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Abstract The influence of iron on immune function has

been long appreciated. However, the molecular basis for

this interaction is less well understood. Recently, there

have been several important advances that have shed light

on the mechanisms that regulate mammalian iron metab-

olism. The new insights provide a conceptual framework

for understanding and manipulating the cross-talk between

iron homeostasis and the immune system. This article will

review what is currently known about how disturbances of

iron metabolism can affect immunity and how activation of

the immune system can lead to alterations in iron balance.
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Abbreviations

BMP Bone morphogenetic protein

FPN Ferroportin

HIF Hypoxia-inducible factor

HJV Hemojuvelin

IFN Interferon

IL Interleukin

iNOS Inducible nitric oxide synthase

IRE Iron response element

IRP IRE-binding protein

Jak2 Janus kinase 2

LPS Lipopolysaccharide

Nramp Natural resistance-associated macrophage

protein

RBC Red blood cell

TfR Transferrin receptor

TLR Toll-like receptor

TNF Tumor necrosis factor

STAT3 Signal transducer and activator of transcription 3

Introduction

Iron is essential for almost all living organisms and takes

part in a number of important biological processes. Its

ability to switch between multiple oxidation states makes it

an important co-factor in electron transfer and oxidation–

reduction reactions, and also allows it to interact reversibly

with other atoms, especially oxygen, sulfur and nitrogen

(Beard 2001). However, free iron can be cytotoxic when

present at high concentrations because it can catalyze the

formation of oxidative radicals that damage proteins, lipids

and nucleic acids. Thus, both iron deficiency and iron

excess can have adverse effects on a variety of cell, tissue

and organ functions, but it has been difficult, in general, to

link such functional abnormalities to alterations in specific

iron-dependent biochemical reactions. Given the problems

associated with having too little or too much iron, it should

come as no surprise that mammals have evolved mecha-

nisms for precise regulation of extra- and intracellular iron

levels. States of iron deficiency or overload can occur when

these mechanisms go awry or when the amount of iron

entering the system falls outside physiologic limits. Such

disorders of iron metabolism are seen either as a primary

abnormality or secondary to other disease states. Iron

deficiency resulting from inadequate dietary intake is the
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most widely prevalent of these disorders, particularly in the

developing world (Oppenheimer 2001). Iron overload is

less frequently seen, but affects significant numbers of

people in the form of hereditary hemochromatosis or in

association with hemolytic anemias, repeated blood trans-

fusions, dietary excess, certain infections and alcoholic

liver disease (Beaumont and Delaby 2009; Lee and Beutler

2009).

There is a well-described, but complex and rather poorly

understood, interaction between iron status and immune

function, particularly with respect to the incidence and

course of infectious disease (Schaible and Kaufmann

2004). Iron deficiency has been reported to be associated

with increased susceptibility to infection in both humans

and experimental animals, but the results of many of these

studies have been conflicting and hard to interpret because

of variations in baseline iron status, the severity of the

deficiency and the possibility of co-existing nutritional

problems (Oppenheimer 2001). The situation is further

complicated by observations showing that iron supple-

mentation in humans, particularly in the tropics, can

increase the risk of infections such as malaria and tuber-

culosis (Murray et al. 1978; Oppenheimer 2001; Sazawal

et al. 2006). Iron overload caused by dietary excess,

abnormal hemolysis or inherited disorders is also associ-

ated with heightened susceptibility to such infections

(Gangaidzo et al. 2001; Magnus et al. 1999; Moyo et al.

1997; Wanachiwanawin 2000). While some of these

associations may reflect the effects of iron on pathogen

growth, they may also be the outcome of iron’s influence

on the host response to the pathogen. The latter possibility

has not received much attention until relatively recently,

and there is a need for additional work to characterize the

various ways in which iron can alter the immune response.

Abnormalities of iron-dependent biochemical reactions

undoubtedly contribute to the effects of iron on the immune

system but, as alluded to earlier, connecting such changes

in biochemistry to alterations in immune cell function has

not been possible except in a few instances. The situation is

even more difficult when trying to make links to immune

dysfunction at the level of a clinical disorder. Accordingly,

this review will focus largely on how changes in systemic

iron homeostasis affect immune responses (and vice versa)

and, for the most part, will not deal with the more thorny

issue of trying to explain immunological abnormalities on

the basis of alterations in specific biochemical reactions.

