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Abstract: Background: Ceftazidime/avibactam (CAZ-AVI) resistance amongst Enterobacterales is
worryingly increasing worldwide. Objectives: The aim of this study was to collect and describe
real-life data on CAZ-AVI-resistant Klebsiella pneumoniae (KP) isolates in our University Hospital, with
the ultimate goal of evaluating possible risk factors related to the acquisition of resistance. Methods:
This is a retrospective observational study, including unique Klebsiella pneumoniae (KP) isolates
resistant to CAZ-AVI (CAZ-AVI-R) and producing only KPC, collected from July 2019 to August
2021 at Policlinico Tor Vergata, Rome, Italy. The pathogen’s list was obtained from the microbiology
laboratory; clinical charts of the corresponding patients were reviewed to collect demographic and
clinical data. Subjects treated as outpatients or hospitalized for <48 h were excluded. Patients were
then divided into two groups: S group, if they had a prior isolate of CAZ-AVI-susceptible KP-KPC,
and R group, if the first documented isolate of KP-KPC was resistant to CAZ-AVI. Results: Forty-six
unique isolates corresponding to 46 patients were included in the study. The majority of patients
(60.9%) were hospitalized in an intensive care unit, 32.6% in internal medicine wards and 6.5%
in surgical wards. A total of 15 (32.6%) isolates were collected from rectal swabs, representing a
colonization. Amongst clinically relevant infections, pneumonia and urinary tract infections were
the most commonly found (5/46, 10.9% each). Half of the patients received CAZ-AVI prior to
isolation of the KP-KPC CAZ-AVI-R (23/46). This percentage was significantly higher in patients
in the S group compared to patients in the R group (69.3% S group vs. 25% R group, p = 0.003). No
differences between the two groups were documented in the use of renal replacement therapy or in
the infection site. The clinically relevant CAZ-AVI-R KP infections (22/46, 47.8%) were all treated
with a combination therapy, 65% including colistin and 55% including CAZ-AVI, with an overall
clinical success of 38.1%. Conclusions: Prior use of CAZ-AVI was associated with the emergence of
drug resistance.

Keywords: Klebsiella pneumoniae; ceftazidime/avibactam; multidrug resistance

1. Introduction

Antimicrobial resistance represents a public health problem worldwide, and carbapenem-
resistant Enterobacterales are a serious threat, causing difficult-to-treat severe infections. In
Italy, carbapenem resistance in Enterobacterales is endemic, mainly sustained by Klebsiella
pneumoniae species producing different carbapenemases with KPC (Klebsiella pneumoniae
carbapenemase) being the more common [1]. The antibiotic pipeline has focused on
multidrug-resistant (MDR) pathogens in the past years, with the release of two beta-lactam
beta-lactamases inhibitors in 2015: ceftazidime/avibactam and ceftolozane/tazobactam.
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Ceftazidime/avibactam (CAZ-AVI) is highly effective against carbapenemase-producing
organisms but it is not active against class B beta-lactamases (metallo-beta-lactamases).
CAZ-AVI is nowadays the first-line antibiotic to treat carbapenemase-producer Enter-
obacterales, given its documented safety and efficacy [2–6]. Grievously, since CAZ-AVI
introduction in clinical practice in 2015, resistance to the antibiotic has been increasingly
documented. The first case was reported in 2015 in a patient not previously exposed to
CAZ-AVI [7], subsequent reports have incremented, leading to the release of the Rapid Risk
Assessment in 2018 by the eCDC (European Center for Disease Prevention and Control) [8].

Some risk factors for CAZ-AVI resistance acquisition have been hypothesized: a
retrospective study published in 2018 by Shields and colleagues identified pneumonia
and the use of renal replacement therapies as major risk factors for CAZ-AVI resistance
development [9], highlighting the role of sub-optimal exposure to the drug as a driver for
resistance emergence [10,11]. CAZ-AVI resistance development is not yet fully understood
and the identification and management of these infections still represents an important
knowledge gap [12]. Aim of this study was to evaluate CAZ-AVI-resistant isolates at the
Policlinico Tor Vergata University Hospital in Rome, Italy, with the ultimate goal to evaluate
possible risk factors related to the acquisition of resistance.

2. Results

Ninety-one CAZ-AVI-resistant (CAZ-AVI-R) Enterobacteriaceae isolates were collected
from 1 July 2019 to 3 August 2021 at Policlinico Tor Vergata University Hospital, Rome.
Seventy-four isolates (81.3%) were Klebsiella pneumoniae, of which seventeen (22.9%) ex-
pressed metallo-beta-lactamases, and eight expressed more than one resistance mechanism
and were hence excluded. After collecting clinical data, three patients were excluded for
being treated as outpatients, or hospitalized for less than 48 h, reaching a final population
of 46 isolates (Figure 1).

The number of CAZ-AVI-R isolates increased over time, with only three isolates in
2019 and 31 CAZ-AVI-R strains detected until August 2021 (Table 1). Overall, 54.3% (25/46)
of the enrolled patients were male, with median age of 65.5 years (interquartile range [IQR]
54.5–76). All the patients had at least one comorbidity, cardiovascular disease being the
most frequent (65.2%), followed by cerebrovascular diseases (34.8%) and obesity (23.9%).
Median time from hospitalization (emergency department access) to the first CAZ-AVI-R
strain was 26 days (IQR 13–49.5). Most patients were hospitalized in the intensive care
unit ward (28/46, 60.9%) when the CAZ-AVI-R isolate was obtained. Half of the patients
received treatment with CAZ-AVI prior to the isolation of the CAZ-AVI-R KP-KPC.

