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Summary

Chronic skin wounds (CW) represent a significant world health problem including
reservoirs of multi-drug resistant bacterial biofilms. The precise role of bacteria in the
aetiology of chronic inflammation and non-healing remains unclear. This study
characterised MRSA from human CW and investigated how they inhibit wound healing,
modulate immunological responses and resist treatment in comparison to control MRSA
from asymptomatic nasal carriers (NC).

Routine cultural analysis of 150 chronic wounds revealed 50% were colonised with S.
aureus, of which 22.6% were MRSA. Multi-locus sequence typing identified two new
sequence types and demonstrated that wound MRSA represented two clonal complexes
(22 and 30) with almost 90% identified as hospital-acquired EMRSA-15. MRSA
isolated from CW and NC were characterised for virulence factor (VF) expression and
modulation of the innate immune system. Presence and expression of MRSA VFs
indicated an association with sequence type. Greater expression of colonisation- (cna)
and degradation- associated (hysA) VFs was evident in the wound MRSA, suggesting
that modulation of virulence is important for non-healing. The ability of conventional
biocides (iodine, silver, and potassium permanganate) to treat chronic wound bacteria,
using the carrier-test method, revealed iodine as the only effective biocide.

In vitro stimulation of the ability of the MRSA to induce innate immunity showed that
CW-MRSA exhibited decreased TLR, cytokine and complement responses compared
with NC-MRSA (IL-8, TNFa, complement activation; P<0.05). Moreover, biofilm-
induced reductions in immunogenicity were observed compared with planktonic growth
in monocyte and complement assays (P<0.05). Scratch wound assays indicated that
MRSA failed to inhibit keratinocyte migration (P>0.05), although bacterial growth
conditions (biofilm vs. planktonic) significantly affected the observed cellular migration
(P<0.05).

Virulence factor production and ability to modulate/evade the host innate immune
response are important potential mechanisms by which MRSA are able to colonise
chronic wounds. These studies provide important new insights into the role of MRSA in
delayed dermal healing.
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Chapter 1:

General introduction



1.1 Introduction

In health the skin is colonised by the resident microflora, a diverse collection
of microorganisms, including bacteria, archaea, fungi, viruses and mites, all of which
form part of the human microbiome (Kong, 2011). The human microbiome project
has been initiated to investigate all human habitats including skin, oral cavity and
gastro-intestinal tract, in part to determine the role of bacteria in health and disease
(Grice, 2008, Hsiao and Fraser-Liggett, 2009, Wade, 2010). These studies have
shown that factors such as age, moisture and body site affect the microbial
composition (Carlisle and Morowitz, 2011, Grice and Segre, 2011). It has been
estimated that the normal flora consists of 10'* microbes (Tlaskalova-Hogenova et al.,
2004) with approximately 10® bacteria/cm® on the skin, based on punch biopsy
sampling (Grice, 2008).

One of the principal functions of the skin is as a barrier to prevent the ingress
of colonising bacteria and potential pathogens to the internal milieu, thus forming an
integral part of the innate immune system (Paige, 2005). Following injury, disruption
of the normal barrier of human skin (Figure 1.1) induces a complex series of inter-
related but overlapping events, which constitute normal wound héaling ie.
haemostasis, inflammation, re-epithelialisation, angiogenesis, granulation tissue
formation, WOund contraction, scar formation and tissue remodelling (Blakytny and
Jude, 2006). The events involve both resident (keratinocytes, fibroblasts) and
migratory cells e.g. neutrophils (PMNL) and monocyte/macrophages (Mo/MQ).
These processes are coordinated by the expression of cytokines, autocrine and
paracrine growth factors, released at the site of injury, and cues from the extracellular
matrix (ECM; Xu and Clark, 1996, Gill and Parks, 2008, Vorotnikova et al., 2010).
Interruption in this process can lead to wound breakdown and failed or delayed

healing.
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1.2 The skin microbiome

Not only does the skin provide an innate immunological barrier to the ingress
of pathogens it harbours complex microbiological communities, which is affected by
environmental factors such as temperature, light, humidity, e.g. host factors such as
gender, immune status, genotype and cosmetic use (Gao et al., 2007). The ecology of
the skin forms a significant part of the human microbiome.

As part of the human microbiome project to determine whether a core
microbiota in healthy humans exist and further recent molecular studies, the skin
microbiome has been obsereved to be diverse and topographically distinct (Grice,
2009). Whereby local factors e.g. anatomy, lipid content, pH, sweat and sebum play
a significant role in microbial colonisation. A major challenge for the human
microbiome project is to ascertain an accurate study sample (Grice, 2008), studies by
Gao et al., (2007) indicate that cultivation methods of the human skin significantly
underestimate bacterial diversity.

Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes have been
observed to be the typical colonising phyla of human skin (Grice, 2008, Grice, 2009).
Characterisation of the skin microbiota may provide insight into the development of
dermétological disease, indicated by the predilection of microorganisms for specific
skin sites (Grice, 2009). Gao et al.,, (2007) presented evidence that the skin
microbiota is a frequently fluctuating dynamic system; this diversity was also
reflected by a study by Grice et al., (2009) observing 205 genera on 10 healthy
humans over 20 sites. Propionibacteria spp. and Staphylococci spp. were
predominant in sebaceous sites, whilst Corynebacteria spp. was dominant in moist
sites, although Staphylococci spp. were also present. Furthermore the skin
microbiome not only is vastly different to the gut microbiota, which primarily are of
the Firmicutes and Bacteroidetes division, but also indicates a low level of

interpersonal variation unlike the gut (Grice, 2008).



1.3 Normal wound healing
1.3.1 Inflammation

Following injury, inflammatory cells are attracted to the site of injury by
chemotactic factors such as platelet-derived growth factor (PDGF), and transforming
growth factor-B (TGF-B), damaged ECM and complement fractions. In the acute
phase of inflammation PMNL predominate and act to remove damaged host tissue
and kill invading pathogens via phagocytosis, free-radical generation and enzymatic
degradation. Following this (>24 h) Mo are recruited to the site of injury and release
an array of cytokines e.g. tumour necrosis factor-a (TNF-o), chemokines e.g.
interleukin-8 (IL-8) and growth factors e.g. TGF-B and fibroblast growth factor
(FGF). These cytokines stimulate cellular proliferation and migration in the resident
wound cells and, in the case of fibroblasts, ECM synthesis in the adjacent dermis

(Cotton, 1998, Sorrell et al., 2008).

1.3.2 Proliferation

During this phase, cellular proliferation and contraction occurs to close the
defect. Fibroblasts are involved in the secretion of ECM and matrix remodelling via
matrix metalloproteinases (MMPs), whilst endothelial cells and pericytes are
involved in ahgiogenesis. In the epidermis, PDGF synergistically induces cellular
proliferation in the basal layer, with epidermal growth factor (EGF) produced from
keratinocytes and somatomedins (insulin-like growth factor; IGF-1 and IGF-2). In
the dermis, myofibroblasts migrate in response to PDGF and TGF-p, the secreted
collagen and fibronectin aids migration of epithelial cells (Parsons, 1998, Jones et al.,
2004). Wound closure is induced immediately upon wounding; keratinocytes in the
adjacent epithelia or hair follicles within the wound proliferate and migrate across the
provisional wound matrix. Following wound closure, remodelling occurs over many
months (up to 1 year following initial injury) mediated principally by fibroblasts and

myofibroblasts.



The rapidity of wound closure and re-epithelialisation is evolutionarily
important to minimise the risk of infection supervening (Ferguson, 1993, Moulin et
al., 2000). In wounds which heal with primary intention (with the wound edges
approximated) this process is complete within 24 hours. In more extensive wounds
however, where the edges are not approximated, the wound bed may be exposed to
the external environment and potential colonisation/invasion of bacteria for many

days (Bowler, 2003).

1.4 Chronic wounds

Chronic, non-healing skin wounds are a major cause of disability and distress
occurring principally in the extremities of elderly individuals. They present in 3
typical forms: pressure ulcers (PU), diabetic foot ulcers (DFU) and venous ulcers,
and are defined as chronic if they fail to show a 40% reduction in area ina 2 — 4
week period following optimal therapy (Siddiqui and Bernstein, 2010). Such wounds
annually account for the loss of >2 million workdays in the US (McGuckin et al.,
2002); with an associated estimated cost of $13 to $15 billion (Siddiqui and
Bemnstein, 2010). |

Ihterestingly, the majority of non-healing wounds will occur in
individuals/tissue exhibiting impaired immunological responsiveness (diabetic
ulcers), inadequéte perfusion (venous leg ulcers) and chronic trauma (pressure
ulcers). The wounds, therefore, occur in populations with increased risk of bacterial
carriage. Indeed, whilst the precise aetiology of these wounds is uncertain, all
chronic wounds harbour bacteria (Davies et al., 2004, Davies et al., 2007).
Moreover, a number of the changes which characterise the wounds at the gene,
protein and cellular level may be directly or indirectly related to bacteria present
within the wound bed (Wall et al., 2002, Stephens et al., 2003). Workers have
demonstrated that the histological features of chronic, ineffectual inflammation may
be mediated by alterations in fibroblast chemokine profiles and immunosuppressive

effects of local anaerobic bacteria, and that the elevated levels of proteases in the



wounds may be induced by bacterial activation of local immune responses (Wall et
al., 2002, Wall et al., 2008). The observed degradation of the ECM may also be
mediated by bacterial proteolytic activity, as might the defective re-epithelialisation
and angiogenesis which is observed within the wound bed (Stephens et al., 2003).
Workers have suggested that the changes in cellular senescence observed in the
wound may directly influence healing. Fibroblasts cultured from chronic wounds
exhibit reduced population doublings and early senescence compared with matched
normal dermal fibroblasts (Mendez et al., 1998, Wall et al., 2008). Along with this,
decreased cytokine production facilitates dysfunction in immune, ECM and
keratinocyte regulation all of which are significant for healing (Rodero and

Khosrotehrani, 2010).

1.5 The microflora of skin wounds

Skin wounds provide an ideal environment for microbial colonisation and
proliferation, and these wounds harbour both aerobic and anaerobic bacterial
populations (Bowler et al., 2001, Davies et al., 2007, Dowd, 2008). The bacterial
species isolated from individual wounds are dependent upon wound site and typically
derived from the local resident population (Thomson and Smith, 1994). A systematic
review’(BoWIer, 1998) demonstrated that S. aureus is the most frequently isolated
organism from skin wounds, being commonly associated with P. aeruginosa in both
chronic skin and particularly burn wounds. Similar findings have been observed in
prospective studies of infected surgical wounds, demonstrating that S. aureus was the
most frequently encountered wound isolate followed by; P. aeruginosa, E. coli, S.
epidermidis and Enterococcus faecalis (Giacometti et al., 2000). Perera et al., (2005)
attempted to categorise the distribution of normal and pathogenic skin flora (Table
1.1).

Past characterisation of chronic wound bacteria has however, relied upon

culture techniques alone, which have many limitations. Culture-based methodologies



Table 1.1 Distribution of normal and pathogenic cutaneous flora (aerobic and facultative anaerobes)

Normal flora Common pathogens Uncommon pathogens
Phylum Species
Proteobacteria Acinetobacter spp. Candida spp. Acinetobacter spp.
Comamonas spp. Corynebacterium spp. Enterobacter spp.
Delftia spp. Enterococcus spp. Group B, C, G streptococci
Enterobacter spp. Escherichia coli Klebsiella spp.
Haemophilus spp. Group A Streptococcus Pseudomonas mallei
Halomonas spp. Morganella morganii Serratia marcescens
Janthinobacterium spp. Proteus mirabilis Streptococcus faecalis
Klebsiella spp. Proteus vulgaris
Methylobacterium spp. Pseudomonas aeruginosa
Neisseria spp. Staphylococcus aureus
Pasteurella spp. Sta.phylococcus epidermidis
Pseudomonas spp. Shig el{a SPP-
Serratia spp. Serratia spp.
Sphingobacterium spp. Stenotrophomonas spp.
Stenotrobacteria spp.
Firmicutes Clostridium spp. Diabtetic wounds Rhodopseudomonas spp.

Enterococcus spp.
Lactobacillus spp.
Staphylococcus spp.
Streptococcus spp.

(Adapted from Perera and Hay, 2005, Sra et al., 2005, Gao et al., 2007, Dowd et al., 2008, Grice, 2008, Grice, 2009, Price et al., 2009,
Gontcharova et al., 2010, Grice, 2010, Grice and Segre, 2011)



Table 1.1 continued Distribution of normal and pathogenic cutaneous flora (aerobic and facultative anaerobes)

Normal flora Common pathogens Uncommon pathogens
Phylum Species |

Bacteroidetes Acidobacteri spp.
Chryseobacterium spp.
Cyanobacteria spp.
Sphingobacterium spp.

Actinobacteria Actinomyces spp.
Brevibacterium spp.
Corynebacterium spp.
Goronia spp.
Kocuria spp.
Microbactium spp.
Micrococcus spp.
Mycobacterium spp.
Rhodococcus spp.
Rothia spp.

Fungal Cryptococcus spp.
Debaryomyces spp.
Malassezia spp.

(Adapted from Perera and Hay, 2005, Sra et al., 2005, Gao et al., 2007, Dowd et al., 2008, Grice, 2008, Grice, 2009, Price et al., 2009,
Gontcharova et al., 2010, Grice, 2010, Grice and Segre, 2011)



Table 1.1 continued Distribution of normal and pathogenic cutaneous flora (anaerobes)

Normal flora ' Common pathogens Uncommon pathogens
Phylum Species
Proteobacteria | Anaerococcus spp. Bacteroides fragilis
Finegoldia spp. Clostridium perfringens

Helcococcus spp.
Parvimonas spp.

Peptoniphilus spp.
Firmicutes Anaerococcus spp. Diabetic wound Bacteroides spp.
Clostridium spp. Clostridium spp.
Gemella spp. Peptostreptococcus spp.
Veillonella spp. Prevotella spp.
Veillonella spp.

Bacteroidetes  Porphyromonas spp.
Prevotella spp.

Actinobacteria  Propionibacterium acnes
Propionibacterium avidum

(Adapted from Perera and Hay, 2005, Sra et al., 2005, Gao et al., 2007, Dowd et al., 2008, Grice, 2008, Grice, 2009, Price et al., 2009,
Gontcharova et al., 2010, Grice, 2010, Grice and Segre, 2011) '
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rely upon the growth of bacteria in an artificial environment, which preferentially
nurtures rapidly growing organisms. Hence, it has been estimated that only 1% of
bacteria have been cultured (Wade et al., 1997, Dowd, 2008), with many human
pathogens, particularly anaerobes being uncultivatible e.g. 50% oral microflora
(Wade et al., 2005). The last two decades has seen the advent of molecular methods
to identify pathogens associated with disease (Dymock et al., 1996, Davies et al.,
2001, Dowd, 2008), e.g. 16S rRNA random fragment length polymorphism (RFLP),
denaturing gradient gel electrophoresis (DGGE) and more recently high-throughput
sequencing methods such as pyrosequencing and whole-genome shotgun
sequencing. A limitation of such DNA sequencing methods is the inability to
discriminate between live and dead bacteria (Grice, 2008). Functional genomic
studies e.g. metagenomics, including metabolomic investigations, have led to a
greater understanding of bacterial ecology and function in health and disease as
observed in gut microbiota (Preidis and Versalovic, 2009, Yang et al., 2009). These
methods have been used in comparative analysis of sampling methods and reveal
that although bacterial numbers present were significantly different using swab and
biopsy techniques, similar bacterial communities were identified (Grice, 2008).
Longitudinal studies of the skin microbiota have shown stable bacterial skin
colonisation over time, although this was dependant on sample site, and indicated
that healthy i.‘n‘dividuals demonstrate little inter-person variation (Grice, 2008, Grice,
2009). Conversely in leg ulcers, biofilm bacterial colonisation was highly diverse
between patients. Pressure (62%) and diabetic (30%) leg ulcers were likely to
harbour anaerobes, whilst venous leg ulcers had much fewer numbers (1.6%; Dowd,
2008). Murine models have shown longitudinal shifts in bacterial presence with
non-healing wounds (Grice et al., 2010).
Within wounds bacterial presence has been artificially and arbitrarily
categorised into: “contamination”, “colonisation”, “critical-colonisation” and
“infection” (Edwards and Harding, 2004); where “critical colonisation” describes the

level of colonisation that begins to adversely affect wound healing. Infection has
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been defined as “the product of the entrance, growth, metabolic activities, and
resultant pathophysiologic effects of microorganisms in the tissues of the patient”
(Robson, 1997). The cardinal signs of infection are: ‘dolor’ (pain), ‘tumor’
(swelling), ‘calor’ (heat), ‘rubor’ (erythema) and ‘loss of function’. Other signs
indicative of infection are suppuration and in terms of chronic skin wounds i.e.
ulceration, an increase in size and depth of the wound. However, clinical assessment
of chronic wounds has proven to be variable and of low reliability (Lorentzen and
Gottrup, 2006). The transition from critical colonisation to infection is not simply
related to bacterial density but reflects changes in host susceptibility, increased
microbial numbers, and alteration in bacterial virulence. It is evident that the deep
tissues of all non-healing wounds harbour bacteria, whether infected or not (Cooper
et al., 2009). Attempts to correlate the outcome of wound healing with individual
bacteria and bacterial density have been made for over 40 years, with varying

outcomes.

