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Abstract

may herald improved patient outcomes.

Ferroptosis, a novel form of cell death triggered by iron-dependent phospholipid peroxidation, presents significant
therapeutic potential across diverse cancer types. Central to cellular metabolism, the metabolic pathways
associated with ferroptosis are discernible in both cancerous and immune cells. This review begins by delving into
the intricate reciprocal regulation of ferroptosis between cancer and immune cells. It subsequently details how
factors within the tumor microenvironment (TME) such as nutrient scarcity, hypoxia, and cellular density modulate
ferroptosis sensitivity. We conclude by offering a comprehensive examination of distinct immunophenotypes and
environmental and metabolic targets geared towards enhancing ferroptosis responsiveness within the TME. In sum,
tailoring precise ferroptosis interventions and combination strategies to suit the unique TME of specific cancers
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Introduction

Cancer development and progression are intricately
associated with the multifaceted tumor microenviron-
ment (TME). This dynamic milieu is shaped by aberrant
environmental conditions and complex cellular interac-
tions [1, 2]. In the TME, cancer cells interact with vari-
ous immune cells such as MDSCs, Tregs, and M2-type
TAMs. These immunosuppressive cells collectively hin-
der the metabolism of T cells required for recruitment,
infiltration, proliferation, and activation [3-5]. More-
over, The TME is characterized by challenging nutrient
deprivation, hypoxia, and acidosis, which significantly
influences cellular metabolism. Such conditions compro-
mise the function of anti-tumoral T cells and enhance
the resistance to therapeutic interventions [6—10]. It is
imperative, therefore, to achieve a deeper understand-
ing of the cellular and environmental interplay in terms
of metabolic regulation within the TME. Such knowledge
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can provide insights into tailoring the properties of the
TME for improved cancer therapy outcomes [3, 11].
Ferroptosis is a relatively novel form of non-apoptotic
regulated cell death characterized by distinct morpholog-
ical, biochemical, and genetic features [12, 13]. Growing
evidence implicates ferroptosis in various pathological
conditions and diseases, including tumors, cardiomyopa-
thies, ischemia-reperfusion injuries, and neurodegenera-
tive disorders [14—17]. In the field of oncology, ferroptosis
has shown potential therapeutic efficacy for a range of
cancer types, notably pancreatic ductal adenocarcinoma
(PDAC), ovarian cancer, and melanoma [15, 18—-22]. The
mechanism that influences ferroptosis sensitivity within
the TME remains to be fully elucidated. In this review,
the focus will be on understanding the differential sen-
sitivities to ferroptosis in the TME, especially as shaped
by its environmental and cellular regulation, to establish
precise strategies for ferroptosis-based tumor therapy.

Overview of ferroptosis

Ferroptosis, first found in 2012, is characterized by iron-
dependent and reactive oxygen species (ROS)-mediated
membrane phospholipid containing polyunsaturated
fatty acid chains (PUFA-PL) peroxidation, producing
excessive PUFA-phospholipid hydroperoxides (PUFA-
PLOOH), which leads to membrane rupture and cell
death [12, 20]. The synthesis of PUFA-PLOOH relies on
two ways, including the enzyme-based mechanism and
the non-enzymic mechanism. Massive ROS produced
from a non-enzymic Fenton reaction initiated by iron,
transported by transferrin receptor. In the presence of
iron, PUFA-PLOOH forms alkoxyl phospholipid radi-
cal (PLO:), and eventually triggers ferroptosis [23]. ROS
plays a vital role in ferroptosis as the promotor of lipid
peroxidation. The mitochondria, the major source of
ROS, are an influencing factor in ferroptosis sensitivity
[24]. Acyl-CoA synthetase long-chain family member
4 (ACSL4) and lysophosphatidylcholine acyltransferase
3 (LPCATS3) promote ferroptosis by enriching the poly-
unsaturated fatty acids (PUFAs) on the cell membrane
lipids [25]. System Xc~, also known as SLC7A11, on the
cell membrane uptakes Cystine (Cys,), reduces it to Cys-
teine (Cys) by thioredoxin reductase (TrxR), and then
synthesizes glutathione (GSH) the primary substance
neutralizing ROS as well as forming the glutathione per-
oxidase 4 (GPX4) as the subunit [26]. GPX4 is the main
detoxification enzyme that reduces PLOOH to phos-
phatidyl alcohol PLOH, thereby inhibiting ferroptosis
[27]. Recently, research revealed that Cys directly pro-
moted the synthesis of GPX4 by activating mTOR [28].
TRX system, mainly composed of Thioredoxin (Trx) and
TrxR, is an alternative antioxidant system related to fer-
roptosis [29, 30]. As a co-factor of GPX4, Trx promotes
the expression and function of GPX4 [29, 31]. TrxR1
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mediates the reduction of Cys, transported by system
Xc™ into endogenous Cys synergistically with GPX4 [32].
By alternatively promoting system Xc~ expression, TrxR1
sustains cell survival after GSH expression is inhibited
[32]. A recent study found that the TRX system inhibitors
could induce ferroptosis in cancer cells [33]. Coenzymes
Q10 (CoQ,) is another antioxidant system parallel to
GPX4. It is reduced by ferroptosis suppressor protein 1
(ESP1) to a lipophilic radical-trapping antioxidant (RTA)
combating ferroptosis [34, 35]. Tetrahydrobiopterin
(BH4) biosynthesis essentially and alternatively regu-
lates ferroptosis sensitivity by inhibiting the production
of PLOOH after GPX4 inhibition [36]. Dihydroorotate
dehydrogenase (DHODH), an enzyme in mitochondria,
resists ferroptosis occurring in mitochondria [37]. The
systemic molecular mechanisms of ferroptosis have been
comprehensively reviewed somewhere else [14, 20, 38].
The schematic diagrams of related regulations are sum-
marized in Fig. 1.

Environmental stresses recalibrate metabolism
within the TME
Ferroptosis defense mechanism of T cells
Upon activation, CD4* and CD8* effector T cells require
essential GPX4 to avoid ferroptotic cell death [27, 39, 40].
Interestingly, while system Xc~ plays a significant role
in other cell types, it appears less essential for the pro-
liferation and immunological function of T cells. Indeed,
investigations within PDAC models have demonstrated
that suppression of system Xc~ expression notably cur-
tails tumor growth without compromising the systemic
anti-tumor immunity mediated by T cells in vivo. This
implies the existence of alternative Cys procurement
mechanisms within T cells [41]. In the TME, T cells
employ alanine-serine-cysteine transporters (ASCT1
and ASCT?2) to assimilate both Cys, and Cys, predomi-
nantly from activated antigen-presenting cells (APCs)
such as macrophages and dendritic cells (DCs) [41-44].
These APCs, orchestrate the synthesis of both intracellu-
lar and extracellular Trx, which facilitates the breakdown
of Cys, to Cys for T cell absorption. This process is regu-
lated by the transcription factor, nuclear factor erythroid
2-related factor 2 (NRF2). Notably, the inhibition of
NRF2 in T cells is associated with significant downregu-
lation of pivotal molecules including glutamate-cysteine
ligase (GCL), system Xc~, and GSH synthase [42, 45, 46].
The existence and completeness of a trans-sulfuriza-
tion pathway in T cells, which would potentially convert
methionine to Cys, remains an academic debate. The
present study suggests that while such a pathway might
be operational, its capacity to satiate the Cys demands of
the cell is likely limited [42, 44, 47]. An additional note
of interest is the observation that memory T cells exhibit
heightened resistance to ferroptosis, a trait possibly
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Fig. 1 Regulation of ferroptosis [242]: cells require PUFAs for maintaining energy metabolism, with tremendous ROS production to oxidize PUFAs, espe-
cially AAs into PLOOH, which leads to cell membrane rupture and cell death. Iron catalyzes this process. System Xc™ transports Cys, for the synthesis of
GSH. GPX4 reduces the PLOOH into PLOH by GSH to resist ferroptosis. TXN pathway plays as an alternative way when GPX4 is inhibited. BH4 and CoQ also
act as anti-ferroptosis way due to the function of eliminating ROS. In mitochondria, where ROS proliferates, DHODH inhibits mitochondrial ferroptosis

cooperating with mitochondria GPX4

attributed to their augmented mitochondrial content,
which facilitates enhanced energy production with a con-
comitant reduction in peroxide generation [48].

