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Objectives: To evaluate the in vitro antibacterial activity of cefiderocol, a siderophore cephalosporin against 
MBL-producing clinical isolates. 

Methods: MBL-producing strains were selected from clinical isolates of Enterobacterales, Pseudomonas aerugi-
nosa and Acinetobacter baumannii complex collected in North America and Europe in five consecutive annual 
multinational SIDERO-WT surveillance studies from 2014 to 2019. MICs of cefiderocol and comparator agents 
were determined by the broth microdilution method according to the CLSI guideline. 

Results: A total of 452 MBL-producing strains consisting of 200 Enterobacterales, 227 P. aeruginosa and 25 A. bau-
mannii complex were identified. The highest number of MBL-producing Enterobacterales strains were detected in 
Greece. MBL-producing strains of both P. aeruginosa and A. baumannii complex were isolated most frequently in 
Russia. For Enterobacterales, 91.5% or 67.5% of MBL-producing strains had cefiderocol MIC values ≤4 mg/L (CLSI 
susceptibility breakpoint) or ≤2 mg/L (EUCAST susceptibility breakpoint), respectively. All MIC values of cefiderocol 
for MBL-producing P. aeruginosa strains were ≤4 mg/L (CLSI susceptibility breakpoint), and 97.4% of them had ce-
fiderocol MIC values ≤2 mg/L (EUCAST susceptibility breakpoint). For A. baumannii complex, 60.0% or 44.0% of 
MBL-producing strains had cefiderocol MIC values ≤4 mg/L (CLSI susceptibility breakpoint) or ≤2 mg/L (EUCAST 
pharmacokinetic-pharmacodynamic susceptibility breakpoint), respectively. Against all types of MBL-producing 
strains, MIC distribution curves of cefiderocol were located in the lowest numerical values, compared with other 
β-lactams and β-lactam/β-lactamase inhibitor combinations tested and ciprofloxacin. 

Conclusions: Although the types of MBL-producing strains isolated by country varied, cefiderocol showed potent 
in vitro activity against all types of MBL-producing Gram-negative bacteria regardless of the bacterial species.
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Introduction
MBLs (e.g. IMP, VIM, NDM and GIM) cause serious clinical pro-
blems because they can inactivate most of the commonly 
used β-lactam antibiotics, including carbapenems.1–3 Recently 
approved β-lactam/β-lactamase inhibitor combinations are not 
active against MBL-producing clinical isolates.4

Cefiderocol is a siderophore cephalosporin with activity 
against a wide variety of Gram-negative bacteria including 
carbapenem-resistant isolates and was approved in the USA in 
2019 for the treatment of patients with complicated urinary tract 
infections, and in 2020 for nosocomial pneumonia (hospital- 
acquired bacterial pneumonia [HABP]/ventilator-associated 
bacterial pneumonia [VABP]) caused by Gram-negative bacteria.5

In Europe, cefiderocol was approved in 2020 for the treatment 
of infections due to Gram-negative pathogens with limited treat-
ment options.6 Cefiderocol is stable against a wide variety of 
carbapenemases including MBLs such as IMP, VIM and NDM.7–9

We conducted annual surveillance studies (SIDERO-WT) over five 
consecutive years, with approximately 46 000 Gram-negative clin-
ical isolates collected in North America and Europe between 2014 
and 2019.10 Cefiderocol has shown potent antibacterial activity 
against clinical isolates of Enterobacterales and non-fermenters 
in these surveillance studies. In this study, we evaluated the anti-
bacterial activity of cefiderocol and comparator agents against 
MBL-producing strains of Gram-negative bacteria collected in 
these five surveillance studies.
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Materials and methods
Susceptibility testing
Susceptibility testing of cefiderocol (0.03–64 mg/L), ceftazidime/avibactam 
(0.12/4–16/4 mg/L), ceftolozane/tazobactam (0.12/4–16/4 mg/L), 
meropenem (0.06–16 mg/L), cefepime (0.12–16 mg/L), ciprofloxacin 
(0.12–8 mg/L) and colistin (0.25–8 mg/L) was conducted against clinical 
isolates collected from North America and 11 European countries in 
annual surveillance studies (SIDERO-WT; 2014–2019) conducted over 
five consecutive years. MICs of these agents were determined by 
the broth microdilution method according to the CLSI guidelines.11 For 
MIC determination of cefiderocol, iron-depleted cation-adjusted 
Mueller–Hinton broth medium was used. All MIC measurements were 
conducted at International Health Management Associates, Inc. (IHMA, 
Schaumburg, IL, USA).10

