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Abstract

The carbapenemase-producing Gram-negative organisms represent an urgent clinical and public health concern, as they have
been associated with increased mortality and high dissemination in healthcare settings. Although overall incidence rates of
infections sustained by metallo-p-lactamase (MPL)-producers have remained lower than those sustained by other carbapen-
emase-producers, albeit with substantial geographic differences, a significant increase in the prevalence of MPL-producers
has been observed over the last decade. The recent development of new antimicrobials expanded the armamentarium to
counter the challenge of metallo-p-lactamase (MBL)-producers. Cefiderocol and aztreonam/avibactam are already clinically
available and recommended by international guidelines. In addition, two new classes of f-lactam/ f-lactamase combinations
are under clinical evaluation: (i) combination of f-lactam with novel boronic-derived inhibitors (e.g. taniborbactam and
xeruborbactam), (if) combination of f-lactam with last generation diazabicyclooctane p-lactamase inhibitors (e.g. zidebactam
and nacubactam), active on most of serine-p-lactamases but also showing strong intrinsic activity on PBP-2. This review
aims to provide up-to-date data on the characteristics, activity and emerging resistance mechanisms of the armamentarium
of clinically available or soon-to-be introduced drugs for the treatment of MBL-producing Gram-negative organisms.

Keywords Metallo-p-lactamase - NDM - Avibactam - Taniborbactam - Zidebactam - Xeruborbactam - Cefiderocol -
Durlobactam

Introduction

The development and use of antibiotics since the second half

of the twentieth century revolutionized the approach to the

54 Gabriele Bianco treatment and prevention of infectious diseases, enabling the
gabriele.bianco @unisalento.it evolution of modern medicine.

However, the huge increase in antimicrobial resistance
(AMR) affecting all countries and healthcare sectors leads
us to imagine a surreal scenario with a lack of access to
effective antibiotic drugs in the near future. Bacterial AMR
is estimated to have been directly responsible for 1.27 mil-
lion global deaths and contributed to 4.95 million deaths in
Microbiology and Virology Unit, Department of Pathology, 2019, and the picture is expected to rise to 10 million per
éﬁiﬁﬁga&‘y’edahem Universitaria Integrata Di Verona, year by 2050 in the absence of effective interventions [1,

’ 2]. The COVID-19 pandemic then exacerbated the concerns
by accelerating the transmission and emergence of AMR
[3-5]. Among the threats of AMR, carbapenems resist-
ance is the most pressing, given the important role of this
class of p-lactams in the clinical armamentarium [2]. The
increase in the rate of carbapenem resistance, resulting in
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the global spread of carbapenem resistant organisms (CRO)
(Fig. 1), was matched by an increase in associated deaths,
from 619000 in 1990 to 1,03 million in 2021 [6]. Among
CROs, Enterobacterales, Pseudomonas aeruginosa, and Aci-
netobacter baumannii are among the top three multi-drug-
resistant pathogens on WHO'’s priority list, being worthy of
urgent study to develop new antibiotics (Fig. 1). The carbap-
enemase-producing subgroup of CROs is of great clinical
and public health interest, as it has been associated with
increased mortality and high dissemination in healthcare
settings [7-9]. Several carbapenemases enzymes belong-
ing to p-lactamases Ambler class A (e.g. Klebsiella pneu-
moniae carbapenemase, KPC), Ambler class B [metallo-
B-lactamases, (MPLs)] and Ambler class D (oxacillinase,
OXA-like) are largely reported to be associated with the
global spread of CROs [7].

Although the overall incidence rates of infections sus-
tained by MBL-producers have remained almost constant
and lower than those sustained by other carbapenemase-
producers (KPC- and OXA-like- producers), albeit with
substantial geographic differences, a significant increase in
the prevalence of MPL-producing CROs has been observed
in recent years [1-7]. The recent introduction into clinical
practice of new P-lactamase inhibitor combinations (e.g.
ceftazidime/avibactam, meropenem/vaborbactam and imipe-
nem/relebactam) may have contributed to this phenomenon,

exerting strong selective pressure for the spread of MPLs,
as the latter are not inhibited by the p-lactamase inhibitors
approved to date [8].

Recently, cefiderocol and aztreonam/avibactam have been
approved for the treatment of infections sustained by CRO,
including MBL producers (Table 1). Moreover, new com-
binations of f-lactam/f-lactam inhibitors are under clinical
evaluation and represent promising additional therapeutic
options (Table 1).

Herein, we reviewed current literature providing up-to-
date data on (i) the epidemiological landscape of MPL-
producing pathogens, (ii) the characteristics, activity and
emerging resistance mechanisms of the latest clinically
available or soon-to-be introduced drugs for treatment of
MBL-producing Gram-negative infections.

Metallo-B-lactamases

MSpLs belong to Ambler class B, whereas class A, C and D
include serine B-lactamases [10]. Serine -lactamases essen-
tially consist of two structural domains (an all @ domain and
an o/p domain) and the serine active-site is located in the
groove between the two domains [11]. In MPLs (class B
enzymes), the situation is more complex because the nucleo-
phile is not one active-site serine, but an activated water/

Fig. 1 Global prevalence of carbapenem resistance (2013-2022)
among clinical isolates of a. Acinetobacter baumannii, b. Pseu-
domonas aeruginosa, c. Klebsiella pneumoniae, d. Escherichia coli,
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according to the Antimicrobial Testing Leadership and Surveillance
(ATLAS) database (available at: https://atlas-surveillance.com)
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hydroxide coordinated to one or two Zn(II) ions, which in
turn are coordinated by a set of amino acid ligands. The
identity of these ligands falls into three patterns, which
define the three subclasses of B-class enzymes, named B1,
B2 and B3 [12].

Most of the MPLs identified so far belong to subclass
B1, including the imipenemase (IMP), Verona imipenemase
(VIM), and New Delhi MPL (NDM) families [13]. A limited
number of enzymes belongs to subclass B2, including CphA
and Sth-I, produced by Aeromonas species (e.g. A. hydroph-
ila and A. veronii) and Serratia fonticola, respectively.
Subclass B3 includes around 50 distinct MPL enzymes, of
which L1 ML is clinically relevant being constitutively
expressed by Stenotrophomonas maltophilia, an emerging
multidrug-resistant Gram-negative organism causing health-
care acquired infections [14]. While the p-lactamase genes
encoding class B2 and B3 enzymes have chromosomal local-
ization, those of class B1 are largely plasmids borne and can
readily spread by horizontal gene transfer both intra- and
inter-species. Among more than 50 enzymes belonging to
class B1, NDM, VIM and IMP MpLs are the most relevant
from an epidemiological and clinical point of view. Their
ability to hydrolyze all f-lactams except aztreonam, the lack
of clinically usable inhibitors, their spread in several Gram-
negative organisms such as Enterobacterales and non-fer-
menting species, as well as in nosocomial and environmental
reservoirs make them one of the main and growing public
health concerns [15]. In addition, new variants with higher
affinity for zinc or requiring less of it are emerging, favoring
their hydrolytic activity on pB-lactam drugs in contexts of
relative zinc scarcity, such as human infection sites [16, 17].

