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ABSTRACT The relative inhibitory activities of diazabicyclooctanes (avibactam,
relebactam, zidebactam, nacubactam, durlobactam), boronic acid derivatives (vaborbac-
tam, taniborbactam, xeruborbactam), and penicillin-based sulfone derivative enmetazo-
bactam were evaluated against several intrinsic and acquired class C B-lactamases. By
contrast to vaborbactam and enmetazobactam, taniborbactam, xeruborbactam, and
all diazabicyclooctanes demonstrated effective activities against most AmpC enzymes.
Notably, durlobactam exhibited the most pronounced inhibitory effect. Interstingly, the
chromosomal AmpC of Acinetobacter baumannii was the least sensitive enzyme to the
newly developed B-lactamase inhibitors.

KEYWORDS AmpC, enmetazobactam, zidebactam, nacubactam, taniborbactam,
relebactam, vaborbactam, avibactam, xeruborbactam, durlobactam, class C, 3-lactamase

R esistance to B-lactam antibiotics in Gram-negative pathogens is mainly driven by
an enzymatic mechanism, such as the production of B-lactamases (1, 2). Each
pathogen can acquire f-lactamase genes by horizontal transfer related to genetic
mobile elements and, therefore, produce several different enzymes, eventually leading
to multidrug resistance. These B-lactamases have been classified according to their
amino-acid sequence (the so-called Ambler classification), resulting in four main groups
(3, 4). Class C B-lactamases, also known as AmpC enzymes, are commonly identified
among Gram-negative bacteria, being either intrinsic to the respective species and in
those cases chromosomally encoded (e.g., in Pseudomonas aeruginosa, A. baumannii,
Enterobacter cloacae, Serratia marcescens) or acquired by horizontal gene transfer via
transposons and insertion sequence elements but mostly plasmid encoded (5). AmpC
enzymes hydrolyze penicillins, first-generation cephalosporins (e.g., cephalothin), and
cephamycins (e.g., cefoxitin), and are not significantly inhibited by clavulanic acid (CLA),
sulbactam, and tazobactam (TAZ) (5, 6). When overproduced, as a result either of a
dysregulation of the gene expression through defective AmpR-like regulators or of a
plasmid location and, therefore, high-copy number, they also significantly hydrolyze
broad-spectrum cephalosporins such as ceftriaxone, cefotaxime, and ceftazidime (CAZ).
Worryingly, the most acquired AmpC enzymes hydrolyze first-line B-lactams that may be See the funding table on p. 7.
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zidebactam (ZID), nacubactam (NAC), and durlobactam (DUR); the boronic acid
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derivatives (BAD) vaborbactam (VAB), taniborbactam (TAN), and xeruborbactam (XER);
and the penicillin-based sulfone derivative enmetazobactam (EMT) has significantly
enlarged the antibiotic pipeline by promoting the development of novel B-lactam/B-lac-
tamase inhibitor (BL/BLI) combinations. The currently commercialized combinations are
ceftazidime-avibactam, imipenem-relebactam, sulbactam-durlobactam, and merope-
nem-vaborbactam, and some others are currently under clinical evaluations including
aztreonam-avibactam, cefepime-taniborbactam, cefepime-enmetazobactam, merope-
nem-nacubactam, and meropenem-xeruborbactam (7-10). However, many unusual
therapeutic associations combining a B-lactamase inhibitor with a B-lactam partner
might be considered when facing difficult-to-treat pathogens (10, 11).

The aim of our study was therefore to precisely evaluate the relative inhibitory
activities of the recently developed and abovementioned B-lactamase inhibitors,
including DBOs, BAD, and the EMT molecule, using isogenic Escherichia coli recombinant
strains producing a wide range of AmpC {3-lactamases.

