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ABSTRACT

ABSTRACT
Chronic Rhinosinusitis (CRS) is a heterogeneous disease characterised by recurrent and
persistent episodes of nasal obstruction, discharge and facial pain or pressure. Patients
suffering from CRS experience considerable morbidity and have impaired qualities of life.
The gold standard treatment of cases that fail medical therapy is endoscopic sinus surgery
(ESS). Despite the proven efficacy of ESS, the modern sinus surgeon will see a subset of
patients who persistently fail any attempt to improve their disease profile. Recent research
into CRS had identified bacterial biofilms, in particular those mediated by Staphylococcus
aureus to hold a potential role in the aetiopathogenesis of this disease. Patients with
biofilms suffer from more severe preoperative symptoms and have worse postoperative
outcomes. As a consequence, numerous anti-biofilm therapies have been developed
including biofilm dispersal agents and biocidal agents. Despite showing early promise in
vitro, the use of these therapeutic agents in vivo has not translated to a conclusive clinical
benefit. Recent studies have identified that S. aureus can invade non-professional
phagocytic cell types such as epithelium with the ability to survive and replicate
intracellularly. This led to the hypothesis that by exploiting the intracellular environment,
bacteria may evade host immunity, topical antimicrobial therapy and establish a niche for
survival with potential reservoirs for chronic or relapsing Staphylococcal infections.
Therefore, this PhD thesis set out to investigate whether intracellular S. aureus plays a
disease modifying role in CRS.

Chapter 1 critically reviews the context of the work included in this thesis pertaining to
CRS, S. aureus, biofilms and intracellular infections.

xvi
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Chapter 2 validates a novel imaging technique using confocal scanning laser microscopy
(CSLM) coupled with dual staining of fluorescence in situ hybridisation (FISH) probes and
nucleic acid counterstains (propidium iodide, [PI]), to identify the presence of intracellular
S. aureus in whole mucosal specimens, with a direct comparison to previously reported
techniques of immunohistochemistry (IHC). The study reported the benefits and
drawbacks of each technique, and identified specific roles for their use when examining
tissue specimens. The major advantage of CSLM-FISH/PI was that simultaneous biofilm
analysis was possible in the same piece of tissue.

Chapter 3 investigated the unexpected phenomenon of false-positive antibody binding in S.
aureus infected tissue specimens when performing IHC in paraffin embedded tissue
sections. This was hypothesised to be caused by protein A expression in the bacterial cell
wall that continued to bind IgG-class antibodies with high affinity. A methodology was
developed and validated to overcome this issue, with significant implications when
performing future IHC experiments.

Chapter 4 utilised the previously reported CSLM-FISH/PI protocols for intracellular S.
aureus detection in a cohort of CRS and control patients. For the first time the association
between biofilms and intracellular infection was reported, suggesting that the biofilm may
offer a conditioned environment to allow invasion of S. aureus to deeper tissue layers.

Chapter 5 followed a wider cohort of patients in their postoperative course in order to
ascertain whether a relationship between intracellular infection and disease recalcitrance
could be identified. The results found that intracellular S. aureus infection at the time of
surgery was significantly associated with failure of medical and surgical therapy in the
xvii
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postoperative patients. This reinforced the theory that the intracellular location provides
bacteria with a protective niche where they can avoid host elimination and topical
antimicrobial therapy.

Chapter 6 investigated whether the concept of bacterial phenotype switching following
intracellular infection in airway epithelial cells occurs as a mechanism of allowing these
organisms to decrease their virulence and evade innate immunity. It was found that S.
aureus reduces production of its superantigenic enterotoxins as a consequence of
internalisation; however, this reduction in virulence was reversible after lysing the host
cells and a single sub-culture step. Additionally, for the first time we demonstrated that
intramucosal organisms harvested from sinonasal biopsies demonstrate altered phenotypic
growth patterns and lack of coagulase activity consistent with small colony variants (SCV).
This represented another potential explanation for why bacteria are so capable of
internalising and persisting in epithelial tissues.

The findings of this thesis have provided novel insights alluding to a role of intracellular S.
aureus in CRS. The versatility of S. aureus in altering its phenotypic characteristics to take
advantage of the local environment makes it troublesome to fully eradicate and significant
associations can be made between intracellular infection and recalcitrant disease. Future
research should be directed towards identifying novel treatment strategies that can
effectively target intracellular organisms.

xviii
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CHRONIC RHINOSINUSITIS

1.1 CHRONIC RHINOSINUSITIS
1.1.1 DEFINITION
Rhinosinusitis is the term used to describe a group of disorders characterised by
symptomatic mucosal inflammation within the nasal cavity and paranasal sinuses. Initially
termed sinusitis, it is now recognised that the disease process affects the mucosa that is
continuous within the nasal cavity and paranasal sinuses. In 1996, the Task Force on
Rhinosinusitis1 recognised that for high quality research to occur into the disease, a
consistent definition must be established. Thus, the first consensus opinion was reported
and broadly sub-classified adult rhinosinusitis based on duration and onset of symptoms;
1) Acute rhinosinusitis (< 4 weeks duration)
2) Subacute (4-12 weeks duration)
3) Chronic (> 12 weeks duration)
Indicative symptoms of rhinosinusitis were also divided into major and minor symptoms
(Table 1.1). The diagnosis of acute rhinosinusitis (ARS) required two major factors or one
major and two minor factors. It is often virally mediated with symptoms occurring
suddenly and resolving spontaneously within its time-course, however a prolonged
infection with duration of more than 5-10 days is suggested to be caused by bacterial
elements and is thus termed acute bacterial rhinosinusitis (ABRS).
Table 1.1: Major and minor symptoms of rhinosinusitis
Major Symptoms
Facial pain/pressure
Facial congestion/fullness
Nasal obstruction/blockage
Hyposmia/anosmia
Purulence in nasal cavity on examination
Fever (acute rhinosinusitis only)
Nasal discharge/purulence/discoloured
postnasal drainage

Minor Symptoms
Headache
Fever (all nonacute)
Halitosis
Fatigue
Dental pain
Cough
Ear pain/pressure/fullness
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In this set of guidelines, CRS held a similar diagnostic criterion as acute, with the extended
duration being the main factor in distinguishing the diseases. However, as the
aetiopathogenic understandings evolved with time, the purely temporal distinction was felt
inadequate. Therefore, a group of 30 physicians from North America representing 5
specialties including otolaryngologists, paediatricians and respiratory physicians set out to
further refine guidelines for evidence-based rhinosinusitis definitions.2 A group of
European physicians also set out similar guidelines in the form of the European position
paper on rhinosinusitis and nasal polyps3 (Table 1.2) which although updated recently,4
held identical diagnostic criteria. In addition to the diagnostic definition of CRS, a
common clinical sub-division exists based on the presence (CRSwNP) or absence
(CRSsNP) of nasal polyps.

Table 1.2: Comparison of American and European guidelines for CRS diagnosis.
Duration
Subjective
symptoms

Objective
evidence

American Consensus
>12 weeks
≥ two of the following symptoms;
 Anterior
and/or
posterior
mucopurulent drainage
 Nasal obstruction
 Facial pain-pressure-fullness
 Decreased sense of smell
Nasal endoscopy to demonstrate;
 presence or absence of polyps
 signs of mucosal inflammation
and

EPOS
> 12 weeks
≥ two symptoms, one of which should be
 nasal blockage, obstruction, congestion
 nasal discharge (anterior or posterior)
± facial pain/pressure
± reduction or loss of smell
Nasal endoscopy to demonstrate:
 Nasal polyps, and/or
 Mucopurulent discharge , and/or
 Oedema/mucosal obstruction primarily in
middle meatus

Radiologic investigation
 CT scan

2

CHAPTER 1

CHRONIC RHINOSINUSITIS

1.1.2 EPIDEMIOLOGY
The prevalence of rhinosinusitis has been rising steadily in epidemiologic surveys that
have been carried out over the past 30 years.5-7 Although limitations in self reported
assessments of rhinosinusitis may lead to over-reporting, the prevalence in US population
studies has been suggested to be between 12.5-16%.5,8,9 This suggests that chronic
rhinosinusitis is the second most prevalent chronic condition, and more common than
arthritis, hypertension and cardiac disease.10 A multi-centre European study reported as
The Global Allergy and Asthma Network of Excellence (GA2LEN) study11 found that the
prevalence or CRS was 10.9% (range 6.9-27.1) using the EPOS diagnostic criteria.

The socio-economic consequences of this disease are vast, with direct medical costs in the
US estimated at between $4.3 and $8.6 billion US.12-14 This does not include indirect costs
accounted by factors such as decreased productivity (presenteeism) whilst at work, and
absenteeism due to disease-related sickness or recovery post surgery so the true amount is
likely to be significantly higher. It has been reported that 85% of patients with
rhinosinusitis are of a working age (18-65 years)15 and calculations have estimated CRS
patients miss an average of 4.8-5.7 days of work per year,12 giving a total of 12.5 million
lost work-days per year. Presenteeism is less easily quantified due to differences in
individual productivity; however, the impact on indirect costs is likely to be immense.
There is also a significant burden on the individual, with studies demonstrating that
patients with CRS undergo an additional 3.5 outpatient visits and require 5.5 prescriptions
more when compared to non-CRS patients,14 as well as suffering excess financial costs of
$773 +/- 300 per year.

3
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Health-related quality of life (HRQoL) is another aspect that is negatively impacted by
CRS with patients having worse QoL scores when compared to healthy, non-CRS
subjects.16 Physician

administered questionnaires

to

CRS

patients

demonstrate

significantly worse mood, vitality and sexual functioning.17,18 These patients have worse
scores for bodily pain and social functioning than patients with angina, back pain,
congestive cardiac failure and chronic respiratory disease.19

1.1.3 AETIOPATHOGENESIS
Despite significant research into the aetiopathogenesis of CRS in the past 30 years, no
single „Rosetta stone‟ has been recognised as a unifying cause of the disease. It is now
considered to be a heterogeneous, multi-factorial collection of disease processes that
ultimately lead to the characteristic inflammation found within the sinonasal cavities.4
Numerous causative associations have been made, broadly divided into intrinsic (related to
the host) and extrinsic (related to the surrounding environment) factors. Intrinsic factors
include disorders of the epithelium or cilia,20,21 allergy,22,23 asthma,24 aspirin sensitivity,25
host immune system dysfunction26 and genetic factors27,28. Extrinsic factors are suggested
to act as triggers that drive the inflammatory response within the sinonasal mucosa and
include environmental toxins such as cigarette smoke29 and the impact of micro-organisms,
specifically viruses,30 bacteria31 and fungi.32 In all likelihood, this categorisation is
probably an oversimplification of what is a complex interplay between the host and
surrounding environment. The focus of this thesis is to characterise the role that bacterial
phenotypes, in particular S. aureus, may play on the pathogenesis of recalcitrant CRS.
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1.1.4 MICROORGANISMS AND CRS
In an attempt to identify causation between microbes and disease, the German
bacteriologist Robert Koch described four postulates related to the investigation of anthrax
and tuberculosis. The widely understood description is as follows; (i) The microorganism
is present and discoverable in every case of the disease, but should not be found in healthy
organisms, (ii) it should be isolated from a diseased organism and is cultivated in a pure
culture, (iii) inoculations from such culture must reproduce the disease in susceptible
animals, and (iv) it must be re-obtained from such animals and again grown in pure
culture. 33 At the time, many diseases conformed to this pattern and the success in applying
the postulates led to their adoption as a doctrine for any potential microbial infection.
Coupled with the emergence of antimicrobial therapy in the form of antibiotics; the ability
to deal with, understand and treat infections led to significant advances in the diagnostic
and therapeutic aspects of health-care. At the turn of the 20th century, the leading cause of
mortality was from infectious diseases such as tuberculosis or diarrhoea, however, by the
end of this century these conditions were replaced with mortality from chronic diseases
such as cardiac disease, respiratory disease or cancer.34 The rigid adherence to the dictum
of the postulates has undoubtedly affected the evolution of the field of microbiology,
which remains to this day skewed to focus on microbial culture techniques.

As ABRS so convincingly fulfilled the criteria of Koch‟s Postulates, with readily
identifiable pathogens such as Streptococcus pneumoniae or Haemophilus influenzae
responding well to antimicrobial therapy; a logical conclusion was that CRS merely
represented a failure to eliminate the pathogenic source. Unfortunately, it soon became
clear that this concept did not hold true and despite courses of culture-directed antibiotics,
CRS patients remained symptomatic. In addition, traditional culture techniques
5
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demonstrated a wide range of detection rates in CRS patients, with anywhere between 12%
and 80% of patients demonstrating polymicrobial aerobic and anaerobic bacteria growth
within the sinonasal cavity.35 It was then recognised that the paranasal sinuses are not
sterile areas and similar bacterial strains may be identified within healthy controls and CRS
patients.36 The fact that no single pathogen could be identified in CRS patients but not
healthy controls, coupled with the lack of consistency of bacterial identification meant that
Koch‟s first postulate not could be fulfilled. In combination, these reasons turned the focus
of scientists away from the concept of CRS as an infectious disease.37

The applicability of Koch‟s Postulates to modern disease processes has come into question
in recent years. With the understanding that certain bacteria are incapable of pure culture
or can exist in a viable but non-cultureable state,38 the basic tenets of bacterial causation as
proposed by Koch are brought into doubt. Bacteria are now understood to exist in
numerous phenotypes including biofilm, intracellular and small colony variant forms, with
each potentially playing an individual role in disease aetiopathogenesis. The role of the
different bacterial phenotypes as regards to CRS will be discussed further in subsequent
chapters.

1.1.5 TREATMENT OF CRS
Despite the wide range of aetiopathogenic origins associated with CRS, the treatment
follows a fairly standardised regime including both medical and surgical interventions.
Medical therapy includes topical and systemic agents such as steroids or antibiotics. In
patients whose symptoms are refractory to these treatments, surgical intervention may be
warranted.
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1.1.5.1 MEDICAL THERAPY
A substantial body of evidence supports the use of medical therapies in the treatment of
CRS. Researchers and clinicians are in agreement about the efficacy of intranasal
corticosteroids (INCS) delivered by small-volume, metered dose sprays such as
fluticasone, mometasone and budesonide. Numerous randomised controlled trials (RCT)
have documented level 1a evidence as to the benefit of INCS with regards to symptomatic
improvement39,40 and reduction in size of nasal polyps.41,42 On the other hand, a group of
other studies have also reported contradictory evidence that INCS did not offer any
advantages to placebo.43,44 Nevertheless, the general consensus amongst rhinologists is that
the short and long term therapeutic benefits far outweigh the minor side effects of epistaxis
and nasal irritation, and thus INCS are considered in the “first-line” of medical treatment.
In recent years the use of high dose INCS delivered by different methods such as
atomisers45 or saline irrigation46 have gained interest. Although efficacy studies have
shown a benefit in prospective single-arm pilot studies,45,47 only one study has compared it
to standard small-volume, metered dose sprays reporting no significant difference between
the two.48 Clearly an area that requires further research is in performing a three-arm RCT
comparing low dose INCS, high dose INCS and placebo.

Fewer studies have examined the use of systemic corticosteroids in CRSwNP, however
level 1a evidence is available demonstrating their benefits in terms of symptomatology and
reduction of polyp size49-51 after short treatment periods of 2-6 weeks. Despite the evident
short term improvements, a number of studies identified that these benefits were shortlived and did not translate to a significant long-term improvement in symptomatic
outcomes compared to placebo or INCS alone.51,52 The major limitation of long term
systemic corticosteroid use is the risk of adrenal suppression and side effects such as
7
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osteoporosis, immunosuppression, fluid and electrolyte imbalances, behavioural changes,
skin thinning, and alterations to endocrine and metabolic functions53; thus, their long-term
use is not advised and usually restricted to 2-3 courses of up to 2 weeks a year.

The use of oral antibiotics is widespread amongst otolaryngologists and primary care
physicians. In recent surveys of the US54,55 and UK,56 it has been reported that over 90% of
doctors will prescribe antibiotics for CRS. Despite their widespread use, there remains a
paucity in high level trials reporting the efficacy with only 2 RCT‟s in CRSwNP and none
in CRSsNP. Van Zele et al52 reported that doxycycline offered benefits including reduction
of polyp size and nasal symptoms compared to placebo in a placebo controlled RCT.
Caution has to be applied when interpreting this study, however, due to the
immunomodulatory effect of doxycycline which may have been a confounding factor.
Other studies have shown that oral anti-staphylococcal agents are not effective in treating
S. aureus positive CRS patients.57

No high level placebo controlled RCT‟s exist examining the impact of short term antibiotic
usage in CRSsNP. The only studies available compared different antibiotics for acute
infections exacerbations of CRS, and concluded that they were effective in treating this
sub-group of patients.58,59

The role of long-term macrolide antibiotic therapy is another area that has come under
scrutiny. Doxycycline is recognised to have the ability to downregulate the production of
endopeptidases known as matrix metalloproteinases (MMP). These molecules are capable
of degrading components of the extracellular matrix (ECM), and thus doxycycline acts as
an inhibitor of tissue damage. In the treatment of CRSwNP the only evidence is in the form
8
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of uncontrolled open trials60-62 where it has been reported that patients improve both
clinically and radiologically after at least 8-12 weeks treatment. It is somewhat surprising
that no high level RCT‟s have been performed to compare long-term treatment to placebo
in this subgroup of patients. Conflicting evidence has been reported for their use in
CRSsNP patients; Wallwork et al63 reported significant subjective and objective
improvements following Roxithromycin and advocated its use, however, Videler et al64 did
not find these improvements in their RCT of 60 patients. Numerous other observational
cohorts have suggested that macrolides do have a benefit in both symptom scores and
objective findings of disease. The lack of reliable evidence highlights an additional area
that would benefit from multi-centre high level trials in order to effectively guide our
medical management.

A recent review critically examined the evidence for intranasal saline irrigation in the
treatment of CRS and found five studies that examined the impact of saline irrigations
prior to any surgery.65 Of these, there were a wide range of study designs that compared;
saline irrigation vs no treatment,66 saline irrigation vs placebo in the form of reflexology,67
hypertonic vs isotonic saline irrigation68,69 and high volume irrigation vs saline spray.70
Despite the variety of modalities examined, the general consensus was that saline
irrigations may improve symptoms when used as an adjunct to INCS. Their effectiveness
alone, however, could not match the effects of INCS and thus they are considered an
adjunctive treatment.71

The role of anti-fungals has been a subject of much debate in recent years. After the fungal
hypothesis was raised as a unifying aetiological cause of CRS, a great deal of interest
emerged and as a consequence, numerous trials of anti-fungal medications. Unfortunately,
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high level, multi-centre randomized studies demonstrated that both intranasal and systemic
anti-fungals were not effective in treating CRS72-75 and thus recommendations have been
made against their use.76,77

A wide variety of other medical treatments have been suggested, including
antileukotrienes, anti-IgE, proton-pump inhibitors, furosemimde, immunosuppressants,
probiotics and mucolytics. On the whole, the efficacy of these agents has not been proven
and thus their routine use not recommended.4

1.1.5.2 SURGERY
When medical treatment fails it is universally recognised that surgery in the form of
Functional Endoscopic Sinus Surgery (FESS) offers potential improvements in symptoms,
quality of life and the endoscopic appearance of the nasal cavity.78,79 Due to the
methodological and ethical limitations of structuring RCT‟s of invasive surgical therapies,
there remains an understandable paucity of level 1 evidence with regards to specific
surgical treatment modalities. Only two RCT‟s have directly compared FESS to medical
therapy and although they did not demonstrate significant differences in overall
symptomatology, the limitations of these studies must be considered in the study design
and age. In 1997, Hartog80 compared FESS to sinus irrigation in cases of isolated maxillary
sinusitis reporting no difference in symptomatic outcomes, however the pathology in
question is clearly different from the pan-sinus disease that is seen in medically recalcitrant
patients. The second study by Ragab et al81 in 2004 compared surgery to medical therapy
and although they found no difference between outcomes in the groups, it was concluded
that surgery should still be reserved for those cases refractory to medical therapy, a concept
that remains in effect today.
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Fairly unsurprisingly, the insistence of Cochrane Group systematic reviews to base advice
on RCT studies alone has led to conclusions that FESS does not confer additional benefits
to those obtained by medical treatment alone in CRS.82 Despite the so-called lack of proof
in this review, numerous level III cohort studies that demonstrate the efficacy of FESS83,84
in providing symptomatic relief were not included. Therefore, to make an evidence-based
suggestion discounting these studies leads to an obviously flawed conclusion. A recent
multi-institution study has made probably the best effort thus far in attempting to directly
compare medical versus surgical treatment. The group prospectively enrolled 180 patients
who had failed maximal medical therapy into two study arms as per patient choice; ongoing medical therapy or immediate FESS.85 A third crossover group emerged as the study
progressed, comprised of medically managed patients who subsequently elected to undergo
FESS. The baseline characteristics of the cohorts were similar, however at 1 year followup it was identified that patients who underwent FESS, including those in the crossover
group, showed improved QoL scores in almost all outcome measures. It was concluded
that surgery offers several advantages over failed medical treatment for CRS.

Despite the proven efficacy of well-performed FESS, sinus surgeons are recognising a
subgroup of patients with recalcitrant symptoms that persistently fail medical and surgical
treatment.86 Intensive research efforts are focusing on these patients87,88 with mechanisms
such as irreversible fibrosis or long-term bacterial colonisation potentially playing a part in
their disease process. The recognition of different phenotypic bacterial forms that do not
abide by the traditional mechanisms of disease causation has generated significant interest
into their purported role in chronic diseases. The contribution of bacteria in their biofilm,
intracellular and small colony variant (SCV) forms to CRS will be discussed further in this
thesis.
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1.2 STAPHYLOCOCCUS AUREUS
1.2.1 TAXONOMY AND BIOLOGY

A

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 1.1: Scanning electron micrograph of S. aureus. Image from Centre for disease
control (CDC) Public Health Image Library.

S. aureus is a species from the Staphylococcus genus that is recognised as one of the
leading causes of pathogenic infections in humans in both community and hospital
environments. The earliest identification of S. aureus was in 1884 when Friedrich Julius
Rosenbach distinguished it from Staphyloccus albus, now currently known as
Staphylococcus epidermidis. Although capable of causing life threatening illness, S. aureus
is also one of the commonest colonizing organisms found in the skin, hair follicles, anterior
nares and oral cavity of humans.
12
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This bacteria has a remarkable ability to persist in otherwise hostile environments, being
capable of resisting factors such as dessication, low pH, nutrient starvation and high
temperatures in its drive to survive.89,90 Indeed it has been recognised that S. aureus
organisms persist on fabric or dust particles months after contamination,91 as well as
adhering and surviving on desquamated skin fragments.92

1.2.2 BIOCHEMICAL AND GENETIC PROPERTIES
S. aureus exists as a non-motile, coccal structure roughly 0.8-1 µm in size that forms in
grape-like clusters due to cellular division occurring in two planes. It is classed as a
facultative anaerobic organism that is also capable of generating energy by aerobic
respiration. When cultured on blood agar plates it forms large, yellow colonies, thus the
etymological derivation of its name; from the Greek term staphyle (grape-like) and the
Latin term aureus (golden).

To distinguish S. aureus from other species it is often tested on the basis of positive results
to catalase, coagulase, mannitol fermentation and trehalose tests.93 A disadvantage of
traditional bacterial identification methodology is the prolonged time for definitive
identification.93 More recently, the advent of molecular detection tests has led to rapid
methods of bacterial identification. Probes designed to target specific DNA or protein
sequences can identify the “molecular fingerprint” left by an organism from culture, tissue
or blood samples.94,95

The genetic outline of S. aureus is the most widely studied and sequenced bacteria with
more complete genomes submitted to public databases than any other pathogen. The first
complete genomes published were of N315 and Mu50 in 200196, and since then almost 75
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genomes have been completed or reported in draft format.97 The single chromosome of S.
aureus is between 2.8-3.0 Mbp in size and encodes roughly 2700 codon sequences
(CDS),98 that are subcategorised according to their purpose. Functional groups include
clusters of genes regulating structure, transport mechanisms, biosynthesis and virulence;
however, there remain large numbers of CDS to which a function is unknown.

The pan-genome of a species is divided into the core genome, which is strictly conserved
across all different strains99 and a dispensable genome which comprises partially shared or
strain specific genes.100 In S. aureus, the core is understood to comprise 75% of all CDS
with the remainder being variably distributed. This genomic diversity is understood to be a
result of horizontal gene transfer (HGT), the process whereby genetic material from one
bacterium is transferred to another in a unidirectional manner.101 HGT can occur through
three main processes; (i) transformation, where genetic material can be taken up from the
environment; (ii) transduction, where DNA is moved from one bacterium to another by a
virus or phage; and (iii) bacterial conjugation, where DNA is transferred directly by cellto-cell contact.

In addition to HGT, it is recognised that staphylococcal pathogenicity islands (SaPI) play a
role in the transfer of virulence factors between the species. These are highly mobile
genetic sequences roughly 15-17kbp in size102 that are highly conserved as a gene
sequence. SaPI‟s typically encode for two or more superantigen genes and are responsible
for superantigen mediated disease such as toxic shock syndrome.103,104 They occupy
specific chromosome sites and appear related to certain bacteriophages due to similarities
in function and mechanism of DNA transfer.
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The ease of transfer of virulence factors by HGT and SaPI‟s contribute to the heterogeneity
that exists in terms of the combinations of resistance genes and virulence factors occurring
within S. aureus strains. The ability to transfer and share these factors no doubt adds to the
ability of the organism to adapt and evolve so as to overcome the immune system or
antimicrobial therapies.

1.2.3 PATHOGENICITY MECHANISMS
In the Staphylococcus genus, there are at least 40 species, of which 16 are found in
humans. This bacterium has a unique capability of acting as both a commensal colonizer
and invasive pathogen,105 affecting humans of diverse genetic backgrounds.96 It is
responsible for a wide range of diseases ranging from minor acute infections to severe, life
threatening diseases. In addition to causing disease in humans, S. aureus can cause acute
infections in animals,106 and is capable of colonizing a wide range of species such as dogs,
cats or rabbits.107 The Staphylococcal virulence factors that play a part in bacterial
pathogenesis are summarised in Table 1.3.
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Table 1.3: Staphylococcal virulence factors involved in bacterial pathogenesis.
ACTIVITY

FACTOR

GENE

Anti-phagocytosis antiopsonic

Protein A

spa

Capsular polysaccharide
type 1, 5 & 8
Fibronecting binding protein
(FnBPA/B)
Clumping factor A / B
(ClFA/B)
Collagen binding
(Collagen BP)
ECM binding protein

cap1, 5 & 8

Extracellular adherence
protein
Alpha
Beta
Gamma
Delta
PVL
Staphylokinase
Catalase
Thioredoxin
Staphyloxanthin
O-acetyltransferase
Chemotaxis inhibitory
protein
Staphylococcal complement
inhibitor
Enterotoxin A-E
TSST-1
Lipoteichoic acid
Wall teichoic acid

eap

Fibronectin binding
Fibrinogen binding

Extracellular matrix
binding
Extracellular adherence
Haemolytic toxins

Leukolysin
Extracellular enzymes

Non-proteinaceous factors
Anti-lysozyme
Anti-inflammatory
peptides

Staphylococcal
enterotoxins
Pro-inflammatory cell wall
component

fnbA fnbB
clfA clfB
cna
ebh

hla
hlb
hlg
hld
lukF lukS
sak
katA
trxA
NWMN_0218
oatA
chp
scn
sea-e
tst
lta S
wta
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1.2.3.1 HOST COLONISATION
In order to colonize a host and cause subsequent disease, the bacteria produce and regulate
a wide range of pathogenic proteins in order to gain, and then maintain their environmental
foothold. These proteins include cell surface proteins related to adhesion, factors that
inhibit or subvert the innate immune system, or cytolytic toxins to allow further
transgression into deeper tissue layers.

1.2.3.2 SURFACE PROTEINS
S. aureus produces more than 20 cell wall proteins capable of binding to a wide range of
host cells and components of the ECM.108 Termed microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs), they serve a range of functions
including the evasion of innate immunity as well as conferring the ability for bacteria to
adhere to cell surfaces as an initiation of colonization or pathogenicity.

1.2.3.2.1 PROTEIN A
Staphylococcal Protein A (SPA) is a surface protein anchored to the peptidoglycan cell
wall of S. aureus109 that is known to bind to the constant fragment crystallisable (Fc)
portion of circulating immunoglobulin G (IgG) antibodies in vivo. A consequence of this
binding is that the IgG molecules are mis-oriented so that Fc receptors on
polymorphonuclear leukocytes (PMNs) are unable to appropriately identify and
phagocytose these organisms.110 This may explain why protein A deficient strains of S.
aureus are phagocytosed more efficiently by neutrophils in vitro111 and show decreased
virulence in animal models.112 Protein A‟s anti-opsonic and anti-phagocytic capabilities are
potent mechanisms to avoid destruction by the host innate immune system.
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1.2.3.2.2 ADHESINS
As opposed to being anti-phagocytic, other MSCRAMMs, termed adhesins, are capable of
binding to host proteins. Of these, the most widely characterised are fibronectin-binding
protein A and B (FnBPA/B) and fibrinogen binding proteins called clumping factor A and
B (ClFA/B). FnBPA has been identified as having a key role in the aetiopathogenesis of S.
aureus mediated endocarditis113 and ClFA is recognized to bind platelets and areas of
tissue injury,114 as well as being a virulence factor in S. aureus mediated arthritis.115 ClFB
is significantly associated with nasal colonization of S. aureus due to its ability to bind
strongly to cytokeratin 10, a major component of keratinizing squamous epithelium found
in the anterior nares.116,117 Other molecules are also recognized to play roles in bacterialcell adhesion dynamics including Staphylococcal binder of immunoglobulin (Sbi),
coagulase, collagen binding-adhesin, ECM binding protein and extracellular adherence
protein.108

1.2.3.3 SECRETED PROTEINS
Once the bacteria have secured an environmental niche, the next stage in its pathogenicity
is to secrete exoproteins that directly interact with the local environment and host immune
system. These may be cytolytic toxins that exhibit local pathogenic effects or factors that
confer a protection from host elimination.

1.2.3.3.1 CYTOLYTIC TOXINS
S. aureus produces four cytolytic toxins termed alpha (α-), beta (β-), gamma (γ-) and delta
(δ-) hemolysin, and a fifth called leukocydin.118 Of these, the most widely studied is alphahemolysin, also known as alpha-toxin, which is expressed by the majority of S. aureus
clinical isolates.119 All the toxins exert their pathogenic effects by creating 1.1-2.5 nm non18
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selective ion channels (pores) within cell membranes, thus allowing intracellular ions to
leak out and cause apoptosis120 or colloid osmotic cell lysis.121 Alpha-toxin is the most
potent of this group with well documented cytolytic, dermatotoxic and neurotoxic
effects.122 Beta-hemolysin is also known as sphingomyelinase C, and is toxic to cell types
that express sphingomyelin. It has been demonstrated to play a role in lung injury123 and
can inhibit normal cilial activity in sino-nasal mucosal specimens.124 Gamma-hemolysin is
a bi-component toxin similar in structure to Panton-Valentin (PV) leukocydin. Both these
toxins are constructed of two distinct proteins (S and F components) that, when bound
together, exhibit their cytolytic capabilities. They have an important protective role for
bacterial survival as they target host mammalian neutrophils and macrophages. Deltahemolysin is another pore-forming toxin, capable of lysing erythrocytes and other
mammalian cell types in vitro, as well as subcellular structures such as membrane-bound
organelles, spheroplasts and protoplasts.125

1.2.3.3.2 PROTECTIVE PROTEINS
S. aureus secretes a number of proteins that exhibit protective properties, mainly to prevent
degradation and elimination by host defences but also to increase its disease dissemination.
Staphylokinase is a molecule that facilitates conversion of host plasminogen to plasmin
and has multiple effects. Firstly, staphylokinase itself binds and inactivates components of
the innate and adaptive immune system; human neutrophil peptides (HNPs) and αdefensins.126 Secondly, plasmin is a potent enzyme that degrades extracellular matrix
proteins such as fibrin, collagen and elastin.127 By facilitating damage to the local
environment, S. aureus can provide itself with further avenues of invasion and disease
dissemination. Additional protective agents include antioxidants such as catalase,128
thioredoxin129 and staphyloxanthin130; the carotenoid pigment that gives S. aureus its
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characteristic golden colour. These factors offer protection from the innate immune system
by ameliorating the destructive effects of targeted reactive oxygen species.131,132

Another protein that has been described in S. aureus’ impressive range of defence factors
is O-acetyltransferase. This bacterial enzyme acts to confer resistance to lysozyme through
acetylation of the peptidoglycan cell wall.133 Therefore, even if the organism is
phagocytosed, it is capable of protecting itself from destruction by the host innate immune
system.

1.2.3.4 STAPHYLOCOCCAL ENTEROTOXINS
A different class of secreted proteins are known as staphylococcal enterotoxins (SE). They
are defined separately from the hemolysin class of toxin as they exhibit their pathogenic
effects by an immunomodulatory effect rather than a direct membrane lysis action. Since
the first enterotoxin was described in the mid-20th century and designated Staphylococcal
Enterotoxin A (SEA), over 10 further enterotoxins have been described,134,135 each
classified according to a standardised nomenclature (A, B, C, etc). To be classed as an
enterotoxin, a number of criteria have to be met; (i) the ability to cause emesis and
gastroenteritis in a primate model, (ii) superantigenic capability, (iii) intermediate
resistance to heat and pepsin digestion, and (iv) tertiary structural similarity.122 A further
10 toxins have been described that share the structural homology and superantigenic
capabilities, however they do not exhibit emetic properties, and thus are referred to as
staphylococcal enterotoxin-like toxins (SE-L) The most widely studied SE serotypes are A,
B, C, D, E and toxic-shock syndrome (TSST)-1. Genes coding for SEs are located on
mobile genetic elements including bacteriophages, pathogenicity islands, genomic island
and plasmids.104,136 The ease of transfer of these virulence factors between sub-species
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using the above mechanisms has undoubtedly led to the diversity of S. aureus and as a
consequence almost all human clinical isolates will contain one or more SE gene.

SE‟s exhibit their pathogenic effects through their capability of superantigenic T-cell
stimulation. Superantigens are capable of bridging and bypassing the specific antibodyantigen complex between Major Histocompatibility Complex (MHC) Class II molecules in
antigen presenting-cells (APC) and the T-cell receptor (TCR) on T-helper (Th) cells (Fig.
1.2),137 thereby stimulating a massive polyclonal T-cell expansion and an overwhelming
immunogenic response. The response stimulated is a predominantly inflammatory one,
focusing on the stimulation of Th-1 cells leading to the production of cytokines such as IL1, IL-2, IL-6, TNF-α and gamma-interferon. This undermines one of the underlying
principles of the adaptive immune system; the specificity of its antigen presentation
system. Therefore these toxins are often referred to as superantigens.
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Figure 1.2: Comparison of antigen and superantigen binding to T-cell receptor (TCR); left:
normal antigen presentation demonstrating the specificity required to bind all subunits of
the MHC Class II and TCR; right: superantigen non-specific binding of MHC Class II αsubunit to TCR β-subunit. Yellow = MHC, Blue = TCR, Red = Ag or SAg. Copyright
2011 from Janeway’s Immunobiology, Eighth Edition by Murphy et al. Adapted by
permission of Garland Science/Taylor & Francis LLC.

