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a b s t r a c t 

Objectives: To analyse the impact of the most clinically relevant β-lactamases and their interplay with 

low outer membrane permeability on the activity of cefiderocol, ceftazidime/avibactam, aztreonam/ 

avibactam, cefepime/enmetazobactam, cefepime/taniborbactam, cefepime/zidebactam, imipenem/ 

relebactam, meropenem/vaborbactam, meropenem/xeruborbactam and meropenem/nacubactam against 

recombinant Escherichia coli strains. 

Methods: We constructed 82 E. coli laboratory transformants expressing the main β-lactamases circu- 

lating in Enterobacterales (70 expressing single β-lactamase and 12 producing double carbapenemase) 

under high ( E. coli TG1) and low ( E. coli HB4) permeability conditions. Antimicrobial susceptibility testing 

was determined by reference broth microdilution. 

Results: Aztreonam/avibactam, cefepime/zidebactam, cefiderocol, meropenem/xeruborbactam and 

meropenem/nacubactam were active against all E. coli TG1 transformants. Imipenem/relebactam, 

meropenem/vaborbactam, cefepime/taniborbactam and cefepime/enmetazobactam were also highly ac- 

tive, but unstable against most of MBL-producing transformants. Combination of β-lactamases with 

porin deficiency ( E. coli HB4) did not significantly affect the activity of aztreonam/avibactam, ce- 

fepime/zidebactam, cefiderocol or meropenem/nacubactam, but limited the effectiveness of the rest of 

carbapenem- and cefepime-based combinations. Double-carbapenemase production resulted in the loss 

of activity of most of the compounds tested, an effect particularly evident for those E. coli HB4 transfor- 

mants in which MBLs were present. 

∗ Correspondence to: Alejandro Beceiro, Microbiology department of the University Hospital A Coruña (CHUAC), Institute of Biomedical Research of A Coruña (INIBIC). As 

Xubias, 15006, A Coruña, Spain. Tel.: + 34 981178000. 

E-mail address: alejandro.beceiro.casas@sergas.es (A. Beceiro) . 
# Tania Blanco-Martín, Isaac Alonso-García and Lucía González-Pinto contributed equally to the study. 
† Jorge Arca-Suárez and Germán Bou contributed equally to the study as senior authors. 

https://doi.org/10.1016/j.ijantimicag.2024.107150 

0924-8579/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.ijantimicag.2024.107150
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijantimicag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijantimicag.2024.107150&domain=pdf
mailto:alejandro.beceiro.casas@sergas.es
https://doi.org/10.1016/j.ijantimicag.2024.107150
http://creativecommons.org/licenses/by-nc-nd/4.0/


T. Blanco-Martín, I. Alonso-García, L. González-Pinto et al. International Journal of Antimicrobial Agents 63 (2024) 107150

Conclusions: Our findings highli  

inhibitors have against recomb  

these are combined with low  

fepime/zidebactam and merop  

new compounds able to resist M  

which drug development effort

 

1

c

i

p

s

d

t

r

t

c

i

s

n

v

a

o

s

m

o

a

c

i

E

u

a

i

i

b

a

A

o

t

v

i

a

w

s

a

k

a

t

t

[

s

e

a

t

t

a

β
s

p

c

i

e

l

t

n

2

2

r

c

b

c

b

b

b

b

b

b

β
l

g

a

T

m

M

m

e

c

t

t

c

i

i

i

p

2

t

c

z

r

n

d

e

. Introduction 

The treatment of infections caused by ESBL and 

arbapenemase-producing Enterobacterales is becoming an alarm- 

ng concern [1] . The approval of ceftazidime/avibactam in 2015 

artly alleviated the shortage of agents available to combat these 

trains, but ceftazidime/avibactam resistance has been increasingly 

escribed. The most common resistance mechanism involves mu- 

ation of the KPC enzyme (e.g., L169P, D179Y), leading to structural 

earrangement that affect the catalytic centre of KPC architec- 

ure and accelerate ceftazidime turnover rates [2] . In addition, 

eftazidime/avibactam does not provide therapeutic cover against 

ncreasingly encountered metallo- β-lactamase (MBL)-producing 

trains. In this context, new antimicrobial agents are urgently 

eeded. 

