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Abstract: In the context of global efforts to combat antimicrobial resistance (AMR), the importance
of comprehensive AMR data is more crucial than ever. AMR surveillance networks, such as the
European Antimicrobial Resistance Surveillance Network (EARS-Net) and the Central Asian and
European Surveillance of Antimicrobial Resistance (CAESAR), support member states in obtaining
high-quality AMR data. Nevertheless, data gaps persist in some countries, including those in the
Western Balkans (WBs), a region with high AMR rates. This review analyzed existing research on
carbapenem-resistant Enterobacterales (CRE) to better understand the AMR landscape in the WB
countries. The most prevalent CRE was Klebsiella pneumoniae, followed by Escherichia coli, Enterobacter
cloacae, and Proteus mirabilis, with sporadic cases of Morganella morganii, Providencia spp., Klebsiella
oxytoca, and Citrobacter sedlakii. Carbapenemase production was identified as the most common
mechanism of carbapenem resistance, but other resistance mechanisms were not investigated. An
increasing trend in carbapenem resistance has been observed over the last decade, alongside a shift
in carbapenemase epidemiology from the NDM type in 2013-2014 to the OXA-48 type in recent years.
Few studies have applied whole-genome sequencing for CRE analysis, which has demonstrated the
spread of resistance determinants across different niches and over time, emphasizing the importance
of molecular-based research. The overall low number of studies in the WB countries can be attributed
to limited resources, highlighting the need for enhanced support in education, training, technology,
and equipment to improve data collection and evaluation.

Keywords: Western Balkans (WBs); antimicrobial resistance (AMR) data; carbapenem-resistant
Enterobacterales (CRE)

1. Introduction

A dramatic increase in antimicrobial resistance (AMR) in recent decades, followed by
a rapid spread of resistant clones at the global level, represents one of the main challenges
of modern medicine. The most important aspect of AMR is the rising trend in deaths
associated with it. Drug-resistant bacteria are responsible for more than 700,000 deaths
each year, but this concerning number might be underestimated due to poor reporting and
surveillance [1]. To tackle this problem, the World Health Organization (WHO) presented
its Global Action Plan (GAP) on AMR ten years ago [2]. The GAP proposed multiple
actions at the global and national level, and one of its main objectives is encouraging
investments in the development of new antimicrobials [2]. To support this objective,
the WHO developed the Bacterial Priority Pathogen List (BPPL) of public health impor-
tance to guide research, development, and strategies to prevent and control AMR. The
first BPPL from 2017 was updated in 2024 and includes 15 families of antibiotic-resistant
pathogens grouped into critical, high, and medium categories of priority. Among criti-
cal priority pathogens are carbapenem-resistant Acinetobacter baumannii, third-generation
cephalosporin-resistant and carbapenem-resistant Enterobacterales, and rifampicin-resistant
Mycobacterium tuberculosis [3].
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The WHO critical priority pathogens are among the top six species each responsible
for more than 250,000 deaths attributable to and associated with bacterial AMR in 2019 [4].
Infections with carbapenem-resistant Enterobacterales (CRE) are linked to a greater risk
of death and an increasing effect on mortality over time, which may reflect the difficulty
of the CRE infection treatment [5]. Moreover, the pathogen—drug combinations with
the most resistance-attributable deaths in 2019 were the third-generation cephalosporin-
resistant Escherichia coli, carbapenem-resistant A. baumannii, fluoroquinolone-resistant E. coli,
carbapenem-resistant Klebsiella pneumoniae, and third-generation cephalosporin-resistant
K. pneumoniae [4].

It is obvious that the backbone of the problem is resistance to carbapenems, “the last
resort” therapy for multidrug-resistant strains, especially third-generation cephalosporin-
resistant E. coli and K. pneumoniae. The most important mechanism of carbapenem resistance
in Enterobacterales is hydrolysis by carbapenemase enzymes. In carbapenemase-negative
strains, there are several different mechanisms of resistance (Figure 1a). Mutations in porins
on the bacterial surface, e.g., Omp35-like and Omp36-like, compromise the diffusion of
carbapenems into the cell. This enables other enzymes, especially extended-spectrum f3-
lactamases (ESBLs) and AmpC enzymes, to hydrolyze the antibiotics [6,7]. Increased efflux
activity, which manifests as overexpression of the efflux pumps, contributes significantly to
overall resistance to carbapenems [6]. These non-carbapenemase-related mechanisms were
dominant in some countries at the beginning of the 21st century [6], but the global trend in
increase in CRE prevalence is related to production of carbapenemases. The exceptional
diversity of -lactamases, including carbapenemases, could be perceived through two
main classifications of 3-lactamases, namely Ambler’s molecular classes and Bush—Jacoby’s
functional classification (Figure 1b) [7,8].

(@) (b)
Carbapenem resistant Enterobacterales Molecular | Functional .
1 2 Representative enzymes
class class
Carbépenemase Carbapenemase
positive negative 2b | ESBLs: SHV-1, TEM-1, TEM-2 ‘
A ’ 2be H ESBLs: CTX-M-15, SHV-5, TEM-10 ‘
KPC, IMP, VIM, NDM, .
OXA* Active efflux ’ 2f H IMI, KPC, SME, GES ‘
| B H 3a H IMP, VIM, NDM ‘
omp35-like
Decrea;ﬁ-.cl | C ‘ | 1 H AmpC, CMY-2 ‘
permeability omp36-like | T H SR |
Enzymatic i D | 2de H ESBLs: OXA-11, OXA-15 ‘
hydrolysis

CIOL, AmpC | 2df H OXA-23, OXA-48, OXA-181 |

Figure 1. (a) Mechanisms of carbapenem resistance in Enterobacterales. * The “Big Five” and
(b) classification of B-lactamases. 1 Ambler’s classification and 2 Bush-Jacoby’s classification.

The detection of the first plasmid-encoded carbapenemase in Serratia marcescens in
Japan during the early 1990s marked a critical moment in the global epidemiology of
carbapenem resistance in Enterobacterales [9]. The spread of resistance was inevitable due
to the diversity of mobile genetic elements carrying carbapenemase genes, enabling the
transfer of resistance between Enterobacterales of the same species, as well as of different
species [10,11]. Numerous epidemiological studies have investigated the global distribution
of carbapenemases, identifying the so-called “Big Five” (KPC, IMP, VIM, NDM, and OXA-
48) as the most clinically important types worldwide [12].

KPC (Klebsiella pneumoniae carbapenemase) is considered to be the most widespread
type globally [13]. It was first detected in the United States in 1996, where it is still
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the most prevalent type among Enterobacterales. KPC belongs to Ambler’s class A, as
a serin-carbapenemase, and to the 2f functional group. This enzyme hydrolyses all 3-
lactam antibiotics and it is not inhibited by $-lactamase inhibitors [7]. Highly conserved
transposon Tn4401 is the main carrier of the blaxpc gene, usually associated on the same
plasmid with other resistance genes, like ESBL, aminoglycoside, and fluoroquinolone
resistance genes [12,14]. It is obvious that KPC-producing strains represent a great challenge
both for therapy and for infection prevention and control.

In Ambler’s class B and Bush—Jacoby’s 3a group are IMP (imipenem-resistant), VIM
(Verona integron-encoded metallo-f3-lactamase) and NDM (New Delhi metallo-$-lactamase).
These carbapenemases are metallo-f3-lactamases (MBLs), zinc-dependent enzymes with
hydrolytic activity to all 3-lactams, except monobactams [12]. This structural character-
istic also results in a resistance to (3-lactamase inhibitors in clinical use (clavulanic acid,
tazobactam, avibactam), but metal chelating agents such as ethylenediaminetetraacetic acid
(EDTA) could inhibit MBLs in vitro [15]. IMP was the first plasmid-encoded carbapenemase
detected among Enterobacterales, found in an isolate of S. marcescens in Japan in 1991 [9].
It is not as widespread as other types but is endemic in the region of East Asia [10,12].
VIM carbapenemase was first identified in Pseudomonas aeruginosa in 1996 and was less fre-
quently associated with resistance to carbapenems in Enterobacterales than other MBLs [10].
Several years later, in the early 2000s, VIM-producing K. pneumoniae became endemic in
Southern Europe and South Asia [10-12]. In contrast to IMP and VIM, NDM is the most
frequent and the most widely spread MBL in Enterobacterales. NDM was first detected in
Sweden in 2008, in a K. pneumoniae isolate from a patient linked to India [16]. Beside India,
NDM is endemic in Balkan countries, Northern Africa, and the Arabian Peninsula [10,12].
Numerous studies observed a high diversity of blanpym genomic background, not related to
any specific clone, species, or plasmid type, which explains a global dissemination of this
carbapenemase [10,12]. An additional aspect of successful NDM spreading is the detection
of blanpm genes in different environmental sources, which has a significant impact on the
effectiveness of AMR control measures [11,14].

