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Abstract

Ferroptosis is a novel mode of iron-dependent non-apoptotic cell death that occurs mainly due to excessive accumulation
of lipid peroxides. Numerous studies in recent years have shown that ferroptosis plays a vital role in the organism and
has important interactions with immune cells. Ferroptosis has been shown to have great potential in tumour therapy
through studying its mechanism of action. In addition, ferroptosis plays a major role in many types of tumour cells that
can potently suppress the tumourigenesis and metastasis, provide a basis for the treatment of many malignant tumour
diseases and become a novel therapeutic modality of antitumour immunity in the clinic. Current tumour immunotherapy
for ferroptosis in combination with other conventional oncological modalities is not well elaborated. In this paper, we
mainly discuss the connection of ferroptosis with immune cells and their mediated tumour immunotherapy in order to
provide a better theoretical basis and new thinking about ferroptosis mediated antitumour immunity.
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1 Introduction

Ferroptosis is a new type of iron-dependent cell death that differs from necrosis, apoptosis and autophagy. The concept
of ferroptosis was initially introduced in 2012 by Dixon et al. [1]. Ferroptosis occurs mainly due to reduce glutathione
peroxidase activity, couple with excessive accumulation of lipid peroxidation and reactive oxygen species (ROS). Ferrop-
tosis is morphologically discernible from necrosis, apoptosis and autophagy and is characterized mainly by mitochon-
drial atrophy, reduction or disappearance of mitochondrial cristae, rupture of the outer mitochondrial membrane and a
normal nucleus [2]. Ferroptosis exhibits a dual role in promoting and suppressing tumourigenesis. The tumour immune
microenvironment (TME) is comprised mainly of tumour cells and immune cells, including T cells, B cells, macrophages,
and dendritic cells etc. [3, 4]. Due to the complexity of TME, various cells demonstrate varying sensitivities to ferroptosis.
Recent research has indicated that the significance of ferroptosis in the immune microenvironment and immunotherapy.
In this review, we discuss the relationship between ferroptosis and immune cells and tumour therapy.
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2 Mechanisms for the development and regulation of ferroptosis
2.1 Iron homeostaticimbalance

Iron homeostasis is primarily regulated by a network of iron-regulatory related proteins. Iron ions gain entry into cells via the
transferrin/transferrin receptor-1 (TF/TFR-1) transport system and are exported out of the cell via the ferroportin and ferritin
export proteins, which transport iron ions and ferritin respectively through diverse pathways. Iron homeostasis mechanisms
ensure a dynamic balance in the cellular uptake, utilization and release of iron. However, the iron homeostatic balance is
affected by electron transfer [5]. Extracellular Fe** binds to transferrin to form a complex, which enters the cell membrane
through the transferrin receptor (TFRC) and is reduced to Fe?* by the six transmembrane epithelial antigens of prostate 3
(STEAP3) to be stored in the iron pool or in other forms. Conversely, when intracellular Fe?* levels surpass normal limits, they
combine with H,0O, via the Fenton reaction to generate hydroxyl radicals, which generate lipid peroxides and lead to the
development of ferroptosis. Furthermore, iron-dependent lipoxygenase can also act on polyunsaturated fatty acids (PUFAs)
to further catalyse the production of lipid peroxides, inducing ferroptosis [6]. Studies have shown that heat shock proteinf3-1
(HSPBT1) is a negative regulator of ferroptosis, inhibiting ferroptosis by suppressing TFR-1 and simultaneously blocking the
inducing effect of Erastin [7]. Ferroportin, as the sole iron exporter, enhances Erastin induced ferroptosis in neuroblastoma
cells when it knocked out [8]. Furthermore, disturbances in iron homeostasis can also lead to the occurrence of diseases such
as atherosclerosis, aortic dissection and cardiomyopathy [9-11].

2.2 Excessive lipid peroxidation

PUFAs exist within cells, which are commonly classified into omega-3 and omega-6 PUFAs. Studies have shown that most
tumours invade and grow in acidic environments [12]. Omega-3 and omega-6 PUFAs tend to accumulate in acid-adapted
cancer cells, selectively inducing ferroptosis [13]. Acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophos-
phatidylcholine acyltransferase 3 (LPCAT3) can influence the ability of intracellular PUFAs to form phospholipids [14]. After
enzymatic or nonenzymatic oxidation reactions, lipid peroxidation by ROS on membrane phospholipids occurs. ACSL3 can
convert fatty acids into fattyAcyl-CoA esters, which bind to membrane phospholipids and inhibit ferroptosis [15]. When
mechanisms governing intracellular ferroptosis are inhibited, such as the glutamate-cystine antiporter system (System
Xc"),glutathione peroxidase 4 (GPX4) and the ferroptosis suppressor protein 1 (FSP1) etc., excessive accumulation of lipid
peroxides can occur. This accumulation can disrupt cellular membranes and trigger the initiation of ferroptosis [16].

2.3 Regulation of the system Xc~, GPX4 and FSP1

System Xc™ is an amino acid antiporter comprising two subunits, SLC7A11 and SLC3A2, located within the phospholipid
bilayers. This system functions to transport intracellular glutamate outward and extracellular cystine inward. Cystine trans-
ported to the intracellular area is reduced to cysteine to participate in the formation of glutathione (GSH). GSH can reduce
the binding of H,0, to Fe?* and prevent the generation of ROS and Fe** by reacting with H,0, to stop ferroptosis [17]. GPX4
is a special antioxidant enzyme. The characteristics and functions of GPX4 are reflected mainly in changing toxic lipid hydrop-
eroxides to nontoxic lipid alcohols, effectively scavenging lipid peroxides and preventing their excessive accumulation [18].
Furthermore, GPX4 has a substantial effect on the reaction between GSH and H,O,, which can reduce H,0O, to water, prevent
the Fenton reaction and promote ferroptosis. Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important antioxidant
transcription factor [19]. Current studies have shown that GPX4 and SLC7A11 in System Xc™ are target genes of Nrf2. When
Nrf2 is overexpressed, the expression of SLC7A11 is coordinately upregulated, promoting the GSH in vivo, enhancing the
antioxidant effect of astrocytes and reducing the incidence of gliomas [20]. In non-small cell lung cancer, Nrf2 regulates fer-
roptosis in lung cancer cells by targeting GPX4 and binding to its promoter region [21]. FSP1 is a novel antioxidant protein
that primarily inhibits lipid peroxidation and ferroptosis by reducing CoQ to CoQH2 [22]. When GPX4 is absent, it can serve
as a compensatory mechanism (Fig. 1).
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Fig. 1 Occurrence and regulation of Ferroptosis. TF transferrin, TFRC transferrin receptor, STEAPE3 six transmembrane epithelial antigens of
prostate 3, PUFAs polyunsaturated fatty acids, ACSL4 Acyl-CoA synthetase long-chain family member 4, Lipid ROS lipid reactive oxygen spe-
cies, LPCAT3 lysophosphatidylcholine acyltransferase 3, GPX4 glutathione peroxidase 4, GSH glutathione, FSP1 ferroptosis suppressor protein
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3 Ferroptosis and the regulation of immune cells
3.1 Association of T lymphocytes with ferroptosis

