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Abstract

Background

Cefiderocol (CFDC) is a novel siderophore-cephalosporin, effective against multidrug-resis-

tant Gram-negative bacteria. As it has a siderophore side chain, it can utilize iron acquisition

systems for penetration of the bacterial outer membrane. We aimed to elucidate the role of

siderophores and iron uptake receptors in defining Klebsiella pneumoniae susceptibility to

CFDC.

Methods

Initially, 103 K. pneumoniae strains were characterized for susceptibility to different antibiot-

ics including CFDC. CFDC minimum inhibitory concentrations (MIC) were determined in

iron-depleted and iron-enriched conditions. Iron uptake genes including siderophores, their

receptors, ferric citrate (fecA) and iron uptake (kfu) receptors were detected by PCR in all

the strains. For 10 selected strains, gene expression was tested in iron-depleted media with

or without CFDC treatment and compared to expression in iron-enriched conditions.

Results

CFDC exhibited 96.1% susceptibility, being superior to all the other antibiotics (MIC50: 0.5

and MIC90: 4 μg/ml). Only three strains (2.9%) were intermediately susceptible and a pan-

drug resistant strain (0.97%) was resistant to CFDC (MIC: 8 and 256 μg/ml, respectively).

The presence of kfu and fecA had a significant impact on CFDC MIC, especially when co-

produced, and if coupled with yersiniabactin receptor (fyuA). CFDC MICs were negatively

correlated with enterobactin receptor (fepA) expression and positively correlated with

expression of kfu and fecA. Thus, fepA was associated with increased susceptibility to

CFDC, while kfu and fecA were associated with reduced susceptibility to CFDC. CFDC

MICs increased significantly in iron-enriched media, with reduced expression of siderophore

receptors, hence, causing less drug uptake.
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Conclusion

Iron acquisition systems have a significant impact on CFDC activity, and their altered

expression is a factor leading to reduced susceptibility. Iron concentration is also a major

player affecting CFDC susceptibility; therefore, it is essential to explore possible ways to

improve the drug activity to facilitate its use to treat infections in iron-rich sites.

Introduction

Klebsiella pneumoniae is an important Gram-negative bacterial pathogen that represents a

public health threat, coupled with the spread of antimicrobial resistance (AMR) across the

globe. There is a continual rise in mortalities related to ineffective treatment as bacteria

develop resistance mechanisms against novel antibiotics [1]. Cefiderocol (CFDC) is a novel

antibiotic produced to treat multidrug resistant (MDR) and carbapenem resistance (CR)

Enterobacteriaceae, including K. pneumoniae [2]. The unique characteristic of CFDC is its

chemical structure, as it is considered as the first cephalosporin combined with a siderophore

[3]. Natural siderophores are iron-chelating compounds secreted by bacteria to acquire and

transport iron across the cell membrane. CFDC has a catechol side chain allowing it to act like

a siderophore, by binding to ferric iron (Fe3+) and using the iron transport systems found on

the outer membrane (OM) of Gram-negative bacteria (GNB) to enter the bacterial cells using

trojan-horse approach [4]. CFDC-iron complex can pass into the cell through ferric iron

receptors, siderophores receptors as well as passively diffuse through the OM and reach the

periplasmic space where iron detaches from the antibiotic [5]. This is especially important

because it allows CFDC to be present in high concentrations in the periplasmic space of GNB.

CFDC then binds to penicillin-binding proteins, to inhibit peptidoglycan synthesis leading to

bacterial death [6].

Iron is a fundamental microelement for bacteria, used as a cofactor with many enzymes

involved in vital cellular processes, such as electron transport and cellular respiration [7]. It is

usually depleted at the site of infection, as part of host immune response to microbial infec-

tions [8]. This phenomenon is known as nutritional immunity where the body uptakes trace

minerals to limit the growth of invading pathogens, hence low iron levels are present at the site

of infection [9]. Another form of immune response is to block the uptake of siderophores into

the bacterial cells by producing molecules like lipocalin-2 which can bind to siderophores pre-

venting them from providing the bacteria with iron, leading to bacteriostatic effect in vitro [9].

On the other hand, patients with elevated iron levels due to hemochromatosis or frequent

blood transfusions are found to be more susceptible to systemic bacterial infections [10]. It is

important to note that there are sites in the human body with high iron content. The liver, for

example, is heavily loaded with iron; and to the best of our knowledge, the level of iron deple-

tion in the liver during bacterial infection is not documented in the literature. It is well known

that K. pneumoniae can cause serious infections in the liver, including pyogenic abscesses trig-

gered by hypervirulent strains [11]. To date, CFDC has been FDA-approved for use to treat

urinary tract infections and respiratory tract infections, and it is still unknown if it can be

effective in treating other types of infection. It is poorly understood how CFDC can penetrate

the bacteria in iron enriched environment. Moreover, CFDC is not approved for the treatment

of blood stream infections (BSI). In addition, the clinical trials showed that CFDC exhibited

higher mortality rates when used to treat BSI [12].

More recent studies have focused on the importance of iron, its uptake mechanisms, and its

relation to the pathogenicity of K. pneumoniae. Chen et al., 2020 tested bacterial growth under
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different iron concentrations for K. pneumoniae strains causing liver abscess compared to oth-

ers that do not cause liver abscess. They have demonstrated that maximum bacterial growth

was observed in iron rich media with the highest tested concentration (50 μM) of iron.

Another important finding in their study was the siderophore expression rates. They estab-

lished that all four siderophores, namely enterobactin, aerobactin, yersiniabactin, and salmo-

chelin were expressed in iron depleted condition more than in iron rich media [11].

Bacteria can also acquire iron through other pathways such as Klebsiella ferric iron uptake

(kfu), and ferric iron citrate receptors (fecA). FecA transports ferric iron (Fe3+) across the outer

membrane and one study identified that fecA system contributed to the virulence of enterobac-

tin (entB) mutant E. coli [13]. Limited data is available on these genes in pathogenic strains of

Klebsiella pneumoniae. Although CFDC is mostly dependent on the iron content at the site of

infection, no study documented the effect of iron concentration on the expression of iron

acquisition genes and their effect on CFDC activity in K. pneumoniae.
To the best of our knowledge, iron uptake genes including siderophore receptors (fepA,

fyuA, iroN, and iutA), ferric iron uptake (kfu), and ferric citrate receptor (fecA) were not inves-

tigated in relation to the activity of CFDC. Therefore, this study aimed to investigate the effect

of these iron acquisition genes on the activity of CFDC on a group of K. pneumoniae strains

form diverse clinical sources. It also aimed to test the expression of these genes in response to

treatment with CFDC in iron depleted condition compared to the expression obtained in iron

enriched and iron depleted conditions without CFDC treatment.

