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a b s t r a c t 

Objectives: A novel ß-lactam- β-lactamase inhibitor (BLBI), meropenem (MEM), combined with the 

boronate-based inhibitor vaborbactam (VAB), has recently been introduced for the treatment of infec- 

tions caused by Klebsiella pneumoniae carbapenemase (KPC)-producing Enterobacterales . The purpose of 

this study was to select for MEM-VAB resistance using a collection of eight KPC-producing K. pneumoniae 

clinical isolates, including three that produce KPC variants conferring ceftazidime-avibactam (CAZ-AVI) 

resistance, and subsequently decipher the corresponding resistance mechanisms. 

Methods: Mutants were selected in a stepwise process on agar plates containing different MEM-VAB 

concentrations. Susceptibility testing was performed by broth microdilution, and complementation assays 

were performed with wildtype ompK36 . Whole genome sequencing was performed on mutants, and KPC 

copy number was assessed by quantitative polymerase chain reaction . 

Results: Mutants were obtained from 6/8 tested isolates and reduced susceptibility to all tested β- 

lactams, and BLBIs, including CAZ-AVI, imipenem-relebactam, and aztreonam-AVI, were observed. No mu- 

tations were identified in the bla KPC . However, mutations in ompK36 were observed in four mutant lin- 

eages, and complementation with a wild-type ompK36 resulted in a reduction of minimal inhibitory con- 

centrations to both MEM-VAB and other ß-lactams/BLBIs. bla KPC gene copy numbers were significantly 

increased in four mutant lineages. Whole genome sequencing identified genomic rearrangements in two 

lineages comprising mutations in the plasmid replicon encoding gene and duplication of the Tn 4401 

transposon bearing the bla KPC gene into a ColE-like, high copy number plasmid. 

Conclusions: In contrast to what is observed with KPC-producing mutants exhibiting resistance to CAZ- 

AVI, mainly corresponding to mutated KPC enzymes, here the MEM-VAB-resistant mutants showed per- 

meability defects combined with increased KPC production, resulting from genomic rearrangement. 

© 2023 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 license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Since their initial identification over two decades ago in the 

SA [1] , Klebsiella pneumoniae carbapenemases (KPCs) have suc- 

essfully disseminated globally and have become an increasingly 

ignificant threat to public health [2.3]. KPCs are predominantly 

ound in Enterobacterales (particularly K. pneumoniae ), usually lo- 

ated on plasmids, but they have also been identified in non- 
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nterobacterale species including Pseudomonas Spp. [2] and Acine- 

obacter Spp. [4] . Most KPC producers are multidrug resistant [ 2 , 3 ],

arbouring resistance genes encoding resistance mechanisms that 

lso compromise the efficacy of non- β-lactam antibiotics, subse- 

uently limiting the treatment options for infections caused by 

hose KPC-producing bacteria. 

Vaborbactam (VAB) is a non-ß-lactam ß-lactamase inhibitor 

ith activity against class A and C serine β-lactamases [5] , and it 

s the first boronate-based inhibitor approved for clinical use. VAB 

as been developed for use alongside the carbapenem antibiotic, 

eropenem (MEM), to treat serious multidrug-resistant Gram- 

egative infections (e.g. bacteraemia, hospital acquired pneumonia, 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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Table 1 

Characteristics of the eight parent KPC-producing K. pneumoniae strains. 

Porins MIC (mg/L) 

Strain KPC Variant ST OmpK35 OmpK36 MEM MEM-VAB 

N931 KPC-2 34 IS Prom WT 32 ≤ 0.06 

N1118 KPC-2 11 TR WT 64 ≤ 0.06 

N52 KPC-3 730 WT WT 16 ≤ 0.06 

N119 KPC-3 405 WT WT 32 ≤ 0.06 

N1762 KPC-3 512 TR GD ins L3 > 256 4 

N435 KPC-41 395 TR WT 1 0.125 

N2280 KPC-46 101 TR TD ins L3 2 1 

N859 KPC-50 258 TR WT 4 0.125 

GD ins L3, GD insertion in the L3 loop; MEM, meropenem; ST, sequence type; TD 

ins L3, TD insertion in the L3 loop; TR, truncated; VAB, vaborbactam; WT, wildtype 
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omplicated urinary tract infections, complicated intraabdominal 

nfections), particularly those producing KPC enzymes [ 5 , 6 ]. 