1.5.1 Microbiology and the healing of chronic wounds

Although there is a dense microflora associated with chronic wounds, they
have i'elatively low rates of infection <5% (Bowler et al., 2001). Some authors
hypothesise fhat the density of the microorganisms is critical to healing, whilst others
argue that the presence of specific pathogens is of primary importance. A third
argument is that organisms themselves play a minimal role (Eriksson et al., 1984,
Bowler et al., 2001). The mean number of species isolated from a chronic wound
has been noted to be between 1.6 and 5.8 (Hansson et al., 1995a, Howell-Jones et al.,
2005, Cooper et al., 2009). In terms of bacterial load, workers have suggested that
the risk of infection is associated with bacterial numbers in the tissue >10° CFU/g
(Ferguson, 1993) however; this is based on traumatic wound studies.

Many studies have investigated the relationship between bacterial
quantification and non-healing. The debate over the significance of microbial load

originated in 1964, where Bendy et al., (1964) reported that healing in decubitus
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ulcers only progressed when the bacterial load was <10® CFU/ml, whilst Robson et
al., (1999) postulated that bacterial presence >10° CFU/g tissue, based on biopsies,
was indicative of infection risk and non-healing. Further to this, healing in acute
wounds has been associated with bacterial loads <10° CFU/g tissue (Bowler, 1998).
Whist Breidenbach and Trager et al., (1995) demonstrated that a critical load of >10*
CFU/g tissue was needed to cause an infection in extremity wounds. Thus, much
debate regarding quantitative bacteriology and non-healing has occurred. However,
due to the variety of techniques utilised in these studies it is difficult to ascertain
whether bacterial load, was more important than species present, e.g. f-haemolytic
streptococci counts associated with non-healing are estimated to be <10* CFU/g
(Heggers, 1994, Thomson and Smith, 1994, Edwards and Harding, 2004). More
significantly, many researchers have found a limited use of the 10° CFU/g rule in
chronic wounds due to their complex aetiology and pathogenesis compared with
acute wounds (Bowler, 2003) whereby >10® CFU/ml bacteria have been associated
with non-infected chronic wounds (Hill et al., 2003, Davies et al., 2007, Cooper et
al., 2009).

The presence of multiple species within a wound appears to be of more
impoftance. Trengove et al., (1996) found that healing was inversely associated with
>4 bacterial species isolated from venous ulcers. These findings have been further
corroborated by other researchers (Davies et al., 2007, Cooper et al., 2009), and it
would appear that bacterial diversity is more likely to be of significance in healing

than the number of bacteria isolated, particularly in chronic wounds.

1.5.2 Disease association with individual bacteria

A number of studies have identified potential pathogens associated with the
chronic wound environment. Cultural analysis of wounds via swab and biopsy
techniques have indicated S. aureus, P. aeruginosa and B-haemolytic streptococci to
be the most frequent isolates from delayed healing and infected wounds (Bowler et

al., 2001, Davies et al., 2007, Cooper et al., 2009). Specific studies of particular
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wound types e.g. DFU, observed that S. aureus was the most prevalent isolate along
with S. epidermidis, Streptococcus spp. P. aeruginosa, Enterococcus spp. and
coliforms (Armstrong et al., 1995a). Interestingly, although often overlooked,
detailed microbiological analysis of DFU infections revealed that >90% of wounds
contained anaerobes e.g. Peptostreptococcus, Bacteroides and Prevotella sp.
(Gerding, 1995).

Studies employing molecular techniques have characterised the microflora of
chronic wounds. Molecular based techniques have been applied to characterise both
the number (DGGE) and via sequencing, the identity of uncultivable organisms
within chronic wounds (Hill et al., 2002, Davies et al., 2004, Dowd, 2008, Melendez
et al., 2010). DGGE studies having demonstrated a greater number of species (band
profiles) in non-healing wounds than those identified by culture techniques alone e.g.
Pseudomonas sp. were present in all samples, even though it was not always cultured
(Davies et al., 2004). Sequencing studies by Hill et al., (2003), demonstrated for the
first time the increased diversity of the wound microflora compared to purely
cultural analysis, and recent molecular studies employing high-throughput
sequencing screening (Dowd, 2008, Price, 2009, Wolcott et al., 2009) have
demohstrated similar substantially greater diversity in the bacterial communities of
the wound. Wolcott et al., (2009) identified a total of 62 genera in 40 wounds using
pyrosequencing. Also, these methods have identified the relative stability of the
microflora of the uninjured skin microbiome (Grice, 2009). The use of imaging
techniques have provided insight into the topographical arrangements of bacteria
within wounds (Bjarnsholt et al., 2008, Kirketerp-Moller et al., 2008, Malic et al.,
2009). In almost all studies, be they cultural or molecular, the importance of and
prevalence of S. aureus in the wound environment has been stressed (Martin et al.,

2009, Siddiqui and Bernstein, 2010, Grice and Segre, 2011, Kong, 2011).
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1.6 Staphylococcus aureus

Staphylococci are Gram and catalase-positive cocci that are frequently
isolated from skin infections. They are approximately 0.5 to 1.5 um in diameter and
form grape-like clusters under light microscopy. They are non-motile and non-spore
forming facultative bacteria. The genus consists of >30 species with 17 sub-species
(Bannerman, 2003, Massey et al., 2006), and the genome ranges from 2000 to 3000
kilobases (kb) in size, and contain a variable number of mobile genetic elements
(Bannerman, 2003, Witte et al., 2006, Tristan et al., 2007).

S. aureus is the most prevalent member of the staphylococcal family and is
responsible for a diverse range of human diseases; from minor soft-tissue to life-
threatening systemic infections (Perera and Hay, 2005, Petkovsek et al., 2009). S.
aureus is part of the resident flora in the anterior nares of approximately 30% of the
population, whilst up to 60% of the population show a transient colonization of the
nares, axilla, perineum or vagina (Breuer et al., 2002, Aires de Sousa and Lencastre,
2004, Miller and Diep, 2008). Colonisation with S. aureus is increased in
immunosuppressed individuals (e.g. diabetic and renal patients), disorders of the skin
and hospitalisation (Breuer et al., 2002, Reich-Schupke et al., 2010, Schechter-
Perkihs et al., 2011). The mode of spread has been demonstrated to follow a regular
pattem;. colonisation, in-particular of the nares, by S. aureus leads to hand carriage
and from the hands, the organisms frequently spread to other body areas (Tenover
and Gorwitz, 2006).

Following the introduction of penicillin in the 1940s, the ability of S. aureus
to resist treatment by the production of penicillinase was evident (Boyle-Vavra and
Daum, 2007), and in 1959 the first semi-synthetic penicillin, methicillin was
introduced (now named meticillin) to combat this problem (Livermore, 2000a,
Zhang et al., 2005). Whilst meticillin and flucloxacillin have been the mainstay of
treatment for S. aureus infections for the last 50 years, within 2 years of its
development meticillin resistant S. aureus (MRSA) clinical isolates were observed

(Shanson, 1981, Ayliffe et al., 1998) and are now a major nosocomial pathogen
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(Oztoprak et al., 2006, Niederman, 2009). The cost of hospital-acquired infection is
estimated to be £1 billion per year (Plowman et al., 2001) with MRSA accounting
for 10% of hospital-acquired infections (Higgins et al., 2010)

1.7 Antimicrobial resistance in chronic wound patients

The emergence of antibiotic resistance and multi-drug resistant (MDR)
organisms as a major world health problem, with its associated morbidity and
mortality, has been inexorable (Colsky et al., 1998, Gould, 2008, French, 2010, Jean
and Hsueh, 2011, Lo et al., 2011). Whilst consideration is most commonly given to
antibiotic prescription, it is important to also recognise that antibiotic resistance may
be acquired due to community environmental acquisition (Hosein et al., 2002,
Moellering, 2006). Due to the difficulties in characterising infection (Section 1.5)
patients with chronic wounds are at increased risk of (often inappropriately)
 receiving antibiotics (Howell-Jones et al., 2005). Price et al., (2009) showed that
the use of antibiotics in wound patients significantly affected bacterial presence with
an increase in pseudomonadaceae, corynebacteriaceac and oxalobacteraceae.
Numerous studies have demonstrated the increased prevalence of antibiotic-resistant
and MDR organisms within the microflora of chronic wounds (Perera and Hay,
2005, Sﬁnaway et al., 2007, Jappe et al., 2008). Interestingly, the first two cases of
vancomycin resistant S. aureus in the US were isolated from chronic wound patients

(Prevention, 2002a, Prevention, 2002b)

1.7.1 Mechanisms of resistance

Resistance falls into one of three mechanistic classes; firstly, prevention of
the accumulation of an antimicrobial within the bacterial cells usually by either
dedicated or general efflux pumps frequently seen with biocide resistance e.g.
quaternary ammonium compounds (QAC). Secondly, an alteration of the molecular
target; thirdly, inactivation of the substance (Perera and Hay, 2005). From a genetic

point of view, resistance is achieved by mutation or acquisition. The most adaptable
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mechanism of antibiotic resistance is by the exchange of genetic material, as
observed by the acquisition of the staphylococcal cassette chromosome mec in S.
aureus species. Horizontal transfer of genes by bacteriophage and plasmids is a
common route for acquisition of antibiotic resistance (Perera and Hay, 2005, Kong,
2011). The chronic wound environment is conducive to the transfer of genetic
resistance, due to the diversity of the microflora present and the persistent use of

antibiotics to which these bacteria are exposed (Colsky et al., 1998)

1.7.2 MRSA resistance

The term MRSA is misleading because these microbes are resistant to a
number of antibiotics. It is thought that 36% of S. aureus isolates in the UK are
resistant to meticillin (Woodford and Livermore, 2009). Meticillin resistance is
associated with the mecA gene which encodes a 76 kilo Dalton (kDa) low-affinity
penicillin binding protein (PBP2) named PBP2a, which has a low affinity for all B-
lactam antibiotics e.g. penicillin. PBP2a is a transpeptidase that is assisted by the
transglycosidase domain of the native PBP2 of S. aureus and this takes over the
function of cell wall biosynthesis in the presence of B-lactam antibiotics (Aires de
Sousa- Iand Lencastre, 2004). The mecA gene is a 2.1 kb exogenous DNA fragment
that isb carrie_d on the mobile genetic element, the staphylococcal cassette
chromosome mec (SCCmec), which inserts at site-specific locations on the
staphylococcal chromosome, and is acquired via horizontal gene transfer (Enright
and Spratt, 1999, Enright et al., 2000a, Enright et al., 2002, Enright, 2003, Hanssen
et al., 2004, Enright, 2006, Piette and Verschraegen, 2009). Due to the acquisition of
plasmids and transposons, MRSA has successfully acquired resistance to multiple
antibiotics including quinolones, and more recently reports of glycopeptide
(vancomycin) resistance in Japan, US and Europe (Wootton et al., 2001,
Strommenger et al., 2006a). Figure 1.2 shows the distribution of MRSA within

Europe during 2009.
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1.7.2.1 Staphylococcal cassette chromosome (SCCmec)

The staphylococcal cassette chromosome (SCCmec) is a mobile genetic
element approximately 20-70 kb in size, containing the mec region which encodes
for meticillin resistance (Zhang et al., 2005). There are 8 types (I to VIII) of
SCCmec to date IWG-SCC, 2009, Basset et al., 2010, Ghaznavi-Rad et al., 2010)
which are further sub-classified, with novel variants found on a frequent basis.
SCCmec elements typically share four characteristics: firstly, they carry the mec gene
complex (mec) consisting of the meticillin resistance determinant mecA and its
regulatory genes and insertion sequences mecl and mecRI. It is this region where
antimicrobial resistance determinants associated with transposable elements are
found; secondly, they carry the cassette chromosome recombinase (ccr) gene
complex responsible for the mobility of the element; thirdly, present at both ends, is
a characteristic directly-repeated nucleotide sequence; and finally, all cassettes
integrate at the same chromosomal site (attBscc) into the 3' end of an open reading
frame (ORF), orfX (Shore et al., 2005, Kondo et al., 2007).

The mec gene complex, for which 5 have been described, (A to D; C has 2
sub-divisions) is composed of IS431mec, mecA and an intact or truncated set of
regulatéry genes mecR1 and mecl. The ccr gene complex, five of which have been
described, consists of the ccr genes ccrA and ccrB in combination (ccrAB) or ccrC
alone (Shorev‘et al., 2005, IWG-SCC, 2009). The rest of the SCCmec element
previously described as the junkyard rejoin due to its content of non-essential genes,
currently referred to as the joining region (J) for which 3 regions have been
described. The SCCmec type is defined by the mec gene complex, the ccr gene
complex and the J region. Figure 1.3 shows a schematic diagram of SCCmec (IWG-
SCC, 2009).

Risk factors for the acquisition of MRSA include: previous hospitalisation,
intravascular lines, pressure ulcers, underlying disease and recent antibiotics
(Maslow et al., 1995, Ayliffe et al., 1998). Some recent studies have also shown that

household pets may be additional reservoirs for community-acquired (CA) MRSA
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(Moellering, 2006). Due to the rise in both CA-MRSA and patient colonisation,
occasionally requiring hospitalisation, there has been a blurring of the distinction
between hospital-acquired (HA) MRSA and CA-MRSA, and this represents a major
problem in infection control. The main circulating epidemic strains in UK hospitals

are EMRSA-3, EMRSA-15 and EMRSA-16.

1.8 Chronic wounds and MRSA

Patients with skin lesions are particularly susceptible to long-term carriage of
MRSA as this provides a niche which bacteria can colonise (Reich-Schupke et al.,
2010). As these chronic skin wounds may lead to hospitalisation, they therefore
expose others who are vulnerable to this pathogen, perpetuating the cross infection
cycle (Halcon and Milkus, 2004). In a prospective population study of skin and soft
tissue infections caused by MRSA, 75% of infections were associated with CA-
MRSA in comparison to only 37% HA-MRSA (Naimi et al., 2003). S. aureus and
MRSA have been implicated as major colonisers of chronic wounds (Jappe et al.,
2008), with studies implicating nasal carriage as a major route of transmission to the
wound (Stanaway et al., 2007).

Genetic studies have identified 5 major lineages of MRSA (clonal
complexés) associated with HA-MRSA. These clonal complexes (CCs) are: CCS,
CC8, CC22, CC30 and CC45 (Tristan et al., 2007). They have arisen from the
successful acquisition of the SCCmec element by S. aureus. Clones of these lineages
are responsible for most of the HA-MRSA globally (Robinson and Enright, 2003,
Deurenberg and Stobberingh, 2008). Due to the significant increase in CA-MRSA,
the need to track this pathogen is important in our understanding of its ancestry,

development and clonal expansion.
1.9 Typing of MRSA

A number of epidemiological typing methods have been used to describe

MRSA including: antimicrobial susceptibility testing, genomic restriction fragment
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length polymorphism analysis using pulsed-field gel electrophoresis (PFGE), DNA
hybridisation, phage typing, multilocus enzyme electrophoresis, genotypic and
sequence-based typing methods. These are used to understand the spread of the

organism and cross-infection control.

