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Thesis overview

During the last decade, Clostridium difficile and Klebsiella pneumoniae represented two of the most
emblematic cause of nosocomial outbreaks, especially following the spread of epidemic variants, able to
produce virulent factors and to present higher resistance against several antimicrobial classes.

The rapid identification of dangerous pathogens circulating in nosocomial environment has been made
possible by the contribution of molecular methods in support to the classical diagnostic techniques.

The principal objective of this work is to highlight the effectiveness of different molecular typing techniques
in the characterization of nosocomial infections, evidencing the genetic relatedness among isolates and the

transmission routes of strains involved in epidemic events.

In the first part of the work (Chapter one), the analysis of the principal molecular and phenotypic features
of clinical isolates of KPC-producing K. pneumoniae collected in a 27-months period at Ospedale di Circolo
e Fondazione Macchi (Varese, Italy) is reported.

Of the 16 isolates analyzed, 7 were involved in an outbreak occurred the Intensive Care Unit (ICU). We
investigated the presence of genes involved in carbapenemases resistance (i.e. blagpc, blawe, blaxom, blavim,
and blagy,), the expression of genes for virulence factors (pili/fimbriae, capsular antigen,
hypermucousviscosity protein, and siderophores), and mutations leading to colistin resistance.

We also made a phylogenetic analysis adding all the 16 genomes to 319 genomes that represent the global
diversity of K. pneumoniae strains.

We found that all isolates analyzed belong to clonal complex CG258. This finding is not surprising,
considering previous reports that showed the worldwide diffusion and high prevalence of this clonal group
among carbapenem-resistant K. pneumoniae strains. Interestingly, three of the four previously identified
groups of Italian isolates of CG258 were found circulating in the hospital, suggesting that several entrance

events of the clones may occur over the study period.

11

——
| —



About resistance genes, we showed that all 16 genomes express blagyc genes and none of them had other
known carbapenem-resistance genes. Interestingly, 10 of the sixteen isolates, which were colistin-

resistance, presented IS5-like transposons in mgrB gene, conferring resistance to this drug.

The second part of the work (Chapter two) aimed to identify and characterize all the clinical isolates of
Clostridium difficile ribotype 027 (here, briefly CD027) collected during a 20-months period in the Hospital
General Universitario Gregorio Marafion (Madrid, Spain).

The main objective was to characterize the epidemiological links among the CD027 clinical isolates and to
defining their transmission routes. To better understand the epidemiological relationships between the
strains, all cases identified since January 2014 were added to the analyses. Besides, presence of genetic
markers (i.e. mutation in gyrA gene) characterizing the evolution and spread of specific epidemic lineages
of CD027 was investigated.

During a 20-months period (January 2014-August 2015), 132 first episodes of C. difficile ribotype 027 has
been detected, distinguishing 9 different subtypes (MLVA-types), organized in 5 different clonal complexes
(CC) and 4 unique MLVA-patterns. Specifically, one of the five clonal groups (named MLVA-type 1) was
responsible of an outbreak which involved 111 patients, and quickly spread in the hospital from October
2014. MLVA typing analysis showed the close genetic relationship of all the strains, suggesting the
evolution from a common ancestor. All CD027 isolates carried a specific mutation in gyrA genes, indicating
the presence of high transmissible clones belonging to CD027 lineages, but this do not provide more
information on their dissemination course.

Moreover, the clonal complexes showed different capacity of spread, which was evidenced by the
dissemination of the only CC of MLVA-type 1 leading to the epidemic event.

For this reason, the second objective of Chapter two aimed to evaluate the possible correlation between
the transmissibility of the analyzed CD027 clinical isolates and the ability to sporulate. An in vitro protocol
has been performed for the evaluation of sporulation rate of epidemic CD027 strain comparing them with
those of the ribotype 001, with the objective of determining whether the increased transmissibility of

CD027 is due to the greater ability to release endospores into the environment. Comparison between
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strains belonging to the same ribotype was performed, to evaluate the possible association between
sporulation rate and transmissibility.

We found that CD027 strains possessed higher capacity (p=0.005) to produce spores respect to isolates
belonging to CD0O01 but surprisingly their germination ability was significantly lower (p=0.0008) compared
to that of CD001, leading to reflect on the adaptability of this pathogen to the environment and the
complexity of the mechanisms regulating pathogenic capacity.

Once characterized the rapid spread of an outbreak due to a particular CD027 clone (MLVA-type 1), a
further aim was to highlight the possible differences between the efficiency of sporulation and germination
of strains belonging to the same ribotype but with different transmission characteristics, underlying the
possible association between the ability of sporulation and the strain transmissibility.

Moreover, analysis showed non-significant strain-to-strain variability between C. difficile isolates belonging
to the ribotype 027; in particular, comparison was conducted between highly transmissible MLVA-type 1
isolates and the other MLVA-types, showing that neither in sporulation rate (p value =0.72) nor in
germination rate (p value=0.24) significant differences exist.

Our findings suggest that further studies preferably by analysis of the transcriptome must be performed to

clarify the features involved in CD027 pathogenicity.

This work shows how is possible, by application of molecular typing, to identify pathogens responsible for
epidemic situations and to determine the presence of virulence factors o drug resistance genes associated
with pathogenicity of strains. Besides it is possible to obtain useful and additional information as the
genetic relationships between analyzed strains and their transmission route.