Interplay between ferroptosis and the anti-tumor activity
of T cells

Emerging research has elucidated the role of effec-
tor T cells in promoting ferroptosis within cancer cells
[49-51]. Detailed in vitro and in vivo experiments have
revealed a distinct molecular mechanism underpin-
ning this phenomenon: activated CD8" T cells secrete
IFN-y which induces ferroptosis in cancer cells. This is
achieved through the binding of IFN-y to IEN-y recep-
tor I (IFNGR1) on cancer cells, which subsequently acti-
vates the JAK/STAT signaling pathway to inhibit the
transcriptional activity of downstream system Xc~ [51,
52]. In tandem, CD4* T cells further potentiate the sen-
sitivity of cancer cells to ferroptosis by secreting TNF-a,
which binds to TNF-a receptor 1 (TNFR1) on the can-
cer cells. This interaction results in the inhibition of
GSH synthesis and subsequently improves the produc-
tion of ROS via the activation of nicotinamide adenine

dinucleotide phosphate oxidase (NOXs). It is worth not-
ing that the ferroptotic effects induced by this mecha-
nism can be counteracted by the addition of Cys or the
use of a TNF-a neutralizing antibody, underscoring the
pivotal roles of these molecules in the ferroptotic pro-
cess [53]. Significantly, the anti-tumor efficacy of IFN-y
appears to be a foundational requirement for the subse-
quent effects of TNF-a. This is potentially attributed to
IEN-y diminishing the reservoir of GSH within the TME,
thereby creating a conducive cellular milieu for TNF-a-
mediated effects [54].

Enhanced resistance to ferroptosis in T regulatory cells
(Tregs)

Within the intricate milieu of the tumor microenviron-
ment, Tregs play a pivotal role in modulating immune
responses, predominantly deriving their energy from
fatty acid oxidation [55]. Emerging evidence suggests
that Tregs exhibit an augmented resistance to ferroptosis,
potentially attributed to their augmented synthesis and
secretion of Trx [56—60]. Upon activation, Tregs appear
to bolster their anti-ferroptotic defenses by upregulating
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GPX4. Interestingly, experiments involving GPX4 knock-
out in Tregs have demonstrated that co-stimulation of
TCR and CD28 leads to an overproduction of superox-
ide in the mitochondria, thereby precipitating ferroptosis
[61]. IL-1P, along with other pro-inflammatory media-
tors, is released following Treg ferroptosis. This not only
triggers T helper 17 (TH17) responses but also augments
the activation of DCs and amplifies the anti-tumor effi-
cacy of antigen-specific CD8* T cells [62—64]. Paradoxi-
cally, oxidative stress-induced apoptosis in Tregs has
been observed to release significant amounts of adenos-
ine intriguingly undermining the benefits of immune
checkpoint blockade (ICB) [65]. All in all, the nuanced
interplay between Treg ferroptosis, cytokine release, and
immune modulation offers a promising avenue for thera-
peutic interventions. The selective secretion of IL-1p by
ferroptotic Tregs, in particular, emerges as a potential
target in advanced cancer treatments.

Differential sensitivity to ferroptosis in M2-type versus
M1-type TAMs

The TME is enriched with various immune cell popu-
lations, among which TAMs play a multifaceted role.
Notably, the dichotomy between M1 and M2 types of
TAMs offers intriguing insights into their contrast-
ing roles and susceptibilities in oncological contexts.
M2-type TAMs, which have been recognized as potent
facilitators of tumor progression, intriguingly exhibit an
enhanced vulnerability to ferroptosis compared to their
M1-type counterparts [66]. One of the keystones ensur-
ing the survival of M2-type TAMs in the face of fer-
roptosis is the pivotal enzyme, GPX4. In stark contrast,
M1-type TAMs, encompassing the specialized microglia
cells, are equipped with inducible nitric oxide synthase
(iNOS). This enzyme is instrumental in producing nitric
oxide (NO), a radical molecule endowed with highly
reactive chemical properties. As a key modulator of fer-
roptosis, NO influences the peroxidation of specific lipid
moieties, particularly those containing PUFAs such as
arachidonic acids (AAs). The ensuing catalytic action,
primarily mediated by arachidonic acid lipoxygenase 15
(ALOX-15), fortifies the ferroptosis resistance inherent
to M1-type TAMs and microglial cells [67]. The ability
of NO to move freely across cellular membranes allows it
to protect neighbouring cells from ferroptosis [67, 68]. In
contrast, the heightened susceptibility of M2-type TAMs
to ferroptosis can be attributed to iNOS deficiency. This
distinction presents a tantalizing therapeutic opportu-
nity. Harnessing the proclivity of M2-type TAMs towards
ferroptosis could offer a dual advantage in cancer thera-
peutics: not only annihilating malignant cells but also
concurrently mitigating the tumor-promoting effects of
M2-type TAMs.
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Dynamic cys competition between MDSCs and T cells

In the TME, a nuanced interplay exists between MDSCs
and tumor-infiltrating T cells, with Cys acting as a piv-
otal molecule around which their interactions revolve.
MDSCs, by their metabolic and functional dynamics,
exhibit a pronounced propensity to engender ferrop-
tosis in tumor-infiltrating T cells. This is achieved pri-
marily through their competitive consumption of both
Cys, and Cys. Notably, MDSCs actively import Cys,
through system Xc~, subsequently engaging in its con-
version to Cys. Although their import rate for Cys, mir-
rors that of T cells, a distinguishing feature of MDSCs
is their augmented intracellular storage capability. Their
reluctance to export Cys back into the TME, coupled
with their active uptake of Cys,, results in a significant
reduction in the extracellular Cys,. As a result, T cells
face a diminished availability of Cys [47]. Furthermore,
cancer-infiltrating MDSCs uniquely express elevated
levels of N-acylsphingosine amidohydrolase (ASAH?2).
This enzyme plays a decisive role in modulating redox
dynamics by destabilizing the p53 protein, thereby curb-
ing ROS production and rendering MDSCs resistant to
ferroptosis. Targeting ASAH2, by inhibition, instigates
ferroptosis in MDSCs. Such a targeted intervention has
demonstrated therapeutic potential, evidenced by the
augmented activity of tumor-infiltrating cytotoxic T lym-
phocytes (CTLs) and subsequent attenuation of tumor
progression [69].

Neutrophil ferroptosis and its immunosuppressive effect
on anti-tumor immunity

Tumor-associated neutrophils (TANs) within the TME
present a dichotomous role, with their function strad-
dling both immune promotion and suppression. Such
duality can be attributed to their intrinsic functional
plasticity and vast immunological heterogeneity, deter-
minants that collectively shape the clinical trajectory of
oncological cases [70]. A subtype, the polymorphonu-
clear myeloid-derived suppressor cells (PMN-MDSCs)—
pathologically hyperactive neutrophils—are susceptible
to ferroptosis. Intriguingly, while ferroptotic pathways
lead to a reduction in PMN-MDSCs, they concurrently
intensify their immunosuppressive phenotypes. This is
exemplified by the augmented accumulation of AA-PE
and subsequent prostaglandin E2 (PGE2) release, impair-
ing T-cell functions and facilitating tumor progression
[71]. In the context of glioblastoma (GBM) pathogen-
esis, the early phase witnesses the upregulation of
granulocyte-colony stimulating factor (G-CSF) among
other cytokines, resulting from GBM activity, which
orchestrates TAN activation. The ensuing high presence
of mature TANs propels GBM cell ferroptosis by ferry-
ing myeloperoxidase (MPO) particles, with neutrophilic
signatures, into GBM cells. This process, mediated by
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N-cadherin, can occur through direct interactions or
proximal engagements [72]. Following this, necrotized
cancer cells liberate an ensemble of damage-associated
molecular patterns (DAMPs), IL-8, IL-6, CCL2, and
CXCL1, orchestrating microglial recruitment, thereby
fostering tumor invasiveness and culminating in a self-
reinforcing loop [73]. This scenario underscores ferrop-
tosis not merely as a cell death pathway but as a critical
determinant modulating tumor growth dynamics and
invasiveness [74] (Fig. 2). It is imperative, therefore, to
discern the specific roles of ferroptosis in shaping the
TME, as this offers prospective therapeutic avenues.

Enhancing ferroptosis resistance of cancer-associated
fibroblasts (CAFs) in cancer cells

CAFs are not mere bystanders in the TME; they serve
as crucial facilitators of tumor progression. Recent
studies underscore their critical role in modulating the
delicate balance of ferroptosis [75]. One of the salient
mechanisms by which CAFs bolster cancer cell resil-
ience against ferroptosis is through the provision of vital

&* —
CAFs l l lTNF-
Q e CysZ

Exosome-miR-522

Cancer cell

.9
(~ c)

Ferroptotic
cancer cell

DAMPs

(2024) 43:19

CD4+ T cell

O Glu

Ferroptosis

Page 5 of 21

antioxidants, specifically GSH and Cys. These molecules
have been identified as central mediators in the resis-
tance against both platinum-based therapies and ferrop-
tosis-induced cell death. A recent discovery pinpointed a
nuanced strategy wherein CAFs secrete exosome-derived
miR-522, which post-transcriptionally inhibits the trans-
lation of ALOX15 mRNA in gastric cancer cells. ALOX15
plays an important role in the lipid peroxidation process
and the accumulation of ROS, which is a hallmark of fer-
roptosis. By dampening ALOX15 translation, CAFs indi-
rectly shield gastric cancer cells from ferroptotic death
[76]. However, this protective aura crafted by CAFs is not
unchallenged. CD8* T cells have been observed to coun-
teract the antioxidative strategies of CAFs. They secrete
IEN-y, which, upon binding to its cognate receptor inter-
feron regulatory factor 1 (IRF1) on CAFs, promotes the
transcription of gamma-glutamyl transferases (GGT5).
GGTS5 degrades the extracellular GSH that CAFs might
acquire, thereby limiting their antioxidant potential. Fur-
ther, IFN-ysuppresses system Xc~ transcription by acti-
vating the JAK/STAT pathway in CAFs. Such suppression
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Fig. 2 TANs are attracted by necrosis cancer tissue releasing HMGB1 and move to TME, where they are polarized and activated as N2-type TANs by TGF-3
and G-CSF secreted from cancer cells. These TANs promote the ferroptosis of cancer cells by MPO, which fuels tumor progression. Ferroptotic cancer cells
attract TAMs by other DAMPs, including 4-HNE, 8-OHG, and SAPE-OOH, and these TAMs are polarized into pro-tumor M2-type TAMs. Ferroptotic cancer

cells amplify immune response by inducing ICD to mature and activate APCs
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culminates in reduced intracellular pools of GSH and
Cys, rendering the neighboring cancer cells susceptible to
ferroptosis once more [54].