T cells can undergo ferroptosis themselves and also induce ferroptosis in others. T lymphocytes are divided into CD4*T
and CD8T. Regulatory T cells (Tregs) differentiated from CD4*T cells have powerful immunosuppressive functions that
can inhibit the antitumour immune effects of effector T cells, natural killer cells and dendritic cells (DCs) and promote
tumour progression through various mechanisms. Tregs are the key inhibitory cells in maintaining immune tolerance
and escaping tumour cells [23]. Studies have shown that Tregs are closely associated with the key gene GPX4 involved in
ferroptosis. By inhibiting GPX4, ferroptosis of Tregs can be induced, leading to the release of proinflammatory cytokines,
such as IL-1B. This promotes the activation of DCs and CD8*T cells and enhances antitumour immune responses [24].
CD8'T cells secrete IFN-y to downregulate the SLC7A11 and SLC3A2 subunits of System Xc~, which reduces the exchange
of cystine and glutamate, hinders the synthesis of GSH, promotes lipid peroxidation in tumour cells and leads to ferrop-
tosis to inhibit tumour growth [25]. In addition, some PUFAs, such as arachidonic acid, can interact with IFN-y secreted
by CD8*T cells, stimulate ACSL4 through the JAK-ASTAT1 pathway and alter the lipid status of tumour cells to induce
ferroptosis [25]. GPX4 plays a crucial role in inhibiting ferroptosis by possessing unique abilities to scavenge membrane
lipid peroxidation products and prevent oxidative stress [26]. When CD4T cells and CD8*T cells specific deletion in GPX4
are prone to ferroptosis, which deprives T lymphocytes immune function and prevents them from exerting antitumour
functions.

3.2 Association of B lymphocytes with ferroptosis

The subtypes of B cells can be categorized into B1 cells, follicular (FO) B cells and marginal zone (MZ) B cells [27]. The
three subtypes differ in their susceptibility to ferroptosis. B1 and MZ B cells express relatively high levels of CD36, which
enhances fatty acid uptake. Therefore, ferroptosis is more likely to occur [28]. In addition, sensitivity to ferroptosis is also
influenced by GPX4, which plays a crucial role in regulating ferroptosis with the assistance of GSH. Experimental findings
indicate that the absence of GPX4 does not significantly impact the susceptibility of FO B cells to ferroptosis. Although
GPX4 is less closely linked to FO B cells in areas such as cell growth and development, GPX4 is essential for FO B cells.
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Conversely, B1 and MZ B cells demonstrate a much higher sensitivity to ferroptosis in the absence of GPX4, which can
accumulate continuous lipids, causing cytotoxic effects that lead to the development of ferroptosis [28].

3.3 Association of macrophages with ferroptosis

Macrophages are divided into pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages. These two
fractions have different sensitivities to the ferroptosis inducer ras-selective lethal small molecule 3 (RSL3) [29]. Because
M1 macrophages express higher levels of the enzyme inducible nitric oxide synthase and produce more NO, they are
less sensitive to ferroptosis than M2 macrophages. When ferroptosis occurs in tumour cells, some damage-associated
molecular patterns (DAMPs), such as Kras®'?, can cause the conversion of macrophages to the M2 phenotype, promote
tumour cell survival, proliferation and metastasis and inhibit the function of other immune cells [30]. However, studies
have shown that inhibiting APOC1 in liver cancer cells can convert M2 macrophages into M1 macrophages through the
ferroptosis pathway, thereby enhancing antitumour immunity [31]. Phagocytosis of senescent red blood cells (RBCs) by
macrophages is one of the sources of iron in the body. Moreover, macrophages phagocytose RBCs to undergo eryth-
rophagocytosis. As erythrophagocytosis increases, iron accumulates in macrophages such that J774 macrophages exhibit
increased levels of ROS and lipid peroxidation. When a certain level is reached, the cell undergoes ferroptosis [32].
However, hepatic leukaemia factor (HLF) in triple-negative breast cancer is affected by transforming growth factor 31,
which is secreted by tumour-associated macrophages and can stimulate gamma-glutamyltransferase 1 and enhance
the function of GPX4. Therefore, the resistance of tumour cells to ferroptosis is further enhanced [33].

3.4 Association of dendritic cells with ferroptosis

Dendritic cells recognize tumour cells through lipid peroxides produced by ferroptosis, which can promote antigen
presentation and stimulate T cells to perform immune functions [34]. Bone marrow-derived dendritic cells (BMDCs)
coincubated with ML162, LRS-3 and Erastin-mediated ferroptotic tumour cells can increase exposure to CD86, CD40 and
MHC I1high, indicating enhanced DCs maturation [35]. In contrast, when LOX12/15 expression levels are elevated, lipid per-
oxidation increases, which inhibits DCs maturation [36]. In addition, Efimova et al. compared the effects of RSL3-treated
MCA205 cells for 1 h and 24 h on the maturation of mouse BMDCs and demonstrated that early-stage ferroptosis tumour
cells promote the maturation of BMDCs, whereas late-stage ferroptosis tumour cells are phagocytosed by BMDCs [37].

3.5 Association of neutrophils with ferroptosis

Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), important constituent cells of the immunosup-
pressive microenvironment, have strong inhibitory effects on lymphocyte cytotoxicity and a role in promoting tumour
growth. Studies have shown that by downregulating GPX4, ferroptosis can be induced in PMN-MDSCs. However, after
PMN-MDSCs undergo ferroptosis, theirimmunosuppressive effects are enhanced. The application of ferroptosis inhibitors
can effectively inhibit tumour growth [38]. In glioblastoma, tumour cells undergo injury, releasing DAMPs that induce
the recruitment of neutrophils. Neutrophils transfer myeloperoxidase-containing granules to tumour cells, inducing the
accumulation of lipid peroxides within tumour cells and causing ferroptosis in damaged tumour cells [39]. Patients with
spontaneous intracerebral haemorrhagic stroke are commonly associated with hypertension and diabetes. In a mouse
model of cerebral haemorrhage, hypertension and diabetes result in massive infiltration of neutrophils and disrupt the
peroxisome proliferator activated receptoryof neutrophils, which affects the transcription and secretion of lactoferrin,
ultimately leading to ferroptosis of neuronal cells [40]. In the presence of aconitate decarboxylase 1, tumour-infiltrating
neutrophils can reduce the accumulation of intracellular lipid peroxides and prevent them from undergoing ferroptosis
[41].

3.6 Association of others in the tumour microenvironment with ferroptosis
3.6.1 The connection between ferroptosis and mechanotransduction
Mechanotransduction is the process by which cells convert mechanical cues into biochemical signals, activate cellular

pathways and influence their functions. The extracellular matrix (ECM) stiffening can induce the polarization of mac-
rophages towards the M2 phenotype, resulting in immune tolerance in tumour cells [42]. Additionally, the Rho-associated
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coiled-coil-containing protein kinase (ROCK)-myosin lIA-filamentous actin (F-actin) mechanosignaling pathway induced
by stiffened ECM restricts the excretion of cyclic GMP-AMP (cGAMP), ultimately affecting the maturation of DCs and the
activation of effector T cells in the tumour microenvironment [43]. Studies have shown that GPX4 promotes ferroptosis
through the Yes-associated protein and transcriptional enhanced associate domain (YAP-TEAD) pathway under mechani-
cal stress [44].