MEM-VAB was approved for use by the US Food and Drug Ad- 

inistration in 2017 [7] and by the European Medicines Agency 

n 2018 [8] , and since then there have been only sparse reports 

f KPC-producing K. pneumoniae clinical isolates being resistant 

o this drug combination [ 9 , 10 ]. With the recent increasing in-

idence of ceftazidime-avibactam (CAZ-AVI) resistance emerging 

uring treatment among KPC-producing K. pneumoniae isolates, 

hich is predominantly attributed to mutations within the bla KPC 

ene [11–14] , MEM-VAB might be favoured over CAZ-AVI for the 

reatment of serious infections caused by KPC producers. It is 

herefore necessary to understand the mechanisms by which such 

esistance may arise. 

Previously, in-vitro mutation studies have shown that MEM- 

AB resistance can arise in KPC-producing K. pneumoniae via 

echanisms including permeability changes and bla KPC gene over- 

xpression. However, such studies have mostly been performed on 

trains harbouring the “classical” KPC variants, KPC-2 and KPC-3 

 10 , 15 , 16 ]. KPC variants that confer CAZ-AVI resistance usually do

o at a cost of their ability to hydrolyse carbapenems [11–14] , re- 

ulting in strains that become susceptible to both MEM and remain 

usceptible to MEM-VAB. 

Additionally, a recent study has shown that MEM-VAB exhibits 

xcellent activity against KPC-producing K. pneumoniae , regardless 

f whether they produce the “classic variants” or those that confer 

esistance to CAZ-AVI [16] . Nevertheless, resistance development to 

EM-VAB in K. pneumoniae producing those KPC variants confer- 

ing resistance to CAZ-AVI has not been widely studied. 

The purpose of this study was to select for MEM-VAB resistance 

n a collection of clinical KPC-producing K. pneumoniae isolates, in- 

luding three isolates producing KPC variants that confer CAZ-AVI 

esistance, and subsequently ascertain the mechanisms responsi- 

le. 

. Methods and Materials 

.1. Bacterial isolates 

Eight clinical KPC-producing K. pneumoniae isolates, all obtained 

rom hospitals in Switzerland, were selected for this study: two 

PC-2 producers (N931 and N1118), three KPC-3 producers (N52, 

119 and N1762), and single isolates producing KPC variants re- 

istant to CAZ-AVI. The latter either produced KPC-41 (N435) [12] , 

PC-46 (N2280), or KPC-50 (N859) [13] . Isolates had previously 

een subject to whole-genome sequencing (WGS) and were se- 

ected to represent diverse but clinically relevant sequence types 

STs) and KPC variants. Characteristics of the isolates including STs, 

mpK35 and OmpK36 porin genotypes, and minimal inhibitory 

oncentrations (MICs) of MEM-VAB are summarized in Table 1 . 
67 
.2. Susceptibility testing 

MICs of antimicrobial agents were determined by broth mi- 

rodilution according to Clinical and Laboratory Standards Institute 

ethodology [17] and interpreted according to the European Com- 

ittee on Antimicrobial Susceptibility Guidelines [18] . The prepa- 

ation of the ß-lactam / ß-lactamase inhibitors (BLBIs) were per- 

ormed according to the Clinical and Laboratory Standards Insti- 

ute guidelines [17] , with a fixed concentration of the inhibitor at 

 mg/L for avibactam (AVI) and relebactam (REL), and 8 mg/L for 

AB. 