1.9.1 Genetic based typing methods
1.9.1.1 Pulsed field gel electrophoresis (PFGE)

Pulsed Field Gel Electrophoresis was considered the “gold standard” typing
method for the investigation of outbreaks, until recently. This method is based on
the distribution of restriction endonuclease cleavage sites on the bacterial genome
and is reflected by fragment length. Large lengths of uncharacterised DNA are
resolved by PFGE and agarose gels. Strain differences relate to genetic events e.g.
point mutations, which change the endonuclease restriction site, i.e. insertions,
deletions, inversions or transpositions. It is a highly discriminatory method and has
added to the knowledge of epidemiology of many pathogenic bacteria in nosocomial
outbreak settings e.g. MRSA, vancomycin resistant enterococci (VRE) and E. coli.
Such fragment pattern changes appear to accumulate rapidly, which is important in
the epidemiology of bacterial studies during outbreaks (Enright and Spratt, 1999,
Enright .et al., _2000b). This rapid variation in fragment patterns within the same
clone however, makes it difficult to determine (with 100% accuracy) ancestral
lineage using this method (Enright et al., 2000a, Enright et al., 2000b). PFGE has
excellent discriminatory power; however it is a difficult method to standardise

between laboratories (Shopsin et al., 1999).

1.9.1.2 Random amplified polymorphic DNA (RAPD)

Random amplified polymorphic DNA is a PCR based method for the typing
of MRSA and other bacteria. RAPD utilises single, short primers of arbitrarily
chosen (8-10) nucleotide sequences which are employed in comparatively low

annealing temperature PCRs, and allow random amplification of the genomic DNA.
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These primers recognise sequences only partly complementary or homologous to
them. The products are separated on agarose gels producing a fingerprint for the
strain in question, which can be compared with others to identify polymorphisms.
This method has been used to study the diversity of plant, animal and bacterial
species, and requires no previous information of the genomic structure. This method
shows similar disadvantages to PFGE in terms of inter-laboratory and strain

variability (Witte et al., 2006).

1.9.1.3 Multilocus sequence typing (MLST)

MLST, is based on nucleotide sequencing and is believed to represent the
“gold standard” for MRSA typing (Urwin and Maiden, 2003) allowing unambiguous
characterisation of bacterial strains via the existing databases (Enright and Spratt,
1999). Enright was the first to describe the use of MLST in the typing of MRSA
(Enright and Spratt, 1999). This method compares internal fragment size (402 — 516
bp) of 7 housekeeping genes (Enright et al., 2002) avoiding parts of the genome that
are rapidly evolving due to strong selective pressures, e.g. antibiotic and
immupological factors (Urwin and Maiden, 2003) and thus are stable over time. The
genes used are: carbamate kinase (arcC), shikimate dehydrogenase (aroE), glycerol
kinase (glp), guanylate kinase (gmk), phosphatase acetyltransferase (pra),
triphosphate isomerase (tpi), and acetyl coenzyme A acetyltransferase (ygqil), which
are highly conserved (Urwin and Maiden, 2003). Each fragment of the 7
housekeeping gene sequences are assigned a distinct allele number and each isolate
is defined by the alleles at each of the seven housekeeping loci i.e. the allelic profile.
This corresponds to a sequence type (ST), enabling the researcher to distinguish
between billions of different allelic profiles (Enright et al., 2000a). Accumulation of
nucleotide changes is relatively slow and the allelic profile is sufficiently stable over
time for the method to be ideal for global epidemiological purpose (Enright et al.,
2000a). MLST therefore allows international comparison of isolates, whilst

recording the emergence of antibiotic-resistant bacteria.
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1.9.1.4 Staphylococcal cassette chromosome mec (SCCmec) typing

The acquisition of meticillin resistance by S. aureus is via the transfer of the
mobile genetic element the staphylococcal cassette chromosome (SCC) which
carries the resistance gene mecA (Katayama et al., 2000). The SCCmec is typed via
multiplex PCR technology by defining the mec gene complex, the cassette
chromosome recombinase (ccr) gene complex, and in the case of a class IV
SCCmec, the joining region (Chapter 1, Section 1.7.2.1; Kondo et al., 2007, IWG-
SCC, 2009). Long-term epidemiological studies of MRSA and its evolution have
shown that complete characterisation of MRSA lineage requires identification of the
core mecA gene.

The proposed nomenclature is that MLST is reported with the SCCmec type
(Urwin and Maiden, 2003). Epidemiological studies have shown that CA-MRSA
contain SCCmec IV and V, whilst HA-MRSA strains tend to harbour the larger
SCCmec elements I, II, III (Zhang et al., 2005). The typing of the SCCmec has
increased the precision of strain typing and epidemiological evolution (Ito and
Hiramatsu, 1998).

~ Combination of MLST and SCCmec in the study of MRSA has provided
three important insights. Firstly, meticillin resistance has emerged in multiple
phylogehetically distinct lineages. Secondly, meticillin resistance has emerged on
multiple occééions within a given phylogenetic lineage; and finally, MRSA disease
is caused by a relatively small number of pandemic clones (Robinson and Enright,

2003).

1.9.1.5 Staphylococcal protein A (spa) typing

Further sequence-based methods have now been developed. Staphylococcal
protein A (spa) typing is based on the polymorphic region of the protein A gene
which consists of direct repeats (Malachowa et al., 2005, Strommenger et al.,

2006b). This is of particﬁlar interest in the hospital setting because it is a rapid
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method and offers high isolate resolution (Shopsin et al., 2000, Harmsen et al.,
2003).

1.10 Microbial virulence

A virulence factor can be defined as a substance, which when purified and
introduced into a host, produces a pathogenic reaction (Projan and Novick, 1997).
Bacterial-host interactions depend on several factors, including the efficiency of the
host defense mechanism, bacterial growth rate, and production of virulence factors.
Analysis of virulence genes, either by allelic replacement, insertion or inactivation of
particular genes, has given some evidence to the role of virulence factors in disease.

It has been postulated that successful MRSA clones have acquired virulence
factors to compensate for the loss of fitness associated with antibiotic resistance
(Tristan et al., 2007). Such virulence factors produced by the bacteria can be cell-
associated or extracellular and contribute to the evasion of the host defence system.
These virulence factors enable the organism to attack the local cellular and structural
elements of diverse tissues and organs, while the surface components enable the
bacteria to adhere to the tissue components to resist phagocytosis and other host
defences. Bacteria regulate their virulence factors so that they are used only at a
time and stage appropriate to their disease progression e.g. once the infection has
become systémic, there is a down-regulation of factors required to adhere and

colonise the host tissues (Camara et al., 2002).

1.11 Quorum sensing and the accessory gene regulator (agr)

The expression of virulence factors and indeed biofilm phenotypic changes
are globally regulated via quorum sensing. This complex regulatory network is
arranged around a two component regulatory system, one of which is the accessory
gene regulator locus (agr). Via the production of an auto-inducing peptide
pheromone, quorum sensiﬁg interacts with the agr to sense cell density and allows

for cell-to-cell interactions to aid bacterial infiltration of the host and development of
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communities (Novick and Muir, 1999, Camara et al., 2002, Siddiqui and Bernstein,
2010) The agr system coordinates the production of virulence factors during the
different phases of the cell cycle, e.g. it down-regulates the production of cell-wall
associated proteins and up-regulates secreted proteins at late to stationary growth
phase in vitro (Ji et al., 1995, Mullarky et al., 2001, Camara et al., 2002, Bjarnsholt
et al.,, 2008). This density-dependant regulation of virulence factors becomes

particularly important in biofilm formation (Iwatsuki et al., 2006).

1.11.1 Accessory gene regulator (agr) specificity

The accessory gene regulator has been shown to regulate the synthesis of
many virulence factors during bacterial growth (Mullarky et al., 2001). The agr is
conserved throughout the staphylococcal family. There are 4 (I-IV) specific agr
groups in S. aureus. Mutual inhibition exists between separate agr groups where the
agrD-derived peptide pheromone from strains of one group can cross-activate an agr
of the same group to produce a response e.g. an up-regulation of virulence factors in
other strains of the same group. It can also inhibit the agr of members of other
groups (Camara et al., 2002). Many studies have identified this as a potential for
new anti-infective therapy (Finch et al., 1998, Hentzer and Givskov, 2003,
Rasmussen and Givskov, 2006, Clatworthy et al., 2007, Raina et al., 2009).

The agr type has been linked with disease processes e.g. toxic shock
syndrome (TSS) and CA-MRSA have been linked with agr III, and staphylococcal
scalded skin syndrome (SSSS) has been linked with agr IV, whilst enterotoxin
mediated disease with agr I and II (Ji et al., 1995, Jarraud et al., 2000, Jarraud et al.,
2002, Vandenesch et al., 2003, Robinson et al., 2005). agr type has also been linked
to the severity of disease; agr I has been associated with invasive infections such as
bacteraemia and agr III associated with non-invasive infections (Ben Ayed et al.,

2006).
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1.12 Virulence factors

Sotto et al., (2008) looked at the virulence potential of S. aureus in DFU.
They found that the presence of 5 virulence genes (cap8, sea, sei, lukE and higv)
could distinguish between non-infected and infected wounds and also predict healing
outcome. The Health Protection Agency (HPA) frequently examines the toxin genes

present in referred staphylococci associated with disease.

1.12.1 Pyrogenic toxin superantigens

Pyrogenic toxin superantigens classically include the staphylococcal
enterotoxin type A to E and toxic shock syndrome toxin-1 (TSST-1). Most are
regulated by the agr and staphylococcal accessory regulator (sar) loci. Depending
on the toxin, the gene may be harboured on a mobile genetic element such as a
plasmid, or bacteriophage, or on pathogenicity islands. Toxic shock syndrome
(TSS) is an acute illness, and the patient classically presents with hypotension, fever,
rash and desquamation of hands and feet during convalescence, with the involvement
of at least three organ systems and may be categorised as menstrual or non-menstrual
(Bohach, 2006). S. aureus is known to elicit a host immune response via pathogen
associated molecular patterns (PAMPs) e.g. lipoteichoic acid (LTA) and capsular
polysacéharide_ both induce the production of IL-8 by Mo, and endothelial cells
(DeLeo et al.,'2009). The production of this chemokine allows the transmigration of
neutrophils to the site of infection. Virulence factors e.g. TSST-1, enterotoxin A
(SEA) and enterotoxin B (SEB) can also elicit an IL-8 response. Superantigens
interact with the immune system to cause polyclonal proliferation of T-cells and bind
specifically to the major histocompatibility complex (MHC) class II, which results in
the deletion of B-expressing T-cells. It has been proposed that S. aureus benefits
from the immunosuppression induced by pyrogenic toxin superantigens (Bohach,

2006).
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1.12.2 Exfoliative (epidermolytic) toxins

Exfoliative toxins have been conclusively implicated in SSSS, which is
characterised by the formation of bullae or skin blisters. The lesions are
characterised by the separation of the stratum granulosum cells, causing intradermal
skin peeling leading to desmosome degeneration. The structural gene eta,
responsible for the expression of this virulence factor, is generally located on the
chromosome and is sometimes harboured on a phage, while etb and etd are located
on plasmids and pathogenicity islands (Bohach, 2006); all of which are associated

with severe skin reactions.

1.12.3 Leucotoxins

Leucotoxins are a family of toxins encoded by several genetic loci, and are
able to cause cellular lysis of host leucocytes and erythrocytes. Staphylococci have
many leucotoxins e.g. y-haemolysin and Panton-Valentine leucocidin (PVL). They
contain two synergistically active proteins: one S component and one F component,
designated according to their mobility in ion exchange chromatography as “slow” or

“fast”. Synergistic functions involve sequential binding of the F and S components.

1.12.3.1 Panton-Valentine leucocidin (PVL)

PVL 1s a pore-forming cytotoxin that targets human and rabbit mononuclear
and polymorphonuclear cells (Holmes et al., 2005). When injected intradermally
into rabbits, PVL induces severe inflammatory lesions, leading to capillary dilation,
chemotaxis, polymorphonuclear karyorrhexis and skin necrosis (Holmes et al.,
2005). Exposure of neutrophils to PVL in vitro leads to swelling and rounding of the
cells and their nuclei, followed by degranulation and nuclear rupture, leading to cell
lysis. It is thought to be linked to specific human S. aureus infections such as
primary skin and soft tissue disease and severe necrotising pneumonia, where the
mortality rate is about 75% (Holmes et al., 2005, Health Protection Agency et al.,
2006a Tristan et al., 2007, Ellington et al., 2009). Dufour et al., (2002) and Van der
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Mee-Marquet et al., (2004) found that PVL producing S. aureus strains could also
cause chronic cutaneous infections.

PVL is coded by /ukS-PV and lukF-PV genes, previously used as a marker of
CA-MRSA (Vandenesch et al., 2003, Holmes et al., 2005) and was associated with
disease in healthy individuals. PVL has been reported to be produced by 2-15% of
all S. aqureus (Lina et al., 1999, Holmes et al., 2005, Wannet et al., 2005, Ellington et
al., 2007), although this low number may be a function of under-reporting. The
significance of PVL has been investigated in the clinical setting following outbreaks
of skin and soft tissue infection and clusters of death from necrotising pneumonia in
atypical patients. Often the presence of the PVL gene (lukF-PV & IlukS-PV) has
been investigated by routine testing in combination with superantigen toxins by
PCR. Many researchers have used PCR to investigate disease processes associated
with PVL-negative and PVL-positive strains, whilst others have purified this protein
and introduced it to animal models to investigate its potency with conflicting results
(Voyich et al., 2006, Dumitrescu et al., 2007, Ellington et al., 2007, Labandeira-Rey
etal., 2007).

1.12.3.2 Gamma haemolysin (k/g)

y-haemolysin is thought to be produced by >99% of staphylococci. The
composition bénd activity of Hlg is associated with 3 proteins. HIgA and HIgC
belong to the S class and HigB belongs to the F class, thus forming two pairs of units
(Prevost et al., 1995a, Prevost et al., 1995b, Lina et al.,, 1999). Animal studies
(rabbits), have shown that Hlg is inflammatory but not necrotic (Konig et al., 1995,
Konig et al., 1997) and that o- and B-haemolysins are able to induce caspase-1

(Munoz-Planillo et al., 2009).

1.12.4 Extracellular enzymes
S. aureus produces .a large number of extracellular enzymes which may be

important virulence factors. They can degrade organic macromolecular tissue
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constituents to promote the spread of the bacterium in host tissues e.g. hyaluronate
lyase and lipases, which break down hyaluronic acid and fatty tissue respectively

(Arvidson, 2006).

1.12.4.1 Glycerol ester hydrolase (geh)

Many lipases suppress immune function (Lee and Iandolo, 1986, Rollof et
al., 1988, Izdebska-Szymona et al., 1992, Rollof et al.,, 1992, Staffan, 2006).
Staphylococcal lipase with fatty acid modifying enzyme (FAME) is able to interact
with bactericidal lipids to enhance survival within an abscess (Kapral et al., 1992,
Lowe et al., 1998). Previously, lipase activity has been tested in mouse models with
abscess formation and chromogenic plate assays (Burlak et al., 2007, Gould et al.,
2009). Currently, lipase producing S. aureus strains are strongly linked to invasive
disease and phagocytosis interference (Rollof et al., 1992, Rosenstein and Gotz,

2000).

1.12.4.2 Hyaluronate lyase (/hysA)

Linker et al., (1956) postulated that hyaluronate lyase from S. aureus worked
by B-elimination of the uronic acid unit within hyaluronic acid, and is thought to be
present in >90% of S. aureus (Choudhuri and Chakrabarty, 1969). Murine models
have shown tﬁat wild-type S. aureus with hysA were able to affect wound healing

and associated subcutaneous infections when compared with hysA4-negative strains

(Makris et al., 2004).