The role of lipid peroxidation in influencing DCs antigen
presentation

DCs serve as the linchpins of immune initiation, espe-
cially within the tumor milieu, where Tumor-associated
DCs (TADCs) play a quintessential role in igniting and
sustaining T-cell-mediated anti-tumor responses. How-
ever, the integrity of their function is not unchallenged in
the TME. Recent investigations have pointed to a para-
doxical relationship between lipid peroxidation, a pivotal
component of ferroptosis, and the antigen presentation
abilities of TADCs. Excessive inflammation, especially
induced by lipopolysaccharide (LPS), has been found to
precipitate ferroptotic events in DCs. Moreover, a semi-
nal study delineated that a surge in LPS levels led not
just to ferroptosis but concomitantly instigated immune
dysregulation in DCs. Delving deeper into the molecu-
lar intricacies revealed Sesn2, traditionally known for its
role in apoptosis regulation, as a protective entity safe-
guarding DCs against ferroptosis, potentially orches-
trated via the ATF4-CHOP-CHACI signaling cascade
[77]. However, another layer of complexity is added by
4-hydroxynonenal (4-HNE), a by-product of lipid per-
oxidation prevalent in the TME. This molecule was
discerned to impair TADCs’ antigen presentation capa-
bilities. Mechanistic insights divulged that 4-HNE exerts
its effects primarily by perpetuating the activation of the
X-box binding protein (XBP1) gene, subsequently trig-
gering a cascade of endoplasmic reticulum (ER) stress
events. This stress, in turn, culminates in an accumula-
tion of oxidized lipids and a surfeit of ROS, collectively
compromising the antigen-presenting capacity of TADCs
(78, 79].

Interestingly, the activation dynamics of TADCs also
unravel a distinct molecular interplay involving ALOX12
and ALOX15 enzymes. These enzymes are found to
actively peroxidize both exogenous sources like low-
density lipoproteins (LDL) and endogenous membrane
lipids, transmuting them into oxidized phosphatidylcho-
line (Ox-PC). Notably, this transformation, especially in
an ischemia-reperfusion injury model, induces ferropto-
sis and concomitantly stimulates the antioxidant guard-
ian NRF2, which in synergy with 4-HNE, impedes DC
maturation. Moreover, the lipid peroxidation machinery,
notably NOX2 located in the endosomal membrane of
DCs, facilitates the ingress of tumor-associated antigens
into the cytoplasm, a crucial step for efficient cross-pre-
sentation to CD8 + T cells [80]. It’s imperative to note
that M2-TAMs, known for their pro-tumorigenic attri-
butes, also express ALOX12 and ALOX15, raising per-
tinent questions regarding their potential roles in TAM
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maturation and polarization dynamics [81-84]. Accord-
ingly, it provides a profound insight into the potential
immunosuppressive attributes of TADCs, underscoring
the need for targeted therapeutic interventions”

Natural kill (NK) cell function regulated by ferroptosis

NK cells have always been recognized for their adept-
ness in eliminating malignant cells that deftly evade CD8
+ T cell surveillance [85]. Within the tumor microenvi-
ronment, a specialized subset, Tumor-associated NK
(TANK) cells, emerge as pivotal sentinels. Intriguingly,
the TME, a hotspot of lipid peroxidation stress, casts a
profound influence on these TANK cells. This stress
manifests not just as a biochemical change but translates
to discernible alterations in the NK cells, most notably,
ferroptosis-like cellular morphology and the induction
of proteins traditionally associated with ferroptosis. The
implications of this lipid peroxidation stress are multi-
fold. A consequential reduction in glycolysis, a crucial
metabolic pathway for TANK cell effector functions,
dampens their anti-tumor ardor. Yet, nature’s intrinsic
checks and balances emerge in the form of NRF2, a linch-
pin in ferroptosis regulation. NRF2 orchestrates a meta-
bolic recalibration in TANK cells, reviving both glucose
metabolism and oxidative phosphorylation (OXPHOS),
with a pivotal assist from glutamine supplementation
[86]. Further delineating the NK cell-ferroptosis nexus,
novel therapeutic modalities like CAR-NK cells have
entered the limelight. Their ability to induce cancer cell
ferroptosis, primarily through the release of IFN-y which
downregulates the SLC3A and SLC7A11 expression, is
noteworthy [87]. However, this intricate relationship
warrants deeper exploration, as it promises potential
breakthroughs in therapeutic applications. Understand-
ing this dynamic could be pivotal in reshaping cancer
therapeutics, as schematically presented in Fig. 3.

Dynamic modulation of immune response by ferroptotic
cancer cells through DAMPs

The intersection of ferroptosis and its potential to induce
immunogenic cell death (ICD) remains a contentious
issue in current cancer biology research. Although some
studies underscore ferroptosis exhibiting hallmark attri-
butes of ICD, the relationship appears to be nuanced and
temporally regulated [88]. In the initial stages of ferrop-
tosis, there is a prominent release of DAMPs intrinsically
related to ICD. Concomitant with this is an elevated ROS
production and endoplasmic reticulum (ER) stress, which
further magnify DAMP surface exposure. This amplified
DAMP exposure is posited to enhance the CTLs-medi-
ated anti-tumor response, providing a potential avenue
for leveraging immune responses in cancer treatment
[88-91]. Endometrial carcinoma (EC), especially in its
early and low-grade manifestations, offers compelling
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associated molecular patterns (DAMPs), inducing the maturation of DCs and enhancing immune response. Activated APCs like DCs and macrophages
reduce Cys, into Cys to supply CD8* T cells for GSH synthesis. MDSCs with a powerful intracellular storage capacity of Cys, compete with APCs for Cys,,
promoting T cell ferroptosis. CAFs are principal donor cells of GSH for cancer cells to help cancer cells fight ferroptosis and resist chemotherapy drugs like
Pt. CAFs also secrete exosome-miR-522 to inhibit ALOX15 translation in cancer cells. CD8* T cells promote GGT5 and interfere with system Xc~ expression

reducing GSH supplements for cancer cells

insights into this dynamic. Here, initial ferroptotic cell
phases have been associated with the secretion of ATP
and HMGBI, quintessential DAMPs. These molecules
are subsequently identified by TAMs and DCs, resulting
in their maturation and activation. Once activated, APCs
intensify the inflammatory milieu by secreting cytokines
like IL-6, potentially enhancing T-cell infiltration into the
tumor and thus bolstering the adaptive immune response
[92]. However, a pivotal consideration is the dynamic
nature of DAMP release. As ferroptosis progresses,
the consistent depletion of DAMPs, notably ATP and
HMGB], results in the gradual abrogation of cancer cell
immunogenicity. A case in point is calreticulin (CRT), a
canonical DAMP. CRT, upon release from apoptotic cells,
transforms Ecto-CRT, playing a key role in modulat-
ing APC behavior [88, 93]. However, Peter et al. recently
found that ferroptosis is not a kind of ICD regardless of
ferroptosis stages although typical anti-tumor DAMPs
are indeed released in this process. Ferroptosis can-
cer cells reduce DC maturation and cross-presentation

of soluble antigens and consequently inhibit immune
response.

