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ABSTRACT 
 

Klebsiella pneumoniae is a Gram-negative bacterium that can cause a wide 

range of infections, including pneumonia, urinary tract infection, wound infection, 

and sepsis. K. pneumoniae is the most common species of carbapenem-

resistant Enterobacteriaceae, of which isolates are resistant to all or nearly all 

antibiotics. To acquire iron required for replication, K. pneumoniae secretes 

siderophores, small molecules with high affinity for iron. In addition, recent 

research has identified novel, non-iron acquisition functions for siderophores. 

This thesis describes the inflammatory properties of siderophores and how 

siderophore secretion by K. pneumoniae impacts bacterial infection. In vitro, 

respiratory epithelial cells treated with siderophores and the host protein Lcn2 

induced secretion of pro-inflammatory cytokines including IL-8, IL-6, and CCL20. 

Additionally, siderophores stabilized the master transcription factor HIF-1α. In 

vivo studies identified a role for siderophores in the induction of the host immune 

response, including IL-6, KC, and MIP-2 secretion, during pneumonia. 

Siderophores were also shown to promote bacterial dissemination to the spleen, 

which required HIF-1α from alveolar epithelial cells. Finally, clinical isolates of K. 

pneumoniae can be divided into two clades based on their genomic contents, 

including a deletion of the siderophore exporter, entS. Transcriptional analysis 

(RNASeq) under iron-limited growth conditions identified novel iron acquisition 
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mechanisms potentially utilized by the isolates that contain the deletion in entS. 

Combined, these results demonstrate novel roles for siderophores in the 

induction of inflammation and bacterial dissemination during infection, and 

identify novel potential iron acquisition pathways that may be active in 

carbapenem-resistant K. pneumoniae. Iron acquisition in non-siderophore 

dependent manners may allow bacteria to acquire iron in a manner that does not 

perturb the host immune response. By understanding the host response to 

siderophores, novel therapies can be designed to combat infection with 

siderophore-secreting bacteria. 

 

 



 

1  

 

 

 

  
CHAPTER I 

 
INTRODUCTION 

 

Summary 

Siderophores are low molecular weight, high affinity iron-chelating molecules that 

are essential virulence factors in many Gram-negative bacterial pathogens. 

Whereas the chemical structure of siderophores is extremely variable, the 

function of siderophores has been narrowly defined as the chelation and delivery 

of iron to bacteria for proliferation. The discovery of the host protein Lipocalin 2, 

capable of specifically sequestering the siderophore Enterobactin but not its 

glycosylated-derivative Salmochelin, indicated that diversity in structure could be 

an immune evasion mechanism that provides functional redundancy during 

infection. However, there is growing evidence that siderophores are specialized 

in their iron-acquisition functions, can perturb iron homeostasis in their hosts, and 

even bind non-iron metals to promote bacterial fitness. The combination of 

siderophores produced by a pathogen can enable inter-bacterial competition, 

modulate host cellular pathways, and determine the bacterial “replicative niche” 

during infection. This chapter will review both classical and novel functions of 

siderophores to address the concept that siderophores are non-redundant 

virulence factors used to enhance bacterial pathogenesis. Additionally, this 
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chapter will define the central hypothesis that will be addressed in this work, as 

well as outline the results discussed in the following chapters. 

 

1.1  Introduction 

Iron is required for many processes necessary for life, including DNA replication 

and electron transfer, due to its ability to assume multiple oxidative states [2-4]. 

Each oxidation state of iron poses challenges to the cell: ferrous iron (Fe2+) is 

highly toxic in its free form due to its participation in the Fenton reaction, whereas 

ferric iron (Fe3+) is insoluble at physiological pH and not readily bioavailable [5-7]. 

Therefore, free iron levels are exceedingly low, and the majority of iron in the 

human body is bound by storage, transport, and metabolic proteins. Because 

bacteria require iron for replication during colonization and infection, pathogens 

must compete to acquire iron that is tightly regulated by the host. To outcompete 

tight iron binding by host molecules such as transferrin and lactoferrin, Gram-

negative bacteria, Gram-positive bacteria, and some fungi secrete small iron-

sequestering molecules called siderophores [5, 6, 8]. 

 Siderophores were first discovered in the 1950s with the identification of 

mycobactin as a growth factor for Mycobacterium johnei [9, 10]. Since then, over 

500 distinct siderophores have been identified [11], indicating the importance of 

siderophores and the evolutionary pressure on pathogens to acquire iron from 

host environments. Siderophores are small molecules, often between 500-1500 

daltons in molecular weight with high affinities for ferric iron [7, 11]. Many 

siderophores are important virulence factors, particularly in pathogens that 
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encode multiple siderophores due to acquisition of siderophore synthesis 

systems by horizontal gene transfer [12, 13]. In fact, strains capable of over-

producing siderophores are considered to be hypervirulent [14], whereas strains 

unable to produce or secrete siderophores have decreased virulence and fitness 

during infection and colonization [15-18]. 

 Though it is widely accepted that iron chelation by siderophores 

represents an important fitness advantage and virulence factor for many bacteria, 

the fact that so many unique siderophores are produced to perform one 

redundant function warrants further examination. If all siderophores chelate iron, 

what are the advantages of secreting more than one? The discovery of Lipocalin 

2 (Lcn2; also siderocalin, neutrophil gelatinase-associated Lipocalin [NGAL], or 

24p3), a molecule capable of specifically sequestering the prototypic catecholate 

siderophore Enterobactin (Ent) [19], supported the idea that structural diversity 

with functional redundancy may allow evasion of host immune factors. 

Specifically, many enteric pathogens can produce a glycosylated-derivative of 

Ent called Salmochelin (Sal) that Lcn2 cannot bind [20]. However, there is 

growing evidence that structural diversity allows specialization of function in 

scavenging iron and even other metals. These specialized roles of siderophores 

may impact virulence and alter the pathogenesis of bacterial infections. 

 This chapter will focus on the functional specialization of siderophores of 

Gram-negative pathogens and the impact of specialization on pathogenesis. 

First, the diverse capabilities of iron acquisition by siderophores, based on iron 

affinity, membrane permeability, and interactions with Lcn2 will be discussed. 
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Next, siderophore functions other than iron scavenging, including affinity for other 

metals, heavy metal detoxification, and the ability of siderophores to perturb host 

pathways will be explored. Finally, the effect of the diverse siderophore structure 

and function on bacterial competition, pathogenesis, and virulence will be 

examined. These examples indicate that siderophores are distinct and non-

redundant virulence factors, consistent with their structural diversity and 

production in specific combinations by successful pathogens. This chapter will 

provide the foundational knowledge that is required to frame the hypotheses 

addressed within this thesis. 

 

1.2  Specialization of siderophores for iron delivery 

In order to successfully scavenge iron and deliver it to its bacteria of origin, 

siderophores must outcompete host proteins and the iron-acquisition 

mechanisms of other microorganisms occupying the same niche. Variation in 

siderophore structure leads to differences in iron affinity, pH optimum, membrane 

partitioning, and ability to evade Lcn2 within the host.  

1.2.1  Structural families and ferric iron (Fe3+) affinity 

Bacterial siderophores can be divided into three major families based on the 

chemical groups involved in iron binding: catecholate, hydroxamate, and 

carboxylate [7, 8]. All families utilize negatively charged oxygen atoms to 

coordinate ferric iron, but each family has distinct characteristics that affect their 

affinity for iron. In addition to these three families, many mixed-type siderophores 

have been characterized, complicating the simple “three family” view of 
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siderophores. An overview of the siderophore structural families is depicted in 

Figure 1.1. 

 

 

Figure 1.1: Siderophores can be divided into structural families.  

Siderophores can be divided into three main structural families: catecholates, 
hydroxamates, and carboxylates. Binding moieties for prototypic siderophores 
are highlighted in green (catecholate), blue (hydroxamate), and red (carboxylate). 
“Mixed type” siderophores are siderophores that are considered to have 
elements of two or more siderophore families. Binding moieties for “mixed type” 
siderophores are highlighted in orange (phenolate) or a color stated above, 
representing its binding moiety. Salmochelin mono-glucosylated Ent (MGE) is 
shown as a representative of Salmochelins. 
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One well-studied family of siderophores is the catecholate siderophores, 

which include Ent, its glycosylated-derivative Sal, and bacillibactin [21-23]. 

Catecholate-based siderophores form 5-membered chelate rings and have the 

highest ferric iron affinity of any family [7, 11]. In particular, the Fe-Ent complex 

has a dissociation constant (Kd) of 10-49 M, and is capable of dissociating iron 

from host proteins, including the high affinity iron-binding protein transferrin 

(Kd=10-20 M) [7, 24-26]. The hydroxamate family of siderophores includes the 

fungal siderophores ferrichrome and (des)ferrioxamine (DFO; Kd=10-30 M), a 

Streptomyces-derived siderophore used clinically to chelate iron [27-31]. 

Hydroxamate siderophores also form five-membered chelate rings but have 

lower affinities for iron than catecholate siderophores [32]. 

Carboxylate siderophores include staphyloferrin and citrate [33, 34]. In 

general, at physiological pH, carboxylate siderophores are less successful at iron 

chelation than both the catecholate and hydroxamate families. Instead, 

carboxylate siderophores are more efficient chelating ferric iron at acidic pH 

where catecholate and hydroxamate siderophores remain protonated [32]. Thus, 

carboxylate siderophores may be useful to microbes living in acidic environments 

but are predicted to be outcompeted for iron scavenging by catechol-based 

siderophores in human serum and blood (pH 7.4) [32]. This is the case for 

phytosiderophores, which are plant-produced siderophores that utilize 

carboxylate oxygens to chelate iron in soil, where high affinity at pH 7 is less 

important than affinity at acidic pH [35].  
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Some siderophores, such as yersiniabactin and pyochelin, contain phenol 

groups and are considered to be in a phenolate family of siderophores [36, 37]. 

However, rather than considering phenolate siderophores as a structural family, 

most consider these siderophores to be “mixed-type” siderophores, with 

elements of two or more siderophore families [7]. Yersiniabactin (Ybt) has a 

moderate affinity for iron (Kd=10-36.6 M) [38] and includes phenolate, thiazole, 

oxazoline, and carboxylate groups involved in iron binding [7]. Parabactin and 

carboxymycobactin are mixed type siderophores that include oxazoline rings 

[10]. Other siderophores included in this group are aerobactin (Aer, Kd=10-27 M, 

[7, 39]) that contains hydroxamate and carboxylate moieties, petrobactin that 

contains catechol and carboxylate moieties, and pyoverdin that is a complex 

mixed-type siderophore that expresses a yellow-green fluorescence [32, 39-41].  

1.2.2  Lipocalin 2 binding and evasion  

As the molecule with the highest known affinity for ferric iron, Ent can out-

compete with host iron carriers for binding. To oppose the acquisition of iron by 

Ent, host epithelial cells and neutrophils secrete the protein Lcn2. Initially 

discovered as a neutrophil granule protein [42], it was later shown to bind to and 

sequester Ent with high specificity and affinity [15, 19, 43, 44]. The binding of Ent 

by Lcn2 has been shown to be pro-inflammatory, as indicated by the secretion of 

the neutrophil chemoattractant Interleukin (IL)-8 by cultured respiratory epithelial 

cells [45]. The affinity of Lcn2 for Ent is similar to that of its bacterial receptor 

FepA, allowing Lcn2 to effectively compete with bacteria for binding to Ent, thus 

limiting bacterial growth [20, 46]. Lcn2 is induced as a general response to both 
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Gram-positive and Gram-negative infections [43, 47]. Its protective effect was 

first illustrated in an Escherichia coli sepsis model, in which wild-type (WT) mice 

survived infection with an Ent-producing strain of E. coli but Lcn2-deficient mice 

did not. In contrast, Lcn2-deficient (LcnKO) mice were equally as sensitive as 

wild-type mice to infection with Staphylococcus aureus, bacteria that do not rely 

on Ent for iron acquisition [43]. Lcn2 is also protective against nasal colonization 

and pneumonia caused by K. pneumoniae and urinary tract infections (UTI) 

caused by E. coli, provided that the bacteria depend on Ent for iron acquisition 

[13, 15, 48-50]. In addition to Ent, Lcn2 can bind and sequester the catecholate 

siderophore bacillibactin from Bacillus anthracis and the mixed-type, oxazoline 

containing siderophores carboxymycobactin from M. tuberculosis and parabactin, 

demonstrating that Lcn2 is capable of binding siderophores from both Gram-

positive and Gram-negative pathogens [51, 52].  

 Due to the strong bacteriostatic effects of Ent sequestration by Lcn2, 

bacteria have developed mechanisms to evade Lcn2 in their quest to obtain iron. 

One mechanism of evasion is to modify Ent through the addition of glucose 

groups to produce Sal [18, 20, 53]. Sal is structurally identical to Ent except for 

the covalent addition of one to three glucose groups at the ends of the 

catecholate arms. The iroA gene cluster, found in many pathogenic Gram-

negative bacteria, encodes the glycosylation, export, import, and esterase 

activities required to produce and utilize this siderophore [18, 54]. Glycosylation 

of Ent prevents interaction between Sal and Lcn2 due to steric hindrance, which 



 

9  

leads to effective evasion of Lcn2, acquisition of iron required for bacterial 

replication, and the restoration of virulence in Lcn2-producing mice [15, 18, 20]. 

 Another method bacteria employ to evade Lcn2 is to encode additional 

siderophores that Lcn2 cannot bind. Strains of K. pneumoniae that encode Ybt 

readily cause pneumonia, whereas strains that only encode Ent are 

opportunistic, causing severe pneumonia but only in LcnKO mice [13]. Similarly, 

B. anthracis commonly secretes petrobactin in addition to bacillibactin, a Lcn2 

ligand. Only petrobactin, a Lcn2-evasive siderophore, is required for virulence in 

macrophages and murine models [51, 55-57]. Many successful pathogenic 

bacteria encode multiple siderophores, including- or sometimes exclusively- 

Lcn2-evasive siderophores [13, 58-61]. For example, Yersinia pestis secretes 

Ybt but not Ent [62].  

Finally, an additional way to evade Lcn2 is to utilize xenosiderophores:  

Siderophores produced by another microorganism that the pathogen cannot 

make itself. This has been demonstrated both in vitro and in vivo with bacterial 

use of the fungal siderophore ferrichrome [43]. Addition of ferrichrome to E. coli 

H9049 enhances bacterial growth under iron-limiting conditions as well as in the 

presence of Lcn2. During infection models, WT mice infected with E. coli H9049 

survived infection, but injection of ferrichrome caused susceptibility to infection 

[43]. In sites of polymicrobial colonization or infection, the ability to utilize 

xenosiderophores could provide a general fitness advantage in competition with 

other microorganisms for iron and specifically aid in the evasion of Lcn2. 

Together, the literature demonstrates the significance of the siderophore-Lcn2 
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interaction, which causes detrimental effects to bacterial growth and infection but 

can be subverted by siderophore modification or the encoding of additional Lcn2-

evasive siderophores. 

1.2.3  Membrane partitioning 

In the host, there are both intracellular and extracellular sources of iron, 

separated by cellular membranes. Differences in structure between various 

siderophores suggest disparities in siderophore function and ability, including the 

ability to access cellular contents via membrane partitioning [8]. As reviewed 

above, the addition of hydrophilic glucosyl groups to Ent creates Sal, a Lcn2-

evasive siderophore. Glycosylation, followed by linearization of Sal, also reduces 

the molecule’s affinity for membranes, effectively decreasing the membrane 

partitioning constant [54]. In contrast, Ent’s high affinity for membranes causes it 

to partition into phospholipid vesicles. When iron is present outside these 

vesicles, the ability of Ent to scavenge this iron decreases ~75%, whereas Sal 

retains its scavenging ability. Sal could therefore aid in the acquisition of 

extracellular iron in membrane-rich environments [18, 54].  

Although Ent readily partitions into membranes and depletes cellular iron, 

it does not appear to deliver cell-associated iron back to bacteria. In contrast, Aer 

secreted by E. coli can readily deliver host cellular iron back to bacteria [63]. 

When E. coli were incubated with 59Fe labeled transferrin or leukemia cells, but 

separated from both by a dialysis membrane, Ent delivered iron by scavenging it 

away from transferrin whereas Aer scavenged iron primarily from host cells [63]. 

The preferential scavenging of iron from tissues by Aer may explain why invasive 
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strains of bacteria are more likely to secrete Aer even though it has lower affinity 

for iron than other siderophores [63, 64]. Although these data indicate that Aer 

efficiently accesses cellular iron, it is not known if this corresponds to a high 

membrane partitioning constant. The differing ability of siderophores to chelate 

iron among physiologically relevant molecules, such as lipids, indicates distinct 

roles for siderophores depending on the niche in which the bacterium finds itself. 

  

1.3  Non-iron delivery functions of siderophores 

As detailed above, siderophores are highly potent iron binding molecules that are 

specialized in their ability to scavenge iron for bacterial replication under varying 

conditions. Recent literature suggests novel roles and characteristics of 

siderophores, including the ability to bind other metals, prevent oxidative burst 

during infection, and perturb host cell homeostasis (Figure 1.2). 

 



 

12  

 

Figure 1.2: Novel characteristics and roles of siderophores. 

 A) Bacteria can secrete Ybt to sequester Zn2+, which is taken up by the inner 
membrane receptor YbtX. This function can compensate for loss of the Zn2+ 
active transport system ZnuABC in septicemic plague. B) Cu2+-Ybt can act as a 
superoxide dismutase mimic within phagosomes, protecting bacteria from 
harmful reactive oxygen species. C) Iron chelation by siderophores can modulate 
host pathways, including the stabilization of HIF-1α, the upregulation of apoptosis 
genes and MAPK phosphatases, and the downregulation of DNA repair, mitosis, 
and cell cycle genes. 
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1.3.1  Heavy metal sequestration and detoxification 

Although they have extremely high affinity for ferric iron, siderophores are 

capable of binding additional metals as well [65, 66]. For example, DFO can bind 

Ga3+, Al3+ and In3+, albeit at a lower affinity than for Fe3+ [67]. Binding of non-iron 

metals by siderophores may benefit bacteria by preventing heavy metal toxicity 

[65]. For example, pyoverdin and pyochelin-mediated binding of metals including 

Al3+, Co2+, Cu2+, Eu3+, Ni2+, Pb2+, Tb3+, and Zn2+ results in increased metal 

tolerance of Pseudomonas aeruginosa. This protection appears to be due to 

extracellular binding to metals by siderophores without subsequent internalization 

of the siderophore-metal complex [68-70]. Although the pyochelin (Pch) receptor 

FptA binds Pch complexes with non-iron metals with similar affinity as Fe-Pch, 

these metals are internalized at substantially reduced rates or not at all [69]. Ybt-

mediated binding of Cu2+ results in increased copper resistance in Uropathogenic 

E. coli (UPEC) compared to rectal isolates, and Cu-Ybt complexes are present in 

urine from infected women at concentrations greater than Fe-Ybt [71]. These 

findings indicate that siderophores can sequester toxic metals, and bacteria can 

exclude these complexes from their cytoplasm at the step of siderophore import. 

It is likely that this phenomenon is relevant to additional siderophores, heavy 

metals, and bacterial species. 

1.3.2  Heavy-metal bound siderophores as protection  

against reactive oxygen species 

In addition to preventing copper toxicity, Cu2+-Ybt complexes can act as a 

superoxide dismutase mimic, transforming oxygen radicals to more stable, less 
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dangerous forms [72]. In fact, Ybt from E. coli promotes intracellular survival in 

phagocytes that depends on both copper and the respiratory burst [72]. The 

superoxide dismutase activity of Cu2+-Ybt complexes may facilitate the 

intracellular survival of some extracellular pathogens, including UPEC, which 

have higher intracellular survival than non-pathogenic strains [72, 73]. Purified 

Ybt is also capable of inhibiting Reactive Oxygen Species (ROS) production in 

innate immune cells, particularly in neutrophils and macrophages [74]. Aer and 

DFO were also shown to inhibit ROS production by neutrophils and 

macrophages, but at lower rates. The ability of apo-Ybt to inhibit ROS production 

was significantly greater than Fe-Ybt, suggesting that metal chelation is critical to 

this function. Whether the active ligand is Fe, Cu or another metal is unknown, 

and the mechanism of action of Ybt on phagocyte ROS production is unclear 

[74]. These data indicate specific iron-independent abilities for Ybt that separate 

it from other bacterial siderophores and aid in virulence in strains of bacteria able 

to produce Ybt. 

1.3.3  Uptake of non-iron metals 

Similar to the requirement for ferric iron is the cellular requirement for nutritional 

Zn2+. The Y. pestis Zn2+ transporter ZnuABC is responsible for zinc uptake, 

however, znuBC mutants remain virulent in certain murine models of the plague 

[75]. This has led to the suggestion of the presence of “zincophores,” molecules 

capable of scavenging zinc [76, 77]. A dedicated zincophore has yet to be 

discovered. However, two iron-binding siderophores have been shown to bind 

and utilize Zn2+ as well. Pseudomonas putida secretes pyridine-2,6-
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bis(thiocarboxylic acid) (PDTC), a small siderophore capable of binding and 

delivering Fe3+ and Zn2+ to the bacteria [78, 79]. In a Y. pestis znuBC mutant, Ybt 

is required for Zn2+ uptake and growth in Zn2+ limited conditions [80]. This zinc 

transport requires the inner membrane receptor YbtX but not the ferric-Ybt 

receptor Psn. These data are the first to identify a role for dual metal-acquisition 

by a single siderophore and indicate a new role for siderophores during infection. 

It is likely that the binding of heavy metals other than iron by siderophores serves 

additional purposes for bacteria that are yet to be discovered. 

1.3.4  Ability to disrupt host cell homeostasis 

Since iron is imperative to many cellular processes, its chelation by siderophores 

could significantly affect host cellular homeostasis. Depending on the cellular 

response, siderophores can act as toxins causing cell death or 

immunomodulators. Such is the case with DFO, which has been evaluated as a 

cancer therapeutic because it can induce cell-cycle arrest and apoptosis, but can 

also induce inflammation via cytokine production in a variety of cell types [81-85].  

 

1.4  Implications of siderophore specialization during infection  

As reviewed above, siderophores can be produced in a variety of structures, 

lending to variability in their affinity for iron, ability to be sequestered by Lcn2, 

ability to bind and utilize other heavy metals, and capacity to initiate host cellular 

pathways. Thus, the combination of siderophores produced by a bacterium could 

affect its pathogenesis, localization during infection, and instigation of specific 

immune responses (Figure 1.3). 
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Figure 1.3: Siderophore production by bacteria can determine infection 
localization and “replicative niche.”  

A) During infection with K. pneumoniae, the ability to produce Lcn2-evasive 
siderophores, such as Ybt, results in bronchopneumonia but not perivascular 
growth (left). In a Lcn2-deficient mouse, Ent promotes a perivascular localization 
of infection by accessing iron from transferrin (Tf) for growth. B) Hypervirulent 
strains of K. pneumoniae that form pyogenic liver abscesses are associated with 
the secretion of Aer. C) The receptors for Aer and Ybt are involved in bacteria 
colonization during Uropathogenic E. coli ascending UTI. In fact, vaccination with 
the Ybt receptor FyuA is protective for the kidney in murine models of ascending 
UTI. 
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1.4.1  Ability of siderophores to evade Lcn2 mediates  

competition within the host 

By using siderophores to acquire scarce host iron during infection, some bacteria 

can successfully compete for replicative niches in the intestines and the nasal 

cavity, allowing bacterial colonization. In fact, pathogens such as Salmonella 

enterica Serotype Typhimurium can exploit Lcn2 to outcompete other bacteria 

based solely on its ability to use Sal. Raffatellu et al first demonstrated that S. 

Typhimurium can outcompete an isogenic mutant of the Sal receptor, IroN, in the 

intestines [86]. Furthermore, by inducing IL-22 and expression of Lcn2, S. 

