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ABSTRACT

Objective: Klebsiella pneumoniae carbapenemase-producing K. pneumoniae (KPC-Kp) is a great cause of
concern and often associated with bloodstream infections (BSIs) and a high mortality rate. Here we iden-
tified the risk factors of KPC-Kp BSIs observed in three Italian hospitals and studied the epidemiology of
KPC-Kp strains.
Methods: A retrospective analysis of KPC-Kp BSIs was performed from 2014 to 2019 at three hospitals
in central Italy (Ancona, Pesaro-Fano, and Perugia). Uni- and multi-variable analyses were performed to
evaluate the clinical variables associated with mortality. Pulsed-field gel electrophoresis assay and whole-
genome sequencing analysis of KPC-Kp isolates was carried out to identify antibiotic resistance genes and
epidemiological relationships among the strains.
Results: A total of 219 patients were considered. Mortality on day 30 was 32%, with older age, APACHE II
score >11, Charlson Comorbidity Index >4, and solid tumours more frequent in patients with a negative
outcome. Positive outcomes were related to combination therapy with at least two active drugs that also
emerged in multivariate analysis. Most KPC-Kp strains belonged to three major sequence types (ST512,
ST307, and ST101), while the most common carbapenem resistance gene variant was blaypc.3.
Conclusions: KPC-Kp BSIs remain a challenging infection with a high crude mortality rate. Patient condi-
tions and comorbidities correlate with negative outcomes, while active drugs are correlated with better
outcomes. Although collected from different hospitals, the KPC-Kp strains were epidemiologically related,
suggesting inter-hospital diffusion. Timely and effective therapy, together with epidemiological surveil-
lance, are crucial to reduce mortality and prevent the spread of nosocomial clones.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

According to the World Health Organization, finding new an-
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terobacterales [1]. In particular, Klebsiella pneumoniae can harbour
genes conferring carbapenem resistance via the production of car-
bapenemases or due to a variety of mechanisms, including the
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overproduction of AmpC cephalosporinases and/or extended spec-
trum B-lactamases associated with altered membrane permeabil-
ity [2]. Data from the European Antibiotic Surveillance Network
showed that 12 out of 41 European countries reported >25% car-
bapenem resistance among K. pneumoniae isolates, and in 6 of
these countries the reported resistant percentages were >50%, with
a gradient from north to south and from west to east [3]. In Italy,
the most common type of carbapenemase produced by Enterobac-
terales is K. pneumoniae carbapenemase (KPC) [4]. KPC-producing
K. pneumoniae (KPC-Kp) is an important health problem and is re-
sponsible for bloodstream infections (BSIs) that are associated with
a high mortality rate, particularly in patients with underlying co-
morbidities or predisposing factors for bacteriaemia [5-10].

Treatment of these infections is challenging [6,11,12], and it
has been shown that combination therapy is more effective than
monotherapy for KPC-Kp BSI [5,10]. A new option for treatment of
infection caused by this pathogen is ceftazidime-avibactam (CZA),
a novel combination of a third-generation cephalosporin and a 8-
lactamase inhibitor, given as a monotherapy [13,14]. Epidemiolog-
ical studies have highlighted a high incidence of infections sus-
tained by KPC-Kp in Italy compared with other European coun-
tries [15,16]. Interestingly, the majority of circulating KPC-Kp in Eu-
rope belongs to the ST258/512 lineage [16], while in Italy, high-risk
lineages have emerged in recent years such as CG307, ST101, and
ST395, although CG258 remains predominant [17].

Here we conducted a multicentre, retrospective, observational
study to investigate the clinical and epidemiological characteris-
tics of KPC-Kp BSIs diagnosed over a 6-year period at three referral
hospitals in central Italy. The primary aim was to analyse risk fac-
tors for 30-day mortality. The secondary aim was to identify clonal
lineages of the isolated strains.