Table 1. Population’s demographic characteristics, overall and by subgroups.

Overall Population
K. pneumoniae KPC

46 Patients

Group R
20 Patients (43.5%)

Group S
26 Patients (56.5%) p

Absolute
n◦ % Absolute

n◦ % Absolute
n◦ %

Year of isolate
2019 3 6.5 0 3 11.5

0.2692020 12 26.1 5 25 7 26.9
2021 31 67.4 15 75 16 61.6

Age (median, IQR) 65.5 54.5–76 69.5 55–77.2 64 54.7–76 0.816

Sex (M/F) 25/21 54.3/45.7 12/8 60/40 13/13 50/50 0.500
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Table 1. Cont.

Overall Population
K. pneumoniae KPC

46 Patients

Group R
20 Patients (43.5%)

Group S
26 Patients (56.5%) p

Absolute
n◦ % Absolute

n◦ % Absolute
n◦ %

Comorbidities
Cardiovascular 30 65.2 12 60 18 69.2 0.515

Cerebrovascular 16 34.8 9 45 7 26.9 0.202
Obesity 11 23.9 4 20 7 26.9 0.585

Psychiatric/dementia 11 23.9 5 25 6 23.1 0.880
Renal 11 23.9 5 25 6 23.1 0.880

Respiratory 10 21.7 4 20 6 23.1 0.802
Diabetes 8 17.4 2 10 6 23.1 0.246

Solid tumour 6 13 4 20 2 7.7 0.219
Solid organ transplant 3 6.5 0 3 11.5 0.116

Haematologic 4 8.7 2 10 2 7.7 0.783

Days from hospital
admission to CAZ-AVI-R
isolate (median, IQR)

26 13–49.5 14 9–29.5 41 23.5–60.5 0.003

Ward of CAZ-AVI-R
Intensive care unit 28 60.9 13 65 15 57.7

0.861Internal medicine 15 32.6 6 30 9 34.6
Surgical wards 3 6.5 1 5 2 7.7

Previous CAZ-AVI
treatment (yes/tot) 23/46 50 5/20 25 18/26 69.2 0.003

Of which
CAZ-AVI full dose

(yes/tot) 16/23 69.5 4/5 80 12/18 66.6 0.567

CRRT/dialysis 4/23 17.4 0/5 4/18 22.2 0.246

Group R: patients with the first K. pneumoniae isolate resistant to CAZ-AVI; Group S: patients with K. pneumoniae
CAZ-AVI-susceptible strains isolated prior to the CAZ-AVI-R strain. The reported p value was obtained using the
Mann–Whitney test or the Chi2 test, as appropriate; statistically significant correlations are highlighted in bold.
CAZ-AVI: ceftazidime/avibactam; CRRT: continuous renal replacement therapy; IQR: interquartile range; KPC:
Klebsiella pneumoniae carbapenemase producer.

Fifteen patients (32.6%) only had rectal swab colonization, nine patients (19.6%) were
colonized in different sites (six urinary tract, two skin, one respiratory system). Twenty-two
patients (47.8%) had a clinically relevant infection, pneumonia and urinary tract infection
being the most common (10.9% each), followed by catheter-related and secondary blood-
stream infections (6.5% each) (Table 2). Thirty-two CAZ-AVI-R isolates were investigated
with an immuno-chromatographic assay and 27/32 (84.4%) tested positive for the KPC en-
zyme. Molecular assay detected the presence of the blaKPC gene for all strains. Eleven out
of forty-six (23.9%) CAZ-AVI-R isolates were susceptible to meropenem, and 4/46 (8.7%)
isolates showed a meropenem minimum inhibitory concentration (MIC) in the intermediate
(susceptible increased exposure) range (2 < MIC < 8 mg/L).
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Table 2. Population’s microbiologic characteristics, overall and by subgroups.

Overall Population
K. pneumoniae KPC

46 Patients

Group R
20 Patients (43.5%)

Group S
26 Patients (56.5%) p

Absolute
n◦ % Absolute

n◦ % Absolute
n◦ %

K. pneumoniae isolate
Infection 22 47.8 5 25 17 65.4

0.007Colonization 24 52.2 15 75 9 34.6

K. pneumoniae isolation site
Rectal swab colonization 15 32.6 13 65 2 7.7

Colonization—other sites * 9 19.6 2 ** 10 7 26.9
Pneumonia 5 10.9 0 5 19.2

Urinary tract infection 5 10.9 2 10 3 11.5
Catheter-related BSI 3 6.5 1 5 2 7.7

BSI (primary) 1 2.2 1 5 0
BSI (secondary) 3 6.5 0 3 11.5

Soft tissue and skin 2 4.3 1 5 1 3.9
Intrabdominal infection 2 4.3 0 2 7.7

Surgical site infection 1 2.2 0 1 3.9

Positive KPC
immunocromatographic
test (yes/tot)

27/32 # 84.4 16/18 88.8 11/14 78.6 0.425

Meropenem S 11 23.9 5 25 6 23.1
0.737Meropenem I 4 8.7 1 5 3 11.5

Meropenem R 31 67.4 14 70 17 65.4

* other colonized sites included urinary tract (6 patients), skin (2 patients), and respiratory system (1 patient).
** 2 patients with urinary tract colonization. # immunocromatographic test was performed only in 32 patients.
Group R: patients with the first K. pneumoniae isolate resistant to CAZ-AVI; Group S: patients with K. pneumoniae
CAZ-AVI-susceptible strains isolated prior to the CAZ-AVI-R strain. The reported p value was obtained with
the Mann-Whitney test or the Chi2 test, as appropriate; statistically significant correlations are highlighted in
bold. BSI: bloodstream infection; I: intermediate susceptibility (susceptible increased exposure); KPC: Klebsiella
pneumoniae carbapenemase producer; R: resistant; S: susceptible.

