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Transition metals are required cofactors for many proteins that are critical for life, and their concentration
within cells is carefully maintained to avoid both deficiency and toxicity. To defend against bacterial patho-
gens, vertebrate immune proteins sequester metals, in particular zinc, iron, and manganese, as a strategy
to limit bacterial acquisition of these necessary nutrients in a process termed ‘‘nutritional immunity.’’
In response, bacteria have evolved elegant strategies to access metals and counteract this host defense.
In mammals, metal abundance can drastically shift due to changes in dietary intake or absorption from the
intestinal tract, disrupting the balance between host and pathogen in the fight for metals and altering suscep-
tibility to disease. This review describes the current understanding of how dietary metals modulate host-
microbe interactions and the subsequent impact on the outcome of disease.
Introduction
Transition metals are necessary for all forms of life and serve as

critical enzymatic cofactors and protein structural components.

Nearly 60%of known enzymes contain at least onemetal co-fac-

tor, with zinc being the most common enzyme-associated tran-

sition metal ion followed by iron and manganese (Andreini et al.,

2008). Despite their importance to numerous cellular processes,

transition metals are toxic at high concentrations. Thus, transi-

tionmetal levels inside the cell must be tightly controlled tomain-

tain homeostasis.

Vertebrates face difficulties in maintaining balance between

metal acquisition and utilization while preventing metal toxicity,

in part due to the presence of commensal bacteria or the micro-

biota. Bacteria, like their mammalian hosts, require nutrient

metals for essential biological processes. Given that dietary

metals are rapidly complexed to host-derived molecules

(Figure 1), bacteria must compete with their hosts to obtain the

metals required to survive. The mechanisms detailing this

multi-species competition for metal are unknown and represent

a fertile area of future research.

To limit bacterial growth, hosts have evolved mechanisms to

sequester metals in a process termed ‘‘nutritional immunity’’

(Figure 2). As an overview, during an inflammatory episode inter-

leukin-6 (IL-6) signals to the liver to release the hormone hepci-

din, which promotes iron accumulation in phagocytic cells by

inducing degradation of the iron exporter ferroportin (Fpn1)

(Nemeth et al., 2004). Infiltrating neutrophils and macrophages

block bacterial iron acquisition in part by releasing the protein lip-

ocalin-2 (Xiao et al., 2017). Lipocalin-2 sequesters the high-affin-

ity metal-binding siderophore molecules released by pathogenic

bacteria to prevent uptake (Xiao et al., 2017). Neutrophils further

limit nutrient metal availability by releasing lactoferrin to

sequester iron (Legrand et al., 2004) and by releasing the antimi-

crobial protein calprotectin either as part of granules or as a

component of neutrophil extracellular traps (Zackular et al.,

2015). Calprotectin primarily binds zinc and manganese during

infection, although recent reports revealed that calprotectin
also binds ferrous iron, nickel, and copper in vitro (Besold

et al., 2017; Nakashige et al., 2015, 2017). Host control of metal

availability underscores how the redistribution of metals away

from bacteria represents a key contributor to host-pathogen in-

teractions.

The Microbiota and Dietary Metals in the Intestines
Nutrient Limitation in Microbiota Interactions

The intestines are a complex ecosystem in which hundreds of

species interact and fill distinct niches. As with any ecosystem,

resource availability is a strong force dictating population struc-

ture, with limiting resources driving competition between spe-

cies and even individuals (Hornung et al., 2018). For example,

the availability of oxygen during inflammation drives a disruption,

or dysbiosis, of the microbiota by favoring Enterobacteriaceae

expansion through respiration (Byndloss et al., 2018). Dietary

metals, as a critical nutrient, also have the potential to shift the

distribution and function of the microbiota. The following sec-

tions describe how metal availability shapes microbe-microbe

and microbe-host interactions in the intestines.

Zinc and Altered Susceptibility to Enteric Infection

Dietary changes that alter metal intake or absorption likely shape

the distribution of microbial populations by affecting metal avail-

ability. For instance, zinc deficiency is a risk factor for childhood

diarrhea (Walker et al., 2013) and is associated with dysbiosis of

the gut microbiota (Figure 3). Specifically, zinc deficiency is

correlated with low relative abundances of Clostridiales and Ver-

rucomicrobia populations and concomitant increases in Entero-

bacteriaceae and Enterococcus (Reed et al., 2015; Starke et al.,

2014). High levels of Akkermansia muciniphila, a member of the

Verrucomicrobia, are associated with low inflammation and

normal lipid and carbohydrate metabolism (Dao et al., 2016;

