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ABSTRACT Carbapenem resistance due to metallo-β-lactamases (MBLs) such as the 
Verona integron-encoded metallo-β-lactamase (VIM) is particularly problematic due to 
the limited treatment options. We describe a case series of bacterial infections in a 
tertiary care hospital due to multi-species acquisition of a VIM gene along with our 
experience using novel β-lactam antibiotics and antibiotic combinations to treat these 
infections. Four patients were treated with the combination of ceftazidime-avibactam 
and aztreonam, with no resistance to the combination detected. However, cefiderocol-
resistant Klebsiella pneumoniae isolates were detected in two out of the five patients 
who received cefiderocol within 3 weeks of having started the antibiotic. Strain pairs 
of sequential susceptible and resistant isolates from both patients were analyzed using 
whole-genome sequencing. This analysis revealed that the pairs of isolates independ­
ently acquired point mutations in both the cirA and fiu genes, which encode siderophore 
receptors. These point mutations were remade in a laboratory strain of K. pneumoniae 
and resulted in a significant increase in the MIC of cefiderocol, even in the absence 
of a beta-lactamase enzyme or a penicillin-binding protein 3 (PBP3) mutation. While 
newer β-lactam antibiotics remain an exciting addition to the antibiotic armamentarium, 
their use must be accompanied by diligent monitoring for the rapid development of 
resistance.

KEYWORDS carbapenem resistance, VIM, cefiderocol, burn unit, ceftazidime-avibac­
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T he incidence of carbapenem resistance (CR) among Gram-negative bacteria has 
increased dramatically over the past three decades (1). This includes an increase 

in the variety and incidence of carbapenemases, enzymes that hydrolyze carbape­
nem antibiotics. The genes encoding these enzymes are frequently found on mobile 
genetic elements, such as plasmids, transposons, and integrons, which can provide 
additional opportunities for the rapid spread of antibiotic resistance among different 
bacterial strains or even different species (2, 3). Among carbapenemases, the Ambler 
class B β-lactamases, also known as metallo-β-lactamases (MBLs), present the greatest 
treatment challenge due to the limited availability of options for antibiotic treatment. 
Several families of MBLs have been identified including the Verona integron-encoded 
metallo-B-lactamases (VIM). These enzymes have a very broad ability to hydrolyze 
β-lactams and are not inhibited by currently available β-lactamase inhibitors (4). In 
addition, many β-lactamases genes are found on plasmids that carry resistance elements 
against other non-β-lactam antibiotics, further limiting antibiotic choices (5). Although 
there have been several novel β-lactam combination antibiotics developed in the 
past decade, most of these agents lack activity against MBLs. A notable exception 
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is cefiderocol, which is not only less susceptible to hydrolysis by carbapenemases, 
including MBLs, but is also novel in its mechanism to promote active uptake by 
hijacking bacterial iron transport systems (6, 7). The combination of aztreonam and 
ceftazidime-avibactam has also attracted significant attention due to its success both 
in vitro and in vivo in treating infections due to organisms producing MBLs (8, 9). This 
combination provides synergy as MBLs have low affinity for aztreonam, and avibactam 
can inhibit other β-lactamases, such as extended-spectrum β-lactamases (ESBLs) that 
would typically inactivate aztreonam, if present.

While these novel antibiotic strategies have shown great promise, experience with 
their real-world use is still limited. In this study, we describe a case series of complicated 
skin and soft tissue infections in a tertiary care burn center caused by VIM-producing 
carbapenem-resistant organisms (VIM-CROs) across multiple species. These infections 
were treated by a variety of antibiotic approaches including both cefiderocol and the 
combination of aztreonam with ceftazidime-avibactam. Despite our overall success in 
resolving the VIM-CRO infections, we experienced rapid development of cefiderocol 
resistance in two patients following treatment with this antibiotic. Further investigation 
into the cause of this resistance revealed the independent acquisition of mutations 
in two siderophore receptors. These mutations contributed to an increase in the MIC 
of cefiderocol when recreated in a laboratory-adapted Klebsiella pneumoniae strain, 
independent of any β-lactamase activity.

MATERIALS AND METHODS

Study design

Patients treated in the Vanderbilt University Medical Center (VUMC) Burn Center, a 
25-bed level I burn unit, with a documented history of a VIM-CRO isolated from blood 
or tissue cultures taken directly from an infected site between November 2021 and May 
2022 were identified as cases based on a review of culture data. A retrospective chart 
review was subsequently conducted on all patients meeting this case definition.