Some DAMPs released by ferroptotic cancer cells fuel
cancer progression [89-91]. These DAMPs are usu-
ally produced in the process of ferroptosis and derived
from peroxidative byproducts in cancer cells. 1-steaoryl-
2-15-HpETE-sn-glycero-3-phosphatidylethanolamine
(SAPE-OOH) accumulates on the ferroptotic cancer cell
membrane and emits an “eat me” signal upon ferropto-
sis occurs. Recognized by a kind of pattern recognition
receptor (PRR), the toll-like receptor (TLR) 2 of TAMs,
SAPE-OOH directly guides them to phagocytize ferrop-
totic cells [94]. Another recent study revealed that per-
oxide stress triggers autophagy-dependent ferroptosis of
PDAC cells and these cells produce DAMP-like 4-HNE
and 8-hydroxy-2'-deoxyguanosine (8-OHG) to accelerate
the migration and infiltration of TAMs [95, 96]. TAMs
take up exosomes containing KRASG12D protein, a kind
of DAMPs released by ferroptotic PDAC cells, through
advanced glycosylation end product-specific receptor
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(AGER) and polarize into the immunosuppressive type
by promoting STAT3-dependent fatty acid oxidation
[97-99]. 8-OHG and GMP-AMP synthase (cGAS), two
by-products of DNA peroxidation damage in cancer
cells attract and activate M2-TAMs by mediating stimu-
lator of interferon genes (STING) pathway activation in
the stroma. These TAMs pathologically release various
cytokines like IL-6 and NOS2 and ultimately promote
the occurrence and development of PDAC [96]. Whether
these tumor-promoting effects are time-dependent
remains unknown.

Metabolism reprogramming and ferroptosis

vulnerability by environment stresses in TME

Ferroptosis is closely associated with cellular redox
metabolism and environmental condition. In the TME,
cells adjust metabolic pattern and intensity in response to
environmental stresses and reprogrammed metabolism
is the hallmark of cancers. The competition for nutrients
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and extreme environmental conditions like acidosis and
hypoxia in TME ultimately regulate ferroptosis and accel-
erate cancer development (Fig. 4) [100-102].

Enhancing ferroptosis resistance of cancer by glucose
Starvation in TME

Within the TME, rapidly proliferating cells, such as
malignant cells and activated T cells, predominantly
rely on glucose as their primary energy source through
heightened aerobic glycolysis [103]. Recent findings have
illustrated that cancer cells, in conjunction with myeloid
cells, consume the majority of the available glucose in the
TME [104]. Notably, the depletion of glucose appears to
confer protection against ferroptosis for both cancer cells
and immunosuppressive cells, while concurrently attenu-
ating the anti-tumor functionalities of activated T cells
within the TME [86, 100]. Intriguingly, a study postulated
that under conditions of glucose scarcity, cancer cells
adapt by depleting their ATP reserves, allowing them to

Tumor microenvironment

Hippo
pathway

Cancer.cell
interaction

N NS
I s
L

E-cadherin Cancer cell

Fig. 4 Various metabolism process exists in TME, including lipid, amino acid, and glucose metabolism. Cholesterol in TME induces CD36 overexpression
inT cells to promote the absorption of PUFAs, Ox-LDL, and Ox-PL in cells, fueling the ferroptosis of Tregs and CD8* T cells. However, CD36 expression on
Tregs maintains mitochondrial fitness to protect them from ferroptosis. Intensive glycolysis of cancer cells in TME leads to glucose starvation. It dictates
ferroptosis resistance by activating the AMPK pathway to improve the MUFAs proportion of cell membrane and inducing over-expression of PDK4 to
repress the TCA cycle and activity of ALOX. Lactic acid is taken in cancer cells and activates the AMPK pathway and ACSL4 to inhibit ferroptosis. GIn has
recently been thought of as the leading energy metabolism resource participating in TCA and FA synthesis by glutaminolysis. GIn metabolism antago-

nizes with system Xc~ antioxidation function
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evade ferroptosis. This energy crisis catalyzes the activa-
tion of the AMP-activated protein kinase (AMPK) path-
way, which in turn suppresses the synthesis of PUFAs,
consequently imparting resistance to ferroptosis [105].
In another pivotal study, it was demonstrated that the
uptake of glucose via glucose transporter 1 (GLUT1)
potentiates cystine-dependent ferroptosis in PDAC cells.
Mechanistically, glucose facilitates glycolysis to promote
pyruvate oxidation, TCA cycle and fatty acid synthesis.
Glucose deprivation-induced overexpression of pyruvate
dehydrogenase kinase 4 (PDK4) subsequently inhibits the
tricarboxylic acid (TCA) cycle and lipid peroxidation pro-
cesses, facilitated by ALOX5 [106]. Of clinical relevance,
the efficacy of CD8" T cells against tumors diminishes in
a glucose-deprived environment [107]. Conversely, active
regulatory T cells (Tregs) appear to flourish under such
glucose constraints, preferentially metabolizing lactic
acid to fuel processes such as the TCA cycle and gluco-
neogenesis, thereby sustaining their suppressive activities
[108]. Despite the pro-tumor advantages conferred by
glucose deprivation, one must not overlook the metabolic
vulnerabilities it exposes. Recent insights have elucidated
that cancer cells with elevated expression of system Xc~
become susceptible under glucose-restricted conditions
in the TME. Pertinently, the targeted inhibition of system
Xc~ can incite ferroptosis in these cancer cells [109].

Amino acid competition for ferroptosis resistance in the
TME

The aggressive proliferation of cancer cells, combined
with the aberrant tumor vasculature, leads to a scarcity
of Cys,, Cys, and Glutamine (Gln) in the TME [110, 111].
This sets off intensified oxidative stress, pushing cells
within the TME to intensify their reliance on the GSH-
based antioxidant system [112, 113]. Notably, anti-tumor
immune cells compete with cancer cells and immunosup-
pressive cells, for Cys and Cys, [114].

Emerging evidence from PDAC and chronic B lym-
phocytic leukemia (CLL) investigations suggests that
cancer cells employ alternate strategies to circumvent
ferroptosis in the TME. Fascinatingly, in vivo tests show
that system Xc™-KO PDAC cells can still foster tumors
in athymic mice [114-116]. A cyclical exchange emerges
involving Cys and Cys, between system Xc -KO can-
cer cells, CAFs, and unaltered cancer cells in the TME.
Specifically, CAFs and the native cancer cells internalize
Cys,, metabolizing it to Cys, which is then recycled back
into the TME. Here, system Xc™-KO PDAC cells absorb
it via alternative transporters like ASCT1, ASCT2, LAT1,
and SNATs [116]. Additionally, bone marrow stromal
cells (BMSCs), marked by elevated system Xc~ expres-
sion, have been observed to exude Cys for neighbor-
ing CLL cells with heightened demand for GSH and
diminished system Xc~ expression [117, 118]. To form
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a comprehensive understanding, it is imperative to con-
sider the presence and distribution of APCs, MDSCs, and
CAFs, as they likely influence the Cys supply dynamics
between T cells and cancer cells.

Gln, much like glucose, is also a critical energy sub-
strate for immune and cancer cells. Contemporary in
vivo studies have accentuated that diverse tumors pri-
oritize exogenous Gln, underlining its irreplaceable
metabolic function [104]. Gln serves as a complemen-
tary source for the TCA cycle. Transported chiefly via
SNAT1 and ASCT?2, Gln is processed into Glu by gluta-
minase (GLS). This Glu then morphs into a-ketoglutarate
(a-KG), central to the TCA cycle and fatty acid biosyn-
thesis, in a process known as glutaminolysis [119-121].
Gao et al. illustrates the essential role of glutaminolysis in
promoting CDI ferroptosis. Specifically, part of Glu, syn-
thesized via glutaminolysis, is swapped for Cys through
system Xc-, amplifying CDI ferroptosis [119, 122, 123].
Subsequent studies reveal that a significant chunk of
exogenous Gln, about a third to half, is essential for the
Cys exchange via system Xc™ [124].

Reprogrammed lipids metabolism inhibiting anti-tumor
immune

Activated and resting T cells both incorporate exter-
nal lipids essential for their metabolism [125]. Lipid
metabolism acts as a regulator for ferroptosis sensitiv-
ity and CD36 play a key role in it. Within the TME, the
lipid metabolism of CD8* T cells undergoes a transfor-
mation, characterized by elevated expression of CD36
and a noticeable shift towards reliance on PUFAs. Both
cholesterol and fatty acids amplify the expression of the
fatty acid translocase CD36 in tumor-infiltrating CD8* T
cells. This, in turn, boosts the uptake and breakdown of
PUFAs and compounds rich in PUFAs, such as oxidized
low-density lipoproteins (Ox-LDLs) and oxidized phos-
pholipids (Ox-PLs). The outcome of this shift is twofold:
the induction of T-cell ferroptosis and a resultant dys-
function [25, 126-132]. In tandem, lipid peroxidation
activates P38 kinase, further suppressing T cell function.
However, overexpression of GPX4 has shown promise in
rescuing these T cells in vivo [132-134]. Strategically tar-
geting CD36 amplifies the infiltration capacity and anti-
tumor response of CD8* T cells [61].

Furthermore, immunosuppressive Tregs exhibit meta-
bolic adaptability in the TME through heightened CD36
expression. Tregs with elevated CD36 expression can
preserve their mitochondrial health under high oxida-
tive stress. This is achieved via the peroxisome prolifer-
ator-activated receptor-p (PPAR-B), which raises levels of
nicotinamide adenine dinucleotide (NAD) and the NAD/
NADH ratio [61]. Interestingly, CD36 sees substantial
expression in HCC cells, which heightens aerobic gly-
colysis via the PI3BK/AKT/mTOR pathway. This results
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in an increased lactic acid output, further driving cancer
progression [135]. Consequently, the presence of lipids
and the acidotic nature of the TME foster ferroptosis in
effector T cells but shield Tregs from ferroptosis due to
heightened CD36 expression. Extended exposure to cho-
lesterol augments intracellular lipid intake and buildup.
This process escalates the expression and activity of
GPX4, making cancer cells more resilient against ferrop-
tosis and thus fostering cancer cell metastasis [136].

