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Abstract: Meropenem/Vaborbactam (MEM-VAB) is a novel carbapenem- β-lactamase inhibitor active
against KPC-producing Enterobacteria. Herein, we evaluate the incidence of meropenem/vaborbactam-
resistance among KPC-producing K. pneumoniae (KPC-Kp) bloodstream infection in a large Italian
hospital. Meropenem/vaborbactam-resistance was found in 8% (n = 5) KPC-Kp, while 5% (n = 3)
strains exhibited cross-resistance to ceftazidime/avibactam (CAZ-AVI). Genomic analysis revealed
that meropenem/vaborbactam-resistance was associated with truncated OmpK35 and insertion of
glycine and aspartic acid within OmpK36 at position 134–135 (GD134–135). Notably, no specific
mutation was associated to cross-resistance. No specific antimicrobial treatment was related to
favorable clinical outcomes, while cross-resistance was not associated to higher clinical and/or
microbiological failures. Our study indicated that resistance to meropenem/vaborbactam was due
to porins mutations and is associated with reduced susceptibility to both ceftazidime/avibactam
and carbapenems.

Keywords: critically ill patients; porins; combination treatment; cross-resistance

1. Introduction

Management and treatment of patients with infections due to Klebsiella pneumoniae
carbapenemase (KPC)-producing K. pneumoniae (KPC-Kp) is a daily challenge in clinical
practice. The KPC carbapenemase is often carried out in microorganisms co-harboring
different antimicrobial resistance determinants, thus conferring multiple multidrug resis-
tant phenotypes. As a result, most antimicrobial molecules exhibit poor in vitro activity
against KPC-Kp, thus reducing treatments available [1]. Combination therapies, including
high-dose meropenem, colistin, fosfomycin, tigecycline, and aminoglycosides, are widely
used, with suboptimal results [2–4].

During the past decade, significant advances were made in the development of
novel β-Lactams (BL)-β-lactamase inhibitor (BLI) combinations against KPC-producing
microorganisms. However, a significant challenge resides in the selection of an appropriate
BL partner, as well as the development of resistance linked to the BL partner. In addition,
dosing regimens for these BL-BLI combinations need to be critically evaluated [5–7].

Recently, antimicrobial therapy with newer agents such as ceftazidime-avibactam,
cefiderocol and meropenem-vaborbactam offer promising alternatives to existing agents for
the treatment of severe infections due to KPC-Kp. Vaborbactam (formerly RPX7009), is a
non-β-lactam, cyclic, boronic acid-based β-lactamase inhibitor. While it is not active against
metallo-β-lactamase enzymes, vaborbactam potentiates the in vitro activity of meropenem
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against KPC-, ESBL-, and AmpC-producing isolates [8,9]. The boron atom in vaborbactam
acts as an electrophile and forms a reversible covalent bond with the catalytic serine of
specific β-lactamases [10]. A previous study showed that the inhibitor vaborbactam crosses
the outer membrane in K. pneumoniae using OmpK35 and OmpK36 porins [11].

On 20 November 2018 European Medicines Agency approved meropenem/vaborbactam
(MEM/VAB) for clinical use in adult patients with difficult to treat carbapenem-resistant
Enterobacterales (CRE) infections, satisfying an important medical issue linked to antibiotic-
resistant Enterobacterales (https://www.ema.europa.eu/en/medicines/human/EPAR/
vaborem; accessed on 31 March 2021).

MEM/VAB represents a novel antibiotic combination therapy, approved for clinical
use in Europe, and indicated for complicated urinary tract infection, complicated intra-
abdominal infections, hospital-acquired pneumonia, ventilator-acquired pneumonia and
bacteremia associated with these infections [12].

In vitro studies demonstrated excellent activity of MEM/VAB against KPC-producers
with a low ability to acquire resistance [13]. A recent clinical study showed that MEM/VAB
had a superior rate of clinical cure against CRE infections in patients with bacteremia,
compared to other available therapies [12]. However, limited information is still available
on the efficacy of MEM/VAB in clinical practice and the in vivo evolution of emerging
resistant strains [13]. Recently, in vitro studies demonstrated that mutations causing loss-of-
function of OmpK35 and OmpK36 porins or reduced production could generate resistance
to MEM/VAB and/or ceftazidime/avibactam (CAZ/AVI) [14,15].

The aim of this study was to investigate the incidence of meropenem/vaborbactam
resistance among KPC-Kp strains isolated from patients with bloodstream infection (BSI)
and characterize genomically MEM/VAB-resistant strains.