1.2.4 STAPHYLOCOCCUS AUREUS INFECTION IN HUMANS
With the wide range of host-pathogen interactions defined, it is not surprising that S.
aureus is such a versatile organism capable of causing significant morbidity to one
individual and yet simultaneously colonising another with no deleterious effects. A wide
range of illnesses can be attributed to invasive Staphylococcal infection (Table 1.4), and
are summarised below.
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Table 1.4: S. aureus related infectious processes in humans
Type of infection
Skin related

Impetigo, boils, furuncles, folliculitis, abscesses

Deep-seated

Endocarditis, pneumonia, osteomyelitis, meningitis

Blood-borne

Bacteraemia, sepsis

Toxin-mediated

Food poisoning, Toxic Shock Syndrome

1.2.4.1 SKIN RELATED INFECTIONS
S. aureus is the leading cause of superficial infections such as impetigo, boils, furuncles
and folliculitis. Typically a breach in the epidermis or epithelial mucosal barriers will
allow S. aureus to gain a minor foothold where it begins to exhibit its pathogenicity.
Localised tissue putrefaction may lead to the formation of abscesses, which are collections
of bacteria and dead cells including ECM, neutrophils and macrophages.

1.2.4.2 DEEP-SEATED INFECTIONS
When the host fails to deal completely with a localised infection, the bacteria may
disseminate by using the blood and lymphatic systems, or via loco-regional spread.
Alternatively, staphylococci may invade an internal organ directly, for example via the
upper respiratory tract or surgical wounds. Practically any organ can be affected, and S.
aureus endocarditis, pneumonia and osteomyelitis have all been described.

1.2.4.2.1 ENDOCARDITIS
Infectious endocarditis results from fungal or bacterial infection of the endocardial surface
of cardiac valves138 with S. aureus being the leading bacterial pathogen, occurring in 31%
of cases.139 The majority of cases occur in native valves; however, external prosthesis such
as mechanical and biomechanical valves can act as foci for bacterial attachment in up to
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30% of cases. Up to 70% of cases are also related to intravenous drug use (iatrogenic or
illicit). Once the bacterium attaches itself to the valve, platelet and thrombus aggregations
form around the multiplying bacteria, known as vegetations. These can cause valvular
rupture through direct local injury or detach themselves and cause metastatic infection in
the lungs, kidneys or brain.

1.2.4.2.2 PNEUMONIA
S. aureus may gain entry to the lungs either through inhalation or blood-borne spread. In
community acquired pneumonia it is considered a minor pathogen responsible for only
5.5% of cases, with Streptococcus pneumoniae and Mycoplasma pneumoniae being the
major organisms.140 However, when we consider subgroups of patients who have already
suffered another form of physiological insult, we can see that S. aureus plays a much more
aggressive role. Up to 36.5% of hospital acquired pneumonias can be attributed to S.
aureus141 and alarmingly, 53% of these cases are antibiotic resistant strains.142 This clearly
highlights the ability for the organism to take advantage of a weakened physiological state
in gaining a foothold to then cause significant further pathology.

Cystic fibrosis (CF) is a pulmonary condition caused by a defective gene that leads to
abnormal chloride and sodium transport across the epithelium. Although it affects
numerous organs through different means, a significant consequence is that cilia lining the
airway do not function correctly, and thick, mucoid secretions accumulate within the lungs.
Secondary bacterial infections are extremely common, with up to 68% of patients being
persistently colonized with S. aureus.143
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1.2.4.2.3 OSTEOMYELITIS
S. aureus is by far the most prevalent organism in osteomyelitis, being cultured in almost
80% of cases.144,145 Osteomyelitis is an infectious process that is defined as bone infection
secondary to trauma, surgery and joint prosthesis, vascular insufficiency or spread from
haemotogenous origins.146 Antibiotic resistance is a major problem147 and foci of infection
can remain within sequestered bone making this condition very difficult to treat.

1.2.4.3 BLOOD-BORNE INFECTION
If S. aureus is able to disseminate itself into the blood stream it can have devastating
consequences. The frequency of S. aureus bacteraemia and sepsis is rising, with an
estimated 26% of cases linked to this organism.148 Mortality rates are high at between 2025%, with factors such as antibiotic resistant strains, immunocompromised hosts and the
need for invasive medical equipment such as central venous catheters all playing a part.149
Sepsis and septic shock arise as a consequence of massive pro-inflammatory cytokine
secretion with an overload of the immune system and multi-system organ dysfunction.

1.2.4.4 TOXIN-MEDIATED INFECTIONS
Amongst bacteria involved in food-poisoning related illness, S. aureus is the most
commonly related organism.150 Symptoms do not result from direct interactions between
the staphylococci and host, rather contamination of food and drink by the superantigenic
SEs. As these proteins are stable against heat, moderate cooking may not be sufficient to
denature them, and their resistance to pH and pepsin can make them impervious to both
acidic and enzymatic degradation in the upper gastrointestinal tract.134 The incubation
period is often short, between 1-6 hours, which is followed by a rapid onset of symptoms
including nausea, vomiting and diarrhoea. However, illnesses are often short-lived and
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self-terminating with minimal morbidity and mortality rates of only 0.03% in
immunocompetent individuals.151

On the contrary, toxic shock syndrome (TSS) is another toxin mediated infection with
potentially fatal consequences in around 5% of cases.151 First described in menstruating
females, it has since been associated with other diseases such as influenza, sinusitis,
tracheitis, intravenous drug use, HIV infection, cellulitis, burn wounds, allergic contact
dermatitis and postoperative wound infections.152 After an initial infectious insult, typically
from a hospital-acquired source, the patient‟s condition will rapidly deteriorate with fever,
central nervous system dysfunction, renal complications, superficial desquamation and
profound hypotension as a result of cytokine mediated systemic vasodilatation. The early
recognition and effective treatment of this condition has reduced the mortality
significantly.
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1.3 BACTERIAL BIOFILMS
1.3.1 DEFINITION
The first historical description of the bacterial form that is now understood to be a biofilm
was in the 17th century by the Dutch microbiologist Anton van Leeuwenhoek, who took
scrapings of dental plaque and examined them using his rudimentary microscope. He was
able to identify “animalcule”, translatable from Latin as “lowly or tiny animals”. However,
he was unable to delve further into its potential impact thus the early description of the
biofilm form became ignored. Subsequent microbiologists, later driven by the doctrine of
Koch‟s postulates, shifted focus to the planktonic or free-floating form of bacteria believed
to be the cause of acute disease. It was not until the 1970‟s when the concept of bacterial
biofilms re-emerged when Costerton et al153 described how organisms produce a complex
mass of tangled polysaccharide molecules as a mechanism of attaching themselves to
surfaces or to other cells. Initial research focused on the environmental impact of biofilms;
however, its translation to medical research initiated a paradigm shift in the understanding
of infectious disease processes. Over 17000 articles have been published on biofilms since
Costertons initial article, with over half of these since 2008.

As a result of advances in the understanding of biofilms, its definition is constantly
evolving. Initial attempts at defining biofilms focused on static bacterial populations
encased in their extrapolymeric matrix.154,155 However, as the understanding progressed it
became recognised that biofilms were not a static homogenous bacterial population, but
rather a collection of organisms exhibiting temporal heterogeneity with phenotypic
diversity and altered physiological attributes. Therefore the recognised definition of a
biofilm is “a microbially derived sessile community characterized by cells that are
irreversibly attached to a substratum or interface or to each other, are embedded in a
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matrix of extracellular polymeric substances that they have produced, and exhibit an
altered phenotype with respect to growth rate and gene transcription”.156 This
encompasses the essential aspects of biofilms that have direct relevance to their role in
acute and chronic disease processes.

1.3.2 STRUCTURE, FORMATION AND LIFE-CYCLE
To conceptualise the biofilm ultrastructure is essential in understanding its abilities to
behave pathologically and the mechanisms by which it provides protection in hostile
environments. Microorganisms secrete a collection of extracellular polymeric substances
(EPS) which provide the building blocks necessary for a biofilm to form. The EPS is
responsible for creating the microenvironment affecting porosity, density, water content,
charge, hydrophobicity, and mechanical stability.157 Although initially referred to as an
exo- or lipo-polysaccharide matrix,155 the polysaccharide component is, in fact, but a small
component with proteins, glycoproteins, glycolipids and extracellular DNA all combining
to constitute the matrix.158

Biofilm formation is understood to be a regulated procedure which converts free-floating
planktonic bacteria into their adherent form159 as a response to specific environmental
cues160 that may vary according to bacterial species. The first step occurs when bacteria
develop a reversible association to a surface in a process dependant on many factors
including properties of the cell surface, the hydrodynamics of the aqueous medium and the
bacteria themselves.161,162 If the bacteria determine that an environmental advantage may
be gained by remaining in place, a series of bacteria-bacteria communications known as
Quorum Sensing (QS) begins.163 Signalling molecules are secreted by the bacteria that,
when reaching a specific threshold, trigger receptors on their neighbours to initiate a
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cascade of transcriptional gene changes164 leading to production of EPS, irreversible
attachment and the formation of bacterial microcolonies. These gene changes can occur
incredibly rapidly, even within 15 minutes of initial cell adhesion.165

The next stage of development is known as biofilm aggregation and maturation, in which
the biofilm EPS organises itself to a complex three-dimensional structure with channels,
pores and a redistribution of encased bacteria.166 Proteomic studies have shown that the
highest number of gene changes occurs in this stage of biofilm development167,168 which
are, in the most part, responsible for the altered phenotypic biofilm characteristics.

The final stage of the biofilm lifecycle is when detachment or dispersal occurs. Single
organisms or groups of cells may separate from the main biomass169 as a result of the
biofilm reaching a critical mass or from alterations in the micro-environment. The
proteomic characteristics of detached organisms are more analogous to that of planktonic
bacteria rather than those within the maturing biofilm,167,170 with a similar virulent
phenotype and the capability of forming new, distant biofilms; thus the life cycle of the
biofilm is complete.

1.3.3 FUNCTION AND PROPERTIES
The biofilm exists to provide an environmental advantage for the bacteria held within. This
has been demonstrated both ex vivo and in vivo, with factors such as a resistance to
disinfectants,171,172 surfactants,173 phagocytosis174 and antiobiotic therapy175-178 all
combining to provide mechanisms by which it can remain a continuing nidus of living
bacteria long after host factors and antimicrobials have eradicated planktonic organisms.155
In addition to advantages from the secreted EPS, bacteria themselves undergo significant
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phenotypic alteration with genes responsible for structure, metabolism, virulence and
nutrient transport all changing when bacteria are enclosed in a biofilm.179

As previously discussed, the diversity of bacterial pathogenicity and antibiotic resistance
genes is due, in part, to horizontal gene transfer. Biofilms are polymicrobial in nature,
capable of hosting a broad spectrum of bacterial genera and species.180 It is believed that
these polymicrobial biofilms potentiate HGT and the formation of new strains with novel
combinations of genes.101

1.3.4 IDENTIFICATION TECHNIQUES
The phenotypic changes in the metabolism of bacteria encased in biofilms have rendered
traditional culture techniques inadequate for the detection and species identification of
biofilms. Major technological advancements in microscopic imaging have undoubtedly
played a part in the modern understanding of biofilms. Although van Leeuwenhoek used
his crude light microscopes to visualise what he thought were bacterial biofilms, the true
appreciation of the structure only came about after the development of the electron
microscope (EM). For the first time, scientists were able to image on the sub-cellular level
and identify the three dimensional structures bound to surfaces. Scanning electron
microscopy (SEM) allows for a highly magnified topological analysis of both inert and
biological surfaces (Fig. 1.3), whereas transmission electron microscopy (TEM) is used on
ultra-thin tissue sections in order to image the sub-cellular ultrastructure. Despite this,
limitations still remained in their use for imaging biofilms. Although SEM may visualise
the characteristic shape of a bacterial genus, definitive species identification may be
impossible.181 Due to the incredibly thin sections imaged by TEM (as fine as 50 nm), a
significant risk of sampling error exists, as well as providing difficulty in recognising the
30

CHAPTER 1

BACTERIAL BIOFILMS

true ultrastructure of the biofilm. Furthermore, these imaging modalities suffer from
limitations of the processing technique which requires a number of dehydration steps in
graded ethanol, acetone and xylene. As the biofilm EPS matrix is extremely hydrated,
constituted of up to 95% water, significant processing artefacts and distortion may occur
making true interpretation difficult.156

Figure 1.3: Scanning electron micrograph of a bacterial biofilm demonstrating the
organism (pink) surrounded by extrapolymeric matrix. Reproduced with permission from
“Applied and Environmental Microbiology”, vol. 48(1).
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The next advance in imaging was the introduction of the confocal scanning laser
microscope (CSLM). CSLM allows for the capture of high resolution optical or fluorescent
images from fully hydrated tissue samples, with the key capability of acquiring an ultrafine plane of focus within the sample. By the use of a pinhole to remove out of focus light
and being able to select the imaging depth, it is possible to create a three dimensional
image reconstruction from multiple consecutive images. Using these imaging techniques,
researchers were able to understand the complex biofilm ultrastructure.182

The second advancement that facilitated the use of CSLM in biofilm detection has been in
the development of molecular fluorescence in situ hybridisation (FISH) probes. FISH
probes are designed from peptide nucleic acid (PNA) sequences that are stable, resistant to
enzymatic degradation and capable of crossing a cell membrane.183,184 By creating a
complementary nucleic acid probe that targets the highly conserved 16S subunit of
bacterial ribosomal RNA (rRNA), it is possible to identify even a single bacterium.185 Each
sequence will be labelled with a specific fluorophore so that it can be identified with an
epifluorescence microscope (Fig. 1.4). Thus, when coupled with the CSLM, FISH
techniques allow for quantitative186 and qualitative187 imaging of biofilms on whole
mucosal samples and inert surfaces.188
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Figure 1.4: CSLM image of S. aureus biofilm labelled with FISH probe demonstrating
brightly fluorescing organisms (green) surrounded by a “blush” of extrapolymeric matrix.

1.3.5 BIOFILMS IN DISEASE
The difficulty in attributing bacterial causation to biofilm-related disease stems from the
reliance on Koch‟s Postulates, with a key limitation in being able to isolate pure cultures
from affected individuals. As previously discussed, a fundamental part of biofilm
pathogenicity is to decrease bacterial metabolism, which therefore causes inconsistencies
in culture rates. With the advent of molecular identification techniques that unequivocally
identify the presence and metabolic activity of bacteria in what are otherwise uncultureable sites,189,190 it was clear that a paradigm shift had to occur in the
conceptualisation of the relationship between bacteria and disease. To this end, Parsek and
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Singh191 established a set of criteria to more clearly define biofilm-related pathogenesis; (i)
pathogenic bacteria are adherent to a surface, (ii) direct examination of infected tissue
shows bacteria living in cell clusters, or microcolonies, encased in an extracellular matrix,
(iii) the infection is localised, although dissemination may occur as a secondary
phenomenon, and (iv) the infection is difficult or impossible to eradicate with antibiotics
despite the antibiotic sensitivity of planktonic bacteria.

Biofilms have therefore been attributed to infections of both biological tissue and
artificially implanted devices including orthopaedic joints,192 cardiac devices such as
pacemakers,193 urinary catheters194 and even prosthetic ocular lenses.195 Human tissues act
as ideal, nutrient rich surfaces for bacterial attachment and it is increasingly recognised that
biofilms contribute to pathogenicity in diseases that typically suffer from relapsing and
remitting course, such as CF,196 osteomyelitis197 and endocarditis.158

1.3.6 BIOFILMS IN CRS
The reasons why researchers and clinicians no longer believed in a bacterial
aetiopathogenic role in chronic diseases such as CRS have been discussed, and even now
controversy remains. However, as knowledge of the pathogenesis of biofilms has evolved,
so has the conceptual understanding of the role it may play in CRS. Since the first report
associating biofilms to CRS in 2004 by Cryer et al,198 over 150 scientific articles have
documented the presence of biofilm and its interactions with host tissues.

Techniques including SEM, TEM and CSLM have identified a high prevalence of biofilms
in CRS patients but not healthy controls.32,187,199,200 Studies have reported the clinical
relevance of biofilms in CRS, with biofilm positive patients having more severe disease
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preoperatively (objectively and radiologically),201 and in the postoperative period these
patients required more outpatient visits as well as scoring significantly worse on quality of
life and symptomatology scales.202

In addition to clinical evidence of the effect that biofilms may have on outcomes,
molecular evidence of cellular alterations caused by biofilms has been reported. Numerous
genetic regulatory changes have been identified in biofilm infected patients including
changes within the innate immune system,203,204 and an altered response of the adaptive
immune system.205 Although there is much work to be done, it does appear that biofilms
can have a profound effect on the infected host.

As evidence for the role of biofilms in CRS has increased, coupled with the recognition
that current therapeutics do not appear effective in their treatment, researchers have also
focused on developing mechanisms for biofilm eradication. These treatments can broadly
be divided into biofilm dispersal or biocidal agents. Biofilm dispersal may be either
chemical or mechanical. The use of high-pressure, pulsed saline has been suggested as a
method of physically disrupting the biofilm, and has been tested in conjunction with a
chemical surfactant; citric acid/zwitterionic surfactant (CAZS).206 Although effective at
treating biofilms in an animal model, the chemical agent caused significant deciliation and
therefore its use was discontinued. Whether the pressurised saline when used alone is
suitably efficacious in removing the entire biomass of an infection is as yet, not tested.
Other surfactant agents have been suggested including ones derived from baby shampoo,207
and although evidence is mounting as to their safety profile,208,209 no concrete proof exists
for their efficacy. Clearly this is an area of anti-biofilm therapy that may benefit from
further investigation.
35

CHAPTER 1

BACTERIAL BIOFILMS

A number of biocidal agents have been tested in vitro and demonstrated to effectively
reduce the biomass of a biofilm. Mupirocin is an antibiotic agent with well known antiStaphylococcal properties.210,211 Its efficacy against S. aureus in its planktonic and biofilm
forms in vitro is not questioned,212 and although early studies demonstrated its
effectiveness at decolonising the nose of S. aureus infected patients,213,214 other clinical
trials to date have failed to meet expectations. Recently, a trial investigated the efficacy of
mupirocin rinses to treat S. aureus positive, recalcitrant CRS in a prospective doubleblinded, placebo controlled trial.215 In this study, 25 patients who had previously failed
medical and surgical therapy were randomised into two blinded treatment arms. The first
group received a 1 month, twice daily treatment course of 0.05% mupirocin diluted in
saline and the control arm received saline flushes and oral antibiotics. In the mupirocin
treatment arm, 11 patients were enrolled but only 6 reached the end point predominantly
due to the prescription of oral antibiotics for other conditions by different physicians or
withdrawal from the study. Of these 6 patients, 5 had eliminated their S. aureus infections
in the short term. This was associated with an improvement in the appearance of the nasal
cavity on endoscopy and a small benefit in patient-reported subjective measures of disease
severity. As this trial was only a short term one, it is impossible to make conclusions on
the long-term benefits. Another study investigated whether the anti-S. aureus effects of
mupirocin treatment were long-lasting or not.216 In this retrospective study of 61 S. aureus
positive CRS patients treated with mupirocin, over 70% of patients suffered a long-term
microbiological failure after cessation of treatment. These two studies highlight the fact
that even after elimination of S. aureus, patients will become re-colonised by bacteria.
Manuka honey and its active ingredient methylglyoxal, has been long used for its
antimicrobial properties. It has well documented anti-bacterial effects,217-219 however in the
only clinical trial thus far, these effects did not translate to an improvement in patient
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outcomes.220 Limitations in that trial were significant, however, in that the study only
recruited patients with allergic fungal rhinosinusitis with no attempts at biofilm detection
and thus no conclusions can be made as to its efficacy in treating biofilm-related CRS.

Although research into the treatment of biofilms is in its infancy, the failure of anti-biofilm
therapies to produce clinically relevant improvements in early trials raises certain
questions. Firstly, whether the test agents themselves are fully optimised is unknown.
While these treatments may eradicate a significant proportion of the biofilm biomass, it is
certainly possible that small foci remain that may allow regrowth of bacteria on cessation
of treatment. Secondly, it is unlikely that complete sinus mucosal coverage occurs when
applying these topical agents to the post-operative sinuses, and therefore there may be
areas of untreated mucosal biofilm. Whether novel anti-biofilm agents or topical delivery
devices may improve upon these aspects is unknown. Thirdly, the question as to whether
bacteria may utilise other protective mechanisms in order to evade or shield themselves
from topical treatment has been raised. In recent years it has been identified that pathogens
such as S. aureus can invade non-professional phagocytic cells as a potential mechanism of
persistence in chronic disease. The intracellular location may provide bacteria with
environmental advantages due to avoidance and resistance of topical and systemic
antimicrobial therapies,221 and induce phenotypic changes that confer protection from the
host innate immune system.222 Furthermore, these intracellular bacteria may act as
reservoirs of infection to seed recurrent rhinosinusitis infections.223 As discussed
previously, topical anti-S. aureus medications may be effective in the short term, but
relapse of disease occurs in a significant proportion of CRS patients. Whether intracellular
invasion of sinonasal epithelium by S. aureus could play a role in recalcitrant CRS is
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unknown, and therefore a source of research interest. The mechanisms and concepts of
intracellular bacterial pathogenicity will be discussed in the following sub-chapter.
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1.4 INTRACELLULAR BACTERIA
1.4.1 DEFINITION
Bacterial pathogens have been exploiting the intracellular environment since before Hooke
discovered the cell in 1665. Mechanisms of bacterial internalisation depend on the
organism in question and the type of host cell. Organisms may be facultative intracellular
pathogens in which they are able to replicate either inside or outside cells, or obligate
intracellular pathogens in which they can only replicate inside infected cells. The latter
highlights one of the major limitations in applying Koch‟s Postulates to bacterial causation
in certain intracellular infectious diseases where organisms are incapable of being grown in
pure culture outside a host. An example of this is Mycobacterium leprae (M. leprae), the
organism responsible for leprosy. Historical specimens have suggested that leprosy has
affected humans for 4000 years, however, it was only in 1873 that M. Leprae was
identified and since then it has still never been grown in pure culture due to the lack of
necessary genes for independent growth. Modifications in culture technique had to be
applied and the organism has since been cultured in an animal model.

Intracellular pathogens are responsible for a wide range of pathological processes
including respiratory, gastrointestinal and genitourinary infections. In these diseases the
offending bacteria are usually engulfed by professional phagocytes such as macrophages,
neutrophils, monocytes or dendritic cells before the host cellular machinery is subverted
for the bacteria‟s own use to initiate its pathogenic effects. The ability to evade host
immunity and establish protective niches, coupled with antibiotic resistance mechanisms
are critical steps in the pathogenesis of intracellular infections.
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1.4.2 MECHANISM OF INTERNALISATION
The plasma membrane is the barrier that separates the intracellular, cytoplasmic setting
from the surrounding extracellular space. Rather than being a rigid structure, the
mammalian cell membrane is a dynamic one whose function is also to coordinate the
uptake and removal of small and large molecules.224,225 Although ions and small molecules
are transported through specialised channels or protein complexes, entry of larger
macromolecules or cellular structures is broadly divided into two categories; “pinocytosis”
or cell drinking and “phagocytosis” or cell eating.224

1.4.2.1 PINOCYTOSIS
Pinocytosis involves so called “cell ruffling”, a process by which small extracellular fluids
are actively taken into a cell. A number of methods have been described which involved
non-specific binding or the close association of solutes to the cell membrane (adsorptive
pinocytosis)224 or specific receptor-mediated binding (receptor-mediated endocytosis).226
Subsequently, the solute invaginates the cell membrane before the ruffles collapse to form
a small endocytic vesicle enclosing the solute and a portion of extracellular fluid (ECF)
(Fig. 1.5).
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Figure 1.5: Pinocytosis and receptor-mediated endocytosis: (a) Representation of
pinocytosis; the surface membrane dips inwards to form a pouch, then seals the surface,
forming an intracellular endocytic vesicle that nonselectively internalises a portion of ECF.
(b) Representation of receptor-mediated endocytosis. When a target molecule attaches to a
specific surface receptor, the membrane pockets inwards and then pinches off to
selectively internalise the molecules in an endocytic vesicle. From Sherwood. Human
Physiology, 7E. © 2010 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced by
permission. www.cengage.com/permissions.

1.4.2.2 PROFESSIONAL PHAGOCYTOSIS
Professional phagocytes are fundamental components of the innate immune system, and by
their very nature are specialised in their task to engulf and attempt to eliminate pathogens
or dead-cell debris.227 Their specificity relies on the ability for phagocytes to identify self
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from non-self,228 else inadvertent host cellular degradation might occur with disastrous
consequences. Macrophages express pattern recognition receptors (PRR) to sense their
local environment228 as well as cell surface receptors (CSR) such as CD16, CD32, CD64
and CD23, responsible for pathogen recognition and phagocytosis.229 Pathogens either bind
directly to CSRs,230 or are opsonised when circulating antibodies within the extracellular
space bind the pathogen to the CSR,231 triggering signalling cascades that rearrange the
actin cytoskeleton.227,232 Two mechanisms have been described; the trigger or zipper
mechanism phagocytosis.233

The trigger mechanism has been likened to a form of macropinocytosis in which cellular
binding initiates actin driven membrane ruffling coupled with invagination of the pathogen
to form a macropinocytic pocket.234 As these extend they may or may not fully enclose the
bound organism depending on whether the terminal projections fuse, however, if this
occurs the target pathogen is internalised within a relatively large spaced vacuole.

The zipper mechanism is the more commonly utilised technique of how phagocytes
internalise bacteria with most of the mechanistic understanding coming from studies of the
Fc receptor (FcR) pathway. CSR and bacterial ligand binding initiates the extension of cell
membrane pseudopods to progressively envelop the target. In this case, circumferential
ligand binding is necessary in maintaining the drive to engulf the bacteria230 (Fig. 1.6).
Studies have demonstrated that full circumferential expression of bacterial ligands are the
critical part of zipper phagocytosis. Early in the 1970‟s, Griffin et al235,236 demonstrated
that lymphocytes diffusely coated with ligand were effectively phagocytosed by
macrophages, however when only half the lymphocyte was coated, they remained bound to
the macrophage but not internalised.
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Figure 1.6: Macropinocytosis and zipper mechanisms of internalisation; Top: Diagram of
stimulated macropinocytosis, or the trigger mechanism in which specific binding initiates
actin driven membrane ruffling, invagination of the pathogen to form a macropinocytic
pocket. Subsequent collapse or connection of membrane ruffles encloses the pathogen in a
large vacuole. Bottom: Diagram of the zipper mechanism of phagocytosis that requires
specific CSR and bacterial ligand binding coupled with pseudopod extension to engulf the
pathogen in a tight vacuole. (Adapted from “Current Biology”, vol. 11, Henson PM,
Bratton DL and Fadok VA, Apoptotic cell removal,237 with permission from Elsevier).

Following phagocytosis of a target pathogen into a professional phagocyte, a series of
maturation steps occur with binding of late endosomes to form a mature phagosome and
ultimately fusion with lysosomes to form phagolysosomes. Lysosomes release hydrolase
enzymes and acidify the phagolysosome in order to attempt to deal with the unwanted
intruder.
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1.4.2.3 NON-PROFESSIONAL PHAGOCYTOSIS
Although phagocytosis was initially considered to be a function of professional phagocytic
cells,227 internalisation of bacteria by non-professional phagocytes238 such as epithelial or
endothelial cells has been recognised in recent years. Using in vitro cell culture models,
bacterial pathogens have been recognised to internalise within numerous cell types
including epithelium, endothelium, osteoblasts and fibroblasts (Table 1.5).

Table 1.5: Non-professional phagocyte cell types capable of internalising bacteria
Cell type

References

Epithelium

222,239-241

Endothelium

242-244

Osteoblast

144,221,245,246

Keratinocyte

247

In order to counteract the effectiveness of the innate immune system, pathogens have
developed intrinsic mechanisms of host immune evasion. These may be factors that
prevent phagocytosis or protect the organisms from host degradation and will be discussed
in the following section with specific reference to common intracellular pathogens.

1.4.3 FUNCTION AND PROPERTIES
There are numerous advantages that the intracellular location may provide to an invading
organism. It may offer a protective environment where organisms are shielded from the
innate immune system or antimicrobial therapy. By internalising into non-professional
phagocytes, S. aureus can hide its presence from professional phagocytes that exist in the
extracellular spaces.248 A number of reasons exist as to why intracellular organisms
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demonstrate a relative resistance to any given antibiotic dose or extracellular concentration.
Certain antibiotics, aminoglycosides for example, cross the membrane of eukaryotic cells
very poorly or if endocytosed remain sequestered within intracellular vacuoles.249 Efflux
pumps may actively expel other antibiotics that can enter cells such as β-lactams or
macrolides.250 As a consequence, the intracytosolic concentration of antibiotics may be too
low to effectively kill internalised organisms. In addition to the poor intracellular action of
certain antibiotics, even those known to concentrate within the cell cytoplasm may be
ineffective. Studies have demonstrated that S. aureus acquires a remarkable resistance to
rifampicin in response to an osteoblastic intracellular environment in vitro, thought to be
due to a significant thickening of its cell wall.221

The capability of S. aureus to alter itself from an innocuous coloniser to a dangerous
pathogen has already been recognised, and evidence is mounting that the intracellular
milieu provides environmental pressures to induce additional phenotypic alterations.
Whole genome transcriptional changes have been described within S. aureus following
internalisation into epithelial cells in vitro, including a profound downregulation of genes
controlling metabolic functions and transport, suggesting that the bacteria enters a
quiescent or dormant phase as a response to internalisation.222 This is accompanied by a
downregulation of virulence genes and believed to be why intracellular bacteria may
persist in non-professional phagocytes for days or even weeks.251

1.4.4 IDENTIFICATION TECHNIQUES
When attempting to detect intracellular bacteria, a number of methodological limitations
exist when considering traditional culture techniques. Although it is understood that swabs
may dislodge and remove surface epithelial cells, any cultured bacteria are likely to be
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from surface pathogens. It is possible to culture whole biopsy specimens; however, it
would be difficult to isolate intracellular bacteria without contamination from those that
may exist on the surface as well. Previously discussed alterations in bacterial metabolism
may cause delays in growth, and contamination with normal wild-type surface bacteria
may lead to the overgrowth of bacterial strains that may be residing intracellularly.

Imaging modalities that made biofilm identification possible can be used for intracellular
detection in swab or biopsy specimens. TEM is an excellent tool, able to visualise the
ultrastructure of cells and their contents. The processing steps that may disrupt surface
biofilms will not affect intracellular bacteria and a significant volume of work has used this
technique to study both the mechanisms of internalisation and the identification of
intracellular bacteria in vitro and in vivo240,243,252 (Fig. 1.7).

Figure 1.7: TEM images demonstrating intracellular S. aureus (A) engulfed within
vacuoles in isolation, and (B) in clusters. Bars are 0.3 µm. Adapted with permission from
Seral et al.253
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CSLM microscopy techniques utilised for biofilm detection are readily transferrable for
use in intracellular detection. Optical depth selection, when used with appropriate nucleic
acid counterstains can inform the investigator whether the plane of imaging is superficial
to, or within an intracellular plane of focus. When coupled with FISH probes, CSLM has
been used to identify Actinobacillus actinomycetemcomitans and Porphyromonas
gingivalis in epithelial cells harvested through buccal swabs254 and to identify intracellular
pathogens in the middle ear mucosa of children with recurrent otitis media.255 The ability
to image whole mucosal specimens in addition to its validity for imaging biofilms makes
CSLM and FISH a useful tool that may be adapted to investigate our patient population.

Immunohistochemistry (IHC) techniques can also be performed on both mucosal biopsies
and cell culture specimens for the identification of intracellular pathogens. After mucosal
samples are fixed either in paraffin or a frozen medium such as optimal cutting medium
(OCT) they are sectioned into thin slices (down to 3 µm) and mounted onto glass slides.
Cells may be fixed directly onto culture chamber slides for experimentation and imaging.
Specific antibodies are then used to target protein epitopes such as those expressed on the
surface of S. aureus or by components of the cellular structure. Samples may be stained
with dual antibodies as well as nucleic acid counterstains for accurate localisation of
bacteria (Figs 1.8 and 1.9). Imaging may be with either CSLM or traditional upright
immunofluorescence microscopy (UIFM).
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Figure 1.8: Detection of S. aureus in human sinonasal tissue section by IHC
demonstrating clusters of intraepithelial microcolonies (blue arrow). Tissue sections were
double labelled with antibodies specific for S. aureus (green) and cytokeratin (red).

Figure 1.9: CSLM images of Primary Human Nasal Epithelial Cells incubated with S.
aureus for; (A) 0.5h, demonstrating early invasion of bacteria around the periphery of the
cell; (B) 6h demonstrating increased numbers of intracellular bacteria. Cells were double
labelled with antibodies specific for S. aureus (green) and cytokeratin (red), as well as a
nucleic acid counterstain (DAPI, blue).
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Regardless of the techniques used to identify intracellular organisms, validation is required
before they may be applied to cohorts of patients. Chapter 2 focuses on applying two
different imaging techniques in order to assess the optimal technique for our specific
research purposes.

1.4.5 INTRACELLULAR ORGANISMS IN HUMAN DISEASE
The ability for pathogens to survive and cause disease in the intracellular environment is
dependent on their ability to subvert the normal immunologic processes that would
otherwise lead to their destruction. Pathogens use different mechanisms in order to survive
and produce their disease-forming characteristics in numerous organ-types. Table 1.6
summarises a number of intracellular genera and their route of entry into the human body.

Table 1.6: Intracellular pathogens in human disease
Organism

Disease

Route of entry

Mycobacterium tuberculosis

Tuberculosis

Lung

Mycobacterium leprae

Leprosy

Lung

Legionella pneumophila

Legionellosis

Lung

Listeria monocytogenes

Listeriosis

Gut

Chlamydia trachomatis

Chlamydia

Genitourinary
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1.4.5.1 RESPIRATORY DISEASE
Mycobacterium tuberculosis and Legionella pneumophila are two organisms that cause
respiratory disease with markedly different time-frames and characteristics. M.
tuberculosis, the causative organism of tuberculosis (TB), enters the lung as aerosolized
droplets from an infected individual where it is efficiently phagocytosed by alvelolar
macrophages.256 Once internalized, the bacterium actively prevents phagosome fusion with
macrophage lysosomes257 that would otherwise lead to its destruction. Subversion of the
innate immune system therefore provides the bacterium with a protective niche in which it
can lay dormant leading to the characteristic latent phase of TB that can be years or even
decades before activation.258

The pathogenesis of Legionnaire‟s disease is markedly different to that of TB. Although L.
pneumophila is also phagocytosed by alveolar macrophages, once the bacterium is
internalised it actively recruits host cell endoplasmic reticulum derived vesicles and
mitochondria to provide itself with the necessary machinery and resources to replicate.259
When the host nutrient supply is exhausted, the bacteria begin to express virulence factors
that ultimately lyses the host cell260 and releases the bacteria within to infect new cells. The
incubation period from bacterial exposure to clinical disease presentation is usually
between 2-10 days.261 Thus, Legionnaire‟s disease has a much more acute disease onset
and mortality rates range from 5-30%.

