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ABSTRACT The impact of broad-spectrum B-lactamases on the susceptibility to novel
B-lactamase/ B-lactamase inhibitor combinations was evaluated both in Pseudomonas
aeruginosa and Escherichia coli using isogenic backgrounds. Cefepime-zidebactam displayed
low MICs, mainly due to the significant intrinsic antibacterial activity of zidebactam.
Cefepime-taniborbactam showed excellent activity against recombinant E. coli strains,
including metallo-B-lactamase producers, whereas aztreonam-avibactam remained the
best therapeutic option against class B B-lactamase-producing P. aeruginosa.
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he recently developed and commercially available B-lactam/B-lactamase inhibitor

(BL/BLI) combinations ceftazidime-avibactam, meropenem-vaborbactam, and imipenem-
relebactam possess a broad-spectrum activity against most multidrug-resistant Gram-negative
bacteria (1, 2). In addition, new B-lactamase inhibitors have been recently developed and
might be soon be available, along with the respective B-lactam partner molecule, which
could lead to clinically useful BL/BLI combos. Among the newly developed B-lactamase
inhibitors, there are diazabicyclooctane (DBO) molecules, namely, zidebactam and nacu-
bactam, that efficiently inhibit most class A and class C (also class D for zidebactam) B-lac-
tamases. Additionally, they possess an antibiotic effect on PBP2, compared to avibactam.
Another class of inhibitors corresponds to the boronic acid derivatives vaborbactam and
taniborbactam, both of which inhibit class A and class C B-lactamases, with taniborbactam
additionally being an excellent inhibitor of the metallo-B-lactamases (MBLs) of most of the
NDM- and VIM-types. Finally, another class of inhibitors corresponds to penicillin-based
sulfones, such as enmetazobactam, which is a derivative of tazobactam, and it is reported
to be an excellent inhibitor of class A B-lactamases. Taken together, the development of
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BL/BLI combinations (3). Hence, novel combinations, including aztreonam-avibactam, Address correspondence to Laurent POIREL,
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A previous study evaluating the impact of acquired broad-spectrum B-lactamases Published 31 May 2023

on the susceptibility to newly developed BL/BLI reported that several ESBLs, such as PER,
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SHV, and BEL, may affect the susceptibility of last resort combination therapies, such as aztreo-
nam-avibactam, ceftolozane-tazobactam, ceftazidime-avibactam, and cefiderocol, whereas imi-
penem-relebactam and meropenem-vaborbactam were mostly affected by class B and some
class D B-lactamases (9).

Since little is known about the potential effect of broad-spectrum B-lactamases on
these new BL/BLI, particularly with the latest combos, namely, cefepime-zidebactam, cefe-
pime-taniborbactam, cefepime-enmetazobactam, and meropenem-nacubactam, being under
consideration for clinical development, the objective of our study was to assess the impact of
a large series of broad-spectrum B-lactamases on the susceptibility to these combinations,
using either E. coli (TOP10) or P. aeruginosa (PAQOT1) strains as backgrounds.

To reach that goal, the corresponding genes of the different B-lactamases to be tested
were amplified via PCR using the respective specific B-lactamase gene primers (10). The
corresponding amplicons were then cloned into plasmid pUCp24, which is a shuttle vector
harboring the aacC7 gene, which encodes the gentamicin acetyltransferase-3-1 that is capa-
ble of replicating in both E. coli and P. aeruginosa. Our focus was mainly on broad-spectrum
B-lactamases, namely, ESBLs and carbapenemases of different classes, with several narrow-
spectrum B-lactamases being included for comparison. Hence, the different B-lactamases
tested here included class A penicillinases (TEM-1, TEM-3), class A ESBLs (OXY-2 [a natural
and chromosomally encoded ESBL from Klebsiella oxytocal, CTX-M-3, CTX-M-14, CTX-M-15,
GES-1, BEL-1, BEL-2, SHV-1, SHV-2a, SHV-12, PER-1, PER-2, PER-6, PER-7, VEB-1), class A ESBLs
with weak carbapenemase activity (CTX-M-33, GES-2, GES-5), class A carbapenemases (FRI-1,
IMI-1, KPC-2, KPC-3, KPC-41, GES-6, SME-1, NMC-A), class B carbapenemases (AIM-1, DIM-1,
VIM-2, VIM-1, GIM-1, NDM-1, NDM-5, NDM-7, NDM-9, IMP-1, SPM-1), class C cephalospori-
nase (DHA-1, CMY-2, CMY-42), a narrow-spectrum class D B-lactamase (OXA-1), and carba-
penem-hydrolyzing class D B-lactamases (OXA-18, OXA-23, OXA-48, OXA-58, OXA-181,
OXA-427). It is noteworthy that these enzymes were chosen as representatives, mostly of
clinically relevant B-lactamases that are sources of resistance to broad-spectrum g-lactams
in either E. coli or P. aeruginosa.

