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Klebsiella pneumoniae is one of the main pathogens of nosocomial infections. Hospital strains of this pathogen are characterized by a high
frequency of resistance to many antibiotics, including carbapenems. The main mechanism for the formation of resistance to carbapenems is the production
of carbapenemases by bacteria. To date, K. pneumoniae is considered one of the main “distributors” of clinically important antibiotic resistance genes.

To study the frequency of occurrence of the most common carbapenemase genes in multiresistant K.pneumoniae strains isolated from
patients of intensive care units in an emergency hospital.
4708 samples of various types of clinical material from patients of 5 intensive care units of the N.V. Sklifosovsky Research
Institute for Emergency Medicine were analyzed. Microbiological studies were carried out using standard generally accepted methods. For the purposes
of this study, unique sequential K.pneumoniae strains resistant to imipenem and/or meropenem were selected. DNA isolation was carried out using the
RIBO-prep kit (Russia). Carbapenemase genes were detected by real-time PCR using the kits of reagents “AmpliSens MDR-MBL-FL” and “AmpliSens MDR-
KPC/OXA-48-FL” on a “Rotor Gene” device (Corbett Research, Australia).
Etiologically significant microorganisms were detected in 64.7% of the studied samples. K. pneumoniae was isolated in a quarter of the samples.
194 unique carbapenem-resistant strains of K.pneumoniae were selected. Of these, 11.3% of the genes of the studied carbapenemases were not detected.
In 38.1% of strains, 1 carbapenemase was detected, in 29.9% — two and in 20.6% — three or more. Among the strains with one carbapenemase gene,
OXA-48 (19.1%) and CATTLE (13.4%) producers prevailed. Strains producing only NDM betalactamase were found in 5.7% of cases. Isolated allocation of
VIM and IMP was not detected. In 34%, metallobectalamases were isolated in combination with serine carbapenemases. The production of serine
carbapenemases alone was detected in 48.5% of the strains. Depending on the specialization of the intensive care unit, there are differences in the
frequency of detection of serine and metallobetalactamases in strains of carbapenem-resistant Klebsiella.
K. pneumoniae is the causative agent of nosocomial infections in 25% of cases. In 11.3% of carbapenem-resistant strains, the production of
KPC, OXA-48, NDM, VIM and IMP genes was not detected. When developing algorithms for antibacterial therapy, it is necessary to take into account that
from 25.7% to 60.6% of K. pneumoniae strains in different intensive care units are the producers of metallobetalactamases.
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BICU - burn intensive care unit

EICU - emergency intensive care unit

ESBLs — extended-spectrum beta-lactamases

HAI - healthcare-associated infections

IMP - IMiPenem - hydrolyzing beta-lactamase

KPC - Klebsiella Pneumoniae Carbapenemase - a strain of K.
Pneumoniae that produces carbapenemase

MBLs — metallo-B-lactamases

NDM - New Delhi metallo-B-lactamase

INTRODUCTION

Klebsiella pneumoniae is a gram-negative bacteria
that live in the environment, including soil and
surface waters; is part of the normal intestinal
microflora of humans and animals [1]. This
microorganism was first described by Carl
Friedldnder in 1882 as an etiological agent of
pneumonia, and for a long time was called the
“Friedlander bacillus”. Currently, K. pneumoniae is
one of the main causative agents of nosocomial
pneumonia, urinary tract and bloodstream
infections. Hospital strains of this pathogen are
characterized by a high incidence of antimicrobial
resistance [2].

Carbapenems are -lactam antibiotics that had
the broadest spectrum of antimicrobial activity at the
time of their introduction into clinical practice, and
represented the last line of defense in the treatment
of severe life-threatening infections. When
imipenem, the first carbapenem antibiotic, entered
clinical practice in 1985, about 98% of gram-negative
pathogens were sensitive to it. However, since the
early 1990s, reports began to appear about the spread
of clinical strains resistant to imipenem [3]. Reports
on carbapenem resistance were initially sporadic.
This resistance was primarily explained by the high
level of extended-spectrum AmpC type B-lactamase
production in combination with modification of
porin channels in the bacterial outer membrane. In
extremely rare cases, the production of carbapenem-
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NICU - neurological intensive care unit

NSICU - neurosurgical intensive care unit

OXA - OXAcillinase - group of carbapenemases

SHV - SulphHydryl Variable - chromosomal beta-lactamase
SICU - surgical intensive care unit

SME - Serratia Marcescens Enzyme — beta-lactamases
TEM - Temoneira — beta-lactamases

VIM - Verona Imipenemase - metallo-f-lactamase

hydrolyzing B-lactamases (carbapenemases) by the
bacteria was recorded.

