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Abstract: Ferroptosis is a recently recognized type of programmed cell death and emerges to play an important
role in cancer biology and therapies. This unique form of cell death, characterized by iron-dependent lipid peroxida-
tion, is exquisitely regulated by the cellular metabolic networks such as lipid, iron and amino acid metabolism. The
sensitivity to ferroptosis varies among different tumors. Recent evidence reveals that triple-negative breast cancer
(TNBC), a highly aggressive disease with limited effective targeted therapies is particularly vulnerable to ferrop-
tosis inducers, suggesting this new form of non-apoptotic cell death as an attractive target for the treatment of
the “difficult-to-treat” tumor. Intriguingly, ferroptosis has recently been implicated to be involved in T cell-mediated
anti-tumor immunity and affect the efficacy of cancer immunotherapy. Better understanding of this ferroptotic cell
death will shed light on the discovery of novel combination therapeutic strategies for cancer treatment. Herein,
we provide an overview of the key hallmarks of ferroptosis, use TNBC as a model to characterize the regulation
of ferroptosis in cancer, and highlight ferroptosis-modulating combination therapeutic strategies in the context of
cancer immunotherapy.
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Introduction es including lipid metabolism, iron metabolism

and amino acid metabolism [8, 9]. Breast can-

Most living organisms need oxygen to survive.
Oxygen acts as a double-edged sword, not only
providing “fuel” for energy production, but also
generating the “by-products”™ reactive oxygen
species (ROS). Due to metabolic and signaling
aberrations, oxidative stress is a common fea-
ture for cancers [1, 2]. Excessive ROS damages
cellular components such as DNA, proteins and
lipids. Unrestrained peroxidation of lipids in
membrane bilayers is the hallmark of a unique
form of regulated cell death: ferroptosis, which
was discovered in the year 2012 [3, 4]. Fe-
rroptosis is distinct from other forms of regu-
lated cell death, such as apoptosis and pyrop-
tosis, in morphology and molecular mecha-
nisms [5-7].

The sensitivity of cancer cells to ferroptosis is
determined by intracellular metabolic process-

cer is one of the most common cancers in
women. Triple-negative breast cancer (TNBC),
which lacks the expression of estrogen receptor
(ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2), is
the most aggressive type of breast cancer ch-
aracterized by high invasiveness, rapid recur-
rence, and poor prognosis [10, 11]. Due to its
special molecular phenotype, TNBC is not sen-
sitive to endocrine therapy or HER2 targeted
therapy. Although several therapeutic agents
such as immunotherapy have been approved to
treat these patients, there is still urgent need
to further improve the therapeutic responses.
Recent evidence suggests that TNBC is intrinsi-
cally susceptible to ferroptosis [12, 13], high-
lights induction of this non-apoptotic cell death
as a potential strategy for TNBC treatment.
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Immunotherapy represented by PD-1/PD-L1
immune checkpoint blockade has achieved
promising clinical outcomes in multiple cancer
types including TNBC [14, 15]. Although it is
encouraging, the relatively low response rate
with a single agent and the emergence of resis-
tance leaves large room to improve the clinical
benefits. An important and interesting concept
emerging from the recent research is that fer-
roptosis is involved in T cell-mediated anti-
tumor immunity and affect the efficacy of
cancer immunotherapy [16]. Combination of
immunotherapy with ferroptosis-inducing radio-
therapy [17] or targeted therapy [18], produces
synergistic effect to promote tumor clearance.
Therefore, ferroptosis is of great biological sig-
nificance and clinical relevance.

In this review, we summarize three hallmarks
of ferroptosis, namely lipid peroxidation, iron
accumulation, and antioxidant vulnerability, ch-
aracterize the regulatory mechanisms in can-
cer particularly using TNBC as a model, and
highlight the opportunities and challenges of
targeting ferroptosis in cancer immunotherapy.

The molecular mechanisms of ferroptosis

Ferroptosis is a modality of regulated cell dea-
th driven by iron-dependent lipid peroxidation.
Three key hallmarks of ferroptosis have been
deciphered: the peroxidation of membrane lip-
ids, the availability of intracellular iron, and the
loss of antioxidant defense [3].

