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Abstract

Infections by methicillin-resistant Staphylococcus aureus (MRSA) are still
an important cause of morbidity and mortality worldwide. Health-care
associated infections, especially bacteremia, often represent a clinical challenge
because of the severity of the infection, the associated high mortality (close to
30% in some series) and the difficulty to initiate a correct empirical (o guided)

antibiotic therapy.

MRSA has spread throughout Hospital Universitari de Bellvitge (HUB) for
more than 20 years and, in spite of preventive measures, the percentage of
methicillin resistance among S. aureus is currently close to 24%. This figure is
similar to that found in many other hospitals around Spain. The epidemiology of
MRSA infection has been changing over the years with the evolution of endemic
clones and the emergence of new genetic lineages of MRSA with distinct
virulence attributes and with the ability to spread within the community. The
identification of new reservoirs and the knowledge of the MRSA genetic content
will help on one hand, to better understand the pathogenesis of the disease and
to facilitate the adequate therapy; and, on the other hand, to limit the spread of

epidemic lineages.

The aim of the work presented in this Thesis was to provide an integrated
analysis of the genetic background of successive MRSA populations causing
infection in the HUB since the beginning of the endemia (1990-2014), linked to
the phenotypic expression of antibiotic resistance. In addition, we were the
reference Microbiology Laboratory for a multicentre study that allowed us to
have access to MRSA bacteremic isolates from 23 different hospitals in Spain

obtained in 2008-2009.
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The main objectives of this work were:

1. To analyse the evolution of methicillin resistance among S. aureus strains,
isolated from 1990 to 2014 in the HUB, and to study MRSA’s antimicrobial

susceptibility to old and new antistaphyloccocal therapeutic agents.

To address this objective we developed different studies:

- Analysis of the evolution of MRSA’'s antimicrobial susceptibility to
conventional antibiotics.

- Study of in vitro activity of daptomycin and vancomycin against MRSA blood
isolates.

- Impact of accessory gene regulator (agr) and presence of rpoB mutations on
the phenotypic expression of vancomycin susceptibility

- Study of transmissible resistance to linezolid mediated by cfr gene.

2. To describe the molecular epidemiology of emergent and endemic MRSA
clones, isolated in HUB from 1990 to 2014, using genotypic and proteomic-

based methods.

To undertake this goal we applied standard typing methods (pulsed-field gel
electrophoresis, SCCmec, agr and spa typing, and multilocus sequence typing),
to describe the endemic and the new MRSA lineages identified. We developed
an automated strategy for typing MRSA applying the MALDI-TOF system. In
addition, we determine the presence of genes codifying Panton-Valentine
leukocidin and the arginine catabolic mobile element (ACME).

To end the molecular characterization of MRSA isolates, we explore the

presence of a panel of virulence and resistance genes.
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3. To determine whether the changes detected in the MRSA endemic

population in HUB were similar in other clinical settings.

To address this objective we applied the same methodologies from objectives 1
and 2 to a selection of 626 MRSA bacteremic isolates from 23 Spanish

hospitals.

The results of the studies addressed in this Thesis showed that, on average,
20% of all S. aureus isolated in Hospital Universitari de Bellvitge (HUB) from
1990 to 2014, were methicillin resistant. Over the last 10 years, methicillin
resistance percentage was around 24%. This figure is similar to other hospitals

in Spain (25%).

The dominant lineage in HUB for the first decade (the multiresistant Iberian
clone, ST247-SCCmecl-agrl) was considered extinct. Currently, Clonal
Complex 5, related to the Pediatric clone (ST5-SCCmeclV-agrll), was the
dominant lineage in the HUB, as it was in other Spanish hospitals. In the HUB,
clone ST8-SCCmeclV-agrl has become the second most frequent lineage in
2014. Antibiotic resistance determinants as well as genetic determinants of

virulence properties were specific of particular clones.

The presence of community-acquired MRSA lineages was detected in both
MRSA collections (MRSA isolated from HUB and MRSA from different Spanish
hospitals), being the most important clone USA300 (with positive and negative
ACME) and the livestock related clone MRSA-ST398. However, the number of
isolates belonging to these clones was scarce and in most cases corresponded

to hospital-onset infections, caused by bacteria acquired in the community. No
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significant nosocomial transmission of community-acquired clones was

detected.

Vancomycin tolerance was only detected among isolates belonging to clone
ST247-SCCmecl-agrl (lberian clone). In addition, we could not detect any
influence on vancomycin susceptibility expression of agr polymorphism or rpoB

mutations.
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Resumen

Las infecciones por Staphylococcus aureus resistente a la meticilina
(SARM) siguen siendo una causa importante de morbilidad y mortalidad en
todo el mundo. Las infecciones asociadas al sistema sanitario, especialmente
las bacteriemias, suelen representar un desafio clinico debido a la severidad de
la infeccion, la mortalidad elevada (cerca del 30%) y la dificultad para iniciar el

tratamiento antibiotico empirico adecuado.

SARM se ha diseminado en el Hospital Universitari de Bellvitge (HUB)
durante mas de 20 afios y a pesar de la aplicacion de medidas preventivas,
actualmente el porcentaje de resistencia a meticilina entre los aislamientos de
SARM esta cerca al 24%. Esta situacion es similar a muchos otros hospitales
espafioles. La epidemiologia de la infeccion por SARM ha cambiado al largo de
los afios con la evolucion de los clones endémicos y la aparicibn de nuevos
linajes de SARM con distintos perfiles de virulencia y con la capacidad de
diseminarse en la comunidad. La identificacion de nuevos reservorios y el
conocimiento de la patogénesis de la enfermedad facilitaran la aplicaciéon de la
terapia adecuada y por otro lado, pueden contribuir a limitar la diseminacion de
linajes epidémicos. El objetivo del trabajo presentado en esta tesis fue realizar
un analisis integrado del perfil genético de las sucesivas poblaciones de SARM
que han causado infeccion en el HUB desde el principio de la endemia (1990-
2014), y un estudio de la expresion fenotipica de la resistencia antibiética. En,
este trabajo, se incluye también los resultados de un estudio multicéntrico en el
gue el Servicio de Microbiologia del HUB actué como centro de referencia, para
el estudio de aislamientos procedentes de pacientes con bacteriemia por
SARM ingresados en 23 hospitales espafioles aislados durante el periodo

2008-20009.
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Los principales objetivos de este trabajo fueron:

1. Analizar la evolucién de la resistencia a meticilina en las cepas de S. aureus
aisladas desde 1990 a 2014 en el HUB, y estudiar la sensibilidad antibidtica a

los antiguos y nuevos agentes terapéuticos antiestafilococicos.

Para completar este objetivo se desarroll6 los diferentes estudios:

- Andlisis de la evolucion de la sensibilidad antimicrobiana de los
aislamientos de SARM a los antibiéticos de uso clinico comun.

- Estudio de la actividad in vitro de la daptomicina y vancomicina frente a los
aislamientos bacteriémicos de SARM.

- Influencia del tipo de agr y de distintas mutaciones en el gene rpoB, en la
expresion fenotipica de la sensibilidad a vancomicina.

- Estudio de la resistencia transmisible al linezolid mediante el gen cfr.

2. Describir la epidemiologia molecular de los clones endémicos y emergentes
de SARM, aislados en el HUB desde 1990 hasta 2014, utilizando técnicas

genotipicas o protedmicas.

Para llevar a cabo este objetivo se utilizaron métodos de tipificacion genética
de referencia (electroforesis en campo pulsado, tipaje por la técnica “multilocus
sequence typing”, tipaje del SCCmec, del agr y de la proteina spa), para
describir las familias del SARM endémico y los nuevos linajes. También se
desarroll6é una estrategia de tipaje del SARM aplicando el sistema MALDI-TOF.
Ademas, se determiné la presencia de los genes que codifican la leucocidina
de Panton-Valentine (LPV) y el elemento genético mévil que codifica para el

catabolismo de la arginina (ACME). Finalmente, se completo la caracterizacion
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molecular de los aislamientos de SARM mediante un amplio estudio de sus

genes de resistencia antibiotica y virulencia.

3. Determinar si los cambios detectados en la poblacion endémica de SARM en

el HUB fueron similares en otros hospitales.

