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Abstract

Introduction. The KPC carbapenemase is the most widespread mechanism of resistance to
carbapenems and has the greatest clinical impact. The availability of ceftazidime/avibactam (CZA)
has represented a real breakthrough in treating infections caused by KPC-producing pathogens,
primarily Klebsiella pneumoniae (Kp). However, KPC variants with acquired resistance to CZA (CZA-
R) emerged soon and spread with increasing frequency, often displaying a paradoxical recovery of
susceptibility to meropenem (MEM). In very recent years, new therapeutic options with activity
against CZA-R KPC variants have become available, including cefiderocol (CFDC),
imipenem/relebactam (IMR) and meropenem/vaborbactam (MVB), the latter being the regimen with
the widest clinical use. Nevertheless, practical experience and official guideline recommendations

are still limited about the treatment of CZA-R KPC-Kp.

Objective. The aim of this study is to analyse from a clinical point of view a population of patients
infected with CZA-R KPC-Kp and to compare the different treatment regimens in real life scenarios.
The study also aims to investigate the impact of meropenem resistance reversal and to examine the
characteristics and outcomes of patients treated with MVB compared to those receiving treatment

based on older-generation drugs.

Results. We studied 137 patients with a microbiologically confirmed and treated CZA-R KPC-Kp
infection. These patients have multiple comorbidities, with long hospital stays, and have often
already been heavily exposed to CZA. The CZA-R KPC-Kp infections were categorised as BSI
(44.5%), LRTI (34.3%), UTI (12.4%), IAI (2.9%), and other (5.8%). Over 51% of the pathogens showed
an MEM-S phenotype and this population exhibited different clinical characteristics compared those
with MEM resistant infections. The regimens used were MVB (44.5%), MEM-containing (32.8%),
older-generation antibiotics (excluding MEM) in 20 patients (14.6%), CFDC-containing (4.4%), and
IMR-containing (3.6%). The overall 30-day mortality rate was 18.2% and was associated with
therapeutic appropriateness, source control, and increment-CPE score. Patients treated with MVB
display a survival advantage in the VAP subgroups and in those starting therapy early. Besides,

MYVB was associated with fewer secondary candidemias.

Conclusions. This study attempts to shed light on the characteristics of CZA-R KPC-Kp infections.

Treatment with MVB appears to offer some advantages in terms of outcome.
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Introduction

The B-lactam antibiotics and the antibiotic resistance

The morbidity and mortality of infectious diseases dropped in the last century thanks to
development of antimicrobials, greater access to healthcare, and public health initiatives.
However, global connectivity, climate change and demographic shifts lead to constant
evolution, and we are now entering a new era characterised by outbreaks of emerging, re-
emerging, and endemic pathogens that often display reduced susceptibility to

antimicrobials [1].

In fact, the antimicrobial resistance (AMR) undermines our ability to treat infections and is
one of the greatest threats to development and global health. It is linked to antibiotic misuse
in animals, plants, and humans, and affects all world regions, regardless of income level [2].
In 2021 almost 5 million deaths were associated with AMR [3] as well as increased
hospitalisations, longer hospital stays, greater demand for intensive care, and reduced

productivity [2].

AMR descend from natural genetic evolution of organisms under selective pressure of
antimicrobials, so it is ineluctable and intrinsic to the existence of microorganisms and
antimicrobials. Practically consists of a series of chemical and molecular strategies
implemented by microorganisms to fend our attack with antimicrobials. The genes that

codify for resistance derive from de novo mutations or transfer of genetic material [4].

Since Italian scientist Bartolomeo Gosio discovered an antibiotic in 1893, approximately
tifteen different classes of antimicrobials have been identified [5-6]. The -lactam class was
the first group implemented on a large scale and remains the cornerstone of our chemical
arsenal [7]. The mechanisms of resistance against 3-lactams belong to 4 classes: drug uptake
limitation, drug efflux, drug target modification, and drug inactivation [4, 7]. Although
resistance is often multifactorial, the drug inactivation through 3-lactamases, enzymes with

specific ability to hydrolyse [-lactams, is by far the most prevalent cause of P-lactam
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resistance. Their first identification dates to 1940, but further sequencing clarified that -

lactamases constitute a family of up to 4,300 molecules [7].

The most widely used classification of B-lactamases is Ambler's, which is based on amino
acid sequences and reflects evolutionary history and phylogenetic relationships, dividing
enzymes into 4 classes. Classes A, C and D are serine 3-lactamases as use a serine molecule

in their active site. Class B are metal 3-lactamases (MBL), which use a zinc atom [7]:

- Class A B-lactamases includes the first discovered p-lactamase, penicillinase PC1,
and have the notable capacity to broaden the spectrum of action through new point
mutations. Examples are TEM and SHV, which hydrolyse aminopenicillins and first
generation cephalosporins, and CTX-M, which hydrolyses penicillins and up to third
generation cephalosporins. Also includes KPC, the most widely distributed
carbapenemase.

- Class B B-lactamases are MBLs, ancient, widespread, with a spectrum that includes
penicillins, cephalosporins, and carbapenems, being monobactams the only
exception.

- Class C B-lactamases (Amp-C) are encoded in the chromosomal genome and not
normally expressed. Exposure to -lactams leads to derepression and MIC increase
after the start of treatment.

- Class D B-lactamases, nicknamed OXA because the first identified had a narrow
spectrum for oxacillin; actually, have a broad spectrum. The most clinically relevant

include OXA-48 and OXA-23/24 [7].

The impact of antimicrobial resistance

The annual cost of AMR in the US has been estimated to $20 billion, with a further $35 billion
to account for the reduced productivity [8]. Italy is one of the countries worst affected by
multidrug-resistant organisms (MDROs), with an estimated one-third of all attributable
deaths in the European Economic Area and a burden comparable to the cumulative effect of

HIV, tuberculosis and influenza [9].
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MDRO infections have a worse prognosis compared to those by sensitive pathogens. A US
study found that the mortality in patients with a bloodstream infection (BSI) increased
progressively as the number of available antimicrobial agents decreased [10]. A twenty-year
analysis of haematological patients with BSI revealed that MDRO infections were
independently associated with a 3-fold increase in the odds of 30-day mortality (5.6-fold in
carbapenem-resistant pathogens) [11]. Similarly, a case-control analysis reported that

MDROs were associated with an increased risk of hospital mortality and readmission [12].

In areas with a high endemic AMR such as Italy, the transmission dynamics of MDROs often
involve hospital outbreaks. These events are dramatic, affect critically ill patients spreading
horizontally through healthcare personnel and environmental colonisation. Hospital
outbreaks often result in many casualties and require implementation of infection control
measures [13-16]. In addition, the antibiotic resistance mechanisms have ability to move
from endemic to free areas. As an example, in 2019 two outbreaks of Klebsiella pneumoniae
producing New Delhi Metallo-p-lactamase (NDM) occurred almost simultaneously in the

German region of West Pomerania and the Italian region of Tuscany [17-18].

Most antibiotic classes were discovered until mid-1900s, but the availability of new
molecules slowed dramatically since then, as the complexity and rapid evolution of AMR
discouraged pharmaceutical companies from research. This stagnation in pipeline
exacerbated the misuse of existing molecules in a vicious cycle that promotes AMR
escalation [4]. The National Action Plan to Combat Antimicrobial Resistance (PNCAR),
launched in Italy in 2017, and renewed in 2022, is showing encouraging results, although
still insufficient and with regional differences [19]. Following the model adopted for
pollution, experts are calling for an even stronger intervention by the European Union,
involving legal mechanisms, warning zones, minimum gold standards, annual targets and

school education [20].
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The problem of carbapenems use

First discovered in 1976, carbapenems are versatile drugs, with high tissue penetration, low
rate of allergic reactions or cross reactions, moderate adverse effects and resistant to
hydrolysis by many -lactamases of Gram-negative bacilli (GNB) pathogens, owning a
broad spectrum of action. For these reasons, these (-lactams are “last resort” agents for
serious GNB infections [21] and standard treatment for various clinical conditions by

international guidelines [22].

At the same time, the overuse of carbapenems had the greatest impact compared to any
other antibiotic class to the current pandemic of AMR [23]. The intensity of carbapenem
prescriptions correlates with resistance [24] and their use directly increases the number of
carbapenem-resistant infections [25]. Conversely, reducing carbapenem prescriptions had a

positive clinical impact [26].

To understand the scale of the problem, we should consider that WHO since 2017 publishes
a list of priority pathogens to guide research and investment on AMR. In the 2024 list, the
carbapenem-resistant Enterobacterales (CRE) were ranked as “critical” and therefore given

the top high priority for epidemiological control, investments, and management [27].

Unfortunately, the reduction of carbapenem prescriptions turned out more complicated
than expected as the problem have deep roots, including the proliferation of medical-legal
disputes and the practice of defensive medicine [28]. In a 2017 retrospective analysis,
carbapenem prescriptions were inappropriate in 46%; while no difference emerged in
outcome between physicians who accepted carbapenem discontinuation and those who

continued it, the latter developed more carbapenem-resistant infections [29].

The rise of carbapenem resistance
The first identification of a carbapenemase happened in the mid-to-late 1980s with a
chromosomally encoded MBL in Gram-positive bacilli. Then, the landscape suddenly

changed in the early 1990s, when different carbapenemases (IMP, OXA and KPC) encoded
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on plasmids, rather than on chromosomes, were rapidly described. From that point on, a
concern of species-specific clonal diffusion, turned into interspecific dissemination
becoming a problem of global significance [30]. In the following decades, the world
witnesses a true pandemic of carbapenem resistant GNB, particularly affecting the
Enterobacterales [31]. The Chinese surveillance system reported an increase of CRE infections
from 2015 to 2020 by more than 60% [32]. K. pneumoniae in particular become increasingly
significant, accumulating numerous resistance mechanisms and accounting for up to 32%

of nosocomial infections [33].

The classes of carbapenemases have a different geographical distribution [34]. Class D
(OXA-48-like) is rare in the US, but common in the Mediterranean region, Middle East,
Europe, Asia, and South America. Class B (MBL) are particularly prevalent in Asia; the most
notable members are NDM and VIM. Finally, class A mainly correspond to the KPC group

and is the worldwide most common mechanism of carbapenem resistance [35].

The KPC carbapenemase: international diffusion and clinical
relevance

The 2024 guidelines of the Infectious Disease Society of America (IDSA) on antimicrobial-
resistant GNB infections define CRE as resistant to at least one carbapenem or that produce
carbapenemase. In the US 83% of CRE use a carbapenemase and 86% of carbapenemases
are KPC [22]. The term “KPC” arose from “K. pneumoniae carbapenemases” as they were

first identified in 1996 in a patient in North Carolina, US, infected by Klebsiella [36].

KPC carbapenemases are codified by the gene blaxec and its global spread is one of the most
successful MDRO pandemics in the history [31]. The enzyme is made up of an average of
293 amino acids, organised into two subdomains consisting of a-helices and 3-sheets. The
active site, which contains the catalytic serine residue S70, is in a pocket at the interface
between the two subdomains [37]. Its diffusion is mainly due to the clonal expansion of
some major clones of K. pneumoniae strains like the sequence type 258 (ST258) (USA and

Israel), and more recently ST512 (Italy), ST11 (China) and ST437 (Brazil) [37-38]. These
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strains possess either the blaxec2 or the blaxecs gene, which are usually located on the Tn4401
transposon [31]. The gene subtype KPC-2 is the most frequent, followed by KPC-3, KPC-9,
KPC-12, KPC-18, although Italy, Israel and USA show a predominance of KPC-3 [37].

The countries with the highest prevalence of KPC-producing Klebsiella pneumoniae (KPC-Kp)
are the United States, Italy, Greece, China, Israel, Brazil, and Colombia [39]. A multicentre
study collected 24,924 hospital samples during 2019-2021 from medical centres in Europe,
Asia and Latin America and found a 4.4% overall rate of carbapenem resistance. KPC was
the most common mechanism (43.1%), followed by NDM (26.6%) and OXA-48 (18.7%).
KPC-3 prevailed in Western Europe (86.8% of KPC), while KPC-2 in Latin America (94.0%
of KPC) [40]. In the US, KPC showed an epidemic character with peaks of up to 36% of K.
pneumoniae in 2006 in New York, then falling to 13% in 2013 [35]. In Greece almost 40% of K.
pneumoniae carry the blaxec gene [41]. Israel launched a strict epidemiological control plan,
which led to a reduction in CRE isolates from 16% to 10%, but 80% of CRE isolates remain

KPC producing [42].

In Italy the first KPC-Kp was reported in Florence in 2008, and in Rome in 2009. Initially,
two STs were present, but ST258 eventually prevailed. The cases were concentrated
particularly in intensive care units (ICUs), before spreading horizontally to medical and

surgical wards. The rate of CRE bacteraemia increased from 2% in 2009 to 19% in 2012 [43].

The current epidemiological situation in Italy is far from encouraging. According to the
Istituto Superiore di Sanita, Italy suffered 3,867 cases of CRE bacteraemia in 2023, an
increase compared to both 2022 and the period from 2016 to 2021. The highest number of
reported cases was in Central Italy, followed by the South and the Islands, and then
Northern Italy. Patients were predominantly male, with a median age of 72 years; 74% of
cases occurred in hospital, but the number of cases with symptoms appearing at home is
increasing. K. pneumoniae was responsible for almost all cases (96.7%). The enzyme was KPC

in 74.9%, MBL in 13.9%, OXA-48-like in 4.8%, and a combination in 3.4% [44].

The clinical relevance of the KPC pandemic stems from the ability to hydrolyse all f-lactams,

including penicillins, cephalosporins, monobactams and carbapenems. KPC is not inhibited
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by classic B-lactamase inhibitors like clavulanate, sulbactam and tazobactam. Furthermore,
the blaxec gene is often harboured on large plasmids with accompanying resistance
determinants including those responsible for resistance to fluoroquinolones,
aminoglycosides, tetracyclines and cotrimoxazole, resulting in MDROs [31, 36]. Since 2015,
the polymyxin resistance gene mcr-1 has also begun to spread among Enterobacterales,
particularly CREs. This worrying development has been linked to the widespread use of

polymyxins in veterinary medicine and agriculture [45].

The high mortality rate of CRE infections is a great concern. In a Greek study on KPC-Kp
BSI among patients in ICU observed a mortality of 43.4% [46]. A study of 991 patients from
seventy-one hospitals worldwide in 2017-2018 found an unadjusted 30-day mortality for
BSI by CRE K. pneumoniae of 34% [47]. A retrospective cohort of CRE BSIs from European
hospitals reported a mortality of 43% between 2004 and 2013 [48]. In South Africa, CRE BSI
mortality between 2015 and 2018 was 38% [49].

The poor prognosis of KPC infections is multifactorial. Firstly, these pathogens spread in
nosocomial settings, particularly in ICUs [50], therefore, the underlying conditions of
patients are often already compromised. In addition, being resistant to first-line antibiotics,
the empirical therapy frequently turns out inadequate, causing a treatment delay. Finally,
at the onset of the KPC pandemic, the available therapies were often second-line options
with unsatisfactory efficacy, lacking strong clinical evidence and associated with high rates
of adverse reactions [36]. Main treatments included: colistin-based combinations, whose use
is limited by nephrotoxicity and suboptimal PK; carbapenem-based combinations;
combination of two carbapenems, such as meropenem (MEM) and ertapenem; old-

generation antibiotic combinations including fosfomycin, tigecycline or aminoglycosides

[36].

Of importance, the KPC carbapenemase has had the greatest impact on Western and high-
income countries, which represent the main markets for innovative drugs. This has likely
boosted research into new treatment options earlier than for other dangerous enzymes, such

as NMD, which historically affected areas with less influence on the pharmaceutical
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research agenda [51]. The development of new weapons against KPC infections started after

2010 and in 2015 ceftazidime/avibactam became available in the market.

The advent of ceftazidime/avibactam

Ceftazidime/avibactam (CZA) is an intravenous combination of avibactam, a
diazabicyclooctane 3-lactam inhibitor with reversible activity on class A, C and some class
D (-lactamases, and ceftazidime, a third-generation cephalosporin with anti-Pseudomonas
activity, mixed in a fixed 1:4 ratio [52-53]. Avibactam exerts covalent acylation of its targets,
restoring the activity of ceftazidime against Enterobacterales producing ESBL, AmpC, KPC,
OXA-48, and difficult-to-treat P. aeruginosa [54].

In 2016 the European Medicines Agency (EMA) approved CZA for complicated intra-
abdominal infections (cIAls), complicated urinary tract infections (cUTIs), hospital-acquired
pneumonia (HAP), ventilator-associated pneumonia (VAP), and GNB infections with

limited treatment options [55].

A systematic review and meta-analysis of fifty-four observational studies conducted up to
2018 involved 3,352 patients with carbapenem-resistant K. pneumoniae before availability of
CZA. KPC was the most frequent resistance mechanism, BSI, and HAP the most common
infections. The pooled clinical response was 69.0% and mortality 37.2%. No significant
difference was found between carbapenems, polymyxins, aminoglycosides, tigecycline, and
other regimens [56]. A large, multicentre, retrospective study was conducted in five Italian
hospitals on 661 adults with KPC-Kp infection. The empirical treatments were
microbiologically inadequate in 55.2%. The most prescribed single-drug regimens were
colistin, tigecycline and gentamicin (46.4%), while combinations (53.6%) always included

MEM. The 14-day mortality was 34.1% [57].

CZA overturned these unsatisfactory outcomes and after its introduction quickly
established itself as the treatment of choice. A retrospective observational study of 138

adults with KPC-Kp infection who received CZA rescue found a mortality significantly
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lower than in control group (36.5% vs 55.8%) [58]. In mechanically ventilated patients, most
of whom experiencing septic shock and multi-organ failure, a CZA-containing regimen was
an independent predictor of survival [59]. Karaiskos et al. analysed data from the Hellenic
CZA Study Group and found that mortality was significantly lower in subjects with KPC-
Kp BSI treated with CZA-containing regimens than in those treated with older agents,
mainly colistin and tigecycline (18.3% vs. 40.8%) [60]. A large retrospective analysis of the
post-marketing CZA real-life use in 22 Italian hospitals confirmed CZA as a valid
therapeutic option: 30-day mortality of 25.3%, lower than with non-CZA based regimen [61].
Although more than 70% of cases were treated with combination therapies (CZA plus
fosfomycin, tigecycline, gentamicin, or meropenem), no significant difference was found

between monotherapy and combination [61].

The emergence of KPC variants and the resistance to
ceftazidime/avibactam

If CZA represented a turning point in the treatment of infections by KPC producers, pitfalls
emerged soon after its market release. Early real-life studies revealed a 10-30% failure rate
when used on in vitro susceptible pathogens [62, 63]. These unsatisfactory results were
particularly evident in specific clinical conditions that are thought to alter the
pharmacokinetic/pharmacodynamic (PK/PD) profile of CZA causing under-exposure [64].
In 2015, Nicolau et al. demonstrated that epithelial lining fluid (ELF) penetration of CZA in
healthy subjects was only 30% of plasma values [65], with similar results in neutropenic
mice [66]. In a retrospective study, pneumonia was an independent risk factor for clinical
failure of CZA, while continuous haemodialysis treatment (CRRT) predicted
microbiological failure and resistance emergence [62]. Clinical and microbiological failure
associated with in vivo development of resistance were also observed in cases of septic
thrombosis and delayed source control [67-68]. The selection of CZA-R KPC variants was
associated with suboptimal drug exposure during the first days of treatment with current

dosage standard [69]. Further studies strengthened the doubts on dosage and dosage

Pag.14a78



adjustments, finding increased mortality among subjects receiving renal adjusted dose [70,

64].

After sporadic isolations occurring between 2006 and 2018, starting from 2019 the reports of
CZA-resistant (CZA-R) KPC variants increased dramatically [38]. A systematic review has
shown that 80% of CZA-R KPC-Kp isolates originate from the USA, Greece, and Italy. These
strains mainly belong to the ST258 strain, and approximately one third of patients have no
previous exposure to CZA. Furthermore, over 50% of CZA-R isolates exhibited a
paradoxically restored sensitivity to MEM [71-74] with an ESBL-like phenotype.
Nevertheless, the treatment of these isolates with carbapenems was deemed risky and

deceptive [75].

The main mechanism of CZA resistance is point mutations in the blaxec gene affecting the
Q-loop of the lactamase, which increase flexibility, enhancing its ability to trap ceftazidime
while reducing avibactam's binding affinity [53]. A wide variety of KPC variants were
identified, with over two hundred blaxrc2 and blaxecs variants to date. The most common
blaxrecs variant, blaxecs;, was described in Italy in 2019. Similarly, the most frequent blaxec-
variant, blaxecss, was first reported in Italy in 2020 [38]. The amino acid located in position
179 is a mutation hotspot, with various substitutions described like D179Y, D179N and
D179A. The latter three mutations correspond to the enzyme subtypes KPC-31, KPC-32 and
KPC-33, respectively. Notably, D179N increases MIC for CZA while reducing MIC for MEM
and justifying the ESBL-like phenotype [37]. Compared to other lactamases, the KPC enjoys
greater thermodynamic stability, withstand changes in the active site and adapt to the
environment. The phenomenon of CZA-resistance was interpreted as an evolutionary trade-
off, whereby the selective pressure exerted by CZA administration results in the emergence
of resistant variants, even at the expense of restoring sensitivity to other 3-lactams. This
adaptation may represent the KPCs' weakness because balancing resistance to CZA and
other -lactams probably imply a significant fitness cost [37]. Other Authors glimpse a
seesaw effect and highlight the risk that this phenomenon may confound the routine in vitro

phenotypic testing based on carbapenemase detection, causing false negatives and

Pag.15a78



misidentification [38]. However, most CZA resistance is caused by accumulation of multiple
mechanisms, including porin channels Omp35 and Omp36 mutations, KPC gene
duplication and efflux pumps overexpression [76], and the fitness cost could be different

depending on the type [77].