Twenty patients (43.5%) had no previous K. pneumoniae isolate susceptible to cef-
tazidime/avibactam (R group), while 26 patients (56.5%) had a previous K. pneumoniae
isolate susceptible to CAZ-AVI (S group). The two subgroups were comparable for age
(median age 69.5 years old [IQR 55–77.2] R group vs. 64.5 years old [IQR 54.7–76] S group),
sex distribution (males 60% R vs. 50% S), comorbidities and ward of CAZ-AVI-R strain
isolation (Table 1). Median time from hospitalization to the detection of the CAZ-AVI-R
isolate was significantly longer in the S group, compared to the R subpopulation (41 days
[IQR 23.5–60.5] S group vs. 14 days [IQR 9–29.5] R group, p = 0.003). Subjects in the S group
received significantly more often treatment with CAZ-AVI prior to isolation of CAZ-AVI-R
strain (69.2% S group vs. 25% R group, p = 0.003); no differences were recorded in CAZ-AVI
dosages or the use of dialysis/continuous renal replacement therapy (CRRT). As for the
colonization/infection site, patients in the R group had a colonization more often (mainly
rectal swab colonization), while patients in the S group had clinically relevant infections
more often (p = 0.007) (Table 2). No differences were recorded in immunocromatography
positivity rates of the CAZ-AVI-R strains.

Data on the 22 patients with a clinically relevant infection are presented in Table 3.
Two patients died within 24 h from the isolation of the CAZ-AVI-R Klebsiella pneumoniae,
without receiving a targeted therapy. The remaining 20 patients all received combina-
tion therapy, with a median of two antibiotics. The majority of combination strategies
included colistin (13/20, 65%) and ceftazidime/avibactam (11/20, 55%). Clinical success
was achieved in 8/21 cases (38.1%).
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Figure 1. Flow chart of patients’ selection criteria.

Table 3. Demographic and microbiological characteristics of the patients with a KP-KPC CAZ-AVI-R
clinically relevant infection.

Overall Population
Clinically Relevant Infections 22 Patients

Absolute n◦ %

Age (median, IQR) 54.5 57.2–74.7

Sex (M/F) 14/8 63.6/36.4

Comorbidities
Cardiovascular 17 77.3

Cerebrovascular 5 22.7
Obesity 4 18.2

Psychiatric/dementia 4 18.2
Renal 6 27.3

Respiratory 5 22.7
Diabetes 2 9.1

Solid tumour 2 9.1
Solid organ transplant 2 9.1

Haematologic 1 4.5
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Table 3. Cont.

Overall Population
Clinically Relevant Infections 22 Patients

Absolute n◦ %

Days from hospital admission to
CAZ-AVI-R isolate (median, IQR) 28 17–49.5

Ward of CAZ-AVI-R
Intensive care unit 14 63.6
Internal medicine 6 27.3

Surgical wards 2 9.1

Antibiotic treatment 20/22 * 90.9
Combination therapy 20 100

Number of antibiotic (median) 2 min 0–max 3
Colistin 13 65

CAZ-AVI 11 55
Carbapenem 8 40

Days of antibiotic (median, IQR) 10.5 4.5–14

Clinical resolution yes/no ** 8/13 38.1/61.9

Death ** 13 61.9
* Two patients died within 24 h from the CAZ-AVI-R isolate, no specific therapy could be started before the exitus.
** data for 21 patients, for one patient some clinical data were not retrievable. CAZ-AVI: ceftazidime/avibactam;
IQR: interquartile range; KPC: Klebsiella pneumoniae carbapenemase producer.

3. Discussion

Our study describes a cohort of 46 patients with CAZ-AVI-R Klebsiella pneumoniae KPC
producer isolates, both as a colonization or infection, collected over a 3-year period. This is,
to the best of our knowledge, the largest observational study on CAZ-AVI resistance and
the first to focus specifically on K. pneumoniae. A recent systematic review, published in
2021 by Di Bella and colleagues, summarized available data on CAZ-AVI resistance: from
2015, a total of 24 papers were included, accounting for 42 patients with 57 strains resistant
to CAZ-AVI [13]. All of them were KPC-producing, with more than 90% of K. pneumoniae
from patients with clinically documented infections.

