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Abstract: New insights into the field of iron metabolism within the tumor microenvironment have
been uncovered in recent years. Iron promotes the production of reactive oxygen species, which may
either trigger ferroptosis cell death or contribute to malignant transformation. Once transformed,
cancer cells divert tumor-infiltrating immune cells to satisfy their iron demand, thus affecting the
tumor immunosurveillance. In this review, we highlight how the bioavailability of this metal shapes
complex metabolic pathways within the tumor microenvironment and how this affects both tumor-
associated macrophages and tumor-infiltrating lymphocytes functions. Furthermore, we discuss the
potentials as well as the current clinical controversies surrounding the use of iron metabolism as
a target for new anticancer treatments in two opposed conditions: (i) the “hot” tumors, which are
usually enriched in immune cells infiltration and are extremely rich in iron availability within the
microenvironment, and (ii) the “cold” tumors, which are often very poor in immune cells, mainly
due to immune exclusion.

Keywords: iron metabolism; ferroptosis; cancer; innate immune response; adaptive immune response
tumor microenvironment

1. Introduction

In recent years, the role played by the tumor microenvironment (TME) in fostering or
preventing tumor growth has gained considerable attention. Cellular and non-cellular com-
ponents in TME may reprogram tumor initiation, expansion, and progression, thus serving
as potential targets for cancer therapy [1–3]. Cancer research as well as cancer therapies
have indeed switched from a “cancer-centric” model to a “TME-centric” one [4].

According to the new concept proposed by Ming-Zhu Jin and Wei-Lin Jin, the TME
includes diverse specialized microenvironments that overlap and cooperate with one
another [4]. Among them, immune and metabolism microenvironments mutually influence
their functionality to establish a pro-tumoral and immunosuppressive environment or,
otherwise, to support the anti-tumoral immune response [5–7].

Tumor immune microenvironment (TIME) is broadly populated with tumor-infiltrating
immune cells, such as B and T lymphocytes, natural killer (NK) cells, tumor-associated
macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) [8].

The compartment of TAMs is highly dynamic and heterogeneous, and accounts for up to
50% of the tumor’s bulk in most solid as well as in several hematologic malignancies [8–12].
TAMs can acquire diverse phenotypic, metabolic, and functional profiles, hovering be-
tween a pro-inflammatory (so-called M1) to an alternatively anti-inflammatory (so-called
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M2) state [13,14], although this dichotomy is now considered quite an oversimplification.
Born to mirror the classic T helper 1 (Th1) and T helper 2 (Th2) dualism, macrophage classi-
fication suffers from different limitations that should be carefully taken into account when
using it: (1) It reflects a response to in vitro stimuli that are not present “alone” within tumor
tissue: Macrophages usually derive from monocytes differentiation whose transcriptional
activation depends upon the context and the number of stimuli received, often giving rise
to mixed phenotypes; (2) macrophages are very plastic cells: Their functional phenotype
could be modified from their interaction with other immune cells, cancer cells or pathogens;
(3) in contrast to T cells, macrophages do not expand clonally, thus each macrophage could
be different from another one [15–17]. Nevertheless, it is currently believed that while
specific TAM subsets support tumor initiation and progression, other TAM populations
restrain tumor progression [18,19]. Within this review, we will use the terms “M1-like” and
“M2-like” TAMs to indicate to which one of the classical phenotypes TAMs are close in
each scenario, considering the impossibility to obtain a clear specific phenotype.

Among the adaptive immune system, CD4+ and CD8+ Teff cells regulate and fulfil the
antigen-specific killing of cancer cells, respectively. Particularly, CD8+ Teff cells directly
kill tumor cells by promoting apoptosis and by releasing a specific subset of cytokines.
CD4+ T cells include numerous subgroups. The Th1 subset exerts an antitumor function
through direct tumor cell killing or cytokine secretion, but also by assisting in CD8+ T cell
activation. On the other hand, CD4+ regulatory T (Treg) cells show an immune suppressive
and a pro-tumorigenic activity [20–24].

Cancer-associated fibroblasts (CAFs), representing a high proportion of non-cancer
cells in the TME, also support tumor expansion and invasiveness by remodeling the sur-
rounding stroma. Iron mediated production of reactive oxygen species (ROS) promotes
the activation state (myofibroblast-like) of CAFs which, in turns, release growth factors,
extracellular matrix (ECM) remodeling factors and cytokines, thus promoting tumor metas-
tasis [25]. On the other hand, CAFs support iron utilization of breast cancer cells by
inducing the expression of the iron-regulatory hormone hepcidin [26].

It is now well established that metabolic reprogramming in immune cells tightly
correlates with their phenotype and functions [27]. Moreover, highly active metabolic
pathways within cancer cells can affect the composition of nutrients within the TME,
thus impairing the immune response [27–33].

Compared to normal cells, tumor cells exhibit iron addiction [34–36]. In particular,
in metastatic cancers, iron accumulation is associated with the epigenetic regulation of
genes involved in the epithelial to mesenchymal transition (EMT) and in the development of
cancer stem cells (CSCs) features [37,38]. Cancer cells show an iron-sequestering phenotype
achieved through the activation of iron uptake processes and the parallel downregulation
of the export pathways. In addition, tumor cells also divert immune cells resident in TME
to satisfy their enhanced demand of iron supply [39].

Iron is able to promote tumor cell growth by acting as a cofactor of enzymes involved
in ATP production (i.e., cytochrome-c reductase), antioxidant defense (i.e., superoxide dis-
mutase, SOD), DNA replication, and repair (i.e., DNA polymerases) [40–46]; furthermore,
it can act as a metal catalyst of demethylases enzymes involved in the epigenetic plasticity
underlying EMT and cancer progression [38]. In this regard, it has been recently demon-
strated that in persister cancer cells, intracellular iron acts as metal catalyst of α-ketoglutaric
acid (αKG)-dependent demethylases, which repress histones methylation and promote
the expression of mesenchymal genes [38]. Iron, however, can participate to potentially
deleterious ROS-generating reactions, which alter the redox balance of the cell and poten-
tially cause oxidative damage, thus ultimately leading to an iron-dependent programmed
cell death called ferroptosis [47–51]. However, the progression of cancer cells leads to the
development of tolerance to ROS accumulation and to a new redox homeostasis, which
may enhance tumorigenicity [4].

To adequately review this topic, in this review, we address the following key questions:
i. How iron handling by TAMs affects tumor cell growth, ii. how iron can regulate the
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adaptive immune response, iii. how ferroptosis impacts tumor immunity, and iv. how iron
modulation can be employed in combination with existing immunotherapies to enhance
their efficacy.

2. Intracellular Iron Metabolism

Circulating ferric iron (Fe3+) is bound by transferrin (TF) and then delivered to cells
and tissues. The transferrin receptor (TFR1, CD71), expressed on cell surface, internalizes
Fe3+-loaded TF through an endocytosis-mediated mechanism. Thus, ferric iron is released
and TFR1 is recycled to the cell surface. The ferrireductases STEAP2/3/4 convert Fe3+

into its ferrous form Fe2+ [52,53], which, in turn, enters the cytoplasm via divalent metal
transporter 1 (DMT1). Non-transferrin bound iron (NTBI) enters the cytoplasm through
different carrier molecules, such as DMT1, the zinc transporters ZIP8/14, and the L-type
voltage-dependent calcium channels [54]. Notably, recent evidence indicate that EMT
enhances CD44/hyaluronate-mediated iron endocytosis as an alternative iron-uptake
process, preferentially involving the persister CSCs [38].