Lipid peroxidation

Lipid peroxidation causes the destruction of
the lipid bilayer and the damage of membranes,
subsequently leading to cell death [19] (Figure
1A). The cellular membranes are rich in phos-
pholipids (PLs) containing polyunsaturated fa-
tty acids (PUFAs), which are highly vulnerable
to ROS-induced peroxidation. The availability of
membrane PUFAs competent to undergo per-
oxidation is essential for the execution of fer-
roptosis [20]. PUFAs need to be synthesized,
activated and incorporated into membrane PLs
to participate in this lethal process, which
requires two key enzymes, acyl-CoA syntheta-
se long-chain family member 4 (ACSL4) and
lysophosphatidylcholine acyltransferase 3 (LP-
CAT3). ACSL4 is able to catalyze the ligation of
long-chain PUFAs with coenzyme A (CoA) [12],
and LPCAT3 promotes the esterification and

5857

incorporation of these products into membrane
phospholipids [21, 22].

Certain lipoxygenases (LOXs) are considered to
be the major enzymes that can directly oxygen-
ate PUFA-containing lipids in membrane bilay-
ers [23]. However, the mechanisms underlying
LOX-mediated ferroptosis induction remain to
be further dissected [24]. Another enzyme,
cytochrome P450 oxidoreductase (POR), has
recently been implicated to be involved in initi-
ating the peroxidation of lipid [25].

Iron accumulation

As the name “ferroptosis” implies, iron is es-
sential for the execution of ferroptotic cell
death. Iron is indispensable for Fenton reac-
tion, which generates free radicals and medi-
ates lipid peroxidation [26]. In addition, iron is
required for the activation of iron-containing
enzymes LOXs and POR, which are responsible
for oxidizing membrane PUFAs. Moreover, iron
is important for redox-based metabolic pro-
cesses involved in the production of cellular
ROS.

Due to the key role of iron in the execution of
ferroptosis, cellular iron pool is intricately con-
trolled via the regulation of genes involved in
intracellular iron storage, release, import and
export [27, 28]. Change in cellular labile iron
affects the sensitivity of cells to ferroptosis. For
example, the increase of iron importer transfer-
rin [29] or the degradation of iron-storage pro-
tein ferritin [30], has been reported to increase
cellular iron availability and sensitizes cells to
ferroptosis.

Antioxidant vulnerability

Under normal conditions, iron-mediated lipid
oxidation is tightly controlled by cellular anti-
antioxidant defense systems (Figure 1B).
Glutathione peroxidase 4 (GPX4) is thought to
be the key antioxidant enzyme directly acting to
eliminate the hydroperoxides in lipid bilayers
and prevent the accumulation of lethal lipid
ROS [31]. GPX4 uses glutathione (GSH) as a
substrate and reduces the membrane phos-
pholipid hydroperoxide to harmless lipid alco-
hols. The synthesis of GSH, which is essential
for the activity of GPX4, requires three amino
acids: cysteine, glycine and glutamic acid.
Cysteine, as an essential cellular building block
of GSH, is the rate-limiting substrate of GSH
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Figure 1. Molecular mechanisms of ferroptosis. A. Lipid peroxidation pathways. ACSL4 catalyzes the ligation of long-
chain PUFAs with CoA, and LPCAT3 promotes the esterification and incorporation of these products into membrane
phospholipids (PL). PUFA-containing PL is oxidized by iron-dependent enzymes LOX or POR, resulting in lipid peroxi-
dation, membrane damage and subsequent ferroptosis. B. Antioxidant pathways. Cysteine is imported into the cell
by SLC7A11/SLC3A2 complex for the synthesis of GSH. GPX4 uses GSH as a substrate and reduces the membrane
phospholipid hydroperoxide to harmless lipid alcohols, thereby preventing the accumulation of lethal lipid ROS and
suppressing ferroptosis. Alternatively, cells utilize FSP1 axis to suppress lipid peroxidation and prevent ferroptosis.