1.4.5.2 GASTROINTESTINAL DISEASE
Listeria monocytogenes (L. monocytogenes) is a facultative intracellular pathogen that is
well known for causing Listeriosis, a gastrointestinal disease with a mortality exceeding
Salmonella or Clostridium botulinum infections.262 Listeriosis is the most widely
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understood disease that is mediated by an intracellular pathogen and is remarkable due to
its ability to survive and multiply in both professional and non-professional phagocytic
cells, as well as crossing numerous human barriers such as the intestinal barrier, the bloodbrain barrier and the foeto-placental barrier.263 The organism itself is rod shaped and
possesses motile flagella at room temperature, and although gene expression may be
downregulated at 37°C, it is still recognised that the flagella is an important factor in
facilitating host-bacterial attachment.264 Following attachment and internalisation, L.
monocytogenes uses a number of specific mechanisms to avoid destruction by host
immunity. Firstly, the bacteria secrete an enzyme listeriolysin-O (LLO) that lyses the
enclosing phagosome and thus allows its escape into the cytoplasm where it is able to
replicate. The next mechanism of virulence is involved in the propagation of infection at
the cellular level. By commandeering the actin cytoskeleton, L. Monocytogenes is
essentially pushed out of the cell within a slim projection until it touches the surface of
another cell where is it engulfed and internalised.265 Using this mechanism it is able to
completely evade the extracellular space and resident innate immune cells.

1.4.5.3 GENITOURINARY DISEASE
Chlamydia is the commonest sexually transmitted disease and the organisms involved,
Chlamydia trachomatis and Chlamydia pneumonia, are recognised obligate intracellular
pathogens. The fundamental interest in Chlamydia as a disease mediated by an intracellular
pathogen is that the organism exists in two distinct phenotypic forms; an elementary body
(EB) and a reticulate body (RB). The EB is non-replicating but capable of infecting new
host cells. Once internalisation into a phagosome occurs by a zipper-mechanism,266 it
remains in place and undergoes phenotypic alteration into an RB which is non-infectious
but capable of replication. Around 48 hours post infection the RBs change back into EBs
51

CHAPTER 1

INTRACELLULAR BACTERIA

and are released from the cell where they go on to infect new cells. The exit mechanisms
have been studied extensively and two distinct methodologies have been described. Firstly,
the organism may secrete a proteolytically active molecule that lyses both the vacuole and
the cell itself.267 Secondly, a novel exocytosis-like mechanism has been recognised to play
a part in bacterial escape from these cells.268 By harnessing the actin cytoskeleton,
chlamydial EBs can be packaged into membranous protrusions that are expelled from the
cell. An important feature of this process is that the organisms remain within the host cell
membrane encapsulation. This may play a part in shielding these bacteria from local
immunity, allow loco-regional dissemination where the membrane may rupture and release
the pathogens, or even be taken directly into other cells to cause immediate re-infection.269

The various strategies utilised by bacteria to both enter and exit cells are fundamental
aspects of their pathogenic capabilities. From subverting a “normal” process of
macropinocytosis in internalisation to causing actin cytoskeleton rearrangement in disease
dissemination, these intracellular bacteria have evolved a wide array of mechanisms to
exploit their hosts.

1.4.6 INTRACELLULAR BACTERIA IN CRS
S. aureus has been traditionally considered an extracellular pathogen,270 believed to
produce its disease characteristics through the numerous locoregional virulence factors
already discussed. In recent years, many studies have identified the non-professional
phagocytic capabilities of cell types such as epithelium, endothelium and osteoblasts. The
molecular mechanism of S. aureus internalisation into non-professional phagocytes has
been studied extensively. Through expression of FnBPA and FnBPB on its cell surface,
and mediated through fibronectin, S. aureus has the capability of adhering to α5β152
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integrin, which is expressed on the surface of eukaryotic cells113,271-273 Once bound, this
stimulates actin polymerisation and the zipper mechanism of phagocytosis as previously
discussed. It has been demonstrated that coating inert beads with FnBP makes them easily
phagocytosed by epithelial cells.274 Furthermore, FnBP-deletion mutant strains of S. aureus
have a drastically reduced capacity for internalisation into cells.271

The internalisation of S. aureus into epithelial cells, with the ability to survive and replicate
suggests that the intracellular phenotype may offer an ability to evade host immunity and
establish a niche for survival. It has been hypothesised that this intracellular niche may
serve as a seeding reservoir for chronic or relapsing Staphylococcal infections and/or
contribute to chronic carriage.248 Despite this, irrefutable evidence in support of this
hypothesis is sparse at present and circumstantial at best. An ideal experiment would
directly visualise the presence of live bacteria in vivo in addition to harvesting a pure
culture of intracellular bacteria, thus fulfilling the second of Koch‟s Postulates. Due to
technical limitations in harvesting internalised bacteria without surface contamination it is
difficult to prove without doubt that organisms come from the intracellular location.
Furthermore, there are no recognised animal models of CRS so it would be difficult to
prove the third postulate by causing the disease when introduced into a susceptible host.
Putting Koch‟s Postulates aside, however, the debate over whether intracellular bacteria
play an important role or not in CRS has been raised in recent years. A variety of
techniques and modalities has been employed and are summarised in Table 1.7.
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Table 1.7: Summary of studies reporting intracellular S. aureus detection rates in CRS and
control patients using a range of imaging and processing techniques
Author

Technique

CRS

Control

Clement252

IHC, CSLM

3/3 (100%)

N/A

IHC, CSLM

17/27 (63%)

N/A

Niederfuhr et al276

FISH, UIFM

1/65 (1.5%)

N/A

Corriveau et al277

FISH, UIFM

Plouin-Gaudon &
Clement275

7/21 (33%) CRSwNP
3/10 (30%) CRSsNP

3/9 (33%)

17/25 (68%)
Sachse et al240

FISH, UIFM

CRSwNP0/5 (0%)

1/10 (10%)

CRSsNP
Wood et al278

FISH, Gram-

6/9 (67%) CRSwNP

stain, UIFM

4/9 (44%) CRSsNP

1/8 (13%)

The first effort to identify intracellular organisms in the sinonasal mucosa of CRS patients
was in 2005, when Clement et al252 found evidence for intracellular S. aureus within the
epithelium, glandular tissue and myofibroblastic cells of three patients with severely
recalcitrant CRS. The group reported a methodology that utilised IHC techniques coupled
with CSLM. Antibodies used targeted S. aureus (anti-S. aureus mouse IgM), human
keratin (wide-spectrum screen rabbit polyclonal antibody) and a nucleic acid counterstain
(TOTO-III). The group went on to recruit 27 patients into a prospective study,275 all of
whom had failed medical therapy for CRS. They demonstrated intracellular S. aureus in 17
of the 27 patients (63%) and used clonal typing to identify that bacterial strains isolated at
the time of surgery persisted in these intracellular positive patients. Despite early promise
in this subject, the group discontinued research efforts and it was not for a few years that
interest in the area was rekindled.
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Niederfuhr et al276 used S. aureus specific FISH probes and modified histochemistry
techniques to examine sections of sinonasal mucosa, however were only able to detect S.
aureus in 1 out of 65 patient samples. Whether this truly reflected the intracellular S.
aureus status or a failure in methodology is debatable. However, they did report positive S.
aureus culture in 32% of samples, suggesting the bacteria were present, albeit not
identified.

Directly conflicting detection rates were subsequently published by Corriveau et al277 who
used similar techniques to examine sections of sinonasal mucosa from 31 patients
undergoing ESS for CRS and 9 control patients undergoing septoplasty. Due to the use of
upright fluorescent microscopy and not an imaging technique that offered 3D
reconstruction, the group felt that they were unable to discern whether bacteria identified
were intracellular or extracellular. Nevertheless, they reported evidence of intramucosal S.
aureus in 7 of 21 (33%) CRSwNP, 3 of 10 (30%) CRSsNP and 3 of 9 (33%) control
patients. In addition, the group reported that S. aureus could invade through the epithelium
and reside in the submucosa.

Subsequently, another group reported their novel association between nasal polyp status
and intracellular S. aureus. Using the same methodology, Sachse et al240 identified
intramucosal bacteria in 17 of 25 (68%) CRSwNP, 0 of 5 (0%) CRSsNP and 1 of 10 (10%)
control patients, as well as infecting primary nasal epithelial cell cultures with S. aureus in
vitro. They demonstrated the capability of intracellular S. aureus to stimulate a proinflammatory response measured by interleukin (IL)-6 and IL-13, concluding that
intracellular S. aureus exhibits a direct immunomodulatory role in the pathogenesis of
disease chronicity.
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The most recent study utilised comparable techniques but combined fluorescent detection
with light microscopy and gram staining in order to evaluate whether intramucosal
organisms elicited an immunological response. Wood et al278 detected S. aureus in 6 of 9
(67%) CRSwNP, 4 of 9 (44%) CRSsNP and 1 of 8 (13%) control patients, but they were
unable to identify an associated neutrophilic or eosinophilic response, thereby suggesting
that internalised organisms are able to subvert immunity and hide from the host immune
system.

Research thus far has utilised novel techniques in S. aureus detection to further understand
the role that this organism may play in the pathogenesis of CRS. All the studies were
predominantly descriptive in nature. As the evidence points towards an association
between intracellular S. aureus and CRS, research must switch focus to identify molecular
or mechanistic explanations for how this bacterial phenotype affects the disease process.
Furthermore, the true impact of intracellular bacteria on clinical outcomes must be
assessed.
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1.5 SMALL COLONY VARIANTS
1.5.1 DEFINITION
Small colony variants (SCVs) are described as bacterial sub-populations that exhibit
distinct phenotypic and pathogenic traits when compared to the wild-type, parental strain.
First identified in 1910 in a subspecies of Salmonella, their presence has been described in
numerous bacterial genera including S. aureus , Staphylococcus epidermidis, Pseudomonas
aeruginosa, Eschericia coli and Vibrio cholerae279. They have been associated with
persistent and recurrent illnesses including CF-related pulmonary infections280,281 and
osteomyelitis.282,283 The characteristic trait of an SCV is to grow colonies that are up to one
tenth the size of normal colonies and take 2-3 times as long to culture (Fig. 1.10). SCVs are
considered to be auxotrophic; unable to synthesise critical components necessary for
normal growth. Defects in electron transport, specifically in menadione, haemin and
thymidine biosynthesis, have been identified as mechanisms to explain this
phenomenon.279 In addition to slow metabolism, SCVs demonstrate decreased respiration,
decreased

pigmentation,

decreased

secretion

of

haemolytic

toxins,

increased

aminoglycoside resistance and critically, an unstable phenotype284 (Table 1.8). This
instability has been demonstrated in the capacity for SCV phenotypes to revert back to the
wild-type phenotype within 24 hours of sub-culture, with an associated reversion of
virulence factors. The reduction of SCV virulence factors coupled with the resistance to
bactericidal agents285 have been suggested as persistence mechanisms that allow SCVs to
survive in the face of host immunity and targeted anti-microbials.
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Figure 1.10: Small colony variants of S. aureus: Columbia blood-agar plates that show the
normal (a) and the small colony variant (b) phenotypes of S. aureus. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews Microbiology,279 copyright
2006.

Table 1.8: Characteristic features of wild-type and SCV S. aureus. Adapted with
permission from von Eiff et al.286
Characteristics

Normal S. aureus
phenotype

SCV phenotype

Growth rate on solid
media

12-18h

Delayed (48-72h)

Colony morphology

Yellow colonies ≈ 4mm

Auxotrophism
Toxin activity;
α-haemolysin
β-haemolysin
Enzymatic activity;
Coagulase
Catalase
Biochemical reactions

No

Grey-white pinpoint
colonies ≈ 1mm
Menadione and hemin

Normal
Normal

Reduced
Reduced

Normal
Normal
Normal

3-4 fold delay
Reduced
Delayed and/or changed
Reduced to aminoglycosides
and β-lactams

Antibiotic sensitivity

Varying
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1.5.2 PATHOLOGICAL CONSEQUENCES
The properties that define a SCV are also the ones that play a part in its pathological
capabilities. Their antibiotic resistance capabilities have been well documented with
factors such as efflux pumps and cell-wall alterations contributing to an innate ability to
counteract antimicrobials.285 The ability to switch back to the wild-type virulent form on
cessation of antibiotic therapy makes the organism highly resistant to host elimination. In
addition to the inherent advantages that the SCV phenotype confers, it is recognised that S.
aureus SCVs are more capable of internalising into, and persisting in the intracellular
milieu. Through heightened expression of FnBP,272 the SCV is more likely to adhere to
epithelial surfaces and be internalised through mechanisms already discussed. Once
internalised, decreased virulence such as a reduction in the production of alpha-haemolysin
may play a part in explaining why SCVs are able to persist in tissues so effectively.287 In
addition to changes to the bacteria themselves, SCVs have the unique property of eliciting
a smaller host response than their wild-type counterparts. Studies have demonstrated that
wild-type, virulent bacteria cause the upregulation of many genes related to the innate
immune system,288 whereas SCVs do not elicit such a change.

1.5.3 IDENTIFICATION
Due to the considerably slower growth pattern of SCVs, coupled with deficiencies in
biochemical reactions typically used for species identification, traditional culture
techniques must be modified when attempting to identify SCVs. Two suggestions have
been made to aid in the detection of S. aureus SCVs279,289; (i) inoculate specimens onto
both blood agar and chromogenic agar (that identifies the activity of specific biochemical
reactions e.g. α-glucosidase production), (ii) culture at 37°C for up to 72 hours, and (iii)
any coagulase-negative strains suspected of being S. aureus should undergo molecular
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confirmation of species type. Difficulties in SCV identification still exist, in part due to
limitations in applying rigorous identification methodologies to standard microbiology
laboratories, but moreover due to SCVs rarely existing on their own. SCVs are commonly
found in mixed populations in association with wild-type strains. Thus, when standard
culture techniques are applied, the SCV is often overgrown by the more metabolically
active parental strain.280

1.5.4 SCVS IN DISEASE
The clinical recovery of SCVs have predominantly been from diseases that suffer relapsing
and remitting courses. This association to conditions such as CF, chronic osteomyelitis and
device related infections underlines the theory that they play an important role in recurrent
acute infections on a background of an underlying chronic infectious process.

Patients suffering from CF are commonly colonized with organisms including P.
aeruginosa and S. aureus. In a long-term prospective study, SCVs were identified in 46%
of S. aureus infected patients, and more SCVs emerged with time as a consequence of
repeated antibiotic therapy.280

Numerous studies have documented the retrieval of SCVs from orthopaedic
infections.282,283 It has been demonstrated in vitro that normal strains of S. aureus can be
selectively pressured into forming a SCV phenotype after gentamicin exposure290 and it is
hypothesised that long-term, low dose gentamicin in vivo, such as that used in chronic
osteomyelitis will cause SCVs to emerge.
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1.5.5 SCVS IN CRS
The characteristics of SCV-mediated diseases draw remarkable similarities to that of CRS.
The chronically relapsing - remitting course with frequent acute infective flare-ups,
coupled with the failure of traditional antimicrobial therapies suggests that SCVs could
contribute to disease persistence in CRS. As yet, no research exists to link SCVs to CRS,
and the shift away from traditional culture techniques towards the molecular identification
of bacteria may have played a part in why researchers are not recognising this bacterial
phenotype. The question as to whether SCVs may be of relevance to the aetiopathogenesis
of CRS is investigated in Chapter 6.
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LITERATURE REVIEW SUMMARY
CRS is a common disease with a significant socioeconomic burden to both the individual
and the state. The cardinal finding of sino-nasal inflammation may be related to numerous
etiologies, however, no single unifying cause has thus far been identified. The traditional
role of bacteria as an acute infectious agent is not believed to be a contributing factor to
initial disease development and it is more likely that a multi-factorial interplay between
host and surrounding environment may predispose certain patients to developing
symptoms of CRS. Ear, Nose and Throat Surgeons are recognising a subgroup of patients
with recalcitrant symptoms that persistently fail both medical and surgical treatment. In
these patients it has been identified that altered bacterial phenotypes in the form of
biofilms, specifically those involving S. aureus, may have an impact on disease persistence
and symptomatology.

S. aureus is a remarkable organism, capable of residing as an innocuous coloniser or as a
potent pathogen with significant morbidity and mortality, especially in an immune
compromised host. Studies thus far have identified that CRS patients who harbour S.
aureus biofilms have significantly worse preoperative symptomatology and a higher
chance of postoperative relapse than those who are S. aureus negative. Although research
into the treatment of biofilms is still in its infancy, the use of anti-biofilm agents that have
shown in vitro promise has not translated a satisfactory impact on clinical outcomes when
used in vivo. Thus, the question as to whether bacteria may be utilising other protective
mechanisms to evade topical treatments has been raised.

Whilst previously considered an extracellular pathogen, S. aureus has demonstrated the
capacity to invade, persist and replicate in both professional phagocytes such as
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macrophages or neutrophils, and non-professional phagocytes such as epithelial or
endothelial cells. The intracellular location is suggested to provide a protective niche that
allows internalised bacteria to evade systemic antimicrobial therapy and topical treatments.
The concept of intracellular S. aureus in CRS has emerged in recent years and so far, early
evidence is accumulating to describe their presence in tissue samples of CRS patients.
However, little research has identified associative factors that may play a part in allowing
internalisation to occur, and what specific changes may occur to bacteria and host as a
result of their exposure to the intracellular milieu.

After reviewing the available evidence for intracellular S. aureus in CRS, it is obvious that
a number of gaps in our understanding exist;

1) Detection of intracellular S. aureus has been reported with a variety of processing
and imaging techniques, however, no single methodology has been recognised as
the ideal. In particular, current techniques do not allow for simultaneous biofilm
detection co-localised to the same piece of tissue tested. Thus, novel techniques are
required to image for both biofilm and intracellular bacteria in whole mucosal
samples.

2) While evidence exists identifying the presence of intracellular S. aureus in CRS
patients undergoing endoscopic sinus surgery, it has not been defined whether this
influences the postoperative course, and the true clinical relevance of this bacterial
phenotype is unknown.
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3) Altered regulation of S. aureus cytolytic toxins such as alpha-toxin has been
suggested as a mechanism of how the bacteria can decrease its pathogenicity to
host cells. In CRS it is recognised that superantigenic exotoxins may play an impact
on disease severity, however, little is known as to the regulation of these specific
factors, and whether exposure to the intracellular milieu can cause such phenotypic
alterations to virulence regulation.

4) The association between SCVs and CRS is as yet, unknown. Whether this bacterial
phenotype is detectable in CRS patients is important in understanding specific
mechanisms of how the bacterium preferentially situates itself in the intracellular
environment.

These knowledge gaps form the basis behind the research contained within this PhD thesis.
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STUDIES TO BE CONDUCTED
1) Develop a FISH protocol that allows for the detection of S. aureus intracellular and
surface biofilm statuses simultaneously in CRS mucosal samples, and validate the
protocol in a direct comparison to commonly used IHC techniques within the same
patient cohort.

2) Develop and validate an IHC methodology to prevent false positive binding of
antibodies in S. aureus infected tissues believed to be due to Protein A – IgG Ab
interactions.

3) Utilise the FISH protocol in a wider cohort of CRS and control patients to further
understand the interplay between biofilm and intracellular status and any potential
synergistic relationship.

4) Examine the impact of the intracellular phenotype by performing a prospective
cohort study to define whether there is an association between intracellular S.
aureus and disease recalcitrance.

5) Determine whether the phenotype alteration of virulence factors is a concept
applicable to intracellular and intramucosal infections using in vitro culture
experiments as a possible explanation of intracellular persistence. Secondly, to
identify whether SCVs may be harvested from sinonasal mucosa specimens of CRS
patients.
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2.1 ABSTRACT
Background: The emerging concept of intracellular pathogens such as S. aureus playing a
role in CRS has led to the development of numerous imaging techniques for their
identification. Traditional methods of bacterial culture are not effective at localising
bacteria to the surface or within tissue samples.
Objectives: The aim of this study was to develop and validate a novel imaging technique
using CSLM coupled with a FISH probe and nucleic acid counterstain (PI) that allows for
simultaneous analysis of S. aureus intracellular status and surface biofilm within whole
mucosal samples.
Methods:

A prospective study was performed including 17 patients undergoing

endoscopic sinus surgery for CRS. Tissue samples were analysed with both CSLMFISH/PI and IHC for intracellular S. aureus status.
Results:

Using CSLM-FISH/PI intracellular S. aureus was identified in 9/17 (47%)

patients and in 7/17 (39%) using IHC. Surface biofilm can be identified with CSLMFISH/PI in the same piece of tissue; however, deeper imaging to the submucosa is
impossible. IHC showed submucosal bacteria in three patients.
Conclusion: Both CSLM-FISH/PI and IHC are complementary techniques that can be
used to identify intracellular S. aureus. CSLM-FISH/PI allows for the simultaneous
detection of intracellular status and surface biofilm within the tissue analysed. IHC has a
role in the identification of intracellular and submucosal S. aureus within these tissues.
Additional investigation is required to identify the true pathogenic nature of intracellular
organisms as well as any relationship to surface biofilm status.
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2.2 INTRODUCTION
CRS remains a complex, poorly understood disease characterised by relapsing episodes of
inflammation within the sinonasal cavities. Although medical treatment and ESS can be
successful in eradicating the disease burden,3 a significant number of cases fail such
treatment and develop recalcitrant disease. S. aureus has been identified as a prominent
pathogen in the disease process.31 In particular, patients with S. aureus biofilms at the time
of ESS have significantly worse pre-operative symptoms, intraoperative surgical findings
and a higher rate of recalcitrant disease.202 Identification techniques for S. aureus biofilm
statushave been optimised within our department by using CSLM coupled with PNA-FISH
probes in the both CRS patients291 and in an animal model of sinusitis.292

Despite recent interest in the role of bacterial biofilms in CRS, it is but one virulence
mechanism adopted by organisms such as S. aureus in chronic disease. Intracellular
detection of S. aureus has also been reported in CRS patients and may represent a bacterial
phenotype with clinical relevance. It is recognised that non-professional phagocytic cells
such as epithelium can internalise live S. aureus,248 and recent studies have identified its
role in certain chronic disease processes including osteomyelitis,144 mastitis271 and CRS.252
The first study identifying intracellular S. aureus in CRS patients used IHC on paraffin
embedded tissue sections252 with intracellular bacteria were found in 17/27 (63%) CRS
patients. The authors followed a cohort of intracellular S. aureus-positive patients who also
cultured the organism from the middle meatus at the time of surgery. They noted a higher
clinical relapse rate with persistent infection at 1 year which was confirmed to be the same
bacteria by clonal typing. PNA-FISH probes have been used in paraffin embedded tissue
sections reporting intracellular positive rates of between 32 and 57%.240,277 Despite this
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evidence for intracellular organisms, the true pathogenic nature still remains to be proven
and should be a focus for further research.

Both IHC and FISH techniques provide useful information on intracellular bacterial
localization when analyzed, however, a major limitation is that it is difficult to accurately
assess the biofilm status of a patient from single tissue slices. This is in comparison with
whole mucosal samples taken at the time of surgery where biofilm status and potentially
intracellular detection can be simultaneously achieved. In achieving a holistic
understanding of microbial interactions with the host in CRS it is likely that the interplay
of surface biofilm and intracellular residence will hold pathogenic importance. Their codetection in sinus mucosal specimens will be an important step in understanding the link
between the two.

Therefore, the aim of this study was to validate a new method of intracellular S. aureus
detection that has the capability for simultaneous biofilm analysis using CSLM coupled
with PNA-FISH and a nucleic acid counterstain, PI, and compare it to a recognised
technique of IHC in tissue sections within the same cohort of patients as well as highlight
the technical aspects of each modality.
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2.3 METHODS
Study Design and Patient Population
This prospective, blinded study was completed in the tertiary rhinologic practice of the
senior author (P.J.W.). The institution‟s Human Research Ethics Committee gave their
approval for the study to be performed and all subjects provided informed consent to
participate in the study. The study group consisted of 17 patients undergoing ESS with a
diagnosis of CRS as per the Rhinosinusitis Task Force1,293 criteria. Exclusion criteria
included age less than 18 years of age, any form of immunodeficiency, cystic fibrosis,
Kartagener‟s syndrome and primary ciliary dyskinesia, or those who had clinical or
radiological evidence of invasive disease.

Data Collection
Preoperative data were collected on the day of surgery including age, gender, number of
previous sinus surgeries, history of asthma or smoking, allergy status, and preoperative CT
scores (Lund-Mackay). Clinical symptom scores for five major symptoms of CRS (nasal
obstruction, rhinorrhoea, postnasal drip, headache or facial pain and sense of smell) were
also recorded on a 0-5 scale and a total out of 25 recorded. No patient had taken any
antibiotic, antifungal, systemic steroids or other immunosuppressant medication in the 3
weeks before surgery.

Perioperative data was collected during the subject‟s surgery for polyp status, presence of
mucopus or eosinophilic mucin and condition of mucosa (normal, oedematous or
polypoid). All patients had mucosal samples sent for histological analysis as well as
samples for routine microbiological and fungal culture analysis. Bacterial culture was
performed using standard laboratory techniques (Adelaide Pathology Partners, SA).
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Tissue Collection and Transport
All sinus mucosa specimens were collected at the time of surgery and immediately placed
into Dulbecco‟s modified eagle‟s medium (Gibco, Invitrogen Corp., Carlsbad, CA) and
transported to our laboratory. Under sterile conditions, samples were washed thoroughly in
MilliQ water (Millipore, Billerica, MA) and dissected free of any underlying bone.
Mucosal samples for CSLM-FISH/PI analysis were frozen to -80°C, and samples for IHC
were placed into 5 ml of 10% buffered formalin (Sigma-Aldrich, St. Louis, MI) and
embedded in paraffin.

CSLM –FISH/PI Protocol
The bacterial species-specific FISH probe used in this study has been validated by our
department as an effective method of S. aureus biofilm detection.291 Briefly, approximately
4 x 4 mm whole mucosal samples were washed in MilliQ water and heat fixed to glass
microscope slides (Superfrost;Thermo Fisher, Waltham, MA) for 20 minutes in a 55°C
incubator, dehydrated in 90% ethanol and air-dried. The S. aureus FISH probe (AvanDX,
Woburn, MA) was applied to the mucosa and hybridisation occurred for 90 minutes at
55°C. Slides were washed in the manufacturer‟s wash solution for 30 minutes.
Subsequently, tissue was counterstained with 70 µl PI (Sigma-Aldrich) in glycerol at a
concentration of 50 µg/ml to clearly identify cellular nuclei and prepared for microscope
analysis.

Immunohistochemistry
Paraffin embedded tissue was prepared into 5 µm sections and mounted on glass slides
(Superfrost, Thermo Fisher). The sections were deparaffinised and rehydrated using graded
xylene and ethanol. Slides were immersed in 10 mM Sodium Citrate and antigen retrieval
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was performed using a microwave technique. Once the slides had cooled they were
transferred into phosphate buffered saline (PBS), marked with a PAP pen (Abcam,
Cambridge, U.K.) and subsequently into a Tris-Buffered Saline and Tween-20 buffer
(TBST). Serum free protein block (Dako, Glostrup, Denmark) was applied for 1 hour at
room temperature and slides were incubated simultaneously with mouse anti-S. aureus
(Millpore) at a concentration of 1/50 and rabbit antipancytokeratin antibodies (Invitrogen
Corp) at a concentration of 1/100 overnight at 4°C. Slides were washed in TBST four
times on a horizontal shaker and secondary antibodies (goat anti-mouse IgM-Alexa488
(1/100; Invitrogen Corp); Sheep anti-rabbit IgG-Cy3 (1/250; Sigma-Aldrich)) were applied
for 1 hour at room temperature in a darkened moisture chamber. Finally, slides were
washed in TBST five times on a horizontal shaker and coverslips were mounted in 90%
glycerol for microscope analysis. Positive control sections were prepared by incubating 5 x
5mm pieces of nasal mucosa harvested from non-CRS patients with S. aureus American
Type Culture Collection (ATCC) 25923 for various time-points and fixed in formalin
before being embedded in paraffin and sectioned as per the protocol. Negative control
slides were prepared identically using normal control rabbit IgG (Sigma-Aldrich).

Tissue Analysis
Slides prepared for CSLM-FISH/PI were analysed with a Leica TCS SP5 Confocal
Scanning Laser Microscope (Leica Microsystems, Wetzlar, Germany). Multiple
consecutive images were taken in the axial z-axis of tissue samples with a slice thickness
of 0.5 µm. The tissue was assessed for evidence of S. aureus visualised as bright green
coccal structures fluorescing on stimulation with a 488 nm laser.294 PI was stimulated with
a 561 nm laser and epithelial nuclei were identified as bright red spheric areas with a size
of roughly 10 µm. Furthermore, PI also stains S. aureus and thus when the two channels
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were merged, true S. aureus colocalised between the two stains and appeared bright
yellow. Samples were categorised as intracellular positive if S. aureus could be identified
at least one z-plane and closely localised adjacent to intraepithelial nuclei. Analysis for
biofilm status was also made as per a validated protocol294 using the same tissue sample.
Once the intracellular plane was identified through the PI stain, the microscope stage could
be digitally manipulated to bring the field of focus into a z-plane that is located more
superficially to the cells to identify biofilm as clusters and towers of immobile, irreversibly
attached coccal shaped bacteria, approximately 0.5 - 2 µm in size.187 IHC slides were
analysed with a Zeiss Axio Vert.A1 (Carl Zeiss AG, Jena, Germany). Positive S. aureus
cocci could be visualised as bright green fluorescing dots within nasal epithelium outlined
by cytokeratin stained in red. Although nuclei were not counterstained, a cytokeratin void
could clearly be seen in the correct morphology and dimensions of an epithelial nucleus.
Microscope images were collated, deidentified and analyzed by three independent, blinded
observers (N.T, C.J, S.V) for their surface biofilm and intracellular S. aureus status.

Statistical Analysis
Results of this study were analyzed using GraphPad Prism 5.0 software (GraphPad
Softward, Inc., San Diego, CA) with non parametric data displayed as a median with
interquartile ranges (IQR). Dichotomous data were analysed using Fischer‟s exact test with
statistical significance accepted when p  0.05. Inter-rater agreement was assessed using
Minitab 16 Statistical Software (Minitab, Inc., State College, PA) with a Fleiss‟s κ
calculated.
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2.4 RESULTS
Demographics and Preoperative Data
Seventeen patients undergoing ESS for CRS were enrolled in this study (nine men and
eight women). Mean age was 45.5 years (IQR, 30 – 57). Six patients had a history of
asthma and none were current smokers. Median symptom score was 18 (IQR, 13.5 – 20)
and median Lund-Mackay score was 10 (IQR 4 – 15)

Intraoperative Data
Five patients underwent minor surgery in the form of mini-ESS (middle meatal antrostomy
and anterior ethmoidectomy) and 12 underwent major surgery classified as either modified
endoscopic

Lothrop/Draf

3/frontal

drillout

procedure

or

complete

sphenoid-

ethmoidectomy and frontal sinusotomy. Seven patients had nasal polyposis.

Microscope Analysis
Images of all patients were de-identified and assessed by blinded observers who
categorised the sample as either intracellular positive or negative. Interobserver variability
in both CSLM-FISH/PI and IHC was assessed using Fleiss‟s κ which gave results of 0.72
and 0.63 respectively, which showed substantial agreement between the three observers.295

Using the CSLM-FISH/PI technique there were 9/17 (53%) patients that showed evidence
of intracellular S. aureus. In these cases, S. aureus could be seen fluorescing on both the
green FISH and red PI channels, colocalised to show bright yellow cocci closely related to
red counterstained nuclei when viewed in the merged channel (Fig. 2.1). Consecutive zplane images show the cellular nuclei with S. aureus fluorescing only at certain planes of
focus, indicating that the organism is at a z-plane within the cell itself (Fig. 2.2). Three76
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dimensional reconstruction of highly magnified z-stacks is possible using the CSLM. This
gives an even more vivid presentation of the presence of bacteria closely localised to the
nuclei of epithelial cells.

Figure 2.1: Detection of intracellular S. aureus by CSLM-FISH/PI (green, left column) in
conjunction with PI (red, middle column). The organism is identified by co-localisation of
PNA-FISH with PI (yellow, merged channels). High magnification of the boxed area
(bottom) reveals cocci closely related to cellular nuclei (red only).
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Figure 2.2: CSLM-FISH/PI appearance of consecutive z-plane images demonstrating a
single cellular nucleus (red) with a focus of intracellular S. aureus (yellow) at consecutive
planes of focus suggesting intracellular presence.

Using IHC, intracellular S. aureus was identified in 7/17 (41%) patients. IHC gives
excellent cellular morphology and the ability to clearly identify green fluorescing S. aureus
located within the boundaries of epithelial cells as outlined by the red cytokeratin stain
(Fig. 2.3). In three cases it was possible to identify S. aureus within the subepithelial layer.
IHC analysis of tissue explants incubated with S. aureus ex vivo showed evidence of
organisms within an hour of infection and by 13 hours there were cocci within both the
epithelium and the subepithelial glandular tissue (Fig. 2.4).
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Figure 2.3: Detection of S. aureus in paraffin sections of sinus mucosa tissue by IHC;
Left: Green fluorescence label of S. aureus; Middle: Red fluorescence of epitheliumspecific cytokeratin; Right: Merged channels. Scales are in micrometers and applied for all
panels.

Figure 2.4: Immunofluorescence of tissue explants experimentally infected with S. aureus.
Green: fluorescence bound to the IgM monoclonal antibody to S. aureus; Red:
fluorescence of epithelia-specific cytokeratin. Left: Prior to infection; Middle: 1h postinfection; Right: 13h post-infection. Scales are in micrometers and applied for all panels.

Comparing both techniques, agreement in intracellular S. aureus status (either positive or
negative) was found in 13/17 (76%) patients (Table 2.1). There were three patients deemed
intracellular positive on FISH but negative on IHC and one patient positive on IHC but not
FISH. Fischer‟s exact test indicated no significant difference in the detection rates of S.
aureus (p=0.73).
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Table 2.1: CSLM-FISH/PI versus IHC for identification of intracellular S. aureus
Patient no.

CSLM-FISH/PI

IHC

Microbiological
Culture

1





S. aureus

2





No growth

3





S. aureus

4





S. aureus

5





S. aureus

6





S. aureus

7





No growth

8





S. aureus

9





MRSA

10





S. aureus

11





No growth

12





No growth

13





No growth

14





S. aureus

15





S. aureus

16





Respiratory flora

17





Moraxella catarrhalis

Microbiological Outcomes
Of the patients who were categorised as intracellular positive by CSLM-FISH/PI, 7/9
(78%) cultured S. aureus from middle meatal swabs taken at the time of surgery. In the
IHC-positive group 6/7 (86%) were culture positive (Table 2.1).
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2.5 DISCUSSION
To our knowledge this is the first study that reports the use of CSLM coupled with a dual
probe technique of PNA-FISH and PI for intracellular S. aureus detection in whole
mucosal samples of sinonasal epithelium, in addition to using a recognised technique of
IHC within the same cohort of CRS patients. Intracellular localization of S. aureus was
consistently detected by both methods with an equivalent efficacy. The sets of results
obtained by the two independent methods are in a relative accordance with each other and
this study allows for comparative highlighting of technical issues associated with detection
and imaging of the organism infection by these two modalities. The significance of this
study is in highlighting a modality of intracellular S. aureus detection that allows for
simultaneous biofilm detection colocalised to the same piece of tissue and may further our
understanding of the interplay between surface biofilm and intracellular residence in the
chronic inflammatory state present in CRS sufferers.

