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Abstract

Iron (Fe) plays important roles in both essential cellular processes and virulence pathways 

for many bacteria. Consequently, Fe withholding by the human innate immune system is an 

effective form of defense against bacterial infection. In this perspective, we review recent 

studies that have established a foundation for our understanding of the impact of the metal 

sequestering host defense protein calprotectin (CP) on bacterial Fe homeostasis. We also discuss 

two recently uncovered strategies for bacterial adaptation to Fe withholding by CP. Together, 

these studies provide insight into how Fe sequestration by CP affects bacterial pathogens that 

include Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter baumannii. Overall, 

recent studies suggest that Fe withholding by CP may have implications for bacterial survival 

and virulence in the host, and further in vivo explorations that address this possibility present an 

important area for discovery.

Graphical Abstract

Introduction

Nutritional immunity describes the withholding of essential nutrient metals by the 

mammalian host in order to hinder microbial pathogen invasion.1, 2 The microbial 

requirement for transition metals makes nutritional immunity a key host defense process 

that pathogens must overcome in order to survive and replicate in the host. As part of 

nutritional immunity, the mammalian host releases metal sequestering proteins during the 

innate immune response to lower metal availability at infection sites.1, 2 Calprotectin (CP) 

is an important metal sequestering innate immune protein notable for its ability to limit the 

availability of multiple transition metal nutrients.3

Human CP is a heterooligomer of two Ca(II)-binding S100 proteins, S100A8 (α, 10.8 kDa) 

and S100A9 (β, 13.2 kDa) (Figure 1a). Each CP αβ heterodimer has two transition metal 

binding sites at the S100A8/S100A9 interface: a His3Asp site that sequesters Zn(II) and a 
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His6 site that sequesters Mn(II), Fe(II), Ni(II) and Zn(II).4-9 CP also houses two EF-hand 

domains in each subunit that bind Ca(II), and Ca(II) binding by CP causes self-association 

to form the (αβ)2 heterotetramer, promotes transition metal sequestration by increasing the 

metal binding affinities at each site, and enhances protease resistance.3, 10, 11 Consequently, 

Ca(II) binding plays a central role in the working model for how CP sequesters transition 

metal nutrients in the extracellular space. In this model, white blood cells release CP into 

the extracellular space where it encounters high Ca(II) levels (~2 mM) and binds Ca(II) ions, 

allowing it to become the metal sequestering heterotetramer and withhold essential transition 

metals from microbial pathogens.3, 12 Indeed, CP has been observed to withhold Mn, Fe, 

Ni, Cu, and Zn from microbial pathogens.3 In this way, CP imparts its growth inhibitory 

activity.3

Fe is an essential nutrient for the vast majority of bacterial pathogens, and is thus critical 

for bacterial pathogens to acquire in the host.13 Bacteria regulate multiple processes, 

including metabolism, DNA repair, respiration, and the production of virulence factors 

using Fe-responsive transcription factors such as the ferric uptake regulator Fur.14 Moreover, 

Fe is a cofactor of electron transport proteins and many enzymes involved in primary 

metabolic pathways, including heme and non-heme oxido-reductases.13 Thus, Fe starvation 

has the potential to disrupt multiple cellular processes that are important for bacterial 

replication in the host. Until recently, studies on Fe withholding by the mammalian innate 

immune system focused on Fe(III), which is expected to be the dominant redox form in 

aerobic environments. Transferrin, lactoferrin, and lipocalin-2 (siderocalin) are proteins that 

contribute to the nutritional immunity by sequestering Fe(III) or Fe(III)-siderophores.13, 15 

CP is the first Fe(II) withholding protein that has been described.7 CP binds Fe(II) at its His6 

site and the Ca(II)-bound heterotetramer displays subpicomolar affinity for this ion.7 These 

observations suggested a potential role for CP in withholding Fe in the reduced Fe(II) form 

from microbial pathogens, and that Fe(II) withholding may be an underappreciated form of 

nutritional immunity. Initially, the preference of CP for Fe(II) over Fe(III) suggested that CP 

would sequester Fe only in anaerobic or reducing environments that stabilize the reduced 

ferrous oxidation state.7 Nevertheless, further investigation revealed that CP coordinated Fe 

in microbial growth media under aerobic conditions and in the absence of an exogenous 

reductant, and that the protein can shift the redox speciation of Fe from Fe(III) to Fe(II) 

under aerobic conditions.16 These observations suggested that CP may also withhold Fe 

under aerobic and micro-aerobic conditions. Since Fe plays important roles in bacterial 

physiology, the implications of Fe(II) sequestration by CP on bacterial pathogens have 

become a point of interest in recent years (Figure 1b).