2. Materials and methods
2.1. Study setting, data collection, and definitions

This observational, retrospective, multicentre study was con-
ducted at three hospitals in central Italy. The hospitals involved in-
cluded: Azienda Ospedaliera Ospedali Riuniti Marche Nord Pesaro-
Fano, which consists of two secondary hospitals (Pesaro Hospital
and Fano Hospital), and two tertiary university hospitals, Azienda
Ospedaliera Universitaria Ospedali Riuniti of Ancona and Azienda
Ospedaliera S. Maria della Misericordia of Perugia.

All patients of 18 years of age or older with a KPC-Kp BSI diag-
nosed between January 2014 and December 2019 were considered.
BSIs were defined as hospital acquired if the index blood culture
had been collected at least 48 h after admission.

Patient variables included age, sex, the presence of acute or
chronic comorbidities (i.e., diabetes, chronic obstructive pulmonary
disease, haematological malignancies, solid tumours, chronic hep-
atitis, chronic kidney disease, cardiovascular or neurological comor-
bidities, HIV, neutropenia, solid-organ transplantation), Charlson
Comorbidity Index [18], APACHE II score, previous surgery, steroid
and/or immunosuppressive therapy (<30 days before the onset of
BSI), and any invasive procedure (<72 h before the onset of BSI).
Isolation of concomitant or previous KPC-Kp (i.e., <30 days) from
other samples as well as the occurrence of concomitant infections
were considered.

The presence of sepsis or septic shock was evaluated according
to the definition proposed by the International Consensus of Sepsis
and Septic Shock [19]. Hospitalisation variables included nosoco-
mial or health care-related infection, days between admission and
onset of the BSI, and total days of hospitalisation in the previous
year. Antibiotic therapy was considered adequate if it met two cri-
teria: Drug administration within 5 days of BSI onset and the use
of at least one drug that was active in vitro. An antibiotic was con-
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sidered active in vitro when the isolate was susceptible to this spe-
cific drug.

The outcome measured was death within 30 days from the first
positive blood culture. Patients who died within the first 72 h of
blood culture collection and without active therapy were excluded
from statistical analysis.

2.2. Microbiology

2.2.1. Bacterial strain collection, identification, and antimicrobial
susceptibility testing

Strains responsible for BSIs were collected from the Clinical
Microbiology laboratories of the three hospitals. Species identi-
fication was performed by MALDI-ToF mass spectrometry, while
blaxpc gene presence was initially assessed by Xpert Carba R
(Cepheid, CA, USA) and then confirmed by PCR experiments with
specific primers [20]. Antibiograms were performed by Vitek Sys-
tem (bioMérieux, Marcy-I'Etoile, France), while last-resort antibi-
otic MICs, such as colistin and CZA, were further confirmed by
the broth microdilution method following European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines and inter-
preted referring to EUCAST breakpoints v. 14.0 [21].

2.2.2. Clonal typing

An Xbal pulsed-field gel electrophoresis assay (PFGE) was
performed following the PulseNET protocol (https://www.cdc.gov/
pulsenet/pdf/ecoli-shigella-salmonella- pfge- protocol-508c.pdf).
Tenover criteria were used for pulsotype classification [22]. More-
over, S1 nuclease digestion and PFGE assay were conducted on all
clones for plasmid profile investigation [23].

2.2.3. Whole-genome sequencing

Total DNA extraction was achieved using two different kits: A
Wizard HMW DNA Extraction kit (Promega, WI, USA) and GenE-
lute Bacterial Genomic DNA (Merk Life Science, Milano, Italia).
Quantitative and qualitative analyses of the extracted genomes
were performed with a Qubit4 fluorometer (Thermo Fisher Sci-
entific, MA, USA) and electrophoresis assay, respectively. One ran-
domly selected strain for each pulsotype was submitted for whole-
genome sequencing using Oxford Nanopore Technologies MinION
Next Generation Sequencing technology. A Rapid Barcoding kit
was used to build the Next Generation Sequencing library (Oxford
Nanopore Technologies, Oxford, UK).