Typhimurium can outcompete commensal E. coli [87]. Probiotics, such as E. coli 

Nissle, may protect against diarrheal infections. In this case, E. coli Nissle has a 

greater diversity of Lcn2-resistant siderophores than S. Typhimurium and causes 

a reduction in S. Typhimurium colonization that depends on the presence of Lcn2 

and iron uptake by E. coli Nissle [88]. In a nasal colonization model, 

Streptococcus pneumoniae and Hemophilus influenzae significantly induce Lcn2 

but use siderophore-independent mechanisms to acquire iron [47]. This inability 

to produce Ent and instead uptake iron through other mechanisms could offer a 

competitive advantage by allowing colonization of a niche that is inhospitable to 

Enterobacteriaceae.  By either not making siderophores or making more than a 

competitor, certain bacteria may leverage Lcn2 for their advantage [89]. 
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1.4.2  Ability to produce multiple siderophores correlates  

with clinical disease 

K. pneumoniae is a Gram-negative pathogen that requires siderophores for 

virulence and is capable of causing pneumonia, UTI, wound infections, and 

septicemia [90]. A comparison of isolates from various body sites of infected 

patients found increased prevalence of Ybt+ strains from respiratory tract 

samples when compared to urine, blood, and stool samples [13]. Accordingly, 

Ybt production was sufficient to evade Lcn2 and cause pneumonia in a mouse 

model. Ent-dependent strains represent the predominant genotype of clinical 

isolates, but this genotype is inhibited in the wild-type mouse. In the LcnKO 

mouse, this genotype is highly virulent. Therefore, decreased Lcn2 levels would 

be predicted to put patients at increased risk from infection. Indeed, lung Lcn2 

levels vary significantly in intensive care patients, and low levels correlate with 

worsened survival from Gram-negative pneumonia [91]. Similarly, Lcn2 levels 

rise in women with a UTI, and UPEC isolates with greater numbers of Lcn2-

resistant siderophores are associated with greater bacterial density [49, 50]. 

A recent analysis of 57 carbapenem-resistant (CR) K. pneumoniae 

isolates of the epidemic sequence type (ST) 258 found an entire clade of ST258 

strains with a deletion in the Ent exporter, entS [92]. This mutation could 

represent another form of Lcn2 evasion [92]. It is possible that these strains are 

“cheaters,” who utilize siderophores made by other bacteria for iron acquisition 

and energy usually reserved for Ent export for other functions, or acquire iron 

through siderophore-independent mechanisms. This could represent another 
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situation in which bacteria utilize xenosiderophores to gain a competitive 

advantage in their replicative niche. 

Whereas utilization of Ent may pose significant fitness tradeoffs, 

hypervirulent strains of K. pneumoniae causing severe liver abscesses in Asia 

are associated with carriage of multiple siderophore loci, including those for Ybt, 

Sal, and Aer [93]. In particular, secretion of Aer is highly associated with 

pyogenic liver abscess (PLA) isolates of K. pneumoniae and results in 

significantly higher siderophore production compared to non-PLA strains [94, 95]. 

In contrast, only 2% of K. pneumoniae strains isolated from the respiratory tract, 

urine, blood or stool from a U.S. hospital carried Aer [13]. It is possible that 

acquisition of Aer secretion could lead to more virulent strains of K. pneumoniae 

in the U.S. as well. 

1.4.3  Siderophores can influence infection localization and determine  

bacterial “replicative niche” 

The production of siderophores can influence the anatomic site and pattern of 

infection. In murine models of pneumonia, infection of WT mice with Ybt+ strains 

of K. pneumoniae resulted in bronchopneumonia with moderate bacterial density 

in the lungs and spleen [96]. Infection with Ent+ strains in WT mice resulted in low 

bacterial burden and airway localization of inflammation. However, infection of 

LcnKO mice with an Ent+ or Ent+Sal+ mutant resulted in perivascular invasion by 

bacteria, high bacterial burden, invasion to the spleen, and poor survival of the 

mice [13, 96]. The perivascular space is rich with transferrin during infection, and 

the patterns of pneumonia correlated with the ability of Ent, but not Ybt, to 
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support replication with transferrin as an iron source. This indicates that, due to 

differences in iron-scavenging capabilities between siderophores, Ent is required 

for perivascular infiltration but can only do so if Lcn2 is deficient. These data also 

suggest that Lcn2 could partially protect from bacterial dissemination.  

 The ability of E. coli to cause UTI is significantly affected by its 

complement of siderophores. Models of competitive infection in mice have shown 

that receptors for non-catecholate siderophores are instrumental in the 

establishment of bacterial colonies in ascending UTI infections [97]. The 

receptors for Aer and Ybt, but not other siderophores, were shown to be critical 

for colonization of the bladder and the kidney [97]. To further demonstrate the 

importance of these siderophore receptors, murine studies involving vaccination 

with the Ybt receptor resulted in protection from ascending UTI, specifically in the 

kidney [98]. Successful vaccination with the Ybt receptor exemplifies the potential 

of siderophore-specific pathways as therapeutic targets during infection. Whether 

Aer or Ybt is more crucial in establishment of bladder or kidney infection has yet 

to be examined. However, Ybt genes are present among cystitis and 

pyelonephritis isolates at similar frequencies, suggesting that Ybt is equally 

important for infection in both the bladder and kidneys [99]. 

 Y. pestis requires the presence of Ybt for full virulence depending on the 

route of inoculation. Ybt mutants are fully virulent when infected intravenously in 

murine models of septicemic plague as long as the Znu zinc-transport system is 

intact [80]. However, a Ybt mutant is essentially avirulent by subcutaneous 

injection, indicating the requirement of Ybt during a stage of bubonic plague 
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infection [100]. In a pneumonic plague model of infection, the absence of Ybt 

also decreased virulence of Y. pestis following intranasal infection with bacteria 

[101]. The differential requirement for Ybt based on infection site may stem from 

a complex interaction with Fe, Cu and Zn. For example, whereas Zn can be 

acquired by redundant mechanisms in septicemic plague, perhaps Cu2+-Ybt or 

Fe3+-Ybt complexes are instrumental in pneumonic plague. These data exemplify 

the ability to siderophores to aid in virulence based on route of infection, and 

further support the hypothesis that siderophores can determine infection 

localization and replicative niche. 

1.4.4  Siderophores, hypoxia, and disease 

Secretion of siderophores can modulate host pathways and transcription factors, 

as described above. One transcription factor that siderophores can modulate that 

may have interesting effects on the host is Hypoxia Inducible Factor-1α (HIF-1α). 

HIF-1α controls the transcription of many gene families, including inflammatory-

cytokine, glycolysis, and angiogenesis genes [102, 103]. Under normoxia, HIF-1α 

is rapidly made and degraded by the proteasome through prolyl hydroxylation 

that requires both oxygen and iron. HIF-1α stabilization and subsequent 

dimerization with the β subunit is induced by either low oxygen or low iron, as 

iron is a required cofactor for its degradation [104, 105].  HIF-1α was initially 

shown to coordinate an adaptive response to hypoxia, which can occur directly 

from low oxygen or indirectly from low iron that compromises oxygen-dependent 

processes such as cellular respiration. Recently, HIF-1α has been shown to be 
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stabilized by Sal and Ybt, indicating that cellular iron chelation by siderophores 

can induce this pathway [106].  

It is unclear what effect the stabilization of HIF-1α by siderophores, 

independent of hypoxia, would have on infection and pathogenesis.

However, the ability of siderophores to induce host cell hypoxic responses has 

been shown to alter the outcome of infection.  In a Caenorhabditis elegans 

infection model, P. aeruginosa killed worms in a pyoverdin-dependent manner 

that was associated with activation of a hypoxic host response. This response 

included hypoxia-dependent activation of HIF-1α that was partially protective, as 

a hif-1 mutation exacerbated killing [107]. Similarly, Y. enterocolitica induces HIF-

1α during orogastric infection of mice, and Hif-1a-/- mice have worsened survival 

[106]. Furthermore, pharmacologic activation of HIF-1α can protect against 

infection through enhancement of phagocyte function [108]. These results 

suggest that disruption of host cell homeostasis by siderophores can be lethal 

but can also serve as a danger signal and activate HIF-1α that may be protective. 

Further work must be done to uncover if there is a relationship between 

siderophore-dependent, hypoxia-independent stabilization of HIF-1α. 

 

1.5  Gaps in knowledge 

Significant progress has been made in the recent years to define the specialized 

characteristics of several siderophores, but many questions remain unaddressed. 

Siderophores are capable of binding non-iron heavy metals, but this has potential 

advantages and disadvantages to the bacteria. Recent work suggests that 
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siderophores bind heavy metals to detoxify its environment. However, it is 

unclear how the bacterium avoids transporting the heavy metal-siderophore 

complex into the cell. One unanswered question most relevant to this thesis 

revolves around the fact that siderophores can act as both toxins and 

immunomodulators, but it is unclear whether activation of host pathways such as 

HIF-1α-regulated gene expression is ultimately beneficial to the host or the 

bacterium. Finally, it has been shown that strains producing certain siderophores 

have heightened virulence, as is the case with strains of K. pneumoniae that 

secrete Lcn2-evasive siderophores. However, it is unknown what the specific 

effects of siderophores are in vivo beyond iron acquisition for the bacteria.  

 

1.6  Outline of the Thesis 

The central goal of this thesis is to define the host response to siderophores 

during infection with K. pneumoniae. The overarching hypothesis of this work is 

that the secretion of siderophores by K. pneumoniae results in the chelation of 

host iron, leading to the modulation of host responses that impact infection 

outcome independent of siderophore-mediated delivery of iron to bacteria. This 

work will aid in defining the mechanism by which siderophores and iron 

acquisition by K. pneumoniae alter the host response, leading to a better 

fundamental understanding of host-pathogen interactions during infection with 

Gram-negative bacteria. In Chapter II, the host cellular response to siderophores 

is characterized using purified components and an in vitro stimulation system. 

The regulation of gene families upon stimulation with purified Ent and Lcn2 is 
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characterized using microarray analysis. Furthermore, it is shown that the 

chelation of host iron by siderophores results in the secretion of IL-8, IL-6 and 

CCL20, as well as the stabilization of HIF-1α, within cultured respiratory cells. In 

Chapter III, the in vitro results are expanded upon by utilizing a murine model of 

pneumonia and a role for siderophores in the induction of the host immune 

response during K. pneumoniae infection is demonstrated. It is also shown that 

siderophore secretion causes bacterial dissemination to the spleen, and that this 

occurs through siderophore-dependent stabilization of HIF-1α in alveolar 

epithelial cells. In Chapter IV, the effect of a mutation in the Ent exporter in a set 

of CR K. pneumoniae clinical isolates is examined. The ability of the various 

isolates to secrete iron chelators and to grow in iron-limiting conditions is 

characterized. Additionally, genes that are differentially regulated between the 

isolates with intact or deleted entS, such as the hemin transport operon, are 

identified. In Chapter V, the findings of this thesis are dissected, and the 

implications of these findings for K. pneumoniae infection are discussed. Finally, 

further questions and experimentation to expand the understanding of 

siderophore-dependent effects on host-pathogen interactions are suggested. 
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1.7  Notes 

The text and figures from sections 1.1-1.5 have been published and are 

reproduced with adaptations by permission of The Royal Society of Chemistry: 

Holden, VI and MA Bachman. 2015. Diverging roles of bacterial siderophores 

during infection. Metallomics 7: 986-995.  

http://pubs.rsc.org/en/content/articlelanding/2015/mt/c4mt00333k#!divAbstract 
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CHAPTER II 
 

IN VITRO EFFECTS OF PURIFIED SIDEROPHORES AND LIPOCALIN 2 ON 

CULTURED RESPIRATORY EPITHELIAL CELLS 
 

Summary 

Iron is essential for many cellular processes and is required by bacteria for 

replication. To acquire iron from the host, pathogenic Gram-negative bacteria 

secrete siderophores, including Ent. However, Ent is bound by the host protein 

Lcn2, preventing bacterial reuptake of aferric or ferric Ent. Furthermore, the 

combination of Ent and Lcn2 (Ent+Lcn2) leads to enhanced secretion of IL-8 

compared to either stimulus alone. Modified or structurally distinct siderophores, 

including Ybt and Sal, deliver iron to bacteria despite Lcn2. We hypothesized that 

the robust immune response to Ent and Lcn2 requires iron chelation rather than 

the Ent+Lcn2 complex itself, and can also be stimulated by Lcn2-evasive 

siderophores. To test this hypothesis, cultured respiratory epithelial cells were 

stimulated with combinations of purified siderophores and Lcn2, and analyzed by 

gene-expression microarrays, quantitative PCR, and cytokine immunoassays. 

Ent caused HIF-1α protein stabilization, induced the expression of genes 

regulated by HIF-1α and repressed genes involved in cell cycle and DNA 

replication, whereas Lcn2 induced expression of pro-inflammatory cytokines. Iron 

chelation by excess Ent or Ybt significantly increased Lcn2-induced secretion of 
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IL-8, IL-6 and CCL20. Stabilization of HIF-1α was sufficient to enhance Lcn2-

induced IL-6 secretion. These data indicate that respiratory epithelial cells can 

respond to bacterial siderophores that evade or overwhelm Lcn2 binding by 

increasing pro-inflammatory cytokine production. 

 

2.1  Introduction 

Due to its ability to assume multiple oxidative states, iron is an essential element 

in many human cellular processes including DNA replication, oxygen 

metabolism, and electron transfer [2, 3]. Iron homeostasis represents a unique 

challenge since free ferric iron (Fe3+) is insoluble and ferrous iron (Fe2+) can be 

toxic to cells. Therefore, ferric iron is transported while complexed to transferrin, 

maintaining serum iron concentrations at ~10-24 M [5, 6, 109]. Bacteria require 

~10-6 M of iron in their cytosol for cellular processes, a much higher 

concentration of iron than is readily available [6]. To acquire the iron necessary 

for growth in the iron-limiting conditions of the human body, Gram-negative 

pathogens such as E. coli and K. pneumoniae secrete the siderophore Ent. Ent is 

a prototypical catecholate siderophore with the highest known affinity for iron [6, 

20, 109]. 

To counter the iron-scavenging effects of Ent, neutrophils and host 

mucosal cells secrete Lcn2 [43]. Lcn2 binds Ent in its binding pocket, either in its 

ferric (FeEnt) or aferric form, thereby disrupting bacterial iron acquisition and 

inhibiting bacterial replication [15, 19, 20, 43]. Lcn2 is critical for host defense, as 
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LcnKO mice rapidly succumb to infection with E. coli and K. pneumoniae isolates 

that depend on Ent for iron acquisition [13, 43, 48, 110].  

As an evasion mechanism, some strains of K. pneumoniae and other 

Gram-negative bacteria secrete siderophores that are not bound by Lcn2, 

including Sal and Ybt. Sal is glycosylated Ent that cannot be bound by Lcn2 due 

to steric hindrance from added glucose groups [6]. Additionally, the glucose 

groups decrease the membrane partitioning ability of Ent, potentially altering the 

ability of Sal to access cellular iron [54]. Ybt is a phenolate siderophore with high 

iron affinity that is structurally distinct from Ent and promotes pneumonia despite 

Lcn2 [6, 13, 38]. Production of either Sal or Ybt by strains of K. pneumoniae is 

sufficient for bacterial growth during nasal colonization and pneumonia [13, 15].  

The interaction between siderophores and Lcn2 can modulate the 

inflammatory response to infection. Ent and Lcn2 each induce secretion of the 

neutrophil chemoattractant IL-8 by cultured respiratory epithelial cells [45]. 

However, the combination of Ent+Lcn2 is highly pro-inflammatory, increasing IL-8 

production above the combined effects of Ent and Lcn2 alone. During nasal 

colonization, Lcn2 enhances neutrophil influx in response to K. pneumoniae 

producing both Ent and Ybt [15].  

Other siderophores also activate cytokine expression. For example, DFO, 

a non-pathogenic siderophore used therapeutically, induces IL-8 secretion 

through p38 Mitogen Activated Protein kinase (MAPK) signaling in a lung 

carcinoma cell line and an intestinal epithelial cell line [84, 111]. DFO also 

stabilizes the global transcriptional regulator HIF-1α. Expression of HIF-1α 
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protein is regulated through proline hydroxylation by prolyl hydroxylases, a 

reaction that targets the protein for rapid proteasomal degradation and requires 

iron and oxygen as cofactors. Thus, HIF-1α stabilization can be induced by both 

oxygen and iron starvation [112]. In turn, a wide variety of gene families can be 

activated, including genes involved in angiogenesis, iron metabolism, glycolysis, 

and inflammation [104, 105, 113, 114]. In contrast to DFO, the mechanism by 

which Ent induces cytokine production is unknown. 

Whereas Lcn2 is known to induce IL-8 production and neutrophil 

recruitment in an Ent-dependent manner, Lcn2 is also an instrumental participant 

in the immune response to pathogens in an Ent-independent manner. During 

infection with Mycobacterium tuberculosis, Lcn2 induces alveolar macrophage 

expression of KC, a neutrophil chemoattractant, while inhibiting T cell 

accumulation and expression of the chemokine CXCL9 [115]. Additionally, Lcn2 

promotes pro-inflammatory IL-1β and Interferon (IFN)-γ secretion, as well as 

granulocyte recruitment, during malaria infection [116]. These results indicate a 

role for Lcn2 in the inflammatory response to infections independent of its ability 

to bind Ent. Because iron chelation alone induces cytokine release, we 

hypothesized that the combined effects of siderophore-mediated iron starvation 

and the presence of Lcn2, rather than inherent properties of the Ent+Lcn2 

complex, enhances inflammation in epithelial cells. The objective is of this study 

was to determine the mechanism by which siderophores and Lcn2 combine to 

induce inflammatory responses in respiratory epithelial cells. To accomplish this, 

inflammatory gene expression pathways induced in response Ent, Lcn2 and 
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Ent+Lcn2 were identified by microarray analysis of mRNA transcripts. To 

determine whether Lcn2 modulates inflammation specifically to Ent or more 

broadly in the context of iron starvation, respiratory epithelial cells were 

stimulated with the bacterial siderophores Ent, Ybt, and Sal in combination with 

Lcn2 and iron starvation responses and cytokine secretion were measured. 

 

2.2  Results 

2.2.1  Ent and Ent+Lcn2 induce distinct gene expression and cytokine secretion 

responses in respiratory epithelial cells  

The combination of Ent+Lcn2 strongly induces secretion of IL-8, a pro-

inflammatory cytokine responsible for neutrophil chemotaxis [45]. However, the 

mechanism of this inflammation and whether Ent+Lcn2 triggers additional cellular 

responses is unknown. To identify cellular pathways induced or repressed by 

combinations of Fe, Ent, Lcn2, or Ent+Lcn2, microarray analysis was performed 

on mRNA transcripts from stimulated A549 human respiratory epithelial cells. 

The array data and our statistical analysis have been deposited in NCBI's Gene 

Expression Omnibus (GEO) and are accessible through GEO Series accession 

GSE54962 [117].  We calculated the number of significant probe-set differences 

for many possible comparisons for 29096 probe-sets from our two experiments 

(Table 2.1). For comparisons that are the focus of this study, we collapsed the 

probe-sets to 19419 distinct genes (Table 2.2).  
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Table 2.1: Comparison of gene expression using 29096 non-control probe sets. 

 

 

 

Table 2.2: Conversion of probe-sets to distinct genes. 
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Hereafter we report results in terms of distinct genes. To identify gene expression 

specific to the iron status of Ent, cells were stimulated with combinations of Fe 

and Ent and an interaction test was used to determine if the Ent vs. PBS 

difference was significantly larger, or smaller, than the Fe-Ent vs. Fe difference 

by a factor of at least 1.3, and with p<0.01 [(Ent/PBS)/(Fe-Ent/Fe)]. This 

interaction test demonstrated induction of 1152 genes and repression of 812 

genes in response to aferric Ent. Gene ontology analysis indicated significant 

induction of genes related to MAPK phosphatase activity, apoptosis, and 

response to cytokine stimulus and repression of genes related to cell cycle, DNA 

replication, mitosis, and DNA repair (Table 2.3 and Figure 2.1).  
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Table 2.3: Gene ontology analysis of genes meeting selection criteria. 
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Figure 2.1: Heat map of genes with expression specifically altered by aferric Ent.  

Genes where the difference in gene expression in response to Ent vs. PBS was 
significantly larger, or smaller, than the Fe-Ent vs. Fe difference in gene 
expression [(Ent/PBS)/(Fe-Ent/Fe)] by a factor of at least 2, and with p<0.001, 
are shown. A549 human respiratory cells were stimulated and microarray 
analysis was performed as described below. The entire gene set used for 
analysis (p<0.01, fold change >1.3) is accessible through GEO Series accession 
GSE54962. 

 

Consistent with iron starvation, aferric Ent specifically upregulated expression of 

NDRG1, a tumor metastasis gene that is induced in response to cell-permeable 

iron chelators (Figure 2.2A) [81]. Aferric Ent also significantly upregulated 

expression of IL8. In addition to down-regulation of cell cycle genes, Ent strongly 

reduced expression of the IL-1 receptor gene IL1R1. To confirm microarray 

findings, A549 cells were stimulated in an independent experiment with 

combinations of Fe, Ent, and Lcn2 and gene expression was measured by qPCR 

(Figure 2.2C, D). NDRG1 was significantly induced by Ent compared to PBS 

(21.5 fold, p=1.1E-11), and met the selection criteria above where the increase 

from PBS to Ent was significantly more than the increase from Fe to Fe-Ent 

(35.8-fold more, p=1.4E-10). Similarly, IL8 was induced by Ent compared to PBS 

(17 fold, p=3.4E-9) and met the interaction selection criteria used in the 

microarray (3-fold more, p=0.003; Figure 2.2F). Ent treatment repressed IL1R1 

expression significantly compared to PBS (0.29-fold, p=1.6E-5; Figure 2.2D), 

although it narrowly missed the interaction selection criteria (p=0.054). 

 



 

36  

 

Figure 2.2: Ent and Ent+Lcn2 induce distinct gene expression patterns. 

 Heat maps of relative gene expression by A549 respiratory cells in response to 
combinations of 50 µM Enterobactin (Ent) and 50 µM Ferric Ammonium Citrate 
(Fe) alone (A), or with 25 µM lipocalin 2 (Lcn2) (B) as measured by microarray 
are shown. Red indicates upregulation of gene expression, whereas green 
indicates downregulation of gene expression, relative to the median of each 
experiment. Stimulations were repeated independently, and gene expression 
was validated by qPCR of NDRG1 (C), IL1R1 (D), VEGFA (E), IL8 (F), CCL20 
(G), and IL6 (H) in response to combinations of Fe, Ent, and Lcn2. Data are 
shown as means +/- SEM of 3 replicate samples and are representative of at 
least 2 independent experiments. Statistics were calculated using ANOVA (#, 
p<0.001 for indicated comparison). 
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To identify gene expression uniquely altered by Ent+Lcn2, a second 

experiment was performed comparing responses to this stimulus with the 

response to both Lcn2 alone and Fe-Ent+Lcn2. Lcn2 alone significantly induced 

56 genes and repressed 80 genes (selection criteria of p<0.01, fold-change 

>1.3), and gene ontology analysis demonstrated induction of genes involved with 

the immune response, innate immune response, chemokine and cytokine activity 

(Table 2.3, Figure 2.3). The set of repressed genes did not significantly overlap 

with a gene ontology group. Induced genes included the cytokines IL8, IL6, 

CCL20, CXCL1, CXCL5, complement component C3, and LCN2 itself.  
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Figure 2.3: Heat map of genes with expression significantly altered by Lcn2.  

Genes for which expression altered by a factor of at least 1.3 and with p<0.01 are 
shown. A549 human respiratory cells were stimulated and microarray analysis 
was performed as described below. 
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Ent+Lcn2 significantly induced expression of 239 genes and repressed 36 genes 

compared to Lcn2 and Fe-Ent+Lcn2 (p-value p<0.01 and fold-change >1.3 for 

both Ent+Lcn2 vs. Lcn2 and Ent+Lcn2 vs. Fe-Ent+Lcn2; Figure 2.4). The 

intersection of this gene set and the set induced by Ent described above 

contained 137 induced and 21 repressed genes (p<1E-200, Mantel-Haenszel 

Chi-Square statistic for association), indicating that the iron status of Ent 

conferred a strong effect on gene expression regardless of Lcn2. Accordingly, 

Ent+Lcn2 significantly induced NDRG1 expression compared to both Lcn2 and 

Fe-Ent+Lcn2 (Figure 2.2C). 
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Figure 2.4: Heat map of genes with expression significantly altered by the 
combination of aferric Ent+Lcn2.  