.3. MEM-VAB mutant selection 

K. pneumoniae mutant strains were selected by either single- 

tep or multi-step mutation selection. Briefly, strains were grown 

vernight in a liquid culture (Luria-Bertani [LB]) and one hundred 

icroliters of overnight culture were spread on LB agar plates con- 

aining varying concentrations of MEM and with VAB at a fixed 

oncentration of 8 mg/L. Selection was initially attempted at the 

EM-VAB breakpoint concentration (MEM at 8 mg/L) for all iso- 

ates. However, where mutants were not initially obtained, the 

EM selection concentrations were reduced to 0.125–4 mg/L, re- 

pectively. Hence, mutants were obtained at sub-breakpoint con- 

entrations were then selected on increasing MEM-VAB concen- 

rations, in a stepwise process. Following overnight incubation at 

7 °C, individual mutant colonies were selected and plated onto 

ntibiotic-free agar for further analysis. 

.4. Whole genome sequencing 

Total genomic DNA (gDNA) of isolates was extracted from a bac- 

erial culture grown overnight using the QIAamp DNA Mini Kit (Qi- 

gen, Valencia, CA). WGS was performed using either a MiSeq (Il- 

umina, San Diego, CA) or MinION Mk1C (Oxford Nanopore Tech- 

ologies, Oxford, UK) platforms. For short-read sequencing, DNA 

ibraries were constructed using the Nextera (Illumina) sample 

reparation method with 2 × 300 bp paired end reads and a 

overage of ≥ 50X. For MinION sequencing, sequencing libraries 

ere prepared using a native barcoding kit (EXP-NBD104; Oxford 

anopore Technologies) and 1D chemistry Ligation Sequencing Kit 

SQK-LSK109; Oxford Nanopore Technologies). Sequencing was per- 

ormed on a MinION Mk1C sequencer (Oxford Nanopore Technolo- 

ies) using a R9.4.1 Flow Cell (FLO-MIN106; Oxford Nanopore Tech- 

ologies). 

Short-read sequencing reads were trimmed using Trimmomatic 

19] . Assembles were performed using the Shovill pipeline ( https: 

/github.com/tseemann/shovill ), and contigs were annotated using 

rokka [20] . STs, the presence of resistance genes, plasmid repli- 

on types, and the confirmation of speciation were determined 

sing MLST 2.0, ResFinder 4.1 [21] , PlasmidFinder 2.1 [22] , and 

merFinder 3.2 [23] on the Center for Genomic Epidemiology plat- 

orm ( https://www.genomicepidemiology.org/ ). Long-read sequenc- 

ng reads were trimmed and corrected using Canu [24] . Hybrid as- 

embles, using both short- and long-read data, were performed us- 

ng UniCycler [25] . 

Sequence data from this study was submitted to the National 

enter for Biotechnology Information’s Sequence Read Archive 

BioProject no. PRJNA897716). 

.5. ompK36 sequencing 

ompK36 alleles were amplified by polymerase chain reaction 

PCR) from all mutant isolates and clones using primers ompK 36 

Q1 (5’- GACAAGCTTTAAAAGGCATATAACAAACAG-3’) and ompK36 

https://github.com/tseemann/shovill
https://www.genomicepidemiology.org/
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Q2 (5’- CTGGGATCCAGCGAGGTTAAACCGG-3’) [26] , and subjected 

o Sanger sequencing. 

.6. ompK36 cloning and complementation 

A wild-type ompK36 gene was amplified from K. pneu- 

oniae MGH78578 (GenBank Accession No. NC_009648) 

nd cloned into pACYC184 using either primers ompK36 

Q1 and ompK36 QQ2, or primers ompK36 QQ3 

5’- GACCCATGGTAAAAGGCATATAACAAACAG-3’) and ompK36 

Q4 (5’- CTGCCATGGAGCGAGGTTAAACCGG-3’), to generate plas- 

id pACompK36 that was further selected by supplementing 

elective plates either with tetracycline (25 mg/L) or chloram- 

henicol (20 mg/L). Both the original plasmid pACYC184 and 

ecombinant plasmid pACompK36 were transformed into strains 

nd mutants of N931, N435 and N859. 