That will have to be left as a challenge for the future.

Molecular Control of Iron Homeostasis

The last few years have seen a number of dramatic

advances in our understanding of the mechanisms that

regulate normal iron balance (Andrews 2008). In particu-

lar, the identification, cloning and characterization of the

molecules that mediate the movement of iron into and out

of cells, and elucidation of the ways in which these mol-

ecules are influenced by iron status, have led to important

insights into how iron absorption, recycling and distribu-

tion are modulated in response to changing requirements.

This information will provide the conceptual framework

for discussing the interactions between iron and immunity.

Iron metabolism is tightly regulated so that the amounts

of the metal entering the circulation from its two major

sources—macrophages that recycle iron from red blood

cells (RBCs) and duodenal epithelial cells that absorb iron

from the diet—are kept in balance with systemic require-

ments (Andrews and Schmidt 2007). A simplified scheme

of what is involved in normal iron homeostasis is shown in

Fig. 1. Iron released from phagocytosed RBCs is trans-

ported from the phagosomal lumen into the cytosol by the

divalent metal transporter natural resistance-associated

macrophage protein 2 (Nramp2), with the related protein

Nramp1 also contributing to this process (Biggs et al. 2001;

Soe-Lin et al. 2008, 2009). Nramp2 functions similarly at

the apical surface of duodenal enterocytes to absorb iron

from the intestinal lumen. Iron is effluxed into the plasma

from both macrophages and duodenal enterocytes by

the transporter ferroportin (FPN), which is expressed on the

plasma membrane of the former cell type and on the

basolateral surface of the latter. Iron circulates complexed
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Fig. 1 Regulation of systemic iron homeostasis. Hepcidin controls

entry of iron into the circulation by modulating expression of FPN on

phagocytes that recycle iron from aged RBCs and on duodenal

enterocytes that absorb dietary iron from the intestinal lumen.

Hepcidin expression in the liver is regulated by systemic iron levels

and requirements, and by inflammatory signals. Green arrows
indicate activating responses, red lines with circles designate

inhibitory effects, and black arrows indicate movement of iron
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to transferrin and is used by cells following internalization

by the type I transferrin receptor (TfR1). The levels of

FPN, and therefore the amount of iron released into cir-

culation, are regulated in response to needs. A key factor in

this regulation is the peptide hepcidin, which is secreted by

hepatocytes. Hepcidin binds to FPN and induces its Janus

kinase 2 (Jak2)-dependent phosphorylation, internalization

and lysosomal degradation, thereby decreasing cellular iron

efflux from macrophages and duodenal enterocytes (De

Domenico et al. 2007, 2009; Nemeth et al. 2004b). Con-

ditions that increase the demand for iron (iron deficiency,

hypoxia, anemia) lead to decreased expression of hepcidin,

resulting in higher levels of FPN and a corresponding

increase in circulating iron. Conversely, elevated iron

levels, as well as inflammatory cytokines, lead to increased

hepcidin production and consequent down-regulation of

FPN, with intracellular retention of iron and decreased

circulating levels of the element.

The mechanisms that regulate hepcidin expression have

been revealed by recent studies (Fig. 2). Circulating iron-

transferrin complexes are sensed by HFE, a non-classical

class I MHC protein expressed on the surface of hepato-

cytes and other cells (Feder et al. 1996). When iron-

transferrin levels are high, HFE is displaced from its

association with TfR1 and binds to the hepatocyte-specific

TfR2. The latter interaction activates signals that induce

the transcriptional up-regulation of hepcidin (Goswami and

Andrews 2006; Schmidt et al. 2008). Recent findings

indicate that HFE-dependent signals function together with

signals induced by the binding of bone morphogenetic

proteins (BMPs) to the BMP receptor and the co-receptor

hemojuvelin (HJV; Andriopoulos et al. 2009; Babitt et al.

