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Abstract

Background. Resistance of Klebsiella pneumoniae to carbapenems is complex and involves the production
of carbapenemases. Infections caused by carbapenemase-producing K. pneumoniae represent a significant
public health concern due to the limited treatment options available.

Objectives. The aim of the study was to identify 0XA-48-like-producing K. pneumoniae isolates, character-
ize their multidrug resistance phenotypically and genetically, and classify them into appropriate sequence
types (STs).

Materials and methods. The study was conducted on 3 K. pneumoniae isolates producing OXA-48 car-
bapenemase obtained from patients hospitalized at the University Hospital of Bialystok, Poland. Identification
and antimicrobial susceptibility testing were performed using the automated VITEK 2 system and the broth
microdilution method for colistin. Screening for 0XA-48 production was performed using a disc contain-
ing 30 pg of temocillin. Carbapenemase production was confirmed using the Carba NP test. The presence
of the blagys_43 gene and genes encoding resistance to quinolones (gnrA, gnrB, gnrD, gnrS) and aminoglycosides
(aac(3)-Ia, aac(6')-1b, ant(4)-la, ant(2")-la, and aph(3”)-Ib) was detected using polymerase chain reaction
(PCR). The ST of the isolates was determined based on sequence analysis of conserved housekeeping genes
(rpoB, gapA, mah, pgi, phok, infB, tonB).

Results. Analysis of antimicrobial susceptibility revealed that the tested strains were resistant to all tested
B-lactam antibiotics and exhibited resistance to amikacin, gentamicin, ciprofloxacin, colistin, and trim-
ethoprim—sulfamethoxazole. Polymerase chain reaction analysis revealed the presence of the aac(6’)-/b
and aph(3")-Ib genes encoding aminoglycoside-modifying enzymes in all OXA-48-positive strains. Among
the genes encoding quinolone resistance, gnrS was detected in all tested isolates. Multilocus sequence typing
(MLST) revealed that 2 OXA-48-positive strains belonged to 775, whereas 1 isolate belonged to 72793,

Conclusions. Two sequence types of K. pneumoniae, ST15 and S72193, producing OXA-48 carbapenemase
and exhibiting resistance to aminoglycosides and fluoroquinolones associated with the aac(6")-1b, aph(3”)-Ib,
and gnrS genes, respectively, were identified.

Key words: Klebsiella pneumoniae, OXA-48 beta-lactamase, antimicrobial resistance, multilocus sequence
typing, Poland
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Highlights

to sequence types ST15 and ST2193.

+ OXA-48-producing Klebsiella pneumoniae isolates exhibited extensive multidrug resistance, including resistance
to B-lactams, aminoglycosides, fluoroquinolones, and colistin.

+ Molecular analysis identified the blaoya 45 carbapenemase gene alongside aminoglycoside resistance genes aac(6)-1b
and aph(3")-1b, and the quinolone resistance gene gnrS.

+ Multilocus sequence typing (MLST) revealed the circulation of high-risk Klebsiella pneumoniae clones belonging

+ The emergence of multidrug-resistant OX A-48-producing Klebsiella pneumoniae highlights the growing challenge
of antimicrobial resistance and the need for enhanced surveillance strategies.

Background

Carbapenems are an important group of antibiotics
widely used for the treatment of severe bacterial infections.!
The prevalence of carbapenem resistance among Gram-
negative rods is increasing and has become a serious problem
worldwide.? Gram-negative bacteria of the species Klebsi-
ella pneumoniae are among the most important producers
of carbapenem resistance mechanisms.? Carbapenem-resis-
tant K. pneumoniae very often exhibits multidrug resistance
to antibiotics from different groups simultaneously:* It is well
known that carbapenem-resistant K. pneumoniae usually
carries resistance determinants for at least 3 groups of anti-
biotics: B-lactams, aminoglycosides, and fluoroquinolones.
This considerably limits therapeutic options.® Inappropriate
antimicrobial treatment is associated with higher patient
mortality rates.® Infections caused by carbapenem-resistant
K. pneumoniae represent a major public health challenge due
to limitations in selecting appropriate treatment.”

