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Abstract Iron is an essential trace metal for nearly all
infectious microorganisms, and host defense mechanisms
target this dependence to deprive microbes of iron. This
review highlights mechanisms that are activated during
infections to restrict iron on mucosal surfaces, in plasma
and extracellular fluid, and within macrophages. Iron over-
load disorders, such as hereditary hemochromatosis or
B-thalassemia, interfere with iron-restrictive host responses,
and thereby cause increased susceptibility to infections
with microbes that can exploit this vulnerability. Anemia
of inflammation (formerly known as anemia of chronic
diseases) is an “off-target” effect of host defense wherein
inflammatory cytokines shorten erythrocyte lifespan by acti-
vating macrophages, prioritize leukocyte production in the
marrow, and induce hepcidin to increase plasma transferrin
saturation and the concentration of non-transferrin-bound
iron.

Keywords Lipocalin - Lactoferrin - Hepcidin -
Ferroportin - Nramp2

Overview

In this review, I discuss the biological role of iron in host
defense against infections and then describe clinical con-
ditions where disorders of iron metabolism make patients
susceptible to infections. Although older material is briefly
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summarized to provide context, emphasis is placed on recent
developments in this area.

Iron and the origin of life

Iron is an essential component of nearly all living organ-
isms, with rare exceptions such as certain Lactobacilli [1].
One explanation for the ubiquity of iron is that it was the
catalytic element that allowed the formation of macromol-
ecules from CO, and H,, which gave rise to early life forms.
According to the Wichtershiduser [2] hypothesis, hydrother-
mal vents in primordial oceans contained hot water with
high concentrations of both CO, and H,, flowing through
porous rock containing pyrite, FeS,, which catalyzed the
formation of carbon-based macromolecules. Some elements
of this hypothesis have been contested and further refined
[3]. Nevertheless, it accounts very well for the universal
metabolic role of catalytic iron in the biosphere.

Later, the evolution of photosynthesis led to a dramatic
increase of ambient oxygen concentrations causing iron to
oxidize and precipitate in its insoluble Fe** (ferric) form [4].
As a result, iron availability to biological organisms greatly
decreased. Inside cells, where the oxygen concentration is
lower and concentrations of reducing substances are high,
iron continues to function as a crucial catalyst of essential
metabolic processes. The versatility of iron in its biocatalyti-
cal role is facilitated by the modulation of its redox potential
by iron-binding proteins and organic binders such as heme.

In those biological niches where iron availability was
very low, microbes evolved mechanisms that allowed them
to assimilate iron even at low ambient concentrations. Iron
uptake is enhanced by mechanisms that increase the solu-
bility of iron, e.g., by lowering the pH or reducing the iron
to Fe?*, followed by high affinity uptake of Fe**. Some
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microbes use enzymatic systems or receptor mediated uptake
of host ferroproteins that allow them to extract iron from
proteins of hosts and prey. Alternatively, microbes secrete
siderophores, small organic molecules that bind iron with
very high affinity, followed by uptake of iron-siderophore
complexes. The maintenance and operation of microbial
iron-acquisition systems incurs substantial metabolic costs
and the risk that the mechanisms will be countered by host
defenses or, in the case of siderophores, may diffuse away
to be pirated by niche competitors. To confer an evolution-
ary survival benefit, such costs must be outweighed by the
advantages they confer in a particular niche. In other niches
iron was more abundant and these mechanisms did not
evolve or were secondarily lost. In a common evolutionary
compromise, the mechanisms are encoded in the genome of
some organisms but may require activation by low environ-
mental iron concentrations, negating some but not all of the
metabolic costs.

Infections and the contest over iron

For the purposes of this review, infection is defined as the
entry of microbes into tissues of multicellular hosts where
these microbes are not normally present. Although some
of the mechanisms I will describe have their analogs in
plants and invertebrates, this review will focus on human
infections, and their most informative model, infections in
the laboratory mouse. Compared to the very low estimated
concentration of soluble environmental iron (Fe**) in water,
estimated at 10”7 M, mammalian extracellular fluid con-
tains of the order of 107> M iron and red blood cells contain
about 1072 M iron! However, nearly all mammalian iron is
complexed within proteins and therefore not readily acces-
sible to infecting microbes.