2. Results

We evaluated in vitro activity of MEM/VAB against 62 KPC-Kp bloodstream isolates
collected from hospitalized patients admitted to our institution (S. Orsola-Malpighi Hos-
pital, Bologna) during 2018. The retrospective clinical data revealed that 45% (28/62) of
KPC-Kp bacteremic patients were hospitalized in intensive care units. At the same time,
34% (21/62) of KPC-Kp bloodstream isolates were from medicine, 10% (6/62) were in
haemato-oncology, 7% (4/62) were in surgical and just 5% (3/62) were in transplantation
wards. According to EUCAST breakpoints, 54 out of 62 strains (87%) were susceptible
to meropenem/vaborbactam with a median MIC of 0.5 mg/L (interquartile range [IQR]
0.25–1). On the contrary, eight KPC-Kp were resistant to meropenem/vaborbactam by
exhibiting a median MIC of 256 mg/L (IQR 64–256), as shown in Table 1. Notably, three of
eight (37.5%) meropenem/vaborbactam-resistant KPC-Kp strains were also resistant to cef-
tazidime/avibactam (median MIC 32, IQR 32–256), while others meropenem/vaborbactam-
resistant strains showed a CAZ/AVI MIC equal to 8 mg/L (Table 1).

Genomic analysis showed that meropenem/vaborbactam-resistant strains belonged
to the internationally spreadClonal Complex 258 (ST1519, ST258 and ST512) [16] and
shared similar genetic resistance determinants responsible for resistance to ß-lactams,
aminoglycoside, fluoroquinolone and fosfomycin (Table 1).

In particular, the analysis of β-lactam resistance genes showed that all isolates shared
the wild-type blaKPC-3 gene, while five out of eight carried a blaSHV-182 variant. In addition,
genetic analysis showed that all three KPC-Kp strains carried blaKPC-3 gene harbored in a
Tn4401 isoform a.

https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem
https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem
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Table 1. Phenotypic and genotypic characteristics of meropenem/vaborbactam-resistant KPC-producing Klebsiella pneumoniae strains.

Isolate Patient
MIC (mg/L)

ST
Genetic Determinants Porins

Plasmid_Replicons (InC)
MEM CAZ/AVI MEM/VAB CST Beta-lactams Aminoglycoside Fluoroquinolone Sulfonamide OmpK35 OmpK36

KpBO3 1 256 32 256 0.25 512 blaKPC-3, blaSHV-11 aac(6’)-Ib oqxA, oqxB,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (K),
IncFIB(pKPHS1), IncX3,

ColRNAI

KpBO6 2 256 16 256 0.5 258 blaKPC-3, blaSHV-12
aadA2, aph(3’)-Ia,

aac(6’)Ib-cr
oqxA, oqxB,
aac(6’)Ib-cr sul1 truncated GD134–135 IncFIIK, IncFIB(K), IncX3,

ColRNAI

KpBO7 3 256 ≥256 256 0.5 1519 blaKPC-3, blaTEM-1A,
blaOXA-9, blaSHV-11

aadA2, aph(3’)-Ia,
aac(6’)Ib-cr

oqxA, oqxB,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (pQIL), IncFIB
(pKPSH1), IncFIB(K),

IncFII(K), IncX3, ColRNAI,
Col(BS512)

KpBO8 4 32 8 48 0.5 512
blaKPC-3,

blaSHV182 ,blaTEM-1A,
blaOXA-9

aadA2, aph(3’)-Ia,
aac(6’)-Ib

oqxA, oqxB,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (pQIL), IncFIB
(pKPSH1), IncFIB(K),
IncFII(K), ColRNAI

KpBO11 5 256 8 256 0.25 512 blaKPC-3, blaSHV182
aadA2, aph(3’)-Ia,

aac(6’)-Ib
oqxA, oqxB,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (pKPSH1),
IncFIB(K), IncFII(K),

ColRNAI, IncX3

KpBO12 6 256 8 256 0.5 512 blaKPC-3, blaSHV182
aadA2, aph(3’)-Ia,

aac(6’)-Ib
oqxB, oqxA,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (pKPSH1),
IncFIB(K), IncFII(K),

ColRNAI, IncX3

KpBO13 7 32 8 256 0.5 1519 blaKPC-3, blaSHV182,
blaOXA-9

aadA2, aac(6’)-Ib oqxB, oqxA,
aac(6’)Ib-cr sul1 truncated GD134–135

IncFIB (pQIL), IncFIB
(pKPSH1), IncFIB(K),

IncFII(K), ColRNAI, IncX3,
Col(BS512)

KpBO14 8 256 8 256 0.25 512 blaKPC-3, blaSHV182 aac(6’)-Ib oqxA, oqxB,
aac(6’)Ib-cr - truncated GD134–135

IncFIB (pKPSH1),
IncFIB(K),

ColRNAI, IncX3

Abbreviations: MEM, meropenem; CAZ/AVI, ceftazidime/avibactam; MEM/VAB, meropenem/vaborbactam; CST, colistin; ST, sequence type.
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Genetic analysis of porin genes showed that all meropenem/vaborbactam-resistant
KPC-Kp strains had truncated OmpK35 due to frameshift (n = 8) on the porin gene and the
insertion of glycine and aspartic acid within OmpK36 at position 134–135 (GD134–135).