Acidification stress enabling cancer cells to evade
ferroptosis

Cancer cells intensively utilize anaerobic glycolysis, lead-
ing to the production and release of substantial amounts
of lactic acid, resulting in extracellular acidification [127,
137]. Hepatocellular carcinoma cells (HCCs) efficiently
uptake lactic acid through transporters like hydroxycar-
boxylic acid receptor 1 (HCAR1) and monocarboxylate
transporter 1 (MCT1). Elevated lactic acid levels stimu-
late the AMPK pathway, leading to an increase in mono-
unsaturated fatty acids (MUFAs) in cell membranes and a
decline in ACSL4 expression, helping cells resist ferrop-
tosis [138].

This acidic environment bolsters tumor metastasis
by sidestepping ferroptosis. In numerous cancers, lym-
phatic metastasis tends to precede blood metastasis
[139, 140]. Cancer cells within lymphatic fluid exhibit
greater resilience against ferroptosis than those in the
bloodstream [141, 142]. One proposed mechanism is
that the high oxidative stress in the blood promotes fer-
roptosis in cancer cells, while those in lymphatic fluid
remain unscathed [143, 144]. Notably, lymphatic fluid
has an abundance of oleic acid, a type of MUFA. Cancer
cells harness this, adjusting their lipid profile to decrease
the proportion of PUFAs, facilitated by fatty acid trans-
port proteins (FATP). This uptake of oleic acid plays a
unique role, shielding cancer cells from ferroptosis in an
ACSL3-dependent manner. Further, the GSH/GSSG ratio
is markedly elevated in lymphatic fluid, thereby reducing
oxidative stress experienced by the cancer cells.

Modulation of ferroptosis resistance in cancer cells and
TAMs mediated by hypoxia

Hypoxic environments have been recognized to play cru-
cial roles in modulating ferroptosis resistance in both
immune and cancer cells. In malignant mesothelioma
(MM) cells, the overexpression of carbonic anhydrase 9
(CA-9) orchestrates iron metabolism, granting these cells
a marked resistance to ferroptosis during hypoxic con-
ditions [145]. Such resistance in the context of hypoxia
has also been documented in hepatocellular carcinoma
(HCC), cervical cancer, and MM [146, 147]. Similarly,
peritoneal metastases of gastric cancer (GC), which are
inherently characterized by hypoxia, leverage the HIF-1a
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pathway to counteract ferroptosis. Specifically, HIF-1a
upregulates the transcription of the peritoneal metas-
tasis-associated long non-coding RNA (PMAN). This,
in turn, bolsters the production of the ELAV Like RNA
Binding Protein 1 (ELAVL1), which stabilizes the trans-
lation of SLC7A11 mRNA to defend ferroptosis [148].
However, an anomalous observation in renal clear-cell
carcinoma (CCC) reveals that hypoxia, counterintui-
tively, accentuates the susceptibility of these cancer cells
to ferroptosis. Here, HIF-2a selectively augments the
cancer cell membrane’s lipid composition with PUFAs by
inducing the hypoxia-inducible lipid droplet-associated
protein (HILPDA) gene. This modulation renders the
cancer cells more prone to ferroptosis in a GPX4-depen-
dent manner [149]. Furthermore, hypoxic environments
are implicated in the anomalous formation of neovascu-
lature and the accumulation of acid. This cumulatively
ushers in nutrient scarcity and an acidic milieu, instigat-
ing a metabolic shift in lipid and glucose pathways, which
indirectly sways the ferroptosis sensitivity of cells [150,
151].

In tumors with relatively higher oxygen concentrations,
exemplified by early-stage lung cancer and lung metasta-
ses, cancer cells mitigate their ferroptosis susceptibility.
A notable mechanism involves the selective overexpres-
sion of the N-ethyl-maleimide sensitive fusion protein
(NSF1), a synthetase modulating iron homeostasis, and
the assimilation of sulfur in Cys for synthesizing iron-
sulfur clusters (ISCs), which curtails the cellular iron
burden. By suppressing NFS1 expression, a surge in iron
starvation response is observed, thereby synergistically
amplifying ferroptosis induced by agents like erastin or
through Cys deprivation [152].

On the immune front, hypoxia is observed to skew
TAMs towards the M2 phenotype, thereby favoring fer-
roptosis resistance through iron metabolic pathways
[153, 154]. Investigations on osteoclasts reveal that
under normoxic conditions, bone marrow-derived mac-
rophages (BMDMs) propel ferroptosis through ferri-
tinophagy and an iron-starvation response, the latter of
which is potentiated by the receptor activator of NF-xB
ligand (RANKL), leading to iron overload. In contrast,
hypoxic conditions induce human primary macrophages
to elevate ferritin expression patterns (e.g., mitochon-
drial FTMT and FTH), diminishing free intracellular
iron and shielding them from ferroptosis. At the molecu-
lar level, HIFs directly stifle NCOA4 transcription while
simultaneously amplifying the JNK pathway, leading to
the production of miR-6862-5p which inhibits NCOA4
translation. This intricately modulated pathway culmi-
nates in NCOA4 binding to FTMT, inhibiting ferritin-
ophagy, a specialized autophagic process that triggers
ferroptosis by the degradation of ferritin [155-157].
Additionally, hypoxic environments bolster HIF-la
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expression in macrophages, thereby inhibiting iron-star-
vation response, which ultimately attenuates their fer-
roptosis sensitivity [158]. HIF-2a has been also discerned
to elevate the expression of ferroportin (FPN), which
depletes intracellular iron content, effectively stymieing
ferroptosis [159]. Conclusively, the polarization of TAMs
into the M2 phenotype and their evasion from ferropto-
sis is intricately mediated by hypoxia.

Cellular interaction and density as a modulator of
ferroptosis resistance in Neoplasm

In the intricate milieu of solid tumors, intercellular adhe-
sion, facilitated through E-cadherin, emerges as a cen-
tral mediator that orchestrates resistance to ferroptosis.
This is achieved predominantly via the modulation of the
Hippo signaling cascade [160]. Subsequently, this path-
way exerts an inhibitory influence on its downstream
effector, Yes-associated protein 1 (YAP). The resultant
suppression curtails the expression of pivotal proteins
such as transferrin receptor 1 (TFRC) and ACSL4, both
paramount in determining cellular susceptibility to fer-
roptosis across in vivo and in vitro paradigms [160].
As another key effector of Hippo pathway, the activ-
ity and expression of the PDZ-binding motif (TAZ) is
also repressed by escalated cellular density in renal cell
carcinoma (RCC) and ovarian cancer (OVCA). TAZ
repression has been implicated in reduction of ferrop-
tosis sensitivity, achieved via the inhibition of EMP1-
NADPH Oxidase 4 (NOX4) nexus [74, 160-162]. Such
repression also precipitates a decline in the production

Table 1 Possible combination therapy for these
immunophenotypes of TME with different immune feature
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Immune Features Treatment strategy

phenotype

Cold tumor T cell deficiency, low Promote cancer ferrop-
tumor mutational bur-  tosis to heat cancer and
den, and poor antigen  combine with immuno-
presentation [168] therapy like ICB.

Immune-sup- Full of immunosuppres-  Combine immuno-

pressive tumor

Immune-exclud-
ed tumor

Hot tumor

sive cells like MDSCs,
Tregs, and M2-type TAMs
with local adaptive im-
munosuppression [243]

ECM, hypoxia, and
deficient chemokines in-
hibiting the recruitment
of T cells and establish-
ing immunosuppression
[168]

Adequate infiltration of
anti-cancer T cells in the
center of TME [244]

therapy with ferroptosis
therapy targeting im-
munosuppressive cells,
especially MDSCs, and
M2-TAMs.

Need more investigation.
HIFs inhibitors combined
with ferroptosis therapy
and chemokines may be
an optional method.

Combine with ferroptosis
therapy when drug resis-
tance to immunotherapy
occurs, especially for
cancer cells with dedif-
ferentiated phenotypes.
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of angiopoietin receptor 4 (ANGPTL4), culminating in
attenuated activity of NADPH oxidase 2 (NOX2) and
concomitantly ferroptotic susceptibility [163]. Taken
together, these underscore the pivotal role of cellular
interaction and density in amplifying the resistance to
ferroptosis in cancer cells.

Targeting immunophenotype and environment
stress to sensitize ferroptosis

The inherent heterogeneity of the TME and the concomi-
tant overlap in metabolic processes governing ferroptosis
among immune and neoplastic cells present formidable
challenges in optimizing ferroptosis-centric therapeutic
modalities [164, 165]. Notably, the manifestation of fer-
roptosis resistance not only undermines the direct effi-
cacy of ferroptosis inducers but also limits the potential
of combinatorial therapeutic strategies. Thus, a ferrop-
tosis combined strategic approach, rooted in the specific
environmental, metabolic, and immune characteristics,
may offer a tailored mechanism to enhance ferroptotic
susceptibility exclusively in cancer cells.