2.2.4. Data analysis

Once the sequencing run ended, high-accuracy base calling was
performed to obtain the reads in FASTQ format using MinKNOW
v. 22.10.10. Then, nanopore reads were assembled using Canu v.
1.9 (https://github.com/marbl/canu) and assemblies were polished
using medaka v. 1.7.3 (https://github.com/nanoporetech/medaka).
For sequence type (ST) assignment, the multilocus sequence typ-
ing (MLST) scheme from Institut Pasteur was used (https://bigsdb.
pasteur.fr/klebsiella/klebsiella.htlm). BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi), Center for Genomic Epidemiology (http://www.
genomicepidemiology.org/services/), and The Comprehensive An-
tibiotic Resistance Database (https://card.mcmaster.ca/home) web-
sites were used for plasmid detection and to identify antibiotic-
resistant and virulence-encoding genes. Genomes were annotated
by RAST (https://rast.nmpdr.org/). Phylogenetic trees were built us-
ing CSIPhylogeny (https://cge.food.dtu.dk/services/CSIPhylogeny/).
Sequencing data were submitted to the NCBI database under Bio-
Project PRINA1001665.

2.2.5. Statistical analysis

Categorical variables were expressed as absolute numbers and
their relative frequencies and compared using the x?2 or Fisher
exact test. Continuous variables were expressed as median and
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Total patients with KPC-Kp
BSI from 2014 to 2019: 309
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Excluded patients

Patients with KPC-Kp BSI
survived >72h: 263

|-

(death within 72 h): 46

Excluded patients without

Total patients enrolled in
the study: 219

Fig. 1.

interquartile range, and evaluated by the Wilcoxon and Mann-
Whitney U tests for non-normally distributed variables.

Variables that reached statistical significance (p < 0.05) at uni-
variate analysis were analysed by multivariate logistic regression
analysis to identify risk factors for 30-day mortality. The results ob-
tained were analysed using the software package SPSS 20.0 (IBM,
Armonk, NY, USA).

2.2.6. Ethics

This research was performed in accordance with the ethical
standards of the 1964 Declaration of Helsinki and its later amend-
ments. The Institutional Review Board granted retrospective access
to the data without the need for individual informed consent as
the data were analysed anonymously.

3. Results

During the study period, 309 patients with KPC-Kp BSIs were
identified in the three hospitals. A total of 46 patients were ex-
cluded as they died within 72 h of BSI onset, as well as 44 pa-
tients who had not received appropriate therapy (Fig. 1). Baseline
characteristics of the 219 patients included in the study are shown
in Table 1.

Patients were predominantly male (66%), with a median age of
68 years. In total, 91% of patients had chronic comorbidities, with
a Charlson Comorbidity Index (CCI) >4 and APACHE II score >11
in the majority of cases (61% and 63%, respectively). Cardiovascular
diseases, solid tumours, and neurological diseases were the most
common underlying diseases (56%, 32%, and 30%, respectively). A
high proportion of patients carried a central venous catheter (71%)
and septic shock was present in 25% of the overall population. Sep-
sis was secondary in 57% of cases and the infection was nosoco-
mial in 87% of patients. In total, 37% of patients were hospitalised
in medical wards and 35% in ICUs, with 49% of patients colonised
with KPC-Kp at the time of hospital admission. Antibiotic treat-
ment with two or three active drugs was administered in 62% of
patients and CZA in 39% of cases.

The drugs used in the therapeutic regimens are described in
Fig. 2. Tigecycline was the most widely used drug (63%), followed
by carbapenems (53%), CZA (39%), and colistin (39%). Considering
the mortality rate, there were no statistically significant differences
based on therapy administered.

The 30-day mortality rate was 32% (69/219). Patients who died
within 30 days of BSI onset presented, in a high proportion of
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Study population flow chart.
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Fig. 2. Percentage of drugs used in therapeutic regimens for all patients, dead
and alive. AMK, amikacin; CARB, carbapenems; CN, gentamicin; COL, colistin, CZA,
ceftazidime-avibactam; FOS, fosfomycin, SXT, sulfamethoxazole-trimethoprim; TIG,
tigecycline.

cases, with older age (P = 0.002), APACHE II score >11 (P = 0.018),
CCl >4 (P < 0.001), and solid tumours (P = 0.048). In contrast,
survivors most frequently received therapy with two or three ac-
tive drugs (P < 0.001). In a multivariate logistic regression anal-
ysis, combination therapy with at least two active drugs emerged
as the independent predictor of 30-day survival (odds ratio [OR]
3.222 [95% CI 1.729-6.006], P < 0.001] (Table 1). Further analy-
sis was performed by considering only patients (n = 138) with an
APACHE II score >11 (Table 2).