It is also noteworthy that some of the enzymes that were produced here in both of the
latter species might mainly be found in only one of the two, such as OXA-48 and OXA-427
in Enterobacterales or OXA-2, BEL, AIM, GIM, and SPM in P. aeruginosa. Nevertheless, our
approach did not intend to reflect the exact epidemiology but rather to better decipher the
real impact of the BL/BLI combinations in different backgrounds. In total, a series of 49 E. coli
and 48 P. ageruginosa recombinant strains were constructed and analyzed throughout.

The MICs were determined via broth microdilution for ceftazidime-avibactam, cefepime-
zidebactam, cefepime-taniborbactam, cefepime-enmetazobactam, imipenem-relebactam,
meropenem-vaborbactam, meropenem-nacubactam, and aztreonam-avibactam as well
as for the corresponding B-lactams of the respective combinations alone. Ceftazidime,
cefepime, and aztreonam were purchased from Sigma-Aldrich (Saint-Louis, USA), whereas
imipenem and meropenem were purchased from HuiChem (Shanghai, China). All of the the
inhibitors (zidebactam HY-120859, taniborbactam HY-109124, relebactam HY-16752, vabor-
bactam HY-19930, avibactam HY-14879, enmetazobactam HY-103095) were purchased
from MedChem Express (Luzern, Switzerland). The concentrations of the following B-lac-
tamase inhibitors were fixed at 4 wg/mL: zidebactam, taniborbactam, avibactam, nacu-
bactam, and relebactam; however, those of vaborbactam and enmetazobactam were
fixed at 8 wg/mL (10, 11). The cefepime-zidebactam and meropenem-nacubactam com-
binations were also evaluated at a 1:1 ratio due to the strong enhancing activities of zide-
bactam and nacubactam. Similarly, susceptibility testing to zidebactam and nacubactam
alone was performed. The MICs were determined in triplicate via broth microdilution in
Mueller-Hinton (MH) broth (Bio-Rad, Marnes-la-Coquette, France) for all of the antibiotics
and antibiotic combinations listed above, according to the EUCAST guidelines (12). The
results were interpreted according to the latest EUCAST breakpoints, and the susceptibil-
ity breakpoints for the novel BL/BLI combinations were defined by referring to the corre-
sponding B-lactam breakpoints (12). The reference strain E. coli ATCC 25922 was used as
a quality control for all of the testing. No specific CLSI/EUCAST quality controls were used
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when testing the action of the different S-lactamase inhibitors. Nevertheless, our experiments
included different recombinant strains that produced a wide range of B-lactamases for which
the potential to be inhibited or not had been previously reported, thereby allowing for the val-
idation of our data. Hence, KPC-2-producing E. coli TOP10 was used as a control when testing
the meropenem-vaborbactam, meropenem-nacubactam, and imipenem-relebactam combi-
nations, CTX-M-15-producing-E. coli TOP 10 was used when testing the ceftazidime-avibactam,
cefepime-enmetazobactam, and aztreonam-avibactam combinations, and NDM-1-producing-
E. coli TOP 10 was used when testing the cefepime-taniborbactam combination. For all of
these combinations, low MICs were observed, and these MICs were similar to that of the
reference strain E. coli ATCC 25922.