Immunophenotypic stratification for ferroptosis
therapeutics in TME

The intricate heterogeneity of the TME, along with the
shared metabolic dependencies of immune cells and can-
cer cells on ferroptosis pathways, underscores the com-
plexities of ferroptosis therapy [164, 165]. Integrative
approaches, particularly combining immune checkpoint
blockade (ICB) with ferroptosis-augmenting agents such
as system Xc~ inhibitors, Cys modulators, and GPX4
blockers, have showcased promising anti-tumor potential
[88, 89, 91, 166]. Yet, the therapeutic suitability hinges
crucially on specific immunophenotypes of TME, delin-
eated by precise evaluation criteria. It is imperative to
understand that immunophenotyping assesses the spa-
tial distribution, diversity, and density of immune cells
within TME landscapes. Based on the dual parameters
of tumor immunogenicity and immune cell infiltration,
we can broadly classify immunophenotypes into three
archetypes: cold, hot, and altered tumors [167]. (Refer to
Table 1 for comprehensive details).

Hot tumors

Typically marked by high microsatellite instability (MSI-
H), these tumors inherently promote robust infiltration
of T-cells within the TME core [168]. Considering the
heightened susceptibility of activated T cells to ferrop-
tosis, hot tumors may not be prime candidates for initial
ferroptosis induction [39]. A deeper dive into the meta-
bolic milieu reveals nuanced interplay, especially around
Cys dynamics between cancer cells and T cells, com-
pounded by subsequent competitive interactions with
MDSCs. As such, a meticulous evaluation of the spatial
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distribution and metabolic activity of APCs and MDSCs
in juxtaposition to T cells could provide vital predictive
insights for ferroptosis therapeutic trajectories [41, 42,
56]. Notably, while hot tumors exhibit a generally favor-
able response trajectory to immunotherapy, the emer-
gence of therapeutic resistance remains unresolved [169].
This resistance is engendered by a myriad of intrinsic
and adaptive immunosuppressive shifts that evolve with
dynamic TME alterations, such as PD-L1 overexpres-
sion, selective recruitment of immunosuppressive cell
phenotypes, and the eventual T cell functional exhaus-
tion [170, 171]. Given this backdrop, the adjunctive use of
ferroptosis inducers might offer a therapeutic advantage,
particularly as dedifferentiated cancer cell phenotypes,
with their accentuated ferroptotic sensitivity, come into
focus, where GPX4 emerges as a pivotal mediator [74,
115, 172, 173]. Researchers recently in melanoma model
found that ferroptosis is positively associated with immu-
notherapy and cancer with high ferroptosis activity tends
to have a hot TME [174]. Researchers recently also found
that ferrptosis-related genes (FRG)-based high-risk score
is positively correlated with enrichment of ICB-related
positive signatures in the GBM, which possibly predicts
ferroptosis treatment combined with immunotherapy
[175].

Cold tumors

Distinctly characterized by a relative lack of central
inflammation, these tumors pose a clinical conundrum to
elevate CTL infiltration, thereby amplifying the immune
response [168, 176]. In this scenario, ferroptosis not only
offers therapeutic potential but also serves as an immu-
nological catalyst. Specifically, DAMPs exuded from
ferroptotic cancer cells can elicit pronounced immuno-
genicity, in turn driving the recruitment of APCs and T
cells to invoke a tailored adaptive immune response [88,
92, 94, 177]. However, it’s crucial to elucidate the tem-
poral kinetics of DAMP release, aiming to determine the
optimal therapeutic temporal window.

Altered tumors

This category encompasses both immune-exclusive and
immune-suppressed phenotypes. The former manifests
barriers hindering immune cell infiltration, whereas the
latter presents a TME saturated with immunosuppressive
entities — notably Tregs, MDSCs, and M2-type TAMs —
that impair the intrinsic anti-tumor efficacy of immune
cells [168, 178, 179]. These immunosupressive cells sen-
sitive to ferroptosis. ICB combined with ferroptosis
therapy may have the most clinical benefit for the immu-
nosuppressive type and reshape the immunotype more
senstive to immunotherapy. In immune-exclusive pheno-
typic landscapes, a salient feature is the peripheral T cell
localization, barred from accessing the tumor core. This
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restrictive pattern begs further scrutiny, especially within
the framework of ferroptosis and the potential modula-
tory influence of DAMPs on immune infiltration dynam-
ics. Reasons for the infiltrative barrier of T cells include
the lack of chemokines like C-X-C motif ligands (CXCLs)
and C-C motif ligands (CCLs), deregulation of extracel-
lular matrix proteins, abnormal vasculature, and hypoxia
[180-182]. It appears that this type of TME rarely ben-
efits from ferroptosis-based treatment. Whether some
DAMPs released by ferroptosis cancer cells play an alter-
native role in inducing immune cell infiltration remains
obscure. Ferroptosis and its ability to reshape the physi-
cal barrier need to be further investigated in the future.

Leveraging specific metabolic phenotypes of cancer with
environmental stressors for ferroptosis sensitization
Tumor-infiltrating cancer cells often manifest distinct
metabolic phenotypes that render them more suscep-
tible to ferroptosis. For instance, clear cell renal cell car-
cinoma (ccRCC) is distinguished by its high lipid and
glycogen content, which provides a unique therapeutic
vulnerability [142]. A seminal study has elucidated that
Von Hippel-Lindau (VHL)-deficient ccRCC, which fea-
tures characteristic lipid and glycogen-laden cytoplasmic
deposits, circumvents ferroptosis via the upregulation
of the adipokine chemerin. This upregulation serves a
dual role, aiding both autocrine and paracrine signal-
ing of hypoxia-inducible factor (HIF)-2a and krueppel-
like factor 6 (KLF6). On a molecular level, chemerin
serves to stabilize lipid oxidation and fatty acid oxidation
(FAO) equilibrium within the cancer cells. Addition-
ally, it amplifies the expression of HIF-1a and HIF-2« in
an autocrine manner, underscoring its multifaceted role
in modulating the metabolic landscape of tumors [183].
Furthermore, basal-like breast cancers (BLBC), exhibit
specific metabolic shifts favoring transsulfuration. When
the TME is starved of Cys, and Cys, cancer cells activate
the GCN2-ATF4 axis, bolstering the expression of CTH
and CBS, two enzymes vital for the transsulfuration path-
way to produce Cys. This metabolic phenotype is highly
sensitive to Cys levels [184, 185]. The luminal androgen
receptor (LAR) subtype of TNBC, a specific metabolic
subtype characterized by the increasing expression of
oxidized phosphatidylethanolamines and glutathione
metabolism, especially GPX4, is hypersensitive to ferrop-
tosis induced by GPX4 inhibitors [186]. Recent findings
have illuminated a particular subtype of small cell lung
cancer (SCLC) that, while resistant to ferroptosis, dis-
plays an addiction to the TRX system. Remarkably, inhib-
itory interventions targeting TRX render this subtype
conspicuously susceptible to ferroptosis [187]. In a simi-
lar vein, melanomas that undergo epithelial-to-mesen-
chymal transition (EMT) exhibit an increased sensitivity
to ferroptosis. However, this characteristic is juxtaposed
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against their inherent resistance to immunotherapies,
highlighting the intricate interplay of metabolic and
immune landscapes within tumor microenvironments
[142].

Integrative therapeutic strategies by navigating the
environmental complexities of the TME

Environmental intricacies within the TME, including
hypoxic conditions, nutrient scarcity, and lactic acid
accrual, not only bolster neoplastic resistance to fer-
roptosis but concomitantly exacerbate T cell vulnerabil-
ity thereto [129, 130, 145, 146]. Consequently, strategies
aimed at reconfiguring these TME constraints present
intriguing therapeutic avenues, as outlined in Table 2.

Due to the glucose starvation, cancer cells exhibit
a nuanced metabolic interdependence on both GIn
and Cys, situating the system Xc~ at a pivotal juncture
between nutrient reliance and ferroptosis defense.

A research by Goji et al. highlights that, under glucose-
starved conditions in vitro, the additional Cys, uptake
via system Xc~ swiftly triggers NADPH exhaustion, ROS
generation, and ensuing cell death in glioblastoma cells
[188]. These revelations spotlight a potential therapeutic

Table 2 The possible microenvironmental sensitization
biomarkers and targets synergistic with ferroptosis inducers and
sensitizing mechanisms

Synergistic  Microenvi- Mechanisms

sensitization ronmental

targets factors

CD36 and Lipids, PUFAs,  Suppression of CD36 expression de-

HIFs and creases ferroptosis sensitivity of anti-tu-

hypoxia mor T cells and destroys mitochondria

fitness of Treg. HIFs antibody prevents
pro-tumor polarization of TAMs and
facilitates M2-type TAMs ferroptosis by
affecting iron metabolism [153, 154].
CD36 and HIFs have a synergistic effect
[195, 196].

