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ABSTRACT

Carbapenemase-producing (CP) Enterobacterales (CPE) are a growing menace to
healthcare systems worldwide. CPE infections are difficult to treat because few
antimicrobials remain effective. One of the new drug combinations, ceftazidime-
avibactam (CAZ-AVI), was launched in Europe in 2016, however, a few years later
concerns rose about CAZ-AVI resistance. Currently, whole genome sequencing
(WGS) is an essential tool for public health surveillance and for studying the
molecular epidemiology of CPE.

Molecular surveillance data of WGS-characterized CPE in Finland during 2012-
2018 were analyzed. In addition, isolates belonging to clusters caused by CP
Citrobacter freundii were studied up to April 2020. The largest CPE clusters and
discovered resistance to CAZ-AVI were investigated in detail in collaboration with
regional infection control teams.

The annual number of CPE isolates increased from 9 in 2012 to 70 in 2018 and
different sequence types from 7 to 33. Of the isolates, 59% were found by screening
and of the cases 61% had preceding travelling or hospitalization abroad. The most
common CPE species were Klebsiella pneumoniae (45%), Escherichia coli (40%)
and C. freundii (6%), and the most prevalent carbapenemase genes were blanpm-like,
blaoxa-ss-ike and blaxpc-ike. We detected 10 CPE clusters; three of them were linked
to abroad. Seven clusters were caused by K. pneumoniae (2-23 cases per cluster) and
three by C. freundii (2-16 cases per cluster). All K. pneumoniae sequence types
belonged to international high-risk clones. The largest clusters spread via patient
transfers to several healthcare facilities with environmental contamination most
likely playing a role in the persistence of the clusters. We describe a patient case
developing CAZ-AVI resistance during CAZ-AVI treatment and showed that the
resistance was probably due to a mutation in K. pneumoniae carbapenemase gene.

During 2012-2018 a remarkable increase in CPE isolates was observed and most
were detected by screening. The hospital environment can be a CPE reservoir
prolonging the outbreaks, hence the national guidelines of CPE control were updated
for terminal cleaning and screening. Real-time nationwide surveillance using WGS
and team collaboration were crucial when identifying clusters, tracing back
transmission chains and controlling the spread.

KEYWORDS: CPE, carbapenemase-producing Enterobacterales, antimicrobial
resistance, molecular epidemiology, whole genome sequencing
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TIVISTELMA

Karbapenemaaseja tuottavat (CP) Enterobacterales -bakteerit (CPE) ovat kasvava
uhka terveydenhuoltojarjestelmille maailmanlaajuisesti. CPE:n aiheuttamien
infektioiden hoito on hankalaa, silld tehokkaita mikrobilddkkeitd on vahan. Yksi
uusista ladkeyhdistelmistd on 2016 Euroopassa markkinoille tullut keftatsidiimi-
avibaktaami (CAZ-AVI). Huoli resistenssin kehittymisestd CAZ-AVI kohtaan alkoi
jo muutama vuosi kayttoonoton jalkeen. Nykyisin kokogenomisekvensointi (WGS)
on keskeinen tyoviline CPE:n molekyyliepidemiologisessa seurannassa.

Viitoskirjassa tutkittiin WGS:1la tuotettua CPE:n molekulaarista seurantatietoa
Suomesta vuosilta 2012-2018. Lisdksi CP Citrobacter freundii bakteerin
aiheuttamien rypdiden kantoja tutkittiin huhtikuuhun 2020 asti. Suurimmat CPE-
rypait ja havaittu CAZ-AVI resistenssi tutkittiin tarkemmin yhteistydssé alueellisten
infektioiden torjuntatiimien kanssa.

CPE-tapausten méaréd kasvoi vuoden 2012 9:std vuoden 2018 70:een ja erilaiset
sekvenssityypit 7:std 33:een. Tapauksista 61 %:lla oli taustalla edeltinyt matkustus
tai sairaalahoito ulkomailla ja 59 %:ia 16ytyi seulonnalla. Yleisimmait bakteerilajit
olivat Klebsiella pneumoniae (45 %), Escherichia coli (40 %) ja C. freundii (6 %).
Vallitsevat karbapenemaasigeenit olivat blanpwm-ike, blaoxa-4s-ike and blaxpc-iike.
Tutkimuksen aikana havaittiin 10 CPE-ryvist, joista kolmella oli linkki ulkomaille.
K. pneumoniae aiheutti rypédistd seitsemén (2—23 tapausta/ryvés) ja C. freundii kolme
(2-16 tapausta/ryvas). Kaikki rypditd aiheuttaneet K. pneumoniae sekvenssityypit
kuuluivat kansainvélisiin ~korkeanriskin klooneihin. Suurin ryvéds levisi
potilassiirtojen viélitykselld useisiin terveydenhuollon yksikoihin ja ympériston
kontaminaatiolla todenndkdisesti oli merkitystd ongelman pitkittymiseen.
Kuvasimme potilastapauksen, jossa CAZ-AVI-resistenssi kehittyi hoidon aikana ja
osoitimme, ettd resistenssin aiheutti mahdollisesti mutaatio K. pneumoniae
karbapenemaasigeenissé.

Vuosina 2012-2018 CPE-kannoissa néhtiin merkittivé lisddntyminen ja valtaosa
16ytyi seulonnalla. Sairaalaymparisto voi toimia CPE-kantojen ldhteend pitkittden
epidemioita, minkd vuoksi kansallista torjuntaohjetta paivitettiin loppusiivousta ja
seulontaa koskien. Reaaliaikainen, kansallinen WGS-seuranta ja eri tahojen
yhteisty0 oli ratkaisevaa rypdiden havaitsemisessa seka jéljitys- ja torjuntaty0ssa.

AVAINSANAT: CPE, karbapenemaasia tuottava Enterobacterales, mikrobilddke-
resistenssi, molekyyliepidemiologia, kokogenomisekvensointi
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1 Introduction

Antimicrobial resistance (AMR) is an enormous health risk and the World Health
Organization (WHO) has estimated that globally AMR now causes 700, 000 extra
deaths per year (Bryan-Wilson, 2016). Carbapenemase-producing (CP)
Enterobacterales (CPE) often have other resistance genes in addition to
carbapenemase genes and are frequently extensively drug-resistant (XDR) or even
pandrug-resistant (PDR) (Magiorakos et al., 2012). This multidrug-resistance
(MDR) limits treatment options, delays proper treatment and causes high fatality
(Falagas et al., 2014). The few drugs remaining that can deal with bacteria exhibiting
carbapenem resistance are generally less effective or have excessive side effects and
resistance to these drugs occurs increasingly. Transmission of CPE primarily occurs
in hospitals or other health care facilities (HCF) and the CPE situation varies
considerably between different countries, from sporadic cases to an endemic
situation.

Carbapenems and polymyxins are considered some of the last-line antimicrobial
groups against infections caused by gram-negative bacteria such as Enterobacterales
(Nang et al., 2021). Last-line antimicrobials mean the last treatment options for
patients infected with bacteria resistant to other available antimicrobials (Nang et al.,
2021). Resistance to carbapenems among Enterobacterales has been highlighted as
one of the most significant threats (World Health Organization (WHO), 2022).
Development of resistance to carbapenems may be due to intrinsic or acquired
resistance mechanisms or both. From an infection control point of view the
carbapenemases, enzymes that break carbapenems, are the most important.
Carbapenemases spread via plasmids and can transfer between bacteria and different
bacterial species as well. In addition to these aforementioned antimicrobial groups
novel PB-lactam-B-lactamase inhibitor combinations are also important promising
new antimicrobials against MDR Enterobacterales and the resistance against these
should be monitored carefully. Ceftazidime-avibactam (CAZ-AVI) is one of these
currently most promising new combinations with activity against many CPE (van
Duin & Bonomo, 2021).

For bacterial typing the main method in several high-income countries is whole
genome sequencing (WGS) and the use of WGS in surveillance allows precise
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detection of resistance genes and very fine-tuned phylogenetics on bacteria (World
Health Organization (WHO), 2020). Resistance spreads, among other things, via
bacterial clones and these are studied via phylogenetics. A clone in microbiology is
defined as bacterial isolates that are genetically indistinguishable or highly similar
to each other with a common ancestor, as identified using genetic tests (F. C. Tenover
et al., 1995). When analyzing the WGS data it is important to include the
epidemiological background information and clinical data. Combining data enables
linkages during the early detection of outbreaks, accurate tracing of transmission
chains, precise definition of the geographical spread of an outbreak and identification
of sources of infection (World Health Organization (WHO), 2020).

This thesis gives an overview of the molecular epidemiology of CPE in Finland
and a detailed cluster analysis of detected CPE clusters. In addition, we describe the
emergence of CAZ-AVI resistance in a Klebsiella pneumoniae carbapenemase
(KPC)-2-producing K. pneumoniae strain. WGS gives us accurate information of the
bacterial characterization. The information is compared to publicly available
international databases and our comprehensive national genomic database.
Molecular epidemiological surveillance follows the trends in CPE, species
distribution, resistance genes and clusters spreading nationally in comparison to
internationally spread clones.

MDR Multidrug-resistance among Enterobacterales means the isolate is
non-susceptible to at least one agent in three or more of 17
antimicrobial categories; intrinsic resistance is not addressed.

PDR Pandrug-resistance is defined as non-susceptibility to all agents in
all antimicrobial categories.

XDR Extensively drug-resistance is defined as non-susceptibility to at
least one agent in all but two or fewer antimicrobial categories (for
example bacterial isolates remain susceptible to only one or two
categories).

12




2 Review of the Literature

2.1 What is antimicrobial resistance and how to
measure it?

AMR is defined as the ability of a microbe (e.g. bacteria, virus, parasite, fungi) to
resist a certain antimicrobial. Therefore, antimicrobials cannot be used to treat
infections caused by the resistant microbes. Resistance can be quantified by the
Minimal Inhibitory Concentration (MIC), which can be defined as the lowest
concentration of an antimicrobial that will inhibit the visible growth of a
microorganism (Andrews, 2001). In clinical settings MIC is usually used for the
determination of resistance or susceptibility of a microbe to antimicrobials and is
used for estimating if an antimicrobial can be used for patient therapy although it is
measured in a laboratory which may not reflect the efficacy of the antimicrobial in
vivo. In MIC determination, bacteria are exposed to different concentrations of
antimicrobials, and their ability to grow is measured using different standardized
techniques.

The two most used MIC techniques are E-tests and micro broth dilution method.
In addition to MIC determination resistance can be measured using indirect methods
like disk diffusion test where diameter of the growth inhibition zone around the
antimicrobial disk is measured. Results from MIC determination or a disk diffusion
test are typically interpreted using internationally standardized breakpoints
(European Committee on Antimicrobial Susceptibility Testing, EUCAST and
Clinical and Laboratory Standards Institute). Assessing these breakpoints for clinical
use EUCAST has a scientific process in which the knowledge of dosage, mode of
administration, type and severity of infection, pharmacodynamic of the agent, MIC
distribution, epidemiological cut-off values, resistance mechanism and zone
diameter distribution are all considered (EUCAST, 2021).

2.1.1 AMR and its burden in the public health

Discovery of antimicrobials was one of the largest interventions during the last
century and our modern medicine with cancer therapy, organ transplant and surgery,
relies on effective antimicrobials. Now the curative and lifesaving power of
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antimicrobials are at risk due to AMR. Current evidence shows that resistance to all
antimicrobials occurs sooner or later after taking one into use, which means that
developing new antimicrobials is not a solution to the AMR problem (Wright &
Poinar, 2012).

The WHO have estimated that on a global scale AMR is currently causing 700,
000 extra deaths annually (Bryan-Wilson, 2016). The European Centre for Disease
Prevention and Control (ECDC) have estimated that in the European Union
(EU)/European Economic Area (EAA) resistance is causing 33 000 deaths and in
Finland around 100 extra deaths annually (Cassini et al., 2019). These figures are
expected to grow if resistance continues to increase. [f AMR continues to increase,
the total of annual deaths globally is estimated to be 10 million by the year 2050 (Jim
O’Neill, 2016). This is more deaths than cancer causes today.

AMR is a global threat to health, but also a serious threat to the economy. In
addition to the loss of lives and healthy days AMR prolongs treatments, increases
hospital days and decrease the quality of life causing economic costs. The economic
and social costs of AMR are mainly (75%) due to hospital-acquired infections (HAI)
caused by AMR pathogens (OECD, 2018). The impact of AMR on the global Gross
Domestic Product is estimated to be a 4-percent decrease by the year 2050 (Jim
O’Neill, 2016). Estimated costs due to resistance are around EUR 1,1 billion yearly
in Europe (OECD, 2018). The amount of AMR costs corresponds to 10 percent of
expenses in health care costs caused by communicable diseases. Based on the
calculations of the Organization for Economic Co-operation and Development
(OECD) the burden of AMR could be prevented if 1.5 euros per capita per year were
invested in infection prevention (OECD, 2018). In Finland the necessary investment
would be a total of 8.3 million euros per year.

The most cost-effective measure to prevent infections and spread of resistance is
hand hygiene. In addition, improvement in HCF hygiene, improvement in
diagnostics, prudent use of antimicrobials and education/information campaigns
about AMR for doctors and citizens are all cost-effective measures to reduce the
burden of AMR. The earlier prevention is financed, the less expensive it will be. In
addition, it is calculated that a major economic benefit will be gained by prevention.
The cost of prevention is difficult to estimate, and it is therefore often overlooked.
(World Bank, 2016)

2.1.2 One Health approach

AMR is complex and it is created and spread across all sectors and that is why a One
Health approach is necessary (McEwen & Collignon, 2018). A One Health approach
recognizes that the health of people is closely connected to the health of animals and
our shared environment. Resistant microbes circulate among human and animal
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population via touch, food, water and the environment (Liu et al., 2018). It has been
shown that patients, retail chicken meat and poultry shared the same extended-
spectrum [-lactamases (ESBL) genes, plasmids and strains suggesting transmission
of AMR from poultry to humans, probably via the food chain (Leverstein-van Hall
et al., 2011). Livestock workers are recognized to be at a significantly higher risk of
having livestock-associated methicillin-resistant Staphylococcus aureus (MRSA)
colonization and subsequent infection (C. Chen & Wu, 2020). People are in even
more close contact with companion animals than farmed animals and the detected
rise and rapid spread of CPE among companion animals is alarming (Sellera et al.,
2021). A case report from Finland showed two hunting dogs and their owner sharing
genetically related CPE (Gronthal et al., 2018).

The AMR problem is changing over time. Gram-positive pathogens were in the
spotlight fifteen years ago and are still a problem, but now there are gram-negative
bacteria and especially MDR Enterobacterales. Enterobacterales normally reside
within human and animal gut microbiomes and the dissemination is wide (T. R.
Walsh, 2018). Spreading of resistance seems to be accelerated simultaneously when
people travel more, and it is definitely a global problem. International traveling and
direct hospital transfers from a foreign hospital have been recognized as spreading
MDR bacteria (Arcilla et al., 2017; Kajova et al., 2021; Kantele et al., 2016;
Laupland et al., 2008). In addition environmental factors, such as livestock care, food
distribution, sewage, and recreational water have been involved in global
dissemination of MDR Enterobacterales (Hansen, 2021). The rise of gram-negative
MDR bacteria and their rapid increase have changed how we perceive AMR.

2.2 The order Enterobacterales

2.21 Species, clinical infections and resistance

The Enterobacterales are gram-negative, non-spore forming, rod-shaped, facultative
anaerobes. The order contains seven families and the family of Enterobacteriaceae
is the largest one (Adeolu et al., 2016). Clinically the most important species are
Escherichia coli and K. pneumoniae which are commensals and generally colonize
the intestinal canal of humans and animals. However, they can be opportunistic
pathogens in certain circumstances. Both species can survive for long periods in the
environment and can form biofilms (Smismans et al., 2019).

Enterobacterales easily harbor resistance genes, and by acquiring multidrug-
resistance, they are a common cause of health care-associated infections, causing
high morbidity and mortality rates. When these abovementioned infections are
acquired in hospitals, they are called hospital-acquired infections (HAI).
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E. coli

Some E. coli strains have virulence factors and are able to cause an infection in a
healthy person (Allocati et al., 2013). Most common infections caused by E. coli are
urinary tract infections and infections of the intestines including serious diarrhea
(Allocati et al., 2013). E. coli is the leading cause of bloodstream infections in the
community and the second leading cause of infections in hospitals globally (OECD,
2018). According to the National Infectious Disease Registry (NIDR) E. coli is the
most common cause of invasive infections of working-age and elderly people in
Finland.

Infections caused by third-generation cephalosporin-resistant E. coli are
responsible for most of the burden of AMR in the Europe (Cassini et al., 2019).
Invasive infections caused by E. coli are usually treated with third-generation
cephalosporins in Europe (OECD, 2018). Resistance to third-generation
cephalosporins among invasive E. coli was 14.9% and ranged from country to
country between 5.8-41.4% according to surveillance carried out by the European
Antimicrobial Resistance Surveillance Network (EARS-Net) in Europe in 2020
(ECDC, 2022). Higher resistance was reported from the south and east of Europe
and lower from northern Europe (ECDC, 2022). The Finnish Finres report stated that
the proportion of ESBLs among invasive E. coli was 6.6% in 2020 (THL, 2021a).
Resistance to carbapenems among invasive E. coli was 0.2% (country range 0.0—
0.8%) in Europe and 0.0% in Finland in 2020 (ECDC, 2022; THL, 2021a). Invasive
E. coli isolates resistant to carbapenems were found one isolate per year in 2016,
2018 and 2020 (THL, 2021a).

K. pneumoniae

K. pneumoniae causes a wide range of infections from urinary tract and upper
respiratory tract infections to sepsis and meningitis (Podschun & Ullmann, 1998). It
is also a significant cause of HAIs (Podschun & Ullmann, 1998). Antimicrobial
treatment depends on the infection site and local resistance profiles but can include
third-generation cephalosporins, carbapenems, aminoglycosides, and quinolones
(OECD, 2018). Resistance to third-generation cephalosporins among invasive K.
pneumoniae was 33.9% with a country range of 0.0-79.1%, according to EARS-Net
surveillance in Europe in 2020 (ECDC, 2022). The proportion of ESBLs among
invasive K. pneumoniae was 6.0% in Finland in 2020 (THL, 2021a). Resistance to
carbapenems among invasive K. pneumoniae was 10.0% (country range 0.0-66.3%)
in Europe and 0.1% in Finland in 2020 (ECDC, 2022; THL, 2021a). Invasive K.
pneumoniae isolates resistant to carbapenems were found respectively, one in 2014,
two in 2016, five in 2018, two in 2019 and one in 2020 (THL, 2021a). Again higher
resistance was reported from the south and east and a lower resistance from northern
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Europe (ECDC, 2022). High variation in K. pneumoniae carbapenem resistance in
EU is problematic and highlights the need for close monitoring of the situation.

Other species

Other often encountered genera in the family Enterobacterales are Enterobacter and
Citrobacter. Enterobacter species like E. cloacae seldom cause infections in healthy
people (Sanders & Sanders, 1997) but can cause HAIs in intensive care patients,
especially to those receiving mechanical ventilation (Davin-Regli & Pages, 2015) E.
cloacae resistant to third-generation cephalosporins is often due to inducible
mechanism developing during treatment (Davin-Regli & Pagés, 2015). In Finland
resistance to third-generation cephalosporins among invasive E. cloacae isolates was
28.5% in 2020, and one invasive E. cloacae isolate resistant to carbapenems was
detected in 2014, 2018 and 2019, respectively (THL, 2021a). However, the genus
Citrobacter species like C. freundii are mainly responsible for causing infections in
immunocompromised patients or infants, for example respiratory, urinary,
gastrointestinal and bloodstream infections (Samonis et al., 2009). So far, the
resistance of C. freundii has not been under surveillance in Europe nor in Finland on
national level.

2.2.2 Structure of the cell wall

The bacterial cell wall is an important target for antimicrobials (Dorr et al., 2019). It
has a unique structure specific to bacteria, that is not found in any other cellular
organisms including, most importantly, animal cells (Dorr et al., 2019). The bacterial
cell wall is a layer that gives bacterium a characteristic shape and prevents it from
osmotic and mechanical stresses (Dorr et al., 2019). Enterobacterales are gram-
negative bacteria having a double lipid bilayer (inner and outer membrane) separated
by periplasm and peptidoglycan. The inner plasma membrane envelopes a thin
peptidoglycan cell wall (in gram-positive bacteria this is thicker), which is
surrounded by a second lipid membrane consisting of lipopolysaccharides and
lipoproteins, called the outer membrane (Beveridge, 1999). The space between the
outer membrane and inner membrane is called the periplasmic space (Beveridge,
1999). The outer membrane is an additional protective layer in gram-negative
bacteria and protects the bacteria from many substances (Beveridge, 1999). The
channels located in the outer membrane are called porins, which enable the entry of
molecules important for bacterial growth, but also other molecules such as
antimicrobials (Winterhalter, 2021).
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2.3 B-lactam antibiotics

Antimicrobials came into clinical use in the 1940s and have since been one of the
most efficient medicines to use against infections caused by bacteria (Bush &
Bradford, 2016). The most well-known B-lactam antibiotic is penicillin, which was
discovered by Sir Alexander Fleming in 1928 (Ligon, 2004). Penicillin and other
early B-lactam antibiotics are active against gram-positive bacteria (Ligon, 2004).
Further development produced broad-spectrum [-lactam antibiotics like
aminopenicillins, which were also active against gram-negative bacteria (Bush &
Bradford, 2016). Currently B-lactam antibiotics are the most widely used group of
antimicrobials because of their particular effectiveness, low cost, simple delivery,
and minimal side effects (Bush & Bradford, 2016). The main B-lactam groups are
penicillins, cephalosporins, carbapenems, and monobactams (Bush & Bradford,
2016).

2.3.1 Structure and function

B-lactam antibiotics are molecules that contain a f-lactam ring, a heteroatomic ring
structure, consisting of three carbon atoms and one nitrogen atom (C. Walsh, 2003).
B-lactam antibiotics are bactericidal which means they kill bacteria (C. Walsh, 2003).
B-lactam antibiotics act by inhibiting cell wall biosynthesis leading to the death of a
bacterial cell (C. Walsh, 2003). They disturb cell wall formation as a result of
covalent binding to essential penicillin-binding proteins (PBP), the enzymes
involved in the last steps of peptidoglycan cross-linking (Bush & Bradford, 2016).
The effectiveness of f-lactam antibiotics relies on the ability to reach and bind to the
PBP (Bush & Bradford, 2016).

2.3.2 Cephalosporins

Cephalosporins are classified into generations based on the antibacterial activity.
Different substitutions to the side chain of cephalosporins alter the activity and
pharmacokinetic properties. The first generation cephalosporins, such as cephalotin,
have best activity against gram-positive bacteria and only activity to some gram-
negative bacteria. The second generation cephalosporins, such as cefoxitin, are less
active against gram-positive bacteria and have broader activity against gram-
negative bacteria. The third generation, also called the broad-spectrum
cephalosporins, such as ceftriaxone and ceftazidime, have been optimized and
extended to cover Pseudomonas aeruginosa and still retain activity against gram-
positive bacteria, except ceftazidime. The fourth generation, also broad-spectrum
cephalosporin is cefepime. Cephalosporins are extensively prescribed and best-
selling class of the -lactam antibiotics. (C. Walsh, 2003)
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2.3.3 Carbapenems

Carbapenems are the broadest spectrum B-lactam antibiotics currently available and
they are stable against hydrolysis by ESBLs and Ampicillinase C (AmpC) B-
lactamases (Papp-Wallace et al., 2011). Structurally, carbapenems have a carbon
atom in position 1 of the B-lactam ring, whereas penicillin have a sulphur atom, and
hence the name carbapenems (C. Walsh, 2003). Commonly carbapenems bind
strongly to PBP2 but may also bind to PBP1a, 1b and 3 in gram-negative bacteria
(Bush & Bradford, 2016). The first carbapenem was thienamycin and this discovery
was reported in 1976 (Papp-Wallace et al., 2011). Thienamycin was not found to be
useful as a drug and the first clinically and widely used carbapenem was imipenem
(approved for medical use in 1985), the second was meropenem (1996), the third
ertapenem (2001) and the fourth doripenem (2007) (Bush & Bradford, 2016).

234 B-lactamase inhibitors

After the appearance of B-lactamase enzymes, which hydrolyze the p-lactam ring
and cause resistance to f-lactam antibiotics, the search for B-lactamase inhibitors
started in the 1970s. B-lactamase inhibitors are drugs that are co-administered with
B-lactam antibiotics to prevent hydrolytic action of B-lactamase enzymes and hence
restore the activity of B-lactam antibiotics. (Bush & Bradford, 2016)

B-lactamase inhibitors with a B-lactam core are divided into two groups:
clavulanic acid and penicillanic acid sulfones. The three inhibitors approved for
clinical use are clavulanic acid, tazobactam, and sulbactam. They have similar
structure as -lactam antibiotics, but the inhibitors are not active enough to be used
as monotheraphy. Typically, clavulanic acid acts synergistically with different
penicillins and cephalosporins, whereas penicillanic acid sulfones and, sulbactam act
synergistically with ampicillin and tazobactam with piperacillin. (C. Walsh, 2003)

B-lactamase inhibitors without a B-lactam core are avibactam used with
ceftazidime (active against ESBLs, KPCs, AmpCs, and Oxacillinases (OXA)),
vaborbactam used with meropenem (active against ESBLs, KPCs, and AmpCs), and
relebactam used with imipenem (active against ESBLs, KPCs, and AmpCs). (van
Duin & Bonomo, 2021)

CAZ-AVI is one of the most recent promising B-lactam antibiotic inhibitor
combinations with activity against CPE that produces enzymes from class A, class
C and some from class D (van Duin & Bonomo, 2021). However, avibactam does
not inactivate class B enzymes like NDM (van Duin & Bonomo, 2021). Avibactam
is a diazabicyclooctane non-f-lactam [-lactamase inhibitor, a completely new
molecule unrelated to the old B-lactam type inhibitors (Ehmann et al., 2012).
Avibactam targets the active site of serine -lactamases by binding covalently and
reversibly to p-lactamases (van Duin & Bonomo, 2021). CAZ-AVI was first
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approved for clinical use by the United States (US) Food and Drug Administration
in 2015 and by the European Medicines Agency in 2016.

2.4 Development and mechanisms of antimicrobial
resistance

Microbes accumulate genetic changes over time and some of the changes can cause
resistance against antimicrobials (N Woodford & Ellington, 2007). The use of
antimicrobials causes the selection of these resistant microbes and resistance genes
in humans, animals and environment ecosystems (Fletcher, 2015). The more
antimicrobials used, the greater the selection pressure. Antimicrobials used for
treating bacterial infections have especially started to lose efficacy, but the same is
true for other drugs used to treat infections caused by fungi, viruses or protozoan
parasites (Levy & Marshall, 2004).

Resistance against antimicrobials can be either intrinsic or acquired. Intrinsic
resistance is the innate ability of a bacterial species to resist activity of a particular
antimicrobial agent through its inherent structural or functional characteristics,
which allow tolerance of a particular drug or antimicrobial class (N Woodford &
Ellington, 2007). Intrinsic resistance is expressed in all members of a species and is
independent of previous antimicrobial exposure (Cox & Wright, 2013). Intrinsic
resistance can be due to: 1) altering the target protein to which the antimicrobial
agent binds by modifying or eliminating the binding site, 2) upregulating the
production of enzymes that inactivate the antimicrobial agent, 3) downregulating or
altering an outer membrane protein channel that the drug requires for cell entry, 4)
upregulating pumps that expel the drug from the cell (F. Tenover, 2006).

Acquired resistance occurs when a particular bacteria obtains the ability to resist
the activity of an antimicrobial agent to which it was previously susceptible.
Acquired resistance is present only in certain isolates of a species and it can be
temporary or permanent. Acquired resistance develops through gene mutation or
acquired new genetic material via horizontal gene transfer (transformation,
transposition, or conjugation). Mutations continuously occur in bacteria but most of
these are lethal and do not give a selective advantage. Mutations causing AMR
usually occur in genes encoding drug targets, drug transporters, regulators that
control drug transporters, and genes encoding enzymes that can modify
antimicrobials. Usually, mutations conferring AMR cause some other disadvantages
to bacteria. Plasmid-mediated transmission of resistance genes is the most common
route for gaining genetic material from outside of the cell. (C Reygaert, 2018)

A plasmid is a small circular, extra-chromosomal piece of DNA that occurs
naturally in bacteria and can contain genes causing AMR. Plasmids have an ability
to replicate autonomously within a suitable host. They have specific regions,
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replicons, that regulate their replication and can be used for the classification of
plasmids into different incompatibility groups (Inc). Plasmids can spread
horizontally between bacterial strains and even between bacterial species. Plasmids
with AMR genes can be grouped into the narrow-host-range group, which usually
belongs to the incompatibility group F (IncF), and the broad-host-range group, which
belongs to the incompatibility groups IncA/C, IncL/M, and IncN. The most common
incompatibility group disseminating among Enterobacterales is IncF and two known
MDR clones, E. coli sequence type (ST) 131 and K. pneumoniae ST258 high-risk
clone causing pandemics have plasmids belonging to this incompatibility group. The
plasmid-mediated pB-lactamase resistance is the most critical resistance issue among
Enterobacterales, because the plasmids have made the rapid global spread of AMR
genes possible. (Mathers et al., 2015b)

The main resistance mechanisms are: 1) limiting the uptake of a drug, 2)
modification of the drug target, 3) inactivation of the drug, 4) active efflux of the
drug. Gram-negative bacteria use all four mechanisms. Some of these mechanisms
can be intrinsic or acquired and sometimes intrinsic can become acquired, for
example efflux pumps causing MDR. Genes encoding efflux pumps are present in
all bacteria chromosomes and this is considered an intrinsic resistant mechanism.
However, some efflux pumps move, via plasmids, between bacteria and this is
considered an acquired resistance mechanism. (C Reygaert, 2018)

2.4.1 B-lactam resistance mechanisms

Today B-lactamases are the most important cause of antibiotic resistance and almost
2,800 unique proteins exist (Bush, 2018). Resistance to B-lactam antibiotics is caused
by production of B-lactamases, changes in outer membrane permeability, changes in
drug target or efflux systems (examples of efflux systems in previous chapter) (D M
Livermore, 1998).

