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Iron is a transition metal that due to its inherent ability to exchange electrons with a variety of molecules
is essential to support life. In mammals, iron exists mostly in the form of heme, enclosed within an organic
protoporphyrin ring and functioning primarily as a prosthetic group in proteins. Paradoxically, free iron
also has the potential to become cytotoxicwhen electron exchangewith oxygen is unrestricted and catalyzes
the production of reactive oxygen species. These biological properties demand that ironmetabolism is tightly
regulated such that iron is available for core biological functions while preventing its cytotoxic effects. Mac-
rophages play a central role in establishing this delicate balance. Here, we review the impact of macrophages
on heme-iron metabolism and, reciprocally, how heme-iron modulates macrophage function.
Introduction
As originally proposed by Metchnikoff in the 19th century, macro-

phages play an essential role in the regulation of homeostasis

(Lavin et al., 2015; Okabe and Medzhitov, 2015; Wynn et al.,

2013). Tissue-resident macrophages can sense and react to a

broad range of environmental cues, as to assist bystander paren-

chyma cells in their functional outputs, and in the event of tissue

injury, contribute to tissue repair and regeneration (Chovatiya

and Medzhitov, 2014; Davies et al., 2013; Kotas and Medzhitov,

2015; Okabe and Medzhitov, 2015; Wynn et al., 2013). These

adaptive responses were characterized mostly in the context of

infection, where macrophages use pattern-recognition receptors

(PRR) to sense pathogen-associated molecular patterns (PAMP)

(Janeway andMedzhitov, 2002). In such cases, the ensuing adap-

tive response of macrophages is aimed at containing or elimi-

nating pathogens, while limiting tissue dysfunction and preserving

homeostasis (Davies et al., 2013; Medzhitov, 2008). While infec-

tions are an extreme and yet recurrent situation where macro-

phages are called upon to restore homeostasis, there is now

increasing evidence to suggest that this is a far more general prin-

ciple, namely, that tissue-resident macrophages sense and act

uponanyperturbation fromthenormto restorehomeostasis (Cho-

vatiya and Medzhitov, 2014; Okabe and Medzhitov, 2015; Wynn

et al., 2013). As reviewed herein, this broad homeostatic control

function is particularly well-illustrated in the context of iron meta-

bolism, regulated bymacrophages both at steady-state (Korolnek

and Hamza, 2015) and in response to infections (Cassat and

Skaar, 2013; Ganz and Nemeth, 2015; Soares and Weiss, 2015).

Likely due to its relative abundance on earth and inherent

chemical properties, iron became, from an evolutionary

perspective, increasingly used to support electron exchanges

in core biological processes such as the production of ATP by

the mitochondria electron transport chain or the transport of

oxygen (O2) and other gaseous molecules by hemoglobin (Kos-

man, 2010). In mammals, the majority of the body iron is in

the form of heme, a protoporphyrin IX ring surrounding an iron

atom (Korolnek and Hamza, 2015). Protoporphyrin IX can

be generated physiologically through a series of evolutionarily

conserved enzymatic reactions, with the last step culminating
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in the insertion of iron into the protoporphyrin IX (Hamza and Dai-

ley, 2012). This biosynthetic process is highly coordinated and

regulated by the heme and iron status of the cell, at both tran-

scriptional and post-transcriptional levels (Hamza and Dailey,

2012). Thus, understanding how iron metabolism and macro-

phage function cross-regulate each other requires a holistic

viewpoint, taking into account both iron and heme molecules,

which are ‘‘two sides of the same coin.’’

Depending upon the chemical reaction, iron and the surround-

ing porphyrin macrocycle of heme endow hemoproteins with the

capacity to exchange electrons with other molecules (Kleingard-

ner and Bren, 2015; Senge et al., 2015). While electron transfer

reactions are also the hallmark of another class of iron-contain-

ing prosthetic groups, termed iron-sulfur clusters, we will specif-

ically focus this review on heme.

Iron exchanges electrons primarily with divalent gaseous mol-

ecules such as O2, nitric oxide (NO,), or carbon monoxide (CO)

(Kleingardner and Bren, 2015; Senge et al., 2015). As gaseous

molecules became, through evolution, embedded in vital biolog-

ical functions, most life forms evolved to generate them endog-

enously, as exemplified for O2 in plants and for NO, and CO in

most other life forms. These are referred to as gasotransmitters,

to indicate that they can exert biological functions when gener-

ated under physiological conditions.

Electron exchange between iron and O2 must be tightly regu-

lated as to avoid the unfettered production of reactive oxygen

species (ROS), eventually leading to oxidative stress (Kosman,

2010). The evolutionary solution to this ancient problem is to con-

trol and to some extent restrict the access of O2 and other

gaseous molecules to iron. This is provided by the molecular

environment of the protoporphyrin ring of heme as well as by

the amino acids in the heme pockets of hemoproteins (Klein-

gardner and Bren, 2015; Senge et al., 2015). Electron exchange

between gasotransmitters and heme-iron is perhaps best char-

acterized when occurring between O2 and hemoglobin or

myoglobin, but this process also occurs between CO or NO,
as well as other hemoproteins. As discussed in further detail

below, some of these hemoproteins play a central role in the

regulation of macrophage function.
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In mammals, hemoglobin accounts for the largest pool of

heme and, consequently, iron (Hamza and Dailey, 2012). The

hemoglobin content of erythrocytes is exceedingly high, in the

range of 2.5 3 108 molecules per red blood cell (RBC). Consid-

ering four prosthetic heme groups per a2b2 globin tetramer,

each mature RBC is thought to contain about 1.2 3 109 heme

moieties (Korolnek and Hamza, 2015). Release of such amounts

of heme upon RBC senescence or damage constitutes a perma-

nent and considerable threat as it creates the potential for iron

cytotoxicity, eventually driven by a specific form of programmed

cell death termed ferroptosis (Dixon et al., 2012).

Erythrophagocytic macrophages play an essential role in

preventing the release of hemoglobin from RBCs. This occurs

via a mechanism in which slight modification of RBC cellular

membrane, such those associated with RBC senescence or

damage, are sensed by erythrophagocytic macrophages that

phagocytose those RBC (Korolnek and Hamza, 2015). This

macrophage lineage, previously referred as reticuloendothelial

macrophages, is highly specialized in the phagocytosis of

RBC, digesting their hemoglobin content and recycling the iron

back to erythroid progenitors for heme synthesis and hemoglo-

bin production (Korolnek and Hamza, 2015) (Figure 1).

Macrophage Regulation of Heme-Iron Homeostasis
The central role played by macrophages in supporting homeo-

stasis stems, in part, from their involvement in the regulation of

ironmetabolism that occurs at least at two levels. First, a special-

ized population of tissue-resident macrophages in the bone

marrow, known as nurse cells, forms erythroblastic islands that

are required to support erythropoiesis, phagocytosing and di-

gesting the nuclei of erythroblasts while plausibly delivering the

iron and heme required to support hemoglobin synthesis by

erythroblasts (Korolnek and Hamza, 2015) (Figure 1). Second,

the majority of the iron required to support heme biosynthesis

in erythroblasts originates from senescent RBC engulfed by

erythrophagocytic macrophages in the red pulp of the spleen,

the bone marrow and to some extent in the liver (Korolnek and

Hamza, 2015) (Figure 1).