Pathogenic microbes have evolved specialized mecha-
nisms for obtaining iron from the host during infections
(“iron piracy” [5]), but the mammalian host has evolved
multiple mechanisms of innate immunity that limit the
availability of essential nutrient iron to infecting microbes,

“iron-targeted nutritional immunity”. I will describe these
host defense mechanisms in the sequence as they may appear
to microbes that penetrate from mucosal surfaces, spread
through the bloodstream and are ingested by phagocytes
(Table 1).

Mucosal surfaces contain iron-sequestering proteins

Mucosal surfaces, including the epithelia covering the
eyes, oropharynx, gastrointestinal, respiratory and urogen-
ital tracts are covered with a thin layer of fluid endowed
with mechanical and chemical properties that interfere
with microbial attachment and survival. The fluid contains
mucins that entrap microbes as well as antimicrobial sub-
stances such as lysozyme or defensins that damage or destroy
many microbes. Continued secretion of mucosal fluid from
glands (e.g., tears) or the movement of fluid by beating cilia
generates flow across the mucosal surface which eventu-
ally moves microbes out of the body or to locations where
they are destroyed (e.g., to the low pH environment of the
stomach). Some mucosal fluids also contain high concentra-
tions of lactoferrin and lipocalin 2 (siderocalin) that bind
ferric iron and siderophore-bound iron, respectively, and are
thought to limit the availability of essential iron to microbes.

Lactoferrin

Lactoferrin [6] is closely related to the plasma iron-car-
rier protein, transferrin. Unlike transferrin which evolved
to deliver iron to cells via the transferrin receptor 1 and
releases iron in acidified endosomes at pH below 5.5, lacto-
ferrin does not release its iron even at pH 3.5, a property
that assures iron sequestration even in infected tissues where
the pH is commonly highly acidic. Like transferrin, lacto-
ferrin binds one ferric iron atom in each of its two lobes.
Among human fluids, high concentrations (~ mg/ml range)
are found in colostrum, milk and tears, where iron-free apo-
lactoferrin is secreted by the exocrine glands that generate
these fluids. Lactoferrin is also found in pus, as it is released
from the lactoferrin- and lysozyme-rich secondary granules

Table 1 Iron-targeting host

; Tissue
defense mechanisms

Molecule Primary function

Mucosal epithelia

Plasma and extracellular fluid

Phagocytes

Lactoferrin Iron chelator secreted by epithelial cells

Lipocalin-2 Siderophore binder secreted by epithelial cells
Transferrin Iron-transporting protein, tightly binds iron

Interleukin-6 Cytokine that induces hepcidin

Hepcidin Iron-regulatory hormone, degrades ferroportin
Ferroportin Cellular iron exporter to extracellular fluid
Lactoferrin Iron chelator secreted by neutrophils

Lipocalin-2 Siderophore binder secreted by neutrophils

Nramp-1 Depletes iron and manganese from phagosomes
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of neutrophils. Lactoferrin in milk and colostrum is largely
iron-free and it partially survives interactions with digestive
enzymes [7] so that it is detectable at high concentration
in the stool of breast-fed infants [8]. The composition of
intestinal microbiota in infants appears to be modulated by
lactoferrin in breast milk [8]. Mice lacking lactoferrin have a
higher incidence of spontaneous staphylococcal abscesses in
the skin despite normal neutrophil-mediated killing of these
organisms, suggesting that mucosal lactoferrin serves as a
nonredundant part of the body surface barrier against these
and likely other microbes [9].

Lipocalin-2

Lipocalin-2 (also called siderocalin or NGAL for neutrophil
gelatinase-associated lipocalin) is a member of a structural
family of small proteins containing a “calyx”, i.e., cup-
like structure that binds and transports small hydrophobic
organic molecules. The primary function of lipocalin-2 is
to sequester bacterial siderophores such as enterobactin
that avidly bind ferric iron [10]. Enterobactin is secreted
by certain E. coli and other enteric Gram-negative bacteria,
then recaptured by the same or different bacteria that can
extract its iron. Another potential function of lipocalin-2,
demonstrated in human urinary tract infections, is to trap
endogenous human catechol metabolites and use them as
chelators to sequester ferric iron from infecting bacteria
[11]. Lipocalin-2 is secreted in humans and mice by various
epithelia and by activated neutrophils and macrophages. In
mice, lipocalin-2 is also an acute phase protein secreted by
hepatocytes. Mice lacking lipocalin-2 in all tissues show
increased mortality during E. coli sepsis or pneumonia [12,
13]. Lipocalin-2 is also required for optimal resistance in a
mouse model of Klebsiella pneumonia, where tissue-selec-
tive ablation of lipocalin-2 showed that both neutrophil and
epithelial lipocalin-2 protect additively against dissemina-
tion of infection [14].

