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Iron and the Reticuloendothelial System
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1 Introduction

Iron is an essential component for all cells and higher eukaryotes due to its central role for oxygen
transport, electron transport during mitochondrial respiration, in forming a prosthetic group for cen-
tral metabolic enzymes, and for the regulation of transcription via its role as the central component
of ribonucleotide reductase [1-3]. Moreover, iron catalyzes the formation of hydroxyl radicals,
which then modulate the binding affinity of critical transcription factors such as HIF-1 or NF-xB and
thus affect the gene expression during inflammation [4]. Therefore, both iron overload and iron
deficiency exert subtle effects on essential metabolic pathways and on the growth, proliferation, and
differentiation of organisms. The tight control of iron homeostasis is thus a pre-requisite to maintain
a sufficient supply of iron for essential metabolic pathways while avoiding the metals’ detrimental
effects on tissue damage via radical formation. In addition, iron is centrally involved in the regula-
tion of cellular immune function, while on the other hand, it is an essential nutrient for invading
microbes and tumor cells. Specifically, microorganisms have evoked multiple strategies to capture
and ingest iron, which they need for proliferation, pathogenicity, and defense pathways including
biofilm formation [5]. The divergent pathways by which microorganisms can acquire iron have been
recently reviewed [6, 7].

While cells of the reticuloendothelial system (RES) play a key role in the control of body iron
homeostasis by recycling iron and redistributing the metal to the circulation [8—10], the regulatory
network between iron and immune function is of central importance for the pathophysiology and
clinical course of diseases such as infections, cancer, or autoimmune disorders. The control over iron
homeostasis under these circumstances is one of the most important determinants deciding about the
fate of an infectious or malignant disease [11-13].

The close interaction between iron and immunity is underscored by observations that certain
immunological proteins do alter cellular iron metabolism, as described for 32-microglobulin, HFE,
a non-classical MHC-I molecule linked to the majority of cases with human hemochromatosis,
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tumor necrosis factor receptor (TNFR), or the natural resistance-associated macrophage protein
1 (NRAMP1). Changes in immune function thus affect iron homeostasis and vice versa [14—18].

In being a central component for all proliferating cells, iron is also a central regulator of immune
cell proliferation and function. Lymphocytes are central regulatory cells of specific immunity, which
determine the functional activity of cells of the RES. Thus, a sufficient capacity of these cells to
proliferate and differentiate is a pre-requisite for normal immune function [19-21]. Iron has turned
out to be centrally involved in these processes, and thus, lymphocytes have evoked different mecha-
nisms to acquire iron even under conditions when iron availability is limited. All lymphocyte sub-
sets, which include B- and T-lymphocytes and natural killer (NK) cells, are dependent on transferrin/
transferrin receptor (TfR)-mediated iron uptake, while a blockade of this pathway leads to dimin-
ished proliferation and differentiation of these cells [22]. Accordingly, mitogenic stimuli, such as
phytohemagglutinin, increase TfR surface expression on B and T cells [20]. However, the lympho-
cyte subsets differ in their dependence on transferrin-mediated iron uptake. Accordingly, the induc-
tion of experimental iron overload in rats resulted in a shift in the ratio between T-helper (CD4+) and
T-suppressor/cytotoxic T cells (CD8+), with a relative expansion of the latter [13]. Moreover, even
T-helper (Th) subset responds differently to iron perturbations [23]. It is well established that there
are several subsets of CD4+ T-helper cell that exist in man, termed type 1 (Thl), Th2, Th17, and
Treg, each of which produces a typical set of cytokines that regulate different immune effector func-
tions and that cross-react with each other. Th1-derived cytokines such as interferon (IFN)- or tumor
necrosis factor (TNF)- activate macrophages, thus contributing to the formation of pro-inflamma-
tory cytokines, such as TNF-q, IL-1, or IL-6, and the induction of cytotoxic immune effector mecha-
nisms of macrophages including nitrogen and oxygen radical formation. By contrast, Th2 cells
produce IL-4, IL-5, IL-9, and IL-13, which in part exert anti-inflammatory actions via inhibition of
various macrophage functions and which activate immune cells involved in allergic reactions (e.g.,
IgE-secreting B cells). In addition, CD4+ cells with immune-suppressive properties have been
described, consisting of T-regulatory CD25*CD4* cells (T, ). Treg inhibit T-cell activation in a cell
contact-dependent manner, whereas Th3 cells produce cytokines with immune-deactivating effects
such as transforming growth factor (TGF-8) or IL-10, respectively [24]. In contrast, Th17 cells are
major determinants of pro-inflammatory immune effector pathways, thus being centrally involved in
many autoimmune diseases [25].

While Th1 clones are very sensitive to treatment with anti-TfR antibodies, resulting in inhibition
of their DNA synthesis, Th2 cells are resistant to this procedure. This is partly attributed to the fact
that Th2 clones exhibit larger chelatable iron storage pools than Thl cells. Thus, Thl-mediated
immune effector pathways are much more sensitive to changes in iron homeostasis in vivo [23]. The
latter can partly be referred to a direct regulatory effect of iron on the activity of the central regula-
tory Th1 cytokine IFN-y [26].

In contrast, circulating monocytes and tissue macrophages, being the central components of the
RES, are differentiating cells and the major regulatory components of iron homeostasis and iron
storage within the body.