1.12.5 Attachment and collagen binding protein (cna)

In a study by Holderbaum et al., (1987) only 43% of clinical S. aureus
isolates were able to bind collagen, and it was concluded that cra was not a
constitutive element for all S. aureus strains. They postulated that strains able to
bind collagen were more likely to be adherent in tissue beds and associated with

invasive disease, than those with uncomplicated bacteraemia (without other
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infections). A study by Xu et al., (2004) observed that S. aureus with a higher
affinity for collagen possessed a greater virulence potential. However, expression of
cna was not enough to produce pathogenic staphylococci sp. in a septic arthritis

model.

1.13 The immune system

The immune system is crucial to the survival of man, and is essential in
protection against invading organisms and tumour cells. The innate immune system
represents the “first line” of defence, with the adaptive immune system providing
specific cytotoxicity and immunological memory to the immune system (Lien and

Ingalls, 2002, Fournier and Philpott, 2005).

1.13.1 The innate immune system

The innate immune response forms the early host response to infection which
is present in all individuals (Lien et al., 1999, Fournier and Philpott, 2005,
Thorgersen et al., 2009). The cells involved instigate the removal of bacteria and
modulate the adaptive immune responses (Lien et al., 1999, Miyake, 2003). The
major cellular components of the innate immune system are the PMNL, Mo and
dendritic celvl‘s (DC). These cells are able to identify microbes via pathogen
associated molecular patterns (PAMP) and host damage via damage associated
molecular patterns (DAMP) by pattern recognition receptors (PRR), the most

extensively studied of these being the Toll-like receptors (TLR).

1.13.1.1 Toll-like receptors

TLR were originally identified in Drosophila associated with the
dorsoventral pattern in developing embryos of fruit flies (Takeda and Akira, 2004,
Mollen et al., 2006). Sinée their discovery it has been found that these receptors
form an essential part of the mammalian immune system. Flies with mutated Toll-

receptors have been found to be more susceptible to infections from fungi and

31



bacteria (Lemaitre et al., 1996, Lien and Ingalls, 2002, Fournier and Philpott, 2005).
TLR are expressed on immunocompetent cells such as PMNL, Mo, M@, microglia,
DC, B-cells, T-cells, natural killer (NK)-cells, mast cells, astrocytes, epithelial cells
and a number of endothelial cells (Hornef et al., 2002, Zhang and Schluesener, 2006,
Morris et al., 2009, Pukstad et al., 2010). TLRs are able to identify bacteria, virus,
fungi and protozoa and to date, 13 mammalian TLRs have been identified, of which
10 have been reported active in humans (Table 1.2; Konat et al., 2006, Etokebe et al.,
2010, Pukstad et al., 2010, Yamamoto and Takeda, 2010). Dendritic cells and Mo
express the greatest number of TLR (Baiyee et al., 2006). Ligand recognition via
TLR at sites of skin wounding stimulates the release of cytokines and pro-
inflammatory cytokines, as a result of nuclear factor kB (NF-xB) translocation to the
nucleus. This signalling pathway is a complex concert of adapter molecules which

activate NF-xB. Figure 1.4 is a schematic diagram of TLR signalling pathways.

1.13.2 The role of the immune system in wound healing

_Following wounding there is an up-regulation of pro-inflammatory cytokines
and chemokines to activate the resident population of inflammatory cells and
stimulate recruitment of inflammatory cells from the circulatory system via the up-
regulation of édhesion molecules such as integrins and selectins (Jones et al., 2004).
The importance of the immune system in mediating response to injury is evident in
experimentally (chemical) immunosuppressed animals and knock-out studies
(Grabig et al., 2006, Mirza et al., 2009, Ueda et al., 2010). Significantly, it is also
evident in the context of chronic wounds in diabetic animals and patients (Jiwa,
1997, Currie et al., 1998, Harding et al., 2002, Oncul et al., 2007).

PMNL and Mo migrate into the wound; effecting the removal of invading
pathogens and damaged ECM via phagocytosis following TLR recognition (Chapter
4). The subsequent releasé of cytokines stimulates cellular migration of resident
fibroblasts and keratinocytes to repair the wound and close any breach in the surface

barrier, which intact normal skin represents (Rodero and Khosrotehrani, 2010).

32



Table 1.2 Human Toll- like receptors (TLR)

Cellular . . Heterodimer
TLR compartment Identify Ligand formation
Borrelia Pam;CysSK4
TIRI Extracellular burgdorferi Protein A TLR2
TLR2 Extracellular Gram positive LTA
bacteria PGN
Lipoprotein
Fungi Zymosan
Neisseria Lipoarabinomannan
Porins
Spirochetes Glycolipids
TLR6 Extracellular Mycobacterium LTA TLR2
Lipopeptide
TLR3 Intracellular Virus dsRNA
TLR4 Extracellular Gram negative LPS
bacteria
Host cell HA
Fibrinogen
Fibronectin
Heparan sulfate
Gram positive Lipoteichoic acids
bacteria
TLRS Extracellular Bacteria Flagellin
TLR7 Intracellular Virus ssRNA
TLRS8 Intracellular Virus G-rich
oligonucleotides
TLR9 Intracellular Unmethylated CpG
bacterial DNA
TLR10 Extracellular Unknown Unknown TLR1 &
TLR2

CpG, deoxycytidyl-deoxyguanosine; dsRNA, double stranded ribonucleic acid; HA,
hyaluronic acid; LPS, lipopolysaccharide; LTA, lipoteichoic acid; Pam3;CysSKy; N-
palmitoyl-S-dipalmitoylglyceryl-Cys-Ser-Lys; PGN, peptidoglycan; ssRNA, single

stranded ribonucleic acid; TLR, toll-like receptor.
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The removal of antigenic stimuli by these processes result in resolution of the acute
immune response and the wound is healed. These processes are disordered in
chronic wounds (Falanga, 2005, Kirketerp-Moller et al., 2008, Mirza et al., 2009).
Chronic wounds are characterised by the protracted elevation of chronic
inflammatory cells from Mo and lymphocyte lineages, the wounds being “arrested”
in the inflammatory phase of the healing cycle (Schultz et al., 2003, Kirketerp-
Moller et al., 2008, Pukstad et al., 2010). The continuing influx of inflammatory
cells and their potent inflammatory mediators e.g. matrix metalloproteinases
(MMPs), cytokines/chemokines and free-oxygen radicals play a significant role in
mediating further tissue damage and immune responses in a negative-feedback loop.
A further example is the generation of low molecular weight (mw) ECM degradation
products perpetuate immune response (Termeer et al., 2000, Taylor et al., 2004).
The important role of the immune system in impaired healing has been highlighted
in a recent study by Pukstad et al., (2010) using wound fluid from chronic and acute
wounds. The authors observed that alterations in wound cytokine profiles (e.g. IL-8,
IL-1a, IL-1B, TNFa) were related to healing and wound chronicity. Moreover, these
authors demonstrated that healing correlated with a decreased TLR-stimulating

ability of the wound fluid, suggesting a microbial role.

1.14 Biofilms and chronic wounds

Whilst studies of wound bacteria and their activity and response to treatment
have been carried out in planktonic systems, increasingly attention has been directed
to the bacterial biofilm of the chronic wound (Mertz, 2003, Davis et al., 2008,
Charles et al., 2009). Biofilms have been described as ‘a microbially-derived sessile
community characterised by cells that are irreversibly attached to a substratum or
interface or to each other, are embedded in a matrix of extracellular polymeric
substances that they have produced, and exhibit an altered phenotype with respect to

growth rate and gene transcription’ (Donlan and Costerton, 2002).
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Biofilms have been estimated to be associated with 65% of nosocomial
infections (Percival and Bowler, 2004), and are associated with many chronic
disease processes e.g. dental caries, cystic fibrosis, periodontal disease and urinary
tract infections (Davis et al., 2008, Burmglle et al., 2010). Many of the chronic
wound bacteria produce biofilms, including S. aureus (Evans et al., 1998, Elasri et
al., 2002, Gilbert et al., 2002, Kropec et al., 2005, Toledo-Arana et al., 2005, Davis
et al., 2008, Percival et al., 2008, Hill et al., 2010, Percival et al., 2011a). Clear
evidence for the presence of biofilms in chronic wounds has been established.
Confocal laser scanning microscopy (CLSM) of wound biopsies (in vivo) and
reconstituted human epidermis (RHE) models have observed the presehce of bacteria
and biofilms (Bjarnsholt et al., 2008, Malic et al., 2009). James et al., (2008)
suggested that polymicrobial biofilm formation was more evident in chronic rather
than acute wounds. The exact role that the biofilm itself plays in wound healing has
yet to be elucidated.

A number of methods have been employed to study the ability of S. aureus to
form a biofilm. These have included PCR-based methods for the identification of
the ica operon, as well as more qualitative methods such as tube-based assays, tissue
culture plate assays, and the use of Congo red agar (Knobloch et al., 2002). Many of
these tests have resulted in conflicting results in vitro and thus it has been suggested
that the expression of ica is environmentally regulated (Knobloch et al., 2002,
Beenken et al., 2004, Cafiso et al.,, 2007, O'Neill et al., 2007), with laboratory
manipulation of media having a significant impact (Fitzpatrick et al., 2005, O'Neill et
al., 2007). Within S. aureus, the conserved ica operon is responsible for the
production of polysaccharide intercellular adhesion (PIA), which is important in the
formation of a biofilm (Cramton et al., 1999, Cafiso et al., 2004, Fluckiger et al.,
2005). Moreover, studies have shown that S. aureus isolates associated with clinical
infection, such as prosthetic joint infections, bacteraemia and catheter-related disease

showed the presence of the ica locus (Cramton et al., 1999, Arciola et al., 2001,
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Fowler et al., 2001, Knobloch et al., 2002, Martin-Lopez et al., 2002, Fluckiger et
al., 2005).

1.15 Bacterial evasion of the immune system

In parallel with the possession of antibiotic resistance, the acquisition of
specific immune evasion tactics allow these wound bacteria to subvert the host
immune response (Rooijakkers et al., 2005). The immune system not only
comprises physical barriers to the entrance of bacteria, and cells to remove invading
pathogens, but is complemented by host production of many molecules e.g. soluble
opsonising factors, antibodies and antimicrobial peptides. Bacteria have overcome
many of these soluble molecules by the production of degradative peptides (Chapter
3 & 4). Bacteria are also able to avoid phagocytosis by the production of capsules
and toxins which can cause host cell lysis (Hornef et al., 2002).

An interesting method by which bacteria evade recognition is by steric
alterations in PAMPs, e.g. Salmonella lipopolysaccharide (LPS) and Yersinia pestis,
which has a tetra-acetylated LPS that does not activate TLR4 (Hornef et al., 2002,
Comer et al., 2010). Y. pestis has an ability to delay/suppress the immune system, as
indicated by the moderate collection of PMNL following infection, whilst TNFa and
y-interferon (IFNy) are found only in the advanced stages of infection (Comer et al.,
2010). The ability of S. aureus to become internalised via fibronectin bridges and to
replicate intracellularly, can lead to cellular apoptosis or chronic infection, which
again is a mechanism for protection from the immune system and antimicrobial
therapy (Jevon et al., 1999, Kahl et al., 2000, Foster, 2005, Keiji et al., 2006). The
ability of S. aureus to colonise skin and the anterior nares reflects its relative
resistance to lysozyme, which is secreted to control colonisation (Bera et al., 2005,
Foster, 2005, Fournier and Philpott, 2005, Herbert et al., 2007). Fibrinogen-binding
protein, found on the surface of many S. aureus and the production of staphylococcal
complement inhibitor (SCIN) can lead to the prevention of complement factor C3

deposition by blocking C3 convertase complexes (C4bC2a; classic/lectin pathway,
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C3bBb; alternate pathway). This can result in decreased phagocytosis and inhibition
of the complement cascade (Lee et al., 2004, Foster, 2005, van Belkum, 2006, Nizet,
2007). S. aureus is also able to cleave immunoglobulins IgG, IgM and IgA by the
action of serine proteases, thus escaping opsonization and clearance via
phagocytosis.

Biofilms are associated with persistent infections and delayed wound healing
(Mah and O'Toole, 2001, Percival et al., 2008, Martin et al., 2009). There are a
number of human diseases associated with chronic bacterial colonisation in which
the biofilm state is believed to resist the action of the immune system and contribute
to the chronicity of the disease e.g. chronic leg ulcers, periodontal disease, cystic
fibrosis (Mori et al., 2003, Davis et al., 2008, Burmglle et al., 2010). The physical
biofilm phenotype allows colonising bacteria to protect themselves from
antimicrobial agents and host responses by providing protection against
phagocytosis, complement and free-oxygen radicals (Johnson et al., 1986, Davis et
al., 2008, Percival et al., 2008, Martin et al., 2009). Moreover, the secretion of
various virulence factors by pathogens within biofilms e.g. leucocidins and proteases
may induce apoptosis of host immunological effector cells (Kahl et al., 2000, Hornef

et al., 2002, Kirketerp-Moller et al., 2008, DeLeo et al., 2009, Comer et al., 2010).

1.16 Biocides and chronic wounds

Biocides can be broadly described as “chemical agents that inactivate
microorganisms” (McDonnell and Russell, 1999). Due to the increasing incidence
of antimicrobial resistance, the use of biocides to control bacterial colonisation
within the chronic wound bed is gradually being more advocated (O'Meara et al.,
2010). In particular, the potential for biocides to treat the biofilms present within
wounds has attracted special attention. Biocides used in chronic wounds have been
employed in many forms e.g. iodine compounds, silver compounds, chlorhexidine,
potassium permanganate, hydrogen peroxide, honey and benzalkonium chloride

(Fonder et al., 2008, Atiyeh et al.,, 2009, BNF, 2010). Hill et al., (2010)
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demonstrated the efficacious ability of iodine over that of silver with mature
biofilms. In contrast to antibiotics, biocides have many modes of activation and

target a number of bacterial structures (Figure 1.5).

1.16.1 Biocide resistance

Concerns have been raised regarding biocide resistance or tolerance in recent
years. Bacteria are able to use intrinsic resistance mechanisms such as alterations in
cell wall thickness, efflux-pump systems, alterations in surface porins, biofilm
production and hydrophobicity to decrease their sensitivity to biocides (McDonnell
and Russell, 1999, Russell, 2001, Russell, 2003, Maillard, 2007). Moreover, the
effectiveness of biocides may be reduced in the proteinaceous wound environment
(Russell, 1995, McDonnell and Russell, 1999, Khan and Naqvi, 2006, Narui et al.,
2007). Specific acquired resistances have also been identified, and the acquisition of
these via genetic mutations or transfer of plasmids and transposons has been
previously studied e.g. quaternary ammonium compound (QAC) resistance genes
(qacABCD), silver-resistance genes (silE, silS, and silP) and the biocide resistance
gene sepA found in S. aureus (McDonnell and Russell, 1999, Russell, 2001, Drosou
et al., 2003, Russell, 2003, Maillard, 2007, Narui et al., 2007, Loh et al., 2009).
Biofilms play a significant role in resistance to biocide treatments (Hill et al., 2010);
the biofilm itself poses a diffusion barrier to the actions of biocides and
antimicrobials and also the ionic charge of the biofilm may be significant to the
entrance of biocides (Percival et al., 2011a). Coupling the effects of decreased
uptake of the antimicrobial into the biofilm is the likely reduced bacterial growth rate
and metabolic activity, leading to suboptimal biocide activities (Cloete, 2003,

Buckingham-Meyer et al., 2007, Heiby et al., 2010).
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1.16.2 Biocides used in chronic wound treatments

Povidone-iodine (PVP-I) is now routinely used in surgical scrubs, ointments
and dressings (Drosou et al., 2003, Cooper, 2004). Recent formulations include
cadexomer iodine; a controlled-release system. Many studies have shown the
efficacy of PVP-I to decrease bacterial load and its rapidity of action (Berkelman et
al., 1982, McLure and Gordon, 1992, Brown et al., 1995, Khan and Naqvi, 2006,
Durani and Leaper, 2008). A systematic review by Vermeulen et al., (2010) showed
that iodine did not have deleterious effects on wound healing and was as effective as
other biocide agents, although inferior to topical antibiotics. The exact mode of
action of iodine is unknown, but it is thought to affect protein structuré, amino acids
and to react with nucleotides (Cooper, 2004). The bactericidal effect of iodine is
dependent on the concentration of PVP-I, as this affects the free iodine available in
the wound. The concentration of free iodine follows a bell shaped curve starting
from a 10% solution and increases reaching a maximum value at 0.1% strength
solution and then decreases with further dilution (Berkelman et al., 1982, Durani and
Leaper, 2008). The development of resistance to iodine is rare, as this requires the
alteration of cellular proteins (Khan and Nagqvi, 2006, Durani and Leaper, 2008).
Whilst PVP-1 is sensitive to organic matter, it is still able to reduce bacterial numbers
in a wound (Lawrence, 1998).

