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[RON AND MICROBIAL INFECTION
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Abstract | The use of iron as a cofactor in basic metabolic pathways is essential to both
pathogenic microorganisms and their hosts. It is also a pivotal component of the innate immune
response through its role in the generation of toxic oxygen and nitrogen intermediates. During
evolution, the shared requirement of micro- and macroorganisms for this important nutrient has
shaped the pathogen—host relationship. Here, we discuss how pathogens compete with the
host for iron, and also how the host uses iron to counteract this threat.

Gold is for the mistress, silver for the maid, copper
for the craftsman, cunning at his trade, ‘Good’ said
the Baron, sitting in his hall, ‘but iron — cold iron —
is master of them all’.

Rudyard Kipling

A microbiological view of the crosstalk between
pathogenic invaders and their victims primarily focuses
on microbial survival strategies that are directed
at compromising the immune defences of the host.
However, this view often downplays the appealing
ecologic niche that is provided by the host for these
microorganisms and the crucial part that is played by
the seclusion of pathogens from essential nutritional
resources in host defence. During evolution, microbial
settlers invaded distinct niches in the host ecosystem
and developed several mechanisms to exploit indige-
nous nutritional resources, such as iron. Iron is an
essential cofactor for many basic metabolic pathways,
including the respiratory pathways of both the host
and the microorganism. In response to infection,
the host has developed countermeasures to limit the
availability of iron to the pathogen. Furthermore, iron
is vital to many functions of the macroorganism,
including antimicrobial defence. Various intracellular
bacteria, fungi and protozoa use distinct host-cell
compartments as niches for survival, where access to
essential nutrients, such as iron, is an important driving
force in their evolution. An interesting example is the
strategy used by mycobacteria, which block phagosome
maturation to access cellular iron resources. Other
microorganisms prefer the nutrient-rich lysosomal
compartment, despite its hostile features, whereas

others escape into the cytoplasm (FIG. 1). A better
understanding of the distinct niches in the host that
are selected by microorganisms and the nutritional
needs of the different partners in these associations
will provide improved guidelines for the development
of nutritionally based intervention strategies to inhibit
the growth of microbial pathogens. In this review, we
discuss the microorganism-host relationship with
respect to their competing and shared interests in iron:
for growth and survival, in the case of microorganisms;
for defence, in the case of the host.

The host

Iron is essential for the host and the pathogen, as both
require this metal as a cofactor or as a prosthetic
group for essential enzymes that are involved in many
basic cellular functions and metabolic pathways.
Ferric iron (Fe’*) is almost insoluble under aerobic,
aqueous and neutral pH conditions. As free iron catalyses
the formation of free oxygen radicals through the
Fenton reaction, it is also highly toxic to cells, resulting
in protein denaturation, DNA breaks and lipid per-
oxidation. Therefore, in the host, iron is usually only
available when it is bound to specific proteins, such as
transferrin (TF), lactoferrin (LF) and ferritin, or when
it is complexed to haem within haemoproteins'?.
Consequently, free iron is relatively unavailable in the
host. The solubility of the predominant form of iron,
Fe(OH),",is 1.4 x 10 M at pH 7, which increases to
107 M at pH 5 (REE 3). Iron is taken up in the intestine
either as free ionic iron — after Fe** reduction to ferrous
iron (Fe?") — which is catalysed by an intestinal ferri-
reductase (probably duodenal cytochrome b (DCYTB))
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DEFENSINS

Small basic peptides produced
by immune cells that mediate
their microbicidal effects by
damaging bacterial membranes.

B-2-MICROGLOBULIN

(P2m). A 12-kDa protein that is
non-covalently associated with
MHC class-I molecules and their
homologues — CD1 and HFE.