In conclusion, it is showed that active surveillance and characterization of circulating strains at local and
national level is crucial to prevent the spread of more virulent variants, with benefits for the patient and

the health system.
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CHAPTER 1

Whole genome characterization of a nosocomial outbreak

due to carbapenem-producing Klebsiella pneumoniae
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1.1 Introduction

1.1.1. General features of Enterobacteriaceae

Enterobacteriaceae are members of a family of Gram-negative rod-shaped bacteria of which the most
known members are Escherichia coli, Klebsiella spp, Proteus spp, Enterobacter spp, Serratia spp, Citrobacter
spp, Morganella spp, Providencia spp and Edwardsiella spp, which are widespread in the environment and
largely disseminated in the long-term care facilities and hospitals, where they may cause a broad range of
infections. Principal risk factors for the acquisition of infections due to Enterobacteria are the extended use
of antibiotics, the underlying diseases presented by the patients, the old age and long hospital stay.

For these reasons, the ability to trace the circulating nosocomial pathogens which spread rapidly causing
large outbreaks has become a major responsibility of the Clinical Microbiology Laboratory, giving the
necessity to avoid consequences as largest hospitalization of the patient; poorest clinical outcome and
necessity of additional or specific treatment for eradicate the infection, leading to increase in sanitary

costs.

Enterobacteria are Gram-negative bacilli, asporigenous, mobile for the presence of peritrichous flagella, or
non-mobile, and present, almost constantly, pili; variants of non-mobile species normally are to be
considered in normally mobile strains.

Gram negative bacteria structure is constituted by an inner cytoplasmic membrane, the cell wall and the
outer membrane. This latter is critical in the pathogenesis and selection of mechanism of resistance to

antimicrobial drugs, interacting directly with the external environment (fig 1).
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Figure 1. Structure of Gram negative cell wall

The outer membrane is characterized by the presence of numerous molecules of lipopolysaccharide (LPS

know as bacterial endotoxin).

LPS consist of three main regions:

lipid A, that is the bacterial endotoxin which plays the toxic action on the organism;

oligosaccharide core, also called common portion;

O antigen, which is a polysaccharide chain consisting of 20 to 50 repeat units. Generally can contain
up to eight sugars, some commune (as galactose, glucose, and mannose) and other specific of

bacterial species (colitose, abequose or paratose). It represents the outer portion and so the one

exposed to the immune system (fig 2).

Figure 2. Lipopolysaccharide structure
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Another important antigen in Gram negative bacteria is the K antigen, which is situated more superficially
than O-antigen. It is mainly constituted by acidic polysaccharides or present as mucous layer; sometimes it
assumes the dimensions of a capsule well developed (for example, in Klebsiella-Enterobacter-Serratia
group, KES).

The K antigen prevents agglutination of bacteria when tested with sera containing anti-O, because acts
masking the O-antigen and preventing a sufficient approach of bacterial cells required for the binding of
bivalent antibody molecule.

Finally, the flagellar proteins, denominated H antigens, allow bacterial motility and exist in a large variety of
antigenic types; possess proteic nature and are sensible to high temperature.

It is necessary to evaluate this antigen characteristic in the serological identification of several

Enterobacteria.

1.1.2 Klebsiella pneumoniae infection

Klebsiella pneumoniae (KP) isolates are ubiquitous in the natural environment. They are found in surface
water, sewage and soil and on plants, furthermore they colonize the mucosal surfaces of mammals such as
humans, horses or swine.

In healthy people, the predominance of colonization by K. pneumoniae reaches mostly in the colon, and in
the pharynx, while the skin is colonized only transiently. Therefore, Klebsiella spp. is frequent in human
fecal material.

Recent data showed that K. pneumoniae bloodstream infection isolation rates are 1.5 times greater during
the warmest months of the year. These rates most likely reflect increased fecal carriage in humans, which
in turn is a reflection of increased organisms in the environment during warm months. This has important
implications since colonized patients have a fourfold-increased risk of infection over non-carriers.

Classical studies show that there subspecies of K. pneumoniae involved in severe disease: Klebsiella

rhinoscleromatis and Klebsiella ozaenae are involved in specific chronic infectious diseases, respectively

(v}



rhinoscleroma and atrophic rhinitis (ozena). These diseases occur most frequently in the tropical areas of
the world.

Another subspecies of K.pneumoniae involved in sever diseases is Klebsiella granulomatis, which is the
causal agent of inguinal granuloma (chronic genital ulcers).

K. oxytoca strains carrying a chromosomally encoded heat-labile cytotoxin have been increasingly

recognized as a cause of antibiotic—associated hemorrhagic colitis [1].

The most frequent infectious processes caused by Klebsiella pneumoniae are represented by:

i Community-acquired pneumonia: Klebsiella pneumoniae it is involved in a small percentage of
cases of community-acquired pneumonia. This type of pneumonia is more common in Africa and Asia than
in Europe and the United States, and occurs mostly in patients with co-morbidities such as alcoholism,
diabetes and respiratory disease. The lung infection is common in hospitalized patients or admitted to long-
term care facilities, due to the increased rate of colonization of the pharynx, considering the mechanical
ventilation as prevalent risk factor [2]. From a clinical point of view, there are the typical production of
purulent sputum, and evidence of a disease in the airways. Initially, the pulmonary involvement is very
extensive and very frequently reflects the classic infiltrated involvement of fissures. Necrosis lung and

pleural effusion may occur with the progression of the disease (fig 3).