Para llevar a cabo este objetivo, se utilizdé la misma metodologia que en los
objetivos 1y 2, en una coleccion de 626 aislados bacteriémicos procedentes de

23 hospitales esparioles.

Los resultados de los estudios presentados en esta tesis muestran que la
resistencia media a meticilina en S. aureus alcanzo un valor del 20% en el HUB
en el periodo 1990-2014. Durante los ultimos 10 afios, el porcentaje de
resistencia a meticilina fue préximo al 24%. Esta situacion fue similar en los
demas hospitales (25%). El linaje dominante en el HUB durante la primera
década del estudio (el clon multiresistente — clon Ibérico, ST247-SCCmecl-
agrl), desaparecid posteriormente. Actualmente el complejo clonal 5,
relacionado con el clon Pediatrico (ST5-SCCmeclV-agrlll) es el linaje
dominante en el HUB, asi como en los deméas hospitales en Espafia. En el
HUB, el clon ST8-SCCmeclV-agrl se ha convertido en el segundo clon mas
frecuente en 2014. Los determinantes de resistencia antibidtica asi como los
determinantes genéticos de virulencia fueron especificos para cada clon. La
presencia de linajes de origen comunitaria se detecté en ambas colecciones de
SARM (SARM aislado en el HUB y SARM aislado de diferentes hospitales
espafioles), siendo los mas importantes los clones USA300 (ACME positivo y
negativo) y el clon SARM asociado al ganado - SARM-ST398. Sin embargo, el

ndamero de aislados que pertenecieron a estos clones fue bajo y en la mayoria
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de los casos se asociaron a infecciones que debutaron en el hospital, causadas
por bacterias adquiridas en la comunidad. No se detectd transmision
nosocomial de los clones asociados a la comunidad. La tolerancia a la
vancomicina solamente se detecté en aislamientos que pertenecian al clon
ST247-SCCmecl-agrl (clon Ibérico). No se detecté ninguna influencia del tipo
del polimorfismo del agr, ni de las mutaciones del gene rpoB en la expresiéon de

la sensibilidad a la vancomicina.
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Abbreviations

A

ACME
AFLP
agr

AIP
arcC
arlR/arlS

aroE

Bac
bbp
Bsa

BURP

C

C; CLO
CAMHB
CAMPs
CA-MRSA
cap

CC; CLI
CcC

CCDP-DG

arginine catabolic mobile element
amplified fragment length polymorphism
accessory gene regulator

autoinducing peptide

carbamate kinase

autolysis-related locus sensor

shikimate dehydrogenase

bacteriocins
bone sialoprotein-binding protein
bacteriocin of S. aureus

based upon repeat pattern

chloramphenicol

cation adjusted Mueller Hinton broth
cationic antimicrobial peptide
community-associated MRSA
capsular polysaccharide

clindamycin

clonal complex; genetic backgrounds

CDP-diacylglycerol
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ccr
CDC
CF
cflA
cflB

cfr
CFU
CHIPS
CIP
CLSI
cna
Coa
CoNS
csl2
COS

CVv

DA; DAP
DLV

DNA

E; ERY

Eap
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cassette chromosome recombinases
Center for Disease Control and Prevention
cystic fibrosis

clumping factor A

clumping factor B
chloramphenicol-florfenicol resistance
colony-forming unit

chemotaxis inhibitory protein of staphylococci
ciprofloxacin

Clinical Laboratory Standard Institute
collagen-binding protein

coagulase

coagulase-negative staphylococci
cardiolipin synthetase

columbia agar sheep blood

core variable

daptomycin
double-locus variant

deoxyribonucleic acid

Erythromycin

extracellular adherence protein
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EARS-NET

ebh
EbpS
eBURST
ETA

EUCAST

F
FDA
FnBPA/B

FOX

GA

glpF
GM; GEN

gmk

goeBURST

H

HA-MRSA

hetero-VISA

Hla

hlb

HUB

European Antimicrobial Resistance Surveillance Network
fibronectin-binding protein

elastin binding protein S

electronic based upon related sequence types

exfoliative toxin A

European Committee on Antimicrobial Susceptibility Testing

Food and Drug Administration
fibronectin-binding protein A and B

cefoxitin

genetic algorithm
glycerol kinase
gentamicin
guanylate kinase

global optimal eBURST

hospital-associated MRSA

heterogeneous vancomycin intermediate S. aureus
alpha-hemolysin

B-hemolysin

Hospital Universitari de Bellvitge
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icaACD

IEC

isdA

IWG-SCC

L

LA-MRSA

LPG

LZD

M

MALDI-TOF

MBC

MDR

MGE

mgr

MH2

-MHC

MIC

XXX

Intermediate resistant

intercellular adhesion biofilm genes A, C, and D

immune evasion cluster

Iron-regulated surface determinant

International Working Group on the Staphylococcal Cassette

Chromosome elements

joining

livestock-associated MRSA
lysylphosphatidylglycerol

linezolid

matrix-assisted laser desorption ionization-time-of-flight
minimal bactericidal concentration

multidrug resistant

mobile genetic element

multiple gene regulator

mueller-hinton Il

major histocompatibility complex

minimum inhibitory concentration
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MLEE

MLST

MLVA

MRSA

MS

MSCRAMMs

MSP

MSSA

m/z

NN

NTSmal

oD

ORF

OX

PBPs

PCR

PFGE

PG

multilocus enzyme electrophoresis

multilocus sequence typing

multiple locus variable number of tandem repeat analysis
methicillin-resistant S. aureus

mass spectrometry

microbial surface components recognizing adhesive
matrix molecules

main spectrum

methicillin-susceptible S. aureus

mass to charge

tobramycin

Inability to be typed by Smal restriction

optical density
open reading frame

oxacillin

penicillin

penicillin-binding proteins
polymerase chain reaction
pulsed-field gel electrophoresis

phosphotidylglycerol
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phenicols, lincosamides, pleuromutilines and streptogramin

PhLOPS A

PIA polysaccharide intercellular adhesion
PMNs polymorphonuclear leukocytes

ppm parts per million

psgA phosphatidyglycerol synthase
PSMs phenol-soluble modulins

pta phosphate acetyltransferase

PVL Panton-Valentine leukocidin

Q

QC quickclassifier

QS guorum sensing

R

r resistant

RA rifampicin

RAPD random amplified polymorphic DNA
REIPI Spanish Network for Research in Infectious Diseases
rot repressor of toxins

RP antibiotic resistance patterns

S

S susceptible

sae staphylococcal accessory element
SAgs superantigens
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SAK
SaPlI

sar

sasG
SCCmec
SCIN
SCVs
sdrC/D/E
SE

sigB
SLV
SNN
SNPs
spa
spaCC
SSR
SSTls
STs

SXT

SYN

TE;, TET
TEC

Tet-R

staphylokinase

staphylococcal pathogenicity islands
staphylococcal accessory regulator

S. aureus surface protein G
staphylococcal cassette chromosome mec
staphylococcal complement inhibitor
small colony variants

fibrinogen-binding proteins C, D and E
staphylococcal enterotoxins
staphylococcal alternative sigma factor B
single-locus variant
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Introduction

1. Staphylococcus aureus

Staphylococcus aureus is a highly successful opportunistic pathogen that is

able to colonize humans and animals and can cause a wide variety of diseases

[1].
1.1 Microbiologic characteristics

In 1882, Alexander Ogston named Staphylococcus to describe micrococci
that produced inflammation and suppuration [2]. However, it was Friedrich
Julius Rosenbach in 1884, who introduced the first taxonomic description of
Staphylococcus aureus; the genus name was derived from the Greek “staphylé”
(for bunch of grapes) and the species epithet “aureus” from the Latin word for
gold, suggested by the clear tendency of these bacteria to grow in clusters and
the golden appearance of the colonies, often with hemolysis, when grown on

blood agar plates [3] (see Figure 1).

Figure 1: (A) Gram stain of S. aureus cells which typically occurs in grape-cluster
berry; (B) Yellow colonies and B-hemolytic of S. aureus on a blood agar plate
(taken from [4]).