.7. bla KPC gene copy number determination 

Determination of the bla KPC copy number was deter- 

ined using cell lysates being prepared as previously de- 

cribed [15] . Quantitative PCR (qPCR) was performed on a 

iagen RotorGene using Promega Sybr Green PCR mix, using 

rimers KPC-qF (5’-CGCCAATTTGTTGCTGAAGG-3’) and KPC- 

R (5’-GCCAATCAACAAACTGCTGC-3’) for the bla KPC gene, and 

rimers 16S-qF (5’-TCATGGAGTCGAGTTGCAGA-3’) and 16S-qR 

5’- GCGCAACCCTTATCCTTTGT-3’) for 16S rRNA. All assays were 

erformed on three biological replicates and the delta-delta Ct 

ethod was used to calculate relative copy numbers of the KPC 

ene for mutants when compared with the parental strain set 

o 1. 

. Results and discussion 

.1. Phenotypic and genotypic profiling of MEM-VAB-resistant 

utants 

Direct selection of mutants on agar plates containing breakpoint 

oncentrations of MEM-VAB (8/8 mg/L) did not result in selection 

f mutant colonies for any of the isolates, with the exception of 

1762 (KPC-3 producer), for which there was confluent growth. 

ubsequently, a range of mutation selection concentrations were 

ttempted using sub-breakpoint (0.125–4 mg/L) levels of MEM, 

hilst VAB remained fixed at 8 mg/L, in a stepwise process for 

he remaining seven isolates, and at greater than breakpoint level 

or strain N1762 (32 mg/L) ( Table 2 ). A second step of mutant se-

ection was performed on increasing MEM-VAB concentrations for 

ll isolates that produced mutants after a single selection step, ex- 

ept N1762, which already exhibited high-level MEM-VAB resis- 

ance. Overall mutants were obtained from six parental isolates in 

ither one or two steps of selection, respectively ( Table 2 ). 

Mutants and parents were subject to susceptibility testing to 

 range of antibiotics ( Table 3 ). As expected, susceptibility levels 

o β-lactam antibiotics were reduced in line with increasing MICs 

f MEM-VAB. Of note, the MICs of three other BLBI combinations, 

amely CAZ-AVI, imipenem-REL, and aztreonam-AVI, were also sig- 

ificantly increased, highlighting a mechanistic cross-resistance. 

ICs of amikacin, chloramphenicol, tigecycline, and ciprofloxacin 

typical substrates of efflux pump) [27] remained relatively un- 

hanged between the parent and mutant strains, indicating that 

fflux was unlikely playing a role in the observed acquired resis- 

ance to MEM-VAB of these isolates (Table S1). 

Amongst the parent isolates, different combinations of porin 

ene alterations ( ompK35 and ompK36 ) were represented ( Table 1 ). 

ost isolates harboured substitutions resulting in truncation or 

isruption of the ompK35 promoter region, likely resulting in no 
68 
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Table 3 

MICs of parental and mutant strains with vector only, pACYC184 (P), or Ompk36 complemented, pACompK36 (PK36). 

MIC (mg/L) 

