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a b s t r a c t 

Objectives: Carbapenemase-producing Enterobacterales (CPEs) pose a serious medical threat. In recent 

years, several new antibiotics targeting carbapenem-resistant Gram-negative bacteria have been intro- 

duced, including cefiderocol, ceftazidime-avibactam, imipenem-relebactam and meropenem-vaborbactam. 

However, no systematic monitoring of susceptibility levels is routinely performed, which challenges ratio- 

nal use and the effectiveness of the new antibiotics due to the risk of rapid emergence of resistance. The 

objective of this study was to assess the susceptibility of new antibiotics targeting carbapenem-resistant 

Gram-negative bacteria against CPEs in Sweden. 

Methods: All CPE isolates collected through Sweden’s national microbial surveillance programme in 2022 

were included. Susceptibility testing for the new antibiotics and other agents relevant to CPEs was per- 

formed with broth microdilution for all drugs except for cefiderocol and fosfomycin, for which EUCAST 

disk diffusion was applied. Whole-genome sequencing was performed for genetic characterisation. 

Results: In total, 286 CPEs were included in the study. Susceptibility rates were high for ceftazidime- 

avibactam in OXA-48-like producing isolates (n = 116, > 95%) and for ceftazidime-avibactam and 

meropenem-vaborbactam against KPC/IMI-producing isolates (n = 22, ≥90%). In contrast, susceptibility 

to cefiderocol was low in MBL-producing Enterobacterales according to disk diffusion: 0% (0/76) of Es- 

cherichia coli and 6% (3/54) of Klebsiella pneumoniae were classified susceptible, and 93% (71/76) and 39% 

(21/54), respectively, were resistant. The presence of blaNDM-5 was associated with the highest level of 

resistance. 

Conclusions: Considerable variability was observed in the susceptibility rates of the newly introduced 

antibiotics against CPEs collected in Sweden. Continued surveillance is warranted to guide rational use of 

these new last-resort antibiotics. 

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The increasingly prevalent carbapenem-resistant Gram-negative 

acteria pose a serious medical threat worldwide. Cross-resistance 

o other antibiotic classes severely limits the available treatment 

ptions for carbapenem-resistant bacteria, resulting in high mor- 

ality rates [ 1 , 2 ]. Carbapenemase-producing Enterobacterales (CPE), 
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.g. Escherichia coli and Klebsiella pneumoniae producing IMI, KPC, 

BL and OXA-48-like enzymes, cause difficult-to-treat infections 

ncluding urinary tract infections, hospital-acquired pneumonia 

nd bloodstream infections [ 3 ]. 

Over the past decade, several new antibiotics targeting 

arbapenem-resistant Gram-negative bacteria have been intro- 

uced. Of these, ceftazidime-avibactam, meropenem-vaborbactam 

nd imipenem-relebactam are beta-lactam/beta-lactamase in- 

ibitor combinations (BLBLIs) with variable activity against CPEs 

epending on enzymes, the constituent beta-lactam and the affin- 

ty of the enzyme inhibitor. Of note, all clinically available beta- 
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actamase inhibitors lack activity against MBLs. Cefiderocol is 

 catechol-substituted siderophore-cephalosporin with a unique 

echanism of cell entry via iron transporters and has been re- 

orted to be stable against all classes of carbapenemases [ 4 ]. 

However, there is still limited evidence on how new antibiotics 

hould be introduced into healthcare. Moreover, systematic mon- 

toring of the susceptibility and emerging resistance to these an- 

ibiotics is not routinely performed in most settings. Yet, such data 

re crucial to promote responsible use and guide empirical treat- 

ent for patients with suspected CPE infections. Thus, our study 

imed to assess the susceptibility to the recently introduced an- 

ibiotics among CPE strains collected within the Swedish national 

icrobial surveillance programme in 2022. The strains were sub- 

ected to susceptibility testing using routine phenotypic methods 

nd WGS to describe the molecular epidemiology. Furthermore, we 

nvestigated possible associations between bacterial genetic mark- 

rs and phenotypic resistance and discussed the potential clinical 

mplications of our findings. 

. Methods 

.1. Bacterial strain collection 

All clinical microbiological laboratories in Sweden must report 

nd submit identified CPE isolates to the Public Health Agency of 

weden as part of the national microbial surveillance programme. 

ll CPE isolates collected during 2022 with a confirmed carbapene- 

ase gene were included in the study. Duplicate isolates were ex- 

luded. No ethical approval was required as the study was based 

olely on bacterial isolates. The metadata (i.e., source and coun- 

ry of acquisition) were collected and analysed within the general 

andate of the Public Health Agency and are described only in an 

ggregated format. 