Iron is depleted from extracellular fluid
during infection and inflammation

Iron homeostasis in extracellular fluid

The human body contains 3—-4 g of iron but most of it
is intracellular, in hemoglobin of erythrocytes (about
2.0-2.5 g), in ferritin within hepatocytes and macrophages
(about 0.5-1 g), and in myoglobin, ferritin and iron-contain-
ing enzymes in other cell types (totaling about 0.5 g). Blood
plasma contains only a few mg of iron, nearly all of it bound
to the iron-carrier protein—transferrin—whose two binding
sites are on the average 20-40% occupied by ferric atoms.
Although the microvascular endothelium separates blood
plasma from extracellular fluid, there is no evidence that this

barrier affects the distribution of iron in most tissues, except
for the central nervous system. In iron metabolism, blood
plasma and extracellular fluid are a transit compartment that
serves to move iron (about 25 mg/day) from its sources to its
sites of utilization. Major iron sources include recycling of
iron from senescent erythrocytes and other senescent cells
by macrophages, intestinal iron absorption, and release of
stored iron from hepatocytes. In all these tissues, iron is
exported to extracellular fluid by the sole known cellular
iron exporter ferroportin. The cellular concentrations of
ferroportin are regulated by the amount of heme or iron
within the cells, but also by the iron-regulatory hormone
hepcidin which blocks iron export by binding to ferropor-
tin and inducing its endocytosis and proteolysis. At higher
concentrations of hepcidin, direct occlusion of ferroportin
may also be an important mechanism of inhibition of cel-
lular iron export.

Quantitatively, the main sites of iron utilization are bone
marrow erythroid precursors involved in hemoglobin syn-
thesis, and to a much lesser extent, other cells that undergo
cell division or turnover of their ferroproteins. The iron in
extracellular fluid turns over every 2-3 h, and the concen-
tration of iron there depends on the balance between iron
delivery to, and the consumption of iron from extracellular
fluid. Remarkably, the concentration of iron in plasma and
extracellular fluid is normally maintained in the range of
10-30 uM. The relative stability of extracellular iron con-
centration is a result of feedback regulation of iron flow into
extracellular fluid by the interaction of the iron-regulatory
hormone hepcidin with the cellular iron exporter ferroportin.
An additional stabilizing influence is the strong dependence
of erythropoiesis on the concentration of iron-bound trans-
ferrin, so that erythropoiesis (and the consumption of iron)
is inhibited when iron concentration decreases below 10 uM.

Regulation of extracellular iron concentration
during infection or inflammation

Within hours of infection or other inflammatory stimuli,
plasma iron concentrations decrease, often below 10 uM.
This response is referred to as “hypoferremia of inflamma-
tion”, and has been documented in humans, other mammals,
and other vertebrates including fish. A common mecha-
nism of hypoferremia of inflammation is a cytokine-driven
increase in hepcidin [15] that downregulates ferroportin
and thereby decreases iron flow into extracellular fluid from
all its sources. Thus, under the influence of increased con-
centrations of hepcidin, recycled iron is retained in mac-
rophages of the liver and the spleen, and iron absorption is
decreased. The hypoferremia of inflammation is absent [16,
17] or greatly attenuated [18] in hepcidin knockout (KO)
mice. The inflammatory increase in hepcidin is mainly
caused by increased concentrations of IL-6 (interleukin-6)
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[19], inducing the transcription of the hepcidin gene through
the JAK2/STAT3 [20-22] pathway. Synergistic effect of the
BMP pathway on hepcidin transcription also contributes to
the maximal hepcidin induction by inflammation [23]. The
role of IL-6 is important in many models of infection and
inflammation [19, 24] but in some models other cytokines
may partially replace its stimulatory effect on hepcidin [17].
Hepcidin-independent effects of inflammation on ferroportin
have also been reported in mice treated with lipopolysac-
charide [18, 25] but it is not clear what role they play during
microbial infections (Fig. 1).