In this group of patients, older age, CCI >4, chronic hepatitis,
and lack of combination therapy with at least two active drugs
were more frequent in patients with a negative outcome (P rang-
ing from 0.001 to 0.022). In a multivariate logistic regression anal-
ysis, older age (OR 3.444 [95% CI 1.542-7.692], P = 0.003), chronic
hepatitis (OR 5.792 [95% CI 1.627-20.628], P = 0.007), and lack of
combination therapy with at least two active drugs (OR 4.001 [95%
CI 1.831-8.744], P = 0.001) emerged as independent predictors of
30-day mortality.

A total of 167 KPC-Kp clinical isolates were retrieved for mi-
crobiological analysis (Table S1). In total, 104 strains were ob-
tained from the Ospedali Riuniti Clinical Microbiology laboratory
of Ancona, Marche; 33 strains from the Azienda Ospedaliera S.
Maria della Misericordia of Perugia, Umbria (all collected in 2019);
and 30 strains from Ospedali Riuniti Marche Nord Pesaro/Fano (5
and 25, respectively), Marche. Among the 167 KPC-Kp isolates, 68
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Table 1
Demographic and clinical characteristics of the study cohort.
All (219) Dead (69 PZ) Survived P-value OR (95% CI) - IQR P-value
(150 PZ)
Age (years), median (IQR) 68 (58-79) 76.0 67 (54.7-76.0) 0.002
(64.5-81.0)
>71 y.o. 39 (56.5%) 50 (33.3%) 0.002 1.860 (0.952-3.636) 0.069
Centre 0.547
Ancona 73 1 (30.4%) 2 (34.7%)
Perugia 122 42 (60.9%) 0 (53.3%)
Pesaro/Fano 24 6 (8 7%) 8 (12.0%)
APACHE 1II score >11 138 (63%) 2 (75.4%) 6 (57.7%) 0.018 1.685 (0.850-3.338) 0.135
CCl >4 134 (61%) 5 (79.7%) 79 (52.7%) <0.001 2.677 (1.265-5.666) 0.135
Comorbidity 200 (91%) 6 (95.7%) 134 (89.9%) 0.192
COPD 32 (15%) 5(21.7%) 17 (11.4%) 0.072
Diabetes 49 (22%) 5(21.7%) 4 (22.8%) 0.997
Haematological malignancy 35 (16%) 2 (17.4%) 3 (15.4%) 0.867
Solid tumours 70 (32%) 9 (42.0%) 1 (27.5%) 0.048 1.479 (0.734-2.983) 0.274
Chronic hepatitis 21 (10%) 1 (15.9%) 0 (6.7%) 0.057
CIID 15 (7%) 2 (2.9%) 3 (8.7%) 0.153
Cardiovascular disease 123 (56%) 42 (60.9%) 1 (47.7%) 0.095
Neurological disease 65 (30%) 7 (24.6%) 8 (32.2%) 0.328
Chronic kidney disease 42 (19%) 17 (24.6%) 5 (16.8%) 0.236
Neutropenia 25 (11%) 10 (14.7%) 15 (10.1%) 0.445
SOT 8 (4%) 2 (2.9%) 6 (4.0%) >0.999
Previous surgery? 91 (42%) 26 (40.0%) 65 (44.2%) 0.673
Gastrointestinal surgery 35 (16%) 12 (18.5%) 23 (15.6%) 0.758
Cardiovascular surgery 13 (6%) 7 (10.6%) 6 (4 1%) 0.117
Urologic surgery 13 (6%) 3 (4.5%) (6.8%) 0.758
Neurosurgery 15 (7%) 2 (3.0%) (8 8%) 0.155
Orthopaedic surgery 15 (7%) 4 (6.1%) 1] (7.5%) 0.781
Central venous catheter 156 (71%) 51 (73.9%) 105 (70.0%) 0.665
CVVH 17 (8%) 4 (5.8%) 13 (8.7%) 0.642
Invasive procedures” 77 (35%) 25 (36.2%) 2 (34.9%) 0.969
Steroid therapy*® 86 (40%) 29 (42.0%) 7 (38.0%) 0.676
Immunosuppressive 49 (22%) 3 (18.8%) 6 (24.0%) 0.499
therapy©¢
Secondary sepsis 125 (57%) 40 (58.0%) 85 (56.7%) 0.973
Septic shock 55 (25%) 1 (30.4%) 34 (22.8%) 0.300
Health care-related 44 (20%) 13 (18.8%) 31 (20.7%) 0.895
infection®
Nosocomial infection 190 (87%) 59 (85.5%) 131 (87.3%) 0.876
KPC rectal swab' 108 (49%) 36 (66.7%) 72 (59.5%) 0.464
Ward submitting index
culture
Intensive care unit 76 (35%) 20 (33.9%) 56 (39.7%) 0.629
Medicine 82 (37%) 28 (47.5%) 54 (38.3%)
Surgery 21 (10%) 5 (8.5%) 16 (11.3%)
Home 14 (6%) 3(5.1%) 11 (7.8%)
Health care facility 7 (3%) 3 (5.1%) 4 (2.8%)
Polymicrobial infection 42 (19%) 13 (18.8%) 29 (19.3%) >0.999
Klebsiella sepsis 25 (11%) 12 (17.4%) 3 (8.7%) 0.097
breakthrough infection
Treatment with two or three 136 (62%) 30 (43.5%) 106 (70.7%) 0.001 3.222 (1.729-6.006) <0.001
active drugs
Ceftazidime-avibactam 86 (39%) 23 (33.3%) 63 (42.0%) 0.284
therapy
Colistin-resistant strain 66 (30%) 23 (33.8%) 43 (30.3%) 0.720