At present, the spread of carbapenem-resistant
microorganisms is considered one of the most
pressing health problems worldwide. The main
mechanism of carbapenem resistance of gram-
negative pathogens is the production of
carbapenemases by the bacteria. Most of the genes
encoding carbapenemase production are distributed
between different types of microorganisms using
plasmids containing determinants of resistance to
antibiotics of different groups. This is how the
simultaneous transmission of the multidrug
resistance phenotype occurs [4, 5].

K. pneumoniae is a microorganism in which
several new carbapenem resistance genes (the most
famous are KPC and NDM) were first discovered.
Subsequently, these f-lactamases spread widely
among other bacterial species.

K. pneumoniae has a significantly larger genome
than other Enterobacteriaceae and is characterized
by a high diversity of acquired antimicrobial
resistance genes. Today, K. pneumoniae is considered
one of the main “spreaders” of clinically important
antibiotic resistance genes [6].

Aim of the research: to study the prevalence of
the most common carbapenemase genes in
multidrug-resistant strains of Klebsiella pneumoniae
isolated from patients in various intensive care units
of an emergency hospital.
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MATERIAL AND METHODS

For the period from January 1 to December 31,
2021, 4708 samples of various types of clinical
material obtained from patients of 5 intensive care
units of the N.V. Sklifosovsky Research Institute for
Emergency Medicine were analyzed. In the surgical
intensive care unit (SICU), patients with
mediastinitis, generalized peritonitis, and open
trauma to the chest and abdomen are treated. In the
neurosurgical intensive care unit (NSICU), care is
provided to patients with ruptured cerebral
aneurysms, arteriovenous malformations at bleeding
height, with isolated and combined traumatic brain
injury; in neurological intensive care unit (NICU) -
with hemorrhagic and ischemic strokes. Victims with
severe combined trauma are treated in the
emergency intensive care unit (EICU), and in the
burn intensive care unit (BICU) - with severe thermal
injury.

Indications for microbiological tests were
determined by the patient's attending physician.
Microbiological tests were carried out using standard
generally accepted methods.

Primary seeding was performed, depending on
the type of clinical material under study, on 5%
blood, chocolate and mannitol salt agar, as well as on
Endo and Sabouraud media. Blood culture was
carried out in BactecTM Plus Aaerobic/F Culture
Vials (for aerobic bacteria) and BactecTM Plus
Anaerobic/F  Culture Vials (for anaerobic
microorganisms), which were incubated in a Bactec
FX analyzer (BD, USA). The standard protocol for
culturing vials in the device is 5 days. Pathogens were
identified using a VITEK MS mass spectrometer
(bioMérieux, France), sensitivity to antibiotics was
determined on a VITEK-2 Compact analyzer
(bioMérieux, France) or WalkAway-40 analyzer
(Beckman Coulter, USA). For the purposes of this
study, Klebsiella pneumoniae strains resistant to
imipenem and/or meropenem were selected. When
carbapenem-resistant K. pneumoniae was isolated
from one patient in several samples, only the first
strain obtained was selected for further studies.

DNA from microorganism strains was isolated
according to the instructions for the “RIBO-prep” kit
(Central Research Institute of Epidemiology, Russia).
Metallo-B-lactamase (MBL) genes of the VIM, IMP,
NDM groups and serine carbapenemases of the KPC
and OXA-48 groups were detected by the real-time
polymerase chain reaction using AmpliSens MDR-
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MBL-FL and AmpliSens MDR-KPC/OXA-48-FL
reagent kits (Central Research Institute of
Epidemiology, Russia) on a Rotor Gene device
(Corbett Research, Australia).

