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ABSTRACT The ability of broad-spectrum b-lactamases to reduce the susceptibility to
ceftazidime-avibactam (CZA), ceftolozane-tazobactam (C/T), imipenem-relebactam, mero-
penem-vaborbactam, aztreonam-avibactam (AZA), and cefiderocol (FDC) was evaluated
both in Pseudomonas aeruginosa and in Escherichia coli using isogenic backgrounds.
Although metallo-b-lactamases conferred resistance in most cases, except for AZA, sev-
eral clavulanic-acid-inhibited extended-spectrum b-lactamases (PER, BEL, SHV) had a sig-
nificant impact on the susceptibility to CZA, C/T, and FDC.
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The novel siderophore cephalosporin cefiderocol (FDC) and the novel b-lactam/
b-lactamase inhibitor (BL/BLI) combinations (ceftazidime-avibactam [CZA], ceftolo-

zane-tazobactam[C/T], meropenem-vaborbactam [MVB], imipenem-relebactam [I/R],
aztreonam-avibactam [AZA]) possess a broad-spectrum activity against most multi-
drug-resistant Gram-negative bacteria (1, 2).

We previously evaluated the activity of FDC and comparators against a collection of
753 well-characterized Gram-negative isolates including 164 Escherichia coli, 45
Pseudomonas aeruginosa, and 87 Acinetobacter baumannii isolates (mostly multidrug-
resistant) and showed that FDC exhibited potent activity against most of the isolates
(3). In another recent study focusing on A. baumannii, we showed that some b-lacta-
mases with broad-spectrum activity might confer significantly reduced susceptibility to
FDC, namely, the Ambler class A PER-type extended-spectrum b-lactamases, and to a
lesser extent the class B NDM-type metallo-b-lactamases (4).

In addition, and even though production of the widespread KPC-2/KPC-3 carbape-
nemases has been demonstrated to not significantly impact the susceptibility to FDC,
some in vitro obtained mutants such as KPC-31 (5), or mutants identified from CZA-re-
sistant clinical isolates, were shown to confer reduced susceptibility (KPC-50) or even
resistance (KPC-41) to FDC once produced in E. coli (6).

Considering that the activity of FDC was previously shown to be (at least partially)
compromised by the hydrolytic activity of some broad-spectrum b-lactamases in A.
baumannii, our aim here was first to evaluate the impact of a large series of broad-
spectrum b-lactamases on susceptibility to FDC in E. coli and P. aeruginosa. Indeed,
FDC is being considered as a very interesting therapeutic option for treating infections
caused by multidrug-resistant P. aeruginosa strains, and very little is known about the
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potential effect broad-spectrum b-lactamases might have on FDC efficacy with respect
to those bacterial species.

In parallel, we aimed to evaluate the impact of the different broad-spectrum b-lac-
tamases on resistance to BL/BLI. Resistance to CZA has been mostly associated with
mutations in the KPC carbapenemases in Enterobacterales, or overproduction of AmpC
b-lactamases possessing specific amino acid substitutions in P. aeruginosa. Resistance
to C/T is mediated mostly by amino acid substitutions, insertions, and deletions in the
chromosomal AmpC cephalosporinases of Pseudomonas aeruginosa, many of those
changes conferring cross-resistance to CZA. Finally, permeability defect and efflux
overproduction are the primary bases for resistance to MVB and I/R (7).

