocytosis
via STAT3 and its transcriptionally controlled products (41). In
addition to the important role of STAT6 in macrophage
polarization, STAT1 is also a key member of the STAT family,
which also plays an important role in the process of macrophage
polarization (42). STATI is mainly involved in the regulation of
classically activated M1-type macrophages polarization (41). When
macrophages are stimulated externally, activated STAT1 enters the
nucleus and binds to the promoter region of specific genes to promote
transcription, resulting in the production of many MI-type
macrophage signature molecules (43). Thus, activation of STAT1
promotes polarization of M1-type macrophages, giving them pro-
inflammatory and bactericidal properties.

2.2.2 Effects of mitochondrial damage in T cells
and B cells

Mitochondrial damage in T cells is also associated with TME,
especially CD8" T cells and regulatory T cells (Tregs).
Mitochondrial damage in T cells will result in exhaustion (44),
reducing the immune responses, as shown in Figure 2A and
Figure 2B. However, further researches are required to
understand its implications fully. Though merely 10% of the T
cells recruited in TME are thought to be capable of identifying
tumor tissue, and the remaining T cells cannot eradicate tumor cells
(43), T cells still key roles in immune responses against tumors (45).
Notably, the activity and longevity of mitochondria are crucial in
keeping the constant functions in T cells (24). Mitochondrial
damage will lead to the dysfunction of mitophagy and reduce
OXPHOS, which will further restrict the development and
regeneration of T cells (44). In CD8" T cells, researches
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demonstrate that the generation of excessive ROS will trigger the
NFAT signal as tyrosine phosphatase inhibitors, and thus promote
the transcriptional processes of CD8" T depletion (46).
Mitochondrial damage and cholesterol metabolism were closely
connected, and it has been observed that cholesterol deficiency will
result in the elimination of CD8" T cells in the TME, causing the
depletion and dysfunction of T cells by changing the SREBP2/LXR
signaling pathway (47). Notably, CD8" T cells are more sensitive to
the deficiency of cholesterol than CD4" T cells (47). Tregs are
pivotal in maintaining immunological homeostasis and suppressing

10.3389/fimmu.2024.1432633

the overreaction to self-antigens (48). When mitochondria are
damaged and cause the excessive generation of ROS, Tregs will be
more vulnerable to oxidative stress and have a higher rate of
apoptosis (49).

Currently, the research concerning the contributions of B cells
with mitochondrial damage in TME is extremely limited. It is still
controversial whether B cells play a supporting role or a suppressing
role in tumor growth (50). However, a growing amount of research
indicates that B cells are essential for anti-tumor immunity, and
suggests that the presence of B lymphocytes is related to the
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(A, B) The mitochondria damage in macrophages and T cells. (C) The connections in mitochondria, ferroptosis, and tumor microenvironment.
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prognosis in patients with cancer (50, 51). The research of Zhang
et al. indicated that Erbin regulates mitochondrial activity in
platelets, while acyl-carnitine controls mitochondrial activity and
PD1 stability in B cells (52). These two factors work together to
regulate the immune responses against tumors mediated by B cells
(52). Additionally, the formation and the functions of the germinal
center of B cells will be severely hampered by the loss of
mitochondrial Translation factor A (TFAM), which is the result
of mitochondrial damage, and this ultimately leads to the preventive
effect of blocking the growth of tumor (53).

2.3 Mitochondrial damage in tumors
causes ferroptosis

The cancer cell is the most essential activator of TME (10), and
ferroptosis plays a key role in the growth of tumors. Ferroptosis is
mainly caused by the accumulation of harmful lipid peroxides on
cellular membranes (54). According to studies, mitochondrial
metabolism plays an active role in ferroptosis, and ferroptotic
cancer cells will exert immunology factors that affect the
functions of immune cells and further alter the iron metabolism
(54), as illustrated in Figure 2C. Interestingly, the function of
mitochondria in ferroptosis was influenced by the circumstances
of TME (55). Studies observed that reduced mitochondrial function
can significantly suppress CDI ferroptosis, however, cells may
conduct ferroptosis without the support of mitochondria if
glutathione peroxidase-4 is removed or pharmacologically
inhibited (55).

A high level of ROS generated by mitochondrial damage is
essential in inducing ferroptosis. Studies indicated that both
PINK1/Park2- and BNIP3- mediated mitochondrial autophagy
have positive impacts on decreasing the generation of ROS and
the expression of heme oxygenase 1, which can prevent the decrease
of glutathione peroxidase 4 (GPX4) and ultimately reduces the lipid
peroxidation and ferroptosis (56). Additionally, the mitochondrial
glutaminolysis-TCA-ETC axis is an important pathway to
ferroptosis, and it may cause ferroptosis by hastening the
accumulation of lipid peroxidation (57). Ferroptosis is partially
suppressed by energy stress via AMP-activated protein kinase
(AMPK) and is suppressed in cancer cells with high basal AMPK
activation (58). On the other side, mitochondria regulate the iron
metabolism. Excessive iron may accumulate in dysfunctional
mitochondria, inducing the Fenton reaction that may increase
lipid peroxidation and lead to cell death (57, 59).