Data collection

Data regarding the patients’ hospitalizations were manually extracted from the 
electronic health record and entered into secure REDcap (REDCap, Nashville TN) forms. 
Clinical data regarding patient age, demographics, co-morbidities, and entire hospital 
courses were collected. In addition, information necessary to calculate a Pitt bacteremia 
score (10) was recorded for the date of the patient’s first culture containing a VIM-CRO. 
This study was approved by the VUMC institutional review board.

Antimicrobial susceptibility profiling of clinical isolates

Routine antimicrobial susceptibility testing was performed on the Phoenix (BD, Sparks, 
MD) using the NMIC-306 panels, which evaluated ertapenem and meropenem MICs. 
Resistance was defined by current Clinical and Laboratory Standards Institute (CLSI) and 
Food and Drug Administration (FDA) standards as an MIC ≥2 µg/mL for ertapenem 
and ≥4 µg/mL for meropenem. All carbapenem MICs were confirmed by reference 
broth microdilution testing according to CLSI protocols (11). Cefiderocol testing was 
initially performed using a Sensititre panel (ThermoFisher, Lenexa, KS) and confirmed by 
reference broth microdilution performed according to CLSI standards.

Carbapenemase testing was performed using the Carba-5 lateral flow assay (Hardy, 
Santa Ana, CA) and, for blood isolates, by testing on the ePlex BCID-GN (Roche, Carlsbad, 
CA), and later confirmed by the results of whole-genome sequencing. Clinical isolates 
were tested for synergistic susceptibility to the combination of aztreonam and ceftazi­
dime-avibactam by reference broth microdilution method, whereby ceftazidime was 
held constant at 4 µg/mL, avibactam at 4 µg/mL, and aztreonam was tested at 0.25–
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64 µg/mL. The results of this testing were compared to CLSI aztreonam breakpoints 
(i.e., ≤4 µg/mL was considered susceptible).

Genetic sequencing

Genomic DNA was extracted from the clinical isolates and whole-genome sequencing 
was performed using Illumina MiSeq (Illumina, CA). Genome assembly and variant 
analysis were performed using the tools available from the Bacterial and Viral Bioinfor­
matics Resource Center (BV-BRC; https://www.bv-brc.org/) (12). Variants were identified 
using the BWA-mem-strict aligner and FreeBayes SNP caller. Phylogenetic analysis was 
done using EpiSeq CS (bioMérieux, Inc., NC). The relatedness of isolates was analyzed 
using whole-genome multi-locus sequence typing where allelic profile was used to 
calculate similarities between samples.

Construction of Klebsiella pneumoniae mutants

Siderophore receptor mutants were made in the K. pneumoniae laboratory strain KPPR1S 
(13) using the pKAS46 plasmid for allelic exchange similar to as previously described (14). 
Briefly, pKAS46 was linearized by PCR. Primers were designed with homology to regions 
approximately 1 kb upstream and downstream of the single nucleotide mutations 
found in the cefiderocol-resistant clinical isolates. Additional primers along with their 
corresponding reverse complements were designed to have homology overlapping the 
single nucleotide mutation. These primers were used with KPPR1S genomic DNA as a 
template to produce two overlapping PCR products approximately 1 kb in length, both 
of which contained the targeted single nucleotide mutation. These PCR products were 
joined with the linearized pKAS46 backbone using NEBuilder HiFi DNA Assembly (New 
England Biolabs, Rowley, MA). The plasmids resulting from the assembly of the DNA 
fragments were transformed into E. coli strain S17-1 λpir (15) and selected for by plating 
on LB agar with carbenicillin 75 µg/mL. The plasmids were subsequently transferred into 
KPPR1S via conjugation. K. pneumoniae isolates containing the plasmid were screened by 
plating on LB agar with rifampin 30 µg/mL and kanamycin 25 µg/mL. Individual colonies 
were streaked out on LB agar with streptomycin 2.5 mg/mL and then streptomycin-
resistant colonies were restreaked on LB agar with streptomycin 500 µg/mL. Resulting 
colonies were screened to ensure they were resistant to rifampin and susceptible to 
kanamycin. The presence of the correct corresponding clinical mutations was confirmed 
both by Sanger sequencing (Azenta, Burlington, MA) and whole-genome sequencing 
(Seqcoast, Portsmouth, NH). The plasmids and strains created for this study along with 
the PCR primers used are further described in Tables S1 and S2.