Figure 3. The image represents a cytological section of lung infection due to Klebsiella pneumoniae. In detail, a K.
pneumoniae cell, presenting an evident capsule
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ii. Urinary tract infection (UTI): Klebsiella pneumoniae is responsible for 1-2% of the episodes of UTl in
healthy adults, while it is involved in the 5-17% of complicated UTI, including those associated with the
presence of bladder catheter [3]

iii. Intra-abdominal infections: the spectrum of intra-abdominal infections caused by K. pneumoniae is

comparable to that supported by E. coli, even if it is isolates with lesser frequency in these clinical
manifestations.
The new variant “hypervirulent” Klebsiella pneumoniae (hvKP) have emerged in the past decade as a most
dangerous pathogen, and was first reported in the Pacific areas [4] and, later, also in the USA [5], Canada
[6], and Europe [7-10], leading to increased rate of intra-abdominal infection due to this pathogen, mainly
in patients presenting liver abscesses caused by community-acquired infections or those who have no
history of hepatobiliary disease traced to other organisms

iv. other infectious diseases: patients with devitalized tissue, such as diabetic ulcers, pressure ulcers
and burns, as well as immune-compromised patients are predisposed to cellulite and soft tissue infections.
Klebsiella spp also causes: surgical site infections, osteomyelitis and occasional contiguity with soft tissue
infected, hematogenous endophthalmitis (particularly in combination with the presence of liver abscess),

nosocomial sinusitis, neonatal and post-neurosurgical meningitis [11-13].

1.1.3 Treatment of infection due to Enterobacteria

The early initiation of appropriate antibiotic therapy, especially in severe infections, is associated with
improved outcomes. When antibiogram profile is available, considering that the previous empirical
treatment includes broad-spectrum drugs, it is important to continue the specific treatment with the most
appropriate short-spectrum agent. This management avoids the selection of resistant bacteria and the
potential super-infection by these, reduces costs and maximizes the usage duration of the antimicrobial

agents currently available.
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Generally, the most reliable drugs in the treatment Enterobacteria infections are amikacin, cefepime
(resistant to B-lactamase AmpC), piperacillin-tazobactam, tigecycline and polymyxins (showing in vitro
activity against the carbapenemases-producing strains) and carbapenems (molecules more effective,

particularly against ESBL-producing strains).

The emergence of Klebsiella pneumoniae strains which present resistance to third generation
cephalosporins is a growing phenomenon. This increasing incidence of multidrug resistant bacteria is
mediated by acquisition of plasmids containing genes coding for ESBLs enzymes (resistance to beta-
lactamic antibiotics) and leading to resistance against others drugs as aminoglycosides, tetracyclines and
trimethoprim-sulfamethoxazole, resulting in the difficulty or the inability to treat the patients.
Consequently, in severe infections due to ESBL-producing K.pneumoniae, it is reasonable to set empiric
therapy including amikacin or carbapenems. However, the use of these drugs has led to the selection of
strains producing carbapenemases enzymes, able to confer resistance to those drugs.

The treatment is therefore very challenging, since carbapenemases-producing strains are often pan-
resistant. In these cases, the optimal choice of therapy is uncertain, including tigecycline, polymyxin B and
polymyxin E (colistin), which seems to be the most active agents in vitro, although in recent years an

increase of colistin-resistant strains is registered.

1.1.4 Antibacterial drugs

Enterobacteria are particularly prone to present resistance against many antibacterial drugs, which may be
natural or be resulting from the selection of particular variants.
Therapeutic choices must necessarily be guided by the determination of drug susceptibility through in vitro

tests.
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Drugs activity and mechanisms of resistance

Antibacterial drugs act through different pathways, with highly selective toxicity:

a) Inhibition of protein synthesis: the antibiotics that act on protein synthesis are mainly aminoglycosides,
macrolides, tetracyclines, chloramphenicol and lincomycin. The mechanisms of action by which these
perform their function act primarily by inhibiting the activity of bacterial ribosomes (different from those of
the eukaryotic cells) and of all the initial complex necessary for the synthesis of the peptide chain, leading
to a stop or a misreading or bacterial mRNA and the inability to produce proteins

b) Inhibition of nucleic acid synthesis. In this case, depending on the compound used, synthesis of DNA or
RNA will be inhibited. Drugs inhibiting DNA synthesis are quinolones, fluoroquinolones and trimethoprim
(TMP), which act on nucleic acid precursors or on DNA gyrase. Rifampicin stops mRNA synthesis, as it acts
on the DNA-dependent RNA polymerase as showed

c) Inhibition of bacterial cell wall synthesis and function. All B-lactam antibiotics selectively inhibit bacterial
cell wall synthesis. Initially, the drug interacts with the PBPs (Penicillin-Binding Proteins), involved in the
transpeptidation reaction, so that peptidoglycan synthesis is blocked and the bacterial cell undergoes lyses
or fragmentation (fig 4) [14].

Acquired resistance to drugs results from biochemical processes encoded by bacterial genes. Antimicrobial
resistance arises by alteration of the binding sites of the antimicrobial agent and/or alteration of the
membrane permeability or porin channels, via activation of efflux pumps, which extrude the drug from the
cell before it can bind to its target (fig 4).