Based on genome alignment, a total of 234 SNPs in KpBO3, 336 in KpBO6, 137 in
KpBO7, 137 in KpBO8, 115 in KpBO11, 111 in KpBO12, 156 in KpBO13 and 110 in
KpBO14 were observed against genome of the KpBO3 strain as reference. Compara-
tive analysis of single nucleotide polymorphisms (SNPs) and insertion-deletions (Indels)
between MEM/VAB-resistant KPC-Kp strains showed that most SNPs were located in-
tergenic regions or in hypothetical proteins and that no significant difference between
MEM/VAB-resistant strains and cross-resistant (i.e., MEM/VAB and CAZ/AVI–resistant)
KPC-Kp strains were observed in genes encoding antimicrobial resistance. In addition,
phylogenetic analysis based on cgMLST and core-genome SNPs showed that genomes of
KPC-Kp strains resistant to meropenem/vaborbactam clustered into a single clade, thus
demonstrating a close relationship (Figure 1).

Clinical Data Analysis

Retrospective clinical analysis showed that patients with BSI due to KPC-Kp resistant
both to ceftazidime/avibactam and meropenem/vaborbactam had a short time of CPE
colonization (median 4 days, IQR 0–7).

Clinical characteristics of patients with meropenem/vaborbactam-resistant KPC-Kp
are shown in Table 2. The 30-day mortality rates were 100% (3/3) for patients with SOFA
score between 10–20%, 50% (1/2) for patients with score ranging from 5% to 10% and 0%
(0/3) for patients below 4.

Clinical success was achieved in 50% (4/8) of patients. None of the patients were
treated with meropenem/vaborbactam-based treatment. Notably, clinical failure occurred
for different antimicrobial treatments and in 33% (1/3) of meropenem/vaborbactam and
ceftazidime/avibactam-resistant KPC-Kp strains. In particular, no relapsing infection was
observed for all antimicrobial combination treatment. At the same time, microbiologi-
cal failure was achieved in one patient treated with colistin-meropenem therapy due to
persistent bacteremia.
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Table 2. Clinical characteristics of patients with bloodstream infection due to Meropenem/Vaborbactam-resistant KPC-producing Klebsiella pneumoniae (KPC-Kp) strains.

Patient Isolate
Colonization
Days’ Prior
Infection

SOFA Initial
Infection

Previous Treatment
(Days)

Time of Isolation
after Initial

Treatment (Days)

Antimicrobial
Combination Therapy

(Days)

Risk
Factors

Clinical
Outcome at

30 Days

Microbiological
Outcome at

30 Days (Days)

Relapse
Infection

1 KpBO3 0 13 Abdominal
infection

Ceftazidime/Avibactam
(12), Meropenem (32) 0

Meropenem-Colistin-
Tigecycline

(3)
- Failure NA NA

2 KpBO6 4 2 Pneumonia

Meropenem-Colistin
(27), Meropenem-

Tigecycline
(19)

0 Meropenem-Colistin
(24) - Success Success None

3 KpBO7 7 1 CVC-related Amoxicillin/Clavulanic
acid (11) 1 Meropenem-Colistin

(13) CVVH Success Success None

4 KpBO8 60 6 CVC-related Oxacillin (11),
Ertapenem (13) 0

Meropenem-
Ceftazidime/Avibactam

(24)
CKD Success Success None

5 KpBO11 18 12 Pneumonia
Oxacillin (8),

Piperacillin/Tazobactam
(34)

15 Meropenem-Colistin
(18) - Failure Failure (15) NA

6 KpBO12 3 20 Biliary
infection

Piperacillin/Tazobactam
(3), Meropenem-

Tigecycline
(3)

10
Meropenem-
Tigecycline

(1)

CKD,
CVVH Failure NA NA

7 KpBO13 5 5 Pneumonia

Piperacillin/Tazobactam
(16), Meropenem-

Tigecycline
(29)

1
Meropenem-

Ceftazidime/Avibactam
(14)