In this perspective, we consider several recent studies that have evaluated the biological 

impact of Fe withholding by CP on diverse bacterial pathogens, most notably Pseudomonas 
aeruginosa, Acinetobacter baumannii, and Staphylococcus aureus (Figure 1b). These studies 

highlight instances where CP has or has not inhibited bacterial Fe acquisition, cases where 

CP-mediated inhibition of Fe uptake causes robust bacterial Fe starvation responses, and 

examples of how bacterial pathogens can resist the effects of Fe(II) withholding by CP. We 

also revisit select investigations of the metal-sequestering activity of CP in murine infection 

models and pose the need for evaluation of Fe(II) withholding by CP in the host setting. 

While relatively recent, explorations of the impact of Fe(II) withholding by CP on bacterial 
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pathogens have provided further insight into strategies bacteria employ to adapt to Fe limited 

environments.

Fe(II) withholding by calprotectin and bacterial responses

The discovery that CP sequesters Fe(II) afforded the hypothesis that CP contributes to Fe 

withholding by the host and motivated examination of the implications of its Fe sequestering 

ability for bacterial physiology and metal homeostasis. To date, these studies have described 

the responses of the Gram-negative pathogens Pseudomonas aeruginosa and Acinetobacter 
baumannii, and the Gram-positive pathogen Staphylococcus aureus, to Fe withholding by 

CP (Figure 2).17-19 While multiple metal starvation responses to CP have been observed 

for each of these pathogens, the following sections focus on the impact of CP-mediated Fe 

starvation responses and discuss adaptations of the bacteria to Fe withholding.17-19

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes serious 

infections such as urinary tract infections, wound infections and respiratory infections, 

including cystic fibrosis (CF) lung infections.20 Prior studies have demonstrated the 

importance of Fe in the virulence of P. aeruginosa during CF lung infections.21, 22 Further, 

investigations of Fe homeostasis in P. aeruginosa have revealed central regulatory roles 

of Fe in P. aeruginosa metabolism and signaling.23 For example, the ferric Fe uptake 

regulator Fur contributes to increased expression of genes encoding anthranilate degradation 

enzymes in Fe replete conditions via repression of two small regulatory RNAs (PrrF 

RNAs).23 Anthranilate is a precursor of PQS, the pseudomonas quinolone signal, which 

is a quorum sensing molecule that is essential for multiple virulence functions.23, 24 P. 
aeruginosa employs several strategies to obtain Fe from the host, including Fe(II) uptake 

systems, Fe(III) uptake systems, and heme uptake systems.21 The FeoABC Fe uptake system 

allows P. aeruginosa to acquire Fe(II).25 Phenazines, which are redox-cycling secondary 

metabolites, can work in concert with the Feo system by reducing Fe(III) to Fe(II) to 

facilitate Fe(II) uptake by FeoABC.26 Fe(III) citrate may also serve as an Fe source for 

P. aeruginosa via a homolog of the Escherichia coli FecA system, which includes a Ton­

B-dependent receptor (TBDR) paired with the Feo inner membrane transporter, following 

reduction to Fe(II) in the periplasm.27 Other Fe(III) uptake systems use siderophores to 

scavenge extracellular Fe(III) before transport via TBDRs.21, 28 P. aeruginosa synthesizes 

the siderophores pyoverdine (higher Fe affinity) and pyochelin (lower Fe affinity) and 

can also use siderophores biosynthesized by other microbes (xenosiderophores), such as 

enterobactin and ferrichrome.21 Heme is transported by the Phu system, where an outer­

membrane TBDR can directly take up heme, or by the Has system, where a hemophore 

delivers heme to the HasR TBDR.29, 30 These Fe uptake strategies are vital for P. aeruginosa 
to infect the host and allow for its successful colonization, due to both the Fe requirement 

for central metabolism and regulatory roles of Fe for virulence traits such as biofilm 

formation.26, 30, 31

The extensive prior work on Fe homeostasis and signaling pathways in P. aeruginosa 
provided knowledge and tools to understand the consequences of Fe withholding by CP 
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in this organism.32, 33 Moreover, P. aeruginosa is a clinically relevant case study of how CP 

affects bacterial Fe homeostasis because it co-localizes with high levels of CP in the CF 

lung.34 CP inhibits P. aeruginosa growth.7, 17 Two growth studies using medium depleted 

of one metal or combinations of metals demonstrated that Fe-depletion, but not Mn- or 

