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Abstract

Copper is an essential micronutrient for both pathogens and the animal hosts they infect. However, 

copper can also be toxic in cells due to its redox properties and ability to disrupt active sites of 

metalloproteins, such as Fe-S enzymes. Through these toxic properties, copper is an effective 

antimicrobial agent and an emerging concept in innate immunity is that the animal host 

intentionally exploits copper toxicity in antimicrobial weaponry. In particular, macrophages can 

attack invading microbes with high copper and this metal is also elevated at sites of lung infection. 

In addition, copper levels in serum rise during infection with a wide array of pathogens. To defend 

against this toxic copper, the microbial intruder is equipped with a battery of copper detoxification 

defenses that promote survival in the host, including copper exporting ATPases and copper binding 

metallothioneins. However, it is important to remember that copper is also an essential nutrient for 

microbial pathogens and serves as important cofactor for enzymes such as cytochrome c oxidase 

for respiration, superoxide dismutase for anti-oxidant defense and multi-copper oxidases that act 

on metals and organic substrates. We therefore posit that the animal host can also thwart pathogen 

growth by limiting their copper nutrients, similar to the well-documented nutritional immunity 

effects for starving microbes of essential zinc, manganese and iron micronutrients. This review 

provides both sides of the copper story and evaluates how the host can exploit either copper-the-

toxin or copper-the-nutrient in antimicrobial tactics at the host-pathogen battleground. 
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Introduction

Copper serves as an essential micronutrient for virtually all forms of life. As a redox active 

metal, copper is the ideal cofactor for enzymes involved in electron transfer and oxygen 

chemistry and at least 30 metalloproteins have been classified as cuproenzymes [1]. 

Functions range from photosynthesis (plastocyanin) to respiration (cytochrome c oxidase; 

COX) to free radical detoxification (superoxide dismutases; SOD). Cuproenzymes are 

involved in oxidizing metals and organic substrates and produce a wide array of metabolites, 

neuropeptides, pigments and many other biologically active compounds [1]. However, the 

same redox properties that make copper an excellent enzymatic cofactor also make this 
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element potentially deleterious. It has long been thought that cuprous copper can react with 

hydrogen peroxide in Fenton-like chemistry to produce the extremely reactive hydroxyl 

radical. More recent studies have shown that the reaction of cuprous copper with hydrogen 

peroxide produces a high oxidation Cu(III) product that may damage cellular components 

[2]. Even in the absence of hydrogen peroxide, copper can displace iron in Fe-S clusters, 

inactivating various essential Fe-S containing enzymes [3]. Given the potentially detrimental 

effects of this essential metal ion, maintaining copper homeostasis is crucial.

Humans are particularly skilled at controlling copper physiology and a number of 

homeostatic mechanisms ensure sufficient copper acquisition to meet dietary needs whilst 

minimizing side effects of copper overload. Instances of dietary copper starvation or copper 

toxicity are rare in humans except with cases of genetic disorders of copper metabolism. 

These disorders can result in copper overload, as in Wilson’s disease, or in copper 

deficiency, as in the fatal Menkes disease. Many excellent reviews have been written on the 

topic of mammalian copper homeostasis [4–9]. In contrast to mammals, microbial pathogens 

face key challenges when it comes to the bioavailability of copper as well as other essential 

and toxic metals.

In addition to copper, microbes require iron, manganese and zinc to activate a wide 

assortment of metalloenzymes and the animal host takes advantage of the microbial 

addiction to these metals through a tactic known as “nutritional immunity”, a host response 

designed to starve pathogens of essential metals [10, 11]. There is a system wide shut-down 

of available iron [10, 12–15] and manganese and zinc (as possibly iron) are also withheld at 

local sites of infection through extracellular S100 metal binding proteins, such as 

calprotectin, that bind these metals with nanomolar affinity [16, 17]. However, there have 

been no similar reports of nutritional immunity for copper, and in fact the opposite appears 

true. Rather than copper starvation, the current dogma is that the animal host elevates copper 

during infection to attack microbes with copper toxicity. A large number of reviews have 

been written on the topic of toxic copper as an antimicrobial weapon during infection [18–

25]. We posit that the situation is far more complex and that depending on the niche in the 

host, copper can become either toxic or very limiting for the microbial intruder. This yin and 

yang of copper at the host-pathogen interface is the topic of this review.