HCARTand Lactic acid The abundant lactic acid in the TME

MCT1 is taken in cancer cells by transport-
ers HCAR1 and MCT1. It activates the
AMPK pathway to produce more anti-
ferroptosis MUFAs, and a high level of
lactic acid also inhibits the expression
of ACSL4 [138, 245].

GIn/system Glucose, GIn - GIn metabolism antagonizes the

X~ and Cys antioxidation function of system Xc™.
Cys-deprivation triggers the death of
cancer cells with extensive expression
of system Xc™. Conversely, CDI fer-
roptosis occurs in cancer cells with low
expression of system Xc~ [109].

E-cadherin Cancer cell Interaction of cancer cells promotes

interaction the expression of E-cadherin to activate

the Hippo pathway, inhibiting the ex-
pression of ANGPTL4, TFRC, and ACSL4
and the production of ROS to maintain
resistance to ferroptosis [160, 162].
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avenue: destabilizing the balance between Gln and Cys
could potentially thwart cancer cell growth [109]. Some
investigations in vivo have demonstrated that solitary Gln
blockade not only orchestrates neoplastic cell demise but
also markedly augments T cell anti-tumoral activity and
ameliorates conditions of hypoxia, acidosis, and nutrient
paucity [104, 189, 190]. Conjoint therapeutic regimens
encompassing Gln and system Xc~ blockades emerge as
prospective interventions. Study indicates that cancer
cells with an upregulated system Xc- display an increased
Gln dependence, though glucose can somewhat allevi-
ate this dependency [189]. This suggests that anti-tumor
effects mediated by Gln blockade may amplify on tumor
cells with high system Xc expression. Intriguingly, tumors
harboring KRAS mutations, exemplified by pancreatic
neoplasms, resort to micropinocytosis for extracellu-
lar protein uptake, subsequently catabolizing these into
Gln [191, 192]. Tumors with MYC oncogenic aberrations
exhibit a pronounced Gln metabolic proclivity, postulat-
ing its potential utility as a therapeutic biomarker [189,
193].

Acidosis in TME instigates a metabolic paradigm shift,
predominantly steered by HIF-1aq, transitioning from aer-
obic glycolysis towards glutamine and lipid metabolism
for both energy production and intermediate biosynthe-
sis. Such acidic vicinities, concomitant with hypoxia and
metabolite build-up like lactic acid, necessitate therapeu-
tic consideration [194]. Both HIFs and CD36 emerge as
pivotal therapeutic fulcrums. Cumulative data in vivo and
in vitro authenticate the roles of both HIF-2a and HIF-1a
in potentiating CD36 expression, consequently ampli-
fying fatty acid assimilation in hypoxic cells [195, 196].
CD36 inhibition not only disrupts Tregs mitochondrial
functionality but also augments ferroptotic sensitization
in neoplasms through lactic acid attenuation, while HIFs
inhibition prevents the pro-tumor polarization of TAMs,
simultaneously reducing neoplastic ferroptotic resis-
tance. Conjoint targeting of CD36 and HIFs offers thera-
peutic promise.

Moreover, the positive correlation between neoplas-
tic cell interaction and density and ferroptosis resis-
tance suggests that the TME’s cellular composition could
serve as an indicative parameter for gauging ferroptosis
resilience and the clinical efficacy of ferroptosis-centric
therapeutics. In this context, the potential exploitation
of blockers, such as E-cadherin and the Hippo signaling
cascade, remains an area of academic and therapeutic
interest.

Cellular regulation of ferroptosis defensive mechanism in
the TME

In cancers predicated on GPX4 dependency, Cys avail-
ability emerges as a pivotal determinant of neoplas-
tic resistance to ferroptosis. Within the TME, rigorous
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competition ensues between cancer cells and T cells for
Cys acquisition [41, 45]. The complex cellular conditions
within the TME wields a substantial influence on the
sensitivity to ferroptosis. Considering the overarching
influence of MDSCs, CAFs and M2-TAMs in protecting
cancer cells but sensitizing T cells to ferroptosis, particu-
larly in malignancies such as PDAC that are replete with
these cellular subsets, integrative strategies that concur-
rently target these cellular entities and induce cancer cell
ferroptosis appear cogent. Additionally, M2-TAMs fortify
HIFs expression, which fosters T-cell susceptibility to fer-
roptosis while concurrently imparting ferroptotic resil-
ience of neoplastic cells. It is noteworthy that DAMPs,
when liberated by ferroptotic M2-TAMs, potentiate the
immune response of T cells, [87, 197]. An area that war-
rants deeper academic exploration pertains to the TRX
antioxidant system. Historically, its significance might
have been somewhat overshadowed. Such insights, while
nascent, underscore the profound therapeutic potential
inherent in unraveling the complexities of cellular inter-
actions and dependencies within the TME.

Comprehensive immunotherapy, chemotherapy
and radiotherapy treatments with ferroptosis
Immunotherapy treatment with ferroptosis in clinical
Researchers have made plenty of beneficial explorations
in the combination of immunotherapy and ferroptosis
treatment. In the LAR subtype of TNBC, GPX4 inhibi-
tors enhance the anti-tumor immunity. The combination
of GPX4 inhibitor and PD-1 blockade is more efficient
than monotherapy in vivo [186]. In glioma, where fer-
roptosis is the main programmed cell death (PCD),
ferroptosis contributed to immunosuppressive TME
mediated by TAMs, which leads to malignant progres-
sion and poor prognosis. Blocking ferroptosis is thought
to be an efficient method to improve the efficacy of ICB
[198]. Researchers in melanoma developed a ferropto-
sis score (FPS) model based on 32 ferroptosis-related
genes to predict the outcome of cancer. Then, they found
that high-FPS may predict more active tumor immune
microenvironment and better efficacy of ICB such as
PD-1 blockade [174]. Fan et al. found that BEBT-908, an
inhibitor targeting PI3K and HDAC, induced immuno-
genic ferroptotic cell death of cancer cells and enhanced
ICB therapy by upregulating MHC class I and activating
IFN-y signal [199]. Statin promotes immunotherapy by
promoting ferroptosis of NSCLC cancer cells and inhib-
iting PD-L1 expression [200]. FSP1 inhibition greatly
promoted ferroptosis of cancer cells and infiltration of
immune cells like DCs, macrophages, and T cells. iFSP1
synergistic with immunotherapy significantly reduced the
burden of HCC in vivo [201]. Researchers found inflam-
mation-associated ferroptosis (IAF) biomarkers posi-
tively predicts the PD-L1 expression, MSI, TMB and ICB
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response rate [202]. Short-time starvation of methionine
promotes ferroptosis by stimulation of CHACI transcrip-
tion synergistically with CD8 + T cells and enhances ICB
therapy. Exogenous Methionine intermittent starvation,
system xc- and PD-1 blockade combination treatment
have a profound anti-tumor efficacy [203]. Ferritin light
chain (FTL) facilitates cancer cell ferroptosis in GBM to
polarize TAMs into the M2-type contributing to pro-
tumor TME. Inhibition of FTL is a promising strategy to
sensitize GBM to PD-1 blockade [204].

Integrating ferroptosis with chemotherapeutic strategies
Chemotherapy remains a pivotal therapeutic modality for
a plethora of solid malignancies, yet the specter of che-
moresistance invariably poses a significant impediment
[205]. Intriguingly, a discernible nexus has been identified
between cisplatin resistance and ferroptosis resistance
within the tumor milieu. Malignant cells that manifest
cisplatin resistance concomitantly exhibit upregulation
of genes affiliated with ferroptosis resistance [206—-208].
In this context, cisplatin-resistant neoplastic cells over-
express the Wnt pathway membrane receptor, frizzled
homolog 7 (FZD7), which subsequently activates TP63,
culminating in augmented GPX4 expression [209, 210].
A myriad of cancer phenotypes evolves cisplatin resis-
tance by elevating the expression of system Xc™ and pre-
serving elevated GSH concentrations [211-213]. Recent
investigations underscore that cisplatin can indeed incite
ferroptosis in cancer cells, highlighting the potential role
of chemotherapy as a pivotal trigger for ferroptosis [214,
215]. Drug-resistant malignant cells, in tandem with
adjacent stromal constituents, might engender a protec-
tive cocoon, enabling vulnerable cancerous cells to elude
both ferroptosis and chemotherapy. Notably, CAFs have
been implicated in curtailing cisplatin accumulation,
thereby promoting resistance to both chemotherapy and
ferroptosis by proffering GSH and cysteine to ovarian
cancer (OVCA) cells [54]. Further, the miR-4443, found
to be amplified in cisplatin-resistant non-small cell lung
cancer (NSCLC) cells, is conveyed to sensitive cells via
exosomes, thereby amplifying FSP1 expression, pivotal
for averting ferroptosis. In contrast, IFN-y, secreted by
CD8" T cells, diminishes system Xc~ in malignant cells,
thereby mitigating cisplatin resistance through the JAK/
STAT signaling cascade [54]. The intricate orchestration
between cisplatin resistance mechanisms and the fer-
roptosis pathway cannot be overstated [215]. Poignantly,
co-administration of GPX4 and system Xc~ inhibitors
alongside cisplatin has surmounted chemotherapy resis-
tance, thereby magnifying the anti-neoplastic response in
diverse tumors [214, 216, 217].

