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SUMMARY

Strains of Staphylococcus aurens have caused a wide varsety of allments and diseases in
humans and amimals for centuries. The original antimicrobial agents of choice for
treatment of pathogenic strains were the penicillins and cephalosporins, which disrupt the
bacterial cell wall. The emergence of strains producing [B-lactamase enzymes that
hydrolysed the penicilling and related antimicrobials led to the development of new cell
wall agents lacking the B-lactam ring for example vancomycin, or have been modificd to
confer B-factamase resistance, for example methicillin and oxacillin. The prevalence of

such resistance is now thought to be as high as 90% of all S.qureus strains.

One of the cell wall inhibitors developed in response to f3-lactamase activity was
methicillin. Methiciilin was introduced in to the pharmaceutical market in 1960 but by
1961 a strain of S.qureus displaying reduced methiciilin susceptibility (MIC 225ug/mti)
had already been isolated. Today, resistance to methicillin in staphylococci is wide spread
and has been reported in strains of S.aureus and coagulase-negative staphylococci. Over
the vears the number of methicillin-resistant S.gureus (MRSA) isolates has increased
significantly and arc particularly problematic within medical institutes although the
incidence of community-acquircd MRSA (CA-MRSA) is tncreasing.  Infection of an
individual with a strain of MRSA s aided by a deficiency 1n an individuals immune
defence system whether it is through injury or surgery. The ability of the strain to persist
in a host can be attributed to the difficult eradication of the infection by antimicrobial

agents as numerous resistance mechanisms are carried by strains of MRSA,

In many instances the drug of choice to treat acute cases of MRSA infection is the
glycopeptide vancomycin, which until relatively recently has been very successful. The
occurrence of vancomycin resistance among enterococci has been known for many years
but its resistance mechanisms have only been demonstrated to be transferable to S.curens
in vitro. The prospect of vancomycin resistance spreading to multi-resistant strains of
staphylococci is one not many clinicians like to consider as this would further Limit the

specirum of agents available to treat infected individuals. In 1997, the first strain of
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MRSA displaymg reduced susceptibility to vancomycin was isolated from a patient in
Japan and it has rapidly been succeeded by strains in the United Kingdom, United States
and across Europe. The mechanisim of resistance employed by these strains has not been
elucidated as the van genes that confer high-level vancomycin resistance In strains of
enlerococci are not carried by these isolates of S.aurens. However, the United States have
recently isolated the vand gene [rom two clinical isolates of S.awrews confirming the
potential for acquisition of genes conferring high-level vesistance to vancomycin by

S.aureus.

With the high prevalence of MRSA in many countries the need for new and improved
antimicrobial agents with novel modes of action has been highlighted. Among this group
of new antimicrobials are the oxazolidinones, for example linezolid, the streptogramin
quinupristin/dalfopristin (Synercid), and the lipopeptide daptoinycin each with a unique
mechanism of action. Studies using the aforementioned antimicrobials have been carried
out, and have given encouraging results in animal models of endocarditis and bacteremia,
and in compassionate use programs leading to the launch of linezolid in 1999 and phase II1

clinical trials of daptomycin that are due for completion in the near future.

In this study, we examined the investigational protein synthesis inhibitors linezolid and
quinupristin/dalfoprisiin, and daplomyecin, a disrupter of cell membrane potential, along
with cefpirome, a cell wall inhibitor, against strains of S.aureus displaying vancomycin-
interiediate resistance (VISA). Six VISA strains were chosen from three countries, Japan
(Mu3 and Mu50), United Kingdom (3700w and 3759v) and the United States (5827 and
5836) along with an epmidemic strain of MRSA, EMRSA-16, and a standard methicillin
sensitive  S.qureus (MSSA)} Cowan,  Sub-inhibitory concentrations of cetpirome,
daptomycin, linezolid and synercid were used to investigate their effcets on cell growth
and morphology, virulence factor expression, and strain  susceptibility to
opsonophagocytosis. Characteristics of individual strains in the absence ol antimicrobial
stress were compared to standard strains EMRSA16 and MSSA in addition to

antimicrobial trcatmenl being comparcd to the antibiotic fiee control for individual strains,

It was found that each strain of VISA has distinctive characteristics and that the
vancomycin resistant genotype does not confer the same phenotypic characteristics on
every strain. A feature observed by other researchers and confirmed here, was the
exisience of much thickencd cell walls in selected VISA strains. The lack of surface

protein A was also appareni by its presence on VISA 5827 only in addition to the MSSA




and EMRSA-16 strains. Extracellular protein A was also not uniformly detected but was
cxpressed by four of the VISA strains. Exposure to sub-inhibitory concentrations of all
four of the antimicrobial agents was generally found to reduce the expression of the surface
proteins, clumping factor and protein A, in the majority of strains but produced variable
responses in their effects on alpha-haemolysin and toxic shock syndrome toxin 1 (TSST-1)
expression. Analysis of mRNA transcription of the protein A gene, spa, revealed increased
levels of mRNA in response to antimicrobial stress however, the levels of mature protein
were reduced conlirming that linezolid and quinupristin/dalfopristin are inhibitors of

protein synthesis.

With regard to opsonophagocytosis, through microscopic visualisation, each strain
appeared 1o be ingested to similar degrees by polymorphenuclear cells (PMNL) wilh the
exception of Mu3(0 which was ingested to significantly higher degrees following expaosture
to cefpirome, linezolid and synercid. Using chemilwmninescence as an indicator of
phagocytic ingestion strain 375%v induced significantly less chemiluminescence in
comparison to all of the other strains, including the standards, whereas, Mu3 and Mu30
induced greatly enhanced results. Exposure of the cell cultures to any of the antimicrobial
agents did not have a uniform effect on opsonophagocytosis of the strains but
chemiluminesence was found to be reduced in strains where antimicrobial agents exerted

an effect,

Protein A, amongst others, is regarded as an antiphagocytic protein. The absence of
protein A on the surface of the majority of VISA strains was not found to increase the
susceptibility of strains to opsonophagocytosis. Several strains possessed thickened cell
walls that may be compensatory for the lack of protein A and affect phagocytosis as
expression of thickened cell walls in response to antimicrobial stress reduced the level of
chemiluminescence observed in several of the strains. Thus, the effects of different
anfimicrobial agents on a bacterial cell are not necessarily those exerted upon all bacterial
strains. The characteristics assaved for here only represent a small fraction of a wider

picture of the interaction between bacteria and antimicrobial agent.
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CHAPTER ONE

INTRODUCTION



1.1  Staphylococci

Staphylocacci are relatively large (0.8um in diameter) Gram-positive, clump forming,
facultative aerobic cocci. The genus comprises of both animal and human specific straims
some of which are potentially serious pathogens. Al present, there are preater than twenly
strains of staphylococei with strains of thc same specics having 80-100% sequence
identity. In humans there are {wo major species, Staphviococcus epidermidis
(S.epidermidis) found as a conunensal organism of the skin and mucous membranes or as a

contaminant of artificial devices, and Staphylococcus aureus (S.aureus).

Staphylococcus aureus has been associated with a wide variety of ailments and diseases
lncluding abscesses, food poisoning, pneumonia, bacteraeimia, endocarditis, osteomyelitis,
meningitis, toxic shock syndrome (TSS), and scalded skin syndrome (SSS), thus causing a
high degree of morbidity and mortality. Not all strains of S.qureus are pathogenic. Many
people carry the bacterium asymptomatically in their nasal cavity, throat and skin. The
development of a diseased state in a host can arise as a result of the acquisition of
addttional genetic matertal by the bacterium or by the expression of a phenotype encoded
by the genetic material, for cxample the cxpression of extracellular cnzymes and toxing
(“virulence factors™). In other instances a compromised host immune system is all that is

required for an opportunistic pathogen 1o cause an infection.

Genetic analysis of the S.aureus genome shows the presence of 1-60kbp plasmids that can
be grouped into 4 general classes (Table 1).*® Additional genetic material such as
resistance plasmids and virulence genes can be acquired by conjugation and transduction
influencing the pathogenic status of the organism. Other species that carry toxin genes on
mobile genetic elements include ZLischerichia coli (E.cofi), Vibrio cholerae and
Corynebacterium diphtheriae, however genetic elements acquired by Gram-positive

bacteria tend to be more stably integrated in to the bacterial genome.



I 1-5kb; high copy number; single antibiotic resistance
Il 20-40kb and copy number; -lactamase and inorganic ion resistance;
comprised mainly of transposons
[11 40-60kb; multiple antibiotic resistance markers; comprised mainly of
transposons
v Intermediate size; heavy metal and antibiotic resistance

Table 1. Staphylococcal plasmid groups and their characteristics

The acquisition of DNA encoding methicillin resistance (mecA operon) by S.aureus
(MRSA) is currently giving rise to potentially life-threatening illnesses and therefore
causing major concerns in clinical institutions. The emergence of MRSA as a nosocomial
pathogen was initially reported in Europe during the 1960s soon after the introduction of
methicillin. The first reported isolate in the United Kingdom was by Jevons'’® and
Barber’! in 1961. An early case study into the prevalence of MRSA by Parker and Hewitt
classified strains resistant to methicillin with an MIC>25ug/ml by broth micro-dilution.””
They discovered the ability of MRSA to express large quantities of penicillinase and
display resistance to several non-penicillin antibiotics. It has also become apparent that
strains are not confined to exposed populations as community acquired-MRSA (CA-
MRSA) has been reported. Isolates have also been reported from countries where
methicillin and penicillinase-resistant penicillins were not available such as Poland,
Turkey and India, and in populations with no apparent risk factors to the acquisition of

e C s 67.33
methicillin resistance >'*>!11267:330

A decline in the isolation frequency of multi-resistant strains occurred in the 1970s
possibly due to a reduction in the use of tetracycline during this time.” However, from
1978 ‘new’ MRSA strains emerged causing intra- and inter-hospital outbreaks in Australia,
the Republic of Ireland and the United States of America, and in 1981 epidemic MRSA
strain-1 (EMRSA-1) emerged in London hospitals spreading across the country. Since
then, and particularly from 1991, different strains of EMRSA have continued to appear and
are continually being isolated from patients. At present there are seventeen strains of
EMRSA in the UK many of which have heterogenous resistance.'® All strains of MRSA
express an additional 78KDa cell wall protein PBP2a (or 2°) active at concentrations of

antibiotics that inactivate other PBPs retaining its transpeptidase activity.*
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The treatment of these highly resistant strains is sometimes dependent upon the antibiotic
vancomycin however, strains of enterococci already display high-level vancomycin
resistance and strains of S.awrews and coagulase-negative staphylococci (CNS), with
intermediate to high-level resistance have been isolated.’'®*** The first reported sirain of
vancomycin intermediate resistant S.aurewns (VISA) with an MIC of 2pg/ml was in Japan
in 1997 by Hiramatsu (hVISA Mu3) followed by its clonal variant VISA Mu50
(MIC~8ug/ml) and iwo cases in the United States of America from patients receiving
extended vancomyein treatment, strains 5827 and 5836 (MIC=8ug/ml).****! To date,
more strains of VISA have been isolated in the United States and across
Europe. 7585296332 14 the UK, the first VISA strain did not appear until 1998 when a
strain of EMRSA-15 (vancomycin MIC=4pg/ml}) was recovered from a patient receiving
vancomyein therapy in Bristol”® This was followed in 1999 by the isolation of two
strains, 3700w and 375%v (MIC=6ug/ml), within days of each other from different patients

at Glasgow Royal Infirmary.'®

Analysis of glycopeptide resistant strains, in particular Mu50, has revealed major
alterations in its cell wall composition. Increased levels of glutamine non-aminated
murapeptides, PBP2 and PBP2’ expression, reduced levels of peptidoglycan cross linking
and dimer:monomer muropeptides and an overall thickened cell wall have all been
described, but not all together and not in all straing **8%14%150228292314317 A giitional
features such as longer mean generation times, small colony size on solid agar, reduced
methicillin resistance, and reduced ‘cellular amounts” of PBP4 with incrcasing

vancomyein MIC’s have also been described. 3231732

1.2  Staphylococcal Proteins and Toxins

The initiation of a diseased state is dependent upon the penetration of the host’s physical
barriers and the abilily 10 survive the inhibitory effects of antimicrobial secretions and
cells of the immune system (section 1.7). Over time bacteria and other microorganisms
have developed ways of evading or overwhelming host defences. Many species of bacteria
display proteins on their cell surface that aid attachiment of the bacterial cell to host cells
as well as protect it from phagocytosis. Selected extracellular proteins or toxins function
to destroy target host cells facilitating the infection process. The expression of virulence
factors i S.qureus is multifactorial and subject to environmental and internal regulation

3



(section 1.3). The systems that eventually succumb to staphylococcal infection depend

upon the genetic makeup of the infecting strain and its environment. Table 2 summarises

the range of proteins and toxins expressed by S.aureus and their role in human disease.

a:, B-,.s-ﬁaéholys;n i .R.ed .é;‘ld white célls ) Héérﬁoiysié I Abscesées .
y-haemolysin Leukocytes Leukolysis Abscesses
Panton —Valentine Leukocytes Leukolysis Abscesses,
leukocidin (PVL) Necrotising pneumonia
Toxic shock syndrome Tcells Release of cytokines, | Toxic shock syndrome

toxin (TSST-1)

Systemic shock

(TSS)

Enterotoxins A to O

Intestinal cells

Induce vomiting,

diarrhoea, shock

Food poisoning

Exfoliative toxin A and B Epidermis Desquamation of skin, | Scalded skin syndrome
shock (SSS)

Staphylococcal ? ? ?

enterotoxin- like protein

(SET-1)

Coagulase Fibrinogen Induces fibrin clotting Resistance to

phagocytosis

Protein A Fc portion of IgG | Reduced activation of Resistance to

antibodies complement pathways phagocytosis

and opsonisation

Table 2. Proteins and toxins produced by S.aureus.

1.2.1 Cell Surface Proteins

Cell surface components are often implicated in bacterial adherence to host cells, a

number of which have been designated microbial surface components recognising

adhesive matrix molecules or MSCRAMM.

Fibronectin-binding protein A (FnBPA),

collagen-binding protein and fibrinogen clumping factor A are only a few of such proteins

that mediate adherence to plasma clots and collagenous tissues, and are important for

colonisation and infection.

109

Other non-MSCRAMM surface proteins are involved in the




evasion of cell recognition and phagocytosis by the host immune system, for example

coagulase and protein A, as is the expression of polysaccharide capsules.
1.2.1.1 Clumping Factor and Coagulase

Currently, staphylococci are classified as either coagulase-negative or coagulase-positive
depending upon their ability to coagulate fibrin at their swface. The majority of
pathogenic staphylococct readily produce coagulase, al8kDa heat-labile protein, although
coagulase-negative staphylococei (CNS) have been isotated from infections particularly in

infants and immunocompromised individuals.'”’

There are two types of coagulase: surface bound (clumping [actor) and (ree coaguiase.
Free coagulase 18 a fibrin-clotting enzyme that binds to prothrombin (68kda) in plasma to
{orm staphylothrombin (89kda), Staphylothrombin mimics thrombin, stimulating plasma
clotting of fibrinogen to insoluble fibiin, a [orm more resistant to the action of fibrinolysin
than a normal fibrin c¢lot. Fibrin is deposited around the surface of bacterial cells thus
protecting them from phagocytic atiack. In conirast, staphylococcal clumpiny factor does
not form true plasma clots, but acts directly upon fibrinogen to induce cell clumping.
Cells in the centre of the clump are provided with a degree of protection from
phagocytosts. 'The role of free coagulase or clumping factor in virulence has not been
concluded due to contradicting data. Strains of coagulase-negative staphylococei (CNS)
are known to be less virulent than coagulase-positive strains however mutations within the
coagulase gene do nol alter virulence. Both forms of coagulase are not always expressed;

some strains are known to produce one or the other.'™
1.2,1.2 Protein A

Greater than 90% ol coagulase positive S.aureus strains express protein A as a cell wall
component, comprising up to approximately 7% of the total cell wall, although expression
is variable.'” In strains of MRSA as many as 50% do not express cefl bound protein A,

but secrete it extracellularly, as do some strains of CNS.'97-3¢7

The gene encoding protein A, spa, generates a protein with a molecular weight of 42kDa

although sizc betecrogeneity exists among serologically distinet strains,”'® The gene
comprises three distinct regions: the Fe portion, X region containing varying numbcrs of
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highly polymorphic 24bp repeats ditfering in number and sequence between strains, and a
C-terminus.*”* The development of typing technigues using the polymorphic X-region for

268,333

MRSA typing in outbreak situations has provided promising results, although its use

in discriminating between epidemic and sporadic strains of MRSA has provided variable

163
results. !9

Structural determinants of the Fc portion promote binding to host
Immunoglobulins (Ig) to form protein A-Ig complexes through binding to discontinuous
epitopes within the Fe region of human IgG antibodies, reactions with heavy chain variable

regions of VyIII antibodies, or through protein A-specific antibody.”™%

Negatively regulated by the regulatory locus agr (section 1.3), optimal expression occurs
during late logarithmic phase and decreases during the stationary phase. The absence of
protein A on dividing cell septum during cell division indicates late incorparation into the
outer cell wall®® Characteristically, cell bound and extracellular protein A are very
similar and it has been suggested that they are synthesised from the same mRNA template.
The incorporation of protein A into the cell wall occurs in one of two ways: linked to
cyloplasmic or membrane bound peptidoglycan monomers which are then transported
through the cell membrane and inscricd into the pre-existing peptidoglycan network; or are
transported through the membrane as a single molecule then linked into growing
pepiidoglycan chains or an already completed chain via covalent bonds. Free protein A is

the proportion of protein not incorporated into the celf wall >

The expression of protein A in either forim confers antiphagocytic properties on bacterial
cells through the formation of protein A-IgG complexes i competition with host
phagocytic cells. Bacterial cell surface complement activation in the absence of IgG and
C3b fixation is a crucial requirement for rapid phagocytic ingestion (section 1.7).%"”
Protcin A-IgG complex formation reduces IgG-mediated opsomsation of celis via the
activation of both the alternative and classical complement pathways.?”**’ Enhanccd
phagocytosis of protein A deficient strains, such as S.aureuns Wood 46 compared to rich
strains 10 normal serum gives evidence (o this, as is the relationship between the degree of
protein expression and resistance to phagocytosis.?’ > Dossett et al (1969)” and Spika et
al (1981)%" have suggested that the expression of protein A may function to mask
alternative complement-activating sites or prevent the attachment of specific opsonins
through non-specific reactions with IgG, as isolated protein A will inhibit phagocytosis of

S.aureus and . cofi.




The precise role of protein A as a virulence factor is highly debated as experimental results
vary depending on the animal model used. No toxin or enzymatic activity has been
associated with protein A" however spa mutants have been found to be less virulent in
mouse models of peritonitis and skin abscesses, mortality rate is reduced and skin lesions
from subcutaneous injection are significantly smaller. Contrary to this it does not appear
to be a major virulence factor in the staphylococcal keratitis rabbit model.® A report by
Jung ef al. (2001) suggested the ability of protein A to bind cyteskeletal B-actin in
epithelial cells."® These authors proposed that protein A might facilitate the adherence
and invasion of S.aurews m oral cpithelial cells through the polymerisation of actin
filaments, however the presence of the appropriate recepiors on epithelial cells and
S.aureus has not been proven. It has also been considered as the cause of hypersensitivity
reactions,  inflammation and  tissue  damage  through  complexes  with

. 0 5
immunoglobulins. %1414

1.2.1.3 Polysaccharide Capsule

It has been predicted that approximately 90% of S.cureus strains produce a polysaccharide

capsule (CP) of some kind attached to the exterior of the cell wall.**® Several capsule
polysaccharides {CP) have been identified belonging to strains of S.aureus where type CP5

or CP8 occurs in >80% of clinical isolates.’?

Reports from Dassy ef af (1993)* and Luong e af (2002)**! show that CPS and CP8
production is positively regulated by agr and reduced in agr mutant strains, as well as

being influenced by environmental conditions such as iron limitation, alkaline conditions,

82,209

CQ,, and anaerobiosis. Promoter regions upstream of CP5 and CP8 share almost

identical scquence homology resulting in similar regulation mechanisms, Agr is the
predominant regulator here, although Sard (section 1.3} does exert minor control at the
transcription level, but Sard also plays a role at the post-translation level alfecting CP8

integrity.

Expression of CP8 during the stationary phase along with the exotoxins, suggests a role in

221

infection, however contradictory reports exist.” Mutation stodies with CP5 strains have

indicated no loss of virulence compared to the parental strain while CPS" or CP&" strains

8,270

did not confer resistance to opsonophagocytic killing by human PMNI.. Several



authors, however, have reported that CP5 and CP8 are indeed antiphagocytic by interfering
with opsonisaiion via the classical and alternative complement pathways and enhanced
virulence. *>#*"#37 Nilsson et al. (1997)°" and Thakker ef ol (1998)7 also reported
that CP5" strains caused a higher incidence of arthritis and bacteraemia than non-
producers. DBacterial strains grown on solid media have been reported to produce >100
fold more CP5 and CPS8 than broth grown celis.”**” This may account for the conflicting
data as Albus and Baddour used broth cultures whereas Nilsson and Thakker both used

agar cultures.

Extracellular polysaccharide material loosely associated with the bacterial cell, slime,
plays an important rolc in the adhesion of cells Lo biologically inerl surfaces e.g. plastics
and animal cells that are also largely polysaccharide, and bone.”™® Coagulasc negative
staphylococel, a common cause of catheter related infections, once adhered to a surface
may use the slime layers to cstablish firmer adhesion initiating the formation of
microcolonies and eventually biofilms, thus providing increased access to organic nutrients

and a protective barrier from antibacterial agents.

1.2.2 Iixtracellular Toxins

Extracellular toxins arc a heterogencous group of proteins of which there arc two principal
groups: enzymes such as proteases and nucleases; and toxins including exfoliative toxins,
enterotoxin, P'V-leucocidin (PVL), and toxic shock syndrome toxin (TSST-1). The
necessity to produce these products is probably driven by the need to cxtract nutricnts from
available resources for bacterial growth and survival, an eftect of which is the
establishment of a diseased state within a host environment. Only the toxins produced by

S.aureus are discussed here.

1.2.2.1 Haemolysins

Four staphylococcal hacmolysins have been described to date, alpha (o), beta (B), delta
(d), and gamma (y)-haemolysin. All four haemolysins are positively regulated by the agr
locus therefore expression is growth phase dependent, with maximal expression during late

logarithmic phase to carly stationary phase.™’ Alpha-haemolysin transcription is



somewhat more complex and is believed to be influenced by at least two additional

regilatory systems as well as osmotic regulation and catabolite repression ({section
1‘3)54,58,265,348

Alpha-haemolysin: Of the haemolysing «o-haemolysin (34kDa), encoded by the
chromosomal 2la gene, is the most dominant being produced by 95% of S.aureus strains
forming 33% of the total bacterial protein expressed.""' Primarily coagulase-positive
strains tend to be o-haemolysin positive, whereas coagulase-negative strains are negative

~ - 3244
for the o-haemolysin gene.”™

First sequenced in 1984 by Gray and Kehoe,'"! o-
haemolysin exerts cytolytic, haemolytic, necrotic and lethal effecis on numerous cells
particularly those with membranes rich in phosphatidylcholine and sphingomyclin,
including epithelial cells and cells of the immune system.’’***” Lateral aggregation of
toxin monomers into heptomeric structurcs within target membrancs results in pore
formation (1-2nm diameter) allowing the rapid efflux of potassium and influx of sodium
and calcium. Ion imbalance consequently causes swelling and rupture of cells as well as

indirectly stimulating cytokine release and apoptosis.®'">*

The specificity of the toxin
for membrancs compriscd of phosphatidylcholine and sphingomyelin can be linked to a
number of clinical features observed in a host including vascoconstriction, increased

vascular permeabilily, and pulmonary oedema.”’

In vitro, rabbit erythrocytes are 100 fold more sensitive to ¢-hacmolysin than those from

30,97

sheep and humans, whereas - and $-haemolysins preferentially lyse sheep and human

erythrocytes respectively,

This demonstrates the special attention required in
choosing an appropriate animal model for studying o-haemolysin. The relevance of o-
haemolysin in human disease has been questioned due to its poor activity against human
erythrocytes. However, human platelets and monocytes are more susceptible than

31,32,315
=4 For

erythrocyies (o a-loxin aclivity and may provide the primary target in vivo,
example, high toxin levels of 10-50 haemolytic units (HU) consume components C3 of the
classical complement pathway reducing their opsonic activity whilst low doses potentiate
phagocytic and bactericidal activities of human PMNL.'2M2312  Apimal models of
S.aureus keratitis in rabbits, murine sepsis and murine septic arthritis have all shown toxin
retated cell damage, while mutagenests studies with Ala” mutant strains display reduced

virnlence compared to the parental strains following intrapcritoncal or intravenous

] . 43,46,255,334 . . , . . i .
inoculation.*»***>> Evidence that the regulation of 2la expression is not a simple one

9



has been demonstrated by Goerke ef al (2001) in a guinea pig model of device-related

"% Here, hla transcription was induced independently of ¢gr and sar4 but was

infection.
dependent upon sae regulation (section 1.3). /n vitro, hla expression is dependent upon
the aciivity of all three regulatory systems. Despiic the evidence of alpha haemolysins
biological activity in a variety of animal models, its common occurrence within the
staphylococcal genome and complex reguiation, the perceived role of a-hacmolysin as a

major virulence factor n disease pathogenesis remains ambiguous.

Beta-haemolysin (B) is an Mg®-dependent sphingomyelinase C (“hot-cold” hagmolysin),
expressed by 11% of staphylococcal strains, predominantly bovine strains, although it has

- . 97 246
been isolated in humans.””

Aciivity 1s through the degradation of sphingomyelin in the
outer phospholipid fayer of erythrocyte membranes, particularly those of sheep due to their
high sphingomvelin content.>® Haemolytic action of B-haemolysin does not actually

8

involve cell lysis, but sensitises cells to the action of other agents.n Selected strains of

glveopeptide intermediate S.aureus (GISA) and agr strains have been shown only to

express -haemolysin.*"’

Delta-haemolysin (5} is a 26 amino acid peptide secreted as part of the RNAITIT transcript
during «gr activation forming cationic-selective channels in phospholipid bilayers, in
particular those of human erythrocytes.'™ The toxin has also been identified as a putative
contributor to TSS pathogenesis. Lyon et al. (2000) have shown that strains of GISA do

not express d-haemolysin due to a loss of ¢gr function or truncated AgrA (section 1.3).*

Gamma haemolysin (y) differs from the other three haemolysins it that it is secreted as
two individual proteins termed °S” and ‘I’ for slow and fast eluting proteins. The /uk locus
encodes these components on two transcription units with the first encoding a single open
reading frame (ORJ)) and the second encoding two ORks. ‘I'wo forms of the S’
component exist, HlgC and HlgA, whilst there is only one form of the ‘F° component,
HigB, giving the potential formation of two toxin combinations.” Preferential binding to
membranes confaining phosphatidylthositol resulis n activity against mammalian
erythrocytes, neutrophils and macrophages. Detection of y-loxin is possible in 99% of

S.aureus strains and is predominant in the culture supernatants of 'SS isolates.”**

10



o-haemolysin

sphingomyelin

membranes

Phosphatidylcholine and

Pore formation

B-haemolysin

Sheep

Sphingomyelin

membranes

Degrades sphingomyelin

d-haemolysin

Human, Horse

Phospholipid bilayers

Cationic channel

formation

y-haemolysin

Rabbit

Phosphatidylinositol

membranes

Granule secretion and the
release of inflammatory

mediators by leukocytes

Table 3. Haemolysin activity

Panton-Valentine Leukocidin (PVL)

PV-leukocidin is a phage (¢SLT) encoded toxin similar to y-haemolysin but is only

expressed in approximately 2% of S.aureus strains.

95,283

As with y-haemolysin PVL is a

two-component toxin. PVL components lukS-PV and lukF-PV, when expressed together

with y-haemolysin, are capable of forming up to six different combinations of toxin with

HigA, HlgB and HlgC.*® Individually, these components are relatively inactive and,

depending upon the combination of ‘S’ and ‘F’ components, elicit varying levels of
activity against variable targets; LukS-PV + LukF-PV, LukS-PV + HlgB > HlgC +LukF-
PV, HlgC + HIgB > HIgA + LukF-PV, HigA + HlgB exert activity towards PMNL,

monocytes and macrophages of rabbits and human; higA + higB also display activity

towards human Tcells and erythrocytes; HIgA + LukF-PV has no erythrocyte

activity.

103,199.284

Pathogenesis of PVL and y-haemolysin involves the sequential, irreversible, binding of the

‘S’ component followed by the ‘F° component to target membranes resulting in the

formation of hexameric pores.

74,235

The activation of calcium channels and increased

permeability to monovalent cations leads to leukocyte destruction by granule secretion, the

release of inflammatory mediators, and tissue necrosis as evidenced in cases of

furunuculosis, impetigo, cellulitis and cutaneous absesses.

11

74,140,215.283

In in vivo studies,



intradermal administration of PVL elicits a severe inflammatory lesion, PMN infiltration

. « ‘ 19932
and skin ncerosis in rabbits,'#%2!

In France, a study of community acquircd MRSA (CA-MRSA) revealed a picvalence of
PVL in 100% of community-acquired MRSA with a total of 2% of all clinical isolates
being PVL-producing strains.” Susceptibility to PVL" strains appears not to be in
immunocompromised individuals but in young healthy individuals who present no obvious
risk factors for the acquisition of MRSA. Infections appear to be secondary to an
influenza-like illness that rapidly develops into severe pneumonia and leucopenia.'” PVL
has also been isolated from strains associated with antibiotic-associated diarthoca

(AAD)."

1.2.2.2 Supcrantigens

Around 40% of S.aureus isolates and 6% of CNS isolates from healthy carriers and clinical
infection arc capable of cxpressing one or more superantigen, while most healthy adults
will have antibody titres to common superantigens, probably following exposure to

concentraiions that are not associated with clinical effects >!123%

Of the staphylococcal toxins, enterotoxins A through E, and H, exfoliative toxins A and B,
and toxic shock syndrome toxin (I'SST-1) are all classed as superantigens (SAg) along
with the streptococcal pyrogenic exotoxins (SPE) A, B, and C.'® The SAgs arc a class of
small non-glycosylated polypeptides that share 22-80% amino acid sequence identity, with
TSST-1 being the most divergent.®  The biological properties that set them aside from
other staphylococcal toxins are outlined in Table 4. Genetically, the toxin genes are
plasmid, bactertophage or pathogenicity island borne and are regulated by the agr and

staphylococcal accessory regulatory (sar) systems (section 1.3).
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B L i- T
Pathogenicity

Enhancement of susceptibility to endotoxin shock (up to 100,000 fold)

Non-specific T-lymphocyte mitogenicity

B-lymphocyte suppression
Erythrophagocytosis

Tumour Necrosis Factor (TNF) and Interlukin-1 (IL-1) release from macrophages

Table 4. Biological properties of superantigens

The presence of foreign bodies within the host are recognised by cells of the immune
system, ingested by antigen presenting cells (APC) and presented to T-lymphocytes as
major histocompatibility complex (MHC) class 11 peptide products (section 1.6). Specific
binding between Tcell receptors (TCR) and the processed antigen triggers Tcell
proliferation and release of cytokines initiating an immune response. Superantigens differ

in their mode of Tcell activation in that they do not require processing by APCs.