2 Monocyte/Macrophage Iron Homeostasis

The body’s daily demands for iron are estimated between 20 and 30 mg of the metal [1, 27, 28].
While only 10% of this need is compensated by iron absorption from the duodenum, the majority of
iron originates from monocytes/macrophages pointing to the essential role of these cells for the
recycling of iron from senescent erythrocytes, iron redistribution to the circulation, and thus for the
maintenance of body iron homeostasis. In addition, in being cells of the RES monocytes/
macrophages play important regulatory roles for iron homeostasis under inflammatory conditions.
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Fig. 11.1 Pathways for iron acquisition and iron release in moncoytes/macrophages and their exogenous modulation.
Monocytes/macrophages can acquire iron via transferrin (7f), transferrin receptor (7fR)-mediated endocytosis, directly
via divalent metal transporter 1 (DMT1), by uptake of iron-loaden lactoferrin (Lf) via lactoferrin receptors (LfR), after
binding of hemoglobin-haptoglobin (Hbh—Hp) complexes or free heme to the CD163 surface receptor, binding of
hemopexin-heme (hpx—heme) complexes to CD91, both with subsequent endocytosis, respectively, and finally via
erythrophagocytosis which requires previous surface binding of erythrocytes and subsequent erythrocytosis.
Erythrophagocytosis appears to be positively affected by the growth-arrest-specific gene 6 (Gas6) and heme-regulated
elF2alpha kinase (HRI), both of which are also produced and released by macrophages. Iron is recycled from
erythrocytes and hemoglobin complexes following heme oxygenase-1 (HO-1)-mediated degradation of heme.
However, heme may be directly released from degraded erythrocytes and then exported by the heme iron exporter,
Vlfcr. In addition, the major iron secretory pathway from macrophages is controlled by the protein ferroportin (FPN1).
The expression and transport capacity of this protein is negatively controlled by the acute-phase peptide hepcidin
(from exogenous, liver, and endogenous, macrophage/moncoyte, sources; indicated by arrows) and positively affected
by ceruloplasmin (CP) and Monla. Finally, macrophages express ferritin receptors which may mediate the uptake or
release of iron-loaded ferritin from these cells. Ferric iron (gray) is reduced on the cell surface by duodenal cyto-
chrome b oxidase (DcytB), while ferrous iron (black) is oxidized after ferroportin (¥P)-mediated iron export by the
membrane-bound ferroxidase hephaestin (Heph)

They are mainly responsible for a diversion of intercellular iron traffic leading to iron retention in
the RES and a limited availability of the metal for erythropoiesis, thus leading to the development of
anemia of chronic disease, also termed as anemia of inflammation [29-31].

Due to these multiple roles of iron homeostasis in health and disease, monocytes/macrophages
have evoked multiple pathways to acquire, store, and recirculate iron (Fig. 11.1) [32, 33]. While the
“classical” mammalian iron uptake mechanism via transferrin/TfR-mediated endocytosis is the pre-
ferred pathway in lymphocytes and is also used in monocytes/macrophages [34], in addition, the
latter have the capacity to acquire the metal by different pathways, some of which are only found in
these cells [35].
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Specifically, the divalent metal transporter (DMT1) is highly expressed on monocytes and
macrophages. DMT1 has initially been identified in rat duodenum where it pumps ferrous iron and
other divalent metals by a hydrogen-coupled mechanism across the cell membrane [36]. DMT1 is
also of importance for the transfer of iron from the endosome into the cytoplasm [37], and mutations
of this transporter are associated with the development of iron deficiency anemia (for a review, see
[38]). DMT1 cooperates with a membrane-bound ferric reductase, termed DcytB, which reduces
ferric to ferrous iron at the outer membrane which is a pre-requisite to be transported by DMT1[39].
Accordingly, human macrophages take up iron chelates with a higher efficacy than diferric transfer-
rin by a temperature-dependent but pH-independent process [40, 41].

Immune cells also express receptors for H-ferritin [42] which may be involved in the iron turn-
over and exchange between lymphocytes, hepatocytes, and macrophages [43]. However, the exact
functions as well as the regulation of ferritin receptor expression are still elusive. Nonetheless, a
recent study identified a novel receptor, Scara5, which mediates the endocytic uptake of ferritin into
cells [44]. Opposite, monocytes and macrophages have been shown to act as the major source for
serum ferritin [45]. Importantly, different cell types have contrasting preferences for L- or H-chain
ferritin [46].

The iron-binding protein, lactoferrin (Lf), is a member of the transferrin family and is able to
capture iron while at the same time it exerts distinct effects on immune function by regulating the
proliferation and activation of lymphocytes, NK cells, and monocytes [47]. Lf is taken up after bind-
ing to specific receptors, Lf receptors (LfR), which are found at the cell surface of macrophages. The
Lf/LfR complex is internalized most likely via an endocytotic process [48]. Once taken up, Lf plays
regulatory roles within macrophages by modulating on the one hand iron-mediated cytotoxic effec-
tor mechanisms against intracellular pathogens via the formation of hydroxyl radicals, while on the
other hand, apo-Lf protects macrophages from membrane peroxidation [47]. Evidence for the exis-
tence of Lf recirculation in macrophages was provided by experiments, demonstrating that Lf is
released from macrophages which have been incubated in Lf-free media [47].

In addition, macrophages can acquire iron via phagocytosis of hemoglobin (Hb)-haptoglobin
(Hp) complexes. The CD163 receptor is responsible for this endocytic process leading to removal of
Hp-Hb complexes — but not of free Hp or Hb — from the circulation. CD163 is a member of the
scavenger receptor cysteine-rich domain family. Interestingly, recent evidence also suggests that
CD163 can take up hemoglobin even in the absence of Hp [49]. In addition, monocytes express
CDO1, the hemopexin receptor, which takes up heme captured by the heme-binding protein,
hemopexin, resulting in induction of heme oxygenase-1 (HO-1) with subsequent iron accumulation
in monocytes [50]. This receptor has been previously known as the low-density lipoprotein receptor-
related protein (LRP)/CD91. Accordingly, endosomal uptake of the heme-hemopexin receptor
resulted in lysosomal degradation of hemopexin [50].