Schneeberger et al., 2015), while high abundance of the Entero-

bacteriaceae is associated with intestinal dysbiosis. Thus, low

intestinal zinc may push microbiota homeostasis away from

beneficial bacteria such as A. muciniphila and a low inflamma-

tory environment to favor the expansion of pathogenic bacteria.
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Figure 1. Zinc, Iron, and Manganese
Absorption in the Intestines
Zinc is absorbed primarily through Zip4 on the
apical surface of enterocytes. Cytosolic zinc is
shuttled to organelles or metal-binding proteins, or
exported to systemic sites by Znt1. Excess sys-
temic zinc is removed from the blood by enter-
ocytes via Zip5. Non-heme ferric iron (Fe3+) is
reduced to ferrous iron (Fe2+) by duodenal cyto-
chrome b (DcytB) on the apical cell surface before
being imported by a divalent metal transporter
(DMT1). Cytosolic iron is stored bound to ferritin or
exported via Fpn1. The extracellular labile pool of
iron is often bound by circulating transferrin. Heme
oxygenases (Hmox) within cells degrade heme
to release iron for further transport or storage.
Manganese diffuses through the enterocyte
apical membrane or is transported by DMT1. In
part dependent on oxidation state, circulating
manganese can bind multiple circulating proteins
including albumin and transferrin.
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Pathogenic Escherichia coli, a member of the Enterobacteri-

aceae, is commonly found in patients experiencing zinc defi-

ciency and diarrhea. Enteroaggregative E. coli (EAEC), the

main causative agent of traveler’s diarrhea, encodes virulence

factors that allow the pathogen to attach to and aggregate on

the intestinal epithelium (Okhuysen and Dupont, 2010). Zinc defi-

ciency serves as a stressor for EAEC and leads to increased

expression of virulence factors, including toxins that worsen

diarrheal episodes and exaggerate weight loss (Bolick et al.,

2014). Consistently, dietary zinc supplementation reverses

disease progression, inhibits EAEC adherence and biofilm for-

mation, and reduces epithelial production of pro-inflammatory

cytokines (Medeiros et al., 2013). Another virulent E. coli, entero-

pathogenic E. coli, experiences cell envelope stress and

reduced expression of the main virulence factor, the locus of en-

terocyte effacement pathogenicity island, upon exposure to high

dietary zinc (Xue et al., 2015). In practice, patients receiving

zinc supplementation to treat diarrhea have lessened diarrheal
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morbidity (Bhandari et al., 2002) and a

reduced risk of prolonged diarrheal epi-

sodes (Sazawal et al., 1995). While it is

tempting to speculate that zinc supple-

mentation supports gut homeostasis by

directly inhibiting pathogen virulence or

by selecting for growth of beneficial mi-

crobes, in most cases the mechanisms

explaining improved gut health via zinc

supplementation are undetermined.

While zinc supplementation is essential

for zinc-deficient individuals, excess zinc

intake could disrupt the balance of gut

microbial populations and predispose

individuals to infection. The spore-form-

ing Gram-positive bacterium Clostridium

difficile typically does not cause disease

in otherwise healthy individuals, as the

microbiota effectively blocks C. difficile

colonization (Theriot and Young, 2015)

(Figure 3). However, a variety of risk fac-
tors including exposure to antibiotics and chemotherapeutic

agents disrupt microbiota-mediated colonization resistance

and allow C. difficile to take hold in the intestines (Abou Chakra

et al., 2014). In mice, high dietary zinc generates a dysbiosis

that favors expansion of Enterococcus, Porphorymonadaceae,

Lachnospiraceae, and Clostridia XI while limiting the population

of Turicibacter (Zackular et al., 2016). Without further insult, this

dysbiotic community retains colonization resistance against

C. difficile. Yet the new community structure becomesmore sus-

ceptible to antibiotics; thus, lower doses are needed to over-

come colonization resistance and allow C. difficile to colonize

(Zackular et al., 2016). How increased zinc availability leads to

perturbations of the microbiota and the mechanisms governing

the altered susceptibility to C. difficile infection remains an inter-

esting area for future work.

The Battle for Intestinal Iron

Dietary iron has less than 20% absorption efficiency, leaving the

bulk of iron intake within the intestinal lumen to the microbiota



Figure 2. Nutritional Immunity
(A) During infection by intracellular pathogens,
macrophages express NRAMP1 to export divalent
metals, including iron, from bacteria-containing
endosomes. Lipocalin-2 expression is upregulated
to bind to bacterial siderophores and Fpn1 is pro-
duced to export cytosolic iron, overall limiting
pathogen access to iron. Iron homeostasis is linked
to other arms of the macrophage defense, as Fpn1
expression is further enhanced by interferon-g
(IFNg) signaling to increase nitric oxide (NO) pro-
duction via inducible nitric oxide synthase (iNOS).
To compete for iron, intracellular bacteria express
high-affinity metal transporters and siderophores.
Extraintestinal invasion by the bacterium S. Ty-
phimurium additionally induces macrophage IL-6
production, resulting in hepcidin release from the
liver through ERRg signaling. Hepcidin increases
Fpn1 degradation and limits iron export. Iron
excess (shown in red), either through iron overload
or oversupplementation, may subvert host de-
fenses by interfering with IFN signaling and by
increasing bacterial access to iron.
(B) To block access to metals to extracellular bac-
teria, neutrophils release lipocalin-2, lactoferrin, and
calprotectin while macrophages release lipocalin-2.
Calprotectin binds and sequesters multiple metals
including zinc and manganese. Lactoferrin binds
primarily iron.
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(Jaeggi et al., 2015). In cases where patients naturally have low

enteric pathogen burdens, the effects of iron supplementation

on the gut ranges from marginally impactful (Dostal et al.,

2014a) to beneficial through increasing fecal concentrations of

anti-inflammatory short-chain fatty acids (Dostal et al., 2014b)

and lowering inflammation (Kortman et al., 2015). Yet studies

examining the effects of dietary iron suggest that iron drives

changes to the microbiota that may result in increased suscep-

tibility to infection (Constante et al., 2017; Jaeggi et al., 2015;