The spread of KPC variants is divergent and epidemiologically adapted. Following one year
of surveillance at Policlinico Umberto I Hospital, Carattoli et al. characterised nine distinct
CZA-R KPC-3 variants, five of which not previously reported. Some isolates had regained
MEM sensitivity (MIC <8 ug/mL). Of concern, the study highlighted that concurrently to
vertical evolutionary trajectory there was a horizontal transmission of strains to patients not
previously exposed to CZA [78]. At the present time, the estimate of 10% CZA-R prevalence

among KPC producers in Italy [71, 79], jeopardise the appropriateness of CZA prescription.

New (-lactams for ceftazidime/avibactam resistant KPC producers

In recent years, several new antibiotic options were released for KPC-producing infections.

Meropenem/vaborbactam (MVB) was approved in 2018 for cUTI, cIAl, HAP (including
VAP) and infections by GNBs when other treatments are not effective [80]. It had been
available in Italy since 2021 and is the most used drug in CZA-R KPC-producing infections.
This coformulation is composed of vaborbactam — a new, competitive, high-affinity (-
lactamase inhibitor with a boron ring structure — and MEM [81]. An in vitro study assessed
MVB and its comparators on a global collection of 991 KPC-producing Enterobacterales,
achieving 99% of susceptibility. Furthermore, the MICo values of MVB were 4-32 times
lower than CZA for K. pneumoniae and E. coli. Of importance, no differences emerged when
the data were stratified by KPC variant [82]. MVB benefit excellent PK properties, as the
curves of the two components are superimposable, so vaborbactam protects effectively
MEM reducing the development of resistance. Additionally, both components

demonstrated excellent penetration into the ELF [81].
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If CZA resistance is primarily mediated by blaxec mutations, the resistance to MVB depends
mainly on increases copy number and/or porin mutations. The latter mechanism can be
overcome by high tissue concentration, possible thanks to MVB's PK properties [83]. Also,
the advantages of MVB extend to the PD level. Crystallographic studies suggest that (2-loop
point mutations, such as D179N, do not affect the binding capacity of vaborbactam [38]. In
an in vitro study, MVB was active in all CZA-R KPC samples, although increasing
concentrations was necessary [84]. Therefore, MVB is considered to have a greater genetic

barrier to resistance development than CZA [83].

CZA is not the first 3-lactam/inhibitor combination to experience PK problems. In theory,
the inhibitor protects the B-lactam partner from B-lactamases restoring its activity, but in
practice this restorative effect results highly dependent on the ratio between the inhibitor
and the (-lactam partner [85]. The two components may not follow the same excretion
pathway, so a change in renal function may affect them differently. In the case of
piperacillin/tazobactam, the 8:1 ratio is likely detrimental to the functioning, whereas this
effect is mitigated by the 3:1 ratio of ceftolozane/tazobactam [85]. The
piperacillin/tazobactam ratio has been shown to vary significantly with changes in renal
function, reaching up to 10:1 in patients with increased renal clearance [86]. In critically ill
patients receiving continuous infusion of CZA, the free-avibactam concentration was more
affected by clearance variations than the free-ceftazidime concentration, resulting in a
disparity [87]. Similarly, the study by Gatti et al showed that the ratio of ceftazidime to
avibactam varied considerably (from 1.29:1 to 13.46:1) according to creatinine clearance [88].
At present, it is unclear whether a combination of B-lactam and inhibitor formulated at a 1:1
ratio, like MVB, may have a natural PK advantage under special conditions, such as in
critically ill patients, over imbalanced formulations and whether this may have a clinical
impact. Anyway, in a small study on biliary infections in liver transplants the 1:1 proportion
between MEM and vaborbactam concentrations was unchanged in the bile, allowing to
assume that the joint PK/PD behaviour of MVB may result appropriate in deep seated

infections [89].
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MVB worked as rescue therapy for CZA-R KPC-producing infections [67-68, 90]. Still, there
is no direct head-to-head clinical comparison between MVB and CZA but only retrospective
studies. Ackley showed higher recurrence and resistance development in the CZA group.
Interestingly, CZA resistance developed among patients with pulmonary infection or CRRT
(two conditions involving probable altered PK of CZA) [91]. In a retrospective multicentre
study, conducted among patients from five different Italian ICUs, no difference in mortality
between MVB or CZA in KPC-Kp BSI or pneumonia emerged in the overall analysis.
However, MVB significantly improved the early clinical response compared to CZA and
unmatched patients with septic shock had a reduction in mortality with MVB [92]. In a large

US retrospective study a slight, non-significant advantage of MVB was highlighted [93].

Imipenem/relebactam/cilastatin (IMI/REL) is a new pairing of an old carbapenem with
relebactam, a new bicyclic diazabicyclooctane B-lactamase inhibitor with activity against
class A and C p-lactamases. The chemical composition provides higher resistance to porin
mutation and efflux pumps. [94]. IMI/REL was approved for HAP, VAP, BSI and other GNB
infections with limited treatment options [95] and is available in Italy since 2022. The PK
profile is favourable, with overlap of components and high pulmonary penetration [94]. An
in vitro study showed that IMI/REL overcomes KPC mutations at position 179 and thus is
likely effective on mutated KPC-2 [96]. The use of IMI/REL in the treatment of CZA-R KPC
variants is still limited but real-life experience on patients with elevated clinical complexity

was encouraging [97].

Cefiderocol (CFDC) is a new-generation cephalosporin conjugated to a siderophore that
enables bacteria penetration via the iron uptake system and overcomes porin mutations and
efflux pumps. Once inside, exhibits exceptional resistance to (-lactamases [98]. EMA
granted approval in 2020 for adults with GNB infections and limited treatment options [99]
and was available in Italy since 2021. In an in vitro study, CFDC was effective on all KPC
strains, including CZA-R variants [100]. However, in subsequent studies a frequent cross-
resistance between CFDC and CZA emerged, and Authors even recommend CFDC

combination with new (-lactamase inhibitors [101]. In fact, a very high rate of CFDC
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resistance was reported among CZA-R Enterobacterales compared with CZA-S (80% vs 7%)
[102-103].

The treatment of KPC variants

The phenomenon of KPC variants again posed a challenge to the treatment of KPC
producers. As with the emergence of the first KPCs, initially this resurged menace prompted
clinicians to arrange treatment regimens using various combinations of older-generation
antibiotics like MEM, tigecycline, colistin and fosfomycin, depending on residual
sensitivities [92]. The arrival of MVB, IMI/REL and CFDC offered new, potentially more
effective weapons. MVB, CZA, and IMR are all considered options for wild type KPC-
producing pathogens by IDSA guidelines. A slight preference is expressed for MVB as
probably has a greater resistance barrier, while IMR is in third place as the evidence is
scarce. CFDC is reserved for patients with few options [22]. Regarding mutated KPC, the
IDSA guidelines recognise that most mutations affect the susceptibility to CZA and that
clinical significance of carbapenem resistance reversal is unknown. Poor practical indication
is provided: repeat sensitivity testing in patients with previous CRE infection; and in such
cases, avoid empirical retreatment with the same drug, as there is a risk of resistance

emerging of 10-20% for CZA and 5% for MVB [22].

So, it is currently unclear the most appropriate treatment for CZA-R KPC-producers. This
uncertainty depends also on the large epidemiological variability of these enzymes, which
constitutes a different scenario in each centre, leaving a significant need for patient
customisation [38]. A molecular study of 31 KPC isolates collected over a year from six
hospitals in Rome illustrates the variety of these variants. Three different clones were
present, with ST512 being the most common. Authors identified eleven different variants,
four previously unknown. Five CZA-R isolates had wild-type KPC and their porin
mutations did not differ, so resistance was attributed to higher blaKPC expression [104]. A
recent Italian multicentre in vitro study provided data on 264 KPC strains from BSI: 93.9%
were sensitive to CZA, 95.1% to MVB, and 97% to IMI/REL, 90.5% to colistin, 65.5% to
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fosfomycin and 7.2% to MEM. Mutations of the blaxec gene caused CZA resistance only in

76.9% and of these 31.2% had co-resistance to MVB and IMI/REL [79].

The variants with recovered sensitivity to MEM (MEM-S) are more common in some
epidemiological contexts [105], but this ESBL-like appearance may not be good news and
even result in a trap. In vitro exposure to sublethal concentrations of KPC-3 variants that
were initially MEM-S has selected for strains with high MICs to both CZA and MEM [106].
Similarly serial passages in sublethal concentrations of MEM selected resistance to both
CZA and MEM [107]. However, the clinical significance is unclear, and a high dose

meropenem may overcome this drawback [72].

Real-life clinical data on KPC variants are limited, small sized and heterogenous. The first
assessment is a review of nine cases occurred between 2016 and 2019. A history of cancer or
transplantation was prevalent, and all subjects had previously been treated with CZA. The
most common infection was pneumonia (67%). Treatment was mainly based on
combination, and mortality high (50%). As for MEM-S variants, the Authors proposed using
the Increment CPE score (ICS): low risk patients (ICS<8) can be treated with combinations

of older-generation drugs, while high risk ones (=8) require MVB [75].

An Italian multicentre study analysed thirty-seven adults treated with compassionate MVB
for KPC-Kp infection, 60% CZA-R and all MEM-R. Within CZA-R subgroup, 68% were
admitted to the ICU, 68% had BSI and 23% LRTI. MVB was part of combination therapy in
54.5%. Clinical cure in the CZA-R was 81.8% and in-hospital mortality 18.2%. Overall, the

activity of MVB on KPC variants was judged satisfactory [108].

A report analysed 17 ICU patients with colonisation or infection by CZA-R KPC-Kp and
regained MEM sensitivity, 29.4% already treated with CZA for wild type KPC. All
phenotypic tests for carbapenemase turned out negative while genetic test revealed KPC-33
derived from D179Y substitution in 16/17 individuals, so that a single outbreak origin was
hypothesized. MVB was administered to 41.2% and mortality was 58.8%. Many patients

developed superinfections during treatment [105].
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In collaboration with the Policlinico of Tor Vergata, our study group has conducted a
retrospective bicentric study on patients with CZA-R KPC-Kp infection, deepening the
clinical differences associated to the MEM susceptibility pattern. Of 59 CZA-R KPC-Kp
patients, 67.8% had previously received CZA, and 57.6% of the isolates were MEM-S. MEM-
S group was composed by younger individuals, more exposed to CZA and more commonly
hospitalized in the ICU. Most patients were treated with MEM monotherapy or in
combination with old-generation antibiotics, while 26.5% received MVB. The overall 30-day
mortality was 23.7%, but MEM-S subgroup had less relapses [73]. Of further relevance, this
study identified a lower, although not significant, crude mortality rate in patients treated

with MVB compared to other regimens [73].

A retrospective analysis was conducted on mixed infections by KPC CZA-R (N=34) and
CZA-S (N=118) K. pneumoniae. CZA-R were more frequently of nosocomial origin and more
exposed to carbapenems, had often already experienced a KPC infection, and frequently
had tracheostomy tubes. CZA-R KPC-Kp was treated with older-generation antibiotics,
often combined with CZA, due to the unavailability of newer drugs. There was no
statistically significant difference in mortality between CZA-S and CZA-R patients (48.3%

vs 41.2%), but colistin was protective against mortality in CZA-R [109].

An observational retrospective study analysed thirty-seven events of BSI by CZA-R KPC
producers with respiratory tract as the predominant source. Susceptibility to at least one
carbapenem was frequently restored (over 60%). Patients were primarily treated with a
combination of at least two antibiotics (51%). The regimens included: aminoglycoside (43%),
MVB (35%), carbapenem (27%), fosfomycin (22%), tigecycline (19%), CZA (16%), colistin
(14%). The 30-day mortality was 16.2%, relapse occurred in 18.9% and secondary
candidemia in 8.1% [110].

A large retrospective cohort enrolled 342 KPC-producing infections who received MVB. The
infections were BSIs in 50.3% and LRTIs in 31.3%. The isolates were CZA-R in 24.8%, and

although this subgroup was not described in detail, it is reported a mortality of 24.2% when
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MVB was initiated as first-line therapy and 36.5% when second line. The outcome of first-

line MVB for CZA-R infections did not differ from CZA-S [111].

A recent Taiwanese study conducted between 2019 and 2024, analysed sixty cases of CZA-
R KPC-Kp infections, mainly isolated from sputum and blood. Seventy per cent were
previously exposed to CZA for a median of 13.5 days. Of the CZA-R isolates, thirty-six were
variants (most KPC-33) and often showed MEM sensitivity (72.2%). Access to new drugs
was not available, so patients were treated with older-generation antibiotics (mainly MEM
combined with colistin or tigecycline), with a poor treatment adequacy rate (47.8%). The 14-

day mortality was 19.6% [112].
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Aim of the work

The principal objective of this study was to analyse from a clinical point of view the
characteristics, the evolution and the outcome of the population infected with Klebsiella
pneumoniae producing KPC and resistant to CZA. Furthermore, we wanted to investigate

the use and effectiveness of new drugs available for this type of infection in the real world.

Among these new drugs, meropenem/vaborbactam is currently the most used, but only few

studies analysed its effectivity against CZA-resistant KPC variants.

The secondary objectives of this study were therefore to explore in depth the population
infected by CZA-resistant KPC treated with MVB and to further elucidate whether the

meropenem susceptibility phenotype of these CZA-resistant isolates has any clinical impact.
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Materials and methods

Study population

We conducted a retrospective analysis of a monocentric cohort of 137 adults hospitalised at

Policlinico Umberto I (a tertiary university hospital in Rome) between 2019 and 2025. All the

patients had documented, monomicrobial, culture confirmed infection caused by Klebsiella

pneumoniae producing KPC (KPC-Kp) and resistant to ceftazidime/avibactam (CZA-R) and

received specific treatment.

Inclusion and exclusion criteria

The inclusion criteria were as follows:

(i)
(ii)

(iii)

patients aged 18 years or over.
patients with CZA-R KPC-Kp infection requiring specific treatment prescribed by
an infectious disease specialist for this pathogen; and

patients who had received at least 48 hours of the aforementioned treatment.

The exclusion criteria were:

(i)
(i)

(iii)
(iv)

(V)

definitive treatment for CZA-R KPC-Kp lasting less than 48 hours.

infection due to carbapenem-resistant K. pneumoniae harbouring resistance
mechanisms other than KPC production (e.g. OXA-48-like or MBLs).

infections by carbapenem-resistant bacterial species other than K. pneumoniae.
polymicrobial infection, except for CoNS isolation which was considered
contamination.

unavailability of clinical and microbiological data.
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Patient identification
The microbiology laboratory firstly flagged the patients after detection of CZA-R KPC-Kp.
Two clinicians independently evaluated each signalled case, who jointly decided whether

to include it based on the inclusion and exclusion criteria.

Data collection strategy

Once patients were deemed eligible, the following data were extracted from their electronic
medical records: demographic data; comorbidity burden; ward of CZA-R KPC-Kp isolation;
clinical and microbiological reports; history of exposure to CZA; microbiological
characteristics; severity of CZA-R KPC-Kp infection; outcome; recurrence of infection;

development of secondary infections; and length of hospital stay.

Outcomes
The primary outcome was 30-day mortality from the CZA-R KPC-Kp index sample

collection.
Secondary outcomes were:

(1) clinical cure.
(ii)  relapse of infection by CZA-R KPC-Kp.

(iii)  onset of secondary infection between 3 and 30 days from the start of treatment.

Definitions
Antimicrobial susceptibility was interpreted according to the current EUCAST clinical

breakpoints, with the ceftazidime/avibactam resistance breakpoint set at >8 mg/L [113].

The onset of infection was defined as the date on which signs and symptoms of infection

first appeared.
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Bloodstream infections (BSIs) by CZA-R KPC-Kp were diagnosed when CZA-R KPC-Kp
was isolated from blood cultures (BCs) in the presence of clinical signs of infection, and BSI

onset was defined as the date of collection of the index BC [114].

Lower respiratory tract infections (LRTIs) by CZA-R KPC-Kp were defined as new onset of
clinical and radiographic signs of pneumonia and isolation of CZA-R KPC-Kp from a

respiratory sample (bronchoalveolar fluid lavage or tracheal aspirate) [114].

Urinary tract infections (UTIs) by CZA-R KPC-Kp were defined as new onset of fever (> 38
°C), urgency, frequency, dysuria, or suprapubic tenderness with no other recognized cause

and with positive urine culture (over 10° microorganisms for ml of urine) for CZA-R KPC-

Kp [114].

Intraabdominal infections (IAls) by CZA-R KPC-Kp were defined as culture positive for
CZA-R KPC-Kp from purulent material from intraabdominal space obtained during a

surgical operation, drains or needle aspiration [114].
All other infections were defined according to standard ECDC definitions [114].

The probable or established source of infection was reported in the medical record by the
attending physician or the infectious disease consultant and defined according to guidelines
[114]. Primary BSIs were defined as BSIs occurring in patients without a recognized source
of infection. Central line-related BSIs (CLRBSIs) were considered if semiquantitative culture

of the catheter tip was positive for the same KPC-Kp isolated from the BC [115]

The burden of underlying comorbidities was assessed using the Charlson comorbidity index
(CCI) [116]. Immunosuppression was defined as either steroid therapy with prednisone (or
equivalent) at a dose of >0.5 mg/kg/day for at least four weeks, or as receipt of
chemotherapy, TNF-a inhibitors, cyclophosphamide, azathioprine, methotrexate or
mycophenolate mofetil in the previous 90 days, in accordance with published data on

infection risk and immunosuppressive thresholds [117-118].
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Infection severity was determined using the increment-CPE score (ICS) calculated at the
time of infection onset [119] and the Pitt bacteraemia score (PBS) [120]. Septic shock was
defined according to the SEPSIS-3 criteria [121].

Source control of infection was intended as physical measures performed to remove the
origin or reduce the burden of infection and are paramount in infection treatment. Examples
of source control include replacing an infected central venous catheter or draining an
abdominal abscess. In the analysis of the clinical records, it was noted whether the type of
infection involving the patient required the execution of source control, and if it was

performed or has not been done due to patient instability or technical difficulties.

Evaluation of antibiotic regimen and of response to treatment

Empirical therapy was considered adequate if prescribed within 24 hours of the onset of
symptoms and if at least one of the drugs prescribed subsequently demonstrated in vitro
activity in susceptibility testing according to the current breakpoints established by

EUCAST [113].

The definitive therapy was considered adequate if prescribed within 72 hours of the onset
of symptoms and if at least one of the drugs prescribed exhibited in vitro activity in

susceptibility testing according to the current breakpoints established by EUCAST [113].

The available scientific literature suggests that meropenem plays an ambivalent role in the
treatment of CZA-R KPC-Kp. For this reason, we decided to evaluate the effect of treatment
regimens containing meropenem also independently of other treatment regimens
containing older generation antibiotics, especially in the subgroup affected by meropenem
susceptible pathogens. In regimens containing meropenem, this was always prescribed at a

high dosage (6 grams per day).

Prolonged antibiotic infusion was defined as an antibiotic dose administered over a period

of at least three hours.
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Clinical cure was defined as clinical response to treatment with resolution of

symptoms/signs of the infection upon discontinuation of antimicrobials [61].

Relapse of CZA-R KPC-Kp infection was defined as the onset of a second microbiologically
documented CZA-R KPC-Kp infection within 30 days of the end of treatment in a patient

who had previously achieved clinical cure.

A secondary infection was defined as an infection (i.e. UTI, pneumonia, BSI or candidemia)
caused by a microorganism other than KPC-Kp between 3 and 30 days from the start of
treatment. The threshold of at least 3 days of therapy to hypothesise an association between
secondary infection and antibiotic treatment was chosen arbitrarily, although animal studies

show a temporarily detectable alteration after only 3 days of antibiotics [122].

Adverse reactions to the definitive therapy were considered as such when indicated in the

medical record by the treating physician.

Microbiology

CARBA SMART selective chromogenic media (BioMérieux, Italy) were used to screen for
carbapenemase-producing Enterobacterales. Colonies detected on CARBA SMART were
identified using matrix-assisted laser desorption/ionisation-time of flight mass
spectrometry (MALDI-TOF MS; Bruker Daltonics). According to the routine protocol
implemented in hospital microbiology laboratories to speed up diagnostic procedures for
positive blood cultures (BCs), the bacterial pellet obtained from positive BCs was used for
bacterial identification by MALDI-TOF MS (Bruker Daltonics). Antimicrobial susceptibility
testing was performed using the Vitek 2 automated system (bioMérieux), the SensiTitre
system (Thermo Fisher Scientific) or ITGN Micronaut panels (Diagnostika GmbH, now part
of Bruker Daltonics), depending on the circumstances. Subsequent molecular analysis to

search for the blaKPC gene was performed by the GeneXpert® System (Cepheid, CA, USA).
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Ethics
The study was approved by the local Ethical Committees (no. 0069/2022 and subsequent
amendments) and conducted according to the guidelines of the Declaration of Helsinki.

Informed consent was waived due to the retrospective design of the research.

