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We report a case of resistance development toward cefiderocol 
in a patient with intra-abdominal and bloodstream infec-
tions caused by carbapenemase-producing Enterobacter clo-
acae within 21  days of cefiderocol therapy. Whole genome 
sequencing revealed heterogeneous mutations in the cirA gene, 
encoding a catecholate siderophore receptor, conferring pheno-
typic resistance to cefiderocol.

Keywords.   antibiotic resistance; carbapenemase; 
Cefiderocol; cirA siderophore receptor; Enterobacter cloacae.  

The emergence and spread of carbapenem resistance in 
gram-negative bacteria is an ongoing global threat, limiting 
therapeutic options for severe infections [1] and are one of the 
leading causes of morbidity and mortality in vulnerable patients 
[2]. Cefiderocol is a novel synthetic conjugate siderophore ceph-
alosporin, recently approved by both the US Food and Drug 
Administration (FDA) and the European Medicines Agency 
(EMA). Cefiderocol exploits the iron transporters of the bac-
terial outer membrane by binding with iron molecules to form 
a siderophore complex, entering the periplasmic compartment 

and unfold its antibacterial activity by inhibiting the cell wall 
synthesis. Cefiderocol exhibited stability against hydrolysis by 
all carbapenemases, including metallo-β-lactamases (MBLs) 
and therefore is approved for the treatment of infections with 
aerobic gram-negative bacteria with limited therapy options [3].

The redundancy of the bacterial TonB-dependent iron trans-
port system was expected to be a hurdle for rapid resistance 
development [4]. Nonetheless, the acquisition of cefiderocol 
resistance has been reported. Yet the underlying mechanisms 
remain unclear [5].

Here we report the in vivo development of cefiderocol resist-
ance within 3 weeks after therapy initiation in a critically ill pa-
tient with bloodstream and intra-abdominal infection caused by 
carbapenem-resistant (CR) Enterobacter cloacae. Comparative 
genomics analysis using whole-genome sequencing (WGS) was 
performed to identify potential mechanisms associated with the 
phenotypic resistance to cefiderocol.

CLINICAL CASE

A 58-year-old male patient presented with liver cirrhosis 
10 years after initial liver transplantation. Following successful 
othotopic liver retransplantation, he developed a complicated 
clinical course with leakage of the bile duct, insertion of a per-
cutaneous transhepatic drainage, infection with vancomycin-
resistant Enterococcus faecium (VREfm), and formation of 
biloma. On day 68 following transplantation, blood cultures 
were positive for Klebsiella pneumoniae and CR-Enterobacter 
cloacae. Two carbapenemase genes encoding for New Delhi 
metallo-β-lactamase (NDM) and oxacillinase, OXA-48 were 
detected in the CR-E.  cloacae by polymerase chain reaction 
(PCR). Antimicrobial therapy with meropenem and colistin 
was initiated. CR-E. cloacae and VREfm were continuously cul-
tured from the bile drainage. Due to severe neurological side 
effects, the acquisition of colistin resistance and the lack of alter-
natives, antimicrobial therapy was switched from meropenem 
and colistin to cefiderocol on day 75 (Figures 1a and 1b). The 
follow-up blood cultures on day 78, 83, and 93 (day 4, 9, and 
19 after the first cefiderocol administration) remained negative, 
suggesting therapeutic success. However, cultures from the bile 
drainage remained positive for CR-E. cloacae and VREfm, and 
treatment of VREfm was switched back to linezolid. Computed 
tomography (CT) scan demonstrated again multiple biloma 
and hepatic abscesses. Caspofungin was initiated because of the 
detection of Candida glabrata and Candida albicans in the bile 
drainage. Due to persistent VREfm infection, daptomycin was 
again added to the regimen. On day 21 of cefiderocol therapy, 
cefiderocol-resistant CR-E. clocacae was detected in the blood 
culture. Despite clinical worsening, no potentially curative 
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surgical option was technically possible due to the lacking ar-
terial vascularization and consecutive bile duct necrosis as 
well as intrahepatic abscesses, leading to exitus letalis on day 
107. Detailed information on the clinical course is given in the 
Supplementary materials.