synthesis. The abundance of cysteine within
mammalian cells, is mainly regulated by system
xc, which consists of two subunits, solute carri-
er family 7 member 11 (SLC7A11) and SLC3A2
[32]. System xc plays a major role in importing
cystine (the oxidized form of cysteine) into cells,
and its expression and activity is exquisitely
regulated by oncogenes and tumor suppres-
sors in cancer cells through a variety of mecha-
nisms [33-35]. Small molecule inhibitors such
as erastin [36], which suppresses SLC7A11-
mediated cystine import, can induce ferropto-
sis in multiple cancers.

An alternative GXP4-independent ferroptosis-
suppressing mechanism has been recently
uncovered [37, 38]. Two independent genetic
screens revealed that the ferroptosis suppres-
sor protein 1 (FSP1)-CoQ system is capable of
protecting cells against ferroptosis induced by
GPX4 inhibition [37]. FSP1 could prevent lipid
peroxidation via reduction of lipid radicals. The-
refore, cells utilize two pathways, cyst(e)ine-
GSH-GPX4 and FSP1-CoQ axis, to suppress
lipid peroxidation and prevent ferroptosis.
Ferroptosis occurs when these antioxidant
defense systems are overwhelmed by iron-
dependent lipid ROS accumulation.
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Ferroptosis in TNBC

Ferroptosis sensitivity varies widely among dif-
ferent cancers. Since ferroptosis is linked to
tumor suppression, a key question in cancer
therapy is which tumor types would be more
likely to benefit from the ferroptosis inducers
(FINs). Recent evidence suggests the expres-
sion of genes involved in ferroptosis-associated
metabolic pathways [9], such as lipid, iron and
amino acid metabolism, are altered in TNBC,
rendering this difficult-to-treat tumor intrinsi-
cally susceptible to ferroptosis. The particular
sensitivity of TNBC to ferroptosis highlights this
non-apoptotic death pathway as an attractive
TNBC druggable target. Herein, we use TNBC
as a model to summarize the regulation of fer-
roptosis in cancer, and similar mechanisms
may also exist in other cancer types.

Lipid metabolism

Deregulated lipid metabolism can lead to lipid
peroxidation and induce ferroptosis. In an effort
to identify the key factors that determine fer-
roptosis sensitivity, two independent screening
approaches were applied and uncovered ACSL4
as an essential component for ferroptosis exe-
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cution [12]. Interestingly, it was found that
ACSL4 was preferentially expressed in TNBC
compared with other types of breast cancer,
and its expression predicted their sensitivity
to ferroptosis. Significant high expression of
ACSL4 in TNBC tumors and cell lines was also
observed in a recent study [13]. Given that
ACSL4 is responsible for enriching cellular
membranes with long PUFAs, these findings
suggest that TNBC is prone to be PUFA-rich
and thus particularly sensitive to ferroptosis.

Iron metabolism

Sufficient intracellular iron is essential for the
execution of ferroptosis. Compared with nor-
mal cells, cancer cells exhibits higher reliance
on iron to enable growth [39]. By analysis of
clinical datasets and breast cancer specimens,
a recent study revealed that the genes that
regulate intracellular iron levels were distinctly
expressed in TNBC versus non-TNBC tumors
and cell lines [13]. In particular, a substantial
low level of the iron exporter ferroportin was
observed in TNBC, concomitant with the high
expression level of the iron importer transferrin
receptor [13, 40]. These alterations in the ex-
pression of genes involved in iron metabolism
regulation may contribute to an increase in cel-
lular labile iron pool and facilitate iron-depen-
dent lipid peroxidation, rendering TNBC to be
iron-rich tumor and susceptible to ferroptosis.