Bacterial strains
In this study, Enterobacterales, Pseudomonas aeruginosa and 
Acinetobacter baumannii complex were targeted, and strains to be 
analysed were selected from the isolates collected in the SIDERO-WT 
surveillance studies (2014–2019). Bacterial identification was performed 
using MALDI-TOF MS (Bruker Daltonics, Billerica, MA, USA).10 For the 
Enterobacterales, a total of 908 molecularly characterized meropenem- 
resistant strains (meropenem MIC  ≥4 mg/L) (32 Citrobacter freundii com-
plex, 1 Citrobacter amalonaticus, 2 Citrobacter koseri, 83 Enterobacter 
cloacae complex, 2 Enterobacter bugandensis, 33 Escherichia coli, 15 
Klebsiella aerogenes, 16 Klebsiella oxytoca, 645 Klebsiella pneumoniae, 
2 Klebsiella variicola, 2 Proteus mirabilis, 7 Providencia rettgeri and 68 
Serratia marcescens) were selected from a total of 30 258 strains. For 
P. aeruginosa, a total of 1759 molecularly characterized meropenem- 
non-susceptible strains (meropenem MIC  ≥ 4 mg/L) were selected from 
a total of 7700 strains. For A. baumannii complex, a total of 2809 molecu-
larly characterized meropenem-non-susceptible strains (meropenem 
MIC  ≥ 4 mg/L) were selected from a total of 5226 strains.

Detection of MBL genes
Most meropenem-non-susceptible strains were screened for the carriage 
of genes encoding MBLs (IMP, VIM, NDM and GIM) by multiplex PCR using 
published primers followed by Sanger sequencing.12 For all MBL genes se-
quenced, the deduced amino acid sequence was compared with NCBI 
databases (www.ncbi.nlm.nih.gov) to identify those variants. Isolates 
with elevated cefiderocol MICs [≥4 mg/L (in 2018) and ≥8 mg/L (in 
2019)] were subjected to WGS instead of PCR and Sanger sequencing.12

Genomic DNA from each bacterial sample was extracted using the 
DNeasy Ultraclean Microbial extraction kit (Qiagen) and WGS was per-
formed on an Illumina HiSeq system as described previously.12 All 
analyses were carried out using the CLC Genomics Workbench v. 20 
(Qiagen). If the MBL genes had a match rate of less than 100% with a 
known nucleotide reference, those were translated to their deduced 
amino acid sequence and BLASTP search was performed against the 
Refseq database in Genbank dedicated to β-lactamase nomenclature 
(Bioproject 313047) to identify those variants.

Geographical analysis
MBL-producing strains were aggregated by MBL type and bacterial 
species to provide an epidemiological profile for each country. The per-
centages of MBL-producing strains among all isolated strains were calcu-
lated by country for Enterobacterales, P. aeruginosa and A. baumannii 
complex. In addition, the percentage of MBL-producing strains among 
meropenem-resistant Enterobacterales, meropenem-non-susceptible 
P. aeruginosa and meropenem-non-susceptible A. baumannii complex 
was also calculated.

Results
Identification of MBL-producing strains
Among 908 meropenem-resistant Enterobacterales strains 
(3.00% of all 30 258 strains), a total of 200 MBL-producing 
strains (0.66% of all 30 258 strains) consisting of 1 C. amalonati-
cus, 17 C. freundii complex, 42 E. cloacae complex, 7 E. coli, 5 K. 
oxytoca, 110 K. pneumoniae, 2 P. mirabilis, 1 P. rettgeri and 15 
S. marcescens were identified (Table 1). Of the 200 strains of 
MBL-producing Enterobacterales, VIM-producing strains (n = 104) 
were the most common, with VIM-1 (n = 63) as the most prevalent 
variant, followed by NDM-producing strains (n = 94), with NDM-1 
as the most common variant (n = 81); there were only two 
IMP-producing strains (Table 1 and Table S1, available as 
Supplementary data at JAC Online). Of the NDM-producing 
Enterobacterales strains, 77.7% (73/94) were K. pneumoniae. 
VIM was encountered in various Enterobacterales species such 
as K. pneumoniae, E. cloacae complex, C. freundii complex and S. 
marcescens.

