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ABSTRACT

The emergence and global spread of carbapenem resistant
Enterobacteriaceae is an alarming world-wide phenomenon that also affects the
Middle East due to limited treatment options for such infections and their
common association with high level of fatality. The most important mechanism of
such resistance is caused by the production of various carbapenemase enzymes. In
the Arabian Peninsula, so far, NDM and OXA48-like carbapenemases have been
reported. while elsewhere other enzymes, e.g. VIM, IMP and KPC are also
commonly found. Our aim was to systematically look for the VIM-type
carbapenemases among local isolates and to characterize their genetic
background.

Initially. screening isolates from Abu Dhabi hospitals, we identified a single
Enterobacter cloaceae strain carrying the VIM-4 allele. This was the first such
isolate ever reported from the Peninsula. Subsequently, investigating isolates from
Kuwait, Saudi Arabia, Oman and the UAE, we identified a further 11 isolates, one
E. cloaceae from Saudi Arabia, two from Oman, one from Kuwait and also one
Escherichia coli from this country. Besides these, the latter country also provided
six Klebsiella pneumoniae isolates. All strains produced the VIM-4 variant of the
enzyme as determined by the sequencing of their genes. In all cases, the gene was
located on plasmids of varying sizes, either non-typable or belonging to the
IncA/C group; most of them were conjugative and they commonly harbored other
B-lactamase genes, such as CTX-M or CMY-4. In all strains the VIM-4 gene was
located within a class | integron - with some variations between the gene casettes

present - similar to strains previously identified in North Africa and ltaly,

- Vil -



suggesting the possibility of spread. Clonal typing revealed that the relatively high
incidence of VIM-producer Enterobacteriaceae encountered in Kuwait was not
due to the spread of a particular clone, but most probably was the result of the
transfer of an IncA/C plasmid, co-harboring blavims and blacmy, into Klebsiella
pneumoniae and E. coli.

Our data show that, beyond NDM and OXA-48-like, VIM type carbapenemases
are the third most common isolates in the Arabian Peninsula. Further investigation

is needed to monitor the spread of clones and genes in the region.
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VIM-type carbapenemases Nour Yahfoufi, 2014

I. INTRODUCTION

I.1. Enterobacteriaceae

The Enterobacteriaceae is the largest family of medically important
Gram-negative bacteria. Currently, it includes 44 genera and 176 named species
(Baumler et al. 2013). Enrerobacteriaceae are ubiquitous organisms, found not
only in animals and humans but also in water, soil and plants. These organisms
are inhabitants of the intestinal flora of most animals including humans (Murray

et al. 2005, Pham et al. 2007).

1.1.1. Physiology and Cell Structure

The average size of an Enrerobacteriaceae cell is between 0.3 to 1.0 x 1.0
to 6.0 pm. They are Gram-negative, non-spore-forming bacilli. They are
facultative anaerobes and under optimal conditions most representatives have a
generation time of 20-30 min (Wilks et al. 2003, Murray et al. 2005). As typical
Gram negative bacteria, the envelop of Enterobacteriaceae consists of an inner
and an outer membrane with a periplasmic space in between (FIGURE 1.). The
outer leaflet of the outer membrane is the major cell wall (O) antigen of
Enterobacteriaceue, 1.e. the heat-stable lipopolysaccharide (LPS) (Azari et al.
2013) (Murray et al. 2005). The outer membrane also contains proteins. Some are

important ligands, some have sensor/signaling functions, while others (i.e. porins)
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I.1.2. Pathogenic Potential

With considerable variation between species and even between strains
regarding their actual virulence, some members of the family are considered
genuine enteric pathogens (e.g. Salmonella, Shigella, the diarrhea-causing E. coli
pathotypes). Some others may colonize the gut as part of the microbiota, but when
getting to other, mostly extraintestinal body sites. they may cause serious, often
life-threatening infections (e.g. E. coli. Klebsiella). Obviously, these infections are
even more serious in hosts with compromised defense capacities. Finally, there
are members of the family which are clearly opportunistic pathogens, i.e. usually
not affecting the otherwise healthy hosts (e.g. Serratia, Enterobacter) (Holst

2007. Nordmann et al. 2012).

Depending on the site of infection, the diseases caused vary from cystitis
to pyelonephritis, enteritis, septicemia. pneumonia, peritonitis, meningitis, and
device-associated infections. Thus, Enterobacteriaceae can affect practically any
body sites. (Nordmann et al. 2012). They are responsible for more than 70% of
urinary tract infections (UTI), 30% to 35% of all bacteremia, and several
intestinal infections (Murray et al. 2005). As some members also infect animals,
or are carried by them, they cause zoonotic infections (most Sa/lmonella serovars
and Yersinia species). Others are strict human pathogens (Shigella species and S.
Typhi). Among E. coli infections, examples of both zoonotic transmission (e.g.
enterohaemorrhagic E. coli) and strictly human sources (e.g. enterotoxigenic or
enteroinvasive E. coli) can be found (Nataro and Kaper 1998, Murray et al. 2005).

Enterobacteriaceae spread easily between individuals either by direct contact
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transmission, with the aid of contaminated fomites, or by contaminated food and

water (Baron 1996).

Importantly, some even some potentially pathogenic members of the
Enterobacteriaceae family (such as Escherichia coli, Klebsiella pneumoniae, and
Proteus mirabilis), are part of the commensal flora and co-habit the gut with
hundreds of other members of the microbiota. This fact, combined with the ease
with which these strains are capable of acquiring genetic material through
horizontal gene transfer, explains the extreme flexibility of some family members
leading to their highly versatile pathogenic and resistant features (Partridge 2011,

Stokes and Gillings 2011, Nordmann et al. 2012).

1.2. The Global Problem of Antibiotic Resistance

Antibiotic resistance is considered as one of the most pressing problems of
contemporary medicine. It has emerged as one of the foremost public health
concemns of the 21st century as organisms are able to develop resistance rapidly to
any antibiotics introduced (van Duin et al. 2013). Antibiotic resistance threatens
the control of infectious diseases, increases morbidity and mortality and imposes
enormous costs on societies. In the European Union, about 25000 patients die
each year from infections caused by selected multidrug resistant (MDR) bacteria
and 1.5 billion euros are the annual estimated associated costs (Leung et al. 2011).
Likewise the Infectious Diseases Society of America (IDSA) considers
antimicrobial resistance as ‘“one of the greatest threats to human health

worldwide™ and the annual additional costs of infections in the USA caused by
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form channels through which various compounds. among others some antibiotics.

reach the inner structures of the cells (Azari et al. 2013).

Beyond the somatic O polysaccharide antigen. other surface antigens may
or may not be present on the strains. Certain Enterobacteriaceue have noticeable
capsules (K antigen) such as Alebsiellu. Enterobacter and Escherichia strains.
while others are surrounded by a loose slime layer. or nothing at all. Depending
on the genus. species and strain they can be motile. with peritrichous tlagellae
representing the H antigen. While the O antigen determines the serogroup. this,
combined with the H (and sometimes with the K) antigen describes the serotype

of the isolate.

Flogello (H onfigen)
—— Copsule (K or Vi anfigen)

Lipopolysocchoride [LPS) or
endotoxin

— O polysoccharide
— Polysaccharide core
Lipid A

Outer membrone

Inner membrane

Cytoplosm
FIGURE 1. Cell wall structure of Enterobacteriaceae (Murray et al. 2005)
Several Enterobacteriaceae have timbriae or pili associated with the

capacity of the strain to adhere to various surfaces (Whitfield 1995. Weissman et

al. 2003. Holst 2007).



VIM-type carbapenemases Nour Yahfoufi, 2014

resistant organisms, as compared to susceptible organisms, are estimated between

$21 billion and $34 billion respectively (Spellberg et al. 2011).

Therefore, antimicrobial resistance has been the focus of the World Health
Organization for several years: in 1998, the World Health Assembly implemented
a resolution urging member states to take action against it. In 2001, the WHO
outlined a global strategy on containment of antimicrobial resistance, besides a
number of recommendations. In 2005, a new World Health Assembly resolution
on antimicrobial resistance was implemented, a waming about the slow progress
was issued and the rational use of antimicrobial agents by providers and
consumers was called for. Finally in 2011, antimicrobial resistance was the focus
of the 2011 World Health Day of the World Health Organization (WHO) (Leung

etal. 2011).

While the problem of drug resistance affects almost all genera of
pathogenic bacteria, the magnitude of the problem is not the same for Gram-
positive and for Gram-negative bacteria. For the former group there are potent
alternatives once a strain develops resistance to beta-lactams or even to
vancomycin. However, for the latter group no such similarly effective, second line
treatment is available. Actually, new anti-Gram-negative antibiotics, representing
completely new classes are not even in the development/production pipelines and
are unlikely to be available in the foreseeable future. Furthermore, resistance to
the less-efficient or more toxic alternatives are emerging, resulting in pan-resistant
strains (Stokes and Gillings 2011, Toleman and Walsh 2011, Zhanel et al. 2011,

Walsh and Toleman 2012, van Duin et al. 201 3).
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1.2.1. Extended Spectrum Beta-Lactam Resistance Among Gram-Negative

Rods in the Arabian Peninsula

The Middle East, specifically the Arabian Peninsula, has not been spared
the problem of drug resistance, either. It is not surprising as actually some of these
countries can be considered extremely vulnerable to the problem. They are
surrounded by regions (the Indian subcontinent, North Africa etc.) often facing an
extremely high rate of resistance. In some of the countries the rate of expatriate
residents may reach 80%. mostly coming from these areas. Some of these
countries. like the UAE. are tourist and commercial hubs with very high incoming
and outgoing traftic. Characteristically, most of the Gulf countries have a highly
advanced healthcare system with highly sophisticated technical interventions
being routinely exercised. This, of course, means that the number of patients with
compromised defense systems is high and it also means the extensive use of high-
power antibiotics. Regretfully, however, this advanced level of curative medicine
is often not matched with equally well-organized and well-maintained antibiotic

regulation.

In the last two decades E. coli, followed by K. pneumoniae, P. aeruginosa
and MRSA have been the most common microorganisms in the Gulf with

emerging resistance (Aly and Balkhy 2012).

In Saudi Arabia, resistance to extended-spectrum cephalosporins due to
ESBL production varies from 6% up to 38.5%. In addition, considerable levels of

resistance are now encountered in the community. A study has revealed that
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12.3% of healthy individuals were asymptomatic fecal carriers of ESBL-
producing E. coli and K. pneumoniae (Zowawi et al. 2013). Regarding ESBLs
genotypes, blasyy -like, as well as blactx.m -like, and blatem were common among
ESBLs isolated from Al-Dhahran city in 2006 and in two hospitals in Riyadh in
2007, with blasyy dominating among K. pneumoniae. Regarding non-fermenting
pathogens. in P. aeruginosa the blacgs, blavep and blapxa genes, while in

Acinetobacter blapgr and blaggs were encountered (Zowawi et al. 2013).

The emergence of carbapenem-resistant Enterobacteriaceae in Saudi
Arabia has been noticed since 2000. In a study done between 2002 and 2003 in
the Eastern province of Saudi Arabia, 14% of ESBL-producing E. coli and K.
pneumoniae isolates showed increased MICs to imipenem and meropenem
(Zowawi et al. 2013). An outbreak of carbapenem-resistant K. pneumoniae in
Saudi Arabia was reported from Riyadh from December 2009 to August 2010
where all isolates had altered outer membrane OMP36K and carried the
carbapenemase gene blaoxa-is (Zowawi et al. 2013). The rate of carbapenem-
susceptible P. aeruginosa isolated from the ICU of a tertiary hospital in Riyadh
was 66% in 2004 but declined to 26% by 2009 (Al Johani et al. 2010). Metallo-f3-
lactamases (MBL) have emerged as a common mechanism of carbapenem
resistance in P. aeruginosa in Saudi Arabia with VIM being the most prevalent
MBL type. P. aeruginosa isolates harboring blap and blaoxa-10 have been also
identified (Zowawi et al. 2013). OXA-23 and OXA-40 were found in

Acinetobacrer (Zowawi et al. 2013).
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In Kuwait, the prevalence of ESBLs has been also on the rise. A study on
urine isolates between 2005 to 2007 showed that 26% and 12% of K. pneumoniae
from hospital, and community-acquired urinary tract infections were ESBL
producers. The respective figures for E. coli were 28% and 17% (Al Benwan et al.
2010). Another study in 2006 reported even higher figures, i.e. 62% for E. coli
and 82% for K. pneumoniae (Jamal et al. 2009). blactxm genes have been the
most commonly found ones in E. coli with CTX-M-15 being the dominant type.
Other ESBL genes such as hlarem-like genes have been detected in Salmonella sp.
isolates , blaspyy.112 in K. pneumoniae and blaygg in P. aeruginosa isolates
(Zowawi et al. 2013). Carbapenemase-producing strains of E. coli and K
pneumoniae have also been encountered in Kuwait (Zowawi et al. 2013).
Acinetobacter resistance to carbapenems is now a major problem in the country
with 64.3% resistance to imipenem and 66.1% resistance to meropenem. Several
of the strains express OXA-58 type carbapenemase (Afzal-Shah et al. 2001,

Coelho et al. 2006, Jamal et al. 2009).