Genes for which expression is altered by a factor of at least 1.5 and p-value 
p<0.01 in response to Ent+Lcn2, compared to both Lcn2 alone and the 
combination of ferric ammonium citrate, Enterobactin, and Lipocalin 2 (Fe-
Ent+Lcn2) are shown. A549 human respiratory cells were stimulated and 
microrarray analysis was performed as described. The entire gene set used for 
analysis (fold change >1.3; p<0.01) is accessible through GEO Series accession 
GSE54962. 

 

Gene ontology analysis of Ent+Lcn2 induced genes indicated significant 

induction of genes involved in glycolysis, response to hypoxia, and the 

endoplasmic reticulum unfolded protein response and repression of genes 

related to mitotic prometaphase (Table 2.3). Induced genes that are associated 

with the response to hypoxia included VEGFA, ADM, TFRC, and ELGN3 (Figure 

2.2A, B; Figure 2.4). Independent stimulations of A549 cells indicated that Ent 

induced VEGFA relative to PBS and met the interaction selection criteria 

compared to Fe and Fe-Ent (p=4.4E-5) whereas Ent+Lcn2 induced significantly 

more expression than Lcn2 or Fe-Ent+Lcn2, as measured by qPCR (Figure 

2.2E). Vascular Endothelial Growth Factor (VEGF) A is an angiogenesis gene 

regulated by HIF-1α, indicating that Ent and Ent+Lcn2 may activate HIF-1α, and 

ELGN3 is a prolyl hydroxylase that regulates HIF function [104, 118]. Indeed, 

enrichment analysis for motif gene sets indicated Ent+Lcn2 induced HIF-1 

responsive genes (Table 2.4). 
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Table 2.4: Enrichment analysis for motif gene sets. 
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Two cytokine genes showed strong induction in response to Ent+Lcn2 

compared to both Lcn2 and Fe-Ent+Lcn2: IL6 and CCL20 (Figure 2.2B). In 

contrast, neither cytokine was induced significantly by aferric Ent based on the 

interaction test (Figure 2.2A). Separate stimulation of A549 cells with 

combinations of Fe, Ent, and Lcn2 confirmed induction by Ent+Lcn2 compared to 

both Lcn2 and Fe-Ent+Lcn2, as measured by qPCR (Figure 2.2G, H). Based on 

the PBS control, basal transcription of CCL20 and IL6 was very low. Gene 

expression in response to combinations of Fe and Ent were similarly low and 

could not be reliably determined. Therefore, relative expression of CCL20 and 

IL6 was calculated by comparing each stimuli’s transcript level to Lcn2, rather 

than PBS, as baseline expression. IL8 was also significantly induced by 

Ent+Lcn2 compared to Lcn2 and Fe-Ent+Lcn2 when measured by qPCR (p 

<0.0001). In contrast to the expression pattern of IL6 and CCL20, aferric Ent 

strongly induced IL8 expression as described above.    

To correlate changes in gene expression with cytokine secretion, A549 

cells were stimulated with combinations of Fe, Ent and Lcn2, and IL-6, IL-8 and 

CCL20 were measured by ELISA (Figure 2.5A-C). As previously reported, Ent 

and Lcn2 individually induced IL-8 secretion and the combination of Ent+Lcn2 

induced IL-8 secretion that was greater than the response to either Lcn2 or Fe-

Ent+Lcn2  (Figure 2.5A) [45]. However, this was in contrast to the expression 

pattern where Ent induced significantly more IL8 expression than Lcn2 (p=1.3E-

7, Figure 2.2F). This suggests that Lcn2 acts post-transcriptionally to increase IL-

8 production or secretion. The patterns of CCL20 and IL-6 secretion differ from 
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the pattern of IL-8. CCL20 was secreted at lower levels than the PBS control in 

response to Ent or Fe-Ent (p<0.001; Figure 2.5B) whereas IL-6 was not 

detectable in response to either stimulus (Figure 2.5C). Similarly to the IL-8 

response, Lcn2 induced secretion of CCL20 and IL-6 and Ent+Lcn2 induced 

greater secretion than Lcn2 or Fe-Ent+Lcn2. Together, the microarray data 

identify new gene targets induced and repressed by Fe, Ent, and Lcn2, and 

independent qPCR confirmation and ELISA data indicate IL-8, CCL20 and IL-6 

as gene targets strongly activated in respiratory epithelial cells in response to the 

combination of Ent and Lcn2. 
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Figure 2.5: The combination of Ent and Lcn2 strongly induce cytokine production 
in A549 respiratory cells.  

Cells were stimulated for 16h with combinations of 50 µM FAC (Fe), 50 µM Ent, 
or 25 µM Lcn2. IL-8 (A), CCL20 (B), and IL-6 (C) secretion were measured by 
ELISA. Values shown are means +/- SEM of 3 replicate samples and are 
representative of at least 2 independent experiments. Statistics were calculated 
using one-way ANOVA (*** p<0.0001 induction relative to PBS; # p<0.05; ## 
p<0.01; ###, p<0.001 for indicated comparisons). 
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2.2.2  Unbound Ent enhances Lcn2 induction of  

pro-inflammatory cytokines  

The enhanced cytokine production induced by Ent+Lcn2 compared to Lcn2 and 

Fe-Ent+Lcn2 indicates that secretion is triggered by siderophore-dependent iron 

chelation (Figure 2.5A-C). This could be mediated either by Ent bound to Lcn2 in 

the binding calyx [45] or unbound Ent. To distinguish these possibilities, Ent and 

Lcn2 were incubated in a 2:1 ratio to allow binding and then spun through a 10 

kilodalton (kDa) Molecular Weight cutoff column (MWCO) to retain Lcn2 (20.5 

kDa) and Ent+Lcn2 complexes, but not Ent alone (669 Da). Consistent with the 

loss of unbound Ent, spinning Ent+Lcn2 in a MWCO column diminished its ability 

to stimulate IL-8 and IL-6 secretion (p<0.0001; Figure 2.6A and B), reducing IL-8 

and IL-6 secretion to levels comparable to that of Lcn2 alone (p=0.5 and 0.1 

respectively). The secretion of IL-8 and IL-6 correlated with NDRG1 gene 

expression (Figure 2.6C). Addition of Ent to retained Ent+Lcn2 following spinning 

through a MWCO restored its ability to stimulate IL-8 and IL-6 secretion, 

indicating that the MWCO column has no effect on the stimulatory effect of Lcn2, 

and that unbound Ent is required to enhance secretion of IL-8 and IL-6. 

Additionally, simulation of respiratory epithelial cells with Ent and Lcn2 at a 4:1 

and 2:1 ratio induced increased IL-8 secretion, whereas stimulation with Ent and 

Lcn2 at a 1:1 ratio did not. These data indicate that the combination of unbound 

Ent and Lcn2, rather than Ent+Lcn2 complexes themselves, stimulates robust IL-

8 and IL-6 secretion. 
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Figure 2.6: Unbound Ent in combination with Lcn2 is required for maximal IL-8 
and IL-6 secretion in A549 cells and correlates to NDRG1 expression.  

Combinations of 50 µM Ent (669 Da) and 25 µM Lcn2 (20.5 kDa) were spun, as 
indicated, through a 10 kDa MWCO column, and cells were stimulated with the 
retentate, containing Lcn2 or Ent bound by Lcn2, for 16h. IL-8 (A) and IL-6 (B) 
secretion were measured by ELISA. Values shown are means +/- SEM of 3 
replicate samples and are representative of at least 2 independent experiments. 
Statistics were calculated using one-way ANOVA (***, p<0.0001; ns p>0.05). 
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2.2.3  Iron chelation by Ybt in combination with Lcn2  

strongly induces cytokine secretion 

The fact that unbound Ent enhances cytokine responses to Lcn2 suggests that 

this cellular response may also occur in response to iron chelation by 

siderophores to which Lcn2 cannot bind. To test this hypothesis, respiratory 

epithelial cells were stimulated with combinations of Fe and the Lcn2-evasive 

siderophores Ybt and Sal, and IL-8 secretion was assayed by ELISA (Figure 

2.7A). Additionally, qPCR for the iron starvation gene NDRG1 was performed 

(Figure 2.7B). Similar to Ent, Ybt strongly induced secretion of IL-8 and gene 

expression of NDRG1, which was reversed by Fe (p<0.0001). In contrast, Sal did 

not induce IL-8 or NDRG1 (p=0.6). To verify the iron chelation ability of the 

siderophores, A549 cells were treated with calcein, a membrane-permeable ester 

that is cleaved upon entering a cell, causing fluorescence that is quenched by the 

cellular labile iron pool [119]. Addition of Ent and Ybt chelated iron away from 

calcein, increasing fluorescence, whereas addition of Sal did not (Figure 2.7C). 

Preloading the siderophores with Fe prevented induction of calcein fluorescence. 

Because Sal has different membrane-partitioning activities than Ent that could 

confer differing abilities to chelate intracellular iron, iron chelation in solution was 

measured by the chromogenic CAS Assay [120]. Ent and Ybt rapidly and 

efficiently induced a color change in the CAS reagent, whereas Sal did not. 

Combined, these data indicate the ability of Ent and Ybt to disrupt cellular iron 

homeostasis. 
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Figure 2.7: Ybt and Ent, but not Sal, induce expression of IL-8, the iron-starvation 
gene NDRG1 and calcein fluorescence.  

(A) Cells were stimulated for 16h with combinations of 50 µM FAC (Fe), 50 µM 
Ent, 50 µM Ybt, or 50 µM Sal, and IL-8 secretion was assayed by ELISA. B) 
NDRG1 expression, a marker associated with iron chelation, was measured by 
qPCR. (C) Cells were stimulated for 16h with combinations of 100 µM FAC (Fe), 
100 µM Ent, 100 µM Ybt, or 100 µM Sal, and calcein fluorescence was 
examined. Values shown are means +/- SEM of 3 replicate samples and are 
representative of at least 2 independent experiments. Statistics were calculated 
using one-way ANOVA (*, p<0.0001 induction relative to PBS; #, p<0.05, ##, 
p<0.01 for indicated comparison). 
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To determine if host iron chelation by non-ligand siderophores can induce 

increased cytokine release in presence of Lcn2, respiratory epithelial cells were 

stimulated with Ybt or Sal and Lcn2 (Figure 2.8). Ybt alone significantly increased 

IL-8 and IL-6 secretion, and induced CCL20 secretion whereas levels were 

undetectable in the control. Furthermore, Ybt+Lcn2 induced significantly more IL-

8 (Figure 2.8A), IL-6 (Figure 2.8B), and CCL20 (Figure 2.8C) secretion than Lcn2 

alone. Induction of cytokine secretion by Ybt and Ybt+Lcn2 correlated with host 

iron chelation, as measured by increased NDRG1 gene expression (Figure 

2.8D). Lcn2 alone had no effect on NDRG1 expression. Neither Sal nor Sal+Lcn2 

induced NDRG1 expression. Additionally, Sal+Lcn2 did not induce IL-8, IL-6, or 

CCL20 secretion when compared to Lcn2, consistent with the inability of Sal to 

perturb intracellular iron levels (Figure 2.7). To determine if a pharmacologic iron 

chelator could induce increased cytokine release, we stimulated respiratory 

epithelial cells with DFO in the presence of Lcn2. DFO+Lcn2 induced secretion of 

IL-8, IL-6, and CCL20 that correlated with expression of NDRG1 (Figure 2.8 E, F; 

Figure 2.9.) These data indicate that iron chelation by a siderophore other than 

Ent enhances Lcn2-dependent pro-inflammatory cytokine release in respiratory 

epithelial cells. 

 



 

51  

 

Figure 2.8: Ybt+Lcn2 and DFO+Lcn2 induce chemokine release by A549 
respiratory cells.  

Cells were stimulated for 16h with combinations of 50 µM Ybt, 50 µM Sal, 200 µM 
DFO, or 25 µM Lcn2 and ELISA was used to measure IL-8 (A), IL-6 (B, E), and 
CCL20 (C) secretion. Relative NDRG1 expression (D, F) was assayed using 
qPCR. Values shown are means +/- SEM of 3 replicate samples and are 
representative of at least 2 independent experiments. Statistics were calculated 
using one-way ANOVA (** p<0.01 relative to PBS; ## p<0.01, ### p<0.001 for 
indicated comparison; ns p>0.05). 
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Figure 2.9: DFO+Lcn2 induces IL-8 and CCL20 secretion.  

Cells were stimulated for 16h with combinations of 200 µM DFO or 25µM Lcn2 
and ELISA was used to measure IL-8 (A) and CCL20 (B) secretion. Values 
shown are means +/- SEM of 3 replicates samples and are representative of at 
least 2 independent experiments. Statistics were calculated using one-way 
ANOVA (###, p<0.001 for indicated comparison). 
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2.2.4  Induction of HIF-1α stabilization in the presence of Lcn2 

 is sufficient to enhance inflammation 

Gene expression analysis indicated that Ent and Ent+Lcn2 induced HIF-

regulated genes, including VEGFA (Figure 2.2A, B, E). HIF-1α has been shown 

to regulate inflammation and enhance expression of cytokines including IL-6 

[121, 122]. HIF-1α is rapidly targeted for degradation by prolyl hydroxylases, but 

is stabilized through inactivation of prolyl hydroxylases by iron limitation, hypoxia 

or the dioxygenase inhibitor Dimethyloxaloylglycine (DMOG) [123]. To determine 

if HIF-1α is stabilized by stimulation with Ent, Western blots on nuclear fractions 

were performed. Stimulation with Ent induced nuclear stabilization of HIF-1α, 

similar to the stabilization of HIF-1α observed in response to DMOG (Figure 

2.10A). Additionally, stimulation with Ent+Lcn2, but not Lcn2 alone, induced 

nuclear stabilization of HIF-1α (Figure 2.10B, C). To determine if stabilization of 

HIF-1α through inactivation of prolyl hydroxlases is sufficient to enhance Lcn2-

dependent inflammation, A549 cells were treated with DMOG alone or in 

combination with Lcn2. DMOG in combination with Lcn2 did not increase 

secretion of IL-8 compared to Lcn2 alone (p=0.2; Figure 2.10D) or CCL20, 

however, DMOG+Lcn2 stimulation induced IL-6 expression significantly above 

the level of Lcn2 alone (p<0.01) (Figure 2.10E). These data indicate that Ent 

induces stabilization of HIF-1α that, in combination with Lcn2, is sufficient to 

induce a pro-inflammatory immune response. 
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Figure 2.10: Ent stabilizes HIF-1α in A549 respiratory epithelial cells, which is 
sufficient to enhance Lcn2-dependent IL-6 secretion.  

Cells were stimulated for 16h with combinations of 50 µM Ent, 3 mM DMOG, or 
25 µM Lcn2 and Western Blot or ELISA was used to measure HIF-1α 
stabilization (A, B, and C), IL-8 secretion (D) or IL-6 secretion (E), respectively. 
Western blot data are representative of 2 independent experiments. ELISA 
values shown are means +/- SEM of 3 replicate samples and are representative 
of at least 2 independent experiments. Statistics were calculated using unpaired 
two-tailed t tests (** p<0.01; ns p>0.05). 
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2.2.5  Induction of immune response by siderophores + IL-1β 

Because the immune response to Ent+Lcn2 was shown to be dependent on iron 

chelation by the siderophore rather than the siderophore itself, we hypothesized 

that Lcn2 was not required for the immune response to iron chelation. Instead, 

we hypothesized that the presence of a host inflammatory protein would be 

sufficient to induce pro-inflammatory cytokine secretion in the presence of iron 

chelation by a siderophore. To examine this hypothesis, A549 respiratory 

epithelial cells were stimulated with siderophores in combination with IL-1β for 16 

hr, and then examined for the inflammatory response (Figure 2.11). Siderophores 

in combination with  IL-1β caused secretion of IL-8 (Figure 2.11A), IL-6, (Figure 

2.11B), and CCL20 (Figure 2.11C). The majority of the cytokine secretion 

correlated with the induction of NDRG1 expression, indicating cellular iron 

chelation (Figure 2.11D). The combination of Sal+IL-1β resulted in a slight but 

significant increase in IL-8, IL-6, and CCL20 secretion despite Sal being unable 

to chelate host cellular iron as measured by NDRG1 expression. These results 

are consistent with our hypothesis that an inflammatory host protein, such as 

Lcn2 or IL-1β, can induce an immune response in combination with cellular iron 

chelation by siderophores. 
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Figure 2.11: Siderophores + IL-1β induces IL-8, IL-6, and CCL20 secretion in 
A549 respiratory epithelial cells. 

Cells were stimulated for 16h with combinations of 50 µM Ybt, 50 µM Sal, 25 µM 
Lcn2 or 1 ng/mL IL-1β and ELISA was used to measure IL-8 (A), IL-6 (B), and 
CCL20 (C) secretion. Relative NDRG1 expression (D) was assayed using qPCR. 
Values shown are means +/- SEM of 3 replicate samples and are representative 
of 1 experiment. Statistics were calculated using one-way ANOVA (*** p<0.001, 
ns, p>0.05 relative to PBS; #, p<0.05, ## p<0.01, ### p<0.001 for indicated 
comparison). 
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2.3  Discussion 

2.3.1  Summary of findings 

In addition to disrupting bacterial iron acquisition, Lcn2 enhances inflammation in 

vitro and in vivo in response to Ent [15, 45]. In this way, Lcn2 may tailor 

inflammation based on microbial iron metabolism. To determine the mechanism 

of inflammation induced by Ent and Lcn2, we performed a microarray analysis to 

identify genes modulated in response to Fe, Ent, and Lcn2 and confirmed 

changes in gene expression using qPCR and ELISA. We then determined 

whether the strong induction of cellular immune responses by Ent+Lcn2 was due 

to the ligand-protein complex or, more broadly, to iron chelation. We found that 

the host immune response is activated in response to Lcn2 and amplified through 

iron chelation by siderophores rather than in response to the Ent+Lcn2 complex 

itself. Furthermore, Ent induces HIF-1α stabilization alone and in the presence of 

Lcn2, and HIF-1α stabilization is sufficient to enhance Lcn2-dependent secretion 

of the cytokine IL-6. The inflammatory immune response may require iron 

chelation by siderophores in the presence of a host inflammatory protein, such as 

Lcn2 or IL-1β. These findings indicate a novel host response to microbial iron 

metabolism in which cellular stress induced by siderophore-mediated iron 

chelation and the presence of Lcn2 leads to activation of a limited set of 

cytokines, namely IL-6, IL-8 and CCL20. These findings also indicate a novel 

mechanism for siderophore-induced cytokine secretion, linking HIF-1α 

stabilization by pathogen-associated siderophores to IL-6 secretion. 
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2.3.2  Lcn2 and inflammatory cytokine secretion 

Without its ligand, Lcn2 has been shown to modulate cytokine expression. In 

cells of the Central Nervous System, Lcn2 modulates lipopolysaccharide (LPS)-

induced cytokine production, including IL-6 and CCL20, as well as adipokine 

production in adipocytes [124, 125]. In models of ischemia and reperfusion, Lcn2 

controls neutrophil recruitment by regulating expression of chemokines, including 

IL-6, and their cell-surface receptors [126]. Consistent with these studies, our 

findings indicate that Lcn2 induces IL-6 and CCL20 secretion from respiratory 

epithelial cells. IL-6 is an inflammatory cytokine active in the regulation of the 

acute phase response in hepatocytes and is capable of upregulating expression 

of hepcidin [127]. Hepcidin regulates plasma iron concentrations by inhibiting 

enterocyte uptake of iron and iron recycling by macrophages, and is upregulated 

during infection and inflammation [128]. IL-6 is also a differentiation factor for 

Th17 lymphocytes that mediate protective immunity against siderophore-

producing pathogens such as K. pneumoniae [129]. In turn, CCL20 is a 

lymphocyte chemoattractant, whose expression is amplified by IL-6 production, 

recruiting Th17 cells to sites of inflammation by binding to its cognate receptor 

CCR6. Thus, it is possible that expression of CCL20 initiates an adaptive 

immune response [130-132].  

Lcn2-induced cytokines are also induced in response to disruptions in iron 

homeostasis. Iron chelation by DFO induces IL-8 and CCL20 production in 

intestinal epithelial cells [84, 133]. In respiratory epithelial cells, the combination 

of siderophores and Lcn2 induces robust expression of IL-6 and CCL20. 
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Therefore, the cytokine response to bacterial siderophores and Lcn2 could serve 

as a multi-faceted failsafe mechanism: First, IL-8 can recruit neutrophils to the 

site of infection. Second, IL-6 can upregulate hepcidin to limit further iron 

availability for invading bacteria. Finally, IL-6 and CCL20 can act in concert to 

attract mature Th17 to sites of infection and commit naïve T cells to the Th17 

pathway. 

2.3.3  Effect of Lcn2 during Gram-positive and Gram-negative infections 

The presence or absence of siderophores is likely crucial to the effect of Lcn2 on 

inflammation. In recent work, stimulation of macrophages with Streptococcus 

pneumoniae induced IL-10 production in an Lcn2-dependent manner, which 

skewed macrophages towards a deactivated phenotype [91]. In human and 

animal models, increased Lcn2 correlated with worsening of pneumococcal 

pneumonia. These findings contrast the results of this work, which demonstrate 

pro-inflammatory effects of Lcn2, and previous work by our group and others 

demonstrating that Lcn2 is a crucial antimicrobial peptide that enhances survival 

during infection, particularly with K. pneumoniae [13, 15, 43, 48]. In addition, our 

microarray analysis did not indicate any change in the gene expression of IL-10 

in response to Lcn2. We hypothesize that the difference in outcome is due to the 

fact that S. pneumoniae does not require siderophores for its pathogenesis, and 

thus Lcn2 cannot properly modulate inflammation during infection without 

siderophore-mediated iron chelation. In fact, patient survival from Gram-negative 

pneumonia correlated with increased Lcn2 in the bronchoalveolar lavage fluid 

[91].  
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2.3.4  Effect of iron chelators on host cell functions 

Iron homeostasis and metabolism are tightly regulated systems that require the 

expression and function of many proteins, including transferrin, transferrin 

receptor, and ferritin. Disruption of these systems due to iron chelation exerts a 

wide range of pathologic effects on cells, including disruption of DNA replication, 

apoptosis, and cell-cycle arrest [81, 134, 135]. Although these properties of iron 

chelators show promise as anti-cancer therapies, our data suggest that bacterial 

siderophores may act as cytotoxins during infection. Clinical isolates of K. 

pneumoniae produce 50-100 µM of Ent in pure culture [13], quantities sufficient 

to induce the hypoxia and iron-starvation responses described herein. The 

induction of cellular stresses in response to siderophores and Lcn2 during 

infection may lead to significant pathologic effects during infection. However, our 

results indicate that Lcn2 can cooperate with these cellular stress responses to 

induce robust cytokine release and recruit inflammatory cells to combat the 

bacterial source of toxic siderophores.  

 Although the inflammatory response to siderophores and Lcn2 is activated 

in response to iron chelation, rather than a siderophore+Lcn2 complex, the 

cellular responses to Ent, Ybt, and Sal are distinct. Stimulation with Ybt or 

Ybt+Lcn2 induces more IL-8, IL-6, and CCL20 secretion and NDRG1 gene 

expression compared to equimolar stimulation with Ent or Ent+Lcn2. This is 

surprising due to the fact that Ent has the highest known affinity for iron. In fact, 

stimulation of A549 cells with increasing molar concentrations of siderophores 

illustrates a higher threshold concentration to induce IL-8 secretion by Ybt 
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compared to Ent. This is consistent with the pattern shown in Figure 2.7A, in 

which Fe-Ent induces more NDRG1 gene expression than Fe-Ybt: Despite 

equimolar addition of Fe to Ent, trace free Ent is capable of chelating cellular iron 

and inducing NDRG1 expression. Sal may not induce cellular iron chelation or 

pro-inflammatory cytokine secretion because of its decreased membrane 

partitioning abilities [54]. Addition of Sal to an entirely siderophore-deficient strain 

of K. pneumoniae restores bacterial growth, indicating that Sal is able to acquire 

iron for bacterial growth [96]. Differential secretion of Ent, Ybt, and Sal during 

infection may cause dissimilar pathologic effects through triggering varied levels 

of cytokine production. 