In order to evaluate the impact of a large series of b-lactamases on FDC and BL/BLI
susceptibility both in E. coli and in P. aeruginosa, corresponding genes were amplified
by PCR with a large series of primers specific for b-lactamase genes (8), and corre-
sponding amplicons were cloned into plasmid pUCp24, which is a shuttle vector able
to replicate in both of these species. Our focus was mainly on broad-spectrum b-lacta-
mases, namely ESBLs and carbapenemases of different classes. Nevertheless, narrow-
spectrum b-lactamases were also included as comparison. Hence, the different b-lac-
tamases included class A penicillinases (TEM-1, TEM-3), class A ESBLs (OXY-2 [a natural
and chromosomally-encoded ESBL from Klebsiella oxytoca], CTX-M-3, CTX-M-15, GES-1,
BEL-1, BEL-2, SHV-2a, SHV-12, PER-1, PER-2, PER-6, PER-7), class A ESBLs with weak car-
bapenemase activity (CTX-M-33, GES-2, GES-5), class A carbapenemases (IMI-1, KPC-2,
GES-6), class B carbapenemases (AIM-1, DIM-1, VIM-2, GIM-1, NDM-1, NDM-5, NDM-7,
NDM-9, SPM-1), class C cephalosporinase (DHA-1), narrow-spectrum class D b-lacta-
mase (OXA-1), and carbapenem-hydrolyzing class D b-lactamases (OXA-23, OXA-48,
OXA-58, OXA-427). Noteworthy, those enzymes were chosen as representatives mostly
of clinically relevant b-lactamases being sources of resistance to broad-spectrum
b-lactams either in E. coli or in P. aeruginosa. Among the class D b-lactamases, OXA-1,
OXA-23, OXA-48, and OXA-427 (a peculiar oxacillinase) may be identified in Enterobacterales,
OXA-2 in P. aeruginosa and OXA-23 and OXA-58 mostly in A. baumannii. In addition, some of
these enzymes have been either mainly (and even sometimes exclusively) identified in P. aeru-
ginosa (e.g., BEL, AIM, GIM, SPM). Nevertheless, our approach was comparative by expressing
corresponding genes either in E. coli or P. aeruginosa, giving rise to a total number of 35 E. coli
and 35 P. aeruginosa recombinant strains.

MICs were determined by broth microdilution for FDC, C/T, CZA, I/R, MVB, and AZA,
and the corresponding b-lactams of the combinations alone. Additionally, susceptibil-
ity testing was also evaluated by broth microdilution for the FDC 1 avibactam (FDCA)
combination with AVI at a fixed concentration of 4 mg/mL (4), in order to evaluate
whether any resistance or reduced susceptibility to FDC could be antagonized by this
recently developed inhibitor (potentially inhibiting most Ambler class A and class C
b-lactamases) (9).

MICs were determined in triplicate using broth microdilution in cation adjusted
Mueller-Hinton (MH) broth (Bio-Rad, Marnes-la-Coquette, France) for all antibiotics or anti-
biotic combinations listed above, except for FDC and FDC-containing combinations, for
which iron-depleted cation-adjusted MH broth was used, according to the EUCAST guide-
lines. Results were interpreted according to the latest EUCAST breakpoints (https://www
.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_11.0_Breakpoint_
Tables.pdf). The reference strain E. coli ATCC 25922 was used as quality control for all
testing.

Results obtained for recombinant E. coli strains highlighted a series of important
features (Table 1). Overall, the most efficient combinations were MVB, FDCA, and AZA.
As expected, neither the CZA nor the C/T combos were active against MBL producers,
although FDC proved to be a very interesting option, even when used without AVI.
Noteworthy, the impact of some ESBLs (especially the PER-type enzymes) was particularly
significant on susceptibility to C/T, CZA, FDC, and AZA. A significant drop (#0.5 mg/mL)
was observed in term of MICs of FDC for those strains producing serine-type b-lactamases
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TABLE 1 Susceptibility testing of recombinant E. coli and P. aeruginosa strainsa

Ambler
class

Minimal inhibitory concentrations (mg/mL)