A superantigenic toxin will non-specifically bind directly with MHC class II molecules
bridging the gap between it and particular v TCRs blocking antigen-specific Tcell
recognition (Figure 1).** This high frequency binding stimulates the proliferation of
CD4'CD§ Theper/delayed type hypersensitivity T cells, and CD8'CD4 T eytotoxic/SUppressor
T cells and release excess quantities of cytokines such as, interleukin-1 (11-1), Interferon
gamma (IFN-y) and tumour necrosis factor (TNF), the causative agents of hypotension and

16192 Fever has been attributed

shock through an overwhelming inflammatory response.
directly to the stimulation of the hypothalamus fever response control centre, or indirectly
by the release of 1I-1 and TNF from monocytes and macrophages. An interesting response
to superantigen exposure is the failure of the majority of patients to develop neutralising
antibodies upon recovery. Other characterised effects of superantigen release include the
inhibition of immunoglobulin (Ig) secretion through the induction of a non-specific T-
suppressor factor, and the enhancement of host susceptibility to endotoxin such as the

16

Gram-negative lipopolysaccharide (LPS).



MBI Class 1

—

A/tﬁigen ﬁmnung cu:h\

Figure 1. Model for the MHC class I1-Tcell receptor interactions with (A) conventional antigen, (B)
superantigen. (A) A processed antigen presented by MHC class 11 attracting specific Tcell with antigen specific
Tcell receptor (TCR) variable (vB) domain. (B) A superantigen binding directly to the outside of the MHC
molecule cross-linking it to the vB-chain. Initiating non-specific cell activation.”

1.2.2.2.1 Toxic Shock Syndrome Toxin 1 (TSST-1)

TSST-1 is symptomatically related to the staphylococcal enterotoxin group, but shares
little sequence homology with staphylococcal enterotoxins or streptococcal pyrogenic

16,36

enterotoxins. The protein is also the only SAg capable of passing through mucosal

membranes in an intact form.'**

The synthesis and secretion of the low molecular weight polypeptide occurs primarily
during late logarithmic phase via positive regulation by the agr locus, not as a result of cell
lysis."””*** The chromosomally encoded TSST-1 gene (#st) was cloned by Kreiswirth et al.
(1983)*"" and has been located to pathogenicity island-1 (SaPIl) by Lindsay et al.
(1998).*" As yet, tst has never been detected in strains of CNS, but has been detected in a

bovine strain of S.aureus on pathogenicity island SaPIbov.'”

Bergdoll er al. (1981)* and Schlievert er al. (1981)*" first identified TSST-1,% initially
named staphylococcal enterotoxin F (SEF) and pyrogenic exotoxin C respectively, as being
associated with cases of menstrual toxic shock syndrome (TSS). Today, TSST-1 is
associated with 100% of menstrual cases and 50% of non-menstrual cases such as post-
surgical wound infection, and staphylococcal scalded skin syndrome (SSSS)-like illness

87,301

especially in AIDS patients. Reports have also indicated a putative role in sudden

14



infant death syndrome (STDS) cases along with SEA, B, and C, and Kawasaki syndrome,
an acute febrile disease of children under 5 years of age where symptoms resemble TSS,

but the presence of TSST-17 strains has not been conclugive >'%#H77537

In addition to «gr regulation, TSST-1 transcription is subject {o temperature regulation
with toxin levels detectable at 37°C to 40°C, but not at 30°C. The possibie role of a
temperature regulated transport mechanism such as an activating factor for example, a
protease required for toxin modification that is activated at 37°C but not at 30°C, or a
repressor has been suggested’™ Low glucose concentrations, magnesium jons, and
elevated concentrations of oxygen and carbon dioxide are also required for optimal
expression.'*¥°*7  All these conditions are established in the vagina, and are associated
with tampon usage. TSST-1 1s also a negalive regulator of exoprotein gene transcriplion,
repressing most other exoproteins whilst positively regulating its own tl'ElIlSCl‘i]J‘tiOﬂ.356

Enterotoxin B has similar propeﬂies.?’s6

Numerous authors have attempted to recreate the pathogenesis of TSS in animal models,
but the coniribution of other factors released as a  consequence of TSST-1
superantigenicity hinders the recreation of a trne 1'SS model. Strains of TSS1-17 MSSA
and MRSA do not exert lethal effects in a murine sepsis model and TSST-1 has been
reported to be a poor immunogen in rabbits.**** However, the toxin canses reactivation
of cell wall induced arthritis, induces systemic symptoms of food poisoning in rabbits, and

produces in mice many clinical features of TSS except for the rash and desquamation.®”’
1.2,2.2,2 Enterotoxins

There are currently eleven staphylococeal cnicrotoxing (SEA through SEK) that have been
associated with human food poisoning however, enterotoxins SEL through SEO have
recently been identified but further investigations into their biological activity are required.
To date, all enterotoxins possess emetic properties and are the only SAg with this
activity.””  Enterotoxin genes have been detccted on the bacterial chromosome, on
plasmids and on bacteriophage. Transcription is generally independent and not regulated

by a polycistronic transcript.

Within the enferotoxins, SEA, SED, SEE, SEG, SHE and SEJ share 53-83% sequence
homology, and SEB, SEC, and streptococcal pyrogenic cxotoxin A (SPEA) sharc 42-67%
15



16,23

homology. Despite the relatedness between each enterotoxin, antibodies to one

enterotoxin do not ncecssarily confer immunity to food poisoning or to the other

25,87

enterotoxins. The more recently described enterotoxins 1, K and L differ structurally

from SEA-E by their lack of a cystcine loop, a region thought to be important for emetic

s 2270
activity.” "

SHE and SEI are the most divergent of the enterotoxins. Homology to the
SEA-E group and the SEB-C group have both been described with signmificant regions of
homology across the groups thus making it difficult to assign SHE and SEI to a particular

group.” Here, they have been linked to the SEA-E subclass (Figure 2).

SEL SaPI3 and 4
SEK. SaPil

SEIL Unknown

SEH bacteriophage
SED plasmid
SEJ plasmid

SEA bacteriophage or chromosomal =

SEE bacteriophage

SEG unknown 1998

SEB chromosomal or plasmid ' 3

SEC chromosomal

Figure 2. Phylogenic tree showing the relatedness of staphylococcal enterotoxins. Three groups are
recognisable. Adapted from Orwin ef &/, (2001),%" Alouf er . (1991),'* and Novick ef af. (2001)™"

To date, SEA and SED, and to a lesser extent SEB and SEC, are responsible for the

. —_ 23,87
majority of food poisoning cases.”™

Over the years there has been a gradual shift in the
carriage of enterotoxins in strains of MRSA. During the 1960’s, the majority of strains
produced SEB whereas the primary enterotoxin produced by MRSA is highly dependent
upon country and strain. In Scotland, 70% of MRSA carry SEC and are classified as
EMRSA-15 whercas straing ol EMRSA-16 are primarily carriers ol SEA (Dr D, Morrison,
MRSA Reference Laboratory 2002; personal communication). The production of SEA,
SEB or both in strains of septicacmic MRSA infections also indicates a putative role for
cntcrofoxing in pathogenesis, as docs the isolation of SEB, SEC, SEG and SEI in cases of
menstrual and non-menstrual TSS and SSS."""'™ Recombinant SEK has been shown to

demonstrate lethality in the rabbit model of TSS.2™
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In 2000 a novel family of at least five enterotoxin-like genes (sef/-set5) was identified

® Four of the set

encoding staphylococcal enterotoxin-like proteins or SET proteins.*
genes encode proteins of 227-234 amino acids with 38-53% homology to other known
enterotoxins and TSST-1. So far SET-1 has been identified in numerous straing of
S.aurcus, but not from S.epidermidis. Activities of recombinant SET1 (rSET1) on PMNL
celfs results in cell stimulation and a 10-fold greater production of 11-6 and [1-13 compared
to that produced by SEB at higher concentrations thus suggesting an important role of

366

SIET-1 1n pathogenicity.” Further studies into the extent of ser gene cxpression amongst

S.aureus and their putative role as virulence factors are required.
1.2.2,2,3 Exfoliative Toxins

Exfoliative toxins ETA and ETB are chromosomally and plasmid encoded proteins

respectively, with superantigenic I:Jropertit:s.203’240’266

Production of these toxins by
bacterial strains present on the skin surface results in the onset of diseases such as
staphylococcal scalded skin syandrome (SSSS) or Ritter’s disease, primarily in infants and
children.®” Toxin expression by S.aureus on the skin causes the formation of skin lesions
that spread through the destruction of the skin’s intercellular connections separating the
layers within the epidermis, thus forming a rash and bullous impetigo.'"***"**!" Fxfoliative
toxin A was isolatcd by Kapral and Miller' and, Arbuthnett!” e af. in 1971 followed by
the characterisation of ETB by Kondo ef al. in 1974. Both toxins display 40%-50%
sequence homology to each other®®?* and 25% identity to staphylococcal V8 protease
indicating serinc protcasc activity, although conclusive evidence is lacking.®'** There is
also evidence to support activity against melanocyte stimulating hormones (MSH) present
in the epidenmis, a possible target in cases of $S8.* Murine studies indicate that toxin
susceptibility ceases in mice >7 days old due to efficient clearing of the toxin in serum.
Insufficient removal of toxins occurs in immunocompromised individuals who are more at
risk of succumbing to SSSS suggesting a threshold level of toxin is required for skin

. o281
exfoliation.
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1.3  Regulation of Virulence

The three phases of bacterial growth, lag phase, exponential phase, and post-exponential or
stationary phase, are very different with respect to their metabolic requirements. During
the exponential phase cell metabolism is at its most efficient with its regulation systeims
coordinated to provide constant growth and to maintain cell composition. Upon entering
the post exponential phase energy is directed mmore towards long-term survival. Due to this
enzymes used for the exploitation of environmental nutrients are no longer required. They
become an unnecessary burden and are no longer synthesized in response to restructuring
of the cell’s regulatory systems. [t is as a result of this restructuring that pathogenic strains
of bacteria produce phase dependent virulence factors. In S.aureus surface proteins such
as protein A, coagulase and fibronectin binding proteins (I'nbp), products of the
exponential phase, are repressed during the post exponential phase making way for the

207212 .
07.21 Similar

expression of extracellular protcins such as toxins and hacmolysins.
regulatory system reorganization is observed in other bacterial species, Bacillus subtilis
induces exoprotein synthesis, competence and sporulation in response (o nulrient
deprivation and the ArcA and FNR systems of FE.coli tespond to changes in

. i
osmolarity.***

Characteristically, regulation systems are two component signal-transducing systems with
a common mechanism of action and shared essential protein sequences. In many cases
transmembrane histidine kinase signal receptor proteins detect environmental signals
although some are cytoplasmic and respond to intracellular signals. Activated signal
receptors undergo allosteric modification activating latent histidine phosphokinase (HPK)
activity,  This triggers an aulophosphorylation cascade that ultimately resuits in the
phosphorylation of a cytoplasmic response regulator activating it to trigger repression or

stimulation of target gene transcription,

The ability of S.aumreus to produce a muliitude of virulence faciors is atiributed to the

coordinated activation and regulation of a set of genes contained within the chromosomal

243,200

polycistronic accessory gene regulator {agr) locus. Species of coagulase negative

staphylococci including S.epidermidis, S.warneri and S.simulans have also been shown to

94,335,347

carry stmilar regions of the agr operon of S.aureus. The agr locus, cleoned and

sequenced by Peng et al. (1988), is composed of 2 divergent transcripts RNATI (P2} and
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239.278 A weaker third promoter, P1, lies 5’

RNALIII (P3) transcribed in opposite directions.
to P2 and is transcribed constitutively throughout the growth cycle, but as yet. has an
unknown role.””® In 1986, Recsei ef al. demonstrated that the majority of agr regulated
exoproteins were weakly synthesized or absent in agr negative mutants, but expression of
surface protein was increased, indicating a strong correlation between agr regulation and
the post-exponential phase.?® It has also been recognized that agr mutants are less virulent

in animal models compared to agr wild type strains.>'"’

Figure 3 illustrates a map of the agr locus and its transcripts. Promoter two and P3 initiate
transcripts in opposite directions giving rise to a 3.5kb transcript (RNAII) and 0.5kb
transcript (RNAIII) respectively. RNAII is comprised of 4 unlinked open reading frames
(ORFs) agrA, agrB, agrC and agrD whilst RNAIII encodes delta (8)-haemolysin. o

RNAI H

P1

RNAIl ' '—> RNAIII

P2 P3

Figure 3. S.aureus agr regulatory locus. Adapted from Novick er al (1995)**

Each of the ORFs encoded on the RNAII transcript are essential for optimal activation of
the RNAIII promoter.”® Early data reviewed by Kornblum ef a/. (1990) identified agrB as
encoding a histidine phosphokinase sensor protein, however this has since been revised.'”’
It is now accepted that products of agr4 and agrC which display homology to components
of a classical quorum sensing 2-component signalling pathway encode a response regulator
and a histidine phosphokinase sensor protein respectively.”® AgrB and agrD function to
generate a relatively hydrophobic 1kDa autoinducing octapeptide (AIP) with quorum
sensing properties.'’’ The gene agrD encodes a putative precursor peptide, AgrD, thought
to be processed through an unusual intramolecular thioester modification linking the thiol
group of a central cysteine residue to the C-terminus carboxyl group, and secreted by AgrB,

. . 232,
an integral membrane protem.2 1
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All stains of S.aurens do not produce the same AIP. Several structuecs of AIP have been
identified enabling strains to be grouped by the peptide they produce, As a specific group
they will activate the agr locus of strains within the same group, but inhibit that of strains

178,

from other groups and stapbylococcal species, for example S.epidermidis.'™*? Despite

this S.aureus 1s more sensitive 1o inhibition from those produced by S.epidermidis than

vice vema.zn‘273

The abtlity to produce variable AIPs is a result of sequence variability in
agrB, agrD and agrC thus determining the specificity of the processing reaction, the
propeptide, and the receptor-ligand reaction.'” The only conscrved region of the AIP is a
central gysteine residuc five residues from the C-terminus linked by an essential thiolester
bond.””"  Activation of agr 15 sensilive to the amino acid sequence and stereochemical
nature of a particular AID, and it has been proposed that inactivation occurs when a
different class of peptide binds to AgrC in an alternate orientation blocking binding

sites. 2!

Polymorphism within the hypervariable region ol agrC-agrD-agrB alters the genetic
sequence of AIP and the response regulator AgrC allowing the classification of strains into
one of four agr groups.' ' Within each group the genetic sequence of the hypervariable
region is highly conserved permitting the activation of the agr locus in strains belonging to
the same agr group but inhibiting the activation of strains from the other groups without
affecting growth.'”” Interstrain activation or inhibition takes place at the AgiC level *2
Two closely related agr groups are group { and group IV, differing only in the sequence of

P3 as observed by a weak activation of group [ strains by group TV culture supernatants,’”

Jarraud er al. (2002) suggested that agr groups could be associated with specific genetic
backgrounds and that particular agr types were associated with certain diseases.!” The
system is not 100% accurate but il is generally agreed that CA-MRSA. mecA® PV1.' strains
and £s¢” strains belong to agr group 111, ET—producing and CA-MRSA mecd” PVL" strains
are group IV {(some strains also belong to groups I and 1If), strains resulting in enterotoxin
mediated diseases belong to groups 1 or I, and that agr group 1T strains are more frequently
associated with disease in hospitals, including strains of glycopeptide resistant S.aureus
(GISA) P THIB2II0 - hptradicting reports which support and rebut the latter statement
were made by Sakoulas e al. (2002Y'*” who classified all GISA strains as being agr group
II, and van Leeuwen e af. (2000)°*® who reported that only 6% of MSSA and 5% of
MRSA clinical isolates belonged to agr groups II and Il respectively. No MSSA have
been isolated that can be classified as agr group IV.**!
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Low-level quantities of RNAIL transcript are detectable during the exponential phase
ensuring the presence of low levels of AgrA and AgrC that would be avatlable to respond
to an exiernal signal along with low levels of AIP. During exponential growth AIP levels
are increased, uitimately reaching a threshold concentration that triggers RNAII and
RNALI transcription. Once activated both promoters become stimulated thus initiating
autocatalytic activation of RINAII that in turn rapidly incrcascs the level of RNAII
transcription and hence increases exoprotein synthesis whilst depressing surface protein

177,260

EXPressioit. RNAII, an antisense RNA effector molecule, is responsible for

regulated transcription of target exoprotein genes and in some cases translation. *4***°
Deletion within RNATII results in an agr phenotype and the loss of delaved translation of
§-haemolysin.”®® RNATIT has also been found to independently regulate translation of o-
haemolysin through dircet mRNA binding2* 1t has been elucidated that in the absence of
a {ully functional RNAHI o-haemolysin translation is impaired adopting an untranslatable

’ 4 ¢
configuration. *****

In addition, Janzon and Arvidson (1990) have suggested that the 8-
haemolysin transcript, when {ranscribed as part of the RNAIII transcript, plays a role in
positive and ncgative rcgulation of exoprotein synthesis, but its mode of action is st
under investigation (Figure 4). 0 Loss of wgr function can arise as a result of a number of
factors including; point mutation, loss of gene function required for agr expression, agr
suppression via mutation within promoter regions or a disruption ol quorum gensing
pathways.”” The serial passage of strains of S.aureus has been shown to induce mutations
within the agrC gene or agrC-agrd region.’” Some strains of GISA have been identified
with mutations within agr3 but demonstrate no obvious loss of agr and only reduced Ald
fonction whereas VISA 5836 from the United States has a nonsense mutation in agr4 and

is devoid of agr fanction.>”

An early study by Wesson et ¢f. (1988) hypothesised that in an environment where low

levels of AIP are present, cell surface proteins are optimally expressed promoting adhesion

365

to host endothelial cells and ingestion.™” Enclosed within an endosomal meunibrane ATP

concentrations may increase due (o cell density triggering expression of agr-regulated
exoproteins that in turn may aid release from the endosome by inducing host cell

365

apoptosis.”™ Quzl et al. (2001) confirmed this hypothesis using green fluorescent protein

87

(GFP) and luciferase (Jux) reporter casseties.” I'hese authors reporied that the agr P3

promoter was induced within 100mins of internalisation rcleasing replicalion competent

cells into the host cell cytoplasm. Similar observations were made by Bayles ef al. (1998)
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with bovine epithelial cells therefore it would appear that the agr locus contributes to
endosomal lysis by ingested bacteria.”’ Similarly, the high levels of RNATI and RNATI
expression have been reported within vegetations in an experimental endocarditis model
implicating a role for agr in in vivo invasiveness,’® Differences in the levels of expression
were variable depending upon the target tissue, thus suggesting that host factors may play a

a O .. " 369
role in BCneC CXPIession.

In summary, the pattern of gene regulation observed by the agr system is thought to mimic
that displaycd during pathogenic invasion of host cells. Initial infection is characterised by
adhesion and colonization through cell surface proteins. As a result of cell division, cell
density increases activating toxin production, some of which degrade surrounding tissues

allowing for release and spread of infection,
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Figure 4. Agr locus regulation. Adapted from Kornblum ef al (1990)'"” and Cheung et al (1997)
g g

In addition to agr there is a second major regulatory system that, in conjunction with agr,
forms a complex growth phase-dependent regulatory system. In 1992, Cheung er al
identified a new putative global regulatory locus through transposon insertion studies.™

. 57
This new staphylococcal accessory regulator (sar), now termed the sard locus,”’ when



interrupted by mutation was found to increase a-haemolysin, lipase and serine protease
production whilst decreasing - and d-haemolysin levels and cell wall proteins with the
exception of cell bound protein ABOL90I86 gy 4 is required for optimal expression of agr

RNAIII levels and gene activation.’”*%%%

The 1.2kb sarA locus is comprised of three overlapping transcripts, sard (0.56kb), sarB

(0.8kb) and sarC’ (1.2kb) each with its own promoter, P1. P2, and P3 respectively, but all
transcripts include the SarA ORF (Figure 5).2

| sarB (P2 transcript)

| >
| sarC' (P3 transcript)
I :
| sarA (P1 transcript)
| >
P2 P3 Pl
ORF4 ORF3

Figure 5. sarA locus promoters and transcripts. Adapted from Bayer ef al (1996)*

Each transcript is not uniformly expressed throughout the growth cycle; sar4 and sarB are
optimally produced during the exponential phase whereas sarC is optimal during the post-
exponential phase.” Complete transcription of the sarB transcript; a putative 39-amino
acid (ORF3) and a putative 18-amino acid (ORF4) is essential for the optimum expression
of the DNA binding protein SarA, a protein specific for agr P2 and P3 thereby optimising
expression of RNAII and RNAIIL®*%"15¢  Of the three promoters P1 is the strongest
promoter and along with P2 is sigma A (¢")-dependent. Promoter P3 is o"-dependent but
contradicting evidence exists to the role of " in the activation of the sar4 locus. 263327
However, up-regulation of SarA expression, a-toxin, coagulase and clumping factor
transcription, but not the agr locus is associated with sigB inactivation, suggesting
additional agr-independent activity on target gene activation.*%% Agr-dependent and -
independent regulation has been proposed by Chien er al. (1999) through the discovery of a
conserved SarA-binding site within the promoter sequences of agr, fnb, hla, and spa genes

to which binding exerts the required response whether it is activation or repression.®’



It is now widely acceptled thal proiein A (spu) is co-regulated by agr and sard loci at the
transcription level, and that repression via sard can be agr-dependent or ¢gr-independent
which may account for variations in protein production.**'* Strains deficient in cither or
both agr and sard regulatory systems are less virulent in murine bacteraemia indicating
that sarA activity is essential for the development of bacteramia.'™ Sard has also been
reported to play a role in the initial adberence of S.aureus in rabbit endocarditis and in

apoptosis of mammalian cells, %

As part of the regulatory system SarA is under the control of its own by-products. A 345bp
transcript designated sarR, which sharcs 51% sequence homology with SarA, has been
identified by Manna er ol (2001).”*° These authors report that rSarR binds to sar
promolers repressing SarA expression, possibly through down-regulation of sard Pl
transeription.”™ The joint repression of protein A by sard and agr led to the assumption
by Cheung er @/ (2001) that there must be a protein that activated protein A expression.®
As a result they discovered another ORF with sequence homology to SarA, this time
upstream of spa and with the ability to bind to spa promoter. The ORF was termed sarS
tor gene supplemental to SarA (also identified as SarH1 by Tegmark et al)™® SarS is
repressed by agr and sard, yet increased yields of expression in sard™ and agr” mutants

differs between the two regulatory loci.

Yet another homolog to sard 1s sar7, a repressor of a-haemolysin (Ale) cxpression and
repressed by agr and sard itself*”  Studies have shown that sard4, but not agr, TEPresses
sar! promoting o-haemolysin synthesis and that sar7 mutants give rise to increased levels
of RNATII suggesting a negative effect on RNAIIL transcription probably through a sard
independent mechanism. Transcription of Sar?'1s induced between late exponential and
post-exponential phascs. Prior to this sarA represscs it. As a repiressor of Ala, it was found
that sard, and not agr, is able to activate transcription through sar?' repression, the detuils
of which are very complex (Figure 6).°% Additional extracellular proteins shown to be
under the inlluence of SarA include: V8 serine protease, staphylococcal enterotoxin B

(seb), and toxic shock syndrome toxin-1 {#sf) genes.”

From these studies it has been elucidated that the sar4 locus and indeed SarA itself exerts
partial control of the regulation of RNATIT at the transcription level, agr-dependent and

independent control of positive and negative gene regulation,
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Figure 6. Proposed model of sarA regulation. Adapted from Schmidt et a/ (2001 P

Further pleiotropic regulatory elements involved in the control of virulence factor
expression are still being described. One such element is the most recently described sae
locus, another two-component system (saeRS).13 5 Within sae. saeR encodes an activator
gene protein and saeS a sensor histidine kinase protein. Mutations within sae result in
disrupted transcription of numerous genes including hla, hlb, coa and DNase genes, but

134133 The exact mechanism of action is still being

appear to have no effect on agr or sar.
questioned.'** McNamara ef al. identified the rof gene, putative toxin repressor that is
assumed to be inactivated by RNAIII during post-exponential phase although the exact
mode of action is not clear.” The ArlS-ArlR two-component system described by
Fournier ef al. (2001) is not an auto-regulated system but under the control of the agr and
sarA syste:ms.l ' Mutations in either component increase a- and B-haemolysin, coagulase,
protein A, serine proteases and lipase suggesting a role in transcription repression.' '’

Additional regulatory systems that have been identified include the staphylococcal
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respiratory response (ss#) and the extracellular protein regulatory (xpr) systems but their

o . .. . 4,322,537
role in the regulation of virulence is unclear. '™ 251

1.4 Antimicrobial Agents

There have been considerable developments in antibiotics since their discovery. Many
drugs are no longer toxic and many are naturally occurring products of bacleria
themselves. To date there are over thirtcen familics of antimicrobial agents including the
aminoglycosides,  P-lactams,  cephalosporins, fluoroquinolones,  giycopeptides,
lincosamides, lipopeptides, macrolides, oxazolidinones, polymixins, quinoloncs,
streptogramins and tetracyclines. Each family has its own mode of action that can be

classified into one of five groups of inhibitors as follows:

1 Protein synthesis
2 Cell wall synthesis

3 Cell membrane {unclion

La

Cell metabolism

A

Nucleic acid synthesis

The mayority of antibiotics on the market today target protein synthesis. This thesis will
study selected inhibitors of protcin synthesis, cell membrane function and cell wall

synthesis.

1.4.1 Protein Synthesis

The process of protein synthesis is a complicated one involving a number of sequential
stages with each stage dependent upon the completion of the previous stage. Every
component and protein required by a bacterial cell to function is encoded on individual
gencs, the template for mRNA assembly. The transfer of data from DNA to RNA, the
process of transcription, requires the presence of RNA polymerase enzymes that bind to
specific start codon sequences encoded within the DNA of individual genes. Once bound
these enzymes uncoil the DNA double helix allowing the attachment of free nucleotides in
a 5 to 3”7 direction until the transcription of a stop codon. As the mRNA elongates it

detaches itsell from the DNA template allowing recoiling. Translation of mRNA occurs
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with the aid of ribosomes present in the cell cytoplasm along with a pool of amino acids
and transfer RNA. Ribosomes arc composed of two individual subunits, 308 and 505
subunits, that remain separated until required for protein synthesis. In the cyfoplasm
mRNA 1s bound by an fMel initiation signal. This in turn binds to the 308 ribosomal
subunit, lacilitaled by TF2 and 13 accessory initiation facters, to a 50S ribosome to
complete the 705 nifiation complex and stabilized by guanosinc iriphosphate (GTDP).
Upon formation of the 708 initiation complex the elongation phase commences with the
aid of GTP and three elongation factors: TP-Tu, EF-Ts, and EF-G. Elongation is a threc-
stage cycle {codon rccognition, peptide bond formation, and translocation) with each cycle
resulting in the formation of a peptide bond and the addition of one amino acid residue and
eventually the release of a complete protein. Codon recognition involves the formation of
hydrogen bonds with the anticodon region of aminoacylRNA coupled to its appropriate
amino acid. Peptidyl transferase enzymes catalyse the formation of peptide bonds between
the amino acids to form a growing polypeptide chain as the mRNA moves through the
ribosome during the translocation phase. To complete the process a protein release factor
bound to the termination codon causes the addition of a watcr mnolecule instead of an
aminy acid to the polypeptide, resulting in the release of the polypeptide and separation of
the ribosome into its 2 subunits ready to start the process again. Figure 7 summarises the

stages involved in protein synthesis.
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Figure 7. Summary of the stages involved in protein synthesis

1.4.1.1 Protein Synthesis Inhibitors

Most protein synthesis inhibitors are bacteristatic by nature with the exception of the
aminoglycosides that are bactericidal.'”™ 1t is unclear why but it is possibly due to their

multiple effects on the cell membrane, RNA metabolism and misreading of codons through

activity at the 30S ribosomal level (Table 5).
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Antimicrobial Examples Bacterial Mode of Action
Family Target
Aminoglycosides | streptomycin, gentamicin, | Gram +ve | Codon misreading; translocation
kanamycin, Gram -ve | impairment; RNA metabolism
neomycin
Chloramphenicol | chloramphenicol Gram +ve | Inhibits peptide bond formation
Gram —ve | on 508 ribosome; disrupts
aminoacyl-tRNA binding and
peptidyltransferase activity
Lincosamides clindamycin Gram +ve | Binds to 50S ribosomal subunit,
lincomycin Gram -ve | interfering with
peptidyltransferase reactions.
Macrolides erythromycin Gram +ve | Premature release of incomplete
clarithromycin polypeptides from 508
ribosomes; inhibits assembly of
new ribosomal subunits
Oxazolidinones | linezolid Gram +ve | Inhibits initiation complex
Gram -ve | formation
Streptogramins | dalfopristin/quinupristin | Gram +ve | Inhibits substrate attachment and
(Synercid) peptidyltransferase elongation
Tetracyclines tetracycline Gram +ve | Inhibits cell free RNA translation
minocycline Gram -ve | on 30S ribosome; loss of

membrane transportation;

oxidative phosphorylation

Table 5. Properties of antimicrobial agents affecting bacterial protein synthesis

1.4.1.1.1 Oxazolidinones

The discovery of a new class of synthetic protein synthesis inhibitors, the oxazolidinones,

was made in 1987 by E.I du Pont de Nemours and Co, Inc.

Following this the first

antimicrobial agent, linezolid, was launched into the UK pharmaceutical market in

February 2001 for use against skin and skin structure infections, bacteraemia and

pneumonia associated with Gram-positive bacteria.
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Linczolid is bacteristatic by nature with a broad spectrum of activity spanning Gram-
positive bacteria (MIC=1-4ug/ml) including multi-resistant species, '™ > 0298300368377
Clostridium species (MIC—0.25-8pg/inl) and Gram-negative anacrobes for exampie,
Bacteroides species (MIC=2-8pg/ml).*"" However F.coli (MIC>128ug/ml) is unaffected.
Bactericidal effects have been obscrved in pre-clinical studies against Streprococcus

preumoniae (MIC=1 ~41,Lg/ml).3("8

The mode of action of this drug is different from that of any other protein synthesis
inhibitor. linezolid acts not by affecting peptidyl transferase or translation termination,
but by preventing the formation of the N-formylmethionyl-tRNA-mRNA-708 (tRNAML
mMRNA-70s} on the 308 subunit ternary complex via binding to sites on the 16S or 238
ribosomal RNA (rRNA} (Figure 8).'>*' Recent publications bave supported the
hypothesis that linezolid has dual functions. Strong binding of linezolid to the 508
ribosomal subunit has suggested that the drug only binds to the 50S subunit inhibiting the
initiation complex formation and through the binding of 23S within S0S subunits

preventing the assembly process.” 1?28

Comparative studies with other drugs have shown that linezolid is as effective as
vancomycin and B-lactams in clinical cure rates and microbiological success rates i vitro

and in vivo against antibiotic sensitive and resistant  staphyvlococel  and

: 60,104,180,257,277.297,304

cnterococcl. The maintenance of drug levels at concentrations greater

than the MIC appears to be critical for optimal activity in rabbit endocarditis models.****
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Figure 8. Mechanism of action of linezolid

1.4.1.1.2 Streptogramins

Synercid is the first injectable streptogramin combining the two streptogramin derivatives
of pristinomycin, dalfopristin (Type IIA) and quinupristin (Type [A) in a 70:30 ratio.
Streptogramins individually inhibit different stages of the protein synthesis process in a
bacteriostatic manner. Type A (IIA) is thought to bind only to the free ends of peptidyl
transferase at the termination-initiation phase, whereas Type B (IA) blocks peptide bond
synthesis in vitro inducing the release of incomplete protein chains. The combination of

217

these individually bacteriostatic compounds gives synercid its bactericidal capabilities.”

