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on tumor immunotherapy
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Changhai Hospital, Second Military Medical University, Shanghai, China
Ferroptosis is a novel form of programmed cell death characterized by iron-

dependent accumulation of reactive oxygen species (ROS) and lipid peroxidation.

The execution of ferroptosis is intricately linked to both iron and lipidmetabolism.

Intriguingly, iron and lipid metabolism are also pivotal for maintaining

the physiological function of immune cells. Research has revealed that

ferroptosis can potentiate the immunogenicity of tumor cells and engage in

intricate interactions with immune cells. Certain ferroptosis inducers have the

capacity to augment the efficacy of immunotherapy by modulating the tumor

immune microenvironment. Ferroptosis holds immense potential in cancer

immunotherapy and is anticipated to emerge as a novel therapeutic target in

the future landscape of cancer treatment. In this review, we primarily delineate

the ferroptosis signaling pathways and metabolic processes pertinent to immune

cells, and further summarize the roles of ferroptosis in tumor-infiltrating immune

cells. Ultimately, we anticipate further elucidation of the mechanisms of

ferroptosis in immunotherapy and envision that strategies targeting ferroptosis

and immunotherapy will be expeditiously applied in clinical oncology practice.
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1 Introduction

Programmed cell death, owing to its precisely gene-regulated nature, has become a

primary focus in contemporary cancer therapy research (1, 2). Ferroptosis, as a novel mode

of programmed cell death discovered in 2012, has progressively emerged as a significant

direction in cancer treatment research. The mechanism of ferroptosis is characterized by its

dependence on intracellular iron and the accumulation of lipid reactive oxygen species

(ROS) (3). Distinct from other forms of programmed cell death, ferroptosis render it

considerable potential for development in cancer therapeutics (3, 4). The accumulation of

intracellular iron, induced lipid peroxidation, and the failure of the antioxidant defense

system not only alter the expression of genes regulating iron metabolism and lipid

peroxidation consequently modifying ferroptosis pathway-related genes, but also lead to

mitochondrial condensation, increased bilayer membrane density, and subsequent

organelle dysfunction (5, 6).Intriguingly, several drugs previously established in clinical

practice, such as sorafenib, lorazepam, and artemisinin, have been recently found to exert

anti-tumor effects by inducing ferroptosis in cancer cells (7–10).
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Cancer immunotherapy, as an emerging paradigm in oncologic

therapeutics, exerts its primary mechanism through potentiating

the activation of the immune system to target and eradicate

malignant cells (11, 12). Due to its favorable anti-tumor efficacy,

it has become a mainstay in the clinical management of various

solid tumors, including pancreatic carcinoma, mammary

carcinoma, ovarian carcinoma, and non-small cell lung carcinoma

(13–17). Concurrently, with the progressive deepening of research

into cancer immunotherapy, the significance of the interplay

between ferroptosis and immunotherapy in cancer treatment is

becoming increasingly recognized. Activation of CD8+ T

lymphocytes has demonstrated synergistic effects with

radiotherapy in suppressing SLC7A11 expression, thereby

diminishing cystine uptake—a process that further promotes lipid

peroxidation and ferroptosis. These combined effects ultimately

augment radiosensitivity (18). Tumor-associated macrophages

(TAMs), upon polarization into the M1 macrophage phenotype,

can initiate Fenton reaction-mediated ferroptosis, exhibiting

synergistic activity in conjunction with PD-1 antibodies and

TGF-b inhibitors (19). Conversely, CD36-mediated ferroptosis

has been shown to impede CD8(+) T cell effector function,

thereby attenuating their anti-tumor capacity (20). Given the

substantial therapeutic potential inherent in both ferroptosis and

immunotherapy for cancer management, this review aims to

synthesize the current understanding of their functional roles and

intricate interrelationships in oncotherapeutic applications. This

review is to delineate potential avenues for future research and

therapeutic strategies through the pivotal mechanisms and recent

advancements of ferroptosis.
2 Signaling pathways in ferroptosis

2.1 GPX4 pathway

Glutathione peroxidase 4 (GPX4) indisputably holds a central

and pivotal position within the intricate regulatory architecture of

ferroptosis. Functioning as a critical intracellular enzymatic entity,

GPX4 executes an indispensable role by catalyzing the reductive

conversion of lipid hydroperoxides (L-OOH) into benign lipid

alcohols (L-OH) (21). Empirical investigations have unequivocally

demonstrated that the profound depletion of glutathione (GSH)

levels precipitates a direct abrogation of GPX4 enzymatic

functionality. Conversely, the meticulous modulation of GPX4

expression levels, encompassing both transcriptional upregulation

and downregulation, exerts a demonstrably significant influence on

the vulnerability of neoplastic cells to ferroptosis-inducing agents.

