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Abstract
Background  Antimicrobial resistance in Enterobacterales represents a substantial threat in modern clinical practice 
and the collection of data on the efficacy of new molecules is of paramount importance. Our study aimed to analyse 
the in vitro activity of imipenem/cilastatin/relebactam (IMI/REL) against KPC-producing Klebsiella pneumoniae 
(KPC-Kp) and investigate the genetic determinants of resistance to this agent.

Methods  A total of 603 KPC-Kp strains, which were randomly collected during a multicentre study in northern 
Italy in the period 2016–2018, were analysed retrospectively. Antibiotic susceptibility testing was performed using a 
commercial broth microdilution. IMI-REL-resistant KPC-Kp strains were further analysed by whole genome sequencing 
to identify resistance determinants.

Results  Ninety-eight percent of KPC-Kp (591/603) showed in vitro susceptibility to IMI/REL, with a minimum 
inhibitory concentration below the EUCAST cut-off. Different mutations in OmpK36 were found in all 12 IMI/REL-
resistant strains, which belonged to MLST STs 258 (3 isolates), 307 (8 isolates) and 512 (1 isolate), but no clonal 
relatedness was detected by the minimum spanning tree analysis, except for 2 strains isolated in the same hospital. 
Equal distribution of blaKPC−2 (6/12) and blaKPC−3 (6/12) was found, and in 11 isolates the presence of genetic 
variants associated with the production of beta-lactamases was also identified. KPC-Kp resistant to IMI/REL retained 
susceptibility to meropenem/vaborbactam (MVB, 12/12, 100%) and ceftazidime/avibactam (CZA, 11/12, 91.7%). Only 
one strain of 603 was resistant to either MVB and CZA but susceptible to IMI/REL with a MIC of 2 mg/L; 4/603 (0.7%) 
were resistant to CZA but susceptible to IMI/REL and MVB.
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Introduction
Antimicrobial resistance in Klebsiella pneumoniae is 
an increasing threat to public health. Recent European 
surveillance data show a continuing upward trend in 
carbapenem-resistant strains, with even more worrying 
reports from southern countries such as Italy, where up 
to one in four isolates show this susceptibility pattern 
[1]. Resistance to carbapenems is often associated with 
the production of carbapenemases, of which Klebsiella 
pneumoniae carbapenemases (KPC) are the most com-
mon, accounting for more than 80% of resistant isolates 
retrieved from Italian bloodstream infections [2]. Fur-
thermore, the loss or modification of key porin chan-
nels in the outer cell membrane, such as OmpK35 and 
OmpK36, can lead to multidrug resistance. This occurs 
by reducing the inner pore diameter, which restricts the 
uptake of various classes of antibiotics, presenting a sig-
nificant challenge for clinicians [3].

Novel beta-lactam-beta-lactamases-inhibitor com-
binations (BLBLIC) represent a valuable option for the 
management of infections caused by these pathogens. 
Relebactam (REL) is a novel beta-lactamase inhibitor 
capable of restoring the susceptibility of bacteria produc-
ing class A carbapenemases (e.g. KPC) and class C ceph-
alosporinases (e.g. AmpC) to imipenem-cilastatin (IMI) 
[4]. IMI/REL is approved in the US and Europe for the 
treatment of hospital-acquired and ventilator-associated 
pneumonia and other Gram-negative infections with lim-
ited treatment options, including complicated urinary 
tract infections and intra-abdominal infections. It has 
become a viable therapeutic option in Italy since 2021, 
when it was first licensed.

Given the limited Italian data available on the activ-
ity of IMI/REL against KPC-producing K. pneumoniae 
(KPC-Kp) and the mechanisms underlying resistance, 
our study aimed to investigate the in vitro susceptibility 
of carbapenem-resistant strains from samples collected 
in a multicentre study enrolling patients in a northern 
Italian region. Additionally, whole genome sequencing 
(WGS) was used to analyse IMI/REL-resistant KPC-Kp 
to identify genetic determinants possibly related with 
elevated IMI/REL minimum inhibitory concentrations 
(MICs).

Methods
Bacterial isolates
KPC-Kp isolates were randomly selected from strains 
collected in a multicentre cohort study enrolling patients 

from June 2016 to April 2018. It included adult patients 
hospitalised in 15 institutions in Lombardy that had at 
least one positive KPC-Kp isolate during their hospital 
stay [5].