Once iron enters the cells, it is either stored within ferritin, utilized upon incorporation into iron-
containing enzymes, or exported and transferred to the circulation. An estimate of 10-20% percent
remains in the labile iron pool which is important for macrophage effector functions and the regula-
tion of cellular iron homeostasis [33, 51]. The latter is maintained at the posttranscriptional/transla-
tional level by interaction of cytoplasmic proteins, so-called iron regulatory proteins (IRP)-1 and 2,
with RNA stem-loop structures, iron-responsive elements (IRE). IREs have been identified within
the 5 untranslated regions of the mRNAs coding for the central proteins for iron storage (H-chain
and L-chain ferritin), iron consumption (erythroid aminolevulinic acid synthase, e-ALAS, the key
enzyme in heme biosynthesis), and iron transport (ferroportin), while the mRNA coding for the
major iron uptake protein, TfR, bears five IREs within its 3 untranslated region (for a review, see [1,
52, 53]). Iron deficiency in cells stimulates the binding affinity of IRPs to IREs, thus resulting in
inhibition of ferritin and e-ALAS expression by blocking the formation of the translation initiation
complex [54]. Conversely, binding of IRPs to the IREs within the 3 untranslated region of TfR
mRNA increases the expression of this protein by prolonging TfR mRNA half-life and vice versa.
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Apart from iron availability, the binding affinities of IRPs are further regulated by NO, hydrogen
peroxide, superoxide anion, and hypoxia, conditions and compounds which are found during inflam-
matory processes [55-60].

Importantly, macrophages/monocytes release iron, which is essential for iron recirculation from
degraded erythrocytes. HFE is a non-classical MHC class I molecule which is ubiquitously expressed
on cells [61] and which has been found to be mutated in 80% of patients suffering from hereditary
hemochromatosis [61-63]. This mutation results in loss of HFE function by disrupting its interaction
with 2-microglobulin. Evidence for the importance of such a condition on iron homeostasis and
immune function has been provided earlier by the observation that 32-microglobulin knockout mice
not only develop parenchymal iron overload but also lack CD8+ cells [64, 65]. HFE interacts with
transferrin-mediated iron uptake by forming a stoichiometric complex with TfR which lowers the
affinity of TfR for iron-loaded transferrin, and thus, HFE affects cellular iron homeostasis [66—69].
Interestingly, HFE also serves as a ligand for the gamma—delta T-cell receptor which may be of
importance for enterocyte differentiation [70]. In addition, HFE blocks the iron release from mac-
rophages [71], as transfection of macrophages from hemochromatosis patients carrying the C282Y
mutation with wild-type HFE resulted in an increased iron content of these cells [72].

The cellular mechanism underlying these observations may be traced back to modulation of iron
release by ferroportin [71, 73]. Ferroportin (also called Iregl or SLC11A3) is a transmembrane iron
exporter that is implicated in the basolateral transfer of ferrous iron to the circulation. Ferroportin is
highly expressed in enterocytes, Kupffer cells, and spleen macrophages [74—76]. Mutations of fer-
roportin lead to iron overload disorders [77]. After being transported by ferroportin, ferrous iron
undergoes oxidation which is maintained by the membrane-bound ferroxidase hephaestin, and ferric
iron released from cells is the incorporation into transferrin for subsequent transport within the cir-
culation [78]. Accordingly, monocytes from patients with hemochromatosis and from Hfe—/— mice
have been found to be iron depleted [79, 80]. In addition, recent evidence demonstrates that mono-
cytes and macrophages from Hfe—/— mice produce high amounts of the siderophore-capturing pep-
tide lipocalin-2 (Lcn2), leading to macrophage/monocyte iron export [81]. As a consequence, such
mice are protected from infection with the intracellular pathogen Salmonella typhimurium which has
a high need for iron [81].

3 Erythrophagocytosis

Likewise, the major pathway by which monocytes and macrophages acquire iron is via eryth-
rophagocytosis. After a mean half-life of 120 days, senescent erythrocytes express increased quanti-
ties of phosphatidylserine residues on their surfaces which are then recognized by macrophage/
monocyte surface receptors, leading to attachment of erythrocytes and subsequent phagocytosis.
Macrophages have been shown to phagocytose about three times as many erythrocytes as monocytes
[82, 83]. Within the macrophage phagolysosome, the erythrocytes are degraded utilizing heme
which then undergoes further degradation, a step which is controlled by the enzyme HO-1. This
reaction yields iron, biliverdin, and carbon monoxide. Iron can be then shifted into the cytoplasm
and incorporated into iron proteins or stored within ferritin [82-84].

Erythrophagocytosis is the most effective iron recycling system in the body, and 90% of the iron
needed for erythropoiesis originates from this pathway. As ferroportin is the only known transmem-
brane iron exporter, the efficacy of iron recycling is linked to the expression of this protein [85].
Overexpression of ferroportin resulted in increased release and export of iron originating from
phagocytosed erythrocytes [9]. Accordingly, ferroportin expression appears to be regulated by
erythrophagocytosis. During early stages of erythrophagocytosis, an induction of HO-1 and ferro-
portin expression is observed which is associated with the release of heme into the cytoplasm [86].
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At later stages, ferroportin expression is reduced which was linked to iron export and reduction
of the cytoplasmic iron pool [8]. This can be also due to several alternative pathways. First, increased
systemic iron availability induces the expression of the master iron regulatory peptide hepcidin in the
liver [8§7-89]. Hepcidin is released into the circulation and binds on ferroportin when exposed on
the cell surface which results in ferroportin internalization and ubiquitin-mediated degradation of
this protein [90, 91]. This results in a blockage of iron export and monocyte/macrophage iron retention.
Accordingly, exposure of macrophages to hepcidin reduced the recycling of iron following eryth-
rophagocytosis and significantly decreased the release of non-heme iron from these cells [9, 92].
In addition, both DMT1 and NRAMPI (see below) are important for iron recycling from senescent
erythrocytes by shuttling iron from the phagolysosome to the cytoplasm [10, 93].