The erythrophagocytic macrophage lineage originates essen-

tially from bone marrow-derived monocyte progenitor cells via a

developmental process regulated in part by the heme-responsive

transcription factor SPI-C (Haldar et al., 2014; Kohyama et al.,

2009). While erythrophagocytic macrophages share the capacity

to phagocytose and process dying cells with other macrophage

lineages (Haldar et al., 2014; Kohyama et al., 2009), their hallmark

is to be able to do this with RBCs (Korolnek and Hamza, 2015).

This ismadepossible through the expression ofmacrophage line-

age-specific genetic program controlled by SPI-C and allowing

heme-iron recycling from hemoglobin while preventing its cyto-

toxic effects (Haldar et al., 2014; Kohyama et al., 2009).

RBC processing in erythrophagocytic macrophages is associ-

ated with the release of heme from hemoglobin and with its sub-

sequent translocation from phagolysosomes into the cytoplasm,

via a mechanism assisted by the heme responsive gene-1

(HRG1) transporter (Rajagopal et al., 2008; White et al., 2013).

Heme accumulation in the cytoplasm induces the expression

of downstream heme-responsive genes (Korolnek and Hamza,

2015), which include heme oxygenase-1 (HO-1 encoded by

HMOX1), a heme-catabolizing enzyme that extracts iron from
protoporphyrin and generates equimolar amounts of biliverdin

and CO (Gozzelino et al., 2010). The iron produced via heme

catabolism is either exported from macrophages via the trans-

membrane protein ferroportin-1 (FPN1) encoded by solute

carrier family 40 member 1 (SLC40A1) gene (Knutson et al.,

2005), or is stored intracellularly by ferritin, a multimeric protein

composed of 24 heavy or heart (FTH) and light or liver (FTL)

chains (Gozzelino and Soares, 2014; Harrison and Arosio,

1996). The iron-storing capacity of ferritin is assisted by the

ferroxidase activity of FTH, which converts reactive iron (Fe2+)

into inert, nucleated iron (Fe3+), no longer available to catalyze

the production of free radicals via Fenton chemistry (Gozzelino

and Soares, 2014; Harrison and Arosio, 1996).

Ferritin expression is regulated by several molecular players,

which act both at transcriptional and post-transcriptional levels

(Gozzelino and Soares, 2014; Harrison and Arosio, 1996). Tran-

scriptional regulation involves the activation of the nuclear factor

kappaB (NF-kB) family of transcription factors (Phamet al., 2004)

and the transcription factor nuclear factor E2-related factor-2

(Nrf2) (Sakamoto et al., 2009), as well as the BTB and CNC ho-

mology 1 basic leucine zipper (bZIP) transcription factor 1

(Bach1) (Sakamoto et al., 2009), a transcriptional master regu-

lator of the macrophage lineage (Gautier et al., 2012). Post-tran-

scriptional regulation occurs via amechanism involving inhibition

of the binding of iron regulatory protein (IRP) to the 50UTR of Ftl

and FthmRNA. This de-represses Ftl and FthmRNA translation,

the predominant mechanism for the induction of ferritin expres-

sion in response to intracellular iron accumulation (Harrison and

Arosio, 1996). Ferritin expression is negatively regulated via a

mechanism acting post-translationally and involving the nuclear

receptor co-activator 4 (NCOA4), a selective FTH cargo receptor

that shuttles ferritin for autophagy (Mancias et al., 2014). This

process, termed ferritiophagy, is critical in delivering iron from

ferritin once intracellular iron content drops (Mancias et al., 2014).

Hmox1 deletion is associated with progressive depletion of

erythrophagocytic macrophages in mice (Kovtunovych et al.,

2010), arguing that heme detoxification by HO-1 is required to

maintain the integrity of this macrophage lineage. Moreover,

both Hmox1 deletion in mice (Poss and Tonegawa, 1997) and

loss-of-function mutations in human HMOX1 (Yachie et al.,

1999) are associated with a profound deregulation of heme-

iron metabolism and homeostasis. While this has been inter-

preted as revealing the role of erythrophagocytic macrophages

in the regulation of heme-iron metabolism and homeostasis, it

is unclear from these studies whether the pathological outcomes

associated with HMOX1 deletion are due to a defect of heme

catabolism specifically in this macrophage lineage.

Erythrophagocytic macrophages have a relatively high ferritin

content, but whether this is required to support heme-iron

metabolism and homeostasis remains unclear. Ferritin can be

secreted from erythrophagocytic macrophages, which probably

explains its accumulation in plasma (Cohen et al., 2010). Again,

the physiological role of plasma ferritin is elusive but has been

proposed to serve as a vehicle for intercellular iron transport

(Leimberg et al., 2008).

Heme-Iron Regulation of Macrophage Function
Regulation of heme-iron metabolism plays an essential role in

controlling the expression and activity of hemoproteins. As a
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Figure 1. Macrophage Regulation of Heme-Iron Homeostasis
Processing of damaged or senescent RBC in the phagolysosomes (white
circle inside the erythrophagocytic macrophage) is associated with the release
of heme from hemoglobin and its translocation into the cytoplasm, via a
mechanism involving the heme transporter HRG1 (Korolnek and Hamza,
2015). Heme is catabolized by HO-1 and the iron produced via this process is
either excreted from macrophages via FPN1, or stored intracellularly by
ferritin. When released from erythrophagocytic macrophages, iron is trans-
ported in plasma by transferrin and internalized by erythroblasts, via the
transferrin receptor (Korolnek and Hamza, 2015). The ferrochelatase (FECH)
enzyme uses iron to catalyze the last step of heme biosynthesis in the mito-
chondria of erythroblasts by converting protoporphyrin IX into heme (Hamza
and Dailey, 2012). Erythroblasts are in close contact with a specialized pop-
ulation of tissue resident macrophages in the bone marrow known as nurse
cells. These phagocytose and digest the nuclei of erythroblasts in phag-
olysosomes (white circle inside macrophages) while plausibly delivering iron
and heme required to support hemoglobin synthesis by erythroblasts (Kor-
olnek and Hamza, 2015).
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general principle, this process is regulated at different levels via

the expression of genes controlling the relative rate of cellular

heme-iron (i) import, (ii) biosynthesis, (iii) catabolism, and/or (iv)

export. In this section we highlight how these impact the expres-

sion and activity of hemoproteins that modulate macrophage

function.

