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Abstract: The inflammatory tumor microenvironment is an important regulator of carcinogenesis.
Tumor-infiltrating immune cells promote each step of tumor development, exerting crucial
functions from initiation, early neovascularization, to metastasis. During tumor outgrowth,
tumor-associated immune cells, including myeloid cells and lymphocytes, acquire a tumor-supportive,
anti-inflammatory phenotype due to their interaction with tumor cells. Microenvironmental cues
such as inflammation and hypoxia are mainly responsible for creating a tumor-supportive niche.
Moreover, it is becoming apparent that the availability of iron within the tumor not only affects tumor
growth and survival, but also the polarization of infiltrating immune cells. The interaction of tumor
cells and infiltrating immune cells is multifaceted and complex, finally leading to different activation
phenotypes of infiltrating immune cells regarding their functional heterogeneity and plasticity.
In recent years, it was discovered that these phenotypes are mainly implicated in defining tumor
outcome. Here, we discuss the role of the metabolic activation of both tumor cells and infiltrating
immune cells in order to adapt their metabolism during tumor growth. Additionally, we address the
role of iron availability and the hypoxic conditioning of the tumor with regard to tumor growth and
we describe the relevance of therapeutic strategies to target such metabolic characteristics.

Keywords: tumor-associated macrophages; T cells; hypoxia; cancer cell metabolism; iron metabolism;
iron chelator

1. The Delicate Interplay between the Host Immunity and the Tumor

Tumors are characterized by the development of an adequate milieu, including factors and
conditions that are necessary for tumor development and progression. The tumor microenvironment
comprises distinct soluble and cellular components within a unique extracellular matrix [1]. This creates
regions of divergent nutrient and oxygen availability, which, in turn, affect tumor biology [2].
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The complexity and differences within these distinct intratumoral regions generate individual tumor
microenvironments that modify the phenotype of their cellular components [3]. In the case of immune
cells, especially macrophages (MΦs) and T cells, the microenvironment dictates their polarization,
which is driven not only by immune mediators, but also by the different metabolites and metabolic
conditions [4,5].

Tumorigenesis is a complex and dynamic process involving the interaction of tumor cells
with tumor-infiltrating immune cells. A major immune cell population infiltrating human and
experimental tumors are MΦs, with their numbers being directly associated with clinical outcome
and prognosis [6–9]. Unlike the distinct function of MΦs in maintaining normal tissue homeostasis,
fighting infections and eradicating damaged or transformed cells, immune surveillance is damped
within the tumor. Tumor cells shape the MΦ phenotype by secreting a variety of different factors
that provoke the polarization of tumor-associated MΦs (TAMs) towards a tumor-supporting, rather
anti-inflammatory and immune-suppressive phenotype. The activation phenotypes of MΦs range
from a classical pro-inflammatory to the alternative anti-inflammatory status. TAMs are associated
with an anti-inflammatory phenotype, showing pro-tumor activities such as the recruitment of
anti-inflammatory immune cells, dampening T cell responses, as well as promoting tumor invasion
and metastasis. TAM polarization is driven by cytokines such as transforming growth factor
(TGF)β, interleukin (IL)-10, IL-13 and IL-4, growth factors such as epidermal growth factor (EGF),
macrophage colony stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) [10] as well as lipid mediators such as sphingosine-1-phosphate (S1P) [11] or prostaglandin
E2 (PGE2) [12].

However, not only are tumor-cell derived mediators able to skew the TAM phenotype, but also
direct cell-cell interaction between MΦs and tumor cells. Hereby, dying tumor cells play a pivotal
role [13]. Dying tumor cells undergoing programmed cell death either by apoptosis or necroptosis
are sensed and phagocytosed by MΦs. In turn, this activates functional programs in MΦs, such as
inducing matrix remodeling, neovascularization, or the inhibition of anti-tumor immunity [13,14].
These are physiological characteristics of MΦs during wound healing and regeneration [15,16] and
adds to the notion that cancer might be considered as “wounds that do not heal” [17]. However,
the crosstalk of MΦs and dying tumor cells not only induces functional consequences to the MΦ
phenotype, but also results in a high metabolic challenge for MΦs through the recycling of the metabolic
load after engulfment of cell debris that needs to be handled and tightly controlled by MΦs [18].
As such, MΦs serve as a turnover hub to acquire, recycle, and redistribute metabolic intermediates
as well as metabolically relevant substances such as iron. Thus, the metabolic signature also plays
a crucial role in MΦ polarization, including the level of fatty acid oxidation [19], hypoxia inducible
factor (HIF)-1α activation, iron availability, or lactate exposure [20]. The combination of these signals
within the complex tumor scenario makes the polarization of TAMs a dynamic process [21]. This is
also related to the spatial distribution of TAMs within the tumor, with distinct TAM subpopulations
being found in different regions, largely depending on oxygen and nutrient availability [22].

The metabolic signature of the microenvironment is also responsible for the development of the
immunosuppressive nature of tumors. This is mainly associated with the polarization of T cells towards
a T regulatory phenotype (Treg), which promotes T cell anergy and exhaustion as well as the production
of anti-inflammatory cytokines and expression of immune checkpoints such as programmed cell death
protein 1 (PD-1). Along these lines, it was recently found that T cell suppression is dependent on
tryptophan depletion by the expression of indoleamine-2,3-dioxygenase (IDO) and HIF-1α, which,
in turn, reduced T cell proliferation and activity [23], whereas inhibitory receptors are upregulated on
activated T cells [24]. Therefore, a better understanding of the metabolic needs, but also the metabolic
turnover of both tumor cells and infiltrating immune cells, is urgently needed to efficiently adapt
cancer therapy.
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2. Cancer Cell Metabolism—Nutrient Plasticity at a Glance

In the 1920s, Otto Warburg published that tumor cells rely on glycolysis as the central metabolic
pathway, which was accompanied by an increased lactate production [25]. This observation, named the
Warburg effect, is still referred to almost a century later. Today, we know that tumor cell metabolism
is more than just a simple shift towards glycolysis [26]. Mitochondrial metabolism including the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) were shown to play a pivotal
role in cancer progression and adaptation to low nutrient availability and low oxygen tension [27,28].
The TCA cycle represents a central part of metabolism. Glucose and acetyl-CoA enter the TCA
cycle, whereas glutamine joins the cycle via glutamate and α-ketoglutarate [29]. Besides glucose and
glutamine, tumor cells use unconventional nutrients such as lactate and ketone bodies to gain crucial
metabolites [30,31]. Both lactate and ketone bodies are processed to acetyl-CoA and enter the TCA
cycle. These are very general modifications of tumor cells concerning metabolite dependency. To obtain
more detailed information, the microenvironmental niches have to be taken into account, because they
require special adaptations [5]. The tumor is composed of well-vascularized regions with sufficient
levels of nutrients and oxygen, but also regions where hypoxia, nutrient deprivation, or inflammatory
conditions prevail [2,32]. Further, the context of the tumor in terms of tumor type, severity, and stage
appears crucial for understanding the continuous metabolic adaptation processes occurring in both
cancer cells as well as cells of the tumor stroma.