Figure 3). For instance, heme (an iron-containing porphyrinmole-

cule) supplementation reduces the relative abundance of Firmi-

cutes (Constante et al., 2017), which contain members from

the beneficial butyrate-producing class Clostridia. Butyrate pro-

duction is associated with increased differentiation of regulatory

T cells and lowered inflammation (Sun et al., 2017). Furthermore,

members of the Enterobacteriaceae are found in greater abun-

dance following dietary heme treatment (Constante et al.,

2017). In rats, oral iron administration leads to increased repre-

sentation of Ruminococcaceae, Defluvitalaceae, andCoprococ-

cus, as well as decreased representation of Lachnospiraceae

(Fang et al., 2018). It is not clear whether shifts in the microbiota

from iron supplementation result from direct microbe interac-

tions or indirectly through altered host inflammation, as is seen

in patients with irritable bowel syndrome (Bonovas et al., 2016).

The non-typhoidal Salmonella (NTS) serovar Salmonella Ty-

phimurium initially colonizes the intestines before invading

through Peyer’s patches to reach deeper tissues (Santos et al.,

2009). During Salmonella-induced inflammation, the host re-

leases lactoferrin to sequester iron and lipocalin-2 to bind

bacterial siderophores and undermine bacterial iron acquisition

(Raffatellu et al., 2009). To subvert host nutritional immunity,

S. Typhimurium produces the stealth siderophore salmochelin

that includes an additional glycosylation moiety (Fischbach

et al., 2006) that prevents lipocalin-2 binding. The ability of S. Ty-

phimurium to avoid lipocalin-2mediated defenses provides a se-
lective advantage during inflammation (Raffatellu et al., 2009).

S. Typhimurium also increases expression of iron transport sys-

tems required for full virulence (Boyer et al., 2002; Janakiraman

and Slauch, 2000), in part by providing iron to iron-sulfur (FeS)

clusters necessary for respiration (Byndloss et al., 2018).

S. Typhimurium is not the only member of the Enterobacteri-

aceae that can take advantage of the low iron environment of

the gut during inflammation. The probiotic bacterium E. coli

Nissle 1917 (EcN) encodes mechanisms to uptake exogenous

iron and heme as well as the siderophores yersiniabactin, aero-

bactin, and salmochelin (Deriu et al., 2013). EcN is able to outcom-

pete and suppress S. Typhimurium colonization in an iron-depen-

dent manner and only in the presence of lipocalin-2 (Deriu et al.,

2013), revealing how microbiota and host-mediated iron-acquisi-

tion mechanisms synergize to resist pathogen colonization.

Other enteric pathogens subvert nutritional immunity through

diverse mechanisms. Yersinia enterocolitica and Yersinia pseu-

dotuberculosis encode uptake receptors for yersiniabactin and

other siderophores to support their iron needs (Rakin et al.,

2012). Campylobacter jejuni encodes genes necessary for the

uptake of heme and iron that are transcribed under iron-limited

stress (Crofts et al., 2018). C. jejuni can also bind and uptake

enterobactin; however, it does not encode the machinery to

produce siderophores (Xu et al., 2010). This suggests a type of

bacterial commensalism in which C. jejuni benefits from the en-

ergy expended by other bacteria to produce siderophores. Even

in the absence of other microbes, C. jejuni can steal iron directly

from host lactoferrin and transferrin in a process termed iron pi-

racy (Miller et al., 2008).

Overall, iron represents a precious resource in the gut for

both the microbiota and pathogenic bacteria. A significant part

of the host immune response relies on the sequestration of iron

to slow pathogen growth, enabling other branches of the im-

mune system to capture and kill invadingmicrobes. It is therefore

not surprising that iron or heme supplementation increases
Cell Host & Microbe 23, June 13, 2018 739



Figure 3. Changes in Dietary Metal
Availability Alter the Microbiota and
Susceptibility to Pathogen Colonization
Under homeostatic conditions, a diverse commensal
microbiota typically provides colonization resis-
tance against multiple bacterial pathogens. Low
zinc or high iron in the diet reduces overall
commensal bacterial diversity along with key
members of a healthy gut such as the Verruco-
microbia. This allows for an increase in abun-
dance of members of the Enterobacteriaceae,
many of which are pathogenic and encode high-
affinity metal transporters and siderophores to
obtain nutrient metals. High zinc also disrupts the
microbiota, reducing the amount of antibiotics
needed to allow for C. difficile colonization and
disease. Neutrophils recruited during C. difficile
infection release calprotectin to sequester
extracellular zinc, but the immune protein is
overwhelmed with excess dietary zinc and is not
effective in limiting zinc access to C. difficile.
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susceptibility to Enterobacteriaceae and other enteric patho-

gens. Efforts to treat the detrimental effects of iron deficiency

must take into account strategies to mitigate gut dysbiosis and

bolster colonization resistance.