In Omani hospitals ESBL producing E. coli and Klebsiella isolates are also
common. A study between 2004 and 2005 showed that 60% of ESBL producers
were E. coli and 40% were K. pneumoniae, although it was not revealed of what
proportions these species were ESBL producers (Rafay et al. 2007). The most
commonly identified genes were blasyy and blactx.m (Zowawi et al. 2013).
Several carbapenemases were also detected in the Sultanate of Oman: NDM-1,
OXA-48 and OXA-181 have been encountered in K. pneumoniae and in E.coli

(Poirel et al. 201 b, Potron et al. 201 1b, Pfeifer et al. 2012).
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In Qatar. ESBL production was demonstrated in 27.8% of E. coli and 18%
of K. pneumoniae isolates during a study between 2007 and 2008 of 425 of blood
culture isolates collected from the same hospital (Khan et al. 2010). From this
country data on carbapenem resistance in Enmterobacteriaceae have not been
available, but in 2007-2008 it was found to be 41.5% among Acinetobacter and

14.3% P. aeruginosa of blood culture isolates, respectively (Khan et al. 2010).

In the Kingdom of Bahrain, a recent study showed that 22.6% of 11,886
Enterobacteriaceae isolated from 2005 to 2006 were ESBL producers, mostly
from inpatient specimens with E. coli being the major ESBL producer (52.5%),
followed by K. pneumoniae (24.3%) and Proteus spp. (17.6%) (Bindayna et al.
2009). Carbapenemases (OXA-23, OXA-58 and OXA-72) were identified in

Acinetobacter isolates (Zowawi et al. 2013).

The presence of ESBL producing organisms is well-documented in the
UAE, with CTX-M-15, SHV, TEM and PER being the most common types
(Rotimi et al. 2008, Al-Zarouni et al. 2012, Opazo et al. 2012). Interestingly,
CTX-M-15 have been also identified in isolates of Enteroaggregative E. coli
(EAEC) with a gene associated with ISEcp/ on a plasmid, i.e. the first of its kind
in this group of pathogens (Sonnevend et al. 2006). By now the spread of
carbapenemase-producing strains is also described both in Acinetobacter
(Ghazawi et al., 2012), as well as in Enterobacteriaceae (Sonnevend et al. 2012;

Sonnevend et al. 201 3).
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Until the time when this project was initiated, only NDM and OXA type
carbapenemases, but not VIM, IMP or KPC type enzymes, had been found in the

Peninsula.

I.3. The Carbapenems

Carbapenems are derived from thienamycin, a naturally occurring
antibiotic produced by the soil microorganism Streptomyces cattleya (Papp-
Wallace et al. 2011). Developed in the 1980s, imipenem and meropenem, the first
members of the carbapenem class, had a broad spectrum of antimicrobial activity
that included coverage of P. aeruginosa, making them important components of
the armory of drugs used to treat nosocomial infections. Until that time, almost all

Enterobacteriaceae were susceptible to carbapenems (Papp-Wallace etal. 2011).

Among carbapenems, imipenem, panipenem, and doripenem are potent
against Gram-positive bacteria while meropenem, ertapenem, and doripenem have
slightly more activity against Gram-negative organisms. However, both imipenem
and panipenem are deactivated by dehydropeptidase | of the human renal brush.
Therefore, they are co-administered with an enzyme inhibitor, i.e. cilastatin

(Papp-Wallace et al. 2011).

As with all B-lactams, carbapenems are structurally related to penicillins
“penams’”. The dissimilarity is that in them a carbon (*carba-") replaces the sulfur
atom at position I, a double bond exists between C-2 and C-3 (*“-penem”) and a

hydroxyethyl side chain is present in place of the acylamino group shared by
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penicillins and cephalosporins, resulting in resistance to most B-lactamases

(FIGURE 2.) (Bradley 1997, Mouton et al. 2000, Papp-Wallace et al. 2011).
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FIGURE 2. Structural comparison of the B-lactam antibiotics (Papp-Wallace et

al. 2011).

Carbapenems are bactericidal antibiotics. Their mode of action is similar
to that of other B-lactam antibiotics, i.e. they inhibit bacterial transpeptidases
involved in peptidoglycan synthesis of the cell wall by binding with high affinity
to penicillin binding proteins (PBPs). Unlike other B-lactam antibiotics. and
similar to aminoglycosides and fluoroquinolones. they display a significant post-
antibiotic effect against Gram-negative bacterial pathogens (Hashizume et al.

1984, Majcherczyk and Livermore 1990, Papp-Wallace et al. 2011).

Currently, carbapenems are frequently prescribed for severe sepsis,
particularly for patients with recent health care-associated exposures (Martin et al.
2013). Their efficacy has been emphasized by several studies (Endimiani et al.
2004, Paterson et al. 2004). The use of carbapenems, measured in a sample from
35 university hospitals in the United States, rose by 59% between 2002 and 2006

(Pakyz et al. 2008).
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I.4. Carbapenem Resistance in Enterobacteriaceae

In the 80s and early 90s Enterobacteriaceae started becoming resistant to
advanced, 3" and 4" generation cephalosporins by acquiring extended-spectrum
beta-lactamases (ESBLs). Consequently, the use of carbapenems, i.e. drugs not, or
only weakly. affected by these enzymes, has been increased (Rahal et al. 1998).
Since the 2000s, the spread of ESBL-producing E.coli in the community further
aggravated the situation (Pitout and Laupland 2008, Perez and Van Duin 201 3).
Therefore, the prevalence of carbapenem resistant Enterobacteriaceae (CRE)

isolated from medical samples continues to rise worldwide (van Duin et al. 2013).

Alarmingly, by 2009-2010, the National Healthcare Safety Network from
the Centers for Disease Control and Prevention (CDC) had shown that 12.8% of
K. pneumoniae isolates related to bloodstream infections were not susceptible to
carbapenems (Sievert et al. 2013). In 2012, 3.9% of short-stay acute-care hospitals
and 17.8% of long-term acute-care hospitals described the minimum of one CRE
health care-associated infection. Moreover, the rate of Enterobacteriaceae that are

CRE have increased fourfold over the last 10 years (Perez and Van Duin 2013).

Resistance to antibiotics other than the B-lactam class is regularly present
in these strains making them really multi-drug resistant (MDR). Frequently, the
genes of resistance to aminoglycosides, tetracycline, sulphonamides are co-
localized on the same plasmid as the genes related to [-lactam resistance
(Martinez-Martinez 2008). Importantly, different carbapenems differ in their

activity on non-fermenting Gram-negative bacteria. Pathogens, such as A.
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baumanni or P. aeruginosa exhibit natural resistance to the so called Group 1
carbapenems (exemplified by ertapenem), while Group 2 agents are effective

against them, unless there are some acquired resistance mechanism present (Sousa

et al. 2013).

The treatment choices for CRE are limited to colistin (polymyxins), some
aminoglycosides, tigecycline, and fosfomycin, i.e. agents considered as “drugs of
last resort™ (Ouderkirk et al. 2003, Falagas and Kasiakou 2005, Endimiani et al.
2009, Perez and Van Duin 2013). Polymyxins and tigecycline generally have in
vitro activity against CRE. The use of these drugs is not without controversies,
however. Polymyxins are considerably toxic, and because of its pharmacokinetic
features, tigecycline is not ideal to treat blood-stream infections (Perez and Van
Duin 2013). Furthermore, its bacteriostatic nature makes it less optimal in patients
with decreased immunological fitness. To aggravate the situation even further,
resistance to both drugs is also emerging (Ouderkirk et al. 2003, Nix and Matthias

2010, Tarchini 2010, Prasad et al. 2012, Perez and Van Duin 2013).

The use of high-dose prolonged-infusion carbapenem therapy is a possible
approach in a combination regimen in CRE infections when carbapenem MICs
are <4 mg/L (Daikos and Markogiannakis 201 1). Moreover, certain human studies
and ones using murine models suggest that double-carbapenem therapy may be
effective in some instances (Bulik and Nicolau 2011). Nevertheless, the
effectiveness of carbapenem therapy, whether in combination regimens, in a high-
dose prolonged infusion, or the “double carbapenem therapy” need to be further

studied (Nicolle et al. 2005, Bulik and Nicolau 2011, Tumbarello et al. 2012).
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In Enterobacteriaceae, two major mechanisms are responsible for
carbapenem resistance. One is in combination with overexpression of -
lactamases having, on their own, limited activity against carbapenems, and the
decrease of the intracellular concentration of the drug. This may take place either
by limiting their uptake or, seldom, by increasing their efflux antibiotics. The
second, more important, mechanism is the production of various carbapenemase

(FIGURE 3.) (Nordmann et al. 2012).

I.4.1. Non-Carbapenemase-Mediated Resistance

Porins of Enterobacteriaceae are specific proteins that form hydrophilic
channels, or pores. that permit a selective uptake of different types of molecules
such as essential nutrients and other compounds, including antibiotics, through the
outer membrane (FIGURE 3.) (Koebnik et al. 2000, Pages et al. 2008). Hence,
these channels can serve as a bottle-neck for compounds passing the outer
membrane as their actual number impacts the amount of drugs reaching the
periplasmic space. OmpF and OmpC porin families are the first porins in

Enterobacteriaceae that contribute to the uptake of antibiotics (Pages et al. 2008).
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FIGURE 3. Mechanisms of p-lactam resistance in Enterobacteriaceae

(Nordmann et al. 2012).

A decrease in porin expression, or any change in the activity of outer
membrane porins, can affect antibiotic resistance. This decrease in the number
of porins in the outer membrane might be observed as a response to
antimicrobial products so antimicrobial exposure itself may regulate porin
synthesis. (Armand-Lefevre et al. 2003. Nikaido 2003, Chia et al. 2009.
Doumith et al. 2009, Shin et al. 2012). Limitation of the drug uptake alone.
however, is unlikely to cause clinically relevant carbapenem resistance. On the
other hand. while enzymes with limited carbapenemase activity may not be
efficient enough alone against high drug concentrations. once the uptake is
limited by porin loss. the decreased amount reaching the periplasmic space
might be hydrolyzed sufficiently enough. This is particularly the case if less

effective enzymes are getting overexpressed, to cause a significant, clinically-
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relevant decrease in susceptibility (Armand-Lefevre et al. 2003. Martinez-

Martinez 2008. Doumith et al. 2009, Shin et al. 2012).

Different enzymes, e.g. AmpC enzymes, certain ESBLs, some other class
A (see later) cephalosporinases belong to this category. Importantly, resistance
due to this combined mechanism, while it can be extensive, is usually considered
less important, particularly from an epidemiological point of view, compared to
resistance caused by carbapenemase production. Porin mutants often also lose
some of their fitness as they became inefficient in the uptake of not only
antibiotics. but also of other, physiologically-important compounds.
Furthermore, this resistance trait is unlikely to spread as it is related to mutations
in the chromosome, instead of localized on mobile elements. (Lartigue et al.

2007, Pages et al. 2008. Doumith et al. 2009, Garcia-Fernandez et al. 2010).

An altermative cause of developing carbapenem resistance without
producing carbapenemases is the overexpression of efflux pumps, such as the
overexpression of the AcrA efflux pump component in Enterobacter aerogenes
that resulted in the development of imipenem resistance (Bomet et al. 2003).
Nevertheless, this mechanism is considered second in importance compared to

porin-enzyme-related resistance.
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1.4.2. Carbapenemases

The most effective defense of the bacterial cell against carbapenems is due
to the production of special groups of B-lactamases with high affinity to members
of this group of B-lactams, i.e. to carbapenemases. SME-1 and IMI-1 were the
first carbapenemases identified in Enterobacteriaceae in the United Kingdom in
1982 and IMI-1 in the USA in 1984, respectively (Yang et al. 1990, Rasmussen et
al. 1996). The first serine carbapenemase reported was NmcA, a chromosomally-
encoded enzyme, discovered in an E. cloacae clinical isolate (Naas and
Nordmann 1994). Since then. carbapenem-resistant Enterobacteriaceae have been
reported globally. mainly as a consequence of the extensive acquisition of
carbapenemase genes (Queenan and Bush 2007). Enzymes with considerable
carbapenemase acitivity (i.e. higher than those of ESBLs and AmpC enzymes)
can be found in three of the four Ambler classes of B-lactamases (TABLE 1.)
(Nordmann et al. 2012). (ESBLs and class C AmpC enzymes with minimal

carbapenemase activity were discussed earlier).

Class A Carbapenemases

Regarding the Ambler class A carbapenemases, three main types are
known: the NmcA/IMI, SME, and KPC enzymes (Walther-Rasmussen and Hoiby
2007). All these enzymes hydrolyze a broad variety of B-lactams including
penicillins, cephalosporins, carbapenems, and aztreonam (TABLE 1.). They have
a serine-containing active site at position 70 (Ambler numbering of class A f-

lactamases). They are inhibited in virro by clavulanic acid and tazobactam



VIM-type carbapenemases Nour Yahfoufi, 2014

(TABLE 1). A fourth type of Ambler A group enzymes related to the GES type
B-lactamases was also identified. Originally this group was considered to be a
‘classical’ ESBL because GES-1 did not possess carbapenemase activity.
However, lately, its weak but significant carbapenemase activity has been

recognized (Nordmann et al. 2012).

At present, KPC enzymes are the clinically most significant enzymes
among class A carbapenemases. The first strain of K. pneumoniae producing KPC
was isolated in 1996 in the Eastern part of the USA (Yigit et al. 2001). Up until
now, multiple KPC variants have been recognized from KPC-2 to KPC-12 (11
variants). KPC-producing strains spread widely and have been identified in
different countries such as the entire US territory, Puerto Rico, Columbia, Italy,
Greece, Israel, and China (Navon-Venezia et al. 2009, Nordmann et al. 2009).
Outbreaks of KPC-producing strains have also been reported in many European
countries and in South America (Navon-Venezia et al. 2009, Nordmann et al.