Inhibition by synercid occurs through an induced conformational change in the 50S
ribosomal subunit by dalfopristin. Reversible binding to the peptidyltransferase domain of
the ribosome and the resulting conformational change improves the binding capabilities of
the quinupristin subunit at a different site, rendering the drug bound ribosome unable to

carry out substrate attachment and peptidyl transferase elongation stages (Figure 9).2"7

oY)
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Although most staphylococcal and streptococcal species are susceptible to the lethal effects
of synercid (MIC=0.12-2 pg/ml), it is only bacteriostatic or weakly bactericidal to
Enterococcus faecium (MIC<2ug/ml) but not E.faecalis. 1399114358377 1y vitro studies in to
the effectiveness of synercid against strains of VISA, VRE. MSSE, MRSE, and
ciprofloxacin sensitive and resistant strains of S.awreus compared to other leading
antimicrobial agents, such as vancomycin, has yielded promising results. OISR rge
use of synercid in patients with MRSA and VRE infections failing alternate therapy has

93,218,239,252

also provided promising results. Despite this, treatment with synercid has also

been reported to fail in an endocarditis rat model with erythromycin resistant MRSA due to

101

the short half-life of dalfopristin in serum.
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(dalfopristin-
quinupristin)
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Figure 9. Mechanism of action of Synercid

1.4.2 Gram Positive Cell Walls and their Biosynthesis

The composition of the bacterial cell wall is not uniform for all species, but can be grouped
into two main categories: Gram-positive and Gram-negative bacteria, depending upon their
reaction to the Gram stain. As Gram-positive bacteria are the subject of this study only the

Gram positive cell wall structure will be discussed.

(%)
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'The structure and composition of a bacterial ccll wall is influenced by an organism’s
external environment in order to provide cell integrity. 'the cell wall of Gram-positive
bacteria is composed of two layers, a cytoplasmic membrane and a thick (1 5-80um) lattice
like layer of peptidoglycan and (cichoic acids. Peptidoglycan is composed of parallel
chains of glycerophosphate or ribitol phosphate residues linked by f1-4 glycoside bonds
and cross-linked by pentapeptides. It is the presence of componcnts such as N-
acetylmuramic acid, D-glutainic acid and D-alaninc that give selective toxicity for

antibiotics like the [3-lactams.

Peptidoglycan biosynthesis only occurs during cell growth and division. It involves
controlled splicing of existing bonds by autolysins and the simultaneous insertion of new
pieces of peptidoglycan in a three~stage cycle. Stage one takes place in the cytoplasm
where cell wall precursors are formed using soluble enzymes. At the cytoplasmic
membrane the precursors become bound to the recyclable lipid carrier, bactoprenol, which
gives molecules enough hydrophobicily {o pass across the membrane, prior to insertion
nio the celi wall. The third and final stage imvelves cross linkage of new molecules into
the pre-existing peptidoglycan uetwork via the transpeptidation reaction. Here,
transpeptidase enzymes remove a P-alanine group from the new molecule and use the

exposcd peptide bond to cross link with a pentaglycine bridge.

1.4.2.1 Inhibitors of Cell Wall Synthesis

This group of antibiotics includes the penicilling and cephalosporins, which contain a -
lactam ring hence. are designated B-lactam antibiotics. Both target the enzyme
transpeptidase mvolved in the transpeptidasc reaction of peptidoglycan synthesis. The first
B-lactam, penicillin G, was primarily a Gram-positive antibiotic. Derivatives of penicillin
G developed by chemical synthesis possess altered properties that give broader spectrum
activity that includes some Gram-negative bacteria. Beta-lactam antibiotics bind with
transpeptidase enzymes, penicillin-binding proteins (PBPs), on the surface of bacterial
cells through their f3-lactam ring rendering them inactive and unable to carry out
transpeptidase reactions. As a result, cross-linking of the bacterial cell walti is inhibited
producing a weakened structure that is susceptible to osmotic pressure. Antibiotic-PI3P
complexes have also been found to stimulate the release of the enzyme antolysin

accelerating cell wall digestion. Preduction of the enzyme [-lactamase by bacterial strains
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inactivates the majority of B-lactam antibiotics, however production of semi-synthetic
penicillins such as oxacillin and methicillin, with altered side chains, renders these drugs
resistant to B-lactamase activity. Methicillin s a semi-synthetic penicillin modified by
penicillin amidase activity to remove penicillin side chains that are replaced with an acyl
side chain thus providing a broader spectrum of activity and reduced susceptibility io B-

lactamase enzymes.

Cephalosporins differ from f-lactams by the presence of a six-membered dihydrothiazine
ring in place of a five-member thiazolidine ring. In this study we used cefpirome, an
example of a 4" generation cephalosporin with improved anti-staphylococeal activity. 1ts
structure is similar to that of the penicillins, but has been modified though the
‘generations” to give a broader activity spectrum and resistance to {B-lactamase
degradation. The addition of a methyl-cyclopentapyridinium hydroxide at position 3 of the
cephem ring has increased the drugs bactericidal activity to include the staphylococct,
Enterobacteriaceac and Pseudomonas aeruginosa, including Type 1 B-lactamase-
hyperproducer strains.”” The mode of action of these antibiotics however remains the
same as the penicillins binding irreversibly to PBPs preventing peptidoglycan cross-
linking.

Glycopeptides were introduced into clinical practice in 1956, but were not widely used due
to their poor tolerability and toxic side effecis. Vancomycin, although a cell wall inhibitor
targets a different stage of peptidoglycan synthesis from the B-lactams. Binding of
vancomycin to the terminal D-alaninc-D-alaninc amino acids on the undecaprenyl
peptidoglycan precursors occurs at the bacterial cell membrane surface blocking
transglycosylasc and transpeptidase reactions. Teicoplanin is chemically similar to

vancomycin, but displays lower toxicity levels and less frequent side effects.
1.4.3 Drugs That Act on Cell Membrane Function

Bacterial membranes are composed of 50-70% protein, 20-30% phospholipid, with the rest
made up from glycolipids. Polymyxins and polyenes are the two major groups active
agamst bactertal cell membranes. Their structure is similar to that of detergents with &
polypeptide head and a long hydrophobic tail promoting binding to the cell membrane

causing leakage of the cell cytoplasm., Unfortunately polymyxin activily is non-specific
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and can cause mammalian cell damage particularly of the liver, kidney, and nervous

system.

Daptomycin is a semi-synthetic, water-soluble, cyclic lipopeptide or peptolide. Structural
similarities can be seen with the polymyxing but their modes of action are very difleren.
The exact mechanism by which daptomycin cxerts its activity is not completely understood
but the biosynthesis and assembly of peptidoglyean, teichoic acid and lipoteichoic acid
(LTA) appears to be affected. Other authors have detailed the disruption of cell membrane

potential through the loss of potassium ions. 107

The enzymes involved in LTA synthesis are localised at the cytoplasmic membrane. I is
these membrane proteins that are belicved o be the site of daptomycin activity, not LTA
itscH>” Al concentrations of daptomycin equivalent to the MIC of S.aureus and E.faecalis
and £.faecium irreversible binding of daptomycin to the cytoplasmic membrane through a
calcium bridge has been proposed.”’ Different phenotypes displayed by enterococei and
staphylococci in response to daptomycin were also desciibed. These authors report the
inhibition of growth and peptidoglycan synthesis in S.aureus but not in enterococci,
however E.faecium was unable to undergoe cell separation forming rod-shaped cells
whereas S.aurcus cells remained unchanged. The inhibition of growth was suggested to
result from the inhibition of [.TA synthesis and resulting loss of LTA function as a carriet
of teichoic acid or as a regulator of autolysins.” It has been suggested that as LTA are a

component of adhesins daptomycin may prevent cell proliferation in an adhercd state.*’

The bactericidal activity of daptomycin against Gram-positive organisms is concentration
dependent but is heavily influenced by calcium concentrations wilb evidence of reduced
activity in the presence of serum or albumin, unbike other antimicrobial agents such as

: : . - 5 115,151,206,323
vancomycin, linezolid and synercid.'™''%

Complicated skin and soft tissue
infections, and bacteraemia have been the focus of clinical trials, especially those caused
by multi-resistant organisms.  Animal models of endocarditis, osteomyelitis and
bacteracmia caused by strains of VISA, MSSA, MRSA, MRSE, MSSE, VS, fuecium and
VRE faecium (MIC<2ng/ml) and in vitro studies have all shown positive results with

: 5.98.116,159,192,193,299,32
daptomycin therapy, > 116.159.19%.193,299,323




1.5 Antimicrobial Resistance

Bacterial susceptibility to antibiotics varies dramatically within and between strains.
Antibiotic resistance can be acquired through the acquisition of transposable resistance
genes carried on plasimids, transposons and inscrtion scquences encoding tor example [3-
lactamase enzymes and efflux systems, or through genctic mutations. Some organisms are
intrinsically resistant to some anfibiotics including strains of streptomycetes.
Streptomycetes naturally produce antimicrobial agents as by-products so resistance
mechanisms exist within strains fowards the antimicrobial that they produce. Additional
natural resistance traits of a particular organism may be due to: lack of target structure, for
example Mycobacteria lack a typical cell wall and arc resistant to penicilling; agent

impermeability e.g. Gram-negative bacteria are impermeable to penicillin G.

Examples of resistance in S.awreus include drug inactivation of penicillins but not
methicillin  (B-lactamase), chloramphenicol (efflux system), and aminoglycosides
(phosphorylation, acctylation or adenylation of drug).”® Multiple resistance chavacteristics
can bhe presented by a single strain. Continual exposure to a particular agent can also
create a selective pressure for higher levels of resistance among strains particularly within
a hospital environment. Cross-resistance between groups of antibiotics is aiso prevalent as

seen with the M1.Sg phenotype.

1.5.1 MLSg Resistance

The MLSy phenotype confers multiple resistances to macrolides, azalides, lincosamides,
and Tvpe B streptopramins. Macrolide resistance arose shortly after the introduction of
erythromycin into clinical use and is (ndueible by low concentrations of the drug. There
arc scveral mechanisms of macrolide resistance, the main type is through the increased
expression of the erm(C gene encoding a methyltransterase enzyme that methylates 23S
ribosomal RNA at a site of key importance to the binding of MLS); antibiotics, resulting in

multiple cross resistance.***



1.5.1.1 Streptogramin Resistance

Resistance to dalfopristin/quinupristin (synercid) is at present relatively low, although
resistance towards its individual components exists in strains of staphylococci, E.faecalis
and F.faecium. Resistance to group B streptogramins, including quinupristin, can take one
of two forms: constitutive or inducible (Table 6). The most common form is constitutive
resistance conveying cross-resistance to macrolides and lincosamides (MLSy
phenotype).
group A streptogramins or both group A and B streptogramins is required, as synercid

216 For substantial loss of antibacterial activity to be achieved resistance to

. . . 36
remains active due to the synergy of its components.*'***

Since synercid was launched into the UK market in 1999 it is interesting that already all
strains of /.faecalis are resistant to synercid and that clinical isolates of £.faecium (MIC
>4pg/ml) and isolates of CNS, MRSA and GISA (MIC=2-8ug/ml) have been recovered

71,91,364

displaying low-level synercid resistance. High level resistance (MIC>32ug/ml) in

E.faecium is associated with the vatD) and vatl: genes.”” The mechanism of resistance in

E.faecalis remains unknown.

i Rital

.en'téroco-cci ;)at (D, E) | dalfopristin acetyltransferase | Group A s;tfeptogramin, : 153175,
Sy 291,363,
staphylococci | vga (A, B) | dalfopristin ATP-binding Group A streptogramin 14,364
efflux pump
vat dalfopristin acetyltransferase | Group A streptogramin; | 15.91.216,
(A, B, C) synercid =
erm Methylation of 23S rRNA; MLSg phenotype; 216
(A,CY) quinupristin; synercid
msrA quinupristin ATP-binding Inducible Macrolide and | 295
efflux pump group B streptogramin
enterococci vgh (A,B) | quinupristin hydrolase Group B streptogramin 13,41,175,
staphylococci o
erm(B) Methylation of 23S rRNA MLSg phenotype; 41
quinupristin; synercid

Table 6. Streptogramin resistance mechanisms using the revised nomenclature proposed by Roberts er al **
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1.5.2 Oxazolidinone Resistance

As with synercid, linezolid was only recently introduced into the pharmaceutical market
and already reports of resistance are emerging in strains of £.faecium and S.aureus.
Several strains of linezolid-resistant /.faecium (MIC=8-64ug/ml) have been reported in
individuals taking part in a compassionate use program and in patients receiving long-term

3% Strains of £ faecalis (MIC=64ug/ml) and S.aureus

courses of the drug
(MIC>32ug/ml) have also been isolated from patients receiving linezolid."”** Analysis of

these strains has revealed mutations within the 23S rRNA encoding for a central loop and

19,286,340

within the peptidyltransferase. The mechanisms providing resistance to linezolid

have yet to be fully established but no evidence exists of known resistance mechanisms

1 . . g0 3
conveying resistance to the oxazolidinones.'*"*%*

1.5.3 Lipopeptide Resistance

Resistance to daptomycin has been achieved in vitro through serial passage of strains of

S.aureus, S.epidermidis, S.pneumoniae, I.faecium and FE.faecalis at sub-inhibitory levels.

319

Spontaneous resistance at x8 MIC concentrations was not documented.”~ Accompanying

increased MIC values of 8- to 32—fold, variable changes in strain characteristics were

319

observed which could be divided in to three categories (Table 7)."" The exact mechanism

of resistance remains to be defined.

Class Characteristics
1 Normal growth rate; cross resistance to nisin antibiotic
2 Reduced growth rates on Muller Hinton agar (MHA), poor / no growth on

chemically defined medium (CDM); no antibiotic cross resistance

3 Severe growth defects in Mueller Hinton broth (MHB) and CDM; poor or

no pigmentation on MHA no antibiotic cross resistance

Table 7. Characteristics of S.aureus following serial passage in sub-MIC daptomycin
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1.5.4 Methiciilin Resistance

Kreiswirth ef al. (1993)* proposed the clonal theory of MRSA evolution, which has been
disproved, and it is now widely believed that the evolution of MRSA is polyclonal.'® In
staphylococci, methicillin resistance 1s chromosomally encoded on a staphylococcal
cassclle chromosome mec (SCCmiec). SCCmec 13 charactcrised by inverled and direct
repeats and site specific recombinase genes (ccrd and ccrB) in addition to the mrecA

160,189 : . X
7 Expression of an additional

complex, the gene responsible for methicillin resistance.
78KDa ccll wall protcin PBP2a (or 2°) cncoded by the mecd gene is tesponsible for
methicillin resistance. The low aftinity of PBP2’ for $-lactam antibiotics aliows
transpepiidase activity 1o continue in the presence of f-lactam concentrations that

inactivate other PBPs. %%

To date there have been four groups of SCCmec DNA described with cach displaying
differences in structure and nucleotide sequence but are conserved in the mec4 gene: Type
T - 39kb, Type TI - 52kb, Type TH - 67KB, Type IVa - 20kb and Type [Vb - 24ikb, 100108223
All strains of community acquired MRSA (CA-MRSA) have been found to carry the Type
[Va SCCmec u much smaller area of DNA that is not associated with additional resistance
genes scen with the other SCCree types, thercfore remaining susceptible to numerous

- b . 22.45,162,.223.267
antibiotics. *# ' #5*5H0

A mecR1-mecl regulator controls the regulation of mecA expression.  Strains of
staphylococcl displaying low level methicillin resistance possess a functional mecRI-mecl
regulator that inhibits the complete expression of the resistance phenotype.'®”'’ Deletion
of the mec gene through the insertion of IS1272 and/or a mutated or deleted mecf gene

atong with partial deletion of the mecR gene (IS1272-AmecR [-mecA-1S431R) de-represses

190,194,362 T, . A 194,362

mecA transcription. latter is commonly found amongst sirains of MRS
A family of five chromosomally encoded fem genes (femd through femFE), considered to be
involved in cell wall metabolism, and essential for the expression of methicillin resistance
have been described.'" Inactivation or Joss of these genes resulting in reduced levels of
resistance has been demonstrated in agr-null strains and in strains of VISA where
methicillin resistance is reduced.'*® Inactivation of the fem(” gene appears to decrease the

transcription of the g/nd gene involved in glutaminc production and the level of
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methicillin resistance expressed.'*® The full extent of the involvement of the fem genes in

the expression of methicillin resistance 1s unclear.

[n addition to the presence of the mecA gene, low-level resistance to methicillin can also
be achicved through (-lactamase over expression, over production of PBP4, which has

lower affinity for B-lactams, and mutations of PBP2.%%

1.5,5 Vancomycin Resistance

Effective treatment of MRSA is oflen limited to vancomycin and teicoplanin and until
recently vancomyein resistance in staphylococci did niot exist. Vancomycin resistance has,
however, existed in strains of enterococci since 1987 and has rapidly increased since the
1990s. The transfer of high-level vancomycin resistance from F.faecalis to S.aureus has
been achieved ir vifro, but had not been proven to occur in vive, 2 During 1995 the first
isolate of S.aureus with reduced vancomycin susceptibility (vancomycin-intermediate
resistance S.awurcus, VISA) was isolated in a French hospital but was not reported until
1998.%%2 The first reported strains of VISA were isolated from a Japanese hospital in 1997
(strains Mu3 and M’uSO).m' Following this report scveral isolates of S.aureus displaying
vancomycin-intermediate resistance (VISA) have been reported across Europe and in the

. . O 5 3 o]
United States of AmCT]CEI.48'4)"’0’52’M3'164'2}6’341

Vancomycin resistance in strains of enterococci is assoclated with a set of van genes
taking the form of either the vanA phenotype (plasmid encoded vancomycin and
tcicoplanin  resistance) or vanB phenotype (chromosomally encoded vancomycin
resistance) although vanD through vanH genes have also been described.”’” The
substitution of D-alanyl-D-alanine with 1J-alanyl-D-lactate reduces the binding affinity of
vancomycin up to 1000 fold. The vancomycin resistance mechanisms identified in strains
of staphvlococci, including CNS, appear not to be the same as that found in

. 316,33
enterococci, 0516332

In July 2002, a strain of VRSA displaying a vancomycin
MIC=>128ug/ml and a teicoplanin MIC of 32ug/m] was isolated in the United States.”
The strain was recovered from an infection containing VRE and was found to be cartying
the vand gene. This is the first staphylococcal isolate reported to carry the enterococcal
vanAd gene suggesting horizontal transfer had occurred between the species during

infection and that the transfer of genes confcrring high level vancomycin resistance is
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feasible iz vivo.”> A second, unrclated, isolate of VRSA (MIC=32ug/ml) carrying the
vand gene was isolated in the United Statcs in September of 2002.°" It has not been made
clcar whether this isolate was recovered from a mixed culiure containing VRE but it is

suggested than the gene was acquired through conjugation events with enterococei.”

All of the VISA strains to date, except the UK strains 3700w and 3759v, have heen
isolated from patients who have received vancomycin therapy. Stratns of VISA share
similar characteristics including longer generation times and increased cell walls as
discussed earlier (section 1.1). Cell wall structure modifications such as incrcased
glulamate muropeptides that actively bind vancomycin, and the overall thickened cell wall
are thought to increase the consumption of vancomycin reducing the amount able 10 reach

13-Ala-DD-Ala pentapeptide precursor terminus target in the ccll membrane.'*>*'®

Boyle-
Vavra e/ al (2001} could not find consistency in the peptidoglyvcan composition between
the Japanese and United States strains and suggested that cell wall composition was not

solely responsible for resistance.*

In studies of Mu3, Mu50 and Mu50@ (vancomycin susceptible revertant of Mu50) seven
novel ORFs identified as vancomyein resistance associated genes (vee), an up-regulation in
fructose operon genes, and a down-regulation of protein A in Mu3 and Mu50 were
recorded.™ The genes vraS and vraR encode a histidine kinase and response regulator
respectively, forming the components of a twe component regulatory system. Additional
components of the regulatory system are encoded by the genes vrad (CoA ligase), viaR
(acetyl-CoA-acetyltransferase), vra(C (unknown), vraD-vrall and vraF-vraG {(ABC
transporters with homology to B.subtilis iwo-component regulatory systems).*”” The
cloning of the vraS and vraRl genes in to a strain of vancomycin susceptible S.aurewus
(VSSA) was found to reduce the level of vancomycin susceptibility by that strain.
Homology of thc ABC transporters with the glutamine transporter (g/r(?) in S.aureus is
thought to contribute to vancomycin resistance through the increased transportation of cell
wall amino acids consumed in peptidoglycan synthesis. [ncreased consumption of acetyl
CoA during the synthesis of N-acetyl-glucosamine and N-acclyl-tnuramic acid during
peptidoglycan synthesis may also be compensated for by the vra4 encoded CoA ligase.®"
Increased activity of the fructose genes (/rud B) has been shown to corrclate with increased

glucosamine synthasc (GlmS) activity for enhanced peptidoglycan synthesis (section 2.1).
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Kuroda ef af. (2000} postulated that increased activity could be through the inactivation of

a repressor but more detailed studies are required.””

The level of methicillin resistance reported for some strains of VISA is reduced in
comparison 1o those of MRSAZY  Full methicillin resistance is thought to requirc a
functional agr regulatory system and fem gences, both of which are absent from agr-nzdl
strains. Several VISA have been described that have a defective agr locus and as a result

display reduced methicillin resistance.’”

1.6  The Effects of Sub-Inhibitory Conecentrations of Antibiotics on Gram-

Positive Bacteria

The concentrations at which antimicrobial agents are tested against strains of bacteria can
be classified into four categories; the mininmun antibiotic concentration (MAC), mininum
bactericidal concentration (MBC), minimum inhibitory concentration (MIC), and the post-
antibiotic effect (PAE). The effects of antibiotics at concentrations lower that that which

inhibits growth is termed the sub-minimal inhibitory concentration {sub-MIC).

The etfect that antimicrobial agents have i vive is dependent upon the concentration they
reach within the host. The ¢ifects obscrved at concentrations greater than the MIC are
vastly different from thosc scen at sub-inhibitory concentrations. At the MAC and sub-
MIC, changes in bacterial cell morphology, growth, adherence and protein expression are
often encountered and the study of these effects is important due to the presence of such

concentrations during antimicrobial therapy.'>'2!1312

The range of sub-MIC’s at which an
antibiotic is active is highly variable. For example, penicillin will induce morphological
changes at '/;g MIC whereas cephaloridine is only active up to /3 of the MIC."*! In
addition, the effects induced by a particular antibiotic may not be the same as those
induced by all antibiotics of the same group of the same bacterial species, and antibiotic
effects may be dilferent between bacterial species due to variations in the bacterial

target."!

Numerous aathors have demonstrated the activity of antibiotics at sub-MIC levels on both

Gram-negative and Gram-positive bacteria in vifro. Examination of the morphological
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structure of bacteria by electron microscopy has revealed changes in the bacterial cell wall
structure induced by both inhibitors of the cell wall and of protein synthesis. The stages of
peptidoglycan synthesis take place at numerous sites on the cell wall, some of which are
linked to the extension of the cell wall and are susceptible to protein synthesis inhibifors.
Other sites that are related to ccll wall thickening are independent of protein synthesis,
thus protein synthesis antibiotics are capable of inhibiting cell wall extension but cell wall

thickcning continucs resulting in expression of thickened cell walls.™!

Alterations of the bacterial cell surface can interfere with adherence to and colomisation of
host cells. An increase in the rcleasc of preformed adhesin, suppression of adhesin
formation and expression, and the induced formation of defective adhesins can all result

from exposure to sub-MIC antibiotics. ™'

Numerous authors have demonstrated the ability of sub-inhibitory concentrations of
antibiotics to affect the expression of wvirulence factors, and susceptibility to
opsonophagocytosis. The expression of surface bound and extracellular proteins can be
inhibited or enhanced by protein synthesis inhibitors depending upon the protein in
question and the antibiotic. As reported with cellular morphology, antibiotic groups other
than protcin synthesis inhibitors can alter protein expression. The interaction of antibiotics
with phagoeytic cells of the immune system is also variable and can occur directly or
indirectly through their effects on phagocytic cell function or the effects exerted upon the
infcoting bacterium respectively. An example of the latter is shown by the enhancement of
opsonophagocytic uptake and oxidative metabolism in S.aureuws and S.pyogenes by
clindamyein, "> 120 128238350L352 Ty increased levels of phagocytosis have been linked to the
reduced expression of surface proteins that provide antiphagocylic protection such as,

120,128,352

protein A and M protein, or those that promote adhesion to surfaces. Some

contradictory reports have been published where no significant alteration in phagocytosis

has been observed **4*?

Table 8 summarises the effects of sub-MIC antibiotic concentrations on cellular

morphology, adherence and virulence factor expression by staphylococci.

44



(4 + V.L4) g pue y suIxoj aA1e1joyx3 ‘(|- LSS.L) UIX0] SWOIPUAS JOO0US JIX0 | :SUOHRIAAIQQY ‘192020[Aydels UO SOLOIQIUR JO SUOLRIUIUOD AI0NQIYUI-GNS JO S1O3JJ3 Y '8 d|qeL

ase|ngeod
11£°68 ‘asedi| ‘uisAjowary-eydje jo uoniqIyu] sauljoAdena |,
1€1 [[BM [[29 pa1aAke] ‘paudydIy L PIoIUAS
1€ v udj0ad uo 109532
‘99z'spz's6l | O Ing Aanoe uisKjowaey-gydje saoueyuy utj[oryow
uoissaidxa asedi] pue ‘uisAjowaey-¢g pue
-0 ‘y urdjoud ‘gqs ‘YAS paonpal ‘AjAnoe
VLT TELT6 uisAjowaey pue ase[ndeod Jo uonIqIyu] UOISaYpE paonpay pijozauij
9I€ uoissardxa y urajord
TIEC8T99T PUE UIX0JOJA)US UO J3JJd OU UISA[OURY Burpuiq uo3UOIqL Pasealou]
‘S61621°26 -eydje uo 103)J2 ou pue ANANOE paduByuY 2OUAIAYPE SHQIYU] sisAjone jo uoniqiyuil ‘uvonedaidsy sopndadoak|n
Ly 1931J2 ON uroAwojdep
v uajoxd
ZIETIE68 ‘ase[n3eod ‘ursAjowary Jo uonIqIyu| ‘Buipuiq undauoIqLy pAINPaY josruaydweoyd
aseulj[iotuad ‘y urdjoid
WETULTE L rpnjjeornxa sasealour ‘uorssaidxa g+v 19 UOIBULIO)
P0£'992°0€T | pue [-]SSL ‘Urxojoiaqua ‘y urdjoid punoq unoauoIqly 03 Jurpulq pasealdap [[BM SSOIO [BNP ‘PIUIIY] ‘S[[BM
LTISTILI 1120 ‘ase[n3e0d ‘ursAjowaey Jo uonIqIyul | ‘UONBSIUO[OD PUB JJUIIYPE PAONPAY |19 PAU2OIY) PUB JZIS |99 PISBAIOU]
3ZIS [|99 paseaoul
[483%.74 uoIisaype paseaou| ‘eydas pauayory ‘syem ssod ajdiynuw
‘99z'0zz'1c1 | uoIssa1dxa [-1SS 1 ‘uisA[owaey-n asealou] ‘Burpuiq unoauoiqly pasearou] | jo uoneuuoj sisA| wnydas jo uoniqryuy swrejoe|-g
810398, UINIIA RUAYPY AsojoqdIol 1P yuasy
NUAIYIY S199H DIN-9nS [Elqomrmyuy

45




1.7 The Immune System

The defence mechanisms cmployed by a healthy individual normally provide a harmless
relationship between host and bacteria. 'The naturai protective properties of the skin and
antimucrobial substances secreted in sweat and internal secretions such as mucus and tears
provide a highly resistant barrier {o invading organisms, The development of an infection
and progression to cause disease is usually related o a breach in the skin and/or the
impaitment of the host’s delence mechanisms allowing opportunistic bacteria to become

pathogens.

The hwman immune system can be divided into two parts: innate and acquired immunity.
The innate immune system is present in individuals from birth and provides non-specific
defence to an array of foreign bodies. The acquired immune sysiem on the other hand
relies on the exposure to foreign bodics to stimulate the proliferation of lymphocyte cells

cxpressing specific reeeplors to the antigen(s) that stimulated their synthesis.
1.7.1 Cells of the immnune system

Both innate and acquired immune sysiems exploit differentiated stem cells albeit for

different purposcs (Figure 10).%!

The two main groups of phagocytic cells are the polymorphonuclear leucocytes (PMNL)
and mononuclear phagocytes of the innate immune system. The neutrophils are the most
abundant and efficient phagocytic cell circulating in the bloodstream, and entering tissucs
in responsc to infection or injury. Mononuclear cells (monocytes) can further differeniiate
into macrophages within tissues and adhere to surfaces. The cells of the acquired immune
system are derived from different precuwrsors to form antigen-specific B- and T-

lymphocytes.
Recruitment of phagocylic cells to a site of infection is mediated by the release of

chemotactic factors such as the complement component C5a, histamine and cytokines

from other phagocytic cells,
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Figure 10. Cells of the immune system. From Weir and Stewart.*"'

1.7.2 Phagocytosis

In the presence of a foreign body within the host, for example a bacterium, stimulates
circulating phagocytes to release cytokines that stimulate the release of other proteins
including fibrinogen and C-reactive protein that bind to the microbial cell walls thus
activating the classical complement pathway (Figure 11). Major features of the innate
immune system are the serum components of the alternative and classical complement
pathways which are initiated by different stimuli. Antibody-microbe immune complexes
activate the classical pathway whereas the alternative pathway continually generates the

component C3b that is inactivated unless it is attached to a foreign body. Component C3b
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deposited on the surface of a bacterial cell opsoniscs the cell as well as triggering a
cascade of events leading to the formation of a membrane attack complex (MAC) causing

cell membrane damage and lysis of some bacteria.