Materials and methods

Strains and growth conditions

A total of 103 non-duplicated Klebsiella pneumoniae strains were investigated in this study.

The bacterial collection included 91 clinical strains isolated from patients attending to hospi-

tals in the UAE including Tawam Hospital, Al-Ain, Dubai hospital and Rashid Hospital,

Dubai. The clinical strains were collected from the microbiology laboratories, without reveal-

ing patient identity or medical information, in accordance with the obtained ethical approval

from Tawam Human Research Ethics Committee, Al-Ain, UAE (approval number: MF2058-

2021-761). K. pneumoniae strains were isolated from multiple infection sites, including urinary

specimens (n = 38), respiratory specimens (n = 29), wound or tissue specimens (n = 12), blood

(n = 11) and body fluids (n = 1) as shown in S1 Table.

Additional 12 strains were purchased from American Type Culture Collection (ATCC,

USA) including strains with special characteristics and known resistance gene profiles (S2

Table). All the bacteria were preserved in brain heart infusion broth (MAST, UK) with 20%

glycerol and stored at– 80˚C. The strains were checked for purity before any experiment.

Antibiotic susceptibility testing

Disk diffusion test was used for antibiotic susceptibility screening using 14 antibiotics covering

seven antibiotic categories. Antibiotic disks obtained from Mast, UK, including amoxicillin/

clavulanic acid (20/10 μg), piperacillin/ tazobactam (100/10 μg), cefiderocol (30 μg), cefotax-

ime (30 μg), cefoxitin (30 μg), ceftazidime (30 μg), cefepime (30 μg), cefpodoxime (10 μg), gen-

tamicin (10 μg), ciprofloxacin (5 μg), trimethoprim-sulfamethoxazole (1.25/23.75 μg),

ertapenem (10 μg) and meropenem (10 μg) were applied on Muller Hinton Agar (Oxoid, UK)

using Mast1Diskmaster Systems dispenser (Mast, UK). The plates were incubated overnight

at 37˚C. The experiments were performed and interpreted according to the Clinical and Labo-

ratory Standards Institute (CLSI) guidelines [14].
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Phenotypic detection of extended spectrum beta-lactamase (ESBL) production was per-

formed using double disk synergy test with cephalosporins and amoxicillin-clavulanate (AUG)

[15]. Modified carbapenem inactivation method (mCIM) was used for the phenotypic detec-

tion of carbapenamase production and EDTA-CIM (eCIM) method was used for the differen-

tiation between serine carbapenamases and metallo β-lactamases as recommended by the

CLSI [14] and as described before [16].

Determination of minimum inhibitory concentration (MIC) was performed as a quantita-

tive measurement of antimicrobial sensitivity using broth microdilution test. As iron is

depleted at sites of infection, iron depleted media was prepared as per the CLSI recommenda-

tions [14] in order to determine the MIC for CFDC (obtained from MedChemExpress, USA).

Briefly, BBL™ Mueller Hinton II Broth, Cation-Adjusted (Becton Dickinson, USA) was pre-

pared according to manufacturer’s instructions. Every 1 L of sterilized broth was mixed with

100g Chelex 100 Resin (Bio-Rad Laboratories, Inc, USA) and stirred for 2 hours to remove cat-

ions. Calcium, magnesium, and zinc prepared to reach a final concentration of 20–25 mg/L,

0–12.5 mg/L, 0.5–1.0 mg/L, respectively, were added to the media. The pH of the broth was

checked and adjusted to 7.3 and the media was finally sterilized using 0.22 μm filter. In addi-

tion to CFDC, MIC testing was performed to determine susceptibility to meropenem (MEM),

ceftazidime (CAZ), cefepime (CPM), and colistin (COL) using Muller Hinton broth (Oxoid,

UK). These antibiotics were chosen as they are considered comparator antibiotics to CFDC, as

described before [16, 17]. List of the strains used in this study with antibiotic susceptibility pro-

files is shown in S1 Table.

Time-kill studies

Selected strains (n = 8) were chosen to establish the time at which CFDC can kill K. pneumo-
niae over a period of 24 hrs treatment. This was important in order to determine the dura-

tion of treatment to be used in the gene expression studies. To conduct the test, CFDC was

diluted to the concentration of predetermined MIC for each strain. Concentrations pre-

pared were equivalent to ¼, ½, 1, 2, 4, 8, and 16 X MIC, as well as a growth control

(untreated culture) without the addition of any antimicrobial agent [18]. An inoculum of

bacteria with a concentration of ~ 5 X 105 CFU/ml was used. The test was done in a 96 well

plate which was incubated at 37˚C during the experiment. Every 2 hrs; starting from 0, 2, 4,

6, and finally 24 hrs after treatment, an inoculum of 5 μl was taken from each well, serially

diluted in 0.85% NaCl and spotted on agar for colony counting [19]. After overnight incuba-

tion at 37˚C, colonies were counted, and bacterial concentration (CFU/ml) was calculated.

Each experiment was conducted in duplicate, then mean and standard deviation of bacterial

concentration at every time point for each concentration tested were calculated. A semi-log

plot was prepared by calculating the log10 of the bacterial concentration at every time point

for each concentration tested. Log10 coordinate was plotted on the Y axis against time on X

axis [19, 20].