Antibiotic resistance in K. pneumoniae strains is me-
diated by several mechanisms. The 1% mechanism in-
volves the synthesis of enzymes that hydrolyze p-lactam
antibiotics, known as -lactamases, or aminoglycoside-
modifying enzymes. The 2"! mechanism results from ef-
flux pump overexpression. The 3" mechanism, referred
to as porin-mediated resistance, results from decreased
cellular permeability due to the loss of outer membrane
proteins (Omps). The last mechanism involves modifica-
tion of the antimicrobial target site.®

The phenomenon of carbapenem resistance in K. pneu-
moniae is complex and may involve the production of ex-
tended-spectrum p-lactamases (ESBLs), overexpression
of AmpC B-lactamase combined with the loss of porin
channels, or the hydrolytic activity of carbapenemases.’

All B-lactamases constitute a large group of enzymes
with considerable molecular and functional diversity.
Molecular classification, based on amino acid structure,
distinguishes 4 classes of these enzymes: A, B, C, and
D. Carbapenemases are classified into 3 groups, includ-
ing class A serine carbapenemases (Klebsiella pneumoniae
carbapenemases (KPC)), class B metallo-B-lactamases
(MBLs) (imipenemase (IMP), Verona integron-encoded

metallo-B-lactamase (VIM), and New Delhi metallo-p-
lactamase (NDM)), and class D B-lactamases (OX A-48).1°

Carbapenem resistance mediated by carbapenemases
in K. pneumoniae has been reported worldwide. Enzymes
classified as KPC and NDM are the most frequently re-
ported.!! In Poland, the first case of KPC was identified
in 2008 among K. pneumoniae isolates obtained from
a patient with a urinary tract infection.!? As of 2021,
741 cases of KPC-positive isolates had been reported,
with K. pneumoniae being the major producer.!® The first
case of an NDM-positive isolate was reported in 2012
in a patient with a history of international travel.!* In 2021,
3,036 cases of NDM-positive strains were detected in clini-
cal samples obtained from different sites of infection.!?
The first reported NDM-positive isolate belonged to Esch-
erichia coli; however, K. pneumoniae was the main pro-
ducer of NDM enzymes.'3

Enzymes from the OXA-48 oxacillinase family are
less common in Poland compared to KPC and NDM.
The number of strains producing OXA-48 enzymes
in 2021 was 285.13 The first OX A-48-family enzymes were
isolated in 2012 from Enterobacter cloacae; however, their
main producers were K. pneumoniae and E. coli.'® The least
common carbapenemases are MBLs from the VIM group,
with 110 positive isolates reported in 2021, and Enterobac-
ter hormaechei, K. pneumoniae, and Klebsiella oxytoca
as the main producers.!?

Here, we report and describe K. pneumoniae strains car-
rying a rare mechanism of carbapenem resistance medi-
ated by the class D oxacillinase OXA-48.

Objectives

The main aim of this study was to identify the pres-
ence of the blapxa.4s gene among K. pneumoniae isolates
obtained from clinical samples. Moreover, we aimed
to define the antibiotic resistance profiles of OX A-48-like-
producing K. pneumoniae and determine the prevalence
of genes encoding other carbapenemases (blaxpc, blap,
blayyr, blanpyy), as well as plasmid-mediated quinolone
resistance genes (gnrA, qnrB, qnrD, gnrS). Additionally,
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we aimed to screen for aminoglycoside resistance genes,
including aac(3)-1a, aac(6)-1b, ant(4))-lla, ant(2”)-Ia, and
aph(3”)-1b. Finally, we aimed to determine the sequence
type (ST) of the tested OXA-48-positive isolates.

Materials and methods

The study was conducted between January 1, 2015, and
September 15, 2016. In 2015, 5 carbapenemase-producing
K. pneumoniae isolates were identified, whereas in the first
9 months of 2016, 117 carbapenemase-producing K. pneu-
moniae isolates were detected. Among these isolates, only 3
were identified as OXA-48 producers.

The tested isolates were collected and processed at the De-
partment of Microbiological Diagnostics and Infectious
Immunology, Medical University of Bialystok (Biatystok,
Poland). The 1% strain (K. pneumoniae 1) was responsible
for a bloodstream infection and was isolated from a blood
sample obtained from a hematology patient in 2015. The re-
maining isolates were associated with gastrointestinal tract
colonization. The 2" strain was isolated from a stool sam-
ple obtained from a patient hospitalized in the hematology
department in 2016, and the 3" strain (K. pneumoniae 3)
was isolated from a rectal swab collected from a patient
in the intensive care unit (ICU), also in 2016. All patients
were hospitalized at the University Hospital of Bialystok.