The results obtained for the recombinant E. coli strains are compiled in Table 1. Overall,
the most efficient combinations were cefepime-zidebactam (at a fixed concentration of zide-
bactam or a 1:1 ratio), cefepime-taniborbactam, and meropenem-nacubactam (at a fixed con-
centration of nacubactam or a 1:1 ratio) when the MICs to zidebactam and nacubactam alone
were 0.25 ug/mL and 8 png/mL, respectively. Although low MICs were observed with cefe-
pime-zidebactam at a fixed concentration or at a 1:1 ratio, this isogenic model of E. coli did
not allow us to investigate the proper inhibitor activity of zidebactam, as we observed
such low MICs for zidebactam alone. As expected, cefepime-taniborbactam was active
against all of the ESBL and carbapenemase producers, including MBL producers, except
when IMP-1 and NDM-9 were produced, and these results are in line with previous obser-
vations highlighting the lack of inhibitory activity of taniborbactam against IMP-1 and NDM-9
(13, 14). Meropenem-nacubactam was also effective against most of the recombinant strains,
with the exception of the MBL producers, such as those producing AIM-1, NDM-5, VIM-1,
SPM-1, and IMP-1, as expected. However, it is worth highlighting that meropenem-nacubac-
tam significantly decreased the MICs of some of the class B B-lactamase producers (NDM-1,
NDM-7, NDM-9, DIM-1, GIM-1, IMP-1), and this was likely due to the intrinsic activity of
nacubactam, as previously suggested (15). The higher hydrolysis of meropenem by NDM-5
and IMP-1 probably explained why the meropenem-nacubactam (at a fixed concentration
or a 1:1 ratio) combinations did not decrease the MICs below the breakpoints. Interestingly,
although the production of PER- and CMY-like B-lactamases significantly contributed to the
reduced susceptibility to cefepime, aztreonam-avibactam, and ceftazidime-avibactam,
a complete susceptibility to cefepime-zidebactam, cefepime-taniborbactam, cefepime-
enmetazobactam, and meropenem-nacubactam was observed for the corresponding
producers. Likewise, although the production of the MBLs of the AIM-1, DIM-1, and GIM-1
types as well as the class A B-lactamase KPC-41 have major impacts on the susceptibility to
ceftazidime-avibactam, they did not show any effect on the susceptibility to cefepime-zidebac-
tam, cefepime-enmetazobactam, cefepime-taniborbactam, and meropenem-nacubactam. This
further highlights that all of the latter combinations might represent potent therapeutic
options for the treatment of infections that are caused by the corresponding isolates.

An analysis of the MICs determined using the recombinant P. aeruginosa strains overall
mirrored what was observed for E. coli, but with more marked effects. As expected, given
the intrinsic reduced susceptibility of P. aeruginosa to many B-lactams due to its lower per-
meability, the MIC values were overall higher than those that were obtained for E. coli
(Table 2). In addition, the PBP2 enhancing activity of zidebactam and nacubactam at
4 pg/mL appeared less marked and more variable in P. aeruginosa, as was previously
described at this concentration (15). In line, the MICs of zidebactam and nacubactam
were found to be at 8 and >32 ug/mL, respectively. As a result, resistance to cefepime-
zidebactam was observed for the P. aeruginosa recombinant strains producing VEB-1,
KPC-like, NDM-like, VIM-like, IMP-1, and CMY-like enzymes. A reduced susceptibility was
observed among SHV-1, PER-2, PER-6, PER-7, and OXA-23 producers; however, this model
of isogenic P. aeruginosa overexpressing a wide range of B-lactamases is also limited by
the major role played by the antibacterial activity of zidebactam, with its MIC alone being
observed at 8 ug/mL (Table 2). In contrast, this combination remained active against pro-
ducers of class D B-lactamases, as the latter enzymes do not hydrolyze cefepime at a signifi-
cant level. It is noteworthy that some discrepancies were observed for the MICs between
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cefepime-zidebactam with a fixed concentration of the inhibitor at 4 uwg/mL or at a 1:1
ratio, with these mainly being caused by the major role of the direct antibacterial action of
zidebactam in these combinations. Moreover, resistance to cefepime-enmetazobactam was
observed for many recombinant strains, including those producing B-lactamases of class A
(SHV-1, SHV-2a, SHV-12, PER-1, PER-7, KPC-2, KPC-3, KPC-41), class B (NDM-type, VIM-type,
SPM-1, AIM-1), class C (CMY-type), and class D (OXA-23), whereas resistance to cefepime-
taniborbactam was only observed for those producing B-lactamases of class A (KPC-41),
class B (VIM-1, AIM-1, NDM-type, IMP-1, SPM-1), class C (CMY-2), and class D (OXA-1, OXA-23).
Finally, resistance was observed with meropenem-nacubactam for all of the class B B-lacta-
mase producers as well for as those producing OXA-23.