Effect of iron depletion and iron enrichment on CFDC activity

Activity of CFDC was tested in iron depleted and iron enriched media. FeCl3 (Sigma Aldrich,

USA) stock solution was prepared to a concentration of 0.1 M, then added to the iron depleted

media to reach a concentration of 100 μM. The level of ferric iron in the culture media was

confirmed using a colorimetric iron assay kit (ab83366; Abcam, UK). MICs were determined

in iron enriched media for 24 selected strains and were compared to the MICs in iron depleted

conditions (list of selected strains is shown in S3 Table).
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Detection of genes encoding siderophores and iron acquisition receptors

DNA was extracted from pure bacterial colonies using boiling lysis method [21]. The mecha-

nism of penetration of CFDC through the OM is described in the literature as passing through

the iron transport system [22, 23]. As there are multiple genes and receptors responsible for

the uptake of iron, we inspected different genes to identify particular pathways for the uptake

of CFDC. Two receptors responsible for iron transport were tested including iron uptake sys-

tem (kfu) and ferric citrate receptor (fecA). In addition, as CFDC is siderophore-cephalospo-

rin, PCR was used to detect the genes encoding siderophore and siderophore receptors,

including enterobactin (entB), and its receptor (fepA); aerobactin (iucA) and its receptor

(iutA); salmochelin (iroB), and its receptor (iroN); yersiniabactin (irp1) and its receptor

(fyuA).

For the amplification of each gene, 5x Hot FIREPol1 Ready to Load Master Mix (Solis Bio-

dyne, Estonia) was used with a primer concentration of 0.2 μM for each of the forward and

reverse primers [24]. List of primers is shown in Table 1. All amplifications were carried out

on a Veriti 96-well thermal cycler (Applied Biosystems, USA). PCR products were detected on

agarose gel using electrophoresis. Bacterial strains were then compared for the contents of iron

acquisition genes in relation to CFDC MICs.

Expression of genes encoding siderophores and iron acquisition receptors

Selection of bacterial strains for gene expression analysis and treatment groups. From

the 103 strains investigated in this study, a total of 10 strains were chosen for gene expression

experiments. Strains were selected to encompass a variety of iron acquisition genes; thus,

strains harboring 1–4 siderophores and/or different iron transport system genes (kfu and/or

Table 1. List of primer sequences used for PCR amplification of iron acquisition genes.

Gene Primer Sequence (5’-3’)� Amplicon size Reference

Enterobactin (entB) F: ATATCCCGGCGAACAAGGTC 138 [11]

R: CGGCGATATTAGCCACCACT

Enterobactin-receptor (fepA) F: CGACGTCTCGGAGATCATT 94 [25]

R: GATATCAATCTGGCGGTTGTT

Aerobactin (iucA) F: TTTCCTGCTCATCTGGTCAC 103 [25]

R: CTGGCAGAAAAAGTTGATGC

Aerobactin-receptor (iutA) F: GGCTGGACATCATGGGAACTGG 282 [26]

R: CGTCGGGAACGGGTAGAATCG

Salmochelin (iroB) F: ACGACGGCGAACCCATTATT 179 [11]

R: GACTTCACTGGCGGAATCCA

Salmochelin- Receptor (iroN) F: AATCCGGCAAAGAGACGAACCGCC 553 [26]

R: GTTCGGGCAACCCCTGCTTTGACTT

Yersiniabactin (irp1) F: CTCAGTGGCAACAACAGTGC 151 [11]

R: GATGGCGCGGTGAATGTTAC

Yersiniabactin-receptor (fyuA) F: TGATTAACCCCGCGACGGGAA 785 [26]

R: CGCAGTAGGCACGATGTTGTA

Iron uptake gene (kfu) F: ATAGTAGGCGAGCACCGAGA 520 [27]

R: AGAACCTTCCTCGCTGAACA

Ferric Iron Receptor (fecA) F: CGGGTATGCGTTTCGAACAT 152 [26]

R: CGAGCCTTCAGTGTTTGCAT

�

F: forward; R: reverse

https://doi.org/10.1371/journal.pone.0277946.t001
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fecA) were included. The collection also composed of strains selected based on susceptibility to

CFDC, including some susceptible strains (n = 6), all the intermediately susceptible strains

(n = 3), and the only strain which was resistant to CFDC (n = 1).

Three types of treatment were applied, including growth in iron depleted media, iron

enriched media and treatment with CFDC in iron depleted media. To test the effect of CFDC

treatment on the expression of siderophores and iron acquisition genes, 2 X MIC of CFDC

was used to treat bacterial cultures. The concentration was determined as subinhibitory and

not bactericidal when used to treat a culture with density of 0.5 McFarland units (~ 108 CFU/

ml) to allow for the expression of genes.

RNA extraction and cDNA synthesis. RNA was extracted using Monarch Total RNA

Miniprep Kit (New England Biolabs, UK) according to the manufacturer’s recommended pro-

tocol for RNA isolation from Gram negative bacteria. Briefly, fresh bacterial cultures (equiva-

lent to 0.5 McFarland units) were prepared. RNA was extracted from 2 ml culture at the

baseline (time 0), then after 2, 4 and 6 hours of incubation at 37˚C in an orbital shaker. Bacte-

rial suspensions were centrifuged at 14,000 rpm for 10 mins to pellet the cells. Cell lysis was

done by enzymatic destruction by suspending the pellet in 200 μl of 3 mg/ml lysozyme (Sigma

Aldrich, Germany) and incubation at 37˚C for one hour. NanoDrop™ 1000 Spectrophotometer

(Thermo Scientific, USA) was used for quantification of RNA and to check its purity.

Extracted RNA was immediately stored at– 80˚C until use [28]. cDNA was prepared with 1μg

of total RNA using FIREScript RT cDNA Synthesis Mix (Solis BioDyne, Estonia) with Oligo

(dT) and Random hexamer primers. Reveres transcription reactions were carried out in a Ver-

iti 96-well thermal cycler (Applied Biosystems, USA) as follows: primer annealing at 25˚C for

10 mins; reverse transcription at 37˚C for 30 mins; enzyme inactivation at 85˚C for 5 mins.

cDNA was stored at– 20˚C until use for real-time PCR.

Real-time PCR. Real-time assay was carried out to assess the expression of the genes listed

in Table 1, as described before [11, 25–27]. The reaction mixture consisted of 0.2 μM primers,

1 μl of cDNA, and 4 μl of HOT FIREPol1 EvaGreen1 qPCR Supermix (Solis BioDyne, Esto-

nia), adjusted to 20 μl with molecular biology grade water [29]. Real-time PCR was done using

the 7500 Real-Time PCR System (Applied Biosystems, USA). Thermal cycling conditions

included an initial denaturation step at 95 for 12 min, followed by 40 cycles of denaturation

(95˚C-15 sec); annealing (60˚C-20 sec) and extension (72˚C-30 sec), followed by melt curve

analysis. Each sample was run in duplicate.