3.6.2 The connection between ferroptosis and autophagy

Autophagy is a cellular degradation pathway that primarily degrades intracellular proteins, organelles and other compo-
nents needing degradation through the lysosomal pathway, thereby maintaining intracellular homeostasis [45]. Numer-
ous studies have indicated that autophagy influences the immune response of immune cells [46]. Autophagy plays a
crucial role in the proliferation and protection of T lymphocytes [47]. T lymphocytes with deficient autophagy function
exhibit decreased secretory factor capabilities and compromised survival. Furthermore, some studies have reported
that the induction of autophagy using mTOR inhibitors can activate the antitumour immune function of T lymphocytes
[48]. Autophagy also affects the antigen-presenting function of dendritic cells. The autophagy protein ATG5 influences
CD36 expression in dendritic cells and impacts the MHC Il presentation pathway [49]. The occurrence of ferroptosis can
be regulated by various autophagy pathways. Ferritinophagy is a selective autophagy process that regulates intracel-
lular iron levels, primarily mediated by nuclear receptor coactivator 4 (NCOA4) [50]. NCOA4 binds to ferritin heavy chain
and transports it to lysosomes for degradation, resulting in an increase in intracellular iron ion levels, which triggers the
Fenton reaction and induces ferroptosis [51]. Lipophagy refers to the process of degrading intracellular lipid droplets
[52]. It induces ferroptosis by reducing lipid storage and increasing lipid degradation [53]. However, studies have shown
that overexpression of the oncogene tumour protein D52 which can inhibit ferroptosis by suppressing the occurrence
of lipophagy [54]. Clockophagy is a newly discovered type of autophagy. ARNTL is a core clockophagy protein. Research
has found that ARNTL blocks ferroptosis in cancer cells by controlling the EGLN2-HIF1A pathway [55].

3.6.3 The connection between ferroptosis and fibrosis

Fibrosis refers to the process in which there is an increase in fibrous connective tissue within an organ and tissue, accom-
panied by a decrease in parenchymal cells, ultimately leading to organ and tissue failure. When fibrosis occurs in the liver,
it triggers dendritic cells to secrete TNF-a, which causes hepatic stellate cells to proliferate and activate, exacerbating
liver fibrosis [56]. In the late stages of renal fibrosis, a large number of neutrophils are found, which activate fibroblasts by
secreting IL-1P and other cytokines, thereby promoting renal fibrosis [57]. Recent studies have found a close connection
between ferroptosis and fibrotic diseases. In tissues undergoing fibrosis, there is an increase in the level of transforming
growth factor 3, which induces oxidative stress in fibroblasts, triggering ferroptosis in cells [58]. When renal cells undergo
ferroptosis, there is a significant increase in Fe2" in the tissue, further promoting renal fibrosis [59].

3.6.4 The connection between ferroptosis and cancer associated fibroblasts as well as endothelial cells

The tumour microenvironment also includes cancer associated fibroblasts (CAFs) and endothelial cells [60]. CAFs are
the primary component in the extracellular matrix of tumours and play a crucial role in the initiation, progression, and
metastasis of tumours. Research has found that when CAFs are co-cultured with macrophages, they promote the trans-
formation of macrophages into M2 type by secreting IL-6 and SDF-1, leading to tumourigenesis and immune escape [61].
Additionally, IL-6 secreted by CAFs can also activate STAT3 to promote the production of indoleamine 2,3-dioxygenase
by dendritic cells, causing immunosuppression. [62]. Studies have shown that arachidonate 15-lipoxygenase (ALOX15)
is associated with ferroptosis in gastric cancer. CAFs secrete exosomal miR-522, which targets ALOX15 to reduce the
production of ROS and block the occurrence of ferroptosis in gastric cancer [63]. Furthermore, there is a close relation-
ship between ferroptosis and pulmonary fibrosis. Under the induction of bleomycin, iron accumulates abundantly in
lung tissue, triggering ferroptosis in lung tissue and promoting the development of pulmonary fibrosis [64]. Under the
action of Erastin, ferroptosis in lung fibroblasts can be induced through the MAPK pathway. Endothelial cells form the
inner lining of blood vessels and serve as the interface between the blood in the lumen and other parts of the vessel
wall. Ferroptosis is involved in the process of inflammatory damage to vascular endothelial cells. Studies have shown that
vascular endothelial growth factor can induce the expression of miR-17-92 in endothelial cells by activating the ERK/ELK1
pathway. miR-17-92 protects endothelial cells from Erastin-induced ferroptosis by targeting the A20-ACSL4 axis [65].

@ Discover



Review
Discover Oncology (2025) 16:153 | https://doi.org/10.1007/512672-025-01911-x

4 Ferroptosis mediated tumour immunotherapy
4.1 The dual role of ferroptosis in tumour treatment

Ferroptosis is a double-edged sword in tumour treatment. On the one hand, AKR1C2 inhibits ferroptosis by degrading
lipid peroxides [66]. Meng et al. found through research that BET inhibitors inhibit AKR1C2 expression through BRD4,
thereby inducing ferroptosis in melanoma [67]. Artesunate induces ferroptosis in pancreatic ductal adenocarcinoma by
promoting ROS production, thereby hindering tumour growth [68]. On the other hand, when GPX4 is absent within cells,
it can cause lipid peroxidation in tumour cells, triggering ferroptosis. However, this can also promote immune escape
mediated by immunosuppressive mediators, thereby promoting tumourigenesis [69]. Furthermore, when ferroptosis
occurs in certain tumour cells, it can adversely affect the antigen-presenting function of DCs, impeding antitumour
immunity and promoting the development of certain tumour cells [35].