Among 1759 meropenem-non-susceptible P. aeruginosa 
strains (22.8% of all 7700 strains), a total of 227 MBL-producing 
P. aeruginosa strains (2.95% of all 7700 strains) were identified 

Table 1. Number of MBL-producing strains among meropenem-resistant 
Enterobacterales, meropenem-non-susceptible P. aeruginosa and 
A. baumannii complex strains collected in the SIDERO-WT surveillance 
programmes

Number of strains

MEM-Ra 

or 
MEM-NSb

MBL producers

Total IMP VIM NDM GIM

Enterobacterales 908 200 2 104 94 0
Citrobacter amalonaticus 1 1 0 1 0 0
Citrobacter freundii complex 32 17 0 14 3 0
Citrobacter koseri 2 0 0 0 0 0
Enterobacter cloacae complex 83 42 0 33 9 0
Enterobacter bugandensis 2 0 0 0 0 0
Escherichia coli 33 7 0 2 5 0
Klebsiella aerogenes 15 0 0 0 0 0
Klebsiella oxytoca 16 5 0 5 0 0
Klebsiella pneumoniae 645 110 0 37 73 0
Klebsiella variicola 2 0 0 0 0 0
Proteus mirabilis 2 2 1 1 0 0
Providencia rettgeri 7 1 1 0 0 0
Serratia marcescens 68 15 0 11 4 0

Non-fermenters
Pseudomonas aeruginosa 1759 227 25 200 2 0
Acinetobacter baumannii 
complex

2809 25 2 0 21 2

aMEM-R, meropenem-resistant. For Enterobacterales, numbers of mero-
penem-resistant strains are shown. 
bMEM-NS, meropenem-non-susceptible. For A. baumannii complex and 
P. aeruginosa, numbers of meropenem-non-susceptible strains are 
shown.

Takemura et al.

2020

http://www.ncbi.nlm.nih.gov
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad200#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad200#supplementary-data


(Table 1). Of these, VIM-producing strains (n = 200) were the 
most common, with VIM-2 (n = 158) as the most prevalent 
variant; of the IMP-producing strains (n = 25), IMP-7 (n = 22) 
was the most common variant; and there were two 
NDM-1-producing strains (Table 1 and Table S2).

Among 2809 meropenem-non-susceptible A. baumannii 
complex strains (53.8% of all 5226 strains), a total of 25 
MBL-producing A. baumannii complex strains (0.48% of all 
5226 strains) were identified (Table 1). Of these 25 strains, 
NDM-producing strains (n = 21; all NDM-1) were the most 
common. In addition, two IMP-61- and GIM-1-producing strains 
were detected (Table 1 and Table S3).

Geographical characteristics
For Enterobacterales, the percentage of MBL-producing strains 
among all isolates and meropenem-resistant strains in all regions 
was 0.66% and 22.2%, respectively (Table 2). MBL-producing 
strains were predominantly isolated in Greece (n = 52), Russia 
(n = 38), Italy (n = 35) and Turkey (n = 26). No MBL-producing 
Enterobacterales were detected in the Czech Republic, France 
and Sweden. The percentage of MBL-producing strains among 
all isolates was highest in Greece (3.64%), followed by Russia 
(2.21%), Turkey (1.95%) and Italy (1.86%). In Canada and 
Hungary, although the number of isolated MBL-producing 
strains was small, the percentage of MBL-producing strains 
amongst meropenem-resistant strains was high, at 54.6% and 
41.7%, respectively (Table 2). Both strains of IMP-producing 
Enterobacterales were isolated from North America (Canada: 
n = 1, USA: n = 1). Greece (n = 38) had the highest number of 
VIM-producing Enterobacterales strains isolated, followed by 
Italy (n = 34) and Spain (n = 18) (Table 2). Of the 38 strains of 

