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Transition metal ions are essential to bacterial pathogens and

their hosts alike but are harmful in excess. In an effort to curtail

the replication of intracellular bacteria, host phagocytes exploit

both the essentiality and toxicity of transition metals. In the

paradigmatic description of nutritional immunity, iron and

manganese are withheld from phagosomes to starve microbial

invaders of these nutrients. Conversely, the destructive

properties of copper and zinc appear to be harnessed by

phagocytes, where these metals are delivered in excess to

phagosomes to intoxicate internalized bacteria. Here, we

briefly summarize key players in metal withholding from

intracellular pathogens, before focusing on recent findings

supporting the function of copper and zinc as phagocyte

antimicrobial effectors. The mechanisms of copper and zinc

toxicity are explored, along with strategies employed by

intracellular bacterial pathogens to avoid killing by these

metals.
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Introduction
The six 3d-block transition metals manganese (Mn), iron

(Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn)

are essential micronutrients to both hosts and bacterial

pathogens. Metals are required for the functionality of

nearly half of all enzymes and are involved in virtually all

biological processes, from transcription through respira-

tion [1–3]. Within metalloproteins, metals fulfill three

main functions: providing structural stability, serving as

enzymatic cofactors, and facilitating electron transport

reactions through their redox potential [3]. Despite their

essentiality, the characteristics of transition metals that
www.sciencedirect.com 
make them useful biological catalysts also cause them to

be toxic in excess. Uncontrolled cycling by redox active

metals may facilitate production of toxic reactive oxygen

species (ROS), and the affinity of these metals for the

functional groups of proteins may lead to population of

enzymes with a non-cognate metal cofactor. As such, both

hosts and pathogens possess elaborate mechanisms to

maintain homeostatic concentrations of transition metals

[4].

In addition to tightly regulating metal availability to

protect against damage, vertebrate hosts also restrict

access to these metals during infection to curtail bacterial

proliferation. This process, known as nutritional immu-

nity, has traditionally focused on how metal limitation

inhibits bacterial growth [4,5]. Within the last five to ten

years, however, increasing evidence has mounted to

suggest that the host also exploits the toxicity of metals

to directly poison intracellular bacteria. In this review, we

discuss the role of transition metals in controlling intra-

cellular pathogens, with a particular focus on the newly

emerging roles for Cu and Zn as phagocyte antimicrobial

effectors. We discuss proposed mechanisms of Cu and Zn

toxicity in bacterial pathogens, and methods they employ

to subvert this toxicity.

Metal withholding as a defense against
intracellular pathogens
During infection, the availability and distribution of Fe,

Mn, and Zn are profoundly altered through local and

systemic changes that restrict the availability of these

metals to pathogens. Several recent reviews have been

written on metal-withholding as a facet of nutritional

immunity against both extracellular and intracellular

pathogens, and the reader is referred to these reviews

for a comprehensive discussion of the topic [4,6,7]. The

importance of nutrient metal withholding as a strategy to

control intracellular pathogens, however, emerges from

the observation that perturbations to host metal homeo-

stasis can enhance susceptibility to infection by patho-

gens such as Salmonella and Mycobacteria sp. [8,9]. Below

we have summarized major players in restricting access of

nutrient metals to intracellular pathogens.

Iron

One of the key mechanisms limiting Fe availability to

extracellular pathogens during infection is the mainte-

nance of Fe in the reticuloendothelial system, particularly

in macrophages, hepatocytes, and intestinal enterocytes

[10,11]. In response to bacterial infection, interleukin-6

induces expression of hepcidin, which in turn binds the

only known Fe exporter in eukaryotes, ferroportin (Fpn),
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2 Host pathogens
and targets it for degradation. While Fpn degradation

leads to decreased circulating Fe, it presumably increases

the cytosolic pool of Fe available to support growth of

intracellular pathogens [12–14]. Fortunately, in the pres-

ence of intracellular pathogens such as Salmonella enterica
serovar Typhimurium (S. Typhimurium), transcription of

the gene encoding Fpn, SLC40A1, is increased, offsetting

the hepcidin-induced Fpn protein degradation. Tran-

scription of SLC40A1 is induced by the redox-sensitive

host transcription factor Nrf2 (nuclear factor erythroid 2)

in the presence of nitric oxide, which helps to maintain

macrophage iron homeostasis during intracellular infec-

tion [15,16]. Additionally, for bacteria residing in phago-

somes, the availability of Fe and Mn (and perhaps other

divalent metals) is further depleted through the activity

of NRAMP1 (natural resistance-associated macrophage

protein 1), a transporter which extrudes these metals from

the phagosomal lumen [8,9,17]. To combat host Fe

sequestration, bacteria express a plethora of acquisition

systems that have been discussed in-depth in other recent

reviews [4,18].