In order to assess the relative inhibitory activities of those BLI against AmpC (-
lactamases, the corresponding blazmpc genes without the original promoter sequences
were amplified by PCR with specific primers, and corresponding amplicons were cloned
into plasmid pUCp24, as described previously (12, 13). Hence, all these genes were
expressed under the control of the same promoter sequences, and relative compar-
isons were meaningful. Cultures of E. coli TOP10 harboring recombinant plasmids
and therefore producing the different AmpC tested were grown overnight at 37°C
in Luria-Bertani agar medium containing amoxicillin (AMX) (50 pg/mL). The activity
of the following acquired class C B-lactamases could therefore be evaluated, namely,
ACC-1 (originally from Hafnia spp.), FOX-5 (from Aeromonas allosaccharophila), CMY-2
and CMY-42 (from Citrobacter spp.), DHA-1 (from Morganella morganii), ACT-7 and
ACT-17 (from Enterobacter asburiae), MIR-17 (from Enterobacter roggenkampii), MOX-2
(from Aeromonas caviae), and LAT-1 (from Citrobacter portucalensis) (5). In addition,
some chromosomally encoded AmpC enzymes were added in the evaluation, including
Ear-1 from Klebsiella aerogenes; SRT-2 from Serratia marcescens; PDC-1 (narrow-spectrum
cephalosporinase), PDC-5 (extended-spectrum cephalosporinase), and PDC-382 (variant
harboring the T961 substitution, involved in ceftolozane-tazobactam and ceftazidime-
avibactam resistance) of P. aeruginosa (14, 15); ADC-50 from A. baumannii CIP7010
(16); and YRC-1 from Yersinia ruckeri (17). Altogether, these enzymes were chosen as
representatives of clinically relevant class C B-lactamases being sources of intrinsic
or acquired resistance to broad-spectrum B-lactams among most of the commonly
identified Gram-negative bacteria in clinical practice.

MICs were determined in triplicate by broth microdilution (BMD) for CAZ and
AMX, as well as their combinations with each B-lactamase inhibitor. CAZ, AMX, and
CLA were purchased from Sigma-Aldrich (St. Louis, MO, USA). All others inhibitors
(TAZ HY-W009168, AVI HY-14879, REL HY-16752, VAB HY-19930, NAC HY-109008, ZID
HY-120859, TAN HY-109124, XER HY-136072, DUR HY-117974, EMT HY-103095) were
purchased from MedChem Express (Luzern, Switzerland). The concentration of each
B-lactamase inhibitor was chosen as the concentration used in the respective BL/BLI
combination under development or commercially available, according to EUCAST or CLSI
(18, 19). Hence, CLA was used at 2 pug/mL; TAZ, AVI, REL, NAC, ZID, DUR, and TAN at
4 ug/mL; and VAB, XER, and EMT at 8 ug/mL (9, 13, 17, 18). BMD assays were performed in
cation-adjusted Mueller-Hinton (MH) broth (Bio-Rad, Marnes-la-Coquette, France) for all
antibiotics or antibiotic combinations listed above, according to the EUCAST guidelines
(20). Reference strains E. coli ATCC 25922, E. coli NCTC 13353, E. coli ATCC 35218, Klebsiella
pneumoniae ATCC 700603, K. pneumoniae ATCC BAA-2814, P. aeruginosa ATCC 27853,
and A. baumannii NCTC 13304 were used as quality control for all BLI according to
EUCAST or CLSI (18, 19, 21), and all MIC values are provided in Table S1. The mean
50% inhibitory concentrations (ICsq) of all BLI were determined for all AmpC enzymes
after performing ICsg measurements in triplicate, using crude extracts of cultures of E.
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coli TOP10 recombinant strains, respectively, producing the different B-lactamases to be
tested, as previously published (13).

The results obtained for recombinant AmpC-producing E. coli strains revealed a series
of interesting features (Table 1). Firstly, all MIC values obtained for CAZ for AmpC
producers were at least fourfold dilution higher than the MIC value observed for E.
coli TOP10, with the exception of the MOX-2 and PDC-like recombinant strains. As
expected, the combination of CAZ with the “old” inhibitors, CLA and TAZ, did not result
in a significant reduction in the MIC values of all AmpC-producing E. coli. Interestingly,
similar results were observed with the addition of the novel EMT, which highlights the
inefficiency of this inhibitor against class C B-lactamase.