Cefiderocol, imipenem/relebactam, and meropenem/ 

aborbactam represent recently approved options with high 

ctivity against Enterobacterales. Cefiderocol is a newly devel- 

ped cephalosporin with enhanced bacterial penetration via 

iderophore-mediated pathways and increased stability against 

ost β-lactamases found in Gram-negative bacteria [3] . On the 

ther hand, imipenem/relebactam and meropenem/vaborbactam 

re respectively new carbapenem/diazabicyclooctane (DBO) and 

arbapenem/boronic acid (BOR)-derived β-lactam/ β-lactamase 

nhibitor combinations, that exhibit promising activity against 

nterobacterales producing class A or C β-lactamases, partic- 

larly KPC enzymes [ 4 , 5 ]. Unfortunately, resistance to these 

gents has already been reported [6–8] We are now witness- 

ng the emergence of some promising β-lactam/ β-lactamase 

nhibitors. Aztreonam/avibactam and three cefepime-based com- 

inations (cefepime/enmetazobactam, cefepime/taniborbactam 

nd cefepime/zidebactam) are at the late stage of development. 

ztreonam/avibactam takes advantage of the particular property 

f aztreonam to evade hydrolysis by MBL in combination with 

he high potency of avibactam against serine type enzymes, thus 

irtually covering all types of β-lactamases [9] . Enmetazobactam 

ncludes a new tazobactam derivative with enhanced activity 

gainst ESBLs. Taniborbactam is an innovative BOR-type inhibitor 

hich protects cefepime from hydrolysis via class A, C, D, and 

ome class B enzymes; and zidebactam (DBO) potentiates the 

ctivity of cefepime through synergistically improved bacterial 

illing due to its intrinsic anti-PBP-2 activity [10] . Finally, there 

re early-stage inhibitors in the pipeline: nacubactam, a new DBO- 

ype β-lactam enhancer with anti-PBP-2 activity that potentiates 

he efficacy of meropenem against carbapenem-resistant strains; 

11] and xeruborbactam, a novel BOR derivative that has been 

hown to restore the activity of meropenem against all types of 

nzymes (including MBLs) [12] . 

These treatments may represent a step forward in the fight 

gainst Gram-negative infections. However, the specific activity of 

hese agents against the main enzymes circulating in Enterobac- 

erales has not yet been thoroughly investigated. Moreover, how 

dditional factors that extend beyond the production of single 
2

ght the promising activity that cefiderocol and new β-lactam/ β-lactamase

inant E. coli strains expressing widespread β-lactamases, including when

 permeability or other enzymes. Aztreonam/avibactam, cefiderocol, ce-

enem/nacubactam will help to mitigate to some extent the urgency of

BL action, although NDM enzymes represent a growing challenge against

 s are still needed. 

© 2024 The Authors. Published by Elsevier Ltd. 
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-lactamases may limit the effectiveness of these new agents, 

uch as porin deficiency or simultaneous production of multi- 

le enzymes (a phenomena commonly encountered in high-risk 

lones of critical priority ESKAPE targets), has not been analysed 

n detail. Here, we constructed an isogenic panel of E. coli isolates 

xpressing single β-lactamases or double carbapenemases under 

ow and high permeability conditions to evaluate the activity of 

hese innovative agents, accurately determine their therapeutic 

iches, and anticipate their potential resistance mechanisms. 

. Material and methods 

.1. Construction of recombinant E. coli isolates expressing 

epresentative β-lactamases under low and high permeability 

onditions 

We designed a library of up to 70 isogenic E. coli recom- 

inant isolates expressing a representative array of Amblerś 

lass A ( blaGES-1 , blaGES-5 , blaGES-7 , blaGES-15 , blaGES-20 , blaCTX-M-9 , 

laCTX-M-15 , blaSHV-12 , blaPER-1 , blaVEB-1 , blaKPC-2 , blaKPC-35 , 

laKPC-2 N132S , blaKPC-2 L169A , blaKPC-3 , blaKPC-31 , blaKPC-3 L167R , 

laKPC-3 D179N ), class B ( blaVIM-1 , blaVIM-2 , blaVIM-20 , blaIMP-13 , 

laIMP-28 , blaNDM-1 , blaNDM-5 , blaNDM-7 , blaNDM-23 ), class C ( blaCMY-2 , 

laDHA-1 and blaFOX-4 ) and class D ( blaOXA-2 , blaOXA-15 , blaOXA-10 , 

laOXA-14 , blaOXA-48 ) β-lactamases. To this end a copy of each 

-lactamase was amplified from representative clinical isolates, 

igated to the multicopy plasmid pUCP-24 (gentamicin resistance 

ene cassette) and electroporated in parallel into the E. coli TG1 

nd into the OmpC- and OmpF-deficient E. coli HB4 strains. 

ransformants were selected on LB agar plates containing 10 

g/L-gentamicin. Recombinant plasmids were characterized by 

IC determination following the methodology described below. 

Finally, to precisely determine the role of double carbapene- 

ase production, blaVIM-1 , blaIMP-28 , and blaOXA-48 carbapenemase 

ncoding genes were also amplified with specific primers and 

loned into the multi-copy plasmid pBGS-18 (kanamycin resis- 

ance gene cassette). These recombinant pBGS-18 plasmids were 

hen electroporated into previously constructed E. coli TG1 and E. 

oli HB4 transformants expressing blaKPC-3 , blaNDM-1 or blaOXA-48 

n the pUCP-24 plasmid and selected on LB agar plates contain- 

ng 10 mg/L-gentamicin and 50 mg/L-kanamycin. All of the result- 

ng transformants were checked by PCR to confirm the presence of 

lasmids. 