Drug-susceptible bacteria become resistant to antibiotics after mutation and selection (so-called "vertical
evolution") or obtaining genetic information from other bacteria (for example plasmids; in this case we

speak of "horizontal evolution") [15].
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Figure 4. Schematic representation of action site of antibiotic (left) and drugs mechanism of resistance in bacteria
(right); source [14]

Beta-lactamic drugs and beta-lactamases

Until the late 90s, efforts were focused on the study of microorganisms expressing mechanisms of
resistance against different drugs but especially to beta-lactam antibiotics, representing about 50% of
antimicrobial drugs used in humans.

The B-lactam antibiotics date back to the 1940-50s when only two B-lactam agents were known: penicillin
G and penicillin V, that were the first B-lactam antibiotics introduced into clinical practice. It was not until
the 1960s that semi synthetic penicillin was developed followed by semi synthetic cephalosporins and
other [B-lactam antibiotics. Today, class of B-lactam antibiotics include penicillins, cephalosporins,
carbapenems, and monobactam, which act blocking the bacterial membrane formation, through inhibition
of transpeptidase, the enzyme responsible for the formation of peptidoglycan. It constitutes the outer layer
of the cells and it is composed by a polymer of N-acetyl-glucosamine (NAG) and N-acetyl-muramic acid

(NAM) are cross-linked via the peptide chain.
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Penicillin-binding proteins (PBPs) are transpeptidases (TP) that catalyze the formation of a cross-linked
polymer of NAM-NAG, using D-ala dimers [16, 17].

The B-lactam antibiotics act miming the D-ala-D-ala component of the cell wall, which is the normal TP
enzymatic substrate. The PBPs mistakenly attacks the carbonyl group of the B-lactam ring creating a
covalent interaction in which PBPs remain bound and cell wall synthesis is blocked (fig 5).

In general, B-lactams account for greater than 60% of all antimicrobial consumption, but heavy usage has

selected strongly for resistance [18, 19] .

BT

Penicillin binding
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E nac
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Figure 5. Mechanism of action of beta-lactam antibiotic: the PBP binds the peptide side chains and forms the cross-
link with the expulsion of one D-Alanine; then it dissociates from the wall once the cross-link has been formed.
Beta-lactam is added to the system and enters in the active site of the PBP. Drug reacts (covalently and
permanently ) with the active site and inhibits interaction between PBPs and chain, blocking wall synthesis (source,
https://en.wikipedia.org/wiki/Penicillin)
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Resistance to this type of antimicrobial agents is due to the expression of B-lactamase and extended
spectrum B-lactamase (ESBL). These enzymes act by hydrolyzing the B-lactam ring of penicillins and
cephalosporins, and may be mediated by plasmids or chromosomal genes.

Over 400 different B-lactamase produced by many bacterial species have been described in the literature.
The classification of these enzymes is complex, but can be divided into two main schemes:

a) functional classification of Bush, Jacoby and Medeiros: divides B-lactamase in 4 functional groups and in
different subgroups (indicated by letters of the alphabet) based on enzyme activity against different
substrates and their susceptibility to inhibitors (clavulanic acid, sulbactam, tazobactam) [20];

b) molecular classification of Ambler: groups the B-lactamase in four molecular classes (A, B, C and D) based

on their primary structure [21, 22].

Extended-Spectrum B-lactamases (ESBL)

Enzymes belonging to the ESBL class confer resistance to penicillins, cephalosporins, to the third
generation, to aztreonam and sometimes fourth-generation cephalosporins. They are inhibited in vitro by
clavulanic acid and other inhibitors of the B-lactamase (sulbactam, tazobactam) and do not hydrolyze
carbapenems or the cephamycins, such as cefoxitin and cefotetan.

With the exception of OXA-type enzymes, which are class D enzymes, the ESBLs are mainly of the Ambler
class A and can be divided into three groups: TEM, SHV, and CTX-M types. Most are located on plasmids
which allow an efficient and rapid transmission of resistance [23-26].

The production of ESBL not always determines MIC values above the clinical resistance breakpoints, as in
relation to the different hydrolytic activity of the enzymatic variants, as for the amount of enzyme
produced, and as the variable ability of B-lactam antibiotics to cross the outer membrane of bacteria.

In these cases, despite the apparent susceptibility in vitro, the extended-spectrum cephalosporins may fail
in the treatment of infections caused by ESBL-positive. Based on these considerations, there is an
international consensus to interpret carefully all ESBL-producing strains, introducing a two-steps laboratory

assay, constituted by a first screening and a subsequent confirmatory test.
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AmpC B-lactamase

The first bacterial enzyme reported to hydrolyze penicillin was the AmpC B-lactamase of E. coli, although it
was not given this name since the 1940s.

AmpC enzymes are grouped into Ambler class C and shows its activity against penicillins, expanded
spectrum cephalosporins of third generation (such as cefotaxime, ceftriaxone, ceftazidime), cephamycins
(cefoxitin and cefotetan), and aztreonam. The full spectrum of activity occurs when there is overexpression
of the enzyme.

Unlike ESBLs, AmpC B-lactamases are not inhibited by the commonly used inhibitors as clavulanic acid,
sulbactam, and tazobactam, but may be inhibited by cloxacillin or boronic acid.

Some strains of Escherichia coli, Klebsiella spp., Salmonella spp., Enterobacter aerogenes, and Proteus
mirabilis have acquired plasmids containing genes of the B-lactamase AmpC, of which the most common
enzymes belong to the families of CMY, FOX, and DHA.