EARLY ENDOSOME

Early stage of an intracellular
vesicle after endocytosis,
characterized by the presence of
the transferrin receptor and a
mildly acidic pH.
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Figure 1 | The niches of host-cell-associated microorganisms. Pathogenic microorganisms occupy various niches in host
cells. Whereas mycoplasmae adhere to the host-cell membrane to access nutrients from the cell, many pathogens dwell in the host
cell. These intracellular pathogens either associate with distinct stages of the phagosomal-endosomal system or escape from the
phagosome into the cytoplasm (for example, listeriae and rickettsiae). Mycobacteria, ehrlichiae, salmonellae and histoplasmae inhibit
the maturation of phagosomes. Coxiellae and leishmaniae prefer acidic, hydrolase-rich late endosomal/lysosomal compartments,
and leishmania vacuoles interact with autophagosomes — the recycling system of the host cell. Legionellae and brucellae associate
with membranes of the endoplasmic reticulum (ER) and chlamydiae and toxoplasmae associate with mitochondria.

— or complexed to haem or other chelators.
Reticuloendothelial macrophages recycle most iron by
the phagocytosis and subsequent lysosomal degrada-
tion of old erythrocytes to release haem-bound iron.
Furthermore, free haem-bound iron in the form of
haemo- or haptoglobin is taken up by macrophages
through the haemoglobin-scavenger receptor (CD163)
(REE 1). In the intestine, the divalent-metal transporter-1
(DMT1), a permease that is also known as DCT1,
SLC11A2 or NRAMP2 (natural resistance-associated
macrophage protein-2), participates in iron absorption®.
The export of iron from the basolateral membrane of
the enterocyte is thought to be facilitated by another
permease, ferroportin (also called IREG1, MTP1, or
SLC40A1)? (FIG.2).

Hepcidin-1 and -2 are peptides with 20—-25 amino-
acid residues — originally described as perensiN-like
antimicrobial peptides — which are trimmed from
larger precursor polypeptides in the liver®. Hepcidin-1
plays an important part in regulating iron homeostasis,
and is induced by dietary iron overload, as well as by
lipopolysaccharides from Gram-negative bacteria.
Genetic deletion of hepcidin in mice leads to iron
overload (haemochromatosis), whereas transgenic
overexpression causes anaemia®. Hepcidins probably
limit both intestinal iron absorption and the release of
iron from macrophages to avoid accumulation of any

excess of iron. For circulation in the body, Fe*" is oxidized
to Fe** by either a membrane-associated or a plasma-
located oxidase, hephaestin or caeruloplasmin, respec-
tively, which allows interaction with apoTF (REE 1).
Finally, cells take up iron in the iron-saturated form of
TE known as holoTE which contains two Fe*" ions. For
receptor-mediated endocytosis, holoTF must bind to
the TF receptor (TFR), a process that might also involve
the haemochromatosis protein HFE, a p-2-MICROGLOBULIN
(B2m)-associated cognate of major histocompatibility
complex (MHC) class-I molecules. The TF-TFR
complex delivers iron to the earLy ENDOSOME, Where it is
released for transport into the cytoplasm, probably
through DMT1. In the cytoplasm, the iron is stored
bound to ferritin’ (FIG.2). The components apoTF and
the TFR are recycled to the cell surface. Mutations in
the HFE gene cause one of the most prevalent heredi-
tary diseases in humans. About 5 in 1,000 Caucasians
in the United States are homozygous for a specific
mutation in the HFE gene (C282Y), although there are
relatively fewer clinical cases of haemochromatosis®®.
Haemochromatosis is characterized by an overload of
free iron in the tissues, prevalent free-oxygen radicals
and cell damage’. Recent studies indicate that clinically
silent mutations in the HFE gene might be important
risk factors for developing chronic hepatitis after
infection with the hepatitis C virus'. Although the TFR
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Figure 2 | Iron metabolism in the host. The iron-saturated form of transferrin, holotransferrin,
binds to the transferrin receptor (TFR), which is expressed on the surface of the cell. Iron is
transferred to the early endosome, where it is exported into the cytoplasm, probably through
DMT1. In the intestinal lumen, ferric iron (Fe**) is reduced to ferrous iron (Fe?*) by the
cytochrome-b-like reductase DCYTB. DMT1 then facilitates the absorption of Fe3* from the
lumen into the cytoplasm. In the cytoplasm, iron is stored bound to ferritin. In macrophages,
haem-bound iron — in the form of haemoglobin or haptoglobin — is taken up by the cell
through the haemoglobin scavenger receptor (CD163). Iron is exported from the enterocyte by
a permease known as ferroportin. For circulation in the body, Fe?* is oxidized to Fe** by either
the intestinal membrane-associated oxidase, hephaestin, or the plasma-located oxidase,
caeruloplasmin. In the cell, the synthesis of haem and Fe-S clusters takes place in the
mitochondria. Modified with permission from REE. 1 © (2004) Elsevier. DCYTB, duodenal
cytochrome b; DMT1, divalent-metal transporter-1.