.2. Antibiotic susceptibility testing 

Antibiotic susceptibility testing (AST) was performed accord- 

ng to EUCAST guidelines, and the results were interpreted using 

he clinical breakpoint table version 14.0 [ 5 ]. In addition to the 

ew antibiotics (ceftazidime-avibactam, meropenem-vaborbactam, 

mipenem-relebactam and cefiderocol), AST was performed for 

 selection of other antibiotics with Gram-negative activity: 

mikacin, cefotaxime, colistin, fosfomycin, gentamicin, meropenem, 

igecycline and tobramycin. 

MIC values were determined with broth microdilution (BMD) 

sing custom-made Sensititre plates and Mueller-Hinton (MH) 

roth (Thermo Fisher Scientific, Waltham, USA) for all antibiotics 

xcept cefiderocol and fosfomycin, for which EUCAST disk diffusion 

antibiotic disks cefiderocol 30 μg, fosfomycin 200 μg (MAST group 

td, Liverpool, UK) on MH agar (Oxoid, Thermo Fisher Scientific, 

altham, USA) was employed [ 6 ]. For cefiderocol, the inhibition 

one diameter results were classified as either R (ATU excluded, 

20 mm), ATU (21–23 mm) or S (ATU excluded, ≥24 mm). Fos- 

omycin was only evaluated against E. coli due to the absence of 

linical breakpoints for other species. 

Due to the unexpectedly low susceptibility rates and known 

echnical challenges with cefiderocol AST, 10 strains with varying 

nhibition zone sizes according to disk diffusion performed at the 

ublic Health Agency, were also subjected to disk diffusion and 

MD at the EUCAST Development Laboratory (EDL, Växjö, Swe- 

en). At EDL, EUCAST disk diffusion was performed with cefidero- 

ol 30 μg-disks from Liofilchem (Liofilchem, Roseto degli Abruzzi, 

taly) on MH agar from three different manufacturers: BBL (Bec- 

on Dickinson, Sparks, MD, USA), Bio-Rad (Bio-Rad Laboratories, 

ercules, California, USA) and Oxoid (Thermo Fisher Scientific, 

altham, USA). BMD was performed with custom made frozen 
2

ensititre plates with iron-depleted cation-adjusted MH broth (ID- 

AMHB) prepared from CAMHB from two manufacturers: Difco 

Becton Dickinson, Sparks, MD, USA) and BBL (Becton Dickinson 

 Co, Sparks, MD, USA) according to the CLSI/EUCAST instructions 

 7 , 8 ]. 

.3. Whole-genome sequencing and genetic characterisation 

All isolates were genetically characterised by WGS using the 

onTorrent platform (Thermo Fisher Scientific, Waltham, USA). In 

rief, DNA concentrations were measured using the Qubit Fluo- 

ometer (Invitrogen, Thermo Fisher Scientific, Waltham, USA) and 

he Qubit dsDNA BR Assay Kit (Invitrogen, Thermo Fisher Scien- 

ific, Waltham, USA) and samples with a minimum of 200 ng DNA 

ere used for library generation. The Ion XpressTM Plus Library 

it (Thermo Fisher Scientific, Waltham, USA) was applied to gener- 

te barcoded Ion fragment DNA libraries. The libraries were pooled 

nd quantified by an in-house real-time PCR assay [ 9 ]. We used 

5 μl of 25 pM solutions for template preparation and Ion 530 

hip loading on an Ion Chef system. Then, we employed the Ion 

5 prime XL system (Thermo Fisher Scientific, Waltham, USA) for 

equencing. 

Raw reads were converted from uBAM to FASTQ files using 

amtools (1.19.2, using htslib 1.19.1) and quality controlled us- 

ng fastp (version 0.23.4) [ 10 , 11 ]. Assembly was performed with 

PAdes (version 3.15.5) using –iontorrent –isolate mode [ 12 ]. The 

esulting scaffold-FASTA file was annotated using BAKTA (version 

.7.0), ReferenceSeeker (version 1.8.0), MLST (version 2.23.0) and 

MRfinder (version 3.11.11) [ 13–15 ]. From the annotation, molec- 

lar markers previously associated with cefiderocol resistance, in- 

luding siderophore receptor genes ( cirA, fiu, exbB, exbD, fepA, fepB, 

epC, fepD, fhuA , and tonB ) and truncations in siderophore receptor 

enes, were collected [ 16–21 ]. Assemblies were quality-controlled 

sing BUSCO (version 5.4.7) and QUAST (version 5.2.0) [ 22 , 23 ]. All

solates had at least 20x sequencing depth. 

ata availability 

Short-read sequence data were submitted to the European Nu- 

leotide Archive (ENA) under study accession number PRJEB76821. 

he accession numbers of the genomes studied are provided in 

upplementary Table S1. 