VIM-producing Enterobacterales isolated in Greece, more than 
half, 24 strains, were K. pneumoniae, followed by E. cloacae com-
plex (n = 12), and these two bacterial species accounted for 
94.7% (36/38) of the total (Table S4). On the other hand, in 
Italy, the isolation of E. cloacae complex was the most common, 
accounting for 41.2% (14/34) of the total, but multiple isolates 
of other bacterial species such as C. freundii, K. pneumoniae 
and S. marcescens were also included (Table S4). For 
NDM-producing strains, the most common isolates were from 
Russia (n = 38), followed by Turkey (n = 22) and Greece (n = 14) 
(Table 2). All MBL-producing Enterobacterales isolated in Russia 
were NDM-producing strains. NDM-producing Enterobacterales 
from Russia, Turkey and Greece had cefiderocol MICs ranging 
from 0.25 to >64 mg/L, 0.25 to 2 mg/L, and 0.12 to 8 mg/L, 
respectively (data not shown). Three cefiderocol-resistant 
NDM-producing Enterobacterales strains have been isolated 
from Russia, and the MICs of cefiderocol against these strains 
were 16, >64 and >64 mg/L. Both strains with cefiderocol MICs 
>64 mg/L produced NDM-5 (Table S1).

For P. aeruginosa, the percentages of MBL-producing strains in 
all isolates and meropenem-non-susceptible strains in all regions 
were 2.95% and 12.9%, respectively (Table 3). MBL-producing 
strains were predominantly isolated in Russia (n = 106), Greece 
(n = 30), Czech Republic (n = 21) and Spain (n = 21). Countries 
with a high percentage of MBL-producing strains among all iso-
lates collected and among meropenem-non-susceptible strains 
were similar to those with a high number of MBL-producing strains, 
with Russia having the highest percentage (20.4% for all, 50.0% for 
meropenem-non-susceptible), followed by Greece (9.87% for all, 
44.1% for meropenem-non-susceptible), Czech Republic (6.29% 
for all, 21.0% for meropenem-non-susceptible) and Spain (4.36% 
for all, 17.1% for meropenem-non-susceptible) (Table 3). Russia 

Table 2. Number of MBL-producing strains and percentage of MBL-producing strains among all and meropenem-resistant Enterobacterales strains by 
country

Region Country

Number of strains

MBL (%)

All MEM-R

MBL producers

Total IMP VIM NDM GIM
For 
all

For 
MEM-R

North America Canada 1967 11 6 1 0 5 0 0.31 54.5
USA 12 243 175 6 1 2 3 0 0.05 3.43

Europe Czech Republic 1296 6 0 0 0 0 0 0.00 0.00
France 1575 4 0 0 0 0 0 0.00 0.00
Germany 1822 17 6 0 1 5 0 0.33 35.3
Greece 1428 170 52 0 38 14 0 3.64 30.6
Hungary 1050 12 5 0 5 0 0 0.48 41.7
Italy 1883 198 35 0 34 1 0 1.86 17.7
Russia 1719 131 38 0 0 38 0 2.21 29.0
Spain 1865 59 19 0 18 1 0 1.02 32.2
Sweden 580 1 0 0 0 0 0 0.00 0.00
Turkey 1334 104 26 0 4 22 0 1.95 25.0
UK 1496 20 7 0 2 5 0 0.47 35.0

Total 30 258 902 200 2 104 94 0 0.66 22.2

MEM-R, meropenem-resistant.
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(n = 106) had the highest number of VIM-producing P. aeruginosa 
strains isolated, followed by Greece (n = 30) and Spain (n = 21). 
Twenty-five IMP-producing strains were found, most of which 
were isolated in the Czech Republic (n = 21). Two NDM-producing 
strains were isolated in Canada and Turkey.

For A. baumannii complex, the percentage of MBL-producing 
strains in all isolates and in meropenem-resistant strains in all re-
gions was 0.48% and 0.89%, respectively (Table 4). The number 
of isolates of MBL-producing strains was considerably lower than 
that of Enterobacterales and P. aeruginosa. Countries with relatively 

Table 3. Number of MBL-producing strains and percentage of MBL-producing strains among all and meropenem-non-susceptible P. aeruginosa strains 
by country

Region Country

Number of strains

MBL (%)