Around 70% of the acquired CAZ-AVI resistance was documented in patients pre-
viously treated with CAZ-AVI, highlighting the role of antibiotic exposure as a major
resistance driver. In our cohort, CAZ-AVI-R KP-KPC were isolated mainly in the Intensive
Care Unit (ICU) (60.9%), probably related to a higher antibiotic use in critically ill patients,
who often have an altered protein and volume distribution that could cause an altered drug
exposure. Overall, half of the patients in our cohort received CAZ-AVI prior to the KP-KPC
CAZ-AVI-R strain isolation, and CAZ-AVI exposure was significantly higher in the S group
patients (69.2% S group vs. 25% R group, p = 0.003), underlining the influence of CAZ-AVI
exposure in resistance development. Time from the hospital admission to CAZ-AVI-R
strain isolation was significantly longer in the S group compared to the R group (41 days
vs. 14 days, p = 0.003), again probably accounting for a greater antibiotic selective pressure
as a catalyst for CAZ-AVI-R emergence. The use of CAZ-AVI in combination with other
antibiotics might protect the molecule from resistance development, although so far no
definitive combination therapy has been proven as more effective than others, and vivid
discussion is still ongoing on the necessity of combination strategies [2–4,14,15].

CAZ-AVI resistance has also been reported in patients not previously exposed to the
antibiotic [7,8,10,13] (43.5% in our cohort). The ability of the CAZ-AVI resistance genes to
horizontally transfer between strains and patients might account for “baseline” CAZ-AVI
resistance, calling for important national and international surveillance programs and strict
infection control measures [10,16,17].

Some of the mutations associated with CAZ-AVI resistance, such as the D179Y, have
been shown to restore meropenem activity in CAZ-AVI-resistant strains, thus phenotypi-
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cally resulting as ESBLs [18–20]. In the present study cohort, carbapenem susceptibility has
been reported in 32.6% of the CZA-AVI-R isolates (15/46; 11 [S] + 4 [I]). Data on the clinical
efficacy of meropenem to treat these pathogens are still conflicting, and the risk of develop-
ing meropenem resistance during carbapenem therapy, maintaining CAZ-AVI resistance,
is substantial. [13,14,18,19]. A recent literature review described a mortality of 50% and a
clinical response of 62.5% in CAZ-AVI-R carbapenem-susceptible KPC-producing K. pneu-
moniae active infections treated with meropenem [14]. In our cohort, all clinically relevant
CAZ-AVI-R infections were treated with a combination therapy, including carbapenemes
in 40% of cases, with an overall low percentage of clinical success. New molecules such as
meropenem/vaborbactam and cefiderocol might be considered [2–4,21–23], even though
reduced susceptibility and cross-resistances has been reported [24–26].

Some mutations conferring CAZ-AVI-resistance have been shown to alter detectability
in the available diagnostic microbiology tools, specifically rapid tests such as the im-
munocromatographic test, posing further challenges to both microbiologists and clini-
cians [14,27,28]. In the present study, only 15.6% of CAZ-AVI-R strains were not detected as
KPC-producing by immunocromatographic assays (5 out of 33). Genetic characterization of
the strains was performed in four isolates, and the data have been recently published [29].
The strains were all KPC-3, with D179Y substitutions in the Ω-loop; meropenem suscepti-
bility was restored in all the isolates previously resistant to carbapenemes, and none of the
strains were detected as KPC by immunocromatographic assay [29]. The identification of
risk factors for the development of CAZ-AVI resistance could help select target populations
in which to use specific molecular assays, genotypic testing, and phenotypic resistance
profiles, changing CAZ-AVI-R K. pneumoniae infections management and outcome and
allowing better antibiotic tailoring.

The study has several limitations, firstly due to its retrospective and monocentric
design. The number of included patients is small, not allowing us to conduct robust
statistical analysis. Data were collected only up to the first CAZ-AVI-R strain isolation,
either as colonizer or as pathogen, so data on incidence of infections in colonized patients
were not recorded, and data on antibiotic treatment and outcome of CAZ-AVI-R infections
are not complete. Previous hospitalization or antibiotic treatment were not investigated,
limiting observation in the R group. Genetic analysis was not performed; hence, it is not
possible to infer on CAZ-AVI resistance mechanisms. However, to our knowledge, this
is the largest observational study on ceftazidime/avibactam resistance in Enterobacterales,
and the first focusing only on Klebsiella pneumoniae KPC in hospitalized patients, reducing
possible confounding factors due to different pathogens’ mechanisms of resistance.

4. Conclusions

Resistance to CAZ-AVI in carbapenemase-producing K. pneumoniae is worryingly
increasing. CAZ-AVI exposure and long hospitalization times seem to increase the risk of
CAZ-AVI resistance acquisition; furthermore, CAZ-AVI-resistant KPC-producing strains
are not always detected by available diagnostic tools, and susceptibility testing should
be interpreted with caution. New antibiotics such as meropenem/vaborbactam might
represent a valid treatment for these infections. Multicentric prospective and case-control
studies are needed to better clarify risk factors for CAZ-AVI resistance acquisition during
hospitalization and identify the optimal antibiotic treatment.

5. Materials and Methods
5.1. Study Design and Population Selection

The present is a retrospective cohort study, assessing prospectively collected data.
Sequential unique isolates of CAZ-AVI-resistant (CAZ-AVI-R) pathogens obtained from
patients admitted to the University Hospital of Tor Vergata, Rome, Italy between 1 July 2019
and the 3rd of August 2021 were included in the study. The isolate list was derived from the
microbiology laboratory surveillance program for CAZ-AVI-resistant pathogens active at
the study site. The study population was then restricted to K. pneumoniae spp. pneumoniae
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CAZ-AVI-R isolates; Klebsiella pneumoniae isolates in which metallo-beta-lactamases could
be identified were excluded from analysis as well as bacterial isolates with more than one
resistance mechanism. Finally, Klebsiella pneumoniae with only KPC production as their
resistance mechanism were included in the study.