Signaling via PRR activates specific genetic programs associ-

ated with the production of reactive oxygen species (ROS) by

macrophages. This is largely dependent upon the expression of

the nicotinamide adenine dinucleotide phosphate (NADPH) oxi-

dase (NOX) 2 family member (gp91phox), encoded by CYBB (Yu

et al., 1998). As for other NOX family members, NOX2 is a trans-

membrane hemoprotein that uses heme-iron to transport elec-

trons across biological membranes and catalyze the generation

of superoxide, ,O2
�, via the following reaction: O2 + e�/,O2

�

(Bedard and Krause, 2007). As it accumulates in macro-

phages, ,O2
� can give rise to other ROS, including hydrogen

peroxide (H2O2), which reacts avidly with iron to generate

hydroxyl radicals (,OH) and hydroxide ions (OH�), eventually

leading to the production of hydrogen peroxide radicals

(HOO,). This latter step occurs via two iron-catalyzed reactions;

(i) Fe2++H2O2/Fe3++HO,+OH�and (ii) (Fe3++H2O2/Fe2++

HOO, + H+) (Bedard and Krause, 2007).

ROS production by macrophages targets pathogens for

destruction in phagolysosomes while supporting other macro-

phage functions as well, such as phagocytosis and disassem-

bling of dying cells (Bedard and Krause, 2007). However, it

also provides a potential source of oxidative stress and in order

to minimize this, NOX2 expression and activity must be tightly

regulated. This occurs mainly at the level of CYBB transcription,

via a mechanism involving the lineage commitment ETS family

transcription factor PU.1, a transcriptional master regulator of

the macrophage lineage (Lawrence and Natoli, 2011). PU.1

marks gene enhancers, including inCYBB, with epigenetic mod-

ifications (Lawrence and Natoli, 2011), enabling other transcrip-

tion factors such as NF-kB (Anrather et al., 2006) to access

these enhancers and regulate CYBB transcription. As with other

hemoproteins, NOX2 expression and enzymatic activity are

post-transcriptionally regulated inmacrophages bymechanisms

involving cellular heme-iron metabolic pathways. In support of

this notion, heme catabolism by HO-1 limits the availability of

heme required to support NOX2 expression and activity, acting

therefore as a negative regulator of ROS production in macro-

phages (Taillé et al., 2004). In addition, heme catabolism by

HO-1 generates the gasotransmitter CO that can bind iron within

the heme groups of various hemoproteins and modulate in this

manner their activity, as exemplified for the inhibition of NOX2

activity (Taillé et al., 2005). Moreover, CO is cytoprotective

(Brouard et al., 2000), suggesting that heme catabolism by

HO-1 protects macrophages from oxidative stress associated

with NOX2 activity.

Cyclooxygenases (COXs) 1 and 2 isoforms are membrane

hemoproteins encoded by the prostaglandin synthase (PTGS)

1 and 2, respectively (van der Ouderaa et al., 1979). These cata-

lyze the oxygenation and reduction of arachidonic acid to pros-

taglandins (PG)G2 and PGH2 (Rouzer and Marnett, 2009). COX2

is upregulated in response to PRR signaling and is an immediate-

early responsive gene associated with macrophage polarization

toward microbicidal functions (Cairo et al., 2011; Martinez et al.,
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2006; Rouzer and Marnett, 2009). Heme-iron metabolism

regulates COX2 expression and activity, as reflected by modula-

tion of prostaglandin synthesis. This notion is supported by

the observation that heme catabolism by HO-1 inhibits COX2

expression and prostaglandin synthesis (Haider et al., 2002).

Given the major biological roles played by prostaglandins, the

regulatory effect exerted by heme catabolism on COX2 likely

has major repercussions for the outcome of inflammatory re-

sponses.

Of note, PGD synthases convert PGH2 into PGD2, which

can be dehydrated to yield 15-Deoxy-D12,14-prostaglandin J2

(15dPGJ2) and induce the expression of HO-1 in macrophages

(Koizumi et al., 1995; Lee et al., 2003). This suggests that

15dPGJ2 is part of a negative feedback loop involving HO-1,

and controlling the expression of COX2 (Inoue et al., 2000) as

well as that of other genes associated with macrophage activa-

tion (Lee et al., 2003).

Heme dioxygenases are a family of enzymes that include indo-

leamine 2,3-dioxygenase 1 and 2 (IDO1 and IDO2), as well as

tryptophan 2,3-dioxygenase (TDO). These catalyze the initial

and rate-limiting step of tryptophan degradation in the kynure-

nine pathway: L-tryptophan + O2 -> N-formyl-L-kynuren (Munn

and Mellor, 2013). IDO1 expression is induced by various ago-

nists in macrophages while TDO is expressed mainly in paren-

chyma cells (Munn andMellor, 2013). The product of heme diox-

ygenases, i.e., N-formyl-L-kynuren, is sensed in macrophages

via the aryl hydrocarbon receptor (AhR), a ligand-activated tran-

scription factor that modulates macrophage activation (Bessede

et al., 2014; Stockinger et al., 2014). Heme-iron metabolism can

regulate this signal transduction pathway at different levels: (i) re-

stricting heme availability for expression and activity of heme

dioxygenases; (ii) Modulating enzymatic activity via CO binding

to ferrous heme (Brady, 1975), or (iii) via the production of bili-

verdin, an end product of heme catabolism by HO-1 sensed by

AhR (Phelan et al., 1998). Given the central role played by AhR

in the regulation of both macrophage and T cell activation, mod-

ulation of this pathway by heme-iron catabolism is likely to

impact macrophage and/or T cell activation. This remains how-

ever to be tested experimentally.

The enzymecystathionine b-synthase (CBS) is one of themajor

sources of hydrogen sulfide (H2S) generated by the transsulfura-

tion pathway of the methionine cycle (Mancardi et al., 2009).

Expression of CBS is inducedwhen circulatingmonocytes differ-

entiate into tissue-resident like macrophages in vitro and is

reduced upon TLR4 signaling (Garg et al., 2006). H2S, along

with NO, and CO, is implicated in various pathophysiological

processes (Mancardi et al., 2009), including bacterial clearance

by macrophages (Garg et al., 2006). Human CBS contains three

domains: a catalytic pyridoxal 50-phosphate, S-adenosyl-L-

methionine, and heme-binding domains (Singh et al., 2007).

The enzyme is fully active when the bound heme is oxidized,

but reduction of this ferric heme to its ferrous form results

in slow inactivation of the enzyme.Moreover, CBS activity is sen-

sitive to inhibition by CO and NO, binding to ferrous heme. Thus,

CBS-heme is sensitive to cellular redoxpositioning it at the cross-

roads of regulation for all three physiologically relevant gaso-

transmitters produced by heme-containing enzymes in macro-

phages. Despite this fact, the precise role of CBS and its end

product H2S inmacrophage function remains largely unexplored.
Nitric oxide synthases (NOS) are a family of hemoprotein en-

zymes that generate NO, from the oxidation of L-arginine into

citrulline (Nathan and Xie, 1994). Recognition of bacterial lipo-

polysaccharide (LPS) by TLR4, combined with the engagement

of the interferon-g (IFN-g) receptor, induces the expression of

the inducible NOS2 (iNOS or NOS2) isoform in macrophages

(Nathan and Xie, 1994). This occurs, essentially, at the transcrip-

tional level via a mechanism involving both TLR4-mediated acti-

vation of NF-kB, and activation of the signal transducers and

activators of transcription (STAT) family of transcription factors

downstream of the IFN-g receptor. Iron accumulation in macro-

phages inhibits NOS2 transcription via a mechanism that is not

clearly established but that involves the downregulation of

STAT activation in response to IFN-g receptor signaling (Weiss

et al., 1992; Xie et al., 1994). Macrophage heme-iron content

also regulates NOS2 post-transcriptionally via mechanisms

that support the expression and activity of this hemoprotein

(White and Marletta, 1992).

