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Abstract: Worldwide, hospital-acquired infections (HAIs) are continuously rising within healthcare
settings, leading to high mortality and morbidity rates. Many hospitals have reported the spread of
carbapenemases globally, specifically within the E. coli and K. pneumoniae species. This study was
aimed at analyzing the state of hospital-acquired, carbapenem-resistant E. coli and K. pneumoniae
in the United Kingdom between 2009 and 2021. Moreover, the study analyzed the most efficacious
approaches to patient management for controlling the carbapenem-resistant Enterobacteriaceae (CRE)
spread. Initially, 1094 articles were identified as relevant for screening, and among them, 49 papers
were eligible for full-text screening, with a total of 14 articles meeting the inclusion criteria. The
information was recorded from published articles through PubMed, the Web of Science, Scopus,
Science Direct, and the Cochrane library and was used to search for hospital-acquired carbapenem-
resistant E. coli and K pneumoniae in the UK between 2009 and 2021, in order to evaluate the spread
of CRE in hospitals. The total number of carbapenem-resistant E. coli was 1083 and this was 2053
for carbapenem-resistant K. pneumoniae in more than 63 UK hospitals. KPC was the dominant
carbapenemase produced by K. pneumoniae. The results showed that the treatment options considered
depended on the type of carbapenemase produced; K. pneumoniae showed more resistance to a
treatment options, i.e., Colistin, than the other carbapenemase. The current state of the UK is at
minimal risk for a CRE outbreak; however, appropriate treatment and infection control measures
are highly required to prevent this CRE spread at the regional and global levels. The present
study findings have an important message for physicians, healthcare workers, and policymakers
about hospital-acquired carbapenem-resistant E. coli and K. pneumoniae spread and approaches to
patient management.
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1. Introduction

A hospital-acquired infection (HAI) is an infection that is acquired in a healthcare
setting within two days of admission [1]. The threat of HAIs is continuously increasing,
causing an estimated 2.5 million new cases every year in Europe, 500,000 of which are
caused by multi-drug resistant (MDR) microorganisms [2]. Gram-negative bacilli studies
have revealed that seasonal hospitalized patients with bloodstream infections are caused
by many bacteria, including E. coli and Klebsiella spp. (both are species within the Enter-
obacteriaceae family), and these infections are at their peak during the summer in North
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America, the Middle East, Europe, Asia, and Australia [3]. The majority of these bacterial
infections are MDR species, which are resistant to many known antibiotics, leading to more
than 25,000 deaths per year in European countries [4].

Recently, Enterobacteriaceae species were shown to be highly resistant to broad-
spectrum antibiotics through extended-spectrum {3-lactamases (ESBLs), due to the acqui-
sition of gene-encoding enzymes, which upregulate efflux pumps and alterations to the
antibiotic binding sites [5]. Therefore, carbapenems were considered to be the antibiotic
of choice to treat MDR Enterobacteriaceae [6]. However, many bacterial strains from the
Enterobacteriaceae family are becoming carbapenem-resistant Enterobacteriaceae (CRE).
Three major carbapenemases are considered to be epidemiologically and clinically signifi-
cant: Klebsiella pneumonia carbapenemase (KPC), New Delhi metallo-f3-lactamase (NDM),
and oxacillinase (OXA), which hydrolyze carbapenem [7,8]. These carbapenemases are
commonly found in the K. pneumoniae and E. coli species [9].

K. pneumoniae has been reported as the leading cause of bacteremia and pneumonia
in the United Kingdom (UK) [10]. Currently, carbapenem-resistant K. pneumoniae (CRKP)
is a major health-related pathogen responsible for pneumonia, surgical site infection,
bloodstream infection, UTIs, and meningitis, leading to high morbidity and mortality
rates [11,12]. E. coli and Klebsiella are the leading causes of hospital-acquired infections
worldwide [13]. In previous decades, E. coli became increasingly resistant to 3-lactams and
the carriage of resistant AmpC plasmids [14]. Carbapenem was again considered to be the
gold standard for treating nosocomial E. coli infections. However, carbapenem-resistant
E. coli started to emerge, mainly through the production of carbapenemases, along with a
decreased antibiotic permeability (increased efflux pump and lack of porin presence) and
an alternation of the carbapenem binding sites [15,16].

Despite the wide spread of CRE strains, specifically carbapenem-resistant K. pneu-
moniae (CRKP) and CRE E. coli, a detailed examination of the spread of CRE strains in
the UK in the past decade appears to be limited in the literature. Therefore, this study
investigates the spread of CRKP and CRE E. coli in the UK from 2009 to 2021. Additionally,
it identifies the most common type of carbapenemases carried by CRKP and CRE E. coli
and the antibiotic treatments used, depending on the type of carried carbapenemase.

2. Material and Methods
2.1. Study Design and Settings

The present data-based observational study was conducted under the College of
Biomedical Science, University of Bristol, Bristol, United Kingdom and School of Life
Sciences, Faculty of Health & Life Sciences, Coventry University, Coventry University,
United Kingdom and College of Medicine, King Saud University, Riyadh, Saudi Arabia
during the period from January to October 2022.

2.2. Protocol and Registration

For the search of the literature, the Preferred Reporting Items for Systematic and Meta-
Analysis (PRISMA) guidelines were followed while conducting this study, in order to select
the reliable sources that correlated with the research aims. The protocol was registered on
PROSPERO (registration number CRD42022303741).