These compelling findings furnish irrefutable evidence that GPX4

constitutes a cardinal determinant governing neoplastic cell demise,

specifically via the ferroptosis pathway (22, 23). Consequently, the

GPX4-centric ferroptosis regulatory axis emerges as a highly

promising trajectory for the innovative design and development

of targeted therapeutics in oncological intervention.

The uncompromised expression and efficacious physiological

function of GPX4 are rigorously contingent upon the synergistic
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biochemical partnership between selenium and glutathione (GSH)

(24). Selenium and GSH are not merely endogenous and indispensable

key constituents in the cellular orchestration of ferroptosis, a

fundamentally crucial biological process, but also operate as

obligatory cofactors essential for GPX4 enzyme to execute its

canonical catalytic activity. Intracellular GSH biosynthesis is

intricately and obligately reliant upon the bio-availability of the

amino acid cystine. The cellular acquisition of intracellular free

cystine is predominantly and actively mediated by the cystine/

glutamate antiporter system (system Xc-), a transmembrane

transport apparatus abundantly expressed on the cellular membrane

(Figure 1). Subsequent to cytoplasmic entry, cystine undergoes rapid

enzymatic conversion to cysteine, thereby serving as an indispensable

metabolic precursor in the GSH biosynthetic cascade. Of particular

note, cysteine unequivocally stands as the cardinal rate-limiting amino

acid for GSH biosynthesis, and its intracellular bioavailability exerts

direct governance over GSH synthetic efficiency, thereby intrinsically

modulating GPX4 physiological function and the execution

of ferroptosis.

The System Xc- transporter manifests as a heterodimeric

proteinaceous complex, functionally and structurally constituted

by two obligate subunits, SLC7A11 and SLC3A2, which operate in a

tightly coordinated and synergistic manner. And tumor suppressor

gene TP53 (encoding p53 protein) exerts robust negative regulatory

command over the transcriptional expression of the SLC7A11

subunit (25). This precise regulatory action effectively and

significantly attenuates cellular uptake of extracellular cystine,

culminating in a consequential reduction of intracellular

glutathione (GSH) biosynthesis and, accordingly, orchestrating

the meticulous induction and marked potentiation of ferroptosis.

Based upon molecular mechanisms, a diverse array of

pharmacologically anti-tumor drugs has been proactively

developed and extensively employed to instigate ferroptosis in

tumor cells. Such as Erastin, glutamic acid, sorafenib, and

sulfasalazine, among others, achieve ferroptosis induction through

the specific inhibition of System Xc- transporter functionality. This

targeted inhibition effectively impedes the cellular uptake and influx

of extracellular cystine, thereby indirectly suppressing GPX4

enzymatic activity and ultimately leading to the highly efficient

induction of ferroptosis in tumor cells. In parallel, a distinct class of

compounds, encompassing RSL3, ML162, FIN56, and FINO2,

adopts an alternative yet convergent strategy by directly targeting

the GPX4 protein molecule, exerting direct enzymatic inhibitory

effects (26). These dual approaches, albeit mechanistically divergent,

ultimately converge on the common outcome of efficiently and

specifically inducing ferroptosis.

In summation, the precise modulation of the GPX4-centered

signaling pathway represents a core intervention point and a pivotal

therapeutic target for the accurate manipulation and regulation of

ferroptosis initiation and progression. Future endeavors focused on

the in-depth dissection of the molecular intricacies governing GPX4

and its upstream signaling regulatory pathways will undoubtedly lay

a robust theoretical groundwork for the innovative development of

oncotherapeutic strategies and furnish highly promising

pharmacological targets.
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2.2 The FSP1-CoQ10 pathway

FSP1, operating within the p53-mediated apoptosis pathway, is

also recognized as p53-responsive gene (PRG) (27). Within the

context of ferroptosis, FSP1 functions as an oxidoreductase of

coenzyme Q10 (CoQ10) (28) (Figure 1). The N-terminal

myristoylation of FSP1, a lipid acylation modification, serves to

target FSP1 to the plasma membrane, thereby mediating NADH-

dependent CoQ10 reduction, subsequently suppressing lipid

peroxidation, and ultimately exerting an inhibitory effect on

ferroptosis (29, 30). Of note, the mevalonate (MVA) pathway can

also modulate ferroptosis progression through endogenous CoQ10

biosynthesis (31). In 2021, research conducted by Mao et al.

revealed that dihydroorotate dehydrogenase (DHODH) can

reduce CoQ10 within the inner mitochondrial membrane, thereby

mitigating the occurrence of ferroptosis (32).
3 Metabolism in ferroptosis

3.1 The iron metabolism

Iron, as a fundamental trace element in the human body,

participates in a variety of normal physiological and biochemical

reactions, with dietary intake being its primary source (33). A

fraction of iron in the body is stored in red blood cells as a

reserve, while in peripheral tissues, iron is primarily stored in the

form of ferritin and iron-sulfur clusters. Furthermore, a portion of

iron within cells exists in the form of labile iron pools (LIP).
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Intracellular iron levels are precisely regulated and mainly depend

on the absorption, storage, and discharge of iron.