Manganese and zinc

Aside from the function of NRAMP1 in depleting phago-

somes of divalent metals, surprisingly little is known

about how the host restricts Mn and Zn availability to

intracellular pathogens. Neutrophil-derived calprotectin

(CP) has materialized as a key facet of nutritional immu-

nity against extracellular pathogens, where it sequesters

divalent metals such as Mn, Zn, and likely Fe [19,20�]. To

date, CP is the only known host Mn sequestration com-

plex that inhibits microbial growth [21]. Notably, CP is

unlikely to contribute to the nutritional defense against

intracellular pathogens, as it is not thought to bind metals

within the cell. Metallothioneins (MTs), however, are

emerging as possible players in maintaining Zn homeo-

stasis during infection, functioning to bind Zn (and other

heavy metals) in the cytosol following uptake by Zrt-like

and Irt-like proteins (ZIP). In this manner, MTs may

function to sequester Zn from both extracellular and

intracellular pathogens and indeed, host MT expression

increases during infection [22,23]. Investigating the

mechanisms employed by phagocytes to restrict Mn

and Zn availability to intracellular pathogens is yet in

its infancy and represents a promising area of future

research.

Metal intoxication as a defense against
intracellular pathogens
Copper

Model for Cu as a phagocyte antimicrobial effector

Unlike with Fe and Mn, the role of Cu in the innate

immune defense against intracellular pathogens is

thought to function not through starvation, but rather

through intoxication [24]. Early evidence for Cu func-

tioning as a potential phagocyte antimicrobial effector

arose from elemental analysis of phagosomes, where
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Mycobacterium avium-infected macrophages treated with

interferon-g (IFN-g) or tumor necrosis factor-a (TNF-a)
exhibited a trend toward increased accumulation of pha-

gosomal Cu [25]. In seminal work by Petris et al., treat-

ment of RAW264.7 macrophage-like cells with IFN-g or

lipopolysaccharide (LPS) was shown to increase Cu

uptake and to stimulate expression of the high affinity

copper importer, CTR1 [26��]. Similarly, these proinflam-

matory molecules also enhanced expression of the P1B-

type ATPase ATP7A, a transporter usually responsible

for delivering Cu from the cytosolic Cu-chaperone

ATOX1 to the Golgi apparatus for population of cupro-

proteins. Interestingly, IFN-g activation of macrophages

also appeared to promote trafficking of ATP7A to post-

Golgi vesicles, including redistribution to phagosomal

compartments, suggesting that ATP7A may facilitate

delivery of Cu to phagocytosed bacteria. Consistent with

this notion, disruption of ATP7A expression reduces

killing of non-pathogenic Escherichia coli and

S. Typhimurium, whereas bacterial mutants that are

defective for Cu export are hypersensitive to macrophage

killing in an ATP7A-dependent manner [26��,27��].
Together, these findings provide evidence for intracellu-

lar Cu-mediated bacterial killing, and support a model

whereby macrophages increase uptake of Cu through

CTR1, and subsequently redistribute ATP7A to the

phagosomal membrane to drive influx of Cu to kill

engulfed bacteria (Figure 1).

Mechanisms of Cu toxicity

While the exact mechanism of Cu toxicity is unknown, a

number of modes of action have been proposed. A com-

monly cited means of Cu poisoning hinges upon the redox

potential of the metal. Under aerobic conditions, it has

been hypothesized that Cu catalyzes the formation of

ROS through the Haber-Weiss reaction and Fenton-like

chemistry, in a manner analogous to Fe(II) [28,29]:

Cu(II) +
�
O2

�! Cu(I) + O2

Cu(I) + H2O2! Cu(II) + OH�+
�
OH

In addition to being byproducts of normal aerobic respi-

ration,
�
O2

� and H2O2 are also components of the

phagocyte oxidative burst, produced by NADPH oxi-

dase and superoxide dismutase (SOD), respectively.