B-lactamases are a large group of enzymes that act by inactivating a drug by
hydrolyzing the pB-lactam ring structure, causing the ring to open. When the ring is
open, it is no longer able to bind to the target PBP. The B-lactamase enzymes are
classified based on their molecular structure and/or functional characteristics. The
Ambler classification based on amino acid sequences is commonly used and it
divides these enzymes into four categories A (serine-B-lactamases), B (metallo-3-
lactamases), C (cephaloporinases), and D (oxacillinases) (Figure 1). Some species
of the Enterobacterales order have these B-lactamase genes in the chromosome and
some can acquire these via plasmid. These B-lactamases were relatively rare in
clinical isolates until the use of B-lactam antibiotics started in medicine. Each time,
after a new class of B-lactam has been clinically introduced, new pB-lactamases were
detected that also hydrolyzed the antimicrobial. (David M. Livermore, 1995)
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Gram-negative bacteria have an outer membrane serving as a barrier and
substances often use the porin channels to enter the cell. Cells can limit the drug
uptake by decreasing the number of porins present or by mutations that cause
changes to the porin selectivity. Enterobacterales can achieve resistance to p-lactam
antimicrobials by reducing the number of porins, and it is possible that they even
stop the production of some porins. The porins are divided into specific and non-
specific. (C Reygaert, 2018)

Alterations in PBPs can cause B-lactam resistance if affinity for the drug is
reduced. Every bacterial species has its own selection of PBPs. The level of
resistance depends on the size of alterations and is more significant in gram-positive
bacteria. Typical alterations causing mutations are point mutations in PBP genes,
remodeling of PBP and or acquisition of other set of PBPs. (C Reygaert, 2018)

24.2 Carbapenem resistance mechanisms

Carbapenemases are -lactamases that are active against carbapenems and other -
lactam antibiotics and are found primarily in Enterobacterales. Moreover,
carbapenemases can be classified by Ambler’s classification as shown in Figure 1.
Carbapenemases are found in classes A, B and D. (van Duin & Doi, 2017)

Different carbapenemases differ greatly from each other and this affects how
easily they are detected and how the infections they cause are treated. Different
carbapenemase and bacterial species combinations are found to cause different levels
of carbapenem resistance (usually meropenem is recommended for screening). For
example, K. pneumoniae with the KPC-gene usually has clear meropenem resistance
(high meropenem MIC values) but E. coli with an OXA-48-like-gene has a wider
range of meropenem resistance and a considerable number are susceptible to
meropenem (Fattouh et al., 2016). The carbapenemase gene OXA-244 is one of the
OXA-48-like-gene variants with very low carbapenem resistance (Rima et al., 2021).
This low-level carbapenem resistance is considered a problem when detecting these
organisms by screening and needs to be considered in laboratory diagnostic
technologies.
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Main B-lactamases in Enterobacterales
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Figure 1. Mechanisms of antimicrobial resistance in Enterobacterales according to Ambler’s
classification. Figure modified from Ruppé et al. (2015) and reprinted with the
permission of the copyright holders, licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Awareness of the epidemiological situation and which carbapenemase types are
dominant regionally or nationally is essential to avoiding the spread of CPE and to
selecting the right treatment. One example of this is when considering treating an
infection caused by CPE with a B-lactamase inhibitor combination like CAZ-AVI. It
has been tested and shown that CAZ-AVI is probably effective against KPC and
OXA-48 producers, but not against MBL producers like NDM (David M Livermore
et al., 2020). In addition some small mutations can affect the activity of certain drug,
once again the example is CAZ-AVI, where an Aspl179Tyr substitution decreases
the activity of CAZ-AVI (Gaibani et al., 2018). This can lead to a situation where
the clinician needs even more accurate detection of the resistance mechanism in CPE
isolates to select the right drug.

Class A carbapenemases

Class A carbapenemases require a serine active site, and have the ability to hydrolyze
carbapenems, penicillins, aztreonam, and cephalosporins. These are genetically high
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diverse carbapenemases and may be chromosomally encoded (SME, NMC-A) or
plasmid-encoded (KPC, GES) or both (IMI). Chromosomally encoded class A
carbapenemases have been usually recognized in rare species and sporadically. SME
abbreviated from Serratia marcescens enzyme is usually detected in S. marcescens
and first isolates with SME were collected in England in 1982. IMI/NMC-A called
imipenem-hydrolyzing B-lactamase/not metalloenzyme carbapenemase A has two
subgroups, IMI and NMC-A, respectively, and these have been detected occasionally
in E. cloacae. The IMI-2 variant is plasmid-encoded and spreads among
Enterobacterales. The Guiana extended-spectrum carbapenemase (GES) -type
enzymes are increasingly found in different gram-negative bacterial species,
including P. aeruginosa, Acinetobacter baumannii, E. coli and K. pneumoniae, and
these enzymes are spread worldwide. (Naas et al., 2016)

KPC is the abbreviation of K. pneumoniae carbapenemase, and is the most
prevalent class A carbapenemase. The first report of KPC being detected in K.
pneumoniae was published in 2001 and it was found in an isolate collected in the US
in 1996 (Yigit et al., 2001). Globally, at least 18 variants of KPC-gene are known to
exist (N Stoesser et al., 2017). KPC is mostly described as plasmid associated, but can
be chromosomally integrated as well and the rate of chromosomal integration is
unknown (Mathers et al., 2017). It causes resistance to all B-lactam antibiotics, and
contrary to other class A carbapenemases, and f-lactamase inhibitors, like clavulanic
acid, sulbactam, and tazobactam are also ineffective against KPC (Papp-Wallace et al.,
2010). Some new P-lactamase inhibitors like avibactam and relebactam are active
against KPC. However, resistance to these newer B-lactamase inhibitors, for example
CAZ-AV], has been described and can develop during treatment (Shields et al., 2017).

The spreading of class A carbapenemases among Enterobacterales is of great
clinical concern because these pathogens cause HAIs and are often the reason for
treatment failures (Naas et al., 2016).

Class B carbapenemases

Class B carbapenemases require a zinc ion at their active sites and have the ability
to hydrolyze carbapenems, penicillins, and cephalosporins but do not hydrolyze
aztreonam. These metallo-p-lactamases (MBL) are mainly chromosomally encoded
but can also be found on plasmids of Enterobacterales, Pseudomonas, and
Acinetobacter species (Rotondo & Wright, 2017). MBLs confer resistance to most
B-lactam antibiotics and at the moment all B-lactamase inhibitors are inactive against
MBLs. This unavailability of effective inhibitors against MBLs is a growing
problem. However, monobactams such as aztreoname are active against MBLs.
Clinically the most important MBLs are the plasmid-mediated IMP-type metallo--
lactamase (IMP), Verona integron-encoded metallo-B-lactamase (VIM) and New
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Delhi metallo-f-lactamase (NDM). In 1991, IMP was the first MBL to be described
(Rotondo & Wright, 2017). The second MBL found was VIM in 1999 and the latest
is NDM, found in K. pneumoniae in 2009 from a Swedish patient after having
preceding hospitalization in India (Rotondo & Wright, 2017; Yong et al., 2009).
Unlike IMP and VIM, NDM spread rapidly worldwide after its discovery.

Class D carbapenemases

Class D enzymes, oxacillinases (OXA), are the most diverse and less understood
class of all the B-lactamases. Some OXA enzymes only hydrolyze only penicillins
while others are active against cephalosporins and carbapenems. Inhibitors that are
active against other classes of f-lactamases are mostly ineffective against class D
enzymes (Leonard et al., 2013). Of particular concern are plasmid-mediated OXA-
23 and OXA-24/40 mainly in Acinetobacter species and OXA-48 groups in
Enterobacterales, because these are responsible for carbapenem resistance (Tooke et
al., 2019). The difference between the OXA-48-like carbapenemases group is based
on one to five specific amino acid substitutions of the enzyme that can impact the
efficiency of carbapenem hydrolysis (Pitout et al., 2020). The most common OXA-
48-like carbapenemases are OXA-48, OXA-162, OXA-181, OXA-204, OXA-232
and less common are OXA-245, OXA-484 and OXA-519 (Pitout et al., 2020).
Clonal dissemination plays a minor role in the spread of OXA-48 but it is associated
with certain high-risk clones; K. pneumoniae ST147, ST307, ST15, and ST14 and
E. coli ST38 and ST410 (Pitout et al., 2020). The first carbapenem hydrolyzing
OXA-enzyme, OXA-48, in Enterobacterales, K. pneumoniae, was reported in 2001
in Turkey (Poirel et al., 2004). Compared to other carbapenemases, OXAs are often
weak carbapenemases and they are more difficult to identify. OXAs are still
important from the perspective of infection control and this difficulty in
identification increases the likelihood of patient to patient transmission in HCFs.

243 Other clinically important B-lactamases causing
carbapenem resistance

ESBLs (class A B-lactamases)

ESBLs are enzymes which have the ability to hydrolyze extended-spectrum
cephalosporin antibiotics and monobactams but not cephamycin and carbapenems
(Ur Rahman et al., 2018). They are inhibited by clavulanic acid and with classical
definition ESBL genes spread via plasmids (Mazzariol et al., 2017). They belong to
Ambler’s class A group of B-lactamases. Although there are B-lactamases which
belong to different classes and they can share an extended spectrum of B-lactam
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hydrolysis (Giske et al., 2009). The clinically most important ESBLs belong to the
following families: temoneira (TEM), sulthydryl variable (SHV) and cefotaximase-
Munich (CTX-M) (David M. Livermore, 2008). Numerous variants of TEM and
SHV exist but all are not ESBLs, because some variants (e.g. TEM-1, TEM-12,
SHV-1 and SHV-11) have only slightly increased activity against extended-
spectrum cephalosporins (Lee et al., 2012; Liakopoulos et al., 2016).

TEMs are generally encoded by gram-negative bacteria and approximately 90%
of the ampicillin resistance among them is due to TEM encoded genes. TEM ESBLs
are often plasmid mediated and mutations from the classic TEM (TEM-1 and TEM-
2) genes by single or multiple amino acid substitutions around the active site. TEM-
1 is only able to hydrolyze penicillin and hence not considered an ESBL. TEM-1
was first reported in 1965 in Greece. The first TEM-type ESBL detected was TEM-
12 in Klebsiella oxytoca in England, 1982. Over 200 different TEM-variants have
been reported. (Ur Rahman et al., 2018)

SHYV types of enzymes are usually found in K. pneumoniae and located in plasmids.
However, numerous species carry the SHV-1 gene in the chromosome. The first SHV-
type ESBL detected was SHV-2 in Klebsiella ozaenae in Germany, 1983. SHV has
almost the same number of reported variants as TEM. (Ur Rahman et al., 2018)

CTX-M is the most recent discovery of ESBL-type enzymes, and the most
increasingly reported. CTX-M enzymes are plasmid-mediated and the fastest
growing family of ESBLs (Ur Rahman et al., 2018). There are somewhat fewer
CTX-M variants reported than SHV variants (Ur Rahman et al., 2018). It is
worrisome that CTX-M is often associated with other resistance elements as well.
The most common variants of CTX-M detected in important microbes are CTX-M-
15 and CTX-M-14 (Ur Rahman et al., 2018). ESBLs are a public health concern
because of the high prevalence in E. coli especially in the community. E. coli with
CTX-M isolated from urinary tract infections are common. CTX-M producing K.
prneumoniae strains are increasingly also found among HAIs (Jalava et al., 2019;
“Surveillance of Antimicrobial Resistance in Europe 2018.,” 2019).

AmpC (class C) B-lactamases

AmpC pB-lactamases are enzymes which cause resistance to penicillins,
cephalosporins, and -lactamases/B-lactam inhibitor combinations. AmpC in E. coli
was the first bacterial enzyme reported to destroy penicillin (Jacoby, 2009). The
AmpC resistance mechanism can be divided into three groups: 1) inducible
resistance via chromosomally encoded AmpC genes, 2) stable derepression due to
mutations in ampC regulatory genes 3) or plasmid-mediated resistance (Tamma et
al., 2019). For example Enterobacter sp. and C. freundii, produce inducible
chromosomal AmpC (E. Ruppé et al., 2015). This mechanism is only effective under
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certain conditions (e.g. the presence of amoxicillin, clavulanic acid, cefoxitin and
first-generation cephalosporins) and can exhibit high levels of resistance due to
overexpression of the enzyme (E. Ruppé et al., 2015). Overexpression is problematic
especially in Klebsiella aerogenes and E. cloacae where susceptible isolates may
become resistant during therapy (Jacoby, 2009). 2) mutations in the induction system
can cause permanent overexpression of AmpC, even in the absence of a f-lactam
trigger (E. Ruppé et al., 2015; Tamma et al., 2019). 3) plasmid-mediated AmpC have
been found worldwide, but are less common than ESBLs (Jacoby, 2009). AmpC-
producing bacteria are usually susceptible to carbapenems, but carbapenem
resistance can arise by the combined effect of AmpC with mutations in porins,
reducing influx or enhancing efflux of carbapenems. The interactions of
carbapenems with P-lactamases of class C remain less understood except for the
recently identified plasmid-mediated CMY-10. CMY-10 has shown carbapenemase
activity due to deletion leading to an expansion of the active site (Tooke et al., 2019).

2.5 Surveillance of antimicrobial resistance

Surveillance of AMR gives information about the AMR situation and enables the
monitoring of threats to public health (World Health Organization (WHO), 2015).
Information can guide clinical decisions about empirical treatment and is an essential
tool that can inform policies for infection prevention and control responses (World
Health Organization (WHO), 2015). The estimations of the spread of AMR provide
information for local, national and global strategies and are based on data from
surveillance (World Health Organization (WHO), 2015). Surveillance data can also be
used to raise awareness among the scientific community and among the general public.
The importance of AMR surveillance is highlighted in both the WHO European
Strategic Action Plan on Antibiotic Resistance for the period 2011-2020 (Committee,
2011) and the European Commission’s European One Health Action Plan against
Antimicrobial Resistance (European Commission, 2017). AMR surveillance in
Europe is based on both the decision No 1082/2013/EU of the European parliament of
preparedness and response to serious cross-border health threats, including AMR and
of the Commission Implementing Decision (EU) 2018/945 of 22 June 2018 on
communicable diseases and related special health issues to be covered by
epidemiological surveillance. In addition, in Finland the national legislation regulates
AMR surveillance by the communicable diseases act (1227/2016).

The objective of surveillance is to collect comparable, representative and accurate
AMR data. From the collected data the temporal and spatial trends of AMR can be
analyzed and reported. Surveillance of AMR is based on the characterization of AMR
pathogens and their distribution in the population. Different methods can be used to
address different aspects. Phenotypic tests are used to characterize how bacteria
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respond in the presence of an antimicrobial and WGS can be used to characterize the
genome of the isolate. Currently, the international AMR surveillance is largely based
on routine clinical antimicrobial susceptibility (AST) data from invasive isolates being
reported clinical laboratories. (World Health Organization (WHO), 2020)

This traditional surveillance based on AST requires an organized and wealthy
society to perform the data collection. AMR surveillance data from Europe is of good
quality, but the WHO stated in its report in 2014 that globally the surveillance of
AMR is not coordinated or harmonized and there are many gaps in the information.
One possibility in the future might be sewage-based surveillance where the
surveillance would be independent of the income level of a country (Aarestrup &
Woolhouse, 2020). It has been shown that AMR in European wastewater reflects the
pattern of clinical AMR prevalence (Parninen et al., 2019).

GLASS

The Global Antimicrobial Resistance Surveillance System (GLASS) is the WHOs
worldwide AMR surveillance system launched 2015. In the first data call in 2017, 22
countries providled AMR data and 42 countries were enrolled (World Health
Organization (WHO), 2017). GLASS focuses on eight pathogens (Acinetobacter spp.,
E. coli, K. pneumoniae, Neisseria gonorrhoeae, Salmonella spp., Shigella spp., S.
aureus, and Streptococcus pneumoniae) with different specimen types (blood, urine,
stool, urethral and cervical swabs) and is based on AST data. The objectives of the
GLASS are to foster national surveillance systems, harmonize global standards,
estimate the extent and burden of AMR globally, analyze and report data regularly,
detect emerging resistance and its international spread. GLASS aims to support global
surveillance and research and help decision-making by providing information.

EARS-Net

EARS-Net is ECDCs Europewide surveillance system and it comprises the data
from countries within the EU and EEA (2019:30) (ECDC, 2020). EARS-Net is
the first international AMR surveillance program, whose predecessor (EARSS)
was launched in 1998. It collects routine AST data from invasive isolates (blood
and cerebrospinal fluid) and it is limited to seven bacterial pathogens (E. coli, K.
pneumoniae, P. aeruginosa, Acinetobacter species, S. pneumoniae, S. aureus,
Enterococcus faecalis, E. faecium) commonly causing infections in humans.
EARS-Net produces yearly reports in which data is analyzed from the last
five years and it is wupdated in the Atlas information service
< https://www.ecdc.europa.eu/en/surveillance-atlas-infectious-diseases>. EARS-Net
provides Europewide AMR data for temporal and spatial analyses and timely data
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for policy decisions. In addition, EARS-Net supports national systems in their efforts
to improve diagnostic accuracy by offering annual external quality assessments.
EARS-Net AMR data for year 2019 showed wide variations across Europe.

ECDC has proposed widening the AMR surveillance by integrating genomic
typing into European disease and genomic surveillance, and multi-country outbreak
investigations (European Centre for Disease Prevention and Control (ECDC), 2021).
The aim of one of the ECDCs surveys The European Antimicrobial Resistance
Genes Surveillance Network (EURGen-Net) was to monitor the trends in MDR
Enterobacteriaceae of public health importance. The objectives of the EURGen-Net
were to determine the occurrence, geographic distribution and population dynamics
of high-risk CRE or colistin resistant Enterobacteriaceae clones, and/or transmissible
resistance/genetic elements within the European healthcare setting to inform risk
assessment and control policies.

CAESAR

The Central Asian and European Surveillance of Antimicrobial Resistance
(CAESAR) Network <https://www.euro.who.int/en/health-topics/disease-
prevention/antimicrobial-resistance/surveillance/central-asian-and-european-
surveillance-of-antimicrobial-resistance-caesar> collects data from countries and
areas within the WHO European Region that are not included in EARS-Net (eastern
Europe and central Asia). CAESAR is a joint initiative of the WHO Regional Office
for Europe, the European Society of Clinical Microbiology and Infectious Diseases
and the Dutch National Institute for Public Health and the Environment. CAESAR
is part of the Global initiative GLASS. The first CAESAR report was published in
2015 and currently, 19 countries participate in CAESAR.

Finres

Finres is the Finnish national AMR surveillance system maintained by THL. The
Finnish clinical microbiology laboratories (called FiRe-laboratories) send routine
annual AST results to the Finres database and THL produces the Finres report. AST
data has been collected by Finres since 1997 and first report was published in 2012.
The report describes the 10-year rolling AMR situation in Finland and in 2019, 22
laboratories participated (Réisénen, K., Ilmavirta, 2020). The report covers widely
different bacterial isolates mainly from infections and comprehensively different
antimicrobials. The Finres 2019 -report covers 20 different bacterial species.
Coverage of the report is on average 98% from blood culture results collected during
the past ten years (also non-invasive isolates are included in the report). The Finres
report is able to monitor and give timely information on AMR trends and the effects
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of retortions or vaccines (10-valent pneumococcal conjugate vaccine) in Finland. In
addition to Finres, the following bacterial isolates obtained from all types of
specimens are notified to the National Infectious Disease Registry: MRSA, VRE,
third-generation cephalosporins non-susceptible E. coli and third-generation
cephalosporins non-susceptible K. pneumoniae, and carbapenem non-susceptible K.
pneumoniae, E. coli and E. cloacae.

2.6 Carbapenem-resistant Enterobacterales

2.6.1 Background

CRE are a public health concern and one of the critical pathogens the WHO has
identified to guide the research, discovery, and development of new antibiotics
(Shrivastava et al., 2018). Carbapenems are considered the last-line drug against
Enterobacterales with ESBLs, which makes resistance to this drug class extremely
worrisome. Carbapenem resistance is a clinical problem mainly caused by CPE.

CPE as a concept is complex, because it covers many species and many types of
enzymes compared to, for example, methicillin-resistant S. aureus (MRSA), which
is a single species and almost always with only one mechanism. CPE typically harbor
other resistance genes as well; these are often XDR or even PDR, which cause
delays, limit proper treatment, or produce a rise in fatality when causing infections
(Falagas et al., 2014; Perez et al., 2016). Currently, transmission of CPE primarily
occurs in hospitals and other HCFs and are able to cause outbreaks (David et al.,
2019). CPE has the potential to initiate an epidemic and has caused numerous large
clonal hospital outbreaks worldwide with K. pneumoniae being reported as the most
common organism in the outbreaks (French et al., 2017). The source of a CPE
outbreak (in low prevalence country) is often indexed patients previously
hospitalized abroad, an environmental reservoir like a hospital sink or a
contaminated hospital instrument (French et al., 2017). Asymptomatic CPE carriage
among hospitalized patients increases the risk of spreading CPE and developing an
infection caused by CPE (Brink, 2019). At the same time, NDM-1-producing
bacteria have also been reported both in hospital and community-acquired infections
and environmental sources have been shown to spread NDM-producing bacteria in
lower-income countries (Poirel et al., 2014; T. R. Walsh et al., 2011). A study from
India showed that 4% of the drinking water and 30% of seepage samples included
NDM-1-producing bacteria (T. R. Walsh et al., 2011).

Cassini et al. estimated the burden of infections caused by different resistant
bacteria on public health concerns in Europe during the years 2007-2015. During
this period the burden increased for all the studied antibiotic-resistant bacteria, but
the burden of carbapenem-resistant K. pneumoniae had increased the most in terms
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of the number of infections and the number of deaths, with the second largest
increase among the carbapenem-resistant E. coli. The burden highlighted the
geographical heterogeneity of CRE, noted in EARS-Net surveys, as being high in
Italy and Greece and lower in the Nordic countries. (Cassini et al., 2019)

CRE Enterobacterales that test phenotypically resistant to at least one of
the carbapenem antibiotics (for example ertapenem, meropenem,
doripenem, or imipenem) are called CRE. This is a phenotypic
definition based on the antibiotic susceptibility pattern of the
organism. There are many different mechanisms that can result in
carbapenem resistance.

CPE Carbapenem-resistant Enterobacterales (CRE) that produce
carbapenemases, enzymes that break down carbapenems and
related antimicrobials making them ineffective, are called CPE.
CPE are a subset of CRE, but there are some CPE (like some OXA
carbapenemases) that confer low level resistance and might be
susceptible to carbapenems. It is important to confirm whether
CRE is also CPE, because acquired resistance requires more
attention in infection prevention.

2.6.2 Epidemiology of carbapenemase-producing
Enterobacterales

The first report of carbapenemase from an Aeromonas hydrophila isolate was
presented in Japan in 1986 (Shannon et al., 1986). In the early 1990s, plasmid-
mediated carbapenemases were found in multiple species in clinical isolates; IMP-1
in P. aeruginosa in 1991, OXA-23 in A. baumannii in 1993, and KPC-1 in K.
prneumoniae in 1996 (Brink, 2019). After these first findings CPE were infrequently
reported in a single country or region until 2013, after which they have spread
exponentially worldwide (Hansen, 2021). Today the most common species of
Enterobacterales having transmissible carbapenemase genes is K. pneumoniae
(Brink, 2019). Carbapenemase types are not evenly distributed in the world and some
countries or continents are endemic to certain carbapenemases (Figure 2). IMP-type
carbapenemases are endemic or highly distributed in Japan, Taiwan and Greece,
VIM-type only Greece, OXA-type Turkey, Morocco, and Malta, KPC-type China,
the US, Israel, Italy, and Greece, and NDM-type especially Asia (Logan &
Weinstein, 2017). Nonetheless all known carbapenemases have spread worldwide.
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Figure 2. Global distribution of carbapenemases in Enterobacterales. Figure is reprented from
Logan and Weinstein, 2017 with the permission of Oxford University Press.

Epidemiological data on CPE from different parts of the world varies, as some
areas have sophisticated surveillance systems, while others lack such systems, and
this creates challenges when comparing the data. In addition, the state of the CPE
situation in a country can affect the surveillance system. In a high-income country
with low levels of CPE cases detailed molecular analysis is feasible (Lane et al.,
2020) but if a high-income country has a high prevalence of CPE or in low-income
country (despite CPE prevalence) it may be impossible to analyze sufficient number
of isolates to obtain a complete picture of the situation. The WHO has produced the
GLASS report on the AMR situation and the current state of AMR surveillance
globally in 2019 (Agnew et al., 2021). The report has gaps in the CRE information
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in most WHO regions. The majority, 49 out of 69 datasets came from the US and
European regions. Because K. pneumoniae is the most common species having a
carbapenemase gene, it’s carbapenem resistance rates are used here to compare
different regions (Figure 3). CRE is not same as CPE for instance; at large study
from the US showed that only half of all submitted CRE isolates were found to have
a carbapenemase gene (Guh et al., 2015) and this can also differ between countries.
At the same time all CPE are not CRE.
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Figure 3. Resistance of K. pneumoniae to carbapenems 2014-2017. Data from several sources
(including EARS-Net and GLASS 2017) compiled by Center for Disease Dynamics,
Economics and Policy, https://resistancemap.cddep.org. Data show aggregated
resistance rates for isolates from blood and cerebrospinal fluid. Due to differences in
sample collection and testing methods, rates should be interpreted with caution. For
some countries rates are based on less than 100 isolates. Light grey countries lack data.
Figure is reprented with the permisson, (Cent. Dis. Dyn. Econ. Policy. Resist. Antibiot.
Resist. 2021, 2021).

Geographic distribution of CRE/CPE

North America

Carbapenem resistance among K. pneumoniae in the US is between 3.1-4.9% (Cai
et al., 2017). In the US, CRE incidence is 0.3-2.9 infections per 100 000 persons per
year, and infection rates were highest in long-term acute-care hospitals, hospitals
specializing in treating patients requiring extended hospitalization (Livorsi et al.,
2018). Reports of colonization and infection with CPE are increasing across the US
(Livorsi et al., 2018). The first KPC-producing K. pneumoniae was discovered in a
North Carolina hospital in 1996, and today, KPC is endemic in many regional parts
of the US (Yigit et al., 2001). Furthermore, other carbapenemases like NDM, VIM,
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and OXA-48 are being detected in the US (Nordmann & Poirel, 2019). CRE strains
in Canada showed that the most common carbapenemases were KPC-type and
NDM-1 (Nordmann & Poirel, 2019).

South America

Latin America has a carbapenem resistant K. pneumoniae rate of 1.3-28.6% and
virtually all resistance mechanisms have spread in this area (Nordmann & Poirel,
2019). One of the first reports of CPE in Latin America was the description of IMP-
producing K. pneumoniae from Brazil in 2005 (Lincopan et al., 2005).

Africa

Comprehensive data from Africa is missing and estimations should be evaluated with
caution. Estimating the overall carbapenem resistance in E. coli and K. pneumoniae
in the African region was generally low (<1%) to moderate (1-5%), when all
available data was aggregated (Mitgang et al., 2018). A review of East African
studies summarized that the mean prevalence of carbapenem resistant K.
pneumoniae was 15% (Ssekatawa et al., 2018). A surveillance report from South
Africa collected invasive isolates between 2015-2018 (Perovic et al., 2020). Most of
(70%) the CRE cases were hospital-acquired, the main species was K. pneumoniae
(78%) and the prevalent carbapenemase genes were OXA-48 and it’s variants, and
NDM (Perovic et al., 2020).