RESULTS

4708 samples of various types of clinical material
obtained from patients of the indicated intensive
care units were studied. The growth of etiologically
significant microorganisms was obtained in 64.7% of
samples. The general structure of pathogens of
healthcare-associated infections (HAIs) in intensive
care patients is presented in Fig. 1. As can be seen
from the figure, the main pathogens in intensive care
patients are gram-negative bacteria, such as
Klebsiella pneumoniae (25.05%), Acinetobacter spp.
(14.71%) and Pseudomonas aeruginosa (14.65%).

I K. pneumoniae

I Acinetobacter spp.

B P aeruginosa
Staphylococcus spp.

Il Enterococcus spp.

Dpyrve

Fig. 1. Structure of the main nosocomial pathogens in intensive
care patients in 2021

For the purposes of this research, we selected 194
consecutive unique carbapenem-resistant strains of
K. pneumoniae isolated from intensive care patients
at the N.V. Sklifosovsky Research Institute for
Emergency Medicine: from NICU patients - 30; from
BICU and EICU patients - 33 each; from SICU
patients — 35, and from NSICU patients - 63 strains.

Of the 194 tested carbapenem-resistant Klebsiella
strains, the genes of the studied carbapenemases
were not detected in 22 (11.3%). In 38.1% of strains,
one carbapenemase was detected, in 29.9% - two,
and in 20.6% - three or more carbapenemases. At the
same time, in different intensive care units, the
frequency of isolation of various carbapenemase
genes from resistant Klebsiella strains differs (Fig. 2).
As can be seen from the figure, the tested
carbapenemase genes were detected in all Klebsiella
strains isolated from EICU patients. In the strains
isolated from BICU patients, the studied genes were
absent in 21.2%; and in SICU, NSICU and NICU
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patients - in 8.6%;
respectively.
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Fig. 2. The percentage of Klebsiella pneumoniae carbapenemase
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genes isolated from patients of various intensive care units of the
N.V. Sklifosovsky Research Institute for Emergency Medicine in
2021 (%)

Among the strains in which one carbapenemase
gene was detected, producers of OXA-48
(OXAcillinase) (19.1%) and KPC (Klebsiella
Pneumoniae Carbapenemase) (13.4%) predominated.
Strains producing only NDM beta-lactamases were
found in 5.7% of cases. Isolated production of VIM
and IMP in carbapenem-resistant Klebsiella strains
was not detected. Most often, genes encoding
metallo-B-lactamase production (NDM, VIM and
IMP) were isolated in combination with genes of
serine carbapenemases (34%). The production of
serine carbapenemases alone was detected in 48.5%
of the studied K. pneumoniae strains resistant to
carbapenems. The production of metallo-beta-
lactamases was recorded in 40.2% of cases.
Depending on the specialty of the intensive care unit,
there were differences in the frequency of detection
of serine and metallo-beta-lactamases in the strains
of carbapenem-resistant Klebsiella (Fig. 3). In SICU,
NSICU and NICU, serine carbapenemases
predominate and were isolated in 65.7%; 47.6% and
60% cases, respectively. Strains isolated from EICU
and BICU patients were more often the producers of
metallo-beta-lactamases  (60.6% and  48.5%,
respectively).
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Fig. 3. Frequency of production of various types of betalactamases
by carbapenem-resistant K. pneumoniae isolated from patients of
various intensive care units

DISCUSSION OF THE RESULTS

B-lactam antibiotics are the most numerous class
of antimicrobial drugs for the treatment of infectious
and inflammatory diseases, and their complications.
The history of the creation of new drugs of this class
is inextricably linked with the history of the
emergence of beta-lactamases which are the main
reason for the resistance of pathogens to beta-lactam
antibiotics. Benzylpenicillin was the first 3-lactam to
be widely used in clinical practice since 1944. The
spread of penicillinase-producing staphylococcal
strains stimulated scientists to create methicillin,
oxacillin, and first-generation cephalosporins that
were resistant to staphylococcal 3-lactamases.

The introduction of ampicillin into clinical
practice in the 1960s made it possible to successfully
treat diseases caused by enterobacteriaceae. But, at
the same time, this contributed to the spread of
Escherichia coli strains producing B-lactamase TEM-
1 (named after the patient from whom it was isolated
for the first time - Temoneira), which hydrolyzes
ampicillin. The gene encoding the production of the
TEM enzyme was localized on the bacterial plasmid.
Concurrently, in the structure of pathogens of
nosocomial infections, the proportion of K
pneumoniae strains began to increase, which were
naturally resistant to aminopenicillins due to the
natural production of the chromosomal SHV-1 beta-
lactamase (SulphHydryl Variable). Subsequently, the
isolation of TEM-1 and SHV-1 f-lactamases from
other bacterial species (for example, Haemophilus
influenzae and Neisseria gonorrhoeae)
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was recorded. It is likely that chromosomally
encoded endogenous antimicrobial resistance genes
were translocated into plasmids and became easily
transmitted between different bacterial species [7].