NO, acts both as an intracellular and extracellular signaling

molecule through different mechanisms. NO, can signal intra-

cellularly via its direct interaction with heme-iron in hemoproteins

(Beckman and Koppenol, 1996) as illustrated for guanylate

cyclase, an enzyme that synthesizes cyclic guanylate cyclase

(cGMP) (Stone andMarletta, 1994), or for cytochrome c oxidase,

the terminal enzyme in the mitochondrial respiratory chain

(Palacios-Callender et al., 2004). When NO, interacts with

heme-iron in cytochrome c oxidase, as well as with other iron

containing components of the mitochondria electron transport

chain, it acts as a physiological inhibitor of mitochondrial respira-

tion while inducing ROS production (Moncada and Erusalimsky,

2002). Presumably, this contributes to the metabolic switch

toward glycolysis observed upon macrophage activation by

PRR and other sensors (Kelly and O’Neill, 2015).

Another mechanism via which NO, signaling can induce

changes in macrophage function relates to its reaction with

the ,O2
� produced by NOX2. This reaction generates peroxyni-

trite (ONNO�), a stable reactive nitrogen species (RNS) that trig-

gers S-nitrosylation and 3-nitration of cysteine and tyrosine

residues (Mustafa et al., 2009) of proteins involved in metabolic

pathways such as glycolysis and the tricarboxylic acid cycle

(Kelly and O’Neill, 2015). Presumably, this contributes to the

metabolic switch associated with macrophage activation by

PRR and other stimuli (Kelly and O’Neill, 2015).

Yet another mechanism underlying NO, signaling involves the

thiol (-SH) groups of reactive cysteines in several proteins. These

can be targeted by RNS, generating thiol oxidation products and

eventually leading to the formation of disulfide bonds that alter

protein tertiary structures and hence their activity. This thiol-

based signal transduction mechanism is perhaps best illustrated

in the context of the regulation of Kelch-like ECH-associated

protein 1 (Keap1) activity, as described in detail below.

Intracellular accumulation of ROS and RNS is sensed in mac-

rophages by Keap1, an adaptor for the Cullin (Cul)3-RING (really

interesting new gene)-box protein (Rbx)1 ubiquitin ligase com-

plex that ubiquitinates constitutively the transcription factor

Nrf2, inducing its proteolytic degradation by the 26S proteasome

(Hayes and Dinkova-Kostova, 2014) (Figure 2). Nrf2 activation

triggers the transcription of genes involved in the regulation of

cellular heme-iron metabolism, such as HMOX1 (Alam et al.,
Immunity 44, March 15, 2016 ª2016 Elsevier Inc. 495
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Figure 2. Heme-Iron Regulation of
Macrophage Function
(A) ROS and RNS target reactive cysteines in
Keap1 inhibiting its activity (Kensler et al., 2007),
and arresting Nrf2 ubiquitination as well as
proteolytic degradation (Hayes and Dinkova-
Kostova, 2014; Itoh et al., 1999). Depending on
its rate of transcription, which falls under circadian
control (Pekovic-Vaughan et al., 2014), newly
generated Nrf2 is no longer repressed by Keap1,
undergoing nuclear translocation, where it binds
to small musculoaponeurotic fibrosarcoma (sMaf)
transcription factors, including MafF, MafG, and
MafK (Sykiotis and Bohmann, 2010). These
Nrf2 containing heterodimers activate the tran-
scription of genes containing antioxidant respon-
sive element (ARE) DNA binding motifs in their
promoter region.
(B) Bach1 competes with other CNC-bZIP pro-
teins, including Nrf2, for binding to sMaf tran-
scription factors and ARE DNA binding motifs
(Sun et al., 2004). As Bach1 lacks a transcription
activation domain, it acts essentially as a tran-
scriptional repressor when bound to ARE DNA
binding motifs in the promoter of genes such as
FTH, SLC40A1, HRG1, or HMOX1 (Sun et al.,
2002). Transcriptional repression is reversed by
heme (Ogawa et al., 2001), which binds Bach1
with high affinity, inhibiting DNA binding and
promoting its recognition by the heme-oxidized
IRP2 ubiquitin ligase-1 (Hoil-1), an E3 ubiq-
uitin-protein ligase encoded by RBCK1 (Elton
et al., 2015). Hoil-1 catalyzes head-to-tail linear

polyubiquitination, driving Bach1 for proteolytic degradation by the 26S proteasome (Zenke-Kawasaki et al., 2007).
(C) Hypoxia is sensed via the iron-responsive prolyl hydroxylase (PHD)2 (Semenza, 2012). Under physiological pO2, PHD2 hydroxylates the hypoxia-inducible
factor (HIF) family of transcription factors, which are recognized by the von Hippel-Lindau (VHL), as part of a E3 ubiquitin complex composed of Cullin-2 (CUL2),
the ring-box1 E3 ubiquitin protein ligase (RBX1) and Elongin B and C, resulting in HIF ubiquitination and proteolytic degradation by the 26S proteasome (Greer
et al., 2012; Semenza, 2012). During hypoxia the activity of PHD2 is inhibited releasing HIFs from VHL and allowing for HIFs nuclear translocation and binding to
DNA hypoxia responsive elements (HRE) in the promoter of effector genes regulating metabolic adaptation to hypoxia (Greer et al., 2012; Semenza, 2012). Iron
activates PHD2 and as such reduces macrophage heme-iron content, represses PHD2 activity and induces HIF1a activation under normoxic conditions.
(D) Upon heme binding, Rev-Erba (Raghuram et al., 2007; Yin et al., 2007) and Rev-Erbb (Carter et al., 2015) recruit the nuclear receptor co-repressor 1 (NCoR1)
and the histone deacetylase 3 (HDAC3), forming protein complexes that inhibit the transcription of a broad range of genes in macrophages (Lam et al., 2013).
Transcription repression occurs via a mechanism that involves the macrophage lineage-specific transcription PU.1, which renders gene enhancers available for
Rev-Erba and Rev-Erbb targeting (Lam et al., 2013).
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1999), FTH (Sakamoto et al., 2009), SLC40A1 (Marro et al.,

2010), and HRG1 (Warnatz et al., 2011), among others. This

argues that activation of the signal transduction pathway

involving Keap1 and Nrf2 plays an important role in the modula-

tion of cellular heme-iron metabolism in macrophages. More-

over, accumulation of intracellular heme-iron represses Keap1

and activates Nrf2, arguing for the existence of feedback

loops between this signal transduction pathway and heme-iron

metabolism.