CKD Failure NA NA

8 KpBO14 60 3 Urinary
infection

Amoxicillin/Clavulanic
acid (20), Meropenem

(19)
0

Meropenem-
Ceftazidime/Avibactam

(14)
CKD Success Success None

Abbreviations: Bloodstream infection, BSI; not changed, NC; Central Venous Catheter, CVC; Continuous Venous Hemofiltration, CVVH; Chronic Kidney Disease, CKD; not applicable, NA.
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3. Discussion

In this study, we evaluated the activities of meropenem/vaborbactam against 62 KPC-
Kp clinical strains collected from bacteremic patients during 2018. Our findings showed
that resistance to meropenem/vaborbactam emerged in 13% of KPC-Kp strains isolated
from bloodstream infection. Notably, meropenem/vaborbactam resistance was associated
to a high level of MICs for ceftazidime/avibactam. In particular, cross-resistance to cef-
tazidime/avibactam and meropenem/vaborbactam was observed in three KPC-Kp strains,
which exhibited high levels of MICs for both ceftazidime/avibactam, meropenem/vaborb-
actam and carbapenems.

A recent study showed that the selection of KPC-Kp mutants with reduced suscep-
tibility to meropenem-vaborbactam was due to OmpK35 and OmpK36 porin mutations
associated with an increase in the blaKPC gene copy number, whereas it was not associated
with mutations in the coding region of blaKPC gene [17,18]. Our results are in agreement
with these findings as we found that meropenem/vaborbactam-resistance was due to
OmpK35 and OmpK36 porins depletion in KPC-Kp strains and no specific mutations were
observed in the blaKPC gene [19]. At the same time, our results showed that no specific muta-
tions were observed in KPC-Kp isolates resistant to both meropenem/vaborbactam and cef-
tazidime/avibactam in comparison to strains resistant to meropenem/vaborbactam alone.
These results are in accordance with previous findings that showed as cross-resistance to
meropenem/vaborbactam and ceftazidime/avibactam was due to loss-of-function muta-
tions in the OmpK35 and OmpK36 porins, which are also associated to elevated MICs for
β-lactams [14,15].

We observed that patients with BSI due to KPC-Kp resistant to both meropenem/vabor-
bactam and ceftazidime/avibactam had a short colonization time, thus suggesting that
cross-resistance did not result from selection pressure due to recently antimicrobial ther-
apy. Therefore, considering the high incidence of KPC-Kp strains in our country, it
is plausible that patients acquired cross-resistant strains during hospitalization or that
meropenem/vaborbactam and ceftazidime/avibactam resistance emerged after prolonged
antimicrobial treatments in colonized patients [20]. Overall, clinical and microbiological
failure was observed in two out of three patients with pneumonia, while no specific treat-
ment was associated to clinical success. At the same time, microbiological failure was only
observed in a colistin-meropenem combination treatment. Notably, cross-resistance to
meropenem/vaborbactam and ceftazidime/avibactam was not associated with clinical or
microbiological failure.

This study is limited to a small number of patients with BSI due to meropenem/vabor-
bactam-resistant strains treated with different combination treatments. Further study is
mandatory to evaluate the clinical outcome of different antimicrobial therapies against BSI
due meropenem/vaborbactam and/or ceftazidime/avibactam–resistant strains.

In conclusion, we described the incidence of meropenem/vaborbactam resistance
among KPC-Kp strains isolated from bacteremic patients. Further studies are planned to
characterize specific-mutations emerging in vivo under different antimicrobial therapy and
to evaluate the in vitro activity of novel antimicrobials (i.e., cefiderocol, imipenem/cilastatin/
relebactam) against meropenem/vaborbactam and/or ceftazidime/avibactam-resistant strains.

4. Materials and Methods
4.1. Study Participants

Between 1 January to 31 December 2018, we collected all KPC-producing K. pneumoniae
isolated from patients with BSIs hospitalized in the large tertiary-care university hospital
in Bologna. Policlinico di Sant’Orsola (PSO) is a 1420-bed University Hospital with an
average of 72,000 admissions per year. The study was conducted in accordance with the
Declaration of Helsinki and its later amendments. All the samples were kept anonymous
throughout the duration of the study. All consecutive adults (aged ≥18 years) with BSI due
to KPC-producing K.pnuemoniae were included in the study. Patients were only included at
the first episode of BSI due to KPC-Kp.
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4.2. Microbiological Analysis