2.3. Search Strategy

In this study, data were retrieved about the incidence and prevalence of hospital-
acquired carbapenem-resistant E. coli and K. pneumoniae to investigate the most effective
methods for managing HA-CRE. Cases of CRE in the UK published in scientific journals
between 2009 and 2021 were used to evaluate the spread of CRE in hospitals. Many studies
started HA-CRE data collection in UK hospitals in 2009; thus, 2009 was set as the starting
line of this study. The minimum inhibitory concentration (MIC) antibiotic treatment options
were analyzed to identify the resistant and susceptible strains, depending on the type of
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carbapenemase, NDM, KPC, OXA, VIM, and IMP produced by the reported CRE E. coli
and K. pneumoniae.

2.4. Eligibility Criteria

The primary sources of the reported carbapenem cases were collected using scientific
search engines. The inclusion and exclusion criteria determined the papers that were
included or rejected for the review and data collection. The included studies were those
published in the UK that contained reported cases, quantitative records of CRE-infected pa-
tients, and E. coli and K. pneumoniae within the CRE species. In contrast, studies performed
on non-UK reported cases, data reported before 2009, carbapenem-susceptible Enterobacte-
riaceae, data that did not specify the Enterobacteriaceae species, and community-acquired
infections were all excluded. Moreover, brief communications, editorials, and review
articles were also excluded.

2.5. Study Selection

This study analyzed the published literature and research articles on reported patients
who acquired carbapenem-resistant E. coli and/or K. pneumoniae during >2 days of a
hospital stay in the UK between 2009 and 2021. The literature was searched using scientific
research engines, including PubMed, the Web of Science, Science Direct, Scopus, and the
Cochrane Library to find the relevant articles. The search terms used were the Boolean
operators “AND’, ‘OR’, and ‘NOT’ and included ‘carbapenem-resistant Enterobacteriaceae’
OR ‘Carbapenem-resistant Escherichia coli” OR ‘Carbapenem-resistant Klebsiella pneumoniae’
AND "Hospital-acquired infection” OR ‘nosocomial infection” OR ‘healthcare-acquired
infection” AND “United Kingdom” OR “England” OR “Wales” OR ‘Northern Ireland” OR
‘Scotland’. Furthermore, the scope of the search was expanded by screening the reference
list of the relevant articles to identify topic-related articles. Only full-text articles published
in the English language were included, and, following the removal of duplicated articles,
the selection of the papers was based on three sections: (1) titles, (2) abstracts, and (3) results
and full-text screening.

2.6. Data Recording

At the post-inclusion and exclusion stage, Excel and EndNote were used to uniquely
select the relevant data and identify which factors were presented by each article. Each
article was presented in a row on an Excel sheet to represent the information provided by
the article. The columns presented the total number of CRE reported cases, the hospital
location, the specific quantity of carbapenem-resistant E. coli and K. pneumoniae, the type of
carbapenemase, the sample type (blood, urine, or wound swap, etc.), and the age group.
However, the articles that presented MIC values from patient-identified CRE isolates were
separately recorded using the Excel sheet, followed by a total summary of all the values
from the correlated papers for all the antibiotics. For each antibiotic, the susceptibility,
intermediate, and resistance breakpoint values were determined using the European Society
of Clinical Microbiology and Infectious Diseases (EUCAST) breakpoint tables.

2.7. Data Analysis and Ethical Approval

The statistical analyses were performed separately for both E. coli and K. pneumoniae
using Statistics Package Social Science (SPSS) Version 25 (IBM Armonk, New York, NY,
USA). Statistical results with a p-value below 0.05 were considered as significant. Addition-
ally, the percentage, frequency, mean, and median were calculated. The data conducted are
variables of numerical data, which are non-continuous discrete values. A chi—square}'\il (>§]2)

r—INC

analysis was performed, using SPSS Version 25, with the following formulae: Er,c = ===

and x> = ZW' The Chi-square test involved the presentation of the observed count
and the expected count, followed by the corresponding chi-square value. The residual
values were utilized to indicate the disparity between the observed and expected value.
Moreover, the chi-square value and degree of freedom provided the p-value, which was nec-
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[ Identification ]

essary for determining whether to reject the null hypothesis or not. In this study, data were
retrieved from the publicly available literature, hence ethical approval was not required.

3. Results

During the literature search, 1094 retrieved articles were identified as relevant for
screening, and among them, 49 papers were eligible for full-text screening, with a total of
14 articles [17-30] meeting the inclusion criteria (Figure 1).

Literature search: published between 2009
and 2021; Databases: Pub Med, Web of
Science, Cochrane, Science direct and
Scopus (n= 1094)

~

Not topic related, not

(e

xcluded articles:

[ Duplicated articles removed (n= 642)
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communications, editorials,
review articles, and non-UK

\based study (n= 593) /

[ Included articles based on title and abstract (n= 49) ]

/Excluded articles (n= 35 }:\

—a| Non-CRKP and CRE E.

Eligibility ] [Screening ]

[
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coli (n=18)

Non-CRE (n= 8)

Absence of statistical
analysis (n=4)

Year before 2009 (n= 3)

[ Articles included (n=14) ] Qﬂiﬂlﬁl study (n= 2) /

Figure 1. Flow diagram of the search process and the number of selected and rejected studies.

These articles extracted different specimens from thousands of hospitalized patients
and recorded the numbers of hospital-acquired CRKP and CRE E. coli infections (Figure 2).
From the included articles, 1083 contained CRE E. coli and 2053 contained CRKP from
more than 63 patients hospitalized for more than two days in a UK hospital between 2009
and 2021. Three studies [17-19] reported CRKP but not CRE E. coli. In contrast, for those
who identified both resistant species, only four studies from three hospitals in Manchester
showed a higher percentage of patients with CRE E. coli than CRKP.