The VITEK 2 automated system (bioMérieux, Marcy-
I’Etoile, France) was used for identification and antimicro-
bial susceptibility testing. Colistin minimum inhibitory
concentration (MIC) determination was performed us-
ing Microlatest MIC Colistin tests (Erba Lachema, Brno,
Czech Republic) according to the manufacturer’s protocol.
The results of antibiotic susceptibility testing were inter-
preted according to the criteria of the European Committee
on Antimicrobial Susceptibility Testing (EUCAST, 2016).16

Screening tests for carbapenemase production were per-
formed using ethylenediaminetetraacetic acid (EDTA) for
MBL detection, boric acid for KPC detection, and a disc
containing 30 pg of temocillin for OXA-48 detection ac-
cording to EUCAST (Version 2.0, July 2017).17 In addition,
the biochemical Nordmann—Poirel carbapenemase (Carba
NP) test was performed.'®

Plasmid DNA was isolated from K. pneumoniae isolates
after overnight cultivation at 37°C in Trypticase Soy Broth
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(TSB; Emapol, Warsaw, Poland) using a Plasmid Mini Kit
according to the manufacturer’s instructions (A&A Bio-
technology, Gdynia, Poland). Detection of blaxpc, blap,
blay, blanpy, and blaoxa.4s genes was performed using
polymerase chain reaction (PCR) with specific primers.!
Moreover, to determine the mechanism of quinolone re-
sistance, we amplified gnrA, qnrB, gnrD, and gnrS genes
associated with plasmid-mediated quinolone resistance
(PMQR).?° Additionally, we screened for aminoglycoside
resistance genes, including aac(3)-1a, aac(6))-1b, ant(4)-1la,
ant(2”)-Ia, and aph(3”)-Ib.2! All PCR reactions, as well
as visualization of the PCR products, were performed ac-
cording to previously described protocols.!*2°

Furthermore, multilocus sequence typing (MLST) was
conducted to classify K. pneumoniae strains harboring
OXA-48 carbapenemase genes (blaoxa.4s) based on anal-
ysis of housekeeping gene sequences (rpoB, gapA, mdh,
pgi, phoE, infB, tonB) and typing profiles obtained from
the MLST database.?

Results

Isolates K. pneumoniae 1 and 2 were negative in the double-
disc synergy test (DDST) for extended-spectrum B-lactamases
(ESBLs), whereas isolate K. pneumoniae 3 was positive in this
test. All tested isolates were negative in the DDST for MBLs
and in the disc-diffusion test with boronic acid for KPC de-
tection. Moreover, all 3 tested strains were positive in phe-
notypic tests using a disc containing 30 ug of temocillin. Ad-
ditionally, all tested strains were positive in the biochemical
Carba NP test used for carbapenemase detection.

Analysis of antimicrobial susceptibility revealed that all
tested strains were resistant to B-lactam antibiotics, in-
cluding amoxicillin—clavulanic acid, cefepime, cefotaxime,
ceftazidime, cefuroxime, and piperacillin—-tazobactam.
Two isolates (K. pneumoniae 1 and 2) were non-susceptible
to imipenem and meropenem, with MICs > 16 pg/mL. One
isolate (K. pneumoniae 3) was susceptible to imipenem
and meropenem, with MICs of 2 pg/mL and 1 pg/mL, re-
spectively. Additionally, all tested isolates were resistant
to amikacin, gentamicin, ciprofloxacin, colistin, and tri-
methoprim-sulfamethoxazole (Table 1).

Polymerase chain reaction analysis revealed the pres-
ence of the blapxa 45 gene in all tested K. pneumoniae

Table 1. Antibiotic susceptibility of OXA-48-like-producing Klebsiella pneumoniae isolates

Isolate
FEP CTX CAZ

MIC [ug/mL]

clp coL GM

K. pneumoniae 1 R>64 R=32 R=32 R=264 R=264 R=64
K. pneumoniae 2 R>64 R>32 R=>32 R>64 R>o64 R>64
K. pneumoniae 3 R=64 R=32 R=32 R=64 R=64 R=64