The blood samples were processed following the routine workflow of the microbiology
laboratory of Sant’Orsola-Malpighi University Hospital. Briefly, samples were inoculated
in liquid medium bottles and incubated for five days in a Bactec FX blood culture system
(Becton Dickinson). The positive bottles were seeded on horse blood agar and CHRO-
Magar Orientation (Meus, Paris, France). Moreover, positive samples were inoculated
onto chocolate agar plates, which were incubated at 35–37 ◦C for 3 h. Species identifica-
tion was performed by MALDI-TOF mass spectrometry analysis from microbial growth
using Microflex instrument and MALDI Biotyper software (Bruker Daltonik, Bremen, Ger-
many) [21]. Antimicrobial susceptibility tests were performed using an automated system
MicroScan Walkaway-96 (Beckman Coulter, Brea, CA, USA). The Minimal inhibitory con-
centration (MIC) for meropenem/vaborbactam and ceftazidime/avibactam were tested
by MIC test strip (Liofilchem, Italy). In addition, MIC value for colistin was determined
by reference broth microdilution method [14]. MIC values were interpreted following
European Committee for Antimicrobial Susceptibility Testing (EUCAST) breakpoints v11.0
(http://www.eucast.org/clinical_breakpoints/; accessed on 31 March 2021).

Carbapenem-resistant Enterobacteriaceae were screened for carbapenemase produc-
tion following routine workflow established at the Microbiology Unit of S. Orsola-Malpighi
Hospital, as previously described [22]. Briefly, carbapenemase type was determined by
MALDI-TOF for 11,109 m/z specific peak detection for KPC [23] and/or by multiplex
immunochromatographic (IC) assay NG Test CARBA 5 (NG Biotech, France) for other
carbapenemase enzymes (IMP, VIM, NDM, KPC, OXA-48). In the case of discordant re-
sults between MALDI-TOF specific-peak and IC assays, and for ceftazidime/avibactam or
meropnem/vaborbactam reistance phenotypes, a molecular assay (Xpert Carba-R, Cepheid)
was performed to identify carbapenemase gene and to exclude Metallo-Beta-Lactamase pro-
duction.

4.3. Whole Genome Sequencing Analysis

Whole-genome sequencing of KPC-producing K. pneumoniae (KPC-Kp) strains was
performed to identify the molecular mechanism at the basis of meropenem/vaborbactam-
resistance as previous described [24]. Briefly, libraries were prepared by the Nextera DNA
flex sample preparation kit and sequenced using the Illumina Iseq100 platform (Illumina,
San Diego, CA, USA) with a 2 × 150 paired end run. All read sets were evaluated by
FastQC software and then assembled with SPAdes v.3.10 with careful settings. Plasmid
incompatibility type and phage regions were assessed using PlasmidFinder (https://
cge.cbs.dtu.dk/services/PlasmidFinder/; accessed on 31 March 2021) and PHAGE (http:
//phast.wishartlab.com; accessed on 31 March 2021) web tools on assembled genomes.
The known antimicrobial resistance was determined by mapping the assembled contigs on
the CGE server https://cge.cbs.dtu.dk/services/ (accessed on 31 March 2021).

Bacteria genomes were automatically annotated on the RAST server and Sequence type
(ST) was determine by using database (BIGSdb) (http://bigsdb.web.pasteur.fr; accessed
on 31 March 2021). Porin genes and Tn4401 isoform were manually investigated by
BLAST analysis. A core genome single nucleotide polymorphism (SNP) phylogeny was
generated using core genome SNPs analysis using the ParSNP software [25] using draft
genomes of KPC-producing K. pneumoniae CC258 strains isolated in Italy and complete
genome of strain NJST258_1 (Accession no. NZ_CP006923.1) as reference, as previously
described [25]. ParSNP was performed using settings “–c”, “-a 13” and “-x” for include
all genomes, higher resolution mapping and exclusion of SNPs located in regions of
recombination. The maximum likelihood tree was constructed from final alignment of
core-genome SNPs using FastTree with generalized time-reversible mode and visualized
by using iTOL software [26]. Additionally, epidemioligcal analysis was confirmed by using
core genome MLST analysis [27]. Single nucleotide polymorphisms (SNPs) and insertion-
deletions (Indels) between MEM/VAB-resistant KPC-Kp genomes were investigated using
Breseq [28].

http://www.eucast.org/clinical_breakpoints/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
http://phast.wishartlab.com
http://phast.wishartlab.com
https://cge.cbs.dtu.dk/services/
http://bigsdb.web.pasteur.fr
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4.4. Data Availability

The sequencing reads generated during the current study are available via the NIH
Sequence Read Archive (SRA) via Bioproject PRJNA722151.

4.5. Clinical Data and Statistical Analysis

The severity of illness during the onset of BSI was calculated by Sequential Organ
Failure Assessment score (SOFA score), as previously described [29,30].