Cefiderocol susceptibility testing of Klebsiella pneumoniae mutants

The above Klebsiella pneumoniae mutants harboring point mutations identical to those 
found in the cefiderocol-resistant clinical isolates were tested to determine whether 
there were changes in their susceptibility to cefiderocol. All isolates were tested using 
both a disk diffusion method (Hardy Diagnostics, Santa Maria, CA) and a broth microdilu­
tion method according to the CLSI M100 (11). Transposon insertion mutants in the KPPR1 
background with insertions in cirA and fiu from a previously described K. pneumoniae 
transposon library were used as reference strains in cefiderocol testing, as well (16).

Growth of Klebsiella pneumoniae in iron-limited conditions

To test the effects of siderophore receptor mutations on the ability to grow in iron-
restricted conditions, overnight cultures of the K. pneumoniae clinical isolates and 
mutant strains generated above were inoculated in round-bottom polypropylene tubes 
containing LB broth and incubated overnight night for 16 hours at 37°C in a shaking 
incubator at 180 rpm. Overnight cultures were diluted to a final OD600 of 0.01 in LB 
containing either 1,200 µM or 600 µM 2,2-dipyridyl (Sigma-Aldrich, Inc, St. Louis, MO) or 
a vehicle control. Bacteria were grown in a 96-well plate at 37°C with continuous orbital 
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shaking and OD600 was measured at 30-minute intervals for 20 hours using a BioTek 
plate reader (Agilent, Santa Clara, CA).

RESULTS

Between November 2021 and May 2022, nine patients were found to have complicated 
skin and soft tissue infections with VIM-CROs isolated in tissue cultures from an infected 
wound, four of which (44%) also had blood cultures positive for the same VIM-CRO. Full 
characteristics of these patients are shown in Table 1 with further details of their hospital 
courses included in File S1. These patients had a median age of 38 and relatively few 
comorbidities or pre-existing risk factors for a CRO infection (Table S3). No patients were 
immunocompromised. However, all patients had substantial burn injuries encompassing 
an average (median) of 40% of total body surface area. Consistent with the severity of 
their burn injuries, patients had prolonged hospital stays with a median hospitalization 
length of 75 days. Patients were hospitalized a median of 25 days prior to isolation of 
a VIM-CRO. Despite all patients receiving parenteral antibiotics for either treatment of 
an infection or peri-operative surgical prophylaxis prior to initial isolation of a VIM-CRO, 
none received a carbapenem before isolation of a VIM-CRO.

TABLE 1 Characteristics of burn patients with wound infections due to VIM-producing carbapenem-resist­
ant organisms (n = 9)

Characteristic Value

Median age in years (range) 38 (19–81)
Sex, n (%)
  Male 7 (78)
  Female 2 (22)
Median TBSA of burn (range) 40% (13%–65%)
Median LOS in days (range) 75 (32–157)
Median LOS prior to isolation of CRO in days (range) 25 (8–45)
Median number of surgeriesa during hospitalization (range) 12 (1-16)
Associated bacteremia due to a CRO, n (%) 4 (44)
VIM-CRO Isolated, n (%)b

  Klebsiella pneumoniae 6 (67)
  Serratia marcescens 4 (44)
  Acinetobacter baumannii 1 (11)
  Enterobacter cloacae 1 (11)
  Pseudomonas aeruginosa 1 (11)
  >1 species of VIM-producing CROc 3 (33)
Mean Pitt bacteremia score at the time of initial CRO isolation (range)d 2.3 (0–6)
  Among surviving patients (n = 8) 1.9 (0–4)
Treatment, n (%)
  Surgery alonee 2 (22)
  Surgery + antibiotics 6 (67)
  Antibiotics alonef 1 (11)
Mortality, n (%)
  Within 30 days of initial CRO isolation 1 (11)
  Within 30 days of hospital discharge 1 (11)
  Among patients with bacteremia due to a CRO (n = 4) 1 (25)
aIncludes only amputation or debridement surgeries occurring in an operating room.
bPercentages do not equal 100 due to multiple different VIM-CRO being isolated from some patients.
cThis includes one patient with co-culture of VIM-producing K. pneumoniae and S. marcescens, one patient with 
separate infections due to VIM-producing P. aeruginosa and K. pneumoniae during their hospitalization, and one 
patient with three separate episodes of infection due to VIM-producing K. pneumoniae, S. marcescens, and A. 
baumannii.
dHighest Pitt bacteremia score calculated for the 24-hour period during which the initial VIM-CRO was isolated 
from a patient.
eRefers to patients who did not receive any antibiotics expected to be active against the VIM-CRO isolate.
fRefers to patients who did not have any further surgery on or after the date of their final culture containing a 
VIM-CRO. LOS: length of stay, TBSA: total body surface area.
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A total of five different bacterial species were found to express the VIM enzyme 
during this outbreak, with three patients having infections due to multiple species of 
VIM-CROs. Klebsiella pneumoniae was the most common VIM-CRO isolated (6/9) followed 
by Serratia marcescens (4/9). VIM-expressing Pseudomonas aeruginosa, Enterobacter 
cloacae, and Acinetobacter baumannii were all isolated from one patient each. The 
susceptibility pattern of the initial VIM-expressing isolate from each patient is shown 
in Fig. 1. The range of MIC values for all the VIM-CROs with available antimicrobial 
resistance testing data is shown in Fig. 2.