has been shown to interact with HFE, and the crystal
structure of HEE has been resolved'"'?, the precise func-
tion of this protein, as well as its role in the regulation of
tissue iron overload, have not been fully explained.
Hepcidin plays a part in this process as the levels of
this molecule in HFE-deficient mice are also low, and
overexpression of hepcidin in these mice corrects
haematochromatosis'®. Also, other forms of haemo-
chromatosis are caused by mutations in the genes that
encode hepcidin, TFR2 (a low-affinity receptor for TF
in the duodenal crypts, hepatocytes and platelets) and
ferroportin®. A mutation in the ferroportin-1 gene has
been associated with iron overload in Africans and
African-Americans®.

Recent studies have also identified a TF-independent
iron uptake system. The neutrophil-gelatinase-associated
lipocalin (NGAL/24p3) complexes iron, probably

LATE ENDOSOME
Later stage of the endosome,
characterized by the presence of

hydrolytic enzymes and an R | . .
acidic pH. through the binding of lipophilic chelators®. NGAL is

secreted by epithelial cells and neutrophils and, follow-
SIDEROPHORES

ing interaction with these iron chelators, the complex is
transported to rare enposomes. This mechanism is
thought to be important in developing epithelia. NGAL
can also bind ferric-enterobactin, a bacterial
SIDEROPHORE. It has been suggested that NGAL-mediated
siderophore capture and iron sequestration might
interfere with bacterial growth and therefore have an
antibacterial function. This proposal, however, requires
experimental verification.

Low-molecular-weight
molecules that sequester
extracellular iron for bacterial
uptake.

LYME DISEASE

A disease transmitted by ticks
that presents with inflammation
in the skin, joints heart and/or
nervous system.

In murine macrophages, a late-endosomal membrane
protein, known as NRAMP], has a role in the innate
defence response against various phagosomal pathogens,
including Salmonella typhimurium, Mycobacterium bovis
bacillus Calmette-Guerin (BCG) and Leishmania major™*.
Mice with a mutated NrampI gene are more susceptible
to infection with these organisms compared with control
mice. NRAMPI functions as a divalent-metal-ion
transporter and is believed to deplete late endosomal
compartments of iron by transporting it into the
cytoplasm'>. NRAMP1 might also be the source of iron
that is required for the generation of microbicidal effector
molecules, such as reactive oxygen intermediates (ROI)
and reactive nitrogen intermediates (RNI). Interestingly,
S. typhimurium-containing phagosomes mature to late
endosomes in macrophages from resistant mice with a
functional NrampI gene, but not in macrophages from
susceptible mice with a mutated gene'®. The removal of
iron from these macrophages through the addition of
exogenous chelators mimics the NRAMP1 resistant
phenotype leading to phagosome maturation. However,
iron depletion also inhibits ROI production in mice and,
owing to the loss of this important anti-bacterial defence
mechanism, growth of S. typhimurium is unrestrained"’.
Unexpectedly, although the NrampI gene mutation
renders mice more susceptible to attenuated M. bovis
BCG, it increases resistance to virulent Mycobacterium
tuberculosis by an unknown mechanism'.