The chi-square result for the observed data was 239.24 with one degree of freedom,
and the p-value was <0.001 (Table 1). These results indicate a significant difference between
the observed and expected frequencies of E. coli and CRKP.
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The total number of CRKP and CRE E. coli reported in the UK between

2009 and 2020
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Figure 2. Specimen samples are presented above each study that was collected to identify the number
of CRE K. pneumoniae (in blue) and CRE E. coli (in orange) [17-30].
Table 1. Observed and expected frequencies of E. coli and CRKP with Chi-Square results.
Observed N Expected N Residual Chi-Square df p-Value
E. coli 972 1378.0 -406.0
Carbapenem resistant
K. pneumoniae (CRKP) 1784 1378.0 406.0 239.24 1 <0.001
Total 2756

3.1. Spread of CRE from Reported Hospitals

Different hospitals reported CRE E. coli and CRKP, some of which had one specific
location, while others were from multiple unspecified hospitals around the UK (Figure 3).

The majority of CRE E. coli cases identified in Manchester hospitals were reported
over five and eight years of monitoring HA-CRE [23,25]. In contrast, 51% percent of CRKP
cases were reported by a 9-year retrospective study across multiple hospitals in the UK.
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Figure 3. The reported percentage of both CRE E. coli and CRKP depends on the location of UK
hospitals. The 22 reported hospitals were collected from one study [26]. Others represent the
remainder percentage from different cities around the UK.

3.2. Major Carbapenemase Plasmids

Eleven studies [17,18,20-26,28,29] quantitatively reported the type of carbapenemase,
mainly KPC, NDM, and OXA-48-like, produced by either CRE E. coli or CRKP. The total
number of reported CRKP and CRE E. coli cases carrying one of the major carbapenemases
was 2756, 35% of which were CRE E. coli and 65% were CRKP (Table 2).

Table 2. The collected isolates with ¢ from the 14 studies.

KPC OXA-48-Like NDM Total

E. coli 314 648 10 972
CRKP 1729 39 16 1784
Total column 2043 687 26 2756

The chi-square result for the observed data was 2301.87 with two degrees of freedom,
and the p-value was <0.001 (Table 3). These results indicate a significant difference between
the observed and expected frequencies of KPC plasmid, OXA-48-Like plasmid, and NDM.

Table 3. Chi-square results of observed KPC, OXA-48-Like, and NDM plasmids.

Observed N Expected N  Residual  Chi-Square df p-Value

KPC 2043 918.7 11243
OXA-48-Like 687 918.7 2317

NDM 26 9187 -892.7 2301.87 2 <0.0001

Total 2756

The chi-square test for the observed data yielded a result of 1403.91 with two degrees
of freedom, and the p-value was <0.001, indicating a significant difference between the
plasmid types carried by the E. coli and CRKP (Table 4). The percentage of KPC plasmid in
CRKP (84.6%) was much higher than that in E. coli (15.4%), while OXA-48-Like plasmid in
E. coli (94.3%) was much higher, compared to only 5.7% in CRKP.
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Table 4. Plasmid Types Carried by E. coli and Carbapenem-Resistant K. pneumoniae (CRKP) with
Chi-Square Results.

Type Pearson

Total . df p-Value
KPC  OXA-48-Like =~ NDM Chi-Square
Count 314 648 10 972
E. coli -
% within Type 15.4% 94.3% 38.5% 35.3%
Category
Count 1729 39 16 1784
CRKP — 1403.91 2 <0.001
% within Type 84.6% 5.7% 61.5% 64.7%
Count 2043 687 26 2756
Total
% within Type 100.0% 100.0% 100.0% 100.0%
3.3. Minimum Inhibitory Concentration Calculations
The MICs of different classes of antibiotics, including carbapenem, cephalosporins,
aminoglycosides, quinolones, and tetracycline, were shown in six studies in order to pro-
mote the resistance and susceptibility of these antibiotics against carbapenemase-producing
CRKP and CRE E. coli, specifically KPC, NDM, and OXA-48 carbapenemases (Figures 4-6).
KPC producing CRKP and CRE E. coli isolates with susceptible and resistance rates
180
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Figure 4. The MIC of ten different antibiotics were identified for multiple isolates of KPC-producing
K. pneumoniae and E. coli to identify the number of susceptible, intermediate, and resistant isolates.

As shown in Figure 4, approximately 150 different isolates of KPC-producing hospital-
acquired CRKP were shown to be largely resistant to carbapenem and ciprofloxacin antibi-
otics, but susceptible to colistin (antimicrobial peptide) and tigecycline. In contrast, the
MICs of KPC-carrying E. coli against antibiotics were not highly reported in comparison to
KPC-producing CRKP. However, all the KPC-producing E. coli isolates were susceptible to
colistin, similar to tigecycline, gentamicin, and amikacin.
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Figure 5. The graph shows susceptibility, intermediate, and resistant isolates of NDM-producing K.
pneumoniae and E. coli for nine different antibiotics.
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Figure 6. This chart shows the susceptibility, intermediate, and resistance rates of OXA-48-like
produced carbapenemase by K. pneumoniae and E. coli against 11 antibiotics.

The percentage of NDM-carrying CRE was less than 1% for both CRKP and CRE E.
coli. However, Drew et al., Mushtagq et al., and Woodfield et al. [17,20,28] all presented the
MICs against carbapenems, cephalosporins, aminoglycoside, tetracycline, and quinolone
antibiotics (Figure 5). NDM-producing CRKP showed a high resistance against meropenem,
ceftazidime, cefotaxime, aztreonam, ciprofloxacin, and gentamicin. In contrast, a suscep-
tibility to colistin and tigecycline was observed. Additionally, NDM-carrying E. coli was
fully susceptible to colistin and tigecycline.