Iron regulatory protein 1 (IRP-1) and iron regulatory protein 2

(IRP-2) are both key transcription factors involved in the regulation

of iron metabolism; they can regulate the expression of transferrin

(TF) and transferrin receptor 1 (TFR1), thereby influencing TF and

TFR1-mediated iron transport from the extracellular to the

intracellular space (34). Therefore, TF and TFR1 are also

considered potential regulatory targets of IRP-1 and IRP-2.

Ferroportin (FPN) is primarily responsible for regulating the

efflux of excess intracellular iron (Figure 1), and FPN is mainly

distributed on the surface of macrophages, hepatocytes, and

absorptive enterocytes (35). Within this pathophysiological

context, studies have found that liraglutide can reduce

intracellular iron deposition by downregulating transferrin

receptor 1 (TFR1) expression and upregulating Ferroportin-1

(FPN1) expression, thereby exerting an inhibitory effect on

ferroptosis. Research by Wen et al. has also confirmed that

autophagy can promote the occurrence of ferroptosis by

degrading ferritin in fibroblasts and tumor cells. Overexpression

of nuclear receptor coactivator 4 (NCOA4) can enhance autophagy-

mediated ferritin degradation, thereby increasing the level of labile

iron pools (LIP) within cells (36). It is noteworthy that excessive

iron ions in the Fenton reaction can react with hydrogen peroxide

to generate hydroxyl radicals with stronger oxidizing capacity,

which in turn increases intracellular ROS levels, promotes lipid

peroxidation, and ultimately triggers ferroptosis (37). Cancer cells,

compared to normal cells, exhibit a higher dependency on iron and

are more sensitive to the effects caused by iron metabolism
FIGURE 1

Signaling pathways in ferroptosis.
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disorders (38). In conclusion, targeting ferroptosis is considered a

highly promising strategic direction in the field of cancer treatment.
3.2 The lipid metabolism

In homeostatic cellular physiology, the redox balance of lipids is

meticulously maintained in a tightly controlled dynamic equilibrium.

Lipid peroxidation is established as a hallmark biochemical event in

ferroptosis (39). Accumulated ROS within cells can directly react with

polyunsaturated fatty acids (PUFAs) in phospholipid bilayers,

consequently and significantly altering membrane permeability,

culminating in cellular demise (40). Acyl-CoA synthetase long-

chain family member 4 (ACSL4) catalyzes the acylation of PUFAs

to generate PUFA-CoA (polyunsaturated fatty acid acyl-CoA), which

is subsequently re-esterified by lysophosphatidylcholine

acyltransferase 3 (LPCAT3) to ultimately yield lipid peroxides (41,

42). Thus, modulation of ACSL4 and LPCAT3 expression or activity

can demonstrably influence cellular susceptibility to ferroptosis

(Figure 1) (43). Research by Yuan et al. has substantiated that

genetic knockout of ACSL4 markedly inhibits RSL3-induced

ferroptosis, with the inhibitory effect of GPX4-ACSL4 double

knockout being even more pronounced (44).

Lipoxygenase (LOX) is capable of oxidizing PUFAs on cell

membranes, thereby participating in the regulation of ferroptosis.

Studies conducted by Ron et al. have revealed that LOX

overexpression renders cells more susceptible to ferroptosis.

However, LOX inhibitors have been validated as effective

antioxidants capable of achieving the opposing outcome through

the suppression of lipid peroxidation (45). In conclusion, lipid

metabolism pathways play a central and pivotal role in

ferroptosis; moreover, therapeutics designed to modulate lipid

metabolism exhibit tremendous therapeutic potential in

oncotherapeutic strategy.
4 Ferroptosis and immune cells

With the development of ferroptosis research, the iron

dependency of immune cells has garnered increasing attention

(46, 47). Factors that induce ferroptosis not only potentially

trigger lipid peroxidation in immune cells but may also further

compromise their functionality and viability (48). Conversely,

immune cells, by altering their polarization states, can actively

modulate iron metabolism within the tumor microenvironment,

thereby inducing ferroptosis in tumor cells (49, 50).
4.1 T cell

GPX4 plays a crucial role in T cell function. In vitro experiments

have demonstrated that GPX4-deficient T cells rapidly accumulate

membrane lipid peroxides, thereby initiating ferroptosis and

culminating in cell death (51). Conversely, the selenium-GPX4

axis effectively safeguards follicular helper T cells from ferroptosis
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damage, suggesting that targeted activation of this axis holds

promise for enhancing T cell immune responses during infection

and post-vaccination (52). Research has revealed that CD36-

mediated fatty acid uptake by tumor-infiltrating CD8+ T cells is

capable of inducing lipid peroxidation and ferroptosis (53),

subsequently leading to diminished cytotoxic production and

ultimately attenuating their anti-tumor efficacy (20). T cells also

play a pivotal role in inducing ferroptosis in tumor cells during

immunotherapy. A study elucidated that interferon-gamma (IFN-g)
released from CD8+ T cells can downregulate the expression levels

of SLC3A2 and SLC7A11 on the tumor cell surface, thereby

suppressing cystine uptake by tumor cells and ultimately

promoting tumor cell lipid peroxidation and ferroptosis (54).