Monocytes and macrophages can also release heme via the surface receptor Flvcr (feline leuke-
mia virus subgroup C receptor) [94]. Flver appears to be essential for erythropoiesis. In addition,
Flvcr is highly expressed in duodenum, the kidney, and also in mononuclear cells and CD34+ pro-
genitor cells. Macrophages, in which Flvcr had been deleted neonatally, did not differ from control
macrophages in respect to their metabolic response to challenges with iron salts. However, when
Flvcr-deficient cells were exposed to immunoglobulin-coated red blood cells, they presented with
increased intracellular ferritin concentrations. This indicated first, a role of the heme export protein
Flvcr in erythrophagocytosis, and secondly that heme derived from senescent erythrocytes is not
fully degraded within the macrophages. Thus, a certain amount of this molecule is directly released
into the circulation via this heme export protein (Fig. 11.1). This could be an important salvage
pathway in case of increased erythrocyte degradation as it may occur during hemolytic anemia,
malaria, or toxic/inflammatory erythrocyte damage, which exceeds the heme degradation capacity
of macrophages. Alternatively, this mechanism could also prevent paralysis of the phagocytosis
machinery and innate immune response by an overwhelming erythrophagocytosis and a subsequent
drastic increase in intracellular iron concentration. However, heme released by macrophages will be
captured by hemopexin in the circulation and redistributed to monocytes/macrophages which take
up these complexes via the CD91 pathway. Nonetheless, this data provide evidence for another iron
exit pathway from macrophages and monocytes which might be regulated by cytokines under inflam-
matory condition, thus contributing to macrophage iron retention, hypoferremia, and development
of the anemia of chronic disease [29].

Finally, ferroportin expression and thus monocyte iron trafficking are controlled by additional
pathways. First, the copper containing ferroxidase ceruloplasmin is not only responsible for the
oxidation of ferrous iron but, in doing so, it stabilizes ferroportin [95]. Moreover, recent evidence
suggests that a conserved gene, named Monla, coding for a protein with 556 amino acid residues, is
involved in the trafficking of ferroportin within macrophages and thus in iron recycling from these
cells [96]. Mice carrying a mutation in Monla present with increased spleen iron deposition, and
accordingly, siRNA-mediated deletion of Monla resulted in decreased surface expression of ferro-
portin and macrophage iron retention. This may be referred to the importance of Monla in mem-
brane trafficking. Accordingly, the expression of several cytokines, such as IL-6 and IL-12, was
impaired in LPS-stimulated macrophages in which Monla expression had been reduced upon
siRNA-mediated knockdown. This is of interest in respect to the putative mechanism underlying
Monla action. Of note, two distinct splicing variants of ferroportin have recently been described
which differ in their response to iron-mediated regulation [97]. Their tissue specific expression may
thus impact on iron recirculation by monocytes/macrophages.

Finally, murine and human monocytes and macrophages produce considerable amounts of hepci-
din [98-100]. In contrast to hepdicin expression in the liver, monocyte/macrophage hepcidin expres-
sion is not inducible by iron challenge at least in vitro. In contrast, hepcidin expression can by
induced upon LPS stimulation which is referred to a TLR4-dependent mechanism [98] and indepen-
dently from this by IL-6 [100] which results in induction of hepcidin transcription via STAT3-mediated
activation [101-103]. Importantly, monocyte/macrophage-derived hepcidin can regulate ferroportin
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expression in an autocrine fashion, thus resulting in ferroportin internalization and blockage of iron
export [100]. Thus, via modulating the expression of cytokine inducers of hepcidin formation in the
RES, regulatory molecules, such as Monla, may compromise iron homeostasis of these cells [104].

The hepcidin axis is also affected by the heme-regulated elF2alpha kinase (HRI)[105]. HRI pro-
tein is mainly produced in erythroid precursors and is also present in murine macrophages [106].
Hri—/— mice exhibited impaired macrophage maturation and a weaker anti-inflammatory response
with reduced cytokine production upon LPS challenge and thus a reduced production of hepcidin. In
addition, macrophages from Hri—/— mice presented with an impairment of erythrophagocytosis,
providing evidence for the role of HRI in recycling iron from senescent red blood cells [105].

A similar regulatory potential has also been demonstrated for another molecule, growth-arrest-
specific gene 6 (Gas6), which is released by murine erythroblasts in response to erythropoietin treat-
ment and which enhances erythropoietin signaling toward target cells [107]. Moreover, Gas6 and its
cognate receptors Tyro3, Axl, and Mertk are also expressed by macrophages, and macrophages from
Gas6—/— have a reduced capacity for erythrophagocytosis. In addition, loss of Gas6 resulted in
increased release of cytokines such as IL-6 or IL-16 from macrophages [107], cytokines which may
also influence the expression of hepcidin, thus affecting monocyte iron homeostasis [41, 75, 108].
This provides another line of evidence that erythropoietic signals have a strong impact on the regula-
tion of body iron homeostasis independent of iron availability [109]. In addition to erythropoietin
[110], which downregulates hepcidin expression in the liver, and the putative role of Gas6, the
growth differentiation factor-15 (GDF-15), a member of the TGF- superfamily which is induced
upon erythroblast maturation, has recently been shown to inhibit hepcidin expression, thus contrib-
uting to iron overload in patients with thalassemia [111]. It is thus tempting to speculate that eryth-
rophagocytosis may also impact on endogenous macrophage/monocyte expression of hepcidin,
thereby ensuring increased ferroportin surface exposure and an efficient iron export and recircula-
tion. However, patients with ACD had no significant differences in circulating GDF-15 levels as
compared to controls or subjects with ACD and associated true iron deficiency [112].