Fe2+, the free and redox-active iron, enriches the labile iron pool (LIP), promoting
ROS generation through the Fenton reactions. Ferritin (FT), the main iron-storage protein
composed of 24 subunits of heavy (FtH) and light (FtL) chains, prevents ROS formation
by sequestering Fe2+, which is coupled to oxidation to Fe3+ [45]. When the intracellular
levels are low, iron is released from FT nanocage through several iron-reductive mobi-
lization pathways mediated by different biomolecules, such as flavin nucleotides and
glutathione [55,56]. Besides, a process called ferritinophagy has been described. This event
is mediated by the nuclear receptor coactivator 4 (NCOA4), which binds FT triggering
its autophagic degradation [57]. Ferritin levels are also affected by oxidative stress and
inflammation through the activation of the transcription factors NF-kB and NRF2, as well
as through the release of proinflammatory cytokines, such as IL-6 and IL-1. NF-kB and
NRF2 increase FT transcription, while IL-6 and IL-1 stimulate FT translation, thus ensur-
ing Fe2+ storage [58–60]. In addition, the metallochaperones poly(C)-binding proteins
1/2 (PCBP1/2) bind and facilitate iron loading into ferritin [61]. Most of the LIP, how-
ever, is internalized into mitochondria through the mitoferrin transporters (Mfrn1/2) [51].
Mfrn1/2 import Fe2+ from the intermembrane space to the mitochondrial matrix, where
it is used for heme and iron-sulfur (Fe-S) cluster biogenesis mediated by frataxin and
GLRX5 enzymes [62,63]. Mitochondria are also provided by a specific H-type of ferritin
(FtMt) devoted to mitochondrial iron storage [64].

Intracellular iron export is mediated by ferroportin (FPN) [65]. FPN exports Fe2+

to the extracellular space where it is oxidized by ceruloplasmin (CP) [66], hephaestin
(HEPH) [67], and zyklopen (HEPHL1) [66]. FPN is expressed in numerous cell types,
in particular, in those involved in the regulation of plasma iron levels, such as enterocytes,
macrophages, and hepatocytes [68]. FPN activity is decreased by the liver-derived hormone
hepcidin. Recent studies highlight that hepcidin degrades FPN loaded with iron by
binding to a specific cavity located between the N and C domains, thus blocking iron
efflux and inhibiting its transport [69]. This results in an overall reduction of iron in the
bloodstream [70].

The proteins involved in intracellular iron metabolism are summarized in Table 1.
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Table 1. The main proteins involved in the intracellular iron metabolism. The proteins have been
divided according to the iron-related process they are involved in. Their specific function and cellular
localization were subsequently reported in the last two columns.

Process Protein Function Location

Cellular iron uptake

DMT1 Iron transporter of Fe2+ Endosome > cytosol

DMT1 Iron transporter of Fe2+ Cell surface > cytosol

Low pH Release of Fe3+ from TF-Fe3+

(TFR1 recycled to surface)
Endosome

STEAP2/3/4 Ferrireductase
(reduces Fe3+ to Fe2+) Endosome

TFR1 Binds and endocytoses TF-Fe3+ Cell surface

ZIP8/14 Binds and uptakes NTBI into cell Cell surface > cytosol

CD44 Endocytosis of iron-bound
hyaluronate Cell surface > cytosol

Cellular iron
storage/release

FtH Components of “ferritin cage” Cytosol/mitochondria

FtL Components of “ferritin cage” Cytosol

FtMt Mitochondrial iron storage Mitochondria

NCOA4 Ferritinophagy Cytosol

Iron cellular export
CP Ferroxidase

(oxidizes Fe2+ to Fe3+) Outer cell surface

FPN Fe2+ exporter from the cell Cytosol > circulation

Cellular iron chaperone PCBP1/2 Deliver iron to ferritin Cytosol
Abbreviations used: DMT1, divalent Metal (Ion) transporter 1; STEAP2/3/4, six-transmembrane epithelial
antigen of prostate 2/3/4; TFR-1, transferrin receptor; ZIP8/14, ZRT/IRT-like protein 8/14; CD44, Cell Surface
Glycoprotein CD44; FtH, ferritin heavy chain 1; FtL, ferritin light chain; FtMt, mitochondrial ferritin; NCOA4,
nuclear receptor coactivator 4; CP, ceruloplasmin; FPN, ferroportin; PCBP1/2, poly(C)-binding proteins 1/2.

3. Iron Handling by TAMs and Its Implication for Cancer Progression

Tissue-resident macrophages are the “gate-keepers” of iron homeostasis. Indeed,
they take up iron, metabolize it, store it, and export it to satisfy the requests of the surround-
ing cells [71–73]. Intracellular iron metabolism could move the balance of polarization
in the direction of the “classically activated” M1- and the “alternatively activated” M2-
macrophages according to diverse microenvironmental stimuli and to local metabolic
cues [74,75]. M1-macrophages are activated by Th1 cell-derived interferon-γ (IFN-γ) and
pathogen-associated molecular patterns (PAMPs) signaling as well as by the interaction
with Toll-like receptors (TLRs). M1-macrophages produce pro-inflammatory mediators
such as IL-6, IL-1β, IL-12, and tumor necrosis factor-α (TNF-α) as well as ROS and nitrogen
species. Conversely, M2-macrophages are stimulated by Th2 cells-derived IL-4, IL-13,
and by IL-10, and are responsible for the release of an alternative repertoire of cytokines
that help to resolve inflammation [76,77]. Considering their functional diversity, it is not
surprising that macrophages show distinct properties in managing iron metabolism [78].

Similar to tissue-resident macrophages, TAMs are characterized by an elevated plas-
ticity. Indeed, in relation to the heterogenous conditions they are exposed to within the
TME, TAMs can acquire different phenotypic and functional profiles, ranging from an
M1-like to an M2-like state [79,80]. TAMs heterogeneity has been revealed both within and
across tumors [10,12,81]. While specific TAM subsets support tumor initiation, progression,
and immunoevasion, other TAM populations exert anti-tumoral activity, thus sustaining
the efficacy of several immunotherapies [82,83].

In most types of tumors, TAMs display an M2-polarized phenotype. M2-like TAMs,
preferentially homing to hypoxic and necrotic areas of the TME, present an iron-release
prone phenotype, characterized by high levels of FPN and low levels of FT, respectively [39].
These features allow the M2-like TAMs to promote iron recirculation in the TME and to sup-
port tumor cell proliferation, angiogenesis, and metastasis [84–86]. Notably, FTlow, FPNhigh

TAMs increase the expression of CD91 or CD163 to specifically uptake hemopexin-heme or
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haptoglobin-hemoglobin as other important sources of iron [87,88]. Furthermore, through
the increased phagocytosis of senescent erythrocytes into erythrophagosomes, M2-like
TAMs promote intracellular heme accumulation [89]. Once internalized, heme is then
degraded by Heme oxygenase (HMOX-1) into its metabolic products biliverdin, carbon
monoxide, and Fe2+. The latter inhibits iron binding proteins 1/2 (IRP1/2) interaction
to FPN mRNA, thus promoting its translation [90]. Otherwise, intracellular heme accu-
mulation promotes the release of transcriptional repressor Bach-1 from the specific target
sequences within FPN promoter region, thus enabling its transcription [84].