Oceania

In the whole Asia, carbapenem resistance among K. pneumoniae ranges from 0—-52%
(Nordmann & Poirel, 2019). The prevalence rate of CRE colonization in the Asia
region ranged from 13-22.7% (H. Y. Chen et al., 2021). The most common
carbapenemases in Asia were NDM and other metallo-B-lactamases, and OXA-48-
type (Suwantarat & Carroll, 2016). An Australian report on antimicrobial use and
resistance in humans showed low levels (0.3—-0.6%) of carbapenem resistance among
K. pneumoniae isolates from infections in 2019 (Australian Commission on Safety
and Quality in Health Care, 2021) and the incidence of CPE was 0.45-0.60 infections
per 100 000 in 20162018 (Lane et al., 2020). Usually, the carbapenemases like
NDM, OXA-48-like, and KPC where related to traveling abroad compared to the
IMP cases which were often from local outbreaks (Lane et al., 2020).

Europe

ECDC produces high-quality AMR data from Europe with yearly EARS-Net
reporting. The AMR situation in Europe varies between countries and generally
carbapenem resistance is rare in E. coli, while carbapenem resistance in K.
pneumoniae was over 10% in several countries
(https://www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-
data/data-ecdc). The FEuropean mean of carbapenem resistance among K.
pneumoniae isolated from invasive infections is 7.9% and the country range is 0.0—
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58.3% (ECDC, 2020). This means that in some countries carbapenem antibiotics
would not be effective in more than half of the patients treated for K. pneumoniae
infections. For CRE a north-to-south and west-to-east gradient is evident (Figure 4).
CPE is endemic or at least there are high levels in Italy, Greece, Cyprus and Romania
(lacchini et al., 2019).

The first KPC-producing K. pneumoniae findings in Europe were made in France
2004 (Naas et al., 2005), Greece 2007 (Cuzon et al., 2008), and the United Kingdom
2007-2008 (Neil Woodford et al., 2008). In Greece, CRE was at low levels and
VIM-type carbapenemases were prevalent before 2001 (Hansen, 2021). After the
introduction of the first KPC finding, the CRE increased dramatically and this was
attributable to the spread of the KPC-2 gene in K. pneumoniae in a single dominant
sequence type, ST258 (Hansen, 2021). In the Nordic countries, Switzerland, and
Netherlands (van der Zwaluw et al., 2020) CPE cases are still mainly sporadic
(Albiger et al., 2015; Ramette et al., 2021; Samuelsen et al., 2017).

In Europe, the mean incidence of CPE is 2.5 infection per 100 000 hospital
patient days (Grundmann et al., 2017) and the CPE trend in Europe during 2015-
2019 is rising (“Surveillance of Antimicrobial Resistance in Europe 2018.,” 2019).
In Europe the most common carbapenemases were KPC (42%) and OXA-48 (38%)
(Grundmann et al., 2017).

R - resistant isolates, percentage (%)
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Figure 4. Percentage of invasive isolates resistant to carbapenems (imipenem/
meropenem) among Klebsiella pneumoniae, by country, EU/EEA, 2020. the
figure has been reprinted with the permission of the copyright holders, licensed
under CC BY 4.0 (https:/creativecommons.org/licenses/by/4.0/)  from:
www.ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc.
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In Finland, in addition to the Finres report, an annual communicable disease
report also covers detected CRE and CPE cases (Rédisénen, K., [lmavirta, 2020; THL,
2020b). CPE cases in Finland are still rare but the trend is increasing (THL, 2020b).
CPE cases in Finland are often sporadically detected (THL, 2020b), but the
epidemiological stage for the spread of CPE has changed from a single hospital
outbreak in 2015 to a regional spread in 2018 (Brolund et al., 2019). In 2020, 71
CRE notifications were made to the national infectious disease registry; 89 CRE
isolates were sent to THL for further characterization and 65 of the isolates were
CPE. There was a small decline compared to 2018 where 53 CPE isolates were
detected (THL, 2021b). The most common carbapenemases in 2020 were KPC-2,
OXA-48 and NDM-1 (THL, 2021b). During 2016-2020 the dominant CPE species
was E. coli (approximately 43%), and notifiable species (K. pneumoniae, E. coli, E.
cloacae) covered 87% of the detected CPE species. (THL, 2021b)

2.6.2.1 International high-risk clones

Clones are another mechanism, in addition to horizontal plasmid transfer, by which
AMR in Enterobacterales spread globally and locally. The high-risk clones are
special cases of these clones. It has been shown that the spread of well-established
clones has a central role for intra- and inter-hospital transmission of CPE (David et
al., 2019). Successful high-risk clones are common in all parts of the world. The
spread of high-risk clones is a threat under the selective pressure of antimicrobials
particularly in HCFs, and successful high-risk CPE clones are often associated with
outbreaks (Hardiman et al., 2016). International high-risk clones have to have; 1) a
global distribution, 2) resistance mechanisms, 3) the ability to colonize and persist
in hosts for long time intervals, 4) enhanced pathogenicity and fitness, and 5) the
ability to cause severe and/or recurrent infections (Mathers et al., 2015b). They
spread AMR vertically with offspring and, moreover, they act as efficient donors and
recipients of plasmid-mediated AMR because of the characteristics listed above
(Mathers et al., 2015b).

After international successful clones start to spread locally, the clone varies and
exchanges plasmids. This is how new clones emerge. These new clones can stay
local or can become new successful or even high-risk clones and continue spreading.
Locally, the clones are prevented by focusing on infection control measures. The
most important successful clones in the 2000s have been E. coli ST131 and K.
pneumoniae ST258. (Mathers et al., 2015b)
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E. coli ST131 clone

The E. coli ST131 clone was first identified in 2008 and it is responsible for global
distribution of CTX-M-15 during the early to mid-2000s (Pitout & Finn, 2020; Neil
Woodford et al., 2011). Retrospective studies have implicated that it may have risen
as early as 2003 (Nicolas-Chanoine et al., 2014). E. coli ST131 is often linked with
community-acquired infections, like urinary tract infections. The clone has been
reported accounting for as high as 70% of the total ESBL-producing isolates and is
frequently fluoroquinolone resistant (Mathers et al., 2015a; Pitout & Finn, 2020).
The prevalence of the clone among E. coli from clinical isolates varies by geographic
region and host population from 13% to nearly 30% (Mathers et al., 2015a). As
awareness of the clone increased it started to be found in clinical specimens,
companion animals, poultry and occasionally in other food-producing animals, and
wildlife, but also in environmental sources like soil, beach water and wastewater
(Pitout & Finn, 2020; Platell et al., 2011).

Population genetics show that ST131 consists of different clades (A, B, and C)
(Pitout & DeVinney, 2017) and the C2 clade, subdivision of clade C, has been the
principle clone (Ellaby et al., 2019). This C2 acquired ESBL production due to the
acquisition of an IncF plasmid harboring the gene CTX-M-15 (Pitout & Finn, 2020).
However, no answer exists as to why certain alleles of the ESBL family have become
more successfully established than others. This clone has seldom been associated
with carbapenemases, but concerning reports have increased in recent years (Ellaby
etal., 2019; Gong et al., 2020; Welker et al., 2020). If carbapenemases become more
prevalent among this clone, it would create a significant public health concern.

K. pneumoniae clones ST258 and ST512

K. pneumoniae ST258 is a successful high-risk clone. The clone dominantly has a
KPC-2 or KPC-3 gene and it also appeared in the early to mid-2000s (Pitout et al.,
2015). The clone has two lineages, namely, clade I (associated with KPC-2) and
clade II (associated with KPC-3), and presumably it is a hybrid clone from a large
recombination event between ST11 and ST442 (Pitout et al., 2015). K. pneumoniae
ST258 belongs to the clonal complex 258, which also includes ST11, ST340, ST437
and ST512 (Mathers et al., 2015b; Wyres & Holt, 2016). K. pneumoniae ST258 was
first identified among isolates from the New York area collected during 2005
(Mathers et al., 2015b). Four years later this clone accounted for 70% of K.
pneumoniae isolates with a KPC-gene in the US (Mathers et al.,, 2015b).
Subsequently, the clone was detected in Israel and Greece, and genetic analyses
support that its onward spreading to Europe occured mostly from the Greece lineage
probably via travel (David et al., 2019).
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ST512 is single-locus variant in the gapA locus of ST258. This clone often
carries the KPC-3 gene and has caused outbreaks globally (Baraniak et al., 2017;
Migliavacca et al., 2013; Piccirilli et al., 2020). ST258 and ST512 are often grouped
together because overall these STs have less diversity than each other (David et al.,
2019). It is predicted that ST512 emerged initially in Israel and was introduced from
Israel to Italy (David et al., 2019). In Italy ST512 is reported to be widely
disseminated and was considered the dominating clone among invasive K.
pneumoniae infections during 2012-2013 (Conte et al., 2016). The clone ST258 and
its derivative, ST512, is now endemic in the US, Israel, and some southern European
countries, particularly Greece and Italy (David et al., 2019). Clones ST258 and
ST512 have been shown to spread from endemic countries and induce outbreaks
elsewhere (David et al., 2019). The characteristics that make this clone high-risk are
that it is associated with MDR determinant, it spreads successfully in HCFs for a
long period of time and causes outbreaks (Mathers et al., 2015b). A study from Italy
showed that all studied CAZ-AVI resistant K. pneumoniae strains during a one-year
period from six hospitals were all from successful clones and ST512 was the most
common (Venditti et al., 2021). In Italian hospitals especially, blood stream
infections caused by rapidly spreading resistant clones, like ST512, cause infections
that are very difficult to treat and that as a consequence deaths are increasing
(Fontana et al., 2020).

2.7 Methods used for molecular epidemiology

Molecular epidemiology, in the field of infectious diseases, has been defined as the
use of molecular typing methods for infectious agents in order to study distribution,
dynamics, and determinants of health and disease in human populations (Hall, 1996).
Molecular epidemiology combines traditional epidemiological methods with
analysis of genome polymorphism of pathogens over periods of time, across
locations and individuals in human populations and relevant reservoirs. The
objective is to identify host-pathogen interactions and infer hypotheses about host-
to-host or source-to-host transmission.

Molecular epidemiology evolves as new tools are developed. Different
molecular microbiology methods are used for different purposes, which can be, for
example, bacterial typing for global surveillance or in local outbreak investigation
(Riley & Blanton, 2018). For global epidemiological surveillance multi locus
sequence typing (MLST) has been used from 1998 and it is still an operational
method (M. C. J. Maiden, 2006). For local outbreak investigation the pulsed-field
gel electrophoresis (PFGE) was for several decades the golden standard for bacterial
typing (Kaufmann, 1998). PFGE was widely used before 2008, when next-
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generation sequencing (NGS) technology and whole genome sequencing (WGS)
became generally accessible (Koboldt et al., 2013).

Sequencing methods of nucleic acids have developed rapidly in the last twenty
years. The first (generation) sequencing technique was Sanger sequencing,
discovered in 1977, and it was the most used technique for more than thirty years
(Sanger et al., 1977). Sanger sequencing has high accuracy and is still widely used
when individual genes are sequenced, but it is not the choice for sequencing an entire
bacterial genome. Next-generation sequencing (NGS) was available for research
settings in 2008 and has subsequently been the main method in large scale
applications because of high throughput and low costs (Koboldt et al., 2013).

2.7.1 Pulsed-field gel electrophoresis (PFGE)

PFGE was developed in 1984 by Schwartz and Cantor and it involves enzyme
digestion of bacterial DNA, where the restricted DNA bands are separated using a
pulsed-field electrophoresis chamber then stained, after which the banding pattern is
analyzed visually (Goering, 2010). These electrophoretic pulses by constantly
changing the directions of the electric field make it possible to separate large DNA
fragments compared to conventional agarose-gel electrophoresis (Goering, 2010).
An estimation is that the average bacterial PFGE pattern represents more than 90%
of the total genome (Goering, 2010). The intra- and inter-laboratory reproducibility
of PFGE was and is a challenge, but there are a number of standardized typing
approaches developed to ease the difficulty. Tenover et al. created the widely used
interpretation of PFGE banding patterns which show how to sort bacterial strains
that are closely related, possibly related or unrelated (F. C. Tenover et al., 1995).
PFGE was used as the gold standard for more than twenty years and it is still used in
some countries or hospitals. Compared to WGS, PFGE is a time consuming,
laborious and low resolution method and WGS has already mostly replaced it (Miro
et al., 2020). The implementation of WGS is underway across the world.

2.7.2 Multilocus sequence typing (MLST)

MLST is a molecular microbiology method ideal for global scale epidemiology for
revealing global clones, defining epidemic strains or grouping into clonal complexes
or linages as an improved understanding of the biological population structure
emerges (M. C. J. Maiden et al., 2013). MLST was introduced in 1998 and it follows
the DNA sequence variation of usually five to seven housekeeping genes (loci) and
characterizes strains by allelic profiles (M. C. Maiden et al., 1998). Allelic profiles
are compared and collected in an international database (containing the reference
allele sequences of certain bacterium). The database provides standardized
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nomenclature giving a certain sequence type (ST) to the strain with certain allelic
combination. MLST enables inferring evolutionary relationships from sequence
data. Two isolates with the same numerical ST (for example ST11) have identical
sequences in the seven housekeeping genes. For different bacterial species there can
exist more than one MLST schemes and curated databases (such as those found in
the PubMLST database collection < https://pubmlst.org/>). Prior to WGS, MLST
was conducted with first amplification housekeeping genes with PCR, and then the
nucleotide base sequence was determined by the Sanger sequencing technique
(Sanger et al., 1977). Currently, MLST information can be extracted from WGS data.
MLST is highly unambiguous and portable, but the discriminatory power compared
to WGS is low (Miro et al., 2020).

2.7.3 Whole genome sequencing (WGS)

WGS is currently the gold standard for bacterial typing and can be used for molecular
epidemiology at different levels. It is a comprehensive method for analyzing the
genomic DNA of a bacterium at a single time by using sequencing techniques like
Sanger sequencing or high throughput NGS sequencing. The method has the highest
possible discriminatory power of the known methods and it can be applied to any
bacterial species and it has largely replaced the old molecular methods used. WGS
provides almost complete information on the genome of an isolate. In addition to
discriminatory power, the detection of AMR determinants or other determinants like
virulence factors can be performed. These determinants can be located, on the
bacterial chromosome or even in plasmids, and the information of location provides
valuable information on how AMR is spread. (Croucher & Didelot, 2015)

Next-generation sequencing (NGS) technologies

At present WGS is performed mainly using NGS technology (Besser et al., 2018).
NGS is a massively parallel sequencing technology that has high throughput (Besser
etal., 2018). Today, most NGS technologies are relatively low cost and rapid (Besser
et al., 2018). The difference between Sanger sequencing (first generation
sequencing) or so called conventional capillary sequencing is that, instead of
sequencing a single DNA fragment at a time, NGS sequences millions of fragments
simultaneously per run (McGinn & Gut, 2013). This process translates into
sequencing hundreds to thousands of genes at one time (McGinn & Gut, 2013).
Several different NGS technologies or platforms exist for producing sequences
and WGS data. NGS technologies can be divided in relation to the read length for
short (fever than 300 base pairs) and long (more than 10,000 base pairs). Compared
to Sanger sequencing, the error rate in NGS technologies is higher. Moreover, third
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generation technologies are today available, and these produce longer reads than
second generation sequencing, between 10,000 and 100,000 base pairs in one run,
without the need to cut and amplify the DNA samples. The benefits of long-read
sequencing are that the genome sequence is assembled from much larger pieces,
therefore opportunities for error and uncertainty are reduced. These longer reads are
more reliable where large sections of DNA are inserted, deleted or moved around.
Long-read sequencing is considered better for sequencing repetitive DNA because it
is less error-prone compared to shorter reads where repeats can be overlooked or
duplicated during reassembling. At the same time, long-read sequencing clearly
produces more errors than short-read sequencing and is more expensive. When
constructing complete genomes or studying plasmids long-read sequences are
valuable, particularly when used in combination with short reads. Short read NGS
technology is the most popular one for producing WGS data from bacterial isolates.
(McGinn & Gut, 2013)

Use of WGS in public health practices

Nowadays WGS is widely used in national reference laboratories in high- and
middle-income countries. WGS produces a considerable amount of information. One
of the key advantages of using WGS data is its superior resolution in phylogenetic
analyses compared to older methods like PFGE (Miro et al., 2020). Data is portable,
available for direct analysis and relatively easy to store. Analysis can be done with
computer software and the analysis can be harmonized and automated. No visual
interpretation of the results is needed as in PFGE.

The advantage of WGS is that the many different properties that used to require
several different laboratory methods, can now be obtained from the WGS data. First,
taxonomic analysis can be done or confirmed from the WGS data. Second, AMR
determinants like resistance genes can be detected using reliable and comprehensive
databases. In addition, phenotypic prediction can be made from genotypic resistance
gene results. For surveillance, virulence factors and mobile genetic elements can also
be determined. Third, outbreak detection can be done by subtyping and following
the spread of internationally successful or high-risk clones with the MLST method
or even more closely with core genome (cg)MLST method integrated with
epidemiological background information.

WGS has changed the nature of CPE surveillance and outbreak investigation.
Before WGS, PFGE was, at least in Finland, conducted for isolates during any
suspicion of an outbreak because typing of all collected isolates was not feasible.
The suspicion that the isolate was part of an outbreak was usually based on
epidemiological data and attempts were to put all the suspected isolates on the same
PFGE run to minimize the differences between the runs and help subjective analysis
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(Kanerva et al., 2015). Today, when WGS is used it is possible to add a new isolate
to the database and conduct a comparison to previous isolates. Furthermore, WGS
data can guide the contact tracing, mark the timetable and focus the screening in
outbreak investigations. Genetic data can reveal unexpected modes of transmission
and motivate a thorough search for linkages between patients suspected of
transmitting the strain (Snitkin et al., 2012). In addition, linking patient and
environmental or infrastructure isolates together may enhanced efficient cleaning of
shared equipment and vacated patient rooms (Snitkin et al., 2012). It is also confirmed
that WGS can be used to identify relationships between strains during outbreaks even
when prior data are minimal and limited for example to the index strain (E. Ruppé et
al., 2017). Nevertheless, surveillance, tracing and controlling transmission of AMR
with WGS data requires reference databases with good quality genomic and AST data.
WGS data combined with epidemiological and clinical background information
enables linkages during the early detection of outbreaks, accurate tracing of
transmission chains, precise definition of the geographical spread of an outbreak and
identification of sources of infection. It has been shown that a coordinated, statewide
collaborative genomics and epidemiology approach to CPE has been invaluable to
define the burden of CPE and direct public health and hospital infection control
interventions (Sherry et al., 2019). To gain the best advantage from WGS data it should
be utilized and shared nationally and internationally (European Centre for Disease
Prevention and Control, 2016; World Health Organization (WHO), 2020).

Adopting WGS for global surveillance can provide information on the early
emergence and spread of high-risk AMR clones. Additionally, WGS is essential for
a One Health approach in AMR surveillance, because it can show the relatedness of
human and animal isolates (Jagadeesan et al., 2019). The WHO has published a
document which addresses the applications of WGS for AMR surveillance,
including the benefits and limitations of current WGS technologies (World Health
Organization (WHO), 2020).

ECDC has also started projects towards European wide genomic-based
surveillance: The European Antimicrobial Resistance Genes Surveillance Network
(EURGen-Net) which concentrates on healthcare-associated MDR pathogens and
Reference Laboratory Capacity Building (EURGen-RefLabCap) which focuses on
harmonizing protocols for CRE surveillance and outbreak detection using WGS
data. The use of WGS data internationally and replacing other (older) methods will
in the future improve the accuracy and effectiveness of disease surveillance,
outbreak investigation and the evaluation of prevention policies. ECDC has two
main surveillance objectives for WGS-based comparative genome analysis
internationally: 1) phylogenetic analysis and 2) prediction of clinically and
epidemiologically relevant bacterial phenotypes. 1) In phylogenetic analyses WGS
provides optimal resolution of the near-complete genomic sequence comparison for

42



Review of the Literature

measuring inter-genomic sequence similarity and inferring the most probable
phylogenetic lineages of descent between isolates to infer the direction and route of
pathogen transmission, from environmental, animal or human sources and
reservoirs. 2) The in silico prediction of phenotype and, in particular, acquired AMR
mechanisms, pathogenicity and virulence determinants as well as correlates of
epidemiological/ecological fitness associated with epidemic spread, also described
as high-risk clones. (European Centre for Disease Prevention and Control, 2016)

Before international or in some countries even national surveillance is adopted,
there are still challenges concerning data analyzing systems, data storage, and data
sharing between organizations. WGS technologies require expensive investment and
the training of staff to use bioinformatics is also essential. In addition, clinicians and
epidemiologists needs extra education. Locally, and more favorably globally,
standardized nomenclature, standard operating procedures and quality assurance
protocols are needed. (Gwinn et al., 2017)

274 Core genome multi locus sequence typing (cgMLST)

Phylogenetic approaches based on WGS data rely on calculating genetic distances
based on either single nucleotide polymorphism (SNP) or allele differences known
as core or whole genome MLST (cg/wgMLST) (Schiirch et al., 2018). These three
typing methods (cgSNP, cgMLST and wgMLST) have their own strengths and
weaknesses (Miro et al., 2020). cgSNP includes most of the available genome
sequence data and thus has the highest resolution power (Schiirch et al., 2018). On
the other hand, cgMLST and wgMLST lose genetic data because only alleles are
compared and not every mutation (Schiirch et al., 2018). However, for the same
reason they are not as prone to conflicting signals of recombination as cgSNP. One
recombination event can produce a gene with several mutations although from the
view of evolution there is only one event (Friedrich et al., 2016). In addition,
cgMLST or wgMLST do not need as much calculation power as cgSNP (Schiirch et
al., 2018). cgMLST utilize the least amount of genetic data of the three methods
having the lowest resolution power but being the most stable because only core genes
that can be found from all isolates of the species are included. In practice these three
typing methods produce similar results (Miro et al., 2020).

cgMLST has the same principle for bacterial typing as MLST: the use of alleles
as the unit of comparison, but in a wider scale and with greater discriminatory power
(Zhou et al., 2017). While in MLST typically seven housekeeping genes were
compared, in cgMLST thousands of genes are used in comparison, among
Enterobacterales usually 2000-3000 (Zhou et al., 2017). The cgMLST typing schema
includes the core genome targets, which are a fixed set of conserved genome-wide
genes among all members of the species (Zhou et al., 2017). The cgMLST typing
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schemes can be developed at genus level, genetic-complex level, or species level,
depending on the number of available complete reference genomes (Friedrich et al.,
2016). When even more accuracy is needed, wgMLST can be used (Schiirch et al.,
2018). wgMLST includes accessory targets in addition to cgMLST targets (genes)
(Schiirch et al., 2018). These accessory targets are not included in the cgMLST
targets because they are less conserved but by including them in wgMLST it enables
the capture of the full complement of protein-coding genes in the genome for
analysis (Schiirch et al., 2018). Technical issues favor cgMLST over wgMLST for
global surveillance because the cgMLST based database is easier to curate. cgMLST
is more suitable for outbreak investigation and longitudinal surveillance.

Genome assembly

The short read NGS technique is the method most commonly used to produce WGS
data and the reads from the sequencer need to be assembled (to put back together to
create a representation of the original chromosomes from which the DNA originated)
before cgMLST comparison. Genome assembly is the computational process and
reads are either single ends or paired ends. Single reads are simply the short
sequenced fragments themselves; they can be joined up through overlapping regions
into a continuous sequence called contig. Paired-end sequencing produces a
sequence from both ends of a DNA fragment and can help link contigs into scaffolds,
order assemblies of contigs with gaps in between, indicate the size of repetitive
regions and how far apart the contigs are. Paired-end sequencing enables more
accurate read alignment than single-read data. (Armstrong et al., 2019)

There are two common ways to assemble the sequence reads: 1) de novo; reads
are assembled to create full-length sequences, without using a template and 2)
mapping; reads are assembled against an existing backbone sequence, building a
sequence that is similar to the backbone sequence. De novo genome assembly is
often used for species with high genomic variability, because it enables detecting
previously unknown regions of the genome or regions that vary a lot from previously
known genomes. De novo genome assembly has become dominant in cgMLST-
based surveillance among bacteria. (Bankevich et al., 2012)

Threshold

cgMLST comparison needs defined thresholds for distinguishing epidemiologically
related isolates. These genetic thresholds that distinguish epidemiologically related
from unrelated isolates can vary between species. Estimates of the mutation rate in
Enterobacteriaceae range from 0 to 10 mutations per genome per year and E. coli
has the highest threshold (Friedrich et al., 2016). The genetic distance between
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genomes indicates the phylogenetic relationship, but these may not directly reflect
the order and timing of transmission events from donor to recipient (Didelot et al.,
2016). Kluytmans-van den Bergh et al. conducted a study where they defined
thresholds for genetic distance for many clinically important Enterobacterales in
cgMLST (Friedrich et al., 2016).

Nevertheless, the main challenges with all WGS-based typing methods are to
define thresholds for genetic distance that can be used to identify an outbreak caused
by a single clone. Threshold parameters should be applied with attention and should
be used in combination with clinical epidemiological background information and
population and species characteristics. (Miro et al., 2020)

2.7.5 Resistance gene detection

AMR gene detection is important in treatment of patients and in implementation of
control measures. It can be used both for surveillance and clinical purposes. In
addition to AST molecular AMR gene detection can predict more reliably if the
bacterial isolate has hospital hygiene relevance. PCR-based methods, commercial or
in-house, can be used to detect resistance genes. PCR-based methods have been used
before the WGS era and are still feasible because of low cost and fast performance
time. In Finland, the recommendation is that the carbapenemase PCR confirmatory
test in clinical microbiology laboratory needs to cover at least KPC, OXA-48 type
and NDM genes (THL, 2020a).

More accurate AMR gene characterization can be done using WGS data. WGS
surveillance makes it possible to define MDR with tremendous precision compared
to phenotypic tests (Hendriksen et al., 2019). Bioinformatic analysis can reveal the
co-carriage of specific genes underlying different MDR patterns (Hendriksen et al.,
2019). The demands on databases are to provide high-quality, curated, and validated
reference data. In addition, databases should be updated regularly. At least 47 freely
available databases exist for in silico AMR prediction, such as, CARD (The
Comprehensive Antibiotic Resistance Database, https://card.mcmaster.ca/),
ResFinder (https://cge.cbs.dtu.dk/services/ResFinder/), KmerResistance
(https://cge.cbs.dtu.dk/services/KmerResistance/), and SRST2
(https://github.com/katholt/srst?) (Hendriksen et al., 2019). Resistance gene
detection methods can be divided as follows: (1) assembling raw reads to contigs
before comparing with a reference database or (2) mapping reads directly to
reference sequences (Clausen et al., 2016). When (1) assembling first reads some
information can be lost during assembly, for example a gene may be missed if it is
divided in two or more contigs (Clausen et al., 2016). This (1) method is highly
dependent on the assembly quality. (2) Mapping reads directly has shown to be
superior when identifying resistance genes. The sensitivity and accuracy are high.
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The use of genotypic AMR in the prediction of phenotypic AST

NGS technologies have shown good concordance with traditional phenotypic
susceptibility testing, suggesting that they could be used in AMR surveillance
(Clausen et al., 2016). Phenotypic AST detects the arrest of bacterial growth in the
presence of antimicrobials, whereas genotypic AST attempts to identify specific
resistance genes of genetic mutations using molecular or genomic methods (van
Belkum et al., 2019). The EUCAST subcommittee stated in 2017 that for most
bacterial species there is currently a lack of evidence to support the use of genotypic
AST to guide clinical decision making (Ellington et al., 2017). However, a few years
later in 2020 the ResFinder 4.0 was launched, detecting the AMR genes and
chromosomal gene mutations and generating in silico antibiograms (Bortolaia et al.,
2020). The authors behind the ResFinder 4.0 stated that genotypic AST is as reliable
as a phenotypic AST for several antimicrobial/bacterial species combination and
could be used at least for surveillance (Bortolaia et al., 2020). For example,
genotype-phenotype concordance was >95% in 46/51 antimicrobial/species
combinations evaluated for gram-negative bacteria (Bortolaia et al., 2020).

The limitations of genotypic AST are their inadequate overall sensitivity and the
fact that only known AMR mechanisms can be detected. Usually when evaluating
WGS AST the phenotypic AST has been considered the correct result, even though,
phenotypic testing has important limitations in accuracy and reproducibility
(Bortolaia et al., 2020). Tthe advantages of WGS AST are that data can be analyzed
using the same bioinformatics pipeline and with 100% reproducibility between
laboratories, and that data can be easily stored and re-analyzed. Generally, WGS is
currently not suitable for routine or predictive AST in clinical settings and therefore
cannot replace phenotypic methods. There are plans in the near future for the use of
WGS data for surveillance purposes in international organizations like the WHO and
the ECDC. At the moment, decision No 1082/2013/EU of the European Parliament
and of the council on serious cross-border threats to health obligates member states
in Europe to monitor AMR phenotypically but WGS-based methods could be used
to complement the phenotypic methods.
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3 Aims

Up-to-date information of the CPE situation in Finland helps evaluate and guide the
prevention and control strategies of MDR microbes. Detailed information on
whether the CPE cases are sporadic or imported from abroad is important. In many
resistance-related aspects Finland is in a similar situation as the other Nordic
countries, and during recent years the other Nordic countries were reporting an
increasing number of CPE cases. This thesis was set out to investigate the molecular
epidemiology and transmission chains of CPE by WGS combined with
epidemiological background information from Finland, 2012-2020.