To analyse the generated data, cycle threshold (Ct) values were used to calculate ΔCt using

mean CT values generated for each gene subtracted from mean Ct values of the housekeeping

gene of the same sample [30]. The gene rpoB was used a housekeeping gene for normalization

as described before for K. pneumoniae [11]. Expression Fold Change (RQ) was calculated to

study the difference in the expression across different time points and between different

treatments.

Fold change (FC) equation used is:

FC = 2-ΔΔCt where ΔΔCt = ΔCt value of target gene–average ΔCt of control.

ΔCt of control was either for time 0 (bassline expression), or the values for untreated culture

grown in iron depleted media at the same time point for the same target gene.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 26.0 software (SPSS Inc., Chi-

cago, IL, USA). Data were expressed as mean ±SD. Mann-Whitney U test was used for the

comparison of two independent groups. Two-tailed Spearman’s test was used to examine the

correlation between MICs and gene expression in different groups, and to correlate the
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expression of various iron acquisition genes. Statistical significance was determined at p<
0.05. Graphs were generated using GraphPad Prism1 Version 9.4.0 (GraphPad Software, Inc.,

La Jolla, CA, USA). R Project for Statistical Computing software (R version 4.1.2) was used for

dendrogram generation and heatmap construction.

Results

Characteristics of the strains and response to CFDC treatment

Based on antibiotic resistance profiles, 31% (n = 32) strains were denoted as multidrug resis-

tant (MDR) due to resistance to at least one antibiotic in�3 and<6 antimicrobial categories.

In addition, 36.9% (n = 38) strains were found to be extensively drug resistant (XDR) due to

resistance to one antibiotic in� 6 antimicrobial categories [31]. One strain (KPN 68) was pan-

drug resistant, due to non-susceptibility to all tested drugs, including CDFC. ESBL production

was detected phenotypically in 20.4% (n = 21) of the strains by presentation of keyhole effect

between AUG and�1 cephalosporin [15]. Carbapenem non-susceptible strains represent 33%

(n = 34) of the strains tested and carbapenemase production was confirmed using mCIM and

eCIM tests.

Table 2 presents summarized data of the MICs range, MIC50 and MIC90 of the antibiotics

used on the tested bacterial isolates. A full list of all the strains with results of antibiotic suscep-

tibility testing are shown in S1 Table.

CFDC was highly effective against the tested strains with 96.1% (n = 99) susceptibility,

while only three strains (2.9%) were intermediately susceptible and one (0.97%) pandrug resis-

tant strain (KPN 68) resistant to CFDC, with MICs of 8 and 256 μg/ml, respectively. CFDC

inhibited 91% (n = 61) of strains resistant to one or both parent antibiotics, CPM and CAZ,

and was highly effective on MDR and XDR strains including those resistant to carbapenems

and colistin.

MICs for CDFC were almost always lower than cefepime, ceftazidime, meropenem and

colistin with mean fold difference ± SD, 44.3±75.5, 51.4±77.3, 14.8±39.2 and 3.2±5.3, respec-

tively. This was true for all the strains except one (KPN 8) which was highly susceptible to

CPM, CAZ, and MEM exhibiting extremely low MICs (<0.015, 0.25, and 0.031 μg/ml, respec-

tively); however, it showed a higher MIC to CFDC (2 μg/ml), but still in the susceptible range.

This finding attracted our attention to the presence of other factors affecting the activity of the

drug, namely, iron transport systems.

As shown in Table 2, CFDC MIC increased significantly in iron enriched media (p<0.001).

CFDC lost its activity against 14/24 strains when compared to CLSI breakpoint with 2–32

folds increase in the MICs when cultured in iron enriched media. List of strains tested in both

iron depleted and iron enriched media with their MIC values is shown in S3 Table.

Table 2. MIC distribution for antibiotics (CFDC, MEM, CAZ, CPM and COL) tested on the bacterial strains.

Antibiotics MIC (μg/ml) Number of tested strains

MIC50 MIC90 Range

CFDC—iron depleted media 0.5 4 �0.06–256 103

CFDC—iron enriched media 8 128 1–128 � 24

MEM 0.0625 128 0.0078–128 103

CAZ 32 128 0.06–128 103

CPM 16 128 0.0078–128 103

COL 0.5 8 0.125–16 103

� CFDC MIC increased significantly (p<0.001) when tested in iron enriched media for selected strains (n = 24)

https://doi.org/10.1371/journal.pone.0277946.t002

PLOS ONE Effect of iron acquisition systems on susceptibility to cefiderocol in Klebsiella pneumoniae

PLOS ONE | https://doi.org/10.1371/journal.pone.0277946 December 29, 2022 7 / 23

https://doi.org/10.1371/journal.pone.0277946.t002
https://doi.org/10.1371/journal.pone.0277946


Time-kill assay for CFDC was done to determine the time of killing for use in gene expres-

sion studies. Accordingly, bactericidal effect was observed at� 1X MIC at 6 hrs across all

tested strains (n = 8). Higher concentrations such as 8 and 16 X MIC had bactericidal effects at

4 hrs time point in 50% of the strains. CFDC showed little effect in the first 2 hrs then, the

growth rate started declining rapidly after 4 hrs with concentration� 1X MIC, till complete

killing at the 6 hrs time point. Plots of colony count (log10 CFU/mL) versus time for represen-

tative strains are demonstrated in Fig 1.

Effect of iron acquisition genes on CFDC

As shown in Fig 2, the tested 103 strains contained different combinations of siderophores

(Fig 2A) and siderophore receptors (Fig 2B).

As shown in Fig 2A, enterobactin (entB) was detected in all 103 strains, and 38 strains

(36.9%) produced entB only without other siderophores. The co-production of other sidero-

phores in addition to entB is shown in the overlapping areas between the labelled sections of

the Venn diagram. As shown in Fig 2B, all 103 strains produced the enterobactin receptor

Fig 1. Representative time-kill graphs of four selected strains (A-D) treated with CFDC. Mean of duplicates from two independent experiments ± SD are

shown. GC is untreated growth control.

https://doi.org/10.1371/journal.pone.0277946.g001
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(fepA), with only 36 strains (34.95%) had this receptor alone, while the rest of the strains car-

ried other receptors accompanied by fepA. Although no strain produced the four siderophores,

a few strains (n = 6; 5.8%) produced the four receptors.