IMP-type B-lactamases

The first MBL of the IMP group was identified in an imi-
penem-resistant P. aeruginosa clinical strain collected in
1988 in Japan [18]. The localization of the bla;yp in a 47.7
kbp conjugative plasmid, pMS350, contributed to its spread
to other bacterial species as it was subsequently found in
the chromosome and as part of an integron in transferable
plasmids of several clinical isolates of P. aeruginosa, Pseu-
domonas putida, Pseudomonas stutzeri, Serratia marcescens
and Citrobacter freundii [19-23]. The first report of an IMP-
type enzyme in Europe occurred in a MDR A. baumannii
strain isolated from respiratory secretions of a critically ill
patient in Italy [24]. Further analysis showed that the gene
coded for IMP-2 and was carried in a gene cassette as part of
a class I integron located on the chromosome. The blagyp_,
gene cassette was located downstream of intl1 and the varia-
ble region also included aac(60)-Ib and ant(300)-1a [24, 25].
The second identification of an IMP-type enzyme in Europe
was carried out in Portugal in an A. baumannii strain isolated
from urine [26]. Further analysis of that gene concluded that

it was a new member, named blapp 5. which followed the
two new variants blapp 3 and blayyp 4 previously identified
in Asia [27, 28]. IMP-4 was subsequently found within a
class 1 integron in isolates of A. baumannii and in similar
integrons in strains of A. pitti, K. pneumoniae, E. coli and
Enterobacter cloacae. [29, 30]. To date, the sequences of
102 variants of IMP MLs, mostly identified in P. aerugi-
nosa, Enterobacter spp., K. pneumoniae and A. baumannii
clinical isolates are deposited in Genbank. IMP are still the
predominant MBLs in Southeast Asia, where they are mostly
detected in P. aeruginosa, A. baumannii, and Enterobacte-
rales species. Considering blayp variants in countries with
high prevalence in Asia, blayp_; was the most frequently
reported in Japan (23%) and Singapore (50%). blayp_4 and
blapp_ 14 were the most frequently reported in China (27%)
and Thailand (27%), respectively [31]. However, recent
regional or sporadic outbreaks have also been reported in the
United States, Latin America (Brazil and Argentina), Aus-
tralia, Lebanon, Egypt and some European countries such
as Greece, France, United Kingdom, and Turkey [32-35].

VIM-type B-lactamases

Among MPLs, VIM enzymes have cephalosporins as their
preferred substrate and achieve a lower hydrolysis of car-
bapenem than that produced by enzymes of the IMP and
NDM families [36].

The first two VIM variants, named VIM-1 and VIM-
2, were identified in Italy and France in 1997 and 1996,
respectively. They were both detetcted in P. aeruginosa iso-
lates containing blayy, gene cassettes inserted into a class
1 integron [37, 38]. Despite the high amino acid sequence
identity, the two genes had a different location: blayy
was located within the chromosome and included a second
aac(60)-Ib-containing gene cassette, whereas blay, was
included in a unique gene cassette, located in an integron
within a~45-kbp non-conjugative plasmid. Furthermore,
the enzymes were not closely related to other MPL, with
only 28-31% sequence identity between VIM-1/VIM-2 and
IMP-1 [37, 38]. After the first identification, VIM enzymes
spread rapidly throughout Southern Europe, with outbreaks
in Italy and Greece in 2006, first in isolates of P. aeruginosa
and then of K. pneumoniae [33, 39—41]. Until 2017, VIM-
type was the predominant MPLs in Europe, especially in
Mediterranean countries.

The rapid global spread of VIM MfLs, especially in
Enterobacteriaceae and Pseudomonas, has led to the iden-
tification of a large number of new variants in the recent
years (87 uploaded on Genbank, last accessed on Septem-
ber 2024). Currently, VIM MpLs are found globally, mainly
in K. pneumoniae, E. cloacae complex and P. aeruginosa
[33]. VIM-2-like MBLs are mostly reported in P. aerugi-
nosa, whereas VIM-1-like MPLs (e.g. VIM-4) are frequently
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reported in Enterobacteriaceae species. Furthermore, the
presence of VIM variants (VIM-1, VIM.2, VIM-3, VIM-
6, VIM-11, VIM-25) in A. baumannii isolates has been
reported in Korea, Greece, Saudi Arabia and Iran since the
early 2000s [42].

NDM-type B-lactamases

The NDM ML was first described in 2009 in a K. pneumo-
niae isolate from a urine sample of a Swedish patient, previ-
ously admitted to two Indian hospitals [43]. The blaypy.;
was located in a 180 kbp plasmid including multiple antibi-
otic resistance genes. BLAST analysis showed that NDM-1
shared very little sequence homology with other MBLs, and
the closest relative was VIM-1, with only 32.4% of amino
acid identity [44]. The detection of a MDR E. coli strain
harboring the same blaypy, -carrying plasmid suggested
that plasmid transfer by conjugation occurred with high
frequency, and this was then demonstrated by in vitro con-
jugation assays [43]. The rapid spread of blaypy,.;-carrying
plasmid in many species of enteric bacteria, foodborne path-
ogens (Shigella spp., Vibrio cholerae), and non-ferment-
ing Gram-negative species (A. baumannii, P. aeruginosa)
led to its worldwide dissemination [33, 41, 45, 46]. Accord-
ing to Genbank data (last accessed on September 2024), 68
different variants of blayp,, were identified to date. In addi-
tion to multiple sequences of the gene, several plasmids car-
rying blaypyie and different sequence typing of the species
involved were identified, demonstrating the promiscuity of
blaypm-

Currently, blaypy, is endemic not only in the Indian sub-
continent but also in the Asia—Pacific region, Balkan coun-
tries, Eastern Europe, North Africa and Arabian Peninsula
[33, 46—48]. Furthermore, regional or sporadic health-care
dissemination of NDM-producing Enterobacteriaceae in
Latin America, USA, and many Western European coun-
tries such as, Netherlands, Denmark, Spain, and Italy was
recently reported [49-55]. A recent surveillance study
involving 24,580 carbapenem-resistant Enterobacterales
isolates collected in 2020-2022 from 64 medical centers
located in Europe, Latin America, and Asia—Pacific region
showed that NDM was the second most common carbapen-
emase (29.9%) after KPC (44.6%). Its occurrence was high-
est in the Asia—Pacific region (55.4%), followed by Latin
America (31.7%), Eastern Europe (27.3%) and Western
Europe (15.7%) [56]. Similar finding emerged by a surveil-
lance study involving Enterobacterales isolates (n=34.623)
collected in 86 US hospitals from 2016 to 2020 [57]. Among
MBL-positive isolates globally collected during the period
2016-2020, NDM-positive was the most common genotype
collected globally (83.3%); NDM-1, NDM-5 and NDM-7
were the most prevalent variants (61.4%, 32.4% and 4.2%,

@ Springer

respectively) followed by NDM-4, NDM6, NDM-9, NDM-
16, NDM-19, NDM-24 (overall 2%) [58].