The study was approved by the local ethics committee (protocol number 177.21).
Given the retrospective nature of the study, patients’ informed consent was not necessary.
The study was conducted in accordance with the principles of the Declaration of Helsinki.

5.2. Microbiology Analysis

Antimicrobial susceptibility testing was performed using ITGN Micronaut panels
(Diagnostika Gmbh, Bornheim, Germany, now company of Bruker Daltonics) run on
MICRO MIB (Bruker Daltonics, Billerica, MA, USA) and interpreted following the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) clinical breakpoint v 9.0 [30].

Carba SMART selective chromogenic media (bioMerieux Italia, Grassina, Italy) was
used to screen for carbapenemase-producing Enterobacterales (CPE). Colonies detected on
carba SMART from rectal swabs or on other clinical isolates were identified with MALDI-
TOF MS (Bruker Daltonics). Identification of carbanemases (KPC, VIM, imipenase [IMP],
NDM, oxacillin-hydrolysing [OXA-48]) was performed using the immunochromatographic
(IC) assay NG CARBA (NG Biotech, Guipry, France) according to manufacturer’s instruc-
tions. Carbapenemases detected by IC assay were also confirmed by molecular assay, using
an in-house-developed multiplex real time PCR probe-based assay, able to simultaneously
quickly detect KPC, OXA-48, VIM and NDM [31].

5.3. Data Collection

The first CAZ-AVI-R Klebsiella pneumoniae isolate was registered for each patient;
subsequently, demographic data, comorbidities, treatment, laboratory and microbiological
data were collected in an ad-hoc-created Excel database. Data were collected up until
isolation of the first Klebsiella pneumoniae CAZ-AVI-R. Clinical data were retrieved from
a clinical chart review; laboratory and microbiology findings were extracted from the
electronic software of the hospital. Patients not hospitalized and those hospitalized for less
than 48 h were excluded. Data on both colonization and infections were collected. The
site of infection was defined according to the CDC’s National Healthcare Safety Network
(NHSN) definitions, version January 2021 [32]; when NHNS criterion could not be fulfilled
due to a lack of clinical information from clinical chart review, antibiotic initiation by
the infectious diseases specialist to treat the CAZ-AVI-R isolate would be classified as an
infection.

The study population was divided in two subgroups: R group, if the first Klebsiella
pneumoniae ever isolated from the patient was CAZ-AVI-R, or S group, if the patient had a
prior isolation of a carbapenemase-producing Klebsiella pneumoniae susceptible to CAZ-AVI
(with MIC below the susceptibility cut-off).

When evaluating the clinically relevant infections, clinical success was defined as the
absence of signs and symptoms of infection at antibiotic interruption.

5.4. Statistical Analysis

Continuous data are presented as the median with interquartile range (IQR), while
categorical data are presented as frequencies with percentages. Differences between groups
were assessed using the Mann–Whitney U test (two groups, continuous variable), Kruskal–
Wallis test (more than two groups, continuous variable) or Chi2 test (categorical variables).
Results were considered statistically significant if the p value was less than 0.05. Statistical
analyses were performed using the software JASP (Version 0.11.1, JASP Team, 2019).



Antibiotics 2023, 12, 820 9 of 11

Author Contributions: Conceptualization, L.C. (Laura Campogiani), P.V. and L.S.; methodology,
L.C. (Laura Campogiani), C.F. and C.D.; formal analysis, L.C. (Laura Campogiani), P.V. and M.I.;
data curation, P.V., A.L. and A.I.; writing—original draft preparation, L.C. (Laura Campogiani) and
P.V.; writing—review and editing, M.C., L.C. (Luigi Coppola), I.S., V.M., E.T., M.I., M.A. and L.S.;
supervision, L.S., M.I., V.M. and E.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Ethics Committee of Policlinico Tor Vergata Hospital,
Rome, Italy (protocol number 177.21, approved on 21 September 2021, and amendment approved on
3 May 2022).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of
the study.

Data Availability Statement: Data can be found in the ad hoc created Excel database, archived at
the authors’ institution (Policlinico Tor Vergata Hospital, Rome, Italy).

Acknowledgments: Preliminary results of the study were presented as poster at the 32 ECCMID
(European Congress of Clinical Microbiology and Infectious Diseases), Lisbon 23–26 April 2022.

Conflicts of Interest: L.C. received received honoraria for lectures from MICOM Srl and research
grants from Gilead Italia, outside the submitted work. E.T. received honoraria for lectures from
AbbVie, Gilead, MSD and Jannsen. M.I. received honoraria for lectures from Biogen Italia, AIM
Educational, MICOM srl and research grants from Gilead Italia, outside the submitted work. M.A.
received funding for membership of Advisory Boards, for the preparation of educational materials,
for research and educational grants, for membership of speaker panels and for support for travel to
conferences from Gilead Sciences, Janssen-Cilag, Viiv Healthcare, Merck Sharp and Dohme. Abbvie,
Angelini, Pfizer, GSK, Menarini, Astra Zeneca, Moderna L.S. received a research grant from Gilead
and fee for lectures and expertise from Merck, Gilead, Pfizer, non-financial interest in the subject
matter or materials discussed in this manuscript. The other authors declare no conflict of interests.