2.1. Adaptations of Tumor Cell Metabolism under Hypoxia

Solid tumors are characterized by hypoxic regions. Hypoxia arises, when the cellular oxygen
demand is higher than the supply, which can be disturbed by insufficient vascularization. Cells within
a hypoxic area have to adapt their metabolism and energy production to low oxygen levels.
Major conductors of the response to hypoxia are HIFs. HIFs are heterodimeric transcription
factors, which consist of an α- and a corresponding β-subunit. When sufficient oxygen is available,
prolylhydroxylases (PHD) hydroxylate the constitutively expressed α-subunits and mark them for
degradation [33,34]. In contrast, a lack of oxygen sustains PHD function and facilitates the stabilization
of HIF-α, which then translocates to the nucleus and dimerizes with the β-subunit as well as other
accessory proteins. Three isoforms of the HIF-α subunit are known (HIF-1α, -2α, and -3α), of which
HIF-1α and -2α are best explored and account for the majority of metabolic adaptations under
hypoxia. At the metabolite level, knockdown experiments of HIF-1α and -2α as well as a knockdown
of both isoforms in tumors grown from MDA-MB-231 cells indicated that the elimination of both
isoforms efficiently attenuated Warburg-like metabolic adaptation and avoided compensatory effects
between HIF isoforms [35]. Further, HIF is known to increase glucose uptake by glucose transporter 1
(GLUT1) and lactate production by increasing lactate dehydrogenase (LDH) A, and at the same time
reducing pyruvate dehydrogenase by inducing pyruvate dehydrogenase kinase expression [36–38]
(Figure 1). This attenuated pyruvate uptake into mitochondria. As a consequence, this reduced
the major fuel source of the TCA cycle. The Warburg phenotype was abolished in hepatocellular
carcinoma cells by expressing micro RNA 3662, which decreased not only the HIF-1α protein, but
also the corresponding induction of GLUT1, hexokinase 2, pyruvate kinase isoenzyme M2 (PKM2),
and LDHA [39]. Further, respiratory rates increased and extracellular acidification as a result
of lactate secretion decreased. Interestingly, TCA cycle metabolites such as fumarate, succinate,
oxaloacetate, lactate, and pyruvate are known to attenuate PHD function, and consequently, support
HIF stabilization [40]. In contrast, α-ketoglutarate is a crucial substrate for PHDs, thus promoting
HIF degradation [41]. This underlines the close connection between HIF-regulation and cellular
metabolism. The role of HIF in adaptation to hypoxia appears crucial, since the growth of breast cancer
cells was reduced, when glucose uptake was suppressed [42]. Along these lines, lactate production
and secretion was enhanced, which corresponds to Warburg’s initial observation, and was abolished
by the disruption of glucose-6-phosphate isomerase (GPI) in LS174T and B16 cancer cell lines [43].
Interestingly, OXPHOS was increased in GPI knockout cells and appeared to rescue the proliferation of
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these cells under normoxic conditions, while they stopped growing under hypoxia. Supporting these
data, interference with glycolysis by the depletion of LDHA and B shifted glycolysis to OXPHOS [44].
This corroborates several reports of modifications within the respiratory chain, especially complex
I under hypoxia [45,46]. For example, the HIF-1-mediated induction and incorporation of NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4-like 2 (NDUFA4L2) is thought to be
responsible for a deficient respiratory chain under hypoxia [47,48]. Further, under chronic hypoxia,
the assembly of complex I was disturbed by proteasome-mediated degradation of the complex I
assembly factor TMEM126B [49]. Besides complex I, also complex IV was shown to be altered by the
HIF-dependent induction of cytochrome c oxidase subunit (COX) 4-2, which optimized the oxygen
usage of the complex [50]. The impact of hypoxia and HIF on the respiratory chain was reviewed
in [41].
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Figure 1. Hypoxia inducible factor (HIF) as a central mediator in iron homeostasis. Degradation of
hypoxia inducible factors (HIFs) is mediated by prolyl hydroxylases (PHDs), which are regulated by
various tricarboxylic acid (TCA) cycle metabolites. TCA is fueled by glutamine and pyruvate from
glycolysis and provides electrons via NADH for oxidative phosphorylation (OXPHOS). OXPHOS is
regulated by NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4-like 2 (NDUFA4L2),
the complex I assembly factor TMEM126B, and cytochrome c oxidase subunit (COX) 4-2. Inhibition of
glutamine synthase (GLUL) under hypoxia could facilitate fuel for TCA by glutamate. While ferrous
iron (Fe(II)) and α-ketoglutarate are essential cofactors for PHDs, succinate, malate, fumarate, isocitrate,
and lactate act as inhibitors. Lactate is produced by the HIF-target lactate dehydrogenase (LDH).
Another HIF limiting protein is factor inhibiting HIF (FIH), which is regulated by binding of the iron
storage protein ferritin heavy chain (FTH). HIF in turn modulates iron metabolism by enhancing
the transcription of heme oxygenase 1 (HO-1), ceruloplasmin (CP), the iron transporter transferrin
(TfR) and divalent metal transporter 1 (DMT-1). HO-1 removes ferric iron (Fe(III)) from heme and CP
converts extracellular Fe(II) to Fe(III).
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Glutamine is also a central metabolite which is needed to ensure cell proliferation and survival.
Under hypoxia, glutamine uptake is increased. Glutamine is processed to glutamate and further
to α-ketoglutarate and citrate via isocitrate dehydrogenase [51]. ATP-citrate lyase (ACLY) turns
citrate into acetyl-CoA under hypoxic conditions, which is then further used for lipid synthesis.
The remaining oxaloacetate is turned into aspartate via glutamic-oxaloacetic transaminase 1 and
afterwards by carbamoylphosphat-synthetase (CPS II), aspartat-transcarbamoylase and dihydroorotase
(CAD) together with carbamoylphosphate into dihydroorotate and by dihydroorotate dehydrogenase
(DHODH) to orotate [52]. This pathway is claimed to be an alternative to the urea cycle and protects
cells from toxic ammonia. In breast cancer cells, glutamine synthetase (GLUL) was identified as
strongly down-regulated by hypoxia and correlated to HIF stabilization [53]. In patients with severe
breast tumors, HIF was highly abundant and associated with reduced GLUL levels. Interestingly,
acute myeloid leukemia cells had increased GLUL mRNA levels under hypoxic conditions [54].
Taking these observations into account, it becomes obvious that due to the heterogeneity in the tumor
microenvironment, it is difficult to define a specific metabolic state for tumors. Beyond distinct
pathways, the distribution and use of metabolites and cofactors is crucial.

As a cofactor for proteins and regulator of protein expression, iron is a central mediator in
cellular metabolism and adaptation. In the context of hypoxia, iron is crucial for PHD function and,
consequently, for degradation of the HIF-α subunits [55]. Chelation of iron by CP94 in rat kidneys
and human kidney cells stabilized HIF-α by the inhibition of PHD activity and induced target genes
such as erythropoietin [56]. Genetic disruption of the iron-regulatory proteins vacuolar-ATPase
complex and the assembly factors TMEM199 and CCDC115 facilitated HIF stabilization, even under
normoxic conditions [57]. Further, Jin and coworkers showed decreased HIF-1α stabilization by binding
ferritin heavy chain (FTH) to the factor inhibiting HIF (FIH) under iron-enriched conditions [58].
In contrast, a low iron availability reduced the binding of FTH to FIH and, consequently, to an increased
HIF stabilization. These studies illustrate a pivotal role of iron in regulating hypoxic responses.
A summarizing scheme of hypoxic adaptation and the role of hypoxia for cellular iron metabolism is
provided in Figure 1.

2.2. Impact of Iron on OXPHOS and TCA

Besides its role in a pathophysiological- or hypoxia-related context, iron plays a pivotal role in
the function of OXPHOS and TCA. Iron is incorporated in subunits of complex I, II, III and IV of the
respiratory chain, ensures the transport of electrons, and thus the maintenance of the mitochondrial
membrane potential and ATP production. On the other hand, a dietary iron exposure caused a
significant impairment in OXPHOS capacity and was paralleled by an iron-mediated induction of
oxidative stress in mitochondria [59]. A decreased abundance of respiratory chain complexes was
observed in primary human cardiac myocytes, which were exposed to reduced iron concentrations.
This was compensated by an increased expression of glycolytic enzymes and led to an elevated lactate
production by LDHA. Interestingly, iron-enriched conditions decreased the respiratory chain complexes
as well, but failed to increase LDHA expression and consequently lactate production [60]. The activity
of TCA enzymes is strongly dependent on iron. Thus, the activity of the mitochondrial aconitase is
reduced through addition of the iron chelator desferrioxamine (DFO). Iron also positively affects the
TCA enzymes, citrate synthase, isocitrate dehydrogenase, and succinate dehydrogenase, while DFO
decreased their activity. Consequently, iron supplementation resulted in the increased formation of
reducing equivalents (NADH) by TCA, which are used as electron donors by OXPHOS. An increased
ATP production by OXPHOS led to a downregulation of glucose utilization. Upon DFO-mediated iron
depletion, glycolysis and lactate formation were significantly increased in order to compensate for the
impaired OXPHOS [61,62].
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2.3. Tumor Cell Iron Metabolism

Besides its role in HIF-regulation, iron is an essential trace element in all living organisms.
Iron overload and iron depletion can severely affect physiological processes such as erythropoiesis or
development. The liver represents the major iron storage organ and is most susceptible to injuries due to
iron overload [63]. For this reason, iron homeostasis must be tightly regulated, and free iron only occurs
transiently in the serum. After the absorption of iron from the intestine into the blood, iron immediately
binds transferrin (Tf), which is then transported via the plasma to the tissues. Uptake of Tf-bound
iron is ensured by binding the transferrin receptor (TfR), which was also found to be up-regulated in
tumor cells. In response to hypoxia, the expression of Tf is increased due to the enhanced transport of
iron into erythroid tissues, where it is used for heme synthesis [64]. Intracellular iron is rapidly stored
in ferritin to overcome ROS generation, which is induced by excess free intracellular iron. FTH and
FT light (FTL) build up the ferritin complex, able to store up to 4500 iron atoms in a ferrihydrite
mineral core [65]. In the tumor microenvironment, the upregulation of FT in stromal cells has been
described to contribute to tumor growth, most likely by providing iron to tumor cells [31]. Compared
to healthy cells, cancer cells not only accumulate iron by down-regulating iron release mechanisms
through degradation of the iron exporter FPN, but also show a higher iron turnover and mobilization,
which is associated with their enhanced metabolic needs. These adaptations are correlated with the
development of more aggressive tumors and poor patient survival [66,67]. Thus, the malignant state is
often associated with a deregulated cellular and systemic iron metabolism. Increasing iron uptake into
tumor cells via the TfR provides more iron for the enhanced metabolic and proliferative purposes of
cancer cells [68]. Cellular iron homeostasis is controlled by RNA-binding proteins and RNA-binding
elements, constituting a post-transcriptional gene expression regulation system called iron regulatory
protein (IRP)/iron-responsive element (IRE) system [69]. IRP1 and 2 as well as the cis-regulatory RNA
elements, IREs, present in mRNAs encoding for proteins involved in iron homeostasis, coordinate iron
uptake, utilization, and storage dependent on intracellular iron levels. IRP/IRE interactions regulate
the expression of proteins involved in iron acquisition (divalent metal transporter-1 (DMT-1), TfR),
iron storage (FTH, FTL), and iron utilization (erythroid 5-aminolevulinic acid synthase (Alas2)), as well
as energy supply (mitochondrial aconitase (Aco2)) and iron export (FPN) [69].