With regard to the activity of the DBOs, the supplementation of AVI resulted in a
decrease in MIC values by at least fivefold dilution for most recombinant strains, with
the exception of the FOX-5, PDC-382, and ADC-50 producers for which the reduction
was lower (Table 1). The supplementation of CAZ with other DBOs, namely, NAC, ZID,
and DUR, resulted in very low MIC values. Considering that the MIC values of NAC, ZID,
and DUR alone were determined at 4, 0.125, and 0.125 pg/mlL, respectively, when testing
E. coli TOP 10, those very low MIC values may reflect the strong direct antibacterial
activities of those BLI against E. coli (9-11). Therefore, this intrinsic antibacterial activity
of the DBOs limited the analysis of the relative inhibitory activity of those BLIs by the
susceptibility testing approach. In accordance with results obtained with DBO molecules,
combinations including TAN and XER reduced all MIC values for all recombinant strains.
XER is also known to possess a moderate antibacterial activity against E. coli by targeting
multiple penicillin-binding proteins (22). In a previous study, the MIC value of XER alone
was found to be above 16 pg/mL for the E. coli TOP10 (13). This antibacterial activity may
also limit the specific analysis of the inhibitory activity of this BLI by analyzing the MIC
values reduction.

Although all AmpCs were significantly inhibited by TAN, the ADC-50 B-lactamase
(cAmpC of A. baumannii) was found to be resistant to this inhibitor.

On the other hand, when testing CAZ with VAB, only a slight decrease in MIC values
was observed for the majority of the recombinant strains, and even no significant impact
was observed with VAB-based combinations when testing FOX-5, PDC-382, and ADC-50
producers.

Then, the IC5q values were determined for each BLI, leading to results that were
overall consistent with the results of the susceptibility testing, as illustrated in Table 2.
Firstly, high IC5q values were obtained against most AmpC enzymes when testing old
inhibitors, CLA and TAZ, as expected.

Our results also showed that DUR exhibited the greatest potency among all tested
BLIs. Hence, DUR possessed the widest spectrum to inhibit all chromosomally encoded
and acquired AmpC B-lactamases included in this study, as evidenced by the ICsq values
being at least 10-fold lower than those observed for other BLls. Similarly, ZID also
showed excellent performance in terms of spectrum of inhibition and interestingly also
possessed an intrinsic antibacterial activity, enhancing its overall efficacy. On the other
hand, even if the respective 1Cs5q values suggested lower potency as BLIs compared
to the previously mentioned molecules, AVI, REL, and NAC also showed significant
inhibitory activities against most AmpC enzymes, with the exception of the chromoso-
mally encoded PDC-382 of P. aeruginosa and ADC-50 of A. baumannii.

When considering BLI belonging to the BAD family, the ICsq values obtained for XER
and TAN were also very low, being in the nanomolar (nM) range for the majority of
enzymes, with the exception of ADC-50, which is far less sensitive to the inhibitory action
of those two molecules.

When testing VAB, variable IC5q values were obtained, with all values being meas-
ured in the micromolar (uM) range. These values were significantly higher than those
observed for all BLIs belonging to the DBOs or BAD families, highlighting the relatively
poor inhibitory activity of VAB against class C 3-lactamases. It is noteworthy that, similar
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TABLE 1 MICs of B-lactams for AmpC-producing E. coli TOP10 recombinant strains®

Strain (B- Natural (N) MICs (ug/mL)°
lactamase or Ceftazidime
produced) acquired Old inhibitors Diazabicyclooctane Boronate acid derivative  Penicillin
(A) Ambler sulfone
class C