Data obtained in human breast cancer support the existence of alternative FPN-
independent iron transport routes in the TME. Two reports highlight a critical role of
macrophage-secreted lipocalin-2 (LCN-2), a protein able to bind siderophore-complexed iron
and to export it into the TME, in the promotion of cancer cells proliferation in vitro [91,92].
In the TAMs, LCN2 colocalizes with the iron-binding glycoprotein lactoferrin and promotes
the release of pro-inflammatory cytokines into the TME [93]. LCN2 can also be released
into the extracellular matrix where it binds to MMP-9, resulting in matrix degradation and
EMT [92,94].

Iron export in TAMs is also mediated by the secretion of FT, which acts as a tumor
growth factor to promote the proliferation of breast cancer cells [95], regardless of its iron
content. An opposite role of this protein in the anti-tumor immunity has been described as
well [96–99].

In cancer associated with chronic inflammation, TAMs show an M1-like phenotype or
overlapping M1/M2 features [100,101]. M1-like TAMs foster iron uptake and storage and
display a mitigated iron-release phenotype. Indeed, they show a marked iron absorbing
activity either through TFR1 or NTBI transporters, such as ZIP8/14 [102,103]. M1-like
TAMs express high levels of FT, whereas the FPN is less expressed, causing intracellular
iron retention [39,104]. A recent study highlighted that, upon iron overload, macrophages
acquire a pro-inflammatory phenotype and that this is associated with ROS generation,
enhanced p300/CBP acetyltransferase activity, and increased p53 acetylation [105]. Iron-
loaded TAMs infiltration correlates with tumor regression in NSCLC patients, suggesting
that targeted iron delivery to TAMs can be used as adjuvant therapeutic strategy to improve
antitumor immune response [106]. All these mechanisms are summarized in Figure 1.
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DMT1, ZIP8/14, and the L-type voltage-dependent calcium channels. When not used or stored, ex-
cess iron can be exported through FPN, an iron efflux pump coupled with HEPH or CP, two proteins 

Figure 1. Iron cycle in the tumor microenvironment (TME). In the tumor cell, TFR1 internalizes
Fe3+-loaded TF through an endocytosis-mediated mechanism. In addition, NTBI uptake is mediated
by DMT1, ZIP8/14, and the L-type voltage-dependent calcium channels. When not used or stored,
excess iron can be exported through FPN, an iron efflux pump coupled with HEPH or CP, two proteins
with ferroxidase activity, to maintain iron homeostasis. FPN activity is decreased by hepcidin that
directly binds to it. Inflammatory cytokines such as TNF-α, IL-1β, and IL-17 upregulate the NF-κB
pathway while IL-6 acts on STAT3 pathway. Macrophages are major actors for iron metabolism,
exportation, and storage in the tumor microenvironment. They can supply iron to support tumor
growth by multiple transport pathways. Activated macrophages sequester iron through TF via
TFR1 or through NTBI via ZIP8/14 transporters. Furthermore, hemopexin-heme and haptoglobin-
hemoglobin, whose uptake is mediated by the interaction with CD91 and CD163, respectively,
are consumed into endosomes. The iron-binding glycoprotein Lactoferrin colocalizes with LCN2,
which, in turn, sequesters iron in the extracellular space and stabilize MMP-, thus promoting cell
survival and EMT. FtH can be accumulated in circulating T cells preserving immune functions.
Moreover, T cells can secret cytokines like TNF-α and IFN-γ, which increase DMT1 and decrease
FPN level, resulting in increased iron retention. Abbreviations used: TFR-1, transferrin receptor;
TF, transferrin; DMT1, divalent Metal (Ion) transporter 1; FPN, ferroportin; HEPH, hephaestin; CP,
ceruloplasmin; TNF- α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-17, interleukin-17; LCN2,
lipocalin 2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; IL-6, interleukin-6;
STAT3, signal transducer and activator of transcription 3; NTBI, non-transferrin bound iron; ZIP8/14,
ZRT/IRT-like protein 8/14; CD91, cluster of differentiation 91; CD163, cluster of differentiation 163;
MMP-9, matrix metalloproteinases-9; EMT, epithelial-mesenchymal transition; IFN-γ, interferon-γ.

4. The Role of Iron in the Control of T Lymphocytes Functions

A sufficient iron supply is required for the activity of many heme- and Fe-S-containing
enzymes involved in the ATP-generating metabolic reactions, as well as in cell division,
essential for T cell growth, expansion, and functions [107]. One of the earliest events of
T cell activation and proliferation is the upregulation of TFR1 [108–110]. In agreement,
mutations in the gene encoding TFR1 impair T cell function [111]. Upon intake, intracellular
iron is then stored in FT whose activity is required for T cell proliferation [112–115]. Indeed,
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genetic deletion of the heavy subunit of FT, FtH, causes an increase of the intracellular
labile iron pool and ROS production, which, in turn, break down T cell expansion [116].
In triple-negative breast cancer, the subcellular localization of FtH affects its own role
in the immune response. Indeed, cytoplasmic FtH in breast cancer cells regulates the
MHC-I-mediated antigen processing and presentation, thus consequently inducing the
recall of CD8+ T cells, whereas nuclear FtH promotes cancer cells viability [112]. In patients
with melanoma, serum FtH is associated with enhanced circulating Treg cells and supports
their immune functions [117].

Overall, these data suggest that an optimal homeostasis of iron metabolism is crucial
for T cell function.

5. Ferroptosis Enhances Antitumor Immunity

Ferroptosis is a programmed cell death caused by the iron-dependent accumulation
of ROS to toxic levels [51,118]. So far, several signaling pathways underlying ferroptosis
have attracted attention in cancer research: (i) The increase of intracellular iron, which
elevates ROS levels and leads to intense membrane lipid peroxidation, (ii) the inactivation
of the antioxidant glutathione-dependent peroxidase 4 (GPX4), a selenoprotein required
for an efficient reduction in peroxidized phospholipids, (iii) the repression of the cystine-
glutamate antiporter (system Xc-) [119], which hinders the cellular influx of cystine thus
inhibiting glutathione (GSH) synthesis and further preventing GPX4 activity [120–122].
Recent studies also defined ferroptosis as an autophagic type of cell death [123]. Indeed,
by degrading ferritin via ferritinophagy, NCOA4 promotes the increase of LIP and the
following ROS-generating Fenton reactions in fibroblasts and cancer cells [57].

Lately, ferroptosis has been linked to antitumor immunity and potentially included in
the concept of immunogenic cell death (ICD) [124]. ICD is defined by the chronic release
or membrane exposure of damage-associated molecular patterns (DAMPs), which act as
danger signals to recruit and activate several immune cells in the TME [125]. The induction
of ICD is dependent on stress stimuli, since endoplasmic reticulum (ER) stress and ROS
production are needed for the exposure of different DAMPs (i.e., ATP, HMGB1) [126].