Phagocytic cells carry receptors for component C3b facilitating the attachment of
complement-coated microbes.” Complement opsonisation of bacteria through the classical
complement pathway is required for optimal attachment and phagocytosis, opsonisation by

the alternate pathway occurring at a slower rate.'“**

Opsonisation of bacteria increases bacterial surface hydrophobicity whilst decreasing
surface charge, reducing the repulsion [orccs between bacterium and phagocyte.
Attachment of a bactcrial cell to a phagocyte stimulates the polymerisation of actin and
microfilaments within the phagocyte to form a membrane bound phagosome around the
bacterium.’ Within the phagocyte, the phagolysosomes fuse with intracellular lysosomes
containing microbicidal enzymes and molecules produced by respiratory burst that are

capable of killing the ingested organism.,

The process of phagocytosis increases the oxygen consumption of the phagocytic cells
increasing the ccli’s respiratory burst. I'mhanced enzymatic activity of NADPH / NADH
oxidase, and the enzymes superoxide dismutase and myeloperoxidase convert oxygen to
bactericidal oxygen species such as superoxide anion {Q;), H,O,, singlet oxygen and
hydroxyl radicals. Damage to the microbial cell wall and cell death occurs as a resuit of

exposure to these oxygen derivatives, 214719
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CLASSICAL ALTERNATIVE
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Figure 11. Complement activation.
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1.7.3 Resistance to phagocytosis

Many bacterial species have developed cell surface or secreted proteins that can protect the
cell from phagocytosis. The most common mechanism of resistance is the expression of a
polysaccharide capsule. Polysacchartde capsules can prevent the binding of complement
components (o bacterial cell walls or inhibit the binding of phagocytes to bound opsonins

for example, the highly capsuiated S.preumoniae,

S.aurens produces a surface protein, protein A.  As mentioned previously in section
1.2.1.2, prolein A binds to the Fc portion of IgGG. The release of cell firee protein A
prevents the attachment of IgG to surface bound antigens and subsequently to phagocyte
receptors. The clotting factor coagulase converts tibrinogen to fibrin to form a fibrin nct

around the bacterimn inhibiting phagocytic ingestion,

In some instances species of bacteria do nol inhibit ingestion, but once ingested relcase
agents that render them resistant to the bactericidal actions of the lysosome, for example
Salmonella Typhimurium Vi antigen, Mycobacteria and Legionella  pneumophila
cytotoxin, and catalase from S.aureus and Listeria monocytogenes. Intracellular pathogens
such as E.ceoli and Salmonella Typhimurium can survive wilthin phagocyles retaining

structural and functional integrity, but lose the ability to multiply.™"

The action of antimicrobial agents can also influence a bacterial strain’s resistance to
phagocytosis. Dmg-damaged bacieria display altered characteristics that change the way
in which phagocytcs perceive them through altered antigen expression reducing the
activation of phagocytic cells and antibody response, altered yields of exotoxins that act
upon PMN function, abnormal cell morphology, and loss or exposure of surface antigens

involved in opsonisation and attachment.'*°
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CHAPTER TWO

Comparison of the Morphology and Physiology of Strains
of Sraphylococcus aureus with Increased Resistance to

Vancomycin



2.1 INTRODUCTION

The structure and composition of the bacterial cell wall 1s mfluenced by an organism’s
external environment in order to provide sufficient cell integrity. The composition of the
bacterial cell wall is not uniform for all species, but can be grouped into two main
categories: Gram-positive and Gram-negative species, depending upon their reaction to the
Gram’s stain. As Gram-positive bacteria are the focus of this study, only the Gram-

positive cell wall structure will be discussed.

The ccll wall of Gram-positive bacteria is composed of two layers, a cytoplasmic
membrane and a thick (15-80nm) lattice like layer of peptidoglycan and teichoic acids.
The main constituent, peptidoglycan is unique to prokaryotes and highly conserved
between bacterial species. The ability to withstand extreme environmental pressures can
be attributed to cross-linkage of peptidoglycan layers via pentaglycine bridges. The
structure of the peptidoglycan layer comprises two alternating sugar derivatives N-
acetylglucosamine (GleNAc) and N-acetylmuramic acid (MurNAc) linked by very strong
glycosidic $-1,4 bonds, and thc amino actds L-alanine, D-alanine, D-glutamic acid, and

lysine forming glycan pentapeptides.

Biosynthesis of the peptidoglycan layer is a growth phase dependent process involving two
metabolic pathways: The Embden-Meyerhof (EMP) pathway and one that mvolves the
uptake of GIcNAc from the enviromment (Figure 12). In general, the process involves
three precise stages: Stage one: MurNac-pentapaptide is formed in the cytoplasm by
soluble enzymes. At the cytoplasmic membrane the nucleotide becomes bound to
recyclable lipid carriers, uridine diphosphate and undecaprenoliphosphate (bactoprenol),
that provide molecules with sufficient hydrophobicity for passage across the membrane
prior to insertion into the cell wall, Here GlcNAc and a pentaglycine bridge arc bound to
MurNAg (stage two). The final stage involves cross linkage of new molecules into the pre-
existing peptidoglycan network via the transpeptidation reaction. Ultimately the enzyme
autolysin precisely cuts 31,4 bonds and new peptidoglycan segments simultaneousty insert
into the existing glycan backbone. Cross links are forimed by removal of the terminal D-
alanine group from the new molecule enabling cross linkage with pentaglycine bridges of

adjacent glycan chains.
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Other important components of the cell wall include teichoic acids, lipoteichoic acids, and
protein A. External to the cell wall some bacterial species synthesise layers of
glycoproteins and polysaccharides termed the glycocalyx. Together with protein A, the
glycocalyx is believed to play a role in attachment, phagocytic evasion and resistance to
dessication whereas the teichoic acids are partially responsible for a cell’s negative charge

and putatively facilitate the passage of ions across the membrane (Figure 13).

<4— Glycocalyx

Wall-associated

Teichoic acid / e \

g Lipoteichoic acid

Peptidoglycan

Cytoplasmic
membrane

Figure 13. Gram-positive cell wall structure. Adapted from Brock™”.

The cell wall composition of several strains displaying increased glycopeptide resistance
including the VISA strains Mu3 and MuS50. and to a lesser extent the 5836 and 5827 has

. . . 9,150,242,314
been intensively studied.'*?'30-24231

The following characteristics of increased cell wall
thickness, increased glutamine-non-aminated muropeptides and incorporation of GlcNac
and UDP-N-acetyl-muramylpentapeptides within the cell wall, raised PBP2 and PBP2’
expression, decreased cross linkage of peptidoglycan and, elevated or reduced autolytic
activity have all been reported from strains of VISA. None of these characteristics are

uniformly present in all VISA strains indicating two or more mechanisms of resistance



(Hiramatsu 2002 persenal communication). 1n Mu50 and Mu3 incorporation of GleNAc
from the environment is enhanced. However, Mu50 and to a much lesser extent Mu3 also
utilise glucose and glutamine more efficiently through enhanced gimsS activity thus
presenting a plausible explanation for the differences observed in cell wall thickness
between the two clonal strains.”>™"’ The increased gimS activity exerts an increased
requirement [or glutamine that may not be met. Glutamine deficiency has been shown in
femC mutants to cause increased nonaminated muropeptides within the cell walls as seen

in Musp, 78146

For this study we employed (lransmission electron microscopy (THM) to examine
morphological changes in several strains of Sawreus exposed to sub-inhibitory

concentrations of antibiotics

2.2 MATERIALS AND METHODS

2.2,1 Bacterial Strains

Staphylococcus aureus strain Cowan (NCTC 8520) was kindly provided by Prof C. G.
Gemmell (Glasgow Royal Infirmary, Glasgow) and strains 3700w, 3759v, 5827, 5830,
Mu3 and Mu50 by Dr D. Morrison (MRSA Refcrence Laboratory, Stobhill Hospital,
Glasgow). Each strain was stored on protect beads at —=70°C and cultured on Columbia
blood agar {CBA, Appendix 1) at 37°C prior to use (Oxoid), Strains 3700w and 3759v are
clijeal isolates from Glasgow Royal Infirmary (1999) with intermediate resistance (o
vancomycin (VISA).'®* Strains 5827 and 5836 are clinical VISA isolates [rom Michigan
and New Jersey respectively. "™ Mus0, an intermediate vancomycin resistant strain and
its hetero-vancomycin resistant precursor strain Mu3, were isolated in Japan by Hiramatsu
in 1997.'%"  Strains were periodically characterised by PFGE and phage typing at the
MRSA Reference Laboratory, Stobhill Hospital (Appeadix 2).

2.2.2 Preparation of Bacleria

Bacterta taken from protect beads were transferred on to CBA plates and sub-cultured for
single colonies on three consecutive days before use and every week thereafter for a

maxiimun of three weeks.
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2.2.3 Preparation of Antimicrobial Agents

Antimicrobial agents used were obtained in their white powder form from their
manufacturers: cefpirome (CEF, Roussel Uclaf, Paris, France), daptomycin {DAP, Cubist,
Cambridge, Massachusetts, USA), linezolid (LZD, Pharmacia, Kalamazoo, Michigan,
USA) and Synercid (SYN, Rhéne-Poulenc Rorer, Paris, France). Agents were dissolved in
sterile distilled water to the required concentrations using ecstimated potencies of

1000ug/ml. Stocks were stored at ~70°C until use and discarded after three months.

2.2.4 Minimum Inhibitory Concentration — Based on NCCLS Methodology

MHB was dispensed in 100ul volumes in a 96 well microtitre plate. One hundred
microliters of the antimicrobial agents, at x2 the required concentration, was added to
column 1 and diluted 1.2 along each row except column 12 {growth control). The bactcria
were adjusted to McFarland turbidity standard 0.5 throungh direct broth suspension of
1solated colonics from a CBA plate. This was further diluted 1:10 in MHB and 5ul added
to each well of the microtitre plate (final inoculum 5x10°cfu/ml). Plates were incubated
overnight at 37°C. Broth used for daptomycin MIC determination and all subsequent
experiments was supplemented with 10mg/m! Ca™ (final concentration) as per the
manufacturer’s instructions. Ior vancomyecin MIC determination, additional Etest strips
were used: 100p] of the bacterial suspension prepared as above was plated on to a fresh
CBA plate onto which an Etest sirip was aseptically placed. Plates were incubated as

above. MIC’s were carried out in triplicate.

2.2.5 Growth eurve

Each strain (five single colonies from a 24hour old CBA plate) was inoculated in to 10ml
of fresh MHB containing no drug, %2 MIC and % MIC of the desired anubiotic. Cultures
were immediately vortexed and an ODgohm reading of each suspension taken using a
CE272 linear readout ultraviolet spectrophotometer (Cecil Instruments, Cambridge,
England). Each suspension was incubated for up to 24hrs al 37°C in a shaking incubator
(150rpim) with ODgonm readings being taken cvery hour. Samples were vortexed prior to

each reading. Lach experiment was carried out in duplicate.
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2.2.6 Electron Microscopy

Overnight cultures (16hrs) of selected strains were prepared in MHB containing no drug
and ¥2 MIC of cach antibiotic then centrifuged in a IEC Centra-4x centrifuge (International
Equipment Company, Dunstable, England) at 3000rpm for 15mins. Ccll culturc
supernatants were discarded and the cell pellet fixed in 500ul 2.5% PBS-glutaraldehyde
overnight at 4°C. [xcess glutaraldehyde was discarded and the cells washed thrice in PBS.
Pellets were saturated with 1% osmium (etroxide (OsOy) for 1-3hrs and washed a further
three times with PBS. Increasing concentrations of cthanol (30%, 50%, 70%, 90% and
several changes of 100%) were used to dehydrate the samples before being left overnight
in Bpoxy resin (Epon 812). Samples were transferred into fresh Epoxy resin and left for a
further 1-2 days at room temperature. Polymerisation was carried out at 68°C over a
period of 2-3 days alier which thin sections, 60-70 nm thick, were cut. FEach section was
stained and counterstained with uranyl actetate (UrAc) and lead cilrate respectively.
Examination of the sections was under a JEOL JEN 1200LxI Iilectron Microscope with
LaBg filament. Sample preparation post fixation in PBS-giutaraldehyde was carried out by

Jim Aitken, Depariment of Virology, University of Glasgow, Glasgow, UK.

2.3 RESULTS

2.3.1 Determination of Minimum Inhibitory Concentration

To achieve an accurate estimate of the minimum inhibitory concentration a range of
concentrations were used, the same range being used for each antibiotic. The MIC was

taken as the lowest concentration that inhibited growth (Table 9).
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“broth. broth
Cowan (NCTC 8520) 1.56 0.39 0.19 0.125 0.78 2
3700w 0.78 8 0.125 0.78 3 6
3759v 0.78 25 0.5 0.39 3 6
5827 0.78 6.25 0.125 0.78 3 12
5836 0.39 4 0.125 0.39 3 8
Mu3 1.56 6.25 0.39 0.39 1 2
Mu50 1.56 8 0.39 0.39 1.56 8
EMRSA 16 1.56 32 0.5 0.195 0.39 1.25

Table 9. Minimum inhibitory concentrations (pg/ml) of bacterial strains to various antibiotics

The differences in vancomycin MIC values between the broth micro-dilution assay and the
Etest were not expected but can may be explained by the reduced surface area available to

vancomycin on the CBA plate and easier detection of hetero-resistant colonies.

2.3.2 Growth curves in the presence of sub-inhibitory concentrations of antibiotics

Growth in the presence of antibiotics was determined by optical density readings over a
24hour period. Figures 14-21 show the growth of each strain in broth only and in the
presence of 2 and Y4 MIC linezolid, cefpirome, synercid and daptomycin. Each strain
used was affected to different degrees by the addition of sub-inhibitory concentrations of

antibiotics.

Sub-MIC cefpirome was shown to cause a reduction in optical density of S.aureus Cowan
during the first hour of exposure after which exponential growth ensued but remained less
than optimal. Severe disruption to the growth pattern of 3700w and 3759v was apparent.
One half MIC exerted bacteristatic properties for 8 and 4 hrs respectively with growth not
exceeding a 1.5fold increase in optical density. Exponential growth then proceeded with
24hr readings similar to that of the no drug control. One quarter MIC was also bacteristatic
towards both of these strains but to a lesser extent. Strains 5827 and Mu50 displayed

marginally restricted growth at both sub-MIC’s of cefpirome whereas slightly increased
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growth was observed with strain 5836. Mu3 appeared unaffected by exposure to

cetpirome.

Linczolid exposure producced relatively consistent growth characteristics between each of
the strains tested. Reduced growth rates were noted in strains of Cowan, 3759v, Mu3,
Mu50 and E16 at % and ¥4 MIC, and against 3700w at 2 MIC only. Indeed linezolid was
the most effective growth inhibitor of Cowan, Mu3 and MuS50. The growth pattern of
5827 was not shown to be affected whercas a marginal increase in the growth of 5836

compared to the no drug control was evident.

Synercid (2 MIC) exerted bacteristatic properties on S.auwrews Cowan 1o the same degree
as Y2 MIC linezolid whercas ¥ MIC synercid exposed cultures were only slightly inhibited.
Both concentrations were bacteristatic towards cultures of 3700w resulting in a reduced
growth rate with cell densily increasing by only half a log by Shrs. Recovery of these cells
by 24hrs did not take place. VISA 3579v was also inhibited by both ¥ and Y4 MIC
synercid with a 3fold reduction in optical density of Y2 MIC treated cells after 8hrs.
Synercid was the only antibiotic tested to inhibit growth of strain 5836. Exponential
growth proceeded during the initial 3hrs of growth after which the gencration time of the
cells was rapidly depressed only increasing 2fold by 8hrs. Bacteristatic growth conditions
were observed with E16 at both % and Y2 MIC synercid and was the most effective
antibiotic against this strain also. Marginal inhibition of strain 5827 and no effect on Mu3

and Mu30 was detected.

The only strain to be seriously inhibited by exposure to daptomycin was VISA 3759v
which displayed bacteristatic growth for 5-6hrs after which time exponential growth
occurred resulting in cell densities comparable to the no drug control after 24hrs. S.awreus
Cowan was also slightly inhibited by 2 MIC daptomycin but not at ¥4 MIC. With 3700w,
Y2 MIC a slight cnhancement ot growth of noticeable whereas 4 MIC daptomycin slightly
reduced growth, these differences were negligible by 6hrs. The remaining strains E16,
5827, 5836, Mu3 and Mu30 showed very little response 10 daptomycin exposure although
Mu50, 5836 displayed a slight enhancement of growth.

Although measurement of growth by optical density is highly valuable in the determination

of a bacterial strain’s ability to divide in the prescence of sub-inhibitory concentrations of
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antibiotic, it does not provide us with details regarding the state of the cells, for example,

cell size or clumping,
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Figure 14. Growth of S.qureus Cowan in the absence and presence of sub-inhibitory concentrations of
antibiotics
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Figure 15. Growth of EMRSA-16 in the absence and presence of sub-inhibitory concentrations of antibiotics

61



10

ODg,;nm

0.1

0.01

0 1 2 3 4 5 6 7 8 24

Time (hours)

—8—Nodrug -—®—12LZD —®—1/41LZD —%—1/2CEF —¢—1/4 CEF
—¥—1/2 SYN —%—1/4SYN 1/2 DAP —&— 1/4 DAP

Figure 16. Growth of VISA 3700w in the absence and presence of sub-inhibitory concentrations of
antibiotics
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Figure 17. Growth of VISA 3759v in the absence and presence of sub-inhibitory concentrations of antibiotics
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Figure 18. Growth of VISA 5827 in the absence and presence of sub-inhibitory concentrations of antibiotics
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Figure 19. Growth of VISA 5836 in the absence and presence of sub-inhibitory concentrations of antibiotics
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Figure 20. Growth of VISA Mu3 in the absence and presence of sub-inhibitory concentrations of antibiotics
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Figure 21. Growth of VISA Mu50 in the absence and presence of sub-inhibitory concentrations of antibiotics
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2.3.3 Electron Microscopy Studies of Microbial Cell Walls and Cell Surface

Material

Sections of cell preparations were observed through an electron microscope at a
magnification of x40000. Random fields of view were chosen and digital images taken of
typical and atypical cell formations at a magnification of x100000. The key feature of this
exercise was to examine cell wall structure, alterations in cell morphology and the
presence of any surface material. We found that cell size and the extent of cell division
among cultures varied between strains (Table 10) and between drug treated cells of the
same strain (Table 11). Bacterial cultures grown in unsupplemented MHB all showed
typical growth characteristics with many cells undergoing cell division. Cell wall
associated material, which is assumed capsular material or slime, was not observed in all
strains and was not reproducible. Loss of loosely associated slime layers may have

occurred during handling of cell cultures prior to fixation in PBS-glutaraldehyde.

Cowan

E16

3759v

5836

Mu3

Mu5S0

245+43

28.1+23

275+34

51.2+74+

309+83

27.8+38

Table 10. Comparison of cell wall thickness between strains of S.aureus. Statistical analysis compares strains
with MSSA Cowan. Readings represent mean +/- standard deviation, * = pvalue <0.05.

Table 11 shows the variation in cell wall thickness associated with antibiotic treatment and
the presence of cell wall material. Cell wall thickness was calculated using a conversion
grid where Imm # 6.6128 nm. Mean values and standard deviations were calculated by a
two sample T-test using a Minitab statistical package. Figures 22 and 23 illustrate the
effects antibiotics have on the morphology of individual cells. The electron microscope
images presented here are representative of the majority of cells present in a section.
Photographs at a final magnification of x60000 showing a wider spectrum of cells are

available upon request.
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v MIC LZD

¥ MIC CEF

v, MIC DAP

No Drug % MIC SYN
Cowan 245+43 31453 26.4+6.6 32257 254+96
E16 28.1+23 444 +54* 33.9+42 59.5 £ 6.6* 339+42
3759v 275 +£34 3144 3425 3935+6.7* 18219
5836 5122474 36 +4* 512323 53+2.1 27.8+3.8*
Mu3 30.9+83 70.5:%8,3* 56.2+152% | 39.7+£0.01* 3425
Mu50 27.8+3.8 86 +9.3* 8257 65 +£9.5% 2641+6.6

Table 11. Alteration of cell wall thickness of strains of S.aureus exposed to 2 MIC linezolid (LZD),
cefpirome (CEF), synercid (SYN) and daptomycin (DAP). Readings represent mean +/- standard deviation, *
= pvalue <0.05.

Exposure to 2 MIC linezolid significantly increased the cell wall thickness of strains E16,
Mu3 and Mu50 (pvalue <0.05). The largest increases were noticed in strains Mu3 (128%)
and Mu50 (209%). The cell walls of Mu3 also gave an uneven ‘moth eaten’ appearance.
In contrast, strain 5836 developed significantly thinner cell walls in response to linezolid.
S.aureus Cowan and 3759v were not affected. In addition to thickened cell walls, Mu50
displayed abnormal cell growth characteristics in response to 2 MIC cefpirome. Many of
the cells were devoid of cytoplasmic material and appeared to have burst; a similar
phenomenon was observed with the same strain grown in the presence of 2 MIC synercid.
The increase in cell wall thickness observed in MuS0 was very similar to that of Mu3
exposed to 2 MIC cefpirome but the differences were found not to be significant and
significant respectively. Only two images of Mu50 were suitable to take cell wall readings
from (76.05 and 39.68) resulting in a high standard deviation. Nevertheless, both of these
measurements are substantially higher than that of the control strain in the absence of
antibiotic. Strain Mu3 also appeared to be smaller in comparison to the untreated culture.
The other strains grown in 2 MIC cefpirome displayed normal cell walls and cell size

although septum formation in strain 5836 was slightly deranged.

Synercid produced variable effects on different strains; the strain most affected at 2 MIC
levels was 5836. This strain did not show an altered thickness but had ‘moth eaten’ cell
walls and the majority of cells were seen to be dividing in multiple planes and ‘sticking
together’. Multiple septum formation was also observed in strain 3759v in addition to a

thickened cell wall, whilst E16 displayed thickened ‘moth eaten’ cell walls but normal cell
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division. Mu3 again grew with a thicker cell wall whilst S.aurens Cowan remained
unaffected.  Only two strains, 3759v and 5836, displayed altered cell morphology in
response to Y2 MIC daptomycin. Both strains possessed significantly thinner cell walls

(pvalue <0.05) but, cell size and division were not altered.
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24  DISCUSSION

The activity of antibiotics on bacterial growth and cell morphology has been studied
intensively in recent years, mainly with the B-lactams. At sub-inhibitory concentrations,
antibiotics can cause a range of effects that are not unique to any individual agent. Such
effects include: prolonged lag phase, reduction in rate of exponential growth, reduced
population size reaching stationary phase, the prevention of cross-wall lormation and/or
cell wall division without any effect on viability or rate of ccll growth, abnormal cell size

7 i ¥ - aa s . .
HTLI2929329% The Minimum antibiotic concentration

and multiple thickened ceil walls,
(MAC) according to Gemumell and Lorian is the ‘minimum quantity of antimicrobial agent
ncoessary (0 inducc alteration in bacterial structure, as seen by electron microscopy, and/or

growth producing one-log decrease in cell numbers compared to the control’.”

Recently, interest has developed in the ccll wall morphology of VISA strains as a possible
mechanism for increased vancomycin resistance. Strain Mu50 (MIC=8g/ml) has been
reported to possess a cell wall twice as thick as that of the average staphylococcal cell
wall, including its related strain Mu3, which was similar to sensitive strains.”™"" The
results presented in Figure 23 show that the cell wall of Mu3 is marginally thicker than that
of Mu50 and that although both have thicker walls than MSSA Cowan it is not significant.
MHRB was used as our growth medium however Hiramatsu (2002 personal communication)
recommends the usc of BHI for the optimum expression of cell wall thickness to be
achieved through full use of the EMP-gim¥ pathway in peptidoglycan biosynthesis as
detailed in this chapiers introduction. This is supported by Cui ef al. (2000) who found
that media containing ccll wall component amino acids, and glucose was better for
supporting vancomycin resistance in VISA although they did not [ind the cell walls of Mu3
and Mu50 to be vastly different either.”® Measurements of 26.17 + 2.17nm and 31.88 +
1.56nm respectively were reported which are sitmilar to our measurements of 30.9 - 8 3nm
and 27.8 £ 3.8nm (Mu3 and Mu5() in MHB. Studies of VISA cell walls have found a

degree of variation between research gro ups,m’79

In our determination of the minimwm inhibitory concentration (MIC) we used broth micro-
dilution assays with MITB for all antimicrobial agents. [t was noticed that by this method
the vancomycin MIC values were less than those expected for all VISA. strains. The use of

Ei-test strips however increased the level of rcsistance range to between 2pg/ml and
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2pg/ml.  The use of MHB in the micro-dilution assays and in the above electron
microscopy experiments may not be providing the strains with adequate nutrients for full
resistance to be expressed but as vancomycein is not being used here as an investigational

drug this discrepancy is not ol major imporiance.

Upon examination of sections under TEM we discovered no consistent effects of an
antimicrobial agent on all of the strains tested. In general, exposure to ¥ MIC linezolid,
cefpirome and synercid resulted in incrcascd cell wall thickness although some strains
displayed no such increase. ‘The finding that tug/ml linezolid caused no morphological
alterations of GISA were reported by Grif ef af. (2001) however in this instance whole

2

cells were being examined not scctions.'™ In contrast to this, cell walls were reduced
upon exposure to ¥ MIC daptomycin, an expected ouicome due to the drug’s ability to
affect biosynthesis and assembly of peplidoglycan. An interesting observation regarding
Mu50 trcated with ¥ MIC synercid was that the majority of cells were devoid of
cytoplasmic material and that Y2 MIC cefpirome caused granulation of the cytoplasm. This
phenomenon was also reported in S.aurcus associated with bone infections, and has been

attributed to phenotypic modification in response to a changing enviromment.”’

In relation to growth, again there was no uniform outcome by a particular drug. However
there is a sirong correlation beiween reduced growth rate and increased cell walls
irrespective of the antibiotic involved. Strains 3759v and E16 cxposcd to 2 MIC synercid,
and strains E16, Mu3 and Mu50 exposed to 2 MIC linezolid are good examples of this.
Increased energy consumption involved in increased peptidoglycan synthesis may be a key
factor to these [indings (Hiramatsu 2002; personal communication). The reverse of this
may also be true in the finding of reduced cell wall thickness and accelerated cell growth
with strain 5836 exposed to ¥z MIC linezolid. Out of all the strains studied, strains 3700w
and 3759v were the only strains where growth was inhibited by Y2 MIC cefpirome.
However, re-growth occurred by 24hrs and after 4 hrs respectively suggesting low-level
hetero-resistance withio the populations as evidenced by the normal appearance of the cell
wall of 3759v at 16hrs. In contrast, strain 3700w exposed to ¥z and ¥ MIC synercid did
not recover by 24hrs suggesting complete inhibition of growth by synercid at these

concentrations, the production of an inhibitory protein or possible depletion of nutrients.
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CHAPTER THREE

The Lffects of Antimicrobial Agents on the Expression of

Virulence Factors and mRNA Transcription



3.1 INTRODUCTION

The production of viruicnce factors within a host serves to aid survival of the fittest. The
production of such factors in an infection process contributes to microbial pathogenicity
through their interactions with host-defence mechanisms, ability to facilitate establishment

of an ecological niche and their direct, potentially lethal efTects on host tissues.

Here we consider proteins that are considered virulence factors of S.aureus, some of which
are secreted, attached to the bacterial cell wall, or both. Imrespective of their final
destination transcription of all of these factors is believed to be regulated by the global
regulatory system agr. As discussed in section 1.3, cell wall associated proteins arc
transcribed during the exponential growth phase when the agr locus is being repressed. In
response to an autoinducing peptide the ogr system is activated stimulating the
transcription of extracellular protein genes. Two cell-associated proteins have been
chosen: clumping factor and protein A, and two extracellular proteins or toxins: Toxic
shock syndrome toxin (TSST-1) and alpha-haemolysin (x-toxin). In addition, the

expression of free coagulase and protein A was also investigated.

For each virulence factor a different culture medium is used provide to optimal conditions
for toxin production although the growth conditions remain constant. For the detection of
toxins we employed enzyme linked immunsorbent assays (ELISA) and biological aclivity
assays both of which provide highly seusitive, reproducible results. We also used a
fluorescence-activated cell sorter (FACS) and fluorescein isothiocyanate (FITC) conjugate
probes to detect CID6Y surface receptors on human Teells, a receptor that is over-expressed
as a resull of Teell stimulation, and therefore an indicator of Teell stimulation by culture
supernatants. The levels of protein A and TSST-1 mRNA at a particular time point are

also investigated using a LightCycler instrument.

3.2 MATERIALS AND METHODS

3.2.1 Bacterial Strains

The bacterial sirains uscd are thosc referred to in section 2.2.1. Additional strains are used

as standards duc to their ability to produce high levels of particular toxins as detailed in
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Table 12. Minimum inhibitory concentrations for the strains mentioned were carried out

as described in section 2.2 4.

S

Prof. T Foster, DublinUversity

mutant

Cowan Protein A positive Prof. C. Gemmell, University of Glasgow
(NCTC 8520) | TSST-1 negative

Wood 46 a-Haemolysin Prof. C. Gemmell, University of Glasgow
(NCTC 7121)

NCTC 6571 Coagulase Glasgow Royal Infirmary Diagnostic Laboratory
NCTC 11963 TSST-1 Prof. C. Gemmell, University of Glasgow
119993 Coagulase negative Glasgow Royal Infirmary Diagnostic Laboratory

(clinical strain) | staphylococcus

Table 12. Standard strains of staphylococci. Abbreviations: Toxic shock syndrome toxin (TSST-1)

3.2.2 Preparation of Antimicrobial Agents

The antibiotics used were cefpirome, daptomycin, linezolid and synercid as previously
described in section 2.2.3. Each antibiotic was freshly prepared to the required
concentration in 10ml volumes except for cultures in Todd Hewitt broth (THB) for a-toxin
detection where 50ml flasks were used. Broth supplemented with 10 mg/ml Ca™ was used
with daptomycin. The minimum inhibitory concentrations of all of the strains in variable
culture medium (section 3.2.3) were tested and were found to be the same as those

achieved in MHB.

3.2.3 Preparation of Bacteria

Cultures of the appropriate bacterial strains were grown for 16hrs in the presence and
absence of 'z and "4 MIC of each antibiotic. The following culture media were used: Brain

Heart Infusion broth (BHI) — clumping factor and coagulase; MHB — Protein A; THB - a-
haemolysin; Tryptone Soya broth (TSB) — TSST-1.
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3.2.4 Preparation of Peripheral blood mononuclear cells (PBMC)

The isolation of peripheral blood mononuclear cells (PBMC) was carried out using
Histopaque 1077 (Sigma, Poole, UK) according to the manufacturer’s instructions. Fresh
whole blood was obtained by venipuncture from bealthy adult voluntcers and carefully
layered in 6m! volumes on top of 6ml of Histopaque 1077 in sterile conical test ubes (Life
Technologics, Paisley, UK). Centrifugation was carried out in an IEC Centra-4x
centrifuge (International Equipment Company, Cambridge, UK) at 1900rpm for 30mins.
Mononuclear cells were present in an opaque layer below the plasma layer. This layer was
removed using a sterile pasteur pipette and washed with RPMI/10% Foetal Calf Serum
(FCS) for 15mins at 1800rpm. The washed cells were pooled, counted in a
haemocytometer and adjusted to a concentration of 2x10° PMBC/m1 with RPMI/10%FCS.