Among the class A B-lactamase-producing P. aeruginosa strains, imipenem-relebactam,
cefepime-taniborbactam, and meropenem-nacubactam appeared to be the best options,
whereas aztreonam and aztreonam-avibactam remained the best options against the class
B producers. It is noteworthy that although KPC-like enzymes are rarely identified in P. aer-
uginosa (16), our results indicate that only a few therapeutic options, such as cefepime-
taniborbactam, meropenem-nacubactam, and imipenem-relebactam could be considered
in this situation if the corresponding strain is not affected by significant permeability defects.
Interestingly, OXA-427-producing P. aeruginosa exhibited a reduced susceptibility to most of
the BL/BLI combinations.

In a recent study, Vazquez-Ucha et al. highlighted the high activities of cefepime-zidebac-
tam, cefepime-taniborbactam, and cefepime-enmetazobactam on 400 strains of carbapene-
mase-producing Enterobacterales (17). Cefepime-zidebactam and cefepime-taniborbactam
displayed efficient activity against 99% of the tested clinical isolates, whereas cefepime-
enmetazobactam displayed lower activity (61.8%), with high MICs being found for OXA-
48 and KPC producers, even though the activity of cefepime-enmetazobactam might be
affected by the clonality of the K. pneumoniae isolates and by the fact that enmetazobac-
tam is actually a tazobactam derivative whose main function is to inhibit ESBLs and not
carbapenemases, as was recently and rightly underscored by Vazquez-Ucha et al. and
Shapiro (18, 19). Another study evaluating imipenem-relebactam, cefepime-zidebactam,
and cefepime-taniborbactam combinations showed promising in vitro activity against a
collection of ceftolozane-tazobactam-resistant and ceftazidime-avibactam-resistant P. aerugi-
nosa strains (20).

On the other hand, meropenem-nacubactam also exhibited excellent performance
in vitro on a large collection of Enterobacterales and P. aeruginosa, including merope-
nem-resistant and ceftazidime-avibactam-resistant isolates, thereby highlighting the
potent inhibitory and antibacterial dual-action of nacubactam (21).

To the best of our knowledge, this study is the first to investigate the relative impacts
of a wide range of B-lactamases on the activity of the most recent BL/BLI combinations
that are being considered for clinical development. That evaluation was made both
in E. coli and P. aeruginosa, using isogenic backgrounds, which allowed for the accurate
assessment of the respective involvement of different B-lactamases in the reduced sus-
ceptibility or even resistance to such new treatment options. The excellent performances
of aztreonam-avibactam, meropenem-nacubactam, cefepime-zidebactam, and cefepime-
taniborbactam must be underscored, even though those combinations are not yet available
for clinical use. Nevertheless, due to the efficient intrinsic activities of zidebactam and
nacubactam, the interpretation of the inhibitory capacities of the tested combinations
should be placed in perspective. When considering commercially available combinations,
good performances of ceftazidime-avibactam, imipenem-relebactam, and meropenem-
vaborbactam were noticed against E. coli, but these combinations were less efficient against
the MBL producers. Of note, the in vitro activities of those different combinations appeared
to be more variable against the P. aeruginosa recombinant strains. Therefore, our results
highlight that the continuous spread of class B B-lactamases (NDM, IMP, and VIM) and,
more rarely, KPC-type enzymes in P. aeruginosa may still be considered a significant source
of concern when considering treatment with newly available therapeutics.
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