METHODS

Diagnostic routine microbiology was performed as described 
previously [6]. Antibiotic susceptibility testing (AST) was inter-
preted according to EUCAST clinical breakpoints v10.0. AST 
for cefiderocol was determined by microdilution (Sensititre, 

Thermo Fisher Scientific) according to the manufacturer’s pro-
tocol. Because the upper limit for the commercially available 
Sensititre AST is 8 mg/L for cefiderocol, a broth microdilution 
(range 0.5  mg/L to >256  mg/L) using iron-depleted cation-
adjusted Mueller-Hinton broth was performed according to the 
published protocol by Hackel and colleagues [7]. For whole ge-
nome sequencing, DNA of E. cloacae isolates from blood culture 
was isolated and sequenced on the MiSeq Illumina platform 
(short-read sequencing 2x300bp), as described previously [6]. 
Details on data analysis and data availability (PRJNA705064) 
are provided in the Supplementary materials.

Figure 1.  (a) Timeline of events and antimicrobial therapy from the first detection of carbapenem-resistant Enterobacter cloacae until exitus letalis. High-level cefiderocol 
resistance was first detected on day 21 after therapy initiation (day 96 after liver retransplantation). Dark gray bars indicate antimicrobial therapy duration. Dosages: 
daptomycin IV 700 mg every 24 hours; meropenem IV 2 g initial bolus followed by 2 g every 8 hours with prolonged infusion time; colistin IV 9 Mio loading dose followed by 
2.5 Mio every 12 hours for 3 days and 4.5 Mio every 12 hours for another 3 days; cefiderocol IV 2 g initial bolus followed by 1 g every 8 hours (dose adjusted to renal clearance) 
for 26 days and 2 g every 8 hours for 6 days; linezolid IV 600 mg every 12 hours; caspofungin IV 70 mg on the first day and then 50 mg every 24 hours. (b) Phenotypic resistance 
profile of all Enterobacter cloacae blood culture isolates. (c) Phylogeny by SNPs of E. clocae isolates indicated close clonal relationship (ST96, 0 to 9 SNPs). Isolates etcl_6 
to _9 exhibited high-level resistance to cefiderocol (>256 mg/L). Abbreviations: FDC-R, cefiderocol-resistant; FDC-S, cefiderocol-susceptible; I, intermediate; IV, intravenous; 
MIC, minimum inhibitory concentration in mg/L; MLST, multi-locus sequence typing; R, resistant; S, susceptible; SNPs, single nucleotide polymorphisms.
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RESULTS

The phenotypic resistance profile is displayed in Figure 1b. 
All E. cloacae isolates belonged to ST96 and harbored blaNDM-5 
and blaOXA-48. Minimum inhibitory concentrations (MIC) of 
cefiderocol for blood culture isolates etcl_1 was 4 mg/L, and 
2 mg/L for etcl_2, _3, and _4. These isolates are considered 
susceptible based on the CLSI breakpoints, but etcl_1 is con-
sidered resistant according to the EUCAST clinical break-
points. AST of subsequent isolates, etcl_5 to _9, revealed a 
considerably higher MIC of ≥ 256 mg/L (Figure 1c). Etcl_3 
was phenotypically colistin resistant, but neither mutation 
nor acquisition of genes associated with colistin resistance 
was detected.

Blood culture isolates were cryopreserved, and we performed 
WGS on all 9 isolates detected in the blood cultures of this pa-
tient before and during cefiderocol therapy. Alignment of the 
core genome (4811 genes, 4 575 108 nucleotides) revealed 
close genetic relationship with single nucleotide polymorphism 
(SNP) ranging between 0 and 9 among the patient’s isolates, 
indicating a common clonal origin (Figure 1c).

Resistance to cefiderocol has been reported to be associated 
with alterations of the intrinsic AmpC and siderophore recep-
tors [8]. In the presented case, the chromosomal AmpC of all 
isolates were identical, so AmpC-mediated resistance was un-
likely. To find a potential resistance mechanism, we analyzed 
the SNPs and deletion distribution among the genes of the core-
genome and compared them between cefiderocol-susceptible 
and cefiderocol-resistant isolates. Comparison of the draft gen-
omes between the cefiderocol-susceptible (etcl_1 to _4) and re-
sistant (etcl_5 to _9) isolates revealed alterations in only one 
gene, cirA, which encodes a TonB-dependent catecholate sider-
ophore receptor (Supplementary Figure 1).