Statistical analysis

Data are presented as medians with interquartile ranges (IQRs) for continuous variables and
as simple frequencies, proportions, and percentages for categorical variables. The Mann—
Whitney test and the ANOVA test were used for unpaired samples, as appropriate.
Dichotomous variables were compared using Fisher’s exact test or chi-squared test, as
appropriate. Survival was analysed using Kaplan-Meier curves and the statistical
significance of the differences between the two groups was assessed using the log-rank test.
Factors with a univariable value of p<0.05 and those deemed clinically significant were
included in the final multivariable Cox regression model to identify the independent
predictors of 30-day mortality. P value analyses were two-sided and a p value of less than
0.05 was considered statistically significant. All statistical analyses were performed using
the Statistical Program for the Social Sciences software package (IBM SPSS Statistics for
Windows, version 27.0. Armonk, NY, USA).
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Results

Selection of patients

A total of 276 patients with CZA-R KPC-Kp microbiological isolates were identified between
June 2019 and January 2025 and were evaluated for eligibility. The flowchart of selection
process is depicted in Figure 1. Of the 276 patients, 45 were initially excluded: 24 due to
polymicrobial infection, 17 due to co-production of metal-f3-lactamase and/or OXA-48-like
B-lactamase, and 4 because they had less than 18 years of age. Of the remaining 231, 61 were
excluded because they did not receive a treatment specifically aimed at CZA-R KPC-Kp
infection for at least 48 hours. Of the remaining 170, 33 were excluded due to inaccessibility
to their records. Finally, data were collected and analysed from 137 patients who had been

treated for a culture confirmed CZA-R KPC-Kp infection.

Analysis of the whole population

Of the 137 patients with CZA-R KPC-Kp infection (Table 1), 65.7% were male, with a median
age of 66.4 years. There was a high prevalence of comorbidities (median CCI of 5) and 61.3%
of patients were in an ICU at the time of infection onset. The most common comorbidities
were diabetes mellitus (27.0%), cardiovascular diseases (58.4%), neurovascular diseases
(40.9%), chronic renal failure (27.0%), COPD (24.1%), and neoplasms (17.5%). Most of the
population was already carrying a rectal colonization with KPC-Kp at the time of infection

onset (79.6%).

A sizeable proportion of the cohort (54.7%) had previously undergone CZA treatment
during the hospitalization. This previous administration of CZA was mainly received
following a diagnosis of KPC-Kp LRTI (33.3%), KPC-Kp BSI (28.0%) or was prescribed
empirically because of a septic syndrome in a patient with KPC-Kp colonisation (30.7%). As
might be expected, these previous KPC-Kp isolates for which patients had been treated with
CZA displayed a wild-type KPC phenotype: CZA sensitivity (median CZA MIC 2 ug/mL)
and predominantly showed resistance to MEM (median MEM MIC 32 ug/mL). The median
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duration of previous exposure to CZA was 21 days. This exposure time was often
cumulative, resulting from more than one treatment cycle of CZA prescribed during that
hospitalisation (42.7% had received more than one treatment cycle, 14.7% more than two).
Standard doses (2.5g every 8 hours) were administered to 88.0% of the group with previous

CZA exposure, while 12% had renal adjusted dose.

The index infection by CZA-R KPC-Kp occurred after a median time of hospitalization of
44 days and in most cases presented as BSI (44.5%), followed by LRTI (34.3%), UTI (12.4%),
IAI (2.9%), and other (5.8%) (Figure 2). These index infections were often severe, with 24.8%
displaying septic shock, a median PITT score of 3.0 (IQR 1.0-4.0), and a median ICS of 6.0
(IQR 5.0-10.5).

The responsible CZA-R KPC-Kp isolate was susceptible to MEM in 51.8% of cases,

suggesting the presence of a KPC-31 like variant.

Empirical treatment was generally started immediately after sample collection (median of 0

days), while definitive treatment was initiated after a median of 3 days (IQR 1-4).

The definitive treatment contained MVB in 61 patients (44.5%), contained MEM in 45
patients (32.8%), was composed by older-generation antibiotics (excluded MEM) in 20
patients (14.6%), while contained CFDC in 6 patients (4.4%), and IMR in 5 patients (3.6%)
(Figure 3). The older-generation antibiotic category included various combinations of
colistin, aminoglycosides, tigecycline, fluoroquinolones, fosfomycin, and cotrimoxazole.
Colistin was the most prescribed drug in this group (7 patients), followed by fosfomycin (5
patients) and tigecycline (3 patients). The MEM-containing category included patients
treated with MEM monotherapy (9 patients), combined with an older-generation antibiotic
(35 patients) or with another carbapenem (1 patient). MEM was always prescribed as a high

dosage scheme (6g daily).

Combination therapy, i.e. treatment with more than one antibiotic, was prescribed to 50.4%
of the whole population. Antibiotic treatment was administered as extended infusion in

65.0%. Source control of the infectious focus (e.g. removal of an infected central venous
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catheter or abscess drainage) was performed in 71.6% of cases for whom it was considered

necessary.

In light of the antibiogram results, the empirical treatment (prescribed within 24 hours from
index sample collection) was considered adequate for 34.3%. In light of the antibiogram
results and of the time (days) from index sample collection the definitive treatment
(prescribed within 72 hours from index sample collection) was considered adequate for
65.7%. The antibiotic treatment course for CZA-R KPC-Kp infection lasted a median of 15
days (IQR 10-20).

Clinical cure was achieved in 73.0% of patients and a relapse of CZA-R KPC-Kp infection

was detected in 27.3% of evaluable cases.

A secondary infection between 3 and 30 days from the start of definitive treatment
developed in 47.0%. The most frequent secondary infections were bacterial BSI and

candidemia (40.0% and 32.3%, respectively) (Figure 4).

The 30-day mortality rate (calculated from the day the CZA-R KPC-Kp positive sample was

collected) was 18.2%, while the overall in hospital mortality was 38.7%.

Comparison between patients with infection by a CZA-R KPC-Kp
displaying resistance and those displaying susceptibility to
meropenem

The 137 patients in the population were compared according to the susceptibility profile to
MEM showed by their CZA-R KPC-Kp isolate (Table 2): 71 (51.8%) were susceptible (MEM-
S), suggesting a KPC-31 like variant, and 66 (48.2%) were resistant (MEM-R). These two
groups showed demographical differences: MEM-R patients were significantly older
(median age 70.3 vs 63.0, p=0.020) and had a higher burden of comorbidities (median CCI
6.0 vs 5.0, p=0.020), particularly of chronic renal failure (37.9% vs 16.9% vs p=0.007).

Although not statistically significant, patients in the MEM-R group also demonstrated a

higher prevalence of additional comorbidities, including diabetes (33.3% vs 21.1%),
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cardiovascular disease (63.6% vs 53.5%), obesity (19.7% vs 14.1%), and immunodeficiency
(15.2% vs 11.3%). The index infection occurred earlier in the MEM-R group (35 vs 51 days,
p=0.033).

Instead, MEM-S patients were younger, less comorbid, but more commonly admitted to the
ICU at the time of infection (70.4% vs 51.5%, p=0.035). In addition, a significantly higher
proportion of MEM-S individuals had previously been exposed to CZA compared to MEM-
R patients (66.2% vs 42.4%, p=0.006). Besides, the MEM-S group although received a similar
number of previous cycles of CZA (median 1 cycle, IQR 1-2) was exposed to a longer

previous therapy with CZA (22 days vs 14 days, p=0.034).

In terms of phenotypic characteristics, the MEM-S isolates had significantly higher median
MICs for CZA (32 pg/mL vs 16 pg/mL; p=0.005), as well as lower median MICs for MVB (0.5

ug/mL vs 2.0 pg/mL; p=0.008).

Patients in the MEM-R group were more likely to receive treatment containing MVB than
those in the MEM-S group (56.1% vs. 33.8%, p=0.028). Conversely, MEM-S were more likely
to receive treatment containing MEM (42.3% vs. 22.7%, p=0.028) or other older generation
antibiotics (16.9% vs 12.1%, p=0.028).

No significant difference was found in clinical cure, mortality, or secondary infections
between the groups. However, the MEM-R group experienced a significantly higher
number of relapses from CZA-R KPC-Kp infection (38.2% vs. 16.4%, p=0.018) and an
unsignificant trend toward higher number of adverse events that the treating physicians
associated with definitive antibiotic treatment (7.6% vs. 1.4%, p=0.078) and of Clostridioides

difficilis enteritis occurring during definitive treatment (6.1% vs. 1.4%, p=0.146).

Taking the MEM-S subgroup alone, it was performed an analysis comparing those treated
with a regimen that included MEM (N=30) and those treated with a regimen that included
MVB (N=24) (Table 3), founding no significant difference in outcomes. Although MVB

appears to have a lower mortality, no significant difference emerged when further
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subgroups of septic shock, ICS>8, VAP, LRTIs, BSIs, definitive therapy received within 24 or

48 hours were analysed (Table 3).

Analysis of thirty-day survival

The patients that were alive 30 days after the collection of the CZA-R KPC-Kp positive
sample had a significantly lower burden of comorbidities (median CCI of 5.0 vs 6.0, p=0.014)
and were less frequently already admitted in the ICU at the infection onset (57.1% vs 80.0%,
p=0.041) (Table 4).

A greater severity of infection characterized the deceased group: higher need for CRRT
(32.0% vs 8.9%, p=0.005) and vasoactive drugs (52.0% vs 22.3%, p=0.005), higher frequency
of septic shock (44.0% vs 20.5%, p=0.021), higher Pitt score (median 4.0 vs 2.0, p<0.001) and
ICS (median 11.0 vs 6.0, p<0.001). VAP was more prevalent (81.8% vs 38.9%, p=0.017).

Furthermore, patients with unfavourable outcome were less likely to receive definitive
antibiotic treatment deemed appropriate in terms of sensitivity and/or timing (40.0% vs
71.4%, p=0.005) and to receive infection source control when clinically required (45.5% vs
76.2%, p=0.038). The MEM-S phenotype was fairly distributed between survived and
deceased (50.9% vs. 56.0%, p=0.665).

To investigate the independent role of certain factors on 30-day mortality, a multivariable
analysis was performed using Cox regression and the days from sample collection as time
variable (Table 5). The following categorical covariates were entered: ICS > 8 (considering
that this score includes in its own also the CCI and Pitt score), being affected by VAP, index
infection occurring in the ICU, having received appropriate definitive therapy as according
to the methods criteria, and having received source control of the infection when clinically
necessary. In addition, the model was also adjusted for MEM susceptibility phenotype and
for the prescription of MVB. Multivariable analysis showed that receiving appropriate

definitive therapy and receiving source control, when necessary, had an independent
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protective role on 30-day mortality (p=0.009 and p=0.017, respectively), while an ICS value

> 8 was independently associated with 30-day mortality (p=0.013).

The effect on mortality of the time required to initiate definitive treatment was deepened.
When considering all together the five treatment regimens, no significant difference was
found according to time to initiation of definitive treatment. Instead, taking in consideration
only the group treated with an MVB-containing regimen (N=61), the 30-day mortality
differed significantly when MVB prescription was made within 72 hours after the index

sample collection (Kaplan-Meier curve, log rang test p=0.047) (Fig. 5).

Analysis of patients treated with meropenem/vaborbactam
compared to patients treated with old-generation regimens
(meropenem included)

Cases treated with MVB-containing regimen (N=61) were compared with those who
received treatment based on older generation drugs or a MEM-containing regimens (N=65)
(Table 6). Patients treated with CFDC and IMR were excluded from this analysis due to an
insufficient sample size and logical inconsistencies in the direct comparison between new

first-line drugs.

Patients receiving MVB had a heavier burden of comorbidities (median CCI 6.0 vs 5.0,
p=0.041) and a higher prevalence of chronic renal failure in particular (34.4% vs 18.5%,
p=0.046). Even without statistical significance, the MVB group was less frequently exposed
to CZA (45.9% vs 60.0%, p=0.153) and for a shorter period (median 19.5 vs 24.0 days,
p=0.098).

The type of index infection differed: the MVB group had fewer urinary tract infections (3.3%
vs 20.0%, p=0.018) and a higher number of respiratory infections (39.3% vs 26.2%, p=0.018).
Among the respiratory infections, VAPs were particularly common in MVB-containing

group (58.3% vs 23.5%, p=0.027).
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In the treatment of the index infection by CZA-R KPC-Kp, MVB was part of antibiotic
combination less frequently than the drugs in the older regimen group (24.6% vs 70.8%,
p<0.001) and was generally administered as an extended or continuous infusion (91.8% vs

43.1%, p<0.001).

CZA-R KPC-Kp isolates in the MVB-containing group were less commonly susceptible to
MEM (39.3% vs 64.6%, p=0.007).

The mortality, relapses and adverse event rates did not differ between the two treatment
groups, but patients treated with MVB experienced fewer secondary infections (36.7% vs
59.4%, p=0.013). In particular, candidemia during definitive treatment occurred less
frequently in the MVB group, i.e. in 5/61 cases (8.2%), while in the old regimens group it
occurred in 14/65 cases (21.5%), resulting in a statistically significant difference (p=0.023).
Differently, the number of bacteraemias did not differ between the two groups (old regimen

20% vs MVB 18%, p not significant).

Within this population treated with a regimen containing MVB or with a treatment regimen
based on older generation drugs (including MEM), we performed mortality analyses on
specific subgroups (Table 7). The subgroups with septic shock, LRTIs, and BSIs showed no
significant differences. In the subgroup with VAP (N=18), MVB was associated with
significantly lower 30-day mortality (21.4% vs. 75.0%, p=0.045). In the subgroup that
received definitive therapy within 24 hours (N=42), the subgroup that received it within 48
hours (N=63), and the subgroup that received it within 72 hours (N=85) MVB showed a

significant advantage in 30-day mortality (Table 7).

Kaplan-Meier curves for 30-day mortality were also performed for the VAP and definitive
therapy within 72 hours subgroups. Patients with VAP treated with MVB showed
significantly better 30-day survival (p=0.034) than those treated with old-treatment regimens
(Fig. 6). Patients who started definitive treatment within 72 hours had significantly better
30-day survival (p=0.033) if their therapy was MVB-containing rather than an old-treatment

regimen (Fig. 7).
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Discussion

The introduction of CZA represented a new hope for KPC-producing infections but a
number of unresolved issues soon dampened the enthusiasm. Pneumonia and renal
replacement therapy were identified as risk factors for failure and resistance emergence
[Shields2018]. A renal adjusted dose of CZA was an independent risk factor for mortality in
respiratory or intra-abdominal infections [61]. These data, combined with suboptimal lung
penetration [65], casted doubts on CZA PK and dose adjustment, which were corroborated

by subsequent studies [70].

Furthermore, recent years witnessed a KPC strike back with the spread of CZA-R variants
[38], whose mortality range between 20% to 40% [109, 112] and eerily reminisce the 37% of
KPC infections before CZA introduction [56].

To further complicate the situation, many variants recover carbapenem-sensitivity (ESBL-
like phenotype). This may mislead laboratory identification [37] making these variants a real
phantom menace and despite apparent susceptibility, treatment with carbapenems was
discouraged [106]. Initially, clinicians resorted to customized drug combinations based on
residual sensitivities, but in the very last years the availability of new options such as MVB,

IMR and CFDC shifted the balance once again.

We analysed a cohort of 137 hospitalised adults with CZA-R, KPC-Kp infections who
received different treatment regimens. The whole population showed that this type of
infection affects young elderly people (median 66.4 years), burdened by multiple
comorbidities (median CCI 5) and predominantly male (65.7%). The demographic
characteristics are consistent with other studies on KPC variants (median 58-73 years) [108,
110, 112] and with the report of the Istituto Superiore di Sanita on CRE bacteraemia which
affect prevalently male of 60-79 years [44]. The high prevalence of comorbidities is common
among carbapenem-resistant GNB infections [123], although it was lower in other

experiences (median CCI 3-4) [75, 109-110]. Male gender is a risk factor for MDRO
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pathogens due to a hormonally dampened immune response, a high prevalence of
obstructive urological conditions, and to chronic metabolic and cardiovascular diseases

[124].

Before the index infection, the majority (79.6%) had already acquired KPC-Kp rectal
colonisation, similarly to prior reports [110]. In addition, more than half (54.7%) had already
required CZA treatment, which is a proportion slightly higher than previously reported
(23.5-49.0%) [105, 110, 112] but nearly identical to a study on MVB compassionate use
(54.5%) [108] and lower than 67.8% of previous experiences [73]. The duration of previous
CZA exposure reported by Liu et al was shorter (13 vs 21 days) [112]. However, in this study
the exposure referred to multiple cycles of CZA treatment (median 1, IQR 1-2) received by

the patient before the index infection.

Logically, previous treatment with CZA had been generally prescribed for KPC-Kp isolates
with a classic phenotype (CZA-S, MEM-R). The most common indication was a respiratory
infection (33.3%), followed by an empirical indication (30.7%). In the literature a prior
confirmed infection from KPC-Kp is described in 7.9-17.6% [105, 109] and up to 72% [74],

while in other works a prior CZA-S isolate was present in 69.5% [73].

A high prior exposure to CZA in patients with CZA-R KPC-Kp infection is expected [112].
In vivo resistance development was reported after prolonged prescriptions (weeks) and
often generating different clones within the same individual [125-126]. A retrospective study
on 90 CZA exposed patients, found that 6.6% developed a CZA-R KPC-Kp infection, and
notably, all had presented with a respiratory infection and many had undergone CRRT [69].
If one of the mechanisms determining the emergence of CZA resistance is CZA exposure,
probably other ones are conditions and diseases that cause altered drug PK [62]. This
assumption fits well with the fact that, in our population, a pulmonary infection was the
most common indication of previous CZA exposure. Insufficient pulmonary penetration of
CZA [66] is the reason of attempts to combine CZA with other molecules in pulmonary
infections [127]. In 104 lung transplant recipients with KPC-Kp pneumonia receiving CZA,

9.6% developed a KPC variant [128]. In Pseudomonas pneumonia, those receiving CZA
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developed resistance significantly more than those treated with ceftolozane/tazobactam
(40% vs 10%) [129]. However, over 45% of our population contracted an infection by a CZA-
R KPC variant without CZA exposure. This sadly suggests that many cases originated by

horizontal transmission [78, 130].

The index infection occurred after a median of 44 days, longer than previously described

(13-35 days) [75, 105, 110], except for Liu et al. (49 days) [112].

The distribution of CZA-R KPC-Kp index infections mirrors other studies, with a
predominance of BSIs and LRTISs, followed by UTIs [108-109, 112]. Instead, our population
suffered a more severe infection than most of other cohorts (septic shock 24.8% vs 4.5-11.1%)
[108, 112], while a similar severity (median ICS of 6) is encompassed only by Boattini et al

which included BSIs only [110].

Covering a broad time frame (2019-2025), this retrospective study allows for comparison of
different treatment regimens used for CZA-R KPC-Kp infections: MVB-containing was the
most used (44.5%), followed by MEM-containing (32.8%) and older-generation drugs
(14.6%). Previous studies used MVB in 18.6-41.2% of cases [73, 105, 110], but some recently
published studies still did not have access to new drugs and employed variable

combinations of CZA, MEM and colistin [109, 112].

We observed a 30-day mortality rate of 18.2%, which is optimistic compared to studies that
prevalently used MEM and older-generation antibiotics (41-50%) [75, 109], but the analyses

where greater use was made of new drugs showed a limited fatality (16.2-24.5%) [110-111].

Overall demographic and clinical characteristics of our population corroborate the little we
know on CZA-R KPC-Kp infections. The higher exposure to CZA could be linked to the
higher comorbidity burden, and the higher severity of symptoms may originate from the

fact that our population experienced the index infection after a longer hospitalization.

In the present study mortality was associated to ICU admission, CCI, VAP, CRRT,
vasoactive drugs, ICS and Pitt scores, while appropriateness of therapy and performance of

source control were protective. The multivariable analysis confirmed an independent
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association with 30-day mortality of ICS, appropriate definitive therapy, and source control.
ICS, which includes in its own septic shock, CCI, and Pitt score, weights the patient baseline
conditions and the infection severity, and confirmed to be a powerful predictor of mortality
[131], as it was even in non-bacteraemic infections [132]. The results are consistent with
previous experiences in CZA-R KPC-Kp, where mortality was predicted by septic shock [73]
and by CCI, chronic renal failure, CRRT, ICS, AKI, and cardiac surgery indication [110].
Although in a mixed population (CZA-S/R), Tumbarello found septic shock, CCI, dialysis,
COVID-19 and ICS associated to death, while MVB prescription within 48 hours was
protective [111]. It is reassuring that therapy appropriateness and source control remain
mortality predictors as this place physician’s actions back centre stage. Researching and
remediating the infection focus is one of the most impactful measures [133] even more in

MDROs with limited pharmacological options.

As for appropriateness of therapy, in the present study it was defined as simultaneous
presence of two fundamental components: microbiological adequacy and early
administration. In fact, mortality is strongly influenced by treatment delay [48]. It is
interesting that, when analysing the impact of initiation time on mortality, this was not
significant in the overall population, but it was significant in the subgroup treated with MVB
within 72 hours from sample collection. This could indicate that MVB, being generally

highly active on KPC variants, is the regimen that best benefits from an early prescription.

Patients with infection by carbapenem-sensitive (MEM-S) and carbapenem-resistant (MEM-
R) pathogens were compared. This was done in continuity with another retrospective study
conducted between 2019 and 2021 by our study group on 59 patients [73]. MEM-S patients
were younger, more exposed to CZA, and more frequently admitted to the ICU. In addition,
there was a significant difference in the type of index infection between the two groups, and
although not significantly the MEM-R group had a higher number of CZA-R KPC-Kp

relapse infections [73].