The first evidence of the connection between ferroptosis and antitumor immunity has
been provided by Wang et al. These authors show that immunotherapy-activated CD8+ T
lymphocytes induce ferroptosis in cancer cells through the downregulation of SLC7A11
and SLC3A2 genes encoding for the two subunits of system Xc-. Mechanistically, Wang et al.
demonstrate that the tumor cell coculture with IFN-γ-rich supernatant obtained from acti-
vated T cells induces lipid ROS generation and ferroptosis. The molecular bases underlying
this phenomenon are most likely associated to the IFN-γ-induced transcriptional inhibi-
tion of SLC7A11 and SLC3A2 genes mediated by STAT1. Indeed, in tumor cells lacking
STAT1, IFN-γ is unable to downregulate SLC7A11 as well as to foster RSL3-induced lipid
peroxidation and cell death. In contrast, tumor cells treated with the ferroptosis inhibitor
liproxstatin-1 are insensitive to the anti-PD-L1 therapy [127]. Interestingly, in melanoma
patients that benefit from immunotherapy, a higher T cell infiltration, as well as an in-
creased release of IFN-γ, correlate with low expression of SLC3A2 gene in the relative
cancer cells [127].

Furthermore, the same team demonstrates that ferroptosis can be triggered by the com-
bined action of IFN-γ and ataxia-telangiectasia mutated (ATM) activated by radiotherapy
in melanoma cells and human fibrosarcoma cells [128].

Recent experimental data prove that cancer cells undergoing ferroptosis release High
mobility group Box 1 (HMGB1) in an autophagy-dependent manner [129,130]. Upon cancer
cell death, HMGB1 is released in the surrounding TME where it physically interacts with
several pattern recognition receptors (PRRs), such as TLR2, TLR4, and RAGE, thus stim-
ulating the innate immune system [131,132]. In particular, it has been demonstrated that
either chemotherapy or radiotherapy lead to HMGB1 release from dying cancer cells,
promoting antigen processing and presentation on dendritic cells (DCs) through TLR4-
MyD88 axis [133,134].
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ROS-mediated ferroptosis promotes the translocation of calreticulin (CRT), a soluble
ER-associated chaperone, on the surface of tumor cells [135,136]. In stressed or dying
cells, CRT is exposed on the plasma membrane where it functions as a potent “eat-me”
signal [137]. The prophagocytic “eat me” CRT signal induces robust antitumor immune
responses by eliciting phagocytosis of tumor-associated antigens [138–141].

Finally, based on accumulating evidence, during ferroptosis tumor cells provide
arachidonic acid (AA) for the biosynthesis of eicosanoids, which have been proved to
promote antitumor immunity [142]. Otherwise, the induction of ferroptosis in tumor
cells can be also associated with the release of prostaglandin E2 (PGE2) [120], which
facilitates tumor evasion of immune surveillance [143,144]. Therefore, the production of
PGE2 may represent an intrinsic impediment to the induction of a robust immune response
by ferroptotic cells.

The crosstalk between ferroptosis and anticancer immunity is summarized in Figure 2.Cells 2021, 10, x FOR PEER REVIEW 8 of 17 
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Figure 2. The interaction between tumor immunity modulation and ferroptosis. Immunotherapy-
activated CD8+ T cells release IFN-γ, activating INFR. INFR inhibits SLC7A11 transcription through
STAT1. This event leads to the downregulation of system Xc-, thus, triggering L-ROS-mediated
ferroptosis via GSH-GPX4 axis. Ferroptotic cells release DAMPs (such as HMGB1, CRT, and AA),
which, in turn, promote the recruitment and activation of immune cells. Vice versa, the increased
release of PGE2 facilitates tumor immune evasion. Abbreviations used: IFN-γ, interferon-γ; INFR,
interferon-receptor; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family
3 member 2; STAT1, signal transducer and activator of transcription 1; L-ROS, lipid reactive oxygen
species; GSH, glutathione; GPX4, glutathione peroxidase 4; DAMPs, damage-associated molecu-
lar patterns; HMGB1, high mobility group box 1; CRT, calreticulin; AA, arachidonic acid; PGE2,
prostaglandin E2.

6. Iron in TIME as New Target for Oncotherapy

Based on these premises, it is conceivable to hypothesize iron metabolism as a potential
target to enhance the anti-cancer activity of current therapies. Specifically, we could face
two different extreme conditions (with the great majority of cancers falling between these
two: hyperinflamed tumors, which are usually enriched in immune cells infiltration and
are extremely rich in iron availability within the microenvironment; and “cold” tumors,
which are often very poor in immune cells, mainly due to immune exclusion (Figure 3).
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infiltration (including dendritic cells, T- and B-cells, NK cells, TAN, and M1 macrophages) and are characterized by a high
iron content. In contrast, cold tumors are poor in immune cells and are distinguished by iron deficiency. In hyperinflamed
tumors, the reduction of iron overload upon treatment with iron chelators (such as deferasirox, ciclopirox olamine,
desferrioxamine, and triapine), induces an efficient anti-tumor immune response. In parallel, ferroptosis mediated by
erastin, ferumoxytol, salinomycin, and its synthetic derivative ironomycin foster anti-tumor immunity in cold tumors.
Abbreviations used: TAM, tumor associated macrophages; TAN, tumor associated neutrophils; CAF, cancer associated
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In hyperinflamed tumors, as previously reported, the microenvironment is usually
enriched in iron, released from inflammatory cells (TAM and TAN), which support cancer
cell progression by inducing T and B lymphocytes anergy and death (due to oxidative
stress [145]) and by reducing the capability of antigen-presenting cells (APCs) to elicit
an effective anti-tumor immune response [146]. It is therefore clear that, in these condi-
tions, an iron chelation therapeutic strategy could potentially be of utmost relevance to
trigger (or release) an efficient anti-tumor response in cancer patients. Indeed, iron chelat-
ing agents such as deferasirox, an oral iron chelator currently used for the treatment of
iron overload, demonstrated the capability to increase the Th1 response and to increase
CD8 lymphocyte count in animal models of infections [147]. Additionally, by reducing
regulatory T cells and enhancing the NK response, deferasirox improved the outcome
of patients affected by acute myeloid leukemia after allogeneic stem cell transplantation
(i.e., promoted a graft-versus-leukemia response) [148]. Interestingly, most of these agents,
including deferasirox, ciclopirox olamine, desferrioxamine, and triapine, demonstrated
direct anti-cancer properties and are currently under deep investigation as “companions”
of standard chemotherapeutic schedules [146]. Furthermore, natural compounds with
known anti-inflammatory and tumoricidal properties, including green tea, silybin, and cur-
cumin recently demonstrated to act as iron chelators, opening new avenues for their use as
“adjuvant” therapies for selected cancers treatment [129,146].