2006; Meynard et al. 2009). These signals lead to activa-

tion of the similar to mothers against decapentaplegic 4

transcription factor, which acts directly on the hepcidin

promoter (Wang et al. 2005). Pro-inflammatory cytokines,

including interleukin (IL)-6, tumor necrosis factor (TNF)-a
and IL-1, constitute another important stimulus for the

transcriptional up-regulation of hepcidin (Lee et al. 2004,

2005; Nemeth et al. 2004a). The effect of IL-6 on hepcidin

expression is mediated by the signal transducer and acti-

vator of transcription 3 (STAT3) transcription factor and is

a major factor in the pathogenesis of the anemia associated

with chronic inflammation, an issue that will be discussed

in more detail later in this article (Nemeth et al. 2004a;

Verga Falzappa et al. 2007; Wrighting and Andrews 2006).

Mechanisms that actively inhibit transcription of the hep-

cidin gene are brought into play under conditions of

increased iron demand, including up-regulation of the

transcription factor hypoxia-inducible factor (HIF)-1a by

hypoxia and iron deficiency (Peyssonnaux et al. 2007),

increased levels of growth differentiation factor 15 in

certain hemolytic anemias (Tanno et al. 2007), and cleav-

age of membrane HJV by the serine protease matriptase 2

in response to iron deficiency (Silvestri et al. 2008).

Intracellular free iron concentrations depend on circu-

lating levels, but are also controlled by regulated changes

in expression of TfR1 and the cytoplasmic iron storage

protein ferritin. The expression of these proteins is con-

trolled post-transcriptionally via iron response elements

(IREs) that are found in the 30 untranslated region of the

TfR1 mRNA and in the 50 untranslated region of the ferritin

mRNA. Under conditions of low cytosolic iron, trans-act-

ing regulatory proteins (IRE-binding proteins, IRPs) bind

to the IREs and promote mRNA stability in the case of

TfR1, and inhibit mRNA translation in the case of ferritin

(Muckenthaler et al. 2008). These changes lead to

increased TfR1 expression and decreased ferritin expres-

sion, both of which facilitate an increase in cytosolic iron

levels. The IRE-IRP system thus ensures that the expres-

sion levels of proteins involved in cellular iron uptake and

storage are coordinately regulated to maintain normal

intracellular iron concentrations.

Mutations in the HFE gene are associated with the

most common inherited disorder of iron metabolism, type I

hemochromatosis (Pietrangelo 2006). In individuals with

this disease, as well as in Hfe knock-out mice, the absence

of functional HFE impairs iron sensing, leading to abnor-

mally low hepcidin levels, elevated FPN expression,

increased iron release from macrophages and enterocytes

and, ultimately, an iron overload state. Other forms of

hemochromatosis (types II and III) are also associated with

inappropriately low levels of hepcidin and are linked to

mutations in the gene for hepcidin itself, or in those genes
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Fig. 2 Regulation of hepcidin expression in hepatocytes. Hepcidin

expression is regulated mainly at the level of transcription and is

modulated by activating (green arrows) or inhibitory (red lines with

circles) signals induced by systemic iron status, conditions that alter

iron requirements, and inflammation
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such as TfR2 and HJV that are involved in inducing hep-

cidin expression. Type IV hemochromatosis is caused by

mutations in the FPN gene and has a variable clinical

phenotype that includes accumulation of iron within

phagocytic cells.

Iron and Innate Immunity

The innate immune response is the first line of defense

against infectious and noxious challenges. It is activated

rapidly, within minutes to hours, and typically involves

cells at cutaneous and mucosal surfaces. These cells use

germ-line encoded pattern recognition receptors to sense

the presence of microbial molecules or products of tissue

damage, and mount a stereotypic response that includes the

activation of anti-microbial mechanisms and the secretion

of chemotactic molecules that recruit other cells of the

immune system to the site of infection or damage (Kawai

and Akira 2010). The effects of iron on innate anti-

microbial defenses have been studied for some time using

tissue culture and animal models (Wang and Cherayil

2009). The data from these studies have not always been

concordant. Iron chelators such as desferrioxamine inhibit

the activity of phagocyte oxidase and reduce reactive

oxygen intermediate-dependent killing of bacterial patho-

gens, both in vitro and in vivo (Collins et al. 2002). On the

other hand, iron chelation increases, and iron inhibits,

expression of another important anti-microbial molecule,

inducible nitric oxide synthase (iNOS), effects that are

likely to be mediated by iron-dependent changes in tran-

scription of the iNOS gene (Dlaska and Weiss 1999;