In the 1980s, the decrease in the clinical
effectiveness of penicillins and cephalosporins of the
first generation stimulated scientists to create and
introduce into the clinic cephalosporins of the
second and third generations, resistant to the
hydrolysis of TEM-1 and SHV-1 B-lactamases.
However, several years later, microorganisms were
isolated that produced enzymes which destroyed
beta-lactam antibiotics, including third-generation
cephalosporins [8]. These new enzymes were named
extended spectrum beta-lactamases (ESBLS).

The introduction of carbapenems into clinical
practice in 1985 made it possible to effectively
combat ESBL-producing microorganisms. But, back
in 1982, before the introduction of imipenem into
widespread clinical practice, SME-1 beta-lactamases
(Serratia  Marcescens  Enzyme),  hydrolyzing
penicillins, cephalosporins and carbapenems, were
isolated from two clinical isolates of Serratia
marcescens. Since the early 1990s, publications began
to appear on the isolation of clinical strains of
microorganisms with acquired resistance to
carbapenems due to various beta-lactamases. In
1991, metallo-beta-lactamase (IMiPenem—
hydrolyzing beta-lactamase) was isolated from a
clinical strain of IMP-1 Serratia marcescens in Japan.
Then, in Italy, VIM-1 metallo-beta-lactamase
(Verona Imipenemase) was isolated from a clinical
strain of Pseudomonas aeruginosa. In 1996, a
Klebsiella  pneumoniae  carbapenemase (KPC)-
producing bacteria was described in the United
States. KPC-producing bacteria soon spread rapidly
in hospitals of the United States and subsequently in
other countries around the world. In parallel with the
spread of KPC producers in the United States in the
2000s, another group of carbapenemases, OXA-48,
appeared and spread in Mediterranean countries. In
2008, a strain of K. pneumoniae producing a new
metallo-beta-lactamase (New Delhi metallo-$-
lactamase, NDM) was isolated from a Swedish citizen
of Indian origin. Since then, NDM carbapenemase
has spread throughout the world and been isolated
from different types of bacteria [9].

Depending on the molecular structure of the
active center of f-lactamase enzymes, they are
divided into serine and metallo-beta-lactamases.
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The former use a serine residue to inactivate
antibiotics. The active center of the latter contains
zinc atoms. According to Ambler classification,
serine beta-lactamases include enzymes from classes
A, C and D. Metallo-beta-lactamases constitute class
B. Carbapenemases are included in classes A, B and
D. Currently, more than 50 types of different beta-
lactamases capable of hydrolyzing carbapenems
have been described. The most common enzymes
from class A are KPCs; from class B - IMP, VIM, NDM,;
from class D - OXA.

Carbapenemases are not sensitive to traditional
beta-lactamase  inhibitors  (clavulanic  acid,
tazobactam, sulbactam). At the same time, the effect
of most serine carbapenemases can be suppressed by
the inhibitor avibactam, and class A carbapenemases
can be suppressed by vaborbactam and relebactam.
The action of class B enzymes is not blocked by beta-
lactamase inhibitors currently available in clinical
practice. Therefore, for the correct selection of
antibacterial therapy, information about the types of
carbapenemases produced by pathogens s
important.

In our study, KPC, OXA-48, IMP, VIM, and NDM
beta-lactamases were not detected in 11.3% of
Klebsiella strains with phenotypic resistance to
carbapenems. Moreover, in different intensive care
units this figure ranged from 0 to 21.2%. Similar data
were obtained in the works of other researchers [10].
This circumstance may be due to two reasons. First
of all, in addition to the carbapenemases we are
studying, the production of other, rarer enzymes is
possible. In addition, enzymatic inactivation of
betalactam antibiotics is considered the main, but
not the only, reason for the development of bacterial
resistance. More rare causes of resistance of gram-
negative microorganisms to carbapenems are defects
in the porin channels of the outer membrane of the
bacteria, active removal of the drug from the
bacterial cell, and overproduction of chromosomal
enzymes (AmpC). These mutations are encoded by
chromosomes. Therefore, these types of resistance
spread very slowly and are detected in a small
number of bacterial strains.