In terms of technical ease, the protocol for FISH/PI analysis takes 4 hours to complete with
image analysis immediately after this. Whole mucosal samples can be frozen on the day of
harvest for later analysis, a process validated within our department294 where a side-by-side
analysis of frozen versus immediately processed tissue was performed showing no
difference in reported outcomes. For IHC, tissue harvested on the day of surgery is soaked
in 10% formaldehyde overnight, paraffin blocked and sectioned, followed by our protocol
that takes 24 hours to complete. Multiple tissue sections can be processed simultaneously
with both techniques and although the FISH protocol is faster, both can be performed in
the laboratory setting with relative ease. Indeed it should be noted that our IHC protocol
was optimised to include an overnight incubation with the primary antibody, however, it is
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entirely feasible that this could be altered to a shorter primary incubation step at room
temperature or 37°C.

When examining our images and technical protocols, the benefits and drawbacks of each
method can be identified. IHC gives more accurate cellular morphology and an advantage
of this technique is the ability to image a whole section of tissue from surface epithelium to
submucosa, thereby allowing deeper structures and organisms to be identified. We noted
subepithelial fluorescence in three patients, mirroring the findings of Corriveau et al277
who first recognised submucosal bacteria in CRS. The same group went on to report that
macrophages derived from CRS patients were less capable of phagocytosing S. aureus,296 a
factor that may well play a part in persistent disease. It remains unknown whether
submucosal bacteria are a continuum of intracellular infection or a different pathogenic
entity and clearly this is an area of research that would benefit from further scrutiny. A
significant weakness of this technique, however, is the inability to obtain accurate biofilm
data using the same tissue section, potentially caused by tissue processing techniques or
sampling error. It is not possible to examine whole mucosal samples using an upright
microscope because of the inability of the illuminating source to penetrate large pieces of
tissue and produce an accurate in-focus view. Furthermore, the biofilm represents a threedimensional structure on the exterior surface of mucosa, and paraffin blocking and
sectioning appeared to disrupt the biofilm such that we were unable to identify
extramucosal surface S. aureus in any patient. Because sections of tissue are only 5 µm in
thickness there is a significant chance that truly adherent biofilm may be missed within the
examined section.
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A key feature of CSLM is its ability to select depth within a sample via a process known as
optical selection. Whole mucosal samples can be imaged using specialised optical filters to
block out light from areas that are out of the ultrafine focal z-plane. Thus, multiple slices
from adjacent levels within a sample can be imaged with a slice thickness of as little as 0.3
µm and a true three-dimensional appreciation of the tissue obtained. Therefore, it is
possible to identify whether fluorescent S. aureus cocci are superficial to the intraepithelial
z-plane, or at an equivalent plane closely localised to epithelial nuclei. Although CSLMFISH/PI does not give as accurate tissue morphology as IHC, it does allow for examination
of larger pieces of tissue, as much as 5 x 5 mm. Under low power magnification, this
allows a significantly larger area to be assessed for biofilm presence in addition to the
identification of intracellular S. aureus. There still remains the possibility for sampling
error; however, in our opinion this is greatly reduced because of the ability of CSLMFISH/PI to examine mucosal samples with wider surface areas. The use of CSLM has
already been established as an effective method of detecting biofilms from multiple
pathogenic species including S. aureus, Pseudomonas aeruginosa, Haemophilus influenzae
or fungal sources187,291,297 and importantly, it allows for the simultaneous analysis and
detection of surface biofilm attached to the same piece of tissue in which the intracellular
bacteria are identified. A major weakness of the CSLM is that the laser beam is unable to
penetrate deeper than the epithelial layer and thus cannot identify the presence or absence
of submucosal bacteria. As previously discussed, this may be an important pathogenic
factor that use of this technique will overlook.

Both methods appear capable of identifying intracellular S. aureus with neither seemingly
better than the other. In our patient cohort we found agreement between the two techniques
in 13/17 (76%) samples tested. In a number of cases we were able to identify organisms
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using CSLM-FISH/PI but not IHC. Our IHC protocol uses formalin fixed tissue specimens,
and although we have confirmed our protocol with positive controls, there does remain the
possibility that the antigen retrieval process does not wholly allow binding of the primary
antibody. A benefit of CSLM-FISH/PI is the ability of the PNA-FISH probe to accurately
target the 16S sequence of S. aureus. When used in combination with nonspecific DNA
targeting PI, this means that the two fluorescing channels can be merged and true S. aureus
can be identified by colocalisation of both stains within the images. It should also be noted
that our analysis was performed in CRS patients only; therefore further validation of
CSLM-FISH/PI would be beneficial in undiseased mucosal samples. However, the fact
that in some patient samples no organisms were identified with either technique coupled
with negative microbiological swabs suggests that these patients were truly negative of S.
aureus. An additional weakness is that although both techniques are able to identify S.
aureus within the tissue of these patients, they are unable to answer an important question
as to whether they represent live or dead bacteria. This question can only be concluded
with further investigation. Recent literature has recognised that S. aureus infection can be
responsible for an altered Th2 cytokine response, as shown ex vivo by Wang et al298 and in
vivo by Foreman et al.205 Whether biofilm or intracellular infection is responsible for these
complex immunologic changes still unknown. In addition to their active pathogenic role,
these bacteria may represent a reservoir of infection that exists within the tissue of CRS
patients that is resistant to medical and surgical treatment. An important step will be to
apply these techniques to a cohort of CRS and control patients and ascertain whether
biofilm plays a role in intracellular infection, as well as establish the prevalence of
intracellular S. aureus and identify its true pathogenic nature
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2.6 CONCLUSION
CSLM-FISH/PI and IHC are complementary techniques, capable of detecting intracellular
S. aureus within sinonasal epithelial tissue samples with neither one appearing superior to
the other. CSLM-FISH/PI allows for the simultaneous detection of surface biofilm within
the tissue analysed with a protocol that is less time consuming and labour intensive. IHC
has a role in the identification of intracellular and sub-mucosal S. aureus within these
tissues. Additional investigation is required to identify the true pathogenic nature of
intracellular S. aureus as well as its relationship to surface biofilm status.
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3.1 ABSTRACT
Immunofluorescence is a fundamental tool used to analyse tissue and cell samples with a
wide variety of available antibodies targeting specific proteins or molecules.
Staphylococcal surface protein A is used both in clinical, research and industrial settings
for its ability to bind mammalian immunoglobulin G. Spurious binding between protein A
and IgG antibodies can lead to false-positive fluorescence and misleading results. Here we
demonstrate this occurring in formalin-fixed patient samples that harbour S. aureus
infection, and characterise methods to overcome this issue. Specifically the use of F(ab′)
fragment antibodies or blocking with human IgG is shown to prevent antibody–protein A
interaction in formalin-fixed S. aureus smears, biopsies obtained from infected patients,
and experimentally infected tissue samples.

Highlights
Spurious binding between antibodies and S. aureus occurs in infected tissues.
F(ab′) antibody use and blocking with human IgG prevents false-positive fluorescence.
Blocking concentration of human IgG demonstrates a dose-response curve.
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3.2 INTRODUCTION
S. aureus is a facultative anaerobic Gram-positive coccal bacterium that plays a role in
numerous disease processes ranging from acute infections such as cellulitis, bacteremia or
sepsis to chronic conditions such as osteomyelitis and CRS.144,277 In recent years it has
been recognised that S. aureus has the capacity to invade, persist and even replicate within
cells and tissues.240 Within its peptidoglycan cell wall are components such as protein A,
which belong to the family of MSCRAMMs. Since its identification in the 1960s, protein
A has been utilised in the purification of antibodies through its high affinity to the constant
fragment crystallizable region (Fc region) of IgG antibodies.299 Similar applications are
found with immunoglobulin-binding proteins identified in other bacteria, such as protein G
in Streptococcus sp.,300 and protein L in Peptostreptococcus magnus.301

During routine indirect immunofluorescence of formalin-fixed sino-nasal mucosal biopsies
obtained from patients chronically infected with S. aureus, false-positive fluorescence
associated with both primary antibodies and their negative control was occurring, therefore
confusing and potentially invalidating any results. We hypothesised this was due to protein
A originating from the bacterial cell wall which survived tissue processing and continued
to exhibit its capacity to bind IgG with high affinity. This study provides evidence of such
interactions and describes various methods to prevent this from occurring.
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3.3 METHODS
Tissue samples
Sinonasal epithelium was obtained as part of a clinical study within the tertiary
otolaryngology referral practice of the senior author (P.J.W.). Details of the patient cohort
have been previously reported302 and ethical approval was granted from the local
institution Human Research and Ethics Committee. Subjects underwent ESS for CRS and
had sinus and turbinate tissue resected as part of their routine operation. Tissue samples
were immediately placed in Dulbecco‟s Modified Eagle‟s Medium (Gibco, Invitrogen
Corp., Carlsbad, CA) and transported to our laboratory where 5 mm x 5mm mucosal
sections were placed in 10% formaldehyde (Sigma-Aldrich, St. Louis, MI) overnight and
embedded in paraffin. Normal control tissue was obtained from patients undergoing
endoscopic transnasal pituitary surgery that had no clinical history or radiological evidence
of rhinosinusitis, and processed in an identical manner. An experimentally infected control
was prepared by incubating a 5mm x 5mm piece of control nasal mucosa with S. aureus
ATCC 25923 overnight and fixed in 10% formaldehyde before being embedded in paraffin
and sectioned as per the protocol.

Antibodies
The primary antibodies used in indirect immunofluorescence were a mouse IgM
monoclonal antibody to S. aureus (Millipore, Billerica, MA), a rabbit polyclonal antihuman pan-cytokeratin (Invitrogen Corp., Carlsbad, CA), and a rabbit polyclonal IgG anticaspase-1 (Santa Cruz Biotechnology, Santa Cruz, CA). Negative antibody controls were
prepared with normal rabbit IgG (Sigma-Aldrich, St. Louis, MI). Secondary antibodies
were goat anti-mouse IgM-Alexa 488 (Invitrogen Corp., Carlsbad, CA) and sheep IgG

91

CHAPTER 3

Prevention of false positive binding during immunofluorescence
of Staphylococcus aureus infected tissue biopsies
Journal of Immunological Methods. 2012; 384(1-2):111-7

F(ab′) anti-rabbit IgG-Cy3 (Sigma-Aldrich, St. Louis, MI). DAPI (Invitrogen) was used as
a counterstain for DNA localisation.

Conjugated antibodies used in direct fluorescence of fixed slides of S. aureus were donkey
anti-goat IgG FITC (Abcam, Cambridge, UK); F(ab′) donkey anti-goat IgG Alexa 488
(Jackson Immunoresearch, West Grove, PA); rabbit anti-goat IgG Cy3 (Sigma-Aldrich);
F(ab′) rabbit anti-mouse IgG Alexa 594 (Bethyl Laboratories, Montgomery, TX); goat
anti-mouse IgG Alexa 488 (Invitrogen); F(ab′) goat anti-mouse IgG FITC (SigmaAldrich); sheep anti-mouse IgG FITC (Bethyl Laboratories) and F(ab′) sheep anti-rabbit
IgG Cy3 (Sigma-Aldrich). Two preparations of purified human IgG used in blocking
experiments were kindly donated by Dr Michael Jackson (Department of Immunology,
Flinders Medical Centre and Flinders University).

Indirect Immunofluorescence of Tissue Sections
Indirect immunofluorescence of paraffin embedded tissue sections was carried out
following a previously described protocol.303 Briefly, from paraffin tissue blocks, 5 µm
sections were prepared and mounted on glass microscope slides (Superfrost, Thermo
Fisher, Waltham, MA). Tissue sections were deparaffinised and rehydrated using xylene
and graded ethanol. Slides were immersed in 10 mM sodium citrate and antigen retrieval
performed using a microwave technique. Slides were cooled then marked with a PAP pen
and transferred into a TBST. Serum free protein block (SFB) (Dako, Glostrup, Denmark)
was applied for 1h at room temperature and slides were incubated simultaneously with
mouse anti-S. Aureus and rabbit anti-pan-cytokeratin antibodies overnight at 4°C. Slides
were washed in TBST four times on a horizontal shaker and secondary antibodies (goat
anti-mouse IgM-Alexa 488 and sheep anti-rabbit IgG-Cy3) were applied for one hour at
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room temperature in a darkened moisture chamber. Slides were washed in TBST five times
on a horizontal shaker and coverslips mounted in 90% glycerol for microscope analysis
with a Zeiss Axio Vert.A1 (Carl Zeiss AG, Jena, Germany).

Fixed slides of S. aureus
Fixed slides of S. aureus were prepared using a reference strain ATCC 25923. S. aureus
cultures were prepared using previously described techniques.304 Briefly, the bacterial
strain was cultured overnight in cerebrospinal fluid broth (Oxoid Australia, Thebarton, SA)
at 37°C in a shaking incubator. Subsequently, a single loop of bacteria was streaked onto a
horse blood agar plate (Oxoid, Australia) and incubated for 18 to 24 h. A number of
colonies were mixed into 2 ml 0.45% sodium chloride and diluted as necessary to create a
1 McFarland unit solution. This solution was streaked onto a glass microscope slide
(Superfrost, Thermo Fisher, Waltham, MA) using a cotton tip applicator and air dried
overnight in a laminar flow hood. Slides of S. aureus were fixed with 2.5% formalin in
phosphate-buffered saline for 10 min before air drying and storage in at 4°C.

Direct immunofluorescence of fixed slides of S. aureus
Prepared slides of S. aureus were washed in TBST then marked with a PAP pen. Paired
conjugate antibodies of whole molecule heavy IgG and cleaved F(ab′) fragment antibodies
were applied for 1 h at room temperature. Slides were then washed 3 times in TBST,
incubated with 200 ng/ml DAPI for 15 minutes and washed in TBST. Slides were then
mounted in 90% glycerol for microscope analysis. Fluorescence intensity of antibodybound cocci was semi-quantitatively scored by two independent researchers on 40×
magnification microphotos, taken blinded to antibody binding by selection of optical fields
and focusing in the DAPI channel.
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Blocking of fixed slides of S. aureus with human IgG
Blocking buffer containing human IgG at various concentrations (12.5, 25, 50, 100, 200
µg/ml) was prepared in 10% SFB/TBST. As no effect of increased temperature (37°C) on
the blocking process was observed in preliminary experiments, fixed slides of S. aureus
were incubated with human IgG for 2h at room temperature, followed by incubation with
normal rabbit IgG at a concentration of 20 µg/ml overnight at 4°C. Binding of rabbit IgG
was detected with sheep IgG F(ab′) anti-rabbit Cy3 (Sigma-Aldrich, 1/200 dilution). From
each slide, 6 microphotos at 40× magnification were taken blinded to antibody
fluorescence in the DAPI channel for assessment of rabbit IgG binding. The mean
fluorescence intensity of antibody-bound cocci was then measured by ImageJ software (U.
S. National Institutes of Health, Bethesda, Maryland, USA). Statistical analysis was
performed with Graphpad Prism 5.0 software (San Diego, CA) using a paired t-test and
statistical significance was obtained when p < 0.05.

Blocking of tissue sections with human IgG
Tissue sections were prepared identically as previously described. Human IgG blocking
buffer with a concentration of 200 µg/ml was prepared in 10% SFB/TBST. Prior to
incubation with rabbit IgG (20 µg/mL), slides were blocked with either SFB alone or 200
mg/ml human IgG diluted in SFB for 2h at room temperature. The remainder of the
protocol was identical previously described.
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3.4 RESULTS
False positivity in indirect immunofluorescence of tissue sections obtained from patients
having chronic infection with S. aureus.
False positive fluorescence was sporadically observed in tissue sections obtained from S.
aureus-infected patients but not control patients when rabbit IgG preparations were used as
either a primary antibody (1/50 rabbit polyclonal IgG anti-caspase-1; Santa Cruz, CA)
(Fig. 3.1A) or negative control (20 µg/ml Rabbit IgG, Sigma) (Fig. 3.1B). This
fluorescence was localised to the same tissue area, characterised by cytoplasmic clusters of
dots sizing around 1 µm or less.

Serial sections were stained with antibodies specific for S. aureus and pan-cytokeratin
demonstrating clusters of green fluorescent dots in infected areas within the cytoplasm
(Fig. 3.1C–E). When a negative control rabbit IgG preparation was used, false positive
fluorescence could be clearly seen (Fig. 3.1F–H) that could be caused by interaction of
rabbit IgG with bacterial component(s) in fixed tissue.
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Figure 3.1: False-positive fluorescence of formalin-fixed patient biopsies in association
with S. aureus infection.
A and B: Indirect immunofluorescence of sinonasal mucosa obtained from a patient with
S. aureus infection. Boxed areas are magnified in the insets, demonstrating similar clusters
of fluorescence in the same location of adjacent serial sections (yellow arrow) incubated
with either a primary antibody (rabbit anti-caspase-1, A) or negative control (normal rabbit
IgG, B). The secondary antibody in A and B was sheep IgG F(ab′)-Cy3.
C to E: Tissue sections of another patient were double labelled with antibodies specific to
S. aureus (C, green) and cytokeratin (D, red). Conjugate antibodies used were goat antimouse IgM Alexa 488 (C) and sheep F(ab′) anti-rabbit IgG Cy3 (D), with the images
merged. Numerous bacteria (green) were detected in cytokeratin-labelled epithelia.
F to H: In an adjacent section, normal rabbit IgG served as a negative control; the
conjugate goat anti-mouse Alexa 488 did not demonstrate‟ any specific binding (F),
however, sheep anti-rabbit Cy3 gave clusters of false-positive fluorescence (G, Red) with
similar patterns of staining and being localised to the same area of infected epithelia. Scale
bars in micrometers.
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Elimination of IgG antibody binding due to protein A in formalin-fixed S. aureus slide
smears
If the above described false positive fluorescence was due to protein A originated from the
infecting S. aureus, it should be eliminated by replacing whole molecule IgG with F(ab′)
fragment antibodies, or reduced by using antibodies raised in species known for low IgG
affinity to protein A. To test this hypothesis, a panel of paired whole molecule IgG and
F(ab′) fragment conjugated antibodies were compared in a direct immunofluorescence
assay (Table 1). Formalin-fixed S. aureus smear slides were employed in this part of the
project as substitute for patient samples. Smear slides stained with conjugated antibodies of
whole molecule IgG raised in rabbit and donkey origin showed strong fluorescence
associated with cocci of S. aureus, confirmed by co-localisation of the fluorescence with
DAPI. F(ab′) fragments of conjugate antibodies also raised in rabbit and donkey did not
demonstrate any binding to S. aureus with images demonstrating DAPI fluorescence alone.
Whole molecule IgG raised in sheep and goat demonstrated very weak or no binding to S.
aureus, whereas the F(ab′) fragments demonstrated no binding at all (Table 3.1).

Table 3.1: Direct immunofluorescence of S. aureus slide smears by IgG conjugates
Species

Whole molecule IgG

F(ab′) fragment IgG

Rabbit

+++

-

Donkey

+++

-

Goat

+/-

-

Sheep

+/-

-
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Next, as human IgG is the species known for having the highest affinity to protein A, a
series of experiments were carried out using normal human IgG preparations as a blocking
reagent to prevent binding of rabbit IgG to S. aureus slide smears. An F(ab′) sheep antirabbit conjugate was employed to detect rabbit IgG binding which importantly did not
demonstrate any S. aureus binding in previous experiments. Thus, 40 to 80% removal of
rabbit IgG binding to cocci required at least 2h pre-incubation with human IgG, blocking
effects of which became saturated between 5 and 10 fold concentration (Fig. 3.2). A
statistically significant difference in fluorescence intensity was noted with application of
all concentrations of human IgG. Although detection of 200µg/ml HuIgG preparation was
possible using automated imaging (ImageJ), this signal was not resolved by eye (Fig. 3.3).
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Figure 3.2: Blocking effects of normal human IgG on binding of normal rabbit IgG to
cocci of S. aureus. Following 2h incubation at room temperature with preparations of
normal human IgG slide smears of S. aureus were allowed to bind with 10ug/mL normal
rabbit IgG (Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Binding of rabbit IgG was
detected in red fluorescence by sheep IgG F(ab′) anti-rabbit IgG Cy3 (Sigma-Aldrich).
Cocci were photographed under 40× objective, using DAPI fluorescence channel for
selection of optical fields and focusing. At each concentration of applied human IgG,
particles‟ mean fluorescence intensity in red channel was quantitated from 6 optical fields
by ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA), then
plotted in y-axis against concentration of normal human IgG on x-axis. Results were
representative of 2 experiments.
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Figure 3.3: Representative images of S. aureus slide smears pre-treated with no block
(top), 25µg/mg human IgG block (middle) and 200ug/ml human IgG block (bottom) for 2
hours prior to incubation with DAPI (left) and Rabbit IgG (right), as well as sheep IgG
F(ab′) anti-rabbit Cy3 as a conjugate. Cocci are clearly visible in the rabbit IgG channel
when no blocking was performed compared to being barely preceptible when pre-treated
with 200 µg/ml human IgG.
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Prevention of false positivity due to S. aureus infection in immunofluorescence of
human tissue
The methods described of avoiding antibody binding to S. aureus on formalin-fixed smear
slides were translated back to human tissue samples. In indirect immunofluorescence of
tissue samples that were positively stained using a S. aureus IgM antibody, false positive
fluorescence in the negative control could be efficiently removed by 2h pre-incubation
with normal human IgG at 200µg/mL (Fig.4). Furthermore, tissue from a control patient
experimentally infected ex vivo with S. aureus showed both positive fluorescence by antiS. aureus antibody and false positive fluorescence in the negative control. As expected, the
latter false positive fluorescence was completely removed by blocking of tissue sections
with human IgG (Fig. 3.4).
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Figure 3.4: Blocking of rabbit IgG binding to S. aureus-infected human tissue sections in
indirect immunofluorescence assay with human IgG.
A-C: Biopsy section obtained from a patient with S. aureus infection stained with an IgM
antibody specific for S. aureus (A) and normal rabbit IgG (B) demonstrating clusters of
bacteria within the tissues (green and red). A serial section pre-blocked with 200 µg/ml
normal human IgG for 2 hours prior to incubation with normal rabbit IgG shows an
absence of false-positive fluorescence (C).
D-E: Healthy control tissue explants experimentally infected with S. aureus stained
specifically for S. aureus (D) and with normal rabbit IgG (E) also demonstrating clusters of
bacteria within the tissues (green and red). A serial section pre-blocked with 200 µg/ml
normal human IgG for 2 hours also shows an absence of false-positive fluorescence (F).
Secondary antibodies were goat IgG anti-mouse IgM AF488 (green), and sheep IgG F(ab′)
anti-rabbit IgG Cy3 (red). Blue was for DAPI. Insets are 4 time-magnification of the boxed
areas. Scale bars in micrometers in microphoto A and its inset are applied for the whole
panel.
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3.5 DISCUSSION
Invasion of tissues by the pathogenic S. aureus bacteria has been noted in a broad range of
both acute and chronic diseases.240,248,252 In particular it has been suggested as a possible
mechanism

of

pathogenicity

in

chronic

osteomyelitis144,305

and

chronic

rhinosinusitis240,252,277 in which the bacteria may sequestrate inside the cell to evade
immune responses. In this context, the protein A of the intracellular bacteria may be mostly
free from opsonisation with the patient IgG and therefore be available for binding IgG ex
vivo, for example during various immunoassays.

Here we provide the first evidence that tissue samples containing. S. aureus may give false
positive results when performing indirect immunofluorescence of samples, even when
processed into paraffin blocks. Such unintentional binding of IgG antibodies to S. aureus
within tissues can produce misleading results. Through a number of experiments we have
demonstrated that this type of false positivity is likely associated with specific binding of
protein A to the Fc region of IgG antibodies. Based on this concept, approaches have been
developed for prevention of false positivity in immunofluorescence of tissues that have the
possibility of infection with S. aureus. These include the use of F(ab′) fragment antibodies,
and selection of species IgG with low protein A affinity such as goat and sheep, which is in
concordance with previous reports.306 Use of donkey and rabbit whole molecule IgG
antibodies on infected tissues should be carried out with caution. For this purpose a simple
but efficient method of blocking has been developed using human IgG which has the
highest affinity for protein A amongst all species.307
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3.6 CONCLUSION
Researchers should be vigilant when performing immunofluorescence assays on tissues
that have the possibility of infection with S. aureus, due to binding of antibodies to
bacterial components such as protein A. Recommended antibodies to be used in this
circumstance are cleaved F(ab′) fragments or IgG of species having low affinity to protein
A. A simple but efficient method of blocking with purified human IgG has been validated
to prevent false positivity due to antibody binding to S. aureus in infected tissues.
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4.1 ABSTRACT
Objectives/Hypothesis: The biofilm paradigm of CRS in increasingly understood to play
a key role in the pathophysiology of this disease. The role of intracellular infection of
sinonasal epithelial cells has been suggested as a potential reservoir of pathogenic
organisms that can lead to recalcitrant disease despite maximal medical and surgical
treatment. Could a surface biofilm play a role in allowing intracellular infection to occur,
and what are the factors associated with potential intracellular infections? The aim of this
study was to investigate these questions.
Study Design: A prospective study including 36 CRS patients undergoing endoscopic
sinus surgery and 8 control patients undergoing endonasal pituitary surgery.
Level of evidence: 2C
Methods: Sinonasal mucosa harvested at the time of surgery was examined with a S.
aureus FISH probe and PI counterstain using the CSLM for both biofilm status and
evidence of intracellular organisms.
Results: Intracellular S. aureus was identified in 20/36 (56%) CRS patients compared to
0/8 (0%) control patients. CRS patients with intracellular infection were significantly more
likely to harbour surface biofilm (20/20, p=0.0014) and have a S. aureus positive culture
swab (12/20, p=0.0485).
Conclusions: This study gives further evidence supporting a role of intracellular S. aureus
in CRS. In all cases intracellular infection was associated with surface biofilm suggesting a
potential relationship between the two. Further work is required to delineate the true
mechanisms of intracellular persistence and also the role that it plays in the recalcitrant
nature of CRS.
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4.2 INTRODUCTION
Recent research has implicated S. aureus in patients who have a poor outcome after
ESS.31,202 In this research, patients with S. aureus found at the time of surgery had an
increased likelihood of persistent postoperative symptoms and frequent recurrent
infections. S. aureus may exist in the planktonic, biofilm, small colony variant or
intracellular form among others, each of these associated with unique disease producing
characteristics. Since 2004, biofilm presence has been consistently demonstrated on the
mucosa of CRS patients using a variety of techniques with a general prevalence of 40% to
80%.31 More recently, species specific FISH probes have been used to accurately identify
S. aureus biofilms in over 50% of patients with a direct association to more severe disease
parameters.202

Despite our further understanding of the pathophysiology of CRS there are still
unanswered questions. We see a subset of patients with detectable S. aureus biofilms who,
despite maximal medical therapy and repeated operations have significantly worse
postoperative outcomes and a higher incidence of recurrent infection.202

It is increasingly recognised that S. aureus can evade the host‟s immune defences. The role
of intracellular S. aureus has been suggested as a mechanism for how the bacterium can
evade traditional therapies including surgery, antibiotics and topical washes.308,309 S.
aureus has been recognised as having the capacity to invade numerous human tissue types
including

osteoblasts,

bronchial

epithelium,

keratinocytes

and

sinonasal

epithelium144,221,248,310,311 through the non-professional phagocytic capacity of these cell
types.
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A number of studies have demonstrated that S. aureus can reside intracellularly within the
sinonasal mucosa of CRS patients,240,252,275,277 however, there has been no correlation
between surface biofilm and the presence of intracellular bacteria. Could a surface biofilm
play a role in allowing intracellular infection to occur, and what are the factors associated
with potential intracellular infections? The aim of this study was to investigate these
questions.
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4.3 METHODS
Study Design and Population
This prospective study was completed in the tertiary referral practice of the senior author
(P.J.W.) based in Adelaide, South Australia. The local institution human research ethics
committee gave their approval for the study and all patients provided informed consent to
participate in the study. Patients who met the American Academy of Otolaryngology-Head
and Neck Surgery diagnostic criteria for CRS1 and were undergoing ESS were recruited
into the study as well as a control group consisting of patients undergoing pituitary
surgery. Patients were excluded from the study if they were under 18 years of age, suffered
from any form of immunodeficiency or had clinical or radiological evidence of invasive
disease.

Data Collection
Preoperative demographic and clinical information including age, sex, medical history
(including history of smoking, asthma and immunodeficiency), any previous ESS
procedures and preoperative CT (Lund-Mackay) scores were recorded. As part of clinical
history a scoring system was used that recorded 5 major symptoms of CRS (nasal
obstruction, rhinorrhoea, postnasal drip, headache or facial pain and sense of smell).

Perioperative Data Collection
Patients included in the study either underwent minifunctional ESS (maxillary antrostomy
and ethmoidectomy), full functional ESS (complete sphenoid ethmoidectomy and frontal
sinusotomy) or modified endoscopic Lothrop/Draf 3/frontal drill-out procedure.
Intraoperative findings were recorded including presence of mucopus, fungus or nasal
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polyposis. Endoscopically guided swab cultures and fresh mucous were taken from any
areas suggesting infection at the time of surgery.

Tissue Collection
All CRS patients had pieces of sinonasal mucosa harvested from the nasal cavity during
their procedure then immediately stored in Dulbecco‟s Modified Eagle‟s Medium (Gibco,
Invitrogen Corp., Carlsbad, CA) and transported to our laboratory. Tissue was washed
thoroughly in MilliQ water (Millipore, Billerica, MA) to remove planktonic bacteria and
frozen for later analysis. Our previous studies have demonstrated that freezing tissue at 80°C does not adversely affect subsequent analysis.294

Fluorescence in situ Hybridization Protocol
This study utilised a S. aureus specific FISH protocol that has been validated as an
effective method of intracellular302 and biofilm detection.291 Briefly, single 1 mm x 1 mm
pieces of sinus mucosal tissue were washed and heat fixed to glass slides for 20 minutes in
a 55°C incubator, dehydrated in 90% alcohol and air dried. The FISH probe was applied to
the tissue and hybridisation occurred at 55°C for 90 minutes. Slides were washed in the
manufacturer‟s wash solution at 55°C for 30 minutes. Tissue was then counterstained with
PI (70 µl of 50 µg/ml PI in glycerol) for DNA and a glass coverslip was fixed into place.
The S. aureus FISH probe used in this study is labelled with an Alexa-488 (Molecular
Probes, Eugene, OR) fluorophor that can be stimulated by lasers at a wavelength of 488
nm and detected by photomultipliers at a peak of 519 nm. Conversely, PI labelled DNA
can be stimulated by lasers at a wavelength of 561 nm and detected at 617 nm, thereby
allowing us to differentiate between the two labelled structures within our tissue sample.
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Tissue Analysis
The prepared tissue was immediately transported to Adelaide Microscopy for analysis with
the Leica TCS SP5 CSLM (Leica Microsystems, Wetzlar, Germany). The tissue was
analysed for the presence of S. aureus biofilm using techniques previously described by
our department.294 Following detection of S. aureus the PI counterstain was identified
using a different frequency laser, revealing both spheric nuclei of around 10 µm size and
bacterial DNA as bright coccal structures of less than 3-4 µm. When the green
fluorescence of FISH and the red fluorescence of PI are merged, the S. aureus cocci would
appear yellow, having been fluorescing on both channels. Intracellular detection of S.
aureus is defined as two or more fluorescent coccal structures adjacent to or between
epithelial cell nuclei. It was recorded whether there was presence of S. aureus as a surface
biofilm only, present within the intranuclear plane only or present both as a surface biofilm
and intracellularly. The presence of S. aureus surface biofilm is defined as visible coccal
clusters of microcolonies on the mucosal surface.291 The entire thickness of the specimen
was imaged by means of z-stacks at 0.5 µm slices and assessed using the guidelines above
by a second investigator blinded to the clinical profile and surgical findings, to ensure
reproducibility of results.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad
Software, Inc., La Jolla, CA). Non parametric data are displayed as median and IQR.
Dichotomous data were analysed using Fischer‟s exact test with statistical significance
accepted when p  0.05.To assess for inter-rater agreement, data were analysed using
Minitab 16 Statistical Software (Minitab, Inc., State College, PA) with a Cohen‟s kappa
calculated.
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4.4 RESULTS
Demographic and Preoperative Data
A total of 41 patients were enrolled into this study with the details summarised in Table
4.1. The control group contained eight patients (3 male and 5 female) undergoing transsphenoidal pituitary surgery with no evidence of CRS with a mean age of 48.2 years (IQR,
33-64). The CRS group contained 36 patients (20 male and 16 female) undergoing ESS for
CRS with a mean age of 46.4 years (IQR, 38-55).

Table 4.1: Characteristics of CRSwNP, CRSsNP and control group
CRSwNP

CRSsNP

Control Group

Number

21

15

8

Age

49.9 (34-81)

43.5 (20-71)

50.5 (30-78)

Gender

15M : 6F

5M : 10F

3M : 5F

Symptom Score

18.62 (17-21)

17.1 (15-19)

0

16 (76%)

7 (47%)

0

18 (86%)

10 (67%)

0

13 (62%)

7 (47%)

0

11

4

0

Previous Sinus
surgery
Presence of biofilm
Presence of
intracellular S. aureus
Positive S. aureus
bacterial culture

Preoperative Data
Of the CRS group, 23 patients had undergone previous endoscopic sinus surgery, 14
reported history of asthma and four were current cigarette smokers. The mean symptom
score of the CRS group was 18.0/25 (IQR,16-20.75) with the most significant symptom
being nasal obstruction, scoring 3.8 out of 5. The number of patients undergoing revision
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surgery was 23/36 (64%) reflecting the tertiary nature of our clinical practice. There were
12 patients who reported allergies to medications. Two patients reported sensitivity to
aspirin or salicylates and both suffered from asthma with associated nasal polyposis noted
at surgery, therefore suffering from aspirin-exacerbated respiratory disease (AERD).
Nineteen patients had a positive radioallergosorbent test (RAST) sensitivity to common
aeroallergens with mould being the most frequent (n=12) followed by dust mite (n=10) and
grass (n=9). Average Lund-Mackay CT scores were 15.13 (IQR, 12-21).

In comparison, none of the patients in the control group reported any subjective symptoms
or had any objective evidence of CRS at the time of surgery. One patient complained of
severe headache that was non-sinogenic and the symptom that led to her pituitary adenoma
diagnosis. Two patients suffered from asthma, and there was one current smoker.

Intraoperative Data
All control subjects were undergoing transsphenoidal pituitary adenoma resection with no
previous history of CRS. Of the 36 patients in the CRS group, six patients underwent
minor surgery classified as mini-FESS and 30 had major surgery classified as either
modified endoscopic Lothrop/Draf 3/frontal drill-out procedure or complete sphenoid
ethmoidectomy and frontal sinusotomy. Twenty patients (56%) had evidence of nasal
polyposis at the time of surgery.

Confocal Laser Microscope Findings
There were no control samples that showed the presence of S. aureus at an intracellular or
surface level (Table 4.1). In the CRS group overall, 20 out of the 36 patients (56%) showed
evidence of S. aureus present at an intracellular plane whereby counterstained nuclei were
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seen surrounded by multiple S. aureus cocci (Fig. 4.1). In accordance with our previous
data

291

these organisms were also detected in surface biofilms, which were identified in

this study as S. aureus surface staining showing no PI-positive nuclei (Fig. 4.2) at a level
superficial to the intracellular plane.

Figure 4.1: CSLM images of intracellular S. aureus; l – r: S. aureus PNA-FISH channel
(green), PI channel (red), merged images demonstrating cell nuclei (red) and S. aureus
cocci (yellow).
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Figure 4.2: CSLM Images taken at multiple z-planes within a piece of tissue; Top: surface
biofilm demonstrating fluorescent on both channels with absence of cell nuclei. Middle:
Intracellular S. aureus fluorescing clearly with adjacent cell nuclei on the same z-plane.
Bottom: Cell nuclei seen with an absence of S. aureus fluorescence.