Melillo et al. 1997; Weiss et al. 1994). Iron has also been

shown to influence the activation of NF-jB, a transcription

factor that is required for the expression of a number of

genes involved in innate immunity and inflammation

(Vallabhapurapu and Karin 2009). Elevated intracellular

iron promotes the activation of NF-jB, in part by

increasing the production of reactive oxygen intermediates,

while reduced intracellular iron inhibits the phosphoryla-

tion of the RelA sub-unit of NF-jB that is required for its

activity (Bubici et al. 2006; Chen et al. 2007; Seldon et al.

2007). Another iron-regulated transcription factor that has

been shown to play an important role in innate immune

responses, particularly the expression of inflammatory

cytokines and anti-microbial peptides by macrophages, is

HIF-1a (Nizet and Johnson 2009). Under basal conditions,

HIF-1a is prolyl hydroxylated by the action of an iron- and

oxygen-dependent prolyl hydroxylase and thereby targeted

for degradation by the proteasome (Kaelin and Ratcliffe

2008). When intracellular iron concentrations are low,

prolyl hydroxylation of HIF-1a is reduced and the protein

is spared from degradation. Thus, in contrast to the effects

on NF-jB, low intracellular iron promotes HIF-1a-depen-

dent gene expression by preventing the degradation of the

transcription factor.

How is one to make sense of all these conflicting

observations? One interesting idea is that a deviation of

intracellular iron levels away from the norm could act as a

‘‘danger’’ signal. In this context, it would be logical that

both an abnormal increase and a decrease in intracellular

iron would activate inflammatory and anti-microbial

mechanisms via NF-jB and HIF-1, respectively. In keep-

ing with this idea, it has been shown recently that

siderophores released by pathogenic bacteria can activate

HIF-1-dependent responses, demonstrating that lowering of

intracellular iron can function as an indicator of infection

(Hartmann et al. 2008).

The discovery of FPN’s role in cellular iron efflux

sparked considerable interest in the potential involvement

of this protein in immune function, particularly since it is

found on macrophages and since its expression and/or

function can be altered in anemias, iron deficiency

states and hemochromatosis (Andrews and Schmidt 2007;

Pietrangelo 2006). Several groups have reported that

increased expression of FPN on macrophages inhibited the

intracellular growth of pathogens such as Salmonella

typhimurium, Mycobacterium tuberculosis, Chlamydia

psittaci, Chlamydia trachomatis and Legionella pneumo-

phila by lowering cellular iron levels (Chlosta et al. 2006;

Olakanmi et al. 2007; Paradkar et al. 2008). Conversely,

hepcidin-induced down-regulation of FPN, or expression of

a dominant negative mutant of FPN that blocked iron

efflux, had the opposite effect (Chlosta et al. 2006;

Paradkar et al. 2008). Taken together, these studies strongly

support the notion that changes in FPN expression or

function can have a significant impact on intracellular

pathogen growth by altering the amount of iron available

for microbial acquisition. In this context, the transcriptional

up-regulation of FPN that occurs following infection with

S. typhimurium or M. tuberculosis or following exposure to

interferon (IFN)-c (Nairz et al. 2007; Van Zandt et al.

2008) could be viewed as an innate anti-microbial defense

mechanism based on iron deprivation. This increase in FPN

expression could be particularly important in counteracting

the post-translational down-regulation of FPN mediated by

the increased circulating levels of hepcidin associated with

infection (Andrews and Schmidt 2007), and would com-

plement other iron sequestration mechanisms mediated by

proteins such as Nramp1, lactoferrin and siderocalin, all of

which have well-described roles in innate immunity (Goetz

et al. 2002; Marquis and Gros 2008; Wang and Cherayil

2009; Ward et al. 2005).