. Results 

.1. Bacterial species and origin 

In total, 286 CPE isolates, obtained from 240 patients, were 

ollected from the Swedish clinical microbiological laboratories in 

022. E. coli was the predominant pathogen (161/286, 56%), fol- 

owed by K. pneumoniae (94/286, 33%) ( Tables 1a, 1b and 1c ). 

athogens of other species (n = 31), including Citrobacter spp., En- 

erobacter spp., Proteus spp., Providencia spp., Serratia spp. , and Kleb- 

iella spp. except K. pneumoniae , (i.e. K. variicola, K. michiganensis 

nd K. aerogenes ) are grouped in the data presentation. 

Of the 286 isolates, 51% (n = 146) were detected in faecal 

creening for multidrug-resistant Gram-negative bacteria and 49% 

n = 140) were extracted from clinical cultures. Most isolates were 

cquired abroad (196/286, 69%), with Ukraine (n = 37), Spain 

n = 16), Turkey (n = 14), Greece (n = 13) and India (n = 12) being

he most commonly reported countries of origin. Of the remaining 

solates, 24% (n = 70) were acquired in Sweden and 7% (n = 20) 

ere of unknown origin. 
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Table 1a 

Susceptibility rates for new and old antibiotics among carbapenemase-producing E. coli (n = 161). 

Antibiotic Escherichia coli 

No. of isolates (%) 

MBL, n = 76 KPC/IMI, n = 2 OXA-48-like, n = 83 All, n = 161 

S I ATU R S I ATU R S I ATU R S I ATU R 

Cefiderocol A 0 5 (7) 71 (93) 2 (-) 0 0 48 (58) 22 (27) 13 (16) 50 (31) 27 (17) 84 (52) 

Ceftazidime-avibactam 0 76 (100) 2 (-) 0 82 (99) 1 (1) 85 (53) 76 (47) 

Meropenem-vaborbactam 7 (9) 69 (91) 2 (-) 0 82 (99) 1 (1) 91 (57) 70 (43) 

Imipenem-relebactam 2 (3) 74 (97) 2 (-) 0 81 (98) 2 (2) 85 (53) 76 (47) 

Colistin B 75 (99) 1 (1) 2 (-) 0 82 (100) D 0 D 159 (99) D 1 (1) D 

Tigecycline 75 (99) 1 (1) 2 (-) 0 83 (100) 0 160 (99) 1 (1) 

Fosfomycin iv C 75 (99) 1 (1) 2 (-) 0 81 (98) 2 (2) 158 (98) 3 (2) 

Amikacin B 60 (79) 16 (21) 2 (-) 0 83 (100) 0 145 (90) 16 (10) 

Gentamicin B 47 (63) D 28 (37) D 0 2 (-) 75 (91) D 7 (9) D 122 (77) E 37 (23) E 

Tobramycin B 33 (44) D 42 (56) D 0 2 (-) 72 (88) D 10 (12) D 105 (66) E 54 (34) E 

Cefotaxime 0 0 76 (100) 0 0 2 (-) 24 (29) 5 (6) 54 (65) 24 (15) 5 (3) 132 (82) 

Meropenem 2 (3) 4 (5) 70 (92) 1 (-) 1 0 80 (96) 2 (2) 1 (1) 83 (52) 7 (4) 71 (44) 

Imipenem 1 (1) 4 (5) 71 (93) 1 (-) 1 0 81 (98) 2 (2) 0 83 (52) 7 (4) 71 (44) 

S = Susceptible; I = Susceptible, increased exposure; R = Resistant; ATU = Area of technical uncertainty. 

Isolates with > 1 carbapenemase always carried one MBL enzyme and are only included in the MBL group. AST was performed with BMD for all antibiotics except cefiderocol and fosfomycin iv, for which EUCAST disk diffusion 

was used. The I and ATU categories are only shown for antibiotics for which these categories exist. For groups with n < 20, proportions are not shown due to the low number of isolates. 
A The S and R categories do not include isolates within the ATU. 
B Breakpoints in brackets, combination therapy recommended. 
C Breakpoints applicable for infections originating from the urinary tract. 
D One of the isolates was not tested for this antibiotic. 
E Two of the isolates were not tested for this antibiotic. 

3
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Table 1b 

Susceptibility rates for new and old antibiotics among carbapenemase-producing Klebsiella pneumoniae (n = 94). 