References
1. European Centre for Disease Prevention and Control. Antimicrobial Resistance Surveillance in Europe 2022–2020 Data. 2022.

Available online: https://www.ecdc.europa.eu/en/publications-data/antimicrobial-resistance-surveillance-europe-2022-202
0-data (accessed on 28 September 2022).

2. Paul, M.; Carrara, E.; Retamar, P.; Tängdén, T.; Bitterman, R.; Bonomo, R.A.; de Waele, J.; Daikos, G.L.; Akova, M.;
Harbarth, S.; et al. European Society of Clinical Microbiology and Infectious Diseases (ESCMID) guidelines for the treatment of
infections caused by multidrug-resistant Gram-negative bacilli (endorsed by European society of intensive care medicine). Clin.
Microbiol. Infect. 2022, 28, 521–547. [PubMed]

3. Tamma, P.D.; Aitken, S.L.; Bonomo, R.A.; Mathers, A.J.; van Duin, D.; Clancy, C.J. Infectious Diseases Society of America
Guidance on the Treatment of Extended-Spectrum β-lactamase Producing Enterobacterales (ESBL-E), Carbapenem-Resistant
Enterobacterales (CRE), and Pseudomonas aeruginosa with Difficult-to-Treat Resistance (DTR-P. aeruginosa). Clin. Infect. Dis.
2021, 72, e169–e183. [PubMed]

4. Tiseo, G.; Brigante, G.; Giacobbe, D.R.; Maraolo, A.E.; Gona, F.; Falcone, M.; Giannella, M.; Grossi, P.; Pea, F.; Rossolini, G.M.; et al.
Diagnosis and management of infections caused by multidrug-resistant bacteria: Guideline endorsed by the Italian Society of
Infection and Tropical Diseases (SIMIT), the Italian Society of Anti-Infective Therapy (SITA), the Italian Group for Antimicrobial
Stewardship (GISA), the Italian Association of Clinical Microbiologists (AMCLI) and the Italian Society of Microbiology (SIM).
Int. J. Antimicrob. Agents 2022, 60, 106611. [PubMed]

5. Tumbarello, M.; Trecarichi, E.M.; Corona, A.; DE Rosa, F.G.; Bassetti, M.; Mussini, C.; Menichetti, F.; Viscoli, C.; Campoli, C.;
Venditti, M.; 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, 355–364. [CrossRef] [PubMed]

6. Tumbarello, M.; Raffaelli, F.; Giannella, M.; Mantengoli, E.; Mularoni, A.; Venditti, M.; De Rosa, F.G.; Sarmati, L.; Bassetti, M.;
Brindicci, G.; et al. Ceftazidime-Avibactam Use for Klebsiella pneumoniae Carbapenemase-Producing K. pneumoniae Infections: A
Retrospective Observational Multicenter Study. Clin. Infect. Dis. 2021, 73, 1664–1676. [CrossRef]

7. Humphries, R.M.; Yang, S.; Hemarajata, P.; Ward, K.W.; Hindler, J.A.; Miller, S.A.; Gregson, A. First Report of Ceftazidime-
Avibactam Resistance in a KPC-3-Expressing Klebsiella pneumoniae Isolate. Antimicrob. Agents Chemother. 2015, 59, 6605–6607.
[CrossRef]

https://www.ecdc.europa.eu/en/publications-data/antimicrobial-resistance-surveillance-europe-2022-2020-data
https://www.ecdc.europa.eu/en/publications-data/antimicrobial-resistance-surveillance-europe-2022-2020-data
https://www.ncbi.nlm.nih.gov/pubmed/34923128
https://www.ncbi.nlm.nih.gov/pubmed/33106864
https://www.ncbi.nlm.nih.gov/pubmed/35697179
https://doi.org/10.1093/cid/ciy492
https://www.ncbi.nlm.nih.gov/pubmed/29893802
https://doi.org/10.1093/cid/ciab176
https://doi.org/10.1128/AAC.01165-15


Antibiotics 2023, 12, 820 10 of 11

8. European Centre for Disease Prevention and Control. Rapid Risk Assessment: Emergence of Resistance to Ceftazidime-Avibactam
in Carbapenem-Resistant Enterobacteriaceae. 2018. Available online: https://www.ecdc.europa.eu/en/publications-data/rapid-
risk-assessment-emergence-resistance-ceftazidime-avibactam-carbapenem (accessed on 28 September 2022).

9. Shields, R.K.; Nguyen, M.H.; Chen, L.; Press, E.G.; Kreiswirth, B.N.; Clancy, C.J. 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, e02497-17. [CrossRef]

10. Hobson, C.A.; Pierrat, G.; Tenaillon, O.; Bonacorsi, S.; Bercot, B.; Jaouen, E.; Jacquier, H.; Birgy, A. Klebsiella pneumoniae
Carbapenemase Variants Resistant to Ceftazidime-Avibactam: An Evolutionary Overview. Antimicrob. Agents Chemother. 2022,
66, e0044722. [CrossRef]

11. Gaibani, P.; Gatti, M.; Rinaldi, M.; Pesce, C.C.; Lazzarotto, T.; Giannella, M.; Lombardo, D.; Amadesi, S.; Viale, P.; Pea, F.; 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. J. Infect. Dis. 2021, 113, 213–217. [CrossRef]