3.2.5 Maintenance of Jurkat Tissee Culture Cetl Line

Jurkat tissue culturc cell lines were donated by the University of Glasgow Department of
Medicine, Glasgow Royal Infirmary, Glasgow. Maintenance of the Jurkat cell line
required supplementation with fresh RPMI tissue culture medinm twice weekly. Cells
were centrifuged at 13000rpm for 10mins then handled under strict sterile conditions in a
taminar flow cabinet. Spent culture medium was discarded and the cell pellet resuspended
in 2mi of fresh culture medium. The cell suspension was transferred into a vented flask
and made up to 40ml with fresh supplemented RPMI medium (Appendix 1). Jurkat cells

were incubated at 37°C in Lhe presence of 5%CQO; for 3 days before being fed again.

3.2.6 Polymerase Chain Reaction (PCR)

Bacterial DNA [rom sample and PCR control strains (Table 13) was extracted by
incubating colonies with 100l NET buffer (Appendix 1) and 10ul achromopeptidase
(10units/ul) for 15Smins at 50°C. The PCR reaction was carried out using ready~to-go PCR
beads (Amersham) to which 19ul PCR waiter (Sigma), 2l of forward and reverse test
primers mix (MWG, Appendix 2}, 21 of DNA positive control, nuclease or 16S rRNA,
pruner mix (MWG, Appendix 2), and 2pl of lysed cell suspension were added. One
reaction bead was used per primer per strain. Amplification conditions for each primer

were programmed into a Techne Genius thermal cycler (Techne Ltd, Cambridge, UK,
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Appendix 3). Samples were run on a 1.5% agarose gel in x10 TBE buffer (BioWhittaker)
for 115mins at 140 volts. Gels were stained with ethidium bromide (Sigma) and

photographed under ultra violet using a UV transluminator (UVP Ltd, Cambridge, UK)

connected to an Elonex computer system and analysed by ‘Grab-IT’ version 2.53 software.

S.aureus Cowan spa’ protein A Prof. C. Gemmell, University of Glasgow
(NCTC 8520)

NCTC 10657 sea'/seb’ SEA / SEB MRSA Reference Laboratory, Stobhill
NCTC 11963 tst’ /sec’ TSST-1/SEC MRSA Reference Laboratory, Stobhill
NCTC 10656 sed' SED MRSA Reference Laboratory, Stobhill
FRI 326 see’ SEE Public Health Laboratory, London

ETA eta’ Exfoliative toxin A | Public Health Laboratory, London

ETB eth’ Exfoliative toxin B | Public Health Laboratory, London

Wood 46 hly* o-toxin Prof. C. Gemmell, University of Glasgow
(NCTC 7121)

Table 13. PCR standard control strains. Abbreviations: Alpha-toxin (a-toxin); staphylococcal enterotoxin A-
E (SEA-E); toxic shock syndrome toxin (TSST-1)

3.2.7 Detection of Protein A by ELISA

Sixteen hour bacterial cultures in MHB were centrifuged at 3000rpm for 15mins decanting
the culture supernatants into sterile universals. Cell pellets were adjusted to an optical
density, ODgonm = 0.025 (lx107cells/ml) in sterile saline. Immulon 4-HB plates (Dynex)
were coated with 100ul rabbit monoclonal anti-protein A antibody (MAb anti-SpA)
(Sigma, 1:10000) overnight at 4°C. Plates were washed thrice in PBS/0.05% Tween-20
(PBS/T) then blocked for 2hr at 37°C with PBS/0.05%Tween-20/0.01% Bovine serum
albumin (PBS/T/BSA, 200ul). Following washing a further three times in PBS/T plates
were incubated with 100l of purified protein A (Sigma) and samples diluted in PBS/T/1%
normal rabbit serum (NRS), in triplicate, for 2hrs at 37°C. The washing steps were
repeated as before prior to incubation with 100ul Biotinylated MAb anti-SpA (Sigma,
1:40000) for 1hr at 37°C followed by 100ul Streptavidin Alkaline-phosphatase (Sigma,

1:1500) for 1hr at 37°C. A final six washes were carried out before incubation with 100ul
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2Mm p-nitrophenyl phosphate (PNP, Sigma) for 30mins at room temperature. Each plate
was read using a Titertek® Multiscan Plus plate reader MK II (ICN) at 405nm.

Bxperiments were carried out five times.

3.2.8 Immunogold-labelling of Protein A

Sixteen howr culturcs of sclected strains were prepared in MHB only and centrifuged at
3000rpm for 15mins. The cell culture supematant was discarded and the cell pellets were
fixed in 4% PRS-paraformaldehyde for Thr at 4°C. Excess PBS-paraformaldehyde was
discarded and the samples incubated with 500u] rabbit anti-protein A (1:500, Sigma) for
1hr at room temperature. Rabbit anti-protein A was removed and 250l anti-rabbit gold
conjugate (10nm,. Sigma) added and incubated for a further 1hr at room temperature.
Samples were fixed in 2.5% PBS-glutaraldehyde overnight at 4°C and treated as described

in section 2.2.6 for viewing by electron microscopy.

3.2.9 Detection of TSST-1 by ELISA

The detection of toxic shock syndrome toxin (T'SST-1) was carried out based on a protocol
from Toxin Technology (Sarasota, USA). Sixieen hour bacterial cultures in TSB were
centrifuged at 3000rpm for 15mins decanting the culture supernatants into sterilc
universals, discarding the cell pellets. Immulon 4-HB plates (Dynex) were coated with
10ug/mt anti-1'SST-1 (Toxin Technology) for 12-18hrs in a humid chamber al 37°C,
washed thrice with PBS/0.05% Tween-20 (PBS/T) then blocked with 200l PBS/T/bovine
serum albumin (BSA) for 25mins. Plates were washed with PBS/1’ then incubated for 2hrs
at 37°C with 100ul of purified TSST-1 (Toxin Technology) and samples diluled in
PRS/Tmormal rabbit serum (NRS), in triplicate. One hundred microliires horse radish
peroxidase (HRP) conjugated anti-TSST-1 IgG 1:100 (Toxin Technology) was added post
washing and incubated for 1hr in a humid chamber at 37°C. A final 5 washes in PBS/T
was [ollowed by the addition of 100ul 2,2"-azino-di(3ethybenthiazoline sulphanate)
solution (ABTS, Sigma) for 30mins at room iemperature. Each plate was read on a
Titertek® Multiscan Plus plate reader MK [ {(1CN) at 405nm. Experiments were carried

out five times.
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3.2.10 Activation of CD69 Receptor on Jurkat cells by TSST-1

The number of cclls present in fresh culture were counied in a haemocytometer and
adjusted to a concentration of 1x10° cells/ml with fresh RPMI medium, Im! of which was
added to wells of a 24-well microtitre plate. Stock concentrations of 100 pg/mi, 10pg/ml,
lpg/ml, 0.1pug/ml and 0.01upg/ml purified TSST-1 made in RPMI and neat culture
supernatants were added in 10w volumes to the microtitre plate, one well is always used
as a blank. Cclls were incubated for 24hr at 37°C, in the presence of 5%CQ,. Five
hundred mililitres from each reaction was transferred into two FACS tubes labelled “1gG?
and ‘FITC’ then centrifuged at 1500rpm for Smins. Supematants were discarded and the
pelict resuspended in residual medium. ‘Lo the *IgG” tube Spl of Mouse 1g(3-2a fluorescein
isothtocyanate (FITC) conjugate was added and to the ‘FITC” tube Sul of Human CD69
FITC conjugate. The tubes were incubated for 30mins at 4°C. Cells were washed with
500ul PBS/1% foetal calf serum (FCS) at 1500rpm for 10mins, resuspended in 500ul
PBS/1% T'CS, then run through a fluorescence activated cell sorter (FACS) (FACScan,

Becton Dickinson) and analysed by CellQuest software.
3.2.11 Stimulation of T-cell proliferation by TSST-1

Freshly isolated PBMCs from a healthy donor adjusted to 2x10%ell/ml were added to
wells of a 96-well tissue culture plate (Greiner bio-one) in 100ul volumes. Culiure
supernatants were the same as those used in section 3.2.8  Stock concentrations of
100pg/ml, 10pg/mi, Ipg/ml, and 0.1ug/ml purified TSST-1, 1:10 and 1:50 dilutions of
culture supernatants were in RPME10% FCS. Standards and samples were added in 100ul
volumes to the 96-well plate in toplicate alongside an RPMI/10%FCS control.
RPMI/10%YCS was used to buffer the plates to prevent them drying out. Cclls were
incubated for 48hrs at 37°C, in the presence of 5%CQ,. Methyl Fthymidine (Amersham)
was diluted 1:20 prior to 10ul being added to each test well and re-incubated for a further
18hrs at 37°C, in the presence of 5%CQO,. Tcell proliferation was rccorded as counts per

minute on a radioactive counter {Packard Matrix 96 Direct Beta Counter).
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3.3.12 Haemolytic Activity of alpha-haemolysin

Bacterial cultures (16hrs) in THB were centrifuged at 3000rpm for 15mins discarding the
cell pellet. Fresh rabbit blood (in Alsever’s solution 50% v/v stock, SAPU, Diagnostic
Scotland, Edinburgh, UK} was prepared to a 2% suspension in sterile saline following
three washes in saline. Sterile saline (50ul) was inoculaied into wells of a 96 well V-
bottomed microtitre platc (Dynex) in which 50ul of sample was mixed and doubling
dilutions made across the plate. Sterile saline and 1% Tween-20 was used as negative and
positive conirols respectively. To each well 50ul rabbit bfood was added and plates
incubated for 1hr at 37°C. Plates were centrifuged at 1000xg for 10mins before being read
visually. The haemolytic titre of a samplc was determined as the reciprocal of the dilution

causing 50% hacmolysis compared with the negative control.
3.2.13 Clumping Factor and Cell Free Coagulase Assays

Overnight cultures (16hrs) prepared in BHi were centrifuged at 3000rpm for 15mins.
Culture supernatants were decanted in to sterile universals and cell pellets adjusted to an
optical densily, ODgyenm = 0.025 (1x107cells/ml) in sterile saline. Culture supernatants
(cell free coagulase, 100pd) or cell pellets (clumping factor, 100ul) were added 1o 96-well
microtitre plates pre-inoculated with 100pl Bll/rabbit plasma (E&O Laboratories)/sterile
saline (Appendix 1) and doubling dilutions made across the plate. The plates were
incubated in a shaking incubator at 37°C at 150rpm for 8hrs. The coagulase titre was

determined as the reciprocal of the dilution causing coagulation after 8hrs.

3.2.14 RNA Isolation adapted from TRIzol® Reagent Manufacturer’s Instructions

Four and 12hr cultures of £16 (50ml) were set up in RNase-free MHI3 (RF-MHB) only and
in the presence of ¥z MIC linezolid and syncrcid. Cultures were centrifuged in pre-chilled
(-70°C) universals at 3000rpm for 13mins at 4°C. The culture supernatants were discarded
and the cell peliets kept on ice for the remainder of the isolation process. Cell pellets were
adjusted to Ix107cells/ml then centrifuged at 3000rpm for 15mins at 4°C. The cell pellets
were lysed in Iml TRIzol reagent (Sigma) per 1x107 cells by vortexing for Smins. T'o the
lysed cells 0.2ml chloroform was added, the cells vortexed for a further 15scc and
incubated for Smin at room temperature. Released RNA was present within the aqueous

phase of the prcparation and was transferred to a fresh 1.5ml eppendorf. The RNA
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preparation was precipitated with 0.5ml isopropyl alcohol overnight at 4°C. The
precipitaie was centrifuged for 10mins at 10000xg and the supernatant discarded.
Washing of the RNA was carried out with 1m! 75% cthanol, vortexed thea centrifuged for
Smins at 7000xg. The RNA pellet was air dried for 5-10min. Once dry the RNA
preparation was dissolved in RNase-free water an incubated for 10min at 55-60°C. RNase-
free-DNase (Roche, 10units/ul) in 500p! dH,O plus 1xDNase buffer (Appendix 1) was
added to the RNA and incubated for thr at 37°C. RNA was precipitated overnight in

0.5ml isopropyl alcohol at 4°C. Samples were stored at —20°C until required.
3.2.15 RNA Isolation using a Qiagen RNeasy (Mini) Isolation kit

RNA isolation was carried out using a Qlagen RNA isolation kit (Qiagen) according to the
manufacturer’s instructions. In brief, 4hr and 12Zhr 50m! cultures of E16 were set up in
RNase-free MHB (RF-MHRB) only and in the presence of % MIC linezolid and synercid.
Cultures were centrifuged in pre-chilled (-70°C) universals at 3000rpm for 15mins at 4°C.
The supernatants were discarded and the cell pellets kept on ice for the remainder of the
isolation process. Cultures were adjusted to ODgynm = 0.115 in 50mi RF-MHB
(1x10%ells/ml) then centrifuged at 3000rpm for 15mins at 4°C. The cell pellet was
resuspended 1n 100yl lysozymme/TE buffer, vortexed and incubated for 10mins at room
temperature after which time 350p] RI/1" buffer was added. Cells were vigorously
vortexed and centrifuged at 11000rpm for 2mins, then the cell pellets were discarded. To
the supernatant (approx 450ul), 250ul 100% ethanol was added and mixed thoroughly
before the sample was transferred (approx 700ul) Lo an RNeasy mini column in a 2m)
collection tube. Samples were spun at 11000rpm for 15sce and the flow through discarded.
RW1 buffer (700u) was added to the column, spua for a further 15sec at 11000rpm, and
the flow through and collection tube discarded. The column was transferred to a new 2ml
collection tube and 500 RPE buffer was twice added to the column, spun for 15sec at
11000rpm and the [How through discarded each time. The column was transferred to a
[.5ml eppendorf tube where 50ul RNase-frec walcr was added directly on to the
membrane and spun for 1min at 11000rpm. To remove any DNA present in the samples
500u] of RF-H;0, 56ul DNasc buffcr, and 3ul RNasc-frec-Dnase (10000Units stock,
Appendix 1) were added and incubated for 1hr at 37°C. TIsopropylalcohol (500ul) was

added to the samples and left to precipitate overnight at —20°C. Samples were spun for

82



10min at >10000rpm and the pellet resuspended in 50ul of RF-H,(). RNA samples were

quantified as detailed below then stored at -20°C until required.
3.3.16 RNA Quantification

Sample RNA was quantified by spectrophotometry. Dilutions (1:20) of the samplcs were
made in RF-H,O and trans{erred in to a Hellma quartz cuvette (Type 105.202-QS,
Germany).  Rceadings were taken at wavelengths of 260nm and 280nm and the ratio
between the readings used Lo estimate the purity of nucleic acid in the sample (***/250m0)-
The following calculation was used to quantity the RNA in 50ul of sample where 401g/ml
corresponds to the quantity of single stranded DNA and RNA at an O of 1:

40pg/ml x 260nm reading x dilation x sample volume

3.3.17 LightCycler Primer Design

New primers (MWG) for use in the LightCycler were designed using a LightCycler probe
design software version 1.0 (Roche). The gene sequence for each gene was inserted into
the program from Genbank: protein A accession number J01786, TSST-1 accession
number J02615, 16s RNA accession number X80725, and the program set to generate
primers 16 bases in length (Appendix 2).

3.3.18 LightCycler DNA Standards

DNA standards were prepared using the method described in 3.2.5, Several PCR reactions
of H16 with LightCycler pnmers for 1658 RNA, TSST-1 (us¢) and protein A (spa) were
performed and pooled together.

3.3.19 Real Time PCR

Amplification of RNA was carricd out using a LightCycler (Roche) and an RNA
amplification kit SYBR greenl (Roche) according to the manufacturer’s instroctions.  All
reagents were kept on ice whilst the reactions were being set up. To cach rcaction

capillary tube the following reagents were added; PCR grade ILO (10.2pl), LightCycler-

83



RT-PCR reaction mix SYBR Green 1 (4ul), Resolution solution (3ul), MgCl, (6mM stock
solution, 2.4ul), LightCycler-R1T-PCR enzyme mix (0.4ul) plus 1ul each of the appropriate
Forward and reverse primer and 3ul of the appropriate RNA sample or DNA standard
(Table 14). The capillary tubes were capped, centrifuged lor Ssec at 3000rpm then placed
into the Ligh(Cycler carrousel. The cycling conditions are comprised of five programs that
were followed exactly as stated in the LightCycler-RNA Amplification Kit SYBR Green 1
instruction manual:

1 Reverse Transcription (RT) of template RNA

2 Denaturation of cDNA/RNA hybrid

3 Amplification of cDNA

4 Melting curve analysis for product identification
5 Cooling the rotor and thermal chamber

In brief, RT was carried out for 10mins at 55°C followed by the following amplification
conditions: denaturation for one cycle at 95°C [or 30sec, 45 cvcles at 95°C for Osec,
(temperature transition 20°C/sec), 55°C for 10sec (temperature transition 20°C/sec), 72°C
for 13sec (temperature transition 2°C/sec) and fluorescence acquisition at 72°C in single
mode. Melting curve analysis was performed during one cycle of 95°C for Osec,
(temperature transition 20°C/scc), 65°C for 10sec (temperaturc transition 20°C/scc), 95°C
for Osec (temperature transition 0.1°C/scc) with step-wise fluorescence acquisition.
Sequencc-specific standard curves were generated by using 10-fold dilutions of specific
RNA standards (1:10, 1:00, 1:1000). The quantity of mRNA transcripts from each sample

were determined using the LightCycler software version 3.2 (Roche).
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Reaction Sample plus primer
1 E16 MHB 4hr culture + spa primers
2 E16 ' linezolid 4hr culture + spa primers
3 E16 2 synercid 4hr culture + spa primers
4 Blank (no RNA) + spa primers
5 E16 MHB 4hr culture + 16s RNA primers
6 E16 Y linezolid 4hr culture + 16s RNA primers
7 E16 ' synercid 4hr culture + 16s RNA primers
8 Blank (no RNA) + 16s RNA primers
9 E16 MHB 12hr culture + #st primers
10 E16 ' linezolid 12hr culture + fsf primers
11 E16 "2 synercid 12hr culture + st primers
12 Blank (no RNA) + fst primers
13 E16 MHB 12hr culture + 16s RNA primers
14 E16 " linezolid 12hr culture + 16s RNA primers
15 E16 2 synercid 12hr culture + 16s RNA primers
16 spa DNA 1:10 + spa primers
17 spa DNA 1:100 + spa primers
18 spa DNA 1:1000 + spa primers
19 tst DNA 1:10 + tst primers
20 tst DNA 1:100 + tst primers
21 tst DNA 1:1000 + tst primers
22 16s RNA DNA 1:10 + 16s RNA primers
23 16s RNA DNA 1:100 + 16s RNA primers
24 16s RNA DNA 1:1000 + 16s RNA primers

Table 14. LightCycler reactions
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3.3 RESULTS

3.3.1 Determination of the MIC of standard strains

The MIC (ug/ml) for the control strains used in this section are shown in Table 15.

Wood 46 039 020 | 078 0.08

NCTC 11963 0.39 0.13 1.56 0.19
NCTC 6571 0.39 0.20 1.56 0.06
119993 1 0.20 0.78 0.10

Table 15. Minimum inhibitory concentration (ug/ml) of standard strains to various antibiotics

3.3.2 Detection of Virulence Genes

Each strain was subjected to PCR analysis to determine their genetic complement. In each
case all the test strains plus a positive control were tested for a single toxin gene at a time.
The distribution of virulence genes in our strains is displayed in Table 16 where N = no
gene detected and P = positive gene detection. This distribution was used to determine

which strains would be used in future experiments.

As expected, the genetic complement varied between strains but all carried the genes for
protein A and a-haemolysin. The clonal strains Mu3 and Mu50 identically carried genes
comprising 5 enterotoxins (including enterotoxin-like protein-1 (SET-1)) and TSST-1.
Strains 3700w and 3759 are also identical but only carried enterotoxin A and SET-1,
differing from EMRSA 16 by one gene, EMRSA 16 has TSST-1 in place of SET-1. VISA
strains 5827 and 5836 only carry the genes for enterotoxins SEG, SEI and SET-1.

From these findings we chose to investigate the expression of TSST-1, a-haemolysin,
protein A, and coagulase. The presence of the coagulase gene was not measured as all

strains demonstrated a positive slide test.



120pr

N PR N
seb 163bp N N N N N N N N
sec 271bp N N N N N N P e
sed 319bp N N N N N P N N
see 178bp N N N N N N N N
seg 327bp P ¥ N N P P P P
sei 465bp N P N N P P P P
sej 142bp N N N N N B N N
setl] 677bp P N P P P P P P
tst 445bp N P N N N P P
eta 741bp N N N N N N N N
eta 629bp N N N N N N N N
spa variable P P P P P P P P
hly 535bp P P P P P P P P
nuc 280bp P P P P P P P P
16S rRNA 479bp P P P P P P P P

Table 16. Distribution of virulence genes

3.3.3 Expression of Protein A

An ELISA-based standard curve of different purified protein A concentrations against

ODygsnm readings was constructed (Figure 24) and used to determine the concentration of

cell bound protein A (1x107cells/ml) and that which is present free in the culture

supernatant per ml.

87




Calibration Graph for Protein A

OD,ysnm

1 2 3 4 5 6 8§ 10 20 30 40 50 80 100

Concentration (ng/ml)

Figure 24. Purified protein A concentration and optical density (ODg4ysnm) calibration graph

For each strain five separate cultures were prepared and used in five separate assays.
Within each assay a culture was tested in triplicate wells to obtain a mean reading. The
concentration of protein A detected in each of these assays was then calculated from the
mean ODyosnm readings using the calibration graph above. Statistical analysis was in the

form of a Student’s t-test. Mean values and standard deviation are given where n = 5.

Strains of VISA vary greatly in their ability to produce protein A either in a surface bound
or free form even though all carry the spa gene. The protein A negative mutant DUS5723
was included for assay validity and was negative for both surface bound and free protein
A. Figure 25 shows the production of surface bound protein A per 1x10’cells/ml for
strains S.aureus Cowan, E16 and VISA 5827. It should be noted that the results for strains
3700w, 3759v, 5836, Mu3 and Mu50 are not shown as levels were below the detection

limit (10ng/ml) of the assay but do not necessarily indicate no expression.
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Surface bound protein A: i) ELISA

As expected S.aurcus Cowan, a high protein A producer, expressed the greatest quantity of
surface bound protein A at 20.5ng/1x107cells/ml (Figure 25). In addition, only EMRSA-16
(E16) and 5827 produccd detectable surface bound protein A but at lower levels than that
of Cowan, strain 5827 was significantly less (pvalue <0.05). None of the antibiotics tested
had any significant affect on strain 5827 expression of this protein. S.awrens Cowan and
E16 were affected in different ways by some of the antibiotics. Cefpirome was tound to
significantly increase expression of surface protein A in Cowan but not in E16 whereas
synercid reduced levels in both strains to undetectable levels, as did linezolid in E16 alone.
Daptomycin had no significant etfect on any strain. It is interesting 10 note that six out of
seven VISA strains produced no surface bound protein A and have been omitted from
Figurc 25. The lack of protein A expression has been described previously for strains of
MRSA by other research groups. To conlim that protein A is not expressed at the cell
surface and not just undetectable at the concentration of cells tested here the strains were

incubated with an anti-protein A gold label.

ii) Immunogold-labelling

Several of the strains tested above, including Wood 46 a known low protein A producer,
were examined for their ability to display surface bound protein A by immunogold-
labelling. Figure 26, us expecled, shows S.aurews Cowan displaying a uniform distribution
of protein A around iis surface whereas Wood 46 produced only a single positive reaction
in comparison. Strains 375%v, 5836, and Mu50 all gave negative results that correlate with
those achteved by ELISA. Strain E16 gave a strong positive reaction by tmmunogold-
labelling similar to that of S.qureus Cowan but was quantified by ELISA to be slightly less
than that of Cowan. Mu3 was negative by both ELISA and immunogold-labelling

therefore is a true non-producer of surface bound protein A.
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Protein A Concentration (ng/1x107cells/ml)

B Nodrug B1/2CEF O1/2DAP O01/2 LZD W1/2 SYN

Figure 25. Expression of surface bound protein A by strains of S.aureus in the absence and presence of /2
MIC antibiotics. Readings represent mean +/- standard deviation error bars. * = pvalue<0.05.
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Free protein A — Preliminary Experiment

To establish the limits at which various drugs had no effect on extracellular protein A, the
protein was quantified by ELISA in culture supernatants of S.aureus Cowan grown in
MHB in the presence and absence of Y4, Y%, Ve, Y16 and /5, MIC linezolid and synercid
(Figure 27 and 28). FEach graph represents five individual experiments (1-5) with any
signiticant difference indicated (* — pvalue <0.05). 1t was shown that linezolid is cffective
at ¥z and Ya MIC in 4 out of 5 experiments and that synercid is effective at % MIC in 5 out
of 5 experiments. In some instances over expression of protein A was recorded for '/,¢ and
"33 MIC linezolid and synercid. This is possibly due to loose association of surface bound
protein A with the cell wall and its release in to culture supernatants, and is variable
depending upon factors affecting the culture conditions. From these findings the decision

was made to examine each drug at 2 MIC only for the effect on protein A cxpression.
IFree protein A

Expression of free protein A in MIIB is far greater than that produced by any of the sirains
in a cell bound form. The presence of small amounts of extracellular protein A in strains
that did not produce detectable levels of surface bound protein A was observed. All of the
strains tested can be divided into three levels of protein expression. S.aureus Cowan, E16
and VISA 5827 expressed similar levels of >2000ng/ml protein A in culture media alone
{Figure 29); VISA strains 3759, Mu3 and MuS0 produced between 30 and 60ng/ml
protein {Figure 30) whereas 3700w and 5836 [ailed to produce detectable levels of protein
A (<10ng/ml) {nol shown).

The protein synihesis inhibitors linczolid and synercid both reduced free protein A
expression. Linezolid dramatically reduced the quantity of free protein in strains Cowan,
Bte, 5827 and Mu3 (Pvalue <0.05). Strains 3759v and Mu50 also displayed reduced
expression butl to non-significant degrees. Synercid gave similar resulis to linczolid with
the exception that strains 3759v and 5827 showed significant and insignificant reductions
in protein A expression respectively. In contrast, daptomycin was found fo increase
protein A cxpression albeit only significantly in strain 5827. The cell wall inhibitor
cefpirome both increased and decreased the quantity of protein A detected. The most
significant increase was observed with S.aureus Cowan. This may possibly be due to the

partial disruption of the cell wall releasing surface bound protein A. Other authors have
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discovered that some strains of MRSA express free but not surface bound protein A as was
clearty illustrated with strains 3759v, Mu3 and Mu50.'%%7  As thesc strains displayed
<10ng/ml of surface bound an increase in expression would not have been expected and
indeed levels of free protein A were actually reduced in strains 3759v and Mu3 exposcd to

¥ MIC cefpirome (Pvalue <0.05).
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Figure 29. Expression of cell-free protein A by strains of S.aureus in the absence and presence of /2 MIC
antibiotics. Readings represent mean +/- standard deviation error bars, * = pvalue<0.05
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Figure 30. Expression of extracellular protein A by strains of S.aureus in the absence and presence of 2 MIC
antibiotics. Readings represent mean +/- standard deviation error bars, * = pvalue<0.05
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3.3.4 Production of TSST-1

An ELISA-based standard curve of purified TSST-1 concentration against ODjosnm
readings was constructed (Figure 31) and used to determine the concentration of TSST-1
in culture supernatants. Statistical analysis was in the form of a Student’s t-test. Mean

values and standard deviation are given where n = 5.

Calibration Graph for TSST-1

0.32 0.63 1.25 25 5 10 20

Concentration (ng/ml)

Figure 31. Purified TSST-1 concentration and optical density (OD4gsnm) calibration graph

From Table 16 the three strains carrying the #s7 gene were chosen, as was S.aureus Cowan,
a TSST-1 negative strain and NCTC 11963, a TSST-1 positive strain. S.aureus Cowan
was included for assay validity and was negative in all assays. As with the protein A
ELISA there is a detection limit, in this case of 0.32ng/ml. Again levels below 0.32 are

depicted as zero but does not necessarily mean no expression.

Figure 32 illustrates the varying extent of TSST-1 expression. By far, strains Mu3, Mu50
and NCTC 11963 (positive control) produced greater quantities of toxin compared to strain
E16. As Mu3 and Mu50 are clonal similar degrees of expression and its response to
antimicrobial agents might be expected. This was true for the levels of toxin detected in
TSB culture medium only and in the presence of "2 MIC linezolid and synercid which
significantly reduced toxin expression (pvalue <0.05). Synercid also reduced expression

98



of TSST-1 in NCTC 11963 strain but had no effcct on E16 whercas linczolid bad the
oppositc cflect of incrcasing cxpression in E16 but had no effect on NCTC 11963,
Cefpirome both induced and repressed TSST-1 expression in Mu3, E16 and MuS0, NCTC

11963 respectively. Daptomycin had no significant effect on any of the strains tested.

In order to verify that the toxin measured by ELISA was truly TSST-1 as measured in
standard biological assays 'I'cell stimulation and Teell proliferation assays were carried oul

with both crade and purified toxin preparations.

3.3.5 Activation of Tecell Receptor CD69

Turkat cells are a Teell tissue culture cell line with similar characteristics to those of
Teells. Numerous attempts to activatc CD69 receptor failed with both our own culture
supernaiants containing TSST-1 and purified TSST-1 even though stimulation was
observed with the phytohaemaggultanin / phorbol myristate acetate (PHA/PMA) positive
control (Figure 33). The same assay using freshly isolated PBMCs from healthy donors
was also tried, but this also proved to be an inadequate assay. The cells were being killed
by components within the culture supernatants. As the TSST-1 has not been purified all of
the proteins and enzymes expressed by our strains under antibiotic stress arc still present

and clearly have a detrimental effect on human Tceells (Figure 34).
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Figure 32. Expression of TSST-1 by strains of S.aureus in the absence and presence of 2 MIC antibiotics.
Readings represent mean +/- standard deviation error bars, * = pvalue<0.05

100



Cell Count

G0

20
1

Mouse 1gG non-specific receptor binding

/

40

Background CD69 expression (red)

30

Stimulation of Jurkat cells with 10ng/ml of

/ purified TSST-1 (green)

Stimulation of CD69 by Sug/ml
PHA/25ng/ml PMA

20

10

10

10

10

FITC Fluorescence Intensity

Figure 33. Expression of CD69 receptor by Jurkat cells following stimulation by
purified TSST-1 and PHA/PMA.
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Figure 34. Expression of CD69 on PBMC in RPMI culture medium (control) and after exposure to
the culture supernatants of strain NCTC 11963 exposed to 2 MIC daptomycin (stimulated). Viable
cells from the population are not detected following stimulation with culture supernatants.
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3.3.6 Teell Proliferation Induced by Culture Supernatants

With the above results in mind the proliferation of human Tcells was examined using the
same culture supernatants tested in the ELISA. Each culture was tested in iriplicate and the
mean count of methyl 3”thymidine incorporation calculated and compared to the Tcells

plus medium control (Figure 35, Table 17).