R>4 R>16 R>16 R>16 R>16
R>4 R>16 R>16 R>16 R>16
R>4 R>16 R>16 S=2 S=1

R>128 R=320
R>128 R=>320
R>128 R=>320

MIC = minimum inhibitory concentration; R - resistant; S — susceptible; AK — amikacin; AMC — amoxicillin-clavulanic acid; FEP — cefepime; CTX - cefotaxime;
CAZ - ceftazidime; CXM - cefuroxime; CIP - ciprofloxacin; COL - colistin; GM — gentamicin; IMP — imipenem; MEM — meropenem; TZP - piperacillin-
tazobactam; SXT - trimethoprim-sulfamethoxazole.
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Table 2. Characteristics of OXA-48-like-producing Klebsiella pneumoniae isolates and identified resistance genes

Gene category

K. pneumoniae 1

K. pneumoniae 2 K. pneumoniae 3

blaoxass

blanpwm

Genes encoding carbapenemases blaye

blayy

blakec
aac(3)-la
aac(6)-1b
ant(4)-lla
ant(2")-la
aph(3")-1b

Genes encoding aminoglycoside-
modifying enzymes

qnrB

qnrS
Genes encoding Qnr-like proteins
qnrA

gnrD

+ + +
+ + +
+ + +
+ + +

+ gene detected; — gene not detected.

strains. The aac(6’)-1b and aph(3”)-1b genes encoding
aminoglycoside-modifying enzymes were also detected
in all tested strains. Among the tested genes encoding Qnr-
like proteins, only gnrS was detected in all tested K. pneu-
moniae strains. The identified antibiotic resistance genes
of the tested K. pneumoniae strains are shown in Table 2.

MLST analysis revealed that 2 OX A-48-positive strains
(K. pneumoniae 1 and K. pneumoniae 3) belonged to the pan-
demic clone ST15, whereas 1 strain (K. pneumoniae 2) be-
longed to ST2193.

Discussion

Carbapenem resistance in K. pneumoniae may result
from several mechanisms, including p-lactamase activ-
ity combined with the loss of porin channels or the pro-
duction of carbapenemases.?® Class D is the most diverse
group of PB-lactamases and is referred to as oxacillinases
due to their preferential hydrolysis of isoxazolyl penicil-
lins. Among them, carbapenemases are defined as car-
bapenem-hydrolyzing class D B-lactamases (CHDLs).2
CHDL enzymes have been detected mainly in bacteria
of the genus Acinetobacter. Among the order Enterobacte-
rales, the most important are oxacillinases of the OX A-48-
like type. These enzymes have been identified in bacteria
of various species, including K. pneumoniae, E. coli, and
the Enterobacter cloacae complex.?®

The first case of OX A-48-producing K. pneumoniae was
detected and described in Turkey in 2001.26 To date, strains
producing OXA-48 have been detected in Europe (e.g.,
Poland, Germany, Denmark, and France), North Africa,
and the Middle East.?”” We identified a rare mechanism
of carbapenem resistance resulting from the production
of OXA-48 oxacillinases among clinical K. pneumoniae

isolates obtained from patients hospitalized at the Univer-
sity Hospital of Bialystok in northeastern Poland.

A positive result in the phenotypic test using a temocillin-
containing disc for OXA-48 detection was genetically con-
firmed by demonstrating the presence of the correspond-
ing blaoxa.4s gene. Additional analysis of the blaxpc, blayp,
blayy, and blanpy genes, which encode KPC, IMP, VIM,
and NDM carbapenemases, respectively, did not reveal their
presence.

The resistance profile of K. pneumoniae 1 and K. pneu-
moniae 2, as confirmed genetically with PCR, was con-
sistent with their phenotypic resistance to imipenem and
meropenem. In contrast, K. pneumoniae 3 showed a dis-
crepancy, as it was phenotypically susceptible to imipenem
and meropenem despite being positive for the blagy.4s
gene. One explanation for this phenomenon may be the low
carbapenem-hydrolyzing efficiency of OXA-48-type oxa-
cillinases.?® On the other hand, defects in porin channels
or rearrangements of blaoxa 4g gene promoters may be
responsible for increased resistance to carbapenems. All
of these factors contribute to the substantial phenotypic
diversity in carbapenem resistance observed among OXA-
48-producing Enterobacterales.