Besides cellular iron homeostasis, systemic iron homeostasis is regulated by the hepcidin/FPN
system [70]. Hepcidin is a liver-specific, iron-sensing protein and considered the master regulator of
iron homeostasis. It is secreted in response to inflammation or under conditions of iron excess. To limit
iron export, hepcidin binds to the iron exporter, FPN, whereby its internalization and degradation is
induced and the delivery of iron from the digestive tract to the blood is blocked [71]. Similarly, hepcidin
binds to FPN expressed on reticuloendothelial macrophages located in the spleen and bone marrow,
where it blocks iron recycling, which further limits iron availability [66]. Increased hepcidin levels cause
anemia, while decreased expression is a causative feature in most primary iron overload diseases [72,73].
In cancer cells, the local expression of hepcidin accounts for intracellular iron accumulation by binding
to FPN. This results in an increase of metabolically available iron within tumor cells through decreased
iron efflux [70,71]. Under physiological conditions, hepcidin is induced in hepatocytes via a bone
morphogenetic protein (BMP)-mediated pathway, when intracellular iron storage and circulating levels
of iron are high, and is secreted into the circulation [74]. Hepcidin upregulation during tumor growth
is induced in response to inflammatory stimuli such as IL-6, which, in turn, often leads to anemia
of chronic disease [75]. Besides the altered iron metabolism and enhanced iron sequestration due to
an increase in hepcidin expression, in cancer patients and granulomatous patients (CGD) that suffer
from primary immunodeficiency, the release of inflammatory cytokines also reduces red blood cell
survival, thereby reinforcing the progression of anemia. Anemia and hypoxia are both associated
with a dramatic decrease in liver hepcidin expression, which may account for the increased demand
of iron [76]. After correction of anemia, rectification of the iron status promotes HIF degradation.
However, if iron remains deficient due to persistent anemia, HIF stabilization persists and HIF target
gene expression is maintained to ensure increased intestinal iron absorption to replete iron stores.
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Iron homeostasis is regulated by many factors and the IRP/IRE system is not the only way to
regulate iron homeostasis, which is divided into multilayered regulation. HIF has also been reported
to regulate intracellular iron by binding to HIF-responsive elements (HRE) located within iron-related
genes, such as TfR and hemeoxygenase-1 (HO-1). Initially, the hypoxia-mediated upregulation of
Tf/TfR was thought to arise solely from IRE/IRP activity, but Lok et al. and Tacchini et al. independently
showed that the TfR is flanked by a HRE, and that it is a hypoxia-inducible HIF-1α target gene [77,78].
The ferroxidase ceruloplasmin (CP), which is required to oxidize ferrous (Fe2+) to ferric (Fe3+) iron,
was also shown to be a HIF-1α target gene apart from its regulation through the IRP/IRE system and
is required for efficient binding of iron to Tf [79]. The HIF-1α-dependent induction of CP, triggered
by iron deficiency, supports iron supply to erythroid cells via loading of iron onto Tf. Additionally,
hypoxia is one of the strongest signals for angiogenesis in tumors, initiating the formation of a vascular
network for nutrient and oxygen delivery to the tumor site [80,81]. The so called “angiogenic switch”
is induced by HIF-1α through activating the transcription of vascular endothelial growth factor
(VEGF)A, angiopoietin 2, cyclooxygenase 2, stromal-derived factor 1, and stem cell factor [82–84].
Along these lines, activated HIF-2α has been shown to promote colorectal cancer by inducing DMT-1
expression, thereby increasing iron uptake, which, in turn, contributed to enhanced iron accumulation
in tumors [85]. Nevertheless, the majority of iron is reutilized from cellular hemoproteins. In response
to hypoxia, HIF-1α has been reported to mediate the transcriptional activation of HO-1 [86]. HO-1 plays
an important role by processing heme to free iron, biliverdin, and carbon monoxide. This pivotal
role is highlighted in HO-1 knockout mice that develop severe anemia associated with low serum
iron levels [87]. Also, hepcidin repression during deficiency-induced anemia is associated with an
induction of HIF-1α stabilization, further triggering anemia of chronic disease [88], which is also seen
in cancer patients. In a number of studies, the expression of different iron-regulated genes such as
TfR [76], FTL [77,78], and IRP2 [79] in tumor cells was correlated with a poor prognosis and a higher
tumor grade, leading to increased chemoresistance in cancer patients.

Targeting iron metabolism, either in cancer cells or in tumor-infiltrating immune cells,
might represent one major therapeutic improvement in combination with conventional therapy.

3. Anti-Tumor Therapies—Immunotherapeutic Approaches and Beyond

3.1. Targeting Iron Metabolism in Cancer—A Tug of War

Iron handling in the tumor microenvironment emerges as an important aspect of tumorigenesis.
It is not surprising to find increased iron levels in cancer cells, since iron is also responsible for DNA
synthesis and cell cycle progression [89]. Due to their enhanced metabolism, neoplastic cells have a
higher need for iron and it has been shown that perturbation of cellular iron uptake proteins arrests
cell growth [6]. Additionally, a number of studies have shown that iron is able to drive tumorigenesis.
Patients regularly donating blood have a decrease in total body iron and a reduced risk of cancer,
while patients with iron-overload disease are at an increased risk [90]. Excess iron occurs during
several diseases, including diabetes, neurodegenerative disorders, and heart disease [91]. The body
does not have a system for effective iron excretion, whereby excess systemic iron fuels the development
of iron [6] storage diseases such as hereditary hemochromatosis or iron-overload diseases such as
β-thalassemia and Friedrich’s ataxia. In particular, iron deposits are found in the liver, pancreas
and heart. Iron overload-mediated ROS generation causes, in turn irreversible tissue damage and
fibrosis [92]. To confine iron during iron-overload conditions, natural and synthetic iron chelators,
such as desferrioxamine (DFO), deferiprone, and deferasirox have been utilized for decades; oral iron
chelators are rather recent developments for the clinical treatment of iron overload due to chronic
blood transfusion therapy [93]. More recently, iron chelators have been subjected to preclinical and
clinical trials in order to evaluate their anti-neoplastic potential. DFO for example inhibits proliferation
and induces apoptosis by arresting the cell cycle [6]. Nevertheless, a detailed knowledge of the
effects of chelators within the tumor microenvironment is still lacking. Current clinical chelators
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primarily bind labile plasma iron and are not designed to specifically target iron in either tumor
cells or MΦs. In combination with a high hydrophilicity and unfavorable pharmacokinetics, it is
nearly impossible to reach an effective intratumoral concentration without unacceptable, severe side
effects [94]. Therefore, a critical step towards successful iron-chelation therapy for cancer treatment
is targeting iron specifically in the tumor as compared to healthy tissue or the extracellular space.
Prodrug approaches as well as targeted delivery methods are expected to enhance selectivity and
circumvent systemic toxicity as well as severe side effects, often occurring during clinical trials of
novel iron chelation therapies. Along these lines, Akam et al. developed a prochelation approach
using a disulfide switch for the intracellular activation of a thiosemicarbazone iron chelator [95–97].
The higher levels of reduced glutathione in cancer cells, especially in hypoxic tumor areas, causes
the reduction of the prochelator in the intracellular milieu and the generation of a thiolate, resulting
in the formation of a low-spin Fe(III) complex [95]. By taking advantage of the Warburg effect in
tumor cells, the increased uptake of glucose and the higher glycolytic rates in cancer cells compared to
non-malignant cells, glucose-conjugated prochelators might be used to deliver the thiosemicarbazone
iron chelator directly to cancer cells [96,98]. However, it still remains to be investigated whether these
classes of iron chelators are also effective in the complex in vivo situation of experimental tumors and
whether their targeting potential is maintained within a microenvironment of variable composition of
a variety of immune and stromal cells.

3.2. Tumor-Associated Macrophages—Promising Targets or Major Players in Tumor Immunotherapy?

TAMs acquire a tumor promoting phenotype through their interaction with tumor cells and
signals delivered by the tumor microenvironment. Different strategies have been proposed to target the
pro-tumor function of TAMs [10], including the inhibition of recruitment, depletion, and reprogramming
towards a tumoricidal phenotype. This includes the inhibition of monocyte recruitment into the tumor
or the complete depletion of TAM. For TAM depletion, chemical compounds such as bisphosphonates,
including clodronate, are often used. After phagocytosis of these liposomes, clodronate is metabolized
and is cytotoxic for MΦs [99]. In patients as well as in mouse models, the depletion of TAM resulted in
tumor regression. Nevertheless, the systemic depletion of macrophages renders the organism more
sensitive for infections. A future perspective could be to target TAM, without affecting other MΦ
subtypes throughout the body. The inhibition of CCL2/C–C chemokine receptor type 2 by monoclonal
antibodies, for example carlumab, or by interfering with its synthesis by trabectedin, blocks the
recruitment of monocytes from the bone marrow or the blood to the tumor site (Figure 2). Some of
these treatments that showed high efficiency in experimental and pre-clinical animal models are
currently in clinical trials for the treatment of different types of cancer [100–102]. Instead of blocking
MΦ attraction to the tumor site or the depletion of MΦs, other approaches followed the idea of shifting
the pro-tumor, anti-inflammatory TAM phenotype towards an anti-tumor, pro-inflammatory MΦ
phenotype [103–105]. The major transcription factor involved in TAM reprogramming is STAT3 [106].
Anti-cancer therapy using multikinase inhibitors, e.g., sorafenib and sunitinib, were not only effective
in reducing tumor growth, but also inhibited STAT3 expression in MΦs, whereby IL-10 secretion
was blocked and IL-12 was induced, thus suggesting an immune activating TAM phenotype [107]
Moreover, treatment of glioblastoma patients with WP1066 inhibited STAT3 activation and induced
the expression of pro-inflammatory cytokines in MΦs, whereby T cells were activated, finally reducing
immunetolerance [108]. Even though promising results have been observed using the inhibition of
recruitment, depletion and reprogramming of TAM, it is important to consider that the immunological
profile of MΦs is not only controlled by transcription factors and a specialized gene profile but it is also
influenced by their metabolic state. Factors such as oxygen tension, metabolite accumulation, active
metabolic pathways, and local iron metabolism modulate the phenotypic polarization of MΦs and
their role in tumor biology.



Cells 2019, 8, 445 9 of 20

Cells 2019, 8, x 9 of 20 

inflammatory MΦs switch to oxidative phosphorylation and fatty acid oxidation [110]. This metabolic 
switch is controlled by factors such as mTOR and HIF-1α. Thus, modifications in these pathways 
could reverse the macrophage metabolism to an anti-tumor phenotype, activating pro-inflammatory 
pathways and inhibiting metastasis as well as angiogenesis [111]. Increased fatty acid oxidation and 
oxidative phosphorylation, which are determinants for pro-tumor polarization in TAM, are induced 
by the PI3K–AKT–mTOR pathway [112]. This pathway is also associated with promoting L-arginine 
metabolism, which is a key aspect of altered metabolism that promotes immunosuppression 
mediated by TAMs. Therefore, clinical trials targeting PI3Kγ with the agent IPI-549 are being 
developed to polarize TAMs towards an anti-tumoral phenotype [113]. 