Antibiotic susceptibility testing
Antimicrobial susceptibility testing was performed 
using a commercial broth microdilution method (Sensi-
titre™: EUMDRXXF; Thermo Fisher Diagnostics, USA). 
The molecules included in the EUMDRXXF panel were: 
aztreonam, colistin, imipenem, cefepime, amikacin, 
cefiderocol, meropenem/vaborbactam, imipenem/rele-
bactam, ceftazidime/avibactam, eravacycline, ceftalo-
zane/tazobactam, piperacillin/tazobactam, tobramycin, 
fosfomycin + glucose-6-phosphate, tigecycline. All panels 
were evaluated manually using the last EUCAST guide-
lines, version 12.0 [6]. Strains with MIC ≥ 2  mg/L were 
retested with the same method.

Analysis of genetic determinants
IMI-REL-resistant KPC-Kp were further analysed by 
WGS performed on Illumina NextSeq 500 platform 
with paired-end Nextera XT library. Sequencing data 
was analysed using the Snippy (v4.6) Audio Volume 
Mute pipeline, using the Klebsiella pneumoniae anno-
tated reference genome from NCBI (Accession code 
NC_016845.1). Antibiotic resistance genes were identi-
fied using the NCBI AMRfinderPlus software (v3.11) [7] 
and kleborate (v3.1) [8]. MLST typing was performed 
using the software mlst (v2.23). Virulence determinants 
and Plasmid identification was performed using Abricate 
(v1.0.1) with the respective reference databases VFDB [9] 
and Plasmidfinder [10].

Minimum spanning tree analysis
Sequencing data was assembled with a custom pipeline 
including unicycler (v0.5.0) [11] and multiple sequence 
alignment of alleles was performed with kSNP (v3.1) [12]. 
Minimum spanning tree was computed using Grapetree 
(v2.2) [13]. Isolates with genetic distances lower than 21 
SNPs were considered as clonally related.

Statistical analysis
Downstream analyses were performed in R, assuming a 
significant level at p < 0.05 applying Bonferroni correc-
tion for multiple testing. The occurrence of OmpK36 and 
OmpK35 aminoacidic mutations among the genomes of 

Conclusions  IMI/REL showed good in vitro activity against the KPC-Kp strains analysed. All the IMI/REL-resistant 
strains displayed a mutation in porin OmpK36 and produced carbapenemases, with KPC-2 and KPC-3 being equally 
distributed. MVB and CZA maintained good activity against IMI/REL resistant isolates.
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the isolates was compared with phenotypic profile per-
forming Fisher exact test for each mutation.

Data availability
Sequencing data was uploaded on NCBI with accession 
code PRJNA1162767. The genome sequences accession 
numbers are presented in Supplementary Table 1.

Results
In vitro susceptibility to IMI/REL was analysed for a 
total of 603 KPC-Kp isolates. More than 97% of KPC-Kp 
(591/603, 98%) showed a MIC ≤ 2 mg/L, while 12 isolates 
(12/603, 2%) had a MIC above the susceptibility thresh-
old. The MICs distribution for IMI/REL is depicted in 
Fig. 1a.

Susceptibility to other antimicrobials was also tested 
for the same isolates. Colistin was active in 84% of KPC-
Kp (507/603, 84.1%), while approximately 99% of the 
strains were susceptible to MVB and CZA (602/603, 
99.9% and 597/603, 99%, respectively, Fig. 1b and c).

IMI/REL was active against 5 of the 6 KPC-Kp strains 
resistant to at least one of the new BLBLIC, specifically: 
1/5 resistant to MVB and CZA and 4/5 resistant to CZA 
but susceptible to MVB (Supplementary Table 2).

Table 1 summarises the characteristics of the 12 IMI/
REL-resistant strains.

Different mutations in ompK36 were found in all 12 
IMI/REL-resistant strains. All the identified mutations, 
are summarized in Table  2. The analysis of correlation 
with resistance was performed against all the mutations 
in ompk36 identified in the dataset in analysis. Only one 
mutation in ompk36 appear to be significantly corre-
lated with resistance (Asp357fs; p value = 0,008372). No 
mutation with significant correlation with resistance was 
found for ompk35 and ompk37.

The minimum spanning tree analysis demonstrated 
that the IMI/REL resistant strains were not part of the 
same clone, except for 2 strains, isolated in the same hos-
pital, that resulted related (7 SNPs distance).

All IMI/REL-resistant KPC-Kp maintained susceptibil-
ity to at least one new BLBLIC tested, with MVB being 
the most active (12/12, 100%), followed by CZA (11/12, 
91.7%).