12. Shields, R.K.; Potoski, B.A.; Haidar, G.; Hao, B.; Doi, Y.; Chen, L.; Press, E.G.; Kreiswirth, B.N.; Clancy, C.J.; Nguyen, M.H.
Clinical Outcomes, Drug Toxicity, and Emergence of Ceftazidime-Avibactam Resistance Among Patients Treated for Carbapenem-
Resistant Enterobacteriaceae Infections. Clin. Infect. Dis. 2016, 63, 1615–1618. [CrossRef]

13. Di Bella, S.; Giacobbe, D.R.; Maraolo, A.E.; Viaggi, V.; Luzzati, R.; Bassetti, M.; Luzzaro, F.; Principe, L. Resistance to cef-
tazidime/avibactam in infections and colonisations by KPC-producing Enterobacterales: A systematic review of observational
clinical studies. J. Glob. Antimicrob. Resist. 2021, 25, 268–281. [CrossRef] [PubMed]

14. Cano, Á.; Guzmán-Puche, J.; García-Gutiérrez, M.; Castón, J.J.; Gracia-Ahufinger, I.; Pérez-Nadales, E.; Recio, M.; Natera, A.M.;
Marfil-Pérez, E.; Luís, M.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. J. Glob.
Antimicrob. Resist. 2020, 22, 9–12. [CrossRef] [PubMed]

15. Shields, R.K.; Nguyen, M.H.; Hao, B.; Kline, E.G.; Clancy, C.J. Colistin Does Not Potentiate Ceftazidime-Avibactam Killing of
Carbapenem-Resistant Enterobacteriaceae In Vitro or Suppress Emergence of Ceftazidime-Avibactam Resistance. Antimicrob.
Agents Chemother. 2018, 62, e01018-18. [CrossRef]

16. Venditti, C.; Butera, O.; Meledandri, M.; Balice, M.P.; Cocciolillo, G.C.; Fontana, C.; D’Arezzo, S.; De Giuli, C.; Antonini, M.;
Capone, A.; et al. Molecular analysis of clinical isolates of ceftazidime-avibactam-resistant Klebsiella pneumoniae. Clin. Microbiol.
Infect. 2021, 27, 1040.e1–1040.e6. [CrossRef] [PubMed]

17. Carattoli, A.; Arcari, G.; Bibbolino, G.; Sacco, F.; Tomolillo, D.; Di Lella, F.M.; Trancassini, M.; Faino, L.; Venditti, M.;
Antonelli, G.; et al. Evolutionary Trajectories toward Ceftazidime-Avibactam Resistance in Klebsiella pneumoniae Clinical Isolates.
Antimicrob. Agents Chemother. 2021, 65, e0057421. [CrossRef] [PubMed]

18. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Chen, L.; Kreiswirth, B.N.; Clancy, C.J. 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, e00079-17. [CrossRef] [PubMed]

19. Shields, R.K.; Nguyen, M.H.; Press, E.G.; Chen, L.; Kreiswirth, B.N.; Clancy, C.J. Emergence of Ceftazidime-Avibactam Resistance
and Restoration of Carbapenem Susceptibility in Klebsiella pneumoniae Carbapenemase-Producing K pneumoniae: A Case Report
and Review of Literature. Open Forum Infect. Dis. 2017, 4, ofx101. [CrossRef] [PubMed]

20. Zhang, P.; Shi, Q.; Hu, H.; Hong, B.; Wu, X.; Du, X.; Akova, M.; Yu, Y. Emergence of ceftazidime/avibactam resistance in
carbapenem-resistant Klebsiella pneumoniae in China. Clin. Microbiol. Infect. 2020, 26, e1–e124. [CrossRef]

21. Tiseo, G.; Falcone, M.; Leonildi, A.; Giordano, C.; Barnini, S.; Arcari, G.; Carattoli, A.; Menichetti, F. 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, ofab141. [CrossRef]

22. Oliva, A.; Curtolo, A.; Volpicelli, L.; Cogliati Dezza, F.; De Angelis, M.; Cairoli, S.; Dell’Utri, D.; Goffredo, B.M.; Raponi, G.;
Venditti, M. Synergistic Meropenem/Vaborbactam Plus Fosfomycin Treatment of KPC Producing K. pneumoniae Septic Thrombosis
Unresponsive to Ceftazidime/Avibactam: From the Bench to the Bedside. Antibiotics 2021, 10, 781. [CrossRef]

23. Volpicelli, L.; Venditti, M.; Ceccarelli, G.; Oliva, A. Place in Therapy of the Newly Available Armamentarium for Multi-Drug-
Resistant Gram-Negative Pathogens: Proposal of a Prescription Algorithm. Antibiotics 2021, 10, 1475. [CrossRef] [PubMed]

24. Bianco, G.; Boattini, M.; Comini, S.; Iannaccone, M.; Bondi, A.; Cavallo, R.; Costa, C. In Vitro activity of cefiderocol against
ceftazidime-avibactam susceptible and resistant KPC-producing Enterobacterales: Cross-resistance and synergistic effects. Eur. J.
Clin. Microbiol. Infect. Dis. 2022, 41, 63–70. [CrossRef] [PubMed]