The pathogen
Iron is an important growth factor for pathogenic
bacteria, with the exception of the LymE pIsEASE agent,
Borrelia burgdorferi, which persists in environments with
very low concentrations of iron'. This is because of the
selective loss of loci that encode iron-dependent proteins
from the genome of B. burgdorferi. Iron concentrations of
10°to107 M are required by most microorganisms for
various metabolic processes that are crucial for microbial
replication, including electron transport, glycolysis, DNA
synthesis and defence against toxic ROI?. Specialized
iron-uptake systems have been identified in most bacter-
ial species studied so far, and these allow microorganisms
to compete for this vital element within mixed microbial
communities in the environment. These systems might
be pre-adaptations that evolved in the environmental
ancestors of pathogenic species, thereby facilitating their
colonization in a living environment, the mammalian
host. In the context of iron availability, the host is an
extremely hostile environment for microorganisms,
which require around 10" —10'*-fold higher concen-
trations of free iron than is physiologically available*.
Specialized iron-acquiring systems in pathogenic
bacteria consist of different molecules, which function in
a highly interrelated mode. Iron-binding molecules,
siderophores, include the mycobactins and exochelins
in mycobacteria, TF-like molecules in Listeria mono-
cytogenes and the ferric enterobactins in Gram-negative
bacteria**'. The subsequent uptake of iron-bound ligands
depends on siderophore receptors and ATP-consuming
porin-like transporters in the bacterial outer membrane.
Siderophores can be classified into three groups: first,
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ABC-TRANSPORTER
Member of a membrane-
spanning transporter protein
family that contains an
ATP-binding cassette.

phenolic rings with hydroxy and dihydroxybenzoic acid
groups for chelation, second, hydroxamate structures
with carboxy and aminohydroxy groups and third, a
combination of both*'=?. M. tuberculosis synthesizes
siderophores of the latter two types. Mycobacteria,
nocardiae and rhodococci are unique in that they syn-
thesize a membrane-associated mycobactin, as well as
extracellular siderophores known as carboxymycobactin
and exochelin®. It is assumed that exochelins take up
Fe** from the environment and subsequently bind to a
receptor in the bacterial cell wall, which directs further
transport through an ATP-dependent transporter
(composed of FxuA, B and C; FIG. 3). It has also been
proposed that, on binding Fe’**, carboxymycobactin
enters the cell wall through a porin and transfers iron to
a two-component metal-transport system (composed of
Irp10 and Mta72) in the cell membrane. In both cases,
the excess iron is probably captured by mycobactin®.
Finally, Fe’* is reduced to Fe** — by a process that
involves reductases — for subsequent incorporation into
haem- or iron-containing proteins (FIG.3).

In Gram-negative bacteria, the receptor for ferric
enterobactin, FepA, is located in the outer membrane
of the organism. This receptor transfers iron to a
periplasmic protein, FepB, in a TonB-dependent fashion.
Transport across the cell membrane is accomplished by
an ATP-dependent permease. In Escherichia coli, at least
two additional iron uptake systems have been described
(reviewed in REE 3). In mycobacteria, an NRAMP
homologue, known as mycobacteria (M)RAMBP, is pre-
sumed to transport divalent metal ions, including iron,
counteracting the activity of the host divalent-metal
transporter, DMT1 (REE 24). A periplasmic iron-binding
protein, FxuD, and an inner-membrane ABC-TRANSPORTER,
the Fxu complex, also promote entry of free iron into
the cell where it binds to iron storage proteins including
the bacterioferritins (FIG. 3). The expression of genes
involved in iron uptake and storage are controlled at the
level of transcription and the factors that regulate these
genes are usually essential. One such transcription fac-
tor in mycobacteria is the iron-dependent regulator
IdeR, a homologue of the diphtheria-toxin repressor
(DtxR) in Corynebacterium diphtheriae*=*. In its
Fe’*-bound state, IdeR represses genes that encode
iron acquisition molecules and activates the expression
of iron storage proteins and oxidative stress responses.
In Gram-negative bacteria, low-molecular-weight
proteins that are encoded by the Fur (ferric uptake
regulation) genes have a similar function®. To acquire
iron from host proteins, Neisseria species, Staphylococcus
aureus, Streptococcus mutans, L. monocytogenes and
Haemophilus influenzae express surface receptors,
which interact with mammalian iron-binding pro-
teins, such as TF and LF (REE 3). To access and use host
iron, bacteria, including E. coli and Vibrio cholerae,
express haemo- or cytolysins, which release iron from
intracellular iron complexes®. C. diphtheriae uses a
haem-oxygenase to degrade haem and to access iron.
S. mutansand L. monocytogenes express membrane-
bound or secreted iron reductases to liberate iron from
LF and TF (REE 3). A recent study investigated the use of