Discussion
In our study analysing 603 KPC-Kp from a multicen-
tric Italian cohort, 98% of the isolates were susceptible 
to IMI/REL. Within the IMI/REL-resistant KPC-Kp, all 
strains displayed a mutation in porin OmpK36, whereas 
all isolates produced carbapenemases, with KPC-2 and 
KPC-3 being equally distributed. Other BLBLICs, namely 
MVB and CZA, maintained activity in IMI/REL-resistant 

Fig. 1  Distribution of minimum inhibitory concentration for imipenem/cilastatin/relebactam (a), ceftazidime/avibactam (b) and meropenem/vaborbac-
tam (c) within the 603 KPC-producing Klebsiella pneumoniae strains analysed in the study
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strains, while IMI/REL was active against 5/6 isolates 
resistant to MVB and/or CZA.

Carbapenem resistance in KPC-Kp is primarily due to 
KPC enzymes, though alterations or loss of key porin 
channels in the outer membrane can further elevate 
resistance levels. The main porins characterising K. pneu-
moniae are OmpK35 and OmpK36 [14]. With regard to 
KPC-Kp resistance to IMI/REL, mutations in ompK36 
have already been described as an important determi-
nant of increased MICs, with Rogers et al. reporting 
an ompK36 IS5 mutation in up to one third of KPC-Kp 
strains that were not susceptible to IMI/REL, while the 
novel BLBLIC was active on all ompK36 wild-type iso-
lates tested [3, 15].

Available literature data show good in vitro activity of 
IMI/REL against KPC-Kp strains. Delgado-Valverde et 
al. reported susceptibility of 98.5% of 264 KPC-3 pro-
ducing KPC-Kp analysed, highlighting a slightly better 
efficacy than the comparator, CZA. Notably, their analy-
sis of mutations in penicillin binding proteins and porin 
genes showed no differences between isolates suscep-
tible and resistant to IMI/REL, with all isolates present-
ing wild type ompK36. Mutated ompK35 and ompK37 
were detected in two isolates resistant to IMI/REL, how-
ever, these same mutations were also present in suscep-
tible isolates [16]. Similarly, in a Greek collection of 266 
carbapenem-resistant K. pneumoniae, three-quarter 
of which KPC-producing, IMI/REL displayed activ-
ity in 98.5% of KPC-Kp strains [17]. Our analysis seems 
to be consistent with these data, with a similar overall 
susceptibility rate. Interestingly, analysis of IMI/REL-
resistant strains showed production of both KPC-2 and 
KPC-3 carbapenemases, equally distributed within these 
isolates.

Useful insights into the genetic determinants of IMI/
REL resistance were highlighted in a recent report ana-
lysing KPC-Kp strains resistant to MVB and CZA. This 
study showed activity of IMI/REL in most isolates (11/13, 
84.6%), and cross-resistance in two of six KPC-Kp resis-
tant to both CZA and MVB (33.3%). The IMI/REL-resis-
tant strains showed porin OmpK 35 and 36 mutations 
and increased blaKPC copy number with different variants 
(blaKPC−3, heteroresistant blaKPC−53) [18]. 

These results, in line with our analysis, suggest that 
porin Ompk36 mutations play a pivotal role in KPC-Kp 
resistance to IMI/REL, independent of carbapenemases 
and beta-lactamases production. While no mutation 

Table 1  Characteristics of the 12 KPC-producing Klebsiella pneumoniae strains resistant to Imipenem/cilastatin/relebactam
ID Sequence 

type (ST)
MIC value for specific antibiotics (S/I/R)
IMI/REL
(0.06/4–
8/4)

IMI
(1–8)

MEM
(0.12-16)

MVB
(0.06/8–
16/8)

C/T
(0.25/4–
8/4)

CZA
(0.25/4–
16/4)