2.3.5  Siderophores and HIF-1α 

Expression of HIF-1α protein is regulated through hydroxylation by prolyl 

hydroxylases, a modification that targets the protein for rapid proteasomal 

degradation [112]. Since prolyl hydroxylases require iron as a cofactor, HIF-1α 

stabilization can be induced by both oxygen and iron starvation [136]. Indeed, 

siderophores have previously been shown to induce HIF-1α stabilization [106, 

137]. In a previous study, Ybt was shown to stabilize HIF-1α but effects on 

inflammation were not assessed. Sal was also reported to induce HIF-1α, but this 

required high concentrations of siderophores (≥200 µM) [106]. The current study 

demonstrates induction of HIF-1α stabilization by the prototypical siderophore 

Ent and Ent+Lcn2 at physiologic concentrations. Additionally, we illustrate that 

HIF-1α stabilization in combination with Lcn2 is sufficient for IL-6 secretion, 

linking HIF-1α-regulated genes with inflammatory pathways. HIF-1α stabilization 
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in combination with Lcn2 is not sufficient to induce IL-8 or CCL20 secretion, 

suggesting that additional pathways are activated in response to 

siderophore+Lcn2 stimulation that enhance inflammation. IL-8 production by 

epithelial cells is regulated by a combination of MAPK and NF-κB signaling 

pathways [111]. Microarray analysis in response to treatment with Ent indicated 

up-regulation of Dual Specificity Phosphatases (DUSPs), indicating that MAPK 

signaling might be involved in the IL-8 secretion in response to 

siderophores+Lcn2. 

2.3.6  Proposed model and conclusions 

In summary, our results introduce a novel role for Lcn2 as a rheostat that 

modulates the response to iron chelation by bacterial siderophores. We propose 

a model in which a low amount of Ent can be bound and neutralized by Lcn2 

(Figure 2.12A), resulting in low levels of Lcn2-induced cytokine secretion. 

However, high levels of Ent (Figure 2.12B) or Ybt (Figure 2.12C) can overwhelm 

Lcn2 binding capacity, causing the accumulation of unbound siderophores. 

These siderophores chelate host cellular iron and, in combination with Lcn2, 

induce robust secretion of IL-6, CCL20, and IL-8 in airway epithelial cells. Ent 

induces HIF-1α stabilization, and HIF-1α in combination with Lcn2 is sufficient to 

induce IL-6. In contrast, HIF-independent pathways are likely required to 

augment IL-8 and CCL20 expression. DFO and Ybt also combine with Lcn2 or 

IL-1β to induce inflammation, indicating this is a generalized response to 

siderophore-mediated iron starvation in the presence of a host inflammatory 

protein. In this way, Lcn2 can prevent iron sequestration by Ent without triggering 
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a substantial immune response, but can potently upregulate inflammation when 

overwhelmed by siderophores that perturb epithelial cell iron homeostasis.  

 

 

Figure 2.12: Proposed model. 

Lcn2 acts as a sensor by modulating airway epithelial cell inflammatory cytokine 
secretion in response to iron chelation by unbound Ent and Ybt. (A) Low amounts 
of Ent can be bound and neutralized by Lcn2, leading to a low level of Lcn2-
induced cytokine secretion in the airway. High amounts of Ent (B) or Ybt (C) 
evade Lcn2 binding, leading to altered host iron status and HIF-1α stabilization. 
The combination of cellular iron depletion and a host inflammatory protein, such 
as Lcn2, increases production of inflammatory cytokines, such as IL-8, IL-6, and 
CCL20.  
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2.4  Experimental Procedures 

Cell Culture. A549 (ATCC CCL-185) cells, a human type II pneumocyte cell line, 

were cultured in F12K (Invitrogen, Carlsbad, CA) media supplemented with 10% 

fetal bovine serum (Invitrogen) and 1:100 penicillin streptomycin (Invitrogen).   

 

Siderophore Stimulation Experiments. 24-well plates were seeded with A549 

cells at a concentration of 3.5x104 cells/well. After two days, cells were weaned 

from serum and antibiotics overnight. Cells were then stimulated overnight as 

previously described [45] with the indicated combinations of 50 µM Ferric 

ammonium citrate (FAC) (Sigma, St. Louis, MO), 50 or 100 µM Ent (Sigma or 

EMC Microcollections, Tubingen, Germany), 50 µM Ybt (EMC), 50 µM 

Salmochelin S4 (EMC), 200 µM DFO (Sigma), 3 mM dimethyloxaloylglycine 

(DMOG, Sigma) 1 ng/mL IL-1β (Sigma) or 25 µM Lcn2 in F12K media lacking 

serum or antibiotics. Prior to incubation with cells, siderophore+Lcn2 complexes 

were prepared by sequential incubation at room temperature of FAC and 

siderophore for 30 minutes followed by addition of Lcn2 and incubation for an 

additional 30 minutes. Where indicated, complexes were spun through a 10,000 

MWCO centrifugal filter unit (EMD Millipore, Billerica, MA) prior to cell 

stimulation.  

 

Cytokine Measurement. Cytokine secretion was measured from A549 

supernatants as previously described [45]. Briefly, supernatants were collected 

from overnight A549 stimulations, cleared by centrifugation (1000 x g, 5 minutes 
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at 4°C) and assayed by ELISA according to manufacturers’ directions for IL-8 

(OptEIA, BD Biosciences, San Diego, CA), CCL20, and IL-6 (Duoset, R+D 

Systems) using TMB substrate (Life Technologies, Carlsbad, CA) for color 

development and measured using an Eon microplate spectrophotometer 

(BioTek, Winooski, VT).  

 

RNA Extraction, cDNA synthesis, and qPCR. After collecting A549 supernatants, 

700 µL Trizol Reagent (Ambion, Carlsbad, CA) was added to the cells and RNA 

was extracted according to the manufacturer’s protocol. cDNA was synthesized 

using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Carlsbad, CA) and a 2720 Thermal Cycler (Applied Biosystems). Quantitative 

real-time PCR was conducted with Taqman Gene Expression Master Mix 

(Applied Biosystems) or SYBR Green POWER Master Mix (Applied Biosystems). 

Taqman Assays (Invitrogen) for IL8 (Hs00174103_m1), VEGFA 

(Hs00900055_m1), CCL20 (Hs01011368_m1), and IL6 (Hs00985639_m1) were 

analyzed using a Realplex2 machine (Eppendorf, Hauppauge, NY) with gene 

expression measured relative to the housekeeping gene GAPDH 

(Hs99999905_m1) or GUSB (Hs00939627_m1) using the comparative Ct 

method [138]. Relative expression of NDRG1 (Hs.Pt.56a.4224283.g, Integrated 

DNA Technologies, Coralville, IA) and IL1R1 (Hs.PT.58.15515070) was analyzed 

using a Realplex2 machine with gene expression measured by SYBR Green 

relative to the housekeeping gene GAPDH (Hs.PT.39a.22214836) using the 

comparative Ct method [138]. 
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Lcn2 Purification. Recombinant human Lcn2 was purified based on methods 

previously described [15, 139]. Briefly, E. coli strain BL-21, containing a plasmid 

encoding a human Lcn2-glutathione S-transferase (Lcn2-GST) fusion protein, 

was cultured to mid-logarithmic phase in Terrific Broth supplemented with 50 µM 

ferrous sulfate and Lcn2-GST expression was induced with 1mM IPTG for 3 

hours at 37°C. Cells were pelleted by centrifugation, treated with lysozyme 

(0.5mg/mL; incubated on ice for 1 hour; Sigma), deoxycholate (2.8mg/mL; 

incubated at 37C for 20 minutes; Fisher Scientific, Pittsburgh, PA), DNAse (4.5 

ug/mL; incubated at room temperature for 10 minutes; Roche, Branchburg, NJ) in 

lysis buffer (50mM Tris, 100mM NaCl, pH 7.5) supplemented with protease 

inhibitor (c0mplete EDTA-free cocktail tablets, Roche) and disrupted by 

sonication using a Model 505 Sonic Dismembrator (4 x 30 second pulses at 40% 

amplitude with a 30 second pause between pulses; Fisher Scientific). Lcn2-GST 

was purified from the lysate using a Glutathione Sepharose 4B bead column (GE 

Amersham, Piscataway, NJ) followed by elution with glutathione elution buffer 

(50mM Tris, 40mM reduced glutathione [Sigma], pH 8.5) and overnight cleavage 

using human thrombin (25 units per liter of E. coli; Sigma) during dialysis through 

a 10,000 MWCO membrane (Thermo) in buffered solution (50mM Tris, 100mM 

NaCl, pH 7.5). Digested protein was then sterilized using a 0.22 µM filter (EMD 

Millipore) and gel filtered using a Superdex 75 column attached to an AKTA 

FPLC system (GE Healthcare) using buffer containing PBS to remove GST. 

Biological activity of purified Lcn2 was confirmed by retention with Fe-Ent after 

centrifugation over a 10,000 MWCO column as measured by absorbance at 340 
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nm and growth inhibition of Lcn2-sensitive K. pneumoniae strain KP20 when 

added to human serum as previously described [13]. 

 

CAS Assay. The CAS assay was performed to determine the iron-chelating 

capabilities of Ent, Sal, and Ybt at concentrations between 1 to 200 µM as 

previously described [120]. 

 

Microarray Analysis. A549 cells were stimulated overnight as described above. 

RNA was purified using the miRNeasy kit (Qiagen) and submitted to the 

University of Pennsylvania Microarray facility for hybridization on the Affymetrix 

Human Gene 1.0ST gene chip (University of Pennsylvania Microarray facility). 

Transcript abundance was estimated with the Robust Multi-array Average (RMA) 

algorithm and log-transformed [140]. A cutoff for a significant difference in gene 

expression between experimental groups of a fold change of >1.3 with a p-value 

of 0.01 was used. Gene sets with significant changes were used for enrichment 

analysis by comparison with the Broad Institute Molecular Signatures Database 

(http://www.broadinstitute.org/gsea/msigdb/index.jsp) [141]. Gene ontology terms 

for each gene were obtained through downloads of “Annotation Files” from the 

Affymetrix web site (http://www.affymetrix.com/estore/index.jsp). 

 

Calcein Treatment. A549 lung epithelial cells were seeded and serum-starved as 

above. Cells were washed twice with RPMI without phenol red (Invitrogen) and 

pre-treated with 1 µM Calcein (Sigma) for 30 minutes in a standard cell culture 
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incubator. Cells were then washed twice with RMPI without phenol red and 

treated overnight with siderophores with or without FAC. Fluorescence imaging 

was performed with the Olympus IX52 inverted microscope (Center Valley, PA), 

and images were analyzed with cellSens Entry imaging software (Olympus). 

 

Western Blot. A549 lung epithelial cells were seeded, serum-starved, and 

stimulated as stated above. Following overnight stimulation, cellular fractionation 

was performed to collect nuclear proteins, as previously described [142], or with 

RIPA buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 2mM EDTA, 1% NP-40, 0.1% 

SDS) with protease inhibitors. Fractions were denatured in 6x sample buffer and 

separated on a 7.5% or 10% SDS-PAGE gel (BioRad, Hercules, CA) at 120 V for 

1.5 hours. Protein was transferred onto PVDF or nitrocellulose membrane 

(Millipore) at 100 V for one hour, and immediately blocked in 5% nonfat milk in 

Tris-buffered saline with 0.1% Tween (TBST). Membranes were probed with α-

HIF-1α (1:2000, R&D Systems or 1:1000, Santa Cruz Inc, Dallas, TX) and α-β-

actin (1:5000, Novus Biologicals, Littleton, CO) or α-GAPDH (1:1000, Santa Cruz 

Inc) as a loading control overnight, followed by mouse IgG-HRP secondary 

antibody (1:1000, R&D Systems or 1:1000 Cell Signaling Technologies, Danvers, 

MA), in 5% BSA in TBST or 5% nonfat milk in TBST. Protein expression was 

detected using ECL Substrate (Pierce) and visualized on a ChemiDoc/RS+ 

Imaging System (BioRad). Protein concentration was determined by the Micro 

BCA Assay kit (Pierce). 
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Statistical Analysis. Array, qPCR, and ELISA data were log-transformed and fit to 

Analysis of Variance (ANOVA) models with one mean per group, and pairs of 

treatments were compared. Additionally, some comparisons of the difference of 

differences in two pairs of treatments were compared. Where indicated, 

unpaired, two-tailed t tests were performed using Prism 6 software (GraphPad 

Software, Inc). 

 

2.5  Notes 

This work has been adapted from the original published article and can be cited 

as follows: 

Holden, VI, S Lenio, R Kuick, SK Ramakrishnan, YM Shah, MA Bachman. 2014. 

Bacterial siderophores that evade or overwhelm Lipocalin 2 induce Hypoxia 

Inducible Factor 1α and proinflammatory cytokine secretion in cultured 

respiratory epithelial cells. Infect Immun 82 (9): 3826-3836. 

 

VI Holden designed and performed experiments, analyzed data, and wrote the 

paper; S Lenio performed experiments; R Kuick performed microarray and 

statistical analysis; SK Ramakrishnan and YM Shah performed experiments; and 

MA Bachman performed and designed experiments and wrote the paper. 
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CHAPTER III 
 

IN VIVO EFFECTS OF SIDEROPHORES ON THE HOST UPON INFECTION 

WITH KLEBSIELLA PNEUMONIAE 
 

Summary 

K. pneumoniae, a Gram-negative bacterial pathogen, is responsible for a wide 

range of infections including pneumonia and bacteremia and is rapidly acquiring 

antibiotic resistance. K. pneumoniae requires secretion of siderophores, low 

molecular-weight, high affinity iron chelators, for bacterial replication and full 

virulence. The specific combination of siderophores secreted by K. pneumoniae 

during infection can impact tissue localization, systemic dissemination, and host 

survival. However, the effect of these potent iron chelators on the host during 

infection is unknown. In vitro, siderophores deplete epithelial cell iron, induce 

cytokine secretion, and activate the master transcription factor HIF-1α that 

controls vascular permeability and inflammatory gene expression. Therefore, we 

hypothesized that siderophore secretion by K. pneumoniae directly contributes to 

inflammation and bacterial dissemination during pneumonia. To examine the 

effects of siderophore secretion independent of bacterial growth, we constructed 

tonB mutants that persist in vivo but are deficient in siderophore import. Using a 

murine model of pneumonia, we found that siderophore secretion by K. 

pneumoniae induces the secretion of IL-6, KC, and MIP-2, as well as bacterial 
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dissemination to the spleen, compared to siderophore negative mutants at 

equivalent bacterial numbers. Furthermore, we identified that siderophore-

secreting K. pneumoniae stabilized HIF-1α in vivo, and bacterial dissemination to 

the spleen required alveolar epithelial HIF-1α. Our results indicate that 

siderophores act directly on the host to induce inflammatory cytokines and 

bacterial dissemination, and that HIF-1α is a susceptibility factor for bacterial 

invasion during pneumonia. 

 

3.1  Introduction 

K. pneumoniae, a Gram-negative bacterium within the Enterobacteriaceae 

family, is the causative agent of a wide range of infections including pneumonia, 

UTI, wound infections, and bacteremia. As the third most common cause of 

hospital-acquired infections, K. pneumoniae represents a major healthcare threat 

[143]. Further compounding this concern, K. pneumoniae is rapidly acquiring 

resistance to all known antibiotics, thus becoming increasingly more difficult to 

treat. In particular, CR K. pneumoniae are resistant to all or nearly all antibiotics 

and exhibit a strikingly high mortality rate of 41% to 50% for bloodstream 

infections [144-147].  

To establish infection, K. pneumoniae secretes molecules called 

siderophores that are critical for bacterial growth and replication [148, 149]. 

Siderophores are small, high-affinity iron-chelating molecules secreted by a wide 

variety of microorganisms that are critical for virulence in many Gram-negative 

bacteria [150]. Ent is the prototypic catecholate siderophore with the highest 
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known affinity for iron of any molecule, and effectively outcompetes host iron-

binding proteins for iron [7]. To counter the effects of Ent, neutrophils and 

epithelial cells secrete Lipocalin 2, which binds Ent with subnanomolar affinity 

[19]. In vivo, the presence of Lcn2 has been shown to be bacteriostatic by 

preventing bacterial uptake of Ent [15, 43]. Bacteria have evolved to secrete 

Lcn2-evasive siderophores such as: Sal, a glycosylated Ent; Ybt, a structurally 

distinct phenolate siderophore; and Aer [13, 18, 150]. Ferric-siderophores are 

actively imported by bacteria through siderophore-specific outer membrane 

receptors, that are dependent on the TonB-ExuB-ExuD energy transducing 

system [151]. 

Because iron is critical for the function of many cellular processes, 

including DNA replication, oxygen metabolism, and as a cofactor for many 

cellular reactions, iron chelation by siderophores could have significant effects on 

host cells, including inflammation [2, 3]. However, the effects of siderophore-

dependent manipulation of host iron homeostasis during bacterial infection are 

largely unknown. Iron chelation by siderophores in the presence of Lcn2 induces 

in vitro pro-inflammatory cytokine secretion of IL-8, IL-6, and CCL20 from lung 

epithelial cells [45, 152]. Siderophores also induce the stabilization of the master 

transcription factor HIF-1α in vitro [152]. HIF-1α regulates the expression of many 

genes, including those genes involved in glycolysis, inflammation, and 

angiogenesis, and is itself regulated by the availability of oxygen or iron within a 

cell [102, 103, 106, 153]. In normoxia, HIF-1α protein is targeted for degradation 

by prolyl hydroxlases, a reaction that requires iron [154]. However, in conditions 



 

73  

of low oxygen or low iron, HIF-1α protein is stabilized and translocates to the 

nucleus to activate gene expression [154-156]. In addition to roles in adaptation 

to hypoxia and tumor development, HIF-1α activation has recently been 

associated with innate immunity against infections. Infection with P. aeruginosa 

in a C. elegans model system identified a siderophore-dependent activation of a 

hypoxic host response that was partially protective [107]. In a murine UTI model, 

HIF-1α was protective against Escherichia coli infection through host innate 

immunity modulation [157]. These results indicate that siderophores have a 

broad and inflammatory effect on host epithelial cells in addition to their role as 

iron acquisition molecules for bacteria. However, a critical barrier to investigating 

this phenomenon in vivo is that siderophores allow bacterial proliferation, and an 

increase in bacterial CFU may indirectly increase inflammation, tissue damage, 

and bacterial dissemination. 

In this study, we tested the hypothesis that K. pneumoniae siderophores 

disrupt iron homeostasis in host cells, leading to altered host responses to 

pneumonia. To study the effects of siderophore secretion independent of the 

indirect effects of siderophore-dependent bacterial growth, we constructed a tonB 

mutant that is capable of secreting siderophores but not utilizing them. By 

dissociating siderophore secretion from bacterial growth, we could directly 

compare the pro-inflammatory cytokine secretion, bacterial dissemination, and 

HIF-1α stabilization in response to infection with isogenic siderophore synthesis 

mutants at equivalent bacterial numbers. 
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3.2  Results 

3.2.1  Siderophores induce bacterial dissemination 

 and lung inflammation  

To measure the overall contribution of siderophores to inflammation and bacterial 

dissemination, mice were infected with a WT strain of K. pneumoniae that 

secretes Ent, Sal, and Ybt or an isogenic siderophore negative entB ybtS mutant 

[96, 148]. Infection with WT K. pneumoniae resulted in increased lung bacterial 

load compared to infection with the entB ybtS mutant (Figure 3.1A). Furthermore, 

siderophores were required for K. pneumoniae dissemination to the spleen 

(Figure 3.1B). Additionally, siderophores were required for induction of pro-

inflammatory cytokines: the WT, but not the entB ybtS mutant, induced IL-6, KC, 

MIP-2, IL-1β, and MIP-3α compared to mock-infected controls (Figure 3.1C-G).  
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Figure 3.1: K. pneumoniae siderophores enhance bacterial growth and are 
required for cytokine secretion and bacterial dissemination. 

C57Bl/6 mice (n= 3-10 per group) were inoculated with (PBS) mock, 1x104 CFU 
wild-type K. pneumoniae or entB ybtS K. pneumoniae, a mutant deficient in 
siderophore production. At day 2, mice were euthanized, and organs were 
harvested for bacterial load in the A) lung and B) spleen. Lung homogenates 
were assayed by ELISA for C) IL-6, D) KC, E) MIP-2, F) IL-1β, and G) MIP-3α 
secretion. Statistics were calculated using one-way ANOVA with Fisher's post-
test (***, p<0.001). 
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The increase in bacterial dissemination and the inflammatory response 

during WT infection could be due to direct effects of iron chelation by 

siderophores on the host or an indirect effect due to increased bacterial CFU in 

the lungs. To examine the effects of siderophore secretion on the host 

independent of their ability to enhance bacterial growth through iron delivery, we 

constructed tonB mutants. TonB is required for the uptake of siderophores 

through the bacterial outer membrane [158]. The tonB mutant secreted 

siderophores, as indicated by the chrome azurol S (CAS) assay, but was not able 

to utilize endogenous or exogenous siderophores for bacterial growth (Figure 

3.2).  In effect, the tonB mutation uncoupled siderophore secretion from 

utilization. 



 

77  

 

Figure 3.2: Mutants in tonB secrete siderophores but cannot uptake siderophores 
for growth.  

A) Bacteria were inoculated in LB in a 96-well plate and cultured overnight. OD600 
readings were taken every 15 minutes. B) Bacteria were cultured overnight in LB 
medium, then subcultured into a 96-well plate with RPMI + 10% HI serum 
overnight to determine the strain’s ability to grow in iron-limiting conditions. 
Strains were supplemented with exogenous Ent to examine if the siderophore 
could rescue growth. C) Bacterial strains were cultured overnight in M9 minimal 
medium. Supernatants were spun through a 0.2 micron filter to remove bacteria, 
and iron-chelating molecules were assayed via the CAS Assay. Statistics were 
calculated using one-way ANOVA with Fisher’s post-test (***, p<0.001 vs entB 
ybtS tonB; ##, p<0.01, ###, p<0.001 as indicated). 
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Since K. pneumoniae produces an antiphagocytic capsule, we 

hypothesized that a tonB mutant would persist in the lung and secrete 

siderophores, but not replicate [159]. To compare infection with tonB K. 

pneumoniae to infection with WT K. pneumoniae, C57Bl/6 mice were infected 

with 1x108 CFU tonB or 1x104 CFU WT K. pneumoniae for 24 or 48 hours. After 

24 hours, tonB K. pneumoniae persisted in the lung and spleen, with a bacterial 

load comparable to 48 hr infection with WT K. pneumoniae (Figure 3.3A and B). 

At 24 hours, tonB K. pneumoniae infection also caused the induction of IL-6, KC, 

MIP-2, IL-1β, and MIP-3α secretion that was comparable to 48 hr infection with 

WT K. pneumoniae (Figure 3.3C-G). Additionally, we determined the 

concentrations of siderophores during infection with tonB and WT K. pneumoniae 

by performing mass spectrometry (Figure 3.3H). Micromolar concentrations of 

Sal were detected in whole lung homogenates. Ybt was detected in lower 

quantities in all lung samples, but Ent was not detected. Although bacterial 

growth dynamics differ, these results indicate that tonB K. pneumoniae can be 

used to examine the impact of siderophores on the host at concentrations and 

bacterial density that mimic WT K. pneumoniae infection. 
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Figure 3.3: Twenty-four hour tonB K. pneumoniae infection is comparable to 48 
hour wild-type infection.  

C57Bl/6 mice (n=4 per group) were infected with 1x104 wild-type K. pneumoniae 
or 1x108 CFU tonB K. pneumoniae, a mutant that secretes, but cannot uptake, 
siderophores. Following 24 or 48 hr, mice were euthanized, and organs were 
harvested for bacterial load in the A) lung and B) spleen. Lung homogenates 
were assayed by for C) IL-6, D) KC, E) MIP-2, F) IL-1β, and G) MIP-3α secretion 
by ELISA and H) siderophore quantification by LC-MS/MS. Statistics were 
calculated using one-way (A-G) or two-way (H) ANOVA with Fisher's post-test (*, 
p<0.05; **, p<0.01; ns, p>0.05). 
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 To determine the impact of siderophore secretion on dissemination and 

cytokine responses, C57Bl/6 mice were infected with isogenic tonB (siderophore 

secreting) or entB ybtS tonB (siderophore-negative) K. pneumoniae. Despite 

equivalent bacterial loads, infection with tonB K. pneumoniae resulted in 

increased bacterial dissemination and IL-6, KC, and MIP-2 secretion compared 

to infection with the entB ybtS tonB mutant (Figure 3.4A-C). Infection with tonB 

did not enhance secretion of IL-1β or MIP-3α compared to the entB ybtS tonB 

mutant (Figure 3.4C), suggesting that induction by WT compared to entB ybtS 

was attributable to differences in bacterial density (Figure 3.1F and G). In vitro, 

Lcn2 enhances induction of pro-inflammatory cytokines by siderophores [152]. 