Manganese and Nutritional Immunity in the Gut

While several studies have examined the impact of iron and zinc

on the microbiota and bacterial pathogenesis, fewer studies

have explored the role for manganese during infection. Manga-

nese is a required coenzyme for some superoxide dismutases

in the detoxification of bactericidal superoxide radicals (Damo

et al., 2012) generated during inflammation and as such is impor-

tant for pathogens after stimulating an immune response. In the

intestinal lumen, calprotectin competes with pathogens for man-

ganese and represses the bacterial response to superoxide rad-

icals. S. Typhimurium bypasses calprotectin-dependent manga-

nese sequestration by the action of the cation transporters

MntH, SitABCD, and ZupT (Diaz-Ochoa et al., 2016). Acquisition

of manganese then allows catalysis by manganese-dependent

superoxide dismutase and catalase to collectively detoxify su-

peroxide to water.

Subsequent to S. Typhimurium translocation through the

epithelial border, macrophages phagocytose and quarantine

the bacterium within Salmonella-containing vacuoles (SCVs).
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The cation transporter NRAMP1 localized

within the SCV is responsible for pumping

nutrient metals, including manganese,

out of the SCV to starve S. Typhimurium

and limit growth (Loomis et al., 2014).

In response, S. Typhimurium increases

expression of the manganese and iron

transporter SitABCD, which is required

for full virulence (Boyer et al., 2002; Jana-

kiraman and Slauch, 2000).

Manganese transport and its roles in

colonization and virulence in other enteric

pathogens are less well known but pre-

sumably play similar critical roles as

seen in S. Typhimurium (Juttukonda and

Skaar, 2015). It is unknown how dietary
manganese deficiency or excess in humans affects the gut pop-

ulation but, as with other necessary nutrients, it is likely that

altering manganese availability within the intestines drives bac-

terial population shifts that may compromise microbiota function

and host health.

Dietary Metals at the Host-Pathogen Interface of
Extraintestinal Sites
Dietary metal in the intestines following ingestion of foodstuffs

represents an obvious arena where metal availability can directly

influence pathogen and microbiota physiology. Yet changes to

metal absorption and transport can have a significant impact

on disease beyond the intestines through alterations in immune

cell physiology, metal localization, and bacterial access to

metals. The following sections describe current understanding

of the associations between changes in dietary metal and bacte-

rial pathogenesis at extraintestinal sites.

Zinc Deficiency and the Host Response to Infection in

the Respiratory Tract

Zinc deficiency is correlated with an increased risk of lung infec-

tion, and arises from both low zinc intake and consumption of

foods high in zinc-sequestering phytates and fiber to affect

nearly a third of the world’s population (Wessells and Brown,
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2012). In some studies, zinc deficiency in elderly individuals is

associated with an increased risk of pneumonia caused by

Staphylococcus aureus, Streptococcus pneumoniae, Klebsiella

pneumoniae, Legionella pneumophila, andHaemophilus influen-

zae (Barnett et al., 2010). In children, zinc supplementation to

correct zinc deficiency is reported to lower themedian time to re-

covery from severe pneumonia, although it is important to note

that some studies found no benefit to zinc supplementation

(Basnet et al., 2015). The effects of low dietary zinc are hypoth-

esized to be due to depression of the adaptive immune response

to infection, where low zinc is associated with lowered antibody

titers (Girodon et al., 1999), reduced lymphocyte proliferation,

and reduced levels of circulating T lymphocytes, CD4+ memory

T cells, and naive T cells (Barnett et al., 2010; Fraker and King,

2004). While zinc supplementation can improve host resistance

to infection, in some cases it fails to correct impairments in the

immune response (Yuan et al., 2016). These data suggest that

the timing of zinc supplementation is important, whereby basal

zinc deficiencies must be restored prior to, rather than during,

infection to improve disease outcome. The impact of low zinc

on the innate response to infection is also not clear. In an OVA-

induced allergic airway inflammation model, rats on low-zinc

diets experience higher eosinophil, neutrophil, and monocyte

migration to the lungs following an inflammatory insult (Lu

et al., 2012). These effects are reversed upon zinc supplementa-

tion and suggest that zinc may have anti-inflammatory proper-

ties and limit collateral damage during inflammation (Liu et al.,

2013). However, zinc deficiency may prevent adequate path-

ogen clearance, as ethanol-induced zinc deficiency in macro-

phages leads to impaired phagocytosis (Konomi et al., 2015).

While zinc deficiency may enhance innate immune cell recruit-

ment to combat pathogen invasion, cell dysfunction could inhibit

effective bacterial killing.

Dietary modulation of zinc homeostasis can be further compli-

cated by dysregulation of zinc-sequestering calprotectin. Cal-

protectin is released in response to infection to withhold zinc

from bacteria; however, hypercalprotectinemia, whereby pa-

tients have excessive serum calprotectin, is associated with

increased incidence of recurrent infections (Sampson et al.,

2002). Future work is warranted to decipher how dietary zinc

differentially alters the adaptive and innate responses to bacte-

rial infection and how those immune responses feed back to in-

fluence zinc homeostasis.