Data are expressed as no. (%) unless otherwise specified.

APACHE, Acute Physiology and Chronic Health Evaluation; CCI, Charlson Comorbidity Index; CIID, chronic intestinal inflammatory diseases; COPD, chronic obstructive
pulmonary disease; CVVH, continuous veno-venous hemofiltration; IQR, interquartile range; OR, odds ratio; SOT, solid-organ transplantation.

2 During the 3 months preceding bloodstream infection (BSI) onset.
b During the 72 h preceding BSI onset.

¢ During the 30 days preceding BSI onset.

4 Excluding therapy with steroids.

¢ Health care-associated infections are defined as described by [41].
f

The majority of rectal swabs was collected before the onset of KPC-Kp BSI, during the same hospitalisation.

were resistant to colistin, showing MICs >2 mg/L. This resistant
phenotype was mostly represented among Perugia’s isolates, char-
acterised by an incidence rate of 45%. Moreover, the CZA-resistant
K. pneumoniae strains that were recovered belonged to this hospi-
tal.

PFGE assays highlighted 50 different pulsotypes with 4 major
clusters. Among them, one (designed cluster A in this study) was
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present in all hospitals and it was the most common restriction
profile detected in Ancona (Table S1).

A total of 50 strains were subjected to whole-genome sequenc-
ing, yielding 11 distinct STs (Fig. 3). The most represented STs were
ST512 (40%) and ST307 (30%), and these were detected in all ar-
eas considered, with the exception of Pesaro. Another common ST
identified was S101, detected only in Ancona and Pesaro (although
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Table 2
Demographic and clinical characteristics of 138 patients with APACHE II score >11.
Dead (N = 52) Survived (N = 86) P-value OR (95% CI) P-value