.2. Antimicrobial susceptibility testing 

Minimum inhibitory concentrations (MICs) of ceftazidime, cef- 

azidime/avibactam, aztreonam, aztreonam/avibactam, cefepime, 

efepime/enmetazobactam, cefepime/taniborbactam, cefepime/ 

idebactam, zidebactam, cefiderocol, imipenem, imipenem/ 

elebactam, meropenem, meropenem/vaborbactam, meropenem/ 

acubactam, nacubactam, and meropenem/xeruborbactam were 

etermined for all transformants in triplicate experiments by refer- 

nce broth microdilution assays. The MICs were determined using 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ation-adjusted Müeller-Hinton (MH) broth in all cases, with the 

xception of cefiderocol, which was assessed using iron-depleted 

ation-adjusted MH broth prepared according to CLSI M100 guide- 

ines [13] . Tazobactam, avibactam, and taniborbactam were tested 

t a fixed concentration of 4 mg/L, whereas enmetazobactam, 

aborbactam and xeruborbactam were tested at 8 mg/L. Zidebac- 

am and nacubactam were tested at a 1:1 ratio with cefepime 

nd meropenem, respectively. EUCAST v13.1 clinical breakpoints 

nd guidelines ( http://www.eucast.org/clinical_breakpoints/ ) were 

sed for reference purposes. The Enterobacterales EUCAST clinical 

reakpoint of the β-lactam partner was used to define susceptibil- 

ty or resistance to as yet unapproved combinations. The reference 

train E. coli ATCC 25922 was used as a control. 

. Results and discussion 

.1. Role of β-lactamases 

Cumulative MIC data for the whole collection and each host 

train are shown in Table S1, and detailed comparative data of 

. coli TG1 transformants producing single β-lactamases are pre- 

ented in Table 1 . The addition of avibactam to ceftazidime, recov- 

red the activity of ceftazidime against most of Amblerś class A, 

 and D β-lactamases, indicating the high potency of the first-in- 

lass β-lactam/DBO combination. Concerning increases in the MIC 

f ceftazidime/avibactam were noted for transformants producing 

PC-35 (a KPC-2 L169P mutant; MIC = 8 mg/L) or KPC-31 (a KPC- 

 D179Y mutant; MIC = 16 mg/L). The high evolutionary potential 

f KPC enzymes toward ceftazidime/avibactam-resistance has been 

xtensively reported since the combination became available for 

linical use [ 14 , 15 ]. Although the final MIC values were still be-

ow the susceptibility breakpoint, important increases in MIC were 

lso noted for transformants producing PER-1 (MIC = 2 mg/L) or the 

lass D extended-spectrum OXAs: OXA-14 (MIC = 4 mg/L) and OXA- 

5 (MIC = 2 mg/L), a phenomenon previously observed with iso- 

enic strains or in patients receiving ceftazidime/avibactam treat- 

ent [16] . Fortunately, both PER and the extended-spectrum OXAs 

re still of minor concern in Enterobacterales since they are mainly 

ncountered in P. aeruginosa . As expected, avibactam performed 

ell against all class C variants included, but did not enhance 

he activity of ceftazidime against any of the MBL-producing E. 

oli TG1 strains. Aztreonam/avibactam yielded very similar MICs to 

hose of ceftazidime/avibactam against most of class A, C and D 

-lactamase transformants. The most interesting feature of these 

ew combination is probably its outstanding activity against MBL 

roducers, which in all cases exhibited an aztreonam/avibactam 

IC of ≤0.06 mg/L. The findings clearly indicate that this combina- 

ion would be an addition of upmost importance to treat infections 

aused by MBL-producing strains. However, aztreonam/avibactam- 

esistant lineages of NDM-5 producing E. coli have already been 

etected due to the presence of amino-acid insertions in PBP-3 (- 

RIN-, - YRIP- or -YRIK-; involved in decreased aztreonam affinity) 

r the production of certain AmpC variants with increased activity 

oward aztreonam (e.g., CMY-42) [ 17 , 18 ]. 