Table 3 shows the combinations of iron acquisition receptor genes found in the strains, and

effects on CFDC MICs.

As shown in Table 3, the production of either ferric citrate receptor (fecA) or iron uptake

receptor (kfu) with enterobactin receptor (fepA) had a significant effect on CFDC MIC. They

also caused a significant increase to the MIC of CFDC when they were co-produced with

Fig 2. Venn diagrams for siderophore genes and their receptors. Four siderophore genes (A) and their receptors (B)

were detected by PCR in 103 Klebsiella pneumoniae strains investigated in this study. The numbers shown represent

the number of strains containing the genes.

https://doi.org/10.1371/journal.pone.0277946.g002
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yersiniabactin receptor (fyuA). The presence of kfu with fyuA, even without fecA, also caused a

significant increase in CFDC MICs in some strains.

Gene expression

Gene expression (GE) of siderophores, siderophore receptors and iron transport genes was

assessed in 10 strains, including CFDC resistant (R; n = 1), intermediately susceptible (I;

n = 3), and susceptible (S; n = 6) strains. Table 4 is a list of the strains used in GE and their

properties.

GE in iron enriched media and CFDC treated cultures were compared and normalized to

expressions detected in iron depleted media at the same time point of treatment. Folds change

Table 3. Combinations of iron acquisition receptor genes found in the strains and their effect on CFDC MICs.

Receptor genes ¥ N (%) CFDC MIC (μg/ml) p value

MIC50 Range

Enterobactin (fepA) alone (control group) # 9 (8.7) 0.06 0.02–4 -
fepA + Yersiniabactin receptor (fyuA) 15 (14.6) 0.125 0.03–2 0.155

Ferric citrate receptor (fecA) 17 (16.5) 1 0.06–8 ‡ 0.013�

Iron uptake receptor (kfu) 5 (4.9) 2 0.125–4 0.024�

fecA + fyuA 14 (13.6) 0.5 0.25–2 0.53

kfu + fyuA 19 (18.4) 1 0.03–256 ‡ 0.028�

kfu + fecA 10 (9.7) 0.5 0.03–2 0.113

kfu + fecA + fyuA 14 (13.6) 1 0.125–8 ‡ 0.011�

# group of strains harbouring enterobactin receptor (fepA) was used as a control group, for comparison to each of the groups with other receptors.

� significant difference
‡ intermediately susceptible (MIC = 8 μg/ml), or resistant (MIC = 256 μg/ml)
¥ some strains contained other receptors (e.g. iutA, and/or iroN) and were grouped together for purpose of statistical comparison

https://doi.org/10.1371/journal.pone.0277946.t003

Table 4. Strains tested for gene expression and their properties including genes encoding iron acquisition systems and CFDC MICs in iron depleted and iron

enriched media.

Strains (CFDC

susceptibility)

Antibiotic susceptibility

profile �
Genes for

siderophores

Genes for siderophore

receptors

Iron uptake

genes

CFDC MIC (μg/ml)

Iron depleted

media

Iron enriched

media

Fold

change$

KPN 68 (R) PDR entB, irp1 fepA, fyuA kfu 256 ‡ >256 # ND

CDC AR0066 (I) XDR, ESBL, CR entB, irp1 fepA, fyuA fecA, kfu 8 ‡ 256 # 16

NCTC 13439 (I) MDR, ESBL, CR entB fepA fecA 8 ‡ 256 # 16

KPN 63 (I) ESBL entB, iroB fepA, iroN fecA 8 ‡ 32 # 4

KPN 249 (S) XDR, CR entB, irp1 fepA, fyuA kfu 4 128 # 32

KPN 8 (S) SUS entB, irp1, iroB fepA, fyuA, iutA none 2 4 2

KPN 23 (S) XDR, CR entB, irp1 fepA, fyuA kfu 2 8 4

CDC AR0039 (S) XDR, ESBL, CR entB fepA none 0.5 1 2

KPN 62 (S) MDR entB fepA, fyuA fecA, kfu 0.5 2 8

KPN 7 (S) SUS entB fepA none 0.03 <0.06 ND

� MDR: multidrug resistant; CR: carbapenem resistant; XDR: extensively drug resistant; PDR: pandrug resistant; ESBL: extended spectrum beta-lactamase, SUS:

susceptible to all antibiotics tested
‡ intermediately susceptible (MIC = 8 μg/ml), or resistant (MIC = 256 μg/ml)
# MIC > 8 μg/ml: CFDC resistant based on CLSI breakpoints in iron depleted media
$ fold increase in CFDC MIC in iron enriched compared to iron depleted media; ND: not determined (MIC was too low, or too high)

https://doi.org/10.1371/journal.pone.0277946.t004
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in expression are shown in Figs 3–5. Additionally, GE in iron depleted media, iron enriched

media and CFDC treated cultures were compared and normalized to expressions detected in

time 0 (as baseline expression) of bacteria suspended in iron depleted media. Fold changes in

expression of all strains in the three media are represented as heatmaps in Fig 6 to demonstrate

the patterns of gene expression.

Fig 3. Gene expression of enterobactin (entB) and its receptor (fepA) in strains overtime in different media. Fold

changes of expression were calculated for strains grown in different media by comparing the expression of each gene

for bacteria treated with CFDC or grown in iron enriched media to the expression of the same gene at the same time

point when the bacteria were grown in iron depleted media.

https://doi.org/10.1371/journal.pone.0277946.g003
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It was observed that maximum expression of all iron acquisition genes was reached at 4 hrs

in some strains and at 6 hrs in the others in different growth conditions (Figs 3–6). As shown

in Fig 3, enterobactin (entB) and its receptor (fepA) were detected in all the 10 strains, while

the rest of the siderophore genes and their receptors were expressed in some strains as shown

in Figs 4 and 5.