iron by S. aureus and showed that, during infection,
these Gram-positive bacteria preferentially use
haem-bound iron compared with TF-bound iron. In
support of this finding, a gene cluster encoding a
haem-transport system (HTS) that imports haem into
staphylococci has recently been identified?. This
strategy allows microbial access to 80% of the host’s
iron pool, a source of iron that far exceeds the 1% of
the iron pool that is complexed with TE.

Intracellular growth of mycobacteria, Chlamydia
species and Legionella pneumophila crucially depends
on host-derived iron. Blocking iron uptake by infected
cells inhibits the growth of these pathogens®**. To
access host-derived iron sources, these bacteria exploit
specific intracellular niches in the host cell. M. tuberculo-
sis, as well as other pathogenic mycobacteria, including
Mycobacterium avium, block maturation of phagosomes,
thereby maintaining this intracellular niche at an early
endosomal stage (FIG. 1). In the early phagosome,
mycobacteria can exploit the host cell’s iron uptake sys-
tem — the TF-TER system* (FIG. 3). When mycobacteria-
infected macrophages were exposed to TF that was
loaded with radioactive iron, these microorganisms
incorporated the radioactive iron from TF (D. Russell,
personal communication). Currently, it is unclear how
iron is released from TF into the phagosome, thereby
allowing mycobacterial uptake. It is also not known
whether mycobacterial products are directly involved in
this process, although it is possible that, owing to their
higher affinity, mycobactins might compete with TF for
iron. It has also been suggested that M. tuberculosis can
directly access intracellular iron sources from the host-
cell cytoplasm™. Iron has an important regulatory role
in the virulence of L. monocytogenes. Important virulence
factors that are expressed by this pathogen to facilitate
bacterial intracellular invasion and spreading (including
ActA, LLO and the regulator PrfA) are positively con-
trolled by iron limitation®. This indicates that, at least
in part, the requirement for iron by this pathogen con-
stituted a strong evolutionary impetus to adapt to the
cytoplasm of host cells.

The main cytoplasmic iron source in host cells is
saturated holoferritin. Indeed, holoferritin allows the
growth of listeriae in iron-free minimal medium, which
otherwise cannot support listerial growth (U. Schaible
and colleagues, unpublished observations). To provide
intracytoplasmic listeriae with an easily accessible iron
source, the listeria TF-like siderophore must have a
higher affinity for iron than ferritin — a proposal that
awaits experimental verification. L. monocytogenes
expresses a surface-associated ferric reductase that can
extract iron from ferritin, LF and TF (REE. 37). So far, the
only microorganism that has been shown experimen-
tally to exploit holoferritin as an iron source is Neisseria
meningitidis®®. In epithelial cells, intracellular meningo-
cocci recruit and aggregate ferritin. The aggregated
molecule is rapidly degraded and free iron is released.
Ferritin has not been implicated as a preferential iron
source for other pathogens, probably because of its
cytoplasmic location and the rapid removal of the
molecule following cell damage.
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Figure 3 | Iron metabolism and infection. a | Listeriae, mycobacteria and chlamydiae depend on iron sources derived from the host.
Listeriae might access cytoplasmic iron from ferritin (see text). Macrophage activation or iron depletion inhibits the growth of both
mycobacteria and chlamydiae, leading to bacterial persistence. In response, mycobacteria express at least three iron uptake systems
— exochelins, carboxymycobactins and mycobactins — which are upregulated in mycobacteria that are grown under conditions of
iron stress. b | The iron-saturated form of transferrin, holotransferrin, binds to the transferrin receptor (TFR) on the surface of the
macrophage. The haemochromatosis protein HFE might participate in this process. This complex delivers iron to the early endosome
where divalent-metal transporter-1 (DMT1) facilitates the release of iron into the cytoplasm. Apoferritin and the TFR are recycled to the
cell surface. In the early endosome, mycobacteria interact with the TF-TFR iron uptake system and exploit host-cell iron. ¢ | A complex
of ferric iron (Fe**)and the mycobacterial siderophore exochelin is bound by a cell-wall receptor, after which iron is transported into the
cytoplasm by the ATP-dependent Fxu complex (composed of FxuA, B and C). Another mycobacterial siderophore, carboxymycobactin,
binds to Fe*+ and enters the cell wall through a porin. A periplasmic iron-binding protein, FxuD, also promotes entry of free iron into the cell.
Transport through the cell membrane is accompanied by the reduction of Fe** to ferrous iron (Fe?*), which is subsequently incorporated into
mycobacterial iron-containing proteins, including the bactoferritins. Excess iron is bound by the membrane-associated siderophore
mycobactin. NRAMP1, natural resistance-associated macrophage protein-1.