Through the above reactions, Cu may thus further

potentiate the production of phagosomal ROS, including

facilitating the production of highly toxic hydroxyl radi-

cals (
�
OH). Hydroxyl radicals react indiscriminately with

macromolecules such as nucleic acids, proteins, and

lipids, ultimately compromising bacterial viability.

Although this mechanism of toxicity is well-defined

for Fe, it is important to note that bacterial killing by

Cu-derived ROS has not been conclusively demon-

strated in vivo.
www.sciencedirect.com
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Figure 1
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Key metal-dependent strategies employed by phagocytes to inhibit survival of intracellular bacteria.

A schematic cartoon of the metal intoxication (left and lowercase letters) and starvation (right and uppercase letters) tactics used by the host to

control the survival and replication of intracellular bacterial pathogens (green bacilli). During infection, ferroportin (Fpn; peach) is bound by hepcidin

(black star), which targets Fpn for lysosomal degradation (A,B). Decreased Fpn expression leads to increased accumulation of Fe(II) within the

phagocyte cytosol, which may promote growth of intracellular bacteria (C). To counteract Fe accumulation, Fpn expression is increased during

intracellular infection, promoting extrusion of Fe (green circles) from the host cytosol (D). Additionally, Fe, Mn (cyan circles), and perhaps Zn

(yellow circles) are effluxed from the phagosome by NRAMP1 (pink) (E). Free Zn, Cu (orange circles), and other heavy metals within the cytosol are

sequestered by metallothioneins (MTs; black flowers) (F). Divalent metals in the external milieu are sequestered by calprotectin (CP; grey shapes)

(G). ATP7A (yellow) associates primarily with the endoplasmic reticulum (ER) to populate cuproproteins with Cu (H).

In using metal toxicity in the killing of intracellular bacteria, expression of the Cu importer CTR1 (grey) is increased, leading to Cu accumulation within

the phagocyte (a). Cytosolic Cu is sequestered by the metallochaperone ATOX1 (salmon; b) and shuttled to the phagosomal membrane for transport

into the vesicle by ATP7A (c). Once within the phagosome, free Cu poisons bacteria, in part through mismetallation of key metalloproteins (d). Similarly,

Zn is likely transported into the phagocyte by a ZIP family importer (green; e). Cytosolic Zn is thought to be liberated from MTs through oxidative

release, facilitated by phagocyte NADPH oxidase (pink; f). Zn is delivered to the phagosome by way of a ZnT family transporter (cyan; g) or through

fusion with a zincosome (purple; h), where it intoxicates bacteria through mismetallation of key proteins/processes (i).
Interestingly, and in contrast to the above hypothesis, E.
coli mutants that are debilitated for Cu detoxification and

export are less sensitive to killing by H2O2, do not exhibit

increased nucleic acid damage, and are most inhibited for

growth in the presence of Cu under anaerobic conditions

[30]. The aforementioned findings are incongruent with

the idea that Cu poisons bacteria solely through the gener-

ation of ROS. In an effort to reconcile these inconsistencies,

Macomber and Imlay investigated the route of Cu toxicity

in E. coli and found that Cu appears to target solvent-

exposed [Fe–S] cluster enzymes in branched-chain amino

acid biosynthesis [31]. Cu is a highly competitive metal for

protein binding, as described by the Irving-Williams series
www.sciencedirect.com 
(Mn2+< Fe2+< Co2+< Ni2+< Cu2+> Zn2+) and has the

potential to stably displace all other transition metals from

metalloenzymes [32]. Mismetallation of key biosynthetic

enzymes in the production of heme, nucleotides, and [Fe–

S] clusters has since been identified as a mechanism of Cu

toxicity in Neisseria gonorrhoeae [33], Streptococcus pneumo-
niae [34], and E. coli and Bacillus subtilis [35–37], respec-