The Bacterial Response to Zinc Limitation in the

Respiratory Tract

Adequate zinc intake and absorption are important for the

maintenance of proper immune cell function, which includes

sequestering the metal to limit bacterial access. Yet even in

zinc-deplete environments, pathogens have evolved mecha-

nisms to acquire this necessary nutrient. For instance, the

nosocomial Gram-negative bacterium Acinetobacter bauman-

nii encodes several mechanisms to ensure zinc bioavailability

(Mortensen and Skaar, 2013). A. baumannii infection triggers

the release of calprotectin from infiltrating neutrophils to limit

metal availability to extracellular bacteria while host metal

transporters, including NRAMP1 (Nevo and Nelson, 2006),

export multiple divalent metals out of bacteria-containing

endosomes. These responses collectively slow intracellular

bacterial replication. In response to zinc limitation, the A. bau-
mannii transcriptional zinc uptake regulator (Zur) derepresses

the energy-dependent zinc transporter ZnuABC that is neces-

sary for survival in murine models of pneumonia (Mortensen

et al., 2014), in part by contributing to anti-oxidative stress de-

fenses via a zinc-copper superoxide dismutase (Hassan et al.,

2017). Also included in the A. baumannii Zur regulon is a histi-

dine ammonia lysase HutH, which liberates zinc from histidine

and forms a labile zinc pool under zinc-deplete conditions

(Nairn et al., 2016).

Pseudomonas aeruginosa, a soil bacterium that commonly

colonizes the respiratory tract of cystic fibrosis patients, also ex-

presses a ZnuABC zinc transporter under zinc-deplete condi-

tions (Pederick et al., 2015). Zinc acquisition by P. aeruginosa

transporters is complemented by the release of the siderophore

pyochelin, which can bind multiple divalent cations (Brandel

et al., 2012). P. aeruginosa zinc acquisition has consequences

not only for bacterial replication but also in the expression of viru-

lence factors. Zinc triggers increased resistance to antibiotics

and promotes biofilm formation within cystic fibrosis sputum

(Marguerettaz et al., 2014). Pseudomonas biofilms are negatively

charged owing to extracellular DNA and chelate positively

charged divalent metal ions, including zinc, to promote bacterial

virulence and survival (Mulcahy et al., 2008). The redundant

mechanisms used by P. aeruginosa to acquire zinc illustrate

how critical the metal is to survival of the pathogen within a

host environment. The ability to overcome host-mediated

zinc sequestration is a shared feature of respiratory patho-

gens including A. baumannii, P. aeruginosa, K. pneumoniae,

and S. pneumoniae (Achouiti et al., 2012; Dintilhac et al., 1997;

Nairn et al., 2016; Pederick et al., 2015), but there remains

much to be discovered about the diverse strategies performed

by these bacteria.

Systemic zinc status affectsmultiple aspects of immunity. As a

result, zinc deficiencymay drive increased susceptibility to infec-

tion because of immune dysregulation. However, an inadequate

supply of zinc available to invading pathogens should also nega-

tively influence bacterial survival. This suggests that bacterial

virulence factors that compete with the host for zinc contributes

significantly to pathogenesis. Teasing apart the effects of dietary

zinc on immune dysfunction and bacterial virulence will be an

important area of future research.

Iron Overload in the Lung

Excess metal may also result in disruption of immune processes

and modulate bacterial virulence. Dietary African iron loading

is a condition characterized by high concentrations of intracellular

macrophage iron due to leaching from drinking containers that is

enhanced in individuals with a genetic predisposition based on an

Fpn1mutation (Gordeuk et al., 2003). This iron loading is positively

correlated with an increased risk of death from the causative

agent of tuberculosis, Mycobacterium tuberculosis (Cronje and

Bornman, 2005). M. tuberculosis is a worldwide threat to human

health, and even with available treatment, it remains a significant

cause of mortality. After inhalation of M. tuberculosis, alveolar

macrophages phagocytose the bacilli and initiate granuloma

formation. Within alveolar macrophages, M. tuberculosis experi-

ences iron starvation and, in response, upregulates genes

involved in metal import (Dubnau et al., 2005) and releases

the siderophore mycobactin (De Voss et al., 2000). Even

with the expression of M. tuberculosis iron-acquisition factors,
Cell Host & Microbe 23, June 13, 2018 741
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macrophage iron withholding effectively aids in limiting bacterial

growth (Schaible et al., 2002).

However, iron loading bypasses metal restriction by providing

M. tuberculosis an iron-replete intracellular environment. Addi-

tionally, high dietary iron weakens other arms of the host

defense. Iron inhibits macrophage interferon-g signaling, a pro-

inflammatory cytokine important for producing bactericidal nitric

oxide gas (Weiss et al., 1992), decreases the recruitment of neu-

trophils (a primary innate defense against M. tuberculosis infec-

tion), and reduces pro-inflammatory cytokine expression (Agoro

et al., 2017). It should be noted that moderate iron supplementa-

tion also results in increased T cell recruitment to granulomas

and enhanced reactive oxygen species production that limits

M. tuberculosis replication (Agoro et al., 2017). Yet the clinical

associations between high dietary iron and the risk of death

from M. tuberculosis suggest that an increase in T cell recruit-

ment alone is not sufficient to overcome iron-mediated disrup-

tion of other aspects of the immune response.