On the other hand, it should be recognized that cancer cells and CSCs are extremely
susceptible to ferroptosis [149]. Along this line, different therapeutic strategies resulting in
LIP increase could easily saturate the (limited) antioxidant cancer cell defenses and trigger
ferroptosis. Indeed, radiotherapy and drugs such as ferumoxytol (iron nanoparticles
approved for the treatment of iron deficiency) or erastin (and its analogues) are currently
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under active investigation in early clinical trials as combination partners for standard
regimens due to their capability of acting as ferroptosis inducers [150]. Furthermore,
according to Mai T.T. et al., treatment with salinomycin and its derivative ironomycin
(AM5) selectively induces ferroptosis in breast CSCs by promoting iron sequestration
in lysosomes. As demonstrated both in vitro and in vivo, these compounds, although
leading to cytoplasmic iron depletion, do not act as regular iron chelators, since they
promote ferritin degradation in lysosomes, further lysosomal iron accumulation, and the
consequent lysosomal membrane permeabilization [37]. Overall, these findings suggest
that lysosomal iron can be considered a promising druggable target.

However, the “double edge sword” role of ferroptosis in antitumor immunity should
be carefully taken into account [151]. Indeed, while ferroptotic cancer cells could secrete a
number of danger signals (AA metabolites and HMGB1) that foster anti-tumor immunity
through lymphocyte recruitment and APC activation, both cancer and tumor-infiltrating
immune cells (which could eventually undergo ferroptosis) could (at the same time) release
immunosuppressive molecules such as PGE2 or overexpress immune checkpoints ligands
to promote immune-escape [151]. Therefore, the overall result is strongly dependent
on the tumor-associated microenvironment, thus making “cold” tumors the potential
ideal candidates for triggering ferroptosis in cancer cells, bringing all the benefits of an
“immunogenic cell-death” without the drawback of immune-suppression (“cold” tumors
are virtually immune-excluded).

7. Discussion

The functional, metabolic, and immunological features of the TME are heterogeneous
and dynamically evolve in response to both cell-intrinsic and cell-extrinsic factors [152,153].
As discussed above, the activation status and the specific functions of immune cells rely
on major shifts in iron metabolism [154]. M2 TAMs, which are “iron-releasing”, appear to
sustain cancer growth while “iron-retaining” M1 (potentially) limit tumor progression [155].
Consequently, targeting iron homeostasis in immune cells, and in particular macrophages,
has received recent interest. However, whether it is better to inhibit iron utilization or to
refuel TME with iron still remains an open question.

Iron-loaded macrophages show a pro-inflammatory M1-like phenotype, which may
be used to induce anti-cancer responses. Indeed, in lung cancer, iron-loaded TAMs enhance
the generation of ROS and pro-inflammatory cytokines (TNFα and IL-6), thus inducing
tumor cell death [106]. However, the extreme plasticity of this compartment, characterized
by quick and complete TME-related M1 to M2 phenotypic shifts (and vice versa) [156],
renders this area of strong interest for future investigation.

Furthermore, new evidence suggests that immune checkpoint blockade in animal
models reduces tumor growth in a ferroptosis-dependent manner [124], thus prompting
the exciting possibility of delivering iron into TME to promote ferroptosis as an adjuvant
therapeutic strategy to improve clinical benefits. On the other hand, in hyperinflamed
tumors, the microenvironment is already (over-)enriched in iron, which, in turn, promotes
cancer progression and immune evasion (T cell dysfunction). In line with this model,
a therapeutic strategy based on iron chelation could potentially trigger an efficient anti-
tumor response in cancer patients.

Apparently, limitations and toxicity concerns for each approach still need to be over-
come to make iron targeting an effective therapeutic strategy. Along this line, the devel-
opment of innovative tools for the identification of biomarkers of iron metabolism within
the TME is eagerly awaited. Ultimately, the identification and optimization of possible
combinatorial strategies that take into account the iron levels within the TME will surely
improve the outcomes of patients with advanced cancer.
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93. Lisowska-Myjak, B.; Skarżyńska, E.; Wilczyńska, P.; Jakimiuk, A. Correlation between the concentrations of lactoferrin and
neutrophil gelatinase-associated lipocalin in meconium. BioMetals 2017, 31. [CrossRef] [PubMed]

94. Koh, S.A.; Lee, K.H. HGF mediated upregulation of lipocalin 2 regulates MMP9 through nuclear factor-κB activation. Oncol. Rep.
2015, 34. [CrossRef] [PubMed]

95. Alkhateeb, A.A.; Han, B.; Connor, J. Ferritin stimulates breast cancer cells through an iron-independent mechanism and is
localized within tumor-associated macrophages. Breast Cancer Res. Treat. 2013, 137. [CrossRef]

96. Güner, G.; Bilgin, G.K.; Yenisey, Ç.; Töre, I. Cytosol and serum ferritin in breast carcinoma. Cancer Lett. 1992, 67. [CrossRef]
97. Elliott, R.L.; Elliott, M.C.; Wang, F.; Head, J.F. Breast carcinoma and the role of iron metabolism. Ann. Acad. Sci. 1993, 698.

[CrossRef]

http://doi.org/10.1016/j.exphem.2015.06.130
http://doi.org/10.1016/j.ccr.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24332039
http://doi.org/10.1158/0008-5472.CAN-10-1439
http://doi.org/10.1182/blood-2011-01-330324
http://www.ncbi.nlm.nih.gov/pubmed/21705499
http://doi.org/10.1016/j.chom.2014.12.001
http://doi.org/10.1016/j.cmet.2019.06.001
http://doi.org/10.1016/j.immuni.2014.06.008
http://doi.org/10.1126/science.aai8132
http://doi.org/10.1038/nrd.2018.169
http://doi.org/10.1016/j.immuni.2014.01.006
http://doi.org/10.1016/j.cell.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28475900
http://doi.org/10.1158/2326-6066.CIR-13-0150
http://www.ncbi.nlm.nih.gov/pubmed/24778275
http://doi.org/10.1038/nrclinonc.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28117416
http://doi.org/10.1002/eji.200939889
http://www.ncbi.nlm.nih.gov/pubmed/20039303
http://doi.org/10.1371/journal.pone.0166164
http://doi.org/10.1084/jem.176.1.287
http://doi.org/10.1182/blood-2013-04-495887
http://doi.org/10.1182/blood-2005-03-1185
http://doi.org/10.3389/fimmu.2017.01171
http://doi.org/10.3324/haematol.2009.020123
http://doi.org/10.1080/2162402X.2017.1408751
http://www.ncbi.nlm.nih.gov/pubmed/29399416
http://doi.org/10.1007/s10534-017-0073-3
http://www.ncbi.nlm.nih.gov/pubmed/29285663
http://doi.org/10.3892/or.2015.4189
http://www.ncbi.nlm.nih.gov/pubmed/26259977
http://doi.org/10.1007/s10549-012-2405-x
http://doi.org/10.1016/0304-3835(92)90132-f
http://doi.org/10.1111/j.1749-6632.1993.tb17204.x


Cells 2021, 10, 303 15 of 17

98. Jiang, X.P.; Wang, F.; Yang, D.C.; Elliott, R.L.; Head, J.F. Induction of apoptosis by iron depletion in the human breast cancer
MCF-7 cell line and the 13762NF rat mammary adenocarcinoma In Vivo. Anticancer. Res. 2003, 22, 2685–2692.