Antibiotic Klebsiella pneumoniae 

No. of isolates (%) 

MBL, n = 54 KPC/IMI, n = 13 OXA-48-like, n = 27 All, n = 94 

S I ATU R S I ATU R S I ATU R S I ATU R 

Cefiderocol A 3 (6) 30 (56) 21 (39) 3 (-) 5 (-) 5 (-) 12 (44) 10 (37) 5 (19) 18 (19) 45 (48) 31 (33) 

Ceftazidime-avibactam 0 54 (100) 12 (-) 1 (-) 27 (100) 0 39 (41) 55 (59) 

Meropenem-vaborbactam 6 (11) 48 (89) 12 (-) 1 (-) 10 (37) 17 (63) 28 (30) 66 (70) 

Imipenem-relebactam 0 54 (100) 11 (-) 2 (-) 10 (37) 17 (63) 21 (22) 73 (78) 

Colistin B 44 (83) C 9 (17) C 10 (-) 3 (-) 21 (78) 6 (22) 75 (81) C 18 (19) C 

Amikacin B 19 (36) C 34 (64) C 8 (-) 5 (-) 21 (78) 6 (22) 48 (52) C 45 (48) C 

Gentamicin B 16 (30) 38 (70) 3 (-) 10 (-) 13 (48) 14 (52) 32 (34) 62 (66) 

Tobramycin B 6 (11) 48 (89) 2 (-) 11 (-) 7 (26) 20 (74) 15 (16) 79 (84) 

Cefotaxime 0 0 54 (100) 0 0 13 (-) 3 (11) 0 24 (89) 3 (3) 0 91 (97) 

Meropenem 0 5 (9) 49 (91) 1 (-) 1 (-) 11 (-) 8 (30) 2 (7) 17 (63) 9 (10) 9 (10) 76 (81) 

Imipenem 0 6 (11) 48 (89) 0 1 (-) 12 (-) 9 (33) 6 (22) 12 (44) 9 (10) 13 (14) 72 (77) 

S = Susceptible; I = Susceptible, increased exposure; R = Resistant; ATU = Area of technical uncertainty. 

Isolates with > 1 carbapenemase always carried one MBL enzyme and are only included in the MBL group. AST was performed with BMD for all antibiotics except cefiderocol and fosfomycin iv, for which EUCAST disk diffusion 

was used. The I and ATU categories are only shown for antibiotics for which these categories exist. For groups with n < 20, proportions are not shown due to the low number of isolates. 
A The S and R categories do not include isolates within the ATU. 
B Breakpoints in brackets, combination therapy recommended. 
C One of the isolates was not tested for this antibiotic. 

4
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Table 1c 

Susceptibility rates for new and old antibiotics among carbapenemase producing Enterobacterales of other species than E. coli and K. pneumoniae (n = 31), and a summary of all KPC/IMI-producing Enterobacterales (n = 22), 

collected in Sweden 2022. 

Antibiotic Other Enterobacterales 

No. of isolates (%) 

All KPC/IMI-producing Enterobacterales, 

n = 22 

MBL, n = 17 KPC/IMI, n = 7 OXA-48-like, n = 6 All, n = 31 H ( E. coli , n = 2, K. pneumoniae , n = 13, other, 

n = 7) 

S I ATU R S I ATU R S I ATU R S I ATU R S I ATU R 

Cefiderocol A 4 (-) 4 (-) 9 (-) 3 (-) 3 (-) 1 (-) 3 (-) 2 (-) 1 (-) 11 (35) 9 (29) 11 (35) 8 (36) 6 (27) 8 (36) 

Ceftazidime-avibactam 0 17 (-) 5 (-) D 1 (-) D 5 (-) 1 (-) 11 (37) D 19 (63) D 19 (90) D 2 (10) D 

Meropenem-vaborbactam 6 (-) 11 (-) 6 (-) 1 (-) 6 (-) 0 19 (61) 12 (39) 20 (91) 2 (9) 

Imipenem-relebactam 1 (-) 16 (-) 3 (-) 4 (-) 5 (-) 1 (-) 9 (29) 22 (71) 16 (73) 6 (27) 

Colistin B 11 (-) E 0 E 4 (-) D 2 (-) D 6 (-) 0 21 (91) G 2 (9) G 16 (76) D 5 (24) D 

Tigecycline - - - - - - - - - - - - - - - - 2 (-) F 0 F 

Fosfomycin iv C - - - - - - - - - - - - - - - - 2 (-) F 0 F 

Amikacin B 9 (-) 8 (-) 5 (-) 2 (-) 6 (-) 0 21 (68) 10 (32) 15 (68) 7 (32) 

Gentamicin B 6 (-) 11 (-) 3 (-) 4 (-) 3 (-) 3 (-) 12 (39) 19 (61) 6 (27) 16 (73) 

Tobramycin B 1 (-) 16 (-) 2 (-) 5 (-) 4 (-) 2 (-) 7 (23) 24 (77) 4 (18) 18 (82) 

Cefotaxime 0 17 (-) 1 (-) 1 (-) 5 (-) 2 (-) 4 (-) 2 (6) 3 (10) 26 (84) 1 (5) 1 (5) 20 (91) 

Meropenem 3 (-) 5 (-) 9 (-) 0 1 (-) 6 (-) 4 (-) 2 (-) 0 8 (26) 8 (26) 15 (48) 2 (9) 3 (14) 17 (77) 

Imipenem 1 (-) 1 (-) 15 (-) 1 (-) 6 (-) 5 (-) 1 (-) 0 7 (23) 3 (10) 21 (68) 2 (9) 2 (9) 18 (82) 

S = Susceptible; I = Susceptible, increased exposure; R = Resistant; ATU = Area of technical uncertainty. 