Age (years), median (IQR) 76 (65.7-80.7) 69.0 (57.0-79.0) 0.022 3.444 (1.542-7.692)
>71 y.o. 31 (59.6%) 31 (36.0%) 0.012 0.003
Centre
Ancona 16 (30.8%) 27 (31.4%) 0.501
Perugia 30 (57.7%) 43 (50.0%)
Pesaro/Fano 6 (11.5%) 16 (18.6%)
CCl >4 7 0 (5.0-9.0) 5 (4.0-7.0) 0.007

2 (80.8%) 52 (60.5%) 0.022 1.681 (0.643-4.396) 0.289
Comorbidity 0 (96.2%) 77 (90.6%) 0318
COPD 2 (23.1%) 11 (12.9%) 0.192
Diabetes 1(21.2%) 23 (27.1%) 0.567
Haematological malignancy 0 (19.2%) 15 (17.6%) 0.996
Solid tumours 1 (40.4%) 21 (24.7%) 0.082
Chronic hepatitis 1(21.2%) 5 (5.9%) 0.015 5.792 (1.627-20.628) 0.007
CIID 2 (3.8%) 8 (9.4%) 0.318
Cardiovascular disease 33 (63.5%) 45 (52.9%) 0.303
Neurological disease 12 (23.1%) 30 (35.3%) 0.189
Chronic kidney disease 13 (25.0%) 0 (23.5%) >0.999
Neutropenia 8 (15.7%) 12 (14.1%) >0.999
SOT 2 (3.8%) 2 (2.4%) 0.634
Previous surgery?® 22 (45.8%) 36 (42.9%) 0.881
Gastrointestinal surgery 10 (20.8%) 12 (14.3%) 0.466
Cardiovascular surgery 6 (12.2%) 4 (4.8%) 0.171
Urologic surgery 3 (6.1%) 6 (7.1%) >0.999
Neurosurgery 1 (2.0%) 9 (10.7%) 0.091
Orthopaedic surgery 3 (6.1%) 6 (7.2%) >0.999
Central venous catheter 37 (71.2%) 70 (81.4%) 0.235
CVVH 4 (7 7%) 12 (14.0%) 0.402
Invasive procedures” 9 (36.5%) 33 (38.8%) 0.931
Steroid therapy® 0 (38.5%) 34 (39.5%) >0.999
Immunosuppressive therapy®-¢ 1(21.2%) 19 (22.1%) >0.999
Secondary sepsis 4 (65.4%) 51 (59.3%) 0.595
Septic shock 6 (30.8%) 26 (30.6%) >0.999
Healthcare-related infection® 9 (17.3%) 24 (27.9%) 0.227
Nosocomial infection 45 (86.5%) 76 (88.4%) 0.960
KPC rectal swab' 26 (60.5%) 37 (52.1%) 0.500
Ward submitting index culture
Intensive care unit 17 (38.6%) 37 (45.7%) 0.704
Medicine 20 (45.5%) 27 (33.3%)
Surgery 3(6.8%) 9 (11.1%)
Domicile 2 (4.5%) 5 (6.2%)
Health care facility 2 (4.5%) 3 (3.7%)
Polymicrobial infection 12 (23.1%) 19 (22.1%) >0.999
Klebsiella sepsis breakthrough 7 (13.5%) 7 (8.1%) 0.476
infection
Treatment with two or three active 19 (36.5%) 60 (69.8%) <0.001 4.001 (1.831-8.744) 0.001
drugs
Ceftazidime-avibactam therapy 16 (30.8%) 34 (39.5%) 0.392
Colistin-resistant strain 19 (37.3%) 29 (37.2%) >0.999

Data are expressed as no. (%) unless otherwise specified.

APACHE, Acute Physiology and Chronic Health Evaluation; CIID, chronic intestinal inflammatory diseases; COPD, chronic obstructive pulmonary disease; CVVH, continuous
veno-venous hemofiltration; IQR, interquartile range; SOT, solid-organ transplantation.

During the 3 months preceding bloodstream infection (BSI) onset.
During the 72 h preceding BSI onset.

During the 30 days preceding BSI onset.