Nrf2 activation in response to PRR signaling partakes in

a negative feedback loop restraining the expression of PRR-

responsive genes in macrophages (Ashino et al., 2008; Thimmu-

lappa et al., 2006). For example, TLR4 activates Nrf2 in macro-

phages indirectly via the induction of NOS2 and the production

of NO,, inhibiting further NOS2 expression and NO, production

(Ashino et al., 2008). This occurs most likely via the expression of

Nrf2-regulated genes, which are likely to include the activating

transcription factor 3 (ATF3) (Kim et al., 2010), a negative regu-

lator of TLR4 signaling in macrophages (Gilchrist et al., 2006;

Hoetzenecker et al., 2012). There are other Nrf2-regulated genes

that modulate macrophage responses, such as HO-1, which

limits heme availability and presumably therefore the expression

and activity of hemoproteins such as NOS2 (Ashino et al., 2008),
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NOX2 (Taillé et al., 2004) or COX2 (Haider et al., 2002). On the

other hand, Nrf2 activation in macrophages also promotes the

activation of the NACHT, LRR and PYD domains-containing pro-

tein 3 (NALP3), leading to caspase 1 activation, pro-interleukin-

1b (IL-1b) cleavage and IL-1b secretion (Zhao et al., 2014). This

argues that Nrf2 activation interferes with several signal trans-

duction pathways modulating different adaptive responses of

macrophages.

Several Nrf2-regulated genes controlling heme-iron meta-

bolism in macrophages are constitutively repressed by the tran-

scriptional macrophage lineage regulator Bach1 (Gautier et al.,

2012), as illustrated for HMOX1 (Sun et al., 2002), FTH (Saka-

moto et al., 2009), SLC40a1 (Marro et al., 2010), andHRG1 (War-

natz et al., 2011) (Figure 2). Heme-driven Bach1 inhibition

enables the activation of Nrf2 (Gozzelino et al., 2010), as well

as that of other transcription factors such as SPI-C (Haldar

et al., 2014), driving the transcription of a variety of genes regu-

lating heme-iron metabolism in macrophages.

Hypoxia refers to a decrease of O2 pressure (pO2) below a

physiological threshold and is sensed via the iron-responsive

prolyl hydroxylase (PHD)2 (Semenza, 2012), which controls the

activation of the hypoxia-inducible factor (HIF) family of tran-

scription factors (Figure 2). Activation of the HIF1a isoform
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triggers a profound metabolic reprogramming in macrophages

favoring ATP production via aerobic glycolytic metabolism

(Cheng et al., 2014; Cramer et al., 2003; Nizet and Johnson,

2009), thereby modulating macrophage function (Cheng et al.,

2014; Kelly and O’Neill, 2015).

While activation of HIF1a was originally thought to emanate

exclusively from hypoxia, it has become apparent that under

physiological pO2, several other agonists sensed by macro-

phages activate this signal transduction pathway. For example,

signaling via different PRR activates HIF1a (Cheng et al., 2014;

Rius et al., 2008), which is also the case for iron chelation (Peys-

sonnaux et al., 2005; Semenza, 2012). These two apparently

disparate phenomena are probably linked functionally by ferritin.

Namely, PRR signaling induces the production of tumor necrosis

factor (TNF) in macrophages, which induces NF-kB activation

and ferritin transcription, downstream of TNF receptor signaling

(Kwak et al., 1995; Pham et al., 2004). Subsequently, iron

sequestration by ferritin inhibits the activity of the iron-respon-

sive PHD2 and stabilizes HIF1a (Siegert et al., 2015). There

are other aspects of heme-iron metabolism that activate HIF1a

in macrophages, such as CO, an end product of heme catabo-

lism that in a similar manner to NO (Palacios-Callender et al.,

2004), inhibits the activity of the mitochondrial cytochrome c

oxidase, creating a state of metabolic hypoxia activating HIF1a

(Chin et al., 2007). Presumably this contributes critically to the

immunomodulatory effects exerted by CO in macrophages

(Otterbein et al., 2000).

There is a reciprocal relationship between heme-responsive

transcription factors controlling circadian rhythms and macro-

phage heme-iron metabolism (Kaasik and Lee, 2004). Heme-

responsive transcription factors include the nuclear receptors

Rev-Erba (Raghuram et al., 2007; Yin et al., 2007) and Rev-

Erbb (Carter et al., 2015), encoded by the nuclear receptor sub-

family 1 group D member 1 (NR1D1) and 2 (NR1D2), respec-

tively (Yin et al., 2007), as well as the circadian factor period

2 (Per2) (Yang et al., 2008). Upon heme binding, Rev-Erba (Ra-

ghuram et al., 2007; Yin et al., 2007) and Rev-Erbb (Carter

et al., 2015) inhibit the transcription of a broad range of genes

in macrophages (Lam et al., 2013) (Figure 2). These include the

circadian rhythm regulators Aryl hydrocarbon receptor nuclear

translocator-like (ARNTL), also known as BMAL1, the metabolic

regulators peroxisome proliferator-activated receptor gamma

co-activator 1-alpha (PGC-1a) and the first enzyme in heme

synthesis (50-aminolevulinate synthase 1; ALAS1) (Raghuram

et al., 2007), the chemokine (C-C motif) ligand 2 (CCL2 or

MCP1), IL-6, and IL-10 (Curtis et al., 2014). These examples

further depict the intricate functional relationship between

heme-iron metabolism and central aspects of macrophage

function (Curtis et al., 2014).

Sensing Labile Heme as an Alarmin
Macrophages can sense a range of structurally unrelated intra-

cellular molecules, referred to as alarmins, which alert for tissue

stress or damage when detected extracellularly. Due to the high

intracellular heme content of RBCs and muscle cells, detection

of extracellular heme by macrophages probably reports on

RBC and/or muscle cell damage, associated with hemolysis

or rhabdomyolysis, respectively (Soares and Bozza, 2016).

When released from damaged RBC or muscle cells, extracellular
hemoglobin and myoglobin are prone to oxidation, releasing

their heme prosthetic groups. The resulting labile heme can be

sensed in macrophages via Bach1 (Ogawa et al., 2001), Rev-

Erba (Yin et al., 2007), and Rev-Erbb (Carter et al., 2015). In addi-

tion, heme is also sensed in macrophages via PRR, including

TLR4 (Figueiredo et al., 2007; Fortes et al., 2012) and NLRP3

(Dutra et al., 2014). Heme-sensing by macrophages is associ-

ated with the induction of HO-1 expression, which limits the

pathogenic effects of hemolysis (Belcher et al., 2006; Pamplona

et al., 2007) and rhabdomyolysis (Nath et al., 1992; Soares

and Bozza, 2016). A similar adaptive response, involving

heme-sensing and HO-1 induction in macrophages, contributes

critically to the protective effect exerted by sickle cell hemo-

globin against malaria (Ferreira et al., 2008; Ferreira et al.,

2011). It is likely that this protective response involves heme-

sensing by macrophages, though this is yet to be experimentally

established.