To examine the contribution of Lcn2, Lcn2-deficient (LcnKO) mice were infected 

with tonB or entB ybtS tonB K. pneumoniae. The same pattern of cytokine 

induction and dissemination was observed in WT and LcnKO mice, indicating 

that Lcn2 was not required for siderophore-dependent dissemination and 

inflammation in vivo (Figure 3.4). 
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Figure 3.4: Siderophore secretion by K. pneumoniae results in bacterial 
dissemination and IL-6, KC, and MIP-2 secretion in a Lcn2-independent manner.  

C57Bl/6 mice (n=6-7 per group) were infected with 1x108 tonB or entB ybtS tonB 
K. pneumoniae. Following 24 hr, mice were euthanized, and organs were 
harvested for bacterial load in the A) lung and B) spleen. Lung homogenates 
were assayed for C) IL-1β, IL-6, KC, MIP-2, and MIP-3α secretion by ELISA. 
Statistics were calculated using one-way ANOVA with Fisher's post-test (*, 
p<0.05; **, p<0.01). 
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3.2.2  Multiple siderophores are required  

for bacterial dissemination and cytokine secretion 

In vitro, Ent and Ybt induced pro-inflammatory cytokine secretion, but Sal did not 

[152]. Because WT K. pneumoniae secretes Ent, Sal, and Ybt, it is unclear which 

siderophores are required to induce bacterial dissemination and inflammation 

during pneumonia. To test which siderophores were necessary for maximal 

dissemination and cytokine secretion, we created isogenic siderophore-secreting 

tonB mutants (Table 3.1) that secrete one or two siderophores and infected 

C57Bl/6 mice with each strain.  

 

Table 3.1: K. pneumoniae mutants used in this work. 

 

 

Importantly, infection with all mutants resulted in approximately equivalent lung 

bacterial load (Figure 3.5A). Consistently, infection with WT tonB K. pneumoniae 

induced significantly more dissemination to the spleen when compared to 

infection with the entB ybtS tonB mutant (siderophore-negative) (Figure 3.5B). 

No other siderophore mutant induced significant dissemination compared to the 

entB ybtS tonB mutant (siderophore negative). These data indicate that all 

Siderophore produced

Strain Description Ent Ybt Sal Reference

Wild-type KPPR1; RifR derivative of ATCC43816 + + + 15

entB ybtS VK089; KPPR1 entB ybtS - - - 15

tonB KP273; KPPR1 tonB::kan + + + this work

entB ybtS tonB KP281; VK089 tonB::kan - - - this work

entB tonB KP285; VK087 tonB::kan - + - this work

ybtS tonB KP277; VK088 tonB::kan + - + this work

iroA ybtS tonB KP2202; KP20 tonB::hyg + - - this work

iroA tonB KP2227; KP25 tonB::hyg + + - this work
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siderophores are required in combination for maximal bacterial dissemination to 

the spleen. 

 To determine if individual siderophores are sufficient to induce cytokine 

secretion, ELISAs were performed on lung homogenates taken at 24 hr post-

infection. Infection with any of the isogenic siderophore tonB mutants was not 

sufficient to induce the secretion of IL-6, KC, or MIP-2 more than infection with 

entB ybtS tonB (siderophore negative), indicating that individual siderophores are 

not sufficient for secretion of these cytokines (Figure 3.5C-E). Consistent with 

Figure 3.4, siderophore secretion by the isogenic mutants did not specifically 

induce IL-1β or MIP-3α compared to infection with the entB ybtS tonB mutant 

(Figure 3.6).  
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Figure 3.5: Multiple siderophores are required for bacterial dissemination and IL-
6, KC, and MIP-2 secretion.  

C57Bl/6 mice (n=5-18 per group) were infected with 1x108 isogenic tonB K. 
pneumoniae as indicated. Following 24hr, mice were euthanized, and organs 
were harvested for bacterial load in the A) lung and B) spleen. Lung 
homogenates were assayed for C) IL-6, D) KC, and E) MIP-2 secretion using 
ELISA. Statistics were calculated using one-way ANOVA with Fisher's post-test 
(*, p<0.05  vs tonB; ##, p<0.001 vs all other conditions). 
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Figure 3.6: IL-1β and MIP-3α during lung infection with isogenic tonB mutants. 

C57Bl/6 mice (n=5-18 per group) were infected with 1x108 isogenic tonB K. 
pneumoniae as indicated. Lung homogenates were assayed for A) IL-1β and B) 
MIP-3α secretion using ELISA. Statistics were calculated using one-way ANOVA 
with Fisher’s post-test (*, p<0.05; **, p<0.01; ***, p<0.001 vs tonB or as 
indicated.) 
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Binding by Lcn2 could mask the effects of Ent on inflammation and 

dissemination. To test this hypothesis, we compared lung inflammation and 

dissemination in C57Bl/6 and LcnKO mice with iroA ybtS tonB (Ent+) K. 

pneumoniae (Figure 3.7). LcnKO mice did not display differences in spleen 

bacterial load or lung inflammation when compared to C57Bl/6 WT mice, 

indicating that Ent is not sufficient to induce dissemination or inflammation, even 

in the absence of Lcn2. Together, these results indicate that all siderophores are 

required to induce maximal secretion of IL-6, KC, and MIP-2. 
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Figure 3.7: Lcn2 does not impact dissemination or inflammation by Ent-secreting 
tonB K. pneumoniae.  

C57Bl/6 or LcnKO mice (n=4-5 per group) were infected with 1x108 CFU iroA 
ybtS tonB K. pneumoniae. Following 24 hr infection, mice were euthanized, and 
organs were harvested for bacterial load in the A) lung and B) spleen. Lung 
homogenates were assayed by ELISA for C) IL-6, D) KC, E) MIP-2, F) IL-1β, and 
G) MIP-3α secretion. There were no statistically significant differences, as 
calculated using unpaired, two-tailed t-tests. 
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3.2.3  Siderophores secreted by K. pneumoniae stabilize HIF-1α  

To test the hypothesis that K. pneumoniae siderophores stabilize HIF-1α during 

pneumonia, we utilized a transgenic mouse model that expresses a fusion 

protein of luciferase with the Oxygen Dependent Domain (ODD) of HIF-1α 

(“ODD-Luc”) that is subject to prolyl hydroxylation and becomes stabilized by low 

oxygen or low iron conditions [160-163]. Infection of ODD-Luc mice with WT K. 

pneumoniae induced increased bioluminescence in the lung when compared to 

the PBS vehicle control (Figure 3.8A). To determine whether siderophores 

secreted by K. pneumoniae induce HIF-1α stabilization in vivo during infection, 

ODD-Luc mice were infected with tonB (siderophore+) or entB ybtS tonB 

(siderophore negative) K. pneumoniae. Infection with tonB induced greater 

bioluminescence in the lung compared to infection with entB ybtS tonB, though 

infection with entB ybtS tonB did induce some bioluminescence when compared 

to the PBS vehicle control (Figure 3.8B). These results indicate that siderophores 

secreted in vivo can stabilize the transcription factor HIF-1α.  
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Figure 3.8: Wild-type K. pneumoniae and tonB K. pneumoniae induce HIF-1α 
stabilization in the lung as indicated by bioluminescence.  

ODD-Luciferase mice were infected with A) 1x104 CFU wild-type K. pneumoniae 
or B) 1x108 CFU tonB or entB ybtS tonB K. pneumoniae for 24 hr. Mice were 
treated with luciferin, euthanized, and lungs were removed to image 
bioluminescence (p/sec/cm2/sr). Bioluminescence intensity is indicated with blue 
representing low induction and red indicating high induction. Each well contains 
lungs from a single mouse. Data shown are representative of 3-7 individual mice. 
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We then sought to determine whether individual siderophores were 

capable of stabilizing HIF-1α. To do so, ODD-Luc mice were infected with 

isogenic siderophore tonB mutants, and bacterial load in the lung and spleen was 

quantified (Figure 3.9A and B). The tonB mutants had equivalent lung CFU but 

significantly higher spleen CFU than the entB ybtS tonB mutant, consistent with 

previous data. Additionally, luciferase expression in the lung homogenate was 

quantified as fold-change when compared to entB ybtS tonB (siderophore-

negative). The tonB mutant induced significantly more luciferase expression 

when compared to infection with the other isogenic strains (Figure 3.9C). 

Infection with the iroA ybtS tonB (Ent+) strain had equivalent CFU to tonB and 

entB ybtS tonB, but did not significantly disseminate to the spleen or induce 

luciferase expression. ODD-Luc mice infected with entB tonB (Ybt+) displayed 

higher bacterial load in the lung upon infection, confounding comparisons to the 

other strains. This mutant induced increased luciferase expression for a few mice 

and had correspondingly high CFU in the spleen. We therefore hypothesized that 

HIF-1α stabilization in the lung correlates with bacterial load in the spleen, and 

that the outliers in the entB tonB mutant are the exceptions that prove the rule. 

To examine this hypothesis, spleen bacterial load as a function of luciferase in 

the lung was graphed, and the correlation was determined. This plot revealed a 

positive correlation between spleen bacterial load and luciferase expression 

during infection with K. pneumoniae across all siderophore mutant genotypes 

(Figure 3.9D). Altogether, these data indicate that HIF-1α is consistently 

stabilized only by tonB K. pneumoniae that produces all three siderophores, and 
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that stabilization of HIF-1α by K. pneumoniae secreting siderophores correlates 

with bacterial dissemination to the spleen. 

 

 

Figure 3.9: Siderophore secretion by K. pneumoniae induces HIF-1α 
stabilization, which correlates to bacterial dissemination to the spleen.  

ODD-Luciferase mice (n=3-8 per group) were infected with 1x108 isogenic tonB 
K. pneumoniae as indicated. Following 24 hr, mice were euthanized, and organs 
were harvested for A) lung bacterial burden, B) spleen bacterial burden, and C) 
luciferase quantification. D) Correlation curves were plotted comparing spleen 
CFU as a function of luciferase in the lung. Statistics were calculated using one-
way ANOVA with Fisher's post-test (*, p<0.05 vs tonB; #, p<0.05 vs all other 
conditions) or Pearson r correlation curve. 
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3.2.4  Lung epithelial HIF-1α is required for bacterial dissemination  

to the spleen 

Because HIF-1α stabilization correlates with bacterial dissemination to the 

spleen, and because HIF-1α regulates vascular permeability and inflammation, 

we hypothesized that siderophores stabilize HIF-1α during infection, promoting 

bacterial dissemination and the host pro-inflammatory response. To test this 

hypothesis, we utilized transgenic mice that have an inducible lung epithelial cell-

specific HIF-1α deletion, (SP-C-rtTA_/tg/(tetO)7-CMV- CREtg/tg/HIF1aflox/flox), either 

induced with doxycycline postnatally (“Hif1a-/-“) or uninduced, wild-type 

littermates (“Hif1a+/+”). To test the effect of HIF-1α  on a productive infection with 

replicative K. pneumoniae, wild-type was compared to the entB ybtS mutant. 

Infection with wild-type K. pneumoniae did not cause HIF-1α-dependent 

differences in lung bacterial load (Figure 3.10A). However, Hif1a-/- mice displayed 

significantly less bacterial dissemination to the spleen after 24 hours, indicating 

that siderophore-dependent stabilization of HIF-1α promotoes bacterial 

dissemination to the spleen (Figure 3.10B). The siderophore negative entB ybtS 

mutant had lower lung and spleen CFU than the wild-type, which was not 

affected by the absence of lung epithelial HIF-1α (Figure 3.10A and B).  
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Figure 3.10: Lung epithelial HIF-1α is necessary for siderophore-dependent 
bacterial dissemination to the spleen.  

Hif-1a+/+ or Hif-1a-/- mice (n=6-14 per group) were infected with 1x104 CFU wild-
type or entB ybtS K. pneumoniae. Following 24 hr, mice were euthanized, and 
organs were harvested for bacterial load in the A) lung and B) spleen. Statistics 
were calculated using one-way ANOVA with Fisher's post-test (**, p<0.01 as 
indicated). 
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To examine the role of alveolar epithelial HIF-1α during infection with WT K. 

pneumoniae, cytokine secretion was assayed from murine lung homogenates. 

Infection with the wild-type K. pneumoniae induced significantly more IL-6 and 

MIP-2 than the entB ybtS mutant, consistent with siderophore-dependent effects 

observed above, and more IL-1β that may be attributable to higher bacterial 

density (Figure 3.11). However, there were no HIF-1α-dependent differences in 

lung cytokine secretion, indicating that lung epithelial HIF-1α is not required to 

induce IL-1β, IL-6, KC, MIP-2, or MIP-3α secretion during infection (Figure 3.11). 

These data suggest a role for epithelial HIF-1α stabilization by siderophores in 

the induction of bacterial dissemination, but secretion of IL-6, MIP-2, KC, IL-1β, 

or MIP-3α during K. pneumoniae infection. 
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Figure 3.11: Lung epithelial HIF-1α is not necessary for siderophore-dependent 
cytokine secretion. Hif-1a+/+ or Hif-1a-/- mice (n=6-14 per group) were infected 
with 1x104 CFU wild-type of entB ybtS K. pneumoniae. Following 24 hr, mice 
were euthanized, and organs were harvested. Lung homogenates were assayed 
for A) IL-6, B) KC, C) MIP-2, D) IL-1β or E) MIP-3α secretion by ELISA. Statistics 
were calculated using one-way ANOVA wish Fisher’s post-test (*, p<0.05; **, 
p<0.01; ***, p<0.001; ns, p>0.05 as indicated.) 
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3.3  Discussion 

3.3.1  Summary of findings 

K. pneumoniae is a Gram-negative bacterium that is rapidly acquiring resistance 

to all known antibiotics, including carbapenems. Developing novel therapies to 

combat antibiotic-resistant infections requires a more complete understanding of 

disease pathogenesis [164]. To determine the effect of siderophores on the host 

response to infection, we developed a tonB mutant that allowed us to uncouple 

siderophore secretion from bacterial growth. We show that K. pneumoniae 

siderophores are a major trigger of the inflammation and bacterial dissemination 

induced during lung infection with K. pneumoniae, independent of their ability to 

deliver iron to bacteria. Additionally, we show that the induction of bacterial 

dissemination by siderophores requires the stabilization of the master 

transcription factor HIF-1α in lung epithelial cells. These findings represent a 

novel function for bacterial siderophores in immune system modulation and 

bacterial dissemination, and a novel function for the host master transcription 

factor HIF-1α as a susceptibility factor for the development of sepsis. 

3.3.2  Quantification of siderophores in lung homogenates 

To confirm that the tonB mutant produces physiologically relevant levels of 

siderophores in vivo, we utilized mass spectrometry to quantify the secretion of 

siderophores during lung infection with WT and tonB K. pneumoniae (Figure 

3.3H). This mass spectrometry analysis has been used to quantify Ent, Sal, and 

Aer in chicken air sacs during E. coli infection [165]. To our knowledge, these 

data represent the first published concentrations of siderophores from murine 
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lung homogenates. Measured concentrations were on the same magnitude as 

concentrations used in vitro by our group, as well as others, and provide context 

for prior findings using purified siderophores [45, 71, 106, 152, 166]. Although 

tonB K. pneumoniae secreted more siderophores in vitro than WT strains, the 

concentrations observed in vivo were equal or even slightly lower than WT, 

indicating that the tonB mutants can be used to assess the impact of 

siderophores on the host at physiologically relevant concentrations. Whereas 

micromolar concentrations of Sal and high nanomolar amounts of Ybt were 

detected, we were unable to detect Ent. We propose three possible explanations 

for this finding: 1) Ent is being sequestered by Lcn2, and is therefore 

undetectable; 2) bacteria convert all Ent to Sal in vivo to evade Lcn2; or 3) a 

combination of our two hypotheses, whereby bacteria are converting the majority 

of Ent to Sal, and the remaining Ent is sequestered by Lcn2. These data suggest 

that the majority of inflammation and bacterial dissemination is due to the 

secretion of Sal, but also suggests a role for Ybt. However, we could not test the 

contribution of Sal in isolation because it is not possible to create mutants that 

produce Sal without intact Ent synthesis genes, and we were unable to detect 

iron chelation by purified Sal in vitro [13, 152]. In contrast, a mutant making Ent 

alone (iroA ybtS tonB) had no detectable induction of cytokines or dissemination, 

with or without Lcn2. Together, these data implicate Sal and Ybt as significant 

inducers of inflammation and dissemination during pneumonia. 
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3.3.3  Impact of siderophore-dependent HIF-1α stabilization 

Stabilization of the master transcription factor HIF-1α strongly correlated with 

siderophore-dependent bacterial dissemination to the spleen, which was found to 

occur in a lung epithelial HIF-1α-dependent manner (Figure 3.9 & 3.10). HIF-1α 

regulates the transcription of many genes, resulting in numerous possibilities for 

the downstream mechanism of HIF-1α-dependent bacterial dissemination. Most 

notably, HIF-1α regulates the induction of VEGFs that are responsible for 

vascular permeability and angiogenesis [104, 167, 168]. The secretion of various 

siderophores can determine K. pneumoniae localization during infection, 

including in the perivascular space with iron-rich serum exudate [96]. Therefore, 

it is possible that HIF-1α stabilization results in this vascular permeability by 

activating VEGF. K. pneumoniae may then be able to invade blood vessels, 

resulting in bacterial escape from the lung to the spleen. It is also possible that 

stabilization of HIF-1α disrupts the epithelial barrier, as shown for intestinal 

epithelial cells in a murine model of colitis [169]. By either mechanism, epithelial 

HIF-1α is a critical factor for invasion by K. pneumoniae during infection. 

In this study, we illustrated that HIF-1α stabilization by siderophores 

results in bacterial dissemination to the spleen, an activity that is detrimental to 

the host. These results differ from prior work illustrating a protective response for 

HIF-1α stabilization by a pharmacological molecule, AKB-4924, during murine 

UTI [157]. These contrasting results may be due to differences in both pathogen 

and model system. For instance, treatment with AKB-4924 prevented 

internalization of E. coli by uroepithelial cells. K. pneumoniae is not readily 
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internalized by epithelial cells due to its capsule; therefore, preventing the uptake 

of bacteria through HIF-1α stabilization may not be an effective therapy against 

K. pneumoniae infection [170]. Additionally, the study primarily evaluated the 

contribution of the innate immune response and myeloid-cell HIF-1α during UTI, 

whereas we primarily examined the effects of siderophore secretion during K. 

pneumoniae infection. It is possible that HIF-1α activation in these different cell 

types have opposing effects on the outcome of infection. Together, these data 

illustrate the complexity of HIF-pathogen interactions, and highlight the 

importance of evaluating many various bacterial infections and model systems. 

Whereas lung epithelial HIF-1α is instrumental in bacterial dissemination 

to the spleen, it was not shown to be required for the induction of the pro-

inflammatory immune response. These results are divergent from our original 

hypothesis because HIF-1α is known to regulate the transcription of inflammatory 

genes, in particular IL-6, and differ from a study showing epithelial HIF-1α 

regulation of IL-6 and IL-1β secretion in a lung contusion model [171, 172]. 

Though lung epithelial HIF-1α is not involved in the cytokine response to 

siderophores, HIF-1α has been shown to be instrumental in the activity of 

myeloid-derived cell types, including myeloid cell development, phagocytosis, 

and antimicrobial production [105, 126, 173]. In addition to HIF-1α regulation of 

inflammation, HIF-2α can regulate macrophage function in tumor models, 

eosinophil function in the lung, and IL-6 secretion from endothelial cells [174-

176]. Therefore, it is possible that another cell-specific source of HIF-1α or HIF-

2α could be responsible for regulating inflammation via cytokine secretion and/or 
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bactericidal capacity in response to K. pneumoniae infection. Because HIF 

knockouts are embryonic lethal, testing other HIF isoforms and cell types would 

require multiple lineage-specific knockouts.  

3.3.4  Siderophore-dependent cytokine induction 

IL-6, KC, and MIP-2 has previously been shown to be protective upon lung 

infection with K. pneumoniae [177-179]. Here we attribute significant induction of 

IL-6, KC, and MIP-2 to the secretion of siderophores by the bacteria when 

compared to infection with siderophore-negative bacteria. These results are 

consistent with prior in vitro work illustrating that iron chelation by siderophores, 

as evidenced by depletion of the labile iron pool and induction of the iron 

starvation marker NDRG1, induces the secretion of the pro-inflammatory 

cytokines IL-8 and IL-6 from A549 lung epithelial cells [152]. Human and murine 

IL-6 act as an inflammatory cytokine involved in hepatocyte acute phase 

responses and can upregulate hepcidin, an iron homeostasis protein [127, 180, 

181]. Murine KC and MIP-2 (CXCL1 and CXCL2, respectively) are neutrophil 

chemoattractants and are functionally similar to human IL-8 [182]. Prior 

microarray data illustrated that lung epithelial cell stimulation with Ent induces 

genes involved in the Unfolded Protein Response (UPR) [152]. The UPR has 

been implicated in the secretion of pro-inflammatory cytokines, including IL-6, 

and can act through NF-κB signaling, a common component in IL-6, KC, and 

MIP-2 secretion [183-188]. Additionally, the UPR and HIF-1α pathways interact 

and can potentiate downstream effects, potentially resulting in increased 

inflammatory cytokine secretion [189]. In this manner, iron chelation by 
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siderophores during lung infection may induce the secretion of pro-inflammatory 

cytokines. 

3.3.5  Absence of Lcn2 requirement in vivo 

Although Lcn2 was necessary for siderophore induction of cytokines in vitro, it 

was dispensible for the siderophore-dependent immune response to K. 

pneumoniae in vivo [152]. This may indicate differential ability of human and 

murine Lcn2 to modulate immune responses. Although they share 62% amino 

acid identity, murine Lcn2 lacks the ability to form covalent complexes, which 

may explain this discrepancy [190]. Alternatively, redundant signaling pathways 

may be activated during pneumonia so that inflammatory signaling by Lcn2 is 

dispensible. It may be that two signals are required for the maximal induction of 

cytokine secretion in response to infection with siderophore-secreting bacteria: 1) 

perturbation of iron homeostasis by siderophores, and 2) signaling by an 

inflammatory protein, including Lcn2. In vivo, many proteins could satisfy the 

requirement of the second signal, such as inflammasome activation or Toll-Like 

Receptor signaling activation by capsule and LPS [191, 192]. Our previous in 

vitro studies indicated that IL-1β could serve as the inflammatory protein from the 

host, corroborating this hypothesis (Figure 2.11). Although IL-1β and MIP-

3α/CCL20 were secreted in response to K. pneumoniae infection, we showed 

that they were not secreted in a siderophore-dependent manner in vivo. 

Supporting these results are data indicating that IL-1β is induced in an NLRP3-

dependent manner in response to K. pneumoniae capsule [191]. The lack of 

siderophore-dependent induction of MIP-3α/CCL20, a lymphocyte 
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chemoattractant, secretion is inconsistent with our previous in vitro results [193]. 

However, in these studies we examined whole lung homogenates rather than 

lung epithelial cell cytokine production, and differences in cell-specific secretion 

of MIP-3α/CCL20 may account for this discrepancy [193]. 

3.3.6  Proposed model and summary 

Based on our data, we propose the following model: upon infection and iron 

starvation, K. pneumoniae produce and secrete siderophores. Siderophores 

serve to acquire host iron and deliver it to the bacteria, resulting in bacterial 

growth. In addition to supporting bacterial growth, chelation of host cellular iron 

by siderophores induces cellular stress. One stress response is the stabilization 

of the master transcription factor HIF-1α, resulting in bacterial dissemination to 

the spleen, potentially through vascular permeability as an acute response to 

deliver more iron from blood. An opposing stress response is secretion of the 

pro-inflammatory cytokines IL-6, KC, and MIP-2 within the lung that are 

necessary for protection from K. pneumoniae. These results indicate novel 

functions for bacterial siderophores during infection that are independent of their 

iron delivery capabilities and present siderophore molecules as a possible target 

for therapeutic intervention. Additionally, these results indicate a novel role for 

HIF-1α in K. pneumoniae pathogenesis as a susceptibility factor for development 

of systemic infection and illustrate the complex interplay between pathogen and 

host molecules during bacterial infection. 
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3.4  Experimental Procedures 

Animal Strains and Ethics Statement. All work was approved by the University of 

Michigan Institutional Animal Care and Use Committee (IACUC). C57BL/6 and 

Lipocalin 2-deficient (LcnKO) mice were bred onsite. ODD-Luciferase (ODD-Luc) 

mice were obtained from Dr. Yatrik Shah [160], and conditional alveolar epithelial 

HIF-1α-deficient (SP-C-rtTA----/tg/(tetO)7-CMV- Cretg/tg/HIF1flox/flox) mice were 

obtained from Dr. Krishnan Raghavendran [194]. 