Strain COZ C/T CAZ CZA IMP I-R MEM MVB FDC FDCA ATM AZA
E. coli TOP10 0.5 0.25 0.25 #0.125 0.25 0.25 0.03 0.03 #0.125 #0.125 #0.125 #0.125
E. coli TOP101 OXY-2 A 1 0.5 1 0.25 0.5 0.25 0.03 0.03 #0.125 #0.125 16 #0.125
E. coli TOP101 TEM-1 A 0.5 0.5 0.5 #0.125 0.25 0.25 0.03 0.03 #0.125 #0.125 #0.125 #0.125
E. coli TOP101 TEM-3 A 0.5 0.25 4 #0.125 0.25 0.25 0.03 0.03 #0.125 #0.125 2 0.25
E. coli TOP101 CTX-M-15 A 256 0.5 .256 #0.125 0.5 0.25 0.03 0.03 #0.125 #0.125 128 #0.125
E. coli TOP101 CTX-M-3 A 64 0.5 32 0.5 0.5 0.25 0.03 0.03 #0.125 #0.125 128 #0.125
E. coli TOP101 CTX-M-33 A 32 4 16 0.25 1 0.5 0.12 0.03 #0.125 #0.125 64 #0.125
E. coli TOP101 GES-1 A 32 8 16 0.25 0.25 0.25 0.06 0.03 #0.125 #0.125 0.25 #0.125
E. coli TOP101 GES-2 A 4 0.5 8 0.5 0.5 0.25 0.03 0.03 #0.125 #0.125 0.25 #0.125
E. coli TOP101 GES-5 A 8 8 4 0.25 1 0.25 0.125 0.03 #0.125 #0.125 0.25 #0.125
E. coli TOP101 GES-6 A 128 32 64 2 2 0.5 0.25 0.03 #0.125 #0.125 0.5 #0.125
E. coli TOP101 IMI-1 A 1 0.5 2 0.25 32 0.25 4 0.03 #0.125 #0.125 64 0.25
E. coli TOP101 BEL-1 A 8 2 32 0.25 0.5 0.25 0.06 0.03 0.25 #0.125 32 #0.125
E. coli TOP101 BEL-2 A 32 8 64 1 0.5 0.25 0.03 0.03 0.5 0.125 32 #0.125
E. coli TOP101 SHV-2a A 0.25 0.25 8 0.25 0.25 0.25 0.03 0.03 0.25 #0.125 16 #0.125
E. coli TOP101 SHV-12 A 64 32 256 0.5 0.25 0.25 0.03 0.03 4 #0.125 256 0.25
E. coli TOP101 PER-1 A .256 64 256 16 1 0.5 0.06 0.03 4 0.25 .256 8
E. coli TOP101 PER-2 A .256 8 64 4 1 0.25 0.03 0.03 1 #0.125 .256 2
E. coli TOP101 PER-6 A .256 256 128 64 0.5 0.25 0.06 0.03 4 0.25 .256 32
E. coli TOP101 PER-7 A .256 256 128 32 0.5 0.25 0.06 0.03 4 0.125 .256 16
E. coli TOP101 KPC-2 A 16 16 32 0.25 16 0.5 4 0.03 #0.125 #0.125 64 #0.125
E. coli TOP101 DIM-1 B 64 64 16 16 2 2 0.25 0.25 #0.125 #0.125 0.125 #0.125
E. coli TOP101 VIM-2 B 256 256 16 16 16 16 2 2 #0.125 #0.125 #0.125 #0.125
E. coli TOP101 AIM-1 B 32 32 16 16 4 4 4 4 #0.125 #0.125 #0.125 #0.125
E. coli TOP101 GIM-1 B 16 16 16 16 0.5 0.5 0.25 0.25 #0.125 #0.125 #0.125 #0.125
E. coli TOP101 NDM-1 B .256 .256 128 128 16 16 8 8 1 1 0.125 #0.125
E. coli TOP101 NDM-5 B .256 .256 256 128 32 32 16 16 1 1 #0.125 #0.125
E. coli TOP101 NDM-7 B .256 .256 128 128 4 4 4 4 1 1 #0.125 #0.125
E. coli TOP101 NDM-9 B .256 .256 64 64 8 8 8 8 2 2 #0.125 #0.125