2009).

KPC enzymes have been described mainly from nosocomial K
pneumoniae isolates and to a lesser degree from other enterobacterial species.
Fatality to infections due to KPC-producing strains is high, around 50% or more,
due to multi-drug resistance among KPC-producing strains that may result in

failure in first line therapy (Borer et al. 2009, Nordmann et al. 2009).
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Class D carbapenemases

The class D carbapenemases called OXAs for ‘oxacillinases’, includes
over 200 enzymes. Several. but not all variants exhibit carbapenemase activity,
although at very different levels. Actually, most have weak carbapenem
hydrolyzing ability and do not inactivate expanded-spectrum cephalosporins
(TABLE 1.). They are inhibited by NaCl but not by clavulanic acid or EDTA

(TABLE 1.) (Nordmann et al. 2012).

Most class D carbapenem hydrolyzing enzymes have been found in
Acinetobacter spp., where blapxa.s) is considered a species-defining gene (Turton
et al. 2006). OXA-48 has been discovered in Enterobacteriaceae. The first
identified strain producing OXA-48 was a K. pneumoniae isolate recovered in
Turkey in 2003 (Poirel et al. 2004). Today, OXA-48-like enzymes represent a
group increasingly encountered in many countries of the world (Poirel et al.
2012). Nosocomial outbreaks due to OXA-48-like enzyme producing strains have
been described in Turkey and in several other countries (Carrer et al. 2008,
Nordmann et al. 2011a). A single plasmid of approximately 62 kb is the main
source of the blapxaas gene disseminated in a variety of enterobacterial species

(Potron et al. 201 1a, Nordmann et al. 2012) .
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Class B carbapenemases

Class B enzymes are called metallo-B-lactamases (MBL) as they require
Zn*" ion(s) in their active site. Consequently, they can be inhibited by chelators of
divalent cations such as ethylenediaminetetraacetic acid (EDTA) (TABLE 2.)
(Zhao and Hu 2010). These enzymes have a broad spectrum of hydrolytic activity,
they hydrolyze all penicillins, cephalosporins, and carbapenems, with the
exception of monobactams (TABLE 2.) and they are not inactivated by
commercially available B-lactamase inhibitors (clavulanic acid, tazobactam, or

sulbactam) (Miriagou et al. 2010, Comnaglia et al. 2011).

The tirst MBLs identified were chromosomally encoded enzymes and the
bacteria were mainly opportunistic and soil-inhabitants (Bacillus cereus,
Aeromonas spp., and Stenotrophomonas maltophilia) (Zhao and Hu 2010). The
first MBL-related nosocomial outbreak was reported from Europe (Lauretti et al.
1999; Comnaglia et al. 2011). Since the 1990s, a remarkable number of
transferable MBL genes has been described in FEnrerobacteriaceae and
Pseudomonas spp.. The most common types of acquired MBLs in
Enterobacteriaceae are members of the IMP and VIM groups and the various
alleles of the recently described NDM group (Walsh et al. 2005). The VIM and
IMP MBLs have disseminated mostly in Pseudomonas aeruginosa and, at least in
some regions, in Acinetobacter baumannii and Enterobacteriaceae, particularly
K. pneumoniae. Moreover, they have been identified in different species as
Salmonella enterica, E. coli, Enterobacter spp., and Pseudomonas spp. (Miriagou

et al. 2010).
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Other acquired MBLs include SPM-1, GIM-I, SIM-1. DIM-1, AIM-I.
KHM-1: (Gupta 2008. Sekiguchi et al. 2008). It was the emergence and fast
global spread of the NDM type enzymes which propelled MBLs into the center of
attention. NDM-1-producing bacteria were initially found mainly in the UK,
India. and Pakistan, but by now it has spread globally not sparing any of the

continents (Kumarasamy et al. 2010, Nordmann et al. 201 1b).

Resistance caused by acquired MBLs among major Gram-negative
pathogens such as Enterobacteriaceae, has serious clinical and epidemiological
implications and is a matter of considerable concern all over the world (Cornaglia
et al. 2007). Fatality associated with MBL production varies from 18% to 67%
(Daikos et al. 2009). The lack of clinically available inhibitors eliminates even the
theoretical possibility to interfere with its action in vivo. Furthermore, their
frequently plasmid-coded nature allows an efficient inter-strain and inter-species
transfer further emphasizing the clinical and epidemiological importance of MBLs

(Walsh et al. 2005).

[.5. Metallo-B-Lactamases

In 1989, within the Bush-Jacoby-Medeiros functional classification, based
on their sequences, MBLs were grouped into three subclasses, Bl, B2 and B3
(Fast and Sutton 2013). Members of the three subclasses vary in the structure of
their active sites. The active site in enzymes of subclasses Bl and B3 has two
zinc ions, while in enzymes of subclass B2 there is only one zinc ion and these are

characterized by narrower substrate specificities (Garau et al. 2004). Every
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subclass has several different types of MBLs, and several types have multiple
allelic variants. In order for a MBL enzyme to be classified as a new subclass.

minimum 30% of amino acid diversity is required (Cornaglia et al. 2007).

Subclass Bl enzymes share more than 23% identity, while subclass B2
enzymes present only 11% of identity with subclass Bl members. Subclass B3
MBLs have only nine conserved residues when compared with the other MBLs
(Bebrone 2007). All of the acquired types of MBLs belong to subclass B1. They
are the ones most often captured, and further spread by mobile genetic elements,
a fact explaining their wide-spread nature compared to the other two subclasses

(Bebrone 2007).

I.5.1. Inhibitors of Metallo-B-Lactamases

One of the most effective antibacterial strategies in the treatment of
bacterial infections is the combination of B-lactams and B-lactamase inhibitors.
The success of these agents is clearly highlighted by the efficiency of amoxicillin

and clavulanate (Miller et al. 2001).

MBLs are different from the serine f—lactamases as they have a wide
active-site groove making them able to accommodate most B -lactam substrates
and hence to have a broad spectrum of activity. They are resistant to the
inactivation effects of serine inhibitors, such as clavulanic acid and sulbactam, as

these compounds are poor substrates. Clavulanic acid interacts directly with class
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A enzymes and forms a stable covalent intermediate, while MBLs do not form

such intermediate (Walsh et al. 2005).

Aztreonam is not hydrolyzed by any of the MBLs, so it has been
investigated whether it might be used as a therapeutic MBL inhibitor. When
combined with high doses of aztreonam, a significant decrease in lung bacterial
counts was observed when imipenem was given at the highest doses
recommended for humans. Nevertheless, the treatment was unable to eradicate
pneumonia in animals caused by P. aeruginosa producing VIM-2 enzyme (Bellais
etal. 2002).

To further complicate the matter, subclasses of MBLs exhibit considerable
variations in their active site structure, so a single inhibitor effective against all
MBLs is highly unlikely to be found (Daiyasu et al. 2001). Furthermore, good
affinity of the inhibitor to the enzyme per se does not guarantee a considerably
lower MICs against -lactams, as was shown experimentally in P. aeruginosa

containing MBL genes (Daiyasu et al. 2001, Schilling et al. 2003).

To find clinically useful, specific inhibitors for MBLs is particularly
difficult since such inhibitors must not have activity towards human metallo-
enzymes (e.g. angiotensin converting enzyme). Several inhibitors were studied,
such as thioesters derivatives, trifluoromethyl alcohols and ketones, sulfonyl
hydrazones, tricyclic natural products, succinic acid derivatives, biphenyl
tetrazoles, cysteinyl peptides, carbapenem and penicillin derivatives, degradation
products of cephalosporins, simple thiol compounds such as mercaptoacetic acid

and thioesters, thiomandelic acid, captopril, derivatives of benzohydroxamic acid,
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and others. Regretfully, they had moderate activity against one or two metallo-f3-

lactamases. only (Bebrone 2007, Fast and Sutton 2013).

Consequently, effective inhibition of MBLs can be achieved only by
chelation, i.e. removal of the divalent cations required for the function of the
enzyme. Inhibitors effective in vitro are metal chelators EDTA, O-1, 10-
phenanthroline and dipicolinic acid. Understandably however, using them

clinically. in vivo. is not a feasible option (Bebrone 2007).

1.5.2. Genetic Organization of MBL Genes

Genes of MBLs can either be located on the chromosome (often referred
to as resident MBLs) or can be mapped on mobile elements. As these latter ones
are often transferred horizontally, these enzymes represent the majority of
acquired MBLs (Bebrone 2007). Resident MBLs are found in only a few species
of clinical significance, e.g. S. maltophilia, Bacillus spp., B. fragilis and P. otitidis
(Yano et al. 2001). Regarding acquired MBLs, several types have been detected
and described. IMP-type, VIM-type. SPM-type, and NDM-type enzymes have
been detected in multiple strains of Enterobacteriaceae, P. aeruginosa, A.

baumannii, and other Gram-negative non-fermenters (Bebrone 2007).

The vast majority of acquired MBLs belong to the subclass Bl, while
enzymes belonging to sucbclass B2 are coded on less mobile genes located on the
chromosome. Concemning B3 enzymes, they are generally on large plasmids, as

well as on the chromosome (Avison et al. 2001, Bebrone 2007).
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Genes coding for transferable MBLs are generally carried on gene
cassettes of type | or type 3 integrons. Integrons are assembly platforms that
capture exogenous open reading frames (ORFs) by site-specific recombination
allowing their expression. thus transforming them into functional genes. All
integrons are made up of three regions of importance for the incorporation of
exogenous genes: a gene (in1/) encoding an integrase of the tyrosine-recombinase
family: a primary recombination site (a#/); and a promoter (Pc) directed outwards
to realize the transcription of the captured genes (Hall and Collis 1995). Integron-
encoded integrases can capture different units of circularized DNA or gene
cassettes. Integration takes place at the aw/ site, downstream of the resident
promoter, which permits the expression of the genes in the cassette. Gene
cassettes that are integron-inserted contain a single gene and an imperfect inverted
repeat at the 3’ end of the gene called an «aC site (or 59-base element). The anC
sites are a varied family of nucleotide sequences that are important for the

recognition by the integrase.

Related to the variety of genes encoding integrase, eight classes for
integrons have been recognised and characterized (Zhao and Hu 2011). The
dissemination of MBLs among Gram-negative bacilli is mediated by class 1
integrons. A typical class | integron contains a 5'conserved segment (5°-CS), a
variable region and a 3" conserved segment (3'-CS) (Zhao and Hu 2011). Class 1
integron has two promoters, Pl and P2. Regarding the 3°-CS, it often consists of a
partly deleted gac gene (qacEDI) fused to a sul/l gene, and is responsible of

resistance to antiseptics and sulfonamide. The antibiotic resistance gene cassettes
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are normally introduced between the 5'-CS and 3'-CS (FIGURE 4.) (Fluit and

Schmitz 1999, Zhao and Hu 2011).

FIGURE 4. The class | integron and the process to capture gene cassettes (Zhao

and Hu 2011).

Gene cassettes are circular DNA molecules of around | kb. They are
inserted by a specific site of recombination between the 5'- and 3°- conserved
segments of an integron. The number of gene cassettes can vary between 0 for In0
to at least five (Fluit and Schmitz 1999). Several copies of gene cassettes can be
presented in the same integrin. for example the two copies of ox«?2 that exist in

Inl (Stokes and Hall 1992, Fluit and Schmitz 1999).

Most integrons containing gene cassettes for MBLs also carry other gene

cassettes encoding for other antibiotic classes. disinfectants. or other B-lactamase

=T
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genes. So. integron transfer might result in a single-step transfer of a complex

multidrug-resistant phenotype (Fluit and Schmitz 1999, Comaglia et al. 2011).

The majority of genes encoding for IMP- and VIM- type MBLs are found
in class | integrons (see later in details for VIM-type enzymes), while certain
IMP- type enzymes might be found in class 3 integrons (Walsh et al. 2005). MBL
genes may also be carried by ISCR (insertion sequence common regions) as in the
case of blaspym.1. Where the gene is not part of a gene cassette, neither found on a
class 1 integron, but beside the ISCR variant ISCR4 (Toleman et al. 2002,

Toleman et al. 2006).

1.5.3. Detection of MBLs

Currently. no standardized phenotypic methods exist to detect MBLs. The
actual MIC to carbapenems exhibits great variations according to the enzymes
expressed and to the genus and species. With some Enrerobacteriaceae and some
Acinetobacter spp. isolates, MIC values. particularly with imipenem, can be as
low as | and 2 mg/L (Yan et al. 2001a, Scoulica et al. 2004). Pseudomonas
carrying  MBLs strains usually exhibit higher carbapenem MICs than

Enterobacteriaceae.

Methods to detect carbapenemases, e.g. the modified Hodge test (MHT),

often fail to give positive reaction with some of the MBLs, particularly NDM type

enzymes, as the presence of divalent cations may not be enough to support their
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action. Supplementing the media with them increases the sensitivity of this test

(FIGURE 5.) (Girlich et al. 2012).

FIGURE 5. Modified Hodge Test (A) and the effect of extra zinc sulphate added
(B)

Organisms tested: 1. E. coli JAM109; 2, K. pneumoniae COO (CTX-M-15 + porin
loss). 3. K. pneumoniae BIC (OXA-48); 4. K. pneumoniae POZ (KPC-2); 5, E.
coli. GEN (NDM-1); 6. E. coli RIC (NDM-1); 7. E. coli ALL (NDM-1). Zinc
sulfare improved the MHT for E. coli RIC and not for E. coli ALL. (Girlich et al.
2012).