 
Figure 2. Dynamics and targeting of MΦ phenotypes in the tumor microenvironment. Macrophages 
(MΦs) can be targeted to reprogram the immunosuppressive tumor microenvironment and 
consequently enhance anti-tumor response. One strategy is to prevent the systemic mobilization and 
recruitment of monocytes to the tumor site by specifically blocking chemokine gradients such as 
CCL2. Instead of completely depleting MΦs, therapies aim at reprogramming alternatively polarized 
MΦs towards the anti-tumor, classical MΦ phenotype. With regard to their iron-regulated gene 
profile, two different MΦ phenotypes are distinguished. The iron-release phenotype is determined by 
the phagocytosis of apoptotic tumor cells, whereby iron is recycled from engulfed cells and secreted 
to the microenvironment, where it is rapidly bound to transferrin (Tf). Tf-bound iron is then taken up 
by tumor cells through the Tf receptor (TfR) and promotes tumor proliferation and growth. The 
engulfment of apoptotic tumor cells also promotes the anti-inflammatory MΦ phenotype. In order to 
control iron availability in tumor cells, targeted iron-chelation therapy (prochelator strategy) is used. 
This is accomplished by conjugating the prochelator with a glucose targeting unit, which is 
recognized by glucose transporter (GLUT1) on tumor cells. Another possibility is the use of TfR 
antibodies, which has shown strong anti-neoplastic effects. In contrast, iron-loaded MΦs reside in 
close vicinity to tumor vessels, where they are exposed to high levels of erythrocytes leaking into the 
tumor. Iron-loaded MΦs also adopt a pro-inflammatory phenotype. Iron nanoparticles are currently 
under investigation to reduce pro-tumor MΦ functions and, thus, tumor growth. 

More approaches were applied to modify the TAM phenotype aimed at modulating their iron 
metabolism. We recently described that pro-inflammatory MΦs show an iron-sequestration 

Figure 2. Dynamics and targeting of MΦ phenotypes in the tumor microenvironment. Macrophages
(MΦs) can be targeted to reprogram the immunosuppressive tumor microenvironment and consequently
enhance anti-tumor response. One strategy is to prevent the systemic mobilization and recruitment of
monocytes to the tumor site by specifically blocking chemokine gradients such as CCL2. Instead of
completely depleting MΦs, therapies aim at reprogramming alternatively polarized MΦs towards the
anti-tumor, classical MΦ phenotype. With regard to their iron-regulated gene profile, two different
MΦ phenotypes are distinguished. The iron-release phenotype is determined by the phagocytosis of
apoptotic tumor cells, whereby iron is recycled from engulfed cells and secreted to the microenvironment,
where it is rapidly bound to transferrin (Tf). Tf-bound iron is then taken up by tumor cells through the
Tf receptor (TfR) and promotes tumor proliferation and growth. The engulfment of apoptotic tumor
cells also promotes the anti-inflammatory MΦ phenotype. In order to control iron availability in tumor
cells, targeted iron-chelation therapy (prochelator strategy) is used. This is accomplished by conjugating
the prochelator with a glucose targeting unit, which is recognized by glucose transporter (GLUT1) on
tumor cells. Another possibility is the use of TfR antibodies, which has shown strong anti-neoplastic
effects. In contrast, iron-loaded MΦs reside in close vicinity to tumor vessels, where they are exposed
to high levels of erythrocytes leaking into the tumor. Iron-loaded MΦs also adopt a pro-inflammatory
phenotype. Iron nanoparticles are currently under investigation to reduce pro-tumor MΦ functions
and, thus, tumor growth.

TAM polarization at later stages of tumor development is determined by metabolites such
as lactate, which potentiate their anti-inflammatory properties. Lactate has the ability to induce
angiogenesis as well as cell migration, since lactate produced by cancer cells induces the expression
of VEGFA in a HIF-1α-dependent manner [20]. Additionally, lactate is found in the hypoxic regions
of the tumor and its accumulation correlated with poor prognosis. In tumors, lactate production is
enhanced, even in the presence of oxygen due to metabolic alterations [109], making it a suitable target
to modify the TAM activation profile. Besides accumulation of metabolites in the microenvironment,
the metabolic pathways activated within MΦs modulate their activation phenotype. Pro-inflammatory
MΦs are characterized by increased glycolysis, whereas anti-inflammatory MΦs switch to oxidative
phosphorylation and fatty acid oxidation [110]. This metabolic switch is controlled by factors such as
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mTOR and HIF-1α. Thus, modifications in these pathways could reverse the macrophage metabolism
to an anti-tumor phenotype, activating pro-inflammatory pathways and inhibiting metastasis as
well as angiogenesis [111]. Increased fatty acid oxidation and oxidative phosphorylation, which are
determinants for pro-tumor polarization in TAM, are induced by the PI3K–AKT–mTOR pathway [112].
This pathway is also associated with promoting L-arginine metabolism, which is a key aspect of
altered metabolism that promotes immunosuppression mediated by TAMs. Therefore, clinical trials
targeting PI3Kγ with the agent IPI-549 are being developed to polarize TAMs towards an anti-tumoral
phenotype [113].

More approaches were applied to modify the TAM phenotype aimed at modulating their iron
metabolism. We recently described that pro-inflammatory MΦs show an iron-sequestration phenotype,
whereas anti-inflammatory MΦs and TAMs are characterized by an iron-export phenotype [114,115].
These phenotypes have been characterized in MΦs that were exposed to apoptotic tumor cells,
whereby an anti-inflammatory phenotype is induced. In contrast, in a murine lung carcinoma model,
it was shown that the TAM subpopulation that resides in hemorrhagic regions is highly iron-loaded,
upregulates NOS2, and is associated with a pro-inflammatory response that is toxic against malignant
cells [116]. In the tumor microenvironment, such properties were speculated to be induced by
heme, which is recycled in MΦs through the ingestion of red blood cells derived from leaky tumor
vessels. Interestingly, the phenotype is also induced by the treatment of tumor-bearing mice with
iron nanoparticles, leading to tumor suppression [116]. The relationship between these different MΦ
polarization programs both in terms of iron metabolism and the MΦ activation status were previously
reviewed in [117,118]. These rather opposing observations regarding the TAM iron phenotype have
to be further addressed in future studies, especially taking into account the huge diversity of MΦ
activation states found within the tumor microenvironment (Figure 2). Moreover, there is still very
little known about the role of these iron-regulated MΦ subsets with regard to their ability of immune
modulation or potential to enhance or even reverse immunosuppression and/or immune tolerance.

Considering that TAMs are one of the major infiltrates of experimental and human tumors, it is
believed that they actively contribute to the escape from immune surveillance, whereby TAMs suppress
effector functions of cytotoxic T cells and, thus, also compromise novel immune checkpoint therapy.

3.3. T Cells at the Center Stage of Effective Anti-Tumor Immunity

In recent years, immune checkpoint inhibition has been explored as a promising option to treat
different types of cancer. As was mentioned above, T cell exhaustion is a hallmark feature of most
immune cell-infiltrated tumors. Therefore, strategies to reverse this T cell phenotype towards an
active and functional status has been proven to be successful to attack and eliminate tumor cells
(Figure 3). Interfering with PD-1/PD-L1 interaction has been approved for the treatment of several
cancer types, nevertheless a positive response using these therapies is associated only with patients
bearing tumors with certain characteristics such as high PD-L1 expression and high mutation rate.
Therefore, new approaches to increase the efficacy of these therapies are necessary.

Immune-associated events such as deficient T cell infiltration, impaired antigen cross-presentation,
and the recruitment of suppressive immune cell types are being explored as potential biomarkers
or targets to predict and improve the response to immune checkpoint blockade [119]. Besides these
options, it is important to consider T cell metabolism to improve immune activation and tumor cell
elimination. Oxidative phosphorylation is the main metabolic pathway for ATP production in naive
T cells, which is also maintained at a certain level upon T cell activation [110,120]. Additionally,
effector T cells show a Warburg-like metabolism, activating glycolysis for ATP production even in the
presence of oxygen, which is HIF-1α dependent [36,121]. HIF-1α induces the upregulation of glucose
transporter GLUT1, providing the T cells enough energy to perform their effector functions [122].
Therefore, it has been proposed that the reprograming of T cell metabolism might improve their
effector functions. Nevertheless, within the tumor microenvironment, alterations in both oxidative and
glycolytic metabolic pathways in tumor cells interfere with T cell activation and effector functions.
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On the one hand, tumor-infiltrating T cells are characterized by defects in oxidative metabolism,
mitochondrial biogenesis and fusion, and it has been demonstrated that metabolic reprogramming of
these cells improves response to PD-1 blockade [123]. On the other hand, tumor hypoxia and HIF-1α
activation in tumor cells promote glycolysis, increasing glucose uptake by proliferating tumor cells.
Thus, limiting glucose availability for T cells as an energy source for their effector functions might
dampen antitumor immune response [120]. Moreover, hypoxia induces the recruitment of Tregs to the
tumor microenvironment through CCL28 expression on tumor cells [124,125] and the expression of
Foxp3 [126], thereby promoting intratumoral immune suppression. Whereas the limitation of glucose
availability compromises effector functions and the proliferation of cytotoxic T cells, Treg transcription
factor Foxp3 reprograms T cell metabolism, whereby oxidative phosphorylation is enhanced in order
to provide Tregs with a metabolic advantage in low glucose, but lactate-rich environments [127].
Under low glucose conditions, the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) prevents the translation of IFN-γ, a key effector molecule in tumor-infiltrating cytotoxic T
cells [128,129]. Additionally, tumor hypoxia inhibits T cell proliferation and function [130] and can
induce a transcriptional profile associated with resistance to checkpoint blockade [131]. Moreover,
the efficacy of the PD-1 blockade is potentiated by the metformin-induced reduction of tumor
hypoxia [132]. Therefore, even though T cell intracellular hypoxic signaling could be modulated to
reprogram the metabolic and functional state of T cells, tumor cell hypoxia modulates the metabolic
microenvironment, dampening tumor-infiltrating T cell activation and responsiveness to immune
checkpoint blockade.