One in ten dilutions of E16, Mu3 and Mu50 culture supernatants all stimulated Tcell
proliferation in excess of typical Tcell prolifcration. The degree of proliferation does not
appear to be concentration dependent as indicated by the TSS1-1 standards. The reduced
level of prolileration seen using 100ug/ml of purified TSST-1 may be due to killing of the
PMRBCs through apoptosis. With regard to the reduced levels of T'SST-1 produced by
strains upon exposure to 2 MIC synercid as detectcd by ELISA, there is no apparent
relationship between the level of toxin produced and the degree of ‘T'cell proliferation
obscrved. As we are only looking at the production of one individual toxin the reduction
in TSST-1 production by 2 MIC synercid may not be true of all superantigens some of
which may be being stimulated. The high level of proliferation observed with the hactenal
supernatants is greater than that causcd by 0.01pg/ml to 100pg/ml of purified TSST-1
indicating that there are other factors present within the culture supernatants that may exert
specific or non-specific Tcell stimulation, such as the enterotoxins, This would be a {itiing
assumption especially as Mu3 and Mu30 have the capability to express an additional four
enterotoxins. Strain E16 only carries SEA in addition to TSST-1 which would agree with
the reduced levels of Teell proliferation in comparison with Mu3 and MuS50. Thus it can
be established that the levels of TSST-1 detected with antibiotic treatment is expressed in a

biologically active form capable of exerting superantigenic properties upon Tcells,

TSB Broth 7141
PBMC 7324
0.1pg/iml TSST-1 27540
Tpug/ml TSST-1 29511
10pg/mt TSST-1 L 33898
100pg/ml TSS'I-1 16512

Table 17. Standards included in an assay of PBMC proliferation
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Figure 35. Human peripheral blood mononuclear cell (PBMC) proliferation induced by 1:10 dilutions of
culture supernatants from strains of S.aureus grown in the absence and presence of 2 MIC of each antibiotic.
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3.3.7 Haemolytic Activity of Alpha-Haemolysin (a-toxin)

Haemolytic activity in E16 and the VISA strains, with the exception of Mu50, is very low
in comparison to S.aureus Cowan and Wood 46 the positive control strain (Table 18). The
haemolytic activity of the VISA strains ranges from zero to 32 haemolytic units (HU).
Strains Mu50, Cowan and Wood 46 display titres of 64HU, 64HU and 1024HU
respectively. VISA 5836 did not have any apparent haemolytic activity in culture medium
alone and was only detectable with neat culture supernatants in cultures grown in the

presence of %2 and 4 MIC of all drugs.

One half linezolid was the only drug to have a uniform effect against all of the strains
tested reducing activity to between zero and 4HU, and reducing Wood 46 activity from
1024HU to 512HU. Synercid reduced the level of a-toxin expression at 2 MIC in 16hr
cultures of S.aureus Cowan, E16, 3759v and Mu50, had no effect on Mu3, and increased
expression in strains 3700w and 5827 but only by one dilution. Daptomycin decreased
activity in Cowan, 3759v and Mu50 and increased it in 5827 and Mu3 but again only by
one dilution. No effect was observed in cultures of E16 and 3700w. At %2 MIC,
cefpirome was most effective at reducing alpha haemolytic activity of Mu50 from 64HU to
8HU. Other strains with reduced activity were 3700w, 3759v, 5827 and Mu3 by one

dilution and strain 5836 was increased by one dilution. Haemolytic activity of Cowan and

E16 was unaltered. One-quarter MIC’s were also effective against some strains.

"No drug

%2 MIC CEF 1024 64 8 0 16 0 Neat 32 8
¥a MIC CEF 2048 128 16 Neat 32 4 Neat 64 64
¥2 MIC DAP 1024 32 8 2 16 4 Neat 32 32
¥a MIC DAP 1024 32 8 4 16 4 Neat 32 128
Y2 MIC LZD 512 2 2 0 4 Neat Neat 4 0
Ya MIC LZD 512 32 16 4 16 4 Neat 16 8
%2 MIC SYN 1024 32 2 4 4 4 Neat 16 8
¥a MIC SYN 1024 64 2 4 8 R Neat 16 64

Table 18. Haemolytic activity of alpha-haemolysin against rabbit erythrocytes. Results represent the mean of
4 experiments
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3.3.8 Coagulase
3.3.8.1 Clumping Factor

Table 19 shows the 8hr coagulase titres for clumping factor present on the surface of
1x10cells/ml following growth in the absence and presence of ' and % MIC linezolid,
cefpirome, synercid and daptomycin. The activity of clumping factor was determined after
8hrs incubation as this time proved optimal; later readings (24hrs) were not taken as the

microtitre plate contents had dried out.

Linezolid had the greatest effect on clumping factor expression by S.aureus Cowan
increasing titres from 1024 units to 8192 units with ¥4 MIC. Strains 3700w and Mu3 were
the only other strains to produce increased levels of expression but only by a single
dilution. The remaining strains all displayed reduced expression. Strains E16, 3759v,
5827 and Mu50 all displayed reduced clumping factor activity when grown in the presence
of Y2 MIC cefpirome and surprisingly clumping factor titres of Cowan, 5836 and Mu3 were
reduced by one or two dilutions when grown in the presence of % MIC but not 2 MIC
cefpirome. Clumping factor production by strain 3700w remained unaffected by
cefpirome. Synercid was also a potent reducer of coagulase activity in all strains with the
exception of Cowan and 3700w grown in the presence of % MIC. Daptomycin generally
had little impact on the production of clumping factor; activity of strains 3759v and 5827
was reduced by 2 MIC and both "2 MIC and "4 MIC respectively. The remaining strains

showed no real variation in their titres of clumping factor.

No drug a1 I02;1 ; 4096 ! 128 128 256 32 128 : 256 ; 256
Y2 MIC CEF 1024 1024 128 64 64 32 128 64 256
¥ MIC CEF 512 4096 128 128 64 8 64 256 512
%2 MIC DAP 1024 4096 128 64 128 32 256 256 512
¥a MIC DAP 4096 2048 128 128 128 32 64 256 256
Y2 MIC LZD 2048 1024 256 128 32 16 128 64 128
¥ MIC LZD 8192 512 256 64 64 16 512 128 256
%2 MIC SYN 512 256 64 32 64 16 32 128 128
Ya MIC SYN 4096 512 256 64 64 16 64 128 256

Table 19. Clotting activity of staphylococcal clumping factor. Results represent the mean of 4 experiments
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3.3.8.2 Cell Free Coagulase

Figures 36-39 illustrate the titres of cell free coagulase in 16hr culture supernatanis from
bacteria grown in the absence and presence of 2 and ¥4 MIC linezolid, cefpirome, synercid

and daptomycin, Each graph represents the mean (of four assays) titre of coagulase.

Titres of free coagulase were generailly found to be lower than those of clumping factor. 1n
response to the presence of antibiotics in the growth medium the majority of strains
exhibited reduced coagulase titres. Exceptions were observed in cultwres of S .qureus
Cowan where grealer activity in the presence of Y2 and ¥ MIC linezolid was recorded.
Coagulase expression by strains 3759v and NCTC 6571 was incrcascd in the presence of
all of the antibiotics. Strain Mu50 was unaffected by the presence of daptomycin in the

culturc medium.
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3.3.9 RNA Quantification

RNA isolation from cell cultures proved to be difficult. Several attempts were made to
isolate RNA using a method adapted from the manufacturer’s instructions for TRIzol
(Sigma). However, this method was time consuming and laborious and was substituted by

the Qiagen RNeasy Mini RNA isolation kit due to its rapid isolation procedure.

Several preparations of RNA were made although RNA was undetectable by

spectrophotometry and on agarose gels. Those preparations that were quantifiable are

detailed in Table 20.

—

prgn

LI 6n!

E16 4hr No drug 0.24 1.8 11
E16 4hr 2 MIC LZD 0.40 0.27 1.45 10
E16 4hr %2 MIC SYN - - - -
E16 12hr No drug 0.5 0.4 1.25 12.5
E16 12hr 2 MIC LZD 0.33 0.25 1.32 8.25
E16 12hr 2 MIC SYN 0.17 0.095 1.79 4.25

Table 20. Quantification of RNA isolated from cultures of EMRSA-16.

For each time point, 4hrs and 12hrs, a culture of E16 in RF-MHB only and in the presence
of 2 MIC linezolid and 2 MIC synercid were prepared and the RNA extracted. Using the
following calculation: 40pg/ml x 260nm reading x dilution x sample volume (0.05ml),
the purity of nucleic acid and the yield of RNA from each culture was determined. RNA
from 4hr cultures of E16 in the presence of 2 MIC synercid could not be quantified by
spectrophotometry but RNA was visible on agarose gels (Figure 40).
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Figure 40. RNA extracted from 4hr and 12hr cultures of E16 in the absence (lanes 2 and5) and presence of 2
MIC linezolid (lanes 3 and 6) and synercid (lanes 4 and 7) respectively

3.3.10 Transcription of spa and st mRNA

Cultures of EMRSA-16 were set up at two time points, 4hrs and 12hrs in drug free medium
and in the presence of 2 MIC linezolid and synercid. From this the levels of spa (protein
A) and tst (TSST-1) mRNA transcripts were quantified respectively. Difficulties with non-
specific annealing of the fst primers were encountered using a range of annealing
temperatures (50-55°C) resulting in primer-dimer and non-specific PCR products. Figures
41 and 42 show the melting curves and DNA products produced using the RNA isolated
from 12hr cultures of E16 and st primers with annealing temperatures of 54°C and 50°C
respectively. As illustrated in Figure 41 there are two main products in the TSST-1 DNA
standards with a different set of peaks being observed in the three RNA samples. The
products were run on an agarose gel (Figure 41) and were found not to be of 467bp, the
expected size of any TSST-1 product. As some of the products are probably as result of
mispriming and primer-dimer formation the annealing temperature was lowered to 50°C

and the experiment repeated using the same samples of RNA (Figure 42).
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Reducing the annealing temperature to 50°C did not improve the specificity of the st gene
primers, Iere, the products amplified in the DNA standards wetre all the same but differed
from those found in the sample of RNA, From the melting curve it would appear that there
is very little product in the three RNA samples so the products were run on an agarose gel
(Figure 42). No products could be detected in the RNA samples. Why the st primers
should amplify multiple products is unclear. One reason may be the lack of specificity of
the primers but this should not be the case as ithe primers were designed using the

LightCycler probe design software.

The above problems were not encountered with the 4hr RNA samples. Although some
primer-dimer products were observed, the main product amplified from the protcin A DNA
standards and the three RNA samples were identical. Using 168 mRNA as the reference
{ranscript it was shown, that after 4hys incubation, growth in ¥ MIC linezolid gave rise to
twice as much spa mRNA as that present in drng free cultures, and that cullures with %
MIC synercid produced double the quantity of spa mRNA (Figure 43). In Chapter Two
partial inhibition of bacterial growth due to exposure 1o ¥2 MIC linezolid and synetcid was
found such that at 4hrs, growth was reduced by more than ¥ a log by 2 MIC linezolid and
1log by ¥ MIC synercid. This has not, however, appeared to have had an effect on mRNA
synthesis. It is surprising therefore that, according to the findings by ELISA, both surlace
bound and extracellular protein A are reduced upon exposure to these antimicrobial agents,

thus suggesting that the mRNA is transcribed, but is not translated into mature protein.
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Figure 41. A: Melting curve analysis of mRNA isolated from 12hr cultures of E16 in the absence and
presence of ¥2 MIC linezolid and synercid. Annealing temperature 54°C. B: LightCycler products producing
the melting curve in A run on an agarose gel. Key: lanes 149 = DNA ladder, lane 2 = no drug, lane 3 =2
linezolid , lane 4 = 2 synercid, lane 5 = blank, lane 6 = 1:10 DNA standard, lane 7 = 1:100 DNA standard, lane
8 = 1:1000 DNA standard
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Figure 42. A: Melting curve analysis of mRNA isolated from 12hr cultures of E16 in the absence and
presence of ¥2 MIC linezolid and synercid. Annealing temperature 50°C. B: LightCycler products producing
the melting curve in A run on an agarose gel. Key: lanes 149 = DNA ladder, lane 2 = no drug, lane 3 =12
linezolid , lane 4 = Y2 synercid, lane 5 = blank, lane 6 = 1:10 DNA standard, lane 7 = 1:100 DNA standard. lane
8 = 1:1000 DNA standard
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Figure 43. Expression of protein A (spa) mRNA transcripts by EMRSA-16 in comparison with optical
density of 4hr cultures in the absence and presence of /2 MIC linezolid (LL.ZD) and synercid (SYN).
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3.3 DISCUSSION

Although the precise inechanism of action is known for the antibiotics linezolid, celpirome
and syncreid, the bacterial target of daptomycin remains to be clarified. Studies in to the
efficacy of these agenls in animal infection models and in compassionate use programs
against Gram-positive bacteria have provided promising results. Their effects on protein

and toxin biosynthesis remain to be clarified.

The strains of vancomycin-intermediate S.aureus (VISA) used in this study differ {from
strains of MRSA and MSSA in their phenotypic characteristics. In Chapter Two I showed
that several of the VISA strains exhibited thickened cell walls in comparison to a strain of’
MRSA, EMRSA-16, and MSSA S.aureus Cowan. In this chapter it was noticed that only a
single strain of VISA, strain 5827, was capable of expressing surface bound protein A.
Several strains, including sirain 5827, expressed extracellular protein A, Strains 3700w
and 5836 were negative for both forms of protein A. It has been described previously that
some strains of MRSA do not express cell bound but extracellular protein A, The reasons

for this are unclear but is a phenomernon mirrored here in strains of VISA. 1077

The action of other antimicrobial agents on the cxpression of surface proteins and
exotoxins from numerous bacterial spccies has been extensively reported. ‘I'he activity of
antibiotics has been demonstrated to vary between bacterial species and strains often with
contradictory results. For example, sub-inhibitory concentrations of clindamycin inhibit
the production of coagulase, protein A, TSST-1 and o-haemolysin by S.aureus but can also
stimulate the expression of enferotoxins in other Gram-positive and Gram-negative

. 117,123,124,127,130,152 21 1,266,304,310
bacteria. 7123 ) g

The results presented here indicate that the activity of the antimicrobial agents cetfpirome,
daptomycin, linezolid and synercid varies towards different strains of S.awreus. In each of
the experiments employed here the quantification and/or activity of surface proteins and
extracellular loxins was measured following the incubation of strains in sub-MIC
antibiotics for 16hrs. Sub-MIC linezolid and synercid were found to have no effect or
reduce the expression of surface proteins protein A, and coagulase/clumping factor in the

majorily of strains but differed in their cffect on alpha-hacmolysin and TSST-1 aclivily.
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Synercid increased alpha-haemolysin activity in three out of eight strains and reduced it in
three out of eight strains, whereas linczolid reduced alpha-haemolysin aclivity in seven out
of the eight strains. Both reduced TSST-1 expression in two out of three strains, Mu3 and
Mu30. A recent publication by Gemmell and {ord (2002) showed that linezolid reduccd
alpha-hacmolysin and coagulase expression at concentrations of ¥ MIC to /4 MIC in two
strains of MSSA. 12 Ag yet, no reports of any activity of synercid on virulence factor
expression have been published. However its ability to inhibit protein biosynthesis albeit
at a different site from linezohd, would suggest similar results. This was not the case.
Sub-MIC synercid tncreascd alpha-haemolysin expression in straing 3700w, 5827 and
5836, but it should be emphasised that in the absence of any drug, haemolysin cxpression

was very low and that increases were by a single dilution only.

Quantification of protein A messenger RNA. (spe mRNA) transcripts {rom 4hr cultures of
strain Ef6 was carried out (o establish whether sub-MIC linezolid and synercid affected
the levels of mRNA expression in addition to the levels of protein. At 4hrs, the presence
of Y2 MIC linezolid and synercid exerted bacteristatic properties on the growih of E16;
however, the number of copies of spe mRNA was increased in comparison to the no drug
control. This would suggest that these protein synthesis inhibitors inhibit the transiation of
mRNA in to matwe protein resulting in decreased levels of protein A cxpression. These

findings support the mechanisius of aclion suggested for linezolid and synercid

A hypothesis to the variable expression of virulence factors in response to chindamycin was
proposed by Gemmell (1982)."*" Tt was suggested that the ribosomes involved in the
transcription of mRNA are dispersed through out the bacterial cell, some of which are
associated at the cell membrane. It is the ribosomes present at the cell membrane that
would interact with and be affected by antibiotics penetrating the bacterial cell allowing a
degree of protein expression o be carried out by ribosomes present i the cell cytoplasm
(Figure 44). 1t is also possible that protcin synihesis inhibitors may influence toxin

expression, in part, through the impairment of growth,
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Figure 44. Proposed model to explain how protein synthesis inhibiting antibiotics might affect expression of
proteins and toxins in S.aureus

Daptomycin, an antibiotic with cell membrane activity, had no effect on the expression of
protein A in either form from any strain or on clumping factor in five out of the eight
strains. A possible reason for our findings may be that at /2 MIC neither the expression of
protein A and clumping factor is sufficiently affected nor is peptidoglycan biosynthesis
sufficiently affected at this concentration for any effects on the cell wall and the
incorporation of surface proteins to be detected. Extracellular coagulase activity, however,
was reduced in the majority of strains suggesting that daptomycin inhibited the release of
extracellular coagulase through interference of the bacterial cell membrane potential.
Nevertheless why the export of extracellular protein A should not be affected is unclear; it
is possible that the protein had become detached from the cell surface. Daptomycin
exposure did not alter the expression of TSST-1 in any strain and only altered the

expression of alpha-haemolysin by a single dilution.

The bacterial target for daptomycin is believed to be lipoteichoic acid (LTA) synthesis at
the cell membrane although instances of cell membrane disruption and inhibition of
peptidoglycan synthesis have also been proposed as sites for daptomycin activity. It has

been demonstrated that daptomycin cannot enter the cytoplasm so its effects can only be
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exerted on those proteins present at the cell membrane. In the presence of daptomycin at 1
x MIC S.aureus has been shown to display inhibited growth but strains of enterococci grew
equally as well as cells in no drug cultures suggesting that daptomycin is bacteristatic.’” In
this study only strain 3759v was inhibited at /2 MIC daptomycin but as the aforementioned
study was carried out at 1 x MIC, sub-inhibitory concentrations may not be sufficient to

inhibit growth in S.aureus.

Should sub-MIC daptomycin be sufficient to disrupt bacterial cell membrane potential,
leakage of the cell cytoplasm would occur releasing any intracellular proteins and toxins.
As this was not the case it would suggest then, at 2 MIC and 4 MIC, daptomycin does not
influence the expression of virulence factors through the disruption of the bacterial cell
membrane. It is possible that as certain aspects of protein synthesis do take place at the
cytoplasmic membrane, daptomycin may exert an effect on protein synthesis. Strain 3759v
appears to react differently from the other strains in response to the stress exerted upon the
cell by daptomycin. Growth inhibition and the increased expression of cell free coagulase
may result indirectly from LTA inhibition as proposed by Canepari et al (1990)*" or

directly through an action on ribosomes at the cell membrane (Figure 45).

Bacterial Cell Membrane

daptomycin
Inhibited LTA synthesis
and destabilisation of

LTA
cell membrane

Cell wall —p

Cytoplasmic —p
b s
Lk i <4— Binding of

daptomycin to
membrane
associated
Cytoplasmic ribosomes

ribosomes __>. .

Figure 45. Proposed model for daptomycin inhibition of lipoteichoic acid (LTA) synthesis and low-level
expression of proteins and toxins in Gram-positive bacteria
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The cell wall inhibitor cefpirome was found to increase the expression of both surface
bound and extracellular protein A on strain S.aureus Cowan, probably as a result of
disruption of the cell integrity releasing fragments in to culture supernatants. All of the
other strains found to express extracellular protein A and the expression of clumping factor
by all strains were either unaffected or expressed at reduced levels. Disruption of the cell
wall may be responsible for reducing the incorporation of surface proteins in to the
bacterial cell wall. Toxin and cell free coagulase expression was found to be reduced in
the majorily of strains. Alpha haemolysin expression was onty altered by a singlc dilation

in all strains except for strain MuS0 where expression was reduced 3fold.

In a report by Ohlscn ef of (1998) on the expression of alpha-haemolysin by S.qurewus strain
Wood 46 in the presence of Y4 MIC of f3-lactam, cephalosporin and aminoglycoside
antibiotics, alpha~haemolysin production was found to be increased due 10 increased hla
mRNA expression.”® In the same study, glycopeptides were found to have no effect on

alpha-haemolysin expression whilst protein synthesis inhibitors had vanable effects.

Using % MIC methicillin and strains of MSSA and MRSA, it was possible to demonstrate
that increases in Ala mRNA were strain specific and that strain specific regulatory
mechanisms determined the extent of alpha-haemolysin expression in the presence of
methiciilin. Non-stimulation of alpha-haemolysin expression by a B-lactam with no anti-
staphylococcal activity suggests induction of #/a expression may depend upon interaction
of B-lactams with PBPs inducing a signal transduction mechanism that activates the toxm
promoder (Figure 46)_266 1t was also established that the enhanced expression observed in
the presence of B-lactam antibiotics is specific, independent of RNAI regulation, and not
due to the destabilization of the bacterial cell wall or accumulation of cell wall

266
precursors.”

In contrast to the above findings, we found that toxin expression was inhibited by the
presence of %2 MIC cefpirome. 1t 1s possible that as the strains studied here display
vancomycin-interincdiate resistance in addition to being strains of MRSA that the signal
transduction mechanisms have an altered function in strains of VISA in response to

additional {actors that diflerentiated VISA from strains of S.aureuns and MRSA.
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Figure 46. Proposed model for the activation of alpha-haemolysin expression in the presence of B-lactam
antibiotics in Gram-positive bacteria
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CHAPTER FOUR

Do Antimicrobial Agents Influence Bacterial Susceptibility

to Phagocytosis?



41 INTRODUCTION

As discussed in section 1.6, neutrophils will form phagosomes around opsonised bacteria
attached to their surface. Once contained intracellularly, the phagosome is fused with
lvsosomes forming a phagolysosome. During the process of bacterial ingestion,
cxtracellular oxygen is taken in leading to an increased respiratory burst. It is this process
of respiratory burst, the breakdown of oxygen into O; + HyO;, that can be measured as an
indicator of bacterial ingestion and presumably killing. Resistance to phagocytosis can also

be measured.

In 1972, Allen ef al. first described the phenomenon of PMNL chemiluminescence during
bacterial phagocytosis and it has been used in many applications since, one of which is as
an indicator of leukocyte metabolic activity and has been used to screen for oxidative
metabolism defects in neutrophils such as those occurring in patients with chronic
granulomatous disease (CGD).¥ Chemiluminescence provides simple, wide ranging yet
highly sensitive mcasurements. The reaction is dependent upon the availability of oxygen,

O, and H,0,, and the activity ol oxidase and mycloperoxidase (MPO).'!

Chemiluminescence originates from the relaxation of singlet oxygen and clectronically
excited oxidative radicals such as H;(O,, O, and hydroxyl radicals produced by metabolic
burst.”® Relaxation of these excited molecules back to the ground state dissipates energy
as light emission. Light emissions can be amplified by the addition of luminol, increasing
sensitivity. In the presence of substrates such as uric acid and glucose, luminol is oxidised
to aminophthalic acid generating hydrogen peroxide (H,(;). Relaxation of aminophthalate
anions results in light emission.!’ Luminol-cnhanced chemiluminescence is primarily
from myeloperoxidase (MPO) dependent production of Hy(), although hypochlorous acid
(HOCL)) formation from H,O, and CI" by MPO may diffusc from the PMN aiding the

conversion of luminol to aminophthalatc anion and light.*

To assess the susceptibility of our strains to phagocytic ingesiion we pre-incubated each
strain with pooled human serum so that complement components, mainly C3b, bind to the
bactenal surface as in an im vivo infection, promoting phagocytic ingestion. Isolation of

fresh human PMNL celis from blood donations provided phagocytically active neutrophils.



4.2 MATERIALS AND METHODS

42,1 Bacterial Strains

The bacterial strains used are those referred to in section 2.2.1. Strains S.aureus Cowan,
EMRSA-16, VISA 3700w, 375%9v, 5827, 5936, Mu3 and Mu50 were maintained on fresh
CBA plates and grown for 16hrs in MHI3 ouly, and in the presence of 2 or Y4 MIC
concentrations of each of the antimicrobial agents, in a shaking incubator at 37°C 150rpm
prior to each experiment. Cells were washed thrice in sterile saline and adjusted to

ODgoenm = 1x107cells/ml.

4.2.2 Preparation of Antimicrobial Agents

The antibiotics used were cefpirome, daptomycin, linezolid and synercid as previously
described in section 2.2.3. Each antibiotic was freshly prepared to the required
concentration in 10ml volumes of MITB. Broth supplemented with 10mg/ml Ca’" was used

with daptomycin.

4,2,.3 Serum Isolation

Fresh blood from healthy adult donors was obtained by venipuncture and allowed to c¢lot.
The serum of [ive donors was pooled and aliguoted after centrifugation at 1000rpm for

15min, Aliquots were stored at —70°C until use.

4.2.4 Opsonization of Bacteria

Prior to use bacteria were adjusted to the required optical density then opsonised in an
equal volume of 10% normal pooled serum (NPS) {Appendix 1) for 15mins in a shaking
incubator at 37°C {50rpm. Cells were centrifuged at 3000rpm for 15min and re-suspended

in their onginal volume of gel-ITank’s (Appendix 1) for immediate use,

4,2.5 Preparation of Polymorphonuclear Leukocyies

The isolation of polymorphonuclear leukocytes (PMNL) was carricd out according (o the
method described by Beyim ez al.* Fresh whole blood was obtained by venipuncture

from healthy adult volunteers and carefully layered in 5ml volumes on top of 5mi of
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polymorphprep (Nycomed Pharma AS, Oslo, Norway) in 10ml sterile conical test tubes
(Life Technologies, Paisley, UK). Centrifugation was carmed out in an IEC Centra~4x
centrifuge at 1800rpm for 30min. Two layers of white blood cells are visible, the lower of
which contains the PMNL. This layer was removed using a sterile Pasteur pipette and
washcd with gel-Hanks at 18000trpm for 15min. The washed cells were pooled, counted in
a haemocytometer and adjusted to a concentration of 1x107 PMNL/ml with gel-Hank’s
(Appendix 1)

4.2.6 Phagocytic Ingestion

Phagocytic ingestion of bacteria was examined using cytospin preparations. Equal
volumes of opsonised bacteria (1x10”) and PMNL (1x107) were incubated in a Stuart
orbital shaking incubator SIS0 (Bibby Sterilin Lid, Stone, Staffordshire, England) at 37°C,
at 150rpm for 30min. Ice-cold PBS was used to stop the reaction and to wash the cells
three times to remove any unphagocytosed bacteria. Cells were re-suspended in their
original volume of gcl-Hanks from which 100ul was removed into 1ml PBS to dilute
samples. Five hundred microliires of this solution was transferred to a cytospin chamber
assembled with silane coated slides (Appendix 1) according to the manufacturer’s
mstructions.  Slides were spun at 500rpm for Smin in a Cyto-tek eentrifuge (Miles Inc,
Elkhart, Indiana, USA), air dried, then stained with Leishman’s stain (Appendix 1). PMNL

with ingested bacteria were examined at x1000 magnification.

4.2.7 Measurement of Chemiiluminesence

One hundred microlitres of opsonised bacteria (5x10%) were incubated with 50ul freshly
isolated PMNLs (1x107cells/mI) and 50ul Juminol (107 M) {Mcrck, Darmstadt, Germany)
to give a ratio of 100:1. The lunmnescence output was recorded continuously for 75min in
a Bio-Orbit Luminometer 1251 (Bio-Orbit, Turku, Tinland) connected to an 1BM PS/1
computer terminal with ‘“MultiUse” software package installed. The reaction was carried

out at 37°C and the peak activity expressed in mV,
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4.3 RESULTS

4.3.1 Phagocytic Ingestion of Bacteria

Phagocytic ingestion was measured by counting the number of bacteria within 100
randomly selected PMNL and the average number of bacteria per cell calculated. The
percentage of PMNL ingesting bacteria was also calculated using the same 100 randomly
selected cells (Figures 48-49, Tables 21 and 22). Readings represent the mean +/- standard

deviation for 3 experiments as determined by a Student’s T-test using a Minitab statistical

package.

Figure 47. Bacterial ingestion by PMNL x7000 magnification

The mean number of bacteria per PMNL was between 7 and 10 for all strains grown in
culture medium alone occurring within 35 to 61% of PMNL. A higher proportion of
PMNL (>50%) ingested strains E16, Mu3 and Mu50 compared to the other strains even
though the numbers of bacteria per cell were similar. Strain 5827 was the only strain to
have its uptake affected by antimicrobial action. Cefpirome, linezolid and synercid each

increased the number of bacterial cells per PNML (pvalue <0.05) however, the apparent
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increased susceptibility to opsonophagocytosis was not correlated with an increased
percentage of PNML actively phagocytosing strain 5827. Significant differences in the
percentage of phagocytosing PMNL were noted with PMNL exposed to 2 MIC cefpirome
and linezolid treated Mu3 and 2 MIC cefpirome, linezolid and synercid treated Mu50. It
is possible that the 1:1 ratio of bacteria:PMNL was insufficient and that the majority of
available bacteria have been ingested as seen by the consistent counts, and that the variable

PMNL activity is representative of the different ingestion capabilities observed with

PMNL preparations.

Cowan El16 3700w 3759v 5827 5836 Mu3 Mu50
Bacteria Per 82+12 1 76+13 ) 9.7+13 91+1.8 73407 J 93+16 ] 78+14 )] 68+05
PMNL
% ingestion 3177 7 E11 38.7+14 )] 497+85 J363+19 41 +6 61 +89* | 553 +72
by PMNL

Table 21. Mean number of ingested bacteria per PMNL and the percentage (%) of PMNL ingesting bacteria
in comparison with MSSA Cowan. Readings represent mean +/- standard deviation. *= pvalue <0.05.

No drug cefpirome | daptomycin linezolid synercid
Cowan 82+12 87+12 89+15 73£14 69+25
El16 7:6:£1.3 6.9+13 83+1.7 73108 6.1 +0.7
3700w VTE1L3 13.8+28 10.7+£1.5 L1:-£=287 109+£0.8
3759v 9.1+1.8 68+12 86+0.6 7.8+0.7 72%15
5827 73 +0.7 149+28* 97+1.3 1303 25+ 17"
5836 93+16 114+1.6 103+ 1.1 109+3 104+19
Mu3 78+14 6.2+09 10+ 0.04 613 6.1 £0.7
Mu50 6.8+0.5 63+13 88+2 NT-HN3 53125

Table 22. Mean number of ingested bacteria per PMNL. Readings represent mean +/- standard deviation, *=

pvalue <0.05. It should be noted that a variety of PMNL preparations were used in the above experiments and
comparisons should be made within an experiment.
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4.3.2 Phagocytic ingestion of bacteria as determined by the release of a

chemiluminescence response

Table 23 and Figures 50 and 51 illustrate the chemiluminescence peak response (mV)
elicited by E16 and the VISA strains in comparison to Cowan, and the effect of drug
treatment on this response within strains respectively. The peak response represents the
maximum light emission, in millivolts (mV), achieved by each strain that can be
interpreted as maximal respiratory burst and therefore phagocytic uptake. As more oxygen
is taken up from the environment during phagocytosis there is more available for
conversion to H,O, and detected by chemiluminescence. Statistical analysis was in the

form of a Student’s t-test. Mean values and standard deviation are given where n = 10.