The specific aims:

1. To analyze the molecular epidemiology of CPE and CPE strains causing
clusters in Finland during 2012-2018 ().

2. To trace back the transmission chains in two clusters caused by K. pneumoniae
KPC-3 ST512 in Finland during 20132018 (II).

3. To describe the first three clusters caused by CP C. freundii in Finland during
2016-2020 (III).

4. To study the mechanism behind CAZ-A VI resistance in K. pneumoniae KPC-
2 after CAZ-AVI treatment (IV).
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4 Materials and Methods

41 CRE and CPE surveillance in Finland

In Finland, all clinical microbiology laboratories electronically notify E. cloacae, E.
coli, and K. pneumoniae isolates with reduced susceptibility to carbapenems (CRE)
to the National Infectious Disease Registry (NIDR) and send bacterial isolates with
a carbapenemase gene (CPE) to the expert microbiology unit of the Finnish Institute
for Health and Welfare (THL). During 2012-2015, THL advised the clinical
microbiology laboratories to send CPE or CRE isolates for further characterization
and thereafter CPE surveillance has been based on communicable diseases act
(1227/2016). Clinical microbiology laboratories may also send other CPE species
for further characterization, for example C. freundii is not included in the notifiable
species to be sent to the NIDR; nevertheless, THL has instructed clinical
microbiology laboratories to send CP C. freundii isolates for further characterization
and clonality analyses by WGS when an outbreak is suspected.

The national guidelines for control of MDR microbes (THL, 2020a) describes
specific measures for CPE control in HCFs. Guidelines give instructions for patient’s
screening, contact precautions, isolation and cleaning concerning CPE. In addition,
it includes the guidelines for laboratory diagnostics of MDR microbes. It defines the
minimum level for diagnostics of MDR microbes in the laboratory and gives
instructions for screening and genotypic methods. The laboratory part of the national
guideline is based on EUCAST Guidelines for detection of resistance mechanisms
and specific resistances of clinical and/or epidemiological importance (version 2.0)
(Skov & Skov, 2012a), acknowledging also the Public Health England guidelines
“Detection  of  bacteria  with  carbapenem-hydrolysing  B-lactamases
(carbapenemases)”, latest studies and the Finnish practices. The latest, revised
version include also CP C. freundii.

The ECDC published a rapid risk assessment of the emergence of CAZ-AVI
resistance in carbapenem-resistant Enterobacterales (CRE) in Europe in June 2018
and consequently THL advised the Finnish clinical microbiological laboratories to
notify when CAZ-AVI resistance is detected (European Centre for Disease
Prevention and Control, 2018).
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4.2 Quality of the data

Around 20 clinical microbiology laboratories took part in the surveillance. The
annual number of laboratories varied as laboratories merged. Eleven laboratories
were accredited by the Finnish Accreditation Service (situation in 3.11.2022). The
laboratories performed the AST and the genotypic carbapenemase gene detection
when appropriate before sending CPE isolates to the THL. We compared the number
of CRE cases notified to the NIDR and the number of CPE isolates sent for further
characterization yearly (surveillance described in the chapter 4.1) and estimated that
it is unlikely that many CPE isolates were missing. The following information was
sent to the THL along with the isolates: species, carbapenemase gene, date of
specimen, specimen type, indication (clinical/screening), AST results and
background information of the patient (date of birth, gender, place of treatment,
information about travelling or hospitalization abroad). We did not have
comprehensive data on not having preceding travelling or hospitalization abroad and
in couple of cases the indication was missing.

The expert microbiology unit of the THL was also accredited, but not specifically
CPE diagnostics. The expert microbiology unit followed the quality system and
participated regularly in the internal and external quality assessments.

The Finnish public health microbiology system capabilities and capacities were
evaluated with the EULabCap index and received a high score (ECDC, 2018).

4.3 Bacterial isolates

Study I included 231 CPE isolates identified in Finland during 2012-2018, one
isolate per patient per species per year or more than one isolate per patient when the

patient had isolates with different carbapenemase genes or sequence types (ST)
(Table 1).
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Materials and Methods

Study II included 24 CPE isolates obtained from 20 cases. Here, the case was
defined as a patient with a K. pneumoniae KPC-3 sequence type (ST)512 strain
detected in Finland from August 2013 to May 2018. These isolates were also partly
included in Study I (molecular epidemiology of CPE in Finland, 2012-2018). In
addition to patient isolates, seven environmental isolates of K. pneumoniae KPC-3
ST512 were studied (unpublished data, not included in the Table 1).

Study III included CPE isolates obtained from 20 cases. Here, the case was
definedas a patient with a CP C. freundii positive specimen belonging to one of the
three clusters detected by WGS-based cluster analysis between September 2016 and
April 2020. These isolates were also partly included in Study I (molecular
epidemiology of CPE in Finland, 2012-2018). In addition to the patient isolates, 59
environmental isolates from the three clusters were studied (unpublished data not
included in the Table 1).

Study IV included three K. pneumoniae KPC-2 ST39 isolates obtained from one
single patient during 2018. One of the three isolates was also included in Study I
(molecular epidemiology of CPE in Finland, 2012-2018).

4.4 Phenotypic analysis and CPE screening

The species identification was done in the clinical microbiology laboratories by
matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) mass
spectrometry (VITEK MS, bioMeriéux, Marcy-L’Etoile, France or Bruker Biotyper,
Becton, Dickinson and Company, New Jersey, US) and antimicrobial susceptibilities
were assessed by disk diffusion method or by gradient minimum inhibitory
concentration (MIC) determination test (ETEST, bioMeriéux, MarcyL’Etoile,
France) and interpreted according to the clinical breakpoints as published by
EUCAST (versions 2.0-8.1).

CPE screening is directed by the national guidelines for control of MDR
microbes (THL, 2020a) and the screening breakpoints for carbapenems are the same
for E. coli, E. cloacae, and K. pneumoniae as published in the EUCAST guidelines
(Skov & Skov, 2012b) except for meropenem for which the screening breakpoint is
> 0.12 mg/L (zone diameter < 25 mm). For other Enterobacterales, the breakpoints
are the same as the EUCAST clinical breakpoints, > 2 mg/L (zone diameter
<22 mm).

4.5 Molecular analysis

Generally, the clinical microbiological laboratories performed the carbapenemase
gene confirmation before sending the isolates, with reduced susceptibility to any
carbapenem, to THL. Various commercial or in-house molecular amplification
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techniques have been used during the study period. However, as they are based on
the national guidelines, these methods detect at least blakpc, blanom and blaoxa-ss
gene (THL, 2020a).

4.5.1 Whole Genome Sequencing

WGS was performed on all CPE isolates at the THL. The isolates from years 2012—
2014 were sequenced retrospectively and thereafter, all isolates have routinely been
sequenced using WGS. WGS was implemented with a MiSeq instrument (Illumina,
San Diego, California, US). For the library preparation 1ng purified DNA was used
with a NexteraXT V2 DNA sample preparation kit (Illumina) and paired-end sequenced
with a 2x150bp kit (Illumina). Libraries were scaled to reach 100-fold coverage.

Read mapping analysis was performed from the FASTQ files. Files were
transferred to the Centre for Scientific Computing environment where sequences were
trimmed with Trimmomatic version 0.33, the quality was verified with a FastQC
version 0.11.6, resistance genes and MLST were analyzed with an SRST2 version 0.2.0
(Inouye et al., 2014). The commercial software SeqSphere+ (Ridom GmbH, Miinster,
Germany) was used in cgMLST (Mellmann et al., 2016). cgMLST was performed on
K. pneumoniae and E. coli using the available cgMLST scheme from Ridom and C.
freundii and K. oxytoca cgMLST schemes were made in house having 2007 and 2947
targets, respectively. A cut-off of 10 allele differences was used to define clusters in the
minimum spanning tree prepared from the cgMLST schemes. This cut-off has been
experimentally determined and used in a previously published study (Friedrich et al.,
2016). cgMLST analysis was combined with epidemiological background information.
A Geneious version R10.2.6 (Biomatters, Ltd., Auckland, New Zealand) was used to
examine the amino acids differences in Study IV (development of CAZ-AVI resistance
in K. pneumoniae during treatment in Finland, 2018).

4.6 Ethical aspects

CPE surveillance in Finland is based on the communicable diseases act (1227/2016)
which obliges the clinical microbiology laboratories to notify E. cloacae, E. coli and
K. pneumoniae with reduced susceptibility to carbapenems. The act also requires
comprehensive AMR surveillance. In addition, the act defines that outbreak
investigations are conducted on a local level with communicable disease doctors in
charge as a part of the infection control activities in the HCF. When the outbreak is
caused by an extremely resistant microbe or spread to more than one region the THL
guides and supports the local authorities. Studies I and IV were conducted as part of
a CPE surveillance and Studies II and III as a part of the outbreak investigation, thus
no ethics committee approval was required for these studies.
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5 Results

5.1 Molecular epidemiology of CPE in Finland
during 2012—-2018 (Study 1)

The annual number of CPE isolates increased from 9 in 2012 to 70 in 2018 (Figure
5) and, the number of different STs increased from 7 in 2012 to 33 in 2018. The most
common species were K. pneumoniae (45%), E. coli (40%), C. freundii (6%), and E.
cloacae (4%). The proportions of other species ranged between 0-1%. Dominant
carbapenemase genes were blanpm-iike (35%, 80/231), blaoxa-s-ike gene group (33%,
76/231), and blakpc.ike (31%, 71/231) and these were mostly detected from E. coli
(n=50), E. coli (n=38) and K. pneumoniae (n=55), accordingly. Five isolates had
double carbapenemases. Of the individual carbapenemase genes, blakrec.3 was the
most common, followed by blaoxa-4s, blanom.s, and blanpwm-1, respectively.

The clusters detected during the study period were mainly caused by K.
pneumoniae. We reanalyzed the data by excluding the effect of clusters. In the re-
analyses we only included the first isolate from a patient and the first isolate from a
cluster during the study period and obtained slightly different results. The most
common species were E. coli (50%, 82/163), K. pneumoniae (34%, 56/163), E.
cloacae (5%, 8/163) and C. freundii (4%, 7/163). The dominant genes were in the
same order with different proportions blanpm-ike (42%), blaoxa-as-ike gene group
(37%), and blakrc.ike (17%) and these were detected from E. coli (n=41), E. coli
(n=33) and K. pneumoniae (n=20), accordingly. Four isolates had double
carbapenemases. When the effect of clusters was excluded the most common
individual carbapenemase genes were blanpm.s, followed by blaoxas, blakpc2 and
blaxpc.3, respectively.

ST distribution was diversified among E. coli isolates (92) having 37 different
STs compared to K. pneumoniae isolates (105) with only 23 different STs. The most
prevalent STs among K. pneumoniae were ST512 (n=39), ST258 (n=8), ST11 (n=7),
and ST395 (n=7) and among E. coli, ST167 (n=11), ST38 (n=9), ST405 (n=9), and
ST410 (n=7). When excluding the effect of the clusters and multiple isolates of one
patient the most prevalent STs among K. pneumoniae were ST258, ST512, ST147
and ST395 and among E. coli there were no changes. During the study period there
were no alteration in ST distribution. Carbapenemase gene distribution also
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remained stable during the years, when the number of detected isolates increased the
number of dominating STs also increased.

Information on travel history was available for 149/202 (74%) patients: 58 (39%)
patients had no links abroad, whereas 91 (61%) patients had a link: 51 (34%) patients
had travelled abroad and 40 (27%) patients had been hospitalized abroad. The most
common foreign countries linked to the CPE isolates were India (n=29 strains),
Greece (n=11), Thailand (n=9), Spain (n=7) and Turkey (n=7).
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Figure 5. Annual number of carbapenemase-producing Enterobacterales isolates and species
distribution detected in Finland, 2012-2018 (modified from Original publication I).

We divided patients with CPE by travel or hospitalization history to different
geographic regions according to WHO definitions
(https://www.who.int/occupational health/regions/regionaloffices/en/). When the
patient had a travel or hospitalization history in a European region, the most common
carbapenemase genes belonged to blaoxa-ss-iike gene group (18/37); in South-East
Asia, Western Pacific, and Africa regions, it belonged to blanpm.iike (34/40, 3/5, and
2/3 respectively); in Eastern Mediterranean region, it belonged to blaoxa-as-iike gene
group or blanpmiike (10/16 and 7/16 respectively); and in the US, it belonged to
blaxrcike (3/4) (Figure 6).
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Figure 6. Gene distribution and known travel or hospitalization history abroad of carbapenemase-
producing Enterobacterales isolates detected in Finland, 2012-2018 (modified from
Original publication I).

Overview of the CPE clusters

In total, eight CPE clusters were detected during 2012-2018 (Study I) and two during
2018-2020 (Study III) (Table 2). An experimentally defined cut-off, 10 allele
differences, was used when the clusters were defined, excluding the C. freundii
cluster in which the first two isolates had 17 allele differences. This isolate was
included in the cluster, since the cases were hospitalized in the same HCF less than
eight months apart and we later found even more closely related isolates (13 allele
difference). K. pneumoniae ST512 with KPC-3 gene caused three clusters; two large
ones with 9-23 cases and one small with two patients. C. freundii ST18 with KPC-2
gene caused one cluster with eight patients and K. preumoniae ST11 with KPC-2
gene one cluster with three patients. Furthermore, there have been three small
clusters caused by OXA-48 positive K. pneumoniae strain with different STs. Four
of the eight clusters were caused by K. pneumoniae strains belonging to the clonal
complex (CC) 258, including ST258, ST11, ST340, ST437 and ST512. In three
clusters, the link abroad was identified.
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Table 2. Clusters caused by carbapenemase-producing Enterobacterales in Finland, 2012-2020,
(Studies I-). (Partly modified from Original publication 1.)

Year(s) No. of isolates/ Species Sequence Gene(s) Link abroad,
cases or type country
patients

2013 9/9 K. pneumoniae ST512 blakpc-3 No
2013-2018 26/23 K. pneumoniae ST512 blakpc-3 No
2015-2016 2/2 K. pneumoniae ST512 blakpc3 Hospital

transfer, Italy
2016-2020 16/16 C. freundii ST18 blakpc-2 No
2016-2018 3/3 K. pneumoniae ST11/NF* blakpc-s Yes, Colombia
2018 2/2 K. pneumoniae ST395 blaoxa-4s Hospitalization,
Russia
2018 2/2 K. pneumoniae ST307 blaoxa-4s No
2018 2/2 K. pneumoniae ST273 blaoxa-s No
2018-2019 3/2 C. freundii ST604 blaoxa-1s1, No
blaces-s
2020 2/2 C. freundii ST116 blakpc-3 No

Meropenem resistance among the three most common species, K. pneumoniae,
E. coli and C. freundii, was 69% (101/147) and non-susceptibility (intermediate and
resistant) was 77% (113/147) of the CPE isolates (Table 3).

Table 3. Meropenem susceptibility categorization of Klebsiella pneumoniae, Escherichia coli and
Citrobacter freundii isolates in Finland, 2012-2018.

Meropenem SIR

Species Carbapenemase S | R Total number
K. pneumoniae KPC 2 0 38 40
NDM 0 3 12 15
OXA-48-like 5 2 8 15
NDM+OXA-48-like 0 0 4 4
E. coli KPC 1 1 0 2
NDM 0 2 32 34
OXA-48-like 22 1 2 25
C. freundii KPC 0 3 4 7
NDM 0 0 1 1
5.2 Two clusters of K. pneumoniae ST512 producing

KPC-3 in Finland, 2013—-2018 (Study II)

Two epidemiologically unrelated clusters with K. pneumoniae KPC-3 ST512 were
recognized in a cgMLST analysis of the national surveillance data (Figure 7). The
first cluster was during regional outbreak with 18 K. pneumoniae KPC-3 sequence
type (ST)512 cases in five HCFs in Northern Finland between August 2013 and May
2018, and the second cluster occurred in a single hospital with two K. pneumoniae
KPC-3 ST512 cases in Western Finland between July 2015 and April 2016. The
strain in the first cluster was only susceptible to CAZ-AVI, colistin and gentamicin
and the strain in the second cluster to gentamicin and colistin (CAZ-AVI not tested).
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Figure 7. Minimum spanning tree of 27 K. pneumoniae KPC-3 producing ST512 isolates (total 20
patient isolates and 7 environmental isolates) on core genome multilocus sequence
typing based 2358 columns. Each circle represents one or multiple identical sequences.
Numbers between the circles indicate the number of allele differences between
connected sequences. Text in the circle indicates the case number, sample month/year,
and colors indicate the health care facility. Environmental isolates are uncolored.
(Maodified from Original publication II.)
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Description of the clusters

Cluster 1 and 2 have 12 allele differences with each other, when comparing the
closest isolates.

Cluster 1

In cluster 1 the link abroad was unclear; 6/18 cases occupied the same room without
an overlapping stay in one of the five HCFs. The index case 1 in HCF A was treated
in same room as the later cases 2, 3 and 4. Case 4 was detected in HCF B. Case 5
was detected in HCF C without a known link to previous cases. Case 6 was treated
in the same ward as case 5 without an overlapping stay. Case 7 shared a room with
cases 9 and 10 without an overlapping stay. Cases 8, 9 and 10 were found by ward
screening and case 8 was treated on the same ward as case 5. Case 11 was detected
without a previous link to the other cases. Case 12 had an identical strain with case
5 and they both had attended the same treatment weekly in HCF C. Cases 13 and 14
were detected in HCF D and had both stayed in the same room as case 1 in HCF A.
Case 15 had stayed in the same ward as case 13 in HCF D. Case 16 had stayed in the
same ward and room as case 15 in HCF D. Case 17 was identified in HCF E and had
been treated previously in HCF D, in the same room as case 13. Case 18 had been
on the same ward and room as case 17. The median time interval between the first
positive specimens of all cases in cluster 1 was three months (range: 0-15 months).
In addition, to enhanced patient screening the environment was also screened. All
tested environmental specimens from HCF A, C, D and E were negative. Later on,
when new cases were detected the environment was also screened again and positive
specimens were detected.

Cluster 2

In cluster 2 the first case (case 19) had been transferred from an Italian hospital and
case 20 occupied the same room although more than eight months apart in HCF F.
Environmental screening in HCF F found seven positive specimens for K.
pneumoniae KPC-3 ST512, and these were either identical or had a maximum of
three alleles differences compared with the isolates from the cases. The positive sites
were the patient’s desk, windowsill, floor drain, toilet seat, and inner toilet surface
near to the water’s edge. The toilet remained repeatedly positive and required 2,000
ppm chlorine treatment.

53 Three clusters of CP C. freundii in Finland,
2016-2020 (Study 1)

We detected three CP C. freundii clusters, which were genetically unrelated. Within
the clusters and among the closest isolates the distance varied between 0-13 alleles
in the largest cluster and between 1-6 alleles in the two smaller clusters. Cluster 1
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included 16 cases in five HCFs (HCF A-E) in South-Eastern and Southern Finland
between September 2016 and April 2020, cluster 2 two cases (three isolates) in two
HCFs (HCF F and G), in Southwestern Finland between January 2018 and March
2019, and cluster 3 two cases in one HCF H in Northern Finland in January 2020
(Figure 8). None of the cases had reported a travel or hospitalization history abroad
in the preceding year.

The strain in cluster 1 had KPC-2 carbapenemase and sequence type (ST)18.
Cluster 2 strain had OXA-181/GES-5 carbapenemases and ST604 and cluster 3
strain had KPC-3 carbapenemase and ST116. In addition, environmental screening
found genetically related isolate/s and one environmental isolate for each cluster is
shown in Figure 8.

Health care facility
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@]c
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Cluster 3 b4

Cluster 1

Figure 8. Minimum spanning tree of 24 CP C. freundii isolates belonging to clusters 1, 2 and 3
(total 20 cases, 21 patient isolates and 3 environmental isolates) on core genome
multilocus sequence typing based 2007 columns. Each circle represents one or multiple
identical sequences. Numbers between the circles indicate the number of allele
differences between connected sequences. The text in the circle indicates the case
number, and the colours indicate the health care facility (A—H). Environmental (E) isolates
are uncoloured. (Modified from Original publication IlI).
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Description of the clusters

Cluster 1

The first case in cluster 1 was detected in HCF A in September 2016 and later during
2017-2019 there were five more cases. During 2016-2020 there were also four cases
in HCF B. The links between HCFs A and B were cases 2 and 5, who were treated
in both HFCs. Cluster 1 was detected in HCF C with three cases. Case 8 had
previously been hospitalized in HFC A before admission to HCF C. A screening
specimen had been taken from Case 18 in HCF D December 2019 and the patient
had had a preceding stay in HCF B. Cluster 1 was presumably transferred from HCF
B to HCF E via case 14. In HCF E there were two cases. After detecting CPE-cases,
screening was enhanced in HCFs A and B, but no new cases were found. The median
time interval between the first positive specimens of all cases in cluster 1 was three
months (range: 0—15 months). Environmental screening in HCF A did not find any
CP C. freundii isolates, but in HCF B the screening revealed several isolates
genetically related to cluster 1.

Cluster 2

The first case (17) in cluster 2 was a patient with two CP C. freundii ST604 isolates
in HCF F. The first isolate was from a clinical urine specimen with OXA-181
carbapenemase and the second from blood with OXA-181 and in addition GES-5
carbapenemases in January 2018. The second case (18) in cluster 2 had a preceding
stay in HCF F before HCF G, and a C. freundii strain with OXA-181 carbapenemase
was observed from blood specimen in March 2019. Environmental screening in HCF
F revealed isolates genetically related to cluster 2.

Cluster 3

While conducting enhanced MDR screening because of K. prneumoniae ST512
producing KPC-3 outbreak in HCF H, two related CP C. freundii ST116 cases were
found in January 2020 (Study II). The first case (19) initially had a urine infection
caused by a K. pneumoniae outbreak strain and five days later C. freundii with KPC-
3 carbapenemase and CTX-M-15 B-lactamase were found in a screening specimen
obtained from urine. The following day, Case 20 with C. freundii having KPC-3
carbapenemase was found in a screening specimen. Environmental screening in HCF
H found genetically related isolates to cluster 3.
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54 Development of CAZ-AVI resistance in K.
pneumoniae during treatment in Finland, 2018
(Study 1V)

In total, three K. pneumoniae isolates were isolated from a patient transferred from
a hospital in Greece. When the patient was admitted to a Finnish hospital, the
screening specimens for MDR bacteria were obtained at admission, according to the
national guidelines for control of MDR microbes (THL, 2020a). K. pneumoniae
KPC-2 ST39 was isolated from sacrum decubitus, isolate 1, susceptible to CAZ-AVI
and resistant to carbapenems and several other antimicrobials in addition isolate had
the blakpc-> gene. Later, the patient developed fever and K. pneumoniae KPC-2 ST39
was isolated from the blood culture, isolate 2, susceptible to CAZ-AVI and resistant
to carbapenems and having the blakpc gene. The treatment with tigecyclin and
CAZ-AVI was given for two weeks. After two days without antimicrobials, the
patient developed fever again and the second infection was treated with fosfomycin
and CAZ-AVI for 19 days. Ten days after the antimicrobial treatment was stopped,
after a total of 34 days of the CAZ-AVI treatment, the patient developed fever once
more. This time the blood culture was positive for K. pneumoniae KPC-2-variant
ST39, isolate 3, resistant to both CAZ-AVI and carbapenem, but susceptible to
colistin and sulfamethoxazole-trimethoprim. The patient recovered from the
infection.

We analyzed in detail the isolate 3 mutated blakpc-» gene sequence and found 45
nucleotide insertion. Gene blakpc.> encodes KPC-2 protein and in isolate 3 45
nucleotide insertion corresponds to 15 amino acid insertion (AVYTRAPNKDDKHSE)
after position 259 of the KPC-2 protein (Figure 9).

Figure 9. Nucleic acid sequences of blakpc.2 gene of the three studied isolates in the mutated area.

Comparative protein modelling based on an inhibitor-blocked KPC-2 crystal
structure (PDB ID: 5UJ4) showed that the 15 amino acid insertion add to a loop
region connecting the central beta-sheet to the carboxyl-terminal alpha-helix
proximal to the KPC-2 active site (Figure 10).
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Figure 10. lllustration/Comparative protein modelling of 15 amino acid insertion in mutated protein
KPC-2. Turquoise color is the inserted loop region and red shape in the middle is
avibactam. Picture credits to Santeri Puranen.
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6.1 Benefits of nationwide WGS surveillance

We detected or confirmed clusters during routine CPE surveillance (Studies I, IT and
III). All CPE isolates were sequenced and the gained genomic data was analyzed
with cgMLST in Ridom SeqSphere+ (Ridom GmbH, Miinster, Germany) to enable
continuous molecular epidemiology surveillance (Mellmann et al., 2016). Ridom
SeqSphere+ software has the graphical user interface and it is easy to use even
without wide bioinformatic knowledge and it was since suitable for our usage. WGS-
based surveillance produces such comprehensive data from the bacterial genome that
according to Snitkin et al. the transmission route can be traced back quite reliably
using different analyses and it can reveal unknown transmission links within clusters
(Snitkin et al., 2012). Our mighty advantage in Finland was that we were able to
perform WGS on all CPE isolates nationwide. The ECDC report found that only
seven of the 30 surveyed countries stated that they were either using or planning to
start using routine first line genomic surveillance and outbreak investigations by
2019 (ECDC, 2018). The low number of CPE per year in Finland was one factor that
enabled the usage of WGS compared to some endemic countries where CPE
numbers per year can be manifold.

Centralized CPE control has a high value in identifying local transmission
through prospective genomic and epidemiological surveillance (Lane et al., 2020).
Close collaboration and coordination with hospitals or HCFs infection control teams
and having epidemiological background information comprehensively available was
important. Nationwide surveillance with patient data enabled us to detect clusters at
an early stage and start interventions to stop them spreading. Some of the clusters or
cases (Studies I and III) were suspected in advance but not in all cases. Both K.
pneumoniae ST512 producing KPC-3 clusters (Study II) were recognized by routine
nationwide WGS surveillance. A study from Australia even suggests that this kind
of, or even more rapid, surveillance could help maintain low CPE prevalence (Lane
et al., 2020).

We detected several clusters because surveillance was conducted using WGS
and it enabled precise molecular cluster analysis. In many clusters the first finding
was from clinical specimens from patients without a link abroad. This phenomenon
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was alarming and indicated hidden transmission. Another worrying observation was
that after detecting a cluster, spreading was not halted every time. WGS data could
be utilized more on an international level and now Europe is making coordinated
efforts. The timing is optimal to foster the use of WGS because currently sequencing
accuracy has increased, and costs decreased. Hopefully in the future WGS could be
used routinely to investigate CPE outbreaks internationally as well. There are already
some examples of how international collaboration of monitoring the spread of CPE
can be implemented via coordination of the ECDC (Ludden et al., 2020). In addition,
the WHO plans to use WGS data for AMR surveillance in the future. WGS data is
digital, and it provides greater inter-laboratory comparability than phenotypic
testing. WGS could be used on an international level for monitoring pathogen
populations, detecting high-risk AMR clones, identifying sources of transmission
and assessing the impact of interventions.

Defined thresholds for distinguishing unrelated isolates

The threshold or cut off in cgMLST cluster analysis is important because it guides
decisions about having a cluster or not and provides warning signals when attention
isrequired. Variables like species, sequence type, assembly quality, analysis schema,
number and diversity of isolates analyzed, time between samples all affect the cut
off value (Sherry et al., 2019). For many years, we have used a ten allele cut off
based on literature where cut offs were calculated from the threshold for genetic
distance (Friedrich et al., 2016). In addition, epidemiological background
information was included, and it supported mostly the cluster findings. However, the
first case in CP C. freundii in Finland (Study III), in cluster 1 had 17 allele differences
to the second isolate (and 13 allele differences to the closest isolate) as described in
the results. This relatively long exceeding of the genetic distance was not common
compared to the previous CPE clusters in Finland (Studies I and II), however, the
same phenomenon found in C. freundii which has a lengthier genetic relation, has
been previously described (Marmor et al., 2020). Long-term carriage of resistant
bacteria can accelerate the genetic changes and can be a confounder (Conlan et al.,
2016; E. Ruppé et al., 2017). This one case was an exception in our material. The
cut off used in these studies was applied to our data set and workflow.