4 Regulation of Macrophage/Monocyte Iron
Metabolism During Inflammation

Monocytes and macrophage are the conductors that orchestrate iron homeostasis in health and dis-
ease and which are at the interface between iron and immunity [11, 33, 113]. This is due to the fact
that macrophages need iron to produce highly toxic hydroxyl radicals by the enzyme phagocyte
oxidase (phox) [4, 114], while at the same time, macrophages are major storage sites of iron under
inflammatory conditions. Cytokines and radicals produced by macrophages as well as acute-phase
proteins originating from the liver affect macrophage iron homeostasis by modulating iron uptake
and iron release by these cells, leading to increased iron retention within macrophages under inflam-
matory conditions [34, 41, 115-119]. At the same time, iron modulates macrophage effector path-
ways by regulating cytokine activities, the induction of the antimicrobial machinery of macrophages,
and indirectly via regulating lymphocyte proliferation and activities which then affect macrophage
differentiation and activation [11, 21, 120-122]. Since iron is an essential compound for microbial
growth and proliferation, the control over iron homeostasis is a central factor in infection. Thus, it is
not surprising that phagolysosomal proteins, such as NRAMP1, which are associated with resistance
toward infections with intracellular pathogens, also act as iron transporters. NRAMP1 has been
identified as an innate immunity gene which was associated with resistance toward infections with
intracellular pathogens such as Leishmania, Salmonella, or Mycobacteria species [17, 18]. Ectopic
expression of NRAMP1 in COS-1 cells modulated intracellular levels of chelatable iron but did not
influence iron uptake which suggested that NRAMP1 may be rather involved in intracellular iron
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trafficking and mobilization of iron from intracellular vesicles [123, 124]. However, investigations
of RAW264.7 macrophage cell line stably transfected with functional or non-functional NRAMP1
demonstrated that macrophages lacking functional NRAMP1 exhibited a significantly higher iron
uptake via TfR and, as a consequence of this, an increased iron release mediated via increased fer-
roportin expression. Accordingly, as a net effect of the altered expression of iron transporters, the
overall cellular iron content was lower in macrophages bearing functional NRAMP1 [124]. The
attractive hypothesis that NRAMP1 expression may confer resistance toward intracellular pathogens
either by limiting the availability of iron to the microbes or by supplying iron for the formation of
toxic radicals by the Haber—Weiss reaction is supported by recent findings [125] and by the observa-
tion of different immune gene expression patterns along with changes in intracellular iron distribu-
tion in cells knocked out for NRAMP1 [126-128]. Moreover, NRAMPI is able to transport Mn(II),
Zn(II), and Fe(IT) most likely by a proton gradient-dependent mechanism; however, there is discrep-
ancy as to whether the direction of such a transport is from the cytoplasm to the phagosome or vice
versa and if the underlying driving force is pH dependent [129, 130]. Interestingly, NRAMP1 expres-
sion appears to be regulated by iron perturbations, with increased NRAMP1 mRNA and protein
levels being observed in macrophages loaded with iron [131], which would suggest that NRAMP1
and iron metabolism may regulate each other by a feedback loop.

Therefore, alterations in immune function affect iron homeostasis and vice versa [11, 14-16].

Under inflammatory conditions, iron accumulation and retention by macrophages are controlled
by cytokines and acute-phase proteins, which affect the different iron accumulation and release
pathways of these cells. These immune regulators act at different stages, thus modulating the expres-
sion of critical iron genes at the transcriptional and post-transcriptional levels by IRE/IRP-dependent
and independent pathways.

The cause-effective role of cytokines for systemic iron regulation was first confirmed by the
observation of sustained hypoferremia in mice injected with TNF-o. or IL-1 [132]. Hypoferremia
was paralleled by hyperferritinemia which was traced back to transcriptional induction of ferritin
expression by cytokines in cells of the RES [133, 134]. In addition, the pro-inflammatory cytokines
IL-1 and IL-6 regulate ferritin expression at the translational level by a mechanism being indepen-
dent from the IRP system, namely, via stimulation of a so-called acute-phase box which is located
within the 5 untranslated region of ferritin mRNA [134]. However, only limited information was
available on how the induction of ferritin synthesis may lead to hypoferremia and increased iron
storage within monocytes/macrophages since these pro-inflammatory cytokines downregulated TfR
expression [11, 118]. One possibility was referred to stimulation of erythrophagocytosis by mac-
rophages since TNF-a treatment stimulates phagocytosis of sialidase-treated erythrocytes due to
enhanced expression of C3bi (CD11b/CD18) receptors. In addition, the enhanced formation of toxic
radicals during inflammatory processes will cause damage of erythrocyte membranes which makes
them more susceptible for erythrophagocytosis. Accordingly, the application of sublethal dosages of
TNF-o to mice resulted in a shortening of erythrocyte half-life and a faster clearance of these cells
from the circulation via erythrophagocytosis [135].

Importantly, pro-inflammatory stimuli can enhance the acquisition of non-transferrin-bound iron
by macrophages. IFN-y, LPS, or TNF-o. upregulate DMT1 expression and increase iron influx into
activated macrophages [41] (Table 11.1).

The intriguing relationship between immunity and iron homeostasis went into a new dimension
upon identification of the acute-phase protein hepcidin [88, 89, 136—138]. The observation that hep-
cidin deficient mice injected with turpentine did not develop hypoferremia suggested that hepcidin
may be involved in the pathogenesis of ACD [139, 140]. The underlying mechanisms appear to be
the induction of hepcidin expression by LPS and IL-6 while TNF-o. blocks hepcidin expression by
hepatocytes in vitro [136, 141]. The cause-effective role of IL-6 and hepcidin for the development
of hypoferremia was confirmed by experiments demonstrating that injection of IL-6 into volunteers
resulted in increased hepcidin expression and induction of hypoferremia within 24 h. In addition,
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Table 11.1 Pathways for the regulation of macrophage/monocyte iron homeostasis by cytokines, acute-phase proteins,
and radicals on iron homeostasis (modified from [116])

Factors Mechanisms

TNF-o Induces ferritin transcription which promotes iron storage within cells of the RES
Shortage of erythrocyte half-life (TNF-ct) and stimulation of erythrophagocytosis
Inhibits hepcidin formation

IL-1 Stimulates ferritin transcription and translation, the latter by activating an “acute-phase box”
within ferritin mRNA
IL-6 Induces ferritin transcription/translation (see above)

Stimulates hepcidin formation in monocytes/macrophages
Stimulates CD163 and increases the uptake of hemoglobin—haptoglobin complexes by
macrophages
Induces heme oxygenase and heme degradation
IFN-y/LPS Stimulate DMT 1 synthesis and increase uptake of ferrous iron into monocytes
Downregulate FPN-1 expression, which inhibits iron export from macrophages
Downregulate TfR via induction of a proximal inhibitory signal
Induce nitric oxide (NO) formation
1L-4,-10,-13 Increase TfR expression and transferrin-mediated iron uptake into inflammatory macrophages
Stimulate ferritin translation by inactivating IRP and decreasing NO expression
IL-10 stimulates CD163 and increases the uptake of hemoglobin—haptoglobin complexes by
macrophages
11-10 stimulates heme oxygenase expression and heme degradation
NO Stimulates IRP-1 binding affinity, thus blocking ferritin translation and stabilizing TfR mRNA
(feedback regulation with iron by affecting NO formation via modulating iNOS expression)
Modulates IRP-2 expresison and stability
Oxygen radicals H,0, when applied extracellularly stimulates IRP-1 activity with blocking of ferritin translation
and stabilizing TfR mRNA
Superoxide anion formed intracellularily inhibits IRP binding affinity
Hepcidin Formed upon stimulation of mice with LPS, IL-6, TGF-6, and bone morphogenic proteins
Blocks iron export from macrophages
Inhibits duodenal iron absorption
Exerts autocrine regulation of macrophage iron export
ol-AT Limits iron uptake by erythroid progenitor cells by interfering with TfR