The action of AmpC enzymes is given by its overproduction but may exist concurrently with other
mechanisms such as the alteration of the membrane permeability or of the porins functionality, for which,

as for ESBLs, the assessment of the sensitivity tests is to be carefully evaluated.

Carbapenem drugs and carbapenemases

The increase of resistance to penicillins and cephalosporins led some pharmaceutical companies to screen
soil actinomycetes for searching new antibiotics. After several years, in 1980s, industries made available the
first carbapenem: imipenem [27].

Carbapenems are a class of B-lactam antibiotics with an exceptionally broad spectrum of activity and, like
beta-lactams. These drugs has been the main treatment choice, especially for severe infections caused by
ESBL- and AmpC-producing Enterobacteriaceae [28].

Resistance to carbapenem is due mainly to the production of carbapenemases, which are enzymes able to

make ineffective treatment with penicillins, cephalosporins, aztreonam, cephamycins and carbapenem,
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although occasionally it may be due to the presence of a B-lactamase associated with a reduction of the
permeability of the bacterial membrane.

Carbapenemases are divided into two principal molecular groups: metallo-carbapenemases and serine-
carbapenemases (distinguished by hydrolytic mechanism at the active site) [20].

The first are inhibited by EDTA and contain at least one zinc atom at the active site; the second contain

serine at the active site and are sensible to clavulanic acid and tazobactam, but not to EDTA [29-31] (table

1).
Molecular Class A B D
Functional group 2f 3 2d
Active site Serine Zn** Serine
Aztreonam hydrolysis + - -
EDTA inhibition - + -
APBA inhibition + - -

Table 1. Representation of principal characteristic of the carbapenemases, grouped according to Ambler
classification

The major family of class A serine carbapenemases include KPC enzymes, while the most diffused and
studied acquired metallo beta-lactamases include IMPs, VIMs, SPM-1, GIM-1, AIM-1, SIM-1, NDM-1 and
DIM-1 families [32-36].

The emergence of carbapenems resistance constitutes a major clinical problem, since these antibiotics
represent the reference drugs for the therapy of invasive infections due to multiresistant (MDR) gram-

negative enterobacteria [35, 37, 38].
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The carbapenem-resistant Enterobacteria represent a significant danger to public health, because they are
frequent cause of hospital-acquired infections; it was observed an increased rate of mortality; resistance to
carbapenems may be transmitted to other microorganisms through plasmids [39, 40].

For these reasons, it is essential to improve the preventive measures and implement specific guidelines as
the most effective in the diagnosis of these microorganisms.

Automated systems for the determination of drug susceptibility can be unreliable in the detection of
carbapenemases, in particular those which confer resistance to imipenem and meropenem. So, the
presence of a high MIC for carbapenems should provide for the execution of additional tests: can be
applied molecular methods, such as PCR for the identification of resistance genes, or phenotypic assays, as

the modified Hodge tests [41, 42].

Focus on most diffused carbapenemases

KPC-type

This denomination refers to Klebsiella pneumoniae carbapenemases (KPC), because are most commonly
expressed by this bacterium. KPC-type carbapenemases are included in molecular class A and functional
group 2f (Ambler class); can hydrolyze different antimicrobial agents such as aminoglycosides,
fluoroquinolones, and B- lactams including penicillins, carbapenems, cephalosporins, and aztreonam [43]
[44] and are inhibited by clavulanic acid and tazobactam [45].

To date, several KPC gene variants have been reported and classified from KPC-2 to novel KPC-16 and KPC-
17, grouped into blagpc., e (including alleles 2, 4, 5, 6, 11, and 12) and blagpc.s.ike (including alleles 7, 8, 9,
10, and 13) [46, 47]. Interestingly original KPC-1 was found identical to KPC-2 [48, 49], while the KPC-2 to
KPC-11 genes are characterized by non-synonymous single nucleotide substitutions within four codons [47].
The KPCs are predominantly found in K. pneumoniae; however, they have also been found in many other
Enterobacteriaceae including Salmonella species [34], Escherichia coli [50-53] and others, such as in many

non-Enterobacteriaceae including Pseudomonas aeruginosa and Acinetobacter baumannii strains [54-56].
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Although the first case of isolation of KPCs was in America, these enzymes are now widely distributed

worldwide [57] (fig 6).

{0 Single KPC-producing isalates
# Several outbreals of KPC-producing isolates
@ Endemicity of KPC-praducing isolates

Figure 6. Global spread of KPC enzyme: a) worldwide distribution; b) spread in USA; c) European dissemination; d)
distribution in China. In blue, single KPC-producing isolates; in green, detection of outbreaks due to KPC-producing
isolates; in purple, endemic KPC-producing strains (source [57])

Infections produced by KPCs have frequently nosocomial spread and are associated with treatment failure
and high mortality; for this reason, combination therapy is recommended for the treatment of KPC

infections [58].
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VIM-type

Verona Integron-encoded (VIM), called in this way because was first isolated in Verona, Italy, in 1997 is a
metallo-B-lactamase belongs to the Ambler Molecular class B (metallo carbapenemases) [59].

These enzymes hydrolyze carbapenems and extended-spectrum beta-lactams, but are not inhibited by beta
lactamase inhibitors such as clavulanic acid, sulbactam, and tazobactam [60].

VIM-dependent resistance production is considered a serious problem because of the rapid spread of this
enzyme; moreover treatment options of VIM-producing organisms are considered limited, although

combination therapy seems to be the best treatment [61-63] (fig 7).