Zn-depletion, also inhibited P. aeruginosa growth, suggesting that the antibacterial activity of 

CP against this species may be linked to Fe withholding.7, 17 Examination of cell-associated 

metal levels of P. aeruginosa cultured in the presence of CP revealed a significant decrease 

in cell-associated Fe levels following growth in different media.17 Analysis using CP 

variants that lack one or both metal binding sites showed that CP-mediated reduction of 

cell-associated Fe levels in P. aeruginosa required the His6 site, in agreement with prior 

biophysical analyses of the high affinity Fe(II) binding at this site.7, 17 These observations 

provided a foundation for investigating whether CP induces Fe starvation responses in P. 
aeruginosa.

Siderophore production is a hallmark Fe starvation response. Two prior studies reported 

that the P. aeruginosa siderophore pyoverdine is produced in elevated quantities in the 

presence of CP.17, 34 Subsequent proteomic analysis of the response of P. aeruginosa to CP 

demonstrated increased expression of proteins involved in pyoverdine-mediated Fe uptake 

in the presence of CP.35 Moreover, PrrF sRNAs regulate an Fe sparing response in P. 
aeruginosa, and analyses of expression of the PrrF-regulated gene antR in response to CP 

indicated that Fe withholding by CP signals PrrF-mediated translational changes.17, 23, 36 

While these findings support a CP-mediated Fe starvation and sparing responses in P. 
aeruginosa, the aforementioned proteomic analysis of P. aeruginosa indicated that CP did not 

affect many PrrF-dependent changes and thus appears to elicit an incomplete Fe-starvation 

response.35 In particular, CP treatment did not affect expression of many Fe-containing 

metabolic proteins, such as TCA cycle enzymes SdhABCD and AcnB, which are normally 

downregulated by PrrF sRNAs upon Fe limitation.35 It remains to be determined why CP 

appears to cause some Fe starvation responses but not others; however, it is possible that P. 
aeruginosa operates with tiered waves of Fe starvation responses based on Fe availability, as 

has been observed for Zn starvation responses in Bacillus subtilis.37 Overall, these findings 

support select Fe-dependent responses to CP in P. aeruginosa.

Two separate studies reported that CP inhibits phenazine production by P. aeruginosa.17, 34 

Fe depletion of culture medium had a similar effect to CP on phenazine levels, whereas 

depletion of Zn or Mn did not, suggesting that CP inhibits phenazine production in an 

Fe-dependent manner.17 The proteomic analysis of the effect of CP on the P. aeruginosa 
proteome also supported these findings; growth of P. aeruginosa under CP-treated and 

Fe-depleted conditions resulted in a downregulation of proteins involved in phenazine 

biosynthesis.35 The mechanism by which CP inhibits phenazine production is unknown. 

It has been observed that phenazine production by P. aeruginosa is reduced in chronic CF 

lung infections,38 and whether or not the presence of CP contributes to this change warrants 

evaluation.

Collectively, these recent findings on how CP affects Fe homeostasis in P. aeruginosa 
provide a foundation for further investigation of the impact that CP may have on infections 

caused by this organism. For instance, one of the hallmarks of severe CF lung infection 
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is the formation of P. aeruginosa biofilms, which is highly dependent on Fe availability, 

and normal biofilms cannot develop without sufficient Fe.39 Pyocyanin, a P. aeruginosa 
phenazine, aids biofilm formation by intercalating with DNA, increasing its viscosity.40 

Together, the reduction of cellular Fe, promotion of Fe starvation responses, and reduction of 

phenazine production by CP suggest that CP may affect the ability of P. aeruginosa to form 

biofilms in the host, warranting further evaluation of this possibility.

Acinetobacter baumannii

Acinetobacter baumannii is a Gram-negative nosocomial pathogen that causes devastating 

infections in the lungs and wounds.41 It is able to colonize despite host-imposed stress 

conditions, including Fe limitation.42 A. baumannii has established Fe(III) uptake systems 

and putative ferrous and heme Fe uptake systems based on discovered feoABC and hemO 
gene clusters.25, 43-45 A. baumannii produces the siderophores fimsbactin, baumannoferrin, 

and acinetobactin.42 Based on the high conservation of the genes encoding machinery for 

acinetobactin biosynthesis in clinical isolates, it is considered the major siderophore used 

by A. baumannii and is currently understood to be the only one required for virulence.46 

Heme utilization systems in A. baumannii are less well-characterized, but some strains 

have been shown to have conserved tonB genes related to the TonB-ExbB-ExbD energy­

transducing complex used in other Gram-negative bacterial species for heme transport.42, 47 

In addition, a recent study identified a hemO gene cluster in hypervirulent strains of A. 
baumannii, suggesting the importance of heme as a nutrient source during infection.48 

Several pathogenic A. baumannii strains have homologs of the Feo system and upregulate 

a feoA homolog during infection.44 These data suggest that A. baumannii has multiple 

strategies for acquiring Fe in vivo.