The genus Staphylococcus is currently composed of 51 species and 27

subspecies [5]. Only a few of these species are pathogenic in the absence of
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immunosuppression or implanted foreign material. The most important etiologic
agents for infection in humans include S. aureus, S. epidermidis, S.
haemolyticus, S. lugdunensis, S. schleferi, S. warneri and S. saprophyticus.
Despite S. aureus being the specie more pathogenic and virulent found in

humans, it can exist as resident or a transient member of the normal flora [1].

Staphylococci sharing the following microbiological traits were placed in the
family Micrococcaceae: gram-positive cocci (0.5 to 1.5 pum in diameter) with
diverse arrangements (singly and in pairs, tetrads, short chains, and irregular
grape-like clusters), with unique cell wall peptidoglycan with pentaglycine
interpeptide bridges, which is the target of the lysostaphin activity, non-motile
bacteria, non-spore forming, facultative anaerobes, glucose fermenting, usually
catalase positive, oxidase negative, often unencapsulated or with a limited
capsule, and most of the species being able to grow at 1.7M of NaCl (salt-

tolerant) [1], [3], [6]-[9].

In general, Staphylococcus aureus could be identified by the production of
the enzyme coagulase, which is a cell surface-associated fibrinogen-binding
protein, secreted during bacterial growth that clots the human plasma. This
characteristic allows to discriminate between coagulase positive (i.e., S. aureus)
and coagulase-negative staphylococci (CoNS) [1]. Only two animal-specific
coagulase positive species have been described, Staphylococcus intermedius
and Staphylococcus hyicus [6], [10]. Staphylococcus aureus forms golden-
yellow colonies, often with hemolysis when grown on blood agar plates,
however several strains show variants no pigmented. Additionally, S. aureus is
capable of fermenting manitol aerobic- and anaerobically and can metabolize

glucose, xylose, lactose, sucrose, maltose and glycerol. In complex media, S.
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aureus grows over a wide range of pH (4.8 to 9.4), temperature (25 to 43°C),

and a minimal doubling time of 30 to 40 min [6], [10].

1.2 Genetic characteristics

The genome of S. aureus consists of a single circular chromosome (2.7-2.8
Mbp) with a relatively low G+C content [11]. Currently, there are 72 annotated
complete whole-genome sequences of S. aureus available in public databases

(http://www.ncbi.nlm.nih.gov/genome/genomes/154?) reviewed on August

2015). The genome shows two major components: the conserved core genome

and the accessory genome.

The core genome is present in all isolates and makes up approximately
75% of a S. aureus genome. Core genes are located on the bacterial
chromosome, thus usually stable and transferred vertically [12]. The majority of
these genes are associated with metabolism and other house-keeping
functions. Other genes are related with common functions, but are not essential
for growth and survival, including virulence genes not carried by other
staphylococcal species, such as toxins, exoenzymes, cell surface binding
proteins and the capsule biosynthetic genes [13]. Sequence divergence in the
core genome is observed and referred to as “core variable” (CV) genes. These
sequence variations may result from single nucleotide polymorphisms (SNPs) to
large regions of DNA diversity (ranging in size from a few nucleotides within a
gene to several kilobase pairs that include complete or partial genes within

operons) [12].


http://www.ncbi.nlm.nih.gov/genome/genomes/154
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The accessory genome accounts for approximately 25% of S. aureus
genome, and mainly consists of mobile genetic elements, which are transferred
horizontally between strains [13]. These elements include bacteriophages, S.
aureus pathogenicity islands (SaPl), staphylococcal cassette chromosomes
(SCC) regions, plasmids and transposons [12]-[14]. Many of these genetic
elements harbour genes with virulence or resistance functions. Hence, the
distribution and horizontal spread of these elements might have clinical
relevance [13]. Interestingly, virulence genes are likely to be found on phages
and SaPI, whereas resistance genes rely on SCCs, plasmids and transposons
for transfer [12]. The accessory genes can be transmitted among bacteria by
horizontal transfer via three mechanisms: transformation, conjugation and
transduction [15]. However, S. aureus lack the genes for transformation.
Conjugation does not appear to be common, but is an efficient mechanism for
gene transfer from other species to S. aureus, such as enterococci [16].
Therefore, transduction by bacteriophage is probably the most frequent
mechanism of horizontal transfer in S. aureus, which therefore plays a crucial

role in the evolution of this pathogen [12].

1.3 Colonization

S. aureus is a ubiquitous colonizer of the skin and mucosa of human beings
and several animal species. In humans, the anterior nares of the nose are the
most frequent carriage site for S. aureus [17]. However, some studies reported
higher rates of S. aureus carriage in the throat compared with the rates in the
nose, thus highlighting the importance of including this carriage site when

screening the S. aureus colonization [18]-[20]. Moreover, this microorganism
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can be isolated from other multiple body sites, such as the hands, perineum,
forearms, gastrointestinal tract, vagina and axillae, but in a lower frequency [17],

[21].

In the 1950s, a clear association between S. aureus nasal carriage and
infection is supported by the evidence that the nasal S. aureus strain and the
infecting strain shared the same genotype [22], [23]. It has been shown that
nasal carriers have a three to six times increased the risk of acquiring a
nosocomial infection with an endogenous S. aureus compared to noncarriers
and low-level carriers [23], [24]. Decolonization of health-care workers and
patients with nasal mupirocin combined with chlorhexidine body washes as a
part of a multifactorial approach has been shown to contribute to reduce
infection, cross-transmission and be effective to eradicate S. aureus from the

nose and other body sites [25], [26].

In general, three S. aureus nasal carriage patterns can be discriminated:
20% of healthy individuals are persistent carriers, ~30% are intermittent carriers
and 50% are non-carriers [21]. Nevertheless, van Belkum et al. revealed that
apparently, there are only two human types of nasal carriers: persistent carriers
and others, because intermittent carriers and noncarriers have similar S. aureus
elimination kinetics and antistaphylococcal antibody patterns [27]. Furthermore,
the load of S. aureus is significantly higher in persistent carriers, resulting in an
increased risk of infections [28], [29]. Persistent carriers are often colonised by
a single strain of S. aureus over long periods, up to 10 years, while intermittent
carriers carry many different strains over time [30]-[32]. Persistence carriage

seems to have a protective effect on the acquisition of other strains and is most
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frequently detected in children than in adults, and many individuals change their
pattern of carriage between the age of 10 and 20 years [17], [21]. Moreover, S.
aureus nasal carriage rates vary according to the countries studied. Recently, a
cross-sectional survey studying S. aureus nasal carriage in nine European
countries (Austria, Belgium, Croatia, France, Hungary, Spain, Sweden, the
Netherlands and the UK) showed a great variation in the nasal S. aureus
carriage rates between the participating countries ranging from 12.1% in
Hungary to 29.4% in Sweden. In Spain, the prevalence of S. aureus nasal

carriage was reported to be 17.3% [33].

Nasal colonisation of S. aureus needs four main prerequisites: first, S.
aureus has to come in contact with the anterior nares; second, S. aureus
adherence to certain receptors in the nasal niche; third, S. aureus overcomes
the host defences; fourth, S. aureus ability to propagate in the nose [17]. The
carriage of S. aureus could be influenced by several determinants such as host
characteristics, bacterial factors and interaction between host and S. aureus,
causing different carriage rates over the population [17], [21], [24]. Host factors
might define carriage or non-carriage status, and probably also whether
carriage is persistent or intermittent. It was reported that artificial colonization of
non-carriers and persistent carriers showed that non-carriers eliminated the
inoculated strains, whereas persistent carriers maintain their original resident S.
aureus strain [24], [34]. Thus, host characteristics substantially co-determine the
S. aureus carrier state and this view is supported by the fact that S. aureus
carriage rates is age-dependent and vary between different ethnic groups, with
higher rates in white people and in men [17]. On the other hand, bacterial

factors such as the wall teichoic acid (WTA), clumping factor B (cflB), the
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capsular polysaccharide (cap), the iron-regulated surface determinant (IsdA),
the surface protein (SasG), autolysins and other adherence and virulence
determinants are thought to define which strain is carried, as bacterial
competition and biological fithess of bacteria probably influence carriage [34]-

[36].