Heme-iron can further interferewith PRR signaling tomodulate

macrophage responses; extracellular hemoglobin binds specif-

ically to bacterial LPS altering its tertiary structure (Du et al.,

2010; Kaca et al., 1994) and enhancing its pro-inflammatory ac-

tivity (Kaca et al., 1994). Labile heme can have a similar effect,

synergizing with LPS to induce cytokine production by tissue-

resident macrophages (Fernandez et al., 2010). Apparently, this

provides the means for amplifying responses upon microbe-

sensing when pathogens are present at seemingly low numbers

(Fernandez et al., 2010).

Induction of HO-1 expression in macrophages interferes with

TLR4 signaling in different ways, including via the production

of CO that downregulates TLR4 signaling via mechanisms that

involve the production of low amounts of mitochondrial-driven

ROS (Zuckerbraun et al., 2007), activation of mitogen-activated

protein kinases (Otterbein et al., 2000), HIF-1a (Chin et al.,

2007), and peroxisome proliferator-activated receptor gamma

(PPAR-g) (Bilban et al., 2006). This provides yet again another

example as to the intimate connection between heme-ironmeta-

bolism and macrophage responses regulating homeostasis.

Heme-Iron in Macrophage Differentiation and
Polarization
Tissue-resident macrophage differentiation is driven by specific

genetic programs that are tailored, to at least some extent, by

microenvironmental cues emanating from parenchyma cells in

different tissues (Davies et al., 2013; Okabe and Medzhitov,

2015). This is required so that tissue-resident macrophages opti-

mize their house-keeping functions to suit the particular de-

mands of parenchyma cells as they vary from tissue to tissue

(Okabe andMedzhitov, 2015). Another level of diversity in amac-

rophage’s response exists, referred to as macrophage polariza-

tion. This second layer of regulation adapts macrophage re-

sponses when sensing different environmental cues, resulting

in a wide-spectrum of responses ranging from anti-microbial

and sometimes deleterious to tissues to adaptive responses

supporting tissue repair and regeneration (Okabe and Medzhi-

tov, 2015). Heme-iron metabolism plays a central role in both dif-

ferentiation and polarization of tissue-resident macrophages.

Heme inducesmonocyte differentiation into the erythrophago-

cytic macrophage lineage via activation of a signal transduction

pathway releasing Bach1 and allowing the activation of SPI-C
Immunity 44, March 15, 2016 ª2016 Elsevier Inc. 497
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(Haldar et al., 2014; Kohyama et al., 2009). Subsequent polari-

zation of macrophage responses toward microbicidal function

is associated with intracellular iron retention by ferritin and

reduced iron excretion via FPN1, while macrophage polarization

toward tissue repair and regeneration is associated with

increased heme catabolism by HO-1, iron retention by ferritin,

and enhanced iron secretion via FPN1 (Cairo et al., 2011; Recal-

cati et al., 2010). By some estimates over 60% of iron homeosta-

sis genes, including HMOX1, FTH1, and SLC40A1 are differen-

tially expressed between these two end-stages of macrophage

polarization, arguing that regulation of cellular heme-iron meta-

bolism is intimately linked to macrophage polarization (Cairo

et al., 2011; Recalcati et al., 2010).

Heme catabolism probably contributes to macrophage polar-

ization via the establishment of positive forward signaling feed-

back loops such as the one involving IL-10 and HO-1. Briefly,

CO generated in macrophages via heme catabolism by HO-1

promotes the secretion of IL-10 in response to LPS (Otterbein

et al., 2000), which feeds back to induce the expression of

HO-1, viamechanism involving thep38mitogenactivatedprotein

kinase (MAPK) (Lee and Chau, 2002) and the signal transducer

and activator of transcription (STAT)-3 (Ricchetti et al., 2004).

It is worth noting that while HO-1 expression has been associ-

ated with polarization of macrophages responses toward a ‘‘tis-

sue healing’’ function this is not always the case. For example,

expression of HO-1 bymacrophages is pathogenic in the context

of chronic metabolic inflammation associated with obesity (Jais

et al., 2014). One reasonable explanation is that while salutary

in the context of macrophage responses against infections, sus-

tained expression of HO-1 in macrophages exposed chronically

to stimuli associatedwith obesity is part ofmaladaptive response

promoting metabolic inflammation (Medzhitov, 2008).

Macrophage Heme-Iron Metabolism and Resistance to
Infection
Regulatory mechanisms controlling iron metabolism are central

to the outcome of host-microbe interactions (Cassat and Skaar,

2013; Ganz and Nemeth, 2015; Soares andWeiss, 2015). Micro-

bicidal responses of tissue-resident macrophages are in most

cases associated with modulation of heme-iron metabolism,

which feed back and regulate other adaptive responses of mac-

rophages (Soares and Weiss, 2015).

Pathogen sensing is thought to include some level of ‘‘qualita-

tive information’’ reporting on the metabolic status of pathogens

so as to modulate macrophages responses accordingly. For

example, the macrophage response toward live pathogens

should exert microbicidal effects and eventually activate adap-

tive immunity, while this should not be the casewhen responding

to dead pathogens. While this argues for fine-tuning of macro-

phage responses toward live versus dead pathogens, the mech-

anisms via which this occurs are unclear. Macrophages induce

the expression of HO-1 (Gozzelino et al., 2010) upon the engage-

ment of PRR (Rushworth et al., 2005) or other stress sensors

(Chovatiya and Medzhitov, 2014; Soares et al., 2014). The CO

produced via heme catabolism by HO-1 diffuses across cellular

membranes and accesses the heme-containing respiratory

complexes of bacteria (Wegiel et al., 2014). This induces bacteria

to produce ATP, which is sensed back by the macrophage P2X7

purinergic receptor, modulating a K+ efflux pump that activates
498 Immunity 44, March 15, 2016 ª2016 Elsevier Inc.
NLRP3 and promotes pro-IL-1b cleavage by caspase 1, culmi-

nating in IL-1b secretion (Wegiel et al., 2014). Signaling via

the IL1 receptor triggers a microbicidal response that is not

observed when macrophages respond to dead bacteria or

debris thereof (Wegiel et al., 2014). This metabolic-sensing

mechanism can be subverted by pathogens such as Mycobac-

teria, in which CO triggers a ‘‘dormant’’ state (Shiloh et al.,

2008). Whether CO acts as a general metabolic-sensing

mechanism toward pathogens, other than bacteria, remains to

be established.