 To induce epithelial cell knockout of HIF-1α, newborn mice were treated 

as previously described [195]. Briefly, following birth lactating dams were given 

doxycycline-containing chow (625 mg/kg; Harlan Teklad, Madison, WI) and water 

(0.8 mg/ml, Sigma) until weaning to induce HIF-1α deletion. Upon weaning, mice 

were maintained on doxycycline-containing food and water until ~6 weeks of age 

(HIF-/-). Doxycycline treatment was terminated at least 7 days prior to bacterial 

infection. As controls (HIF+/+), littermates were given normal chow and water. 

 

Growth Curves. K. pneumoniae strains were cultured overnight in LB medium. 

On the following day cultures were incubated in LB with a starting density of 

2.6x107 CFU/ml and cultured for 8 hours at 37o C. OD600 readings were taken 

every 15 min using an Eon Microplate spectrophotometer with Gen5 software 

(BioTek, Winooski, VT). 

 

Serum Growth Assay. To assess the ability of K. pneumoniae mutants to acquire 

iron, serum growth assays were performed as previously described [96].  
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CAS Assay. Following overnight growth, cultures of K. pneumoniae were diluted 

1:100 and incubated for 2 hours with 10 µM 2,2′-dipyridyl (DIP) at 37o C, 

subcultured into M9 medium with 108 CFU, and incubated overnight. The 

following day, cultures were spun through 0.22 µm tube filters, and the 

supernatants were used for the CAS assay. CAS reagent was prepared as 

previously described. Briefly, 2 mM of chrome azurol S (CAS) agent was 

prepared. Next, iron (III) solution (1mM FeCl into 10 mM of HCl), 3 mM 

hexadecyltrimethrylammonium bromide (HDTMA) solution, and 1 mM anhydrous 

piperazine solution were prepared (Sigma). 7.5 mL of 10 M HCl was added to the 

piperazine solution, and 1.5 mL of the iron (III) solution was added to 7.5 mL of 

the 2 mM CAS solution. Finally, the acid-piperazine solution was poured into the 

iron-CAS-HDTMA solution, and the final volume was brought to 100 mL with 

ddH2O (pH 5.6).  

 

Bacterial Strains and Media. K. pneumoniae KPPR1 and isogenic mutants were 

cultured in Luria-Bertani (LB) broth at 37°C with shaking or 30°C on agar 

(Benton, Dickinson and Company, Sparks, MD) supplemented with kanamycin 

(25 µg/ml), rifampicin (30 µg/ml), or hygromycin (100 µg/ml) as indicated [196]. 

 

Murine Pneumonia Model. Six- to ten-week old C57BL/6, Lipocalin2-deficient 

(LcnKO), ODD-Luciferase (ODD-Luc), or HIF-/- mice were infected as previously 

described [149]. Briefly, mice were anesthetized with isoflurane, inoculated 

retropharyngeally with 1x104 wild-type or 1x108 of indicated isogenic tonB mutant 
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CFU of K. pneumoniae cultured under iron-limited conditions as described above 

for the CAS assay, and sacrificed at day 1 or day 2 post infection by CO2 

asphyxiation. To determine bacterial numbers in tissues, lungs and spleens were 

removed and homogenized into DPBS containing EDTA-free protease inhibitor 

(Roche) and cultured to obtain bacterial counts. 

 

ELISA. Cytokine protein concentrations in lung homogenates were determined 

by ELISAs (Duoset Kits, R&D Systems) according to manufacturer’s protocols. 

 

Siderophore Quantification in Lung Homogenates. Siderophore concentrations 

were determined via Mass Spectrometry as previously described [165]. Briefly, 

homogenates were centrifuged at 3,200×g for 15 min. The supernatants were 

retained and 500 µL aliquots were then prepared with 5,6,7,8-tetradeutero-2-

heptyl-3-hydroxy-4-quinolone as an internal control. Samples were analyzed 

three times by LC-MS/MS. 

Multiple reaction monitoring (MRM) analyses were performed using a 

Waters 2795 Alliance HT instrument coupled to a Micromass Quattro Premier XE 

spectrometer (Micromass MS Technologies). Samples were injected onto a 

Kinetex 2.6-µm C8 4.6- by 100-mm column at a flow rate of 400 µl/min, with a 

linear gradient of water-acetonitrile with 1% acetic acid. The high-performance 

liquid chromatography effluent was directed to the mass spectrometer through a 

Valco T splitter. The analyses were performed in positive electrospray ionization 

mode with a cone voltage of 30 V. Monitoring of daughter ions from specific 
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pseudomolecular ions was performed by collision-induced dissociation with 

argon at different collision energies for each molecule ranging from 15-55 eV. 

The specific transition ions monitored from pseudomolecular ions to daughter 

ions of salmochelins SX, S1, linear diglucosyl-C-enterobactin (DGE) (S2), DGE 

(S4), S5, monoglucosyl-C-enterobactin (MGE), linear MGE, triglucosyl-C-

enterobactin (TGE), and linear TGE were 404 > 299, 627 > 224, 1,012 > 224, 

994 > 224, 789 > 386, 832 > 224, 850 > 224, 1,156 > 266 and 1,174 > 266 m/z, 

respectively. The transition ions monitored for enterobactin and its linear trimer 

[(DHBS)3], dimer [(DHBS)2], and monomer (DHBS) derivatives were 670 > 224, 

688 > 224, 465 > 224, and 242 > 137 m/z, respectively. The transition ions 

monitored for the internal standard, aerobactin and yersiniabactin were 264 > 

179, 565 > 205 and 482 > 295 m/z, respectively. Quantification of each 

compound was determined from the response factor of Ent for salmochelins and 

enterobactins corrected with the intensity of the signal of the internal standard. 

Quantification of Ybt was determined from the response factor of Ybt corrected 

with the intensity of the signal of the internal standard. 

 

Bioluminescence. To determine the effect of K. pneumoniae infection on HIF-1α 

stabilization, six- to ten-week old ODD-Luc mice were infected as above for 24 

hours. Following infection, mice were treated with 100 µL luciferin intraperitonally 

and euthanized as above. Lungs were removed for bioluminescent imaging and 

imaged on an IVIS bioluminescent imaging system at the Center for Molecular 

Imaging at the University of Michigan. 
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Luciferase Assay. ODD-Luc mice were infected with 1x108 CFU of isogenic tonB 

K. pneumoniae for 24 hours. Following infection, mice were euthanized as above 

and lungs and spleens were collected. Lungs were homogenized with DPBS and 

protease inhibitor (Roche), and an aliquot was reserved for luciferase 

quantification. Luciferase cell lysis buffer (New England Biolabs, Ipswich, MA) 

was added to homogenate and incubated at room temperature for 15 minutes. 

Protein concentration was quantified using the BCA Assay (Thermo Fisher). 30 

µg of protein was added to an opaque 96-well plate (Corning, Corning, NY) and 

luciferase buffer was added using a BioTek Synergy Multi Mode Plate Reader 

(BioTek). Luciferase buffer was composed of: 4.8 ml 0.11 mM Tris, pH 7.8, 50 µL 

100 mM sodium luciferin; 60 µL 200 mM ATP, and 120 µL 0.5 M MgCl.  

 

tonB Mutant Construction. PCR primers specific for conserved regions of the 

tonB gene were constructed by comparing DNA sequences from various K. 

pneumoniae species [15].  An internal 0.3 kb tonB PCR fragment was amplified 

and then cloned into the TA-based PCR cloning vector pCR2.1 (Invitrogen, 

Carlsbad, CA). The tonB fragment was then extracted using a gel extraction kit 

(Qiagen, Venlo, Limburg), purified with a PCR clean up kit (Qiagen), 

dephosphorylated, and ligated with a kanamycin-resistant derivative of the λpir-

dependent suicide vector pGP704 [197]. This tonB suicide vector was 

transformed into E. coli strain BW20767 (ATCC 47084, RP4-2tet::Mu-1kan::Tn7- 

integrant uidA(DMlu1)::pir+ recA1 creB510 leu-63 hsdR17 endA1 zbf-5 thi) and 

subsequently conjugated into wild-type, entB, ybtS, and entB ybtS mutants  of K. 
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pneumoniae to generate tonB, entS tonB, ybtS tonB, and entB ybtS tonB 

mutants. Integration of the suicide vector into the tonB gene was confirmed by 

generation of a PCR product using one primer on the vector (pGP704 MCS 

Pst.Xba) and a tonB-specific primer flanking the insertion site. Primers are listed 

in Table 3.2. 

 

Lambda Red Mutant Construction. Lambda Red mutagenesis was performed as 

previously described [149]. Primers are listed in Table 3.2. 

 

Statistical Analysis. Bacterial counts and ELISA data were log-transformed and 

analyzed using one- or two-way analysis of variance (ANOVA) models with one 

mean per group, and pairs of treatments were compared with Fisher’s post-test 

(GraphPad Software, Inc). Luciferase assay data was analyzed using one-way 

ANOVA with Fisher’s post-test. Correlation data were calculated using Pearson r 

correlation curve. 
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Table 3.2: Primers used for mutagenesis in this work 
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3.5 Notes 

VI Holden designed and performed experiments, analyzed the data, and wrote 
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CM Dozois performed mass spectrometry; MA Bachman designed experiments 

and proofread the chapter. 
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CHAPTER IV 
 

IRON ACQUISITION BY CARBAPENEM-RESISTANT  

KLEBSIELLA PNEUMONIAE 
 

Summary 

K. pneumoniae is rapidly acquiring antibiotic resistance to all known antibiotics, 

including carbapenems. One multilocus sequence type, ST258, encodes the K. 

pneumoniae Carbapenemase on a transmissible plasmid, and is the most 

prevalent carbapenem-resistant Enterobactericeae (CRE) in the United States 

and has disseminated worldwide. Previously, whole genome sequencing 

identified core genome single nucleotide variants that divide ST258 into two 

distinct clades, ST258a and ST258b. One significant genetic difference between 

clades is that ST258b contains a deletion within the Ent exporter gene entS. 

Despite the predicted inability of ST258b strains to secrete the siderophore Ent, 

this clade is prevalent among clinical strains, indicating that it has alternative 

mechanisms of acquiring iron required to cause infection. To determine how 

ST258a and ST258b strains differentially respond to iron limitation, we performed 

RNASeq in minimal medium alone, or supplemented with iron or human serum 

and measured gene expression patterns. Iron limitation induced differential 

expression of novel iron-acquisition pathways when comparing ST258a and 

ST258b strains, including the upregulation of the hemin transport operon in the 
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ST258b isolates. Additionally, in vitro assays were performed to characterize 

growth patterns as well as iron chelation ability of ST258a and ST258b strains. 

We determined that both ST258a and ST258b strains grow under iron-deficient 

conditions and secrete iron-chelating molecules and catechols, despite the loss 

of the Ent exporter in the ST258b clade. These data may indicate a mechanism 

by which Ent export-deficient strains have evolved to acquire iron from the host 

by a combination of alternative Ent secretion and upregulation of other iron 

acquisition systems.  

 

4.1  Introduction 

CRE are resistant to all or nearly all antibiotics, are increasingly present 

worldwide, and are therefore designated as an urgent public health concern 

[198]. Infection with CR K. pneumoniae is of particular concern due to its high 

rate of mortality, approximately 41-50% for bloodstream infections [146, 147, 

198]. K. pneumoniae causes a variety of infections, including pneumonia, UTI, 

and bacteremia, and represents the 3rd most common cause of healthcare-

acquired infection, further contributing to its relevance to healthcare settings 

[143]. Despite epidemiological studies documenting the spread and patient risk 

factors associated with infection, the bacterial pathogenesis of CR K. 

pneumoniae is currently not well understood [144, 199, 200]. 

 To measure the genomic diversity of CR K. pneumoniae, a cohort of 57 

isolates was collected from hospitals within the Midwestern United States for 

whole genome sequencing. For all 113 strains isolated from infection and 
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colonization, molecular genotyping identified two predominant and distinct clades 

within the Multilocus Sequencing Typing (MLST) ST258, clade ST258a and clade 

ST258b [201]. ST258a isolates were significantly associated with the 

carbapenemase KPC-2, whereas ST258b isolates were associated with the 

carbapenamse KPC-3. Many significant epidemiological differences were present 

as well. ST258a isolates were more commonly tigecycline- and gentamicin-

susceptible, whereas ST258b isolates were more commonly susceptible to 

amikacin [201]. Infection with ST258a isolates was also more likely to result in an 

increased length of hospital stay than ST258b infection, and ST258b infection 

was more commonly acquired from a skilled-nursing facility whereas ST258a 

infections were more commonly community-acquired [201]. To further expand on 

this work, 57 isolates from the collection of 113 ST258 isolates was analyzed via 

genome sequencing. Whole genome comparisons uncovered differences 

between the two clades within the capsular polysaccharide locus and extending 

into the mdtABC locus [92]. Significant differences were also found within the 

isolates’ plasmid contents [92]. Intriguingly, a 97 bp deletion in the Ent exporter 

gene, entS, was found in ST258b isolates that was absent in ST258a isolates 

[92].  

 Ent is the prototypic catecholate siderophore, and is secreted by Gram-

negative bacteria, including K. pneumoniae, to acquire iron [150]. Siderophores 

are a major virulence factor for infection; in particular, Ent has the highest known 

affinity for iron of any molecule [150]. To counter the iron-sequestering effects of 

Ent, host cells secrete Lcn2 that specifically binds to and sequesters Ent. As the 
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only known Ent exporter, a deletion in entS is predicted to result in an inability of 

bacteria to secrete Ent for iron acquisition [16]. Because ST258 K. pneumoniae 

isolates do not secrete additional siderophores, an inability to secrete Ent would 

be predicted to be a deleterious mutation. However, the prevalence of the 

ST258b clade among clinical isolates suggests otherwise, indicating that a 

deletion in entS may be neutral or even advantageous. It is currently unknown 

how ST258b isolates of either clade respond to iron-limiting conditions. 

 To understand iron acquisition by CR K. pneumoniae, we examined 

transcriptional and phenotypic responses of ST258 isolates to iron limitation 

induced by incubation in minimal medium and human serum. To study gene 

transcription in response to iron-replete and iron-depleted conditions, RNASeq 

was performed to identify differential gene expression based on iron status and 

entS deletion. Additionally, we performed in vitro assays to characterize the 

ability of ST258a and ST258b strains to grow in iron-limiting medium and to 

secrete iron-chelating molecules. These results serve to increase the general 

understanding of CR K. pneumoniae iron acquisition. 

 

4.2  Results 

4.2.1  Growth of K. pneumoniae ST258 strains in iron-replete  

and iron-depleted conditions 

The strains utilized in this study are shown in Table 4.1 and include: KP4, a WT 

strain secreting Ent, Ybt, and Sal; KP7, an isogenic, siderophore-negative mutant 

of KP4; KP20, an isogenic, Ent-secreting mutant of KP4; UHKPC05, an ST258a 



 

115  

strain with a full-length entS; NJST258_1 and NJST258_2, ST258b strains with a 

full-length entS; and UHKPC48, DMC0526, and VAKPC297, ST258b strains that 

have a 97 bp deletion within entS.  

 

Table 4.1: K. pneumoniae strains used in this work. 

 

 

To determine the ability of ST258 strains to grow under iron limitation, 

cultures were extensively diluted (1:100,000) into iron-depleted M9 minimal 

medium (M9/Chelex) and growth curves were performed. As expected, KP7, a 

siderophore-negative strain, was unable to grow likely due to its inability to 

acquire iron (Figure 4.1A). With addition of 100 µM Fe2SO4, the growth of all 

strains was rescued, including the siderophore-negative mutant KP7 (Figure 

4.1B). To examine the ability of the strains to acquire iron in a physiologically 

relevant iron-limiting condition, growth curves were performed in M9/Chelex 

supplemented with 5% heat-inactivated serum. Within serum, iron is bound by 

the host protein transferrin, and iron acquisition for growth by WT KP4 requires 

siderophores [15]. All strains except KP7 grew in media containing 5% serum as 

Strain Description ST258 Clade entS
KP4 KPPR1; Ent+ Ybt+ Sal+ - +
KP7 KPPR1 entB ybtS; siderophore-negative - +
KP20 KPPR1 iroA ybtS ; Ent+ - +
UHKPC05 Ent+ A +
NJST258_1 Ent+ B +
NJST258_2 Ent+ B +
UHKPC48 Ent+ B -
DMC0526 Ent+ B -
VAKPC297 Ent+ B -
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an iron source, indicating that ST258 strains are able to acquire iron from human 

serum for replication (Figure 4.1C). Additionally, doubling times for each strain in 

each medium were calculated (Table 4.2). Doubling time upon growth in iron-

replete medium for each isolate was shorter than growth in either iron-depleted 

medium, except for UHKPC05, which experienced the shortest doubling time in 

M9/Chelex medium. In general, ST258 strains experienced slower doubling times 

in M9/Chelex and M9/Chelex+serum when compared to KP4, whereas ST258 

strains were faster than KP4 in M9/Chelex+Fe. Some strains exhibited similar 

growth curves with different doubling times, such as KP4 and UHKPC48 in 

M9/Chelex. The shorter doubling time of KP4 in this media could be due to its 

ability to secrete Ent, allowing it to double more quickly compared to UHKPC48 

that cannot secrete Ent. Together, these data document that all ST258 strains 

are able to grow in various iron-depleted and iron-replete growth conditions, 

although they did not grow as well as KP4. These conditions were then used to 

examine iron-responsive differences in the RNASeq analysis.  
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Figure 4.1: Growth curves for RNASeq stimulation conditions. 

Strains were cultured overnight in LB, then subcultured at 1:100,000 into a 96-
well plate for A) M9/Chelex, B) M9/Chelex + 100µM Fe2SO4, and C) M9/Chelex + 
5% HI serum. Strains were cultured overnight and OD600 was read at 15 min 
intervals. Data are representative of at 2-3 individual replicates. 
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Table 4.2: Doubling time for isolates cultured in M9/Chelex, M9/Chelex+Fe, and 
M9/Chelex+serum. 

 

 

4.2.2  RNASeq results identify genes up- and down-regulated in response to 

iron-depleted media 

To investigate the effect of the entS deletion on growth in iron-limiting conditions, 

we analyzed bacterial transcription in response to available iron. Bacteria were 

cultured in LB broth overnight, subcultured 1:100 into LB broth, and cultured to 

mid-logarithmic phase (3x108 CFU).  Bacteria were then subcultured 1:10 into 

each condition for 1 hour. A 1 hour timepoint was used to examine the initial 

transcriptional response to iron limitation rather than changes during growth by 

each bacterial strain in the individual media. To examine bacterial persistance in 

the various media, bacteria were plated for CFU following 1 hr stimulation in each 

condition (“M9/C”, “M9/C+Fe”, and “M9/C+serum”, Figure 4.2). This was done as 

a quality control step to verify approximate number of bacterial cells reserved for 

RNA isolation. Because of slight differences in bacterial CFU by each strain in 

the various conditions, RNASeq samples were normalized based on OD600 

values to collect approximately 108 bacteria for each strain and in each condition. 

Strain M9/C M9/C+Fe M9/C+serum
KP4 34.89 42.33 48.56
KP7 NA 37.35 NA
NJST258_2 42.17 39.82 67.78
UHKPC05 32.61 34.93 59.58
VAKPC297 46.41 42.88 60.09
UHKPC48 46.01 33.32 63.05

Doubling Time (min)
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Figure 4.2: Bacterial CFU during RNASeq experiment.  

Once bacteria reached mid-log growth phase, an initial aliquot was reserved and 
plated for CFU. Strains were then subcultured into M9/Chelex, M9/Chelex + 
100µM Fe2SO4, and M9/Chelex + 5% HI serum. After 1 hr, aliquots were taken 
from each condition and plated for CFU. Data presented are means +/- standard 
deviation of 2 technical replicates of duplicate samples. 
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 To identify genes among all ST258 isolates that were significantly 

modulated under iron-depleted conditions (M9/Chelex vs M9/Chelex+Fe), the 

DESeq2 package in R was used to analyze count data obtained from RNASeq 

(Table 4.3). Genes were considered to be significantly different if their expression 

was either up-regulated or down-regulated in response to iron (fold-change >1.5, 

adjusted p-value <0.05). Negative fold changes in red represent genes that were 

significantly down-regulated in response to iron depletion, whereas positive fold 

changes in blue represent genes that were significantly up-regulated in response 

to iron depletion. Genes with chronological cluster ID numbers represent 

potential loci and are separated into sections, such as the iron-sulfur cluster 

assembly locus (cluster IDs 311-314). Genes that were significantly down-

regulated in response to iron-depleted media include the iron storage protein 

ferritin (cluster ID 37) and superoxide dismutase sodB that uses iron as a 

cofactor (cluster ID 470). The down-regulation of these iron-dependent genes 

serve as an internal validation. Genes that were significantly up-regulated in 

response to iron-depleted media include the Ent locus (cluster IDs 1883-1886), 

an iron-sulfur cluster assembly locus (cluster IDs 311-314), a TonB-dependent 

outer membrane ferric coprogen receptor fitA (cluster ID 348), a catecholate 

siderophore receptor fiu locus (cluster IDs 1190-1191), and a hemin transport 

system (cluster IDs 4314-4318). TPM values show up-regulation of fitA and fiu by 

ST258 isolates in response to iron-depletion (Figure 4.3). The genes identified in 

Table 4.3 represent genes that are regulated by the absence of iron in media by 

all ST258 isolates. 
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Table 4.3: Genes that are significantly down-regulated (negative fold change) or 
up-regulated (positive fold change) among all ST258 isolates upon iron depletion. 
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Figure 4.3: TPM values for each isolate illustrate up-regulation of fitA and fiu by 
ST258 isolates in M9/Chelex. 

TPM values for each isolate were analyzed. The genes fitA (A) and fiu (B) were 
significantly upregulated by ST258 strains in M9/Chelex compared to 
M9/Chelex+Fe. Data were analyzed using the DESeq2 package in R. 
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To identify genes in entS+ and entS- isolates that were significantly 

modulated in response to M9/Chelex+serum, the DESeq2 package in R was 

used to analyze count data obtained from RNASeq (Table 4.4). The 

transcriptional response in M9/Chelex+serum was examined to identify genes 

that were differentially expressed in a physiologically relevant, iron-deplete 

condition. Genes were considered to be significantly different if their expression 

was either up-regulated or down-regulated when comparing between entS+ and 

entS- isolates (fold-change >1.5, adjusted p-value <0.05). Negative fold changes 

in red represent genes that were significantly up-regulated by entS- isolates in 

response to M9/Chelex+serum, whereas positive fold changes in blue represent 

genes that were significantly up-regulated by entS+ isolates in response to 

M9/Chelex+serum. Genes with chronological cluster ID numbers represent 

potential loci and are separated into sections, such as the nickel transport locus 

(cluster IDs 3521-3525). Genes that were significantly up-regulated by entS- 

isolates in response to iron-depleted medium include the β-lactamase locus 

(cluster IDs 877-879) and the hemin transporter hmuS (cluster ID 4317). Genes 

that were significantly up-regulated by entS+ isolates in response to iron-

depleted medium include the entS transporter (cluster ID 1888) and the penicillin-

binding protein 1C (cluster ID 4533). Upregulation of entS by the entS+ isolates 

also serves as internal validation of the analysis.  