Therapeutic options for M3Ls

In addition to inactivation by metal chelators, all MBLs
share further functional characteristics, including hydro-
lytic activity on carbapenems, resistance to the clinically
available p-lactamase inhibitors (e.g. clavulanate, sulbac-
tam, tazobactam, avibactam, vaborbactam, relebactam) and
no activity against monobactams. Moreover, the location
of MBL encoding genes in genomic contexts with multi-
ple resistance determinants is often associated to resistance
towards more drug classes other than -lactams. As a result,
the optimization of antibiotic therapy of infections sustained
by MBL-producers is challenging. Although “old” drugs
such colistin, fosfomycin, tetracyclines and aminoglycosides
may show in vitro efficacy, they are associated with less
bactericidal activity or more toxicity [48]. Recently, cefi-
derocol and aztreonam/avibactam have been approved by
the FDA and/or EMA agencies for treating MBL-producing
pathogens infections.

Moreover, recent research has been increasingly focused
on broad spectrum f-lactamase inhibitors. Bicyclic boro-
nates have been developed as successful inhibitors of both
MBLs and serine f-lactamases. Two bicyclic boronates,
taniborbactam and xeruborbactam, were proposed as prom-
ising candidates for dual inhibitors of MBLs and serine
B-lactamases (Fig. 2 and Table 1). Moreover, the develop-
ment of new non-f-lactam antibiotics targeting penicillin
binding proteins (PBPs) is another option taken in considera-
tion to counter MBL-mediated resistance. For instance, the
diazabicyclooctane derivative zidebactam, nacubactam and
durlobactam shows activity against PBP-2, as well as inhibi-
tion of the main serine p-lactamases (Fig. 2 and Table 1).

Cefiderocol

Cefiderocol (formerly S-649266, GSK2696266) is a new
siderophore cephalosporin developed and marketed by
Shionogi & Co., Ltd. as a promising drug for the treatment
of multidrug-resistant Gram-negative bacilli infections
(Fig. 2 and Table 1). It was approved by FDA and EMA on
November 2019 and April 2020, respectively.

The unique characteristic of binding to extracellular free
iron via a siderophore side chain allows active transport into
the periplasmic space of Gram-negative bacteria via active
iron transport systems. Therefore, unlike other p-lactams,
cefiderocol uses both this active iron transport and the tradi-
tional porin-mediated transport system to enter the bacterial
cell and target PBPs. This ‘Trojan horse’ strategy of action
allows cefiderocol to overcome the resistance mechanisms
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that alter permeability of the outer membrane (e.g. over-
expression of efflux pumps, loss of the porin channels)
[59]. Moreover, its structure, similar to that of cefepime
and ceftazidime but with the addition of different constitu-
ent groups, confers an enhanced stability to the action of
p-lactamases including MBL [59].

In vitro activity of cefiderocol against carbapenem-non-
susceptible and MBL-producing pathogens was investigated
in several studies, including surveillance reports and a recent
meta-analysis (Table 2) [60-77]. Using the EUCAST/CLSI
breakpoint thresholds, cefiderocol susceptibility rates were
generally high in carbapenem-non-susceptible pathogens
(82.5-92.6%, 94.8-98.5%, 88.6-91.8% in Enterobacterales,
P. aeruginosa and A. baumannii complex isolates, respec-
tively), lower in MBL producers (72.1-86.6%, 94.3-97.5%,
51.4-75.8% in Enterobacterales, P. aeruginosa and A. bau-
mannii complex isolates, respectively), and even lower
in NDM-producing isolates (50.5-75%, 71.2-82.1%,
47.6-71.5%, in Enterobacterales, P. aeruginosa and A.

baumannii complex isolates, respectively) (Table 2). As
shown, there were significant differences in cefiderocol sus-
ceptibility rates when comparing results between EUCAST
and CLSI breakpoints, which was not the case with S. malt-
ophilia (97.2-99.2%).

In vivo activity of cefiderocol against MPL-producing
pathogens was evaluated in the CREDIBLE-CR and
APEKS-NP studies [78-80]. Overall, cefiderocol monother-
apy was effective in the treatment of infections sustained by
MpPL-producing Gram-negative bacteria. The rates of clini-
cal cure (70.8%), microbiological eradication (58.3%) and
all-cause mortality at 28 days (12.5%) compared favorably
with the best available therapy and high-dose meropenem
(40.0%; 30.0%; and 50.0%), respectively. Clinical recovery
was lower for NDM-producing infections (56.2%) than for
non-NDM-producing infections (100%) [78-80].

In vivo emergence of cefiderocol resistance following
therapy with cefiderocol or other pB-lactams (e.g. ceftazi-
dime/avibactam and ceftolozane/tazobactam) against P.

@ Springer
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aeruginosa, A. baumannii complex and Enterobacterales
infections was reported [81-86]. Resistance to cefiderocol
was shown to be a consequence of combinations of various
mechanisms, including mutations in genes related to iron
transfer systems (e.g. piuA, pirA, cirA and fonB), expression
of p-lactamases (e.g. NDM-type, KPC variants linked to cef-
tazidime/avibactam resistance, OXA-427, CMY-185, CMY-
186 and PER-type), mutations in penicillin binding protein
PBP-3, porin loss and efflux pump overexpression [59].

Aztreonam/avibactam

Aztreonam/avibactam (Emblaveo, Pfizer) is a combina-
tion including a monobactam that interferes with bacte-
rial cell wall synthesis and a non-p-lactam p-lactamase
inhibitor that is active against class A, class C and some
class D p-lactamases (Fig. 2 and Table 1). It was approved
by the EMA on April 2024 for patients suffering from MDR
infections and limited treatment options, including compli-
cated intra-abdominal infections (cIAl), hospital-acquired
pneumonia (HAP), and complicated urinary tract infec-
tions (cUTI) [87]. Although aztreonam is not hydrolyzed
by MPLs, co-expression of MPLs with -lactamases of the
other Ambler classes able to hydrolyze aztreonam is fre-
quent. Therefore, aztreonam monotherapy is often not active
against MPL-producing strains. Pending regulatory agencies
approval, co-administration of ceftazidime/avibactam and
aztreonam has been recommended for the treatment of MPL-
producing Enterobacterales infections by both the Infectious
Disease Society of America (IDSA) and the European Soci-
ety of Clinical Microbiology and Infectious Diseases (ESC-
MID) [88, 89].