Finally, the second most commonly spread carbapenemase between CRE E. coli and
CRKP is the OXA-48-like carbapenemase, which showed high susceptibility rates, with few
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isolates showing resistance against carbapenems, colistin, and tigecycline (Figure 6). How-
ever, more OXA-48-producing CRKP isolates were resistant to meropenem, ceftazidime,
aztreonam, cefotaxime, ciprofloxacin, and gentamicin.

4. Discussion

This study aimed at presenting the state of CRKP and CRE E. coli in the UK between
2009 and 2021. This was followed by an investigation into the spread of the three most com-
mon carbapenemases (NDM, KPC, and OXA carbapenemases) and the type of antibiotic
treatments that were used to treat the infected patients. This study specifically focused on
the two Enterobacteriaceae species that are most likely to spread within hospitals world-
wide, CRKP and CRE. E. coli, with a detailed analysis of fourteen different articles. Different
specimens were taken, including blood, urine, and sputum, from hospitalized patients,
which showed that CRKP was approximately twice as prevalent as CRE E. coli. According
to the European Centre for Disease Prevention and Control, both CRKP and CRE E. coli are
detected by less than 1% in the UK and their spread is regional [31]. However, there has
been an increase in the number of CRE-reported cases each year, from three cases in 2003
to 1893 cases in 2015 [32]. Additionally, similar to this study, a study was performed to
identify the rate of CRE species in London, which showed that CRKP was the most common
species [33]. Although there has been an increase in the rate of carbapenem-producing E.
coli in the UK, there are still fewer than one hundred cases per year [34]. The spread of
KPC-carrying CRKP is commonly reported as a multidrug-resistant nosocomial species.
Our results showed that KPC-carrying K. pneumoniae is less susceptible to antimicrobials
compared to the other plasmids carried by K. pneumoniae. It is thought that the infection
control measures put in place, such as strict patient cohorts, the correct choice of treatment,
and only using the antimicrobial peptide colistin as a last resort treatment option, are the
reasons that the spread of such a resistant strain has been controlled thus far [35].

It was observed that high percentages of both CRKP and CRE E. coli cases were found
in Manchester. The city of Manchester showed an estimated 10x higher detection rate of
CRE compared to other areas of England [36]. Similar to the results of the presented study,
an epidemiological study performed to report the prevalence of carbapenem-resistant
plasmids in England showed that Manchester was a hotspot for KPC- and OXA-48-like-
producing CRE, which reported a large number of carabapenem resistant Enterobacteri-
aceae cases in the northwest of England [36].

Depending on the type of carbapenemase produced by Enterobacteriaceae, the treat-
ment and management options differ. It was observed from the studies that the NDM, IMP,
and VIM carbapenemases are minority groups, being less than 1% of the total reported
HA-CRE. Public Health of England reported more than 100 NDM-producing CRE isolates
between 2012 and 2015 [32]. The reason behind the small number of NDM-carrier reports
may be that the majority of the selected studies for this study were published before 2015.
Therefore, further investigation of the current NDM spread is required, as the UK was
one of the earliest countries to report NDM carbapenemase [37]. Additionally, it has been
previously reported that K. pneumoniae is the most commonly reported isolate that produces
carbapenemases through plasmid uptake, specifically KPC-carrying plasmids [38]. Only
one protracted outbreak caused by OXA-48-like-producing K. pneumoniae was recorded in
the UK between 2008 and 2010 [39]. The outbreak, which was in a west London Hospital,
was brought under control by strict IPC procedures, including improving screening, raising
nursing staff awareness, improving laboratory detection mainly via PCR, and the judicial
use of antimicrobials following antimicrobial guidelines [39].

Six out of the fourteen collated studies investigated the MICs of antibiotics in CRE-
infected patients. The treatment options using antibiotics were examined for more than
500 patients. Although antibiotic treatment options are very limited against MDR bacteria,
it was observed that some CRE were susceptible to more than one antibiotic. Antibiotics
such as tigecycline, aminoglycosides, and the antimicrobial peptide colistin were described
as the optimal treatments for MDR Gram-negative infections [40]. Due to the limited num-
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ber of patients with IMP, VIM, and NDM found by this study, it was difficult to determine
a suitable treatment method against these particular carbapenemases. CRKP appears to be
highly resistant to carbapenems compared to KPC-producing E. coli. However, both species
showed a high percentage of susceptibility to tigecycline, colistin, and gentamicin. OXA-48-
like remains susceptible to many antibiotics, including broad-spectrum cephalosporins [41].
Moreover, OXA-48s are unique carbapenemases with a low hydrolytic function toward
meropenem and imipenem [42]. As observed, the susceptibilities of colistin and tigecycline
are high; therefore, combination therapy is suggested to reduce both mortality and morbid-
ity rates. This susceptibility profile shows a positive sign for managing plasmid-carrying
Carbapenem-resistant E. coli and K. pneumoniae.