Alone +CLA +TZB +AVI +REL +NAC +ZID +DUR +VAB +TAN +XER +EMT

E. coli ATCC - 0.06 0.06 0.06 0.06 0.06 <0.06 <0.06 <0.06 0.06 0.06 0.06 0.06
25922
E. coliTOP10 - 0.25 0.25 0.25 0.125 0.25 <0.06 <0.06 <0.06 0.25 0.125 0.125 0.25
E. coli ACC-1 A 32 32 16 0.5 0.5 0.125 <0.06 <0.06 4 0.125 0.125 32
E. coli FOX-5 A 8 8 8 1 1 0.125 <0.06 <0.06 4 0.125 0.125 8
E. coli ACT-7 A 64 64 64 0.25 0.5 0.125 <0.06 <0.06 1 0.125 0.125 64
E.coliACT-17 A 32 32 32 0.25 0.5 0.125 <0.06 <0.06 0.5 0.125 0.125 32
E. coli CMY-2 A >256 >128 >128 1 2 0.125 <0.06 <0.06 16 0.25 0.25 >128
E.coliCMY-42 A >256 >128 >128 2 2 0.125 <0.06 <0.06 32 0.125 0.125 >128
E. coli DHA-1 A 128 128 128 0.25 1 0.125 <0.06 <0.06 4 0.125 0.125 64
E. coli LAT-1 A 64 64 32 0.25 1 0.125 <0.06 <0.06 2 0.125 0.125 32
E.coliMOX-2 A 0.5 0.5 0.5 0.25 0.25 <0.06 <0.06 <0.06 0.25 0.125 0.125 0.5
E.coliMIR-17 A 4 4 2 0.25 0.25 0.125 <0.06 <0.06 0.25 0.125 0.125 4
E. coli Ear-1 N >256 >128 >128 0.5 0.5 <0.06 <0.06 <0.06 2 1 0.25 64
E. coli SRT-2 N 4 4 2 0.25 0.5 <0.06 <0.06 <0.06 0.25 0.125 0.125 4
E. coli PDC-1 N 0.5 0.5 0.5 0.25 0.25 0.125 <0.06 <0.06 0.5 0.125 0.125 0.5
E. coli PDC-5 N 1 1 1 0.125 0.25 0.125 <0.06 <0.06 0.5 0.25 0.125
E.coliPDC-382 N 2 2 1 0.5 0.5 <0.06 <0.06 <0.06 2 1 0.25 2
E.coliADC-50 N 64 64 64 2 0.5 0.125 <0.06 <0.06 64 32 0.125 64
E. coli YRC-1 N 8 8 8 0.125 0.125 0.125 <0.06 <0.06 0.5 0.125 0.125 8
Amoxicillin

Alone +CLA +TZB +AVI +REL  +NAC +ZID +DUR +VAB +TAN +XER +EMT

E. coli ATCC - 4 4 4 4 4 <0.25 <0.25 <0.25 4 4 <0.25 4
25922
E. coliTOP10 - 1 1 1 0.5 0.5 <0.25 <0.25 <0.25 0.5 0.5 <0.25 1
E. coli ACC-1 A 32 32 16 0.5 0.5 <0.25 <0.25 <0.25 4 0.5 <0.25 16
E. coli FOX-5 A 8 8 8 1 1 <0.25 <0.25 <0.25 4 0.5 <0.25 8
E. coli ACT-7 A 1,024 1,024 512 2 4 <0.25 <0.25 <0.25 32 8 2 512
E.coliACT-17 A 512 512 256 1 2 <0.25 <0.25 <0.25 16 4 <0.25 256
E. coli CMY-2 A >1,024 >1,024 >512 8 8 <0.25 <0.25 <0.25 128 16 2 >512
E.coliCMY-42 A 1,024 1,024 512 2 4 <0.25 <0.25 <0.25 128 8 1 512
E. coli DHA-1 A 1,024 1,024 64 1 8 <0.25 <0.25 <0.25 64 8 1 64
E. coli LAT-1 A 512 512 64 0.5 1 <0.25 <0.25 <0.25 16 2 <0.25 256
E.coliMOX-2 A 8 8 8 0.5 0.5 <0.25 <0.25 <0.25 0.5 0.5 <0.25 8
E.coliMIR-17 A 128 128 128 0.5 0.5 <0.25 <0.25 <0.25 2 1 <0.25 128
E. coli Ear-1 N >1,024 >1,024 >1,024 32 32 <0.25 <0.25 <0.25 256 128 4 >1,024
E. coli SRT-2 N 128 128 64 8 16 <0.25 <0.25 <0.25 32 2 <0.25 128
E. coli PDC-1 N 16 16 8 0.5 0.5 <0.25 <0.25 <0.25 2 0.5 <0.25 16
E. coli PDC-5 N 16 16 8 0.5 0.5 <0.25 <0.25 <0.25 4 0.5 <0.25 16
E.coliPDC-382 N 16 16 8 2 2 <0.25 <0.25 <0.25 8 2 <0.25 16
E.coliADC-50 N 512 512 512 16 8 <0.25 <0.25 <0.25 512 256 <0.25 256
(Continued on next page)
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TABLE 1 MICs of B-lactams for AmpC-producing E. coli TOP10 recombinant strains® (Continued)