Several studies have evaluated the in vitro activity of
aztreonam/avibactam against worldwide isolates of Entero-
bacterales and P. aeruginosa exhibiting carbapenem non-
susceptibility and/or MBL-production [48, 53, 56, 58, 63,
69, 71, 74, 76, 90-97] (Table 3). According to EUCAST/
CLSI 2024 breakpoints, among the 88,592 carbapenem-
non-susceptible and/or carbapenemase-producing Entero-
bacterales isolates tested, the pooled susceptibility rate
was 99.5%, and only a small reduction was observed in the
MBL- or NDM- producers subgroups (96.9% and 95.6%,
respectively). Moreover, a recent report showed excellent
in vitro activity of aztreonam/avibactam against Enterobac-
terales isolates producing dual-carbapenemase (MPL + class
A carbapenemase, n=14; MPL +class D carbapenemase,
n=135), revealing 100% susceptibility and overall MICs, and
MIC,y, 0of £0.25 mg/L and 0.5 mg/L, respectively [98].

Conversely, lower rates of aztreonam/avibactam suscep-
tibility were reported among carbapenem-non-susceptible
(72.2-83%) and MPL-producing P. aeruginosa isolates
(55.8-72.5%). These findings were consistent with data
on MIC;, and MICy, (0.125 mg/L to 0.25 mg/L vs. 16 to

@ Springer

32 mg/L, in Enterobacterales and P. aeruginosa, respec-
tively) [99]. This difference in susceptibility could be due to
the presence of multiple resistance mechanisms commonly
detected in P. aeruginosa, such as overexpression of efflux
systems, production of PDC-like, PER-like and OXA-like
B-lactamase variants, and loss of porins. Consequently, these
data might suggest the use of aztreonam/avibactam mainly
for the treatment of infections sustained by MpL-producing
Enterobacterales [99]. Aztreonam-avibactam showed also to
be a promising pB-lactam/fp-lactamase-inhibitor combination
against MDR S. maltophilia [100, 101]. Sader et al. evalu-
ated the in vitro activity of aztreonam/avibactam against
1.839 S. maltophilia isolates collected worldwide and
showed high activity, regardless of the geographic region or
type of infection (overall MICs,q,, 4/4 mg/L; 97.8% inhib-
ited at<8 mg/L [101].

As far as in vivo studies are concerned, a phase 2a trial
showed both relevant attainment of PK/PD targets and
favorable benefit-risk ratio for aztreonam/avibactam [102].
The recommended daily dose for aztreonam/avibactam was
a 30-min infusion with 500/167 mg aztreonam/avibactam
as loading dose and maintenance dose with 3-h infusions of
1500/500 mg aztreonam/avibactam every 6 h. This resulted
in a higher daily dose of avibactam as compared to the
combination aztreonam plus ceftazidime/avibactam dosing
(2-h infusion of ceftazidime/avibactam, 2000/500 mg every
8 h with aztreonam, 2000 mg every 6 h) [102, 103]. The
REVISIT phase 3 trial (NCT03329092; registration date:
2017-10-06; https://clinicaltrials.gov/study/NCT03329092)
assessed aztreonam/avibactam + metronidazole compared
to meropenem =+ colistin in patients suffering from cIAI
and HAP/VARP caused or suspected to be caused by Gram-
negative bacteria. The cure rate of patients with cIAI and
treated with aztreonam/avibactam was higher than that of
those treated with meropenem (85.1% vs. 79.5%). In cases
of patients with HAP, the aztreonam/avibactam cure rate was
lower (46.7% vs. 54.5%). The 28-day mortality rates were
low for both groups (1.9% and 2.9% for the aztreonam/avi-
bactam and the meropenem group, respectively) [103, 104].
The ASSEMBLE phase 3 trial was early terminated due to
difficulty in recruiting patients. However, before termination,
5/12 (41.7%) patients with confirmed MPL Gram-negative
infections were cured with aztreonam/avibactam and none
out three with best-available therapy (NCT03580044; reg-
istration date: 2018-06-04; https://clinicaltrials.gov/study/
NCT03580044).

In vivo emergence of resistance to aztreonam/avibactam
has been unfrequently reported in the real-world experience
[105, 106]. Mutations in genes encoding for PBP-3 (ftsl)
and expression of mutated AmpC p-lactamase CMY were
identified as potential resistance mechanisms occurred in
NDM-5-producing E. coli following aztreonam plus avibac-
tam based-therapies [105, 106]. Resistance to aztreonam/
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Table 3 In vitro activity of aztreonam/avibactam against MDR Gram-negative clinical isolates collections including metallo-B-lactamase pro-

ducers
Reference Country Period of Breakpoint Carbapenem non-susceptible MBL producers NDM producers
isolates col-
lection
Enterobacterales P. aeruginosa Enterobacte- P. aerugi- Enterobacte- P. aer-
rales nosa rales uginosa
[48] China 2021 CLSI 298/306;97.4%  71/138;51.4%  99/102;97% 8/15;533% - -
EUCAST 298/306;97.4%  97/138;70.3%  99/102;97% 11/15;73.3% - -
[63] Swiss 2022-23 EUCAST - 34/39; 87.2% - 34/39;87.2% - -
CLSI - 16/39; 41% - 16/39;41% - -
[53] USA 2019-21 CLSI/ 258/261;98.8% - 32/33;97% - 28/29;96.5% -
EUCAST
[56] Worldwide  2020-22 CLSI/ 1011/1016; - 356/356; - - -
EUCAST 99.5% 100%
[58] Worldwide 20162020  CLSI/ 82,642/82.785; - 1681/1707; - 1395/1421; -
EUCAST 99.8% 98.5% 98.2%
[69] Taiwan 2013-2021 CLSI/ 189/195;96.9% - 137/143; - 69/74,932% -
EUCAST 95.8%
[71] Europe 2020 EUCAST/ 140/148;94.6% - 35/35;100% - 27/27,100% -
CLSI
[74] Europe 2020 EUCAST - 58/139;41.7% - 22/30;73.3% - 172, 50%
CLSI - 17/139; 12.2% - 9/30; 30% 172, 50%
[76] Taiwan 2019-2021 CLSI - 14/110; 12.7% - - - -
EUCAST - 44/110; 40% - - - -
[90] Spain 2018 CLSI/ 54/55;98.2% - 54/55;982% - 9/10; 90% -
EUCAST
[91] China 2019 CLSI/ 110/119;92.4% - 35/44,;79.5% - 32/41; 78%
EUCAST
[92] UK 2015,2017, CLSUI/ 413/464; 89% - 413/464; - 193/243; -
2019 EUCAST 89% 79.4%
[93] Europe 2019-2020  CLSUI/ 421/424;99.3% - 109/109; - 81/81; 100% -
EUCAST 100%
[94] Worldwide 2016-2017  CLSU/ 582/583;99.8% - 114/114; - - -
EUCAST 100%
[95] China 20162017  CLSU/ 161/161; 100% - 161/161; - 151/151; -
EUCAST 100% 100%
[96] Worldwide 2012-2015  EUCAST 1378/1498; 92% - 2497267, 319/452; - -
93.2% 70.6%
CLSI 1378/1498; 92%  8692/11842; 2497267, 280/452; - -
73.4% 93.2% 61.9%
[97] Worldwide 2012-2013 ~ EUCAST 537/577,93.1%  3246/3766; 91/91; 100% 88/118; - -
86.2% 74.6%
CLSI 537/577,93.1%  2772/3766; 91/91; 100% 52/118; - -
73.6% 44.1%
Pooled data 2012-2023  EUCAST 88,196/88592; 3479/4192; 83% 3566/3681;  474/654; 1985/2077;  1/2; 50%
99.5% 96.9% 72.5% 95.6%
CLSI 88,196/88592; 11,582/16034;  3566/3681;  365/654; 1985/2077;  1/2; 50%
99.5% 72.2% 96.9% 55.8% 95.6%