The clinical outcome was defined as all-cause mortality at day 30 after BSI onset (index
BC collection day). The microbiologic failure was defined as isolation of KPC-Kp strain
with similar antimicrobial susceptibility pattern following 30 days of target antimicrobial
treatment. The relapse infection was defined as growth of the same organism with a similar
antimicrobial resistance pattern to KPC-producing K. Pneumoniae isolated in the first BSI
after the end of therapy, but before day 30.

The results (continuous variables non normally distributed) were analyzed as the
median and interquartile range (IQR) or as percentages of the group from which they were
derived (categorical variables).

Author Contributions: P.G. conceived the study and designed the study protocol; D.L. carried
out the literature search and antimicrobial susceptibility testing; P.G., F.B. and B.M. performed
molecular analysis; P.G. organized, integrated all data and carried out the investigation; P.G. and D.L.
interpreted data and drafted the manuscript; L.B., M.G., M.B., P.V., T.L. and S.A. critically revised the
manuscript for important intellectual content. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Italian Ministry of Health (Ricerca Finalizzata, Giovani
Ricercatori, GR-2018-12367572).

Institutional Review Board Statement: The study was conducted in the context of normal clinical
routine. The study was conducted in accordance with the Declaration of Helsinki. Samples were
coded and analysis was performed with anonymized database.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The sequencing reads are available at the NIH Sequence Read Archive
(SRA) via Bioproject PRJNA722151.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Toussaint, K.A.; Gallagher, J.C. β-lactam/β-lactamase inhibitor combinations: From then to now. Ann. Pharmacother. 2015, 49,

86–98. [CrossRef]
2. Petrosillo, N.; Giannella, M.; Lewis, R.; Viale, P. Treatment of carbapenem-resistant Klebsiella pneumoniae: The state of the art.

Expert Rev. Anti-Infect. Ther. 2013, 11, 159–177. [CrossRef]
3. Tzouvelekis, L.S.; Markogiannakis, A.; Piperaki, E.; Souli, M.; Daikos, G.L. Treating infections caused by carbapenemase-

producing Enterobacteriaceae. Clin. Microbiol. Infect. 2014, 20, 862–872. [CrossRef]
4. Bassetti, M.; Peghin, M. How to manage KPC infections. Ther. Adv. Infect. Dis. 2020, 7, 2049936120912049.
5. Giacobbe, D.R.; Maraolo, A.E.; Viscoli, C. Pitfalls of defining combination therapy for carbapenem-resistant Enterobacteriaceae in

observational studies. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 1707–1709. [CrossRef] [PubMed]
6. Drawz, S.M.; Bonomo, R.A. Three decades of β-lactamase inhibitors. Clin. Microbiol. Rev. 2010, 23, 160–201. [CrossRef] [PubMed]
7. Monaco, M.; Giani, T.; Raffone, M.; Arena, F.; Garcia-Fernandez, A.; Pollini, S.; Network EuSCAPE-Italy; Grundmann, H.;

Pantosti, A.; Rossolini, G.M. Colistin resistance superimposed to endemic carbapenem-resistant Klebsiella pneumoniae: A
rapidly evolving problem in Italy, November 2013 to April 2014. Eur. Surveill. 2014, 19, 20939. [CrossRef] [PubMed]

8. Wong, D.; van Duin, D. Novel β-lactamase inhibitors: Unlocking their potential in therapy. Drugs 2017, 77, 615–628. [CrossRef]
9. Zhanel, G.G.; Lawrence, C.K.; Adam, H.; Schweizer, F.; Zelenitsky, S.; Zhanel, M.; Lagacé-Wiens, P.R.S.; Walkty, A.; Denisuik, A.;

Golden, A.; et al. Imipenem-relebactam and meropenem-vaborbactam: Two novel carbapenem-β-lactamase inhibitor combina-
tions. Drugs 2018, 78, 65–98. [CrossRef]

10. Hecker, S.J.; Reddy, K.R.; Totrov, M.; Hirst, G.C.; Lomovskaya, O.; Griffith, D.C.; King, P.; Tsivkovski, R.; Sun, D.; Sabet, M.; et al.
Discovery of a cyclic boronic acid β-lactamase inhibitor (RPX7009) with utility vs class A serine carbapenemases. J. Med. Chem.
2015, 58, 3682–3692. [CrossRef]

http://doi.org/10.1177/1060028014556652
http://doi.org/10.1586/eri.12.162
http://doi.org/10.1111/1469-0691.12697
http://doi.org/10.1007/s10096-017-3010-z
http://www.ncbi.nlm.nih.gov/pubmed/28528405
http://doi.org/10.1128/CMR.00037-09
http://www.ncbi.nlm.nih.gov/pubmed/20065329
http://doi.org/10.2807/1560-7917.ES2014.19.42.20939
http://www.ncbi.nlm.nih.gov/pubmed/25358041
http://doi.org/10.1007/s40265-017-0725-1
http://doi.org/10.1007/s40265-017-0851-9
http://doi.org/10.1021/acs.jmedchem.5b00127