The use of silver in wounds has been well documented; specifically in burns
(Drosou et al., 2003, Cooper, 2004). Silver sulfadiazine and silver nitrate were
amongst the more common applications although, because of skin discolouration and
the advent of dressings containing nanocrystalline silver, there has been a decline in
their use (Leaper, 2006, Walker et al., 2006). Ionic silver binds to negatively
charged proteins and nucleic acids, thus affecting the viability of the cell. The effects
are dependent upon the physical structure of the silver nano-particles used, reflecting
differences in cellular uptake (Ruparelia et al., 2008). Silver ions are thought to
interact with thiol-groups, carboxylates, phosphates, hydroxyls and amines (Feng et

al., 2000, Cooper, 2004, Woo et al., 2008). Although silver exerts a broad-spectrum



antimicrobial effect, resistance is sporadic and rare. Silver resistance is linked to
mobile genetic elements such as plasmids, which also confer resistance to other
heavy metals. Resistance to silver was first reported in Salmonella sp. in the mid 70s
(Gupta et al., 1999). Interestingly, silE was the only gene of three possible silver
resistance genes found in an MRSA study, although this did not confer in vitro
resistance to silver (Loh et al., 2009).

1.17 Aims

It is well documented that MRSA and S. aureus are presént in chronic
wounds, however, their role and relationship within the non-healing of these wounds
or most effective treatment has yet to be determined. MRSA is classically a MDR
bacterium, thus, it is vdifﬁcult to treat without the use of potent systemic antibiotics,
which poses inherent risks to the patient. Chronic wound treatment practices are not
consistent with many being ineffective. Biocides are frequently employed as a
treatment modality, yet there is little evidence of their benefit in the treatment of
chronic wound MRSA. The aims of this study are to further our understanding of
the interaction between MRSA and the resident host cell populations in the
pathogenesis of non-healing chronic skin wounds by the study of produced virulence
factors. These studies also aim to further our understanding of the role of MRSA
and S. aureus in the chronicity of non-healing skin wounds and to examine their
interaction with host-mediated immunological responses and their resistance to
treatment by the study of frequently prescribed antibiotics and biocides. To this end,
this study is expected to answer; if MRSA is present in a wound, what is its role; is it

associated with the non-healing phenotype and what is the best treatment choice?
The specific aims of this study are to:

1. Investigate bacterial resistance and genetic diversity of chronic wound

MRSA isolates using cultural and molecular techniques.
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2. Investigate the effectiveness (at a cellular and structural level) of
conventional biocide treatments against chronic wound bacteria.

3. Characterise, at a molecular level, the expression of virulence factors by
chronic wound MRSA isolates in comparison to MRSA isolates colonising
healthy individuals.

4. Investigate the interaction between wound MRSA isolates and other
frequently identified colonisers from chronic non-healing wounds and the
host resident immunological cells by characterising the effect of bacteria and
their metabolites on Toll-Like Receptors (TLRs) and keratinocyte function in

a series of cellular and immunological assays.
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Chapter 2:
Characterisation of the antibiotic
resistance profiles of chronic
wound staphylococci and biocide

efﬁc‘acy on chronic wound MRSA
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2.1 Introduction
2.1.1 Chronic wounds

Chronic wounds are wounds which fail to heal within the normal time frame.
They involve a complex relationship between bacteria, host immune response and
underlying co-morbidities (Pukstad et al., 2010, Percival et al., 2011a). They
encompass a spectrum of diseases which are typically classified as pressure, venous
and diabetic ulcers (Fonder et al., 2008), and arise as a result of a breakdown in the
normal healing processes (Bjarnsholt et al., 2008).

Chronic wounds are classically known to be polymicrobial in nature, with
colonisation arising from external environments, or local reservoifs such as
surrounding skin, the gastro-intestinal tract and oral mucosa (Bowler, 2003). The
role of micro-organisms in non-healing wounds has been extensively studied.
However, due to variatibn in study approach e.g. microbial collection, culture and
identification technique and patient demographics, it is difficult to elicit the exact
relationship that bacteria have within the wound healing process, and to identify a
single causative organism (Davies et al.l, 2001, Howell-Jones et al., 2005, Melendez
et al., 2010). This is most likely to be a multi-factorial process involving many

organisms.

2.1.2 Chronic wound microbiology

The role of microorganisms have been extensively investigated in many
disease states, most notably in the case of oral disease e.g. periodontitis and peri-
implantitis, and chronic lung disease e.g. cystic fibrosis (Listgarten and Lai, 1999,
Davies and Bilton, 2009). There exists considerable evidence, which both directly
and indirectly link microorganisms to the chronicity of disease processes. The
presence of any organism in a wound may be due to contamination, colonisation or
infection (Ueda et al., 2010). Bacterial colonisation alone is unlikely to mediate non-
healing, and it is difficult to differentiate which bacteria have a detrimental effect on

healing, particularly if synergistic effects are taken into account in the clinically non-



infected wound (Trengove et al., 1996, Davies et al., 2007). Pseudomonas
aeruginosa has been used as a predictor of non-healing, because wounds harbouring
this organism are frequently larger than wounds without (Kirketerp-Moller et al.,
2008). The transition to infection, with bacterial invasion and invoked host response
in patients with chronic skin wounds poses the risk of sepsis and subsequent
bacteraemia (Ueda et al., 2010).

Molecular based techniques have changed our understanding of the ecology
of microbes in wounds e.g. presence of anaerobes, biofilm formation and diversity
(Davies et al., 2004, Dowd et al., 2008, Wolcott et al., 2009). Many investigators
have tried to decipher the critical mass of bacteria in these wounds because studies
have indicated that either the number of bacteria (Robson et al., 1999) or species
present are important in non-healing (Davies et al., 2001, Davies et al.,, 2007,
Chapter 1, Section 1.5). Not only has increased bacterial diversity and population
complexity been characterised using molecular techniques, but studies also suggest
that a single bacterial species is unlikely to be solely responsible for thé non-healing
phenofype. These facts suggest that, consortia of genotypically distinct bacteria
symbioti'callyl produce a pathogenic community in these wounds (Trengove et al.,
1996, Davies et al., 2007, Dowd et al., 2008).

Within sites of persistent diseases bacterial populations are often highly
organised and may exist as communities in biofilms (Martin et al., 2009) which may
significantly contribute to the non-healing phenotype of chronic wounds. Recent
work by Hill et al., (2010) identified P. aeruginosa and S. aureus, as common wound
isolates. ~They have a tendency to co-aggregate, indicating their potential
involvement in the initiation of biofilm formation in vivo. This biofilm state also
makes it difficult to recover and culiure bacteria (Kirketerp-Moller et al., 2008).

Wound cultures can be obtained in many ways e.g. superficial wound swabs,
deep swabs, tissue biopsy, curetting and aspiration. Superficial swabs are most
frequently employed as they pose no significant discomfort to patients, and are less

technically demanding, but the results obtained are highly reliant upon the efficiency

46



of the individual carryingv out the task (Verran et al., 2010a). In clinical practice,
routine microbiological culture swabs typically identify easy to culture key
organisms such as S. aureus and P. aeruginosa, with corresponding antimicrobial
therapy often directed only at these organisms (Howell-Jones et al., 2006).
However, cultural analysis of anaerobes from the wound environment, which are
known to play a role in non-healing, is poor (Wall et al., 2002, Price, 2009). Studies
by Stephens et al., (2003) have also shown that bacterial supernatants from anaerobic
chronic wound organisms e.g. peptostreptococci sp. have an ability to impair

keratinocyte cellular responses.

2.1.2.1 Bacteria associated with chronic wounds

Chronic wounds are colonized by a diverse array of organisms, however,
appear clinically non-infected. Many studies have demonstrated that the organisms
frequently isolated are; S. aureus, coagulase negative staphylococci (CNS; e.g. S.
epidermidis), P. aeruginosa, Proteus sp., Enterococcus sp., Strepiococcus Sp.,
Clostridium, Peptoniphilus, Bacteroides sp. (Sapico et al., 1986, Gerding, 1995,
Johnson et al.; 1995, Hill et al., 2003, Wolcott et al., 2009).

2.1.3 Antibiotic resistance

Antibiotic resistance is a vital public health issue. Due to the distress that
non-healing wounds pose to the patient, and probable lack of understanding of their
aetiology, antibiotic prescriptions are a common feature of their treatment. Despite
GP guidelines, > 65% of patients suffering with chronic wounds receive at least one
course of systemic antibiotics over the period of a year (Howell-Jones et al., 2005).
Moreover, it is evident that flucloxacillin, co-amoxiclav and ciprofloxacin were
significantly prescribed more frequently for chronic wound patients than age-
matched non-wound patients (Howell-Jones et al., 2006). Furthermore, transfer of
antibiotic resistance can result from cross-contamination of wounds by patients,

inanimate objects, health care personnel, and also other risk factors including;
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antibiotic use, prior hospitalisation or long term institutionalisation (Livermore,
2000a, Livermore, 2000b, Howell-Jones et al., 2005).

Many studies have identified antibiotic resistant organisms in chronic
wounds e.g. meticillin resistant Staphylococcus aureus (MRSA) has been shown to
be present in 30 to 50% of all leg ulcers (Colsky et al., 1998, Tentolouris et al.,
1999). Unsurprisingly, ciprofloxacin resistant P. aeruginosa was found to be present
in a third of leg ulcers, which is concerning because this is a common antibiotic used
for treatment of these wounds (Colsky et al., 1998, Howell-Jones et al., 2005). Price
at al., (2009) observed in a group of patients suffering with chroni¢ wounds that
antibiotic use altered the bacterial community structure by reducing streptococci
present and increasing the presence of pseudomonads. Due to their polymicrobial
nature, the chronic wound environment makes a perfect niche for the transfer of
antibiotic resistance (Howell-Jones et al., 2005).

Recently using an in vivo wound biofilm model, Hill et al (2010) showed that
mixed Pseudomonas and Staphylococcus biofilms were unaffected by two common
chronic wound antibacterial agents, ciprofloxacin and flucloxacillin, even when used
at concentrations equivalent to twice that of the therapeutic dose, and at 5 or 15 times
the minimum inhibitory concentration (MIC) of planktonically grown S. aureus or P.
aeruginosa respectively. Therefore, within chronic wounds, empirical antibiotic
prescription, long-term antibiotic use and patient non-compliance, indicates that
further antibiotic resistance is likely to arise in this vulnerable patient group
(Armstrong et al., 1995b).

Increase in antibiotic resistance incidence has led to surveillance by the
European Antimicrobial Resistance Surveillance Network (EARS-Net) and the need
for more stringent antibiotic susceptibility testing and cross-infection procedures.
Antibiotic susceptibility is tested using a variety of methods, such as the disc
diffusion assay, broth dilution and agar dilution methods, or using automated

systems e.g. BD Phoenix™ (Moran et al., 1988, Andrews, 2009).
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2.1.3.1 Meticillin Resistant Staphylococcus aureus (MRSA)

Meticillin resistant Staphylococcus aureus was first discovered in the 1960s
(O'Neill et al., 2001), and has become a popular political topic, with many hospitals
graded on the number of hospital aquired MRSA infection. The presence of a
chronic wound is an associated risk factor for MRSA carriage (Stanaway et al., 2007,
Reich-Schupke et al., 2010). Meticillin resistance is tested with the use of cefoxitin,
oxacillin or meticillin and is associated with a chromosomal genetic determinant,

mecA (Chapter 1, Section 1.7.2).

2.1.4 Biocides and wounds

Whilst many topical agents are employed in chronic wounds to promote
healing and decrease infection, the advent of antibiotic resistance e.g. MRSA and
lack of new formulations has seen a resurgence of interest in the use of biocides
(Cooper, 2004, Lipsky and Hoey, 2009). Whilst chronic wounds are clinically non-
infected almost all harbour multi-resistant bacteria (Hill et al., 2010). Thése bacteria
may impéir wound healing either directly or indirectly (White et al., 2001, Drosou et
al., 2003, White et al., 2006b).

In terms-of their use in medical practice, biocides have been categorised as
antiseptics and disinfectants. In the treatment of wound bacteria, biocides have a
number of advantages; they target all bacteria including MRSA and are associated
with a lower level of resistance development and hypersensitivity (McDonnell and
Russell, 1999, Drosou et al., 2003, Niedner, 1997). Some authors suggest that

biocides encourage cutaneous healing (White et al., 2001, Harding, 2008).

2.1.4.1 Povidone-Iodine

Iodine has been used in the prevention of infection and treatment of wounds
for more than a century (Cooper, 2004). The use of iodine fell out of vogue
following problems with molecular iodine, such as tissue staining and sensitisation

(Berkelman et al., 1982, Durani and Leaper, 2008). Since 1949 iodine use has
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increased following the development of iodophores (Cooper, 2004), such as
polyvinylpyrrolidone (PVP) which is used as a carrier, forming povidone-iodine
(PVP-I). PVP has an affinity for cell membranes (Durani and Leaper, 2008) and
interestingly PVP-I has been shown to be highly effective against chronic wound
biofilms (Hill et al., 2010). Whilst conflicting evidence regarding the efficacy of
PVP-I exists, much of this is due to variation in concentration, exposure time,
organic substance presence and diversity of test procedures e.g. animal models,
minimum inhibitory concentration (MIC) and suspension tests. Furthermore, iodine
preparation and test strains may significantly affect the outcome of iodine activity
(Drosou et al., 2003, Cooper, 2004, Khan and Naqvi, 2006, Durani and Leaper,
2008). PVP-I has been demonstrated to be almost 100% effective at removing
MRSA colony forming units (CFU) on artificially contaminated healthcare workers
hands (Guilhermetti et al., 2001).

2.1.4.2 Silver compounds

Silver is extensively utilised in wound treatments in 3 forms; silver salts
(silver nitfate),"compounds (silver sulfadiazine) and nanocrystalline silver (silver
dressings e.g. Acticoat™; Fong and Wood, 2006, White and Cutting, 2006a). Silver
exerts its antimicrobial activity by disrupting the function of bacterial cell
membranes, decreasing bacterial metabolism and binding to DNA and RNA
preventing division (Leaper, 2006). Silver is effective against a broad range of
microbes (Feng et al., 2000, Woo et al., 2008) and some animal studies have
suggested that silver compounds may promote wound healing (Geronemus et al.,
1979, Lansdown et al., 1997). The antimicrobial effect of silver is dependant on the

achieved bacterial intracellular concentrations (Cooper, 2004).
2.1.4.3 Potassium permanganate

Potassium permanganate use has declined with the advent of silver and

iodine wound dressings, and due to its associated skin staining, but it is still
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employed in the management of chronic wounds, dermatitis, psoriasis and eczema to
reduce bacterial load (Breuer et al., 2002, Harding, 2008). Gauze dressings soaked
in potassium permanganate have been shown to reduce the bacterial count of venous
leg ulcers (VLU; Hansson and Faergemann, 1995b).

Potassium permanganate is a strong oxidative agent which is the basis of its
antimicrobial activity (McDonnell and Russell, 1999). It is extensively employed in
aquaculture (Darwish et al., 2008) and water purification; despite its effectiveness in

other models it has received little attention in chronic wounds.