Treatment of the VIM-CRO-infected patients involved a combination of antimicro­
bial therapy and surgical debridement. Two patients improved with debridement and 
treatment with antibiotics without activity against the isolated VIM-CROs (ciprofloxacin 
and piperacillin-tazobactam, respectively). Among the other seven patients, antibiotic 
therapy targeting VIM-CROs included cefiderocol (n = 5 patients) and the combination 
of aztreonam and ceftazidime-avibactam (n = 4) with two patients receiving each 
treatment option at separate points in their hospitalization (Table 2). Among the five 
patients who were treated with cefiderocol, four patients also received concurrent 
amikacin. Two of those patients (40% of those receiving cefiderocol) had cefiderocol-
resistant K. pneumoniae isolated from tissue cultures 11 and 17 days after the initiation of 
cefiderocol (2 and 4 days after discontinuing cefiderocol, respectively). Antibiotic therapy 
was switched to salvage therapy with the combination of aztreonam, ceftazidime-avibac­
tam, and amikacin in one case and a combination of amikacin and minocycline in the 
other. Doses of antibiotics used along with renal adjustments are included in Table S4. 
The dose of cefiderocol did not appear to be related to the development of resistance 

FIG 1 Susceptibility pattern of initial VIM-CROs isolates from each patient. The susceptibility to the antibiotics listed is shown for the first VIM-CRO isolated 

from each patient. If a patient had multiple species of VIM-producing CROs isolated, then the first VIM-CRO isolates for each species is shown. Blue indicates 

susceptibility, yellow indicates intermediate susceptibility, and red indicates resistance to a given antibiotic. The gray boxes represent antibiotic susceptibility 

data that were unavailable. Amikacin susceptibility was determined prior to the 2023 CLSI update to amikacin breakpoints.
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as the one patient who received every 8 hours dosing of cefiderocol instead of every 6 
hours did not develop cefiderocol resistance.

One patient died within 30 days of the initial isolation of a CRO. This patient 
developed cefiderocol resistance but had documented clearance of the VIM-CRO 
infection (based on follow-up cultures) after the initiation of aztreonam, ceftazidime-avi­
bactam, and amikacin salvage therapy. This patient succumbed to a subsequent invasive 
fungal infection. The Pitt bacteremia score on the first day that a VIM-CRO was isolated 
(10) was 6 for the patient who died, while the other eight patients had a mean score of 
1.9 (range 0–4).

At the time of this outbreak, in vitro synergy testing for susceptibility to the com­
bination of ceftazidime-avibactam and aztreonam was not clinically available. BMD 
susceptibility testing of VIM-producing isolates from the patients treated with cefta­
zidime-avibactam and aztreonam combination therapy along with the isolates with 
cefiderocol resistance was retrospectively performed for this study. All strains tested 
were susceptible to the combination of aztreonam and ceftazidime-avibactam with an 
MIC of ≤0.25/4/4 (aztreonam/ceftazidime/avibactam, data not shown), despite these 
isolates having high levels of resistance to both ceftazidime-avibactam and aztreonam 
individually (Fig. 2).

To understand the mechanisms underlying the cefiderocol resistance seen in this 
outbreak, whole-genome sequencing was performed on isolates from the patients who 
developed cefiderocol-resistant K. pneumoniae. Pairs of isolates immediately prior to the 
detection of cefiderocol resistance and once cefiderocol resistance was detected were 
subjected to whole-genome sequencing and compared to identify variations. Isolates 
identified as A12 and B2 were collected from patient 2 and patient 3 (File S1), respec­
tively, prior to the detection of cefiderocol resistance. These were paired with isolates 
A14 and B3, both of which were collected from the sample patients after completing 