Although there has been an upsurge in the rate of carbapenem-producing E. coli in
the UK, there is still a limited number of cases reported, which is less than 100 cases
per annum [34]. It is believed that stringent infection control measures must be put in
place, such as strict patient cohorts, the correct choice of treatment modalities, and using
colistin as a last resort treatment option, which are the reasons that the spread of such a
highly resistant strain has been controlled [35]. However, contracting a resistant strain,
such as CRE, can lead to prolonged patient stays in hospitals. Therefore, maintaining
good infection prevention practices is vital for reducing transmission rates. Healthcare
staff members are required to ensure that a sterile environment is created by preventing
contamination from body fluids, using sterile equipment and safe injection practices, and
ensuring respiratory hygiene in order to prevent ventilator-associated pneumonia [43].
Moreover, it is advised that patients with known respiratory tract infections are placed
within a controlled ventilation room with air filters to prevent suspended droplets from
being passed around the hospital by the medical staff environment.

To limit the spread of threatening CRE infections, 39 European countries, including
the UK, agreed to minimize the burden of CRE infection by keeping recorded CRE-positive
patient data between the European Centre for Disease Prevention (ECDP) and Control in
Stockholm [44]. Previously, in 1991, the UK government decided to direct the National
Health Service (NHS) to further develop hospital care facility management, as the design
of the hospital can significantly affect its HAI rates [45]. Public Health England states that
hospitals must screen high-risk patients that have previously been infected by CRE and
they should be placed in isolation after readmission [32]. These patients should then be
entered into Public Health England’s microbiological database, including details such as
their demographic and specimen data and treatment progression approaches.

5. Strengths and Limitations

To the authors” knowledge, this is the first comprehensive study which analyzed the
published data for both CRE E. coli and CRKP, with the identification of carbapenemase,
KPC, NDM, and OXA-48. This study included data from more than 60 hospitals around
the UK since 2009, which made this study more specific for the identification of areas
with high levels of infection. Furthermore, a selective identification of the most common
carbapenemase in each species provided an overview of the most common and most
resistant types of carbapenemase.

Its limitations, by contrast, include the fact that a few articles were CRKP-specific
and did not investigate the presence of HA-CRE E. coli. Additionally, very limited data
were available regarding the IMP, VIM, and NDM carbapenemases. Furthermore, the
majority of the articles were published based on the data from hospitals in England, and the
extent of the CRE spread in hospitals in Scotland, Wales, and Northern Ireland is currently
unclear. Therefore, a future investigation into the CRE spread in these geographical areas
is required.

6. Conclusions

This study provided the current CRE E. coli and CRKP situation from more than
60 hospitals and identified 11 different antibiotics that could be used for the treatment of
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CRE, thus providing a summary of the potential treatment options, depending on the type
of carbapenemases carried. The study’s findings reveal a low risk of CRE outbreak; however,
appropriate treatment, alongside appropriate infection control measures, is highly required
to prevent this CRE spread. The study’s findings can be used to inform the IPC measures
taken by the UK government to prevent future outbreaks. However, it is worth noting that
further studies may be required to confirm these findings and ensure the effectiveness of
the identified treatment options. Moreover, such studies should be conducted worldwide,
including in the USA, Europe, Asia, and the Middle East, to understand and prevent the
spread of CRE infection.

Author Contributions: H.J.A. and A K.: study design, writing the manuscript; A.A.A., J.A.A. and
A H.: literature review, data collection, entry, and checking manuscript writing. S.A.M. manuscript
writing and editing; E.M.E.: data analysis. All authors have read and agreed to the published version
of the manuscript.

Funding: Deputyship for Research & Innovation, Ministry of Education, Saudi Arabia (IFKSUOR3-4-2).
Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Inno-
vation, Ministry of Education in Saudi Arabia for funding this research work through project no
(IFKSUOR3-4-2).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Tassew, S.; Alebachew Woldu, M.; Amogne Degu, W.; Shibeshi, W. Management of hospital-acquired infections among patients
hospitalized at Zewditu memorial hospital, Addis Ababa, Ethiopia: A prospective cross-sectional study. PLoS ONE 2020, 15,
€0231949. [CrossRef] [PubMed]

Friedrich, A. Control of hospital-acquired infections and antimicrobial resistance in Europe: The way to go. Wien. Med. Wochenschr.
2019, 169, 25-30. [CrossRef] [PubMed]

Richet, H. Seasonality in Gram-negative and healthcare-associated infections. Clin. Microbiol. Infect. 2012, 18, 934-940. [CrossRef]
[PubMed]

Carlet, J.; Jarlier, V.; Harbarth, S.; Voss, A.; Goossens, H.; Pittet, D. Ready for a world without antibiotics? The Pensieres Antibiotic
Resistance Call to Action. Antimicrob. Resist. Infect. Control. 2012, 1, 11. [CrossRef] [PubMed]

Walsh, F. The multiple roles of antibiotics and antibiotic resistance in nature. Front. Microbiol. 2013, 4, 255. [CrossRef]
Habte-Gabr, E. Antimicrobial Resistance: A Global Public Health Threat. J. Eritrean Med. Assoc. 2010, 3, 36—40. [CrossRef]
Durante-Mangoni, E.; Andini, R.; Zampino, R. Management of carbapenem-resistant Enterobacteriaceae infections. Clin. Microbiol.
Infect. 2019, 25, 943-950. [CrossRef]

Iovleva, A.; Doi, Y. Carbapenem-Resistant Enterobacteriaceae. Clin. Lab. Med. 2017, 37, 303-315. [CrossRef]

Sheu, C.-C.; Chang, Y.-T.; Lin, S.-Y.; Chen, Y.-H.; Hsueh, P-R. Infections Caused by Carbapenem-Resistant Enterobacteriaceae: An
Update on Therapeutic Options. Front. Microbiol. 2019, 10, 80. [CrossRef]