Hepcidin protects against infections by preventing
the generation of non-transferrin-bound iron

Genetic iron overload disorders

Hereditary hemochromatosis [26, 27] is a variably severe
iron overload disorder resulting from genetic deficiency of
hepcidin because of mutations in genes encoding hepcidin
regulators (HFE, transferrin receptor 2, hemojuvelin) or
hepcidin itself. Rarely, hereditary hemochromatosis results
from dominant ferroportin mutations that cause resistance to
hepcidin by impairing hepcidin binding to ferroportin or the
resulting conformational change in ferroportin. In propor-
tion to the severity of the disorder, untreated patients with
hereditary hemochromatosis may suffer from organ damage
caused by excessive intestinal iron absorption and tissue iron

Fig. 1 The mechanism of hypo-
ferremia of inflammation. Gen- G
eral inflammatory regulators are
shown in grey, iron-regulatory
pathway in green, iron flows

in blue and erythropoiesis and
erythrocytes in red
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Duodenum

accumulation, including high concentrations of iron in extra-
cellular fluid, often exceeding the binding capacity of trans-
ferrin. As transferrin saturation approaches 100%, iron binds
instead to citrate, other organic acids and albumin. This form
of iron, referred to as non-transferrin-bound iron (NTBI), is
taken up by some tissues through NTBI transporters, result-
ing in excessive iron accumulation in hepatocytes, cardiac
myocytes, and the endocrine glands. A similar pathological
situation occurs in patients with iron-loading anemias, such
as p-thalassemia, where hepcidin production is suppressed
by substances such as—erythroferrone—a hormone secreted
by the greatly expanded number of erythroid precursors. Iron
overload in these anemias is further exacerbated in patients
who require frequent transfusions, because blood contains
1 mg of iron per 1 ml of packed erythrocytes. Some patients
with chronic liver disease, particularly those with hepatitis C
infection, also develop an impairment of hepcidin synthesis,
causing iron overload that may worsen the liver injury [28,
29]. Chronic liver disease can cause high transferrin satura-
tion and appearance of NTBI in circulation [30].

Iron overload predisposes to severe infections
with siderophilic bacteria

Patients with iron overload disorders are known to be sus-
ceptible to lethal infections with bacteria that are considered
only moderately pathogenic in other settings. Two species of
“siderophilic” bacteria are characteristic of such infections,

Pathogen pattern sensing

Bong marrow
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Vibrio vulnificus and Yersinia enterocolitica. V. vulnificus
is a Gram-negative bacterium associated with fish, crusta-
ceans and mollusks in warm seawater, and can be transmit-
ted to humans by ingestion of uncooked seafood or through
wounds during handling of marine organisms [31]. It is par-
ticularly lethal (20-50% mortality) in individuals with iron
overload [32, 33], whose condition is sometimes clinically
silent and unrecognized at the time of infection. Remarkably,
patients with iron overload experience a very rapid progres-
sion of infection, with high rate of V. vulnificus proliferation
and severe endotoxemia. Another Gram-negative bacterium
causing severe infections in iron-overloaded patients is Yers-
inia enterocolitica, which causes a characteristic disease
with disseminated tissue abscesses and sepsis [34-36].

Mouse models of hepcidin deficiency implicate
non-transferrin-bound iron as a stimulus for infections
with siderophilic bacteria

The rapidly lethal course of human V. vulnificus infection
in iron-overloaded patients is reproduced in a mouse model
of V. vulnificus infection where iron-overloaded hepcidin-1
knockout mice die of sepsis within 12 h of subcutaneous
inoculation with these bacteria [37], with large clusters of
bacteria growing in the area of injection and disseminating
into organs. The mice were protected or rescued by treat-
ment with the hepcidin analog PR-73, which lowered the
concentration of extracellular iron. In a subsequent study,
the species of iron stimulating the rapid proliferation of V.
vulnificus was shown to be NTBI [38].

Fig. 2 Generation of non- Microbes
transferrin-bound iron (NTBI) O

in hepcidin-deficient patients is
enhanced during infection. Gen-
eral inflammatory regulators are
shown in grey, iron-regulatory
pathway in green, iron flows

in blue and erythropoiesis and
erythrocytes in red. The lack of
hepcidin allows high expres- $
sion of ferroportin and rapid /: I-Tep din
return of recycled iron from o
hemolyzed erythrocytes and
damaged tissue into plasma and
extracellular fluid. At the same
time, the consumption of iron
for erythropoiesis is inhibited by
inflammatory cytokines, further
raising iron concentrations and
generating NTBI