Higher carriage rates have been reported in some groups. In these groups
are included: patients with diabetes mellitus (both insulin dependent and non-
insulin dependent), patients undergoing haemodialysis or continuous peritoneal
dialysis, patients with end stage liver disease, HIV patients, patients with S.
aureus skin infections and skin disease (i.e, eczema or psoriasis), obesity,
history of cerebrovascular accidents and intravenous drugs addicts [34].
Surprisingly, a recent cross-sectional study performed in Spain, showed a low
prevalence of MRSA colonization in HIV patients [2]. Recently, livestock
farmers, veterinary staff and pet owners have been considered as new risk

groups for MRSA colonization [37], [38].

1.4 Pathogenesis

S. aureus has been recognized as a major human pathogen, capable of
causing infection when skin and mucous membranes are disrupted [39], [40].
Infection caused by S. aureus can range from superficial lesions and skin
infections (e.g. folicullitis, cellulitis, mastitis, furuncles, impetigo, wound
infections, superficial and deep skin abscesses), to life-threatening diseases
(e.g., osteomyelitis, endocarditis, bacteremia, meningitis, pneumonia) and
toxinoses (e.g., food poisoning, toxic shock syndrome and scalded skin

syndrome) [40]. The success of this microorganism as a pathogen and its
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capacity to cause a wide range of infections are the result of being well
equipped in surface factors and secreted proteins that mediate host colonization
and disease (see Table 1) [1], [41]. Furthermore, global regulatory genes that

coordinate the expression of various groups of staphylococcal genes have been

identified [1], [40].

Table 1: Staphylococcus aureus extracellular factors involved in pathogenesis,

and response to global regulatory elements during bacterial growth [1].

10

Gene Location
Surface proteins

spa Chromosome
cHa Chromosome
fubA Chromosome
fubB Chromosome
dfA Chromosome
dfB Chromosome
Capsular polysaccharides
@ps Chromosome
w@p8 Chromosome
Cytotoxins

hia Chromosome
hib Chromasome
hid Chromosome
hlg Chromosome
TukS/F PVL phage
Superantigens

sea Bacteriophage
seb SaPI3*

sec SaPl4*

sed Plasmid

efa ETA phage
eth Plasmid

st SaPI1,2bovl*
Enzymes

SplA-F Chromosome
s§p Chromosome
aur

sspB

sep

geh Chromosome
lip

fne Chromosome
p.’(

nic Chromosome
Tys Chromosome
coa Chromosome
sak Bacteriophage

*Timing: xp, throughout exponential phase; exp, early exponential phase only; pxp, postexponential phase; 0, no effect of gene on, Expression: +, upregulated; -, downregulated.
"agr, accessory gene regulator; saeRS, 5. aureus exaproteins; rot, repressor of toxins; sard, Staphylococcus accessory regulator; FAME, fatty acid modifying enzyme;
PMN, polymorphonuclear neutrophil,

Controversial
*8aPl, §. aureus pathogenic island.

BP, binding protein.

Product

Protein A
Collagen BP
Fibronectin BPA
Fibronectin BPB
Clumping factor A

Clumping factor B
Lactoferrin BP

Polysaccharide capsule type 5
Polysaccharide capsule type 8

o-hemolysin
B-hemolysin
8-hemolysin
-hemolysin
PVL*

Enterotoxin A
Enterotoxin B
Enterotoxin C
Enterotoxin D
Exfoliatin A
Exfoliatin B

Toxic shock toxin-1

Serine protease-like

V8 protease
Metalloprotease (aureolysin)
Cysteine protease
Staphopain (protease II)
Glycerol ester hydrolase
Lipase (butyryl esterase)
FAME
PI-phospholipase C
Nuclease

Hyaluronidase
Coagulase
Staphylokinase

Activity/Function

Antiimmune, anti-PMN
Collagen binding
Fibronectin binding
Fibronectin binding
Fibrinogen binding

Fibrinogen binding
Lactoferrin binding

Antiphagocytosis?
Antiphagocytosis?

Hemolysin, cytotoxin
Hemolysin, cytotoxin
Hemolysin, cytotoxin
Hemolysin, cytotoxin
Leucolysin

Food poisoning, TSS
Food poisoning, TSS
Food poisoning, TSS
Food poisoning, TSS
Scalded skin syndrome
Scalded skin syndrome
Toxic shock syndrome

Putative protease
Spreading factor
Processing enzyme?
Processing enzyme?
Spreading, nutrition
Spreading, nutrition
Spreading, nutrition
Fatty acid esterification

Nutrition

Spreading factor
Clotting, clot digestion
Plasminogen activator

Timing*

exp
pxp
exp
exp
exp
exp

pxp
pxp

pxp
pxp
p

pxp
pxp

xp
pip
pp
ol
o1}
Pp
I

pxp
pxp

pxp
pxp
pxp
pxp
pxp
pxp
P

exp
pxp

Action of Regulatory Genes'
agr saeRS
|
0
0
0
n
n
+ +
+ +
+ 0
n
+
0
+
+
+
+
+
+
+
+ 0
+
N
i
+ 0
+ 0
n
n
+ +
|
n
+ 0
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1.4.1. Regulation

At least three major operons are involved to adjust gene expression to
specific environmental conditions: agr (accessory gene regulator), the sar
(staphylococcal accessory regulator) and the sae (staphylococcal accessory
element) loci [38], [42], [43]. Additional regulatory systems influencing virulence
genes expression have been described: arlR and arlS (autolysis-related locus
sensor), rot (repressor of toxins), mgr (multiple gene regulator) and sigB

(staphylococcal alternative sigma factor B) [44]—[47].

The staphylococcal agr locus encodes a quorum sensing (QS) gene cluster
of five genes (hld, agrB, agrD, agrC, and agrA) that works as a classical two-
component signalling module. This system reacts to bacterial density, allowing
the preferential expression of surface adhesins during the exponential phase of
growth (low cell density) and switching to the expression of exoproteins during
the postexponential and stationary growth phases (high cell density) [48], [49].
This coordinated shift in expression patterns brings a strategic switch to
decrease unnecessary metabolic demands [50]. Specific variations in all three
AgrB, AgrD, and AgrC proteins (i.e., the processors-transporter, the auto-
inducing peptide precursor, and the receptor, respectively) have resulted in four
agr groups in S. aureus [51]. Loss-of-function mutations in agr locus confer
alterations in the expression of autolysins and hemolysins and can affect
bacterial phenotypes, including pathogenicity [2], [29], [30], [40], [52]. S. aureus
agr dysfunction (more-frequent defects in production of delta hemolysin) has
been associated with persistent bacteremia and with attenuated vancomycin

bactericidal activity [33], [37], [45], [52].

11
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Of note, not all S. aureus strains produce the same virulence factors, which
in some cases could be clonally related [53], [54]. This clonal relation could be
established when comparing agr groups with other epidemiological markers.
Most of the S. aureus that produces the TSST-1 toxin or the Panton-Valentine
toxin belongs to agr group lll; vancomycin-intermediate strains tend to be
associated to agr group Il; and the exfoliative toxin A (ETA)-producing strains
belong to agr group IV. Hence, global regulators were originally meant to control

the expression of useful metabolic genes [1].

Essentially, any S. aureus genotype can become a life-threatening human
pathogen, but strains from some clonal lineages are more virulent than others

[55].

1.4.2. Virulence determinants

S. aureus has an extensive variety of virulence factors, with both structural
and secreted products (see Figure 2) playing an important role in pathogenesis
of infection. These virulence factors can be grouped into functional categories:
(i) attachment and adherence to host tissues; (ii) evasion and destruction of
host defences; (iv) invasion and penetration tissue; (v) persistence in the host

[54].