Strain OmpK36 ETP IPM IPM-REL MEM MEM-VAB CAZ CAZ-AVI ATM ATM-AVI FEP 

N931/P WT 32 8 0.25 16 ≤ 0.06 64 0.5 256 0.25 8 

N931/PK36 32 8 0.25 16 ≤ 0.06 64 0.5 256 0.25 8 

N931 M1/P TR > 256 256 2 > 256 2 128 2 > 256 0.5 > 256 

N931 M1/PK36 64 16 0.25 16 ≤ 0.06 64 0.5 > 256 0.25 32 

N931 M2/P TR > 256 > 256 32 > 256 64 256 8 > 256 8 > 256 

N931 M2/PK36 256 32 0.5 64 0.25 128 1 > 256 0.25 64 

N435/P WT 8 4 0.25 1 0.125 > 256 256 64 1 16 

N435/PK36 8 4 0.25 1 0.125 > 256 256 64 1 16 

N435 M1/P Y326D 256 128 16 64 16 > 256 > 256 256 2 128 

N435 M1/PK36 16 16 0.5 4 1 > 256 > 256 64 1 64 

N435 M2/P Y326D > 256 > 256 128 > 256 128 > 256 > 256 256 8 256 

N435 M2/PK36 64 32 2 16 8 > 256 > 256 128 1 64 

N859/P WT 16 8 1 4 0.125 > 256 > 256 128 4 128 

N859/PK36 16 8 1 4 0.125 > 256 > 256 128 4 128 

N859 M1/P TR > 256 128 2 128 8 > 256 > 256 128 32 > 256 

N859 M1/PK36 32 64 1 8 1 > 256 > 256 128 8 256 

N859 M2/P TR > 256 256 8 256 16 > 256 > 256 128 64 > 256 

N859/PK36 32 64 2 16 1 > 256 > 256 128 16 256 

ATM, aztreonam; AVI, avibactam; CAZ, ceftazidime; ETP, ertapenem; FEP, cefepime; GD ins; GD amino acid insertion in L3, IS Prom. IPM, 

imipenem; REL, relebactam; TR, truncated; WT, wildtype. 
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Fig. 1. The plasmid sequenced from strain N931_M2, pKPC-M2 (OP776642), which 

lost ∼81 kb, including the tra region, compared with its parent, N931. 
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roduction of the porin. Interestingly, the two strains for which no 

utants could be obtained (N52 and N119) both harboured a wild- 

ype ompK35 , in contrast to the other isolates in the study, sug- 

esting that OmpK35 loss or weak production may be a prerequi- 

ite or favourable for further selection of MEM-VAB mutants. For 

our out of the six isolates used, mutants also exhibited mutations 

n the ompK36 gene, corresponding to truncations of the gene in 

wo strains (N931 and N859) and single amino acid changes in the 

orresponding protein for the remaining two (N435 and N1118). To 

ur knowledge, the latter two mutations have not been reported 

reviously. The two mutant lineages (lineage being defined as the 

utants derived from a single parent) for which no changes in 

mpK36 were observed (N1762 and N2280) already harboured in- 

ertions in the OmpK36 L3 loop (GD and TD, respectively), which 

re known to result in constriction of the pore and subsequently 

educed permeability for both MEM and VAB [ 26 , 28 ]. In line with

his observation, both parent isolates exhibited reduced suscepti- 

ility to MEM-VAB (MICs of 1 and 4 mg/L respectively) relative 

o those isolates producing wild-type OmpK36 (MICs ranging from 

0.06–0.125 mg/L). 

.2. ompK36 complementation 

Complementation assays were performed for three strain lin- 

ages where mutations in the ompK36 gene sequence were found, 

amely N435, N859, and N931. Complementation assays were per- 

ormed with a wild-type ompK36 gene cloned in plasmid pA- 

YC184 (pACompK36), resulting in a significant reduction in both 

EM and MEM-VAB MICs across all mutants with ompK36 muta- 

ions ( Table 3 ). The mutation identified in the N435 M2 mutant, 

amely the Y326D amino acid change, was also shown to play 

 role in antibiotic permeation into the cell, although the exact 

tructural mechanism of this remains unknown. This confirms that 

mpK36 is the primary route by which VAB enters the cells in K. 

neumoniae and that permeability defects are necessary for MEM- 

AB resistance, in line with observations made in other studies 

 16 , 26 , 28 ]. 