Accordingly, in the present study the MEM-R group was older, with more comorbidities,

and less exposed to CZA. MEM-R infection occurred earlier during hospitalization and less
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frequently during their ICU stay. The MEM-R pathogens had lower MICs for CZA
compared to the MEM-S. No differences emerged in severity nor in mortality, but MEM-R
patients experienced more CZA-R KPC-Kp infection relapses (38.2 vs 16.4, p=0.018) and

tendency toward more adverse events (7.6 vs 1.4, p=0.078).

Similarly to our finding, in another retrospective study it was noted a non-significant
survival advantage for MEM-R [110], but the fact that MEM-S patients are more often
admitted to the ICU weighs heavily. In the study by Liu et al, 72% of KPC variants were
MEM-S, and as KPC variants had lower 14-day mortality than CZA-S, it can be speculated
that MEM-S had lower mortality [112], but no comparison was made with MEM-R group.
Corcione included only MEM-S, reporting a median age of 57 years and a low comorbidity
burden (2 out of 17 had oncological disease). Their mortality was high (58%) but biased by
the 100% ICU admission [105].

Noteworthy the two populations are treated differently, with frequent use of MEM
containing regimens among MEM-S (42.3%) and of MVB containing regimens among MEM-
R (56.1%). Moreover, MEM-R isolates have a significantly higher MIC for MVB than MEM-
S (median of 0.5 vs 2.0 ug/ml, p=0.008). This observation finds support in the literature. An
in vitro study examined 18 strains of KPC-Kp with MICs for MVB ranging from 0.06 to 32
ug/mL to determine the concentrations of MEM and VAB required to prevent resistance.
Strains with an already high MEM MICs required a higher concentration of MEM and VAB
to suppress resistance [83]. The correlation between MEM MIC and MVB MIC suggests that
a high MEM MIC hinders the ability of vaborbactam to restore susceptibility. This can be
explained by additional resistance mechanisms, as porin mutations most commonly
correlate with an increase in MIC for MVB and the action of vaborbactam through
carbapenemase inhibition supply only partial compensation in the overall sensitivity
balance provided by the antibiogram. In Wilson et al.'s study, the addition of vaborbactam
reduced the MIC of MEM in KPC variants, but significantly less so in strains with mutated
ompK36 genes [84]. It is not known whether this higher MIC for MVB in KPC mutant strains

with MEM-R phenotype has any clinical significance. In any case, in this study, a high MIC
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for MVB was not associated with higher mortality (median 0.8 in survivors vs 1.0 in
deceased, p=0.705). We can only speculate that, since MVB susceptibility testing is not
routinely performed in all centres, it may be recommended to perform it at least in the
presence of high MICs to MEM or (a less recommended alternative) to use MVB in

combination therapy for MEM-R cases to reduce the risk of resistance.

Overall, the idea that arises regarding the MEM resistance phenotype of CZA-R KPC-Kp is
that MEM-S and MEM-R may represent two clinically distinct populations. MEM-S involves
young-adult with few comorbidities, ICU admitted, that after KPC colonization often
receive empirical CZA. The ESBL-like phenotype could be the result of an evolutionary
trade-off mechanism whereby the pathogen acquires a high-level resistance to CZA but
partially loses immunity to other (-lactams, particularly carbapenems [37]. Conversely,
MEM-R are older and comorbid, commonly admitted to medical wards and less exposed to
CZA. Rather than resulting from a de novo evolutionary process, their CZA-R infection may
come from horizontal transmission through breaches in containment measures [78]. This
could also explain why MEM-R patients become infected with CZA-R earlier than MEM-S
patients. Other hospitals have also reported cases of colonisation and infection with CZA-R
KPC-Kp, which occurred just few months after CZA market release and independently of
CZA administration [130].

Current guidelines slightly favour MVB over CZA for KPC-producing infections, basing on
resistance emergence of 10-20% after CZA treatment and 5% after MVB, on frequent (>80%)
cross-resistance between CZA and CFDC [22] and on limited data about IMR [97].
Nevertheless, recommendations on KPC variants remain elusive, including only preventive
strategies such as repeating sensitivity tests after new KPC isolation and avoiding empirical
re-exposure to a previously prescribed drug [22]. It was therefore worthwhile to examine in
greater depth the subgroup of individuals that were treated with MVB (N=61) and
confronting them with a regimen based on older generation antibiotics, including MEM
(N=65). We excluded IMR and CFDC from this analysis, because of the small sample size

and because it would not be reasonable to compare first-line options.
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Those receiving MVB had significantly more comorbidities, and particularly a higher
frequency of chronic renal failure. MVB was almost always administered by extended
infusion to optimise its PK as indicated by EMA instructions, which set a 3-hour infusion

[80].

The index infections in the MVB group were more often LRTIs (39.3%), and in particular
VAP, while UTIs prevailed in the group treated with older-generation drugs. The 30-day
mortality observed in the present study among individuals treated respectively with MVB
and older treatment regimens was 14.8% and 20.0% (p=0.488). LRTI and specifically VAP
commonly have a mortality higher than UTIs for a variety of reasons [134], so MVB
outcomes not significantly different from the other group is an encouraging result.
Furthermore, the fact that clinicians tend to reserve MVB for infections with higher mortality
rates, such as LRTIs and specifically VAPs, suggests that they have an important level of
confidence in this drug. Moreover, MVB was often administered as monotherapy,
suggesting that clinicians felt greater confidence in this drug while tended to reinforce other

therapeutic options through combination.

When mortality was analysed within specific subgroups revealed a possible advantage of
MVB compared to older generation drug regimens, the latter having higher mortality in
patients with VAP and in the subgroups that received soon definitive therapy (within 24, 48
or 72 hours) (Tabel 7). The better result of MVB on VAPs can be explained by the good
penetration of both components in the ELF [81]. The better result of MVB among those with
early initiation of definitive therapy may be attributed to the fact that MVB, having broad
activity against KPC variants, was often ex post the correct empirical choice, and was
therefore maintained, fully exploiting the clinical benefit of early initiation of therapy. This
perspective could indicate that MVB should be preferred as empirical therapy in patients
colonised with KPC, since if the antibiogram then shows the presence of a variant, the

treatment was active from the outset.

Literature information on CZA-R KPC-Kp infection treated with MVB is still limited and

this represent the widest cohort. A 2023 report states that 42.9% of the 7 patients treated
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with MVB had suspected VAP but does not distinguish mortality [105]. In another study
35% of CZA-R received MVB and mortality did not differ from other regimens (around 16%)
[110]. Tumbarello et al involved 37 adults (70% in ICU) with KPC infection (90% BSI or LRTT)
treated with compassionate use of MVB. The isolates were all MEM-R phenotype and 22
were CZA-R. This subgroup achieved clinical cure in 81.1% and had an in-hospital mortality
rate of 18.2%, compared to 77.0% and 36.1% respectively in our case series. The disparity
may be justified by a lower median age, comorbidity burden, index infection severity, and
respiratory infections than those of our group [108]. In the large Italian multicentre study
on MVB in KPC-Kp infections it was not provided a detailed description of CZA-R
subgroup (24.8%), but the 30-day mortality was 24.2% and 36.5%, when MVB was
prescribed as a first- or second-line therapy, respectively. Significantly higher of what
observed here, also considering that UTIs were the most common infections in the CZA-R

subgroup [111].

The group treated with MVB experienced significantly fewer secondary infections than the
group treated with older-generation drugs (36.7% versus 59.4%, p = 0.013). In the study by
Oliva et al., secondary infections were quite common, affecting 54% of patients [73], while
Boattini et al. reported candidemia events only in 8%. Similarly, in the current study,
candidemia occurred in five out of 61 patients treated with MVB (8.2%), and was
significantly lower compared to those treated with an old-drug regimen (p=0.023).
Secondary infections, especially fungal infections, in patients being treated with broad-
spectrum systemic antibiotics for bacterial infections, are an important yet poorly
understood issue [135], probably associated with clinical deterioration caused by the index
infection, invasive procedures often required for treatment, and dysbiosis caused by
antibiotic therapy. In a retrospective clinical study on the use of the CZA+FOF combination
in patients with KPC-Kp BSI, 34.4% had secondary infection, 23.8% candidemia [136]. It
could be argued that receiving a single antibiotic molecule rather than a combination causes
a minor compromission of microbial flora [137], but this remains speculative and needs

further specific investigation.
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Notably, this study found that patients treated with MEM-containing regimens (N=45) did
not experience worse outcomes or higher relapse compared to other regimens. While the
use of MVB against MEM-R isolates can currently be considered common, the issue remains
more open for MEM-S. In our subgroup analysis of mortality among MEM-S (Table 3), MVB
displayed lower mortality rates than MEM, also in high-risk groups like high ICS, sepsis
and VAP, but differences were not statistically significant. Therefore, the hypotheses of
rapid recovery of MEM resistance in CZA-R MEM-S variants [106-107] were not confirmed.
This discrepancy can be explained by the fact that those studies were conducted in vitro
only, and that in our study MEM was mostly used at a high dosage [72] and in combination
with another older-generation drug (71.1%), conditions that may have prevented the

emergence of resistance.

This study has several limitations. Firstly, the retrospective and monocentric nature of the
study introduces bias, reducing the generalisability of the results. Furthermore, the study
design did not allow us to identify the type of KPC variant or other potentially associated
resistance mechanisms, such as porin mutations, at a genetic level. Additionally, some of
the screened patients who were potentially eligible for the study were excluded due to the
unavailability of clinical data, potentially causing a selection bias. The small sample size of
the imipenem/relebactam and cefiderocol groups prevented us from conducting an in-depth
analysis, whereas this was possible for the meropenem/vaborbactam group. Considering
only patients with CZA-R KPC-Kp infection who received targeted antibiotic treatment for
at least 48 hours may have led to an underestimation of mortality, as most patients excluded
due to treatment lasting less than 48 hours died prematurely. Finally, the significance of
some interesting results is diminished by the fact that they emerged from subgroup

analyses, which in themselves represent a source of bias.
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Conclusions

This study contains the largest cohort of CZA-R KPC-Kp infection treated with MVB and
support the use of MVB as an excellent option for CZA-R KPC-Kp infections. In fact, MVB
achieved similar outcomes to other regimens despite often being used in patients with more
complex clinical and infection characteristics. Furthermore, potential advantages of MVB
over older-generation treatments have emerged in subgroups of patients with VAP and in
those who start definitive treatment early. Lower rate of secondary candidemia was also
demonstrated. In addition, it has been confirmed that early initiation of MVB can
significantly improve outcomes also in the overall population. Analysing the population
with CZA-R MEM-S infection, MVB had a mortality advantage on MEM, but this was not
statistically significant, possibly because of the low subgroup numerosity or even because
MEM has always been done at high doses and often in combination. A comparison with
existing literature suggests that mortality is lower in studies in which new drugs are
available, although this cannot be taken as a rule. However, treatments consisting of older
generation drugs should not be completely ruled out, as new drugs may be in short supply
due to their cost, as demonstrated by recent studies conducted in the Middle East and East
Asia [Ahmed2024; Liu2025]. Furthermore, high dose carbapenems are prescribed in cases
of MVB and IMR, the use of which should be limited as much as possible for antibiotic
stewardship matters and reduction of future resistance emergence. CZA-R isolates appear
to show different origins and demographics depending on their susceptibility to
meropenem. The  predictivity of meropenem resistance for a  higher

meropenem/vaborbactam MIC is an interesting cue but need further in-depth analysis.

Pag. 46 a 78



References

1) Baker RE, Mahmud AS, Miller IF, et al. Infectious disease in an era of global change. Nat Rev Microbiol. 2022;20(4):193-205.
do0i:10.1038/s41579-021-00639-z
2) WHO Website, Newsroom, Antibiotic Resistance 21 November 2023. Available online: WHO Website, Newsroom, Antibiotic

Resistance 31 July 2020. Available online at: https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance (Accessed on

12 October 2025)

3) GBD 2021 Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance 1990-2021: a systematic
analysis with forecasts to 2050. Lancet. 2024;404(10459):1199-1226. doi:10.1016/50140-6736(24)01867-1

4) Uddin TM, Chakraborty AJ, Khusro A, et al. Antibiotic resistance in microbes: History, mechanisms, therapeutic strategies and
future prospects. | Infect Public Health. 2021;14(12):1750-1766. doi:10.1016/j.jiph.2021.10.020

5) Gosio B. Contributo all'eziologia della pellagra. Ricerche chimiche e batteriologiche sulle alterazioni del mais. G. Accad. Med. Torino
1893;61, 464-487

6) Nicolaou KC, Rigol S. A brief history of antibiotics and select advances in their synthesis. | Antibiot (Tokyo). 2018;71(2):153-184.
doi:10.1038/ja.2017.62

7) Tooke CL, Hinchliffe P, Bragginton EC, et al. p-Lactamases and {-Lactamase Inhibitors in the 21st Century. ] Mol Biol.
2019;431(18):3472-3500. d0i:10.1016/j.jmb.2019.04.002

8) Centers for Disease Control and Prevention. ANTIBIOTIC RESISTANCE THREATS in the United States, 2013. 2013;

http://wwwcdcgov/drugresistance/threat-report-2013/

9) Cassini A, Hogberg LD, Plachouras D, et al. Attributable deaths and disability-adjusted life-years caused by infections with
antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: a population-level modelling analysis. Lancet
Infect Dis. 2019;19(1):56-66. doi:10.1016/51473-3099(18)30605-4

10)Kadri SS, Adjemian J, Lai YL, et al. Difficult-to-Treat Resistance in Gram-negative Bacteremia at 173 US Hospitals: Retrospective
Cohort Analysis of Prevalence, Predictors, and Outcome of Resistance to All First-line Agents. Clin Infect Dis. 2018;67(12):1803-
1814. doi:10.1093/cid/ciy378

11)Park KH, Jung Y], Lee HJ, et al. Impact of multidrug resistance on outcomes in hematologic cancer patients with bacterial
bloodstream infections. Sci Rep. 2024;14(1):15622. Published 2024 Jul 7. d0i:10.1038/s41598-024-66524-w

12)Barrasa-Villar JI, Aibar-Remoén C, Prieto-Andrés P, Mareca-Dofiate R, Moliner-Lahoz J. Impact on Morbidity, Mortality, and
Length of Stay of Hospital-Acquired Infections by Resistant Microorganisms. Clin Infect Dis. 2017;65(4):644-652.
doi:10.1093/cid/cix411

13)Mammina C, Palma DM, Bonura C, et al. Outbreak of infection with Klebsiella pneumoniae sequence type 258 producing
Klebsiella pneumoniae Carbapenemase 3 in an intensive care unit in Italy. ] Clin Microbiol. 2010;48(4):1506-1507.
doi:10.1128/JCM.00315-10

14)Ciofi Degli Atti M, Bernaschi P, Carletti M, et al. An outbreak of extremely drug-resistant Pseudomonas aeruginosa in a tertiary
care pediatric hospital in Italy. BMC Infect Dis. 2014;14:494. Published 2014 Sep 10. doi:10.1186/1471-2334-14-494

15)Bianco A, Quirino A, Giordano M, et al. Control of carbapenem-resistant Acinetobacter baumannii outbreak in an intensive care
unit of a teaching hospital in Southern Italy. BMC Infect Dis. 2016;16(1):747. Published 2016 Dec 12. doi:10.1186/s12879-016-2036-
7

16)Guducuoglu H, Gursoy NC, Yakupogullari Y, et al. Hospital Outbreak of a Colistin-Resistant, NDM-1- and OXA-48-Producing
Klebsiella ~pneumoniae: High Mortality from Pandrug Resistance. Microb  Drug  Resist.  2018;24(7):966-972.
doi:10.1089/mdr.2017.0173

Pag. 47 a 78


https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
http://wwwcdcgov/drugresistance/threat-report-2013/

17)Haller S, Kramer R, Becker K, et al. Extensively drug-resistant Klebsiella pneumoniae ST307 outbreak, north-eastern Germany, June
to October 2019. Euro Surveill. 2019;24(50):1900734. doi:10.2807/1560-7917.ES.2019.24.50.1900734

18)Tavoschi L, Forni S, Porretta A, et al. Prolonged outbreak of New Delhi metallo-beta-lactamase-producing carbapenem-resistant
Enterobacterales (NDM-CRE), Tuscany, Italy, 2018 to 2019. Euro Surveill. 2020;25(6):2000085. doi:10.2807/1560-
7917.ES.2020.25.6.2000085

19)Di Giacomo S, Bresciano L, Ferrara L, et al. Assessment of the implementation of the Italian National action plan to combact
antimicrobial resistance (PNCAR) 2017-2021 through SPiNCAR-1: results for the Piedmont Region, 2022. Antimicrob Resist Infect
Control. 2025;14(1):86. Published 2025 Jul 9. doi:10.1186/s13756-025-01604-8

20)Tacconelli E, Pezzani MD. Public health burden of antimicrobial resistance in Europe. Lancet Infect Dis. 2019;19(1):4-6.
doi:10.1016/51473-3099(18)30648-0

21)Papp-Wallace KM, Endimiani A, Taracila MA, Bonomo RA. Carbapenems: past, present, and future. Antimicrob Agents Chemother.
2011;55(11):4943-4960. d0i:10.1128/AAC.00296-11

22)Tamma PD, Heil EL, Justo JA, Mathers A]J, Satlin MJ, Bonomo RA. Infectious Diseases Society of America 2024 Guidance on the
Treatment of Antimicrobial-Resistant Gram-Negative Infections. Clin Infect Dis. Published online August 7, 2024.
doi:10.1093/cid/ciae403

23)Corcione S, Lupia T, Maraolo AE, Mornese Pinna S, Gentile I, De Rosa FG. Carbapenem-sparing strategy: carbapenemase,
treatment, and stewardship. Curr Opin Infect Dis. 2019;32(6):663-673. doi:10.1097/QCO.0000000000000598

24)Yang P, Chen Y, Jiang S, Shen P, Lu X, Xiao Y. Association between antibiotic consumption and the rate of carbapenem-resistant
Gram-negative bacteria from China based on 153 tertiary hospitals data in 2014. Antimicrob Resist Infect Control. 2018;7:137.
Published 2018 Nov 19. d0i:10.1186/s13756-018-0430-1

25)Liang C, Zhang X, Zhou L, Meng G, Zhong L, Peng P. Trends and correlation between antibacterial consumption and carbapenem
resistance in gram-negative bacteria in a tertiary hospital in China from 2012 to 2019. BMC Infect Dis. 2021;21(1):444. Published
2021 May 17. doi:10.1186/s12879-021-06140-5

26)Xie L, Du Y, Wang X, et al. Effects of Regulation on Carbapenem Prescription in a Large Teaching Hospital in China: An
Interrupted Time Series Analysis, 2016-2018. Infect Drug Resist. 2021;14:3099-3108. Published 2021 Aug 11.
doi:10.2147/IDR.S5322938

27)Sati H, Carrara E, Savoldi A, et al. The WHO Bacterial Priority Pathogens List 2024: a prioritisation study to guide research,
development, and public health strategies against antimicrobial resistance. Lancet Infect Dis. Published online April 11, 2025.
doi:10.1016/51473-3099(25)00118-5

28)Tebano G, Dyar OJ, Beovic B, et al. Defensive medicine among antibiotic stewards: the international ESCMID AntibioLegalMap
survey. | Antimicrob Chemother. 2018;73(7):1989-1996. doi:10.1093/jac/dky098

29)Seah VXF, Ong RYL, Lim ASY, Chong CY, Tan NWH, Thoon KC. Impact of a Carbapenem Antimicrobial Stewardship Program
on Patient Outcomes. Antimicrob Agents Chemother. 2017;61(9):e00736-17. Published 2017 Aug 24. doi:10.1128/AAC.00736-17

30)Queenan AM, Bush K. Carbapenemases: the versatile beta-lactamases. Clin Microbiol Rev. 2007;20(3):440-458.
doi:10.1128/CMR.00001-07

31)Logan LK, Weinstein RA. The Epidemiology of Carbapenem-Resistant Enterobacteriaceae: The Impact and Evolution of a Global
Menace. | Infect Dis. 2017;215(suppl_1):528-536. doi:10.1093/infdis/jiw282

32)Ma ], Song X, Li M, et al. Global spread of carbapenem-resistant Enterobacteriaceae: Epidemiological features, resistance
mechanisms, detection and therapy. Microbiol Res. 2023;266:127249. doi:10.1016/j.micres.2022.127249

33)Mohd Asri NA, Ahmad S, Mohamud R, et al. Global Prevalence of Nosocomial Multidrug-Resistant Klebsiella pneumoniae: A
Systematic Review and Meta-Analysis. Antibiotics (Basel). 2021;10(12):1508. Published 2021 Dec 8. doi:10.3390/antibiotics10121508

34)Alvisi G, Curtoni A, Fonnesu R, et al. Epidemiology and Genetic Traits of Carbapenemase-Producing Enterobacterales: A Global
Threat to Human Health. Antibiotics (Basel). 2025;14(2):141. Published 2025 Feb 1. doi:10.3390/antibiotics14020141

Pag. 48 a 78



35)van Duin D, Doi Y. The global epidemiology of carbapenemase-producing Enterobacteriaceae. Virulence. 2017;8(4):460-469.
doi:10.1080/21505594.2016.1222343

36)Porreca AM, Sullivan KV, Gallagher JC. The Epidemiology, Evolution, and Treatment of KPC-Producing Organisms. Curr Infect
Dis Rep. 2018;20(6):13. Published 2018 May 5. d0i:10.1007/s11908-018-0617-x

37)Hobson CA, Pierrat G, Tenaillon O, et al. Klebsiella pneumoniae Carbapenemase Variants Resistant to Ceftazidime-Avibactam:
an Evolutionary Overview. Antimicrob Agents Chemother. 2022;66(9):e0044722. doi:10.1128/aac.00447-22