All MEM-NS

MBL producers

Total IMP VIM NDM GIM
For 
all

For 
MEM-NS

North America Canada 461 87 2 1 0 1 0 0.43 2.30
USA 3087 595 3 1 2 0 0 0.10 0.50

Europe Czech Republic 334 100 21 21 0 0 0 6.29 21.0
France 419 59 3 0 3 0 0 0.72 5.08
Germany 473 110 6 1 5 0 0 1.27 5.45
Greece 304 68 30 0 30 0 0 9.87 44.1
Hungary 278 122 9 0 9 0 0 3.24 7.38
Italy 463 118 14 1 13 0 0 3.02 11.9
Russia 520 212 106 0 106 0 0 20.4 50.0
Spain 482 123 21 0 21 0 0 4.36 17.1
Sweden 124 10 1 0 1 0 0 0.81 10.0
Turkey 369 103 10 0 9 1 0 2.71 9.71
UK 386 52 1 0 1 0 0 0.26 1.92

Total 7700 1759 227 25 200 2 0 2.95 12.9

MEM-NS, meropenem-non-susceptible.

Table 4. Number of MBL-producing strains and percentage of MBL-producing strains among all and meropenem-non-susceptible A. baumannii 
complex strains by country

Region Country

Number of strains

MBL (%)

All MEM-NS

MBL producers

Total IMP VIM NDM GIM
For 
all

For 
MEM-NS

North America Canada 243 20 1 0 0 1 0 0.41 5.00
USA 1757 678 2 0 0 2 0 0.11 0.29

Europe Czech Republic 213 28 0 0 0 0 0 0.00 0.00
France 289 40 1 0 0 1 0 0.35 2.50
Germany 265 51 4 2 0 0 2 1.51 7.84
Greece 420 407 0 0 0 0 0 0.00 0.00
Hungary 210 151 0 0 0 0 0 0.00 0.00
Italy 505 432 4 0 0 4 0 0.79 0.93
Russia 437 347 7 0 0 7 0 1.60 2.02
Spain 336 238 1 0 0 1 0 0.30 0.42
Sweden 10 6 0 0 0 0 0 0.00 0.00
Turkey 432 391 2 0 0 2 0 0.46 0.51
UK 109 20 3 0 0 3 0 2.75 15.0

Total 5226 2809 25 2 0 21 2 0.48 0.89

MEM-NS, meropenem-non-susceptible.
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high numbers of MBL-producing strains isolated were Russia (n = 7), 
Germany (n = 4) and Italy (n = 4). The percentage of 
MBL-producing strains among all isolates and meropenem- 
non-susceptible strains was the highest in the UK (2.75% for all, 
15.0% for meropenem-nonsusceptible) although it should be 
noted that the number of MBL-producing strains in the UK was ra-
ther small (n = 3). Two IMP-producing strains and 2 GIM-producing 
strains were found, all of which were isolated in Germany (Table 4). 
NDM-producing strains were isolated in multiple countries, most in 
Russia (n = 7), followed by Italy (n = 4) and the UK (n = 3).

In vitro activity against MBL-producing strains
MIC distributions of cefiderocol against types of MBL-producing 
strains isolated in five SIDERO-WT surveillance studies (2014– 
2019) are shown in Figure 1. For Enterobacterales, 91.5% of 
MBL-producing strains showed MIC values ≤4 mg/L, which is the 
CLSI susceptibility breakpoint of cefiderocol, and 67.5% of 
MBL-producing strains showed MIC values ≤2 mg/L, which is the 
EUCAST susceptibility breakpoint of cefiderocol.13,14 It should be 
noted that 73.0% of strains showed cefiderocol MICs of 1–4 mg/L, 
with a peak of 2 mg/L. Of the 17 cefiderocol-non-susceptible strains 
by CLSI criteria (>4 mg/L), 11 strains had an MIC of 8 mg/L (CLSI: 
intermediate) and the remaining 6 strains were resistant. Of the 
six strains that showed resistance to cefiderocol, one strain was 
an NDM-1 producer, three were NDM-5 producers, and two were 
VIM-1 producers (Figure 1). Activity of cefiderocol against isolates 
expressing different MBL variants was similar (e.g. MIC ranges 
against VIM-1-, VIM-2- and NDM-1-producing strains were 0.12– 
16, 0.25–4 and 0.12–16 mg/L, respectively; MIC90 values against 
VIM-1-, VIM-2- and NDM-1-producing strains were 4, 4 and 8 mg/ 
L, respectively), with the possible exception of isolates that pro-
duced VIM-26, which showed lower MIC values (range 0.25– 
2 mg/L; MIC90 1 mg/L), and NDM-5 producers, which showed higher 
MIC values (range 1 to >64 mg/L; MIC90 >64 mg/L) (Table S1). 
However, of all 104 strains producing VIM, only 10 strains produced 
VIM-26. Further studies are needed to confirm the susceptibility 
characteristics of cefiderocol against VIM-26-producing strains.