tively. Additionally, in the case where Cu displaces Fe from

metalloproteins, it is possible that these liberated Fe atoms

may further enhance the generation of ROS. These find-

ings suggest that the mechanism of Cu-mediated killing by

macrophages is likely to be multifaceted and may be

specific to a given pathogen.
Current Opinion in Immunology 2019, 60:1–9



4 Host pathogens
Bacterial strategies for avoiding Cu toxicity

To avoid poisoning, bacteria possess many, often redun-

dant, mechanisms to avoid or detoxify Cu (see Table 1 for

examples). Broadly, strategies to mitigate Cu toxicity

include: 1) minimizing the nutritional requirement for

Cu, 2) extruding free Cu from the cytoplasm, 3) seques-

tering free Cu, and 4) oxidizing Cu(I) to less toxic Cu(II).

While an extensive examination of these mechanisms is

outside the scope of this review, they are briefly summa-

rized below [for more comprehensive reviews see Refs.

24,38].

Unlike eukaryotes, bacteria have not evolved an exten-

sive repertoire of Cu-requiring proteins. Bacterial

cuproenzymes primarily include Cu/Zn SOD, and cyto-

chrome and multicopper oxidases [39,40]. Cu-containing

proteins in bacteria are localized to the cytoplasmic

membrane or the periplasm, which obviates the need

to uptake Cu into the cytosol, and maintains free Cu

concentrations in the attomolar range (10�18) [41].

Removal of excess Cu from the cytoplasm is performed

by heavy metal efflux pumps of the P1B-type ATPase

superfamily, often designated as CopA that function
Table 1

Copper detoxification strategies of intracellular pathogens and their a

Pathogen Locus/Gene Function Infe

Transportation

M. tuberculosis mctB Mycomembrane channel;

efflux

Inha

ctpV Putative inner membrane

protein; efflux

Inha

guin

ricR Transcriptional repressor of

Cu responsive regulon; Cu

homeostasis

Inha

S. Typhimurium

copA and golT
Inner membrane P1B-type

ATPases; efflux

Peri

RAW

Com

intra

mou
aE. coli copA Inner membrane P1B-type

ATPase; efflux

RAW

S. pneumoniae

copA
Inner membrane P1B-type

ATPase; efflux

Intra

intra

intra

A54

Sequestration

Uropathogenic E. coli

ybt

Cu-binding siderophore

(yersiniabactin);

sequestration, detoxification

Urin

mou

RAW

Oxidation

S. Typhimurium cueO Multicopper oxidase;

detoxification

Ora

a Non-pathogenic, but provided as a model Gram-negative organism.
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antagonistically to ATP7A [27��]. In Gram-negative bac-

teria, Cu(I) is subsequently exported from the periplasm

by way of additional transport systems, such as the well-

characterized and cell envelope-spanning CusCBA com-

plex in E. coli [42].

Notably, simply exporting Cu from the cell is not suffi-

cient to fully protect against toxicity, and bacteria also

possess many unique mechanisms to sequester or detox-

ify Cu within the cell. Examples of this include the Cu

chaperone CusF of E. coli, which helps to shuttle Cu to

the CusCBA complex for efflux [43]. In Mycobacterium
tuberculosis, one of the first bacterial MTs was identified

(MymT), which can sequester up to seven cytoplasmic

Cu(I) ions, with a preference for four to six Cu(I) ions [44].

Recently, yersiniabactin of E. coli was found not only to

function in Fe uptake, but also in the delivery Cu to a

cuproenzyme under low Cu conditions and as a SOD

mimic to help protect against the phagocyte oxidative

burst [45,46�,47]. It appears that yersiniabactin functions

both to supply nutritional Cu, while at the same time

guarding against its toxicity, a strategy the authors refer to

as ‘nutritional passivation’ [46�]. Lastly, many bacteria,
ssociation with survival and virulence

ction model Phenotype of mutant during

infection, relative to wild-type

Reference

lational; guinea pig Reduced bacterial burdens in lungs

and lymph nodes

[63]

lational; mouse,

ea pig

Reduced lung damage and immune

response, decreased mortality of

mice

[64]

lational; mouse Mutant with constitutive repression

of ricR regulon has reduced

bacterial burden in lungs

[65]

toneal macrophages Decreased survival of DcopA DgolT

in wildtype but not ATP7aLysMcre

macrophages

[27��]