In activated macrophages, mycobacteria can no
longer block phagosome maturation and are secluded
from the TE-TFR iron uptake system****. Furthermore,
interferon-y (IFNy) activation of macrophages down-
regulates TFR surface expression, probably to limit iron
uptake?*’. Consequently, mycobacterial growth is
restricted under these conditions. A recent TRANSCRIPTOME
ANALysis showed important differences in the expression
of genes that were involved in iron metabolism in
M. tuberculosis that was isolated from resting
macrophages compared with activated macrophages.
(H.Rachman and colleagues, unpublished observa-
tions). The expression of genes required for mycobactin
synthesis (mtbA and mtbB) was increased in bacteria that
were extracted from activated macrophages, whereas the
expression of genes that encode the iron-storage proteins
bacterioferritins (bfrA) and iron-requiring enzymes,
such as oxidases, was decreased, probably owing to the
release of further iron for metabolic needs. Similarly,
M. tuberculosis that was isolated from mouse lungs

4 to 9 weeks post-infection expressed #tbB at high levels
and bfrA at low levels when compared with the gene
expression signature of mycobacteria that were grown
in vitro*'. As discussed above, the regulation of these
genes in M. tuberculosis involves the essential control
element IdeR. Hierarchical clustering of all transcrip-
tome data revealed a high similarity between the
global gene expression patterns of M. tuberculosis
from activated macrophages and those from
mycobacteria grown in iron-depleted broth compared
with gene expression profiles from bacteria grown in
resting macrophages or in iron-supplemented broth
(H. Rachman and colleagues, unpublished observations).
These data indicate that, in activated macrophages,
mycobacteria suffer from iron stress, indicating that the
global gene expression response is strongly influenced
by iron limitation. Downregulation of TFR expression
in IFNy-activated macrophages probably also limits
ROI production, thereby avoiding inflammatory
pathological sequelae.
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NATURAL KILLER (NK) T CELLS

A small subset of T cells that
express markers of both NK cells
and T cells. They express a T-cell
receptor of limited diversity and
are restricted by CD1d.

BIOFILM

A dense layer of bacteria in
which the bacterial cells are
enclosed by an extracellular
matrix.

CYSTIC FIBROSIS

An autosomal recessive disease
characterized by pulmonary
pathology and dysfunction of
exocrine glands.