4.2 Overview of ferroptosis mediated tumour immunotherapy

In recent years, most tumours have an innate resistance to apoptosis. Research has revealed that ferroptosis induced by
immune checkpoint inhibitors (ICls) play crucial roles in antitumour immune tolerance [25]. ICls include PD-1, CTLA-4,
TIM3, and others. Different immune cells have distinct mechanisms of action on ICls. CD4*T cells primarily assist CD8*T
cells secreting cytokines, which can alter the TME and influence the outcomes of ICls therapy. However, Tregs induced
by oxidative stress can release a large amount of adenosine, which can undermine the therapeutic effects of ICls [25,
70]. B lymphocytes present antigens to T lymphocytes, thereby forming antigen-specificimmune responses within the
TME and influencing the outcomes of ICls therapy [71]. Macrophages primarily influence the outcomes of ICls therapy
by modulating inflammatory responses [72]. DCs influence the outcomes of ICls therapy by integrating information from
the TME and transmitting it to other immune cells, especially T cells [73]. Genetic and pharmacological approaches can
inhibit the immunosuppressive activity of pathologically activated neutrophils, and they can produce synergistic effects
with ICls to suppress tumour activity [38, 74]. Currently, T lymphocytes are most widely combined with ICls. Under the
stimulation of ICIs, CD8*T cells are activated to exert their immune function and facilitate the induction of ferroptosis in
tumour cells [25]. However, when CD36 affects CD8*T cells, it leads to constant uptake of fatty acids and accumulation
of lipid peroxides, causing ferroptosis in CD8*T cells and promoting tumourigenesis [75]. When tumour cells are dam-
aged, they release DAMPs and exhibit immunogenicity, such as high mobility group Box 1(HMGB1), which can bind to
pattern recognition receptors to activate the immune system. This activation enables immune cells to localize accurately
to tumour cells and perform antitumour functions [69]. However, the knockout of HMGBT1 in the HL-60 leukaemia cell
line expressing NRAS®'t (HL-60/NRAS®™) can upregulate cyclooxygenase 2 and transferrin expression through the
RAS-JNK/p38 pathway, which can reduce Erastin induced ferroptosis and inhibit Erastin anticancer activity [76]. In addi-
tion, programmed death 1 (PD-1) is commonly expressed on activated T cells, B cells, macrophages and other immune
cells. CD8™T cells release IFN-y, which can induce high expression of programmed death 1 ligand (PD-L1) on the surface
of hepatocellular cells that combines with PD-1 to promote the apoptosis of CD8*T cells, thereby affecting antitumour
immunity [77]. To address this situation, combination therapy with anti-PD-1/PD-L1 antibodies has been used to induce
CD8T cells to secrete IFN-y and activate STAT1 signaling, which significantly downregulates the expression of SLC3A2 and
SLC7A11, increases lipid peroxidation in tumour cells and induces tumour cell death [78]. However, too much or too little
GPX4inT cells or B cells can affect the immune function of immune cells and impede the onset of ferroptosis in target
cells [79]. Therefore, it is crucial to regulate the GPX4 content in immune cells appropriately to ensure the effectiveness
of immunotherapy [80]. Moreover, when the antigen presentation system is abnormal, some types of tumour cells can
become resistant to ICls, which is one of the urgent problems to be solved currently. The issue of drug resistance can
be overcome by researching new ICls and implementing personalized treatment based on patients’biomarkers. Table 1
summarizes the connection among immune cells, ferroptosis, and ICls (Fig. 2).

4.3 Immunotherapy combined with targeted therapy mediated by ferroptosis in cancer treatment

For targeted therapy mediated by ferroptosis, a classic approach involves the use of ferroptosis inducers and related
ferroptosis-targeting drugs. Different types of cancer exhibit varying sensitivities to ferroptosis. RSL3 and Erastin are
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Fig.2 Combination of immune checkpoint inhibitors with other cancer treatment modalities in ferroptosis. PDT photodynamic therapy, IFN-
y interferon-y, GPX4 glutathione peroxidase 4, P53 tumour protein p53, ATM mutated in Ataxia-Telangiectasia, ACSL4 Acyl-CoA synthetase
long-chain family member 4, Lipid ROS lipid reactive oxygen species

classic ferroptosis inducers that trigger ferroptosis in tumour cells by acting on different targets, without interfering with
the expression of IFN-y in T cells [25]. RSL3 functions by directly interacting with GPX4 to inhibit its activity, which leads
to the accumulation of ROS in tumour cells and promotes the occurrence of cellular ferroptosis [81]. Erastin induces the
onset of cellular ferroptosis by inhibiting the function of System Xc~, preventing the exchange of amino acids across the
cell membrane, reducing GSH synthesis and affecting the action of GPX4 [82]. Studies have shown that imidazone ketone
Erastin (IKE), a derivative of Erastin, exerts an antitumour effect in xenograft models of diffuse large B cell ymphoma by
inhibiting System Xc™ [83]. Furthermore, Erastin induced generation of ROS can also activate P53, which triggers cellular
ferroptosis by inhibiting the SLC7A11 subunit of System Xc™ and interfering with cystine uptake [84]. However, the use
of inducers can also cause problems such as bone marrow injury. Sorafenib mainly enhances the sensitivity of liver can-
cer cells to ferroptosis by reducing the HIF-1a/SLC7A11 signaling [85]. Sulfasalazine (SAS) induces ferroptosis in glioma
cells by inhibiting SLC7A11 and the higher the concentration of SAS, the more pronounced the induction effect [86].
Statins induce ferroptosis by blocking the mevalonate pathway and inhibiting GPX4 and coenzyme Q10 [87]. Tanshinone
IIA induces ferroptosis in gastric cancer by upregulating p53 and downregulating SLC7A11 [88]. However, further in-
depth exploration and research are still required regarding drug resistance, dosage, and side effects associated with the
drug. Currently, there have been no detailed reports on the combination of ferroptosis inducers or targeted drugs with
immunotherapy, and a single treatment approach is predominantly adopted in clinical practice. However, studies have
shown that inhibiting phosphoglycerate mutase 1 can downregulate lipid carriers, activate CD8T cells, and synergize
with anti-PD-1 immunotherapy to induce ferroptosis in liver cancer [89]. TYRO3, which is expressed on the surface of
tumour cells, can induce the polarization of M1 macrophages into M2 macrophages and promote the immune escape of
tumour cells. In addition, TYRO3 can upregulate SLC3A2, resist treatment with anti-PD-1/PD-L1 antibodies and impede the
occurrence of cellular ferroptosis. The combined application of relevant TYRO3 inhibitors can increase the sensitivity of
tumour cells to anti-PD-1/PD-L1 antibodies, improve resistance to anti-PD-L1 therapy and induce the onset of ferroptosis
[90]. In summary, combination therapy holds great research promise and significance, but we must also constantly pay
attention to and prioritize the negative effects it may bring. Combination therapy may lead to reduced efficacy and the
emergence of toxic side effects due to unknown drug interactions in terms of toxicity. To address this, we can explore
novel drug administration modes and utilize advanced diagnostic tools and technologies to closely monitor patients’
treatment responses. Additionally, investigating the mechanistic pathways through which combination therapy acts on
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different types of cancers is a current challenge. To this end, basic scientific research should be strengthened to provide
support for clinical treatment.

4.4 Immunotherapy combined with radiotherapy mediated by ferroptosis in cancer treatment

lonizing radiation therapy mainly leverages the differences in cellular sensitivity to damage the DNA of tumour cells,
thereby inhibiting their growth. Mutated in Ataxia-Telangiectasia (ATM) is an important gene that expresses a serine-
threonine protein kinase. When DNA damage occurs, ATM is activated, leading to the downregulation of SLC7A11 and
inducing ferroptosis [91]. lonizing radiation can induce ferroptosis in tumour cells by resulting in the generation of ROS
and the upregulation of ACSL4. ACSL4 is a lipid metabolism enzyme that promotes the onset of lipid peroxidation [92].
The authors found that radiotherapy led to elevated levels of lipid peroxidation in HT1080, B16F10 and ID8 cells. These
results may indicate that radiotherapy can lead to the development of ferroptosis. Current studies have demonstrated
that radiotherapy combined with PD-1/PD-L inhibitors can improve the abscopal effect [93], promote IFN-y secretion
from CD8™T cells, synergistically inhibit SLC7A11 via radiotherapy, affect System Xc™ and promote ferroptosis in tumour
[91]. P53, a major effector in radiotherapy, affects the exchange of glutamate and cystine by suppressing the expression
of the SLC7A11 subunit, which reduces glutathione production and promotes radiotherapy induced ferroptosis, How-
ever, when P53 is deficient, it inhibits radiation induced ferroptosis and enhances the radioresistance of tumour cells.
Ferroptosis also mediates the radiosensitizing effect of p53 [94]. At present, the combined treatment of the two modali-
ties is still in its early stages. Many problems, including applicable groups and types of disease, still need to be explored
in the clinic to achieve ideal treatment results. Combination therapy may cause certain damage to surrounding normal
tissues and adversely affect the digestive tract and hematological system. To address these challenges, measures such
as precise localization and planning, as well as improving the accuracy of dose distribution.