E. coli TOP101 SPM-1 B .256 .256 64 64 2 2 8 8 2 2 #0.125 #0.125
E. coli TOP101 DHA-1 C 32 2 128 0.25 0.5 0.25 0.03 0.015 #0.125 #0.125 16 #0.125
E. coli TOP101 OXA-1 D 0.5 0.25 0.5 0.25 0.5 0.25 0.03 0.03 #0.125 #0.125 0.25 #0.125
E. coli TOP101 OXA-23 D 0.25 0.25 0.5 0.5 1 0.5 0.5 0.5 #0.125 #0.125 0.25 #0.125
E. coli TOP101 OXA-48 D 0.5 0.5 0.5 0.25 1 0.5 0.5 0.5 #0.125 #0.125 0.125 #0.125
E. coli TOP101 OXA-58 D 0.5 0.25 0.5 #0.125 1 0.5 0.5 0.5 #0.125 #0.125 0.125 #0.125
E. coli TOP101 OXA-427 D 32 8 32 0.5 1 0.5 0.5 0.5 0.25 #0.125 16 0.25
P. aeruginosa PAO1 0.5 0.25 1 1 0.5 0.25 0.5 0.25 0.5 0.25 2 1
P. aeruginosa PAO11 OXY-2 A 1 0.5 2 1 1 0.25 1 0.25 0.5 0.25 64 2
P. aeruginosa PAO11 TEM-1 A 0.5 0.25 1 1 0.5 0.25 0.5 0.5 0.5 0.25 2 2
P. aeruginosa PAO11 TEM-3 A 2 0.5 8 1 0.5 0.5 1 0.25 0.5 0.25 2 2
P. aeruginosa PAO11 CTX-M-15 A 256 0.5 256 1 0.5 0.25 0.5 0.25 0.5 0.25 128 2
P. aeruginosa PAO11 CTX-M-3 A 64 0.5 32 2 0.5 0.25 0.5 0.25 0.5 0.25 128 2
P. aeruginosa PAO11 CTX-M-33 A 32 4 32 2 2 0.25 4 0.5 0.5 0.25 64 1
P. aeruginosa PAO11 GES-1 A 32 16 64 1 0.5 0.25 1 0.25 0.5 0.5 2 1
P. aeruginosa PAO11 GES-2 A 8 2 16 1 0.5 0.25 1 0.25 0.5 0.25 2 2
P. aeruginosa PAO11 GES-5 A 8 8 16 2 2 1 8 1 0.5 0.25 2 2
P. aeruginosa PAO11 GES-6 A 128 64 64 2 4 1 8 2 2 0.5 4 2
P. aeruginosa PAO11 IMI-1 A 4 1 2 1 32 0.5 32 1 0.5 0.25 128 2
P. aeruginosa PAO11 BEL-1 A 32 16 32 2 1 0.25 1 0.25 2 0.25 128 1
P. aeruginosa PAO11 BEL-2 A 128 32 256 4 1 0.25 1 0.25 4 0.5 64 1
P. aeruginosa PAO11 SHV-2a A 16 8 64 2 1 0.25 0.5 0.25 4 0.5 64 1
P. aeruginosa PAO11 SHV-12 A 128 32 256 4 0.5 0.25 2 0.25 8 0.5 .256 8
P. aeruginosa PAO11 PER-1 A .256 .256 .256 32 1 0.25 1 0.5 16 0.5 .256 16
P. aeruginosa PAO11 PER-2 A .256 8 128 4 1 0.25 1 0.25 2 0.5 .256 4
P. aeruginosa PAO11 PER-6 A .256 256 256 32 1 0.25 0.5 0.25 8 1 .256 32
P. aeruginosa PAO11 PER-7 A .256 .256 256 32 1 0.25 1 0.25 8 1 .256 32
P. aeruginosa PAO11 KPC-2 A 32 32 128 2 .32 2 .32 8 1 0.25 256 4
P. aeruginosa PAO11 DIM-1 B 64 64 32 32 2 1 16 16 0.5 0.25 2 2
P. aeruginosa PAO11 VIM-2 B .256 .256 128 128 .32 .32 .32 .32 1 0.5 2 2
P. aeruginosa PAO11 AIM-1 B 64 64 64 64 .32 .32 .32 .32 2 1 2 2
P. aeruginosa PAO11 GIM-1 B 16 16 64 64 4 4 32 32 2 1 2 2