Analysis of the potency of cefepime in combination with the 

-lactamase inhibitors enmetazobactam, taniborbactam and zide- 

actam also revealed promising results. Cefepime/enmetazobactam 

ielded MICs in the susceptibility range against most of class A, 

 and D β-lactamases (MICs ≤0.06-0.5 mg/L) but was not active 

gainst MBLs [19] . The combination has been shown to resist the 

ctivity of AmpCs and ESBLs when challenged against large col- 

ections of clinical isolates and is also active against some pro- 

ucers of KPC or OXA-48 enzymes (the latter of which is almost 

lways accompanied by CTX-M variants) [20] . The potential use 

f this combination as a carbapenem-sparing regimen aimed at 

ffording carbapenems looking for a reduction in the burden of 
3

arbapenem-resistant organism in the hospital environment is a 

iche that deserves exploration. Similarly, cefepime/taniborbactam 

lso demonstrated very strong potency against all class A, C and 

 β-lactamases (MICs ≤0.06 mg/L), but also provided good pro- 

ection for cefepime against some MBL producers. The combina- 

ion was active against VIM-type enzymes (MICs ≤0.06-1 mg/L). 

owever, as previously shown IMP-type enzymes were not inhib- 

ted, as indicated by the negligible effect on the MICs of cefepime 

or IMP-28 or IMP-13 (MICs = 4–8 mg/L for both cefepime and ce- 

epime/taniborbactam) [21] . Taniborbactam also effectively reduced 

he MIC of cefepime for NDM producers, although borderline sus- 

eptibility was noted for some variants (e.g., NDM-5; MIC = 8 mg/L), 

robably explained by the high MICs for cefepime that could not 

e effectively decreased to below the susceptibility breakpoint. 

efepime/zidebactam exhibited the broadest range of therapeutic 

overage against the whole set of E. coli TG1 transformants, which 

n all cases yielded MICs ranging from ≤0.03 to 0.25 mg/L. The 

otency observed for cefepime/zidebactam seems to result from 

he synergistically improved bacterial killing by cefepime and zide- 

actam, as highlighted by the high intrinsic activity of zidebac- 

am against all the transformants regardless of the β-lactamase 

roduced (MICs = 0.06–0.5 mg/L) [22] . To date, resistance to ce- 

epime/zidebactam has rarely been detected in clinical isolates, 

lthough specific mutations affecting PBP-2 have been detected 

n resistant mutants obtained in vitro [23] . Altogether, these re- 

ults support the promising role that cefepime/taniborbactam and 

efepime/zidebactam may have against carbapenemase-producing 

nterobacterales, particularly those carrying MBLs. 

Cefiderocol was highly active against the whole collection of 

. coli TG1 transformants, with MICs ranging from ≤0.06 to 2 

g/L. Cefiderocol activity was significantly affected by produc- 

ion of SHV-12, PER-1 and NDM-like enzymes, which as previ- 

usly reported increased the MICs of the cephalosporin to 1, 1 

nd 2 mg/L, respectively. However, in accordance with our data, 

ncreased cefiderocol MICs and clinical resistance are persistently 

eported for strains of Enterobacterales carrying NDM carbapene- 

ases, thus arguing for close monitorization of its activity against 

BL producers. Carbapenems were tested in combination with 

elebactam, in the case of imipenem, or partnered with vaborbac- 

am, nacubactam or xeruborbactam, in the case of meropenem. 

ue to high baseline susceptibility to both carbapenems in the 

. coli TG1 host, imipenem/relebactam, meropenem/vaborbactam, 

eropenem/xeruborbactam and meropenem/nacubactam were, as 

xpected, active against all transformants carrying class A, C 

nd D β-lactamases, with MICs ranging in all cases between 

.03 and 0.25 mg/L. In this regard, the highest MICs for these 

arbapenem/ β-lactamase inhibitor combinations corresponded to 

he transformant carrying the OXA-48 carbapenemase, against 

hich the addition of none of these inhibitors reduced the MIC 

f the β-lactam partner. Production of class B carbapenemases 

and particularly NDM) was associated with greater resistance to 

hese carbapenem combinations. Xeruborbactam or nacubactam 

ecreased 4 two-fold dilutions the MIC of meropenem against 

DM enzymes, highlighting their promising role against MBLs in 

he near future. 

.2. Interplay between β-lactamases and decreased outer membrane 

ermeability 

Analysis of the MIC data of the 35 OmpC/OmpF-deficient E. coli 

B4 transformants allowed us to obtain a detailed view of how de- 

reased β-lactam internalization could amplify levels of resistance 

o the agents tested (the global cumulative effect is represented 

n Table S1, and detailed MICs are shown in Table 2 ). Compared 

ith E. coli TG1, clinical resistance to ceftazidime/avibactam in E. 

oli HB4 extended to PER-1 (MIC = 2–16 mg/L), OXA-15 (MIC = 2–

http://www.eucast.org/clinical_breakpoints/
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Table 1 

Antibiotic susceptibility data for newly developed β-lactams and β-lactam/ β-lactamase inhibitor combinations against isogenic E. coli TG1 transformants expressing the most relevant class A, B, C and D β-lactamases found in 

Enterobacterales. 