Abbreviations used: IL interleukin, TNF tumor necrosis factor, IFN interferon, DMT] divalent metal transproter-1,
FPN]1 ferroportin, NO nitric oxide, H202 hydrogen peroxide, o./-AT alpha-1 antitrypsin

IL-6 knockout mice which were treated with turpentine in order to induce an inflammatory state did
not develop hypoferremia [141]. Part of this may be referred to blockage of iron recirculation from
macrophages thanks to the interaction of hepcidin with ferroportin with subsequent reduction of iron
export from cells [90, 142, 143]. Accordingly, increased circulating hepcidin concentrations in
serum of patients with ACD or a rat model of ACD were associated with decreased ferroportin
expression along with reduced duodenal iron absorption and macrophage iron release [143].
However, the induction of hepcidin expression by cytokines is severely impaired in the presence of
a concomitant iron deficiency [143—145] pointing to different hierarchies of hepcidin expression by
signaling cascades induced by either iron, inflammation, hypoxia, or anemia [146].

In addition, mammalian monocytes and macrophages produce small amounts of hepcidin in
response to LPS or IL-6. While the basal expression is relatively low in comparison to the amount
of hepcidin produced in the liver, microbial challenges such as group A streptococci and pseudomo-
nas aeruginosa can induce a 20-80 fold increase of hepcidin expression in these cells by a TLR4-
dependent pathway [98, 147], while IL-6-mediated induction of hepcidin is mediated via STAT3
activation [101-103]. Interestingly, hepcidin released by macrophages targets ferroportin in an autocrine
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fashion, thereby promoting macrophage/monocyte iron accumulation during inflammatory processes
[100]. This may be a fast-acting defense mechanism of the innate immune system against invading
microbes [5, 12, 148]. Thereby, hepcidin targets ferroportin exposed on the cell surface, resulting in
immediate blockage of iron release and thus to a reduced availability of the essential microbial nutri-
ent iron in the circulation [5, 12].

However, effects of hepcidin on iron homeostasis appear to occur fast but only for a limited
period of time. This has been confirmed by the observation that injection of LPS resulted in induc-
tion of hepcidin and development of hypoferremia, which lasted for several hours. Thereafter, serum
iron concentrations returned to normal or were even higher than at baseline [149]. Thus, to ensure a
sustained modulation of iron homeostasis under inflammatory conditions, a concerted action of dif-
ferent signals exerted by cytokines, acute-phase proteins, and hormones is mandatory [29].

A central regulatory factor which ensures a sustained iron retention in monocytes/macrophages
and a reduced expression of ferroportin during inflammation is IFN-y.

This Thl-derived cytokine IFN-y not only induces ferritin transcription but also affects ferritin
translation, which is based on activation of IRP binding affinity by the cytokine. This is in part due
to stimulation of NO formation by IFN-y [55, 56, 119] which then activates IRP-1 binding to the
ferritin IRE, leading to inhibition of ferritin translation [1, 119]. However, NO exerts divergent
effects on IRP-2, leading to either stabilization or degradation of this protein [150—152]. This may
relate to contrasting effects of positively or negatively charged NO formulations and is determined
by the iron status of the cells [153—158]. In addition, NO can also modulate ferritin expression by an
IRP-independent mechanism [159]. Moreover, radicals formed during inflammatory processes such
as hydrogen peroxide, superoxide anion, as well as hypoxia can modulate the binding affinities of
IRPs to target IREs [57, 59, 152]. Specifically, hydrogen peroxide activates IRP-1 by a rapidly
inducible process involving kinase/phosphatase signal transduction pathways resulting in post-tran-
scriptional regulation of IRE-regulated target genes such as TfR and ferritin [1, 57, 160]. IFN-y
treatment of monocytes blocks the uptake of transferrin-bound iron via downregulation of TfR
expression [11, 41, 118] which is most likely being due to induction of a proximal inhibitory factor
by IFN-y which inhibits TfR transcription. However, IFN-y induces DMT1 expression and acts syn-
ergistically with LPS in this respect. This leads to stimulation of ferrous iron uptake into these cells
and promotes their incorporation into ferritin [41]. At the same time, IFN-y/LPS induce iron reten-
tion in macrophages by downregulating the transcriptional expression of ferroportin, thus blocking
iron release from these cells [41, 75] which prolongs the blockage of ferroportin-mediated iron
release initiated by monocyte/macrophage-derived hepcidin [100]. One might speculate that these
two pathways act in a sequential line. Hepcidin mRNA expression in moncoytes/macrophages peaks
3 h after cytokine/LPS stimulation and then returns to baseline levels [100]. Thus, hepcidin may be
part of a fast-acting innate immune effector arm aimed to prevent iron export from macrophages
which is of relevance in the setting of microbial invasion, thereby reducing circulating iron concen-
trations and the availability of this nutrient for pathogens [12, 161]. IFN-y/LPS then block ferropor-
tin transcription, thus ensuring a prolonged blockage of iron export.