Iron Deficiency and Supplementation in Bacteremia

Iron deficiency affects an estimated 2 billion people worldwide

(Dye et al., 2013). It is the most common type of nutrient defi-

ciency and the only deficiency that affects a sizable population

in industrialized nations. Iron-deficiency anemia, a condition

characterized by a lack of iron within hemoglobin, is particularly

prevalent in young children, pregnant women, and post-partum

women (Miller, 2013). Immunologically, iron deficiency in animal

models inhibits T cell proliferation in the liver (Bonaccorsi-Riani

et al., 2015), spleen (Kuvibidila et al., 1983), and thymus (Brekel-

mans et al., 1994), and reduces activation of T cells and natural

killer T cells (Bonaccorsi-Riani et al., 2015). B lymphocytes also

show reduced proliferation (Kuvibidila et al., 1983) and long-

term iron deficiency reduces production of immunoglobulin

G (IgG) and IgM antibodies (Kochanowski and Sherman, 1985).

The effects of iron deficiency on macrophage function and

bactericidal radical formation is complex, as low iron reduces

Fenton-mediated hydroxyl formation but also increases radical

generation through defects in the respiratory chain and a

reduced capacity to handle oxidative stress (Koskenkorva-Frank

et al., 2013).

To correct iron deficiency, a simple strategy entails providing

iron supplements. A study in Kenyan girls found that 5 months

of dietary iron supplementation could restore hemoglobin levels

of iron-deficient girls to levels similar to those in iron-replete girls.

However, iron-replete girls were at an increased risk of infection

with the malarial parasite Plasmodium (Leenstra et al., 2009),

which acquires iron from heme largely through lysis of red blood

cells (Akinosoglou et al., 2012). As such, there are concerns

regarding strategies to supplement iron to correct anemia due

to fears of supplying iron to the parasite (reviewed in Spottis-

woode et al., 2014). As an example, one study found that chil-

dren provided iron supplements were at an increased risk of

death compared with controls, prompting early termination of

the study (Sazawal et al., 2006). While not all studies find signif-

icant associations between iron supplementation and increased

malaria risk (Spottiswoode et al., 2014), it is clear that caution

must be exercised when manipulating the balance of iron to

avoid collateral alterations in infection risk.

Aside frommalaria, iron supplementation in an effort to correct

iron deficiency could increase the risk of co-morbidities. The
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incidence of NTS bacteremia is high throughout Sub-Saharan

Africa and overlaps with populations suffering from malaria and

iron deficiencies (van Santen et al., 2013). Plasmodium infection

induces anemia and increased expression of the anti-inflamma-

tory cytokine IL-10, which synergize to suppress phagocytic cell

control of NTS and contributes to co-infection (Lokken et al.,

2014). Once infected, NTS within phagocytic cells acquires

ferrous and ferric iron by upregulating expression of the iron im-

porters FeoB or FepB, respectively (Nagy et al., 2014), and the

siderophores enterochelin and salmochelin (Nagy et al., 2013).

NTS also enhances iron availability through triggering the

expression of estrogen-related receptor g (ERRg), which leads

to increased hepcidin expression and accumulation of iron

stores within macrophages (Kim et al., 2014). To counteract

the iron scavenging of the pathogen, infected macrophages

respond by increasing Fpn1 and lipocalin 2 expression, which

effectively limits NTS replication (Nairz et al., 2007). Iron supple-

mentation to treat Plasmodium-induced anemia may subvert the

host response by providing NTS access to higher intracellular

iron, allowing the bacteria to decrease energy expenditure on

iron acquisition and devote resources to replication. To com-

pound the effect, excess iron interferes with nitric oxide produc-

tion, which feeds back to limit Fpn1 expression and increases

intracellular iron stores (Nairz et al., 2007, 2013) (Figure 2).

Together, these studies suggest excess iron supplementation

could upset efforts to correct malaria-induced anemia by

increasing risks for NTS bacteremia, as others have suggested

(van Santen et al., 2013), but more work is needed to clarify these

relationships.

Hemoglobin holds a significant portion of the body’s iron, and

restoring hemoglobin levels via dietary or parenteral nutrition in

iron-deficiency anemia patients is a common practice (Cama-

schella, 2015). However, increasing iron availability in the form

of hemoglobin may also promote bacteria overgrowth at

systemic sites. S. aureus is a Gram-positive bacterium that is a

significant health concern and a cause of serious bloodstream

infections (Johnson et al., 2014). S. aureus is well equipped to

acquire iron through the toxin-dependent lysis of red blood cells

followed by the uptake of heme through the iron-regulated sur-

face determinant (Isd) system (Grigg et al., 2010). The Isd system

contains high-affinity receptors to remove heme from hemoglo-

bin for transport across the cell wall (Grigg et al., 2010) and once

internalized, cytosolic heme oxygenases degrade heme to

release iron (Wilks and Heinzl, 2014). However, heme presents

its own challenge for S. aureus as electron shuttling through

heme and quinone molecules in the bacterial cell membrane

result in the generation of damaging superoxide molecules

(Wakeman et al., 2012). To protect against heme toxicity,

S. aureus senses heme through the two-component regulatory

system HssRS, which under high heme conditions activates

expression of the efflux pump HrtAB and limits intracellular

heme availability (Stauff and Skaar, 2009). In addition, bacterial

nitric oxide synthase (bNOS) protects S. aureus from heme-

induced oxidative stress (Surdel et al., 2016). The ability of S.

aureus to use heme as an iron source is then delicately balanced

against its potential toxicity.