. lcm" | 3700w | 3759v | 5827 | 5836 | Mu3 | MuSo | EI6 _|
Peak Response 27.1 294 9.05 249 293 347 40.7 42.6
(mV) (s.d143) | (sd72) | (sd57) |[(sd11.9)| (s.d85) [(sd13.4) | (sd13.1)| (sd87)
P-value REREY 0.653 0.003 0.717 0.687 0.237 0.041 0.011
Table 23. Chemiluminescence response (mV) by strains of S.aureus compared to that of MSSA Cowan

standard strain

In comparison to S.aureus Cowan VISA 3759v produced a much lower
chemiluminescence response whilst Mu3 and Mu50 produced elevated responses (pvalue

<0.05). Observations not recorded by the microscopic assay of stained cells.

Growth of cultures in the presence of 2 MIC and % MIC cefpirome, daptomycin, linezolid
and synercid did not alter the opsonophagocytic susceptibility of strains S.aureus Cowan,
3700w, 5827 or 5836. Daptomycin in particular made no significant impact on any of the
strains tested. Cefpirome both increased and decreased chemiluminescence responses
with 3759v at 2 MIC, and with E16 and Mu50 at 'z and " MIC respectively. Linezolid
and synercid effectively reduced chemiluminescence at 2 MIC and Y4 MIC concentrations.
Linezolid expressed activity against E16 and Mu50 at both sub-MIC’s and Mu3 exposed to
2 MIC only. One half MIC and "4 MIC synercid exposed E16 also produced reduced

chemiluminescence responses.

131



'60°0 > anjead =, 'sieq
103 UOHBIASP PJEpUE)S -/+ Ueaw juasaidal sBuipeay "snaine'g jo suiess pajean-bnup OIW /1 Aq pajeniul INING J0 (Aw) asuodsas aousosaujwniway) ‘g ainbiy

NASZ/\ M QZ12/i@ dva 2/t 0 430 Z/L M BnipoNE

s

OSPIN  tMIAL 9¢8S LTIBS  A6SLE MO0LE 91Id ueMO)

(— (=3 > ]
- Lar] o o

>
n
(Aw) asuodsay] Nea g DUISITTWNIUY )

32

1




‘G0'0> enjead=, 'sieq
JOLJ3 UOIBIASP PJepuE)s -/+ ueall Juesaidal sbuipesy ‘snaine'g Jo suiels pajsal-Brup DIN /1L Aq pajeniul INING 40 (Aw) esuodsal sousossuiwn|iway) LS ainbiy

NASZ/\W 0Z1Z/1@ dvaz/i0 430 ¢/Lm BnipoNE

OSMIN  €NIN 9€8S  LI8S  AGSLE MOOLE  9Id  UBMOD
T : ‘

B 0

@

—

®
-0l B
s
0z
&

wn

L)

®
0€ m
&
)

p
0 -~
~
s &
=

7]
co\a}
=
=

0L

33

1




4.4  DISCUSSION

Both of the Investigations conducted in this section sought to examine the susceptibility of
VISA to opsonophagocytosis by human PMNL cells. Discrepancies were seen between
manual counts of ingested bacteria and the automated quantification of respiratory burst as
an indicator of phagocytic uptake. This could be due to a number of reasons including the

diffcrent ratios of bacteria;PMNL used, test variability and human error.

Some correlation was found in the reduced percentage of PMNL ingesting bacieria and the
reduced chemiluminescence responsc produced by linezolid and cefpirome treated Mu350
and cefpirome treated Mu3. Antibiotic treatment of EMRSA16 produces a marked
reduction in chemiluminescence response that is not observed statistically by bacterial
counts however, if it were not due to high experimental variance a reduction in ingestion
of linezolid and syncreid can clearly be seen. Similar correlations between phagocytosis
and chemiluminescence have been described by Gemmell and O'Dowd (1983).
Investigations by Bramley ef al. (1989) reported the ingestion of many bactcria by some
PMNL and none by others in a mouse manumary gland model.* They suggested that this
might reflect the arrival of PMNL into the gland at differcnt times or diffcrent phagocytic
potential of neuirophil subpopulations. The latter could be an explanation of the variable

numbers of PMNL phagocytosing bacteria in our study.

Research by other authors has investigated the effects of various protein synthesis
inhibitors and cell wall antibiotics on bacterial ingestion, the most extensively studiced drug
being the protein synthesis inhibitor clindamycin {clin). The discovery that sub-MIC’s of
lincosamides and the macrolide erythromycin (ery) potentiates bacterial uptake of several
species including staphylococci and streptococci has been made, and is generally
correlated to the loss of an antiphagocytic surface protein,''®'?%12712989%3%2  Cofy |t
inhibitors have produced more varied results wilh reports of either increased uptake or no
effect. 27332

The process of respiratory burst and chemiluminescence is one that progresses rapidly
during the initial 10mins of contact with bacteria and can be influenced by the age of
PMNL preparation.”™* Neutrophils from individuals with bacterial infections can also
aftect results as their aclivity can vary and as a result variability in study populations and
methods can occar. For the purposes of this study our PMNL cells were isolated from
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healthy blood donors and used within half an hour of their isolation. In our assay we have
utilised the peak response as our indicator of maximal respiratory burst, however Allen
(1977) has suggested that the efficacy of phagocytosis measured as a rate of ingestion
(mV/cell/min) calculated over the initial 10 minutes is a more accurale estimate of
phagocytic activity.'”* The use of PMNI, preparations from bleod donors results in PMNL
with variable activity. In each of the experiments here, a single PMNL preparation was
used to examine onc strain under all cxperimental conditions thercfore comparisons shonid

be made within an experiment.

Protein A is considered to confer antiphagocytic properiies upon a bacterial cell. In
Chapter Three it was found that all of the VISA strains, with the exception of strain 5827,
did not cxpress surfacc bound protein A, A featurc obsecrved with some strains of
MRSA.""7*" Extracellular protein A was more readily detected in the VISA strains with
strains 375%v, 5827, Mu3 and Mu50 recorded as positive producers by ELISA. EMRSA-
16 expressed less but not significant, levels of protein A to S.aureus Cowan, a high protein
A producer. The chemiluminescence response elicited by these strains was significantly
different (pvalue <0.05) with E16 inducing a higher level of respiratory burst suggesting
that the strain was more readily phagocytosed than the Cowan strain. In contrast strain
5827 produced significantly reduced levels of surface bound protein A but produced a
chemiluminescence response similar to S.aurews Cowan. This suggests that protein A
alone is not sufficient to alter the phagocytic susceptibility of these strains to ingestion by
PMNL. Exposure to sub-MIC cefpirome, linezolid, and synercid were found to reduce the
chemilumincscence responsc of PMNL incubated with strains E16, Mu3 and MuS0 but not
to the same extent. One half MIC cefpirome was shown to significantly increase ingestion
of strain 3759v. The increased susceptibility to phagocytosis of sirains exposed to
antibiotics does correlate with reduced levels of cell free protein A observed for
cefpirome, linezolid and synercid exposed strain of E16, 3759v, Mu3 and Mu30. This
suggests that these antibiotics are altering the bacterial cells, in addition to reducing

protein A expression, affecting phagocytic susceptibility.
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CHAPTER FIVE

GENERAL DISCUSSION



Ailments and diseases resulting from staphylococcal infection are numerous and variable
in severity from folliculitis and boils, to food poisoning, toxic shock syndrome (TSS),
scalded skin syndrome (SSS) and bacteraemia amongst others. ‘'he onset and progression
of a discased state is multifactorial involving the production of factors that aid in the
primary attachment of a bacterium to host cells, invasion and spread of the bacterium

within host tissues.

Strains of S.qureus are commonly associated with invasive diseases through the production
of cell-bound and/or extracellular virulence factors. Expression of particular proteins and
toxins can sowetimes be associated with specific symptoms and disease, for example, the
enterotoxins are food poisoning agents, TSST-1 causes TSS and the exfoliative toxins are
the causative agents of SSS. The carriage of genetic elements encoding virulence factors
as well as those encoding antibiotic resistance is highly variable amongst staphylococci
and does not necessarily complement the observed phenotype. Whether it is the expression
of proteins and toxins or resistance, the genes that encode them are under tight regulation
by a number of mechanisms. The well-docwmented ugr and surd regulatory loci of
S.aureus are the key regulators of virulence factor expression although homologous
components ol the agr locus have also been identified in sirains of CNS. Tt is believed that
the agr locus functions iz vive to activate extracellular toxin transcription in response to
increasing levels of auto-inducing peptide to aid the destruction of host tissues and spread

of the bacterium.

Antibiotic resistance is regulatcd by the expression of antibiotic specific mechanisms that
can inactivate, prevent binding of, or export the antibiotic oui of the bacterial cell. The
occurrence of antibiotic resistance is widespread among bacteria and is increasingly
problematic in the effective treatment of severe infections. The development of resistance
to methicillin in S.aurens (MRSA) in the 1960s reduced the number of antibiotics available
for use against S.aureus, leaving vancomycin as the drug of choice in many clinical
situations. Resistance to vancomycin is alrcady prevalent in strains of enterococci due to
the carriage of vam genes. The prospsct of vancomycin resistance spreading to
staphylococel is one that has causcd concern among clinicians. In 1992, Noble ef «l
demonstrated that vancomycin resistance could be transferred from Enterococcus faecalis
to S.aureus but not between strains of S.aureus in vitro.”® The first in vivo isolate of
S.aureus displaying reduced susceptibility to vancomycin (VISA) was reporied in Japan in
1995 and has been followed by several strains throughout the Western world, MIC=2ug/ml

to 16ug/ml. None of these isolates carried the enterococcal varn genes conferring high-
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level resistance but were phenotypically different from strains of MRSA. "I'wo isolates of
S.aureus from the United States have recently been reported (o carry the enterococcal van
gene displaying vancomycin MIC’s of 30ug/ml to >128ug/mi, thus having the designation
VRSA. One of the isolates was isolated alongside Z.faecalis and it is thought that the

, e 5152
genes were transferred to S.auwreus in vivo.”'

Common characteristics shared by the VISA strains is the production of cell walls that vary
in composition and 11 many cascs arc thicker than those of normal strains of methicillin
sensitive S.aurews (MSSA) and MRSA. The consistency of some of the characteristics
between VISA isolates has led researchers to believe that the cell walls may form a barrier
to vancomycin preventing it from reaching its true target. Other features in addition to
thickened cell walls have been reported suggesting that there may be one or more
mechanism of resistance. The VISA strains used in this study were isolated in Japan (Mu3
and Mu50), the United States (5827 and 5836) and the United Kingdom (3700w and
3759v). All displayed vancomycin MIC’s of 2-16ug/ml.

With the appearance of VISA and VRSA strains, the development of new antimicrobial
agents with novel modes of action towards Gram-positive bacteria is increasingly
important, An advance in new drug development has been made within the oxazolidinone,
streptogramin, and lipopeptide antibiotic groups. The protein synthesis inhibitors linezolid
(oxazolidinone) and synercid (streptogramin), and daptomycin (lipopeptide), a cell
membrane inhibitor, have each shown promising results in the treatment of Gram-positive
infections. Here, the effects of these antibiotics plus the cephalosporin cefpirome, at sub-
inhibitory concentrations, wete cxamined for activity against the aforementioned VISA
strains, MSSA S.curens Cowan and a local isolate of EMRSA-16 (£16). 'The phenomenon
of auntibiotic stress, as examined here, can be relatcd to how an organism reacts to an
unfavourable situation. The addition of antibiotics at sub-inhibitory concentrations to the
culture mcdium will have variable effects on different bacterial strains depending upon
their ability to cope with this form of stress. Bacieria that have been exposed to antibiotics
in the past, for example strains of MRSA and VISA, may be expected to react differently
than strains that have had no prior contact to antibiotics, for example S.aureus Cowan due

to the expression of compensatory mechanisms.
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5.1  Bacterial Growth and Cell Morphology

Since the isolation of the Japanese strains Mu3 and MuS50 by Iiramatsu ef ol. interest in
the phenotype of thesc strains, in particular the thickened cell wall has developed.
Abnormal levels ol glutamine-non-aminated muropeptides, N-acetylglucosamine, and
UDP-N-acetyl-muramylpeptides, reduccd peptidoglycan cross linkage and cnhanced
expression of the penicillin binding proteins PBP2 and PBP2’ have been described. Tt is

interesting to note that not all of the characteristics mentioned occur in every VISA tsolate.

The mechanisms conveying vancomycin resistance to S.awrens have not been fully
characterised. Tt is thought however, that the thickened cell wall plays a major role.
Investigations into the Japanese strains Mu3 and Mu50 established that activity of the glmS
pathway involved in the conversion of fructose-6-phosphate and glutamine to glucose-6-
phosphatc was enhanced and more efficient, suggesting a role in thickened cell wall
expression.”® Glutamine deficiency resulting from increased demand may account for the
levels of nonaminated muropeptides within the cell wall.'*® The type of medium used to
examine cell wall production has been reported to produce variable results with medium
containing high levels of amino acids and glucose for example, Brain Heart Infusion (BHI)

broth is regarded to be the best medium for the expression of cell wall features.”

In this study the growth kinetics of the VISA strains, MSSA S.aureus Cowan and E16
were siudied over a twenty-four hour period in the absence and presence of sub-inhibitory
concentrations (¥z and % MIC) of thc antibiotics linezolid, cefpirome, synercid and
daptomycin. Representative strains were also examined under electron microscopy to
identify the characteristic thickened cell walls of the VISA strains and to study the ettects
that ¥2 MIC of the antibiotics had on the bactcrial cell wall. It was shown that none of the
antibiotics excrted a uniform effect on all of the strains either during growth or on the

bacterial cell wall.

As previously mentioned the use of BHI is recommended for investigations of the bacterial
ccll wall structure. In this study Muelier Hinton Broth (MHB) was used, as this is the
mediuim of cheice for NCCLS antibiotic susceptibility testing. The use of MHB as the
culture medium of choice was made prior to the recommendations by Cui et aZ.”® The
culture medium was not changed in light of these [indings due to the quantity of work that
had already becn carricd out and the financial constraints surrounding the electron

microscopy work. As the aim of this section was to examine the effects of % MIC
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aniibiotics on the bacierial cell wall in comparison to no drug controls and strains of
MSSA and E16, the culture medium used it not critical. However, it would be interesting
to re-examine the VISA isolates following culture in BHI to ascertain whether any

differences in cell wall morphology occur in comparison to our findings in MB,

Under electron microscopy, the cell wall thickness of strains S.qureus Cowan, £16, 3759V,
Mu3 and MuS50 was very similar. The cell wall of strain 5836 was found to be
significantly thicker than all of the other strains. In response to %2 MIC of antibiotics each
strain reacted differently. Only the clonal strains Mu3 and Mu50 were affected in the same
manner by the same antibiotics. Sub-MIC linezohd, cefpirome and synercid each
significantly increased cell wall thickness. Other strains to be affected by 2 MIC linezolid
were strains E16 and 5836 whose cell walls were found to have increased and been
reduced respectively. Cell walls of strains 16 and 3759v were also increased by %2 MIC
synercid. Daptomycin produced interesting results in that exposure to 2 MIC reduced the
cell wall size in strains 3759v and 5836. It is likcly that the ability of daptomycin to inhibit
the incorporation of peptidoglycan into the cell wall by its action on ccll membranc

function is a contiibuting factor to these findings.

When comparing the growth of the strains in Y2 and % MIC antibiotics a strong relationship
was found between cell wall thickness and growth rate observed over the initial eight hours
of the growth cycle. For strains Mu3 and Mu50, the most dramatic increase in cell wall
thickness was observed following exposure to % MIC linezolid. When examining the
growth patterns of these strains it was found that both of these strains displayed impaired
growth in the presence of %2 and % MIC hnezolid compared to the no drug controls. Strain
16 also produced similar patterns of growth inbibition with the greatest degree of
inhibition correlating to the degree of cell wall thickening in response to Y% MIC synercid
followed by linczolid and cefpirome. Gemmell and Lorian have also reported thickened
cell walls in response to sub-inhibitory levels of synercid.”’' Although, this was not
always the case as scen with other cell wall changes, it would appear that a thickened celt

wall exerts a burden upon growing cells.

The minimum antibiotic concentration (MAC) has been defined by Lorvian as the minimum
concentration of antibiotic necessary to induce alterations in bacterial structure as seen by
electron microscopy, and/or growth producing one log decrease in numbers compared to

the no drug control.'*' It would appear that the MAC for linezolid, celpirome, synercid



and daptomycin for the majority of VISA strains used in this study is observed at

concenirations ol ¥z MIC.

5.2  Virulence factor expression

Humans, as a host, provide a niche for numerous comunensal organisms that help to
maintain the health of an individual. Infection by an organism docs not nceessarily lcad to
disease, but depends on the pathogenic nature of the organism and the hest in quecstion.
The ability of a bacterium to express proteins, enzymes and toxins inadvertently makes
them potential pathogens. Indfection by S.qureus is multifaciorial due to the vast spectrum
of virulence factors that can be carried on its genome and subsequently cxpressed. The
ability of an organism to colonise a host relies upon evasion of the host’s defence
mechanisms. The initial barrier to bacterial colonisation is the skin and antimicrobial
secretions. Following attachment to the epithelial cell layer or breaching of the skin
through injury, a bacterium is able to invade cells through the production of enzymes and

loxins that destroy host cells relcasing nutrients for growth and spread through host tissues.

The effects of antibiotics on the cxpression of virulence factors has been explored
extensively in an attempt to evaluate how antibiotics contribute to the cure of an infection,
and the advaniages and disadvantages of using a particular antibiotic in particular
situations. Bvidence for the latter scenario is given by the preferred use of clindamycin, an
inhibitor of TSST-1 production, in place of B-lactam antibiotics due to its strong inhibitory
eifects.**® Protein synthesis inhibitors are generally regarded to have inhibitory effccts on
most virulence factors, although incrcased cxtraccllular protcin A expression has been
reported with sub-MIC clindamycin, as has the enhanced expression of toxins by other

bacterial species.'”

Using the polymerase chain reaction (PCR) for the detection of virulence genes, cach strain
was examined for carriage of the staphylococcal enterotoxins (SE) A through J, exfoliative
toxins (F'1) A and 13, staphylococcal enterotoxin-like proteins (SI'T-1), alpha-baemolysin,
TSST-1 and protein A genes. Coagulasc cxpression was determined by a positive reaction
on a slide agglutination test. Thc genetic conmplement of cach of the VISA strains was
shown to be different in comparison to each other and to either S.aureus Cowan or E16.
The only strains to carry identical genes were the clonal strains Mu3 and Mu50. From the

genes detected, protein A (surface bound and extracellular) clumping factor, cell free
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coagulase, alpha-haemolysin and TSST-1 were chosen to be examined further. A time
point of sixteen hours was chosen to quantify the proteins and toxms to allow optimal

expression and for convemence.

Enzyme-linked immunosorbent assays (ELISA) employ simplc and rcliable methodology
to detect immune complexes formed with the desired antigen and detecied by a coloured
substrate. Here, we used sandwich TLISA’s to quantify the levels of TSST-1, surface
bound and extracellular protein A.  Biological assays with rabbit plasina and rabbit
erythrocytes were used to determine the activity of clumping factor and cell free coagulase,

and alpha-haemolysin respectively.

5.2.1 Protein A

The cxpression of surface bound protein A was found to be absent from all of the VISA
strains with thc exception of strain 5827. The levels of exiracellular protein A were
detectable in some of the VISA strains but were dramatically lower than those expressed
by S.cureus Cowan and BE16. Sirains 3700w and 5836 did not cxpress either form of
protein A. The lack of surface bound protein A expression, but expression of extracellular
protein A by strains of MRSA and coagulase negative staphylococei (CNS) has previously
been described.'”™*” The presence of thickened cell walls in strains 3759v, 5836, Mu3
and Mu50 in comparison (o the high protein A producers S.qureus Cowan may be
responsible for the lack of cell bound protein A, However, strains 3759v, Mu3 and MuS0

were of similar thickness to the protein A producer E16.

The exposure of S.aureus Cowan to ¥ MIC synercid and Ei6 to % MIC linezolid and
synercid resulted in significant increases in their cell wall thickness but reduced the
amount of detectable surface bound and extracellular protein A. Similar results were
observed in the levels of extracellular protein A from 375%v and Mu3 [ollowing antibiotic
exposurc suggesting that protein A expression may be being inhibited directly and that a
thickened cell wall may reduce the quantity of protein A able to be expressed. It would
have been interesting to examine the cell wall of strain 5827, the only VISA to produce
both forms of protein A, under the electron microscope to determine any altered structure
that may account for its difference from the other VISA strains in protein A expression.

Unfortunalely it was not chosen for inclusion in the limited electron microscopy study.
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5.2.2 Clumping factor and Cell Free Coagulase

The expression of clumping factor by all of the VISA strains was relatively low (32 units
to 256 units) in comparison to S.gureus Cowan and E16 (1024 units and 4096 units). None
of the antibiotics tested affected clumping factor expression by any of the strains by more
than one or two dilutions, with the exception of strain £16. The exposure of strain 16 to
sub-MIC cefpirome, linczolid and synercid reduccd titres of clumping factor from 4096
units to 1024, 1024 and 256 units respectively. Why the VISA isolates should have
reduced levels of clumping factor expression is unclear, however, reduced coagulase
activity 1n strains of VISA has been previously reported and it has been indicated that
misidentification of VISA isolates could occur if the coagulase test is not incubated for

~ 242
greater than four hours.

The levels of cell free coagulase expressed by the VISA strains
were also significantly lower than thosc produced by S.aureus Cowan and E16. Strain
Mu3 was an exception with a titre of 512 units, the same as the Cowan and 16 strains. Of
the low producers, titres ranged from 16 units in strain 3759v {0 256 units in strain Mu50.
The exposure of strains to ¥z and ¥4 MIC cefpirome reduced titres considerably, with the
exception of strain 3759v where coagulase expression was increased by Y and % MIC.
Daptomycin also reduced the expression of coagulase in several strains but not to the samc
extent as cefpirome. Neither ¥ nor ¥ MIC daptomyein made any impact on the expression
of coagulasc by Mu50. The protein synthesis inhibitors linezolid and synercid were also
found io exert inhibitory effects upon the strains but to varying degrees. It was inferesting
to note that stratn 3759v and the positive standard strain NCTC 6571 expressed more
coagulase with decreasing antibiotic concentration of all the test antibiotics. The most
notable effects were observed in ¥4 MIC linezolid and ¥4 MIC daptomycin treated cultures
of strain 3759v (increased titre from 16 units to 256 units) and ¥4 and ¥4 MIC linezolid,
daptomycin and synercid treated culturcs of NCTC 6571 (incrcascd titre from 64 anits {o
256 units).

Why is strain 3759y different from the other VISA strains? Strain 3759v expressed the
lowest level of cell free coagulase in the absence of antibiotics yet antibiotics with three
different modes of action stimulated coagulase expression. The cell walls of strain 3759w
are increased in thickness by the prescnce of % MIC linezolid, cefpirome and synercid, but
reduced by daptomycin. The thickest cell wall is observed under the influence of % MIC
synercid that also reduces the clumping factor titre, and gives the lowest rise in cell free
coagulase expression. 1t is possible that the cell wall density of strain 3759v may differ

from that of the other VISA strains in its ability to allow the secretion of proteins. The
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degree of peptidoglycan cross-linkage can determine the resulting density of the cell wall.
If this is allcred by antibiotic strcss the cxpression of cell components 1n culture
supernatants may be different from the levels expressed in the ccll cytoplasm with the
effects observed governed by the ability of the bacterium to teansport them from the cetl.
For example, should the degree of peptidoglycan cross-linkage be reduced, it would be
concetvable that larger and/or more proteins can be transported out of the ceil. This would
only apply to cell free proteins as cell wall bound proteins would require binding to cell
wall components for expression. In this instance it could be suggested that peptidoglycan
cross linkage is being reduced therefore reducing the quantity of surface proteins that can
be attached but allows the export of proteins out of the cell. The reduction in cell free

protein A expression is probably duc to the effects of the antibiotics on protein synthesis.
5.2.3 Alpha-Haemolysin

Alpha-haemolysin is onc of four haemolytic toxins produced by S.aurens. The haemolysin
is produced by 95% of S.aureus strains, and is generally linked to the coagulase-positive
phenotype."32 In vitro, rabbit erythrocytes are the most sensitive cell type to the lytic

. . < 30,97
action of alpha-haemolysin.™”

Fresh suspensions of rabbit erythrocytes were incubated
with serial dilutions of culture supematants to determine the haemolytic titre of the sirains,
S.aureus Cowan and the VISA MuS0 werce found to produce the highest haemolytic titres
(64 HU) followed by the VISA strains 3759v (32IHU) and Mu3 (16HU). The other strains
of VISA and F16 were very low producers of alpha-haemolysin with titres ranging from
zero to 8HU. The absence of haemolysin activity by strains of glycopeptide resistant
S.aureus (GISA) has been attributed to a loss of function in hacmolysin production and/or
an inability 1o seercte the hacmolysin through the thickened cell wall.>™ The classification
of GISA as «gr-null strains provided evidence for the low expression of proteins and

toxins, >

(Richard Novick 2002; personal commumnication)

The presence of sub-MIC cefpirome in the culture medium reduced haemotytic titres by a
single dilution or had no effect with the exception of reduced expression (641{U to 8HU)
by MuS0. Increased haemolysin expression has been described previously in strains of
staphylococei and streptococci during exposure {o glycopeptide and fB-lactam antibiotics

. 9.245 266,31
respectively, ™ 24200312

Linezolid and synercid inhibit expression by the majority of
strains. It is likely that the activity of linezolid and synercid is a result of their activity on
protein synthesis, inlubiting alpha-haemolysin {(#la) mRNA translation albeit through
different mechanisms. Gemmell and Ford have also reported reduced cxpression of
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haemolysin by another strain of S.aureus (Wood 46) by sub-MIC linezolid. Daptomycin
reduced titres by one dilution or had no effect on strains.'”* The ability of daptomyein to
disrupl bacterial cell membrane potential is obviously insufficient to increase the levels of
haemolysin detected and has no apparent cffcet on the translation and expression of alpha-

haemolysin.

5.2.4 Toxic shock syndrome foxin-1 (TSST-1}

TSST-1 is rcsponsible for the symptoms of toxic shock syndrome (I'SS) although
involvement of the enterotoxins SEA, SEB and SEC has been reported. ®'?"1°™  The
classification of TSST-1 as a superantigen as a resuit of its biological properties makes it
an interesting virulence factor to study. Only thiee of our strains, E16, Mu3 and Mu50,
carrted the 457 gene. Detection and quantification of TSST-1 in culture supernatants in

these strains was performed by FLISA.

The initial levels of foxin detected in drug-free medium were found to be significantly
higher in the VISA strains than in E16 (MuS0>Mu3>E16). The fact that strains Mu3 and
Mu50 are both high producers of TSST-1 and alpha-haemolysin with respect to the other
VISA strains contradicts many reports detailing the lack of dual cxpression of these toxins.
It is widely reported that TSS isolates carry the gene for alpha-haemolysin but fail to
express detectable levels of the haemolysin due to a single, reversible, gene mutation.” %
Non-clinical strains however express both toxins.” Mu3 and Mu50 are clinical isolates but
were not assoclated with TSS so phenotypically they fall into the latter category. Strains
Mu3 and Mu50 bchaved similarly in response to %2 MIC linezolid and synercid where
toxin levels were significantly reduced. E16 on the other hand cxpressed significantly
increased levels of toxin when grown in the presence of Y2 MIC linezolid. One half MIC
cefpirome was also found to increase toxin levels in strains E16 and Ma3 but reduced them

in strain Mu50.

The ability of the protein synthesis inhibitors to reduce TSST-1 expression in the two
VISA strains indicates an effect on toxin translation as has been demonstrated with the
protein synthesis inhibitor clindamygcin, 317212730532 e 11 MIC tinezolid should
increase toxin expression and synercid should have no elfect in K16 is unclcar considering
that both of these antibiotics inhibited normal cell growth. Both of these drugs also
induced thickened cell walls thus the release of TSST-1 could be affected by aliered cell

wall density as previously mentioned. Alternatively, the ribosomal organisation of E16
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may differ from Mu3 and MuS0 and the levels of expression result from antibiotic activity

on T'SST-1 translation at or near to the cell membrane,

Despite the effects of the antibiotics on TSST-1 expression, the ability of culture
supernatants to stimulate Tcell proliferation, a property of superantigens, was not affected
to the same cxtent. There ts no apparent relationship between the level of loxin expression
and mitogenic activity. From the standards included in the assay (range 0.1ug/ml to
100pg/mi) it (s clear that Tcell proliferation induced by FSST-1 is not concentration
dependent. It is likely that, as the culiure supernatants were used in their crude form, other
superantigens may be present in since the genes for entcrotoxin A (SEA), SEG and SEI are
carricd by the three strains and additionally SEC by strains Mu3 and Mu50. The potential

expression of the enterotoxins may contribuie to the levels of ‘I'cell proliferation observed.

5.2.5 Protein A (spe) mRNA transcription

Determination of the levels of protein A (spa) mRNA from E16 during growth for 4hrs in
the absence and prescnce of 2 MIC linezolid and synercid showed that the levels of spa
mRNA. transcript were actually incrcased even though the growth rate of E16 was severely
inhibited 1n comparison to the no drug control. The significantly reduced levels of surface
bound and extracellular protein A, as measured by ELISA, in response to linezolid and
synercid suggests that mRNA transcripts are being produced but not being transcribed into
mature protein. The increased levels of transcript observed may be due to a backlog of
untranscribed mRNA but this is uswally degraded suggesting that the aniibiotics may be up
regulating transcription or that degradation enzymes are being inhibited. Although the
tevels of mRINA for the other proteins and toxins studied in this thesis were not determined
it scems logical to assume that, as all four of the antibiotics were found to reduce the
expression of both extracellular toxins and surface bound proteins in the majority of

strains, inhibition of mMRNA translation is taking place.