Excluding therapy with steroids.

a
b
C
d
¢ Health care-associated infections are defined as described by [41].
f

a very close ST, ST2502, was found in Perugia). The phylogenetic
tree (Fig. 3) and single-nucleotide polymorphisms (SNPs) highlight
a close correlation with ST512 isolates (SNPs range 22-251; Fig.
S1), while the ST307 and ST101 strains showed slightly higher vari-
ability (SNPs ranges 63-448 and 124-496, respectively; Fig. S2).
The genetic characteristics of the sequenced strains are shown
in Table S2. blaxpc genes were located on a single copy in al-
most all strains, except for three isolates harbouring two copies
of the gene in the same plasmid (two isolates) or in two dif-
ferent plasmids (one isolate). A total of 43 clones encoded the
blagpc.3 carbapenemase gene (86%), 6 samples (all belonging to
ST307) the blagpc., gene (12%), and the remaining sample (also

220

The majority of rectal swabs was collected before the onset of KPC-Kp BSI, during of the same hospitalisation.

resistant to CZA) the blaygpc.gs gene (2%). Even if the allelic vari-
ants of blagpc were different, the genes were always located on
the same known transposon, Tn4401. Moreover, the majority of the
blagpc genes were carried by IncFIB(pQIL) and IncFII(K) plasmids
(68%), although plasmids showed different sizes ranging from 86 to
266 kb (Table S2). From the resistome profile, all isolates presented
the chromosomally encoded antibiotic resistance gene fosA and dif-
ferent blasyy allelic variants related to the ST: ST307 isolates car-
ried blasyy.og, ST101 carried blasyy.1, and ST512 carried blasyy.11 or
blagyy_152- Other differences included additional B-lactamases and
other antibiotic resistance genes, such as blacrx-m-15, blatgy and
tet(A), ant(3”)-1a, and mph(A).
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Fig. 3. Phylogenetic tree and genetic characteristics of sequenced Klebsiella pneumoniae carbapenemase-producing K. pneumoniae isolates.

4. Discussion

KPC-Kp is an important nosocomial pathogen that causes infec-
tions associated with high mortality [5-10]. Treatment has long
been a challenge for clinicians due to the increasing resistance
rates of isolates as well as the toxicity of available and effective
drugs [24]. However, CZA is a new option for the treatment of
these infections. Here we conducted a retrospective, multicentre
study in three hospitals in central Italy between January 2014 and
December 2019, where we found a crude mortality rate of 32%.
These data are consistent with previous reports, in which mortal-
ity rates ranged from 22 to 72% [25-28]. Although CZA therapy
was prescribed only in 39% of cases, we found a mortality rate of
33% in this group. This rate is higher than those reported in the
literature, where CZA treatment in patients infected with KPC-Kp
reported a mortality rate ranging from 8% to 20% [24,29-31]. Our
data are similar to the other two Italian reports on CZA treatment
of KPC-Kp infections, accounting for a mortality rate of 26% and
30%, respectively [32,33].
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We previously analysed the impact of KPC-Kp BSI infections in
a retrospective study conducted from 2011 to 2015 involving only
the Ancona hospital. In that study, APACHE II score >15, immuno-
suppressive therapies, and septic shock at onset were predictive
factors of mortality [27]. Although our new data in the overall
population did not confirm patient variables as predictors of mor-
tality (although some occurred more frequently in the population
with negative outcomes), during the sub-analysis of patients with
low-performance status, older age, higher CCI, and hepatopathy
were all independently associated with mortality. Overall, these
data confirm that, regardless of the specific comorbidity, the clini-
cal status of the patient plays a fundamental role in the prognosis
of these infections. Discrepancies among variables associated with
negative outcomes compared with data in the previous study and
in the literature could be explained by the variety of the popula-
tion included in our study and by the high percentage of comor-
bidities in our cohort that appeared as predictor of mortality.

Our study also reinforces the concept of how appropriate ther-
apy in these circumstances is of paramount importance. In fact, we
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found that treatment with at least two active drugs represented
a factor independently associated with a better outcome, both in
the general population and in the subpopulation with lower per-
formance status. This effect could also be amplified by suboptimal
treatment regimens. Nevertheless, we did not observe any correla-
tion between the type of therapeutic association and outcome, in
contrast with other studies [25-30]. In particular, the correlation
with a better prognosis, which was observed in previous literature
[34], was also not evident in patients undergoing CZA therapy.