Livermore, D.M.; Warner, M.; Mushtaq, S.; Doumith, M.; Zhang, J.; Woodford, N. What remains against carbapenem-resistant
Enterobacteriaceae? Evaluation of chloramphenicol, ciprofloxacin, colistin, fosfomycin, minocycline, nitrofurantoin, temocillin
and tigecycline. Int. |. Antimicrob. Agents 2011, 37, 415-419. [CrossRef]

Spagnolo, A.M.; Orlando, P; Panatto, D.; Perdelli, E; Cristina, M.L. An overview of carbapenem-resistant Klebsiella pneumoniae.
Rev. Med. Microbiol. 2014, 25, 7-14. [CrossRef]

Weisenberg, S.A.; Morgan, D.J.; Espinal-Witter, R.; Larone, D.H. Clinical outcomes of patients with Klebsiella pneumoniae
carbapenemase-producing K. pneumoniae after treatment with imipenem or meropenem. Diagn. Microbiol. Infect. Dis. 2009, 64,
233-235. [CrossRef]

Liang, W.-J.; Liu, H.-Y,; Duan, G.-C.; Zhao, Y.-X; Chen, S.-Y.; Yang, H.-Y.; Xi, Y.-L. Emergence and mechanism of carbapenem-
resistant Escherichia coli in Henan, China, 2014. |. Infect. Public Health 2018, 11, 347-351. [CrossRef]

Mahmoud, N.; Altayb, H.; Gurashi, R. Detection of Carbapenem-Resistant Genes in Escherichia coli Isolated from Drinking Water
in Khartoum, Sudan. J. Environ. Public Health 2020, 2020, 2571293. [CrossRef]

Huang, S.-R.; Liu, M.-E,; Lin, C.-E,; Shi, Z.-Y. Molecular surveillance and clinical outcomes of carbapenem-resistant Escherichia coli
and Klebsiella pneumoniae infections. J. Microbiol. Immunol. Infect. 2014, 47, 187-196. [CrossRef]

Potron, A.; Poirel, L.; Rondinaud, E.; Nordmann, P. Intercontinental spread of OXA-48 beta-lactamase-producing Enterobacteri-
aceae over an 11-year period, 2001 to 2011. Eurosurveillance 2013, 18, 20549. [CrossRef]

Drew, R.; Turton, J.; Hill, R.; Livermore, D.; Woodford, N.; Paulus, S.; Cunliffe, N. The emergence of carbapenem-resistant
Enterobacteriaceae in a UK paediatric hospital. J. Hosp. Infect. 2013, 84, 300-304. [CrossRef]


https://doi.org/10.1371/journal.pone.0231949
https://www.ncbi.nlm.nih.gov/pubmed/32330164
https://doi.org/10.1007/s10354-018-0676-5
https://www.ncbi.nlm.nih.gov/pubmed/30623278
https://doi.org/10.1111/j.1469-0691.2012.03954.x
https://www.ncbi.nlm.nih.gov/pubmed/22784293
https://doi.org/10.1186/2047-2994-1-11
https://www.ncbi.nlm.nih.gov/pubmed/22958833
https://doi.org/10.3389/fmicb.2013.00255
https://doi.org/10.4314/jema.v3i1.49627
https://doi.org/10.1016/j.cmi.2019.04.013
https://doi.org/10.1016/j.cll.2017.01.005
https://doi.org/10.3389/fmicb.2019.00080
https://doi.org/10.1016/j.ijantimicag.2011.01.012
https://doi.org/10.1097/MRM.0b013e328365c51e
https://doi.org/10.1016/j.diagmicrobio.2009.02.004
https://doi.org/10.1016/j.jiph.2017.09.020
https://doi.org/10.1155/2020/2571293
https://doi.org/10.1016/j.jmii.2012.08.029
https://doi.org/10.2807/1560-7917.ES2013.18.31.20549
https://doi.org/10.1016/j.jhin.2013.05.003

Microorganisms 2023, 11, 1595 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gatti, M.; Raschi, E.; De Ponti, F. Relationship between adverse drug reactions to antibacterial agents and the Klebsiella pneumoniae
carbapenemase-producing (KPC) Kiebsiella pneumoniae outbreak: Insight from a pharmacovigilance study. BMC Pharmacol. Toxicol.
2019, 20, 65. [CrossRef]

Tucker, A.; George, R.; Welfare, W.; Cleary, P.; Cawthorne, J.; Dodgson, A. Screening for carbapenemase-producing Enterobacteri-
aceae in previous carriers readmitted to hospital: Evaluation of a change in screening policy. J. Hosp. Infect. 2019, 103, 156-159.
[CrossRef]

Mushtagq, S.; Woodford, N.; Hope, R.; Adkin, R.; Livermore, D.M. Activity of BAL30072 alone or combined with 3-lactamase
inhibitors or with meropenem against carbapenem-resistant Enterobacteriaceae and non-fermenters. J. Antimicrob. Chemother.
2013, 68, 1601-1608. [CrossRef]

Trepanier, P.; Mallard, K.; Meunier, D.; Pike, R.; Brown, D.; Ashby, ].P.; Donaldson, H.; Awad-El-Kariem, EM.; Balakrishnan, I;
Cubbon, M.; et al. Carbapenemase-producing Enterobacteriaceae in the UK: A national study (EuSCAPE-UK) on prevalence,
incidence, laboratory detection methods and infection control measures. J. Antimicrob. Chemother. 2016, 72, 596-603. [CrossRef]
[PubMed]