IMP-type

IMP is a metallo beta-lactamase widespread globally and transmitted by transposons or plasmids. The first
issues of IMP-1, the most popular IMP variant, date back to 1999, when it was isolated from P. aeruginosa,
K. pneumoniae and S. marcescens and was associated with resistance to carbapenems [64]. Always during
those years, there was a great spread of strains of K. pneumoniae IMP-producing that had the ability to
induce strong resistance to carbapenems [65, 66].

Today the spread of this variant is expressed globally, similarly to VIM (fig 7), and to date most than 50 IMP-

like variant are known (Lahey Clinic.: http://www.lahey.org/studies/ ) [67]
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Figure 7. Geographical distribution of VIM and IMP enzymes (a) worldwide and (b) in Europe. About VIM-producing
strains distribution: in yellow, VIM-producing nosocomial outbreaks; in red, VIM interhospital spread, and in
purple, high prevalence of VIM-producing isolates. About IMP-producing isolates, in light blue, presence of
nosocomial infection due to IMP-producers spread, and in blue prevalence of IMP enzyme diffusion [57]

OXA-type

Oxacillin-hydrolyzing enzymes (OXA) are part of the class D of the serine beta-lactamase. They were
identified for the first time in Scotland, in a patient colonized by Acinetobacter baumannii presenting
resistance to cephalosporins [23, 45]. The enzyme involved was named OXA-23 and, to date, more than
two hundred variants of OXA-like enzymes are known, capable of hydrolyzing extended-spectrum
cephalosporins and, in some cases, also confer low levels of resistance to carbapenems [68-70].

Among oxacillinases, OXA-48 is a plasmidic resistance gene widespread in the family of Enterobacteriaceae
and confers resistance to different classes of drugs (cephalosporins, penicillins, B-lactam and even

carbapenems) [68, 71, 72]. Moreover, K. pneumoniae OXA-48-producing is widespread worldwide [73-75].
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NDM-type

The New Delhi Metallo-B-lactamase (NDM-1) is one of the B-lactam enzymes more recently identified and
more quickly spreading worldwide: was isolated from a patient of Indian origin in Sweden and to date exist

16 NDM variant (NDM 1-16; Lahey Clinic.: http://www.lahey.org/studies/)[32].

In accordance to all beta-lactamases, also NDM is commonly expressed by K. pneumoniae and even by
Enterobacteriaceae family at global level [76-78]. Curiously, the peculiarity of this enzyme is that has been

recently shown to be associated with the highly successful, E.coli virulent clone, ST131 [79, 80].

1.1.5 Drug resistance in Klebsiella pneumoniae

K. pneumoniae carbapenemases

K. pneumoniae is major nosocomial pathogens, capable of rapidly spreading in hospitals [81], considering
that infections caused by this bacterium are difficult to eradicate, especially due to the frequent carriage of
drug resistance determinants: B-lactams and extended-spectrum cephalosporins (ESC), other classes of
drugs such as aminoglycosides and occasionally also polymyxin B and colistin.

In 1996, a new strain of K. pneumoniae resistant to carbapenems was identified in New Carolina and was
designed as carbapenemase-producing K. pneumoniae (KPC) [48].

Although the first hospital outbreak was described in a centre in New York, reports are now showing that
KPC producing bacteria are disseminated worldwide [44, 82-88].

Genetic determinant of resistance to beta-lactam, moreover, have now been detected in several other
members of the Enterobacteriaceae family and Pseudomonas aeruginosa [45, 89, 90]. Spread of
carbapenemase-resistance genes among different bacterial species is possible thanks to the localization of
them on plasmids and their association with transposons and insertional elements.

Different genes encoding for carbapenemases are blagc, followed by blayoy (New Delhi metallo- B -

lactamases), blayy [91-96], and blagya.ag [61, 97].
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Since the first isolation of a clone of KPC in the United States, 13 genetic determinants of these enzymes
have been identified. Determinants KPC-2 and KPC-3 were described for the first time in the USA [98] and

seem to be the most frequent in Europe, with wide dissemination in Italy [99-101].

Colistin resistance

Colistin is considered as the last resort for treatment of severe infections caused by MDR Gram-negative
bacteria because of its toxicity. However, in recent years the spread of genetic variants resistant to colistin
is increasing [102, 103]. In K. pneumoniae, resistance to polymyxins and other cationic antimicrobial
peptides is mediated by alterations of the lipopolysaccharide (LPS), with subsequent decrement of the
affinity of polymyxins to the target. At the base of the mechanism regulating colistin resistance, relevant
genetic factors include the mgrB gene, the pmrC gene (aminotransferase acting for the LPS synthesis) and
the pmrHFIJKLM operon [104, 105]. Recent evidences suggest that insertional inactivation of the mgrB gene
in K. pneumoniae represents the presumptive mechanism responsible for the emergence of colistin
resistance via alteration of specific signaling pathway.

Normally the upregulation of the pmrHFIJKLM operon via the PhoQ/PhoP signaling pathway leads to
modulation of the bacterial survival mechanism and to the LPS synthesis via activation of the pmC gene
[108] (fig 8). During stress condition, MgrB mediates the negative feedback of the PhoQ/PhoP pathway, but
if this protein results altered, PhoQ/PhoP signaling pathway cannot be inhibited and possible alteration on
the LPS structure may occur. This means that the drug cannot recognize the LPS target, causing bacterial

resistance [106, 107].
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Figure 8. Schematic representation of MrgB function mediating negative feedback in the PhoP/PhoQ system. PhoQ
stimulation (low extracellular magnesium, low pH or cationic antimicrobial peptides, CAMPs) leads to higher
production of phosphorylated PhoP, which lead to increasing transcription of mgrB gene. MgrB inserts in the inner
membrane and represses PhoQ, resulting in decreased PhoP phosphorylation [107]

1.1.6 K. pneumoniae virulence factors

The expression of virulence factor is a prerequisite for pathogenic bacteria, because it makes them capable
of infecting effectively the host.