Carbapenemases, isolated from different genera
of the bacteria and carried by plasmids, were initially
associated with specific geographic regions.
However, in an era of extensive international travel
and medical tourism, the connection between a
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specific resistance mechanism and the given region
is quickly lost.

Initially, KPC-producing Klebsiella pneumoniae
was widespread in the United States and some
European countries such as Greece and Italy. OXA-
48 producing strains were endemic in Turkey,
Belgium, France and North Africa [11]. VIM and IMP
metallo-B-lactamase enzymes were found most
frequently in Spain, Italy and Hungary, and NDM -
in India, Pakistan and Bangladesh [12]. Today, the
isolation of all types of carbapenemases is recorded
in many countries around the world.

In Russia, there are regional differences in the
structure of the main mechanisms of bacterial
resistance to carbapenems. Thus, according to
several authors in St. Petersburg, in hospital strains
of K. pneumoniae, a gene encoding the production of
NDM beta-lactamase was isolated in most cases.
Strains producing OXA-48 and KPC were much less
common [10, 13]. And in Yekaterinburg, more than
half of Enterobacter strains isolated from intensive
care patients were carriers of the blaOXA-48 gene,
and 21% - NDM [14]. In Moscow hospitals,
K. pneumoniae strains that produce OXA-48 beta-
lactamase also predominate [12, 15].

The results we obtained are comparable with data
typical for Moscow hospitals. The main enzymes that
destroy carbapenems are serine carbapenemases
(found isolated in 48.5% of strains). However, the
N.V. Sklifosovsky Research Institute for Emergency
Medicine has its own local features: more than half
of the Klebsiella strains simultaneously carried two or
more different carbapenemase genes; and 40.2% of
strains were producers of NDM metallo-beta-
lactamase, and in most cases in combination with
serine OXA-48 and KPC carbapenemases. Moreover,
there are differences in the frequency of isolation of
the studied carbapenemases in patients of different
intensive care units of the Institute. Thus, in NICU,
K. pneumoniae  strains  producing  serine
carbapenemases were found two times more often,
and in SICU - almost 3 times more often than
metallo-beta-lactamase producers. Klebsiella strains
isolated from EICU and BICU patients produced
metallo-beta-lactamases 2 times more often than
serine ones. This may be due to both different
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populations of patients transferred to the intensive
care units, and local features of compliance with the
principles of infection control and antibacterial
therapy tactics in each unit.

The data obtained indicate a difficult
epidemiological situation in the hospital and the
need for strict adherence to the principles of
infection control.

When developing algorithms for antimicrobial
therapys, it is necessary to take into account the fact
that from 25.7 to 60.6% of strains of the leading
pathogen of nosocomial infections — K. pneumonia —
in different intensive care units are metallo-beta-
lactamase producers and, as a result, resistant to all
beta-lactam antibiotics, including modern beta-
lactamase inhibitors.

CONCLUSION

Microbial resistance to antibiotics is a global
problem and has enormous socio-economic
significance. The emergence and spread of bacterial
resistance is a natural biological response to the use
of antimicrobial agents, which create selective
pressures favoring the selection, survival and
proliferation of resistant strains. Antimicrobials are
an indispensable class of drugs, and without their
use, modern medicine cannot exist. Therefore,
“extending the lifespan” of antibiotics is an
important task, the solution of which requires
complex measures.

Understanding the causes and mechanisms of
microbial resistance to antibiotics will allow us to
develop the most effective ways to overcome the
spread of bacterial resistance.

FINDINGS

1. K. pneumoniae is the causative agent of
nosocomial infections in 25% of cases.

2.  In 11.3% of carbapenem-resistant strains,
the production of KPC, OXA-48, NDM, VIM and IMP
genes was not detected.

3. When developing algorithms for
antibacterial therapy, it is necessary to take into
account that from 25.7% to 60.6% of K. pneumoniae
strains in different intensive care units are producers
of metallo-beta-lactamases.
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