4.5 Immunotherapy combined with nanotherapy mediated by ferroptosis in cancer treatment

In recent years, nanotherapy has gradually been applied in tumour treatment. Compared to traditional tumour treatment
methods, nanomaterials improve drug stability, enhance targeting, reduce transmembrane difficulty and decrease the
occurrence of adverse reactions [95]. It has been discovered that Fe;0,-SAS@PLTs have the ability to escape the immune
system and target tumour metastasis. This platform consists of sulfasalazine (SAS)-loaded mesoporous magnetic nano-
particles (Fe;0,) and a platelet (PLT) membrane that can induce the onset of ferroptosis and elicit an effective immune
response by inhibiting Systemic Xc™ and decreasing the uptake of cystine. In addition, Fe;0,-SAS@PLTs can be combined
with immunotherapy to exert antitumour immune effects by polarizing M2 macrophages to M1 macrophages, activat-
ing other immune cells and promoting the onset of ferroptosis in tumour cells [96]. HGF nanoparticles are formed by
combining HACA-Fe nanoparticles (NPs) with the exosome inhibitor GW4869 in combination with PD-L1 blockers, which
can effectively inhibit the secretion of exosomal PD-L1 of tumour cell origin, restore the function of T lymphocytes and
induce ferroptosis of tumour cells [97]. Photodynamic therapy (PDT) is a minimally invasive treatment that combines a
photosensitizer, visible light, and oxygen to initiate a photochemical reaction, thereby damaging the structure of tumour
cells. Studies have demonstrated the role of PDT in inducing ferroptosis in tumour cells [98]. Haemoglobin is connected
to the photosensitizer chlorin e6 to construct a 2-in-1 nanoplatform, SRF@Hb-Ce6, loaded with sorafenib. The oxygen-
carrying capacity of Hb can significantly enhance photodynamic therapy and the intracellular iron content, induce the
secretion of IFN-y by immune cells and enhance the onset of ferroptosis in tumour cells [99]. Fe-HCOF-PEG?°® is a primary
combination for both Type I/Il PDT and ferroptosis, capable of promoting the generation of ROS under hypoxic conditions
to induce the occurrence of ferroptosis [100]. A nanocomplex (PAF) of PEGylated polygalacturonic acid, 5,10,15,20-tetrakis
(4-aminophenyl) porphyrin (TAPP), and Fe** induces ferroptosis in B16 melanoma cells by elevating intracellular ROS
levels and triggering lipid peroxidation [101]. A nanosystem laoded with the poly (lactic-co-glycolic acid) (PLGA) contain-
ing ferrous Fe;0, and Ce6. The Fe;0,-PLGA-Ce6 nanosystem can induce ferroptosis in cells by releasing iron ions that
trigger the Fenton reaction [102]. Furthermore, ferroptosis can also enhance the sensitivity of PDT. Ce6-erastin, formed
by the combination of the photosensitizer Ce6 and Erastin, under the induction of erastin, accumulates intracellular ROS
and increases the concentration of O, through the Fenton reaction, alleviating the hypoxia issue in PDT and significantly
enhancing the therapeutic efficacy of PDT. On the one hand, nanotherapy optimizes the deficiencies of traditional treat-
ment methods; on the other hand, its combination with ferroptosis inducers and ICls in the treatment of different types of
cancers is still in its infancy, and the issues exposed require further efforts to overcome [103]. Currently, to prevent harm
to normal cells, the biocompatibility of immune responses induced by nanoparticles can be assessed. Additionally, the
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Table 2 The challenges of nanoparticles in cancer immunotherapy

The challenges encountered in nanoparticles

1.Cytotoxicity issue: Nanoparticles may have potential toxicity to cells, which may limit their safe range of use

2.Non-specific distribution and clearance: Nanoparticles may be recognized and rapidly cleared by the mononuclear phagocyte system in
the body, thereby reducing the efficiency of drug delivery

3.Biocompatibility and immune response: The biocompatibility of nanoparticles and whether they can cause unnecessary immune
responses must be considered

4.Durability and targeting accuracy: Currently, the duration of action of nanoparticles is relatively short, and they may cause damage to
normal tissues

combination of immunomodulators with chemotherapeutic drugs should be evaluated to determine their synergistic
effects on cancer treatment [104]. Regarding the safety of nanomaterials, the selection of material components should
be based on the FDA's approved list. Table 2 the challenges of nanoparticles in cancer immunotherapy [105].

5 Conclusions and outlook

In summary, ferroptosis is more closely related to the interaction with immune cells. Ferroptosis, as an emerging mode
of cell death, has been clinically used in tumour therapy protocols. Although there are great advances in antitumour
immunity, ferroptosis also promotes tumourigenesis in the presence of some mechanisms. The article mainly discusses
three parts. First, the occurrence and regulatory mechanisms of ferroptosis. Further research and exploration are needed
into the emerging regulatory mechanisms of ferroptosis in order to discover more optimized modes of tumour treatment.
Second, the connection between ferroptosis and immune cells. Due to the tumour microenvironment is vast and com-
plex, we only discuss a few classicimmune cells and tumour associated cells with ferroptosis in this paper. The association
of ferroptosis with unmentioned immune cells and tumour associated cells and how to better regulate the effects of
ferroptosis on tumours are the focus of our future research. Third, ferroptosis mediated immunotherapy combined with
other tumour treatment methods. Ferroptosis inducers or inhibitors do not have cell specificity and may affect other
non-tumour cells. Combination therapy is not yet widely used and requires further research and exploration in terms of
the types of tumours targeted, suitable patient populations, dosage, off-target effects, and other aspects. In the future,
ferroptosis holds great promise for research in tumour treatment. Our research focus will be on how to better induce or
inhibit ferroptosis, with the aim of developing more innovative tumour treatment strategies.

Author contributions All authors contributed to the study conception and design. Material preparation, data collection and analysis were
performed by ZZ,XW, JZ, MZ, M T, P Z.The first draft of the manuscript was written by Z Z and all authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding This work was supported by National Natural Science Foundation of China (No. 81972002), China Postdoctoral Science Foundation
(N0.2024M751562), Natural Science Foundation of Shandong province (No. ZR2024MH175,No. ZR2019MH099, ZR2015HMO031).

Data availability No datasets were generated or analysed during the current study.

Declarations
Consent to participate Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which
permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

@ Discover


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Discover Oncology (2025) 16:153 | https://doi.org/10.1007/512672-025-01911-x

Review

References

10.
11.

12.

13.

14.
15.

16.

17.
18.

19.

20.
21.

22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.

36.

37.

38.

Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060-72.
Li J, Cao F,Yin H, et al. Ferroptosis past present and future. Cell Death Dis. 2020;11(2):88.

Binnewies M, Roberts EW, Kersten K, et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat Med.
2018;24(5):541-50.

De Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer initiation to metastatic outgrowth. Cancer Cell.
2023;41(3):374-403.

Ward DM, Kaplan J. Ferroportin-mediated iron transport: expression and regulation. Biochim Biophys Acta. 2012;1823(9):1426-33.
Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the initiation and execution of ferroptosis. ACS Cent Sci.
2018;4(3):387-96.