FIG 2 MIC values among VIM-CROs for select antibiotics. The range (min-max) of MICs (µg/mL) for all VIM-CRO isolates with antimicrobial susceptibility testing 

results available from all nine patients included in this study. MICs are shown for amikacin, aztreonam, cefiderocol, ceftazidime-avibactam, and meropenem. For 

A. baumannii, P. aeruginosa, and E. cloacae, MIC values are reflective of a single isolate each. For K. pneumoniae and S. marcescens, isolates are separated by culture 

source, either blood or tissue/wound. Results include multiple isolates from the same patient in some cases. S*- susceptible but determined by disk diffusion 

method. NT: not tested.
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cefiderocol treatment. A third isolate from patient 3 (identified as B4), collected 13 days 
after the first cefiderocol-resistant isolate was identified, was also sequenced. There 
were no other changes in the susceptibility, neither increases nor decreases in MICs, 
to any other antibiotics tested besides cefiderocol in these strain pairs. Comparison of 
strain pairs A12/A14 and B2/B3 showed numerous non-synonymous variations within 
predicted open reading frames, the complete lists of which are shown in Tables S5 and 
S6, respectively. High-impact SNPs were identified in two siderophore receptors in both 
pairs of isolates. The genes encoding catecholate siderophore receptors CirA and Fiu (17) 
were both found to have single nucleotide deletions in the cefiderocol-resistant isolates. 
However, the specific mutations were not the same between the two cefiderocol-resist-
ant isolates, suggesting they arose spontaneously and independently of each other. 

TABLE 2 Patient characteristics and outcomes of infections treated with cefiderocol or ceftazidime-avibactam + aztreonam

Patients treated with cefiderocol

Patient Age, Sex Co-morbidities

VIM infection site

Pathogens identified Duration of cefiderocol 

treatment (d)

Co-administration of

amikacin

Treatment outcome

(determined by)

1 38, female None Bacteremia,

neck wound

Klebsiella pneumoniae (VIM), 

Pseudomonas aeruginosa 

(wound only)

17 Yes (15 d) Success (clearance of bacteremia, 

resolution of fevers)

2a 30, male None Bacteremia, R arm Klebsiella pneumoniae (VIM), 

Serratia marcescens (VIM)

9 Yes (4 d) Failure (persistent fevers, persistent 

bacteremia, recovery of 

cefiderocol resistant-Klebsiella 

pneumoniae from blood)

3 67, male HTN, diabetes L lower

extremity

Klebsiella pneumoniae (VIM), 

Ochrobactrum anthropi

12 Yes (6 d) Failure (persistent fevers, recovery 

of cefiderocol resistant-Klebsiella 

pneumoniae from the same site)

4b 30, male None R lower extremity Klebsiella pneumoniae (VIM), 

Pseudomonas aeruginosa

19 No Success (resolution of fevers, 

clinical assessment of wound, 

subsequent tissue culture)

5 23, male Diabetes Bacteremia,

neck wound

Klebsiella pneumoniae (VIM) 10 Yes (9 d) Success (clearance of bacteremia)

Patients treated with ceftazidime-avibactam + aztreonam

Patient Age, Sex Co-morbidities VIM infection site Pathogens identified Duration of ceftazidime-

avibactam + aztreonam 

treatment (d)

Co-administration of 

amikacin Treatment outcome

(determined by)

2a 30, male None Bacteremia, R arm Klebsiella pneumoniae (VIM), 

Serratia marcescens (VIM)

11 (until transition of

care)

Yes (11 d) Success (resolution of fevers, 

clearance of bacteremia)

4b 30, male None L lower

extremity

Klebsiella pneumoniae (VIM), 

Achromobacter species

7 No Success (resolution of fevers, 

clinical assessment of wound)

8c 81, male Bladder cancer, 

diabetes

R lower

extremity

Serratia marcescens (VIM), 

Pseudomonas guariconensis, 

Enterobacter cloacae, 

Enterococcus faecalis

7 No Success (clinical assessment of 

wound)

8c 81, male Bladder cancer, 

diabetes

Bacteremia,

L lower

extremity

Serratia marcescens (VIM), 

Acinetobacter baumannii

(wound only)

10 No Success (resolution of fevers, 

clinical assessment of wound, 

clearance of bacteremia, 

subsequent tissue culture)