25. Hobson, C.A.; Cointe, A.; Jacquier, H.; Choudhury, A.; Magnan, M.; Courroux, C.; Tenaillon, O.; Bonacorsi, S.; Birgy, A. Cross-
resistance to cefiderocol and ceftazidime-avibactam in KPC β-lactamase mutants and the inoculum effect. Clin. Microbiol. Infect.
2021, 27, 1172.e7–1172.e10. [CrossRef] [PubMed]

26. Gaibani, P.; Lombardo, D.; Bussini, L.; Bovo, F.; Munari, B.; Giannella, M.; Bartoletti, M.; Viale, P.; Lazzarotto, T.; Ambretti, S.
Epidemiology of Meropenem/Vaborbactam Resistance in KPC-Producing Klebsiella pneumoniae Causing Bloodstream Infections
in Northern Italy, 2018. Antibiotics 2021, 10, 536. [CrossRef] [PubMed]

27. Antonelli, A.; Giani, T.; Di Pilato, V.; Riccobono, E.; Perriello, G.; Mencacci, A.; Rossolini, G.M. KPC-31 expressed in a
ceftazidime/avibactam-resistant Klebsiella pneumoniae is associated with relevant detection issues. J. Antimicrob. Chemother.
2019, 74, 2464–2466. [CrossRef]

https://www.ecdc.europa.eu/en/publications-data/rapid-risk-assessment-emergence-resistance-ceftazidime-avibactam-carbapenem
https://www.ecdc.europa.eu/en/publications-data/rapid-risk-assessment-emergence-resistance-ceftazidime-avibactam-carbapenem
https://doi.org/10.1128/AAC.02497-17
https://doi.org/10.1128/aac.00447-22
https://doi.org/10.1016/j.ijid.2021.10.028
https://doi.org/10.1093/cid/ciw636
https://doi.org/10.1016/j.jgar.2021.04.001
https://www.ncbi.nlm.nih.gov/pubmed/33895414
https://doi.org/10.1016/j.jgar.2019.11.007
https://www.ncbi.nlm.nih.gov/pubmed/31733412
https://doi.org/10.1128/AAC.01018-18
https://doi.org/10.1016/j.cmi.2021.03.001
https://www.ncbi.nlm.nih.gov/pubmed/33775814
https://doi.org/10.1128/AAC.00574-21
https://www.ncbi.nlm.nih.gov/pubmed/34339281
https://doi.org/10.1128/AAC.00079-17
https://www.ncbi.nlm.nih.gov/pubmed/28242667
https://doi.org/10.1093/ofid/ofx101
https://www.ncbi.nlm.nih.gov/pubmed/28685153
https://doi.org/10.1016/j.cmi.2019.08.020
https://doi.org/10.1093/ofid/ofab141
https://doi.org/10.3390/antibiotics10070781
https://doi.org/10.3390/antibiotics10121475
https://www.ncbi.nlm.nih.gov/pubmed/34943687
https://doi.org/10.1007/s10096-021-04341-z
https://www.ncbi.nlm.nih.gov/pubmed/34462816
https://doi.org/10.1016/j.cmi.2021.04.016
https://www.ncbi.nlm.nih.gov/pubmed/33915286
https://doi.org/10.3390/antibiotics10050536
https://www.ncbi.nlm.nih.gov/pubmed/34066420
https://doi.org/10.1093/jac/dkz156


Antibiotics 2023, 12, 820 11 of 11

28. Hernández-García, M.; Castillo-Polo, J.A.; Cordero, D.G.; Pérez-Viso, B.; García-Castillo, M.; de la Fuente, J.S.; Morosini, M.I.;
Cantón, R.; Ruiz-Garbajosa, P. Impact of Ceftazidime-Avibactam Treatment in the Emergence of Novel KPC Variants in the
ST307-Klebsiella pneumoniae High-Risk Clone and Consequences for Their Routine Detection. J. Clin. Microbiol. 2022, 60, e0224521.
[CrossRef]

29. Fontana, C.; Favaro, M.; Campogiani, L.; Malagnino, V.; Minelli, S.; Bossa, M.C.; Altieri, A.; Andreoni, M.; Sarmati, L.
Ceftazidime/Avibactam-Resistant Klebsiella pneumoniae subsp. pneumoniae Isolates in a Tertiary Italian Hospital: Identification
of a New Mutation of the Carbapenemase Type 3 (KPC-3) Gene Conferring Ceftazidime/Avibactam Resistance. Microorganisms
2021, 9, 2356. [CrossRef]

30. EUCAST. Clinical Breakpoints and Dosing of Antibiotics. Available online: https://www.eucast.org/clinical_breakpoints/
(accessed on 28 November 2021).

31. Favaro, M.; Sarti, M.; Fontana, C. Multiplex real-time PCR probe-based for identification of strains producing: OXA48, VIM, KPC
and NDM. World J. Microbiol. Biotechnol. 2014, 30, 2995–3001. [CrossRef]

32. National Healthcare Safety Network. 2021 NHSN Patient Safety Component Manual; Centers for Disease Control and Prevention:
Atlanta, GA, USA, 2021; p. 428.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/jcm.02245-21
https://doi.org/10.3390/microorganisms9112356
https://www.eucast.org/clinical_breakpoints/
https://doi.org/10.1007/s11274-014-1727-8

	Introduction 
	Results 
	Discussion 
	Conclusions 
	Materials and Methods 
	Study Design and Population Selection 
	Microbiology Analysis 
	Data Collection 
	Statistical Analysis 

	References