12
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Figure 2: Pathogenic factors of S. aureus, with structural and secreted products
both playing roles as virulence factors. Panel A shows the surface and secreted
proteins. Panels B and C show cross sections of the cell envelope. TSST-1 denotes

toxic shock syndrome toxin 1 (from [40]).

e Bacterial attachment

Surface proteins: S. aureus adhesion to host tissues including host

extracellular matrix proteins such as fibrinogen, collagen, fibronectin and elastin
is mediated by bacterial cell-wall-associated protein called MSCRAMMSs
(microbial surface components recognizing adhesive matrix molecules) [56].
This initial step is crucial in colonization and invasive diseases such as
endovascular infections, bone and joint infections, and prosthetic-device
infections[54], [57]. MSCRAMMSs belong to the largest class of surface proteins
and are covalently anchored to the cell wall peptidoglycan [58]. The main
MSCRAMMs found in S. aureus are fibrinogen-binding proteins C, D and E
(SdrC, SdrD snd SdrE), collagen-binding protein (Cna), fibronectin-binding
proteins A and B (FnBPA and FnBPB), clumping factors A and B (CIfA and

CIfB), elastin binding protein S (EbpS) [59]. Besides adhesion to and invasion of

13
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host cells and tissues, these surface proteins have been implicated in evasion

of immune responses and biofilm formation [58].

e Bacterial persistence

Biofilm accumulation: Once S. aureus attaches to host proteins or prosthetic

materials, it is able to grow and persist in various ways. Biofilm (slime) formation
is one of the possible ways to persist by evading host defences and
antimicrobials. Bacterial biofilm is a microbial derived sessile community
characterized by cells that are irreversibly attached to a substratum or interface
or to each other, embedded in a matrix of extracellular polymeric substances
that they have produced. Biofilm formation is associated with production of a
substance named polysaccharide intercellular adhesion (PIA), which is
synthesized by an operon called ica composed of a regulator (icaR) and

biosynthetic (icaADBC) genes [60].

Small colony variants: Another strategy used by S. aureus for persisting in

the host and resist antibiotic therapy is the formation of small colony variants
(SCVs) [61]. SCVs constitute a slow-growing auxotrophic subpopulation of
bacteria with distinctive phenotypic and pathogenic traits. They are usually
recovered from patients with antibiotic-refractory infections such as cystic
fibrosis patients (CF), patients with skin and foreign-body related infections and
osteomyelitis [62]. SCVs are often tolerant or resistant to a number of other
antibiotics in addition to the selecting drug, including pB-lactams and
glycopeptides [63]. Based on the knowledge that SCVs invade and persist in
eukaryotic cells, prolonged treatment including antimicrobial agents with

intracellular antistaphylococcal activity appears appropriate [1], [61].

14



Introduction

e Evasion of the host mechanism defences

Capsule: One of the S. aureus main defences that help it to evade the host
immune system during an infection is the production of an antiphagocytic
microcapsule, among which 11 serotypes have been reported. Most S. aureus
clinical isolates produce either a serotype 5 or 8 capsular polysaccharide [64],

[65].

Protein A: In addition, S. aureus (but not the coagulase-negative
staphylococci) have a surface protein called protein A (belongs to the
MSCRAMMSs family) that is covalently linked to peptidoglycan layer and has
antiphagocytic properties due to its ability to bind the Fc portion of

immunoglobulin [40], [66].

Immune modulators: S. aureus is also able to produce small solubles

molecules that specifically interact with crucial elements on the immune system
such as chemotaxis inhibitory protein of staphylococci (CHIPS) and
staphylococcal complement inhibitor (SCIN) [67], [68]. CHIPS and SCIN are
both efficient modulators of neutrophil chemotaxis, phagocytosis and killing,
their early expression is necessary for efficient modulation of the early immune
response. [69]-[75]. SCIN and CHIPS are located on an 8-kb region at the
conserved 3’ end of B-hemolysin (hlb) — converting bacteriophages (BC-¢s) that
also encodes the genes for staphylokinase (SAK). SAK has been described as
a modulator of different parts of the immune system: directly destroys defensins
and has antiopsonic activities [76], [77]. These innate immune modulators form
an immune evasion cluster (IEC) that is easily transferred among S. aureus

strains by a diverse group of BC-¢s [78]. Recently, IEC is gaining interest due its

15
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specificity for human-adapted S. aureus strains and could be a good genetic
marker to predict human or animal origin of a given isolate [79], [80]. Moreover,
another S. aureus virulence determinant named extracellular adherence protein
(Eap) could act in concert with CHIPS to inhibit neutrophil recruitment to the site

of infection [66].

Phenol-soluble modulins (PSMs): PSMs have recently emerged as novel

toxin family defining the virulence potential of highly aggressive S. aureus
isolates. PSMs were named according to the grouping of PSMs into the smaller
PSMs a-type and the larger B-type group. These secreted staphylococcal
peptides have a remarkable ability to recruit, activate and lyse human
neutrophils, thus eliminating the main cellular defence against S. aureus
infection. The strong impact that PSMs, and especially a-type PSM (PSMa),
have on the development of acute forms of S. aureus disease identifies these
peptides as promising targets for drug development [81]. PSMa are produced
at higher concentrations by standard community-associated MRSA (CA-MRSA)
strains and probably contributes to the enhanced virulence of those strains

compared to hospital-associated MRSA (HA-MRSA) strains [82].

Citotoxins: Finally, S. aureus can produce a high number of citotoxins such
as a-, B-, y- and d-hemolysins, leukocidins (LukD, LUKE and LukM) and the
Panton-Valentine leukocidin (PVL) that cause erythrocytes and leukocytes
destruction by the formation of beta-channel pores in the cytoplasmatic cell
membrane [7], [66], [83]. In contrast to a-, B-, y- and ®&-hemolysins that are
present in most S. aureus isolates, PVL is secreted only by strains lysogenized

with bacteriophage carrying the structural genes for PVL [1], [84], [85]. a-

16



Introduction

hemolysin (or a-toxin), but not PVL, was found to play an essential role for the

pathogenesis of staphylococcal pneumonia [86].

PVL was first described in 1984 by Van de Velde but was first associated
with skin and soft tissue infections (SSTIs) in 1932 by Panton and Valentine.
PVL belongs to the described family of synergohymenotropic toxins comprising
two-component pore-forming proteins [87]. The two nonassociated active
proteins are designated S (from slow-eluted) and F (from fast-eluted) which are
encoded by two contranscribed genes, lukF-PV and IukS-PV and carried by
several temperate bacteriophages [85], [88]. Similar to other leukocidins, PVL
has the ability to form pores on polymorphonuclear leukocytes (PMNS)
membranes, monocytes and macrophages, leading to their lysis or apoptosis, in
a PVL concentration-depending manner [89], [90]. Several epidemiological
studies have reported the strong link between PVL and CA-MRSA disease,
considering PVL one of the molecular markers for CA-MRSA. Although PVL is a
useful marker for strains with the potential to cause severe S. aureus infections
(e.g. chronic/recurrent SSTI and necrotizing pneumonia in children and young
adults), discordant results from mouse infection models suggest that this toxin is
not the major determinant of disease caused by CA-MRSA strains [89], [91]-
[94]. The emergence and spread of virulent clones expressing PVL is an
additional cause of concern. Until now, PVL-positive MRSA are found in several
different clone (STs) and genetic backgrounds (CC) such as CC1, CC5, CC8,

CC22, CC30, CCh9, CC80, CC88, ST72, ST93, ST154, ST398 and ST772 [95].
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e Invasion and penetration of tissue

Enzymes: During infection, S. aureus produces various enzymes, such as
proteases, lipases, nucleases, staphylokinase and elastases that facilitate the
evasion and destruction of host tissues and metastasize to other sites [6], [40].

However, the most important are:

- Catalase: protects intraphagocytic microbes by destroying hydrogen peroxide
produced by the phagocyte and contribute to the survival of S. aureus in the
presence of Streptococcus pneumoniae [96], [97].

- Hyaluronidase - breaks down hyaluronic acid, a major component of the
extacellular matrix of human tissues and helps in spreading it [98].

- Penicilinase — is a secreted enzyme that hydrolyses penicillin and other

penicillinase—suceptible compounds into inactive penicilloic acid [1].

Toxin-mediated disease and sepsis

Cell wall and a-toxin: S. aureus is capable of producing septic shock by

interacting with and activating the host immune system and coagulation
pathways. Peptidoglycan, lipoteichoic acid and a-toxin are virulence factors that
may play a role in causing this clinical syndrome. Peptidoglycan and lipoteichoic
acid could have endotoxin-like activity, stimulating the release of citotoxines by
macrophages, activation of complement, and aggregation of platelets. These
structures can be hidden from host recognition, by producing antiphagocytic

components such as a capsule or protein A [1], [40], [99].