While anti-inflammatory cytokines such as IL-4, IL-10, or IL-13 do not affect the suppression of
ferroportin mRNA expression by IFN-y/LPS [41], treatment of murine macrophages with IL-4 and/
or IL-13 prior to stimulation with IFN-y suppresses NO formation and subsequently IRP activation
which concomitantly enhances ferritin translation [162]. This has also been found to be true in
human monocytic cells, THP-1, which do not express detectable amounts of iNOS [163]. Conversely,
TfR mRNA levels increase following pre-treatment of IFN-y-stimulated macrophages with the anti-
inflammatory cytokines. This may be referred to IL-4/IL-13-mediated antagonization of the inhibi-
tory signal which is induced by IFN-y and which inhibits TfR expression by an IRP-independent
pathway [162]. In addition, IL-10 and IL-6 may affect macrophage iron acquisition by stimulating
the expression of hemoglobin scavenger receptor, CD163, thus promoting the uptake of hemoglo-
bin—haptoglobin complexes into monocytic cells [164].
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The role of Th2-derived cytokines for the development of hyperferritinemia under chronic inflammatory
processes was confirmed by a clinical study in patients with Crohn’s disease. Patients receiving
therapy with human recombinant IL-10 as part of a placebo-controlled, double-blinded study devel-
oped a normocytic anemia which was preceded by a significant increase in serum ferritin levels
while reticulocyte counts were not affected as compared to placebo treated controls [163]. Both
anemia and hyperferritinemia resolved spontaneously within 2—4 weeks after stopping IL-10 ther-
apy. Thus, Th2-derived cytokines may increase iron uptake via induction of TfR and CD163 but will
also promote the iron storage within ferritin by activated macrophages. In addition, IL-10 stimulates
HO-1 expression and activity, thus promoting iron re-utilization from phagocytosed erythrocytes,
hemoglobin—haptoglobin complexes, and hemopexin-bound heme, respectively [165, 166].

In summary, pro- and anti-inflammatory cytokines and, most importantly, acute-phase proteins
cooperate at multiple steps in increasing macrophage iron accumulation via stimulation of various
iron acquisition pathways of these cells. At the same time, cytokines and hepcidin inhibit iron export
from macrophages by downregulation of ferroportin expression, resulting in iron retention within
cells of the RES and an iron-restricted erythropoiesis.

As a consequence of these processes, hypoferremia, hyperferritinema, and an iron-restricted anemia
develop, termed as anemia of chronic disease (ACD) or anemia of inflammation [29, 31, 167, 168]. The
iron restriction to erythroid cells is further aggravated by the action of other acute-phase proteins, such
as alpha-1 antitrypsin (ot1-AT), which interferes with cellular iron homeostasis in erythroid progenitor
cells by competitively blocking the binding of transferrin to TfR, thus reducing TfR-mediated iron
uptake [169, 170]. This points to the additional pathophysiological factors playing a role for the devel-
opment of anemia of chronic disease, namely, a reduced differentiation and proliferation rate of eryth-
roid progenitor cells and an impaired biological activity of erythropoietin. These latter mechanisms
relate to the negative effects of cytokines on erythropoietin formation and activity as well as to the
induction of toxic or apoptotic pathways in erythroid progenitors by these immune modulators, which
are further aggravated by the reduced availability of iron [29, 133, 142, 171-173].

Thus, under conditions of chronic immune activation, the described diversion of iron occurs,
resulting in hypoferremia and hyperferritinemia, the main diagnostic hallmarks for the identification
of ACD [31, 168, 174, 175]. ACD is the most frequent anemia in hospitalized patients, occurring
frequently in subjects suffering from chronic inflammatory disorders, such as autoimmune diseases,
chronic infections, or malignancies.

Although the development of anemia is associated with detrimental effects especially in relation
to cardiac function, quality of life, growth, and mental development [176], the underlying hypofer-
remia and the diversion of iron from the circulation may also harbor some potentially positive effects,
especially when cancer or infections underlie chronic immune activation.

First, the withdrawal of iron from the circulation and its storage within the RES reduces the avail-
ability of this essential nutrient for microorganisms and tumor cells, which need the metal for their
growth and proliferation. Thus, limitation of iron availability is a very effective defense strategy of
the body to control the growth of pathogens [5, 12]. Moreover, the expression of iron uptake and
acquisition systems of microbes or fungi has been linked to their pathogenicity [177, 178].
Accordingly, limitation of iron availability or blockade of iron uptake or recruiting pathways (sidero-
phore systems) affects microbe survival [6, 177, 179-181]. In line with this, macrophages chal-
lenged with bacterial pathogens produce and secrete the protein lipocalin-2 which sequesters
iron-loaded bacterial siderophores thus limiting their growth [81, 182—-184]. Lipocalin-2 (Lcn2,
24p3) captures iron-laden microbial siderophores, thus interfering with the acquisition of sidero-
phore-bound iron by bacteria [182]. Moreover, Lcn2 delivers siderophore-bound iron to mammalian
cells, which are able to import the complex via lipocalin-2 receptor (LcnR, 24p3R) [185]. Most
interestingly, recent data provide evidence for the existence of mammalian siderophores which are
captured by lipocalin-2, thus indicating that lipocalin-2 may be involved in transcellular and trans-
membrane iron trafficking in mammals [186, 187].
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Nonetheless, macrophages challenged with intracellular pathogens, such as Salmonella or
Mycobacteria spp., induce regulatory pathways to limit the availability of iron for these pathogens,
which can in part refer to modulation of iron transport by NRAMPI1 or ferroportin [123, 125, 181,
188]. Mutations in NRAMPI1 have been associated with a reduction of IFN-y-triggered immune
effector pathways such as release of nitrate from macrophages, a mechanism being indicative for
endogenous NO formation [189], while overexpression of wild type but not mutant FPN1 reduces
the intracellular growth of S. typhimurium in J774 macrophages [190], as modulation of ferroportin
expression can also control the growth of other bacteria [161, 191].

Accordingly, the development of anemia limits the oxygen transport capacity in general, but rap-
idly proliferating tissues are more affected since oxygen is an essential compound for energy metab-
olism and thus for the proliferation of cells.

Third, the reduction of circulating iron strengthens the immune response directed against invad-
ing pathogens and tumor cells by stimulating Th1-mediated immune effector pathways of mac-
rophages and by affecting the differentiation of lymphocyte [192].