For P. aeruginosa, the MIC values of cefiderocol for all 
MBL-producing P. aeruginosa strains were ≤4 mg/L, which is the 
CLSI susceptibility breakpoint of cefiderocol, and 97.4% of 
MBL-producing P. aeruginosa strains showed MIC values 
≤2 mg/L, which is the EUCAST susceptibility breakpoint of cefider-
ocol.13,14 It should be noted that 71.4% of strains showed cefider-
ocol MICs of 1–4 mg/L, with a peak of 0.25 mg/L. IMP-producing 
P. aeruginosa strains tended to have relatively higher cefiderocol 
MIC values (range 0.12–4 mg/L; MIC90 4 mg/L) than VIM- 
producing strains (range ≤0.06 to 4 mg/L; MIC90 1 mg/L) 
(Figure 1). Strains producing VIM-2 and VIM-4 tended to have low-
er MICs (MIC90 values against VIM-2- and VIM-4-producing strains 
were both 1 mg/L) than strains producing other MBL variants (MIC90 
values against IMP-7-producing strains and VIM-1- 
producing strains were 4 and 2 mg/L, respectively). Although only 
two NDM-producing strains were isolated, cefiderocol showed activ-
ity against these two strains, with MICs of 2 and 4 mg/L (Table S2).

For A. baumannii complex, 60.0% of MBL-producing strains 
showed MIC values ≤4 mg/L, which is the CLSI susceptibility break-
point of cefiderocol, and 44.0% of MBL-producing strains showed 
MIC values ≤2 mg/L, which is the EUCAST pharmacokinetic- 
pharmacodynamic (PK-PD) susceptibility breakpoint of cefidero-
col.13,14 It should be noted that 72.0% of strains showed cefidero-
col MICs of 1–8 mg/L, and the MIC value with the highest 
distribution number of strains was 8 mg/L. Of the 10 
cefiderocol-non-susceptible strains, 8 had an MIC of 8 mg/L (CLSI: 
intermediate) whereas the remaining 2 were resistant. All 
cefiderocol-non-susceptible strains were NDM-1 producers 
(Figure 1). IMP- and GIM-producing A. baumannii complex strains 
showed lower MIC values (≤2 and ≤0.5 mg/L, respectively) com-
pared with NDM-producing strains (range 0.5 to >64 mg/L), al-
though the number of isolated IMP- and GIM-producing strains 
was small so it cannot be judged that there is a clear trend.

Cumulative percentage MIC distributions were plotted to com-
pare the activity of cefiderocol and comparator agents against dif-
ferent types of MBL-producing strains (Figures 2–4). The MICs of 
cefiderocol were more distributed in the lower values, compared 
with other β-lactams and β-lactam/β-lactamase inhibitor 

Figure 1. MIC distribution of cefiderocol for MBL-producing strains by MBL type.
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combinations tested (cefepime, meropenem, ceftazidime/avibac-
tam and ceftolozane/tazobactam) and ciprofloxacin. Colistin was 
the only other agent that showed relatively good activity against 
MBL-producing strains, although some Enterobacterales strains 
demonstrated high MIC values (>2 mg/L). These results confirm 
that MBL-producing strains are MDR, for which only very few treat-
ment options remain available.

Discussion
Cefiderocol is a parenteral siderophore cephalosporin that has a 
catechol moiety and behaves like a siderophore by chelating fer-
ric iron, so it is efficiently taken up into the intracellular space of 
bacteria.15 Cefiderocol is also characterized by its stability against 
a variety of β-lactamases, including MBLs.7–9,16 This report de-
scribes the analysis of in vitro activity of cefiderocol against clin-
ical isolates of MBL-producing Gram-negative bacteria collected 

in North America and European countries between 2014 and 
2019 in SIDERO-WT surveillance studies (2014–2019).