A recent study reported a multi-metal response of A. baumannii to CP that included an Fe 

starvation response.19 Cellular Fe levels in A. baumannii were reduced by CP treatment, in 

agreement with a prior study.17, 19 Transcriptional analysis of the response of A. baumannii 
to CP revealed the upregulation of several genes involved in Fe-regulated processes, 

including those encoding the biosynthesis and transport of acinetobactin and fimsbactin.19 

The genes feoAB and fhuE, which encode a Fe(II) receptor and a xenosiderophore 

receptor, respectively, were also upregulated.19, 49 Furthermore, genes encoding Fe storage 

systems, such as bacterioferritins, were downregulated, indicative of a potential Fe sparing 

response.19 Fe-dependent responses to CP treatment such as increased levels of proteins 

involved in siderophore biosynthesis were also obsesrved at the proteome level in this 

study.19 Together, these observations indicate that CP induces and Fe starvation response in 

A. baumannii.

Fe withholding from A. baumannii by CP may have important implications in the host 

environment. Prior work has demonstrated that A. baumannii strains defective in Fe uptake 

through the knockout of the Fur-regulated genes tonB3 (energy transducing complex) and 

feoB (ferrous Fe uptake) exhibited reduced growth in human serum.47 Another report 

showed that strains of A. baumannii isolated from patients with nosocomial infections 

exhibited greater Fe-uptake capability than non-human isolates.50 Thus, the possibility that 

Obisesan et al. Page 5

Biochemistry. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fe withholding by CP impacts virulence by A. baumannii during infection deserves further 

consideration.

Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacterial pathogen that causes many types of 

infections, including wound, respiratory, and bloodstream infections.51 The virulence of 

S. aureus is linked to Fe homeostasis. Fur modulates virulence traits such as host cell 

attachment and siderophore production, and the inactivation of heme transporters IsdE and 

HtsA attenuates the virulence of S. aureus.52, 53 Indeed, S. aureus uses multiple strategies 

to obtain Fe in the host with heme being the preferred source. It is capable of obtaining 

heme via the secretion of hemolysins which lyse red blood cells to release hemoglobin and 

the use of the dedicated Isd heme uptake system.53, 54 Moreover, S. aureus biosynthesizes 

two siderophores, staphyloferrin A and B, to sequester Fe and these siderophores can 

facilitate the removal of Fe from lactoferrin or transferrin.54, 55 S. aureus can also utilize 

xenosiderophores for iron uptake via the FhuCBG transporter.54, 56

Metal inventory analysis of several S. aureus laboratory strains and clinical isolates 

demonstrated that CP treatment reduces cellular Fe levels.18 This Fe withholding by CP 

has several metabolic and transcriptional effects on S. aureus that are indicative of Fe 

starvation. On the transcriptional level, two Fur-regulated genes that are upregulated under 

Fe starvation, sirA, encoding the staphyloferrin B receptor, and isdC, encoding a cell-wall 

anchored protein of the Isd heme transport system, display increased expression in S. aureus 
in the presence of CP.18 Additionally, two separate transcriptomics studies showed that 

transcripts for proteins involved in Fe-regulated processes such as siderophore biosynthesis 

(sbnC),57, 58 siderophore transport (sirA and sirB),57, 58 heme uptake (isdABCDEFG),58 

and ferrichrome transport (fhuB)57, 58 are upregulated by CP, indicating an induction of Fe 

starvation responses by CP. Some genes involved in Fe storage and utilization in S. aureus 
were also shown to be downregulated by the presence of CP, namely one encoding a ferritin 

family protein and the alpha and beta subunits of an L-serine dehydratase Fe-S cluster 

protein, suggesting a putative Fe sparing response.57 On the level of metabolites, an increase 

in siderophore production by S. aureus in the presence of CP has been observed,18 echoing 

the enhanced siderophore production seen with P. aeruginosa and A. baumannii.17, 19 

Together, these observations indicate that CP impacts S. aureus Fe homeostasis, and further 

studies are required to understand how CP affects Fe-regulated virulence traits in S. aureus. 