In contrast to the results of the tissue culture experi-

ments described above, the dominant effect of altered

macrophage FPN expression in vivo may be on the
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inflammatory response rather than on intracellular patho-

gen growth. Wang et al. (2008) found that Hfe knock-out

mice, a model of type I hemochromatosis in which mac-

rophage FPN levels are elevated, had significantly

attenuated Salmonella-induced intestinal inflammation

compared to wild-type controls, whereas their tissue

pathogen burden was increased. Macrophages isolated

from the knock-out animals produced lower amounts of

TNF-a and IL-6 than wild-type cells when infected with

Salmonella or treated with lipopolysaccharide (LPS) in

vitro. This abnormality, which resembles that seen in

humans with hereditary hemochromatosis (Gordeuk et al.

1992), was associated with impaired activation of specific

signaling pathways downstream of Toll-like receptor 4

(TLR4), the receptor for LPS, and could be corrected by

treating the cells with hepcidin or ferrous sulfate, consis-

tent with the idea that the low intra-macrophage iron

concentrations characteristic of Hfe deficiency contributed

to the impaired cytokine response (Wang et al. 2009). The

biochemical mechanism responsible for the effects of low

intra-macrophage iron levels on TLR4 signaling awaits

clarification. It should be noted that the effects of FPN on

inflammatory responses have not been consistently seen

by all investigators. Nairz et al. (2009) found that Hfe

knock-out mice were more resistant to Salmonella infec-

tion than wild-type animals and did not observe any

abnormalities of inflammatory cytokine expression in the

former. The explanation for the discordant results in the

two studies is currently unclear. Very recently published

work has revealed yet another aspect of hepcidin’s effects

on macrophage inflammatory responses. De Domenico

et al. (2010) found that the hepcidin-FPN interaction, in

addition to activating Jak2-dependent phosphorylation of

FPN, also activated Jak2-mediated phosphorylation of

STAT3 and the consequent transcriptional modulation of a

large number of macrophage genes. Strikingly, the hep-

cidin-induced changes in gene expression resulted in the

suppression of TNF-a and IL-6 production, and corre-

spondingly, hepcidin-deficient mice had higher serum

levels of these cytokines following exposure to LPS. One

consequence of this anti-inflammatory effect was that

mice administered hepcidin were protected from LPS-

induced lethality. Thus it appears that hepcidin may

influence the inflammatory response in multiple ways,

including alteration of intra-macrophage iron levels and

by inducing Jak2/STAT3-dependent changes in gene

expression. It should also be noted in this context that

macrophages themselves have been shown to express

hepcidin, as have neutrophils (Koening et al. 2009; Liu

et al. 2005; Peyssonnaux et al. 2006). This local produc-

tion of hepcidin at sites of infection, which occurs in a

TLR-dependent fashion, could add to the effects of the

liver-derived peptide.

Iron and Adaptive Immunity

Adaptive immunity develops over the course of days to

weeks following exposure to a foreign substance and

depends on the activation, proliferation and differentiation

of antigen-specific B and T lymphocytes, which are

involved in antibody- and cell-mediated responses,

respectively (Bonilla and Oettgen 2010). The clonotypic

receptors that these cells use to recognize and respond to

antigen are derived from a highly ordered and regulated

process of somatic gene rearrangement that occurs during

development in the bone marrow (in the case of B cells) or

the thymus (in the case of T cells). Lymphocyte develop-

ment in the mouse is dependent on the ability to acquire

iron via TfR1. Recombination activating gene 2-deficient

blastocyst complementation experiments demonstrated that

the absence of TfR1 resulted in the complete arrest of T cell

differentiation at the triple negative (CD3-CD4-CD8-)

stage, while B cell development was less severely affected

and allowed the emergence of some IgM? cells (Ned et al.

2003). It is likely that TfR1-dependent iron acquisition is

required to support the extensive cell proliferation that is

involved in lymphocyte development, but why the T cell

lineage is particularly sensitive to iron deprivation is not

clear. Interestingly, patients with congenital atransferrin-

emia do not appear to have any abnormalities in the

generation of B and T lymphocytes, suggesting that

transferrin-independent pathways of iron acquisition may

be sufficient to support this process in humans (Goya et al.