For susceptibility testing purpose, the concentration of taniborbactam was fixed at 4 mg/L

No available clinical breakpoints for aztreonam/avibactam. Susceptibility data were re-interpreted according to aztreonam susceptibility break-
points as follows:

EUCAST susceptibility breakpoint (v_14.0, 2024): Enterobacterales, <4 mg/L; Pseudomonas, <16 mg/L
CLSI susceptibility breakpoints (CLSI M 100 ED34:2024): Enterobacterales, <4 mg/L; Pseudomonas, <8 mg/L
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avibactam is increasingly reported in E. coli in Asia [107,
108] and Europe [109-111] due to co-expression of PBP-3
mutations and NDM. Moreover, since PBP-3 is also a target
of other B-lactams, occurrence of co-resistance to cefidero-
col was reported [105, 106]. The most commonly reported
aztreonam/avibactam non-susceptible clones at high-risk
are those carrying mutations in PBP-3, in particular a four
amino acid insertion (YRIN/K) at residue 333 or 338 of
PBP-3 [105, 106, 112-117]. However, presence of mutated
PBP-3 alone may not be sufficient to confer high-level resist-
ance, and concomitant production of class C p-lactamases
(e.g. CMY-45 and CMY-59) was often observed [105, 106,
112, 114-117]. Although resistance to aztreonam/avibac-
tam was essentially observed in high-risk clones of E. coli,
co-resistance to ceftazidime/avibactam and aztreonam/avi-
bactam in K. pneumoniae was correlated with expression of
mutated KPC enzymes [86, 118].

Cefepime/taniborbactam

Taniborbactam (formerly VNRX-5133, Venatorx Pharma-
ceuticals) belongs to the cyclic boronate family and exhib-
its B-lactamase inhibitory activity against KPC, OXA-48
and some MfBLs (VIM and NDM but not IMP) (Fig. 2 and
Table 1) [119-121]. This compound was the first boronate
inhibitor to show direct inhibitory activity against ser-
ine B-lactamases and MBL enzymes via different mecha-
nisms. While avibactam is exclusively an inhibitor of serine
B-lactamases, the addition of an aromatic group with a car-
boxylic acid to the boronate ring confers taniborbactam the
ability to bind MPL enzymes as well [122]. In steady-state
kinetic analysis experiments, taniborbactam was confirmed
as a competitive inhibitor of VIM-2 and NDM-1 but not
IMP-1 [inhibition constant (Ki) of 0.019, 0.081 pM and
30 pM, respectively] [123]. Moreover, inhibitory activity
of taniborbactam was shown against various class A and
C enzymes and OXA-48 like class D, with Ki values simi-
lar to those of avibactam. Taniborbactam inhibits serine
B-lactamases through slow dissociation, while also acting
as a reversible competitive inhibitor with a low Ki and rapid
dissociation from MfLs [123].

A global surveillance study assessed in vitro activity of
cefepime/taniborbactam against a 2018-2020 worldwide
collection of Enterobacterales (n=13,731) and P. aerugi-
nosa (n=4,619) isolates [124]. Using the fixed concen-
tration 4 mg/L of taniborbactam, the MIC;,/MIC,, were
0.06/0.25 mg/L, 2/8 mg/L, and rates of inhibition at <16 pg/
mL or <8 pg/mL were 99.7%/99.5% and 97.4%/94.2% in
Enterobacterales and P. aeruginosa, respectively [124].
Data on in vitro activity of cefepime/taniborbactam against
carbapenem-non-susceptible and/or carbapenemase-produc-
ers, and MPL-positive Enterobacterales and Pseudomonas
spp. was reported in Table 4. According to the proposed
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provisional susceptibility breakpoint (< 16 mg/L) [124], the
pooled susceptibility rates were 86.7% and 82% for Entero-
bacterales and Pseudomonas spp, respectively, followed by
72.3% and 77.3% in the respective MBL-positive subgroups.
Among MPL-positive isolates, in vitro activity was higher
among VIM-positive than NDM-positive isolates (98.7%
vs. 64.1% in Enterobacterales, and 81.4% vs. 0% in Pseu-
domonas spp, respectively). Interpretation of the overall
MIC values using the susceptibility breakpoints of cefepime
from EUCAST (2024) and CLSI (2024) led to a significant
reduction in susceptibility rates with values below 60% in
the overall MPL-positive isolates (range 47-58.3%) and
below 50% in the NDM-positive Enterobacterales (ramge
36.4-43.4%) (Table 4). Of note, various studies showed a
considerable discrepancy in susceptibility rates to cefepime/
taniborbactam [63, 71, 74, 124—130]. For instance, among
NDM-positive Enterobacterales, susceptibility rates
(£16 mg/L) of 90-100% were reported in Spain [128, 129],
96.3% in Europe [71], 86.5% in a worldwide collection
[124], 79.9% in the UK [126], 66.7% in China [125] and
28% in India [130]. These differences in data could be due
to the different geographical distribution of bacterial clones
harboring resistance mechanisms such as the expression of
specific -lactamase variants [131-133]. Genomic character-
ization of cefepime/taniborbactam-resistant Enterobacterales
strains showed that multiple mechanisms may be associated
with cefepime/taniborbactam resistance, including produc-
tion of IMP-like carbapenemases, alterations in PBP-3, loss
of porins (OmpA, OmpR, Omp35, OmpK36), upregula-
tion of efflux pumps, often with concomitant expression of
NDM variants or class D p-lactamases [124, 129, 131-133].
Terrier et al. showed that that taniborbactam exhibits an
overall excellent activity against B1 MBLs including most
NDM- and VIM-like as well as SPM-1, GIM-1, and DIM-1
enzymes, but not against NDM-9, NDM-30 (differing from
NDM-1 by a single amino acid substitution), and VIM-1 like
enzymes (particularly VIM-83) [134, 135]. Furthermore,
Drusin et al. revealed that the replacement of Glu149 by a
Lys residue in NDM-9 results in a reduction of taniborbac-
tam affinity and activity [136]. Similarly, WGS characteri-
zations have identified multiple resistance mechanisms in
P. aeruginosa isolates displaying high MICs of cefepime/
taniborbactam, such as IMP production, PBP-3 mutations,
upregulation of efflux pumps, and overexpression of AmpC
beta-lactamase (PDC) [124, 129].