OXA (Oxacillinase) belongs to Ambler’s class D and functional group 2df. This
type of carbapenemase has a weak hydrolytic activity to carbapenems, but as they are
nearly always associated with other resistance mechanisms, OXA-positive isolates are
usually phenotypically resistant to carbapenems [10]. This is the most heterogeneous
group of carbapenemases, with more than 750 variants [17]. The most important type
in Enterobacterales is OXA-48, first described in an isolate of K. pneumoniae from Turkey
in 2003 [12]. Since then, it has been disseminated very successfully from its endemic
region in Turkey, the Middle East countries (Lebanon, Jordan, Oman, Iran, and Saudi
Arabia), and North Africa (Morocco, Algeria, Tunisia, and Egypt) to all continents except
Antarctica [12,14,17]. This global expansion of OXA-48-positive clones is related, in contrast
to NDM, to a particular genetic entity—Tn1999 on IncL /M self-conjugative pOXA-48a-like
plasmid [12,17].

All aforementioned mechanisms of resistance clearly suggest that treating infections
caused by CRE has become very difficult [10]. One of the few antibiotics that remain active
against CRE is polymyxin E or colistin. Regardless of the side effects, such as nephrotoxicity
and neurotoxicity, colistin re-emerged as a treatment option for CRE [18]. Thereafter, its
increased clinical use led to an increased resistance rate, both chromosomally mediated
and a more concerning plasmid-mediated resistance [18,19]. In Enterobacterales, acquired
resistance to colistin is mainly associated with mutations in chromosomal genes. These
include regulatory genes, such as PmrAB and PhoPQ two-component systems or the
mgrB gene, and lead to enzymatic modifications of the binding site for colistin—a lipid
A in a lipopolysaccharide of the cell wall [18,19]. Chromosomally mediated resistance is
transferred vertically, and its dissemination is related to the spread of colistin-resistant CRE
clones, e.g., K. pneumoniae ST258 [18]. The detection of plasmid-mediated colistin resistance
in Enterobacterales involved an mcr-1 gene in an isolate of E. coli in China in 2015 [20], which
alarmed public health institutions all over the world. Since then, numerous variants of
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mcr-1 to mcr-10 genes have been described in different species. What is more concerning
is the heterogeneity of the origin of mcr genes, as they are detected in humans, animals,
plants, water, and other environmental sources, implicating a tremendous effort needed to
control the spread of resistance [16,19,21].

2. AMR Trends in the Western Balkans

The Western Balkans (WBs) consists of Albania, Bosnia and Herzegovina, North
Macedonia, Montenegro, Kosovo *, and Serbia (* this designation is without prejudice to
positions on status and is in line with UNSCR 1244 and the IC]J Opinion on the Kosovo
Declaration of Independence) [22]. All have a perspective to accede to the European
Union and hence are also called “enlargement countries” (Figure 2). As the systematic and
continuous surveillance of AMR trends is one of the key segments of tackling the AMR
problem, and since resistant bacteria spread beyond political boundaries, it is of utmost
importance to have comprehensive AMR data for the region of the WB countries as well.
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s >
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Figure 2. The Western Balkan countries.

Back in 2013, the European Centre for Disease Prevention and Control (ECDC) was
funding a project on carbapenemase-producing bacteria in Europe (EuSCAPE) [23]. Among
38 participating countries included in a survey of carbapenemase-producing Enterobac-
teriaceae (CPE) in Europe were all the WB countries. The results were categorized into
the following seven stages that describe the national spread of CPE: 0, 1, 2a, 2b, 3, 4, and
5, from no cases (stage 0) to an endemic situation (stage 5) [23]. The results for the WB
countries were diverse. In Montenegro and North Macedonia, no CPE were detected, while
in Serbia and Bosnia and Herzegovina, there was a sporadic occurrence of CPE (stage 1).
Albania was at stage 2a with a single hospital outbreak, and sporadic hospital outbreaks
were reported in Kosovo (stage 2b) [23]. The survey was repeated in 2018, and the results
showed a worsening of the epidemiological situation for most WB countries. In Serbia,
there was a significant increase in CPE spread, which was categorized as epidemiological
stage 4 with an inter-regional spread of CPE [24]. In Bosnia and Herzegovina, sporadic
hospital outbreaks were reported (stage 2b), while in North Macedonia, a single hospital
outbreak (stage 2a) was registered. In Montenegro, the sporadic occurrence of CPE (stage
1) was described, as well as in Albania and Kosovo [24].

Importantly, the European Antimicrobial Resistance Surveillance Network (EARS-
Net), which includes 26 European Union (EU)/European Economic Area (EEA) countries,
together with the Central Asian and European Surveillance of Antimicrobial Resistance
(CAESAR) network, which supports 21 more European countries from the WHO European
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Region (excluding EU/EEA), perform surveillance and release annual reports of AMR
trends [25]. Joint reports of these networks include data on invasive bacterial isolates
(isolates from blood and cerebrospinal fluid) of eight bacterial pathogens commonly causing
infections in humans, namely E. coli, K. pneumoniae, P. aeruginosa, Acinetobacter species,
Streptococcus pneumoniae, Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium,
representing a major data source for Europe and a starting point for every AMR-related
analysis [25]. An overall AMR trend in the reports is a higher AMR rate in the southern and
eastern parts of Europe, especially for E. coli and K. pneumoniae [25]. Additionally, for many
bacteria/antibiotic combinations, AMR rates in Balkan countries are among the highest in
Europe [25].

The CAESAR network was established in 2012, while the first report on AMR data
was released in 2015 with data for the year 2014. Since then, every year, more and more
countries and laboratories have been involved in this network. That is the crucial part
of surveillance, as it brings larger population coverage and better representativeness of
the data [25]. AMR trend analysis requires high-quality data, meaning that any missing
information, such as the absence of data for any year within the analysis period, fewer
than 20 isolates for specific bacterial species—antimicrobial agent combinations, or low data
representativeness, will prevent trend calculation [25]. A significant number of the WB
countries had these issues with AMR data reporting to the CAESAR (Table 1).

Table 1. CAESAR data on carbapenem resistance in E. coli and K. pneumoniae in the Western Balkan
countries.

2016 2017 2018 2019 2020 2021
WB Country
EC KP EC KP EC KP EC KP EC KP EC KP
Albania - - - - - - - - - - - -
Bosnia and 0.0 8.0 1.1 10.9 0.0 18.4 0.0 417 0.0 435 05 37.1
Herzegovina
Kosovo * NA 0.0 NA 0.0 NA 15 NA 0.0 NA 0.0 NA 1.1
Montenegro 002 372 002 1382 002 452 002 1742 002 1382 NA 375
North 0.0 1252 00 1742 37 20.5 12 73 2.0 5.1 0.0 46
Macedonia
Serbia 0.6 345 1.0 349 0.9 36.2 0.4 393 14 479 3.2 62.7

* This designation is without prejudice to positions on status and is in line with UN Security Council Resolution
1244 and the International Court of Justice Opinion on the Kosovo Declaration of Independence. WB: Western
Balkan; EC: Escherichia coli; KP: Klebsiella pneumoniae; NA: not applicable; # a small number of isolates were tested
(n < 30) and the percentage resistance should be interpreted with caution.

When interpreting AMR data, it is important to consider indicators of data quality,
such as population coverage and the representativeness of geographical areas, hospitals,
and isolates [25]. For the WB countries, population coverage is overall above 70%, with the
exception of Kosovo, with 59%, and Albania, for which there is no data. Geographical and
hospital representativeness are high in almost all countries (excluding Albania), but the
isolate representativeness is low to medium for the WB countries [25]. This particularly im-
pacts the data regarding carbapenem-resistant E. coli. For K. pneumoniae, representativeness
is better, and a continuous increase in the rate of carbapenem-resistant isolates in nearly
all WB countries is apparent. Montenegro and Bosnia and Herzegovina have a significant
rise in the rate of carbapenem-resistant K. pneumoniae (CRKP). However, it is most obvious
for Serbia, which has the highest incidence of CRKP in the WBs and one of the highest in
Europe (Figure 3).

Additionally, the WHO Europe Antimicrobial Medicines Consumption (AMC) net-
work was established in 2011 with the aim to support all countries in the WHO European
Region that are not EU/EEA member states in collecting and reporting data on antimi-
crobial consumption. Among the AMC network countries that include the entire Western
Balkans, Montenegro and Serbia are the ones with the highest antimicrobial consumption,
with a 27.1 and 26.6 daily defined dose/1000 inhabitants per day in 2019, respectively [26].
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However, only the data of the total and relative consumption of Access, Watch, and Reserve
groups of antibiotics were reported, without the data on the individual consumption of
certain antibiotics (for example, carbapenems). Finally, among the WB countries, only
Serbia participated in point prevalence surveys of healthcare-associated infections (HAIs)
and antimicrobial use in acute care hospitals in 2016 and 2017, organized by the European
Centre for Disease Prevention and Control, and the HAI prevalence for Serbia was 4.3%,
while the average prevalence for participating EU/EEA countries was 5.5% [27]. However,
the observed prevalence of antimicrobial use and the AMR composite index was 41.3% and
62% for Serbia and 30.5% and 31.6% for EU/EEA countries, respectively [27,28].