In particular, the Fe-regulated staphylococcal alpha-hemolysin plays an essential role in S. 
aureus virulence,59 and the possibility that CP alters production of alpha-hemolysin is one 

potential avenue of investigation.

Other bacterial pathogens

Observations of Fe withholding by CP have also been noted in some other bacterial 

species. Two studies that reported cellular metal levels in Escherichia coli (strains K-12 and 

uropathogenic UTI89) indicated a reduction of cellular Fe levels upon CP treatment.17, 60 

Additionally, CP has been observed to reduce cell-associated Fe in the Gram-negative 

bacterial pathogens Salmonella enterica serovar Typhimurium and Klebsiella pneumoniae.17 

We anticipate that further studies will show that CP has the capacity to sequester Fe from 

Obisesan et al. Page 6

Biochemistry. Author manuscript; available in PMC 2022 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a wider range of bacteria. Case-by-case studies of the interplay between CP and various 

bacterial species will provide more insight into how Fe withholding – and more broadly 

metal withholding – affects bacterial growth and virulence when challenged with this innate 

immune protein.

Iron withholding by CP is organism- and medium-dependent

While the recent studies highlighted above uncovered the Fe withholding capabilities of CP, 

some earlier studies reported that CP does not withhold Fe from bacterial pathogens.61-63 

These contrasting experimental outcomes – specifically whether or not a reduction in the 

cell-associated level of Fe or another metal is observed – most likely stem from different 

growth conditions. For example, an early analysis of cellular metal levels in A. baumannii 
reported that CP treatment reduced cellular levels of Mn and Zn, but not Fe.61 This 

study was performed using growth media containing a 5:1 ratio of Mn:Fe, which is not 

physiologically relevant and may have prevented Fe withholding responses. Two separate 

studies on S. aureus reported a reduction of cellular Mn levels, but negligible effect on 

cellular Fe levels.62, 63 These studies were performed in a Tryptic soy broth (TSB)-based 

medium, and two subsequent investigations reported that CP reduces cellular Fe levels in 

S. aureus during growth in Luria Broth (LB), but not in TSB-based medium.17, 18 Medium­

specific effects of CP on cellular metal levels have also been observed for P. aeruginosa, 

for which a decrease in Mn uptake was observed in TSB-based media but not in LB or a 

chemically defined medium.17, 18 The origins of such medium dependence are unclear and 

may be attributable to variables such as differences in metal levels or metal speciation within 

the medium, or metabolic changes in the bacteria that arise from varied medium composition 

or nutrient availability. Along these lines, the host environment contains niches with highly 

varied chemical environments, and both the metal ions sequestered by CP and bacterial 

responses to CP may vary depending on the chemical composition at different infection 

sites.

Pathogen strategies to resist Fe withholding by CP

The studies that demonstrated Fe starvation responses in P. aeruginosa, A. baumannii 
and S. aureus also uncovered potential strategies that these pathogens use to adapt to Fe 

withholding by CP. In this section, we summarize two adaptations to Fe-withholding by 

CP that have been observed to date: the use of alternative Fe sources and reprogramming 

metabolism to reduce the utilization of Fe-dependent cofactors (Figure 3).

Heme utilization

Heme is the most abundant Fe source in humans,64 and various bacterial pathogens can 

acquire heme from the host to fulfill their nutritional Fe requirements (Figure 3). A recent 

study evaluated how heme availability alters the responses of P. aeruginosa and S. aureus 
to CP.18 This work showed that these bacteria upregulate heme acquisition machinery 

when confronted with CP, and that the presence of heme prevents CP-induced reduction 

of cell-associated Fe levels in both organisms.18 In P. aeruginosa, Fe starvation responses 

to CP, including the upregulation of pyoverdine and repression of antR, were mitigated 

by the presence of heme.18 Heme utilization also protected S. aureus from CP-induced 
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Fe-starvation responses, including upregulation of siderophore production.18 These data 

suggest that both P. aeruginosa and S. aureus can utilize heme to resist CP-mediated Fe 

starvation. Heme utilization as a means to resist the host Fe withholding factor transferrin 

has also been described,65 suggesting that heme utilization may represent a general response 

of bacterial pathogens to iron starvation.