The phase 3 trial CERTAIN-1 (NCT03840148; regis-
tration date: 2019-02-06; https://clinicaltrials.gov/study/
NCT03840148) compared efficacy and safety of cefepime/
taniborbactam with meropenem for the treatment of adults
with cUTI not caused by MPL-producing bacteria [137].
Cefepime/taniborbactam showed higher microbiological
and clinical success than meropenem (treatment difference,
12.6%; 95% confidence interval, 3.1 to 22.2; p=0.009)
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[137]. Another phase 3 clinical trial on efficacy and safety
of cefepime/taniborbactam is ongoing (NCT06168734; reg-
istration date: 2023—12-04; https://clinicaltrials.gov/study/
NCTO06168734).

B-lactam/xeruborbactam

Xeruborbactam (formerly QPX7728, Qpex Biopharma)
is a bicyclic boronate-based B-lactamase inhibitor that
shows ultrabroad-spectrum activity against all classes of
p-lactamases (Fig. 2 and Table 1) [120, 138]. It was recently
discovered in a project involving modification of boric acid
pharmacophore to expand p-lactamase inhibition spectrum
and achieve oral bioavailability [139]. Although its bind-
ing mode resembles that of taniborbactam, the introduc-
tion of a cyclopropyl group into the xeruborbactam struc-
ture enhances the hydrophobic interaction in the active
site and the inhibitory activity. Xeruborbactam showed a
potent inhibitory activity against class A extended-spec-
trum B-lactamases (CTX-M, SHV, TEM, VEB, PER) and
carbapenemases (KPC, SME, NMC-A, BKC-1), plasmid-
determined (CMY, FOX, MIR, DHA) and chromosomally
encoded (P99, PDC, ADC) class C p-lactamases, class
D enzymes, including OXA-48-like and OXA enzymes
from A. baumannii (OXA-23/24/72/58), as well as various
class B1 MpLs (NDM, VIM, CcrA, IMP, and GIM but not
SPM or L1) [139, 140]. Despite xeruborbactam has similar
relative inhibitory concentrations to taniborbactam against
NDM and VIM enzymes, it showed being effective against
taniborbactam resistant enzymes, such as NDM-9, NDM-30,
VIM-83 and most of IMP enzymes [141].

Data on in vitro activity of xeruborbactam in combina-
tion with pB-lactams are limited, and mainly involving mero-
penem/xeruborbactam combination [142—147]. Data on
in vitro activity of meropenem/xeruborbactam against sur-
veillance Gram-negative isolates, including MpL-producers,
were reported in Table 5. Overall, potent in vitro activity
was shown for carbapenem-resistant and/or carbapenemase-
producing Enterobacterales (n=1625) (>94% of suscepti-
bility), MBL-producing Enterobacterales (n=534), and
carbapenem-resistant and/or carbapenemase-producing A.
baumannii complex isolates (n=275) (>95% of suscepti-
bility). Lower susceptibility rates and higher MIC5,/MICy,
values were observed in P. aeruginosa, especially among
isolates resistant to carbapenems and/or ceftazidime/avibac-
tam and/or ceftolozane/tazobactam (n=290) (MIC;,/MICy,
8/64, 60.3% of susceptibility), and among MBL-producing
isolates (n=61) (MIC5o/MICy, 32/> 64, 31.1% of suscepti-
bility). Le Terrier et al. showed that xeruborbactam was less
active than taniborbactam to reduce MIC values of f-lactams
in MPL-producing P. aeruginosa recombinant strains, and
this was caused by the activity of MexAB-OprM efflux
pump [141].

Data on in vivo efficacy of -lactam/xeruborbactam com-
binations are lacking. Currently, phase 1 clinical studies on
xeruborbactam in combination with ceftibuten are ongo-
ing to evaluate the safety and pharmacokinetics of orally
administered treatments (NCT06079775; registration date:
2023-10-06; https://clinicaltrials.gov/study/NCT06079775;
and NCTO06157242; registration date: 2023—11-27; https://
clinicaltrials.gov/study/NCT06157242). In addition, a
recently registered phase 1 clinical study (NCT06547554;
registration date: 2024-08-02; https://clinicaltrials.gov/
study/NCT06547554) aims at evaluating the combination
cefiderocol/xeruborbactam in healthy adults.

Cefepime/zidebactam

Zidebactam (formerly WCK 5107; Wockhardt, Aurangabad,
India) is a diazabicyclooctane f-lactamase inhibitor, with
PBP-2 binding activity (Fig. 2) [148]. Combination of zide-
bactam with cefepime (formerly WCK 5222) represents the
first B-lactam/p-lactamase inhibitor combination that elic-
its rapid bactericidal activity at the sub-MIC level through
the simultaneous inactivation of PBP-2 (zidebactam) and
PBP-3 (cefepime) (Table 1). The enhancement of cefepime
activity by high-affinity binding of PBP-2 by zidebactam
occurs independently of B-lactamase expression. Therefore,
this combination is different from the previous ones that
merely preserve the activity of B-lactam antibiotic partners.
Moreover, zidebactam is reported to inhibit several class A
and class C p-lactamases and some class D enzymes [148].
Thus, the cefepime plus zidebactam offers a potential treat-
ment for the infections caused by cefepime-resistant Gram-
negative bacilli isolates, carbapenem-resistant isolates (KPC
or MBL-producing), and for many other MDR isolates [63,
128, 130, 149-156]. Data on in vitro activity of cefepime/
zidebactam (tested at ratio 1:1) were reported in Table 6.
Cefepime/zidebactam showed high activity towards carbap-
enem-resistant and/or carbapenemase-producing Enterobac-
terales (90.6-98%) and P. aeruginosa (89.4-99.1%). Moreo-
ver, high in vitro activity was shown towards MBL-producers
[83.4-95.3% and 83.9-96.4%, in Enterobacterales (n=1326)
and P. aeruginosa (n=338), respectively]. Conversely, sig-
nificant discrepancy in susceptibility rates (95.7% vs. 24.9%)
was observed in carbapenem-resistant and/or carbapene-
mase-producing A. baumannii using the provisional PK/PD
susceptibility breakpoint (<64 mg/L) and the CLSI suscep-
tibility breakpoint of cefepime (<8 mg/L), respectively.

Excellent in vitro activity of cefepime/zidebactam was
shown against ceftazidime/avibactam and ceftolozane/tazo-
bactam resistant P. aeruginosa [157]. Moreover, high activ-
ity with both MICy, and MICy, at 0.25 mg/L was observed
in aztreonam/avibactam and cefepime/taniborbactam resist-
ant E.coli strains harboring NDM-variants (NDM-1, NDM-
4, NDM-5), CMY-42 and mutated PBP-3 [158].