S. aureus biofilms were detected in 20/20 (100%) of cases with intracellular infection and
9/16 (56%) cases that had no intracellular infection, with a statistically significant
difference between the two subgroups (Table 4.2). In no cases were we able to identify
intracellular S. aureus without coexisting surface biofilm in the same piece of tissue (Table
4.3). In the 13 patients undergoing primary surgery the intracellular infection rate was 6/13
(46%) compared to 15/23 (65%) in the revision cohort. There was no statistically
significant difference between the two groups noted.
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Table 4.2: Comparison of the CRS Intracellular S. aureus positive and negative groups
CRS with

CRS without

intracellular

intracellular

S. aureus

S. aureus

number

20

16

biofilm

20 (100%)

8 (50%)

0.0004*

symptom score

18.25 (17.0 - 19.50)

17.69 (16.36 - 19.01)

0.3759

15

8

0.1691

12 (60%)

4 (25%)

0.0485*

13 (65%)

8 (50%)

0.4996

previous sinus
surgery
positive bacterial
culture
Nasal Polyposis

p values

* = statistically significant difference (p < 0.05, Fischer‟s exact test)

Table 4.3: Overall biofilm and intracellular S. aureus results
Biofilm positive

Biofilm negative

Intracellular S. aureus +ve

20

0

Intracellular S. aureus -ve

8

8

Agreement in S. aureus positivity between the two assessors was found in 93.9% of cases.
With dichotomous data there is a random chance of obtaining the same reading in 50% of
cases; therefore a Cohen‟s kappa statistic was calculated to take this into account. Using
this test the inter-rater agreement was 0.87, a result that demonstrates very good agreement
between the two assessors.295
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All patients had endoscopically guided microbiological swabs or mucin taken at the time
of surgery. Care was taken to avoid contamination from the nasal vestibule. S. aureus was
the most commonly cultured organism (Table 4.4) with a methicillin resistant strain
cultured in one patient. A number of polymicrobial cultures were also noted. Patients who
cultured S. aureus at the time of surgery were significantly more likely to be harbouring an
intracellular infection than those who were culture negative (p=0.0485) (Table 4.5).

Table 4.4: Microbiological results of swabs
Species

Number of Patients

Staphylococcus aureus

16

No growth

11

Streptococcus pneumoniae

3

Haemophilus influenzae

2

Pseudomonas aeruginosa

2

Moraxella

1

Proteus mirabilis

1

Table 4.5: Intracellular infection rates compared to culture status
S. aureus positive culture

S. aureus negative culture

Intracellular S. aureus +ve

12

4

Intracellular S. aureus -ve

8

12

119

CHAPTER 4

The multiplicity of Staphylococcus aureus in chronic rhinosinusitis:
Correlating surface biofilm and intracellular residence
The Laryngoscope. 2012; 122(8):1655-60

4.5 DISCUSSION
This study provides further demonstrable evidence that S. aureus can be identified inside
the epithelium of sino-nasal mucosa using a species specific PNA-FISH probe.
Intracellular S. aureus was related to the presence of a surface biofilm in all cases. Control
tissue specimens did not harbour staphylococcal infection in either intracellular or surface
biofilm form (p = 0.0216).

The overall intracellular detection rate of 20/36 (56%) is comparable to previously
published studies. Plouin-Gaudon and Clement275 found evidence of intracellular infection
in 17/27 (63%) CRS patients using IHC and noted a higher clinical relapse in intracellular
positive patients. More recently, Corriveau et al277 used FISH and DAPI counterstaining
with a semi-quantitative scoring system to assess the relative amounts of bacteria within
tissue samples. Although they found evidence of S. aureus within tissue samples, they
were unable to detect a significant difference in the amount of bacteria between CRS or
control patients. Sachse240 found conflicting results to this when using similar techniques
in identifying intracellular S. aureus in 17/30 (57%) CRS patients compared to 0/10 control
patients. They went on to demonstrate that S. aureus has the capacity to invade a nasal
polyp epithelial cell culture.

Use of CSLM and FISH/PI counterstaining gives us confidence in the validity of our
results. This technique has been validated for the identification of intracellular S. aureus in
a side-by-side comparison of CSLM-FISH/PI versus a recognised technique of
immunohistochemistry.302 The importance of this technique is that it also allows for the
simultaneous assessment of biofilm status using identification methods already validated
by our department.291 Furthermore, images at multiple z-planes within an entire block of
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tissue can be digitally compiled into three-dimensional reconstructions giving an excellent
appreciation and confirmation of both surface biofilm and intracellular bacterial location.

There is now little doubt that S. aureus can be internalised by non-professional phagocytic
cells such as nasal epithelium.244,311 The major mechanism of bacterial-epithelial cell
interaction involves fibronectin-binding proteins expressed on the bacterial surface,
fibronectin and integrins within the host cell membrane.248 After attachment, subsequent
pseudopod extension engulfs the bacterium into a membrane lined vacuole in what is
termed the zipper-type mechanism of non-professional phagocytic cells.270

Multiple intracellular outcomes have been suggested following internalisation of S. aureus,
broadly separated into two groups: clearance of bacteria or persistence within host tissues.
Bacteria may be eradicated from host tissues by fusion of lysosomes to the bacteria
containing vacuole and subsequent destruction of S. aureus, or alternatively host cell
apoptosis may occur. Studies have demonstrated that following lysis of cells infected with
S. aureus, viable pathogenic bacteria are released that are capable of infecting other
cells,144 although whether bacteria are viable after apoptosis is unknown. Conversely,
bacteria may persist inside cells either within its vacuole or after escaping into the cytosol.
To promote intracellular survival, radical changes to bacterial gene regulation have been
described.222 Phenotypically, intracellular S. aureus bacteria have been found to be
significantly more resistant to antibiotic therapy compared to their extracellular
counterparts. This was demonstrated in an osteoblast cell culture model221 where it was
found that intracellular S. aureus cell walls were significantly thicker when compared to
extracellular S. aureus, thereby conferring additional the resistance to antibiotics.
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There appears to be a clear relationship between intracellular infection and biofilms. In this
study we identified a subgroup of patients demonstrating surface biofilm only; however,
we were unable to identify any cases of intracellular infection that did not have evidence of
surface biofilm. Could there be a temporal relationship between the biofilm and subsequent
intracellular infection? As internalisation of S. aureus is so dependent on bacteria - host
cell attachment, the biofilm may offer a synergistic environment for this to occur. It is
recognised that biofilms are significantly associated with CRS patients. Foreman et al205
examined sinonasal mucosal samples to provide evidence for a direct immunological
consequence of biofilm infection in CRS. Furthermore, a link between biofilms and
superantigen-specific IgE was noted within the CRS patient cohort. The role of
intracellular bacteria in these aspects of the disease pathogenesis, however, is somewhat
less clear. Whether intracellular S. aureus or is an independent disease modifying factor or
has the capacity to secrete superantigens is an area that needs further clarification.

Intracellular infection could well be a cause of recalcitrance in CRS. We know that patients
with biofilms have more severe disease preoperatively and suffer from worse postoperative
outcomes.201,312 Despite treatment with antibiofilm agents including topical antibiotics such
as mupirocin,213 we still see a significantly high clinical and microbiological relapse
rate.313 The intracellular bacterium may represent a reservoir of infection that is protected
from host immunity and standard medical therapy but continues to act as a stimulus for
ongoing inflammation. Furthermore, if viable bacteria escape from the epithelial cell or are
released following cell lysis/apoptosis, this could reinfect the surface of the sinonasal
mucosa leading to clinical relapse. It would be important to investigate the pathogenic
capacity of these intracellularly identified bacteria.
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4.6 CONCLUSION
This study uses a validated FISH protocol combined with a nucleic acid counterstain to
demonstrate that intracellular infection occurs in a significant number of patients
undergoing surgery for CRS. In all cases it was related to a surface S. aureus biofilm
indicating a relationship between the two. There is little doubt that S. aureus can be
internalised by non-professional phagocytes such as epithelial cells, although further work
needs to be done delineate the true mechanisms of intracellular persistence as well as the
role that it plays in the recalcitrant nature of CRS.
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5.1 ABSTRACT
Background: Despite recent evidence suggesting that S. aureus exists within the sinonasal
epithelium of CRS patients, certain questions remain. The intracellular environment may
provide a protective niche for pathogenic bacteria to evade host immunity and yet provide
a reservoir for reinfection. To date, no studies have examined the impact of this bacterial
phenotype; therefore this study was designed to evaluate the role of intracellular S. aureus
on postsurgical outcomes.
Methods: This study included 51 patients undergoing ESS for medically-recalcitrant CRS.
Sinonasal mucosa harvested at the time of surgery was dually stained with fluorescent
molecular probes and imaged using CSLM for biofilm and intracellular status. Patients
were followed in their early and late postoperative course for evidence of ongoing disease
and signs of clinical relapse.
Results: Intracellular S. aureus was identified in 20 of 51 (39%) patients, and all were
associated with surface biofilm. Biofilm alone was found in 16 of 51 (31%) patients and 15
of 51 (29%) patients had no evidence of S. aureus. Intracellular positive patients had a
significantly higher risk of late clinical and microbiological relapse (p = 0.014). In this
study, biofilm status without coexisting intracellular bacteria did not appear to impact on
outcomes.
Conclusions: Clinical and microbiological relapse of disease following ESS is
significantly associated with intracellular S. aureus. Evidence suggests that this disease
association is independent to surface biofilm status. Intracellular bacteria should be taken
into consideration when designing novel treatment strategies to lessen the chance of
reinfection.
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5.2 INTRODUCTION
Recalcitrant chronic rhinosinusitis (rCRS) has been linked to the Gram-positive facultative
anaerobic organism S. aureus in a plethora of different phenotypes including planktonic,
biofilm, intracellular or small colony variant forms. This bacteria uses a variety of
pathogenic factors including superantigens137,314,315 and bacterial cell wall membrane
proteins108 among others to induce acute and chronic inflammatory changes to infected
tissues. Recently, the paradigm of intracellular invasion into sinonasal epithelium has been
suggested as a mechanism by which the organism can exploit an environment in order to
protect itself from traditional treatments such as topical douches and antibiotics. To take
advantage of the intracellular milieu, the concept of phenotype switching251 has been
recognised as a method by which the organism can alter the regulation of certain factors
including bacterial metabolism or virulence in order to evade host immune responses and
persist within tissues.

Until now, the true clinical significance of intracellular S. aureus in CRS has not been fully
explored with research mainly limited to descriptive studies on the presence of this highly
pathogenic organism in sinonasal mucosa.240,252,277,316 These studies used a variety of
detection techniques including immunohistochemistry and molecular FISH probes as well
as different imaging techniques such as inverted immunofluorescence and CSLM.

Without robust evidence for the pathogenic capacity of intracellular S. aureus, it is difficult
to conclude that this bacterial phenotype is a factor in the disease process. Therefore, the
aim of this study was to apply techniques of intracellular bacterial detection to a wide
cohort of patients followed in their postoperative course in an attempt to clarify whether

128

CHAPTER 5

Intracellular Staphylococcus aureus: The
Trojan horse of chronic rhinosinusitis?
International Forum Rhinology & Allergy. 2013 Feb 19 [Epub ahead of print]

intracellular infection of sinonasal tissue in CRS is a mere bystander or an independent risk
factor for clinical relapse when compared to the biofilm alone.
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5.3 METHODS
Study Design Population
This study was performed in the tertiary rhinologic practice of the senior author (P.J.W.)
based in Adelaide, South Australia. Approval was granted from the local human research
ethics committee (#2011054) and all patients gave informed consent to be included in the
study. Patients who fulfilled the updated American Academy of Otolaryngology-Head and
Neck Surgery diagnostic criteria for CRS293,317 and were undergoing ESS were invited to
participate. Patients were excluded from the study if they were under 18 years of age,
suffered from any form of immunodeficiency, or had clinical or radiological evidence of
invasive fungal disease. Any interstate patients that were unavailable for postoperative
follow-up by the senior author were also excluded from this study.

Preoperative Data Collection
Preoperative data was collected on the day of surgery including demographic information
(age, gender), clinical information (history of asthma, smoking, immunodeficiency or
previous surgery) and preoperative radiological Lund-Mackay scoring. A 5 point clinical
symptom scoring system was recorded that scored the symptoms of nasal obstruction,
rhinorrhoea, postnasal drip, headache or facial pain and sense of smell from 1 to 5. The
sum of the individual symptom scores was recorded as a total symptom score out of 25.
This 5-point symptom scoring system has been validated against other objective scoring
systems such as the 22-item Sino-Nasal Outcomes Test (SNOT-22), Lund-Mackay and
Lund-Kennedy scores (Quality of life assessment in chronic rhinosinusitis using the
Adelaide Disease Severity Score; Naidoo, Tan et al, J Laryngol Otol, in press).
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Perioperative Data Collection
During the surgical procedure the presence of mucopus, polyposis and eosinophilic
mucous was documented. In all patients, samples were sent for bacterial and fungal culture
and mucosal biopsies sent for routine histopathological examination.

Tissue Collection
Multiple pieces of mucosa were harvested from the sinonasal cavity and immediately
placed into Dulbecco‟s Modified Eagle‟s Medium (Gibco, Invitrogen Corp., Carlsbad, CA)
for transportation to our laboratory. Tissue was thoroughly washed in MilliQ water
(Millipore, Billerica, MA) to remove planktonic bacteria and cryofrozen to -80°C294 for
subsequent analysis.

Tissue Analysis
Dual staining of 3mm × 3mm mucosal specimens was performed with a S. aureus speciesspecific FISH probes and a nucleic acid counterstain (PI) using a protocol that has been
previously validated within our department.302 The prepared tissue specimens were
analysed using the Leica TCS SP5 CSLM (Leica Microsystems, Wetzlar, Germany) and
multiple representative image stacks taken from each piece of tissue. Patients were
categorised as to the presence of S. aureus biofilm and evidence of intracellular organisms
as per previously reported criteria using blinded investigators (C.J., S.V.).316
Representative images can be seen in Figure 5.1.
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Figure 5.1: Representative CSLM image of intracellular S. aureus; left: S. aureus green
FISH probe demonstrating multiple clusters of coccal shaped fluorescence; middle: PI
counterstain demonstrating cellular nuclei and S. aureus DNA in red; right: merged images
showing co-localisation of the S. aureus fluorescence demonstrated in yellow closely
related to cellular nuclei.

Postoperative Data Collection
Following their surgery, all patients underwent a routine postoperative regime of care by
the senior surgeon. The medical treatment included a 2-week course of amoxycillin &
clavulanic acid if not allergic, mometasone spray and topical saline douches. Patients were
assessed at 2 weeks, 6 weeks, and 6 months post-surgery. During these appointments, rigid
endoscopic surveillance was performed in order to assess for evidence of persisting disease
or clinical relapse. This was considered to be the presence of abnormal features in the
sinonasal mucosa (oedema, polypoid change, granulations, crusting or frank mucopus or
discharge). If signs of infection were present, then clinically directed endoscopic swabs
were taken and processed as per standard microbiological techniques for bacterial
identification and antibiotic sensitivities.
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Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (San Diego, CA).
Non parametric data are displayed as median and IQR. Dichotomous data was analysed
using Fischer‟s exact test and nonparametric data was analyses using the Mann-Whitney
test with statistical significance accepted when p < 0.05.
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5.4 RESULTS
Demographics
Sixty-seven patients were enrolled in the study; however, 16 were lost to follow-up or did
not have an adequate follow-up period and were thus excluded. This left 51 patients (26
male: 25 female) who reported a median symptom score of 17 out of 25 (IQR, 15-20) and
median Lund-Mackay score of 14 out of 24 (IRQ, 10–19.25). Mean follow-up was 9.4
months (range, 6-17). Nineteen patients were asthmatic, 4 reported sensitivity to salicylates
and 4 were current cigarette smokers. None of these factors showed any significance in
subgroup analysis

S. aureus FISH results
Intracellular S. aureus was identified in 20 patients giving an overall detection rate of 39%.
Surface biofilm was consistently detected in the same piece of mucosa when intracellular
infection was present and in a further 16 patients with no intracellular infection. 15 patients
demonstrated no sign of S. aureus in either biofilm or intracellular form. Thus, the
subcategories of our patient population were 15 of 51 (29%) biofilm-negative,
intracellular-negative (B-IC-); 16 of 51 (31%) biofilm positive, intracellular-negative
(B+IC-); and 20 of 51 (39%) biofilm-positive, intracellular-positive (B+IC+).

Preoperative data analysis
Table 5.1 contains data for preoperative symptom scores, Lund-Mackay scores and other
demographic data broken down as per the subcategories. There were no statistical
differences in symptom scores, asthma status or allergy between any of the groups. LundMackay score was significantly higher in the B+IC+ group when compared to the B-ICgroup (p = 0.0261, Mann-Whitney test), as was the likelihood of previous surgery (p =
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0.0038, Fisher‟s exact test). Interestingly, we found a statistically significant association
between nasal polyposis and intracellular S. aureus, with 15 of 29 (52%) CRS with nasal
polyposis (CRSwNP) patients being IC+ compared to only 5 of 22 (23%) of CRS without
nasal polyposis (CRSsNP) patients (p = 0.0461, Fisher‟s exact test).

Table 5.1: Demographic details of patient cohorts

Number

Age

Symptom

Lund-Mackay

Score

Score

10 (6.5-15)

Previous
sinus
surgery

Biofilm
negative,
Intracellular

15

54 (29-76)

17 (15-19)

16

52 (21-71)

17.5 (16-20)

20

50 (20-81)

17 (15-20)

5 (33%)

negative
Biofilm positive,
Intracellular
negative

13.5 (1216.75)

11 (67%)

Biofilm positive,
Intracellular

18 (12.5-21)

17 (85%)

positive

Primary vs revision
In the overall cohort of patients, 18 underwent primary and 33 underwent revision surgery.
When subdividing by intracellular status, we found that 17 of 20 patients (85%) in the
B+IC+ group underwent revision surgery. This was significantly different to the 5 of 15
(33%) in the B-IC- group (p = 0.0038, Fisher‟s exact test) but not when compared to the
B+IC- group (11/16, 69%; p = 0.4217).
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Intraoperative infection rate
Intraoperative microbiological samples cultured any bacteria in 7 of 15 (47%) B-ICpatients, 9 of 16 (56%) B+IC- patients and 14 of 20 (70%) B+IC+ patients. Intraoperative
S. aureus was cultured in 4 of 15 (27%) B-IC- patients, 5 of 16 (31%) B+IC- patients and
12 of 20 (60%) B+IC+ patients. No significant difference was found between any groups.

Microbiological failure rate
Patients were categorised as having either an early (0-2 months) or late (2+ months)
postoperative failure if they were noted to have abnormal features of mucosa and a positive
microbiological swab. In the B-IC- category, 1 patient cultured S. aureus early in the
postoperative course but did not develop any signs of late failure. Four of 16 (25%) B+ICpatients suffered early S. aureus infections and in only 1 of these did the infection persist.
In patients who were B+IC+ there were 10 of 20 (50%) who suffered an early infection
with a significant difference compared to the B-IC- group (p = 0.0095, Fisher‟s exact test).
Moreover, there were 11 of 20 patients (55%) who developed a late failure with a
statistically significant difference noted between both B+IC- vs B+IC+ (Fisher‟s exact test,
p = 0.014) and B+IC+ vs B-IC- (p = 0.0005, Fisher‟s exact test) groups (Fig. 5.2).
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Figure 5.2: S. aureus intraoperative culture, early and late relapse rates in the
postoperative course. Light gray: B-IC- patients; gray: B+IC- patients; black: B+IC+
patients. * p < 0.05. B-IC- = biofilm negative, intracellular-negative; B+IC- = biofilmpositive, intracellular-negative; B+IC+ = biofilm positive, intracellular-positive
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5.5 DISCUSSION
Despite the advancements in both technical and surgical aspects of ESS with application of
more rigorous postoperative treatment regimes, the modern rhinologist will continue to see
a distinct subset of patients who fail to improve following surgery. In this study we used a
CSLM-FISH protocol that has been validated302 for simultaneous detection of biofilm and
intracellular S. aureus within the same piece of tissue. This helps to further understand the
interplay between the biofilm and intracellular bacteria, as well as to identify if the 2
factors are synergistic or independent disease modifying factors. We report that patients
with evidence of intracellular S. aureus at the time of surgery are more likely to suffer a
late clinical and microbiological relapse suggesting that intracellular location of the
organism offers a protective niche where it can avoid host immune clearance and topical or
systemic treatments.

Recent research has concentrated on the role of the biofilm, in particular S. aureus
unimicrobial or polymicrobial biofilms, as having a negative prognostic impact on postsurgical outcomes.202,297,312 Such patients have been found to have more significant preoperative symptoms as well as poorer outcomes following surgery.31,202,318,319 However, the
concept of intracellular uptake by non-professional phagocytes such as epithelial cells has
generated interest in recent years. Certain chronic diseases such as osteomyelitis are well
known to be associated with S. aureus. In vitro experimentation has demonstrated that a
wide variety of cells such as osteoblasts,144,221 fibroblasts, endothelial cells320 and epithelial
cells240 are capable of internalising and harbouring live organisms within the intracellular
milieu. Indeed live, culturable bacteria can be harvested even 28 days post in vitro
infection into epithelial cell cultures.251 Although the evidence for bacterial persistence in
cell culture models is robust, this has not fully translated into clinically appreciable
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research with only few studies describing the presence of intracellular bacteria in human
and animal clinical specimens.252,321 No studies have, as yet, harvested viable bacteria that
are capable of causing further infection, and this is an area that no doubt requires further
scientific investigation.

The technique used for intracellular detection has previously been validated using multiple
blinded investigators in previous departmental studies. We first validated this technique
against immunohistochemistry,302 and then we reported on a series of patients316 in which
we first noted the association between biofilm and intracellular S. aureus. Hence, we feel
confident in the use of this detection methodology for our cohort characterisation.

In patients who were biofilm and intracellular negative, 4 cultured S. aureus at the time of
surgery. Interestingly, none of these patients went on to develop postoperative infections.
This suggests that these intraoperative bacteria may have existed in a planktonic phenotype
and that effective surgery and postoperative medical treatment were successful in
eradicating the pathogen or reducing the bacterial load to clinical insignificance.
Conversely, 2 patients who did not demonstrate any bacterial growth on intraoperative
culture went on to suffer early S. aureus infections. It has been suggested that
postoperative de novo infections may be a cause in these situations216,322 with factors such
as mucosal injury coupled with postsurgical ciliary denudation or dysfunction21 playing a
part in allowing pathogenic bacteria to grow. The fact that both these patients suffered
polymicrobial infections with the additional presence of K. pneumonia and E. aerogenes
reinforces the opportunistic infection hypothesis in these cases.322
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When considering the cohort with biofilm alone, 5 patients cultured intraoperative S.
aureus and of these, 2 continued to culture early postoperative S. aureus. Early failure may
be caused by persistent bacteria or represent part of the natural life cycle of a mature
biofilm in which planktonic bacteria are released with the potential of causing
reinfection.216,323

When analysing patients who were biofilm and intracellular positive, a very different
picture emerges. Although not a statistically significant difference, the intraoperative
culture rate of 60% was higher than the other cohorts (B-IC- 27% and B+IC- 31%). Risk of
early failure was significantly higher comparing B-IC- and B+IC+, although not when
comparing biofilm alone. When looking at the late relapse rate in these patients and
controlling for biofilm status, we found a statistically significant association between
intracellular status and disease severity, with 55% of B+IC+ patients suffering a treatment
clinical and microbiological failure compared to 14.2% of B+IC- and 0% of B-IC- patients.
Early studies made suggestions that intracellular S. aureus plays a role in recurrent and
persistent disease;275 however, to our knowledge this is the first study to report this finding
in a robust cohort of patients.

It is recognised that S. aureus is capable of altering its phenotype after internalisation into
epithelial cells in the in vitro setting.222 In this elegant study, the authors demonstrate
significant transcriptional changes in gene regulation after exposure to the intracellular
environment. Specific alterations include genes controlling metabolic pathways including
cell division and nutrient transport being significantly downregulated, so as to allow the
bacteria to adopt a “dormant state”.222,251,324 Further phenotypic changes include the
resistance of internalised bacteria to antibiotics, as demonstrated in an osteoblast cell
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culture model221 where it was found that the cell walls of intracellular S. aureus were
significantly thicker than their extracellular counterparts. This correlated to a resistance
against the bactericidal activity of rifampicin when applied to the culture 12 hours post
infection. In addition, it is understood that internalised bacteria are capable of evading
certain components of the innate immune system; S. aureus is almost completely resistant
to the action of lysozyme, a human enzyme that has potent antimicrobial properties. Oacetyltransferase is a bacterial enzyme that is readily expressed in S. aureus which acts to
confer resistance to lysozyme through acetylation of the peptidoglycan cell wall.133 This
has been suggested as a mechanism of bacterial persistence once internalisation has
occurred.248

We do recognise certain methodological limitations that have occurred within our study. In
this study we report on microbiological outcomes coupled with clinical assessment. A full
data set of objective and subjective postoperative symptom scores was not obtained in this
study, hence the relationship between intracellular bacteria and symptomatic relapse can
only be inferred. Nevertheless, we feel that our criteria of clinical relapse as being
endoscopic signs of disease such as mucosal cobble-stoning, crusting or mucoid discharge
coupled with positive microbiology is sufficient to draw conclusions on the risk of
developing recurrent postsurgical infections.

We have focused on the specific role of S. aureus and not examined or controlled for the
impact of other bacteria and it is believed that geographical variability in microbiome
ecologies exists. However, it has been reported in the literature that using culture
independent techniques such as 16S rRNA analysis, a high incidence of S. aureus has been
found in North America (50%)325 and the United Kingdom (~50%).326 Although the S.
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aureus detection rates are usually lower using culture-dependant technique; reported at
between 15.4% and 24.1% in CRS patients,327 they have been found to be as high as 63.2%
in allergic fungal rhinosinusitis patients.328 Therefore, as the literature suggests S. aureus
holds a major role in the pathophysiology of chronic, and especially recalcitrant
rhinosinusitis,202,297,329 this leads us to believe that our results are representative of the true
disease impact and that the association noted in our study may well be applicable to other
geographical areas.

Within our cohort of patients that were IC+, we saw a significantly higher rate of revision
surgery and nasal polyposis. As these factors are also known to be associated with higher
rates of failure, it would be important to recruit a wider cohort of patients so that these
significant confounders can be controlled for. It has previously been reported that S. aureus
infection of CRS patients tissue cultures ex vivo leads to a significant increase in Th2
cytokines such as IL5, IL8, IL13, and critically those involved with tissue remodelling and
fibrosis; matrix metalloproteinase (MMP) 2, MMP-9, and tissue inhibitor of MMP 1
(TIMP).298 These data have also been confirmed in vivo where it was noted that S. aureus
biofilms themselves directed a trend toward a T-helper 2 based cytokine response.205 This
suggests that S. aureus itself may play an important role in the aetiopathogenesis of polyps
themselves, and thus it could even be that IC S. aureus infection is the factor that promotes
polyp formation. Clearly this hypothesis requires rigorous testing and validation in further
scientific experiments before it can be accepted as fact.

An additional limitation is that although the molecular probes used in our techniques
specifically bind to S. aureus, they can potentially target organisms regardless of whether
alive or dead. Thus, we are unable to conclusively state that the fluorescence seen within
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our tissue sections represent viable bacteria. The difficulties in harvesting bacteria that are
truly from the intracellular milieu has been previously discussed.248 Tuchscherr et al251
reported the ex vivo harvest of organisms from tissue specimens of S. aureus endovascular,
soft tissue and bone infections. No mention, however, was made of any attempts to sterilise
extracellular bacterial contaminants and thus it is unknown whether bacteria cultured were
truly representative of those in the IC location. Further experimentation aimed at
answering these questions would undoubtedly strengthen the argument for IC S. aureus
and is a focus of further interest within our research group.
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5.6 CONCLUSION
This study is the first of its kind to report on the impact of intracellular infection with S.
aureus in the post surgical CRS patient. Evidence suggests that this disease phenotype is
independent to surface biofilm status in its association for developing clinical and
microbiological relapse beyond the immediate postoperative period despite maximal
therapy. With the increasing evidence that intracellular S. aureus plays a role in CRS, this
should also be taken into consideration when considering novel treatment strategies to
prevent recurrent disease.
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6.1 ABSTRACT
Background: CRS has been linked to the gram-positive bacteria S. aureus in its biofilm or
intracellular forms. Recent evidence suggests that S. aureus also exists in an SCV form as
a mechanism of altering its virulence capabilities

Objective: The purpose of this study was to investigate the presence of SCVs in sinonasal
mucosa of CRS patients and whether the phenomenon of phenotype switching can be
applied to intracellular epithelial infections.

Methods: Sinonasal specimens were examined for the presence of intramucosal S. aureus
and characterised to the strain level. An airway epithelial cell culture infection model was
utilised to investigate whether bacteria were capable of alterations in virulence phenotype.

Results: Intramucosal organisms harvested from sinonasal biopsies demonstrate
phenotypic growth patterns and lack of coagulase activity consistent with SCVs.
Intracellular infection of airway epithelial cell cultures with S. aureus led to decreased
secretion of enterotoxins and phenotypic growth alterations consistent with SCVs

Conclusion: Regulation of S. aureus virulence factors is a dynamic process and exposure
to the intracellular environment appears to provide the necessary conditions to enable these
alterations in an attempt for the bacterium to survive and persist within host tissues.
Further work is required to ascertain whether SCVs in CRS hold a clinically relevant
pathogenic role in recalcitrant disease.
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Key Messages


S. aureus SCVs exist in the sinonasal epithelium of CRS patients.



In vitro internalisation of S. aureus causes the necessary environmental pressures to
switch a wild-type planktonic bacteria into an SCV.



Intracellular bacteria downregulate their virulence as demonstrated by reduced
production of Staphylococcal enterotoxin.

148

CHAPTER 6

Small colony variants and phenotype switching of intracellular
Staphylococcus aureus in chronic rhinosinusitis

6.2 INTRODUCTION
CRS is a condition characterized by mucosal inflammation affecting the nasal cavity and
paranasal sinuses with an estimated prevalence of between 10-15%317 and costs of US$5.8
billion per annum.8 Relapses in disease are common despite ever evolving medical and
surgical therapy64,215,216 Bacterial infections, in particular those mediated by S. aureus, are
believed to hold an important role in the recalcitrant nature of this condition with frequent
relapses attributed to its numerous forms including planktonic, biofilm and intracellular
phenotypes.31,201,202,330 Previous work has demonstrated that S. aureus is detectable both
intramucosally240,277 and intracellularly252,275,331 using a variety of techniques including
indirect IHC252,275 or molecular probes and CSLM240,331. The association between bacterial
biofilms and intracellular status in CRS has been noted,331 with significantly more frequent
relapses in disease being recognised when both the biofilm and intracellular organisms
were found within ex vivo tissue samples.330 Similar relapsing and remitting patterns have
been noted in other clinical diseases mediated by S. aureus such as chronic
osteomyelitis,144 endocarditis243 and cystic fibrosis.281

S. aureus has the capability of adhering to α5β1-integrin, which is expressed on the surface
of eukaryotic cells via the expression of FnBPA and FnBPB on its cell surface, and
mediated through fibronectin.113,271-273 Once bound, alterations in the actin cytoskeleton
lead to phagocytosis and internalisation of whole bacteria making this final process passive
from the bacterial point of view.274 It has been demonstrated that coating beads with
fibronectin binding protein makes them easily phagocytosed by epithelial cells.274
Furthermore, FnBP-deletion mutant strains of S. aureus have a drastically reduced capacity
for internalisation into cells.271 Expression of FnBP is dynamic, and it has been identified
that certain subspecies of S. aureus can, in the right environment, express higher than
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normal amounts of FbBP, thus making them more likely to internalise than other types of
S. aureus.251

SCVs are a bacterial phenotype that, by definition, grow in smaller colonies than their
wild-type or planktonic counterparts.279 They express alterations in pathogenic factors
including heightened expression of FnBP272 and reduction of alpha-toxin production,332
which act in their favour for obtaining access and persisting within the intracellular milieu.
The association between chronic diseases and SCVs is one that has been examined in
recent years and related to conditions such as osteomyelitis and cystic fibrosis.279 The
conversion of bacteria from wild-type to SCV and vice versa is understood to be a highly
dynamic process that can occur after days or even hours of exposure to an altered
environment. Consequently, as opposed to investigating these so called wild-type SCVs
which can undergo rapid phenotype alterations, recently research has focused on stable
SCVs generated by deletions in their genome or through selection by repeated
aminoglycoside exposure.332

S. aureus exhibits its virulence through a number of factors including the secretion of
SEs.137 These superantigenic toxins have the capability of bridging and bypassing the
specific antibody-antigen complex between MHC Class II molecules and the receptors on
T-helper cells,137 thus stimulating a much larger, non-specific T-cell expansion and related
inflammatory response. An association between SEs and CRS has been made through the
detection of superantigen-specific IgE333,334 in the serum of CRS patients. Other studies
reported that SE proteins themselves could be identified in the tissue of almost 50% of
CRS patients, specifically those with eosinophilic nasal polyposis.335 It is unknown as to
whether the production of these toxins is a constant or dynamic process, and thus in this
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study we examined whether enterotoxin secretion can change through exposure of S.
aureus to different environments.

There has been little research examining the role of SCVs in CRS, or whether the
phenomenon of S. aureus phenotype switching is a concept applicable to intracellular and
intramucosal infections. In the present study we used a series of in vitro and ex vivo
experiments in order to identify whether SCVs exist within sinonasal mucosa from patients
with CRS. Our results indicate that exposure to the intracellular environment causes an
alteration from the wild-type phenotype to reduce the production of virulence factors in
order to promote their existence as a SCV.
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6.3 METHODS
Bacterial strains
S. aureus strains used were ATCC 13565 and 14458, being reference strains for the
production of SEA and SEB respectively. Overnight liquid cultures were prepared for all
experiments by inoculating 5 ml of nutrient broth with a single loop of bacteria and placed
into a shaking incubator overnight at 120 rpm and 37°C. The liquid culture was then
centrifuged at 4000 rpm for 10 minutes and the supernatant collected, filtered and
cryopreserved at -80°C. Bacterial pellets were then used for infection experiments or RNA
analysis. Clinical isolates were obtained through routine microbiological swabs taken from
patients at the time of endoscopic sinus surgery. If they cultured S. aureus, bacteria were
isolated and sub-cultured in nutrient broth before being cryopreserved at -80°C.

Harvest of intramucosal bacteria from patient tissue specimens
Multiple samples of sino-nasal mucosa were collected from a patient undergoing
endoscopic sinus surgery for chronic rhinosinusitis. Ethical approval for tissue collection
was granted from the local institution Human Research and Ethics Committee. Tissue
samples were immediately placed in Dulbecco‟s Modified Eagle‟s Medium (Gibco,
Invitrogen Corp., Carlsbad, CA) and transported to our laboratory. Samples were swabbed,
then soaked in 0.03% cetylpyridinium chloride (CPC, Sigma-Aldrich) for 10 minutes, a
disinfectant agent recognised to be effective against S. aureus in its planktonic and biofilm
forms at high concentrations. After washing three times with MilliQ water, samples were
swabbed and immersed in PBS and placed into a waterbath sonicator at medium intensity
for 15 minutes. The sonicated tissue was swabbed, soaked again in CPC and re-swabbed.
After three further washes in MilliQ water, tissue samples were homogenised using a
Tissueruptor (Qiagen, GmbH, Hilden, Germany) to release intramucosal bacteria then
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cultured on blood agar plates. Samples were incubated at 37°C for up to 72 hours and
experiments performed in duplicate. The diameter of 25 individual colonies was measured
using ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA).
Statistical analysis was performed with Graphpad Prism 5.0 software (San Diego, CA)
using an unpaired t-test and statistical significance was obtained when p < 0.05.