Iron overload in the host, owing to nutritional,
hereditary or therapeutic reasons, exacerbates several
infectious diseases, including yersiniosis, salmonel-
losis, tuberculosis and AIDS. Patients with hereditary
tissue iron overload — known as haemochromatosis
— caused by mutations in the HFE gene have an
increased incidence of salmonellosis and yersiniosis®*.
Clinical studies of prophylactic iron supplementation
to treat anaemia also showed a direct correlation
between iron uptake and an increased risk of these
infections, as well as tuberculosis***. Iron supplemen-
tation has been recognized as a risk factor for tubercu-
losis since the nineteenth century. In his Lectures in
Clinical Medicine, Armand Trousseau described an
anaemic girl, with no obvious clinical signs of infection,
who rapidly succumbed to reactivated tuberculosis
after commencing iron supplementation®. Recent
epidemiological studies in African societies indicate
that nutritional iron overload from high iron uptake,
either from crops that are grown on volcanic soil or
from traditional beer that is brewed in iron pots from
local grains, is a risk factor for increased morbidity
and mortality from active tuberculosis**%. There is
also a link between dietary iron overload and a non-
HLA-based genetic predisposition — probably the
recently described mutations in the ferroportin-1 gene
— to tissue iron overload in certain African popula-
tions*. Similarly, in experimental tuberculosis in
mice, the mycobacterial burden was not only elevated
under dietary iron-overload conditions, but also in
B2m-knockout mice that have a non-functional HFE
protein with a resultant hereditary iron-overload
phenotype®. It should be pointed out, however, that
haemochromatosis has not been identified as a risk
factor for human tuberculosis. The f2m-knockout
mice have several other immune-response deficiencies;
for example, these mice do not express MHC class I
and CD1d molecules and, consequently, lack CD8*
and NATURALKILLER (NK) T CELLS. However, knockout mice
with the MHC class I and CD1d mutant phenotype
are less susceptible to tuberculosis than 32m-knockout
mice’"*2 Of note, iron sequestration in f2m-knockout
mice reduced the elevated mycobacterial burden to
levels seen in mice lacking MHC class-I molecules®>.
Therefore, the increased susceptibility of 32m-knockout
mice to mycobacterial infection is far more complex than
originally envisaged, comprising both iron overload and
different T-cell deficiencies.

Iron and the host immune response

Iron is required for various innate host defence
mechanisms, including the respiratory burst and iNOS-
mediated RNI production. Following M. tuberculosis
infection, NO is detectable in the sera of normal mice,
but not in iron-overloaded, f2m-knockout mice,
despite the higher bacterial numbers in the organs of
the latter®. Sequestration of excess iron by treatment
of the f2m-knockout mice with LF decreased the
mycobacterial burden and also rescued NO production.
Constitutive production of ROI, as described in
patients and experimental animals with iron overload,

might downregulate NO production®. By contrast,
depleting mice of iron using deferroxamine exacer-
bated S. typhimurium infection through the inhibition
of ROI production'. Similarly, iron depletion of listeria-
infected macrophages blocked ROI production and
enhanced listerial growth. These data emphasize that
the respiratory burst is a vital defence mechanism
against salmonellae, listeriae and other bacteria.

Lactoferrin is a high-affinity iron-binding protein
that is present in body fluids such as milk, saliva, tears
and serum, and is released from neutrophils on
degranulation®. In circulation, LF is incompletely
saturated with iron and therefore it can clear free iron
from the tissues. Consequently, LF functions as a first-
line defence molecule against invading microorganisms
through its ability to sequester iron. Iron sequestration
by exogenous LF corrected the exacerbation of tuber-
culosis in f2m-knockout mice*?. The iron-sequestering
function of LF has also been described as a vital,
innate defence mechanism against Pseudomonas
aeruginosa®. LF inhibits sroriim formation in patients
with cysric riBrosis, and this mechanism provides a
rationale for the development of therapeutic strategies
to counteract P, aeruginosa biofilm formation in these
patients. Feeding mice with LF also decreases the
endotoxin burden in the intestine, indicating a lower
degree of intestinal settlement®®. Furthermore, the LF
sequence comprises a defensin-like peptide, lacto-
ferricin, which shows microbicidal activity against
Candida albicans, S. mutans, V. cholerae and various
enterobacteria®?**-2, Although these data indicate
that LF has direct anti-infective functions, LF-knock-
out mice do not show heightened susceptibility to var-
ious pathogens, most notably M. tuberculosis (P. Ward
and U. Schaible, unpublished observations). Therefore,
the antimicrobial functions of LF deserve further
analysis, especially in the context of the newborn host.
The beneficial effects of breast feeding and of milk in
general — although mostly anecdotal — may at least
partially be due to LE.