3.3  Susceptibility to Phagocytosis

Phagocytosis is a key process in the cradication of infecting bacteria from a host. Many
bacterial species express surface components that mask phagocyte binding sites or form a
protective batrier around the cell preventing the adhercnec of opsonic complement factors.
Numerous authors have investigated the process of phagocytosis and the effects that

antibiotics have on the process. Of interest is the ability of antibiotics to modify a
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bacterium such that its susceptibility to phagocytic uptake by polymorphonuclear cells
(PMNL) is increased. There are several studies of the effects of clindamycin on strains of
staphylococet and streptococci and their subsequent susceptibility to phagocytosis. The
loss of protein A and M protein expression by these species by sub-MIC clindamycin

. . Y | 20,352
increased their susceptibility to phagocylosis. 18120,

In staphylococci the antiphagocytic protein of interest is protein A. The ability of protein
A to bind the Fc portion of immunoglobulin (IgG) reduces activation of complement and
thus IgG-mediated opsonisation of the bacterial cells, a crucial requirement for rapid

phagocytic inchtiml_z'?s,m

The process of chemiluminescence was used to measure the quantity of light being emitied
in response to PMNL respiratory burst, a process closely related to bacterial ingestion. It
was noticed ihat strain 3759v produced a significantly reduced chemiluminescence
response in comparison to S.axreus Cowan and all of the other strains whereas Mu3 and
Mu50 produced significantly enhanced responses suggesting reduced and enhanced
susceptibility to phagocytosis respectively. This would indicate that these strain 3759v
expresses additional characteristic(s) that are different from the other strains enabling it to
inhibit opsonophagocytosis more effectively. Strains Mu3 and MuS5C on the other hand do
not express such effective antiphagocytic properties. Incubation of the strains in %2 and Y4
MIC linezolid, cefpirome and synercid produced variable but reduced chemiluminescence
responses of strains E16, Mu3 and MuS0 only. Cuitures of strain 3759v in 2 MIC

cefpirome demonstrated increased suscepiibility to PMNL ingestion.

The presence of protein A is considercd to confer antiphagocytic properties upon a cell but
reduced protein A expression by S.aurens Cowan w responsc 1o %2 MIC synercid docs not
alter the PMNL chemiluminescence response to the treated organism. ‘this strain does
however possess a slightly thicker cell wall in the presence of synercid, The balance
between protein A expression and cell wall thickness and/or composition appears to be
important in the determination of phagocytic susceptibility.  Thickened cell walls are
present in strain Mu3 exposed to Y2 MIC linezolid, and strain Mu50 exposed to 2 MIC
linezolid and synercid. The levels of protein A expressed by these strains were also
significantly reduced by thcsc antibiotics as is the chemilumunescence response, thus
suggesting that modiOcation of the cell walls may compensate for the lack of protein A in
terms of susceptibility to phagocytosis. The presence of a thickened cell wall alone is not

sufficient to induce antiphagocytic propertics upon a cell as demonstrated by the reduction
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n cell wall thickness and lack of protein A expression by strain 5836 in response to 2 MIC
linezolid and daptomycin, but no alteration in the PMNL ingestion of this strain. This
would suggest that other surface and cell free proteins not included in this study are being
cxpressed and/or that the actual composition and density of the cell wall plays a rolc in the
susceptibility of VISA strains to phagocylosis by PMNL. This conciusion was supported
by the irregular observation, by electron microscopy, of electron dense material loosely
associated with the cefl wall. These observations were in addition to, and apparently

unrelated to any expression of protein A.

There are no doubt other characteristics of the VISA sirains that contribute to their
resistance to phagocytic ingestion as the absence of protein A cxpression by thesc strains
does not appear to render them more susceptible to opsonophagocytosis. This is evidenced
by the charactcristics of strain 3759v. [n normal cell culture strain 3759y possesses a cell
wall that is slightly thicker than that of S.aureus Cowan. It is a non-producer of surface
bound protcin A but produccs low levels of cell free protein A, clumping factor and
coagulase, and produces moderate levels (32HU) of alpha-haemolysin bul is the most

resistant strain to opsonophagocytosis.

5.3  Relationship of Preseat Study to Previous Investigations

The etfects of sub-MIC antibiotics have been studied on both Gram-positive and Gram-
negative species of bacteria. The activity of the lincasamine, clindamyein, is perhaps the
best studied of the protein synthesis inhibitors. Sub-MIC clindamycin, in addition to
chloramphenicol and erythromycin, have been reported to reduce the expression of
fibronectin binding proteins (Fnbp) in S.aureus thereby reducing the strains susceptibility

88,285

to phagocytosis. In contrast, clindamycin inhibits thc cxpression of protein A in

S.aureus and M protein in Spyogenes increasing opsonvphagocytosis, #1202
Extracellular proteins and toxins including coagulase, alpha-haemolysin, TSST-1 and
nucleases of S.gurews, f.coli haemolysin and shiga-like toxin, and the glycocalyx of
S.aureus, F.coli and Bacillus  species are also subject to inhibition by
clindamycin 173248394345 The 1atier plays a role in the inhibition of bacterial adherence to

. o . . 5 230,151,353
bone surfaces and potentiation of phagocytosis, #410%204:203230,351.33

Exposure to some antibiotics stimulates protein and toxin expression. For example,

clindamycin enhances expression of Clostridium difficile enterotoxin, ' synercid increases
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the expression of the ica operon (involved in adhcsion) in S.epidermidis™ and lincomycin
has been shown to increase the expression of heat labile toxin and choleragen by F.coli and
Vibrio cholerae respectively.”’’  Brythromycin and chloramphenicol have no cffoct on

toxin cxprcssion and phagocytosis of group A streptococci.”s

It is interesting to note that Milatovic ef «/. (1982,1983) reported thickened cell walls in

. ' - : . 37,238
isolates of S.aureus exposed to sub-MIC clindamycin.”*”

Increased binding of the
complement component C3 lcads to cnhanced phagocytosis of the bacterium. It was
hypothesised that the thickened cell wall exposed more C3 binding sites thus promoting

phagocytosis.

The cell wall active antibiotics have also been shown to affect protein biosynthesis.
Increased levels of Fnbp in S.aurens have been reported during exposure to the B-lactams,
cephalosporing, vancomycin, and ciprofloxacin, probably due to the inhibition of

34,205

peptidoglycan cross-linkage thus exposing more Fnbp. Enhanced levels of alpha-
haemolysin occur in the presence of methicillin!® and increased phagocytosis of
Pscudomonas aeruginosa has been reported to colneide with altered morphology through

B-lactam action.’”

54 Summary

Throughout this thesis I have endeavoured to characterise the variable morphology and the
cxtent of surface protein and extracellular toxin expresston by strains of S.awreus
displaying intermediate resistance to vancomycin in comparison to a strain of methicillin
susceptible S.aureus and a local isolate of methicillin resistant S.qureus, and to determine

the etfects that antibiotic stress has on the above [aclors.

The results presented here suggest that strain- and species-dependent effects take place in
response to antibiotics at sub-inhibitory concentrations. The ability of strains of VISA to
express thickened cell walls is believed to play a role in the strain’s resistance to
vancomyein though the binding of vancomycin molecules at the peripheral cell wall may
prevent bactericidal activity. A thickened cell wall may also hinder the passage of
antibiotics into and proteins and toxins out of the bacterial cetl. The composition of the
cell wall is also of major importance. A lower degree of peptidoglycan cross-linkage in the

cell wall, a common characteristic of VISA strains, affects the density of the cell wall and
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it is plausible that the passage of molecules and proteins through the cell would also be
affected. In instances of reduced cross-linkage the passage of molecules through the cell
wall would be expected to be more efficient and vice versa (Figure 52). A similar efflux of
proteins out of the cell may be expected to occur in response to peptidoglycan cross
linkage i.e. cell walls with low-level cross linkage should allow the passage of a greater

number and indeed larger molecules out of the cell.

The increased levels of toxin expression by selected strains in this study may be due to the
above hypothesis or the inhibition of the enzymes that degradc toxins in the culture

supcrnatant as proposed by Levner ef al. (1977).*"

However, most strains of S.aureus
produce onc or more proteolytic enzymcs187 and without actually measuring the levels of
protease produced by different VISA strains this idea 1s difficult to prove or disprove. As
the majority of strains reduce surface protein and extracellular toxin expression in response
10 antibiotic stress it is likely that this is a result of antibiotic cffccts on protein synthesis as
demonstrated by the effects of linezolid and synercid on spa mRNA and the reduced levels

of protein A detectable by ELISA.

Normal peptidoglycan cross-linkage Reduced peptidoglycan cress-linkage
in S.aureus as seen in VISA
®

TR TR

® l

o= N-acetylglucosamine oot N-geetylmuramic acid ] pentaglycine cross-link
Antibiotic molecule

Figure 52. Proposed model of the passage of auiibiotic molecules through cell walls that differ in their

intrinsic density
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FUTURE WORK

To develop this rescarch further the following avenucs may yicld interesting results:

To examine the cell wall morphology and cxtent of cross-linkage of VISA
isolates to attempt to explain protein secretion and antibiotic resistance in

relation to the transportation of molecules across the cell wall

To establish whether there are pools of proteins in the cytoplasm of VISA
sirains in the presence and absence of antibiotic induced stress in order to
support the hypothesis of inhibited protein fransportation through the cell

wall.

To measure mRNA synthesis in strains of VISA in relation to the proteins
and toxins examined m this study during linezohid, synercid and daptomycin
stress

To establish if there any similaritics between strains of VISA and VRSA in
their ability to express surface bound and cell free proteins and toxins and
their consequent susceptibility to phagocytosis

To establish what effects these agents have on linezolid resistant MRSA?

Carry out further investigations into protein A positive VISA 5827 as this

strain was the only VISA is this study to express protein A.
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APPENDIX ONE

REAGENTS



Achromopeptidase solution

Imi TI buffer (x1)
1 vial achromaopeptidase powder (100,000 units/ml)

Vortex, leave in 50°C waterbath 15min make sure powder is dissolved — 100 units/pi

Bilute to 10 units/uk- add 90ut TE buffer or PCR water to 10ul achromopeptidase (100

uhits/ul). Store -20°C

Anti-rabbit 1gG gold conjugate Buffer

0.1% BSA
0.05% Tween 20
5% Foetal calf serum

Difute in 0.5M NaCl

Coagulase Tubes

120l BHI

20ml Rabbit plasma
60ml sterile saline
x1 DNase buffer

50ul x10 DNase
5001 Rr-H,O

Gel-Hank’s solution

10ml 10x [lank’s balanced salt solution (HBSS) (ICN)
10mil 1% Gelatin
R0 dH,0

Adjust pH with 0.1M NaOH

Leishman’s Stain

Soak slides in 100% Leishman’s stain for 5 minutes

Soak slides in 50% Leishman’s stain in Mcthanol for 5 minutes
Rinsc off with dH,O

Air dry
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Luminol (10*M)

1.77mg Luminol (5-amino-2,3-dihydro-1,4 phthalazinedione)
1mi Dimethyl sulphoxide
Dilute to 10°M with sterile PBS before use.

NET Butfer

1ml Tissue Culturc Watcr
1ml TE Buffer (x1)
200ul SM NaCl

Store at room temperature

Phosphate Buffered Saline {(x10 PBS)

14.8¢g NaHPQO, anhydros
85g NaCl

Dissolve in 1 Litre ddH>O and filter sterilise.

PBS/.05% Tween-20

100m! x10 PBS
0.5ml Tween-20
900ml ddd,0

PBS/Tween 20/Bovine Serum Albumin (PBS/T/BSA)

11 PBS/0.05% Tween-20

10.8g Bovine Serum Albumin

PNP (Stock 0.1M PNP)

0.026318g  p-nitropheny! substrate
10ml 1M Tris

Dilute 3mi 0.IM PNP in 7ml 1M Tris — 2mM PNP
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RPMI medium (Supplemented)

500ml RMPI-1640 (Sigma)

Sml penicitlin (5000U/ml)/streptomyein (5000U/ml)
5ml [-ghutamine (200mM)

2.5ml fungazome

2% heat inactivated foetal call serum

Silane Coated Slides

Soak slides in 2% Decon overnight

Rinse and leave for 1 hour in dH;O

Soak in acetone for 5 minuics

Soak in 2% Silane in Acetone for 5 minutes
Rinse in dH,O for 30 minutes

Dry in an oven before use

0.1M Sodium Hydrogen Carbonate (NaHCO; pH 8.2)

84p NaHCO;,
1L ddH,0
0.01M NaHCO;

0.84¢g NaHCO,
1L ddH,O
IM Tris

30.2758¢g Trizma Base
220ml ddH,O

Dissolve and make up to 250ml
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APPENDIX TWO

Phenotypic and Genotypic Characterisation of Bacterial

Strains



A. Restriction enzyme digests (smal) of S.aureus Cowan, E16 and strains of VISA by

Pulse Field Gel Electrophoresis (PFGE).

Key: lanes 1 + 10 = NCTC 8325 control strain, lane 2= S.aureus Cowan, lane 3 = E16, lane 4 = VISA 3700w,
lane 5 = VISA 3759v, lane 6 = VISA 5827, lane 7 = VISA 5836, lane 8 = VISA Mu3, lane 9 = VISA Mu50

B. Phage Type and antibiogram of bacterial strains

Strain Origin Strain ANTIBIO GRAM METH PHAGETYPE
(MIC)

Glasgow VISA 3700W PnMICxErGnCpTrSuTeKmStTbAk R Not Typable
Japan VISA MU3 PnMtCxErClGnCpTeKmTbAk R 6ih/85ih
LHI Type El6 PanMtCxErCICpKmTb R 83Cwi29ih/TSWiTT/83A
USA VISA 5827 PnMtCxErCIGnCpTrKmTb(SuAk) R 932ih/6ih/54w/85ih

Glasgow VISA 3759V PnMtCxErCIGnCpSuT eRfFKmStTbAk R 83C/A2E/ATIS3/541T5/TT/83A/R4/85/88A/81 +
USA VISA 5836 PnMtErCICpRfKmTb R (32) Not Typable
Japan VISA MUS0 PnMtCXErCIGnCpTeRfKmTb(AK) R 6ih/85ih

Cowan Strain 8530 Fully sensitive. S(0.094) 29w/52/52A/80
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APPENDIX THREE

PCR and LIGHTCYCLER PRIMERS



A.  Preparation of Primer Stocks

Each primer was adjusted to a concentration of 100pmol/pl in tissuc culture water (Sigma)

according to the Oligo synthesis report provided (MWG primers).

Alpha-Haemolysin (4/a) — 535bp *®

Forward 8 GGT/ TTA/ GCC/ TGG/ CCT/ TC 3?
Reverse 5° CAT/ CAC/ GAA/CIC/ GT1/ CG 3

Enterotoxin A (sea) - 120bp **

Forward 5° TGG/ GAA/ ACG/ GTT/ AAA/ ACG/ AA ¥
Reverse 5° GAA/ CCT/ TCC/ CAT/ CAA/ AAA/ CA ¥

Enterotoxin B (seb) - 163bp MIKSA RetLab

Forward 5° GTA/ TGG/ TGG/ TGT/ AAC/ TGA/ GC 3?
Reverse 57 CCA/ AAT/ AGT/ GAC/ GAG/ TTA/ GG 3°

Enterotoxin C (sec) - 27 1bp MRSA RetLab

Forward 5° CTC! AAG/ AAC/ TAG/ ACA! TAA/ AAG/ CTA/ GG 3
Reverse 5° TCA/ AAA/ TCG/ GA'lY TAA/ CAT/ TAT/ CC 3

Enterotoxin D (sed) - 319bp MRHA RefTab

Forward 5° CTA/ GTT/ TGG/ TAA/ TAT/ CTC/ CT't/ TAA! ACG 3°
Reverse 5 TTA/ ATG/ CTA/ TAT/ CTT/ ATA GGG/ TAA/ ACA/ TC 3

Enterotoxin E (see) - 178bp *+

Forward 5 CAG/ TAC/ CTA/ TAG/ ATA/ AAG/ TTA/ AAA/ CAA/ GC 3’
Reverse 5° TAA/ CTT/ ACC/ GTG/ GAC/ CCT/ TC ¥
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Interotoxin G (seg) - 327bp *

Forward 5° CGT/ CTC/ CAC/ CTG/ TTG/ AAG/ G 3
Reverse 5° CCA/ AGT/ GAT/ TG1/ CIA TTIG/ TCG 3°

linterotoxin H (sek) - 360bp *

Yorward 5° CAA/ CTG/ CTG/ ATT! TAG/ CTC/ AG 3°
Reverse 5° GTC/ GAA/ TGA/ GUAF ATC/ 1TCT/ AGG 3

Enlcrotoxin I (sei) - 465bp *

Forward 5° CAA/ CIC/ GAA/ T'TYT TCA/ ACA/ GTT/ AC 3
Reverse 5° CAG/ GCA/ GTC/ CAT/ CTC/ CTG 3

Enterotoxin J (se/) - 142bp 4

Forward 8 CAT/ CAG/ AAC/ TGV TGT/ TCC! GCT/ AG 3’
Reverse 5 CTG/ AALY I'I'lY ACC/ ATC/ AAA/ GGT/ AC ¥

ExfoliativeToxin A (eta) - T41bp MRSA RefLab

Forward 5 CTA/ TTY/ ACT/ GTA/ GGA/ GCT/ AG 3
Reverse 5 ATT/ TAT/ TTG/ ATG/ CTC/ TCT/ AT 3°

Exfoliative Toxin B (eth) - 629bp MR3A Ret Lab

Forward 5° ATA/ CAC/ ACA/ TTA/ CGG/ ATA/ AT 3
Reverse 5’ CAA/ AGT/ GTC/ TCC! AAA/ AGT/ AT 3°

Nucleasc (nuc) - 280bp MRSA Reflab

Forward 5° GCG/ ATT/ GAT/ GGT/! GAT/ ACG/ G'I'I' 3°
Reverse 3° AGC/ CAA/ GCC/ TTG/ ACG/ AAC/ TAA! AGC 3
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Panton-Valentine Leukocidin {pvl) — 433bp *"

Forward 5° ATC/ ATT/ AGG/ TAA/ AAT/ GTC/ TGG/ ACA/ TGA/ TCC/ A3
Reverse 57 GCA/ TCA/ AST/ TGT/ ATT/ GGA/ TAG/ CAA/ AAG/ C¥

Protein A Variable X-region (spg) - variable '

Forward 5° TGT/ AAA/ ACG/ ACG/ GCC/ AGT/ GCT/ AAA/ AAG/ CTA/ AAC/
GA'l/ GC 3
Reverse 3 CAG/ GAA/ ACA/ GC1/ ATG/ ACC/ CCA/ CCA/ AAT/ ACA/ GTT/
GTA/ CC 3

Toxic Shock Syndrome Toxin (£sf) - 445hp MREARLb

Forward 5 AAG/ CCC/ I'1'l/ GTT/ GCT/ TGC/ G 3
Reverse 3 ATC/ GAA/ CTT/ TGG/ CCC/ ATA/ CTT/ 11 ®

Staphylococcal Enterotoxin like-protein (set-7) - 677bp *%°

Forward 5> GAA/ TTC/ AGA/ TTG/ GGA/ GAA/ TAA/ TAC/ TAT 3
Reverse 3° AGA/ TCT/ CAA/ CGT/ TTC/ ATC/ GTT/ AAG/ CTG/ C 3

l 6S rRNA - 47%p MRSA Ref Lub

Forward 8 GGA/ ATT/ CAA/ A(T:G L1)G/ AAT/ TGA/ CGG/ GGG/ € 3°
Reverse 5° CGG/ GAT/ CCC/ AGG/ CCC/ GGG/ AAC! GTA TTIC/ AC 3
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B. LightCycler Primers

Each primer was adjusted to a concentration of 100pmol/pl in tissue culture water (Sigma)

according to the Oligo synthesis report provided (MWG primers).

16sRNA - 580bp

Forward 5° TA'lY TGC/ ACA/ AT'GY GGC/ (¢ 3°
Reverse 5° CGA/ ATT/ AAA/ CCA/ CAT/ GCT 3°

Protein A {spa) — 556bp

Forward 5 GAC/ GAT/ CCT/ TCG/ GTG/ A 3
Reverse 5 1CG/ CCA/ G117 1Cl7 GG/ A 3

Toxic shock syndrome toxin (4sf) - 467bp

Forward 53° CGA/ CAA/ CTG/ CTA/ CAG/ AT 3
Reverse 3° TGA/ GTT/ AGC! TGA/ TGA/ CG ¥

C.  Thermal Cycler Programs for PCR Detection of Genes

Toxins, nuclease and 163 RNA MRSAReILab

1 cycle 95%C 5min
30 cycles 95°C 30sec, 55°C 30sec, 72°C 1min
i cycle 72°C Smin

10°C HOLD

Staphylococeal exotoxin-like protein 1 (SET-1) >

1 cycle 94°C Smin

30 cycles  94°C tmin, 45°C 1min, 72°C 1min
Teycle  72°C 10min

10°C HOLD

184



. 163
Protein A

lToyele  95°C 5min

25 cycles 95°C 1min, 60°C 1min, 72°C imin
1 cycle 72°C Smin

10°C HOLD

Enterotoxins G-I *

leyele  95°C 10min

15 cycles  95°C Imin, 68°C 45sec, 72°C 1min
16 cycles  95°C 1min, 64°C 45sce, 72°C Tmin
leycle  72°C 10min

10°C HOLD

185




Adoosouony wandapd Ul as1AdNS $1Y J0J LINNY
wif apapmouyae 01 pue ‘woddns fEIUTUY J0) U] BIDFWLITYJ YUEY) OF (| P{NOM |

STHAMRAT P WOy Yy

£081-L6L1°8€ "ODGN WD [ 000T W d "HRANYOS PUk | [ 'POOMIRA §
99ST-LSST'6L1 WOH [ L66] V TVWOL puw N TZpEINS ¢
0TE-S1€ '60T°661-Tr OWAD) MUY [ BE6| 212 H TEUPH '€

68-,4 /(6 1ddng) 17 saau] qep i) [ puwdg 8961 Y wnkog 7
b@N.OwN sr OEQ&U a—:un{ ::4. 1002 sﬂ ”» w ‘-L.»n.)ru.é 1

awRdmod
uxol Ayl o1 Padsar gum omafomed Asow Ajuessacou 10U am YSIA JO
surens 1oy Jeadde pinom u wisAjowaey wydie Jo voissudxa A gtk 1ayRHo) B
SIG) 18 JERJDUN ST [BAIAITS SE[Nj[30RAE1 Ul 9j0s © sAvjd [eAs [[20 PISEAINIT ) DYIYAY
AP [EPdULIORq JO JOEdIpU Ue ‘Wi Asomadsas Jo [PA3) J9mo0p B danpul
VSSIN PU® WSIA 241 JO [[@ “0AdmOy wURI0RQ oyl 1SaBul AJ[russeoons o1 NWd
uewng Jo Aupiqe 31 wagge 0f mwadde jou s20p y uwsd Jo ouasad Jo oudsqe 3y |

V U13101d PAIRDOSSE [[BM []30 HOR]

S[[EM {23 PIUNDNQ IATY «

suixo) pue surjcad ssaudxa o1 Ayjigqe mat ut A5ma o

surxo) puw suioud papoaua AwoeuRS 10 uawadwos Koy Ul 3G «

SURAS YSIA 1) PAYSIGRISD Uaaq SBY 1]

HOINSNINI(]

wisAjowaey Auw
sonpasd 01 P 9EgS SeAYM [W/HOSZ] JO sann passaidxd YSSIN PUR OSTIN
pauea uoIssasdxa JO [oA3] 3 INq Sukns (B AQ paonpoid sem uisAjowaey-eqdiy

Ol VSN JO 12G1 pOOIX2 121 S[A3] 18 0S PIp PUB [-ISSL PRONposd ‘Ot
pue gnjy ‘SURNS VSIA OM1 A[UQ VSSI PUP OIVSYWH UO SqRIaap Afipeas
SEM ) SEDUM S[[BA (|90 VSIA 2! UO PIARSGO 10U SeM Y umosd punog-f1a)

Augi> o

UOLDINAP NI MOJIG DM S[AAIf SIEDPUI /SR, 01
2uad [-1SS 1 JO S0BSGE OF JaP JEOP 10U SALIPUL (/N SN

0871 8L9 01> 0SIN
1743 Tss 01> N
0 aN o> of8¢
oF N LZ8S
oo aN ol AGSLE
08 am 01> MOOLE
091 WLl Lyl 9IVSINE
08Z1 aN F$ 0T VSSIW

uoissaads o

MO9SV
fo
ALISHIAINA

gy Butpnpaxa (S0 0> ) surens (v pur ] YSUING BamPg 1sing Asojendsas
Ul UOUINPR: WSS B s ARG WRIXD Awes ag1 01 parsaBur Fuq audsaq

68 /+ 5S¢ §0-/+89 OsnIN
YEL/+LPE N
S8+ 6T 9L+ €6 9¢8S
6LL/+67T +¥L LT8¢

LS+ 6 + 16 AGSLE
TL+962 MODLE
L8+9TF €1+9L 91IVSING
€ri-+ 1 LT T1/+78 VSSW

psang vaopendsaypayed ) o

[1eAs 120 pafiseiua Apuedgrudis v pakeidstp 0£8S puR AGS, € svasYM O VSHINT pue
VSSIN JO 3501 01 s[iem [[20 2youp AjjemEem Ajuo palqQX2 GSnpy PUE cnjy SUmS

s0'0>d . “000'001N BonedymBNyY

WUg'6T - OSTIN wug 6z - LN Wug o - 9E8S

WU'EE © AGSLE wup9z “ 91 VSAWA wup 97 - VSSIN

&

HEHEANTID)

VSUN PUR Y SSIN JO 194 WOL JETIUISSIP 10U $1 SURXO)
puw sumoad ssasdxa o) Aupqe sy Aupqndacsns WDAWOOURA PIONPII (i suRns
sagsinBunsp ey aungeay Lrewnd oy stoj[em 20 Joyon B ey $388ns sapms g

s

OWIRY 2406 SuArB uonnyip i Jo Eaasdna Ayl
SU UINTE 2Jam WISKJOWARY JO S| DL€ T N0y | J0J SIA00IGIAS UGQER) JO BOUASNS 6.7 ©
I PAIEQROUT IaM UI[ES Ul sjuRIRWwAdng amymo jo suonnyip Sungnog wisowsvy wqdpy

dals YIRS JOPR /4 YIM SAUN [RIAIS PIYSEM A5BM
sateyd  saMuREQE 10) (1-1SS1) SIAV 20 (v waosd) dNd yim uoteqa Sutmoyof wugos
sapeas awyd @ Buisn Ipew seam sWR)0sd JO JUNDANSEI  PIPPE Sem JYH-(-1SS-nuE 10
V URj0Ld-QUE-ULOIq YIIYM JOYR SINOYT JO) PATRGNOUT 219M |- 1SS | PUR Y UI01d fenyRoRnxd
305 wweundns umnd 1o Y waoad punog-Ro 3oy 1x1) siped [R) smoygz
(€/1/d) UIUNQ[® WAIDS AUIAOF 95100 / OTUIIML %S00 / SHA Yim Pay0lq pue yBnwaso
LSS1-V umod-nue gim parmod auam saeyd gHpuomuw] Ve yompues Aq papasep
0q 223 [-LSSI Pur ¥ ulioigd (0007 "HIAMYIS puE poosss) woy padepy) ‘VSITH o

pNAR L Wiy 30 2uasasd 1 U1 BUR10RG NN JO 018 05| B JO
QI PRONPOId 20UNNSIUNLNJILAYD Y} A P i ing Komndsay D€
12 SUWTW(E 10] BUIRq Pasiuosdo WIuas: NN JO uoasqnout || & Suimoljo) suapeq pasaiin
uoHOARP [Emsta AQ papicoss sem ayeidn oudooSeyq (8961) o s2 wnkog o poyaw dy
Fuisn pareos oM S[RO NINJ URwng ysaig ang Lrojeadsay pue apeid) daledeyy ,

Adoosoui uonaP
UQISSTIUSURS) JOPUN PIUNUEND LAYl APAndadsar JRIND PEI| pue W0E [AURIM Wil PIUTR)S
LNNCO/PIUTESS SUDTDAY  IND 2aM SUORIAS WU(S-09 Yoiym woy uisas Axodo ui pasuatuijod
IPIXOIPAY WP Fuisn pIvIpAYRp am so|dwes IPIXOLR] WSO 95| Yim PIRINGES LY
IPAYRPRIBINE-SHJ %S T [ poXy 3m spfpd samyno 1gFmna0 Adedsonipy uondyy .

moBsej0) ‘rendsoy [[14qorS AU0IIOgE] MUASY VSAW
UOSLOW pleuoq 3 Aq pamuop Ajpury sam (ueder) ogny puv £y (VS[) 9E8S 'LT8S
{NN) AGSLE “MOOLE SURNS SRAMDS JWPILISWI-UDAMOITRA  TOUIR{0D UMO N0 WK
POUNNIGO 239M O YSHUING Pue URMO)) Urens (VSSIN) SA/AD S 3ANISUIS

paipmis uaq 124 jou sey sisordofeqd 0y Anpqudasns 1o surxo) re[njoRIS 20npoxd
B ISY] o SSADPID puR UONISOdWOD [[BM [P0 PAIAIE JARY SUMAS IS IPY) UMOYS
U32Q §BY )] SAUUNOD [RIBAIS UI HQR Aedpriods Ind20 suRns YSIA JO Sam{ost wasdd 1y

Honanpoang

Q1 VSUIWNH 01 pasedwos ysing Aondsas
paonpal 10y Jgisuadsas 3q Arw ySSI Ul wossadxa v umioad soyB  ising Aoyendsas

ownual 01 ANpige 1Py wage saop u ‘uonsaful onddcoFeyd o1 ySIA Jo Anjigndaosns
Y1 SunIAYe 10U SHIYM SSAUNIIR [[BM (32 paseaiduL Ryl epnaads ap O] VSHING Uy
Pmo| Apueaiiullis sem surens ySIA 005 £q 1sang Alorendsas jo wononpuy  Aiojesuadwion
033q ey ABw waosd 39BUNS JO 3duIsqe ) aymdn ankooBeyd o) surens YSIA In0j
3o Aupqndadsns 31 01 20AIYIP WSS OU IPRW |[RM [0 paujy) ® Jo 2ouasaid Ay

SIVSUN voy [-1SSL
210w ploj-aanp peonposd SURNS VSIA YL [W/NHOSI-08 Paonposd 0yl pus amynd Jo
/(N H) snun dpAjowaey (8Z [ -0 PEonposd YSIA S| UIRNS YS[A 380 A[UO UO PRIIRP
sem ' oRjp0sd punog 13D VSSIN PUB OTVSHUING UBY) JXON 2JaM STEM (192 VSIA 1TV

1snq Ksomeaidsas 2onpur
g N2yl pue (R0 (NIWd) apnuoydiowdjod uewny £q sisoiloofeyd o1 Aupiqndaosns
10} Parsal 21am SURNS [y sopkdonpio ygqel Jo sisk) Y ginongy wis q-eydpe pue
‘VSIT3 4q (1-1SS.L) urxo1 awospuks yooys oot pue y wiosd jo uonanposd ay) 105 podesse
d@m sumns paoops pue (doosopiu vonoop Sulsn POUIUEXD SBM SSAIPI ([BM 13D

91 VSHINE P (VSSIN) Snamp g aAnisuas uyjjanpaw ¢ ‘wopSury payun sy pue
uedef ‘BILOWY WOL SURDS XIS PAEdWOd A\ SHAMD'S WRISISI- AW JO SUIRRS WOy
Aeord&rouayd sagip Aew sumns (YSIA) snaumo su. Ay 1 A

MO9SV
fo
ALISHIAINN