In a melanoma model, T cells infiltrating tumors with both oxidative and glycolytic metabolism,
or with reduced glycolytic metabolism, showed a high degree of T cell dysfunction. However,
the loss of oxidative metabolism in tumor cells increased T cell activation and responsiveness to PD-1
blockade [133]. Reduced hypoxia-adapted metabolism induces mitochondrial complex I blockade,
which, in turn, limits oxidative metabolism and improves the efficacy of anti-PD-1 therapy [132].
Based on the metabolic changes described, different strategies for oxygen tension normalization
in the tumor microenvironment such as improving tumor vasculature [134], targeting hypoxic
tumor cells [135], promoting tumor reoxygenation [136], and the metformin-dependent reduction of
hypoxia [132] could be useful to complement and improve the response to immunotherapy (Figure 3).

Summarizing, the immune checkpoint blockade represents a promising therapeutic option to use
the host immune system to eliminate tumor cells. Nevertheless, the current low response rates could
be improved by exploring metabolic pathways directly in T cells or in tumor cells either to use the
metabolic profile as a novel biomarker to determine the likelihood of success of the immune checkpoint
blockade or to target these pathways in order to create an adequate context to promote anti-tumor
immune responses.

Another aspect that compromises effective anti-tumor immunity is the development of
myeloid-derived suppressor cells (MDSCs) through the exposure of myeloid cells to tumor-driving
factors [137]. MDSCs are central to the creation of an immunosuppressive tumor microenvironment.
They represent a heterogeneous population of immature myeloid cells with a strong immunosuppressive
potential. Specifically, granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte CSF,
macrophage CSF, stem cell factor, transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α,
vascular endothelial growth factor (VEGF), prostaglandin E2, cyclooxygenase 2, S100A9, S100A8,
interleukin (IL)-1β, IL-6, and IL-10 are considered to be crucial for MDSC expansion [138–143]. Whereas
the natural function of myeloid cells is the initiation of protective immune responses within the tumor
tissue, the development of MDSCs leads to the inhibition of an effective anti-tumor reactivity of T cells
and NK cells. This, in turn, immunizes tumors against chemotherapy and radiation therapy [144].
In fact, MDSCs also adapt their metabolic activation status to tumor microenvironmental needs.
They upregulate fatty acid oxidation, which, in turn, supports their immunosuppressive outcome.
Upregulation of fatty acid oxidation was visible by the increased key enzymes of this pathway, increased
oxygen consumption, and overall increased mitochondrial mass. Interestingly, the modulation of fatty
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acid oxidation through pharmacological inhibition decreased the production of immunosuppressive
cytokines and delayed tumor growth in a T cell-dependent manner [145].
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essential for ATP production in effector T cells. Due to HIF-1α stabilization in tumor cells, GLUT1
expression is enhanced, which, in turn, leads to accumulation of glucose in tumor cells used for
glycolysis, whereby OXPHOS is reduced. As a consequence, sufficient glucose is not available to
maintain T cell effector functions and T cells adopt a dysfunctional phenotype due to reduced ATP
production. Thus, targeting tumor hypoxia, e.g. by metformin, is a novel strategy to improve T cell
function and response to immune-check point blockade.

Two major subpopulations of MDSCs are known and defined by their phenotypical and
morphological characteristics. Monocytic MDSCs (M-MDSCs) and polymorphonuclear MDSCs
(PMN-MDSCs) [139]. Both are found under pathophysiologic conditions in the bone marrow,
spleen, lung, peripheral blood, and tumor tissue. PMN-MDSCs represent more than 80% of all
MDSCs and are found highly expressed in tumors [135]. Among their pro-tumor functions are the
induction of angiogenesis, the establishment of pre-metastatic niches, and the recruitment of other
immunosuppressive cells such as Tregs [143]. MDSCs not only suppress the proliferation and cytokine
secretion of T cells but promote their death by apoptosis induction. Moreover, Gr1+CD11b+ MDSCs
are able to expose antigenic epitopes that induce antigen-specific T cell anergy, which is associated with
CD8+ T cell tolerance within tumor tissues [146]. It was speculated that STAT3-dependent effector
molecules such as IDO are induced in tumor-associated MDSCs. These observations were underlined
by the fact that upregulated IDO expression and STAT3 phosphorylation in MDSCs isolated in breast
cancer tissue were strongly correlated with increased Treg infiltration. Along these lines, it was shown
that the inhibition of IDO or STAT3 phosphorylation are possible targets to effectively block MDSC
immunosuppressive function [147].

Moreover, it was described that hypoxia, specifically through the activation of HIF-1α, is crucial
for MDSC differentiation and function through the upregulation of PD-L1 on MDSCs [148]. Thus,
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PD-L1 inhibition as well as blocking HIF-1α might represent a promising approach to enhance
cancer immunotherapy.
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55. Chowdhury, R.; McDonough, M.A.; Mecinović, J.; Loenarz, C.; Flashman, E.; Hewitson, K.S.; Domene, C.;
Schofield, C.J. Structural basis for binding of hypoxia-inducible factor to the oxygen-sensing prolyl
hydroxylases. Structure 2009, 17, 981–989. [CrossRef] [PubMed]

56. Baek, J.H.; Reiter, C.E.N.; Manalo, D.J.; Buehler, P.W.; Hider, R.C.; Alayash, A.I. Induction of hypoxia inducible
factor (HIF-1α) in rat kidneys by iron chelation with the hydroxypyridinone, CP94. Biochim. Biophys. Acta
2011, 1809, 262–268. [CrossRef] [PubMed]

57. Miles, A.L.; Burr, S.P.; Grice, G.L.; Nathan, J.A. The vacuolar-ATPase complex and assembly factors, TMEM199
and CCDC115, control HIF1α prolyl hydroxylation by regulating cellular iron levels. Elife 2017, 6. [CrossRef]

58. Siegert, I.; Schödel, J.; Nairz, M.; Schatz, V.; Dettmer, K.; Dick, C.; Kalucka, J.; Franke, K.; Ehrenschwender, M.;
Schley, G.; et al. Ferritin-Mediated Iron Sequestration Stabilizes Hypoxia-Inducible Factor-1α upon LPS
Activation in the Presence of Ample Oxygen. Cell Rep. 2015, 13, 2048–2055. [CrossRef] [PubMed]

59. Volani, C.; Doerrier, C.; Demetz, E.; Haschka, D.; Paglia, G.; Lavdas, A.A.; Gnaiger, E.; Weiss, G. Dietary iron
loading negatively affects liver mitochondrial function. Metallomics 2017, 9, 1634–1644. [CrossRef]

60. Dziegala, M.; Kobak, K.A.; Kasztura, M.; Bania, J.; Josiak, K.; Banasiak, W.; Ponikowski, P.; Jankowska, E.A.
Iron Depletion Affects Genes Encoding Mitochondrial Electron Transport Chain and Genes of Non-Oxidative
Metabolism, Pyruvate Kinase and Lactate Dehydrogenase, in Primary Human Cardiac Myocytes Cultured
upon Mechanical Stretch. Cells 2018, 7, 175. [CrossRef]

61. Oexle, H.; Gnaiger, E.; Weiss, G. Iron-dependent changes in cellular energy metabolism: Influence on citric
acid cycle and oxidative phosphorylation. Biochim. Biophys. Acta 1999, 1413, 99–107. [CrossRef]

62. Pfeifhofer-Obermair, C.; Tymoszuk, P.; Petzer, V.; Weiss, G.; Nairz, M. Iron in the Tumor
Microenvironment—Connecting the Dots. Front. Oncol. 2018, 8. [CrossRef]

63. Bonkovsky, H.L. Iron and the liver. Am. J. Med. Sci. 1991, 301, 32–43. [CrossRef]
64. Rolfs, A.; Kvietikova, I.; Gassmann, M.; Wenger, R.H. Oxygen-regulated transferrin expression is mediated

by hypoxia-inducible factor-1. J. Biol. Chem. 1997, 272, 20055–20062. [CrossRef]
65. Kalgaonkar, S.; Lönnerdal, B. Receptor-mediated uptake of ferritin-bound iron by human intestinal Caco-2

cells. J. Nutr. Biochem. 2009, 20, 304–311. [CrossRef]
66. Torti, S.V.; Torti, F.M. Iron and cancer: More ore to be mined. Nat. Rev. Cancer 2013, 13, 342–355. [CrossRef]
67. Torti, S.V.; Torti, F.M. Cellular iron metabolism in prognosis and therapy of breast cancer. Crit. Rev. Oncog.

2013, 18, 435–448. [CrossRef]
68. Cortes, D.F.; Sha, W.; Hower, V.; Blekherman, G.; Laubenbacher, R.; Akman, S.; Torti, S.V.; Shulaev, V.