Strain Ambler 

class 

Main Phenotype MIC (mg/L) a 

CAZ 

(R > 4) 

C/A 

(R > 8) 

ATM 

(R > 4) 

A/A 

(R > 4) 

FEP 

(R > 4) 

F/T 

(R > 4) 

F/E 

(R > 4) 

F/Z 

(R > 4) 

ZID 

(NA) 

FDC 

(R > 2) 

IMP 

(R > 4) 

I/R 

(R > 2) 

MEM 

(R > 8) 

M/V 

(R > 8) 

M/X 

(R > 8) 

M/N 

(R > 8) 

NAC 

(NA) 

E. coli TG1 - Wild-type 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 0.06 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-1 

A 

ESBL 4 0.125 ≤0.06 ≤0.06 0.125 ≤0.06 ≤0.06 ≤0.03 0.125 ≤0.06 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-5 Carbapenemase 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 0.125 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-7 ESBL 32 0.25 0.5 ≤0.06 0.125 ≤0.06 ≤0.06 0.06 0.25 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-15 ESBL 8 0.125 0.125 ≤0.06 0.125 ≤0.06 ≤0.06 0.06 0.25 ≤0.06 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-20 Carbapenemase 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 0.25 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

CTX-M-9 ESBL 0.5 0.125 2 ≤0.06 1 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

CTX-M-15 ESBL 32 0.125 32 ≤0.06 32 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

SHV-12 ESBL > 64 0.25 > 64 0.125 4 ≤0.06 ≤0.06 0.125 0.125 1 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

PER-1 ESBL > 64 2 > 64 2 8 ≤0.06 ≤0.06 0.125 0.125 1 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

VEB-1 ESBL > 64 0.25 32 ≤0.06 1 ≤0.06 ≤0.06 0.06 0.125 0.25 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

KPC-2 Carbapenemase 16 0.25 > 64 0.125 16 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 1 0.25 0.5 ≤0.06 ≤0.06 0.125 2 

KPC-35 (KPC-2 L169P) ESBL > 64 8 1 ≤0.06 1 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

KPC-2 N132S Carbapenemase ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 0.125 ≤0.06 0.25 0.25 0.125 ≤0.06 ≤0.06 0.06 2 

KPC-2 L169A ESBL 16 1 8 ≤0.06 8 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 1 0.25 0.125 ≤0.06 ≤0.06 0.06 2 

KPC-3 Carbapenemase 32 0.25 64 ≤0.06 4 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 1 0.125 0.25 ≤0.06 ≤0.06 0.06 2 

KPC-31 (KPC-3 D179Y) ESBL 64 16 0.5 ≤0.06 1 ≤0.06 ≤0.06 0.125 0.125 0.125 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

KPC-3 L167R Carbapenemase 4 0.125 4 ≤0.06 0.25 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

KPC-3 D179N ESBL 32 8 1 0.125 1 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

VIM-1 

B 

Carbapenemase > 64 > 64 ≤0.06 ≤0.06 32 1 32 0.125 0.125 0.125 2 2 0.5 0.5 0.5 0.5 2 

VIM-2 Carbapenemase 1 1 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.03 0.06 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

VIM-20 Carbapenemase 2 2 ≤0.06 ≤0.06 0.25 ≤0.06 0.25 0.125 0.125 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 0.06 2 

IMP-13 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 8 8 4 0.125 0.125 ≤0.06 0.25 0.25 0.125 0.125 0.125 0.125 2 

IMP-28 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 8 4 8 0.125 0.125 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 0.06 2 

NDM-1 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 32 1 16 0.125 0.125 1 2 1 2 2 0.5 0.5 2 

NDM-5 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 > 64 8 > 64 0.125 0.25 2 32 32 16 16 1 1 2 

NDM-7 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 > 64 4 > 64 0.125 0.125 2 16 16 8 8 1 1 2 

NDM-23 Carbapenemase > 64 > 64 ≤0.06 ≤0.06 32 1 32 0.125 0.125 2 4 2 2 2 0.5 0.5 2 

CMY-2 

C 

Extended-spectrum cephamycinase > 64 0.5 16 0.25 1 ≤0.06 0.5 0.25 0.5 0.125 0.5 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

DHA-1 Extended-spectrum cephamycinase 32 0.125 4 ≤0.06 0.125 ≤0.06 ≤0.06 ≤0.03 0.25 ≤0.06 0.125 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

FOX-4 Extended-spectrum cephamycinase > 64 1 2 ≤0.06 0.25 ≤0.06 0.125 0.06 0.25 ≤0.06 0.25 0.25 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

OXA-2 

D 

Narrow-spectrum oxacillinase 2 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 ≤0.06 0.06 0.25 0.125 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

OXA-15 ESBL 32 2 ≤0.06 ≤0.06 0.25 ≤0.06 ≤0.06 0.125 0.125 0.25 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

OXA-10 Narrow-spectrum oxacillinase 0.125 ≤0.06 0.5 0.125 0.25 ≤0.06 ≤0.06 0.125 0.125 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

OXA-14 ESBL 32 4 0.5 0.125 0.5 ≤0.06 0.125 0.125 0.125 0.25 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