Percentage of Klebsiella pneumoniae invasive isolates
resistant to carbapenems by country, 2021
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Figure 3. Proportion of carbapenem-resistant Klebsiella pneumoniae invasive isolates across European
countries in 2021 [25].

3. CRE in the Western Balkans

Considering the substantial differences in the development of national AMR surveil-
lance systems in the WB countries [25] and the resulting data gaps, we aimed to gather
more information about CRE in these countries by reviewing the available research.

The references for this review were identified through PubMed and ScienceDirect
databases on 19 January 2024. The search terms used included “carbapenem resistant
Enterobacterales”, “carbapenem resistant Enterobacteriaceae”, and “carbapenemase”, with
each term paired with a specific country name, such as “Serbia”, “Albania”, “Bosnia
and Herzegovina”, “Kosovo”, “Montenegro”, and “North Macedonia”. No limitations
regarding the publication date and language were applied. This search yielded 305 results,
from which duplicate entries, non-human studies, and studies unrelated to Enterobacterales
were manually removed (n = 151). After a thorough review, articles lacking data on
CRE/CPE or unrelated to the Western Balkans were excluded (n = 120). The final selection
included 32 studies organized chronologically and by country.

3.1. Serbia

There are numerous studies from Serbia that have investigated the carbapenem resis-
tance rate among Enterobacterales hospital isolates from various sources. Zec et al. analyzed
carbapenem resistance in isolates from urinary tract infections (UTIs) in the Clinic for
Infectious and Tropical Diseases, Clinical Center of Serbia, between 2010 and 2015 [29].
The overall resistance rates were 4.0% for imipenem and 8.5% for meropenem, with a
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significantly higher resistance observed in the age group of >65 years (15.0% and 17.1%,
respectively). There was no species-related prevalence of carbapenem resistance in this
study, but E. coli and K. pneumoniae represented half of all isolates. In 2013, Djuric et al.
conducted a study on blood culture isolates at the Clinical Center of Serbia, the largest
tertiary care facility for the adult population in the country. Their results showed imipenem
and meropenem resistance in 6.5% and 3.2% of E. coli isolates and 67.5% and 65.1% of
K. pneumoniae isolates, respectively [30]. Importantly, the same authors performed a sim-
ilar study in the following years (2014-2016), and it showed an increasing resistance to
carbapenems in Klebsiella spp. isolates up to 76.5%. Additionally, carbapenem resistance
was detected in 66.7% Providencia spp. invasive isolates [31]. Another study described
AMR among isolates from adult patients with hospital-acquired and ventilator-associated
pneumonia in the intensive care unit (ICU) of the Clinical Center Kragujevac, Serbia, in
the period of 2009-2015 [32]. Among Enterobacterales, isolates of K. pneumoniae showed the
highest rate of resistance to carbapenems in the study period (50.0-62.8%), followed by
Proteus mirabilis (26.7-40.0%) and Enterobacter spp. (33.3-36.4%) [32]. Popovic et al. reported
an increasing trend in carbapenem resistance in K. pneumoniae isolates from adult ICU
patients at the Clinical Center of Vojvodina, the largest tertiary care hospital in this region
of Serbia, from 2014 to 2018. Meropenem resistance in K. pneumoniae isolates rose from
12.1% in 2014 to 57.7% in 2018 [33]. Similarly, a significant positive trend in resistance to
carbapenems in Klebsiella spp. was confirmed in the study of Despotovic et al., in the period
of 2019-2021 in adult ICU patients at the Clinic for Infectious and Tropical Diseases, Clinical
Center of Serbia [34]. In the study of Gajic et al., high carbapenem resistance rates in K.
pneumoniae isolates were found in three regional hospitals in Serbia during 2021-2022, with
62.5% resistance to imipenem and 71.3% resistance to meropenem [35]. It can be noticed
that the carbapenem resistance rate varied among different hospitals, but an increase in the
resistance rate during the last decade is obvious.

In addition to the aforementioned studies focusing only on resistance rates, there have
been multiple studies that examined the presence of carbapenemase in CRE isolates in
Serbia. The first carbapenemase-producing enterobacterial isolates were confirmed in 2008
from an outbreak in the adult surgical ICU of a university hospital in Belgrade, Serbia [36].
Those were Proteus mirabilis isolates with IMP (66.7%) and VIM (33.3%) MBLs. Several
years later, in 2011, Mirovic et al. described the first case of the NDM-positive K. pneumoniae
isolate, which originated from the urine of an outpatient child [37]. As Mirovic et al.
suggested and as other authors described in several studies [38-40], NDM carbapenemase
was related to the Balkan countries, and this region is considered as endemic. Evidence
of the spread of resistance genes from this high-prevalence region emerged from Belgium
in 2010 and from Switzerland in 2013. In a study from Belgium, two isolates from an
adult female patient previously hospitalized in Serbia, Morganella morganii and Enterobacter
cloacae, produced NDM carbapenemase [41]. An extensively drug-resistant K. prneumoniae
that produced two different classes of carbapenemase, NDM-1 and OXA-48, was isolated
from a 54-year-old patient in Switzerland with a history of hospitalization in the ICU in
Belgrade, Serbia [42]. This isolate carried carbapenemase genes on two different plasmids,
blapx-ag located on the IncL/M plasmid and the IncA /C plasmid that carried blanpp-1 [42].
Multilocus sequence typing revealed that this K. pneumoniae belonged to ST101, a rapidly
emerging pan-epidemic clone [42,43].

In the period of 2013-2014, a prospective, multinational study on carbapenemase-
producing K. pneumoniae and E. coli in Europe (EuSCAPE) showed a high incidence of these
isolates in Serbia [44]. In this study, carbapenemase production was confirmed by PCR in
71% of K. pneumoniae and 40% of E. coli carbapenem non-susceptible isolates [44]. The most
prevalent type of carbapenemase in Serbia was NDM (49.3%), showing one of the highest
rates among participating countries [44]. That is in accordance with the endemicity of
NDM in the Balkans and with the results of previously mentioned studies [37-42]. Beside
NDM, OXA-48 was confirmed in 13.4% and KPC in 0.5% of K. pneumoniae isolates from
Serbia [44]. Although OXA-48 was the most common carbapenemase in E. coli across
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Europe, all E. coli isolates from Serbia were found to be NDM-positive [44]. In accordance
with these findings, Novovic et al. detected the blanpy gene in an isolate of E. coli from a
pediatric patient treated at university-affiliated tertiary care pediatric hospital in Belgrade,
Serbia, in 2015 [45]. This isolate represented a novel sequence type ST5123, most similar to
the clone of animal origin ST93. This finding is very significant, as it points out animals
as an important reservoir of AMR. Apart from animals, environmental sources, especially
water, are another major reservoir of AMR. In another study, Novovic et al. investigated the
presence of beta-lactam-resistant Gram-negative bacteria in multiple water sources (rivers,
lake, springheads) in Belgrade, Serbia [46]. Among carbapenem-resistant isolates, MBLs
were phenotypically confirmed, but no carbapenemase genes were detected [46]. Thus, the
authors questioned the real endemicity of NDM carbapenemase in Serbia, as the presence
of the blanpwm gene in the environment is considered as one of the major characteristics of
endemic regions [47].

Multidrug-resistant isolates of E. coli and K. pneumoniae from the adult patients from
14 hospitals in Serbia were examined by Trudic et al. in the period of 20132014 to determine
carbapenemase production [48]. Results showed that 45% of isolates were carbapenemase-
positive, with the NDM type of enzyme confirmed in 31% of isolates, followed by OXA-48
(7.8%) and KPC (0.8%) [48]. When Novovic et al. analyzed colistin- and carbapenem-
resistant isolates of K. pneumoniae from Serbia from the period of 2013-2016, they revealed
that 85.2% of the tested isolates were OXA-48 producers [49]. Interestingly, after the research
of Novovic et al. [49], there have been several studies that point to OXA-48 carbapenemase
as the most frequent type in Serbia. Among them, a study by Mijac et al., analyzed CRE in
premature neonates in the period of 2018-2019 [50]. In this specific population, OXA-48
was dominant (51.1%), but KPC carbapenemase was almost equally represented (47.7%).
As the study was conducted in a single hospital, a high prevalence of KPC could be a
result of cross-transmission in hospital wards, as a phylogenetic analysis revealed distinct
clonality of blaxpc-positive K. pneumoniae isolates. NDM was also confirmed in a single
isolate of E. coli [50].