An Australian study observed that genomic data, such as the use of a genomic
cluster definition alone, may merge epidemiologically dispersed cases, reducing the
ability to identify risk factors and the geographical or temporal focus of transmission
(Nicole Stoesser et al., 2020). Moreover, spreading can be other than clonal and
plasmid IncX3-mediated spread of KPC-3 carbapenemase has been shown to occur
among CP. C. freundii (Venditti et al., 2017; Lane et al., 2020). The WGS method
we used produced short read sequences and for a proper plasmid analysis more long
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read sequences are necessary. On the other hand, it is possible that an existing
epidemiological link was not found despite epidemiological investigation. In three
clusters of CP C. freundii in Finland (Study III) cluster 3 was detected when HCF H
had an ongoing K. pneumoniae KPC-3 ST512 outbreak (Study II) and enhanced
screening of patients and environment. An interesting finding was that the outbreak
strain K. pneumoniae and C. freundii had the same KPC-3 carbapenemase. We did
some preliminary plasmid profile analysis and it showed that the strains shared two
similar plasmids IncFIB(pQil) and IncFII(K) (data not shown). These plasmids are
known to carry the blaxpc gene and this discovery indicates possible plasmid transfer
between species occurred.

6.2 Molecular epidemiology of CPE in Finland
during 2012-2018

Species and genes

Molecular epidemiology of CPE in Finland, 2012-2018 (Study I) indicated that CPE
isolates were increasingly more prevalent in Finland and have caused several clusters
during the study period 2013-2018. This same rise in CPE cases has also been seen
in other Nordic countries in the same time period (information from the NSCMID
2021 presentation by Arnfinn Sundsfjord). The three dominant CPE species were K.
pneumoniae, E. coli and C. freundii. The most common carbapenemase was KPC-3
and the most frequent CPE finding in our material was KPC-producing K.
pneumoniae, which caused most of the clusters. In Sweden, Norway, Denmark and
the Netherlands E. coli and K. pneumoniae were also the dominating species among
CPE (dArsrapport, 2020; Attauabi et al., 2021; Samuelsen et al., 2017; van der
Zwaluw et al., 2020). KPC was often detected in K. pneumoniae and seldom in E.
coli; a similar trend was observed elsewhere in Europe (drsrapport, 2020;
Grundmann et al., 2017). If the clusters were excluded the most common
carbapenemase types were NDM, OXA-48-like group, and KPC, accordingly
(molecular epidemiology of CPE in Finland, 2012-2018, Study I). In Sweden and
Denmark OXA-48 and NDM have been the two most common carbapenemase types
over many years (2013-2020) (Arsrapport, 2020; Attauabi et al., 2021). In Norway
KPC, NDM and OXA-48 were the most common carbapenemase types between
2007 and 2014 (Samuelsen et al., 2017) and from 2015 to 2020 OXA-48 and NDM
were also clearly dominant in Norway (Resistance, 2020). In Finland, the clusters
caused by KPC-producing K. pneumoniae had notable effects on prevalence but
when the clusters were excluded the data indicated a greater similarity to other
Nordic countries.
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Sequence types

E. coli had more STs than K. pneumoniae, showing less clonal population structure.
Successful clone STs predominated in our material: K. pneumoniae ST512, ST258,
ST11 and E. coli ST38, ST410, ST167. In Europe K. pneumoniae clonal complex
(CC) 258 was spread comprehensively (including the ST258, ST512, ST340, ST437
and ST11) (Pitout et al., 2015; Wyres & Holt, 2016) and it has been shown that K.
pneumoniae strains with carbapenemase genes spread more aggressively than less
resistant strains (David et al., 2019). Our species, ST range and carried gene results
were very similar to the data from Norway (Samuelsen et al., 2017). When analyzing
all the isolates the K. pneumoniae ST512 that exclusively had the KPC-3 gene was
the most prevalent, but after excluding the clusters the K. pneumoniae ST258 with
the KPC-2 or KPC-3 gene was the most prevalent. In the data from Norway the K.
pneumoniae ST258 with the KPC-2 or KPC-3 gene was also the most prevalent
(Samuelsen et al., 2017). The third most common ST in Finland for K. pneumoniae
was ST11 with a more wide range of carbapenemase types (KPC-2, KPC-3, OXA-
48 and NDM-1) and this ST11, in the data from Norway, also had two different
carbapenemase gene types (Samuelsen et al., 2017). K. pneumoniae ST147 and
ST395 were associated mostly with the OXA-48-like gene group and to a lesser
extent the NDM-1 gene. These sequence types have been described to be the most
dominant among CPE producing OXA-48 in France (Liapis et al., 2014).

E. coli ST167 were the dominant ST and in 10 cases of 11 it had an NDM-5 gene
(one was double carbapenemase with OXA-181) and one isolate had an OXA-181
gene. Nine of these cases had a travel history abroad and ST167 has been described
to be the dominating ST among NDM-positive E. coli and has been detected in
multiple countries (Wu, 2019). The second most prevalent STs among E. coli were
ST38 and ST405. ST38 carried only OXA-48-like genes and this has been associated
with global dispersion of OXA-48-like genes (Pitout et al., 2020). ST405 was mostly
associated with NDM-genes and to a lesser extent with OXA-48-like gene group
genes. Typically ST405 E. coli has been associated with a global distribution with
ESBLs but associations with the NDM-gene has been documented in Europe with
previous connections to Asia (Zhang et al., 2018). E. coli ST410 was the fourth most
common ST and had a wide selection of carbapenemase types; NDM-1, NDM-5,
OXA-48 and OXA-181. E. coli ST410 has also been associated with the spread of
OXA-48 like genes (Pitout et al., 2020), has caused several hospital outbreaks in
several countries and is proposed to be considered as a high-risk clone (Roer et al.,
2018). E. coli ST38, ST410 and ST405 were found in Norway as well, and ST38 and
ST410 were the only E. coli STs having genetically related isolates (Samuelsen et
al., 2017).
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Traveling and importation of CPE

The most of CPE cases detected in Finland were still related to traveling or
hospitalization abroad as in the previous report from Finland 2008-2011 where 18
of the 25 patients with CPE had a known link abroad (Osterblad et al., 2012). The
latest reports from Sweden, Norway and Denmark also showed that most CPE cases
are imported (Attauabi et al., 2021; Lofmark et al., 2015; Samuelsen et al., 2017).
The carrier rate of resistant bacteria among the healthy population in Finland was
low: ESBL-producing E. coli prevalence was 6.6% and no CPE were identified
between 2015 and 2017 (Ny et al., 2018). International traveling is closely related to
acquisition of MDR organisms and three major risk factors are the travel destination,
antimicrobial usage and traveler’s diarrhea (Arcilla et al., 2017). ESBL-producing
Enterobacteriaceae colonization during travel to high-endemic country can be even
100% when sampling is done daily (Kantele et al., 2021). Compared to CPE, ESBLs
are more common and colonization can be acquired through direct transmission or
common exposure such as food or water consumption (Kantele et al., 2021). CPE
acquisition has long been strongly associated with contact to healthcare during
traveling, which is still one important aspect (Kajova et al., 2021). However, recent
data shows that international traveling without any connection to healthcare is
enough to gain CPE (Mellon et al., 2020; Van Hattem et al., 2016). After traveling
a colonized person has the potential to spread the bacteria in a household (Van
Hattem et al., 2016). The influence of the endemicity of a certain carbapenemase
gene can be seen in our material when examining the areas visited and the genes
imported. Strains isolated, especially those found after a patient’s hospital transfer
from a foreign country were probably imported; however isolates isolated after a
patient had been traveling were also in concordance with the global trend: for
example in South-East Asia the NDM-gene is endemic, and we found that patients
who had traveled in those areas had most often imported NDM-genes (Logan &
Weinstein, 2017). Furthermore, the broad selection of species, sequence types and
different carbapenemase genes detected supports the discovery that most cases were
imported.

CPE clusters

CPE clusters in Finland were caused by K. pneumoniae or C. freundii (molecular
epidemiology of CPE in Finland, 2012-2018, Study I). An interesting finding was
that CP E. coli did not cause any clusters in Finland during the study period, although
it was the second prevalent species found. When all the globally documented CPE
clusters in acute hospital settings for 2000-2015 were reviewed by French et al. The
results showed that more than 80% were caused by K. pneumoniae (French et al.,
2017). In contrast, in Sweden, ten small CPE clusters were reported in 2020 and
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nine of those were caused by E. coli and only one by K. pneumoniae (Arsrapport,
2020). In Denmark they had a similar situation as in Sweden that CPE clusters were
often caused by E. coli or Enterobacter hormaechei (Attauabi et al., 2021). CPE
clusters caused by K. pneumoniae in Sweden and Denmark were not caused by KPC-
producers, as for the most part was also the case in Finland (drsrapport, 2020,
Attauabi et al., 2021). All CP K. pneumoniae clusters we detected belonged to
international high-risk clones; 4/7 were part of CC258 (Wyres & Holt, 2016), one
cluster had ST395 (Dogan et al., 2021), one ST307 (Pitout et al., 2020) and one
ST273 (Chou et al., 2016).

CP C. freundii was not a notifiable species in Finland but all CP species were
characterized if there was a suspicion of an outbreak. In recent years, clusters caused
by CP C. freundii have been described in numerous countries and their number
among other CP species is increasing (Arana et al., 2017; Faccone et al., 2019;
Hammerum et al., 2016; Jiménez et al., 2017; Marmor et al., 2020; Pletz et al., 2018;
Rodel et al., 2019; Schweizer et al., 2019; Venditti et al., 2017; Yao et al., 2021).

We described three clusters of CP C. freundii in Finland, 2016-2020 (Study III).
The largest of these totaled 16 cases and was the second largest cluster detected
during 2012-2020. In Denmark six CP C. fireundii clusters have been reported
betweeen 2012-2020 (Attauabi et al., 2021). Two of these Danish CP C. freundii
clusters were the same STs, ST18, as the largest cluster in Finland, but the
carbapenemase genes were different (NDM-1 and OXA-48). One of these ST18
clusters in Denmark was also the second biggest during 2012-2020 (Attauabi et al.,
2021; Hammerum et al., 2016). In Germany they have also detected CP C. freundii
ST18 cluster but the gene was KPC-3, whereas in Finland it was KPC-2 (Yao et al.,
2021). Among detected CP C. freundii clusters no links abroad were discovered in
Finland.

6.3 Phenotypic profile of CPE isolates according to
species and carbapenemase variant

Our results show that CP K. pneumoniae (88%) was more often non-susceptible to
meropenem than CP E. coli (62%) and bacteria having carbapenemase gene types
KPC, NDM and OXA were non-susceptible 94%, 100% and 33%, respectively. The
susceptibility results, as a whole, were in concordance with the results from Canada,
where a similar CPE screening practice to the one we used in Finland was employed
using meropenem, and it seemed to optimally also find carbapenem susceptible CPE
isolates (Fattouh et al., 2016). A study from the Netherlands with more isolates
showed that isolates with different carbapenemase gene alleles also had different
meropenem susceptibility levels (van der Zwaluw et al., 2020).
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The sample size of CP C. freundii was small, 10 strains, but among these, 8/10
were non-susceptible to meropenem. Among all CPE isolates, 23% were meropenem
susceptible, but still detected if our national guidelines for screening breakpoint were
used.

6.4 Tracing back transmission routes of two CP K.
pneumoniae clusters, Finland, 2013-2018

When tracing back transmission routes of two K. pneumoniae KPC-3 ST512 clusters
(Study II), we noticed two factors that caused the spread of the CPE clone: unknown
carriers transferred between the HCFs and environmental contamination. Most cases
in these two clusters were detected by clinical specimens. Even though screening
was boosted in all wards where CPE cases were detected, only a few cases were
identified by screening. For instance, the index case patient had negative surveillance
cultures for MDR microbes before the positive clinical specimen. Long intervals
between the cases were a challenge for epidemiological investigation and even more
challenging was having to conduct a multi-institutional outbreak investigation
compared to an outbreak investigation done in only one institution.

An epidemiological link was found in 16/20 of the cases and only two cases had
overlapping stays in a common room. This also supports the idea that dissemination
was conducted via environmental contamination. The environment has been reported
many times as prolonging the outbreak or being the source of it (Jolivet et al., 2021;
Kotsanas et al., 2013; Leitner et al., 2015; Snitkin et al., 2012; Tofteland et al., 2013;
Vergara-Lopez et al., 2013). It is speculated that particularly in prolonged outbreaks
environmental reservoirs are underestimated (French et al., 2017). Several
Enterobacterales are shown to survive long periods in the environment, and after
starting environmental screening it was noticed that the disinfection control methods
used were not sufficient to destroy the MDR bacteria and stop the spread. In addition,
long intervals between new cases in cluster detection support that the environment
had a role in dissemination. Consequently, we updated our national guidelines for
control of MDR microbes concerning CPE. Changes were made to terminal cleaning
following the patient’s discharge and screening strategies. The updated guidelines
highlighted that hospital environment needs be taken into account during CPE
outbreaks and sanitary facilities needs to be cleaned with chlorine. In CPE outbreaks
screening was suggested to continue longer than in outbreaks caused by other MDR
microbes.

It is still unclear where the index case in cluster 1 initially got the strain, but
index case (19) in cluster 2 had a preceding hospital stay in Italy. It is noteworthy
that this clone has been described in several reports in Italy (Migliavacca et al., 2013;
Piccirilli et al., 2020).
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Four studies analyzing outbreaks caused by the ST512 clone with WGS were
found in Italy and one in Spain (Table 4). The clusters in the studies included 4-19
isolates confirmed by WGS, but usually only a part of the isolates was analyzed by
WGS and the clusters were probably larger. Among these studies, more than one
cluster was often detected, and other successful clones were found causing clusters
too. The first outbreak of KPC-producing the K. pneumoniae strain ST512 in Finland
was in 2013 and affected nine patients in a primary care hospital (Kanerva et al.,
2015). Two K. pneumoniae KPC-3 ST512 clusters (Study II) were sequential and
this time in the second cluster the spreading was regional. The core genome
(cg)MLST analysis revealed two clusters with 12 allele differences. We did not find
any epidemiological link between these two clusters and the allele differences were
over the cluster threshold, and therefore we estimated that these clusters were
separate. On the other hand, Case 4 had several specimens during a period of two
years and three months and the allele differences were 11. Long-term carriage of
resistant bacteria can accelerate the genetic changes and lead to misinterpretations
of strain relationships (Conlan et al., 2016; E. Ruppé et al., 2017). When analyzing
WGS data strict cut-offs are problematic and epidemiological data is needed for
better interpretation.

70



Discussion

Bulousnbag awoua9) 8|0y SOM

Ayjioey 8180 Y)jesH 40H
"/ Ul punoy Sem auo|o 8y} Ing ‘s4OH 6Z aJom alay) Ajjejo]

(6102 8102
“leyd (s1eysnp -€102
)aag uen) a|qissod anIsuayaidwod | omy) g pue zg ¥Z l 6. ¥Z ETETETS | pue g ‘puejuiy
0co0e
(Lzoz “1e (GEE) paloads —6102
18 pUsA) ON paywi OM}) 9 pue gl 6€ 10N 00l 6€ |elanss 9 ‘Kley

(0zoz “1e Aiebins
1o eualy) dlqissod anisusyaidwio) 9l 8¢ 0 0 8¢ -0lnaN 3 910z ‘Aley
(0zozZ sjuaned (s1e18n)0 9l0¢
“leje 3y} JO %98 uo @a.y}) -5102
BuejuO-) dlqissod anisusyaidwo) | { pue ‘6 ‘L Ge yAA4" 0oL yA4" [elaAes l ‘Kley
9102
(6102 “1e (simysnpd (syusned a1eo -5102
19 Lewsd) 8|qeqo.d aAnisusyaidwod | om}) ¢ pue g A 9l A €2) vl SAISUBU| 3 ‘Krey

aejuownaud
M
Buionpoud 144114
(9102 “1e payads | payioads |-OdM aiom 4114
19 09)0) ON ON 3 € 10N 10N 18 ‘eiie [elaAes *L ‘uredg
SOM
Ag pawayuod
Jaysn|d SOM Aq (%)

uonewojul | 0} Buibuojaq | pajebiysaaul |suawiodads| uswioads S49H pouad
92Inos punoibyoeq saje|osl soje|osl poojq |eoiul|o jo | sajejosi PaAjOAUl awi]
92UdI3}9Y | |[ejUBWIUOIIAUT | [elBojoiwapid] Jo 'ON Jo 'ON Jo'OoN | uonuodoid | jo ‘ON Ayjeroads | 30 'ON ‘Aiuno?)
'0202-210z ‘Buiouanbas swouab ajoym yum pazAjeue sia)sn|o g1.G1S eeiuownaud "y Buonpoid-asewsuadeqled jo Alewwnsg  *p a|qel

71



Kati Raisanen

6.5 Description of three CP C. freundii clusters
detected in Finland during 2016-2020

The Finnish national CPE surveillance by WGS and cgMLST analysis revealed three
unrelated CP C. freundii clusters with 21 isolates (20 cases) between September 2016
and May 2020 (Study III). For the same time period a total of 23 CP C. freundii
isolates from Finnish clinical microbiology laboratories were received, meaning that
91% of the isolates belonged to the detected clusters. This can be explained by
previous CPE directions in Finland where only isolates causing the suspicion of an
outbreak were sent for further characterization. Among CP C. freundii clusters, the
majority 67% (14/21) of the isolates were from clinical specimens, despite enhanced
screening. The same was discovered in two K. pneumoniae KPC-3 ST512 clusters
(Study II) and among CP C. freundii in the Danish study (Hammerum et al., 2016)
and the explanation could be that the screening method was not sensitive enough to
detect CP C. freundii in the patient or the environment (Jiménez et al., 2017; Pletz et
al., 2018).

The role of the hospital environment as a reservoir of the CP C. freundii was also
strongly suspected in this study. The epidemiological link was usually a stay on the
same ward with a previously detected CP C. freundii case, but only a minority of the
stays overlapped. CPE have been previously described as being found in drains,
sinks and faucets (Jolivet et al., 2021; Kizny Gordon et al., 2017) and we found
genetically related environmental CP C. freundii isolates in all of the three detected
clusters. However, the environment was not sampled in a systematic manner after
appropriate cleaning and the interpretation of the findings was difficult as to which
of the contaminates were transient or long term.

Based on our previous experience, in Study 11 (two K. pneumoniae KPC-3 ST512
clusters), through monitoring the clusters and the environmental findings, HCF B
changed four toilet seats and three sink drains in the wards where the cases had
mainly been hospitalized and the new cases stopped appearing; whereas in HCF A
and C this was not done it, and cases continued to appear sporadically. In the French
study they also replaced the CPE-positive toilet bowls and tanks by rimless toilets in
the ward where the CPE outbreak was ongoing, and the replacement successfully
ended the outbreak (Jolivet et al., 2021). In addition to the environment, CP C.
freundii has been connected to the food chain, with findings from fresh vegetables
in China and with a large nosocomial foodborne outbreak in Germany (Liu et al.,
2018; Pletz et al., 2018).

We had an interesting link between CP K. pneumoniae and CP C. freundii
clusters sharing the same carbapenemase gene when one of the patients had both
outbreak strains. A similar multi-species outbreak was described in France (Jolivet
et al., 2021). In addition, polymicrobial cultures from patients have been described
where C. freundii shared the same carbapenemase gene with another bacterial
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species (Yao et al., 2021). Advanced analyzing methods can partly explain this
observation when interspecies spreading of resistance genes can be explored, but it
seems that C. freundii is effectively collecting resistance genes and these are almost
always located on plasmids (Yao et al., 2021). Moreover, cluster reports of CP C.
freundii from different countries show that carbapenemase genes are same as
abundant ones among other species (Yao et al., 2021). We detected some C. freundii
isolates from the same location and with the same carbapenemase gene as the
outbreak strain but they were genetically unrelated (data not shown). In Germany
they had a similar situation and they did detailed plasmid analysis, which revealed
that genetically unrelated CP C. freundii isolates shared a genetically related plasmid
encoding KPC-2 gene (Yao et al., 2021).

In recent years, clusters caused by CP C. freundii have increasingly been
reported, but the usage of WGS in previous investigations of CP C. freundii clusters
has mostly been restricted to one hospital only (Table 5). To our knowledge inter-
hospital spread detected by WGS has been reported only twice before, one minor
cluster with two cases in Germany and another larger cluster with 77 cases in Canada
(Paré et al., 2020; Schweizer et al., 2019). In addition, epidemiological background
information was scarce in many studies.
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6.6 New mechanism causing CAZ-AVI resistance
in KPC-producing K. pneumoniae during
CAZ-AVI treatment

We reported the first CAZ-AVI resistant K. pneumoniae isolate with blaxec gene
isolated in Finland (Study I'V) and this also seemed to be the second reported case in
Europe. The patient was colonized with KPC-2 producing K. pneumoniae ST39 and
later developed a bloodstream infection. CAZ-AVI resistance was detected after 34
days of CAZ-AVI treatment.

The CAZ-AVI resistant isolate had a mutated blakpc» gene encoding KPC-2
protein with 15 amino acid insertion. The mutation in blakpc-> gene detected in our
study has not previously been reported. Comparative protein modelling (LLC, n.d.;
Sali & Blundell, 1993) based on an inhibitor-blocked KPC-2 crystal structure (PDB
ID: 5UJ4) showed that the 15 amino acid insertion added a loop region connecting
the central beta-sheet to the carboxyl-terminal alpha-helix proximal to the KPC-2
active site.

We hypothesize that the insertion caused a structural change that weakened the
inhibitory activity of avibactam by preventing its binding to the active site. This
inability of avibactam to bind to the active site was suspected to be the cause of the
resistance. Prior to our study there have been very few published studies showing
mutations in blaxpc genes connected to development of CAZ-AVI resistance
during/after CAZ-AVI treatment.

CAZ-AVI was launched in the US in 2015 and in Europe in 2016. The first
reports of resistance during treatment were published in the US, from 2016 onwards.
In the first report, K. pneumoniae ST258 isolates with three mutations in KPC-3
(D179Y/T243M double substitution, D179Y and V240G) were discovered after 10—
19 days of CAZ-AVI treatment (Haidar et al., 2017; Shields et al., 2017). Later, in
Italy, the D179Y mutation in KPC-3 was also described in the K. pneumoniae
ST1519 isolate after 17 days of CAZ-AVI treatment (Gaibani et al., 2018). In the
second report from the US, the same D179Y mutation was described in KPC-2 in K.
pneumoniae ST258 isolate after 12 days of CAZ-AVI treatment (Giddins et al.,
2018). Interestingly, these earlier reports indicated that during CAZ-AVI resistance,
meropenem MICs decreased and some strains even became susceptible to
meropenem. We observed the same decrease in meropenem MICs (from <32 to 16),
but our strain remained resistant.

6.7 Limitations of the studies

This thesis was based on results from routine surveillance data as opposed to
allocated research. Surveillance in Finland is focused on CPE and not all CRE are
analyzed. When focusing on CPE isolates with laboratory confirmation in clinical
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microbiology laboratories, we might have missed some CRE isolates with
carbapenemase genes which were not included in the methods used. Moreover,
susceptibility results from CPE strains were deficient and dependent on the data the
clinical microbiology laboratory provided with the isolates. Susceptibility results
collected in Study I (molecular epidemiology of CPE in Finland, 2012-2018) was
available in 64% of the studied isolates. The carbapenem resistance situation in
Finland was followed separately in the Finres report which is published annually.

CPE species instructed to be sent to THL affected the species spectrum of CPE
in our studies. For example, after detecting the clusters caused by CP C. freundii this
species was added to the list and its proportion increased among CPE collected in
Finland.

In general, in routine surveillance some information is always missing to a
certain extent. In Study I (molecular epidemiology of CPE in Finland, 2012-2018),
information on prior traveling or hospitalization abroad was interesting, but it was
not systematically collected. We attempted to complete the information but
nevertheless 26% of this information remained missing.

Focusing only on clonal spread and not on plasmid-mediated spread can also be
counted as a limitation of the thesis. Clusters described in this thesis result from
clonal spreading and are relatively easy to detect from the short-read sequencing that
we use in our routine surveillance. Short-read sequencing can be misleading if
studying plasmid-mediated outbreaks with a broad host-range where plasmid is
moving between different species within or between patients or environmental
organisms.

One of the weaknesses in the study was that B-lactamases or virulence factors
were not analyzed in detail. Furthermore, fluoroquinolone resistance would be
interesting to study carefully. Our resistance gene detection method with SRST2
could not find penicillin binding proteins or point mutations.

When detecting new mechanism causing CAZ-AVI resistance in KPC-
producing K. pneumoniae during CAZ-AVI treatment (Study 1V), our hypothesis
could have been validated with a recombinant experiment. Plasmids from a CAZ-
AVI resistant K. pneumoniae isolate with mutated blaxpc» gene and non-mutated
blaxpc» gene could have been isolated and transferred to donor bacteria. The
susceptibility results of these donor bacteria could have proved that the mutated gene
was causing the resistance. With unlimited research capacity, the mutated KPC-2
protein could have been modelled with crystallography.
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Conclusions

The yearly detected cases of CPE showed an increasing trend in Finland
from 2012 to 2018. Most of the CPE cases were related to travel or
hospitalization abroad.

As we showed CPE clusters and outbreaks are common even in low-
prevalence countries, like Finland, due to their high transmissibility.
This can have a global impact. K. pneumoniae CC258 includes
successful and high-risk clones which were shown to cause the majority
of the outbreaks in Finland.

When the number of CP C. freundii isolates were seen to have increased
and CP C. freundii was identified as causing the outbreaks, the species
was added to our national guidelines for control of MDR microbes.
Based on our studies CP C. freundii should also be added to the
notifiable species together with CP E. cloacae, E. coli and K.
pneumoniae.

The hospital environment can be a reservoir of CPE and prolong the
length of the outbreak. The national guidelines for control of MDR
microbes concerning CPE were updated regarding terminal cleaning and
screening strategies.

AMR exists even for new drugs and the development of attentive
monitoring of resistance using bacterial cultures and subsequent
susceptibility testing during treatment and further characterization with
WGS is important.

When analyzing WGS data it is essential to include the epidemiological
background information in the transmission analysis. Real-time CPE
surveillance using WGS, collaboration between hospital infection
control teams and coordinated outbreak investigations are crucial to
rapidly identify clusters and to trace and control transmission chains
nationally.



Acknowledgements

This thesis was a long journey, and the main work was carried out at the Expert
Microbiology Unit, Department of Health Security, at the Finnish Institute for Health
and Welfare (THL), in Helsinki, Finland during 2018-2023. I want to thank THL
General Director Markku Tervahauta, head of department Otto Helve, head of the
unit Carita Savolainen-Kopra and bacteriology team leader Saara Salmenlinna for
the opportunity to carry out my research at THL and for providing me excellent
working facilities. I also acknowledge Turku Doctoral Programme of Molecular
Medicine, Turun Mikrobiologien Tiedeseura and Translational Infectious Disease
and Immunity Research Programme for providing travel grants for visiting
international conferences.

I am deeply grateful to my supervisors Docent Jari Jalava and Docent Outi
Lyytikéinen for giving me an opportunity to make this thesis. I want to thank Jari for
countless conversations, supporting and believing in me since I started my scientific
career 2007 in KTL. I thank Outi especially for her ability to make me understand
the overall view and her invaluable contribution to writing process. I wish to thank
Docent Maarit Wuorela for being a member of my thesis committee.

Satu Kurkela and Merja Rantala are warmly acknowledged for the review
process of the thesis; using their precious time for constructive and valuable
comments clearly improved this thesis. I thank Elizabeth Nyman for thorough
proofreading of this work. I thank Professor Marko Virta for accepting the invitation
to act as my opponent in the public defence of this dissertation.

[ warmly thank all my coauthors and other collaborators in clinical microbiology
laboratories in Finland (FiRe-laboratories), without whom this work would have
been impossible. I want to thank all the past and present members of staff at the
bacteriology and epidemiology teams for their smooth collaboration, great company
and friendliness. I 'm also grateful to all skilled laboratory personnel, who have taken
care of bacterial isolates and performed work in laboratory.

My special thanks go to my friends outside work who have supported and
encouraged me during these years. I would like to thank my Terbio friends for
sharing the study years and later scientific and non-scientific discussions.
Particularly Noora Ottman and Tiina Saanijoki have been inspiring examples in

79



Kati Raisanen

science to me. While living in Helsinki I made new friends whom I want to thank,
especially Marja Korander and Linda Adler who shared the same innovative phase
in our lives. Thank you, Anu Kaplas and Eveliina Saarinen, for our long-lasting
friendship and cheerful moments together. Thank you, Helena Pasuri and Mirva
Kallio for sharing together joys and sorrows and our supportive conversations about
life and science.

I dedicate my warmest gratitude to my parents Riitta-Maija and Kari Vuorenoja
and grandparents Irma and Kauko Vuorenoja for encouraging me to follow my own
passion in life and supporting me in various ways. My little brother, Joni Vuorenoja,
thanks for our lifelong friendship. My mother-in-law Pirkko Réisénen, brothers-in-
law Ville and Jussi Réisénen, and sisters-in-law Katja Réisénen and Elina Vuorila
are thanked for their continuous support and interest in my work.

Finally, I owe my heartfelt thanks to my dear husband Heikki for his
unconditional love and support during this project and through out our journey
together. I also want to thank our dear children Veikko and Vilja for bringing so
much joy and happiness to my life. You three mean the world to me.