The epidemiology of the KPC-Kp strains isolated over the 2014-
2019 period from the three hospitals included in this study par-
tially reflected the Italian epidemiological situation. The last na-
tional survey conducted on K. pneumoniae in Italy revealed four
major lineages: CG258, including ST512 (47.4%), CG307 (19.9%),
ST101 (15.4%), and ST395 (5.1%) [17]. In our study, ST512 was
the main clone found, but ST307 represented 30% of the isolates,
showing an increasing trend over the year. ST512 has spread en-
demically as a successful hospital clone in Southern Europe and Is-
rael and is derived from ST258, an endemic clone in the USA that
appeared in the 1990s [16]. Although in European surveillance of
ST307 was poorly identified, in recent years this clone has emerged
as a nosocomial pathogen with genetic characteristics that may
help its diffusion [35,36]. Moreover, a recent study retrieved this
clone as an intestinal coloniser, confirming its successful diffusion
[37]. Aside from ST101, the other identified clones showed sporadic
diffusion, although some, such as ST395 and ST2502, have been
previously reported in Italy [16,38]. Conversely, the most identified
clones were recovered from three distinct hospitals despite their
distance and an apparent lack of connection between buildings.
The presence of strains with the same pulsotypes in different set-
tings suggests the extensive diffusion of these clones that are by
now endemic in our country. Not surprisingly, blagpc.z and blagpc_,
represented the major allelic variants detected in our study. These
two genes are the most spread blagpc variants worldwide and their
location in the Tn4401 transposon and conjugative plasmids al-
lows their diffusion in Klebsiella and other genera [39]. The only
exception found was a blagpc.gs in an ST512 isolate resistant to
CZA (PR-11). This variant, isolated in 2019 and which differs from
blagpc.z by an L167ELdel, was already identified in an Italian study
on CZA-resistant strains in ST512 and ST101 after CZA treatment
[40]. Interestingly, PR-11 showed the same pulsotype as the other
two strains, with all strains isolated from Perugia in 2019. Our re-
sults, combined with identification of the other two blagpc_gg ST512
K. pneumoniae isolates from Rome [40], suggest that CZA-resistant
clones from blagpcgg were already circulating in Italy in 2019. As
point mutations on blagpc genes could also lead to CZA resistance,
particular attention to therapy with new B-lactams and S-lactam
inhibitors is warranted.

This study has several limitations. First, as it was a retrospec-
tive observational study, many variables were not controlled. This
is particularly true for interventional variables such as the impact
of therapies, whose results should be interpreted cautiously. In-
deed, the therapeutic choice was left to the clinician in charge of
the patient. The wide variation of therapeutic approaches utilised
in this study occasionally yielded small groups of subjects treated
with the same therapy, making outcome analysis difficult. It should
be noted, however, that the overall number of patients consid-
ered in this multicentre study was higher than that generally re-
ported, thereby making the impact of this study of particular im-
portance as a real-life example. Second, although we have made
every attempt to collect and analyse as much clinical and micro-
biological data as possible to reveal useful information for patient
management, some variables (e.g., time to effective therapy, source
control, modality of drug infusion, site of infection) could not be
explored because of missing data. In fact, characterisation of the
isolates from a molecular point of view was done in only 54%
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(164/309) of clinical isolates due to the unavailability of strains.
Despite this, our study remains one of the few investigating KPC-
Kp at the molecular level, yielding a comprehensive picture of cir-
culating strains causing bloodstream infections in central Italy.

In conclusion, KPC-Kp BSIs remain challenging infections with
a high crude mortality rate. Patient conditions and comorbidities
correlated with negative outcomes, while active drugs correlated
with better outcomes. Although collected from different hospitals,
KPC-Kp strains were epidemiologically related, suggesting inter-
hospital diffusion.
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