Superantigens (SAgs): Additionally, some S. aureus strains can also

produce SAgs, resulting in various toxin-mediated diseases, such as food
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poisoning and toxic shock syndrome (TSS) [83], [100]. SAgs toxins are a class
of powerful immune-stimulatory molecules that possess the ability to interact
simultaneously with the major histocompatibility complex-(MHC) class I
molecules and T-cell receptors, inducing T-cell proliferation and massive burst
in cytokine release [1], [101]. These toxins include toxic shock syndrome toxin-1
(TSST-1), and staphylococcal enterotoxins (SEA, SEB, SECn, SED, SEE, SEG,
SEH and SEI) [83], [100], [102]. TSS is an acute and potentially fatal illness
that is characterized by fever, diffuse erythematous rash, hypotension,
desquamation that can lead to multiple organ failure and lethal shock. This
syndrome has been reported in two clinical forms: menstrual TSS and
nonmenstrual TSS. TSST-1 is responsible for nearly all cases of menstrual-
associated TSS and nonmenstrual-associated staphylococcal TSS is normally
associated with TSST-1, staphylococcal enterotoxin SEB and SEC [83], [100].
Moreover, SEs are the causative agents of staphylococcal food poisoning,
which is a major concern in public health worldwide [103]. Several SAgs genes
are encoded by staphylococcal pathogenicity islands (SaPl), prophages and
plasmids [104]. Recently, a few reports demonstrated that the presence of
different SAgs is associated with clonal complex rather than with invasive
disease and these toxins are critical in the causation of lethal sepsis, infective

endocarditis, and kidney infections [105]-[107].

Exfoliatins: Some strains also produce epidermolysins or exfoliative toxins
(ETA, ETB, ETC and ETD, proteases that act by cleaving peptide bonds
between the extracellular domains of desmoglein 1, a transmembrane protein

that forms part of desmosomes that bind the epithelial cells [108]-[110]. These
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toxins are capable of causing scalded skin syndrome or bullous impetigo, which

clusters in newborns and infants less than 1 year old and rarely in adults [1].

e Virulence factors with poorly defined role in virulence

Arginine catabolic mobile element (ACME): Another element that has been

associated to play a role in the pathogenesis of MRSA, particularly in CA-
MRSA, is the type | ACME, which is a 31-kb mobile genetic element (MGE).
ACME was first described in the epidemic USA300 clone (ST8 and carry a type
IV staphylococcal cassette chromosome (SCCmec). This element contains two
genes clusters: arc, encoding the arginine deiminase pathway, and opp3,
encoding an oligopeptide permease system [111]-[113]. Arginine deiminase
activity, which produces ammonia and ATP, it seems to facilitate colonization by
neutralizing the acid environment (pH 4.2-5.9) on the skin and producing
energy. In addition, inhibits nitric oxide production a key molecule used by the
human innate and adaptive host defences. Oligopeptide permeases can be
associated to a wide array of functions, including uptake of short peptides as
nutrients, quorum sensing, chemotaxis, cell adhesion, and resistance to
antimicrobial peptides [90], [111], [114]. The biochemical functions of the ACME
opp and arc operons and a possible role of ACME in colonization, remains to be
determined [90]. ACME is adjacent to SCCmec and mobilized by the same
recombinase (ccrAB) that mobilizes SCCmec. Physical linkage between ACME
and SCCmec suggests that selection for pathogenicity and selection for
antibiotic resistance are interconnected. In community setting with low antibiotic
selection pressure, ACME could enhance growth, survival, and dissemination of

USA300 clone [112]. In addition to ST8-1V, ACME has been found in different
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clonal backgrounds such as ST5-1l, ST59-IV, ST97-V, ST1-IV, ST5-IV, ST239-
[ll, also two ST8 MSSA isolates and in some species of coagulase-negative

staphylococci, where it seems to be more prevalent [111], [115]-[121].

Coagulase: Coagulation is a primitive innate defence mechanism against
microbial pathogens that traps and immobilizes invading bacteria in a clot and is
the target of bacterial immune evasive strategies [122]. The bacterial pathogen
S. aureus secretes coagulases polypeptides that bind to and activate
prothrombin, thereby converting fibrinogen to fibrin and promoting the clotting of
plasma or blood. Two proteins promote coagulation during the host infection,
coagulase (Coa) and von Willebrand factor binding protein (VWhbp).
Staphylococcal binding to fibrinogen or fibrin is an important characteristic of
disease pathogenesis, enabling the formation of abscesses, bacterial
persistence in host tissues and enables the pathogen to cause lethal sepsis
[122], [123]. However, the molecular basis of protective immunity by Coa and
vWbp specific immune responses remains to be evaluated [123]. As referred
before, coagulase is a traditional marker for identifying S. aureus in the clinical

microbiology laboratory [40].

Bacteriocins: Bacteriocins (Bac) are ribosomally synthesised antimicrobial
peptides that are not lethal to the producer cells but toxic or antibiotic to other
bacteria [124], [125]. The synthesis of a number of Bac has been shown to be
growth-phase dependent and appears to be under the control of a large family
of two-component signal transduction systems [125]—-[127]. Several strains of S.
aureus carry the entire biosynthetic operon for the production of a functional
lantibiotic-type Bac, designated Bsa (bacteriocin of S. aureus). Bsa could help

highly virulent CA-MRSA strains such as ST8 and ST80 genetic backgrounds,
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compete with other colonizing flora and increase the chance of infection with

this strains [11], [90], [128].
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2. Antibiotic resistance in Staphylococcus aureus

Nowadays, one of the major concerns of clinicians is the emergence of
pathogens resistant to multiple antibacterial agents causing S. aureus infections

in the clinical setting.

Before the antibiotic era, the mortality rate of S. aureus bacteremia was
extremely high, exceeding 80% [129]. In the early 1940s, with the introduction
into clinical practice of the first beta-lactam antibiotic named penicillin, the
mortality and morbidity decreased considerably [130]. However, soon after its
introduction, bacteria resistant to penicillin began to evolve and spread [131].
Worryingly, the deployment of any novel antibiotic has been followed by the
evolution of clinically significant resistance to that antibiotic in as little as a few

years (see Figure 3).

Antibiotic deployment

Tetracycline

Chloramphenicol Vancomycin
Streptomycin | Ampicillin
Sulfonamides Erythromycin | Cephalosporins Daptomycin

M W Linezol i|d

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Sulfonamides Chloramphenicol Ampicillin Vanr.iomycin Linezolid
| |
Streptomycin Erythromycin i
Daptomycin
Tetracycline Methicillin

Cephalosporins

Antibiotic resistance observed

Figure 3: Timeline of antibiotic introduction in the clinical practice and the

emergence of antibiotic resistance (taken from [132]).

This represents an increasing global problem that seriously complicates the
treatment of bacterial infections. Antibiotic use in human and animal medicine,

to a lesser extent, in agriculture clearly selects the bacterial populations
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(pathogenic and/or commensal endogenous microbiota of human and animals)

[133].

The clinical relevant antibiotics may be classified in five categories
according to the cellular mechanisms they target: i) cell wall synthesis (e-g.
beta-lactams and glycopeptides), ii) protein synthesis (e.g. aminoglycosides,
tetracyclines, macrolides, lincosamides, chloramphenicol, mupirocin and fusidic
acid), iii) DNA replication (e.g. quinolones), iv) RNA synthesis (e.g. rifampin), v)
folic acid metabolism (e.g. sulphonamides and trimethoprim) (see Figure 4)

[134].
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Figure 4: Antibiotic targets and mechanisms of resistance (taken from [134]).

The basic mechanisms by which microorganisms developed antibiotic
resistance can be classified into three different classes: i) prevention of access
to target (reduced permeability, active efflux, or reduced influx); ii) drug

inactivation (destruction or inactivation of the antibiotic, so it fails to bind the
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target), and iii) target alteration (overproduction of target and
modification/alteration, avoiding the antibiotic binding) (see Figure 4 and Table
2). Overall, bacteria can possess one or several of these mechanisms

simultaneously [134], [135].

Table 2 summarizes the most important resistance mechanisms and

resistant genes associated with MRSA.
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Table 2: Antimicrobial agent classes, targets, mechanisms of action, mechanisms of resistance and resistance genes (adapted from

[136], [137]).