In contrast to the studies of CRE in the hospital settings, there has been no extensive
research into CRE in community settings in Serbia. Brkic et al. examined Enterobacter
spp. community isolates from adult patients in primary healthcare settings in Belgrade,
Serbia, in the period of 20162017 for carbapenemase production [51]. The results showed
that 70.6% of carbapenemase-positive isolates carried the blanpym gene, which is in accor-
dance with the global epidemiology of Enterobacter spp. [52]. Furthermore, 23.5% of the
isolates of Enterobacter spp. were positive for both blanpy and blagy,-ag genes. The same
authors conducted a cross-sectional study of K. prneumoniae community isolates from 2016
to 2020 in Belgrade, Serbia, and determined OXA-48 as a predominant carbapenemase
type (80.7%) [53]. In the study, 2.6% of K. pneumoniae isolates simultaneously harbored
two types of carbapenemase genes in various combinations, namely blagxa_-4s-1ike/DlanDM,
blaox a-agtike/Plaxpc, and blaxpc/blanpm [53]. The co-occurrence of two, even three types of
carbapenemase, is a common finding in endemic regions [10]. Changes in the predominant
carbapenemase types over the years in Serbia, from MBLs in the period of 2008-2014 to
OXA-48 in 2016-2020, could be observed (Figure 4).

The first study that applied whole-genome sequencing (WGS) of CRKP from Serbia,
conducted by Palmieri et al., confirmed OXA-48 as the most frequent carbapenemase in
the study period of 2013-2017 [54]. In this research, WGS analysis showed that the vast
majority of CRKP belonged to ST101 and carried the blapxa-4g gene on a novel plasmid
pl01_srb. This emphasized a great epidemiological concern, due to a high spreading
potential and the high morbidity and mortality risk associated with ST101 [55]. Since ST101
has been one of the dominant STs in neighboring countries, detected in Romania, Bulgaria,
and Croatia between 2010 and 2023 [56], the potential clonal dissemination of ST101 across
the Balkans should be further investigated. Additional confirmation on OXA-48 spreading
in Serbia was presented in the research of Cirkovic et al., who examined wastewater in
Belgrade, Serbia [57]. This study evaluated clinically relevant carbapenem-resistant Gram-
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negative bacteria, among which the most prevalent isolates were K. pneumoniae (35.3%)
and Enterobacter spp. (26.5%). All CRKP were OXA-48-positive, and half of them belonged
to ST101, barring the blapxa-4g gene on a novel p101_srb plasmid, previously detected in
clinical isolates from Serbia [54]. Regarding Enterobacter spp., in line with the findings of
Brkic et al. [49], the most common carbapenemase was NDM (44.4%) [57]. There were three
E. coli isolates from wastewater, two with the NDM enzyme, one with OXA-48, and one
Klebsiella oxytoca isolate with OXA-48 [57].

Distribution of carbapenemase types
among CPE in Serbia 2008-2020

2010 2011 2013 2014 2015 2016 2017 2018 2019 2020

EKPC mIMP mVIM ©NDM mOXA-48

Figure 4. Distribution of carbapenemase types among carbapenemase-producing Enterobacterales
(CPE) in Serbia in the period of 2008-2020.

Several previously mentioned studies, apart from the results on carbapenem resistance,
presented data on colistin resistance, albeit without an investigation of resistance mecha-
nisms [33,35,44,48,53]. The first analysis of colistin resistance mechanisms in K. pneumoniae
hospital isolates from Serbia from 2013 to 2016 was a study by Novovic et al. [49]. The main
mechanism was the mutation of chromosomal phoP and phoQ regulatory genes. No mcr-1
or mcr-2 were detected. Palmieri et al. obtained similar results, with no detection of mcr
genes, but with alterations in the PhoP /PhoQ regulator mgrB gene as a base of colistin resis-
tance [54]. The most frequent mutation was a newly discovered substitution of the cysteine
amino acid at position 28 (MgrB“?85) [54]. Furthermore, Cirkovic et al. confirmed the same
mutation in colistin-resistant K. pneumoniae isolates from wastewater [57]. Additionally, a
retrospective study from 2019 that analyzed the available genomes of K. pneumoniae isolated
in 2013-2014 in Europe showed a presence of the mcr-9 gene in an isolate from Serbia [58].
Interestingly, Cirkovic et al. also detected the mcr-9 gene in a wastewater isolate of an
Enterobacter cloacae complex [57].

3.2. Albania

Very few studies can be found about carbapenem resistance in Albania. Eight carbapenem-
resistant isolates of K. pneumoniae and six of E. coli were included in the EuSCAPE study,
but no carbapenemase producers were detected [44]. The first carbapenemase in this
WB country was described in 2014 by Kostyanev et al. [59]. KPC-producing K. pneurmo-
niae was isolated from a urine sample of a patient in the ICU of the University Hospital
Center in Tirana, Albania, with no travel history, no previous hospitalization, or antibi-
otic exposure [59]. A year later, in 2015, a point-prevalence survey screening for rectal
multidrug-resistant Gram-negative bacteria carriage was carried out at high-dependency
wards in the country’s only tertiary care hospital in Tirana [60]. The results of phenotypic
testing showed the presence of one MBL-positive isolate of K. pneumoniae, but no further
characterization was performed. In 2018, Tafaj et al. analyzed an isolate recovered from a
rectal screening sample of a patient admitted to the ICU of the University Hospital Center,
Tirana, and confirmed the first NDM-positive K. pneumoniae in Albania [61]. The isolate
was resistant to colistin due to a chromosomal mutation that affected PmrB protein, and
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no mcrl-mcr8 genes were detected [61]. Even though Albania is a member of a CEASAR
network, the surveillance system has not yet been established in this country [61].

3.3. Bosnia and Herzegovina

There has been limited research on CRE in Bosnia and Herzegovina. One of the first
studies was conducted in the Clinic for Gynecology and Obstetrics, University Clinical
Center Tuzla, Bosnia and Herzegovina, in 2006 [62]. Resistance to imipenem was detected
in 7.7% of K. pneumoniae isolates. Granov et al. investigated K. pneumoniae isolates from
ICU adult patients from 2017 to 2018 in the Clinical Center, University of Sarajevo, Bosnia
and Herzegovina [63]. All tested isolates were OXA-48 producers and colistin-susceptible.
Two more studies investigated AMR rates in hospital isolates, but without the detection
of the resistance mechanisms. Research conducted in a single hospital in Doboj, Bosnia
and Herzegovina, showed a relatively low rate of carbapenem resistance in K. pneumoniae
isolates, 2.2% were resistant to imipenem and 8.8% to meropenem, while in E. coli isolates,
resistance to imipenem and meropenem was 0.4% and 1.4%, respectively [64]. Ljubovic et al.
conducted a study in the Clinical Center, University of Sarajevo, Bosnia and Herzegovina,
in the period of 2020-2021, and showed that 20% of K. pneumoniae isolates were resistant to
carbapenems [65].

3.4. Kosovo

Without prejudice to positions on status and in line with UN Security Council Reso-
lution 1244 and the International Court of Justice Opinion on the Kosovo Declaration of
Independence, the data on AMR in Kosovo are represented in the CAESAR report, but
with a low population coverage. Furthermore, to the best of our knowledge, there have
been few studies that detected NDM-positive isolates in patients previously hospitalized in
Kosovo. In April 2010, in Austria, an NDM-positive K. pneumoniae isolate was confirmed
in a pediatric patient [66]. Bogaerts et al. reported, in 2010, an NDM carbapenemase
in K. pneumoniae and E. coli isolates which originated from an adult patient previously
hospitalized in Kosovo [41]. The study of Papst et al. involved a CRE isolate from Kosovo,
but species and resistance mechanisms cannot be concluded from the results [67].

3.5. Montenegro

The first study that included CRE isolates from Montenegro in 2010 was from Bo-
gaerts and al., who confirmed NDM carbapenemase in a Belgian adult patient who had
a history of hospitalization in Montenegro. Those were two isolates, K. pneumoniae and
E. coli, both carrying a blanpm gene [41]. In the EuSCAPE study, Montenegro belonged
to the high-incidence countries regarding carbapenemase production, with all submitted
K. pneumoniae confirmed as NDM-positive [44]. In 2013, a case of NDM-positive K. oxytoca
was described in Poland. This isolate was from a patient with a history of hospitalization in
Montenegro [68]. Mijovic et al. presented data on carbapenem resistance from 2016 to 2018
from the Institute of Public Health of Montenegro, but without an analysis of resistance
mechanisms [69]. There was no carbapenem-resistant E. coli, but in K. pneumoniae, the
resistance rate in the study period was 7.7% [69].