Differential gene expression in normal and transformed human mammary epithelial cells in response to
oxidative stress. Free Radic. Biol. Med. 2011, 50, 1565–1574. [CrossRef]

69. Muckenthaler, M.U.; Galy, B.; Hentze, M.W. Systemic iron homeostasis and the iron-responsive
element/iron-regulatory protein (IRE/IRP) regulatory network. Annu. Rev. Nutr. 2008, 28, 197–213. [CrossRef]

70. Ganz, T.; Nemeth, E. The hepcidin-ferroportin system as a therapeutic target in anemias and iron overload
disorders. Hematol. Am. Soc. Hematol. Educ. Program 2011, 2011, 538–542. [CrossRef]

71. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin
regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306,
2090–2093. [CrossRef]

72. Sanchez, M.; Galy, B.; Dandekar, T.; Bengert, P.; Vainshtein, Y.; Stolte, J.; Muckenthaler, M.U.; Hentze, M.W.
Iron regulation and the cell cycle: Identification of an iron-responsive element in the 3’-untranslated region
of human cell division cycle 14A mRNA by a refined microarray-based screening strategy. J. Biol. Chem.
2006, 281, 22865–22874. [CrossRef]

73. Gardenghi, S.; Ramos, P.; Marongiu, M.F.; Melchiori, L.; Breda, L.; Guy, E.; Muirhead, K.; Rao, N.; Roy, C.N.;
Andrews, N.C.; et al. Hepcidin as a therapeutic tool to limit iron overload and improve anemia in
β-thalassemic mice. J. Clin. Investig. 2010, 120, 4466–4477. [CrossRef]

74. Ganz, T.; Nemeth, E. Hepcidin and iron homeostasis. Biochim. Biophys. Acta 2012, 1823, 1434–1443. [CrossRef]

http://dx.doi.org/10.1021/acs.jproteome.8b00944
http://www.ncbi.nlm.nih.gov/pubmed/30609375
http://dx.doi.org/10.3390/cells8020172
http://www.ncbi.nlm.nih.gov/pubmed/30781698
http://dx.doi.org/10.1016/j.str.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19604478
http://dx.doi.org/10.1016/j.bbagrm.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21558026
http://dx.doi.org/10.7554/eLife.22693
http://dx.doi.org/10.1016/j.celrep.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26628374
http://dx.doi.org/10.1039/C7MT00177K
http://dx.doi.org/10.3390/cells7100175
http://dx.doi.org/10.1016/S0005-2728(99)00088-2
http://dx.doi.org/10.3389/fonc.2018.00549
http://dx.doi.org/10.1097/00000441-199101000-00006
http://dx.doi.org/10.1074/jbc.272.32.20055
http://dx.doi.org/10.1016/j.jnutbio.2008.04.003
http://dx.doi.org/10.1038/nrc3495
http://dx.doi.org/10.1615/CritRevOncog.2013007784
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.002
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155521
http://dx.doi.org/10.1182/asheducation-2011.1.538
http://dx.doi.org/10.1126/science.1104742
http://dx.doi.org/10.1074/jbc.M603876200
http://dx.doi.org/10.1172/JCI41717
http://dx.doi.org/10.1016/j.bbamcr.2012.01.014


Cells 2019, 8, 445 17 of 20

75. Nemeth, E.; Rivera, S.; Gabayan, V.; Keller, C.; Taudorf, S.; Pedersen, B.K.; Ganz, T. IL-6 mediates hypoferremia
of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J. Clin. Investig. 2004,
113, 1271–1276. [CrossRef]

76. Nicolas, G.; Chauvet, C.; Viatte, L.; Danan, J.L.; Bigard, X.; Devaux, I.; Beaumont, C.; Kahn, A.; Vaulont, S.
The gene encoding the iron regulatory peptide hepcidin is regulated by anemia, hypoxia, and inflammation.
J. Clin. Investig. 2002, 110, 1037–1044. [CrossRef]

77. Lok, C.N.; Ponka, P. Identification of a hypoxia response element in the transferrin receptor gene. J. Biol. Chem.
1999, 274, 24147–24152. [CrossRef]

78. Tacchini, L.; Bianchi, L.; Bernelli-Zazzera, A.; Cairo, G. Transferrin receptor induction by hypoxia.
HIF-1-mediated transcriptional activation and cell-specific post-transcriptional regulation. J. Biol. Chem.
1999, 274, 24142–24146. [CrossRef]

79. Mukhopadhyay, C.K.; Mazumder, B.; Fox, P.L. Role of hypoxia-inducible factor-1 in transcriptional activation
of ceruloplasmin by iron deficiency. J. Biol. Chem. 2000, 275, 21048–21054. [CrossRef]

80. Semenza, G.L.; Roth, P.H.; Fang, H.M.; Wang, G.L. Transcriptional regulation of genes encoding glycolytic
enzymes by hypoxia-inducible factor 1. J. Biol. Chem. 1994, 269, 23757–23763.

81. Jun, J.C.; Rathore, A.; Younas, H.; Gilkes, D.; Polotsky, V.Y. Hypoxia-Inducible Factors and Cancer. Curr.
Sleep Med. Rep. 2017, 3, 1–10. [CrossRef]

82. Nagaraju, G.P.; Bramhachari, P.V.; Raghu, G.; El-Rayes, B.F. Hypoxia inducible factor-1α: Its role in colorectal
carcinogenesis and metastasis. Cancer Lett. 2015, 366, 11–18. [CrossRef]

83. Tsuzuki, Y.; Fukumura, D.; Oosthuyse, B.; Koike, C.; Carmeliet, P.; Jain, R.K. Vascular endothelial growth
factor (VEGF) modulation by targeting hypoxia-inducible factor-1alpha– hypoxia response element– VEGF
cascade differentially regulates vascular response and growth rate in tumors. Cancer Res. 2000, 60, 6248–6252.

84. Fang, J.; Yan, L.; Shing, Y.; Moses, M.A. HIF-1alpha-mediated up-regulation of vascular endothelial growth
factor, independent of basic fibroblast growth factor, is important in the switch to the angiogenic phenotype
during early tumorigenesis. Cancer Res. 2001, 61, 5731–5735.

85. Xue, X.; Taylor, M.; Anderson, E.; Hao, C.; Qu, A.; Greenson, J.K.; Zimmermann, E.M.; Gonzalez, F.J.;
Shah, Y.M. Hypoxia-inducible factor-2α activation promotes colorectal cancer progression by dysregulating
iron homeostasis. Cancer Res. 2012, 72, 2285–2293. [CrossRef]

86. Lee, P.J.; Jiang, B.H.; Chin, B.Y.; Iyer, N.V.; Alam, J.; Semenza, G.L.; Choi, A.M. Hypoxia-inducible factor-1
mediates transcriptional activation of the heme oxygenase-1 gene in response to hypoxia. J. Biol. Chem. 1997,
272, 5375–5381. [CrossRef]

87. Fraser, S.T.; Midwinter, R.G.; Berger, B.S.; Stocker, R. Heme Oxygenase-1: A Critical Link between Iron
Metabolism, Erythropoiesis, and Development. Adv. Hematol. 2011, 2011, 473709. [CrossRef]

88. Peyssonnaux, C.; Nizet, V.; Johnson, R.S. Role of the hypoxia inducible factors HIF in iron metabolism.
Cell Cycle 2008, 7, 28–32. [CrossRef]

89. Le, N.T.V.; Des Richardson, R. The role of iron in cell cycle progression and the proliferation of neoplastic
cells. Biochim. Biophys. Acta 2002, 1603, 31–46. [CrossRef]

90. Edgren, G.; Reilly, M.; Hjalgrim, H.; Tran, T.N.; Rostgaard, K.; Adami, J.; Titlestad, K.; Shanwell, A.;
Melbye, M.; Nyrén, O. Donation frequency, iron loss, and risk of cancer among blood donors. J. Natl.
Cancer Inst. 2008, 100, 572–579. [CrossRef]

91. Kotze, M.J.; van Velden, D.P.; van Rensburg, S.J.; Erasmus, R. Pathogenic Mechanisms Underlying Iron
Deficiency and Iron Overload: New Insights for Clinical Application. EJIFCC 2009, 20, 108–123.

92. Dixon, S.J.; Stockwell, B.R. The role of iron and reactive oxygen species in cell death. Nat. Chem. Biol. 2014,
10, 9–17. [CrossRef]

93. Neufeld, E.J. Oral chelators deferasirox and deferiprone for transfusional iron overload in thalassemia major:
New data, new questions. Blood 2006, 107, 3436–3441. [CrossRef]

94. Blatt, J.; Boegel, F.; Hedlund, B.E.; Arena, V.C.; Shadduck, R.K. Failure to alter the course of acute myelogenous
leukemia in the rat with subcutaneous deferoxamine. Leuk. Res. 1991, 15, 391–394. [CrossRef]

95. Akam, E.A.; Chang, T.M.; Astashkin, A.V.; Tomat, E. Intracellular reduction/activation of a disulfide switch
in thiosemicarbazone iron chelators. Metallomics 2014, 6, 1905–1912. [CrossRef]

96. Akam, E.A.; Tomat, E. Targeting Iron in Colon Cancer via Glycoconjugation of Thiosemicarbazone
Prochelators. Bioconjug. Chem. 2016, 27, 1807–1812. [CrossRef]

http://dx.doi.org/10.1172/JCI200420945
http://dx.doi.org/10.1172/JCI0215686
http://dx.doi.org/10.1074/jbc.274.34.24147
http://dx.doi.org/10.1074/jbc.274.34.24142
http://dx.doi.org/10.1074/jbc.M000636200
http://dx.doi.org/10.1007/s40675-017-0062-7
http://dx.doi.org/10.1016/j.canlet.2015.06.005
http://dx.doi.org/10.1158/0008-5472.CAN-11-3836
http://dx.doi.org/10.1074/jbc.272.9.5375
http://dx.doi.org/10.1155/2011/473709
http://dx.doi.org/10.4161/cc.7.1.5145
http://dx.doi.org/10.1016/S0304-419X(02)00068-9
http://dx.doi.org/10.1093/jnci/djn084
http://dx.doi.org/10.1038/nchembio.1416
http://dx.doi.org/10.1182/blood-2006-02-002394
http://dx.doi.org/10.1016/0145-2126(91)90015-L
http://dx.doi.org/10.1039/C4MT00153B
http://dx.doi.org/10.1021/acs.bioconjchem.6b00332


Cells 2019, 8, 445 18 of 20

97. Chang, T.M.; Tomat, E. Disulfide/thiol switches in thiosemicarbazone ligands for redox-directed iron chelation.
Dalton Trans. 2013, 42, 7846–7849. [CrossRef]

98. Vander Heiden, M.G. Targeting cancer metabolism: A therapeutic window opens. Nat. Rev. Drug Discov.
2011, 10, 671–684. [CrossRef]