@ Springer


https://clinicaltrials.gov/study/NCT06168734
https://clinicaltrials.gov/study/NCT06168734
https://clinicaltrials.gov/study/NCT06079775
https://clinicaltrials.gov/study/NCT06157242
https://clinicaltrials.gov/study/NCT06157242
https://clinicaltrials.gov/study/NCT06547554
https://clinicaltrials.gov/study/NCT06547554

1056

European Journal of Clinical Microbiology & Infectious Diseases (2025) 44:1041-1068

Table 5 In vitro activity of meropenem/xeruborbactam against MDR Gram-negative clinical isolates collections including metallo-p-lactamase

producers
References Origin of Period of Fixed con-  Bacterial MIC,/MIC,, (mg/L), susceptibility % (n° of isolates tested)
isolates isolates col- centration of species
lection xeruborbac-
tam
Enterobacte-
rales
Carbapenem MBL-pro-  NDM-pro-  VIM-pro- IMP-produc-
non-sus- ducers ducers ducers ers
ceptible
and/or
carbap-
enemase-
producers
[142] Worldwide  2001-2017 4 mg/L <0.06/4, <0.06/4, <0.06/4, <0.06/2, <0.06/4,95%
96.5% 95.5% 94.7% 98.1% (n=20)
(n=598) (n=224) (n=151) (n=53)
8 mg/L <0.06/0.5, <0.06/1; <0.06/2, <0.06/0.5, <0.06/2,95%
99.3% 98.2% 98% 100% (n=20)
(n=598) (n=224) (n=151) (n=53)
[143] Worldwide  2018-2020 4 mg/L 0.06/0.5, 0.06/4, 0.06/4, <0.03/0.5,
98.3% 95.8% 95.8% 100%
(n=1027) (n=310) (n=287) (n=20)
8 mg/L <0.03/0.25, <0.03/1, <0.03/1, <0.03/0.06,
99.6% 98.7% 99% 100%
(n=1027) (n=310) (n=287) (n=20)
A. bauman-
nii-cal-
coaceticus
complex
Carbap- NDM-pro-
enem- ducers
resistant
[144] Worldwide  1998-2018 4 mg/L 2/8 mg/L, 60% (n=5)
94.5%
(n=275)
8 mg/L 1/4 mg/L, 100% (n=5)
98.5%
(n=275)
P. aerugi-
nosa
Overall DTT iso- MBL-
isolates lates producers
[145] Worldwide  2016-2018 8 mg/L 0.25/8, 8/64,60.3% 32/>64,
91.6% (n=290) 31.1%
(n=500) (n=61)

For susceptibility testing purpose, the concentration of xeruborbactam was fixed at 4 mg/L or 8 mg/L

No available clinical breakpoints for meropenem/xeruborbactam. Susceptibility data were interpreted according to EUCAST/CLSI (2024) mero-
penem susceptibility breakpoints: <8 mg/L

MIC;5y/MIC,, values were not reported for isolates number <10
Abbreviations: DTT, difficult to treat

Inactivation of serine-f-lactamases combined with the
direct antibacterial effect of zidebactam results in modest
impact of pB-lactamases, including double carbapenemase
production [141, 147]. Moreover, no impact on resistance
was observed in Omp-deficient E. coli and K. pneumoniae,

@ Springer

suggesting synergistic activity of cefepime and zidebac-
tam overcomes mechanisms affecting cell permeability
[147, 159-162]. On the other hand, resistance to cefepime/
zidebactam required multiple mutations in genes encod-
ing MexAB-OprM and its regulators, as well as PBP-2
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and PBP-3 [159-163]. PBP-2 is a transpeptidase that is
involved in peptidoglycan cross-linking and cell wall elon-
gation. Inhibition of PBP-2 by zidebactam leads to round
cell formation [164, 165]. Resistance to zidebactam was
shown to be due to missense mutations in the transpepti-
dase domain of pbpA gene (from D351 to V598) and the
1450 position involved in direct interaction with zidebac-
tam [159, 160]. Insertion of ISPal635 in ISCRI upstream
of blappy | resulted in elevated transcription of blapgg_ | and
increased resistance to ceftazidime/avibactam, ceftolozane/
tazobactam and cefepime/zidebactam in a P. aeruginosa
clinical strain [166].

Translational in vivo studies in neutropenic mice lung
or thigh models showed efficacy of cefepime/zidebactam
against MPL-expressing P. aeruginosa and carbapenemase-
producing K. pneumoniae at mimicking human exposures
[167-169]. Cefepime/zidebactam is currently under evalu-
ation in a global phase 3 trial in adult patients with cUTI
or acute pyelonephritis (NCT04979806; registration date:
2021-07-05; https://www.clinicaltrials.gov/study/NCT04
979806). Successful compassionate use in treating NDM-
producing P. aeruginosa infections was already reported
[170-172].

B-lactam/nacubactam

Nacubactam (formerly RG6080/0OP0595; Roche, Fedora,
Meiji) is a new diazabicyclooctane p-lactamase inhibitor
that inhibits various types of pf-lactamases, including Ambler
class A, class C, and class D (OXA-48) p-lactamases (Fig. 2
and Table 1). Similarly to zidebactam, nacubactam has sig-
nificant affinity for PBP-2 of many Gram-negative species,
allowing it to exert both a direct antibacterial effect and
enhancing partner f3-lactams that bind to PBP-3 [173, 174].

ICs,, values of nacubactam for representative class A and
C B-lactamases were similar to those of avibactam or slightly
higher. Conversely, class D f-lactamases, and particularly
OXA-23, appeared more resistant to inhibition [173]. These
characteristics allowed to consider nacubactam in combina-
tion with various f-lactam agents (meropenem, cefepime,
aztreonam) as a potential drug against MDR Gram-negative
bacteria, including MPL-producers. Data on in vitro activ-
ity of B-lactam/nacubactam combinations are very limited
[173-175].

Meropenem/nacubactam and cefepime/nacubactam
showed high activity against MPL producing Enterobacte-
rales (NDM, n=158; VIM, n=52; IMP, n=99), regardless
both ML type and aztreonam-resistance status [174]. In
detail, meropenem/nacubactam at 8 +4 mg/L and cefepime/
nacubactam at 8 +4 mg/L were active against 87.1% and
93.3% of isolates tested [174]. Terrier et al. also evaluated
in vitro activity of aztreonam in combination with novel
B-lactamase inhibitors (at fixed concentration 4 mg/L) and

@ Springer

cefiderocol against Enterobacterales (n=64) and P. aerugi-
nosa (n=39) clinical isolates producing representative MpLs
[NDM (n=64), VIM (n=32), IMP (n=8) and SPM (n=2)].
Among Enterobacterales isolates, aztreonam/zidebactam
showed the highest activity (98.4%), followed by aztreonam/
nacubactam (84.4%), aztreonam/taniborbactam (75%), aztre-
onam/avibactam (70.3%) and cefiderocol (39.1%). Lower
activity was observed against MPL-producing P. aeruginosa
isolates, with susceptibility rates of 66.7% for aztreonam/
nacubactam and aztreonam/taniborbactam, and 69.2% with
aztreonam/avibactam, aztreonam/zidebactam and cefidero-
col [175]. These findings could be due to low intrinsic activ-
ity of nacubactam against P. aeruginosa, owing to the higher
intrinsic resistance of this pathogen (MICs of 32 mg/L. when
tested alone) [173]. Moreover, common resistance mecha-
nisms in P. aeruginosa such as mexAB-oprM overexpression
and OprD deficiency, or increased expression of blapp have
been associated to resistance to meropenem-based combina-
tions, including meropenem/nacubactam [161].