Specific detection of MBLs is usually based on the fact that chelators can
block their action and is done by the use of a variety of inhibitor plus B-lactam
combinations (TABLE 2. - see page 32) (Yan et al. 2004). The degree of
inhibition of MBLs differs with different compounds and the MBLs enzymes

have different resistance to different substrates. Ceftazidime and imipenem are

two substrates commonly used in screening MBLs.
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For most microbiology laboratories, the E-test MBL strip is preferred as a
screening system. The strip is partly permeated with an imipenem gradient across
several dilutions and the other half with another imipenem gradient soaked with a
constant concentration of EDTA (FIGURE 6.) (Walsh et al. 2002). This test may
not be able to detect all MBL-positive Enterobacteriaceae due to the low level of
“resistance”. The disk approximation test may work better. particularly if multiple
substrates (imipenem, ceftazidime, and meropenem) are used in combination with
multiple inhibitors (EDTA and mercaptopropionic acid) (Arakawa et al. 2000.

Yong et al. 2002).

T — G&r...;;g&uﬁﬁg =

FIGURE 6. E-test MBL strip of an Acinetobacter sp. expressing a VIM-2 MBL

(Walsh et al. 2005)

In research laboratories, bacterial cell extracts are inspected for their
carbapenem hyvdrolyzing ability and whether this hydrolysis is EDTA sensitive.
This method is considered the non-molecular “gold standard™. Results show the
production of the enzyme irrespective of the strains' genotype. However the
problem of using EDTA in combination with imipenem is that a number of MBL-

negative P. aeruginosa showed reduced imipenem MICs in the presence of
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EDTA. That might be caused by the effect of zinc on OprD (outer membrane
porin that allows the entry of carbapenem) and the newly described CzcR-CzcS

system (Conejo et al. 2003, Perron et al. 2004).

In case of positive screening results. verification is often achieved by
molecular techniques in reference laboratories. The techniques used to detect

MBLs are PCR or DNA hybridization.

Taken together MBLs represent a major, emerging problem, as (Bebrone 2007,

Comnaglia et al. 2011; Rossolini et al. 2001; Saavedra et al. 2003):

. they are efficient carbapenemases with broad spectrum activity

. they have a potential to be transferred horizontally

. their genes often co-locate and cluster with other resistance genes

. we do not have clinically useful inhibitors

. their genes are present in several environmental species serving as
reservoirs

My thesis will focus on a special group of MBLs, the so called VIM-type

enzymes.
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[.6. VIM-Type MBLs

The VIM-type enzymes form one of the most common groups of acquired
MBLs. In some regions, like in ltaly, their frequency actually exceeds that of IMP

type MBLs by a ratio of 4:1 (Rossolini et al. 2008).

1.6.1. The Variety of VIM Enzymes

The VIM-I (Verona integron-related metallo B-lactamase-1) was
discovered in Verona, ltaly in 1997 in a P. aeruginosa strain. blavi.;, the gene
encoding for the VIM-1, was integrated into a class | integron located on the
bacterial chromosome (Lauretti et al. 1999, Zhao and Hu 2011). The isolate was
resistant to a set of B-lactams, including piperacillin, ceftazidime, imipenem, and
aztreonam. The MIC of imipenem was >128mg/L. Biochemical analysis of this
strain indicated a carbapenemase activity that was inhibited by EDTA and
restored after addition of Zn**. The cloning of the encoding gene revealed its
relation to BCII from B. cereus, sharing only 39% amino acid identity. The
hydrolytic pattern of the cloned blaviy., was typical of class B enzymes, i.e.
hydrolyzing most B-lactams except aztreonam; obviously, resistance of the P.
aeruginosa strain to monobactams was not due to MBL-related mechanisms
(Lauretti et al. 1999). The class | integron, bearing the blaviv. gene, carried an
integrase gene typical of class | integrons, as well as an aacA4 gene cassette

encoding resistance to aminoglycosides (Walsh et al. 2005).
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After the initial detection of VIM-type enzymes in P. aeruginosa and
other Gram-negative non-fermenting strains, these enzymes also appeared in
Enterobacteriaceae (Zhao and Hu 2011). As of today, more than twenty VIM
allotypes were identified (VIM-1-27). VIM variants have a characteristic
geographical distribution with VIM-1 and VIM-4 found in Europe, VIM-3 in
Taiwan, VIM-6 in Asia and VIM-7 in the USA, while VIM-2 is distributed
worldwide (Zhao and Hu 2011). The VIM-type MBLs have broader substrate
specificities than the IMP-types, and are capable of hydrolyzing 6-a-methoxy-

penicillins.

Additionally, the VIM-type enzymes have a substantially high affinity for
carbapenems which is distinctive in the metallo-3-lactamases. In this respect a
considerable functional heterogeneity was found among different VIM allotypes.
Nevertheless no clinical consequence or significance was associated with these

differences (Docquier et al. 2003, Cornaglia et al. 2011).

In most cases the mature VIM enzymes consist of 266 amino acid
residues, while VIM-7 has an amino acid deletion in position 7 with 265 amino
acids and VIM-18 has 262 residues with a deletion of four amino acids from
position 145 compared with other VIM variants. The amino acid similarities of
the most common VIM variants range from 72.9 to 99.6% (Zhao and Hu 2011)

(TABLE 3. - see page 37).

Below, we provide a brief account on the most important alleles of these

€enzymes.
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blavyim-» was isolated from a strain of P. aeruginosa that showed resistance
to most B-lactams (ceftazidime. cefepime, and imipenem) but not to aztreonam.
The strain was recovered from the blood culture of a neutropenic patient in 1996
in southern France (Poirel et al. 2000). b/avim2 was found to be on a non-
conjugative plasmid of ca. 45 kb and located within a gene cassette carried by a
class | integron. B-lactamases VIM-1 and VIM-2 have 90% amino acid identity

(TABLE 3.) (Poirel et al. 2000, Docquier et al. 2003).

Sequence heterogeneity is mostly observed in the NH2- and carboxy-
terminal regions of VIM-I and VIM-2. Lately, other P. aeruginosa strains that
carry the same blayim-2 gene cassette with the same resistance profile have been
identified in France. However, the blavim.2 gene cassettes were integrated in
different class 1 integrons, In5S8 and In59. This integron usually carries
aminoglycoside resistance genes, as well as sulfonamide resistance gene in the 3°

conserved element (Poirel etal. 2001).

Recently, VIM-2-producing P. aeruginosa strains have been also
identified in Italy and Greece, and eventually have also been reported from other
countries, such as Japan, South Korea, Portugal, Spain Poland, Croatia, Chile,
Venezuela. Argentina, Belgium, and most recently in the United States (Zhao and
Hu 2011). Moreover, VIM-2 has been detected in other species such as C.
freundii in Taiwan, in S. marcescens in South Korea, and E. cloacae in South

Korea (Walsh et al. 2005).
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VIM-3, was found in P. aeruginosa isolates in Taiwan. It differs from
VIM-2 by two amino acid changes and is located on the chromosome (Yan et al.

2001b).

VIM-4 was first discovered in a P. aeruginosa in a patient with post-
surgical cerebrospinal infection in Greece (Pournaras et al. 2002). The strain was
highly resistant to carbapenems. The blavims was carried by a class 1 integron.
Compared to VIM-1, VIM-4 has only one different nucleotide resulting in a Ser-
to-Arg modification at amino acid position 175 (Serl 75Arg) (Pournaras et al.
2002. Libisch et al. 2004). Subsequently, a VIM-4-producing P. aeruginosa was
isolated in Sweden (Giske et al. 2003) and the same enzyme was also identified in
other species such as in K. pneumoniae and E. cloacae strains in Italy (Luzzaro et
al. 2004). Interestingly. while that blayy4 gene in K. pneumonia and E. cloacae
was located on the same plasmid, the MICs of imipenem and meropenem for
these isolates were different (2 and 0.5 mg/L for K. pneumoniae and 0.25 and

0.12 mg/L for E. cloacae, respectively) (Luzzaro et al. 2004).
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VIM-S differs in tive amino acids from VIM-1 (TABLE 3.). This allele was
encountered in Turkey in K pneumoniae and in P. aeruginosa isolates showing
resistance not only to all B-lactams but also to aztreonam (Bahar et al. 2004). The
VIM-6 enzyme was also detected in a P. putida isolate in Singapore. It differs from
VIM-2 by a glutamine/arginine change at position 59 and by an asparagine/serine at
position 165 and by one amino acid from VIM-3. Besides exhibiting MICs of >32
mg/L for imipenem and >256 mg/L for ceftazidime, the strain was also resistant to

aztreonam (128 mg/L) (Koh et al. 2004).

VIM-7, has been isolated from a P. aeruginosa strain in Houston, Texas that
was resistant to all B-lactams, including aztreonam, and to all other available
antibiotics except polymyxin B. It formss a third subgroup among the VIM-type B -
lactamases. The b/avim-7 gene was located on an approximately 24-kb plasmid and is

likely to be integron-borne (Toleman et al. 2004).
Based on the phylogenetic tree (Zhao and Hu 2011) and considering the
number of different amino acid residues, VIMs may be divided into three subgroups

(FIGURE 7.):

e Subgroup 1 involves VIM-I, -4, -5, -12, -13, -19, -25 and -26; they have

91.4-99.6% identity and 1-23 different amino acid residues.
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e Subgroup 2 involves 15 members that are VIM-2, -3. -6, -8—11. -14-18, -20.-
23 and -24. which share 97.4-99.6% identity and have 1-7 different amino
acid residues.

e Subgroup 3 has only one member. VIM-7. which presents 72.9-77%
similarity and 61-72 different amino acid residues after comparison with the

other VIM variants.

There are no systematic data currently available on the relationship between
the VIM amino acid sequences and their substrate specificities or affinities (Zhao and

Hu 2011).

VIM-1 Subgroup 1
VIM-26 e
VIM-5
VIM-4
VIM-19

VIM-17 o K
ViM-10 Subgroup2

VIM-23

VIM-24
VIM-15
VIM-20
VIM-11
VIM-18
VIM-6
VIM-3

VIM-2
VIM-14
VIM-8
VIM-9
VIM-16

FIGURE 7. Phylogenetic tree of the VIM family based on the amino acid sequences

(Zhao and Hu 2011)
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1.6.2. Integrons Carrying blavy

Most of the blaviv genes contained by class 1 integrons that are generally
inserted into transposons localized on plasmids or in the chromosomes. However,
there are exceptions, e.g. the P. purida-derived transposon, which carries blavim.2
(tnpA-inpR-ISPpul7-aac A4—blaym-,—aad A 1-blagxa.o—tnpR—blatem.—ISPpuil8) but

this lacks the integron structure (Zhao and Hu 2011).

In the majority of cases, blayiys are found on the integron with one or more
aminoglycoside resistance genes, such as aacA4, aacA7, aadAl, aadA2, aadB and
aacCl. Of these aminoglycosides resistance genes, aacA4 is the most common, being
present in some 50% of the 110 integron structures: it codes for acetyltransferase
AAC(6")-Ib C, i.e. an aminoglycoside-modifying enzyme gene (Ramirez and

Tolmasky 2010).

Examples of B-lactamase genes co-existing frequently with blavjy includes
the blapxa-2 conferring resistance to amino- and ureido-penicillin and important
hydrolytic activity against cloxacillin, oxacillin and methicillin (Naas and Nordmann
1999). Obviously, the expression of all co-existing genes that are harbored usually by
the same integron, including the resistance determinants to antiseptics and
sulfonamide in the 3°-CS (qacEDI/sull), results in the emergence of multi-drug

resistant bacteria.
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1.6.3. The Spread of VIMs

To date, VIMs have been identified in at least 23 species of Gram-negative
bacilli in more than 40 countries (Zhao and Hu 2011). Regarding VIM-4, it is found
mainly in Europe and spreads fast in Enrerobacteriacae, P. aeruginosa and other
non-fermenters (Cornaglia et al. 2011). VIM-4 was reported from: P. aeruginosa
isolates from Greece. Sweden, Poland, Australia, Hungary and Norway; K
pneumonia from Italy and Hungary; Klebsiella oxytoca trom Hungary; Enterobacter
cloacae from Greece and Italy; Acinetobacter spp. from Greece; Pseudomonas
putida from Belgium and Aeromonas hydrophila tfrom Hungary (Pournaras et al.
2002, Giske et al. 2003, Libisch et al. 2004, Patzer et al. 2004, Walsh et al. 2005,
Peleg et al. 2006, Ikonomidis et al. 2007, Figueiredo et al. 2008, Kristof et al. 2010,

Zhao and Hu 2011).

In the region of North Africa, VIM-4 producing K. pneumoniae have been
discovered in Tunisia in strains also carrying CTX-M-15 ESBL, and CMY-4 AmpC
enzyme. The blayim.4 gene was a part of a class 1 integron (Ktari et al. 2006).
Moreover, a study done at the University of Edinburgh has identified two isolates of
E. cloacae (E1720 and E4293) from Egypt that carry the blavivy-s and blactx-m-14
genes on a same plasmid where blavim.4 was found as a gene cassette in a class |

integron (Dimude and Amyes 201 3).