Specifically, iron loading of monocytes/macrophages results in an inhibition of IFN-y-mediated
pathways such as formation of TNF-q, reduced expression of MHC class II antigens and ICAM-1,
decreased formation of neopterin, and impaired tryptophan degradation via IFN-y-mediated induc-
tion of indoleamine 2,3-dioxygenase [26, 115, 122]. As a consequence of this, iron-loaded mac-
rophages have an impaired potential to kill various bacteria, parasites, and fungi (such as Legionella,
Listeria, Ehrlichia, Mycobacteria, Salmonella, Leishamania, Plasmodia, Candida, Mucor, and also
viruses, in vitro and in vivo) by IFN-y-mediated pathways [11, 179, 193—-195]. Part of this can be
attributed to the reduced formation of NO in the presence of iron since NO is an essential effector
molecule of macrophages to fight infectious pathogens and tumor cells [196]. Iron blocks the tran-
scription of inducible NO synthase (iNOS or NOSII), the enzyme being responsible for cytokine-
inducible high-output formation of NO by hepatocytes or macrophages [197], and by inhibiting the
binding affinity of the transcription factors NF-IL6 and of hypoxia-inducible factor-1 to the iNOS
promoter, iron impairs iNOS inducibility by cytokines [120, 198, 199]. According to the regulatory
feedback loop, NO produced by activated macrophages activates the IRE-binding function of IRP-1,
leading to inhibition of ferritin translation [55, 56], thus linking maintenance of iron homeostasis to
NO formation for host defense. In line with this, recent data provided evidence that injection of
hepcidin into mice increased their survival following endotoxin injection which was paralleled by
reduced formation of cytokines such as TNF-o or IL-6[200]. According to the known interaction of
iron with pro-inflammatory immune effector pathways [11, 33, 122, 193, 201], one may speculate
that this interesting observation may be due to hepcidin-mediated macrophage iron retention with
subsequent inhibition of this pro-inflammatory immune effector pathways.

Via its deactivating effect toward IFN-y function, iron also affects the Th1/Th2 balance, with Th1
effector functions being weakened while Th2-mediated cytokine production, such as IL-4 activity, is
increased, a condition which is a rather unfavorable in case of a tumor disease or an infection [193,
202]. Iron overload also has negative effects on neutrophil function as iron therapy of chronic hemo-
dialysis patients impaired the potential of neutrophils to kill bacteria and reduced their capacity to
phagocyte foreign particles [203].

Thus, both iron overload and iron deficiency have unfavorable immunological effects in vivo.
Accordingly, mice kept on an iron-rich diet presented with a reduced production of IFN- y as com-
pared to mice fed with a normal diet, while animals receiving an iron-deficient diet presented with
a decreased T-cell proliferation [204]. Both iron-overloaded and iron-deficient mice had an
increased mortality when receiving a sublethal dose of LPS as compared to animals with a normal
iron status. While a minimum amount of iron is required for the generation of toxic oxygen species
by phox [205], macrophage iron overload inhibits the transcription of iNOS and thus the generation
of NO [120, 199], the formation of TNF-o, and antigen presentation via MHC 1II [115, 122], as
discussed above.
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Thus, investigations of the net effects of disturbances of iron homeostasis on immune function
and the course of disease being associated with an activated immune system such as infections,
autoimmune disorders, or cancer are of great clinical interest.

Several studies investigated the effects of iron homeostasis on the course or incidence of infec-
tions [12]. Interestingly, in one study, iron-deficient children had a reduced incidence of infection as
compared to children with a balanced iron status [12, 33]. Accordingly, iron deficiency was associ-
ated with a higher percentage of CD8+ cells producing IL-6, a more pronounced expression of T-cell
activation markers on lymphocytes, and an increased formation of IFN-y as compared to Malawian
children with a normal iron status [33]. In line with this, oral iron supplementation in children was
associated with an increased incidence of malaria in endemic areas and increased odds for a compli-
cated clinical course of the infection [206]. Moreover, children suffering from cerebral malaria due
to Plasmodium falciparum infection, and receiving iron chelator therapy, desferrioxamine, in addi-
tion to a standard antimalarial treatment, presented with an improved clinical course as reflected by
a shorter duration of coma and fever and an increased clearance of Plasmodia from the circulation
[207]. Children receiving desferrioxamine had higher levels of Thl cytokines and NO, while serum
concentration of Th2 cytokines (IL-4) tended to be lower [203, 208] which indicated that withdrawal
of iron increases Thl-mediated immune function also in vivo [194]. However, no survival benefit
was obtained which may be referred to the poor intracellular penetration of the drug [209].

In Africa, an endemic form of secondary iron overload traced back to the consumption of tradi-
tional iron-containing beer linked to a mutation in the ferroportin gene [210] is associated with an
increased incidence and mortality from tuberculosis [211]. These data are supported by in vitro find-
ings showing that changes in intramacrophage iron availability stimulate the proliferation of myco-
bacteria and weaken antimycobacterial defense mechanisms of macrophages [188, 212, 213].

Other infections ranging from bacterial, viral, fungal to parasitic disease where iron overload is
associated with a unfavorable course of the infection and/or an impaired immune response have been
well summarized in an excellent review [12].

Subsequent studies of macrophage/monocyte iron metabolism under iron-deficient/overload and
inflammatory conditions will further extend our knowledge of body iron homeostasis, the impact of
erythroid factors on iron recruitment and recirculation, and toward the regulatory pathways in host—
pathogen interactions. This may hold the key for future therapeutic developments for the treatment
of iron metabolism diseases as well as for anemia of chronic disease. Notably, monocyte/macrophage
iron retention seen in inflammation can most effectively be overcome by correcting the underlying
disease. However, being aware of the multiple pathways and regulatory factors which control iron
homeostasis during inflammation, it is questionable whether modification of one single pathway,
e.g., antagonizing of the hepcidin/ferroportin interaction, may have a significant therapeutic effect
and whether or not this will improve iron recirculation from macrophages. In addition, we have to
acquire new information on adaptive changes of iron homeostasis during therapeutic procedures
(e.g., iron supplementation therapy) as well as on the consequences of such interventions on the
course of the underlying disease, both of which will be helpful and necessary to optimize therapeutic
approaches for correction of disturbances in body iron homeostasis during inflammation.
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