Sun X, Ou Z, Xie M, et al. HSPB1 as a novel regulator of ferroptotic cancer cell death. Oncogene. 2015;34(45):5617-25.

Geng N, Shi BJ, Li SL, et al. Knockdown of ferroportin accelerates erastin-induced ferroptosis in neuroblastoma cells. Eur Rev Med Phar-
macol Sci. 2018;22(12):3826-36.

Wang X, Chen X, Zhou W, Men H, Bao T, Sun Y, Wang Q, et al. Ferroptosis is essential for diabetic cardiomyopathy and is prevented by
sulforaphane via AMPK/NRF2 pathways. Acta Pharm Sin. 2022;12(2):10.

Wang, ZhaoY, YeT, et al. Ferroptosis Signaling and Regulators in Atherosclerosis. Front Cell Dev Biol. 2021;9: 809457.

Chakraborty A, Li Y, Zhang C, et al. Programmed cell death in aortic aneurysm and dissection: a potential therapeutic target. J Mol Cell
Cardiol. 2022;163:67-80.

Damaghi M, Gillies R. Phenotypic changes of acid-adapted cancer cells push them toward aggressiveness in their evolution in the tumor
microenvironment. Cell Cycle. 2017;16(19):1739-43.

Dierge E, Debock E, Guilbaud C, et al. Peroxidation of n-3 and n-6 polyunsaturated fatty acids in the acidic tumor environment leads to
ferroptosis-mediated anticancer effects. Cell Metab. 2021;33(8):1701-1715.e5.

Lee JY, Kim WK, Bae KH, et al. Lipid metabolism and ferroptosis. Biology. 2021;10(3):184.

Magtanong L, Ko PJ, To M, et al. Exogenous monounsaturated fatty acids promote a ferroptosis-resistant cell state. Cell Chem Biol.
2019;26(3):420-432.€9.

Yang WS, Kim KJ, Gaschler MM, et al. Peroxidation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc Natl Acad Sci
USA. 2016;113(34):E4966-4975.

Tao N, Li K, Liu J. Molecular mechanisms of ferroptosis and its role in pulmonary disease. Oxid Med Cell Longev. 2020;2020:9547127.
WuY, Zhang S, Gong X, et al. The epigenetic regulators and metabolic changes in ferroptosis-associated cancer progression. Mol Cancer.
2020;19(1):39.

Alam J, Stewart D, Touchard C, et al. Nrf2, a Cap’n’collar transcription factor, regulates induction of the heme oxygenase-1 gene. J Biol
Chem. 1999;274(37):26071-8.

Alam MM, Kishino A, Sung E, et al. Contribution of NRF2 to sulfur metabolism and mitochondrial activity. Redox Biol. 2023;60: 102624.
Xing N, Du Q, Guo S, et al. Ferroptosis in lung cancer: a novel pathway regulating cell death and a promising target for drug therapy. Cell
Death Discov. 2023;9(1):110.

Bersuker K, Hendricks JM, Li Z, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature.
2019;575(7784):688-92.

Sakaguchi S, Mikami N, Wing JB, et al. Regulatory T Cells and Human disease. Annu Rev Immunol. 2020;38:541-66.

Xu C, Sun S, JohnsonT, et al. The glutathione peroxidase Gpx4 prevents lipid peroxidation and ferroptosis to sustain Treg cell activation
and suppression of antitumor immunity. Cell Rep. 2021;35(11): 109235.

Wang W, Green M, Choi JE, et al. CD8" T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. 2019;569(7755):270-4.
Forcina GC, Dixon SJ. GPX4 at the crossroads of lipid homeostasis and ferroptosis. Proteomics. 2019;19(18): €1800311.

Xu'S, Min J, Wang F. Ferroptosis: an emerging player in immune cells. Sci Bull. 2021;66(22):2257-60.

Muri J, Thut H, Bornkamm GW, et al. B1 and marginal zone B Cells but not follicular B2 cells require Gpx4 to prevent lipid peroxidation
and ferroptosis. Cell Rep. 2019;29(9):2731-2744.e4.

Kapralov AA, Yang Q, Dar HH, et al. Redox lipid reprogramming commands susceptibility of macrophages and microglia to ferroptotic
death. Nat Chem Biol. 2020;16(3):278-90.

Dai E, Han L, Liu J, et al. Autophagy-dependent ferroptosis drives tumor-associated macrophage polarization via release and uptake of
oncogenic KRAS protein. Autophagy. 2020;16(11):2069-83.

Hao X, Zheng Z, Liu H, et al. Inhibition of APOC1 promotes the transformation of M2 into M1 macrophages via the ferroptosis pathway
and enhances anti-PD1 immunotherapy in hepatocellular carcinoma based on single-cell RNA sequencing. Redox Biol. 2022;56: 102463.
Youssef LA, Rebbaa A, Pampou S, et al. Increased erythrophagocytosis induces ferroptosis in red pulp macrophages in a mouse model
of transfusion. Blood. 2018;131(23):2581-93.

Li H, Yang P, Wang J, et al. HLF regulates ferroptosis, development and chemoresistance of triple-negative breast cancer by activating
tumor cell-macrophage crosstalk. J Hematol OncolJ Hematol Oncol. 2022;15(1):2.

Zhao L, Zhou X, Xie F, et al. Ferroptosis in cancer and cancer immunotherapy. Cancer Commun. 2022;42(2):88-116.

Wiernicki B, Maschalidi S, Pinney J, et al. Cancer cells dying from ferroptosis impede dendritic cell-mediated anti-tumor immunity. Nat
Commun. 2022;13(1):3676.

Rothe T, Gruber F, Uderhardt S, et al. 12/15-Lipoxygenase-mediated enzymatic lipid oxidation regulates DC maturation and function. J
Clin Invest. 2015;125(5):1944-54.

Tang D, Kepp O, Kroemer G. Ferroptosis becomes immunogenic: implications for anticancer treatments. Oncoimmunology.
2020;10(1):1862949.

Kim R, Hashimoto A, Markosyan N, et al. Ferroptosis of tumour neutrophils causes immune suppression in cancer. Nature.
2022;612(7939):338-46.

@ Discover



Review

Discover Oncology (2025) 16:153 | https://doi.org/10.1007/512672-025-01911-x

39.

40.

41.

42.

43.

a4,

45.
46.

47.
48.

49.
50.
51.
52.
53.
54,

55.
56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.
74.
75.

Yee PP, Wei Y, Kim SY, et al. Neutrophil-induced ferroptosis promotes tumor necrosis in glioblastoma progression. Nat Commun.
2020;11(1):1-22.

Xiao Z, Shen D, Lan T, et al. Reduction of lactoferrin aggravates neuronal ferroptosis after intracerebral hemorrhagic stroke in hyper-
glycemic mice. Redox Biol. 2022;50: 102256.

ZhaoY, Liu Z, Liu G, et al. Neutrophils resist ferroptosis and promote breast cancer metastasis through aconitate decarboxylase 1.
Cell Metab. 2023;35(10):1688-1703.e10.

Lecker LSM, Berlato C, Maniati E, et al. TGFBI production by macrophages contributes to an immunosuppressive microenvironment
in ovarian cancer. Cancer Res. 2021;81(22):5706-19.