99. Lehenkari, P.P.; Kellinsalmi, M.; Näpänkangas, J.P.; Ylitalo, K.V.; Mönkkönen, J.; Rogers, M.J.; Azhayev, A.;
Väänänen, H.K.; Hassinen, I.E. Further insight into mechanism of action of clodronate: Inhibition of
mitochondrial ADP/ATP translocase by a nonhydrolyzable, adenine-containing metabolite. Mol. Pharmacol.
2002, 61, 1255–1262. [CrossRef]

100. Kitamura, T.; Qian, B.-Z.; Soong, D.; Cassetta, L.; Noy, R.; Sugano, G.; Kato, Y.; Li, J.; Pollard, J.W. CCL2-induced
chemokine cascade promotes breast cancer metastasis by enhancing retention of metastasis-associated
macrophages. J. Exp. Med. 2015, 212, 1043–1059. [CrossRef]

101. Pienta, K.J.; Machiels, J.-P.; Schrijvers, D.; Alekseev, B.; Shkolnik, M.; Crabb, S.J.; Li, S.; Seetharam, S.;
Puchalski, T.A.; Takimoto, C.; et al. Phase 2 study of carlumab (CNTO 888), a human monoclonal antibody
against CC-chemokine ligand 2 (CCL2), in metastatic castration-resistant prostate cancer. Invest. New Drugs
2013, 31, 760–768. [CrossRef] [PubMed]

102. Brana, I.; Calles, A.; LoRusso, P.M.; Yee, L.K.; Puchalski, T.A.; Seetharam, S.; Zhong, B.; de Boer, C.J.;
Tabernero, J.; Calvo, E. Carlumab, an anti-C-C chemokine ligand 2 monoclonal antibody, in combination with
four chemotherapy regimens for the treatment of patients with solid tumors: An open-label, multicenter
phase 1b study. Target. Oncol. 2015, 10, 111–123. [CrossRef] [PubMed]

103. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity’s roles in cancer
suppression and promotion. Science 2011, 331, 1565–1570. [CrossRef] [PubMed]

104. Mantovani, A.; Allavena, P. The interaction of anticancer therapies with tumor-associated macrophages.
J. Exp. Med. 2015, 212, 435–445. [CrossRef]

105. Komohara, Y.; Fujiwara, Y.; Ohnishi, K.; Takeya, M. Tumor-associated macrophages: Potential therapeutic
targets for anti-cancer therapy. Adv. Drug Deliv. Rev. 2016, 99, 180–185. [CrossRef] [PubMed]

106. Genard, G.; Lucas, S.; Michiels, C. Reprogramming of Tumor-Associated Macrophages with Anticancer
Therapies: Radiotherapy versus Chemo- and Immunotherapies. Front. Immunol. 2017, 8, 828. [CrossRef]
[PubMed]

107. Edwards, J.P.; Emens, L.A. The multikinase inhibitor sorafenib reverses the suppression of IL-12 and
enhancement of IL-10 by PGE2 in murine macrophages. Int. Immunopharmacol. 2010, 10, 1220–1228.
[CrossRef]

108. Hussain, S.F.; Kong, L.-Y.; Jordan, J.; Conrad, C.; Madden, T.; Fokt, I.; Priebe, W.; Heimberger, A.B. A novel
small molecule inhibitor of signal transducers and activators of transcription 3 reverses immune tolerance in
malignant glioma patients. Cancer Res. 2007, 67, 9630–9636. [CrossRef]

109. Hsu, P.P.; Sabatini, D.M. Cancer cell metabolism: Warburg and beyond. Cell 2008, 134, 703–707. [CrossRef]
110. Domblides, C.; Lartigue, L.; Faustin, B. Metabolic Stress in the Immune Function of T Cells, Macrophages

and Dendritic Cells. Cells 2018, 7, 68. [CrossRef]
111. Mazzone, M.; Menga, A.; Castegna, A. Metabolism and TAM functions-it takes two to tango. FEBS J. 2018,

285, 700–716. [CrossRef] [PubMed]
112. Huang, S.C.-C.; Smith, A.M.; Everts, B.; Colonna, M.; Pearce, E.L.; Schilling, J.D.; Pearce, E.J. Metabolic

Reprogramming Mediated by the mTORC2-IRF4 Signaling Axis Is Essential for Macrophage Alternative
Activation. Immunity 2016, 45, 817–830. [CrossRef] [PubMed]

113. Pathria, P.; Louis, T.L.; Varner, J.A. Targeting Tumor-Associated Macrophages in Cancer. Trends Immunol.
2019, 40, 310–327. [CrossRef] [PubMed]

114. Mertens, C.; Mora, J.; Ören, B.; Grein, S.; Winslow, S.; Scholich, K.; Weigert, A.; Malmström, P.; Forsare, C.;
Fernö, M.; et al. Macrophage-derived lipocalin-2 transports iron in the tumor microenvironment.
Oncoimmunology 2018, 7, e1408751. [CrossRef]

115. Jung, M.; Ören, B.; Mora, J.; Mertens, C.; Dziumbla, S.; Popp, R.; Weigert, A.; Grossmann, N.; Fleming, I.;
Brüne, B. Lipocalin 2 from macrophages stimulated by tumor cell-derived sphingosine 1-phosphate promotes
lymphangiogenesis and tumor metastasis. Sci. Signal. 2016, 9, ra64. [CrossRef]

116. Costa da Silva, M.; 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, 1479. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/c3dt50824b
http://dx.doi.org/10.1038/nrd3504
http://dx.doi.org/10.1124/mol.61.5.1255
http://dx.doi.org/10.1084/jem.20141836
http://dx.doi.org/10.1007/s10637-012-9869-8
http://www.ncbi.nlm.nih.gov/pubmed/22907596
http://dx.doi.org/10.1007/s11523-014-0320-2
http://www.ncbi.nlm.nih.gov/pubmed/24928772
http://dx.doi.org/10.1126/science.1203486
http://www.ncbi.nlm.nih.gov/pubmed/21436444
http://dx.doi.org/10.1084/jem.20150295
http://dx.doi.org/10.1016/j.addr.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26621196
http://dx.doi.org/10.3389/fimmu.2017.00828
http://www.ncbi.nlm.nih.gov/pubmed/28769933
http://dx.doi.org/10.1016/j.intimp.2010.07.002
http://dx.doi.org/10.1158/0008-5472.CAN-07-1243
http://dx.doi.org/10.1016/j.cell.2008.08.021
http://dx.doi.org/10.3390/cells7070068
http://dx.doi.org/10.1111/febs.14295
http://www.ncbi.nlm.nih.gov/pubmed/29055087
http://dx.doi.org/10.1016/j.immuni.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27760338
http://dx.doi.org/10.1016/j.it.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30890304
http://dx.doi.org/10.1080/2162402X.2017.1408751
http://dx.doi.org/10.1126/scisignal.aaf3241
http://dx.doi.org/10.3389/fimmu.2017.01479
http://www.ncbi.nlm.nih.gov/pubmed/29167669


Cells 2019, 8, 445 19 of 20

117. Jung, M.; Mertens, C.; Brüne, B. Macrophage iron homeostasis and polarization in the context of cancer.
Immunobiology 2015, 220, 295–304. [CrossRef]

118. 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] [PubMed]

119. Munn, D.H.; Bronte, V. Immune suppressive mechanisms in the tumor microenvironment.
Curr. Opin. Immunol. 2016, 39, 1–6. [CrossRef] [PubMed]

120. Shevchenko, I.; Bazhin, A.V. Metabolic Checkpoints: Novel Avenues for Immunotherapy of Cancer.
Front. Immunol. 2018, 9, 1816. [CrossRef]

121. Finlay, D.K.; Rosenzweig, E.; Sinclair, L.V.; Feijoo-Carnero, C.; Hukelmann, J.L.; Rolf, J.; Panteleyev, A.A.;
Okkenhaug, K.; Cantrell, D.A. PDK1 regulation of mTOR and hypoxia-inducible factor 1 integrate metabolism
and migration of CD8+ T cells. J. Exp. Med. 2012, 209, 2441–2453. [CrossRef]

122. Clever, D.; Roychoudhuri, R.; Constantinides, M.G.; Askenase, M.H.; Sukumar, M.; Klebanoff, C.A.; Eil, R.L.;
Hickman, H.D.; Yu, Z.; Pan, J.H.; et al. Oxygen Sensing by T Cells Establishes an Immunologically Tolerant
Metastatic Niche. Cell 2016, 166, 1117–1131. [CrossRef]

123. Scharping, N.E.; Menk, A.V.; Moreci, R.S.; Whetstone, R.D.; Dadey, R.E.; Watkins, S.C.; Ferris, R.L.;
Delgoffe, G.M. The Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive Intratumoral
T Cell Metabolic Insufficiency and Dysfunction. Immunity 2016, 45, 701–703. [CrossRef]

124. Facciabene, A.; Peng, X.; Hagemann, I.S.; Balint, K.; Barchetti, A.; Wang, L.-P.; Gimotty, P.A.; Gilks, C.B.;
Lal, P.; Zhang, L.; et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and T(reg) cells.
Nature 2011, 475, 226–230. [CrossRef] [PubMed]

125. Ren, L.; Yu, Y.; Wang, L.; Zhu, Z.; Lu, R.; Yao, Z. Hypoxia-induced CCL28 promotes recruitment of regulatory
T cells and tumor growth in liver cancer. Oncotarget 2016, 7, 75763–75773. [CrossRef] [PubMed]

126. Yan, M.; Jene, N.; Byrne, D.; Millar, E.K.A.; O’Toole, S.A.; McNeil, C.M.; Bates, G.J.; Harris, A.L.; Banham, A.H.;
Sutherland, R.L.; et al. Recruitment of regulatory T cells is correlated with hypoxia-induced CXCR4 expression,
and is associated with poor prognosis in basal-like breast cancers. Breast Cancer Res. 2011, 13, R47. [CrossRef]
[PubMed]