Macrophages also trigger cell-autonomous and systemic

responses that restrict pathogens from accessing heme-iron

(Soares and Weiss, 2015) (Figure 3). This evolutionarily

conserved defense strategy, referred to as nutritional immunity

(Weinberg, 1975), is tailored specifically toward intracellular

versus extracellular pathogens via mutually exclusive mecha-

nisms (Figure 3). Namely, resetting iron metabolism as a protec-

tive response against intracellular pathogens is likely deleterious

against extracellular pathogens and vice versa.

Iron-based resistance mechanisms against extracellular path-

ogens involve a systemic reduction of circulating iron (Soares

and Weiss, 2015). The mechanisms underlying this adaptive

response rely on rewiring of iron metabolism toward intracellular

iron retention in macrophages (Figure 3). The process falls under

the control of two general principles: (i) inhibition of cellular iron

export and (ii) induction of cellular iron import and retention by

macrophages (Figure 3), as well as parenchyma cells. Inhibition

of cellular iron export is orchestrated by hepcidin, a peptide

secreted by hepatocytes in response to a variety of agonists

associated with infections (Drakesmith and Prentice, 2012),

including cytokines, e.g., IL-1, IL-6, IL-22; LPS or iron accumula-

tion in the circulation (Armitage et al., 2011; Drakesmith and

Prentice, 2012; Nemeth et al., 2003). Hepcidin binds and induces

the degradation of FPN1, thereby suppressing cellular iron

export from macrophages and parenchyma cells (Drakesmith

and Prentice, 2012; Nemeth et al., 2003) (Figure 3).

Induction of cellular iron import and retention in macrophages

is accomplished through several distinct mechanisms that rely

on the cognate recognition and internalization of plasma iron-

binding proteins by specific macrophage receptors (Cassat

and Skaar, 2013; Soares and Weiss, 2015) (Figure 3). In order

to access heme-iron, several extracellular pathogens induce

hemolysis (Cassat and Skaar, 2013; Soares and Weiss, 2015).

This highly pathogenic process is likely countered by hapto-

globin and hemopexin, two acute phase proteins that scavenge

extracellular hemoglobin and labile heme in plasma, respectively

(Gozzelino et al., 2010). Tissue-resident macrophages capture

hemoglobin-haptoglobin and heme-hemopexin complexes via

the hemoglobin scavenger receptor CD163 (Kristiansen et al.,

2001) and the hemopexin scavenger receptor CD91 (Hvidberg

et al., 2005), respectively (Figure 3).

A common denominator shared by heme-iron import and

retention mechanisms in macrophages is the induction of

ferritin, which sequesters intracellular iron in a non-reactive

and, importantly, non-cytotoxic form (Gozzelino and Soares,

2014) (Figure 3). When macrophages acquire extracellular

heme, rather than iron, HO-1 is induced to release iron from pro-

toporphyrin IX before it can be stored into ferritin (Gozzelino and

Soares, 2014). Cytokines such as IL-6 and IL-10 induce



Heme 
Iron HO-1 

Ferritin 

Hemopexin
Heme 

Haptoglogin
Hemoglobin

Damaged
RBC

DMT1

CD163

CD91
Iron 

Transferrin

LCN2

Lactoferrin

Siderophore

FPN1 

Iron 

Iron 

NRAMP DMT1 

Transferrin
Receptor

Transferrin Receptor

Lactoferrin receptor

LCN2 receptor

Extracellular
Pathogen

Hepcidin

Iron Intracellular
Pathogen

LCN2
LCN2

receptor

Siderophore
Lactoferrin
Receptor

Lactoferrin

FPN1 

HO-1 HRG1 

Iron 

A

B

Nucleus

Cytoplasm

Figure 3. Iron-Based Resistance
Mechanisms against Infection
(A) Infections by extracellular pathogens are
associatedwith the induction of cellular iron import
and retention in macrophages through recognition
and internalization of plasma iron-binding proteins
by specific macrophage receptors. These include
(i) transferrin, recognized by the transferrin recep-
tor; (ii) lactoferrin, a member of the transferrin
family of iron-binding proteins secretedmainly into
exocrine fluids and recognized by the lactoferrin
receptor (Brock, 2002); and (iii) Lipocalin-2 (LCN2),
also known as neutrophil gelatinase-associated
lipocalin (NGAL), a peptide that captures iron-
laden siderophores secreted by gram-negative
bacteria (Berger et al., 2006; Flo et al., 2004) and
recognized by the LCN2 receptor (Cassat and
Skaar, 2013; Soares andWeiss, 2015). In addition,
extracellular iron can be imported via the DMT1
iron transporter. In the event of hemolysis, hapto-
globin and hemopexin scavenge extracellular
hemoglobin and labile heme and the ensuing
hemoglobin-haptoglobin and heme-hemopexin
complexes are captured by tissue-resident mac-
rophages, via CD163 (Kristiansen et al., 2001) and
CD91 (Hvidberg et al., 2005), respectively. Tissue
resident macrophages phagocytose damaged
RBC. Inhibition of macrophage iron export is
accomplished via amechanism involving hepcidin,
which binds and triggers the degradation of FPN1
(Drakesmith and Prentice, 2012). Intracellular
heme is catabolized by HO-1 and iron is stored by
ferritin.
(B) Infections by intracellular pathogens are asso-
ciated with reduced macrophage intracellular
heme-iron content. This defense strategy relies
onmechanisms that suppressmacrophage heme-
iron import by the transferrin receptor while pro-
moting heme-iron export, first from the phag-
olysosomes (white circle containing a pathogen)
and then from the cytoplasm of macrophages.
Export form phagolysosomes involves NRAMP1
(Jabado et al., 2000) and presumably its paralog
NRAMP2, also known asDMT1, two divalentmetal
transporters that translocate iron across the

endolysosomal membranes into the cytoplasm. Other iron transporters such as FPN1 and LCN2 can contribute to this process (Soares and Weiss, 2015).
Cytoplasmic iron is stored in ferritin or secreted extracellularly by FPN1. The phagolysosomeheme transporter HRG1 translocates heme from effete RBCs into the
cytoplasm but contribution to resistance against intracellular pathogens is unclear at the moment. Moreover, the precise roles for recently discovered heme
exporters, feline leukemia virus subgroup C cellular receptor 1 (FLVCR1), ABCG2, and ABCC5 in macrophage function are also unknown. Heme catabolism by
HO-1 is used to release the iron fromhemebefore it canbe stored into ferritin or secreted via FPN1. Lactoferrin and lipocalin (LCN2) receptors are used to internalize
apo-lactoferrin and apo-lipocalin, respectively. These bind intracellular labile iron and the iron contained in siderophores and are secreted from macrophages,
respectively. Red Xs indicates blockades for iron acquisition by pathogens.
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extracellular heme uptake and HO-1 expression inmacrophages

(Lee and Chau, 2002), while IL-4, IL-13, and IL-10 promote trans-

ferrin receptor-mediated iron uptake and intracellular retention

by ferritin (Weiss and Schett, 2013).