Furthermore, T cell-derived IFN-g can further stimulate ACSL4

activity and alter the tumor cell lipid profile, consequently

increasing the incorporation of arachidonic acid (AA) into

phospholipids enriched with C16 and C18 acyl chains, ultimately

inducing immunogenic tumor ferroptosis (55).

Regulatory T cells (Treg cells) represent a critically important

subset of cells in orchestrating anti-tumor immune responses (56).

GPX4 functions to prevent Treg cells from undergoing lipid

peroxidation and ferroptosis, thereby exerting a protective role in

maintaining immune homeostasis and potentiating anti-tumor

immunity. Mechanistic studies reveal that T cell receptor (TCR)/

CD28 co-stimulation in GPX4-deficient Treg cells leads to aberrant

accumulation of lipid peroxides and heightened iron toxicity;

conversely, neutralization of lipid peroxides or blockade of iron

bioavailability can effectively reverse the ferroptosis of GPX4-

deficient Treg cells (57).
4.2 Macrophages

Macrophages represent a crucial subset of cells within the host

immune system, typically differentiating into two functionally distinct

phenotypes: classically activated (M1-type) macrophages and

alternatively activated (M2-type) macrophages (58). Macrophages

play a pivotal role in the regulation of iron homeostasis, achieving

iron recycling through the phagocytosis of senescent or damaged

erythrocytes (59). Indeed, the majority of iron elements required for

physiological metabolism are derived from macrophage-mediated

recycling following erythrophagocytosis (60). Studies have

demonstrated that iron overload can upregulate the expression

levels of M1-type macrophage marker proteins, such as IL-6, IL-1b,
and CD40, while concurrently reducing the gene expression of the

M2-type marker protein TGM2, thereby driving macrophage

polarization towards the M1 phenotype (61). Mechanistic

investigations have elucidated that the mechanism underlying iron

overload-induced M1 polarization is intricately linked to elevated

reactive oxygen species (ROS) production and upregulated p53

protein acetylation levels; conversely, reduction in ROS levels can

significantly inhibit M1 polarization and p53 acetylation (62).

In cancer immunotherapy, the elimination of M2-type

macrophages, or the reprogramming of M2-type macrophages

towards an anti-tumorigenic M1 phenotype, represents a highly
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focused area of current research (63). Research reports have indicated

that engineered exosome-like nanovesicles (eNVs-FAP) can effectively

decrease the proportion of immunosuppressive cells – encompassing

M2-like tumor-associated macrophages (M2-TAMs), myeloid-

derived suppressor cells (MDSCs), and Tregs – within the tumor

microenvironment (TME), thereby promoting tumor ferroptosis (64).

Furthermore, studies have discovered that RRM2 inhibition can

markedly promote M1-type macrophage polarization in vitro and in

vivo, and suppress M2-type macrophage polarization progression.

Further investigation has substantiated that the ferroptosis inhibitor

ferrostatin-1 can effectively reverse the macrophage polarization effect

mediated by RRM2 inhibition (65).
4.3 Natural killer cells

Natural killer cells (NK cells), as a crucial component of the

innate immune system, exhibit diverse biological functions,

encompassing anti-tumor immunity and anti-viral infection.

Given the pivotal role of NK cells in immune regulation,

numerous ongoing clinical trials are actively exploring NK cell-

based immunotherapies, or evaluating the therapeutic value of

monoclonal antibodies targeting NK cell immune checkpoints in

cancer treatment (66).

The interplay between multiple components of ferroptosis and

NK cells is increasingly gaining research attention. A recent study

elucidated that the functional impairment of NK cells within the

tumor microenvironment is closely associated with elevated levels

of cell membrane lipid peroxidation. Notably, activation of the

NRF2 antioxidant signaling pathway can effectively reverse the

metabolic disorders and functional deficits of NK cells, ultimately

demonstrating significantly enhanced anti-tumor activity in in vivo

experimental models (67).