127. Angelin, A.; Gil-de-Gómez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.J.; Kopinski, P.K.;
Wang, L.; et al. Foxp3 Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate Environments.
Cell Metabolism 2017, 25, 1282–1293. [CrossRef]

128. Chang, C.-H.; Curtis, J.D.; Maggi, L.B.; Faubert, B.; Villarino, A.V.; O’Sullivan, D.; Huang, S.C.-C.; van der
Windt, G.J.W.; Blagih, J.; Qiu, J.; et al. Posttranscriptional control of T cell effector function by aerobic
glycolysis. Cell 2013, 153, 1239–1251. [CrossRef]

129. Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.;
van der Windt, G.J.W.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer
Progression. Cell 2015, 162, 1229–1241. [CrossRef] [PubMed]

130. Zhang, Y.; Ertl, H.C.J. Starved and Asphyxiated: How Can CD8(+) T Cells within a Tumor Microenvironment
Prevent Tumor Progression. Front. Immunol. 2016, 7, 32. [CrossRef]

131. Hugo, W.; Zaretsky, J.M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, J.;
Chmielowski, B.; Cherry, G.; et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy
in Metastatic Melanoma. Cell 2016, 165, 35–44. [CrossRef] [PubMed]

132. Scharping, N.E.; Menk, A.V.; Whetstone, R.D.; Zeng, X.; Delgoffe, G.M. Efficacy of PD-1 Blockade Is
Potentiated by Metformin-Induced Reduction of Tumor Hypoxia. Cancer Immunol. Res. 2017, 5, 9–16.
[CrossRef] [PubMed]

133. Najjar, Y.G.; Menk, A.V.; Sander, C.; Rao, U.; Karunamurthy, A.; Bhatia, R.; Zhai, S.; Kirkwood, J.M.;
Delgoffe, G.M. Tumor cell oxidative metabolism as a barrier to PD-1 blockade immunotherapy in melanoma.
JCI Insight 2019, 4. [CrossRef] [PubMed]

134. Schiffmann, L.M.; Brunold, M.; Liwschitz, M.; Goede, V.; Loges, S.; Wroblewski, M.; Quaas, A.; Alakus, H.;
Stippel, D.; Bruns, C.J.; et al. A combination of low-dose bevacizumab and imatinib enhances vascular
normalisation without inducing extracellular matrix deposition. Br. J. Cancer 2017, 116, 600–608. [CrossRef]
[PubMed]

135. Jamieson, S.M.; Tsai, P.; Kondratyev, M.K.; Budhani, P.; Liu, A.; Senzer, N.N.; Chiorean, E.G.; Jalal, S.I.;
Nemunaitis, J.J.; Kee, D.; et al. Evofosfamide for the treatment of human papillomavirus-negative head and
neck squamous cell carcinoma. JCI Insight 2018, 3. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.imbio.2014.09.011
http://dx.doi.org/10.3390/ijms20020273
http://www.ncbi.nlm.nih.gov/pubmed/30641920
http://dx.doi.org/10.1016/j.coi.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26609943
http://dx.doi.org/10.3389/fimmu.2018.01816
http://dx.doi.org/10.1084/jem.20112607
http://dx.doi.org/10.1016/j.cell.2016.07.032
http://dx.doi.org/10.1016/j.immuni.2016.08.009
http://dx.doi.org/10.1038/nature10169
http://www.ncbi.nlm.nih.gov/pubmed/21753853
http://dx.doi.org/10.18632/oncotarget.12409
http://www.ncbi.nlm.nih.gov/pubmed/27716621
http://dx.doi.org/10.1186/bcr2869
http://www.ncbi.nlm.nih.gov/pubmed/21521526
http://dx.doi.org/10.1016/j.cmet.2016.12.018
http://dx.doi.org/10.1016/j.cell.2013.05.016
http://dx.doi.org/10.1016/j.cell.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26321679
http://dx.doi.org/10.3389/fimmu.2016.00032
http://dx.doi.org/10.1016/j.cell.2016.02.065
http://www.ncbi.nlm.nih.gov/pubmed/26997480
http://dx.doi.org/10.1158/2326-6066.CIR-16-0103
http://www.ncbi.nlm.nih.gov/pubmed/27941003
http://dx.doi.org/10.1172/jci.insight.124989
http://www.ncbi.nlm.nih.gov/pubmed/30721155
http://dx.doi.org/10.1038/bjc.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28141797
http://dx.doi.org/10.1172/jci.insight.122204
http://www.ncbi.nlm.nih.gov/pubmed/30135316


Cells 2019, 8, 445 20 of 20

136. Hatfield, S.M.; Kjaergaard, J.; Lukashev, D.; Schreiber, T.H.; Belikoff, B.; Abbott, R.; Sethumadhavan, S.;
Philbrook, P.; Ko, K.; Cannici, R.; et al. Immunological mechanisms of the antitumor effects of supplemental
oxygenation. Sci. Transl. Med. 2015, 7, 277ra30. [CrossRef]

137. Zhao, Y.; Wu, T.; Shao, S.; Shi, B.; Zhao, Y. Phenotype, development, and biological function of myeloid-derived
suppressor cells. Oncoimmunology 2016, 5, e1004983. [CrossRef]

138. Gabrilovich, D.I.; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev.
Immunol. 2009, 9, 162–174. [CrossRef]

139. Parker, K.H.; Beury, D.W.; Ostrand-Rosenberg, S. Myeloid-Derived Suppressor Cells: Critical Cells Driving
Immune Suppression in the Tumor Microenvironment. Adv. Cancer Res. 2015, 128, 95–139. [CrossRef]

140. Wesolowski, R.; Markowitz, J.; Carson, W.E. Myeloid derived suppressor cells—A new therapeutic target in
the treatment of cancer. J. Immunother. Cancer 2013, 1, 10. [CrossRef]

141. Marvel, D.; Gabrilovich, D.I. Myeloid-derived suppressor cells in the tumor microenvironment: Expect the
unexpected. J. Clin. Investig. 2015, 125, 3356–3364. [CrossRef] [PubMed]

142. Ugel, S.; de Sanctis, F.; Mandruzzato, S.; Bronte, V. Tumor-induced myeloid deviation: When myeloid-derived
suppressor cells meet tumor-associated macrophages. J. Clin. Investig. 2015, 125, 3365–3376. [CrossRef]
[PubMed]

143. Fleming, V.; Hu, X.; Weber, R.; Nagibin, V.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Targeting
Myeloid-Derived Suppressor Cells to Bypass Tumor-Induced Immunosuppression. Front. Immunol. 2018, 9,
398. [CrossRef] [PubMed]

144. DeNardo, D.G.; Brennan, D.J.; Rexhepaj, E.; Ruffell, B.; Shiao, S.L.; Madden, S.F.; Gallagher, W.M.;
Wadhwani, N.; Keil, S.D.; Junaid, S.A.; et al. Leukocyte complexity predicts breast cancer survival
and functionally regulates response to chemotherapy. Cancer Discov. 2011, 1, 54–67. [CrossRef] [PubMed]

145. Hossain, F.; Al-Khami, A.A.; Wyczechowska, D.; Hernandez, C.; Zheng, L.; Reiss, K.; Valle, L.D.;
Trillo-Tinoco, J.; Maj, T.; Zou, W.; et al. Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive
Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer Therapies. Cancer Immunol. Res. 2015,
3, 1236–1247. [CrossRef]

146. Kusmartsev, S.; Nagaraj, S.; Gabrilovich, D.I. Tumor-associated CD8+ T cell tolerance induced by bone
marrow-derived immature myeloid cells. J. Immunol. 2005, 175, 4583–4592. [CrossRef]

147. Yu, J.; Du, W.; Yan, F.; Wang, Y.; Li, H.; Cao, S.; Yu, W.; Shen, C.; Liu, J.; Ren, X. Myeloid-derived suppressor
cells suppress antitumor immune responses through IDO expression and correlate with lymph node
metastasis in patients with breast cancer. J. Immunol. 2013, 190, 3783–3797. [CrossRef] [PubMed]

148. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a
novel direct target of HIF-1α, and its blockade under hypoxia enhanced MDSC-mediated T cell activation.
J. Exp. Med. 2014, 211, 781–790. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/scitranslmed.aaa1260
http://dx.doi.org/10.1080/2162402X.2015.1004983
http://dx.doi.org/10.1038/nri2506
http://dx.doi.org/10.1016/bs.acr.2015.04.002
http://dx.doi.org/10.1186/2051-1426-1-10
http://dx.doi.org/10.1172/JCI80005
http://www.ncbi.nlm.nih.gov/pubmed/26168215
http://dx.doi.org/10.1172/JCI80006
http://www.ncbi.nlm.nih.gov/pubmed/26325033
http://dx.doi.org/10.3389/fimmu.2018.00398
http://www.ncbi.nlm.nih.gov/pubmed/29552012
http://dx.doi.org/10.1158/2159-8274.CD-10-0028
http://www.ncbi.nlm.nih.gov/pubmed/22039576
http://dx.doi.org/10.1158/2326-6066.CIR-15-0036
http://dx.doi.org/10.4049/jimmunol.175.7.4583
http://dx.doi.org/10.4049/jimmunol.1201449
http://www.ncbi.nlm.nih.gov/pubmed/23440412
http://dx.doi.org/10.1084/jem.20131916
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The Delicate Interplay between the Host Immunity and the Tumor 
	Cancer Cell Metabolism—Nutrient Plasticity at a Glance 
	Adaptations of Tumor Cell Metabolism under Hypoxia 
	Impact of Iron on OXPHOS and TCA 
	Tumor Cell Iron Metabolism 

	Anti-Tumor Therapies—Immunotherapeutic Approaches and Beyond 
	Targeting Iron Metabolism in Cancer—A Tug of War 
	Tumor-Associated Macrophages—Promising Targets or Major Players in Tumor Immunotherapy? 
	T Cells at the Center Stage of Effective Anti-Tumor Immunity 

	References