.3. Determination of the bla KPC copy numbers and genomic 

earrangements 

The copy number of the bla KPC gene in mutant relative to the 

arental strains was assessed by qPCR, showing that in four mu- 
69 
ant lineages (N931, N1118, N1762, and N435) the bla KPC gene copy 

umber had significantly increased, likely resulting in increased 

la KPC expression. Two of these mutants were subject to long- 

ead sequencing to determine the responsible mechanism(s). Par- 

nt strains and selected mutants derived from N931 (N931 M2) 

nd N1762 (N1762 M1) were subject to both long- and short-read 

equencing, which revealed that genomic rearrangements had oc- 

urred in both mutants. In the N931 parent strain, the transpo- 

on encompassing bla KPC-2 was encoded on a ∼113 kb IncFIIK/FIB 

KpQIL-like plasmid. In the mutant N931 M2, an IS Kpn14 inser- 

ion sequence was identified, encoded within the repA2 gene of 

he plasmid alongside a reduction in the plasmid size to ∼32kb 

 Fig. 1 ), resulting in plasmid pKPC-M2 (Genbank Accession No. 

P776642) ( Fig. 1 ). The region of the pKpQIL-like plasmid that was 

ost was ∼81 kb, including a ∼35 kb region encoding the tra genes, 

ikely rendering the plasmid non-conjugative. The repA2 gene is 

esponsible for the control of the plasmid copy number, and the 

resence of the insertion sequence likely results in increased copy 
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umber of the plasmid and therefore increased bla KPC expression, 

s has been suggested in a previous study where a similar inser- 

ion was found [15] . 

In the parent N1762, WGS identified two copies of the trans- 

oson bearing bla KPC-3 on an ∼138 kb IncFIIK/FIB plasmid. In the 

1762 M1 mutant a further duplication of the bla KPC-3- encoding 

ransposon was detected in which it had inserted onto a 16.8 kb 

olE-like plasmid, pKPC_ColE (GenBank Accession No. OP745647), 

hich are typically high copy number plasmids. Multiple copies of 

he bla KPC-3 gene in the parent isolate would explain the reduced 

usceptibility to MEM-VAB (4 mg/L) and subsequently why this 

as the only isolate for which MEM-VAB resistant mutants could 

e selected for directly [15] . 

. Conclusion 

MEM-VAB-resistant mutants were difficult to select in vitro for 

ll strains in this study, and they were required to be selected in a 

tepwise process, with the exception of one strain that possessed 

wo copies of bla KPC-3 . Mutants resistant to MEM-VAB did not re- 

ult from structural modifications of the KPC protein as opposed to 

ost of the previously reported CAZ-AVI-resistant mutants. Dupli- 

ations of the bla KPC gene in clinical K. pneumoniae isolates have 

een reported in relation to increased MEM-VAB resistance previ- 

usly [15] , albeit not very frequently. However, this may be due to 

he difficulty in detecting these duplications using the most com- 

on laboratory techniques such as PCR and short-read sequencing. 

ere, we showed that acquired resistance to MEM-VAB had oc- 

urred in some strains as a result of both permeability changes and 

la KPC gene amplification via duplication of transposon Tn 4401 and 

lasmid copy number changes. The mechanisms of the remaining 

trains have not yet been fully established, and further work is un- 

erway, but we have shown that isolates producing KPC variants 

esistant to CAZ-AVI can still become resistant to MEM-VAB. Cross 

esistance was observed between MEM-VAB and other BLBI com- 

inations such as CAZ-AVI, IPM-REL, and to a much lesser extent 

TM-AVI. Such cross resistance highlights the shared mechanisms 

y which resistance can emerge to both β-lactams and BLBIs and 

mphasises the need for awareness that the selection of some an- 

imicrobial therapies can potentially compromise alternative treat- 

ents. 

In contrast, no potential effect of efflux systems was evidenced. 

verall MEM-VAB resistance in this study appeared to be related to 

 combination of two main mechanisms, i.e. permeability changes 

nd more specifically, alteration of ompK36 , and increased bla KPC 

xpression, with the former mechanism appearing to be most crit- 

cal. 
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