Although the aforementioned genes were significantly modulated in 

response to M9/Chelex+serum, the pattern of regulation was different between 

each genes. To further examine the regulation of these genes in 
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M9/Chelex+serum, TPM values were graphed (Figure 4.4). The β-lactamase 

gene (cluster ID 877) was up-regulated by the entS-deficient strains UHKPC48 

and VAKPC297 in all media (Figure 4.4A). The hemin transporter hmuS was up-

regulated in M9/Chelex+serum by the entS-deficient strains UHKPC48 and 

VAKPC297 (Figure 4.4B). This gene was also significantly upregulated by ST258 

isolates in M9/Chelex when compared to M9/Chelex+Fe (Table 4.3). As internal 

validation, entS gene expression was down-regulated in M9/Chelex+serum by 

the entS-deficient strains UHKPC48 and VAKPC297 (Figure 4.4C). These data 

illustrate the patterns of gene expression by entS+ and entS- strains in response 

to M9/Chelex+serum.  
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Table 4.4: Genes that are differentially expressed by entS-deficient isolates 
(negative fold change) or full-length entS isolates (positive fold change) in iron-
depleted medium, M9/Chelex+serum. 

 C
lu

st
er

 ID
G

en
e 

N
am

e
Fo

ld
 C

ha
ng

e
P

 v
al

ue
A

dj
us

te
d 

P
 v

al
ue

50
0

E
le

ct
ro

n 
tra

ns
po

rt 
co

m
pl

ex
 p

ro
te

in
 rn

fC
5.

24
2.

10
E

-2
8

1.
88

E
-2

5
69

4
D

N
A

-b
in

di
ng

 h
el

ix
-tu

rn
-h

el
ix

 p
ro

te
in

3.
10

1.
36

E
-1

7
6.

98
E

-1
5

87
7

be
ta

-la
ct

am
as

e
-5

.4
0

2.
25

E
-1

53
8.

10
E

-1
50

87
8

de
oR

 C
 te

rm
in

al
 s

en
so

r d
om

ai
n 

pr
ot

ei
n

-5
.2

5
3.

93
E

-1
30

7.
06

E
-1

27
87

9
D

-b
et

a-
hy

dr
ox

yb
ut

yr
at

e 
de

hy
dr

og
en

as
e

-1
.7

6
1.

16
E

-0
4

1.
10

E
-0

2
12

03
ce

ll 
di

vi
si

on
 a

ct
iv

at
or

 C
ed

A
2.

10
8.

76
E

-0
9

2.
25

E
-0

6
12

79
L-

as
pa

ra
gi

na
se

1.
52

6.
78

E
-0

6
9.

02
E

-0
4

13
90

hy
po

th
et

ic
al

 p
ro

te
in

1.
55

2.
56

E
-0

6
3.

84
E

-0
4

15
39

C
el

l d
iv

is
io

n 
pr

ot
ei

n 
fts

K
1.

69
1.

83
E

-2
5

1.
32

E
-2

2
16

72
hy

po
th

et
ic

al
 p

ro
te

in
1.

71
2.

16
E

-0
3

9.
81

E
-0

2
18

88
en

tS
 M

FS
 tr

an
sp

or
te

r
2.

30
1.

13
E

-0
8

2.
72

E
-0

6
21

81
hy

po
th

et
ic

al
 p

ro
te

in
2.

26
1.

95
E

-1
1

8.
77

E
-0

9
23

05
ou

te
r m

em
br

an
e 

lip
op

ro
te

in
1.

57
2.

10
E

-0
8

4.
44

E
-0

6
25

13
P

ro
lin

e/
be

ta
in

e 
tra

ns
po

rte
r

1.
64

3.
99

E
-0

4
2.

89
E

-0
2

29
01

ph
nA

 fa
m

ily
 p

ro
te

in
1.

51
6.

31
E

-0
9

1.
74

E
-0

6
31

66
re

gu
la

to
r o

f r
ib

on
uc

le
as

e 
ac

tiv
ity

 A
1.

75
1.

62
E

-0
6

2.
65

E
-0

4
33

28
hy

po
th

et
ic

al
 p

ro
te

in
2.

73
1.

61
E

-0
9

4.
82

E
-0

7
33

99
rib

os
om

al
 p

ro
te

in
 L

28
3.

01
1.

08
E

-0
9

3.
54

E
-0

7
35

21
ni

ck
el

-r
es

po
ns

iv
e 

tra
ns

cr
ip

tio
na

l r
eg

ul
at

or
 N

ik
R

2.
04

6.
60

E
-0

7
1.

13
E

-0
4

35
22

N
ic

ke
l t

ra
ns

po
rt 

A
TP

-b
in

di
ng

 p
ro

te
in

 n
ik

E
1.

94
2.

83
E

-0
7

5.
08

E
-0

5
35

24
N

ic
ke

l t
ra

ns
po

rt 
sy

st
em

 p
er

m
ea

se
 p

ro
te

in
 n

ik
C

1.
74

1.
05

E
-0

4
1.

03
E

-0
2

35
25

N
ic

ke
l t

ra
ns

po
rt 

sy
st

em
 p

er
m

ea
se

 p
ro

te
in

 n
ik

B
1.

60
1.

59
E

-0
4

1.
40

E
-0

2
35

40
si

rA
-li

ke
 fa

m
ily

 p
ro

te
in

2.
09

2.
17

E
-0

6
3.

39
E

-0
4

36
54

tra
ns

la
tio

n 
el

on
ga

tio
n 

fa
ct

or
 T

u
4.

29
4.

01
E

-6
8

4.
80

E
-6

5
37

29
hy

po
th

et
ic

al
 p

ro
te

in
1.

98
4.

31
E

-0
4

2.
98

E
-0

2
38

97
ur

ea
se

 a
cc

es
so

ry
 p

ro
te

in
 U

re
F

1.
59

3.
09

E
-0

6
4.

44
E

-0
4

40
33

ye
cA

 fa
m

ily
 p

ro
te

in
1.

94
2.

98
E

-1
1

1.
19

E
-0

8
41

09
ar

se
ni

ca
l p

um
p 

m
em

br
an

e 
pr

ot
ei

n
2.

31
1.

45
E

-0
7

2.
74

E
-0

5
42

43
gc

vA
 tr

an
sc

rip
tio

na
l d

ua
l r

eg
ul

at
or

1.
64

3.
25

E
-0

5
3.

77
E

-0
3

42
66

sd
aC

 s
er

in
e 

S
TP

 tr
an

sp
or

te
r

1.
74

2.
70

E
-0

4
2.

16
E

-0
2

42
70

tR
N

A
 p

se
ud

ou
rid

in
e 

sy
nt

ha
se

 C
 fa

m
ily

 p
ro

te
in

1.
81

8.
76

E
-0

4
5.

44
E

-0
2

43
17

he
m

in
 tr

an
sp

or
te

r
-1

.7
1

1.
23

E
-0

3
7.

14
E

-0
2

43
79

gl
ob

al
 re

gu
la

to
r f

am
ily

 p
ro

te
in

2.
95

9.
09

E
-1

1
3.

27
E

-0
8

45
33

P
en

ic
ill

in
-b

in
di

ng
 p

ro
te

in
 1

C
2.

94
2.

84
E

-1
8

1.
70

E
-1

5



 

126  

 

Figure 4.4: TPM values for each isolate illustrate gene regulation of β-lactamase, 
hmuS, and entS in M9/Chelex+serum. 

TPM values for each isolate were analyzed. The β-lactamase gene (A) was 
significantly up-regulated in all media by entS-deficient isolates. The hemin 
transporter hmuS (B) was up-regulated by entS-deficient isolates in iron-depleted 
conditions, including M9/Chelex and M9/Chelex+serum. The Ent exporter entS 
(C) was down-regulated by entS-deficient isolates in M9/Chelex+serum. Data 
were analyzed using the DESeq2 package in R. 
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4.2.3  ST258 strains secrete iron-chelating molecules and catechols 

and are inhibited by Lcn2 

To further characterize the relationship between iron and ST258 strains of K. 

pneumoniae, in vitro assays examining the secretion of iron-chelating molecules 

were performed. The CAS assay was used to detect iron-chelating molecules 

presence in bacterial culture [202]. Bacterial strains were cultured overnight in 

M9 medium, supernatants were filter sterilized, and bacteria-free supernatants 

were subjected to the CAS assay. Supernatants from all strains, except 

VAKPC297, secreted significantly more iron-chelating molecules as compared to 

KP7, the siderophore-negative control strain (Figure 4.5). Comparatively, 

UHKPC48 secreted significantly more iron-chelating molecules than KP7 despite 

containing a deletion in entS. A second entS-deficient strain, DMC0526, was also 

used. Similar to UHKPC48, DMC0526 secreted significant iron-chelating 

molecules. Strains of E. coli deficient in entS have been shown to secrete 2,3-

dihydroxybenzoylserine, a component of Ent [16]. To determine if the CAS assay 

was identifying breakdown products of Ent, such as 2,3-dihydroxybenzoic acid 

(2,3-DHBA), 2,3-DHBA was assayed for iron-chelating ability. However, 2,3-

DHBA did not induce a change in absorbance, indicating that it is not active in 

the CAS assay. Therefore it is still unknown whether strains are secreting 2,3-

dihydroxybenzoylserine or 2,3-DHBA, which could account for the chelation of 

iron by these isolates. 
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Figure 4.5: ST258a and entS-deficient ST258b strains, except VAKPC297, 
secrete iron-chelating molecules.  

To measure the relative concentration of iron-chelating molecules secreted by 
each strain, the CAS assay was performed. Bacteria were cultured overnight in 
M9 medium, the OD600 of each culture was read, and cultures were spun through 
a 0.2-micron filter tube to acquire bacteria-free supernatants. Supernatants were 
subjected to the CAS assay and the change in absorbance at 630 nm (ΔA630) 
was calculated. ΔA630 was normalized for bacterial growth using the OD600 for 
each strain. Data were analyzed using one-way ANOVA with Fisher’s post-test 
(ns, p>0.05; ***, p<0.0001; compared to KP7).  
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 Whereas the CAS assay detects general iron-chelating molecules, the 

Arnow assay is able to detect catechols, such as Ent. To determine if ST258b 

strains secrete catechols, the Arnow assay was performed on bacteria-free 

culture supernatants. As expected, KP4 (Ent+Ybt+Sal+) and KP20 (Ent+) secreted 

significantly more catechols compared to KP7, the siderophore-negative strain 

(Figure 4.6). As stated above, DMC0526 was included to compare results 

between UHKPC48 and VAKPC297. NJST258_2, UHKPC05, DMC0526, and 

UHKPC48 all secreted significant amounts of catechols. NJST258_1 did not 

secrete significantly more catechols compared to KP7 despite secreting 

significantly more iron-chelating molecules (Figure 4.5). Consistent with CAS 

assay results, VAKPC297 also did not secrete significantly more catechols than 

KP7. These results indicate that ST258a and some ST258b strains are secreting 

iron-chelating molecules and catechols, despite the entS deletion in DMC0526 

and UHKPC48. 
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Figure 4.6: ST258a and entS-deficient ST258b strains, except VAKPC297, 
secrete catechols.  

To measure the concentration of catechols secreted by each strain, the Arnow 
assay was performed. Bacteria were cultured overnight in M9 medium, the OD600 
of each culture was read, and cultures were spun through a 0.2-micron filter tube 
to acquire bacteria-free supernatants. Supernatants were subjected to the Arnow 
assay and the absorbance at 510 nm was calculated. A standard curve of 2,3-
dihydroxybenzoic acid (2,3-DHBA) was used to determine catechol 
concentrations. Concentrations were normalized for bacterial growth using the 
OD600 for each strain. Data were analyzed using one-way ANOVA with Fisher’s 
post-test (ns, p<0.05; **, p>0.01; ***, p<0.001; compared to KP7).  
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 Because the Arnow assay detects the presence of catechols, we 

hypothesized that ST258 strains, including entS ST258b strains, were releasing 

Ent. This Ent release, whether through an active exporter or another indirect 

method, could promote growth in iron-limited conditions. To examine this 

hypothesis, bacteria were examined using the serum growth assay. The serum 

growth assay examines the ability of bacteria to grow in serum, which is an iron-

limiting condition due to the presence of transferrin as described above [15]. To 

measure growth that is attributable to Ent, the medium was supplemented with 

Lcn2, an innate immune protein secreted by host epithelial cells and neutrophils 

that specifically binds to and sequesters Ent [19]. KP4 that secretes multiple 

siderophores is not inhibited by the presence of Lcn2, whereas KP20 (Ent+) is 

inhibited by Lcn2 (Figure 4.7). The siderophore-negative mutant grows poorly 

regardless of Lcn2, consistent with 10% serum being a siderophore-dependent 

growth condition. Lcn2 inhibited growth of all ST258 strains, including the EntS 

deletion mutants. In particular, VAKPC297 growth was inhibited by Lcn2, which is 

in contrast with the lack of detectable iron-chelating molecules and catechols as 

illustrated by the CAS and Arnow assays. Because sequestration of Ent is the 

only known mechanism of growth inhibition by Lcn2, VAKPC297 could be 

secreting small amounts of Ent that are sufficient to promote growth. These 

results indicate that ST258 strains are able to grow in iron-limiting conditions, but 

that the host protein Lcn2 can inhibit the strains’ mechanism of iron-acquisition. 
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Figure 4.7: ST258 strains’ growth in serum is inhibited in the presence of Lcn2.  

To determine the ability of strains to grow in iron-limiting conditions, the Lcn2 
growth assay was performed. Strains were cultured in LB overnight and plated in 
a 96-well plate with 10% serum in RPMI, with or without 5 µM Lcn2. Following an 
overnight incubation bacteria were plated for CFU. All clinical strains were able to 
cultured in the presence of serum, an iron-limiting condition, and showed 
susceptibility to Lcn2. Underlined strains were used in the RNASeq. 
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4.2.4  RNASeq analysis identifies transcript expression differences between 

UHKPC48 and VAKPC297 

Although extremely similar genetically, UHKPC48 secreted significant amounts of 

iron-chelating molecules and catechols, despite its deletion in entS, whereas 

VAKPC297 did not (Figures 4.5 and 4.6). It was hypothesized that these 

differences may be due to an alternate exporter, which could be identified by 

comparing transcript expression patterns between the two isolates. To identify 

iron-dependent differences between these strains, an additional DESeq2 

analysis was performed to compare transcript expression between UHKPC48 

and VAKPC297 in iron-depleted conditions (Table 4.5). Negative fold changes in 

red represent genes that were significantly up-regulated by VAKPC297 isolates 

in response to iron depletion, whereas positive fold-changes in blue represent 

genes that were significantly up-regulated by UHKPC48 isolates. Genes with 

chronological cluster ID numbers represent potential operons and are separated 

into sections, such as the maltose receptor locus (cluster IDs 2985-2988). Genes 

significantly up-regulated by VAKPC297 in response to iron-depleted medium 

include an lrgB-like family protein (cluster ID 4813) and the tellurite resistance 

gene tehB (cluster ID 526). These data identify genes that are differentially 

regulated between UHKPC48 and VAKPC297. However, this analysis did not 

identify putative transporters for iron acquisition by VAKPC297 compared to 

UHKPC48.   
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Table 4.5: Genes that are differentially expressed by VAKPC297 (negative fold 
change) and UHKPC48 (positive fold change) in iron-depleted media. 
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4.3  Discussion 

4.3.1  Summary of findings 

CR K. pneumoniae is resistant to all or nearly all antibiotics and represents a 

major healthcare concern [198]. One CR MLST type in particular, ST258, has 

disseminated worldwide. Previous studies have identified epidemiologic and 

genomic differences between two prevalent ST258 clades, clade ST258a and 

ST258b, including a 97 bp deletion in the Ent exporter entS [92, 201].  To further 

understand CR K. pneumoniae response to iron, we performed RNASeq in iron-

depleted and iron-replete conditions to identify transcriptional differences. We 

identify potential mechanisms of iron-acquisition by CR K. pneumoniae: the 

hemin transport operon that has not been characterized previously in K. 

pneumoniae; a TonB-dependent outer membrane ferric coprogen receptor; and a 

catcholate receptor. Additionally, we characterized the growth patterns and 

secretion of iron-chelating molecules during iron-limiting conditions. We found 

that both ST258a and ST258b isolates could grow under iron-limiting conditions 

and secrete iron-chelating molecules, despite a deletion in entS in the ST258b 

isolates. However, VAKPC297, an entS ST258b isolate, was unable to secrete 

iron-chelating molecules. Further RNASeq analysis identified genes that were 

differentially expressed in response to iron-deplete conditions by UHKPC48 and 

VAKPC297, including the up-regulation of tellurite resistance genes by 

VAKPC297. These findings aid in the characterization of CR K. pneumoniae 

response to iron limitation and identify novel compensatory mechanisms by 

which CR K. pneumoniae acquires iron during infection. 
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4.3.2  Potential novel iron acquisition mechanisms 

Data analysis from the RNASeq results identified multiple genes that were 

differentially regulated when all strains were compared for their transcriptional 

responses to iron (Table 4.3). Of particular interest is the upregulation of the 

hemin transport operon, which was shown to be up-regulated by all ST258 

isolates in response to iron-depleted conditions. Additionally, it was shown to be 

significantly upregulated by entS- isolates compared to entS+ isolates in 

M9/Chelex+serum (Table 4.4). Previously uncharacterized in K. pneumoniae, the 

hemin transport operon can be used by Gram-negatives including Yersinia 

enterocolitica to acquire iron [203]. Acquisition of a siderophore-independent iron 

uptake system such as the hemin transport operon would allow ST258 isolates, 

especially entS-deficient isolates, to acquire iron during infection. Another gene 

of interest that was up-regulated by ST258 isolates upon iron-depletion is a 

TonB-dependent outer membrane ferric coprogen receptor FitA (Table 4.3). 

Within E. coli, the fit operon was found to be an iron acquisition mechanism 

commonly found in human pathogenic, but not commensal, clinical isolates [204]. 

The substrate for the fit operon is yet uncharacterized, however, Ent is not the 

substrate [204, 205]. The fit operon represents a mechanism by which ST258 

isolates can acquire iron in an Ent-independent manner. A third gene locus of 

interest that was upregulated in response to iron-depleted conditions by ST258 

isolates is the catecholate receptor Fiu (Table 4.3). The outer membrane 

receptor Fiu has been hypothesized to mediate uptake of hydrolytic products of 

Ent, such as 2,3-DHBA [206, 207]. It is possible that ST258 isolates, particularly 
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ST258b isolates that are deficient in entS, utilize Fiu to scavenge for and uptake 

hydrolytic products of Ent which may have been secreted through mechanisms 

other than the dedicated Ent exporter. This would be consistent with prior work 

illustrated that entS mutants in E. coli secrete 2,3-dihydroxybenzoylserine, a 

compound extremely similar to 2,3-DHBA [16]. Additionally, the secretion of this 

compound would be consistent with all in vitro phenotypes illustrated above. 

Together, these three genes/loci represent potential novel iron acquisition 

mechanisms utilized by ST258 isolates during infection. These RNASeq results 

must be verified by PCR and functional assays to determine if they are novel 

mechanisms that CR K. pneumoniae up-regulate to scavenge iron from its host 

environment during infection. 

4.3.3  Secretion of iron-chelating molecules by ST258b isolates 

In vitro characterization of the ST258 isolates identified interesting patterns of 

iron-chelating molecule secretion and growth in iron-limiting environments. Most 

surprising was the ability of ST258b isolates UHKPC48 and DMC0526 to secrete 

catechols despite encoding a deletion in entS (Figure 4.6). Inhibition of bacterial 

growth by Lcn2 in the serum growth assay also suggests that the secreted 

product is Ent. Additionally, it was interesting that NJST258_2 supernatants 

caused a change in the absorbance of the CAS assay but did not secrete 

catechols as detected by the Arnow assay (Figure 4.5 and 4.6). Mass 

spectrometry must be performed to definitively identify the iron-chelating 

molecules secreted by these isolates. 
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4.3.4  Differential gene expression between VAKPC297 and UHKPC48 may 

explain phenotypic differences 

Although two ST258b strains deficient in entS, UHKPC48 and DMC0526, 

secreted iron-chelating molecules and catechols, one ST258b strain, VAKPC297, 

did not (Figure 4.5 and 4.6). This result is very surprising considering the 

extremely limited genetic differences between the two strains. To identify 

potential mechanisms of iron acquisition that differ between these strains, further 

RNASeq analysis was performed (Table 4.5). This analysis identified many 

genes that were differentially expressed in both M9/Chelex and 

M9/Chelex+serum. Overall, no genes identified by this analysis represent an 

obvious mechanism of regulation to explain the phenotypic differences. However, 

a few genes identified by this analysis are interesting and could warrant further 

examination. One potential locus that was strongly expressed by VAKPC297 in 

response to all media is a cytidine deaminase and a lrgB-like protein that is a 

murein hydrolyase. Murein hydrolases specifically cleave cell wall components 

within bacteria and are involved in cell growth and division as well as bacteria 

autolysis [208]. However, lrgB has specifically been shown to inhibit murein 

hydrolases that cleave cell wall components and promote tolerance to penicillin 

in S. aureus  [208]. This gene could be up-regulated by VAKPC297 in order to 

prevent autolysis and bacterial death in all conditions. In vitro experiments and 

further analysis could potentially identify the gene or protein responsible for the 

differences responsible for the discrepancies in iron-chelating molecule secretion 

between VAKPC297 and UHKPC48. 
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4.3.5  Conclusion  

In conclusion, we have identified potential novel and Ent-independent 

mechanisms for iron acquisition by CR K. pneumoniae clinical isolates, including 

the hemin transport operon, a ferric coprogen receptor fitA, and a catecholate 

receptor fiu. Furthermore, we have characterized the response of these isolates 

to iron-limiting conditions, including growth in serum, and determined their ability 

to secrete iron-chelating molecules as well as catechols. Finally, we have 

identified genes that are differentially regulated between UHKPC48 and 

VAKPC297, two entS deletion mutants that were found to have phenotypic 

differences in iron-chelation molecule and catechol secretion despite their 

genetic similarities. These genes may represent potential mechanisms to 

examine in an attempt to understand the phenotypic differences illustrated by the 

in vitro assays performed here. Together these results further the understanding 

of iron acquisition and pathogenesis during infection with CR K. pneumoniae. 

Future work can validate the novel iron acquisition pathways used by these 

isolates, which may provide potential therapeutic targets for infection with these 

antibiotic-resistant strains. 

 

4.4  Experimental Procedures 

Bacterial strains and media. Lab strains of K. pneumoniae, KP4, KP7, and KP20, 

have been previously described [96]. NJST258_1 and NJST258_2 were gifts 

from Dr. Barry Kreiswirth. ST258 strains of K. pneumoniae, UHKPC48, 
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DMCO526, UHKPC05, and VAKPC297, were isolated from Midwestern hospitals 

and have been described epidemiologically [201] and genetically [92]. 

 As noted, bacterial strains were cultured in LB or M9 minimal media with 

and without additional supplementation. M9 minimal salts were diluted and 

prepared as described (ThermoFisher). To create iron-depleted medium, M9 was 

treated with Chelex 100 Resin for 1 hour at room temperature (Biorad). Following 

Chelex treatment, M9 was supplemented with D-glucose Sigma, MgSO4, and 

CaCl2 (“M9/Chelex”, Sigma). M9/Chelex was supplemented with 100 µM Fe2SO4 

or 5% heat-inactivated (HI) human serum (“M9/Chelex+Fe” or 

“M9/Chelex+serum”, Sigma) where indicated. 

 

Growth curves. Growth curves were performed as previously described [96]. 

 

Bacterial growth for RNASeq. Strains were cultured in duplicate overnight in LB 

broth and subcultured 1:100 into fresh LB until bacterial growth reached mid-log 

phase. At OD600=~0.3, bacteria were plated for CFU and 108 bacterial were 

reserved as an initial RNA sample, though were not utilized in this RNASeq 

study. Additionally, bacteria were subcultured 1:10 from the mid-log LB culture 

into M9/Chelex, M9/Chelex+Fe, or M9/Chelex+serum in duplicate. Following 1 

hour incubation, OD600 for each sample was read, samples were plated for CFU, 

and 2 aliquots of 108 bacteria were preserved into 2x volumes of RNAprotect 

Bacteria Reagent (QIAGEN). Additionally, 2 mL of bacterial culture was reserved 

for DNA isolation. Samples were frozen at -80°C until RNA was isolated. 
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RNA isolation and RNASeq. Samples were resuspended with 500 µL ice cold 

sterile DPBS to remove RNAprotect bacterial reagent. Samples were spun for 10 

minutes at 10,000 RPM to repellet bacteria. RNA was isolated from 108 CFU 

bacteria using the MagJET RNA Purification kit (ThermoFisher) and then treated 

with an additional DNAse treatment. rRNA was depleted using Ribo-Zero 

(Illumina). Directional RNASeq library was constructed using PrepX RNA-Seq for 

Illumina library kit (Wafergen), which was then quantified and normalized using 

qPCR. Samples were sequenced using Illumina NextSeq 500 mid output kit 

(paired-end 75bp), and reads were mapped as paired-end to each respective 

genome using CLC. For each gene, raw counts and transcripts per million (TPM) 

values were calculated. Orthologs in each genome were identified using PanOCT 

to enable gene expression comparisons across genomes [209]. Differential 

expression analysis was conducted using DESeq2 package in R. 