Mechanism of Resistance
Class (examples) Target Mechanism of action Resistance type _ Genetic basis
resistance genes
Beta-lactams Cell wall synthesis Bind to penicillin-binding Inactivation (hydrolysis) Beta-lactamase blaz P, T (Tn552)
(Penicillins, Caphalosporins, Carbapenems, Monobactams) proteins (PBPs) and inhibit the
transpeptidation step in the New target with reduced Additional and altered PBPs mecA C (SCCmec)
peptidoglycan synthesis, affinity
stimulate autolysins
Glycopeptides Cell wall synthesis Inhibit transglycosylation and | Target alteration Altered peptidoglycan cross-link |vanA T (Tn1546)
(Vancomycin, Teicoplanin) transpeptidation steps in target (substitute D-Ala-D-
peptidoglycan synthesis — bind lactate for D-Ala-D-Ala)
to D-Ala-D-Ala
Target overproduction Excess of peptidoglycan Unknown Probably C
Aminoglycosides Protein synthesis (30S) Inhibit 30S ribosomal subunits | Inactivation (acetylation, Aminoglycoside-modifying
(Gentamicin, Trobamycin, Neomycin, Kanamycin, Streptomycin) phosphorylation, adenylation) |enzymes
AACE'/APH2" aacA-aphD T (Tn4001)
ANT4,4” aadD P (pUB110)
APH3’ aphA-3 T (Tn5404, Tn5405 located into P or C)
ANT3” aadE T (Tn5404, Tn5405 located into P or C)
Tetracyclines Protein synthesis (30S) Inhibit protein synthesis (30S) |Ribossomal protection Production of proteins that bind |tetM C
(Tetracycline, Tigecycline) to the ribossome and after the
conformation of the active site
Disrupt bacterial membrane Active efflux New membrane transporters tetK, tetl P(T181), P
Macrolides/Lincosamides/Streptogramins (B) Protein synthesis (50S ribosomal subunit) |Inhibit 50S ribosomal subunits | Target alteration 23S rRNA methylase erm(A), erm(B), erm(C) | T (Tn554)
(Erythromycin, Clindamycin, Quinupristin, Dalfopristin) P (pl258 type)
P (pE194 type)
Macrolides/Streptogramins (B) Protein synthesis (50S ) Inhibit 50S ribosomal subunits | Active efflux ABC transporter msrA P (pUL5050)
(Erythromycin, Quinupristin, Dalfopristin)
Streptogramins (B) Protein synthesis (50S ) Inhibit 50S ribosomal subunits | Inactivation (hydrolysis) Hydrolase vgh P
Quinupristin, Dalfopristin)
Streptogramins (A) Protein synthesis (50S ) Inhibit 50S ribosomal subunits | Active efflux ABC transporter vga, vgaB P
Quinupristin, Dalfopristin) Inactivation (acetylation) Acetyltransferases vat, vatB P
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Table 2: Antimicrobial

agent targets, mechanisms of action, mechanisms of resistance and resistance genes (cont.)

Class (examples) Target Mechanism of action Resistance type Mechanism of resistance Resistance genes Genetic basis
Lincosamides Protein synthesis (50S ) Inhibit 50S ribosomal subunits Inactivation (hydrolysis) o-nucleotidyltransferase linA P (pIP855 type)
(Clindamycin)

Phenicols Protein synthesis (50S ) Inhibit 50S ribosomal subunits Inactivation (acetylation) Acetyltransferase CAT cat P (pUB112)
(Chloramphenicol) Methylation rRNA methylase cfr P
Active efflux Membrane transporter system fexA T (Tn558)
Fusidanes Protein synthesis (elongation factor G) Inhibit protein synthesis (elongation Target alteration Mutation leading to reduced binding to active site (s) fusA, rplF C
(Fusidic acid) factor G)
Protection of the drug target site Acquisition of fusB family proteins fusB, fusC P, T-like or SaPI
Mupirocin Protein synthesis (isoleucyl-tRNA-synthetase) | Inhibit isoleucyl-tRNA-synthetase) Target modification Resistant isoleucyl-tRNA-synthetase mupA P
(Mupirocin)
Quinolones DNA replication Bind DNA gyrase Target alteration Mutations in gyrase gyrA/B C
(Ciprofloxacin, Norfloxacin, Levofloxacin) Mutations in topoisomerase grliA/B C
Active efflux Multidrug efflux system norA C
Rifamycin RNA synthesis Bind to beta-subunit of bacterial RNA | Target alteration Mutations leading to reduced binding to RNA polymerase rif C
(Rifampicin) polymerase
Lipopetides Cell membrane charge and cell wall synthesis | Inhibit lipotheichoic acid biosynthesis; | Target alteration Mutations in multiple chromosomal loci changing the cell mprF, yycG, rpoB, rpoC C
(Daptomycin) disrupt bacterial membrane membrane charge - decreasing drug binding
Oxazolidinones Protein synthesis (50S ) Inhibit 50S ribosomal subunits Target alteration Mutations in the V domain of the 23S rRNA G2447T, T2500A, G2576T C
(Linezolid)
Modification of ribosomal proteins L3 and L4 pIC , rplD C
Methylation RNA methylation rimN P
cfr P
Fosfomycin Peptidoglycan synthesis Inhibit peptidoglycan synthesis Target alteration Transporter mutation fosB P
(Daptomycin) (inactivation of MurA)
Sulfonamides/Trimethoprim Folic acid metabolism Metabolic Pathways folic acid Target alteration Mutation or recombination of genes encoding DHPS and DHFR | dhps, dhfr P
(Trimethoprim, Trimethoprim-Sulfamethoxazole) metabolism
Acquisition of new low affinity DHFR genes dhfrS1, dhfrS2, dhfrS3 P
Tetrahydrofolate production Inhibit enzymes responsible for
tetrahydrofolate production Promoter mutation leading to overproduction of DHFR dfrA, dfrD, dfG, dfrK P

AAC,

aminoglycoside acetyltransferase;

chloramphenicol acetyltransferase; P, plasmid; T, transposon; C, chromosome.

APH, aminoglycoside phosphotransferase; ANT, aminoglycoside nucleotidyltransferase; ABC, ATP-binding

cassette; CAT,
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2.1. Resistance to beta-lactam antibiotics: methicillin

Beta-lactam antibiotics are important in the treatment of S. aureus
infections. Beta-lactam antibiotics act by acylation (inactivating) the active site
of the transpeptidase of the penicillin-binding proteins (PBPs), inhibiting cell wall

synthesis [138].

The beta-lactam resistance of MRSA strains results from the expression, in
addition to the four native PBPs, of a fifth low-affinity PBP named PBP2a [139].
Nevertheless, other types of resistance to beta-lactams have been reported in
S. aureus, namely the presence of chromosomal mutations, the overexpression

of the beta-lactamase or the overexpression of PBPs [140]-[145].

2.1.1. Emergence and evolution of methicillin-resistance

Resistance to beta-lactams was first described for penicillin in 1940 and is
mainly caused by the blaZ gene encoding production of beta-lactamases, which
hydrolytically destroy beta-lactams [146]. The blaZ gene can be located
chromosomally or on plasmids [147]. This type of penicillin resistance in S.
aureus may thus emerge via two mechanisms: spread of resistant clones or
through horizontal dissemination of mobile elements containing the blaz
gene. Location of the resistance determinants on transferable elements

generally promotes efficient spread [148].

After the spread of S. aureus strains resistant to penicillin through the
acquisition of a beta-lactamase, methicillin was introduced in Europe in 1959,
which was not degraded by beta-lactamases. However, once again, it was not

long before the first staphylococci isolates exhibiting resistance to methicillin
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were reported and methicillin-resistant S. aureus (MRSA) emerged [146], [149],

[150].

Since then, nosocomial MRSA infections emerged, though infrequently,
worldwide. In the late 1980s and the early 1990s, MRSA gradually increased in
frequency and became a serious pathogen in hospital throughout the world, the
so-called health care or hospital-associated MRSA (HA-MRSA) [151], [152].
Today, MRSA has risen to one of the most frequent causes of hospital
infections worldwide [152]. In some hospitals, over half of the S. aureus
infections are MRSA. The prevalence varies greatly depending on the country

and even from one hospital to another.