Antibiotics 2021, 10, 536 10 of 10

11. Lomovskaya, O.; Sun, D.; Rubio-Aparicio, D.; Nelson, K.; Tsivkovski, R.; Griffith, D.C.; Dudley, M.N. Vaborbactam: Spectrum of
beta-lactamase inhibition and impact of resistance mechanisms on activity in Enterobacteriaceae. Antimicrob. Agents Chemother.
2017, 61, 1–15. [CrossRef] [PubMed]

12. Wunderink, R.G.; Giamarellos-Bourboulis, E.J.; Rahav, G.; Mathers, A.J.; Bassetti, M.; Vazquez, J.; Cornely, O.A.; Solomkin, J.;
Bhowmick, T.; Bishara, J.; et al. Effect and Safety of Meropenem-Vaborbactam versus Best-Available Therapy in Patients with
Carbapenem-Resistant Enterobacteriaceae Infections: The TANGO II Randomized Clinical Trial. Infect. Dis. Ther. 2018, 7, 439–455.
[CrossRef] [PubMed]

13. Lapuebla, A.; Abdallah, M.; Olafisoye, O.; Cortes, C.; Urban, C.; Quale, J.; Landman, D. Activity of meropenem combined with
RPX7009, a novel β-lactamase inhibitor, against Gram-negative clinical isolates in New York City. Antimicrob. Agents Chemother.
2015, 59, 4856–4860. [CrossRef] [PubMed]

14. Gaibani, P.; Re, M.C.; Campoli, C.; Viale, P.L.; Ambretti, S. Bloodstream infection caused by KPC-producing Klebsiella pneumoniae
resistant to ceftazidime/avibactam: Epidemiology and genomic characterization. Clin. Microbiol. Infect. 2020, 26, 516.e1–516.e4.
[CrossRef]

15. Dulyayangkul, P.; Wan Nur Ismah, W.A.K.; Douglas, E.J.A.; Avison, M.B. Mutation of kvrA Causes OmpK35 and OmpK36 Porin
Downregulation and Reduced Meropenem-Vaborbactam Susceptibility in KPC-Producing Klebsiella pneumoniae. Antimicrob.
Agents Chemother. 2020, 64, e02208-19. [CrossRef]

16. Chen, L.; Mathema, B.; Chavda, K.D.; DeLeo, F.R.; Bonomo, R.A.; Kreiswirth, B.N. Carbapenemase-producing Klebsiella
pneumoniae: Molecular and genetic decoding. Trends Microbiol. 2014, 22, 686–696. [CrossRef]

17. Sun, D.; Rubio-Aparicio, D.; Nelson, K.; Dudley, M.N.; Lomovskaya, O. Meropenem- Vaborbactam Resistance Selection, Resistance
Prevention, and Molecular Mechanisms in Mutants of KPC-Producing Klebsiella pneumoniae. Antimicrob. Agents Chemother.
2017, 61, e01694-17. [CrossRef]

18. Garcia-Fernandez, A.; Villa, L.; Carta, C.; Venditti, C.; Giordano, A.; Venditti, M. Klebsiella pneumoniae ST258 producing
KPC-3 identified in Italy carries novel plasmids and OmpK36/OmpK35 porin variants. Antimicrob. Agents Chemother. 2012, 56,
2143–2145. [CrossRef]

19. Landman, D.; Bratu, S.; Quale, J. Contribution of OmpK36 to carbapenem susceptibility in KPC-producing Klebsiella pneumoniae.
J. Med. Microbiol. 2009, 58, 1303–1308. [CrossRef]

20. Giani, T.; Pini, B.; Arena, F.; Conte, V.; Bracco, S.; Migliavacca, R.; AMCLI-CRE Survey Participants; Pantosti, A.; Pagani, L.;
Luzzaro, F.; et al. Epidemic diffusion of KPC carbapenemase-producing Klebsiella pneumoniae in Italy: Results of the first
countrywide survey. Eur. Surveill. 2011, 18, 20489.