MBLs are categorized into Ambler’s class B and require Zn2+ me-
tal as a cofactor.3 MBL-producing strains have spread globally and 
can inactivate most commonly used β-lactam antibiotics, including 
carbapenems, as well as β-lactam/serine-type β-lactamase inhibi-
tor combinations, such as ceftazidime/avibactam and ceftolo-
zane/tazobactam.1–3,17–20 The polymyxin antibiotics (colistin and 
polymyxin B) remain active against MBL-producing strains, with 
92.6% of MBL-producing Enterobacterales reported as susceptible 
to colistin using the EUCAST breakpoint (MIC ≤2 mg/L).21 In the 
analysis we conducted here, only 82.0% of the MBL-producing 
Enterobacterales had a colistin MIC ≤2 mg/L. In addition, although 
polymyxin antibiotics can still be used as a therapeutic agent for in-
fections caused by MBL-producing strains, there is grave concern 
about the development of nephrotoxicity, necessitating the need 
for safer and better agents to combat MBL-producing bacteria.22

Figure 2. Cumulative percentage MIC distributions of cefiderocol and comparator agents against MBL-producing Enterobacterales strains. (a) 
VIM-producing Enterobacterales (n = 104). Data for strains above the upper end of the MIC measurement range are not plotted. Ceftolozane/tazo-
bactam MIC values were >16 mg/L against all strains, so not plotted on graph. In the ciprofloxacin plot, the MIC value of 0.12 mg/L means 
≤0.12 mg/L. In the colistin plot, the MIC value of 0.25 mg/L means ≤0.25 mg/L. VIM-producing Enterobacterales were screened among 
Enterobacterales with meropenem MICs  ≥ 4 mg/L, so meropenem MICs are not plotted below 4 mg/L. (b) NDM-producing Enterobacterales 
(n = 94). Data for strains above the upper end of the MIC measurement range are not plotted. In the ciprofloxacin plot, the MIC value of 0.12 mg/L 
means ≤0.12 mg/L. In the colistin plot, the MIC value of 0.25 mg/L means ≤0.25 mg/L. NDM-producing Enterobacterales were screened among 
Enterobacterales with meropenem MICs ≥ 4 mg/L, so meropenem MICs are not plotted below 4 mg/L.
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In our analysis 100% or 97.4% of MBL-producing P. aeruginosa 
were susceptible to cefiderocol when using CLSI (≤4 mg/L) or 
EUCAST (≤2 mg/L) breakpoints, respectively, confirming high 
susceptibility for cefiderocol against clinical MBL-producing 
isolates of this species. Activity against MBL-producing clinical 
isolates of Enterobacterales was lower, with susceptibility at 
91.5% or 67.5%, using the CLSI or EUCAST breakpoints, respect-
ively. The large difference in susceptibility percentages using 
EUCAST and CLSI breakpoints is the result of the high percentage 
of strains with MIC values of 4 mg/L among MBL-producing 
Enterobacterales (Figure 1). For MBL-producing A. baumannii 
complex, 60.0% or 44.0% of MBL-producing strains were suscep-
tible to cefiderocol using CLSI or EUCAST PK-PD breakpoints, re-
spectively. The lower susceptibility percentages for 
Enterobacterales and A. baumannii complex compared with 

P. aeruginosa may be due to the high ratio of NDM-producing 
strains to MBL-producing strains in those species. Cefiderocol 
showed relatively higher MIC values against a subset of 
NDM-producing strains compared with other subsets of 
MBL-producing strains. For example, MIC90 values of cefiderocol 
against VIM-producing and NDM-producing Enterobacterales 
were 4 and 8 mg/L, respectively (Figure 2), and the MIC values 
of IMP- and GIM-producing A. baumannii complex strains were 
much lower (≤2 mg/L; Figure 1) compared with the 
NDM-producing isolates (MIC90 = 8 mg/L; Figure 2b) although 
only two of each were collected. It has been previously reported 
that some NDM-producing strains are highly resistant to 
cefiderocol, and the results of this analysis are consistent with 
previous reports.23–25 Considering that the MIC90 values of 
cefiderocol against all Enterobacterales, P. aeruginosa and A. 