38)Ding L, Shen S, Chen J, et al. Klebsiella pneumoniae carbapenemase variants: the new threat to global public health. Clin Microbiol
Rev. 2023;36(4):e0000823. doi:10.1128/cmr.00008-23

39)Hansen GT. Continuous Evolution: Perspective on the Epidemiology of Carbapenemase Resistance Among Enterobacterales and
Other Gram-Negative Bacteria. Infect Dis Ther. 2021;10(1):75-92. doi:10.1007/s40121-020-00395-2

40)Sader HS, Castanheira M, Kimbrough JH, Kantro V, Mendes RE. Aztreonam/avibactam activity against a large collection of
carbapenem-resistant Enterobacterales (CRE) collected in hospitals from Europe, Asia and Latin America (2019-21). JAC
Antimicrob Resist. 2023;5(2):dlad032. Published 2023 Mar 22. d0i:10.1093/jacamr/dlad032

41)Giakkoupi P, Papagiannitsis CC, Miriagou V, et al. An update of the evolving epidemic of blaKPC-2-carrying Klebsiella
pneumoniae in Greece (2009-10). ] Antimicrob Chemother. 2011;66(7):1510-1513. doi:10.1093/jac/dkr166

42)Adler A, Hussein O, Ben-David D, et al. Persistence of Klebsiella pneumoniae ST258 as the predominant clone of carbapenemase-
producing Enterobacteriaceae in post-acute-care hospitals in Israel, 2008-13.] Antimicrob Chemother. 2015;70(1):89-92.
doi:10.1093/jac/dku333

43)Munoz-Price LS, Poirel L, Bonomo RA, et al. Clinical epidemiology of the global expansion of Klebsiella pneumoniae
carbapenemases. Lancet Infect Dis. 2013;13(9):785-796. d0i:10.1016/S1473-3099(13)70190-7

44)Tacchini S, Fadda G, Monaco M, et al. CRE: sorveglianza nazionale delle batteriemie da enterobatteri resistenti ai carbapenemi.
Dati 2023. Roma: Istituto Superiore di Sanita; 2024. (Rapporti ISS Sorveglianza RIS-4/2024). Available at:
https://www.epicentro.iss.it/antibiotico-resistenza/cre-dati

45)Poirel L, Kieffer N, Liassine N, Thanh D, Nordmann P. Plasmid-mediated carbapenem and colistin resistance in a clinical isolate
of Escherichia coli. Lancet Infect Dis. 2016;16(3):281. doi:10.1016/51473-3099(16)00006-2

46)Papadimitriou-Olivgeris M, Marangos M, Christofidou M, et al. Risk factors for infection and predictors of mortality among
patients with KPC-producing Klebsiella pneumoniae bloodstream infections in the intensive care unit. Scand | Infect Dis.
2014;46(9):642-648. d0i:10.3109/00365548.2014.923106

47)Wang M, Earley M, Chen L, et al. Clinical outcomes and bacterial characteristics of carbapenem-resistant Klebsiella pneumoniae
complex among patients from different global regions (CRACKLE-2): a prospective, multicentre, cohort study. Lancet Infect Dis.
2022;22(3):401-412. doi:10.1016/51473-3099(21)00399-6

48)Falcone M, Bassetti M, Tiseo G, et al. Time to appropriate antibiotic therapy is a predictor of outcome in patients with bloodstream
infection caused by KPC-producing Klebsiella pneumoniae. Crit Care. 2020;24(1):29. Published 2020 Jan 30. doi:10.1186/513054-
020-2742-9

49)Perovic O, Ismail H, Quan V, et al. Carbapenem-resistant Enterobacteriaceae in patients with bacteraemia at tertiary hospitals in
South Africa, 2015 to 2018. Eur | Clin Microbiol Infect Dis. 2020,39(7):1287-1294. doi:10.1007/s10096-020-03845-4

50)Kernéis S, Lucet JC, Santoro A, Meschiari M. Individual and collective impact of Klebsiella pneumoniae carbapenemase (KPC)-
producing K. pneumoniae in patients admitted to the ICU.] Antimicrob Chemother. 2021;76(Suppl 1):i19-i26.
doi:10.1093/jac/dkaad94

51)Melchiorri D, Rocke T, Alm RA, Cameron AM, Gigante V. Addressing urgent priorities in antibiotic development: insights from
WHO 2023 antibacterial clinical pipeline analyses. Lancet Microbe. 2025;6(3):100992. doi:10.1016/j.lanmic.2024.100992

52)van Duin D, Bonomo RA. Ceftazidime/Avibactam and Ceftolozane/Tazobactam: Second-generation (-Lactam/p-Lactamase

Inhibitor Combinations. Clin Infect Dis. 2016;63(2):234-241. doi:10.1093/cid/ciw243

Pag. 49 a 78



53)Papp-Wallace KM, Mack AR, Taracila MA, Bonomo RA. Resistance to Novel 3-Lactam-{3-Lactamase Inhibitor Combinations: The
"Price of Progress". Infect Dis Clin North Am. 2020;34(4):773-819. d0i:10.1016/j.idc.2020.05.001
54)Shirley M. Ceftazidime-Avibactam: A Review in the Treatment of Serious Gram-Negative Bacterial Infections. Drugs.

2018;78(6):675-692. d0i:10.1007/s40265-018-0902-x

55)EMA website, European Medicines Agency: Zavicefta Medicine Overview. Last updated 20/11/2020 Accessed 20 October 2021:
https://www.ema.europa.eu/en/medicines/human/EPAR/zavicefta.

56)Agyeman AA, Bergen PJ, Rao GG, Nation RL, Landersdorfer CB. A systematic review and meta-analysis of treatment outcomes
following antibiotic therapy among patients with carbapenem-resistant Klebsiella pneumoniae infections. Int | Antimicrob Agents.
2020;55(1):105833. doi:10.1016/j.ijantimicag.2019.10.014

57)Tumbarello M, Trecarichi EM, De Rosa FG, et al. Infections caused by KPC-producing Klebsiella pneumoniae: differences in
therapy and mortality in a multicentre study. | Antimicrob Chemother. 2015;70(7):2133-2143. doi:10.1093/jac/dkv086

58)Tumbarello M, Trecarichi EM, Corona A, et al. Efficacy of Ceftazidime-Avibactam Salvage Therapy in Patients With Infections
Caused by Klebsiella pneumoniae Carbapenemase-producing K. pneumoniae. Clin Infect Dis. 2019;68(3):355-364.
doi:10.1093/cid/ciy492

59)Tsolaki V, Mantzarlis K, Mpakalis A, et al. Ceftazidime-Avibactam To Treat Life-Threatening Infections by Carbapenem-Resistant
Pathogens in Critically Il Mechanically Ventilated Patients. Antimicrob Agents Chemother.2020;64(3):e02320-19. Published 2020 Feb
21. doi:10.1128/AAC.02320-19

60)Karaiskos I, Daikos GL, Gkoufa A, et al. Ceftazidime/avibactam in the era of carbapenemase-producing Klebsiella pneumoniae:
experience from a national registry study. ] Antimicrob Chemother. 2021;76(3):775-783. doi:10.1093/jac/dkaa503

61)Tumbarello M, Raffaelli F, Giannella M, et al. Ceftazidime-Avibactam Use for Klebsiella pneumoniae Carbapenemase-Producing
K. pneumoniae Infections: A Retrospective Observational Multicenter Study. Clin Infect Dis. 2021;73(9):1664-1676.
doi:10.1093/cid/ciab176

62)Shields RK, Nguyen MH, Chen L, Press EG, Kreiswirth BN, Clancy CJ. Pneumonia and Renal Replacement Therapy Are Risk
Factors for Ceftazidime-Avibactam Treatment Failures and Resistance among Patients with Carbapenem-Resistant
Enterobacteriaceae Infections. Antimicrob Agents Chemother. 2018;62(5):e02497-17. Published 2018 Apr 26. doi:10.1128/AAC.02497-
17

63)Vena A, Giacobbe DR, Castaldo N, et al. Clinical Experience with Ceftazidime-Avibactam for the Treatment of Infections due to
Multidrug-Resistant Gram-Negative Bacteria Other than Carbapenem-Resistant Enterobacterales. Antibiotics (Basel). 2020;9(2):71.
Published 2020 Feb 9. doi:10.3390/antibiotics9020071

64)Gatti M, Pea F. Antimicrobial Dose Reduction in Continuous Renal Replacement Therapy: Myth or Real Need? A Practical
Approach for Guiding Dose Optimization of Novel Antibiotics. Clin Pharmacokinet. 2021;60(10):1271-1289. doi:10.1007/s40262-021-
01040-y

65)Nicolau DP, Siew L, Armstrong J, et al. Phase 1 study assessing the steady-state concentration of ceftazidime and avibactam in
plasma and epithelial lining fluid following two dosing regimens.] Antimicrob Chemother. 2015;70(10):2862-2869.
doi:10.1093/jac/dkv170

66)Berkhout ], Melchers MJ, van Mil AC, et al. Pharmacokinetics and penetration of ceftazidime and avibactam into epithelial lining
fluid in thigh- and lung-infected mice. Antimicrob Agents Chemother. 2015;59(4):2299-2304. doi:10.1128/AAC.04627-14

67)Oliva A, Curtolo A, Volpicelli L, et al. Synergistic Meropenem/Vaborbactam Plus Fosfomycin Treatment of KPC Producing K.
pneumoniae Septic Thrombosis Unresponsive to Ceftazidime/Avibactam: From the Bench to the Bedside. Antibiotics (Basel).
2021;10(7):781. Published 2021 Jun 27. doi:10.3390/antibiotics10070781

68)Tiseo G, Falcone M, Leonildi A, et al. Meropenem-Vaborbactam as Salvage Therapy for Ceftazidime-Avibactam-, Cefiderocol-
Resistant ST-512 Klebsiella pneumoniae-Producing KPC-31, a D179Y Variant of KPC-3. Open Forum Infect Dis. 2021;8(6):0fab141.
Published 2021 Mar 20. doi:10.1093/ofid/ofab141

Pag. 50 a 78


https://www.ema.europa.eu/en/medicines/human/EPAR/zavicefta

69)Gaibani P, Gatti M, Rinaldi M, et al. Suboptimal drug exposure leads to selection of different subpopulations of ceftazidime-
avibactam-resistant Klebsiella pneumoniae carbapenemase-producing Klebsiella pneumoniae in a critically ill patient. Int | Infect
Dis. 2021;113:213-217. doi:10.1016/j.ijid.2021.10.028

70)Oliva A, Volpicelli L, Gigante A, et al. Impact of renal-adjusted ceftazidime/avibactam in patients with KPC-producing Klebsiella
pneumoniae bloodstream infection: a retrospective cohort study. JAC Antimicrob Resist. 2024;6(6):dlae201. Published 2024 Dec 17.
doi:10.1093/jacamr/dlae201

71)Di Bella S, Giacobbe DR, Maraolo AE, et al. Resistance to ceftazidime/avibactam in infections and colonisations by KPC-producing
Enterobacterales: a systematic review of observational clinical studies.] Glob Antimicrob Resist. 2021;25:268-281.
doi:10.1016/j.jgar.2021.04.001

72)Arcari G, Oliva A, Sacco F, et al. Interplay between Klebsiella pneumoniae producing KPC-31 and KPC-3 under treatment with
high dosage meropenem: a case report. Eur | Clin Microbiol Infect Dis. 2022;41(3):495-500. d0i:10.1007/s10096-021-04388-y

73)Oliva A, Campogiani L, Savelloni G, et al. Clinical Characteristics and Outcome of Ceftazidime/Avibactam-Resistant Klebsiella
pneumoniae Carbapenemase-Producing Klebsiella  pneumoniae Infections: A Retrospective, Observational, 2-Center Clinical
Study. Open Forum Infect Dis. 2023;10(7):0fad327. Published 2023 Jun 30. doi:10.1093/ofid/ofad327

74)Oliva A, Al Ismail D, Arcari G, et al. Ceftazidime/avibactam-resistant meropenem-susceptible KPC-producing Klebsiella
pneumoniae: Analysis of cases and evaluation of in vitro activity of fosfomycin-containing combinations. | Glob Antimicrob Resist.
2023;33:321-327. doi:10.1016/j.jgar.2023.03.012

75)Cano A, Guzmén-Puche ], Garcia-Gutiérrez M, et al. Use of carbapenems in the combined treatment of emerging
ceftazidime/avibactam-resistant and carbapenem-susceptible KPC-producing Klebsiella pneumoniae infections: Report of a case
and review of the literature. | Glob Antimicrob Resist. 2020;22:9-12. doi:10.1016/j.jgar.2019.11.007

76)Wang Y, Wang ], Wang R, Cai Y. Resistance to ceftazidime-avibactam and underlying mechanisms. ] Glob Antimicrob Resist.
2020;22:18-27. d0i:10.1016/j.jgar.2019.12.009

77)Chou SH, Chuang C, Juan CH, et al. Mechanisms and fitness of ceftazidime/avibactam-resistant Klebsiella pneumoniae clinical
strains in Taiwan. Int | Antimicrob Agents. 2024;64(2):107244. doi:10.1016/j.ijjantimicag.2024.107244

78)Carattoli A, Arcari G, Bibbolino G, et al. Evolutionary Trajectories toward Ceftazidime-Avibactam Resistance in Klebsiella
pneumoniae Clinical Isolates. Antimicrob Agents Chemother. 2021;65(10):e0057421. doi:10.1128/AAC.00574-21

79)Bianco G, Boattini M, Lupo L, et al. In vitro activity and genomic characterization of KPC-producing Klebsiella pneumoniae
clinical blood culture isolates resistant to ceftazidime/avibactam, meropenem/vaborbactam, imipenem/relebactam: an Italian
nationwide multicentre observational study (2022-23). ] Antimicrob Chemother. 2025;80(2):583-592. doi:10.1093/jac/dkae450

80)EMA Website, European Medicines Agency: Vaborem Medicine Overview. Last Updated December 2018. Available online:
https://www.ema.europa.eu/en/documents/assessment-report/vabomere-epar-public-assessment-report_en.pdf (accessed on 18
September 2025)

81)Wenzler E, Scoble PJ. An Appraisal of the Pharmacokinetic and Pharmacodynamic Properties of Meropenem-Vaborbactam. Infect
Dis Ther. 2020;9(4):769-784. doi:10.1007/s40121-020-00344-z

82)Hackel MA, Lomovskaya O, Dudley MN, Karlowsky JA, Sahm DF. In Vitro Activity of Meropenem-Vaborbactam against Clinical
Isolates of KPC-Positive Enterobacteriaceae. Antimicrob Agents Chemother. 2017,62(1):e01904-17. Published 2017 Dec 21.
doi:10.1128/AAC.01904-17

83)Sun D, Rubio-Aparicio D, Nelson K, Dudley MN, Lomovskaya O. Meropenem-Vaborbactam Resistance Selection, Resistance
Prevention, and Molecular Mechanisms in Mutants of KPC-Producing Klebsiella pneumoniae. Antimicrob Agents Chemother.
2017;61(12):e01694-17. Published 2017 Nov 22. doi:10.1128/AAC.01694-17

84)Wilson WR, Kline EG, Jones CE, et al. Effects of KPC Variant and Porin Genotype on the In Vitro Activity of Meropenem-
Vaborbactam against Carbapenem-Resistant Enterobacteriaceae. Antimicrob Agents Chemother. 2019;63(3):e02048-18. Published 2019
Feb 26. doi:10.1128/AAC.02048-18

Pag.51a78



85)Monogue ML, Heil EL, Aitken SL, Pogue JM. The role of tazobactam-based combinations for the management of infections due
to extended-spectrum p-lactamase-producing Enterobacterales: Insights from the Society of Infectious Diseases
Pharmacists. Pharmacotherapy. 2021;41(10):864-880. doi:10.1002/phar.2623

86)Cojutti PG, Pai MP, Tonetti T, Siniscalchi A, Viale P, Pea F. Balancing the scales: achieving the optimal beta-lactam to beta-
lactamase inhibitor ratio with continuous infusion piperacillin/tazobactam against extended spectrum beta-lactamase
producing Enterobacterales. Antimicrob Agents Chemother. 2024;68(4):e0140423. doi:10.1128/aac.01404-23

87)Lanini S, Giuliano S, Angelini J, et al. Renal function and its impact on the concentration of ceftazidime-avibactam: A cross-
sectional study. Int ] Antimicrob Agents. 2024;64(6):107351. doi:10.1016/j.ijjantimicag.2024.107351

88)Gatti M, Viale P, Pea F. Therapeutic drug monitoring of ceftazidime/avibactam: why one leg is not enough to run. | Antimicrob
Chemother. 2024;79(1):195-199. d0i:10.1093/jac/dkad367

89)Gatti M, Rinaldi M, Laici C, et al. Biliary pharmacokinetic/pharmacodynamic analysis of continuous infusion
meropenem/vaborbactam in a case series of orthotopic liver transplant recipients. | Antimicrob Chemother. 2024;79(10):2586-2590.
doi:10.1093/jac/dkae261

90)Athans V, Neuner EA, Hassouna H, et al. Meropenem-Vaborbactam as Salvage Therapy for Ceftazidime-Avibactam-
Resistant Klebsiella pneumoniae Bacteremia and Abscess in a Liver Transplant Recipient. Antimicrob Agents Chemother.
2018;63(1):e01551-18. Published 2018 Dec 21. d0i:10.1128/AAC.01551-18

91)Ackley R, Roshdy D, Meredith J, et al. Meropenem-Vaborbactam versus Ceftazidime-Avibactam for Treatment of Carbapenem-
Resistant Enterobacteriaceae Infections. Antimicrob ~ Agents ~ Chemother.  2020;64(5):e02313-19. Published 2020 Apr 21.
doi:10.1128/AAC.02313-19

92)Marino A, Maraolo AE, Mazzitelli M, et al. Head-to-head: meropenem/vaborbactam versus ceftazidime/avibactam in ICUs
patients with KPC-producing K. pneumoniae infections- results from a retrospective multicentre study. Infection. Published online
July 16, 2025. doi:10.1007/s15010-025-02608-7

93)Zilberberg MD, Nathanson BH, Redell MA, Sulham K, Shorr AF. Comparative Outcomes of Meropenem-Vaborbactam vs.
Ceftazidime-Avibactam Among Adults Hospitalized with an Infectious Syndrome in the US, 2019-2021. Antibiotics (Basel).
2025;14(1):29. Published 2025 Jan 3. doi:10.3390/antibiotics14010029

94)O'Donnell JN, Lodise TP. New Perspectives on Antimicrobial Agents: Imipenem-Relebactam. Antimicrob Agents Chemother.
2022;66(7):e0025622. doi:10.1128/aac.00256-22

95)EMA Website, European Medicines Agency: Recarbrio Medicine Overview. Last Updated February 2021. Available online:
https://www.ema.europa.eu/en/documents/overview/recarbrio-epar-medicine-overview_en.pdf (accessed on 05 August 2025)

96)Papp-Wallace KM, Barnes MD, Taracila MA, et al. The Effectiveness of Imipenem-Relebactam against Ceftazidime-Avibactam
Resistant Variants of the KPC-2 [-Lactamase. Antibiotics (Basel). 2023;12(5):892. Published 2023 May 11.
doi:10.3390/antibiotics12050892

97)Leanza C, Mascellino MT, Volpicelli L, et al. Real-world use of imipenem/cilastatin/relebactam for the treatment of KPC-
producing Klebsiella pneumoniae complex and difficult-to-treat resistance (DTR) Pseudomonas aeruginosa infections: a single-center
preliminary experience. Front Microbiol. 2024;15:1432296. Published 2024 Jul 16. doi:10.3389/fmicb.2024.1432296

98)Sato T, Yamawaki K. Cefiderocol: Discovery, Chemistry, and In Vivo Profiles of a Novel Siderophore Cephalosporin. Clin Infect
Dis. 2019;69(Suppl 7):5538-5543. doi:10.1093/cid/ciz826

99)EMA Website, European Medicines Agency: Fetcroja Medicine Overview. Last Updated May 2020. Available online:
https://www.ema.europa.eu/en/medicines/human/EPAR/fetcroja (accessed on 05 August 2025)

100) Delgado-Valverde M, Conejo MDC, Serrano L, Ferndndez-Cuenca F, Pascual A. Activity of cefiderocol against high-risk clones
of multidrug-resistant Enterobacterales, Acinetobacter baumannii, Pseudomonas aeruginosa and Stenotrophomonas

maltophilia. ] Antimicrob Chemother. 2020;75(7):1840-1849. do0i:10.1093/jac/dkaal1l7

Pag.52a78



101) Bianco G, Boattini M, Comini S, et al. In vitro activity of cefiderocol against ceftazidime-avibactam susceptible and resistant
KPC-producing Enterobacterales: cross-resistance and synergistic effects. Eur | Clin Microbiol Infect Dis. 2022;41(1):63-70.
doi:10.1007/s10096-021-04341-z

102) Kazmierczak KM, Tsuji M, Wise MG, et al. In vitro activity of cefiderocol, a siderophore cephalosporin, against a recent
collection of clinically relevant carbapenem-non-susceptible Gram-negative bacilli, including serine carbapenemase- and metallo-
[-lactamase-producing  isolates (SIDERO-WT-2014  Study).Int ]  Antimicrob  Agents. 2019;53(2):177-184.
doi:10.1016/j.ijjantimicag.2018.10.007

103) Karakonstantis S, Rousaki M, Kritsotakis EI. Cefiderocol: Systematic Review of Mechanisms of Resistance, Heteroresistance and
In Vivo Emergence of Resistance. Antibiotics (Basel). 2022;11(6):723. Published 2022 May 27. doi:10.3390/antibiotics11060723