Cytokines

Hepcidin-1 knockout mice infected orally with the O9
strain of Yersinia enterocolitica also provided a faithful
model of the corresponding human infection, manifesting
disseminated abscess formation and a lethal course [38]
while wild-type control mice were resistant to these bacteria.
Remarkably, the generally more pathogenic OS strain, which
is equipped with a “pathogenicity island” of genes encoding
siderophores and other factors, caused a milder disease in
iron-overloaded mice which was not different from that in
wild-type mice. As with V. vulnificus, Y. enterocolitica, pro-
liferation was strongly stimulated by NTBI, but not by iron
bound to transferrin. In view of these findings, the “sidero-
philic” trait can be interpreted as a form of bacterial adapta-
tion to environments containing high concentrations of read-
ily available iron, such as NTBI. Such siderophilic bacteria
acquired or evolved fewer genes for metabolically costly
pathways of iron-acquisition in exchange for more rapid
growth when iron is abundant. Infections of iron-overloaded
hosts with such bacteria may be an unfortunate byproduct
of such adaptation. The molecular mechanisms that allow
bacteria to sense iron-rich environments and initiate rapid
growth remain to be characterized. These mechanisms may
be more widespread than is generally recognized, as Kleb-
siella pneumoniae [39] and Escherichia coli (manuscript in
preparation) also manifest greatly enhanced, iron-dependent
pathogenicity in hepcidin-1 knockout mice.

Viewed in this context, high concentrations of hepcidin
during infection serve to clear NTBI from extracellular fluid,
so that NTBI is not available to stimulate the growth of bac-
teria (Figs. 2, 3). Preventing the formation of NTBI is a
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Fig. 3 Hepcidin increase dur- Microbes
ing infection prevents the gener- O
ation of NTBI. General inflam-
matory regulators are shown in
grey, iron-regulatory pathway

in green, iron flows in blue and
erythropoiesis and erythrocytes
in red. High hepcidin concen-
trations decrease ferroportin

on macrophages, so that iron
recycled from hemolyzed eryth-
rocytes and damaged tissue is
retained in macrophages and not
released to plasma and extracel-
lular fluid. Retention of iron

in macrophages compensates
also for the decreased demand
of suppressed erythropoiesis

for iron

Cytokines

Liver

Pathogen pattern sensing

Duodenum

Spleen *

Hemolysis and tissue destruction
‘increased iron recycling

Bone marrow

particular challenge during infections because of an imbal-
ance between iron supply and iron consumption. Infection-
related destruction and phagocytosis of erythrocytes and
other cells liberates more iron while inflammatory cytokines
inhibit erythropoiesis [40, 41] and therefore inhibit the con-
sumption of iron from blood plasma and extracellular space.
As aresult, in the absence of hepcidin, serum iron concen-
trations increase after an inflammatory stimulus (Fig. 2),
as is readily demonstrable in hepcidin knockout mice [16].
In wild-type mice and humans with normal iron regula-
tion, high concentrations of hepcidin inhibit the release of
recycled iron from macrophages and therefore decrease the
potential generation of NTBI (Fig. 3). Based on the studies
in mouse models of iron overload [38, 42], patients with
siderophilic infections in the setting of genetic iron overload
disorders or chronic liver disease may benefit from treat-
ment with hepcidin agonists when these become available
for human use.

Phagocytes

Phagocytic cells play an important part in host resistance to
infections by chemotaxis to the site of infection, and endocy-
tosis, killing and decomposition of infecting microbes. The
two main classes of phagocytes, the short-lived neutrophils
(also referred to as polymorphonuclear leukocytes, granulo-
cytes) and the long-lived macrophages perform similar host
defense tasks, but the neutrophils are end-stage differentiated
cells with limited metabolic functions, making them inhos-
pitable to microbes seeking to parasitize them. By contrast,
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macrophages are highly metabolically active, and rich in
various metabolic intermediates that can be utilized by intra-
cellular parasites, including such common infectious micro-
organisms as Salmonella, Mycobacteria and Legionella.

Nrampl, a gene with variants associated with intracellular
infections of macrophages, encodes a divalent metal
transporter in phagocytes

Early studies of the genetic basis of resistance to infections
uncovered differences among mouse strains in their suscep-
tibility to intracellular infections with a group of diverse
microbes that included Leishmania, Mycobacteria and
Salmonella [43] but not virulent strains of Mycobacterium
tuberculosis [44]. Positional cloning of the gene responsible,
named natural-resistance-associated macrophage protein 1,
eventually revealed it as a divalent metal transporter, homol-
ogous to divalent metal transporter 1 (DMT1). Whereas,
DMT-1 mediates apical iron uptake in duodenal enterocytes
and also transports iron taken up by the transferrin recep-
tor from the endosome to the cytoplasm, Nramp1l does not
play a substantial role in baseline iron homeostasis. Remark-
ably, Nramp1 expression was highly inducible by inflamma-
tory stimuli, such as the combination of lipopolysaccharide
and interferon-y. The protein was located in phagosomal
membranes of macrophages and the tertiary granules of
neutrophils that transfer Nrampl1 to cellular and phagoso-
mal membranes. The mouse strains susceptible to the three
intracellular pathogens contained Nramp with the D169G
mutation, which rendered the protein unstable. In humans,
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there is no direct counterpart of this mutation but certain
polymorphisms have been linked to increased susceptibility
to pulmonary tuberculosis [45].