9 19, male None L lower

extremity

Serratia marcescens (VIM), 

Klebsiella pneumoniae

14 No Success (resolution of fevers, 

clinical assessment of wound)

aPatient 2 is included in both lists as he was treated with cefiderocol and amikacin followed by aztreonam, ceftazidime-avibactam, and amikacin for salvage therapy. 
Although his infection improved with salvage therapy, he subsequently developed candidemia and an Aspergillus wound infection. He passed away after a transition of 
goals of care.
bPatient 4 is included in both lists as he had multiple separate infections due to VIM-CROs during his hospitalization and received both cefiderocol and the combination of 
ceftazidime-avibactam and aztreonam at different times.
cPatient 8 had two infections due to VIM-CROs, isolated 21 days apart, during his hospitalization for which he received two separate courses of ceftazidime-avibactam and 
aztreonam.
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Furthermore, phylogenetic analysis of these five isolates suggests A12 and B2 share a 
common ancestor while B3 and B4 are more closely related to B2 (Fig. S1). The identified 
mutations along with their predicted effect on their respective protein products are 
shown in Fig. 3. Given the presence of mutations affecting siderophore receptors, the 
ability of these strains to grow in iron-restricted conditions was tested. When grown 
in LB, there was no difference in the growth of the strain pairs (Fig. S2A and B). No 
difference in growth was observed between A12 and A14 when iron was restricted by 
the addition of 600 µM 2,2-dipyridyl, and A14 actually showed slightly improved growth 
in the presence of 1,200 µM 2,2-dipyridyl when compared to A12 (Fig. S2A). In the same 
iron-limiting conditions, there was a mild growth defect in B3 versus B2; however, the 
growth of B4 was comparable and even slightly enhanced versus wild-type levels (Fig. 
S2B). On analysis of the whole-genome sequence of B4, it was revealed that B4 contained 
the same cirA and fiu mutations that were found in B3. However, B4 had an additional 
three non-synonymous mutations in predicted open reading frames, as shown in Table 
S7.

Given that the WGS detected mutations in siderophore receptors were likely to 
affect their function, we tested whether these mutations affected the susceptibility 
of K. pneumoniae to cefiderocol. Since there were many other mutational differences 
between the paired cefiderocol susceptible and resistant isolates, including mutations 
in a porin and a class A β-lactamase (SHV-7), we sought to confirm the effect of the 
siderophore receptor mutations in a clean genetic background. To do this, the identical 
point mutations that were found in the clinical isolates were introduced into a laboratory 
strain of K. pneumoniae, KPPR1S. The mutations found in A14, cirAK504fs-1 and fiuE218fs-1 

mutations, were recreated both alone and in combination to make a double siderophore 
receptor mutant as were the mutations found in B3, cirAY396* and fiuS653fs-1. These strains 
were subsequently tested for their susceptibility to cefiderocol both by broth microdilu­
tion and disk diffusion assays (Table 3). While all of the strains remained susceptible to 
cefiderocol (defined as an MIC ≤4 µg/mL or zone of inhibition (ZOI) ≥ 16 mm), there was 
an increase in the MIC and a decrease in the ZOI for all of the mutants compared to 
their parent strain. Both double siderophore receptor mutants had 16-fold increases in 
cefiderocol MICs over the wild type. Similar to what was seen with the clinical isolates, 
these mutations did not affect the growth of these strains in LB even in iron-limiting 
conditions (Fig. S2C and D). Together, these results suggest the potential for rapid 
selection of cefiderocol resistance during antibiotic treatment without a trade-off in 
bacterial fitness.

FIG 3 Siderophore receptor mutations identified in clinical isolates with cefiderocol resistance. The schematic shows the representative full-length protein 

products of cirA and fiu along with the truncated versions that result from the mutations found in each clinical isolate. Red lines indicate the missense region of 

the protein. Numbers above the line indicate the single nucleotide deletion present while numbers below each line indicate the amino acid where the missense 

mutation or termination of the protein occurs.
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DISCUSSION

As noted in this case series, MBL-producing CROs can be particularly challenging to treat 
in a burn unit where there is frequent antibiotic exposure and potential for multi-species 
spread, even in the absence of specific carbapenem selection pressure. Outbreaks of 
MBLs have been described in burn units where patients are disproportionally vulnerable 
to environmental sources and the spread of resistance mechanisms by horizontal gene 
transfer due to their extended duration of open wounds (18). Given that VIM is an 
unusual carbapenemase at our institution, we suspect this outbreak is also plasmid 
associated, although this is currently being confirmed by long-read sequencing.

Despite a high percentage of bacteremia (44%) among the patients included in 
this study, there was only one death within 30 days, representing a mortality of 25% 
among patients with VIM-CRO bacteremia and 11% mortality overall among patients 
with VIM-CRO infections. This is on the lower end of the estimated mortality among 
patients with infections due to CRO (10%–40%), especially given that mortality is usually 
higher in cases of bacteremia due to carbapenemase-producing organisms (19, 20). The 
observed survival rate may be related to the patient population in this study or the 
ability to obtain a high degree of source control through repetitive surgical debridement.