21. Gaibani, P.; Galea, A.; Fagioni, M.; Ambretti, S.; Sambri, V.; Landini, M.P. Evaluation of Matrix-Assisted Laser Desorption
Ionization-Time of Flight Mass Spectrometry for Identification of KPC-Producing Klebsiella pneumoniae. J. Clin. Microbiol. 2016,
54, 2609–2613. [CrossRef]

22. Foschi, C.; Gaibani, P.; Lombardo, D.; Re, M.C.; Ambretti, S. Rectal screening for carbapenemase-producing Enterobacteriaceae: A
proposed workflow. J. Glob. Antimicrob. Resist. 2020, 21, 86–90. [CrossRef]

23. Gaibani, P.; Ambretti, S.; Tamburini, M.V.; Vecchio-Nepita, E.; Re, M.C. Clinical application of Bruker Biotyper MALDI-TOF/MS
system for real-time identification of KPC production in Klebsiella pneumoniae clinical isolates. J. Glob. Antimicrob. Resist. 2018,
12, 169–170. [CrossRef]

24. Gaibani, P.; Campoli, C.; Lewis, R.E.; Volpe, S.L.; Scaltriti, E.; Giannella, M.; Pongolini, S.; Berlingeri, A.; Cristini, F.;
Bartoletti, M.; et al. In vivo evolution of resistant subpopulations of KPC-producing Klebsiella pneumoniae during cef-
tazidime/avibactam treatment. J. Antimicrob. Chemother. 2018, 73, 1525–1529. [CrossRef]

25. Treangen, T.J.; Ondov, B.D.; Koren, S.; Phillippy, A.M. The Harvest suite for rapid core-genome alignment and visualization of
thousands of intraspecific microbial genomes. Genome Biol. 2014, 15, 524. [CrossRef] [PubMed]

26. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL): An online tool for phylogenetic treedisplay and annotation. Bioinformatics
2011, 23, 127–128. [CrossRef]

27. Feng, Y.; Zou, S.; Chen, H.; Yu, Y.; Ruan, Z. BacWGSTdb 2.0: A one-stop repository for bacterial whole-genome sequence typing
and source tracking. Nucleic Acids Res. 2021, 49, 644–650. [CrossRef]

28. Barrick, J.E.; Colburn, G.; Deatherage, D.E.; Traverse, C.C.; Strand, M.D.; Borges, J.J.; Knoester, D.B.; Reba, A.; Meyer, A.G.
Identifying structural variation in haploid microbial genomes from short-read resequencing data using breseq. BMC Genom. 2014,
15, 1039. [CrossRef]

29. Vincent, J.L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonça, A.; Bruining, H.; Reinhart, C.K.; Suter, P.M.; Thijs, L.G. The
SOFA (Sepsis-related Organ Failure assessment) score to describe organ dysfunction/failure. On behalf of the Working group on
Sepsis-related Problems of the european Society of intensive care Medicine. Intensive Care Med. 1998, 22, 707–710. [CrossRef]
[PubMed]

30. Piano, S.; Bartoletti, M.; Tonon, M.; Baldassarre, M.; Chies, G.; Romano, A.; Viale, P.; Vettore, E.; Domenicali, M.; Stanco, M.; et al.
Assessment of Sepsis-3 criteria and quick SOFA in patients with cirrhosis and bacterial infections. Gut 2018, 67, 1892–1899.
[CrossRef] [PubMed]

http://doi.org/10.1128/AAC.01443-17
http://www.ncbi.nlm.nih.gov/pubmed/28848018
http://doi.org/10.1007/s40121-018-0214-1
http://www.ncbi.nlm.nih.gov/pubmed/30270406
http://doi.org/10.1128/AAC.00843-15
http://www.ncbi.nlm.nih.gov/pubmed/26033723
http://doi.org/10.1016/j.cmi.2019.11.011
http://doi.org/10.1128/AAC.02208-19
http://doi.org/10.1016/j.tim.2014.09.003
http://doi.org/10.1128/AAC.01694-17
http://doi.org/10.1128/AAC.05308-11
http://doi.org/10.1099/jmm.0.012575-0
http://doi.org/10.1128/JCM.01242-16
http://doi.org/10.1016/j.jgar.2019.10.012
http://doi.org/10.1016/j.jgar.2018.01.016
http://doi.org/10.1093/jac/dky082
http://doi.org/10.1186/s13059-014-0524-x
http://www.ncbi.nlm.nih.gov/pubmed/25410596
http://doi.org/10.1093/bioinformatics/btl529
http://doi.org/10.1093/nar/gkaa821
http://doi.org/10.1186/1471-2164-15-1039
http://doi.org/10.1007/BF01709751
http://www.ncbi.nlm.nih.gov/pubmed/8844239
http://doi.org/10.1136/gutjnl-2017-314324
http://www.ncbi.nlm.nih.gov/pubmed/28860348

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Participants 
	Microbiological Analysis 
	Whole Genome Sequencing Analysis 
	Data Availability 
	Clinical Data and Statistical Analysis 

	References