Turku, February 2023

Kati Rdiscinen

80



References

Aarestrup, F. M., & Woolhouse, M. E. J. (2020). Using sewage for surveillance of antimicrobial
resistance. Science, 367(6478), 630—632. https://doi.org/10.1126/science.aba3432

Adeolu, M., Alnajar, S., Naushad, S., & Gupta, R. S. (2016). Genome-based phylogeny and taxonomy
of the ‘Enterobacteriales’: Proposal for enterobacterales ord. nov. divided into the families
Enterobacteriaceae, Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae fam. nov.,
Hafniaceae fam. nov., Morganellaceac fam. nov., and Budviciaceaec fam. nov. International
Journal  of  Systematic and  Evolutionary  Microbiology,  66(12),  5575-5599.
https://doi.org/10.1099/ijsem.0.001485

Agnew, E., Dolecek, C., Hasan, R., Lahra, M., Merk, H., Perovic, O., Sievert, D., Smith, R., Taylor,
A., & Turner, P. (2021). Global antimicrobial resistance and use surveillance system (GLASS)
report. In Who. http://www.who.int/glass/resources/publications/early-implementation-report-
2020/en/

Albiger, B., Glasner, C., Struelens, M. J., Grundmann, H., Monnet, D. L., Koraqi, A., Bino, S., Hartl,
R., Apfalter, P., Glupczynski, Y., Jans, B., Markovi¢, T., Dedei¢-Ljubovi¢, A., Koji¢, D., Strateva,
T., Sabtcheva, S., Buti¢, 1., Tambi¢ Andrasevi¢, A., Pieridou-Bagatzouni, D., ... Nordmann, P.
(2015). Carbapenemase-producing Enterobacteriaceae in Europe: Assessment by national experts
from 38 countries, May 2015. Eurosurveillance, 20(45). https://doi.org/10.2807/1560-
7917.ES.2015.20.45.30062

Allocati, N., Masulli, M., Alexeyev, M. F., & Di Ilio, C. (2013). Escherichia coli in Europe: an
overview. International Journal of Environmental Research and Public Health, 10(12), 6235—
6254. https://doi.org/10.3390/ijerph 10126235

Andrews, J. M. (2001). Determination of minimum inhibitory concentrations. The Journal of
Antimicrobial Chemotherapy, 48 Suppl 1, 5-16. https://doi.org/10.1093/jac/48.suppl 1.5

Arana, D. M., Ortega, A., Gonzalez-Barbera, E., Lara, N., Bautista, V., Gomez-Ruiz, D., Séez, D.,
Fernandez-Romero, S., Aracil, B., Pérez-Vazquez, M., Campos, J., Oteo, J., Gomez-Alfaro, I.,
Aznar, J. E., Cercenado, E., Lépez-Urrutia, L., Garcia-Picazo, L., Lopez-Calleja, A. ., Sanchez-
Romero, 1., ... Alarcon, T. (2017). Carbapenem-resistant Citrobacter spp. isolated in Spain from
2013 to 2015 produced a variety of carbapenemases including VIM-1, OXA-48, KPC-2, NDM-1
and VIM-2.  Jowrnal of  Antimicrobial  Chemotherapy,  72(12),  3283-3287.
https://doi.org/10.1093/jac/dkx325

Arcilla, M. S., van Hattem, J. M., Haverkate, M. R., Bootsma, M. C. J., van Genderen, P. J. J., Goorhuis,
A., Grobusch, M. P., Lashof, A. M. O., Molhoek, N., Schultsz, C., Stobberingh, E. E., Verbrugh,
H. A., de Jong, M. D., Melles, D. C., & Penders, J. (2017). Import and spread of extended-spectrum
B-lactamase-producing Enterobacteriaceae by international travellers (COMBAT study): a
prospective, multicentre cohort study. The Lancet Infectious Diseases, 17(1), 78-85.
https://doi.org/10.1016/S1473-3099(16)30319-X

Arena, F., Di Pilato, V., Vannetti, F., Fabbri, L., Antonelli, A., Coppi, M., Pupillo, R., Macchi, C., &
Rossolini, G. M. (2020). Population structure of kpc carbapenemase-producing klebsiella
pneumoniae in a long-term acute-care rehabilitation facility: Identification of a new lineage of

81



Kati Raisanen

clonal group 101, associated with local hyperendemicity. Microbial Genomics, 6(1).
https://doi.org/10.1099/mgen.0.000308

Armstrong, J., Fiddes, I. T., Diekhans, M., & Paten, B. (2019). Whole-Genome Alignment and
Comparative ~ Annotation.  Annual Review of Animal  Biosciences, 7, 41-64.
https://doi.org/10.1146/annurev-animal-020518-115005

Arsrapport. (2020). https://www.folkhalsomyndigheten.se/folkhalsorapportering-statistik/statistik-a-
o/sjukdomsstatistik/esblcarba/?p=93894#statistics-nav

Attauabi, M., Borck Heg, B., & Miiller-Pebody, B. (2021). Danmap 2020. 1-174.
https://www.danmap.org/reports/2020

Australian Commission on Safety and Quality in Health Care. (2021). AURA 2021: Fourth Australian
report on antimicrobial use and resistance in human health.
https://www.safetyandquality.gov.au/sites/default/files/2021-09/aura_2021 - report_-
_final accessible pdf - for web_ publication.pdf

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., Lesin, V. M.,
Nikolenko, S. I., Pham, S., Prjibelski, A. D., Pyshkin, A. V, Sirotkin, A. V, Vyahhi, N., Tesler, G.,
Alekseyev, M. A., & Pevzner, P. A. (2012). SPAdes: a new genome assembly algorithm and its
applications to single-cell sequencing. Journal of Computational Biology: A Journal of
Computational Molecular Cell Biology, 19(5), 455—477. https://doi.org/10.1089/cmb.2012.0021

Baraniak, A., Izdebski, R., Zabicka, D., Bojarska, K., Gofska, S., Literacka, E., Fiett, J., Hryniewicz,
W., Gniadkowski, M., Drazek, T., Majchrzykiewicz, A., Sito, Z., Bernaszuk, A., Kosut, Z.,
Kaczor, D., Zglenicka, A., Olszanska, D., Tryniszewska, E. A., Wieczorek, P., ... Tomanek, E.
(2017). Multiregional dissemination of KPC-producing Klebsiella pneumoniae ST258/ST512
genotypes in Poland, 2010-14. Journal of Antimicrobial Chemotherapy, 72(6), 1610-1616.
https://doi.org/10.1093/jac/dkx054

Besser, J., Carleton, H. A., Gerner-Smidt, P., Lindsey, R. L., & Trees, E. (2018). Next-generation
sequencing technologies and their application to the study and control of bacterial infections.
Clinical Microbiology and Infection : The Olfficial Publication of the European Society of Clinical
Microbiology and Infectious Diseases, 24(4), 335-341. https://doi.org/10.1016/j.cmi.2017.10.013

Beveridge, T. J. (1999). Structures of gram-negative cell walls and their derived membrane vesicles.
Journal of Bacteriology, 181(16), 4725-4733. https://doi.org/10.1128/jb.181.16.4725-4733.1999

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., Philippon, A., Allesoe,
R. L., Rebelo, A. R., Florensa, A. F., Fagelhauer, L., Chakraborty, T., Neumann, B., Werner, G.,
Bender, J. K., Stingl, K., Nguyen, M., Coppens, J., Xavier, B. B., ... Aarestrup, F. M. (2020).
ResFinder 4.0 for predictions of phenotypes from genotypes. Journal of Antimicrobial
Chemotherapy, 75(12), 3491-3500. https://doi.org/10.1093/jac/dkaa345

Brink, A. J. (2019). Epidemiology of carbapenem-resistant Gram-negative infections globally. Current
Opinion in Infectious Diseases, 609—616. https://doi.org/10.1097/QC0O.0000000000000608

Brolund, A., Lagerqvist, N., Byfors, S., Struelens, M. J., Monnet, D. L., Albiger, B., & Kohlenberg, A.
(2019). Worsening epidemiological situation of carbapenemase-producing enterobacteriaceae in
europe, assessment by national experts from 37 countries, july 2018. Eurosurveillance, 24(9), 1—
8. https://doi.org/10.2807/1560-7917.ES.2019.24.9.1900123

Bryan-Wilson, J. (2016). No time to wait. Artforum International, 54(10), 113—114.

Bush, K. (2018). Past and present perspectives on P-lactamases. Antimicrobial Agents and
Chemotherapy, 62(10), 1-20. https://doi.org/10.1128/AAC.01076-18

Bush, K., & Bradford, P. A. (2016). Bush and Bradford - 2016 - B-Lactams and -Lactamase Inhibitors
An Overview.pdf. Cold Spring Harbor Perspectives in Meddicine, Table 1,22.

C Reygaert, W. (2018). An overview of the antimicrobial resistance mechanisms of bacteria. AIMS
Microbiology, 4(3), 482-501. https://doi.org/10.3934/microbiol.2018.3.482

Cai, B., Echols, R., Magee, G., Arjona Ferreira, J. C., Morgan, G., Ariyasu, M., Sawada, T., & Nagata,
T. “Den.” (2017). Prevalence of Carbapenem-Resistant Gram-Negative Infections in the United

82



References

States Predominated by Acinetobacter baumannii and Pseudomonas aeruginosa. Open Forum
Infectious Diseases, 4(3), 1-7. https://doi.org/10.1093/0fid/ofx176

Cassini, A., Hogberg, L. D., Plachouras, D., Quattrocchi, A., Hoxha, A., Simonsen, G. S., Colomb-
Cotinat, M., Kretzschmar, M. E., Devleesschauwer, B., Cecchini, M., Ouakrim, D. A., Oliveira, T.
C., Struelens, M. J., Suetens, C., Monnet, D. L., Strauss, R., Mertens, K., Struyf, T., Catry, B., ...
Hopkins, S. (2019). Attributable deaths and disability-adjusted life-years caused by infections with
antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: a population-
level ~modelling analysis. The Lancet Infectious  Diseases, 19(1), 56-66.
https://doi.org/10.1016/S1473-3099(18)30605-4

Chen, C., & Wu, F. (2020). Livestock-associated methicillin-resistant Staphylococcus aureus (LA-
MRSA) colonisation and infection among livestock workers and veterinarians: a systematic
review and meta-analysis. Occupational and Environmental Medicine.
https://doi.org/10.1136/0oemed-2020-106418

Chen, H. Y., Jean, S. S., Lee, Y. L., Lu, M. C., Ko, W. C., Liu, P. Y., & Hsueh, P. R. (2021).
Carbapenem-Resistant Enterobacterales in Long-Term Care Facilities: A Global and Narrative
Review. Frontiers in Cellular and  Infection Microbiology, 11(April).
https://doi.org/10.3389/fcimb.2021.601968

Chou, A., Roa, M., Evangelista, M. A., Sulit, A. K., Lagamayo, E., Torres, B. C., Klinzing, D. C.,
Daroy, M. L. G., Navoa-Ng, J., Sucgang, R., & Zechiedrich, L. (2016). Emergence of Klebsiella
pneumoniae ST273 Carrying blaNDM-7 and ST656 Carrying blaNDM-1 in Manila, Philippines.
Microbial Drug Resistance, 22(7), 585-588. https://doi.org/10.1089/mdr.2015.0205

Clausen, P. T. L. C., Zankari, E., Aarestrup, F. M., & Lund, O. (2016). Benchmarking of methods for
identification of antimicrobial resistance genes in bacterial whole genome data. The Journal of
Antimicrobial Chemotherapy, 71(9), 2484-2488. https://doi.org/10.1093/jac/dkw184

Committee, R. (2011). European strategic action plan on antibiotic resistance. 6(September), 12—15.
http://www.euro.who.int/ _data/assets/pdf file/0008/147734/wd14E_AntibioticResistance 1113
80.pdf

Conlan, S., Park, M., Deming, C., Thomas, P. J., Young, A. C., Coleman, H., Sison, C., Weingarten,
R. A., Lau, A. F., Dekker, J. P., Palmore, T. N., Frank, K. M., & Segre, J. A. (2016). Plasmid
dynamics in KPC-positive Klebsiella pneumoniae during long-term patient colonization. MBio,
7(3), 1-9. https://doi.org/10.1128/mBi0.00742-16

Conte, V., Monaco, M., Giani, T., D’Ancona, F., Moro, M. L., Arena, F., D’ Andrea, M. M., Rossolini,
G. M., Pantosti, A., Bianchi, E., Catania, M. R., Cavalcanti, P., De Nittis, R., Dusi, P. A.,
Grandesso, S., Gualdi, P., Imbriani, A., Pini, B., Vincenzi, C., ... Sartore, P. (2016). Molecular
epidemiology of KPC-producing Klebsiella pneumoniae from invasive infections in Italy:
Increasing diversity with predominance of the ST512 clade Il sublineage. Journal of Antimicrobial
Chemotherapy, 71(12), 3386-3391. https://doi.org/10.1093/jac/dkw337

Cox, G., & Wright, G. D. (2013). Intrinsic antibiotic resistance: mechanisms, origins, challenges and
solutions. [International Journal of Medical Microbiology: IJMM, 303(6-7), 287-292.
https://doi.org/10.1016/j.ijmm.2013.02.009

Croucher, N. J., & Didelot, X. (2015). The application of genomics to tracing bacterial pathogen
transmission. Current Opinion in Microbiology, 23(Figure 1), 62-67.
https://doi.org/10.1016/j.mib.2014.11.004

Cuzon, G., Naas, T., Demachy, M. C., & Nordmann, P. (2008). Plasmid-mediated carbapenem-
hydrolyzing beta-lactamase KPC-2 in Klebsiella pneumoniae isolate from Greece. In
Antimicrobial — agents and  chemotherapy (Vol. 52, Issue 2, pp. 796-797).
https://doi.org/10.1128/AAC.01180-07

David, S., Reuter, S., Harris, S. R., Glasner, C., Feltwell, T., Argimon, S., Abudahab, K., Goater, R.,
Giani, T., Errico, G., Aspbury, M., Sjunnebo, S., Feil, E. J., Rossolini, G. M., Aanensen, D. M., &
Grundmann, H. (2019). Epidemic of carbapenem-resistant Klebsiella pneumoniae in Europe is

83



Kati Raisanen

driven by nosocomial  spread.  Nature  Microbiology, 4(11), 1919-1929.
https://doi.org/10.1038/s41564-019-0492-8

Davin-Regli, A., & Pages, J.-M. (2015). Enterobacter acrogenes and Enterobacter cloacae; versatile
bacterial pathogens confronting antibiotic treatment. Frontiers in Microbiology, 6, 392.
https://doi.org/10.3389/fmicb.2015.00392

Didelot, X., Walker, A. S., Peto, T. E., Crook, D. W., & Wilson, D. J. (2016). Within-host evolution of
bacterial pathogens. Nature Reviews. Microbiology, 14(3), 150-162.
https://doi.org/10.1038/nrmicro.2015.13

Dogan, O., Vatansever, C., Atac, N., Albayrak, O., Karahuseyinoglu, S., Sahin, O. E., Kilicoglu, B. K.,
Demiray, A., Ergonul, O., Gonen, M., & Can, F. (2021). Virulence determinants of colistin-
resistant k. Pneumoniae high-risk clones. Biology, 10(5). https://doi.org/10.3390/biology 10050436

Dorr, T., Moynihan, P. J., & Mayer, C. (2019). Editorial: Bacterial Cell Wall Structure and Dynamics.
In Frontiers in microbiology (Vol. 10, p. 2051). https://doi.org/10.3389/fmicb.2019.02051

ECDC. (2018). Levels of public health microbiology system capabilities and capacities (aggregated
EULabCap index). 2018. https://www.ecdc.europa.eu/en/publications-data/2018-levels-public-
health-microbiology-system-capabilities-and-capacities

ECDC. (2018). Monitoring the use of whole-genome sequencing in infectious disease surveillance in
Europe. https://www.ecdc.europa.eu/sites/portal/files/documents/whole-genome-sequencing-
infectious-disease-surveillance-Europe-2015-2017.pdf

ECDC. (2020). Antimicrobial resistance in the EU/EEA (EARS-Net) Annual Epidemiological Report
for 201 Annual Epidemiological Report for 201 Annual Epidemiological Report for 201 Annual
Epidemiological Report for 201 Annual Epidemiological Report for 201 Annual Epidemiolog. In
Antimicrobial  resistance in the EU/EEA (EARS-Net) (Vol. 174, Issue 14).
https://doi.org/10.1136/vr.g2500

ECDC, W. (2022). Antimicrobial resistance surveillance in Europe 2022 2020 data.
https://www.ecdc.europa.eu/sites/default/files/documents/ECDC-WHO-AMR-report.pdf

Ehmann, D. E., Jahi¢, H., Ross, P. L., Gu, R. F., Hu, J., Kern, G., Walkup, G. K., & Fisher, S. L. (2012).
Avibactam is a covalent, reversible, non-B-lactam B-lactamase inhibitor. Proceedings of the
National Academy of Sciences of the United States of America, 109(29), 11663-11668.
https://doi.org/10.1073/pnas.1205073109

Ellaby, N., Doumith, M., Hopkins, K. L., Woodford, N., & Ellington, M. J. (2019). Emergence of
diversity in carbapenemase-producing Escherichia coli ST131, England, January 2014 to June
2016. Eurosurveillance, 24(37), 1-8. https://doi.org/10.2807/1560-7917.ES.2019.24.37.1800627

Ellington, M. J., Ekelund, O., Aarestrup, F. M., Canton, R., Doumith, M., Giske, C., Grundman, H.,
Hasman, H., Holden, M. T. G., Hopkins, K. L., Iredell, J., Kahlmeter, G., Koser, C. U., MacGowan,
A., Mevius, D., Mulvey, M., Naas, T., Peto, T., Rolain, J. M., ... Woodford, N. (2017). The role
of whole genome sequencing in antimicrobial susceptibility testing of bacteria: report from the
EUCAST  Subcommittee.  Clinical =~ Microbiology — and  Infection,  23(1), 2-22.
https://doi.org/10.1016/j.cmi.2016.11.012

EUCAST. (2021). European Committee on Antimicrobial Susceptibility Testing. Setting breakpoints
for new antimicrobial agents, EUCAST Sopr 14. Dec.
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST files/EUCAST SOPs/2021/EUCA
ST SOP_1.4 Setting breakpoints new_agents 20211202.pdf

European Centre for Disease Prevention and Control. (2016). Expert opinion on whole genome
sequencing for public health surveillance. In Stocholm.
https://ecdc.europa.eu/sites/portal/files/media/en/publications/Publications/whole-genome-
sequencing-for-public-health-surveillance.pdf

European Centre for Disease Prevention and Control. (2018). Emergence of resistance to ceftazidime-
avibactam in carbapenem-resistant Enterobacteriaceae. June.
https://ecdc.europa.eu/sites/portal/files/documents/RR A-Emergence-of-resistance-to CAZ-AVI-
in-CRE-Enterobacteriaceae.pdf

84



References

European Centre for Disease Prevention and Control (ECDC). (2021). ECDC strategic framework for
the integration of molecular and genomic typing into European surveillance and multi-country
outbreak investigations - 2019-2021. Stockhol: ECDC; 2019.

European Commission. (2017). A European One Health Action Plan against Antimicrobial Resistance
(AMR). Brussels, 24.
http://www.who.int/entity/drugresistance/documents/surveillancereport/en/index.html%0Ahttp://
www.who.int/entity/drugresistance/documents/surveillancereport/en/index.html%250 Ahttp://ww
w.who.int/entity/drugresistance/documents/surveillancereport/en/index.ht

Faccone, D., Albornoz, E., Tijet, N., Biondi, E., Gomez, S., Pasteran, F., Vazquez, M., Melano, R. G.,
& Corso, A. (2019). Characterization of a multidrug resistant Citrobacter amalonaticus clinical
isolate harboring blaNDM-1 and mcr-1.5 genes. Infection, Genetics and Evolution, 67(October
2018), 51-54. https://doi.org/10.1016/j.meegid.2018.10.020

Falagas, M. E., Lourida, P., Poulikakos, P., Rafailidis, P. 1., & Tansarli, G. S. (2014). Antibiotic
treatment of infections due to carbapenem-resistant Enterobacteriaceae: systematic evaluation of
the available evidence. Antimicrobial Agents and Chemotherapy, 58(2), 654-663.
https://doi.org/10.1128/AAC.01222-13

Fattouh, R., Tijet, N., Mcgeer, A., Poutanen, S. M., Melano, R. G., & Patel, N. (2016). What Is the
Appropriate  Meropenem MIC for Screening of Carbapenemase. 60(3), 1556—1559.
https://doi.org/10.1128/AAC.02304-15.Address

Ferrari, C., Corbella, M., Gaiarsa, S., Comandatore, F., Scaltriti, E., Bandi, C., Cambieri, P., Marone,
P., & Sassera, D. (2019). Multiple Klebsiella pneumoniae KPC Clones Contribute to an Extended
Hospital Outbreak. Frontiers in Microbiology, 10(November), 1-11.
https://doi.org/10.3389/fmicb.2019.02767

Fletcher, S. (2015). Understanding the contribution of environmental factors in the spread of
antimicrobial resistance. Environmental Health and Preventive Medicine, 20(4), 243-252.
https://doi.org/10.1007/s12199-015-0468-0

Fontana, C., Angeletti, S., Mirandola, W., Cella, E., Alessia, L., Zehender, G., Favaro, M., Leoni, D.,
Rose, D. D., Gherardi, G., Florio, L. De, Salemi, M., Andreoni, M., Sarmati, L., & Ciccozzi, M.
(2020). Whole genome sequencing of carbapenem-resistant Klebsiella pneumoniae: Evolutionary
analysis  for  outbreak investigation.  Future  Microbiology,  15(3), 203-212.
https://doi.org/10.2217/fmb-2019-0074

French, C. E., Coope, C., Conway, L., Higgins, J. P. T., McCulloch, J., Okoli, G., Patel, B. C., & Oliver,
1. (2017). Control of carbapenemase-producing Enterobacteriaceae outbreaks in acute settings: an
evidence review. Journal of Hospital Infection, 95(1), 3-45.
https://doi.org/10.1016/j.jhin.2016.10.006

Friedrich, A. W., Vandenbroucke-grauls, C. M. J. E., Willems, R. J. L., & Kluytmans, J. A. J. W.
(2016). Whole-Genome Multilocus Sequence Typing of Extended-Spectrum- Beta-Lactamase-
Producing Enterobacteriaceae. 54(12),2919-2927. https://doi.org/10.1128/JCM.01648-16.Editor

Gaibani, P., Campoli, C., Lewis, R. E., Volpe, S. L., Scaltriti, E., Giannella, M., Pongolini, S.,
Berlingeri, A., Cristini, F., Bartoletti, M., Tedeschi, S., & Ambretti, S. (2018). In vivo evolution
of  resistant  subpopulations of KPC-producing Klebsiella pneumoniac  during
ceftazidime/avibactam treatment. Journal of Antimicrobial Chemotherapy, 73(6), 1525-1529.
https://doi.org/10.1093/jac/dky082

Giddins, M. J., Macesic, N., Annavajhala, M. K., Stump, S., Khan, S., McConville, T. H., Mehta, M.,
Gomez-Simmonds, A., & Uhlemann, A.-C. (2018). Successive Emergence of Ceftazidime-
Avibactam Resistance through Distinct Genomic  Adaptations in bla(KPC-2)-Harboring
Klebsiella pneumoniae Sequence Type 307 Isolates. Antimicrobial Agents and Chemotherapy,
62(3). https://doi.org/10.1128/AAC.02101-17

Giske, C. G., Sundsfjord, A. S., Kahlmeter, G., Woodford, N., Nordmann, P., Paterson, D. L., Canton,
R., & Walsh, T. R. (2009). Redefining extended-spectrum beta-lactamases: balancing science and

85



Kati Raisanen

clinical need. The Journal of  Antimicrobial — Chemotherapy, 63(1), 1-4.
https://doi.org/10.1093/jac/dkn444

Goering, R. V. (2010). Pulsed field gel electrophoresis: A review of application and interpretation in
the molecular epidemiology of infectious disease. /nfection, Genetics and Evolution, 10(7), 866—
875. https://doi.org/10.1016/j.meegid.2010.07.023

Gong, L., Tang, N., Chen, D., Sun, K., Lan, R., Zhang, W., Zhou, H., Yuan, M., Chen, X., Zhao, X.,
Che, J., Bai, X., Zhang, Y., Xu, H., Walsh, T. R., Lu, J., Xu, J,, Li, J., & Feng, J. (2020). A
Nosocomial Respiratory Infection Outbreak of Carbapenem-Resistant Escherichia coli ST131
With Multiple Transmissible blaKPC-2 Carrying Plasmids. Frontiers in Microbiology,
11(September), 1-9. https://doi.org/10.3389/fmicb.2020.02068

Grénthal, T., Osterblad, M., Eklund, M., Jalava, J., Nykisenoja, S., Pekkanen, K., & Rantala, M. (2018).
Sharing more than friendship — transmission of NDM-5 ST167 and CTX-M-9 ST69 Escherichia
coli between dogs and humans in a family, finland, 2015. FEurosurveillance, 23(27).
https://doi.org/10.2807/1560-7917.ES.2018.23.27.1700497

Grundmann, H., Glasner, C., Albiger, B., Aanensen, D. M., Tomlinson, C. T., Andrasevi¢, A. T.,
Cantén, R., Carmeli, Y., Friedrich, A. W., Giske, C. G., Glupczynski, Y., Gniadkowski, M.,
Livermore, D. M., Nordmann, P., Poirel, L., Rossolini, G. M., Seifert, H., Vatopoulos, A., Walsh,
T., ... Adler, A. (2017). Occurrence of carbapenemase-producing Klebsiella pneumoniae and
Escherichia coli in the European survey of carbapenemase-producing Enterobacteriaceae
(EuSCAPE): a prospective, multinational study. The Lancet Infectious Diseases, 17(2), 153—163.
https://doi.org/10.1016/S1473-3099(16)30257-2

Guh, A. Y., Bulens, S. N., Mu, Y., Jacob, J. T., Reno, J., Scott, J., Wilson, L. E., Vaeth, E., Lynfield,
R., Shaw, K. M., Vagnone, P. M. S., Bamberg, W. M., Janelle, S. J., Dumyati, G., Concannon, C.,
Beldavs, Z., Cunningham, M., Cassidy, P. M., Phipps, E. C., ... Kallen, A. J. (2015). Epidemiology
of Carbapenem-Resistant Enterobacteriaceae in 7 US Communities, 2012-2013. JAMA, 314(14),
1479-1487. https://doi.org/10.1001/jama.2015.12480

Gwinn, M., R.MacCannell, D., & F.Khabbaz, R. (2017). Integrating Advanced Molecular Technologies
into Public Health. J Clin Microbiol, 55(3), 703-714.

Haidar, G., Clancy, C. J., Shields, R. K., Hao, B., Cheng, S., & Nguyen, M. H. (2017). Mutations in
bla(KPC-3) That Confer Ceftazidime-Avibactam Resistance Encode Novel KPC-3 Variants That
Function as Extended-Spectrum B-Lactamases. Antimicrobial Agents and Chemotherapy, 61(5).
https://doi.org/10.1128/AAC.02534-16

Hall, A. (1996). What is molecular epidemiology? In Tropical medicine & international health : TM &
IH (Vol. 1, Issue 4, pp. 407—408). https://doi.org/10.1046/j.1365-3156.1996.d01-96.x

Hammerum, A. M., Hansen, F., Nielsen, H. L., Jakobsen, L., Stegger, M., Andersen, P. S., Jensen, P.,
Nielsen, T. K., Hansen, L. H., Hasman, H., & Fuglsang-Damgaard, D. (2016). Use of WGS data
for investigation of a long-term NDM-1-producing Citrobacter freundii outbreak and secondary in
vivo spread of blaNDM-1 to Escherichia coli, Klebsiella pneumoniae and Klebsiella oxytoca.
Journal of Antimicrobial Chemotherapy, 71(11), 3117-3124. https://doi.org/10.1093/jac/dkw289

Hansen, G. T. (2021). Continuous Evolution: Perspective on the Epidemiology of Carbapenemase
Resistance Among Enterobacterales and Other Gram-Negative Bacteria. Infectious Diseases and
Therapy, 10(1), 75-92. https://doi.org/10.1007/s40121-020-00395-2

Hardiman, C. A., Weingarten, R. A., Conlan, S., Khil, P., Dekker, J., Mathers, A., Sheppard, A., Segre,
J., & Frank, K. (2016). Horizontal Transfer of Carbapenemase-Encoding Plasmids and.
Antimicrobial Agents and Chemotherapy, 60(8), 4910-4919. https://doi.org/10.1128/AAC.00014-
16.Address

Hendriksen, R. S., Bortolaia, V., Tate, H., Tyson, G. H., Aarestrup, F. M., & McDermott, P. F. (2019).
Using Genomics to Track Global Antimicrobial Resistance. Frontiers in Public Health, 7, 242.
https://doi.org/10.3389/fpubh.2019.00242

lacchini, S., Sabbatucci, M., Gagliotti, C., Rossolini, G. M., Moro, M. L., lannazzo, S., D’Ancona, F.,
Pezzotti, P., & Pantosti, A. (2019). Bloodstream infections due to carbapenemaseproducing

86



References

Enterobacteriaceae in Italy: Results from nationwide surveillance, 2014 to 2017. Eurosurveillance,
24(5). https://doi.org/10.2807/1560-7917.ES.2019.24.5.1800159

Inouye, M., Dashnow, H., Raven, L. A., Schultz, M. B., Pope, B. J., Tomita, T., Zobel, J., & Holt, K.
E. (2014). SRST2: Rapid genomic surveillance for public health and hospital microbiology labs.
Genome Medicine, 6(11), 1-16. https://doi.org/10.1186/s13073-014-0090-6

Jacoby, G. A. (2009). AmpC B-Lactamases. Clinical Microbiology Reviews, 22(1), 161-182.
https://doi.org/10.1128/CMR.00036-08

Jagadeesan, B., Gerner-smidt, P., Allard, M. W., Winkler, A., Xiao, Y., Chaftron, S., Vossen, J. Van
Der, Tang, S., Mcclure, P., Kimura, B., Chai, L. C., Chapman, J., Gmbh, C. D., Global, M., Safety,
F., Zone, E. D., Osaka, I., Lane, B., & Kingdom, U. (2019). HHS Public Access. 96—115.
https://doi.org/10.1016/j.fm.2018.11.005.The

Jalava, J., Rdisdnen, K., Vuento, R., Hakanen, A., Salmenlinna, S., Gunell, M., Rantakokko-Jalava, K.,
Patdri-Sampo, A., Rissanen, A.-M., Hyyryldinen, S., Hyyryldinen, H.-L., & Toropainen, M.
(2019). Bakteerien mikrobilddkeresistenssi Suomessa, Finres 2018.
http://www julkari.fi/handle/10024/135572

Jim O’Neill. (2016). Tackling Drug-Resistant Infections Globally: Final Report and Recommendations.
May, 1-80.