264.7 macrophages Decreased survival of DcopA DgolT [48]

petitive

peritoneal challenge;

se

Decreased survival of DcopA DgolT

in livers and spleens

[27��]

264.7 macrophages Decreased survival of mutant [26��]

tracheal,

peritoneal, and

venous; mouse

Decreased survival in blood,

decreased mortality of mice

[49,66]

9 lung epithelial cells Decreased adherence and invasion [49]

ary tract infection;

se and human

Uropathogenic E. coli expressing

ybt during infection has enhanced

Cu resistance

Cu(II)-Ybt forms during infection

[45]

264.7 macrophages Decreased survival of mutant in Cu-

replete macrophages

[47]

l gavage; mouse Decreased burdens in liver and

spleen

[67]

www.sciencedirect.com



Metals as phagocyte antimicrobial effectors Sheldon and Skaar 5
including E. coli, M. tuberculosis, and S. Typhimurium,

express a multicopper oxidase that confers Cu tolerance,

purportedly through oxidizing Cu(I) to less toxic Cu(II)

[38 and references therein].

Role of Cu detoxification in intracellular survival

The abundance and diversity of Cu detoxification

machinery in bacterial pathogens suggest that these

organisms must encounter harmful levels of Cu during

the course of infection. Indeed, such systems have

increasingly been shown to impact bacterial virulence

in various models of infection (Table 1). Importantly, and

relevant to this issue specifically, disruption to Cu homeo-

stasis mechanisms decreases intracellular survival of a

number of pathogens including E. coli [26��,47], S. Typhi-

murium [27��,48], and S. pneumoniae [49]. These findings,

coupled with the observation of increased trafficking of

Cu to the phagosome during infection, suggest that death

by phagosomal Cu overload may be a common but

underappreciated mechanism of bacterial killing within

macrophages.

Zinc

Model for Zn as a phagocyte antimicrobial effector

The role of Zn in nutritional immunity is unique, with

both Zn starvation and Zn intoxication posited as mecha-

nisms of inhibiting bacterial proliferation. Bioavailable

levels of Zn within vertebrates are sufficiently low as to

necessitate the expression of Zn importers in virtually all

bacteria, and oftentimes these transporters are associated

with bacterial virulence [4,50]. Despite growing apprecia-

tion for Zn sequestration as an important facet of nutri-

tional immunity, this means of inhibiting bacterial sur-

vival and proliferation appears to apply primarily to

extracellular bacterial pathogens. However, as with Cu,

increasing evidence suggests that excess Zn may also be

used as an antimicrobial agent against intracellular

pathogens.

In the same elemental analysis as discussed above for

Cu, Zn was also shown to increase over time in activated

macrophages infected with mycobacteria [34]. Similarly,

Botella et al. observed an increase in intraphagosomal Zn

that colocalized with M. tuberculosis internalized in

human macrophages [22]. Transcriptional analyses

revealed upregulation of known heavy metal detoxifica-

tion genes in both host macrophages and the pathogen,

and disruption of a Zn-responsive P1B-type ATPase in

M. tuberculosis (CtpC) lead to impaired survival of the

mutant intracellularly and under Zn stress [22].

Together these data suggest that the host employs Zn

poisoning to eradicate the phagocytosed mycobacteria.

The authors propose a model whereby NADPH phago-

cyte oxidase facilitates the oxidative release of metal

from cytosolic Zn(II)-MT complexes. From there, Zn is

thought to be delivered to host endocytic compartments

and phagosomes by an as-yet-unidentified member of
www.sciencedirect.com 
the Zn transporter (ZnT (SLC30)) family, or through

fusion with Zn-containing vesicles (‘zincosomes’) (Fig-

ure 1) [22]. This model is supported by the observation

that E. coli also upregulates Zn detoxification genes

within human macrophages and promotes intraphagoso-

mal Zn accumulation, where bacteria lacking the well-

characterized Zn efflux pump, ZntA, are debilitated for

intracellular survival [22,51�].