LiuY, Yao X, Zhao Y, et al. Mechanotransduction in response to ECM stiffening impairs cGAS immune signaling in tumor cells. Cell
Rep. 2023;42(10): 113213.

Mengjia W, Jun J, Xin Z, et al. GPX4-mediated bone ferroptosis under mechanical stress decreased bone formation via the YAP-TEAD
signalling pathway. J Cell Mol Med. 2024;28(7): e18231.

Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular degradation. Science. 2000;290(5497):1717-21.

Kang R, Zeh H, Lotze M, et al. The multifaceted effects of autophagy on the tumor microenvironment. Adv Exp Med Biol.
2020;1225:99-114.

Dowling SD, Macian F. Autophagy and T cell metabolism. Cancer Lett. 2018;2018(419):20-6.

KobayashiY, Yamada D, Kawai T, et al. Different immunological effects of the molecular targeted agents sunitinib, everolimus and tem-
sirolimus in patients with renal cell carcinoma. Int J Oncol. 2020;56(4):999-1013.

Oh DS, Lee HK. Autophagy protein ATG5 regulates CD36 expression and anti-tumor MHC class Il antigen presentation in dendritic cells.
Autophagy. 2019;15(12):2091-106.

Santana-Codina N, Gikandi A, Mancias JD. The role of NCOA4-mediated ferritinophagy in ferroptosis. Adv Exp Med Biol. 2021;1301:41-57.
Zhu Q, Zhai J, Chen Z, et al. Ferritinophagy: Molecular mechanisms and role in disease. Pathol Res Pract. 2024;262: 155553.

Masuda M, Yoshida-Shimizu R, Mori Y, et al. Sulforaphane induces lipophagy through the activation of AMPK-mTOR-ULK1 pathway
signaling in adipocytes. J Nutr Biochem. 2022;106: 109017.

Bai Y. Lipid storage and lipophagy regulates ferroptosis. Biochem Biophys Res Commun. 2023. https://doi.org/10.1007/
$12079-023-00745-y.

Khilar P, Sruthi KK, Parveen SMA, et al. AMPK targets a proto-oncogene TPD52 (isoform 3) expression and its interaction with LKB1 sup-
press AMPK-GSK3{ signaling axis in prostate cancer. J Cell Commun Signal. 2023;17(3):957-74.

Yang M, Chen P, Liu J, et al. Clockophagy is a novel selective autophagy process favoring ferroptosis. Sci Adv. 2019;5(7):eaaw2238.
Connolly MK, Bedrosian AS, Clair JMS, et al. In liver fibrosis, dendritic cells govern hepatic inflammation in mice via TNF-a. J Clin Invest.
2009;119(11):3213-25.

Ryu S, Shin JW, Kwon S, et al. Siglec-F-expressing neutrophils are essential for creating a profibrotic microenvironment in renal fibrosis.
J Clin Invest. 2022;132(12): e156876.

Liu RM, Desai LP. Reciprocal regulation of TGF- and reactive oxygen species: A perverse cycle for fibrosis. Redox Biol. 2015;6:565-77.
Yang L, Guo J, Yu N, et al. Tocilizumab mimotope alleviates kidney injury and fibrosis by inhibiting IL-6 signaling and ferroptosis in UUO
model. Life Sci. 2020;261: 118487.

Sahai E, Astsaturov |, Cukierman E, et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat Rev Cancer.
2020;20(3):174-86.

Tjomsland V, Spangeus A, Vélila J, et al. Interleukin 1a sustains the expression of inflammatory factors in human pancreatic cancer
microenvironment by targeting cancer-associated fibroblasts. Neoplasia N Y N. 2011;13(8):664-75.

Cheng JT, Deng YN, Yi HM, et al. Hepatic carcinoma-associated fibroblasts induce IDO-producing regulatory dendritic cells through IL-
6-mediated STAT3 activation. Oncogenesis. 2016;5(2): €198.

Zhang H, Deng T, Liu R, et al. CAF secreted miR-522 suppresses ferroptosis and promotes acquired chemo-resistance in gastric cancer.
Mol Cancer. 2020;19(1):43.

Cheng H, Feng D, Li X, et al. Iron deposition-induced ferroptosis in alveolar type Il cells promotes the development of pulmonary fibrosis.
Biochim Biophys Acta Mol Basis Dis. 2021;1867(12): 166204.

Xiao FJ, Zhang D, Wu Y, et al. miRNA-17-92 protects endothelial cells from erastin-induced ferroptosis through targeting the A20-ACSL4
axis. Biochem Biophys Res Commun. 2019;515(3):448-54.

Gagliardi M, Cotella D, Santoro C, et al. Aldo-keto reductases protect metastatic melanoma from ER stress-independent ferroptosis. Cell
Death Dis. 2019;10(12):902.

Meng Y, Sun HY, He Y, et al. BET inhibitors potentiate melanoma ferroptosis and immunotherapy through AKR1C2 inhibition. Mil Med
Res. 2023;10(1):61.

Eling N, Reuter L, Hazin J, et al. Identification of artesunate as a specific activator of ferroptosis in pancreatic cancer cells. Oncoscience.
2015;2(5):517-32.

Friedmann Angeli JP, Krysko DV, Conrad M. Ferroptosis at the crossroads of cancer-acquired drug resistance and immune evasion. Nat
Rev Cancer. 2019;19(7):405-14.

Cheng LE, Ohlén C, Nelson BH, et al. Enhanced signaling through the IL-2 receptor in CD8+ T cells regulated by antigen recognition
results in preferential proliferation and expansion of responding CD8+ T cells rather than promotion of cell death. Proc Natl Acad Sci
USA. 2002;99(5):3001-6.

Rossetti RAM, Lorenzi NPC, Yokochi K, et al. B lymphocytes can be activated to act as antigen presenting cells to promote anti-tumor
responses. PLoS ONE. 2018;13(7): e0199034.

Aras S, Zaidi MR. TAMeless traitors: macrophages in cancer progression and metastasis. Br J Cancer. 2017;117(11):1583-91.

Fu C, Jiang A. Dendritic cells and CD8 T cell immunity in tumor microenvironment. Front Immunol. 2018;9:3059.

Aarts CEM, Kuijpers TW. Neutrophils as myeloid-derived suppressor cells. Eur J Clin Invest. 2018;48(Suppl 2): €12989.

Ma X, Xiao L, Liu L, et al. CD36-mediated ferroptosis dampens intratumoral CD8* T cell effector function and impairs their antitumor
ability. Cell Metab. 2021;33(5):1001-1012.e5.

@ Discover


https://doi.org/10.1007/s12079-023-00745-y
https://doi.org/10.1007/s12079-023-00745-y

Discover Oncology (2025) 16:153 | https://doi.org/10.1007/512672-025-01911-x

Review

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.
88.

89.

90.

91.

92.

93.

94,

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ye F, Chai W, Xie M, et al. HMGB1 regulates erastin-induced ferroptosis via RAS-JNK/p38 signaling in HL-60/NRASQ61L cells. Am J Cancer
Res. 2019;9(4):730-9.

ShiF, Shi M, Zeng Z, et al. PD-1 and PD-L1 upregulation promotes CD8" T-cell apoptosis and postoperative recurrence in hepatocellular
carcinoma patients. Int J Cancer. 2011;128(4):887-96.