In vitro studies have indicated that the ferroptosis inducer Erastin

is capable of inducing lipid peroxidation in the cell membrane,

thereby promoting the proliferation and differentiation of human

peripheral blood mononuclear cells (PBMCs), eventually directing

differentiation towards B cells and NK cells (68). Furthermore,

research has revealed that interferon-g (IFN-g) secreted by NK cells

can significantly downregulate the mRNA and protein expression

levels of SLC3A2 and SLC7A11, thus inducing ferroptosis in tumor
Frontiers in Immunology 05
cells (69). Of particular interest, research on the interplay

between other types of tumor-infiltrating immune cells and

ferroptosis remains relatively scarce, suggesting that this field may

represent a highly promising avenue for future investigation in

immuno-oncology.
5 Ferroptosis and
tumor immunotherapy

Drug resistance and immune escape have become major

bottlenecks that urgently need to be overcome in the field of cancer

immunotherapy (70). The pivotal role of ferroptosis in cancer therapy

is prompting researchers to re-examine and deeply analyze

comprehensive cancer treatment strategies integrating radiotherapy,

chemotherapy, and the immune system (71, 72). Conclusive evidence

indicates that targeted therapeutic drugs, chemotherapeutic

modalities, and even radiotherapy possess the potential to induce

ferroptosis, thereby effectively enhancing the immunogenicity of

tumor cells and promoting the infiltration of immune-active cells

into the tumor microenvironment (73). The combined application of

immunotherapy and ferroptosis-inducing strategies may contribute

to a significant improvement in the clinical therapeutic benefits of

immune checkpoint inhibitor (ICI) immunotherapy.

Inhibition of TYRO3 can promote tumor cell ferroptosis,

enhance the sensitivity of resistant tumors to anti-PD-1 therapy,

and drive the development of a pro-tumor microenvironment by

reducing the M1/M2 macrophage ratio (73). Interferon-gamma

(IFN-g) regulates the expression of SLC3A2, SLC7A11, and ACSL4,

subsequently inducing immunogenic ferroptosis in tumor cells.

Furthermore, IFN-g plays a critical role in the synergistic effects

of immunotherapy and radiotherapy. IFN-g derived from

immunotherapy-activated CD8+ T cells and radiotherapy-

activated ATM independently inhibits SLC7A11, ultimately

leading to reduced cystine uptake, elevated tumor lipid

peroxidation levels, and the occurrence of ferroptosis (18).

Targeting ferroptosis and immunotherapy therapy can enhance

the anti-tumor therapeutic efficacy.

Certain drugs that induce ferroptosis also exhibit modulatory

effects on the tumor immune system. Examples include Erastin,

Lenvatinib, Cisplatin, and other agents within this category. A study
TABLE 1 Drugs and molecules induce ferroptosis in cancers and effects on immunity.

Drug name Target Tumor Effect on immunity References

Erastin System Xc-
non-small cell
lung cancer

promotes human PBMC proliferation and differentiation into B cells and natural
killer cells

(68, 74)

Lenvatinib NRF2
hepatoma
carcinoma cell

decreased the proportion of monocytes and macrophages population and increased
that of CD8 T cell populations

(75, 76)

Artesunate ROS
hepatoma
carcinoma cell

enhances T-cell-mediated antitumor activity (77)

Cisplatin GSH
non-small cell
lung cancer

increases PD-L1 expression (78, 79)

Metformin miR-324-3p/GPX4 breast cancer
increases CTL activity by reducing the stability and membrane localization of
programmed death ligand-1 (PD-L1)

(80, 81)
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revealed that the ferroptosis inducer Erastin did not elicit cell death

in human PBMCs. Conversely, Erastin-induced lipid peroxidation,

counterintuitively, promoted the proliferation and differentiation of

human PBMCs into B lymphocytes and natural killer cells by

suppressing the expression of the bone morphogenetic protein

(BMP) family. Consequently, in-depth investigation into the

combined application of such ferroptosis-inducing drugs with

immunotherapeutic agents holds significant potential value for

enhancing cancer treatment outcomes. A list of ferroptosis drugs

with immunomodulatory effects is detailed in Table 1.

Several novel nanomedicines are used for the treatment of

tumors by inducing tumor ferroptosis while modulating

immunity. Emerging novel nanomedicines are under investigation

for tumor therapy, leveraging the induction of tumor ferroptosis in

conjunction with immunomodulation. The ultrasmall single-crystal

Fe nanoparticles (bcc-USINPs) could efficiently induce tumor cell

ferroptosis and promote the maturation of dendritic cells, and

trigger the adaptive T cell response (82). In combination with

programmed death-ligand 1 (PD-L1) immune checkpoint

blockade immunotherapy, bcc-USINP-mediated ferroptosis

therapy significantly potentiated the immune response and

fostered robust immunological memory. Fe3O4 -SAS@PLT are

built from sulfasalazine (SAS)-loaded mesoporous magnetic

nanoparticles (Fe3O4) and platelet (PLT) membrane camouflage

which triggered a ferroptosis cell death through inhibiting the

glutamate-cystine antiporter system Xc- pathway and it also

efficiently repolarize macrophages from immunosuppressive M2

phenotype to antitumor M1 phenotype (83). New nanodrugs offer a

novel cancer treatment strategies by ferroptosis-based

immunotherapy. These innovative nanodrugs present a

straightforward, safe, and efficacious novel strategy for

ferroptosis-based immunotherapy.
6 Conclusion

Malignancies exhibit a high incidence and mortality, with

certain tumor types characterized by a notably unfavorable

prognosis. Immunotherapy represents an efficacious modality for

tumor treatment by modulating the host immune response;