1972; Hamill et al. 1991). Nevertheless, the in vitro poly-

clonal proliferation of human B and T lymphocytes can be

inhibited by antibodies to TfR1, indicating a requirement

for iron uptake during cell division (Kemp et al. 1989;

Neckers et al. 1984). In keeping with these observations,

several studies in animals and humans have shown that

nutritional iron deficiency is associated with impaired

phytohemagglutinin-induced lymphocyte proliferation and

delayed-type hypersensitivity responses with relative

preservation of humoral immunity (e.g., Kuvibidila et al.

1981; Macdougall et al. 1975; Srikantia et al. 1976;

also reviewed in Oppenheimer 2001). There is also some

evidence to suggest that iron deficiency in humans can

alter the cytokine expression profile of activated lympho-

cytes, leading to a higher proportion of cells expressing

IFN-c and a lower proportion expressing IL-4 (Jason et al.

2001).

The data on the effects of iron overload on lymphocyte

function are not very informative. Some studies on patients

with HFE-associated hemochromatosis indicate a decrease

in circulating lymphocytes, with CD8? cells being partic-

ularly affected (Barton et al. 2005; Macedo et al. 2010), but

these abnormalities have not been observed consistently.

Experimental iron overload in rodents is not associated

Arch. Immunol. Ther. Exp. (2010) 58:407–415 411



with altered lymphocyte numbers, but has been suggested

to affect proliferative and cytokine responses (Melo et al.

1997; Mencacci et al. 1997; Wu et al. 1990). This is an area

that would benefit from further research, especially in the

context of the more recent developments in the iron

metabolism field.

Effects of Inflammation on Iron Homeostasis

Just as iron status influences immune function, immune

responses can also lead to alterations in iron metabolism.

Chronic inflammatory conditions in both humans and

experimental animals result in the development of low

serum iron levels and a mild to moderate, normocytic,

normochromic anemia known as the anemia of chronic

disease (Andrews 2008; Ganz and Nemeth 2009). The

anemia is typically refractory to oral iron supplementation

and can be an important factor in the quality of life of

affected individuals. The pathophysiology of this condition

has become clearer following the discovery of the central

role played by hepcidin in iron homeostasis. Pro-inflam-

matory cytokines such as IL-6, TNF-a and IL-1 have been

shown to increase expression of hepcidin, which in turn

leads to down-regulation of FPN on enterocytes and mac-

rophages and consequent intracellular sequestration of iron.

The resultant hypoferremia may have adaptive value by

depriving extracellular pathogens of an essential nutrient,

but it also leads to impaired erythropoiesis and the devel-

opment of anemia. Hepcidin levels have been found to be

elevated in inflammatory bowel disease, rheumatoid

arthritis and lupus, at least in some studies (Demirag et al.

2009; Semrin et al. 2006; Zhang et al. 2008). Obesity,

which is increasingly being recognized as a chronic

inflammatory state, also has been associated recently with

elevated hepcidin levels and iron deficiency (del Giudice

et al. 2009; McClung and Karl 2009). Adipocyte-derived

inflammatory mediators, as well as adipokines such as

leptin, are likely to contribute to the induction of hepcidin

in the liver, but interestingly, adipocytes themselves have

been shown to be a source of hepcidin in obese individuals

(Bekri et al. 2006; Chung et al. 2007; Lago et al. 2007).

Recent experiments in mice have raised the possibility

that the interaction between iron metabolism and inflam-

mation can be manipulated for therapeutic purposes. Studies

with Hfe knock-out mice indicate that low circulating hep-

cidin levels are associated with attenuation of inflammatory

responses in vitro and in vivo (Wang et al. 2008). On the

other hand, addition of hepcidin to macrophages results in

enhanced production of inflammatory cytokines (Wang et al.

2009). Thus, hepcidin could be considered to have pro-

inflammatory effects in addition to its well-known role in

iron homeostasis. Furthermore, since chronic inflammatory

conditions such as inflammatory bowel disease are often

associated with up-regulation of hepcidin expression

(Andrews 2008; Demirag et al. 2009; Ganz and Nemeth

2009; Semrin et al. 2006; Zhang et al. 2008), the observa-

tions of Wang et al. (2009) suggest that hepcidin may

contribute to a vicious cycle that perpetuates the inflam-

matory state and, therefore, that blocking hepcidin

expression or function could help to reduce inflammation.