Isolates with > 1 carbapenemase always carried one MBL enzyme and are only included in the MBL group. AST was performed with BMD for all antibiotics except cefiderocol and fosfomycin iv, for which EUCAST disk diffusion 

was used. The I and ATU categories are only shown for antibiotics for which these categories exist. For groups with n < 20, proportions are not shown due to the low number of isolates. 
A The S and R categories do not include isolates within the ATU. 
B Breakpoints in brackets, combination therapy recommended. 
C Breakpoints applicable for infections originating from the urinary tract. 
D One of the isolates was not tested for this antibiotic. 
E Six of the isolates were not tested for this antibiotic. 
F Only the two E. coli isolates were tested for this antibiotic. 
G Eight of the isolates were not tested for this antibiotic. 
H Includes isolates producing MBL (n = 17), KPC/IMI (n = 7), OXA-48-like (n = 6) and OXA-23-like (n = 1) carbapenemases. 

5
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.2. Carbapenemases, sequence types and clusters 

Most isolates harboured genes encoding MBLs (147/286, 51%) 

NDM n = 138, VIM n = 6, IMP n = 3) or OXA-48-like enzymes

n = 116, 41%), while KPC (n = 20) and IMI (n = 2) were less com-

only detected ( Table 2 ). MBLs were predominant in K. pneumo- 

iae (54/94, 57%) and the group of other Enterobacterales (17/31, 

5%), whereas OXA-48-like enzymes were predominant in E. coli 

83/161, 52%). 

Co-production of two carbapenemases was identified in 24 

solates (24/286, 8%), most commonly in K. pneumoniae isolates 

16/94, 17%); the most frequent combinations of carbapenemases 

ere NDM-1 or NDM-5 plus an OXA-48-like enzyme. We identi- 

ed 14 clusters or pairwise connected cases. The largest cluster 

n = 7) consisted of K. pneumoniae isolates harbouring blaNDM-1 

lus blaOXA-48-like belonging to ST147. This sequence type and ge- 

etic configuration has previously been documented in other Eu- 

opean countries and has been linked to patients who were trans- 

erred from Ukraine [ 24 ]. Two cases of domestic in-hospital spread 

ere detected, one with E. coli blaNDM-7 (three patients) and one 

ith E. coli blaNDM-5 (two patients). 

.3. Antibiotic susceptibilities 

The overall antibiotic susceptibilities and AST results stratified 

y species and carbapenemase type are presented in Tables 1a, 

b and 1c . Susceptibilities to the new antibiotics are described in 

ore detail below. Colistin showed high activity against all species, 

ncluding MBL-producing isolates, with 99% susceptibility for all E. 

oli and 81% for all K. pneumoniae isolates. Tigecycline and fos- 

omycin had high susceptibility rates against E. coli (99% and 98%, 

espectively). Amikacin was the most active aminoglycoside against 

he tested CPEs, with 90% and 52% susceptibility in all E. coli versus 

ll K. pneumoniae isolates, respectively. 

.3.1. OXA-48-like-producing isolates 

The susceptibility rates for the new antibiotics were highest 

mong isolates producing OXA-48-like carbapenemases ( Tables 1a, 

b and 1c ). Ceftazidime-avibactam showed high activity against 

XA-48-like-producing E. coli (82/83, 99%) and K. pneumoniae 

27/27, 100%), while lower susceptibility rates were found for ce- 

derocol: 58% (48/83) in E. coli and 44% (12/27) in K. pneumoniae . 

.3.2. KPC/IMI-producing isolates 

Most KPC/IMI-producing isolates were classified as susceptible 

o ceftazidime-avibactam (19/21, 90%), meropenem-vaborbactam 

20/22, 91%) and imipenem-relebactam (16/22, 73%) ( Table 1c ). 

he resistance rate for cefiderocol was comparable to that of 

mipenem-relebactam: 36% (8/22) of the isolates were classified as 

esistant. However, only 36% (8/22) of the isolates were classified 

s susceptible for cefiderocol and 27% (6/22) were determined to 

e within the ATU. 