Flavin biosynthesis

Recent work revealed that A. baumannii upregulates de novo flavin biosynthesis in response 

to Fe and Zn starvation by CP (Figure 3).19 Flavins are an essential cofactor that is involved 

in cellular redox processes and energy metabolism.66 Flavodoxins are used in place of 

ferredoxins by bacteria when non-metal substitutes are needed and it has been proposed 

that bacteria can substitute flavodoxins for ferredoxins as reduction agents in response to Fe 

starvation.67-69 In response to Fe and Zn starvation by CP, A. baumannii displays increased 

abundance of several enzymes of the flavin biosynthetic pathway, including RibBX and 

NusB.19 A study of the transcriptomic response of S. aureus to CP also revealed an 

upregulation of genes encoding proteins involved in riboflavin biosynthesis, such as ribH, 

ribBA, ribE, and ribD, with an ~1.5 fold increase in response to CP treatment.57 Thus, it is 

possible that bacteria with flavin biosynthesis pathways can lessen the metabolic impact of 

metal starvation by CP by utilizing flavin-dependent pathways.

Studies of microbial responses to CP in the host environment: a call for Fe 

analyses

The aformentioned observations of bacterial Fe starvation responses to CP provide 

compelling evidence for the role of CP in Fe withholding, but have not yet been evaluated 

in the host context. Various murine infection models have demonstrated the implications 

of metal withholding by CP in a mammalian host. Whereas all of the studies presented 

above employed human CP (hCP), investigations using murine models of infection provide 

information on the contributions of murine CP (mCP). mCP has been the subject of 

relatively few biochemical studies, and the available data indicates that hCP and mCP 

exhibit noteworthy similarities and differences.70, 71 For example, the C-terminal tail region 

of the S100A9 subunit of mCP (mS100A9) has a different amino acid composition than that 

of hCP (e.g., containing an HxHxH motif vs. an HHH motif, respectively). Nonetheless, 

consistent with hCP, mCP uses two His residues of the S100A9 C-terminal tail to form a 

His6 site and the protein depletes Fe from bacterial growth medium.70, 71 Thus, the His6 site 

is expected to bind Fe(II) with high affinity, though Fe coordination by mCP requires further 

characterization. In addition, hCP and mCP display different behavior in the presence of 

Ca(II) ions with mCP requiring higher Ca(II) equivalents to fully self-associate to the metal 

sequestering (αβ)2 heterotetramer. It is possible that hCP and mCP display disparate metal 

withholding activity and that the bacterial responses to hCP may vary from those observed 

for mCP, and further characterization of metal withholding by mCP will be required to 

explore this notion.

Murine infection studies addressing the role of CP in the host-pathogen interaction 

have been performed with S. aureus, A. baumannii, P. aeruginosa, S. Typhimurium, and 
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Streptococcus species, and these contributions have provided an important foundation for 

our understanding of metal-withholding capabilities of CP during infection.61, 72-76 Some 

of these studies concluded that CP reduces bacterial viability via Zn(II) sequestration. For 

example, an A. baumannii pneumonia infection model found that CP-deficient mice were 

less protected against A. baumannii infection than wild-type mice, and that a strain impaired 

in Zn uptake via the knockout of znuB was more infectious in CP-deficient mice than 

it was in wild-type mice.61 A murine model of group A streptococcus infection model 

study indicated that the Zn(II)-responsive AdcR regulon was important for virulence in 

wild-type mice, but dispensable in mice lacking CP.72 Other murine model studies have 

indicated that the antimicrobial activity of CP is linked to Mn(II) withholding. S. aureus 
infection models have revealed that S. aureus mutants lacking Mn-dependent superoxide 

dismutases or the Mn-dependent phosphoglycerate mutase GpmA were less infectious in 

wild-type, but not in CP-deficient mice.73, 74 In contrast, studies performed using infection 

models of S. Typhimurimum indicated that expression of high affinity Mn(II) and Zn(II) 

transport systems facilitated the survival of this organism when challenged with CP.75, 76 

To date, one investigation evaluated the effect of CP in co-infection.34 This study analyzed 

a murine model of S. aureus and P. aeruginosa respiratory infection and found that CP 

promoted their co-colonization in the murine lung. Each of these contributions provides 

valuable information to our understanding of how CP contributes to the defense against 

bacterial pathogens during infection. Most of the murine model studies performed to date 

focused on Mn and Zn withholding by CP because (i) many were performed before it was 

discovered that CP withholds Fe from bacterial pathogens, and (ii) all but the co-culture 

study focused on the contributions of specific Mn- or Zn-regulated virulence factors in 

bacterial pathogenesis. In light of recent characterization of Fe withholding by CP, it is 

worthwhile to evaluate how Fe withholding may contribute to CP-mediated defense against 

these pathogens and others in murine infection models. To evaluate this possibility, it will be 

important to analyze both markers of Fe starvation and the impact of Fe-uptake knockouts, 

as described for Mn- and Zn-uptake systems above, to identify a putative link between 

bacterial Fe homeostasis and susceptibility to growth inhibition by CP.