The additional hydrolytic activity of OXA-48-type oxa-
cillinases includes penicillins and first-generation cephalo-
sporins.?? Cases of strains resistant to penicillins and their
combinations with -lactamase inhibitors, while exhibiting
only reduced susceptibility to carbapenems, have been re-
ported. Susceptibility to carbapenems among Enterobacte-
rales producing OX A-48 was also observed by Bonnin et al.,
who reported susceptibility rates of 75.5% for imipenem and
63.5% for meropenem.3° Moreover, our study showed that
the tested isolates were resistant to other 3-lactam antibiot-
ics, including amoxicillin—clavulanic acid, cefepime, cefotax-
ime, ceftazidime, cefuroxime, and piperacillin—tazobactam.
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Moreover, in our study, we evaluated the antibiotic
susceptibility of OXA-48-producing K. pneumoniae iso-
lates to other groups of antibiotics, including aminogly-
cosides, fluoroquinolones, colistin, and trimethoprim-
sulfamethoxazole. We observed resistance of the tested
isolates to amikacin, gentamicin, ciprofloxacin, colistin,
and trimethoprim-sulfamethoxazole. The demonstrated
resistance of the tested strains to multiple groups of anti-
biotics allows us to conclude that OX A-48 producers are
multidrug-resistant strains.

Multidrug resistance among OXA-48-producing Entero-
bacterales was also observed by Lee et al., who reported
this phenomenon among isolates obtained from patients
with both nosocomial and community-acquired infec-
tions.3! Klebsiella pneumoniae isolates carrying it should
be: blaoxa.4s genes and resistant to 3 or more classes of an-
tibiotics were also reported by Kamel et al. According
to their study, all isolates were resistant to amikacin and
gentamicin.?? Multidrug-resistant K. pneumoniae strains
exhibiting resistance to both amikacin and ciprofloxacin
were also described by Takei et al.?3

The results of our antimicrobial susceptibility testing
correlated with the findings of the molecular analyses
of antimicrobial resistance genes. Our molecular stud-
ies revealed the presence of the aac(6)-1b, aph(3”)-1b,
and gnrS genes, which confer resistance to aminoglyco-
sides and fluoroquinolones in the studied isolates. Resis-
tance to aminoglycosides and fluoroquinolones in clini-
cal K. pneumoniae strains was also reported by Swedan
et al. According to their study, ant(3")-I and aac(6')-Ib
were the most common genes encoding aminoglyco-
side-modifying enzymes. Moreover, gnrS was among
the most prevalent plasmid-mediated quinolone resistance
genes.3*

Analyses of antimicrobial resistance genes in OXA-
48-producing K. pneumoniae performed by Meng et al.
revealed that aph genes (100%) were the predominant
aminoglycoside resistance genes. Furthermore, gnr genes
(53.4%), particularly gnrBI and gnrS1, were the major fluo-
roquinolone resistance genes.3> Additionally, we classified
K. pneumoniae strains harboring OX A-48 carbapenemase
genes based on the results of allelic profile analysis, includ-
ing the rpoB, gapA, mdh, pgi, phoE, infB, and tonB genes.
MLST analysis revealed that 1 OX A-48-positive strain be-
longed to sequence type 2193 (ST2193) (K. pneumoniae 2),
whereas 2 strains belonged to sequence type 15 (ST15)
(K. pneumoniae 1 and K. pneumoniae 3).

Klebsiella pneumoniae ST2193 was reported in China
by Yang et al. following a study of carbapenem-non-sus-
ceptible and hypervirulent isolates.>® However, clone ST15
is more common and, according to Peirano et al., belongs
to the high-risk multidrug-resistant clones of K. pneu-
moniae, together with clones ST14, ST147, and ST307.%’
According to Shankar et al., these clones play important
roles in the global dissemination of OXA-48 enzymes.?
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Limitations of the study

The main limitation of our study was the small num-
ber of isolates analyzed. Our work describes the outcomes
of a preliminary study; therefore, the number of tested isolates
was limited. Since carbapenem resistance caused by the pro-
duction of OX A-48 enzymes is relatively rare among K. pneu-
moniae isolates, extending the study period could increase
the number of isolates available for analysis. Moreover, this
study focused only on the most frequently observed plasmid-
mediated mechanisms of fluoroquinolone and aminoglyco-
side resistance. Further studies are needed to improve our
understanding of these resistance mechanisms.

Conclusions

We present OXA-48-like-producing K. pneumoniae
isolates belonging to ST15 and ST2193, exhibiting resis-
tance to aminoglycosides and fluoroquinolones mediated
by the aac(6’)-1b, aph(3”)-Ib, and gnrS genes, respectively.
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