The heightened copper response of the host during infection

Copper toxicity as an effective biocide

Dating back to the time of ancient Egyptian and Roman civilizations, copper containing 

compounds have been used as antimicrobials [26]. Currently, copper alloy surfaces are being 

utilized in hospitals to prevent hospital-transmitted infections [27–29] and copper-based 

compounds are being developed to treat human fungal infections [30, 31] as well as to 

protect crops against the damage of both fungal and bacterial pathogens [32]. These copper 

containing compounds are effective either through redox properties involving reactive 

oxygen species (ROS) or through copper mediated disruption of Fe-S clusters as described 

above [3, 20, 21]. In addition to these commercial uses of copper antimicrobials, animals 

also have built-in mechanisms for exploiting copper as a weapon to fight microbes. Here, we 
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describe three sites within the animal host where copper is elevated in response to invading 

microbes.

The macrophage copper burst

When macrophages encounter pathogens, they can engulf and contain the microbe within a 

compartment known as the phagolysosome. This extremely hostile environment contains 

high ROS and reactive nitrogen, low pH and proteases, which are all designed to kill the 

microbe. With certain infectious agents, the phagolysosome can also accumulate high 

copper which, together with phagolysosomal ROS, can attack microbes through Fenton 

chemistry or through other pathways as described above. The high copper of macrophage 

phagolysosomes was first described for infection with Mycobacterium species including the 

M. tuberculosis pathogen for tuberculosis [33]. Since then, macrophage copper has been 

shown to be important in killing E. coli [34] and inducing copper toxicity stress for 

Salmonella [35, 36]. Even fungi such as Candida albicans show symptoms of high copper 

exposure during encounters with macrophages [37]. The mechanism by which macrophages 

accumulate this high copper is believed to involve a combination of increasing copper 

uptake by the high affinity copper transporter CTR1 and by activating the copper ATPase 

ATP7A, which can directly pump copper into the phagolysosome [34, 36, 38].

The heightened copper response in the lung – macrophages at work?

Studies conducted with three very different pathogens have provided evidence for elevated 

copper in the lung during microbial invasion. Infection with M. tuberculosis produces 

granulomas in animal lungs with significantly higher copper than the surrounding tissue, and 

copper detoxification mechanisms including a putative copper channel and copper 

transcriptional sensors in M. tuberculosis are essential for lung pathogenesis [39–41]. With 

Streptococcus pneumoniae, a leading cause of pneumonia, bacterial colonization of the lung 

was greatly diminished in S. pneumoniae mutants unable to export copper by the CopA 

copper transporting ATPase [42]. Even the human fungal pathogen Cryptococcus 

neoformans shows strong markers of fungal copper toxicity stress as this microbe invades 

the lung, including the induction of copper chelating metallothioneins (MT) for copper 

detoxification and lung pathogenesis [38]. Collectively, these studies point to elevated 

copper as antimicrobial armament for the lung as illustrated in Fig. 1. One likely source of 

this lung copper is the macrophage as described above. Pulmonary macrophages are a major 

constituent of tuberculosis granulomas and are known to densely populate sites of C. 

neoformans and S. pneumoniae infections in the lung. In recent experiments by Johnson et 

al, the copper toxicity stress of S. pneumoniae in the lung was ameliorated upon depletion of 

pulmonary macrophages [42], strongly implicating macrophages in this heightened copper 

response. As described above, the mechanism for increased copper in pulmonary 

macrophages may involve a combination of increasing copper uptake by the macrophage 

CTR1 copper permease and activation of the copper ATPase ATP7A in the phagolysosome 

[34, 36, 38]. The source of copper for pulmonary macrophages is unclear but may include 

extracellular cuproproteins (e.g., ceruloplasmin, see below) or non-proteinaceous copper 

binding ligands that are taken up by macrophages.
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Elevated serum copper and ceruloplasmin

A common hallmark of infection irrespective of the agent (viral, bacterial, fungal) is a 

marked and progressive rise in serum copper [38, 43–46]. This elevation in copper may all 

be attributed to a single source, namely the cuproprotein ceruloplasmin as illustrated in Fig. 

1.

Ceruloplasmin is a multicopper oxidase [47] that is secreted from the liver and accounts for 

95% of the copper content of the serum [48]. Its main physiological role is to oxidize Fe2+ to 

Fe3+, promoting both Fe mobilization from tissues and loading of ferric iron into serum 

transferrin [49–51]. Interestingly, ceruloplasmin is also an acute phase protein induced in 

response to inflammation, trauma, or infection [52], and levels of this protein are induced 

during infection with bacteria [44], viruses [53] and protozoans [54]. Since one molecule of 

ceruloplasmin binds 6 atoms of copper, even a modest increase in ceruloplasmin during 

infection can account for a substantial elevation in serum copper.