RNA Isolation
Bacterial pellets from overnight liquid cultures were resuspended in RNALater (Ambion,
Carlsbad, CA) and stored overnight at 4°C.

This was centrifuged at 4000 rpm for 10

minutes and the bacterial pellet lysed in TE buffer containing lysostaphin at 500 µg/ml for
1 hour at 37°C in a rotary heating block. Into the bacterial suspension was added 350 µl of
RLT buffer (Qiagen) and 250 µg of acid washed glass beads (Sigma-Aldrich, St. Louis,
MI). Mechanical lysis was performed at 30 beats/second in a Tissueruptor (Qiagen) for 10
minutes. RNA was purified using RNEasy columns (RNeasy Mini Kit, Qiagen) following
the manufacturer‟s instructions and included an on column DNAse treatment (Qiagen).
RNA quantification was performed with a Nanodrop 2000 spectrophotometer (Thermo
Scientific, Australia).

qRT-PCR typing of SEA
Real-time PCR was performed with RNA isolated from the bacterial strains. Firstly, cDNA
was produced using the Quantitect RT kit (Qiagen) and qRT detection was with the IQ
Sybr green supermix (Biorad, Hercules, CA). Oligonucleide primer sequences were
obtained and optimised from the following sources; SEA 336, SEB 337 and spa 338. Reactions
were heated for 30s at 95°C followed by 35 cycles of 30s at 95°C and 60s at 60°C. All
experiments were performed in duplicate using an iQ5 Cycler (Biorad).
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Cell culture infection model
Human bronchial epithelial cells (16HBE14o-HBE‟014) were a kind gift from Dr Dieter
Gruenert and cultured in Minimum Essential Medium (MEM) supplemented with 10%
fetal calf serum (FCS), 1% L-Glutamine and 1% penicillin / streptomycin (Gibco,
Carlsbad, CA). The cellular monolayer was washed then infected with a 5.0 McFarland
unit solution of S. aureus giving a multiplicity of infection (MOI) of 100:1. The cells were
incubated for one hour to allow attachment and phagocytosis before being washed three
times to remove non-adherent bacteria. Incubation with media containing 4ug/ml
lysostaphin for 30 minutes was performed in order to eliminate any other extracellular S.
aureus339 followed by three further washes in PBS and finally MEM supplemented with
10% FCS, 1% L-Glutamine and 100 µg/ml gentamicin added. Comparison flasks of
extracellular bacteria were inoculated with bacteria but lysostaphin treatment and
subsequent steps were omitted in order to maintain extracellular bacteria. After 24 hours,
culture supernatants were collected. Cell monolayers were washed three times in PBS and
lysed in Mammalian Protein Extract Reagent (Thermo Scientific).

In order to confirm that intracellular bacteria were present in the infected flasks free of
extracellular contaminants, the culture supernatant was used to inoculate a blood agar
plate. After washing the monolayer twice in PBS, cells were lysed in water, scraped and
inoculated onto blood agar. Culture supernatants from extracellular bacteria flasks were
also plated onto blood agar.

Superantigen detection
Detection of enterotoxin was determined using the 3M TECRA SIDVIA kit (3M, North
Ryde, NSW) following the manufacturer‟s instructions. Briefly, supernatants and cell
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lysates were centrifuged at 13,300 g for 10 minutes before being passed through a 0.2 µm
filter and 200 µl was added to 10 µl of buffer solution. Wells were pre-soaked with wash
solution for 30 minutes followed by incubating 50 µl of supernatant or lysate for 2 hours at
37°C. Following washing, 200 µl of substrate solution was added and incubated for 1 hour
and then washed again. 200 µl of conjugate was added and the plate read after 30 minutes.
The TECRA kit uses a visual assessment that either classifies a sample as enterotoxin
positive or negative with a sensitivity of 1 ng/ml.

Clonal typing
Swabs of S. aureus were sent to PathWest Laboratory (Perth, Western Australia, Australia)
for molecular typing. The typing methodology employed was Pulsed field gel
electrophoresis (PFGE), commonly considered the Gold standard of molecular bacterial
typing.340 Briefly, genomic DNA is extracted and purified, digested using restriction
enzymes and run on a PFGE gel to visualise the band pattern. These patterns allow
comparison of the various S. aureus isolates to determine if they are of the same strain.

Effects of intracellular S. aureus on cells
To determine whether S. aureus infection had any longer term effects on cells, airway
epithelial cells (AEC) were seeded into 6 well plates and infected as per the previously
described protocol. Culture media was changed every 24 hours and frozen to -80°C for
subsequent analysis for IL-6 and lactate dehydrogenase (LDH). Comparison was made to
negative controls that had daily media changes with no S. aureus infection. All
experiments were performed in triplicate.
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IL-6 ELISA
A sandwich ELISA technique was carried out to detect IL-6 protein expression in cell
supernatants. Briefly, ELISA plates were coated overnight with rat anti-human capture
antibody (BD Biosciences, California, USA), diluted in 0.1 M NaHCO3, at 4°C. After
washing with PBS containing 0.05% tween-20 (Sigma-Aldrich), plates were incubated
with blocking buffer (PBS containing 2% bovine serum albumin (Sigma-Aldrich)) for 2
hours at room temperature. Samples and standard concentrations (BD Biosciences) were
applied to the wells in duplicates and incubated at room temperature for another 2 hours.
After washing, biotinylated rat anti-human IL-6 antibody (BD Biosciences) was added and
incubated at room temperature for 30 minutes. After washing, Horseradish Peroxidaseconjugated streptavidin (Thermo Scientific, Australia) was incorporated and incubated at
room temperature for 30 minutes. TMB (3,3′,5,5′-Tetramethylbenzidine) substrate solution
(Thermo Scientific, Australia) was applied and the reaction stopped with 0.16 M sulphuric
acid after 10 minutes. Light absorbance was measured at 450 nm using spectrometry. The
values obtained were corrected by dilution factor and expressed in pg/ml. The lower limit
of detection was 12.5 pg/ml. Statistical analysis was performed with Graphpad Prism 5.0
software (San Diego, CA) as previously described.

Lactate Dehydrogenase Assay
Culture supernatants were centrifuged then passed through a 0.22 µm filter before being
processed by a commercially available LDH assay (CytoTox 96® Non-Radioactive
Cytotoxicity Assay, Promega, Madison, WI) as per the manufacturer‟s instructions.
Briefly, in a 96 well plate, 50 µl of filtered supernatant was mixed with 50 µl of substrate
mix and incubated for 30 minutes at room temperature. The reaction was stopped by
adding 50 µl of stop solution and absorbance determined at 490 nm.
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6.4 RESULTS
Intramucosal S. aureus harvested from sinonasal tissue samples demonstrate small
colony variant growth patterns
Swabs from the surface of sinonasal tissue samples grew numerous bacterial colonies on
blood agar plates after 48 hours with a normal phenotype, characterised by yellow
pigmentation and weak hemolysis. After disinfecting the surface of the tissue, we were
unable to culture any bacteria from further tissue swabs. However, upon homogenisation of
tissue samples we noted the growth of small and very small sized non-pigmented, nonhemolytic colonies of S. aureus after 48 hours. Clear morphologic differences in terms of
colony size and colour could be seen between the bacteria harvested from surface tissue
swabs and those harvested from tissue homogenates (Fig. 6.1A-B). Colony sizes were
measured using ImageJ and a statistically significant difference in size was noted (p <
0.0001, unpaired t-test) (Fig. 6.1D). When these colonies were immediately plated onto
chromogenic agar, they demonstrated a lack of coagulase activity, a hallmark of the SCV
phenotype.289 Intramucosal colonies that were subcultured overnight in nutrient broth and
then plated onto blood agar demonstrated a return to normal colony growth patterns. Swabs
of surface, intramucosal and sub-cultured intramucosal colonies were sent for
microbiological analysis that identified the bacterial species and genus as S. aureus. In
order to confirm that the differing growth patterns could not be attributed to strain
divergence, PFGE was performed, demonstrating that the strains of S. aureus cultured held
an identical genotype, despite the marked difference in growth patterns (Fig. 6.1E)
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Figure 6.1: Small Colony Variants in CRS mucosal samples.
A-C: Horse blood agar plates incubated at 37°C for 48 hours and inoculated with; A:
surface tissue swabs of sinonasal mucosa demonstrating a mixed population of normal
sized and small colonies of S. aureus with the characteristic yellow colour; B: sinonasal
mucosal tissue homogenate post disinfection of surface bacteria demonstrating a
population of small and very small colonies of S. aureus, whitish in colour; C:
intramucosal colonies subcultured onto chromagenic agar demonstrating lack of coagulase
activity.
D: Comparison of colony size retrieved from tissue swab versus sinonasal mucosal tissue
homogenate. Bars represent mean +/- SEM (*** p < 0.0001, unpaired t-test).
E: Pulse Field Gel Electrophoresis dendrogram demonstrating identical clonal types of S.
aureus harvested from surface tissue swabs from two different CRS patients (1A/2A),
intramucosal small colonies (1B/2B) and subcultured intramucosal colonies (1C/2C).
Vertical bars demonstrate fragments of bacterial DNA cut by restriction enzymes and
pulsotype refers to the same clonal strain.
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S. aureus strains downregulate virulence factors upon internalisation into epithelial
cells
Reference strains S. aureus ATCC 13565 and ATCC 14458 both expressed the appropriate
enterotoxin gene, detected using qRT-PCR and secreted the respective SEA or SEB toxin,
identified using the TECRA kit. These strains were then used to infect AEC with an MOI
of 100:1. Culture supernatants from flasks of purely intracellular infected cells did not
demonstrate any bacterial growth when plated onto agar (Fig. 6.2A). However, when the
same cellular monolayer was lysed and plated onto agar, it grew numerous colonies of
bacteria (Fig. 6.2B). These results indicate that a one hour exposure of the epithelial cells
to S. aureus enabled the bacteria to enter the cells and that they stayed viable within the
intracellular compartments. Also, the lysostaphin/gentamicin treatment could effectively
eliminate all extracellular bacteria while leaving the intracellular bacteria unaffected.
Control cell cultures that were infected with S. aureus and did not get a
lysostaphin/gentamicin treatment demonstrated significant bacterial growth in the culture
supernatant (Fig. 6.2C). These were clonally typed by PFGE to confirm that they were the
same strain as that used to inoculate the cultures.

In the absence of any SEA-positive (ATCC 13565) extracellular bacteria, after 24 hours of
intracellular infection we were unable to detect SEA in either the culture supernatant (Fig.
6.2D) or cell lysate (Fig. 6.2E) of intracellular infected cells compared to detectable SEA
in the supernatant of extracellular S. aureus flasks (Fig. 6.2F). This suggests that the
intracellular bacteria had switched off their toxin production. In order to determine if this
phenotype switching was reversible, the bacteria harvested from the intracellular infected
monolayer were subcultured in nutrient broth overnight. Analysis of the broth with the
TECTA enterotoxin kit demonstrated positive SEA (results not shown), indication that the
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secretion was switched back on by exposure to the different environment. Conversely,
infection with the SEB reference strain ATCC 14458 demonstrated evidence of SEB
within the cell lysate and culture supernatants of both intracellular and extracellular flasks
suggesting that the bacteria were unable to downregulate their toxin production. Using the
semi-quantitative scale, there was more toxin detected in the cell lysates of intracellular
infected cells as opposed to the corresponding culture supernatant (Fig. 6.2G-I).
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Figure 6.2: Staphylococcal entereotoxin detection from in vitro infection experiments.
A-C: Horse blood agar plates grown overnight at 37°C inoculated with; A: culture media
from airway epithelial cell flasks intracellularly infected with ATCC 13565 demonstrating
the absence of viable bacteria; B: epithelial monolayer lysed in water 24 hours post
infection with S. aureus demonstrating presence of intracellular bacteria; C: extracellular
culture media infected with S. aureus demonstrating significant bacterial growth.
D-I: 3M TECRA S. aureus enterotoxin A and B identification test; experiments using
ATCC 13565 (SEA, D-F (black)); experiments using ATCC 14458 (SEB, G-I (blue):);
D/G: culture media from intracellular infected epithelial cells demonstrating reduced
production of SEA but not SEB; E/H: cell lysates of intracellular infected epithelial cells
demonstrating reduced production of SEA but not SEB; F/I: culture media from
extracellular infected epithelial cells demonstrating evidence of SEA and SEB.
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Enterotoxin production in clinical isolates
Six patients had S. aureus cultured at the time of surgery. Of these strains, we used qRTPCR to identify that one strain expressed the SEA gene and another, isolated from a
different patient, expressed the SEB gene. TECRA analysis demonstrated that the
respective toxins were produced when the isolates were placed in liquid culture overnight
at 37°C. When these strains were used to infect cellular AEC monolayers, the cell lysates
or supernatants showed no detectable toxins. Conversely, detectable toxin was found in the
supernatants of extracellular infected flasks. This indicates that clinical isolates that contain
enterotoxin genes are capable of “switching off” their production of toxins upon entering
the intracellular environment. Interestingly, both strains appeared able to switch off their
toxin production, as opposed to only one of the reference strains, suggesting that these
clinical isolates had adapted the capacity to downregulate their virulence as a mechanism
to persist within the cellular environment.

S. aureus does not cause significant cellular toxicity after internalisation and develops a
SCV-like growth pattern
After AEC were infected with S. aureus ATCC 13565 as previously described, cell culture
media was changed daily, and IL-6 measured using ELISA. The IL-6 level in the culture
supernatant of cells infected with S. aureus was significantly higher than control cells
(p=0.0002, unpaired t-test) on day 1 after infection (Fig. 6.3A). However, at all subsequent
time points up to 7 days after initial infection, there was no significant difference in IL-6
levels between the control and infected cell cultures. This indicates that HNECs react when
challenged with S. aureus by secreting the pro-inflammatory factor IL6, as expected, but
that the intracellular bacteria do not elicit such a reaction. In order to test for toxic effects,
we determined LDH levels in the same culture supernatants. When LDH measurements
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from infected cell cultures were analysed (Fig. 6.3B) against negative control cultures there
were no significant differences at any time point. Cell lysates cultured on blood agar
confirmed intracellular bacterial presence throughout the experiments and demonstrated
phenotypic growths pattern changes from normal colony sizes at day 0-2, to SCV-like
colonies identified after 3 days (Fig. 6.3C-D).

Figure 6.3: Effects of long term intracellular infection with S. aureus ATCC 13565 on
airway epithelial cells.
A: IL-6 ELISA of culture media post intracellular infection demonstrating a statistically
significant rise on day 1 (*** p = 0.0002, unpaired t-test) followed by a reduction to levels
similar to non-infected cells;
B: LDH measurements of culture media post intracellular infection demonstrating no
significant difference compared to non-infected cells. Bars for A/B represent mean +/SEM;
C/D: Intracellular colonies retrieved from epithelial monolayer; C: Day 3 post infection
demonstrating mixed population of normal and small colonies; D: Day 6 post infection
demonstrating several small colony variants, characterized by tiny (pinpoint) nonpigmented colonies (blue arrows).
163

CHAPTER 6

Small colony variants and phenotype switching of intracellular
Staphylococcus aureus in chronic rhinosinusitis

6.5 DISCUSSION
In this study, we sought to link the concept of small colony variants to that of phenotype
switching and the potential relationships to recalcitrant CRS. We identified that the
bacterial phenotype of intramucosal organisms harvested ex vivo from sinonasal tissue
specimens is indicative of a SCV. PFGE demonstrated that these organisms were of an
identical clonal type despite variation in growth patterns. In the second part of this study
we used an in vitro model to demonstrate that after internalisation into epithelial cells, wild
type bacteria rapidly reduce an aspect of virulence potential as represented by suppression
of superantigen production. Reversion to wild-type phenotype, represented by normal
growth pattern and detectable superantigen production was achieved after a single
subculture step, indicating virulence suppression was readily reversible.

Through our harvesting techniques we are able to identify that different phenotypic growth
patterns can be seen when comparing bacteria swabbed from the surface of mucosal
specimens obtained from CRS patients and those from the mucosal homogenates.
Organisms harvested from the mucosa were significantly smaller than surface ones.
Through PFGE analysis we confirmed that the bacterial strains are clonally identical
despite the markedly different growth patterns, perhaps suggesting altered transcription
factor regulation or epigenetic changes occurred. Furthermore, bacteria from the mucosa
did not demonstrate any coagulase activity when plated onto chromogenic agar, a hallmark
of the SCV phenotype.289 These harvested SCVs demonstrated their capacity to revert back
to the wild type form with a single sub-culture step. Studies have described SCV growth
from tissue homogenates previously;251 however our methodology employs a series of
steps that aims to eliminate surface bacterial contaminants, and demonstrated the
elimination of any surface bacterial growth post-treatment. In studies that homogenise
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whole tissue samples without surface cleansing, it is possible that these bacteria were
cultured from surface biofilms, as decreased metabolic rate and growth is also a hallmark
of the biofilm phenotype.341 Biofilms are known to colonise vascular prosthesis,342 cardiac
devices343 and artificial joints,192 as well as playing a role in chronic rhinosinusitis.202,297,319
The phenotypic form of bacteria that reside and form a biofilm could even be that
resembling a SCV, a hypothesis that could account for their altered growth and antibiotic
resistance patterns. This is an area that would benefit from further investigation.

We have demonstrated through our in vitro experiments that enterotoxin production can, in
certain strains, be downregulated after only 24 hours of exposure to the intracellular
environment. This may represent the bacterium altering its pathogenic capacity so as to
reduce the toxic effects to the cell and thus maintain its protective environmental niche.
When extracellular bacteria were left in the culture media, the fact that the monolayer was
effectively lysed within 24 hours is a clear demonstration as to the pathogenic capabilities
of the organism through virulence factors such as staphylococcal enterotoxins and poreforming toxins such as alpha-hemolysin. Interestingly, after infecting cell cultures with
SEA and SEB producing clinical isolates, both strains were capable of downregulating
their virulence state. Conversely, one of the two reference strains was unable to reduce its
enterotoxin production such that enterotoxin was detected within the cell lysate after
internalisation. This suggests that the ability to alter the virulence state may be an
important factor in achieving the indolent infection, and that less adaptable organisms may
alert the host immune system for its eradication. However, the mechanism by which
organisms sense and respond to their environmental pressures remains poorly understood.
One factor that has been described as a potential mechanism is known as the “bet-hedging
strategy”.344 In this, it is thought that sub-population variations in phenotypic expression
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may be selectively pressured into emergence through factors such as antibiotic treatment.
This may occur as a means for overall species survival in the face of hostile environments.

When we performed intracellular infections with medium-term durations of up to 7 days, it
was interesting to see that although the internalisation of the organisms caused an initial
inflammatory response (IL-6 production), this was rapidly reduced as a consequence of
reduced virulence. The initial stimulation supports the findings of Sachse et al,240 however,
in this study the authors did not make any further supernatant recordings beyond a 12 hour
time-point. The fact that there was no significant increase in LDH at any time point
suggests that despite this inflammatory insult, it did not lead to any additional toxicity.
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6.6 CONCLUSION
Our results strengthen the hypothesis that intracellular S. aureus in chronic rhinosinusitis
have a small colony variant phenotype, and subvert the host immune response by different
mechanisms. These include the abortion of a pro-inflammatory immune response, absence
of toxic effects and a reversible switching of bacterial virulence factors. Regulation of S.
aureus virulence factors is a dynamic process dependant on environmental factors;
specifically, the intracellular milieu appears to provide the necessary pressures to cause
these alterations in an attempt for the bacterium to survive and persist within host tissues.
The small colony variant hypothesis is one that is applicable to bacterial persistence in
chronic rhinosinusitis, strengthened by evidence from their retrieval within mucosal
homogenates. Further investigation is required to ascertain whether SCVs in CRS hold a
clinically relevant pathogenic role in recalcitrant disease.

167

CHAPTER 7

GENERAL DISCUSSION

168

CHAPTER 7

THESIS SYNOPSIS

7.1 THESIS SYNOPSIS
Research into the impact of intracellular S. aureus in CRS is still at its early stages. The
work presented in this PhD thesis has provided novel insights alluding to a role of
intracellular S. aureus in recalcitrant CRS. The versatility of S. aureus in altering its
phenotypic characteristics to exploit the local environment makes it challenging to fully
eradicate, and significant associations can be made between intracellular infection and
recalcitrant disease. Despite this, there remains a significant body of work that is required
to be performed prior to being able to attribute this as an independent risk factor in
recalcitrant CRS.

In Chapter 2, a novel imaging and processing technique that utilised FISH-CSLM/PI was
developed to allow the simultaneous detection of intracellular and surface biofilm S.
aureus status within the same piece of tissue. This was validated against a recognised
technique of IHC within the same cohort of patents with an assessment as to the pros and
cons of each technique. IHC allows for more accurate cellular morphology, and the
specific advantage of being able to image a full section of tissue through the epithelium
and down to the sub-mucosa. The disadvantage of IHC is that accurate biofilm analysis is
impossible due to tissue processing artefact or sampling error. On the other hand, FISHCSLM/PI did allow for the simultaneous biofilm and intracellular analysis, a critically
important function of this technique as it allowed us to co-localise the two phenotypic
forms of S. aureus within the same piece of tissue. Furthermore, by the use of whole
mucosal specimens it is possible to image a much larger area for evidence of bacteria, thus
reducing the risk of sampling errors. However, a drawback of the FISH-CSLM/PI
technique is that the laser beam is unable to penetrate deeper than the epithelial layer, and
therefore we are unable to obtain any data as to the presence or absence of submucosal
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bacteria. As yet, it is unknown whether submucosal bacterial infection is a continuum of
intraepithelial infection, or represents a distinct clinical entity in itself. This would clearly
benefit from further investigation.

After performing IHC on S. aureus infected patient tissue samples an unexpected finding
was noted; that of false-positive fluorescence associated with primary antibodies and their
negative isotype controls, thereby confusing and potentially invalidating any IHC results.
In Chapter 3, this was hypothesised to be due to the protein A component of S. aureus cell
walls which survived tissue processing and continued to exhibit its strong affinity for IgG
type antibodies. Therefore the methodology of blocking protein A by saturation with
HuIgG prior to application of primary antibodies was developed. Blocking with different
concentrations of HuIgG identified a dose-related response, and the optimum conditions
were found at a concentration of 200 µg/ml for a duration of 2 hours at room temperature.
This was then validated threefold; (i) in formalin fixed S. aureus slide smears, (ii) in
biopsy specimens of intracellular S. aureus positive CRS patients, and (iii) in biopsy
specimens of healthy control patients experimentally infected with S. aureus, to show that
false-positive Protein A – Ab binding in IHC could be effectively eliminated.

In Chapter 4, the validated FISH-CSLM/PI protocol was applied to a wider cohort of
patients undergoing endoscopic sinus surgery, including both CRS patients and control
patients with no evidence of sino-nasal disease. We found no evidence of S. aureus
infection within the control group. In the CRS cohort, we found that all cases of
intracellular S. aureus were related to surface biofilm, and furthermore there were no cases
of intracellular infection without concurrent surface biofilm. This suggested that the
biofilm may provide a conditioned environment to allow internalisation of bacteria into the
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epithelial layer. Certainly it is well known that healthy epithelium produces a mucociliary
blanket that traps planktonic bacteria in its periphery, and when the underlying cilia are
functioning normally to expel mucous out of the sinus, this may provide a mechanism to
prevent adherence of bacteria to the epithelial surface. By the very nature of a biofilm
being attached to the mucosal surface, coupled with local destructive effects to cilia, this
may provide the micro-environment that allows planktonic bacteria shed from the biofilm
to adhere to, and then invade into deeper tissues.

The next step was to determine whether the intracellular phenotype had any effect on
outcomes following endoscopic sinus surgery. If it could be shown that patients who
harboured intracellular S. aureus at the time of surgery had a different outcome profile to
that of negative patients or those with biofilm only it would direct our future research to
focus on methods of intracellular elimination. In Chapter 5 we identified that patients with
intracellular S. aureus infections were more likely to suffer a clinical and microbiological
failure of medical and surgical therapy, and for the first time in the literature we reported
the impact of intracellular S. aureus in the post surgical patient. As with any study we do
accept the limitations of this work. Our main outcome measures during clinical follow-up
were symptomatic abnormal mucosa (oedema, polypoid change, granulations, crusting or
frank mucopus or discharge) associated with S. aureus positive microbiological culture. As
a full data set of objective and subjective postoperative symptom scores was not obtained
in this study, the relationship between intracellular bacteria and symptomatic relapse can
only be inferred. Nevertheless, we feel that our criteria of clinical relapse as being
endoscopic signs of disease coupled with positive microbiology was sufficient to draw
conclusions on the risk of developing recurrent post-surgical infections.
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Finally, in Chapter 6 we endeavoured to further understand the mechanisms of how
bacteria interact with host cells upon internalising and we questioned the concept of
bacterial phenotype switching in airway epithelial cells. For S. aureus to persist within
tissues we hypothesised that it is capable of dynamically altering its virulence factors. By
utilising reference strains of S. aureus known to produce superantigenic enterotoxins, we
performed in vitro infections of airway epithelial cells and demonstrated that within 24
hours of internalisation, the bacteria reduced their production of toxins to an undetectable
level. This was accompanied by alterations in growth patterns with a decreased metabolic
rate to produce phenotypic colonies remarkably similar to SCVs. After intracellular
bacteria were harvested from the epithelial monolayer, a single sub-culture step was all that
was required to cause their reversion back to the wild-type parental strain with a return of
virulence potential as noted by their enterotoxin production. When considering the
medium-term effects of intracellular infection, we sought to understand the effects on the
host cell. By utilising an IL-6 ELISA we identified that internalisation of bacteria caused
an initial inflammatory insult, however, this rapidly reduced to comparable levels with
control cells, and furthermore at no point did we notice any cellular cytotoxicity as per our
LDH assay. Finally we wanted to correlate the in vitro findings of induced SCVs to that of
bacteria within sino-nasal mucosal biopsies. We were able to identify that the bacterial
phenotype of intramucosal organisms harvested ex vivo from sinonasal tissue specimens
highly resembles that of an SCV with the characteristically small colony growth and lack
of coagulase activity. By clonal typing bacteria using PFGE it was noted that the harvested
SCVs were identical to bacteria on the tissue surfaces that cultured phenotypically normal
colonies.
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7.2 FUTURE DIRECTIONS
The work presented thus far sets a solid background for which future research can be
directed in order to more completely understand the impact of the intracellular phenotype
of S. aureus on disease progression and especially recalcitrance in CRS. The future plans
are summarised as follows;

7.2.1 REFINEMENT OF INTRACELLULAR BACTERIA DETECTION AND
HARVESTING TECHNIQUES
Although the studies presented in this thesis utilise state of the art molecular and imaging
techniques for the detection of intracellular S. aureus, a limitation is that molecular FISH
probes target the nucleic acid “fingerprint” left by bacterial DNA. Thus, it is difficult to
definitively conclude that the fluorescence seen represents live, viable bacteria. Although
we have attempted to overcome this issue with modifications of standard culture
techniques in Chapter 6, there are a number of potential methodologies that could be
employed to more definitively harvest intracellular/intramucosal bacteria. After enzymatic
cell proteolysis of mucosal specimens it is possible to collect intact epithelial cells
separately from other structures that encompass the ECM such as fibroblasts or collagen.
This could be accomplished either using magnetic beads coupled to epithelial cell specific
antibodies, or, alternatively by sorting epithelial cells after flow cytometry (fluorescenceactivated cell sorting-FACS). From this pure epithelial cellular distillation it would be
possible to lyse the cells and culture any intracellular bacteria present. If this technique was
validated against FISH/CSLM samples from the same subject it would provide significant
proof that the fluorescence seen in tissue samples using our protocols demonstrates live
bacteria.
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If these techniques are successful in conclusively harvesting intracellular organisms not
only does it add credence to the work presented thus far, but also allows for the possibility
of performing whole genomic analysis of bacteria harvested from patient samples ex vivo.
Commercially available microarray kits can be used to sequence the whole genome of S.
aureus, and have already been used to identify significant transcriptional changes that
occur after in vitro infection experiments. To be able to confirm these results in ex vivo
harvested bacteria would certainly be an important finding.

7.2.2 EFFECT

OF

INTRACELLULAR

INFECTION

ON

SYMPTOMATIC

OUTCOMES
Although we noted an association between intracellular infection at the time of surgery and
clinical and microbiological failure, it would be advantageous to be able to define a true
impact on outcomes from the patient perspective. Therefore, a further prospective study
with validated subjective symptom scores collected pre- and post-operatively along with
other objective markers of disease severity such as the Lund-Kennedy endoscopic score is
underway. By collecting subjective and objective outcome data we will have a more
encompassing understanding of the true impact on disease. Furthermore, sub-dividing
patient categories to take into account confounding causes for clinical relapse such as the
presence of nasal polyposis will allow us to identify whether intracellular S. aureus
represents a true independent risk factor for developing recalcitrant disease.

7.2.3 CHARACTERISATION

OF

IMMUNOLOGICAL

RESPONSES

TO

INTRACELLULAR INFECTION
Research thus far has not assessed the immunological impact of intracellular S. aureus
infection. Although we have identified a mechanism by which the organism can alter its
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phenotypic form so as to shield itself from detection, it is certainly possible that the
organisms are in some way interacting with the host cells. The recognition that
extracellular planktonic or biofilm S. aureus can induce an altered Th2 cytokine response
leads to questions as to whether the intracellular phenotype may contribute to these
changes through intracellular PRR‟s such as toll-like receptors (TLR) or nucleotide
oligomerization domain (NOD) like receptors. Whether the activation of intracellular
PRR‟s leads to irreversible mucosal fibrosis and scarring through the upregulation of profibrotic factors such as transforming growth factor beta (TGF-β) is an interesting
hypothesis, and certainly worth further investigation. The intracellular infection model
used in Chapter 6 would offer an excellent model to perform such experiments in. After a
set infection period, all extracellular bacteria are eliminated from the culture by the
addition of lysostaphin. This model results in an epithelial monolayer infected with S.
aureus with the exclusion of extracellular bacteria as a confounding factor.

7.2.4 THE FATE OF INTRACELLULAR STAPHYLOCOCCUS AUREUS
The ultimate fate of intracellular S. aureus remains unknown. To understand whether
intracellular bacteria can be released following cell lysis or apoptosis would be critical in
identifying mechanisms by which intracellular organisms in vivo can be responsible for
relapsing infections. Although the studies included in Chapter 6 have demonstrated that
intracellular bacteria can be cultured from in vitro cell cultures lysed in water, further
experimentation to identify whether an apoptotic cell, for example, is able to release viable
bacteria would add credence to the “reservoir of infection” hypothesis. By using the
intracellular infection model, epithelial monolayers can be treated with agents that induce
necrosis such as 5% Zinc Sulphate, or apoptosis such as etoposide or doxorubicin. Cellular
supernatants can then be cultured to determine whether viable bacteria can be found.
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7.3 CONCLUSION
In conclusion, this PhD thesis has provided novel insights alluding to a role of intracellular
S. aureus in recalcitrant CRS. We have identified that intracellular S. aureus not only
exists in the sinonasal epithelium of CRS patients, but also plays a significant role in
disease relapse following surgery. The concepts of bacterial phenotype switching and
SCVs in CRS have been raised as potential mechanisms by which organisms may survive
and persist within epithelial cells. We have identified the presence of SCVs in ex vivo
tissue samples and found that wild-type bacteria may be pressured into an SCV-like
phenotype after exposure to the intracellular environment. Although the long term effects
and the ultimate fate of intracellular S. aureus is not yet known, this work has provided a
foundation to guide further investigation into intracellular S. aureus in CRS. Ultimately,
we hope that this may direct investigations into potential therapeutic treatments of this
complex disease.

176

BIBLIOGRAPHY

BIBLIOGRAPHY

177

BIBLIOGRAPHY

1.
2.

3.
4.

5.
6.
7.
8.
9.
10.
11.

12.

13.

14.
15.
16.
17.

18.

19.
20.
21.

Lanza DC, Kennedy DW. Adult rhinosinusitis defined. Otolaryngol Head Neck
Surg 1997; 117:S1-7.
Meltzer EO, Hamilos DL, Hadley JA, Lanza DC, Marple BF, Nicklas RA et al.
Rhinosinusitis: establishing definitions for clinical research and patient care. J
Allergy Clin Immunol 2004; 114:155-212.
Fokkens W, Lund V, Mullol J. European position paper on rhinosinusitis and nasal
polyps 2007. Rhinol Suppl 2007:1-136.
Fokkens WJ, Lund VJ, Mullol J, Bachert C, Alobid I, Baroody F et al. EPOS 2012:
European position paper on rhinosinusitis and nasal polyps 2012. A summary for
otorhinolaryngologists. Rhinology 2012; 50:1-12.
Benson V, Marano MA. Current estimates from the National Health Interview
Survey, 1995. Vital Health Stat 10 1998:1-428.
Collins JG. Prevalence of selected chronic conditions: United States, 1986-88. Vital
Health Stat 10 1993:1-87.
Adams PF, Benson V. Current estimates from the National Health interview
survey, 1989. Vital Health Stat 10 1990:1-221.
Anand VK. Epidemiology and economic impact of rhinosinusitis. Ann Otol Rhinol
Laryngol Suppl 2004; 193:3-5.
Hamilos DL. Chronic rhinosinusitis: Epidemiology and medical management. J
Allergy Clin Immunol 2011.
Collins JG. Prevalence of selected chronic conditions: United States, 1990-1992.
Vital Health Stat 10 1997:1-89.
Jarvis D, Newson R, Lotvall J, Hastan D, Tomassen P, Keil T et al. Asthma in
adults and its association with chronic rhinosinusitis: the GA2LEN survey in
Europe. Allergy 2012; 67:91-98.
Murphy MP, Fishman P, Short SO, Sullivan SD, Yueh B, Weymuller EA, Jr.
Health care utilization and cost among adults with chronic rhinosinusitis enrolled in
a health maintenance organization. Otolaryngol Head Neck Surg 2002; 127:367376.
Ray NF, Baraniuk JN, Thamer M, Rinehart CS, Gergen PJ, Kaliner M et al.
Healthcare expenditures for sinusitis in 1996: contributions of asthma, rhinitis, and
other airway disorders. J Allergy Clin Immunol 1999; 103:408-414.
Bhattacharyya N. Incremental health care utilization and expenditures for chronic
rhinosinusitis in the United States. Ann Otol Rhinol Laryngol 2011; 120:423-427.
Blackwell DL, Collins JG, Coles R. Summary health statistics for U.S. adults:
National Health Interview Survey, 1997. Vital Health Stat 10 2002:1-109.
Rudmik L, Smith TL. Quality of life in patients with chronic rhinosinusitis. Curr
Allergy Asthma Rep 2011; 11:247-252.
Benninger MS, Khalid AN, Benninger RM, Smith TL. Surgery for chronic
rhinosinusitis may improve sleep and sexual function. Laryngoscope 2010;
120:1696-1700.
Wabnitz DA, Nair S, Wormald PJ. Correlation between preoperative symptom
scores, quality-of-life questionnaires, and staging with computed tomography in
patients with chronic rhinosinusitis. Am J Rhinol 2005; 19:91-96.
Gliklich RE, Metson R. The health impact of chronic sinusitis in patients seeking
otolaryngologic care. Otolaryngol Head Neck Surg 1995; 113:104-109.
Antunes MB, Gudis DA, Cohen NA. Epithelium, cilia, and mucus: their importance
in chronic rhinosinusitis. Immunol Allergy Clin North Am 2009; 29:631-643.
Gudis D, Zhao KQ, Cohen NA. Acquired cilia dysfunction in chronic
rhinosinusitis. Am J Rhinol Allergy 2012; 26:1-6.
178

BIBLIOGRAPHY

22.
23.
24.