Conclusions and Perspectives

In this perspective, we describe several recent advances that have informed our current 

understanding of how CP affects Fe homeostasis in bacterial pathogens. From investigations 

of transcriptional, translational and metabolite responses, we learned that CP induces Fe 

starvation responses in bacterial pathogens. These studies provide a framework for continued 

investigations of Fe withholding by CP and its consequences for bacterial physiology 

and the host-microbe interaction. In closing, we consider how environmental factors of 

infection sites may influence Fe withholding by CP and other potential methods of bacterial 

adaptation to CP.

With access to multiple Fe sources in the host, a bacterial pathogen has the capability 

of prioritizing one source over the other in order to adapt to its environment. In general, 

bacterial pathogens prioritize Fe(II) and Fe(III) uptake based on the availability of each 

oxidation state. The availability of Fe(II) and Fe(III) is influenced by oxygen availability; 

Fe(II) predominates in anaerobic environments whereas Fe(III) is abundant in oxygenated 
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environments. To adapt to changing oxygen availability, many bacteria utilize oxygen 

sensors to regulate expression of Fe uptake machinery. In general, bacteria employ oxygen 

sensor transcription factors (e.g. Fnr in E. coli, Anr in P. aeruginosa) which contain Fe-sulfur 

clusters to sense oxygen levels and activate gene expression.77, 78 Some infection sites are 

characterized as micro-aerobic, or even anaerobic environments, necessitating the use of 

these transcription factors to adapt to changing oxygen levels. In E. coli, Fe(II) uptake 

systems are under the control of Fur and Fnr such that their expression is controlled 

by Fe and oxygen levels.79 While dual activity of Fur and Anr in P. aeruginosa on Feo 

expression has not been characterized, it has been observed that P. aeruginosa adapts its Fe 

acquisition strategies to prioritize Fe(III) or Fe(II) uptake in aerobic or anaerobic settings, 

respectively.21 The relative availability of Fe(II) and Fe(III) is also influenced by pH. Like 

oxygen availability, the pH of infection sites is varied,25, 80-82 and in acidic environments the 

Fe(II):Fe(III) ratio is increased, causing bacteria prioritize Fe(II) uptake. At (near-)neutral 

pH, CP binds divalent metals at its His6 site with the relative affinities Kd,Mn > Kd,Fe > 

Kd,zn > Kd,Ni.9 Recent work has shown that CP does not effectively withhold Mn in mildly 

acidic environments.83 How other metal affinities are altered and whether Fe withholding, 

like Mn withholding, is impaired under low pH requires further study. It is important to 

note that all microbiology studies of metal withholding by CP discussed in this perspective 

were performed aerobically and at (near-)neutral pH, and thus further work is required 

to understand how CP impacts bacterial Fe homeostasis under oxygen-limited and acidic 

conditions.

Fe withholding host defense proteins can impact the relative availability of Fe(II) and 

Fe(III). Nonetheless, our understanding of whether bacteria shift their Fe uptake strategies 

in response to Fe sequestering host defense proteins is limited. Prior work in S. aureus has 

revealed that heme utilization is prioritized when Fe is limited by transferrin, and a study 

described above report a similar shift to heme utilization when S. aureus and P. aeruginosa 
are treated with CP.18, 65 While each of these studies provide insight into bacterial responses 

to a single Fe withholding host protein, at infection sites bacteria are most likely exposed 

to a combination of these proteins, including lactoferrin, lipocalin-2, CP, hemopexin and 

haptoglobin. Broadly, determining whether bacterial pathogens adapt their Fe acquisition 

strategies in response to these host factors both alone and in combination will inform our 

understanding of in vivo bacterial adaptation to host Fe withholding.