What is the purpose of elevating this multi-copper oxidase during infection? One possibility 

may be that ceruloplasmin helps deliver copper to sites of infection for attacking pathogens 

with copper toxicity. It has been suggested that certain tissues as well as lymphocytes 

contain cell surface receptors for ceruloplasmin [55, 56]. However, copper binds to 

ceruloplasmin with extraordinarily high affinity [57], and studies of mammalian 

ceruloplasmin deficiency have established a role for this cuproprotein in the homeostasis of 

iron, not copper [50, 51]. As a ferroxidase, ceruloplasmin helps mobilize iron from tissues 

and could therefore help starve invading pathogens of their essential iron nutrients as part of 

the nutritional immunity response. Thus, we posit that the marked elevation in serum copper 

during infection is not part of the toxic copper armament of the host, but rather reflects the 

production of ceruloplasmin for the purpose of depleting tissue iron. It is possible that the 

toxic copper response of host immunity is a very specialized case involving the macrophage 

phagolysosome.

Copper limitation during infection

While the role of copper toxicity in innate immunity is widely accepted, the less appreciated 

side of copper involves its role as a micronutrient for host and pathogen alike. Should copper 

become limiting during infection, a tug of war for this essential element could ensue 

between animal and microbe.

Copper as a nutrient for bacterial versus eukaryotic pathogens

When considering copper as a nutrient for infectious microbes, it is important to distinguish 

bacterial and eukaryotic pathogens. Bacteria for the most part seem very adverse to copper 

and go to great lengths to avoid any copper accumulation in the intracellular/cytoplasmic 

compartment. Virtually all the copper taken up by a typical Gram negative or Gram positive 

bacterial cell is actively exported by copper transporting ATPases into the periplasmic/

extracellular space [58, 59]. Accordingly, bacterial cuproenzymes are generally 

extracellular/periplasmic, not cytoplasmic, including Cu/Zn SOD, COX and multi-copper 

oxidases [60, 61]. By comparison, eukaryotes have evolved with an extensive requirement 
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for copper. Cuproenzymes can be found in practically every location inside and out of the 

cell and even extracellular cuproenzymes acquire their copper inside the cell via the 

secretory pathway. As a result, eukaryotes are equipped with sophisticated systems for 

acquiring copper and using copper chaperones to deliver the metal to various locations, 

including the mitochondria to activate COX, the secretory pathway to activate extracellular 

cuproenzymes such as Cu/Zn SOD and ceruloplasmin, and to sites in the cytosol for 

activating a cytosolic Cu/Zn SOD [62–69]. With such a thirst for copper, eukaryotic cells 

should be vulnerable to copper limitation. Nevertheless, eukaryotic pathogens have evolved 

to withstand droughts and swells of copper availability by inducing appropriate homeostatic 

responses. This is best understood with fungi.

Pathogenic fungi are designed to survive extreme highs and lows of copper

The molecular mechanisms by which fungi respond to copper were originally uncovered in 

the baker’s yeast Saccharomyces cerevisiae and many of the same principles apply to 

pathogenic fungi. This yeast corrects states of copper overload or copper deficiency by 

altering transcription of genes for copper homeostasis. The transcription factors that mediate 

these responses directly bind copper through cuprous-thiolate clusters [70] and therefore act 

as both sensors for copper and as transcriptional regulators. Two distinct copper regulators 

sense copper in bakers’ yeast: Cup2 (also known as Ace1) senses high copper and activates 

genes for MTs that chelate and detoxify copper [71], while copper deprivation is sensed by 

the Mac1 regulator that induces genes for copper uptake, including the fungal copper 

transporter gene CTR1 [72, 73] (Fig. 2).

Like bakers’ yeast, C. albicans uses separate Mac1 and Cup2 systems for responding to 

copper, but the respective copper regulons are more extensive. With high Cu, C. albicans 

Cup2 not only induces MTs but also a cell surface copper exporting ATPase (Crp1) to 

extrude copper from the cell, analogous to the copper elimination response of bacteria [74, 