Mobilization of Zn in response to intracellular patho-

gens does not appear to be limited to macrophages, as

neutrophils have also been shown to increase intracel-

lular Zn levels in response to Group A Streptococcus
(GAS) infection [52]. In an important study working

to dissect the role of Zn homeostasis during GAS

infection, Ong et al. provided additional support to

the hypothesis that Zn intoxication of bacteria occurs

intracellularly,  while Zn starvation occurs extracellu-

larly [53��]. The authors observed that GAS Zn efflux

genes were expressed upon exposure to human neu-

trophils and the corresponding bacterial mutants exhib-

ited decreased intracellular survival, whereas Zn uptake

mutants were impaired for extracellular survival. Addi-

tionally, increased Zn was observed at sites of infection

due to an influx of Zn-rich neutrophils, where the metal

was found to colocalize with lysosomes and azurophilic

granules in both naı̈ve and infected cells. In support of

the zincosome model proposed above, upregulation of

ZnTs was not observed in infected neutrophils, and

instead it was reasoned that preformed Zn-loaded gran-

ules fuse with the phagosome to deliver a toxic load of

Zn to phagocytosed bacteria [53��].

Mechanisms of Zn toxicity

As highlighted in the Irving-Williams series, Zn(II) is a

highly competitive metal for protein binding but due to a

stably filled 3d orbital, is redox-inert [32,50]. From the

outset, early studies have supported the notion that Zn is

toxic due to its ability to mismetallate key proteins and

enzymes. In S. pneumoniae, Zn can irreversibly bind the

extracellular substrate binding protein PsaA, blocking Mn

(II) uptake by the bacterium and increasing its suscepti-

bility to oxidative stress [54,55]. Excess Zn inhibits gly-

colytic enzymes and phosphoglucomutase in GAS, result-

ing in reduced growth on glucose and diminished capsule

production, respectively [56]. In the Gram-positive model

organism, B. subtilis, excess extracellular Zn inhibits the

electron transport chain through inactivation of the heme-

Cu-dependent cytochrome aa3 oxidase. In the absence of

Zn-efflux proteins, Zn accumulates intracellularly and

mismetallates cytosolic proteins involved in the regula-

tion of heme biosynthesis resulting in toxicity [57].

Together these studies provide important insights into

the molecular targets of Zn toxicity; however, further

investigation is required to identify if similar proteins/

pathways are targeted in phagocytosed bacteria.
Current Opinion in Immunology 2019, 60:1–9



6 Host pathogens

Table 2

Zinc detoxification strategies of intracellular pathogens and their association with survival and virulence

Pathogen Locus/Gene Function Infection model Phenotype Reference

Transportation

M. tuberculosis ctpC Inner membrane P1B-type

ATPase, efflux

Human monocyte-derived

macrophages

Decreased survival of mutant [22]

aE. coli

zntA
Inner membrane P1B-type

ATPase, efflux

Human monocyte-derived

macrophages

Decreased survival of mutant [22]

Neutrophils Decreased survival of mutant [51�]
Group A Streptococcus

czcD
CDF family transporter;

efflux

Neutrophils Decreased survival of mutant [52,53��]
Invasive subcutaneous;

humanized plasminogen

transgenic mouse

Decreased initial lesion size,

dissemination in blood,

mortality of mice

Decreased survival relative

to wild-type in competitive

infection

[52,53��]

S. Typhimurium Salmonella

pathogenicity island-

1

Delivery of bacterial effector

molecules; unknown

mechanism

Human monocyte-derived

macrophages

Prevents co-localization of

phagosomes with Zn-

containing vesicles

[51�]

zntA and zitB Inner membrane P1B-type

ATPase and CDF family

transporters, respectively;

efflux

Competitive intraperitoneal

challenge; mouse

Reduced recovery of DzntA

DzitB mutant from liver and

spleen

[58]

Regulation

S. pneumoniae sczA Transcriptional activator of

Zn efflux; regulation of Zn

homeostasis

Human monocyte-derived

macrophages

Decreased survival of mutant [61]

Group A Streptococcus

gczA (sczA)

Transcriptional activator of

Zn efflux; regulation of Zn

homeostasis

Neutrophils Decreased survival of mutant [52]

Invasive subcutaneous;

humanized plasminogen

transgenic mouse

Decreased mortality of mice [52]

a Non-pathogenic, but provided as a model Gram-negative organism.
Bacterial strategies for avoiding Zn toxicity