 

CAS Assay. The CAS assay was performed as previously described to 

determine iron-chelating capabilities of bacterial supernatants [152]. Briefly, 

bacteria were inoculated into M9 medium overnight. OD600 readings were taken, 

and bacteria cultures were spun through at 0.2 micron filter to remove bacteria. 

Supernatants were subjected to the CAS assay, and the change in absorbance 

at 630 nm was read. Results are expressed in ΔA630/OD600 for each culture to 

normalize for differences in bacterial growth. 
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Arnow Assay. The Arnow assay was performed as previously described to 

determine the secretion of catechols in bacterial cultures [210]. Briefly, cultures 

were cultured overnight in M9 medium, OD600 was read, and bacteria-free 

supernatants were acquired using 0.2 micro filters. Catechols were measured by 

creating an equal mix of sample, 0.5 N HCl, Nitrite-Molybdate Reagent (10% w/v 

of sodium nitrate and sodium molybdate), and 1 N NaOH. Absorbance was read 

at 510 nm, and samples were normalized for bacterial growth using the OD600 of 

each culture.  

 

Lcn2 Growth Assay. The Lcn2 growth assay was performed as previously 

described [13]. 

 

Data analysis. Statistical analysis for in vitro assays was performed using 

GraphPad Prism. RNASeq results were analyzed using the DESeq2 in R. 

 

 

 

4.5 Notes 

VI Holden designed and performed experiments, analyzed data, and wrote the 

chapter; MS Wright and MD Adams performed RNASeq and DESeq2 analysis; 

and MA Bachman designed experiments, analyzed data, and proofread the 

chapter. 
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CHAPTER V 
 

DISCUSSION 

 

5.1  Summary of Thesis 

Bacteria utilize many virulence factors to cause infection within their hosts, 

including LPS, capsule, fimbriae, and siderophores [211, 212]. Siderophores are 

small molecules that chelate and deliver iron to bacteria. Recent research has 

identified novel, non-iron-delivery functions for siderophores during infection, as 

described in Chapter I. The focus of this thesis was to determine the host 

response to siderophore secretion upon infection with K. pneumoniae. The 

central hypothesis was that the secretion of siderophores by K. pneumoniae 

modulates host pathways, resulting in inflammation and bacterial dissemination. 

Chapter II addressed this hypothesis using in vitro stimulations of respiratory 

epithelial cells with purified siderophores and Lcn2. Chelation of cellular iron by 

purified siderophores in the presence of Lcn2 caused the secretion of IL-8, IL-6, 

and CCL20 from a human respiratory epithelial cells. Additionally, purified 

siderophores could stabilize the master transcription factor HIF-1α, potentially 

leading to the secretion of IL-6. This in vitro work helped frame the hypothesis 

that siderophores secreted by K. pneumoniae can cause inflammation and 

bacterial dissemination through HIF-1α stabilization during infection. 
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 Chapter III examined the effects of siderophore secretion by K. 

pneumoniae in a murine pneumonia model. To study siderophore secretion 

independent of their ability to cause bacterial growth, a mutant in tonB was 

developed. Strains deficient in tonB could secrete siderophores but were unable 

to utilize them for growth. Using these mutants, it was determined that 

siderophore secretion during infection with K. pneumoniae induced IL-6, KC, and 

MIP-2 secretion, as well as bacterial dissemination to the spleen. Siderophore-

dependent induction of bacterial dissemination to the spleen was shown to occur 

via HIF-1α stabilization within alveolar epithelial cells. The inflammation and 

dissemination during infection required the secretion of all three siderophores 

produced by the WT strain: Ent, Sal, and Ybt. These results supported and built 

upon the in vitro work that indicated that siderophores could cause a host 

immune response and stabilize HIF-1α.  

 Chapter IV examined the response to iron limitation in CR K. pneumoniae 

human isolates. Within a large cohort of CR K. pneumoniae isolates acquired 

from Midwestern US, a portion of the isolates has a deletion in the Ent exporter 

entS. RNASeq was used to identify the impact of the entS deletion on gene 

transcription in response to iron-replete and iron-depleted conditions. Potential 

novel mechanisms of iron acquisition, such as the hemin transport operon, were 

identified. These iron acquisition systems may represent mechanisms that CR K. 

pneumoniae use to avoid immune system activation via siderophore secretion. 

This possibility, as well as other implications of siderophore secretion by K. 

pneumoniae, will be considered within this chapter. 
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5.2 Depletion of cellular iron by siderophores 

Chapter II illustrated that the lung epithelial cell response to siderophores is 

dependent on the ability of siderophores to deplete cellular iron. This was shown 

using the cellular iron homeostasis reporter NDRG1 and calcein dye that 

fluoresces upon depletion of iron within a cell’s labile iron pool (Figure 2.7). 

Whereas it was shown that siderophores deplete cellular iron, the mechanism by 

which siderophores acquire cellular iron was not explored further. It is unclear if 

Ent, Ybt, and Sal enter a cell to chelate cellular iron and, if so, by which 

mechanism these siderophores enter a cell. DFO has been shown to enter 

cancer cells by passing through the cellular membrane and chelating iron from 

the labile iron pool, rather than from ferritin [213-216]. In contrast, studies with E. 

coli producing Ent have shown that iron is acquired from transferrin and 

lactoferrin rather than the cellular iron pool [217]. A follow-up study utilizing 

strains of E. coli that secrete both Ent and Aer determined that Aer preferentially 

chelates cell-derived iron rather than transferrin-bound iron [63]. Performing 

these studies with purified siderophores would verify the source of iron chelated 

by siderophores, and rule out any possible interactions between additional 

secreted bacterial products and host cellular iron. It is possible that the source of 

iron can influence inflammatory potential of siderophores, such that chelation 

from cell-derived iron results in a strong pro-inflammatory response, whereas 

chelation of transferrin-bound iron does not. This could potentially explain the 

differences in inflammatory profiles between DFO, Ent, Ybt, and Sal. For 

example, treatment of A549s cells with Ent results in moderate secretion of IL-8 
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and IL-6, whereas Ybt treatment results in high secretion of IL-8, IL-6, and 

CCL20 (Figure 2.11). Differences in the source of iron from the host could 

translate to the different patterns of cytokine induction by each siderophore. 

Further work must be performed to determine the preferential iron source for 

each siderophore. Studies could then determine if the preferred iron source 

within the host correlates with the pattern of inflammatory cytokine secretion. 

This would determine if chelation of iron from certain sources is more 

inflammatory than others. 

 One situation in which siderophores are present within a cell is following 

the binding of Ent by Lcn2. During infection, Lcn2 binds Ent and FeEnt with 

subnanomolar affinity, preventing bacterial uptake of Ent and iron [19]. Following 

this binding, Lcn2 delivers Ent to epithelial cells, likely via one of its two putative 

outer membrane receptors, 24p3R and Megalin [45, 218, 219]. However, it is 

unclear what happens to Ent following uptake of Ent+Lcn2 and FeEnt+Lcn2 by 

epithelial cells. Though bound by Lcn2, it is possible that Ent could still chelate 

cellular iron, resulting in the induction of a host immune response [220]. It would 

be interesting to determine the mechanism by which Ent is degraded upon entry 

into a cell. Ent+Lcn2 appears to be taken up through endocytic intracellular 

sorting pathways, which may result in the degradation of Ent [45]. Alternately, Ent 

could be degraded in human cells by esterases, a mechanism that would be 

similar to its degradation by bacteria [221]. However, because Lcn2 cannot bind 

to Sal or Ybt, examining this mechanism would not provide any additional clarity 

in the mechanism of iron chelation by Lcn2-evasive siderophores. Overall, 
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determining the mechanisms by which siderophores acquire cellular iron and 

host cells degrade Ent would provide additional insight to the interactions 

between host and pathogen during infection.  

 

5.3  Overall effect of siderophores during infection 

The traditional function of siderophores as iron acquisition molecules positions 

siderophores as a virulence factor by promoting bacterial growth during infection. 

However, work described in this thesis has attributed the immune response and 

bacterial dissemination during infection to siderophore secretion by K. 

pneumoniae. Whereas iron acquisition by siderophores aids in productive 

infection, it seems that these non-iron-acquisition functions of siderophores are 

more detrimental than helpful to a bacterium. For instance, siderophores induce 

the secretion of IL-8, IL-6, and CCL20 secretion in an in vitro model with human 

epithelial cells, and IL-6, KC, and MIP-2 in an in vivo model of murine K. 

pneumoniae infection. Because the secretion of IL-6, KC, and MIP-2 in murine 

models of pneumonia are important for host defense against K. pneumoniae 

infection, the immune response is likely more beneficial to the host rather than to 

the microbe [178, 179]. Additionally, work described within this thesis identified 

that siderophores induce bacterial dissemination to the spleen. Because bacteria 

need to proliferate and infect new hosts to survive as a species, it is likely that 

bacterial dissemination due to siderophores may be an undesirable effect during 

infection to both the bacteria and the host. This is in contrast to the inflammatory 

immune response induced by siderophores, which is harmful to the bacteria but 
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beneficial to the host. Rather than simply acquiring iron for the bacteria, 

siderophores may alert the host to bacterial infection, potentially leading to an 

immune response. Acquiring additional mechanisms of iron acquisition that do 

not result in an immune response and host death may be advantageous for 

bacteria during lung infection, such as utilization of the hemin transport system 

as shown by ST258 isolates (Table 4.3). 

 Bacteria can inhabit many different niches within a host, some of which 

may be beneficial to the bacteria (adaptive), and some of which may not 

(maladaptive). Because K. pneumoniae cannot be transmitted through the air, 

the lung is maladaptive niche for this bacterial species and likely represents an 

evolutionary “dead end” for K. pneumoniae [222]. Whereas the effects of 

siderophores on the host during infection seem to be negative for bacteria when 

in this maladaptive niche, it is possible that siderophore secretion may be 

advantageous at other sites of infection. The intestinal tract represents an 

adaptive niche in which siderophores may aid in the colonization and spread of 

K. pneumoniae to new hosts. An example of this is intestinal colonization of 

Salmonella enterica serovar Typhiurium. Secretion of Sal allows S. enterica 

serovar Typhimurium to survive and colonize in the intestinal tract [86]. 

Additionally, an inflammatory immune response is important for pathogen 

colonization during infection with S. Typhimurium; without IL-22 secretion, 

Salmonella would not be able to colonize the intestinal tract [87]. It is possible 

that the secretion of multiple siderophores by K. pneumoniae could lead to an 

inflammatory immune response, allowing the bacteria to colonize the intestinal 
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tract, as illustrated by S. Typhimurium. Therefore, it is plausible that in other 

infection locations, the secretion of siderophores and the corresponding immune 

response may be of benefit to the microbe.  

 

5.4  Iron acquisition by CR K. pneumoniae 

Previously it has been shown that the combination of Ent+Lcn2 is bacteriostatic 

of bacteria. Additionally, we show here that siderophores are responsible for IL-6, 

KC, and MIP-2 secretion and bacterial dissemination to the spleen. Therefore, it 

was extremely interesting that an entire clade (ST258b) of CR K. pneumoniae 

with a deletion in the only identified Ent exporter, entS, was discovered [92]. 

Because Ent is the only siderophore encoded by these isolates, a deletion in 

entS would render this clade of K. pneumoniae incapable of secreting any 

siderophores. However, these strains could also be capable of avoiding the 

bacteriostatic effects of Lcn2. Phenotypic analysis of the ST258b entS mutants 

identified disparity between strains in their secretion of iron-chelating molecules 

that appear to be Ent. Two strains of entS mutants, UHKPC48 and DMC0526, 

were shown to secrete iron-chelating molecules and catechols at similar degrees 

as WT KP4 (Figure 4.3 and Figure 4.4). In contrast, VAKPC297 was shown to be 

unable to secrete iron-chelating molecules and catechols. It is unclear whether 

secretion of these molecules in the absence of the Ent exporter is common to 

most ST258b isolates, or if the majority of these isolates do not secrete iron-

chelating molecules. If entS deletion mutants commonly secrete iron-chelating 

molecules, this could mean that these isolates have a second exporter for Ent. 



 

150  

This possibility has been previously hypothesized, however, a secondary 

exporter for Ent is yet to be identified [16]. It is also possible that VAKPC297 has 

evolved a mechanism by which to shut off Ent production. Ent is very costly to 

produce, and ST258b isolates that produce Ent without the exporter could be 

expending energy to produce a molecule which they cannot secrete. Rather, 

strains that do not produce or secrete Ent but can still uptake it as a “freeloader” 

would be at an advantage during infection due to the presence of additional 

bacterial species within the lung  [223]. Phenotypic characterization of the 

remaining ST258 isolates could identify which pattern of iron-chelating molecule 

secretion is more common.  

Instead of relying on the Ent exporter, ST258 isolates may have evolved 

to utilize other mechanisms of iron acquisition, such as the hemin transport 

operon, as described in Chapter IV. Because the secretion of siderophores by K. 

pneumoniae may have a negative effect for the bacteria, the inability to secrete 

Ent by these isolates may be advantageous. Rather than secrete siderophores, 

these bacteria may utilize other mechanisms of iron acquisition, potentially 

preventing the induction of an inflammatory immune response. Quantifying 

inflammatory proteins within the lungs during infection with CR K. pneumoniae 

could test this hypothesis. Additionally, the absence of Ent secretion could 

prevent bacterial dissemination to the spleen, which may be an undesirable 

outcome for bacteria, as described above. In fact, infection with ST258a (entS+) 

isolates were more likely to be found in the blood stream whereas ST258b 

isolates were more likely to be isolated from the urine, though this was not a 
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statistically significant difference (p<0.135) [201]. Infection with ST258a isolates 

was also more likely to result in a longer length of hospital stay than infection with 

ST258b isolates (p<0.043), perhaps indicating that infection with ST258a isolates 

is more severe than infection with ST258b isolates [201]. Investigating a larger 

cohort of ST258a and ST258b isolates may identify a statistically significant 

effect on infection localization and infection outcome. However, careful work 

would need to be done to attribute these differences to the absence of the Ent 

exporter rather than other genetic differences between the clades. This could be 

done by examining infection with ST258b strains that encode a full-length entS in 

relation to infection with ST258a strains that encode a full-length entS. These 

results could then be compared to differences in infection between ST258b 

strains with the entS deletion and infection by ST258a strains. Such comparisons 

could uncover differences in infection that are specific to entS-deletion mutants. 

Additionally, this hypothesis could be examined by creating mutants in entS in 

isogenic lab strains that secrete siderophores. This would allow for direct 

comparisons between strains that only differ in the entS gene, as ST258 isolates 

have additional genomic differences among the clades. These data could 

potentially support the hypothesis that CR K. pneumoniae have evolved to utilize 

mechanisms of iron acquisition other than siderophores to evade the host 

immune response and prevent death of the host. 
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5.5  Requirement for multiple siderophores 

Chapter III illustrated that the secretion of individual siderophores was not 

sufficient to induce the inflammatory response and bacterial dissemination to the 

spleen (Figure 3.5). This is surprising and is in contrast with the prevalence of K. 

pneumoniae strains that secrete only one or two siderophores, commonly Ent 

and Ybt [13]. It is well accepted that bacteria secrete additional siderophores to 

evade the effects of Lcn2 sequestration of Ent [18, 43]. However, the lack of 

inflammation and dissemination induced by Ent was not due to Lcn2-mediated 

sequestration of Ent (Figure 3.7). Additionally, Ent in combination with Sal or Ybt 

was not sufficient to induce inflammation and dissemination, indicating that 

secretion of Ent, Sal, and Ybt were all required for the immune response and 

dissemination to the spleen. It is not clear why the production of multiple 

siderophores would be required for the maximal secretion of pro-inflammatory 

cytokines and bacterial dissemination. One could postulate that the variety of 

siderophores produced permits the targeting of multiple pathways, such as the 

UPR, HIF stabilization, and MAPK, that a single siderophore is not capable of 

activating on its own. The presence of many different siderophores may simply 

overwhelm host cells, leading to a complete inability to regulate the secretion of 

cytokines and prevent bacterial dissemination.  

As stated above, the majority of K. pneumoniae strains secrete one or two 

siderophores; the secretion of Ent, Sal, and Ybt by a clinical isolate of K. 

pneumoniae is rare, though not unheard of [13]. However, secretion of multiple 

siderophores by K. pneumoniae is highly associated with hypervirulent strains 
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that cause invasive, community-acquired infections [224]. Other characteristics of 

hypervirulent strains include K1 or K2 capsule and the presence of rmpA that can 

up-regulated capsule production [224]. These strains cause highly invasive 

infections, including PLA, meningitis, and endopthalmitis [224]. The WT strain 

used in these studies, KPPR1, is a Rifampin-resistant derivative of a human 

clinical isolate with similar virulent gene contents to the invasive strains described 

above, and likely represents a hypervirulent strain of K. pneumoniae [225]. This 

strain may be hypervirulent due to its thick mucoid capsule or other virulence 

factors [149]. However, the secretion of Ent, Sal, and Ybt may also contribute to 

the hypervirulent phenotype induced in response to infection with this strain. 

Therefore, while not relevant to infection with strains that secrete one or two 

siderophores, the results presented within this thesis are crucial for 

understanding infection with hypervirulent strains of K. pneumoniae that secrete 

multiple siderophores and are likely to cause significant morbidity. 

 A fourth siderophore that is commonly secreted by many Gram-negative 

bacteria is Aer. Aer is associated with morbidity but is not secreted by KPPR1, 

and therefore was not examined within this thesis [94, 95]. Strains that carry Aer, 

such as NTUH-K2044, are becoming more prevalent in Asia and cause severe 

liver abscesses [95]. Whereas Aer is commonly encoded in K. pneumoniae 

strains in Asia, it is still relatively rare in the US [13]. It would be interesting to 

determine if Aer is sufficient to induce inflammation and dissemination on its own 

in our murine model of pneumonia, or if this response would require the secretion 

of additional siderophores. Because Aer is thought to acquire iron directly from 
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host tissues rather than from transferrin, it is possible that Aer may be 

inflammatory even in the absence of the secretion of multiple siderophores [63]. 

However, if multiple siderophores were required, it would be interesting to 

examine the combinations of siderophores that are necessary for the induction of 

inflammation and dissemination during K. pneumoniae infection. 

 

5.6  Siderophores as therapies 

Siderophores are secreted by many species of Gram-negative bacteria, including 

Klebsiella spp, E. coli, Yersinia spp, and Salmonella spp [150]. Because 

siderophores are conserved among many species and are pro-inflammatory, it is 

possible that they could serve as a vaccine component to combat infection. 

Effective vaccines must utilize components that are associated with pathogens 

rather than commensals, are expressed during infection, and are immunogenic 

[226]. Chapter III illustrated that siderophores could induce IL-6 secretion during 

murine pneumonia. IL-6 can aid in the growth and differentiation of adaptive 

immune cells such as B cells and T cells, both of which are important in an 

immune response to a vaccine [227]. Siderophore-dependent induction of IL-6 

secretion may therefore aid in the induction of an adaptive immune response. For 

this reason, siderophores could represent a direct vaccine target, however they 

could also be used as an adjuvant due to their ability to induce an immune 

response. Although Ent is commonly secreted by pathogens and commensals, 

both Ybt and Sal are more highly associated with pathogens [13, 18]. 

Additionally, because multiple siderophores were required in vivo for the maximal 
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secretion of cytokines, it is possible that multiple siderophores must be included 

in the vaccine to induce an immune response. The presence of multiple 

siderophores would also increase the range of bacterial species against which 

the vaccine could be effective.  

Purified siderophores may represent a potential vaccine component, 

however, an attenuated strain of bacteria that secretes siderophores could also 

be considered. One example of an attenuated, siderophore-secreting strain is the 

tonB mutants generated and examined within Chapter III of this thesis. These 

bacteria persist within the lung, secrete siderophores, induce an immune 

response, but do not grow. Additionally, a tonB mutant in a hypervirulent strain of 

K. pneumoniae that produces multiple siderophores, NTUH-K2044, can induce 

an immune response that is protective upon secondary infection with WT K. 

pneumoniae infection [93]. However, because siderophores can also induce 

bacterial dissemination to the spleen, careful work would need to be performed to 

examine tonB mutants as vaccine components. For the studies described within 

this thesis, an extremely high inoculum of 108 bacteria was used, and it is 

possible that a lower inoculum could induce an immune response without 

inducing dissemination. This hypothesis is corroborated by the aforementioned 

study, in which mice were immunized with 105 NTUH-K2044 tonB bacteria. Upon 

secondary infection with 103 WT NTUH-K2044, 8/8 mice survived, whereas all 

non-immunized mice succumbed to infection [93]. Comparing immunization with 

tonB K. pneumoniae (Ent+Ybt+Sal+) and entB ybtS tonB K. pneumoniae 

(siderophore-negative) could determine if secretion of siderophores by these 
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strains is responsible for the induction of the protective effect. Additionally, in our 

studies mice were infected with tonB K. pneumoniae retropharyngeally. An 

alternate site or method of administration, such as intramuscular injection or 

intranasal inoculation, could be preferential over retropharyngeal infection. 

Together, the data presented within this thesis, as well as studies previously 

performed by other groups, support further experimentation to examine the 

effectivity of siderophores and tonB strains of bacteria as vaccine candidates. 

 Another use for siderophores therapeutically may be in combination with 

antibiotics to combat biofilm formation. This is particularly attractive as a potential 

therapy to disrupt P. aeruginosa biofilms in patients with cystic fibrosis [228]. 

Cystic fibrosis patients have an extremely high concentration of iron available in 

the airway surface liquid of the lung, and iron chelators may disrupt the biofilm, 

allowing antibiotics to more effectively treat the infection [229]. Previously, DFO 

used in combination with the antibiotic tobramycin resulted in a decreased in 

bacterial burden and biofilm biomass, indicating that this may be a viable 

treatment option [230]. A stronger chelator, such as Ent, could represent a better 

siderophore to be used in combination with antibiotics due to its extremely high 

affinity for iron. However, the inflammatory response that may be initiated in 

response to the iron chelation could be problematic for patients suffering from 

cystic fibrosis. The inflammatory effects of any iron chelator used in combination 

with antibiotics should be examined to verify that cystic fibrosis patients will not 

suffer adverse effects from this potential therapy. In this way, siderophores may 

be used as one part of a therapy for cystic fibrosis patients infected with biofilms. 
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5.7  Conclusions 

Although the first siderophores were discovered over half a century ago, the 

importance of siderophores as virulence factors during colonization and infection 

is still being uncovered today. Originally thought to be redundant iron-binding 

molecules, it is becoming more evident that individual siderophores can serve 

specific roles by evading Lcn2, binding non-iron heavy metals, initiating or 

inhibiting host cellular pathways, and determining the replicative niche during 

infection. Whether additional functions can be performed by distinct siderophores 

remains to be determined. Overall, more precise knowledge of the functions 

attributable to individual siderophores may allow for the development of novel 

therapeutics or vaccines. 

 The work presented in this thesis has defined a novel role for 

siderophores as inflammatory agents during infection with K. pneumoniae. This 

work also has identified a novel host-pathogen interaction between siderophores 

and the master transcription factor HIF-1α that leads to bacterial dissemination to 

the spleen. Finally, potentially uncharacterized mechanisms of iron acquisition 

have been identified in CR K. pneumoniae using RNASeq. Applications to exploit 

these newly characterized roles for siderophores during infection could be 

utilization of siderophores in vaccines and as drugs to combat infection. 

Together, these data have increased the understanding of K. pneumoniae 

infection and may aid in the discovery of novel therapeutics to combat disease 

caused by siderophore-secreting bacteria. 
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