GE of entB siderophore was significantly higher in I group than S group in iron enriched

media (p = 0.023) (Fig 3B). GE of fepA was significantly higher than the expression of entB
when bacteria were cultured in iron depleted media with or without CFDC. As shown in Fig

3C and 3D, fepA expression was significantly lower in bacteria grown in iron enriched media

Fig 4. Gene expression of yersiniabactin (irp1) and its receptor (fyuA) in strains overtime in different media. Fold

changes of expression were calculated for strains grown in different media by comparing the expression of each gene

for bacteria treated with CFDC or grown in iron enriched media to the expression of the same gene at the same time

point when the bacteria were grown in iron depleted media.

https://doi.org/10.1371/journal.pone.0277946.g004
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than bacteria treated with CFDC (p = 0.015). After checking GE patterns in heatmaps for entB
(Fig 6A) and fepA (Fig 6B), both genes were more expressed when bacteria were cultured in

iron depleted media with or without CFDC than in iron enriched media. GE of entB was

highly variable between strains in I group, as CDC AR0066 under expressed the siderophore

while KPN 63 over expressed it when cultured in all three media (Fig 6A). In general, entB was

Fig 5. Iron transport gene expression of strains overtime in different media. Fold changes of expression were

calculated for strains grown in different media by comparing the expression of each gene for bacteria treated with

CFDC or grown in iron enriched media to the expression of the same gene at the same time point when the bacteria

were grown in iron depleted media.

https://doi.org/10.1371/journal.pone.0277946.g005
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Fig 6. Heatmaps showing the expression of the genes encoding siderophores, their receptors with other iron transport receptors. Expression of

siderophore genes including entB and irp1 (A and C), siderophore receptors fepA and fyuA (B and D), fecA ferric iron transport receptor (E) and kfu iron

uptake receptor (F) are shown. Fold changes of expression were calculated for strains grown in different media by comparing the expression of each gene to the

baseline expression for the same gene at 0 hr.

https://doi.org/10.1371/journal.pone.0277946.g006
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downregulated in all strains when cultured in iron enriched media except for KPN 63 (I).

Also, fepAGE was unique in the latter strain, being expressed highly in iron depleted media

without CFDC than iron enriched media. Generally, GE of fepA was lower when the bacteria

were grown in iron enriched media, except for the KPN 23 (S) and KPN 8 (S), whereby the

expression did not significantly vary across the different media. Strain KPN 8 was also unique

as entB gene was downregulated in iron depleted media with or without CFDC. Same was

noted for KNP 23 (S) although the expression was higher when grown in iron depleted media

without CFDC. The resistant strain (KPN 68) also demonstrated different pattern as both entB
and fepA were less expressed in all media, except with CFDC treatment. Other unique patterns

for fepA were noted in strains CDC AR0066 (I) and CDC AR0039 (S) which have known outer

membrane porin (OMP) mutations, and the gene was downregulated in all the media (Fig 6B),

in contrast to all the other bacteria.

As shown in Fig 4, yersinibactin (irp1) was highly expressed in all strains except in KPN 8

at the end of CFDC treatment period (6 hrs), and the receptor (fyuA) was more expressed than

its siderophore (irp1) in all media (Fig 4). The expression of fyuA was high in all the strains,

except CDC AR0066 (I) whereby the expression was low when cultured in iron depleted

media without CDFC, while the expression was increased in iron enriched media (p = 0.400)

as shown in Fig 6D. As for the resistant strain (KPN 68), it also demonstrated a unique pattern

for expression of irp1 and fyuA, showing higher expression when treated with CFDC com-

pared to other growth conditions.

Overall, the expression of fecA was lower than the other receptors, and the difference was

statistically significant in majority of the strains (p<0.05). As shown in Fig 5A and 5B, fecA
receptor was produced in all strains from I group; however, GE was low and non-significantly

increased overtime in iron enriched media (p = 0.70). The expression of fecA in strain KPN 62

(S) was significantly higher than the expression of the I group cultured in iron enriched media

(p = 0.009). On the contrary, the expression of fecA receptor in the S group was more in iron

enriched media than in CFDC treated cultures. When checking GE patterns in the heatmap

(Fig 6E), overall higher expression was noticed in the I group except for strain CDC AR 0066.

As for kfu, GE was significantly higher in R group than S group (p = 0.009) in bacteria

grown in iron enriched media (Fig 5C). Even in CFDC treated bacteria, GE in R group was sig-

nificantly higher than S group (p = 0.009) as shown in Fig 5D. Kfu was overexpressed in KPN

68 (R) and KPN 23 (S), and its expression was consistent when these two strains were cultured

in all the media (Fig 6F). The expression of kfu gene in S group was lower in the presence of

iron, and the expression was significantly lower than the other groups (p = 0.009). As seen for

fecA, strain CDC AR0066 exhibited a unique pattern as kfu was under expressed in all the

three growth conditions (Fig 6F). It is noteworthy that strains CDC AR 0066 and KPN 62

exhibited similar expression patterns of both fecA and kfu, which were co-produced in these

strains only, but the GE was lower compared to the other strains which expressed either fecA
or kfu, but not both (Fig 6E and 6F). Furthermore, the vast majority of strains producing fecA
and/or kfu, had unique expression patterns, with either overexpression or under expression of

siderophores and siderophore receptors (Fig 6A–6D).

Correlation between GE of different iron acquisition genes

Correlation analysis for GE of iron acquisition genes in iron depleted media revealed a strong

positive correlation between the expression of entB and siderophore receptors fepA and fyuA
(p<0.001 and 0.024, respectively). There was a strong positive correlation between the expres-

sion of irp1 and fyuA (p = 0.003). Also, there was a strong positive correlation between the

expression of fecA and kfu at 2 and 4 hrs, but the correlation was negative at 6 hrs. In iron
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enriched cultures, there was a strong positive correlation between fepA with irp1 and fyuA (p =
0.003 and 0.002, respectively), while there was no correlation with entB (p = 0.254).

Correlation of GE of iron acquisition genes with CFDC MICs

Although non-significant, a negative correlation was found between the expression of both

entB and fepA receptor with the MICs of bacteria cultured in all three media at all the time

points. Also, there was negative correlation between the expression of irp1 and fyuA receptor

and the MIC during growth in iron depleted media and iron enriched media (significant at 6

hrs). On the contrary, there was positive correlation between the expression of fecA and the

MIC of bacteria cultured in iron depleted media and iron enriched media. Lastly, positive cor-

relation was seen between the expression of kfu and the MIC for CFDC treated bacteria at all

the time point, and at the end of treatment time (6 hrs) in the other media.