Depending on the composition and conditions of TME,
ferroptosis plays controversial roles in carcinogenesis, restraining
or promoting tumor growth (60, 61). Ferroptosis may influence the
immune system to restrict the tumor growth. Research has
indicated that ferroptosis may facilitate macrophage phagocytosis
(61). By focusing on toll-like receptor 2 (TLR2) on macrophages, 1-
steaoryl-2-15-HpETE-sn-glycero-3-phosphatidylethanolamine
(SAPE-OOH) on the surface of ferroptotic cells works to transmit
an eat-me signal, which directs phagocytosis and restricts the tumor
growth (61). Additionally, researchers find that anti-tumor NK cells
may be activated by ferroptotic cancer cells, secreting IFN-y and
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causing lytic degranulation (60). However, some studies support the
opposite impact, supposing ferroptosis may support the growth of
tumors. Early ferroptotic tumor cells negatively impact DC antigen-
presenting capacities at the transcriptional level, which can hamper
the maturation of DCs, and thus inhibit adaptive immunity (62).
Moreover, exogenous antigens produced by ferroptosis cells will
inhibit the DC cells” stimulation to MHC I on CD8" T cells (62).
Therefore, ferroptosis may lead to immunological escape by
suppressing immune cells to some extent.

2.4 The relationship between Ca®*,
mitochondrial damage and TME

Calcium ions, the second messenger in the cell, serve crucial parts
in maintaining homeostasis and regulating signal transduction. Ca*"
homeostasis is necessary for a variety of cancer activities, including
the growth, apoptosis, transcription of tumor cells, and vascular
development of tumor tissues (63). Numerous studies have
demonstrated that intracellular Ca®* overloading plays a key role in
inducing the enhanced generation of ROS through mitochondrial
malfunction (64). High levels of ROS oxidized TRPA1 cysteine
residues, upregulating Ca®"-dependent anti-apoptotic pathways and
therefore prolong the lifespan of cancer cells (64, 65). Mitochondrial
damage will result in Ca>* disorder, which may lead to the overload of
Ca” in cells and interfere with the conduction of signaling pathways.
According to Szabadkai et al., the resistance and apoptosis sensitivity
of cells are largely determined by the mitochondrial network and the
interactions with endoplasmic reticulum (ER), which may affect the
Ca®" signal transduction (65). The feedback regulation of Ca®" is
affected by mitochondria, which act as intracellular Ca?* buffers in
close proximity to Ca®" channels at the ER and the plasma membrane
(66). ER-mitochondria Ca>" contact sites promote the transport of
Ca*" into mitochondria and control IP3R channel-mediated Ca**
oscillations as well as cellular metabolic processes (67).

3 Discussion

Mitochondria, as the powerhouses of cells, are pivotal for
maintaining cellular homeostasis. However, within the TME, their
function is often compromised due to hypoxia, nutrient deficiency,
and heightened oxidative stress. These conditions not only
compromise mitochondrial integrity but also have profound
implications for the immune system and cancer progression.

Moreover, the dynamic changes of mitochondrial membrane
potential and cytochrome ¢ occupy a pivotal position in biological
processes (68), Specifically, the phosphorylation status of
cytochrome c¢ significantly impacts the regulation of electron
transport chain flux within mitochondria and the process of
cellular apoptosis (69). Past research has confirmed that IL-22 can
effectively alleviate myocardial cell apoptosis caused by reperfusion
injury by blocking mitochondrial membrane potential, thereby
inhibiting the production of ROS and cytochrome ¢ (70). Recent
studies have demonstrated that the prostate cancer-specific lysine 53
acetylation of cytochrome c can drive metabolic reprogramming and
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reduce the occurrence of apoptosis (71). Recent studies have
demonstrated that the prostate cancer-specific lysine 53 acetylation
of cytochrome ¢ can drive metabolic reprogramming and reduce the
occurrence of apoptosis.

It is noteworthy that mitochondrial autophagy holds
tremendous promise in cancer treatment. Mitochondrial
autophagy is a specific autophagic pathway in which cells
eliminate damaged or no longer needed mitochondria, playing a
crucial role in maintaining cellular homeostasis and responding to
environmental stress (72). This process can eliminate damaged
mitochondria, reduce ROS production, and suppress tumor growth
(73). Activation of mitochondrial autophagy may lead to increased
permeability of the mitochondrial inner membrane, releasing
apoptosis-related proteins that subsequently activate cell apoptosis
pathways, resulting in tumor cell death (74). Mitochondrial
autophagy’ s role in maintaining cellular homeostasis and
responding to environmental stress may help prevent tumor cell
metastasis. However, to fully exploit the potential of mitochondrial
autophagy in cancer treatment, several challenges need to be
overcome. For instance, precisely regulating the process of
mitochondrial autophagy to avoid adverse effects on normal cells,
and integrating it with existing cancer treatment modalities, such as
surgery, radiotherapy, and chemotherapy, to maximize its
therapeutic effects (75). In the future, with in-depth research on
mitochondrial autophagy and its regulatory mechanisms, as well as
the development of new therapeutic strategies, it is believed that the
potential of mitochondrial autophagy in cancer treatment will be
more fully realized.

Therefore, understanding the molecular mechanisms
underlying mitochondrial damage and its interaction with the
immune system and TME is crucial for developing effective
cancer treatments. By targeting mitochondrial dysfunction and
restoring immune function, we may be able to disrupt the
tumorigenic processes and achieve better therapeutic outcomes.
In conclusion, this review provides a comprehensive overview of the
intricate relationships between mitochondrial damage, the immune
system, and the TME, offering new insights and tactics for
advancing cancer treatment and immune modulation.
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