Strain (B- Natural (N) MICs (ug/mL)°

lactamase or Ceftazidime

produced) acquired Old inhibitors Diazabicyclooctane Boronate acid derivative  Penicillin
(A) Ambler sulfone
class C

E. coli YRC-1 N 512 512 512 1 2 <0.25 <0.25 <0.25 64 8 <0.25 256

9MIC values in bold are those corresponding to less than a twofold change dilution of the MIC value of the B-lactam alone when testing the corresponding AmpC-producing
E. coli TOP10. Shaded MIC values are those corresponding to a significantly decreased MIC value compared to the MIC value of the B-lactam alone when testing the
corresponding AmpC-producing E. coli TOP10, defined as a MIC value between twofold and fivefold change dilution compared to the corresponding AmpC-producing E. coli
TOP10. "', no B-lactamase produced.

®Data of minimal inhibitory concentrations by broth microdilution; CAZ, ceftazidime; CAZ-AC, ceftazidime-clavulanic acid; CAZ-TZB, ceftazidime-tazobactam; CAZ-
AVI, ceftazidime-avibactam; CAZ-REL, ceftazidime-relebactam; CAZ-VAB, ceftazidime-vaborbactam; CAZ-NAC, ceftazidime-nacubactam; CAZ-ZID, ceftazidime-zidebac-
tam; CAZ-DURL, ceftazidime-durlobactam; CAZ-TAN, ceftazidime-taniborbactam; CAZ-EMT, ceftazidime-enmetazobactam; CAZ-XER, ceftazidime-xeruborbactam. The
B-lactamase inhibitors, clavulanic acid was used at fixed concentrations of 2 pg/mL; tazobactam, avibactam, relebactam, nacubactam, zidebactam, taniborbactam, and
durlobactam were used at fixed concentrations of 4 ug/mL; whereas xeruborbactam, vaborbactam and enmetazobactam were used at 8 ug/mL.

to the results observed with TAZ, the penicillin-based sulfone derivative, EMT, did not
show any significant activity against all AmpC enzymes tested here.

Regarding the overall sensitivity of the enzymes for the newly developed BLlIs, the
intrinsic ADC-50 of A. baumannii exhibited the lowest sensitivity to the inhibitors. In
contrast to the other BLIs, which exhibited significant higher values against this enzyme,
only DUR exhibited a very low ICsq value (0.17 nM). The values of ZID and XER were both
determined at 5 uM, whereas the values of REL and AVI were found to be above 13 uM.
Finally, ADC-50 was not significantly inhibited by NAC, VAB, EMT, and TAN. Interestingly,
the PDC-382 f3-lactamase is less sensitive to all DBOs than PDC-1 and PDC-5, as illustrated
by the MIC and ICsq values in Tables 1 and 2. This finding indicates that the amino-acid
substitution T961 in the PDC protein sequence affects not only avibactam, as previously
reported (23), but also all DBOs.

Noteworthy, it is important to underscore that this study focused only on the
interaction between AmpC and the recently developed BLI. In a clinical context, the
production level of AmpC (mainly cAmpC) may vary among Gram-negative bacteria,
and therefore plays a significant role in the in vitro activity of BL/BLI combinations.
Furthermore, clinical strains can simultaneously produce numerous other (3-lactamases
and exhibit permeability defects for instance.