(Continued on next page)
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for which elevated MICs of FDC were observed. This further highlighted that such FDC 1

AVI combo might represent a potent therapeutic option for such isolates producing those
enzymes.

A detailed analysis of the respective MIC values for all b-lactamases allowed to
underscore several so far unpredictable features (Table 1). Interestingly, the GES-2
enzyme possessing some carbapenemase activity had much lower impact on the MIC
of C/T, by contrast to GES-1 or GES-5, the latter also possessing carbapenemase activ-
ity. The carbapenemase IMI-1 had very limited impact on almost all novel therapeutic
options, despite its high impact on carbapenem MIC values. Production of PER-type
enzymes led to resistance to AZA, although this drug combination remained very
effective against all other E. coli recombinant strains. Within the class B b-lactamase
group, only NDM-type enzymes along with SPM-1 exhibited a capacity to reduce the
activity of FDC, whereas VIM-2, AIM-1, and GIM-1 did not confer any significant
decreased susceptibility to this antibiotic.

Analysis of the MICs determined with the recombinant P. aeruginosa strains overall
mirrored what was observed in E. coli but with more marked effects. As expected, con-
sidering the intrinsic reduced susceptibility of P. aeruginosa to antibiotics as a conse-
quence of a lower permeability, MIC values were found to be higher than those obtained
for E. coli (Table 2). Noteworthy, resistance to FDC was observed only for a quite limited
number of b-lactamases, namely, the class A BEL-2, SHV-2a, SHV-12, PER-1, PER-6, and

TABLE 2 Specific b-lactamase activities

sp act (mmol min21 mg21)

b-lactamase Molecular class Penicillin G Cefiderocol
CTX-M-15 A 1.06 ,0.005
BEL-1 A 5.94 ,0.005
BEL-2 A 2.15 ,0.005
SHV-2 A 4.51 0.01
SHV-12 A 7.83 0.33
PER-1 A 1.53 0.80
PER-2 A 0.52 0.36
PER-6 A 3.21 1.69
PER-7 A 1.31 0.84
NDM-1 B 3.85 0.05
NDM-5 B 1.06 0.02
NDM-7 B 2.05 0.04
NDM-9 B 3.92 0.10
SPM-1 B 3.30 0.04
OXA-427 D 0.75 0.006

TABLE 1 (Continued)

Ambler
class

Minimal inhibitory concentrations (mg/mL)