.3.3. MBL-producing isolates 

As anticipated, the susceptibility rates to BLBLIs were generally 

ow in MBL-producing isolates ( Table 1a, 1b and 1c ), owing to the

igh affinity of these enzymes to the tested beta-lactam antibi- 

tics and the insufficient activity of the available inhibitors against 

hese enzymes. According to disk diffusion, the activity of cefide- 

ocol was also very low against MBL-producing isolates. None of 

he E. coli isolates were classified susceptible to cefiderocol, most 

solates were resistant (71/76, 93%), and 5/76 (7%) were within the 

TU. In K. pneumoniae , only three isolates were classified suscep- 

ible to cefiderocol, 21/54 (39%) isolates were resistant, and 30/54 

56%) were within the ATU. 
6

.3.4. Cefiderocol resistance 

Because the AST results revealed surprisingly low susceptibility 

evels for cefiderocol, we performed additional analyses to verify 

he results. Thus, 10 isolates with different levels of susceptibility 

ere subjected to repeated disk diffusion and BMD at EDL, which 

ielded consistent results (Table S2 and Fig. S1). 

MBL-producing E. coli were predominant in the population of 

efiderocol-resistant isolates, and MBL-producing K. pneumoniae 

onstituted the majority of isolates classified within ATU ( Fig. 1 ). 

XA-48-like-producing CPE, regardless of species, were most com- 

only encountered among cefiderocol-susceptible isolates. 

When stratifying the distribution of susceptibility classification 

y species and sequence type, the highest number of cefiderocol- 

esistant isolates was found in E. coli ST167 (13/14, 93%) ( Fig. 2 ).

owever, several other sequence types were also associated with a 

igh proportion of resistant isolates, including E. coli ST410, ST405, 

T648 and ST46 and K. pneumoniae ST395, ST307 and ST11. 

Bioinformatic analysis of WGS data showed that blaNDM-5 and 

laNDM-1 were the most abundant of genes, previously associated 

ith cefiderocol resistance, among all 286 CPE isolates. The preva- 

ence of blaNDM-5 in E. coli was 43% (70/161), whereas blaNDM-1 

as more common in K. pneumoniae (35/94, 37%) ( Table 2 ). These 

enes appeared to be associated with resistance to cefiderocol in 

ur material. Isolates harbouring blaNDM-5 were distributed among 

he resistant population, and isolates carrying blaNDM-1 were typi- 

ally located within the resistant or ATU populations ( Fig. 3 ). None 

f the 79 NDM-5-producing CPEs were susceptible to cefiderocol 

ccording to disk diffusion; 72 isolates (91%) were categorised as 

esistant and 7 (9%) were classified within the ATU. 

Cefiderocol resistance can also result from mutations in key 

iderophore receptor genes (e.g., cirA, fiu, exbB, exbD, fepA, fepB, 

epC, fepD, fhuA , and tonB ) [ 17–19 , 25 ]. In our material, at least

ne siderophore receptor gene was invariably detected per iso- 

ate, and only 18 of 286 isolates (6%) harboured a truncated re- 

eptor gene ( Table 2 ). Moreover, no evident associations were 

ound between phenotypic resistance to cefiderocol and truncated 

equences. These findings suggest that mutations in siderophore 

enes were not a major resistance mechanism in this study. 

. Discussion 

This study presents the first comprehensive report on the sus- 

eptibility of the new BLBLIs and cefiderocol against CPEs in Swe- 

en. Because reporting of CPE is mandatory as part of a national 

urveillance programme, we could compile all isolates collected 

ationwide in 2022. The side-by-side AST for new and selected old 

ntibiotics with Gram-negative activity complemented with WGS 

nabled a comparison of the performance of the available treat- 

ent options for CPE and evaluation of genetic determinants of 

esistance. 

Our first observation is that the activity of the new antibi- 

tics was highly variable and dependent on which carbapene- 

ase was produced. Susceptibility rates were high ( > 95%) for 

eftazidime-avibactam against OXA-48-like-producing isolates and 

or ceftazidime-avibactam and meropenem-vaborbactam against 

PC/IMI-producing isolates ( > 90%). These findings align with pre- 

ious reports [ 26 , 27 ] and support ESCMID and IDSA treatment 

ecommendations for multidrug-resistant Gram-negative bacteria 

 28 , 29 ]. Conversely, some of the new antibiotics showed very low 

ctivity. Most notably, the vast majority ( > 90%) of MBL-producing 

. coli isolates were resistant to cefiderocol, which was surprising 

iven its assumed stability against MBLs. Consequently, we con- 

ucted additional phenotypic and genetic analyses for this antibi- 

tic and searched the literature for comparative data. 

Resistance to cefiderocol has been associated with several 

echanisms, often acting in combination. These mechanisms in- 



L. Faxén, V. Müller, M. Chatzopoulou et al. International Journal of Antimicrobial Agents 66 (2025) 107553

Fig. 1. Distribution of cefiderocol zone diameters (mm) for all CPE isolates (n = 286), stratified by bacterial species and carbapenemases. Ec = E. coli , Kp = K. pneumoniae . 

Table 2 

Presence of genes and mutations previously reported as associated with cefiderocol resistance in all CPE isolates collected in Sweden, 2022 (n = 286) [ 16–21 ]. 