While differentiating between colonization and true infection can be challenging in 
patients with burns, we felt confident in classifying these nine patients as having true 
infections for several reasons. Four out of the nine patients had the same VIM-CRO 
isolated from their bloodstream at some point during their hospital stay, which clearly 
represents an infection. Among the other five patients, clinical records all document 
concern for an infection at the time of collection of the cultures in question. In addition, 
four out of the five patients were febrile at the time of culture collection and their 
fevers resolved shortly after further debridement or initiation of antibiotics (File S1). 
The one possible exception is patient 7 who also had a KPC-producing Enterobacter 
cloacae isolated from a urine culture the day after they had a VIM-producing Klebsiella 
pneumoniae isolated from a wound culture. A Pseudomonas aeruginosa isolate that was 
susceptible to carbapenems and fluoroquinolones was also recovered from this wound 
culture. This patient was empirically started on ciprofloxacin and defervesced despite the 
Klebsiella pneumoniae isolate being resistant to ciprofloxacin. Therefore, it is possible that 
the non-CRO pathogens present were responsible for this patient’s wound infection and 
fever and the VIM-CRO merely reflected colonization, in this case.

One limitation of this study is the use of now outdated amikacin breakpoint points. 
Since this outbreak occurred prior to the 2023 revision to the CLSI breakpoints for 
amikacin, MIC values for amikacin were not determined below 8 µg/mL. This means that 
isolates from patients who received amikacin as part of their antibiotic treatment may be 
reclassified as having intermediate susceptibility under the revised amikacin breakpoints 

TABLE 3 Cefiderocol susceptibility testing of siderophore receptor mutants

Strain

Cefiderocol resistance testing

BMD MIC (µg/mL) Fold Increase in BMD MIC over WT Disk susceptibility ZOI

KPPR1S 0.0625 - 29 mm
KPPR1S cirAK504fs-1 0.25 4 23 mm
KPPR1S cirAY396* 0.125 2 24 mm
KPPR1S fiuE218fs-1 0.5 8 28 mm
KPPR1S fiuS653fs-1 0.25 4 28 mm
KPPR1S cirAK504fs-1, fiuE218fs-1 1 16 19 mm
KPPR1S cirAY396*, fiuS653fs-1 1 16 21 mm
Clinical Isolate A12 1 - 22 mm
Clinical Isolate A14 >32 N/A 6 mm
Clinical Isolate B2 0.5 - 21 mm
Clinical Isolate B3 >32 N/A 6 mm
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(11). However, none of the patients treated with amikacin had VIM-CRO isolates with 
amikacin MICs that fall in the resistant range based on the revised breakpoints.

At the time of this outbreak, our facility did not have a standard method in place 
to predict whether the combination of aztreonam and ceftazidime-avibactam would be 
effective against a CRO. The use of this combination was empiric in all cases, as the 
isolates were resistant to both ceftazidime-avibactam and aztreonam alone. However, 
good clinical responses were observed in the patients treated with the combination of 
aztreonam and ceftazidime-avibactam (Table 2; File S1). Although AST or ALT elevations 
occurred in more than half of patients receiving this combination as part of a Phase I 
study (21), we did not observe any such elevations in the patients treated with aztreo­
nam and ceftazidime-avibactam. Subsequent in vitro synergy testing confirmed the 
susceptibility of the respective isolates to combination therapy. In addition to reference 
broth microdilution testing, CLSI has endorsed the use of a ceftazidime-avibactam and 
aztreonam broth disk elution test which represents another potential option for clinical 
laboratories to evaluate susceptibility to the combination of ceftazidime-avibactam and 
aztreonam.

Although there have been multiple antibiotics brought to market in the past decade 
to counteract the rising incidence of CROs, resistant isolates have been detected almost 
as soon as novel agents are put into clinical use. This includes cefiderocol, which despite 
its novel mechanism of action has already been shown to be vulnerable to resistance 
developing in the clinical setting (22). There have been multiple reports of cirA mutations 
contributing to cefiderocol resistance in K. pneumoniae (23, 24). However, this is the first 
example, to our knowledge, of a fiu mutation arising in any clinical Enterobacterales 
isolate. Furthermore, this appears to be the first report of multiple siderophore receptor 
mutations arising in a single clinical isolate. Early studies of cefiderocol demonstrated 
that targeted deletion of both fiu and cirA resulted in a synergistic increase in the MIC 
in an E. coli laboratory strain (6). Given that two mutations were required to significantly 
increase the MIC, this was considered to be a strength of cefiderocol. Likewise, neither fiu 
nor cirA mutations were found in an analysis of clinical isolates with reduced susceptibil­
ity to cefiderocol in the initial trials leading to its approval (25).