Strain COZ C/T CAZ CZA IMP I-R MEM MVB FDC FDCA ATM AZA
P. aeruginosa PAO11 NDM-1 B .256 .256 256 256 32 32 .32 .32 4 4 2 2
P. aeruginosa PAO11 NDM-5 B .256 .256 256 256 32 32 .32 .32 2 2 2 2
P. aeruginosa PAO11 NDM-7 B .256 .256 256 256 32 32 .32 .32 4 2 2 2
P. aeruginosa PAO11 NDM-9 B .256 .256 256 256 32 32 .32 .32 4 4 2 2
P. aeruginosa PAO11 SPM-1 B .256 .256 128 128 4 4 32 32 8 8 2 2
P. aeruginosa PAO11 DHA-1 C 32 4 256 1 0.5 0.25 0.5 0.25 0.5 0.25 32 2
P. aeruginosa PAO11 OXA-1 D 0.5 0.5 2 1 0.5 0.25 0.5 0.25 0.5 0.25 2 2
P. aeruginosa PAO11 OXA-23 D 1 0.5 4 1 4 4 8 8 0.5 0.25 4 2
P. aeruginosa PAO11 OXA-48 D 0.5 0.5 1 0.5 2 2 2 2 0.5 0.25 2 2
P. aeruginosa PAO11 OXA-58 D 0.5 0.25 1 0.5 2 2 4 4 0.5 0.5 2 2
P. aeruginosa PAO11 OXA-427 D .256 .256 256 128 2 2 16 4 4 2 128 16
aCOZ, ceftolozane; C/T, ceftolozane-tazobactam; CAZ, ceftazidime; CZA, ceftazidime-avibactam; IPM, imipenem; I-R, imipenem/relebactam; MEM, meropenem; MVB,
meropenem-vaborbactam; FDC, cefiderocol; FDCA, cefiderocol/avibactam; ATM, aztreonam; AZA, aztreonam/avibactam. MIC values indicated in bold are those
corresponding to a categorization of resistance. Shaded MIC values are those corresponding to a significantly elevated MIC value, though not categorized as resistant,
compared to wild-type E. coli TOP10 or P. aeruginosa PAO1.
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PER-7, and the class B NDM-type and SPM-1. In addition, resistance was observed for the
OXA-427-producing P. aeruginosa; nevertheless, that enzyme has so far been identified
only among Enterobacterales. Regarding AZA, the number of recombinant strains being
susceptible to that combination was even higher than FDC, only SHV-12, PER-type, and
OXA-427 b-lactamases conferring resistance to it.

In order to further assess the respective impacts of the different b-lactamases
included in our study on the activity of FDC, cultures of E. coli TOP10 strains producing
enzymes presumably hydrolyzing this antibiotic were performed, with the goal to mea-
sure the respective specific hydrolytic activities. b-lactamase crude enzymatic extracts
were extracted by sonication, and specific activities were measured with a GENESYS 10S
UV-Vis Spectrophotometer (Thermo Scientific) as previously described (8), using either
benzylpenicillin or FDC as substrates (Table 3). Interestingly, PER-type enzymes showed
the higher hydrolytic activity against FDC, as previously reported (4). By contrast, no ac-
tivity was observed for CTX-M-type and other minor ESBLs, mirroring the results of sus-
ceptibility testing. Noteworthy, although most carbapenem-hydrolyzing class D b-lacta-
mases did not confer reduced susceptibility to FDC as previously published (10),
hydrolysis assays further confirmed that the recently identified carbapenemase OXA-427
possesses significant activity against this substrate. In fact, hydrolysis experiments were
performed using purified b-lactamases (OXA-48, OXA-23, and OXA-40), and kinetic pa-
rameters showed a significant hydrolysis rate of penicillins and carbapenems, but no ac-
tivity against FDC, mirroring the susceptibility test results of the present study (10).

When excluding the b-lactam/b-lactamase inhibitor combinations that do not corre-
spond to clinically available therapeutic options so far (FDCA and AZA) and considering
mainly C/T, CZA, I-R, MVB, and FDC as last-resort alternatives, it is important to under-
score the excellent performances of I-R and MVB by comparison to CZA in P. aeruginosa,
that latter combo being just poorly efficient when MBLs are actually produced.

Noteworthy, and to the best of our knowledge, this study firstly investigated the re-
spective abilities of different NDM-type b-lactamases to impact the activity of FDC,
while there is currently a debate about these relative effects. Of note, the impact of all
the different NDM variants tested was almost identical, respective MICs differing by no
more than 1-fold dilution, which may be considered as not significant. Finally, our
results indicate that the continuous spread of NDM but also the PER enzymes may be a
source of concern when considering treatment with novel available therapeutics.
Actually, PER enzymes are extensively distributed in Gram negatives in particular in
South America, the Middle East, Turkey, and Asia (11–13).
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