Amino acid metabolism

Amino acid metabolism is essential for the anti-
oxidation defense system composed by SLC-
7A11-mediated cystine uptake, GSH biosynthe-
sis, and GPX4 activity. Cancer cells may exhibit
altered dependency on specific amino acid
metabolic pathways, and targeting these de-
pendencies will be a promising therapeutic
strategy. An earlier study applying functional
metabolic analyses found that compared with
other types of breast cancer, TNBC exhibited a
marked reliance on glutamine metabolism nec-
essary to fuel SLC7A11 [41], hinting a poten-
tial link of TNBC to ferroptosis and unveiling
SLC7A11 as a promising therapeutic target for
TNBC.

As a non-enzymatic antioxidant molecule, GSH
plays an important role in maintaining redox
homeostasis. The expression of GSH synthe-
tase (GSS), one of the critical enzymes for GSH
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synthesis was found to be decreased in TNBC
versus non-TNBC tumors [13]. Indeed, an earli-
er study used mass spectrometry-based me-
tabolomic analysis and revealed that levels of
the cellular GSH were lower in TNBC cell lines
compared to controls [42]. Moreover, the ex-
pression of GPX4 was also lower in TNBC com-
pared with other types of breast cancer [13].
Low intracellular GSH and reduced GPX4 ex-
pression may weaken the anti-oxidation de-
fense capacity and increase the probability of
lipid peroxidation, rendering TNBC particularly
responsive to agents that promote ferroptosis.

Ferroptosis in cancer immunotherapy

The role of ferroptosis in cancer immunity and
immunotherapy has been a topic of substan-
tial interest for years. Ferroptosis has recently
been revealed to contribute to the anti-tumor
effect of CD8+ T cells and affect the efficacy of
anti-PD-1/PD-L1 immunotherapy. Combination
of immunotherapy with ferroptosis-promoting
modalities, such as radiotherapy and targeted
therapy, produces synergistic effects through
ferroptosis to promote tumor control.

Combination of immunotherapy with cystine
restriction

In cancer immunotherapy, CD8+ T cells are
thought to kill cancer cells by activating FAS
death receptor pathway and the granzyme-
mediated tumoral apoptosis or pyroptosis [43].
Intriguingly, an alternative tumoral cell death,
ferroptosis, has recently been reported to be
involved in the anti-tumor activity of CD8+ T
cells [16]. CD8+ T cells activated by anti-PD-L1
immunotherapy were found to promote ferrop-
tosis in tumor cells by secreting interferon
gamma (IFNy) upon PD-L1 blockade. Secreted
IFNy significantly downregulated the expres-
sion of SLC3A2 and SLC7A11 in tumor cells,
which resulted in reduced cystine uptake, en-
hanced lipid peroxidation and subsequent fer-
roptosis. Cyst(e)ine deprivation by cyst(e)inase
synergized with anti-PD-L1 to induce potent
anti-tumor immunity by inducing ferroptosis.
This study characterizes T cell-promoted tumor-
al ferroptosis as a novel anti-tumor mechanism
and reveals targeting this pathway in combina-
tion with immunotherapy is a promising thera-
peutic approach.
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Combination of immunotherapy with targeted
therapy

Given that ferroptosis contributes to the anti-
tumor efficacy of anti-PD-L1 therapy, it is inter-
esting to ask whether the resistant mecha-
nisms of PD-L1 blockade might involve the
inhibition of ferroptosis. Indeed, a recent stu-
dy indicated that the resistance of anti-PD-L1
therapy was overcome by the combination with
a TYRO3 receptor tyrosine kinase (RTK) inhibi-
tor that promoted ferroptosis [18]. The expres-
sion of TYRO3 was found to be increased in
the anti-PD-1 resistant tumors. Mechanically,
TYRO3 signaling pathway upregulated the ex-
pression of key ferroptosis genes such as
SLC3A2, thereby suppressing tumoral ferrop-
tosis. Inhibiting TYRO3 promoted ferroptosis
and sensitized the tumors to anti-PD-1 therapy
in a TNBC syngeneic mouse model. The study
revealed ferroptosis suppression as a novel
mechanism contributing to anti-PD-L1 resis-
tance, and uncovered derepressing ferroptosis
with a TYRO3 inhibitor as a useful strategy to
overcome the resistance to immunotherapy.