VIM-type carbapenemases Nour Yahfoufi, MSc Thesis, 2014

While NDM and OXA-48-like carbapenemases are increasingly common in
the Arabian peninsula (Shibl et al. 2013, Sonnevend et al. 2013, Zowawi et al. 2013),
at the time of initiating our research no VIM-producing Enrerobacteriaceae have
been reported with the exception of a conference abstract without any follow up data
(Dashti A etal. 2011) . Theretore we initiated an active search for VIM-type enzymes
among carbapenem resistant local isolates. The current thesis summarizes the results

of these efforts.
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[I. AIMS AND OBJECTIVES

I1.1. General Aim

The general aim of the study was to provide detailed insight into the molecular

epidemiology of VIM-producing Enterobacteriaceae in the Arabian Peninsula.

I11.2. Specific Objectives

To establish whether VIM-producing Enterobacteriaceae are present in Abu

Dhabi
e To characterize such isolate(s), to establish the allelic type of the enzyme
produced and its genetic background
e To collect similar isolates from countries of the Arabian Peninsula
e To compare their
o susceptibility patterns
o type of VIM produced
o its genetic background
o plasmids carrying the blaviy genes
o genes coding for resistance to drugs other than carbapenems

e To establish their clonal relationship
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[1l. MATERIALS AND METHODS

I11.1. Bacterial Strains

The subject of the first part of our study was an Enterobacter cloacae strain
(ABC104) identitied to carry blavim from a collection of 34 carbapenem resistant
Enterobacteriaceae submitted to our laboratory between 2009 and April 2012 from

the United Arab Emirates to confirm the presence of any carbapenemase genes.

For the second part of the study, altogether 166 independent
Enterobacteriaceae isolates isolated between 2009 and April, 2013 from Kuwait, (27
isolates: Prof. Vincent Rotimi and Dr. Wata Jamal, Kuwait University, Kuwait), the
Kingdom of Saudi Arabia (54 isolates: Prof. Atef Shibl, King Saud University,
Riyad), from the Sultanate of Oman (63 isolates: Dr. Seif Al-Abri and Dr. Aminah
Al-Jardani, Royal Hospital, Muscat), and further 22 isolates recovered between May
2012 and April, 2013 from the United Arab Emirates were examined. Isolates of the
latter group were received mostly from different Abu Dhabi hospitals, while a few
others were obtained from Sharjah and Dubai. All strains were chosen on the basis of
showing decreased susceptibilities to any of the carbapenems tested by any of the
methods used by the isolating laboratories according to the CLSI standards valid at
the time of their isolation. Once received, their susceptibility was contirmed (see

later) and only those 166 isolates, which exhibited decreased susceptibility to any

...................................................................................................
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carbapenems by the current CLSI standards (CLSI 2012) were included into the
collection. Screening of these identitied 11 strains as carrying blavy (see the
description of the PCR reaction later). which were the subject of our subsequent
work. Strains were speciated by the providing laboratories. Once the susceptibilities
were confirmed, strains were stored in 20% glycerol at -80 °C in duplicates, in two

freezers connected to two independent electric circuits.

I11.2. Antibiotic Susceptibility Testing

During the first study (i.e. the identification of the first VIM expressing strain
in the Gulf region) the quantitative susceptibility of the isolates and their derivatives
were established by E-test (BioMerieux) against imipenem, meropenem, ertapenem,
ceftazidime. cefotaxim, cefepime, azrtreonam, cefoperazone, trimethoprim/
sulphamethoxazole, chloramphenicol, amikacin, gentamicin, tobramicin, netilmicin,
ciprofloxacin, moxifloxacin, levotloxacin. tetracycline, minocycline and colistin. In
all subsequent studies antibiotic sensitivity testing was routinely performed by the
Kirby-Bauer disk diffusion method using ampicillin, amoxicillin/clavulanic acid,
ciprofloxacin, gentamicin, amikacin, tobramycin, chloramphenicol, tetracycline, and
trimethoprim/sulphamethoxazole discs purchased from MAST Group Ltd
Quantitative susceptibilities to ceftazidim, cefotaxim, imipenem, ertapenem,

meropenem and aztreonam were determined by the broth microdilution method.
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All tests were carried out and evaluated by the CLSI standards (CLSI 2012).
For all antibiotic sensitivity assays, Escherichia coli ATCC 25922 was used as a
susceptible control. Since for tigecycline there are no current CLSI breakpoint values
available, we used the ones recommended by EUCAST (www.eucast.org/clinical-

breakpoints).

For the disc diffusion test and E-test, fresh cultures grown on Tryptic-soy agar
(TSA) plates were suspended in sterile 1xPBS to 0.5 McFarland density and applied
onto ready-made Mueller-Hinton agar (MHA) plates (Pangulf Lab Solution) with a

swab. Antibiotic disks or E-tests were applied using a dispenser or sterile forceps.

For the microdilution assay, antibiotics were serially diluted in 100 ul volume
in 96 well microplates (Nunc) and inoculated by a Multipoint inoculator (MAST) to

give a final concentration of 5 x 10° colony forming units (CFU)/ml.

I11.3. Phenotypic Assays to Assess the Presence of Various Beta-lactamases

The double disc synergy test was used to contirm ESBL production using a
disc containing amoxicillin/clavulanic acid placed in the center of the inoculated plate
and discs containing various cephalosporins and aztreonam placed around 20 mm
apart from the central disc. The strains exhibiting the “keyhole” were considered as

an ESBL producer (Sonnevend et al. 2013).
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The general presence of carbapenemases were assessed by the modified
Hodge test (CLSI 2012). Mueller Hinton agar plates (Pangulf Lab Solution) were
inoculated with a 0.5 McFarland suspension of E.coli ATCC 25922. Meropenem,
ertapenem or imipenem susceptibility disks were placed on the center of the plate.
The test strain, a carbapenem susceptible negative control (E. coli K-12 J53) and
KPC producing positive control (GR-KPC2) were streak-inoculated towards the disc.
The plate was incubated overnight at 37°C. After 16-24 hours the plate was examined
for a cloverleat-type indentation at the intersection of the test organism and the E.coli

239%%

The presence of specific carbapenemases was assessed based on inhibition by
either phenylboronic acid (PBA) or by EDTA (Applichem). The former one inhibits
Class A and C. while the latter one class B, i.e. MBL enzymes. The test was
performed by inoculating Mueller—Hinton agar plates as described for the standard
disc diftusion method and placing a disc of meropenem without any inhibitors, one
with meropenem + 400 pg of PBA, and one with meropenem + 292 g of EDTA. A
minimum 5 mm increase in the diameter of the zone of inhibition in the presence of
the inhibitor suggested the presence of the respective type of enzymes. In case PBA
was found to be effective, the test was repeated in the presence of cloxacillin, as well.
If it also showed efticacy, it suggested the involvement of AmpC type enzymes

(Tsakris et al. 2010).
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I11.4. Extraction of Bacterial Genomic DNA for PCR

Three to 5 colonies of the bacterial strains grown ovemight on TSA plates
were picked by toothpick and suspended into two 200 ul of sterile distilled water in
Eppendorf tubes. The tubes were incubated for 10 minutes at 99°C in a thermo-block
(Eppendorf). They were centrifuged for 10 minutes at 14,800 rpm; the supematant of
both tubes was collected without touching the pellet, combined in a new autoclaved
Eppendort tube and kept at 4°C. This material was used for most experiments as the
DNA target. Whenever doubts were raised on the quality of DNA material (e.g. fuzzy
amplicons, unexpected results), DNA was extracted using the QlAamp DNA Mini

Kit (Qiagen) according to the manusfacturer's instruction.

I11.5. Genotyping by PCR

Before submitting DNA samples to further testing, a 16S PCR reaction was
carried out to establish the presence of bacterial DNA (Louie et al. 2002). dNTP’s
used were from Applied Biosystem, while other reagents: 10X buffer with loading
dye, MgCl, bufter Q and Taq polymerase were purchased from Qiagen. The Ultra-
pure distilled water was DNAse, RNAse free and was obtained from Gibco. The
reactions were performed on Applied Biosystems 2700 and 2720 thermocyclers. In
all reactions E. coli J53raz genomic DNA and ultra-pure distilled water were used as
negative controls. All positive reactions first obtained were confirmed by direct

sequencing (see later).
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II1.5.1. PCR Detection of Various Beta-l.actamase Genes

The targeted genes, the primers and parameters used in these PCR reactions
with respective references are listed in (TABLE 4.). For AmpC genes detection a
multiplex PCR (Perez-Perez and Hanson 2002) was used with six sets of ampC-
specific primers given in (TABLE 5.). In case of obtaining a CIT-like blaampc
amplicon within the AmpC gene-targeting PCR reaction the entire gene was
amplified using tlanking forward primerS’-AACACACTGATTGCGTCTGAC-3"
and reverse primers, 5-CTGGGCCTCATCGTCAGTTA-3" (Perez-Perez and
Hanson 2002). All amplicons of the above PCR reactions were purified with a gel
purification Kit (Promega) as directed by the manufacturer and sequenced directly

(see later).

I11.5.2. Detection of Plasmid Mediated Quinolone Resistance and Ribosomal

Methyltransferases Genes by PCR

Plasmid mediated target protection gnr genes were detected by a multiplex
PCR (Cattoir et al. 2007). The two other plasmid mediated quinolone resistance genes
gepA and aac-6'-Ib-cr were detected by simplex PCR methods published earlier
(Poirel et al., 2011) with primers listed in (TABLE 6.). The primers and parameters
to detect armA. rmtA, rmuB, rmuC, and rmtD and npmA are presented in (TABLE 7.)

(Fritsche et al. 2008).
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[11.6. Detection of Plasmids

The alkaline lysis method was used to determine the plasmid profile of the
isolates using the method of Kado and Liu with slight modifications (Kado and Liu
1981). The strains were inoculated on half TSA plates to obtain confluent growth and
incubated overnight at 37°C. Next day, cells were collected with toothpicks from the
plate, suspended gently in 250 pul of lysing solution (3% SDS, 50 mM Tris, pH 12.56)
to get a turbid suspension and mixed by gentle agitation until the preparation became
homogenous and viscous. To complete cell lysis, the suspensions were incubated at
60°C in a thermo-block for 45 minutes while gently mixed manually every 15
minutes. 250 pul of phenol-chloroform (1:1) was added and by gentle shaking the
mixture was liquefied. Centrifugation at 13,000 rpm for 15 minutes separated the
layers. The top aqueous layer (approximately 60 ul) was transferred to clean tubes
containing the loading dye without disrupting the precipitate at the interface (i.e.
without touching the tloating pellet). Samples were subjected to electrophoresis for 7
hours at 120 V in 0.8% agarose gel (Sigma) and 1 X TBE. The gel was stained with
ethidium bromide (EtBr) for 20 minutes, followed by de-staining for 10 minutes in
400 ml of MilliQ water with gentle shaking. Bands were detected in a Biometra UV
transilluminator. Plasmids in 39R861 (154kb, 66.2kb, 37.6kb and 7.4kb) were used as
plasmids molecular size controls, and E. coli J53raz, i.e. a strain containing no

plasmids, served to aid the identification of the chromosomal band.
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I1L.7. Detection of Megaplasmids by S1 Nuclease Digestion

This method is used to detect very large plasmids (Barton et al. 1995, Basta et
al. 2004). Strains were grown overnight in 15 ml TSB with or without 8pg/ ml
ceftazidime at 37° C. Next day. approximately 4 x10° cells were collected by
centrifugation. The cells were washed and re-suspended in 500 pl of EC buffer (10
mM Tris, 0.1 M EDTA, 1 M NaCl pH8.0). To 5 ml of melted plug agarose (Sigma),
10ul of RNase (10ug/ ul) (Qiagen) was added. 500pul of the melted agarose was
mixed with 500ul of the bacterial suspension and immediately transferred to 1 ml
syringes. After solidifying, the plugs were cut into 1 mm thick slices. The agarose
plugs were incubated in 1 ml of EC bufter containing 20 pg/ ml RNase and 1 mg/ml
lysozyme to lyse the cells within. Subsequently, the plugs were incubated at 50°C
overnight in ES bufter (0.5M EDTA:1% N-laurylsarcosine) buffer supplemented with
Img/ml proteinase K (Invitrogen). The ES bufter and the proteinase were inactivated
by washing the plugs in 1ml of ImM phenylmethylsulfonyl fluoride (PMSF, Sigma)
prepared in TE bufter. In order to linearize the circular megaplasmids, the plugs were
washed twice in 1 mL 10mM Tris pHS8.0 for 15 min at room temperature followed by
digestion with 1 Unit of S1 nuclease in 200 pl of S1 buffer for 10 min at 37°C. Sl
nuclease mixture was removed and replaced with cold ES buffer and the tubes were
incubated on ice for 15 min. The plugs were loaded into wells of 1% horizontal
agarose gels prepared in (0.5XTBE). Lambda Ladder PFG Marker (New England
Biolabs) was used as size marker. The gel loaded was placed into the electrophoresis

chamber of CHEF Mapper (Biorad). Electrophoretic conditions were the following:
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6V/cm current with 18 hours run time and 120° angle with S sec initial to 25 sec final

switch time with linear ramp.

[11.8. Plasmid Replicon Typing

Plasmids are classified based on their incompatibility (Inc) groups (Datta and
Hedges 1971, Novick 1987). Plasmids with the same replication control genes are
incompatible, i.e. cannot co-exsist in the same cell (Datta and Hughes 1983,
Couturier et al. 1988). Traditionally, incompatibility groups were established on
basis of the incapacity of two plasmids (one of a known Inc group) to coexist within
the same host cell (Anderson et al. 1977). Lately, it has been done by determining the
sequence of the plasmids' replicons, initially by hybridization with a set of probes

(Couturier et al. 1988) and today mostly by PCR (Gotz et al. 1996).