Discussion

Cefiderocol is the first in class siderophore-cephalosporin that is FDA approved for clinical

use as an advanced-generation cephalosporin with a catechol iron-binding moiety [32]. There

are reports of resistance to this drug, as well as variability in MICs in clinical strains of GNB

[33, 34]. Due to its unique structure and mechanism of action, it is crucial to understand the

factors affecting the drug activity. In this study, we investigated 103 K. pneumoniae strains

from diverse clinical sources with various antibiotic susceptibility profiles. In agreement with

other reports [14, 19], CFDC was superior to all the other antibiotics, with potent activity

against XDR, MDR, CR, and ESBL producing strains, and even on strains resistant to colistin,

one of the last-resort antibiotics [35]. However, a few strains were non-susceptible to the drug,

including a strain that was pandrug resistant (KPN 68). Furthermore, one strain exhibited

unusual profile (KPN 8) as it had lower susceptibility to CFDC than other cephalosporins and

carbapenems. Therefore, we tested the expression of iron acquisition genes that might affect

the entry of the drug to the bacterial cells in addition to other factors, considering bacterial sus-

ceptibility to the drug.

The efficacy of CFDC was first tested in iron depleted media in order to mimic iron

depleted conditions in vivo [36]. Then, the efficacy of CFDC was tested in iron enriched

medium to mimic the increased iron levels in sites with high iron concentrations. Upon testing

CFDC in iron enriched media, there was a significant increase in the MIC. This is concerning

as it indicates that CFDC will be ineffective when used in iron dense infection sites. Another

report documented the loss of activity of CFDC in the presence of high extracellular iron in

Pseudomonas aeruginosa [23]. The latter study proved that CFDC activity is influenced by the

iron concentration in the media, and the investigators suggested that this can be attributed to

the increased expression of the iron-regulated outer membrane proteins, but that was not

proven experimentally, and no specific iron acquisitions systems were tested. In our study, the

activity of CFDC was affected in iron enriched conditions; thus, it was interesting to link the

expression of iron acquisition systems to the drug activity. Given that CFDC has a catechol

side chain, it can bind iron and penetrate the OM by the iron transport systems. It can be upta-

ken into bacterial cells as other iron acquisition molecules using receptor mediated pathway

[37]. Taking these facts into consideration, we investigated the effects of iron acquisition

genes: siderophores and their receptors, iron transport (kfu), and ferric citrate receptor (fecA)

that might be related to CFDC activity. The genes were first detected by PCR, then their

expression was tested by real-time PCR. To the best of our knowledge, this is the first study

linking the selected siderophore receptors, and iron transporters to CFDC activity.
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Based on the results of the time-kill study, CFDC produced bactericidal effect at� 1X MIC

after 6 hrs exposure to the drug. Thus, gene expression studies were done with maximum

treatment duration of 6 hrs. Our results showed that maximum expression of iron acquisition

genes was reached after 4–6 hrs of treatment. Importantly, enterobactin siderophore receptor

(fepA) expression was highest between 4 and 6 hrs of treatment, which can explain the killing

time, considering that drug uptake can be facilitated by this siderophore receptor. As entB is

the major catechol siderophore in K. pneumoniae [38], it is possible that its receptor fepA can

act as a major pathway of CFDC entry to the bacterial cell. In fact, enterobactin (entB) and its

receptor (fepA) were found to be highly produced in K. pneumoniae [39]. Consistent with

these findings, entB and fepA receptor were detected in 100% of our strain collection. Correla-

tion analysis showed a negative relation between CFDC MICs and GE of entB and fepA recep-

tors. Although the results were not statistically significant, possibly due to small sample size,

they reflect that higher expression of these genes can lead to lower CFDC MICs. It is important

to mention that we reported reduced susceptibility to CFDC in strains with downregulated

fepA as in CDC AR0066 (I) and KPN 68 (R), suggesting a possible role of fepA in facilitating

the drug uptake. This is also supported by the finding that expression of entB and fepA was

higher in CFDC treated bacteria than in bacteria grown in iron enriched media in the majority

of tested strains, which could explain the loss of drug activity in iron enriched media due to

less drug uptake as the receptors are down regulated.

Another siderophore receptor (fyuA) exhibited GE that was strongly correlated with fepA.

The expression of both fepA and fyuA was highest in CFDC treated bacteria, even higher than

what was seen in iron depleted media without CFDC treatment, which means that the bacteria

are actively expressing their siderophore receptors to acquire iron while being in an iron

depleted environment. As CFDC was added to iron depleted media, it is expected that sidero-

phores will be expressed more to acquire iron and their receptors will be expressed to assist in

their uptake. As CFDC can chelate Fe3+, it can further starve the bacteria for iron and hence,

can force greater expression of siderophore receptors to capture the siderophores loaded with

iron.

In addition to siderophore receptors, bacteria can acquire iron using other receptors, such

as Klebsiella ferric iron uptake (kfu), a regulator of iron transport responsible for acquisition of

iron in Klebsiella species. Previous studies reported a link between kfu and ability of K. pneu-
moniae to cause invasive infections such as liver abscess, that was attributed to its role in medi-

ating ferric iron uptake and modulating virulence and hypermucoviscosity. Besides, its

presence in the clinical strains has been shown important for capsule formation and purulent

tissue infections [40]. Ferric citrate transport is also one of the iron acquisition systems in bac-

teria. FecA usually binds to ferric citrate leading to conformational changes with subsequent

transcriptional activation to uptake iron during iron starvation [41]. Overall, the expression of

fecA was lower than the other receptors in this study, but it is still expressed by some strains

particularly from I group. It was noticed that the presence of the fecA receptor alone, in addi-

tion to fepA, caused a significant increase in the MIC, and its presence with other receptors,

mainly kfu, had a significant impact on the MICs as all the strains which were intermediately

susceptible to the drug (MIC = 8 μg/ml) carried this gene. The expression of kfu was also asso-

ciated with significant increase in CFDC MIC, when it was present alone with fepA, or with

other receptors as fecA and/or fyuA. Correlation analysis showed a positive relation between

CFDC MICs and GE of fecA receptor and also kfu receptor. Although the results were not sta-

tistically significant, probably due to small sample size, these results confirm our conclusion

that these genes are linked to reduced susceptibility to CFDC as higher expression was associ-

ated with higher MICs, for example, a significantly higher expression of kfu was seen in R com-

pared to S groups.
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Overall, some strains demonstrated very unique GE patterns, suggesting dysregulation of

iron uptake genes that can probably contribute to their altered susceptibility to CFDC. This is

mainly true for R and I strains and some S strains. For example, one strain in the collection

(KPN 8) had lower susceptibility to CFDC than the parent cephalosporines (CAZ and CPM).