99. Gao, Y.; Mo, W.; Zhong, L.; Jia, H.; Xu, Y.; Zhang, J.; Xu, X.; Shen, W.; Wang, F.; Li, T.; et al. Downregulation of ubiquitin inhibits
the aggressive phenotypes of esophageal squamous cell carcinoma. Technol. Cancer Res. Treat. 2020, 19. [CrossRef]

100. Torroella-Kouri, M.; Silvera, R.; Rodriguez, D.; Caso, R.; Shatry, A.; Opiela, S.; Ilkovitch, D.; Schwendener, R.A.; Iragavarapu-
Charyulu, V.; Cardentey, Y.; et al. Identification of a subpopulation of macrophages in mammary tumor–bearing mice that are
neither M1 nor M2 and are less differentiated. Cancer Res. 2009, 69. [CrossRef]

101. Foucher, E.D.; Blanchard, S.; Preisser, L.; Garo, E.; Ifrah, N.; Guardiola, P.; Delneste, Y.; Jeannin, P. IL-34 induces the differentiation
of human monocytes into immunosuppressive macrophages: Antagonistic effects of GM-CSF and IFNγ. PLoS ONE 2013, 8.
[CrossRef] [PubMed]

102. Sayadi, A.; Nguyen, A.-T.; Bard, F.; Bard-Chapeau, E.A. Zip14 expression induced by lipopolysaccharides in macrophages
attenuates inflammatory response. Inflamm. Res. 2012, 62. [CrossRef]

103. Wang, C.-Y.; Jenkitkasemwong, S.; Duarte, S.; Sparkman, B.K.; Shawki, A.; MacKenzie, B.; Knutson, M.D. ZIP8 Is an Iron and Zinc
transporter whose cell-surface expression is up-regulated by cellular iron loading. J. Biol. Chem. 2012, 287. [CrossRef] [PubMed]

104. Cairo, G.; Recalcati, S.; Mantovani, A.; Locati, M. Iron trafficking and metabolism in macrophages: Contribution to the po-larized
phenotype. Trends Immunol. 2011, 32, 241–247. [CrossRef] [PubMed]

105. Zhou, Y.; Que, K.-T.; Zhang, Z.; Yi, Z.J.; Zhao, P.X.; You, Y.; Gong, J.-P.; Liu, Z.-J. Iron overloaded polarizes macrophage to
proinflammation phenotype through ROS/acetyl-p53 pathway. Cancer Med. 2018, 7. [CrossRef] [PubMed]

106. Da Silva, M.C.; Breckwoldt, M.O.; Vinchi, F.; Correia, M.P.; Stojanovic, A.; Thielmann, C.M.; Meister, M.; Muley, T.; Warth, A.;
Platten, M.; et al. Iron induces anti-tumor activity in tumor-associated macrophages. Front. Immunol. 2017, 8. [CrossRef]

107. Capece, T.; Walling, B.L.; Lim, K.; Kim, K.-D.; Bae, S.; Chung, H.H.; Topham, D.J.; Kim, M. A novel intracellular pool of LFA-1 is
critical for asymmetric CD8+ T cell activation and differentiation. J. Cell Biol. 2017, 216. [CrossRef]

108. Batista, A.; Millán, J.; Mittelbrunn, M.; Sánchez-Madrid, F.; Alonso, M.A. Recruitment of transferrin receptor to immunological
synapse in response to TCR engagement. J. Immunol. 2004, 172. [CrossRef]

109. Epis, M.R.; Giles, K.M.; Kalinowski, F.C.; Barker, A.; Cohen, R.J.; Leedman, P.J. Regulation of expression of deoxyhypusine
hydroxylase (DOHH), the enzyme that catalyzes the activation of eIF5A, by miR-331–3p and miR-642–5p in prostate cancer cells.
J. Biol. Chem. 2012, 287. [CrossRef]

110. Arezes, J.; Costa, M.; Vieira, I.; Dias, V.; Kong, X.L.; Fernandes, R.; Vos, M.; Carlsson, A.; Rikers, Y.; Porto, G.; et al. Non-transferrin-
bound iron (NTBI) uptake by T lymphocytes: Evidence for the selective acquisition of oligomeric ferric citrate species. PLoS ONE
2013, 8. [CrossRef]

111. Jabara, H.H.; Boyden, S.E.; Chou, J.; Ramesh, N.; Massaad, M.J.; Benson, H.; Bainter, W.; Fraulino, D.; Rahimov, F.; A Sieff, C.;
et al. A missense mutation in TFRC, encoding transferrin receptor 1, causes combined immunodeficiency. Nat. Genet. 2016, 48.
[CrossRef] [PubMed]

112. Liu, N.Q.; De Marchi, T.; Timmermans, A.; Beekhof, R.; Trapman-Jansen, A.M.; Foekens, R.; Look, M.; Van Deurzen, C.; Span, P.;
Sweep, F.C.; et al. Ferritin heavy chain in triple negative breast cancer: A favorable prognostic marker that relates to a cluster of
differentiation 8 positive (CD8+) effector T-cell response. Mol. Cell. Proteom. 2014, 13. [CrossRef] [PubMed]

113. Dörner, M.H.; Silverstone, A.; Nishiya, K.; De Sostoa, A.; Munn, G.; De Sousa, M. Ferritin synthesis by human T lymphocytes.
Science 1980, 209. [CrossRef]

114. Golding, S.; Young, S.P. Iron requirements of human lymphocytes: Relative contributions of intra- and extra-cellular iron. Scand.
J. Immunol. 1995, 41. [CrossRef] [PubMed]

115. Iscove, N.N.; Melchers, F. Complete replacement of serum by albumin, transferrin, and soybean lipid in cultures of
lipopolysaccharide-reactive B lymphocytes. J. Exp. Med. 1978, 147. [CrossRef]

116. Vanoaica, L.; Richman, L.; Jaworski, M.; Darshan, D.; Luther, S.A.; Kühn, L.C. Conditional deletion of ferritin h in mice reduces B
and T lymphocyte populations. PLoS ONE 2014, 9. [CrossRef] [PubMed]

117. Meng, F.; Zhen, S.; Song, B. HBV-specific CD4+ cytotoxic T cells in hepatocellular carcinoma are less cytolytic toward tumor cells
and suppress CD8+ T cell-mediated antitumor immunity. APMIS 2017, 125. [CrossRef]

118. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An Iron-dependent form of nonapoptotic cell death. Cell 2012, 149. [CrossRef]

119. Zou, Y.; Schreiber, S.L. Progress in understanding ferroptosis and challenges in its targeting for therapeutic benefit. Cell Chem.
Biol. 2020, 27. [CrossRef]

120. Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317–331. [CrossRef]

121. Yang, W.S.; Kim, K.J.; Gaschler, M.M.; Patel, M.; Shchepinov, M.S.; Stockwell, B.R. Peroxidation of polyunsaturated fatty acids by
lipoxygenases drives ferroptosis. Proc. Natl. Acad. Sci. USA 2016, 113, E4966–E4975. [CrossRef] [PubMed]

122. Yang, C.; Ko, B.; Hensley, C.T.; Jiang, L.; Wasti, A.T.; Kim, J.; Sudderth, J.; Calvaruso, M.A.; Lumata, L.; Mitsche, M.; et al.
Glutamine oxidation maintains the TCA cycle and cell survival during impaired mitochondrial pyruvate transport. Mol. Cell
2014, 56. [CrossRef] [PubMed]