Turton, J.F,; Davies, F.; Taori, S.K.; Turton, J.A.; Smith, S.L.; Sajedi, N.; Wootton, M. IncN3 and IncHI2 plasmids with an In1763
integron carrying bla IMP-1 in carbapenem-resistant Enterobacterales clinical isolates from the UK. J. Med. Microbiol. 2020,
69, 739-747. [CrossRef] [PubMed]

Stoesser, N.; Sheppard, A.E.; Peirano, G.; Anson, L.W,; Pankhurst, L.; Sebra, R.; Phan, H.T.T.; Kasarskis, A.; Mathers, A.].; Peto,
T.E.A,; et al. Genomic epidemiology of global Kiebsiella pneumoniae carbapenemase (KPC)-producing Escherichia coli. Sci. Rep.
2017, 7, 5917. [CrossRef] [PubMed]

Findlay, J.; Hopkins, K.L.; Doumith, M.; Meunier, D.; Wiuff, C.; Hill, R; Pike, R.; Loy, R.; Mustafa, N.; Livermore, D.M.; et al. KPC
enzymes in the UK: An analysis of the first 160 cases outside the North-West region. J. Antimicrob. Chemother. 2016, 71, 1199-1206.
[CrossRef]

Decraene, V.; Phan, H.; George, R.; Wyllie, D.H.; Akinremi, O.; Aiken, Z.; Cleary, P.; Dodgson, A.; Pankhurst, L.; Crook, D.W,;
et al. A Large, Refractory Nosocomial Outbreak of Klebsiella pneumoniae Carbapenemase-Producing Escherichia coli Demonstrates
Carbapenemase Gene Outbreaks Involving Sink Sites Require Novel Approaches to Infection Control. Antimicrob. Agents
Chemother. 2018, 62, €01689-18. [CrossRef]

Dimou, V.; Dhanji, H.; Pike, R.; Livermore, D.M.; Woodford, N. Characterization of Enterobacteriaceae producing OXA-48-like
carbapenemases in the UK. J. Antimicrob. Chemother. 2012, 67, 1660-1665. [CrossRef]

Henderson, J.; Ciesielczuk, H.; Nelson, S.M.; Wilks, M.; Cummins, M.N. A point prevalence study to determine the inpatient rate
of carbapenemase-producing organisms at a large London NHS Trust. ]. Hosp. Infect. 2020, 104, 12-19. [CrossRef]

Woodford, N.; Xu-McCrae, L.; Mushtagq, S.; Wu, H.H.T.; Ellington, M.].; Lancaster, O.; Davies, F.; Donaldson, H.; Rao, G.G.; Verma,
A.; et al. Prevalence of carbapenem resistance and carbapenemase production among Enterobacteriaceae isolated from urine in
the UK: Results of the UK infection-Carbapenem Resistance Evaluation Surveillance Trial (CREST-UK). J. Antimicrob. Chemother.
2017, 73, 698-702. [CrossRef]

Otter, J.A.; Dyakova, E.; Bisnauthsing, K.N.; Querol-Rubiera, A.; Patel, A.; Ahanonu, C.; Auguet, O.T.; Edgeworth, ].D,;
Goldenberg, S.D. Universal hospital admission screening for carbapenemase-producing organisms in a low-prevalence setting. J.
Antimicrob. Chemother. 2016, 71, 3556-3561. [CrossRef]

Freeman, R.; Ironmonger, D.; Hopkins, K.L.; Puleston, R.; Staves, P.; Hope, R.; Muller-Pebody, B.; Brown, C.S.; Hopkins, S.;
Johnson, A.P; et al. Epidemiology of carbapenemase-producing Enterobacterales in England, May 2015-March 2019: National
enhanced surveillance findings and approach. Infect. Prev. Pract. 2020, 2, 100051. [CrossRef]

European Centre for Disease Prevention and Control. Data from the ECDC Surveillance Atlas Antimicrobial Resistance. Avail-
able online: https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data /data-ecdc (accessed on
2 February 2023).

Public Health England. Carbapenemase-Producing Enterobacteriaceae: Laboratory Confirmed Cases, 2003 to 2015. 2016.
Available online: https:/ /www.gov.uk/government/publications/carbapenemase-producing-enterobacteriaceae-laboratory-
confirmed-cases/carbapenemase-producing-enterobacteriaceae-laboratory-confirmed-cases-2003-to-2013  (accessed on
2 February 2023).

Hughes, J.; Goldenberg, S.D.; Tosas, O.; Edgeworth, ].D.; Otter, ].A. Recent emergence of carbapenem-resistant organisms in a low
prevalence UK setting in London. J. Infect. Prev. 2015, 17, 130-134. [CrossRef]

Ellaby, N.; Doumith, M.; Hopkins, K.L.; Woodford, N.; Ellington, M.]. Emergence of diversity in carbapenemase-producing
Escherichia coli ST131, England, January 2014 to June 2016. Eurosurveillance 2019, 24, 1800627. [CrossRef]

Doumith, M.; Godbole, G.; Ashton, P.; Larkin, L.; Dallman, T.; Day, M.; Day, M.; Muller-Pebody, B.; Ellington, M.].; de Pinna, E.;
et al. Detection of the plasmid-mediatedmcr-1gene conferring colistin resistance in human and food isolates of Salmonella enterica
and Escherichia coli in England and Wales. . Antimicrob. Chemother. 2016, 71, 2300-2305. [CrossRef]

Donker, T.; Henderson, K.L.; Hopkins, K.L.; Dodgson, A.R.; Thomas, S.; Crook, D.W.; Peto, T.E.A.; Johnson, A.P.; Woodford,
N.; Walker, A.S.; et al. The relative importance of large problems far away versus small problems closer to home: Insights into
limiting the spread of antimicrobial resistance in England. BMC Med. 2017, 15, 86. [CrossRef]