This was surprising, as all the other strains exhibited higher susceptibility to CFDC than the

other cephalosporins and even meropenem, which was also reported by other investigators

[42, 43]. We hypothesised that the cause of increased MIC of CFDC in this strain can be

related to altered expression of iron acquisition genes. When this was tested, KPN 8 was found

to carry three siderophore receptors (fepA, fyuA, and iutA) and did not harbour any iron trans-

port genes (fecA and kfu). The expression of fepA receptor was low at the end of CFDC treat-

ment (6 hrs). Our explanation to this phenomenon is that since there was very low expression

of the receptor, CFDC was not able to penetrate the bacteria efficiently and therefore resulted

in an increased MIC. This was supported by the finding that CFDC susceptible bacteria had

higher expression of this gene, reflecting that this receptor is involved in the drug uptake.

When KPN 8 was compared to another S strain (KPN 23), both of them had upregulated fepA
and fyuA genes in iron enriched media, and therefore were able to maintain a non-resistant

MIC in iron enriched conditions. Notably, KPN 23 had double MIC (8 μg/ml) compared to

KPN 8 (4 μg/ml) in iron enriched media, while their MICs in iron depleted media was the

same (2 μg/ml). As mentioned, KPN 8 devoid from iron uptake genes, while KPN 23 had kfu
gene which was also overexpressed in all the growth conditions. In general, higher MIC in iron

enriched media were found in strains expressing kfu and/or fecA, but it is important to con-

sider other receptors that can be involved in iron uptake. Although the expression of kfu was

very similar between KPN 23 (S) and KPN 68 (R), being consistent when these two strains

were cultured in all the media, it is important to note that the increased susceptibility of KPN

23 can be due to the overexpression of fepA and the under expression of fepA is linked to

reduced susceptibility in KPN 68, which exhibited unique patterns of expression for majority

of receptors. This further signifies the importance of fepA receptor in the capturing of CFDC.

Considering other factors that might affect bacterial susceptibility to CFDC, it is important

to mention that during the course of this study, some investigators reported the effect of muta-

tions in the gene encoding colicin I receptor and catecholate siderophore receptor; Cir (also

termed CirA), on susceptibility to CFDC in different species of GNB [33, 34, 44]. CirA is

known as an OM receptor for linear Fe3+-enterobactin degradation products, as compared to

fepA which is responsible for the uptake of intact Fe3+-enterobactin [45]; therefore, fepA recep-

tor has high ligand affinity to Fe3+-enterobactin, while cirA is more specific to Fe3+- catecho-

lates and their breakdown products containing Fe3+ [46]. For this reason, fepA was selected for

testing in our study, and our results clearly showed its impact on drug entry to bacteria as

CFDC MICs were negatively correlated with fepA expression.

It is worth mentioning that a very recent study by Lan et. al. in 2022 addressed the fact that

susceptibility to CFDC in carbapenem-resistant K. pneumoniae can be affected by multiple fac-

tors, particularly cirA mutation and metallo-β-lactamases that can cause drug degradation.

Using whole-genome sequencing, the latter study proved that high-level CFDC resistance

could be mediated by the presence of NDM gene coupled with cirAmutation. They have

shown that either factor present alone was not sufficient to cause CFDC resistance, while their

combined effect jointly conferred high-level CFDC resistance [33]. Lan et. al. (2022) did not

study the expression of iron transport receptors that might be involved in the drug entry,

although the authors declared that CirA might not be the sole receptor for CFDC entry.

Another study revealed that when only cirA was knocked out in E. coli, CFDC MIC was

increased by 2-fold, whereas the MIC increased 16-fold by the double knockout of two recep-

tors including both cirA and fiu; nevertheless, the bacteria remained susceptible [18]. These
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findings suggest that multiple iron transporters can contribute to the permeation of CFDC

across the outer membrane; however, they are not the only factors affecting the drug activity.

Importantly, none of the previous studies explored the gene expression of multiple iron trans-

porters and their relation to the drug activity, as we did in our present study. Upregulation of

CirA, in iron-limiting condition and downregulation in iron-rich condition was reported by

other investigators [46]; thus, CirA GE was not tested in this study. We focused on testing side-

rophores, siderophore receptors and iron uptake genes which were not tested before; however,

the effect of the CirA gene can be investigated in our bacterial collection in future studies using

whole genome sequencing to find out mutations that can affect CFDC activity in our strains.

As shown, the results reflect highly variable expression in between the different strains which

was also seen in another study testing the expression of siderophores in K. pneumoniae strains

[11]. Our findings strongly suggest that dysregulation of the expression of iron acquisition sys-

tems has an impact on susceptibility to CFDC, considering iron levels in the bacterial growth

environment. Indeed, further investigations on more bacterial strains are needed to confirm

these findings.

Conclusion

When considering factors that can affect the activity of CFDC, iron seems to have a major

impact as CFDC lost its activity when tested in iron enriched media and this could explain the

increase in mortalities in patients receiving CFDC for the treatment of BSIs. Therefore, iron

acquisition receptors can play a major role in the activity of CFDC. We identified enterobactin

receptor (fepA) as a crucial receptor, mostly responsible for capturing of the drug and allowing

its entry to the periplasm. The production of other iron uptake receptors (such as fecA and/or

kfu) can reduce the requirement to express siderophores and hence, their uptake will be

reduced. It is possible that when the bacteria harbour multiple iron acquisition systems, they

do not rely on siderophores expression, and this could result in lowering the uptake of cate-

chol-cephalosporin such as CFDC. Lastly, the variations and dysregulation in the GE of iron

transport receptors in different growth conditions related to iron availability can contribute to

the differences in the activity of CFDC. Alarmingly, one strain was highly resistant to CFDC,

thus, the whole genome of this strain will be analysed through sequencing to identify causes of

resistance. In addition to that, whole transcriptome sequencing is recommended in the future

to provide a wholistic insight on different genes expressed during treatment with CFDC, for a

better understanding of the diverse factors affecting the drug susceptibility in GNB with

diverse characteristics. It will also help us to uncover underlying mechanisms of action that are

not discovered and not understood about the drug.
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