123. Zhou, B.; Liu, J.; Kang, R.; Klionsky, D.J.; Kroemer, G.; Tang, D. Ferroptosis is a type of autophagy-dependent cell death. Semin.
Cancer Biol. 2020, 66, 89–100. [CrossRef] [PubMed]

http://doi.org/10.1177/1533033820973282
http://doi.org/10.1158/0008-5472.CAN-08-3427
http://doi.org/10.1371/journal.pone.0056045
http://www.ncbi.nlm.nih.gov/pubmed/23409120
http://doi.org/10.1007/s00011-012-0559-y
http://doi.org/10.1074/jbc.M112.367284
http://www.ncbi.nlm.nih.gov/pubmed/22898811
http://doi.org/10.1016/j.it.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21514223
http://doi.org/10.1002/cam4.1670
http://www.ncbi.nlm.nih.gov/pubmed/29989329
http://doi.org/10.3389/fimmu.2017.01479
http://doi.org/10.1083/jcb.201609072
http://doi.org/10.4049/jimmunol.172.11.6709
http://doi.org/10.1074/jbc.M112.374686
http://doi.org/10.1371/journal.pone.0079870
http://doi.org/10.1038/ng.3465
http://www.ncbi.nlm.nih.gov/pubmed/26642240
http://doi.org/10.1074/mcp.M113.037176
http://www.ncbi.nlm.nih.gov/pubmed/24742827
http://doi.org/10.1126/science.6967622
http://doi.org/10.1111/j.1365-3083.1995.tb03558.x
http://www.ncbi.nlm.nih.gov/pubmed/7871382
http://doi.org/10.1084/jem.147.3.923
http://doi.org/10.1371/journal.pone.0089270
http://www.ncbi.nlm.nih.gov/pubmed/24586648
http://doi.org/10.1111/apm.12704
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.1016/j.chembiol.2020.03.015
http://doi.org/10.1016/j.cell.2013.12.010
http://doi.org/10.1073/pnas.1603244113
http://www.ncbi.nlm.nih.gov/pubmed/27506793
http://doi.org/10.1016/j.molcel.2014.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25458842
http://doi.org/10.1016/j.semcancer.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30880243


Cells 2021, 10, 303 16 of 17

124. Tang, R.; Xu, J.; Zhang, B.; Liu, J.; Liang, C.; Hua, J.; Meng, Q.; Yu, X.-J.; Shi, S. Ferroptosis, necroptosis, and pyroptosis in
anticancer immunity. J. Hematol. Oncol. 2020, 13, 110. [CrossRef] [PubMed]

125. Zhou, J.; Wang, G.; Chen, Y.; Wang, H.; Hua, Y.; Cai, Z. Immunogenic cell death in cancer therapy: Present and emerging inducers.
J. Cell. Mol. Med. 2019, 23, 4854–4865. [CrossRef]

126. Serrano-del Valle, A.; Anel, A.; Naval, J.; Marzo, I. Immunogenic cell death and immunotherapy of multiple myeloma. Front.
Cell Dev. Biol. 2019, 7, 50. [CrossRef]

127. Wang, W.; Green, M.; Choi, J.E.; Gijón, M.; Kennedy, P.D.; Johnson, J.K.; Liao, P.; Lang, X.; Kryczek, I.; Sell, A.; et al. CD8+ T cells
regulate tumour ferroptosis during cancer immunotherapy. Nat. Cell Biol. 2019, 569. [CrossRef]

128. Lang, X.; Green, M.D.; Wang, W.; Yu, J.; Choi, J.E.; Jiang, L.; Liao, P.; Zhou, J.; Zhang, Q.; Dow, A.; et al. Radiotherapy and
immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic repression of SLC7A11. Cancer Discov. 2019, 9.
[CrossRef]

129. Yu, Y.; Xie, Y.; Cao, L.; Yang, L.; Yang, M.; Lotze, M.T.; Zeh, H.J.; Kang, R.; Tang, D. The ferroptosis inducer erastin enhances
sensitivity of acute myeloid leukemia cells to chemotherapeutic agents. Mol. Cell. Oncol. 2015, 2. [CrossRef]

130. Wen, Q.; Liu, J.; Kang, R.; Zhou, B.; Tang, D. The release and activity of HMGB1 in ferroptosis. Biochem. Biophys. Res. Commun.
2019, 510. [CrossRef]

131. Sims, G.P.; Rowe, D.C.; Rietdijk, S.T.; Herbst, R.; Coyle, A.J. HMGB1 and RAGE in inflammation and cancer. Annu. Rev. Immunol.
2010, 28, 367–388. [CrossRef] [PubMed]

132. Yamazaki, T.; Hannani, D.; Poiriercolame, V.; Ladoire, S.; Locher, C.P.; Sistigu, A.; Prada, N.; Adjemian, S.; Catani, J.P.P.; Freuden-
berg, M.A.; et al. Defective immunogenic cell death of HMGB1-deficient tumors: Compensatory therapy with TLR4 agonists. Cell
Death Differ. 2014, 21. [CrossRef] [PubMed]

133. Apetoh, L.; Ghiringhelli, F.; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C.; Ullrich, E.; Saulnier, P.; et al.
Toll-like receptor 4–dependent contribution of the immune system to anticancer chemotherapy and radiotherapy. Nat. Med. 2007, 13.
[CrossRef]

134. Saenz, R.; Futalan, D.; Leutenez, L.; Eekhout, F.; Fecteau, J.F.; Sundelius, S.; Sundqvist, S.; Larsson, M.; Hayashi, T.; Minev, B.;
et al. TLR4-dependent activation of dendritic cells by an HMGB1-derived peptide adjuvant. J. Transl. Med. 2014, 12. [CrossRef]
[PubMed]

135. Johnson, S.; Michalak, M.; Opas, M.; Eggleton, P. The ins and outs of calreticulin: From the ER lumen to the extracellular space.
Trends Cell Biol. 2001, 11, 122–129. [CrossRef]

136. Michalak, M.; Groenendyk, J.; Szabo, E.; Gold, L.I.; Opas, M. Calreticulin, a multi-process calcium-buffering chaperone of the
endoplasmic reticulum. Biochem. J. 2009, 417. [CrossRef]

137. Gardai, S.J.; McPhillips, K.A.; Frasch, S.C.; Janssen, W.J.; Starefeldt, A.; Murphy-Ullrich, J.E.; Bratton, D.L.; Oldenborg, P.-A.;
Michalak, M.; Henson, P.M.; et al. Cell-surface calreticulin initiates clearance of viable or apoptotic cells through trans-activation
of LRP on the phagocyte. Cell 2005, 123. [CrossRef]

138. Zhou, F.; Feng, B.; Yu, H.; Wang, D.; Wang, T.; Ma, Y.; Wang, S.; Li, Y. Tumor microenvironment-activatable prodrug vesicles for
nanoenabled cancer chemoimmunotherapy combining immunogenic cell death induction and CD47 blockade. Adv. Mater. 2019, 31.
[CrossRef]

139. Yue, W.; Chen, L.; Yu, L.; Zhou, B.; Yin, H.; Ren, W.; Liu, C.; Guo, L.; Zhang, Y.; Sun, L.; et al. Checkpoint blockade and
nanosonosensitizer-augmented noninvasive sonodynamic therapy combination reduces tumour growth and metastases in mice.
Nat. Commun. 2019, 10. [CrossRef]