2.1.5 Biocides and their cellular effects

The mechanisms by which biocides exert their cidal effects is undetermined
but imaging techniques such as transmission electron microscopy (TEM; Hobot et
al., 2008) and scanning electron microscopy (SEM; Wale et al., 1989) have been
employed extensively to visualise disruption of bacterial cell walls and cellular
contents as an indication of cell damage. TEM has previously been utilised to study
the effects of various wound dressings on bacteria. Such studies have indicated
cellular 'disrubtion by silver ions on common wound isolates (Feng et al., 2000,

Hobot et al., 2008).

2.1.6 Biocide testing

Numerous methods have been described to test the antimicrobial efficacy of
biocides, including: disc diffusion, MIC, minimum bactericidal concentration
(MBC), suspension and carrier tests. A lack of consistency in the reported literature
reflects variation in test conditions e.g. temperature, organic matter, concentration,
contact times and preparation (McDonnell and Russell, 1999, Koburger et al., 2010).
European and British standards have established standardised methods for biocide
testing. Simple conventional tests such as the MIC, MBC and disc diffusion assays
assess the sensitivity of the microorganism. They do not however, test the cidal vs.

static properties of a biocide. In this respect, the “carrier test” method distinguishes
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the “cidal” vs. “static” properties of the biocide by incorporating a biocide
neutralisation step (Lambert, 2001, Johnston et al., 2002). Quenching agents
employed to neutralise the biocide prevent over-estimation of the activity of a
biocide for any given exposure time (Johnston et al., 2002). In vitro and in vivo
many biocides are inactivated by the presence of organic substances which are
omnipresent in the wound environment. The British/European standards therefore
also describe the use of “dirty” conditions, by the addition of bovine serum albumin
(BSA) to the experiments.

Quantifying a bacterial response to biocide exposure may be performed using
manual or automated methods. The “drop count” method first described by Miles
and Misra (Miles et al., 1938) is less labour-intensive than “pour plate” methods
(Herigstad et al.,, 2001). Automated systems, such as the Bioscreen Microbial
Growth Analyser, measure the optical density (OD) of bacterial suspensions over a
given time and CFU can be deduced (Lambert et al., 1998, Johnston et al., 2002).

2.1.7 Hydi"ophobicity and biocides

Cell 'surfaée hydrophobicity is important in bacterial adherence, colonisation
of surfaces and their consequent pathogenicity (Rosenberg et al., 1983, Das et al.,
2001, Kustos et al., 2003, Kouidhi et al., 2010). Surface hydrophobicity reflects the
presence of protein or protein-associated molecules on the cell surface (Reifsteck et
al.,, 1987). In the case of staphylococci, protein A is believed to be of particular
importance to the hydrophobic nature of the cell (Miorner et al., 1982). A variety of
cellular and electrophysiological methods exist to test the hydrophobicity of bacterial
cells, e.g. salt aggregation test (SAT), microbial adhesion to hydrocarbons (MATH),
zeta potential and polystyrene affinity measurement (Rosenberg, 1981, van
‘ Loosdrecht et al., 1987, Denyer et al., 1993, Geertsema-Doornbusch et al., 1993).
Growth and environmental conditions may affect the analysis of hydrophobicity.
Bacteria grown on blood-containing culture media may express greater

hydrophobicity, whilst some tryptone soy broth (TSB) cultures may lower
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hydrophobicity (Pembrey et al., 1999, Das et al., 2001, Das and Kapoor, 2004).

Hydrophobicity can affect the action of biocide diffusion, which is dependent both

on the hydrophobic nature of the bacteria tested and the antimicrobial used (Russell,
1995, McDonnell and Russell, 1999).

2.2 Aims

The aims of this study were to determine the antibiotic susceptibility profiles

for aerobic bacteria isolated from a group of chronic wound patients, specifically;

1.

To phenotypically characterise isolated aerobic Gram-positive chronic wound
bacteria by gram-stain, and identification of catalase and coagulase factor.

To determine the antibiotic susceptibility profiles of the staphylococcal
isolates using disc diffusion assays and molecular techniques.

To determine meticillin resistance carriage amongst bacteria isolated from

chronic wound patients.

Due to the identification of multiple multi-drug resistant bacteria present in

the wounds of these patients, further investigation into the treatment modalities to

eradicate these bacteria was thought to be of significant importance. In these studies,

three common biocides were investigated to determine the most efficacious for the

treatment of chronic wound MRSA (characterised in Chapter 3) using a combination

of cellular and structural analyses. The specific aims were to:

4.

Characterise the biocide effectiveness of povidone-iodine, potassium
permanganate and silver nitrate against MRSA isolated from chronic wound
patients using the carrier test method, enumerated by employing the drop
count and Bioscreen analysis.

Determine if MRSA strain type or previous biocide treatment is associated
with biocide resistance.

Investigate the structural effects of iodine exposure using SEM and TEM.
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2.3 Materials and Methodsv
2.3.1 Collection of wound bacterial isolates

The isolates utilised in this study were collected as part of a routine audit by
Dr R. S. Howell-Jones (2007) at the specialist Wound Healing Research Unit,
Cardiff University with permission from the local clinical governance committee
(Appendix I). The out-patients that participated in the audit had been referred for
assessment, diagnosis and treatment of non-healing skin wounds. The audit was
undertaken over a 10-week period in May - July 2005 and included all patients
attending the clinics with a variety of non-healing wounds (leg ulcers, diabetic foot
ulcers and surgical wounds). Data on antibiotic prescription from general practice
and hospital notes, and patient’s medical history and wound data were recorded
contemporaneously.

Microbiological samples (n = 151 patients) were taken by nurses present at
the specialist clinic by irrigating the test wound with saline prior to swabbing the
entire wound with an Aimes and Charcoal cotton-tipped swab (Sterilin, UK). If
more than one wound was present, the largest was sampled. Swabs were then
transported to the Cardiff School of Dentistry Microbiological Laboratory and
processed within 2 hours. Bacteria were identified following plating onto four
different agars. Growth media used included; blood agar (BA; LabM 15, Bury, UK)
supplemented with 5% defibrinated sheep blood (Oxoid) and selective media;
mannitol-salt agar (MSA; Oxoid, Basingstoke, UK), Pseudomonas agar (PA; LabM)
supplemented with 200 mg/l cetrimide and 15 mg/l of nalidixic acid; and bile
aesculin agar (BAA, Oxoid) supplemented with 6 pg/l vancomycin to facilitate
selection of Staphylococcus, Pseudomonas, and Enterococcus respectively.
Following incubation (37°C, 48 h) Pseudomonas aeruginosa, Staphylococcus sp.
~ and vancomycin resistant enferococci (VRE) were identified using Gram stain,
catalase, oxidase, coagulase tests and Streptococcus antigen grouping (Howell-Jones,

2007). Isolates and swabs were stored at -80°C in microbank vials containing
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cryopreservative fluid and porous beads (Pro-Lab diagnostics, UK) and were used in

the following experiments.

2.3.2 Culture of bacterial isolates

Samples previously identified as S. aureus and CNS (Section 2.3.1) were
recovered from the microbank vials aseptically and incubated overnight on BA
(LabM 15, Bury, UK) supplemented with 5% sheep defibrinated blood at 37°C.
Frozen swabs recorded as “no growth” or “no growth of staphylococci” were also
recovered from the microbank vials, plated on MSA and BA and incubated overnight
(O/N) at 37°C. Plates which failed to produce any growth were re-incubated for a
further 24 h at 37°C. Individual colonies from MSA were transferred to BA and
incubated (37°C, O/N) for identification. Single colonies from each plate were then

transferred to new individual microbank vials and stored at -80°C for future use.

2.3.3 Identification of isolates
2.3.3.1 Classification of cell wall using Gram stain

The Gram stain is a commonly used technique to identify eubacteria
according to cell Wall type; Gram-positive bacteria stain purple due to crystal violet
in the peptidoglycan layer, whilst Gram-negative bacteria are pink due to carbol-
fuchsin counterstain.

A single colony of bacteria from the BA was smeared onto a glass slide in
distilled sterile water, allowed to air-dry and then heat-fixed briefly. Slides were
flooded with 1% (v/v) crystal violet for 2 min. Following brief washing with water,
the slide was flooded with 3% (v/v) Lugol’s iodine for 2 min. Slides were
decolourised with 100% acetone for 2 s, rinsed with distilled water, flooded with 1%
"(v/v) carbol-fuchsin (counterstain) for 2 min, washed with distilled water, blotted
and air-dried (all reagents were supplied by Pro lab diagnostics, Cheshire, United
Kingdom). Samples were viewed using light microscopy (Carl Zeiss Ltd., UK)

55.



using immersion oil at x40 and x100 magnification (Figure 2.1), cell colour, shape

and morphology were recorded.

2.3.3.2 Coagulase test to identify Staphylococcus aureus

An accepted identification characteristic of S. aureus is its ability to produce
coagulase (clumping factor), differentiating S. aureus from CNS. The coagulase test
was performed using a Staphylase test kit (Oxoid, Basingstoke, UK) according to the
manufacturer’s instructions. Briefly, test and control reagents were shaken
vigorously before use; two-three identical colonies of each test bacteria were
smeared into a drop of distilled water on each of the two test circles. The test
suspensions were then mixed and both circles were observed for agglutination. A
positive test result (positive S. aureus identification) was indicated by clumping of
the test cells in the test reagent solution and no clumping in the control reagent

(Figure 2.2).

2333 Caialase test

The catalase test employs hydrogen peroxide to identify the presence of
catalase enzyme and enables differentiation of staphylococci from streptococci with
the aid of the Gram stain. A single test colony was transferred to a glass slide and 1
drop of 3% (v/v) hydrogen peroxide (Oxoid) was added to the smear. The

development of foaming was indicative of a positive catalase reaction.

2.3.4 Antibiotic susceptibility testing
2.3.4.1 Testing of meticillin resistance

Initial identification of meticillin resistance was performed using a meticillin
_ strip (Mast Diagnostics, Bootle, UK). A single colony from bacterial cultures grown
O/N on BA was streaked onto iso-sensitest™ agar (ISA; Oxoid) in a horizontal line.
A meticillin strip was aseptically placed perpendicular to the culture streak and the

plate incubated (30°C, 24 h). Positive (MRSA; NCTC 12493) and negative
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(meticillin sensitive S. aureus, MSSA; NCTC 6571) control strains were employed

for each test plate (Figure 2.3).

2.3.4.2 Susceptibility testing — disc diffusion assay
The disc diffusion assay was performed as per British Society for
Antimicrobial Chemotherapy guidelines (BSAC, 2007).

2.3.4.2.1 Preparation of inoculum

The inoculum was prepared by direct colony suspension method. Colonies
from pure O/N (37°C) growth on BA were re-suspended in 5 ml of sterile distilled
water to an optical density (OD) equivalent to that of 0.5 McFarland standard
(BSAC, 2007). The suspensions were used to inoculate the test agar plate within 15
mins of preparation. Mueller-Hinton (MH) and Columbia agar (CA) supplemented
with 2% (w/v) NaCl were used as test agar for oxacillin and meticillin, while iso-

sensitest™ agar was used to test other antibiotics.

234.2.2 Inoculaﬁon of agar plate

Sterile cotton wool swabs were dipped into bacterial suspensions (Section
2.3.4.2.1) and excess liquid removed on the side of the container. The inoculum was
then spread over the surface of the plate in three directions. Plates were allowed to
dry at room temperature (RT). Antibiotic discs (Table 2.1; Mast Diagnostics,
Bootle, UK) were aseptically placed onto the inoculated agar plate within 15 min of
inoculation. A maximum of 6 discs were applied to each plate. The agar plates were
stacked (<3 plates high) within 15 min of the application of discs, and incubated for
18 - 20 h at 35°C, (30°C; 24 h when testing oxacillin and meticillin). Reference

strains used as controls are listed in Table 2.2.
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Table 2.1 Antibiotic discs and concentrations used for susceptibility testing

Antibiotic e Antibiotic e
Cefoxitin 10 pg Oxacillin Ipg
Chloramphenicol 10pg Penicillin 1 unit
Ciprofloxacin lug Quinupristin/Dalfopristin 15ug
Clindamycin 2ug Rifampicin 2ug
Co-trimoxazole 25ug Tetracycline 10ug
Erythromycin Sug Trimethoprim S5ug
Fusidic acid 10ug Vancomycin Sug
Gentamicin 10pg Sulfamethoxazole 25 pg
Meticillin spg ophomyeinglucosed 5y,
Mupirocin Sug

Table 2.2 National Collection of Type Cultures (NCTC) reference strains used as
controls '

Control strain Isolate information
NCTC 6571 MSSA

NCTC 12493 MRSA

NCTC 11047 Staphylococcus epidermidis Tc®

MSSA, meticillin sensitive Staphylococcus aureus; MRSA, meticillin resistant
Staphylococcus aureus; TcR, tetracycline resistant.

Table 2.3 Primer sequence for mecA gene PCR amplification and identification

Primer Amplicon

name Sequence 5’ to 3’ size (bp) Reference
MR1(F) GTGGAATTGGCCAATACAGG w  Tokueetal
, 1.339 5
MR2([R) TGAGTTCTGCAGTACCGGAT (1992)

bp, base pair.
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2.3.4.2.3 Zone of inhibition measurement

Plates were examined under direct light to determine colony growth in the
zone of inhibition and the zone measured (Figure 2.4). The measurement was then
compared to zone breakpoints found in the BSAC guidelines for staphylococci
(BSAC, 2007).

2.3.4.3 Identification of meticillin resistance gene (mecA)
2.3.4.3.1 DNA preparation for mecA identification

An O/N culture of test organisms was prepared in Sml Tryptone soya broth
(TSB; Oxoid) and incubated at 37°C. One ml of culture was centrifuged (9500 x g, 5
min) and the supernatant removed. The bacterial pellet was washed twice with 1 ml
lysis buffer (50 mM Tris-HCI, pH 8.0; 5 mM EDTA, pH 8.0; 50 mM NaCl), and re-
centrifuged (9500 x g, 5 min), then re-suspended in 1 ml lysis buffer with 20 pl
lysostaphin (1 mg/ml; Sigma Aldrich, UK), and 5 pl RNase A (5 mg/ml; Sigma
Aldrich, UK) added. The lysis mix was incubated (37°C, 30 min) with agitation.
The lysate was centrifuged (9500 x g, 10 min) and the supernatant used as the DNA
template for PCR amplification (Araj et al., 1999).

2.3.4.3.2 mecA identification by PCR

Bacterial DNA template was prepared as previously described (Section
2.3.4.3.1). Twenty-five ul PCR reactions were performed in thin-walled PCR tubes
(all reagents were supplied by Promega, UK unless otherwise stated). A mixture of 1
pl of DNA template, 200 uM (each) deoxynucleoside triphosphates (ANTPs), 1 uM
(each) of forward and reverse primers (Table 2.3; MWG-biotech, Ebersberg,
" Germany), 2.5 U Tag DNA polymerase, 2.5 pl of 10X buffer, 1.5mM MgCl, and
16.8 ul of nuclease-free water was amplified in a thermal cycler. PCR reactions
were performed with an initial denaturation step (94°C, 10 s), followed by 25 cycles;

denaturation (94°C, 30 s), annealing (55°C, 30 s), elongation (72°C, 2 min); then a
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final extension step (72°C, 5 min). Ten pl of PCR product was combined with 2 pl
of loading dye and loaded onto a 1% agarose gel (Fisher Scientific Ltd) with
ethidium bromide incorporated (0.5 pg/ml). The product was separated by
electrophoresis alongside a 100 bp molecular weight standard in 1X Tris-borate-
EDTA (TBE; 0.1 M Tris Base; 0.09 M Boric Acid; 1 mM EDTA, pH 8.0) running
buffer at 70 V for 1 h. The resultant gel was visualised under UV light (Gel Doc™,
Bio-Rad®) and a 1.3 kb product was indicative of the mecA gene and therefore

positive for meticillin resistance (Tokue et al., 1992).