25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.

36.
37.
38.
39.

40.

41.

42.

43.

Krause HF. Allergy and chronic rhinosinusitis. Otolaryngol Head Neck Surg 2003;
128:14-16.
Emanuel IA, Shah SB. Chronic rhinosinusitis: allergy and sinus computed
tomography relationships. Otolaryngol Head Neck Surg 2000; 123:687-691.
Feng CH, Miller MD, Simon RA. The united allergic airway: connections between
allergic rhinitis, asthma, and chronic sinusitis. Am J Rhinol Allergy 2012; 26:187190.
Chang JE, White A, Simon RA, Stevenson DD. Aspirin-exacerbated respiratory
disease: burden of disease. Allergy Asthma Proc 2012; 33:117-121.
Ooi EH, Psaltis AJ, Witterick IJ, Wormald PJ. Innate immunity. Otolaryngol Clin
North Am 2010; 43:473-487, vii.
Mfuna-Endam L, Zhang Y, Desrosiers MY. Genetics of rhinosinusitis. Curr
Allergy Asthma Rep 2011; 11:236-246.
Tewfik MA, Bosse Y, Al-Shemari H, Desrosiers M. Genetics of chronic
rhinosinusitis: a primer. J Otolaryngol Head Neck Surg 2010; 39:62-68.
Lieu JE, Feinstein AR. Confirmations and surprises in the association of tobacco
use with sinusitis. Arch Otolaryngol Head Neck Surg 2000; 126:940-946.
Wang JH, Kwon HJ, Jang YJ. Rhinovirus upregulates matrix metalloproteinase-2,
matrix metalloproteinase-9, and vascular endothelial growth factor expression in
nasal polyp fibroblasts. Laryngoscope 2009; 119:1834-1838.
Foreman A, Jervis-Bardy J, Wormald PJ. Do biofilms contribute to the initiation
and recalcitrance of chronic rhinosinusitis? Laryngoscope 2011; 121:1085-1091.
Healy DY, Leid JG, Sanderson AR, Hunsaker DH. Biofilms with fungi in chronic
rhinosinusitis. Otolaryngol Head Neck Surg 2008; 138:641-647.
King LS. Dr. Koch's postulates. J Hist Med Allied Sci 1952; 7:350-361.
Cohen ML. Changing patterns of infectious disease. Nature 2000; 406:762-767.
Niederfuhr A, Kirsche H, Riechelmann H, Wellinghausen N. The bacteriology of
chronic rhinosinusitis with and without nasal polyps. Arch Otolaryngol Head Neck
Surg 2009; 135:131-136.
Brook I. Aerobic and anaerobic bacterial flora of normal maxillary sinuses.
Laryngoscope 1981; 91:372-376.
Bhattacharyya N. Bacterial infection in chronic rhinosinusitis: a controlled paired
analysis. Am J Rhinol 2005; 19:544-548.
Nilsson L, Oliver JD, Kjelleberg S. Resuscitation of Vibrio vulnificus from the
viable but nonculturable state. J Bacteriol 1991; 173:5054-5059.
Vlckova I, Navratil P, Kana R, Pavlicek P, Chrbolka P, Djupesland PG. Effective
treatment of mild-to-moderate nasal polyposis with fluticasone delivered by a novel
device. Rhinology 2009; 47:419-426.
Small CB, Hernandez J, Reyes A, Schenkel E, Damiano A, Stryszak P et al.
Efficacy and safety of mometasone furoate nasal spray in nasal polyposis. J Allergy
Clin Immunol 2005; 116:1275-1281.
Jankowski R, Klossek JM, Attali V, Coste A, Serrano E. Long-term study of
fluticasone propionate aqueous nasal spray in acute and maintenance therapy of
nasal polyposis. Allergy 2009; 64:944-950.
Stjarne P, Mosges R, Jorissen M, Passali D, Bellussi L, Staudinger H et al. A
randomized controlled trial of mometasone furoate nasal spray for the treatment of
nasal polyposis. Arch Otolaryngol Head Neck Surg 2006; 132:179-185.
Jorissen M, Bachert C. Effect of corticosteroids on wound healing after endoscopic
sinus surgery. Rhinology 2009; 47:280-286.
179

BIBLIOGRAPHY

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

Dijkstra MD, Ebbens FA, Poublon RM, Fokkens WJ. Fluticasone propionate
aqueous nasal spray does not influence the recurrence rate of chronic rhinosinusitis
and nasal polyps 1 year after functional endoscopic sinus surgery. Clin Exp Allergy
2004; 34:1395-1400.
Kanowitz SJ, Batra PS, Citardi MJ. Topical budesonide via mucosal atomization
device in refractory postoperative chronic rhinosinusitis. Otolaryngol Head Neck
Surg 2008; 139:131-136.
Sachanandani NS, Piccirillo JF, Kramper MA, Thawley SE, Vlahiotis A. The effect
of nasally administered budesonide respules on adrenal cortex function in patients
with chronic rhinosinusitis. Arch Otolaryngol Head Neck Surg 2009; 135:303-307.
Steinke JW, Payne SC, Tessier ME, Borish LO, Han JK, Borish LC. Pilot study of
budesonide inhalant suspension irrigations for chronic eosinophilic sinusitis. J
Allergy Clin Immunol 2009; 124:1352-1354 e1357.
Bhalla RK, Payton K, Wright ED. Safety of budesonide in saline sinonasal
irrigations in the management of chronic rhinosinusitis with polyposis: lack of
significant adrenal suppression. J Otolaryngol Head Neck Surg 2008; 37:821-825.
Hissaria P, Smith W, Wormald PJ, Taylor J, Vadas M, Gillis D et al. Short course
of systemic corticosteroids in sinonasal polyposis: a double-blind, randomized,
placebo-controlled trial with evaluation of outcome measures. J Allergy Clin
Immunol 2006; 118:128-133.
Alobid I, Benitez P, Pujols L, Maldonado M, Bernal-Sprekelsen M, Morello A et
al. Severe nasal polyposis and its impact on quality of life. The effect of a short
course of oral steroids followed by long-term intranasal steroid treatment.
Rhinology 2006; 44:8-13.
Vaidyanathan S, Barnes M, Williamson P, Hopkinson P, Donnan PT, Lipworth B.
Treatment of chronic rhinosinusitis with nasal polyposis with oral steroids followed
by topical steroids: a randomized trial. Ann Intern Med 2011; 154:293-302.
Van Zele T, Gevaert P, Holtappels G, Beule A, Wormald PJ, Mayr S et al. Oral
steroids and doxycycline: two different approaches to treat nasal polyps. J Allergy
Clin Immunol 2010; 125:1069-1076 e1064.
Stanbury RM, Graham EM. Systemic corticosteroid therapy--side effects and their
management. Br J Ophthalmol 1998; 82:704-708.
Sharp HJ, Denman D, Puumala S, Leopold DA. Treatment of acute and chronic
rhinosinusitis in the United States, 1999-2002. Arch Otolaryngol Head Neck Surg
2007; 133:260-265.
Kaszuba SM, Stewart MG. Medical management and diagnosis of chronic
rhinosinusitis: A survey of treatment patterns by United States otolaryngologists.
Am J Rhinol 2006; 20:186-190.
Sylvester DC, Carr S, Nix P. Maximal medical therapy for chronic rhinosinusitis: a
survey of otolaryngology consultants in the United Kingdom. Int Forum Allergy
Rhinol 2012.
Schalek P, Petras P, Klement V, Hahn A. Short-term antibiotics treatment in
patients with nasal polyps and enterotoxins producing Staphylococcus aureus
strains. Eur Arch Otorhinolaryngol 2009; 266:1909-1913.
Huck W, Reed BD, Nielsen RW, Ferguson RT, Gray DW, Lund GK et al. Cefaclor
vs amoxicillin in the treatment of acute, recurrent, and chronic sinusitis. Arch Fam
Med 1993; 2:497-503.
Namyslowski G, Misiolek M, Czecior E, Malafiej E, Orecka B, Namyslowski P et
al. Comparison of the efficacy and tolerability of amoxycillin/clavulanic acid 875
180

BIBLIOGRAPHY

60.

61.
62.

63.

64.

65.

66.

67.
68.

69.

70.

71.
72.

73.

74.

75.

mg b.i.d. with cefuroxime 500 mg b.i.d. in the treatment of chronic and acute
exacerbation of chronic sinusitis in adults. J Chemother 2002; 14:508-517.
Ichimura K, Shimazaki Y, Ishibashi T, Higo R. Effect of new macrolide
roxithromycin upon nasal polyps associated with chronic sinusitis. Auris Nasus
Larynx 1996; 23:48-56.
Hashiba M, Baba S. Efficacy of long-term administration of clarithromycin in the
treatment of intractable chronic sinusitis. Acta Otolaryngol Suppl 1996; 525:73-78.
Suzuki H, Shimomura A, Ikeda K, Oshima T, Takasaka T. Effects of long-term
low-dose macrolide administration on neutrophil recruitment and IL-8 in the nasal
discharge of chronic sinusitis patients. Tohoku J Exp Med 1997; 182:115-124.
Wallwork B, Coman W, Mackay-Sim A, Greiff L, Cervin A. A double-blind,
randomized, placebo-controlled trial of macrolide in the treatment of chronic
rhinosinusitis. Laryngoscope 2006; 116:189-193.
Videler WJ, Badia L, Harvey RJ, Gane S, Georgalas C, van der Meulen FW et al.
Lack of efficacy of long-term, low-dose azithromycin in chronic rhinosinusitis: a
randomized controlled trial. Allergy 2011; 66:1457-1468.
Rudmik L, Hoy M, Schlosser RJ, Harvey RJ, Welch KC, Lund V et al. Topical
therapies in the management of chronic rhinosinusitis: an evidence-based review
with recommendations. Int Forum Allergy Rhinol 2012.
Rabago D, Zgierska A, Mundt M, Barrett B, Bobula J, Maberry R. Efficacy of daily
hypertonic saline nasal irrigation among patients with sinusitis: a randomized
controlled trial. J Fam Pract 2002; 51:1049-1055.
Heatley DG, McConnell KE, Kille TL, Leverson GE. Nasal irrigation for the
alleviation of sinonasal symptoms. Otolaryngol Head Neck Surg 2001; 125:44-48.
Bachmann G, Hommel G, Michel O. Effect of irrigation of the nose with isotonic
salt solution on adult patients with chronic paranasal sinus disease. Eur Arch
Otorhinolaryngol 2000; 257:537-541.
Hauptman G, Ryan MW. The effect of saline solutions on nasal patency and
mucociliary clearance in rhinosinusitis patients. Otolaryngol Head Neck Surg 2007;
137:815-821.
Pynnonen MA, Mukerji SS, Kim HM, Adams ME, Terrell JE. Nasal saline for
chronic sinonasal symptoms: a randomized controlled trial. Arch Otolaryngol Head
Neck Surg 2007; 133:1115-1120.
Harvey R, Hannan SA, Badia L, Scadding G. Nasal saline irrigations for the
symptoms of chronic rhinosinusitis. Cochrane Database Syst Rev 2007:CD006394.
Ebbens FA, Scadding GK, Badia L, Hellings PW, Jorissen M, Mullol J et al.
Amphotericin B nasal lavages: not a solution for patients with chronic
rhinosinusitis. J Allergy Clin Immunol 2006; 118:1149-1156.
Ebbens FA, Georgalas C, Luiten S, van Drunen CM, Badia L, Scadding GK et al.
The effect of topical amphotericin B on inflammatory markers in patients with
chronic rhinosinusitis: a multicenter randomized controlled study. Laryngoscope
2009; 119:401-408.
Liang KL, Su MC, Shiao JY, Tseng HC, Hsin CH, Lin JF et al. Amphotericin B
irrigation for the treatment of chronic rhinosinusitis without nasal polyps: a
randomized, placebo-controlled, double-blind study. Am J Rhinol 2008; 22:52-58.
Kennedy DW, Kuhn FA, Hamilos DL, Zinreich SJ, Butler D, Warsi G et al.
Treatment of chronic rhinosinusitis with high-dose oral terbinafine: a double blind,
placebo-controlled study. Laryngoscope 2005; 115:1793-1799.

181

BIBLIOGRAPHY

76.

77.

78.

79.

80.

81.

82.
83.
84.

85.

86.

87.

88.
89.

90.
91.
92.
93.

94.

Isaacs S, Fakhri S, Luong A, Citardi MJ. A meta-analysis of topical amphotericin B
for the treatment of chronic rhinosinusitis. Int Forum Allergy Rhinol 2011; 1:250254.
Sacks PL, Harvey RJ, Rimmer J, Gallagher RM, Sacks R. Topical and systemic
antifungal therapy for the symptomatic treatment of chronic rhinosinusitis.
Cochrane Database Syst Rev 2011:CD008263.
Smith TL, Batra PS, Seiden AM, Hannley M. Evidence supporting endoscopic
sinus surgery in the management of adult chronic rhinosinusitis: a systematic
review. Am J Rhinol 2005; 19:537-543.
Poetker DM, Smith TL. Adult chronic rhinosinusitis: surgical outcomes and the
role of endoscopic sinus surgery. Curr Opin Otolaryngol Head Neck Surg 2007;
15:6-9.
Hartog B, van Benthem PP, Prins LC, Hordijk GJ. Efficacy of sinus irrigation
versus sinus irrigation followed by functional endoscopic sinus surgery. Ann Otol
Rhinol Laryngol 1997; 106:759-766.
Ragab SM, Lund VJ, Scadding G. Evaluation of the medical and surgical treatment
of chronic rhinosinusitis: a prospective, randomised, controlled trial. Laryngoscope
2004; 114:923-930.
Khalil HS, Nunez DA. Functional endoscopic sinus surgery for chronic
rhinosinusitis. Cochrane Database Syst Rev 2006:CD004458.
Kennedy DW, Wright ED, Goldberg AN. Objective and subjective outcomes in
surgery for chronic sinusitis. Laryngoscope 2000; 110:29-31.
Stammberger H, Posawetz W. Functional endoscopic sinus surgery. Concept,
indications and results of the Messerklinger technique. Eur Arch Otorhinolaryngol
1990; 247:63-76.
Smith TL, Kern R, Palmer JN, Schlosser R, Chandra RK, Chiu AG et al. Medical
therapy vs surgery for chronic rhinosinusitis: a prospective, multi-institutional
study with 1-year follow-up. Int Forum Allergy Rhinol 2012.
Hopkins C, Slack R, Lund V, Brown P, Copley L, Browne J. Long-term outcomes
from the English national comparative audit of surgery for nasal polyposis and
chronic rhinosinusitis. Laryngoscope 2009; 119:2459-2465.
Bassiouni A, Naidoo Y, Wormald PJ. Does mucosal remodeling in chronic
rhinosinusitis result in irreversible mucosal disease? Laryngoscope 2012; 122:225229.
Woodbury K, Ferguson BJ. Recalcitrant chronic rhinosinusitis: investigation and
management. Curr Opin Otolaryngol Head Neck Surg 2011; 19:1-5.
Weinrick B, Dunman PM, McAleese F, Murphy E, Projan SJ, Fang Y et al. Effect
of mild acid on gene expression in Staphylococcus aureus. J Bacteriol 2004;
186:8407-8423.
Cimolai N. MRSA and the environment: implications for comprehensive control
measures. Eur J Clin Microbiol Infect Dis 2008; 27:481-493.
Walther BA, Ewald PW. Pathogen survival in the external environment and the
evolution of virulence. Biol Rev Camb Philos Soc 2004; 79:849-869.
Davies RR, Noble WC. Dispersal of bacteria on desquamated skin. Lancet 1962;
2:1295-1297.
Iorio NL, Ferreira RB, Schuenck RP, Malvar KL, Brilhante AP, Nunes AP et al.
Simplified and reliable scheme for species-level identification of Staphylococcus
clinical isolates. J Clin Microbiol 2007; 45:2564-2569.
Edwards KJ, Logan JM, Langham S, Swift C, Gharbia SE. Utility of real-time
amplification of selected 16S rRNA gene sequences as a tool for detection and
182

BIBLIOGRAPHY

95.

96.

97.

98.

99.
100.

101.

102.
103.

104.

105.

106.

107.

108.
109.

identification of microbial signatures directly from clinical samples. J Med
Microbiol 2012; 61:645-652.
Gonzalez V, Padilla E, Gimenez M, Vilaplana C, Perez A, Fernandez G et al. Rapid
diagnosis of Staphylococcus aureus bacteremia using S. aureus PNA FISH. Eur J
Clin Microbiol Infect Dis 2004; 23:396-398.
Kuroda M, Ohta T, Uchiyama I, Baba T, Yuzawa H, Kobayashi I et al. Whole
genome sequencing of meticillin-resistant Staphylococcus aureus. Lancet 2001;
357:1225-1240.
Sanguinetti L, Toti S, Reguzzi V, Bagnoli F, Donati C. A Novel Computational
Method Identifies Intra- and Inter-Species Recombination Events in
Staphylococcus aureus and Streptococcus pneumoniae. PLoS Comput Biol 2012;
8:e1002668.
Holden MT, Lindsay J. Whole Genomes: Sequence, Microarray and Systems
Biology. In: Lindsay J, ed. Staphylococcus: Molecular Genetics: Caister Academic
Press, 2008.
Medini D, Donati C, Tettelin H, Masignani V, Rappuoli R. The microbial pangenome. Curr Opin Genet Dev 2005; 15:589-594.
Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D, Ward NL et al.
Genome analysis of multiple pathogenic isolates of Streptococcus agalactiae:
implications for the microbial "pan-genome". Proc Natl Acad Sci U S A 2005;
102:13950-13955.
Ehrlich GD, Ahmed A, Earl J, Hiller NL, Costerton JW, Stoodley P et al. The
distributed genome hypothesis as a rubric for understanding evolution in situ during
chronic bacterial biofilm infectious processes. FEMS Immunol Med Microbiol
2010; 59:269-279.
Novick RP, Subedi A. The SaPIs: mobile pathogenicity islands of Staphylococcus.
Chem Immunol Allergy 2007; 93:42-57.
Tormo MA, Ferrer MD, Maiques E, Ubeda C, Selva L, Lasa I et al. Staphylococcus
aureus pathogenicity island DNA is packaged in particles composed of phage
proteins. J Bacteriol 2008; 190:2434-2440.
Lindsay JA, Ruzin A, Ross HF, Kurepina N, Novick RP. The gene for toxic shock
toxin is carried by a family of mobile pathogenicity islands in Staphylococcus
aureus. Mol Microbiol 1998; 29:527-543.
Mele T, Madrenas J. TLR2 signalling: At the crossroads of commensalism,
invasive infections and toxic shock syndrome by Staphylococcus aureus. Int J
Biochem Cell Biol 2010; 42:1066-1071.
Haenni M, Galofaro L, Ponsin C, Bes M, Laurent F, Madec JY. Staphylococcal
bovine mastitis in France: enterotoxins, resistance and the human Geraldine
methicillin-resistant Staphylococcus aureus clone. J Antimicrob Chemother 2011;
66:216-218.
Floras A, Lawn K, Slavic D, Golding GR, Mulvey MR, Weese JS. Sequence type
398 meticillin-resistant Staphylococcus aureus infection and colonisation in dogs.
Vet Rec 2010; 166:826-827.
Chavakis T, Preissner KT, Herrmann M. The anti-inflammatory activities of
Staphylococcus aureus. Trends Immunol 2007; 28:408-418.
Uhlen M, Guss B, Nilsson B, Gatenbeck S, Philipson L, Lindberg M. Complete
sequence of the staphylococcal gene encoding protein A. A gene evolved through
multiple duplications. J Biol Chem 1984; 259:1695-1702.

183

BIBLIOGRAPHY

110.

111.
112.
113.
114.

115.

116.

117.
118.

119.

120.

121.

122.
123.
124.

125.
126.

127.
128.

Kim HK, Thammavongsa V, Schneewind O, Missiakas D. Recurrent infections and
immune evasion strategies of Staphylococcus aureus. Curr Opin Microbiol 2012;
15:92-99.
Foster TJ. Immune evasion by staphylococci. Nat Rev Microbiol 2005; 3:948-958.
Palmqvist N, Foster T, Tarkowski A, Josefsson E. Protein A is a virulence factor in
Staphylococcus aureus arthritis and septic death. Microb Pathog 2002; 33:239-249.
Menzies BE. The role of fibronectin binding proteins in the pathogenesis of
Staphylococcus aureus infections. Curr Opin Infect Dis 2003; 16:225-229.
O'Brien L, Kerrigan SW, Kaw G, Hogan M, Penades J, Litt D et al. Multiple
mechanisms for the activation of human platelet aggregation by Staphylococcus
aureus: roles for the clumping factors ClfA and ClfB, the serine-aspartate repeat
protein SdrE and protein A. Mol Microbiol 2002; 44:1033-1044.
Josefsson E, Hartford O, O'Brien L, Patti JM, Foster T. Protection against
experimental Staphylococcus aureus arthritis by vaccination with clumping factor
A, a novel virulence determinant. J Infect Dis 2001; 184:1572-1580.
Wertheim HF, Walsh E, Choudhurry R, Melles DC, Boelens HA, Miajlovic H et al.
Key role for clumping factor B in Staphylococcus aureus nasal colonization of
humans. PLoS Med 2008; 5:e17.
Weidenmaier C, Goerke C, Wolz C. Staphylococcus aureus determinants for nasal
colonization. Trends Microbiol 2012; 20:243-250.
Nilsson IM, Hartford O, Foster T, Tarkowski A. Alpha-toxin and gamma-toxin
jointly promote Staphylococcus aureus virulence in murine septic arthritis. Infect
Immun 1999; 67:1045-1049.
Burnside K, Lembo A, de Los Reyes M, Iliuk A, Binhtran NT, Connelly JE et al.
Regulation of hemolysin expression and virulence of Staphylococcus aureus by a
serine/threonine kinase and phosphatase. PLoS One 2010; 5:e11071.
Bantel H, Sinha B, Domschke W, Peters G, Schulze-Osthoff K, Janicke RU. alphaToxin is a mediator of Staphylococcus aureus-induced cell death and activates
caspases via the intrinsic death pathway independently of death receptor signaling.
J Cell Biol 2001; 155:637-648.
Tomita T, Kamio Y. Molecular biology of the pore-forming cytolysins from
Staphylococcus aureus, alpha- and gamma-hemolysins and leukocidin. Biosci
Biotechnol Biochem 1997; 61:565-572.
Dinges MM, Orwin PM, Schlievert PM. Exotoxins of Staphylococcus aureus. Clin
Microbiol Rev 2000; 13:16-34, table of contents.
Hayashida A, Bartlett AH, Foster TJ, Park PW. Staphylococcus aureus beta-toxin
induces lung injury through syndecan-1. Am J Pathol 2009; 174:509-518.
Kim CS, Jeon SY, Min YG, Rhyoo C, Kim JW, Yun JB et al. Effects of beta-toxin
of Staphylococcus aureus on ciliary activity of nasal epithelial cells. Laryngoscope
2000; 110:2085-2088.
Freer JH, Birkbeck TH. Possible conformation of delta-lysin, a membranedamaging peptide of Staphylococcus aureus. J Theor Biol 1982; 94:535-540.
Jin T, Bokarewa M, Foster T, Mitchell J, Higgins J, Tarkowski A. Staphylococcus
aureus resists human defensins by production of staphylokinase, a novel bacterial
evasion mechanism. J Immunol 2004; 172:1169-1176.
Bokarewa MI, Jin T, Tarkowski A. Staphylococcus aureus: Staphylokinase. Int J
Biochem Cell Biol 2006; 38:504-509.
Cosgrove K, Coutts G, Jonsson IM, Tarkowski A, Kokai-Kun JF, Mond JJ et al.
Catalase (KatA) and alkyl hydroperoxide reductase (AhpC) have compensatory
184

BIBLIOGRAPHY

129.

130.

131.
132.

133.

134.
135.
136.
137.
138.
139.

140.

141.

142.

143.
144.

145.
146.

roles in peroxide stress resistance and are required for survival, persistence, and
nasal colonization in Staphylococcus aureus. J Bacteriol 2007; 189:1025-1035.
Uziel O, Borovok I, Schreiber R, Cohen G, Aharonowitz Y. Transcriptional
regulation of the Staphylococcus aureus thioredoxin and thioredoxin reductase
genes in response to oxygen and disulfide stress. J Bacteriol 2004; 186:326-334.
Liu GY, Essex A, Buchanan JT, Datta V, Hoffman HM, Bastian JF et al.
Staphylococcus aureus golden pigment impairs neutrophil killing and promotes
virulence through its antioxidant activity. J Exp Med 2005; 202:209-215.
Tang YW, Stratton CW. Staphylococcus aureus: An old pathogen with new
weapons. Clin Lab Med 2010; 30:179-208.
Hampton MB, Kettle AJ, Winterbourn CC. Involvement of superoxide and
myeloperoxidase in oxygen-dependent killing of Staphylococcus aureus by
neutrophils. Infect Immun 1996; 64:3512-3517.
Bera A, Herbert S, Jakob A, Vollmer W, Gotz F. Why are pathogenic staphylococci
so lysozyme resistant? The peptidoglycan O-acetyltransferase OatA is the major
determinant for lysozyme resistance of Staphylococcus aureus. Mol Microbiol
2005; 55:778-787.
Pinchuk IV, Beswick EJ, Reyes VE. Staphylococcal enterotoxins. Toxins (Basel)
2010; 2:2177-2197.
Larkin EA, Carman RJ, Krakauer T, Stiles BG. Staphylococcus aureus: the toxic
presence of a pathogen extraordinaire. Curr Med Chem 2009; 16:4003-4019.
Lindsay JA, Holden MT. Staphylococcus aureus: superbug, super genome? Trends
Microbiol 2004; 12:378-385.
Seiberling KA, Grammer L, Kern RC. Chronic rhinosinusitis and superantigens.
Otolaryngol Clin North Am 2005; 38:1215-1236, ix.
Pierce D, Calkins BC, Thornton K. Infectious endocarditis: diagnosis and
treatment. Am Fam Physician 2012; 85:981-986.
Murdoch DR, Corey GR, Hoen B, Miro JM, Fowler VG, Jr., Bayer AS et al.
Clinical presentation, etiology, and outcome of infective endocarditis in the 21st
century: the International Collaboration on Endocarditis-Prospective Cohort Study.
Arch Intern Med 2009; 169:463-473.
Bergallo C, Jasovich A, Teglia O, Oliva ME, Lentnek A, de Wouters L et al. Safety
and efficacy of intravenous tigecycline in treatment of community-acquired
pneumonia: results from a double-blind randomized phase 3 comparison study with
levofloxacin. Diagn Microbiol Infect Dis 2009; 63:52-61.
Jones RN. Microbial etiologies of hospital-acquired bacterial pneumonia and
ventilator-associated bacterial pneumonia. Clin Infect Dis 2010; 51 Suppl 1:S8187.
Kuehnert MJ, Hill HA, Kupronis BA, Tokars JI, Solomon SL, Jernigan DB.
Methicillin-resistant-Staphylococcus aureus hospitalizations, United States. Emerg
Infect Dis 2005; 11:868-872.
Kahl BC. Impact of Staphylococcus aureus on the pathogenesis of chronic cystic
fibrosis lung disease. Int J Med Microbiol 2010; 300:514-519.
Ellington JK, Harris M, Webb L, Smith B, Smith T, Tan K et al. Intracellular
Staphylococcus aureus. A mechanism for the indolence of osteomyelitis. J Bone
Joint Surg Br 2003; 85:918-921.
Lew DP, Waldvogel FA. Osteomyelitis. Lancet 2004; 364:369-379.
Montanaro L, Testoni F, Poggi A, Visai L, Speziale P, Arciola CR. Emerging
pathogenetic mechanisms of the implant-related osteomyelitis by Staphylococcus
aureus. Int J Artif Organs 2011; 34:781-788.
185

BIBLIOGRAPHY

147.

148.

149.

150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.

163.
164.
165.

166.

Saavedra-Lozano J, Mejias A, Ahmad N, Peromingo E, Ardura MI, Guillen S et al.
Changing trends in acute osteomyelitis in children: impact of methicillin-resistant
Staphylococcus aureus infections. J Pediatr Orthop 2008; 28:569-575.
Biedenbach DJ, Moet GJ, Jones RN. Occurrence and antimicrobial resistance
pattern comparisons among bloodstream infection isolates from the SENTRY
Antimicrobial Surveillance Program (1997-2002). Diagn Microbiol Infect Dis
2004; 50:59-69.
Cosgrove SE, Sakoulas G, Perencevich EN, Schwaber MJ, Karchmer AW, Carmeli
Y. Comparison of mortality associated with methicillin-resistant and methicillinsusceptible Staphylococcus aureus bacteremia: a meta-analysis. Clin Infect Dis
2003; 36:53-59.
Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C et al. Food-related
illness and death in the United States. Emerg Infect Dis 1999; 5:607-625.
Murray RJ. Recognition and management of Staphylococcus aureus toxin-mediated
disease. Intern Med J 2005; 35 Suppl 2:S106-119.
Manders SM. Toxin-mediated streptococcal and staphylococcal disease. J Am
Acad Dermatol 1998; 39:383-398; quiz 399-400.
Costerton JW, Geesey GG, Cheng KJ. How bacteria stick. Sci Am 1978; 238:8695.
Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of
persistent infections. Science 1999; 284:1318-1322.
Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM.
Microbial biofilms. Annu Rev Microbiol 1995; 49:711-745.
Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically relevant
microorganisms. Clin Microbiol Rev 2002; 15:167-193.
Flemming HC, Neu TR, Wozniak DJ. The EPS matrix: the "house of biofilm cells".
J Bacteriol 2007; 189:7945-7947.
Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the natural
environment to infectious diseases. Nat Rev Microbiol 2004; 2:95-108.
Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as complex differentiated
communities. Annu Rev Microbiol 2002; 56:187-209.
O'Toole G, Kaplan HB, Kolter R. Biofilm formation as microbial development.
Annu Rev Microbiol 2000; 54:49-79.
Geng J, Henry N. Short time-scale bacterial adhesion dynamics. Adv Exp Med Biol
2011; 715:315-331.
Korber DR, Lawrence JR, Lappin-Scott HM, Costerton JW. Growth of
Microorganisms on Surfaces In: Lappin-Scott HM, Costerton JW, eds. Microbial
Biofilms. Cambridge, UK: Cambridge Univ. Press, 1995:pp. 15-45.
Nadell CD, Xavier JB, Levin SA, Foster KR. The evolution of quorum sensing in
bacterial biofilms. PLoS Biol 2008; 6:e14.
Dunne WM, Jr. Bacterial adhesion: seen any good biofilms lately? Clin Microbiol
Rev 2002; 15:155-166.
Davies DG, Geesey GG. Regulation of the alginate biosynthesis gene algC in
Pseudomonas aeruginosa during biofilm development in continuous culture. Appl
Environ Microbiol 1995; 61:860-867.
Davies DG, Parsek MR, Pearson JP, Iglewski BH, Costerton JW, Greenberg EP.
The involvement of cell-to-cell signals in the development of a bacterial biofilm.
Science 1998; 280:295-298.

186

BIBLIOGRAPHY

167.

168.
169.

170.

171.
172.

173.

174.

175.
176.

177.
178.

179.
180.
181.

182.

183.

184.
185.

Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG. Pseudomonas
aeruginosa displays multiple phenotypes during development as a biofilm. J
Bacteriol 2002; 184:1140-1154.
Whiteley M, Bangera MG, Bumgarner RE, Parsek MR, Teitzel GM, Lory S et al.
Gene expression in Pseudomonas aeruginosa biofilms. Nature 2001; 413:860-864.
Stoodley P, Lewandowski Z, Boyle JD, Lappin-Scott HM. The formation of
migratory ripples in a mixed species bacterial biofilm growing in turbulent flow.
Environ Microbiol 1999; 1:447-455.
Stoodley P, Wilson S, Hall-Stoodley L, Boyle JD, Lappin-Scott HM, Costerton JW.
Growth and detachment of cell clusters from mature mixed-species biofilms. Appl
Environ Microbiol 2001; 67:5608-5613.
Mah TF, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial agents.
Trends Microbiol 2001; 9:34-39.
Luppens SB, Reij MW, van der Heijden RW, Rombouts FM, Abee T. Development
of a standard test to assess the resistance of Staphylococcus aureus biofilm cells to
disinfectants. Appl Environ Microbiol 2002; 68:4194-4200.
Anwar H, Strap JL, Costerton JW. Susceptibility of biofilm cells of Pseudomonas
aeruginosa to bactericidal actions of whole blood and serum. FEMS Microbiol Lett
1992; 71:235-241.
Jensen ET, Kharazmi A, Lam K, Costerton JW, Hoiby N. Human
polymorphonuclear leukocyte response to Pseudomonas aeruginosa grown in
biofilms. Infect Immun 1990; 58:2383-2385.
Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms. Lancet
2001; 358:135-138.
Rose WE, Poppens PT. Impact of biofilm on the in vitro activity of vancomycin
alone and in combination with tigecycline and rifampicin against Staphylococcus
aureus. J Antimicrob Chemother 2009; 63:485-488.
Hoyle BD, Costerton JW. Bacterial resistance to antibiotics: the role of biofilms.
Prog Drug Res 1991; 37:91-105.
Williams I, Venables WA, Lloyd D, Paul F, Critchley I. The effects of adherence to
silicone surfaces on antibiotic susceptibility in Staphylococcus aureus.
Microbiology 1997; 143 ( Pt 7):2407-2413.
Kuchma SL, O'Toole GA. Surface-induced and biofilm-induced changes in gene
expression. Curr Opin Biotechnol 2000; 11:429-433.
Brogden KA, Guthmiller JM. Polymicrobial diseases. Washington, D.C.: ASM
Press, 2002.
Hoa M, Tomovic S, Nistico L, Hall-Stoodley L, Stoodley P, Sachdeva L et al.
Identification of adenoid biofilms with middle ear pathogens in otitis-prone
children utilizing SEM and FISH. Int J Pediatr Otorhinolaryngol 2009; 73:12421248.
Stoodley P, Kathju S, Hu FZ, Erdos G, Levenson JE, Mehta N et al. Molecular and
imaging techniques for bacterial biofilms in joint arthroplasty infections. Clin
Orthop Relat Res 2005:31-40.
Oehlke J, Turner Y, Pritz S, Bienert M. Evidence for extensive non-endocytotic
translocation of peptide nucleic acids across mammalian plasma membranes. Curr
Drug Deliv 2011; 8:526-533.
Ray A, Norden B. Peptide nucleic acid (PNA): its medical and biotechnical
applications and promise for the future. FASEB J 2000; 14:1041-1060.
Amann R, Fuchs BM, Behrens S. The identification of microorganisms by
fluorescence in situ hybridisation. Curr Opin Biotechnol 2001; 12:231-236.
187

BIBLIOGRAPHY

186.