Template DNA was prepared from bacterial collections using a boiling lysis
procedure, as previously described. We targeted 18 different replicons, i.e. FIA, FIB,
FIC, HI1, HI2, I1-1y, L/M, N, P,W, T, A/C, K, B/O, X, Y, F, and FIIA, respectively,
by PCR assigned into 5 multiplex, and 3 simplex reactions (Carattoli et al. 2005).

The primers and the parameters used are shown in (TABLE 8. - see page 38).

In addition to the original typing set, the recently identified IncHI1B replicon
type was sought by simplex PCR reaction (Dortet et al. 2012). Primers and conditions

used are cited in the (TABLE 8.).
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Four simplex PCR reactions were performed to screen for the IncX plasmid
subgroups (Johnson et al. 2012). Primers and conditions used are cited in (TABLE

8). PCR was performed using the same conditions for all simplex PCRs.

[11.9. Conjugation

For conjugation experiments, J5S3gaz (Na-azid resistant in-house derivative of
the rifampin resistant J53 E. coli K-12) were used as recipients. Conjugation was
attempted by combining cultures of the donor and recipient in 1:5 ratios, for 4 hours
at 37°C without shaking. and then it was centrifuged at 3500 rpm for 15 minutes. The
supernatant was removed and the pellet was re-suspended in 200 pul TSB and 100 pl
of the suspension was added as a drop to the center of a TSA plate without any
antibiotics (2 plates were prepared). Next day, the growth of both plates was collected
in PBS. After centrifugation at 3,500 rpm forlS5 min, the pellet was washed and re-
suspended in 3 ml of PBS. Senal dilutions of -1, -2, -3 were prepared and aliquots of
200ul were plated onto plates containing 100 pg/ml Na-azid and 8 mg/L ceftazidime.
Next day, colonies were collected and subjected to repeated antibiotic susceptibility
tests, plasmid electrophoresis, PCR and in case of necessity, to ERIC PCR and PFGE
to ensure that transconjugants and not mutants of the donor or recipient were
obtained. If the conjugation failed at 37°C, the experiment was repeated using 30°C

incubation temperature.



dq 292 LVDV.IOVVVIIDILDILIIIILL A¥ Ol
O.zL DHVVOOVO LVOVIDD IIVVO LD M Ol
Q.Lw.s ®.,09 pUE .09 I® 6 I® S Fr 305VIDIDDOVIININIVIL Add
0F D.¥6 1® .09) X OF VVVDVIIDINIVVVIOLIIINOLV.LD Md
R T.LLOVVVVOVLIVDIVDD IVVOVDID AUA
01009V LDLIVIVVIVVVILLVV MAA
] (S007 '18 13 joyeae)) suodijdax Hi ) pue g ‘A 3z1uB0d31 0) D] X duny
dafvic 1DJJVVOV LVIDDIDID DO AY A
A H2JJ0JDVVVIVVIVVOVV.1ID M M
. : . . , TLVI9ODVILIDNIIDIII1D N
RERiELD i i 019LLLLVDIVIVOVOLI LLOVOD A g1
Ficsi DVIDID 119D IOV LIDIIVIVID A VLI |
0.1DOVVOVOV [J1.1DD1IDLVID MA VI |
’ (S00Z "1v 323 1]0)3e1E)) Suod1|das A\ pue g1 4 *V]4 921u3033.1 03 D XA N\ T [T
D1LLOVVIIDIDIIOVVILLLD AN
e dq 655 HVVDIOIV.LIJIOVOIVV.LILD M N
e R Bl e DOV LLIDIIVOINDOODVIDLD AU W/
R 17 o i OVVO LD LVIOVILV.IOVVVVO [VOD MW/
Hoi IOVLLLIOLVIIDLVLILLILVVIIOVOVD L. Ad X
1VOLIDLIOVV.LLLV.IIODVOVILIIVV M X
} (S00Z '1¥ 13 1j0nE1e)) suoaida N pue [v/7] X 9Z1u50331 01 ¥ d X dniny
ey 100.LIOVVIIOIDLIODIN0L AY 11
_— uw<o<uoou<oouuo<<<ou M 11
- s A " : . 1D01VIIOLIDJJV.IOVILIDD AY TIH
R Pl M oS Sl i OVOVV.LLOLIOVILOVOLIDLDLLL A TIH
Wod VIOVOLDILOOVILLLDIIOL. AY LIH
OV.IDVILLOV.LLVDO LVOIDVOD M TH
(S00Z "1 13 1jopeae)) Ay/[[auf pue gjdug ‘11|du] 3z1ugodaa 03 YD d xadnny
uoIsuIXa [eury T _5_._.“._“”_.”.;_, z.__:ww.__mzu._ (.¢-.5) 22uanbas VNQ s1aud

“Quid £ 1 1103 11dAN SDIUSPIT 10T DASN SIAUILLT O “17T¢IVY 1



dq 69 DLIOJVV.ILDIILVVVIIIIV.L X
LIOVOVVHVOHOHVVVHODOVIVVVIHV P X
R
J.2L1e S e .09 pue ) g6 ie J.5611® S ——— T
O£ D.56 18 .09) X 0f dq 8.9 OVIOIID.LLDLLODIDLVVOILLOL X
E V.ILODVVHVVVIILVVVHVVDHID X
dq [9p LVOLOLVODVIOLIDLVOILVV.L 1X
— JIJODLVLLLIOLLLOVOVLLOD X
(Z107 18 13 uosuyor) $\auj pue ¢\auj ‘zxduf ‘1 \du] sdnosdqns spruise|d you| 10§ s X9jdunig 1no,j
(Fowds 5. Wil N all =
J.Le § 1’ 09 pue ) g6 1ie J.t61e ¢ dq 009 DD VOV OHVH OLL LLD LLV DILD A-¢1LTHDY]
:omMUl.vo 12 ,09) X 0O D DIV VOl LVI HVD VHV DVV VVO M-t TTHOU]
(Z107 ¥ 12 39310q) prusseid g r1Hau1 10§ YO d xodurig
(D.zL
D.CLe S 1,09 pue ) 09 1. J.te 1’ S dq eS| VOO.LLOVVIOIODIILIODIDILIL A O/t
O£ ‘.16 12..09) X 0€ IVVVVHVIIOVVVHNIILONIND Md 8/
0.
D.2Lw®e S 18 .09 pue 5 09 1e J.b6 18 S dq 091 VVVIINDIIIDVHIOVILLLIL Ad N
«0f "D.t6 18 ,09) X 0€ JVVVVHVIIHVVVHNIOIILNDDID M A
(G e - =R :
J.CL® .S e .09 pue D g¢c e D.be 1w ¢ dq oLz JD.LVIDOVIVILOVIILVHVVD AY 8y
.0f “D.F6 18 .09) X 0 DLLLLVVDODOVV.LLIDDLVOL M 82
(S007 113 1joneae)) suodidas g pue ¥y *.f 9z1uB0da1 03 sy J X3|dwng 3y j,
dqoz |  OOVOLLIVVVOVIOOIDILD AY S
O.zL JDDLVOHLIDVVIDIIDILD M:1 Sl
o /ALNY 12,09 PUE .09 18 e d OVOOLLLIOV.LIOVIV.LLVOLIND AYL
e e 2y T i LVOOVVVLDDDLOLLIDLIJOOLL AL
. , dq cop LLDDLOONLILVVOLOOVVVIOVHOV A DIV
VODLIIOVOVVVIVHVVVIIVVHVDH M OV
5 (S00Z “1e 33 1j0p3eaE)) suodidar v pue | ‘D/V 2Z1ud0234 03 YOd Xadnnpy
i) uoneINeuIP A7Is h
UOISUIIND [rul.] 294D el e ar (.¢-.S) 2duanbas yN S13W1A ]

TMHOD = O " 1Ay 1



VIM-type carbapenemases Nour Yahfoufi, MSc Thesis, 2014

[11.10. Transformation

If we were unable to mobilize the blavim -carrying plasmid into an E. coli K-
12 recipient transformation of the plasmid was attempted. For these experiments E.
coli DHSa was used as a recipient. Plasmid DNA was puritied by the method of Kado
and Liu (Kado and Liu 1981). The procedure described above for plasmid detection
was continued by removal of traces of phenol from the aqueous preparations
normally used for electrophoretic detection of the plasmid by mixing the solution
with an equal volume of chloroform, and centrifuged at 15.000 rpm for 5 min. The
aqueous layer was collected into a new tube, 1:10 volume of sodium acetate (pH 5.2)
was added followed by 3 volumes of 99% ethanol. The preparation was incubated at
-80°C for at least 30 min and centrifuged at 15000 rpm for 30min at 4°C. The pellet
was washed with 1ml of 70% ethanol and centrifuged at 15000 rpm for 10 min. After
air-drying, the pellet was resuspended in TE buffer (10mM Tris:ImM EDTA pHS8
(Sigma)). For re-purification, the same steps were followed without adding
chloroform. Five jig of DNA, as measured on a ND-1000 spectrophotometer (Nano

Drop Technologies, USA) were used for every transformation.

Bullets of 150 uL competent E. coli DHSa cells were used for heat shock
transformation. Cells were made competent by calcium chloride method. E. coli
DH5a was grown at 37°C in shaken culture in Luria-Bertani broth till ODggo reached
0.5-0.7, centrifuged at 5000rpm for 10 min at 4°C, resuspended in cold SOmM CaCl,

on ice, centrifuged at 5000rpm for 10 min at 4°C, resuspended again in cold 50mM
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CaCl, on ice, left on ice for 20 min, centrifuged at 5000rpm for 10 min at 4°C,
reusupended in 50mM CaCl; containing 20% glycerol, aliquoted in 150ul and snap
freezed in liquid N. Aliquots were stored at -80°C. Heat shock transformation was
accomplished by putting the mixture (puritied DNA and competent cells) on ice for
two minutes; then a thermo-block was used for heat shock at 42°C for 5 minutes and
finally the preparation was left on ice for two minutes. The transformation mixture
was incubated either for 1h or overnight at 37 °C with shaking; then it was plated
onto plates containing 8 pg/mL ceftazidime. The type of plasmid content of

transformants was confirmed by electrophoresis, susceptibility testing and PCR.

I11.11. Hybridization

Plasmid gels were depurinated in 0.25 M HCI, followed by denaturation in 0.5
M NaOH, 1 M NaCl and finally neutralized in 1 M Tris, 0.6 M NaCl. All treatment
steps were 15 minutes long at room temperature with gentle shaking and were
repeated twice. Between each step gels were rinsed in sterile distilled water. The gel
was capillary-transterred to Hybond N+ membranes (Roche) by soaking overnight in
20X SSC (Saline Sodium citrate). Next day the membranes were UV cross-linked at

70,000 micro-joules.

Hybridization probes were generated by PCR amplification of blavim.a,
IncA/C, IncN, blatgm.1. blacmy-4. blactx-mas of genomic DNA of control strains,

followed by DNA purification (Promega Kit), and quantitation using the ND-1000
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spectrophotometer (Nano Drop Technologies, USA). The DNA fragments were
labeled using the DIG DNA labeling kit (Roche). In brief, 200 ng of purified
fragment was boiled for 10 minutes in a boiling water bath and quickly chilled on ice.
The denatured DNA was conjugated with digoxigenin according to the
manufacturer’s instructions. Membranes were pre-hybridized at optimal hybridization
temperature, which was calculated based on the size of the probe and GC ratio, using
the formula recommended by the manufacturer.(Top‘FTm-20°C with
Tm=49.82+0.41(%G+C)-600/L (L=length of the probe in base pairs)) in a pre-
warmed hybridization bufter (5X SSC 1% blocking solution, 0.1 % N-lauryl
sarcosine, 0.02% SDS) for 30 minutes followed by the addition of the hybridization
buffer containing the probe. According to the previous calculations the membranes
were hybridized overnight with gentle shaking at 69°C for VIM, 70°C for IncA/C,

68°C for IncN, 71°C for blaCMY-4, 72°C for CTX-M-15, and 69°C for TEM-1.

For post hybridization, the blots were washed twice with 2X SSC / 0.1% SDS
(Sigma) at room temperature (RT) for 5 minutes with gentle shaking followed by two
subsequent washings in 0.1X SSC / 0.1 % SDS at 68°C for 15 minutes also with
constant agitation. The membrane was brietly rinsed in washing buffer at room
temperature, incubated in blocking solution for 30 minutes, and again incubated in
antibody solution provided with the kit for 30 minutes. The blots were washed twice
in washing bufter, equilibrated in detection buffer and finally incubated without
shaking in the color substrate solution for various lengths of time in the dark till the

desired spot or band intensity was seen. The reaction was stopped using TE bufter
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(10mM Tris:ImM EDTA pH8 (Sigma)). The blot was digitized using the Biometra
gel documentation system. In order to re-probe the membrane, it was stripped with

dimethyl formamide at 56°C followed by steps starting from the pre-hybridization.

[11.12. Macrorestriction of the Chromosome Followed by Pulsed Field Gel

Electrophoresis (PFGE)

In this technique a restriction endonuclease with rare cutting sites (Xbal) was
applied to digest the entire bacterial chromosome embedded into agarose gel plugs to
protect DNA from mechanical fragmentation. The very large DNA fragments
generated by enzymatic digestion were electrophoretically separated in an electrical
tield with changing vector of the current (Gautom 1997). The pattern of the fragments

provided the basis of comparison.