104) Venditti C, Butera O, Meledandri M, et al. Molecular analysis of clinical isolates of ceftazidime-avibactam-resistant Klebsiella
pneumoniae. Clin Microbiol Infect. 2021;27(7):1040.e1-1040.e6. d0i:10.1016/j.cmi.2021.03.001

105) Corcione S, De Benedetto I, Shbaklo N, et al. Ceftazidime-Avibactam (C/A) Resistant, Meropenem Sensitive KPC-
Producing Klebsiella pneumoniae in ICU Setting: We Are What We Are Treated with?. Int ] Mol Sci. 2023;24(5):4767. Published 2023
Mar 1. doi:10.3390/ijms24054767

106) Shields RK, Nguyen MH, Press EG, Chen L, Kreiswirth BN, Clancy CJ. In Vitro Selection of Meropenem Resistance among
Ceftazidime-Avibactam-Resistant, Meropenem-Susceptible Klebsiella ~pneumoniae Isolates with Variant KPC-3
Carbapenemases. Antimicrob Agents Chemother. 2017;61(5):e00079-17. Published 2017 Apr 24. doi:10.1128/AAC.00079-17

107) Zhang P, Shi Q, Hu H, et al. Emergence of ceftazidime/avibactam resistance in carbapenem-resistant Klebsiella pneumoniae in
China. Clin Microbiol Infect. 2020,26(1):124.e1-124.e4. doi:10.1016/j.cmi.2019.08.020

108) Tumbarello M, Raffaelli F, Cascio A, et al. Compassionate use of meropenem/vaborbactam for infections caused by KPC-
producing Klebsiella pneumoniae: a multicentre study. JAC Antimicrob Resist. 2022;4(1):dlac022. Published 2022 Mar 7.
doi:10.1093/jacamr/dlac022

109) Ahmed F, Abraham B, Kamal Saeed N, Mohamed Naser H, Sridharan K. Retrospective Tertiary Care-Based Cohort Study on
Clinical =~ Characteristics and  Outcomes of  Ceftazidime-Avibactam-Resistant  Carbapenem-Resistant Klebsiella
pneumoniae Infections. Crit Care Res Pract. 2024;2024:3427972. Published 2024 Jun 5. doi:10.1155/2024/3427972

110) Boattini M, Bianco G, Bastos P, et al. Prevalence and mortality of ceftazidime/avibactam-resistant KPC-producing Klebsiella
pneumoniae bloodstream infections (2018-2022). Eur | Clin Microbiol Infect Dis. 2024;43(1):155-166. doi:10.1007/s10096-023-04712-
8

111) Tumbarello M, Raffaelli F, Giannella M, et al. Outcomes and Predictors of Mortality in Patients With KPC-Kp Infections Treated
With Meropenem Vaborbactam: An Observational Multicenter Study. Open Forum Infect Dis. 2024;11(6):0fae273. Published 2024
May 8. doi:10.1093/ofid/ofae273

112) Liu SY, Chou SH, Chuang C, et al. Clinical and Microbiological characteristics of patients with ceftazidime/avibactam-resistant
Klebsiella pneumoniae carbapenemase (KPC)-producing K. pneumoniae strains. Ann Clin Microbiol Antimicrob. 2025;24(1):26.
Published 2025 Apr 18. doi:10.1186/512941-025-00797-5

113) European Committee on Antimicrobial Susceptibility Testing (EUCAST) website. Clinical breakpoints —breakpoints and

guidance page. Available online: https://www.eucast.org/clinical breakpoints. Last accessed 15 August 2025
114) European Centre for Disease Prevention and Control (ECDC), An Agency of the European Union Website. EU case definitions

page. Available online: https://www.ecdc.europa.eu/en/all-topics/eu-case-definitions. Last accessed 15 August 2025

115) Cleri DJ, Corrado ML, Seligman SJ. Quantitative culture of intravenous catheters and other intravascular inserts. ] Infect Dis.
1980;141(6):781-786. doi:10.1093/infdis/141.6.781

116) Charlson ME, Pompei P, Ales KL et al. A new method of classifying prognostic comorbidity in longitudinal studies:
development and validation. ] Chronic Dis 1987; 40: 373-83. 10.1016/0021-9681(87)90171-8

117)  Buchanich JM, Newcomb CW, Washington TL, et al. Use of immunosuppression and subsequent cancer incidence: cohort

study. BM] Oncol. 2023;2(1):e000037. Published 2023 Aug 21. doi:10.1136/bmjonc-2023-000037
Pag.53a78


https://www.eucast.org/clinical_breakpoints
https://www.ecdc.europa.eu/en/all-topics/eu-case-definitions

118) Mustafa SS. Steroid-induced secondary immune deficiency. Ann Allergy Asthma Immunol. 2023;130(6):713-717.
doi:10.1016/j.anai.2023.01.010

119)  Gutiérrez-Gutiérrez B, Salamanca E, de Cueto M et al. Effect of appropriate combination therapy on mortality of patients
with bloodstream infections due to carbapenemase-producing Enterobacteriaceae (INCREMENT): a retrospective cohort study.
Lancet Infect Dis 2017; 17: 726-34. 10.1016/51473-3099(17)30228-1

120)  Korvick JA, Bryan CS, Farber B et al. Prospective observational study of Klebsiella bacteremia in 230 patients: outcome for
antibiotic combinations versus monotherapy. Antimicrob Agents Chemother 1992; 36: 2639—44. 10.1128/AAC.36.12.2639

121)  Singer M, Deutschman CS, Seymour CW et al. The third international consensus definitions for sepsis and septic shock
(sepsis-3). JAMA 2016; 315: 801-10. 10.1001/jama.2016.0287

122) Lekang K, Shekhar S, Berild D, Petersen FC, Winther-Larsen HC. Effects of different amoxicillin treatment durations on
microbiome diversity and composition in the gut. PLoS One. 2022;17(10):0275737. Published 2022 Oct 27.
doi:10.1371/journal.pone.0275737

123) Dillon R, Burton T, Anderson AJ, Seare ], Puzniak L. Risk of relapse and readmission among hospitalized adults with
carbapenem non-susceptible gram-negative infections. Curr Med Res Opin. 2023;39(6):881-888. doi:10.1080/03007995.2023.2205227

124) Kodde C, Bonsignore M, Kdhler J, Schwegmann K, Nachtigall I. Males are at higher risk of colonization and infection with
multi-drug-resistant organisms than females. | Hosp Infect. 2025;155:88-94. d0i:10.1016/j.jhin.2024.07.021

125) Zhang P, Hu H, Shi Q, et al. The Effect of B-Lactam Antibiotics on the Evolution of Ceftazidime/Avibactam and Cefiderocol
Resistance in KPC-Producing Klebsiella pneumoniae. Antimicrob Agents Chemother. 2023;67(3):€0127922. d0i:10.1128/aac.01279-22

126) Zhou ], Yan G, Tang C, et al. Emergence of ceftazidime-avibactam resistance in blakec-ss-harbouring ST11 Klebsiella
pneumoniae in a paediatric patient. Int | Antimicrob Agents. 2024;63(6):107163. doi:10.1016/j.jjantimicag.2024.107163

127)  Fois M, De Vito A, Cherchi F, et al. Efficacy and Safety of Ceftazidime-Avibactam Alone versus Ceftazidime-Avibactam Plus
Fosfomycin for the Treatment of Hospital-Acquired Pneumonia and Ventilator-Associated Pneumonia: A Multicentric
Retrospective  Study from the SUSANA Cohort. Antibiotics (Basel). 2024;13(7):616. Published 2024 Jul 2.
doi:10.3390/antibiotics13070616

128) LeiZ, LiZ, Zhang Y, et al. Ceftazidime-avibactam treatment dilemma of blakec2-containing Klebsiella pneumoniae due to the
development of co-existence of mixed strains carrying blakrc2 or blakrcssin lung transplant recipients. Ann Clin Microbiol
Antimicrob. 2024;23(1):99. Published 2024 Nov 8. doi:10.1186/s12941-024-00743-x

129)  Shah S, Kline EG, Haidar G, et al. Rates of Resistance to Ceftazidime-Avibactam and Ceftolozane-Tazobactam Among Patients
Treated for Multidrug-Resistant Pseudomonas aeruginosa Bacteremia or Pneumonia. Clin Infect Dis. 2025;80(1):24-28.
doi:10.1093/cid/ciae332

130) Galani I, Karaiskos I, Souli M, et al. Outbreak of KPC-2-producing Klebsiella pneumoniae endowed with ceftazidime-
avibactam resistance mediated through a VEB-1-mutant (VEB-25), Greece, September to October 2019. Euro Surveill.
2020,25(3):2000028. doi:10.2807/1560-7917.ES.2020.25.3.2000028

131) Machuca I, Gutiérrez-Gutiérrez B, Rivera-Espinar F, et al. External validation of the INCREMENT-CPE mortality score in a
carbapenem-resistant Klebsiella pneumoniae bacteraemia cohort: the prognostic significance of colistin resistance. Int | Antimicrob
Agents. 2019;54(4):442-448. doi:10.1016/j.ijjantimicag.2019.07.017

132) Jorgensen SCJ, Trinh TD, Zasowski EJ, et al. Evaluation of the INCREMENT-CPE, Pitt Bacteremia and qPitt Scores in Patients
with Carbapenem-Resistant Enterobacteriaceae Infections Treated with Ceftazidime-Avibactam. Infect Dis Ther. 2020;9(2):291-304.
doi:10.1007/s40121-020-00288-4

133) Evans L, Rhodes A, Alhazzani W, et al. Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and
Septic Shock 2021. Crit Care Med. 2021;49(11):e1063-e1143. doi:10.1097/CCM.0000000000005337

134) de Maio Carrilho CM, de Oliveira LM, Gaudereto ], et al. A prospective study of treatment of carbapenem-resistant
Enterobacteriaceae infections and risk factors associated with outcome. BMC Infect Dis. 2016;16(1):629. Published 2016 Nov 3.

doi:10.1186/512879-016-1979-z
Pag. 54 a 78



135) Kim SH, Mun §J, Kang JS, Moon C, Kim HT, Lee HY. Multifaceted Evaluation of Antibiotic Therapy as a Factor Associated
with Candidemia in Non-Neutropenic Patients. ] Fungi (Basel). 2023;9(2):270. Published 2023 Feb 18. d0i:10.3390/j0f9020270

136) Oliva A, Volpicelli L, Di Bari S, et al. Effect of ceftazidime/avibactam plus fosfomycin combination on 30 day mortality in
patients with bloodstream infections caused by KPC-producing Klebsiella pneumoniae: results from a multicentre retrospective
study. JAC Antimicrob Resist. 2022;4(6):dlac121. Published 2022 Dec 7. doi:10.1093/jacamr/dlac121

137) Wang H, Wu DW, Han H, et al. Antibiotics exposure, risk factors, and outcomes with Candida albicans and non-Candida

albicans candidemia. Results from a multi-center study. Saudi Med ]. 2014;35(2):153-158.

Pag.55a78



Figures

Assessed for elegibility
N=276

Excluded N=45
- Polymicrobial infection N=24

» - Coproduction of metallo-beta-
latamase N=17
- Age<18years N=4

v

Assessed for treatment of
CZA resistant KPC-Kp
N=231

treatment for CZA resistant KPC-Kp

( Patients not receiving at least 48 hours of
L N=61

A4

Clinical data search
N=170

- N=33

‘( Fail to recover clinical data }

v

Patients selected
N=137

Figure 1. Flowchart of patient selection progress.
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TYPE OF INDEXCZA-RKPC-KP INFECTION

Figure 2. Distribution of diverse types of infections by ceftazidime/avibactam resistant KPC-Kp.

BSI, bloodstream infection; LRTI, lower respiratory tract infection; IAI, intrabdominal infection; UTI, urinary tract infection.
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TREATMENT REGIMENS FOR KPC-Kp INFECTIONS

61
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Figure 3. Distribution of treatment regimens prescribed for ceftazidime/avibactam resistant KPC-Kp infections.

CFDC, cefiderocol; IMR, imipenem/relebactam; MEM, meropenem; MVB, meropenem/vaborbactam.
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Type of secondary infection and distribution among treatment regimens

Whole Older-drug MEM- CFDC- IMR- MVB-
population containing containing containing containing containing
BUTI 4 1 3 0 0 0
@ LRTI 14 3 4 0 1 6
@ BSI 26 3 10 1 1 11
@ Candidemia 21 2 12 2 0 5

Figure 4. Distribution of secondary infections.

CFDC, cefiderocol; MEM, meropenem; IMR, imipenem/relebactam; MVB, meropenem/vaborbactam.
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Kaplan-Meier curve: definitive treatment start with meropenem/vaborbactam
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Figure 5. Kaplan-Meier curve for 30-day survival in patients receiving meropenem/vaborbactam (MVB) according to definitive therapy
prescription within 72 hours (blue line) or over 72 hours (red line).
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Kaplan-Meier curve: ventilator associated pneumonia
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Figure 6. Kaplan-Meier curve for 30-day survival in patients with ventilator associated pneumonia and treated with meropenem/vaborbactam
(blue line) or with a regimen based on older generation antibiotics (red line).
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Kaplan-Meier curve: definitive therapy within 72 hours
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Figure 7: Kaplan-Meier curve for 30-day survival among patients receiving definitive therapy within 72 hours. Prescription of
meropenem/vaborbactam (blue line) or of a regimen based on older generation antibiotics (red line).
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Tables

Table 1. Whole population and comparison of the five treatment regimens

Variable Whole population Older generation MEM-based (N=45) CFDC-based (N=6) IMR-based (N=5) MYVB-based (N=61) P
(N=137) antibiotics (MEM
excluded) (N=20)

Gender male: n (%) 90 (65.7) 13 (65.0) 27 (60.0) 5(83.3) 4 (80.0) 41 (67.2) 0.736
Age: median (IQR) 66.4 (54.9-75.9) 60.6 (48.0-79.8) 62.3 (52.1-72.4) 56.8 (46.8-69.4) 68.1 (60.9-77.5) 69.0 (57.7-76.5) 0.409
Isolation occurred in ICU: n (%) 84 (61.3) 13 (65.0) 28 (62.2) 5(83.3) 4 (80.0) 34 (55.7) 0.576
CCI: median (IQR) 5.0 (3.0-7.0) 5.0 (2.3-7.0) 4.0 (3.0-6.0) 6.0 (3.5-6.3) 6.0 (2.5-8.5) 6.0 (4.0-7.0) 0.339
CCI 23: n (%) 113 (82.5) 15 (75.0) 36 (80.0) 5(83.3) 4 (80.0) 53 (86.9) 0.771
Diabetes: n (%) 37 (27.0) 2 (10.0) 12 (26.7) 2(33.3) 1(20.0) 20 (32.8) 0.377
Cardiovascular disease: n (%) 80 (58.4) 11 (55.0) 23 (51.1) 4 (66.7) 2 (40.0) 40 (65.6) 0.519
Neurovascular disease: n (%) 56 (40.9) 6 (30.0) 23 (51.1) 2(33.3) 2 (40.0) 23 (37.7) 0.505
COPD: n (%) 33 (24.1) 5(25.0) 11 (24.4) 1(16.7) 1(20.0) 15 (24.6) 0.993
CKD: n (%) 37 (27.0) 6 (30.0) 6 (13.3) 2(33.3) 2 (40.0) 21 (34.4) 0.158
Chronic liver disease: n (%) 6(4.4) 1(5.0) 0 0 1(20.0) 4 (6.6) 0.202
Neoplasia (solid and/or haematologic): n 24 (17.5) 3(15.0) 9 (20.0) 2(33.3) 1(20.0) 9 (14.8) 0.798
(%)
Solid neoplasia: n (%) 18 (13.1) 3 (15.0) 7 (15.6) 1(16.7) 0 7 (11.5) 0.868
Haematologic neoplasia: n (%) 8 (5.8) 1(5.0) 2 (4.4) 1(16.7) 1 (20.0) 3 (4.9) 0.496
Obesity: n (%) 23 (16.8) 1(5.0) 9 (20.0) 1(16.7) 0 12 (19.7) 0.449
Immunodeficiency: n (%) 18 (13.1) 5(25.0) 3(6.7) 0 1(20.0) 9(14.8) 0.251
Solid transplant: n (%) 7(5.1) 2 (10.0) 0 0 1 (20.0) 4 (6.6) 0.179
CVC or PICC carrier at the time of 83 (60.6) 10 (50.0) 27 (60.0) 4 (66.7) 3 (60.0) 39 (63.9) 0.857
infection onset: n (%)
Rectal colonization by KPC-Kp at the 109 (79.6) 15 (75.0) 37(82.2) 5(83.3) 4 (80.0) 48 (78.7) 0.970
time of infection onset: n (%)
Time (days) from hospitalization to start 1.0 (0-3.0) 1.0 (0-8.0) 1.0 (0-2.5) 0(0-0.5) 1.0 (0-1.5) 1.0 (0-3.5) 0.303
of a large spectrum antibiotic therapy:
median (IQR)
Previous CZA treatment: n (%) 75 (54.7) 8 (40.0) 31 (68.9) 5 (83.3) 3 (60.0) 28 (45.9) 0.053
Previous CZA MIC (ug/mL): median 2.0 (1.0-4.0) 2.0 (2.0-4.0) 2(0.8-4.0) 1.0 (0.8-4.0) 4.0 (1.8-7.0) 3.0 (1.0-4.5) 0.469
(IQR)
Previous MEM MIC (ug/mL): median 32 (32-32) 32 (32-32) 32 (32-32) 32 (32-64) 32 (32-32) 32 (32-32) 0.154
(IQR)
Indication for previous CZA treatment: n
(%)

- BSI 21 (28.0) 1(12.5) 8(25.8) 2 (40.0) 1(33.3) 9(32.1) 0.403

- LRTI 25 (33.3) 3(37.5) 14 (45.2) 1(20.0) 0 7(25.0)

- UTI 5(6.7) 0 2 (6.5) 0 0 3(10.7)
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- TAI 1(1.3) 1(12.5) 0 0 0 0
- Empirical for sepsis in KPC-Kp 23(30.7) 3(37.5) 7 (22.6) 2 (40.0) 2 (66.7) 9(32.1)
colonization

Previous daily dose (g) of CZA received: 7.5 (7.57.5) 7.5 (7.57.5) 7.5 (7.5-7.5) 7.5 (3.7-7.5) 7.5 (1.9-7.5) 7.5 (7.5-7.5) 0.380
median (IQR)
Number of days of CZA treatment 21.0 (12.5-32.0) 24.0 (15.0-52.3) 24.0 (15.0-35.0) 16.0 (10.5-32.0) 15.0 (14.0-15.0) 18.0 (9.5-28.0) 0.422
previously received: median (IQR)
Cycles of CZA therapy received: median 1.0 (1.0-2.0) 1.0 (1.0-2.8) 2.0 (1.0-2.0) 1.0 (1.0-1.5) 1.0 (1.0-1.0) 1.0 (1.0-2.0) 0.734
(IQR)
Previous CZA received as monotherapy: 25 (33.3) 4 (50.0) 10 (32.3) 0 2 (66.7) 9 (31.0) 0.276
n (%)
Index infection by CZA-R KPC-Kp: n (%)

- BSI 61 (44.5) 6 (30.0) 26 (57.8) 1(16.7) 1(20.0) 27 (44.3) 0.006

- LRTI 47 (34.3) 7 (35.0) 10 (22.2) 5 (83.3) 1(20.0) 24 (39.3)

- UTI 17 (12.4) 6 (30.0) 7 (15.6) 0 2 (40.0) 2(3.3)

- IAI 4(2.9) 0 1(2.2) 0 1(20.0) 2(3.3)