Innate and humoral immunity are the main mechanisms of defense against infections mediated by
Enterobacteria. If these mechanisms are congenitally absent or temporarily compromised, susceptibility to
infection and severity increase.

The mechanism of action of pathogenic Enterobacteria is complex and includes several co-factors involved
in the development and evolution of infectious process: capsular antigens, siderophores and superficial

adhesion molecules (fig 9).
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Figure 9. Representation of main virulence factors in K. pneumoniae; source, [81]

Capsular antigens

The extra cellular pathogens are able to resist to the bactericidal activities immune cells through surface
elements as the lipopolysaccharide (LPS) and other elements present in the bacterial capsule.

The molecular mechanism at the basis of this activity would seem to consist in inhibiting or in the
absorption of several immune system components.

In Klebsiella spp. are known more than a hundred different serotypes of the capsule; just think that already
in 1998 were 77 known antigens [81].

It seems that great differences in virulence exist between strains that express specific capsular types and
those that do not express them. For example, it was shown that strains of K. pneumoniae expressing
capsular antigens K1 and K2 are particularly virulent in liver murine models, while isolates with the same
mutant serotype showed lower virulence [109-113].

Maybe, the ability to resist to external environment is due to the production of a massive polysaccharide
capsule. Studies have shown that overexpression of genes (rpmA and magA) encoding for this mucous

viscous phenotype is associated with enhanced virulence [114-116].
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Adhesion molecules

The initial and fundamental stage of infection is represented by the adhesion process, by which
microorganisms adhere to the guest mucosa. The adhesive properties of Enterobacteria are mediated by
several types of pili. These, also known as fimbriae, are filamentous and non-flagellar projections of
bacterial surface.

These structures reach up to 1-2 micrometers in length and 2-8 nm in diameter and are composed of
polymeric globular protein subunits (pilin) with a molecular mass of 15-26 kDa.

The direct link between the bacteria and host cell is mediated by molecules called adhesins or fimbriae that
are differentiated primarily on the basis of their ability to agglutinate erythrocytes of different animal
species. In fact, depending on whether the agglutination reaction can be inhibited by D-mannose, the
adhesins are categorized as mannose-sensitive hemagglutinin (MSHA o type-1) or mannose-resistant
(MRHA o type-3).

Klebsiella pneumoniae presents on the cell surface both type of adhesins [117-119]:

a) Type 1 fimbriae

Type 1 fimbriae are expressed by the majority of enterobacterial cells and are mannose-sensitive
molecules. Several studies, aimed to characterize these molecules in E. coli and in K. pneumoniae, showed
an high similarity in composition and gene cluster regulation [118]. Their main role is allow bacteria to
adhere to the epithelium of the host leading, mainly, to urinary tract infections (UTI). Moreover, the type 1
fimbriae are also able to bind soluble glycoproteins rich in mannose, such as the Tamm-Horsfall protein,
which allow them to mediate bacterial colonization of both the respiratory and urogenital tract [120, 121].
Type 1 fimbriae are archetypal and are encoded by a gene cluster fimACDEFH, where adhesive components

are rapresented by fimA and fimH [121]
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b) Type 3 fimbriae

The adhesin of type 3 are able only to agglutinate erythrocytes treated with tannin, for this reason defined
as resistant to mannose. Moreover, although the commonly definition is "mannose-resistant Klebsiella-like
hemagglutination" (MR/K-HA), this type of fimbriae is synthesized from many strains of Enterobacteria.

The main function of type 3 fimbriae seems associated with the formation of biofilm. Type 3 fimbriae are
able to bind to different human cells: the endothelial cells, the epithelium of the respiratory and urinary
tract. In the kidney, this type of pili allows the bacterial adhesion to the membrane of renal tubules, of the
capsules of Bowman and of renal vessels [122, 123].

Genes involved in the synthesis of type 3 fimbriae are included in a cluster (mrkABCDF) containing protein
subunits (mrkA gene), minor subunits (mrkF gene), genes coding for chaperone (mrkB gene), usher-protein
(mrkC gene), and adhesins (mrkD gene) [123].

Phylogenetic analysis has shown that genes may be located at the chromosomal level, but also transferred

between bacteria through plasmids and transposons [124, 125].