Bacterial strains grown on TSA plates were suspended in 2ml of cell suspension
bufter (100mM Tris:100mM EDTA, pHS8.0) up to a density of 3 McFarland unit.
Suspensions were kept on ice. Simultaneously, 1% plug agarose (Sigma) was melted
in 1% SDS in TE butfer (10mM Tris:ImM EDTA pHS8 .0) and kept at 54°C. 500 pl
bacterial suspensions, 25 ul of proteinase K (Invitrogen) (20 mg/ml) and 525 pl of
1% plug agarose were combined, mixed carefully, quickly transferred into 1 ml
syringes and kept for 15-30 minutes at room temperature to allow the solidification of
the agarose. Aliquots of 5 ml cell lysis bufter (SOmM Tris:S0mM EDTA pH8.0, 1%

Sarkosyl) and 25 pl proteinase K 20 mg/mL were distributed into 50 ml tubes and
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Imm thick slices of agarose plugs were directly cut into them. They were incubated
for 2 hours at 50°C in a shaker water bath (200 rpm). Subsequently, the plugs were
washed twice with 10 ml of preheated sterile MilliQ water for 20 minutes in a 50°C
shaker water bath. Plugs were washed four times for 20 minutes with 10 ml of

preheated TE buffer. Finally, plugs were stored in S ml of fresh TE bufter at 4°C.

Genomic DNA within the plugs were digested overnight at 37°C in a 100 ul
restriction mixture made of 10 ul of NE bufter 4 (New England Biolabs), 1 ul of BSA
(New England Biolabs), 30 U (1.5 ul) of Xbal enzyme (New England Biolabs) and
87.5 ul of sterile distilled water. Following digestion, the restriction mixtures were
removed and the plugs were incubated in 250 ul of 0.5X TBE buffer for 30 minutes at
room temperature. Subsequently, plugs were inserted into wells of 1.4% of agarose
gel (Pulse Field Running Agarose A2929, Sigma) prepared in 0.5xTBE bufter. The
two wells at the two sides of each gels contained a lambda-ladder PFGE marker (New
England Biolabs) for standardization. Gels were run in CHEF Mapper (Biorad)
electrophoresis chamber in 0.5X TBE buffer pre-chilled to 14°C. The running
program consisted of 26 hours run at 6 V/cm with 120° angle and an initial switch

time of 2.2 seconds and a final switch time of 54.2 seconds with linear ramp.

The gels were stained with ethidium bromide for 20 minutes, followed by de-
staining in MilliQ water. Bands were detected and photographed under UV light in a
Biometra gel documentation system. Gel pictures were stored as .tif tiles for further

analysis. The GelCompare Il software (Applied Maths, Sint-Martens-Latem,



VIM-type carbapenemases Nour Yahfoufi, MSc Thesis, 2014

Belgium) was used to analyze the banding patterns. The Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) tree graphically showing the level of
relatedness between the isolates was created based on the Dice similarity coefficient
(SD) (Dice, with a 1.5% position tolerance). Strains showing patterns with SD > 80%

were arbitrarily considered to represent a pulsotype.

[11.13. Multilocus Sequence Typing of Selected Strains (MLST)

All strains were subject to a species-specific MLST protocol using their
genomic DNA. The primers used are listed in ((TABLE 9.) - see page 67). PCR
product was purified according to the manufacturer’s instruction with PCR and gel
purification kit (Promega) and both strands were directly sequenced using a 3130X
genetic analyzer (Applied Biosystems). The sequence results were analyzed using

MEGAS program (Tamura et al. 2011).

For E. coli the MLST protocol of Wirth er al. was used (Wirth et al. 2006). The
1solate was then assigned to sequence types using the tools on the E. coli MLST

webpage (http://mlst.ucc.ie/mlst/dbs/Ecoli). E. cloaceae was subjected tothe MLST

protocol of (Miyoshi-Akiyama et al. 2013). Sequence types were determined
according to the E. cloaceae MLST webpage (http://pubmlst.org/ecloacae/). For K.
peumoniae the protocol of (Diancourt et al. 2005) was applied and K. prneumoniae

MLST webpage
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(http://www.pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html) was used to

establish the sequence types.

I11.14. ERIC PCR

The Enterobacterial Repetitive Intergenic Consensus Polymerase Chain
Reaction (ERIC-PCR) (Versalovic et al. 1991) method was used to rapidly contirm
differences between donor. recipient for conjugation and or transformation. It was
performed by using the ERIC2 primer (5’-AAG TAA GTG ACT GGG GTG AGC G-
3'). A 7-minutes initial denaturation at 94°C was followed by 30 cycles of
denaturation for 30seconds at 90°C, annealing for 60seconds at 50°C and extension
for 8 minutes at 65°C. The final step was an extension for 16 minutes at 65°C. The
patterns obtained with difterent strains (strictly amplified in the very same experiment

only) were compared visually.
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111.15. Characterization of the Genetic Environment of blay x4

The genetic support of blayims was determined by PCR mapping and
sequencing using primers designed based on the genetic surrounding of blayiy
published earlier (GenBank accession numbers AJ704863 and AY339625). (Miriagou
et al. 2004, Colinon et al. 2007). All primers used for sequencing were designed with
the help of Clone Manager v9.2 (Sci-Ed Software, Cary, NC, US). Primers amplitied
overlapping fragments of the molecular structure surrounding blay;m, which were
sequenced with the amplification primers and with walking primers annealing
approximately 500 bp apart. All PCR reactions were performed using 35 cycles of 30’
94 °C denaturation followed by 55 °C annealing for 1 min and extension at 72 °C for
varying length of time (1'-3") depending on the size of the expected products. PCR
and sequencing primers are listed in (TABLE 10.). Sequencing of amplicons was
performed with the Big Dye Cycle Terminator V.3.1 (Applied Biosystems) using the
3130X Genetic Analyzer (Applied Biosystems). After checking the quality of the
sequencing trace files with MEGAS.0, the sequence fragments were aligned and the
complete genetic surrounding was constructed using the Clone Manager v9.2 (Sci-Ed
Software, Cary, NC, US). Annotation and GenBank deposition of the sequences was

done using the Sequin software available from the GenBank.
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IV. RESULTS

IV.1. VIM-Producing Enterobacteriaceae in Abu Dhabi

Screening a collection of 34 carbapenem non-susceptible clinical
Enterobacteriaceae isolated in Abu Dhabi Emirate for various carbapenemase genes

identified an Enterobacter cloacae strain positive for blaym (ABC104).

ABCI04 was resistant to imipenem (MIC=16 mg/L), meropenem
(MIC=8mg/L), ertapenem (MIC=4mg/L), ceftazidime (MIC>128mg/L), cefotaxim
(MIC>128mg/L), cefepime (MIC=64mg/L), aztreonam (MIC>128mg/L),
cefoperazone (MIC=64mg/L), trimetoprime/sulphametoxazole (MIC=8/76mg/L),
chloramphenicol  (MIC=32mg/L), gentamicin (MIC=32mg/L), tobramycin
(MIC=48mg/L), netilmicin (MIC=32mg/L), ciprofloxacin (MIC=32mg/L),
moxitloxacin  (MIC=12mg/L), levotloxacin  (MIC=12mg/L), tetracycline
(MIC=64mg/L). minocycline (MIC=32mg/L) and exhibited sensitivity to amikacin
(MIC=6 mg/L) and colistin (MIC=0.125mg/L) only. It carried the b/avim.4 gene on an
IncA/C type plasmid of approximately 175 kb of size as detected by Southem blotting
of the S1 digested genomic DNA (FIGURE 8.). ABCI104 also harboured other f3-
lactamase genes: blactxm.1s, blatem. and blacmys, as well, with blacmy.s being
located on the same plasmid as blavim.s. The blactx.m.1s gene was carried on a
plasmid of approximately 300 kb size, while a probe for blargm-) hybridized with

both plasmids (FIGURE 8.).
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FIGURE 8. Southem blot of the SI digested genomic DNA of E. cloacae
ABCI104. Gel, left lane: A concatamer.

Specificity of the probes used are shown above the membrane strips
Attempts to conjugally transfer the blayiy.s carrving plasmid into an azid
resistant derivative of E. coli J53 failed at 30°C, as well as at 37°C. Transformation of

competent DH5a with plasmid preparation of wild type ABC104 was also attempted,

but was unsuccessful.



The blayims was identified as part of a class | integron by PCR mapping and

sequencing (FIGURE 9.).

' :
[ |
inti1 ’blav.,“ ﬂaac!ﬂ dfri aadA1 smr ISPa21 @ qacEA1 sull  orf5
[ | [

FIGURE 9. ABC104 blaviyy.4 bearing class | integron

IV.2. VIM-Producing Enterobacteriaceae in Four Countries of the Arabian

Peninsula

Screening the second collection of further 166 isolates identitied 11 strains
positive for blav)y. Their names, species and country of origin are listed in (TABLE
11.). The prevalence of VIM producers was 29.6% in Kuwait (n=27), 3.1% in the
Sultanate of Oman (n=63). 1.85% in the Kingdom of Saudi Arabia (n=54) and 1.79%
in the UAE (n=56).



TABLE 11. VIM-producing Enterobacteriaceae of the Arabian Peninsula

:3.)'[{&' Cie et CO f',.":‘_“ | ;‘1_?\3"__2 ‘l.‘l_lv!_’r

KWI Klebsiella pneumoniae Kuwait

KW?2 Klebsiella pneumoniae Kuwait

KW3 Enterobacter cloacae Kuwait

KW4 Klebsiella pneumoniae Kuwait

KW6 Klebsiella pneumoniae Kuwait

KW7 Escherichia coli Kuwait :
KWS8 Klebsiella pneumoniae Kuwait

KWI 1 Klebsiella pneumoniae Kuwait

OM63 Enterobacter cloacae Sultanate of Oman

OM69 Enrerobacter cloacae Sultanate of Oman ¥
SA42 Enterobacter cloacae Kingdom of Saudi Arabia
ABC104 Enterobacter cloacae United Arab Emirates

1V.2.1. Antibiotic Susceptibility Testing

All strains exhibited resistance to all carbapenems and third generation
cephalosporins tested. Moditied Hodge test was positive with all isolates and EDTA,
but not PABA, exhibited synergy with meropenem in all cases. All but E. cloacae
SA4/2, were resistant to aztreonam. which suggested of co-harbored ESBL or AmpC
cephalosporinase enzymes in the other 11 isolates. Strains were uniformly resistant to
tobramycin, co-trimoxazole and tetracycline. Susceptibility to ciprofloxacin,
chloramphenicol, gentamicin, amikacin and tigecycline (using the EUCAST
breakpoints) were variable. Only one K. pneumoniae (KW 11) exhibited resistance to

colistin. Detailed susceptibility data are shown in TABLE 15.
1V.2.2. Detection of Non-Carbapenemase Coding Antibiotic Resistance Genes
The results of 21 different PCR reactions targeting common ESBL, AmpC

cephalosporinase, plasmid mediated quinolone resistance and ribosome methylase

genes, as well as their alleles identified by sequencing are listed in TABLE 12.
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IV.2.3. Molecular Typing of VIM Producer Isolates

All strains carried the blayi.s allele as proven by sequencing of the blavm
amplicons. PFGE typing of the strains showed that with the exception of two K.
pneumoniae from Kuwait (KWI1 and KW2) and the two E. cloacae from Oman, the

strains were not related (FIGURE 10. and 11.) -below.

Dice (Tol 1.5%-1.5%) (H>0.0% S>0.0%) [0.0%-100.0%)]

pfge pfge
g g 2
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' KW8
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| KW1
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I KW6

FIGURE 10. PFGE comparison of K.pneumoniae carrving VIM-4
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FIGURE 11. PFGE comparison of E. cloucaue carrying VIM-4

The result of the multi-locus sequence typing of the 12 VIM-4 producer

strains is shown in (TABLE 13.). It is interesting to note that although OM63 and



OM69 were only 70% similar to ABC104 by PFGE, their sequence type was the
same. Further clustering by MLST was only observed with strains KW1 and KW?2

.

which were already grouped together by PFGE.

TABLE 13. Allelic protfile and ST of VIM-4 producer isolates

KW3 4 4 4 6 | 92 6 ST184
ABCI104 49 20 19 44 90 24 32 ST182
OM63 49 20 | 19 a4 90 24 32 ST182
OM69 49 20 19 F7 ] 90 24 32 ST182
SA4/2 82 s6 | 93 | 93 91 4 23 STI83

| gapA | infB | mdh | pgi | phoE | rpoB | ronB [
KWI 4 | 124 I it 4 91 ST1399

KWwW2 4 ] 124 ] i 4 91 STI399
Kw4 18 ) 26 23 31 13 49 STI38
KW6 17 19 39 112 122 18 148 ST1400
KW38 2 | 1 1 9 1 4 ST1401
KWI1 3 4 6 1 7 4 38 ST147
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1V.2.4. Localization of the blayiyy Gene

The southern blot of plasmid electrophoresis of the clinical isolates was
hybridized with VIM-4 probe to prove its localization (FIGURE 12.). The size of
plasmids that the probe hybridized with was approx. 175 kb in KW1, KW2, KW4,
KW6, KW7, KW8 and ABC 104, >300 kb in KW11, approx. 80 kb in KW3 and
approx. 50 kb in OM63, OM69 and SA4/2.