- Other 8 (5.8) 1 (5.0) 1(2.2) 0 0 6 (9.8)
VAP (confirmed or probable) out of 47 23 (48.9) 2 (28.6) 2 (20.0) 5 (100) 0 14 (58.3) 0.021
respiratory tract infection
Time (days) from hospitalization to 44 (21-78) 40 (13-76) 55 (35-90) 35 (27-65) 47 (31-77) 36 (15-70) 0.211
infection by CZA-R KPC-Kp: median
(IQR)
CRP (mg/dL): median (IQR) 12.3 (7.2-20.4) 16.5 (7.0-24.5) 11.5 (7.0-17.3) 17.4 (14.3-25.9) 11.4 (3.3-33.9) 11.5 (7.1-21.8) 0.382
PCT (ng/mL): median (IQR) 1.3 (0.4-7.5) 1.0 (0.3-4.4) 1.5 (0.3-10.3) 0.9 (0.4-1.2) 2.3 (0.5-30.1) 2.0 (0.5-8.4) 0.464
CRRT required during infection: n (%) 18 (13.1) 5 (25.0) 3(6.7) 1(16.7) 1(20.0) 8 (13.1) 0.356
Vasoactive drugs required during 38 (27.7) 6 (30.0) 12 (26.7) 3 (50.0) 0 17 (27.9) 0.481
infection: n (%)
Septic shock: n (%) 34 (24.8) 5 (25.0) 10 (22.2) 3 (50.0) 0 16 (26.2) 0.417
Pitt score at infection onset: median (IQR) 3.0 (1.0-4.0) 2.0 (1.0-4.0) 2.0 (1.0-4.5) 4(3.8-6.3) 2.0 (0-3.0) 3.0 (2.0-4.0) 0.049
ICS at infection onset: median (IQR) 6.0 (5.0-10.5) 5.0 (5.0-8.0) 6.0 (5.0-10.0) 11.5 (8.0-13.5) 5.0 (3.0-9.5) 8.0 (5.0-11.0) 0.028
ICS 2 8 at infection onset: n (%) 64 (46.7) 6 (30.0) 18 (40.0) 6 (100) 2 (40.0) 32(52.5) 0.029
CZA MIC (ug/mL): median (IQR) 16 (16-56) 16 (16-32) 32 (16-64) 32 (16-152) 16 (14-144) 16 (16-176) 0.628
MEM MIC (ug/mL): median (IQR) 8 (1-32) 3 (1-32) 2 (0.3-16) 3 (1-32) 32 (18-48) 32 (2-32) <0.001
MEM susceptible: n (%) 71 (51.8) 12 (60.0) 30 (66.7) 4 (66.7) 1 (20.0) 24 (39.3) 0.028
MVB MIC (ug/mL): median (IQR) 0.75 (0.31-2.00) 0.9 (0.2-1.0) 0.2 (0.1-0.9) 128.0 (1.0-128.0) 4.0 (2.5-6.0) 0.8 (0.5-2.0) 0.011
[available in 54]
Time (days) from isolation of CZA-S to 36.0 (19.5-78.5) 22.5 (8.3-64.3) 46.5 (27.8-86.3) 25.0 (11.0-52.5) 61.0 (22.5-263.0) 34.5 (15.5-76.8) 0.161
isolation of CZA-R KPC-Kp: median
(IQR)
Time (days) from sample collection to 0.0 (0.0-2.0) 0.0 (0.0-1.8) 1.0 (0.0-2.0) 0.0 (0.0-0.8) 0.0 (0.0-2.5) 0.0 (0.0-1.0) 0.253
start of empiric therapy: median (IQR)
Time from sample collection to start of 3.0 (1.0-4.0) 3.0 (2.0-4.0) 3.0 (1.0-4.5) 4.5 (1.5-7.5) 3.0 (2.5-4.0) 2.0 (1.0-4.0) 0.524

definitive therapy (days): median (IQR)
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Definitive therapy: n (%)
- Older generation antibiotics

(MEM excluded) 20 (14.6) / / / / /

- MEM-based 45 (32.8)

- CFDC-based 6(4.4)

- IMR-based 5(3.6)

- MVB-based 61 (44.5)
Combination therapy: n (%) 69 (50.4) 10 (50.0) 36 (80.0) 6 (100) 15 (24.6) <0.001
Appropriate empiric therapy: n (%) 47 (34.3) 3 (15.0) 16 (35.6) 2 (33.3) 24 (39.3) 0.393
Appropriate definitive therapy: n (%) 90 (65.7) 10 (50.0) 30 (66.7) 3 (50.0) 43 (70.5) 0.415
Extended or continuous infusion: n (%) 89 (65.0) 3 (15.0) 25 (55.6) 4 (66.7) 56 (91.8) <0.001
Source control performed: n (%) 53 (71.6) 6 (60.0) 15 (62.5) 0 30 (85.7) 0.038
[required in 74]
Duration of definitive therapy (days): 15 (10-20) 16 (10-21) 14 (11-20) 11 (5-18) 15 (11-21) 0.528
median (IQR) [excluded patients dead
within 30 days from start]
Clinical cure: n (%) 100 (73.0) 15 (75.0) 33 (73.3) 1(16.7) 47 (77.0) 0.035
Colonisation by CZA-R KPC-Kp after 28 (24.3) 7 (38.9) 9 (24.3) 1(33.3) 10 (19.2) 0.560
treatment of infection: n (%) [evaluable in
115 cases]
Relapse of infection: n (%) [evaluable in 30 (27.3) 6 (35.3) 11 (30.6) 1 (100) 12 (23.5) 0.227
110 cases]
Secondary infection between 3 and 30 65 (47.4) 9 (45.0) 29 (65.9) 3 (50.0) 22 (36.7) 0.062
days from start of definitive therapy: n
(%) [evaluable in 135 patients]
Type of secondary infection: n (%) [% of
group] [evaluable in 65 cases]

- UTI 4(6.2) [2.9] 1(11.1) [5.0] 3(10.3) [6.7] 0 0 0 0.588

- LRTI 14 (21.5) [10.2] 3 (33.3) [15.0] 4(13.8) [8.9] 0 0.0) 6 (27.3) [9.8]

- BSI 26 (40.0) [19.0] 3 (33.3) [15.0] 10 (34.5) [22.2] 1(33.3) [16.7] 0.0) 11 (50.0) [18.0]

- Candidemia 21 (32.3) [15.3] 2 (22.2) [10.0] 12 (41.4) [26.7] 2 (66.7) [33.3] 0 5 (22.7) [8.2]
Positive BCs 72 hours after start of 18 (39.1) 0 9 (47 .4) 0 0 9 (42.9) 0.340
definitive therapy: n (%) [performed in
75.4% of BSIs]
Positive BSc 7 days after start of 8 (26.7) 0 4 (30.8) 0 4(26.7) 0.657
definitive therapy: n (%) [performed in
49.2% of BSIs]
Positive BCs 14 days after start of 4 (18.2) 0 1(11.1) 0 3(30.0) 0.385
definitive therapy: n (%) [performed in
36.1% of BSIs]
AR to definitive therapy: n (%) 6(44) 0 3(6.7) 0 3(49) 0.731
Type of AR: n (%) [evaluable in 11 cases]

- Allergic 1(16.7) / 1(333) / 0 0513
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- Kidney toxicity 2(33.3) 1(33.3) 1(33.3)

- Haematological toxicity 3 (50.0) 1(33.3) 2 (66.7)
Development of CDI during definitive 5 (3.6) 0 3(6.7) 0 0 2 (3.3) 0.333
treatment: n (%)
Cumulative mortality at 7 days from 13 (9.5) 0 5(11.1) 2 (33.3) 0 6(9.8) 0.150
index sample collection: n (%)
Cumulative mortality at 14 days from 18 (13.1) 2 (10.0) 7 (15.6) 2 (33.3) 0 7 (11.5) 0.485
index sample collection: n (%)
Cumulative mortality at 30 days from 25 (18.2) 4 (20.0) 9 (20.0) 3 (50.0) 0 9 (14.8) 0.214
index sample collection: n (%)
Overall in-hospital mortality: n (%) 53 (38.7) 7 (35.0) 20 (44.4) 4(66.7) 0 22 (36.1) 0.195
LOS from sample collection (days): 40 (19-73) 34 (21-58) 45 (17-74) 18 (11-41) 38 (21-138) 44 (20-81) 0.519
median (IQR)
LOS from start of definitive therapy 38 (15-67) 29 (17-55) 42 (12-68) 12 (4-40) 34 (17-136) 39 (17-79) 0.390
(days): median (IQR)
Overall LOS (days): median (IQR) 101 (55-143) 79 (46-129) 109 (58-186) 75 (43-83) 107 (69-187) 101 (50-136) 0.290

Abbreviations: AR, adverse reaction; BC, blood cultures; BSI, bloodstream infection; CCI, Charlson comorbidity index; CDI, Clostridioides difficilis infection; CFDC, cefiderocol; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CRRT, continuous renal replacement therapy; CVC, central venous catheter; CZA, ceftazidime/avibactam; CZA-R,
ceftazidime/avibactam resistant; IAl, intrabdominal infection; ICS, Increment CPE score; ICU, intensive care unit; IMR, imipenem/relebactam; IQR, interquartile range; KPC-Kp, KPC producing K.
pneumoniae; LOS, length of stay; LRTI, lower respiratory tract infection; MEM, meropenem; MVB, meropenem/vaborbactam; PCT, procalcitonin; PICC, peripherally inserted central catheter; UTI, urinary

tract infection; VAP, ventilator associated pneumonia.
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Table 2. Analysis according to the meropenem susceptibility

Variable MEM-S (N=71) MEM-R (N=66) 4
Gender male: n (%) 48 (67.6) 42 (63.6) 0.719
Age: median (IQR) 63.0 (51.1-72.6) 70.3 (56.7-77.9) 0.020
Isolation occurred in ICU: n (%) 50 (70.4) 34 (51.5) 0.035
CCI: median (IQR) 5.0 (2.0-6.0) 6.0 (4.0-8.0) 0.020
CCI 23: n (%) 53 (74.6) 60 (90.9) 0.014
Diabetes: n (%) 15 (21.1) 22 (33.3) 0.126
Cardiovascular disease: n (%) 38 (53.5) 42 (63.6) 0.298
Neurovascular disease: n (%) 30 (42.3) 26 (39.4) 0.862
COPD: n (%) 17 (23.9) 16 (24.2) 0.967
CKD: n (%) 12 (16.9) 25 (37.9) 0.007
Chronic liver disease: n (%) 3(4.2) 3 (4.5) 0.927
Neoplasia (solid and/or haematologic): n (%) 13 (18.3) 11 (16.7) 0.826
Solid neoplasia: n (%) 11 (15.5) 7 (10.6) 0.455
Haematologic neoplasia: n (%) 4 (5.6) 4(6.1) 0915
Obesity: n (%) 10 (14.1) 13 (19.7) 0.493
Immunodeficiency: n (%) 8 (11.3) 10 (15.2) 0.615
Solid transplant: n (%) 2 (2.8) 5(7.6) 0.262
CVC or PICC carrier at the time of infection onset: n (%) 46 (64.8) 37 (56.1) 0.382
Rectal colonization by KPC-Kp at the time of infection onset: n (%) 54 (76.1) 55 (83.3) 0.397
Time (days) from hospitalization to start of a large spectrum antibiotic therapy: median (IQR) 1.0 (1.0-3.0) 1.0 (1.0-2.0) 0.549
Previous CZA MIC (ug/mL): median (IQR) 2.0 (0.9-4.0) 3.0 (1.0-4.0) 0.217
Previous MEM MIC (ug/mlL): median (IQR) 32 (32-32) 32 (32-32) 0.788
Previous CZA treatment: n (%) 47 (66.2) 28 (42.4) 0.006
Indication for previous CZA treatment: n (%)

- BSI 14 (29.8) 7 (25.0) 0.291

- LRTI 17 (36.2) 8 (28.6)

- UTI 1(.1) 4(143)

- IAI 12.1) 0

- Empirical for sepsis in KPC-Kp colonization 14 (29.8) 9(32.1)
Previous daily dose (g) of CZA received: median (IQR) 7.5 (7.5-7.5) 7.5 (7.5-7.5) 0.616
Number of days of CZA treatment previously received: median (IQR) 22.0 (15.0-35.0) 14.0 (9.2-28.0) 0.034
Cycles of CZA therapy received: median (IQR) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.711
Previous CZA received as monotherapy: n (%) 16 (33.1) 9(32.1) 0.915
Index infection by CZA-R KPC-Kp: n (%)

- BSI 37 (52.1) 24 (36.4) 0.432

- LRTI 22 (31.0) 25(37.9)

- UTI 7(9.9) 10 (15.2)

- IAI 2(2.8) 2 (3.0)

- Other 3(42) 5(7.6)
VAP (confirmed or probable) out of 47 respiratory tract infection 12 (54.5) 11 (44.0) 0471
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Time (days) from hospitalization to infection by CZA-R KPC-Kp: median (IQR) 51 (28-83) 35 (14-66) 0.033
CRP (mg/dL): median (IQR) 12.4 (7.4-20.4) 12.1 (7.1-19.5) 0.878
PCT (ng/ml): median (IQR) 15 (0.4-8.2) 1.3 (0.4-6.0) 0.789
CRRT required during infection: n (%) 8 (11.3) 10 (15.2) 0.615
Vasoactive drugs required during infection: n (%) 19 (26.8) 19 (28.8) 0.850
Septic shock: n (%) 18 (25.4) 16 (24.2) 0.881
Pitt score at infection onset: median (IQR) 3.0 (1.0-4.0) 3.0 (1.0-4.0) 0.676
ICS at infection onset: median (IQR) 6.0 (5.0-10.0) 8.0 (5.0-11.0) 0.740
ICS 2 8 at infection onset: n (%) 29 (40.8) 35 (53.0) 0.173
CZA MIC (ug/mL): median (IQR) 32 (16-64) 16 (16-40) 0.005
MEM MIC (ug/mL): median (IQR) 1.0 (0.3-2.0) 32 (32-32) /
MYVB MIC (ug/mL): median (IQR) [available in 54] 0.5 (0.1-1.0) 2.0 (0.5-4.0) 0.008
Time (days) from isolation of CZA-S to isolation of CZA-R: median (IQR) 50.0 (23.5-82.5) 32.0 (15.5-74.3) 0.116
Time (days) from sample collection to start of empiric therapy: median (IQR) 0.0 (0.0-2.0) 0.0 (0.0-2.5) 0.668
Time (days) from sample collection to start of definitive therapy: median (IQR) 3.0 (1.0-4.0) 3.0 (1.0-4.0) 0.860
Definitive therapy: n (%)

- Older generation antibiotics (MEM excluded) 12 (16.9) 8 (12.1) 0.028

- MEM-based 30 (42.3) 15 (22.7)

- CFDC-based 4 (5.6) 2(3.0)

- IMR-based 1(1.4) 4(6.1)

- MVB-based 24 (33.8) 37 (56.1)
Combination therapy: n (%) 36 (50.7) 33 (50.0) 0.934
Appropriate empiric therapy: n (%) 28 (39.4) 19 (28.8) 0.190
Appropriate definitive therapy: n (%) 48 (67.6) 42 (63.6) 0.625
Extended or continuous infusion: n (%) 46 (64.8) 43 (65.2) 0.965
Source control performed: n (%) [required in 78 (57.5%)] 22 (61.1) 31 (81.6) 0.071
Duration of definitive therapy (days): median (IQR) [excluded patients dead within 30 days from start] 15 (10-20) 15 (10-20) 0.853
Clinical cure: n (%) 51 (71.8) 49 (74.2) 0.848
Colonisation by CZA-R after treatment of infection: n (%) [evaluable in 118 cases] 13 (22.4) 15 (26.3) 0.669
Relapse of infection: n (%) [evaluable in 113 cases] 9 (16.4) 21 (38.2) 0.018
Secondary infection between 3 and 30 days from start of definitive therapy: n (%) [evaluable in 138 patients] 36 (51.4) 29 (44.6) 0.492
Type of secondary infection: n (%) [evaluable in 67 cases]

- UTI 3(8.3) 1(3.4)

- LRTI 6 (16.7) 8 (27.6) 0.594

- BSI 14 (38.9) 12 (41.4)

- Candidemia 13 (36.1) 8 (27.6)
Positive BCs 72 hours after start of definitive therapy: n (%) [performed in 75.4% of BSIs] 11 (37.9) 7 (41.2) 0.828
Positive BCs 7 days after start of definitive therapy: n (%) [performed in 49.2% of BSIs] 6(33.3) 2 (16.7) 0419
Positive BCs 14 days after start of definitive therapy: n (%) [performed in 36.1% of BSIs] 3(23.1) 1(11.1) 0.616
AR to definitive therapy: n (%) 1(1.4) 5(7.6) 0.078
Type of AR: n (%) [evaluable in 11 cases]

- Allergic 0 1 (20.0)
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- Kidney toxicity 0 2 (40.0) 0.549

- Haematological toxicity 1 (100.0) 2 (40.0)
Development of CDI during definitive treatment: n (%) 1(1.4) 4(6.1) 0.146
Cumulative mortality at 7 days from index sample collection: n (%) 7 (9.9) 6(9.1) 0.878
Cumulative mortality at 14 days from index sample collection: n (%) 11 (15.5) 7 (10.6) 0.455
Cumulative mortality at 30 days from index sample collection: n (%) 14 (19.7) 11 (16.7) 0.665
Overall in-hospital mortality: n (%) 29 (40.8) 24 (36.4) 0.604
LOS from sample collection (days): median (IQR) 39.0 (18.0-70.0) 44.0 (20.0-79.8) 0.375
LOS from start of definitive therapy (days): median (IQR) 35.0 (12.0-67.0) 39.0 (19.0-77.0) 0.342
Overall LOS (days): median (IQR) 108.0 (56.0-143.0) 94.5 (48.8-142.8) 0.394

Abbreviations: AR, adverse reaction; BC, blood cultures; BSI, bloodstream infection; CCI, Charlson comorbidity index; CDI, Clostridioides difficilis infection; CFDC, cefiderocol; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CRRT, continuous renal replacement therapy; CVC, central venous catheter; CZA, ceftazidime/avibactam; CZA-R,
ceftazidime/avibactam resistant; IAl, intrabdominal infection; ICS, Increment CPE score; ICU, intensive care unit; IMR, imipenem/relebactam; IQR, interquartile range; KPC-Kp, KPC producing K.
pneumoniae; LOS, length of stay; LRTI, lower respiratory tract infection; MEM, meropenem; MVB, meropenem/vaborbactam; PCT, procalcitonin; PICC, peripherally inserted central catheter; UTI, urinary

tract infection; VAP, ventilator associated pneumonia.
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Table 3. Subgroup analysis of mortality in patients with a meropenem-sensitive pathogen: comparison between meropenem/vaborbactam and meropenem

Outcome Meropenem (N=30) Meropenem/vaborbactam (N=24) | p
Cumulative mortality at 7 days from index sample collection: n (%) 2 (6.7) 4 (16.7) 0.245
Cumulative mortality at 14 days from index sample collection: n (%) | 4 (13.3) 4 (16.7) 0.732
Cumulative mortality at 30 days from index sample collection: n (%) | 6 (20.0) 4 (16.7) 0.754
Overall in-hospital mortality: n (%) 14 (46.7) 9 (37.5) 0.498
Clinical cure 22 (73.3) 19 (79.2) 0.753
Subgroup Outcome Meropenem Meropenem/vaborbactam P
Septic shock (N=9) Cumulative mortality at 7 days from index sample collection: n (%) 1(16.7) 2 (25.0) 0.707
Cumulative mortality at 14 days from index sample collection: n (%) | 3 (50.0) 2 (25.0) 0.334
Cumulative mortality at 30 days from index sample collection: n (%) | 3 (50.0) 2 (25.0) 0.334
Overall in-hospital mortality: n (%) 6 (100) 3(37.5) 0.016
Clinical cure 2(33.3) 5 (62.5) 0.592
I1CS28 (N=23) Cumulative mortality at 7 days from index sample collection: n (%) 2 (18.2) 4 (33.3) 0.640
Cumulative mortality at 14 days from index sample collection: n (%) | 4 (36.4) 4 (33.3) 0.879
Cumulative mortality at 30 days from index sample collection: n (%) | 4 (36.4) 4 (33.3) 0.879
Overall in-hospital mortality: n (%) 8 (72.7) 6 (50.0) 0.400
Clinical cure 6 (54.5) 7 (58.3) 0.855
VAP (N=7) Cumulative mortality at 7 days from index sample collection: n (%) 1 (100) 2 (28.6) 0.168
Cumulative mortality at 14 days from index sample collection: n (%) | 1 (100) 2 (28.6) 0.168
Cumulative mortality at 30 days from index sample collection: n (%) | 1 (100) 2 (28.6) 0.168
Overall in-hospital mortality: n (%) 1 (100) 4 (57.1) 0.408
Clinical cure 0 5(71.4) 0.375
LRTIs (N=14) Cumulative mortality at 7 days from index sample collection: n (%) 1(14.3) 2 (28.6) 0.515
Cumulative mortality at 14 days from index sample collection: n (%) | 1 (14.3) 2 (28.6) 0.515
Cumulative mortality at 30 days from index sample collection: n (%) | 1 (14.3) 2 (28.6) 0.515
Overall in-hospital mortality: n (%) 4 (57.1) 4 (57.1) 0.999
Clinical cure 5(71.4) 5(71.4) 0.999
BSIs (N=34) Cumulative mortality at 7 days from index sample collection: n (%) 1(5.0) 2 (14.3) 0.347
Cumulative mortality at 14 days from index sample collection: n (%) | 3 (15.0) 2 (14.3) 0.954
Cumulative mortality at 30 days from index sample collection: n (%) | 5 (25.0) 2 (14.3) 0.447
Overall in-hospital mortality: n (%) 10 (50.0) 4 (28.6) 0.211
Clinical cure 14 (70.0) 11 (78.6) 0.704
Definitive therapy within 24 hours (N=18) Cumulative mortality at 7 days from index sample collection: n (%) 1(12.5) 1 (10.0) 0.867
Cumulative mortality at 14 days from index sample collection: n (%) | 2 (25.0) 1 (10.0) 0.396
Cumulative mortality at 30 days from index sample collection:n (%) | 3 (37.5) 1 (10.0) 0.163
Overall in-hospital mortality: n (%) 6 (75.0) 2 (20.0) 0.020
Clinical cure 5 (62.5) 9 (90.0) 0.275
Definitive therapy within 48 hours (N=27) Cumulative mortality at 7 days from index sample collection: n (%) 1(6.3) 1(9.1) 0.782
Cumulative mortality at 14 days from index sample collection: n (%) | 2 (12.5) 1(9.1) 0.782
Cumulative mortality at 30 days from index sample collection: n (%) | 4 (25.0) 1(9.1) 0.296
Overall in-hospital mortality: n (%) 9 (56.3) 2 (18.2) 0.048
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Clinical cure 12 (75.0) 10 (90.9) 0.618
Definitive therapy within 72 hours (N=38) Cumulative mortality at 7 days from index sample collection: n (%) 2 (8.7) 1(6.7) 0.821
Cumulative mortality at 14 days from index sample collection: n (%) | 4 (17.4) 1(6.7) 0.630
Cumulative mortality at 30 days from index sample collection: n (%) | 6 (26.1) 1(6.7) 0.209
Overall in-hospital mortality: n (%) 13 (56.5) 4 (26.7) 0.100
Clinical cure 17 (73.9) 13 (86.7) 0.440