There is experimental support for this idea since it has been

shown recently that pharmacologic inhibition of hepcidin

expression attenuated intestinal inflammation in mouse

models of both infectious and noninfectious colitis (Wang

et al. 2009). This approach has the added potential benefit of

helping to correct the anemia of chronic disease that results

from the elevated hepcidin levels (Andrews 2008; Ganz and

Nemeth 2009). Further studies are required to determine

whether this novel anti-inflammatory strategy is sufficiently

robust for clinical application. It is also important to note

that manipulating hepcidin expression and iron homeostasis

may have adverse effects. Although it is formally possible

that inhibiting hepcidin expression may promote an iron

overload state, this is unlikely in practice since inflammatory

conditions are associated with elevated hepcidin levels and

the goal of treatment would be to normalize these levels. A

more important consideration is whether lowering intra-

macrophage iron by inhibiting hepcidin expression may

compromise anti-microbial defenses, especially since iron is

an important factor in microbicidal mechanisms such as

phagocyte oxidase and iNOS (Flannagan et al. 2009). This is

an issue that will need to be addressed before anti-inflam-

matory strategies based on hepcidin inhibition can be

applied.

Conclusion

It is clear from the foregoing discussion that both iron

deficiency and iron excess can influence the functioning of

the innate and adaptive arms of the immune system. Iron

can also have direct effects on the growth and virulence of

microbial pathogens. Indeed, an important component of

innate anti-microbial defense is based on depriving

pathogens of this nutrient. Changes in iron status can thus

affect the immune response in multiple ways, particularly

in the context of infection, an idea that is worth remem-

bering when considering the value of iron supplementation

in areas of the world where infections such as malaria and

tuberculosis are highly prevalent. Conversely, chronic

immune activation can lead to alterations in iron homeo-

stasis that may impair erythropoiesis and contribute to

immunopathology.

With the recent advances in our understanding of how

iron metabolism is regulated at the molecular level, we are
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gaining significant new insights into the bidirectional

interaction between iron and immunity. Additional infor-

mation on how systemic and cellular iron homeostasis is

regulated at the molecular level will undoubtedly emerge

over the next few years. The challenge for immunologists

will be to integrate this information with what is known

about the functioning of the immune system under both

normal and pathological circumstances. One area that

would benefit from this type of integration is the impact of

iron on lymphocyte biology and adaptive immunity, par-

ticularly with respect to T effector cell function. At the

same time, the ever-increasing numbers of cytokines, T cell

subsets and immunomodulators that are being discovered

by immunologists deserve attention from those in the

metabolism field as potential regulators of iron homeosta-

sis. Such immunological factors could help to explain the

derangements of iron balance that are associated with

chronic infectious and inflammatory diseases. Returning to

an issue raised earlier in this article, it is also important to

mention that the link between the abnormalities of immune

function associated with disorders of iron homeostasis and

the actual biochemical reactions that are affected by

changes in cellular iron levels remains a black box in most

cases. Some light is starting to appear in the darkness,

however. The transcription factor HIF-1a, which has well-

known functions in the immune response, is a good

example of successful tracing of the effects of iron down to

the biochemical level (Kaelin and Ratcliffe 2008). Iron-

dependent modulation of NF-jB activation (Bubici et al.

2006; Chen et al. 2007; Seldon et al. 2007) and TLR4

signaling (Wang et al. 2009), as well as the recent identi-

fication of an iron-dependent ubiquitin ligase (Salahudeen

et al. 2009; Vashisht et al. 2009) and the role of iron in

regulating the tyrosine phosphatase SHP-1 (Gomez et al.

2010), represent starting points for a similar biochemical

dissection of the effects of iron on immunologically rele-

vant processes and molecules. There is much that remains

to be learned from studies at the interphase between iron

metabolism and immunology. Knowledge gleaned from

such studies will be both fundamentally interesting and

practically relevant to a broad spectrum of clinical

problems.
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