Carbape-
nem resistance 
determinants

Beta-lactams resistant 
determinants

I091 512 4 > 8 > 16 8 > 8 16 blaKPC−3 blaSHV−11; blaTEM−1;blaOXA−1

G007 307 4 > 8 > 16 2 > 8 8 blaKPC−3 blaSHV−28; blaTEM−1;blaOXA−1

G003 307 4 > 8 > 16 4 > 8 4 blaKPC−3 blaTEM;blaOXA−1

E195 258 4 > 8 > 16 2 > 8 1 blaKPC−2 blaSHV−12

H117 307 4 > 8 > 16 4 > 8 2 blaKPC−2 blaSHV−28;blaOXA−1

A157/2 307 4 > 8 > 16 2 > 8 2 blaKPC−2 blaSHV−28;blaOXA−1

G019 307 4 > 8 > 16 1 > 8 2 blaKPC−3 blaSHV−28; blaTEM−1;blaOXA−1

G021 307 4 > 8 > 16 1 > 8 4 blaKPC−3 blaSHV−28; blaTEM−1;blaOXA−1

G025 258 4 > 8 > 16 4 > 8 2 blaKPC−2 blaSHV−12

C053 258 4 > 8 > 16 4 > 8 2 blaKPC−2 blaSHV−12

B040 307 4 > 8 > 16 2 > 8 2 blaKPC−2 blaSHV−28; blaTEM−1;
blaOXA−1

B100 307 8 > 8 > 16 4 > 8 4 blaKPC−3 blaSHV−28; blaTEM−1;blaOXA

MIC: minimum inhibitory concentration, S: susceptibile, I: increased exposure; R: resistant; IMI/REL: imipenem/cilastatin/relebactam; IMI: imipenem; MEM: 
meropenem; MVB: meropenem/vaborbactam; C/T: ceftolozane/tazobactam; CZA: ceftazidime/avibactam. Resistance determinants are reported according to the 
NCBI AMRFinderPlus categorization at the time of analysis. No mutations in OmpK36 were identified. Complete analysis of resistance, virulome and identified 
plasmids is reported in the Supplementary materials

Table 2  Protein mutations identified in the strains resistant 
to to Imipenem/cilastatin/relebactam. Correlation analysis 
with resistance was performed with all the Ompk36 mutations 
identified in all the Kp-KPC dataset (603 samples)
Protein Mutation p value
Ompk36 p.Asp357fs 0,008372
Ompk36 p.Asp135_Thr136insGlyAsp 0,071530
Ompk36 p.Tyr201fs 0,457700
Ompk36 p.Trp125* 0,906200
Ompk36 p.Ala183_Leu184delinsThr 1
Ompk36 p.Asn221His 1
Ompk36 p.AspAsnSer344GluAsnAsp 1
Ompk36 p.HisAsn349ArgArg 1
Ompk36 p.Ile315Leu 1
Ompk36 p.Leu307Ile 1
Ompk36 p.Thr192Gly 1
Ompk36 p.Tyr201Phe 1
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with significant correlation with resistance was found for 
porins Ompk35 and Ompk37.

Some limitations of our study should be acknowledged. 
First, The strains analysed were collected between 2016 
and 2018, which may make them less representative of the 
current epidemiology and molecular characteristics of 
KPC-Kp strains. Furthermore, given the lack of therapeu-
tic options at that time, no conclusions could be drawn 
about the effect on susceptibility after exposure to novel 
BLBLIC, and in particular to IMI/REL that was not avail-
able for clinicians during the study period. Moreover, our 
analysis did not include the number of copies of blaKPC 
when expressed, and it has been noted that the number 
of copies can influence drug susceptibility. Finally, the 
study focused on the in vitro activity of IMI/REL and 
did not evaluate the clinical characteristics, therapeutic 
management and outcomes of infections caused by these 
microorganisms, as these variables fell outside the scope 
of the analysis. However, the samples were collected in an 
area endemic for carbapenem-resistant pathogens, and 
the in vitro susceptibility of such heterogeneous samples 
may provide valuable insights with implications for clini-
cal management. Another strength of our analysis was 
the use of WGS, which allowed full characterisation of 
IMI/REL-resistant strains and provided information on 
porin mutations along with evidence of production of 
carbapenemases and beta-lactamases.

In conclusion, an improved understanding of the 
resistance determinants in carbapenem-resistant bacte-
ria is paramount to tailor the place in therapy of novel 
BLBLICs. The collection of in vitro susceptibility infor-
mation is a first step in this endeavour, which needs to 
be strengthened by larger cohorts, taking into account 
regional and national ecologies. Furthermore, the char-
acterisation of resistance to less widely used molecules 
such as IMI/REL is crucial to inform fast microbiology 
techniques and optimise their use in clinical practice and 
streamlined empiric antibiotic therapy. Our findings con-
firm that IMI/REL may be an alternative option in the 
management of infections caused by KPC-Kp strains, 
especially when the isolates are not susceptible to the 
recommended first-line agents (i.e. CZA).
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