Jiménez, A., Castro, J. G., Munoz-Price, L. S., De Pascale, D., Shimose, L., Mustapha, M. M., Spychala,
C. N., Mettus, R. T., Cooper, V. S., & Doi, Y. (2017). Outbreak of Klebsiclla pneumoniae
Carbapenemase-Producing Citrobacter freundii at a Tertiary Acute Care Facility in Miami, Florida.
Infection Control and Hospital Epidemiology, 38(3), 320-326.
https://doi.org/10.1017/ice.2016.273

Jolivet, S., Couturier, J., Vuillemin, X., Gouot, C., Nesa, D., Adam, M., Brissot, E., Mohty, M., Bonnin,
R. A., Dortet, L., & Barbut, F. (2021). Outbreak of OXA-48-producing Enterobacterales in a
haematological ward associated with an uncommon environmental reservoir, France, 2016 to
2019. Eurosurveillance, 26(21), 1-7. https://doi.org/10.2807/1560-7917.ES.2021.26.21.2000118

Kajova, M., Khawaja, T., Kangas, J., Mékinen, H., & Kantele, A. (2021). Import of multidrug-resistant
bacteria from abroad through interhospital transfers , Finland , 2010 — 2019. 2010-2019.

Kanerva, M., Skogberg, K., Ryyndnen, K., Pahkamiki, A., Jalava, J., Ollgren, J., Tarkka, E., &
Lyytikdinen, O. (2015). Coincidental detection of the first outbreak of carbapenemase-producing
klebsiella pneumonia colonisation in a primary care hospital, Finland, 2013. Eurosurveillance,
20(26), 1-7. https://doi.org/10.2807/1560-7917.es2015.20.26.21172

Kantele, A., Kuenzli, E., Dunn, S. J., Dance, D. A. B., Newton, P. N., Davong, V., Mero, S., Pakkanen,
S. H., Neumayr, A., Hatz, C., Snaith, A., Kallonen, T., Corander, J., & McNally, A. (2021).
Dynamics of intestinal multidrug-resistant bacteria colonisation contracted by visitors to a high-
endemic setting: a prospective, daily, real-time sampling study. The Lancet. Microbe, 2(4), e151—
e158. https://doi.org/10.1016/S2666-5247(20)30224-X

Kantele, A., Mero, S., Kirveskari, J., & Ladveri, T. (2016). Increased risk for ESBL-producing bacteria
from co-administration of loperamide and antimicrobial drugs for travelers’ diarrhea. Emerging
Infectious Diseases, 22(1), 117-120. https://doi.org/10.3201/eid2201.151272

Kaufmann, M. E. (1998). Pulsed-field gel electrophoresis. Methods in Molecular Medicine, 15, 33-50.
https://doi.org/10.1385/0-89603-498-4:33

Kizny Gordon, A. E., Mathers, A. J., Cheong, E. Y. L., Gottlieb, T., Kotay, S., Walker, A. S., Peto, T.
E. A., Crook, D. W., & Stoesser, N. (2017). The Hospital Water Environment as a Reservoir for
Carbapenem-Resistant Organisms Causing Hospital-Acquired Infections - A Systematic Review
of the Literature. Clinical Infectious Diseases, 64(10), 1436-1444.
https://doi.org/10.1093/cid/cix132

Koboldt, D. C., Steinberg, K. M., Larson, D. E., Wilson, R. K., & Mardis, E. R. (2013). The next-
generation sequencing revolution and its impact on genomics. Cell, 155(1), 27-38.
https://doi.org/10.1016/j.cell.2013.09.006

87



Kati Raisanen

Kotsanas, D., Wijesooriya, W. R. P. L. 1., Korman, T. M., Gillespie, E. E., Wright, L., Snook, K.,
Williams, N., Bell, J. M., Li, H. Y., & Stuart, R. L. (2013). “Down the drain”: Carbapenem-
resistant bacteria in intensive care unit patients and handwashing sinks. Medical Journal of
Australia, 198(5), 267-269. https://doi.org/10.5694/mjal2.11757

Lalaoui, R., Djukovic, A., Bakour, S., Hadjadj, L., Sanz, J., Salavert, M., Lopez-Hontangas, J. L., Sanz,
M. A., Ubeda, C., & Rolain, J. M. (2019). Genomic characterization of Citrobacter freundii strains
coproducing OXA-48 and VIM-1 carbapenemase enzymes isolated in leukemic patient in Spain.
Antimicrobial Resistance and Infection Control, 8(1), 4-9. https://doi.org/10.1186/s13756-019-
0630-3

Lane, C. R., Brett, J., Schultz, M., Gorrie, C. L., Stevens, K., Cameron, D. R. M., St George, S., van
Diemen, A., Easton, M., Stuart, R. L., Sait, M., Peleg, A. Y., Stewardson, A. J., Cheng, A. C.,
Spelman, D. W., Waters, M. J., Ballard, S. A., Sherry, N. L., Williamson, D. A., ... Howden, B.
P. (2020). Search and Contain: Impact of an Integrated Genomic and Epidemiological
Surveillance and Response Program for Control of Carbapenemase-producing Enterobacterales .
Clinical Infectious Diseases, 73. https://doi.org/10.1093/cid/ciaa972

Laupland, K. B., Church, D. L., Vidakovich, J., Mucenski, M., & Pitout, J. D. D. (2008). Community-
onset extended-spectrum [-lactamase (ESBL) producing Escherichia coli: Importance of
international travel. Journal of Infection, 57(6), 441-448.
https://doi.org/10.1016/j.jinf.2008.09.034

Lee, J. H., Bae, I. K., & Lee, S. H. (2012). New definitions of extended-spectrum [-lactamase
conferring worldwide emerging antibiotic resistance. Medicinal Research Reviews, 32(1), 216—
232. https://doi.org/10.1002/med.20210

Leitner, E., Zarfel, G., Luxner, J., Herzog, K., Pekard-Amenitsch, S., Hoenigl, M., Valentin, T., Feierl,
G., Grisold, A. J., Hogenauer, C., Sill, H., Krause, R., & Zollner-Schwetzd, 1. (2015).
Contaminated handwashing sinks as the source of a clonal outbreak of KPC-2-producing
Klebsiella oxytoca on a hematology ward. Antimicrobial Agents and Chemotherapy, 59(1), 714—
716. https://doi.org/10.1128/AAC.04306-14

Leonard, D. A., Bonomo, R. A., & Powers, R. A. (2013). Class D B-lactamases: A reappraisal after five
decades. Accounts of Chemical Research, 46(11), 2407-2415. https://doi.org/10.1021/ar300327a

Leverstein-van Hall, M. A., Dierikx, C. M., Cohen Stuart, J., Voets, G. M., van den Munckhof, M. P.,
van Essen-Zandbergen, A., Platteel, T., Fluit, A. C., van de Sande-Bruinsma, N., Scharinga, J.,
Bonten, M. J. M., & Mevius, D. J. (2011). Dutch patients, retail chicken meat and poultry share
the same ESBL genes, plasmids and strains. Clinical Microbiology and Infection, 17(6), 873—880.
https://doi.org/10.1111/j.1469-0691.2011.03497 x

Levy, S. B., & Marshall, B. (2004). Antibacterial resistance worldwide: causes, challenges and
responses. Nature Medicine, 10(12 Suppl), S122-9. https://doi.org/10.1038/nm1145

Liakopoulos, A., Mevius, D., & Ceccarelli, D. (2016). A Review of SHV Extended-Spectrum [-
Lactamases: Neglected Yet Ubiquitous. Frontiers in  Microbiology, 7, 1374.
https://doi.org/10.3389/fmicb.2016.01374

Liapis, E., Pantel, A., Robert, J., Nicolas-Chanoine, M. H., Cavalié, L., Van der Mee-Marquet, N., De
Champs, C., Aissa, N., Eloy, C., Blanc, V., Guyeux, C., Hocquet, D., Lavigne, J. P., & Bertrand,
X. (2014). Molecular epidemiology of OXA-48-producing Klebsiella pneumoniae in France.
Clinical Microbiology and Infection, 20(12), O1121-01123. https://doi.org/10.1111/1469-
0691.12727

Ligon, B. L. (2004). Penicillin: its discovery and early development. Seminars in Pediatric Infectious
Diseases, 15(1), 52-57. https://doi.org/10.1053/j.spid.2004.02.001

Lincopan, N., McCulloch, J. A., Reinert, C., Cassettari, V. C., Gales, A. C., & Mamizuka, E. M. (2005).
First isolation of metallo-p-lactamase-producing multiresistant Klebsiella pneumoniae from a
patient in  Brazil.  Jowrnal of  Clinical  Microbiology,  43(1), 516-519.
https://doi.org/10.1128/JCM.43.1.516-519.2005

88



References

Liu, B.-T., Zhang, X.-Y., Wan, S.-W., Hao, J.-J., Jiang, R.-D., & Song, F.-J. (2018). Characteristics of
Carbapenem-Resistant Enterobacteriaceae in Ready-to-Eat Vegetables in China. Frontiers in
Microbiology, 9, 1147. https://doi.org/10.3389/fmicb.2018.01147

Livermore, D M. (1998). Beta-lactamase-mediated resistance and opportunities for its control. The
Journal of Antimicrobial Chemotherapy, 41 Suppl D, 25-41.
https://doi.org/10.1093/jac/41.suppl 4.25

Livermore, David M. (1995). B-Lactamases in Laboratory and Clinical Resistance. Clinical
Microbiology Reviews, 8(4), 557-584. https://doi.org/10.1128/cmr.8.4.557-584.1995

Livermore, David M. (2008). Defining an extended-spectrum B-lactamase. Clinical Microbiology and
Infection, 14(SUPPL. 1), 3—10. https://doi.org/10.1111/.1469-0691.2007.01857 .x

Livermore, David M, Nicolau, D. P., Hopkins, K. L., & Meunier, D. (2020). Carbapenem-Resistant
Enterobacterales, Carbapenem Resistant Organisms, Carbapenemase-Producing Enterobacterales,
and Carbapenemase-Producing Organisms: Terminology Past its “Sell-By Date” in an Era of New
Antibiotics and Regional Carbapenemase Epidemiolog. Clinical Infectious Diseases, Xx Xxxx, 1—
7. https://doi.org/10.1093/cid/ciaal22

Livorsi, D. J., Chorazy, M. L., Schweizer, M. L., Balkenende, E. C., Blevins, A. E., Nair, R., Samore,
M. H., Nelson, R. E., Khader, K., & Perencevich, E. N. (2018). A systematic review of the
epidemiology of carbapenem-resistant Enterobacteriaceae in the United States. Antimicrobial
Resistance and Infection Control, 7(1), 1-9. https://doi.org/10.1186/s13756-018-0346-9

LLC, S. (n.d.). Molecular Graphics System (2.1.0). https://pymol.org/

Lofmark, S., Sjostrom, K., Mékitalo, B., Edquist, P., Tegmark Wisell, K., & Giske, C. G. (2015).
Carbapenemase-producing Enterobacteriaceae in Sweden 2007-2013: Experiences from seven
years of systematic surveillance and mandatory reporting. Drug Resistance Updates, 20, 29-38.
https://doi.org/10.1016/j.drup.2015.05.001

Logan, L. K., & Weinstein, R. A. (2017). The epidemiology of Carbapenem-resistant
enterobacteriaceae: The impact and evolution of a global menace. Journal of Infectious Diseases,
215(Suppl 1), S28-S36. https://doi.org/10.1093/infdis/jiw282

Ludden, C., Lotsch, F., Alm, E., Kumar, N., Johansson, K., Albiger, B., Huang, T.-D., Denis, O.,
Hammerum, A. M., Hasman, H., Jalava, J., Rdisdnen, K., Dortet, L., Jousset, A. B., Gatermann,
S., Haller, S., Cormican, M., Brennan, W., Del Grosso, M., ... Kohlenberg, A. (2020). Cross-
border spread of bla<inf>NDM-1</inf>- and bla<inf>OXA-48</inf>-positive Klebsiella
pneumoniae: a European collaborative analysis of whole genome sequencing and epidemiological
data, 2014 to 2019. Euro Surveillance : Bulletin Europeen Sur Les Maladies Transmissibles =
European  Communicable  Disease  Bulletin,  25(20).  https://doi.org/10.2807/1560-
7917.ES.2020.25.20.2000627

Magiorakos, A. P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E., Giske, C. G., Harbarth,
S., Hindler, J. F., Kahlmeter, G., Olsson-Liljequist, B., Paterson, D. L., Rice, L. B., Stelling, J.,
Struelens, M. J., Vatopoulos, A., Weber, J. T., & Monnet, D. L. (2012). Multidrug-resistant,
extensively drug-resistant and pandrug-resistant bacteria: An international expert proposal for
interim standard definitions for acquired resistance. Clinical Microbiology and Infection, 18(3),
268-281. https://doi.org/10.1111/j.1469-0691.2011.03570.x

Maiden, M. C., Bygraves, J. A., Feil, E., Morelli, G., Russell, J. E., Urwin, R., Zhang, Q., Zhou, J.,
Zurth, K., Caugant, D. A., Feavers, . M., Achtman, M., & Spratt, B. G. (1998). Multilocus
sequence typing: a portable approach to the identification of clones within populations of
pathogenic microorganisms. Proceedings of the National Academy of Sciences of the United States
of America, 95(6), 3140-3145. https://doi.org/10.1073/pnas.95.6.3140

Maiden, M. C. J. (2006). Multilocus sequence typing of bacteria. Annual Review of Microbiology, 60,
561-588. https://doi.org/10.1146/annurev.micro.59.030804.121325

Maiden, M. C. J., Jansen van Rensburg, M. J., Bray, J. E., Earle, S. G., Ford, S. A., Jolley, K. A, &
McCarthy, N. D. (2013). MLST revisited: the gene-by-gene approach to bacterial genomics. In

89



Kati Raisanen

Nature reviews. Microbiology (Vol. 11, Issue 10, pp- 728-736).
https://doi.org/10.1038/nrmicro3093

Marmor, A., Daveson, K., Harley, D., Coatsworth, N., & Kennedy, K. (2020). Two carbapenemase-
producing Enterobacteriaceae outbreaks detected retrospectively by whole-genome sequencing at
an Australian tertiary hospital. In Infection, disease & health (Vol. 25, Issue 1, pp. 30-33).
https://doi.org/10.1016/j.idh.2019.08.005

Mathers, A. J., Peirano, G., & Pitout, J. D. D. (2015a). Escherichia coli ST131: The quintessential
example of an international multiresistant high-risk clone. Advances in Applied Microbiology, 90,
109-154. https://doi.org/10.1016/bs.aambs.2014.09.002

Mathers, A. J., Peirano, G., & Pitout, J. D. D. (2015b). The role of epidemic resistance plasmids and
international high- risk clones in the spread of multidrug-resistant Enterobacteriaceae. Clinical
Microbiology Reviews, 28(3), 565-591. https://doi.org/10.1128/CMR.00116-14

Mathers, A. J., Stoesser, N., Chai, W., Carroll, J., Walker, A. S., Sifri, C. D., Crook, D. W., & Sheppard,
E. (2017). Chromosomal Integration of the Klebsiella pneumoniae Carbapenemase Gene,
blaKPC, in Klebsiella Species Is Elusive but Not Rare. 61(3), 1-12.

Mazzariol, A., Bazaj, A., & Cornaglia, G. (2017). Multi-drug-resistant Gram-negative bacteria causing
urinary  tract infections: a review. Journal of  Chemotherapy, 29, 2-9.
https://doi.org/10.1080/1120009X.2017.1380395

McEwen, S. A., & Collignon, P. J. (2018). Antimicrobial Resistance: a One Health Perspective.
Microbiology Spectrum, 6(2). https://doi.org/10.1128/microbiolspec. ARBA-0009-2017

McGinn, S., & Gut, I. G. (2013). DNA sequencing - spanning the generations. New Biotechnology,
30(4), 366-372. https://doi.org/10.1016/j.nbt.2012.11.012

Mellmann, A., Bletz, S., Boking, T., Kipp, F., Becker, K., Schultes, A., Prior, K., & Harmsen, D.
(2016). Real-Time Genome Sequencing of Resistant Bacteria Provides Precision Infection Control
in an Institutional Setting. Journal of Clinical Microbiology, 54(12), 2874-2881.
https://doi.org/10.1128/JCM.00790-16

Mellon, G., Turbett, S. E., Worby, C., Oliver, E., Walker, A. T., Walters, M., Kelly, P., Leung, D. T.,
Knouse, M., Hagmann, S., Earl, A., Ryan, E. T., & LaRocque, R. C. (2020). Acquisition of
Antibiotic-Resistant Bacteria by U.S. International Travelers. In The New England journal of
medicine (Vol. 382, Issue 14, pp. 1372-1374). https://doi.org/10.1056/NEJMc1912464

Migliavacca, R., Nucleo, E., Asticcioli, S., Casari, E., Bracco, S., & Sironi, M. C. (2013). Multifocal
diffusion of a KPC-3 producing ST512 K. pneumoniae clone in Northern Italy. New
Microbiologica, 36(1), 109-110.

Miro, E., Rossen, J. W. A., Chlebowicz, M. A., Harmsen, D., Brisse, S., Passet, V., Navarro, F.,
Friedrich, A. W., & Garcia-Cobos, S. (2020). Core/Whole Genome Multilocus Sequence Typing
and Core Genome SNP-Based Typing of OXA-48-Producing Klebsiella pneumoniae Clinical
Isolates From Spain. Frontiers in Microbiology, 10(January).
https://doi.org/10.3389/fmicb.2019.02961

Mitgang, E. A., Hartley, D. M., Malchione, M. D., Koch, M., & Goodman, J. L. (2018). Review and
mapping of carbapenem-resistant Enterobacteriaceae in Africa: Using diverse data to inform
surveillance gaps. International Journal of Antimicrobial Agents, 52(3), 372-384.
https://doi.org/10.1016/j.ijjantimicag.2018.05.019

Naas, T., Dortet, L., & I. lorga, B. (2016). Structural and Functional Aspects of Class A
Carbapenemases. Current Drug Targets, 17(9), 1006-1028.
https://doi.org/10.2174/1389450117666160310144501

Naas, T., Nordmann, P., Vedel, G., & Poyart, C. (2005). Plasmid-mediated carbapenem-hydrolyzing
beta-lactamase KPC in a Klebsiella pneumoniae isolate from France. In Antimicrobial agents and
chemotherapy (Vol. 49, Issue 10, pp. 4423-4424). https://doi.org/10.1128/AAC.49.10.4423-
4424.2005

90



References

Nang, S. C., Azad, M. A. K., Velkov, T., Zhou, Q. T., & Li, J. (2021). Rescuing the Last-Line
Polymyxins: Achievements and Challenges. Pharmacological Reviews, 73(2), 679-728.
https://doi.org/10.1124/pharmrev.120.000020

Nicolas-Chanoine, M.-H., Bertrand, X., & Madec, J.-Y. (2014). Escherichia coli ST131, an intriguing
clonal group. Clinical Microbiology Reviews, 27(3), 543-574.
https://doi.org/10.1128/CMR.00125-13

Nordmann, P., & Poirel, L. (2019). Epidemiology and Diagnostics of Carbapenem Resistance in Gram-
negative  Bacteria.  Clinical  Infectious  Diseases,  69(Suppl 7),  S521-S528.
https://doi.org/10.1093/cid/ciz824

Ny, S., Kozlov, R., Dumpis, U., Edquist, P., Grondahl-Yli-Hannuksela, K., Kling, A. M., Lis, D. O.,
Liibbert, C., Pomorska-Wesotowska, M., Palagin, 1., Vilde, A., Vuopio, J., Walter, J., Wisell, K.
T., Rantakokko-Jalava, K., Gunell, M., Rintala, E., Marttila, H., Kurvinen, T., ... Pakkanen, S. H.
(2018). Large variation in ESBL-producing Escherichia coli carriers in six European countries
including Russia. European Journal of Clinical Microbiology and Infectious Diseases, 37(12),
2347-2354. https://doi.org/10.1007/s10096-018-3382-8

OECD. (2018). Stemming the Superbug Tide (Vol. 2015). https://doi.org/10.1787/9789264307599-en

Osterblad, M., Kirveskari, J., Hakanen, A. J., Tissari, P., Vaara, M., & Jalava, J. (2012).
Carbapenemase-producing enterobacteriaceae in Finland: The first years (2008-11). Journal of
Antimicrobial Chemotherapy, 67(12), 2860—2864. https://doi.org/10.1093/jac/dks299

Oteo, J., Pérez-Vazquez, M., Bautista, V., Ortega, A., Zamarro6n, P., Saez, D., Lara, N., Ramiro, R.,
Aracil, B., & Campos, J. (2016). The spread of KPC-producing Enterobacteriaceae in Spain: WGS
analysis of the emerging high-risk clones of Klebsiella pneumoniae ST11/KPC-2, ST101/KPC-2
and STS512/KPC-3. Journal of Antimicrobial Chemotherapy, 71(12), 3392-3399.
https://doi.org/10.1093/jac/dkw321

Papp-Wallace, K. M., Bethel, C. R., Distler, A. M., Kasuboski, C., Taracila, M., & Bonomo, R. A.
(2010). Inhibitor resistance in the KPC-2 B-lactamase, a preeminent property of this class a p-
lactamase. Antimicrobial Agents and Chemotherapy, 54(2), 890-897.
https://doi.org/10.1128/AAC.00693-09

Papp-Wallace, K. M., Endimiani, A., Taracila, M. A., & Bonomo, R. A. (2011). Carbapenems: past,
present, and future. Antimicrobial Agents and Chemotherapy, 55(11), 4943-4960.
https://doi.org/10.1128/AAC.00296-11

Par¢, S. G., Mataseje, L. F., Ruest, A., Boyd, D. A., Lefebvre, B., Trépanier, P., Longtin, J., Dolce, P.,
& Mulvey, M. R. (2020). Arrival of the rare carbapenemase OXA-204 in Canada causing a
multispecies outbreak over 3 years. Journal of Antimicrobial Chemotherapy, 75(10), 2787-2796.
https://doi.org/10.1093/jac/dkaa279

Pérndnen, K. M. M., Narciso-Da-Rocha, C., Kneis, D., Berendonk, T. U., Cacace, D., Do, T. T., Elpers,
C., Fatta-Kassinos, D., Henriques, 1., Jacger, T., Karkman, A., Martinez, J. L., Michael, S. G.,
Michael-Kordatou, 1., O’Sullivan, K., Rodriguez-Mozaz, S., Schwartz, T., Sheng, H., Serum, H.,
... Manaia, C. M. (2019). Antibiotic resistance in European wastewater treatment plants mirrors
the pattern of clinical antibiotic resistance prevalence. Science Advances, 5(3), 1-10.
https://doi.org/10.1126/sciadv.aau9124

Perez, F., El Chakhtoura, N. G., Papp-Wallace, K. M., Wilson, B. M., & Bonomo, R. A. (2016).
Treatment options for infections caused by carbapenem-resistant Enterobacteriaceac: Can we
apply “precision medicine” to antimicrobial chemotherapy? In Expert Opinion on
Pharmacotherapy (Vol. 17, Issue 6, pp. 761-781). Taylor and Francis Ltd.
https://doi.org/10.1517/14656566.2016.1145658

Perovic, O., Ismail, H., Quan, V., Bamford, C., Nana, T., Chibabhai, V., Bhola, P., Ramjathan, P., Swe
Swe-Han, K., Wadula, J., Whitelaw, A., Smith, M., Mbelle, N., & Singh-Moodley, A. (2020).
Carbapenem-resistant Enterobacteriaceae in patients with bacteraemia at tertiary hospitals in South
Africa, 2015 to 2018. European Journal of Clinical Microbiology and Infectious Diseases, 39(7),
1287-1294. https://doi.org/10.1007/s10096-020-03845-4

91



Kati Raisanen

Piccirilli, A., Perilli, M., Piccirilli, V., Segatore, B., Amicosante, G., Maccacaro, L., Bazaj, A., Naso,
L., Cascio, G. Lo, & Cornaglia, G. (2020). Molecular characterization of carbapenem-resistant
Klebsiella pneumoniae ST14 and ST512 causing bloodstream infections in ICU and surgery wards
of a tertiary university hospital of Verona (northern Italy): co-production of KPC-3, OXA-48, and
CTX-M-15 B-la. Diagnostic Microbiology and Infectious Disease, 96(3), 114968.
https://doi.org/10.1016/j.diagmicrobio.2019.114968

Pitout, J. D. D., & DeVinney, R. (2017). Escherichia coli ST131: A multidrug-resistant clone primed
for global domination. £/000Research, 6(0), 1-7. https://doi.org/10.12688/f1000research.10609.1

Pitout, J. D. D., & Finn, T. J. (2020). The evolutionary puzzle of Escherichia coli ST131. Infection,
Genetics and Evolution, 81(February), 104265. https://doi.org/10.1016/j.meegid.2020.104265

Pitout, J. D. D., Nordmann, P., & Poirel, L. (2015). Carbapenemase-producing Klebsiella pneumoniae,
a key pathogen set for global nosocomial dominance. Antimicrobial Agents and Chemotherapy,
59(10), 5873—5884. https://doi.org/10.1128/AAC.01019-15

Pitout, J. D. D., Peirano, G., Kock, M. M., Strydom, K. A., & Matsumura, Y. (2020). The global
ascendency of OXA-48-type carbapenemases. Clinical Microbiology Reviews, 33(1), 1-48.
https://doi.org/10.1128/CMR.00102-19

Platell, J. L., Johnson, J. R., Cobbold, R. N., & Trott, D. J. (2011). Multidrug-resistant extraintestinal
pathogenic Escherichia coli of sequence type STI131 in animals and foods. Veterinary
Microbiology, 153(1-2), 99-108. https://doi.org/10.1016/j.vetmic.2011.05.007

Pletz, M. W., Wollny, A., Dobermann, U. H., Rédel, J., Neubauer, S., Stein, C., Brandt, C., Hartung,
A., Mellmann, A., Trommer, S., Edel, B., Patchev, V., Makarewicz, O., & Maschmann, J. (2018).
A nosocomial foodborne outbreak of a VIM carbapenemase-expressing citrobacter freundii.
Clinical Infectious Diseases, 67(1), 58—64. https://doi.org/10.1093/cid/ciy034

Podschun, R., & Ullmann, U. (1998). Klebsiella spp. as nosocomial pathogens: epidemiology,
taxonomy, typing methods, and pathogenicity factors. Clinical Microbiology Reviews, 11(4), 589—
603. https://doi.org/10.1128/CMR.11.4.589

Poirel, L., Héritier, C., Toliin, V., & Nordmann, P. (2004). Emergence of oxacillinase-mediated
resistance to imipenem in Klebsiella pneumoniae. Antimicrobial Agents and Chemotherapy, 48(1),
15-22. https://doi.org/10.1128/AAC.48.1.15-22.2004

Poirel, L., Savov, E., Nazli, A., Trifonova, A., Todorova, 1., Gergova, 1., & Nordmann, P. (2014).
Outbreak caused by NDM-1- and RmtB-producing Escherichia coli in Bulgaria. Antimicrobial
Agents and Chemotherapy, 58(4), 2472-2474. https://doi.org/10.1128/AAC.02571-13

Raéisdnen, K., Ilmavirta, H. (2020). Bakteerien mikrobildiikeresistenssi Suomessa, Finres 2019.
http://www julkari.fi/handle/10024/135572

Raisdnen, K., Sarvikivi, E., Arifulla, D., Pietikdinen, R., Forsblom-Helander, B., Tarkka, E., Anttila,
V. J., Gronroos, J. O., Rintala, E., Kauranen, J., Ahlsved, M., Broas, M., Mikkola, J., Sieberns, J.,
Jalava, J., & Lyytikdinen, O. (2021). Three clusters of carbapenemase-producing Citrobacter
freundii in Finland, 2016-20. Journal of Antimicrobial Chemotherapy, 76(10), 2697-2701.
https://doi.org/10.1093/jac/dkab209

Ramette, A., Gasser, M., Nordmann, P., Zbinden, R., Schrenzel, J., Perisa, D., & Kronenberg, A.
(2021). Temporal and regional incidence of carbapenemase-producing enterobacterales,
Switzerland, 2013 to 2018. Eurosurveillance, 26(15), 1-9. https://doi.org/10.2807/1560-
7917.ES.2021.26.15.1900760

Resistance, A. (2020). Norm Norm - Vet 2020. 2307.