S. aureus heme utilization and detoxification mechanisms

provide an example of why dietary interventions to restore he-

moglobin levels in iron-deficiency anemia should be cautiously
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approached to avoid promoting bacterial growth. However,

other Gram-positive as well as Gram-negative pathogens have

evolved diverse mechanisms to use heme as an iron source

(Anzaldi and Skaar, 2010) and could also complicate efforts to

correct iron deficiency by hemoglobin restoration. However, it

is equally important to consider immune restoration through

iron supplementation. As mentioned previously, iron deficiency

suppresses multiple arms of the immune response. As an

example, in S. aureus infection neutrophils are critical innate

defenders that exhibit impaired killing capacities under iron lim-

itation (Moore andHumbert, 1984). Therefore, iron supplementa-

tion to improve neutrophil bactericidal activities may balance the

potential for enhanced S. aureus growth.

Limited Dietary Iron and Extracellular Bacteria

While iron deficiency impairs the immune response and prompts

iron supplementation, a strategy to reduce dietary iron could

reduce the burden of extracellular pathogens, particularly in

genetically susceptible individuals. The Gram-negative bacte-

rium Vibrio vulnificus is highly virulent and contributes to upward

of 50% of the mortality of bloodstream infections in patients

suffering from hereditary hemochromatosis (Horseman and Sur-

ani, 2011). Hereditary hemochromatosis is caused by amutation

in the HFE gene (chromosome 6p21.3) that leads to the excess

absorption of iron through disruption of hepcidin and Fpn1 inter-

actions (Adams andBarton, 2007) and increases susceptibility to

multiple bacterial pathogens (Khan et al., 2007), including V. vul-

nificus, Y. pseudotuberculosis, Y. enterocolitica, and L.monocy-

togenes. Increased iron in the blood of hereditary hemochroma-

tosis patients (Adams and Barton, 2007) may then serve as a

pool of iron available for pathogens such as V. vulnificus, which

increase the expression of high-affinity iron transporters or iron-

binding siderophore molecules during iron starvation (Pajuelo

et al., 2016). In accordance with increased iron availability in

the blood improving bacterial survival, an iron-limited diet in he-

reditary hemochromatosis patients reduces the overall V. vulnifi-

cus bacterial burden (Arezes et al., 2015). However, hereditary

hemochromatosis may benefit the host response to intracellular

bacteria by limiting intracellular iron availability. Treatment op-

tions targeting iron homeostasis are thus highly dependent on

host genetic factors and the pathogenic lifestyle of the bacteria.

Iron Deficiency and the Stomach

Iron deficiency is associated with an increased risk of gastric

cancer (Cover and Peek, 2013). While there are likely multiple

mechanisms linking iron deficiency to cancer development,

infection with the Gram-negative bacterium Helicobacter pylori

exacerbates carcinogenesis by increasing pathogen virulence

(Noto et al., 2013). H. pylori infects nearly one-half of the world’s

population and is one of the greatest risk factors for the develop-

ment of distal gastric carcinomas (Cover and Peek, 2013). H. py-

lori infection itself is associated with iron deficiency, possibly

through reducing gastric acid production and iron absorption

(Dale et al., 1998) or by inducing blood loss through gastric ulcers

(Beckett et al., 2016). However, there is controversy over

whetherH. pylori is the driver in causing iron deficiency (Banerjee

and Bishop, 2005). Whereas some researchers found that Heli-

cobacter infection does not influence absorption from iron sup-

plementation (Herter-Aeberli et al., 2017), others discovered a

positive link between H. pylori and reduced iron absorption

(Beckett et al., 2016). In either case, iron deficiency increases
H. pylori expression of the Cag pathogenicity island that en-

codes for a type 4 secretion system used to deliver CagA into

host cells (Merrell et al., 2003). Interestingly, along with the

secreted toxin VacA, CagA causes the mislocalization of trans-

ferrin receptors from the basolateral membrane to the apical sur-

face where the pathogen is located (Tan et al., 2011). H. pylori

subsequently acquires iron from transferrin and reveals how

H. pylori manipulates host iron metabolism under iron-deplete

conditions to promote survival in the stomach. Although there

are well-established associations betweenH. pylori, gastric can-

cer, and iron deficiency, there are several outstanding questions

regarding the mechanisms that link them together.