Accumulation of intracellular iron has further implications for

multiple aspects of macrophage microbicidal activity (Recalcati

et al., 2010). In one instance, intracellular iron may be used to

support the activity of hemoproteins that exert cytotoxic effects

on pathogens, as illustrated for NOX2 or NOS2. However, intra-

cellular iron also downregulates NOS2 transcription in response

to IFN-g (Weiss et al., 1992) via a mechanism involving STAT

inhibition (Xie et al., 1994).

Heme-iron-based resistance mechanisms against strictly or

facultative intracellular pathogens include the reduction of

macrophage intracellular heme-iron content, while increasing

extracellular heme-iron (Figure 3). This defense strategy relies

on mechanisms that suppress macrophage heme-iron import
while promoting heme-iron export from phagolysosomes and

eventually from macrophages (Figure 3).

Iron export from phagolysosomes is promoted, among other

iron and heme transporters, by the Slc11a1 gene encoding for

natural resistance associated macrophages protein 1 (NRAMP1)

(Forbes and Gros, 2001) (Figure 3). Of note, C57BL/6 mice have

a loss-of-function mutation in the Slc11a1 gene, associated

with inability to clear some types of intracellular infections

(Vidal et al., 1996), a phenotype also observed in humans with

SLC11A1 mutations (Soares and Weiss, 2015). The putative role

for recentlydiscoveredhemeexporters, includingHRG1(Figure3),

feline leukemiavirus subgroupCcellular receptor 1 (FLVCR1),ATP

binding cassette subfamily G member 2 (ABCG2), also known

as breast cancer resistance protein, or the ATP binding cassette

subfamily C member 5 (ABCC5), also known as multidrug resis-

tance associated protein 5 (MRP5), in modulating resistance to

intracellular pathogens is unclear at the moment.
Immunity 44, March 15, 2016 ª2016 Elsevier Inc. 499
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Heme catabolism by HO-1 can modulate resistance against

intracellular pathogens in macrophages such as illustrated for

Mycobacteria (Regev et al., 2012; Silva-Gomes et al., 2013).

Although it is unclear how this process occurs, it is plausible

that HO-1 restrains Mycobacteria’s access to intracellular

heme. Another non-mutually exclusive explanation is that the

salutary effect of HO-1 acts via the cytoprotective effect of CO

(Brouard et al., 2000). This should protect macrophages from

the cytotoxic effects of heme (Fortes et al., 2012), likely support-

ing granuloma formation and resistance toMycobacteria (Regev

et al., 2012; Roca and Ramakrishnan, 2013; Silva-Gomes et al.,

2013).

In addition to restraining intracellular pathogens from access-

ing heme-iron, mechanisms that reduce macrophage heme-iron

content also regulate resistance against intracellular pathogens

(Soares and Weiss, 2015). Namely, lowering intracellular heme-

iron in macrophages promotes the induction of NOS2, TNF,

IL-6, IL-12, and histocompatibility (MHC) class II expression in

response to IFN-g, an effect mediated in part by NRAMP1 (Frit-

sche et al., 2008) and involving the transcription factors HIF1a,

nuclear factor for IL-6 (NF-IL6), and STAT family of transcription

factors (Soares and Weiss, 2015).

Arguing further for a tight functional relationship between

cellular heme-iron metabolism and the anti-microbial activity of

macrophages is the recent finding on the mechanism via which

NO, confers resistance to the facultative intracellular bacteria

Salmonella. It is well established that NO, and ONNO�

contribute critically to the microbicidal activity of macrophages

against intracellular Salmonella, Leishmania, or Mycobacteria

(Nathan and Shiloh, 2000). In keeping with this notion, deletion

of theNos2 allele inmice is associatedwith exacerbated suscep-

tibility to these pathogens (Nathan and Shiloh, 2000). There is,

however, another mechanism via which NO, confers resistance

to such pathogens that does not rely on the cytotoxic activity of

ONNO�, but instead acts via an indirect mechanism that relies

on the modulation of macrophage iron metabolism (Nairz et al.,

2013). As discussed above, NO, and ONNO� can activate the

transcription factor Nrf2, which induces the expression of FPN1

and reduces the intracellular iron content of macrophages (Nairz

et al., 2013). Importantly, impaired resistance of Nos2-deficient

macrophages against intracellular Salmonella (Nathan and Shi-

loh, 2000) relates functionally to increased macrophage intracel-

lular iron content (Nairz et al., 2013). Whether this mechanism,

through which NO, prevents pathogens from accessing iron, is

operational against other intracellular or facultative intracellular

pathogens remains tobe established. In support of this notion, in-

duction of NOS2 by IFN-g is associated with increased iron

export frommacrophages via LCN2 andwith inhibition of cellular

iron import by the transferrin receptor (Soares and Weiss, 2015).

Heme-Iron Metabolism in Tissue Damage Control and
Disease Tolerance
Immune-driven resistance mechanisms and nutritional immunity

can be associated with more or less pronounced trade-offs

eventually compromising host homeostasis (Kotas and Medzhi-

tov, 2015; Soares et al., 2014). Therefore, thesemust be coupled

to an additional defense strategy referred to as disease toler-

ance, which supports host homeostasis irrespective of the

host pathogen load (Medzhitov et al., 2012; Schneider and
500 Immunity 44, March 15, 2016 ª2016 Elsevier Inc.
Ayres, 2008). As an example, whenmacrophages and other cells

retain heme-iron intracellularly as a defense strategy against

extracellular pathogens, tissue heme-iron overload can ensue

(Soares andWeiss, 2015). Accumulation of heme in parenchyma

cells is cytotoxic (Larsen et al., 2010) and can promote tissue

damage, leading to organ dysfunction and eventually compro-

mising host survival (Soares and Weiss, 2015). This pathologic

effect is countered by tissue damage control mechanisms that

converge at the level of heme catabolism by HO-1 (Ferreira

et al., 2011; Gozzelino et al., 2010; Pamplona et al., 2007; Seixas

et al., 2009) and are coupled to iron sequestration by ferritin

(Gozzelino et al., 2010). These heme-iron regulatory genes

confer disease tolerance to systemic infections, that is, maintain

the functional outputs of parenchyma tissues and preserve ho-

meostasis, without interfering with the host pathogen load

(Soares et al., 2014). To what extent tissue resident macro-

phages are involved in this process remains to be established.

Concluding Remarks
Although much has been written about macrophage biology

and the role of these multi-functional cells in iron and heme

metabolism, we attempted herein to flesh-out how iron and

heme modulate macrophage function. Although some funda-

mental concepts, such as heme-iron recycling by macrophage

cannot be ignored, we have instead chosen to deliberately elab-

orate suchmacrophage functions as ameans to regulate cellular

iron and heme, impacting onmacrophage function(s). Ultimately,

our goals are to blend the rich history of macrophage biology

with the established concepts in heme-iron metabolism and

emerging paradigms of heme homeostasis. Through our lens,

the fields are ripe for picking.
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