Despite a limited duration of cefiderocol use, we saw a rapid emergence of cefidero-
col-resistant K. pneumoniae in 40% of the cases (2/5) treated with cefiderocol in this 
case study. Both cases of cefiderocol resistance were found within 4 days of discontin­
uing cefiderocol. In one of these cases, cefiderocol was discontinued and antibiotics 
were empirically switched due to presumed treatment failure while in the other case, 
the patient remained febrile even after completion of the full course of cefiderocol. 
Even more surprising was the fact that both cases of cefiderocol resistance involved 
the acquisition of different sets of mutations in both fiu and cirA, suggesting they 
arose completely independently. The rapid selection of resistance may be explained 
by the pre-existence of heteroresistance among the bacterial populations, a previously 
described, yet under-appreciated occurrence among clinical isolates (26). In this context, 
it is possible that a subpopulation of bacteria with pre-existing siderophore receptor 
mutations existed within the infected wound environment, but at levels that initially 
evaded clinical detection by standard susceptibility testing. As opposed to Choby et. 
al., who found the mechanism of cefiderocol resistance in their clinical isolates to be 
the acquisition of multiple copies of a carbapenemase gene on a plasmid through 
gene replication, our study identified single nucleotide mutations within siderophore 
receptors as the mechanism responsible for resistance to cefiderocol. While we cannot 
rule out the possibility that increased expression or duplication of the carbapenemase 
gene is contributing to the cefiderocol resistance seen in our clinical isolates, re-creating 
the mutations found in our clinical isolates in a laboratory K. pneumoniae strain caused 
a 16-fold increase in the cefiderocol MICs, even in the absence of any β-lactamase 
(Table 3). Presumably, the addition of a β-lactamase, such as the VIM gene found in 
the clinical isolates, would have led to further increases in cefiderocol MICs in these 
strains, and possibly resulted in resistance, although this was not tested. Interestingly, 
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in one of the two strain pairs, a third mutation in a siderophore receptor was found 
(Table S5), with a single amino acid change in the product of the fhuA gene (fhuAP399S). 
This mutation was not investigated further in this study but it may also contribute to 
the cefiderocol resistance seen in this strain. This strain also acquired a premature stop 
codon in the MutL DNA mismatch repair protein which may explain why there were so 
many mutational differences between the two strains in this pair.

Interestingly, only one of these isolates had a growth deficiency in iron-limiting 
conditions (Fig. S2B). However, a subsequent cefiderocol-resistant isolate from that 
patient recovered 13 days after the detection of the first resistant isolate did not have 
a growth defect. This isolate, B4, still had the same cirA and fiu mutations found in B3, 
suggesting that the isolates were related and not due to the acquisition of a new K. 
pneumoniae isolate. B4 had additional mutations in several genes including a carbohy­
drate porin gene (Table S7), although it was not readily apparent what was responsible 
for the reversal of the low iron growth restriction. Furthermore, the creation of the cirA 
and fiu mutations found in B3 and B4 in KPPR1S did not result in restricted growth in low 
iron conditions (Fig. S2D). This suggests that these mutations could be easily selected for 
as they are not detrimental to growth in iron-restricted conditions even though they lead 
to increased resistance to cefiderocol (Table 3).

As demonstrated in this study, the treatment of infections due to MBL-produc­
ing CROs is challenging. Fortunately, the development of new antibiotics with activ­
ity against MBL-producing CROs is ongoing, with cefepime-taniborbactam and the 
combination of aztreonam-avibactam two recent examples of β-lactam/β-lactamase 
inhibitors to finish phase III trials. Treatment regimens require personalization based 
on consideration of not only the antibiotic resistance pattern but also the characteristics 
of the patient. While new antimicrobials provide additional options in some of the most 
difficult-to-treat infections, they inherently come with a lack of experience in their use. 
While we found good success with the combination of aztreonam and ceftazidime-avi­
bactam, our clinical failure rate with cefiderocol was disappointing. Our findings suggest 
that patients treated with cefiderocol should be monitored closely for the development 
of resistance, particularly in the setting of early clinical signs of treatment failure.
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