OXA-48 Carbapenemase 0.25 ≤0.06 ≤0.06 ≤0.06 0.125 ≤0.06 ≤0.06 0.06 0.125 ≤0.06 0.5 0.25 0.25 0.25 ≤0.06 0.25 2 

CAZ: ceftazidime; C/A: ceftazidime/avibactam; ATM: aztreonam; A/A: aztreonam/avibactam; FEP: cefepime; F/E: cefepime/enmetazobactam; F/T: cefepime/taniborbactam; F/Z: cefepime/zidebactam; ZID: zidebactam; FDC: ce- 

fiderocol; IMP: imipenem; IMP/REL: imipenem/relebactam; MEM: meropenem; M/V: meropenem/vaborbactam; M/X: meropenem/xeruborbactam; M/N: meropenem/nacubactam; NAC: nacubactam; NA: Not available 
a EUCAST breakpoints indicated for Enterobacterales. 
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Table 2 

Antibiotic susceptibility data for newly developed β-lactams and β-lactam/ β-lactamase inhibitor combinations against isogenic E. coli HB4 transformants expressing the most relevant class A, B, C and D β-lactamases found in 

Enterobacterales. 

Strain Ambler class Main Phenotype MIC (mg/L) a 

CAZ 

(R > 4) 

C/A 

(R > 8) 

ATM 

(R > 4) 

A/A 

(R > 4) 

FEP 

(R > 4) 

F/T 

(R > 4) 

F/E 

(R > 4) 

F/Z 

(R > 4) 

ZID 

(NA) 

FDC 

(R > 2) 

IMP 

(R > 4) 

I/R 

(R > 2) 

MEM 

(R > 8) 

M/V 

(R > 8) 

M/X 

(R > 8) 

M/N 

(R > 8) 

NAC 

(NA) 

E. coli HB4 - OmpC/OmpF porin-deficient 1 0.5 0.25 0.125 0.5 0.5 0.5 0.25 0.25 ≤0.06 0.25 0.125 ≤0.06 ≤0.06 ≤0.06 ≤0.03 2 

GES-1 

A 

ESBL 16 1 1 0.125 2 0.5 0.5 0.25 0.5 ≤0.06 0.125 0.125 0.25 0.125 ≤0.06 0.125 2 

GES-5 Carbapenemase 2 0.5 0.25 0.125 0.5 0.5 0.5 0.25 0.25 ≤0.06 0.5 0.125 4 0.25 ≤0.06 0.5 2 

GES-7 ESBL > 64 1 4 0.125 4 0.5 0.5 0.25 0.5 ≤0.06 0.125 0.125 0.125 ≤0.06 ≤0.06 0.125 2 

GES-15 ESBL > 64 2 1 0.125 8 0.5 0.5 0.5 0.5 ≤0.06 0.125 0.125 0.25 0.125 ≤0.06 0.125 2 

GES-20 Carbapenemase 2 0.5 0.25 0.125 1 0.5 0.5 0.25 0.5 ≤0.06 1 0.125 2 0.125 ≤0.06 0.5 2 

CTX-M-9 ESBL 4 0.5 16 0.125 64 0.5 0.5 2 2 ≤0.06 0.25 0.125 0.25 0.125 ≤0.06 0.125 2 

CTX-M-15 ESBL > 64 1 > 64 0.125 > 64 1 0.5 1 2 0.125 0.25 0.125 0.25 0.125 0.125 0.125 2 

SHV-12 ESBL > 64 4 > 64 0.5 > 64 1 64 1 1 2 0.25 0.125 1 1 0.25 0.25 2 

PER-1 ESBL > 64 16 > 64 16 > 64 1 64 1 1 2 0.25 ≤0.06 0.5 0.25 0.125 0.25 2 

VEB-1 ESBL > 64 2 > 64 1 64 0.5 0.5 0.25 0.5 0.5 0.125 ≤0.06 0.125 0.125 0.125 0.125 2 

KPC-2 Carbapenemase > 64 2 > 64 1 > 64 1 > 64 4 4 0.125 64 0.5 > 64 0.5 ≤0.06 2 2 

KPC-35 (KPC-2 L169P) ESBL > 64 32 8 0.25 64 2 1 1 1 1 0.25 0.125 2 0.5 0.125 1 2 

KPC-2 N132S Carbapenemase 1 0.5 0.25 0.125 0.5 0.5 0.5 0.125 0.25 ≤0.06 4 4 16 0.5 0.125 1 2 

KPC-2 L169A ESBL > 64 16 32 0.25 64 2 2 2 4 0.125 4 0.25 32 0.5 0.125 1 2 

KPC-3 Carbapenemase > 64 4 > 64 0.125 > 64 1 > 64 1 1 0.25 16 0.125 > 64 0.5 0.125 1 2 

KPC-31 (KPC-3 D179Y) ESBL > 64 64 4 0.25 64 2 0.5 0.5 0.5 1 0.25 0.125 1 0.5 0.125 1 2 

KPC-3 L167R Carbapenemase 32 1 32 0.125 16 0.5 2 0.25 0.5 ≤0.06 4 1 4 0.25 0.125 1 2 