Abbreviations: BSI, bloodstream infection; ICS, Increment CPE score; LRTI, lower respiratory tract infection; VAP, ventilator associated pneumonia.
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Table 4. Survival analysis: 30 days after index sample collection

Variable Survived at 30 days (N=112) Deceased at 30 days (N=25) P
Gender male: n (%) 75 (67.0) 15 (60.0) 0.496
Age: median (IQR) 65.7 (54.0-75.0) 67.2 (54.9-78.1) 0.346
Isolation occurred in ICU: n (%) 64 (57.1) 20 (80.0) 0.041
CCL: median (IQR) 5.0 (3.0-6.0) 6.0 (4.0-9.0) 0.014
CCI 23: n (%) 92 (82.1) 21 (84.0) 0.825
Diabetes: n (%) 29 (25.9) 8 (32.0) 0.619
Cardiovascular disease: n (%) 63 (56.3) 17 (68.0) 0.371
Neurovascular disease: n (%) 47 (42.0) 9 (36.0) 0.657
COPD: n (%) 27 (24.1) 6 (24.0) 0.991
CKD: n (%) 29 (25.9) 8 (32.0) 0.619
Chronic liver disease: n (%) 5 (4.5) 1 (4.0) 0.918
Neoplasia (solid and/or haematologic): n (%) 20 (17.9) 4 (16.0) 0.825
Solid neoplasia: n (%) 15 (13.4) 3 (12.0) 0.852
Haematologic neoplasia: n (%) 6 (5.4) 2 (8.0) 0.638
Obesity: n (%) 19 (17.0) 4 (16.0) 0.907
Immunodeficiency: n (%) 12 (10.7) 6 (24.0) 0.099
Solid transplant: n (%) 4 (3.6) 3 (12.0) 0.114
CVC or PICC carrier at the time of infection onset: n (%) 68 (60.7) 15 (60.0) 0.947
Rectal colonization by KPC-Kp at the time of infection onset: n (%) 91 (81.3) 18 (72.0) 0.288
Time (days) from hospitalization to start of a large spectrum antibiotic therapy: median (IQR) 1.0 (0-3.0) 1.0 (0-3.0) 0.737
Previous CZA MIC (ug/mL): median (IQR) 2.0 (1.0-4.0) 2.0 (0.5-4.0) 0.562
Previous MEM MIC (ug/mL): median (IQR) 32 (32-32) 32 (32-32) 0.951
Previous CZA treatment: n (%) 63 (56.3) 12 (48.0) 0.509
Indication for previous CZA treatment: n (%)

- BSI 17 (27.0) 4(33.3) 0.858

- LRTI 21 (33.3) 4(33.3)

- UTI 5(7.9) 0

- TIAI 1 (1.6) 0

- Empirical for sepsis in KPC-Kp colonization 19 (30.2) 4(33.3)
Previous daily dose (g) of CZA received: median (IQR) 7.5 (7.5-7.5) 7.5 (7.5-7.5) 0.709
Number of days of CZA treatment previously received: median (IQR) 20.0 (10.3-32.0) 22.5(16.0-31.0) 0.304
Cycles of CZA therapy received: median (IQR) 1.0 (1.0-2.0) 2.0 (1.0-2.0) 0.416
Previous CZA received as monotherapy: n (%) 24 (37.5) 1(8.3) 0.048
Index infection by CZA-R KPC-Kp: n (%)

- BSI 50 (44.6) 11 (44.0) 0.445

- LRTI 36 (32.1) 11 (44.0)

- UTI 16 (14.3) 1(4.0)

- 1Al 4(3.6) 0

- Other 6 (5.4) 2 (8.0)
VAP (confirmed or probable) out of 47 respiratory tract infection 14 (38.9) 9 (81.8) 0.017
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Time (days) from hospitalization to infection by CZA-R KPC-Kp: median (IQR) 47 (21-78) 34 (12-79) 0.442
CRP (ng/dL): median (IQR) 12.3 (7.2-20.8) 13.0 (7.1-17.8) 0.862
PCT (ng/mL): median (IQR) 1.3 (0.4-7.2) 1.8 (0.5-10.3) 0.600
CRRT required during infection: n (%) 10 (8.9) 8 (32.0) 0.005
Vasoactive drugs required during infection: n (%) 25 (22.3) 13 (52.0) 0.005
Septic shock: n (%) 23 (20.5) 11 (44.0) 0.021
Pitt score at infection onset: median (IQR) 2.0 (1.0-4.0) 4.0 (3.0-5.5) <0.001
ICS at infection onset: median (IQR) 6.0 (5.0-8.0) 11.0 (8.0-13.0) <0.001
ICS 2 8 at infection onset: n (%) 43 (38.4) 21 (84.0) <0.001
CZA MIC of (ug/mL): median (IQR) 16 (16-88) 24 (16-32) 0.493
MEM MIC (ug/mL): median (IQR) 8 (1-32) 4 (1-32) 0.950
MEM susceptible: n (%) 57 (50.9) 14 (56.0) 0.665
MYVB MIC (ug/mL): median (IQR) [available in 54] 0.8 (0.4-2.0) 1.0 (0.1-4.0) 0.705
Time (days) from isolation of CZA-S to isolation of CZA-R KPC-Kp: median (IQR) 36.0 (20.0-76.0) 37.0 (17.3-92.8) 0.800
Time (days) from sample collection to start of empiric therapy: median (IQR) 0.0 (0.0-2.0) 0.0 (0.0-2.0) 0.265
Time (days) from sample collection to start of definitive therapy: median (IQR) 3.0 (1.0-4.0) 3.0 (0-4.5) 0.585
Definitive therapy: n (%)

- Older generation antibiotics (MEM excluded) 16 (14.3) 4 (16.0) 0.214

- MEM-based 36 (32.1) 9 (36.0)

- CFDC-based 3(2.7) 3(12.0)

- IMR-based 5 (4.5) 0

- MVB-based 52 (46.4) 9 (36.0)
Combination therapy: n (%) 52 (46.4) 17 (68.0) 0.076
Appropriate empiric therapy: n (%) 42 (37.5) 5 (20.0) 0.108
Appropriate definitive therapy: n (%) 80 (71.4) 10 (40.0) 0.005
Extended or continuous infusion: n (%) 75 (67.0) 14 (56.0) 0.356
Source control performed: n (%) [required in 78 (57.5%)] 48 (76.2) 5 (45.5) 0.038
Duration of definitive therapy (days): median (IQR) [excluded patients dead within 30 days from start] 16 (12-20) 7 (3-12) /
Positive BCs 72 hours after start of definitive therapy: n (%) [performed in 75.4% of BSIs] 15 (38.5) 3 (42.9) 0.826
Positive BCs 7 days after start of definitive therapy: n (%) [performed in 49.2% of BSIs] 7 (28.0) 1(20.0) 0.712
Positive BCs 14 days after start of definitive therapy: n (%) [performed in 36.1% of BSIs] 4 (20.0) 0 0.484
AR to definitive therapy: n (%) 5(4.5) 1(4.0) 0.918
Type of AR: n (%) [evaluable in 11 cases]

- Allergic 1(20.0) 0

- Kidney toxicity 1(20.0) 1 (100.0) 0.301

- Haematological toxicity 3 (60.0) 0
Development of CDI during definitive treatment: n (%) 4 (3.6) 1 (4.0) 0.917

Abbreviations: AR, adverse reaction; BC, blood cultures; BSIL, bloodstream infection; CCI, Charlson comorbidity index; CDI, Clostridioides difficilis infection; CFDC, cefiderocol; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CRRT, continuous renal replacement therapy; CVC, central venous catheter; CZA, ceftazidime/avibactam; CZA-R,
ceftazidime/avibactam resistant; IAI, intrabdominal infection; ICS, Increment CPE score; ICU, intensive care unit; IMR, imipenem/relebactam; IQR, interquartile range; KPC-Kp, KPC producing K.
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pneumoniae; LRTI, lower respiratory tract infection; MEM, meropenem; MVB, meropenem/vaborbactam; PCT, procalcitonin; PICC, peripherally inserted central catheter; UTI, urinary tract infection; VAP,

ventilator associated pneumonia.

Table 5. Multivariable analysis of 30-day mortality risk factors

Variable Hazard Ratio 95% confidence interval p value
Index infection occurring in ICU 1.368 0.326-5.739 0.668
ICS=>8 6359 1.486-27.221 0.013
VAP 3.900 0.391-38.948 0.246
Appropriate definitive therapy 0.144 0.034-0.615 0.009
Source control performed when needed 0.180 0.044-0.734 0.017
Meropenem resistant phenotype 0.738 0.180-3.033 0.674
Meropenem/vaborbactam containing regimen 0.563 0.128-2.481 0.447

Abbreviations: ICS, Increment CPE score; ICU, intensive care unit; VAP, ventilator associated pneumonia.
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Table 6. Comparison of meropenem/vaborbactam with older treatment options (included meropenem, excluded cefiderocol and imipenem/relebactam). N=126 patients

Variable MVB (N=61) Older treatments (N=65) p
Gender male: n (%) 41 (67.2) 40 (61.5) 0.578
Age: median (IQR) 69.0 (57.7-76.5) 62.2 (51.6-75.1) 0.214
Isolation occurred in ICU: n (%) 34 (55.7) 41 (63.1) 0.469
CCL: median (IQR) 6.0 (4.0-7.0) 5.0 (3.0-6.0) 0.041
CCI 23: n (%) 53 (86.9) 51 (78.5) 0.247
Diabetes: n (%) 20 (32.8) 14 (21.5) 0.166
Cardiovascular disease: n (%) 40 (65.6) 34 (52.3) 0.150
Neurovascular disease: n (%) 23 (37.7) 29 (44.6) 0.472
COPD: n (%) 15 (24.6) 16 (24.6) 0.997
CKD: n (%) 21 (34.4) 12 (18.5) 0.046
Chronic liver disease: n (%) 4 (6.6) 1(1.5) 0.197
Neoplasia (solid and/or haematologic): n (%) 9 (14.8) 12 (18.5) 0.638
Solid neoplasia: n (%) 7 (11.5) 10 (15.4) 0.607
Haematologic neoplasia: n (%) 3(4.9) 3 (4.6) 0.936
Obesity: n (%) 12 (19.7) 10 (15.4) 0.640
Immunodeficiency: n (%) 9 (14.8) 8 (12.3) 0.796
Solid transplant: n (%) 4 (6.6) 3(3.1) 0.429
CVC or PICC carrier at the time of infection onset: n (%) 39 (63.9) 37 (56.9) 0.469
Rectal colonization by KPC-Kp at the time of infection onset: n (%) 48 (78.7) 52 (80.0) 0.856
Time (days) from hospitalization to start of a large spectrum antibiotic therapy: median (IQR) 1.0 (0-3.5) 1.0 (0-2.5) 0.382
Previous CZA MIC (ug/mL): median (IQR) 4.0 (0.8-5.5) 2.0 (1.0-4.0) 0.389
Previous MEM MIC (ug/mL): median (IQR) 32 (32-32) 32 (32-32) 0.701
Previous CZA treatment: n (%) 28 (45.9) 39 (60.0) 0.153
Indication for previous CZA treatment: n (%)

- BSI 9 (32.1) 9 (23.1) 0.446

- LRTI 7 (25.0) 17 (43.6)

- UTI 3(10.7) 2(5.1)

- TIAI 0 1(2.6)

- Empirical for sepsis in KPC-Kp colonization 9(32.1) 10 (25.6)
Previous daily dose (g) of CZA received: median (IQR) 7.5 (7.5-7.5) 7.5 (7.5-7.5) 0.436
Number of days of CZA treatment previously received: median (IQR) 19.5 (10.0-28.0) 24.0 (15.0-35.0) 0.098
Cycles of CZA therapy received: median (IQR) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.519
Previous CZA received as monotherapy: n (%) 9(32.1) 14 (35.9) 0.799
Index infection by CZA-R KPC-Kp: n (%)

- BSI 27 (44.3) 32 (49.2) 0.018

- LRTI 24 (39.3) 17 (26.2)

- Ul 2(3.3) 13 (20.0)

- TIAI 2(3.3) 1(1.5)

- Other 6(9.8) 2(3.1)
VAP (confirmed or probable) out of 41 respiratory tract infection 14 (58.3) 4 (23.5) 0.027
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Time (days) from hospitalization to infection by CZA-R KPC-Kp: median (IQR) 36 (16-70) 49 (27-84) 0.078
CRP (mg/dL): median (IQR) 11.5 (7.1-21.8) 12.4 (7.1-18.3) 0.915
PCT (ng/mL): median (IQR) 2.0 (0.5-8.4) 1.2 (0.4-8.3) 0.293
CRRT required during infection: n (%) 8 (13.1) 8 (12.3) 0.892
Vasoactive drugs required during infection: n (%) 17 (27.9) 18 (27.7) 0.982
Septic shock: n (%) 16 (26.2) 15 (23.1) 0.836
Pitt score at infection onset: median (IQR) 3.0 (2.0-4.0) 2.0 (1.0-4.0) 0.261
ICS at infection onset: median (IQR) 8.0 (5.0-11.0) 6.0 (5.0-10.0) 0.279
ICS 2 8 at infection onset: n (%) 32 (52.5) 24 (36.9) 0.106
CZA MIC (ug/mL): median (IQR) 16 (16-176) 32 (16-48) 0.943
MEM MIC (ug/mL): median (IQR) 32.0 (2.0-32.0) 2.0 (1.0-16.0) <0.001
MEM susceptible: n (%) 24 (39.3) 42 (64.6) 0.007
MVB MIC (ug/mL): median (IQR) [available in 47] 0.8 (0.5-2.0) 0.4 (0.1-1.0) 0.064
Time (days) from isolation of CZA-S to isolation of CZA-R KPC-Kp: median (IQR) 34.5 (15.5-76.8) 39.5 (22.8-83.0) 0.433
Time (days) from sample collection to start of empiric therapy: median (IQR) 0.0 (0.0-1.0) 0.0 (0.0-2.0) 0.157
Time (days) from sample collection to start of definitive therapy: median (IQR) 2.0 (1.0-4.0) 3.0 (1.5-4.0) 0.311
Definitive therapy: n (%)

- Older generation antibiotics (MEM excluded) 0 20 (30.8) /

- MEM-based 0 45 (69.2)

- MVB-based 61 (100) 0
Combination therapy: n (%) 15 (24.6) 46 (70.8) <0.001
Appropriate empiric therapy: n (%) 24 (39.3) 19 (29.2) 0.263
Appropriate definitive therapy: n (%) 43 (70.5) 40 (61.5) 0.349
Extended or continuous infusion: n (%) 56 (91.8) 28 (43.1) <0.001
Source control performed: n (%) [required in 69] 30 (85.7) 21 (61.8) 0.030
Duration of definitive therapy (days): median (IQR) [excluded patients dead within 30 days from start] 15 (10-21) 15 (11-20) 0.506
Clinical cure: n (%) 47 (77.0) 48 (73.8) 0.686
Colonisation by CZA-R KPC-Kp after treatment of infection: n (%) [evaluable in 107 cases] 10 (19.2) 16 (29.1) 0.266
Relapse of infection: n (%) [evaluable in 104 cases] 12 (23.5) 17 (31.2) 0.385
Secondary infection between 3 and 30 days from start of definitive therapy: n (%) [evaluable in 124 patients] 22 (36.7) 38 (594) 0.013
Type of secondary infection: n (%) [evaluable in 60 cases]

- Ul 0 4 (10.5)

- LRTI 6 (27.3) 7 (18.4) 0.207

- BSI 11 (50.0) 13 (34.2)

- Candidemia 5(22.7) 14 (36.8)
Positive BCs 72 hours after start of definitive therapy: n (%) [performed in 74.6% of BSIs] 9(42.9) 9(39.1) 0.802
Positive BCs 7 days after start of definitive therapy: n (%) [performed in 50.9% of BSIs] 4 (26.7) 4 (26.5) 0.998
Positive BCs 14 days after start of definitive therapy: n (%) [performed in 37.3% of BSIs] 3 (30.0) 1(8.3) 0.293
AR to definitive therapy: n (%) 3(4.9) 3 (4.6) 0.697
Type of AR: n (%) [evaluable in 11 cases]

- Allergic 0 1(33.3) 0.513

- Kidney toxicity 1(33.3) 1(33.3)
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- Haematological toxicity 2 (66.7) 1(33.3)

Development of CDI during definitive treatment: n (%) 2 (3.3) 3 (4.6) 0.700
Cumulative mortality at 7 days from index sample collection: n (%) 6 (9.8) 5(7.7) 0.758
Cumulative mortality at 14 days from index sample collection: n (%) 7 (11.5) 9 (13.8) 0.792
Cumulative mortality at 30 days from index sample collection: n (%) 9 (14.8) 13 (20.0) 0.488
Overall in-hospital mortality: n (%) 22 (36.1) 27 (41.5) 0.586
LOS from sample collection (days): median (IQR) 44.0 (20.0-81.5) 43.0 (19.5-71.5) 0.803
LOS from start of definitive therapy (days): median (IQR) 39.0 (17.0-79.0) 40.0 (15.0-65.0) 0.803

101.0 (50.5-136.5) 108.0 (56.0-155.0) 0.641

Overall LOS (days): median (IQR)

Abbreviations: AR, adverse reaction; BC, blood cultures; BSI, bloodstream infection; CCI, Charlson comorbidity index; CFDC, cefiderocol; CKD, chronic kidney disease; COPD, chronic obstructive
pulmonary disease; CRP, C-reactive protein; CRRT, continuous renal replacement therapy; CVC, central venous catheter; CZA, ceftazidime/avibactam; CZA-R, ceftazidime/avibactam resistant; IAL
intrabdominal infection; ICS, Increment CPE score; ICU, intensive care unit; IMR, imipenem/relebactam; IQR, interquartile range; KPC-Kp, KPC producing K. pneumoniae; LOS, length of stay; LRTI, lower
respiratory tract infection; MEM, meropenem; MVB, meropenem/vaborbactam; PCT, procalcitonin; PICC, peripherally inserted central catheter; UTI, urinary tract infection; VAP, ventilator associated

pneumonia.
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Table 7. Subgroup analysis of mortality in the comparison between MVB and older treatment options (N=126)

Subgroup Outcome Older treatment options | Meropenem/vaborbactam p
Septic shock (N=31) Cumulative mortality at 7 days from index sample collection: n (%) 1(6.7) 3 (18.8) 0.316
Cumulative mortality at 14 days from index sample collection: n (%) 4 (26.7) 3 (18.8) 0.598
Cumulative mortality at 30 days from index sample collection: n (%) 5 (33.3) 5(31.3) 0.901
Overall in-hospital mortality: n (%) 10 (66.7) 8 (50.0) 0.347
VAP (N=18) Cumulative mortality at 7 days from index sample collection: n (%) 2 (50.0) 2 (14.3) 0.130
Cumulative mortality at 14 days from index sample collection: n (%) 2 (50.0) 2 (14.3) 0.130
Cumulative mortality at 30 days from index sample collection: n (%) 3 (75.0) 3(21.4) 0.045
Overall in-hospital mortality: n (%) 3 (75.0) 7 (50.0) 0.375
LRTIs (N=29) Cumulative mortality at 7 days from index sample collection: n (%) 0 3(27.3) 0.369
Cumulative mortality at 14 days from index sample collection: n (%) 1(5.6) 3(27.3) 0.175
Cumulative mortality at 30 days from index sample collection: n (%) 2 (11.1) 3(27.3) 0.178
Overall in-hospital mortality: n (%) 7 (38.9) 6 (54.5) 0.177
BSIs (N=20) Cumulative mortality at 7 days from index sample collection: n (%) 0 1(9.1) 0.224
Cumulative mortality at 14 days from index sample collection: n (%) 0 1(9.1) 0.796
Cumulative mortality at 30 days from index sample collection: n (%) 1(11.1) 1(9.1) 0.488
Overall in-hospital mortality: n (%) 5 (55.6) 2(18.2) 0.264
Definitive therapy within 24 hours (N=42) Cumulative mortality at 7 days from index sample collection: n (%) 3 (18.8) 2(7.7) 0.283
Cumulative mortality at 14 days from index sample collection: n (%) 6 (37.5) 2(7.7) 0.017
Cumulative mortality at 30 days from index sample collection: n (%) 7 (43.8) 3 (11.5) 0.017
Overall in-hospital mortality: n (%) 11 (68.8) 6 (23.1) 0.003
Definitive therapy within 48 hours (N=63) Cumulative mortality at 7 days from index sample collection: n (%) 4 (13.3) 2(6.1) 0.326
Cumulative mortality at 14 days from index sample collection: n (%) 7 (23.3) 2 (6.1) 0.050
Cumulative mortality at 30 days from index sample collection: n (%) 9 (30.0) 39.1) 0.035
Overall in-hospital mortality: n (%) 16 (53.3) 9 (27.3) 0.043
Definitive therapy within 72 hours (N=85) Cumulative mortality at 7 days from index sample collection: n (%) 5(10.9) 2(5.1) 0.231
Cumulative mortality at 14 days from index sample collection: n (%) 9 (19.6) 2 (5.1) 0.069
Cumulative mortality at 30 days from index sample collection: n (%) 12 (26.1) 3(7.7) 0.029
Overall in-hospital mortality: n (%) 22 (47.8) 11 (28.2) 0.050

Abbreviations: BSI, bloodstream infection; ICS, Increment CPE score; LRTI, lower respiratory tract infection; VAP, ventilator associated pneumonia.
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