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Letter to the Editor 

Cefiderocol heteroresistance in Klebsiella pneumoniae is 

linked to mutations in the siderophore receptor cirA and 

β-lactamase activities 

Editor Dr AO Olaitan 
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Cefiderocol is a novel siderophore-conjugated cephalosporin 

ith potent activity against carbapenem-resistant pathogens. The 

iderophore molecule has greater outer membrane penetration us- 

ng the active iron uptake system for cell entry. Cefiderocol is 

eserved for the treatment of infections in patients caused by 

ultidrug-resistant Gram-negative bacilli with limited treatment 

ptions. However, cefiderocol-non-susceptible isolates have been 

eported in clinal isolates from surveillance studies. Reduced sus- 

eptibility could be associated with β-lactamases as well as other 

actors [1] . Deficiency in iron transporters has been reported to be 

ssociated with cefiderocol resistance in Acinetobacter baumannii 

2] , Pseudomonas aeruginosa and Escherichia coli [3] . 

Antimicrobial heteroresistance describes a phenomenon where 

ubpopulations of genetically homogeneous bacteria exhibit a 

ange of susceptibilities to a particular antibiotic. Heteroresistance 

as considerable clinical relevance because antibiotic treatment 

ay select for more resistant populations. Heteroresistance is con- 

idered an important factor contributing to unexplained antibi- 

tic treatment failure. Widespread cefiderocol heteroresistance has 

een reported in carbapenem-resistant Gram-negative pathogens 

4] . However, there is a lack of thorough research studying the 

echanisms of cefiderocol heteroresistance. 

We tested the susceptibility of cefiderocol (30 μg; Hardy Diag- 

ostics) using the disk diffusion method against 80 isolates in the 

ram-negative Carbapenemase Detection panel from the CDC & 

DA Antibiotic Resistance Isolate Bank. Cefiderocol exhibited potent 

fficacy against the majority of carbapenem-resistant strains in 

he panel. We identified several cefiderocol-non-susceptible Kleb- 

iella pneumoniae isolates (Supplementary Table S1). Moreover, in 

he cefiderocol disk diffusion assay, scattered colonies appeared in 

he inhibition areas for K. pneumoniae AR 0097 ( Fig. 1 A), which 

s an indication of heteroresistance to cefiderocol. This study fo- 

used on the cefiderocol-heteroresistant strain K. pneumoniae AR 

097 because there is a lack of mechanistic studies regarding ce- 

derocol heteroresistance. K. pneumoniae AR 0097 belongs to se- 

uence type ST3603 as determined by multilocus sequence typ- 

ng using MLST 2.0 ( https://cge.food.dtu.dk/services/MLST/ ). An- 

imicrobial resistance genes in K. pneumoniae AR 0097 were identi- 

ed using Resistance Gene Identifier (RGI) ( https://card.mcmaster. 

a/analyze/rgi ). The resistance genes include bla TEM-1 , bla OXA-9 , 

la KPC-3 , bla SHV-11 , sul1, sul2, dfrA12, dfrA14, aac(6 
′ )-Ib, aadA1, aadA2, 

ph(6)-Id, aph(3 ′ ’)-Ib, fosA6 and several antibiotic efflux genes. We 

sed population analysis profiling (PAP) assays to confirm cefide- 

ocol heteroresistance in K. pneumoniae AR 0097. PAP assays deter- 

ined the proportion of the number of resistant colonies on agar 
ttps://doi.org/10.1016/j.ijantimicag.2022.106635 
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lates with cefiderocol at various concentrations against the num- 

er of colonies on agar plates without the antibiotic [5] . Cefidero- 

ol at the susceptibility breakpoint (4 μg/mL) inactivated 3.4 log 

f K. pneumoniae AR 0097. However, a resistant subpopulation sur- 

ived cefiderocol treatment at 32 μg/mL (8-fold the breakpoint). In 

ontrast, cefiderocol at 4 μg/mL resulted in a > 5 log reduction in 

wo susceptible strains ( K. pneumoniae AR 0039 and K. pneumoniae 

TCC 13883) ( Fig. 1 B). 

To investigate the heteroresistance mechanism in K. pneumoniae 

R 0097, three colonies collected from the inhibition zone after 

isk diffusion assay were isolated and characterised. We first deter- 

ined the cefiderocol minimum inhibitory concentration (MIC) in 

hese three derivatives in iron-depleted cation-adjusted Mueller–

inton broth (ID-CAMHB) according to Clinical and Laboratory 

tandards Institute (CLSI) procedures. ID-CAMHB is needed for ac- 

urate MIC testing because cefiderocol uses an active iron uptake 

ystem for cell entry, and iron transporters are upregulated un- 

er iron-depleted conditions. These three derivatives showed an 

ncreased cefiderocol MIC compared with the wild-type ( Table 1 ). 

o identify the genetic determinants responsible for the increased 

efiderocol MIC, we sequenced the whole genomes of these re- 

istant isolates using the Illumina platform. We evaluated single 

ucleotide variants among the wild-type and three resistant iso- 

ates using assembly- and read-based approaches. Briefly, we used 

PAdes v.3.15.3 for genome assembly, BWA v.0.7.17 for mapping 

eads, FreeBayes v.1.3.4 for variant calling, and IGV v.2.3 for genome 

rowsing and visualisation. Single nucleotide polymorphism (SNP) 

ariant analysis identified frameshift or missense mutations in 

he siderophore receptor cirA in all three resistant isolates 

 Table 1 ). 