3.6. North Macedonia

Among three K. pneumoniae isolates from North Macedonia analyzed in the EuSCAPE
study, two were KPC producers (66.7%) [44]. A multicenter study conducted by De
Lorenzis et al., in 2019-2020, analyzed bacterial isolates from adult patients with UTIs
and included 27 isolates from North Macedonia, comprising 17 E. coli, four KES (Klebsiella
spp., Enterobacter spp., Serratia spp.), and six non-enterobacterial isolates [70]. Overall,
the carbapenem resistance rate was 11%. However, no species-related data or resistance
mechanisms were described [70]. Moser et al. presented an interesting finding in their study
from 2020 about a Swiss patient in his 20s, previously hospitalized in North Macedonia
because of polytrauma [71]. This patient was colonized with several CRE, among which
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the blanpm-positive were E. coli, K. pneumoniae, and Citrobacter sedlakii isolates, as well as a

blapxa-4s-positive Providencia stuartii strain [71].
The main findings about CPE in the WB countries are summarized in Table 2.

Table 2. Carbapenemase-producing Enterobacterales in the Western Balkan countries.

Carbapenemase Type Detected (1, %)

. Isolates
WB Count s -
ounty Year pecies () 2 KPC IMP VIM NDM  OXA-8 MT“;;‘ePsle Ref.
Albania 2014 K. pneumoniae 1 1 (100) NP NP NP NP [59]
2018 K. pneumoniae 1 NP NP NP 1 (100) NP [61]
Bosnia and
Herzegov- ~ 2017-2018 K. pneumoniae 15 NP NP NP NP 15 (100) [63]
mna
2010 K. pneumoniae 1 ND ND ND 1 (100) ND [66]
Kosovo * 2010 K. pneumoniae 1 NP NP NP 1 (100) NP [41]
E. coli 1 NP NP NP 1 (100) NP
2010 K. pneumoniae 1 NP NP NP 1 (100) NP [41]
Montenesro E. coli 1 NP NP NP 1(100) NP
& 2013 K. oxytoca 1 ND NP NP 1 (100) NP [68]
2013-2014 K. pneumoniae 10 NP ND NP 10 (100) NP [44]
2013-2014 K. pneumoniae 3 2 (66.7) ND NP NP NP [44]
North K. pneumoniae 1 NP NP NP 1 (100) NP
M chlt . 2000 E. coli 1 NP NP NP 1(100) NP 1]
acedonia C. sedlakii 1 NP NP NP 1 (100) NP
P. stuartii 1 NP NP NP NP 1 (100)
L 6 3
2008 P. mirabilis 9 ND (66.7) (33.3) NP ND [36]
2010 M. morganii 1 NP NP NP 1 (100) NP [41]
E. cloacae 1 NP NP NP 1 (100) NP
2011 K. pneumoniae 1 ND NP NP 1 (100) ND [37]
1(100)
2013 K. pneumoniae 1 NP NP NP NA NA NDM, [42]
OXA48
K. pneumoniae 43 1(2.4) ND NP 33 (76.7) 9(20.9)
2013-2014 E. coli 5 NP ND NP 5(100) NP [44]
- 7 (12.1)
20132014 K Prewmoniac, 58 1(17) NP NP 40(69.0) 10(17.2) NDM, [48]
E. coli OXA48
2015 E. coli 1 NP NP NP 1 (100) NP [45]
Serbia 2013-2016 K. pneumoniae 27 NP NP NP 4(14.8) 23 (85.2) [49]
2013-2017 K. preumoniae 45 1(2.2) NP NP 2(4.4) 37 (82.2) [54]
4(23.5)
20162017  Enterobacter 17 NP NP NP 12 (70.6) 1(5.9) NDM, [51]
PP OXA48
K. peumoniae 12 NP NP NP NP 1Ly E)NOM
2018 E. cloacae 9 NP NP NP 4 (44.4) NP [57]
E. coli 3 NP NP NP 2 (66.7) 1(33.3)
K. oxytoca 3 NP NP NP NP 1(33.3)
. 42
2018-2019 K. pneumoniae 87 (48.3) NP NP NP 45 (51.7) [50]
E. coli 1 NP NP NP 1 (100) NP
1(0.9) NDM,
OXA48
1(0.9)
2016-2020 K. preumoniae 114 10(88) NP NP 9(7.9) 92 (80.7) OXA-48,  [53]
KPC
1(0.9) NDM,
KPC

* This designation is without prejudice to positions on status and is in line with UN Security Council Resolution
1244 and the International Court of Justice Opinion on the Kosovo Declaration of Independence. WB: Western
Balkan; NP: not present; ND: not done; NA: not applicable; ? total number of isolates analyzed in the study; b 1o
species-specific results.

4. Conclusions and Future Directions

Despite the obvious improvement of the CAESAR data for the WB countries over
the years, there are significant data gaps. The overall number of isolates per country
is low to medium, which is in accordance with the paucity of studies into CRE from
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these countries. A limited availability of resources, such as modern equipment or train-
ing, particularly for genomic analysis, significantly contributes to the small quantity of
research conducted. Serbia could be an exception and a good example, as several genomic-
based studies contributed to a growing understanding of AMR in this country. The most
concerning results were a detection of the new plasmid p101_srb, harboring OXA-48 car-
bapenemase in K. pneumoniae isolates from humans and wastewater samples, as well as
the detection of the mcr-9 gene in K. pneumoniae and E. cloacae complex strains, also from
different sources. These results suggest a possible interchange of resistant determinants in
bacteria over time and through different niches and emphasize the need for an in-depth
retrospective genomic analysis to gain a better insight into AMR spreading. While these
results stem from individual projects, there is a pressing need for increased national support
for microbiology laboratories.

Author Contributions: Conceptualization, I.C.; electronic database search, article screening, data
abstraction, and analysis, S5.B. and I.C.; figure design, S.B. and I.C.; writing—original draft preparation,
S.B.; writing—review and editing, I.C. and S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministry of Science, Technological Development and
Innovation, the Republic of Serbia, grant number 451-03-65/2024-03 /200110.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. O'Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations; Review on Antimicrobial Resistance;
Wellcome Trust: London, UK, 2016.

2. World Health Organization Global Action Plan on Antimicrobial Resistance. 2015. Available online: https:/ /apps.who.int/iris/
handle/10665/193736 (accessed on 9 April 2024).

3. WHO. WHO Bacterial Priority Pathogens List, 2024: Bacterial Pathogens of Public Health Importance to Guide Research, Development and
Strategies to Prevent and Control Antimicrobial Resistance; World Health Organization: Geneva, Switzerland, 2024.

4. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet
2022, 399, 629-655; Erratum in Lancet 2022, 400, 1102. [CrossRef] [PubMed]

5. Zhou, R.; Fang, X,; Zhang, J.; Zheng, X.; Shangguan, S.; Chen, S.; Shen, Y; Liu, Z.; Li, J.; Zhang, R.; et al. Impact of carbapenem
resistance on mortality in patients infected with Enterobacteriaceae: A systematic review and meta-analysis. BM] Open 2021,
11, e054971. [CrossRef] [PubMed]

6. Doumith, M.; Ellington, M.].; Livermore, D.M.; Woodford, N. Molecular mechanisms disrupting porin expression in ertapenem-
resistant Klebsiella and Enterobacter spp. clinical isolates from the UK. J. Antimicrob. Chemother. 2009, 63, 659-667. [CrossRef]
[PubMed]

7. Bush, K,; Jacoby, G.A. Updated functional classification of beta-lactamases. Antimicrob. Agents Chemother. 2010, 54, 969-976.
[CrossRef] [PubMed]

8.  Ambler, R.P. The structure of beta-lactamases. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1980, 289, 321-331.

9.  Osano, E.; Arakawa, Y.; Wacharotayankun, R.; Ohta, M.; Horii, T.; Ito, H.; Yoshimura, F.; Kato, N. Molecular characterization of an
enterobacterial metallo beta-lactamase found in a clinical isolate of Serratia marcescens that shows imipenem resistance. Antimicrob.
Agents Chemother. 1994, 38, 71-78. [CrossRef]

10. Bush, K,; Bradford, P.A. Epidemiology of 3-Lactamase-Producing Pathogens. Clin. Microbiol. Rev. 2020, 33, €00047-19. [CrossRef]

11.  Logan, L.K.; Weinstein, R.A. The epidemiology of carbapenem-resistant Enterobacteriaceae: The impact and evolution of a global
menace. J. Infect. Dis. 2017, 215, S28-536. [CrossRef]

12.  Nordmann, P.;; Dortet, L.; Poirel, L. Carbapenem resistance in Enterobacteriaceae: Here is the storm! Trends Mol. Med. 2012, 18,
263-272. [CrossRef] [PubMed]

13.  van Duin, D.; Doi, Y. The global epidemiology of carbapenemase-producing Enterobacteriaceae. Virulence 2017, 8, 460—469.
[CrossRef]

14. Patel, G.; Bonomo, R.A. “Stormy waters ahead”: Global emergence of carbapenemases. Front. Microbiol. 2013, 4, 48. [CrossRef]