In isolates etcl_5, _6, _7 and _9, we detected various muta-
tions in the cirA gene between 1089 and 1595 bp, which were 
absent in all isolates prior to cefiderocol exposure (Figure 1c). 
In silico protein translation revealed truncation of the CirA 
protein in the isolates with the high-level cefiderocol resist-
ance (Figure 1c, Supplementary materials). In isolate etcl_8, 
we detected an insertion of an IS5-like Transposon, which 
also resulted in truncation of the CirA protein (Figure 1c and 
Supplementary Figures 2 and 3).

DISCUSSION

Cefiderocol is a promising agent for the treatment of gram-neg-
ative bacteria with limited therapeutic options [3, 9]. Although 
the development of cefiderocol resistance has been described, 
reduced susceptibility toward cefiderocol in Enterobacterales is 
not a common encounter [10]. To the best of our knowledge, 
this case is the first report on the development of high-level 
cefiderocol resistance during cefiderocol therapy. In the pre-
sent case, cefiderocol resistance in E. cloacae developed rapidly 

within 21 days of therapy. WGS identified heterogeneous func-
tional alterations in the catecholate siderophore receptor gene, 
cirA. Indeed, the C-3 side chain of cefiderocol consists of 
a catechol group, which binds to iron molecules to enter the 
periplasmic compartment through a catecholate iron trans-
porter, demonstrating the importance of the catecholate sid-
erophore receptor as the entry mechanism for cefiderocol 
in E.  cloacae. Furthermore, in the annotated draft genome of 
E. cloacae isolates in the present case, we identified cirA as the 
only catecholate receptor present, explaining the impact of the 
mutation of this gene.

Furthermore, the mutation observed in this case were heter-
ogeneous but located in a narrow window from 1089 to 1595 bp 
of the genes, indicating a potential mutational hot spot leading 
to a highly truncated protein and nonfunctional receptor. The 
potential significance of CirA in cefiderocol’s mode of entry has 
been previously investigated for Escherichia coli by Ito and col-
leagues [4]. In contrast to our case, a deletion of the cirA gene 
had little impact on the cefiderocol MIC, whereas an additional 
deletion of the ferrichrome receptor gene fiuA led to a signif-
icant increase of the MIC toward cefiderocol. Based on this 
observation and other published studies [4, 11], a redundancy 
of the TonB-dependent ferric transport system in the outer 
membrane of gram-negative bacteria such as Pseudomonas 
aeruginosa or E.  coli may prevent rapid development of re-
sistance to cefiderocol. The rapid development of resistance 
in the presented case might have been favored by elevated in-
itial cefiderocol MICs, caused by the production of metallo-β-
lactamase. Generally, the cefiderocol MIC in isolates producing 
metallo-β-lactamases remain below the threshold for resistance 
[12, 13]; therefore, cefiderocol can still be considered as a vi-
able option to treat infections with carbapenemase-producing 
gram-negatives. In E.  cloacae complex, the development of 
cefiderocol resistance following cefepime exposure has been re-
ported as a result of an amino acid deletion in the R2-loop of 
AmpC beta-lactamase [14]. The alteration of the chromosomal 
AmpC beta-lactamase is a general response directed to the 
beta-lactam antibiotic class following beta-lactam exposure and 
hence it is not a mutation directly interfering with cefiderocol 
or its delivery mode so that cefiderocol resistance in this case 
can be considered as a collateral effect.

Our findings indicated that high-level resistance could 
be acquired rapidly through mutations of the CirA sidero-
phore receptor during cefiderocol therapy. However, it re-
mains unclear whether the rapid development of resistance is 
a feature of Enterobacter spp. or if the presence of one or both 
carbapenemases increases the propensity for resistance acquisi-
tion. As a limitation, we did not perform molecular validation 
to confirm the direct effect of cirA deletion on cefiderocol sus-
ceptibility. Further investigations are needed to study the role 
and diversity of the siderophore receptor repertoire in Gram-
negative bacteria. The acquisition of cefiderocol resistance in 
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E.  cloacae during therapy is alarming and should be closely 
monitored.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.
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