The resistance to the chemotherapeutic agent Temo-
zolomide (TMZ), primarily deployed for gliomas, is also
intricately tethered to ferroptosis resistance, engendered
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by elevated system Xc~ and GSH expression, which
concurrently magnify TMZ sensitivity [218, 219]. Fur-
thermore, malignant cells modulate intracellular iron
homeostasis via lipocalin-2, thereby obviating ferroptosis
and instigating resistance to 5-fluorouracil [220]. Such
chemoresistant phenotypes strikingly mirror ferropto-
sis resistance patterns, especially concerning canoni-
cal targets like GPX4, system Xc~, FSP1, and NRF2.
Consequently, profiling these ferroptosis targets in che-
moresistant neoplasms emerges as an imperious neces-
sity. However, the adaptive response to chemotherapy
encompasses the induction of the MTDH gene, which
amplifies the mesenchymal phenotype of neoplasms, bol-
stering drug resistance. Nevertheless, diminishing GPX4
and system Xc~ expression can augment susceptibility
to ferroptosis [221]. Ferroptosis resistance surfaces as a
novel rationale underpinning post-chemotherapy tumor
resurgence.

For PDAC patients, surgical intervention coupled with
adjuvant multi-drug chemotherapy remains the bulwark
for enhancing survival. Gemcitabine resistance, inherent
in PDAC, continues to perplex clinicians [222]. Recent
elucidations intimate that ferroptosis resistance, spear-
headed by system Xc~hyperexpression, is conjoined with
gemcitabine resistance [223, 224]. Intriguingly, system
Xc™ inhibition in PDAC cells engenders GSH depletion
in vitro, precipitating ferroptosis and resuscitating sensi-
tivity to both gemcitabine and cisplatin [115].

The profound interplay between chemoresistance and
ferroptosis resistance in neoplasms necessitates re-envi-
sioning therapeutic paradigms. The resurgence of tumors
post-chemotherapy can be attributed, at least partially,
to ferroptosis resistance. This accentuates the theoreti-
cal viability of amalgamated treatment regimens. In this
milieu, modulating the TME and metabolic targets to
exclusively amplify the ferroptosis sensitivity in malig-
nant cells might emerge as the lynchpin in transcending
the barriers of chemoresistance.

Ferroptosis synergy in radiotherapeutic strategies

Radiotherapy (RT) operates by leveraging ionizing radia-
tion (IR) to catalyze the generation of ROS and free radi-
cals, thereby inflicting damage upon DNA and cellular
membranes [225]. Recent revelations suggest that ferrop-
tosis plays a pivotal role as a novel mechanism underlying
RT-induced oncogenic cell death [226, 227]. A notable
phenotype is that cancer cells demonstrating radioresis-
tance also manifest a concomitant resistance to ferrop-
tosis [227, 228]. Specifically, lung cancers with kelch-like
ECH-associated protein 1 (KEAP1) mutations exhibit
resistance to ferroptosis and radiotherapy. This is medi-
ated via the augmented transcription of CoQ/FSP1 under
the auspices of NRF2. Critically, targeting the CoQ/FSP1
axis can precipitate ferroptosis in KEAP1-deficient lung
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cancers, thus bolstering their radiosensitivity [229]. This
process appears to be intertwined with the surge in ROS
and ACSL4 production. However, tumors harboring
P53 mutations provide an intriguing counter-narrative.
Within this milieu, RT augments the expression of the
P53 gene, countering the ferroptosis resistance elicited by
system Xc~ upregulation and GSH synthesis, leading to
enhanced radiosensitivity [230].

The amplification of RT-induced ferroptosis can syn-
ergistically potentiate the immune response. From a
mechanistic vantage, the radiation-induced bystander
effect (RIBE) manifests in RT-afflicted cells through the
liberation of radiation-tinged microparticles (RT-MPs).
This instigates ICD within proximal cancer cells, pre-
dominantly via ferroptosis. Such ferroptotic cells lure an
enhanced infiltration of TAMs. These TAMs undergo a
transformative polarization towards an anti-tumoral
phenotype, guided by the activation of the JAK/STAT
and MAPK pathways. Importantly, these TAMs augment
the expression of PD-L1 in neoplastic cells through the
endocytic uptake of RT-MPs, which markedly enhances
immunotherapeutic outcomes [231]. Additionally, acti-
vated CD8 + T cells bolster the radiotherapeutic effect via
ferroptosis. The tandem actions of IFN-y derived from
CD8 + T cells and the activation of the ataxia-telangiec-
tasia mutated (ATM) gene by radiotherapy synergistically
inhibit SCL7A11 expression, optimizing therapeutic out-
comes [232, 233].

Yet, hypoxia in the TME can induce hypoxia-inducible
factors (HIFs), creating barriers to both radiotherapy and
ferroptosis [151]. Consequently, system Xc~ and GPX4
witness an adaptive overexpression within cancer cells,
offering a sanctuary against radiotherapy. Therefore, fer-
roptosis inducers can provide a synergistic boon to radio-
therapeutic endeavors [226, 234]. Given the profound
mechanistic interlinkages between ferroptosis and radia-
tion therapy, factors catalyzing ferroptosis resistance
emerge as critical players in shaping radiotherapeutic
outcomes. The efficacy of radiotherapy can be substan-
tially amplified by judiciously coupling it with agents that
sensitize malignant cells to ferroptosis.

Conclusions and perspectives

The overlap of ferroptosis metabolic pathways within
both neoplastic and immune cells presents considerable
challenges to the specificity and potency of ferroptosis
therapeutics. Worse still, the TME seemingly protects
malignant cells against ferroptosis while concurrently
predisposing T-cells to ferroptosis. To overcome this,
a bifurcated approach is worth considering: systematic
characterization of the TME in cellular and environ-
mental variables and immunophenotypes to determine
its amenability to ferroptosis; subsequent strategic
manipulation of salient environmental attributes, such as
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hypoxia, acidosis, and nutrient dynamics, to alter cellu-
lar metabolism. This metabolic recalibration can engen-
der differential sensitivities to ferroptosis, facilitating
targeted ablation of malignant and immunosuppressive
cells and rescue of T cells. Ferroptotic cells bolster the
immune response by releasing DAMPs, notably ATP and
HMGBI. Notably, this therapeutic strategy, underscored
by its self-reinforcing mechanisms, holds the potential
for synergistic integration with established therapeutic
modalities, including immunotherapy, radiotherapy, and
chemotherapy.

However, notwithstanding its conceptual appeal, this
therapeutic paradigm has inherent challenges. A salient
concern is the nebulous understanding of how environ-
mental variables modulate ferroptotic sensitivities across
varied cell types. Current research endeavors, while illu-
minative, are predominantly univariate in design, poten-
tially obfuscating the nuanced interactions in the actual
TME. Although TIME has been categorized into ‘hot;
‘cold; and ‘altered’ states, a holistic classification predi-
cated on environmental variables related to ferroptosis is
conspicuously absent. Consequently, an in-depth explo-
ration of these variables is imperative for accurately gaug-
ing metabolic vulnerabilities, thereby facilitating nuanced
biomarker and therapeutic target identification. Another
formidable challenge lies in the intrinsic heterogeneity
and dynamism of TME. This heterogeneity is manifest
not just across tumor types, but intriguingly, within indi-
viduals and even disparate regions of a singular tumor.
The inherent metabolic heterogeneity within tumors,
characterized by varied metabolic rates and differen-
tial hypoxic regions requires meticulous attention [235].
Hence, the quest for an optimal therapeutic window
— wherein neoplastic cells are maximally ferroptosis-
sensitive and T cells most ferroptosis-resilient — remains
paramount. Thus, the universally applicable biomarkers
reliably gauging ferroptosis efficacy across varied TME
landscapes is paramount. Moreover, the adaptive meta-
morphosis of the TME significantly fosters resistance not
merely to ferroptosis but also other therapeutics such as
radiotherapy, chemotherapy, and immunotherapy [76,
236-238]. This underscores the necessity for both proac-
tive characterization and iterative monitoring of the TME
throughout therapeutic interventions. Lastly, no efficient
and safe drugs targeting ferroptosis in the clinic. While
some agents like Artesunate, Sorafenib, and Cisplatin,
have shown promise through their dual functionalities,
the transition from bench to bedside remains fraught
with challenges [239-241]. Factors such as specificity,
sensitivity, the quest for spatial-temporal biomarkers,
and the identification of clinically viable drugs emerge as
critical, yet unresolved conundrums in the realm of fer-
roptosis therapy.
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