[PubMed]


https://apps.who.int/iris/handle/10665/193736
https://apps.who.int/iris/handle/10665/193736
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1136/bmjopen-2021-054971
https://www.ncbi.nlm.nih.gov/pubmed/34907071
https://doi.org/10.1093/jac/dkp029
https://www.ncbi.nlm.nih.gov/pubmed/19233898
https://doi.org/10.1128/AAC.01009-09
https://www.ncbi.nlm.nih.gov/pubmed/19995920
https://doi.org/10.1128/AAC.38.1.71
https://doi.org/10.1128/CMR.00047-19
https://doi.org/10.1093/infdis/jiw282
https://doi.org/10.1016/j.molmed.2012.03.003
https://www.ncbi.nlm.nih.gov/pubmed/22480775
https://doi.org/10.1080/21505594.2016.1222343
https://doi.org/10.3389/fmicb.2013.00048
https://www.ncbi.nlm.nih.gov/pubmed/23504089

Antibiotics 2024, 13, 895 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Eichenberger, E.M.; Thaden, ]J.T. Epidemiology and Mechanisms of Resistance of Extensively Drug Resistant Gram-Negative
Bacteria. Antibiotics 2019, 8, 37. [CrossRef] [PubMed]

Yong, D.; Toleman, M.A; Giske, C.G.; Cho, H.S.; Sundman, K.; Lee, K.; Walsh, T.R. Characterization of a new metallo-beta-
lactamase gene, bla(NDM-1), and a novel erythromycin esterase gene carried on a unique genetic structure in Klebsiella pneumoniae
sequence type 14 from India. Antimicrob. Agents Chemother. 2009, 53, 5046-5054. [CrossRef] [PubMed]

Pitout, ].D.D.; Peirano, G.; Kock, M.M.; Strydom, K.A.; Matsumura, Y. The Global Ascendency of OXA-48-Type Carbapenemases.
Clin. Microbiol. Rev. 2019, 33, €00102-19. [CrossRef] [PubMed]

Poirel, L.; Jayol, A.; Nordmann, P. Polymyxins: Antibacterial Activity, Susceptibility Testing, and Resistance Mechanisms Encoded
by Plasmids or Chromosomes. Clin. Microbiol. Rev. 2017, 30, 557-596. [CrossRef]

El-Sayed Ahmed, M.A.E.; Zhong, L.L.; Shen, C.; Yang, Y.; Doi, Y.; Tian, G.B. Colistin and its role in the Era of antibiotic resistance:
An extended review (2000-2019). Emerg. Microbes Infect. 2020, 9, 868-885. [CrossRef]

Liu, Y.Y.; Wang, Y.; Walsh, T.R.; Yi, L.X,; Zhang, R.; Spencer, ].; Doi, Y.; Tian, G.; Dong, B.; Huang, X.; et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular
biological study. Lancet Infect. Dis. 2016, 16, 161-168. [CrossRef]

Shahzad, S.; Willcox, M.D.P,; Rayamajhee, B. A Review of Resistance to Polymyxins and Evolving Mobile Colistin Resistance
Gene (mcr) among Pathogens of Clinical Significance. Antibiotics 2023, 12, 1597. [CrossRef]

European Union. 2015. Available online: https:/ /research-and-innovation.ec.europa.eu/strategy /strategy-2020-2024/europe-
world/international-cooperation/regional-dialogues-and-international-organisations /western-balkans_en (accessed on 26
April 2024).

European Centre for Disease Prevention and Control. Carbapenemase-Producing Bacteria in Europe: Interim Results from the European
Survey on Carbapenemase-Producing Enterobacteriaceae (EuSCAPE) Project; ECDC: Stockholm, Sweden, 2013.

Brolund, A.; Lagerqvist, N.; Byfors, S.; Struelens, M.].; Monnet, D.L.; Albiger, B.; Kohlenberg, A.; European Antimicrobial Resis-
tance Genes Surveillance Network (EURGen-Net) capacity survey group. Worsening epidemiological situation of carbapenemase-
producing Enterobacteriaceae in Europe, assessment by national experts from 37 countries, July 2018. Euro Surveill. 2019, 24, 1900123.
[CrossRef]

Antimicrobial Resistance Surveillance in Europe 2023—2021 Data; European Centre for Disease Prevention and Control and World
Health Organization: Stockholm, Sweden, 2023.

WHO Regional Office for Europe Antimicrobial Medicines Consumption (AMC) Network: AMC Data 2019; WHO Regional Office
for Europe: Copenhagen, Denmark. 2022. Available online: https://www.who.int/europe/publications/i/item /9789289058278
(accessed on 14 September 2024).

Suetens, C.; Latour, K.; Karki, T.; Ricchizzi, E.; Kinross, P.; Moro, M.L.; Jans, B.; Hopkins, S.; Hansen, S.; Lyytikdinen, O.; et al.
Prevalence of healthcare-associated infections, estimated incidence and composite antimicrobial resistance index in acute care
hospitals and long-term care facilities: Results from two European point prevalence surveys, 2016 to 2017. Euro Surveill. 2018,
23, 1800516. [CrossRef]

Plachouras, D.; Kérki, T.; Hansen, S.; Hopkins, S.; Lyytikdinen, O.; Moro, M.L.; Reilly, J.; Zarb, P.; Zingg, W.; Kinross, P; et al.
Antimicrobial use in European acute care hospitals: Results from the second point prevalence survey (PPS) of healthcare-associated
infections and antimicrobial use, 2016 to 2017. Euro Surveill. 2018, 23, 1800393. [CrossRef] [PubMed]

Zec, S.; Despotovic, A.; Spurnic-Radovanovic, A.; Milosevic, I.; Jovanovic, M.; Pelemis, M.; Stevanovic, G. Antimicrobial resistance
in patients with urinary tract infections and the impact on empiric therapy in Serbia. J. Infect. Dev. Ctries. 2016, 10, 1065-1072.
[CrossRef] [PubMed]

Dijuric, O.; Jovanovic, S.; Stosovic, B.; Tosic, T.; Jovanovic, M.; Markovic-Denic, L. Antimicrobial resistance of selected invasive
bacteria in a tertiary care center: Results of a prospective surveillance study. J. Infect. Dev. Ctries. 2016, 10, 1325-1331. [CrossRef]
Djuric, O.; Markovic-Denic, L.; Jovanovic, B.; Bumbasirevic, V. High incidence of multiresistant bacterial isolates from bloodstream
infections in trauma emergency department and intensive care unit in Serbia. Acta Microbiol. Immunol. Hung. 2019, 66, 307-325.
[CrossRef] [PubMed]

Djordjevic, Z.M.; Folic, M.M.; Jankovic, S.M. Distribution and antibiotic susceptibility of pathogens isolated from adults with
hospital-acquired and ventilator-associated pneumonia in intensive care unit. J. Infect. Public. Health 2017, 10, 740-744. [CrossRef]
Popovi¢, R.; Tomi¢, Z.; Tomas, A.; Andeli¢, N.; Vickovi¢, S.; Jovanovi¢, G.; Bukumiri¢, D.; Horvat, O.; Sabo, A. Five-year
surveillance and correlation of antibiotic consumption and resistance of Gram-negative bacteria at an intensive care unit in Serbia.
J. Chemother. 2020, 32, 294-303. [CrossRef]

Despotovic, A.; Milosevic, B.; Cirkovic, A.; Vujovic, A.; Cucanic, K.; Cucanic, T.; Stevanovic, G. The Impact of COVID-19 on the
Profile of Hospital-Acquired Infections in Adult Intensive Care Units. Antibiotics 2021, 10, 1146. [CrossRef]

Gajic, I; Jovicevic, M.; Popadic, V.; Trudic, A.; Kabic, J.; Kekic, D.; Ilic, A.; Klasnja, S.; Hadnadjev, M.; Popadic, D.J.; et al.
The emergence of multi-drug-resistant bacteria causing healthcare-associated infections in COVID-19 patients: A retrospective
multi-centre study. J. Hosp. Infect. 2023, 137, 1-7. [CrossRef]