Riley, L. W., & Blanton, R. E. (2018). Advances in Molecular Epidemiology of Infectious Diseases:
Definitions, Approaches, and Scope of the Field. Microbiology Spectrum, 6(6).
https://doi.org/10.1128/microbiolspec. AME-0001-2018

Rima, M., Emeraud, C., Bonnin, R. A., Gonzalez, C., Dortet, L., lorga, B. 1., Oueslati, S., & Naas, T.
(2021). Biochemical characterization of OXA-244, an emerging OXA-48 variant with reduced -
lactam hydrolytic activity. The Journal of Antimicrobial Chemotherapy, 76(8), 2024-2028.
https://doi.org/10.1093/jac/dkab142

92



References

Rodel, J., Mellmann, A., Stein, C., Alexi, M., Kipp, F., Edel, B., Dawczynski, K., Brandt, C., Seidel,
L., Pfister, W., Loffler, B., & Straube, E. (2019). Use of MALDI-TOF mass spectrometry to detect
nosocomial outbreaks of Serratia marcescens and Citrobacter freundii. European Journal of
Clinical Microbiology and Infectious Diseases, 38(3), 581-591. https://doi.org/10.1007/s10096-
018-03462-2

Roer, L., Overballe-Petersen, S., Hansen, F., Schenning, K., Wang, M., Reder, B. L., Hansen, D. S.,
Justesen, U. S., Andersen, L. P., Fulgsang-Damgaard, D., Hopkins, K. L., Woodford, N.,
Falgenhauer, L., Chakraborty, T., Samuelsen, @., Sjostrom, K., Johannesen, T. B., Ng, K., Nielsen,
J., ... Hasman, H. (2018). Escherichia coli Sequence Type 410 Is Causing New International High-
Risk Clones. MSphere, 3(4). https://doi.org/10.1128/mSphere.00337-18

Rotondo, C. M., & Wright, G. D. (2017). Inhibitors of metallo-B-lactamases. Current Opinion in
Microbiology, 39(November), 96—105. https://doi.org/10.1016/j.mib.2017.10.026

Ruppé, E., Olearo, F., Pires, D., Baud, D., Renzi, G., Cherkaoui, A., Goldenberger, D., Huttner, A.,
Francois, P., Harbarth, S., & Schrenzel, J. (2017). Clonal or not clonal? Investigating hospital
outbreaks of KPC-producing Klebsiella pneumoniae with whole-genome sequencing. Clinical
Microbiology and Infection, 23(7), 470-475. https://doi.org/10.1016/j.cmi.2017.01.015

Ruppé, E., Woerther, P. L., & Barbier, F. (2015). Mechanisms of antimicrobial resistance in Gram-
negative bacilli. Annals of Intensive Care, 5(1). https://doi.org/10.1186/s13613-015-0061-0

Sali, A., & Blundell, T. L. (1993). Comparative protein modelling by satisfaction of spatial restraints.
Journal of Molecular Biology, 234(3), 779-815. https://doi.org/10.1006/jmbi.1993.1626

Samonis, G., Karageorgopoulos, D. E., Kofteridis, D. P., Matthaiou, D. K., Sidiropoulou, V., Maraki,
S., & Falagas, M. E. (2009). Citrobacter infections in a general hospital: characteristics and
outcomes. FEuropean Journal of Clinical Microbiology & Infectious Diseases.: Olfficial
Publication of the European Society of Clinical Microbiology, 28(1), 61-68.
https://doi.org/10.1007/s10096-008-0598-z

Samuelsen, 0., Overballe-Petersen, S., Bjernholt, J. V., Brisse, S., Doumith, M., Woodford, N.,
Hopkins, K. L., Aasnes, B., Haldorsen, B., & Sundsfjord, A. (2017). Molecular and
epidemiological characterization of carbapenemase-producing Enterobacteriaceac in Norway,
2007 to 2014. PLoS ONE, 12(11), 1-17. https://doi.org/10.1371/journal.pone.0187832

Sanders, W. E. J., & Sanders, C. C. (1997). Enterobacter spp.: pathogens poised to flourish at the turn
of the century. Clinical Microbiology Reviews, 10(2), 220-241.
https://doi.org/10.1128/CMR.10.2.220

Sanger, F., Nicklen, S., & Coulson, A. R. (1977). DNA sequencing with chain-terminating inhibitors.
Proceedings of the National Academy of Sciences of the United States of America, 74(12), 5463—
5467. https://doi.org/10.1073/pnas.74.12.5463

Schiirch, A. C., Arredondo-Alonso, S., Willems, R. J. L., & Goering, R. V. (2018). Whole genome
sequencing options for bacterial strain typing and epidemiologic analysis based on single
nucleotide polymorphism versus gene-by-gene-based approaches. Clinical Microbiology and
Infection : The Official Publication of the European Society of Clinical Microbiology and
Infectious Diseases, 24(4), 350-354. https://doi.org/10.1016/j.cmi.2017.12.016

Schweizer, C., Bischoff, P., Bender, J., Kola, A., Gastmeier, P., Hummel, M., Klefisch, F. R.,
Schoenrath, F., Frithauf, A., & Pfeifer, Y. (2019). Plasmid-mediated transmission of KPC-2
carbapenemase in Enterobacteriaceae in critically 11l patients. Frontiers in Microbiology, 10(FEB).
https://doi.org/10.3389/fmicb.2019.00276

Sellera, F. P., Da Silva, L. C. B. A., & Lincopan, N. (2021). Rapid spread of critical priority
carbapenemase-producing pathogens in companion animals: A One Health challenge for a post-
pandemic  world. Journal of Antimicrobial = Chemotherapy, 76(9), 2225-2229.
https://doi.org/10.1093/jac/dkab169

Shannon, K., King, A., & Phillips, I. (1986). B-Lactamases With High Activity Against Imipenem and
Sch 34343 From Aeromonas Hydrophila. Journal of Antimicrobial Chemotherapy, 17(1), 45-50.
https://doi.org/10.1093/jac/17.1.45

93



Kati Raisanen

Sherry, N. L., Lane, C. R., Kwong, J. C., Schultz, M., Sait, M., Stevens, K., Ballard, S., Da Silva, A.
G., Seemann, T., Gorrie, C. L., Stinear, T. P., Williamson, D. A., Brett, J., Van Diemen, A., Easton,
M., & Howden, B. P. (2019). Genomics for molecular epidemiology and detecting transmission of
carbapenemase-producing enterobacterales in Victoria, Australia, 2012 to 2016. Journal of
Clinical Microbiology, 57(9), 1-12. https://doi.org/10.1128/JCM.00573-19

Shields, R. K., Chen, L., Cheng, S., Chavda, K. D., & Press, E. G. (2017). Emergence of Ceftazidime-
Avibactam Mutations during Treatment of. Antimicrob Agents Chemother., 61(3), 1-11.
https://doi.org/10.1128/AAC.02097-16

Shrivastava, S. R., Shrivastava, P. S., & Ramasamy, J. (2018). World health organization releases
global priority list of antibiotic-resistant bacteria to guide research, discovery, and development of
new  antibiotics. JMS -  Journal of  Medical  Society, 32(1), 76-77.
https://doi.org/10.4103/jms.jms_25 17

Skov, R., & Skov, G. (2012a). EUCAST guidelines for detection of resistance mechanisms and specific
resistances of clinical and / or epidemiological importance. December, 1-47.

Skov, R., & Skov, G. (2012b). EUCAST guidelines for detection of resistance mechanisms and specific
resistances of clinical and / or epidemiological importance. December, 1-47.

Smismans, A., Ho, E., Daniels, D., Ombelet, S., Mellaerts, B., Obbels, D., Valgaeren, H., Goovaerts,
A., Huybrechts, E., Montag, 1., & Frans, J. (2019). New environmental reservoir of CPE in
hospitals. The Lancet Infectious Diseases, 19(6), 580-581. https://doi.org/10.1016/S1473-
3099(19)30230-0

Snitkin, E. S., Zelazny, A. M., Thomas, P. J., Stock, F., Henderson, D. K., Palmore, T. N., & Segre, J.
A. (2012). Tracking a hospital outbreak of carbapenem-resistant Klebsiella pneumoniae with
whole-genome sequencing. Science Translational Medicine, 4(148).
https://doi.org/10.1126/scitranslmed.3004129

Ssekatawa, K., Byarugaba, D. K., Wampande, E., & Ejobi, F. (2018). A systematic review: The current
status of carbapenem resistance in East Africa. BMC Research Notes, 11(1), 1-9.
https://doi.org/10.1186/s13104-018-3738-2

Stoesser, N, Sheppard, A. E., Peirano, G., Anson, L. W., Pankhurst, L., Sebra, R., Phan, H. T. T.,
Kasarskis, A., Mathers, A. J., Peto, T. E. A., Bradford, P., Motyl, M. R., Walker, A. S., Crook, D.
W., & Pitout, J. D. (2017). Genomic epidemiology of global Klebsiella pneumoniae
carbapenemase (KPC)-producing Escherichia coli. Scientific Reports, 7(1), 5917.
https://doi.org/10.1038/s41598-017-06256-2

Stoesser, Nicole, Phan, H. T. T., Seale, A. C., Aiken, Z., Thomas, S., Smith, M., Wyllie, D., George,
R., Sebra, R., Mathers, A. J., Vaughan, A., Peto, T. E. A., Ellington, M. J., Hopkins, K. L., Crook,
D. W., Orlek, A., Welfare, W., Cawthorne, J., Lenney, C., ... Walker, A. S. (2020). Genomic
Epidemiology of Complex, Multispecies, Plasmid-Borne bla (KPC) Carbapenemase in
Enterobacterales in the United Kingdom from 2009 to 2014. Antimicrobial Agents and
Chemotherapy, 64(5). https://doi.org/10.1128/AAC.02244-19

Surveillance of antimicrobial resistance in Europe 2018. (2019). In Stockholm: ECDC; 2019.
https://doi.org/10.1136/bmj.317.7159.614

Suwantarat, N., & Carroll, K. C. (2016). Epidemiology and molecular characterization of multidrug-
resistant Gram-negative bacteria in Southeast Asia. Antimicrobial Resistance and Infection
Control, 5(1), 1-8. https://doi.org/10.1186/s13756-016-0115-6

Tamma, P. D., Doi, Y., Bonomo, R. A., Johnson, J. K., & Simner, P. J. (2019). A Primer on AmpC f-
Lactamases: Necessary Knowledge for an Increasingly Multidrug-resistant World. Clinical
Infectious Diseases : An Olfficial Publication of the Infectious Diseases Society of America, 69(8),
1446-1455. https://doi.org/10.1093/cid/ciz173

Tenover, F. (2006). Mechanisms of antimicrobial resistance in bacteria. The American Journal of
Medicine, 119(6 Suppl 1), S3-10; discussion S62-70.
https://doi.org/10.1016/j.amjmed.2006.03.011

94



References

Tenover, F. C., Arbeit, R. D., Goering, R. V., Mickelsen, P. A., Murray, B. E., Persing, D. H., &
Swaminathan, B. (1995). Interpreting chromosomal DNA restriction patterns produced by pulsed-
field gel electrophoresis: Criteria for bacterial strain typing. Journal of Clinical Microbiology,
33(9), 2233-22309. https://doi.org/10.1128/jcm.33.9.2233-2239.1995

The Center for Disease, Dynamics Economics & Policy. ResistanceMap: Antibiotic resistance. 2021.
(2021). The Center for Disease, Dynamics Economics & Policy. ResistanceMap: Antibiotic
Resistance. 2021. https://resistancemap.cddep.org/AntibioticResistance.php

THL. (2020a). Ohje moniresistenttien mikrobien tartunnantorjunnasta (Vol. 30, Issue
Mannerheimintie 166). http://www.julkari.fi/handle/10024/139220

THL. (2020b). Seurantajdirjestelmdt ja rekisterit. Tartuntatautirekisteri. Tartuntatautien esiintyvyys
Suomessa-raportti ~ 2019.  (thl.fi/fi/web/infektiotaudit-ja-rokotukset/seurantajarjestelmat-ja-
rekisterit/tartuntatautirekisteri/tartuntatautien-esiintyvyystilastot/tartuntatautien-esiinty vyys-
suomessa-raportit)

THL. (2021a). Bakteerien mikrobilddkeresistenssi Suomessa Finres 2020. Terveyden ja hyvinvoinnin
laitos. Helsinki, 2021. https://urn.fi/URN:ISBN:978-952-343-758-6

THL. (2021b). Seurantajdirjestelmdt ja rekisterit. Tartuntatautirekisteri. Tartuntatautien esiintyvyys
Suomessa-raportti ~ 2020.  (thl.fi/fi/web/infektiotaudit-ja-rokotukset/seurantajarjestelmat-ja-
rekisterit/tartuntatautirekisteri/tartuntatautien-esiintyvyystilastot/tartuntatautien-esiinty vyys-
suomessa-raportit)

Tofteland, S., Naseer, U., Lislevand, J. H., Sundsfjord, A., & Samuelsen, @. (2013). A Long-Term
Low-Frequency Hospital Outbreak of KPC-Producing Klebsiella pneumoniae Involving
Intergenus Plasmid Diffusion and a Persisting Environmental Reservoir. PLoS ONE, 8(3), 1-8.
https://doi.org/10.1371/journal.pone.0059015

Tooke, C. L., Hinchliffe, P., Bragginton, E. C., Colenso, C. K., Hirvonen, V. H. A., Takebayashi, Y.,
& Spencer, J. (2019). B-Lactamases and p-Lactamase Inhibitors in the 21st Century. Journal of
Molecular Biology, 431(18), 3472-3500. https://doi.org/10.1016/j.jmb.2019.04.002

Ur Rahman, S., Ali, T., Ali, L., Khan, N. A., Han, B., & Gao, J. (2018). The Growing Genetic and
Functional Diversity of Extended Spectrum Beta-Lactamases. BioMed Research International,
2018, 9519718. https://doi.org/10.1155/2018/9519718

van Beek, J., Réisdnen, K., Broas, M., Kauranen, J., Kdhkold, A., Laine, J., Mustonen, E., Nurkkala,
T., Puhto, T., Sinkkonen, J., Torvinen, S., Vornanen, T., Vuento, R., Jalava, J., & Lyytikdinen, O.
(2019). Tracing local and regional clusters of carbapenemase-producing Klebsiella pneumoniae
ST512 with whole genome sequencing, Finland, 2013 to 2018. Eurosurveillance, 24(38).
https://doi.org/10.2807/1560-7917.ES.2019.24.38.1800522

van Belkum, A., Bachmann, T. T., Liidke, G., Lisby, J. G., Kahlmeter, G., Mohess, A., Becker, K.,
Hays, J. P., Woodford, N., Mitsakakis, K., Moran-Gilad, J., Vila, J., Peter, H., Rex, J. H., & Dunne,
W. M. (2019). Developmental roadmap for antimicrobial susceptibility testing systems. Nature
Reviews Microbiology, 17(1), 51-62. https://doi.org/10.1038/s41579-018-0098-9

van der Zwaluw, K., Witteveen, S., Wielders, L., van Santen, M., Landman, F., de Haan, A., Schouls,
L. M., Bosch, T., Cohen Stuart, J. W. T., Melles, D. C., van Dijk, K., Visser, C. E., Notermans, D.
W., van Ogtrop, M. L., Werdmuller, B. F. M., van Hees, B. C., Kluytmans, J. A. J. W., van den
Bijllaardt, W., Kraan, E. M., ... Wolfhagen, M. J. H. M. (2020). Molecular characteristics of
carbapenemase-producing Enterobacterales in the Netherlands; results of the 2014-2018 national
laboratory surveillance. Clinical Microbiology and Infection, 26(10), 1412.e7-1412.e12.
https://doi.org/10.1016/j.cmi.2020.01.027

van Duin, D., & Bonomo, R. A. (2021). Ceftazidime/avibactam and ceftolozane/tazobactam: Second-
generation B-Lactam/B-lactamase inhibitor combinations. Clinical Infectious Diseases, 63(2),
234-241. https://doi.org/10.1093/cid/ciw243

van Duin, D., & Doi, Y. (2017). The global epidemiology of carbapenemase-producing
Enterobacteriaceae. Virulence, 8(4), 460-469. https://doi.org/10.1080/21505594.2016.1222343

95



Kati Raisanen

Van Hattem, J. M., Arcilla, M. S., Bootsma, M. C. J., Van Genderen, P. J., Goorhuis, A., Grobusch, M.
P., Molhoek, N., Oude Lashof, A. M. L., Schultsz, C., Stobberingh, E. E., Verbrugh, H. A., De
Jong, M. D., Melles, D. C., & Penders, J. (2016). Prolonged carriage and potential onward
transmission of carbapenemase-producing Enterobacteriaceae in Dutch travelers. Future
Microbiology, 11(7), 857-864. https://doi.org/10.2217/fmb.16.18

Venditti, C., Butera, O., Meledandri, M., Balice, M. P., Cocciolillo, G. C., Fontana, C., D’Arezzo, S.,
De Giuli, C., Antonini, M., Capone, A., Messina, F., Nisii, C., & Di Caro, A. (2021). Molecular
analysis of clinical isolates of ceftazidime-avibactam-resistant Klebsiella pneumoniae. Clinical
Microbiology and Infection, 27(7), 1040.e1-1040.¢6. https://doi.org/10.1016/j.cmi.2021.03.001

Venditti, C., Fortini, D., Villa, L., Vulcano, A., Arezzo, S. D., Capone, A., Petrosillo, N., Nisii, C.,
Carattoli, A., & Caro, D. (2017). Circulation of blaKPC-3-Carrying IncX3 Plasmids among
Citrobacter freundii Isolates in an Italian Hospital. 61(8), 1-6.

Vergara-Lopez, S., Dominguez, M. C., Congjo, M. C., Pascual, A, & Rodriguez-Baiio, J. (2013).
Wastewater drainage system as an occult reservoir in a protracted clonal outbreak due to metallo-
B-lactamase-producing Klebsiella oxytoca. Clinical Microbiology and Infection, 19(11).
https://doi.org/10.1111/1469-0691.12288

Walsh, C. (2003). Antibiotics: actions, origins, resistance. ASM Press.

Walsh, T. R. (2018). A one-health approach to antimicrobial resistance. Nature Microbiology, 3(8),
854-855. https://doi.org/10.1038/s41564-018-0208-5

Walsh, T. R., Weeks, J., Livermore, D. M., & Toleman, M. A. (2011). Dissemination of NDM-1
positive bacteria in the New Delhi environment and its implications for human health: an
environmental point prevalence study. The Lancet. Infectious Diseases, 11(5), 355-362.
https://doi.org/10.1016/S1473-3099(11)70059-7

Welker, S., Boutin, S., Miethke, T., Heeg, K., & Nurjadi, D. (2020). Emergence of carbapenem-
resistant ST131 escherichia coli carrying blaOXA-244 in germany, 2019 to 2020.
Eurosurveillance, 25(46), 1-8. https://doi.org/10.2807/1560-7917.ES.2020.25.46.2001815

Winterhalter, M. (2021). Antibiotic uptake through porins located in the outer membrane of Gram-
negative bacteria.  Expert  Opinion on  Drug  Delivery, 18(4), 449-457.
https://doi.org/10.1080/17425247.2021.1847080

Woodford, N, & Ellington, M. J. (2007). The emergence of antibiotic resistance by mutation. Clinical
Microbiology and Infection : The Official Publication of the European Society of Clinical
Microbiology and  Infectious Diseases, 13(1), 5-18. https://doi.org/10.1111/j.1469-
0691.2006.01492.x

Woodford, Neil, Turton, J. F., & Livermore, D. M. (2011). Multiresistant Gram-negative bacteria: The
role of high-risk clones in the dissemination of antibiotic resistance. FEMS Microbiology Reviews,
35(5), 736-755. https://doi.org/10.1111/j.1574-6976.2011.00268.x

Woodford, Neil, Zhang, J., Warner, M., Kaufmann, M. E., Matos, J., Macdonald, A., Brudney, D.,
Sompolinsky, D., Navon-Venezia, S., & Livermore, D. M. (2008). Arrival of Klebsiella
pneumoniae producing KPC carbapenemase in the United Kingdom. The Journal of Antimicrobial
Chemotherapy, 62(6), 1261-1264. https://doi.org/10.1093/jac/dkn396

World Bank. (2016). Drug-Resistant Infections: A Threat to Our Economic Future. World Bank Report,
2(September), 1-132. www.worldbank.org

World Health Organization (WHO). (2015). Global antimicrobial resistance surveillance system. In
Global Antimicrobial Resistance Surveillance System: Manual for Early Implementation.

World Health Organization (WHO). (2017). Global Antimicrobial Resistance Surveillance System
(GLASS) Report. Geneva, World Health Organization. In Who.
https://apps.who.int/iris/bitstream/handle/10665/279656/9789241515061-eng.pdf?ua=1

World Health Organization (WHO). (2020). GLASS whole-genome sequencing for surveillance of
antimicrobial resistance: Global Antimicrobial Resistance and Use Surveillance System (GLASS).
In Who. https://www.who.int/health-topics/antimicrobial-resistance

96



References

World Health Organization (WHO). (2022). WHO publishes list of bacteria for which new antibiotics
are urhently needed. https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-
for-which-new-antibiotics-are-urgently-needed

Wright, G. D., & Poinar, H. (2012). Antibiotic resistance is ancient: implications for drug discovery.
Trends in Microbiology, 20(4), 157-159. https://doi.org/10.1016/j.tim.2012.01.002

Wu, W. (2019). crossm NDM Metallo- % -Lactamases and Their Bacterial Producers in. Clinical
Microbiology Reviews, 32(2), ¢00115-18.

Wyres, K. L., & Holt, K. E. (2016). Klebsiella pneumoniae Population Genomics and Antimicrobial-
Resistant Clones. Trends in Microbiology, 24(12), 944-956.
https://doi.org/10.1016/j.tim.2016.09.007

Yao, Y., Falgenhauer, L., Falgenhauer, J., Hauri, A. M., Heinmiiller, P., Domann, E., Chakraborty, T.,
& Imirzalioglu, C. (2021). Carbapenem-Resistant Citrobacter spp. as an Emerging Concern in the
Hospital-Setting: Results From a Genome-Based Regional Surveillance Study. Frontiers in
Cellular and Infection Microbiology, 11(November), 1-12.
https://doi.org/10.3389/fcimb.2021.744431

Yigit, H., Queenan, A. M., Anderson, G. J., Domenech-Sanchez, A., Biddle, J. W., Steward, C. D.,
Alberti, S., Bush, K., & Tenover, F. C. (2001). Novel carbapenem-hydrolyzing beta-lactamase,
KPC-1, from a carbapenem-resistant strain of Klebsiella pneumoniae. Antimicrobial Agents and
Chemotherapy, 45(4), 1151-1161. https://doi.org/10.1128/AAC.45.4.1151-1161.2001

Yong, D., Toleman, M. A., Giske, C. G., Cho, H. S., Sundman, K., Lee, K., & Walsh, T. R. (2009).
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.  Antimicrobial  Agents and  Chemotherapy,  53(12), 5046-5054.
https://doi.org/10.1128/AAC.00774-09

Zhang, X., Feng, Y., Zhou, W., McNally, A., & Zong, Z. (2018). Cryptic transmission of ST405
Escherichia coli carrying blaNDM-4 in hospital. Scientific Reports, 8(1), 8-11.
https://doi.org/10.1038/s41598-017-18910-w

Zhou, H., Liu, W., Qin, T., Liu, C., & Ren, H. (2017). Defining and Evaluating a Core Genome
Multilocus Sequence Typing Scheme for Whole-Genome Sequence-Based Typing of Klebsiella
pneumoniae. Frontiers in Microbiology, 8, 371. https://doi.org/10.3389/fmicb.2017.00371

97



N2

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

Painosalama, Turku, Finland 2023

ISBN 978-951-29-9175-4 (PRINT)
ISBN 978-951-29-9176-1 (PDF)

ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)




	ABSTRACT
	TIIVISTELMÄ
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Review of the Literature
	2.1 What is antimicrobial resistance and how to measure it?
	2.1.1 AMR and its burden in the public health
	2.1.2 One Health approach

	2.2 The order Enterobacterales
	2.2.1 Species, clinical infections and resistance
	E. coli
	K. pneumoniae
	Other species

	2.2.2 Structure of the cell wall

	2.3 β-lactam antibiotics
	2.3.1 Structure and function
	2.3.2 Cephalosporins
	2.3.3 Carbapenems
	2.3.4 β-lactamase inhibitors

	2.4 Development and mechanisms of antimicrobial resistance
	2.4.1 β-lactam resistance mechanisms
	2.4.2 Carbapenem resistance mechanisms
	Class A carbapenemases
	Class B carbapenemases
	Class D carbapenemases

	2.4.3 Other clinically important β-lactamases causing carbapenem resistance
	ESBLs (class A β-lactamases)
	AmpC (class C) β-lactamases


	2.5 Surveillance of antimicrobial resistance
	GLASS
	EARS-Net
	CAESAR
	Finres

	2.6 Carbapenem-resistant Enterobacterales
	2.6.1 Background
	2.6.2 Epidemiology of carbapenemase-producing Enterobacterales
	Geographic distribution of CRE/CPE
	North America
	South America
	Africa
	Oceania
	Europe

	2.6.2.1 International high-risk clones
	E. coli ST131 clone
	K. pneumoniae clones ST258 and ST512



	2.7 Methods used for molecular epidemiology
	2.7.1 Pulsed-field gel electrophoresis (PFGE)
	2.7.2 Multilocus sequence typing (MLST)
	2.7.3 Whole genome sequencing (WGS)
	Next-generation sequencing (NGS) technologies
	Use of WGS in public health practices

	2.7.4 Core genome multi locus sequence typing (cgMLST)
	Genome assembly
	Threshold

	2.7.5 Resistance gene detection
	The use of genotypic AMR in the prediction of phenotypic AST



	3 Aims
	4 Materials and Methods
	4.1 CRE and CPE surveillance in Finland
	4.2 Quality of the data
	4.3 Bacterial isolates
	4.4 Phenotypic analysis and CPE screening
	4.5 Molecular analysis
	4.5.1 Whole Genome Sequencing

	4.6 Ethical aspects

	5 Results
	5.1 Molecular epidemiology of CPE in Finland during 2012–2018 (Study I)
	Overview of the CPE clusters

	5.2 Two clusters of K. pneumoniae ST512 producing KPC-3 in Finland, 2013–2018 (Study II)
	Description of the clusters
	Cluster 1
	Cluster 2


	5.3 Three clusters of CP C. freundii in Finland, 2016–2020 (Study III)
	Description of the clusters
	Cluster 1
	Cluster 2
	Cluster 3


	5.4 Development of CAZ-AVI resistance in K. pneumoniae during treatment in Finland, 2018 (Study IV)

	6 Discussion
	6.1 Benefits of nationwide WGS surveillance
	Defined thresholds for distinguishing unrelated isolates

	6.2 Molecular epidemiology of CPE in Finland during 2012–2018
	Species and genes
	Sequence types
	Traveling and importation of CPE
	CPE clusters

	6.3 Phenotypic profile of CPE isolates according to species and carbapenemase variant
	6.4 Tracing back transmission routes of two CP K. pneumoniae clusters, Finland, 2013–2018
	6.5 Description of three CP C. freundii clusters detected in Finland during 2016–2020
	6.6 New mechanism causing CAZ-AVI resistance in KPC-producing K. pneumoniae during CAZ‑AVI treatment
	6.7 Limitations of the studies

	7 Conclusions
	Acknowledgements
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails true

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /SUO <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [510.236 720.000]

>> setpagedevice




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20230123123859
       141.7323
       Blank
       255.1181
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20230123123859
       141.7323
       Blank
       255.1181
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20230123123859
       141.7323
       Blank
       255.1181
          

     LAST-1
     Wide
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Down
     8.5039
     0.0000
            
                
         Both
         90
         AllDoc
         122
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     133
     134
     133
     134
      

   1
  

 HistoryList_V1
 qi2base