Moreover, since nacubactam as well as zidebactam targets
PBP-2, mutations in pbpA gene are expected to be involved
in resistance in both Enterobacterales and Pseudomonas spe-
cies [159, 160].

Nacubactam combined with p-lactams (meropenem,
cefepime, aztreonam) showed high in vivo antimicrobial
activity in murine model against carbapenem-resistant and
carbapenemase (including MPL)-producing E. coli and
K. pneumoniae [176-178]. Safety profile of meropenem/
nacubactam and favorable pharmacokinetic parameters
were reported in healthy adults [179]. Two phase 3 trials
evaluating safety and efficacy of nacubactam combined with
cefepime and aztreonam for the treatment of cUTI or acute
uncomplicated pyelonephritis caused by carbapenem-resist-
ant Enterobacterales have been registred (NCT05887908;
registration date: 2023-04-25; https://clinicaltrials.gov/
study/NCTO05887908; and NCT05905055 registration date:
2023-03-02; https://clinicaltrials.gov/study/NCT05905055).

Sulbactam/durlobactam

Sulbactam/durlobactam (XACDURO®, Entasis Therapeu-
tics), was approved in May 2023 by the U.S. Food and Drug
Administration for the treatment of adult patients with HAP/
VAP caused by susceptible isolates of A. baumannii com-
plex (Table 1) [180, 181].

Sulbactam (a penicillin derivative) is a p-lactam antibac-
terial and Ambler class A serine p-lactamase inhibitor that
also has bactericidal activity due to its inhibition of PBP-1
and PBP-3 [182]. Durlobactam (formerly ETX2514, Enta-
sis Therapeutics) is a next generation diazabicyclooctane
fB-lactamase inhibitor with potent activity against class A, C,
and D serine f-lactamases and intrinsic antibacterial activ-
ity on PBP-2 (Fig. 2 and Table 1) [183]. However, PBP-2
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inhibition by durlobactam resulted in intrinsic antibacterial
activity against E. coli and several other Enterobacterales
species, but it has little to no effect on the growth of A.
baumannii or P. aeruginosa when administered alone [184].
The key feature as compared to zidebactam and nacubactam
is its activity against class D carbapenemases of the OXA
family, which are prevalent in A. baumannii [184]. Hence,
combination of durlobactam to sulbactam was reported to
lower MIC, by 32-fold (from 64 mg/L to 2 mg/L) compared
to sulbactam alone in A. baumannii [185], resulting in high
susceptibility rates (>97%) in global collections of MDR A.
baumannii clinical isolates [185, 186]. Furthermore, clinical
efficacy was shown in the phase 3 ATTACK clinical trial,
in which sulbactam/durlobactam was observed to be non-
inferior to colistin for the treatment of patients with severe
infections caused by A. baumannii complex [181].
Resistance to sulbactam/durlobactam in A. baumannii
was associated with both expression of MPLs towards which
durlobactam has no inhibitory activity and alteration in
PBP-3 and/or PBP-2 [185, 186]. Potent intrinsic activity of
durlobactam on PBP-2 of Enterobacterales and its stability
to the hydrolytic action of -lactamases represent an inter-
esting therapeutic potential towards MDR strains including
those producing MBLs [187]. A recent report showed high
activity of sulbactam/durlobactam against NDM-producing
E. coli, including several MPL variants (e.g. NDM-5, NDM-
1, NDM-7) and strains harboring PBP-3 modifications lead-
ing to resistance to aztreonam/avibactam and/or cefiderocol
[188]. These findings could legitimize future investigations
on sulbactam/durlobactam role in the clinical management
of infections sustained by MPL-producing Enterobacterales.

Conclusions

The recent development of new antimicrobials expanded the
armamentarium to counter the challenge of MBL-producers.
Cefiderocol and aztreonam/avibactam are already available.
In addition, two new classes of p-lactam/f-lactamase com-
binations are under clinical evaluation: (i) combination of
B-lactam with novel MPL inhibitors (taniborbactam and
xeruborbactam), (i/) combination of f-lactam with new
diazabicyclooctane -lactamase inhibitors, active on most of
serine-p-lactamase but also showing strong intrinsic activity
on PBP-2.

In vitro activity of aztreonam/avibactam against MpL-
producing Enterobacterales is higher than that of cefidero-
col, providing supporting evidence on its key role in the
treatment of infections sustained by these strains. On the
other hand, aztreonam/avibactam does not show satisfac-
tory activity against MPL-producing P. aeruginosa and
MDR A. baumannii given their ability to display multi-
ple resistance mechanisms. Therefore, in these contexts,

cefiderocol may represent a more appropriate therapeu-
tic option, given the excellent activity observed with the
exception of some NDM-producing clones. Both cefidero-
col and aztreonam/avibactam showed high in vitro activ-
ity against S. maltophilia, an emerging nosocomial MDR
pathogen expressing the L1 chromosomal MpL.

In the group of p-lactam/new MPL inhibitor combi-
nations, cefepime/taniborbactam showed potent activity
against MPL-producing Enterobacterales, especially VIM-
producing strains. The main limitation is the poor activity
of taniborbactam towards IMP-carbapenemases, VIM-83
and some NDM-variants (NDM-9, NDM-30). This limita-
tion is overcome by the xeruborbactam, which has a wide
inhibition spectrum, including OXA-23-like carbapen-
emases commonly expressed by A. baumannii isolates.
Despite these features, taniborbactam- and xeruborbac-
tam-based combinations, offer a more limited therapeu-
tic opportunity against P. aeruginosa given thecommon
mechanisms of upregulation of efflux pumps, permeabil-
ity loss and AmpC beta-lactamase overespression found
in this species. Activity of these new combinations, as
well as those of cefiderocol and aztreonam/avibactam,
are affected by mutations in PBP-3, which is the target of
the p-lactam molecule but this could be bypassed by the
combinations of p-lactam with new diazabicyclooctane
B-lactamase inhibitors nacubactam and zidebactam. This
effective strategy has feedback on in vitro activity, espe-
cially for cefepime/zidebactam, against MDR Enterobac-
terales, P. aeruginosa, and A. baumannii complex isolates,
including MPL-producing ones.

Future studies should evaluate the possibility of com-
bining cefiderocol with the new p-lactamase inhibitors
(xeruborbactam and zidebactam) investigating the feasi-
bility of new synergistic strategies. Given the presence of
resistance mechanisms and the possibility of selection of
mutant strains during therapy, the appropriate use of these
new drugs should require the availability of commercial
assays for in vitro susceptibility testing, which would allow
the implementation of surveillance programmes appropriate
to the complexity of the phenomenon.
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