Jiang Y, Chen M, Nie H, et al. PD-1 and PD-L1 in cancer immunotherapy: clinical implications and future considerations. Hum Vaccines
Immunother. 2019;15(5):1111-22.

Liao P, Wang W, Wang W, et al. CD8* T cells and fatty acids orchestrate tumor ferroptosis and immunity via ACSL4. Cancer Cell.
2022;40(4):365-378.€6.

Matsushita M, Freigang S, Schneider C, et al. T cell lipid peroxidation induces ferroptosis and prevents immunity to infection. J Exp Med.
2015;212(4):555-68.

Sui X, Zhang R, Liu S, et al. RSL3 drives ferroptosis through GPX4 inactivation and ROS production in colorectal cancer. Front Pharmacol.
2018;9:1371.

Bridges RJ, Natale NR, Patel SA. System xc™ cystine/glutamate antiporter: an update on molecular pharmacology and roles within the
CNS. BrJ Pharmacol. 2012;165(1):20-34.

Zhang Y, Tan H, Daniels JD, et al. Imidazole Ketone erastin induces ferroptosis and slows tumor growth in a mouse lymphoma model.
Cell Chem Biol. 2019;26(5):623-633.e9.

Jiang L, Kon N, Li T, et al. Ferroptosis as a p53-mediated activity during tumour suppression. Nature. 2015;520(7545):57-62.

Yuan S, Wei C, Liu G, et al. Sorafenib attenuates liver fibrosis by triggering hepatic stellate cell ferroptosis via HIF-1a/SLC7A11 pathway.
Cell Prolif. 2022;55(1): €13158.

SehmT, Fan Z, Ghoochani A, et al. Sulfasalazine impacts on ferroptotic cell death and alleviates the tumor microenvironment and glioma-
induced brain edema. Oncotarget. 2016;7(24):36021-33.

Jiang W, Hu JW, He XR, et al. Statins: a repurposed drug to fight cancer. J Exp Clin Cancer Res. 2021;40(1):241.

Guan Z, Chen J, Li X, et al. Tanshinone IIA induces ferroptosis in gastric cancer cells through p53-mediated SLC7A11 down-regulation.
Biosci Rep. 2020;40(8):20201807.

Zheng Y, Wang Y, Lu Z, et al. PGAM1 inhibition promotes HCC ferroptosis and synergizes with anti-PD-1 immunotherapy. Adv Sci.
2023;10(29):2301928.

Jiang Z, Lim SO, Yan M, et al. TYRO3 induces anti-PD-1/PD-L1 therapy resistance by limiting innate immunity and tumoral ferroptosis. J
Clin Invest. 2021;131(8):139434.

Lang X, Green MD, Wang W, et al. Radiotherapy and Immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic
repression of SLC7A11. Cancer Discov. 2019;9(12):1673-85.

Lei G, Zhang Y, Koppula P, et al. The role of ferroptosis in ionizing radiation-induced cell death and tumor suppression. Cell Res.
2020;30(2):146-62.

Gong J, Le TQ, Massarelli E, et al. Radiation therapy and PD-1/PD-L1 blockade: the clinical development of an evolving anticancer com-
bination. J Immunother Cancer. 2018;6(1):46.

Lei G, Zhang Y, Hong T, et al. Ferroptosis as a mechanism to mediate p53 function in tumor radiosensitivity. Oncogene.
2021;40(20):3533-47.

Miao L, Guo S, Lin CM, et al. Nanoformulations for combination or cascade anticancer therapy. Adv Drug Deliv Rev. 2017;115:3-22.
Jiang Q, Wang K, Zhang X, et al. Platelet membrane-camouflaged magnetic nanoparticles for ferroptosis-enhanced cancer immuno-
therapy. Small. 2020;16(22):2001704.

Wang G, Xie L, Li B, et al. A nanounit strategy reverses immune suppression of exosomal PD-L1 and is associated with enhanced fer-
roptosis. Nat Commun. 2021;12(1):5733.

Dos Santos AF, de Almeida DRQ, Terra LF, et al. Fluence rate determines PDT efficiency in breast cancer cells displaying different GSH
levels. Photochem Photobiol. 2020;96(3):658-67.

XuT, MaY, Yuan Q, et al. Enhanced ferroptosis by oxygen-boosted phototherapy based on a 2-in-1 nanoplatform of ferrous hemoglobin
for tumor synergistic therapy. ACS Nano. 2020;14(3):3414-25.

Peng H, Jiang Q, Mao W, et al. Fe-HCOF-PEG?*® as a Hypoxia-tolerant photosensitizer to trigger ferroptosis and enhance ros-based cancer
therapy. Int J Nanomedicine. 2024;19:10165-83.

LiJ, LiJ, PuY, et al. PDT-enhanced ferroptosis by a polymer nanoparticle with pH-activated singlet oxygen generation and superb bio-
compatibility for cancer therapy. Biomacromol. 2021;22(3):1167-76.

Chen Q, Ma X, Xie L, et al. Iron-based nanoparticles for MR imaging-guided ferroptosis in combination with photodynamic therapy to
enhance cancer treatment. Nanoscale. 2021;13(9):4855-70.

ZhuT, ShiL, Yu C, et al. Ferroptosis promotes photodynamic therapy: supramolecular photosensitizer-inducer nanodrug for enhanced
cancer treatment. Theranostics. 2019;9(11):3293-307.

Lu Q, Kou D, Lou S. Nanoparticles in tumor microenvironment remodeling and cancerimmunotherapy. J Hematol OncolJ Hematol Oncol.
2024;17(1):10.

Gao S, Yang D, Fang Y, et al. Engineering nanoparticles for targeted remodeling of the tumor microenvironment to improve cancer
immunotherapy. Theranostics. 2019;9(1):126-51.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover



	Advances in understanding ferroptosis mechanisms and their impact on immune cell regulation and tumour immunotherapy
	Abstract
	1 Introduction
	2 Mechanisms for the development and regulation of ferroptosis
	2.1 Iron homeostatic imbalance
	2.2 Excessive lipid peroxidation
	2.3 Regulation of the system Xc−, GPX4 and FSP1

	3 Ferroptosis and the regulation of immune cells
	3.1 Association of T lymphocytes with ferroptosis
	3.2 Association of B lymphocytes with ferroptosis
	3.3 Association of macrophages with ferroptosis
	3.4 Association of dendritic cells with ferroptosis
	3.5 Association of neutrophils with ferroptosis
	3.6 Association of others in the tumour microenvironment with ferroptosis
	3.6.1 The connection between ferroptosis and mechanotransduction
	3.6.2 The connection between ferroptosis and autophagy
	3.6.3 The connection between ferroptosis and fibrosis
	3.6.4 The connection between ferroptosis and cancer associated fibroblasts as well as endothelial cells


	4 Ferroptosis mediated tumour immunotherapy
	4.1 The dual role of ferroptosis in tumour treatment
	4.2 Overview of ferroptosis mediated tumour immunotherapy
	4.3 Immunotherapy combined with targeted therapy mediated by ferroptosis in cancer treatment
	4.4 Immunotherapy combined with radiotherapy mediated by ferroptosis in cancer treatment
	4.5 Immunotherapy combined with nanotherapy mediated by ferroptosis in cancer treatment

	5 Conclusions and outlook
	References