Resistance gene/mutation E. coli , n = 161 K. pneumoniae , n = 94 Other, n = 31 All, n = 286 

AMBLER classification 

Class A ( blaKPC / blaIMI ) 2 13 7 22 

Class B ( blaNDM / blaVIM / blaIMP ) 
A 76 54 17 147 

Class D ( blaOXA-48-like ) 83 27 6 116 

Class D ( blaOXA-23-like ) 1 1 

Betalactamase genes previously reported as associated with cefiderocol resistance 

blaNDM-1 5 35 9 49 

blaNDM-4 0 0 0 0 

blaNDM-5 70 6 3 79 

blaNDM-6 0 1 0 1 

blaNDM-7 0 4 0 4 

blaNDM-9 0 0 0 0 

blaSHV-5 0 0 0 0 

blaSHV-12 2 1 0 3 

blaOXA-427 0 0 0 0 

blaKPC-41 0 0 0 0 

Siderophore receptor genes 

cirA 160 94 30 284 

exbB 161 93 31 285 

exbD 161 94 31 286 

fepA 153 94 29 276 

fepB 161 94 31 286 

fepC 161 94 30 285 

fepD 159 94 30 283 

fhuA 149 92 23 264 

fiu 155 90 20 265 

tonB 161 93 31 285 

Truncations in receptor genes 

cirA 2 8 1 11 

exbB 0 0 0 0 

exbD 0 0 0 0 

fepA 0 0 0 0 

fepB 0 0 1 1 

fepC 2 0 0 2 

fepD 0 0 0 0 

fhuA 0 0 0 0 

fiu 0 0 1 1 

tonB 0 0 3 3 

Results are presented as number of isolates harbouring the specific gene or mutation. 
A Isolates co-producing two carbapenemases (n = 24) were included in the MBL group since they all carried one MBL-enzyme. 
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lude the production of beta-lactamases (e.g., NDMs, OXA-427, 

PC-41 and SHV-type ESBLs), structural changes in AmpC and 

PC, porin alterations, mutations in genes encoding siderophore 

eceptors, efflux pumps and PBP-3 modifications [ 19 , 30–34 ]. Pre- 

ious studies have also documented increasing resistance to ce- 

derocol with a higher copy number of blaNDM-5 in E. coli 

 16 , 35 ] . 

In our material, resistance to cefiderocol was most frequent in 

DM-5-producing isolates, predominantly E. coli . However, based 

n current data, we cannot conclude whether the high cefiderocol 

esistance rates observed in these isolates was caused by NDM-5 

lone, in combination with, or only by, other resistance mecha- 
7

isms. The high cefiderocol resistance rates in NDM-5-producing E. 

oli may be attributed to increased blaNDM-5 gene copy numbers, as 

reviously reported [ 16 ]. Additionally, modifications in genes en- 

oding siderophore receptors ( cir A, fhu A) and PBP-3 modifications 

ave been implicated in cefiderocol resistance in similar strains 

 19 , 25 , 34 ]. 

For K. pneumoniae , NDM-1 was the predominant MBL, and most 

f the NDM-1-producing isolates were classified as non-susceptible 

r within the ATU. Cefiderocol resistance was present across sev- 

ral sequence types, although numerically highest in E. coli ST167, 

hich is recognised as an emerging global high-risk clone associ- 

ted with high virulence and multidrug resistance [ 36–40 ]. 
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Fig. 2. Distribution of top eight sequence types in carbapenemase-producing E. coli 

(a) and K. pneumoniae (b), and the number of isolates categorized as R, ATU or S 

within each sequence type. 
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Several studies have investigated the susceptibility to cefide- 

ocol and other antibiotics in clinical carbapenem-resistant Gram- 

egative bacteria [ 41–46 ]. When comparing these studies, it is im- 

ortant to note that EUCAST has a stricter susceptibility breakpoint 

or cefiderocol than CLSI ( ≤2 mg/L vs. ≤4 mg/L) [ 5 , 8 ], which im-

acts the reported susceptibility rates. Delgado-Valverde et al . re- 

orted a high susceptibility rate of 81% for cefiderocol (assessed by 

MD and applying the EUCAST clinical breakpoint) in 160 clinical 

BL-producing Enterobacterales collected from Spanish hospitals 
Fig. 3. Distribution of cefiderocol zone diameters (mm) for all CPE isolates (n = 28

8

 47 ]. Susceptibility was higher in K. pneumoniae (97%) compared to 

. coli (75%). Of note, only seven isolates in this study produced 

DM-5. Tamma et al . reported an overall cefiderocol susceptibil- 

ty level of 92% (assessed by BMD and applying the CLSI clinical 

reakpoint) in 276 CPE collected from US hospitals [ 26 ]. In their 

tudy, K. pneumoniae and Enterobacter cloacae were predominant 

nd 80% (220/276) produced KPC. The activity of cefiderocol was 

ower against NDM-producing isolates (24/29, 83%), with no avail- 

ble data on NDM subtypes. 