75]. Additionally, the C. albicans Mac1 sensor for low copper induces copper uptake as well 

as genes that control iron metabolism and modulate utilization of copper as an enzymatic 

cofactor [76, 77]. Regarding the latter, C. albicans Mac1 induces non-copper alternatives for 

the cuproenzymes COX and Cu/Zn SOD. Most eukaryotes (including bakers’ yeast) rely 

wholly on COX for mitochondrial respiration and a cytosolic Cu/Zn Sod1 for antioxidant 

protection, but C. albicans can express non-copper alternatives for these including an iron-

requiring alternative oxidase (Aox2) [78] and a cytosolic Mn-Sod3 [79]. AOX2 and SOD3 

expression are both induced by Mac1, while the Cu/Zn SOD1 is repressed by Mac1 during 

copper starvation [45, 77] (Fig. 2). In fact, the SOD3/SOD1 ratio is an excellent indicator of 

fungal copper status. By inducing non-copper alternatives for cuproenzymes and by 

repressing Cu/Zn Sod1 as a major consumer of cellular Cu, C. albicans can efficiently spare 

copper during times of copper limitation [45].

Interestingly, the pulmonary fungal pathogen C. neoformans has only a single factor for 

sensing copper, namely Cuf1, and this regulator can respond to both high and low copper. 

The N-terminus of Cuf1 is similar to the high copper sensor Cup2 while the C-terminus is 

similar to the low copper sensor Mac1 [80, 81] (Fig. 2). With high copper, Cuf1 

transcriptionally activates a pair of unusually large MTs with a heightened capacity for 
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chelating copper [82]. During copper deprivation, this same factor activates several copper 

uptake genes including CTR1 and CTR4, enabling substantial copper influx [80, 82, 83] 

(Fig. 2).

The aforementioned fungal responses to high copper make sense based on the dogma for 

copper toxicity of host innate immunity. Yet if copper is always high in the host, then why 

have these fungi retained copper starvation responses? One might argue that these responses 

function under copper limitation conditions outside the animal host, e.g., when C. 

neoformans exists in avian guano or plants. However, the animal is the only natural habitat 

for many pathogenic fungi, including C. albicans, suggesting there must certainly be copper 

limitation conditions inside the host.

Symptoms of copper starvation during brain dissemination of C. neoformans

C. neoformans can infect humans through inhalation of spores and the lungs are the initial 

target of infection. In the lung, the host attacks C. neoformans with elevated copper 

presumably through pulmonary macrophages as described above [38]. In response, C. 

neoformans mounts a copper detoxification response by inducing MTs, and accordingly, 

mutants of C. neoformans lacking MTs are poorly infectious in the lung [38]. Over 

prolonged infections, C. neoformans can enter the blood stream and disseminate to the brain 

causing meningoencephalitis. In stark contrast to the lung, C. neoformans exhibits 

symptoms of copper deprivation in the brain and induces fungal copper uptake transporters, 

but not the MTs [80, 84]. Thus C. neoformans encounters environments of both high and 

low copper bioavailability during infection and can adapt accordingly using its copper stress 

responses involving Cuf1 [21].

Copper starvation stress for Candida albicans in the kidney

C. albicans can thrive in many niches inside an animal host, but when it disseminates 

through the blood stream the major target tissue is the kidney. We investigated whether this 

pathogenic yeast encounters states of high or low copper in the kidney using the ratio of 

fungal Mn Sod3 to Cu/Zn Sod1 as an indicator, as described above. We observed that with 

early stages of kidney infection, C. albicans solely expressed Cu/Zn Sod1 and not Mn Sod3, 

indicative of abundant copper availability for the yeast. However, as infection progressed, 

the yeast shut down its production of the copper-enzyme and switched to expressing the 

non-copper alternative Mn-Sod3 [45]. This appearance of Mn-Sod3 was accompanied by 

induction of the fungal copper transport gene CTR1, a hallmark of C. albicans copper 

deficiency [45, 77]. Moreover, the switch from Cu/Zn Sod1 to Mn-Sod3 tracked temporarily 

with key changes in kidney copper. Kidney copper was initially high at early stages of 

infection, consistent with fungal expression of Cu/Zn Sod1, but as infection progressed, 

kidney copper levels dropped and C. albicans switched to expressing Mn Sod3 [45]. Thus, at 

least in the kidney, the host response is to limit copper for C. albicans, similar to the 

situation described above for C. neoformans invasion of brain [80, 84]. Despite these copper 

limiting environments of the animal host, the copper starvation stress responses in 

pathogenic fungi allows these microbes to thrive.
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Is there a nutritional immunity response for copper?