Figure 3. Cumulative percentage MIC distributions of cefiderocol and comparator agents against MBL-producing P. aeruginosa strains. (a) 
IMP-producing P. aeruginosa (n = 25). Data for strains above the upper end of the MIC measurement range are not plotted. Cefepime MIC values 
were >16 mg/L against all strains, so not plotted on graph. Ceftazidime/avibactam MIC values were >16 mg/L against all strains, so not plotted on 
graph. Ceftolozane/tazobactam MIC values were >16 mg/L against all strains, so not plotted on graph. Ciprofloxacin MIC values were >8 mg/L against 
all strains, so not plotted on graph. In the colistin plot, the MIC value of 0.25 mg/L means ≤0.25 mg/L. IMP-producing P. aeruginosa were screened 
among P. aeruginosa with meropenem MICs  ≥ 4 mg/L, so meropenem MICs are not plotted below 4 mg/L. (b) VIM-producing  P. aeruginosa 
(n = 200). Data for strains above the upper end of the MIC measurement range are not plotted. In the ciprofloxacin plot, the MIC value of 0.12 mg/L means 
≤0.12 mg/L. In the colistin plot, the MIC value of 0.25 mg/L means ≤0.25 mg/L. VIM-producing P. aeruginosa were screened among P. aeruginosa with 
meropenem MICs  ≥ 4 mg/L, so meropenem MICs are not plotted below 4 mg/L.
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baumannii complex strains isolated in SIDERO-WT studies were 1, 
0.5 and 1 mg/L, respectively, MBL-producing strains, and 
NDM-producing isolates in particular, showed higher cefiderocol 
MIC values.10 NDM-5-producing E. coli isolated in China have 
been reported to exhibit high resistance to cefiderocol, though 
these NDM-5 producers also had a four-amino acid insertion 
into penicillin-binding protein 3 (PBP3) and mutations in the sid-
erophore receptor gene cirA.26

The largest MBL-producing subset in this analysis was 
VIM-producing P. aeruginosa (n = 200), which were detected in 
all countries except Canada and the Czech Republic (Tables 1
and 3). Our analysis revealed that more than half (106/200) of 
the VIM-producing P. aeruginosa were isolated in Russia and all 
of them were VIM-2-producing strains (data not shown). In 
Russia, VIM-2-producing ST235 P. aeruginosa has been reported 
to spread rapidly, and according to a report by Edelstein et al.,27

96.5% of MBL-positive P. aeruginosa strains isolated in Russia be-
tween 2002 and 2010 were ST235, and 99.6% of them were 
VIM-2-producing strains. Cefiderocol showed high activity against 
VIM-producing P. aeruginosa, regardless of VIM variants, and 
showed MIC values ≤4 mg/L against all VIM-producing P. aerugi-
nosa strains. Interestingly, 84.0% (21/25) of IMP-producing P. aer-
uginosa were isolated in the Czech Republic (Table 3). All of them 
were IMP-7-producing strains (data not shown). In another sur-
veillance study of P. aeruginosa strains isolated in the Czech 
Republic in 2015, among 136 carbapenemase-producing P. aeru-
ginosa strains, 117 IMP-producing strains [IMP-7 (n = 116) and 
IMP-1 (n = 1)] were found. One hundred and fifteen of the 116 
IMP-7-producing strains were ST357, which was the most domin-
ant ST among carbapenemase-producing P. aeruginosa.28

Although there are still few reports on the use of cefiderocol for 
MBL-producing strains in clinical practice, in the Phase 3 studies of 
cefiderocol (CREDIBLE-CR and APEKS-NP), there were multiple 
cases of use in patients infected with MBL-producing strains, and 
a higher clinical cure rate was observed in the cefiderocol group 
than in the best available therapy group and high-dose 

meropenem group.29 The most frequently isolated MBL in 
CREDIBLE-CR and APEKS-NP was NDM (15 NDM-1 and 1 NDM-5), 
with cefiderocol MICs of 4 mg/L reported in 9 of 22 cases.29

These clinical data and non-clinical data obtained by our ana-
lysis suggest that cefiderocol has potential for the treatment of 
infections caused by MBL-producing strains.
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