2.3.5 Biocide testing
2.3.5.1 Growth of bacterial isolates

Seven MRSA isolates from chronic wound patients were used, to represent
appropriate examples of sequence types (ST), wound origin (chronic leg wound,
chronic surgical wound) and previous biocide exposure. In addition, a control
MRSA (ITU2) isolated from an intensive therapy unit patient (ITU) with
bacteraemia kindly provided by Dr R. Howe (Specialist Antimicrobial
Chemotherapy Unit; SACU, University Hospital Wales, Cardiff). A meticillin
sensitive Staphyibcoccus aureus (MSSA) NCIMB 9518/ATCC 6538 described by
British and European (BS EN) Standard 13697: 2001 was used as a control strain.
Table 2.4 shows the isolates employed to test the biocides. In these experiments,
strains were grown overnight (O/N) on tryptone soy agar (TSA) plates at 37°C.
Biocide testing was performed using prepared 10 ml TSA slopes. A representative
colony of each strain was used to inoculate a bacterial slope which was incubated

O/N at 37°C.
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Table 2.4 Isolates employed in biocide testing

Isolate Isolate information ST Pulse type
ATCC 6538 Control strain (MSSA) ND ND
1004 Chronic Leg Wound 22 A

1011 Chronic Surgical wound 30 Ci
1021 Chronic Leg Wound 36 Cii
1106 Chronic Surgical wound 22 B

1108 Chronic Surgical wound 970 A
2018 Chronic Surgical wound 22 A
2124 Chronic Surgical wound 22 A
ITU2 ITU isolate 1 ND

®Sequence type, defined by MLST; ®pulse type, as defined by PFGE (Chapter 3);
ND, not determined; MSSA, meticillin Staphylococcus aureus.

Table 2.5 Tested biocide concentrations and neutralising agent

: Working biocide
Biocide concentration Neutralising agent
' (whv)
- Lecithin (3 g/l)
Povidone-iodine 1%
Polysorbate 80 (30 g/1)

Potassium permanganate 0.05% Sodium thiosulphate (5 g/)
Silver nitrate 0.45% Sodium thiosulphate (5 g/l)
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2.3.5.2 Experimental materials

The “carrier test” was performed using 1.5 mm thick, 20 mm diameter grade
2B finish stainless steel (SS) discs (Goodfellows Cambridge Ltd, Huntington, UK).
Each disc was marked with a permanent marker to allow identification of the test
side. Following use, the discs were autoclaved and rinsed with water then placed in
5% (v/v) Decon®90 (Decon Laboratories Ltd, Hove, UK) in de-ionized water for 60
mins, then rinsed with de-ionized water and allowed to dry. Discs were then
sterilised (121°C, 15 min) in a sealed Duran® bottle until use. Sterile tryptone
sodium chloride (TSC) solution (tryptone 1 g/l; NaCl 8.5 g/l) was used as a diluent
for each test procedure and was freshly prepared every 3 d.

PVP-l, silver nitrate and potassium permanganate (Sigma-Aldrich Ltd,
Dorset, UK) were tested for their efficacy against wound MRSA. Each test biocide
and neutraliser (Table 2.5) was freshly prepared every 3 d and sterilised (121°C, 15
min), then stored at 4°C and kept in darkness until use. Bovine Serum Albumin
(BSA) solution was freshly prepared every 3 d with 60 g/l BSA (Acros Organics,
Geel, Belgium) in de-ionized water and kept at 4°C. The required volume was filter-
sterilised using a 0.2 pm filter prior to use. A final BSA concentration of 3g/l was
used in each test procedure as described in BS EN 13697; 2001.

Sterilised 100 ml Duran® bottles containing 5 g of 3 mm borosilicate glass
beads (Sigma-Aldrich) were used to retrieve bacteria from the SS discs in each
biocide test.

Terminology used in this Chapter to describe biocide test conditions are as
follows: working bacterial suspension, obtained suspension following washing an
inoculated TSA slope with TSC, and used to inoculate SS disc subsequent to the
addition of BSA; test biocide,.biocide under investigation i.e. PVP-I, silver nitrate,
' potassium permanganate; control biocide, sterile distilled water; test solution,
neutralised test biocide; control solution, neutralised control biocide; test suspension,

bacteria isolated from SS discs treated with test biocide and neutralised; control
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suspension, bacteria isolated from SS discs treated with control biocide and

neutralised.

2.3.5.3 Validation of drop count

The drop count method was performed using an adaptation of the method
described by Miles and Misra (1938). A working bacterial suspension of S. aureus
ATCC 6538 was prepared by harvesting the bacterial growth on an O/N TSA slope
with 5 ml of sterile TSC. The suspension was centrifuged (2000 x g, 10 min) and the
supernatant discarded. The bacterial pellet was washed with 5 ml of TSC (x2) and
re-suspended in 5 ml TSC. One ml of the working bacterial suspension was diluted
in 4 ml of TSC and cell suspension corrected to approximately 10° CFU/ml cells
using an ODsoonm. BSA (final concentration 3 g/l) was added to the test solution and
10-fold serial dilutions of the working bacterial suspension were performed (x10).
Ten pl of each dilution were pipetted in triplicate onto triplicate agar plates (Figure
2.5), allowed to air-dry and then incubated (37°C, 24 h).

The dilution series yielding counts 3<n<45 CFU was used to determine the
average number of colonies per plate dilution. Counts were expressed as CFU/ml
(Herigstad et al., ‘2001). Intra-experimental variations were determined using a one-
way analysis of variance (ANOVA) with a 95% confidence interval for logo
transformed data in Minitab® (Release 14 software, Minitab® Inc, USA; Appendix
II1.1).

2.3.5.4 Validation of neutraliser efficacy

Validation of the neutralising agents was performed to confirm its ability to
quench the biocides (Table 2.5) without detrimental effect on the test bacteria. Tests
- were performed using “dirty conditions” and the validation methods in BS EN
13697: 2001. Working bacterial suspensions of S. aureus ATCC 6538 were
prepared (Section 2.3.5.3) the resultant bacterial pellet was re-suspended in 2 ml

TSC and then 1.5 ml of the working bacterial suspension was combined with 0.5 ml
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of BSA (final concentration 3 g/I). Six SS discs were transferred aseptically to a
sterile Petri dish and inoculated with 20 pl of the bacterial/BSA suspension
(unmarked side), these were incubated (37°C, 25 min) to dry. Ten ml of the
neutralising agent was pipetted into each of 6 sterile Duran® (100 ml) bottles
containing 5g of 3 mm glass beads. Once the inoculated disc had dried, 100 pl of the
test biocide was added into 3 Duran® bottles containing neutraliser solution (test
solution) and 100 pl of control biocide (sterile distilled water) was added to the other
3 Duran® bottles containing neutraliser solution (control solution). The biocide or
control and neutraliser were left in contact for 5 min. Single inoculated SS discs
were then aseptically transferred to a Duran® bottle containing the test solution or
control solution, leaving the marked side facing up. These were then placed on a
rotating platform (Grant Bio POS 300, Patterson Scientific, Luton UK) for 1 min at
150 rpm to re-suspend the bacterial cells. Viable counts were performed on 10-fold
serial dilutions (in triplicate) from the initial working bacterial suspension, test
suspension and control suspension as described in Section 2.3.5.3 and the drop count
method performed (in triplicate). The CFU/ml for the working bacterial suspension,
test suspension and control suspension were calculated. Validation of the neutraliser

was based on the equations and rules of BS EN 13697: 2001, shown in Table 2.6.

2.3.5.5 Bioscreen optical density values and viable count relationship

To correlate viable bacterial counts for each serial dilution with observed
optical density (OD), the Bioscreen Microbial Growth Analyser (Oy Growth Curves
Ab Ltd, Finland) was employed. A working bacterial suspension of S. aureus ATCC
6538 was prepared and serially diluted (10°®) in triplicate, CFU/ml was recorded for
each dilution (Section 2.3.5.3). Using a 100-well Thermo Labsystems Honeycomb 2
~ plate (Thermo Electron Corporation, UK), 350 pul of TSB and 50 pl of each bacterial
serial dilution (neat to 10°®) was added to 5 replicate wells. Control wells contained
350 pl TSB and 50 pl of TSC. Plates were incubated (37°C, 14 h) in the Bioscreen

and growth recorded at OD43.530 using a wideband filter, at 15 min intervals with
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Table 2.6 Equations used to validate neutralisers and biocides tested and the rules applied to each test (BS EN 13697: 2001)

Test Equation Rules

MVC control suspension (CFU/disc)
Recovery test Recovery (%) x 100
MVC working suspension (CFU/20 pl) -

Neutraliser Log)o of CFU working suspension Log;o of CFU neutraliser solution If <2, the neutraliser is not
toxicity (CFU/disc) = (CFU/disc) toxic
Neutraliser Logjo CFU of neutralised control Logio CFU of neutralised biocide If <0.3, the neutraliser is
efficacy solution (CFU/disc) = solution (CFU/disc) effective
- Logio CFU of control suspension Logjo CFU of test suspension If > log)o 3 reduction, the
Biocide efficacy (CFU/disc) - (CFU/disc) biocide is effective

MVC, mean viable count; CFU, colony forming units.
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shaking (10 s) prior to each reading (ten replicates). The logjo CFU/ml for each
dilution from the plate count was plotted against the time taken to reach an OD420-530
of 0.2 as this showed the greatest distinction between the dilutions. A “fitted line”
plot was produced using Minitab® and the resulting linear equation used to
determine log;o CFU/ml for subsequent analyses based on the time to reach an

ODy3-s80 of 0.2 (Appendix IIL.ii).

2.3.5.6 Biocide efficacy using the carrier test method

Biocides (Table 2.5) were tested using the carrier test method described in
BS EN 13697: 2001 modified with logjo reductions for efficacy based on BS EN
1499: 1997. Briefly bacteria were cultured and working bacterial suspensions
supplemented with BSA (Sections 2.3.5.1 and 2.3.5.4). SS discs were inoculated as
previously described (Section 2.3.5.4) and CFU/ml calculated for serial dilutions of
the prepared working bacterial suspensions (Sections 2.3.5.3 and 2.3.5.4). Ten ml of
the appropriate neutralising agent (Table 2.5) was transferred into Duran® bottles
containing glass beads. Then 100 pl of test biocide (Table 2.5) was added to the
dried inoculated test SS disc, and 100 pl of sterile water (control) was added to the
control SS discs (f;igure 2.6). The SS discs were left at room temperature for the test
contact times (1, 15 and 30 min). Each SS disc were then aseptically transferred to
an individual Duran® bottle containing the neutralising agent with test side
downwards. The bottles were placed onto a rotator platform (150 rpm, 1 min) then
the discs and solution left in contact for a further 4 min. The Duran® bottles were
then vortexed for 30 s and samples taken for drop count serial dilution (100 pl), and
Bioscreen analysis (50 pl). Each biocide and contact time was performed in

triplicate using freshly prepared bacterial culture on 3 separate days.
2.3.5.7 Drop count method

Ten-fold serial dilutions (neat to 10%) of the working bacterial suspension,

test suspension and control suspension were performed in triplicate using 100 pl of
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the suspension and drop counts performed (Section 2.3.5.3; Figure 2.7). The
CFU/ml was calculated for the working bacterial suspension, test suspension and
control suspension. Recovery and biocidal efficacy was determined using the
defined equations (Table 2.6). Plate readings of 0 CFU were set as 1 CFU/ml due to
the limits of the assay (BS EN 1499: 1997).

2.3.5.8 Bioscreen method

A volume of 350 pl tryptone soya broth (TSB; Oxoid) was aseptically added
to each well of the honeycomb plate. To this, 50 pul of serially diluted working
bacterial suspension or test suspension or control suspension or neutraliser or a
further 50 pl of TSB was added in 5 replicate wells (Appendix IIl.iii). Plates were
incubated in the Bioscreen (37°C, 14 h; Section 2.3.5.5) and mean CFU/ml
calculated for the test suspension, control suspension and working bacterial
suspension (serial dilution). Using the fitted line plot (Section 2.3.5.5) the logo
CFU/ml values were calculated and log;o reduction calculated (Table 2.6).

Statistical analysis was performed to determine differences in drop count and
Bioscreen methods using the logio values for all investigated biocides and contact
times using GraéhPad InStat3® (GraphPad Software Inc, California, USA). A one-
way ANOVA with a 95% level of significance between the means of the data sets
was performed, with a Tukey post-test, to compare biocides. A paired T-test was
used with confidence intervals of 95% to test if the difference in the mean of

Bioscreen and drop count methods were significant.

2.3.5.9 Hydrophobicity determination using salt aggregation testing (SAT)

Salt aggregation testing for hydrophobicity (Lindahl et al., 1981) is based on
the precipitation (“salting ouf”) of cells from a suspension. Bacteria were grown
O/N on TSA slopes (Section 2.3.5.1) the slopes were washed with 0.002 M PBS (pH
6.8) and bacterial suspension centrifuged (2000 x g, 5 min). The supernatant was
discarded and bacterial pellet washed (x3) in 5 ml PBS before the final bacterial
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pellet was re-suspended in 2 ml PBS and the ODggonm adjusted to 1 to yield 3 x 10°
CFU/ml. Varying molarities of ammonium sulphate (0.2 to 4 M) were prepared in
0.002 M PBS (pH 6.8) and 25 pl of solution was pipetted into 24-well microtitre
plate (Greiner Bio-One, UK). To each well, 10 pl of bacterial suspension was added
and the plate was placed on a rotating platform (80 rpm, 2 min, RT). Visualisation

of aggregation was facilitated by reading against a black background.

2.3.5.10 Hydrophobicity determination using microbial adherence to
hydrocarbons (MATH) testing

Microbial adhesion to hydrocarbons (MATH) was employed to study the
hydrophobicity of S. aureus (Rosenberg et al., 1980, Greene et al., 1992, Galliani et
al., 1994, Das et al.,, 2001), to determine whether surface charge influences
susceptibility to iodine, and to determine if PVP-I can change bacterial surface
hydrophobicity. Bacterial slopes were prepared (Section 2.3.5.1) and incubated
(37°C, 24 h). The bacterial slopes were washed with 5 ml of sterile PBS (Oxoid)
and centn'fuged (2000 x g, 10 min), washed (x2) with 5 ml of PBS and centrifuged
(2000 x g, 10 min) then re-suspended in 5 ml of PBS. The ODs4onm Was corrected
with PBS to an» HOD of 0.5 for testing with n-hexadecane (hexadecane adherence
assay; HAA) and cyclohexane (cyclohexane adherence assay; CAA; Greene et al.,
1992) and to an ODs4onm of 1 for testing with p-xylene (xylene adherence assay;
XAA; Galliani et al., 1994, Das et al., 2001). These tests employed disposable glass
culture tubes 16 x 150 mm (Fisher Scientific UK Ltd, Loughborough, UK). Three
ml of bacterial suspension was transferred to each tube, (2 sets of tubes were used for
each hydrocarbon to compare iodine treated and control solutions for increasing
quantities of hydrocarbon). To one set of tubes, 0.5 ml of PBS was added and to the
second set of tubes 0.5 ml of a “non-lethal” concentration of stock 0.1% PVP-I was
added. After 1 min, the ODs4onm for the control (PBS/iodine) was recorded. To the
remaining test tubes, the test hydrocarbon was added in increasing volumes; n-

hexadecane or cyclohexane 0.4 to 1.6 ml (0.2 ml increments), p-xylene 250 ul to
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1750 pl (250 pl increments). Tubes were sealed with parafilm® (Fisher Scientific)
and vortexed (30 s) and left to phase separate for 30 min and 1 h. After separation, 1
ml of the aqueous phase was transferred to disposable cuvettes (Fisher Scientific).
The ODssonm of each solution was recorded, corrected against PBS or PBS with
0.01% PVP-I controls. Tests were performed in triplicate. Readings were plotted on
a line graph and relative hydrophobicity calculated using the following equation and
rules (Greene et al., 1992). A paired T-test was performed using GraphPad InStat3®
to determine if there was a significant change in hydrophobicity following PVP-I

treatment.