Mechanism of action of Nramp1

In the two decades since the discovery of Nramp1 (now also
called SLC11al) multiple controversies about the functions
of this protein arose. The weight of the evidence now indi-
cates that Nramp1 transports iron and manganese out of the
phagocytic vacuole into the cytoplasm [46], thereby deplet-
ing the phagosome of these essential metals. This view is
supported by most of the direct experimental evidence, by
the involvement of Nrampl1 in iron recycling from senescent
erythrocytes [47], by the similarity of Nrampl to DMT]1
whose transport properties are well characterized, and by the
evidence that the function of Nramp1 may be carried out in
teleost fish by a duplicated paralog of DMT]1 [48]. The lack
of iron and manganese in the phagosomal vacuole would
inhibit the replication of resident intracellular organisms and
could impair their ability to detoxify reactive oxygen species
generated by the phagocyte oxidase.

The effect of hepcidin on intracellular infections

Macrophages that are actively recycling iron from senescent
erythrocytes or other damaged or senescent cells express
ferroportin, which allows them to export excess iron back to
blood plasma or extracellular fluid. The macrophages, rich
in iron and other breakdown products are targeted by Sal-
monella [49] and likely also by other intracellular microbes
seeking nutrients. When hepcidin rises during infections,
it induces the endocytosis and proteolysis of ferroportin,
thereby causing the retention of iron in cytoplasmic fer-
ritin. It is therefore reasonable to expect that, while high
plasma hepcidin concentrations act to sequester iron from
extracellular organisms, the increased availability of iron
within phagocytes may promote the survival of intracellu-
lar microbes. Although there is evidence for this effect in
cultured macrophages [50], studies in mice have not sup-
ported the enhancement of intracellular infection by high
concentrations of hepcidin [38, 51]. Possible explanations
include microbial factors that take over the control of iron
export in infected macrophages [51] or compartmentaliza-
tion of iron within macrophages that limits its availability to
intracellular microbes.

Anemia of infection/inflammation
Patients suffering from chronic infections or inflammatory

disorders commonly develop a normocytic normochromic
anemia, with characteristic hypoferremia. This usually

moderate anemia is caused by decreased production of
erythrocytes coupled with a slight decrease in erythrocyte
survival [52]. Viewed in the context of iron-targeted nutri-
tional immunity, anemia of infection/inflammation is an off-
target effect. The production of erythrocytes has evolved to
be very sensitive to decreased availability of iron, whether it
is from true iron deficiency or inflammatory iron restriction.
Inhibition of erythropoiesis by hypoferremia makes sense
because it preserves iron for other metabolic uses during
infection, and may facilitate the diversion of bone marrow
progenitors towards the production of leukocytes for host
defense. Experimental evidence indicates that erythropoie-
sis is uniquely sensitive to hypoferremia [53] and that other
tissues can utilize iron even when it is available at much
lower concentrations than normal. Because of the relatively
long lifespan of erythrocytes, 4 months, the anemia takes
many weeks to develop, unless there is also greatly increased
destruction of erythrocytes or blood loss, as is seen in a
rapidly developing variant of anemia of infection/inflamma-
tion, anemia of critical illness [54]. Hypoferremia is not the
only consequence of inflammation that limits erythropoie-
sis. Inflammatory cytokines directly suppress erythropoiesis,
likely to increase leukocyte production, and also activate
macrophages for increased erythrophagocytosis [40, 55].

Summary

Iron is an essential trace element which is in short supply in
many environments. Specific innate immune mechanisms
further limit iron availability to microbes during infection, at
the cost of impairing erythropoiesis. Siderophilic microbes
have evolved to grow rapidly in niches where iron is more
available, and these microbes may cause severe infections in
patients whose ability to restrict the iron supply is impaired
genetically or as a result of disease or treatment. Pharmaco-
logical targeting of iron to treat infections with siderophilic
microbes may be a viable therapeutic strategy.
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