Many bacteria, including S. aureus, P. aeruginosa, and A. baumannii, are capable of 

forming biofilms, and Fe plays a central role in biofilm development for each of these 

pathogens.39, 84-86 Biofilms formed by these pathogens are a major health threat because 

once established, they are difficult to treat due to decreased antibiotic permeability.87 

In addition to nutrient limitation, decreased oxygen availability forms microenvironments 

where Fe(II) may be a dominant Fe source.88 While we would expect CP to effectively 

sequester Fe(II), it is not clear whether CP and other host factors can penetrate biofilms, 

and if they can, whether Fe limitation is an effective form of antimicrobial activity for 

the metabolically disparate populations within biofilms. Thus, further studies that examine 

how bacterial Fe uptake machinery and CP affect biofilm formation by biofilm-forming 

pathogens would facilitate better understanding of how biofilms form in the host and 

potentially inform strategies to prevent them.
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In addition to the adaptive mechanisms used by bacterial pathogens to resist CP described 

above, there are other Fe acquisition strategies used by bacterial pathogens as an adaptation 

to host metal withholding that have yet to be explored in the context of Fe withholding by 

CP. For example, some pathogens, like members of the Neisseriaceae and Pasteurellaceae 

families, acquire Fe in the host by stealing host Fe-binding proteins lactoferrin and 

transferrin.89 Neisseria species produce a CP-binding protein receptor, CbpA, as a means 

of zinc piracy.90, 91 It is unclear whether CP affects Fe starvation in Neisseria, and if so, 

whether CbpA would affect this activity. Many pathogens, such as P. aeruginosa, are able 

to intercept siderophores from neighboring bacteria when Fe starved.21 It is possible that 

the effects of CP on bacterial Fe homeostasis may be attenuated by using such strategies, 

and these possibilities warrant further evaluation. In general, the evaluation of strategies 

used by bacterial pathogens to resist host-mediated metal withholding is critical to the 

understanding of how they compete with the host immune response, and the informed design 

of therapeutics that account for these adaptations.

To conclude, these initial studies of the biological implications of Fe withholding by CP 

have formed a foundation for further discovery in a range of bacterial pathogens and in 

various infection models. In particular, these recent findings highlight the importance of 

considering distinct Fe sources and the possibility of bacterial adaptations to Fe withholding. 

Further evaluation of how environmental variations at infection sites and additional 

strategies of bacterial adapation impact Fe withholding by CP will better inform how CP 

may contribute to the Fe withholding response during infection. Finally, an assessment 

of how Fe withholding by CP contributes to its innate immune functions in the host 

environment is highly warranted based on the current evidence presented in this perspective 

and will advance our understanding of the host defense role of CP.
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Figure 1. 
Overview of perspective. (A) Crystal structure of CP. A heterodimer from the crystal 

structure of Ni(II)-, Ca(II)- and Na(I)-bound CP-Ser [S100A8/(C42S)/S100A9(C3S) variant] 

(αβ)2 heterotetramer is presented to highlight the His3Asp and His6 sites (PDB 5W1F).9 

S100A8 is shown in green, S100A9 is shown in blue. Transition metal binding residues 

are shown in orange. Bound Ni(II), Ca(II), and Na(I) are shown in teal, yellow, and 

purple, respectively. (B) CP competes with Gram-negative and Gram-positive bacterial 

pathogens for Fe. Current literature describes the responses of P. aeruginosa, S. aureus and 

A. baumannii to Fe withholding by CP.
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Figure 2. CP induces Fe-starvation responses in both Gram-negative and Gram-positive 
bacteria.7, 17-19

CP inhibits Fe uptake by P. aeruginosa, A. baumannii, and S. aureus, and various Fe 

starvation responses have been observed in each organism. For P. aeruginosa, a decrease 

in intracellular Fe levels has been observed as well as the upregulation of siderophore 

production and the downregulation of phenazine production. The downregulation of PrrF 

signaling in the form of repression of antR was also observed. For A. baumannii a decrease 

in cellular Fe and bacterioferritins accompanied by the upregulation of genes involved 

in siderophore production and utilization were observed. For S. aureus, lower cellular Fe 

levels, the upregulation of siderophore production, and the upregulation of genes involved in 

siderophore biosynthesis, siderophore transport, and heme uptake were observed.
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Figure 3. Models for how Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter 
baumannii resist Fe withholding by CP.
(Top) When experiencing Fe starvation by CP, P. aeruginosa and S. aureus upregulate heme 

uptake machinery and can use heme as an Fe source to resist CP-mediated depletion of 

cellular Fe and CP-mediated Fe starvation responses.18 (Bottom) When A. baumannii and 

S. aureus face metal starvation by CP, the pathogen upregulates enzymes involved in flavin 

biosynthesis, which could increase the use of flavodoxins. Flavodoxins can then be used as 

substitutes for ferredoxins, which reduces the cellular metabolic Fe requirement.19, 57.
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