Combination of immunotherapy with radio-
therapy

Radiotherapy has been used in clinic to im-
prove the efficacy of immunotherapy for cancer
patients, however, the underlying mechanisms
remain to be further investigated [44, 45].
Recent evidence indicates that increased sen-
sitivity to ferroptosis is involved in this syner-
gistic effect. Radiation has been shown to
induce ferroptosis, and genetic and biochemi-
cal hallmarks of ferroptosis were observed
in radiation-treated cancer cells. The mecha-
nisms involve radiation-induced generation of
ROS and upregulation of ACSL4, which result in
enhanced lipid synthesis, increased lipid per-
oxidation, and subsequent membrane damage
[46-48]. Thus, the anti-tumor effect of radio-
therapy is not only attributable to DNA-damage
induced cell death, but also to the induction of
ferroptosis. Radiotherapy synergized with im-
munotherapy in downregulating SLC7A11, me-
diated by DNA damage-activated kinase ATM
and IFNy [16, 17], leading to reduced cystine
uptake, increased ferroptosis, and enhanced
tumor control. These studies unveil ferroptosis
as a novel mechanism underlying the synergy
of immunotherapy and radiotherapy.
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Combination of immunotherapy with T cell fer-
roptosis inhibitor

For years, extensive studies have been focused
on the ferroptosis in tumor cells, however, fer-
roptosis in T cells has remained rarely explored.
In addition to inducing tumoral ferroptosis, T
cell themselves can also undergo ferroptosis
[49, 50], which may attenuate their immune
response. T cells lacking GPX4 rapidly accumu-
lates membrane lipid peroxides, concomitantly
undergoes ferroptosis and prevents the immu-
nity to infection, unveiling an essential role of
GPX4 for T cell immunity [51]. Similar to cancer
cells, ACSL4 is also essential for the ferroptosis
of CD8+ T cells and their immune functions
[52].

Recently, a fatty acid transporter CD36, has
been implicated in promoting T cell ferroptosis.
Two studies showed that the expression of
CD36 was increased in CD8+ tumor infiltrating
lymphocytes (TILs) [53, 54]. T cell-intrinsic
CD36 promoted the uptake of oxidized lipids
and induced lipid peroxidation, thereby result-
ing in CD8+ T cell dysfunction. These findings
uncover CD8+ T cell ferroptosis as a novel
mode of immunosuppression in tumors and
underscore the therapeutic potential of block-
ing CD36 to boost anti-tumor immunity. Notably,
the study also suggested a role for GPX4 in the
regulation of anti-tumor functions of CD8+ TILs.
Therefore, therapeutic induction of ferroptosis
by a GPX4 inhibitor in cancer cells may cause
unwanted off-target effects on T cells and exert
undesirable toxicities [50].

Conclusions and perspectives

Ferroptosis is driven by the oxidation of PUFA-
containing lipids, the accumulation of intracel-
lular iron and the loss of anti-oxidant defense.
The regulation of ferroptosis has been charac-
terized in a variety of cancer types including
TNBC. TNBC exhibits a unique pattern of ex-
pression of the ferroptosis-related genes, ren-
dering it prone to have sufficient PUFAs and
iron, and decreased anti-oxidation capacity,
thus particularly vulnerable to ferroptosis in-
ducers. Therefore, targeting ferroptosis is likely
to be a promising therapeutic strategy for this
difficult-to-treat tumor.

Ferroptosis plays an important role in T cell
mediated anti-tumor immunity and affects the
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efficacy of immunotherapy. Inducing ferroptosis
with direct or indirect FINs, such as radiothera-
py and targeted therapy, emerges to be promis-
ing combination modalities to improve anti-
PD-1/PD-L1 immunotherapy. Further ex-
ploration of the ferroptosis-modulating modali-
ties in combination with immunotherapy is war-
ranted. These latest findings have broadened
and deepened our understanding of this new
form of cell death, exerted significant impacts
on the development of ferroptosis-associated
cancer therapies, and provided new opportuni-
ties for future research directions.
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