Wise et al . reported high susceptibility levels for cefidero- 

ol among 1003 carbapenem-resistant Gram-negative bacteria col- 

ected in Europe and North America in 2014–2019 [ 27 ]. Based on 

MD results, interpreted using the CLSI clinical breakpoint, 92% 

f MBL-producing, 98% of KPC-producing and 97% of OXA-48- 

ike-producing isolates were susceptible. However, the proportion 

f susceptibility was lower in NDM-producing Enterobacterales 

82/96, 85%), and only half of the NDM producers had MIC val- 

es ≤2 mg/L, i.e., they would have been classified susceptible as 

er the EUCAST breakpoint. No data were provided regarding NDM 

ubtypes. Finally, Mushtaq et al. found an overall cefiderocol sus- 

eptibility rate of 79% (BMD interpreted by the EUCAST clinical 

reakpoint) among 305 carbapenem-resistant Enterobacterales col- 

ected in the UK [ 43 ]. In this study, only 41% (25/61) of NDM-

roducing Enterobacterales were susceptible according to the EU- 

AST breakpoint; however, 72% (44/61) were susceptible when ap- 

lying the CLSI breakpoint. 

Thus, previous data are conflicting, and our findings indicate 

ower susceptibility rates for cefiderocol in CPE isolates compared 

o most other studies. These differences partly reflect the vary- 

ng distributions of carbapenemase types across geographical re- 

ions, with NDM and OXA-48-like enzymes being more prevalent 

n Europe and KPC being predominant in the US. However, there 

re also important methodological differences. As described above, 

he two-fold lower clinical breakpoint for cefiderocol applied by 

UCAST, compared to CLSI recommendations, dramatically impacts 

usceptibility levels. 
6), stratified by carbapenemases (a) and different NDM variants/no NDM (b). 
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Moreover, previous studies reported data based on MICs de- 

ermined by BMD. However, many AST methods for cefiderocol 

re associated with poor accuracy, reproducibility and bias. It has 

een very difficult to obtain reproducible MICs across laborato- 

ies following the EUCAST guidance document for cefiderocol BMD. 

his observation challenges the comparison of results from previ- 

us studies and highlights the need for laboratories to harmonise 

nd validate their AST methods. To our knowledge, this is the 

rst surveillance study that used disk diffusion for cefiderocol AST, 

hich is currently the recommended method for cefiderocol ac- 

ording to EUCAST [ 48 ]. 

Our observations have several potential clinical implications. 

iven the highly variable activity of the new antibiotics, none of 

hese agents provide full empirical coverage when carbapenem- 

esistant Enterobacterales are suspected. The probability of in vitro 

ctivity is associated with which carbapenemase is produced, the 

acterial species and clonality. 

Therefore, establishing surveillance programmes is needed to 

rovide baseline information on susceptibility to novel antibiotics 

o guide empirical therapy. The high resistance rate observed in 

DM-5-producing E. coli suggests that the current recommen- 

ations to use cefiderocol as monotherapy for these pathogens 

hould be revisited [ 28 , 29 ]. Combination therapy with older an- 

ibiotics (e.g., colistin, which was still highly active in this study) 

r newer drugs (e.g., aztreonam-avibactam), may be considered in 

igh-risk patients. Our results also highlight the need for accurate 

nd timely methods for AST of the new antibiotics. 

A strength of this study is the extensive collection of CPE iso- 

ates that underwent standardised AST testing against a wide range 

f new and old antibiotics, along with the genetic characterisation 

f all isolates. We had a high number of NDM-producing isolates 

ompared to previous studies and could describe antibiotic suscep- 

ibilities stratified by the NDM subgroup. The study has certain 

imitations, notably the small number of isolates within specific 

ubgroups, such as KPC/IMI-producing isolates. Therefore, caution 

ust be exercised when interpreting these findings. AST was per- 

ormed according to current EUCAST recommendations; however, 

e recognise that these guidelines may be subject to revision in 

he future as new information becomes accessible. 

. Conclusions 

In conclusion, we found highly variable susceptibility levels for 

he new antibiotics in CPE. The EUCAST disk diffusion method 

howed low activity for cefiderocol against NDM-producing iso- 

ates, particularly in NDM-5-producing E. coli . National surveillance 

rogrammes and validated methods for AST of the new antibi- 

tics are warranted to guide empirical and targeted treatment for 

PE. Close monitoring of resistance development, in addition to 

esponsible use and infection control measures, is critical to op- 

imise the use of these last-resort antibiotics and prolong their 

ifespan. 
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