The aforementioned studies with C. neoformans and C. albicans demonstrate that copper can 

be limiting in certain niches of the animal host, but is this a bonafide nutritional immunity 

response, similar to that described for iron, manganese and zinc? In other words, does the 

host deliberately withhold copper from the invading pathogen and if so, what are the 

potential mechanisms? Currently nothing is known about pathways for host withholding of 

copper during infection, but some proposals have been put forth. For example, it has been 

postulated that the brain can sequester copper from invading C. neoformans using either 

mammalian copper binding MTs or neuronal copper transporting ATPases that pump copper 

away from the microbe intruder [21]. The same could be true for the kidney during C. 

albicans infection. As another possibility, copper may be withheld from microbial pathogens 

using metal binding extracellular S100 proteins, similar to how the S100 protein calprotectin 

withholds manganese and zinc during nutritional immunity [11]. In fact certain metal 

binding S100 proteins have the ability to coordinate copper [85, 86] and may be involved in 

host withholding of copper. The precise mechanisms underlying host limitation for copper 

are to be determined.

Looking to the future

The findings summarized here likely represent the tip-of-the iceberg of copper effects at the 

host-pathogen interface. One size will not fit all pathogens when it comes to copper and 

depending on the site and course of infection, the invading microbe may be subject to either 

toxic copper overload or deprivation of this essential nutrient. It is important to note that the 

examples of copper limitation provided here are with fungal pathogens, yet eukaryotic 

parasitic microbes may also be vulnerable to copper limitation inside the host, as has been 

reported for Plasmodium falciparum [87]. Lastly, it is important to remember that although 

bacterial cells are classically known for their copper avoidance behavior, they still require 

this metal to activate cuproenzymes in the periplasmic or extracellular environment such as 

COX for respiration, Cu/Zn SOD to remove superoxide free radicals and multi-copper 

oxidases for copper detoxification [25, 60, 61]. It is therefore conceivable that under certain 

conditions, the host may thwart bacterial growth and survival through copper limitation, not 

copper overload.
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ROS reactive oxygen species

COX cytochrome oxidase

SOD superoxide dismutase

MT metallothioneins
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Fig. 1. Sites of copper excess or copper limitation for invading microbes
Illustrated are four sites in the animal host where copper is either elevated during infection 

or where the metal can become limiting for invading microbes. C. neoformans infection of 

the brain is associated with strong fungal markers of copper limitation stress including the 

activation of fungal copper uptake genes CTR1 and CTR4. As evidence for high copper in 

the lung, pulmonary pathogens with defects in copper detoxification pathways are poorly 

virulent, including M. tuberculosis mutants defective in copper sensing and copper transport 

[39–41], P. pneumonia mutants lacking the CopA copper exporting ATPase [42] and C. 

neoformans mutants lacking copper chelating MTs [38]. Invasion of the kidney with the 

fungal pathogen C. albicans stimulates a drop in total kidney copper during late stages of 

infection and the yeast responds by inducing copper uptake through fungal CTR1 and by 

switching from expressing Cu/Zn Sod1 to Mn Sod3 [45]. In serum, levels of the 

cuproprotein ceruloplasmin progressively rise during infection, causing a marked elevation 

in total serum copper. Ceruloplasmin is a multi-copper oxidase involved in iron homeostasis 

[38, 43–46, 53, 54].
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Fig. 2. Fungal pathways for sensing and responding to Cu
In pathogenic (C. neoformans and C. albicans) as well as non-pathogenic yeast (S. 

cerevisiae), copper sensing is mediated through transcription factors that bind copper 

through cuprous-thiolate clusters [70]. Shown are the transcription factors and protein 

domains that sense high (blue) versus low copper (red) and the target genes they regulate in 

italics. Gene activation and repression are indicated by green and red arrows respectively. In 

bakers’ yeast S. cerevisiae, separate Cup2 and Mac1 sensors respond to high and low copper 

by activating expression of copper chelating MTs and the copper uptake transporter CTR1, 

respectively [70–73]. Variations on this theme are seen in pathogenic fungi, presumably to 

accommodate challenges in copper at the host-pathogen interface. The Cup2 and Mac1 

regulons in C. albicans have been expanded to include a copper exporting ATPase Crp1 

induced with high copper [74, 75] and the induction of non-copper alternatives for enzymes 

involved in mitochondrial respiration (AOX2) and cytosolic anti-oxidant protection (SOD3) 

during times of low copper [76, 77, 79]. C. albicans Mac1 can also repress the gene 

encoding Cu/Zn Sod1, helping to spare copper under cases of copper limitation [45]. In C. 
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neoformans, the Cuf1 copper sensor appears as a hybrid copper regulator and contains 

Cup1-like copper binding features at the N-terminus for responding to high copper and 

Mac1-like features at the C-terminus for responding to low copper [80–83].
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