Asgp (initial OD) — Asy4p (final OD)
0, =
% adherence : Asso (initial OD)

x 100

Initial OD = As49 of bacterial suspension without adding hexadecane

Final OD = As4 of bacterial suspension on adding hexadecane

Rules for grading hydrophobicity: strong positive if >75%; intermediate if 25 to
75%; negative if <25%.

2.3.5.11 Effect of PVP-I on the cellular structure of MRSA using scanning
electron microscopy (SEM)
2.3.5.11.1 Preparation of SEM sample

Shaking overnight cultures of test MRSA were grown in TSB at 37°C for 24
h. Purity plates were performed on blood agar to confirm purity of sample. Cultures
were diluted 1:500 and 2 ml was pipetted directly onto a Nucleopore 0.2 um track-
etched polycarbonate/ester membrane disc (Whatman® Ltd, GE Healthcare, UK) in
~ 24-well tissue culture plate (Corning Life Sciences, Amsterdam). The tissue culture
lid was sealed with parafilm® and the plates incubated (37°C, 24 h). Three wells

were inoculated per test isolate.
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These experiments were performed at RT. TSB was aspirated from each well
and 200 pl PVP-I (0.1%; 1%), or sterile water (control) added to individual wells.
One minute later, 1 ml of sodium thiosulphate was added to “quench” the biocide
(determined as described in Section 2.3.5.4), and allowed to stand for 5 min. The
quenched biocide was aspirated and 1 ml of 2.5% (v/v) glutaraldehyde added for 1 h.
The glutaraldehyde was removed and each well washed (x3) with 1 ml of distilled
sterile water. Membranes were covered with 1 ml of distilled sterile water and
stored O/N at -80°C, and then placed O/N in a high vacuum freeze drier (Modulyo-
Edwards, Edwards High Vacuum International, UK).

2.3.5.11.2 Specimen Preparation for SEM

Sample processing and imaging was performed with the help of Mrs W.
Rowe, Cardiff University. Briefly, nucleopore membranes were mounted onto
specimen stubs and placed into an Argon vacuum specimen chamber. Specimens
were sputter-coated with a 7-10 nm layer of gold, using a K675 sputter coater
(Quorufn Emitech Ltd. UK). Samples were viewed using an EBT1 scanning electron
microscoj)e (SEM Tech Ltd, Derbyshire, UK). Representative images were recorded

at 7 different sites in each sample.

2.3.5.12 Effect of PVP-I on the internal structure of MRSA using transmission
electron microscopy (TEM)
2.3.5.12.1 Broth culture preparation for 1% PVP-I testing

Overnight cultures (MRSA isolate 1106) were prepared in 10 ml TSB, and
used to prepare a 1:500 bacterial dilution in three 50 ml conical plastic flasks
(Comning B.V. Life Sciences, Amsterdam) which were incubated in a shaking
incubator (Innova 4330, New Brunswick Scientific, Cambridge, UK) at 37°C until
mid-log phase. Purity plates were used to ensure no sample contamination. A final
concentration of 1% PVP-I was added to two flasks and left at RT (1 and 30 min)

before fixing. The third flask was used as a control. Then, 25% glutaraldehyde in
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0.1 M Sorensen’s phosphate buffer (0.1M Na,HPO4.2H,0; 0.3M NaH,P0,4.H,O,
pH7.2; stock sol. 25% glutaraldehyde; TAAB, UK, No. G004) was added to each
flask to give a final concentration of 2.5% v/v. The flasks were fixed O/N at RT.

2.3.5.12.2 TSC bacterial culture preparation for 1% PVP-I testing

To investigate the effect of PVP-I on MRSA under “contact test” conditions,
bacterial cultures (MRSA isolate 1106) were prepared (Section 2.3.5.12.1). All
bacterial cultures were centrifuged (13000 x g, 10 min), supernatants discarded, the
bacterial pellet washed in TSC (50 ml) and re-centrifuged (13000 x g, 10 min). The
resultant bacterial pellet was re-suspended in either TSC (50 ml) containing 3 g/
BSA (n = 3 flask) or TSC (50 ml; control). PVP-I (1%) was added to 2 flasks
containing the bacterial suspension in TSC and BSA and left at RT for 1 and 30 min
before fixing (Section 2.3.5.12.1). The third flask containing the bacterial

suspension in TSC with 3 g/l BSA was used as a second control.

2.3.5.12.3; Bacterial harvesting and preparation of bacterial samples for TEM
Saniples were processed and imaged by Dr J. Hobot, Cardiff University.
Bacteria were iSbiated from the fixation solution by filtration (0.45 pm Whatman
cellulose nitrate filters) and carefully removed from the surface of the filter using a
spatula and re-suspended in molten (37°C) low melting point agarose 2% (w/v;
Sigma-Aldrich) prepared in TSB containing 3 drops of blue beads (Immobilised
Cibacron Blue F3Ga; Pierce, USA). The agarose was allowed to solidify, and then
sectioned (approx. <Imm?®) and placed in ethanol (50%) for processing. Samples
were fully dehydrated (Table 2.7). Agar blocks were then placed into a ‘size 0°/vol
0.68 ml gelatine capsule to which 0°C LR White resin (Hard Grade; London Resin
- Co, London, UK), containitig accelerator was added. This was allowed to

polymerise at 0°C for 24 h, followed by 2 h at 50°C.
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Table 2.7 Dehydration steps for the preparation of agarose slices for TEM imaging

Dehydration step Time required
50% ethanol 10 min
70% ethanol 10 min
90% ethanol 10 min
100% ethanol 60 min
1:1 LR White:100% ethanol 30 min
1:0 LR White 20 min
1:0 LR White 20 min
1:0 LR White 20 min
1:0 LR White 20 min

LR, London resin white acrylic resin
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2.3.5.12.4 TEM imaging

The samples were cut into ultra thin sections using a LKB III Ultra-
microtome. Sections were stained with aqueous uranyl acetate (4% w/v; 5 min),
washed with water, and counterstained with Millonig’s lead acetate for 30 s.
Sections were viewed using a Philips/FEI CM12, (80 kV) and images recorded (SIS
MegaView III digital camera).

2.4 Results
2.4.1 Demographic data

The initial audit cohort of patients collected by Dr R. S. Howell-Jones
(Howell-Jones, 2007) included 81 (54%) female and 69 (46%) male patients, and
observed a wide age range (from 24 to 93 years). The number of wounds per patient
ranged from 1 to 8 wounds, with a wound duration period between 3 months and 42
years. The aetiology of wounds represented a full spectrum, with the majority of
patients:’ (51%) having chronic venous leg ulcers. Chronic surgical wounds
represented 28% of patients and foot ulcers represented 13.3% of patients, whilst
7.3% of patiénts were categorised as having miscellaneous chronic wounds e.g.

perineal sinus, pressure ulcers.

2.4.2 Identification of isolates

Cultural analysis of swab samples in this thesis found that 75 (50%) patients
were colonised with S. aureus. Of these 58 (77.3%) isolates were meticillin and
oxacillin sensitive and 17 (22.6%) isolates were found to be MRSA. Three of the
patients found to be colonised by MRSA were positive on two sampling occasions;
two patients were colonised with MRSA on the second visit but not the first. Four
patients identified as having a wound colonised with MRSA at the first visit were not

found to be MRSA positive at the second sampling. MRSA was isolated in; 4 (20%)
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patients with foot ulcers, 5 (6.5%) patients with leg ulcers, 1 (9%) miscellaneous
wound and 7 (16.6%) surgical wounds.

CNS were harboured by 57 (38%) patients, of which 36 (63.2%) were
sensitive to meticillin, and 17 (29.8%) were meticillin resistant. Interestingly, 4
(7%) patients were colonised with CNS that were meticillin sensitive but oxacillin

resistant.

2.4.3 Antibiotic susceptibility testing
2.4.3.1 Disc diffusion assay

The antibiotic susceptibilities of all S. aureus and CNS isolated from chronic
wounds using the disc diffusion assay are shown in Table 2.8. All isolated MRSA
were resistant to meticillin, oxacillin, cefoxitin, ciprofloxacin and penicillin.
However, there was low resistance to tetracycline, chloramphenicol, and
fosphomycin glucose-6-phosphate and no vancomycin resistant strains in this group
of MRSA isolates. A number of the isolates however exhibited multi-resistance.
Seven (4i.2%) of the isolated MRSA indicated resistance to beta-lactams and a
further 5 gr‘oups. of antibiotics (Table 2.9). No resistance to meticillin, oxacillin,
cefoxitin or vanct")inycin was identified amongst the MSSA isolates (Table 2.8). The
majority of MSSA were resistant to penicillin, trimethoprim, co-trimoxazole,
rifampicin and ciprofloxacin.

All isolated meticillin resistant CNS were resistant to meticillin, oxacillin,
cefoxitin, ciprofloxacin and penicillin. There were no vancomycin resistant strains.
In spite of this, a number of the isolates were multi-resistant, with 6 (35.3%)
meticillin resistant CNS indicating resistance to beta-lactams and a further 5 groups
of antibiotics (Table 2.10). Oxaciliin resistant, meticillin sensitive, coagulase
_ negative staphylococci were also resistant to penicillin. None shov;red resistance to
meticillin, cefoxitin, tetracycline, chloramphenicol or vancomycin, although there
was mixed antibiotic resistance to the other antibiotics tested. Of the isolated

meticillin and oxacillin sensitive CNS, none were resistant to meticillin, oxacillin,
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Table 2.8 Antibiotic resistance of chronic wound staphylococci

Number of bacterial isolates with resistance

Antibiotic MRSA (n=17)  MSSA (n=58) CNS met® (n=17) CNSoxa® (n=4)  CNS (n=36)
Meticillin 17 (100%) 0 (0%) 17 (100%) 0 (0%) 0 (0%)
Oxacillin 17 (100%) 0 (0%) 17 (100%) 4 (100%) 0 (0%)
Vancomycin 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Penicillin 17 (100%) 50 (86.2%) 17 (100%) 4 (100%) 31 (86.1%)
Clindamycin 14 (82.4%) 19 (32.8%) 10 (58.8%) 4 (100%) 16 (44.4%)
Gentamicin 7 (41.2%) 10 (17.2%) 9 (52.9%) 1 (25%) 4 (11.1%)
Fusidic acid 14 (82.4%) 36 (62%) 14 (82.4%) 4 (100%) 29 (80.6%)
Erythromycin 9 (53%) 4 (6.9%) 14 (82.4%) 4 (100%) 17 (47.2%)
Trimethoprim 15 (88.3%) 48 (82.8%) 16 (94.1%) 3 (75%) 30 (83.3%)
- Co-trimoxazole 6 (35.3%) 45 (77.6%) 16 (94.1%) 3 (75%) 34 (94.4%)
Tetracycline 1 (5.9%) 4 (6.8%) 3 (17.6%) 0 (0%) 1 (2.8%)
Chloramphenicol 1 (5.9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Fosphomycin glucose-6-phosphate 2 (11.8%) 1 (1.7%) 2 (11.8%) 2 (50%) 11 (30.6%)
Cefoxitin 17 (100%) 0 (0%) 17 (100%) 0 (0%) 0 (0%)
Rifampicin 13 (76.5%) 46 (79.3%) 8 (47%) 2 (50%) 10 (27.8%)
Ciprofloxacin 17 (100%) 41 (70.7%) 17 (100%) 4 (100%) 19 (52.8%)
Mupirocin 6 (35.3%) 4 (6.9%) 6 (35.3%) 2 (50%) 6 (16.7%)
Quinupristin/Dalfopristin 4 (23.5%) 1 (1.7%) 5 (29.4%) 0 (0%) 0 (0%)

MRSA, meticillin resistant Staphylococcus aureus; MSSA, meticillin sensitive Staphylococcus aureus;, CNS met®, meticillin resistant
coagulase negative staphylococci; CNS oxa®, oxacillin resistant coagulase negative staphylococci; CNS, coagulase negative staphylococci.
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Table 2.9 Antibiotic resistance profiles of wound MRSA isolates

Antibiotic

Isolate MET OXA PEN CEF TMP SMX GEN ERY VAN TET CIP SYN CLIN FUS CHL MUP RIF FOS
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MET, meticillin; OXA, oxacillin; PEN, penicillin; CEF, cefoxitin; TMP, trimethoprim; SMX, sulfamethoxazole; GEN, gentamici.n;. ER.Y,
erythromycin; VAN, vancomycin; TET, tetracycline; CIP, ciprofloxacin; SYN, quinupristin/dalfopristin; CLI, clindamycin; FUS, fusidic acid;

CHL, chloramphenicol; MUP, mupirocin; RIF, rifampicin: FOS, fosphomycin glucose-6-phosphate.
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Table 2.10 Antibiotic resistance profiles of wound meticillin resistant CNS isolates

Antibiotic
Isolate MET OXA PEN CEF TMP SMX GEN ERY VAN TET CIP SYN CLIN FUS CHL MUP RIF FOS
1015 R R R R R R R R R R
1038 R R R R R R R R R R R R
1040 R R R R R R R R R R R R
1056 R R R R R R R R R R R R
1057 R R R R R R R R R R
1064 R R R R R R R R R R R
1067 R R R R R R R R R R R
1084 R R R R R R R R R R
1088 R R R R R R R R R R R
1090 R R R R R R R R R
1096 R R R R R R R R R
1112 R R R R R R R R R
1142 R R R R R R R R R R R
1143 R R R R R R R R R R R R
1147 R R R R R R R R R R R
2023 R R R R R R R R R R R R
2072 R R R R R R R R R R

MET, meticillin; OXA, oxacillin; PEN, penicillin; CEF, cefoxitin; TMP, ﬁimethoprim; SMX, sulfamethoxazole; GEN, gentamici.n;. ER.Y,
erythromycin; VAN, vancomycin; TET, tetracycline; CIP, ciprofloxacin; SYN, quinupristin/dalfopristin; CLI, clindamycin; FUS, fusidic acid;
CHL, chloramphenicol; MUP, mupirocin; RIF, rifampicin: FOS, fosphomycin glucose-6-phosphate.
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cefoxitin, chloramphenicol, or vancomycin. However, almost all were resistant to

penicillin, and approximately 53% were resistant to ciprofloxacin.

2.4.3.2 mecA gene identification by PCR

PCR of the mecA gene was used to identify the presence of meticillin
resistance in isolates that exhibited oxacillin, meticillin and cefoxitin resistance. All
CNS and S. aureus sensitive to meticillin and oxacillin were also tested.

The mecA PCR demonstrated that all isolates deemed MRSA or meticillin
resistant CNS from susceptibility testing were positive for the mecA gene. Of those
isolates classified as meticillin sensitive (including oxacillin resistant CNS) none
were positive for the mecA gene (Table 2.11). Figures 2.8 and 2.9 demonstrate
agarose gel separation of the mecA PCR products for S. aureus and CNS wound

isolates.

244 Efchtiveness of biocides using carrier test methodology
2.4.4.1 Validation of drop count method
Validation of the drop count method (Appendix IILi) demonstrated there was

no significant intra-researcher or method variance between the replicates (P>0.05).

2.4.4.2 Validation of neutraliser efficacy

Table 2.12 shows the mean CFU/ml for the working bacterial suspension, test
solution (test biocide), control solution (control biocide), plus efficacy of each
neutralising agent and its toxicity values. All neutralising agents were found to have
<2 logyo difference, indicating that none were toxic to S. qureus. All neutralisers
were effective at quenching the known biocide, indicated by values <0.3 difference

between control and test solution viable bacterial counts.
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Table 2.11 Number of isolates with mecA as identified by PCR

Isolate Number of tested Number of isolates with mecA
isolates present
MRSA 17 17 (100%)
MSSA s 0 (0%)
CNS oxa® 4 0 (0%)
CNS 36 0 (0%)

MRSA, meticillin resistant Staphylococcus aureus; MSSA, meticillin sensitive
Staphylococcus aureus; CNS met®, meticillin resistant coagulase negative
staphylococcus; CNS oxa®, oxacillin resistant coagulase negative staphylococcus,
meticillin sensitive; CNS, coagulase negative staphylococcus.
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