140. Zhang, Y.; Liu, L.; Jin, L.; Yi, X.; Dang, E.; Yang, Y.; Li, C.; Gao, T. Oxidative stress–induced calreticulin expression and translocation:
New insights into the destruction of melanocytes. J. Investig. Derm. 2014, 134. [CrossRef]

141. Yu, B.; Choi, B.; Li, W.; Kim, D.-H. Magnetic field boosted ferroptosis-like cell death and responsive MRI using hybrid vesicles for
cancer immunotherapy. Nat. Commun. 2020, 11. [CrossRef] [PubMed]

142. Angeli, J.P.F.; Krysko, D.V.; Conrad, M. Ferroptosis at the crossroads of cancer-acquired drug resistance and immune evasion. Nat.
Rev. Cancer 2019, 19. [CrossRef]

143. Veglia, F.; Tyurin, V.A.; Blasi, M.; De Leo, A.; Kossenkov, A.V.; Donthireddy, L.; To, T.K.J.; Schug, Z.; Basu, S.; Wang, F.; et al. Fatty
acid transport protein 2 reprograms neutrophils in cancer. Nat. Cell Biol. 2019, 569. [CrossRef] [PubMed]

144. Kalinski, P. Regulation of immune responses by prostaglandin E2. J. Immunol. 2011, 188. [CrossRef] [PubMed]
145. Shaw, J.; Chakraborty, A.; Nag, A.; Chattopadyay, A.; Dasgupta, A.K.; Bhattacharyya, M. Intracellular iron overload leading

to DNA damage of lymphocytes and immune dysfunction in thalassemia major patients. Eur. J. Haematol. 2017, 99, 399–408.
[CrossRef]

146. Brown, R.A.M.; Richardson, K.L.; Kabir, T.D.; Trinder, D.; Ganss, R.; Leedman, P.J. Altered iron metabolism and impact in cancer
biology, metastasis, and immunology. Front. Oncol. 2020, 10. [CrossRef]

147. Zanette, R.A.; Bitencourt, P.E.R.; Kontoyiannis, D.P.; Fighera, R.A.; Flores, M.M.; Kommers, G.D.; Silva, P.S.; Ludwig, A.; Moretto,
M.B.; Alves, S.H.; et al. Complex interaction of deferasirox and pythium insidiosum: Iron-dependent attenuation of growth In
Vitro and immunotherapy-like enhancement of immune responses In Vivo. PLoS ONE 2015, 10. [CrossRef]

148. Cho, B.-S.; Jeon, Y.; Hahn, A.-R.; Lee, T.-H.; Park, S.-S.; Yoon, J.-H.; Lee, S.; Eom, K.-S.; Kim, Y.-J.; Lee, S.; et al. Improved survival
outcomes and restoration of graft-vs-leukemia effect by deferasirox after allogeneic stem cell transplantation in acute myeloid
leukemia. Cancer Med. 2019, 8, 501–514. [CrossRef]

http://doi.org/10.1186/s13045-020-00946-7
http://www.ncbi.nlm.nih.gov/pubmed/32778143
http://doi.org/10.1111/jcmm.14356
http://doi.org/10.3389/fcell.2019.00050
http://doi.org/10.1038/s41586-019-1170-y
http://doi.org/10.1158/2159-8290.CD-19-0338
http://doi.org/10.1080/23723556.2015.1054549
http://doi.org/10.1016/j.bbrc.2019.01.090
http://doi.org/10.1146/annurev.immunol.021908.132603
http://www.ncbi.nlm.nih.gov/pubmed/20192808
http://doi.org/10.1038/cdd.2013.72
http://www.ncbi.nlm.nih.gov/pubmed/23811849
http://doi.org/10.1038/nm1622
http://doi.org/10.1186/1479-5876-12-211
http://www.ncbi.nlm.nih.gov/pubmed/25123824
http://doi.org/10.1016/S0962-8924(01)01926-2
http://doi.org/10.1042/BJ20081847
http://doi.org/10.1016/j.cell.2005.08.032
http://doi.org/10.1002/adma.201805888
http://doi.org/10.1038/s41467-019-09760-3
http://doi.org/10.1038/jid.2013.268
http://doi.org/10.1038/s41467-020-17380-5
http://www.ncbi.nlm.nih.gov/pubmed/32686685
http://doi.org/10.1038/s41568-019-0149-1
http://doi.org/10.1038/s41586-019-1118-2
http://www.ncbi.nlm.nih.gov/pubmed/30996346
http://doi.org/10.4049/jimmunol.1101029
http://www.ncbi.nlm.nih.gov/pubmed/22187483
http://doi.org/10.1111/ejh.12936
http://doi.org/10.3389/fonc.2020.00476
http://doi.org/10.1371/journal.pone.0118932
http://doi.org/10.1002/cam4.1928


Cells 2021, 10, 303 17 of 17

149. Dixon, S.J.; Stockwell, B.R. The hallmarks of ferroptosis. Annu. Rev. Cancer Biol. 2019, 3, 35–54. [CrossRef]
150. Grignano, E.; Birsen, R.; Chapuis, N.; Bouscary, D. From iron chelation to overload as a therapeutic strategy to induce ferroptosis

in leukemic cells. Front. Oncol. 2020, 10. [CrossRef]
151. Li, D.; Li, Y. The interaction between ferroptosis and lipid metabolism in cancer. Signal Transduct. Target. Ther. 2020, 5. [CrossRef]

[PubMed]
152. Andrejeva, G.; Rathmell, J.C. Similarities and distinctions of cancer and immune metabolism in inflammation and tumors. Cell

Metab. 2017, 26. [CrossRef] [PubMed]
153. Biswas, S.K. Metabolic reprogramming of immune cells in cancer progression. Immunity 2015, 43. [CrossRef] [PubMed]
154. Bantug, G.R.; Galluzzi, L.; Kroemer, G.; Hess, C. The spectrum of T cell metabolism in health and disease. Nat. Rev. Immunol.

2018, 18. [CrossRef]
155. Jung, M.; Mertens, C.; Tomat, E.; Brüne, B. Iron as a central player and promising target in cancer progression. Int. J. Mol. Sci.

2019, 20, 273. [CrossRef]
156. Liu, S.X.; Gustafson, H.H.; Jackson, D.L.; Pun, S.H.; Trapnell, C. Trajectory analysis quantifies transcriptional plasticity during

macrophage polarization. Sci. Rep. 2020, 10. [CrossRef]

http://doi.org/10.1146/annurev-cancerbio-030518-055844
http://doi.org/10.3389/fonc.2020.586530
http://doi.org/10.1038/s41392-020-00216-5
http://www.ncbi.nlm.nih.gov/pubmed/32606298
http://doi.org/10.1016/j.cmet.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28683294
http://doi.org/10.1016/j.immuni.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26377897
http://doi.org/10.1038/nri.2017.99
http://doi.org/10.3390/ijms20020273
http://doi.org/10.1038/s41598-020-68766-w

	Introduction 
	Intracellular Iron Metabolism 
	Iron Handling by TAMs and Its Implication for Cancer Progression 
	The Role of Iron in the Control of T Lymphocytes Functions 
	Ferroptosis Enhances Antitumor Immunity 
	Iron in TIME as New Target for Oncotherapy 
	Discussion 
	References