Mirovié, V.; Carevi¢, B.; Stepanovi¢, S.; Lep$anovi¢, Z. An outbreak of infection due to metallo-beta-lactamase-producing Proteus
mirabilis in the surgical intensive care unit. Scr. Medica 2011, 42, 75-79. [CrossRef]


https://doi.org/10.3390/antibiotics8020037
https://www.ncbi.nlm.nih.gov/pubmed/30959901
https://doi.org/10.1128/AAC.00774-09
https://www.ncbi.nlm.nih.gov/pubmed/19770275
https://doi.org/10.1128/CMR.00102-19
https://www.ncbi.nlm.nih.gov/pubmed/31722889
https://doi.org/10.1128/CMR.00064-16
https://doi.org/10.1080/22221751.2020.1754133
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.3390/antibiotics12111597
https://research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/europe-world/international-cooperation/regional-dialogues-and-international-organisations/western-balkans_en
https://research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/europe-world/international-cooperation/regional-dialogues-and-international-organisations/western-balkans_en
https://doi.org/10.2807/1560-7917.ES.2019.24.9.1900123
https://www.who.int/europe/publications/i/item/9789289058278
https://doi.org/10.2807/1560-7917.ES.2018.23.46.1800516
https://doi.org/10.2807/1560-7917.ES.23.46.1800393
https://www.ncbi.nlm.nih.gov/pubmed/30458917
https://doi.org/10.3855/jidc.8124
https://www.ncbi.nlm.nih.gov/pubmed/27801368
https://doi.org/10.3855/jidc.7695
https://doi.org/10.1556/030.66.2019.007
https://www.ncbi.nlm.nih.gov/pubmed/30786727
https://doi.org/10.1016/j.jiph.2016.11.016
https://doi.org/10.1080/1120009X.2020.1755588
https://doi.org/10.3390/antibiotics10101146
https://doi.org/10.1016/j.jhin.2023.04.013
https://doi.org/10.5937/ScriMed1102075M

Antibiotics 2024, 13, 895 14 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Mirovic, V.; Tomanovic, B.; Lepsanovic, Z.; Jovcic, B.; Kojic, M. Isolation of Klebsiella pneumoniae producing NDM-1 metallo-f3-
lactamase from the urine of an outpatient baby boy receiving antibiotic prophylaxis. Antimicrob. Agents Chemother. 2012, 56,
6062—-6063. [CrossRef]

Livermore, D.M.; Walsh, T.R.; Toleman, M.; Woodford, N. Balkan NDM-1: Escape or transplant? Lancet Infect. Dis. 2011, 11, 164.
[CrossRef] [PubMed]

Struelens, M.].; Monnet, D.L.; Magiorakos, A.P.; Santos O’Connor, F; Giesecke, J.; European NDM-1 Survey Participants. New
Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae: Emergence and response in Europe. Euro Surveill. 2010, 15, 19716.
[CrossRef] [PubMed]

Dortet, L.; Poirel, L.; Nordmann, P. Worldwide dissemination of the NDM-type carbapenemases in Gram-negative bacteria.
Biomed. Res. Int. 2014, 2014, 249856. [CrossRef]

Bogaerts, P.; Bouchahrouf, W.; de Castro, R.R.; Deplano, A.; Berhin, C.; Piérard, D.; Denis, O.; Glupczynski, Y. Emergence of
NDM-1-producing Enterobacteriaceae in Belgium. Antimicrob. Agents Chemother. 2011, 55, 3036-3038. [CrossRef]

Seiffert, S.N.; Marschall, J.; Perreten, V.; Carattoli, A.; Furrer, H.; Endimiani, A. Emergence of Klebsiella pneumoniae co-producing
NDM-1, OXA-48, CTX-M-15, CMY-16, QnrA and ArmA in Switzerland. Int. |. Antimicrob. Agents. 2014, 44, 260-262. [CrossRef]
[PubMed]

Potron, A.; Poirel, L.; Rondinaud, E.; Nordmann, P. Intercontinental spread of OXA-48 beta-lactamase-producing Enterobacteriaceae
over a 11-year period, 2001 to 2011. Euro Surveill. 2013, 18, 20549. [CrossRef] [PubMed]

Grundmann, H.; Glasner, C.; Albiger, B.; Aanensen, D.M.; Tomlinson, C.T.; Andrasevi¢, A.T.; Canton, R.; Carmeli, Y.; Friedrich,
AW.,; Giske, C.G.; et al. Occurrence of carbapenemase-producing Klebsiella pneumoniae and Escherichia coli in the European survey
of carbapenemase-producing Enterobacteriaceae (EuSCAPE): A prospective, multinational study. Lancet Infect. Dis. 2017, 17,
153-163. [CrossRef]

Novovic, K.; Vasiljevic, Z.; Kuzmanovic, M.; Lozo, J.; Begovic, J.; Kojic, M.; Jovcic, B. Novel E. coli ST5123 Containing blanpp-1
Carried by IncF Plasmid Isolated from a Pediatric Patient in Serbia. Microb. Drug Resist. 2016, 22, 707-711. [CrossRef]

Novovic, K.; Filipic, B.; Veljovic, K.; Begovic, J.; Mirkovic, N.; Jovcic, B. Environmental waters and blaNDM-1 in Belgrade, Serbia:
Endemicity questioned. Sci. Total Environ. 2015, 511, 393-398. [CrossRef]

Walsh, T.R.; Weeks, J.; Livermore, D.M.; Toleman, M. A. Dissemination of NDM-1 positive bacteria in the New Delhi environment
and its implications for human health: An environmental point prevalence study. Lancet Infect. Dis. 2011, 11, 355-362. [CrossRef]
Trudi¢, A.; Jelesi¢, Z.; Mihajlovi¢-Ukropina, M.; Medi¢, D.; Zivlak, B.; Gusman, V.; Dilas, M. Carbapenemase production in
hospital isolates of multidrug-resistant Klebsiella pneumoniae and Escherichia coli in Serbia. Vojnosanit. Pregl. 2017, 74, 715-721.
[CrossRef]

Novovi¢, K.; Trudi¢, A.; Brki¢, S.; Vasiljevi¢, Z.; Koji¢, M.; Medi¢, D.; Cirkovi¢, I; Jov¢ié, B. Molecular Epidemiology of Colistin-
Resistant, Carbapenemase-Producing Klebsiella pneumoniae in Serbia from 2013 to 2016. Antimicrob Agents Chemother. 2017, 61,
€02550-16. [CrossRef] [PubMed]

Mijac, V.; Brkic, S.; Milic, M.; Siljic, M.; Cirkovic, V.; Perovic, V.; Markovic, M.; Cirkovic, I.; Stanojevic, M. Intestinal Colonization of
Preterm Neonates with Carbapenem Resistant Enterobacteria at Hospital Discharge. Antibiotics 2023, 12, 284. [CrossRef] [PubMed]
Brki¢, S.; Bozi¢, D.; Stojanovié, N.; Vitorovi¢, T.; Topalov, D.; Jovanovi¢, M.; Stepanovi¢, M.; Cirkovi¢, I. Antimicrobial Susceptibility
and Molecular Characterization of Carbapenemase-Producing Enterobacter spp. Community Isolates in Belgrade, Serbia. Microb.
Drug Resist. 2020, 26, 378-384. [CrossRef] [PubMed]

Peirano, G.; Matsumura, Y.; Adams, M.D.; Bradford, P.; Motyl, M.; Chen, L.; Kreiswirth, B.N.; Pitout, ].D.D. Genomic Epidemiology
of Global Carbapenemase-Producing Enterobacter spp., 2008-2014. Emerg. Infect. Dis. 2018, 24, 1010-1019. [CrossRef]

Brki¢, S.; Bozi¢, D.D.; Stojanovi¢, N.; Bulbuk, D.; Jovanovi¢, M.; Cirkovig, 1. Carbapenemase-producing Klebsiella pneumoniae in
community settings: A cross-sectional study in Belgrade, Serbia. Future Microbiol. 2023, 18, 389-397. [CrossRef]

Palmieri, M.; D’Andrea, M.M.; Pelegrin, A.C.; Mirande, C.; Brkic, S.; Cirkovic, I.; Goossens, H.; Rossolini, G.M.; van Belkum, A.
Genomic Epidemiology of Carbapenem- and Colistin-Resistant Klebsiella pneumoniae Isolates from Serbia: Predominance of ST101
Strains Carrying a Novel OXA-48 Plasmid. Front. Microbiol. 2020, 11, 294. [CrossRef] [PubMed]

Can, F; Menekse, S.; Ispir, P; Atac, N.; Albayrak, O.; Demir, T.; Karaaslan, D.C.; Karahan, S.N.; Kapmaz, M.; Kurt Azap, O.;
et al. Impact of the ST101 clone on fatality among patients with colistin-resistant Klebsiella pneumoniae infection. J. Antimicrob.
Chemother. 2018, 73, 1235-1241. [CrossRef]

Chatzidimitriou, M.; Kavvada, A.; Kavvadas, D.; Kyriazidi, M.A.; Eleftheriadis, K.; Varlamis, S.; Papaliagkas, V.; Mitka, S.
Carbapenem-resistant Klebsiella pneumoniae in the Balkans: Clonal distribution and associated resistance determinants. Acta
Microbiol. Immunol. Hung. 2024, 71, 10-24. [CrossRef]

Cirkovic, I; Muller, B.H.; Janjusevic, A.; Mollon, P; Istier, V.; Mirande-Meunier, C.; Brkic, S. Whole-Genome Sequencing Snapshot
of Clinically Relevant Carbapenem-Resistant Gram-Negative Bacteria from Wastewater in Serbia. Antibiotics 2023, 12, 350.
[CrossRef]