In addition to AmpC, the newly developed BLI also exhibits a broad spectrum of
activity, encompassing the majority of class A, class B for TAN and XER, and a subset
of class D for AVI, ZID, DUR, TAN, and XER (7-9, 13, 22, 24). Moreover, some of these
BLIs demonstrate direct antibacterial activity (7-11, 13, 22, 24, 25). Furthermore, these
BLIs are invariably combined with their -lactam partner, which can evade the hydrolysis
activity of the enzyme and thereby extending the spectrum of the combination BL/
BLI. As a result, the extrapolation of our data to a clinical context is limited by these
factors. For instance, although VAB is not effective against the majority of AmpC, the
combination of meropenem-vaborbactam remains highly effective against AmpC-pro-
ducing Enterobacterales, given that meropenem is not hydrolyzed by AmpC enzymes (7).
Cefepime-zidebactam is also highly effective against NDM-producing E. coli, whereas ZID
does not inhibit class B 3-lactamases but has a strong direct antibacterial activity against
E. coli (25).

In conclusion, our study highlighted the remarkable efficacy of all DBOs, as well
as TAN and XER (DAB family of inhibitors), in inhibiting a wide range (acquired and
intrinsic) AmpC enzymes. We showed that DUR was the most effective BLI against class C
B-lactamases, by contrast to VAB and EMT that exhibited poor activities.
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TABLE 2 Determination of the 50% inhibitory concentration (ICsp) for B-lactamase inhibitors against AmpC enzymes*®

1C50 (UM)
Old inhibitors Diazabicyclooctane Boronate acid derivative Penicillin sulfone

derivative
Enzyme ClavulaTazoba Aviba Releb Nacub Zidebactam Durlobactam Vaborbactam Taniborbactam Xeruborbactam Enmetazobactam

nic ctam ctam actamactam (ZID) (DUR) (VAB) (TAN) (XER) (EMT)

acid (TAZ) (AVI) (REL) (NAC)

(CLA)
ACC-1 >100 2.1 0.25 0.58 045 0.09 0.005 3.6 0.18 0.09 39
FOX-5 >100 23 1 20 53 0.99 0.022 17 0.16 0.23 >100
ACT-7 >100 23 08 071 037 0.2 0.004 3.6 0.19 0.29 43
ACT-17  >100 32 09 033 029 0.14 0.003 2.6 0.21 0.2 62
CMY-2 >100 20 061 059 042 0.12 0.004 53 0.18 0.28 40
CMY-42  >100 24 065 11 17 0.17 0.011 13 0.68 0.43 64
DHA-1 >100 1.3 0.11 0.85 0.50 0.06 0.004 3.1 0.12 0.16 26
LAT-1 >100 7.3 04 023 0.29 0.005 0.005 1.2 0.23 0.34 97
MOX-2 >100 >100 56 24 4.1 2.7 0.055 1.9 0.32 0.26 >100
MIR-17  >100 83 1 1.3 06 0.11 0.005 1.1 0.03 0.31 >100
Ear-1 >100 72 0.88 0.89 0.28 0.12 0.006 0.84 0.11 0.22 91
SRT-1 >100 48 67 37 70 37 0.022 6.9 0.06 0.22 >100
PDC-1 >100 15 14 3.0 51 0.42 0.009 11 1.1 0.67 >100
PDC-5 >100 18 086 19 1.2 0.09 0.013 37 0.51 0.66 >100
PDC-382 >100 11 11 23 34 1.9 0.1 54 5.0 0.32 >100
ADC-50 >100 >100 61 13 >100 55 0.17 >100 26 54 >100
YRC-1 >100 >100 2.1 19 0.13 0.09 0.005 2.0 0.1 0.96 >100

“The shaded values represent ICsg values measured between 1 and 10 uM, while the bold values indicate measurements above 10 pM.
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