Bedeni¢, B.; Ple¢ko, V.; Sardeli¢, S.; Uzunovié, S.; Godi¢ Torkar, K. Carbapenemases in Gram-Negative Bacteria: Laboratory
Detection and Clinical Significance. BioMed Res. Int. 2014, 2014, 841951. [CrossRef]


https://doi.org/10.1186/s40360-019-0364-0
https://doi.org/10.1016/j.jhin.2019.04.012
https://doi.org/10.1093/jac/dkt050
https://doi.org/10.1093/jac/dkw414
https://www.ncbi.nlm.nih.gov/pubmed/27687074
https://doi.org/10.1099/jmm.0.001193
https://www.ncbi.nlm.nih.gov/pubmed/32368998
https://doi.org/10.1038/s41598-017-06256-2
https://www.ncbi.nlm.nih.gov/pubmed/28725045
https://doi.org/10.1093/jac/dkv476
https://doi.org/10.1128/AAC.01689-18
https://doi.org/10.1093/jac/dks124
https://doi.org/10.1016/j.jhin.2019.10.012
https://doi.org/10.1093/jac/dkx471
https://doi.org/10.1093/jac/dkw309
https://doi.org/10.1016/j.infpip.2020.100051
https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc
https://www.gov.uk/government/publications/carbapenemase-producing-enterobacteriaceae-laboratory-confirmed-cases/carbapenemase-producing-enterobacteriaceae-laboratory-confirmed-cases-2003-to-2013
https://www.gov.uk/government/publications/carbapenemase-producing-enterobacteriaceae-laboratory-confirmed-cases/carbapenemase-producing-enterobacteriaceae-laboratory-confirmed-cases-2003-to-2013
https://doi.org/10.1177/1757177415622693
https://doi.org/10.2807/1560-7917.ES.2019.24.37.1800627
https://doi.org/10.1093/jac/dkw093
https://doi.org/10.1186/s12916-017-0844-2
https://doi.org/10.1155/2014/841951

Microorganisms 2023, 11, 1595 13 of 13

38.

39.

40.

41.

42.

43.

44.

45.

Woodford, N.; Zhang, J.; Warner, M.; Kaufmann, M.E.; Matos, J.; MacDonald, A.; Brudney, D.; Sompolinsky, D.; Navon-Venezia, S.;
Livermore, D.M. Arrival of Klebsiella pneumoniae producing KPC carbapenemase in the United Kingdom. J. Antimicrob. Chemother.
2008, 62, 1261-1264. [CrossRef]

Thomas, C.P; Moore, L.S.; Elamin, N.; Doumith, M.; Zhang, J.; Maharjan, S.; Warner, M.; Perry, C.; Turton, J.E,; Johnstone, C;
et al. Early (2008-2010) hospital outbreak of Klebsiella pneumoniae producing OXA-48 carbapenemase in the UK. Int. |. Antimicrob.
Agents 2013, 42, 531-536. [CrossRef]

Falagas, M.E.; Lourida, P; Poulikakos, P,; Rafailidis, PI.; Tansarli, G.S. Antibiotic Treatment of Infections Due to Carbapenem-
Resistant Enterobacteriaceae: Systematic Evaluation of the Available Evidence. Antimicrob. Agents Chemother. 2013, 58, 654—663.
[CrossRef]

Poirel, L.; Potron, A.; Nordmann, P. OXA-48-like carbapenemases: The phantom menace. |. Antimicrob. Chemother. 2012, 67,
1597-1606. [CrossRef]

Stewart, A.; Harris, P.; Henderson, A.; Paterson, D. Treatment of Infections by OXA-48-Producing Enterobacteriaceae. Antimicrob.
Agents Chemother. 2018, 62, e01195-18. [CrossRef]

Banach, D.; Seville, M.; Kusne, S. Infection Prevention and Control Issues After Solid Organ Transplantation. In Transplant
Infections; Springer: Cham, Switzerland, 2016; pp. 843-867.

Glasner, C.; Albiger, B.; Buist, G.; Andrasevi¢, A.T.; Cantén, R.; Carmeli, Y.; Friedrich, A.W.; Giske, C.G.; Glupczynski, Y.;
Gniadkowski, M.; et al. Carbapenemase-producing Enterobacteriaceae in Europe: A survey among national experts from 39
countries, February 2013. Eurosurveillance 2013, 18, 20525. [CrossRef] [PubMed]

Njuangang, S.; Liyanage, C.; Akintoye, A. The history of healthcare facilities management services: A UK perspective on infection
control. Facilities 2018, 36, 369-385. [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/10.1093/jac/dkn396
https://doi.org/10.1016/j.ijantimicag.2013.08.020
https://doi.org/10.1128/AAC.01222-13
https://doi.org/10.1093/jac/dks121
https://doi.org/10.1128/AAC.01195-18
https://doi.org/10.2807/1560-7917.ES2013.18.28.20525
https://www.ncbi.nlm.nih.gov/pubmed/23870096
https://doi.org/10.1108/F-07-2016-0078

	Introduction 
	Material and Methods 
	Study Design and Settings 
	Protocol and Registration 
	Search Strategy 
	Eligibility Criteria 
	Study Selection 
	Data Recording 
	Data Analysis and Ethical Approval 

	Results 
	Spread of CRE from Reported Hospitals 
	Major Carbapenemase Plasmids 
	Minimum Inhibitory Concentration Calculations 

	Discussion 
	Strengths and Limitations 
	Conclusions 
	References