Dietary Manganese and Nutritional Immunity in

the Heart

The role of dietary manganese and susceptibility to infectious

disease is not well described, although a role for manganese in

immune function has been implicated. For instance, manganese

excess increases expression of pro-inflammatory cytokines

from neuron-associated glial cells (Dodd and Filipov, 2011) and

macrophages (Mokgobu et al., 2015) as well as enhancing

natural killer cells (Rogers et al., 1983) and macrophage

activity (Smialowicz et al., 1985). However, high manganese

also inhibits lymphocyte proliferation (Hart, 1978), exemplifying

how balancing metal levels is necessary for optimum immune

function. It remains unclear how the altered inflammatory envi-

ronment mediated by elevated manganese from the diet affects

susceptibility to bacterial colonization, but evidence points to a

link between dietary manganese and nutritional immunity. In a

mouse model of systemic S. aureus infection, high dietary man-

ganese leads to increased bacterial burdens in the heart and

enhanced bacterial virulence (Juttukonda et al., 2017). S. aureus

invasion into organ tissue typically results in neutrophil migration

to the bacterial abscesses, where they release calprotectin to

bind manganese. While S. aureus induces the release of calpro-

tectin around the heart abscess, calprotectin fails to limit manga-

nese availability when mice are provided a high-manganese

diet (Juttukonda et al., 2017). In this manner, high dietarymanga-

nese subverts nutritional immunity and potentiates pathogen

virulence.

Dietary Copper, Nickel, Cobalt, and Molybdenum in
Host-Pathogen Responses
Zinc, iron, and manganese are the most common transition

metals serving critical co-factor or structural roles in mammalian

and bacterial proteins (Andreini et al., 2008). However, other

metals, though not as abundant, are also critical for life. Copper,

nickel, cobalt, and molybdenum are diet derived and important

for the proper functioning of several cellular processes. In hu-

mans, the causes of copper deficiency, if known, include prior

gastric surgery, excessive zinc consumption, andmalabsorption

(Kumar, 2006). Copper deficiencies aremost likely to affect host-

pathogen interactions, as it is widely accepted that localized

copper abundance increases at sites of bacterial invasion to

cause bactericidal toxicity (Besold et al., 2016) that in E. coli is

mediated in part through binding to FeS cluster assembly protein

IscA and inhibiting FeS assembly (Tan et al., 2014). In animal

models copper deficiency limits macrophage-mediated bacteri-

cidal killing against S. pneumoniae,M. tuberculosis, P. haemoly-

tica, and S. Typhimurium (Johnson et al., 2015; Jones and Suttle,
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1983; Newberne et al., 1968; Wolschendorf et al., 2011). In

response, bacteria have evolved mechanisms to relieve host-

mediated copper stress including copper exporters (Johnson

et al., 2015). Additionally, copper is a component of ferroxidases,

such as ceruloplasm and hephaestin, that oxidize iron(II) to

iron(III) (Vashchenko andMacGillivray, 2013). Thus, copper avail-

ability both directly affects host-pathogen interactions as well as

affecting iron homeostasis.

Nickel, cobalt, and molybdenum are important in many bacte-

rial enzymes. Nickel is a co-factor in bacterial urease and NiFe

hydrogenases that contribute to pathogen virulence (de Reuse

et al., 2013; Remy et al., 2013). Cobalt is incorporated into coen-

zyme B12 and is necessary for multiple physiological processes

including ethanolamine utilization that contributes to S. Typhi-

murium growth in the intestines (Thiennimitr et al., 2011). Molyb-

denum, when complexed with a pterin molecule to form a

molybdenum co-factor, is necessary for the catalytic activity of

reductases and dehydrogenases in bacterial respiration that

are critical during infection by the Enterobacteriaceae (Lopez

et al., 2016). An exciting open area of research will be the discov-

ery of how diet-mediated changes to nickel, cobalt, and molyb-

denum availability affect host-pathogen interactions.

Conclusions
There is undoubtedly a strong connection between mammalian

nutrition and susceptibility to infectious disease. Striking a bal-

ance betweenmetal deficiency and toxicity requires coordinated

efforts for both mammals and microbes, with disturbance of this

balance causing repercussions for the survival of both parties.

While several studies have elucidated associations between

metal deficiencies or overloads with susceptibility to bacterial

infection, often the mechanisms leading to increased suscepti-

bility are not as clear. Complicating matters, efforts to correct

the developmental or neurological abnormalities of metal imbal-

ances through changing dietary intake quite often have adverse

effects by subverting nutritional immunity, and are dependent on

immune status and genetic factors. Furthermore, during infec-

tion multiple metal pools are in a state of flux, with the availability

of one metal often influencing the distribution of other metal cat-

ions. How nutrient metal abundances in the body can be thera-

peutically regulated while simultaneously maintaining resistance

to bacterial colonization will be a necessary field of investigation.

To accomplish this task, we need a better understanding of how

the host shuttles metals under inflammatory and non-inflamma-

tory conditions, how this contributes to nutritional immunity, and

how pathogens have evolved to counter this defense mecha-

nism. Additionally, how luminal concentrations of dietary metals

shift microbial populations in the intestines is far from under-

stood. Metal availability could directly affect bacterial physiology

to allow for certain bacterial groups to increase in abundance

while decreasing the abundance of other groups. This in turn

may alter colonization resistance, either through microbe-

microbe interactions or by signaling changes through host

immune or metabolic pathways. Equally valid, the nutrient metal

status of the host could adjust immune responses to the

commensal microbiota to cause dysbiosis and change suscep-

tibility to pathogen colonization. Only by examining how nutrient

metal abundance contributes to the multiple facets of host and

microbe interactions will we elucidate how disturbances in that
744 Cell Host & Microbe 23, June 13, 2018
abundance drive changes to disease susceptibility and bacterial

colonization.
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