however, its effectiveness is frequently attenuated by tumor

immune escape mechanisms. Consequently, the exploration of

novel therapeutic avenues is imperative. The induction of

ferroptosis in neoplastic cells presents a promising strategy for

tumor eradication. Numerous clinically approved drugs, including

sorafenib, lorazepam, artemisinin, cisplatin, haloperidol, and

gemcitabine, have demonstrated the capacity to induce tumor

ferroptosis, either as monotherapy or in combination regimens.

Furthermore, iron metabolism and ferroptosis are recognized to

play a crucial role in the functionality of tumor-infiltrating

lymphocytes. It is also established that specific targeted therapies,

chemotherapy, and radiotherapy can induce ferroptosis, augment

the immunogenicity of tumor cells, and promote immune cell

infiltration into the tumor microenvironment. Moreover, certain

innovative nanomedicines are capable of inducing tumor
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ferroptosis while concurrently modulating the host immune

response. Nevertheless, considering the nascent stage of related

clinical investigations, definitive conclusions remain constrained. It

is anticipated that with larger cohort studies and advancements in

research methodologies, novel pharmaceuticals and therapeutic

strategies will emerge imminently, predicated upon a

comprehensive elucidation of the interplay between ferroptosis

and immunotherapy and a meticulous investigation and

refinement of the underlying mechanisms of ferroptosis.
Author contributions

YX: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. MG: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. YQX: Writing – original draft, Writing – review &

editing. KY: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1524711
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xu et al. 10.3389/fimmu.2025.1524711
References
1. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death Differ. (2018) 25:486–541. doi: 10.1038/
s41418-017-0012-4

2. Chen X, Li J, Kang R, Klionsky DJ. Ferroptosis: machinery and regulation.
Autophagy. (2021) 17:2054–81. doi: 10.1080/15548627.2020.1810918

3. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060–
72. doi: 10.1016/j.cell.2012.03.042

4. Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman DJ, et al.
RAS-RAF-MEK-dependent oxidative cell death involving voltage-dependent anion
channels. Nature. (2007) 447:864–8. doi: 10.1038/nature05859

5. Chen X, Yu C, Kang R, Tang D. Iron metabolism in ferroptosis. Front Cell Dev
Biol. (2020) 8:590226. doi: 10.3389/fcell.2020.590226

6. Kuang F, Liu J, Tang D, Kang R. Oxidative damage and antioxidant defense in
ferroptosis. Front Cell Dev Biol. (2020) 8:586578. doi: 10.3389/fcell.2020.586578

7. YangWS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS,
et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. (2014) 156:317–31.
doi: 10.1016/j.cell.2013.12.010

8. Xiao X, Jiang Y, Liang W, Wang Y, Cao S, Yan H. miR-212-5p attenuates
ferroptotic neuronal death after traumatic brain injury by targeting Ptgs2. Mol Brain.
(2019) 12:78. doi: 10.1186/s13041-019-0501-0

9. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife. (2014) 3:e02523. doi: 10.7554/eLife.02523

10. Eling N, Reuter L, Hazin J, Hamacher-Brady A, Brady NR, et al. Identification of
artesunate as a specific activator of ferroptosis in pancreatic cancer cells. Oncoscience.
(2015) 2:517–32. doi: 10.18632/oncoscience.v2i5

11. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for cancer
immunotherapy. Nat Rev Drug Discovery. (2019) 18:175–96. doi: 10.1038/s41573-018-
0006-z

12. Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, et al. Immune
evasion in cancer: Mechanistic basis and therapeutic strategies. Semin Cancer Biol.
(2015) 35 Suppl:S185–98. doi: 10.1016/j.semcancer.2015.03.004

13. Wrobel P, Ahmed S. Current status of immunotherapy in metastatic colorectal
cancer. Int J Colorectal Dis. (2019) 34:13–25. doi: 10.1007/s00384-018-3202-8

14. Schizas D, Charalampakis N, Kole C, Economopoulos P, Koustas E, Gkotsis E,
et al. Immunotherapy for pancreatic cancer: A 2020 update. Cancer Treat Rev. (2020)
86:102016. doi: 10.1016/j.ctrv.2020.102016

15. Keenan TE, Tolaney SM. Role of immunotherapy in triple-negative breast
cancer. J Natl Compr Canc Netw. (2020) 18:479–89. doi: 10.6004/jnccn.2020.7554

16. Odunsi K. Immunotherapy in ovarian cancer. Ann Oncol. (2017) 28:viii1–7.
doi: 10.1093/annonc/mdx444

17. Iversen TZ. Immune modulations during chemoimmunotherapy & novel
vaccine strategies–in metastatic melanoma and non small-cell lung cancer. Dan Med
J. (2013) 60:B4774.

18. Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radiotherapy and
immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic
repression of SLC7A11. Cancer Discovery. (2019) 9:1673–85. doi: 10.1158/2159-
8290.CD-19-0338

19. Zhao L, Zhou X, Xie F, Zhang L, Yan H, Huang J, et al. Ferroptosis in cancer and
cancer immunotherapy. Cancer Commun (Lond). (2022) 42:88–116. doi: 10.1002/
cac2.12250

20. Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis dampens
intratumoral CD8(+) T cell effector function and impairs their antitumor ability. Cell
Metab. (2021) 33:1001–1012.e5. doi: 10.1016/j.cmet.2021.02.015

21. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and
function. Cell Death Differ. (2016) 23:369–79. doi: 10.1038/cdd.2015.158

22. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium
utilization by GPX4 is required to prevent hydroperoxide-induced ferroptosis. Cell.
(2018) 172:409–422.e21. doi: 10.1016/j.cell.2017.11.048

23. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: The role of GSH and
GPx4. Free Radic Biol Med. (2020) 152:175–85. doi: 10.1016/j.freeradbiomed.
2020.02.027

24. Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. (2021) 12:599–620.
doi: 10.1007/s13238-020-00789-5

25. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H. Ferroptosis as a p53-mediated
activity during tumour suppression. Nature. (2015) 520:57–62. doi: 10.1038/
nature14344
Frontiers in Immunology 07
26. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of
ferroptosis in cancer. Nat Rev Clin Oncol. (2021) 18:280–96. doi: 10.1038/s41571-
020-00462-0

27. Ohiro Y, Garkavtsev I, Kobayashi S, Sreekumar KR, Nantz R, Higashikubo BT,
et al. A novel p53-inducible apoptogenic gene, PRG3, encodes a homologue of the
apoptosis-inducing factor (AIF). FEBS Lett. (2002) 524:163–71. doi: 10.1016/S0014-
5793(02)03049-1

28. Dai E, Zhang W, Cong D, Kang R, Wang J, Tang D, et al. AIFM2 blocks
ferroptosis independent of ubiquinol metabolism. Biochem Biophys Res Commun.
(2020) 523:966–71. doi: 10.1016/j.bbrc.2020.01.066

29. Wu M, Xu LG, Li X, Zhai Z, Shu HB. AMID, an apoptosis-inducing factor-
homologous mitochondrion-associated protein, induces caspase-independent
apoptosis. J Biol Chem. (2002) 277:25617–23. doi: 10.1074/jbc.M202285200

30. Liu M, Kong XY, Yao Y, Wang XA, Yang W, Wu H, et al. The critical role and
molecular mechanisms of ferroptosis in antioxidant systems: a narrative review. Ann
Transl Med. (2022) 10:368. doi: 10.21037/atm-21-6942

31. Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. DHODH-mediated
ferroptosis defence is a targetable vulnerability in cancer. Nature. (2021) 593:586–90.
doi: 10.1038/s41586-021-03539-7

32. Anderson GJ, Frazer DM. Current understanding of iron homeostasis. Am J Clin
Nutr. (2017) 106:1559S–66S. doi: 10.3945/ajcn.117.155804

33. Vogt AS, Arsiwala T, Mohsen M, Vogel M, Manolova V, Bachmann MF, et al.
On iron metabolism and its regulation. Int J Mol Sci. (2021) 22. doi: 10.3390/
ijms22094591

34. Song JX, An JR, Chen Q, Yang XY, Jia CL, Xu S, et al. Liraglutide attenuates
hepatic iron levels and ferroptosis in db/db mice. Bioengineered. (2022) 13:8334–48.
doi: 10.1080/21655979.2022.2051858

35. HouW, Xie Y, Song X, Sun XF, Lotze MT, Zeh HJ III, et al. Autophagy promotes
ferroptosis by degradation of ferritin. Autophagy. (2016) 12:1425–8. doi: 10.1080/
15548627.2016.1187366

36. Zeng B, Zhang P, Zheng MQ, Xiao N, Han JL, Wang C, et al. Detection and
identification of the oxidizing species generated from the physiologically important
Fenton-like reaction of iron(II)-citrate with hydrogen peroxide. Arch Biochem Biophys.
(2019) 668:39–45. doi: 10.1016/j.abb.2019.05.006

37. Manz DH, et al. Iron and cancer: recent insights. Ann N Y Acad Sci. (2016)
1368:149–61. doi: 10.1111/nyas.2016.1368.issue-1

38. Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N. Ferroptosis: past, present and
future. Cell Death Dis. (2020) 11:88. doi: 10.1038/s41419-020-2298-2

39. Lee JY, Kim WK, Bae KH, Lee SC, Lee EW. Lipid metabolism and ferroptosis.
Biol (Basel). (2021) 10. doi: 10.3390/biology10030184

40. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol.
(2017) 13:91–8. doi: 10.1038/nchembio.2239

41. Wang B, Tontonoz P. Phospholipid remodeling in physiology and disease. Annu
Rev Physiol. (2019) 81:165–88. doi: 10.1146/annurev-physiol-020518-114444

42. Dixon SJ, Winter GE, Musavi LS, Lee ED, Snijder B, Rebsamen M, et al. Human
haploid cell genetics reveals roles for lipid metabolism genes in nonapoptotic cell death.
ACS Chem Biol. (2015) 10:1604–9. doi: 10.1021/acschembio.5b00245

43. Yuan H, Li X, Zhang X, Kang R, Tang D. Identification of ACSL4 as a biomarker
and contributor of ferroptosis. Biochem Biophys Res Commun. (2016) 478:1338–43.
doi: 10.1016/j.bbrc.2016.08.124

44. YangWS, Kim KJ, Gaschler MM, Stockwell BR. Peroxidation of polyunsaturated
fatty acids by lipoxygenases drives ferroptosis. Proc Natl Acad Sci U.S.A. (2016) 113:
E4966–75. doi: 10.1073/pnas.1603244113

45. Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the
initiation and execution of ferroptosis. ACS Cent Sci. (2018) 4:387–96. doi: 10.1021/
acscentsci.7b00589

46. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor
microenvironment. Science. (2015) 348:74–80. doi: 10.1126/science.aaa6204

47. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med. (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

48. Torti SV, Manz DH, Paul BT, Blanchette-Farra N, Torti FM. Iron and cancer.
Annu Rev Nutr. (2018) 38:97–125. doi: 10.1146/annurev-nutr-082117-051732

49. Jung M, Mertens C, Brune B. Macrophage iron homeostasis and polarization in
the context of cancer. Immunobiology. (2015) 220:295–304. doi: 10.1016/
j.imbio.2014.09.011

50. Gan ZS, Wang QQ, Li JH, Wang XL, Wang YZ, Du HH, et al. Iron reduces M1
macrophage polarization in RAW264.7 macrophages associated with inhibition of
STAT1. Mediators Inflammation. (2017) 2017:8570818. doi: 10.1155/2017/8570818
frontiersin.org

https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/nature05859
https://doi.org/10.3389/fcell.2020.590226
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1186/s13041-019-0501-0
https://doi.org/10.7554/eLife.02523
https://doi.org/10.18632/oncoscience.v2i5
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1016/j.semcancer.2015.03.004
https://doi.org/10.1007/s00384-018-3202-8
https://doi.org/10.1016/j.ctrv.2020.102016
https://doi.org/10.6004/jnccn.2020.7554
https://doi.org/10.1093/annonc/mdx444
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1002/cac2.12250
https://doi.org/10.1002/cac2.12250
https://doi.org/10.1016/j.cmet.2021.02.015
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1016/S0014-5793(02)03049-1
https://doi.org/10.1016/S0014-5793(02)03049-1
https://doi.org/10.1016/j.bbrc.2020.01.066
https://doi.org/10.1074/jbc.M202285200
https://doi.org/10.21037/atm-21-6942
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.3945/ajcn.117.155804
https://doi.org/10.3390/ijms22094591
https://doi.org/10.3390/ijms22094591
https://doi.org/10.1080/21655979.2022.2051858
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1016/j.abb.2019.05.006
https://doi.org/10.1111/nyas.2016.1368.issue-1
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.3390/biology10030184
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1146/annurev-physiol-020518-114444
https://doi.org/10.1021/acschembio.5b00245
https://doi.org/10.1016/j.bbrc.2016.08.124
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1146/annurev-nutr-082117-051732
https://doi.org/10.1016/j.imbio.2014.09.011
https://doi.org/10.1016/j.imbio.2014.09.011
https://doi.org/10.1155/2017/8570818
https://doi.org/10.3389/fimmu.2025.1524711
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xu et al. 10.3389/fimmu.2025.1524711
51. Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm GW, Kopf M,
et al. T cell lipid peroxidation induces ferroptosis and prevents immunity to infection. J
Exp Med. (2015) 212:555–68. doi: 10.1084/jem.20140857

52. Yao Y, Chen Z, Zhang H, Chen C, Zeng M, Yunis J, et al. Selenium-GPX4 axis
protects follicular helper T cells from ferroptosis. Nat Immunol. (2021) 22:1127–39.
doi: 10.1038/s41590-021-00996-0
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