KPC-3 D179N ESBL > 64 16 8 0.25 8 0.5 0.25 0.125 0.125 0.25 0.25 0.125 0.125 ≤0.06 ≤0.06 0.125 2 

VIM-1 

B 

Carbapenemase > 64 > 64 0.25 0.125 64 8 64 0.125 0.5 0.125 2 2 2 2 2 1 2 

VIM-2 Carbapenemase 8 8 0.25 0.125 1 0.5 1 0.25 0.25 ≤0.06 0.25 0.25 1 1 0.5 0.5 2 

VIM-20 Carbapenemase 16 16 0.25 0.125 4 0.5 4 0.125 0.25 ≤0.06 1 1 2 2 0.5 1 2 

IMP-13 Carbapenemase > 64 > 64 0.25 0.125 32 32 32 0.125 0.25 ≤0.06 1 1 8 8 8 1 2 

IMP-28 Carbapenemase > 64 > 64 0.25 0.125 32 32 32 0.125 0.125 ≤0.06 1 1 16 16 16 2 2 

NDM-1 Carbapenemase > 64 > 64 0.25 0.25 > 64 16 > 64 0.125 0.125 2 16 16 32 8 16 1 2 

NDM-5 Carbapenemase > 64 > 64 0.25 0.25 > 64 > 64 > 64 0.25 0.25 2 > 64 > 64 > 64 > 64 64 4 2 

NDM-7 Carbapenemase > 64 > 64 0.25 0.25 > 64 > 64 > 64 0.25 0.25 4 > 64 > 64 > 64 > 64 64 4 2 

NDM-23 Carbapenemase > 64 > 64 0.25 0.25 > 64 32 > 64 0.125 0.25 2 8 8 64 32 8 2 2 

CMY-2 

C 

Extended-spectrum 

cephamycinase 

> 64 2 64 1 32 0.5 8 2 4 0.25 1 0.25 1 0.25 ≤0.06 0.25 2 

DHA-1 Extended-spectrum 

cephamycinase 

> 64 1 32 0.25 2 0.5 2 1 4 ≤0.06 0.5 0.125 1 0.25 ≤0.06 0.25 2 

FOX-4 Extended-spectrum 

cephamycinase 

> 64 4 8 0.25 4 0.5 4 0.5 1 ≤0.06 0.25 0.125 0.5 0.5 0.125 0.25 2 

OXA-2 

D 

Narrow-spectrum 

oxacillinase 

16 1 0.25 0.125 1 0.5 0.5 0.25 0.5 0.25 0.5 0.5 2 2 0.125 1 2 

OXA-15 ESBL 64 16 2 0.125 4 1 2 0.5 0.5 0.5 0.125 0.125 0.5 0.25 0.25 0.25 2 

OXA-10 Narrow-spectrum 

oxacillinase 

2 0.5 8 1 8 0.5 4 0.25 0.5 ≤0.06 0.25 0.25 4 1 0.125 2 2 

OXA-14 ESBL > 64 64 16 1 16 1 4 0.5 0.5 0.5 0.25 0.125 1 0.25 0.5 0.5 2 

OXA-48 Carbapenemase 1 0.5 0.25 0.25 2 0.5 2 0.25 0.25 ≤0.06 2 1 8 8 ≤0.06 2 2 

CAZ: ceftazidime; C/A: ceftazidime/avibactam; ATM: aztreonam; A/A: aztreonam/avibactam; FEP: cefepime; F/E: cefepime/enmetazobactam; F/T: cefepime/taniborbactam; F/Z: cefepime/zidebactam; ZID: zidebactam; FDC: ce- 

fiderocol; IMP: imipenem; I/R: imipenem/relebactam; MEM: meropenem; M/V: meropenem/vaborbactam; M/X: meropenem/xeruborbactam; M/N: meropenem/nacubactam; NAC: nacubactam; NA: Not available 
a EUCAST breakpoints indicated for Enterobacterales . 
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6 mg/L) and OXA-14 (MIC = 4– 64 mg/L). Moreover, some en- 

ymes such as SHV-12, KPC-3 or FOX-4 increased resistance to 

evels close to the susceptibility breakpoint (MICs = 4 mg/L). The 

ffect of PER-1 in this background was also amplified for aztre- 

nam/avibactam (MIC = 16 mg/L), although in general was poorly 

ffected by the loss of porins (MIC = 0.125–1 mg/L for the rest of 

solates). Cefepime was one of the substrates against which lesions 

n porins conferred greater defects on its activity. The combina- 

ion with taniborbactam was truncated against MBLs, as the MIC 

ncreased to 8 mg/L or higher in all cases except VIM-2 and VIM- 

0. Cefepime/enmetazobactam showed decreased activity against 

everal key class A targets, such as SHV-12 (MIC = 64 mg/L), PER-1 

MIC = 64 mg/L), KPC-2 (MIC > 64 mg/L) and KPC-3 (MIC > 64 mg/L),

ut also borderline MICs (4–8 mg/L) for several class C and class D 

ariants. The effect of low permeability was not as evident for ce- 

epime/zidebactam, which maintained with 100% activity, probably 

esulting from the mechanistic synergy triggered by PBP-3 target- 

ng of cefepime with the enhancing effect of zidebactam. 