IV.2.5. Plasmid Replicon Typing of VIM-4 Producer Clinical Isolates

The results of the PCR based replicon typing (PBRT) are shown below in
(TABLE 14.). Since the majority of strains harbored IncA/C plasmids known to
frequently carry VIM genes, as well as blacmy-, the membrane used to localize
blavii4 was re-probed with both IncA/C and blacmy- probes. These hybridizations
proved that, beyond E. cloacae ABC104, in K. pneumoniae KW1, KW2, KW4,
KW6, KW8, KWI11 and in E. coli KW7 blayim-y was co-localized with blacmy-s on
IncA/C plasmids (FIGURE 12.).

TABLE 14. The incompatibility types of plasmids detected in VIM-4 producer
clinical isolates
__ Incompatibility Group

Ra| 7 IncN IncFl

IncA/C IncN IncFIIA
. Non-typable
| IncA/C IncFIIA
| IncA/C IncHIIB
| IncA/C IncF IncFIB
: IncA/C
IncA/C 1 IncHII B |
IncX3
IncX3
Non-typable
IncA/C
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1V.2.6. Conjugation and Transformation of the hlayn.y Carrier Plasmids

Conjugative transfer of plasmid carrying blavim into the E. coli J53graz strain
was attempted with the 12 clinical isolates at 37°C and 30°C, which resulted in seven
tranconjugants: from S K. pneurnoniae (KW 1, KW2, KW4, KW6. KW8), one E. coli
(KW7) and one E. cloacae (SA4/2), only.

From the five clinical isolates from which the conjugation had failed,
plasmids purified were used to transform DHSa. VIM-4 carrier plasmids were
transformed from E. cloacae OM63 and OM69 into DHSa, while from K.
pneumoniae KWI11 and E. cloacae ABC104 and KW3 the transtormation was

unsuccessful.

Antibiotic susceptibility of all wild-type (WT) and respective transconjugants

(TC) or transtormants (TF) are listed in (TABLE 15.).

PBRT and hybridization confirmed the presence of IncA/C plasmid in
J35raz(pKWH/1),  JS53raz(pKW6/2), JS3raz(pKW7/9) and J53raz(pKW8/7).
Transconjugant J53raz(pSA4/2/13) and the two transformants DHSa(pOM63/T1) and
DHSa(pOM69/TS) were non-typable by PBRT. All these plasmid had the same size
as the VIM-4 plasmids in the corresponding clinical isolates (FIGURE 13.).
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153, P(KW1/3)
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KW6
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153 ..,P(KW7/9)
KWs8
153,.,P(KWB8/7)
OM63
DHSaOM63/T1
OMES
DHSaOM69/TS
sA4/2
153,.,PISA4/2/13)

XKW1
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153, P(KW2/9)
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153 ,..,PIKWA/1)
KW6
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KW8
153,,,P(KWS/7)
OMB3
DHSaOM63/T1
OM69
DHSaOM6E9/TS
SA4/2
153,,.,P(SA4/2/13)



Transconjugants J53raz (PKW 1/3) and J33raz (PKW2/9) harboured plasmids
increased in size compared to the VIM-4 plasmids in the respective clinical isolates.
and the tranconjugants were positive for both the IncA/C and IncN type PCR in the
PBRT. Southern blot of wild types and transconjugants verified that increased size
plasmids in J53raz (PKW1/3) and J33raz (PKW2/9) were the result of fusion and co-

conjugation of these two incompatibility type plasmids (FIGURE 14).

blacny  was  amplified  from  transconjugants  J53gaz(pKW 1/3).
J53raz(pKW2/9).  J35paz(pKWH1).  JS3paz(pKW6/2).  J53paz(pKW7/9) and
J33raz(pKWS8/7). i.e. from those the IncA/C plasmid were conjugated to. PCR did
not detect any of the other B-lactamases. PMQR or ribosomal methylase genes in any

of the transconjugants or transformants.

FIGURE 14. KW and KW?2 wild-type and transconjugants plasmid gel and
respective hybridization with VIM-4 (A). IncA/C (B) and IncN probes (C)

153raz (PKW1/3)
153nuz (PKW2/9)
153raz (PKW1/3)
153raz (PKW2/9)
153raz (PKW1/3)
153raz (PKW2/9)
153naz (PKW1/3)
153¢az (PKW2/9)
153raz (PKW1/3)
153raz (PKW2/9)
KW1
KW2
153raz (PKW1/3)
153qaz (PKW2/9)

KW1
KW2
KW1
KW2
KwWi1
KW2
KW1
KW2
KW1
KW2




IV.2.7. Genetic Surrounding of blayiyy Genes

PCR mapping and sequencing of the molecular structure surrounding the
blayim- revealed class | integron structures similar to the one of E. cloacae ABC104
(GenBank Accession No. JX275775). Comparison of this class | integron is shown in

(FIGURE 15.).

The structure marked by (A) corresponds to JX275775 and was found not
only in ABC104 but in E. cloacae SA4/2 isolated in Saudi Arabia as well. PCR
mapping the classical 3" end of class | integrons did not yield an amplicon in any
strain isolated in Kuwait (KW1, KW2, KW3, KW4, KW6, KW7, KW8 and KW11),
so in these isolates we identified a structure (B) which is identical to In416 described
in a K. pneumoniae isolated in Italy (GenBank Acc. No. AJ704863). In E. cloacae
OM63 and OM69 sequencing revealed a class | integron similar to JX275775, but

lacked the dhfrl and AdaadA1 gene casettes (C).

IV.2.8. Comparison of All VIM-4 Producer Strains Investigated

A comprehensive assessment of all features of VIM-producer

Enterobacteriacae investigated in this study is given in TABLE 16.
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V. DISCUSSION

Enterobacteriaceae, harboring metallo-beta-lactamases are considered a
serious, globally evolving threat to carbapenem antimicrobials, which represent the
last line of antibiotics that are still effective for treating many enterobacterial
infections (Nordmann and Cornaglia 2012). Although, VIM-type metallo-beta-
lactamases has mostly been described in P. aeruginosa, they occurred in
Enterobacteriaceae (Nordmann et al. 2011a). The expression of blavim genes confers
resistance to all B-lactams except aztreonam, but their efficiency is dependent on the
enzyme variants. VIM-4, a single amino acid variant of VIM-1, hydrolyzes imipenem
and meropenem more efficiently than VIM-1 (Lassaux et al. 2011). Despite the
enzyme efticiency, VIM-1 producer Enterobacteriaceae, especially K. pneumoniae
has become widespread in some Southem European countries, i.e. Greece, [taly and
Spain (Peirano Gisele). VIM-producing K. prneumoniae has given rise to major
problems both with respect to infection control and treatment in these countries

(Daikos et al. 2009).

Since its first description in 2002, VIM-4 has been identified in K
pneumoniae, E. cloacae, Acinetobacter spp., A hydrophyla and E. coli (Luzzaro et
al. 2004, Ktari et al. 2006, Libisch et al. 2006, lkonomidis et al. 2007, Figueiredo et
al. 2008, Kristof et al. 2010, Juhasz et al. 2012, Shevchenko et al. 2012, Dimude and
Amyes 2013, Jamal et al. 2013, Melegh et al. 2014). The majority of these above

publications, except two on Klebsiella pneumoniae trom Tunisia (Ktari et al. 2006)



and from Hungary (Melegh et al. 2014), and a further one on E. cloacae also from
Hungary (Juhasz et al. 2012) report clonally unrelated or sporadic occurrence of

VIM-4 producer Enterobacteriacae.

It is noteworthy. that our study proved the presence of VIM-4 producer E.
cloacae in all the four countries investigated, even though the prevalence of such
isolates was low. The only two isolates exhibiting significant similarity by PFGE
were isolated from the same hospital in Oman (OM63 and OM69). The isolates from
the different countries were clonally unrelated when relatedness was investigated by
PFGE: however. the two isolates from Oman (OM63 and OM69) and the one from
the UAE (ABC104) carried the blavims on difterent plasmids but not identical
integrons shared the sequence type. This suggests that applying the newly developed
MLST scheme for E. cloacae complex may identity further relatedness of multi-drug

resistant £. cloacae.

Since the MLST scheme was only developed in 2013 it is difticult to compare
the clonal relatedness of VIM-4 producing E. cloacae reported earlier to the ones
studied in the thesis. However, the plasmid carrying the class I integron, as well as

the integrons themselves. can be compared to the ones reported earlier (TABLE 17.).

Except for SA4/2, none of the blavims bearing plasmids in our E. cloacae
isolates were conjugative, unlike the ones reported earlier. Furthermore, most of them

were untypable by the extended PBRT used, with the exception of the IncA/C type



blavp4-bearing plasmid of ABC104. blaviy. bearing plasmids of clonally unrelated
strains had different size with the exception of SA4/2 and the OM63, OM69 pair of

strains, carried similar sized, but PBRT untypable blayim. bearing episomes.

Class | integron carrying blayims in E. cloacae KW3 isolated in Kuwait was
identical to In416 identified in Italy. E. cloacae SA4/2 from Saudi Arabia and
ABC104 from the UAE harbored a very similar integron as well, but the integron in
these strains possessed the usual 3’-CS downstream of the ISPa2l. The clonally
related Omani isolates (OM63 and OM69) carried the blayims on class [ integron
very similar to this latter one, albeit with the lack of gene cassettes of dfrAl and

AaadAl (TABLE 17.).

In summary, VIM-4 producer E. cloacae isolates with similar, but not
identical, genetic features were present in low prevalence in all of the four countries

investigated.

Contrary to VIM-4 producer, E. cloacae, K. pneumoniae isolates carrying
VIM-4 was present in Kuwait only. Earlier, in the 1990s and early 2000, K
pneumoniae became the index species for plasmids encoding extended-spectrum-
beta-lactamases (ESBLs), along with a variety of genes conferring resistance to drugs
other than B-lactams (Tzouvelekis et al. 2012), so it is interesting to note that Kuwait
had the highest incidence of VIM-producer Enterobacteriaceae (29.6%), which was a

clear difference between this country and the other three investigated in this study.



Of the six strains, only two. KW 1 and KW2, were clonally related by PFGE
and MLST, harboring a unique sequence type ST1399. Another two strains K W4
(ST138) and KW6 (ST1400) belonged to other sequence types not related to any
clonal complex. Nevertheless. two of the six strains belonged to international
epidemic clones of K. pneumoniae, KW11 to ST147 and KW8 to CC18 (ST1401 is a
single locus variant of ST18). Both of these clones contributed to the epidemic of
VIM-producer K. pneumoniue in Greece (Hasan et al. 2014). Furthermore, K
pneumoniae ST147 was associated with a small hospital outbreak caused by NDM-1
producer K. pneumoniae in China (Wang et al. 2013) and it is one of the highly
successful enterobacterial clones spreading CTX-M-type P-lactamases worldwide

(D'Andrea et al. 2013).

All VIM-4 producer K. pneumonia, with the exception of KW11, carried the
gene on an IncA/C plasmid also harboring blacmy-s, which had a size of 175kb and
was conjugative in five of the six isolates. Furthermore, all six strains carried b/avim-y
on similar structured class I integrons (In416). These data, together with the fact that
the same size and incompatibility group plasmid with In416 was found in the single
E. coli KW7 isolate also from Kuwait, suggest of a successful plasmid spread in this
geographical location. Moreover, the In416 or similar integron located on conjugative
plasmids, which belonged to IncA/C when tested, was reported earlier from Italy
spreading between E. cloacae and K. pneumoniae (Luzzaro et al. 2004) and from an

outbreak in Tunisia (Ktari et al. 2006) indicates the dissemination capacity of this



genetic structure carrying blaviyy and blacmys (TABLE 18.) Integration of this
episome into successfully spreading MDR clones of K. prneumoniae, i.e. ST147 and
CC18. is a phenomenon. which warrants not only strict infection control measures,
but close monitoring by active surveillance in order to avoid a scenario as emerged in

Greece (Hasan et al. 2014) or in Hungary (Melegh et al. 2014).

As far as non-carbapenem susceptibility was concermned the majority of the 12
1solates possessed additional B-lactamases and plasmid-mediated quinolone resistant
determinants and were susceptible to few antibiotics only, thus fulfilling the multi-
drug resist criteria set by (Magiorakos et al. 2012). Moreover, K. pneumoniae KW 11
was almost pan-resistant, i.e. resistant to colistin and tigecycline and only
intermediate susceptible to amikacin. Considering that this isolate is a member of the
ST147 MDR clone of K. pneumoniae, further emphasizes the need for active

interventions to stop the spread of such organisms.
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VI. CONCLUSIONS

* VIM-producer Enterobacteriaceae are present in the Arabian Peninsula, although
their prevalence among carbapenemase producers is low in Saudi Arabia, Oman
and the UAE.

All VIM-producer Enterobacteriaceae investigated in this study carried the VIM-4
type. which is more efticient in hydrolyzing the carbapenems than the VIM-I
endemic in Greece and Italy.

VIM-4 producer Enterobacter cloacae carrying the blayp4 on similar, but not
identical genetic structures, were isolated in all four countries investigated.

The blavim bearing class [ integron structures identitied in the study are similar to
those reported from North Africa and [taly suggesting the possibility of the spread
these resistance genes from the Mediterranean region to the Gulf.

The high incidence of VIM-producer Enterobacteriaceae encountered in Kuwait
was not due to the clonal spread of a strain, but most probably the result of
spreading of an IncA/C plasmid, co-harboring blayp s and blacmy s, into Klebsiella

pneumoniae and E. coli.
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