187.

188.
189.

190.

191.
192.
193.
194.
195.

196.
197.

198.
199.
200.

201.
202.
203.

204.

Singhal D, Boase S, Field J, Jardeleza C, Foreman A, Wormald PJ. Quantitative
analysis of in vivo mucosal bacterial biofilms. Int Forum Allergy Rhinol 2012;
2:57-62.
Psaltis AJ, Ha KR, Beule AG, Tan LW, Wormald PJ. Confocal scanning laser
microscopy evidence of biofilms in patients with chronic rhinosinusitis.
Laryngoscope 2007; 117:1302-1306.
Lawrence JR, Korber DR, Hoyle BD, Costerton JW, Caldwell DE. Optical
sectioning of microbial biofilms. J Bacteriol 1991; 173:6558-6567.
Stoodley P, Nistico L, Johnson S, Lasko LA, Baratz M, Gahlot V et al. Direct
demonstration of viable Staphylococcus aureus biofilms in an infected total joint
arthroplasty. A case report. J Bone Joint Surg Am 2008; 90:1751-1758.
Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J et al. Direct
detection of bacterial biofilms on the middle-ear mucosa of children with chronic
otitis media. JAMA 2006; 296:202-211.
Parsek MR, Singh PK. Bacterial biofilms: an emerging link to disease
pathogenesis. Annu Rev Microbiol 2003; 57:677-701.
Zimmerli W, Moser C. Pathogenesis and treatment concepts of orthopaedic biofilm
infections. FEMS Immunol Med Microbiol 2012; 65:158-168.
Santos AP, Watanabe E, Andrade D. Biofilm on artificial pacemaker: fiction or
reality? Arq Bras Cardiol 2011; 97:e113-120.
Djeribi R, Bouchloukh W, Jouenne T, Menaa B. Characterization of bacterial
biofilms formed on urinary catheters. Am J Infect Control 2012.
Paranhos RM, Batalhao CH, Semprini M, Regalo SC, Ito IY, de Mattos Mda G.
Evaluation of ocular prosthesis biofilm and anophthalmic cavity contamination
after use of three cleansing solutions. J Appl Oral Sci 2007; 15:33-38.
Costerton JW. Cystic fibrosis pathogenesis and the role of biofilms in persistent
infection. Trends Microbiol 2001; 9:50-52.
Brady RA, Leid JG, Calhoun JH, Costerton JW, Shirtliff ME. Osteomyelitis and
the role of biofilms in chronic infection. FEMS Immunol Med Microbiol 2008;
52:13-22.
Cryer J, Schipor I, Perloff JR, Palmer JN. Evidence of bacterial biofilms in human
chronic sinusitis. ORL J Otorhinolaryngol Relat Spec 2004; 66:155-158.
Sanderson AR, Leid JG, Hunsaker D. Bacterial biofilms on the sinus mucosa of
human subjects with chronic rhinosinusitis. Laryngoscope 2006; 116:1121-1126.
Galli J, Calo L, Ardito F, Imperiali M, Bassotti E, Passali GC et al. Damage to
ciliated epithelium in chronic rhinosinusitis: what is the role of bacterial biofilms?
Ann Otol Rhinol Laryngol 2008; 117:902-908.
Singhal D, Psaltis AJ, Foreman A, Wormald PJ. The impact of biofilms on
outcomes after endoscopic sinus surgery. Am J Rhinol Allergy 2010; 24:169-174.
Singhal D, Foreman A, Bardy JJ, Wormald PJ. Staphylococcus aureus biofilms:
Nemesis of Endoscopic Sinus Surgery. Laryngoscope 2011; 121:1578-1583.
Tan L, Psaltis A, Baker LM, McGuckin M, Rousseau K, Wormald PJ. Aberrant
mucin glycoprotein patterns of chronic rhinosinusitis patients with bacterial
biofilms. Am J Rhinol Allergy 2010; 24:319-324.
Sun Y, Zhou B, Wang C, Huang Q, Zhang Q, Han Y et al. Biofilm formation and
Toll-like receptor 2, Toll-like receptor 4, and NF-kappaB expression in sinus
tissues of patients with chronic rhinosinusitis. Am J Rhinol Allergy 2012; 26:104109.

188

BIBLIOGRAPHY

205.

206.

207.

208.

209.
210.

211.

212.

213.
214.

215.

216.

217.

218.

219.

220.
221.

Foreman A, Holtappels G, Psaltis AJ, Jervis-Bardy J, Field J, Wormald PJ et al.
Adaptive immune responses in Staphylococcus aureus biofilm-associated chronic
rhinosinusitis. Allergy 2011; 66:1449-1456.
Valentine R, Jervis-Bardy J, Psaltis A, Tan LW, Wormald PJ. Efficacy of using a
hydrodebrider and of citric acid/zwitterionic surfactant on a Staphylococcus aureus
bacterial biofilm in the sheep model of rhinosinusitis. Am J Rhinol Allergy 2011;
25:323-326.
Chiu AG, Palmer JN, Woodworth BA, Doghramji L, Cohen MB, Prince A et al.
Baby shampoo nasal irrigations for the symptomatic post-functional endoscopic
sinus surgery patient. Am J Rhinol 2008; 22:34-37.
Chiu AG, Chen B, Palmer JN, O'Malley BW, Jr., Cohen NA. Safety evaluation of
sinus surfactant solution on respiratory cilia function. Int Forum Allergy Rhinol
2011; 1:280-283.
Kofonow JM, Adappa ND. In vitro Antimicrobial Activity of SinuSurf. ORL J
Otorhinolaryngol Relat Spec 2012; 74:179-184.
Coates T, Bax R, Coates A. Nasal decolonization of Staphylococcus aureus with
mupirocin: strengths, weaknesses and future prospects. J Antimicrob Chemother
2009; 64:9-15.
Zeldin Y, Weiler Z, Cohen A, Kalinin M, Schlesinger M, Kidon M et al. Efficacy
of nasal Staphylococcus aureus eradication by topical nasal mupirocin in patients
with perennial allergic rhinitis. Ann Allergy Asthma Immunol 2008; 100:608-611.
Ha KR, Psaltis AJ, Butcher AR, Wormald PJ, Tan LW. In vitro activity of
mupirocin on clinical isolates of Staphylococcus aureus and its potential
implications in chronic rhinosinusitis. Laryngoscope 2008; 118:535-540.
Uren B, Psaltis A, Wormald PJ. Nasal lavage with mupirocin for the treatment of
surgically recalcitrant chronic rhinosinusitis. Laryngoscope 2008; 118:1677-1680.
Solares CA, Batra PS, Hall GS, Citardi MJ. Treatment of chronic rhinosinusitis
exacerbations due to methicillin-resistant Staphylococcus aureus with mupirocin
irrigations. Am J Otolaryngol 2006; 27:161-165.
Jervis-Bardy J, Boase S, Psaltis A, Foreman A, Wormald PJ. A randomized trial of
mupirocin sinonasal rinses versus saline in surgically recalcitrant staphylococcal
chronic rhinosinusitis. Laryngoscope 2012; 122:2148-2153.
Jervis-Bardy J, Wormald PJ. Microbiological outcomes following mupirocin nasal
washes for symptomatic, Staphylococcus aureus-positive chronic rhinosinusitis
following endoscopic sinus surgery. Int Forum Allergy Rhinol 2012; 2:111-115.
Alandejani T, Marsan J, Ferris W, Slinger R, Chan F. Effectiveness of honey on
Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Otolaryngol Head
Neck Surg 2009; 141:114-118.
Kilty SJ, Duval M, Chan FT, Ferris W, Slinger R. Methylglyoxal: (active agent of
manuka honey) in vitro activity against bacterial biofilms. Int Forum Allergy
Rhinol 2011; 1:348-350.
Jervis-Bardy J, Foreman A, Bray S, Tan L, Wormald PJ. Methylglyoxal-infused
honey mimics the anti-Staphylococcus aureus biofilm activity of manuka honey:
potential implication in chronic rhinosinusitis. Laryngoscope 2011; 121:1104-1107.
Thamboo A, Philpott C, Javer A, Clark A. Single-blind study of manuka honey in
allergic fungal rhinosinusitis. J Otolaryngol Head Neck Surg 2011; 40:238-243.
Ellington JK, Harris M, Hudson MC, Vishin S, Webb LX, Sherertz R. Intracellular
Staphylococcus aureus and antibiotic resistance: implications for treatment of
staphylococcal osteomyelitis. J Orthop Res 2006; 24:87-93.
189

BIBLIOGRAPHY

222.

223.

224.
225.
226.
227.
228.
229.
230.

231.
232.
233.
234.
235.

236.

237.
238.
239.

240.

241.

Garzoni C, Francois P, Huyghe A, Couzinet S, Tapparel C, Charbonnier Y et al. A
global view of Staphylococcus aureus whole genome expression upon
internalization in human epithelial cells. BMC Genomics 2007; 8:171.
Garzoni C, Kelley WL. Return of the Trojan horse: intracellular phenotype
switching and immune evasion by Staphylococcus aureus. EMBO Mol Med 2011;
3:115-117.
Conner SD, Schmid SL. Regulated portals of entry into the cell. Nature 2003;
422:37-44.
Bonazzi M, Cossart P. Bacterial entry into cells: a role for the endocytic machinery.
FEBS Lett 2006; 580:2962-2967.
Bonifacino JS, Lippincott-Schwartz J. Coat proteins: shaping membrane transport.
Nat Rev Mol Cell Biol 2003; 4:409-414.
Aderem A, Underhill DM. Mechanisms of phagocytosis in macrophages. Annu
Rev Immunol 1999; 17:593-623.
Verschoor CP, Puchta A, Bowdish DM. The macrophage. Methods Mol Biol 2012;
844:139-156.
Underhill DM, Ozinsky A. Phagocytosis of microbes: complexity in action. Annu
Rev Immunol 2002; 20:825-852.
Tollis S, Dart AE, Tzircotis G, Endres RG. The zipper mechanism in phagocytosis:
energetic requirements and variability in phagocytic cup shape. BMC Syst Biol
2010; 4:149.
Varin A, Gordon S. Alternative activation of macrophages: immune function and
cellular biology. Immunobiology 2009; 214:630-641.
Castellano F, Chavrier P, Caron E. Actin dynamics during phagocytosis. Semin
Immunol 2001; 13:347-355.
Cossart P, Sansonetti PJ. Bacterial invasion: the paradigms of enteroinvasive
pathogens. Science 2004; 304:242-248.
Swanson JA, Watts C. Macropinocytosis. Trends Cell Biol 1995; 5:424-428.
Griffin FM, Jr., Griffin JA, Silverstein SC. Studies on the mechanism of
phagocytosis. II. The interaction of macrophages with anti-immunoglobulin IgGcoated bone marrow-derived lymphocytes. J Exp Med 1976; 144:788-809.
Griffin FM, Jr., Griffin JA, Leider JE, Silverstein SC. Studies on the mechanism of
phagocytosis. I. Requirements for circumferential attachment of particle-bound
ligands to specific receptors on the macrophage plasma membrane. J Exp Med
1975; 142:1263-1282.
Henson PM, Bratton DL, Fadok VA. Apoptotic cell removal. Curr Biol 2001;
11:R795-805.
Rabinovitch M. Professional and non-professional phagocytes: an introduction.
Trends Cell Biol 1995; 5:85-87.
Marouni MJ, Barzilai A, Keller N, Rubinstein E, Sela S. Intracellular survival of
persistent group A streptococci in cultured epithelial cells. Int J Med Microbiol
2004; 294:27-33.
Sachse F, Becker K, von Eiff C, Metze D, Rudack C. Staphylococcus aureus
invades the epithelium in nasal polyposis and induces IL-6 in nasal epithelial cells
in vitro. Allergy 2010; 65:1430-1437.
Bayles KW, Wesson CA, Liou LE, Fox LK, Bohach GA, Trumble WR.
Intracellular Staphylococcus aureus escapes the endosome and induces apoptosis in
epithelial cells. Infect Immun 1998; 66:336-342.

190

BIBLIOGRAPHY

242.

243.
244.
245.
246.

247.
248.
249.

250.

251.

252.

253.

254.

255.

256.
257.
258.

259.

Hamill RJ, Vann JM, Proctor RA. Phagocytosis of Staphylococcus aureus by
cultured bovine aortic endothelial cells: model for postadherence events in
endovascular infections. Infect Immun 1986; 54:833-836.
Sinha B, Herrmann M. Mechanism and consequences of invasion of endothelial
cells by Staphylococcus aureus. Thromb Haemost 2005; 94:266-277.
Lowy FD, Fant J, Higgins LL, Ogawa SK, Hatcher VB. Staphylococcus aureus-human endothelial cell interactions. J Ultrastruct Mol Struct Res 1988; 98:137-146.
Webb LX, Wagner W, Carroll D, Tyler H, Coldren F, Martin E. Osteomyelitis and
intraosteoblastic Staphylococcus aureus. J Surg Orthop Adv 2007; 16:73-78.
Jevon M, Guo C, Ma B, Mordan N, Nair SP, Harris M et al. Mechanisms of
internalization of Staphylococcus aureus by cultured human osteoblasts. Infect
Immun 1999; 67:2677-2681.
Nuzzo I, Sanges MR, Folgore A, Carratelli CR. Apoptosis of human keratinocytes
after bacterial invasion. FEMS Immunol Med Microbiol 2000; 27:235-240.
Garzoni C, Kelley WL. Staphylococcus aureus: new evidence for intracellular
persistence. Trends Microbiol 2009; 17:59-65.
Carryn S, Chanteux H, Seral C, Mingeot-Leclercq MP, Van Bambeke F, Tulkens
PM. Intracellular pharmacodynamics of antibiotics. Infect Dis Clin North Am
2003; 17:615-634.
Van Bambeke F, Michot JM, Tulkens PM. Antibiotic efflux pumps in eukaryotic
cells: occurrence and impact on antibiotic cellular pharmacokinetics,
pharmacodynamics and toxicodynamics. J Antimicrob Chemother 2003; 51:10671077.
Tuchscherr L, Medina E, Hussain M, Volker W, Heitmann V, Niemann S et al.
Staphylococcus aureus phenotype switching: an effective bacterial strategy to
escape host immune response and establish a chronic infection. EMBO Mol Med
2011; 3:129-141.
Clement S, Vaudaux P, Francois P, Schrenzel J, Huggler E, Kampf S et al.
Evidence of an intracellular reservoir in the nasal mucosa of patients with recurrent
Staphylococcus aureus rhinosinusitis. J Infect Dis 2005; 192:1023-1028.
Seral C, Van Bambeke F, Tulkens PM. Quantitative analysis of gentamicin,
azithromycin, telithromycin, ciprofloxacin, moxifloxacin, and oritavancin
(LY333328) activities against intracellular Staphylococcus aureus in mouse J774
macrophages. Antimicrob Agents Chemother 2003; 47:2283-2292.
Rudney JD, Chen R, Sedgewick GJ. Intracellular Actinobacillus
actinomycetemcomitans and Porphyromonas gingivalis in buccal epithelial cells
collected from human subjects. Infect Immun 2001; 69:2700-2707.
Thornton RB, Rigby PJ, Wiertsema SP, Filion P, Langlands J, Coates HL et al.
Multi-species bacterial biofilm and intracellular infection in otitis media. BMC
Pediatr 2011; 11:94.
Houben EN, Nguyen L, Pieters J. Interaction of pathogenic mycobacteria with the
host immune system. Curr Opin Microbiol 2006; 9:76-85.
Vergne I, Chua J, Singh SB, Deretic V. Cell biology of mycobacterium tuberculosis
phagosome. Annu Rev Cell Dev Biol 2004; 20:367-394.
Pai M, Riley LW, Colford JM, Jr. Interferon-gamma assays in the
immunodiagnosis of tuberculosis: a systematic review. Lancet Infect Dis 2004;
4:761-776.
De Buck E, Anne J, Lammertyn E. The role of protein secretion systems in the
virulence of the intracellular pathogen Legionella pneumophila. Microbiology
2007; 153:3948-3953.
191

BIBLIOGRAPHY

260.

261.

262.
263.
264.
265.
266.

267.

268.
269.
270.
271.

272.

273.

274.

275.

276.

277.

Steinert M, Heuner K, Buchrieser C, Albert-Weissenberger C, Glockner G.
Legionella pathogenicity: genome structure, regulatory networks and the host cell
response. Int J Med Microbiol 2007; 297:577-587.
Den Boer JW, Yzerman EP, Schellekens J, Lettinga KD, Boshuizen HC, Van
Steenbergen JE et al. A large outbreak of Legionnaires' disease at a flower show,
the Netherlands, 1999. Emerg Infect Dis 2002; 8:37-43.
Antal EA, Hogasen HR, Sandvik L, Maehlen J. Listeriosis in Norway 1977-2003.
Scand J Infect Dis 2007; 39:398-404.
Lecuit M. Understanding how Listeria monocytogenes targets and crosses host
barriers. Clin Microbiol Infect 2005; 11:430-436.
O'Neil HS, Marquis H. Listeria monocytogenes flagella are used for motility, not as
adhesins, to increase host cell invasion. Infect Immun 2006; 74:6675-6681.
Gouin E, Welch MD, Cossart P. Actin-based motility of intracellular pathogens.
Curr Opin Microbiol 2005; 8:35-45.
Carabeo RA, Grieshaber SS, Fischer E, Hackstadt T. Chlamydia trachomatis
induces remodeling of the actin cytoskeleton during attachment and entry into
HeLa cells. Infect Immun 2002; 70:3793-3803.
Zhong G, Fan P, Ji H, Dong F, Huang Y. Identification of a chlamydial proteaselike activity factor responsible for the degradation of host transcription factors. J
Exp Med 2001; 193:935-942.
Hybiske K, Stephens RS. Mechanisms of host cell exit by the intracellular
bacterium Chlamydia. Proc Natl Acad Sci U S A 2007; 104:11430-11435.
Hybiske K, Stephens RS. Exit strategies of intracellular pathogens. Nat Rev
Microbiol 2008; 6:99-110.
Finlay BB, Cossart P. Exploitation of mammalian host cell functions by bacterial
pathogens. Science 1997; 276:718-725.
Brouillette E, Grondin G, Shkreta L, Lacasse P, Talbot BG. In vivo and in vitro
demonstration that Staphylococcus aureus is an intracellular pathogen in the
presence or absence of fibronectin-binding proteins. Microb Pathog 2003; 35:159168.
Vaudaux P, Francois P, Bisognano C, Kelley WL, Lew DP, Schrenzel J et al.
Increased expression of clumping factor and fibronectin-binding proteins by hemB
mutants of Staphylococcus aureus expressing small colony variant phenotypes.
Infect Immun 2002; 70:5428-5437.
Sinha B, Francois PP, Nusse O, Foti M, Hartford OM, Vaudaux P et al.
Fibronectin-binding protein acts as Staphylococcus aureus invasin via fibronectin
bridging to integrin alpha5beta1. Cell Microbiol 1999; 1:101-117.
Sinha B, Francois P, Que YA, Hussain M, Heilmann C, Moreillon P et al.
Heterologously expressed Staphylococcus aureus fibronectin-binding proteins are
sufficient for invasion of host cells. Infect Immun 2000; 68:6871-6878.
Plouin-Gaudon I, Clement S, Huggler E, Chaponnier C, Francois P, Lew D et al.
Intracellular residency is frequently associated with recurrent Staphylococcus
aureus rhinosinusitis. Rhinology 2006; 44:249-254.
Niederfuhr A, Kirsche H, Deutschle T, Poppert S, Riechelmann H, Wellinghausen
N. Staphylococcus aureus in nasal lavage and biopsy of patients with chronic
rhinosinusitis. Allergy 2008; 63:1359-1367.
Corriveau MN, Zhang N, Holtappels G, Van Roy N, Bachert C. Detection of
Staphylococcus aureus in nasal tissue with peptide nucleic acid-fluorescence in situ
hybridization. Am J Rhinol Allergy 2009; 23:461-465.
192

BIBLIOGRAPHY

278.

279.

280.

281.

282.
283.

284.

285.

286.

287.
288.

289.

290.

291.

292.
293.

294.

Wood AJ, Fraser JD, Swift S, Patterson-Emanuelson EA, Amirapu S, Douglas RG.
Intramucosal bacterial microcolonies exist in chronic rhinosinusitis without
inducing a local immune response. Am J Rhinol Allergy 2012; 26:265-270.
Proctor RA, von Eiff C, Kahl BC, Becker K, McNamara P, Herrmann M et al.
Small colony variants: a pathogenic form of bacteria that facilitates persistent and
recurrent infections. Nat Rev Microbiol 2006; 4:295-305.
Kahl BC, Duebbers A, Lubritz G, Haeberle J, Koch HG, Ritzerfeld B et al.
Population dynamics of persistent Staphylococcus aureus isolated from the airways
of cystic fibrosis patients during a 6-year prospective study. J Clin Microbiol 2003;
41:4424-4427.
Kahl B, Herrmann M, Everding AS, Koch HG, Becker K, Harms E et al. Persistent
infection with small colony variant strains of Staphylococcus aureus in patients
with cystic fibrosis. J Infect Dis 1998; 177:1023-1029.
Wright JA, Nair SP. Interaction of staphylococci with bone. Int J Med Microbiol
2010; 300:193-204.
Lattar SM, Tuchscherr LP, Caccuri RL, Centron D, Becker K, Alonso CA et al.
Capsule expression and genotypic differences among Staphylococcus aureus
isolates from patients with chronic or acute osteomyelitis. Infect Immun 2009;
77:1968-1975.
Proctor RA, van Langevelde P, Kristjansson M, Maslow JN, Arbeit RD. Persistent
and relapsing infections associated with small-colony variants of Staphylococcus
aureus. Clin Infect Dis 1995; 20:95-102.
Wei Q, Tarighi S, Dotsch A, Haussler S, Musken M, Wright VJ et al. Phenotypic
and genome-wide analysis of an antibiotic-resistant small colony variant (SCV) of
Pseudomonas aeruginosa. PLoS One 2011; 6:e29276.
von Eiff C, Lubritz G, Heese C, Peters G, Becker K. Effect of trimethoprimsulfamethoxazole prophylaxis in AIDS patients on the formation of the small
colony variant phenotype of Staphylococcus aureus. Diagn Microbiol Infect Dis
2004; 48:191-194.
Sendi P, Proctor RA. Staphylococcus aureus as an intracellular pathogen: the role
of small colony variants. Trends Microbiol 2009; 17:54-58.
Matussek A, Strindhall J, Stark L, Rohde M, Geffers R, Buer J et al. Infection of
human endothelial cells with Staphylococcus aureus induces transcription of genes
encoding an innate immunity response. Scand J Immunol 2005; 61:536-544.
Kipp F, Kahl BC, Becker K, Baron EJ, Proctor RA, Peters G et al. Evaluation of
two chromogenic agar media for recovery and identification of Staphylococcus
aureus small-colony variants. J Clin Microbiol 2005; 43:1956-1959.
von Eiff C, Bettin D, Proctor RA, Rolauffs B, Lindner N, Winkelmann W et al.
Recovery of small colony variants of Staphylococcus aureus following gentamicin
bead placement for osteomyelitis. Clin Infect Dis 1997; 25:1250-1251.
Foreman A, Singhal D, Psaltis AJ, Wormald PJ. Targeted imaging modality
selection for bacterial biofilms in chronic rhinosinusitis. Laryngoscope 2010;
120:427-431.
Le T, Psaltis A, Tan LW, Wormald PJ. The efficacy of topical antibiofilm agents in
a sheep model of rhinosinusitis. Am J Rhinol 2008; 22:560-567.
Benninger MS, Ferguson BJ, Hadley JA, Hamilos DL, Jacobs M, Kennedy DW et
al. Adult chronic rhinosinusitis: definitions, diagnosis, epidemiology, and
pathophysiology. Otolaryngol Head Neck Surg 2003; 129:S1-32.
Foreman A, Psaltis AJ, Tan LW, Wormald PJ. Characterization of bacterial and
fungal biofilms in chronic rhinosinusitis. Am J Rhinol Allergy 2009; 23:556-561.
193

BIBLIOGRAPHY

295.
296.

297.
298.

299.

300.
301.
302.

303.

304.

305.

306.

307.

308.
309.

310.

311.
312.

Landis JR, Koch GG. The measurement of observer agreement for categorical data.
Biometrics 1977; 33:159-174.
Krysko O, Holtappels G, Zhang N, Kubica M, Deswarte K, Derycke L et al.
Alternatively activated macrophages and impaired phagocytosis of S. aureus in
chronic rhinosinusitis. Allergy 2011; 66:396-403.
Foreman A, Wormald PJ. Different biofilms, different disease? A clinical outcomes
study. Laryngoscope 2010; 120:1701-1706.
Wang JH, Kwon HJ, Jang YJ. Staphylococcus aureus increases cytokine and matrix
metalloproteinase expression in nasal mucosae of patients with chronic
rhinosinusitis and nasal polyps. Am J Rhinol Allergy 2010; 24:422-427.
Lindmark R, Thoren-Tolling K, Sjoquist J. Binding of immunoglobulins to protein
A and immunoglobulin levels in mammalian sera. J Immunol Methods 1983; 62:113.
Bjorck L, Kronvall G. Purification and some properties of streptococcal protein G,
a novel IgG-binding reagent. J Immunol 1984; 133:969-974.
Bjorck L. Protein L. A novel bacterial cell wall protein with affinity for Ig L chains.
J Immunol 1988; 140:1194-1197.
Tan NC, Tran HB, Foreman A, Jardeleza C, Vreugde S, Wormald PJ. Identifying
intracellular Staphylococcus aureus in chronic rhinosinusitis: a direct comparison
of techniques. Am J Rhinol Allergy 2012; 26:444-449.
Tran HB, Ohlsson M, Beroukas D, Hiscock J, Bradley J, Buyon JP et al.
Subcellular redistribution of la/SSB autoantigen during physiologic apoptosis in the
fetal mouse heart and conduction system: a clue to the pathogenesis of congenital
heart block. Arthritis Rheum 2002; 46:202-208.
Jardeleza C, Foreman A, Baker L, Paramasivan S, Field J, Tan LW et al. The
effects of nitric oxide on Staphylococcus aureus biofilm growth and its implications
in chronic rhinosinusitis. Int Forum Allergy Rhinol 2011; 1:438-444.
Ellington JK, Reilly SS, Ramp WK, Smeltzer MS, Kellam JF, Hudson MC.
Mechanisms of Staphylococcus aureus invasion of cultured osteoblasts. Microb
Pathog 1999; 26:317-323.
Boyle MD, Wallner WA, von Mering GO, Reis KJ, Lawman MJ. Interaction of
bacterial Fc receptors with goat immunoglobulins. Mol Immunol 1985; 22:11151121.
Richman DD, Cleveland PH, Oxman MN, Johnson KM. The binding of
staphylococcal protein A by the sera of different animal species. J Immunol 1982;
128:2300-2305.
Sinha B, Herrmann M, Krause KH. Is Staphylococcus aureus an intracellular
pathogen? Trends Microbiol 2000; 8:343-344.
Seral C, Barcia-Macay M, Mingeot-Leclercq MP, Tulkens PM, Van Bambeke F.
Comparative activity of quinolones (ciprofloxacin, levofloxacin, moxifloxacin and
garenoxacin) against extracellular and intracellular infection by Listeria
monocytogenes and Staphylococcus aureus in J774 macrophages. J Antimicrob
Chemother 2005; 55:511-517.
Zautner AE, Krause M, Stropahl G, Holtfreter S, Frickmann H, Maletzki C et al.
Intracellular persisting Staphylococcus aureus is the major pathogen in recurrent
tonsillitis. PLoS One 2010; 5:e9452.
Lowy FD. Is Staphylococcus aureus an intracellular pathogen? Trends Microbiol
2000; 8:341-343.
Bendouah Z, Barbeau J, Hamad WA, Desrosiers M. Biofilm formation by
Staphylococcus aureus and Pseudomonas aeruginosa is associated with an
194

BIBLIOGRAPHY

313.

314.
315.

316.

317.

318.

319.
320.

321.

322.
323.
324.

325.

326.

327.

328.

329.

unfavorable evolution after surgery for chronic sinusitis and nasal polyposis.
Otolaryngol Head Neck Surg 2006; 134:991-996.
Jervis-Bardy J, Wormald PJ. Microbiological outcomes following mupirocin nasal
washes for symptomatic, Staphylococcus aureus-positive chronic rhinosinusitis
following endoscopic sinus surgery. Int Forum Allergy Rhinol 2011.
Stow NW, Douglas R, Tantilipikorn P, Lacroix JS. Superantigens. Otolaryngol Clin
North Am 2010; 43:489-502, vii.
Yu RL, Dong Z. Proinflammatory impact of Staphylococcus aureus enterotoxin B
on human nasal epithelial cells and inhibition by dexamethasone. Am J Rhinol
Allergy 2009; 23:15-20.
Tan NC, Foreman A, Jardeleza C, Douglas R, Tran H, Wormald PJ. The
multiplicity of Staphylococcus aureus in chronic rhinosinusitis: correlating surface
biofilm and intracellular residence. Laryngoscope 2012; 122:1655-1660.
Rosenfeld RM, Andes D, Bhattacharyya N, Cheung D, Eisenberg S, Ganiats TG et
al. Clinical practice guideline: adult sinusitis. Otolaryngol Head Neck Surg 2007;
137:S1-31.
Wood AJ, Fraser J, Swift S, Amirapu S, Douglas RG. Are biofilms associated with
an inflammatory response in chronic rhinosinusitis? Int Forum Allergy Rhinol
2011; 1:335-339.
Psaltis AJ, Weitzel EK, Ha KR, Wormald PJ. The effect of bacterial biofilms on
post-sinus surgical outcomes. Am J Rhinol 2008; 22:1-6.
Haslinger-Loffler B, Kahl BC, Grundmeier M, Strangfeld K, Wagner B, Fischer U
et al. Multiple virulence factors are required for Staphylococcus aureus-induced
apoptosis in endothelial cells. Cell Microbiol 2005; 7:1087-1097.
Sendi P, Rohrbach M, Graber P, Frei R, Ochsner PE, Zimmerli W. Staphylococcus
aureus small colony variants in prosthetic joint infection. Clin Infect Dis 2006;
43:961-967.
Bhattacharyya N, Gopal HV, Lee KH. Bacterial infection after endoscopic sinus
surgery: a controlled prospective study. Laryngoscope 2004; 114:765-767.
Fey PD. Modality of bacterial growth presents unique targets: how do we treat
biofilm-mediated infections? Curr Opin Microbiol 2010; 13:610-615.
Tuchscherr L, Heitmann V, Hussain M, Viemann D, Roth J, von Eiff C et al.
Staphylococcus aureus small-colony variants are adapted phenotypes for
intracellular persistence. J Infect Dis 2010; 202:1031-1040.
Feazel LM, Robertson CE, Ramakrishnan VR, Frank DN. Microbiome complexity
and Staphylococcus aureus in chronic rhinosinusitis. Laryngoscope 2012; 122:467472.
Stressmann FA, Rogers GB, Chan SW, Howarth PH, Harries PG, Bruce KD et al.
Characterization of bacterial community diversity in chronic rhinosinusitis
infections using novel culture-independent techniques. Am J Rhinol Allergy 2011;
25:e133-140.
Ramakrishnan VR, Feazel LM, Abrass LJ, Frank DN. Prevalence and abundance of
Staphylococcus aureus in the middle meatus of patients with chronic rhinosinusitis,
nasal polyps, and asthma. Int Forum Allergy Rhinol 2012.
Clark DW, Wenaas A, Luong A, Citardi MJ, Fakhri S. Staphylococcus aureus
prevalence in allergic fungal rhinosinusitis vs other subsets of chronic rhinosinusitis
with nasal polyps. Int Forum Allergy Rhinol 2012.
Calus L, Van Zele T, Derycke L, Krysko O, Dutre T, Tomassen P et al. Local
inflammation in chronic upper airway disease. Curr Pharm Des 2012; 18:23362346.
195

BIBLIOGRAPHY

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.
342.

343.

344.

Tan NC, Foreman A, Jardeleza C, Douglas R, Vreugde S, Wormald PJ.
Intracellular Staphylococcus aureus: the Trojan horse of recalcitrant chronic
rhinosinusitis? Int Forum Allergy Rhinol 2013.
Tan NC, Foreman A, Jardeleza C, Douglas R, Tran H, Wormald PJ. The
multiplicity of Staphylococcus aureus in chronic rhinosinusitis: Correlating surface
biofilm and intracellular residence. Laryngoscope 2012.
Balwit JM, van Langevelde P, Vann JM, Proctor RA. Gentamicin-resistant
menadione and hemin auxotrophic Staphylococcus aureus persist within cultured
endothelial cells. J Infect Dis 1994; 170:1033-1037.
Clark DW, Wenaas A, Citardi MJ, Luong A, Fakhri S. Chronic rhinosinusitis with
nasal polyps: elevated serum immunoglobulin E is associated with Staphylococcus
aureus on culture. Int Forum Allergy Rhinol 2011; 1:445-450.
Bachert C, Zhang N, Patou J, van Zele T, Gevaert P. Role of staphylococcal
superantigens in upper airway disease. Curr Opin Allergy Clin Immunol 2008;
8:34-38.
Seiberling KA, Conley DB, Tripathi A, Grammer LC, Shuh L, Haines GK, 3rd et
al. Superantigens and chronic rhinosinusitis: detection of staphylococcal exotoxins
in nasal polyps. Laryngoscope 2005; 115:1580-1585.
Derzelle S, Dilasser F, Duquenne M, Deperrois V. Differential temporal expression
of the staphylococcal enterotoxins genes during cell growth. Food Microbiol 2009;
26:896-904.
Klotz M, Opper S, Heeg K, Zimmermann S. Detection of Staphylococcus aureus
enterotoxins A to D by real-time fluorescence PCR assay. J Clin Microbiol 2003;
41:4683-4687.
Wada M, Lkhagvadorj E, Bian L, Wang C, Chiba Y, Nagata S et al. Quantitative
reverse transcription-PCR assay for the rapid detection of methicillin-resistant
Staphylococcus aureus. J Appl Microbiol 2010; 108:779-788.
Vann JM, Proctor RA. Cytotoxic effects of ingested Staphylococcus aureus on
bovine endothelial cells: role of S. aureus alpha-hemolysin. Microb Pathog 1988;
4:443-453.
Kaufmann ME. Pulsed-field gel electrophoresis. In: Woodford N, Johnson A, eds.
Molecular Bacteriology:Protocols and Clinical Applications. Totowa, New Jersey:
Humana Press, 1998:33-51.
Bester E, Wolfaardt G, Joubert L, Garny K, Saftic S. Planktonic-cell yield of a
pseudomonad biofilm. Appl Environ Microbiol 2005; 71:7792-7798.
Lorenz U, Schafer T, Ohlsen K, Tiurbe GC, Buhler C, Germer CT et al. In vivo
detection of Staphylococcus aureus in biofilm on vascular prostheses using noninvasive biophotonic imaging. Eur J Vasc Endovasc Surg 2011; 41:68-75.
Rohacek M, Weisser M, Kobza R, Schoenenberger AW, Pfyffer GE, Frei R et al.
Bacterial colonization and infection of electrophysiological cardiac devices
detected with sonication and swab culture. Circulation 2010; 121:1691-1697.
Edwards AM. Phenotype Switching Is a Natural Consequence of Staphylococcus
aureus Replication. J Bacteriol 2012; 194:5404-5412.

196