Cefiderocol maintained rates of activity similar to those ob- 

erved in E. coli TG1, highlighting that internalization through 

iderophores can bypass any permeability defect. The MIC of car- 

apenem combinations experimented a major increase against the 

B4 collection, a fact that helped to clarify the protective effects 

if any) of the different inhibitors. Imipenem/relebactam was active 

gainst most of the class A and C enzymes and class D variants 

ith ESBL activity. While imipenem/relebactam has shown to se- 

ect inactivating mutations in OmpK36 when used to combat KPC 

nfections, it was able to reduce the MIC of imipenem by between 

 and 7 two-fold dilutions against the E. coli HB4 derivatives pro- 

ucing KPC-2 (MIC = 0.5 mg/L) or KPC-3 (MIC = 0.125 mg/L) [24] .

nterestingly, the only class A β-lactamase able to confer clinical 

esistance to imipenem/relebactam was the KPC-2 N132S variant 

MIC = 4 mg/L). Of note, the replacement of asparagine by serine at 

osition 132, located on the YSN triad of the KPC-2 enzyme, has 

ecently been described in vitro and demonstrated to confer de- 

reased relebactam susceptibility in terms of IC50 , Ki app and k2 / K 

25] . Vaborbactam potentiated the activity of meropenem against 

ll class A producers, including key targets such as KPC-2 (MIC = 0.5 

g/L) and KPC-3 (MIC = 0.5 mg/L), but was inactive against class 

 (MICs = 1- > 64 mg/L) enzymes or OXA-48 (MIC = 8 mg/L). Its ac-

ivity was also significantly reduced by OXA-2 (MIC = 2 mg/L) and 

XA-10 enzymes (MIC = 1 mg/L), which significantly increase the 

IC of carbapenems under conditions of low permeability [26] . 

eropenem/xeruborbactam was the meropenem-based combina- 

ion with highest activity serine-type enzymes, particularly active 

gainst KPC-2 (MIC = ≤0.06 mg/L), KPC-3 (MIC = 0.125 mg/L) and 

XA-48 (MIC ≤0.06 mg/L). However, the previously observed anti- 

BL efficacy was not evident (MICs = 0.5–64 mg/L), a fact proba- 

ly explained by the presence of non-functional porins which have 

een shown to affect the internalization of xeruborbactam [ 27 , 28 ].

inally, meropenem/nacubactam demonstrated globally higher MIC 

alues than other compounds but its activity extended to the 

hole collection. 

.3. Effects of double carbapenemase production 

We finally constructed double transformants to estimate the 

otential therapeutic role of these innovative options against 

he emerging threat of double carbapenemase production 

 Table 3 ). Double carbapenemase production usually resulted 

n the loss of ceftazidime/avibactam, imipenem/relebactam, 

eropenem/vaborbactam, cefepime/enmetazobactam and ce- 

epime/taniborbactam, mostly due to production of class B 

nzymes (particularly noticeable in the E. coli HB4 strain). In 

his regard, probably the most challenging associations of car- 

apenemases were those resulting from the combination of 
6
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PC-3 + IMP-28 and NDM-1 + OXA-48, which respectively reduced 

he activity of meropenem/xeruborbactam in E. coli HB4 or 

onferred reduced cefiderocol susceptibility. Hopefully, aztre- 

nam/avibactam (MIC ≤0.06–0.25 mg/L), cefepime/zidebactam 

MIC = 0.06–1 mg/L), cefiderocol (MIC ≤0.06–2 mg/L) and to a lesser 

xtent meropenem/nacubactam (MIC ≤0.06–1 mg/L) will represent 

aluable options against isolates showing such combinations of 

esistance mechanisms. 

. Conclusions 

The collection here evaluated only includes recombinant iso- 

ates of E. coli and thus their implications for other species should 

e precisely determined in future studies. However, our findings 

ighlight the promising stability of these new β-lactams and β- 

actam/ β-lactamase inhibitor combinations against the main β- 

actamases circulating in Enterobacterales, including when they are 

ombined with low permeability or additional carbapenemases. Al- 

hough some of the options evaluated here appear to mitigate the 

rgency of new compounds able to resist the action of MBL to 

ome extent, drug development effort s and surveillance are needed 

o combat the spread of some enzymes, such as NDM, which can 

esist the activity of last generation inhibitors or limit the activity 

f cefiderocol. 
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