Relative to Cu, bacterial mechanisms of avoiding Zn

toxicity appear fairly simplistic (see Table 2 for exam-

ples). Generally, cytosolic Zn concentrations are sensed

by a Zn-dependent transcriptional regulator, and excess

Zn is extruded from the cytoplasm by one or more P1B-

type ATPases, cation diffusion facilitators (CDFs) and/or

transporters of the resistance-nodulation-cell division

(RND) superfamily [33]. Zn detoxification is best char-

acterized in E. coli, which expresses multiple efflux

systems with varying specificities for Zn(II) and other

divalent metals such as lead and cadmium. Under con-

ditions of excess Zn, the transcriptional regulator ZntR

binds Zn(II) and induces transcription of the ATPase

ZntA, as well as the CDFs ZitB and YiiP [50]. Zn

detoxification machinery homologous to that found in

E. coli is also used by professional intracellular pathogens

such as S. Typhimurium [58]. Some Gram-negative bac-

teria also appear to possess a tripartite cobalt–zinc–cad-

mium/nickel RND-driven detoxification system that

spans the periplasm and efficiently expels these metals

from the bacteria [50,59]. Additionally, Zn within the

cytosol is protected from aberrant population of metallo-

proteins through buffering by MTs, histidine, and/or low

molecular weight thiols [50].
Current Opinion in Immunology 2019, 60:1–9 
As our appreciation of Zn intoxication as a mechanism of

bacterial killing grows, so too does our knowledge of the

subversion tactics employed by bacteria to escape. In

addition to efflux, S. Typhimurium was recently shown

to avoid Zn poisoning by subverting trafficking of the

metal within macrophages [51�]. In brief, although S.
Typhimurium infection induces the formation of Zn-

containing vesicles within human macrophages, unlike

E. coli and M. tuberculosis, it does not localize with these

vesicles [22,51�]. Although the exact mechanism used by

S. Typhimurium to evade Zn-containing vesicles was not

determined, it is likely to involve effector molecules

encoded from Salmonella pathogenicity island-1, as bac-

teria lacking this genetic locus were found to associate

with Zn-containing vesicles [51�]. Identifying how bacte-

ria such as S. Typhimurium actively avoid metal toxicity

within phagocytes will provide important insights into

how to counteract these evasion strategies and enhance

metal-associated killing.

Role of Zn detoxification in intracellular survival

Zn deficiency is associated with increased susceptibility

to diarrheal diseases and pneumonia, suggesting that Zn

plays an important role in the host defense against patho-

gens [60]. As highlighted in Table 2, a loss of Zn
www.sciencedirect.com
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detoxification machinery results in impaired intracellular

survival of M. tuberculosis, non-pathogenic E. coli, S.
pneumoniae, and GAS [22,51�,52,53��,61], and in the case

of GAS also reduces bacterial survival in murine models of

infection [52]. Conversely, disruption to Zn uptake

machinery has a profound impact on the in vivo survival

of intracellular pathogens such as Brucella abortus, S.
Typhimurium, and L. monocytogenes [62, and references

therein]. The utility of both bacterial Zn efflux and

uptake machinery within the host highlights the complex

nature of Zn homeostasis at the host–pathogen interface.

Although it is tempting to speculate that all intracellular

pathogens face Zn starvation extracellularly and Zn poi-

soning within the confines of phagocytes, further studies

are required to determine the extent to which intracellu-

lar Zn-mediated killing is used against these microbial

invaders.

Concluding remarks and future directions
The role of nutritional immunity in controlling bacterial

infections to date has largely focused on metal withhold-

ing as a means of inhibiting pathogen growth. As

highlighted in this review, there is a growing appreciation

for the role of metals functioning as phagocyte antimicro-

bial effectors, where overloading the phagosome with

toxic metals is employed as a strategy to directly poison

intracellular pathogens. Although we specifically

highlighted Cu and Zn, all transition metals are toxic

in excess and it is not yet known if all other metals may

similarly be employed in the control of intracellular

pathogens. Further, how the host decides whether to

starve or intoxicate internalized bacteria is not known

and represents an exciting area of future research. Under-

standing how phagocytes target and deliver toxic metals

to intracellular bacteria may provide avenues for the

development of novel therapeutics that enhance or

exploit these natural pathways to control bacterial

replication.
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