We further confirmed the function of cirA using genetic comple- 

entation by cloning the functional cirA from wild-type K. pneu- 

oniae AR 0097 in a vector pCR TM -Blunt II-TOPO 
TM (Invitrogen), 

ollowed by transferring into the resistant mutants by electropo- 

ation and selection with 400 μg/mL zeocin. Three resistant mu- 

ants complemented with the wild-type cirA showed a substan- 

ial decrease in cefiderocol MIC ( Table 1 ). The results indicated 

hat cirA mutations contributed to cefiderocol heteroresistance in 

. pneumoniae AR 0097. CirA is a TonB-dependent outer mem- 

rane siderophore receptor protein [6] . Mutations in cirA may re- 

uce the transportation of cefiderocol into K. pneumoniae AR 0097, 

esulting in the increase of cefiderocol resistance in the resistant 

ubpopulation. A recent study showed that serial passage of an 

DM-producing K. pneumoniae in increasing concentrations of ce- 

derocol resulted in functional loss of cirA and thus cefiderocol re- 

istance [7] . Mutations in cirA may have important clinical impli- 

ations in the development of cefiderocol resistance. Klein et al. 

eported a clinical case of the rapid development of cefiderocol re- 

istance in a carbapenemase-producing Enterobacter cloacae strain 

n a patient within 21 days of cefiderocol therapy. Comparative 
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Fig. 1. Cefiderocol heteroresistance determination in Klebsiella pneumoniae . (A) Disk diffusion assay (30 μg; Hardy Diagnostics) for K. pneumoniae AR 0097. Red arrows 

indicate the scattered colonies in the zone of inhibition. (B) Population analysis profiling for K. pneumoniae AR 0097 and two susceptible K. pneumoniae strains. 

Table 1 

Mutations in the cirA gene contribute to cefiderocol heteroresistance in Klebsiella pneumoniae AR 0097 

Strain cirA genotype Cefiderocol MIC ( μg/mL) 

AR 0097 Wild-type 4–8 

AR 0097 �cirA _1 Frameshift mutation (1461delC) in cirA 64 

AR 0097 �cirA _2 Frameshift mutation (475dupA) in cirA 64 

AR 0097 �cirA _3 Missense mutation (1028A > C) in cirA 32 

AR 0097 �cirA _1 + pCR cirA AR 0097 �cirA _1 complemented with wild-type cirA 2–8 

AR 0097 �cirA _2 + pCR cirA AR 0097 �cirA _2 complemented with wild-type cirA 2–8 

AR 0097 �cirA _3 + pCR cirA AR 0097 �cirA _3 complemented with wild-type cirA 1–4 

MIC, minimum inhibitory concentration. 
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enomics analysis suggested that mutations in cirA in the E. cloacae 

train conferred phenotypic cefiderocol resistance [8] . However, no 

runcation or similar mutations in the cirA gene were found in K. 

neumoniae AR0047, K. pneumoniae AR0087, K. pneumoniae AR0041 

nd K. pneumoniae AR0106. 

There are four β-lactamases genes ( bla TEM-1 , bla OXA-9 , bla KPC-3 
nd bla SHV-11 ) in the genome of K. pneumoniae AR 0097 (acces- 

ion no. GCF_003571655.1 ). Each of the four identified β-lactamase 

ene in K. pneumoniae AR 0097 was cloned into a pCR TM -Blunt II- 

OPO 
TM vector, followed by transformation into E. coli cells. The E. 

oli cells carrying bla KPC-3 and bla SHV-11 showed an increase in ce- 

derocol MIC compared with the control strain E. coli TOP10 (Sup- 

lementary Table S2). The results suggested that the combination 

f two β-lactamases may contribute to the baseline cefiderocol 

on-susceptibility in K. pneumoniae AR 0097. To further confirm 

he impact of β-lactamases on cefiderocol susceptibility in K. pneu- 

oniae AR 0097, we determined the bactericidal activity of cefide- 

ocol in vitro with or without the β-lactamase inhibitor avibactam 

t a fixed concentration of 4 μg/mL. When used alone, cefiderocol 

r avibactam did not effectively inhibit the growth of K. pneumo- 

iae AR 0097. In the presence of avibactam at 4 μg/mL, cefiderocol 

t ≥8 μg/mL eradicated almost all bacterial cells (Supplementary 

ig. S1). The results suggested that β-lactamases contributed to ce- 

derocol non-susceptibility in K. pneumoniae AR 0097. 

In summary, cefiderocol heteroresistance in K. pneumoniae AR 

097 could be multifactorial and is linked to mutations in the cat- 

cholate siderophore receptor cirA and β-lactamase activities. Ce- 

derocol heteroresistance may present a challenge for the treat- 

ent of infections because these isolates are already resistant to 

ost available antibiotics. The combination of cefiderocol with a 

-lactamase inhibitor or other antibiotics may enhance the treat- 

ent outcome. 
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