Wang, Y.; Liu, E; Hu, Y.; Zhang, G.; Zhu, B.; Gao, G.F. Detection of mobile colistin resistance gene mcr-9 in carbapenem-resistant
Klebsiella pneumoniae strains of human origin in Europe. J. Infect. 2020, 80, 578-606. [CrossRef] [PubMed]

Kostyanev, T.; Tafaj, S.; Skenduli, I.; Bardhi, D.; Kapisyzi, P.; Bino, S.; Lammens, C.; Goossens, H. First detection of KPC-3-
producing Klebsiella pneumoniae in Albania. New Microbes New Infect. 2015, 4, 11-12. [CrossRef] [PubMed]


https://doi.org/10.1128/AAC.00838-12
https://doi.org/10.1016/S1473-3099(11)70048-2
https://www.ncbi.nlm.nih.gov/pubmed/21371654
https://doi.org/10.2807/ese.15.46.19716-en
https://www.ncbi.nlm.nih.gov/pubmed/21144431
https://doi.org/10.1155/2014/249856
https://doi.org/10.1128/AAC.00049-11
https://doi.org/10.1016/j.ijantimicag.2014.05.008
https://www.ncbi.nlm.nih.gov/pubmed/25123809
https://doi.org/10.2807/1560-7917.ES2013.18.31.20549
https://www.ncbi.nlm.nih.gov/pubmed/23929228
https://doi.org/10.1016/S1473-3099(16)30257-2
https://doi.org/10.1089/mdr.2015.0264
https://doi.org/10.1016/j.scitotenv.2014.12.072
https://doi.org/10.1016/S1473-3099(11)70059-7
https://doi.org/10.2298/VSP150917260T
https://doi.org/10.1128/AAC.02550-16
https://www.ncbi.nlm.nih.gov/pubmed/28242665
https://doi.org/10.3390/antibiotics12020284
https://www.ncbi.nlm.nih.gov/pubmed/36830195
https://doi.org/10.1089/mdr.2019.0224
https://www.ncbi.nlm.nih.gov/pubmed/31651210
https://doi.org/10.3201/eid2406.171648
https://doi.org/10.2217/fmb-2022-0201
https://doi.org/10.3389/fmicb.2020.00294
https://www.ncbi.nlm.nih.gov/pubmed/32153554
https://doi.org/10.1093/jac/dkx532
https://doi.org/10.1556/030.2024.02230
https://doi.org/10.3390/antibiotics12020350
https://doi.org/10.1016/j.jinf.2019.12.016
https://www.ncbi.nlm.nih.gov/pubmed/31981637
https://doi.org/10.1016/j.nmni.2015.01.001
https://www.ncbi.nlm.nih.gov/pubmed/25830029

Antibiotics 2024, 13, 895 15 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Parascandalo, F.A.; Zarb, P; Tartari, E.; Lacej, D.; Bitincka, S.; Manastirliu, O.; Nika, D.; Borg, M.A. Carriage of multidrug-resistant
organisms in a tertiary university hospital in Albania-a point prevalence survey. Antimicrob. Resist. Infect. Control. 2016, 5, 29.
[CrossRef] [PubMed]

Tafaj, S.; Gona, F,; Kapisyzi, P.; Cani, A.; Hatibi, A.; Bino, S.; Fico, A.; Koragqi, A.; Kasmi, G.; Cirillo, D. Isolation of the first New
Delhi metallo-3-lactamase-1 (NDM-1)-producing and colistin-resistant Klebsiella pneumoniae sequence type ST15 from a digestive
carrier in Albania, May 2018. | Glob Antimicrob Resist. 2019, 17, 142-144. [CrossRef]

Custovié, A.; Zulci¢-Naki¢, V.; Asceri¢, M.; Hadzi¢, S. Surveillance of intrahospital infections at the clinic for gynaecology and
obstetrics. Bosn. J. Basic. Med. Sci. 2009, 9, 66-70. [CrossRef]

Granov, D.; Dedei¢-Ljubovi¢, A.; Salimovi¢-Bes$i¢, I. Characterization of Carbapenemase-Producing Klebsiella pneumoniae in
Clinical Center University of Sarajevo, Bosnia and Herzegovina. Microb. Drug Resist. 2020, 26, 1038-1045. [CrossRef]

Sokolovi¢, D.; Drakul, D.; Vuji¢-Aleksi¢, V.; Joksimovi¢, B.; Mari¢, S.; Nezi¢, L. Antibiotic consumption and antimicrobial resistance
in the SARS-CoV-2 pandemic: A single-center experience. Front. Pharmacol. 2023, 14, 1067973. [CrossRef]

Ljubovi¢, A.D.; Granov, D.; Husi¢, E.; Gacanovi¢, D.; Halkovi¢, J.; Lab Ing, A.C.; Kotori¢ Keser, S.; Loga Zec, S. Prevalence of
extended-spectrum p-lactamase and carbapenem-resistant Klebsiella pneumoniae in clinical samples. Saudi Med. ]. 2023, 44, 801-807.
[CrossRef]

Zarfel, G.; Hoenigl, M.; Leitner, E.; Salzer, H.]J.; Feierl, G.; Masoud, L.; Valentin, T.; Krause, R.; Grisold, A.]. Emergence of New
Delhi metallo-3-lactamase, Austria. Emerg. Infect. Dis. 2011, 17, 129-130. [CrossRef] [PubMed]

Papst, L.; Beovi¢, B.; Pulcini, C.; Durante-Mangoni, E.; Rodriguez-Bafio, J.; Kaye, K.S.; Daikos, G.L.; Raka, L.; Paul, M.; ESGAP,
ESGBIS, ESGIE and the CRGNB treatment survey study group. Antibiotic treatment of infections caused by carbapenem-resistant
Gram-negative bacilli: An international ESCMID cross-sectional survey among infectious diseases specialists practicing in large
hospitals. Clin. Microbiol. Infect. 2018, 24, 1070-1076. [CrossRef]

Baraniak, A.; Izdebski, R.; Fiett, J.; Gawryszewska, I.; Bojarska, K.; Herda, M.; Literacka, E.; Zabicka, D.; Tomczak, H.; Pewiniska,
N.; et al. NDM-producing Enterobacteriaceae in Poland, 2012-2014: Inter-regional outbreak of Klebsiella pneumoniae ST11 and
sporadic cases. | Antimicrob Chemother. 2016, 71, 85-91. [CrossRef] [PubMed]

Mijovi¢, G.; Cizmovi¢, L.; Vukovié, M.N.; Stamatovié, S.; Lopici¢, M. Antibiotic Consumption in Hospitals and Resistance Rate of
Klebsiella pneumoniae and Escherichia coli in Montenegro. Acta Clin. Croat. 2020, 59, 469-479. [CrossRef] [PubMed]

De Lorenzis, E.; Alba, A.B.; Cepeda, M.; Galan, J.A.; Geavlete, P.; Giannakopoulos, S.; Saltirov, I.; Sarica, K.; Skolarikos, A.;
Stavridis, S.; et al. Bacterial spectrum and antibiotic resistance of urinary tract infections in patients treated for upper urinary
tract calculi: A multicenter analysis. Eur. . Clin. Microbiol. Infect. Dis. 2020, 39, 1971-1981. [CrossRef] [PubMed]

Moser, A.L; Keller, PM.; Campos-Madueno, E.I; Poirel, L.; Nordmann, P.; Endimiani, A. A Patient with Multiple Carbapenemase
Producers Including an Unusual Citrobacter sedlakii Hosting an IncC blanpwp-1- and armA-carrying Plasmid. Pathog. Immun. 2021,
6, 119-134. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13756-016-0128-1
https://www.ncbi.nlm.nih.gov/pubmed/27499852
https://doi.org/10.1016/j.jgar.2018.12.002
https://doi.org/10.17305/bjbms.2009.2859
https://doi.org/10.1089/mdr.2019.0188
https://doi.org/10.3389/fphar.2023.1067973
https://doi.org/10.15537/smj.2023.44.8.20230237
https://doi.org/10.3201/eid1701.101331
https://www.ncbi.nlm.nih.gov/pubmed/21192874
https://doi.org/10.1016/j.cmi.2018.01.015
https://doi.org/10.1093/jac/dkv282
https://www.ncbi.nlm.nih.gov/pubmed/26386745
https://doi.org/10.20471/acc.2020.59.03.11
https://www.ncbi.nlm.nih.gov/pubmed/34177057
https://doi.org/10.1007/s10096-020-03947-z
https://www.ncbi.nlm.nih.gov/pubmed/32557326
https://doi.org/10.20411/pai.v6i2.482

	Introduction 
	AMR Trends in the Western Balkans 
	CRE in the Western Balkans 
	Serbia 
	Albania 
	Bosnia and Herzegovina 
	Kosovo 
	Montenegro 
	North Macedonia 

	Conclusions and Future Directions 
	References