Transport of iron

The capacity to capture and metabolize iron is crucial for pathogen surviving. The growth of bacteria in the
tissues of the human organism is limited not only by the host defense mechanisms but also by the low
availability of iron, since it is linked to host proteins that may have deposit activity (i.e. hemoglobin, ferritin,
hemosiderin and myoglobin) or transport activity (i.e. lactoferrin and transferrin). The effect of an iron
supply on the pathogenesis has been demonstrated for K. pneumoniae using a animal model: after
parenteral administration of iron, the susceptibility to infection with K. pneumoniae increases dramatically,
so it is suggested that only microorganisms that are able to ensure the presence of intracellular iron can

survive and replicate in the host tissues [126, 127] (fig 10).
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Figure 10. Mechanism of action of bacterial siderophores. Iron is usually bound to chelant protein (hemoglobin,
myoglobin) expressed by the host cell. For its survival, bacteria have developed strategies concerning the release
molecules called siderophores (1), which bind the ion with high affinity (2) and allow its subsequent entry into the
bacterial cell (3) http://intranet.tdmu.edu.te.ua/data/cd/disk2/ch007.htm

Bacteria have developed strategies to sequester iron from infected tissues producing siderophores that are
molecules able to capture host iron [128]. Different siderophores are proper of the Enterobacteriaceae
family, of which the encoding genes are located in "pathogenicity islands" [128].

Under conditions of iron deficiency the Enterobacteria are able to synthesize siderophores belonging to
two different chemical groups: "phenolate-type siderophores" and "hydroxamate-type-siderophores" (PTS
and HTS, respectively).

The PTS are the most common group of siderophores, of which the best known representative of this group
is the enterobactin or enterochelin, which has, compared to other siderophores, higher affinity to iron.

In the HTS class, ferrochromes (synthesized only by fungi), ferrioxamins and aerobactin are included; in
particular, the aerobactin, unlike from enterobactin, is known to be necessary for bacterial virulence and
surviving having different metabolic advantages. For example, it seems to have greater stability and
solubility and, while enterobactin is hydrolyzed by an esterase after transferring the iron, the aerobactin

can be reused at every metabolic cycle [127].
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Data on the incidence of the aerobactin production in Klebsiella spp suggest that this siderophore could
play a central role in its pathogenesis, but isolates of Klebsiella pneumoniae not capable of synthesizing
aerobactin, are absolutely able to use exogenous aerobactin as the unic source of iron. This is a great
advantage mainly in mixed infections, because these aerobactin-producers strains can gain an advantage
over other bacteria [129, 130].

Although aerobactin play an important role in bacterial surviving, however K. pneumoniae is mainly known
for the high production of the siderophore enterobactin (Ent). This siderophores is encoded by genes
carried on the transposon EntABCDEF and possesses higher affinity for the iron respect other siderophores
[131]

Unlike the aerobactin, the enterobactin functionality is compromised by the lipocalin2 (Ilcn2), a molecule
produced by the host tissues that competes with the iron for the siderophore binding site causing, once
bound, its inhibition [132]. To obviate this problem, it seems that the bacteria are capable of producing
several "alternative siderophores", as salmochelin (glycosylated enterobactin) or yersiniabactin, which is
structurally different from enterobactin.

Yersiniabactin (Ybt) initially was reported in the genus Yersinia. Subsequent studies have shown that this
siderophore, as well as others commonly produced by various species of Enterobacteriaceae, is codified by
genes carried on HPI (high-pathogenicity islands) [133]. In particular, in K. pneumoniae, yersiniabactin is
encoded by YbtAS genes and regulated by iron-repressible genes irpl and irp2 [134]. The yersiniabactin
could have a key role in the survival of virulent strains of K. pneumoniae, but to date little is known with
respect to the precise role played by the siderophores in the host organism, although a recent study
affirmed that that the expression of these molecules is specific and tightly regulated in the various host
tissues. In fact, different siderophores may coexist in the same host tissue and a specific combination of
siderophores may exist in different host tissues, suggesting that the siderophores may have an important
role in modulating host cellular pathways and determining the bacterial survival during infection (fig 11)

[135].
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Figure 11. Bacteria can express a number of molecules with high affinity to the iron (siderophores). These may act
specifically in different tissue, allowing bacteria to survive and infection to progress. In particular, it is showed a) in
the lung Icn2 may capture enterobactin, but in absence of Icn2, enterobactin bind the iron allowing bacterial
replication, while ybt may bind iron; b) in the liver, presence of aerobactin is prevalent; c) in the kidney, there is the
presence of aerobactin and yersiniabactin. Ybt, yersiniabactin; ent, enterobactin; aer, aerobactin; Fe, iron; Icn2,
lipocalin. Source [135]

1.1.7 Laboratory diagnosis of infection due to Enterobacteriaceae

In biological materials taken from a site of extra-intestinal infection, the identification of
Enterobacteriaceae is less specific than that from anatomic sites considered sterile (such as blood), because
the clinical suspicion of infection is intended to characterize any bacterium is present. For the bacterial
growth the use of nonselective and enriched (blood, serum, etc) culture media is suitable for the
development of the largest possible number of bacterial species. Each colony, consisting of Gram-negative
bacteria that are negative to test of the indo-phenol oxidase and positive to catalase reaction (a part of
Shigella dysenteriae), it must be considered as potentially generated by Enterobacteria.

Enterobacteria grow well in the common culture media, showing generally similar morphology, which may

not be a critical method for the correct identification.
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Figure 12. Imagine representing a hypermucousviscous K. pneumoniae strain, which appears sticky and forms
mucous extensions of capsular component

The colonies of bacteria of the Klebsiella-Enterobacter-Serratia (KES) group, as with evident capsule, have
mucosal appearance. In particular, the hypervirulent variant of Klebsiella pneumoniae may presents a

typical viscosity of the colonies (fig 12).

The medium on which normally can be observed the growth of Klebsiella spp is the MacConkey agar (BD,
Heilderberg, Germany), differential for Gram negative bacteria, in which colonies of discrete size, of color
pink or whitish w