Apart from direct effects on microbial replication
and innate immunity, iron availability also influences
acquired immune responses®. Iron deficiency down-
regulates T-cell responses in several experimental
models. T cells from iron-depleted mice show reduced
antigen-specific as well as polyclonal proliferation, and
an important co-stimulatory receptor that functions in
T-cell activation, CD28, is downregulated under these
conditions®. CD4" T-cell-driven experimental allergic
encephalitis, which is used as a mouse model of multi-
ple sclerosis, is absent in iron-deficient mice®. In a
comparative study, iron-overloaded mice showed
reduced contact-mediated sensitivity reactions as well
as lower IFNy production and IgM secretion®®®’.
Surprisingly, in iron-deficient mice, a similar outcome
was observed. These mice had a more generalized
immune deficiency that encompassed reduced delayed-
type hypersensitivity (DTH), reduced contact-mediated
sensitivity, impaired T-cell activation in vitro and lowered
IgM and IgG serum levels®®®”. Both elevated and
reduced iron availability impaired host immune
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CYTOKINES

Biologically active molecules
that are released by cells (mainly
leukocytes) and that modulate
the function of other cells by
binding to specific receptors.

responses, which impressively illustrates the importance
of a normal iron balance for optimal functioning of
the host immune system. Similarly, patients with iron
overload caused by either thalassaemia or haemo-
chromatosis frequently have reduced CD8* T-cell
counts, which respond to treatment with iron chelators,
such as deferroxamine®®®. 3-thalassaemic patients have
a higher risk of infections with various pathogens
including Salmonella enterica, Klebsiella pneumoniae,
Streptococcus pneumoniae, Burkholderia pseudomallei
and the fungus Pythidium insidiosum’. Iron overload
also modulates L. major infection in mice and results
in a lower parasite burden as well as reduced inter-
leukin (IL)-4 and IL-10 production and increased
IFNy and inducible nitric oxide synthase (iNOS)
expression’!. In patients with iron overload as mea-
sured by TF saturation, higher levels of the anti-
inflammatory cyrokines IL-4 and IL-10, as well as IL-6,
were observed. By contrast, iNOS expression was
blocked™. There is also an interesting link between
these cytokines and iron regulation as IL-6 induces
hepcidin expression, thereby leading to hypoferraemia™.
This might explain the anaemia of inflammation (also
known as anaemia of chronic disease), which occurs
in patients with chronic infections and inflammation,
probably as a mechanism to limit the iron that is
available to pathogens. Taken together, these data
indicate that the higher susceptibility to infection of
the iron-overloaded host is not only owing to improved

access of the pathogen to this essential element, but is
also a consequence of the direct impairment of innate
and acquired immune responses.

Conclusion

If the importance of iron in microbial infections of
global importance such as tuberculosis is accepted, it is
tempting to speculate that new intervention
strategies can be developed that capitalize on our
knowledge of the iron equilibrium between the host
and the infecting microorganism. Such a strategy
would aim to tip the balance in favour of the host
through restricting the access of pathogens to iron and,
at the same time, maintaining sufficient levels of iron to
allow the host to instigate iron-dependent microbicidal
effector mechanisms. This goal could be achieved either
by specifically blocking iron-uptake systems of the
pathogen with antibiotics, or by reducing the availabil-
ity of iron in the intracellular niche occupied by the
microorganism. Finally, the therapeutic potential of
iron-sequestering molecules such as LF should be
investigated in more detail and exploited to their full
potential. Indeed, this general approach could be
applied to a diverse range of essential nutrients for
which the host and pathogen have a shared require-
ment, thereby allowing the development of new nutri-
tion-based intervention strategies to support more
established prophylactic and therapeutic approaches to
conquer infectious disease.
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IRON AND MICROBIAL INFECTION
Ulrich E. Schaible and Stefan H. E. Kaufmann
Nature Rev. Microbiol. 2, 946-953 (2004)

The citation given to support the statement that the solubility of Fe(OH),"at pH 7 is 1.4 x 10~ was incorrect, and should be:
3. Chipperfield, J. R. & Ratledge, C. Salicylic acid is not a bacterial siderophore: a theoretical study. Biometals 13, 165-168 (2000).

The online version of this article has been corrected.
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