2.1.2. mecA and mecC genes

The intrinsic resistance to all beta-lactam antibiotics delivered by PBP2A,
results from the fact that this protein in contrast to the four native PBPs of S.
aureus has very low affinity for beta-lactam antibiotics. Therefore, its
transpeptidase domain remains active in the presence of otherwise inhibitory
concentrations of beta-lactams assisted by the transglycosylase domain of

native PBP2, ensuring the cell wall biosynthesis [139], [153], [154].

PBP2a is encoded by the mecA gene, a 2.1Kb DNA fragment of unknown
origin, which is carried by a heterologous mobile genetic element called
staphylococcal cassette chromosome mec (SCCmec) [155], [156]. The origin of
mecA remains unclear. A mecA homologous gen was detected in
Staphylococcus sciuri sharing a high amino acid sequence similarity (88%) with

the mecA gene of S. aureus. Moreover, the comparison of transpeptidase
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domain and transglycosylase domain of the S. sciuri mecA revealed a similarity

of 96% and 80%, respectively, with the MRSA mecA gene [157], [158].

Recently, a divergent mecA homologue, showing 70% DNA sequence
identity with mecA named mecC has been described in MRSA from humans
and diverse animal species (LGA251). This mecA homologue, originally named
mecA cazs1 and later designated mecC, shows lower levels of resistance to
methicillin and cefoxitin than mecA, is negative by PCR assay for mecA and
fails the slide agglutination test for PBP2a [159]-[161]. Several studies have
reported the presence of this gene in distinct S. aureus genetic lineages from
both animal and human origin with a wide geographical distribution in Europe

[162]-[164].

2.1.3. Staphylococcal cassette chromosome mec (SCCmec) element

SCCmec integrate into the S. aureus chromosome at the 3’ end of orfX, an
open reading frame (ORF) of unknown origin coding for a methyltransferase of
RImH type, located near the origin of replication [165]-[167]. SCCmec is
composed by: (i) the mec gene complex including mecA and its regulators; (ii)
the ccr gene complex containing site —specific recombinases — cassette
chromosome recombinases (ccr) and (iii) the presence of three flanking regions,
the joining (J) regions [168]. The mec complex is composed of the mecA gene,
intact or truncated mecA regulators, mecl (repressor) and mecR1 (sensor
inducer). Recently, mecR2 was also identified as a regulator of mec through

binding of the methicillin repressor mecl (see Figure 5) [169], [170].
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Figure 5: Model for the mecA induction by MecR1-Mecl-MecR2. In the presence of
a beta-lactam antibiotic, MecR1 is activated and rapidly induces the expression of
mecA and mecR1-mecl-mecR2. The anti-repressor activity of MecR2 is essential to
sustain the mecA induction since it promotes the inactivation of Mecl by proteolytic
cleavage. In the absence of beta-lactams, MecR1 is not activated and a steady state is
established with stable Mecl-dimers bound to the mecA promoter and residual copies

of MecR1 at the cell membrane (taken from [170]).

So far, five major classes of mec complexes (A, B, C1, C2, and E) have
been described in S. aureus according to its structure (see Table 3) [167], [168],
[171]-[174]. The ccr complex is composed by the ccr genes that encodes
recombinases of the invertase resolvase family and are responsible for the
excision/integration of SCCmec from the chromosome [156], [174]. Currently,
five ccr gene complexes have been described: types 1 to 4, carrying two genes,
ccrA and ccrB with four allotypes (ccrAB1, ccrAB2, ccrAB3, ccrAB4); and type 5
carrying a single allotype, ccrC (see Table 3). Besides the mec and ccr gene

complexes, the SCCmec is composed by three J regions (J1, J2 and J3)
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(previously named “junkyard” regions), which constitute non-essential
components of the cassette that may carry antibiotic and heavy metal
resistance determinants [168]. J1 is the region between the chromosomal left
junction and the ccr complex; J2 the region between the ccr complex and the
mec complex and J3 the region between the mec complex and the
chromosomal right junction. Overall, SCCmec structural organization may be
summarized as containing a J1-ccr-J2-mec-J3, where the variations in the J
regions (within the same mec-ccr combination) are used for defining SCCmec
subtypes [168], [175]. Currently, eleven different types of SCCmec elements
(types I-XI) have been described in S. aureus, ranging in size from 20.9 to
66.9Kb (see Table 3). Moreover, a total of 19 subtypes have been reported,
namely from SCCmec type | (IA), type Il (1A, llvar, lIb, IIA-E), type 11l (1A and

[1IB) and from SCCmec type IV (IVa-d, IVg-)) [168], [172], [176]—-[182].

SCCmec types 1V, V, VI and VII were defined by the presence of beta-
lactams resistance determinants. In contrast, types I, I, Ill and VIII carry
additional resistance determinants for other antibiotics and heavy metals. This
last resistant profile could be conferred by the presence of integrating plasmids,
such as pl258 coding for resistance to mercury, pT181 coding for tetracycline
resistance and pUB110 encoding for resistance to kanamycin, tobramycin and
bleomycin; and transposons like Tn554 carrying the ermA gene that confers
inducible resistance to macrolides, lincosamides and streptogramins (MLSg
phenotype) [174]. The acquisition by S. aureus of these SCCmec types gives

rise a multidrug resistant (MDR) phenotype in a single event.
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Table 3: SCCmec types identified in S. aureus (I to XI) (adapted from

http://www.sccmec.org/Pages/SCC TypesEN.html).

SCCmectype SCCmecsize (Kb) ccrgene complex mec genes complex Prototypestrains
[(1B) 34.3 type 1 (A1B1) B NCTC10442,COL
I1(2A) _ 53.0 _ type 2 (A2B2) _ A | N315, Mu50, Mu3, MRSA252, JH1, JH9
11 (3A) 66.9 type 3 (A3B3) A 85/2082
| - | | CA05/MW2, 8/6-3P, 81/108, 2314, cm11,
IV(2B) 20.9-243 type 2 (A2B2) B JCSC4469, M03-68, EMRSA-15,
JCSC6668, JCSCE670
V(5C1) _ 28.0 _ Type 5 (C1) _ C2 | WIS (WBG8318), TSGH17, PM1
VI (4B) 209 Type 4 (A4B4) B HDE288
Vil (5€1) | 333 - Type 5 (C1) | C1 | JCSC6082
VIl (4A) 337 Type 4 (A4B4) A BK20781
1X (1C2) 44.3 Type 1 (A1B1) C2 JCSC6943
X(7¢1) 51.5 Type 7 (A1B6) C1 JCSC6945
X1 (8E) 294 Type 8 (A1B3) E LGA251

2.2. Resistance to non beta-lactam antibiotics

During the past years, the emergence of MRSA strains resistant to several
antimicrobial classes in addition to beta-lactams antibiotics has complicated the
treatment of S. aureus infections [183]. This fact has resulted in the increasing
use of glycopeptides such as vancomycin and teicoplanin and other
antimicrobial agents such as tetracyclines, clindamycin, quinolones and fusidic
acid for the treatment of MRSA infections. However, MRSA have progressively
become resistant to a number of antimicrobials, including clindamycin and
tetracycline [183], [184]. In response to these challenges, new antimicrobials
have been developed including the streptogramins (quinupristin/dalfopristin),
the oxazolidinones (linezolid), telavancin ceftaroline and, more recently, the

cyclic lipopeptides (daptomycin) [183].
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The European antimicrobial resistance surveillance network (EARS-net)
reported in 2013 that 81.4% of the invasive MRSA isolates registered in 28
European countries showed resistance to fluoroquinolone. Moreover, low

resistance levels to rifampicin (6.7%) and linezolid (1.2%) were observed [185].

2.2.1. Vancomycin

Vancomycin is a glycopeptide antibiotic used as a first-line treatment
against severe MRSA infections [186]. However, the first MRSA isolate with
decreased susceptibility to vancomycin (minimum inhibitory concentration [MIC]
of 4-8mg/L) also known as vancomycim intermediate-resistant S. aureus
(VISA), was reported in Japan in 1997 [187]. Additional cases were

subsequently reported from other countries including Spain [188]-[192].

Two types of vancomycin resistance were identified in clinical isolates of S.
aureus [193]. One type was reported in the VISA strains, which have MICs to
vancomyc